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Abstract

Copy number variants (CNVs) are risk factors in neurodevelopmental disorders, including autism,
epilepsy, intellectual disability (ID) and schizophrenia. Childhood onset schizophrenia (COS),
defined as onset before the age of 13 years, is a rare and severe form of the disorder, with more
striking array of prepsychotic developmental disorders and abnormalities in brain development.
Because of the well-known phenotypic variability associated with pathogenic CNVs, we
conducted whole genome genotyping to detect CNVs and then focused on a group of 46 rare
CNVs that had well-documented risk for adult onset schizophrenia (AOS), autism, epilepsy and/or
ID. We evaluated 126 COS probands, 69 of which also had a healthy full sibling. When COS
probands were compared with their matched related controls, significantly more affected
individuals carried disease-related CNVs (P= 0.017). Moreover, COS probands showed a higher
rate than that found in AOS probands (P<0.0001). A total of 15 (11.9%) subjects exhibited at least
one such CNV and four of these subjects (26.7%) had two. Five of 15 (4.0% of the sample) had a
2.5-3 Mb deletion mapping to 22q11.2, a rate higher than that reported for adult onset (0.3—1%)
(P<0.001) or autism spectrum disorder and, indeed, the highest rate reported for any clinical
population to date. For one COS subject, a duplication found at 22q13.3 had previously only been
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associated with autism, and for four patients CNVs at 8g11.2, 10922.3, 16p11.2 and 17921.3 had
only previously been associated with I1D. Taken together, these findings support the well-known
pleiotropic effects of these CNVs suggesting shared abnormalities early in brain development.
Clinically, broad CNV-based population screening is needed to assess their overall clinical burden.

Keywords
CNV; genetics; neurodevelopment; schizophrenia

INTRODUCTION

Schizophrenia is a debilitating brain disease characterized by hallucinations, delusions,
disordered thinking and emotional deficits, and with an approximately 1% prevalence
worldwide.l Although the onset of schizophrenia typically occurs during late adolescence
and early adulthood, there are rare (estimated at 1/30 000 births), severe, possibly more
homogenous cases with onset during childhood (defined as onset before the age of 13 years).
Stratifying by age of onset has been useful in medicine, generally for identifying causal
genetic variants.23

Our previous study identified a higher rate of large rare copy number variants (CNVs)
interrupting genes in pathways of neuronal development and regulation in childhood-onset
patients.* This 2008 study, however, was carried out before there were many disorder-
associated CNVs and with relatively small control populations.

Since that time numerous studies have reported various schizophrenia-associated large
(>100 kb) rare (<1% in the general population) CNVs, including deletions or duplications on
1g21.1, 2p16.3 (NRXN1), 15g11.2, 15911-q13, 15913.3, 16p11.2, 16p13.1, 17p12 and
22011.2.5-13 Consequently, large rare CNVs have been implicated in a variety of
neurodevelopmental disorders such as autism, intellectual disability (1D) and epilepsy.14-20
A major theme in the genetics and genomics of neurodevelopmental disorders is that the
same recurrent deletions/duplications at specific loci (2p16.3, 15913.3, 16p11.2, for
example) have been identified in patients with various phenotypes, whereas heterogeneous
locus can lead to similar phenotypes.6.8.18-25

This study had three major aims:

1 to study our rare sample of childhood onset schizophrenia (COS) patients
and their families to identify CNVs that have previously been associated
with schizophrenia and/or other neurodevelopmental disorders. This
approach allowed us to assign likely pathogenicity to previously
uninterpretable risk regions, even in a relatively small patient cohort;

2. to evaluate the rate of 46 selected CNVs in our COS patients vs those
found in their matched sibling controls, mitigating the confound of
population structure in the case—control comparison; and
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3. to compare the rates of these high-risk CNVs in COS probands to
previously published large case—control cohorts of adult onset
schizophrenia (AOS), autism and other neurodevelopmental phenotypes

MATERIALS AND METHODS

Patient population

Patients meeting the DSM-II IR/DSM-IV (Diagnostic and Statistical Manual of Mental
Disorders, Third Edition Revised/Diagnostic and Statistical Manual of Mental Disorders,
Fourth Edition) criteria for schizophrenia with the onset of psychosis before the age of 13
years were recruited nationally. To address the concern of false positives resulting from
inclusion of language disorders, we included only patients with clear positive symptoms
(delusions or hallucinations) in this study. Medical or neurological disorders, or 1Q under 70
were exclusionary criteria. Patients and their available first-degree relatives were interviewed
for lifetime and current psychiatric disorders using structured psychiatric interviews and
Autism Symptom Questionnaire.26:27 Diagnosis was confirmed with in-patient medication-
free observation. A total of 361 patients were screened. This study was approved by the
Institutional Review Board of The National Institute of Mental Health. All participants
provided written assent/consent with written informed consent from a parent or legal
guardian for minors.

Single-nucleotide polymorphism genotyping and quality control

Genomic DNA was purified from either peripheral blood leukocytes or Epstein—Barr virus-
transformed immortalized lymphoblastoid cells using the QlAamp DNA Extraction Kit
(Qiagen, Valencia, CA, USA) (Supplementary Table S1). Genotyping was performed using
Illumina Human or HumanOmni 2.5S BeadChips using the Infinium Assay (Illumina, San
Diego, CA, USA) according to the manufacturer’s instructions. Single-nucleotide
polymorphism calls were made using the Illumina GenomeStudio software (Illumina, San
Diego, CA, USA).

We carried out three steps of quality of control (QC) using Plink v. 1.07 (http://
pngu.mgh.harvard.edu/~purcell/plink)?8 and removed samples from the analysis based on
the following criteria: (1) samples with discordant sex information; (2) samples with
genotyping call rate <97%; and (3) samples with excessive Mendelian errors or
demonstrating cryptic relatedness by estimation of identity by descent.

Selection of disease-related CNVs

For the purpose of this screening, we set the following criteria for inclusion in our list of
‘well-documented neurodevelopmental risk CNVS’:

We first reviewed a large group of studies reporting disease-related CNVs for
neurodevelopmental disorders (schizophrenia, autism spectrum disorder (ASD), 1D and/or
epilepsy). Two criteria had to be met: (1) they were identified by case—control in
schizophrenia, ASD, ID and/or epilepsy and (2) the sample size of cases was over 300 and
the sample size of controls was over 300.

Mol Psychiatry. Author manuscript; available in PMC 2016 December 15.
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After filtering, 25 studies (9 schizophrenia, 8 ASD, 5 ID and 3 epilepsy) met the criteria.
The range of sample size for cases was 400-23 000. On the basis of these 25 studies, our
final list of disease-related regions included 46 loci that had a significant P-value
(Supplementary Table S2). Of 46 loci, 24, 4 and 8 were associated with only 1D, autism and
schizophrenia, respectively, and 1 CNV carried risk for all 4 selected neurodevelopmental
disorders.

CNV detection and validation

All samples that passed single-nucleotide polymorphism QC procedures were included in
the CNV analysis. CNVs were detected first using the CNVision software (http://
www.cnvision.org/),24 which automates the detection of structural variation by identifying
and then combining predictions from three algorithms: (1) PennCNV version 16 June
2011,29 (2) QuantiSNP v.2.330 and (3) GNOSIS (http://www.cnvision.org/).24 PennCNV and
QuantiSNP are based on a hidden Markov model. GNOSIS uses a continuous distribution
function employing a sliding window approach, identifying groups of intensity outliers
determined by a comparison of patient data to that derived from the lllumina HapMap data
set. On the basis of a previously published blinded assessment of the positive predictive
value of using 1, 2 or 3 algorithm detection,2* only CNVs identified by two or more
algorithms were carried forward through analysis. Additional details of CNV detection and
confirmation are provided in Supplementary Information.

Stringent CNVs that passed all QC filters (=100 kb size, =1 gene) were considered disease-
related if they were within or had =50% overlapping of their length with a disease-related
CNV. For the comparison with AOS samples, the same procedures have been used.

All such CNVs were visually inspected with Nexus copy number (http://
www.biodiscovery.com/). Given the high positive predictive value for transmitted CNVs,
those observed in a family member with =80% overlap by length of the CNV were
considered validated. Because of the low prior probability for de novo CNVs, all de novo
predictions were validated using one or more of the following approaches: Affymetrix 500K
Mapping Array, Agilent 185 or 244K array comparitive genomic hybridization or real-time
quantitative polymerase chain reaction with absolute quantification in triplicate. All genomic
coordinates reported are genome build NCBI 36/hg18.

CNV analysis

Overall rates of disease-related CNVs were compared with the rates in their healthy control
groups as reported. COS patients and healthy full siblings were computed and compared
using Fisher’s exact test. Further, the overall rates of disease-related CNVs in COS probands
were compared with the published results in large cohort studies using Fisher’s exact test
with adjustment for multiple comparisons. Finally, CNVs were screened for AOS
patients®1:32 and the rate of disease-related CNVs was compared using Fisher’s exact test.
All analyses were performed using the statistical package SAS V.9.2 (SAS Institute, Cary,
NC, USA) and the two-sided ~values <0.05 were considered significant.
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A total of 126 COS probands and 117 full siblings passed all the QC steps, and 19 full
siblings were diagnosed with neurodevelopmental disorders including schizophrenia
spectrum (n7=11), autism (n=2) or ID (n = 1) or with bipolar disorder (r7=5). These were
excluded from this study. For the remaining group, 69 COS patients had at least one healthy
full sibling. We screened the selected 46 disease-related CNVs in COS samples, their
healthy full siblings and publically available AOS samples. There were 86 families (68.3%)
available for de novo prediction.

Analysis of CNVs in COS probands

Our findings on the rate of COS probands is summarized in Table 1. Among 126 COS
patients, we discovered that 15 COS probands (11.9%) had at least one disease-related CNV
(see Table 1).

As shown in Table 1, CNVs found in probands included deletions at 2q16.3, 10g22.3,
15911.2, 15913.3, 16p12.1 and 22g11.2, and duplications at 2925.3, 8q11.2, 16p11.2,
17921.3 and 22q13. Most strikingly, five patients (4.0%) carried a microdeletion in the
chromosome 22q11.2 region, a recognized risk factor for schizophrenia, autism and other
neurodevelopmental disorders.33-35 The frequency of this microdeletion in COS probands
(4.0%) was significantly higher than the frequency in healthy controls (0.2% vs 4.0%,
P<0.0001)38 and was also higher than the previously reported frequency in AOS patients
(0.3-1%)37-39 (£<0.0001). Because 20% of our COS patients had prepsychotic autism
spectrum disorder,*? we were particularly interested in the prepsychotic developmental
pattern of our COS probands with the 22gq11.2 deletion. While the 22q11.2 deletion has been
associated with autism,34:35 it is of interest that none of our five 22q11.2 deletion subjects
had previous autism symptomatology, indicating an independent pathway of development
for this childhood schizophrenia subgroup. This supports the recent finding in 22911.2
deletion AOS patients for whom early autism spectrum symptoms were also not observed.4!

Further, COS patients had higher rates for three of our risk CNVs than those reported in
previous AOS patients (2025.3, 15q13.3 and16p11.2; Table 2).38:42:43

As shown in Table 2, we identified five COS probands who carried CNVs previously
reported only for ID (4) or autism (1); however, three of these represented ‘second hits’ for
previously identified probands carrying schizophrenia-associated CNVs. Four of the five
COS patients carried CNVs reported previously for ID (subject ID: 885, 481, 534 and
1546).44-47 These subjects, respectively, had full-scale 1Qs of 99, 94, 70 and 78; this is the
first report that has identified these CNVs in schizophrenia. One (ID: 676) carried a CNV
reported previously only for ASD.*8 This subject had no prepsychotic pattern of autistic
behavior (although 20% of COS patients do have this pattern)4° and, to our knowledge, this
is the first report to associate these CNVs with schizophrenia.

We next sought to determine whether these disease-related CNVs were inherited or if they
arose de novo in the COS probands using the parental data that were available for 11
probands (14 CNVs), who carried at least one disease-related CNV, 7 CNVs were confirmed
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as de novo (50.0%, 7/14), although these data were unavailable for five probands. Four of
the 22¢11.2 deletions were shown to be de novo, for one these data were unavailable.

Analysis of COS proband-healthy full sibling pairs

Since the ancestries of COS patients were highly heterogeneous, healthy siblings from the
respective COS proband—full sibling pair were selected for comparison using several
methods. For this comparison analysis, 69 pairs of COS proband-healthy full sibling were
included. There was no significant difference in gender distribution and age between patient
group and healthy oldest sibling group (Supplementary Table S3).

We compared the rates of disease-related CNVs for COS probands and their oldest healthy
siblings. Among 69 COS proband-healthy sibling pairs, disease-related CNVs were more
common among patients (13.0%, /7= 9) than healthy siblings (1.5%, 7= 1) (two-tailed P=
0.017) (Figure 1). Excluding 22q11.2 deletion from the comparison, the COS group tended
to have higher rate than healthy sibling group (10.1% vs 1.5%, two-tailed 2= 0.062).

As 30 probands have more than 1 healthy sibling, we conducted two additional probands—
sibling comparison methods. We included all available healthy siblings and used the
weighted scores depending on the number of healthy siblings in each family; we also
selected one sibling randomly and computed permutations. All three methods exhibited a
significant increase in rate for the COS group compared with their healthy sibling.

Finally, we explored the paternal age at birth with the rates of CNV in COS probands and
healthy siblings. The significant difference between siblings and probands of CNVs
remained even after adjusting the observed rate for paternal age at birth.

Comparison with AOS

Two AOS cohorts were available for comparison using our 46 candidate CNV regions; 977
caucasian AOS samples from the Genetic Association Information Network (GAIN) and the
University of Pennsylvania (rate = 4.9%, £<0.0001)3! and another published data set for 649
Ashkenazi AOS patients from Israel (rate = 1.4%, £<0.0001).32 Our COS sample had a
higher rate of CNVs than that found in either of these samples (Figure 2).

DISCUSSION

Overall, we identified a high rate (11.9%) of disease-related CNVs for COS, which was
certainly greater than that expected in the general population and exceeding, in this sample,
the rates seen in other neurodevelopmental disorders. Interestingly, 4 (26.7%) of thel5
subjects with a CNV had an additional CNV associated with neuropsychiatric disorder. This
observation is consistent with a ‘two-hit” hypothesis in these cases, as recently stressed by
Girirajan et a/®0 As the rarer variant was considered to be the primary-site variant,0:51
2p25.3, 8911.2, 17921.3 and 22g13.3 are assumed to be the primary site for subjects 1358,
534, 1546 and 676, respectively.

Five of the COS carried CNVs that, to date, have been associated with only ID or with
autism; for three of these subjects, these were ‘second hits’, but for two cases, these were the
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only disease-related CNV identified. This finding is not surprising given that many of the
CNVs associated with ID are noted to have a variety of accompanying behavioral
disturbances.®! However, our findings do extend the phenotypic spectrum for these
particular structural variants.

Of considerable interest is the finding that 4% of these COS patients carried a 2.5-3 Mb
22011.2 deletion. This is not only higher than the rate of 0.2% in the general population but
also higher than the 0.3-1% rate seen in adult onset cases (£<0.001). This marked
association with early onset schizophrenia is not accounted for by unusually severe
prepsychotic developmental patterns. We also note that the five COS probands (4 females
and 1 male) with 22g11.2 deletions had a mean age of onset of 10.2 years (range 7-12). In
all cases, onset was insidious with withdrawal, deterioration and symptoms not seen earlier,
which included bizarre behavior, hallucinations and delusions. The mean full-scale 1Q was
86 (range 70-96). Earlier development included a variety of speech (articulation), language
and motor delays; three had repeated an early grade. In three cases, there was obsessive
ideation but none met the criteria for OCD. No cases had received a diagnosis of mood
disorder. None had cardiac abnormalities.

Although comparisons with two sets of adult onset cases showed that our COS sample
carried more disease-related CNVSs than either of the adult samples, neither is an ideal
comparison for our ethnically heterogeneous COS sample. Moreover, our sample is
necessarily small, given the rarity of true COS, and unknown ascertain biases could enhance
certain findings in the studies of rare disorders. We do note, however, that for 22g11.2
2p25.3, 15913.3 and 16p11.2, the rate we observed in our cohort is higher than we would
expect for AQS.37-39.42.43

Finally, the nonspecificity of these risk factors needs to be further explored. Ideally a
pediatric population study could be used to examine phenotypic variance in a group
identified by these CNVs. Such a study would give a more precise indication of the true
clinical burden associated with these intriguing but still poorly understood chromosomal
abnormalities.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Comparisons of childhood onset schizophrenia (COS) proband—Healthy Sibling Pairs (7=

69).
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Figure 2.
Rates of neurodevelopmental disease-related copy number variants (CNVSs) in childhood

onset schizophrenia (COS) and adult onset schizophrenia (AOS).
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Table 2
CNV loci are more frequent in COS patients than in AOS patients

CNV Ratein COScases® Ratein AOScases P-value Reference
2025.3 2/126 11/5970 0.0007 43
15¢13.3 del 2/126 21/10 887 0.0007 38
16p11.2 dup 2/126 26/8590 0.0114 38
22q11.2 del 5/126 35/11 400 <0.0001 38

Abbreviations: AOS, adult onset schizophrenia; COS, childhood onset schizophrenia; CNV, copy number variants.

a . Lo
The rates are presented as numbers of CNV carriers per number of all individuals.
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