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SUMMARY

Genetic association studies have made significant contributions to our understanding of the etiology of
neurodevelopmental disorders (NDDs). However, these studies rarely focused on the African continent.
The NeuroDev Project aims to address this diversity gap through detailed phenotypic and genetic character-
ization of children with NDDs from Kenya and South Africa. We present results from NeuroDev’s first year of
data collection, including phenotype data from 206 cases and clinical genetic analyses of 99 parent-child
trios. Most cases met criteria for global developmental delay/intellectual disability (GDD/ID, 80.3%). Approx-
imately half of the children with GDD/ID also met criteria for autism. Analysis of exome-sequencing data iden-
tified a pathogenic or likely pathogenic variantin 13 (17%) of the 75 cases from South Africa and 9 (38%) of the
24 cases from Kenya. Data from the trio pilot are publicly available, and the NeuroDev Project will continue to
develop resources for the global genetics community.

INTRODUCTION

The Genetic Characterization of Neurodevelopmental Disorders
project (NeuroDev) is a study of neurodevelopmental disorders
(NDDs) that will collect and analyze extensive genetic and pheno-
typic data from over 5,000 people, including ~3,600 children and
their parents, in Kenya and South Africa over the next several
years." Based on existing recruitment patterns, most of the
2,000 case individuals enrolled in the study are projected to
meet criteria for global developmental delay/intellectual disability
(GDD/ID) or autism. All data (e.g., phenotypes, genotype array,

and exome-sequencing data) and materials (e.g., blood DNA; cry-
opreserved lymphocytes or CPLs) generated by NeuroDev will be
publicly available through approved National Institute of Mental
Health repositories. Through the data collection activity, which in-
cludes African ancestry populations largely absent from genetic
reference panels (e.g., gnomAD), and through the public release
of deeply characterized case and control data, NeuroDev aims
to support diversity in biomedical research.

This paper presents the NeuroDev Pilot, which includes data
from the project’s first collection year. During the first year,
we collected data from more than 200 cases and 600 total
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participants. We describe phenotype data from all cases collected
in the pilot period, along with genetic analysis of 99 exome-
sequenced trios. Supplementing these early genetic and pheno-
typic findings, we present learning points of the first year of data
collection and modifications made to the NeuroDev protocol
initially presented in de Menil et al.” We hope that these reflections
on process will help others in the design and execution of similar
projects because more work on NDDs in Africa is both needed
and underway. At only 99 trios, the NeuroDev trio pilot data are
now the largest African NDD collection for which genetic and
phenotypic data are publicly available to the research community.
The trio data presented here can be accessed through National
Human Genome Research Institute (NHGRI) Analysis Visualization
and Informatics Lab-space (ANVIL) controlled-access data
repository (https://anvilproject.org/data/).

RESULTS

Data collection

From August 2018 to July 2019, we enrolled 219 cases, 195 case
mothers, 115 case fathers, and 92 unrelated child controls (Fig-
ure 1A). There were 106 total parent-case trios, and an additional
113 cases had only one participating parent. In Kilifi County,
Kenya, case families were recruited from specialized neurology
and occupational therapy clinics, special needs schools, and a
database of previous studies. The case children enrolled in the
study had tentative NDD diagnoses obtained from checklists
or previous neuropsychological assessments. These diagnoses
were confirmed by a study clinician prior to enroliment. In Cape
Town, South Africa, participants with a clinical NDD diagnosis
were recruited from the developmental clinic at Red Cross Chil-
dren’s Hospital and Tygerberg Hospital. Cases included in the
study had a diagnosis of any NDD (excluding primary motor dis-
orders, e.g., cerebral palsy) and were aged between 2 and 18
years (Figure 1B). We present in this report phenotype analyses
of all 219 cases, along with genetic data analyses of the first 100
trios, 99 of which passed quality control measures for analysis.

At the end of the project’s first year, the trio collection and
overall case collection rate in NeuroDev were aligned with our
4-year sample size targets, and phenotype battery completion
was high. In the first year, all participants had data for the demo-
graphic, neuromedical assessment, and behavioral measures.
The behavioral measures included the Social Communication
Disorders Checklist (SCDC);? 3Di Brief® to measure autism char-
acteristics; and Swanson, Nolan, and Pelham Rating Scale
(SNAP-1V) to measure canonical attention deficit hyperactivity
disorder (ADHD) symptomatology.” Iltem-level missingness
was below 10% for all measures (see Tables S1 and S2).

The Raven’s Progressive Matrices (RPMs), NeuroDev's
nonverbal reasoning ability measure, was completed by 99%
of participating parents. Inspired by the Simons Simplex Collec-
tion (SSC) cognitive testing approach,®® all enrolled children
aged 6 years and older were offered the opportunity to attempt
the RPM’ (standard RPM if aged 12 years or older; colored
RPM if aged 6-11 years), which was adapted and validated for
use in Kilifi (Figure 1C).

Many case children (49%) could not complete age-appro-
priate versions of the RPM due to the extent of their develop-
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mental delay or behavioral challenges. All case children under
6 years of age and those over 6 years who could not complete
the RPM were offered the Molteno Adapted Scales of Develop-
ment (Molteno). We experienced similar challenges in some
cases with regard to the completion of the Molteno, although
all participants have at least some data. This experience is com-
mon to the studies of ID and autism, particularly those that
include children and severe phenotypes.®° Missing values
from the RPM are associated with case severity and will there-
fore be informative.

In the first year of data collection, trio family ascertainment
was higher than anticipated. The goal in South Africa to recruit
100 trios over the full duration of the project was met in just the
first year of the study. All pilot participants in South Africa con-
sented to have genetic findings related to their child’s NDD re-
turned to the family. Similarly, we observed a high rate (98%)
of consent for sharing cell lines in addition to DNA (Figure 1D).
Both of these options were available only in South Africa.

We used the University of California, San Diego Brief Assess-
ment of Capacity to Consent (UBACC) to both ensure and mea-
sure parents’ understanding of the study prior to consent. As a
screening tool, the UBACC is used to identify parents who may
require a more comprehensive evaluation of decisional capacity
and enhanced consent procedures.'”'" Participants need to
achieve a score of 14.5 out of 20 to meet the test requirement,
with the tool readministered up to a maximum of three trials if
necessary, each after additional explanatory efforts. In the first
year of data collection, only two parents failed their UBACC ad-
ministrations, and their families were not included in the study.
One of the two parents was reported to have a documented
ID. An overwhelming majority of the parents showed good un-
derstanding of the protocol following detailed explanation by
study staff because only 3% of participants scored below 14.5
on their first trial."?

The pilot period was used to further review our data collection
strategy and tools. In the STAR Methods section, we share
detailed observations about the assessment tools as applied in
our context and any adaptations to the tools made at either
site. These adaptations were made in response to questions
that were contextually inappropriate for caregivers due to
cross-cultural differences or linguistic challenges. We also
discuss modifications to the protocol, lessons learned in the im-
plementation of the study, and recruitment strategies used in
response to the variability in enroliment of participants. For
example, in Kilifi, we adapted our recruitment strategy during
inclement weather and in response to challenges recruiting fa-
thers during the workweek. We hope that these details will
benefit future research projects and that this suite of pilot results
as a whole will encourage more large-scale NDD projects in
Africa.

We made one significant addition to the phenotype battery,
the Child Behavior Checklist (CBCL),'® aiming to strengthen
participant behavioral characterization. We initially employed
the CBCL to explore the validity of the SNAP-IV in a subset of
NeuroDev participants and found it to be of both research and
clinical utility. The CBCL, now included in NeuroDev’s core
phenotype battery, characterizes a comprehensive assortment
of problem behaviors separately in preschool (age 1.5-5 years)
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Figure 1. Overview of the NeuroDev trio pilot
(A) Data collection and exome-sequencing description.

Number of co—occurring adverse
neurodevelopmental outcomes
(delayed walking, seizures, GDD/ID)

(B) Distribution of sex, age, and consent subtypes across cases and controls.

(C) Assessments administered to cases and controls. The flowchart describes Raven’s/Molteno administration processes for those who found completing either
test challenging.

(D) Subject consent rates for biobanking. “SA,” only available in South Africa.

(E) Diagnostic profiles of the 219 cases in the pilot phase. “Other” diagnoses include specific learning disabilities, communication disorders, and/or ADHD.
(F) Number of co-occurring adverse neurodevelopmental outcomes among the NeuroDev and SSC autism cases. Values of 0 (none present), 1, 2, or 3 (all present)

indicate the total number of adverse outcomes, defined as delayed walking, seizures, and/or GDD/ID.

and school-age (6-18 years) children. In addition to the research
opportunities afforded by the CBCL data, we observed clinical
value in use of the CBCL to construct a behavioral profile for chil-
dren who may need a referral for specialized intervention.

Phenotypic characteristics of cases ascertained in
NeuroDevV’s first year

NeuroDev features an uncommonly detailed phenotype battery
for a genetic study of its size. This section presents phenotypic
findings from all 219 cases collected between August 2018

and July 2019. Of those cases, 156 were South African, and 63
were Kenyan, reflecting that the Kenyan data collection began
halfway through the pilot’s first year; 99 of these 216 cases
were included among the exome-sequenced trios. Overall, the
cases were 70.2% male ranging in age from 2-18 years. The ma-
jority (80.4%, n = 176) of cases met criteria for GDD/ID. Of those
with GDD/ID, 91 cases (52% of all GDD/ID cases) also met
criteria for autism. An additional 31 cases (14.2% of all cases)
met criteria for autism without GDD/ID. A small number (5.5%)
of cases did not meet criteria for either GDD/ID or autism, but
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for other NDDs that are ascertained through NeuroDev: specific
learning disabilities, communication disorders, and/or ADHD.
The diagnostic composition of cases included in the 99
exome-sequenced trios is highly similar to that of the full set
219 cases (Figure 1E).

The cases were highly ancestrally and linguistically diverse,
with more than 40 languages spoken in families and more than
24 ethnicities represented. In keeping with the approach initiated
by the 1,000 Genomes study, we used language as an indicator
of ethnic affiliation on top of self-reported ethnicity. Among
cases from Kenya, the majority were from the Mijikenda ethnic
group (88.7 %), with many of the case families primarily speaking
the Mijikenda languages (83.9%) or Kiswahili (14.5%). Within
South Africa, most of the cases were of mixed ancestry
(45.9%) or identified with multiple ancestries (16.9%), and
many others identified as AmaXhosa (13.5%). Reflecting this,
the main languages spoken by the case families in South Africa
included English (74.3%) and isiXhosa (14.2%). The demo-
graphic questionnaire’s specific questions on language and
ethnicity were phrased as follows: “What is the primary language
spoken in [participant’s] home”? “What is [participant’s]
ethnicity or tribe”?

As anticipated, most children with autism in this initial group
also met criteria for GDD/ID (74.6%). This is consistent with other
descriptions of clinic-based cohorts of children with autism from
resource-limited environments.'*'® The scarcity of neuropsy-
chiatric specialists and medical resources in the African region
contributes to late diagnosis or a lack of access to services for
children with milder autism symptoms and minimal cognitive
impairment.’”"?

We compared the prevalence of GDD/ID, delayed walking (af-
ter 18 months of age), and parent-reported seizures between
child cases with autism in NeuroDev and those in the SSC, a
large United States-based cohort (Figure 1F). Most NeuroDev
autism cases presented with at least one of these co-occurring
adverse neurological or neurodevelopmental outcomes: (1) sei-
zures, (2) GDD/ID, and/or (3) walking later than 18 months
(84.4%). The average number of co-occurring adverse out-
comes in the NeuroDev study was 1.34 (n = 122), whereas this
number was 0.33 for SSC (n = 2,517, p = 2.2 x 10~ ). The differ-
ence in the number of co-occurring outcomes likely reflects the
differences in research setting and case ascertainment, as
described above. The rate of co-occurring neurodevelopmental
conditions in individuals with autism is associated with average
genetic architecture.’?" The case rate of de novo protein-trun-
cating variants (PTVs) in constrained genes increases with the
number of co-occurring adverse neurodevelopmental out-
comes. Based on Weiner et al., we expected a ~50% increase
in the observed rates of de novo PTVs in constrained genes in
NeuroDev autism cases relative to SSC and similar cohorts.?"

The initial 219 phenotyped cases experienced high levels of
speech delay, with only 36% of cases meeting criteria for fluent
speech. The high rates of delay were expected due to our ascer-
tainment strategy, which included recruitment of cases from
neurodevelopmental clinics and special needs schools. Those
with a comorbid diagnosis of autism and ID/GDD had the lowest
speech level, with 76% of families reporting the use of single
words or less. Consistent with this level of developmental delay,
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many case children also experienced challenges completing the
RPM. Among all cases, only 66% of all standard RPM testers
(aged 12 or older) and 44% of all colored RPM testers (aged 6-
11) were able to fully complete age-appropriate versions of the
assessment (Tables S1and S5). Among standard RPM testers
who could not complete the assessment, approximately half
were able to complete the colored version of the RPM, and the
rest completed the Molteno. Taken together, these findings sug-
gest a high severity level of developmental delay in NeuroDev
cases compared with other widely available NDD cohorts.

Genetic diversity

To examine genetic diversity, we compared the 99 genotyped
trios with individuals from the combined Human Genome Diver-
sity Panel (HGDP) and 1000 Genomes Project (TGP)?? panel and
the African Genome Variation Project (AGVP).? In the context of
these reference panels, the South African and Kenyan NeuroDev
cohorts were ancestrally dissimilar (Figure 2). The NeuroDev
cohort from Cape Town, South Africa, maintained a high propor-
tion of globally admixed individuals, consistent with the expecta-
tion from previous work,?* and maintained a subset of popula-
tions lacking out-of-Africa admixture that cluster closely with
continental African populations. The NeuroDev Pilot cohort
from Kilifi, Kenya, was of almost exclusively African genetic
ancestry with little evidence of global admixture (Figures 2A
and 2B).

Next, we assessed continental African genetic ancestry of
NeuroDev cohorts by intersecting the NeuroDev genotyping
data with those of the populations described in the AGVP
(Figures 2C and 2D).?® The first principal component separates
Ethiopian populations from other continental African populations
due to back-to-Africa migration and admixture in Ethiopians.?®
The clustering of some NeuroDev South African samples with
these individuals likely indicates out-of-Africa admixture. Those
of solely African descent in South Africa and Kenya tend to clus-
ter with geographically neighboring subcontinental populations:
unadmixed NeuroDev South Africa samples cluster with the Zulu
and Sotho populations of southern Africa, and NeuroDev Kenya
samples cluster closely with eastern African populations,
including the Baganda and Barundi. Given the change in lan-
guages spoken over generations (Figure 2E), we show that
grandparents’ ethnolinguistic groups are interrelated with ge-
netic ancestry and that the maternal grandmother’s spoken lan-
guages often align with the genetic ancestry of the proband
(Figure 2F).

Genetic analyses of the trio pilot data

Of the 99 parent-child trios included in the trio sequencing anal-
ysis, 75 were from South Africa and 24 were from Kenya. As of
the present analysis, 22 pathogenic or likely pathogenic variants
have been identified in those families. We have also identified 7
suspicious variants of uncertain significance (VUSs) in emerging
disease genes with supportive case data identified through
submission to the MatchMaker Exchange (MME). A detailed
description of the sequencing and data analysis approach can
be found in the STAR Methods. In brief, exome sequencing
was performed on each of the trios, and the data were uploaded
to the seqr platform for analysis.”®
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Figure 2. Global and within-Africa population structure of the NeuroDev trio pilot

(A) Map of geographic populations represented in the Human Genome Diversity Panel and 1000 Genomes Project (HGDP-TGP) global reference panel.

(B) Global PCA plots of the NeuroDev cohort. All NeuroDev trios are projected onto the first 4 PCs of the HGDP-TGP reference panel.

(C) Map of geographic populations represented in AGVP, a within-Africa reference panel.

(D) African subcontinental PCA plots of the NeuroDev cohort. A subset of sequenced NeuroDev individuals with African genetic ancestry are projected onto the
first 4 PCs of the AGVP panel.

(E) Breakdown of languages spoken across generations by the 99 genetically sequenced NeuroDev families (“Trio”) and their grandparents (“GF,” grandfather;
“GM,” grandmother). “Other” spans 24 languages.

(F) PCA of the 99 NeuroDev cases without a reference panel, labeled by the maternal grandmother’s primary language.
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A total of 13/75 (17.3%) South African cases were solved with
pathogenic or likely pathogenic variants in genes with an existing
disease association in OMIM.?” Of these, 5 cases had a single-
nucleotide variant (SNV), and 1 case had an insertion or a dele-
tion (indel) (Tables 1 and S3). An additional 7 cases had structural
variants that included a known OMIM gene (Tables 2 and S4).
Nearly all of the events were de novo, with the exception of
one structural variant that was paternally inherited (unknown
paternal history of psychiatric diagnoses or NDDs). A total of
9/24 (37.5%) Kenyan cases were solved. Of these, we found
that 6 cases had a pathogenic or likely pathogenic SNV in genes
previously associated with an NDD (Table 1), and 3 cases had a
structural variant including a known OMIM gene (Tables 2
and S4).

In addition to the solved cases, 7 VUSs were considered inter-
esting candidate variants based on matches made through the
MME (Tables 1 and S5). By matching cases of similar phenotypic
and genotypic profiles, MME provides a rapid, systematic
approach to rare disease gene discovery.*’ The 7 genes contain-
ing these variants were not yet listed in OMIM at the time of anal-
ysis and represent emerging gene-disease associations where
additional evidence and cases are still needed. All 7 variants
will be included in collaborative case series reports on the genes
of interest. To date, case studies on three of these genes—
AGO1, CACNA1C, and CACNATE—have been published.®'*
These variants may potentially be reclassified after re-evaluation
over time.

NeuroDev participants comprised the only geographic African
cases in any of the case series reports, and NeuroDev will be the
first African NDD cohort to contribute, at scale, to rare disease
discovery activities. As described by the NHGRI Atlas of Human
Malformations initiative, syndromic NDDs often vary in their
phenotypic presentation between ancestral groups,®* a phe-
nomenon that is particularly well documented concerning
canonical facial features. Further analysis of how phenotypic
features differ between ancestral groups will help clarify which
features are “core” to a genetic syndrome and which vary based
on ancestral group or environment.

DISCUSSION

People of African ancestry have been grossly underrepresented
in genetic studies, across domains and disciplines.***° In aggre-
gate, this is most visible through the constitution of large genetic
databases such as gnomAD, in which only 14% of individuals
(N = 27,000) have some African ancestry.®’**® Majority of those
27,000 individuals are American and typically have a mixture of
West African and European ancestry.®*“° Ifindividuals of African
ancestry remain underrepresented in genetic research, they will
continue to be less likely to receive accurate genetic diagnoses
and less likely to benefit from advances in genomic science and
medicine.*'

Those living in Africa have greater genetic variability than any
other human ancestral group, rendering their underrepresenta-
tion a substantial barrier to human genome characterization
and scientific equity and medical ethics.*® There are many rea-
sons that NDD collections have historically been conducted in
the United States and western Europe, chief among them being
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the better accessibility to project funding and infrastructural sup-
port. This lack of precedent produced common concern about
NeuroDev’s feasibility, particularly about the planned case
collection rate and the ambitious case characterization
schedule. We hope that the results described here will increase
the research community’s confidence in large-scale data collec-
tion efforts in underrepresented populations and that many
other studies will be able to contribute to greater African
representation.

We also hope the high rate of participant family interest in
receiving genetic results will shed light on the need for consistent
access to genetic testing services. To date, all NeuroDev partic-
ipants in South Africa readily consented to have genetic findings
related to their child’s NDD reported back to them by a clinician.
Similarly, NeuroDev South Africa observed a very high (98%) rate
of consent to generating and sharing stem cell lines in addition to
sharing DNA. This provides us with the opportunity to contribute
to diversity in global stem cell collections, which are also heavily
biased toward European ancestry.*® This high degree of partic-
ipant enthusiasm in South Africa has led to investigations of
similar possibilities in Kenya. The NeuroDev Kenya team has
recently been funded by a Fogarty award to support, in part,
community engagement on the ethics of cell line generation for
the cohort in Kilifi.

While NeuroDev provides in-depth phenotypic characteriza-
tion of its subjects, these data may still reflect regional differ-
ences. Kilifi is a rural coastal town with an agriculture-based
economy, with an absolute poverty rate of 46.4% and limited ac-
cess to school-based education.*® In contrast, Cape Town is a
large urban setting and is among the wealthiest cities in Africa,
conferring relative educational and resource advantages.
Because many behavioral measures are known to be tied to so-
cioeconomic status or maternal education, our behavioral out-
comes likely reflect the differences in regional context. We
encourage abundant caution when comparing behavioral out-
comes across sites.

The 4-year target sample for NeuroDev is 1,800 cases, 2,100
parents of cases, and 1,800 controls, the largest study for
NDDs on the African continent. The NeuroDev Project will, in
full, create a public resource for medical genetics research
that includes genome-wide common variant data; exome-
sequencing data; comprehensive phenotypic data including
detailed cognitive, behavioral, and health information; cell lines
(lymphoblastoid and induced pluripotent cell lines); and photo-
graphs capturing dysmorphic features of thousands of African
individuals. This critically needed line of work will help address
the scientific, medical, and ethical consequences of the genomic
research representation gap.

CONSORTIA

The NeuroDev Project members (current and previous) in addi-
tion to the named authors include Aleya Zulfikar Remtullah,
Alex Macharia, Ann Karanu, Carmen Swanepoel, Claire Fourie,
Constance Rehema, Deepika Goolab, Dorcas Kamuya, Dorothy
Chepkirui, Este Sauerman, Eunice Chepkemoi, Fagri February,
Fatima Khan, Felicita Omari, Gina Itzikowitz, Javan Nyale, Jan-
tina de Vries, Jess Ringshaw, Johnstone Makale, Judy Tumaini,
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Table 1. South African and Kenyan SNV/indel findings

Additional
Clinical phenotypes Variant
Individual Sex, age diagnosis Gene Variant Event of interest OMIM # interpretation
South Africa
859-44206536 male, GDD AGO1 (NM_012199.5) c.971C>T, (p.Pro324Leu) missense (MPC = 2.8) - - VUS
2
859-25391305 male, GDD CREBBP (NM_004380.3)  ¢.3914+3G>T extended splice site craniofacial dysmorphia, #180849 LP
7 (CADD = 15) abnormalities of the
genital system, and short
stature
859-49145346 female, 7 GDD DDX3X (NM_001356.5) c.599A>G, (p.Tyr200Cys) missense small for gestational age ~ #300958 LP
(MPC = 3.1) and abnormal
facial shape
859-90780619 male, GDD IRF2BPL (NM_024496.4)  c.2137del, frameshift - #618088 LP
2 (p.Leu713SerfsTer54) (CADD = 33)
859-81577625 male, GDD PPP2R5C c.254_259del, inframe deletion seizure - VUS
2 (NM_001161725.1) (p-Asp85_Phe86del) (CADD = 17)
859-88385997 male, GDD, ID CREBBP (NM_004380.3)  c¢.5558A>C, missense hearing impairment, #618332 LP
6 (p.GIN1853Pro) (MPC =1.6) visual impairment,
craniofacial dysmorphia,
and hypertonia
859-98643450 male, GDD, ADHD  SYNGAPT1 c.3795-1G>A essential splice site large birth length #612621 P
7 (NM_006772.3) (CADD = 35)
859-21383847 male, GDD, autism  SCN2A C.2877C>A, nonsense - #613721 P
2 (NM_001040142.2) (p-Cys959Ter) (CADD = 37)
859-33526476  female, 4 Autism CACNA1C c.4129dup, frameshift - - VUS
(NM_001129827.2) (p.Arg1377ProfsTer61) (CADD = 33)
859-76545750 male, Autism CACNA1E c.3422+1G>A essential splice site tall stature and proximal - VUS
6 (NM_001205293.3) (CADD = 35) amyotrophy
859-40050374 female, 3 Autism MYH10 c.2555G>A, missense macrocephaly and - VUS
(NM_001256012.3) (p-Arg852Gin) (CADD = 30) high BMI
Kenya
860-61235417 female, 17 ID BCL11B (NM_138576.4) c.1535_1536del, frameshift visual impairment and #618092 LP
(p-Ala512GlyfsTer4) (CADD = 32) low BMI
860-26955427 female, 11 ID DDX3X (NM_001356.5) c.1582C>T, missense small for gestational age #300958 LP
(p.Arg528Cys) (MPC =3.2) and muscle weakness
860-46028963 male, 12 ID MAPK1 (NM_002745.5) c.952G>A, missense short stature #619087 VUS
(p.Asp318Asn) (MPC =1.4)
860-71034936 male, 17 ID TLK2 (NM_001284333.2) c.1655T>C, missense short stature #618050 LP
(p.Leu552Pro) (MPC = 3.4)

(Continued on next page)
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(MPC
Age at recruitment is reported. All variants were de novo. For missense and nonsense variants, missense badness, PolyPhen-2 and constraint (MPC) scores are noted, and Phred-scaled

Combined-Annotation Dependent Depletion (CADD) scores are provided where MPC scores are not available.?® Variants with MPC > 2 are known to be significantly enriched in cases with

neurodevelopmental disorders. CADD scores rate the deleteriousness of SNVs and are known to be the highest for nonsense variants (~37) and the lowest for intergenic variants (~2).>° See

Tables S3 and S5 for more details.

GDD, global developmental delay; ID, intellectual disability; ADHD, attention deficit hyperactivity disorder; P, pathogenic; LP, likely pathogenic; VUS, variant of unknown significance.
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NeuroDev Data Pipeline
NeuroDev Subject Recruitment
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Table 2. South African and Kenyan structural variant findings

Genomic region

Individual Sex, age Clinical diagnosis (GRCh38) Event Associated condition Additional phenotypes Variant interpretation
South Africa
859-10314801 male, 2 GDD chr3:13371737- deletion 3p deletion syndrome small for gestational age P
20095506 (6.7 Mb) (#613792) and microcephaly
859-97835206 female, 7 GDD chr6:115941808- deletion interstitial 6q ventricular septal defect, P
133892653 (18 Mb) microdeletion syndrome seizure, meningitis, and
camptodactyly
859-44770029 female, 3 GDD chr18:61490305- deletion chromosome 18q visual impairment, low P
80247612 (18 Mb) deletion syndrome birth length, abnormal
(#601808) facial shape, and
hypotonia
859-41524687 female, 4 GDD chr22:18985739- duplication 22911.2 duplication high birth length and P
21081116 (2.1 Mb) syndrome (#608363) macrocephaly
859-50205427 female, 4 GDD, autism chr15:22810652- triplication 15911-g13 duplication small for gestational age P
29822566 (7.0 Mb) syndrome
(#608636)
859-22089821 male, 4 GDD, autism chr15:30626003- deletion 15913.3 microdeletion small for gestational age P
32111997 (1.5 Mb) syndrome (#612001) and microcephaly
859-85638884 male, 7 GDD, autism chr16:29663598- deletion 16p11.2 deletion - P
30188229 (0.53 Mb) syndrome (#611913)
Kenya
860-31775019 male, 17 ID 22:18985739-21081116 deletion DiGeorge syndrome abnormality of facial P
(2.1 Mb) (#188400) musculature and seizure
860-45665569 male, 16 ID 22:18985739-21081116 deletion DiGeorge syndrome - P
(2.1 Mb) (#188400)
860-94211640 male, 15 ID 22:49883237-50740457 duplication 22913 duplication - P
(0.85 Mb) syndrome (#615538)

Age at recruitment is reported. All variants were de novo except in subject 859-22089821 where the variant was paternally inherited. See Table S4 for more details.

GDD, global developmental delay; ID, intellectual disability; P, pathogenic.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

The NeuroDev Trio Pilot Whole- This paper AnVIL_CMG_Broad_Brain_NeuroDev_WES
Exome Data and Genotyping Arrays on https://anvilproject.org/data/

Human Genome Diversity Project & 1000 Koenig et al.?? https://gnomad.broadinstitute.org/downloads
Genomes Projects Reference Data

African Genome Variation Project Gurdasani et al.”® EGAD00001003319

Software and algorithms

seqr Pais et al.*® https://seqr.broadinstitute.org/
Hail v0.2 The Hail Team, Broad Institute https://github.com/hail-is/hail
GWASpy v0.1 Analytical and Translational https://github.com/atgu/GWASpy

Genetics Unit, Broad Institute

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to and will be fulfilled by the lead contact: Elise Robinson, The
Broad Institute of MIT and Harvard, Cambridge MA, USA (erob@broadinstitute.org).

Materials availability
This study did not generate unique reagents

Data and code availability

NeuroDev data can be accessed through the AnVIL: AnVIL_CMG_Broad_Brain_NeuroDev_WES controlled access data repository
(https://anvilproject.org/data/). All reference panels used in the paper are public resources. Code to generate phenotypic analyses,
PCA, and figures are available on our GitHub repository (https://github.com/atgu/neurodev-pilot).

METHOD DETAILS

NeuroDev Protocol and Informed Consent Procedures

NeuroDev’s information and consent document is the culmination of a series of focus groups and meetings across both sites that
were conducted to help develop the language of the document so that it could communicate complex scientific terms in a manner
accessible to research participants who may not have completed formal schooling. There were three focus groups in total. The first
included parents of children with NDDs, the second included community leaders from NGOs, centers, schools, etc. The third
included healthcare workers who work in clinics with NDDs. The key outcomes from the focus group meetings were: Firstly, that
lengthy detailed explanations hindered understanding of the scientific terms. Participants tended to be more confused and over-
whelmed by lengthy explanations. Therefore, information in the consent document is divulged in ways that keep descriptions short
and concise. Secondly, the use of visual examples to help explain DNA were very helpful. For example, pointing out physical simi-
larities between family members as a way of illustrating the inheritance of DNA. Thirdly, it is easier for participants to understand con-
cepts if examples are used that participants are familiar with. For example, when explaining that the information gathered in our
research can be used for other purposes. We provide examples of well-known diseases such as diabetes and cancer. This helped
participants easily relate to the conveyed concepts. In Kilifi, there was an emphasis on community engagement activities involving
discussing what genes are and how variation in genes is associated with neurodevelopmental disorders. This was carried out during
meetings with parents of children with neurodevelopmental disorders, teachers and community members.

After an information sharing session and before potential participants consent to enrolment into the study, the UBACC is admin-
istered. The UBACC creates an opportunity for discussion with participants around aspects of the protocol they may not have
grasped when the study is first explained to them. It has also shown to be effective in identifying participants who may not fully
comprehend the protocol. The South Africa Team have had a small number of failures on the test. These were based on 1) the lan-
guage of the test (i.e. French) and 2) comprehension difficulties of the participant (one participant had ID, and the other had a history
of strokes and depression).
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The novelty of genetic research in the African context means that the study is important for its potential benefit to African medical
and research communities. It is, by necessity, also precedent-setting. There is a lack of precedent around important issues, such as
the return of incidental findings to our participants and lack of qualified personnel such as genetic counselors in many parts of sub-
Saharan Africa. The evidence base to support feedback of most incidental genomic findings for African populations is not robust.
There is virtually no empirical data describing relevant African stakeholders’ preferences and perspectives, including research
participants, ethics committee members, researchers, and research regulators on these issues. The ethics arm of the NeuroDev
study is currently investigating this and will add evidence on this pertinent issue.

NeuroDev Data Pipeline

Data is collected on tablets using the REDCap Mobile App during assessments. Every participant is assigned a subject ID and has an
intake form filled out. Based on this information, branching logic programmed into REDCap determines which tools and fields popu-
late for the assessor to complete. At the end of an assessment day, data from the tablets is uploaded to the NeuroDev project on the
REDCap servers. The team at the Broad Institute then uses the scred package — a Python implementation of the REDCap API —to pull
raw records by subject ID and assign codes to missing data to differentiate between truly missing fields and non-applicable fields
based on the REDCap branching logic. A Python sync engine then organizes the record data by assessment tool, scores assess-
ments like the Raven’s Progressive Matrices and 3Di, and pushes it to a MySQL database hosted on the Google Cloud. The sync
procedure is generally run on a weekly basis to keep the database current. All summary and quality-control (QC) reporting is derived
from either direct SQL queries to the database or export to pandas dataframes for analysis with Python scripts.

The QC reporting process relies on querying data from the Broad Database and REDCap logging files to produce a comprehensive
report of missing, overwritten, or inconsistent participant data. Run on either a date range or a list of specific subject IDs, the program
produces summary reports on any of five distinct metrics: completion of REDCap forms, missing required data fields (regardless of
whether a form was marked complete), comments entered by assessors at the sites, logical cross-checks on completed data, and
fields found to be overwritten in the REDCap log. Subject and site IDs as well as interview times and assessor names are included on
each of these reports so the Broad team can easily identify both single issues and larger patterns. Run and reviewed weekly, the
program improves data visibility and allows consistent feedback to the sites on improving or correcting collection procedures.

NeuroDev Subject Recruitment

NeuroDev participants were recruited from two sites, Red Cross War Memorial Hospital in Cape Town, South Africa and KEMRI-
Wellcome Trust Research Program in Kilifi, Kenya. Participants were recruited from previous studies, specialized clinics and special
schools in Kilifi County, Kenya. For the resampling of participants of earlier studies, the team focused on children about to cross the
18-year-old threshold into adulthood. Participants in Cape Town were recruited from developmental clinics using a combination of
clinician referral, waiting room flyers and adverts, and cold recruitment from the Red Cross Memorial Children’s Hospital Department
of Pediatrics and Child Health Neurodevelopmental Clinic. Cases and affected siblings included in the study had clinical diagnosis of
a neurodevelopmental disorder, were within the specified age range (2-18 years old), and willing to participate. Cases were excluded
if they had a co-occuring primary neuro-motor condition such as cerebral palsy or Downs Syndrome. Controls were included in the
study if they did not have a diagnosis of a neurodevelopmental disorder, were within the study age range and were matched
according to catchment area, ancestry and age. In Kenya, the recruitment of controls also drew from the Kilifi health demographic
surveillance system (KHDSS) cohort. The KHDSS, which has been active since 2002, surveys a representative community sample
every three months. Control participants in Cape Town were recruited from various outpatient clinics at the Red Cross War Memorial
Children’s Hospital.

Written consent was sought for participation of the child controls and child cases from their parents or caregivers, and additional
consent was sought from parents of the cases for their own participation in the study. Ethical approval was sought in the site
institutional review boards as well as at the Harvard T.H Chan School of Public Health. In Kilifi, Kenya, approval was granted by
the Scientific Ethics and Review Unit (KEMRI/SERU/CGMR-C/104/3629) and Health Research Ethics Committee (HREC
REF:810/2016) in Cape Town, South Africa.

NeuroDev Phenotypic Data Collection
Assessments
Molteno Adapted Scales. The Molteno has proven to be quite effective in helping us capture the neurodevelopmental profile of
children under six years of age. The test’s flexible approach to item administration and incidental observations has allowed us to
test and score the behavior of even the most non-compliant children. The Molteno had not been validated and adapted for use in
Kilifi. We pre-piloted the Molteno, recruiting a random subset of 100 children between 2-5 years in the community and their parents.
A small number of items have had to be adapted to make them more appropriate for our population, e.g., "child has a tricycle at
home" was changed into "child can walk on his/her tiptoes" along with the administration of a few fine-motor related items.
Swanson, Nolan and Pelham (SNAP) ADHD-IV Rating Scale. The SNAP was insightful and was straightforward in its administration
in child cases over six years of age. But it presented some limitations for preschool-aged children. Specifically, some items refer to
homework and other tasks that would be cognitively challenging and therefore not a representative skill for children who are not yet of
school-going age. The instructions for the test administration did not allude to a lower age limit. After a review of the test literature, it

Neuron 771, 1-11.e1-e5, September 20, 2023 e2




Please cite this article in press as: Kipkemoi et al., Phenotype and genetic analysis of data collected within the first year of NeuroDev, Neuron (2023),
https://doi.org/10.1016/j.neuron.2023.06.010

¢ CellPress Neuron

OPEN ACCESS

was determined that the test was not suitable for children under six years of age and would only be administered to children over the
age of 6 years.

Child Behavior Checklist (CBCL). The CBCL was implemented into the NeuroDev protocol to help validate the SNAP. This would
form a central component of a Master’s research project. Because of the limited utility within the broader aims of the protocol, the test
was initially piloted, and the utility would later be evaluated. The CBCL was kept on beyond the pilot stage because it proved to be
valuable within the clinical context in both sites as it captures clinically rich information that will help phenotype our population that
other tests in the phenotypic battery might not, e.g. attention in children under six years, which was lost to the study when the SNAP
was amended. The data from the test will also be beneficial to two doctoral students attached to NeuroDev.

When the NeuroDev Kenya team began administering the CBCL, it was noted there were some questions that parents struggled
with when giving responses and requested clarification of the questions. Some of the questions that have come up as needing elab-
oration included: Argues a lot, Fails to finish things he/she starts, There is very little he/she enjoys, Bragging, boasting, Can’t get his/
her mind off certain thoughts; obsessions, Confused or seems to be in a fog, Daydreams or gets lost in his/her thoughts, Strange
behavior, Strange ideas, Wishes to be of the opposite sex.

The NeuroDev Kenya team discussed this and came up with a few changes in the assessment flow. The team started the behav-
ioral assessment battery with the CBCL and thereafter the 3Di, SNAP, SCDC. It was noted that the 3Di, which includes standard ex-
amples, could have primed the caregivers to expect some examples. The team also added the prompt that apart from the aim of the
assessment being exploring children’s behavior: "This assessment describes behaviors of children from a wide range of ages (6-18
years) as such you might find that some questions may seem unsuitable, we would still like to hear from you, to be best of your knowl-
edge, the extent to which your child may have these behaviors."

Developmental Dimensional and Diagnostic Interview (3Dij). The 3di has proven to be a concise evaluative tool for the presence of
autistic features in children. It is well-received and requires only minor additional probing for its questions. We have found that, in both
the South African and Kenyan context, parents with children who have been diagnosed with autism often go through the question-
naire with ease, likely because of their familiarity with the item constructs. In contrast, parents of children who do not demonstrate
autistic behaviors generally require more probing, possibly because they are less familiar with the item constructs.

Raven’s Progressive Matrices. The RPM has generally been well-received by our participants; however, we have noticed that on a
few occasions participants will make errors in the initial teaching items which suggest that this method of reasoning, i.e., deductive
reasoning, is more novel within our context than the test has accounted for. For instance, some participants may choose to select
their responses based on matching the features of the response items to those in the stimulus box, instead of deducing properties of
the missing image, based on the pattern in the stimulus box. This type of error turns the test into a perceptual test for some partic-
ipants (at least initially) instead of a test of deductive reasoning.

Blood draw. The blood draw can be a discomforting experience of data collection — for the research team, the parents and, most
importantly, the child. The management strategy of each blood draw takes account of the idiosyncrasies of each child, in order to
reduce any potential distress, time, and the possibility of injury. The teams have found that having a frank and upfront conversation
with the parent(s) of the child about what to expect and to determine how they feel their child will respond, is best. Some children will
respond best if they know what will happen. The South African team developed "social stories"; a visual aid tool that explains each
step of the process to the child using simple language and pictures. The story is written in the first-person, from the point of view of the
child, helping the child visualize the experience. The Kenya team adapted and translated the social stories for use in their context as
well. We conducted a saliva pilot study on a subset of participants from whom saliva was obtained in addition to a blood sample. Of
the 131 samples, 97.15% of DNA extracted passed sample QC, indicating that saliva would be a strong option for DNA in
future cases.

Photos. Participants in South Africa appear to be most apprehensive about having their children’s photos taken. As of December
2019 76%, of participants have consented to having their photo taken. Participants often report wanting to protect their children’s
privacy and preventing their children’s images falling into the hands of unscrupulous characters as reasons for not consenting to the
photos. In Kenya, the use of photos was a point of concern during the approval process, as a result, the use of photos for publication
and other public use is a twofold process. During the consenting process, participants are informed that the taking of photos is a core
part of the assessment process and that before a photo is shared to other research teams, that we will re consent them to get permis-
sion to use the selected photos.

Cell lines and stem cells in South Africa. The South Africa team has observed a much higher rate of consent for cell lines than pre-
viously anticipated. As of December 2019, 96% of participants had consented to cell lines. The Kenya team has not implemented cell
line and stem cell collection. The ethics arm of the study is collating views from community members and key stakeholders on collec-
tion of cell lines and will present these findings in the coming years.

Case ascertainment

Case ascertainment In Kenya. Intellectual Disability is more readily ascertained in Kenyan Special Schools through the Educational
Assessment and Resource Centers, however, autism diagnosis is not as readily ascertained, especially when comorbid with another
NDD.*” As some of the Kenyan cases are recruited from Special Schools, to ensure we do not miss cases with autism, we began
clinically assessing children that came in with only a reported diagnosis of ID, but who in the course of the NeuroDev assessments
battery presented with many autism traits (i.e., they endorse a lot of the symptoms on the 3Di). Using their clinical judgment and a
general endorsement pattern on the 3di, in particular the repetitive behaviors section questions, the case was further assessed by
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an experienced clinician on the team and a psychologist using the DSM-5 checklist and clinical judgment to confirm whether the child
has autism.

Case ascertainment in South Africa. Children with a known NDD diagnosis were recruited from the neurodevelopmental and ge-
netic outpatient clinics from Red Cross War Memorial Children’s Hospital and Tygerberg Hospital in Cape Town, South Africa.
Eligible cases were identified through clinician referral. Additionally, families in the clinic waiting rooms were approached and
screened for eligibility and invited to take part in the study. Both hospital clinics are specialist developmental outpatient clinics, which
are led by relevant sub-specialists (Paediatrics, Paediatric Neurology, Medical Genetics and Developmental Paediatrics). Children
enrolled in the study have been formally diagnosed by these teams through standardized clinical assessments and benchmarked
against the DSM-5 criteria.

Lessons Learned

Reflection on parent-recalled dates in Kenya. The Kenyan cohort is generally older in comparison to the South Africa cohort, as such
recall of certain milestones and ages can be challenging for the caregivers. The team uses anchoring when trying to help parents
answer an age-related question. First using age bands: Under 1 year, 12-18 months (6 months after a year), 2 years (how many
months before or after?). Thereafter, they also employ the use of cultural events and family events to enhance the age anchoring
technique.

General approach to data collection. The case children are highly variable in terms of their type of neurodevelopmental disorder. As
such there is great variation in how each family approaches dealing with their child’s condition. The researchers have adopted a se-
ries of principles that encourages sensitivity and reflexivity to the needs and expectations of each family during data collection. These
include maintaining a sense of calm and patience during testing to reduce collective anxiety; being respectful of each family’s journey
and process; taking the time to explain what is going on to the child, even if they are non-verbal and look as if they don’t understand
what you’re saying; trust and rely on each other as a team and being open to learn from each other; and ensure the researchers, the
participants, and their families are ready for the blood draws as they can be very traumatic.

Follow-up after scheduling of assessments. Throughout the study, the teams incorporated intensive follow-up efforts to increase
the rate with which fathers participated in the study, to increase the trio collection. They were followed-up regularly and allowed flex-
ible scheduling, sometimes during other data collection slots (this was possible because only one research nurse/clinician was
needed to complete data collection of returning fathers: including consenting, cognitive testing and blood draw) to accommodate
logistical reasons for not attending data collection. In Kilifi, fathers are often away at work during the day, when the recruitment
team does the home visit, and work most of the week and may not be able to get time off work. To work around this, the study
team arranged for ’Father’s Day’ Data collection days on Saturday.

Phenotypic Data Analysis Methods

Self-reports of ancestry and language were collected as part of the Demographics tool on REDCap. To assess developmental or in-
tellectual delays, we administered either the Molteno or the Raven’s Progressive Matrices (RPM) to their respective age groups and
measured rates of completion. Successful completion of the Molteno was defined as the completion of at least 2 of the 4 domains
implicated in the assessment. Completion of the RPM was defined as being able to complete all questions on the assessment. Pro-
portions of testers who successfully completed the respective tests at age ranges of 0-5 (Molteno), 6-11 (Colored RPM), and greater
than 12 (Standard RPM) was computed and reported. For subjects who could not complete age-appropriate assessments, the rates
of completion of tests below their age level was reported for each age group.

Neurodevelopmental diagnosis of cases was collected through the Neuromedical Assessment tool. The cases were placed into
four distinct categories: autism, GDD/ID, autism and GDD/ID, and other diagnoses (which included ADHD, communication disorder,
and specific learning disorders). Children that met DSM-5 criteria for either GDD or ID or were diagnosed with at least borderline delay
from the Molteno were included in the GDD/ID category. For each of these four categories, we assessed the proportions of those with
fluent speech levels. Speech fluency was determined by the 3Di, which assesses the child’s speech on a scale of no words, single
words, multiple words, and fluent speech based on parent interview.

The Simons Simplex Collection (SSC) data set was used to compare phenotypic outcomes of the 122 cases with autism ascer-
tained in NeuroDev. The SSC consists of a deeply phenotyped sample of more than 2500 families with a child diagnosed with autism
in the United States.® We grouped cases with autism from both datasets based on the number of adverse co-occurring neurological
and developmental outcomes, including ID, a positively associated history of seizures, and motor delays (defined as either a gross
motor diagnosis from the Molteno, or an age at first steps higher than 18 months). In SSC, ID was defined as cases with an 1Q < 70.
From the symptom distributions within each study, the average number of co-occurring symptoms was computed, and the difference
between these means was assessed using a Mann-Whitney U test.

Exome Sequencing & Data Processing Methods

Data generation and analysis were done in collaboration with the Broad Institute Center for Mendelian Genomics, with sequencing
performed at the Genomics Platform and data processing at the Data Sciences Platform of the Broad Institute of MIT and Harvard.
Libraries from DNA samples were created with a Twist exome capture (37 Mb target) and sequenced (150 bp paired reads) to >85%
of targets at >20x, comparable to ~55x mean coverage. Sample identity quality assurance checks were performed on each sample.
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The exome sequencing data was de-multiplexed and each sample’s sequence data aggregated into a single Picard CRAM file.
Exome data was processed through a pipeline based on Picard, using base quality score recalibration and local realignment at
known indels, aligned to the human genome build 38 using BWA, and jointly analyzed for single nucleotide variants (SNVs) and in-
sertions/deletions (indels) using Genome Analysis Toolkit (GATK) Haplotype Caller package version 4.0.10.1. After variant calling,
sex, ancestry and relatedness to other samples were inferred using the CMG sample QC pipeline and compared to sample metadata
to identify and correct sample swaps, basic functional annotation was performed using Variant Effect Predictor (VEP). The joint
variant call file was then uploaded to the seqr platform and imported to Hail version 0.2 for further annotation and analysis.

Copy-number variants (CNVs) were discovered from the exome sequencing data following GATK-gCNV best practices. Read
coverage was calculated for each exome using GATK CollectReadCounts. After coverage collection, all samples were subdivided
into batches for gCNV model training and execution; these batches were determined based on a principal components analysis
(PCA) of sequencing read counts. After batching, one gCNV model was trained per batch using GATK GermlineCNVCaller on a sub-
set of training samples, and the trained model was then applied to call CNVs for each sample per batch. Finally, all raw CNVs were
aggregated and post-processed using quality- and frequency-based filtering to produce the final CNV callset.

Exome Sequencing Data Analysis Process

Upon completion of data generation, both the SNV/indel and CNV callsets were uploaded to segr, the centralized genomic analysis
platform used by the Broad Institute’s Center for Mendelian Genomics (CMG), for clinical genetics analyses. The CMG analysis team
deployed a standard analysis protocol across all NeuroDev trios to identify potential disease-causing variants. The first round of anal-
ysis consisted of a review of variants from a de novo/dominant and a recessive search. The de novo/dominant search filters for var-
iants present in affected family members and absent from unaffected family members. The variant types returned from this standard
search include deletions, duplications, protein truncating variants, and missense variants that have an allele frequency <0.1% across
population databases (gnomAD v2/v3/SV, 1000 Genomes, EXAC, and TopMed) and <1% in the CMG internal rare disease dataset,
that pass QC, and that have a GQ >20 and an allele balance >0.2. The recessive search returns homozygous recessive, compound
heterozygous, and X-linked recessive variants in affected individuals, considering phasing for any available parents. It searches for
biallelic variants across deletions, duplications, protein truncating variants, or missense variants that have an allele frequency <1%
across population databases and <3% in the CMG internal rare disease dataset, that pass QC, and that have a GQ >20 and an allele
balance of >0.2. If candidate variants were not identified after the first round of analysis, the search criteria was adjusted to include
additional variant annotation types (synonymous variants, extended splice site variants, and 5’ and 3’ UTR variants), and quality pa-
rameters were relaxed to allow for the review of indels that did not pass QC.

Potential causal variants were subjected to rigorous evaluation of the evidence for pathogenicity following criteria established by
the American College of Medical Genetics and Association for Molecular Pathology.*® The study’s primary focus was on well-estab-
lished disease genes, using information drawn from a variety of sources such as OMIM. The phenotype data of NeuroDev participants
was assessed for possible consistencies with the previously reported clinical presentations associated with known disease genes,
bearing in mind potential deviations from expectation due to ancestry.

Genes that are not yet associated with a well-established human disease in OMIM were carefully evaluated using a variety of sour-
ces of evidence, including constraint scores, transcript and protein expression databases, model organism data, and a review of the
available literature. All variants identified in candidate disease genes were entered into the Matchmaker Exchange (MME) network
through seqr in order to identify additional cases with overlapping phenotypes and variants in the same candidate genes, to help bet-
ter characterize potential novel gene-disease relationships.

Genotyping and Analysis Process

Genotyping was performed on all samples using the lllumina Infinium Global Screening Array (GSA) at the Genomics Platform at the
Broad Institute, which is supported by a LIMS-tracked, automated processing system that utilizes various sample handling robots
and lllumina iScans to generate intensity data from the arrays. After scanning, the data is processed through our automated genotype
calling pipeline. The platform releases raw data files (idats, gtc) as well as VCF, and allows for the conversion to PLINK ready called
genotype files (ped/map) generated using two different calling algorithms: lllumina GenCall (Autocall) for common variants, and zCall
for rare variants including the custom exome/clinical content.

We applied the GWASPpy pipeline (https://github.com/atgu/GWASpy) pre-imputation QC module to perform variant-level QC. We
used default filters, including MAF, call rate, Mendelian error rate, sex checks, inbreeding coefficient, and Hardy-Weinberg disequi-
librium. To visualize genetic diversity across NeuroDev samples, we also performed a principal component analysis (PCA) on array
data. The PCA module in GWASPpy applied LD-pruning, relatedness estimates, and other necessary filters. We used the joint Human
Genome Diversity Project and 1000 Genomes Project reference as a global reference, and the African Genome Variation Project as
the subcontinental reference in our population PCA plots. We performed projection PCA, in which the reference data is used to define
the principal components and NeuroDev data is projected onto that space, to prevent relatedness effects from our family-
based data.
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