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Abstract

Rare copy number variants (CNVs) play a prominent role in the etiology of schizophrenia and 

other neuropsychiatric disorders1. Substantial risk for schizophrenia is conferred by large (>500 

kb) CNVs at several loci, including microdeletions at 1q21.1 2, 3q29 3, 15q13.3 2 and 22q11.2 4 

and microduplication at 16p11.2 5. However, these CNVs collectively account for a small fraction 

(2-4%) of cases, and the relevant genes and neurobiological mechanisms are not well understood. 

Here we performed a large two-stage genome-wide scan of rare CNVs and report the significant 

association of copy number gains at chromosome 7q36.3 with schizophrenia (P= 4.0×10-5, OR = 

16.14 [3.06, ∞]). Microduplications with variable breakpoints occurred within a 362 kb region 

and were detected in 29 of 8,290 (0.35%) patients versus two of 7,431 (0.03%) controls in the 

combined sample (p-value= 5.7×10-7, odds ratio (OR) = 14.1 [3.5, 123.9]). All duplications 

overlapped or were located within 89 kb upstream of the vasoactive intestinal peptide receptor 

VIPR2. VIPR2 transcription and cyclic-AMP signaling were significantly increased in cultured 

lymphocytes from patients with microduplications of 7q36.3. These findings implicate altered VIP 

signaling in the pathogenesis of schizophrenia and suggest VIPR2 as a potential target for the 

development of novel antipsychotic drugs.

A majority of the rare CNVs that have been implicated in schizophrenia involve large (> 500 

Kb) genomic regions where local segmental duplication architecture promotes frequent and 

nearly identical rearrangements by non-allelic homologous recombination (NAHR). Because 

of the high structural mutation rates at these loci, the strong phenotypic effects of the causal 

variants, and the excellent power of most array platforms to detect such large CNVs, these 

genomic hotspots were the first to be detected in studies of CNVs in schizophrenia. Since 

most of the genome lacks the duplication architecture of the NAHR hotspots described 

above and because a variety of mutational mechanisms can give rise to structural 

rearrangements, causal variants in other regions of the genome may consist of CNVs that are 

individually more rare and smaller (< 500 kb) than those arising at NAHR hotspots. For 

example, microdeletions of the gene Neurexin-1 (NRXN1), which are highly enriched in 

autism and schizophrenia 6,7, consist of overlapping deletions with non-recurrent 

breakpoints. NRXN1 deletions are not flanked by segmental duplications, and may occur by 

different mutational mechanisms such as non-homologous end joining (NHEJ) or DNA 

replication-mediated rearrangement.

In order to identify novel schizophrenia genes, we investigated copy number variation 

genome-wide using an approach that detects enrichment of multiple overlapping rare 

variants. Regions of interest were defined in a primary sample of 802 patients and 742 

controls as genomic segments containing CNVs in at least two cases and in no controls. This 

discovery step yielded 114 genomic regions of interest. In the secondary cohort of 7,488 

patients and 6,689 controls, we assessed the association of these regions with schizophrenia 
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(Supplementary Table 2). All CNVs overlapping each of the 114 regions of interest were 

collected, and CNV breakpoints falling within each region were used to partition the region 

into a series of non-overlapping segments or bins (see Supplementary Fig. 1). Significance 

was tested within each bin by the exact conditional test, with ethnicity and study as 

covariates. The segment with the minimal p-value was defined as the peak of association 

within the region, and a permutation-based multiple testing correction scheme was applied 

in order to obtain the p-value for the region.

Of the 114 regions detected in the first step, four had statistically significant associations in 

the secondary sample after Bonferroni correction (α = 0.05/114 = 4.4×10-4). Table 1 lists 

the four regions with significant p-values meeting this criterion and an additional four loci 

with nominally significant p-values (P < 0.05) in the secondary cohort. Regions with 

significant associations were loss of copy number at 22q11.2 (P < 5×10-6, OR = 14.2), gain 

at 7q36.3 (P = 4.0×10-5, OR = 16.4), gain at 16p11.2 (P = 1.0×10-4, OR = 16.1) and loss at 

15q13.3 (P = 1.6×10-4, OR = 14.9). No significant heterogeneity was observed for these 

genomic regions across studies (Breslow-Day-Tarone P = 0.42 – 0.83).

15q13.3, 16p11.2 and 22q11.2 are well-documented loci conferring increased risk for 

schizophrenia 2,5,8. All are hotspots for non-allelic homologous recombination (NAHR), and 

all alleles contributing to the association consist of large deletions with similar breakpoints. 

By contrast, microduplications at 7q36.3 have not been previously implicated in 

neuropsychiatric disorders. The 7q36.3 region harbored CNVs that overlapped but differed 

in size and breakpoint positions (Fig. 1a). The peak of association is located in the 

subtelomeric region of 7q, upstream of the gene VIPR2. Also, ranking fifth among the 

associations genome-wide was another region, 125 kb proximal to the peak at 7q36.3 (P = 

0.0007, Table 1). Combining the two 7q36.3 regions into a single 362 kb region 

(chr7:158,448,321-158,810,016), duplications were detected in 29 of 8,290 (0.35%) patients 

and 2 of 7,431 (0.03%) controls in this study. The p-value for the combined region in the 

combined sample was 5.7×10-7 and the OR was 14.1 [3.5, 123.9]. A complete list of 7q36.3 

CNVs is provided in Supplementary Table 3.

We examined sensitivity and specificity of CNV calls in the 7q36 region to determine the 

possibility of a spurious association (Supplementary Note). No additional duplications 

>100 kb were detected after reducing the stringency of our CNV filtering criteria. Second, 

identical CNV calls were obtained using a more sensitive targeted CNV calling algorithm, 

median Z-score Outlier Detection (MeZOD)5, (Fig. 1c-f). All but one of the duplications 

(control sample 06C52730) were confirmed using the Sequenom MASSarray genotyping 

platform with assays designed for the proximal region (Fig. 1g) and for the distal region 

(Fig. 1h).Validated CNVs discovered in the MGS subjects were mapped at higher resolution 

using the NimbleGen HD2 platform, and plots of probe intensity ratios from the HD2 array 

are shown in Figure 1b and Supplementary Figure 3. In addition, tandem duplications of 

the VIPR2 gene were confirmed in two patients by fluorescence in situ hybridization (FISH) 

(Supplementary Figure 4).

Unexpectedly, manual examination of probe ratios in Figure 1b revealed additional 

structural complexity within some of the 7q36.3 CNVs. Copy number profiles in four 
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patients (03C23250, 05C43079, 03C23091 and 00C02204) suggested triplications nested 

within duplications of the proximal region (Fig. 1b). In all four patients, a triplication 

overlapped with exons 3 and 4 of the gene VIPR2. A copy number of four was confirmed in 

these samples using the Sequenome MASSarray CNV assay (Fig. 1g), and results for all 

samples were consistent with results in Figure 1b. VIPR2 transcripts were amplified from 

mRNA samples from the four triplication carriers. The normal VIPR2 transcript was 

detected in all samples, and we did not observe a larger product corresponding to a transcript 

with duplicated exons.

Inheritance of the duplication at 7q36.3 could be evaluated in three families (Fig. 2). In 

family 02-135, the duplication was confirmed in the proband, but not detected in either of 

the unaffected parents, and thus is apparently de novo (Fig. 2f). In family 02-016, the 

duplication was detected in the proband and in a mother with a diagnosis of depression (Fig. 
2d). In family LW102, the duplication was detected in the proband and in an unaffected 

mother. The proband's mother also had a son with a diagnosis of schizophrenia 

(LW-102-03) from a second marriage, but DNA was not available on this individual. 

Clinical psychiatric reports of patients 02-016 and 02-135 are provided in the 

Supplementary Note.

Variable expressivity is often characteristic of pathogenic CNVs 5. We evaluated the 

spectrum of psychiatric phenotypes associated with 7q36.3 duplications by screening for 

these events in individuals with bipolar disorder or autism spectrum disorder (ASD). 

Microarray data were available for 2,777 patients from the Bipolar Genome Study (BiGS), 

for 996 ASD patients from the Autism Genome Project Consortium (AGP), and from our 

unpublished analyses of 114 patients with ASD using the NimbleGen HD2 platform. 

Microduplications of 7q36.3 (>100 kb in size) were detected in three of 1,110 (0.27%) of 

patients with ASD; compared with the controls described above, P=0.018. 

Microduplications at 7q36.3 were detected in two of 2,777 (0.07%) patients with bipolar 

disorder; compared with the controls, P = 0.23. These results provide preliminary evidence 

that the clinical phenotypes associated with 7q36.3 duplications may include pediatric 

neurodevelopmental disorders such as autism, but do not include bipolar disorder. Also 

worthy of note, larger chromosomal abnormalities involving 7q have been reported in 

association with neurodevelopmental disorders, including deletions of 7q36-7qter 9,10 and 

duplications of 7q35-7qter 11; a 550 kb duplication of 7qter (of unknown clinical relevance) 

has been reported in a patient with neurofibromatosis 12.

These genetic data implicate the gene VIPR2. All variants contributing to the observed 

association at 7q36.3 overlap with this gene or lie within the gene-less subtelomeric region 

<89 kb from the transcriptional start site of VIPR2. VIPR2 encodes the vasoactive intestinal 

peptide (VIP) receptor VPAC2, a G protein-coupled receptor that is expressed in a variety of 

tissues including, in the brain, the suprachiasmatic nucleus, hippocampus, amygdala, and 

hypothalamus 13. VPAC2 binds VIP 14, activates cyclic-AMP signaling and PKA, regulates 

synaptic transmission in the hippocampus 15,16, and promotes the proliferation of neural 

progenitor cells in the dentate gyrus 17. Genetic studies in mouse have established that VIP 

signaling plays a role in learning and memory18. VPAC2 also plays a role in sustaining 
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normal circadian oscillations in the SCN 19, and VIPR2-null 20 and VIPR2-

overexpression 21 mice exhibit abnormal rhythms of rest and activity.

Cyclic-AMP signaling has been implicated in schizophrenia 22,23. We hypothesized that 

increases in VIPR2 transcription and VPAC2-mediated cAMP signaling would be a 

consequence of the microduplications at 7q36.3. We thus assessed VIPR2 mRNA and 

cAMP accumulation in response to VIP and a VPAC2-selective agonist (BAY 55-9837) in 

lymphoblastoid cell lines from eight MGS study subjects: two with subtelomeric 

duplications, three with duplications of VIPR2, four with partial triplications, and four 

controls with normal copy number of the region (see Supplementary Note). VIPR2 

transcripts were present at low but measurable levels in all cell lines. VIPR2 mRNA levels 

were significantly increased in duplication carriers compared with controls (Fig. 3a). 

Likewise, cAMP responses to VIP and BAY 55-9837 were significantly greater in 

lymphoblastoid lines from carriers as compared to controls (Fig. 3b). In contrast, we 

observed no group difference in cAMP accumulation in response to a different GPCR 

agonist, prostaglandin E2, thus confirming that the effect of 7q36 duplications on cAMP 

accumulation is mediated by VPAC2R.

The expression patterns that we observe suggest that a variety of different genomic 

duplications can influence the transcription of VIPR2. The exact genetic mechanism for this 

is unclear. Given that some risk variants are upstream of the gene and others are complex 

rearrangements that could potentially disrupt the duplicate copy, our results cannot be 

explained simply by an increase in gene dosage. It is likely that duplications of 7q36 impact 

the regulation of VIPR2. Tandem duplication of regulatory sequences, for instance, could 

affect expression of the gene. Alternatively, the subtelomeric location of VIPR2 could be 

relevant to the mechanism. Intrinsic regulation of telomere structure and function often 

impacts the transcriptional regulation of adjacent genes, a phenomenon known as telomere 

position effect (TPE) 24,25. If VIPR2 is under such epigenetic regulation, any large tandem 

duplication of the subtelomeric region could potentially cause the gene to escape repression. 

However, further studies are needed to determine the mechanism by which structural 

variants influence VIPR2 expression.

In light of the emerging roles of VIPR2 in the brain, our results support the hypothesis that 

the pathogenesis of schizophrenia, in some patients, involves the dysregulation of cellular 

processes such as adult neurogenesis and synaptic transmission and of the corresponding 

cognitive processes of learning and memory. Furthermore, in light of the brain expression 

patterns of VIPR213, our results support the involvement of certain brain regions, such as 

hippocampus, amygdala and suprachiasmatic nucleus. The link between VIPR2 duplications 

and schizophrenia may have significant implications for the development of molecular 

diagnostics and treatments for this disorder. Genetic testing for duplications of the 7q36 

region could enable the early detection of a subtype of patients characterized by 

overexpression of VIPR2. Significant potential also exists for the development of 

therapeutics targeting this receptor. For instance, a selective antagonist of VPAC2R could 

have therapeutic potential in patients who carry duplications of the VIPR2 region. Peptide 

derivatives 26 and small molecules 27 have been identified that are selective VPAC2 

inhibitors, and these pharmacological studies offer potential leads in the development of new 
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drugs. While duplications of VIPR2 account for a small percentage of patients, the rapidly 

growing list of rare CNVs that are implicated in schizophrenia suggests that this psychiatric 

disorder is, in part, a constellation of multiple rare diseases 1. This knowledge, along with a 

growing interest in the development of drugs targeting rare disorders 28, provides an avenue 

for the development of new treatments for schizophrenia.

METHODS SUMMARY

Cohort description

Our primary cohort consisted of unrelated patients derived from family-based studies 

conducted by investigators at the University of Washington, McLean Hospital, Columbia 

University, Trinity College Dublin, NYU and Harvard Medical Schools (Supplementary 
Table 1). All samples were analyzed by array CGH using the NimbleGen HD2 platform. 

The secondary cohort consisted of Affymetrix SNP Array 6.0 data from the MGS study of 

schizophrenia 29, publicly available data from the International Schizophrenia Consortium 

(ISC), genotyped using Affymetrix 6.0 and 5.0 platforms 2, and Affymetrix 6.0 data on an 

independent set of controls from the Bipolar Genome Study (BiGS) 30 (Supplementary 
Table 1).

Intensity data processing and rare CNV calling

With the exception of the published CNV calls from the ISC, all data were processed and 

analyzed centrally as follows. Microarray intensity data were normalized, and CNV calls 

were generated using an analysis package that we developed called C-score. All CNV call 

sets were filtered in a consistent fashion. In order to minimize the differential sensitivity of 

the various array platforms to detect CNVs, we limited our analysis to CNVs > 100 kb. This 

size range is readily detectable by all platforms used in this study. The same criteria have 

been previously applied to filter CNVs across studies 2. Last, sensitivity to detect large 

(>100 kb) copy number polymorphisms (CNPs) was evaluated at several locations in the 

genome. Overall sensitivity to detect CNVs was comparable in cases and controls in both 

cohorts. Additional details regarding C-score, statistical methods and evaluation of CNV call 

sets are described in the Supplementary Note.

Methods and any associated references are available in the online version of the paper and in 

the Supplementary Note.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Detection and validation of microduplications and triplications of 7q36.3
a) Map of CNVs detected in the primary and secondary cohorts from the UCSC genome 

browser. (b) Plots of probe intensity ratios for 16 CNVs detected in the primary and MGS 

datasets. All are cases, with the exception of two controls, who are indicated with an 

asterisk*. Regions with estimated copy numbers of 2, 3 and 4 are highlighted in gray, blue 

and green, respectively. Locations of four Sequenom validation assays are shown (dashed 

lines). (c-f) CNV genotypes were confirmed by MeZOD cluster plots of probe intensity 

ratios of the proximal and distal regions and in the primary dataset (c and d, respectively) 
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and secondary dataset (e and f, respectively). Absolute copy numbers were confirmed for 

duplications and triplications of the proximal (g) and distal (h) regions by Sequenom 

MASSarray genotyping.
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Figure 2. Patterns of CNV inheritance in families
Pedigree diagrams are shown for families (a) LW102, (b) 02-016 and (c) 02-135, along with 

the Sequenom validation for families (d) LW102, (e) 02-016 and (f) 02-135. Sequenom 

validation was performed on (a) mother and one of the affected sons, and (b) all three family 

members, along with 10 CEU HapMap controls. Sequenom assays confirmed that 

duplications were present in the patients and maternally inherited from LW102-2 and 

02-0016-4.
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Figure 3. Duplications and triplications of 7q36.3 result in increased VIPR2 transcription and 
cyclic-AMP signaling
(a) Quantitative PCR results of VIPR2 mRNA from lymphoblastoid cell lines. Two to four 

subjects were tested for each of four genotypes (subtelomeric duplication, VIPR2 

duplication, exon 3/4 triplication, and normal diploid copy number as control). Results are 

expressed as the mean fold-change of CNV carriers relative to the mean of control samples. 

(b-c) Cyclic AMP accumulation was measured in the same cell lines in response to VIP 

(100nM) and the VPAC2 agonist BAY 55-9837 (100nM). Results are expressed as fold-

change over forskolin/IBMX alone. (d) No significant differences were observed in cAMP 

Vacic et al. Page 12

Nature. Author manuscript; available in PMC 2012 May 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



response to another GPCR agonist, Prostaglandin E2 (PGE2, 1 μM), demonstrating that the 

effects are specific to VPAC2. For subjects, error bars represent standard error of the mean 

computed across replicates. Differences between the groups of 9 duplication carriers and 4 

controls were tested using unpaired two sample t-tests.
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