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Embryonic origin of two ASD subtypes G

of social symptom severity: the larger the brain
cortical organoid size, the more severe
the social symptoms
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Kendra Hoekzema® Evan E. Eichler*?, Joao V. Nani®’, Wirla Pontes®, Sandra Sanchez Sanchez®,

Michael V. Lombardo?, Janaina S. de Souza®, Mirian A. F. Hayashi” and Alysson R. Muotri®®"

Abstract

Background Social affective and communication symptoms are central to autism spectrum disorder (ASD), yet their
severity differs across toddlers: Some toddlers with ASD display improving abilities across early ages and develop
good social and language skills, while others with “profound”autism have persistently low social, language and cogni-
tive skills and require lifelong care. The biological origins of these opposite ASD social severity subtypes and develop-
mental trajectories are not known.

Methods Because ASD involves early brain overgrowth and excess neurons, we measured size and growth in 4910
embryonic-stage brain cortical organoids (BCOs) from a total of 10 toddlers with ASD and 6 controls (averaging 196
individual BCOs measured/subject). In a 2021 batch, we measured BCOs from 10 ASD and 5 controls. In a 2022 batch,
we tested replicability of BCO size and growth effects by generating and measuring an independent batch of BCOs
from 6 ASD and 4 control subjects. BCO size was analyzed within the context of our large, one-of-a-kind social symp-
tom, social attention, social brain and social and language psychometric normative datasets ranging from N =266

to N=1902 toddlers. BCO growth rates were examined by measuring size changes between 1- and 2-months of orga-
noid development. Neurogenesis markers at 2-months were examined at the cellular level. At the molecular level, we
measured activity and expression of Ndel1; Ndel1 is a prime target for cell cycle-activated kinases; known to regulate
cell cycle, proliferation, neurogenesis, and growth; and known to be involved in neuropsychiatric conditions.

Results At the BCO level, analyses showed BCO size was significantly enlarged by 39% and 41% in ASD in the 2021
and 2022 batches. The larger the embryonic BCO size, the more severe the ASD social symptoms. Correlations
between BCO size and social symptoms were r=0.719 in the 2021 batch and r=0. 873 in the replication 2022 batch.
ASD BCOs grew at an accelerated rate nearly 3 times faster than controls. At the cell level, the two largest ASD BCOs
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onic subtypes.

the growth of social and language brain regions.

had accelerated neurogenesis. At the molecular level, Ndel1 activity was highly correlated with the growth rate

and size of BCOs. Two BCO subtypes were found in ASD toddlers: Those in one subtype had very enlarged BCO size
with accelerated rate of growth and neurogenesis; a profound autism clinical phenotype displaying severe social
symptoms, reduced social attention, reduced cognitive, very low language and social IQ; and substantially altered
growth in specific cortical social, language and sensory regions. Those in a second subtype had milder BCO enlarge-
ment and milder social, attention, cognitive, language and cortical differences.

Limitations Larger samples of ASD toddler-derived BCO and clinical phenotypes may reveal additional ASD embry-

Conclusions By embryogenesis, the biological bases of two subtypes of ASD social and brain development—pro-
found autism and mild autism—are already present and measurable and involve dysregulated cell proliferation
and accelerated neurogenesis and growth. The larger the embryonic BCO size in ASD, the more severe the tod-
dler’s social symptoms and the more reduced the social attention, language ability, and 1Q, and the more atypical

Background

Social affective and communication symptoms are cen-
tral to autism spectrum disorder (ASD), yet their sever-
ity differs across toddlers with the disorder: Some ASD
toddlers display improving abilities across early ages and
develop good language skills and social relationships,
while others with profound autism have persistently low
social and cognitive skills, may be non-verbal, have few if
any friends, and require lifelong care [2, 3]. The biologi-
cal origins of these opposite ASD social severity subtypes
and developmental trajectories are not known. As such,
there is an urgent need to discover biological origins of
social subtypes at the youngest ages possible as a pathway
towards precision medicine.

While genetic, postmortem and cell model studies
show ASD is a prenatal, progressive disorder involving
multiple stages and processes [4, 5], it is a remarkable fact
that none of these studies have demonstrated a within-
child correlation between any prenatal stage or process
and the severity of an ASD childs social symptoms.
Moreover, studies have not identified prenatal biological
features indicative of social and neural subtypes in ASD
toddlers at the age of first symptom presentation. While
social and neural subtypes have been found in ASD tod-
dlers by data-driven, unsupervised patient subtyping
methods, the biological origins of subtypes are unknown
and could be a complex interweaving of genetic and envi-
ronmental factors across prenatal and postnatal develop-
mental time periods.

Possible prenatal developmental origins of core social
variation in autism are largely unstudied. The reasons for
this lack of identification of prenatal correlates of ASD
social severity and social heterogeneity are multiple and
understandable. For example, there is no direct, in vivo
means to know whether a fetus will develop ASD and no
method of assaying potentially relevant prenatal features
even if an ASD outcome were to be suspected. As another

example, since ASD social symptoms vary widely, small
sample postmortem studies inadequately represent that
social heterogeneity and are impoverished in information
about early-age social phenotype. As another example,
developmental animal studies inadequately model typi-
cal and ASD social communication and social cognition.
Fortunately, ASD patient-derived iPSC models provide a
path towards gaining insight into prenatal pathobiology
that can be correlated within subject with ASD social
symptoms. To date, however, this has not been done.
Here we take this path in an a priori designed study.

The power of patient-based iPSC comes from prop-
erly choosing patients whose disease symptoms are to
be specifically elucidated by targeted iPSC models and
measures. In that way, iPSC results can be meaningfully
related to the specific disease feature at issue. Oddly, this
has never been done for social symptoms in ASD, despite
that fact that social communication and its variation are
at the center of the disorder. Among more than 90 pub-
lished ASD iPSC model studies (Supplemental Tables
S1-S2), study procedures did not ascertain, recruit, clini-
cally and diagnostically phenotype, longitudinally follow
and neural and behaviorally characterize all participants
in comparable ways. Also, contrast participants were not
selected and characterized comparably to ASD partici-
pants. Phenotyping has seldom been thorough, and when
participants vary widely in age, types of assessments, and
methods of ascertainment, the power to link iPSC model
differences to the most important clinical reasons for
study are nullified. Autism-critical social information is
often shallow in iPSC studies to date. Thus, whether ASD
iPSC differences relate to social differences or to other
ASD characteristics has been largely unexamined.

Indirect evidence raises the hypothesis that the bio-
logical origin for social symptom severity in ASD is early
embryogenesis. Greater social symptom severity in ASD
toddlers is correlated with greater overactivity of three
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neurodevelopmental pathways (PI3K-AKT, RAS-ERK
and WNT-p-catenin), and this overactivity (compared
with neurotypical toddlers) occurs in 2D models of
embryonic-stage ASD progenitors and neurons derived
from ASD toddlers with enlarged brains [6]. Since these
pathways are major regulators of cell cycle, proliferation,
and maturation, their embryonic overactivity in ASD
progenitors and neurons would be expected to increase
proliferation and alter neuronal maturation, and in fact,
that is what was found in the ASD toddler-derived cell
models [9]. Missing is direct within-toddler evidence of
correlations between embryonic ASD brain models and
social symptom severity, and evidence of embryonic dif-
ferences of ASD social subtypes.

In the present iPSC study, the 10 ASD participants
were randomly drawn from our large cohort of ASD 1 to
4 year-olds toddlers who were extensively characterized
using gold-standard ASD social symptom scores, social
attention scores, social communication scores, language
and cognitive IQ scores, and social and language brain
measures (see Methods and Supplementary Materials).
All ASD subjects were ascertained, recruited, pheno-
typed and tested using uniform procedures. This rigor-
ous, robust and comprehensive method provided a large
multimodality, multilevel normative ASD dataset for sta-
tistical comparisons.

Next, we selected brain cortical organoid size as our
main measure of interest based on prior evidence and
hypotheses. The a priori hypothesis was that variation in
ASD cortical overgrowth starting in the first and second
trimesters underlies social symptom severity in toddlers
with ASD and is related to differences in social brain,
behavior, communication, and language ability in ASD at
early postnatal ages. To test this, we generated and meas-
ured size growth of embryonic brain cortical organoids
(BCOs) derived from iPSCs of the randomly selected but
deeply socially characterized ASD toddlers and tested the
correlation between BCO size and social symptom sever-
ity scores. To test the hypothesis that excess BCO growth
in ASD is related to accelerated rates of proliferation
and neuron differentiation, we measured this in BCOs
with the most extreme enlargement. To date, no ASD
patient-derived iPSC study to date has examined whether
variation in patient-derived embryonic BCO enlarge-
ment is correlated with variation in ASD social sever-
ity and ASD social subtypes at early ages. The question
has high importance because if embryonic pathological
cortical growth is correlated with later postnatal social
severity and subtypes, then it means causal mechanisms
driving to social severity and subtypes are already present
before other speculated environmental and genetic fac-
tors associated with later phases of prenatal development.
Put simply, it would indicate differential determinants of
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ASD social severity and subtypes are embryonic. This
goes beyond the older question of whether or not ASD
is prenatal, a question answered in the affirmative years
ago based largely on computational and inferential evi-
dence [4-30]. This would change how ASD research
designs must be formulated if progress is to be made on
understanding how the central social symptoms of ASD
come about.

Our choice of iPSC model and measurement was
because early brain overgrowth, ascribed to excess
excitatory neurons and first described two decades ago
[11-14], is a characteristic found in many children with
ASD. Further, it is among the most replicated findings in
the idiopathic ASD neurobiology literature based on the
largest meta-analysis and review to date by Persico and
colleagues [31]. Their meta-analysis of 8310 ASD and
control subjects from 44 MRI and 27 head circumference
studies spanning toddlerhood to adulthood found highly
significant brain and head circumference enlargement in
ASD compared to controls. The most pronounced brain
and head size increases occur at early ages in ASD [31],
suggesting a prenatal origin. The first direct evidence
of unusual prenatal brain development in ASD comes
from ultrasound measures showing 2nd-trimester head
enlargement in individuals later confirmed to have ASD
[15]. However, no study has examined whether variation
in patient-derived embryonic brain enlargement mod-
els are correlated with variation in an ASD child’s social
severity.

Lastly, rather than a blind search for possible genes
involved in ASD BCO growth, we examined a specific
gene, NDELI, because it is involved in embryonic neu-
ronal proliferation and neurogenesis, neurite outgrowth
[32], neuronal morphogenesis, migration and cell posi-
tioning. NDEL1I shows patterned expression along ante-
rior—posterior and dorsal-ventral axes in midgestational
prenatal periods and contributes to cortical regionali-
zation [33]. This cortical patterning effect is reduced in
ASD postmortem cortex [34] and NDELI is one among
a set of implicated genes. Cerebral cortical size is affected
by NDELI regulation of mitotic spindle function [35].
Given these prominent justifications, we examined
NDEL]I expression in BCOs.

Methods

The study was reviewed and approved by the UC San
Diego Institutional Review Board, and all parents gave
informed consent.

Recruitment, diagnosis, and psychometric testing

In the present study, toddlers with ASD were not pre-
selected based on brain size, clinical phenotype, or ASD
risk gene status; instead, parents self-volunteered their
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child. From among>400 ASD toddlers recruited at our
Center using the Get SET Early method [36-38] and
fully phenotyped between 2008 and 2011 as described
previously [36], the parents of 23 toddlers agreed to par-
ticipate in California Institute for Regenerative Medicine
ASD program (https://www.cirm.ca.gov/). This program
successfully reprogramed peripheral blood mononuclear
cells to fully characterized iPSCs in 11 (9 M; 2F which
is a 4.5:1 boy to girl ratio well-known in ASD) of the 23
toddlers by 2019 (Supplemental Table S3). The BCOs of
1 toddler did not grow, leaving a final set of 10 ASD tod-
dlers from whom BCOs were successfully generated
(Table 1). Licensed clinical psychologists blind to study
hypotheses conducted evaluations of all toddlers using
the Autism Diagnosis Observation Schedule (ADOS)
[39], the Mullen Scales of Early Learning [40], and the
Vineland Adaptive Behaviour Scales [41]. Diagnoses were
based on DSM-V criteria [42], ADOS results and clinical
judgement. Scores from the ADOS, Mullen and Vineland
were used as measures of symptom severity, social, lan-
guage and overall cognitive ability (Table 1). Clinical data
from study ASD toddlers were compared with data from
n=1427 ASD and n=475 TD toddlers tested at UCSD in
the identical way.

The 10 ASD BCO toddlers were 1-3-years in age at
intake (mean 1.8 years of age). This enabled within-child
linkage of early-age ASD clinical and brain presentation
with embryonic-stage BCO size. This is the first such
ASD BCO study to examine such relationships within-
child utilizing normative early age diagnostic scores,
social and language abilities, social eye tracking, and
regional neuroanatomic characteristics. Additionally,
toddlers were longitudinally followed to confirm an ASD
diagnosis and to obtain best estimate longitudinal clini-
cal and social behavioral characteristics (Supplementary
Material). Six control subjects, including 2 fully pheno-
typed typical toddlers, also participated.

Eye tracking

Following standard procedures, a subset of ASD toddlers
(N'=9) participated in eye tracking using a well-validated
test designed to quantify levels of interest in social and
non-social images [43—45]. These data were compared
with data from N=930 ASD and N=357 TD toddlers
tested in the identical way (Supplementary Materials).
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Brain imaging

Structural MRI images were collected on a subset of ASD
toddlers (N=9) using a 1.5 T GE scanner with traditional
protocols [10, 46, 47]. Volumes for brain regions key for
social and language development were calculated using
FreeSurfer 5.3. These data were compared with data from
N=166 ASD and N=100 TD toddlers MRI assayed in
the identical way; analyses of these MRI datasets [46]
show that by first factoring out overall brain size, dif-
ferentially increased or decreased growth in different
anatomic measures in ASD-relevant social, language,
face processing and behavior regulation regions are iso-
lated and highlighted in ASD toddlers (Supplementary
Materials).

Genetic analyses

All 10 ASD study toddlers were genetically assayed using
targeted sequencing of a subset of 270 ASD risk genes
by Eichler and colleagues [48, 49]. One ASD female
among the 10 study ASD toddlers had a missense variant
(p-Ser2390Phe, CADD score v1.0 equals 32) in HECTD4,
which is a SFARI Level 1 ASD risk Gene [50]. This is a
rare variant with the highest minor allele frequency<0.01
observed in any population including 1000 Genomes
Phase 3, ESP and gnomAD. The other 9 ASD toddlers
were idiopathic having no ASD risk gene mutation.

BCO generation in ASD and controls

A robust and reproducible protocol developed in the
Muotri lab [1] was used to generate BCOs from ASD and
controls by iPSC technicians blind to clinical, behavioral
and brain phenotypes and subtypes (Fig. 1; Supplemen-
tary Materials). They were generated in two independent
batches in 2021 and 2022. BCOs were grown for 30 and
60 days, capturing neural progenitor cells and neurons
during early embryogenesis (see Fig. 1). A full description
of our organoid methods, including rigor and reproduc-
ibility, is now in Nature Protocols [51].

BCO size replication in ASD and controls

To test overall replication of ASD vs control BCO size
and growth effects (see Results), BCOs were generated
in two independent batches, one in 2021 and the other in
2022. In the 2021 batch, BCOs from 10 ASD and 5 con-
trols were generated, and, in 2022, BCOs from 6 of those

Table 1 Summary of sex, age (range), and diagnostic and psychometric (means) characteristics of ASD toddlers

ASD subtype Sex (M/F) Age at st visit ADOS total 1Q Receptive Expressive
language 1Q language

Clinically severe 2/1 26 months (24-28) 220 54.6 453 436

Clinically mild 6/1 20 months (12-41) 13.7 97.0 920 922
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Fig. 1 Culturing BCOs from human iPSCs. A Schematic representation of the experimental outline. IPSC-derived BCO were produced according
to Trujillo et al. [1] in orbital shakers and measured at 1- and 2-months. Representative bright-field images of BCOs at 1-month (B) and 2-months
(€), capturing both cell proliferation and differentiation phases during early embryogenesis. D Exclusion criteria were applied during the BCO
measurement process; particular attention was paid to distinguishing genuine single organoids from fused organoids (asterisk) or spheres

and non-organoid entities (small arrows). Small spherical structures (diameter <200 um; arrows) inconsistent with organoid morphology

and potentially representing aggregates of necrotic cells, were excluded from the measurement. This criterion was applied uniformly across all
images to maintain consistency in the data collected.

10 ASD toddlers and 3 of those 5 controls were generated
again. A new typical toddler was also run in 2022, giving
this second batch a total of 6 ASD and 4 controls. In both
batches, BCOs were measured at 30 and 60 days.

BCO measurement of ASD and controls

The diameters of organoids were measured from static
images (Fig. 1). The process was designed to ensure
accuracy and consistency of measurements across sub-
jects (see Supplementary Materials). For the sampling
and Imaging Protocol, we used three to six images
obtained from each well at 1-month and 2-month
time points post-organoid formation for each subject
using Evos microscope M5000, objective 2X (Ther-
moFisher Scientific). These time points were chosen for
their relevance to the developmental timeline of BCOs
(proliferation and differentiation), for facilitating a
comprehensive analysis of size variation over time, and
for their approximate temporal overlap with our pre-
vious studies of ASD toddler-derived progenitors and

neurons that differed from typicals on gene expression
and cellular measures of cell cycle, proliferation and
differentiation [6, 9]. The images were captured using a
standardized imaging setup to maintain image quality
and organoid visualization consistency. The diameter of
all BCOs in every image were measured for a total of
N =2858 and N=2052 individual BCOs in the 2021 and
2022 batches, respectively, which gave an overall total
of 4910 individual BCOs from 15 subjects in 2021 and
10 subjects in 2022 giving an average of N=98 BCOs
measured per age point per subject.

The size measurement technique used the diameter of
each organoid, which was measured utilizing the Image]
software (version 2.14.0/1.54f), a widely recognized tool
for image analysis in biological research. Measurements
were conducted by drawing a line across the largest
dimension of each organoid, ensuring that the measure-
ment reflected the maximum diameter. This method
was uniformly applied to all visible organoids within the
image frame.
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Exclusion criteria were applied during the measure-
ment process; particular attention was paid to distin-
guishing genuine single organoids from fused organoids
or spheres and non-organoid entities (eg., asterisk in
Fig. 1D). Small spherical structures (diameter <200 um)
(eg, arrows Fig. 1D), inconsistent with organoid morphol-
ogy and potentially representing aggregates of necrotic
cells, were excluded from the measurement. These crite-
ria were applied uniformly across all images to maintain
consistency in the data collected.

Comparative databases

Unique and key to the study design is that all social
symptom, social and language clinical, cognitive, social
attention, and social and language imaging data from
ASD BCO toddlers were compared with comparably lon-
gitudinally phenotyped large samples of ASD and typical
toddler norms ranging from N =266 to N=1902 toddlers
who had been ascertained, recruited and phenotyped
identically to the study toddlers. This enabled statistical
analyses and interpretation of all ASD BCO data within
the context of our large UCSD normative and ASD clini-
cal, behavioral and imaging databases.

NDEL1 activity and expression measurements

Using the 2022 batch of 6 ASD and 4 control BCOs, we
measured NudE Neurodevelopment Protein 1 Like 1
(NDELI) oligopeptidase activity in ASD and control
BCOs because this enzyme activity plays roles in prolif-
eration, cell division, neurogenesis, neurite outgrowth,
and cell positioning and migration during embryogen-
esis and has been found to play roles in many other neu-
ropsychiatric disorders [52]. In this 2022 batch, 2-month
BCOs from the 6 ASD and 4 controls were collected and
homogenized with buffer (50 mM Tris—-HCl+500 mM
NaCl, pH 7.9) and centrifuged at 20,000 xg for 10 min at
4 °C, and the supernatant was recovered and used for the
Ndell enzyme activity measurements. Enzymatic assays
were performed in a Tecan m1000 infinite microplate
reader, using a 96-well flat black plate and at Ex=320 nm
and Em=420 nm wavelengths. Ndell enzyme activ-
ity was measured by monitoring the hydrolysis of FRET
substrate (Abz-GFSPFRQ-EDDnp) at 37 °C. For each
reaction, BCO homogenate and buffer (NaCl 100 mM,
50 mM Tris—-HCl, pH 7.4) containing 10 uM of FRET
substrate were added, either in the absence or pres-
ence of 80 uM of chloranil (Ndell inhibitor [53]). Ndell
specific activity was defined as the rate of hydrolysis in
the absence of the inhibitor minus the rate measured in
this inhibitor presence. Arbitrary Units of Fluorescence
(AUF) values were obtained by the angular coefficient of
each reaction, where 1 pM of substrate corresponds to
6047 AUEF/s, using the m1000 infinite fluorimeter. Ndell
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activity was calculated using the formula: pM/min/
mg=AUF/s x60/mg of total protein concentration added
to the reaction. The protein concentration of these sam-
ples was determined at 562 nm using the BCA method
on a Nanodrop One.

We also performed real-time quantitative PCR to
assess NDEL1 expression. Total RNA was extracted from
three distinct ASD BCO lines with larger sizes and three
control BCOs using the RNeasy Mini Plus kit (Qiagen).
Subsequently, 800 ng of total RNA were reverse tran-
scribed into ¢cDNA employing the Quantitect Reverse
Transcription kit (Qiagen). For the assessment of NDELI
expression in BCOs, real-time quantitative PCR (RT-
qPCR) was conducted using the RT? SYBR Green Fluor
qPCR mastermix (Qiagen) on a CFX Connect Real-Time
PCR detection system with Maestro software (Bio-Rad;
version 1.1). The PCR cycling parameters consisted of an
initial denaturation at 95 °C for 10 min, followed by 40
cycles of 95 °C for 15 s and 60 °C for 1 min. Amplifica-
tion and denaturation curves for all primers were meticu-
lously examined to confirm the amplification of a single
amplicon. Each RT-qPCR analysis was performed in trip-
licate. Normalization was achieved utilizing the endog-
enous control gene GAPDH, and the relative expression
levels were calculated using the 2722t method. Primers
were obtained from IDT (Integrated DNA Technologies,
Inc., Coralville, IA, USA), as PrimeTime qPCR primer
assays, and employed the sequences previously validated
in Li et al. [54]: GAPDH-F (5"-CCACGGCAAGTTCAA
CGGCACAG-3’), GAPDH-R (5'-GACGCCAGTAGA
CTCCACGACAT-3"), Ndell-F (5'-AGCACCCGTTCA
TCACATCT-3’), and Ndell-R (5'-GATGCTTGGCAG
GAGCTTAGA-3").

Immunofluorescence assay

From the 2022 batch, N=20 BCOs from the 2-month
timepoint from 2 of the 6 ASD toddlers with the largest
BCOs and N=10 BCOs from one typical toddler were
immunofluorescent assayed (Fig. 1f). These N=30 BCOs
were fixed in 4% paraformaldehyde (PFA) for 4 h at 4 °C,
washed in PBS, dehydrated in 30% sucrose until they
sank, and then embedded in O.C.T. compound (Sakura,
Tokyo, Japan). The samples were sectioned at 20 pum
using a cryostat. Sections were rehydrated, washed in
PBS, and permeabilized with 0.1% Triton X-100 in PBS
for 15 min. Blocking was performed with a solution of
0.1% Triton X-100 and 3% BSA in PBS for 2 h at room
temperature. Sections were then incubated overnight at
4 °C with a mouse anti-NeuN primary antibody (ab1543P,
1:300) in a blocking solution. Following three washes in
PBS, sections were incubated with Alexa Fluor 647-con-
jugated secondary antibody (Life Technologies, 1:1000)
in a blocking solution. Nuclei were stained with DAPI for



Courchesne et al. Molecular Autism (2024) 15:22

5 min (1:10,000 in PBS). The slides were mounted with
ProLong Gold antifade mountant (Life Technologies) and
imaged using a Zeiss Z1 Axio Observer Apotome fluores-
cence microscope (Oberkochen, Germany). NeuN+and
DAPI + cells were quantified across the entire section of
each of 10 to 20 organoids per condition using a stand-
ardized Image] protocol. Although these experiments
were not blinded, the quantification process was auto-
mated to minimize bias, applying identical settings and
thresholds across all samples. Normalization was rela-
tive to DAPI-stained nuclei [55]. NeuN+/DAPI was
calculated for each BCO. All measurements taken are
provided in Supplemental Table S4.

Statistical analyses

Mixed effect modelling using lme4 and ImerTest pack-
ages in R and partial eta squared (771%) effect size [56, 57]
was used to test a priori hypothesized mean BCO size
differences between ASD and control groups and false
discovery rate (FDR) was used to correct the p-values for
multiple pairwise comparisons; a Pearson correlation to
examine the relationship of BCO size by ASD symptom
score; and Mann—Whitney U to test ASD clinical subtype
differences in symptom severity. IQ, social behavior, and
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cortical region size of ASD toddlers were compared with
typical and ASD normative data. Additionally, analyses of
replicability of BCO growth and measurement were per-
formed within-subject using the 2052 BCOs measured in
the 2022 batch.

Results

ASD BCO overgrowth: greater BCO size in ASD

than controls in both 2021 and 2022 batches

A linear mixed-effect model with random intercepts
of subjects was fit to the data to examine the relation-
ship between BCO size, group, and BCO timepoint
effects. Controlling for BCO time point, analyses of the
2021 batch showed the ASD group mean was 39% larger
than the control group mean and had a very large effect
size (ASD>control size; 8 = —229.86, t(15)= —3.74,
»=0.002, r]; = 0.48). Controlling for group, the aver-
age of 2-month BCOs was higher than the average of
1-month BCOs (2-month BCOs>1-month; 8 = 19.04,
£(2846)=2.81, p=0.005, nﬁ = 0.003). Figure 2A shows
the 2021 batch ASD and control group mean BCO sizes
based on the average BCO of each subject as well as BCO
size for each subject at both BCO time points.
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In the 2022 batch, ASD BCOs were 41% larger than
control BCOs at 1- and 2-months (Fig. 2A). In fact, at
2-months, every ASD BCO was larger than every con-
trol (ASD: 1053, 1227, 1233, 1249, 1301, 1375 microns;
and control: 837, 864, 884, 925 microns), and, while
BCO sizes in controls increased by 14% between 1- and
2-months, ASD BCO sizes increased by 35% (t(8)=1.98,
p=0.043). Figure 2C shows representative images
of BCOs from 3 ASD and 3 controls at 1-month and
2-months timepoints. Figure 2D shows density plots of
the 2052 individual measures at 1-month and 2-months
from the 6 ASD and 4 controls at the group level and
individual subject level.

A linear mixed-effect model with random inter-
cepts of subjects was fit to the data to examine the rela-
tionship between BCO size and group and time point
effects. Results in Table 2 show a main effect of group
and time point as well as the interaction effect of group
by time point. Out of six possible pairwise comparisons
resulting from the interaction effect, we kept four com-
parisons based on our planned contrasts and we cor-
rected the p-values by FDR (Table 2). ASD group BCOs
were significantly larger than control BCOs at 1-month
(i.e., ASD, 1 m—Control, 1 m) and 2-months (i.e., ASD,
2 m—Control, 2 m) with large effect sizes of 0.38 and
0.79, respectively. In addition, both ASD and control
groups’ BCOs significantly increased in size from first
month to the second month with large effect size (0.26)
for ASD and small effect size (0.03) for controls (Table 2).

The larger the ASD BCO, the more severe the ASD
social symptoms

Larger ASD BCO sizes were positively correlated with
greater ASD social symptom severity in both the 2021
and 2022 batches (Fig. 2B). This correlation between
BCO sizex ADOS social symptom score was signifi-
cant at 1-month (Pearson r(10)=0.602, p=0.019; 95%
CI [0.147, 1]) and at 2-months in the 2021 batch (Pear-
son r(10)=0.719, p=0.0042; 95% CI [0.247, 0.915]; see
Fig. 2B). Those ASD toddlers with larger BCO sizes had
significantly more severe symptom scores (22.0£1.5 vs.
13.7+3.1; z=-2.286, p=0.0222; standardized effect size,
ZWN(n+n)=0.72).

Table 2 Group interaction pairwise comparisons
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In the 2022 replication batch, BCO size was again sig-
nificantly correlated with ADOS social severity score
(at 2-months: Pearson r(7)=0.876, p=0.0010; 95% CI
[0.5854, 1]) (Fig. 2B).

The 2021 batch: Toddlers with enlarged BCOs

had the most severe social symptoms, lowest

1Q, least social eye tracking attention, and most
extreme cortical volumes in social, language, face,
and sensory regions

All 10 ASD toddlers were in the 2021 batch, enabling
relationships within-toddler to be made between BCO
size in severe vs mild ASD toddlers and their clinical,
behavior, and brain measures.

BCOs in severe ASD were larger than BCOs in mild ASD
Linear mixed-effect model with random intercepts of
subjects was fit to the data at the ASD subtype level (i.e.,
clinically severe ASD, clinically mild ASD, and control) to
further examine the main group effect stated above, and
results showed a main effect of ASD subtype and BCO
time point, as well as the interaction between ASD sub-
type and BCO time point (Table 3). Out of 15 possible
pairwise comparisons resulting from the interaction
effect, we kept nine comparisons based on our planned
contrasts and we corrected the p-values by false discov-
ery rate (FDR). All the subtype BCOs were significantly
different from each other at 1-month (e.g, Mild ASD,
1 m—Severe ASD, 1 m) and 2-months (e.g., Mild ASD,
2 m—Control, 2 m) with large effect sizes (Table 3). At
both BCO time points, the severe ASD subtype had the
largest BCOs, followed by the mild ASD subtype; controls
had the smallest BCOs. Moreover, across time points,
the severe ASD subtype BCOs (i.e., profound ASD, 1 m—
profound ASD, 2 m) increased, but the mild ASD subtype
BCOs did not change significantly from the first to the
second month (Table 3).

The severe ASD subtype with enlarged BCOs had severe
social symptoms and very low social attention, low global
1Q, and low receptive and expressive language

Table 1 shows IQ scores for the 10 ASD toddlers vs norms
from our large UCSD cohort of TD and ASD toddlers

Contrast Estimate SE df t.ratio Adj. p value np2
ASD, T m—Control, T m 148.63 51.40 13.71 2.89 0.012 0.38
ASD, T m—ASD, 2 m -314.31 11.83 204414 -26.57 0.000 0.26
Control, 1 m—Control, 2 m -100.13 13.80 204412 -7.25 0.000 0.03
ASD, 2 m—Control, 2 m 362.82 51.14 1337 7.09 0.000 0.79

2022 Batch

m=month, npz =Partial Eta Squared
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Table 3 Subtype interaction pairwise comparisons
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Contrast Estimate SE df t.ratio Adj. p value r|lc,2
Mild ASD, 1 m—Severe ASD, T m -151.22 69.95 19.18 -2.16 0.049 0.20
Mild ASD, 1 m—Control, 1 m 194.06 59.66 19.44 3.25 0.009 0.35
Severe ASD, T m—Control, T m 345.28 7443 19.50 4.64 0.001 0.52
Mild ASD, 1 m—Mild ASD, 2 m 0.27 8.30 2846.56 0.03 0.974 -

Severe ASD, T m—Severe ASD, 2 m -62.94 15.53 2846.08 -4.05 0.000 0.01
Control, 1 m—Control, 2 m -4937 17.79 2862.60 -2.78 0.010 0.00
Mild ASD, 2 m—Severe ASD, 2 m -214.43 7015 19.45 -3.06 0.010 0.32
Mild ASD, 2 m—Control, 2 m 14442 60.69 21.18 238 0.034 0.21
Severe ASD, 2 m—Control, 2 m 358.84 75.34 20.74 4.76 0.000 0.52

2021 Batch

m=month, r;p2 =Partial Eta Squared

whose ages are comparable to the ASD toddlers in this
BCO study. Figure 3 also shows measures of social inter-
est and attention as indexed by the GeoPref social eye-
tracking test in our 10 ASD toddlers vs norms from our

A ASD Mild vs Severe c

large UCSD sample of TD and ASD toddlers. Figure 3A
and Table 1 show that Clinically Severe ASD toddlers
have (i) extremely large BCO sizes (ii) severe social symp-
toms, (iii) markedly low IQ and language, and (iv) low
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Fig. 3 Subtype analysis of ASD toddlers in the 2021 Batch. A Density distribution of 953 individual BCO measurements for Clinically Mild

and Clinically Severe ASD subtypes. B Shows performance of Mild and Severe ASD toddlers on IQ and social eye tracking attention measures
compared to the UCSD ASD and Control toddler sample norms. The IQ norms are from N=1427 ASD and N=475TD individuals; the norms for eye
tracking Fixation on Social Stimuli and Saccades during Social Stimuli are from N=930 ASD and N=357 TD individuals. The average 1Q scores of Mild
and Severe ASD toddlers were calculated using Mullen, WISC, and WPPSI scores across multiple longitudinal visits. The I1Q scores of the Severe

ASD toddlers were considerably below neurotypical and even below the mean of our sample of 1427 ASD toddlers, while mild ASD toddlers had
IQ scores in the neurotypical range. Social interest and attention were indexed by percent fixation on social stimuli, and saccades per second
quantified the subject was watching social stimuli during the eye tracking test. The Clinically Mild subtype showed eye tracking scores in the near
typical range, while the Clinically Severe subtype fell in the lowest-performing quartile of ASD toddlers for both fixation and saccade measures
[45]. C Regional MRI-based brain volume differences between subtypes and norms based on N= 100 typically developing toddlers [46]. Percent
difference of Mild and Severe ASD subtype from the Control average volume for cortical areas involved in social and language processing

and for auditory, visual, and somatosensory cortices in the left hemisphere. D Effect sizes of brain volume differences between ASD subtypes

and Control norms, mapped to the corresponding cortical regions (Supplementary Materials)
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social eye-tracking interest and attention. Specifically,
Table 1 and Fig. 3B show their social symptoms aver-
aged 22 on the ADOS; global IQ scores were between —2
standard deviations (SDs) and —4 SDs (average 1Q 54);
receptive and expressive language scores were more than
—3.66 SD below average; and social visual attention eye-
tracking scores were — 2.5 SD or lower. Permutation anal-
yses of this Severe autism subtype vs UCSD TD norms
were significantly different for 1Q scores (p< <0.0001)
and eye tracking scores (%fixation, p=0.002; saccades/
sec, p=0.008). This Severe subtype had extremely large
BCO sizes that were 102% greater than controls at
1-month and 69.8% at 2-months (permutation p=0.008;
z=945, p=0.025). The clinical profile of these Severe
ASD toddlers is consistent with profound autism [3].

Figure 3B and Table 1 also show the other 7 ASD BCO
toddlers had mild ASD clinical characteristics: Compared
to our TD norms, they had only mildly lower IQ (96.6)
and social eye-tracking attention. They also had mild-to-
moderate ADOS scores averaging 13.7. This Clinically
Milder subtype had BCO sizes that were 61.8% greater
than controls at 1-month 1 and 21.9% at 2-months (per-
mutation p =0.006; z=1480, p=0.014).

The severe ASD subtype with enlarged BCOs also had

the greatest volume differences in social, language, face,
and sensory cortices

The Severe/profound autism BCO subtype had cortical
growth extremes in primary sensory cortices (Fig. 3C),
receptive and expressive language cortices (Fig. 3C), and
several social cortices (Fig. 3C) as compared with typical
control average. Fig. 3D shows effect sizes of brain vol-
ume differences between ASD severe and mild subtypes
and typical control norms, mapped to the corresponding
regions. In some regions, overgrowth was 20-50% above
neurotypicals (bank of the STS; middle temporal cortex;
primary auditory cortex), while in visual cortex, growth
was reduced by>25% (Fig. 3C). Interestingly, pars tri-
angularis, which is normatively involved in semantic
and gestural processing, was also smaller than typical
(Fig. 3C).

Importantly, as shown in Fig. 3C and D, these differ-
ences from the typical average generally exceeded those
of the Clinically Milder BCO toddlers, who also showed
an array of lesser differences from the typical average. For
example, the Clinically Milder ASD toddlers did not dif-
fer from neurotypical in sensory and receptive language
regions, but in left expressive language cortex they had
growth differences opposite to Clinically Severe BCO
toddlers, namely reduced volume of pars opercularis and
caudal middle frontal gyrus, possibly suggesting a differ-
ent functional impact on expressive language develop-
ment in these two BCO subtypes. Both BCO subtypes

Page 10 of 16

had reduced left cortex size in semantic and gestural pro-
cessing regions.

Ndel1 oligopeptidase activity and expression
correlation with BCO size in the 2022 batch

The mean values for Ndell enzyme activity in the con-
trol and ASD BCOs were determined as 8.77+2.16
and 4.48+1.84 pM/min/mg, respectively, indicating
a significant reduction in Ndell activity within BCOs
derived from ASD cells (Student’s t-test (t=—3.38, df=8,
p=0.009, d=-2.14)) (Fig. 4A). Furthermore, a nota-
ble inverse correlation emerged between Ndell activity
and BCO size (Pearson r(10)= —0.697; p=0.025; 95%
CI [-0.1201, —0.9220]) (Fig. 4B), but Ndell was not
significantly correlated with symptom severity. Interest-
ingly, a negative correlation was also observed between
Ndell activity and the growth rate of organoids between
the first and second month (Spearman p(10)= —0.757;
p=0.014; 95% CI [—0.1210, —0.9131]) (Fig. 4C), indi-
cating that Ndell lower activity corresponds to higher
growth rate.

To explore potential alterations in NDELI expres-
sion levels, we also conducted real-time PCR analysis.
Our findings confirmed a significant downregulation of
NDELI expression in the 2-month-old BCOs compared
to controls (Student’s t-test (t=—15.79, df=4, p=0.004))
(Fig. 4D). Additionally, a significant negative correla-
tion was observed between NDEL1 expression and BCO
size (Pearson r(6) = —0.932; p=0.006; 95% CI [—0.4992,
—0.9928]) (Fig. 4E).

Immunofluorescence assay: NeuN + and DAPI + Cell
quantification in largest ASD BCOs versus control
BCOs

Figure 5A shows immunofluorescence images of organoid
sections at 2-months stained for NeuN" mature neurons
in a control toddler and an ASD toddler with one of the
largest BCO sizes. The box plot in Fig. 5B shows signifi-
cantly greater %NeuN + cells/DAPI in N=20 individual
BCOs from two ASD toddlers versus N=10 individual
BCOs from a control toddler (Mann—Whitney test,
p=0.0255). This significant increase in ASD NeuN + cells
at 2-months indicates ASD organoid enlargement may be
due to accelerated differentiation or greater survival of
neurons generated from neural progenitor cells.

Discussion

By embryogenesis, the biological bases of two contrast-
ing subtypes of ASD social and brain development—
profound/severe autism and mild autism—are already
distinguishable and measurable and involve dysregulated
proliferation and accelerated neurogenesis and growth.
The larger the embryonic BCO size, the more severe the
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ASD toddler’s social symptoms; the more reduced the
IQ, social attention, and language ability; and the more
atypical the social, language, and sensory brain growth.
Between embryonic ages 1- and 2-months, BCO growth
was accelerated in ASD, being almost three times the
control group, and those with the most embryonic-age
overgrowth had accelerated neurogenesis. BCO growth
rate and outcome size at 2-months were both highly cor-
related with reduced activity and expression of Ndell, a
gene known to govern embryonic proliferation, neuro-
genesis, and growth. In sum, accelerated proliferation,
neurogenesis, and overgrowth of BCOs were extreme in
profound ASD predicting severe social and brain out-
comes, whereas milder BCO enlargement occurs in
milder ASD. Thus, this work shows that the biological
determinants of who will have mild autism and who will
have profound autism, involve dysregulation of embry-
onic mechanisms that govern the rate and degree of cell
proliferation, neurogenesis, and growth. These embry-
onic differences highlight the need to separate these

contrasting ASD subtypes in iPSC experiments and
develop subtype-specific treatments for idiopathic ASD
toddlers.

Our findings reveal a significant inverse correlation
between the growth rate of ASD organoids and Ndell
activity. Ndell, predominantly located in the centrosome,
serves as a prime target for cell cycle-activated kinases.
Phosphorylation of Ndell by the DYRK2-GSK3p com-
plex is crucial for neuronal morphogenesis [58], while
Aurora-A-mediated Ndell phosphorylation is essen-
tial for centrosomal separation, maturation, and mitotic
entry [59]. Our observation of ASD toddler-derived orga-
noids at 2-months in age displaying a higher count of
mature neurons, suggests that accelerated growth/early
maturation might stem from alterations in the dynamic
of the cell cycle machinery, consequently affecting post-
translational modifications of Ndell. These modifications
are highly likely to regulate its affinity with several bind-
ing partners [60], thereby also impacting Ndell activity
levels.
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Consistent with a long history of clinical, eye tracking
and neuroimaging evidence of a minimum of two distinct
ASD subgroups [8, 44, 45, 47, 61-67], the present BCO
data also identified two ASD embryonic subtypes with
distinctly different BCO growth, molecular, social, cogni-
tive and social and language cortex growth phenotypes, a
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<« Fig.5 Immunofluorescence Assay: NeuN+and DAPI+ Cell

Quantification in Largest ASD BCOs vs Control BCOs. A Shows images
of organoid sections from a control (left panels) and an ASD toddler
with one of the largest BCO sizes (right panels) at 2-months stained
for DAPI (upper panels) and NeuN* mature neurons (lower panels.).
White boxes are locations of magnified images for later quantification
of percentage NeuN*/DAPI. B Box plot shows significantly greater
percentage of NeuN + cells/DAPI in N =20 individual BCOs from ASD
toddlers vs N=10 individual BCOs from a control. The complete set
of NeuN +values is in Supplemental Table S4 and demonstrates
consistent differences between ASD and control organoids

across multiple independent experiments. The significant increase

in NeuN +cells in ASD at 2-months during maturation phase
compared to control, indicates ASD organoid enlargement may

be due to accelerated differentiation or greater survival of neurons
generated from neural progenitor cells. Data are %NeuN +/DAPI
mean £ SEM. Mann-Whitney test, p=0.0255). Scale bar 50 um

first in the field. These distinct embryonic precursors of
the ASD mild and profound social subtypes are already
present by embryogenesis. ASD toddlers with very
enlarged BCOs had the most severe social ASD symp-
toms, reduced social attention indexed by eye tracking,
reduced IQ and language, and atypical social, language
and sensory cortical growth, while those with mild ASD
symptoms and typical-level language and IQ measures
had moderately enlarged BCOs. The constellation of neu-
ral, behavior, and clinical characteristics in those with
extremely large BCOs were distinctive and significantly
different from our large samples of typically toddlers who
were ascertained, tested, and analyzed at our Center in
the exactly the same way. Thus, determinants of a persis-
tently severe profound subtype of ASD occur in embryo-
genesis and include accelerated neurogenesis. Notably,
these toddlers with profound autism and enlarged BCOs
had substantially enlarged primary auditory and soma-
tosensory cortices, alongside reducedvisual cortices, a
finding that highlights and helps explain sensory and
social attention issues in ASD [43, 44, 67, 69-72]. Future
larger sample BCO studies will undoubtedly reveal still
other subtypes, given new gene expression and fMRI evi-
dence [66].

To our knowledge, the present design is unique among
ASD iPSC studies (Supplemental Tables S1 and S2)
because it incorporated methods to statistically link
iPSC-based measures of pathobiology to differences
in ASD social communication, social attention and inter-
est, and social and language ability and brain develop-
ment. Remarkably, ASD-patient derived iPSC studies
to date commonly ignore whether model system find-
ings are correlated with the actual social developmental
characteristics of the living ASD child whose iPSCs are
being quantified. Yet, the point of looking at mechanisms
is to explain what leads to the development of core ASD
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symptoms and challenges. To get to explanations, insight
and clinical impact about the disorder, future iPSC
designs must incorporate the same degree of rich infor-
mation about the living ASD child within the context
of the iPSC model. Our study is one example of how this
can be done.

Thus, future ASD-derived iPSC designs should be
within-subject which enables statistical linking of ASD
organoid molecular and cellular biology to ASD social
phenotypes. Designs should have uniform ASD and neu-
rotypical subject ages, ascertainment, recruitment, diag-
nostic assessment, and psychometric assessment at early
ages. To discover the embryonic mechanisms driving
early-age social challenges in ASD, deeply phenotyped
ASD infants and toddlers should be the subjects of iPSC
studies. In addition to using the widely validated ADOS
to index variation in severity of social symptoms at these
early ages, designs should more deeply assess social vari-
ation using validated measures of social attention; social
and language brain activity; social, language and sensory
cortex growth; and in vivo gene expression including
gene networks known to be correlated with social meas-
ures [6].

We showed the reproducibility of these BCO size and
growth effects and used thousands of technical replicates
in parallel to enhance rigor and reproducibility. Interest-
ingly, whereas the narrow density plots of BCO size in
controls suggest typical embryonic development is under
tightly regulated genetic programs (Fig. 2D), those of
ASD subjects had broader and more varied distributions
of BCO sizes (Fig. 2D) consistent with a loss of such reg-
ulation and compatible with the common finding of ASD
risk genes being regulatory and involved in early prenatal
processes [5, 25].

Our past imaging-genomics work on ASD toddlers
indicates that prenatally-relevant functional genomic
mechanisms may be key to differentiating ASD severity
subtypes [47, 73]. That work identified NDELI as one of
the pivotal hub genes within a gene co-expression mod-
ule that is strongly associated with more severe clinical
and imaging phenotypes, including surface area, corti-
cal thickness, and functional neural responses to social
speech [47, 73]. In the present study, lower NDELI
expression and activity was related to accelerated rate of
BCO growth, overall BCO size, and accelerated neuro-
genesis. Other studies report Ndell is involved in multi-
ple embryonic processes and in several neuropsychiatric
disorders, in which lower activity was associated with the
pathological condition [74, 75]. This encompasses roles
in embryonic neuronal proliferation, neurogenesis, neu-
rite outgrowth, neuronal morphogenesis, migration, and
cell positioning. Dysregulation of these processes due to
atypical NDEL1 expression may result in altered cortical
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patterning and regionalization, as observed in animal
models [76] and brain organoids [77].

A long-standing theory of ASD is that prenatal cell
cycle pathobiology causes ASD early brain overgrowth,
neural functional differences and ultimately leads to ASD
social symptoms [4, 5, 7, 8, 12, 14]. Reviews of ASD post-
mortem, iPSC neural progenitor, neuron and organoid
models, animal model and in vivo gene expression stud-
ies support this theory [4, 5] Other work also supports
the view that this pathobiology is related to ASD early
brain overgrowth [8-10, 12, 47], which is among the
most replicated findings in the idiopathic ASD neuro-
biology literature based on meta-analysis and review of
44 MRI and 27 head circumference studies to date [31].
However, missing from ASD-derived iPSC studies to
date including the most recent ASD organoid study of
molecular dysregulation [68], is statistical demonstration
of the relevance of prenatal findings to ASD social com-
munication differences. The present within-ASD subject
design is the first to directly bridge the gap between an
embryonic ASD pathobiological attribute and profound
and mild ASD social symptoms at early ages.

Limitations

With larger ASD social and BCO sample sizes, additional
ASD BCO subtypes may be detected, as recent fMRI and
MRI studies would predict. Also needed are comprehen-
sive molecular and cellular BCO experiments to further
delineate mechanisms causing variation in BCO enlarge-
ment in ASD as well as what causes the much wider
within-child variation in BCO size as compared with
the neurotypical BCOs. The genetic causes and cellular
consequences of decreased Ndell activity and expres-
sion correlated with ASD BCOs enlargement remain to
be specified. A limitation of most previous ASD patient-
derived iPSC-based models is lack of within-subject sta-
tistical linkage of ASD molecular and cellular findings
with variation in ASD social phenotypes. Without this,
future ASD iPSC reports will continue to have limited
impact on our understanding of the genetic, molecular
and cellular mechanisms that cause the development and
variation in the central feature of ASD: social affect and
communication.

Conclusions

The BCO overgrowth in our ASD toddlers has clinically
meaningful interpretations because of the context of
our large normative control and ASD data all collected
in a uniform way [36, 37, 44—47], something lacking in
all prior work with ASD cellular models (Supplemen-
tal Tables S1 and S2). ASD toddlers who had substantial
BCO enlargement, accelerated neurogenesis and dysreg-
ulated Ndell, were clinically identified at between 12 and
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24 months of age and received state-of-the-art early ASD
treatment. Despite this, their clinical characteristics did
not substantially improve across time, a reminder of the
challenges in addressing the outcomes of dysregulated
embryonic processes. Thus, there is a need to re-imagine
goals for future prevention and treatment research, par-
ticularly for profound ASD subtypes.

The biological determinants of who will have mild
autism and who will have profound autism, involve dys-
regulation of embryonic mechanisms that govern the
rate and degree of cell proliferation, neurogenesis, and
growth. Those with the most accelerated cortical orga-
noid growth and size at that extremely early developmen-
tal age, have severe social symptom, language, cognitive,
social attention, and social and language brain growth
outcomes. This sets the developmental mark that we
must target to prevent profound autism.
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