syduosnuelA Joyiny siapun4 DA @doing ¢

syduasnue|A Joyiny siapund JIAd adoin3 ¢

Europe PMC Funders Group
Author Manuscript
Nature. Author manuscript; available in PMC 2009 May 27.

Published in final edited form as:
Nature. 2008 September 11; 455(7210): 232—236. doi:10.1038/nature07229.

Large recurrent microdeletions associated with schizophrenia

Hreinn Stefanssonl”, Dan Rujescu?”, Sven Cichon34" Olli P. H. Pietildinen®, Andres
Ingasonl, Stacy Steinberg!, Ragnheidur Fossdall, Engilbert Sigurdsson®, Thordur
Sigmundsson®, Jacobine E. Buizer-Voskamp’, Thomas Hansen®?9, Klaus D. Jakobsen®&9,
Pierandrea Muglial®, Clyde Francks10, Paul M. Matthews11, Arnaldur Gylfason?, Bjarni V.
Halldorsson?, Daniel Gudbjartsson?, Thorgeir E. Thorgeirsson?, Asgeir Sigurdsson?,
Adalbjorg Jonasdottirl, Aslaug Jonasdottirl, Asgeir Bjornssonl, Sigurborg Mattiasdottir?,
Thorarinn Blondall, Magnus Haraldsson®, Brynja B. Magnusdottir®, Ina Giegling?, Hans-
Jirgen Méller2, Annette Hartmann?, Kevin V. Shiannal2, Dongliang Gel?, Anna C. Need12,
Caroline Crombiel3, Gillian Fraser13, Nicholas Walker4, Jouko Lonnqvist!®, Jaana
Suvisaaril®, Annamarie Tuulio-Henrikssonl®, Tiina Paunio®®, Timi Toulopouloul6, Elvira
Bramon16, Marta Di Forti16, Robin Murray6, Mirella Ruggeril’, Evangelos Vassos6, Sarah
Tosatol’, Muriel Walshel®, Tao Li16.18 Catalina Vasilescu3, Thomas W. Miihleisen3, August
G. Wang!9, Henrik Ullum?0, Srdjan Djurovic2122, Ingrid Melle22, Jes Olesen?3, Lambertus A.
Kiemeney?4, Barbara Franke2>, GROUPT, René S. Kahnl, Don H. Linszen?, Jim van Os3,
Durk Wiersma?, Richard Bruggeman?, Wiepke Cahnl, Lieuwe de Haan?, Lydia
Krabbendam3, Inez Myin-Germeys3, Chiara Sabatti26, Nelson B. Freimer?’, Jeffrey R.
Gulcher®, Unnur Thorsteinsdottirl, Augustine Kong?, Ole A. Andreassen?1:22, Roel A.
Ophoff’:27 Alexander Georgi?8, Marcella Rietschel?8, Thomas Werge8, Hannes Petursson$,
David B. Goldstein!2, Markus M. Néthen34, Leena Peltonen®29:30 David A. Collier16.18,
David St Clairl3, and Kari Stefansson1:31

1CNS Division, deCODE genetics, Sturlugata 8, 1S-101 Reykjavik, Iceland 2Division of Molecular
and Clinical Neurobiology, Department of Psychiatry, Genetics Research Centre, Ludwig-
Maximilians-University, NuBbaumstrasse 7, 80336 Munich, Germany 2Department of Genomics,
Life & Brain Center, University of Bonn, Sigmund-Freud-Strasse 25, D-53127 Bonn, Germany
4Institute of Human Genetics, University of Bonn, Wilhelmstrasse 31, D-53111 Bonn, Germany
SDepartment for Molecular Medicine, National Public Health Institute, Biomedicum,
Haartmaninkatu 8, 00290 Helsinki, Finland éDepartment of Psychiatry, National University
Hospital, Hringbraut, 101 Reykjavik, Iceland “The Netherlands Department of Medical Genetics
and Rudolf Magnus Institute of Neuroscience, University Medical Center Utrecht,

tGenetic Risk and Outcomein Psychosis (GROUP): René S. Kahn, Don H. Linszen, Jim van Os, Durk Wiersma, Richard
Bruggeman, Wiepke Cahn, Lieuwe de Haan, Lydia Krabbendam, Inez Myin-Germeys

Correspondence and requests for materials should be addressed to D.S.C. (d.stclair@abdn.ac.uk) or K.S. (kari.stefansson@decode.is)..
These authors contributed equally to this work.
Author ContributionsH.S., D.R,, E.S., D.C., L.P., D.S.C. and K.S. wrote the first draft of the paper. M.H., B.B.M., K.D.J., P.M.,
.G, H-JM,AH,ACN,CC,GF,NW,JL,JS, AT, TT,EB, MD.F,RM,MR,ST, MW, TL.,,CV,TWM,
A.GW,HU,SD, ILM,JO,0AA, 6 AG, MR,R.0,JB., RSK., LAK.andB.F. recruited, diagnosed and gathered
phenotypes. H.S., D.R,R.F.,ES., T.S,,C.F.,P.M,, T.T,JR.G, UT, HP,D.G,TW,D.C, LP., D.S.C.and K.S. planned,
supervised and coordinated the work. H.S., S.C., A.l., S.S., A.G.,, T.ET,, O.P.H.P.,,BV.H, D.G, KV.S., M.M.N,, T.H. and A.K.
analysed the data. A.S., AJ., AJ., A.B., S.M. and T.B. performed genotyping and experimental work. All authors contributed to the
current version of the paper.

The authors declare competing financial interests: details accompany the full-text HTML version of the paper at www.nature.com/
nature.

Supplementary Information is linked to the online version of the paper at www.nature.com/nature.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
Author Information Reprints and permissions information is available at www.nature.com/reprints.


http://www.nature.com/nature
http://www.nature.com/nature
http://www.nature.com/nature
http://www.nature.com/nature
http://www.nature.com/reprints

syduasnue|A Joyiny siapun4 JIAd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Stefansson et al. Page 2

Universiteitsweg 100, 3584 CG, Utrecht, The Netherlands 8Research Institute of Biological
Psychiatry, Mental Health Centre Sct. Hans Copenhagen University Hospital, DK-4000 Roskilde,
Denmark °Centre for Pharmacogenomics, University of Copenhagen, DK-2200 Copenhagen N,
Denmark °Medical Genetics, GlaxoSmithKline R&D, Via A. Fleming 4, 37135 Verona, Italy

11 Clinical Imaging Centre, Clinical Pharmacology and Discovery Medicine, GlaxoSmithKline,
Hammersmith Hospital, London W12 ONN, UK *?Institute for Genome Sciences & Policy, Center
for Population Genomics & Pharmacogenetics, 4011 GSRB Il 103 Research Drive, Duke
University, DUMC Box 3471, Durham, North Carolina 27708, USA 3Department of Mental
Health, University of Aberdeen, Royal Cornhill Hospital, Aberdeen AB25 2ZD, UK #Ravenscraig
hospital, Inverkip Road, Greenock PA16 9HA, UK >Department of Mental Health and Addiction,
National Public Health Institute, Mannerheimintie 166, FIN-00300 Helsinki, Finland ®Division of
Psychological Medicine and Social, Genetic and Developmental Psychiatry Centre, Institute of
Psychiatry, King's College, London SE5 8AF, UK 17Section of Psychiatry and Clinical Psychology,
University of Verona, Verona, 37134 Verona, Italy 18Psychiatric Laboratory, Department of
Psychiatry, West China Hospital, Sichuan University, Chengdu 610041, Sichuan, China
19Department of Clinical Immunology, Copenhagen University Hospital, DK-2200 Copenhagen N,
Denmark °Mental Health Centre Amager, Copenhagen University Hospital, DK-2300
Copenhagen S, Denmark ?!nstitute of Psychiatry, University of Oslo, PO Box 1130, Blindern,
N-0318 Oslo, Norway 2’Departments of Medical Genetics and Psychiatry, Ulleval University
Hospital, Kirkeveien 166, N-0407 Oslo, Norway 23Department of Neurology, 57 Nordre Ringvej,
Glostrup Hospital, Glostrup, DK-2600 Copenhagen, Denmark 2*Department of Epidemiology &
Biostatistics (133 EPIB)/Department of Urology (659 URO), Radboud University Nijmegen
Medical Centre, PO Box 9101, 6500 HB Nijmegen, The Netherlands ?>Department of Human
Genetics, Radboud University Nijmegen Medical Centre, PO Box 9101, 6500 HB Nijmegen, The
Netherlands 26Departments of Human Genetics and Statistics, UCLA, 695 Charles Young Drive
South, Los Angeles, California 90095, USA 2’UCLA Center for Neurobehavioral Genetics,
Charles E. Young Drive South, Los Angeles, California 90024, USA 28Department of Genetic
Epidemiology in Psychiatry, Central Institute of Mental Health, University of Heidelberg, J5,
D-68159 Mannheim, Germany 2°Wellcome Trust Sanger Institute, Hinxton, Cambridge CB10
1SA, UK 30The Broad Institute of MIT and Harvard, Cambridge, Massachusetts 02142, USA
3lUniversity of Iceland, School of Medicine, Sturlugata 8, 101 Reykjavik, Iceland *Department of
Psychiatry, Rudolf Magnus Institute of Neuroscience, University Medical Centre Utrecht,
Heidelberglaan 100, 3584 CX Utrecht, The Netherlands ?Academic Medical Centre University of
Amsterdam, Department of Psychiatry, Amsterdam, The Netherlands 3Maastricht University
Medical Centre, South Limburg Mental Health Research and Teaching Network, Maastricht, The
Netherlands “University Medical Centre Groningen, Department of Psychiatry, University of
Groningen, The Netherlands

Abstract

Reduced fecundity, associated with severe mental disordersl, places negative selection pressure
on risk alleles and may explain, in part, why common variants have not been found that confer risk
of disorders such as autism2 schizophrenia3 and mental retardation4. Thus, rare variants may
account for a larger fraction of the overall genetic risk than previously assumed. In contrast to rare
single nucleotide mutations, rare copy number variations (CNVs) can be detected using genome-
wide single nucleotide polymorphism arrays. This has led to the identification of CNVs associated
with mental retardation4,5 and autism2. In a genome-wide search for CNVs associating with
schizophrenia, we used a population-based sample to identify de novo CNVs by analysing 9,878
transmissions from parents to offspring. The 66 de novo CNVs identified were tested for
association in a sample of 1,433 schizophrenia cases and 33,250 controls. Three deletions at
1g21.1, 15g11.2 and 15g13.3 showing nominal association with schizophrenia in the first sample
(phase 1) were followed up in a second sample of 3,285 cases and 7,951 controls (phase 11). All
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three deletions significantly associate with schizophrenia and related psychoses in the combined
sample. The identification of these rare, recurrent risk variants, having occurred independently in
multiple founders and being subject to negative selection, is important in itself. CNV analysis may
also point the way to the identification of additional and more prevalent risk variants in genes and
pathways involved in schizophrenia.

The approach we used here was to use a large population-based discovery sample to identify
de novo CNVs, followed by testing for association in a sample of patients with
schizophrenia and psychoses (phase 1) and finally replicating the most promising variants
from phase 1 in a second larger sample (phase I1). The discovery phase, where we searched
for de novo CNVs, enriches for those regions that mutate most often. If the CNVs identified
are in very low frequency in the population despite relatively high mutation rate (>1/10,000
meiosis), they are likely to be under negative selection pressure. Such variants may confer
risk of disorders that reduce the fecundity of those affected.

To uncover de novo CNVs genome-wide we analysed data from a population-based sample
(2,160 trios (two parents and one offspring) and 5,558 parent-offspring pairs, none of which
was known to have schizophrenia; Supplementary Table 1), providing information on 9,878
transmissions. Of the 66 de novo CNVs identified, 23 were flanked by low copy repeats
(LCRs) and nine had a LCR flanking only one of the deletion breakpoints. Of the remaining
34 CNVs (not flanked by LCRs), 27 were only found in a single control sample (the
discovery trio) out of the 33,250 tested, whereas 18 out of the 23 CNVs flanked by LCRs
were found at a higher frequency in the large control sample (Supplementary Table 2).

The 66 CNVs were tested for association in our phase | sample of 1,433 patients with
schizophrenia and related psychoses and 33,250 controls from the SGENE consortium
(http://www.sgene.eu/). For eight of the 66 CNVs tested, at least one schizophrenia patient
carried the CNV (Supplementary Table 3), and for three large deletions, nominal association
with schizophrenia and related psychoses was detected (uncorrected P-value<0.05, Table 1).
The three deletions nominally associating with schizophrenia in the first sample (Table 1)
were followed up in up to six samples comprising a total of 3,285 cases and 7,951 controls
(Table 2). All three deletions, at 1g21.1, 15g11.2 and 15g13.3, significantly associate with
schizophrenia and psychosis in the combined sample with high odds ratio (OR)
(P=2.9x1075, OR=14.83; P=6.0x1074, OR=2.73; and P=5.3x1074, OR=11.54, respectively).
Removing cases with psychosis, other than diagnostic and statistical manual of mental
disorders’ and “research diagnostic criteria’ defined schizophrenia (in total 147 cases: 39
with unspecified functional psychosis, 86 with schizoaffective disorder, 10 with
schizophreniform and 12 with persistent delusional disorders; Supplementary Information),
gave comparable results for the 1921.1 deletion (P=2.31x107°, OR=15.44), whereas the
association for 15q11.2 and 15¢13.3 deletions was no longer significant (P=9.57x1074,
OR=2.66 and P=1.02x1073, OR=11.29, respectively (uncorrected for 66 tests)). Historically,
classification schemes tend to group diseases by their signs and symptoms. There is,
however, no reason why the phenotypes associating with a particular CNV should be
confined to the current nosological boundaries of any single psychiatric disorder. Our
findings, in this respect, resemble those from the 16p11.2 deletion2 and the translocation
disrupting the D/SC1 gene in a large Scottish pedigree6 and support the idea that the same
mutation can increase the risk of a broad range of clinical psychopathology. It is therefore
worth noting that among the eight controls carrying the 15q13.3 deletion there is one autistic
individual (there are samples from 299 autistic individuals among the 39,800 control
samples genotyped for this CNV).

Eleven out of the 4,718 cases tested (0.23%) carry the 1921.1 deletion compared to eight of
the 41,199 controls tested (0.02%). In seven of the eleven patients, the deletion spans about
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1.35 megabases (Mb) (chromosome 1: 144,943,150-146,293,282). Four cases have a larger
form of the deletion (Supplementary Table 4). The larger form contains the shorter form and
extends to 144,106,312 Mb, about 2.19 Mb (Fig. 1a and Supplementary Fig. 1). Seven of the
eight Icelandic controls have the shorter form of the deletion and one control has the longer
form. Previously reported 1g21.1 deletions in two cases of mental retardation5,7 two autistic
individuals2 and one schizophrenia case8 are consistent with the shorter form of the
deletion.

The 1.35 Mb deleted segment common to both the large and the small form of the 1g21.1
deletion is gene rich (Fig. 1a). The GJA& gene has previously been reported as associated
with schizophrenia9. This gene is located in a repeat region within the boundary of the 1.35
Mb deletion segment and contains no single nucleotide polymorphism (SNP) markers on the
HumanHap300 chip. In at least four reports10-13 the 1921 locus has been linked to
schizophrenia; however, the deletion is rare and therefore unlikely to account for much of
the linkage previously reported. Analysis of cells from a case with the 1g21.1 deletion and a
case with the reciprocal duplication, using fluorescence /n situ hybridization analysis
(Supplementary Fig. 2), show that other rearrangements, such as chromosomal
translocations, are unlikely to be associated with the deletion.

The deletion at 15g911.2 was significant in the combined schizophrenia and related psychosis
sample (Table 2). In the combined sample 26 of 4,718 cases (0.55%) carry the deletion
compared with 79 of 41,194 controls (0.19%). The deletion spans approximately 470 kb
(chromosome 15: 20,306,549-20,777,695) and several genes are deleted (Fig. 1b and
Supplementary Fig. 3). A single case with mental retardation and severe speech impairment
has previously been reported with the 15q11.2 deletion14. Although the region is not
imprinted, it is deleted in a minority of cases of Angelman syndrome and Prader-Willi
syndrome. Recent analysis shows that Angelman syndrome cases with class | deletions
(includes the 15q11.2 deletion) are significantly more likely to meet criteria for autism15.
Prader-Willi syndrome type | deletions are associated with increased risk of preservative/
obsessive compulsive behaviour, deficits in adaptive skills and lower intellectual ability.
Thus, the autistic features in Angelman syndrome and the preservative behaviour of Prader-
Willi syndrome may arise from deletion of the genes in the proximal portion of the region,
the site at the breakpoints of the chromosome 15 deletions found in the current study. The
gene in the 15q11.2 deletion region that is most likely to be responsible for both the autistic
and obsessive compulsive features observed in Angelman syndrome and Prader-Willi
syndrome with class one deletions, and the schizophrenia phenotype in this study, is
CYFIPI (Fig. 1c). CYFIP1 interacts with fragile X mental retardation protein (FMRP) as
well as with the Rho GTPase Racl, which is involved in regulating axonal and dendritic
outgrowth and the development and maintenance of neuronal structures. Over 30% of
children with fragile X syndrome meet criteria for autism16 with highest rates observed in
cases with Prader-Willi features without the deletion on 15¢. Notably, the fragile X mutation
results in a reduction in expression levels of the CYF/P1 genel7 and fragile X syndrome
behavioural abnormalities resemble features of schizophrenia. Fragile X syndrome is caused
by the complete loss of function of FMRP, whereas the hemizygous deletion of CYF/PI
would only cause partial disturbance of FMRP function, in which case an effect similar to
that observed in fragile X in females and obligate carriers might be expected. These women
have attentional deficit and extreme shyness and anxiety, and they may also present with
psychiatric disturbances of which psychotic behaviour is the most frequent18,19.

The 15913.3 deletion is also significantly associated with schizophrenia and related
psychoses in the combined samples (Table 2). A total of 7 of 4,213 cases (0.17%) carry the
deletion and 8 of 39,800 controls (0.02%). One of several affected genes (Fig. 1c and
Supplementary Fig. 4), the a7 nicotinic receptor gene (CHRNA?), is targeted to axons by
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neuregulin 120 and has been implicated in schizophrenia2l and also in mental retardation22.
Mice lacking the a7 subunit of the neural nicotinic receptor show a minor impairment in the
matching-to-place task of the Morris water maze, taking longer to find the hidden platform
than their wild-type controls. This suggests a role for CHRNA7 in working/episodic
memory and a potential role for CHRNAY in schizophrenia and its endophenotypes23.

On the HumanHap300 array, 99 SNPs are affected by the deletion on 1g21.1, 54 by the
15911.2 deletion and 166 by the 15913.3 deletion (Supplementary Tables 7-9). Significant
association was not found with schizophrenia and SNPs at the three deletion loci. However,
rare variants at these loci might still associate with schizophrenia as they are not tagged by
markers on the HumanHap300 chip. Finding such variants probably requires re-sequencing
of the deleted interval in a large sample of cases and testing identified variants for
enrichment in schizophrenia.

From available records, we see that cases carrying the 1921.1, 15g11.2 and 15913.3
deletions have clinical response rates to neuroleptics that are comparable to the general
schizophrenic patient population. Family history of schizophrenia in close relatives is also
comparable to other patients with schizophrenia in our sample (although these affected
relatives are not available for genotyping) and there is no obvious sex bias, as both males
and females carrying the deletions are affected. Assessment of cognitive abilities was only
available for a fraction of the cases with deletions. None of the cases carrying the three
deletions was known to be mentally retarded; however, three cases carrying the 1g21.1
deletion had learning disabilities and two controls had dyslexia (Supplementary Tables 4-6).

The frequency of the deletions identified here is comparable to the frequency of the velo-
cardio-facial syndrome (VCFS) deletion on 22q11, previously shown to associate with
schizophrenia24,25. The large VCFS deletion was present in 8 out of 3,838 cases tested
(0.2%) (Icelandic (/=1), Scottish (/=5), Dutch (/=1) and German (Bonn, /=1)) but was
absent in 39,299 controls (P=4.2x107°, OR=00),

The CNVs associating with schizophrenia on chromosome 1g21.1, 15g11.2 and 15913.3
show less clustering in the Icelandic population than would be expected if they were
selectively neutral (Supplementary Information). All these CNVs are flanked by large and
complex LCR sequences (Supplementary Figs 1, 3 and 4). The LCR can mediate non-allelic
homologous recombination, which may result in loss or gain of genomic segments. Through
this process CNVs under negative selection can be maintained at low frequency in the
population. Other mechanisms for generating rearrangements26 cannot be excluded. For
none of the deletions associated with schizophrenia are we able to pinpoint which LCRs are
mediating the non-allelic homologous recombination owing to the complexity of the regions
flanking the deletions. Notably, the same CNVs are implicated in schizophrenia and autism
and an important area for future study is to determine whether deletions conferring
schizophrenia-like syndrome should be considered as classical schizophrenia or new
microdeletion syndromes.

In the present study we searched for variants that we think are most likely to confer risk of
schizophrenia, namely large recurrent CNVs likely to be under negative selection pressure,
rather than testing a large number of selectively neutral CNVs. It is important to identify all
recurrent CNVs under negative selection and test those variants for enrichment in well
powered samples of schizophrenia cases as well as cases of autism and mental retardation.
To determine diagnostic and treatment implications it is also important to study the CNVs
conferring risk with respect to drug response, disease progression and symptomatology. Two
of the three deletions described here confer high risk of schizophrenia (OR>11), whereas the
third is more common and with more modest risk (OR=2.73). Already identified CNVs
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associating with schizophrenia may point the way towards underlying pathogenic pathways
in the disease; furthermore, high-resolution scans for copy number variants may well
identify more CNVs associated with the disease, and given the high odds ratio, these are
likely to be clinically useful in diagnosis and risk assessment. Although the CNVs reported
here only account for a very small fraction of the genetic risk of schizophrenia, this is an
exciting step towards what promises to be a fruitful field for further investigation.

Note added in proof: Samples from the University of Aberdeen were genotyped
independently by the International Schizophrenia Consortium28.

METHODS SUMMARY

Subjects

Genotyping

This study was approved by the National Bioethics Committees or the Local Research
Ethical Committees and Data Protection Commissions or laws in the respective countries,
Iceland, United Kingdom (Scotland and England), Germany, Finland, Italy, Denmark,
Norway, The Netherlands and China. Informed consent was obtained from all patients
(Supplementary Information). Of the 4,718 genotyped cases, 4,571 were diagnosed with
schizophrenia, 39 with unspecified functional psychosis, 86 with schizoaffective disorder,
10 with schizophreniform and 12 with persistent delusional disorders (Supplementary
Information).

The SGENE samples (samples from six European groups, http://www.sgene.eu/) typed on
the HumanHap300 chip were used in phase | of the study (Table 1). In phase I, (Table 2)
CNV data were derived from the HumanHap300 chip, the HumanHap550 chip, the
Affymetrix GeneChip(r) GenomeWide SNP 6.0 or dosage measured using Tagman
probes27. The Scottish samples in Table 2 were typed at Duke University (HumanHap550)
in collaboration with GlaxoSmithKline as were 420 of the German samples, all from
Munich (HumanHap300). The remaining CNV data (HumanHap550) from Germany (Table
2, r=491) were obtained from the University of Bonn. Norwegian samples (Affymetrix
GeneChip(r) GenomeWide SNP 6.0 array) were analysed using the Affymetrix Power Tools
1.8.0. Dosage data for Danish and Chinese samples were generated at deCODE using
Tagman assays27. Samples with CNVs were verified by genotyping respective samples
using the HumanCNV370 chip.

Statistical analysis

For the genome-wide study of de novo CNV associating with schizophrenia the significance
threshold was set at 7.6x10~4 which is approximately 0.05/66, the number of de novo CNVs
identified and tested. All ~values are two-sided and there is no overlap between samples in
Tables 1 and 2. An exact conditional Cochran-Mantel-Haenszel test (conditional on the
strata margins) was used to test for association of schizophrenia and the various CNVs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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APPENDIX
METHODS

De novo CNV analysis

To uncover de novo CNVs genome-wide we analysed data from a population-based sample
of 2,160 trios and 5,558 parent-offspring pairs, totalling 9,878 transmissions. Samples were
genotyped using the Illumina HumanHap300 or the HumanCNV370 chips. To identify de
novo deletions, we combined two complementary methods: DosageMiner, a Hidden Markov
Model algorithm based on intensity data that is similar to that reported previously29 and a
procedure using inheritance errors and the neighbouring genotype configurations
comparable to that described previously30. When only one parent was typed, using
genotype information allowed us to identify deletions as putatively de novo by assessment
of regional parental heterozygosity. To identify de novo duplications we analysed CNV data
from the 2,160 trios using DosageMiner.

CNVs in phase 1 were identified by using DosageMiner, software developed by deCODE
genetics, and loss of heterozygosity analysis. CNV events stand out in the data from two
perspectives. First, all sample intensities for SNPs/probes within a CNV should be increased
or decreased relative to neighbouring SNPs/probes that are not in a CNV region; second,
CNVs can be detected from the transmission from parent to child. To determine deviations
in signal intensity we start by normalizing the intensities. The normalized intensities for
each colour channel were determined by a fit of the following equation: log (x;)=fa;gc()))
+ Wigenij) ¥ Bi+ eji where /is sample index, /is SNP index, x;;is colour intensity for
sample 7in SNP j, gc()) is an indicator of G+C content around SNP j, fis a smooth function
of G+C content, a;are sample-specific parameters for G+C content, gen(i,j) is the genotype
for sample 7for SNP / w4+ is the SNP effect for genotype grand SNP j; B;is sample effect,
and ej;is the unexplained part of the signal, including noise. The same model with another
set of parameters is used for the other colour y;. A generalized additive model31 is used to
fit the smooth function 7. After fitting the model, the data are normalized by removing the
systematic model components. We consider a region to be a deletion/duplication if the
average intensity over at least ten markers in a region falls below/above an empirically
determined threshold.

To identify regions demonstrating loss of heterozygosity (LOH), markers are split into three
classes: (1) shows LOH; (2) inconsistent with LOH; and (3) consistent with LOH. Class 3 is
further split into two subclasses: (a) consistent with transmitted LOH; (b) consistent with de
novo LOH. A marker shows LOH if a child is homozygous for one allele and a parent is
homozygous for the other allele. A marker is inconsistent with LOH if the child is
heterozygous. A marker is consistent with LOH if the child is homozygous and the parent is
homozygous for the same allele or heterozygous. In case the parent is homozygous for the
same allele as the child, the marker is consistent with transmitted LOH, and in case the
parent is homozygous for the other allele, the marker is only consistent with de novo LOH.

A stretch containing a single marker showing LOH is likely to be due to a genotyping error,

but because our genotyping error rate is low and independent of position on the genome, the
occurrence of more than one marker showing LOH in a consecutive stretch on the genome is
more likely to be evidence of a deletion in the child. We consider a region to be a putative
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deletion if at least two markers are showing LOH and de novo if consistent with de novo
LOH.

We analysed 9,878 offspring-parent pairs consisting of a total of 7,718 offspring and 7,121
parents. Using LOH analysis we define a candidate deleted region if more than one marker
shows inheritance error within a region of homozygous markers. We identified a total of 270
candidate de novo deletions using this approach. Of these, 80 belong to six distinct
individuals which all had multiple regions identified as de novo deletions on the same
chromosome. On further inspection of the data for these individuals we concluded that they
were examples of uniparental disomy. Once these individuals were removed, the remaining
190 putative de novo deletions were compared with the output of DosageMiner, and 55 were
consistently called deletions by both approaches. These 55 de novo deletions represent 51
loci (Supplementary Table 3). In addition 15 large duplications, of 20 or more consecutive
markers, were also identified in the trio sample by DosageMiner (Supplementary Table 3).

Dosage measurements using Tagman assays
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The Danish and Chinese samples in Table 2 were typed using Tagman assays27. The 1g21.1
assay (PRK assay) and 15q11.2 assay (NV/PAZ assay) were designed using Primer Express
software. Applied Biosystems provided FAM-labelled probes for the assay which were run
as described previously27. For the reference assay we used a probe in the CF7R gene and
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Figure 1. The genomic ar chitecture of the 1g21.1, 15q11.2 and 15¢q13.3 deletions

a, DosageMiner output showing the shorter form of the 1921 deletion (marked in blue).
Ninety-nine SNPs on the HumanHap300 chip are affected by the deletion which spans 1.38
Mb. b, DosageMiner output showing the 15911.2 deletion (marked in blue). Fifty-four SNPs
on the HumanHap300 chip are affected by the deletion which spans 470 kb. ¢, DosageMiner
output showing the 15913.3 deletion (marked in blue). One-hundred-and-sixty-six SNPs on
the HumanHap300 chip are affected by the deletion which spans 1.57 Mb. Genes affected
by the deletions are shown (coordinates are based on Build 36 of the human genome and
positions of genes derived from the UCSC genome browser). LCRs flank all three deletions

(Supplementary Figs 1, 3 and 4).
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