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Abstract

Background—Clinical studies have identified several regions of the genome with copy number
variations (CNVSs) associated with diverse neurodevelopmental behavioral disorders.

Methods—We analyzed 1M SNP genotype arrays (Illumina BeadArrays) for evidence of
previously reported recurrent CNVs and enriched genome wide CNV burden in DNA from 600
brains, including 441 individuals with various psychiatric diagnoses. We explored gene expression
in the dorsolateral prefrontal cortex in selected cases with CNVs and in other subjects using
Illumina BeadArrays (568 subjects in total), and additionally in 66—92 subjects using quantitative
real-time PCR.

Results—CNVs in previously reported genomic regions were identified in 4/193 patients with
the diagnosis of schizophrenia (1921.1, 1125, 15q11.2, 22q11), 4/238 patients with mood
disorders (11925, 15q11.2, 22q11), and 1/10 patients with autism (2p16.3). No evidence of
increased genome wide CNV burden was observed in cases with schizophrenia or mood disorders
although the study is underpowered to observe rare events. mRNA expression patterns suggested
incomplete molecular penetrance of observed CNVs.

Conclusions—Our data confirm in brain DNA the presence of certain recurrent CNVs in a
small percentage of patients with psychiatric diagnoses.
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Introduction

Rare structural chromosomal anomalies are associated with neurodevelopmental disorders,
including mental deficiency, autism, and schizophrenia. Recent studies have identified
several recurrent CNVs in as much as 2—-4% of patients with schizophrenia, and even more
frequently in patients with autism and mental deficiency. Moreover, the overall genome-
wide CNV burden in patients with neurodevelopmental disorders, such as autism and
schizophrenia, has been reported to be increased in some, but not all, studies [1-7],
suggesting the possibility of a general mass effect of structural variation in the genomes of
these conditions. All prior CNV studies have been performed on peripheral cells or
transformed cell lines, which undergo repeated replication throughout life. Because there is
a possibility that CNVs can be generated during cell division [8], it is important to confirm
that such anomalies are found in brain DNA in association with clinical illness. The
replication history of brain cells is considerably more constricted than that of any readily
available peripheral cell. It is also important to document that these structural anomalies
impact on expression of genes in the affected regions, as their pathogenicity is presumably
related to such effects. While it might seem obvious that the effects of these relatively large
genetic variations would penetrate to the level of gene expression, it is conceivable that
some might be compensated for by the intact chromosome. We have performed a high
density SNP array analysis of CNVs from brain DNA in a relatively large sample of controls
and patients with psychiatric disorders and have examined effects of selected CNVs on gene
expression in brain. Our study is the first analysis of CNV burden and of the presence of
CNVs previously associated with schizophrenia and autism in brain DNA and the first to
explore their effect on expression of relevant genes in human brain tissue.

Material and Methods

The sample consisted of 600 brains >13 years of age collected as previously described (9),
and detailed in the table. 149 of the brain samples were provided by the Stanley Medical
Research Institute; the rest were from CBDB/NIMH. DNA was extracted from cerebellar
tissue and RNA for the expression study was extracted from the dorsolateral prefrontal
cortex according to standard protocols (Qiagen). All samples were genotyped with Illumina
1M Duo SNP chips. Log R ratios of SNP probe intensities and B allele frequencies were
called using lllumina GenomeStudio V2010.1 software. CNVs were determined using two
algorithms, PennCN V2010 (10) and QuantiSNP (11), which use a hidden Markov model
and an objective Bayes hidden Markov model, respectively, to identify duplications and
deletions based on a number of parameters, including total signal intensity and allelic
intensity ratio for each SNP, total number of SNPs, distance between SNPs, and allele
frequency. Standard PennCNV quality control checks were used to exclude samples for
which PennCNV calling would be considered unreliable, these included LRR standard
deviation >0.28, BAF median >0.55 or <0.45, BAF drift >0.002 or WF >0.04 or <-0.04.
Additionally, to ensure only high-confidence CNVs were included in the analysis, we
excluded any CNV for which the difference of the log likelihood of the most likely copy
number state and the less likely copy number state was less than 10 (generated using the -
conf function in PennCNV). We adopted a conservative approach to CNV calling, opting to
minimize type | error at the expense of Type Il error. Thus, we first examined CNVs only if
they were called with moderately high confidence (confidence criteria >10) by both
algorithms and overlapped by at least 50% and contained at least 10 SNPs. Confidence
scores are a measure that reflects how confident the CNV-detection algorithm is in calling
the integer copy number. We also examined our data after increasing the threshold of
confidence for CNV calls in each algorithm to 50 and also after restricting CNV calls to
regions with a minimum of 20 SNPs. CNV calls were visually confirmed by inspection of
the Log R plots. Expression analyses in tissue serve as a functional confirmation of the
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validity of the CNV call procedure. Our procedure is likely to miss some real CNVs, but is
relatively robust to false positives and not likely to miss differences in genome-wide CNV
burden between diagnostic groups based solely on the call algorithm. Because prior work
has suggested that CNVs involving genes [1] are particularly enriched in association with
schizophrenia, we only analyzed CNVs within 100 kb of annotated genes, unless the CNV
had been previously associated with schizophrenia or autism. Finally, we examined
separately CNVs greater than 100kb and CNVs between 10 and 100 kb. The whole-genome
burden (i.e. total number of CNVs of a given size threshold identified in an individual
genome) was calculated separately for groups of subjects with autism, bipolar disorder,
major depression and schizophrenia and compared with controls using Students t-tests. The
maps in figures S11-15 were created using the Database of Genomic Variants (DGV)
http://projects.tcag.ca/cgi-bin/variation/gbrowse/hg18/, build 36, hg18.

Expression data obtained from Human HT-12_V3 Illumina BeadArrays were generated by
Illumina Beadstudio. Only probes expressed above the background (p<0.05) in at least 80%
subjects were further analyzed. We normalized the data using the lumi R package (12). The
ComBat R package was used for batch effect correction (13). We applied surrogate variable
analysis using SVA R package (14) with age, sex, race and diagnosis as primary variables.
A step-wise model selection was used for each gene and a multiple linear regression analysis
performed using the best fit model. After removing the effects of sex, race and surrogate
variables, the residuals were used for comparing the expression levels between subjects. We
also performed quantitative PCR (gPCR) to measure mRNA expression of selected genes in
the CNV regions in the dorsolateral prefrontal cortex of three patients with schizophrenia
and one patient with major depressive disorder (MDD), each found to have a recurrent
CNV, and in a subsample of 66-92 subjects without CNVs in these regions (PRKAZB in
1g21.1, Tagman assay Hs00271294 _m1; COMT in 22911, assay Hs00241349 m1; N/IPA1
in 15911, assay Hs00331974_m1), according to previously described protocols (9). mMRNA
levels were normalized to the geometric mean of three “housekeeping” genes (ACTB, BZ2M
and GUSB) for analysis of the gPCR expression levels.

Despite the lack of power because of the small number of cases with the diagnosis of autism
(n=10), this sample had a numerically increased burden of CNVs >100kb calculated at the
threshold of confidence 10 (t=2.0, p=0.045 with the number of SNPs >10 in the calling
algorithm, and t=1.8, p=0.07 with the number of SNPs >20, total sample n=600). After
increasing the confidence to 50, there was still a nominally significant increase in the burden
of CNVs >100 kb for the cases with autism (t=2.3, p= 0.02 with 10 SNPs in the CNV call,
but t=1.6, p=0.09 when the number of SNPs was increased to >20). When the CNV size was
restricted to 10-100 kb, there was no significant increase in the CNV burden in autism
regardless of all the other criteria (all p values >0.2). No evidence of an increased genome-
wide CNV burden was found in cases with schizophrenia (all t values <1.0, all p values
>0.2), major depression (all t values <1.5, all p values >0.08) or bipolar disorder (all t values
<1.5, all p values >0.14), regardless of the CNV size criteria, the number of SNPS in the
CNV call (>10 or >20) or the threshold of confidence for CNV calls (10 or 50). Finally, we
counted the genome wide CNV burden using calls from only PennCNV or only QuantiSNP
and again, no differences were found in genome-wide CNVs between patients with
schizophrenia, major depression or bipolar disorder and controls. These negative results
must be viewed with caution as the sample is decidedly underpowered to observe genome
wide CNV burden increases given the low frequency of CNVs found in much larger clinical
populations.
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Ten subjects (Samples 1-10) had a CNV called in regions previously identified as associated
with schizophrenia or autism. There were four patients with schizophrenia with such
recurrent CNVs: Sample 1 had a 2.7 Mb deletion in the 22911 region associated with the
velo-cardio-facial (VCFS) syndrome (Fig S1), Sample 2 had a 1.6 Mb deletion in 1g21.1,
Fig S2; Sample 3 had a 53 kb deletion in 11925, Fig S3, and Sample 4 had a 1.9 Mb
duplication in 15911.2 Fig S4 (15). A 53 kb deletion in 11g25 was also found in Sample 5, a
subject with major depression (Fig S5), and a 52 kb duplication in 11g25 was found in
Sample 6, a normal subject (Fig S6). Two patients with bipolar disorder had duplications in
15g11.2, Sample 7 (476 kb) and Sample 8 (325 kb), Figs S7 and S8. Sample 9, a patient
with major depression, had a 2.5 Mb duplication in the 22q11 VCFS region (Fig S9).
Sample 10, a patient with autism, had a 69 kb deletion in 2p16.3 affecting NRXNL1 (16), Fig
S10. The detailed maps of the CNVs in all ten samples, including coordinates, comparisons
of sizes between the cases, indications of the annotated genes affected, as well as
comparisons with previously reported CNVs in the same region are provided in figures S11—
S15. No other CNVs were identified in other chromosomal regions previously associated
with schizophrenia or autism, including in 2933.3, 3929, 5p13, 7934, 7936, 8921, 15g13.3,
16p11.2, 16p13.1, 16p13.2, or 18p21 (1,3,6).

We assessed the effects of the CNVs on the expression profiles of genes within the CNVs
and compared the cases with control subjects using a whole-genome approach for seven of
the cases described above (samples 1-4, 6-8, on whom we had expression array data), and
additionally examined four cases by qPCR (samples 1, 2, 4 and 9). In Sample 1 witha 2.7
Mb deletion in the 22911 region, a comparison of the distribution of the expression levels of
the genes in the CNV region with genes genome-wide (or outside the CNV on the same
chromosome) clearly shows enrichment of relatively low expressed genes in the 22911
region of this subject as compared to all other subjects (Fig S16). In addition to a dramatic
down regulation of COMT expression, 19 other hemi-deleted genes showed extremely low
levels of expression in comparison to all other subjects. Data obtained by gPCR confirmed
down regulation of COMT in Sample 1: relative COMT mRNA level was 0.62 compared
with an average of 1.24 in the other subjects (N=90, Figure 1). Similarly, in Sample 2 with
the 1921 deletion, there was an enrichment of relatively low expressed genes among the
genes in the deleted region as compared with the whole genome (and with the genes outside
the CNV on the same chromosome, data not shown) (Fig S17). As measured by qPCR,
PRKAB2 mRNA expression in Sample 2 was 0.45 compared with an average 1.40 in other
assayed subjects (N=67, FigS23). We also measured COMT mRNA expression by qPCR in
the case with major depression (Sample 9 with the 22911 duplication), which showed a
slight increase in COMT expression (1.45 compared with an average of 1.20 for 92 other
subjects, Figure 1). Although less clear, there was also enrichment of genes in the duplicated
regions, which showed higher expression as compared to expression levels across the whole
genome (see Figs S18-22). A few genes in the duplicated regions of 15911.2 stand out as
showing relatively high expression, including NIPA2 that shows upregulation in all three
subjects with this CNV (Figs S18, S19, S20 and S22). However, the 15q duplication case
(Sample S4) showed only a slight difference of N/PA1 expression compared with all other
subjects (1.32 vs 1.83, N=66), Fig S22. In sum, gene expression in the deletion cases tended
to be at the bottom of the entire distribution of samples, whereas the duplication cases were
less consistently separated from the rest of the samples.

Discussion

We have performed a study of CNVs in DNA from a relatively large sample of human
brains and explored effects on gene expression. Because of the rarity of recurrent CNVs
previously associated with schizophrenia, we expected to find few in this sample. Our
observation of four cases diagnosed with schizophrenia having CNVs in regions previously
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associated with this diagnosis and other developmental disorders is consistent with the
expected rates of discovery of such CNVs in association with these diagnoses (2—3%). We
found no evidence, however, for an overall greater gene-centric CNV burden across the
genome in patients with schizophrenia compared with controls and no difference in genome-
wide CNV burden between patients with the diagnosis of schizophrenia, major depression or
bipolar disorder. These negative results must be viewed with caution as the increase in
genome wide CNV burden reported in some earlier studies was very small and our study is
underpowered to make similar observations. Nevertheless, the possibility that some of the
previously reported private CNVs in single patients with schizophrenia were not of germ
line origin (8) is not excluded by our data.

Perhaps of greater interest, gene expression in the CNV cases is not as distinctly extreme as
might have been expected. While this may represent methodological noise, it also raises the
possibility that compensation is made on the intact chromosome, limiting the pathogenicity
of some of these structural genetic deviations. This possibility requires further study. It is
also possible that the effects of duplications are less detectable because of the gene dosage
effect, which is smaller in case of duplications than deletions. Moreover, we would add the
further cautions in interpreting our data that in addition to limitations of our sample size,
SNP arrays are limited in CNV detection and we have adopted a conservative approach to
CNYV detection. These caveats notwithstanding, we confirm in brain DNA the presence of
recurrent CNVSs in several patients with neuropsychiatric disorders and show evidence
suggestive of incomplete penetrance of some CNVs on expression of genes in their
respective affected regions in human brain.

We have concentrated in this study on CNVSs in regions previously reported in large clinical
case-control studies to be statistically associated with schizophrenia and with autism. In all
instances, these CNVs are rare, occurring at most in 0.5 to 1.0% of cases for a given CNV.
This catalogue of recurrent CNVs is not likely to represent the full spectrum of CNVs that
are found in DNA of psychiatric patient samples, and indeed, at least one CNV >100kb is
typically found in any given human being. CNVs found in only one case in a sample, even if
not found in controls, is difficult to interpret in pathogenic terms. Thus, we have not
addressed the possibility that any of the rare novel CNVs found in this study might be a
relevant illness factor in an individual case. All of the CNVs called in our study, both in
control and patient samples, will be available in a public database at the “BrainCloud”
website (http://libd.org/BrainCloud [17]) for further analysis. As additional brain and
clinical samples become available, some of the novel CNVs found in our cases may be
found also in other case samples and not in controls, and thus achieve potential pathogenic
association.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Expression of COMT mRNA in the CNV region 22g11.21. A, B Sample 1, a patient with
schizophrenia (red dot) with a deletion in 22g11.21, and controls without the CNV (green
dots) measured by gPCR (A) and Illumina BeadArrays (B) in the postmortem dorsolateral
prefrontal cortex. There is good agreement between qPCR and microarray data. C. Sample
9, a patient with major depression (red dot), with a duplication in 22g11.21, and controls
without the CNV (green dots) measured by gPCR. There are no array data for this subject. Y
axes represent expression of COMT mRNA normalized as described in the Methods. X axes
represent age of subjects at death. Every dot represents a subject.
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