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A new wave in the genetics of psychiatric disorders:
the copy number variant tsunami
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Because genes are major determinants of psychiatric disorders, our community is hoping that, as in many other
branches of medicine,1 molecular genetics will lead to important findings that will revolutionize our understanding of
these disorders and ultimately improve prevention, diagnosis and treatments. From the early days of simple genetic
association studies with phenotypic or molecular markers
(blindness2 or blood groups3) to the most recent and sophisticated genome-wide association studies, the amount of genetic psychiatric data generated has been increasing drastically. A quick PubMed search indicates that roughly 1 of
every 6 papers published on schizophrenia, bipolar disorder
or autism refers to genetics. Two decades ago, this ratio was
1 of 8, and 3 decades ago it was 1 of 10.
Over the years, the trend in genetic studies has been to use
much larger sample sizes (several thousand patients and
controls are being assembled for genome-wide association
studies) and to genotype a very large number of markers
(5000–10 000). This is because the genetic effects that we are
trying to pin down are presumably conferred by common
and numerous genetic variants (polygenes), each increasing
the risk by a very modest factor (relative risk of about
1.1–1.2). This common disease/common variant scenario is
where most of the efforts have been directed in recent years.
Remarkably, this worked very well for many somatic complex diseases, such as type II diabetes and inflammatory
bowel disease, where many loci have now been confirmed as
risk factors with a very comfortable confidence.1 Whether or
not this will work for psychiatric disorders remains to be
tested. The success will depend on the magnitude of many
other parameters that are not well understood: environmental effects, diagnostic uncertainties, pathogenic heterogeneity
and bias. Our ability to detect common genetic variants with
modest effects will be highly dependent on the magnitude of
these factors.4
In contrast to common genetics variants, there are rare and
highly penetrant mutations. These are mutations that are sufficient to cause the disease regardless of whether or not other

factors are present. It is these Mendelian mutations that allowed us to infer with extraordinary clarity that genetic alterations can cause particular diseases (e.g., cystic fibrosis, Huntington disease). In the last few years, the field of psychiatric
genetics turned away from this paradigm, mainly because
linkage results in psychiatric disorders were difficult to replicate. However, recent new developments in the field are reviving the notion of genes as potent determinants of psychiatric disorders, largely independent of other factors, and we
are now witnessing an interesting debate between the common disease/common variant and the Mendelian proponents.
It has been known for a long time that chromosomal aneuploidies (chromosome number difference compared with the
normal 46 XX or 46 XY), segmental aneusomies (chromosomal deletions and duplications) or rearrangements (balanced or unbalanced translocations, inversions, etc.) are associated with various developmental disorders. The recurrence
of the same chromosomal abnormality in association with
specific morphologic and/or behavioural features allowed
the description of thousands of developmental syndromes.
Some of these abnormalities have been associated with
psychiatric disorders. The most well-known of these chromosomal abnormalities in psychiatry is a deletion in the long
arm of chromosome 22 (22q11–12), because it has often been
associated with psychotic,5 attention6 and mood7 symptoms.
Reports of chromosomal anomalies associated with pervasive
developmental disorders, particularly syndromic cases, are
also very common, especially on chromosome 15.8 In most
cases, these abnormalities are de novo mutations, meaning
mutations that happened in the germ cells of either of the
parents. The recurrence of these events in specific locations of
the genome are often due to genomic architectural features
rendering a segment of the genome unstable, and the resulting disorders are referred to as genomic disorders.9
Recently, technological advances, mainly in the form of
genomic hybridization arrays, allowed cytogeneticists to go
beyond the microscopic level of resolution and to detect
chromosomal rearrangements ever smaller than before. In
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fact, one of the most profound insights we have glimpsed
from the human genome project is how our genome,
although much less rich in genes (25 000) than initially
expected, is extremely complex with regard to its structure
and its variations. A recent finding by Redon and colleagues10
published in 2006 in the journal Nature identified 1447 copy
number variable (CNV) regions encompassing 12% of the
human genome. A CNV is operationally defined as a segment of DNA, of 1000 base-pairs or more, with variable copy
number compared with the reference genome. Redon and
colleagues found that CNV regions contained hundreds of
genes, disease loci and functional elements. In fact, it has
been shown that these variations are 2 to 3 times more
important in scope than the single nucleotide polymorphisms
that are used in genome-wide association studies.11 Differences in CNV genomic content were also observed in
monozygotic twins12 and in different tissues within an individual (mosaicism), indicating that these events may happen
in the gametes, zygote or at later stages of development.
The scope of the CNVs is so dramatic that 2 unrelated
people can differ from one another in copy number variations in thousands of chromosomal locations. The exact
importance of these CNVs and how they are generated are
now subjects of intense investigation. What came as a further
surprise is that a large number of these submicroscopic
CNVs, both multiplications and deletions, were found to be
widespread in the genome of otherwise healthy humans, in
contrast to microscopic chromosomal abnormalities that are
very rarely observed in healthy individuals. This discovery
blurs the boundaries of the normal and abnormal, and shakes
the certainty of pathogenicity that was once attached to the
presence of chromosomal abnormalities.
The main challenge facing cytogeneticists is to determine
which of these CNVs are pathogenic, which are benign and
which are of unknown clinical importance. One important
criterion to infer the potential pathogenicity of a CNV is to
determine whether it is inherited from parents or whether it
is a de novo mutation. If it is inherited and the parent transmitting the CNV is not affected, this reduces the likelihood of
a pathogenic CNV, especially if other members of the family
carry the mutation and are not affected. In contrast, if a CNV
cosegregates perfectly with the disease in the same family, it
is very likely that this CNV is pathogenic. Obviously, imperfect cosegregation of the disease and a CNV leaves the door
open for several interpretations. Incomplete penetrance, variable expressivity, difference in age at onset or sex-specific
expression could be invoked to explain various patterns of
cosegregation that may be observed. Under such circumstances, rejecting the null hypothesis (the CNV is benign)
becomes a difficult enterprise. If a CNV is a de novo event,
inferring pathogenicity becomes a more complex issue. A
number of criteria could help to assess the pathogenic effect
of a CNV. The chief criterion used is overlap of the CNV with
structural abnormalities that have previously been associated
with a developmental syndrome or overlap with one or more
genes that have a clear morbid effect. Many other minor
criteria (e.g., being a deletion rather than a duplication, or a
long CNV with a large number of genes involved) can help
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suggest the probable pathogenicity of these CNVs.
Could CNVs be implicated in psychiatric disorders, as is
the case for many other neurodevelopmental disorders?13 The
fact that many psychiatric disorders (e.g., autism, attentiondeficit hyperactivity disorder, schizophrenia) are of neurodevelopmental nature and that microscopic chromosomal
abnormalities have been reported in a restricted number of
cases in many of these disorders support the possibility for
a role of CNVs in these disorders. The high locus specific
mutation rate of CNVs (1.7 × 10−6 – 1.2 × 10−4) compared with
single nucleotide mutations (2 × 10−8)9 makes CNVs, particularly recurrent ones, potential important contributors to
diseases with relatively high frequencies, as is the case for
most psychiatric disorders. Thus it is not surprising that
many authors have focused on the topic of CNVs and psychiatric disorders in recent years.
In a landmark paper, Sebat and colleagues14 compared the
frequency of de novo CNVs in children with autism (n = 118)
and normally developing children (n = 196). They found de
novo CNVs in 10% of children with autism compared with 1%
of normally developing children. These mutations were
mostly submicroscopic, affected various genomic regions, and
some of them affected one single gene. Interestingly, each
particular mutation was observed only once, thus potentially
explaining singular cases. Some of the genes located in these
CNVs (e.g., SHANK3) have, in fact, been identified as potential candidates for autism because they were found in previous studies to harbour de novo and inherited mutations in
children with autism.15,16 In an independent study, the Autism
Genome Project Consortium has also reported CNV data
from the largest ever conducted linkage study of autism.17 In
this study, 254 CNVs were detected in 196 patients with
autism (1.29 CNV per patient), and 370 CNVs were detected
in 292 unaffected individuals (1.25 CNV per person). Among
the CNVs identified in patients with autism, 10 (about 5%)
were de novo CNVs. Here again, it was reported that some
genes (e.g., neurexin 1) located in some of the discovered
CNVs interact with genes previously implicated in autism.
The authors of this study focused their attention mainly on
the CNVs discovered in autistic patients to highlight their
potential pathogenicity. However, they also reported that
some of the CNVs identified in patients with autism have also
been identified in their nonaffected siblings, which weakens
the involvement of CNVs in autism. No information was
reported on gene content of CNVs that were present exclusively in nonaffected individuals, precluding a proper evaluation of the specificity and sensitivity of these events in autism.
Finally, a third independent study identified a recurrent
microdeletion and its reciprocal microduplication in 4 different samples of children with autism spectrum disorder at a
frequency of about 1%.18 The deletion, located on 16p11.2, was
about 600 Kb in size and was observed in only 2 of 18 834 control participants from Iceland who were not screened for mental disorders, indicating that the deletion is 100 times more
frequent in developmentally impaired children than controls.
It is of note that this deletion was observed in other psychiatric disorders including bipolar disorder (1/420), attentiondeficit hyperactivity disorder (1/203), schizophrenia (1/648),
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dyslexia (1/748) and anxiety, panic, depression or addiction
(1/3000). Also of note, none of the CNVs reported in the
studies by Sebat and colleagues14 and by Szatmari and colleagues17 was found to recur in this sample.
Four major studies of CNV and schizophrenia have been
reported in the last few months, the first in the journal
Science, the second in Nature Genetics and the third and fourth
in Nature.19–22 Walsh and colleagues19 reported that rare (i.e.,
not described in the literature or in the specialized databases
as of November 2007) chromosomal structural variants may
be highly penetrant events each explaining a few, if not
singular, cases of schizophrenia. They reported a significant
3-fold increase (22/150 v. 13/268) in the rate of these CNVs
in patients compared with controls. Further, they found that
the rate of these CNVs is significantly higher in chromosomes transmitted from parents to their children affected
with childhood onset schizophrenia compared with the rate
of these CNVs in the nontransmitted chromosomes. In this
study, the authors identified only 2 de novo CNVs (2.4%) in
the childhood onset schizophrenia sample. In addition, at
least 36% of parents in this sample had CNVs, and it was not
reported whether the rate of schizophrenia was proportionally high in these parents, as might be expected under the
high penetrance hypothesis. In a more recent paper, Xu and
colleagues20 reported a significant (p < 0.001) 8-fold increase
in de novo CNVs in a sample of Afrikaner patients with sporadic schizophrenia (15/152) compared with a sample of
racially matched controls (2/159). No such increase was identified in familial cases. Contrary to the study by Walsh and
colleagues,19 the rate of inherited CNVs was not different in
patients versus controls (46/152 v. 32/159). Two more recent
studies appeared back to back in the journal Nature. The first,
by Stone and colleagues21 indicates that the total burden of
CNVs that are rare (less than 1% in frequency and more than
100 Kb in length) and disturb genes are slightly (1.15-fold)
but significantly increased in patients with schizophrenia
compared with controls. In addition to confirming the higher
frequency of the 22q11 deletion in patients and controls,
2 deletions were found to recur more frequently in patients
compared with controls: 1 on 15q13.3 (p = 0.046) and 1 on
1q21.1 (p = 0.046). In the second study, Stefansson and
coleagues22 focussed on recurrent de novo CNV mutations,
because reduced fertility in major psychiatric disorders
would exert a negative pressure on causative mutations. The
authors hypothesized that such mutations would be highly
relevant for schizophrenia (and possibly other psychiatric
disorders) since the persistence of schizophrenia at relatively
high levels in the population in spite of the reduced fertility
may be explained, at least in part, by the recurrence of these
mutations. In a large population control sample, they identified 66 de novo CNVs with very low frequency compared
with their theoretical expected frequency. These CNVs were
thus considered to be subjected to negative selection and
were compared in a sample of 1433 patients with schizophrenia and 33 250 controls (assembled from various other
genetic studies). Three chromosomal locations were found to
harbor CNVs more frequently in patients with schizophrenia
and related psychoses compared with controls: 1q21.1,

15q11.2 and 15q13.3, thus confirming the results of the study
by Stone and colleagues.21 However, when a strict diagnosis
of schizophrenia was applied, only the CNV located on
1q21.1 (0.23%) remained significant compared with controls
(0.02%, p < 0.001). This study also confirmed a high rate of
the 22q11 deletion in patients with schizophrenia.
More recently, in a large cohort of pediatric patients with
developmental problems (n = 5218), it was reported that
chromosomal rearrangement in 1q21.1 was associated with a
large array of phenotypic expression ranging from mild to
moderate mental retardation, autism spectrum manifestations,
cardiac abnormalities, cataract and other abnormal developmental features.23 Similarly, chromosomal rearrangements in
the 15q13.2q13.3 region have been recently associated with
autism spectrum disorders, cognitive impairments, learning
disabilities, anxiety and mood disorders in a sample of
1445 children with various developmental delays and
1441 children with autism spectrum disorders.24 In both studies, the clinical characteristics of carriers of these mutations
were reported, and none had psychotic features. Thus these recent studies question the specificity of the association between
the 1q21.1 and 15q13.3 rearrangements and schizophrenia.
In addition to these major studies published in high-impact
journals (Nature and Science), other investigations of CNVs in
schizophrenia and autism have been reported with various
designs and various results.25–28
This new wave of genetic studies posits that major psychiatric disorders could be caused by highly penetrant and very
rare (possibly singular) genetic events (inherited or not) in a
substantial proportion of cases. It is hoped that with increasing resolution of the technology, more and more cases will be
attributable to such molecular events.
Both genome-wide association studies and CNV studies
query only a small fraction of the human genome, and most
of the genome sequence is not investigated. Ideally, one
would aspire to sequence the entire human genome in
patients and controls to gain the most insight on the role of
genes in mental illnesses. This approach of deep sequencing
is probably not far, because 2 customized human genomes
(the genome of the double helix discoverer, James Watson,29
and that of the genomic leader, Greg Venter30) have recently
been completed. Such an approach applied to a large number
of patients and controls would certainly provide a tremendous advantage to both genome-wide association studies
that may detect the common variants underlying psychiatric
disorders and CNV studies that may lead to the identification
of a number of genomic disorders clustering within each
major psychiatric syndrome. Although still not yet feasible,
the proof of concept of this approach is being established.
Indeed, a number of deep sequencing studies in selected
genes have identified mutations that cosegregate notably
with autism. The most prominent candidates are SHANK3
and NLG3–4, which were corroborated to a certain extent in
the CNV studies. Other research groups have selected thousands of genes (about 1500) that are important for synaptic
development, maintenance and function for deep sequencing
in hundreds of patients with schizophrenia, autism or mental
retardation.31 It is expected that this approach will lead to the
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identification of very rare, highly penetrant mutations that
will explain a few cases of these diseases. If any of these
mutations turn out to be recurrent in even a few patients
excluding controls, this will again define a genetic subsyndrome within a given psychiatric disorder.
It took the field of psychiatric genetics 3 decades and tens
of thousands of publications to come to the conclusion that
the complexity underlying the genetics of these disorders
cannot be solved by 1 team or even several collaborating
teams. Under the common disease/common variant hypothesis, it is possible that very large sample sizes (possibly in the
hundreds of thousands) and commensurate analytical power
may be needed to convincingly incriminate a polymorphism
in increasing susceptibility to psychiatric disorders. This begs
for international collaborative studies in which possibly all
the samples collected need to be assembled in an effort to
overcome the “dustiness” of genetic effects.
Researchers in the field of structural variants are relying on
the accepted wisdom that structural variants are possibly
more penetrant than smaller polymorphisms and that there
are some low hanging fruits that can be easily harvested.
Although this might be true for some CNVs, the few published studies usher a number of problems that need to be
addressed, the chief of them being the claim of high penetrance. The best test for high penetrance is familial cosegregation of the purported mutations and the disease. This test
should be conducted whenever familial information is available. Walsh and colleagues19 found that, where familial information was available in the sample of childhood onset
schizophrenia, at least 18 structural variants were transmitted
and 10 were nontransmitted. Adding transmitted and nontransmitted structural variants will lead to a very large proportion (more than 36%) of parents carrying structural variants presumed to be highly penetrant. Unfortunately, no
information on the disease status of these parents was
reported (or provided after personal request), which precluded testing the claim of high penetrance. For recurrent
mutations subject to very strong negative selection, the argument of cosegregation will be very hard to make owing to
reduced fertility. In these cases, demonstrating causation
(high penetrance) will require much more than statistical
association, as outlined in Austin Bradford Hill’s well-known
criteria of causation for epidemiologic research.32,33
In addition to the fact that association studies do not prove
causality, they are notoriously known for their sensitivity to
various biases and confounders. It is notable that all CNV
studies published to date were conducted with samples that
were not collected for the specific purpose of testing the role
of CNVs in mental disorders; rather, they were spin-offs of
previous genetic studies designed for other purposes. This
approach could be associated with potentially important
biases or confounders. In our opinion, 1 major confounder
that might have been operating in recent CNV studies is the
lack of control for intelligence quotient (IQ) between patients
and controls. Because chromosomal abnormalities and
CNVs34 are very often associated with variable IQ deficits, the
observed associations could be accounted for, at least in part,
by differences in IQ between patients and controls. Consis-
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tent with this hypothesis, a substantial proportion of carriers
of potentially pathogenic CNVs identified in recent studies of
schizophrenia receive diagnoses of mental retardation19 and
sometimes epilepsy.22 Moreover, in the only schizophrenia
study where some efforts where made to assess IQ (by
formal IQ testing or clinical observation), a significant association of CNVs with low IQ was observed (p < 0.002).35 Also, it
is worth noting that of the 39 299 Icelandic controls tested in
the study by Stefansson and colleagues,22 none has been
found to harbor a 22q11 deletion, which has an estimated
population frequency of 1 in 4000, suggesting that this
control group does not represent the general population and
might have been “purged” of CNVs through an unknown
phenotypic selection criterion.
Finally, statistical vibration (i.e., seeking statistical significance through various definitions of events [CNVs] or cases
[schizophrenia]) is also a concern. Many criteria, sometimes
arbitrary, were used in various CNV studies to achieve significance (e.g., CNV not previously reported, CNV < 1% in
frequency, CNV > 100 kb in size, sporadic CNVs, disrupting
exons, sporadic v. familial schizophrenia).36 Several other
methodologic issues and technical considerations need to be
considered very carefully before concluding that any of these
rare events are relevant for psychiatric diseases.
In conclusion, we can retain a number of major points from
this commentary. First, CNV analyses revealed that humans
are resilient to a large number of small structural variants that
affect the dosing of hundreds of genes. Second, genomic disorders, or disorders caused by genomic instabilities in specific
unstable genomic regions (because of particular architectural
features) may explain a proportion of psychiatric syndromes.
The extent of this will vary from one disorder to the other,
although it may be expected that it will be higher in disorders
with early onset and severe clinical expression. Determining
the exact contribution of these events to psychiatric disorders
will require much methodologic and statistical rigour as well
as other approaches (neurobiology, animal models). In
particular, large sample sizes and equal and simultaneous
querying and characterization of patients and controls will be
needed. Third, it is clear that the phenotypes associated with
these CNVs range from normality to a wide variety of behavioural abnormalities and, often, a certain degree of mental
retardation. Low IQ is a quasi-constant manifestation of large
chromosomal anomalies and has also been systematically
reported in schizophrenia and autism. An important task in
future is to assess the specificity of these CNVs with regard to
psychosis and autistic manifestations. Finally, although
genome-wide association studies will be important to determine the most common genetic risk factors for psychiatric disorders, the detection of rare mutational events will provide
another mechanistic insight on the origin of these disorders.
Obviously, the success of the human genome project in unravelling the genetic determinants of psychiatric disorders
will depend on the coalescence of several approaches and on
many other factors that we do not know such as the extent of
heterogeneity and the extent of gene–environment interactions and their stability over time. At this stage of development of psychiatric genetics, it is also legitimate to ask
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whether these efforts will ultimately be fruitful or not and
whether there is any “stopping rule” in this field.37 This
remains an open question and it would require deep reflection and possible paradigmatic shifts before turning our backs
on such a fundamental paradigm as genetics.

risk loci using genetic linkage and chromosomal rearrangements.
Nat Genet 2007;39:319-28.
18.

Weiss LA, Shen Y, Korn JM, et al. Association between microdeletion and microduplication at 16p11.2 and autism. N Engl J Med
2008;358:667-75.

19.

Walsh T, McClellan JM, McCarthy SE, et al. Rare structural variants disrupt multiple genes in neurodevelopmental pathways in
schizophrenia. Science 2008;320:539-43.

Contributors: Both authors designed the study, acquired and
analyzed the data, wrote and reviewed the article, and approved the
final version for publication.

20.

Xu B, Roos JL, Levy S, et al. Strong association of de novo copy
number mutations with sporadic schizophrenia. Nat Genet 2008;
40:880-5.

References

21.

Stone JL, O’Donovan MC, Gurling H, et al. Rare chromosomal
deletions and duplications increase risk of schizophrenia. Nature
2008;455:237-41.

22.

Stefansson H, Rujescu D, Cichon S, et al. Large recurrent microdeletions associated with schizophrenia. Nature 2008;455:232-6.

23.

Mefford HC, Sharp AJ, Baker C, et al. Recurrent rearrangements of
chromosome 1q21. Comparative genome hybridization suggests a
role for NRXN1 and variable pediatric phenotypes APBA2 in
schizophrenia. N Engl J Med 2008;359:1685-99.

24.

Miller DT, Shen Y, Weiss LA, et al. Microdeletion/duplication at
15q13.2q13.3 among individuals with features of autism and other
neuropsychiatirc disorders. J Med Genet 2008 Sep 19 [Epub ahead
of print].

25.

Kirov G, Gumus D, Chen W, et al. Comparative genome hybridization suggests a role for NRXN1 and APBA2 in schizophrenia. Hum Mol Genet 2008;17:458-65.

26.

Sutrala SR, Goossens D, Williams NM, et al. Gene copy number
variation in schizophrenia. Schizophr Res 2007;96:93-9.

27.

Sutrala SR, Norton N, Williams NM, et al. Gene copy number variation in schizophrenia. Am J Med Genet B Neuropsychiatr Genet
2008;147B:606-11.

28.

Rujescu D, Ingason A, Cichon S, et al. Disruption of the neurexin 1
gene is associated with schizophrenia. Hum Mol Genet 2008 Oct 22
[Epub ahead of print].

29.

Wheeler DA, Srinivasan M, Egholm M, et al. The complete
genome of an individual by massively parallel DNA sequencing.
Nature 2008;452:872-6.

Competing interests: None declared.

1.

McCarthy MI, Abecasis GR, Cardon LR, et al. Genome-wide association studies for complex traits: consensus, uncertainty and challenges. Nat Rev Genet 2008;9:356-69.

2.

Fieve RR, Mendlewicz J, Rainer JD, et al. A dominant X-linked
factor in manic-depressive illness: studies with color blindness.
Proc Annu Meet Am Psychopathol Assoc 1975; (63):241-55.

3.

Saha N, Tsoi WF, Kua EH. Genetic marker association in schizophrenia: ABO, MN, Rhesus and Lewis blood groups. Ann Acad
Med Singapore 1985;14:110-2.

4.

Moonesinghe R, Khoury MJ, Liu T, et al. Required sample size and
nonreplicability thresholds for heterogeneous genetic associations.
Proc Natl Acad Sci U S A 2008;105:617-22.

5.

Bassett AS, Chow EW. Schizophrenia and 22q11.2 deletion syndrome. Curr Psychiatry Rep 2008;10:148-57.

6.

Gothelf D, Presburger G, Levy D, et al. Genetic, developmental,
and physical factors associated with attention deficit hyperactivity
disorder in patients with velocardiofacial syndrome. Am J Med
Genet B Neuropsychiatr Genet 2004;126B:116-21.

7.

Aneja A, Fremont WP, Antshel KM, et al. Manic symptoms and
behavioral dysregulation in youth with velocardiofacial syndrome
(22q11.2 deletion syndrome). J Child Adolesc Psychopharmacol
2007;17:105-14.

8.

Martin CL, Ledbetter DH. Autism and cytogenetic abnormalities:
solving autism one chromosome at a time. Curr Psychiatry Rep
2007;9:141-7.

9.

Lupski JR. Genomic rearrangements and sporadic disease. Nat
Genet 2007;39(Suppl):S43-7.

30.

Levy S, Sutton G, Ng PC, et al. The diploid genome sequence of an
individual human. PLoS Biol 2007;5:e254.

10.

Redon R, Ishikawa S, Fitch KR, et al. Global variation in copy
number in the human genome. Nature 2006;444:444-54.

31.

11.

Lupski JR. Structural variation in the human genome. N Engl J Med
2007;356:1169-71.

Piton A, Michaud JL, Peng H, et al. Mutations in the calciumrelated gene IL1RAPL1 are associated with autism. Hum Mol Genet
2008 Sep 18 [Epub ahead of print].

32.

12.

Bruder CE, Piotrowski A, Gijsbers AA, et al. Phenotypically concordant and discordant monozygotic twins display different DNA
copy-number-variation profiles. Am J Hum Genet 2008;82:763-71.

Hill AB. The environment and disease: Association or causation?
Proc R Soc Med 1965;58:295-300.

33.

Swaen G, van AL. A weight of evidence approach to causal inference. J Clin Epidemiol 2008 Sep 30 [Epub ahead of print].

13.

Lee JA, Lupski JR. Genomic rearrangements and gene copynumber alterations as a cause of nervous system disorders. Neuron
2006;52:103-21.

34.

Stankiewicz P, Beaudet AL. Use of array CGH in the evaluation of
dysmorphology, malformations, developmental delay, and idiopathic mental retardation. Curr Opin Genet Dev 2007;17:182-92.

14.

Sebat J, Lakshmi B, Malhotra D, et al. Strong association of de novo
copy number mutations with autism. Science 2007;316:445-9.

35.

15.

Moessner R, Marshall CR, Sutcliffe JS, et al. Contribution of
SHANK3 mutations to autism spectrum disorder. Am J Hum Genet
2007;81:1289-97.

Walsh T, McClellan JM, McCarthy SE, et al. Rare structural variants disrupt multiple genes in neurodevelopmental pathways in
large recurrent microdeletions associated with schizophrenia.
Science 2008;320:539-43.

36.

16.

Durand CM, Betancur C, Boeckers TM, et al. Mutations in the gene
encoding the synaptic scaffolding protein SHANK3 are associated
with autism spectrum disorders. Nat Genet 2007;39:25-7.

Ioannidis JP. Why most discovered true associations are inflated.
Epidemiology 2008;19:640-8.

37.

Buchanan AV, Weiss KM, Fullerton SM. Dissecting complex disease: The quest for the Philosopher’s Stone? Int J Epidemiol
2006;35:562-71.

17.

Szatmari P, Paterson AD, Zwaigenbaum L, et al. Mapping autism

J Psychiatry Neurosci 2009;34(1)

59

