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Abstract

A genetics-first, rare variant approach to understanding the neurobiological substrates of schizophrenia and
associated disorders
By Esra Sefik

It has long been known that schizophrenia has a substantial genetic component, but large-scale genomic
investigations have only recently begun to illuminate the exact nature of this genetic architecture. There are
now at least eight copy number variants (CNVs) with genome-wide significance for association with
schizophrenia, which provide new substrates to investigate the etiology and pathogenesis of this complex and
heterogeneous disorder. Among these, the 3q29 deletion (3q29Del) confers the highest known risk for
schizophrenia (>40-fold increase); but the neurobiological mechanisms contributing to the abnormal
neurodevelopmental phenotypes are not yet understood. The objective of this dissertation was to address this
knowledge gap by employing a multidisciplinary approach that integrates tools from high-throughput RNA-
sequencing, network analysis, neuroimaging, behavioral and clinical phenotyping, and statistical modeling. First,
we used a systems-biology approach to interrogate the network-level behavior of 329 interval genes within the
global protein-coding transcriptome of the healthy human prefrontal cortex. The modular properties and
connectivity patterns yielded key predictions about novel biological roles, functional interactions and putative
disease associations for individual 3q29 genes. Next, we performed the first known 7z wvivo quantitative
neuroimaging study in individuals with 3q29Del, and assessed the relationship between neuroanatomical
tindings and standardized measures of cognitive and sensorimotor abilities. Our findings showed that abnormal
development of posterior fossa structures, particularly the cerebellum, may be a neuroimaging-based biomarker
in 3q29Del. We additionally found that cerebellar volumetric changes are associated with cognitive disability,
and diminished visual-motor integration skills, suggesting that the cerebellum is a possible mechanistic
intermediary between this genetic lesion and motor and non-motor syndromic phenotypes. Furthermore, we
conducted the first in-depth evaluation of psychotic symptoms in subjects with 3q29Del, compared this profile
to 22q11.2Del, and investigated the relationship between psychotic symptoms and findings from structural
brain imaging. Results from this work established the unique and shared profiles of psychotic symptoms across
two high-impact CNVs and revealed cerebellar involvement in elevated psychosis-risk in 3q29Del. Altogether,
the presented findings substantially advance our understanding of the role that 3q29Del plays in vulnerability
for severe neurodevelopmental and psychiatric disorders and provide novel insights into neurogenetic
mechanisms shaping human behavior and development.
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CHAPTER 1. Introduction

A clinical and epidemiological introduction to schizophrenia

Schizophrenia is a highly debilitating, chronic and complex mental illness that has a lifetime prevalence
of about 0.5-1% (1, 2), with comparable rates observed across diverse populations (3). Despite a century of
research since Emil Kraepelin’s original formulation of the nosology of schizophrenia under the name of
“dementia praecox” (4, 5), our knowledge of the etiology and pathogenetic unfolding of this disorder remains
scarce.

Schizophrenia is characterized by positive symptoms (i.e., delusions, hallucinations, and grossly
disorganized speech and behavior), negative symptoms (i.e., amotivation, social withdrawal, and blunted affect),
and cognitive impairment (i.e., executive function deficits) (6). Minor neurological abnormalities (also known
as neurological “soft signs”) including motor coordination and sequencing impairments, as well as sensory
integration deficits are also commonly reported by patients (7-9). Although positive symptoms, such as hearing
voices that are not there, are often the primary reason why patients are brought to medical attention, negative,
cognitive and motor symptoms can also produce significant adverse effects on everyday functioning (10).
Typically, the clinical onset of schizophrenia occurs in late adolescence or eatly adulthood (11), although earlier
and later forms of onset can also be seen. The specific combinations of these symptoms, and the course of the
disease itself reveal considerable heterogeneity across individuals.

Antipsychotic medications targeting dopamine neurotransmission have been the principal mean of
therapeutic intervention for schizophrenia since the 1950s (12), but side effects, such as cardiometabolic
abnormalities and extrapyramidal symptoms play a key role in discontinuation of treatment (13-16), and there
is substantial variation in observed treatment responses (17). In approximately one-third of patients, available
antipsychotics are partially or not effective in the management and treatment of schizophrenia (18, 19),
suggesting that there may be differences in the etiology and consequent pathophysiology of this illness across
patients and that schizophrenia may not be a single disease entity. Notably, the mean life expectancy among
individuals with schizophrenia is approximately 15-20 years shorter than that of the general population, and

there is a substantial risk of death by suicide eatly in the course of the illness: ~1 in 3 people with schizophrenia



attempt suicide during their lifetime. (20-23). In addition, it is estimated that 70-90% of individuals with
schizophrenia experience challenges with living and working independently (24-28). These outcomes urgently
implore us to develop more effective, and possibly individualized, interventions.

It is worth noting that the diagnostic definitions and clinical boundaries of schizophrenia have changed
over time according to the scientific zeitgeist (6, 29, 30). In recent years, the limitations of using a categorical
diagnosis system have garnered increasing attention, with many camps advocating for a more transdiagnostic
approach to evaluating dimensions of psychopathology. Accordingly, the classical subtypes of schizophrenia
were eliminated from the most recent edition of the Diagnostic and Statistical Manual of the American Psychiatric
Association, DSM-5 (31), and schizophrenia is now conceptualized on a psychosis continuum. The DSM-5
currently defines schizophrenia using the following operational criteria under the section on “schizophrenia
spectrum and other psychotic disorders” (31):

A. Two (or more) of the following, each present for a significant portion of time during a 1-month period
(or less if successfully treated). At least one of these must be [1], [2], or [3]:

1. Delusions.

2. Hallucinations.

3. Disorganized speech (e.g., frequent derailment or incoherence).

4. Grossly disorganized or catatonic behavior.

5. Negative symptoms (i.e., diminished emotional expression or avolition).

B. For a significant portion of the time since the onset of the disturbance, level of functioning in one or
more major areas, such as work, interpersonal relations, or self-care, is markedly below the level
achieved prior to the onset (or when the onset is in childhood or adolescence, there is failure to achieve
expected level of interpersonal, academic, or occupational functioning).

C. Continuous signs of the disturbance persist for at least 6 months. This 6-month period must include
at least 1 month of symptoms (or less if successfully treated) that meet Criterion A (i.e., active-phase
symptoms) and may include periods of prodromal or residual symptoms. During these prodromal or

residual periods, the signs of the disturbance may be manifested by only negative symptoms or by two



or more symptoms listed in Criterion A present in an attenuated form (e.g., odd beliefs, unusual
perceptual experiences).

D. Schizoatfective disorder and depressive or bipolar disorder with psychotic features have been ruled
out because either 1) no major depressive or manic episodes have occurred concurrently with the
active-phase symptoms, or 2) if mood episodes have occurred during active-phase symptoms, they
have been present for a minority of the total duration of the active and residual periods of the illness.

E. The disturbance is not attributable to the physiological effects of a substance (e.g., a drug of abuse, a
medication) or another medical condition.

F. If there is a history of autism spectrum disorder or a communication disorder of childhood onset, the
additional diagnosis of schizophrenia is made only if prominent delusions or hallucinations, in addition
to the other required symptoms of schizophrenia, are also present for at least 1 month (or less if

successfully treated).

These diagnostic criteria play a critical role in not only the psychiatric management and treatment of
patients with schizophrenia, but also in the very conceptualization of research studies that aim to elucidate the
risk factors and causal mechanisms underlying this complex and heterogeneous disorder. Since the
neurobiology underlying this condition is insufficiently understood, most diagnostic attributes that define
schizophrenia remain inferential and heavily rely on subjective experiences reported by patients and their
caregivers. Currently, there is no externally validated biomarker or objective diagnostic test that can be used for

the identification, prevention, or treatment of schizophrenia in clinical practice.

Schizophrenia neuroanatomy

A plethora of noninvasive zz vivo neuroimaging studies using cross-sectional or longitudinal study
designs and sampling techniques based on clinical presentation have shown structural brain alterations in both
patients with chronic schizophrenia and patients with first episode psychosis. These studies have been

instrumental for advancing our understanding of disorder-related pathophysiological mechanisms, but there is



extensive heterogeneity and inconsistencies across structural neuroimaging findings, possibly due in part to
etiologic heterogeneity, but also as a consequence of methodological differences (e.g., differences in inclusion
criteria, sample sizes, age range of study participants, duration of treatment etc.). This presents a major challenge
for interpreting and integrating results from different studies. This section aims to present a selective review of
structural neuroimaging findings in schizophrenia, primarily based on magnetic resonance imaging (MRI), to
provide background knowledge for contextualizing later findings presented in this dissertation.

When all morphological changes demonstrated by structural neuroimaging studies of patients with
schizophrenia are reviewed, enlarged lateral ventricles and reduced gray matter volumes in the prefrontal cortex
and medial temporal lobe structures (including the hippocampus) emerge as some of the most consistent
neuroanatomical abnormalities in this disorder (32-40). Multiple meta-analyses in patients with schizophrenia
also identified gray matter deficits in the insula, anterior cingulate cortex, parietal cortex, thalamus, amygdala
and basal ganglia structures, as well as diffuse abnormalities in white matter tracts, including the uncinate
fasciculus, the cingulum bundle, corpus callosum, and internal capsule (32-35, 41-44), although there is
substantial variability across these reports.

A meta-analysis of over 300 MRI studies investigating brain alterations in both medicated and
antipsychotic-naive schizophrenia patients showed that intracranial and total brain volumes were significantly
decreased among individuals with schizophrenia, with the largest effect sizes observed in gray matter structures
(45). Among antipsychotic-naive patients, volume reductions in the caudate and thalamus were more
pronounced than in medicated patients, suggesting that subcortical abnormalities are present before
antipsychotics are introduced and may be attenuated by treatment. Similar reductions in white matter volume
were observed in both groups, while reductions in gray matter were less extensive in antipsychotic-naive
patients. Interestingly, total gray matter reduction was found to be associated with longer illness duration and
higher doses of antipsychotic treatment at time of scanning. These findings altogether suggest that structural
brain alternations among schizophrenia patients are related to a combination of both early neurodevelopmental
processes that go awry (as reflected in intracranial volume reductions) as well as factors related to illness

progression and differential exposure to psychotropic medications.



Notably, divergent brain abnormalities have been reported for eatlier versus later-onset psychosis
patients, which may be related to disparities in underlying vulnerabilities and different brain structures maturing
at different ages and rates (46-51). For example, in very eatly-onset psychosis, such as childhood-onset
schizophrenia (before the age of 13) (52), parietal abnormalities have been reported (53, 54), whereas among
patients with psychosis onset during adolescence, the frontal and temporal regions were shown to be principally
affected (55-58). During normative brain development, the parietal cortex reaches peak maturity in late
childhood, while frontal and temporal cortices mature later during adolescence (49). It has been theorized that
if onset of psychosis coincides with active maturational changes in a brain structure, then development of that
particular brain structure will be most affected by the disease (49, 59-61). Hence, age at onset appears to
modulate structural brain changes in schizophrenia and may explain an important component of the
heterogeneity observed in studies aimed at understanding the neurobiological underpinnings of this illness.

To date, significant inroads have been made towards describing the regional brain abnormalities
associated with schizophrenia, but it should be highlighted that not all parts of the brain have received equal
attention or coverage. For many years, schizophrenia was considered a disease that primarily affects the
cerebrum (“the seat of intelligence”), hence the cerebellum — a hindbrain structure that plays a well-established
role in sensory-motor functions (62) — was traditionally overlooked due to its apparent involvement in “lower”
functions unrelated to cognition (63). However, this trend is changing. Emerging evidence indicate that the
cerebellum is wired not only to cerebral areas involved in motor control but also to areas involved in higher-
order cognitive and affective functions (64-67). The reciprocal influence between the brain regions making up
the cerebello-basal ganglia-thalamo-cortical system is gaining increasing attention in a variety of learning
processes (68).

Newer findings indicate that cerebellar structural abnormalities are present in both patients with
chronic schizophrenia and patients at the early stages of schizophrenia (independent of antipsychotic
medication effects or illness duration), with some studies also reporting cerebellar associations with cognitive
abilities and disease symptoms among patients (69-75). Hence, our conceptualization of the roles that regions

outside the cerebrum play in schizophrenia pathophysiology is rapidly evolving. However, the etiological



underpinnings and precise neurobiological mechanisms driving these structural changes remain unknown.

The neurodevelopmental hypothesis of schizophrenia

The neurodevelopmental hypothesis of schizophrenia, originally formulated by Weinberger (70),
Murray and Lewis (77), provides a valuable framework for understanding schizophrenia (an adult-onset
disorder) as a condition that has its roots at least in part in events occurring eatly in development. The idea that
schizophrenia is a disorder that may arise from aberrant brain development is not new, but new impetus in
favor of this paradigm has been given by growing evidence implicating a combination of genetic and
environmental factors that act on brain development as significant risk factors for schizophrenia (77-83).

In this context, it is now largely established that although schizophrenia is typically diagnosed in late
adolescence or early adulthood, psychotic episodes and other disease characteristics rarely emerge with an acute
onset. A prodromal period which is marked by a gradual decline in cognitive and social functioning, as well as
the emergence of attenuated or sub-threshold positive symptoms, often precedes the first psychotic episode
among patients with schizophrenia spectrum and other psychotic disorders (84-86). Previous work, including
studies that have evaluated childhood home movies of schizophrenia patients and comparison subjects, has
also shown that premorbid signs of social and neuromotor deficits are already present during childhood, long
before clinical symptoms of the disease appear in the second or third decade of life (87-89). An array of
neuroanatomical abnormalities, including gray matter reductions in the frontal and temporal cortices of the
cerebrum, deviations in cerebellar structure and widespread alterations in white matter connectivity, has been
identified among youth exhibiting prodromal signs and symptoms compared with healthy controls; these
abnormalities appear to be similar to but more subtle than those seen in patients with frank psychosis (90-95),
implying that deviations in brain structure predate illness onset and likely have a neurodevelopmental
component.

The neurodevelopmental hypothesis of schizophrenia is further supported by multiple strands of
evidence indicating that individuals who expetience an excess of prenatal and/or petinatal complications, such

as maternal infection 7z atero, prenatal malnutrition or obstetric complications (e.g., prematurity, low birth



weight, fetal hypoxia) have an increased risk of developing schizophrenia later in life (96-100). A significant
relationship between early childhood trauma and risk of psychosis has also been reported (101, 102). Moreover,
there is robust evidence showing that urban birth and upbringing are associated with psychotic illness (103,
104), although there is still no consensus on what aspects of the urban environment underly this increased risk
(possibilities include stress, pollution, and infections adversely impacting brain development).

At the same time, results from numerous family, twin and adoption studies have revealed that
schizophrenia has a considerable (although not deterministic) genetic component. Concordance rates of
schizophrenia for monozygotic and dizygotic twins are around 50% and 20%, respectively, and the heritability
estimate for this disorder (i.e., the proportion of phenotypic variance attributable to genetic variance in a
population, 4?) is approximately 80% (105-110), which is roughly equal to that of type I diabetes (111). These
tindings indicate that, besides environmental sources of risk, genetic factors also play an important role in
increasing susceptibility for schizophrenia, which implies that abnormal neurodevelopmental processes that
arise as a consequence of aberrant gene expression events likely predate illness onset in certain subsets of
schizophrenia patients.

However, knowing the heritability of a trait does not directly provide information about which genes
or how many genes are involved in disease etiology (i.e., its molecular genetics). In recent decades, it has become
clear from genetic epidemiological data that schizophrenia’s mode of transmission is complex (112, 113), but
the search for the exact genetic substrates of schizophrenia has been fraught with many dead ends. The next
section will present a selective review of specific genetic loci that have been shown to be associated with

increased risk for developing schizophrenia, with an emphasis on robust and replicable findings.

Genetic architecture of schizophrenia

Multiple approaches have been applied to understand the genetic basis of schizophrenia. Prior to the
era of genome-wide association studies (GWAS), “candidate gene” studies were highly prominent in the
literature. Given the high cost and difficulty of genotyping large areas of the human genome at the time, these

earlier studies used a case-control study design and genotyped a limited number of genetic markers in a



candidate gene that was selected based on existing theories about the etiology of schizophrenia or on findings
from linkage or cytogenetic studies. Over 1,000 candidate gene papers have been published using this approach
(114). Some of the most cited candidate genes in schizophrenia research are DISCT (Disrupted in schizophrenia
1; rationale for study: translocation in a pedigree), DRD2, DRD3 and DRD4 (Dopamine receptors 1D2-4;
rationale for study: antipsychotic pharmacology), GRM3 (Glutamate receptor, metabotropic 3; rationale for
study: glutamate hypothesis), HTR2A (Serotonin receptor 2A; rationale for study: antipsychotic pharmacology),
SLC6A3 (Dopamine transporter; rationale for study: dopamine hypothesis), SL.C6.44 (Serotonin transporter;
rationale for study: implicated in mood disorders), TINF (Tumor necrosis factor; rationale for study: immune
hypothesis), BDNF (Brain-derived neurotrophic factor; rationale for study: neurodevelopment hypothesis),
APOE (Apolipoprotein E; rationale for study: implicated in Alzheimer’s disease), NRG7 (Neuregulin 1;
rationale for study: linkage analysis), and DTINBP7 (Dystrobrevin binding protein 1; rationale for study: linkage
analysis) (115).

The candidate gene strategy paved the way for several notable successes in identifying specific risk
variants for complex brain disorders like Alzheimer’s disease (e.g., APOE) (116), but this approach failed to
yield clear insights into the genetic basis of schizophrenia, since most findings suffered from low reproducibility
(possibly in part due to inadequate statistical power) and much of the genome was ignored. Today, findings
from candidate gene association studies of schizophrenia are considered controversial due to inconsistencies
and their potential pathogenetic involvement in schizophrenia etiology remains debated (117-120).

Starting with the first schizophrenia GWAS that appeared in 2008 (121), cost-effective advancements
in genotyping and sequencing technologies coupled with international consortia efforts (e. g., Psychiatric
Genomics Consortium) that accrued large sample sizes have led to a considerable increase in our knowledge of
schizophrenia’s true genetic architecture. Similar to the candidate gene approach, GWAS uses a case-control
study design, but as opposed to testing relatively few genetic markers on a priori selected candidate genes, GWAS
undertakes an agnostic evaluation and casts a wide net of genetic markers across the entire genome (122). Its
objective is to identify common genetic risk variants (almost exclusively single nucleotide polymorphisms,

SNPs) associated with a disease of interest with greater power to detect small to modest effect sizes using a



stringent threshold of significance (p < 5 x 10-8). To date, more than 30 schizophrenia GWASs have been

published (see https://www.ebi.ac.uk/gwas/) and collectively over 200 common risk loci have been shown to
display robust associations with schizophrenia (121, 123-131). Each new increase in sample size has led to the
identification of new associations. Some of these genomic loci, most notably the major histocompatibility
complex (MHC; also known as human leukocyte antigen (HLA) complex), which is essential for adaptive
immunity (123, 124, 132), have been repeatedly implicated in risk for schizophrenia in multiple independent
GWAS:s, which is especially promising given previous difficulties in replicating genetic findings in schizophrenia
research.

Pathway or gene-set enrichment analyses have been applied to GWAS results to provide a biological
context for evaluating the molecular mechanisms through which these common variants may operate. Studies
using such systems genomics approaches point to the involvement of multiple key biological processes and
cellular compartments in the pathophysiology of schizophrenia, including neuron differentiation, intracellular
signal transduction in synapses, trans-synaptic signaling and cell adhesion, synaptic plasticity, postsynaptic
density, dopaminergic and cholinergic neurotransmission, long-term potentiation through the glutamatergic
system, histone modifications, targets of the fragile X mental retardation protein (FMRP), immune signaling
pathways, and glucose metabolism (125, 133-136). Involvement of calcium signaling and ion channels as well
as glial biology have also been reported in gene-set analyses using schizophrenia GWAS data (137, 138).

It is worth noting that although compelling genetic signals have been found, the enthusiasm
surrounding GWAS findings for schizophrenia has been tempered by the following observations: 1) Genetic
variants detected by GWAS may not be causal for disease due to linkage disequilibrium (refer to (139) for a
detailed discussion on linkage disequilibrium), 2) The identified loci individually confer relatively small risk for
disease (typically odds ratios < 1.2), and 3) GWAS offers limited power to capture structural variants and rare
variants of any type with low minor allele frequencies (e.g., = 1-5%) (140).

As noted above, the heritability of schizophrenia is approximately 80%, but common SNPs alone
explain only about 20% of the variance in schizophrenia liability (141-143), which means that most of the

heritability of schizophrenia remains unexplained by GWAS findings. Thanks to advances in chromosomal
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microarray and next generation sequencing technologies, there is now compelling evidence that rare variants,
including single nucleotide variants (SNVs) and copy number variants (CNVs), which are not detectable by
GWAS because of their low frequencies, also play an important role in the genetic architecture of schizophrenia
(144-150). In fact, in schizophrenia’s known genetic landscape, some of the most robust and replicable findings
have come from studies of rare CNVs, which is the focus of the present dissertation.

While SNPs arise from variations in single nucleotide base pairs due to point mutations, CNVs arise
from large-scale (>100Kb) structural variations (i.e., chromosomal rearrangements) in the human genome,
involving both duplications and deletions of genetic material that often overlap multiple genes (151-150).
According to a prior case-control study that has evaluated the frequency of 15 CNVs at schizophrenia-
associated loci, approximately 2.5% of cases with schizophrenia were found to carry at least one of these known
pathogenic variants, as opposed to 0.9% of the control group (155), confirming that CNVs are significantly
enriched among patients, but tend to be uncommon. This is consistent with the theory that evolution places
negative selection pressure on alleles with deleterious effects on fitness (157). Although common risk variants
collectively account for a greater proportion of the genetic liability to schizophrenia, rare CNVs individually
exhibit a much higher penetrance for the disorder (odds ratios between 2 and <40) (155, 158), which provides
an important foothold for uncovering biological mechanisms that can serve as targets for novel
pharmacotherapies.

A 2017 meta-analysis by the Psychiatric Genomics Consortium showed that particularly eight CNV
loci have genome-wide significant associations with schizophrenia (153). These loci are 1q21.1, 2p16.3, 3929,
7q11.2,15q13.3, distal 16p11.2, proximal 16p11.2 and 22q11.2. Many additional, possibly rarer CNVs or CNVs
with smaller odds ratios are likely to be identified as risk factors for schizophrenia in the near future. However,
despite accumulating evidence that CNVs are some of the strongest risk factors for schizophrenia, many remain
understudied.

Interestingly, recent studies have shown that there are overlaps between common and rare variants
that are associated with risk for schizophrenia and genetic loci that are associated with a variety of other

neurodevelopmental and psychiatric conditions, such as autism spectrum disorder (ASD), attention deficit
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hyperactivity disorder (ADHD) and intellectual disability (159-162). These findings suggest that schizophrenia,
ASD and several other neurodevelopmental disorders may share underlying pathogenic mechanisms, which
challenges the traditional ways in which such disorders have been diagnosed and researched. Elucidating the
neurobiological mechanisms affected by these genetic variants can help disentangle the extensive heterogeneity
within schizophrenia and elucidate its relationship to other diagnostic entities.

To this end, the present dissertation investigates the neurobiology of the 3q29 deletion. To further

orient the reader, we present a more detailed overview of the general topic of CNVs in the next section.

Copy number variation

Unlike SNPs, structural variants like CNVs cannot be easily identified by studying single sequence
reads. As a result, the characterization of this class of genetic variants has lagged behind our understanding of
other forms of genetic variation. The first discovery of CNVs in humans can be traced back to the 1900s, but
two landmark studies that came out in 2004 have been especially instrumental in demonstrating that
submicroscopic variations in DNA copy number, which are much smaller than those identified cytogenetically,
are widespread in normal human genomes (163, 164). Since this initial discovery, many more CNVs that change
the dosage of particular genomic regions have been identified and the quantity of structural variation data is
expected to increase as our ability to identify novel variants at greater resolutions advances (165).

In 2006, Redon and colleagues constructed the first CNV map of the human genome in four
populations with ancestry in Europe, Africa or Asia and identified nearly 1,500 CNV regions cumulatively
covering approximately 12% (~360 million nucleotides) of the human genome (154). Subsequent studies
reported that 4.8-9.7% of the human genome contributes to CNVs (166), and within a single human genome,
CNVs can result in a 1.2% difference compared to the reference human genome (167). Altogether, these
tindings demonstrate the surprising ubiquity of CNVs and highlight this class of genetic variants as an important
source of human genetic diversity.

CNVs can be inherited from a parental genome, arise de 7ovo as a somatic mutation, or occur during

meiosis (typically during prophase I). CNVs that are found in less than 1% of the general population are referred
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to as rare CNVs and those that recur with approximately the same breakpoints in independent individuals are
described as recurrent CNVs (168, 169). A hallmark feature of recurrent CNVs is the presence of segmental
duplications (also known as “low copy repeats”) flanking the affected intervals. CNVs can be generated by a
variety of mutational mechanisms, including non-allelic homologous recombination (NAHR), which is a form
of homologous recombination that occurs between two segments of DNA that share high sequence similarity,
but are not alleles (170). Due to unequal crossing over between misaligned sequences that recombine, NAHR
leads to copy gains or losses. Particulatly sub-telomeric and pericentromeric regions of the genome that are rich
in duplicated sequences tend to be more susceptible to this mutational mechanism and are thus more variable
in structure (154, 171).

Although significant advances have been achieved in this relatively new area of genetic research, our
understanding of the functional importance of many CNVs remains incomplete. To date, at least 100 genes
that can be deleted without engendering apparent phenotypic consequences have been found (166). However,
the spectrum of CNV effects can range from adaptive traits to embryonic lethality (172-176). As noted above,
a meta-analysis by the Psychiatric Genomics Consortium showed that at least eight recurrent CNV loci have
genome-wide significant associations with increased risk of developing schizophrenia (153), but the
mechanisms by which most of these CNVs lead to disease onset are unclear.

The 22q11.2 deletion (22q11.2Del) was the first CNV to be implicated in schizophrenia (177-179) and
this association has been extensively replicated over the years (152, 153). This deletion spans more than 50
genes including the highly cited COMT (catecholamine-degrading enzyme) gene, which plays a critical role in
the metabolic degradation of synaptic dopamine and norepinephrine (180). Since there are multiple segmental
duplications within the 22q11.2 region, the deletion can vary in size. The most common (90% of cases) version
is a ~3Mb deletion, followed by a ~1.5Mb deletion (8% of cases) (181, 182). Notably, the reciprocal duplication
of this locus has been reported to be protective against schizophrenia (183).

Another well-known schizophrenia CNV is the 16p11.2 duplication (16p11.2Dup) (184), which affects
a ~000Kb region encompassing 29 annotated genes. It has been suggested that the major driver of

neurodevelopmental abnormalities in this CNV may be the KCTD73 (Potassium Channel Tetramerization
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Domain Containing 13) gene, which contributes to the dendritic maturation of cerebral cortical neurons (185,
1806). Notably, the deletion of a more distal and smaller region on 16p11.2 has also been shown to be associated
with schizophrenia (187, 188).

The 15q13.3 deletion (15q13.3Del) also has genome-wide significant evidence of being associated with
schizophrenia. This locus also has variable breakpoints but usually spans six protein-coding genes. Similar to
other CNVs, the exact contribution of the genes in the 15q13.3 region to clinical phenotypes remains unclear,
but the CHRN.A7 (Cholinergic Receptor Nicotinic Alpha 7 Subunit) gene, which encodes the A7 nicotinic
acetylcholine receptor (189) and the OTUD7.A4 (OTU Deubiquitinase 7A) gene, which has been implicated in
the development of cortical dendritic spines and dendrite outgrowth (190) are considered strong candidates.

Another CNV with genome-wide significant association with schizophrenia is the deletion of the
2p16.3 region (2p16.3Del), which includes the NRXN7 (Neurexin 1) gene. NRXNT (one of the largest known
human genes) encodes a presynaptic cell adhesion molecule that plays a crucial role in synapse formation and
maturation through its interactions with neuroligins (191, 192). The reciprocal 1q21.1 deletion and duplication
(1g21.1Del & Dup), the 7q11.23 duplication (7q11.23Dup, reciprocal to the Williams-Beuren syndrome (193))
and the 15q11.2 deletion (15q11.2Del) are also linked with schizophrenia (153, 156, 194).

Finally, the 329 deletion (3q29Del), which is the focus of the present dissertation, is another rare and
recurrent CNV that is a strong risk factor for schizophrenia (153, 195-197). This deletion encompasses 21
protein-coding genes. It was first described as a risk factor for intellectual disability (198) prior to its link with
psychosis was identified. An extended description of our current knowledge of 3q29Del is presented in the
following sections.

It is important to note that a common characteristic across these genomic rearrangements is “variable
expressivity”’, which refers to the range of signs and symptoms that can occur in different people with the same
genetic variant. CNVs like 22q11.2Del and 3q29Del are often associated with a broad spectrum of physical and
neurodevelopmental manifestations besides schizophrenia, including global developmental delay, varying
degrees of intellectual disability, ASD and various congenital malformations (151, 199, 200). What determines

the neurodevelopmental trajectory towards schizophrenia versus other clinical phenotypes for carriers of the



14

same CNV is unclear. Possibilities include genetic modifiers on the same allele or on other chromosomes,
environmental exposures, and their interactions. The exact drivers and modifiers and the neurobiological

mechanisms through which most schizophrenia associated CNVs operate remain largely unknown.

Research aims

The present dissertation takes a genetics-first, rare variant approach to investigate the neurobiology of
schizophrenia and associated disorders, with a focus on 3q29Del: a rare, recurrent 1.6Mb CNV on the long
arm of the third chromosome (Fig. 1) that confers exceptionally high genetic risk for a range of
neurodevelopmental and psychiatric disorders, including mild to moderate intellectual disability, ASD, ADHD
and the largest known effect size for schizophrenia (>40-fold increase in risk) (153, 195-197). Although several
genes within this interval have been proposed as putative drivers, it is not currently known which genes or
neurobiological mechanisms contribute to the emergence of abnormal neurodevelopmental and psychiatric
phenotypes in 3q29Del. The overarching objective of this dissertation was to address this knowledge gap by
employing a multidisciplinary approach that integrates a breath of tools from neuroscience, genetics, clinical
psychology, and bioinformatics.

The present thesis consists of five chapters and is structured based on the “three paper” model,
consisting of three conceptually related, publication-quality manuscripts, where each presents a significant
finding, but together yield a richer and deeper narrative.

In chapter 1, a general introduction of the background and overarching aims of the project are
presented. The three papers are presented in chapters 2-4. Chapter 5 closes this dissertation with a summary of
the foregoing chapters, the broader implications of our findings for the fields of neuroscience and psychiatric
genetics and future directions.

In chapter 2, we perform an unbiased systems-biology analysis to interrogate the network-level
behavior of 3q29 interval genes within the global protein-coding transcriptome of the healthy human cortex.
We assess the validity of our graph-based predictions in an experimental system by conducting RNA-

sequencing in mice harboring a homologous deletion to the human 3g29Del locus. The emerging modular
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properties and connectivity patterns of 3q29 genes yield key predictions about novel biological roles, functional
interactions, and putative disease associations for individual 3q29 genes. The data included in this report
advance our understanding of 3q29Del-associated neuropsychiatric risk and present evidence-based
mechanistic hypotheses untethered from annotation bias. The contents of this chapter have been peer-reviewed
and are now published in Translational Psychiatry.

In chapter 3, we conduct the first ever quantitative neuroimaging study in subjects with 3q29Del using
structural MRI and compare these morphometric data with a large sample of healthy controls. We also perform
whole-brain radiological analyses and assess the relationship between neuroanatomical findings and
standardized measures of cognitive and sensorimotor abilities in 3q29Del. Our findings from these analyses
point to the abnormal development of specific brain structures as potential neuroimaging-based biomarkers of
3q29Del. These data also reveal novel brain-behavior relationships that bring us closer to delineating specific
brain regions that may function as a mechanistic intermediary between this genetic lesion and syndromic
phenotypes. The contents of this chapter are currently under peer review.

In chapter 4, we report the first in-depth evaluation of psychotic symptoms in study subjects with
3q29Del, using the gold-standard Structured Interview for Psychosis-Risk Syndromes (SIPS). We compare this
profile to a large sample of healthy controls and participants with another well-known schizophrenia associated
CNV, the 22q11.2Del. Additionally, we examine the effect of age and sex on symptom severity and investigate
the relationship between psychotic symptoms and findings from structural brain imaging in 3q29Del to probe
the neural substrates of elevated psychosis risk in this syndrome. The contents of this chapter are currently
under peer review as well.

As outlined in this introduction, systematic research on high-impact CNVs offers a promising
opportunity to link specific genetic mechanisms to brain and behavioral phenotypes underlying schizophrenia
and associated disorders. The ultimate objective of this dissertation was to improve our current understanding

of 3q29Del in pursuit of this goal.
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Figure 1. The canonical 3q29 deletion locus, modified from the National Center for Biotechnology Information’s Genome Data Viewer. The
ideogram represents human chromosome 3 and the boxed area in blue denotes the cytological region corresponding to the canonical 329 deletion
(3929Del) locus. The Seguence 1iewer below provides an expanded view of this locus using a linear graphical representation of features annotated/aligned

to the sequence coordinates noted in the top right corner of the figure. The sequence and track data that were used to generate this figure can be accessed

via https:/ /www.ncbi.nlm.nih.gov/genome/gdv.
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Abstract

The 3q29 deletion (3q29Del) confers high risk for schizophrenia and other neurodevelopmental and psychiatric
disorders. However, no single gene in this interval is definitively associated with disease, prompting the
hypothesis that neuropsychiatric sequelaec emerge upon loss of multiple functionally connected genes. 329
genes are unevenly annotated and the impact of 3q29Del on the human neural transcriptome is unknown. To
systematically formulate unbiased hypotheses about molecular mechanisms linking 3q29Del to neuropsychiatric
illness, we conducted a systems-level network analysis of the non-pathological adult human cortical
transcriptome and generated evidence-based predictions that relate 3q29 genes to novel functions and disease
associations. The 21 protein-coding genes located in the interval segregated into seven clusters of highly co-
expressed genes, demonstrating both convergent and distributed effects of 3q29Del across the interrogated
transcriptomic landscape. Pathway analysis of these clusters indicated involvement in nervous-system functions,
including synaptic signaling and organization, as well as core cellular functions, including transcriptional
regulation, post-translational modifications, chromatin remodeling and mitochondrial metabolism. Top
network-neighbors of 3q29 genes showed significant overlap with known schizophrenia, autism spectrum
disorder and intellectual disability-risk genes, suggesting that 3q29Del biology is relevant to idiopathic disease.
Leveraging “guilt by association”, we propose nine 3q29 genes, including one hub gene, as prioritized drivers
of neuropsychiatric risk. These results provide testable hypotheses for experimental analysis on causal drivers
and mechanisms of the largest known genetic risk factor for schizophrenia and highlight the study of normal
function in non-pathological post-mortem tissue to further our understanding of psychiatric genetics, especially

for rare syndromes like 3q29Del, where access to neural tissue from carriers is unavailable or limited.
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Introduction

Copy number variants (CNVs) offer tractable entry points to investigate the genetic contributions to
complex neuropsychiatric diseases. The recurrent 1.6Mb deletion of the 3q29 interval (3q29Del) is robustly
associated with schizophrenia spectrum and other non-affective psychotic disorders (SZ) (1-4) and is the
strongest known risk allele for the disease with an estimated odds ratio >40 (5). The associated syndrome is a
rare (~1 in 30,000) and typically de #ovo genomic disorder that is often accompanied by reduced birth weight,
failure to thrive, dysmorphic craniofacial features and varied medical manifestations, including congenital heart
defects (6-8). Autism spectrum disorders (ASD) and intellectual disability / developmental delay (IDD) are also
enriched in 3q29Del carriers (7, 9, 10). However, it is not currently known which genes within the interval are
responsible for the increased neuropsychiatric risk. No single 329 interval gene has been definitively associated
with SZ, ASD, or ID, prompting the hypothesis that haploinsufficiency of more than one gene is required (11).
The paucity of information regarding the functional roles of most 3q29 interval genes hampers the development
of evidence-based hypotheses for deciphering this link. No transcriptomic investigation of 3q29Del in humans
has been reported, and it is unclear what impact hemizygous loss of these genes might have in the nervous
system.

Among the 21 protein-coding genes of the 3q29Del locus, several have been proposed as drivers of the
behavioral phenotypes (12), yet the evidence for their individual association with neuropsychiatric disease
remains suggestive. DIL.G7 produces a synaptic scaffold protein that interacts with AMPA and NMDA-type
glutamate receptors (13-10), the latter of which is hypothesized to be involved in SZ pathogenesis (17). A DLGT
polymorphism has been genetically linked to SZ (18, 19). However, the mouse-specific phenotypes of 3q29Del
are not recapitulated by haploinsufficiency of D/g7 alone (20). Another prominent candidate, P4K2 encodes a
brain-expressed protein kinase involved in cytoskeletal dynamics (21) and dendritic spine morphology (22).
Both DILG7 and PAKZ2 are homologous to genes linked to ID (23, 24) and evidence from Drosophila indicates
that joint haploinsufficiency of both genes simultaneously may be required for synaptic defects rather than
either gene individually (25). A recent study generated select combinatorial knockdowns of 3q29 gene homologs

in Drosophila and Xenopus laevis and proposed that a component of the nuclear cap-binding complex, NCBP2
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(26), mediates neurodevelopmental defects in 3q29Del syndrome (11). However, in the 3q29Del mouse model,
NCBP2 is not decreased at the protein level in brain tissue (20), dampening enthusiasm for this gene as a causal
element. It remains unclear which genes and their potential interactions are responsible for 3q29-associated
phenotypes.

To avoid annotation-bias (27) and address the knowledge gap for 3q29 genes, we employed a gene co-
expression network analysis approach that is rooted in systems biology (28-31), and generated evidence-based
predictions that relate individual 3q29 genes to novel functions and disease phenotypes. Accumulating evidence
indicates that genes work in conjunction, rather than in isolation, to realize most cellular functions (11, 25, 32).
Genes participating in the same molecular and biological pathways tend to show positively correlated expression
with each other (co-expression), as they are often expressed under the control of a coordinated transcriptional
regulatory system (33, 34). In this holistic context, well-characterized genes can be leveraged to infer the
functions of understudied genes by studying network patterns that emerge by means of co-expression (35-37).
This #n silico approach to investigating unknown biology extends the “guilt by association” paradigm (38) that
is extensively used for inductive reasoning in other domains to gene-gene interactions in complex biological
systems (39-41). Weighted gene co-expression network analysis (WGCNA) (29, 42) has been successfully
deployed to study how genes embedded in network structures jointly affect complex human diseases (43-53).

We employed this paradigm to glean new biological insights into the 3q29Del syndrome.

Methods and Materials
The rveference dataset

To uncover the network-level operations of genes located in the recurrent 3q29Del locus, we employed
WGCNA (29, 42) and organized the non-pathological adult human cortical transcriptome into modules of
highly co-expressed genes (Fig. 1A). Given the strong genetic link between 3q29Del and risk for SZ (5), we
focused the present network analysis on revealing the clustering patterns of 3q29 interval genes as a function
of their expression similarity during adulthood: a period when SZ typically manifests diagnostically, with peak

onset in late adolescence and early adulthood (54), and a substantial proportion of patients becoming ill during
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middle adulthood (55). A prior study has shown that only 0.7% of genes detected in the neocortex show a
temporally regulated profile of differential expression during adulthood (between ages 20-60 years) (56); hence,
gene expression data were pooled across adulthood to derive the present dataset. We further focused our
analysis spatially on gene-gene relationships in the PFC: a brain region that subserves a diverse range of
cognitive and emotional operations, is implicated in the etiology of SZ and may be particularly vulnerable to
the effects of genetic disruption due to its protracted development (57). For these reasons, the network was
constructed on publicly available transcriptomic data from the Genotype Tissue Expression Project (GTEx)
(58), using prefrontal cortex (PFC; Brodmann Area 9) samples from male and female adults (age range = 20-
79, 68.2% male) with no known history of psychiatric or neurological disorder (Fig. S1). Transcriptome profiling
was performed by RNA-Seq as described in (58).

Protein-coding transcripts were extracted from the dataset, normalized expression values were log:
transformed and summarized at the gene-level, and outlier samples were removed (Fig. S2). The data were
corrected for covariance mediated by age, sex, death classification, post-mortem interval (PMI) and batch effect
(59, 60) (Fig. 1B, Fig. S1). Genes with zero variance and genes and samples with greater than 50% missing
entries (default) were removed (29, 42). The normalized, outlier-removed, residualized expression values of

18,410 protein-coding genes from 107 samples constituted the final dataset.

Weighted and signed gene co-expression network construction

The single-block pipeline implemented in the WGCNA R package was employed for network construction
(29, 42). Co-expression similarity was defined by biweight midcorrelation (61, 62). To capture the continuous
nature of interactions and accentuate strong positive correlations, co-expression similarity was transformed into
a signed and weighted adjacency matrix by a soft-thresholding procedure that yielded approximate scale-free
topology (63-66) (Fig. 1C, Fig. S3). Topological overlap measures (TOM) were calculated from the resulting
adjacency matrix to capture not only the univariate correlational relationship between gene-pairs but also the
large-scale connections among “neighborhoods” of genes (67, 68) (Fig. 1A). Hence, we measure the

interconnectedness of gene-pairs in relation to the commonality of the nodes they connect to.
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The modular structure of the data was revealed by average linkage hierarchical clustering on TOM following
its transformation into a dissimilarity metric (Fig. 1D). Module definitions used in this study do not use a prior:
knowledge of functionally defined gene-sets. Instead, modules were detected in a data-driven fashion through
adaptively pruning the branches of the resulting dendrogram by the dynamic-hybrid-tree-cut method (69). The
expression profile of each identified module was subsequently summarized by a module eigengene (ME) (70) ,
defined as its first principal component. Calculation of MEs amounted to a data reduction method used for
effectively correlating entire modules to one another and for establishing the eigengene-based module
connectivity measure (kME) of individual genes (42). To eliminate spurious assignment of genes into separate
modules, modules with strongly correlated MEs were amalgamated (Pearson’s r > 0.8, P < 0.05, cut height =

0.2) (Fig. 1D).

Module preservation and quality analyses

To validate the reproducibility of the network modules derived from the GTEx dataset (considered the
reference dataset/network), we evaluated module preservation in an independently ascertained,
demogtaphically comparable transcriptomic dataset, referred to as the test dataset/network (Fig. S4A). For this
purpose, publicly available transcriptomic data was obtained from the BrainSpan Developmental
Transcriptome Project (56). 30 non-pathological post-mortem samples from the PFC of male and female adults
(age range = 18-37, 50% male) with no known neurological or psychiatric disorder comprised the test dataset
(Fig. S4B). Transcriptome profiling was performed by RNA-Seq as described in (71).

The pre-processed test dataset consisted of normalized and residualized expression values for 18,339
protein-coding genes from 30 samples that were pooled from four sub-regions of the PFC to test whether the
co-expression patterns derived from Brodmann Area 9 of the PFC in the reference dataset could be commonly
found and robustly defined in broader sampling of tissue across the PFC. Prior to preservation analysis, a
sample-level hierarchical clustering of the test dataset was conducted, which revealed no distribution bias
associated with PFC sub-region, ruling out tissue of origin as a potential confound in test network construction.

(Fig. S4C).
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To determine whether properties of within-module topology were preserved in the test network, we
calculated a composite, network-based preservation statistic for each module (Zsummarypres) by using the
modulePreservation function of the WGCNA package in R (72). Zsummary.pres 1S 2 summary statistic that encompasses
multiple density-based and connectivity-based preservation statistics, which are equally important for
establishing the overall preservation of a module. To determine whether the observed preservation statistics
were higher than expected by chance, we randomly permuted the module assignments in the test dataset (200
times) and derived a standardized Zsummary.pres ScOre for each module. To account for this metric’s dependence
on module-size, we reduced large modules by randomly sampling 1000 intra-modular nodes. The resulting
scores were evaluated according to established thresholds: Zsummarypres < 2, n0 evidence for preservation; 2 <
ZLsummarypres < 10, moderate evidence for preservation; Zsummarypres > 10, strong evidence for preservation.

In addition to testing preservation, we measured the quality of the modules defined in the reference
network by employing a resampling technique that applied the preservation statistics outlined above to repeated
random splits of the reference dataset. We assessed the robustness of the identified modules (i.e., how distinct
a module is from the background) by calculating a standardized, composite quality statistic (Zsummary.qual), 28

described in (72). The same Zsummary.pres thresholds outlined above were used to evaluate Zgmmary.qual-

Functional characterization of network modules harvboring 3q29 genes

Pathway analyses of individual modules found to harbor 3q29 genes were performed by g:Profiler
(http:/ /biit.cs.ut.ee/gprofiler), using annotations from the Gene Ontology (GO), Reactome and Kyoto
Encyclopedia of Genes and Genomes (KEGG) databases. Enriched terms surpassing the adjusted g:SCS
significance threshold of P < 0.05 were filtered for size and semantic similarity (73).

To further interrogate whether the gene co-expression modules identified in this study represent
biologically meaningful units with shared membership of the same molecular complex or functional pathway,
we also investigated whether the genes co-clustering in the same transcriptomic module tend to interact at the
protein level. First, we queried the known protein interactors of 3q29 interval genes based on the Human

Reference Protein Interactome Mapping Project (HuRI; http:/interactome-atlas.org/) (see (74)). We identified
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qualitative overlaps between these known protein interactors and gene co-expression partners of 329 interval
genes at module and meta-module levels of network organization. Second, we tested the co-expression modules
harboring 3q29 interval genes for enrichment of known and predicted protein-protein interactions (PPLs)
curated from the STRING database (v.11, https://string-db.org/). The STRING enrichment analysis tool was
used to test whether the observed number of protein interactions (edges) in each interrogated module is
significantly higher than the number of edges expected if the nodes were to be selected from the genome at

random (see (75)). See Supplemental Methods for details.

Identification of prioritized driver genes and biological mechanisms

Disease-associated genes are often more closely connected to each other than random gene-pairs in a
biological network; this non-random network characteristic has enabled the identification of novel genetic risk
loci for many diseases (76-80). To generate data-driven hypotheses about which 3q29 genes are causally linked
to the major neuropsychiatric phenotypes of 3q29Del, we tested the overlap between “top neighbors” of
individual 3q29 genes and known risk genes for SZ and related disorders (Fig. 3A). A top neighbor was defined
as any node whose gene expression profile has a moderate-to-high correlation (Spearman’s rho (g) = 0.5), P <
0.05) with a given 3q29 gene (considered a “seed”) within the same module. Hence, top neighbors were
identified by a hard-thresholding method applied only to intramodular edges of a seed that were initially defined
by the topological overlap principle. Hypergeometric tests were conducted to gauge the probability of the
overlap between curated gene-sets and top neighbors, as implemented in the GeneOverlap package in R (81),
followed by Benjamini-Hochberg multiple testing correction.

Lastly, to formulate testable hypotheses about key biological mechanisms that link the 329 locus to
neuropsychiatric disease, we interrogated the functional enrichment of prioritized driver genes, using the same

pathway analysis approach applied to modules. See Supplemental Methods for details.

Proof of concept for testing the validity of WGCNA-based predictions

A necessary step in determining the utility of network-based predictions is a proof of concept of their
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validity in an experimental system. To this end, we assessed the validity of our WGCNA-derived predictions
by testing the enrichment of co-expression network-partners of 3q29 interval genes for differential expression
in a mouse model of 3q29Del (20).

Mice harboring a heterozygous deletion of 1.26Mb (Dell6*/Bdh1-Tfic) that is homologous to the human
3g29Del locus were generated by CRISPR/Cas9 technology previously (20). At postnatal day seven, five mutant
and five wild-type male pups were anesthetized under isoflurane and rapidly decapitated. The bilateral cortical
sheet was dissected, chopped with a scalpel, and homogenized in QIAzol (Qiagen) in a Bullet Blender Tissue
Homogenizer (Next Advance, Inc., Troy, NY). Total RNA was isolated using the miRNeasy Mini Kit (Qiagen)
with on-column DNAse I treatment (Qiagen). RNA-sequencing libraries were generated using the SMART-
Seq Stranded Kit (Takara Bio, Mountain View, CA). 50M paired-end 150bp read sequencing was performed
on an Illumina platform. Sequences were quality-checked and aligned to the mm10 reference genome. Gene
quantification was conducted using HTSeq-count (82). We used two analysis tools (DESeq2 (83) and edgeR
(84)) to identify differentially expressed genes (DEGs). Only the protein-coding consensus DEGs with nominal
significance (P < 0.05) were carried into downstream analysis.

The statistical significance of the overlap between identified DEGs and the network co-expression partners
of 3929 interval genes was tested via hypergeometric tests, using the GeneOverlap package in R (81). All
compared gene-sets were filtered for mouse-human homology based on the HomoloGene database of the

National Center for Biotechnology Information (NCBI) (85). See Supplemental Methods for details.

Results
Unbiased gene co-expression network analysis reveals convergent and distributed effects of 3q29 interval
genes across the adult human cortical transcriptome.

Applying an unsupervised WGCNA approach (29, 42) to publicly-available data from the GTEx Project
(58) revealed that the protein-coding transcriptome of the healthy adult human PFC can be organized into a
gene co-expression network of 19 modules (labeled by color) (Fig. 1D, Fig. 2A). The identified modules group

genes with highly similar expression profiles and likely represent shared function and/or co-regulation. The



44

resulting module sizes ranged from 43 (steel-blue module) to 4,746 (green module) genes, with an average
module size of 1,014 genes. To obtain high-quality module definitions, one module (grey module) was reserved
for genes that could not be unequivocally assigned to any module. Thus, the grey module was excluded from
downstream analysis. The resulting set of modules was screened for membership of 3q29 genes; modules that
were found to harbor at least one 3q29 gene are rereferred to as “3q29 modules”.

To ensure the reproducibility and robustness of our network analysis results, we tested the preservation
and quality of the identified modules in an independent dataset obtained from the BrainSpan Developmental
Transcriptome Project (56) (Fig. S4) and in repeated random splits of the reference dataset. All identified
modules, except for the grey module (unassigned genes), were found to be successfully preserved in the test
network (Zsummarypres > 2) (Fig. 1E, Fig. S5). Specifically, 3/18 modules exhibited moderate evidence of
preservation (2 < Zsummarypres < 10), and 15/18 modules, including all 3q29 modules, exhibited strong evidence
of preservation (Zsummarypres > 10). In addition to preservation statistics, we calculated multiple module quality
statistics that measure how well-defined or robust the boundaries of individual modules are in the reference
network. All 18 modules showed strong evidence for high cluster quality (Zsummary.qua > 10), revealing robust
module definitions (Fig. 1E, Fig. S5). Specifically, all 3q29 modules had a Zsummary.qua sScore = 20. These analyses
revealed the replicable, well defined, and non-random nature of the identified network modules. For extended
results, see Supplemental Results.

The 21 protein-coding genes located in the 3q29 interval clustered into seven modules (Fig. 2A): black (one
3929 gene), brown (four 3q29 genes), dark-turquoise (one 329 gene), green (six 3q29 genes), magenta (one
3929 gene), midnight-blue (three 3q29 genes), and turquoise (five 3q29 genes). Within this network, 18 (86%0)
of the 3q29 interval genes concentrate into just four modules (Fig. 2A), suggesting that the haploinsufficiency
of sets of genes within the locus may perturb the same biological processes via multiple hits, cumulatively
disrupting redundancy and compensatory resiliency in the normative regulation of cellular functions.

To evaluate whether modules further clustered within larger meta-modules that represent the higher-order
organization of the transcriptome, we identified meta-modules as tight clusters of positively correlated MEs,

detectable as major branches of the eigengene dendrogram (86) (Fig. 2A-B). Meta-modules were screened to
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identify the grouping patterns among 3q29 modules, allowing exploration of extra-modular interactions. This
analysis revealed that the 3q29 modules further cluster into three higher level meta-modules (Fig. 2B), which
likely reflect dependencies and interactions between pathways involving 3q29 genes. Simultaneously, leading
presumptive candidates DL.G7 and PAKZ were found in opposite branches of the network, demonstrating the

distributed effects of this CNV across the transcriptomic landscape.

Pathway analysis points to functional involvement of the 3q29 locus in nervous-system functions and cove
aspects of cell biology.

Since highly co-expressed genes often share similar functions (33, 34), biological processes and pathways
that are enriched in a co-expression module can be used to infer functional information for poorly annotated
genes of that module. Functional enrichment analysis of 3q29 modules showed that their constituent genes
converge onto canonical biological processes and known / predicted PPI networks at proportions greater than
expected by chance, indicating that these modules are biologically relevant units (Fig. 2D, Fig. S8-9).

The turquoise and green modules showed overrepresentation of roles specific to the neuronal system and
implicate involvement in multiple synaptic properties. Other 3q29 modules point to biological pathways that
may also underlie neuropsychiatric pathology in 3q29Del. The magenta module was predominantly enriched
for protein modification, turnover, and localization. Additionally, a link was identified between the magenta
module and the initiation of major histocompatibility complex class-1 (MHC-I)-dependent immune responses,
driven by a genomic locus implicated in the etiology of SZ (87, 88). On the other hand, overrepresented
pathways in the black module encompass regulation of gene expression and maintenance of the integrity of the
cellular genome, including DNA repair, and the metabolism and processing of RNA. The midnight-blue
module shared enriched roles with the black module, validating their shared meta-module structure, yet it was
set apart by its involvement in cell cycle regulation. The brown module revealed primary enrichment for cellular
metabolism and mitochondrial function, whereas the dark-turquoise module coalesced genes involved in
epigenetic mechanisms and in signal transduction pathways mediated by Rho GTPases. This latter function

may be attributable to P.AK2, which encodes a known Rho GTPase effector. Intriguingly, this module was also
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enriched for estrogen receptor-mediated signaling, suggesting a potential mechanism for sex-specific effects.
Taken together, functional characterization of the 3q29 modules point to novel mechanisms of shared or
synchronized action for co-clustering 3q29 interval genes (Fig. 2D, Fig. S9).

Simultaneously, PPI network enrichment analysis revealed that all 3q29 modules show significant
enrichment for PPIs that were systematically curated from the STRING protein interactome database (Fig. S8),
augmenting confidence in our RNA-Seq based network predictions with proteomic evidence (midnight blue,
black, brown, and magenta modules: P-value < 1.00e-16; dark turquoise module: P-value = 1.11e-16; green
module: P-value = 8.62¢-08; turquoise module: P-value = 4.30e-09).

Additionally, we identified qualitative overlaps between the transcriptomic co-expression partners of 3q29
interval genes identified via WGCNA and known protein partners of 3q29 interval genes curated from the
HuRI database (Fig. S7). Notably, of the 21 protein coding genes located in the 3q29 interval, only 14 were
found to have an entry on HuRI, 50% of which had less than eight known proteome-wide interactors. For
reference, in the yeast proteome, an average of five interactors are estimated per protein (89). Given that the
average domain content of human proteins is higher than that of yeast (90), a much higher number of PPIs per
protein is expected in humans. This finding is consistent with prior studies reporting that technological
limitations in measuring the proteome with enough coverage results in a high rate of missing entries, which
leads to significant bias and loss of information on human PPIs that may be disease relevant (91-93). The
missing PPI data for over one fourth of the genes located in the 3q29 interval corroborate the paucity of
information regarding the functional roles of most 3q29 interval genes, and further reveal the need for novel

approaches that are free of annotation-bias (27). For extended results, see Supplemental Results.

UBXN7 is a highly connected cortical hub-gene predicted to play a crucial vole in the neuropsychiatric sequela
of 3q29Del.

Targeted disruption of a highly connected “hub” gene produces a more deleterious effect on network
function and yields a larger number of phenotypic outcomes than randomly selected or less connected genes

(94, 95). Hence, we sought to measure how strongly connected individual 3q29 genes are to their modules by
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evaluating their intramodular kME (Fig. 2C), defined as the Pearson’s correlation between the expression profile
of a gene and the eigengene of its assigned module (29, 42, 70).

Genes with high intramodular kME are considered hub genes that are predicted to be critical components
of the overall function of their module (29). Nodes with high intramodular kME often have high intramodular
connectivity (kIM), which reflects sum of adjacencies to other nodes (42). However, an advantage of using
kME over other connectivity metrics, is its defined P-value and values that lie between -1 and 1, allowing
comparison across modules that differ in size. To generate rigorous predictions about which 3q29 genes, if any,
are intramodular hub genes, we adopted a conservative criterion that defines hub genes as nodes with kME >
0.8 (P < 0.05). Only one 3g29 interval gene was identified as a hub gene: UBXN7 (kME = 0.84, P = 8.33E-
30), which encodes a ubiquitin ligase-substrate adaptor (96, 97).

SMCO1, SL.C51A, and MFI2 had non-significant kMEs (P < 0.05) for their module, suggesting low
intramodular connectivity. These 3q29 genes are detected but display very low abundance in the human cerebral
cortex (98), which may relate to their peripheral network assignments in our analysis. Consequently, SMCO7,
SLC51.4 and MFI2 were excluded from downstream analysis to derive the most parsimonious prioritization of

driver genes based on tight network connections.

Nine 3q29 interval genes form transcriptomic subnetworks enriched for known SZ, ASD and IDD-risk genes.

We next identified a refined subset of target genes (top neighbors) that not only co-cluster based on TOM
but also have a strong pairwise correlation with 3q29 genes (Fig. 3A). Several 329 genes were found to be top
neighbors of one another. FBX045 (0 = 0.5, P = 5.43E-09) and PIGX (p = 0.6, P = 1.24E-10) are top-neighbors
of CEP79, while SENP5 and WDR53 are top-neighbors of each other (p = 0.5, P = 1.05E-07). On the other
hand, intramodular connections of TM4S5F179 and ZDHHC79 did not meet top neighborhood criteria; hence
they were not included in downstream analysis. Similar to SMCO7, SLC57.4 and MFIZ, their mRNA expression
profiles indicate low abundance in the cerebral cortex, which likely reflects their lack of strong network
connections.

The human transcriptome is theorized to demonstrate non-random topological characteristics, where
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disease genes interact with other disease genes that underlie a common pathophenotype (99). Concordant with
this prediction, within the top neighbors of 3q29 genes, we found several genes that have been extensively
implicated in neuropsychiatric disease. These include MECP2, NRXN7, GRIN2A, GRIN2B, CHDS, SATB2,
CNTNAP2, FOXP1, PTEN, and SCN2A. Motivated by this observation, we asked whether top neighbors of
individual 329 genes significantly overlap with known SZ, ASD or intellectual disability / developmental delay
(IDD)-risk genes (Fig. 3A). We curated six evidence-based lists of SZ (100-104), ASD (105, 106) and IDD-risk
genes (107), which span a wide range of the allele frequency spectrum and include post-mortem findings from
case-control gene expression studies. 3q29 genes whose top neighbors showed an overrepresentation of SZ,
ASD and/or IDD risk genes (adjusted P < 0.05) were subsequently prioritized as likely genetic drivers of
neuropsychiatric risk in 3q29Del syndrome, along with their SZ, ASD, and /ot IDD-related top neighbors from
the enrichment findings (Fig. 3A). We found overrepresentation of one or more established risk gene-sets
among the top neighbors of nine 3q29 genes (Benjamini-Hochberg adjusted-P < 0.05) (Fig. 3B).

To evaluate the specificity of the identified patterns of polygenic disease burden, we also tested these top
neighbors for overlap with known Parkinson’s disease (PD) (108), late-onset Alzheimer’s disease (AD) (109),
and inflammatory bowel disease (IBD) risk genes (110). These phenotypes have no known link to 3q29Del,
thus, their risk loci were considered negative controls. Common variants associated with height (111) were
included as a fourth negative control to rule out a potential bias associated with large differences in the sizes of
curated gene-sets.

Concurrently, we found no statistically significant evidence for overrepresentation of AD or IBD-risk genes
among the interrogated top neighbors (Fig. 3B). Only the top neighbors of SENP5 showed a significant overlap
with height-associated genes (adjusted-P = 2.36E-02), and the top neighbors of NRROS, which did not show
an enrichment for known IDD, ASD, or SZ risk genes, exhibited a small but significant overlap with known
PD-risk genes (adjusted-P = 2.00E-02) (Fig. 3B). Overall, 19 out of 96 hypergeometric tests (20%) revealed a
significant overrepresentation of SZ, ASD, and/or IDD-risk gene-sets among the top neighbors of 3q29 genes.
By contrast, only 2 out of 64 (3%) hypergeometric tests indicated a significant overlap with the negative control

gene-sets. The substantial margin between these two enrichment ratios supports the high specificity of our
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network-derived inferences for uncovering biology relevant to 3q29Del. By leveraging guilt by association, we
prioritize BDHT, CEP19, DL.G1, FBX045, PIGZ, RNF168, SENP5, UBXNY7, and WDR53, along with their
284 unique SZ, ASD, and/or IDD-related top neighbors from significant overlap tests as likely drivers of the

neuropsychiatric consequences of 3q29Del (Fig. 4A).

Disease-velevant driver genes priovitized by network analysts load onto key biological pathways linked to
neuropsychiatric disorders.

To formulate testable hypotheses about the biological mechanisms linking the 3q29 locus to
neuropsychiatric phenotypes, we interrogated whether the prioritized driver genes identified in our network
analysis assemble into known biological pathways. Functional enrichment analysis on the union of 293
prioritized driver genes (including nine 3q29 genes) revealed significant overrepresentation of eight biological
pathways annotated by the Reactome and KEGG databases (Fig. 4B). These include axon guidance (adjusted-
P = 3.64E-03), long-term potentiation (adjusted-P = 7.29E-03), and regulation of actin cytoskeleton (adjusted-
P = 1.17E-02). Additionally, several GO biological processes (GO:BP), including chromosome organization
(adjusted-P = 3.81E-09), histone modification (adjusted-P = 3.31E-08), neuron differentiation (adjusted-P =
1.88E-04), neurogenesis (adjusted-P = 1.89E-03), and excitatory postsynaptic potential (adjusted-P = 8.97E-
03) were overrepresented among the predicted drivers (Fig. 4B-C). We hypothesize that the disruption of one
or more of these biological pathways and processes, some of which have been demonstrated to be altered in
idiopathic SZ and ASD (2, 112), lie on the casual pathway to neuropsychopathology in 3q29Del syndrome. For

extended results, see Supplemental Results.

Network-derived targets predict diffeventially expressed genes in the mouse model of 3q29Del.

Perturbation of 3q29 gene dosage in neural tissue is expected to lead to the differential expression of the
true transcriptomic network partners of 3q29 genes. Following this premise, we tested the enrichment of the
network targets identified in this study for differential expression in Del16+/Bdhl-Tfe mice compared with wild-

type (WT) littermates. RNA-Seq analysis revealed 290 protein-coding DEGs with known human homologs (P
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< 0.05), 17 of which were identified as 3q29 interval genes (Bdh1, Cep19, Digl, Fbxo45, Mfi2, Nebp2, Nrros, Pak2,
Peytla, Pigx, Pigz, Ruf168, Senp5, Tetex1d2, Tfre, Ubxn7, Wdr53) (Fig. 5). The scaled expression of these 3q29
genes showed a consistent reduction proportional to gene copy number (Fig. 5A).

All 290 DEGs were tested for enrichment of network-derived targets identified via WGCNA at three scales
of network interconnectedness: i) broad 3q29 network (11,924 genes), ii) top-neighbor-based 3929 subnetwork
(5,087 genes), and iii) prioritized drivers (280 genes). Hypergeometric tests revealed significant enrichment of
the interrogated DEGs for network-derived ties at all three levels of this analysis (P < 0.05; Fig. 5B). See

Supplemental Results for extended results.

Discussion
The 3q29Del has been reliably associated with extraordinary risk for serious neuropsychiatric illness and
therefore may offer key insights to advance our understanding of the biological basis of these complex
disorders. Currently, the driver genes and affected biological pathways that link 3q29Del to neuropsychiatric
pathology remain unknown. To avoid bias introduced by annotation-based criteria in the formulation of
mechanistic hypotheses, we engaged a system-level vantage point and interrogated the collective behavior of
3q29 interval genes with the global protein-coding transcriptome of the healthy human brain. We leveraged
publicly available transcriptomic data from the GTEx Project (58) to perform WGCNA (29, 42) on postmortem
cortical samples from donors with no known history of psychiatric or neurological disease. We focused our
analysis on the adult PFC and analyzed the resulting network to identify the modular properties and undirected
connectivity patterns of the 3q29 interval, which yielded key predictions into inter-related functions and disease
associations. Finally, we assessed the validity of our graph-based predictions in an experimental system by
conducting RNA-sequencing in mice harboring a homologous deletion to the human 3q29Del locus (20). Our
tindings provide foundational information to formulate rigorous, targeted and testable hypotheses on the causal
drivers and mechanisms underlying the largest known single genetic risk factor for SZ.
Genomic studies have identified several recurrent CNVs that confer high risk for neuropsychiatric

disorders (2, 10). The current challenge is to understand which genes within these loci are the major drivers of
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risk. In the 3929 locus, DL.G7 and PAK2 have been most often proposed as candidate drivers of
neuropsychiatric phenotypes (12, 25, 113). Indeed, a recent literature search revealed more publications related
to these genes than of all other 3q29Del genes combined (Fig. S6). Consistent with previous reports of an
association between DI.G7 and SZ (18, 19), the current study presents network-level evidence for prioritizing
DILGT as a neuropsychiatric disease-linked gene. Surprisingly, however, our analysis does not support inclusion
of PAKZ as a predicted driver of neuropsychiatric risk. Instead, our results lend support to DILG7 and eight
other 3q29 genes, most of which are largely understudied, as key players in 3q29Del syndrome. Our unbiased
approach prioritizes BDH1, CEP19, DL.G1, FBXO45, PIGZ, RNF168, SENP5, UBXN7 and WDR53 as
primary drivers.

It is currently unknown whether the biological basis of neuropsychiatric risk associated with recurrent
CNVs overlaps with that of individuals who share the same clinical diagnosis but do not share the same rare
genetic variant. Our findings suggest that molecular perturbations caused by the hemizygous deletion of select
3929 genes may overlap with the genetic etiologies contributing to idiopathic forms of SZ, ASD and ID.
Disease-relevant driver genes prioritized by our network analysis are enriched for canonical biological pathways,
such as neurogenesis, neuron differentiation, synapse organization, excitatory postsynaptic potential, long-term
potentiation, axon guidance, regulation of actin cytoskeleton, signal transduction, post-translational protein
modifications, chromatin organization and histone modification. We hypothesize that the disruption of one or
more of these biological processes, some of which are altered in idiopathic SZ and ASD (2, 112), lie on the
casual pathway to neuropsychopathology in 3q29Del syndrome.

No single gene within the interval has been definitively associated with neuropsychiatric disease,
prompting the hypothesis that neuropathology in 3q29Del emerges upon loss of multiple genes that are
functionally connected. While a single nucleotide polymorphism in DI.G7 has been associated with SZ in a
case-control study (18, 19), the risk associated with this variant does not approach that of 3q29Del, suggesting
that the neuropsychiatric risk associated with this CNV is distributed across more than one gene in the locus.
To investigate functional connections across multiple 3q29 genes, we conducted an unsupervised analysis of

the modular organization of the adult human PFC. We found the 21 3q29 genes distributed into three meta-
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modules and seven modules, with 18 genes converging into just four modules. Hence, 329 genes display both
distributed and convergent effects in the adult human cortical transcriptome. Rather than functioning as
independent agents, sets of 3q29 genes may have shared and/or synchronized function and constitute
interacting sources of pathology. It is conceivable that the consequences of the haploinsufficiency arise through
the weakening of multiple distinct pathways that normally provide protective redundancies (distributed model),
and/or through multiple insults to a functionally connected module that cumulatively distupt resiliency
(convergent biology model). These hypotheses warrant further testing.

A major goal was to infer unknown functions for understudied 3q29 genes by leveraging well-studied co-
clustering genes. Pathway analysis of modules harboring 3q29 genes revealed likely functional involvement of
the 3g29 locus in not only nervous-system specific functions, but also in core aspects of cell biology non-
specific to an organ system. The closely related black and midnight-blue modules were significantly associated
with regulation of gene expression, chromatin organization and DNA repair. The green and turquoise modules
were associated with nervous system development and function, and in particular, regulation and organization
of synaptic signaling and components. This finding is surprising because most of the 3q29 genes located in
these latter two modules have not been identified as synaptic genes. Similarly, the 3q29 genes in the black and
midnight-blue modules have not been implicated in gene regulatory pathways or DNA repair. We maintain that
biological functions of pootly annotated genes can be inferred through the graph-based modeling of inter-gene
relationships. Thereby, we predict novel roles for individual 3q29 genes in functions related to synaptic
transmission, modulation of neurotransmission, synapse structure and function, mitochondrial metabolism,
transcriptional and translational regulation, chromatin remodeling, cell cycle regulation, and protein
modification, localization, and turnover. We propose that the subset of predicted functions that are non-specific
to an organ system likely contribute to global developmental outcomes in 3q29Del.

Analysis of eigengene-based connectivity revealed that UBXINY is a hub gene, with top neighbors enriched
for known association with all three major neuropsychiatric phenotypes of 3q29Del. Hub nodes of biological
networks are often associated with human disease (114, 115). Disease-genes, identified from OMIM's Morbid

Map of the Human Genome, disproportionately exhibit hub-gene characteristics, with protein products
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participating in more known protein-protein interactions than that of non-disease genes (116). Supported by
this literature, we predict that (1) UBXIN7Y exerts critical influence on a large network of co-expressed genes,
and (2) loss-of-function (LoF) mutations in UBXN/ can cause major dysfunction in affiliated biological
pathways (indeed, its pLI score = 0.99, i.e. extremely intolerant to LoF (117)). We prioritize UBXIN7 as a major
driver in 3q29Del syndrome. UBXIN7 has not been previously linked to neuropsychiatric disorders or proposed
as a candidate driver of 3q29Del syndrome. However, UBXIN7 has been reported to regulate the ASD-
associated E3 ubiquitin ligase Cullin-3 (CUL3) (118), an interaction that deserves more attention in light of our
tindings (97). In fact, UBXIN7 is one of three genes involved in the ubiquitin-proteasome system (UPS) — along
with RNF768 and FBXO45 — that were prioritized in our analysis. Accumulating evidence indicates multiple
links between the UPS and SZ, though the causal relationship is still unclear (reviewed by (119)). Our analysis
indicates that the UPS may be disrupted at multiple levels by haploinsufficiency of these three genes in 3q29Del.

The network described here was built from adult human PFC gene expression data, while the experimental
system used to test the validity of the identified network targets was the mouse model of 3q29Del at postnatal
day seven (20), which most closely matches the perinatal stage of brain development in humans (120).
Notwithstanding this considerable difference in developmental phase, we found significant enrichment of
network-derived targets among DEGs identified in this model, presenting proof of concept for the validity of
our network analysis approach for uncovering biologically meaningful associations. These results also indicate
that a significant fraction of transcriptomic network connections formed by the 3q29 locus may be relatively
stable through development and are evolutionarily conserved in mice.

One limitation of the current study is its singular focus on protein-coding elements. How the non-coding
elements of the interval, along with splice variants, integrate into the predictions formulated in this study is ripe
for future investigation. Overall, the transcriptomic network identified in this study is predicted to connect
3929 interval genes with gene-sets outside the interval that participate in the same or overlapping biological
process and associate with similar disease phenotypes. Perturbation of 3q29 interval gene dosage is expected to
also perturb the functioning of network-partners outside the recurrent 3q29Del locus. However, note that the

underlying structure of weighted gene co-expression networks is agnostic to the mechanistic order of cellular
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and molecular events. The information necessary to derive the order of biological interactions is not an explicit
outcome of gene co-expression itself, since such inferences require time-dependent analysis of combinatorial
interactions between nodes. As a result, some of the network partners identified in this study are expected to
function upstream of their co-expressed 3q29 gene partner and would likely not be affected by 3q29Del.
Simultaneously, this direction-agnostic property also suggests that network-based predictions formulated in this
study are likely relevant to biological pathways and processes implicated in 3q29 duplication syndrome (121),
which was recently shown to manifest phenotypic concordance with 3q29Del syndrome in multiple clinical
areas, similar to relationships identified in other reciprocal CNV disorders (122).

Moreover, the complex interactions between molecules can be dynamic across time and space (56). Hence,
a future direction will be to ask whether the network connections formed by 3q29 interval genes in the adult
PFC show differential expression in the neural tissue of 3q29Del carriers and whether they show temporal
and/or spatial variation. Finally, our analysis does not preclude the possibility that other 3q29 interval genes
moderate phenotypic expressivity. For example, while the dark turquoise module (including PAK?) did not
harbor prioritized driver genes, it was significantly associated with estrogen receptor-mediated signaling. An
intriguing emerging feature of 3q29Del syndrome is the markedly reduced sex bias in risk for ASD (9).
Additional studies will be required to assess the drivers of sex-specific phenotypes of 3q29Del syndrome.

Now that recurrent, highly penetrant CNV loci have been identified as important risk factors for
neuropsychiatric disorders, determination of the component genes driving this risk is the next step toward
deciphering mechanisms. We used an unbiased systems biology approach that leveraged the power of open
data to infer unknown functions for understudied 3q29 interval genes, and to refine the 3q29 locus to nine
prioritized driver genes, including one hub gene. Importantly, this approach can partially overcome barriers to
formulation of relevant hypotheses that are introduced by poor annotation of interval genes, without requiring
laborious, expensive, and time-consuming experiments to functionally characterize all genes within the interval.
Our results reveal the power of this approach for prioritization of putative drivers. Ongoing and future studies
will be directed at understanding how these genes work in concert and how multiple haploinsufficiencies confer

risk for neuropsychiatric disease.
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Data availability

The GTEx data (release version 6) used for the analyses described in this manuscript were downloaded
from the GTEx portal on 01/08/2019 (http://www.gtexportal.org/home/datasets/, file name:
“GTEx_Analysis_v6_RNA-seq_ RNA-SeQCv1.1.8_gene_rpkm.gct.gz”); dbGaP accession number:
phs000424.v6.p1. The Genotype-Tissue Expression (GTEx) Project was supported by the Common Fund of
the Office of the Director of the National Institutes of Health, and by NCI, NHGRI, NHLBI, NIDA, NIMH,
and NINDS.

The BrainSpan Developmental Transcriptome dataset used to construct the test network was
downloaded from the Allen Brain Atlas portal on 01/12/2019 (https://www.brainspan.otg/static/download/,

file name: “RNA-Seq Gencode v10 summarized to genes”); dbGaP accession number: phs000755.v2.p1.
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Figure 1. Unbiased weighted gene co-expression network analysis (WGCNA) of the human

transcriptome in the healthy adult prefrontal cortex (PFC). (a) A schematic of the data analysis workflow



57

underlying WGCNA-derived predictions for functional interrogation of the 3q29Del interval. The reference
dataset was obtained from the GTEx Project to construct a systems-level network representation of
coordinated gene expression patterns across 107 non-pathological post-mortem samples collected from the
Brodmann Area 9 (BA9) of male and female adults with no known history of psychiatric or neurological
disorder. Modules of highly co-expressed genes were identified based on their topological overlap measure
(TOM). The TOM between two genes is high if the genes have many overlapping network connections, yielding
an interconnectedness measure that is proportional to the number of shared neighbors between pairs of genes.
The resulting network was screened for modules harboring 3q29 interval genes (3q29 modules), which were
then interrogated for biological function and hub genes. A test dataset obtained from the BrainSpan Project
was used to validate the reproducibility of this network in an independent sample of 30 non-pathological post-
mortem specimens collected from four sub-regions of the PFC from adult males and females with no known
history of psychiatric or neurological disorder. These sub-regions are the OFC: orbital frontal cortex, DLPFC:
dorsolateral PFC, VLPFC: ventrolateral PFC, and MPFC: medial PFC. (b) Sample-level dendrogram and trait
heatmaps of the reference dataset. The dendrogram was yielded by hierarchical clustering of 107 GTEx samples
using normalized, outlier-removed and residualized gene expression values for 18,410 protein-coding genes.
Color bars represent trait heatmaps for sex, age-group (range = 20-79 years), death-classification based on the
Hardy scale (range = 0-4), post-mortem interval (PMI) and batch id. The color intensity (from light yellow to
red) is proportional to continuous or categorical values (in increasing order) of each variable. For sex, yellow
and orange indicate female and male, respectively. Transcriptomic data were corrected for covariance mediated
by these variables prior to network construction. Adjusted data reveal no distribution bias associated with the
interrogated confounds in sample-level clustering patterns. (c) Determination of the soft-thresholding power
(B) used for WGCNA. A 8 of 8 (black arrow) was identified as the lowest possible power yielding a degree
distribution that results in approximate scale-free network topology (SFT R2 fit index = 0.8; red line). (d)
Clustering dendrogram and module assignments of genes, with dissimilarity based on TOM. 18,410 protein
coding genes (leaves = genes) clustered into 19 final modules (bottom color bar), detected by the dynamic

hybrid tree cut method. Modules with strongly correlated eigengenes (Pearson’s r > 0.8, P < 0.05) were



58

amalgamated to eliminate spurious assignment of highly co-expressed genes into separate modules. Color bars
reflect module assignments before and after the merging of close modules. (€) Composite Zsummary scores for
module-preservation (how well-defined modules are in an independent test dataset) and module-quality (how
well-defined modules are in repeated random splits of the reference dataset). Permutation tests were performed
to adjust the observed preservation and quality statistics of each module for random chance by defining Z
statistics. All modules (labeled by color) identified in the reference network were preserved (reproducible) in
the test network (Zsummary > 2; blue line). 15/18 modules, including all 3q29 modules (ted arrows), exhibited
strong preservation (Zsummary > 10; green line). 3/18 modules exhibited moderate preservation (2 < Zsummary
< 10). All modules demonstrated strong evidence for high quality (Zsu#mmary > 10), confirming that the modules

identified in the reference network were well-defined and non-random.
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Figure 2. Network-based inference of the functional impact of 3q29Del on the adult human prefrontal

cortex (PFC). (a) Hierarchical clustering of module eigengenes (ME) that summarize the 19 modules identified
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by WGCNA. The 21 protein-coding genes located in the recurrent 3q29Del locus were found to be distributed
into 7 co-expression modules (3q29 modules; framed), The numbers next to dendrogram branches indicate the
total number of 3q29 interval genes found in each 3q29 module. (b) Heatmap representing the strength of
Pearson’s correlation (7) between ME-pairs. The seven 3q29 modules (arrows) further clustered into three
higher-level meta-modules, corresponding to squares of blue color (high positive correlation) along the
diagonal, also detected as major dendrogram branches in (a). (c) Eigengene-based connectivity strength (kME;
y-axis) of 3q29 interval genes (x-axis; in chromosomal order) within their respective modules. kKME is defined
as the Pearson's correlation between a query gene and a given ME. The line graph indicates the -logio(P-value)
of the plotted correlation coefficients (z-axis); the asterisks above the graph indicate P < 0.05. kME > 0.8 (P <
0.05; dotted line) indicates hub (highly connected) gene status. UBXIN7 (red frame) was found to be the only
hub gene (kME > 0.8, P = 8.33E-30) within the 3q29Del locus. SMCO7 (kME = 0.11, P = 0.25), SL.C51.A4
(kME = 0.17, P = 0.09) and MFI2 (kME = 0.09, P = 0.35) were found to have non-significant kMEs (P > 0.05)
for their respective modules, suggesting peripheral membership. Color indicates module label. (d) Top 10
biological pathways (Reactome database) significantly enriched in 3q29 modules (adjusted-P < 0.05; capped at
-logio (adjusted-P = 10)). The g:SCS method was used for multiple testing correction. The observed enrichment
profile of the queried modules for known biological processes and pathways indicates that genes co-clustering
in 3q29 modules show coordinated expression and converge upon overlapping biological functions, more than
expected by chance. The functional associations of gene-sets comprising individual 3q29 modules were

leveraged to infer likely molecular consequences of 3q29Del in the adult human PFC.



61

A Co-expression modules harboring 3q29 interval genes Top network neighbors of 329 interval genes Prioritized driver genes

‘:_
|

= MODULE B
vz
\ v,

V/aueb gzbg

auab gzbg 1]

o
& S

)
¢ o

O‘L
B Pod
o & & ¥

IDD risk
{(McRae et al. 2017)
gene-set size = 93
ASD risk
(SFARI1&2)
gene-set size = 86 =
@ 2
3 |SZ risk
O | (Bram GVEX o) Q
oo | oenersetsiza =51 Q
2| szrisk 3
2 | (CommonMind c-c) @ "
gene-set size = 636 o Adi. P&\)/alue
(0] 1.
SZ risk @
(GWAS) 0.75
gene-set size = 340
SZ risk 050
{(De novo exonic)
gene-set size = 290 0.25
AD risk 0.00
(GWAS) (@)
gene-setsize = 25 g
£ | PD risk =
8 (GWAS) o
2 gene-setsize = 67 ©
© | IBD risk >
| ewas) )
gene-setsize = 98 )
Height &
(GWAS)
gene-set size = 479

Figure 3. 3q29 interval genes form transcriptomic subnetworks enriched for known schizophrenia,
autism and intellectual / developmental disability-risk genes. (a) Schematic of strategy to test the
neuropsychiatric disease burden associated with top network neighbors of 3q29 interval genes and to refine a
list of prioritized driver genes. To minimize false positives, 3q29 modules were reduced to strongly connected
top neighbors (yellow nodes) of individual 3q29 genes, which were then screened for a significant overlap with
known risk genes (red nodes) for schizophrenia (SZ), autism spectrum disorders (ASD), and intellectual /
developmental disability (IDD), spanning known associations over a wide spectrum of allele frequencies. A top
neighbor was defined as any node whose gene expression profile had a moderate-to-high pairwise correlation
(Spearman’s rho (g) = 0.5, P < 0.05) with a 3q29 interval gene within the same module. By leveraging the guilt
by association principle, the 3q29 interval genes that showed a significant enrichment of known SZ, ASD,
and/or IDD risk genes among their respective top neighbors were prioritized as likely drivers of the
neurodevelopmental and psychiatric consequences of 3q29Del, along with their SZ, ASD, and/or IDD-related
top neighbors from significant overlap tests. (b) Adjusted p-values from hypergeometric tests identifying the

significance of the overlap between top neighbors of individual 3q29 genes and known risk genes for SZ, ASD,
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and IDD. Risk gene-sets for three traits with no known association to the 3q29Del syndrome were also tested
for over-representation as negative controls. Common variants associated with height were included as another
negative control to rule out a potential bias introduced by gene-set size. Nine protein-coding genes from the
3q29 interval formed transctriptomic subnetworks that are significantly enriched for known SZ, ASD and/or
IDD risk genes (orange highlight, adjusted-P < 0.05). The proportion of hypergeometric tests with significant
overrepresentation of SZ, ASD, and IDD gene-sets (19/96) was found to be an order of magnitude larger than
that of the negative control tests (2/64), demonstrating the high specificity of the identified entichment patterns

for reported 3q29Del-associated phenotypes.
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Figure 4. Network of prioritized drivers predicted to contribute to the neuropsychiatric sequelae of
3q29Del. (a) Nine protein-coding genes from the 3q29 interval formed top-neighbor-based transcriptomic
subnetworks that were significantly enriched for known schizophrenia (SZ), autism spectrum disorder (ASD)

and intellectual / developmental disability (IDD)-risk genes (adjusted-P < 0.05). Black and red nodes illustrated
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in this network diagram represent these 9 3q29 genes and their 284 top neighbors with known SZ, ASD and/or
IDD-association, respectively. The union of these prioritized genes constitute 293 genetic drivers predicted to
contribute to the neurodevelopmental and psychiatric phenotypes of 3q29Del. The color of network edges that
connect node-pairs represents module assignment. (b) Top 20 biological processes and pathways with
significant enrichment among prioritized drivers (adjusted-P < 0.05). The identified Gene Ontology biological
processes (GO: BP) and Reactome and KEGG biological pathways point to key mechanisms through which
select genes within the 3q29Del locus and their likely partners outside the interval are predicted to influence
susceptibility to SZ, ASD, and IDD. (c) Organization of all statistically significant biological processes enriched
in prioritized drivers into a network of related functional annotation categories. GO:BP terms are connected if

they have a high overlap (share many genes); edge width represents magnitude of the overlap.
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Figure 5. Weighted gene co-expression network analysis (WGCNA) predicts differentially expressed

genes in the mouse mode of 3q29Del. (a) Gene-scaled expression of all detected protein-coding genes within

the homologous 3q29 interval shows a consistent reduction in Dell16+/Bdhl-Tfe mice relative to wild-type (WT)
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littermates, proportional to gene copy number. Genes in gray were not detected by RNA-Seq. Asterisks indicate
level of significance (***P < 0.0001, **P < 0.001). (b) 290 protein-coding genes with known mouse-human
homologs were found to be differentially expressed (P < 0.05) in Del16+/Bdhl-Tfre mice relative to wild-type (WT)
littermates. These DEGs were tested for enrichment of genes found in the broad 3q29 network (all genes in
3929 modules), top-neighbor based 3q29 subnetwork, and disease-associated prioritized drivers. A significant
enrichment was found at each level of network interconnectedness (P < 0.05). Up-regulated genes are in blue

and down-regulated genes are in red.
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Supplemental Materials
Extended Methods
Overview

For this analysis, we selected the most appropriate publicly available transcriptomic dataset and cleaned
and processed the data before constructing an unsupervised gene co-expression network that can group
functionally correlated genes into modules (1). Genes participating in the same molecular and biological
pathways tend to show correlated expression (co-expression) with each other, as they are expressed under the
control of a coordinated transcriptional regulatory system (2). Constructed on this principle, the transcriptomic
network identified in this study amounts to a systems-level representation of gene-gene relationships in the
healthy adult human prefrontal cortex (PFC), providing novel insights into network-level operations of
understudied genes located in the recurrent 3q29 deletion (3q29Del) locus.

Given the strong genetic link between 3q29Del and risk for schizophrenia spectrum disorders (SZ;
estimated odds ratio >40) (3), we placed our focus on revealing the co-regulation patterns of 3q29 interval
genes as a function of their expression similarity during adulthood. This is a period when SZ typically manifests
itself diagnostically, with peak onset in late adolescence (age 18-20 years) and early adulthood (age 20 to 40
years) (4), and a substantial proportion of patients becoming ill during middle adulthood (age 40 to 60 years)
(5). We also focused our analysis on uncovering gene-gene relationships in the PFC: a brain region that
subserves a diverse range of cognitive and emotional operations, is implicated in the etiology of SZ and may be
particularly vulnerable to the effects of genetic disruption due to its protracted development (6). To validate
the reproducibility of this transcriptomic network, we used an independent test dataset that was
demographically comparable to our reference dataset and assessed the preservation (i.e., how well-defined
modules are in an independent test dataset) of each identified network module by permutation tests. Using a
similar approach, we also assessed the quality (i.e., how well-defined modules are relative to the background)
of each network module in repeated random splits of our reference dataset.

We next identified and interrogated the modules that were found to harbor at least one 3q29 interval

gene for (1) functional enrichment, (2) higher-level organization into meta-modules, (3) highly connected “hub”
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genes and (4) “top” network neighbors of 3q29 interval genes. To generate testable hypotheses about which
3929 interval genes may be causally linked to the major neuropsychiatric phenotypes of 3q29Del, we tested
whether the top network neighbors of individual 3q29 interval genes show significant overrepresentation of
known risk genes for SZ, or for two other clinical phenotypes associated with 3q29Del: autism spectrum
disorders (ASD) and intellectual / developmental disability IDD) ASD and IDD shatre genetic risk and
pathogenic mechanisms with SZ, despite differences in the timing of clinical symptoms (7). Based on the
identified enrichment patterns, we developed a list of “prioritized driver genes”, consisting of select 329
interval genes and their tightly correlated SZ, ASD and IDD-associated top network neighbors, which were
subsequently found to converge onto canonical biological pathways.

We predict that dysregulation of these prioritized molecular targets, including a hub gene within the
3q29 interval, and their associated biological pathways may be implicated in the neuropsychiatric phenotype in
3q29Del syndrome. Overall, our findings highlight the advantage to using unbiased systems approaches that
integrate gene-level information into a higher-order, network-level framework to infer gene function,
particularly for understudied genes with disease relevance. The molecular pathways and the prioritized gene-
set identified in this study will inform new directions of neurobiological inquiry that can mechanistically
connect 3q29Del with severe mental illness. Our approach also highlights the study of normal function in
non-pathological post-mortem tissue to further our understanding of psychiatric genetics, especially for rare
genetic syndromes like 3q29Del, where access to post-mortem neural tissue from carriers is unavailable or

limited. The steps described in this overview are described in detail below.

Weighted gene co-expression network analysts (WGCNA)

Samples used for network construction: To interrogate the functional consequences of the 3q29Del at the individual
gene level, we employed unbiased weighted gene co-expression network analysis (WGCNA package (1, 8) in
R, version 1.68) and organized the adult human cortical transcriptome into clusters (modules) of highly
correlated genes (nodes). The network was constructed on publicly available RNA-Seq data obtained from the

Genotype Tissue Expression Project (GTEx) (9) (Fig. S1), the largest multi-tissue open-data initiative using
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postmortem samples from human donors. 113 non-pathological post-mortem samples from the PFC
(Brodmann Area 9) of male and female adults (age range = 20-79) with no known history of psychiatric or
neurological disorder were included in this study. Transcriptome profiling was performed using Illumina
TruSeq RNA sequencing as described in GTEx Consortium et al. (2013, 2015) (9). The GTEx data (release
version 0) used for the analyses described in this manuscript were downloaded from the GTEx portal
(http:/ /www.gtexportal.otg/home/datasets/) on 01/08/2019; the cotresponding dbGaP study accession
number is phs000424.v6.p1.

Data cleaning: Six outlier samples were removed from the original dataset prior to network construction
to prevent an outlier-driven bias in network structure and module detection (Fig. S2). Inter-sample correlation
(ISC) was used as an unbiased statistical diagnostic for identifying outliers with divergent gene expression
profiles, defined as the Pearson’s correlation between pairs of samples across the expression levels of all
detected genes. Samples with a mean ISC greater than two standard deviations away from the mean of the
sample-set were flagged as outliers and removed (as described in (10)), reducing the sample size to 107. Details
on sample attributes and donor phenotypes are available in Fig. S1.

Protein-coding genes were extracted from the dataset based on GENCODE v19 annotations for gene-
type (11), followed by log> transformation of gene expression values. For genes indexed by multiple splice
variants, the data were further pre-processed to limit the transcriptome to a single transcript per gene. This step
was conducted by using the collapseRows function of the WGCNA package in R (method = MaxMean), that
identifies the transcript with fewest number of missing values and highest mean expression value across samples
(12). We limit the scope of this study to protein-coding genes with expression profiles summarized at the gene-
level, in light of previously demonstrated drawbacks of isoform-level networks encompassing the non-coding
transcriptome (13). Inclusion of splice variants and non-coding RNAs increases network size by 100-fold (13),
which in turn dramatically increases the computational resources necessary for network analysis. Although this
high computational demand can theoretically be overcome by using a block-wise design where automatically
selected subsets of the original data are used to build a co-expression network in a block-by-block fashion (1),

previous work has shown that networks generated by block-wise design reflect only an approximation of
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networks generated by single-block design, which negatively influences the accuracy of subsequent module
detection (13). To avoid the shortcomings of a block-wise approach and pursue the most parsimonious
hypothesis, our dataset included only protein-coding genes, with expression values summarized at the gene-
level. This approach yielded a trimmed protein-coding gene expression matrix of 18,410 unique HGNC gene
symbols.

To remove non-biological experimental variation, the dataset was adjusted for known batch effect
(nucleic acid isolation batch) using the empirical Bayes framework employed by the ComBat function of the
Surrogate Variable Analysis (SVA) package in R (14) (as described in (15)). The gene expression data were
further corrected for age, sex, death classification (assessed by the 4-point Hardy Scale) and post-mortem
interval (PMI)-mediated covariance (106), added to the regression model as categorical or continuous variables
as applicable (Fig. 1B, Fig. S1). The residuals calculated from this model were carried to downstream analysis.
Finally, since low-expressed or non-varying genes usually represent noise in the data, we used the
goodSamplesGenes function of the WGCNA package in R to iteratively identify and remove genes and samples
with greater than 50% missing entries (default parameter) and genes with zero variance. The normalized, outlier-
removed, residualized cortical expression values of 18,410 protein-coding genes from 107 samples constitute
the final dataset for construction of the network.

Network construction and module detection: The single-block pipeline implemented in the WGCNA R
package was employed to build a signed and weighted gene co-expression network using the final dataset. Co-
expression similarity was defined as the biweight midcorrelation (bicor) coefficient between the expression
profiles of gene-pairs calculated for all possible comparisons. Bicor is a median-based measure of co-expression
that was chosen as a robust alternative to mean-based similarity metrics (i.e., Pearson correlation) in evaluating
similarity in gene expression (17). To capture the continuous nature of pairwise interactions in biological
systems and accentuate strong positive correlations, the resulting co-expression similarity matrix was
transformed into a signed and weighted adjacency matrix. This step was conducted by using the soft-
thresholding procedure implemented in the puckSoff Ihreshold and scaleFreePlot functions of the WGCNA package

in R. A soft-thresholding power (B) of 8 was identified as the lowest possible S yielding a powet-law degtee
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distribution that approximately fits one with a scale-free network topology, (signed R2 fit index = 0.8), while
maintaining a relatively high mean connectivity (mean k > 100) (Fig. 1C, Fig. S3). The rationale behind our
choice to establish a scale-free topology is the demonstrated biological relevance of its degree distribution as a
unifying property of many biological networks in nature, where a few hub nodes have many connections while
most nodes have few connections (18-21). Additionally, note that a demonstrated advantage of weighted
correlation networks is the high robustness of the network construction to the choice of f parameter (22).

A signed adjacency matrix (Equation 1) was chosen over an unsigned adjacency matrix (Equation 2)
to re-scale the underlying pairwise correlations from the [—1, 1] interval to the [0, 1] interval, as opposed to
treating negative correlations as positive. In other words, since the adjacency matrix that underlies network
construction is always non-negative, a signed network was chosen to respect the direction (up vs. down) of the
co-expression relationships to prevent a clustering structure that mixes negatively correlated nodes, which often
belong to different biological categories, with positively correlated nodes. The biological relevance of signed
adjacency was demonstrated by previous work indicating that genes showing positive transcriptional correlation
are more likely to exhibit known protein-protein interactions than uncorrelated or negatively correlated genes
(10, 23, 24). This approach is further supported by the recommendations of the creators of the WGCNA
package in R (as desctibed in https://petetlangfelder.com/ 2018/11/25/signed-ot-unsigned-which-network-

type-is-preferable/).

Signed adjacency Af]l:gned for genes [ and j is defined as:

; B
signed 1+bicor (x-,x )
Ai }gn — f‘l (7 )
Unsigned adjacency Aliljmigned for genes i and j is defined as:

AZTLSigned = |bicor (xi'xj)|ﬁ @

The resulting signed and weighted adjacency matrix was transformed into a topological overlap (TO)

matrix to capture not only the correlation between pairs of genes but also the connections among
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“neighborhoods” of genes (25, 26). The TO measure (TOM) between two genes is high if the genes have many
overlapping network connections, yielding a network interconnectedness measure that is proportional to the
number of common neighbors shared between a pair of nodes. Several studies have shown that gene/protein-
pairs with higher TO are more likely to play a role in the same functional class than gene/protein-pairs with
lower TO (26-31), demonstrating that TOM yields biologically meaningful modules that can successfully
capture the co-expression profile of genes encoding interacting proteins. Additionally, TOM was shown by
previous work to be more robust to identifying spurious connections than pairwise correlation alone (32).

To explore the clustering structure of the nodes underlying our undirected network, we conducted
average linkage hierarchical clustering on pairwise TOM, following its transformation into a dissimilarity
measure (dissTOM = 1-TOM). To define network modules, we adaptively pruned the branches of the resulting
dendrogram by using the dynamic-hybrid-tree-cut algorithm of the WGCNA package in R (Fig. 1D). This
method employs a bottom-up approach that considers the shape of dendrogram branches in identifying
clusters, yielding improved detection of outlying cluster members. This method was chosen, since it has been
shown to outperform the traditional fixed-height branch cutting method for identifying biologically meaningful
clusters, particularly in networks that exhibit a nested dendrogram structure (33). Standard parameters were
used to conduct this analysis: cut height = 99% of the truncated height range in the dendrogram, module
detection sensitivity (deep split) = 2, minimum module size = 30, signed network with partitioning about
medoids (PAM) respecting the dendrogram. To avoid over-clustering, we set the smallest number of genes that
can be considered a module (minimum module size) to 30; this is a standard parameter used in the literature to
establish a compromise between large modules that are robust and biologically informative and small modules
that are possibly informative but less robust (34-36). This approach yielded 31 modules, with module-sizes
ranging from 43 to 3,319 genes; similar ranges have been reported in other applications.

We summarized the gene expression profiles of individual modules by eigengenes (1), identified as the
first principal component of the expression data in a given module. Construction of eigengenes amounts to a
network-based data reduction method that serves as a means to effectively correlate entire modules. Leveraging

this approach, we amalgamated modules with very similar expression profiles to eliminate spurious assignment
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of highly co-expressed genes into separate modules. To this end, we conducted average linkage hierarchical
clustering of module eigengenes (ME) on a correlation-based dissimilarity metric (1-pairwise Pearson’s
correlation between MEs) and merged modules that are strongly correlated (r > 0.8 corresponding to cut height
=0.2) (Fig. 1D).

One of the resulting modules (grey module) was reserved for genes that could not be unequivocally
assigned to any module (did not share similar co-expression patterns with the other genes of the network), as
determined by the iterative refinement methodology used in our analysis pipeline to improve module detection.
Therefore, the grey module was excluded from downstream analysis. Finally, we tested additional WGCNA
parameters and determined that basic module structure in modules of interest (modules harboring 3q29 interval

genes) was identifiable under variations of carefully selected algorithm parameters.

Module preservation and quality analysts

To validate the reproducibility of our identified modules, we evaluated network preservation in an
independent transcriptomic dataset, hereafter referred to as the test dataset/network. Publicly available RNA-
Seq data from the BrainSpan Developmental Transcriptome Project (37) was used to build the test network
(Fig. S4). 30 non-pathological post-mortem samples from the PFC of male and female adults (age range = 18-
37) with no known neurological or psychiatric disorder were used in this study. To exclude any confounding
pathology, specimens had been confirmed by neuropathological evaluation to not contain obvious
malformations, extensive neuronal loss, neuronal swelling, or dysmorphic neurons and neurites. Additionally,
any donor with a reported prolonged agonal condition (i.e., coma, hypoxia, seizures etc.), ingestion of
neurotoxic substances at the time of death, suicide, severe head injury, significant hemorrhages, prominent
vascular abnormalities, tumors, prominent brain lesions, stroke, congenital neural abnormalities, and signs of
neurodegeneration (i.e., amyloid plaques, Lewy bodies etc.) were also excluded (see technical white paper (38)).
Transcriptome profiling was performed using Illumina TruSeq RNA sequencing. Details on sample attributes
and donor phenotypes are available in Fig. S4. The BrainSpan data (Developmental Transcriptome Dataset;

v10 summarized to genes) used for the analyses described in this manuscript were downloaded from the Allen
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Brain Atlas portal (https://www.brainspan.org/ static/download/) on 01/12/2019; the corresponding dbGaP
study accession number is phs000755.v2.p1.

The test dataset was pre-processed following the same pipeline used for the GTEXx reference dataset.
We were unable to correct the normalized gene expression values of the test dataset for batch effect and death
classification-mediated covariance, due to absence of the pertinent information from publicly available data.
However, we note that the highly selective inclusion/exclusion criteria used by the BrainSpan project for tissue
qualification (37) mitigates a potential confounding effect of death classification on gene expression. The
inclusion of age, sex and PMI in the regression model was consistent with the pre-processing pipeline applied
to the reference dataset. No outlier sample was identified by the above described ISC method. Notably, the test
dataset was assembled by the aggregation of transcriptomic data from four sub-regions of the PFC (orbital,
dorsolateral, ventrolateral, and medial PFC). To rule out a potential bias in test network construction driven by
tissue-type, we conducted average linkage hierarchical clustering on the BrainSpan samples used in this study.
The similarity metric for clustering was defined as the Pearson’s correlation between gene expression levels of
pairs of samples. The resulting dendrogram revealed no clustering pattern driven by tissue-type, ruling out PFC
sub-region as a factor that could bias network construction (Fig. S4). Upon completion of pre-processing, the
test dataset consisted of normalized and residualized gene expression values for 18,339 unique HGNC symbols
from 30 samples.

To determine whether properties of within-module topology that were identified in our reference
network were preserved in the test network, we calculated a composite network-based preservation statistic
(Zsummary.pres) (39) for each module by using the modulePreservation function of the WGCNA package in R.
ZLsummary.pres 18 @ sSUMmary statistic that encompasses multiple density-based and connectivity-based preservation
statistics that test 1) whether nodes sharing the same module in the reference network remain highly connected
in the test network (i.e., are groups of genes defined as modules in the reference network denser than random
groups of genes in the test network?) and 2) whether connectivity patterns between nodes underlying the
reference network remain similar in the test network (i.e., do hub nodes of the reference network preserve their

high degree of connectivity in the test network?). To determine whether the observed preservation statistics
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were higher than expected by chance and to derive a standardized Z score for each preservation statistic, we
randomly permuted the module assignments in the test data (number of permutations = 200; twice as high as
default) and derived a Zsummarypres score for each module. The resulting scores were evaluated according to
established thresholds (39): Zsummary.pres < 2 indicates no evidence for preservation, 2 < Zsummary.pres < 10 indicates
moderate evidence for preservation, and Zsummary.pres > 10 indicates strong evidence for preservation. To account
for the dependence of the Zummary.pres ScOre and permutation test p-values on module-size, we set the maximum
module-size parameter of the modulePreservation function to 1000 genes (default parameter), reducing large
modules by randomly sampling 1000 intra-modular nodes. Note that the specific goal of this preservation
analysis was to determine the preservation strength of individual modules in relation to established Zsummary.pres
score thresholds, as opposed to comparing the preservation statistics of modules with different sizes to one
another (i.e., determine whether module A is more preserved than module B). Hence, aggregating multiple
preservation statistics into an informative Zsummarypres SCOre constitutes a valid and advantageous approach for
our purposes, despite its sensitivity to module-size.

In addition to measuring the density and connectivity-based preservation of each module between the
reference and test networks, we measured the quality of the identified modules in the reference network without
a reference to the test network. The goal of this analysis was to assess the robustness of the identified modules
(i.e., how distinct is a given module from other modules in the reference network?) by calculating a composite
quality statistic (Zsummary.qua) (39) for each module, as implemented in the modulePreservation tunction of the
WGCNA package in R. This approach is akin to a cluster stability analysis (40) and employs a resampling
technique that applies the module preservation statistics outlined above to repeated random splits of the
reference data. The resulting Zsummary.qual Score indicates the robustness of a given module definition (hence the
parameters selected for network construction and module detection) across networks created from the original
reference data. The same Zgummarypres thresholds outlined above were used to evaluate the Zsummary.qual SCOLES.
Finally, in line with the recommendations (39) of the creators of the WGCNA package, we also evaluated the
individual preservation and quality statistics undetlying the composite scores for each module (Fig. S5). Results

from the module preservation and quality analysis (Fig. 1E) revealed the replicable and robust nature of the
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network, thus we commenced interrogation of the network for insights into 3q29 interval gene function.

Functional characterigation of network modules harboring 3q29 genes

Understanding the functions of the 21 protein-coding genes hemizygously deleted in 3q29Del
syndrome is an obligatory step towards gaining insights into the cellular mechanisms underlying disease etiology.
Others have shown that each gene of the human genome is estimated on average to be involved in ten biological
functions (41). Given that many of the genes in the 3q29Del interval are poorly annotated and some lack a
functional annotation altogether (Fig. S6), we leveraged the transcriptomic co-expression approach to predict
gene function. We screened each network module for membership of 3q29 interval genes and exploited major
biological databases to derive a functional interpretation of the co-expression modules found to harbor at least
one 3q29 interval gene (hereafter referred to as a 3g29 module).

Functional enrichment analyses of individual 3q29 modules (transformed into gene-sets) were run on
the g:Profiler websetver (http://biit.cs.ut.ee/gprofiler; Ensembl version 96, Ensembl Genomes version 43) by
using gene ontology biological processes (GO:BP), and Reactome (REACT) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) biological pathways. For high-confidence analysis, electronic GO annotations (“IEA”),
which are assigned to gene products without curator verification (majority inferred iz silico) and often cannot
be traced to an experimental source, were discarded,; filtering GO annotations based on evidence code has been
recommended in previous literature to avoid erroneous results (42). The statistical domain scope for functional
enrichment analysis was set to only genes with at least one known annotation (default parameter) to establish
an effective genomic background for statistical testing using the hypergeometric probability function. Enriched
terms surpassing the adjusted g:SCS significance threshold of P <0.05 were filtered for gene-set size (allowed
range: 10-2,000 genes) and semantic similarity to improve the specificity and interpretability of our results (43).
The g:SCS (Set Counts and Sizes) method for multiple comparisons correction was our method of choice for
pathway analysis, since it was shown to outperform standard approaches, such as Bonferroni correction, in
estimating the true effect of multiple testing over the complex structure of functional profiling data (44).

Functional classifications in databases such as gene ontology (GO) have a heavily overlapping hierarchical
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structure, since any term is automatically related to all other terms included in its relational path. Hence,
statistical assumptions underlying more traditional correction methods such as Bonferroni, which was designed
for multiple independent tests, cannot be met in our application. Hence, we used the novel g:SCS method (refer
to (43) for details) as an alternative solution to the multiple testing problem that is highly complex in functional
data. Note that the g:Profiler software that was used to perform pathway analyses in this study also implements
the g:SCS significance thresholds by default. The REVIGO webtool (http://tevigo.itb.ht/) was used to reduce
redundancy in the identified GO terms (default semantic similarity measure = SimRel, allowed similarity = 0.9
(large)) (45). Top 10 biological pathways (REACT) found to be enriched in individual 3q29 modules were
ranked by statistical significance level (adjusted P < 0.05) and are shown in the main results.

Furthermore, findings of the functional enrichment analysis were also evaluated to determine whether
identified co-expression modules reflect true biological signals as opposed to noise; this distinction was inferred
by enrichment of the constituent genes for known biological processes and pathways. Our gene ontology-based
approach complemented the module quality analysis described above.

To further interrogate whether the gene co-expression modules identified in this study represent
biologically meaningful units of nodes with shared membership of the same molecular complex or functional
pathway, we also investigated whether the genes co-clustering in the same transcriptomic module tend to
interact at the protein level. First, we queried the known protein interactors of 3q29 interval genes identified by
the Human Reference Protein Interactome Mapping Project (HuRI; http:/interactome-atlas.org/). The
interaction data in HuRI were retrieved from two sources: 1) a systematic binary mapping pipeline using a high-
throughput yeast two-hybrid assay, followed by retesting and validation, and 2) interactions curated from the
literature and further filtered by HuRI to identify high-quality binary interactions (see details in (40)).

Second, we tested the co-expression modules harboring 3q29 interval genes for enrichment of known
and predicted protein-protein interactions (PPIs) from the STRING database (v.11, https://string-db.otrg/).
Using the STRING search tool, PPIs were retrieved from active interaction sources (species: “Homo sapiens”),
including experiments (biochemical data), databases (previously curated pathway and protein-complex

knowledge), genomic context prediction channels (neighborhood, fusion, gene co-occurrence), and text mining,.
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Interactions that rely on STRING’s RNA-seq co-expression inference pipeline were excluded from this
analysis. A minimum interaction confidence score of 0.4 (medium confidence, default setting) was applied to
construct a PPI network for each module; this interaction score represents the approximate confidence of an
association based on all available evidence from active sources. The STRING enrichment analysis tool was
used to test whether the observed number of interactions (edges) in each interrogated module was significantly
higher than the number of edges expected if the nodes were to be selected from the genome at random (see
details in (47)). STRING enforces an upper limit on the number of query items and does not support the PPI
network enrichment analysis of > 2,000 nodes. Hence, 2,000 genes from the green and turquoise modules,
which harbor 4,746 and 3,319 genes respectively, were randomly subsampled without replacement, using the
sample function in R (v. 4.0.3). The 3q29 interval genes clustering in each of these two modules were used as
forced entries during this subsampling procedure to ensure that each resulting PPI subnetwork included our

primary genes of interest.

Identification of meta-modules harboving 3q29 genes

Several studies have demonstrated that individual modules can be organized into biologically
meaningful meta-modules that represent a higher-order organization of the transcriptome (48), likely reflecting
pathway dependencies and synergistic function. To evaluate whether individual 3q29 modules clustered
together within larger meta-modules of the co-expression network, we investigated the relationship among
modules by leveraging their eigengenes (ME). We calculated the Pearson’s correlations between all pairs of
MEs and used this similarity metric to conduct average linkage hierarchical clustering of the MEs. Consistent
with its use in other applications, we defined meta-modules as tight clusters of positively correlated MEs
detectable as major branches of the resulting eigengene dendrogram (48). The identified meta-modules were
screened to identify the grouping patterns among 3q29 modules across the co-expression network.

This eigengene-based network reduction framework was further utilized to determine whether
individual 3q29 modules that were found to partake in larger meta-modules were truly distinct from each other.

To this end, gene ontology information was leveraged to identify common versus distinct enrichment of
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biological processes and pathways in individual 3q29 modules sharing a meta-module. This approach also

complemented the module quality analysis described above.

Determination of module membershep strength for 3q29 genes

To measure how strongly connected individual 3q29 genes are to their assigned modules, we used the
signedKME function of the WGCNA package in R to calculate a module membership measure (kME) for each
3929 gene. kME is an eigengene-based module connectivity measure, defined as the Pearson’s correlation
between the expression profile of a given gene and the eigengene (first principal component) of a given
module(1). An advantage of using kME as a network connectivity metric is that it allows the direct comparison
of module membership values across modules that differ in size. This property distinguishes kME from degree-
based measures of module connectivity, which are derived by summing a node’s foza/ number and strength
of connections within a module and result in a metric that can be biased by module size.

A kME of 0 indicates that a gene is uncorrelated with an ME of interest and is thus unlikely to be a
member of that module. In contrast, kKME > 0.8 describes a hub gene that is highly connected to other genes
in its module, hence predicted to be a crucial component of the overall function of that module. Previous work
has shown that targeted disruption of a hub gene has a more deleterious effect on the ability of the network to
function and leads to a larger number of phenotypic outcomes than the disruption of randomly selected genes
or targeted deletion of less connected genes (49, 50). These observations have led to the hypothesis that hub
nodes of biological networks are typically associated with human disease genes. Indeed, several lines of
evidence, particularly from cancer biology, have validated this hypothesis (51, 52). One study has shown that
topological features of discase-genes identified from OMIM's Morbid Map of the Human Genome
disproportionately exhibit hub-gene characteristics, with protein products participating in more known protein-
protein interactions than that of non-disease genes(53)

Note that there is no established definition of a hub node in network analysis, since the selection criteria
can vary depending on the sparsity of the network; examples of hub gene definitions based on kME = 0.7 exist

in the literature. To generate rigorous WGCNA-based predictions, we adopted a conservative criterion that
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defines hub genes as nodes with kME > 0.8 (P < 0.05), a stringent threshold used by several other studies (54-
56). We annotated 3q29 interval genes that surpassed this kME threshold as hub genes, whose loss of function
is predicted to produce a highly deleterious impact on the system.

Additionally, we screened kME values to identify 3q29 genes with very weak module membership.
Given that kME quantifies how close a gene is to its assigned cluster of co-expressed genes, we excluded 3q29
genes with non-significant kMEs (P > 0.05) from downstream analysis. Notably, we limited our evaluations to
intra-modular KME values that describe a gene’s correlation with the eigengene of its assigned module. In rare
instances, the kME of a given gene was found to be slightly higher for a module other than its assigned module.
This finding stems from the fact that TOM yields a measure of network interconnectedness that is similar but
not identical to an only correlation-based approach (as described by the creators of the WGCNA package at
https://support.bioconductor.org/p/101579/). As noted previously, TOM-based similarity was shown to

outperform correlation-based similarity in identifying biologically meaningful modules (32).

Identification of prioritized driver genes

3q29Del confers >40-fold increased risk for SZ and constitutes a shared risk factor for IDD and ASD.
However, no single gene in this interval has been definitively associated with SZ, IDD, or ASD. To generate
testable hypotheses about which 3q29 interval genes are causally linked to the major neuropsychiatric
phenotypes associated with 3q29Del, we further leveraged our gene co-expression network. We adopted the
guilt-by-association approach and screened the intra-modular subnetworks of individual 3q29 interval genes
for a significant overlap with known SZ, ASD and IDD-risk genes. Guilt-by-association is a widely used
principle that operates on the assumption that disease-associated genes are more closely connected to each
other than random pairs of nodes in a network. Ample evidence demonstrates the high utility of the guilt-by-
association approach in identifying novel disease risk genes (57-61).

Previous work has shown that testing the overrepresentation of known disease-risk genes in entire
network modules harboring a large number of genes produces an inflated false positive rate(13). To avoid this,

we reduced 3q29 modules to top-neighbor-based subnetworks, maintaining only the close intra-modular
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connections of individual 3q29 genes. A top neighbor was defined as any node whose gene expression profile
has a moderate-to-high correlation (Spearman’s rho (o) = 0.5) with a given 3q29 interval gene (considered a
“seed” node) within the same module. Note that top neighbors were identified by a correlation-based hard-
thresholding method applied only to intra-modular edges connecting seed-node pairs. Hence, the criterion for
top neighbor identification combines the strength of scale free-topology and topological overlap principles of
WGCNA for network construction and module detection, with subsequent application of a selective hard-
thresholding method, resulting in a binary classification of top neighbors predicted to form direct functional
links with 3q29 interval genes.

We conducted hypergeometric tests to determine whether top-neighbor-based intra-modular
subnetworks of individual 3q29 genes are enriched for curated gene-sets with known SZ, ASD or IDD
association. Six gene-sets were curated for this purpose from the following sources: 1) 93 IDD-risk genes
enriched for damaging de #ovo mutations, identified by the Deciphering Developmental Disorders Study (62);
2) 86 ASD-risk genes categorized by the Simons Foundation Autism Research Initiative (SFARI) (63, 64) as
“high-confidence candidate risk genes” with strong evidence for ASD association (categories = 1 & 2;
downloaded on 2/15/2019 from https://gene.sfari.org/database/); 3) 651 SZ-related genes shown by Meng
et al. (2018) (65) to demonstrate significant differential expression in the postmortem brain tissue of SZ
cases/controls, identified from the PsychENCODE BrainGVEX dataset (66); 4) 636 SZ-related genes shown
by Fromer et al. (2016) to demonstrate significant differential expression in the postmortem dorsolateral PFC
tissue of SZ cases/controls, identified from the CommonMind Consortium dataset (67), 5) 340 SZ-risk genes
adjacent to SZ-associated genetic loci, identified by the most recent genome-wide association study (GWAS)
(68) conducted by the Psychiatric Genomics Consortium (PGC); 6) 290 SZ-risk genes with exonic de novo
mutations, identified via the Neuropsychiatric Disorder De Novo Mutations Database (69) (downloaded on
2/17/2019 from http:/ /www.wzgenomics.cn/NPdenovo/). Notably, these gene-sets were selectively curated
from the literature to obtain a comprehensive yet reliable list of reported IDD, ASD and SZ-associated genetic
variants spanning a wide range of the allele frequency spectrum. As noted previously, 3q29 genes with non-

significant intra-modular kMEs (P > 0.05) (Fig. 2C) were excluded from this analysis.
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To evaluate the specificity of the investigated disease enrichment patterns, we also tested the
significance of the overlap between 3q29 subnetworks and negative control gene-sets associated with
Parkinson’s disease (PD), late-onset Alzheimer’s disease (AD) and inflammatory bowel disease (IBD). The gene
lists for these conditions were considered “negative controls,” as they constitute disease phenotypes (two
related and one unrelated to brain health) with no known association to 3q29Del. To rule out a potential bias
that could be introduced to our enrichment analysis by differences in the sizes of curated gene-sets, common
genetic variants associated with height (large gene-set size comparable to several SZ gene-set sizes) were
included as another negative control. Four negative control gene-sets were curated for this purpose from the
following sources: 1) 25 AD-risk genes identified by the largest published GWAS meta-analysis conducted by
the Genetic and Environmental Risk in AD/Defining Genetic, Polygenic and Environmental Risk for AD
Consortium (GERAD/PERADES) (70); 2) 67 PD-risk genes identified by the largest published GWAS meta-
analysis conducted by the International PD Genomics Consortium (71); 3) 98 IBD-related genes identified by
the International IBD Genetics Consortium as “strong positional candidate genes” in GWAS-identified risk
loci (72); 4) 479 height-associated genes identified by the largest published GWAS meta-analysis conducted by
the Genetic Investigation of Anthropometric Traits Consortium (GIANT) (73).

To accurately measure the union-size of the possible matches between the curated gene-sets and
WGCNA-derived 3929 subnetworks, genes that could only be present in one set (non-protein-coding genes;
gene-type annotated by GENCODE v19) were excluded from the overlap analysis, yielding the final gene-set
sizes listed above. Discrepancies in gene alias usage were accounted for to ensure consistency in nomenclature.
The background list for the hypergeometric test was determined as the total number of unique genes used to
conduct WGCNA. The GeneOverlap package(74) in R (version 1.20.0) was used for this analysis. The
hypergeometric p-values obtained by overlap analysis were corrected for multiple testing using Benjamini-
Hochberg (7 = 10 gene-sets). 3q29 genes whose subnetworks were found to show a significant overlap with
SZ, ASD and/or IDD risk genes (adjusted P < 0.05) were prioritized as dtiver genes, along with their SZ, ASD,
and/or IDD-related top neighbors from the corresponding enriched disease gene-set. These priotitized drivers

are predicted to contribute to the emergence of major neuropsychiatric phenotypes associated with 3q29Del.
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Functional characterization of prioritized driver genes

According to the “local hypothesis” proposed by the emerging paradigm of network medicine, the
human transcriptome and proteome demonstrate non-random topological characteristics, where disease genes
tend to interact with other disease genes and play distinct roles in disrupting the same biochemical process
underlying a common pathophenotype (75). Motivated by this theory, we sought to formulate testable
hypotheses about the key biological mechanisms linking 3q29Del to SZ, ASD, and IDD by conducting a
functional enrichment analysis on the union of our prioritized driver genes. We used the same analysis approach
described above for testing the functional enrichment of 3q29 modules. The biological processes and pathways
that were found to surpass the adjusted g:SCS significance threshold of p<0.05 were filtered for gene-set size
and semantic similarity; the top 20 biological processes and pathways found to be enriched in our prioritized
driver genes are shown in the main results. To provide a thorough illustration of all enriched GO:BP terms in
the main results, GO:BP findings were further organized into a network visualization of related functional
annotation categories.

Overall, the transcriptomic network identified in this study is predicted to connect 3q29 interval genes
with gene-sets outside the interval that participate in the same or overlapping biological process and associate
with similar disease phenotypes. Perturbation of 3q29 interval gene dosage is expected to also perturb the
functioning of network-partners outside the recurrent 3q29Del locus. However, note that the underlying
structure of weighted gene co-expression networks is agnostic to the mechanistic order of cellular and molecular
events. The information necessary to derive the order of biological interactions is not an explicit outcome of
gene co-expression itself, since such inferences require time-dependent analysis of combinatorial interactions
between nodes. As a result, some of the network partners identified in this study are expected to function

upstream of their 3q29 gene partner and would likely not be affected by 3q29Del.

Proof of concept study for testing the validity of WGCNA-based predictions

Overview: A necessary step in determining the utility of network-based predictions is a proof of concept
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of their validity in an experimental system. To this end, we assessed the validity of our WGCNA-derived
predictions by testing the enrichment of the identified network-partners of 3q29 interval genes for differential
expression in the mouse model of 3q29Del (70).

RNA-sequencing in mouse corfex Mice harboring a heterozygous deletion of 1.26Mb (Del16+/Bdh1-Tfic) that
is homologous to the human 3g29Del locus were generated by CRISPR/Cas9 technology previously (76). At
postnatal day seven, five mutant and five wild-type male pups were anesthetized under isoflurane and rapidly
decapitated. The bilateral cortical sheet was dissected, chopped with a scalpel, and homogenized in QIAzol
(Qiagen) in a Bullet Blender Tissue Homogenizer (Next Advance, Inc., Troy, NY). Total RNA was isolated
using the miRNeasy Mini Kit (Qiagen) with on-column DNAse I treatment (Qiagen). Sequencing libraries were
generated using the SMART-Seq Stranded Kit (Takara Bio, Mountain View, CA). 50M paired-end 150bp read
sequencing was performed on an Illumina platform. Sequences were quality-checked and aligned to the mm10
reference genome. Gene quantification was conducted using HTSeqg-count (77).

Differential gene expression analysis: We used two analysis tools (DESeq2 (78) and edgeR (79)) using the
negative binomial model to identify differentially expressed genes (DEGs). Since there is no established
consensus on a gold-standard statistical pipeline for conducting differential expression analysis in
transcriptomic research, we incorporated both programs into our analysis as two independent methodologies
representing the state of the art in bioinformatics (80). Only the protein-coding consensus DEGs concurrently
identified by DESeq2 (version 1.24.0) and edgeR (version 3.26.8) were carried into downstream analysis.

Read counts from technical replicates were summed up using the collapseReplicates and suniTechReps
functions of the DESeq2 and edgeR packages, respectively. This approach effectively increases the sequencing
depth of the individual biological replicates, thereby increasing the power to detect differential expression.
Genes with low counts were filtered by mean normalized counts in DESeq2 and by expression in counts per
million (CPM) in edgeR. To minimize false negatives, we cast a wide net and determined statistically significant
differences in gene expression at the nominal significance level (P < 0.05); a similar approach has been taken in
previous transcriptomic studies modelling neuropsychiatric disorders (81, 82).

Comparison of empirically identified DEGs and network-derived predictions: We tested the statistical significance
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of the overlap identified between DEGs found in the mouse model of 3q29Del and the co-expression partners
of 3g29 interval genes identified by WGCNA via hypergeometric tests. A similar proof of concept approach
has been used in previous literature (65). The GeneOverlap package (74) in R was used for this analysis. We
investigated intersections at three scales of network interconnectedness: i) the broad 3q29 network, ii) the top-
neighbor-based 3q29 subnetwork, and iii) the prioritized driver genes. To accurately measure the union-size of
the possible matches between mouse DEGs and WGCNA-based targets, all compared gene-sets were filtered
for known human-mouse homologs as determined by the HomoloGene database of the National Center for
Biotechnology Information (NCBI) (83), using the homologene package (version 1.4.68.19.3.27) in R.

1) The broad 3¢29 network is comprised of the union of seven WGCNA-derived modules that were

found to harbor at least one 3q29 interval gene. The constituent genes of 3q29 modules show high topological
overlap with one or more 3q29 genes and with one another, forming tight clusters of nodes that not only show
high pair-wise co-expression with one another but also share many network neighbors. The clustering structure
derived from such coordinated expression patterns in local regions of the genome likely reflects co-regulation
and/or shared function among constituting genes. Hence, the union of the 3q29 modules identified in this
study represents a broad subset of the human protein-coding genome that shows coordinated expression at the
mRNA level with the 21 protein-coding genes located in the interval. A total of 11,924 genes with known
human-mouse homology, including 21 3q29 interval genes comprise this broad network.

i) The top-neighbor-based 3g29 subnetwork represents a refined subgraph, where modules are

restricted to only the “top neighbors” of 3q29 interval genes. These top neighbors are predicted to function as
direct interacting partners of 3q29 genes, participating in the same or overlapping biological pathways within
the modular organization of molecular systems. A top neighbor was defined as any node whose gene expression
profile has a moderate-to-high pairwise correlation (p = 0.5, P < 0.05) with a 3q29 interval gene (considered a
“seed” node) within the same module. The network ties underlying this subnetwork were derived by a
correlation-based hard-thresholding method applied only to intra-modular edges connecting seed-node pairs.
Hence, the top neighbor criterion used to construct this sub-network combines the strengths of scale free-

topology and topological overlap principles for network construction and module detection, with subsequent
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application of a hard-thresholding method. The total number of genes in this subnetwork with known human-
mouse homology is 5,087, including 21 3q29 interval genes.

iif) The prioritized driver genes constitute the most refined subset of the transcriptomic network

connections identified in this study. These are comprised of select 3q29 genes and top neighbors that are
predicted to function as the primary drivers of the neurodevelopmental and psychiatric consequences of
3q29Del. These drivers were identified by leveraging the widely used guilt-by-association principle predicated
on the assumption that disease-associated genes are more closely connected to each other than random pairs
of nodes in a network. As described in previous sections of our methods, we conducted hypergeometric tests
to determine whether the top neighbors of individual 3q29 genes are enriched for curated gene-sets with known
SZ, ASD or IDD association. 3q29 genes whose top neighbors were found to show a significant overlap with
known risk genes (adjusted P < 0.05) were prioritized as driver genes, along with their disease-related top
neighbors from the corresponding enrichment analyses. The total number of prioritized driver genes with
known human-mouse homology is 280, including nine 3q29 interval genes.

Note that the underlying structure of weighted gene co-expression networks is agnostic to the
mechanistic order of cellular and molecular events. As a result, some of the network targets identified in this
study are expected to function upstream of their 3q29 gene partner and would likely not be affected in the

mouse model of 3q29Del.

Extended Results
Unbiased gene co-expression network analysis reveals convergent and distributed effects of 3q29 interval genes
across the adult human cortical transcriptome.

Our WGCNA-based unsupervised network analysis approach, applied to publicly available high-
throughput GTEx data, revealed that the protein-coding transcriptome of the healthy adult human PFC can be
organized into a co-expression network of 19 modules (labeled by color) (Fig. 1D, Fig. 2A). The identified
modules group genes with highly similar expression profiles into densely interconnected clusters, which likely

represent shared function and co-regulation. One of the identified modules (the grey module) contained genes
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that could not be unequivocally assigned to any module; thus, it was excluded from downstream analysis. The
resulting module sizes (number of genes assigned to a module) ranged from 43 (steel blue) to 4,746 (green)
genes, with an average module size of 1,014 genes (excluding grey module). Similar ranges have been reported
in other network analysis applications.

The 21 protein-coding genes located in the 3q29 interval were found to cluster into seven network
modules, which represent local regions of the human protein-coding genome that demonstrate coordinated
expression with the 3q29 locus (Fig. 2A). These modules are referred to as 3q29 modules, and were labeled as
black (size = 1,170 genes), brown (size = 1,972 genes), dark turquoise (size = 496 genes), green (size = 4,746
genes), magenta (size = 1,437 genes), midnight blue (size = 1,414 genes), and turquoise (size = 3,319 genes)
modules. Moreover, 18 / 21 3q29 interval genes were found to concentrate into just four modules (brown,
green, midnight blue, turquoise) (Fig. 2A), suggesting that the haploinsufficiency of the 3q29 locus may perturb
the same biological processes via multiple hits, camulatively disrupting redundancy and compensatory resiliency
in the normative regulation of cellular functions. Simultaneously, leading candidate genes DL.G7 (black) and
PAK2 (dark turquoise), which were previously hypothesized to contribute to neuropsychiatric pathology, were
found in opposite branches of the network, demonstrating the potential distributed effects of this CNV across
the transcriptomic landscape (Fig. 2A).

The average linkage hierarchical clustering of the module eigengenes revealed that the identified
modules further clustered into three higher level meta-modules (clusters of highly correlated modules), detected
as major branches of the resulting eigengene dendrogram (Fig. 2A-B). The magenta, green and turquoise 3q29
modules clustered together within the first meta-module, grouping 12 3q29 interval genes: RNF768, BDHT,
PIGZ, PCYT1A, SMCOT1, SL.C51A, MFI2, CEP19, FBXO45, PIGX, TCTEX1D2 and NRROS. The brown
and dark turquoise 3q29 modules clustered together within a second meta-module, grouping five 3q29 interval
genes: NCBP2, TFRC, TM4SF19, ZDHHCT19 and PAK2. Finally, the midnight blue and black 3q29 modules
were found to cluster together within a third meta-module, grouping three 3q29 interval genes: DILG7, UBXN7,
SENP5 and WDKR53. The observed grouping, as well as the segregation, of sets of 3q29 modules into distinct

meta-modules represents a higher-order transcriptomic organization of the 3q29 locus, which likely reflects
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pathway dependencies and interactions between biological processes involving 3q29 interval genes. These
findings suggest that, rather than functioning as independent non-interacting units, sets of 3q29 interval genes
and their co-expressed network partners may work in synergy at both the module and meta-module levels of
transcriptomic organization (Fig. 2A-B), and likely constitute interacting sources of pathology in 3q29Del

syndrome.

Pathway analysis points to functional involvement of the 3q29 locus in nervous-system functions and core
aspects of cell biology.

The functional enrichment analysis of individual 3q29 modules showed that the constituent genes of
each module load highly onto canonical biological processes and pathways (Fig. 2D). These functional
enrichment findings validate that our co-expression-based 3q29 modules reflect clustering dynamics that are
biologically meaningful.

Functional characterization of the black module: We observed that the biological processes and
pathways that were significantly overrepresented in the black module mainly encompass terms related to
regulation of gene expression and maintenance of the integrity of the cellular genome. Based on the ranking of
p-values adjusted for multiple testing, the top biological pathways (annotated by the Reactome database) that
were overrepresented in the black module include metabolism of RNA (REAC:R-HSA-8953854, adjusted P =
2.45B-07), processing of capped intron-containing pre-mRNA (REAC:R-HSA-72203, adjusted P = 7.74E-04),
chromatin organization (REAC:R-HSA-4839726, adjusted P = 6.30E-03), mRNA splicing (REAC:R-HSA-
72172, adjusted P = 2.11E-02), post-translational protein modification (REAC:R-HSA-597592, adjusted P =
2.33E-02), DNA Repair (REAC:R-HSA-73894, adjusted P = 4.02E-02) and tRNA processing (REAC:R-HSA-
72300, adjusted P = 4.97E-02).

Functional characterization of the midnight-blue module: Similarly, the midnight-blue module, which
is in the same meta-module as the black module, was found to be enriched for biological pathways and
processes that are involved in DNA repair and regulation of gene expression at the levels of transcription and

translation, as well as cellular response to stress. An important functional signature that set the midnight blue
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module apart from the black module was its specific enrichment for terms related to cell cycle regulation. The
top biological pathways that were overrepresented in the midnight blue module include gene expression
(transcription) (REAC:R-HSA-74160, adjusted P = 2.10E-39), metabolism of RNA (REAC:R-HSA-8953854,
adjusted P = 1.64E-06), DNA double-strand break repair (REAC:R-HSA-5693532, adjusted P = 9.79E-04),
mRNA 3'-end processing (REAC:R-HSA-72187, adjusted P = 5.49E-04), cell cycle (REAC:R-HSA-1640170,
adjusted P = 3.26E-06), mRNA splicing (major pathway) (REAC:R-HSA-72163, adjusted P = 5.33E-03), cell
cycle checkpoints (REAC:R-HSA-69620, adjusted P = 5.73E-03), transport of mature mRNA derived from an
intron-containing transcript (REAC:R-HSA-159236, adjusted P = 1.53E-02), and transcriptional regulation by
the tumor suppressor TP53 (REAC:R-HSA-3700989, adjusted P = 2.10E-02).

Functional characterization of the brown module: Assessment of shared function among constituent
genes of the brown module revealed primary enrichment for biological pathways and processes involved in
cellular metabolism and mitochondrial function. The top biological pathways that were overrepresented in the
brown module include fatty acid metabolism (REAC:R-HSA-8978868, adjusted P = 7.59E-08), mitochondrial
fatty acid beta-oxidation (REAC:R-HSA-77289, adjusted P = 8.33E-05), chondroitin sulfate/dermatan sulfate
metabolism (REAC:R-HSA-1793185, adjusted P = 1.42E-03), peroxisomal protein import (REAC:R-HSA-
9033241, adjusted P = 1.79E-03), metabolism of fat-soluble vitamins (REAC:R-HSA-6806667, adjusted P =
4.99E-03), peptide hormone biosynthesis (REAC:R-HSA-209952, adjusted P = 8.72E-03), solute-carrier (SLC)-
mediated transmembrane transport (REAC:R-HSA-425407, adjusted P = 8.94E-03), and diseases associated
with glycosaminoglycan metabolism (REAC:R-HSA-3560782, adjusted P = 1.30E-02). Notably, the brown
module was also found to be enriched for two canonical KEGG-annotated pathways: the Hippo signaling
pathway (KEGG:04390, adjusted P = 4.82E-03) and the Wnt signaling pathway (KEGG:04310, adjusted P =
4.96E-02), which play crucial roles in growth and developmental pathways with substantial cross-talk (84).

Functional characterization of the dark turquoise module: The dark turquoise module was found to
coalesce genes that are enriched for biological functions in epigenetic regulation of gene expression, as well as
in signal transduction pathways that are mediated by Rho GTPases. This latter function is at least in part

attributable to PAKZ, the only 3q29 interval gene assigned to this module, which encodes a known Rho GTPase



101

effector. Intriguingly, this module was also found to be enriched for a functional role in estrogen receptor-
mediated signaling. In particular, the top terms that were overrepresented in the dark turquoise module include
estrogen-dependent gene expression (REAC:R-HSA-9018519, adjusted P = 5.08E-006), estrogen receptor
(ESR)-mediated signaling (REAC:R-HSA-8939211, adjusted P = 9.52E-06), Rho GTPase effectors (REAC:R-
HSA-195258, adjusted P = 1.35E-05), SIRT1 negatively regulates fRNA expression (REAC:R-HSA-427359,
adjusted P = 2.09E-05), gene silencing by RNA (REAC:R-HSA-211000, adjusted P = 3.95E-05), nucleosome
assembly (REAC:R-HSA-774815, adjusted P = 4.75E-05), chromatin modifying enzymes (REAC:R-HSA-
3247509, adjusted P = 5.12E-05), signaling by nuclear receptors (REAC:R-HSA-9006931, adjusted P = 8.46E-
05), meiotic synapsis (REAC:R-HSA-1221632, adjusted P = 8.73E-05), and epigenetic regulation of gene
expression (REAC:R-HSA-212165, adjusted P = 1.44E-04). Notably, the dark turquoise module was found to
share the same meta-module as the metabolism-related brown module, suggesting the involvement of several
3q29 interval genes in a hierarchical transcriptomic control structure that interconnects Rho GTPase-mediated
signaling cascades and estrogen-regulated signal transduction pathways with metabolic regulation. Emerging
empirical findings demonstrate the existence of a crosstalk between these fundamental pathways (85-87),
supporting the biological relevance of the co-expression-based clustering patterns underlying the meta-module
that harbors the brown and dark turquoise modules identified in this study.

Functional characterization of the turquoise module: The biological processes that were
overrepresented in the turquoise module primarily encompass nervous-system specific terms comprising the
regulation of nervous system development and function. Other enriched biological functions that are non-
specific but cardinal to nervous-system operations involve ion transport, calcium signaling, cyclic adenosine
monophosphate (cAMP)-dependent signal transduction and cell projection organization. Specifically, the top
Reactome-based biological pathways that were enriched in the turquoise module include neuronal system
(REAC:R-HSA-112316, adjusted P = 2.98E-12), protein-protein interactions at synapses (REAC:R-HSA-
6794362, adjusted P = 7.12E-07), neurexins and neuroligins (REAC:R-HSA-6794361, adjusted P = 3.58E-00),
transmission across chemical synapses (REAC:R-HSA-112315, adjusted P = 6.31E-06), neurotransmitter

receptors and postsynaptic signal transmission (REAC:R-HSA-112314, adjusted P = 9.47E-05), serotonin
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receptors (REAC:R-HSA-390666, adjusted P = 6.42E-03), the citric acid (TCA) cycle and respiratory electron
transport (REAC:R-HSA-1428517, adjusted P = 7.00E-03), and unblocking of N-methyl-D-aspartate (NMDA)
receptors, glutamate binding and activation (REAC:R-HAS 438066, adjusted P = 1.41E-02). Complementing
these biological pathways, GO biological processes that were found to be enriched in the turquoise module
include regulation of synaptic plasticity (GO:0048167, adjusted P = 6.68E-03), cognition (GO:0050890,
adjusted P = 2.91E-02), neuron differentiation (GO:0030182, adjusted P = 3.19E-02), long-term potentiation
(GO:0060291, adjusted P = 3.81E-02) and learning and memory (GO:0007611, adjusted P = 4.20E-02).
Dysregulation of these biological processes and pathways has been implicated in the etiology of major
neuropsychiatric and neurodevelopmental disorders, including SZ and ASD (88, 89). Hence, the observed
functional enrichment profile highlights a likely pivotal role for the coordinated expression of the 3q29 interval
genes and network partners that cluster in the turquoise module in establishing and maintaining the healthy
functioning of the brain.

Functional characterization of the green module: Similar to the turquoise module, the pathway
enrichment analysis of the genes constituting the green module revealed primary enrichment for shared
function in several nervous-system specific biological processes. The overarching functional characteristics of
this module are regulation of nervous system development, interactions between neuroactive ligands and
receptors, synaptic vesicle cycle, intracellular trafficking systems (i.e., vesicle-mediated synaptic transport) and
synapse assembly. The top Reactome-annotated biological pathways that were found to be enriched in the
turquoise module include neuronal system (REAC:R-HSA-112316, adjusted P = 7.76E-07), the role of GTSE1
in G2/M progression after G2 checkpoint (REAC:R-HSA-8852276, adjusted P = 6.14E-04), potassium
channels (REAC:R-HSA-1296071, adjusted P = 2.99E-03), L1 cell adhesion molecule (L1CAM) interactions
(REAC:R-HSA-373760, adjusted P = 8.69E-03), transmission across chemical synapses (REAC:R-HSA-
112315, adjusted P = 1.66E-02), G protein-coupled receptor (GPCR) ligand binding (REAC:R-HSA-500792,
adjusted P = 1.74E-02), G alpha (q) signaling events (REAC:R-HSA-416476, adjusted P = 2.37E-02), recycling
pathway of L1 (REAC:R-HSA-437239, adjusted P = 3.93E-02), coat protein complex I (COPI)-mediated

anterograde transport (REAC:R-HSA-6807878, adjusted P = 4.27E-02), and adenosine triphosphate-binding



103

cassette (ABC) transporter disorders (REAC:R-HSA-5619084, adjusted P = 4.36E-02). The observed nervous
system-specific functional enrichment findings suggest heightened disease-relevance for the 3q29 interval genes
and intra-modular partners that coalesce in the green module. The neuropathology-associated functional
characterization of the green module parallels that of the turquoise module, which shares the same meta-module
as the green module. This functional overlap, which was identified agnostically to meta-module membership,
presents further support for the utility of our approach in detecting biologically meaningful non-random
network structures that organize gene expression in the healthy adult human cortex.

Functional characterization of the magenta module: The magenta module was found to be
predominantly enriched for biological processes and pathways involved in post-translational protein
modifications by small protein conjugation or removal, ubiquitin-dependent protein catabolism, intracellular
protein transport and localization, and the ubiquitin-proteasome system. Hence, coordinated expression of the
3929 interval genes and network partners that participate in the magenta module likely plays an important role
in controlling the modification and spatiotemporal colocalization of substrates necessary for a variety of
intracellular interactions. Moreover, pathway enrichment analysis revealed a link between magenta module
genes and the initiation of MHC class I (MHC-I)-dependent immune responses, driven by a genomic locus that
is increasingly implicated in the etiology of SZ (90). MHC-I antigen presentation has been shown to strictly
depend on peptide supply by the ubiquitin-proteasome system to initiate an effective adaptive immune
response(91); thus, the simultaneous enrichment of these interacting processes in a single module supports the
biological relevance of the identified pattern of clustering. Specifically, the top Reactome-annotated biological
pathways that were found to be significantly overrepresented in the magenta module include post-translational
protein modification (REAC:R-HSA-597592, adjusted P = 1.22E-07), gene expression (transcription)
(REAC:R-HSA-74160, adjusted P = 7.98E-06), MHC-I mediated antigen processing and presentation
(REAC:R-HSA-983169, adjusted P = 1.69E-05), antigen processing: ubiquitination and proteasome
degradation (REAC:R-HSA-983168, adjusted P = 2.78E-05), RNA polymerase II transcription (REAC:R-HSA-
73857, adjusted P = 1.05E-04), signaling by TGF-beta family members (REAC:R-HSA-9006936, adjusted P =

2.87E-03), protein ubiquitination (REAC:R-HSA-8852135, adjusted P = 1.14E-02), and sumoylation (REAC:R-
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HSA-2990846, adjusted P = 1.94E-02). Overall, the functional profile of the magenta module encompasses
many known regulators of brain function, including synapse formation and trans-synaptic signaling. Hence, the
functional characteristics of the magenta module complement that of its meta-module partners, the green and
turquoise modules.

Taken together, functional characterization of the 3q29 modules (Fig. 2D) point to novel mechanisms
of shared or overlapping action for sets of 3q29 interval genes that cluster in the same network module and
further coalesce in the same meta-module. Simultaneously, the variety of biological pathways that were found
to be enriched in 3q29 modules suggests distributed involvement of this locus in not only nervous-system
specific functions, such as regulation and organization of synaptic signaling and components, but also in core
aspects of cell biology, including cellular metabolism, transcriptional regulation, protein modifications, and cell
cycle regulation.

Simultaneously, PPI network enrichment analysis revealed that all 3q29 modules show significant
enrichment for PPIs that were systematically curated from the STRING protein interactome database (Fig. S8),
augmenting confidence in our RNA-Seq based network predictions with proteomic evidence (midnight blue,
black, brown, and magenta modules: P-value < 1.00e-16; dark turquoise module: P-value = 1.11e-16; green
module: P-value = 8.62e-08; turquoise module: P-value = 4.30e-09). A small PPI enrichment p-value indicates
that the protein products of genes that were found to be highly co-expressed with 3q29 interval genes in our
transcriptomic network analysis are not organized into modules at random and that the observed number of
edges calculated for each 3q29 module based on PPI pairs curated from STRING is significant (P < 0.05) (Fig.
S8). The expected number of edges reflects how many edges are to be expected if the nodes were to be selected
from the genome at random. More detail on active interaction sources and other parameters can be found in

(47) and at https://string-db.org/.

Finally, we identified qualitative overlaps between the transcriptomic co-expression partners of 3q29
interval genes identified via WGCNA and known protein partners of 3q29 interval genes curated from the
HuRI database (Fig. S7). Of the 21 protein coding genes located in the 3q29 interval, only 14 (CEP79, DLGT,

FBX045, MF12, NCBP2, PAK2, PCYT1A, RNF168, SL.C51.A, TCTEX1D2, TFRC, UBXN?Y) were found to
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have an entry on HuRI, 50% of which (FBXO45, MFI2, NCBP2, RNF168, SL.C51A, TCTEX1D2, TM4S5F19)
had less than eight known proteome-wide interactors. A total of 193 distinct protein interactors were identified
on HuRI for these 14 3q29 interval genes (after removing duplicates), 184 of which were identified as a node
in our gene co-expression network. Of these 184, 137 (74%) were found to cluster in one of seven modules
harboring 3q29 interval genes. 46% of the protein interactors identified in 3q29 modules share the same meta-
module as their interacting 3q29 interval gene, 27% of which further show an overlap at the module level. Brief

statistics and visual illustrations of the resulting PPI networks can be found in Fig. S7-8.

Network modules found to harbor 3q29 interval genes ave robust and strongly reproducible in an independent
test dataset.

To ensure the reproducibility of our network analysis results, we tested the preservation of various
properties of graph structure that underly the modules identified in this study with respect to an independent
dataset obtained from the BrainSpan Project (Fig. S4). We calculated multiple density-based and connectivity-
based preservation statistics for each module using a permutation test procedure and summarized the observed
statistics by a composite Z-statistic, Zsummary.pres- 2All identified modules, except for the grey module (unassigned
genes), were found to be successfully preserved in the test network (Zsummarypres > 2) (Fig. 1E). Specifically, 3/18
modules exhibited moderate evidence of preservation (2 < Zsummary.pres < 10), and 15/18 modules, including all
3929 modules, exhibited strong evidence of preservation (Zsummary.pres > 10) (Fig. 1E). Moreover, the resulting
composite preservation statistics of all 3q29 modules were substantially higher than that of a randomly drawn
sample of 1,000 genes that represent the entire reference network as a single artificial module (labeled as the
gold module, Zsummary.presgold = 6.78).

In addition to preservation statistics, we calculated multiple module quality statistics that measure how
well-defined or robust the boundaries of individual modules are in the reference network. By employing a
resampling technique that applies module preservation statistics to repeated random splits of our reference
data, we obtained a composite Z-statistic for each module (Zsummary.qua) that standardizes and summarizes

multiple cluster quality statistics. All 18 modules showed strong evidence for high cluster quality (Zsummary.qual >
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10), revealing robust module definitions (Fig. S5). Specifically, all 3q29 modules had a Zsummary.qual Score = 20
(Fig. 1E).

Finally, in line with the recommendations of the creators of the WGCNA package (39), we also
evaluated the individual preservation and quality statistics underlying the composite Zsmmary.pres 40d Zsummary.qual
scores derived for each module. Individual module preservation statistics mostly converge on the finding that
(1) nodes sharing the same module in the reference network remain highly connected in the test network and
(2) connectivity patterns between nodes underlying the reference network remain similar in the test network
(Fig. S5). Similarly, individual module quality statistics predominantly indicate strong evidence for high cluster
quality in all identified modules across networks created from random splits of the original reference data (Fig.
S5).

Overall, these findings support the strong reproducibility and robustness of our 3q29 modules,
allowing high-confidence screening of the transcriptomic connectivity patterns formed by 3q29 interval genes

in the healthy adult human PFC.

UBXN7 is a highly connected cortical hub-gene predicted to play a crucial vole in the neuropsychiatric sequela
of 3q29Del.

To measure how strongly connected individual 3q29 interval genes are to their assigned network
modules, we calculated the eigengene-based module connectivity measure (kME) of each 3q29 interval gene
for its respective module (Fig. 2C). To reiterate, this measure quantifies how close a node is to its assigned
module and can be applied to identify hub genes (kME > 0.8, P < 0.05), which are highly correlated with
their module eigengene and exhibit high connectivity in their module. Intriguingly, our results revealed that
UBXN?7, an understudied and poorly annotated 3q29 interval gene, is a hub gene of its module (kME = 0.84,
P = 8.33E-30, midnight blue module size = 1,414 genes). Topological features of known disease-genes have
been shown to disproportionately exhibit hub-gene characteristics compared to non-disease genes (53).
Supported by this literature, we predict that (1) UBXIN7 exerts central influence on a large network of co-

expressed genes, and (2) loss of function mutations in UBXIN7 can cause major dysfunction in the biological
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pathways involving this gene. Consequently, we prioritize UBXIN7 as a major driver gene with likely disease
relevance in 3g29Del.

Moreover, evaluation of the module membership strengths of 3q29 interval genes revealed that
SMCOT7 kME = 0.11, P = 0.25), SL.C51.A4 (kME = 0.17, P = 0.09) and MFI2 (kME = 0.09, P = 0.35) have non-
significant kMEs for their assigned module, suggesting poor module connectivity. The mRNA expression
summaries obtained from the Human Protein Atlas (92) (HPA) for 3q29 interval genes indicate nearly negligible
or very low mRNA expression levels for SMCOT (consensus normalized expression value = 0.1), SLC57.4,
(consensus normalized expression value = 0.4), and MFI2 (consensus normalized expression value = 2.8) in the
human cerebral cortex. These data indicate the low abundance of these 3q29 interval genes in our tissue of
interest, which likely relates to their peripheral network assignments in our analysis. Consequently, SMCO7,
SLC51.4 and MFI2 were excluded from downstream analysis to ensure accurate refinement of tight network

connections formed by 3q29 interval genes.

Nine 3q29 interval genes form transcriptomic subnetworkes enriched for known SZ, ASD and IDD-risk genes.

To systematically generate testable hypotheses regarding which 3q29 interval genes are causally linked
to the major neuropsychiatric phenotypes associated with 3q29Del, we reduced 3q29 modules to strongly
connected top neighbors of individual 3q29 genes and screened the resulting top neighbors for a significant
overlap with known SZ, ASD or IDD-risk genes. To reiterate, this approach leverages the extensively validated
principle of guilt-by-association, which postulates that the disease-relevance of a particular gene is partially a
property determined by its relationships in a biological network.

A top neighbor was defined as any node whose gene expression profile has a moderate-to-high pairwise
correlation (p = 0.5, P < 0.05) with a 3q29 interval gene within the same module. Intriguingly, our results
revealed that several 3q29 interval genes are among the top neighbors of one another within the same module.
FBX045 (o = 0.5, P= 5.43E-09) and PIGX (p = 0.6, P = 1.24E-10) were identified as top-neighbors of CEP79
in the turquoise module. Similarly, SENP5 and WDR53 were top-neighbors of each other (o = 0.5, P = 1.05E-

07) in the midnight blue module. This finding further suggests that the correlated activity of subsets of 3q29
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interval genes may converge upon the same or synchronized multicomponent biological processes in the adult
PFC.

Moreover, TM4SE19 (0 top neighbors) and ZDHHCT9 (3 top neighbors) were found to have no or < 5
intra-modular partners in the brown module that met the correlation threshold to qualify as top neighbors.
Similar to SMCO7, SLC57A and MFIZ, the mRNA expression summaries obtained from the HPA(92) for
TM4S5F19 (consensus normalized expression value = 0.5) and ZDHHCT79 (consensus normalized expression
value = 0) indicate negligible or very low mRNA expression levels in the human cerebral cortex. These data
independently indicate the low abundance of these 3q29 interval genes in our tissue of interest, which likely
reflects the reason behind their lack of strongly connected top neighbors in our network analysis. Hence,
TM4SF19 and ZDHHCT79 were excluded from our downstream disease-association analysis, along with
SMCOT, SLC51.A and MFI2, which were deprioritized eatlier due to poor module connectivity.

The intra-modular top neighbors of the remaining 16 3q29 interval genes were interrogated for overlap
with six curated lists of evidence-based IDD, ASD or SZ-risk genes, spanning a wide range of the
allele frequency spectrum (Fig. 3A). Hypergeometric test results, corrected for multiple testing, revealed a
significant overrepresentation of one or more of these established risk gene-sets among the top neighbors of
nine 3929 interval genes (adjusted P < 0.05): BDH1, CEP19, DL.G1, FBXO45, PIGZ, RNF168, SENP5,
UBXN7 and WDR53 (Fig. 3B). Details of the enrichment results with respect to module membership are
provided below.

In the black module, top neighbors of DILG7 (gene-set size = 294) were found to be enriched for
known SZ-risk genes from the exonic de 7ovo mutations gene-set (adjusted P = 1.11E-05). This identified
intersection comprises 18 unique top neighbors of DL.G7 with known SZ association. Note that DI.G7 was
the only 3q29 interval gene that clustered in the black module.

In the midnight blue module, all three constituent 3q29 interval genes had top neighbors that loaded
highly onto known IDD, ASD and/or SZ-risk genes. Particularly, top neighbors of UBXNY (gene-set size =
811) were enriched for known IDD (overlap size = 14, adjusted P = 3.05E-04), ASD (overlap size = 15,

adjusted P = 5.40E-05), and SZ-risk genes from the CommonMind case-control gene-set (overlap size = 45,
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adjusted P = 4.20E-03). In addition, top neighbors of SENP5 (gene-set size = 713) were enriched for known
IDD (ovetlap size = 11, adjusted P = 5.05E-03) and ASD-risk genes (overlap size = 12, adjusted P = 1.28E-
03). Similatly, top neighbors of WDR53 (gene-set size = 278) had a significant overlap with known IDD
(overlap size = 6, adjusted P = 1.51E-02) and ASD-risk genes (ovetlap size = 6, adjusted P = 1.51E-02). The
union of these identified intersections adds up to a total of 67 unique top neighbors with known IDD, ASD
and/or SZ association in this module.

In the green module, only two out of the six constituent 3q29 interval genes were found to have top
neighbors that showed a significant overrepresentation of SZ-risk genes. Specifically, top neighbors of BDH7
(gene-set size = 1008) were enriched for known SZ-risk genes from the CommonMind case-control gene-set
(overlap size = 60, adjusted P = 4.49E-00). Similarly, top neighbors of PIGZ (gene-set size = 995) were also
enriched for known SZ-risk genes from the CommonMind case-control gene-set (overlap size = 58, adjusted
P =7.03E-04). The union of these identified intersections adds up to a total of 75 unique top neighbors with
known SZ association in this module.

In the magenta module, top neighbors of RNF768 (gene-set size = 550) had a significant overlap with
known IDD (overlap size = 9, adjusted P = 1.07E-02) and SZ-risk genes from the CommonMind case-control
gene-set (overlap size = 65, adjusted P = 5.21E-17). The union of these identified intersections adds up to a
total of 73 unique top neighbors with known SZ and/or IDD association in this module. Note that RNF768
was the only 3q29 interval gene that clustered in the magenta module.

In the turquoise module, only two out of the five constituent 3q29 interval genes had top neighbors

that loaded highly onto known IDD, ASD and/or SZ-risk genes. Specifically, top neighbors of CEP79 (gene-
set size = 1161) were enriched for known IDD (overlap size = 16 , adjusted P = 1.64E-03), ASD (overlap size
= 15, adjusted P = 1.64E-03), and SZ-risk genes from the exonic de #noro mutations gene-set (overlap size = 29,
adjusted P = 3.32E-02). In addition, top neighbors of FBX045 (gene-set size = 1101) were also enriched for
known IDD-risk genes (overlap size = 14, adjusted P = 1.35E-02). The union of these identified intersections
adds up to a total of 51 unique top neighbors with known IDD and/or SZ association in this module.

Finally, there was no statistically significant evidence for overrepresentation of known disease genes of



110

interest among the top neighbors of 3q29 interval genes that clustered in the brown or dark turquoise modules.

To evaluate the specificity of the identified disease enrichment patterns, we also tested the top
neighbors of 16 3q29 interval genes for overlap with known PD, late-onset AD and IBD risk genes. These
disease phenotypes have no known link to 3q29Del syndrome, thus, genetic risk loci associated with these
conditions were considered negative controls in this network analysis. In addition, a large list of common
variants associated with height were included in our analysis as a fourth negative control to rule out a potential
bias that could be introduced to our analysis by differences in the sizes of curated gene-sets. Our results indicate
no statistically significant evidence for overrepresentation of AD or IBD-risk genes among the top neighbors
of interrogated 3q29 interval genes. Only the top neighbors of SENP5 (gene-set size = 713) showed a
significant overlap with height-associated genes (ovetlap size = 30, adjusted P = 2.36E-02). Additionally, the
top neighbors of NRROS (gene-set size = 68), which did not show an enrichment for known IDD, ASD, or
SZ risk genes, exhibited a small but significant overlap with known PD-risk genes (ovetlap size = 3, adjusted P
= 2.00E-02) (Fig. 3B).

Overall, 2 out of 64 hypergeometric tests indicated a significant overlap between the top neighbors of
interrogated 3q29 interval genes and negative control gene-sets. In contrast, 19 out of 96 hypergeometric tests
revealed a significant overrepresentation of SZ, ASD, and/or IDD-risk gene-sets among the same top
neighbors, amounting to a proportion that is an order of magnitude larger than that of the negative controls
(Fig. 3B). The substantial margin observed between these two enrichment ratios supports the high specificity
and validity of our network-derived inferences for uncovering biology relevant to 3q29Del.

In summary, we identified 5,715 top neighbors of 3q29 interval genes, when combined across seven
3929 modules. These top neighbors are predicted to function as direct interacting partners of 3q29 interval
genes, participating in the same or overlapping biological pathways within the modular organization of
molecular systems subserving the healthy functioning of the adult human PFC. Intriguingly, several 3q29
interval genes themselves were identified as top neighbors of other 3q29 interval genes, further suggesting
functional convergence of subsets of genes within the 3q29 locus. Finally, our results revealed that BDHT,

CEP19, DL.G1, FBX0O45, PIGZ, RNF168, SENP5, UBXN7 and WDR53 form strong co-expression-based ties
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with network partners that show a significant overlap with known SZ, ASD and/or IDD-risk genes curated
from evidence-based literature (Fig. 3B). By leveraging the guilt by association principle, we prioritize these
nine 3q29 interval genes, along with their 284 SZ, ASD, and/or IDD-related top neighbors from significant

overlap tests as primary drivers of the major neuropsychiatric consequences of 3q29Del (Fig. 3B, Fig. 4A).

Disease-velevant driver genes priovitized by network analysis load onto key biological pathways linked to
neuropsychiatric disorders.

To formulate testable hypotheses about the key biological mechanisms linking the 3q29 locus to major
neuropsychiatric phenotypes associated with 3q29Del syndrome, we interrogated whether the prioritized driver
genes identified in our network analysis assemble into known biological pathways and processes that are
annotated in major gene ontology databases. Functional enrichment analysis on the union of our 293 prioritized
driver genes (Fig. 4A) revealed their significant overrepresentation in several key biological pathways and
processes, some of which are specific to nervous system function, while others are core cellular processes that
are non-specific to an organ system (Fig. 4B-C).

Specifically, our findings indicate enrichment of our prioritized driver genes in eight biological
pathways annotated by the Reactome and KEGG databases. These are axon guidance (REAC:R-HSA-422475,
adjusted P = 3.64E-03), post-translational protein modifications (REAC:R-HSA-597592, adjusted P = 5.24E-
03), long-term potentiation (KEGG:04720, adjusted P = 7.29E-03), diseases of signal transduction (REAC:R-
HSA-5663202, adjusted P = 1.00E-02), regulation of actin cytoskeleton (KEGG:04810, adjusted P = 1.17E-
02), deubiquitination (REAC:R-HSA-5688426, adjusted P = 2.42E-02), chromatin organization (REAC:R-
HSA-4839726, adjusted P = 3.32E-02), and diseases associated with glycosylation precursor biosynthesis
(REAC:R-HSA-5609975, adjusted P = 4.06E-02). This analysis also revealed the enrichment of our prioritized
driver genes for several fundamental biological processes annotated by the Gene Ontology Project (GO:BP),
including chromosome organization (GO:0051276, adjusted P = 3.81E-09), histone modification
(G0O:0016570, adjusted P = 3.31E-08), cellular component morphogenesis (GO:0032989, adjusted P = 4.57E-

06), regulation of organelle organization (GO:0033043, adjusted P = 6.40E-06), DNA metabolic process
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(GO:0006259, adjusted P = 3.83E-05), regulation of telomere maintenance (GO:0032204, adjusted P = 6.62E-
05), neuron differentiation (GO:0030182, adjusted P = 1.88E-04), protein modification by small protein
conjugation or removal (GO:0070647, adjusted P = 2.34E-04), neuron projection morphogenesis
(GO:0048812, adjusted P = 4.46E-04), neurogenesis (GO:0022008, adjusted P = 1.89E-03), chemical synaptic
transmission, postsynaptic (GO:0099565, adjusted P = 2.37E-03), post-embryonic development (GO:0009791,
adjusted P = 2.60E-03), synapse organization (GO:0050808, adjusted P = 3.20E-03), protein acetylation
(GO:0006473, adjusted P = 5.48E-03), cell surface receptor signaling pathway involved in cell-cell signaling
(GO:1905114, adjusted P = 6.41E-03), and excitatory postsynaptic potential (GO:0060079, adjusted P = 8.97E-
03). We hypothesize that the disruption of one or more of these biological pathways and processes, some of
which have been demonstrated to be altered in idiopathic SZ and ASD (88, 89), liec on the casual pathway to
neuropsychopathology in 3q29Del syndrome.

The top 20 biological processes and pathways enriched among our prioritized driver genes is shown in
Fig. 4B. For clear illustration of our findings, we organized all identified GO:BP terms into a network of related

functional annotation categories in Fig. 4C.

Network-derived targets predict diffeventially expressed genes in the mouse model of 3q29Del.

We tested the enrichment of the network targets identified in this study for differential expression in
Del16+/Bdhi-Tfre mice compared with wild-type (WT) littermates (76). RNA-Seq analysis revealed 290 protein-
coding DEGs with known human homologs (P < 0.03), 17 of which were identified as 3q29 interval genes
(Bdh1, Cep19, Digl, Fbxo45, Mfi2, Ncbp2, Nrros, Pak2, Peytla, Pigx, Pigz, Rufl168, Senp5, Tetexc1d2, Tfre, Ubxn?,
Wdr53) (Fig. 5). All 290 DEGs were tested for enrichment of network-derived targets identified via WGCNA
at three scales of network interconnectedness: i) broad 3q29 network (11,924 genes), ii) top-neighbor-based
3929 subnetwork (5,087 genes), and iii) prioritized drivers (280 genes). All compared gene-sets were filtered for
mouse-human homology. Hypergeometric tests revealed significant enrichment of the interrogated DEGs for
network-derived ties at all three levels of this analysis (P < 0.05; Fig. 5B).

Specifically, 212 out of 290 DEGs were found to overlap with the broad 3q29 network (P = 2.42¢-07),
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with a 1.50-fold over-enrichment compared to what would be expected by random chance. 74 out of 290 DEGs
were found to overlap with the top-neighbor-based 3q29 subnetwork (P = 0.03), with a 1.22-fold over-
enrichment compared to what would be expected by random chance. Finally, 12 out of 290 DEGs were found
to overlap with prioritized drivers predicted to be associated with the neurodevelopmental and psychiatric
consequences of 3q29Del (P = 71.43¢-04), with a 3.61-fold over-enrichment compared to what would be
expected by random chance (Fig. 5B).

In conclusion, prediction of novel gene-function and gene-disease associations is an important goal in
computational biology, particularly for un- or under-studied territories of the human genome, such as the
recurrent 3q29Del locus. These genes have been neglected, in part, due to attention bias in biomedical research
that disproportionately concentrates on isolated interrogation of well-studied genes (93). The network-based
guilt-by-association approach used in this study is a promising strategy to rectify this skew and to advance our
understanding of the full complement of the human genome and the full scope of genetic risk for severe mental

illnesses in a systems biology framework.
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Figure S1. Tissue sample attributes and donor phenotypes of the GTEx dataset used for reference
network construction. (A) Frequency distribution of donors’ death-classification based on the 4-point Hardy
scale. Majority of tissue samples (56.1%) were obtained from donors whose deaths were classified as “fast death
of natural causes”, which encompasses sudden (unexpected) deaths of people who had been reasonably healthy,
following a terminal phase of <1 hour (e.g., sudden death from myocardial infarction). (B) Frequency

distribution of donors’ sex. Male:female ratio = 2.1:1.0. (C) Frequency distribution of donors’ age-group based
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on 4-year intervals determined by the GTEx project. Majority of donors (82.2%) were in the age-range of 50-
69 years at the time of death. (D) Sample density plot of post-mortem interval (PMI), indicating time elapsed

between donor’s death and final tissue stabilization. Mean sample PMI (sd) = 966.2 (254.3) minutes. N = 107.
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Figure S2. Pre-processing of the reference dataset: outlier removal. 6 outlier samples (red arrows) were
removed from the reference dataset (GTEx Project) to prevent an outlier-driven bias in gene co-expression
network construction. Inter-sample correlation (ISC) was used as the statistical diagnostic for identifying
samples with divergent gene expression profiles. ISC was defined as the Pearson’s correlation between pairs of
samples across the expression levels of all detected genes. Samples with a mean ISC greater than 2 standard
deviations away (black line) from the mean of the sample-set were removed, bringing the sample size used for

weighted gene co-expression analysis to 107.
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Figure S3. Determination of the soft-thresholding power (f) in weighted gene co-expression network
analysis (WGCNA). (A) Schematic of a representative scale-free network, whose degree distribution follows
a power-law: most nodes have one or two connections but a few highly connected nodes (hub genes; marked
by a red frame) have a large number of connections. Scale free topology (SFT) is a unifying property of
biological networks in nature. (B) Mean connectivity (k) as a function of different f values. Mean k decreases
as [ increases. The arrow marks the f§ value used in this study. (C) List of SFT fitting indices for a wide range

of B values. The highlighted row indicates the § used in this study. Given the necessary trade-off between SFT
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index R? and mean connectivity (k), a f of 8 was identified as the lowest possible power yielding a degtree
distribution that results in approximate SFT (R2 fit index = 0.8), while maintaining relatively high mean
connectivity (mean k > 100), enabling the detection of modules and hub nodes. (D) Histogram of connectivity
(k) distribution when a 8 of 8 was chosen for defining the adjacency matrix. The frequency distribution of k
shows a large number of lowly connected genes and a small number of highly connected genes, indicating that

the resulting network follows the SFT criterion.
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Figure S4. Determination of network reproducibility and module preservation in an independent test
dataset. (A) Illustration of the network reproducibility approach used in this study. Preservation of all network
modules that were identified in the reference dataset (GTEx Project, N=107) was established in an
independent, demographically comparable test dataset obtained from the BrainSpan Project (N=30). Both
transcriptomic datasets were corrected for covariance mediated by sex, age and post-mortem interval (PMI).
(B) Tissue sample attributes and donor phenotypes of the BrainSpan test dataset. The dark blue box-plot
indicates the distribution of donors’ age at death (in years). Median age = 27 years (range: 18-40 years). Mean
age (sd) = 28 (8.4) years and corresponds to the cross mark. The light blue box-plot indicates the distribution

of PMI in the test dataset. Median PMI = 780 minutes. Mean PMI (sd) = 994 (446.2) minutes. Pie chart indicates
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the percentage breakdown of donors’ sex. Male:female ratio = 1:1. (C) Sample-level dendrogram of the test
dataset plotted by hierarchical clustering of 30 non-pathological post-mortem samples obtained from four
subregions of the prefrontal cortex (PFC) from male and female adults with no known history of neurological
or psychiatric disorder. Clustering was conducted on normalized and residualized gene expression values for
18,339 protein-coding genes. Color bar below the dendrogram indicates tissue type corresponding to four
subregions of the PFC that were pooled to derive the test dataset. The resulting dendrogram reveals no
distribution bias associated with tissue-subtype in sample-level clustering patterns. OFC: orbital frontal cortex,

DLPFC: dorsolateral PFC, VLLPFC: ventrolateral PFC, MPFC: medial PFC.
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Figure S5. Individual module preservation and quality statistics underlying composite Zsummary
scores. Multiple density-based and connectivity-based module-preservation statistics were assessed to
determine the distinct properties of network structure preserved between the reference and test networks. In
line with the composite Zsummary statistic, individual module-preservation statistics mostly converged on the
finding that 1) nodes sharing the same module in the reference network remain highly connected in the test
network and 2) connectivity patterns between nodes underlying the reference network remain similar in the
test network. Similarly, multiple module-quality based statistics were assessed to determine how distinct
individual modules were from all other modules in the reference network. In line with the composite Zsummary
statistic, the majority of the evaluated module-quality statistics indicate robust module definitions across
networks created from random splits of the original reference data. Permutation tests were performed to adjust
the observed preservation and quality statistics of each module for random chance by defining Z statistics.
Zstatistic < 2 (blue dotted line): no evidence for preservation/quality; 2 < Zstatistic < 10 (green dotted line):
moderate evidence for presetvation/quality; Zstatistic > 10: strong evidence for preservation/quality. Refer to
Langfelder et al. (2017) for a detailed description of the individual module preservation and quality statistics
plotted above. Both numeric and color-based labels were used to mark individual modules. The coding system
corresponding to module labels is provided in the bottom right corner of the figure; labels highlighted in yellow

indicate the 7 modules harboring 3q29 interval genes.

Langfelder P, Luo R, Oldham MC, Horvath S. Is My Network Module Preserved and Reproducible? Plos

Computational Biology 2011; 7(1).
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Figure S6. Publication numbers for 3q29 genes and historic schizophrenia spectrum disorder
candidate genes. The total number of PubMed articles retrieved with a search for the symbol of each gene is
shown above. Notably, of the prioritized driver genes (underlined) identified in this study (left), only DL.GT has
a publication history that compares favorably with historic schizophrenia spectrum disorder (SZ) candidate
genes (right) that were typically identified by genetic linkage and association studies. The majority of 329

interval genes remain understudied.
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Figure S7. Overlap between known protein-protein interactions (PPI) and gene co-expression patterns

of 3q29 interval genes. (A) Number of known binary protein interactors of 3q29 interval genes curated from
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the Human Reference Protein Interactome (HuRI) database. Of the 21 protein coding genes located in the
3q29 interval, only 14 were found to have an entry on HuRI, 50% of which have less than 8 known proteome-
wide interactors. X axis reflects the chromosomal order of the 3q29Del locus from centromere to telomere.
Colors represent gene co-expression network modules. (B) Distribution of known protein interactors of 3q29
interval genes across our gene co-expression network. A total of 193 distinct protein interactors were identified
on HuRI for 14 3q29 interval genes (after removing duplicates), 184 of which were identified as a node in our
gene co-expression network. Of these 184, 137 (74%) were found to cluster in one of seven modules harboring
3929 interval genes. (C) Overlap between 3q29 interval genes and their protein interactors at the module and
meta-module levels of gene co-expression network organization. 46% of the protein interactors identified in
3929 modules share the same meta-module as their interacting 3q29 interval gene, 27% of which further show

an overlap at the module level.
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Figure S8. STRING protein-protein interaction (PPI) networks of genes co-expressed in 3q29
modules. PPI network of genes co-clustering in the (A) black, (B) midnight blue, (C) brown, (D) magenta,
(E) dark turquoise, (F) green, and (G) turquoise modules are visualized by node-link diagrams. Network nodes
represent protein products of genes that were found to co-cluster in the same gene co-expression network
modules as the 21 protein-coding 3q29 interval genes. Edges represent PPI curated from the STRING database
(https:/ /string-db.org/). Line thickness is proportional to the strength of available evidence for each PPIL. For
clear and effective visualization, only nodes from seven distinct 3q29 modules that are part of a known physical
protein complex and are connected by at least a “high confidence” (0.7) strength of evidence for interaction

are included in these illustrations. Based on these criteria, disconnected nodes were discarded from the graphs.
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C. Brown module
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D. Magenta module
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Gene Silencing by RNA |REAC:R-HSA-211000
Nucleosome assembly | REAC:R-HSA-774815
Chromatin modifying enzymes | REAC:R-HSA-3247509
Signaling by nuclear receptors | REAC:R-HSA-9006931
Meiotic synapsis | REAC:R-HSA-1221632
Epigenetic regulation of gene expression | REAC:R-HSA-212165
The role of GTSE1 in G2/M progression after G2 checkpoint | REAC:R-HSA-8852276
Potassium Channels | REAC:R-HSA-1296071
L1CAM interactions | REAC:R-HSA-373760
GPCR ligand binding | REAC:R-HSA-500792
G alpha (q) signaling events | REAC:R-HSA-416476
Recycling pathway of L1 | REAC:R-HSA-437239
COPI-mediated anterograde transport |REAC:R-HSA-6807878
ABC transporter disorders | REAC:R-HSA-5619084
mRNA 3'-end processing | REAC:R-HSA-72187
DNA double-strand break repair | REAC:R-HSA-5693532
mRNA Splicing - Major Pathway | REAC:R-HSA-72163
Cell Cycle |REAC:R-HSA-1640170
Cell cycle checkpoints | REAC:R-HSA-69620
Transport of Mature mRNA derived from an Intron-Containing Transcript | REAC:R-HSA-159236
Transcriptional Regulation by TP53 | REAC:R-HSA-3700989
RNA Polymerase Il Transcription |REAC:R-HSA-73857
Class | MHC mediated antigen processing & presentation | REAC:R-HSA-983169
Antigen processing: Ubiquitination & Proteasome degradation | REAC:R-HSA-983168
Signaling by TGF-beta family members | REAC:R-HSA-9006936
Protein ubiquitination | REAC:R-HSA-8852135
SUMOylation | REAC:R-HSA-2990846
G1/S-Specific Transcription | REAC:R-HSA-69205
Asparagine N-linked glycosylation | REAC:R-HSA-446203

Figure S9. Amalgamated illustration of top biological processes and pathways enriched in 3q29
modules. Enrichment plots from Fig. 2D have been combined in this discrete heatmap to illustrate the distinct
vs. shared enrichment profiles of the top Reactome terms overrepresented in different 3q29 modules. Black

cells indicate significant enrichment at adjusted-P < 0.05.
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Abstract

High-impact genetic variants associated with neurodevelopmental disorders provide biologically defined entry
points for etiological discovery. The 3q29 deletion (3q29Del) is one such variant that confers a ~40-fold
increased risk for schizophrenia, and a ~30-fold increased risk for autism. However, the specific neural
mechanisms underlying this link remain largely unknown. Here, we report the first 7z wivo quantitative
neuroimaging study in 3q29Del subjects (IN = 24) and healthy controls (IN = 1,608) using structural MRI. Given
prior reports of posterior fossa abnormalities in 3q29Del, we focus our investigation on the cerebellum and its
primary tissue-types. Additionally, we compate the prevalence of cystic/cyst-like malformations of the postetior
fossa between 3q29Del subjects and controls, and examine the association between neuroanatomical findings
and standardized behavioral measures to probe gene-brain-behavior relationships. 3q29Del subjects had smaller
cerebellar cortex volumes than controls, both before and after correction for intracranial volume (ICV).
3q29Del subjects also had larger cerebellar white matter volumes than controls following ICV-correction. The
3q29Del group displayed an elevated rate of posterior fossa arachnoid cysts and mega cisterna magna findings
independent of cerebellar volume. Sex played a moderating role in a subset of findings. Cerebellar white matter
volume was positively associated with visual-motor integration skills and cognitive ability, while cystic/cyst-like
malformations yielded no behavioral link. Abnormal development of posterior fossa structures may represent
neuroimaging-based biomarkers in 3q29Del. Results reveal cerebellar associations with sensorimotor and
cognitive deficits in 3q29Del and present a novel point of genetic convergence with cerebellar pathology

reported in idiopathic forms of neurodevelopmental disease.
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Introduction

Copy number variation (CNV) of DNA sequences (gain/loss of >1-Kb genomic material) has been
shown to represent a significant source of genetic diversity (1-5) and a far more important substrate for human
evolution and adaptation than previously recognized (6-9). Accumulating findings indicate the existence of
multiple rare CNVs that increase susceptibility to neurodevelopmental disorders (10-22). However, many
CNVs remain understudied (23). Given their defined genomic boundaries, systematic investigation of recurring
pathogenic CNVs can greatly further our understanding of the biology underlying complex
neurodevelopmental disorders, such as schizophrenia (SZ), autism spectrum disorder (ASD), and intellectual
disability.

Noninvasive neuroimaging technologies, such as high-resolution structural magnetic resonance
imaging (MRI), offer an instrumental tool to elucidate the contribution of specific genetic variants to anatomical
changes in the living human brain (24, 25). Such intermediate neuroanatomical phenotypes are crucial for
bridging the gap between molecular/cellular mechanisms directly downstream of disease loci and behavioral
endpoints (26, 27). The integration of genomics and imaging is especially promising for yielding biological
insights into high-impact CNVs, as these variants are expected to produce highly disruptive and relatively
consistent deviations in brain structure with greater etiological salience, which can help disentangle the extensive
heterogeneity observed across studies of brain structure in idiopathic patient populations (28-32).

The 3929 deletion (3q29Del) is one of eight recurrent CNVs shown to increase risk for SZ at genome-
wide significance (10). 3q29Del confers an estimated >40-fold increased risk for SZ, which is one of the most
robust and highest known effect sizes in the genetic landscape of this disorder (10, 33-37). It also confers a
>30-fold increased risk for ASD, and exhibits pleiotropy for a range of phenotypes, including intellectual
disability, developmental delay, attention deficit hyperactivity disorder (ADHD), and graphomotor deficits (38-
41). 3q29Del has a prevalence of approximately 1 in 30,000 and usually arises de #ovo during parental meiosis
due to the hemizygous deletion of a 1.6-Mb locus, spanning 21 protein-coding genes (39, 42). Although several
genes within the interval have been proposed as putative drivers (43, 44), it is not currently known which genes

or biological mechanisms contribute to the emergence of abnormal neurodevelopmental phenotypes in
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3q29Del.

In a recent study, our group performed deep-phenotyping of the largest sample of 3q29Del participants
with gold-standard instruments and structural MRI (39). Neuroradiological inspection revealed abnormal
posterior fossa structures (between the tentorium cerebelli and foramen magnum) in over 70% of participants,
including cerebellar hypoplasia and cystic/cyst-like malformations, suggesting that this brain region may be
particularly relevant to 3q29Del biology. Other neuroimaging studies of 3q29Del have been based on
descriptive single-case studies or small case-series with limited generalizability (41, 45-53). To our knowledge,
no case-control analysis nor quantitative investigation of brain morphology has been reported in this syndrome.

Here, we report the first iz vivo quantitative structural MRI study in individuals with 3q29Del and
healthy controls. Motivated by previous findings on posterior fossa abnormalities (39), we focus our
investigation on volumetric properties of the cerebellum and its primary tissue-types. Additionally, we expand
our previous radiological investigation to the whole brain and test whether the prevalence of cystic/cyst-like
malformations of the posterior fossa, which are typically considered incidental, asymptomatic findings in the
general population (54-50), differ between 3q29Del and controls. Finally, given accumulating evidence
implicating the cerebellum in high-order cognitive functions besides sensorimotor control (57-60), we examine
the relationship between neuroanatomical findings and cognitive and sensorimotor deficits in 3q29Del to probe
gene-brain-behavior relationships.

The findings reported in the present study have important implications for neuroimaging-based
biomarker discovery in 3q29Del, and open novel directions for focusing cellular and molecular studies on target
brain regions and circuits. These data also contribute to our knowledge of the genetic loci that subserve the
normative development of the posterior fossa, particularly the cerebellum, which has been largely understudied

in the context of neurodevelopmental and psychiatric disease.

Methods and Materials

Participants

The 3q29Del sample: 3q29Del participants were ascertained from the 3q29 Registry and traveled to
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Atlanta, GA for evaluation with standardized tools and structural MRI. Data from 24 individuals with 3q29Del,
ages 4-39 years (mean *+ SD = 14.71 + 9.21 years, 62.50% male) were included in this study. One participant
was excluded from volumetric analyses due to inability to extract reliable volumetric measures but was retained
for radiological examination. 3q29Del status was confirmed via the clinical genetics report and/or medical
records. Participants provided informed consent/assent; if the participant was a minor, a parent/legal guardian
additionally provided consent. All 3q29Del study procedures were approved by the Emory University
Institutional Review Board. The project protocol and a summary of findings in the broader 3q29Del study
sample, from which the current sample was drawn, have been detailed elsewhere (39, 61).

Healthy controls: To achieve reliable estimates for the structural variability observed in typically
developing human brains, we used MRI data from the largest available, open-access sample of healthy controls
(N =1,765) from the Human Connectome Project (HCP), with cross-sectional continuity over a wide age range
(5-37 years) ovetlapping with the 3q29Del sample (4-39 years). This dataset was selected to establish normative
benchmarks around our study metrics with high statistical power, while accounting for linear and non-linear
growth trajectories and sex differences. Data access was obtained in accordance with the terms outlined by the
HCP. Upon inspection of the family relationships reported among controls, one sibling from each monozygotic
twin-pair was randomly removed to minimize bias in standard error estimates (62, 63). Hence, 1,608 healthy
controls (mean £ SD = 22.73 * 8.21 years, 46.46% male) were included in the present study. See (64, 65) for
an overview of HCP initiatives and eligibility criteria.

There were no significant differences in the sex, ethnicity, or race compositions of the two diagnostic
groups (ps > 0.05). While there was a near complete overlap between their age ranges, the 3q29Del group was
relatively younger than controls (p = 0.001). Hence, we considered age as a potential confound in downstream

analyses. Demographic characteristics are presented in Table 1, Fig. 1, and Table S1.

Structurval MRI acquisition and processing
High-resolution structural MRI data were collected from 3q29Del participants on a 3T Siemens

Magnetom Prisma scanner, using a Siemens 32-channel head coil and an 80mT/m gradient. T1-weighted 3D



147

images were acquired in the sagittal plane using a single-echo MPRAGE sequence (66) with the following
parameters: 'TE=224ms, TR=2400ms, TI=1000ms, bandwidth=210Hz/pixel, FOV=256x256mm,
resolution=0.8mm isotropic. T2-weighted 3D images were acquired in the sagittal plane using a SPACE
sequence (67) with the following parameters: TE=563ms, TR=3200ms, bandwidth=745Hz/pixel,
FOV=256x256mm, resolution=0.8mm isotropic.

Control participants were imaged using a 3T Siemens Prisma or Skyra “Connectom” scanner by the
HCP Development and Young Adult consortiums, using a Siemens 32-channel head coil with 80 or 100 mT/m
gradients. T1- and T2-weighted 3D images were acquired in the sagittal plane using single- or multi-echo
MPRAGE and SPACE sequences, respectively (65, 68, 69). Comparison of the 3q29Del and control protocols
indicate that fundamental aspects of the hardware and acquisition parameters are either identical or highly
comparable between study samples for combined hypothesis testing (see Table S2 for technical details).

For volumetrics, all 3q29Del scans were processed with the HCP “minimal pre-processing” pipeline
to remove spatial artifacts/distortions, align images to MNI space and obtain brain masks/parcellations (70).
Image processing for controls was performed by the HCP using this common framework. FreeSurfer software
(https:/ /surfer.nmr.mgh harvard.edu) was used for automated segmentations, based on probabilistic
information estimated from a manually labeled training set (71). Using this approach, we extracted volumetric
measures for cerebellar cortex and white matter to distinguish the two primary tissue-types of the cerebellum;
total cerebellar volume was defined as the sum of these metrics. See Supplemental Materials, Fig. S1 and Fig.

S2 for extended methods.

Normaligation of cerebellar volumes

Since skull dimensions and vertebrate brain size are correlated (72-74), correction for inter-subject
variation in head size is recommended in analyses of brain volume (75, 76). We used the estimated total
intracranial volume (eICV) generated by FreeSurfer as a proxy for head size (77). This method uses an
automated atlas-based scaling factor estimated during affine transformation of images from native to standard

space, and concords well with manually delineated ICV (78).
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An important consideration in deciding whether and how regional brain volumes should be adjusted
for head size, is the potential relevance of this variable to intrinsic disease processes (79, 80). Given prior reports
of microcephaly in 3q29Del (41), this question is particularly germane to the present study. Hence, we evaluated
the relationship between eICV and cerebellar volumes and tested for potential interaction effects between eICV
and diagnostic group. Most cerebellar volumes did not scale directly proportionally with eICV, and the
relationship between cerebellar white matter volume and eICV changed as a function of diagnostic group (p =
0.03) (Fig. S3). Consequently, all volumes were adjusted for eICV using the “residual” method (Fig. S4), based
on normative regression slopes derived from the control group, as described in (75, 79, 81). The distributions

of absolute and elCV-adjusted volumetric measures of interest (VOI) are visualized in Fig. 2 and Fig. S5.

Radiological evaluation of MRI scans

Prior work by our group using the same 3q29Del scans as in the present study has shown that posterior
fossa arachnoid cysts (PFAC) are common among 3q29Del carriers (39). However, our original report did not
explicitly evaluate regions outside the posterior fossa. To probe for patterns of relative regional specificity, all
3q29Del scans (IN = 24) were reviewed qualitatively by a board-certified neuroradiologist (AEGY) at the whole-
brain level. T1- and T2-weighted images were reviewed in axial, sagittal, and coronal reformats using Horos
(https:/ /horosproject.org). Given well-established challenges in differentiating PFAC from mega cisterna
magna (MCM) (shared characteristics in appearance) (82, 83), their prevalence rates were considered jointly.

We also pulled radiographic data on incidental findings in healthy controls (IN = 1,608) to define
normative estimates for the prevalence of cystic/cyst-like malformations of the postetior fossa. Anatomical
anomalies were identified by HCP raters and radiologists during standard quality control. Prior to case-control
comparisons, the neuroradiologist who evaluated the 3q29Del scans independently confirmed the control

tindings for consistency. See Supplemental Materials for details.

Standardized behavioral measures

3q29Del participants also participated in a standardized, norm-referenced battery of cognitive and
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sensorimotor tests, in the context of a broader deep-phenotyping study described elsewhere by our group (39,
61). Participants were administered the Beery-Buktenica Developmental Test of Visual-Motor Integration (VMI, 6t
edition) to assess the extent to which they can integrate their visual and fine motor abilities in geometric design-
copying tasks (84). Supplemental Beery-1"MI tests were administered to measure visual perception and fine
motor coordination, separately. Cognitive ability (composite, verbal, non-verbal IQ) was assessed using
the Differential Ability Scales DAS, 2rd edition) among participants aged 4-17 years (85), and the Wechsler

Abbreviated Scale of Intelligence (WASI, 2nd edition) among participants aged 18-39 years (80).

Statistical analyses

Case-control comparison of volumetric measures

All statistical analyses were performed using R version 4.0.3 (87). Demographic characteristics of the
diagnostic groups were compared using Wilcoxon rank sum test and Pearson's chi-squared test. We used
multiple linear regression to model the main effect of diagnostic group on each VOI separately, while correcting
for sex and age. Both absolute and eICV-adjusted cerebellar volumes, as well as eICV itself, were tested for
group differences, as elCV variation may reflect a biological signal relevant to 3q29Del beyond nuisance
variation. Analyses of variance (ANOVA) were performed to identify the best-fitting polynomial function of
age for each VOI (see Table S3 for details). Multiple comparisons correction was applied at the VOI level (7
tests) to control the false discovery rate (FDR) using the Benjamini-Hochberg procedure. Since reliance on
asymptotic theory can be problematic in small-moderate sample sizes, we additionally calculated exact p-values
for model coefficients using marginal permutation tests (10,000 random permutations).

To evaluate whether the effects of diagnostic group on individual VOIs change as a function of sex,
we also performed an exploratory analysis of diagnostic group and sex interactions, while correcting for age. In
cases where a significant product term was identified (p < 0.05), males and females were subsequently tested
separately. Given the exploratory nature of these analyses, FDR correction was not applied. Finally, in
supplemental analyses, we adopted non-parametric spline modeling to build developmental trajectories for each

VOI with increased flexibility and to estimate normative percentile curves for our VOIs akin to growth curves.
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Since splines can capture a wide range of nonlinear trends, penalized cubic spline and quantile spline methods

were incorporated to improve the statistical rigor of our central analyses. See Supplemental Materials for details.

Case-control comparison of radiological findings

The prevalence of PFAC/MCM findings was compared between 3q29Del and control groups using
Fisher’s exact test. Sex-specific differences in these rates were evaluated within each group using the same
procedure. The demographic characteristics of 3q29Del participants with versus without cystic/cyst-like
malformations were compared using Student’s two sample t-test and Fisher’s exact test. To rule out conceivable
secondary (acquired) etiologies (88-90), differences in the distribution of past head injuries, maternal
complications during pregnancy and neonatal complications during delivery were tested between these 3q29Del
groups using Fisher’s exact test. Finally, to determine whether the likelihood of these cystic/cyst-like
malformations covary with volumetric measures among 3q29Del participants, we modeled the relationship
between PFAC/MCM findings and our VOIs using linear regression, with sex, age, and eICV considered as

covariates.

Tests of brain-bebavior relationships in 3g29Del

To probe the functional relevance of our tissue-specific MRI findings, we investigated the association
of cerebellar cortex and white matter volumes with composite 1QQ and VMI scores among 3q29Del participants
in separate linear regression models, with adjustment for age and sex. Multiple comparisons correction was
applied at the VOI level (4 tests) using Benjamini-Hochberg. Secondary analyses were conducted to investigate
which cognitive (verbal / non-verbal IQ) and sensotimotor (visual perception / fine motor coordination)
subprocesses may be associated with cerebellar volumes, using the same procedure. Given the exploratory
nature of these analyses, FDR correction was not applied. In models where a significant relationship was
identified (p < 0.05), we subsequently added eICV as an additional covariate to test whether results reflect a
link with the cerebellum beyond global variability in head size. To examine the functional relevance of our

radiological findings, we compared the standardized test scores of 3q29Del participants with versus without
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cystic/ cyst-like malformations of the postetior fossa using Student’s two sample t-test and Wilcoxon rank sum
test.

Standard diagnostics were performed to check all required assumptions. If parametric assumptions
were not met, non-parametric alternatives were used. In cases where violations were observed for ordinary least
squares regression (see Fig. S6), heteroscedasticity-robust estimates were calculated using the HC1 robust

standard error estimator (91). All analyses were two-tailed. See Supplemental Materials for extended methods.

Results
Case-control differences in volumetric measures.

Using multiple linear regression, we first tested for diagnostic group differences in our VOIs, while
correcting for age and sex (Table 2, Table S3A-H, Fig. 3A-G). Participants with 3q29Del had significantly
smaller eICVs than controls (b = -197.99, p < 0.001, FDR adjusted-p < 0.001); hence, we report case-control
comparisons for both absolute and eICV-adjusted volumes while examining regional changes.

The 3q29Del group had significantly smaller total cerebellum volumes than controls (4 = -15.26, p <
0.001, FDR adjusted-p < 0.001), and this finding persisted after elCV-adjustment (4 = -5.02, p = 0.02, FDR
adjusted-p = 0.03). When the cerebellum was broken down to its two primary tissue-types, cerebellar cortex
volumes were significantly smaller in the 3q29Del group (b = -15.38, p < 0.001, FDR adjusted-p < 0.001), while
cerebellar white matter volumes did not differ between the groups (p = 0.93). Case-control differences in
cerebellar cortex remained significant after elCV-adjustment (4 = -7.38, p < 0.001, FDR adjusted-p <= 0.001).
Unexpectedly, 3q29Del participants also had significantly larger cerebellar white matter volumes than controls
after elCV-adjustment (4 = 2.69, p = 0.04, FDR adjusted-p = 0.05).

Considering these findings, we tested participants’ cerebellar cortex to white matter volume ratios for
group differences (Table S3D); this revealed significantly smaller ratios in 3q29Del (b = -0.49, p < 0.01). As an
ancillary method, we fit generalized additive models (GAM) with a cubic spline basis to our data to identify
group differences in VOIs with greater flexibly for modeling age. GAM results support the case-control

differences identified using linear regression (Table S4, Fig. S7).
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In exploratory analyses, we evaluated whether the effects of diagnostic group change as a function of
sex, while correcting for age (Table SSA-H). There was a significant interaction between diagnostic group and
sex on elCV (b = -149.64, p = 0.01). Both male and female 3q29Del participants had smaller eICVs than
controls, however this reduction was greater among male (4 = -237.09, p = 0.001) than female 3gq29Del
participants (b = -119.89, p = 0.01) (Fig. 4, Table 3). Both OLS-based asymptotic p-values and exact-p-values
by permutation testing were concordant with heteroscedasticity-robust estimates across these analyses.

Additionally, OLS regression and permutation testing indicated a significant interaction between
diagnostic group and sex on elCV-adjusted cerebellar white matter volumes (b = 2.73, p = 0.03); however, this
effect failed to reach significance when heteroscedasticity-robust estimates were calculated (p = 0.29) (see Fig.
S8 and Table S6 for sex-stratified results). Finally, using quantile splines as a supplemental method, we estimated
sex-specific normative percentile curves for our VOIs. Fig. 89 visualizes the cerebellar volumes and eICV of
each 3q29Del participant relative to developmental trajectories in controls, showing that many 3q29Del
participants fall into extreme percentiles of growth, although within-group variability was observed in percentile

ranks. A summary of case-control differences and descriptive statistics for each VOI are presented in Table S7.

Case-control differences in radiological findings.

Upon radiological evaluation, 11 controls (0.68%, out of 1,608) and 13 3q29Del participants (54.17%,
out of 24) were found to have a PFAC/MCM finding. Comparison of these rates indicated a significantly higher
prevalence in 3q29Del than controls (OR = 165.87, p = 0.001) (Fig. 5A-C). In sex-stratified analyses, among
controls, 1 female (0.12%, out of 861) and 10 males (1.34%, out of 747) had a PFAC/MCM, while 5 females
(55.56%, out of 9) and 8 males (53.33%, out of 15) had a PFAC/MCM in 3q29Del (Fig. 5D). Comparison of
these sex-specific rates indicated an increase among male compared with female controls (OR = 11.66, p =<
0.01), but no significant difference between male and female 3q29Del participants (OR = 0.92, p > 0.05).

Furthermore, there were no significant differences between 3q29Del participants with versus without
PFAC/MCM findings in age, ethnicity, or race, nor in the distribution of past head injuties, maternal

complications during pregnancy and/or neonatal complications duting delivery (p’s > 0.05) (Table S8),
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suggesting that these findings are most likely of primary (congenital) origin and cannot be readily explained by
conceivable secondary causes. Notably, in our whole-brain examination, only one 3q29Del participant (4.17%,
out of 24) had an arachnoid cyst outside the posterior fossa (parietal lobe), highlighting increased vulnerability
of the posterior fossa in this syndrome.

Lastly, regression results indicated no significant association between the likelihood of PFAC/MCM
and volumetric variations in the cerebellum or eICV among 3q29Del participants, while controlling for age,
sex, and/or eICV (p’s > 0.05) (Table 4, Fig. S10), implying that VOI changes identified in the present study are

not simply a byproduct of the cystic/cyst-like malformations enriched in this region.

Brain-behavior relationships in 3q29Del.

We next investigated the functional relevance of these neuroimaging findings to sensorimotor and
cognitive deficits in 3q29Del. The mean standardized scores for both VMI and composite 1Q were
approximately two standard deviations below normative means, indicating clinical impairment (Fig. S11, Table
S9). Both VMI (b= 1.38, p < 0.01, FDR adjusted-p = 0.02) and composite 1Q (b = 1.33, p = 0.01, FDR adjusted-
p = 0.02) were positively associated with cerebellar white matter volume, while controlling for sex and age, but
not with cerebellar cortex volume (p’s > 0.05) (Table S10).

In exploratory analyses, we aimed to differentiate the sensorimotor and cognitive subprocesses that
may contribute to these findings. Cerebellar white matter volume was positively associated with both verbal (&
=1.51, p = 0.03) and non-verbal IQ (b = 1.28, p = 0.03) cognitive subtest scores, but not with visual perception
or fine motor coordination skills (p’s > 0.05) (Table S10). In models where a significant brain-behavior
relationship was identified (ps =< 0.05), eICV was subsequently added as an additional covariate to consider the
effect of head size. Cerebellar white matter volume remained significantly associated with VMI (b = 1.51, p <
0.01), composite (b = 1.43, p < 0.01), verbal (4 = 1.59, p = 0.03), and non-verbal 1Q (b = 1.36, p < 0.01) after
elCV-adjustment (Table 5, Fig. 6).

We also assessed whether these behavioral relationships may have been partially confounded by shared variance

(Fig. S12). VMI had a significant positive correlation with composite 1Q (r = 0.62, p < 0.01), and this
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relationship was explained by a significant correlation between VMI and non-verbal 1Q (overlapping
constructs) (r = 0.75, p < 0.001). VMI did not correlate significantly with verbal IQ (p > 0.05), implying that
VMI deficits do not explain the relationship between cerebellar white matter volume and verbal 1Q in a
significant way, and vice versa. Lastly, we found no significant differences between the standardized test scores
of 3q29Del participants with versus without cystic/cyst-like malformations of the postetior fossa (p’s > 0.05)

(Table S11), which supports the specificity of our behavioral findings to cerebellar changes.

Discussion

It is now clear that the genetic component of many neurodevelopmental and psychiatric disorders
includes CNVs arising from large structural rearrangements of the genome (10-18). However, there is a big gap
in our understanding of the neurobiology underpinning many of these associations. To gain insights into
pathogenesis, it is crucial to determine how these CNVs impact the structure and function of the human brain.

To this end, here we report the first i vivo quantitative neuroimaging study in individuals with 3q29Del:
a recurrent CNV that confers exceptionally high genetic risk for neurodevelopmental and psychiatric disorders,
including intellectual disability, ASD and the largest known effect size for SZ (10, 33-41). Using high-resolution
MRI, standardized behavioral assessment tools, and a hypothesis-driven approach, our study revealed key
tindings on local alterations of brain structure and brain-behavior relationships in participants with 3q29Del.

First, by volumetric analysis, we showed that the average size of the cerebellum is significantly smaller
among 3q29Del participants compared with healthy controls. This difference remained significant after
adjustment for eICV, which was itself smaller among 3q29Del participants, indicating that the magnitude of
reduction observed in the cerebellar volumes of individuals with this CNV shows regional specificity. This
result corroborates radiological findings from several case reports (39, 50, 92). In our previous work on the
same 3q29Del sample, we identified cerebellar hypoplasia in 14 males and females with 3q29Del aged six to 34
years (39). Citta et al. (2013) identified cerebellar “atrophy” in a 14-year-old female with 3q29Del, who had a
history of intellectual disability and psychosis (50). Sargent et al. (1985) identified “absence” of the cerebellar

vermis in a 16-month-old male with a 3q terminal deletion (proximal to 3q29), whose postmortem examination
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at 26 months also revealed “small” cerebellar hemispheres (92). Hence, our volumetric findings converge with
qualitative findings from case reports and for the first time quantitatively highlight the cerebellum as a region
of marked pathology in 3q92Del.

For a more nuanced characterization, we next separated the cerebellum into its two primary tissue-
types and found that the 3q29Del group had smaller cerebellar cortex volumes than controls, both with and
without adjustment for eICV. In contrast, absolute volumes of cerebellar white matter did not differ between
the groups, indicating that volumetric reduction is localized to the cerebellar cortex, which contains almost all
neuronal cell bodies in the cerebellum and more than half of the neurons in the entire adult brain (93, 94).
Surprisingly, 3q29Del participants also had larger cerebellar white matter volumes than controls after eICV-
adjustment, implying that cerebellar white matter, which mostly contains myelinated axons, exhibits volumetric
expansion in 3q29Del relative to what would be expected from controls with the same head size. Furthermore,
the volumetric ratio of cerebellar cortex to white matter was smaller among 3q29Del participants, confirming
that changes in these two cerebellar structures are nonuniform.

Unlike cerebral structures, the normative development of the cerebellum has been investigated in only
a small number of studies. Based on this evidence, the human cerebellum starts differentiation during the first
trimester (95) and displays a prolonged developmental course, with cerebellar cortex and white matter following
distinct trajectories (96-101). In our large sample of healthy controls, cross-sectional modeling of cerebellar
volumes revealed patterns consistent with earlier findings. From childhood to adulthood, the typical volume of
cerebellar cortex roughly made an inverted U-shape, which is thought to reflect a period of transient exuberance
followed by synaptic pruning (102). In contrast, the typical volume of cerebellar white matter showed a
concomitant expansion continuing into adulthood, which is thought to reflect an increase in myelination and
axonal diameter (102). It is conceivable that idiosyncrasies in the rate and type of these neuromaturational
processes confer different susceptibilities to cerebellar cortex versus white matter development, which may
partially explain the opposite direction of volumetric changes observed in these tissue-types in our 3q29Del
sample.

It is also plausible that the expression of 3q29 genes themselves differ between cerebellar cortex and
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white matter, which if true, would lead to tissue-specific consequences upon their hemizygosity. Accordingly,
we quetied the Human Protein Atlas (https://www.proteinatlas.org) (103, 104) for the 21 genes located in the
3929 interval and found that 11 were detected in the cerebellar cortex at the protein level (Fig. S13). Notably,
BDHT, DL.GT and PCY'T7.A showed high protein expression profiles in the granular or Purkinje layers of the
cerebellar cortex. DILG7 encodes a synaptic scaffolding protein that interacts with AMPA and NMDA receptors
(105), which are key components of glutamatergic synapses and mediators of synaptic plasticity. BDHT and
PCYT1A are involved in ketone body metabolism (106) and phosphatidylcholine biosynthesis (107), which are
important regulators of bioenergetic homeostasis. Coincidently, both DIL.G7 and BDHT7 were previously
proposed as drivers of psychiatric and neurodevelopmental phenotypes in this CNV (43, 44). We conjecture
that dosage alterations in these genes may be especially detrimental for cerebellar cortex development and
function.

At the same time, DL.G7 was also detected in cerebellar white matter at the protein level (Fig. S13).
Interestingly, DI.G7 was shown to regulate myelin thickness in the peripheral nervous system (108). Assuming
a similar mechanism of action, larger cerebellar white matter volumes in our 3q29Del sample may reflect a
failure in DI.G7’s ability to put a break on myelination, although we highlight that haploinsufficiency of D/g7
alone was not sufficient to recapitulate the mouse-specific phenotypes of 3q29Del in an earlier study (109).
Overall, these data lend molecular support to our volumetric findings implicating the 3q29 locus in cerebellar
development.

It is also worth noting that larger cerebellar white matter volumes in 3q29Del may reflect a
compensatory mechanism (as opposed to a primary disturbance) originating either internally within the white
matter network of the cerebellum or externally through afferent pathways. Oligodendrocyte precursor cells
continuously survey their environment and have the capacity to differentiate into oligodendrocytes well into
adulthood, which can regenerate myelin following injury or disease (110-114). Hence, structural white
matter alterations can serve compensatory functions by modifying conduction velocity. Altogether,
mechanisms that may undetly our structural findings include changes in number of neurons, neuronal size or

dendritic arborization for cerebellar cortex, and changes in axon growth, guidance, or myelination for white
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matter. Future work will aim to elucidate the relative contribution of these potential mechanisms to altered
cerebellar development in 3q29Del.

Another key finding was the relationships identified between tissue-specific cerebellar volumes and
sensorimotor and cognitive abilities among 3q29Del participants. Smaller cerebellar white matter volumes were
associated with worse VMI, and composite, verbal, and non-verbal IQ scores. Interestingly, neither visual
perception nor fine motor coordination skills separately had a significant relationship with cerebellar white
matter, suggesting that the identified sensorimotor link is specific to the ability to integrate information from
multiple modalities, as opposed to performing either one alone. Importantly, VMI and verbal 1Q) were not
significantly correlated with each other in this sample, indicating that cerebellar associations identified with
these motor and non-motor abilities are not secondary consequences of one another. Cumulatively, these
tindings suggest that structural cerebellar changes have functional significance for specific behavioral
phenotypes in 3q29Del.

The role of the cerebellum in sensorimotor integration is long established (115). However, cerebellar
contributions to cognitive processing have traditionally received less attention, in part due to a cortico-centric
view of “higher” functions (116). A major shift has begun towards re-conceptualizing the cerebellum as a
calibrator (i.e., “feed-forward controller”) of the output and possibly the development of not only motor but
also non-motor systems (57-59, 117-125), although skepticism about cerebellar roles beyond motor control
remains. Recent anatomical studies have identified strong connections between the cerebellum and non-motor
brain regions (117, 123, 126-128). Consistent with this, cerebellar activation has been reported in various
cognitive tasks in functional neuroimaging (129-135), and cerebellar damage has been shown to produce
impairments in linguistic processing, spatial cognition and executive functions (136-139).

In recent years, the cerebellum has also emerged as a site of renewed interest for a broad range of
neurodevelopmental and psychiatric illnesses (58, 140, 141). Two independent studies have shown that
structural alterations within the cerebellum are associated with general liability for common psychopathology
(142, 143). Supporting these findings, perinatal injury to the cerebellum is now considered the largest known

nongenetic risk factor for ASD (58, 144-147). Cerebellar abnormalities have also been reported in idiopathic
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SZ, ASD and ADHD (148-160), although findings in this area show strong heterogeneity likely due to technical
and physiological causes. Despite these advances, the precise molecular and neurobiological basis of cerebellar
contributions to non-motor behaviors and mental illnesses remains largely unknown.

Our findings indicate that 3q29Del sits at the intersection of abnormal cerebellar development and
increased risk for neurodevelopmental and psychiatric disease, which converges with growing evidence
implicating the cerebellum in the pathophysiology of several other genomic variants, including well-known
ASD or SZ-related genes such as TSC7, FMRT, SHANK3, MECP2, and PTEN, and CNVs like 22q11.2
deletion (161-167). The explanatory gap between these loci and disease mechanism has not yet been fully
bridged, however altered cerebellar development may be a shared neuroanatomical endophenotype that
contributes to heightened risk for a variety of neurodevelopmental and psychiatric disorders across these
variants. Future work should investigate whether the biological mechanisms disrupted in 3q29Del converge
onto pathways that are vulnerable to other genetic variants associated with cerebellar abnormalities.

Here, we would like to further elaborate on the significant positive relationship identified between
cerebellar white matter volume, IQ and VMI scores in the 3q29Del sample, especially in light of the larger
elCV-adjusted (but not unadjusted) cerebellar white matter volumes observed in this group compared with
healthy controls. The direction of these relationships hints at neural compensation, which can be defined as
changes in neural circuits that offset the loss of or aberrant functioning of neural cells in an attempt to preserve
the cognitive and behavioral functions of an individual (168-170). Despite the seeming simplicity of this
description, we highlight that neural compensation is an exceedingly complicated and poorly understood
phenomenon. Improved white matter microstructure is one mechanism that has been distinguished as a key
component of neural compensation that can build the groundwork for functional compensation (171). Building
on this literature, we speculate that the expansion of cerebellar white matter volumes among 3q29Del carriers
may be a compensatory mechanism initiated in response to the reduction in cerebellar cortex volumes, which
is supported by significant changes in their relative ratios.

Previous literature, which primarily comes from studies of aging and neurodegenerative disorders,

suggests that compensatory mechanisms can prevent or ease the manifestation of clinical symptoms up until
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the burden of disease reaches a certain level of pathology, which cannot be counteracted anymore (171-173).
This may explain why 3q29Del participants on average have 1Q and VMI scores that are below the normative
mean of 100, but that the individual scores of the participants range from 45—101 on the Beery and 31-106 on
the WASI and DAS (Fig. S11, Table S9). The interplay between 3q29Del and other genetic and environmental
risk factors and protectants may contribute to within-group variability in individual participants’ ability/need
to compensate for 3q29Del-related pathology, which could partially explain the variable clinical expression of
this syndrome, similar to other CNVs (174). It has been proposed that the effects of neural compensation are
likely time dependent (171), hence, longitudinal neuroimaging studies in this population may provide more
robust evidence for compensatory changes and their association with motor and non-motor functions in
3q2Del beyond post hoc interpretations of cross-sectional results.

Finally, our findings also indicate that cystic/cyst-like malformations of the postetior fossa show an
elevated prevalence among 3q29Del participants compatred with controls. The prevalence of PFAC/MCM
findings was approximately 1% among controls, and more common among males than females, consistent with
prior estimates in the general population (55, 56). In contrast, their prevalence was approximately 54% among
3q29Del participants, with no sex differences. Consequently, besides cerebellar abnormalities, 3q29Del also
confers a greater risk for cystic/cyst-like malformations in this region, suggesting a general vulnerability of the
postetior fossa to this CNV. However, the likelihood of PFAC/MCM was not associated with cognitive or
sensorimotor phenotypes in 3q29Del, supporting the specificity of behavioral associations to the cerebellum.

Furthermore, we found no significant association between the likelihood of PFAC/MCM findings and
volumetric variations in the cerebellum among 3q29Del participants, indicating that VOI changes identified in
the present study ate not simply a byproduct (i.e., mass effect) of the cystic/cyst-like malformations enriched
in this region. Several possible explanations for this result can be speculated. First, the absence of a statistically
significant relationship between radiological PFAC/MCM findings and volumetric cerebellar changes may be
due to lack of sufficient power to detect a genuine effect that may in fact exist in the general 3q29Del population
from which the current sample was drawn. We highlight that absence of evidence does not necessarily reflect

evidence of absence (175). In a similar vein, prior case studies have demonstrated that, although infrequently,
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arachnoid cysts can resolve spontaneously without surgical intervention (176-182). Possible reasons for such
disappearances include sudden ruptures when the intracystic tension is high, which can be accelerated by factors
such as extreme breath holding, crying, Valsalva maneuver or head injury. We did not find any significant
differences between the rates of reported past head injuries between 3q29Del participants with and without
PFAC/MCM findings in the postetior fossa, but the possibility of spontaneous disappearance remains an
unknown variable that may have biased our results towards the null.

A third possible explanation for the absence of a statistically significant relationship between
PFAC/MCM findings and volumetric cerebellar changes in this sample may be related to potential differences
in the precise neurobiological mechanisms that mediate and moderate their individual relationships with
3q29Del. The etiology and natural history of arachnoid cysts remain pootly understood and there is very limited
knowledge about human meningeal development in general. The predominant theory argues that congenital
arachnoid cysts arise from erroneous splitting or duplication of the arachnoid membrane 7z utero (183, 184),
with familial and syndromic cases supporting a genetic contribution (185-189). It is also known that the
meninges covering the cerebral and cerebellar hemispheres derive from the neural crest, which arises from the
ectoderm, but there is regionalization of gene expression during the development of the anterior versus
posterior meninges (190, 191). It is conceivable that the posterior fossa spatially emerges as a site of marked
pathology in 3q29Del due to disruptions in the genetic programming of early patterning and specification of
the ectoderm along the anteroposterior axis (also known as the rostral-caudal axis) (192). Following this initial
insult, the ultimate emergence of cystic/cyst-like malformations and cerebellar defects in this region may unfold
orthogonally through mechanisms that may be specific to cell-type and developmental time.

Notably, we found that 3q29Del confers greater influence on risk for cystic/cyst-like malformations
of the posterior fossa among females than males. In prior work, we also identified a reduction in the male:female
bias among participants with 3q29Del in ASD rates (38). In the general population the ratio of males:females
with ASD is approximately 4:1 (193-195); in 3q29Del this ratio is 2:1 (38). According to the liability threshold
model, females require a larger genetic burden than males before reaching affection status (196, 197), and the

sex ratio in disease prevalence tends to approach 1:1 as the severity of a mutation increases (198). 3q29Del is
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on the more severe end of this genetic spectrum, which may explain why the rate of PFAC/MCM is similar
among males and females with this CNV. That said, we found a greater reduction in eICV among male than
female 3q29Del participants, but no robust sex by diagnostic group interaction effect on cerebellar volumes.
These results suggest regional variability in patterns of sexual dimorphism in 3q29Del and highlight that sex
must be considered an important variable in studies of this CNV.

Several limitations should be addressed in future research. First, due to its rare prevalence, the 3q29Del
sample size was limited, which prevented an in-depth analysis of complex interactions involving age and sex.
Replication is needed in a larger sample of cases imaged on the same scanner as controls. Demands of study
participation may have barred individuals with more severe disease manifestations from participating; this may
have led to underestimation of effect sizes. For MRI, the complex architecture of the cerebellum introduced
methodological challenges; future work with improved segmentation techniques will explore finer parcellations.
Analyses will also be expanded to clinical phenotypes, and other measures of cognition for a more
comprehensive investigation. Importantly, cerebellar connections with cerebral regions warrant investigation
to expand questions to the circuitry-level. Finally, given our cross-sectional approach, reported findings do not
necessarily reflect causation. Leveraging the mouse model of 3q29Del (109) may help elucidate mechanistic

impacts on cerebellar development.
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Ethnicity, N (%)
Non-Hispanic / Latino
Hispanic / Latino

Race, N (%)

1,397 (88.03%)
190 (11.97%)

22 (95.65%)
1 (4.35%)

Tables
Demographic variables ﬁozn:rg:)g 2/q=2923el Test statistics
Age (in years)
Mean + SD 22.73 £ 8.21 15.09 £ 9.22 r=0.10 (small effect size),
Median 25.00 14.00 W =9429.5,
[Range] [5 _ 37] [4 _ 39] p-value a =5 26E-05***
Sex, N (%)
Male 747 (46.46%) 14 (60.87%) X2=1.36,DF =1,
Female 861 (53.54%) 9 (39.13%) p-value” = 0.24

X?=0.64, DF =1,
p-value® = 0.42

White 1,112 (70.66%) 21 (91.30%)

Black / African American 222 (14.10%) 0 (0%)

Asian / Native Hawaiian / o o X2 =6.25, DF = 4,
Other Pacific Islander 108 (6.86%) 0(0%) p-value®=0.18
American Indian / Alaskan Native 4 (0.25%) 0 (0%)

More than one race 128 (8.13%) 2 (8.70%)

Table 1. Demographic characteristics of the study sample in volumetric analyses, stratified by
diagnostic group. There were no significant differences in the sex, ethnicity, or race compositions of the two
diagnostic groups (p’s > 0.05). While there was a near complete overlap between the age ranges of the two
groups, there was a significant age difference between 3q29Del subjects and controls on average (p = 0.001).
Effect sizes are reported for significant test results only. Non-parametric statistics are reported in cases where
the data do not meet parametric assumptions. #Control N = 1,587 for the ethnicity variable due to missing
data. ##Control N = 1,574 for the race variable due to missing data. Corresponding percentages reflect the
fraction of controls with complete data. « Wilcoxon rank sum test with continuity correction, * Pearson's chi-
squared test with Yates' continuity cotrection. p-value < 0.001 **¥_ p-value < 0.01 ¥, p-value < 0.05 ¥, p-

value < 0.1 #’_Abbreviations: 3q29 deletion syndrome, 3q29Del; standard deviation, SD; degrees of freedom, DF.
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\?;ti:f,::: Explanatory variables b Cl (95%) p-value
Intercept 133.50 128.97 — 138.03 < 2.00E-16***
Age (years) 0.68 0.22-1.14 3.72E-03*
Absolute Total Age? -0.02 -0.03 - -0.01 6.22E-04***
Cerebellum S(_ax [Male_] 16.22 14.97 — 17.48 < 2.00E-1*§:**
Volume (cm?) Diagnostic Group [3q29Del] -15.26 -20.01 —-10.51 3.76E-10
R? / R? adjusted 0.31/0.31
Robust Wald test 184.0 on 4 and 1626 DF, p-value < 2.20E-16***
Intercept 113.52 109.73 - 117.31 < 2.00E-16***
Age (years) 0.13 -0.26 - 0.51 0.52
Absolute Age? -0.01 -0.02 - -0.0001 0.04*
Cerebellar Sex [Male] 13.13 12.10 - 14.17 < 2.00E-16***
Cortex Volume Diagnostic Group [3q29Del] -15.38 -19.53 — -11.22 5.86E-13***
(cm?)
R? / R? adjusted 0.32/0.32
Robust Wald test 193.2 on 4 and 1626 DF, p-value < 2.20E-16***
Intercept 19.98 18.82-21.15 < 2.00E-16***
Age (years) 0.55 0.43 -0.67 < 2.00E-16***
Absolute Age? -0.01 -0.01 --0.01 8.88E-11***
Cerebellar White  Sex [Male] 3.09 2.76-3.43 < 2.00E-16***
Matter Volume Diagnostic Group [3q29Del] 0.11 -2.42 - 2.65 0.93
(cm?)
R? / R? adjusted 0.28/0.27
Robust Wald test 155.1 on 4 and 1626 DF, p-value < 2.20E-16***
Intercept 1415.02 1367.87 — 1462.17 < 2.00E-16***
Age (years) 9.89 4.84 -14.94 1.26E-04***
Estimated Total Age? -0.25 -0.37 --0.13 3.66E-05***
Intracranial Sex [Male] 206.00 192.06 — 219.93 < 2.00E-16***
Volume (elCV) Diagnostic Group [3q29Del] -197.99 -253.23 - -142.74 3.05E-12***
(cm?)
R? / R? adjusted 0.37/0.37
Robust Wald test 232.5 on 4 and 1626 DF, p-value < 2.20E-16***
Intercept 144.44 142.97 — 145.92 < 2.00E-16***
Age (years) -0.05 -0.11 -0.01 0.12
elCV-Adjusted Sex [Male] 5.38 4.38 -6.38 < 2.00E-16***
Total Cerebellum Diagnostic Group [3q29Del]  -5.02 -9.25--0.80 0.02*
Volume (cm?3)
R? / R? adjusted 0.07/0.07
Robust Wald test 39.0 on 3 and 1627 DF, p-value < 2.20E-16***
Intercept 119.88 118.60 — 121.17 < 2.00E-16***
. Age (years) -0.21 -0.26 - -0.16 1.37E-15***
g';‘é;:ﬂ‘a‘fted Sex [Male] 4.87 4.03-5.72 < 2.00E-16+*
Cortex Volume Diagnostic Group [3q29Del] -7.38 -10.98 — -3.78 6.03E-05
3
(cm?) R? / R? adjusted 0.11/0.11
Robust Wald test 67.5 on 3 and 1627 DF, p-value < 2.20E-16***
Intercept 22.22 21.22 -23.23 < 2.00E-16***
Age (years) 0.42 0.31-0.53 6.39E-14***
elCV-Adjusted Age? -0.01 -0.01 --0.004 3.94E-06***
Cerebellar White  Sex [Male] 0.41 0.13-0.70 4.51E-03**
Matter Volume Diagnostic Group [3q29Del] 2.69 0.10-5.28 0.04*
(cm?)
R? / R? adjusted 0.19/0.19

Robust Wald test

106.7 on 4 and 1626 DF, p-value < 2.20E-16***

Table 2. Summary of multiple linear regression results testing for differences in volumetric measures

of interest between 3q29Del and control subjects. Sex, age, and age? (when applicable) were included as
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covariates in each regression equation based on the best-fitting polynomial function of age identified for each
VOI (see Table S3 for details). The main effect of diagnostic group is reported in bold for clarity. Regression
parameters reflect heteroskedasticity-robust estimates, which were computed as an alternative to ordinary least
squares regression to address observed violations of statistical assumptions. Robust Wald test statistics are
reported to assess the overall significance of each model. Control N = 1,608, 3q29Del N = 23. Contrast coding:
reference levels for the categorical diagnostic group and sex variables are healthy control and female,
respectively. p-value < 0.001 *** | p-value < 0.01 ¥, p-value < 0.05 *°, p-value < 0.1 . Abbreviations: 3q29
deletion syndrome, 3q29Del; VOI, volumetric measure of interest; eICV, estimated total intracranial volume;

unstandardized coefficient estimate, /; confidence interval, CI; degrees of freedom, DF.
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Outcome variable Explanatory variables b Cl (95%) p-value
Intercept 1573.56 1502.04 — 1645.07 < 2.00E-16***

Estimated Total Age (years) 11.48 3.99 -18.98 2.72E-03**

Intracranial Volume Age? -0.23 -0.41--0.05 0.01**

(elCV) (cm?)

Diagnostic group [3g29Del]

-237.09 -293.81 - -180.36 9.87E-16***

Sex: Male R? / R? adjusted 0.08/0.07

- Robust Wald test 32.3 on 3 and 757 DF, p-value < 2.00E-16***
Intercept 1463.47 1403.35 — 1523.58 < 2.00E-16***

Estimated Total Age (years) 7.28 0.73-13.83 0.03*

Intracranial Volume Age? -0.24 -0.39 --0.08 3.14E-03**

(elCV) (cm?) Diagnostic group [3q29Del] -119.89 -198.88 — -40.89 2.98E-03**
R? / R? adjusted 0.05/0.04

Sex: Female

Robust Wald test

13.00 on 3 and 866 DF, p-value = 2.61E-08***

Table 3. Post hoc analysis of the sex-specific effects of diagnostic group on eICV. Sex-stratified linear

regression models include age and age? as covariates based on the best-fitting model reported for this VOI in

Table 2. The main effect of diagnostic group is reported in bold for clarity. Heteroskedasticity-robust regression

results indicated that both male and female 3q29Del subjects had smaller eICVs than controls (p5 = 0.01),

however this reduction was greater among male 3q29Del subjects than female 3q29Del subjects. Robust Wald

test statistics are reported to assess the overall significance of each model. Contrast coding: reference level for

the diagnostic group variable is healthy control. Male N = 761 (Control N = 747, 3q29Del N = 14), Female N

=870 (Control N = 861, 3q29Del N = 9). p-value < 0.001 “** p-value < 0.01 “**’, p-value < 0.05 *°, p-value

< 0.1 . Abbreviations: 3929 deletion syndrome, 3q29Del; estimated total intracranial volume, eICV;

unstandardized coefficient estimate, /; confidence interval, CI; degrees of freedom, DF.
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Model 1 Model 2 (with elCV-adjustment)
Outcome variables  Explanatory variables b Cl (95%) p-value b Cl (95%) p-value
Intercept 138.53 123.93 - 153.12 3.59E-14*** 79.17 20.03 — 138.32 0.01**
Age (years) -0.57 -1.13 - -0.004 0.04* -0.46 -0.99 - 0.06 0.087
Sex [Male] 11.11 1.41-20.81 0.03* 8.99 -0.15-18.13 0.05*
Total Cerebellum — ¢cy (cm?) 0.04 0.001 — 0.08 0.04*
Volume (cm’) PFAC / MCM [Positive] -7.07 -17.22 - 3.09 0.16 -9.09 -18.62 - 0.44 0.067
R? / R? adjusted 0.39/0.30 0.52/0.41
F-statistic 4.1 on 3 and 19 DF, p-value = 0.02* 4.8 on 4 and 18 DF, p-value = 0.01**
Intercept 108.93 94.64 — 123.22 1.85E-12** 47.17 -9.75-104.10 0.107
Age (years) -0.49 -1.04 - 0.07 0.087 -0.38 -0.89-0.13 0.13
Sex [Male] 7.89 -1.61-17.39 0.107 5.69 -3.11-14.49 0.19
Cerebellar Cortex elCV (cmd) 0.04 0.005 -0.08 0.03*
Volume (cm?) PFAC / MCM [Positive] -1.90 -11.84 - 8.04 0.69 -4.01 -13.18 - 5.17 0.37
R? / R? adjusted 0.28/0.17 0.45/0.33
F-statistic 2.5 on 3 and 19 DF, p-value = 0.097 3.7 on 4 and 18 DF, p-value = 0.02*
Intercept 37.25 28.70 — 45.80 3.40E-08*** 41.34 11.67 - 71.02 g';SE'
Age (years) -1.22 -2.11--0.33 9.82E-03** -1.23 -2.15--0.31 0.01**
Cerebellar White Age? 0.03 0.01-0.05 0.01** 0.03 0.01-0.05 0.01**
Matter Volume Sex [Male] 2.93 -1.28-7.14 0.16 3.07 -1.38-7.53 0.16
(cm?) elCV (cmd) -0.003 -0.02 - 0.02 0.76
PFAC / MCM [Positive] -3.97 -8.47 - 0.52 0.087 -3.83 -8.57 - 0.91 0.11
R? / R? adjusted 0.48/0.37 0.48/0.33
F-statistic 4.2 on 4 and 18 DF, p-value = 0.01** 3.2 on 5 and 17 DF, p-value = 0.03*
Intercept 1392.33 1236.74 — 154791  1.05E-13***
. Age (years) -2.39 -8.39 — 3.61 0.41
-etimated Total  Sex [Male] 49.68 -53.72 — 153.08 0.33
(€ICV) (cm?) PFAC / MCM [Positive] 47.55 -60.68 — 155.79 0.37
R? / R? adjusted 0.16/0.03
F-statistic 1.2 on 3 and 19 DF, p-value = 0.32

Table 4. Exploratory analysis of the relationship between volumetric measures of interest and posterior fossa arachnoid cyst and mega cisterna

magna findings among 3q29Del subjects. Multiple linear regression results for total cerebellum volume, cerebellar cortex volume, cerebellar white
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matter volume and eICV indicate no significant relationship between the likelihood of PFAC/MCM findings and interrogated VOIs among 3q29Del
subjects (p’s > 0.05), while correcting for sex, age, age? (if approptiate) and eICV (in model 2 only). The main effect of the binary PFAC/MCM variable
is reported in bold for clarity. The age term/s included in each model reflect the best-fitting polynomial expansion of age for a given VOI selected by
ANOVA. Major assumptions for ordinary least squares regression were met in the current analysis, hence additional heteroskedasticity-robust estimates
were not calculated. F-statistics are reported to assess the overall significance of each model. 3q29Del N = 23. Contrast coding: reference levels for the
PFAC/MCM and sex vatiables are negative and female, respectively. p-value < 0.001 **¥| p-value < 0.01 ¥, p-value < 0.05 **°, p-value < 0.1 7’
Abbreviations: 3g29 deletion syndrome, 3q29Del; volumetric measure of interest, VOI; posterior fossa arachnoid cyst, PFAC; mega cisterna magna, MCM;
estimated total intracranial volume, eICV; analysis of variance, ANOVA; unstandardized coefficient estimate, #; confidence interval, CI; degrees of

freedom, DF.



169

Outcome variables Explanatory variables b Cl (95%) p-value
Intercept -38.13 -122.35 - 46.08 0.35
Age (years) -0.39 -0.97 -0.19 0.18
Visual-motor Sex [Male] -13.59 -25.64 —-1.54 0.03*
';;::ﬁ;:::;;e J score elCV (cm®) 0.06 0.002 - 0.11 0.04*
Beery VMI-6) ’ Cerebellar WM Volume (cm?) 1.51 0.64 —2.39 1.87E-03**
R? / R? adjusted 0.50/0.38
Robust Wald Test 5.1 on 4 and 18 DF, p-value = 6.08E-03**
Intercept -15.38 -76.16 — 45.39 0.60
Age (years) 0.10 -0.42 - 0.61 0.70
Composite 1Q Sex [Male] -10.85 -21.04 - -0.65 0.04
(standardized score, elCV (cm3) 0.04 0.00-0.08 0.067
WASI-1I/ DAS-II) Cerebellar WM Volume (cm?) 1.43 0.50 — 2.35 4.66E-03**
R? / R? adjusted 0.44/0.31
Robust Wald Test 6.2 on 4 and 18 DF, p-value = 2.57E-03**
Intercept -2.26 -103.80 — 99.28 0.96
Age (years) 0.20 -0.59 -1.00 0.60
Verbal IQ Sex [Male] -13.32 -29.75-3.10 0.11
(standardized score, elCV (cm?3) 0.03 -0.03-0.09 0.31
WASI-1l/ DAS-I) Cerebellar WM Volume (cm?) 1.59 0.17 - 3.01 0.03*
R? / R? adjusted 0.26/0.10
Robust Wald Test 2.5 on 4 and 18 DF, p-value = 0.087
Intercept 6.21 -54.98 — 67.40 0.83
Age (years) -0.41 -0.96-0.13 0.13
Non-verbal 1Q Sex [Male] -12.15 -22.77 —-1.53 0.03*
(standardized score, elCV (cm®) 0.03 -0.004 - 0.07 0.081
WASI-1I/ DAS-II) Cerebellar WM Volume (cm?) 1.36 0.31-2.40 0.01**
R? / R? adjusted 0.47/0.35

Robust Wald Test

5.6 on 4 and 18 DF, p-value = 4.03E-03**

Table 5. Summary of multiple linear regression results showing the relationships between cerebellar

white matter volume and standardized test scores for sensorimotor and cognitive abilities among

3q29Del subjects. Only the significant test results from our investigation of brain-behavior relationships are

reported in this table for brevity (ps < 0.05) (see Table S10 for a complete summary of behavioral findings).

Sex, age and eICV were included as covariates in each regression model. The main effect of cerebellar white

matter volume is reported in bold for clarity. Regression parameters reflect heteroskedasticity-robust estimates.

Robust Wald test statistics are reported to assess the overall significance of each model. Results indicate a

significant relationship between cerebellar white matter volume and standardized test scores for visual-motor
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integration skills (p < 0.01), composite IQ (p = 0.01), verbal 1Q (p = 0.05), and non-verbal IQ (» < 0.01) among
3q29Del subjects. 3q29Del N = 23. Contrast coding: reference level for the categorical sex variable is female.
p-value = 0.001 **¥  p-value < 0.01 **, p-value < 0.05 ¥, p-value = 0.1 V. Abbreviations: 3q29 deletion
syndrome, 3q29Del; estimated total intracranial volume, eICV; intelligence quotient, 1QQ; WASI, Wechsler
Abbreviated Scale of Intelligence; DAS, Differential Ability Scales; VMI, visual-motor integration;

unstandardized coefficient estimate, /; confidence interval, CI; degrees of freedom, DF.
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Figure 1. Histogram showing the age distribution of study participants in volumetric analyses,
stratified by sex and diagnostic group. To define reliable estimates for the normative trajectory of cerebellar
volumetric change across age, we used the largest available open-access sample of healthy controls from the
Human Connectome Project, which cross-sectionally covers a wide age range [5 — 37 years| with near complete
overlap with the 3q29Del sample [4 — 39 years|. Each histogram bin represents one year. Green icons above
each bar symbolize the number of 3q29Del subjects included in volumetric analyses for a given age and sex.
Control N = 1,608 (Female N = 861, Male N = 747), 3q29Del N = 23 (Female N = 9, Male N = 14).

Abbreviations: 3q29 deletion syndrome, 3q29Del.
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Figure 2. Scatter plots showing the distribution of A) total cerebellum volume, B) cerebellar cortex volume, C) cerebellar white matter volume,

and D) eICV as a function of age among male and female subjects in each diagnostic group. A slight jitter was added systematically to all panels

to minimize overplotting. Data reflect absolute volumes. Control N = 1,608 (Female N = 861, Male N = 747), 3q29Del N = 23 (Female N = 9, Male N

= 14). Abbreviations: 3q29 deletion syndrome, 3q29Del; estimated total intracranial volume, eICV.
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Figure 3. Predictor effect plots showing the effect of diagnostic group on volumetric measures of interest. A-G) Predicted values of VOIs across

the 3q29Del and control groups were computed from the multiple linear regression models reported in Table 2, while covariates (sex, age, age? (when
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applicable)) were held fixed. Error bars indicate the 95% confidence interval. P-values for the main effect of diagnostic group are indicated on each plot
and reflect heteroskedasticity-robust estimates. A schematic of each VOI (yellow) is presented above the corresponding plot for clarity. Regression results
indicate a significant difference between 3q29Del subjects and healthy controls in A) total cerebellum volume (p < 0.001), B) cerebellar cortex volume (p
< 0.001), and D) eICV (p < 0.001), with smaller volumes observed in 3q29Del subjects compared with controls. This effect remained significant after E)
total cerebellum volume (p < 0.05) and F) cerebellar cortex volume (p < 0.001) were adjusted for eICV. There was no significant effect of diagnostic
group on C) absolute cerebellar white matter volume (p > 0.05), however G) after elCV-adjustment, 3q29Del subjects had significantly larger cerebellar
white matter volumes than controls (p < 0.05). Control N = 1,608, 3q29Del N = 23. #eICV was calculated by FreeSurfer’s atlas-based spatial normalization
procedure. p-value = 0.001 *** p-value < 0.01 *¥, p-value < 0.05 ¥, p-value < 0.1 ¥ _Abbreviations: 3q29 deletion syndrome, 3q29Del; volumetric

measure of interest, VOI; estimated total intracranial volume, eICV; not significant, ns.
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Figure 4. Predictor effect plot showing the moderating effect of sex on the relationship between

diagnostic group and eICV. Predicted values of eICV across male versus female 3q29Del and control groups

were computed from the exploratory interaction model reported in Table S4E, while covariates (age, age?) were

held fixed. Error bars indicate the 95% confidence interval. Heteroskedasticity-robust regression results indicate

a significant diagnostic group by sex interaction effect on eICV (p < 0.05). Control N = 1,608 (Female N =

861, Male N = 747), 3q29Del N = 23 (Female N = 9, Male N = 14). # eICV was calculated by FreeSurfer’s

atlas-based spatial normalization procedure. p-value < 0.001 “** p-value < 0.01 “**, p-value < 0.05 *°, p-

value = 0.1 %’ _Abbreviations: 3q29 deletion syndrome, 3q29Del; estimated total intracranial volume, eICV.
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Figure 5. Prevalence of posterior fossa arachnoid cyst and mega cisterna magna findings in structural

MRI scans of 3q29Del and control subjects. A) 13 3g29Del subjects had a PFAC/MCM finding (marked
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in red) upon radiological evaluation of structural MRI scans. Representative T1- and/or T2-weighted MR
images showing these radiological findings are provided in horizontal view for each 3q29Del subject, in
chronological order of age. B) T1- and T2-weighted MR images of a representative control subject with a
PFAC/MCM finding (matked in red). Age and sex information for each subject is indicated on individual
images. C) Bar graphs represent the frequency of PFAC/MCM findings in the 3q29Del and control groups,
separately. 3q29Del subjects had a significantly elevated rate of PFAC/MCM findings compated with controls
(» < 0.001) D) Pie charts represent the sex-stratified frequency of PFAC/MCM findings in the 3q29Del and
control groups, separately. Male controls had a significantly elevated rate of PFAC/MCM findings compared
with female controls (p < 0.01), while there were no sex differences in these rates within the 3q29Del group (p
> 0.05). Control N = 1,608 (Female N = 861, Male N = 747), 3q29Del N = 24 (Female N = 9, Male N = 15).
p-value = 0.001 **¥  p-value < 0.01 **, p-value < 0.05 ¥, p-value = 0.1 V. Abbreviations: 3q29 deletion
syndrome, 3q29Del; posterior fossa arachnoid cyst, PFAC; mega cisterna magna, MCM; magnetic resonance

imaging, MRI; years-old, y/o; male, M; female, F; odds ratio, OR; not significant, ns.
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Figure 6. Predictor effect plots showing the relationships between cerebellar white matter volume and
visual-motor integration skills, composite IQ, verbal IQ and non-verbal IQ among 3q29Del subjects.
A-D) Predicted values for visual-motor integration, composite 1Q, verbal 1Q, and non-verbal 1Q scores were
computed from the multiple linear regression models reported in Table 5, while covariates (sex, age, eICV)
were held fixed. Error bands indicate the 95% confidence interval, data points represent partial residuals, and

rug plots show the distribution of the variables. Parameter estimates for the main effect of cerebellar white
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matter volume are indicated on each plot and reflect heteroskedasticity-robust estimates. Regression results
indicate significant relationships between cerebellar white matter volume and standardized test scores for A)
visual-motor integration skills (p < 0.01), B) composite 1Q (p < 0.01), C) verbal IQ (p < 0.05), and D) non-
verbal IQ (p = 0.01), with larger volumes predicting higher scores among 3q29Del subjects. 3q29Del N = 23.
p-value < 0.001 ¥ p-value < 0.01 **, p-value < 0.05 *°, p-value < 0.1 %’ _Abbreviations: 3q29 deletion
syndrome, 3q29Del; intelligence quotient, 1Q; estimated total intracranial volume, eICV; unstandardized

coefficient estimate, ; confidence interval, CI.
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Supplemental Materials

Extended Methods
Processing and quality control of structural magnetic resonance imaging (MRI) data

FreeSurfer software (http://surfer.nmr.mgh.harvard.edu/) was used for automated segmentation of

all structural MR images, based on probabilistic information estimated from a manually labeled training set
(Fischl et al., 2002). This approach has been shown to yield well-defined cerebellar boundaries comparable in
accuracy to manual labeling (Fischl et al., 2002; Lee et al., 2015). Prior findings also indicate that the FreeSurfer
algorithm is especially suitable for multi-center data acquired on different scanners, as it demonstrates relatively
low sensitivity to noise and variable image quality (Mayer et al., 2016; Dewey et al., 2010). Note that a mock
scanner training protocol was used in the 3g29Del project to minimize motion artifacts and attrition;
participants with a contraindication for MRI were excluded.

Since it is currently unfeasible to accurately reconstruct and segment the cortical surface of the
cerebellum using this harmonized framework, we treated the cerebellum as a volumetric structure. For quality
control (QC), two trained evaluators (ES, LL) inspected all cerebellar segmentations obtained from 3q29Del
subjects in axial, sagittal, and coronal reformats to determine whether technical problems (e.g., motion artifacts)
or notable pathology (e.g., arachnoid cysts) interfered with registration or segmentation quality. One 3q29Del
subject failed to pass QC due to a motion artifact and skull deformity interfering with the extraction of reliable
volumetric measures (Fig. S10). Similarly, the outputs of the structural pipeline for control subjects were
inspected by the HCP, as described by Marcus et al. (2013) and Elam et al. (2021); no major errors were
identified. Detailed QC information for the HCP dataset is available at https://wiki.humanconnectome.org/.
To facilitate joint analysis, the two trained evaluators additionally cross-compared the image quality, tissue
contrast and cerebellar segmentation masks of 23 age- and sex-matched case-control pairs randomly selected
from the entire dataset (see Fig. STA-N for representative images). No systematic irregularities were identified
between the two diagnostic groups and no manual intervention was performed in either group to avoid adding
subjectivity to volumetric measures.

Since visual QC of elCV segmentation masks is not attainable in the atlas-based head size
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normalization approach used in the present study, we assessed the quality of our eICV measures by testing the
correlations between elCV, total brain volume and head circumference among 3q29Del subjects using Pearson
product moment analysis. As expected from previous literature (McKinney et al., 2017; Koyabu et al., 2014;
Buckner et al., 2004; Sanfilipo et al., 2004; Kollias et al., 1993), these correlations were positive and significant
with moderate to strong effect sizes (p’s < 0.05) (Fig. S2), providing an indirect means of quality assurance for

the eICV data.

Extended methods for vadiological evaluation of structural MRI data
T1- and T2-weighted images were reviewed qualitatively by a board-certified neuroradiologist (AEGY) in axial,

sagittal, and coronal reformats using Horos (https://horosproject.org). The conditions that were evaluated for

differential diagnosis of enlarged retrocerebellar cerebrospinal fluid (CSF) space includes Dandy-Walker
malformation (DWM), Blake’s pouch cyst, mega cisterna magna (MCM), posterior fossa arachnoid cyst
(PFAC), and isolated inferior cerebellar vermian hypoplasia. DWM, the most common posterior fossa
malformation in the general population, can occur in isolation or as part of chromosomal anomalies or
Mendelian disorders (Doherty et al., 2013). Diagnostic features of DWM on neuroimaging include hypoplasia
of the cerebellar vermis, which is elevated and upwardly rotated, and dilation of the fourth ventricle, which fills
and enlarges the posterior fossa (Bosemani et al., 2015). DWM is often associated with additional
malformations, including callosal dysgenesis, occipital encephaloceles, polymicrogyria, and grey matter
heterotropia (Parisi et al., 2003). Hydrocephalus may be present. Blake’s pouch cyst occurs sporadically due to
a lack of fenestration of the Blake pouch, a normal developmental structure, resulting in absence of
communication between the fourth ventricle and the subarachnoid space, and leading to hydrocephalus
(Tortori-Donati et al., 1996; Cornips et al., 2010). The cerebellum has a normal size and shape. Imaging
demonstrates an enlarged fourth ventricle that communicates with an infravermian cyst, often resulting in
hydrocephalus. MCM is an enlarged cisterna magna (=10 mm on midsagittal images) with an intact vermis and
a normal fourth ventricle. The posterior fossa may be enlarged, with scalloping of the occipital bone, without

hydrocephalus. MCM may be caused by delayed fenestration of the Blake’s pouch, whereas the absence of
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fenestration leads to a Blake’s pouch cyst (Nelson et al., 2004). Arachnoid cysts result from duplication of the
arachnoid membrane, with approximately 10% of arachnoid cysts in children occurring in the posterior fossa
(Ali et al., 2014). Although PFACs may be asymptomatic and identified incidentally, they may present with
macrocephaly, increased intracranial pressure, and developmental delay, particularly if CSF flow is obstructed
(Marin-Sanabria et al., 2007). PFACs are isointense relative to CSF, well defined, can also result in scalloping
of the occipital bone, and can exert mass effect on the cerebellum, with a normal appearance of the fourth
ventricle and vermis. Isolated inferior vermian hypoplasia is characterized by partial absence of the inferior
portion of the cerebellar vermis. More than 75% of patients with isolated inferior vermian hypoplasia have a
favorable outcome, although in some patients, mild functional deficits in fine motor activity and receptive

language may be present (Limperopoulos et al., 2006; Tarui et al., 2014).

Detazls on standardized behavioral measures

Subjects were administered the Beery-Buktenica Developmental Test of 1 isual-Motor Integration (VMI, 6t
edition) to assess the extent to which they can integrate their visual and fine motor abilities in a geometric
design-copying task. To measure VMI, subjects were asked to copy a set of geometric forms that increase in
difficulty; the drawings were scored based on standard criteria outlined in the test manual according to how
accurately each design was copied compared with the original.

The two supplemental tests included in the Beery VMI were additionally administered to assess visual
and motor skills, separately. The visual perception supplemental test was used to assess visual analysis skills in
a format requiring minimal motor input. In this task, subjects were shown a series of reference geometric
designs with multiple similar shapes provided below them; the task required subjects to choose/match the
shape that was identical to the reference design. The motor coordination supplemental test was used to assess
fine motor coordination skills in a format requiring minimal visual analysis skills. In this task, subjects were
asked to trace a set of geometric forms with a pencil without going outside a double-lined path. Raw scores
were converted to age-appropriate standard scores based on the standardization sample reported for the

corresponding tests (normative mean = 100, SD = 15). Higher scores indicate better performance.
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Two measures of intellectual functioning were utilized in the present study given the age range of the
participants. The general conceptual ability (GCA) and full-scale intelligence quotient (FSIQ) scores from the
Differential Ability Scales (DAS, 20d edition) and the Wechsler Abbreviated Scale of Intelligence (WASI, 20d edition) were
used as composite 1Q) scores. The verbal reasoning and verbal comprehension domains of the two scales were
used to index verbal 1QQ, while the non-verbal reasoning and perceptual reasoning domains indexed non-verbal
1Q. The contents of these tests are sufficiently similar for combination across scales in cross-sectional
analyses. Raw scores were transformed into age-appropriate standard scores based on the standardization
sample reported for the corresponding tests (normative mean = 100, SD = 15). Higher scores indicate better

performance.

Extended statistical methods for penalized cubic spline and quantile spline models

The following analyses were performed to 1) build developmental trajectories for our volumetric
measures of interest (VOI) and 2) to estimate normative percentile curves for our VOIs as an alternative to the
polynomial linear regression models presented in the main manuscript for case-control comparisons. In these
supplemental analyses, penalized cubic splines were fitted to volumetric data using the mgw package in R
(version 1.8-33) (Wood, 2011; Wood, 2017) and quantile splines were fitted to data using the fe/ds package in
R (version 12.5) (Nychka et al., 2021). Given the local nature of splines, these methods are capable of capturing
a wide range of nonlinear neurodevelopmental trends in our data and were incorporated into the present study

to improve the statistical rigor of our central analyses. We provide a detailed summary of each approach below.

1) Building developmental trajectories for 1’Ols: As a supplemental method, the penalized spline approach (Wahba,

1980; Eilers et al., 1996) was adopted to model volumetric changes in our brain regions of interest across age,
since this method offers increased mathematical flexibility compared with parametric models that rely on
delicate assumptions. As in regression splines (Eilers et al., 1996), penalized splines make use of piecewise
polynomial approximation with a flexible selection of knots to effectively capture the underlying changes in a

dataset, when given a fixed basis-dimension and appropriate positioning of the knots that provides fair coverage
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of the covariate values (Wood, 2017). This creates computational efficiency compared with smoothing splines,
which place a knot at every unique sample point. Moreover, penalized splines add a roughness (or “wiggliness”)
penalty to the model, as in smoothing splines (Reinsch, 1967), to control the smoothness of the fit while
avoiding the problem of overfitting. In summary, penalized splines offer an effective compromise between
regression splines and smoothing splines (two popular tools) for more closely approximating age-associated
changes in our outcome variables of interest. Below, we will gradually build our way towards defining the

penalized cubic spline approach that was used to characterize the developmental trajectories of our VOIs.

The definition of a natural spline is as follows (given a set of knots at k1, k5, ..., kg):
1. f(x)is a polynomial of degree p on each of the intervals [kq, k3], [k2, k3], ..., [kx—1, kk]-

2. f(x) has continuous (p — 1)y, derivatives at knots kq, ko, ..., kg.

(p—1)
2

3. f(x)is a polynomial of degree on (—o0, kq] and [kg, ).
The last requirement forces a lower degree to the left (or right) of the leftmost (or rightmost) knot, to reduce

the variance at the boundaries of the observations. In the present study, we used natural cubic splines (p = 3),

which are linear beyond the boundary knots.

The unique solution to the optimization problem described in eguation (1) is a natural cubic spline with knots at

every unique obsetrvation X1, X,..., X,. The solution f(x) is called a smoothing spline (Reinsch, 1967).
LA ) A2 .
mfm{EE i — Fa2 + 2 | (F7 ()2} Fquation (1)
i=1

where (x;,¥;),i = 1, ...,n are a set of observations, f (x) includes all that have continuous second derivatives

and A > 0 is a smoothing parameter that controls the trade-off between fidelity to the data and roughness of

the function estimate.
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Although smoothing splines enjoy the theoretical property of an optimizing solution (as described above), the
degrees of freedom (i.e., number of knots) are comparable to the data to be smoothed and can be redundant,
as the knots are placed at every unique observation. If the penalty term in eguation (1) is removed and f(x) is
restricted to a natural spline with user-defined knots (as in the definition of a natural spline where the knot
positions at kq, Ky, ..., kg can be completely decided by users), the solution is reduced to a regression spline.
Although regression splines ease the computational redundancy of smoothing splines by removing any
restrictions in knot selection, they have the potential to be over-fitted. This can be handled by a regularization
term, such as the integrated square second derivative in smoothing splines. Therefore, it is natural to combine
the freely chosen degrees of freedom of a regression spline and the roughness penalty of a smoothing spline,
which in turn gives penalized splines (Wahba, 1980). Specifically, we use penalized cubic splines in the present
study, which is the solution to the optimization problem in eguation (2), where the number and positions of the

knots are freely chosen in advance and the number of knots is usually much smaller than the sample size:

1 n
min{= Y (= fGY + 4 [ (7))

f is a natural cubic spline with predefined knots at k4, ..., kg

Egquation (2)

To obtain a satisfying fit, the knots should be arranged nicely to cover the distribution of the covariate in the

original data set (Wood, 2017).

For each VOI (ie., total cerebellum volume, cerebellar cortex volume, cerebellar white matter volume,
estimated total intracranial volume (eICV), and the eICV-adjusted versions of cerebellar volumes), we denote
¥; as the corresponding volume of the iz subject in the pooled dataset (i.e., data aggregated across the two
diagnostic groups). It is assumed that y; is represented by a function of the subject’s age, with sex and diagnostic

group added as covariates, as expressed in equation (3).

yi = f(Age;) + a-Sex; + [ - Group; + €;, €; i N(0,02) Egunation (3)
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Sex; is a sex indicator taking 1 for males and 0 for females. Group; is a diagnostic group indicator taking 1 for
3q29Del subjects and 0 for healthy control subjects. The residual random error €; is assumed to follow a
Gaussian distribution with mean 0 and a common variance 0% across subjects (homoscedasticity). f(Age;) is
a natural cubic spline term of age. The number of knots is chosen to be 10 and they evenly cover the quantiles
of the age distribution (i.e., the knots are placed at the 0%, 11.11%, 22.22%, 33.33%, 44.44%, 55.56%, 66.67%,

77.78%, 88.89%, and 100% quantiles of age in the pooled data).

Following the optimization framework of a penalized cubic spline described in equation (2), the parameter

estimates are obtained via the objective function:

1 n
rrscin{gi (vi — f(Age)) — a - Sex; — B Group;)? + lj(f”(x))zdx} Eqgunation (4)
i=1

f is a natural cubic spline with with 10 knots spread evenly across the age quantiles

where the smoothing parameter A is selected by the restricted maximum likelihood (REML) method (Wood,

2011).

From the fitted penalized cubic splines, mean developmental trajectories for each VOI were estimated and laid
onto the scatter plots of the original volumetric data points in Fig. S7. The effective degrees of freedom (EDF)
reported in Table S4 represent how complex the neurodevelopmental pattern of the estimated volumetric
trajectory of each VOI is across age. EDF = 1 is equivalent to a straight line, EDF = 2 is equivalent to a
quadratic curve, etc., with higher EDFs describing increased wiggliness (Wood, 2017). The EDF of the smooth
term is defined as the trace of the influence matrix. The significance of the smooth term f(Age), the sex
indicator and the diagnostic group indicator are also reported in Table S4 in the form of p-values. Note that
the significance of the smooth term is derived from an approximate F-test of whether the smooth term of age

is significant in the penalized cubic spline models for each VOI (f (Age) = 0). The p-values are approximate
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in the sense that the components of the test statistic are weighted by the iterative fitting weights (Wood, 2017).
A comprehensive description of how to obtain theoretical p-values is detailed by Wood (2013). The p-values
for sex and diagnostic group are detived from standard t-tests of whether the indicator of sex/diagnostic group

is significant in determining each VOI.

All of the aforementioned parameter estimates and p-values were obtained using the gaz() function from the
mgev package in R (Wood, 2011; Wood, 2017). Using the function gam.check() from the same package, model
diagnostics were performed, which confirmed that the required assumptions of the penalized cubic spline
model in eguation (3) were met and our basis dimension (10 knots of 9 basis dimension) was adequate to cover
the age distribution of the present study sample. More specifically, QQ-plots were explored to justify the
Gaussian assumption of the residuals; residuals versus linear predictors/fitted values were plotted to justify the
homoscedasticity assumption; the histogram of residuals was plotted to check the normality of the residuals;

and the p-value for the residual randomization test was explored to check the adequacy of the basis dimension.

2) Estimating normative percentile curves for 1°Ols: Besides estimating mean volumetric changes across age in the
entire study sample (i.e., data pooled across the two diagnostic groups), another interest was in estimating sex-
specific normative percentiles for volumetric changes observed across age in our healthy control subjects only.
Here, our goal was to establish well-founded references (or “nomograms”) for comparison against the VOIs
of individual 3q29Del subjects to further characterize the degrees of neuroanatomical deviance observed within
the 3q29Del sample. A secondary goal was to explore the relative distribution of 3q29Del data points in these
normative charts to gain insights into potential age-windows of heightened structural vulnerability. However,
the limited sample size of the 3q29Del group (especially when stratified by sex), and the paucity of data on
control subjects younger than age 5 precluded our ability to reach any meaningful inferences in this regard. We
foresee that these estimates may become particularly useful for future studies investigating

longitudinal neuroimaging outcomes in 3q29Del subjects.
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In the supplemental analyses described below, we characterized the 10th, 25t 50t 75t and 90t percentiles of
normative volumetric growth curves for each VOI, stratified by sex. Similar to modelling mean volume changes,
our goal here was to model normative percentiles under a penalized spline framework, hence we used the

quantile smoothing splines approach for this objective.

In quantile regression, the check loss shown in eguation (5) is used as the objective of model fitting, where
represents the @ quantile of the dependent variable y, x is the independent variable influencing y, and 1g<g)

is an indicator taking 1 when u < 0 and 0 otherwise.

Pa (y - g(x)) =y —-g)(a—- 1{(y—g(x))<0}) Eguation (5)

To improve computation, Nychka et al. (1995) proposed a modified check loss which rounds out the corner of
the check loss in a small interval around zero by piecing in a quadratic function, in order to make the loss

function differentiable at zero. The modified check loss is shown in the following equation:

Py —g(®), ifly—gl>cC
1—
Pa, C(y — g(x)) = Ta(y -g(x))?* if0<sy-gx)<C

c—g@), i —C<y-g@ <0

Egquation (6)

where C is a scale factor for rounding out the absolute value function at zero to a quadratic (Nychka et al.,

2021). According to Nychka et al. (1995), C should be chosen to be effectively zero relative to the magnitude

of the data values.

After presenting the form of the modified check loss, we can adopt the optimization framework of smoothing

splines shown in eguation (1) by simply replacing the squared error loss to the modified check loss in eguation (6):

n
1
Trgn{EZ Pa Cyvi — g(x)) + Aj(g”(x))zdx} Eguation (7)
i=1
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Similar to least square smoothing splines, the quantile smoothing splines that we adopt use the L2 roughness

penalty on the integral of the squared second derivative.

For each VOI (ie., total cerebellum volume, cerebellar cortex volume, cerebellar white matter volume,
estimated total intracranial volume (eICV), we denote y; as the corresponding volume of the iz healthy control
subject, stratified by sex. It is assumed that the @ quantile of ; is represented by a function of the subject’s age
g(Age)) (e, P(y; < g(Age;) = a). Following the optimization framework of a quantile spline described in
equation (7), the parameter estimates are obtained via the following objective over all g, such that the roughness

penalty is finite:

n
1
min{= > pe, Cvi — g(Agep) + 2 J (9" (x))?dx} Figuation (8)
g
i=1

where the smoothing parameter A is selected by the generalized cross-validation (GCV) method (Graven, 1989),

and C is set to 10-5 of the variance of the y’s.

From the fitted quantile splines for a = 0.10, 0.25, 0.50, 0.75, 0.90, normative developmental trajectories for
the 10th, 25t 50t 75t and 90™ percentiles of the VOIs were estimated, respectively. The computation was
performed using the gsreg() function from the fields package in R (Douglas Nychka et al., 2021). In Fig. S9, the
original VOIs of individual 3q29Del subjects are plotted against the normative percentile curves derived from
male and female controls, separately. This case-by-case comparison provides a general idea of which age- and

sex-specific normative percentile each 3q29Del subject’s cerebellar and eICV volumes correspond to.

List of R packages used for statistical analyses and diagnostics
Multiple linear regression analyses were performed via the standard R /#() function. For model comparisons,

analyses of variance (ANOVA) were performed by the standard R anova() function. Wald statistics were
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calculated by the waldtest() function from the /utest package (https://CRAN.R-project.org/package=Imtest).

Heteroscedasticity-robust estimates were calculated using the »ovHC|() function from the sandwich package

(https://CRAN.R-project.org/package=sandwich). Permutation tests were petformed using the /Zuperm()

function of the permuco package https://CRAN.R-project.org/packages=permuco). Diagnostics plots for linear

regression were created using the R base function plof(). Shapiro-Wilk tests were performed using the standard
R shapiro.test() function to check for assumptions of normality. Breusch-Pagan and Levene’s test were performed

using the hprest() function from the /wtest package (https://CRAN.R-project.org/package=Imtest) and the

levene_test() function from the rstatix package (https://CRAN.R-project.org/package=rstatix) to check for

homogeneity of variances, respectively. Fishet’s exact tests, Pearson's chi-squared tests, Student’s two sample
t-tests and Wilcoxon signed-rank tests were performed using the standard R fisher.zest(), chisq.test(), t.test() and
wilcox.test() functions. Effect sizes for Wilcoxon signed-rank tests were calculated using the wilox_effsize()

function from the rstatix package (https://CRAN.R-project.org/package=rstatix). The standard R cor.zest()

function was used to perform Pearson’s correlations. The peor.test() function from the ppeor package

(https://CRAN.R-project.org/package=ppcor) was used to calculate partial correlations. For spline modeling,

the gam() and gam.check() functions from the mgev package (https://cran.r-project.org/package=mgcv) and the

gsreg() function from the fields package (https://cran.r-project.org/package=fields) were used. Graphics were

generated by the gglr2  (https://CRAN.R-project.org/package=geplot2),  ggpubr  (bttps://cran.r-

project.org/ package=ggpubr) and jtools (https://cran.r-project.org/package=ijtools) packages.
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Supplemental Tables
Males Females
Demographic variables Control 3929Del Test Control 3929Del Test
N =747 N=14 statistics N =861 N=9 statistics
Age (in years)
Mean + SD 22.38+7.74 14.14 £ 9.03 r=0.13 (small 23.03 £ 8.60 16.56 + 9.86 r=0.07 (small
. effect size), effect size),
Median 24.00 13.00 W= 8146.5, 25.00 15.00 W= 5422,
[Range] [5-37] [4-39] p-value # = 3.40E-04*** [6 — 36] [6 — 34] p-value = 0.04*
Ethnicity*, N (%)
Non-Hispanic / Latino 64 (86.60%) 13 (92.86%) X?=0.08, 757 (98.31%) 9 (100%) X?=0.25,
DF =1, DF =1,
Hispanic / Latino 99 (13.40%) 1(7.14%) p-value®=0.78 91 (11.82%) 0 (0%) p-value ® = 0.62
Race™ N (%)
White 52 (71.53%) 13 (92.86%) 587 (69.88%) 8 (88.89%)
Black / African American 97 (13.21%) 0 (0%) 125 (14.88%) 0 (0%)

. . - X? = 3.83, X2=243,
ASI&!I’! / Native Hawaiian / Other 55 (7.49%) 0 (0%) DF = 4, 53 (6.31%) 0 (0%) DF =4,
Pacific Islander b b

p-value® = 0.43 p-value® = 0.66
American Indian / Alaskan Native 3(0.41%) 0 (0%) 1(0.12%) 0 (0%)
More than one race 54 (7.36%) 1(7.14%) 74 (8.81%) 1(11.11%)

Table S1. Demographic characteristics of the study sample in volumetric analyses, stratified by diagnostic group and sex. While there was a near complete

overlap between the age ranges of the two diagnostic groups in each sex, there was a significant age difference between male 3q29Del subjects and controls (p < 0.001),

and female 3g29Del subjects and controls on average (p < 0.05). There were no significant differences in the ethnicity or race compositions of the two diagnostic groups

in either sex (p’s > 0.05). Effect sizes are reported for significant test results only. #Male control N = 739, Female control N = 848 for the ethnicity variable due to missing

data. #*#Male control N = 734, Female control N = 840 for the race variable due to missing data. Corresponding percentages reflect the fraction of controls with complete

data. “Wilcoxon rank sum test with continuity correction, “Pearson's chi-squared test with Yates' continuity correction. p-value = 0.001 **¥’, p-value = 0.01 “**’, p-value

< 0.05 ¥, p-value < 0.1 #’_Abbreviations: 3q29 deletion syndrome, 3q29Del; volumetric measure of interest, VOI; standard deviation, SD; degrees of freedom, DF.
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3g29Del
N=24

HCP Young Adult
N=1,113

HCP Development
N =652

MRI Hardware
Scanner
Max gradient strength

Head caoil

Siemens Magnetom
Prisma 3T

80 mT/m gradient coil
Siemens 32-channel
Prisma head caoil

Siemens Magnetom Skyra 3T
(Customized 3T “Conectom”)
100 mT/m gradient coil
Siemens 32-channel
standard head coil

Acquisition parameters | T1- & T2-weighted structurals

Slice thickness (mm)
vNavs for prospective
motion correction
FOV read (mm)

FOV phase (%)

Base resolution
Slabs

Slices per slab

Slice orientation

PAT mode
Acceleration Factor PE
Reference lines PE

0.8
NO

256

93.8

320

1

208
Sagittal
GRAPPA
2

32

Acquisition parameters | T1-weighted structural

Pulse sequence

TR (ms)

TE (ms)

TI (ms)

Flip angle (degree)
Coil elements
Bandwidth (Hz/Px)
Fat suppression
Scan time (min:sec)

3D single-echo T1-
weighted MPRAGE
2400

2.2

1000

8

HEA; HEP

220

Water excitation fast
6:38

Acquisition parameters | T2-weighted structural

Pulse sequence

TR (ms)

TE (ms)

Flip angle mode
Coil elements
Bandwidth (Hz/Px)
Turbo factor

Fat suppression
Scan time (min:sec)
Other

Data release version

Structural preprocessing
pipeline

Manual editing after
automated segmentation

3D T2-weighted SPACE

3200

563

variable
HC1-7; NC1,2
744

314

None

6:38

N/A

HCP “minimal pre-
processing” pipeline
(v4.1.3 with FreeSurfer
v6.0) (Glasser et al., 2013,
Harms et al., 2018)

NO

0.7
NO

224

100

320

1

256
Sagittal
GRAPPA
2

32

3D single-echo T1-weighted
MPRAGE

2400

2.1

1000

8

HEA; HEP

210

Water excitation fast

7:40

3D T2-weighted SPACE

3200

565
variable
HEA; HEP
744

314

None
7:40

“1200 subjects data release”

HCP “minimal pre-
processing” pipeline (v3.21
with FreeSurfer v5.3.0-HCP)
(Glasser et al., 2013, Harms
etal., 2018)

NO

Siemens Prisma 3T

80 mT/m gradient coil
Siemens 32-channel
Prisma head caoil

0.8
YES

256

93.8

320

1

208
Sagittal
GRAPPA
2

32

3D multi-echo T1-
weighted MPRAGE
2500
1.8/36/54/7.2
1000

8

HEA; HEP
7441744 | 744 | 744
Water excitation fast
8:22

3D T2-weighted
SPACE

3200

564

variable

HEA; HEP

744

314

None

8:22

“HCP-Development
Lifespan 2.0 release”
HCP “minimal pre-
processing” pipeline
(v4.3.0 with FreeSurfer
v6.0) (Glasser et al.,
2013, Harms et al.,
2018)

NO

Table S2. Comparison of structural magnetic resonance imaging (MRI) protocols. A detailed report of

the imaging protocols and relevant parameters used in the 3q29Del, HCP Young Adult and HCP Development
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datasets are provided in this table for increased transparency. HCP Young Adult and Development datasets
were pooled to derive the control dataset; their corresponding imaging protocols were previously shown to be
largely congruent, with most differences rooted in challenges related to scanning developmental populations
(Harms et al., 2018). Note that the original “1200 Subjects Release” by the HCP Young Adult project includes
structural MRI scans for N = 1,113 participants. A subset of these data comes from monozygotic twins, who
have been previously reported to exhibit high to moderate correlations in brain morphology (e.g., White et al.,
2002). To minimize bias in our standard error estimates, one sibling from each known monozygotic twin-pair
that was scanned by the HCP Young Adult project was removed from the original dataset in the present study
(N = 154 monozygotic twin-pairs based on available genotyping and/or self-report data; in cases of discrepancy
between genotyping and self-report data, we relied on genetically verified data for final filtering). We additionally
removed all subjects with unknown zygosity information (N = 3) from the HCP Young Adult dataset for
stringency. Hence, the final sample size of the HCP Young Adult data included in the present study was N =
956. Note that there were no monozygotic twin-pairs in the 3q29Del dataset. Zygosity information was not
publicly available for the HCP Development dataset. Importable imaging protocols for all HCP datasets are
available at https://www.humanconnectome.org/hcp-protocols. Abbreviations: 3q29 deletion syndrome,
39q29Del; Human Connectome Project, HCP; magnetization-prepared rapid gradient-echo, MPRAGE;
Sampling perfection with application optimized contrast using different angle evolutions, SPACE; repetition
time, TR; echo time, TE; inversion time, TI; volumetric navigators, vNavs; Field-of-view, FOV; parallel
acquisition technique, PAT; phase-encoding, PE; generalized auto-calibrating partial parallel acquisition,

GRAPPA; quality control, QC.
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Table S3. Extended linear regression results testing the effect of diagnostic group on volumetric
measures of interest and polynomial modeling of age. A-H) The main effect of diagnostic group is
reported in bold for clarity. ANOVAs were performed to sequentially compare simpler models to more
complex models to identify the best-fitting polynomial function of age for each VOI (highlighted in blue). The
relationship between the best-fitting polynomial function of age and VOls is plotted in the right bottom corner
of each panel using data pooled across diagnostic groups. Final inferences are based on heteroskedasticity-
robust estimates, which are provided above non-robust OLS estimates (in grey brackets). Contrast coding:

reference levels for the diagnostic group and sex variables are healthy control and female, respectively.

A. VOI: Absolute Total Cerebellum Volume (cm?)

Degree o_f Explanatory variables b Cl (95%) p-value perm. p-
polynomial value

Intercept 140.44 138.52 — 142.36 < 2.00E-16***

Age (years) -0.10 -0.17 - -0.02 0.01** 0.01**
Linear Sex [Male] 16.50 15.27 - 17.74 < 2.00E-16*** 1.00E-04***
(Model 1) Diagnostic Group [3g29Del] -16.25 -21.50 - -11.00 1.57E-09*** 1.00E-04***

R? / R? adjusted 0.31/0.31

F-statistic (OLS) 241.7 on 3 and 1627 DF, p-value < 2.20E-16***

Intercept 133.50 128.97 — 138.03 < 2.00E-16

Age (years) 0.68 022-1.14 3.72E-03 3.30E-03*
s Age? 0.02 -0.03 - -0.01 6.22E-04 1.00E-03***
Model 2 _ A Qx**
( B e Male] 1622  1497-17.48 <2.00E-16 1.00E-04*
Best-fit R - 10%**

Diagnostic Group [3q29Del] -15.26  ~20-01--10.51 ~ 3.76E-10 1.00E-04*

R? / R? adjusted 0.31/0.31

Robust Wald test 184.0 on 4 and 1626 DF, p-value < 2.20E-16***

Intercept 127.70 117.23 -138.16 < 2.00E-16***

Age (years) 1.69 -0.02 - 3.39 0.067 0.067

Age? -0.07 -0.15-0.01 0.11 0.11
Cubic Age® 0.001 -0.001 — 0.002 0.23 0.23
(Model 3) Sex [Male] 16.25 15.01 - 17.49 < 2.00E-16*** 1.00E-04***

Diagnostic Group [3q29Del] -15.10 -20.37 —-9.83 2.25E-08*** 1.00E-04***

R? / R? adjusted 0.31/0.31

F-statistic (OLS) 148.6 on 5 and 1625 DF, p-value < 2.20E-16***




Model 1 vs Model 2 — ANOVA Table:

Resid. DF Resid. SS DF SS F-value Pr(>F)
1 1627 260917
A 1626 259092 1 1824.90 1145 7.31E-04**
Model 2 vs Model 3 — ANOVA Table:
Resid. DF Resid. SS DF SS F-value Pr(>F)
BN 1626 259092
3 1625 258862 1 23030 145 0.23

Total Cerebellum Volume (cm3)

1754

213

1501 o8

1254

100 4

10

20 30 40
Age (years)



B. VOI: Absolute Cerebellar Cortex Volume (cm?3)
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Degree o_f Explanatory variables b Cl (95%) p-value perm. p-
polynomial value
Intercept 116.86 115.29 - 118.43 < 2.00E-16***
Age (years) -0.25 -0.31--0.19 3.87E-15*** 1.00E-04***
Sex [Male] 13.27 12.25-14.28 < 2.00E-16*** 1.00E-04***
Linear i i
(Model 1) %:ggg:lt]'c Group 1585  -20.15--11.55  7.27E-13** 1.00E-04**
R? / R? adjusted 0.32/0.32
F-statistic (OLS) 257.9 on 3 and 1627 DF, p-value < 2.20E-16***
Intercept 113.52 109.73 - 117.31 < 2.00E-16
Age (years) 0.13 -0.26 - 0.51 0.52 0.50
-0.02 - -0.0001 0.04* .
Quadratic Age? -0.01 0.04
(Model 2) _ AR*R*
Sex [Male] 13.13 12.10-14.17 < 2.00E-16 1.00E-04***
Best-fit Dia : R . A QRHk
gnostic Group } 19.53 — -11.22 5.86E-13 .
[3929Del] 15.38 1.00E-04
R? / R? adjusted 0.32/0.32
Robust Wald test 193.2 on 4 and 1626 DF, p-value < 2.20E-16***
Intercept 107.48 98.89 — 116.07 < 2.00E-16 ***
Age (years) 1.18 -0.23 -2.58 0.107 0.107
Age? -0.06 -0.13-0.01 0.087 0.087
Age® 0.001 -0.0002 - 0.002 0.13 0.13
?Nll'gé‘;l 3) Sex [Male] 13.16 12.14 - 14.17 <2.00E-16 ***  1.00E-04 ***
g:ggg:lt]'c Group 4521  -19.53--10.88 7.57E-12 ** 1.00E-04 ***
R? / R? adjusted 0.32/0.32

F-statistic (OLS)

156.4 on 5 and 1625 DF, p-value < 2.20E-16 ***

Model 1 vs Model 2 — ANOVA Table:

Resid. DF Resid. SS DF F-value Pr(>F)
1 1627 174977
3 1626 174554 1 42296  3.94 0.04*
Model 2 vs Model 3 — ANOVA Table:
Resid. DF Resid. SS DF F-value  Pr(>F)
BN 1626 174554
3 1625 174305 1 2.33 0.13

Cerebellar Cortex Volume (cm3)

1604 o,

140 4

1204
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80
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30 40

Age (years)



C. VOI: Absolute Cerebellar White Matter Volume (cm?3)
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gsg'::n?:al Explanatory variables b Cl (95%) p-value 5:;:2‘ p-

Intercept 23.58 23.07-24.10 < 2.00E-16***

Age (years) 0.15 0.13-0.17 <2.00E-16***  1.00E-04***
Linear Sex [Male] 3.24 2.90 - 3.57 <2.00E-16***  1.00E-04***
(Model 1) Diagnostic Group [3q29Del] -0.40 -1.80 - 1.01 0.58 0.57

R? / R? adjusted 0.26/0.26

F-statistic (OLS) 187.3 on 3 and 1627 DF, p-value < 2.20E-16 ***

18.82 -21.15 < 2.00E-16***
Intercept 19.98
0.43-0.67 < 2.00E-16***

Age (years) 0.55 1.00E-04***
Quadratic Age? 0.01 -0.01 --0.01 8.88E-11 1.00E-04***
(Model 2) 2.76 - 3.43 < 2.00E-16***

Sex [Male] 3.09 1.00E-04***
Best-fit

Diagnostic Group [3q29Del]  0.11 -2.42 - 2.65 0.93 0.87

R? / R? adjusted 0.28/0.27

Robust Wald test 155.1 on 4 and 1626 DF, p-value < 2.20E-16***

|ntercept 20.22 17.45-23.00 < 2.00E-1 6***

Age (years) 0.51 0.06 — 0.96 0.03* 0.03*

Age? -0.01 -0.03-0.02 0.52 0.53
Cubic Age? 0.00 -0.0004 — 0.0003 0.85 0.85
(Model 3) Sex [Male] 3.09 2.76-342 < 2.00E-16*** 1.00E-04***

Diagnostic Group [3q29Del] 0.11 -1.29 - 1.51 0.88 0.87

R? / R? adjusted 0.28/0.27

F-statistic (OLS)

124.0 on 5 and 1625 DF, p-value < 2.20E-16 ***

Model 1 vs Model 2 — ANOVA Table: - %07
Resid. DF Resid. SS DF SS F-value Pr(>F) §
1 1627 18695 E
A 1626 18205 1 490.30 43.79 4.94E-11*** 5
>
8
[
Model 2 vs Model 3 — ANOVA Table: > |
Resid. DF  Resid.SS DF  SS F-value _ Pr(>F) S %0
BN 1626 18205 =
3 1625 18204 1 039  0.04 0.85 3
§ 201 @

10

20

30

Age (years)

40



216

D. VOI: Cerebellar Cortex to Cerebellar White Matter Volume Ratio

g:g'::n?:al Explanatory variables b Cl (95%) p-value perm. p-value
|ntercept 4.88 4.82—-4.94 < 2.00E-1 6***
Age (years) -0.03 -0.03 --0.03 < 2.00E-16*** 1.00E-04***
Linear Sex [Male] 0.01 -0.03-0.05 0.56 0.56
(Model 1) Diagnostic Group [3q29Del] -0.42 -0.58 — -0.25 5.35E-07*** 1.00E-04***
R? / R? adjusted 0.31/0.31
F-statistic (OLS) 240.4 on 3 and 1627 DF, p-value < 2.20E-16***
Intercept 538 5.22 -5.53 < 2.00E-16
Age (years) -0.09 -0.10 --0.07 < 2.00E-16 1.00E-04***
Age? 0.001 0.001 —0.002 9.59E-13 1.00E-04***
Quadratic
(Model 2) Sex [Male] 003  001-007 011 0.11
Best-fit Diagnostic Group [3q29Del] -0.49  0-86--012 = 9.82E-03 1.00E-04**
R? / R? adjusted 0.33/0.33
Robust Wald test 179.4 on 4 and 1626 DF, p-value < 2.20E-16***
Intercept 5.30 498 - 5.62 < 2.00E-16***
Age (years) -0.07 -0.13 --0.02 0.01** 0.01**
Age? 0.001 -0.002-0.003 0.63 0.63
Cubi Age? 0.00 0.00 - 0.0001 0.60 0.59
ubic
(Model 3) Sex [Male] 0.03 -0.01 -0.07 0.107 0.11
Diagnostic Group [3q29Del] -0.49 -0.65 --0.33 3.61E-09*** 1.00E-04***
R? / R? adjusted 0.33/0.33
F-statistic (OLS) 162.6 on 5 and 1625 DF, p-value < 2.2E-16 ***

Model 1 vs Model 2 — ANOVA Table:

Resid. DF Resid. SS DF SS F-value Pr(>F)
11627 250.16
A 1626 240.70 1 9.46 63.90 2.46E-15*** 51

Model 2 vs Model 3 — ANOVA Table:

Resid. DF Resid. SS DF SS F-value  Pr(>F)
BN 1626 240.70
3 1625 240.66 1 0.04 0.27 0.60

Absolute Cerebellar Cortex : Cerebellar WM Ratio
H

10 20 30 40
Age (years)
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g:g'::n?:al Explanatory variables b Cl (95%) p-value 5:;:2‘ p-
|ntercept 1511.99 1490.34 — 1533.63 < 2.00E-16***
Age (years) -0.97 -1.81--0.12 0.03* 0.02*
Linear Sex [Male] 209.85 195.94 — 223.77 <2.00E-16***  1.00E-04***
(Model 1) Diagnostic Group [3q29Del] -211.79  -270.97 — -152.61 3.26E-12*** 1.00E-04***
R? / R? adjusted 0.36/0.36
F-statistic (OLS) 306.8 on 3 and 1627 DF, p-value < 2.20E-16***
Intercept 1415.02 1367.87 — 1462.17 < 2.00E-16
Age (years) 9.89 4.84-14.94 1.26E-04 2.00E-04***
Age? 0.25 -0.37 --0.13 3.66E-05 1.00E-04**
Quadratic -
(Model 2) Sex [Male] 206.00 192.06 — 219.93 < 2.00E-16 1.00E-04**
Best-fit Diagnostic Group [3q29Del] -197.99 293-23--142.74 ~ 3.05E-12 1.00E-04**
R? / R? adjusted 0.37/0.37
Robust Wald test 232.5 on 4 and 1626 DF, p-value < 2.20E-16***
|ntercept 1419.77 1301.95 - 1537.60 < 2.00E-16***
Age (years) 9.06 -10.14 — 28.27 0.36 0.36
Age? -0.21 -1.16 -0.74 0.66 0.66
Cubic Age? -0.001 -0.02 - 0.01 0.93 0.93
(Model 3) Sex [Male] 205.98 192.01 - 219.95 <2.00E-16*** 1.00E-04***
Diagnostic Group [3q29Del] -198.12 -257.44 — -138.79 7.69E-11*** 1.00E-04***
R? / R? adjusted 0.37/0.37

F-statistic (OLS)

189.4 on 5 and 1625 DF, p-value < 2.20E-16***

Model 1 vs Model 2 — ANOVA Table: &
Resid. DF Resid.SS DF SS F-value  Pr(>F) 52000_
1 1627 33159001 o
ﬂ 1626 32802768 1 356233 17.66 2.79E-05*** 3
5 .
§ 16004 o
Model 2 vs Model 3 — ANOVA Table: §
Resid. DF Resid. SS DF SS F-value  Pr(>F) =
1626 32802768 2
3 1625 32802613 1 154.45 0.01 0.93 '; 12001
hf
800+

10 20

30 40

Age (years)
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Degree of : 0 - -
polynomial Explanatory variables b Cl (95%) p-value perm. p-value
Intercept 144 44 142.97 - 145.92  <2.00E-16
Age (years) -0.05 -0.11-0.01 0.12 0.12
Linear Sex [Male] 53y  438-638 <2.00E-16™ 4 4oE-04r
(Model 1) ) o
, Diagnostic Group [3q29Del] -5.02 -9.25 - -0.80 0.0 0.02*
Best-fit
R? / R? adjusted 0.07/0.07
Robust Wald test 39.0 on 3 and 1627 DF, p-value < 2.20E-16***
[F-statistic (OLS)
Intercept 142.64 139.06 — 146.23 < 2.00E-16***
Age (years) 0.15 -0.21-0.52 0.41 0.41
Quadratic Age? -0.005 -0.01 - 0.004 0.28 0.27
(Model 2) Sex [Male] 5.31 4.31-6.31 < 2.00E-16*** 1.00E-04***
Diagnostic Group [3q29Del] -4.77 -9.01 - -0.53 0.03* 0.03*
R? / R? adjusted 0.07/0.07
F-statistic (OLS) 30.4 on 4 and 1626 DF, p-value < 2.20E-16***
Intercept 136.59 128.16 — 145.02 < 2.00E-16***
Age (years) 1.21 -0.17 - 2.58 0.097 0.087
Age? -0.06 -0.13-0.01 0.097 0.097
. Age® 0.001 -0.0002 - 0.002 0.12 0.12
Cubic s
(Model 3) Sex [Male] 5.33 4.33-6.33 < 2.00E-16 1.00E-04***
Diagnostic Group [3q29Del] -4.60 -8.84 - -0.35 0.03* 0.03*
R? / R? adjusted 0.07/0.07

F-statistic (OLS)

24.8 on 5 and 1625 DF, p-value < 2.20E-16***

Model 1 vs Model 2 — ANOVA Table:

Resid. DF Resid. SS DF SS F-value Pr(>F)
EN 1627 168327
2 1626 168204 1 12266 1.19 0.28
Model 2 vs Model 3 — ANOVA Table:
Resid. DF Resid. SS DF SS F-value  Pr(>F)
2 1626 168204
3 1625 167953 1 250.74 243 0.12

elCV-Adjusted Total Cerebellum Volume (cm3)

180

160

1404

1204

10

20

30 40

Age (years)
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G. VOI: elCV-Adjusted Cerebellar Cortex Volume (cm?®)

Degree of . o § g
polynomial Explanatory variables b Cl (95%) p-value perm. p-value
Intercept 119 88 118.60 — 121.17 < 2.00E-16
Age (years) 021 026--016 1.37E-15 1.00E-04***
st Sex [Male] 4.87 4.03-5.72 < 2.00E-16 1.00E-04***
(Model 1) s
: Diagnostic Group [3q29Del] -7.38  10-98--3.78 6.03E-05 1.00E-04***
Best-fit
R? / R? adjusted 0.11/0.11
Robust Wald test 67.5 on 3 and 1627 DF, p-value < 2.20E-16***
Intercept 12042 117.38 — 123.46 < 2.00E-16***
Age (years) -0.27 -0.58 - 0.04 0.097 0.097
Quadratic Age? 0.001 -0.01-10.01 0.70 0.70
(Model 2) Sex [Male] 4.89 4.05-5.74 < 2.00E-16*** 1.00E-04***
Diagnostic Group [3q29Del] -7.46 -11.05 - -3.86 4.92E-05*** 2.00E-04***
R? / R? adjusted 0.11/0.11
F-statistic (OLS) 52.6 on 4 and 1626 DF, p-value < 2.20E-16 ***
Intercept 11419  107.05-121.33 < 2.00E-16***
Age (years) 0.81 -0.35-1.98 0.17 0.17
Age? -0.05 -0.11-0.00 0.077 0.077
. Age? 0.001 0.00 - 0.002 0.067 0.067
Cubic .
(Model 3) Sex [Male] 4.92 4.07-5.76 < 2.00E-16 1.00E-04***
Diagnostic Group [3q29Del] -7.28 -10.88 — -3.69 7.40E-05*** 3.00E-04***
R? / R? adjusted 0.12/0.11
F-statistic (OLS) 2442.8 on 5 and 1625 DF, p-value < 2.20E-16***

Model 1 vs Model 2 — ANOVA Table:

Resid. DF__ Resid. SS DF _SS F-value _ Pr(>F) 140
EN 1627 120694
2 1626 120683 11095  0.15 0.70

N
o

Model 2 vs Model 3 — ANOVA Table:

Resid. DF Resid. SS DF SS F-value  Pr(>F)
2 1626 120683
3 1625 120418 1 265.34 3.58 0.067 1001

elCV-Adjusted Cerebellar Cortex Volume (cm3)

10 20 30 40
Age (years)
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H. VOI: elCV-Adjusted Cerebellar White Matter Volume (cm?)

gsg'::r::al Explanatory variables b Cl (95%) p-value perm. p-value
Intercept 24.56 2412 - 25.00 < 2.00E-16***
Age (years) 0.16 0.14-0.18 < 2.00E-16*** 1.00E-04***
Linear Sex [Male] 0.51 0.23-0.79 4.33E-04*** 8.00E-04***
(Model 1) Diagnostic Group [3q29Del]  2.36 1.16 — 3.55 1.22E-04*** 3.00E-04***
R? / R? adjusted 0.18/0.18

F-statistic (OLS)

118.2 on 3 and 1627 DF, p-value < 2.20E-16***

22.22 21.22 - 23.23 < 2.00E-16***
Intercept
Age (years) 0.42 0.31-0.53 6.39E-14 1.00E-04***
-0.01 -0.01 —-0.004 3.94E-06*** -
Quadratic Age? 1.00E-04
Model 2 - -03**
( ) Sex [Male] 0.41 0.13-0.70 4.51E-03 4.50E-03"
Best-fit _ *
Diagnostic Group [3q29Del]  2.69 0.10 -5.28 0.04 1.00E-04***
R? / R? adjusted 0.19/0.19
Robust Wald test 106.7 on 4 and 1626 DF, p-value < 2.20E-16***
Intercept 22.40 20.02-24.78  <2.00E-16 ***
Age (years) 0.39 0.004 - 0.78 0.04* 0.04*
Age? -0.005 -0.02 - 0.01 0.64 0.63
. Age® 0.00 -0.003-0.003  0.87 0.87
Cubic
(Model 3) Sex [Male] 0.41 0.13-0.70 4.16E-03** 4.50E-03**
Diagnostic Group [3q29Del]  2.68 1.48 - 3.88 1.23E-05*** 1.00E-04***

R? / R? adjusted
F-statistic (OLS)

0.19/0.19
77.0 on 5 and 1625 DF, p-value < 2.20E-16***

Model 1 vs Model 2 — ANOVA Table:

Resid. DF Resid. SS DF SS

F-value  Pr(>F)

504

11627 13626
A 1626 13420 1 206.93

25.07 6.12E-07***

Model 2 vs Model 3 — ANOVA Table:

Resid. DF Resid. SS DF SS

F-value  Pr(>F)

1626 13420
3 1625 13419 1 0.21

0.03 0.87

Control N = 1,608, 3q29Del N = 23. p-value < 0.001 *** p-value < 0.01 **,
p-value < 0.05 ¥, p-value < 0.1 V. Abbreviations: 3q29 deletion syndrome,
3q29Del; VOI, volumetric measure of interest; eICV, estimated total intracranial
volume; unstandardized coefficient estimate, 4; confidence interval, CI; degrees

elCV-Adjusted Cerebellar White Matter Volume (cm3)

of freedom, DF; sum of squares, SS; analysis of variance, ANOVA; permutation, 0 20 20 10

perm; ordinary least squares, OLS; residual, resid.

Age (years)
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p-value
vol EDF s(Age) Sex Diagnostic Group
(years) [Male] [3929Del]
Total Cerebellum Volume (cm?)
_ < 2.00E-16*** 3.47E-07***
Absolute Volume 5.73 1.47E-06 (male > female)  (3q29Del < control)
eICV-Adjusted Volume 435 0.0 < 2.00E-16 0.05*
(male > female)
Cerebellar Cortex Volume (cm?)
ok < 2.00E-16*** 5.32E-10***
Absolute Volume 5.98 < 2.00E-16 (male > female)  (3g29Del < control)
*kk *kk
elCV-Adjusted Volume 5.36 <200E-16*+  <200E-16 4.67E-04

(male > female)  (3g29Del < control)

Cerebellar White Matter Volume (cm?3)
< 2.00E-16***

Absolute Volume 5.26 < 2.00E-16*** 0.89
(male > female)
. - 4.87E-03** 2.52E-05**
elCV-Adjusted Volume 3.99 < 2.00E-16 (male > female)  (3g29Del > control)
elCV (cm?)
- *kk - *hk
Absolute Volume 5.00 5.05E-06*** < 2.00E-16 5.01E-10

(male > female)  (3g29Del < control)

Table S4. Summary of supplemental results from penalized cubic spline models testing the effect of
diagnostic group on volumetric measures of interest. To more flexibly account for linear and non-linear
trajectories of volumetric change across age without requiring a priori selection of candidate models, we fit
generalized additive models (GAM) with a cubic spline basis to our data as a supplemental method. Smoothing
parameters were selected by the restricted maximum likelihood (REML) approach. EDF represents how
complex the developmental pattern of the estimated volumetric trajectory is across age. EDF = 1 is equivalent
to a straight line, EDF = 2 is equivalent to a quadratic cutve, etc., with higher EDFs describing increased
wiggliness. s(Age) represents the spline term of age. The main effect of diagnostic group is reported in bold for
clarity. The p-values for sex and diagnostic group are derived from standard t-tests of whether the indicator of
sex/diagnostic group ate significant in determining each VOI. The p-values for s(Age) are derived from an
approximate F-test of whether the smooth term of age is significant in the penalized cubic spline models for
each VOI. Contrast coding: reference levels for the diagnostic group and sex variables are healthy control and

female, respectively. For categorical variables, the direction of the corresponding effect in significant tests (p’s
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< 0.05) is specified by the “>” (greater than) or “<” (less than) symbols. Control N = 1,608, 3q29Del N = 23.
p-value = 0.001 **¥  p-value < 0.01 **, p-value < 0.05 ¥, p-value = 0.1 V. Abbreviations: 3q29 deletion
syndrome, 3g29Del; estimated total intracranial volume, eICV; volumetric measure of interest, VOI; effective

degrees of freedom, EDF.
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Table S5. Exploratory modeling of diagnostic group by sex interaction effects on volumetric measures.

A-H) Interrogated interaction effects are reported in bold. Covariates in each regression model reflect the best-

fitting models from Table S3. Final inferences are based on heteroskedasticity-robust estimates, provided above

non-robust OLS estimates (in grey brackets). Contrast coding: reference levels for the diagnostic group and sex

variables are healthy control and female, respectively.

VOI Explanatory variables b Cl (95%) p-value perm. p-value
Intercept 13353 128.99 — 138.08 < 2.00E-16***
k%
Age (years) 0.67 0.21-1.13 4.18E-03 3.10E-03*
Age? 0.02 -0.03 - -0.01 7.13E-04*** 1.10E-03**
- *kk
,{A_(.)Qllasolute Sex [Male] 16.28 15.01 -17.55 < 2.00E-16 1.00E-04***
bell - —- -03**
Velomaems  Group [3q29Del] 1295 [2159--432 3-30E-03 2.20E-03*
Group x Sex -3.82 -13.91-6.27 0.46 0.48
R? / R? adjusted 0.31/0.31
Robust Wald test 148.1 on 5 and 1625 DF, p-value < 2.20E-16***
Intercept 113.56 109.77 - 117.35 < 2.00E-16***
Age (years) 0.12 -0.26 - 0.50 0.54 0.52
Age? 0.01 -0.02 — 0.0001 0.067 0.06"
B. Absolut - -16***
Cerebz?l:re Sex [Male] 13.20 12.16 — 14.24 < 2.00E-16 1.00E-04*
Cortex Volume _ . 04+
(cm?) Group [3929Del] -12.59 19.84 —-5.34 6.71E-04 2.00E-04***
Group x Sex -4.61 -13.25-4.03 0.30 0.30
R? / R? adjusted 0.32/0.32
Robust Wald test 155.6 on 5 and 1625 DF, p-value < 2.20E-16 ***
Intercept 19.98 18.82-21.14 < 2.00E-16***
- *kk
Age (years) 0.55 0.43 -0.67 < 2.00E-16 1.00E-04*+*
Age? 0.01 -0.01 - -0.01 5.63E-11 1.00E-04**
C. Absolute - -16***
Cerebellar Sex [Male] 3.08 2.75-3.41 < 2.00E-16 1.00E-04***
White Matter - -
Volume (cmd) Group [3929Del] -0.36 385-3.13 0.84 0.75
Group x Sex 0.79 -417-574 0.76 0.58
R? / R? adjusted 0.28/0.27

Robust Wald test

121.5 on 5 and 1625 DF, p-value < 2.20E-16***
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- *kk
Intercept 5.38 5.22 -5.53 < 2.00E-16
- R - *kk
Age (years) -0.09 0.10--0.07 < 2.00E-16 1.00E-04*+*
kkk
Age? 0.001 0.001 —0.002 5.16E-13 1.00E-04***
D. Cerebellar 0.004 — 0.07 0.07"
Cortex to Sex [Male] 0.03 P : 0.097
Cerebellar 0.86 — 0.11 0.13
White Matter Group [3q29Del] -0.37 e : 6.40E-03**
Volume Ratio
Group x Sex -0.19 -0.91-0.52 0.60 0.25
R? / R? adjusted 0.33/0.33
Robust Wald test 144.8 on 5 and 1625 DF, p-value < 2.20E-16***
1369.41 — 1463.16]
Intercept 1416.29 < 2.00E-16
*kk
Age (years) 9.66 4.64-14.69 1.69E-04 3.00E-04***
-0.37 --0.13 4.86E-05***
E. Estimated Age? -0.25 1.00E-04***
Total 194.04 — 222.14 < 2.00E-16***
Intracranial Sex [Male] 208.09 1.00E-04***
Volume (elCV - —- *x
(em) (©ICY) " Group [3q20Del] 10756  [191.51--2361 ~ 0.01 0.03*
- — - o k%
Group x Sex 149.64 249.96 — -49.33 3.48E-03 0.01**
R? / R? adjusted 0.37/0.37
Robust Wald test 192.4 on 5 and 1625 DF, p-value < 2.20E-16***
*kk
Intercept 144.46 142.99 — 145.94 < 2.00E-16
Age (years) -0.05 -0.11-0.01 0.12 0.12
- *kk
Sex [Male] 5.33 432-633 < 2.00E-16 1.00E-04***
F. elCV- .
Adjusted Total  Group [3g29Del] 7.4 -13.80--1.02 0.02 0.03*
Cerebellum
Volume (cm®)  Group x Sex 3.94 -441-12.30 0.35 0.37
R? / R? adjusted 0.07/0.07
Robust Wald test 29.6 on 4 and 1626 DF, p-value < 2.20E-16***
*kk
Intercept 119.89 118.60 — 121.17 < 2.00E-16
- — - A Bx¥x
Age (years) -0.21 0.26 —-0.16 1.48E-15 1.00E-04***
- *kk
G. elCV- Sex [Male] 4.85 4.00-570 < 2.00E-16 1.00E-04**
Adjusted
Cerebellar ) -13.39--3.10 1.71E-03** _Qare
o o Valume  CTouP [3429Del] 8.24 4.30E-03
3 - _
(cm®) Group x Sex 1.43 5.62 - 8.48 0.69 0.70
R? / R? adjusted 0.11/0.11

Robust Wald test

51.0 on 4 and 1626 DF, p-value < 2.20E-16***
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Intercept 2290 21.21-23.19 < 2.00E-16

Age (years) 0.43 0.32-0.53 8.45E-15 1.00E-04***

Age? 0.01 -0.01 —-0.004 1.55E-06 1.00E-04**
H. elCV- _ _02**
Adjusted Sex [Male] 0.38 010 -0.65 8.15E-03 9.30E-03**
Cerebellar
White Matter Group [3g29Del] 1.04 -2.56 - 4.64 0.57 0.27
Volume (cm?3)

Group x Sex 2.73 -2.29-17.75 0.29 0.03*

R? / R? adjusted 0.19/0.19

Robust Wald test 87.5 on 5 and 1625 DF, p-value < 2.20E-16***

Control N = 1,608 (Female N = 861, Male N = 747), 3q29Del N = 23 (Female N = 9, Male N = 14). p-value
< 0.001 ¥ p-value < 0.01 **, p-value < 0.05 ¥, p-value < 0.1 . Abbreviations: 3q29 deletion syndrome,
3q29Del; VOI, volumetric measure of interest; eICV, estimated total intracranial volume; unstandardized
coefficient estimate, 4; confidence interval, CI; degrees of freedom, DF; permutation, perm; ordinary least
squares, OLS.



perm. p-

Outcome variable Explanatory variables b Cl (95%) p-value value
19.36 — 22.93 < 2.00E-16***
Intercept 21.14
- kkk
elCV-Adjusted  Age (vears) os6  030-075  1.94E-08 1.00E-04***
Cerebellar White _ . 04+
e Age? 0.01 0.01 —-0.005 1.74E-04 1.00E-04***
cm3 . . _ *
(cm’) %:ggg:lt]lc group 4.09 0.50 — 7.68 0.03 1.00E-04***
Sex: Male
R? / R? adjusted 0.18/0.18
Robust Wald test 62.1 on 3 and 757 DF, p-value < 2.00E-16***
22.27 - 2443 < 2.00E-16***
Intercept 23.35
_ N/***
elCV-Adjusted Age (years) 0.32 0-20-0.44 9.95E-08 1.00E-04***
Cerebellar White N . _02**
Matter Volume Age? -0.004 0.01 —-0.001 4.24E-03 4.90E-03*
(em?) Diagnostic group 0.88 -2.64 - 4.39 0.62 0.29
[3929Del] ) )
Sex: Female
R? / R? adjusted 0.21/0.20

Robust Wald test 89.4 on 3 and 866 DF, p-value < 2.00E-16***

Table S6. Post hoc analysis of the suggestive sex by diagnostic group interaction effect on eICV-
adjusted cerebellar white matter volumes. For further inspection of the suggestive diagnostic group by sex
interaction effect described in Table S5H and Fig. S8, here we report results from a post hoc analysis of the effect
of diagnostic group on elCV-adjusted cerebellar white matter volumes in males and females, separately. Sex-
stratified multiple linear regression models include age and age? as covariates based on the best-fitting
polynomial model for this VOI from Table S3H. Main effect of diagnostic group is reported in bold for clarity.
Results indicate that male 3q29Del subjects have larger eICV-adjusted cerebellar white matter volumes than
male controls (p < 0.05), whereas this effect was not significant in female 3q29Del subjects compared with
female controls (p > 0.05). Inferences are based on heteroskedasticity-robust estimates in males versus females,
which are provided above non-robust OLS estimates (in grey brackets). Robust Wald test statistics are reported
to assess the overall significance of each model, along with exact p-values calculated by non-asymptotic
permutation marginal tests. Since the heteroskedasticity-robust estimates for the corresponding sex by

diagnostic group interaction failed to reach significance in Table S3H (p > 0.05), we consider the evidence in
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favor of this sex-specific effect to be weak. Male N = 761 (Control N = 747, 3q29Del N = 14), Female N =
870 (Control N = 861, 3g29Del N = 9). Contrast coding: reference level for the diagnostic group variable is
healthy control. p-value < 0.001 ***| p-value < 0.01 ¥, p-value < 0.05 *’, p-value < 0.1 V. _Abbreviations:
3929 deletion syndrome, 3q29Del; estimated total intracranial volume, eICV; VOI, volumetric measure of
interest; unstandardized coefficient estimate, 4; confidence interval, CI; degrees of freedom, DF; permutation,

perm
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Summary of multiple linear
regression findings
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Diagnostic group

Control
Mean + SD

3g29Del
Mean + SD

Total Cerebellum Volume (cm?3)

All subjects

Absolute Volume
Diagnostic group X Sex
elCV-Adjusted Volume
Diagnostic group X Sex
Male subjects

Absolute Volume
elCV-Adjusted Volume

Female subjects

Absolute Volume
elCV-Adjusted Volume

v (3929Del < control)

ns

v (3929Del < control)
ns

v (3929Del < control)
v (3929Del < control)

v (3929Del < control)
v (3929Del < control)

145.86 +15.17

145.86 + 10.51

154.76 + 13.47
148.72 + 10.80

138.13 £ 12.00
143.37 £ 9.59

132.74 +12.81

141.97 £ 11.31

137.58 + 9.78
145.64 £ 10.48

125.22 +13.83
136.26 + 10.63

Cerebellar Cortex Volume (cm?3)

All subjects

Absolute Volume

v (3929Del < control)

117.39 + 12.52

105.34 + 11.55

Diagnostic group X Sex ns — —
elCV-Adjusted Volume v (3929Del < control) 117.39 £9.12 112.31 £ 9.82
Diagnostic group X Sex ns — —
Male subjects
Absolute Volume v (3929Del < control) 124.61 +10.98 108.88 + 9.35
elCV-Adjusted Volume v (3929Del < control) 120.06 £ 9.21 114.96 £ 9.31
Female subjects
Absolute Volume v (3929Del < control) 111.12 £ 10.18 99.84 + 12.99
elCV-Adjusted Volume v (3929Del < control) 115.07 £ 8.38 108.18 £ 9.63
Cerebellar White Matter Volume (cm?)
All subjects
Absolute Volume ns 28.47 + 3.89 27.40 £5.84
Diagnostic group X Sex ns — —
elCV-Adjusted Volume v (3929Del > control) 28.47 +3.13 29.66 + 6.11
Diagnostic group X Sex v (suggestive interaction effect) — —
Male subjects
Absolute Volume ns 30.15+4.02 28.70 £6.35
eICV-Adjusted Volume gf(jquzggezmz ;‘;gﬁgf’c'tlézsgffgtc"t’)” 28.67 + 3.46 30.68 + 6.64
Female subjects
Absolute Volume ns 27.01£3.12 2537 £4.54
elCV-Adjusted Volume s (inspection of suggestive 28.30 + 2.80 28.08 +5.12

interaction effect)
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Cerebellar Cortex to White Matter Volume Ratio

All subjects
Absolute Volume Ratio
Diagnostic group X Sex
Male subjects
Absolute Volume Ratio
Female subjects

Absolute Volume Ratio

v (3929Del < control)
ns

v (3929Del < control)

v (3929Del < control)

4.16 +0.46 3.99+0.83
4.18+0.48 3.97 £0.90
4.15+0.45 4.02+0.76

elCV (cmd)

All subjects
Absolute Volume
Diagnostic group X Sex
Male subjects
Absolute Volume
Female subjects

Absolute Volume

v (3929Del < control)
v (male effect > female effect)

v (3929Del < control)

v (3929Del < control)

1587.49 £ 178.02 1413.33 + 116.47

1701.33 £ 141.52  1435.33 + 103.17

1488.71 £ 144.31 1379.12 + 133.59

Table S7. Summary of multiple linear regression findings and descriptive statistics for volumetric

measures of interest in 3q29Del and control groups. Diagnostic group differences and diagnostic group by

sex interaction effects identified in the current study (p’s < 0.05) are marked by the “v”” symbol; the direction

of the corresponding effect is specified by the “>” (greater than) or “<” (less than) symbols. Descriptive

statistics (mean and SD) for each volumetric measure of interest are provided on the right for separate groups.

Control N = 1,608 (Female N = 861, Male N = 747), 3q29Del N = 23 (Female N = 9, Male N = 14).

Abbreviations: 3q29 deletion syndrome, 3q29Del; VOI, volumetric measure of interest; estimated total

intracranial volume, eICV; standard deviation, SD; not significant, ns.



Sex, n/N (%)
Male
Female
Age (in years)
Mean + SD
Median [Range]
Ethnicity, n/N (%)
Non-Hispanic / Latino
Hispanic / Latino
Race, n/N (%)
White

More than one race
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PFAC/MCM - (N = 11)

PFAC/MCM + (N = 13)

Test statistics

7/11 (63.64%)
4/11 (36.36%)

17.64 + 11.76
15 [4 — 39]

11/11 (100%)
0/11 (0%)

10/11 (90.91%)
1/11 (9.09%)

History of head injury”, n/N (%)

Negative

Positive

6/8 (75.00%)
2/8 (25.00%)

8/13 (61.54%)
5/13 (38.46%)

12.23+5.72
10 [6 - 21]

12/13 (92.31%)
113 (7.69%)

12/13 (92.31%)
113 (7.69%)

11/13 (84.62%)
2/13 (15.38%)

History of neonatal complications during delivery”, n/N (%)
“Did the baby have any trouble at birth?” (e.g., birth injuries, jaundice, fetal hypoxia, respiratory distress
syndrome, hemorrhage); “Was the baby premature?”

Negative

Positive

3/8 (37.50%)
5/8 (62.50%)

7/13 (53.85%)
6/13 (46.15%)

History of maternal complications during pregnancy®, n/N (%)
“Did the mother have any illness or injury during pregnancy?” (e.g., preeclampsia, infection, physical trauma)

Negative

Positive

4/8 (50.00%)
4/8 (50.00%)

9/13 (69.23%)
4/13 (30.77%)

OR =0.92,
95% Cl =0.13 - 6.39,
p-value@ =1

t=-1.47, DF = 22,
p-value? = 0.16°

OR = INF,
95% Cl =0.02 — INF,
p-value? =1

OR =0.84,
95% Cl =0.01-71.84
p-value@ =1

OR =0.56,
95% Cl = 0.03 - 9.62,
p-value @ = 0.62

OR =0.53,
95% Cl =0.06 — 4.21,
p-value @ = 0.66

OR =0.46,
95% Cl = 0.05 - 3.90,
p-value @ = 0.65

Combined history of head injury, neonatal complications during delivery, and/or maternal complications

during pregnancy*, n/N (%)

Negative

Positive

2/8 (25.00%)
6/8 (75.00%)

4/13 (30.77%)
9/13 (69.23%)

OR=0.76,
95% Cl= 0.05 - 7,55,
p-value@ =1

Table S8. Demographic and relevant clinical characteristics of 3q29Del subjects with versus without

posterior fossa arachnoid cyst or mega cisterna magna findings. There was no significant difference

between PFAC/MCM positive (+) and negative (-) 3q29Del subjects in demogtraphic characteristics or in

clinical characteristics that have been proposed to be associated with the etiology of secondary (acquired) cysts
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in previous literature (p’s > 0.05). “Fisher's exact test, ‘Student’s two sample t-test. #3g29Del N = 21 due to
missing data. Abbreviations: 3q29 deletion syndrome, 3q29Del; posterior fossa arachnoid cyst, PFAC; mega

cisterna magna, MCM; standard deviation, SD; odds ratio, OR; confidence interval, CI.
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Standardized test scores 3g29Del (N = 23)
Visual-motor Integration (Beery VMI-6)

Mean £ SD 67.83 + 15.87

Median [Range] 70 [45 - 96]
Supplemental test: Motor Coordination (Beery VMI-6)

Mean £ SD 62.65 + 15.68

Median [Range] 63 [45 — 90]
Supplemental test: Visual Perception (Beery VMI-6)

Mean £ SD 74.74 £ 18.20

Median [Range] 79 [45 - 101]
Composite 1Q (WASI-Il/ DAS-1I)

Mean £ SD 73.48 £ 13.30

Median [Range] 75 [46 — 96]
Supplemental test: Verbal 1Q (WASI-II/ DAS-I)

Mean £ SD 79.87 £ 19.13

Median [Range] 85 [31 - 106]
Supplemental test: Non-verbal 1Q (WASI-Il/ DAS-I)

Mean £ SD 74.61+13.80

Median [Range] 75 [53 - 98]

Table S9. Descriptive statistics for standardized test scores for sensorimotor and cognitive abilities
among 3q29Del subjects. Abbreviations: 3q29 deletion syndrome, 3q29Del; intelligence quotient, 1Q; Wechsler
Abbreviated Scale of Intelligence, WASI; Differential Ability Scales, DAS; visual-motor integration, VMI;

standard deviation, SD.
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Outcome variables Explanatory variables b Cl (95%) p-value
Intercept 100.65 17.78 — 183.51 0.02*
Age (years) -0.63 -1.72-0.46 0.24
Sex [Male] -4.22 -19.46 - 11.02 0.57
Cerebellar Cortex Volume (cm®  -0.20 -0.95 - 0.56 0.59
Visual-motor R? / R? adjusted 0.13/-0.01
Integration Robust Wald Test 0.6 on 3 and 19 DF, p-value =0.63
(standardized score, Intercept 44.93 15.79 - 74.07 4.44E-03**
Beery VMI-6) Age (years) -0.57 -1.24 -0.10 0.097
Sex [Male] -10.47 -24.59 - 3.65 0.14
Cerebellar WM Volume (cm?) 1.38 0.36 — 2.41 0.01**
R? / R? adjusted 0.35/0.25
Robust Wald Test 4.0 on 3 and 19 DF, p-value = 0.02*
Intercept 44.27 -44.76 — 133.29 0.31
Age (years) 0.28 -0.71-1.28 0.56
Sex [Male] -5.78 -20.33 -8.78 0.42
Cerebellar Cortex Volume (cm®)  0.17 -0.60 — 0.94 0.65
Supplemental test: R? / R? adjusted 0.05/-0.10
Motor Coordination Robust Wald Test 0.4 on 3 and 19 DF, p-value =0.77
(standardized score, Intercept 46.45 15.79 -77.11 5.03E-03**
Beery VMI-6) Age (years) 0.20 -0.53-0.92 0.58
Sex [Male] -6.58 -21.59 -8.42 0.37
Cerebellar WM Volume (cm?) 0.63 -0.45-1.71 0.24
R? / R? adjusted 0.09/-0.05
Robust Wald Test 0.8 on 3 and 19 DF, p-value =0.53
Intercept 109.13 24.51-193.76 0.01**
Age (years) -0.60 -1.68 -0.48 0.26
Sex [Male] -5.46 -22.30-11.38 0.51
Cerebellar Cortex Volume (cm®)  -0.21 -0.96 — 0.54 0.57
Supplemental test: R? / R? adjusted 0.10/-0.04
Visual Perception Robust Wald Test 0.6 on 3 and 19 DF, p-value =0.62
(standardized score, Intercept 65.04 30.90 - 99.18 7.88E-04***
Beery VMI-6) Age (years) -0.52 -1.34-0.29 0.19
Sex [Male] -10.06 -30.39-10.28 0.31
Cerebellar WM Volume (cm?) 0.87 -0.83 — 2.56 0.30
R? / R? adjusted 0.16/0.03
Robust Wald Test 0.8 on 3 and 19 DF, p-value =0.52
Intercept 62.45 -4.14 — 129.04 0.067
Age (years) 0.06 -0.86 - 0.97 0.90
Sex [Male] -5.15 -18.74 - 8.44 0.44
Cerebellar Cortex Volume (cm®)  0.13 -0.47 - 0.72 0.66
Composite 1Q R? / R? adjusted 0.03/-0.12
(standardized score Robust Wald Test 0.2 on 3 and 19 DF, p-value =0.88
WASI-1l/ DAS-1I) ’ Intercept 42.69 19.34 - 66.03 1.14E-03**
Age (years) -0.03 -0.56 - 0.50 0.90
Sex [Male] -8.66 -20.51-3.18 0.14
Cerebellar WM Volume (cm?) 1.33 0.36 — 2.31 9.89E-03**
R? / R? adjusted 0.34/0.23

Robust Wald Test

3.1 on 3 and 19 DF, p-value = 0.05*
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Intercept 46.24 -32.13 - 124.61 0.23

Age (years) 0.28 -0.72-1.29 0.56

Sex [Male] -9.09 -25.92-7.74 0.27

Cerebellar Cortex Volume (cm3®)  0.33 -0.36 — 1.02 0.33
Supplemental test: R? / R? adjusted 0.06 /-0.08
Verbal IQ Robust Wald Test 0.5 on 3 and 19 DF, p-value = 0.66
(standardized score, Intercept 43.93 12.21 -75.64 9.20E-03**
WASI-Il/ DAS-II) Age (years) 0.10 -0.65-0.85 0.78

Sex [Male] -11.58 -28.35-5.18 0.16

Cerebellar WM Volume (cm?) 1.51 0.13 -2.89 0.03*

R? / R? adjusted 0.23/0.11

Robust Wald Test 2.9 on 3 and 19 DF, p-value = 0.067

Intercept 94.11 33.85-154.37 4.04E-03**

Age (years) -0.52 -1.55-0.50 0.30

Sex [Male] -5.40 -19.42 - 8.63 0.43

Cerebellar Cortex Volume (cm3)  -0.08 -0.64 — 0.48 0.77
Supplemental test: R?/ R? adjusted 0.14/0.003
Non-verbal 1Q Robust Wald Test 0.5 on 3 and 19 DF, p-value =0.67
(standardized score, Intercept 53.59 23.85-83.33 1.29E-03**
WASI-Il/ DAS-II) Age (years) -0.52 -1.11-0.07 0.08f

Sex [Male] -10.37 -22.86 - 2.12 0.107

Cerebellar WM Volume (cm?) 1.28 0.17 —2.39 0.03*

R? / R? adjusted 0.41/0.31

Robust Wald Test 3.0 on 3 and 19 DF, p-value = 0.67

Table S10. Extended multiple linear regression results testing the relationships between tissue-specific
cerebellar volumes and sensorimotor and cognitive abilities among 3q29Del subjects. Main effects of
cerebellar cortex and white matter volumes are reported in bold. Regression parameters reflect
heteroskedasticity-robust estimates, computed to address observed violations of statistical assumptions.
Regression results indicate significant relationships between cerebellar white matter volume and visual-motor
integration skills (p < 0.01) and composite I1Q (p = 0.01) among 3q29Del subjects. In supplemental analyses,
cerebellar white matter volume was found to have a significant relationship with both verbal (p < 0.05), and
non-verbal IQ (p < 0.05). See Table 5 for results from secondary models including estimated total intracranial
volume as an additional covariate. 3q29Del N = 23. Contrast coding: reference level for the sex variable is
female. p-value < 0.001 *** p-value < 0.01 **°, p-value < 0.05 *’, p-value =< 0.1 . Abbreviations: 3q29 deletion
syndrome, 3q29Del; volumetric measure of interest, VOI; intelligence quotient, 1QQ; Wechsler Abbreviated Scale
of Intelligence, WASI; Differential Ability Scales, DAS; visual-motor integration, VMI; white matter, WM,;

unstandardized coefficient estimate, 4; confidence interval, CI; degrees of freedom, DF.
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. PFAC/MCM - PFAC/MCM + e
Standardized test scores (N=11) (N =13) Test statistics
Visual-motor Integration
(Beery VIO 66.64 + 16.45 68.85+1530  t=0.34, DF =22,

Median [Range] 68 [45 — 86] 70 [45 - 96] p-value = 0.74
Supplemental test: Motor Coordination
(Beery VMI-6)
Mean + SD 64.00 £ 15.95 60.38 £ 15.79 W= 60.00,
Median [Range] 63 [45 - 90] 58 [45 — 83] p-value = 0_52b
Supplemental test: Visual Perception
(Beery VMI-6)
Mean + SD 69.09 £ 19.36 78.38 + 16.41 t=1.27, DF = 22,
Median [Range] 63 [45 — 98] 79 [45-101] p-value = 0.22°
Composite 1Q
(WASI-lI/ DAS-1I) 7491+ 12.83 7077 + 1445  t=-0.74,DF =22,
Mean + SD 75 [54 — 96] 72 [46 - 89] - 0.47°
Median [Range] p-value = 0.47
Supplemental test: Verbal IQ
(WASI-1l/ DAS-1I)
Mean + SD 84.73£17.19 74.00 £ 20.24 W= 52.50,
Median [Range] 85 [57 — 106] 80 [31 — 93] p-value = 0.28"
Supplemental test: Non-verbal I1Q
(WASI-1l/ DAS-1I)
Mean + SD 73.09 £ 12.71 75.54 + 14.60 t=0.43, DF = 22,
Median [Range] 72 [54 — 98] 79 [63 - 97] p-value = 0.67°

Table S11. Standardized test scores for sensorimotor and cognitive abilities in 3q29Del subjects with
versus without posterior fossa arachnoid cyst or mega cisterna magna findings. There was no significant
difference between PFAC/MCM positive (+) versus negative (-) 3q29Del subjects in visual-motor integration,
motor coordination or visual perception scores measured by the Beery-Buktenica Developmental Test of VMI,
ot in composite, verbal or non-verbal IQ scores measured by the WASI / DAS (p’s > 0.05). «Student’s two
sample t-test, "Wilcoxon rank sum test with continuity correction. Non-parametric statistics are reported in
cases where the data do not meet parametric assumptions. Abbreviations: 3q29 deletion syndrome, 3q29Del;
posterior fossa arachnoid cyst, PFAC; mega cisterna magna, MCM; intelligence quotient, 1Q; WASI, Wechsler
Abbreviated Scale of Intelligence; DAS, Differential Ability Scales; VMI, visual-motor integration; standard

deviation, SD.
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Supplemental Figures

3g29Del subjects Healthy controls
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24 y/o male

Segmentation label

[] Cerebellar cortex
[ ] Cerebellarwhite matter

Figure S1. Example cerebellar segmentation masks for representative age- and sex-matched 3q29Del
and healthy control pairs. A-N) For quality control, cerebellar cortex and white matter segmentation masks
were overlaid on T1-weighted MR images acquired from N = 23 age- and sex-matched case-control pairs
randomly selected from the dataset. Representative images for seven randomly selected case-control pairs are
provided in this figure for illustration in sagittal and coronal planes. 3D volumes were segmented using
FreeSurfer’s automated subcortical segmentation algorithm in both diagnostic groups, as implemented in the
HCP “minimal pre-processing” pipeline (Glasser et al., 2013; Harms et al., 2018). Image quality, tissue contrast
and the boundaries of delineation for cerebellar voxel classifications were examined by two independent raters
using the Connectome Workbench tool (https://www.humanconnectome.org/software/get-connectome-
workbench). These outputs were found to be highly consistent within and between diagnostic groups,

independent of age, sex, and presence or absence of radiologically observable posterior fossa abnormalities. O)
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A representative T1-weighted sagittal MR image of a 6-year-old male 3q29Del subject who was excluded from
volumetric analyses due to motion artifact and a skull deformity interfering with reliable volume estimations.
Upon radiological examination, this 3q29Del subject was found to have plagiocephaly (red arrow). An example
MR image is provided to illustrate our basis for exclusion. Abbreviations: 3q29 deletion syndrome, 3q29Del; years

old, y/o.

Harms MP, Somerville LH, Ances BM, Andersson |, Barch DM, Bastiani M, et al. (2018): Extending the Human
Connectome Project across ages: Imaging protocols for the Lifespan Development and Aging projects.

Neuroimage. 183:972-984.

Glasser MF, Sotiropoulos SN, Wilson JA, Coalson TS, Fischl B, Andersson JL, et al. (2013): The minimal

preprocessing pipelines for the Human Connectome Project. Neuroimage. 80:105-124.,
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Figure S2. Relationships between estimated total intracranial volume, total brain volume and head
circumference among 3q29Del subjects. Morphometric analysis of regional brain structure confronts the
challenge of accounting for head size variation. A widely used automated procedure for head size correction,
which has been validated against manually delineated measurements of total intracranial volume (ICV), is the
atlas-based head size normalization technique developed by FreeSurfer. This method exploits the relationship
between ICV and the linear transform to MNI space to calculate an estimated total intracranial volume (eICV)
for each subject, as described in Buckner et al. (2004). Since direct quality control of ICV segmentations is not
attainable in this framework (due to lack of available segmentation masks), we assessed the quality of our eICV

data by testing the Pearson’s correlations between A) eICV and total brain volume (i.e., the “brain segmentation
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volume” label in FreeSutfer: volume of all voxels that are not background / brain stem) and B) ¢ICV and
fronto-occipital head circumference, which was determined by our team using standardized tape measurement
in N = 23 3q29Del subjects. Consistent with previous literature (Hshieh et al., 2016; Wolf et al., 2003 and
others), these variables showed a significant positive correlation with eICV in our 3q29Del dataset, with
moderate to strong correlation coefficients (p-values < 0.05), providing an indirect metric for quality control.
Note that visual inspection of the alignments from which eICV values were calculated did not reveal any errors.

Abbreviations: 3q29 deletion syndrome, 3q29Del.

Buckner RL, Head D, Parker J, Fotenos AF, Marcus D, Morris JC, et al. (2004): A unified approach for
morphometric and functional data analysis in young, old, and demented adults using automated atlas-based
head size normalization: reliability and validation against manual measurement of total intracranial volume.

Neuroimage. 23:724-738.

Hshieh TT, Fox ML, Kosar CM, Cavallari M, Guttmann CR, Alsop D, et al. (2016): Head circumference as a

useful surrogate for intracranial volume in older adults. In# Psychogeriatr. 28:157-162.

Wolf H, Kruggel F, Hensel A, Wahlund LO, Arendt T, Gertz HJ (2003): The relationship between head size

and intracranial volume in elderly subjects. Brain Res. 973:74-80.
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Figure S3. Relationships between eICV and A) total cerebellum, B) cerebellar cortex, and C) cerebellar
white matter volumes among 3q29Del subjects versus controls. The grey and black lines represent the
estimated linear regression lines for control and 3q29Del groups, respectively. Corresponding multiple linear
regression equations for each outcome, with age and sex added as covariates, are provided on the right. Four
out of six group-specific intercepts were significantly different from zero (p’s = 0.05), indicating that the data
do not meet the assumptions for using the “proportion method” for head size adjustment. When 3q29Del and
control data were pooled, a significant interaction effect was identified between eICV and diagnostic group on

cerebellar white matter volumes, while correcting for age and sex (p = 0.05), with a significant positive slope
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observed among controls (b = 0.01, p < 0.05) and a negative but not significant slope observed among 3q29Del
subjects (b = -0.01, p > 0.05). These inhomogeneous regression slopes, along with non-zero intercept tests
support the implementation of the “residual method” as a more statistically appropriate approach to the eICV-
adjustment of cerebellar volumes in downstream analyses. Refer to Mathalon et al. (1993), O’Brien et al. (2011)
and Voevodskaya et al. (2014) for details on statistical considerations for head size adjustment. 3q29Del N =
23, Control N = 1,608. Contrast coding: reference level for the sex variable in regression models is female. p-
value < 0.001 ¥ p-value = 0.01 *¥, p-value < 0.05 ¥, p-value < 0.1 7. Abbreviations: 3q29 deletion
syndrome, 3q29Del; unstandardized coefficient estimate, /; confidence interval, CI; white matter, WM;

estimated total intracranial volume, eICV; male, M.
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Using i to indicate a given subject, obtain parameter
estimates using the control data only:

Estimated(VOI;)controt = Do contror T Pieontrot (B1CVi) + D2 coniror(S€Xi) +
b3control(Agei)‘

Control group
=

Generate residuals using the estimates from this model for all
subjects and calculate elCV-adjusted VOlis:

Adjusted (VOI,) = VOI; — boneror X (eICV; — eICV,oneror)

VOI (cm?)

; Wwhere eICV, 01 IS the mean eICV of the control group.

Adjusted(VOI;) = VOI; — (blmmml X elCVy) + (beontror X €1CViontrot) »
3q29De| group residual; VOlIcontrol

elCV (cm?3) Adjusted (VOI,) = residual; + VOl ontror-

Figure S4. Correction of cerebellar volumes for head size variation in volumetric case-control analyses.
Absolute cerebellar volumes were adjusted for eICV using the residual method for head size correction
(statistical justification for methodology is outlined in Fig. S3). A) A schematic illustration of the residual
method for calculating elCV-adjusted VOIs, modified from O’Brien et al. (2011). The gray and black ellipses
denote illustrative scatterplots for control and 3q29Del groups, respectively. The solid gray line represents a
least-square derived linear regression between eICV and a given VOI, computed based on data from the control
group only. Dashed vertical lines illustrate a sample of residuals calculated from this regression line for both
control and 3q29Del subjects. B) Formulas used for calculating eICV-adjusted VOIs based on the residual
approach (disregarding error). We assume that the regression slope, 47 represents the normative relationship
between eICV and cerebellar volumes and that this relationship is not necessarily sustained in the 3q29Del
group. Using the residual approach, we regress the VOI of healthy controls on the eICV of healthy controls,
including age and sex as covariates, and use the estimates obtained from this linear regression model to calculate
residuals for all subjects from both diagnostic groups. Hence, each residual represents the deviation of a given
subject’s observed VOI from what would be expected of a control subject with the same eICV. Previous work

has shown that the residual method is generally robust to systematic and random errors in MRI datasets
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(Sanfilipo et al., 2004), which provides advantages for detecting true group differences in combined datasets.
Refer to Mathalon et al. (1993), O’Brien et al. (2011) and Voevodskaya et al. (2014) for details on statistical
considerations for head size adjustment. Abbreviations: 3q29 deletion syndrome, 3q29Del; estimated total

intracranial volume, eICV; volumetric measure of interest, VOI.

Mathalon DH, Sullivan EV, Rawles JM, Pfefferbaum A (1993): Correction for head size in brain-imaging
measurements. Psychiatry Res. 50:121-139.

O'Brien LM, Ziegler DA, Deutsch CK, Frazier JA, Herbert MR, Locascio JJ (2011): Statistical adjustments for
brain size in volumetric neuroimaging studies: some practical implications in methods. Psychiatry Res. 193:113-

122.

Sanfilipo MP, Benedict RH, Zivadinov R, Bakshi R (2004): Correction for intracranial volume in analysis of

whole brain atrophy in multiple sclerosis: the proportion vs. residual method. Nesxroimage. 22:1732-1743.

Voevodskaya O, Simmons A, Nordenskjold R, Kullberg ], Ahlstrom H, Lind L, et al. (2014): The effects of
intracranial volume adjustment approaches on multiple regional MRI volumes in healthy aging and Alzheimer's

disease. Front Aging Neurosci. 6:264.
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Figure S5. Scatter plots showing the distribution of eICV-adjusted A) total cerebellum volume, B)
cerebellar cortex volume, and C) cerebellar white matter volume as a function of age among male and
female subjects in each diagnostic group. A slight jitter was added systematically to all panels to minimize
overplotting. Control N = 1,608 (Female N = 861, Male N = 747), 3q29Del N = 23 (Female N = 9, Male N
= 14). Abbreviations: 3q29 deletion syndrome, 3q29Del; adjusted for estimated total intracranial volume, adj.;

white matter, WM.
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VOI: Absolute Total Cerebellum Volume
Best fit: Model 2 (refer to Table S3A)

Shapiro-Wilk test: W = 1.00, p-value = 0.80
Studentized Breusch-Pagan test: BP = 13.19,
p-value = 0.01**.

VOI: Absolute Cerebellar Cortex Volume
Best fit: Model 2 (refer to Table S3B)

Shapiro-Wilk test: W = 1.00, p-value = 0.30
Studentized Breusch-Pagan test: BP = 11.05,
p-value = 0.03*.

VOI: Absolute Cerebellar White Matter Volume
Best fit: Model 2 (refer to Table S3C)

Shapiro-Wilk test: W = 0.99, p-value = 2.15E-11***
Studentized Breusch-Pagan test: BP = 71.94,
p-value = 8.85E-15"**.

VOI: Cerebellar Cortex to Cerebellar White
Matter Volume Ratio
Best fit: Model 2 (refer to Table S3D)

Shapiro-Wilk test: W = 0.99, p-value = 1.09E-06***
Studentized Breusch-Pagan test: BP = 180.9,
p-value < 2.2E-16***.

VOI: elCV
Best fit: Model 2 (refer to Table S3E)

Shapiro-Wilk test: W = 0.98, p-value = 1.66E-12***
Studentized Breusch-Pagan test: BP = 16.01,
p-value = 3.00E-03**.

VOI: elCV-Adjusted Total Cerebellum
Volume
Best fit: Model 1 (refer to Table S3F)

Shapiro-Wilk test: W = 1.00, p-value = 0.26
Studentized Breusch-Pagan test: BP = 12.86,
p-value = 4.95E-03**.
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VOI: elCV-Adjusted Cerebellar Cortex
Volume
Best fit: Model 1 (refer to Table S3G)
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Shapiro-Wilk test: W = 1.00, p-value = 0.29
Studentized Breusch-Pagan test: BP = 6.67,
p-value = 0.087.
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Studentized Breusch-Pagan test: BP = 121.71,
p-value < 2.2E-16 ***.
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Figure S6. Regression diagnostics: testing the assumptions of ordinary least squares regression for
best-fitting models from Table S3. A-H) Plots of residuals versus predicted values for checking the
assumptions of linearity and homoscedasticity in multiple linear regression. The residuals should appear
approximately linear and be evenly spread around the red y = 0 line (i.e., slope & y-intercept = 0) to assume a
linear relationship between the predictors and the outcome variables and to assume homoscedasticity. I-P)
QQ-plots of residuals for checking the normality assumption. The normal probability plot of residuals should
approximately follow a 45-degree straight line to indicate that all errors are normally distributed around zero.
Shapiro-Wilk normality tests were performed to additionally check that the residuals are normally distributed.
Q-X) Scale-location plots for checking the homoscedasticity assumption. Standardized residuals reflect
residuals divided by estimated standard error. Variance of the errors should be approximately the same for any
combination of values of the independent variables. Studentized Breusch-Pagan tests were performed to
additionally check for homoscedasticity. Given several observed violations of necessary linear regression
assumptions, we calculated heteroscedasticity-robust estimates for final inferences. p-value < 0.001 **¥ p-
value < 0.01 **, p-value = 0.05 ¥, p-value < 0.1 V. Abbreviations: volumetric measure of interest, VOI;

estimated total intracranial volume, eICV.
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Figure S8. Predictor effect plot showing a suggestive interaction effect between diagnostic group and
sex on elCV-adjusted cerebellar white matter volumes. Predicted values of eICV-adjusted cerebellar white
matter volume across male versus female 3q29Del and control groups were computed from the exploratory
interaction model reported in Table S5H, while covariates (age, age?) were held fixed. Error bars indicate the
95% confidence interval. Non-robust OLS estimates, and permutation testing from Table S5H suggested a
diagnostic group by sex interaction effect on eICV-adjusted cerebellar white matter volumes (non-robust p <
0.05, permutation p =< 0.05), however this effect was not significant (p > 0.05) when robust standard error
estimates were calculated to account for the heteroskedasticity in the data. We provide a graphic illustration of
this finding for visual inspection of underlying trends, but we consider the evidence in favor of this sex-specific
effect to be weak. Control N = 1,608 (Female N = 861, Male N = 747), 3q29Del N = 23 (Female N = 9, Male
N = 14). p-value < 0.001 ¥ p-value = 0.01 *¥, p-value < 0.05 ¥, p-value < 0.1 %’ _Abbreviations: 3q29

deletion syndrome, 3q29Del; estimated total intracranial volume, eICV; ordinary least squares, OLS.
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Figure S9. Estimated normative percentile curves for cerebellar volumes and eICV, stratified by sex.
Black solid lines represent the 10, 25t 50t (median, thicker), 75, and 90t percentiles estimated by fitting
quantile splines to volumetric data from IN = 861 female healthy controls and N = 747 male healthy controls,
separately. Pink dots represent data points for N = 9 3q29Del female subjects and blue dots represent data
points for N = 74 3q29Del male subjects, whose volumetric measures are being compared to sex-stratified
reference percentiles in healthy controls. A spline term of age was included as a covariate in each quantile spline
model, as described by Oh et al. (2004). Due to the relative sparsity of volumetric data at the youngest and
oldest endpoints of the age range covered in the present study, slight overlaps are observed in percentile bands.

Abbreviations: 3q29 deletion syndrome, 3q29Del; estimated total intracranial volume, eICV; adjusted, ad;.

Oh HS, Nychka D, Brown T, Charbonneau P (2004): Period analysis of variable stars by robust

smoothing. Journal of the Royal Statistical Society: Series C (Applied Statistics). 53(1):15-30.
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Figure S10. Scatter plots showing the distribution of A) total cerebellum volume, B) cerebellar cortex

volume, C) cerebellar white matter volume, and D) eICV as a function of age among 3q29Del subjects

with versus without posterior fossa arachnoid cyst or mega cisterna magna findings. A slight jitter was

added systematically to all panels to minimize overplotting. 3q29Del N = 23 (Female N = 9, Male N = 14).

Abbreviations: 3g29 deletion syndrome, 3q29Del; estimated total intracranial volume, eICV; posterior fossa

arachnoid cyst, PFAC; mega cisterna magna, MCM.
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Figure S11. Violin plots with box plots visualizing the distribution of standardized test scores for
sensorimotor and cognitive abilities among 3q29Del subjects. Violin plots represent the distribution of
standardized test scores (normative mean = 100, SD = 15) for visual-motor integration, motor coordination
and visual perception skills measured by the Beery-Buktenica Developmental Test of VMI, and for composite,
verbal and non-verbal IQ scores measured by the WASI / DAS. Boxplots visualize the five-number summary
statistics for each measure (minimum, lower quartile, median, upper quartile and maximum). Higher scores
indicate better performance. 3q29Del N = 23. Abbreviations: 3q29 deletion syndrome, 3q29Del; intelligence
quotient, 1Q; Wechsler Abbreviated Scale of Intelligence, WASI; Differential Ability Scales, DAS; visual-motor

integration, VMI; standard deviation, SD.



255

Visual r=0.48
Perception p=0.02*
Pearson’s
correlation
Motor coefficient (r)
Coordination
. 1.0
0.5
Visual-motor
Integration 0.0

Non-verbal IQ

' -0.5
-1.0

Verbal IQ

g g g 5S S S
© o © o= o=
= ®©
@ = £ = = c
(@] [ () L O S
Q. > > (UQ bt
£ < ? £ 8
8 2 S o

Figure S12. Heatmap visualization of pairwise Pearson’s correlations between standardized test scores
for sensorimotor and cognitive abilities among 3q29Del subjects. We assessed the pairwise Pearson’s
correlations among all behavioral measures to determine the extent to which our findings may be interrelated.
In the 3g29Del sample, composite 1Q), verbal 1QQ and non-verbal IQ) scores were significantly correlated with
one another (p’s < 0.01, moderate-very strong). Similarly, visual-motor integration, motor coordination, and
visual perception scores showed significant pairwise correlations with each other (p’s < 0.05, moderate-strong).
Composite 1Q scores had significant correlations with visual-motor integration (p < 0.01, strong), motor
coordination (p < 0.01, moderate), and visual perception scores (p = 0.05, moderate), which were largely driven
by significant correlations observed between non-verbal 1Q) and motor coordination scores (p < 0.05, moderate)

and between non-verbal IQ and visual perception scores (p < 0.001, strong). Verbal IQ) scores did not correlate
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significantly with visual-motor integration, motor coordination, or visual perception scores (p’s > 0.05, very
weak-weak). All correlation coefficients (7) were positive. Significant test results (p’s < 0.05) are reported in bold
for clarity. The strength of the computed correlation coefficients was evaluated based on the following criteria:
|7| =0-0.19, very weak; | 7| = 0.20 — 0.39, weak; |7| = 0.40 — 0.59, moderate; | 7| = 0.60 — 0.79, strong; | 7|
= 0.80 — 1, very strong. 3q29Del N = 23. p-value =< 0.001 **¥| p-value < 0.01 **, p-value < 0.05 *’, p-value

=< 0.1 V. _Abbreviations: 3q29 deletion syndrome, 3q29Del; 1Q), intelligence quotient.
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Figure S13. Cerebellar protein expression profiles of 3q29 interval genes annotated by the Human Protein Atlas. In A) protein expression profiles of 21 protein
coding genes located in the 3q29 interval are provided for the human cerebellum. In B) protein expression profiles of 3q29 interval genes are provided for annotated
cerebellar subregions, using the same units. All annotations were obtained from the Human Protein Atlas (version 20.1) and were established by evaluation of
immunohistochemical staining patterns, RNA-sequencing data, and available protein/gene characterization data, as desctribed by Uhlen et al. (2010 & 2015). Protein
expression profiles were characterized in normal human tissues as “High”, “Medium”, “Low” or “Not detected”. The “No data” category indicates that there was no
available protein expression information on the Human Protein Atlas for a given query. Note that, for FBXO45, RNA-based expert annotation could not be performed
by the Human Protein Atlas due to inconclusive results (query date: 10.02.2021); hence the protein expression profile provided for this gene relies on immunohistochemistry

tindings only. The data visualized in this figure can be accessed via http://www.proteinatlas.org.
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Abstract

The 3929 deletion (3q29Del) is a copy number variant (CNV) with the highest known effect size for psychosis-
risk (>40-fold increased risk). Systematic research on this CNV offers promising avenues for identifying
mechanisms underlying psychosis and related disorders. Relative to other high-impact CNVs like 22q11.2Del,
far less is known about the phenotypic presentation and pathophysiology of 3q29Del. Emerging findings
indicate that posterior fossa abnormalities are common among 3q29Del carriers; however, their clinical
relevance is unknown. Here, we report the first in-depth evaluation of psychotic symptoms in study participants
with 3q29Del (IN = 23), using the Structured Interview for Psychosis-Risk Syndromes (SIPS), and compare to
SIPS data from 22q11.2Del participants (IN = 31) and healthy controls (IN = 279). We also investigate the
relationship between psychotic symptoms, cerebellar morphology, and cystic/cyst-like malformations of the
posterior fossa in 3g29Del by structural brain imaging. Cumulatively, 48% of the 3q29Del sample exhibited a
psychotic disorder (N=4) or attenuated positive symptoms (N = 7), with three individuals with attenuated
symptoms meeting the frequency and timing criteria for clinical high risk for psychosis. Males with 3q29Del
scored higher in negative symptoms than females. 3q29Del participants had more severe ratings than controls
on all domains and exhibited less severe negative symptoms than 22q11.2Del participants. An inverse
relationship was identified between positive symptom severity and cerebellar cortex volume in 3q29Del, while
cystic/ cyst-like malformations yielded no clinical link with psychosis. Overall, our findings establish the unique
and shared profiles of psychotic symptoms across two CNVs and highlight cerebellar involvement in elevated

psychosis-risk in 3g29Del.
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Introduction

The identification of copy number variants (CNVs) that confer high risk for serious mental illnesses has
provided new substrates to investigate the etiology of psychotic disorders. The 3q29 and 22q11.2 deletions
(Del) are two CNVs that significantly increase risk for a range of neuropsychiatric disorders, especially
schizophrenia and other psychotic disorders (1-12). Thus, systematic research on these CNVs holds promise
for shedding light on the neuropathology underlying psychosis.

22q11.2Del is caused by a hemizygous 1.5- to 3.0-Mb deletion involving 45 protein-coding genes. The
deletion affects 1 in 2,148-4,000 individuals (13-17) and is estimated to convey a >20-fold increased risk for
developing schizophrenia (18, 19). Standardized measures have been used to examine the clinical high risk
(CHR) or the “prodromal” symptoms that may precede the onset of psychosis in 22q11.2Del syndrome and
the general population. Before the first psychotic episode, typically during late adolescence and early adulthood,
individuals often exhibit a period of functional decline coinciding with the emergence of attenuated psychotic
symptoms (20-23). Those identified at CHR present with these “warning” signs and are at substantial risk for
future psychosis (24). Published reports in 22q11.2Del have shown that about 30-60% of study participants
manifest attenuated psychotic symptoms which are known to be linked with elevated risk for subsequent
conversion to psychosis (25, 20).

Individuals with 3q29Del are hemizygous for a 1.6-Mb interval containing 21 protein-coding genes.
Compared to 22q11.2Del, 3q29Del was only recently identified (27) and is less common, with a prevalence of
approximately 1 in 30,000 individuals (10); consequently the associated phenotypes are just now being
documented. Like 22q11.2Del, 3q29Del is pleiotropic; it elevates risk for a range of physical and psychiatric
disabilities, including low birth weight, failure to thrive, cardiac defects, cognitive deficits, and autism spectrum
disorder (9, 28). Current evidence suggests that 3q29Del confers an equal or greater risk for psychosis than
22q11.2Del. Recent reports revealed that the 3q29 deletion confers a >40-fold increased risk for schizophrenia
(1, 8, 29). It is not known whether early clinical signs of psychosis risk are elevated among individuals with
3q29Del.

Our team recently documented the neurodevelopmental and psychiatric manifestations associated with
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3q29Del (10, 30). 3q29Del individuals participated in in-depth evaluation of psychiatric symptoms and magnetic
resonance imaging (MRI). Here, we report detailed results on psychotic symptoms in study participants with
3q29Del, as assessed by the Structured Interview for Psychosis-Risk Syndromes (SIPS) (31, 32). Using this
gold-standard instrument, we determined the proportion of 3q29Del participants with attenuated or florid
psychotic symptoms and contrasted this with the symptom profile in 22q11.2Del participants and healthy
controls (HC).

Next, we asked whether psychosis susceptibility in 3q29Del is associated with morphometric features of
the brain measured by structural MRI. Recent radiological findings by our team have revealed that cerebellar
hypoplasia and cystic/cyst-like malformations of the postetior fossa, are significantly elevated in 3q29Del (10).
Our group has also shown quantitively that study participants with 3q29Del exhibit abnormal cerebellar
volumes compared with HCs (33). In the current study, we demonstrate that these neuroanatomical phenotypes
may have clinical relevance. This is the first known investigation of the relationship between psychotic
symptoms and neuroimaging findings in 3q29Del syndrome and suggests the cerebellum may be a primary site

of pathology.

Methods and Materials
Participants

The 3g29Del sample: Twenty-three individuals with 3q29Del, ages 8.08-39.12 (mean  SD = 16.94 * 8.24 years)

were evaluated using the SIPS (31, 32). Study participants were ascertained from the 3q29 registry (28) and
between August 2017-February 2020 traveled to Atlanta, GA for deep phenotyping with gold-standard
instruments and MRI. Deletion status was confirmed from the clinical genetics report and/or medical records.

The project protocol and a summary of findings have been previously described (10, 30).

Comparison samples: The HC comparison sample included 279 healthy individuals, ages 12.07-34.41 (mean * SD

= 20.08 * 4.61 years), from the second cohort of the North American Prodromal Longitudinal Study

(NAPLS2), who were evaluated with the SIPS between June 2009-October 2012. NAPLS2 is a multi-site
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consortium investigating the trajectories of individuals at CHR (34). These HCs chosen for the present analysis
neither met criteria for any psychotic disorder nor reported any attenuated psychotic symptoms and had no
history of a central nervous system disorder, intellectual disability, substance dependence in the previous six
months, or a first-degree relative with a psychotic disorder.

The 22q11.2Del comparison sample included SIPS data from 31 individuals with 22q11.2Del, ages 13.85-
29.77 (mean = SD = 19.75 * 4.12 years), from the 22q11.2 Clinic in Atlanta, GA (25, 26, 35). Participants were
ascertained from a case registry, with the deletion confirmed via fluorescence in situ hybridization (FISH).
Participants were often referred for FISH as minors due to cardiovascular defects, language difficulties or
immunological problems. Individuals identified as adults were referred as part of clinical care within a genetics

ot heart clinic, as described in (25). Data were collected between February 2006-June 2007.

Assessment of attenuated and flovid psychotic symptoms

All study participants were administered the SIPS semi-structured clinical interview by trained personnel.
The 19 items in the SIPS are grouped within four domains: positive, negative, disorganization, and general.
Each item is rated on a scale from 0 (Absent) to 6 (Severe and Psychotic for positive symptoms, Extreme for others),
with a rating of 3 (Moderate) indicating clinical significance. Item ratings were summed to produce a total score
for each domain. For adolescents and adults with 3q29Del meeting criteria for a psychotic disorder, the
Structured Clinical Interview for DSM-5 (SCID-5) (36) specified the diagnosis. All study participants provided
informed consent to participate. These studies were approved by Emory University’s Institutional Review

Board.

Structural MRI acquisition and processing in 3q29Del

T1- and T2-weighted structural MRI was performed in 17 3q29Del participants with available SIPS
data, ages 8.08-39.12 (mean * SD = 18.13 % 9.03 years). Of the six 3q29Del participants who had SIPS data
but did not complete MRI, five were medically ineligible and one declined to participate. Images were acquired

on a Siemens Magnetom Prisma 3T scanner in the sagittal plane using a 32-channel Prisma head coil and an
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80mT/m gradient. T1-weighted 3D images were acquired in the sagittal plane using a single-echo MPRAGE
sequence  (37) with the following parameters: TE=2.24ms, TR=2400ms, TI=1000m:s,
bandwidth=210Hz/pixel, FOV=256x256mm, tresolution=0.8mm isotropic. T2-weighted 3D images wete
acquired in the sagittal plane using a SPACE sequence (38) with the following parameters: TE=563ms,
TR=3200ms, bandwidth=745Hz/pixel, FOV=256x256mm, tesolution=0.8mm isotropic. Further details on
neuroimaging parameters have been described (10, 33).

All MR images were processed using the “minimal structural pre-processing” pipeline established by the
Human Connectome Project (HCP, v.4.1.3) with FreeSurfer (v.6.0) (http://surfer.nmr.mgh.harvard.edu/). We
performed automatic segmentation as described in (39), using a previously described probabilistic atlas and
Bayesian classification rule that assigns anatomical labels to each voxel based on estimates derived from a
manually labeled training set (40). Since it is currently unfeasible to achieve a topologically correct
reconstruction and automatic segmentation of the cerebellar cortical surface from 7 vivo MRI data, we treated
the cerebellum as a volumetric structure and extracted cerebellar cortex and cerebellar white matter volumes
for each 3q29Del participant, using a “coarse parcellation” scheme (41). Tissue-specific volumes were then
summed to derive a global metric of total cerebellar volume; these three measures constitute the regions of
interest (ROI) in the present study. A similar approach has been successfully used in previous literature (42-
50), allowing for methodological consistency.

Finally, we used estimated total intracranial volume (eICV) as a proxy for premorbid brain size (51). eICV
was calculated by FreeSurfer as described in (52) and has been reported to show high correlations with manually
delineated intracranial volume (53-55). We report results from both eICV-adjusted and unadjusted analyses
(56), given previous reports of microcephaly (27, 57, 58), and eICV reduction in 3q29Del (33). See Supplemental

Materials for extended methods.

Statistical analyses
All analyses were conducted using R v.4.0.3 (59). The frequencies of florid or attenuated psychotic

symptoms were compared between the 3q29Del and 22q11.2Del groups using Fisher's exact test. To assess the
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variation in symptom profiles between groups, a series of analyses of covariance (ANCOVA) were performed,;
tirst, by domain and then item-wise to identify symptoms that may be elevated in 3q29Del. Partial eta-squared
(%) was used to assess effect sizes. Pairwise comparisons for 3q29Del vs. HC and 3q29Del vs. 22q11.2Del
were performed using Tukey’s test. Since we observed several violations of the statistical assumptions required
for ANCOVA (partially due to a likely floor effect in the HC sample), SIPS scores were log-transformed in
between-group analyses. Age and sex were considered as potential covariates.

For neuroimaging analyses in 3q29Del, we used multiple linear regression to examine the relationship
between ROI volumes and SIPS ratings for positive, negative and disorganization symptom domains separately.
In models where a significant relationship was identified, we subsequently added eICV as an additional covariate
to test whether results reflect a link with the cerebellum beyond global variability in head size. We also employed
an additional categorical approach that relies on diagnostic criteria to determine the presence of either a
psychotic disorder or attenuated psychotic symptom syndrome (APSS). Binary logistic regression was used to
estimate the probability that either of these diagnoses are present in the 3q29Del sample given cerebellar
volumes as the predictor. Multiple comparisons correction was applied at the ROI level using the Bonferroni
method, with a rounded p-value threshold of 0.02 (0.05/3 ROIs).

In all models, age and sex were considered as covariates. Standard diagnostics were performed for testing
regression assumptions. Multicollinearity was assessed in models with eICV by computing variance inflation
factor scores. Given observed violations of linear regression assumptions using ordinary least squares, we
additionally calculated heteroscedasticity-robust estimates (estimation-type: HC1) (60); final inferences from
linear regression are based on robust estimates.

Finally, we tested whether psychotic symptoms differ between 3q29Del participants with versus without
cystic/cyst-like malformations of the postetior fossa, which were identified by a board-certified
neuroradiologist (33). Fisher’s exact test was used for diagnostic comparisons. Student’s t-test and Wilcoxon
signed-rank test were used for dimensional comparisons. Given limited power due to smaller sample size in the
neuroimaging arm, we also report trend-level associations using a less conservative alpha (p < 0.10) to inform

future hypotheses. All analyses were two-tailed. See Supplemental Materials for extended methods.
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Results
Presence of attenuated and flovid psychotic symptoms in 3q29Del and 22q11.2Del.

Demographics of the 3q29Del sample are presented in Table 1 and Fig. S1; information for 22q11.2Del
and HCs are provided in Table S1. Four out of the 23 3q29Del participants (17%) met criteria for a psychotic
disorder: schizophrenia (IN = 1); schizoaffective disorder, bipolar type (IN = 1); and unspecified schizophrenia
spectrum and other psychotic disorder (IN = 2). Two of these individuals had a prior diagnosis of a psychotic
disorder; two did not. These four individuals (3 males, 1 female) tended to be older than those without a
psychotic disorder (with psychosis: mean age = 26.66; without psychosis: mean age = 14.89). However,
cognitive ability was similar between the groups (with psychosis: mean FSIQ = 73.00; without psychosis: mean
FSIQ = 73.89). Those participants meeting criteria for a psychotic disorder reported past or current symptoms
that met a rating of Severe and Psychotic for unusual thought content, suspiciousness, and/or perceptual
abnormalities; these participants reported prodromal symptoms beginning in late childhood or eatly
adolescence (on average between ages 11-12). In contrast, only one out of the 31 22q11.2Del participants (3%0)
met criteria for a psychotic disorder.

We next excluded individuals with a psychotic disorder and sought to analyze sub-threshold symptoms of
psychosis in the remaining individuals with complete data (IN = 19 in 3q29Del, N = 29 in 22q11.2Del). Seven
3q29Del participants (37%) exhibited clinically significant attenuated positive symptoms (i.e., at least one
positive symptom = 3). Three of these individuals (16%) met the frequency and timing criteria to qualify for
APSS (31). Nineteen 22ql11.2Del participants (66%) exhibited clinically significant attenuated positive
symptoms. The information necessary for assessing APSS was unavailable for this group.

Cumulatively, 48% of the 3q29Del sample showed either florid or attenuated psychotic symptoms, as
compared to 67% of the 22q11.2Del sample (Table 2); the comparison of these frequencies revealed no
significant difference between the groups (p = 0.26). Too few participants with 3q29Del (N = 3) were taking

antipsychotics to determine treatment effects.
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Group differences in demographics and symptom profiles.

SIPS symptom ratings are presented in Table 3 for each study group. There was a significant age difference
between the 3q29Del sample and HCs (p < 0.01), and between the 3q29Del and 22q11.2Del samples (p < 0.05),
with 3q29Del participants being younger on average. Given these age differences, as well as evidence from
community samples indicating increases in psychotic-like experiences through adolescence followed by a
decline in early adulthood (61-63), we first assessed whether the relationship between age and symptom severity
differs between study samples. Results are presented in Table S2 and Fig. S2. The correlations between
symptom severity and age were positive and often highest in magnitude for 3q29Del, positive and modest in
22q11.2Del, but negative in HCs, which is consistent with the group differences in the mean and range of age.

Next, ANCOVAs were performed to contrast the average symptom ratings by domain of the 3q29Del
sample against HCs and 22q11.2Del, adjusting for sex. As the mean age and correlations between symptom
severity and age varied between groups, age was initially not adjusted for in the comparison of symptom profiles,
as covariate adjustment using the ANCOVA framework assumes homogeneity between groups. There was a
significant effect of diagnostic group on all domains: positive [F(2, 328) = 112.87, p < 0.001, n?3, = 0.41],
negative [F(2, 329) = 135.00, p < 0.001, n?, = 0.45], disorganization [F(2, 329) = 166.30, p = 0.001, n?, = 0.50],
general [F(2, 328) = 74.50, p = 0.001, n%, = 0.31]. Pairwise contrasts between 3q29Del and the two other groups
were conducted correcting for multiple comparisons, with a rounded p-va/ue threshold of 0.01 for each domain
(0.05/4 domains). Comparisons revealed that individuals with 3q29Del were rated significantly higher than HCs
on all SIPS domains (p’s < 0.01): positive [/(328) = 8.12, p < 0.001], negative [#329) = 8.21, p = 0.001],
disorganization [#329) = 11.10, p =< 0.001], and general [/328) = 6.59, p = 0.001]. In contrast, the average
ratings for the 3q29Del group did not significantly differ from ratings in 22q11.2Del for positive [#328) = -
2.84, p = 0.01], disorganization [(329) = -1.81, p = 0.16], or general [/(328) = -2.24, p = 0.06]. However, the
22q11.2Del group exhibited greater negative symptoms than 3q29Del [#329) = -3.75, p < 0.001].

To compare group profiles of specific items, a series of ANCOVAs were conducted with the same
approach. Bonferroni correction was applied, with a rounded p-value threshold of 0.003 (0.05/19 items). For

almost all items on the SIPS, there was a significant effect of diagnostic group on severity (p’s < 0.003). Fig. 1
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presents the symptom profile for each diagnostic group. Comparing the 3q29Del sample with HCs revealed
more severe ratings on all items (p’s = 0.003), except for sleep disturbance, t(329) = 2.55, p = 0.01, which was
nominally significant. Differences between 3q29Del and 22q11.2Del groups were primarily in the negative
symptom domain. Participants with 22q11.2Del exhibited more severe social anhedonia [#329) = -6.09, p =<
0.001], avolition [4329) = -4.19, p < 0.001], experience of emotions and self [#329) = -4.16, p < 0.001], and
impaired ideational richness [/329) = -3.10, p = 0.002]. Lastly, individuals with 22q11.2Del were rated as more
impaired in personal hygiene [/(329) = -4.27, p < 0.001], and as experiencing greater dysphoric mood [#328) =
-443, p < 0.001]. The only group difference in positive symptoms was more severe suspiciousness in
22q11.2Del [#329) = -4.18, p < 0.001]. When the above analysis was conducted with the inclusion of age as an
additional covariate, the same pattern of results was found.

The pairwise comparisons are presented in Table 3, along with the untransformed values for the means
and standard errors of each group for interpretability on the original scale. See Table S3 for adjusted means and
standard errors after log-transformation. Of note, the 3q29Del group was found to exhibit similar estimates for
general cognitive ability compared with the 22q11.2Del group (Table S1), which mitigates the potential

confounding effect of IQQ on between-group differences.

Sex differences within groups.

We also examined sex differences for the three diagnostic groups (Fig. S3). Statistical analyses included a
set of ANCOVAs adjusted for age, given the absence of violations in homogeneity of slopes within group. As
these analyses were conducted to explore whether there were sex differences in symptoms similar to those
observed in research on CHR and psychotic patients, multiple comparisons correction was not made. The
differences in domain scores between males and females with 3q29Del were significant only for negative
symptoms [F(1, 20) = 4.85, p = 0.04, n2, = 0.20], with males exhibiting more severe symptoms than females.
Similarly, negative symptoms differed by sex among the 22q11.2Del group [F(1, 28) = 5.10, p = 0.03, n%, =
0.15], and the HC group [F(1, 276) = 6.94, p = 0.01, n%, = 0.02], with males exhibiting more severe symptoms

than females. Lastly, only among HCs, positive symptoms varied between sexes [F(1, 276) = 3.93, p = 0.05, n%,



272

= 0.01], with males demonstrating greater severity. Notably, relatively small effect sizes were found in the HC

group for both symptom domains.

Structural cevebellar correlates of psychosis-risk in 3q29Del.

Prior work by our group using structural MRI scans acquired from a larger 3q29Del sample (including the
scans analyzed in the present study) has shown that cerebellar hypoplasia and posterior fossa arachnoid cysts
are frequently observed among individuals with 3g29Del (10). Our team has also shown in the same sample
that 3q29Del participants exhibit smaller cerebellar cortex and larger cerebellar white matter volumes than
healthy controls, and the prevalence of cystic/cyst-like malformations of the postetior fossa is significantly
elevated in this syndrome (33).

To determine whether the severity of psychotic symptoms in participants with 3q29Del is associated with
structural cerebellar abnormalities previously documented in this population (10, 33) (see Fig. 2A for a
representative MR image), we first modeled the dimensional relationship between SIPS ratings for three major
symptom domains relevant to psychotic disorders (positive, negative, disorganization) and global and tissue-
specific cerebellar volumes in participants with 3q29Del. Table S4 summarizes demographic, clinical, and
volumetric data from the 3q29Del subsample with available neuroimaging and SIPS data. Note that there were
no significant differences between left and right hemispheric cerebellar volumes (p’s > 0.05) (Fig. S4); hence,
each ROI reflects bilateral volumes.

Our results (Fig. 2B-D, Tables S5A-]) indicate a significant inverse relationship between positive symptom
severity and cerebellar cortex volume in 3q29Del, while correcting for age and sex. Smaller cerebellar cortical
volumes were associated with greater positive symptoms (4 = -0.43, p = 0.02), and this effect remained
significant in a secondary model that includes eICV for head size correction (b = -0.29, p = 0.03) (Fig. 2B,
Tables S5B-C). Results also indicate a trend-level inverse association between positive symptom severity and
total cerebellum volume (b = -0.27, p = 0.10) (Fig. 2D, Table S5A), and a trend-level positive association
between disorganization symptom severity and cerebellar white matter volume (b = -0.28, p = 0.09) (Fig. 2C,

Table S5]), while correcting for age and sex. There was no relationship between negative symptom severity and
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ROI volumes (p’s > 0.10).

Given ongoing discussions regarding the merits and limitations of dimensional versus categorical
assessment of psychosis (64-66), we next took a categorical approach and asked whether the probability of
meeting diagnostic criteria for either a psychotic disorder or APSS would recapitulate the results from our
dimensional approach. Our findings from logistic regression indicate no significant relationship between
interrogated volumes and the likelithood of these outcomes in 3q29Del, while correcting for age and sex (p’s >
0.10) (Tables SOA-C). Detailed regression results can be found in Tables S5-6. See Fig. S5 for sensitivity analysis.

Finally, we found no significant association between diagnostic and dimensional indices of psychotic
symptoms and the presence of cystic/cyst-like malformations of the posterior fossa in 3q29Del (p’s > 0.05)
(Table S7). There was a trend-level relationship between these radiological findings and the odds of APSS (p =

0.08), which may warrant future consideration. See Supplemental Materials for extended results.

Discussion

Rare pathogenic CNVs that arise from recurrent chromosomal rearrangements are now robustly implicated
in psychosis-risk (2-4, 67, 68), with eight CNV loci surpassing genome-wide significance (1). Among these loci,
the 3q29 deletion has the largest estimated effect size (1, 8), offering a promising opportunity to link a specific
genetic mechanism to brain and behavioral phenotypes underlying at least one form of psychosis. Recently, we
documented the broader phenotypic spectrum of 3q29Del by direct evaluation of the largest sample of 3q29Del
study participants reported to date (10, 30). In the present study, we substantially extended these findings by
systematically characterizing the comprehensive profile of psychotic symptoms in 3q29Del and investigating
the potential effects of sex and age on severity. Furthermore, we compared the profiles of 3q29Del to HCs and
22q11.2Del. This is particularly important since cross-CNV similarities or differences in symptomology may
suggest overlapping or divergent pathogenic mechanisms. Finally, we investigated the neuroanatomical
correlates of psychosis-risk in 3q29Del by employing a hypothesis-driven approach, focusing on
macrostructural properties of the cerebellum. Overall, our findings target important gaps in our understanding

of the link between 3q29Del and exceptionally increased genetic risk for psychotic illnesses.
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First, the present study confirmed that a significant proportion of 3q29Del participants meet diagnostic
criteria for psychosis (4/23, 17%) or manifest one or more clinically significant attenuated positive symptoms
(7/23, 30%), with 43% (3/7) meeting the frequency and timing criteria for APSS. Cumulatively, 48% of the
3q29Del sample showed either florid or attenuated psychotic symptoms, as compared to 67% of the
22q11.2Del sample. The rates of psychosis-related phenotypes observed here are especially striking considering
the young ages of the 3q29Del participants. Based on published demographic data on CHR groups, the mean
age at ascertainment is between 17 and 18 (69-71). Among those 3q29Del individuals not already meeting
criteria for a psychotic disorder, the mean age was 15. Thus, most of the 3q29Del sample is below the typical
age of onset for psychosis and the prodrome. Notably, the prevalence of psychosis or clinically significant
attenuated positive symptoms is 67% (6/9) among 3q29Del individuals aged 17 and older (Fig. S1). Given this
tinding and previously published rates of transition to psychosis in CHR groups (72), it is likely that more
transitions to florid psychosis are to be expected in the present 3q29Del sample.

In this context, we note that the 22q11.2Del sample was ascertained through cardiology or immunology
clinics, whereas 3q29Del participants were ascertained through a registry. Contrary to the expectation that a
clinically ascertained sample may be more severely affected, there were no significant differences in the rates of
florid or attenuated psychotic symptoms between the 3q29Del and 22q11.2Del samples. However, since we
were unable to determine the prevalence of APSS among 22q11.2Del participants, the true frequency of formal
psychosis-risk syndromes could not be compared between these samples. 3q29Del participants with a psychotic
disorder presented with prodromal symptoms around late childhood to early adolescence, consistent with
several reports in 22q11.2Del (11, 73-75), although findings vary (76-79). The profile documented in the current
sample indicates that monitoring and identification of eatly signs among individuals with 3q29Del are
warranted. Proper assessment and treatment is necessary to reduce distress and improve functioning; among
CHR, interventions may delay or prevent the onset of florid psychosis (80); thus, early intervention among
3q29Del may also attenuate psychosis severity and improve outcomes.

Further, the relation of sex and age with symptoms in the 3q29Del group is similar to that observed in

CHR and psychotic samples (61-63). Males tend to score higher in negative symptoms than females, and both
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positive and negative symptoms tend to increase with age, although due to the small sample of 3q29Del
participants this correlation was not statistically significant. It should be noted that studies of both community
and clinical samples reveal increases in psychotic-like experiences during adolescence that extends to about 19
years of age, then begins to decline for those who do not transition to psychosis. The mean age and age-range
of the HC group in the present study is in the period when experiences are normatively in decline, hence the
inverse relation between age and severity in that group. Given this finding, we performed both age-adjusted
and unadjusted analyses to assess the variation in psychotic symptom profiles between groups; both approaches
produced the same pattern of results.

Our findings from these group comparisons indicate that individuals with 3q29Del are rated significantly
higher than HCs on all SIPS domains, while they show remarkable similarity to individuals with 22q11.2Del in
average ratings for the positive, disorganization, and general symptom domains. However, the 22q11.2Del
group exhibited a more severe profile than 3q29Del in the negative symptom domain. This finding parallels an
earlier study that compared individuals at CHR with 22q11.2Del to individuals at CHR without 22q11.2Del;
the 22q11.2Del group had greater negative symptoms, although the two groups showed comparable positive
and global symptoms (81). Interestingly, individuals with 22q11.2Del also present with greater negative
symptoms when compared to Williams Syndrome or idiopathic developmental disabilities (82). Several lines of
evidence also point to higher rates of major depressive disorder in 22q11.2Del (83, 84), which is a potential
secondary source of negative symptoms. In contrast, most individuals with 3q29Del had relatively well-
preserved hedonic experiences and social motivation (9). It is conceivable that the pronounced profile of
negative symptoms observed in 22q11.2Del compared to 3q29Del reflects some level of divergence in
etiopathogenetic mechanisms. Disturbances of the brain reward system have been suggested to be central in
the pathogenesis of negative symptoms (85); hence, reward processing may be an important future direction
for cross-comparison studies in these CNVs. We also note that the less severe negative symptoms seen in
3q29Del may suggest a more favorable profile for functional outcomes and response to intervention in
psychotic symptoms, considering the previously reported inverse relationship between negative symptom

severity and global functioning (86, 87), as well as prior reports of negative symptoms being more resistant to
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treatment (88).

Moreover, our results revealed a significant relationship between cerebellar morphology and severity of
psychosis-risk symptoms in 3q29Del, driven by both a tissue-specific and symptom-specific association
between cerebellar cortex volume and positive symptoms. Cystic/ cyst-like malformations of the postetior fossa
yielded no link with psychotic symptoms, suggesting the relationship is specific to cerebellar cortex. Besides its
critical role in motor coordination, the cerebellum has been suggested to perform a parallel role in the
coordination of thoughts (89-92) through internal models that enable predictive function. An internal model is
a system that, when given its current state, can predict the outcome of an action without performing the action
(93). The cerebellum is proposed to be a key node in the neural systems that enable the formation and
implementation of such models (94). Accordingly, cerebellar dysfunction has been hypothesized to lead to
perceptual abnormalities, such as auditory hallucinations (95, 96) and a loss of coherence in speech output (97,
98), which are among the core symptoms of psychosis. Notably, perceptual abnormalities and disorganized
communication showed the most severe positive symptom ratings in the present 3q29Del sample.

The potential involvement of cerebellar dysfunction in schizophrenia has been speculated since the 1990s
(99-101). Congruently, emerging findings indicate an increased prevalence of psychosis among patients with
cerebellar pathology (102, 103). The cerebellar cognitive-affective syndrome, which follows from cerebellar
lesions, has substantial overlap with the phenomenology of psychosis (104-107). In addition, there are reports
of cerebellar abnormalities in idiopathic psychosis (108-119) and pathology in Purkinje cells, the output neurons
of the cerebellar cortex, has been documented in schizophrenia (120-122). Further, altered functional or
structural connectivity and morphology of the cerebellum has been identified in CHR groups (50, 123-131).
Notably, a recent study of the Philadelphia Neurodevelopmental Cohort found cerebellar gray matter volume
to be a robust predictor of psychotic-like experiences in a large community sample of youths (132), which is
consistent with our findings.

Thus, various lines of evidence point to cerebellar involvement in psychotic symptoms. However, how
exactly cerebellar abnormalities relate to psychosis remains unknown and the considerable heterogeneity

reported in extant literature constitutes a major challenge in addressing this gap. The association that we
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identified between cerebellar cortex volume and positive symptom severity in 3q29Del may help elucidate one
part of this question, as this finding suggests that one or more genes affected by the hemizygous deletion of
the 3929 interval modulate the link between cerebellar development and psychosis-risk. In fact, many genes
located in this interval, including DI.G7 and BDHT, which have been proposed as drivers of neuropsychiatric

phenotypes (133, 134), show medium-high expression in the cerebellum (https://www.proteinatlas.org/). Its

protracted development may increase the cerebellum’s susceptibility to perturbations of these genes (135, 1306).

Our results indicate that diagnostic dichotomization does not recapitulate the dimensional brain-behavior
relationship identified in 3q29Del. There may be several reasons for this finding. One explanation is the
statistical drawback (reduced power) associated with dichotomizing continuous variables (137). Another
explanation may be misclassification bias (138); young participants have not yet moved through the highest
risk period for psychosis and may transition to APSS or psychosis at a later timepoint; this may have biased the
categorical results toward the null. Additionally, a binary split presupposes a true cutpoint between opposite
sides of diagnostic criteria. For example, an APSS diagnosis requires attenuated psychotic symptoms to have
begun within the past year or to have been rated one or more points higher compared to 12 months ago (31),
which could lead to the diagnostic exclusion of individuals who have a longer and more gradual prodrome
(139). Hence, such criteria, although useful in other applications, may lead to arbitrary divisions of a complex
continuum. To conclude, our findings support cerebellar cortex morphology as a likely trait marker of
psychosis-risk in 3q29Del, which we operationalize as a multidimensional continuum with varying degrees of
severity, distress, and functional impairment.

Our study has several limitations. First, our sample size was limited due to the rare prevalence of 3q29Del,
which prevented analyses of interactions. Demands of study participation (e.g., travel to GA) may have barred
individuals with more severe presentations from participating; thus, symptom severity could be underestimated.
Additionally, the complex architecture of the cerebellum presents challenges for MRI; future work with
improved segmentation techniques will explore finer associations with cerebellar subregions. Furthermore,
cerebellar connections with cerebral association cortices (140), as well as the basal ganglia (141), warrant future

investigation to address questions related to circuitry. Finally, given the cross-sectional design, our findings do
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not necessarily reflect causation. Longitudinal follow-up as well as targeted investigations of the cerebellum in

the mouse model of 3q29Del (142) will be conducted for causal inference and mechanistic insights.
Altogether, our findings indicate that clinical signs of psychosis risk are elevated in 3q29Del participants.

Furthermore, our results establish the unique and shared profiles of psychotic symptoms across 3q29Del and

22q11.2 Del and highlight cerebellar involvement in elevated psychosis-risk in 3q29Del.
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3g29Del (N = 23)

Without a psychotic
disorder (N =19)

With a psychotic
disorder (N = 4)

Age (in years)
M+ SD
Median [Range]
Sex, N (%)
Male
Female
Race, N (%)
White
More than one race
Ethnicity, N (%)
Hispanic/Latino

Non-Hispanic/Latino
General cognitive abilities

Mz SD

Median [Range]
Antipsychotic usage, N (%)

16.94 £ 8.24
15.89 [8.08 — 39.12]

14 (61%)
9 (39%)

20 (87%)
3 (13%)

1 (4%)
22 (96%)

73.74 £ 11.98
75 [46 — 99]

3 (13%)

14.89 + 6.51
14.01 [8.08 — 34.64]

26.66 + 9.55
25.70 [16.13 — 39.12]

3 (75%) 11 (58%)
1(25%) 8 (42%)

4 (100%) 16 (84%)
0 (0%) 3 (16%)
0 (0%) 1(5%)

4 (100%) 18 (95%)
73.00 + 14.72 73.89 £ 11.80
76 [61 - 94] 76 [46 — 99]
1(25%) 2 (11%)

Table 1. Demographic and relevant clinical information for individuals with 3q29Del. Descriptive

statistics are reported separately for the total 3q29Del sample, and the sample stratified by the presence/absence

of a psychotic disorder. Abbreviations: deletion, Del; mean, M; standard deviation, SD.
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3g29Del (N = 23) 22q11.2Del (N = 31)
Clinically significant, Clinically significant,
N (%) N (%)
Positive Symptom Domain 11 (48%) 20 (67%)
P1. Unusual Thought Content 5 (22%) 4 (13%)
P2. Suspiciousness 3 (13%) 9 (29%)
P3. Grandiosity 2 (9%) 4 (13%)
P4. Perceptual Abnormalities 7 (30%) 6 (19%)
P5. Disorganized Communication 7 (30%) 7 (23%)

Table 2. Rates of clinically significant psychotic symptoms (i.e., at least one SIPS item rated = 3)
among subjects with 3q29Del and 22q11.2Del. For P5 and the positive symptom domain total, 22q11.2Del
N = 30 due to missing data from one 22q11.2Del subject. Note that 13 3q29Del subjects and 10 22q11.2Del
subjects had more than one P item with a = 3 rating. Abbreviations: Structured Interview for Psychosis-Risk

Syndromes, SIPS; deletion, Del.
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HC 22q11.2Del 3929Del Pairwise comparisons
(N=279) (N=31) (N=23)

SIPS symptom domains and Std. Std. Std. 3929Del  3g29Del vs.

items Mean Error Mean Error Mean Error vs. HC  22q11.2Del

Positive Symptom Domain? 1.07  0.10 8.17 0.75 7.00 148  <0.001 0.01
P1. Unusual Thought Content® 025  0.03 1.68 0.23 1.52 0.47  <0.001 0.01
P2. Suspiciousness®® 0.26  0.03 1.74 0.23 1.00 0.34  <0.001 < 0.001
P3. Grandiosity? 0.21 0.03 0.94 026 074 0.23 0.002 0.35
P4. Perceptual Abnormalities® 022  0.03 1.81 0.25 1.91 0.43  <0.001 0.37
P5. Disorganized

Communication? 013  0.02 1.83 0.21 1.83 0.34  <0.001 0.38

Negative Symptom Domain®* 146  0.13 13.13 1.00 8.35 1.32  <0.001 < 0.001
N1. Social Anhedonia®® 027 0.04 3.00 0.28 1.35 0.31 <0.001 <0.001
N2. Avolitiona® 029 0.05 2.23 0.28 1.17 0.31 < 0.001 < 0.001
N3. Expression of Emotion® 0.11 0.02 1.65 0.26 1.35 0.36  <0.001 0.04
N4. Experience of Emotion and

Selfab 0.09 0.02 1.26 026 057 023  <0.001 <0.001
N5. Ideational Richness®® 026 0.03 2.90 028 213 0.40 <0.001 0.002
N6. Occupational Functioning® 044  0.07 2.10 0.28 1.78 0.37  <0.001 0.17

Disorganization Symptom

Domain? 066  0.07 6.55 065 548 0.74  <0.001 0.16
D1. Odd Behavior or

Appearance? 0.08 0.02 1.58 0.26 1.26 028 <0.001 0.10
D2. Bizarre Thinking? 0.04  0.01 0.81 0.19 0.87 0.28  <0.001 0.78
D3. Trouble with Focus and

Attention? 046  0.05 2.68 015 274 0.38  <0.001 0.36
D4. Personal Hygiene®® 0.09 0.02 1.48 028  0.61 0.21 < 0.001 < 0.001

General Symptom Domain? 134 013 7.71 072 6.09 1.04  <0.001 0.63
G1. Sleep Disturbance 048  0.05 1.71 0.25 1.13 0.32 0.01 0.02
G2. Dysphoric Mood?®® 0.41 0.05 2.52 0.29 1.17 0.33 0.002 < 0.001
G3. Motor Disturbances? 020 0.03 1.81 0.28 1.78 0.31 < 0.001 0.86
G4. Impaired Tolerance to

Normal Stress? 025 0.04 1.68 024  2.00 0.36  <0.001 0.55

Table 3. The overall results of the ANCOVA between the SIPS ratings of each diagnostic group and

pairwise comparisons. The unadjusted means and standard errors for both deletion groups and HCs are

shown. Pairwise comparisons reflect p-values calculated on log-transformed sex-adjusted data. Refer to Table

S3 for log-transformed sex-adjusted means and standard errors for each group. “’indicates significant difference

(» = 0.01 for domain, p < 0.003 for item) between 3q29Del and HC; ®’indicates significant difference (p < 0.01

for domain, p < 0.003 for item) between 3q29Del and 22q11.2Del. For P5 and the positive symptom domain
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total, 22q11.2Del N = 30 due to missing data from one 22q11.2Del subject. For G2 and the general symptom
domain total, HC N = 278 due to missing data from one HC subject. .Abbreviations: Structured Interview for
Psychosis-Risk Syndromes, SIPS; healthy controls, HC; deletion, Del; analysis of covariance, ANCOVA;

standard, std.
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Figures

A
Domain-wise ratings

B HC W 22gq11.2DS W 3q29DS

Positive Symptom Domain
Negative Symptom Domain
Disorganized Symptom Domain
General Symptom Domain

0 6 12 18 24 30 36

Severity
B Item-wise ratings

Positive Symptom Domain

P1. Unusual Thought Content

P2. Suspiciousness

P3. Grandiosity

P4. Perceptual Abnormalities

P5. Disorganized Communication
Negative Symptom Domain

N1. Social Anhedonia

N2. Avolition

N3. Expression of Emotion

N4. Experience of Emotions and Self
N5. Ideational Richness

N6. Occupational Functioning
Disorganized Symptom Domain

D1. Odd Behavior or Appearance

D2. Bizarre Thinking 5&
D3. Trouble with Focus and Attention

D4. Personal Hygiene

General Symptom Domain

G1. Sleep Disturbances
G2. Dysphoric Mood
G3. Motor Disturbances
G4. Impaired Tolerance to Normal Stress
0 1 2 3 4

Severity

Figure 1. The unadjusted means of individual SIPS ratings for each diagnostic group. Standard error
bars are shown. In panel A) SIPS domain totals are presented for each group. In panel B) item-specific SIPS
ratings are presented for each group. For P5 and the positive symptom domain total, 22q11.2Del N = 30 due
to missing data from one 22q11.2Del subject. For G2 and the general symptom domain total, HC N = 278 due
to missing data from one HC subject. .Abbreviations: Structured Interview for Psychosis-Risk Syndromes, SIPS;

healthy controls, HC; deletion, Del; deletion syndrome, DS.
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Figure 2. The relationships between cerebellar structure and psychosis-risk symptoms in 3q29Del. A)

The sagittal view of a representative T1-weighted structural MRI scan from a 3q29Del subject with cerebellar

hypoplasia and a cystic/cyst-like malformation of the postetior fossa (yellow arrow). B-D) Predictor effect

plots show the relationships between SIPS ratings for three major symptom domains relevant to psychotic
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disorders and global and tissue-specific cerebellar volumes among subjects with 3q29Del (IN = 17). Predicted
values of positive, negative and disorganization symptom ratings indexed by the SIPS (y-axis) were computed
from the best-fit multiple linear regression models from Table S5, while covariates (age and sex) were held
tixed. The shaded area is a pointwise confidence band for the fitted values. Rug plots on both sides of each
graph show the distribution of the predictor and outcome variables and data points represent partial residuals.
Schematic illustrations of the three ROIs are provided next to their corresponding predictor effect plots for
clarity. Parameter estimates on each plot reflect the main effect of B) cerebellar cortex volume, C) cerebellar
WM volume and D) total cerebellum volume on domain-specific symptom severity ratings and reflect
heteroskedasticity-robust estimates. Regression results indicate a significant inverse relationship between
cerebellar cortex volume and positive symptom severity, with smaller volumes predicting more severe
symptoms among 3q29Del subjects (bold panel). *” indicates significant association after Bonferroni correction
(» = 0.02). ” indicates trend-level association (p =< 0.10). Abbreviations: Magnetic resonance imaging, MRI; region
of interest, ROI; Structured Interview for Psychosis-Risk Syndromes, SIPS; white matter, WM; deletion, Del;

deletion, Del.
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Supplemental Materials

Extended Methods
Assessment of attenuated and flovid psychotic symptoms

In both deletion samples and HCs, the SIPS semi-structured clinical interview was administered by
trained personnel, with two main aims: 1) to determine the presence of psychosis, present or past, and 2) to
assess the severity of attenuated symptoms (Miller et al., 2003). The 19 items in the SIPS are grouped within
four domains: positive, negative, disorganization, and general. Each item is rated on a scale from O (Absen?) to
6 (Severe and Psychotic for positive symptoms, Extreme for others), with a rating of 3 (Moderate) indicating clinical
significance. The intensity of experience, any associated distress and impairment, and insight (for positive
symptoms) were considered for each rating. Item ratings were summed to produce a total score for each
domain. The onset and worsening of symptoms were collected for 3q29Del to determine the presence of a
psychosis-risk syndrome. The basis of ratings for 3q29Del and 22q11.2Del also relied on the reports of
guardians when present. Overall, the instrument maintains excellent inter-rater reliability (Miller et al., 2003)
and is comparable to the performance of another valid instrument in the CHR field (Fusar-Poli et al., 2015).
For adolescents and adults with 3q29Del meeting criteria for a psychotic disorder, the Structured Clinical
Interview for DSM-5 (SCID-5) (First et al., 2015) specified the diagnosis.

All participants provided written consent to participate in each respective project; in cases when the
participant was a minor, a parent or legal guardian provided consent and the minor provided assent. The
informed consent process and study procedures were in accordance with Emory University Institutional Review
Board for the 3q29Del and 22q11.2Del samples. For NAPLS2, the study procedures were approved by the

review boards of each individual site, including Emory University.

Cognitive assessment protocols

The 3q29Del sample: Participants who were 18-years-old or older completed the Vocabulary,

Similarities, Block Design and Matrix Reasoning subtests of the second edition of the Wechsler Abbreviated

Scale of Intelligence (WASI-II) (Wechsler, 2011). The scores from all four subsets were then combined to form
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a Full Score Intelligence Quotient (FSIQ) score to estimate general cognitive ability. Participants who were
between seven and 17-years-old completed the Verbal Similarities, Word Definitions, Sequential and
Quantitative Reasoning and Matrices subtests of the second edition (school-age form) of the Differential Ability
Scales (DAS-II) (Elliot, 2007). Younger participants completed the Verbal Comprehension, Naming
Vocabulary, Picture Similarities and Matrices subtests of the second edition (early years form) of the Differential
Ability Scales (DAS-1I) (Elliot, 2007). The scores from all four subsets were then combined to form a General
Conceptual Ability (GCA) composite score to estimate general cognitive ability. See Murphy et al. (2018) for
detailed study protocol.

The 22q11.2Del sample: Participants who were 17-years-old or older completed the Vocabulary,

Arithmetic, Similarities, and Block Design subtests of the third edition of the Wechsler Adult Intelligence Scale
(WAIS-1II) (Wechsler, 1997). Younger participants completed the equivalent subtests in the third edition of
the Wechsler Intelligence Scale for Children (WISC-11I) (Wechsler, 1991). As participants completed only a
portion of each intelligence scale, an estimation of intellectual functioning hinged upon performance on these
subtests. Sattler (2002) identified short-form combinations of individual subtests that could reliably estimate
intellectual functioning. The most valid short form for each intelligence scale was selected for this sample from
these combinations; see Appendices A and C in Sattler (2002) for reliability and validity coefficients and
conversion tables. For the WISC-III, the best performing short form included the sum of Arithmetic,
Vocabulary and Block Design (r = 0.88), whereas for the WAIS-III the short form included all four
administered subtests (» = 0.92). The sum of the scaled scores within each combination were used to detive the

estimated full scale deviation quotients (Sattler, 2002).

Healthy controls: All participants were administered two subtests from the first edition of the Wechsler
Abbreviated Scale of Intelligence (WASI-I): Vocabulary and Block Design (Wechsler, 1999). The four-subtest
WASI was developed from the Wechsler intelligence scales in order to briefly approximate FSIQ, as it relies on
its own two- and four-subtest short forms. Two-subtest estimates of IFSIQ from the WASI strongly correlate
with estimates from the WAIS-III among neurotypical samples (» = 0.87) (Weschler, 1999). Performance on

these two subtests (Vocabulary and Block Design) were utilized to estimate FSIQ.
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Extended methods for structural magnetic resonance imaging

T1- and T2-weighted structural magnetic resonance imaging (MRI) was performed in 17 3q29Del
participants with available SIPS data, ages 8.08-39.12 (mean * SD = 18.13 £ 9.03 years), at the Emory
University Center for Systems Imaging Core. Images were acquired on a Siemens Magnetom Prisma 3T scanner
in the sagittal plane using a 32-channel Prisma head coil with 3D MPRAGE and SPACE sequences, after
completion of a training protocol using a mock scanner. To avoid bias and variability associated with hand-
drawn measurements, we performed automatic segmentation of acquired images by using FreeSurfer. As
recommended, two trained evaluators (ES, LL) inspected the MRI scans to determine whether technical
problems (e.g., motion artifacts) or notable pathology (e.g., arachnoid cysts) interfere with segmentation quality;
all scans included in this study passed quality control. Note that when compared with manual delineation,
segmentations obtained by the FreeSurfer software were found by others to yield well-defined boundaries for
the cerebellum comparable in accuracy to manual labeling; a previous quantitative evaluation of robustness and
accuracy indicated an excellent dice similarity index, as well as high recall and precision values for cerebellar
segmentation results acquired by FreeSurfer (Fischl et al., 2002; Lee et al., 2015). In this framework, cerebellar
cortex refers to the tightly folded outer mantle that mostly contains gray matter, while cerebellar white matter

refers to the inner core that mostly contains myelinated nerve fibers.

Extended statistical analyses

In between-group analyses, since we observed several violations of the statistical assumptions required
for ANCOVA (partially due to a likely floor effect in the HC sample), all SIPS scores were log-transformed to
improve normality and homogeneity of variances. Age and sex were considered as potential covariates prior to
assessing the variation in psychotic symptom profiles between groups. We ran an exploratory Pearson
correlation analysis between age and SIPS domain scores separately by diagnostic group and performed Fisher's
r-to-Z transformation to assess the significance of the difference between resulting coefficients. Additionally,

we examined sex differences among 3q29Del participants as well as within the comparison groups, using
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ANCOVAs by symptom domain and then item-wise, while adjusting for age. In sex-specific analyses,
assumption violations were observed only in the HC group, hence log-transformation was applied only to HC
scores in these analyses. Note that since general symptoms are considered non-specific to psychosis (e.g.,
impaired tolerance to stress), they were excluded from downstream neuroimaging analyses in the 3q29Del

sample.

List of R packages used for statistical analyses

Pearson's chi-squared tests, Fishet’s exact tests, t-tests (paired and unpaired) and Wilcoxon signed-rank
tests were performed using the standard R chisqg.zest(), fisher.test(), t.test() and wilcox.test() functions. Analyses of
variance (ANOVA) and analyses of covariance (ANCOVA) were performed by the standard R anova() function.
Partial eta-squared was used to assess effect sizes via the efa_squared() function from the effectsize package

(https://CRAN.R-project.org/package=effectsize). Pairwise comparisons for 3q29Del vs. HCs and 3q29Del

vs. 22q11.2Del were performed to assess the relative severity of attenuated symptoms using the g/b#() function

from the multcomp package (https://CRAN.R-project.org/package=multcomp). The standard R cor.zest()

function was used to perform Pearson’s correlations. Fishet's r-to-Z transformation for exploratory correlation
analyses between age and symptom domain scores was performed by using the cocor.indep.gronps() function from

the cocor package (https://CRAN.R-project.org/package=cocor). The multiple linear regression and binary

logistic regression models reported in the neuroimaging arm of the study were performed via the standard R
im() and glm() functions (family=binomial, link=logit), respectively. Wald statistics were calculated by the

waldtest() function from the /nutest package (https://CRAN.R-project.org/package=Imtest). Heteroscedasticity-

robust estimates were calculated using the »orHC() function from the sandwich package (https://CRAN.R-

project.org/package=sandwich). Diagnostics plots for linear regression were inspected using the R base

function plot(). Shapiro-Wilk tests were performed using the standard R shapiro.test() function to check for
assumptions of normality. Breusch-Pagan and Levene’s test were performed using the fptest() function from

the Jntest package (https://CRAN.R-project.org/package=Imtest) and the levene_test() function from the rstatix

package (https://CRAN.R-project.org/package=rstatix) to check for homogeneity of variances, tespectively.
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Graphics were generated by the ggplor2 (https://CRAN.R-project.org/package=ggplot2), gepubr (bttps:/ [ cran.r-

project.org/ package=ggpubr) and jtools (https://cran.r-project.org/package=jtools) packages

Extended Results
Sex differences in SIPS ratings within groups

We examined within-group sex differences for the three diagnostic groups. Statistical analyses included
a set of ANCOVAs adjusted for age; values for HCs were log-transformed given assumption violations within
this group. As these analyses were conducted to explore whether there were sex differences in symptoms similar
to those observed in research on CHR and psychotic patients, correction for multiple comparisons was not
made. The unadjusted means and standard errors for each group are presented in Fig. S3.

The differences in domain scores between males and females with 3q29Del were nonsignificant for
positive [F(1,20) = 1.60, p = 0.22], disorganization [F(1,20) = 1.90, p = 0.18], and general [F(1,20) = 1.13, p =
0.30] symptoms. Sex did explain variation in negative symptoms [F(1, 20) = 4.85, p = 0.04, %, = 0.20], as males
exhibited more severe symptoms (age-adjusted mean *+ §D = 10.42 + 5.58) than females (age-adjusted mean
+ SD = 5.12 £ 5.61). Similarly, among the 22q11.2Del group, there was no sex difference in positive [F{(1, 27)
= 2.40, p = 0.13], disorganization [F(1, 28) = 4.19, p = 0.05], or general [F(1, 28) = 3.07, p = 0.09] symptoms.
Only negative symptoms differed by sex [F(1, 28) = 5.10, p = 0.03, 2, = 0.15], with males with 22q11.2Del
exhibiting more severe symptoms (age-adjusted mean * §D = 15.50 + 5.31) than females (age-adjusted mean
+ SD = 11.20 £ 5.32). Sex differences among HCs evidenced a similar pattern, with no sex differences for
disorganization [F(1, 276) = 1.21, p = 0.27], or general [F(1, 276) = 2.96, p = 0.09] symptoms, and negative
symptoms were rated higher in males (log-transformed age-adjusted mean + D = 0.311 £ 3.08) than females
(log-transformed age-adjusted mean = SD = 0.21 *+ 3.10) [F(1, 276) = 6.94, p = 0.01, n2, = 0.02]. However,
sex differences among HCs were observed in positive symptoms [F(1, 276) = 3.93, p = 0.05, n%, = 0.01], with
greater severity among males (log-transformed age-adjusted mean * SD = 0.25 £ 2.79) versus females (log-
transformed age-adjusted mean = §D = 0.18 £ 2.78).

Sex differences were also tested in item-wise ratings within each group, while adjusting for age. For
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3q29Del, only one item, impaired ideational richness, marginally varied by sex, with males rated higher [F(1,20)
=471, p = 0.04, n2, = 0.19]. In contrast, males were rated significantly higher than females with 22q11.2Del
on ratings for suspiciousness [F(1,20) = 4.32, p = 0.05, n?, = 0.13], social anhedonia [F(1,28) = 6.06, p = 0.02,
7% = 0.18], experience of emotion and self [F(1,20) = 5.43, p = 0.03, 2, = 0.16], and bizarre thinking [F(1,20)
=0.22, p = 0.02, n% = 0.18]. Lastly, for HCs, males were rated higher than females on grandiosity [F(1,276) =
10.27, p = 0.001, n2, = 0.04], disorganized communication [F(1,276) = 6.02, p = 0.01, %, = 0.02], and

occupational functioning [F(1,276) = 7.77, p = 0.014, 12, = 0.03].
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Supplemental Tables
Pairwise comparisons with 3q29Del
3929Del HC 22q11.2Del 3929Del vs. 39g29Del vs.
(N =23) (N =279) (N=31) HC 22g11.2Del
Age (in years)
M+ SD 16.94 + 8.24 20.08 + 4.761 19.75+4.12 o o
Median 15.89 20.04 19.10 pb"g’é’;; p"ga{)“;
[Range] [8.08 — 39.12] [12.07 — 34.41] [13.85 -29.77] ' :
Sex, N (%)
Male 14 (61%) 141 (51%) 14 (45%) p-value® = p-value® =
Female 9 (39%) 138 (49%) 17 (55%) 0.46 0.39
Race, N (%)
White 20 (87%) 152 (55%) 13 (76%)
Black or African American 0 (0%) 48 (17%) 3 (18%) value® = —value® =
Asian 0 (0%) 30 (11%) 1(6%) po 006+ P 0,02~
More than one race 3 (13%) 29 (10%) 0 (0%) ’ ’
Other (e.g., Native Hawaiian or Pacific Islander) 0 (0%) 20 (7%) 0 (0%)
Ethnicity, N (%)
Hispanic/Latino 2; Eg;@) 50 (18%) 2 (11%) p-value® = p-value® =
Non-Hispanic/Latino ° 229 (82%) 17 (89%) 0.14 0.58
General cognitive abilities
M+ SD 73.74 £ 11.98 111.00 £ 14.16 73.71 £ 15.91 value® = value® =
Median 75 112 71 D 0001 P es
[Range] [46 — 99] [72 —139] [46 — 109] ) ]

Table S1. Demographic and relevant clinical information for the HC and 22q11.2Del samples and comparison with 3q29Del. « Wilcoxon rank
sum test with continuity correction, * Pearson's chi-squated test with Yates' continuity correction. ¢ Fisher’s exact test (due to smaller subsamples). There
were no significant differences in the sex or ethnicity compositions of the 3q29Del vs HC groups, or the 3q29Del vs 22q11.2Del groups (p’s > 0.05).
There was a significant age difference between the 3q29Del vs HC groups (p = 0.01), and the 3q29Del vs 22q11.2Del groups (p < 0.05), with the 3q29Del

group being younger on average. There were significant differences in the race composition of the 3q29Del vs HC groups (p < 0.01), and the 3q29Del vs
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22q11.2Del groups (p = 0.05), with the 3q29Del group having a larger fraction of subjects identifying as “White”. There was no significant difference
between the 3q29Del vs 22q11.2Del groups in general cognitive ability (p > 0.05). As expected, there was a significant difference between the 3q29Del vs
HC groups in general cognitive ability (p = 0.001), with 3q29Del subjects exhibiting lower scores than HCs on average. For general cognitive abilities, HC
N = 262 due to missing data. For race and ethnicity, 22q11.2Del N = 17 and N = 19, respectively due to missing data. Percentages reflect fraction of
subjects with complete data. Two-tailed significance levels: p-value < 0.001 *** p-palue < 0.01 **°, p-value < 0.05 *°, p-value < 0.1 V. Abbreviations: healthy

control, HC; deletion, Del; mean, M; standard deviation, SD.
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Pearson’s correlation coefficients Pairwise comparisons of group-
between age and symptom ratings specific correlation coefficients
. HC 22q11.2Del 3g29Del 3929Del vs. 39g29Del vs.
SIPS Domains (N=279) (N=31)  (N=23) HC 22q11.2Del
" : z=2.31 z=0.78
Positive Symptom Domain -0.11@ 0.19 0.40% p-value = 0.02 p-value = 0.43
. . . z=2.33 z=1.26
Negative Symptom Domain -0.15* 0.02 0.37@ p-value = 0.02 p-value = 0.21
. o . z=1.00 z=0.00
Disorganization Symptom Domain -0.08 0.15 0.15 p-value = 0.32 p-value = 1.00
. z=1.28 z=0.04
General Symptom Domain -0.03 0.25 0.26 p-value = 0.20 p-value = 0.97

Table S2. Correlations between SIPS symptom ratings and age at visit, stratified by symptom domain
and diagnostic group. To assess the relationship between age and SIPS symptom ratings, Pearson correlations
were calculated between age and SIPS domain scores in each study group, separately. Correlation coefficients
were positive and highest in magnitude for 3q29Del, positive and modest in 22q11.2Del, but negative in HCs.
This is consistent with the group differences in the mean and range of age. The 3q29Del group is younger and
encompasses an age-range that is typically associated with an increase in symptom severity. The 22q11.2Del
and HC groups are older, and the age range in HCs extends into young adulthood when psychotic-like
experiences typically decline. Given the group variation in sample size, power for detecting significant
correlations between age and symptom severity was lowest in 3q29Del, highest for the HCs, and moderate in
22q11.2Del. Fishet's r~to-Z transformation was subsequently performed to test the significance of between-
group differences in these correlation coefficients. The last two columns of the above table present results from
these pairwise comparisons in 3q29Del vs HC, and in 3q29Del vs 22q11.2Del. Correlations between age and
positive and negative symptom domain ratings showed a significant difference between 3q29Del and HC
groups (p’s < 0.05). *Significant group-specific Pearson correlation (p = 0.05). «Significant difference between
groups in correlation coefficients, based on Fisher’s ~to-Z transformation (p < 0.05). For the positive symptom
domain total, 22q11.2Del N = 30 due to missing data. For the general symptom domain total, HC N = 278
due to missing data. Abbreviations: Structured Interview for Psychosis-Risk Syndromes, SIPS; healthy controls,

HC; deletion, Del.
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HC 22q11.2Del 3q29Del
(N =279) (N=231) (N=23)
SIPS symptom domains and items A?#éztr?d Std. Error A?Tj]iztr?d Std. Error A?Agztr?d Std. Error
Positive Symptom Domain 0.21 0.02 0.93 0.05 0.71 0.06
P1. Unusual Thought Content 0.07 0.01 0.39 0.03 0.26 0.04
P2. Suspiciousness 0.07 0.01 0.39 0.03 0.20 0.03
P3. Grandiosity 0.05 0.01 0.21 0.03 0.16 0.03
P4. Perceptual Abnormalities 0.06 0.01 0.40 0.03 0.36 0.03
P5. Disorganized Communication 0.04 0.01 0.41 0.03 0.37 0.03
Negative Symptom Domain 0.26 0.02 1.12 0.05 0.81 0.06
N1. Social Anhedonia 0.07 0.01 0.56 0.03 0.29 0.03
N2. Avolition 0.07 0.01 0.45 0.03 0.23 0.04
N3. Expression of Emotion 0.03 0.01 0.35 0.03 0.27 0.03
N4. Experience of Emotion and Self 0.02 0.01 0.27 0.02 0.13 0.03
N5. Ideational Richness 0.07 0.01 0.54 0.03 0.40 0.04
N6. Occupational Functioning 0.09 0.01 0.43 0.04 0.35 0.04
Disorganization Symptom Domain 0.15 0.01 0.83 0.04 0.71 0.05
D1. Odd Behavior or Appearance 0.02 0.01 0.34 0.02 0.27 0.03
D2. Bizarre Thinking 0.01 0.01 0.19 0.02 0.18 0.02
D3. Trouble with Focus and Attention 0.11 0.01 0.55 0.03 0.51 0.04
D4. Personal Hygiene 0.02 0.01 0.30 0.02 0.14 0.03
General Symptom Domain 0.57 0.04 2.03 0.13 1.60 0.15
G1. Sleep Disturbance 0.11 0.01 0.37 0.04 0.23 0.04
G2. Dysphoric Mood 0.10 0.01 0.49 0.04 0.24 0.04
G3. Motor Disturbances 0.05 0.01 0.38 0.03 0.37 0.03
G4. Impaired Tolerance to Normal Stress 0.06 0.01 0.37 0.03 0.40 0.04

Table S3. Sex-adjusted means and standard errors of SIPS ratings after log-transformation. The log-

transformed sex-adjusted means and standard errors for both deletion groups and HCs are reported above. For

P5 and the positive symptom domain total, 22q11.2Del N = 30 due to missing data from one 22q11.2Del

subject. For G2 and the general symptom domain total, HC N = 278 due to missing data from one HC subject.

Abbreviations: Structured Interview for Psychosis-Risk Syndromes, SIPS; healthy controls, HC; deletion, Del;

standard, std.
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3g29Del sub-sample with available
neuroimaging and SIPS data (N = 17)

Demographic characteristics

Age (in years)

18.13+£9.03

Mz SD
Median [Range] 15.89 [8.08 — 39.12]

Sex, N (%)

Male 10 (59%)
Female 7 (41%)

Race, N (%)

White 15 (88%)
More than one race 2 (12%)

Ethnicity, N (%)

Hispanic/Latino 1 (6%)
Non-Hispanic/Latino 16 (94%)

Clinical characteristics

Psychotic disorder dx., N (%) 3 (18%)

Attenuated psychotic symptom syndrome dx., N (%) 3 (18%)

Positive symptom domain total, SIPS 765+ 7.86
Mz SD 6.00 [0 — 25]
Median [Range] )

Negative symptom domain total, SIPS 8.18 + 5.53
Mz SD 7.00 [0 - 17]
Median [Range] ’

Disorganization symptom domain total, SIPS
Mz SD 2'3(1) [io?)—'8111]
Median [Range] )

General cognitive abilities
Mz SD 71.94 £ 12.02
Median [Range] 73 [46 — 94]

Antipsychotic usage, N (%) 2 (12%)

Neuroimaging measures

Total cerebellum volume (cm?3)
Mz SD
Median [Range]
Cerebellar cortex volume (cm?)
Mz SD
Median [Range]
Cerebellar white matter volume (cm?3)
Mz SD
Median [Range]
Estimated total intracranial volume (cm3)
Mz SD
Median [Range]

131.62 £ 13.82
135.23 [105.61 — 153.09]

103.96 + 12.21
102.46 [79.11 — 125.60]

27.66 £6.25
26.18 [20.42 — 42.37]

1384.30 + 108.26
1350.52 [1236.90 — 1574.65]

Table S4. Demographic, clinical, and MRI-derived volumetric information for the 3q29Del subsample

with available neuroimaging and SIPS data. Abbreviations: Deletion, Del; magnetic resonance imaging, MRI;

Structured Interview for Psychosis-Risk Syndromes, SIPS; mean, M; standard deviation, SD; diagnosis, dx.
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Table S5. Extended linear regression results: The effect of cerebellar volumetric measures on domain-

specific symptom ratings in 3q29Del and polynomial modeling of age. Heteroskedasticity-robust Wald

tests were performed to compare simpler models to more complex models to identify the best fitting

polynomial function of age for each ROI. The addition of a quadratic age term does not yield a significantly

better fit to the data (p’s > 0.05); hence we favor parsimony and base our statistical inferences on model 1

(highlighted in blue). In A-J) the main effect of cerebellar volume is highlighted in grey for clarity. 3q29Del N

= 17. Abbreviations: 3q29 deletion syndrome, 3q29Del; region of interest, ROI; unstandardized coefficient

estimate, #; confidence interval, CI; degrees of freedom, DF; standard error, SE; estimated total intracranial

volume, eICV; variance inflation factor, VIF. Contrast coding: reference level for the sex variable is female.

Two-tailed significance levels: p-value < 0.001 *“**°, p-value < 0.01 **° p-value < 0.05 *°, p-value < 0.1 1.

A. Outcome: Positive Symptom Domain Total

Degree of .
polynomial Explanatory variables b Cl (95%) SEb p-value
Intercept 33.62 -11.49-78.73 20.88 0.13
Age (years) 0.26 -0.24 -0.75 0.23 0.28
Linear Sex [Male] 8.88 248 -15.27 2.96 0.01**
(LLCC RV Total Cerebellum 0.27 -0.61-0.06 0.16 0.10t
Volume (cm?)
Best-fit
R? / R? adjusted 0.34/0.19
Robust Wald test F-statistic = 4.02 on 3 and 13 DF, p-value = 0.03*
Intercept 40.16 -8.33 — 88.66 22.26 0.107
Age -0.34 -2.14 —1.47 0.83 0.69
Age? 0.01 -0.03 -0.06 0.02 0.51
. Sex [Male] 8.54 247 -14.62 2.79 0.01**
(Model2) | Total Cerebellum 0.28 10.64 - 0.08 0.16 0.11
Volume (cm?) : : : : :
R? / R? adjusted 0.36/0.15

Robust Wald test

F-statistic = 4.07 on 4 and 12 DF, p-value = 0.03*

_-- \

coronal view
cortex + WM

Model 1 vs Model 2 — Robust Wald Test:

Residual

DF

DF F-value Pr(>F)

13
2 |12

1 0 0.99

Final model: Model 1
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B. Outcome: Positive Symptom Domain Total

Degree of . o
polynomial Explanatory variables b Cl (95%) SEb p-value
Intercept 43.39 4.75-82.04 17.89 0.03*
Age (years) 0.18 -0.22 -0.58 0.18 0.36
Linear Sex [Male] 9.70 421-15.19 2.54 0.002**
(Model 1) Cerebellar Cortex ) ; . .
Volume (cm?) 0.43 0.78 — -0.07 0.16 0.02
Best-fit
R? / R? adjusted 0.49/0.37

Robust Wald test F-statistic = 11.07 on 3 and 13 DF, p-value < 0.001***

Intercept 42.69 5.29 — 80.09 17.17 0.03*
Age 0.49 -1.47 - 2.45 0.90 0.60
Age? -0.01 -0.05-0.04 0.02 0.74
. Sex [Male] 10.22 3.08-17.35 3.27 0.01**
Quadratic Cerebellar Cortex
(Model 2) Volume (cm?) -0.45 -0.87 — -0.03 0.19 0.04
R? / R? adjusted 0.49/0.32
Robust Wald test F-statistic = 5.95 on 4 and 12 DF, p-value = 0.01**

Model 1 vs Model 2 — Robust Wald Test:

Residual DF F-value Pr(>F)
DF
13

2 |12 1 0 0.99

- \

-~ \

.""":‘""‘. _ROI: Cerebellar cortex volume

Final model: Model 1

coronal view

C. Outcome: Positive Symptom Domain Total

Explanatory variables b Cl (95%) SEb p-value VIF

Intercept 70.23 31.12-109.34 17.95 0.002**

Age (years) 0.21 -0.23 -0.64 0.20 0.32 1.20
Secondary | Sex [Male] 10.18 5.48 —14.89 2.16 < 0.001*** 1.43
model elCV (cm®) -0.03 -0.05 --0.01 0.01 0.01** 1.37
with eICV | Cerebellar Cortex -0.29 -0.56 — -0.02 0.12 0.03* 1.99
correction | Volume (cm?)

R? / R? adjusted 0.61/0.48

Robust Wald test F-statistic = 28.78 on 4 and 12 DF, p-value < 0.001***

VIF > 5 was treated as indicative of a problematic amonnt of collinearity.
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D. Outcome: Positive Symptom Domain Total

Degree of

. 0, -
polynomial Explanatory variables b Cl (95%) SEb p-value
Intercept -8.00 -20.09-4.10 5.60 0.18
Age (years) 0.34 -0.07-0.76 0.19 0.107
Linear Sex [Male] 3.65 -4.27 - 11.57 3.66 0.34
(Model 1) Cerebellar White . _
Matter Volume (cm?) 0.27 0.19 - 0.73 0.21 0.23
Best-fit
R? / R? adjusted 0.26 /0.09
Robust Wald test F-statistic = 11.58 on 3 and 13 DF, p-value < 0.001***
Intercept -11.11 -66.04 — 43.82 25.21 0.67
Age 0.55 -2.90 - 4.01 1.58 0.73
Age? -0.00 -0.08 - 0.07 0.04 0.89
Quadratic Sex [Male] 3.64 -4.75-12.03 3.85 0.36
Cerebellar White
Model 2 d -
(Model 2) Matter Volume (cm?) 0.31 0.70 - 1.33 0.47 0.51
R? / R? adjusted 0.26 /0.01
Robust Wald test F-statistic = 7.10 on 4 and 12 DF, p-value = 0.004**

Model 1 vs Model 2 — Robust Wald Test:

Residual DF F-value Pr(>F)
DF

13
2 |12 1 0 0.99

------ _------ ROI: Cerebellar white matter volume Final model: Model 1

coronal view
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E. Outcome: Negative Symptom Domain Total

Degree of
polynomial

Linear
(Model 1)

Best-fit

Explanatory variables b Cl (95%) SEb p-value
Intercept -1.46 -36.03 — 33.11 16.00 0.93
Age (years) 0.28 0.05-0.52 0.1 0.02*
Sex [Male] 2.76 -4.21-9.74 3.23 0.41
el caeel i 0.02 -0.25-0.30 0.13 0.86
Volume (cm?)

R? / R? adjusted 0.24/0.07

Robust Wald test

F-statistic = 3.90 on 3 and 13 DF, p-value = 0.03*

Quadratic
(Model 2)

Intercept
Age

Age?

Sex [Male]

Total Cerebellum
Volume (cm?)

R? / R? adjusted
Robust Wald test

-4.68 -42.10 - 32.74 17.17 0.79
0.57 -0.78 -1.93 0.62 0.37
-0.01 -0.04 - 0.02 0.01 0.66
2.93 -4.70 - 10.55 3.50 0.42
0.03 -0.25 - 0.30 0.13 0.84
0.25/0.002

F-statistic = 2.39 on 4 and 12 DF, p-value = 0.12

\

coronal view
cortex + WM

Model 1 vs Model 2 — Robust Wald Test:

Residual DF F-value Pr(>F)
DF
13

2 |12 1 0 0.99

M I ./ ROI: Total cerebellum volume Final model: Model 1
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F. Outcome: Negative Symptom Domain Total

Degree of
polynomial

Linear
(Model 1)

Best-fit

Explanatory variables b Cl (95%) SEb p-value
Intercept -2.15 -29.68 — 25.37 12.74 0.87
Age (years) 0.29 0.04 -0.54 0.12 0.03*
Sex [Male] 2.71 -3.78 -9.19 3.00 0.38
LGOI (S 0.03 -0.24-0.30 0.13 0.79
Volume (cm?)

R? / R? adjusted 0.24/0.07

Robust Wald test

F-statistic = 3.54 on 3 and 13 DF, p-value = 0.05*

Quadratic
(Model 2)

Intercept
Age

Age?

Sex [Male]

Cerebellar Cortex
Volume (cm?)

R? / R? adjusted
Robust Wald test

-2.69 -29.62 — 24.24 12.36 0.83
0.53 -0.97 -2.03 0.69 0.46
-0.01 -0.04 - 0.03 0.02 0.74
3.10 -4.99 -11.19 3.71 0.42
0.02 -0.29 - 0.33 0.14 0.90
0.25/-0.001

F-statistic = 2.12 on 4 and 12 DF, p-value = 0.14

\

coronal view

Model 1 vs Model 2 — Robust Wald Test:

Residual DF F-value Pr(>F)
DF

13
2 |12 1 0 0.99

Final model: Model 1

ROI: Cerebellar cortex volume
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G. Outcome: Negative Symptom Domain Total

Degree of . o g
polynomial Explanatory variables b Cl (95%) SEb p-value
Intercept 1.95 -8.00 - 11.91 4.61 0.68
Age (years) 0.28 0.02-0.54 0.12 0.04*
Linear Sex [Male] 3.19 -2.15-8.53 247 0.22
(Model 1) Cerebellar White ) ) _
Matter Volume (cm?) 0.02 0.40 — 0.36 0.18 0.91
Best-fit
R? / R? adjusted 0.24/0.06
Robust Wald test F-statistic = 3.37 on 3 and 13 DF, p-value = 0.05*
Intercept -4.62 -42.17 - 32.94 17.24 0.79
Age 0.72 -1.57 - 3.00 1.05 0.51
Age? -0.01 -0.06 — 0.04 0.02 0.69
. Sex [Male] 3.17 -2.52 - 8.87 2.62 0.25
Quadratic Cerebellar White
(Model 2) Matter Volume (cm?) 0.08 -0.64 - 0.79 0.33 0.82
R? / R? adjusted 0.25/0.003
Robust Wald test F-statistic = 2.14 on 4 and 12 DF, p-value = 0.14

Model 1 vs Model 2 — Robust Wald Test:

Residual DF F-value Pr(>F)
DF
13

2 |12 1 0 0.99

—————— —------ ROI: Cerebellar white matter volume Final model: Model 1

coronal view
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H. Outcome: Disorganization Symptom Domain Total

g:g,r: ;::; / Explanatory variables b Cl (95%) SEb p-value

Intercept -1.89 -26.83 — 23.05 11.54 0.87

Age (years) 0.08 -0.15-0.31 0.11 0.45
Linear Sex [Male] 1.81 -4.64 —8.26 2.98 0.55
(Modsl 1) xﬁ'nﬁ:{szﬁ;'“m 0.04 -0.18-0.25 0.10 0.72
Best-fit

R? / R? adjusted 0.12/-0.09

Robust Wald test F-statistic = 0.70 on 3 and 13 DF, p-value = 0.57

Intercept 1.80 -23.62-27.23 11.67 0.88

Age -0.25 -1.35-0.85 0.50 0.63

Age? 0.01 -0.02-0.03 0.01 0.50
Quadratic Sex [Male] 1.62 -5.17 - 8.41 3.12 0.61
(Model 2) \T,gfz'nie{‘f:“i;'"m 0.03 -0.19 - 0.25 0.10 0.76

R? / R? adjusted 0.14/-0.14

Robust Wald test F-statistic = 0.91 on 4 and 12 DF, p-value = 0.49

Model 1 vs Model 2 — Robust Wald Test:
) Residual DF F-value Pr(>F)
DF
‘ 13
= 2 |12 1 0 0.99

- \

Final model: Model 1

coronal view
cortex + WM
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. Outcome: Disorganization Symptom Domain Total

Degree of . o

polynomial Explanatory variables b Cl (95%) SEb p-value
Intercept 9.57 -10.29 — 29.42 9.19 0.32
Age (years) 0.04 -0.22-0.30 0.12 0.74

Linear Sex [Male] 3.14 -1.61-7.88 2.20 0.18

L S Cerebellar Cortex 0.06 0.25-0.12 0.08 0.45
Volume (cm?)

Best-fit
R? / R? adjusted 0.13/-0.06

Robust Wald test

F-statistic = 0.74 on 3 and 13 DF, p-value = 0.55

Intercept
Age
Age?
Quadratic | >°x [Malel
(Model 2) Cerebellar Cortex

Volume (cm?)

R? / R? adjusted
Robust Wald test

10.14 -12.14 - 32.41 10.22 0.34
-0.21 -1.58 - 1.16 0.63 0.74
0.01 -0.02 - 0.04 0.01 0.67
2.72 -3.54 - 8.97 2.87 0.36
-0.05 -0.29 - 0.19 0.11 0.68
0.15/-0.13

F-statistic = 1.14 on 4 and 12 DF, p-value = 0.39

e

_-- \
- \

coronal view

Model 1 vs Model 2 — Robust Wald Test:

F-value Pr(>F)

Residual DF
DF
13

2 |12 1

0 0.99

.""":‘""‘. _ROI: Cerebellar cortex volume

Final model: Model 1
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J. Outcome: Disorganization Symptom Domain Total

Degree of .
polynomial Explanatory variables b Cl (95%) SEb p-value
Intercept -3.96 -10.97 - 3.05 3.24 0.24
Age (years) 0.05 -0.13-0.24 0.09 0.54
Linear Sex [Male] 1.34 -3.31-5.98 2.15 0.54
(Model 1) Cerebellar White 3 _ "
Matter Volume (cm?) 0.28 0.06 — 0.61 0.15 0.09
Best-fit
R? / R? adjusted 0.29/0.13

Robust Wald test F-statistic = 6.19 on 3 and 13 DF, p-value = 0.01**

Intercept 1107 -31.63-949 9.44 026

Age 0.53 -0.68 - 1.75 0.56 0.36

Age? -0.01 -0.04 — 0.02 0.01 0.40

Q . Sex [Male] 1.32 -353-6.17 222 0.56
uadratic .

(Model 2) | Cerebellar White 0.38 -0.11 - 0.87 0.22 0.11

Matter Volume (cm?)

R? / R? adjusted
Robust Wald test

0.32/0.10
F-statistic = 4.51 on 4 and 12 DF, p-value = 0.02*

Model 1 vs Model 2 — Robust Wald Test:

Residual DF F-value Pr(>F)
DF
13

2 |12 1 0 0.99

R G ROI: Cerebellar white matter volume
; Final model: Model 1

coronal view
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Table S6. Extended logistic regression results: The effect of cerebellar volumetric measures on the
probability of a psychotic disorder or APSS diagnosis in 3q29Del and polynomial modeling of age. A-
C) Logistic regression models include sex, age, and/or age? (when appropriate) as covariates. Analysis of
variance (ANOVA) with likelihood ratio test was performed to sequentially compare simpler models (model 1)
to more complex models (model 2) to identify the best fitting polynomial function of age for each ROL. Results
indicate that the addition of a quadratic age term in model 2 does not yield a significantly better fit to the data
than model 1 in any of our analyses (p’s > 0.05); hence we favor parsimony and base our statistical inferences
on model 1 (highlighted in blue). In all models, the main effect of cerebellar volume is highlighted in gray for
clarity. 3q29Del N = 17. Abbreviations: 3q29 deletion syndrome, 3q29Del; attenuated psychotic symptom
syndrome, APSS; region of interest, ROI; odds ratio, OR; confidence interval, CI; degrees of freedom, DF;
standard error, SE. Contrast coding: reference level for the sex variable is female. Two-tailed significance levels:

p-value < 0.001 *** p-value < 0.01 ** p-value < 0.05 *’, p-value = 0.1 ¥,

A. Binary outcome: Presence / absence of a psychotic disorder or APSS diagnosis

Degree of

. 0, -
polynomial Explanatory variables OR Cl (95%) SE p-value

Intercept 2.77 0.00 — 4028197.83 18.89 0.88

. Age (years) 1.09 0.96 - 1.29 0.08 0.25

Linear Sex [Male] 4.34 0.24 —173.78 6.86 0.35
(Modsl 1) Total Cerebellum

Volume (cm?) 0.97 0.87 — 1.08 0.05 0.56
Best-fit

Tjur's R? 0.14

Intercept 7.64 0.00 -67707088.23  57.13 0.79

Age 0.97 0.50 - 1.90 0.32 0.93

Age? 1.00 0.99 - 1.02 0.01 0.73
Quadratic Sex [Male] 3.98 0.22 - 162.76 6.29 0.38
(Model 2) Total Cerebgllum 0.97 0.87 - 1.08 0.05 0.57

Volume (cm?)

Tjur's R? 0.15

Model 1 vs Model 2 — ANOVA with likelihood ratio test:

Residual Residual DF Deviance Pr(> Chi)
DF Deviance
13 19.40

2 |12 19.28 1 0.12 0.83

Final model: Model 1

coronal view
cortex + WM
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B. Binary outcome: Presence / absence of a psychotic disorder or APSS diagnosis

Degree of . o .
polynomial Explanatory variables OR Cl (95%) SE p-value

Intercept 72.82 0.00 — 125831051.98 458.80 0.50

. Age (years) 1.07 0.93-1.29 0.08 0.36
:—I\'n"e;fl 7 Sex [Male] 6.87 0.43 — 389.88 10.95 0.23
ode

sg[jﬁ'a:n%‘)’“ex 0.93 0.81 - 1.04 0.06 0.24
Best-fit

Tjur's R? 0.20

Intercept 67.04 0.00 — 130020106.90 427.82 0.51

Age 1.10 0.54 -2.35 0.39 0.78

Age? 1.00 0.98 -1.02 0.01 0.93
Quadratic Sex [Male] 7.19 0.38 —436.11 12.10 0.24
(Model 2} REciebetayiContex 0.93 0.80 - 1.05 0.06 0.26

Volume (cm?)

Tjur's R? 0.20

Model 1 vs Model 2 — ANOVA with likelihood ratio test:
Residual Residual DF Deviance Pr(> Chi)

DF Deviance
13 18.24
2 |12 18.24 1 0.01 0.94
N Final model: Model 1

.""":‘""“. _ROI: Cerebellar cortex volume

coronal view
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C. Binary outcome: Presence / absence of a psychotic disorder or APSS diagnosis

Degree of . o ;
polynomial Explanatory variables OR Cl (95%) SE p-value
Intercept 0.00 0.00-1.12 0.01 0.17
. Age (years) 1.13 0.97 —1.42 0.1 0.21
:-“'n’:)eda; " Sex [Male] 2.00 0.17 - 37.92 2.58 0.59
Cerebellar White
: Matter Volume (cm?) 1.15 0.92 — 1.57 0.15 0.31
Best-fit
Tjur's R? 0.20
Intercept 0.00 0.00 — 103.47 0.00 0.24
Age 1.30 0.57-3.34 0.56 0.54
Age? 1.00 0.98 —1.02 0.01 0.73
Quadratic Sex [Male] 1.90 0.16 — 35.91 2.45 0.62
(Model 2) Cerebellar White _
Matter Volume (cm?) 1.17 0.89 — 1.66 0.18 0.28
Tjur's R? 0.20

Model 1 vs Model 2 — ANOVA with likelihood ratio test:
Residual  Residual DF Deviance Pr(> Chi)

DF Deviance
13 18.44
2 |12 18.32 1 0.12 0.73

Final model: Model 1

------ o ROI: Cerebellar white matter volume

coronal view
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3g29Del sub-sample with available
neuroimaging and SIPS data (N = 17)

Subjects without Subjects with
PFAC /MCM PFAC / MCM Test statistics
findings (N=9) findings (N = 8)

Diagnostic evaluation of psychotic symptoms

Psychosis or APSS dx., n (%) OR=1.19,
Absent 6 (66.67%) 5 (62.50%) 95% Cl =0.11 - 13.47,
Present 3 (33.33%) 3 (37.50%) p-value? = 1

Psychosis dx., n (%) OR =0,
Absent 6 (66.67%) 8 (100%) 95% Cl = 0.00 — 2.54,
Present 3 (33.33%) 0 (0%) p-value? = 0.21

APSS dx., n (%) OR = INF,
Absent 9 (100%) 5 (62.50%) 95% Cl = 0.52 — INF,
Present 0 (0%) 3 (37.50%) p-value? = 0.087

Dimensional evaluation of psychotic symptoms

SIPS Positive Symptom Domain

Mean + SD 7.56 £ 9.53 7.75+£6.11 W =42.00,

Median [Range] 3[0-25] 8[1-17] p-valueb =0.60
SIPS Negative Symptom Domain

Mean + SD 7.56 £ 6.21 8.88 £4.97 t=0.48, DF = 15,

Median [Range] 6[0-17] 7.5[2-16] p-value® = 0.64
SIPS Disorganization Symptom Domain

Mean + SD 6.00 + 4.56 4.75+2.92 t=-0.66, DF = 15,

Median [Range] 8[0—-11] 5[1-9] p-value® = 0.52

Table S7. Nested comparison of diagnostic and dimensional phenotypes in 3q29Del subjects with
versus without posterior fossa arachnoid cyst and mega cisterna magna findings. «Fisher's exact test, ¢
Wilcoxon rank sum test with continuity correction, ¢ Student’s two sample t-test. Results from diagnostic
evaluation of psychotic symptoms indicate that there is no statistically significant difference between 3q29Del
subjects with versus without PFAC/MCM findings in the prevalence of psychotic disorder and/or APSS
diagnoses (p’s > 0.05). There was a trend-level association (p < 0.1) between the odds of meeting diagnostic
criteria for APSS and having a PFAC/MCM finding, which may warrant consideration in future studies with
larger sample sizes. Results from dimensional evaluation of psychotic symptoms indicate that there was no
statistically significant difference between 3q29Del subjects with versus without PFAC/MCM findings in SIPS
domain totals for positive, negative or disorganization symptoms (p’s > 0.05). Non-parametric test statistics are

reported in cases where the data do not meet parametric assumptions. Note that given well-established
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challenges in differentiating PFACs from MCM using conventional MRI (i.e., shared characteristics in
appearance), we considered the prevalence rate of these two neuroanatomical findings jointly. Abbreviations:
3929 deletion, 3q29Del; diagnosis, dx; posterior fossa arachnoid cyst, PFAC; mega cisterna magna, MCM;
attenuated psychotic symptom syndrome, APSS; Structured Interview for Psychosis-Risk Syndromes, SIPS;
standard deviation, SD; degrees of freedom, DF; odds ratio, OR; infinity, INF. Two-tailed significance levels:

p-value = 0.001 ¥ p-value < 0.01 **°, p-value < 0.05 ¥, p-value < 0.1 .
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Supplemental Figures

36%
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Figure S1. Age-stratified prevalence rates of florid or attenuated psychotic symptoms in 3q29Del. 48%
of the 3q29Del sample (11/23) meets diagnostic critetia for psychosis or exhibits one or more clinically
significant attenuated positive symptoms (i.e., at least one positive symptom rated three or higher on the SIPS).
Based on published demographic data on CHR groups in the general population, the mean age at ascertainment
is between 17 and 18 years. Thus, the majority of the 3q29Del subjects in the present sample (61%, 14/23) fall
below the estimated age for typical onset of both psychosis and the psychosis prodrome (dashed line on

histogram marks age 17 years). When stratified by age-group (age < 17 years vs age = 17 years), our results
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indicate that the prevalence rate of psychosis or clinically significant attenuated positive symptoms among
3g29Del subjects younger than age 17 is 36% (5/14), whereas this rate is 67% (6/9) among those aged 17 and
older. Abbreviations: Deletion, Del; Structured Interview for Psychosis-Risk Syndromes, SIPS; clinical high risk,

CHR.
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Figure S2. Scatter plots of the relationship between SIPS symptom ratings and age at visit, stratified

by symptom domain and diagnostic group. The scatterplots above are provided for visual evaluation of the

correlation results reported in Table S2. Solid lines represent the line of linear fit for each group. A slight jitter

was systematically added to each plot to minimize overplotting. Abbreviations: Structured Interview for

Psychosis-Risk Syndromes, SIPS; healthy controls, HC; deletion syndrome, DS.
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A Domain-wise ratings

Positive Symptom Domain
Negative Symptom Domain
Disorganized Symptom Domain
General Symptom Domain

B Item-wise ratings

Positive Symptom Domain

P1. Unusual Thought Content

P2. Suspiciousness

P3. Grandiosity

P4. Perceptual Abnormalities

P5. Disorganized Communication
Negative Symptom Domain

N1. Social Anhedonia

N2. Avolition

N3. Expression of Emotion

N4. Experience of Emotions and Self
N5. Ideational Richness

N6. Occupational Functioning
Disorganized Symptom Domain
D1. Odd Behavior or Appearance
D2. Bizarre Thinking

D3. Trouble with Focus and Attention
D4. Personal Hygiene

General Symptom Domain

G1. Sleep Disturbances

G2. Dysphoric Mood

G3. Motor Disturbances

G4. Impaired Tolerance to Normal Stress

s =

B Male

Female
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Figure S3. Sex-specific SIPS ratings among deletion groups and HCs. Sex differences were investigated

in SIPS domain totals (panel A) and item-specific SIPS ratings (panel B) within each group. Plots reflect the

unadjusted means of individual SIPS ratings for each group. Standard error bars are shown. For P5 and the

positive symptom domain total, 22q11.2Del N = 30 due to missing data from one 22q11.2Del subject. For G2

and the general symptom domain total, HC N = 278 due to missing data from one HC subject. Abbreviations:

Structured Interview for Psychosis-Risk Syndromes, SIPS; healthy controls, HC; deletion, Del; deletion

syndrome, DS.
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A Total cerebellum Cerebellar cortex Cerebellar WM
ns
80 1
ns
60 1
E
K3
g 40 —————
2
>° ns
201 %
0 -
Left Right Left Right Left Right
Hemisphere
B
3 Left Right Difference
ROI (cm) Hemisphere Hemisphere (Left - Right) p-value
Total cerebellum volume
Mean + SD 65.15 £ 6.86 66.46 £ 7.22 -1.31+£275 0.07
Median (range) 66.54 (52.39 - 75.08) 66.85 (53.22 — 78.01) -1.35 (-5.35-4.70)
Cerebellar cortex volume
Mean + SD 51.14 £6.74 52.82+6.13 -1.69 +4.11 0.11
Median (range) 49.24 (38.99-62.39) 52.47 (40.12 - 64.37) -1.65 (-9.92 — 5.61)
Cerebellar WM volume
Mean + SD 14.02 £ 3.97 13.64 £ 3.21 0.37 £3.60 0.13
Median (range) 12.69 (9.60—23.72)  13.05 (8.96 — 19.74) 0.40 (-7.05 - 5.56)

Figure S4. Comparison of hemisphere-specific ROI volumes in the 3q29Del subsample with available
neuroimaging and SIPS data. A) Box plots showing the paired distribution of left and right hemispheric
ROI volumes in 3q29Del (N = 17). B) Descriptive statistics and results of paired-samples tests for inter-
hemispheric differences in ROI volumes. There were no significant volumetric differences between the
two hemispheres of any of the ROIs investigated in this study (p > 0.05). Hence, left and right hemispheric
volumes were added to derive a single bilateral volume for each ROI in downstream analyses. .Abbreviations:

Deletion, Del; Structured Interview for Psychosis-Risk Syndromes, SIPS; magnetic resonance imaging, MRI;

region of interest, ROI; white matter, WM; standard deviation, SD; not significant, ns.
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A B

o <«— Extreme data point Regression analysis after removal of one extreme data point:

Cook’s distance = 0.52

207 Miah Cook's dotarce -~ 0.10 Outcome: Positive Symptom Domain Total (N = 16)

Bxplanatory b CI1(95%) SEb  p-value

Intercept 2691  144-5526 1301 006
Age (years) 015  -024-054 018 042
Sex [Male] 987  360-1614 283  0.005
Cerebellar Cortex

Volume (cm®) 028  -0.54--0.01  0.12 0.04*

Positive Domain Total

R? / R? adjusted 0.50/0.37
Robust Wald test  F-statistic = 4.86 on 3 and 12 DF, p-value = 0.02*

RID ‘!‘f) 16(] 1 ;O 1£D
Cerebellar Cortex Volume (cma)

------------ ROI: Cerebellar cortex volume

coronal view

Figure S5. Sensitivity analysis: The relationship between cerebellar cortex volume and positive
symptom severity in 3q29Del after removal of an extreme data point. A) Predictor effect plot showing
the relationship between cerebellar cortex volume and positive symptom ratings in N = 17 3q29Del subjects.
Visual inspection suggests that one datapoint (black arrow) may have high leverage on findings; the mean
Cook’s distance in the sample = 0.10, while the Cook’s distance for this subject = 0.52. As values greater than
4 times the mean Cook’s distance of the sample may be classified as influential, we performed a sensitivity
analysis by removing this datapoint. B) Multiple linear regression results in N = 16 3q29Del subjects. The main
effect of cerebellar cortex volume on positive symptom severity is highlighted in grey for clarity. Results indicate
that the coefficient of determination (R2) remains relatively stable after removal of the extreme datapoint.
Although statistical power is reduced due to slightly smaller sample size, there is still a significant inverse
relationship between cerebellar cortex volume and positive symptom severity, while correcting for age and sex
(p = 0.05). Abbreviations: 3q29 deletion, 3q29Del; unstandardized coefficient estimate, 4; confidence interval, CI;
degrees of freedom, DF; standard error, SE. Contrast coding: reference level for the categorical sex variable is

female. Two-tailed significance levels: p-value < 0.001 *** p-palue < 0.01 *¥, p-value < 0.05 ¥, p-value < 0.1 V.
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CHAPTER 5. Conclusions
This chapter closes this dissertation with a summary of the foregoing chapters, the broader implications
of our findings for the fields of neuroscience and psychiatric genetics and a detailed roadmap for future

directions.

Summary of research findings

As described in detail in this dissertation, copy number variation (CNV) of DNA sequences represents
a significant source of genetic diversity (1-5) and constitutes a far more important substrate for human evolution
and adaptation than previously recognized (6-9). Accumulating findings indicate the existence of multiple rare
and recurrent CNVs that increase susceptibility to neurodevelopmental and psychiatric disorders with
exceptionally large effect sizes (10-22). Given their defined genomic boundaries and high penetrance, systematic
research on these CNVs offers a promising opportunity to link specific genetic mechanisms to brain and
behavioral phenotypes underlying complex mental illnesses. The ultimate objective of this dissertation was to
improve our neurobiological understanding of the largest known genetic risk factor for schizophrenia, the 3q29
deletion (3q29Del) (10, 23-25), in pursuit of this goal.

In chapter 1, a general introduction of the background and overarching aims of this dissertation were
presented.

In chapter 2, we focused on addressing the current gap in our understanding of the impact that 3q29Del
exerts on the human neural transcriptome. To systematically formulate unbiased hypotheses about molecular
mechanisms linking 3q29Del to neuropsychiatric illness, we conducted a systems-level network analysis of the
non-pathological adult human cortical transcriptome and generated evidence-based predictions that relate
individual 3q29 interval genes to novel biological functions and specific disease associations. We found that the
21 protein-coding genes located in the interval segregate into seven clusters of highly co-expressed genes,
demonstrating both convergent and distributed effects across the interrogated transcriptomic landscape.

Pathway analysis of these clusters indicated involvement of this locus in not only nervous-system specific
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functions, including axon guidance, and synaptic signaling and organization, but also in core cellular functions,
including transcriptional regulation, post-translational modifications, chromatin remodeling and mitochondrial
metabolism. Top network-neighbors of 3q29 genes showed significant overlap with known schizophrenia,
autism spectrum disorder (ASD) and intellectual disability-risk genes, suggesting that 3q29Del biology is
relevant to idiopathic disease. Leveraging “guilt by association”, we proposed nine specific 329 interval genes
(BDHT, CEP19, DL.G1, FBXO45, PIGZ, RNF168, SENP5, UBXN7, WDR53), including one highly connected
hub gene (UBXIN7), as prioritized drivers of neuropsychiatric risk in this syndrome. Additionally, we empirically
demonstrated the validity of our graph-based predictions in an experimental system by conducting RNA-
sequencing in mice harboring a homologous deletion to the human 3q29Del locus. These results provide
testable hypotheses for experimental analysis on causal drivers and mechanisms of the largest known genetic
risk factor for schizophrenia. These data also highlight the study of normal function in non-pathological post-
mortem tissue to further our understanding of psychiatric genetics, especially for rare syndromes like 3q29Del,
where access to neural tissue from carriers is unavailable or limited. The mechanistic hypotheses that were
formulated in this chapter have directly informed the design of several ongoing experiments in our laboratory,
including our work on single-cell RN A-sequencing (scRNA-Seq) of the isocortex in a CRISPR-Cas9 engineered
mouse model of 3q29Del, as well as in human induced pluripotent stem cell (hiPSC) derived cerebral organoids.
Future work will interrogate the extent to which scRNA-Seq findings from these experiments converge with
graph-based predictions presented in this chapter.

In chapter 3, we performed direct and systematic evaluations of human subjects with 3q29Del, with
the goal of linking syndromic phenotypes to specific abnormalities in brain structure. To achieve this goal, we
conducted the first ever i vivo quantitative neuroimaging study in 3q29Del subjects using structural magnetic
resonance imaging (MRI), with a focus on the cerebellum and its primary tissue-types. Additionally, we
performed a whole-brain radiological evaluation, and examined the association between neuroanatomical
tindings and standardized behavioral measures to probe gene-brain-behavior relationships. We found a >100-
fold increase in posterior fossa abnormalities, particularly in cystic and cyst-like malformations, among 3q29Del

carriers. Additionally, we found a significant reduction in the cerebellar volumes of 3q29Del subjects,
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independent of other radiological anomalies discovered in this region. Upon further inspection, we found a
reduction in cerebellar cortex volume but a concomitant expansion in cerebellar white matter volume, indicating
non-uniform changes in these two structures. Interestingly, sex played a moderating role in a subset of
neuroanatomical findings. We additionally found that cerebellar white matter changes are associated with
cognitive disability and diminished visual motor integration skills in 3q29Del subjects, while cystic/cyst-like
malformations yielded no behavioral link, suggesting that the cerebellum is a possible mechanistic intermediary
between this genetic lesion and syndromic phenotypes. Overall, our findings from this chapter indicate that
abnormal development of posterior fossa structures may be a neuroimaging-based biomarker in one of the
largest known genetic risk factors for schizophrenia. These data also add to the emerging body of
neuroscientific literature implicating the cerebellum as crucial to not only motor but also non-motor functions
of the human brain and present a novel point of genetic convergence with cerebellar pathology reported in
idiopathic forms of neurodevelopmental disease.

In chapter 4, we reported the first in-depth evaluation of psychotic symptoms in study subjects with
3q29Del, using the gold-standard Structured Interview for Psychosis-Risk Syndromes (SIPS). We compared
this profile to a large sample of healthy controls and participants with another well-known schizophrenia
associated CNV, the 22q11.2 deletion (22q11.2Del). Additionally, we examined the effect of age and sex on
symptom severity and investigated the relationship between psychotic symptoms and findings from structural
brain imaging in 3q29Del to probe the neural substrates of elevated psychosis risk in this syndrome. We found
that 48% of 3q29Del subjects exhibit either florid or attenuated psychotic symptoms, which was especially
striking considering their young ages. We also found that 3q29Del subjects have more severe ratings than
controls on all SIPS domains, while they show remarkable similarity to 22q11.2Del in positive, disorganization,
and general symptoms, but diverge from 22q11.2Del in negative symptoms. Additionally, we identified an
inverse relationship between positive symptom severity and cerebellar cortex volume among 3q29Del subjects,
suggesting that the cerebellar abnormalities identified in chapter 3 may also moderate the relationship between
this genetic lesion and vulnerability for certain aspects of psychosis. Overall, our findings in this chapter

establish the unique and shared profiles of psychotic symptoms across two high-impact CNVs and highlight
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cerebellar involvement in elevated psychosis-risk in one of the largest known genetic risk factors for
schizophrenia.

Altogether, the findings reported in the present dissertation substantially advance our understanding
of the role that 3q29Del plays in heightened vulnerability for severe neurodevelopmental and psychiatric
disorders. These data will provide a strong foundation for subsequent studies investigating the precise
neurobiological mechanisms underlying the remarkable risk of neuropsychiatric disease conferred by this CNV.
Continued research in this area has the potential to inform clinical practice and diagnostic subtyping, and in the
long-term aid in the development of novel, targeted interventions for highly heterogeneous and debilitating

disorders like schizophrenia.

Future directions

The findings and predictions presented in this dissertation raise a number of opportunities for
formulating future studies, both in terms of theory development and empirical research. In individual data
chapters, we have already proposed several new adaptations, tests, and experiments to refine and expand upon
our results. Here, we specifically focus on and develop a more detailed roadmap for three interrelated future

directions that can serve as immediate extensions of the work described in previous sections.

Future directions for nenroimaging and deep phenotyping of individuals with 3q29Del to refine cerebellar contributions to disease
First, a more comprehensive investigation of the link between cognitive function and cerebellar
morphology is needed to parse out the specific cognitive subprocesses that cerebellar dysfunction may be
related to beyond 1QQ among carriers of 3q2Del. By direct and systematic evaluation of 3q29Del study subjects,
our group has recently shown that executive functioning skills (25), which are required to control and coordinate
goal-directed behaviors (26), show clinically significant deficits in this syndrome. Subdomains of executive
function such as working memory and cognitive flexibility have traditionally been considered frontal lobe
functions, but more recent evidence suggests that this view may be an oversimplification. Converging evidence

indicates that executive functioning skills are dependent on a larger neural circuit that encompasses multiple
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brain regions, including the cerebellum (27, 28), although the cerebellum itself has received little experimental
attention in this regard. Future research should interrogate whether tissue-specific changes in cerebellar volume
correlate with specific executive functioning skills among individuals with 3q29Del, which can be measured by
both standardized questionnaires such as the Behavior Rating Inventory of Executive Function (29) and
performance-based tools like the Wisconsin Card Sorting task or Digit Span and Letter-Number Sequencing
tests (30).

Furthermore, given the link that we discovered between positive symptom severity and cerebellar
cortex volumes among 3q29Del participants, and the existing literature on executive functions being a potential
neurocognitive endophenotype in schizophrenia (31-33), this work can be further expanded to interrogate the
relationships between cerebellar structure, specific subdomains of executive function, and dimensions of
psychosis-risk in 3q29Del through mediation analyses, which may yield a more integrated understanding of
seemingly distinct syndromic phenotypes. In this context, the inclusion of an age- and sex-matched healthy
control group in behavioral analyses will be an important addition that can help elucidate whether identified
brain-behavior relationships are specific to 3q29Del or represent a more generalizable association.

Another important direction is to follow study participants over time to determine the temporal order
of variables and investigate whether longitudinal patterns of structural change in cerebellar cortex and white
matter covary with changes in behavioral and clinical phenotypes. This will be particularly important since many
3q29Del subjects included in the present sample were below the typical age of onset for psychosis at time of
scanning and our findings predict that more subjects will transition to frank psychosis over time.

Finally, it should be highlighted that while the cytoarchitecture of the cerebellum is highly homogenous,
its inputs from and outputs to distinct cerebral regions are not (34-37). The cerebellum is topographically
organized, with the anterior cerebellum (lobules I-IV) and lobule VIII receiving majority of inputs from
sensory-motor areas of the neocortex, while lobules VI and VII (including Crus I-1I and lobule VIIB) are
connected more to the associative and prefrontal areas of the neocortex. The posterior vermis is thought to
be the anatomical substrate of the limbic cerebellum, lobule IX is essential for the visual guidance of movement

and Lobule X is considered the substrate of the vestibulocerebellum (involved with balance and vestibular
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reflexes). Given this heterogeneity in the functional organization of the cerebellum, it will be imperative to
implement a higher resolution segmentation technique such as the Spatially Unbiased Atlas Template of the
Human Cerebellum (SUIT) (38) to determine whether specific subregions of the cerebellum show differential

structural vulnerabilities and phenotypic correlations among individuals with 3q29Del.

Future directions for high resolution neuroimaging of the cerebellum in the 3q29Del mouse model

Leveraging the 3q29Del mouse model in future experiments can help us map out the developmental
trajectory of the cerebellar pathology identified in humans, and yield insights into evolutionarily conserved
aspects of this pathology at the cellular and molecular levels. As described in eatlier chapters, the 329 interval
is completely syntenic in mice. Our group has shown that mice with the orthologous deletion exhibit
phenotypes consistent with the human syndrome, including diminished weight throughout development,
deficits in social interaction, impaired spatial memory, exaggerated acoustic startle responses, and attenuated
locomotor activity in response to amphetamine (39). In addition, pilot structural MRI data collected in a small
sample of adult 3q29Del mice and wild type littermates showed a significant reduction of total cerebellar volume
in 3g29Del mice, replicating the human cerebellar phenotype. Hence, these transgenic mice present a valuable
experimental system that can be used to interrogate the biology of the 3q29Del syndrome.

To elucidate the temporal evolution of the cerebellar abnormalities observed in these pilot data, future
work should image a larger sample of wild type and mutant mice at multiple developmental time points either
cross-sectionally or longitudinally by using ex vivo or in vive structural MRI techniques. Notably, ex vivo protocols
enable the acquisition of high-resolution images since the brain can be dissected to fit into a sensitive coil and
imaged overnight on high field MR systems. This level of resolution can reveal subtle anatomical aberrations
that cannot be identified by conventional neuroimaging techniques in humans. However, tissues prepared for
ex vivo imaging can suffer from morphological disruption due to fixation and perfusion. Hence, the trade-offs
between longitudinal 7z vive and cross-sectional ex vivo imaging should be considered during experimental design.

Given the sigmoidal growth curve that normative cerebellar development follows in mice (40),

timepoints for neuroimaging should be chosen to effectively sample across phases of slow and rapid cerebellar
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growth. In the mouse brain, total cerebellar volume undergoes slow growth in the late embryonic period (E16-
E18), followed by a rapid increase during the early postnatal period (P0-P20) and the peak reached within the
juvenile period (P20-25) (40). Hence, P2, P10, P20 and P120 may be ideal timepoints to compare the rates of
change in cerebellar volumetric growth across developmental time between wild type and 3q29Del mice.

The addition of cerebellum-dependent motor learning tasks to these experiments, such as Pavlovian
eye-blink conditioning (41, 42), as well as perceptual decision-making tasks that have been shown to index
cerebellar involvement in working memory (43, 44) could also strengthen future investigations by

complementing mouse neuroimaging findings with cerebellum-related behavioral readouts.

Future directions for transcriptomic investigation of the cerebellum in the 3q29Del mouse model

Leveraging the 3q29Del mouse model can also help address what cellular or molecular changes are
induced by 3q29Del in the cerebellum at distinct developmental timepoints that can be selected based on
tindings from neuroimaging. Using single-cell transcriptional profiling (scRNA-Seq), future work should
investigate which genes are differentially expressed in the cerebella of mutant mice compared with wild type
littermates and what biological pathways and processes are enriched among these dysregulated genes.

Unlike bulk-RNA sequencing (bulk-RNA-Seq), which averages gene expression across all cells in a
given tissue, scRNA-Seq can profile the transcriptome of the cerebellum at single-cell resolution, which
provides a unique opportunity to conduct an unbiased analysis of the entire cellular composition of the
cerebellum. As reported in earlier chapters, most 3q29 interval genes are expressed in the cerebellum but there
is limited knowledge about which genes are expressed in which distinct cell types. The cerebellum contains at
least six different types of neurons, including glutamatergic granule cells and GABAergic Purkinje cells, as well
as a remarkable heterogeneity of glial and endothelial cells, all expressing a distinct repertoire of genes (45, 46).
A true understanding of the molecular and cellular determinants of the pathological cerebellum in 3q29Del
requires a transcriptomic investigation of all cerebellar cell types to identify the specific cell type or cell types
and driver genes that contribute to disease.

Findings that emerge from scRNA-Seq experiments can then be compared to the WGCNA-based
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predictions reported in earlier chapters of this dissertation to determine whether empirical findings from the
cerebellum of 3q29Del mice converge with network-level operations of 3q29 interval genes in the non-
pathological adult human cortical transcriptome.

Altogether, the research directions outlined in this section build upon this dissertation as a foundation
and have the potential to bring us closer to elucidating the exact neural impact that one of the strongest known

genetic risk factors for schizophrenia exerts on one of the least understood regions of the human brain.
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