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Objective: Copy number variants (CNVs) are strongly asso-
ciated with neurodevelopmental and psychotic disorders.
Early-onset psychosis (EOP),where symptomsappear before
18 years of age, is thought to bemore strongly influenced by
genetic factors than adult-onset psychotic disorders. How-
ever, the prevalence and effect of CNVs in EOP is unclear.

Methods: The authors documented the prevalence of re-
current CNVs and the functional impact of deletions and
duplications genome-wide in 137 children and adolescents
with EOP compared with 5,540 individuals with autism
spectrum disorder (ASD) and 16,504 population control
subjects. Specifically, the frequency of 47 recurrent CNVs
previously associated with neurodevelopmental and neuro-
psychiatric illnesses in each cohort were compared. Next, CNV
risk scores (CRSs), indices reflecting the dosage sensitivity for
any gene across the genome that is encapsulated in a deletion
or duplication separately, were compared between groups.

Results: The prevalence of recurrent CNVs was significantly
higher in the EOP group than in the ASD (odds ratio52.30)
and control (odds ratio55.06) groups. However, the dif-
ference between the EOP and ASD groups was attenuated
when EOP participants with co-occurring ASD were ex-
cluded. CRS was significantly higher in the EOP group
compared with the control group for both deletions (odds
ratio51.30) and duplications (odds ratio51.09). In contrast,
the EOP and ASD groups did not differ significantly in terms
of CRS.

Conclusions: Given the high frequency of recurrent CNVs in
the EOP group and comparable CRSs in the EOP and ASD
groups, the findings suggest that all children and adolescents
with a psychotic diagnosis should undergo genetic screen-
ing, as is recommended in ASD.
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Rare copy number variants (CNVs) are deletions and du-
plications of genomic segments, some with high relative risk
for psychotic disorders like schizophrenia (1–3). Recurrent
CNVs are relatively common (1 in 10,000 or more) and
generally occur due to nonallelic homologous recombina-
tion, resulting in similar or identical mutations in unrelated
individuals (4, 5), and they are found in approximately 2%
of those with adult-onset idiopathic schizophrenia (6, 7).
Individuals with childhood-onset schizophrenia whose
symptoms begin before age 13 have a significantly higher
recurrent CNV burden (10% vs. 2%–6%; p,0.0001) rela-
tive to those with adult-onset illness, suggesting a greater
genetic component in the childhood form of the disor-
der (8, 9). However, childhood-onset schizophrenia is
rare (10), and few cohorts have been genetically charac-
terized to date (8, 9). Moreover, only half of children and

adolescents with a psychiatric diagnosis that includes
prominent psychotic features meet the strict criteria for
schizophrenia (11), and childhood diagnoses often change
over the course of development (12). Consequently, there is
considerable interest in understanding the genetic un-
derpinnings of the more inclusive early-onset psychosis
(EOP) categorization, which captures psychotic symp-
tomatology in various diagnoses. EOP, defined as any
psychiatric diagnosis with pronounced psychotic symp-
toms with onset before age 18, is associated with lower
premorbid psychosocial function, more hospitalizations,
poorer cognitive functioning, and worse overall prognosis
than adult-onset illness (11, 13). Yet, functional outcomes
are highly variable in youths with EOP (11, 12), and CNV
status has been shown to influence these outcomes (14).
Although genomic information could help to disentangle
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the clinical heterogeneity in EOP, the genetic architecture
of EOP is largely unknown.

Establishing the burden of recurrent CNVs in EOP is an
importantfirst step in characterizing the genetic architecture
of this extreme phenotype (3). Documenting the frequen-
cies of recurrent CNVs, mutations that occur at high enough
rates in the population to foster their individual study,
would facilitate the comparison of individualswith EOPwith
unaffected individuals and individuals with other neuro-
developmental disorders. However, ;90% of CNVs identi-
fied in the clinic are nonrecurrent and are too rare (i.e.,
insufficient copies) for individual association studies to be
practical (15). Recently, we developed a strategy to estimate
an individual’s genome-wide CNV burden by deriving a single
aggregate CNV risk score (CRS) that reflects the probability
of intolerance to haploinsufficiency of each gene encapsu-
lated by every CNV across the genome, regardless of the
mutation’s population prevalence (16–18). TheCRS is a scalar
value that is broadly analogous to the polygenic risk score
(PRS), except that while the PRS reflects an individual’s li-
ability for an illness based on common genetic variation, the
CRS reflects the dosage sensitivity for all genes across the
genome that is encapsulated in a deletion or duplication
separately. Here, the CRS was estimated with the loss-of-
function observed/expected upper bound fraction (LOEUF)
score (19). The LOEUF is calculated by comparing the ob-
served and expected number of loss-of-function mutations for
a given gene ina referencepopulation (19). LowLOEUFscores
indicate strong selection against predicted loss-of-function
variation in a gene, and high LOEUF scores indicate rela-
tively higher tolerance to inactivation. Thus, LOEUF scores
provide a method for documenting the biological ramifications
of individual genes and inferring pathobiology (16, 18, 20). Our
CRS measure has been successfully used to model autism
spectrumdisorder (ASD) (18) and general intelligence (16, 17).
Applying this method to an EOP sample enables us to model
genome-wide dosage sensitivity in EOP and directly compare
our index with ASD and unselected control cohorts, even in a
context where the individual CNVs are extremely rare.

Findings that 5%–15% of children with ASD carry a del-
eterious genetic mutation (21) have led organizations like the
American Academy of Pediatrics to recommend that indi-
viduals presenting with ASD symptoms undergo genomic
screening (22, 23). These established guidelines involve
routine use of chromosomal microarrays to document CNVs
(24). The burden of recurrent CNVs was similar for ASD and
a small childhood-onset schizophrenia cohort (8), suggesting
that these disorders have comparable genetic architectures
and should be subject to similar genetic screening ap-
proaches. Correspondingly, if the burden of recurrent CNVs
is similar among children and adolescents with the broader
EOP phenotype, this would strongly support the develop-
ment of guidelines for genomic screening in this population.
Such an approach could help aid diagnosis, therapeutic
choices, and clinical staging of individualswith EOP,many of
whom do not respond to first-line treatments (25). However,

there are currently no genomic screening guidelines for
children or adults with psychotic disorders (26).

In this study, we aimed 1) to establish the prevalence of
recurrent CNVs in our diagnostically heterogeneous EOP
cohort (N5137) and compare this prevalencewith that found
in 5,540 individuals with ASD and 16,504 unselected pop-
ulation control subjects; and 2) to compare the CRS observed
among EOP probands to the ASD and control cohorts.

METHODS

EOP Samples
Unrelated participants with EOP (N5137) were referred to
the Developmental Neuropsychiatry Program at Boston
Children’sHospital. Clinical diagnoses were ascertained by a
board-certified child psychiatrist (J.G.H.) specializing in
EOP. Diagnoses were subsequently confirmed via medical
record with a DSM-5 checklist, and a consensus diagnosis
was reached (Table 1). Inclusion criteria included having a
DSM-5 diagnosis for a current or lifetime axis I psychotic
disorder with onset before age 18. Exclusion criteria were
substance- or medication-induced psychosis, psychosis sec-
ondary to a brain infection (e.g., encephalitis), psychosis due to
a neurodegenerative disorder (e.g., Wilson’s disease, dystonia
with fixed musculoskeletal deformities, Huntington’s disease,
Friedreich’s ataxia, ataxia-telangiectasia, Parkinson’s disease),
and a severe neurodevelopmental disorder or other impair-
ment affecting ability to describe symptoms or provide other
information required for this study. All EOP participants or
guardians provided written informed consent (or assent for
participants under age 18) on forms approved by the Boston
Children’s Hospital Institutional Review Board as part of the
Manton Center for Orphan Disease Research. After providing
consent or assent, each participant provided blood samples.

ASD and Unselected Populations
We compared the EOP participants to two pooled ASD co-
horts: 2,585 children from the Simons Simplex Collection
(SSC) (27) and 3,171 probands from the MSSNG database (28).
We also compared EOP participants to individuals from three
pooled unselected community-based cohorts: IMAGEN
(N51,802) (29), Generation Scotland (N514,160) (30), and
the Lothian Birth Cohort (N5554) (31) (Figure 1). Studies for
each cohort were reviewed by local institutional review
boards and are described elsewhere (27–31).

Genotyping and CNV Calling
For theEOP sample, genomicDNA frombloodwas extracted
using standard protocols. Dye-swap array-CGH experiments
were performed according to the experimental procedures
described by Agilent Technologies (Santa Clara, Calif.) using
standard 43180K Surescan arrays and analyzed with the
Agilent Cytogenomics software program. Probe sequences
and locations are based on Genome Reference Consortium
build 37 (GRCh37/hg19). Three criteria were used to de-
termine the presence of a CNV: 1) at least seven consecutive
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probes in the same direction; 2) 1.5-fold average difference
between test and reference DNA; and 3) CNV not present in
the within-slide control DNA sample. We applied a previously
published pipeline to data from the ASD and control cohorts
(16–18). To harmonize the samples, CNVs were filtered by dis-
cardingCNVs,50kb,CNVsthatappearedonsexchromosomes,
CNVs with .50% overlap with segmental duplication or cen-
tromere, and CNVs with ,10 probes across all detection tech-
nologies used in all included cohorts (see Figure 1).

Recurrent CNV Analyses
We identified 47 loci and genes previously associated with
neurodevelopmental or neuropsychiatric disorders (see
Table S1 in the online supplement) to document the fre-
quency of recurrent CNVs in EOP. These loci were defined
by.40% overlap with a specific deletion or duplication or if
the genes were disrupted by the CNVs (32, 33). Recurrent
CNVs share a common size and similar breakpoints, and they
recur in multiple individuals in a population (3, 4). Recur-
rent CNVs generally occur due to nonallelic homologous
recombination, which is typically mediated by low-copy

repeats (LCRs), resulting in recombination hotspots, gene
conversion, and apparent minimal efficient processing seg-
ments (5). In contrast, nonrecurrent CNVs are defined as
structural variantswithdissimilar endpointsor junctions that
do not coincide with LCRs but tend to occur in the vicinity of
regions that are rich in LCRs, resulting in complex regional
genomic architecture. LCRs do not mediate but may stim-
ulate nonrecurrent events (5). Although nonrecurrent CNVs
are of different sizes in each patient, they can share a small
region of overlapwhose change in copy numbermay result in
shared clinical features among different patients (4). Yet,
given differences in breakpoints and genes affected, nonre-
currentCNVs, such as privateCNVs, are almost impossible to
study individually. However, the overall impact of nonre-
currentCNVscanbe indexedusinggenome-wide scores such
as the CRS, as described below. To test for differences in the
prevalence of recurrent CNVs between the EOP, ASD, and
control cohorts, two-sided Fisher’s exact tests, computed
using the fisher.test function in R, were employed. The
Benjamin-Hochberg correction for false discovery rate
(FDR) was used to adjust for multiple comparisons.

TABLE 1. Diagnostic and demographic breakdown of the early-onset psychosis (EOP) cohort

Full EOP Sample
(N5137)

EOP Without ASD
or Intellectual

Disability (N589)

EOP Without
Schizophrenia

(N599)

EOP Before
Age 13
(N5101)

Characteristic N % N % N % N %

Sex
Male 88 64.2 50 56.2 63 63.6 65 64.4
Female 49 35.8 39 43.8 36 36.4 36 35.6

Race
Asian or Pacific Islander 3 2.2 3 3.4 2 2.0 2 2.0
Black/African American 21 15.3 15 16.9 16 16.2 12 11.9
Two or more races 2 1.5 2 2.2 0 0.0 2 2.0
White 90 65.7 56 62.9 65 65.7 67 66.3
Unknown or not available 21 15.3 13 14.6 16 16.2 18 17.8

Ethnicity
Hispanic/Latino 22 16.1 15 16.9 16 16.2 15 14.9
Not Hispanic/Latino 91 66.4 62 69.7 66 66.7 67 66.3
Unknown or not available 24 17.5 12 13.5 17 17.2 19 18.8

Age at psychosis symptom onset
,8 years 38 27.7 23 25.8 27 27.3 38 37.6
8–12 years 63 46.0 43 48.3 43 43.4 63 62.4
13–18 years 36 26.3 23 25.8 29 29.3 — —

Primary psychosis spectrum disorder
Schizophrenia 38 27.7 21 23.6 — — 31 30.7
Affective psychosis
Schizoaffective disorder (bipolar type) 11 8.0 6 6.7 11 11.1 8 7.9
Schizoaffective disorder (depressed type) 8 5.8 8 9.0 8 8.1 5 5.0
Major depressivedisorderwithpsychotic features 17 12.4 15 16.9 17 17.2 10 9.9
Bipolar disorder with psychotic features 17 12.4 13 14.6 17 17.2 12 11.9
Schizophreniform disorder 2 1.5 0 0.0 2 2.0 2 2.0
Brief psychotic disorder 1 0.7 0 0.0 1 1.0 0 0.0
Other specified or unspecified schizophrenia

spectrum and other psychotic disorder
43 31.3 26 29.2 43 43.4 33 32.7

Co-occurring diagnoses
Autism spectrum disorder 47 34.2
Intellectual disability 17 12.4 — — 10 10.1 11 10.9
History of seizures 24 17.5 12 13.5 15 15.2 19 18.8
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FIGURE 1. Methodological pipeline for CNV filtering and annotationa

a The first table describes CNVs identified in the early-onset psychosis (EOP), autism spectrum disorder (ASD), and unselected control cohorts before
filtering. TheVenndiagram represents distributionof the EOPCNVsdiscarded according to the filtering criteria towhich they belong: size.50 kb; fewer than
10 probes in at least one of the technologies used; overlap with a centromere or a segmental duplication (,50%); or positioned on a sex chromosome. The
second table indicates theprevalenceoffilteredCNVsandprovidesdemographic andcomorbidity data for theEOP,ASD, andcontrol cohorts. Thefirst density
plot presents the distribution of the size of the genome-wideCNVs included in the analyses across the different cohorts (EOP in green, ASD in red, unselected
control population in blue). TheCNV sizes on the x-axis are representedwith a square root transformation. The final density plot represents the distribution of
LOEUF scores across 19,197 coding genes. A LOEUF score#0.35 is the defined clinical threshold for intolerant genes. For CNV annotation, the coding genes
totally encompassed in deletions and duplicationswere identified and the LOEUF score of each genewas attributed. For each individual, the number of genes
encompassed and the 1/LOEUF scores for deletions and duplications were summed separately. ASD5autism spectrum disorder; BCH5Boston Children’s
Hospital; control5unselected control cohort; CNV5copy number variant; EOP5early-onset psychosis; G-Scot5Generation Scotland; ID5intellectual dis-
ability; LBC5Lothian Birth Cohort; LOEUF5loss-of-function observed/expected upper bound fraction; N DEL/DUP rec5number of recurrent deletions/
duplications previously associated with neurodevelopmental or neuropsychiatric disorders; SSC5Simons Simplex Collection.
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CRS: Genome-Wide Dosage Sensitivity Analyses
The CNV risk score (CRS) reflects the probability of intol-
erance to haploinsufficiency of each gene in the genome that
is encapsulated in every CNV identified in an individual,
regardless of the population prevalence of the mutation
(16–18). In this study, the CRS was calculated as the sum of
1/LOEUF for deletions and duplications separately using our
previously published annotation pipeline (see Figure 1).
Briefly, each coding genewith all isoforms fully encompassed
infilteredCNVswas identifiedusing theEnsemblmap (hg19)
(34) and was annotated using the inverse LOEUF (1/LOEUF)
score (gnomAD, version 2.1.1) (19),which is available for 19,197
genesandranges from0.5 (gene tolerant tohaploinsufficiency)
to 33.3 (gene intolerant to haploinsufficiency). A score of 0was
assigned to individuals with no coding genes encompassed in
any CNV. We tested the genome-wide CNV burden with lo-
gistic regression models:

lnðodds½Yi5diagnosisi�Þ;b01b1CRSdeli1b2CRSdupi1b3sexi

b0, b1, b2, and b3 are the vectors of coefficients for fixed
effects. The logistic regression models were computed using
the glm function in R.

Sensitivity Analyses
We performed sensitivity analyses to investigate the ro-
bustness of our main results. Specifically, we ran a series
of analyses after excluding EOP participants 1) with
co-occurring ASD, 2) with co-occurring intellectual dis-
ability, 3) with a diagnosis of schizophrenia, or 4) with illness

onset before age 13. Each of these sensitivity analyses used
statistical models identical to those described above, with
smaller sample sizes (seeTable 1), andweredesigned to refine
our appreciation of the CNV burden in the EOP cohort
relative to the ASD and unselected cohorts.

RESULTS

EOP Cohort
Atotal of 137EOPpatients (88 [64.2%]male)were included in
this study (see Table 1). The mean age at psychosis symptom
onset was 9.8 years (range, 4–17 years), and 101 (72.3%) pa-
tients had psychosis onset before age 13. Thirty-eight (28%)
individuals with EOP had co-occurring ASD, 17 (12%) had
intellectual disability, and seven (5%) had both ASD and
intellectual disability. Thirty-eight (28%) individuals with
EOPmet DSM-5 criteria for schizophrenia. Sixty-nine CNVs
meeting quality control criteria were identified in 55 indi-
viduals from the EOP cohort (see Figure 1).

Prevalence of Recurrent CNVs in the EOP, ASD, and
Unselected Population Cohorts
WhenfocusingonrecurrentCNVspreviouslyassociatedwith
neurodevelopmental or neuropsychiatric disorders (see Table
S1 in the online supplement), we found 11 recurrent CNV
carriers in the EOP cohort (8.0% of the sample) (Figure 2A,
Table 2; see alsoTableS2 in theonline supplement). Incontrast,
193 (3.5%) individuals from the ASD cohort and 273 (1.6%)
individuals fromtheunselectedpopulationwererecurrentCNV
carriers. Thus, the prevalence of recurrent CNVs among

FIGURE 2. CNV burden in the early-onset psychosis, autism spectrum disorder, and unselected control cohortsa
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a Panel A shows rates of disease-related recurrent copy number variants (CNVs) in individuals with early-onset psychosis (EOP), autism spectrum
disorder (ASD)probands, andcontrol subjects fromtheunselectedpopulation. PanelBshowsgenome-widegenedosageeffects (CNVrisk score [CRS]).
Scores for deletions and duplications by individual are represented by red diamonds and blue circles, respectively. Individuals without a CNV or with
a noncoding CNV have a score of 0. Coding CNVs have scores ranging from0.5 to approximately 180. The y-axis shows CRS value (root squared of the
sum of 1/LOEUF of all genes encompassed in CNVs identified in each individual). The largest diamonds/circles and error bars represent the mean and
standard deviation of each group. EOP5early-onset psychosis; ASD5autism spectrum disorder; control5unselected control cohort; DEL5deletions;
DUP5duplications; n.s.5nonsignificant.
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children and adolescents with EOP was double that observed
among those with ASD (odds ratio52.42, 95% CI51.16, 4.57,
p50.02) and five times the rate in the unselected population
(odds ratio55.19, 95%CI52.50, 9.75, p52310–5) (see Table 2).

Three recurrent CNVswere individually enriched in EOP
participants relative to unselected control subjects after FDR
correction (see Table S3 in the online supplement): 1q21.1
duplication (pFDR56310–4) (see Table S4 in the online sup-
plement for a description of 1q21.1 patients), 16p13.11 deletion
(pFDR50.01), and 22q11.2 proximal deletion (pFDR50.02).
These same loci were enriched in the EOP cohort relative to
the ASD cohort, but none survived FDR correction.

CRSs in the EOP, ASD, and Unselected
Population Cohorts
CRSs were higher in EOP participants relative to the unse-
lected cohort for both deletions (CRSdel: 1.39 vs. 0.23; odds
ratio51.30, 95% CI51.26, 1.35, p59310–8) and duplications
(CRSdup: 1.63 vs. 0.94; odds ratio51.09, 95% CI51.06, 1.12,
p50.02) (Figure 2B and Table 3). Similar results were ob-
tained when comparing ASD participants to the unselected
cohort (CRSdel: 0.86 vs. 0.23; odds ratio51.24, 95% CI51.22,
1.26, p58310–26; CRSdup: 1.88 vs. 0.94; odds ratio51.12, 95%
CI51.11, 1.13, p53310–26). However, CRSs did not differ sig-
nificantly between the EOP and ASD cohorts (CRSdel: 1.39 vs.
0.86; odds ratio51.03, 95%CI51.01, 1.06, p50.33; CRSdup: 1.63
vs. 1.88; odds ratio50.98, 95% CI50.96, 1.01, p50.61). No sex
differences (49 females, 88 males) were observed for the CRS
for deletions (odds ratio51.01, 95% CI50.96, 109, p50.70) or
duplications (odds ratio50.97, 95% CI50.91, 103, p50.34).

Sensitivity Analyses: Prevalence of Recurrent CNVs in
EOP Subgroups
As can be seen in Table 2, the frequencies of recurrent CNVs
in the various EOP subgroups (excluding ASD, excluding

intellectual disability, and
excluding schizophrenia) did
not differ from those ob-
served in the ASD cohort.
However, when EOP partic-
ipants with later symptom
onset were excluded, the
subgroup had statistically
fewer recurrent CNVs than
expected when compared
with theASDcohort (p50.02)
(seeTable 2). In contrast, each
EOP subgroup had a higher
prevalence of recurrent CNVs
when compared to the unse-
lected control cohort.

Sensitivity Analyses: CRS
in the EOP Subgroups
As in the full sample, we
observed no significant dif-

ferences indosage sensitivity between anyEOPsubgroupand
the ASD cohort for deletions or duplications (see Table 3). In
contrast, the CRS index was elevated for deletions in every
EOP subgroup relative to the unselected control cohort. For
duplications, the CRS was significantly increased in the EOP
subgroups when excluding individuals with intellectual
disability (p50.03) and those with schizophrenia (p50.02)
(see Table 3).

DISCUSSION

The prevalence of recurrent CNVs in children and adoles-
cents with various EOP diagnoses was far higher than in
unselected population control subjects. In contrast, the
prevalence of recurrent CNVs in the EOP samplewas similar
to that in a large ASD cohort. The prevalence of recurrent
CNVs in our EOP cohort was also in line with previous reports
of individuals with the more restrictive childhood-onset schizo-
phrenia diagnosis (8), even when individuals with a schizo-
phrenia diagnosis were excluded from our cohort. Initially, we
selected and analyzed recurrent CNVs that were previously
associated with neurodevelopmental (35) and psychotic ill-
nesses (2, 6) (see Table S1 in the online supplement). However,
these recurrent CNVs represent only a fraction of all CNVs
observed in the population. Thus, we also tested for group
differences in CRS, an index of genome-wide dosage sensitivity
fordeletions andduplications (16).We foundhigherCRSdel and
CRSdup in the EOP sample relative to the control population.
In contrast, CRSwas comparable in the EOP and ASD cohorts.
This general pattern of results held even when individuals
in the EOP sample with co-occurring ASD or co-occurring
intellectual disability were excluded, suggesting that these
co-occurring disorders were not completely responsible for
the observed CNV burden. Our results indicate that EOP
is associated with a substantial CNV burden, strongly

TABLE 2. Enrichment of recurrent CNVs in the early-onset psychosis cohort relative to the autism
spectrum disorder and unselected control cohortsa

Contrast and Group CNV Carrier Group

ASD contrast
ASD

carriers
EOP

carriers
Odds
ratio 95% CI p

EOP (N5137) 193 11 2.42 1.16, 4.57 0.02
EOP without ASD (N590) 193 6 1.79 0.63, 4.11 0.16
EOPwithout intellectual disability (N5120) 193 7 1.72 0.67, 3.72 0.20
EOP without schizophrenia (N599) 193 8 2.43 1.01, 5.10 0.02
EOP before age 13 (N5101) 193 6 1.75 0.62, 4.02 0.17

Control contrast
Control
carriers

EOP
carriers

Odds
ratio 95% CI p

EOP (N5137) 273 11 5.19 2.50, 9.75 2310–5

EOP without ASD (N590) 273 6 3.83 1.36, 8.77 6310–3

EOPwithout intellectual disability (N5120) 273 7 3.68 1.43, 7.94 4310–3

EOP without schizophrenia (N599) 273 8 5.22 2.17, 10.88 3310–4

EOP before age 13 (N5101) 273 6 3.75 1.33, 8.58 7310–3

a Odds ratios are computed using Fisher’s exact test. Sensitivity analysis involved excluding individuals in the EOP cohort
who had 1) co-occurring ASD, 2) co-occurring intellectual disability, 3) a diagnosis of schizophrenia, or 4) psychosis
onset before age 13. ASD5autism spectrum disorder (N55,540); control5unselected control cohort (N516,504);
CNV5copy number variant; EOP5early-onset psychosis.
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suggesting that systematic genetic screening in EOP is
clinically warranted.

Given the success of genetic screening in ASD (36), our
findings suggest that all children and adolescents with a
psychosis diagnosis could substantially benefit from chro-
mosomal microarray testing, with the potential for further
testing contingent upon family history and/or clinical fea-
tures.Universal genetic screening (26)couldhelpdisentangle
the clinical heterogeneity among youths with EOP (12), po-
tentially leading to specific treatment regimens. As detailed
by Moreno-De-Luca et al. (37), genetic diagnoses allow cli-
nicians to communicate more effectively with patients and
families, and facilitate genetic counseling. Genetic infor-
mation could also connect families to additional resources
and networks, such as other families with the same CNV.
Forming cohorts of patientswith the sameCNVhas yielded
valuable information about comorbidities, the range of
possible phenotypes, and disease progression in other
areas of medicine (38–40). Furthermore, children and
adolescents with EOP who carry recurrent CNVs associ-
ated with serious nonpsychiatric medical conditions (e.g.,
cardiovascular abnormalities in 22q11.2 deletion syndrome or
the high incidence of hypotonia and epilepsy in 15q11.2 du-
plication carriers) could be more carefully monitored. Finally,
information derived fromgenetic screening is often invaluable
to families of children with ASD (36), helping parents ap-
preciate the biological nature of the illness. Similar genetic
information would no doubt be well received by families of
children with EOP too. Overall, genetic screening in EOP has

the potential to bring us one step closer to true precision
medicine in pediatric psychiatry.

Among the recurrent CNVs previously associated with
neurodevelopmental and neuropsychic illness, we docu-
mented an enrichment for threemutations: 22q11.2 proximal
deletion (due to a lack of carriers in the population control),
16p13.11 deletion, and 1q21.1 duplication. Each of these
CNVs was reported in the previous childhood-onset
schizophrenia study (8) and in ASD cohorts (18). These
specific CNVs could be particularly informative to the
pathobiology of psychosis and neurodevelopment, particu-
larly since these mutations were commonly observed in a
large sample of individuals with idiopathic adult-onset
schizophrenia (2). Since the number of CNVs observed is
directly related to sample size, it is likely that with a larger
EOP cohort, evidence for additional recurrent CNVs will
emerge. Thus, it is difficult to speculate about the genetic
architecture of EOP and whether child and adolescent psy-
chosis is more strongly influenced by an enumerable set of
rare mutations of large effect or by countless common mu-
tations of small effect (e.g., polygenic model), currently the
favored model for idiopathic adult-onset psychosis. Further
investigations with much larger EOP samples are needed.

Since recurrent CNVs reflect only a fraction of deletions and
duplications observed in neurodevelopmental and neuropsy-
chiatric illnesses,wealsoused theCRSto indexdosagesensitivity
across the genome.We demonstrated a higher overall burden of
genes intolerant to mutation in EOP compared to unselected
samples.Moreover, largereffectsizeswereobservedfordeletions

TABLE 3. Genome-wide CRS differences in EOP relative to ASD and unselected control cohortsa

Contrast and Group Deletions Duplications

ASD contrast
ASD
CRS

EOP
CRS

Odds
ratio 95% CI p

ASD
CRS

EOP
CRS

Odds
ratio 95% CI p

EOP (N5137) 0.86 1.39 1.03 1.01, 1.06 0.33 1.88 1.63 0.98 0.96, 1.01 0.61
EOP without ASD (N590) 0.86 1.00 1.01 0.97, 1.04 0.89 1.88 1.42 0.96 0.93, 1.00 0.48
EOP without intellectual
disability (N5120)

0.86 0.53 0.94 0.89, 0.99 0.42 1.88 1.63 0.98 0.95, 1.01 0.64

EOP without
schizophrenia (N599)

0.86 1.59 1.04 1.02, 1.07 0.24 1.88 1.76 0.99 0.96, 1.02 0.78

EOPbefore age 13 (N5101) 0.86 1.25 1.03 1.00, 1.06 0.56 1.88 1.34 0.95 0.92, 0.99 0.42

Control contrast
Control
CRS

EOP
CRS

Odds
ratio 95% CI p

Control
CRS

EOP
CRS

Odds
ratio 95% CI p

EOP (N5137) 0.23 1.39 1.30 1.26, 1.35 9310–8 0.94 1.63 1.09 1.06, 1.12 0.02
EOP without ASD (N590) 0.23 1.00 1.24 1.19, 1.30 3310–4 0.94 1.42 1.07 1.04, 1.11 0.17
EOP without intellectual
disability (N5120)

0.23 0.53 1.19 1.12, 1.27 0.04 0.94 1.63 1.09 1.06, 1.12 0.03

EOP without
schizophrenia (N599)

0.23 1.59 1.31 1.27, 1.36 3310–7 0.94 1.76 1.10 1.07, 1.13 0.02

EOPbefore age 13 (N5101) 0.23 1.25 1.34 1.28, 1.39 4310–7 0.94 1.34 1.06 1.03, 1.10 0.25

a The table summarizes the effect of gene dosage on EOP risk. Odds ratios are computed using logistic regressions including the CNV risk score (CRS; sum of
1/LOEUF score) for genes totally encompassed in deletions and duplications as the twomain explanatory variables. Odds ratio represents themean risk conferred
by a deletion or a duplication including one intolerant gene (a LOEUF#0.35). All models were adjusted for sex. CRSs presented in the table are the mean score
by sample. Sensitivity analysis involved excluding individuals in the EOP samplewho had 1) co-occurring ASD, 2) co-occurring intellectual disability, 3) a diagnosis
of schizophrenia, or 4) psychosis onset before age 13. ASD5autism spectrum disorder (N55,540); control5unselected control cohort (N51,650); EOP5early-
onset psychosis; LOEUF5loss-of-function observed/expected upper fraction.
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than for duplications. Interestingly, effect sizes observed for EOP
were in the same range as those found when comparing indi-
viduals with ASD to unselected populations (18), suggesting a
major contribution of haploinsufficiency in both EOP and ASD.
Additional work is needed to document the relative strength of
our CRS score in EOP compared to adult-onset psychotic dis-
orders, as well as to other neurodevelopmental disorders.

A series of sensitivity analyses determined the association
of co-occurring neurodevelopmental disorders, psychosis
diagnosis, and symptom onset with CNV burden. These
analyses documented few differences between the EOP
subgroups and the ASD cohort in terms of the frequencies of
recurrent CNVs or with regard to genome-wide dosage
sensitivity. In contrast, regardless of the portion of the EOP
sample studied, we found that individuals with EOP had
increased prevalence of recurrent CNVs and increased CRS
for deletions relative to the unselected control cohort,
with significant findings for the CRS for duplications for
specific subgroups. The sensitivity analyses that excluded
co-occurring ASD or co-occurring intellectual disability
demonstrated that the CNV burden observed in EOP is not
simply due to the presence of other neurodevelopmental
disorders in theEOP sample. To assess psychiatric diagnostic
specificity, one sensitivity analysis excludedEOPparticipants
with a schizophrenia diagnosis. The prevalence and CRS for
this subgroup of individuals with affective and other psy-
choses remained relatively unchanged, suggesting that the
specific diagnosis of schizophrenia did not drive the CNV
burden observed in the full EOP cohort. Finally, to compare
our findings more directly with those reported in childhood-
onset schizophrenia (8), we excluded individuals with EOP
whose psychosis symptoms manifested at age 13 or older.
However, excluding individualswith later symptomonsetdid
not substantively change the pattern of results. Given that
these sensitivity analyses included relatively small sample
sizes, our studyhas limitedpower todetect groupdifferences,
and larger samples are needed to fully address these issues.

Our studyhas several strengths, such as the use of a unique
sample of EOP patients with a range of comorbidities, which
is highly representative of children and adolescents with
psychotic disorders. Moreover, we were able to compare
CNVburden in individualswithEOP to individualswithASD
and general population control subjects. However, our EOP
sample was small, which is to be anticipated given the rarity
of psychosis in children and adolescents. Future studies
with larger samples may reveal additional recurrent CNVs
or stronger effects of genome-wide duplications, similar to
findings in larger ASD or schizophrenia samples (2, 18).
Nonetheless, the high frequency of CNVs in our EOP cohort
suggests that routine screening for CNVs should be made
available to EOP patients and could have important impli-
cations for genetic counseling and patient management.
These relatively high penetrance risk alleles are also prom-
ising targets for biological research aimed at developing
animal and cellular models to identify novel disease mech-
anisms and drug targets for psychotic disorders.
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