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Abstract

The co-occurrence of a copy number variant (CNV) and a functional variant on the other allele may be a relevant genetic
mechanism in schizophrenia. We hypothesized that the cumulative burden of such double hits—in particular those
composed of a deletion and a coding single-nucleotide variation (SNV)—is increased in patients with schizophrenia. We
combined CNV data with coding variants data in 795 patients with schizophrenia and 474 controls. To limit false CNV-detection,
only CNVs called by two algorithms were included. CNV-affected genes were subsequently examined for coding SNVs, which we
termed “CNV-SNVs.” Correcting for total queried sequence, we assessed the CNV-SNV-burden and the combined predicted
deleterious effect. We estimated P-values by permutation of the phenotype. We detected 105 CNV-SNVs; 67 in duplicated and
38 in deleted genic sequence. Although the difference in CNV-SNVs rates was not significant, the combined deleteriousness
inferred by CNV-SNVs in deleted sequence was almost 4-fold higher in cases compared with controls (nominal P =0.009). This
effect may be driven by a higher number of CNV-SNVs and/or by a higher degree of predicted deleteriousness of CNV-SNVs.
No such effect was observed for duplications. We provide early evidence that deletions co-occurring with a functional
variant may be relevant, albeit of modest impact, for the genetic etiology of schizophrenia. Large-scale consortium studies are
required to validate our findings. Sequence-based analyses would provide the best resolution for detection of CNVs as well as
coding variants genome-wide.

Introduction

In the past fifteen years an increasing number of specific genetic
variants conferring risk for schizophrenia are being identified.
Although these findings start to substantiate the observed heri-
tability of schizophrenia, the emerging picture also suggests
that the underlying genetic architecture of this illness is

complex. Thus far, there is substantial evidence for the role of
variants that occur frequently in the population [minor allele
frequency (MAF) of 5% or more] and are associated with a small
risk effect. The cumulative effect of such common variants
could account for a substantial part—approximately a third—of
the observed genetic susceptibility for schizophrenia (1,2). At
present 108 loci of common risk variants for schizophrenia have
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been identified (3). In addition, rare variants also contribute to
genetic risk of schizophrenia; these are alleles that occur infre-
quently in the population (e.g. MAF < 1%) but may be associated
with relatively large risk effects in the individual carrier. Recent
studies have demonstrated the role of rare single-nucleotide
variants (SNVs) in schizophrenia (4-7) although thus far no spe-
cific SNV has been unequivocally associated with the disorder.
In contrast, the first studies to imply copy number variants
(CNVs) as risk factors for schizophrenia appeared already in
2008 (8-10). This finding was replicated in subsequent studies
(11-13), identifying a number of recurrent CNVs consistently as-
sociated with schizophrenia (14).

CNVs, together with other structural variants (e.g. inver-
sions), explain a substantially larger proportion of variation in
the human genome than single nucleotide polymorphisms
(SNPs) (15,16). The pathogenic impact of a CNV is highly variable
and amongst others related to variant type (e.g. deletions versus
duplications), size (large versus small), gene content (genic ver-
sus non-genic), transmission status (de novo versus inherited)
and frequency in the population (rare versus common), with
pathogenic impact more likely in each first example cited (17).

A large proportion of the CNVs associated with schizophre-
nia reported thus far are de novo (8). This is noteworthy, because
although each genome contains on average well over 1000
CNVs (15), de novo CNVs are estimated to occur in the genome at
a rate of only 0.01-0.02 per generation (17). Recently, novel
methods have increased the ability to detect CNVs of smaller
size (e.g. <500bp), generating higher estimates of mutation
rates (18). Although heritability characteristics of these smaller
CNVs are still under study, it is estimated that of the larger
CNVs an estimated 99% detected in any individual are inherited
(19). Importantly, although there is strong evidence for the path-
ogenicity of de novo CNVs, to date there is no formal evidence
against a pathogenic role of inherited CNVs. It can be argued
that most of such inherited CNVs—with the exception of very
large CNVs (13)—are not likely to exert strong pathogenic effects
in general because of their common occurrence in the popula-
tion. However, one particular mechanism, which could render
an otherwise neutral CNV into a pathogenic genetic event is the
possible co-occurrence with a functional mutation on the other
allele, a phenomenon that can be referred to as “unmasking” or
a specific type of “compound heterozygosity” (see Fig. 1). The
psychiatry genetics literature provides precedents for this
mechanism; several case studies report the co-occurrence of an
inherited deletion and a functional variant on the remaining al-
lele in probands with autism (20-22) and in schizophrenia (23).
Also, the rate of a slightly different type of compound heterozy-
gosity, i.e. two rare loss of function SNVs co-occurring at the
same locus, was found to be significantly increased in autism
compared with controls (24). However, the same event was not
found to be increased in schizophrenia (25).

Here, we hypothesized that in patients with schizophrenia
co-occurrence of CNVs and functional point mutations at the
same locus occur more frequently compared with controls. We
tested this hypothesis by assessing the number of these events,
as well as the predicted collective deleterious functional effect
they infer, comparing between a group of patients with schizo-
phrenia and a group of healthy control individuals. To this end,
we used the results of a whole genome CNV study in patients
with schizophrenia and controls—which have been reported in
a previous study (11)—and combined this dataset with whole
exome SNP data obtained in the same sample.

Results

The entire sample set in which both CNV and SNV data were
available consisted of 1269 individuals (795 cases and 474 con-
trols). We observed 905 deletions (involving 109, 1Mb of genic
sequence) and 1069 duplications (involving 201, 5Mb genic se-
quence). These results have previously been reported in detail
(11). In this CNV dataset, we identified a total of 105 compound
heterozygous events consisting of a concurrent CNV and an
SNV at the same locus (CNV-SNVs; 38 in deleted sequence, 67 in
duplicated sequence). Given that genomic regions differ with re-
gard to gene density, we used the total genic sequence affected
by either deletions or duplications (see dataset characteristics
in Table 1 and CNV_SNV characteristics in the online
Supplementary Material) as the basis for correction of our
further findings.

In cases compared with controls, we observed 18.9 CNV-
SNVs versus 15.0 CNV-SNVs per 100 Mb queried genic sequence
(deletions and duplications together), the difference was not
significant (see Table 2). However, the cumulative deleterious
impact, i.e. the sum of individual predicted deleteriousness
scores inferred by all CNV-SNVs in deleted sequence, was ap-
proximately 4-fold higher in cases compared with controls (5.81
in cases versus 1.51 in controls, nominal, permutation-based
P=0.009) whereas the cumulative deleterious impact of CNV-
SNVs in duplicated sequence was virtually identical (9.49 in
cases versus 9.16 in controls, P=0.369). Finally, we observed a
trend-level difference for the average predicted deleteriousness
per CNV-SNV in deleted sequence (0.51 in cases, 0.19 in con-
trols, P =0.074) but not in duplicated sequence (respectively 0.30
and 0.34, P=0.533).

Post hoc we reiterated the same analytical steps in the same
sample, however, this time with a dataset generated from low-
stringency CNV calling (i.e. all CNVs were called by PennCNV
only), the result of which did not demonstrate the case-control
differences observed in our original analysis (results not
shown).

Discussion

Findings of our study suggest that the cumulative burden of del-
eterious impact inferred by CNV-SNVs in deleted sequence is
increased in patients with schizophrenia compared with
controls.

This effect may not only be driven by a higher number of
CNV-SNVs in cases, but also independently by an on average
higher degree of deleteriousness of CNV-SNVs identified in
cases. It is worth noting that both of these effects were not
detected for CNV-SNVs in duplicated sequence, consistent with
the observed stronger phenotypic impact of deletions in other
studies (16). Conceivably, in the scenario of a double hit, the du-
plication of a normal allele could act compensatory to the dele-
terious impact of a functional mutation on the non-duplicated
allele. We have previously reported an increased SNV burden in
schizophrenia patients in the same dataset; a significant differ-
ence was apparent when comparing SNVs unique to cases with
SNVs unique to controls (4). Of note, an overall exome-wide
association of SNVs was not detectable in our previous study, as
was to be expected given the low minor allele frequencies and
modest effect sizes. These results indicate that the observed
increased deleteriousness in the current study is specific to
CNV-SNVs—in particular of SNVs in deleted sequence—and
cannot be attributed to a global exome-wide difference of SNVs
between cases and controls.
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Figure 1. Schematic representation of a compound heterozygous double hit. In the normal situation each gene on the autosomes is present in two copies (diploidy). In
this example both horizontally dashed genes are present in only one copy (haploidy). In addition, the horizontally dashed gene on the right is affected by a coding sin-
gle nucleotide variant (SNV). The compound heterozygous double hit consists of the co-occurrence of a CNV (in this example a deletion) on the one allele and a coding

SNV on the remaining allele.

Table 1. Sample set characteristics

Cases Controls Total
n 795 474 1269
% Male 74% 51%
Number of identified All CNVs 71 34 105
CNV-SNVs Del 27 11 38
Dup 44 23 67
Total of genic sequence All CNVs 375,7 226,6 602, 3
queried (Mb) Del 236,2  140,9 377,1
Dup 139,4 85,7 225, 2

CNV-SNVs; compound heterozygous events characterized by the co-occurrence
of a CNV and a non-synonymous point mutation at the same locus.

Our inability to repeat the findings when using a reduced
stringency of CNV calling could indicate a type I error; i.e. in re-
ality there is no increased burden of double hits in schizophre-
nia patients. Alternatively, it is possible that more false than
true positive signals were introduced when relying on CNV call-
ing by one algorithm instead of two (QuantiSNP and PennCNV).
Indeed, large-scale variability between the output of different
CNV methods has been reported previously (26). Our own previ-
ously reported analyses in this dataset are consistent with this
notion; only 16% of the total of gene-containing CNVs called by
either QuantiSNP or PennCNV, is called by both (11).

The tests reported here are not independent from each
other. Nevertheless, if we assume three separate hypotheses
(number of CNV_SNVs, cumulative predicted deleteriousness
and average predicted deleteriousness per CNV-SNV) the cor-
rected alpha would be 0.017, indicating that our main finding,
i.e. the difference in cumulative deleterious impact of CNV-
SNVs in deleted sequence, remains statistically significant after
this correction (P =0.009).

Despite their relatively strong risk effects, invariable full
penetrance of CNVs is uncommon. Therefore, it is likely that ad-
ditional risk factors of environmental or of genetic origin are re-
quired (27). The latter includes parent-of-origin and imprinting
effects, modifying variation in the remainder of the genome
and factors that influence expression levels of the region af-
fected by the CNV (28). Here, we provide tentative evidence for a
modest role of genetic variation on the remaining allele in the
variable penetrance of deletions in schizophrenia.

Our findings require replication. The relatively low number
of identified CNV-SNVs was not to be unexpected given our
conservative CNV calling and the use of a 250k SNP arrays data.
Although providing reliable data, this approach limited our a
priori statistical power to detect the hypothesized effects. We
performed a power calculation, assuming a low rate of observed
CNV-SNVs in controls (0.034) and the same analytical strategy
(i.e. combining CNV data with exomeSNP data). Depending on
the expected difference of CNV-SNVs the required sample size
varies greatly. Approximately 48 thousand subjects (cases and
controls) would be required to achieve >80% ability to detect a
20% difference in CNV-SNV rates. In contrast, to detect a 2-fold
difference the sample size of the current study would be suffi-
cient. Such effect size may not be unrealistic given the 2-fold in-
creased rate of two rare loss of function SNVs at the same locus
in autism cases, with baseline rates in controls comparable to
the rate of observed CNV-SNVs in controls in our study (24).
However, we argue that with the increasing availability of se-
quencing data the most suitable follow up study would be to
combine high-resolution CNV data with whole genome or
exome sequencing data, while applying frequency filters on
both CNVs and SNVs, and prioritization strategies on the basis
of objective metrics of variant pathogenicity such as available
through the Exome Aggregation Consortium (ExAC) database
(29). Because of the large numbers of variants that can thus be
queried, these studies will be much better powered to detect a
possible difference.

In summary, our findings suggest that the co-occurrence of a
deletion with a deleterious SNV on the remaining allele may be
a relevant, albeit modest, mechanism involved in the etiology
of schizophrenia. This type of double hit event can be consid-
ered an example of compound heterozygosity, a mechanism in-
volved in a number of recessive traits (e.g. (30-32)). Our results
provide early evidence that this mechanism may also play a
role in schizophrenia. In terms of explaining heritability, the
impact of this mechanism is expected to be low. However,
similar to other rare causative genetic events it may contribute
to the identification of specific genes involved in this illness. A
potential clinical implication may exist in some instances
where a putatively pathogenic deletion in an individual with
schizophrenia is inherited from a healthy parent. In those
cases it could be informative to sequence the remaining allele
in the proband to screen for additional SNVs as described in
this study.
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Table 2. Results of comparison CNV-SNVs in cases and controls

Cases Controls P-value

Number of CNV-SNVs per 10% bp All CNVs 18.9 15.0 0.167
Del 11.4 7.8 0.172

Dup 31.6 26.8 0.292

Cumulative predicted deleteriousness All CNVs 7.17 4.40 0.071
per 10 bp Del 5.81 1.51 0.009
Dup 9.49 9.16 0.369

Average predicted deleteriousness All CNVs 0.38 0.29 0.141
per CNV-SNV Del 0.51 0.19 0.074
Dup 0.30 0.34 0.533

P-values were obtained by 10000 random permutations of case-control status.

Materials and Methods

Acquired in the same sample set, we merged whole genome
CNV data (from 834 cases and 672 controls) with whole exome
SNP data (from 1042 cases and 961 controls) to obtain a com-
bined CNV-SNP dataset of 795 patients diagnosed with schizo-
phrenia and 474 unrelated healthy controls.

Samples were recruited by the Genetic Risk and Outcome of
Psychosis (GROUP) Consortium from the Netherlands. Cases were
patients fulfilling DSM-IV criteria for a diagnosis of schizophrenia
or any other non-affective psychotic disorder, assessment was
done using the Comprehensive Assessment of Symptoms and
History (CASH) or the Schedules for Clinical Assessment for
Neuropsychiatry (SCAN 2.1). Controls were volunteers without a
(lifetime) diagnosis of any (affective or non-affective) psychotic
disorder. Both cases and control subjects were of Dutch descent
(with at least three of four grandparents of Dutch ancestry).
Ethical approval was obtained from the Ethical Review Board of
the University Medical Centre Utrecht as well as from the UCLA
Institutional Review Board and all participants gave written in-
formed consent. Detailed assessment methods of the GROUP co-
hort have been reported previously (11,33).

CNV calling

Genomic DNA of all participants was hybridized to the
HumanHap550v3 BeadArray (Illumina, San Diego, CA) at UCLA
Neurosciences Genomics Core according to standard protocols.
CNV calling was performed with two algorithms, QuantiSNP
(34) and PennCNV (35). Only gene-containing CNVs with length
>50kb, called by both algorithms were retained for the primary
analysis. By including only overlapping CNVs, we made an ef-
fort to limit the false positive rate of CNV detection (36). All
CNVs—including both rare and common—retained by this
method were used for subsequent analysis, i.e. no further selec-
tion was applied. A detailed description of this method, includ-
ing quality control steps as well as a complete list of results in
this dataset have been published previously (11). To match the
build of the exome array, the genomic coordinates of the CNVs
were updated to hgl9 using LiftOver (http://genome.ucsc.edu/
cgi-bin/hgLiftOver; date last accessed May 28, 2018). A post hoc
analysis was performed using CNVs of length [50-300kb] called
by PennCNV only to measure the robustness of our first obser-
vation under low stringency conditions of CNV calls.

SNV calling

For this purpose all samples were genotyped at UCLA
Neurosciences Genomics Core using the Illumina HumanExome

BeadChip. This array was conceptualized as midway between
exome sequencing and common SNP arrays, allowing the
query of more than 250, 000 relatively rare (MAF of 0.01% or
more) putatively functional coding SNPs as explained at http://
genome.sph.umich.edu/wiki/Exome_Chip_Design; date last
accessed May 28, 2018. Quality control was performed using
PLINK (v1.08p) (37) and has previously been described in detail
for this dataset (4). In particular, using a set of common inde-
pendent variants, we excluded ethnic outliers on the basis of
the first two multidimensional scaling components (4).

Merging CNV and SNV data

Following CNV calling, in each subject the RefSeq gene content
of each region affected by a deletion or a duplication was iden-
tified using the gene prediction track of the UCSC genome
browser (hgl9, http://genome.ucsc.edu/; date last accessed
May 28, 2018) and applying a 50kb fuzzy border at the CNV
boundaries. Any gene within these pre-defined boundaries, in-
cluding those partly overlapping a CNV-boundary, were con-
sidered as “CNV-affected” genes and included in the
subsequent step. We then examined the exonic regions of all
“CNV-affected” genes for the occurrence of SNVs with
MAF <0.05, generating a library of compound heterozygous
events consisting of a concurrent CNV and an SNV at the same
locus (CNV-SNVs).

Prediction of deleterious impact

We wused a previously reported algorithm, CONsensus
DELeteriousness (CONDEL) (38), to calculate the level of deleteri-
ous effect caused by the amino-acid substitutions of the SNVs.
CONDEL is an assessment tool of deleteriousness, primarily on
the basis of knowledge from studies of Mendelian traits; it com-
bines the prediction output of five bioinformatics tools (SIFT,
Polyphen2, MAPP, LogR and Pfam E-value) into a continuous
consensus score between 0 and 1 for each nonsynonymous
SNV. Because the array also includes splice site and stop-
altering SNVs that are not scored by the algorithm, we applied,
as previously described (4), an augmented version of the
CONDEL, which adds both classes by assigning a maximal dele-
teriousness score (i.e. 1).

Statistical methods

We compared the total number of CNV-SNVs as well as the cu-
mulative burden of deleterious effect inferred by CNV-SNVs be-
tween cases and controls. Here, we define “cumulative burden
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of deleterious effect” as the sum of all predicted deleteriousness
scores inferred by CNV-SNVs identified in a sample of individu-
als. We compared total number of CNV-SNVs as well as the cu-
mulative burden of deleterious effect between cases and
controls, while controlling for the total amount of DNA se-
quence queried in each subgroup. To estimate significance of
the observed case control differences, we performed 10000 per-
mutations of the phenotype, i.e. randomizing case control sta-
tus. Nominal P-values were then determined by comparing the
observed value for a given test against the distribution of values
obtained by permutation. Significance threshold corrected for
multiple testing was set at 0.017 (0.05/3, correcting for three
tests). All bioinformatics and statistical procedures were per-
formed with R version 3.1.2 (https://www.r-project.org).

Power calculation

On the basis of the number of gene-containing deletions called
by both algorithms and the number of rare variants observed
using the array, we assess power to identify difference in pro-
portion of deletions that have at least one low-frequency vari-
ant (MAF <5%) in a gene overlapping the CNV. In our sample,
the proportion of CNVs with such rare variants is 0.034 in con-
trols. At our current sample size we were well powered to pick
up effect sizes corresponding roughly to a 2-fold increased rate
of double hits. Much larger samples are required to detect
smaller effect sizes. For instance, one would need two samples
with >17 000 deletions to reliably detect a difference in cumula-
tive burden of 20% at «=0.05 with 80% power. Given the in-
creased burden of deletions in schizophrenia cases (in our
sample controls have on average 0.73 deletions called by both
algorithms, compared with 0.67 in controls), this corresponds to
approximately 25000 controls and 23000 cases. Note that this
power calculation neither incorporates the subtle increased bur-
den of rare variants (4), nor does it take into account the func-
tionality of included variants. Moreover, these estimates are on
the basis of very stringent CNV calling and a sparse genotyping
array.

Supplementary Material

Supplementary Material is available at HMG online.
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