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Individually rare, large copy number variants (CNVs) contribute to genetic vulnerability for schizophrenia.
Unresolved questions remain, however, regarding the anticipated yield of clinical microarray testing in schizo-
phrenia. Using high-resolution genome-wide microarrays and rigorous methods, we investigated rare CNVs in
a prospectively recruited community-based cohort of 459 unrelated adults with schizophrenia and estimated
the minimum prevalence of clinically significant CNVs that would be detectable on a clinical microarray. A blinded
review by two independent clinical cytogenetic laboratory directors of all large (>500 kb) rare CNVs in cases and
well-matched controls showed that those deemed to be clinically significant were highly enriched in schizophrenia
(16.4-fold increase, P < 0.0001). In a single community catchment area, the prevalence of individuals with these
CNVs was 8.1%. Rare 1.7 Mb CNVs at 2q13 were found to be significantly associated with schizophrenia for the
first time, compared with the prevalence in 23 838 population-based controls (42.9-fold increase, P = 0.0002).
Additional novel findings that will facilitate the future clinical interpretation of smaller CNVs in schizophrenia in-
clude: (i) a greater proportion of individuals with two or more rare exonic CNVs >10 kb in size (1.5-fold increase,
P = 0.0109) in schizophrenia; (ii) the systematic discovery of new candidate genes for schizophrenia; and, (iii)
functional gene enrichment mapping highlighting a differential impact in schizophrenia of rare exonic deletions
involving diverse functions, including neurodevelopmental and synaptic processes (4.7-fold increase, P =
0.0060). These findings suggest consideration of a potential role for clinical microarray testing in schizophrenia,
as is now the suggested standard of care for related developmental disorders like autism.

INTRODUCTION neurodevelopmental origins and genetic heterogeneity (1).

There is compelling evidence that individually rare, large copy
Schizophrenia is a complex neuropsychiatric disease that affects number variants (CNVs), especially 22q11.2 microdeletions,
up to 1% of the general population and shows evidence for play a role in the genetic causation of schizophrenia (1,2). As
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for other major neurodevelopmental disorders, such as autism
and intellectual disability (3—6), findings from recent genome-
wide case—control studies of CNVs (1,3,7—11) support a mul-
tiple rare variant model of causation in schizophrenia (7,12).
In general, rare and large (e.g., >500 kb) CNVs, often overlap-
ping multiple genes, are more likely to have a clinically relevant
phenotype (3). In schizophrenia, unresolved questions remain
regarding the anticipated yield today on clinical microarray
testing of large rare CNVs of potential clinical relevance (4,7).
Most case—control sampling schemes to date have not been epi-
demiologic in nature, and therefore cannot provide reliable esti-
mates (7). This uncertainty about yield may contribute to the low
rate of uptake of clinical genetic testing in schizophrenia: only 5
of 38 779 samples processed at Signature Genomics were from
patients with this common and serious mental illness (13).

Smaller rare CNVs may implicate individual risk genes for
schizophrenia (14,15), but the clinical interpretation of these
variants is more challenging. A practical consideration for an
adult-onset condition like schizophrenia is the typical absence
of parental samples to determine de novo/inheritance status.
High-resolution genome-wide data and systematic approaches
(both quantitative and descriptive/qualitative) to identify puta-
tive candidate genes are needed to inform a more sophisticated
approach to the clinical assessment of CNVs in schizophrenia.
The existence of overarching genetic networks, whose disrup-
tion may contribute to expression of schizophrenia, is a particu-
larly tantalizing possibility (8,16).

We prospectively ascertained and systematically assessed a
community-based sample of Canadian patients with schizophre-
nia to address the above issues. All subjects underwent direct clin-
ical screening assessments for potential syndromic features using
astandardized protocol that included a review of available lifetime
medical records and assessment of physical features (2,17,18).
Cases were compared with an unrelated epidemiologic control
sample of comparable (European) ancestry (Ontario Population
Genomics Platform; OPGP) (18). We used a high-resolution
genome-wide microarray and proven analytic methods for CNV
detection and evaluation (5,6,16,18—20). An independent,
blinded review process identified large rare CNVs deemed to be
‘Pathogenic’ or of ‘Uncertain clinical significance; likely patho-
genic’ in cases and controls, based on the well-established Ameri-
can College of Medical Genetics (ACMG) guidelines for CNV
interpretation (21). A representative epidemiologic subsample
from a single catchment area (2) allowed us to estimate for the
first time the minimum collective prevalence of individuals with
large, clinically significant CNVs in schizophrenia (1,7). To
shed light on the contribution of smaller CNVsto the genetic archi-
tecture of schizophrenia, we investigated the total burden of such
CNVs and the potential support for a ‘multiple hit’ model of caus-
ation. We also developed a systematic approach to the discovery of
new candidate genes for schizophrenia, which included functional
gene enrichment mapping to identify relevant genetic networks.

RESULTS

Clinically significant and novel large rare structural variants
in schizophrenia

Two clinical cytogenetic laboratory directors conducted independ-
ent blinded examinations of all rare (present in <<0.1% of 2357

population controls) CNVs 500 kb—6.5 Mb in size in schizophre-
nia cases of European ancestry and OPGP controls. Thisrevealed a
significant enrichment in schizophrenia of individuals with ‘Patho-
genic’ (21) or “Uncertain clinical significance; likely pathogenic’
(21) (collectively termed ‘clinically significant’) large rare auto-
somal CNVs [16 of 420 versus 1 of 416; P < 0.0001, odds ratios
(OR) 16.44 (95% CI 2.17—124.51)]. In the schizophrenia case
sample, there were 16 CNVs considered clinically significant at
eight loci (Table 1; Fig. 1, Supplementary Material, Fig. S2)
(1,4,7,8,10,22-25). All were very rare (i.e., present in none of
2357 population controls used to adjudicate both the schizophrenia
case and OPGP control samples), including six CNVs at four loci
novel to schizophrenia: 2ql13, 3ql13.31, 5p15.33-p15.32 and
10q11.22-q11.23 (Fig. 1) (4,22-25). None of the corresponding
individuals with schizophrenia had a pediatric diagnosis of moder-
ate or severe intellectual disability, multiple major congenital
anomalies, epilepsy or autism (2). Notably, five typical 2.6 Mb
22q11.2 deletions in cases (none in controls) were a priori excluded
(see Materials and Methods) to demonstrate that these findings are
not being driven by those established variants. The single large rare
CNV in OPGP control individuals deemed to be clinically signifi-
cant was a typical 2.6 Mb 22q11.2 duplication (4). There were no
significant differences in demographics, years of education, age at
onset, family history of schizophrenia, self-reported history of
special education or syndromic designation (see Materials and
Methods) in these cases with large, rare, clinically significant
CNVs when compared with subjects with no large rare CNVs
500 kb—6.5 Mb in size. There were also eight very large
(>6.5 Mb) anomalies in schizophrenia cases (none in OPGP
controls) that were considered clinically significant (Table 1),
including a 10 Mb loss (deletion) overlapping FOXP2 (Supple-
mentary Material, Fig. S3) (26).

A novel finding was the detection in three 0f 420 schizophrenia
cases of European ancestry of very rare, recurrent 1.7 Mb CNVsat
2q13 (4,22) (Table 1; Fig. 1), a significant enrichment compared
with the prevalence (n = 4) in 23 838 population-based controls
(Supplementary Material, Table S3) [P = 0.0002; OR 42.87
(95% CI 9.56—192.14)]. To our knowledge, this CNV has not
been previously reported in other genotyped schizophrenia
cohorts [e.g., the International Schizophrenia Consortium
dataset (9)]. None of the three individuals in our case sample
with these 2q13 CNVs had any of the pediatric diagnoses [devel-
opmental delay, multiple congenital anomalies and/or autism
spectrum disorder (ASD)] previously reported for samples
assessed at clinical laboratories (4,22). Two of the three indivi-
duals reported a history of learning difficulties in school, but all
had IQs within the average range. For the one schizophrenia
proband with a positive family history, we were able to confirm
co-segregation of the 2q13 duplication with schizophrenia. Of
the 10 genes overlapped by these 2q13 CNVs, three are promising
candidates for schizophrenia: the neurodevelopmental facilitator
ANAPCI (27), the neuronal apoptosis regulator BCL2L11 (28),
and the TAM receptor component and multiple sclerosis risk
gene MERTK (29) (Table 1; Fig. 1).

Estimated prevalence of all clinically significant CNVs
in a community sample of schizophrenia

We used our schizophrenia catchment sample (2) to estimate the
minimum prevalence of large (500 kb—6.5 Mb) rare clinically
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Table 1. Very rare, clinically significant” confirmed CNVs discovered in unrelated probands with schizophrenia

Subject CNV characteristics Candidate gene(s)
Case# Catchment Cytoband Start Size (bp) CN Flanking #of genes
area segmental
duplications
Large, very rare CNVs < 6.5 Mb in size, excluding 22q11.2 deletions® (n = 16 subjects) )
2 . 1q21.1 144472163 1839252 Gain® e 16 BCLY, GJA5Y, GJA8®, PDZK1®", PRKAB2
3 . 1g21.1 144 643 825 1653983 Gain® e 14
8 ° 2ql13 111105101 1727363 Loss e 10 ANAPCI,BCL2L11, MERTK
7¢ ° 2ql3 111105101 1727363 Gain e 10
9 2ql3 111105101 1727363 Gain e 10
132 o 3q13.31 115308450 2062410 Loss 7 DRD3, GAP43%, LSAMP, ZBTB20
17 . 5pl15.33-p15.32 1864574 3687431 Loss 9 IrxA cluster (IRX1, IRX2, IRX4), NDUFS6
40° e 10q11.22-q11.23 45905767 5423684 Gain e 52 CHAT, ERCC6, GDF2, GPRIN2%, MAPKS, SLC1843
48 . 15q11-ql13 20224763 6498447 Gain" e 115 GABA receptor gene cluster’ (GABRB3, GABRAS5, GABRG3), MAGEL2, NDN, UBE3A
49 . 15q11-q13 21192955 5680224 Gain" e 106
50 ° 15q11-q13 21192955 5015049 Gain" e 101
5 e 15q13.2-q13.3 28608929 1690584 Loss e 10 CHRNA7', TRPM1*
55¢ e lopl1.2 29474810 624599 Gain e 28 DOC2A4, MAPK3, PRRT2%, OPRT, SEZ6L2, TBX6
57¢ 16pl11.2 29474810 624599 Gain e 28
56 . l6pl1.2 29474810 659635 Gain e 38
58 l6pl1.2 29474810 659635 Gain e 38
Very rare CNVs > 6.5 Mb in size (n = 8 subjects; one subject also appears above)
247¢ 6p25.3-p25.1 94661 6836704 Loss® 41 FOXC1, GMDS, NRN1, TUBB2B
206 o 7q22.2-q31.1 105304955 10037597 Loss e 37 COGS5, DOCK4, FOXP2, GPRS85, IMMP2L, LAMBI, NRCAM, PIK3CGd, PNPLAS
1155 o 8p23.3-p23.1 148062 6828275 Loss® e 25 ANGPT2%, CLN8®, CSMD1', DLGAP2, MCPHI®
277% e 19p13.3-p13.2 2705548 9595341 Gain® 280 Various, including DNMTI, DOCK6*
173 o X chr (47, XXX) - - Gain - 975 Various, including ILIRAPLI', SYNI
278 X chr (47, XXX) - - Gain - 975
572 X chr (47, XXY) - - Gain - 975
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Table 1. Continued

Subject CNV characteristics Candidate gene(s)
Case# Catchment Cytoband Start Size (bp) CN Flanking # of genes
area segmental
duplications
2798 e Y chr (47, XYY) — — Gain®  — 34 IL9R, SPRY3, SRY, TSPY, UTY, VAMP7

Case #, case number for subjects (n = 454) with schizophrenia (n = 2 were not of European ancestry: cases 278, 279); Catchment area, subjects originating from the only community mental health clinic in a
specific catchment area of ~150 000 people (@), see the text for details; Cytoband, cytogenetic location of CNV; CNV start, hg18 (NCBI Build 36.1, March 2006); CNV size, in base pairs; CN, type of copy number
aberration; Flanking segmental duplications, known flanking segmental duplications (from the UCSC Genome Browser hg18 version) that cover at least 20% of the CNV length (®); # of genes, number of known
genes overlapped by CNV as annotated in the Database of Genomic Variants (http://projects.tcag.ca/variation/; September 2011); Candidate gene(s), selected based on reported neuropsychiatric/
neurodevelopmental phenotype identified from systematic searches of human (e.g. Online Mendelian Inheritance in Man; http://www.omim.org/) and model organism (e.g. Mouse Genome Informatics; http
://[www.informatics.jax.org/) databases (for CNVs overlapping >250 genes, all genes were not systematically searched).

4CNVs assessed independently by two clinical cytogenetic laboratory directors to be ‘Pathogenic’ or of ‘Uncertain clinical significance; likely pathogenic’ (see Materials and Methods) (21).

"Recurrent 1.5-3 Mb 22q11.2 deletions (n = 5, all meeting syndromic criteria) are not shown; of these, two are from the community catchment population and one is not of European ancestry. Bold cytoband
indicates a novel association with schizophrenia; see Fig. 1. The other four loci (1q21.1, 15q11-q13, 15q13.2-q13.3, 16p11.2) are displayed in Supplementary Material, Fig. S2.

“Previously reported by our group: 1q21 gains (46), 6p25 loss (58), 8p23 loss (2), 19p13 gain (2), XYY (2).

9dGene implicated in a recent next-generation sequencing study of schizophrenia (34).

°Gene overlapped by 1.8 Mb gain in Case 2 only.

fGene(s) overlapped by one or more rare CNVs in other unrelated probands with schizophrenia in our sample: PDZK 1, 826 kb exonic gain (see Table 2 and Supplementary Material, Fig. S2 for details); GABA
receptor gene cluster, 2.4 Mb exonic gain (see the text, Table 2, and Supplementary Material, Fig. S2 for details); CHRNA?7, 54 kb exonic loss (see the text and Supplementary Material, Fig. S2 for details); TRPM1,
28 kb exonic gain [see the text and Supplementary Material, Fig. S2 for details; also implicated in a previous CNV study of schizophrenia (67)]; CSMD1, 65 kb exonic,and 13 kb, 17 kb, 92 kband 117 kb intronic,
losses [also implicated in previous CNV studies of schizophrenia (8,11)]; ILIRAPLI, 3.1 Mb exonic loss [see the text and Table 2 for details) and 60 kb intronic loss (also implicated in a previous CNV study of
schizophrenia (11)].

#Met criteria for syndromic subgroup (2,17,18) (see Materials and Methods for details).

"Maternal origin of 15q11—q13 gain, per results from Multiplex Ligation-dependent Probe Amplification analysis to determine methylation status of the imprinted gene SNRPN (see Materials and Methods for
details).

'Displayed in Supplementary Material, Fig. S3.
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Figure 1. Large, rare, clinically significant CNVs, absent in 2773 (population-based + OPGP) controls, at loci novel to schizophrenia (4,22—25). Solid and open bars
represent gains (duplications) and losses (deletions), respectively. Genomic parameters are from NCBI Build 36. Only selected genes are shown (see Table 1 for

details).
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significant CN'Vs that would be detectable on a clinical micro-
array. In the 248 unrelated case subjects in this catchment area
with CNV data, the number of individuals with these clinically
significant CNVs, including two with 22q11.2 deletions, was
15 (6.0%, 95% CI 3.7-9.8%) (Table 1). Nine (60.0%) of these
15 individuals were in the non-syndromic subgroup (i.c., were
a priori found to not meet our established criteria for syndromic
features; see Materials and Methods). If the five anomalies
>6.5 Mb were included (Table 1), the estimated prevalence
would be 8.1% (95% CI 5.2—12.2%). Notably, none of these
20 variants had been detected prior to study participation. We es-
timate that there are a total of 370 unrelated adults with schizo-
phrenia in this catchment area (i.e., » = 122 not included in this
study, in addition to the n = 248 with CNV data; see Materials
and Methods). A conservative estimate of the minimum preva-
lence of clinically significant CNVs in this catchment area,
based on the assumption of no clinically significant variants in
the estimated » = 122 unrelated individuals unavailable for
study, would thus be 20 in 370 or 5.4% (95% CI 3.5—-8.3%).

Large rare CNVs of unknown significance in schizophrenia

Table 2 shows the remaining large rare CNVs in schizophrenia
cases deemed to be of ‘Uncertain clinical significance (no sub-
classification)’ (21) (termed ‘variants of unknown significance’;
VUS), or of ‘Uncertain clinical significance; likely benign’ or
‘Benign’ (21) (collectively termed ‘benign’). Of these, VUS
[33 of 420 versus 12 of 416; P =0.0012, OR 2.87 (95% CI
1.46—5.64)], but not benign CNVs, were significantly enriched
in schizophrenia cases of European ancestry compared to
OPGP controls. There were three novel loci where there were
overlapping large rare CNVs in unrelated schizophrenia cases:
6qll.1 (two gains), 7p21.3 (one gain, one loss) and 12q21.31
(one gain, one loss) (Table 2; Supplementary Material,
Fig. S4). All were VUS, except for the smaller of the 6ql11.1
gains (Table 2), making the latter a less likely candidate region
for schizophrenia. The 12g21.31 CNVs overlap LIN7A4, an intri-
guing candidate gene (Fig. 2) that interacts with DLG1, DLG?2
and GRIN2B, and is implicated in postsynaptic density functions
(8). There was also a 2.4 Mb gain at 15q12—ql3.1 (a VUS),
nested within the typical 15q11—ql3 duplication region, that
overlapped just five genes, including three gamma-aminobutyric
acid (GABA) receptor component genes (Table 2; Fig. 2, Supple-
mentary Material, Fig. S2) (30). Other large rare CNVs in single
case subjects overlapped CNVs previously reported in schizo-
phrenia or other neuropsychiatric disorders, involving genes of
interest including RYR2, MYTIL, LRPIB, ILIRAPLI and
ZNF8044 (Table 2) (8,11,31-33). Interestingly, several genes
we had annotated as candidates were subsequently implicated
in recent next-generation sequencing studies of schizophrenia
(34,35) (Tables 1, 2).

Genome-wide CNV burden in schizophrenia

The proportion of subjects with one or more large (500 kb—
6.5 Mb), rare (present in <0.1% of population controls) auto-
somal CNVs was significantly greater in the schizophrenia
cases than in the OPGP controls [62 of 420 versus 21 of 416;

P < 0.0001, OR 3.26 (95% CI 1.95-5.45)] (Table 3). As
described above, this finding was driven by clinically significant
CNVs and VUS, and not benign variants. We a priori excluded
22q11.2 deletions and variants >6.5 Mb from these analyses
(see Materials and Methods) to demonstrate that this enrichment
is robust to the exclusion of variants that might reasonably be
discovered without the use of chromosomal microarray technol-
ogy. Case—control differences were most marked for large rare
exonic gains [38 of 420 versus 11 of 416; P < 0.0001, OR 3.66
(95% CI 1.85-7.27)] (Table 3). Within the schizophrenia
sample, the subgroup a priori designated as ‘syndromic’ using
previously published clinical screening criteria for adults
(17,18) was significantly enriched for subjects with one or
more large rare CNVs only when restricting to exonic losses
[7 of 73 syndromic cases versus 12 of 347 non-syndromic
cases; P = 0.0220, OR 2.96 (95% C1 1.12—7.80)] (Table 3).

The schizophrenia group was also significantly enriched for
subjects with two or more rare CNVs >10 kb in size that over-
lapped exons [122 of 420 versus 89 of 416; P = 0.0109, OR
1.50 (95% CI 1.10—-2.06)] (Table 3). Further restricting to very
rare CNVs (i.e., those found in none of the 2357 adjudication
controls) strengthened these results [78 of 420 versus 44 of
416; P =0.0012, OR 1.93 (95% CI 1.30—-2.87)]. In contrast,
as expected (6,18,19), the overall CNV profile (unrestricted,
e.g., by rarity or size) was similar for schizophrenia cases and
OPGP controls (Supplementary Material, Tables S1 and S2).
The results were also nonsignificant for subjects with one or
more, or with two or more, rare CNVs unrestricted by exonic
status (Table 3). The results for all analyses were similar if
subjects of non-European ancestry were included.

Very rare, smaller CNVs identifying genes of interest
for schizophrenia

Table 4 shows 15 candidate genes identified, independent of
gene enrichment mapping, using a strategy to determine very
rare CNVs that overlapped the same gene in two or more schizo-
phrenia cases and in no controls. Five unrelated schizophrenia
cases had loss CNVs overlapping the RBFOX1 gene (previously
A2BPI) (11) and four had intronic loss CNVs overlapping the
SOX5 gene (36). Arguably, the most persuasive of candidates
may involve genes of smaller genomic extent (<200 kb) (20),
where CNVs overlap exons; five genes met these conservative
criteria: DNM1L, HIST3H3,JAK2, LIMS1 and PPP3CC. Single-
ton very rare CNVs (Table 4) implicated other potential candi-
dates, including DISCI, GRK4, GRM4, PIK3C3 and RELN
with overlapped exons, GRIKI, GRIN2A, and GRM7, with
introns overlapped only, and individual genes within large
CNVs (Tables 1, 2), e.g., ILIRAPLI, TRPM1 (11,32). Several
of these candidates (DISCI, ILIRAPLI, JAK2, PIK3C3,
RELN, TRPMI) converged with functional gene enrichment
mapping results using loss CNVs (Fig. 2; Supplementary Mater-
ial, Fig. S6). There was also convergence with multiple genes
implicated in two recent next-generation sequencing studies of
schizophrenia (34,35), including 10 genes (CACNA2DI,
GRIN24, GRM7, JAK2, NRXNI, PIK3C3, PTGER3, PTPRT,
SLCIAI and USH2A) implicated by multiple rare single
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Table 2. Large (>500 kb) rare CNVs of uncertain pathogenicity discovered in unrelated probands with schizophrenia
Subject CNV characteristics Candidate gene(s)
Case# Catchment Cytoband Start Size (bp) CN  Veryrare Flanking #ofgenes VUS

area segmental

duplications

1 1921 1° 143 677127 826295 Gain . 21 . PDE4DIP®, PDZK ¢, PEX11B
4 1q43 235349 594 726228 Gain e 1 . RYR2¢
5 . 2p25.3 1377419 745146 Gain e 3 . MYTIL®
6 2qll.1 94691614 735772 Gain e o 8 o KCNIP3
10 . 2q22.1 139898997 1322193 Loss e 1 . LRPIB*®
11 2q32.1 185043 646 790869 Loss e 1 . ZNF804A°
12 3pl2.1 83940054 1038151 Loss 1 . -
14 . 4q25-q26 113 634 704 783442 Gain e 10 . ANK2%, NEUROG2
15 . 4q33-q34.1 171556613 2693129 Loss e 1 . -
16 . 4q34.3-q35.1 179878817 4343697 Gain e 6 . ODZ3
18 . Spls.1 15134588 628993  Gain e 1 . -
19 5pl3.2 37294917 520350 Gain 2 . -
20 5q13.3-ql4.1 74706210 2764437 Gain e 20 . OTP, PDESB, SV2C*
22 . 6q11.1¢ 61944399 1031545 Gain e 2 . KHDRBS2, MTRNR2L9
23 6q11.1¢ 61944399 502986 Gain 1 MTRNR2L9
24 . 6ql4.3 86 804 893 577156 Gain e 0 -
25 . 6q16.2-q16.3 98969135 1408033 Gain e 9 . POU3F2
26 . 7p21.3¢ 9580 685 819384 Loss 1 . PER4
27 . 7p21.3¢ 9573572 1080196 Gain e 1 .
28 7q31.31 118515093 1204095 Gain 1 . KCND2
29 . 8p23.3 439294 733309 Gain e . 2 . -
30 8pl1.21-pll.1 43132979 772981 Gain 2 HGSNAT
31 8ql2.1 60901 679 766789 Gain e 2 . CA8,RAB24
32 . 8q21.3 89566045 1073381 Gain e 0 -
33 9p21.1 30791693 549623 Loss e 0 -
34 9p13.3-pl3.2 36173229 862436 Loss e 5 . CLTA, GNE, PAX5¢
35 9pl2 41440153 535035 Gain e . 6 -
36 . 9pll.2 44936301 570215 Gain e . 0 —
37 9q12 65370766 902773 Loss e . 1 -
38 o 9q21.11-g21.12 72107 555 964 557 Loss e 4 . KLF9, TRPM3*
39 . 10p11.22 33636052 651356 Gain e 1 . NRP1
42 . 11g22.1 97224044 626127 Loss e 0 -
43 . 12pll.1 34206228 539538 Gain 0 -
39 . 12q21.31¢ 79255527 568008 Gain e 6 . LIN7A
44 . 12q21.31¢ 79679461 1397367 Loss e 5 .
45 13q13.1-q13.2 32108632 2434026 Loss e 5 o KL®, NBEA®, PDS5B
46 . 13q21.32-g21.33 66 742 848 993434  Gain e 0 -
47 14921.1-q21.3 40497844 2771925 Gain e 1 . LRFN5
51 . 15q12-q13.1° 23766255 2437700 Gain e . 5 . GABRB3°, GABRA5®, GABRG3*
36 . 15q13.2¢ 28 153 539 564254 Gain e . CHRFAMT7A
53 16pl13.11 14805302 1498712 Gain o 24 o NDEI1, NOMO3, NTANI
54 16p13.11 15032942 1388198 Gain . 20 .
59 . 16pll.1-pl1.2 34324072 816656 Gain 4 -

Continued
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Table 2. Continued

Subject CNV characteristics Candidate gene(s)
Case# Catchment Cytoband Start Size (bp) CN  Veryrare Flanking #ofgenes VUS

area segmental

duplications

60 17p13.1 10552154 607279 Gain e 5 . -
61 . 19q12 32648879 2916074 Loss e 10 . Cl190rf128, ZNF536
62 20p12.1 14305685 1108941 Loss e 1 . MACROD2%¢
63 . 22ql12.1 25696811 1304432 Loss e 6 ° PITPNB
64" . Xp21.3-p21.2 27619068 3129173 Loss e . 11 . ILIRAPLI®®
65 Xqll.1 63283 656 721753 Gain e . 3 . —
66 . Xq21.31 86334 886 839884 Gain e 1 . -

Case #, case number for subjects (n = 454) with schizophrenia (n = 6 were not of European ancestry: Cases 35, 37, 43, 60, 278, 279); Catchment area, subjects
originating from the only community mental health clinic in a specific catchment area of ~150 000 people (@), see the text for details; Cytoband, cytogenetic location
of CNV; CNV start, hg18 (NCBI Build 36.1, March 2006); CNV size, in base pairs; CN, type of copy number aberration; Very rare, not found in 2357 population
controls and absent in OPGP controls (), see the text for details; Flanking segmental duplications, known flanking segmental duplications (from the UCSC Genome
Browserhg18 version) that cover at least 20% of the CNV length (@ ); # of genes, number of known genes overlapped by CNV as annotated in the Database of Genomic
Variants (http://projects.tcag.ca/variation/; September 2011); VUS, variant of unknown significance () as assessed independently by two clinical cytogenetic
laboratory directors (variants not so annotated were considered likely benign and not reportable clinically); Candidate gene(s), selected based on the reported
neuropsychiatric/neurodevelopmental phenotype identified from systematic searches of human (e.g. Online Mendelian Inheritance in Man; http://www.omim.org/)
and model organism (e.g. Mouse Genome Informatics; http://www.informatics.jax.org/) databases. There were no such candidate genes identified for 11 genic CNVs.
“Five large CNVs in schizophrenia cases of European ancestry that were present in the OPGP controls, using a 50% reciprocal overlap criterion (19), are not shown
(Supplementary Material, Table S4): 3p14.2 gain in Case 263, 9q12 loss in Case 172, 11q11 gain in Case 41, and two 14q32.33 losses in Cases 156 and 280.
®Displayed in Supplementary Material, Fig. S2.

“Gene implicated in a previous CNV study of schizophrenia: RYR2 (8), MYTIL (31), LRPIB (32), ZNF804A (33), MACROD? (8), ILIRAPLI (11).

Displayed in Supplementary Material, Fig. S4.

“Gene(s) overlapped by one or more additional rare CNVs in unrelated probands with schizophrenia in our sample: PDZK1, 1.8 Mb exonic gain (see Table 1 and
Supplementary Material, Fig. S2 for details); GABA receptor gene cluster (GABRB3, GABRAS5, GABRG3), 5.0 Mb, 5.7 Mb and 6.5 Mb exonic gains (see the text,
Table 1, and Supplementary Material, Fig. S2 for details); MACROD2, 14 kb gain and 15 kb, 25 kb and 63 kb losses; /L1 RAPLI, X chromosome aneuploidies (see the

text and Table 1 for details) and 60 kb intronic loss.

Female subject, therefore judged to be a VUS instead of ‘Uncertain clinical significance; likely pathogenic’ (21).
£Gene implicated in a previous next-generation sequencing study of schizophrenia: PDE4DIP (35), LRP1B (34), ANK2 (34), SV2C (34), PAX5 (34), TRPM3 (34), KL

(34), NBEA (34), C190rf12 (34).

nucleotide variants (SNVs) (34), and one gene (PTPRM) impli-
cated by a de novo rare SNV (35) (Table 4).

Network of gene sets revealed by functional gene
enrichment mapping

Figure 2 summarizes functional gene enrichment mapping
results (6,18,37). For 70 (2.9%) of 2456 gene sets tested, we
found a significant enrichment of very rare, exonic loss CNVs
in schizophrenia cases compared with OPGP controls (OR 1.9,
95% CI 1.0-3.6), involving 73 support genes (Supplementary
Material, Tables S5 and S6, Figs S5 and S6; Fig. 2). Considering
just the three functional clusters comprising eight gene sets most
clearly related to neurodevelopmental and synaptic processes
(Supplementary Material, Table S7; Fig. 2), the effect was
greater (OR 4.7, 95% CI: 1.3-26.0), involving 19 support
genes for schizophrenia (Fig. 2). The other clusters having a
less obvious functional scope may suggest more novel aspects
of'a gene network for schizophrenia (Fig. 2; Supplementary Ma-
terial, Figs S5 and S6). Notably, there was a significant degree of
functional cluster overlap in a formal cross-disease comparison
of this schizophrenia network with known genes for ASD (Sup-
plementary Material, Fig. S7). This included not only the eight
gene sets annotated as neurodevelopmental and synaptic, but

also novel clusters of gene sets involved in cell motility, signal
transduction and transcription (Supplementary Material,
Fig. S7).

DISCUSSION

Derived from a clinically informed and rigorous approach, the
results of this study provide new information on the genomic
architecture of schizophrenia and on the potential role of clinical
microarray testing. Adding novel data to those available from the
component studies of existing consortia reports, this study
involved (i) unparalleled systematic recruitment efforts in a
community setting (2), (ii) consistent phenotyping of all cases
using previously published methods (17,18), (iii) rigorous
CNV methodology (18), (iv) exclusion of already known
effects of 22q11.2 deletions, (v) blinded adjudication of rare
CNVs by two independent clinical cytogenetic laboratory direc-
tors and (vi) clinical confirmation and return of results to all
patients with clinically significant CNVs and their families.
The results strengthen etiologic and mechanistic ties of schizo-
phrenia to developmental disorders like autism (3,4,6), where
clinical microarray testing is now indicated (38), and suggest a
yield of reportable findings approaching that seen in these disor-
ders (38,39). Rare, recurrent structural rearrangements at 2q13
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Figure 2. A functional map of schizophrenia using results of the gene-set association analysis, displayed as a network of 70 gene sets (circles) related by mutual overlap
(lines) using the Enrichment Map Cytoscape plugin (37). Circle size is proportional to the total number of ‘support’ genes in each gene set and line thickness represents
the number of genes in common between two gene sets. Each support gene harbors a rare exonic loss CNV in one or more schizophrenia subjects but in no OPGP
controls; only CNVs overlapping 15 or fewer genes were tested for gene-set association. Groups of functionally related gene sets are represented by the filled
circles and respective labels; grey circles indicate gene sets not assigned to these 13 clusters. Three major functional groups are further highlighted by darker
filled circles (blue, Synapse; pink, Nervous system development; red, Axonogenesis) with the respective 19 support genes for schizophrenia shown in color. We
also list (in black) other genes in these three functional clusters that were overlapped by very rare loss or gain CNVs in subjects with schizophrenia (i.e., not in
2773 controls), and that have additional supportive data (see the text and Tables 1, 2 and 4). See Materials and Methods for more details.

were implicated for the first time as significant risk factors for
schizophrenia. We provide strong evidence supporting a quanti-
tatively greater, and qualitatively different, genome-wide
burden of rare CNVs in schizophrenia compared with controls.
New candidate genes and networks relevant to schizophrenia
identified in this study will facilitate the future clinical interpret-
ation of smaller CNVs.

Clinically significant findings

The results of this study indicate that ~1 in 13 unrelated patients
with schizophrenia may harbor a clinically significant large rare
structural variant that would be detectable using methods avail-
able inmost clinical laboratories. This yield is similar to that seen
ina2010 clinically driven study of genetic testing in ASD (39), a
related neurodevelopmental condition in which clinical micro-
array testing is now considered the first-tier diagnostic test
(38). None of the patients in the schizophrenia sample studied
had autism or multiple congenital anomalies and few would
meet the existing criteria for clinical microarray testing, e.g.,
on the basis of mild intellectual disability (38). Our data also
suggest that most individuals with schizophrenia who have
large rare CNVs would not have obvious developmental (syn-
dromal) features, with the exception of some with large exonic
losses where phenotypes tend to be more complex, as in
22q11.2 deletions (2—4,17,18). Thus, to discover most of the
clinically significant variants identified in this study a genome-
wide microarray would be necessary. Introduction of such
genetic testing into clinical practice for an adult neuropsychiatric
disease would have paradigm-shifting implications for psych-
iatry and for the still pediatric-focused field of medical genetics.
Asfor ASD and developmental delay/intellectual disability (13),

the availability of clinical CNV data for schizophrenia, coupled
with an improved ability to interpret these data for the benefit of
patients and families, could have far-reaching scientific and clin-
ical implications. Further studies are needed to demonstrate the
worth of such clinical genetic testing in schizophrenia.

What are the potential benefits of identifying a ‘clinically sig-
nificant” CNV? The impetus to offer clinical microarray testing
to individuals with schizophrenia in the hope of arriving at a
partial etiologic explanation is similar to that described for
other neurodevelopmental conditions (38—44). Uncertainty
about penetrance and expressivity of rare variants is a common
reality of practice in medical genetics, and remains compatible
with the provision of helpful genetic counseling. With the excep-
tion of 22q11.2 deletions (45), most clinically significant var-
iants in individuals with schizophrenia today would only be
discovered on a research basis. More needs to be known about
lifetime, including adult, expression (1,7,46) of these CNVs to
better inform medical and/or psychiatric management. Never-
theless, all of these large, rare, clinically significant variants
already have implications for genetic counseling that include,
but are not limited to, reproductive implications for siblings
and patients themselves (47), and are of potential benefit to
patients and families (40,41,44). Our own efforts with this trans-
lation to clinical genetic counseling are ongoing, with an overall
positive response to date, comparable with our experience with
22ql11.2 deletion syndrome (40) and schizophrenia in general
(48,49). There may be, therefore, a growing obligation to offer
the return of selected, clinically relevant and clinically con-
firmed individual research results to patients and their families
in large-scale genome-wide studies of schizophrenia such as
this (50). To our knowledge, this is currently a rare practice,
even for 22q11.2 deletions.
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Table 3. Rare autosomal CNV burden in 420 unrelated adults of European ancestry with schizophrenia®

Human Molecular Genetics, 2013,

Schizophrenia cases

Schizophrenia cases versus OPGP controls

OPGP controls
(n=416)

n (%)

Analysis

Syndromic

Non-syndromic cases
(n=347)

n (%)

Analysis

All schizophrenia
cases (n = 420)

n (%)

cases (n = 73)

n (%)

OR (95% CI)

OR (95% CI)

Subjects with one or more large rare CNVs

21(5.05)

Large rare CNVs (>500 kb)

1.84 (0.97) (3.47)
1.88 (0.98) (3.61)
2.96 (1.12) (7.80)
1.30 (0.57) (2.97)

NS

16 (21.92)

46 (13.26)
42 (12.10)

3.26 (1.95) (5.45)
3.47(2.01) (6.01)

<0.0001
<0.0001

62 (14.76)
57(13.57)
19 (4.52)
38 (9.05)

Loss or gain

NS

15 (20.55)
7(9.59)

18 (4.33)

Exonic loss or gain

0.0220

NS

12 (3.46)
30 (8.65)

2.77 (1.15) (6.66)
3.66 (1.85) (7.27)

0.0180
<0.0001

7(1.68)

11(2.64)
Subjects with one or more rare CNVs

372 (89.42)
249 (59.86)

Exonic loss

8(10.96)

Exonic gain
All rare CNVs (any size)

1.12 (0.48) (2.63)
1.08 (0.64) (1.83)

NS

66 (90.41)

310 (89.34)
217 (62.54)

1.01 (0.65) (1.57)
1.14 (0.86) (1.50)

NS

376 (89.52)
264 (62.86)

Loss or gainb

NS

47 (64.38)

NS

Exonic loss or gain
All rare CNVs (any size)

1.08 (0.63) (1.85)
1.24(0.72) (2.14)

NS

50 (68.49)
24 (32.88)

232 (66.86)
98 (28.24)

1.18 (0.88) (1.56)
1.50 (1.10) (2.06)

Subjects with two or more rare CNVs
282 (67.14) NS

264 (63.46)

Loss or gain®

NS

0.0109

122 (29.05)

89 (21.39)

Exonic loss or gain

Vol. 22, No. 22

NS = non-significant (P > 0.05). Significant results are shown in bold font.

“Rare = CNVs with <0.1% prevalence in 2357 population controls of European ancestry (used to adjudicate both schizophrenia cases and OPGP controls). Rare CNVs <10 kb or >6.5 Mb in size, and all sex

chromosome CNVs, were excluded (see Materials and Methods). Five syndromic subjects of European ancestry in the schizophrenia group with typical 1.5—3 Mb 22q11.2 deletions (i.e., exonic losses) were not

included in the study (see Materials and Methods). CN'V burden was measured using the proportion of subjects with one or more, or with two or more, rare CNVs; measuring rare CNV burden (all sizes) for cases and

controls using the total number of genes overlapped by CNVs or total genomic extent of CNVs showed similar results.

PResults were similarly nonsignificant for rare CNVs involving losses only and gains only, and for non-exonic losses and non-exonic gains

Toward a more sophisticated approach to the clinical
assessment of genome-wide CNVs in schizophrenia

The new candidate genes and network highlighted in this report
will facilitate the clinical interpretation of genome-wide CNVs
in schizophrenia, including CNVs that are neither large nor re-
current. We took a conservative approach to enrichment
mapping, using only exonic losses in the analyses and excluding
major multigenic CNVs. The results showed that the genes
implicated by rare CNVs in schizophrenia are especially over-
represented by those with synaptic and neurodevelopmental
functions, consistent with other studies (8,36). Moreover, the
findings extended attention from such well-recognized candi-
dates to less obvious genes. Importantly, these were not
restricted to genes with multiple functions (e.g., DISCI and
RELN). The gene sets implicated in this study may assist with
the interpretation of smaller genic CNVs in schizophrenia.
This more complex gene network for schizophrenia was
similar to that seen in autism (6). For the first time, a formal ana-
lysis has demonstrated that in schizophrenia there is significant
over-representation of known genes for ASD (Supplementary
Material, Fig. S7). This finding provides additional evidence in
support of using data from ASD to assist in the clinical interpret-
ation of CNVs in schizophrenia, and vice versa. The fact that
none of the study participants had a history of autism or moderate
to severe intellectual disability supports the likelihood that
CNVs shared with these pediatric conditions exhibit true plei-
otropy (51). Many of the implicated genes in this study show
regional gene expression differences in mid-fetal development
of the brain (e.g., CHRNA7 and LIN7A in the thalamus) (52), a
critical time for the pathogenesis of schizophrenia (53). We
note, however, that the prolonged maturation of the human
brain provides multiple opportunities for perturbation of gene
expression through gene dosage changes (53).

Complementary to these results, we demonstrated enrichment
in schizophrenia of not only individuals with large rare exonic
CNVs, but also those with two or more rare CNVs >10 kb that
overlapped exons. These results represent some of the first con-
crete evidence supporting a ‘multiple hit” hypothesis for schizo-
phrenia, outside of multigene large CNVs (7,10,12,36). There is
also support for regulatory (e.g., large intronic CN'Vs) and epigen-
etic mechanisms (e.g., chromatin modification cluster in the en-
richment map gene network) as important contributory factors
to the etiology of schizophrenia. There remained such evidence
after excluding the potentially overpowering influence of multi-
genic CNVs. The new candidate genes and network for schizo-
phrenia identified in this report may also help guide the future
interpretation of results from whole exome and whole genome se-
quencing studies (34). Indeed, there was a notable degree of
overlap between the promising candidate genes overlapped by
rare CNVs in our sample (Tables 1, 2, 4) and those genes contain-
ing rare SNVsin schizophrenia cases in recent next-generation se-
quencing studies (34,35).

Advantages and limitations

This is the first study of genome-wide CNVs in schizophrenia to
include clinical adjudication of identified rare CNVs and to use a
systematic clinically informed genetic approach to investigate a
well-characterized cohort of adults assessed a priori for certain
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Table 4. Putative candidate genes for schizophrenia overlapped by very rare (<500 kb) CNVs
Candidate gene Cytoband Gene size (nt) Case # CNV start CNV size (bp) CN Exonic
Very rare CNVs overlapping the same CNS-related gene in two or more unrelated schizophrenia cases
CAMTAI 1p36.31 984383 67 7063417 33667 Loss .
68 7545052 44523 Loss
DNM3 1q24.3 571237 87 170223915 47814 Loss o
168 170450307 4136 Loss
HIST3H3 1q42.13 481 69 226 634 235 54736 Gain .
70 226 673 588 109976 Gain .
COMMDI 2pl5 230403 66 62049 330 36475 Loss .
32 62 106 806 24384 Loss
LIMS1 2q13 152892 71 108 619 802 61009 Loss o
72 108 619 802 61583 Loss .
DPP6 7q36.2 679 607 2 153637309 9260 Loss
73 153737928 6935 Loss
74 154 060 964 31082 Loss °
PPP3CC 8p21.3 100 043 75 22265902 166778 Gain .
76 22265902 166778 Gain .
JAK2*® 9p24.1 142939 7 4527834 486 659 Loss .
77 5014345 82361 Gain °
ERCI 12p13.33 504 696 78 865 867 157 163 Gain .
50 1255099 369 587 Loss .
SOX5* 12p12.1 1030150 79 23826011 11461 Loss
80 23828090 9382 Loss
81 24063 813 25105 Loss
82 24561569 35937 Loss
DNMIL 12pl1.21 66448 83 32679398 45218 Gain .
84 32679398 47929 Gain .
RBFOXI* 16p13.2 1694209 54 6171253 32382 Loss
85 6754 460 50650 Loss .
86 6766601 9285 Loss
87 6973749 104 964 Loss .
62 6992360 143753 Loss .
PRKCA*® 17q24.2 507937 61 61941 341 277949 Loss o
88 62145527 7081 Loss
DOKG6 18q22.2 448 040 89 65614643 10 824 Loss
90 65639534 10209 Loss
PTPRT® 20ql12 1117166 91 40639 325 86 602 Loss
92 40778 749 187266 Gain .
93 40887741 7643 Loss
Very rare CNVs overlapping promising candidate genes for schizophrenia found in a single schizophrenia case
PTGER3® 1p31.2 195456 141 71150238 44186 Loss .
USH24° 1g41 800 503 104 213914 685 64 806 Loss .
DISC1 1q42.2 414458 38 230150208 121262 Loss °
NRXNI™ 2pl6.3 1114032 170 503371 141 18515 Loss
GRM7*® 3p26.1 880417 146 7058814 35895 Loss
GRK4 4p16.3 77132 100 2994521 31371 Loss .
DOK7* 4pl6.2 31177 169 3439241 13595 Gain °
FGF2 4q26 71528 198 123 980237 58004 Loss .
GRM4 6p21.31 111816 95 34175770 43039 Gain .
RUNX2 6p21 222766 231 45129193 298 662 Loss .
GABRRI 6ql5 40274 182 89894 102 52079 Loss °
CALNI? 7q11.22 632885 223 71331369 131729 Loss .
CACNA2DI® 7q21.11 493614 166 81829583 187332 Gain °
SEMA3A 7q21.11 236559 195 83380795 87642 Gain .
RELN 7q22.1 517733 131 103 178 239 90728 Loss .
SLCIAI™® 9p24 97043 7 4527834 486 659 Loss .
ABLIM1 10q25 253 546 200 116351384 17427 Loss .
RHOG 11pl5.4 14006 188 3817748 11292 Loss .
MTNRIB 11q21 13160 240 92336224 10613 Loss °
WNT5B 12p13.3 30157 50 1255099 369 587 Loss .
ATNI¢ 12p13.31 17859 208 6837052 74 565 Loss ]
ENO2° 12p13.31 9246 208 6837052 74 565 Loss .
GRIN24° 16pl13.2 429347 32 9982679 10953 Loss
PTPRM™® 18pl1.2 839 546 119 7899131 55764 Loss .
PIK3C3° 18q12.3 126250 132 37880681 27546 Loss °
AP3DI* 19p13.3 50564 195 2015619 180285 Loss .
JAK3 19p13.11 23251 271 17754374 68 190 Gain .

Continued
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Table 4. Continued

Candidate gene Cytoband Gene size (nt) Case # CNV start CNV size (bp) CN Exonic
GRIK1 21g21.3 403 029 166 30082515 11811 Loss
S100B 21q22.3 6505 181 46 843 667 16 998 Loss .

Candidate gene, selected based on the reported neuropsychiatric/neurodevelopmental phenotype identified from systematic searches of human (e.g. Online Mendelian
Inheritance in Man; http://www.omim.org/) and model organism (e.g. Mouse Genome Informatics; http://www.informatics.jax.org/) databases; Cytoband,
cytogenetic location of candidate gene; Gene size, in nucleotides; Case #, subjects from the discovery sample (n = 454) with schizophrenia; CNV start, hg18 (NCBI
Build 36.1, March 2006); CNV size, in base pairs; CN, type of copy number aberration; Exonic, CNV overlaps exon(s) of candidate gene ().

?Gene implicated in a previous CNV study of schizophrenia: JAK2 (32), SOX5 (36), RBFOX1 (11), PRKCA (32), NRXN1 (9,10,36,67,68), GRM7 (11,36), DOK7 (32),

CALNI (68), SLC1A1 (11,68), PTPRM (36) and AP3DI (11).

Gene implicated in a next-generation sequencing study of schizophrenia: JAK2 (34), PTPRT (34), PTGER3 (34), USH2A (34), NRXN1 (34), GRM7 (34), CACNA2D1

(34), SLC1A1 (34), GRIN2A4 (34), PTPRM (35) and PIK3C3 (34).
“Genes overlapped by the same CNV.

‘syndromic’ features (2,17,18). To minimize the potential
impact of false positives (16,20), we applied identical molecular
and conservative analytic methods to unrelated cases with
schizophrenia and to a similar-sized Canadian sample of epide-
miologic controls, an unprecedented approach in neuropsychi-
atric disease recently validated in the study of congenital
cardiac disease (18). The strategy emphasized CNVs likely to
have an enhanced effect size because we used a more restricted
level to define rarity (<<0.1%) than that usually employed
(<1%) (9—11). This could mean missing more common variants
with a lower effect size. Using an independent population-based
control set ensured equal effects for both cases and OPGP con-
trols, however (see Materials and Methods), and thus all com-
parative analyses (including the burden and gene enrichment
mapping) are robust to the potential effects of systematic Type
1 or 2 errors. Published guidelines for CNV analysis support
our multi-algorithm approach (54), and we report a very high
positive validation rate by independent methods (100% of 58
CNVs tested, including 17 smaller than 50 kb in size) that is in
keeping with our previous experiences (5,6,18,19). All studies
will be affected by the cases and controls studied, and the con-
trols used to adjudicate rarity of CNVs. We acknowledge a
focus on individuals of European ancestry. No genome-wide
CNV results of our cases have been previously published, so
there will be no sample overlap with other datasets.
Adjudicating findings for individually rare variants is
challenging—indeed, this was a major rationale for our study.
Blinded assessment of large rare CNVs by clinical laboratory
directors provided a unique advantage. We also employed conser-
vative qualitative and quantitative methods in order to identify pu-
tative candidate genes for schizophrenia overlapped by rare CNV's
whose expression may be affected by the associated gene dosage
changes. We report the details of a gene network derived from rare
CNVs overlapping exons that differentiated schizophrenia cases
from controls (Supplementary Material, Tables S5, S6 and S7,
Figs S5 and S6; Fig. 2) and provide data onall rare CN'Vsidentified
in cases and controls (Supplementary Material, Table S4) to facili-
tate interpretation of findings of future studies (7). The network
was further validated by demonstrating significant over-
representation with known genes for ASD (Supplementary Mater-
ial, Fig. S7). Nonetheless, all clinical and research interpretations
are constrained by knowledge available at the time. We expect that
the understanding of coding regions, and non-genic and regulatory
sequences, will continue to evolve. Although the number of cases

in our study appears to be small in comparison to the combined
numbers reported by large consortia, we were sufficiently
powered to (i) arrive at a confidence interval (CI) for the preva-
lence of clinically significant CNVs in schizophrenia with a
lower bound still > 5%, and (ii) demonstrate within-sample recur-
rence implicating individual genes (Table 4) and specific loci
(Tables 1 and 2), including the novel discovery of enrichment of
CNVs at the 2q13 locus in schizophrenia.

Our results provide clinical adjudication of previously reported
CNVs for schizophrenia (7—11,32,36,46). Family studies, rare in
schizophrenia, will be essential to delineate the inheritance status,
penetrance and variable neuropsychiatric expression, segregation
pattern and extended phenotype associated with those CNVs
believed to underlie emerging genetic subtypes of schizophrenia
(1,7). The exception is 22q11.2 deletion syndrome, where these
are well established (1). De novo status is neither a necessary
nor a sufficient criterion for pathogenicity, and many of the
CNVs highlighted in this study may have been inherited. Many
well-established schizophrenia risk variants of major effect are
found in the majority of cases to be inherited (13), usually from
parents with mild or no overt neuropsychiatric phenotype
(4,47). We elected to use previously validated criteria for asses-
sing syndromic features, shown to (i) have a good discriminant
ability to identify at least one genomic disorder (22q11.2 deletion
syndrome) (17) and (ii) be feasible for administration in a brief
clinical encounter (2,17)—a key prerequisite for translation into
the psychiatric clinic. There may exist more complex clinical
screening criteria with sufficient discriminant ability to identify
patients with large, rare, clinically significant CNVs. The collect-
ively high prevalence of such variants, and the non-significant
findings for clinical variables in this study, however, support the
potential universal use of clinical microarray testing in schizo-
phrenia. Definitively proving causality of specific genetic variants
for schizophrenia is beyond the scope of our and other genome-
wide CNV studies (5,6,8—11,18,19). Ideally, this would comprise
direct functional evidence that can be related to gene dosage
effects in the developing and adult human brain. For many candi-
date genes implicated by these CNV results, the functional signifi-
cance has already been validated in model organism and/or human
cellular models, as outlined in Tables 1 and 2. Such models are
useful in a disease where access to the target organ at precise de-
velopmental time points is an impossibility.

Why does the prevalence of large, rare, recurrent CNVs in
schizophrenia appear to be higher in this study than estimates
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reported in previous studies (10)? First, this is a prospective
study using a consistent ascertainment, recruitment and assess-
ment strategy for patients with chronic schizophrenia at commu-
nity clinics. Although demographic features and age at onset
were similar to those in other studies, the chronicity of the
illness may have meant that a relatively few individuals with
mild forms of schizophrenia and/or evolving psychiatric diagno-
ses were included (55). Second, although all studies may be
expected to have volunteer bias, we took an inclusive approach
to recruitment. We did not exclude individuals, e.g., with learn-
ing difficulties or residual symptoms, and obtained a surrogate
consent for individuals where necessary. Also, recruitment has
persisted over several years, and particularly in our catchment-
based sample we have made every effort to include all patients
(e.g. waiting until their clinical state improved, making home
visits). We did not recruit from university health clinics, use
groups of patients already enrolled in and/or volunteering for
other studies or preferentially enroll patients from intact families
with both parents available for study or those with familial
schizophrenia. Such factors can affect the observed prevalence
of 22q11.2 deletions (7) and likely that of other rare CNVs
with high penetrance for severe neuropsychiatric phenotypes.
Nevertheless, given evidence for premature death in some
CNV-related conditions (56), we would have missed individuals
who died before enrollment and those too ill to participate. Rep-
lication of our findings in an independent cohort should be a key
goal of future research in this area, and our results may encourage
others to adopt our clinically driven approach, including more
epidemiologically-based strategies for patient ascertainment.

CONCLUSIONS

For the first time, we have a reliable estimate of the collective
prevalence of clinically significant CNVs in a community-based
sample of schizophrenia. Most individuals with large rare
CNVs, including many of those with clinically significant
CNVs, will not be readily distinguishable from the rest of the
general schizophrenia population based on developmental (syn-
dromic) features. The prevalence of clinically significant CNVs
discovered in community-based schizophrenia brings us a step
closer to recommending clinical microarray testing for patients
with schizophrenia (10,38), and may initiate a debate among
clinicians, scientists, families and policy makers. As for children
with developmental disorders found to have clinically signifi-
cant CNVs, clinical genetic counseling could be provided to
patients with schizophrenia and their families (1,40), regardless
of the acknowledged need for more information on key genetic
parameters, such as penetrance and variable expression across
the lifespan. The complex network of genes being discovered
through studies of rare variants mirrors the complexity of the
neural networks involved. Further research efforts promise to
bring order to these for schizophrenia and related neuropsychi-
atric disorders (6), as they have for cancer.

MATERIALS AND METHODS
Schizophrenia sample ascertainment and assessment

We prospectively recruited 459 unrelated Canadian patients
meeting DSM-IV criteria for chronic schizophrenia or
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schizoaffective disorder from four community mental health
clinics. The majority (n = 248) comprised a ‘catchment
sample’ that originated from the only community mental
health clinic in a catchment area of ~150 000 people (2). For
the current study, we excluded the five subjects with 22q11.2
deletions with genome-wide CNV data published elsewhere
(57), two of whom were from the catchment area sample (2).
None of the remaining 454 subjects [317 (69.8%) male; mean
age 44.8 (SD 12.1) years] had previously published genome-
wide CNV data, though four had previously published abnormal
karyotype results (2,58) and two with typical 1q21.1 gains were
recently reported by us in a case series (46). After description of
the study to the subjects, a written informed consent was
obtained. The study was approved by local hospital and univer-
sity institutional review boards.

All subjects underwent direct clinical screening assessments
for potential syndromic features using a standardized protocol
that included a review of available lifetime medical records
and assessment of physical features (2,17,18). Using the criteria
previously validated for identifying adults with 22q11.2 deletion
syndrome [two or more of: global dysmorphic facial features,
history of learning difficulties, abnormal (hypernasal) voice
(17)], syndromic [n =78 (17.2%)] and non-syndromic sub-
groups were designated (18). No individual had a pediatric diag-
nosis of moderate or severe intellectual disability, multiple
major congenital anomalies or autism (2). All phenotyping
was done blind to genotype. The age at onset was considered
the age at first treatment for psychosis [mean 22.9 (SD 6.8)
years], and a positive family history defined as having one or
more first degree relatives with a psychotic disorder [n = 70
(16.8%) of 416].

Control sample for formal analyses

To optimize our analyses, we used an independent Canadian
control sample from the OPGP genetic epidemiologic project
comprising 416 unrelated adults [208 (50.0%) male; mean age
45.0(SD 12.1) years] of European ancestry (18). The OPGP con-
trols are independent of the 2357 population-based CNV adjudi-
cation controls described below. The OPGP was conceived as an
opportunity to establish a collection of fully consented, Ontario-
based population control DNA samples, as a resource for
researchers in Ontario and elsewhere. The OPGP was con-
structed in two phases. The first phase involved collaborations
with the Ontario Familial Breast Cancer Registry (OFBCR)
(59) and the Ontario Familial Colorectal Cancer Registry
(OFCCR) (60). Population controls from the OFBCR and
OFCCR that had completed the study questionnaires and pro-
vided a blood sample were eligible to participate as controls in
the OPGP. The second phase involved collaboration with the In-
stitute of Social Research at York University (Toronto, ON,
Canada). A database of information on individuals from the
population of Ontario (n = 14 000) was obtained, based on a
random sample of households across Ontario identified initially
on the basis of telephone directory listings. These households
were contacted by means of a mailed letter and follow-up tele-
phone calls were made by a trained interviewer who, after estab-
lishing eligibility within the household, randomly chose one
person as the eligible control. Individuals were eligible if they
were 20—79 years of age and resided in Ontario. In both the
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phases, subjects were re-consented for OPGP, and surveyed for
comprehensive demographic and health information. Blood
samples were collected and sent via courier to The Centre for
Applied Genomics (TCAG) Biobanking Facility for transform-
ation, DNA preparation and distribution. The total OPGP collec-
tion consists of samples from 1134 males (42%) and 1556
females (58%), ranging in age from 20 to 82 years. This study
uses data from 416 of these OPGP samples of European ancestry
that were genotyped on the Affymetrix 6.0 platform. To minim-
ize laboratory-related artefacts (54,61), identical experimental
and analytical protocols for array genotyping and CNV analyses
were followed at the same facility for the OPGP control and
schizophrenia case samples (see below).

Genotyping and CNV determination

High-quality genomic DNA was genotyped using the Affyme-
trix® Genome-Wide Human SNP Array 6.0 at TCAG in
Toronto. Arrays meeting Affymetrix’s recommended quality
control guideline of contrast QC >0.4 were used for further ana-
lysis as outlined below and in Supplementary Material, Fig. S1.

To accurately estimate ancestry, genotypes of the schizophre-
nia cases from 1120 genome-wide unlinked SNPs were clustered
by the program STRUCTURE (62) together with genotypes from
270 HapMap samples, which were used as references of known
ancestry during clustering. Ancestries were assigned with a
threshold of coefficient of ancestry >0.9: 420 (92.5%) of Euro-
pean, 29 (6.4%) of Admixed, 4 (0.9%) of East Asian and 1
(0.2%) of African ancestry. Recent findings of unexpected re-
latedness in widely used databases (63) prompted a systematic
analysis of genetic relatedness to ensure that all cases and controls
were unrelated to each other. Pair-wise identity by descent (IBD)
was calculated for every pair of cases from the genotypes of
934968 SNP probes on the Affymetrix 6.0 platform, using the
PLINK toolset (64). Those pairs of samples with PI_HAT
values [defined as P(IBD = 2) 4+ 0.5 x P(IBD = 1)] >0.1, cor-
responding to first cousins or closer, were further investigated
for relatedness and only one sample from each pair was used in
the final dataset. The results using the initial samples tested
showed that (i) four subjects in the schizophrenia group were
related to other probands (subsequently confirmed by further pedi-
gree data), and (ii) one male OPGP control was related to another
control subject. Data for these five individuals were therefore
excluded as a preliminary step in compiling the samples of 454
cases and 416 controls. Notably, the schizophrenia case and
OPGP control samples of European ancestry showed a similar
pair-wise within-sample background relatedness (median
PI_HAT values of 0.032 and 0.046, respectively, within pre-
established ranges of 0.031-0.099).

Genome-wide CNVs were detected using a multiple-
algorithm approach to maximize sensitivity and specificity of
CNV calling, as described previously (19). Briefly, for each
subject we defined ‘stringent’ CNV calls as those detected by
atleast two ofthree CNV calling algorithms: Birdsuite (65), iPat-
tern (54), and Affymetrix Genotyping Console, and spanning at
least 10 kb in length and five or more consecutive array probes.
All subsequent analyses focused on these stringent CNVs, which
in our past experience and in this study (see below) have very
high positive validation rates by independent methods, e.g.,
quantitative PCR (qPCR) (5,6,18,19). Each CNV identified in

the schizophrenia case and OPGP control samples was then adju-
dicated for rarity by comparison to those identified, using an
identical microarray platform and CNV analysis strategy, in
two large population-based control cohorts comprising 2357
individuals of European ancestry from Ontario and Germany
(18,19). We used a conservative definition of ‘rare” CNVs:
those present in <0.1% of the population controls (18). All
rare CNVs identified in schizophrenia cases and OPGP controls
are presented in Supplementary Material, Table S4.

CNYV prioritization, assessment of pathogenicity and
prevalence calculations

We prioritized two main groups of rare (present in <0.1% of
population-based controls) CNVs in the schizophrenia cases
for qualitative analysis: (i) large CNVs (i.e., those defined as
>500 kb in size) and (ii) CNVs <500 kb in size that were
‘very rare’ (i.e., not present in the population-based control
cohorts, using a 50% reciprocal overlap criterion) (19), and
that overlapped the same CNS-related gene(s) in two or more un-
related schizophrenia cases (18). We also identified other very
rare CNVs that overlapped promising candidate genes for
schizophrenia (as determined by known biological function
and/or previous reports), but that were found only in a single
schizophrenia case.

Each large (>500 kb) rare CNV in schizophrenia case and
OPGP control individuals was assessed independently by two
experienced clinical cytogenetic laboratory directors blind to
case—control status. According to the ACMG guidelines for in-
terpretation of postnatal constitutional CNVs (21), each CNV
event was assigned to one of the five main categories: ‘Pathogen-
ic’, ‘Uncertain clinical significance; likely pathogenic’, ‘Uncer-
tain clinical significance (no sub-classification)’, ‘Uncertain
clinical significance; likely benign’ and ‘Benign’. Disagree-
ments between the two laboratory directors in initial interpreta-
tions were subsequently resolved through discussion to arrive at
a consensus determination (while still blind to case-control
status). In the text, variants deemed to be ‘Pathogenic’ or of
‘Uncertain clinical significance; likely pathogenic’ were collect-
ively termed ‘clinically significant’, and those of ‘Uncertain
clinical significance (no subclassification)’ were termed ‘var-
iants of unknown significance’ (VUS); the remainder were
termed ‘benign’.

We used our schizophrenia community catchment sample (2)
to estimate the minimum prevalence of large, rare, clinically sig-
nificant structural variants that would be detectable on a clinical
microarray. We estimated that there were 370 unrelated adults
with schizophrenia in this area, including the 248 consecutive
subjects for whom genome-wide CNV data were available
(67.0%), as well as individuals who refused or were unable to
consent to participation in the study, and others known to but
not attending the clinic or hospital system; all non-participants
were assumed to be unrelated to probands in this study or to
each other.

Experimental validation of CNVs

Confirmatory studies of possible schizophrenia-associated
CNVs used Stratagene SYBR® Green based qPCR. Each
gPCR assay was performed simultaneously in triplicate for
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both the test region and a control region of known copy number 2
on chromosome 7 (26). The ratio of the average value for the test
region to that for the control region had to be >1.3 or <0.7 in
order for the CNV to be confirmed as a duplication or deletion,
respectively. In addition, the standard error of the ratio had to
be <1.0 on the same scale in order for the assay to be considered
reliable. We validated 58 (100.0%) of 58 CNVs tested, i.e., all 58
assays met both of these criteria for CNV confirmation. The vali-
dated CNVs spanned a range of sizes, and included 17 that were
<50 kb. Post-study molecular genetic results from clinical la-
boratories confirmed a further 11 CNVs, and also the parental
origin of the 15q11-q13 duplications. All clinically significant
variants were confirmed in a CLIA-approved laboratory and
returned to patients and their families.

CNYV burden analyses

For the CNV burden analyses, we compared the proportion of
subjects of European ancestry with one or more rare CNVs in
the 420 [n = 291 (69.3%) male] unrelated schizophrenia cases
with that in the 416 [n = 208 (50.0%) male] unrelated OPGP
controls (18). We used only autosomal CNVs because of the sig-
nificant sex differences between these groups (X* = 32.31,df =
1, P < 0.001). As an additional conservative step, variants that
might reasonably be discovered without use of a genome-wide
microarray, i.e., rare CNVs >6.5 Mb in size potentially detect-
able by routine G-band analysis (cases of European ancestry:
n =6, controls: n = 0; Table 1) and 22q11.2 deletions (cases
of European ancestry: n = 4, controls: n = 0), were not used in
these formal burden calculations. Statistical analyses were per-
formed using SAS® software. Comparisons between schizo-
phrenia cases and OPGP controls, and between syndromic and
non-syndromic schizophrenia cases, were performed using
standard two-sided statistical tests. ORs and 95% Cls were calcu-
lated using standard methods. A P-value of <0.05 was considered
to be significant. As described above, identical experimental and
analytical protocols for array genotyping and CNV analyses were
followed at the same facility for the schizophrenia case and OPGP
control samples, and each CNV was then adjudicated for rarity by
comparison to those identified, using an identical microarray plat-
form and CNV analysis strategy, in two large population-based
control cohorts distinct from the OPGP controls. Thus, the rate
of Type 1 and 2 errors would be expected to be the same in schizo-
phrenia cases and OPGP controls, with no resulting impact on the
relative inter-group CNV burden.

Functional gene enrichment mapping

To identify biologically meaningful groups of genes (i.e., those
sharing a common function) affected by CNVs using the same
samples as for the main burden analyses, we used a gene enrich-
ment mapping method similar to that previously published for
autism (6,37) and congenital cardiac disease (18). Briefly, we
first compiled comprehensive collections of gene sets (Supple-
mentary Material, Table S5). Then, for each functional gene
set, we tested whether the prevalence of subjects with very rare
CNVs was higher in schizophrenia cases than in OPGP controls
using a one-tailed Fisher’s exact test (FET) (6,18). Nominal
P-values were corrected for multiple testing using a case—
control class permutation procedure to estimate an empirical
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false discovery rate (FDR) (6,18). Case—control labels were ran-
domly permuted 5000 times and, for each P-value, the empirical
FDR was computed as the average number of gene sets with
equal or smaller P-value over permutations. We selected 10%
as the empirical FDR significance threshold for final results.
Additional details are presented in Supplementary Material,
Table S6. As above, the rate of Type 1 and 2 errors would be
expected to be the same in schizophrenia cases and OPGP con-
trols, with no resulting impact on the gene enrichment
mapping. Finally, we highlighted the clusters of the gene sets
that were significantly associated with schizophrenia where for
at least half of the gene sets there was also significant over-
representation of known ASD genes (66). Over-representation
was tested using FET and Benjamini—Hochberg FDR for mul-
tiple test correction, with a significance threshold of 5% FDR.
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