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We used data from studies of copy-number variants (CNVs), singlegene associations, growth-signaling pathways, and intermediate
phenotypes associated with brain growth to evaluate four alternative hypotheses for the genomic and developmental relationships between autism and schizophrenia: (i) autism subsumed in
schizophrenia, (ii) independence, (iii) diametric, and (iv) partial
overlap. Data from CNVs provides statistical support for the hypothesis that autism and schizophrenia are associated with reciprocal variants, such that at four loci, deletions predispose to one
disorder, whereas duplications predispose to the other. Data from
single-gene studies are inconsistent with a hypothesis based on
independence, in that autism and schizophrenia share associated
genes more often than expected by chance. However, differentiation between the partial overlap and diametric hypotheses using
these data is precluded by limited overlap in the speciﬁc genetic
markers analyzed in both autism and schizophrenia. Evidence from
the effects of risk variants on growth-signaling pathways shows
that autism-spectrum conditions tend to be associated with upregulation of pathways due to loss of function mutations in
negative regulators, whereas schizophrenia is associated with
reduced pathway activation. Finally, data from studies of head and
brain size phenotypes indicate that autism is commonly associated
with developmentally-enhanced brain growth, whereas schizophrenia is characterized, on average, by reduced brain growth.
These convergent lines of evidence appear most compatible with
the hypothesis that autism and schizophrenia represent diametric
conditions with regard to their genomic underpinnings, neurodevelopmental bases, and phenotypic manifestations as reﬂecting
under-development versus dysregulated over-development of the
human social brain.
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T

he Swiss psychiatrist Eugen Bleuler coined the terms
“schizophrenia”, for the splitting of psychic functions, and
“autism”, for withdrawal from external reality in patients with
schizophrenia, almost exactly a century ago (1). Ever since 1943,
when Leo Kanner (2) coopted autism to refer to a new condition
involving “disturbance of affective contact” manifested in children, the relationship between schizophrenia and Kanner’s
autism has remained unclear (3). Kanner originally conceived
autism as an early, distinct subtype of schizophrenia (model 1A)
(Fig. 1A), a view he later renounced in favor of a model, which
was also supported by Rutter (4) with the conditions as distinct,
separate, and unrelated (model 1B) (Fig. 1B). Under each of
these two hypotheses, autism and schizophrenia may each grade
more or less smoothly, and independently, into so-called normality. Schizophrenia and autism have also been considered as
diametric, or opposite sets of conditions (model 1C) (Fig. 1C)
along a spectrum of social-brain phenotypes from hypodevelopment in autism, to normality, to hyperdevelopment in schizophrenia (5). By a fourth model, autism overlaps broadly yet partially with schizophrenia, sharing some risk factors and
phenotypes but not others (model 1D) (Fig. 1D). This latter
model has been motivated by recent genetic evidence of shared
loci and pathways, mediating both autism and schizophrenia
(6–8), and by work describing social deﬁcits as central to both
Kanner’s autism and the “autistic” symptoms of Blueler’s schizophrenia (9,10).
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Fig. 1. Alternative models for the genomic and etiological relationships of
autism with schizophrenia and bipolar disorder. (A) Subsumed. (B) Separate.
(C) Diametric. (D) Overlapping.

Differentiating alternative models for the relationships between major human psychiatric conditions has important implications for diagnoses, pharmacological and psychological treatment, and strategies for dissection of the etiology of these
disorders at all levels from genes to cognition. In a series of
recent papers, Neil Craddock and others (11–13) have demonstrated how genetic data can be deployed to evaluate alternative
hypotheses for the relationship of schizophrenia with bipolar
disorder, originally described as a dichotomy in work that
followed from the pioneering studies of Emil Kraepelin, but now
increasingly viewed in terms of intergradation and some form of
partial overlap, based on the presence of shared genetic risk
factors mediating shared phenotypes (Fig. 1).
In this article, we evaluate alternative hypotheses for the
relationship of autistic spectrum conditions with schizophrenia
spectrum conditions, by using recent genomic and genetic data to
test the predictions that differentiate between models. Thus,
under model 1A, alleles or haplotypes affecting autism risk
should represent some subset of a larger pool of schizophrenia
risk alleles or haplotypes; under model 1B, the two sets of
conditions should exhibit independent risk factors; under model
1C, the conditions should be mediated by alternative risk factors
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Table 1. Contingency table analyses of the relative frequencies of copy-number deletions and duplications associated with autism or
schizophrenia
CNV locus

Condition

Deletion cases (refs.)

Duplication cases (refs.)

P-value (Fisher’s exact test)

1q21.1

Autism
Schizophrenia

2 (14, 15)
15 (18–21)

10 (14–17)
4 (18, 22)

0.001

15q13.3

Autism
Schizophrenia

3 (19, 23)
10 (18, 19)

2 (24)
4 (18)

0.849

16p11.2

Autism
Schizophrenia

14 (16, 25–30)
5 (16, 18, 19, 31)

5 (16, 28, 30)
24 (18, 20, 31)

0.00013

16p13.1

Autism
Schizophrenia

0
8 (18, 21, 33)

3 (32)
23 (18, 22, 33)

0.434

17p12

Autism
Schizophrenia

4 (14, 16, 26)
8 (18, 19, 22)

1 (14)
0

0.385

22q11.21

Autism
Schizophrenia

1 (14)
16 (18, 21, 22, 34)

8 (14, 26, 28, 30)
1 (21)

0.000049

22q13.3

Autism
Schizophrenia

5 (25, 28, 30)
0

0
4 (18)

0.0079

Entries in bold indicate that the CNV is statistically documented as a risk factor for the condition speciﬁed, from case-control comparisons (Tables S3–S9).

with diametric effects on development; and under model 1D,
autism and schizophrenia are expected to overlap for some set
of genetic or genomic factors underlying liability to shared
psychiatric phenotypes, as do bipolar disorder and schizophrenia. Model 1A and model 1D also predict that overlapping risk
factors should inﬂuence developmental and phenotypic similarities between autism and schizophrenia. By contrast, model 1C
predicts that these two sets of conditions should exhibit phenotypes that deviate in opposite directions from normality, at least
for traits (such as aspects of growth or synaptic function) that are
underlain by loci subject to variation or perturbation that can
cause deviations from typical neurodevelopment or function in
opposite directions.
Results
Copy Number Data. Rare copy-number variants (CNVs) at seven
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loci, 1q21.1, 15q13.3, 16p11.2, 16p13.1, 17p12, 22q11.21, and
22q13.3 (Tables S1 and S2), have been independently ascertained and associated with autism and schizophrenia in a sufﬁcient number of microarray-based comparative genomic hybridization (aCGH) and SNP-based studies to allow statistical
analysis of the frequencies of deletions versus duplications in
these two conditions (Table 1, Tables S3–S9). For ﬁve of the loci
(1q21.1, 16p11.2, 16p13.1, 22q11.21, and 22q13.3), speciﬁc risk
variants have been statistically supported for both autism and
schizophrenia using case-control comparisons, which allows
direct evaluation of the alternative hypotheses in Fig. 1. One
locus (16p13.1) supports a model of overlap, and four loci
support the reciprocal model, such that deletions are associated
with increased risk of autism and duplications with increased risk
of schizophrenia (16p11.2, 22q13.3), or deletions are associated
with increased risk of schizophrenia and duplications with
increased risk of autism (1q21.1, 22q11.21). For 1q21.1 and
22q11.21, contingency table analyses also indicate highlysigniﬁcant differences in the frequencies of deletions compared
with duplications for the two disorders, such that schizophrenia
is differentially associated with deletions and autism with duplications. By contrast, for 16p11.2 and 22q13.3 such analyses
show that autism is differentially associated with deletions and
schizophrenia with duplications.
Genetic Association Data. Of 45 genes evaluated for association
with both autism and schizophrenia and with replicated positive
Crespi et al.

associations, 20 genes exhibit one or more positive associations
with both conditions, compared with 2 genes positive for autism
but not schizophrenia and 11 genes positive for schizophrenia
but not autism; 12 genes showed negative results for both
conditions (Table 2). Under a hypothesis in which associations
with schizophrenia and autism are distributed independently of
each other (corresponding to one interpretation of the “separate” model) (Fig. 1B), 20 or more genes associated with both
conditions would be observed with a probability of 0.002 (Table
S10). We interpret these results as inconsistent with a separate
and independent relationship of autism and schizophrenia. The
existence of genes associated with autism but not schizophrenia
is inconsistent with a strict interpretation of Kanner’s original
“subsumed” model (Fig. 1A) in which autism represents a
subtype of schizophrenia; however, the presence of only two
genes in this category mitigates against robust rejection of this
model, and the relative lack of genetic-association studies of
autism compared with schizophrenia may also partially explain
this result.
Models 1C (diametric) and 1D (overlapping) both predict
broad overlap in risk genes between autism and schizophrenia,
and do not necessarily predict an absence or paucity of genes
affecting one condition but not the other. In theory, these
models can be differentiated by using data on speciﬁc risk alleles
for speciﬁc loci (such as single-nucleotide polymorphisms, haplotypes, or genotypes), which should be partially shared under
the overlapping model but different under the diametric model.
For the genes DAO, DISC1, GRIK2, GSTM1, and MTHFR, the
same allele, genotype, or haplotype was associated with both
autism and schizophrenia, and for the genes AHI1, APOE,
DRD1, FOXP2, HLA-DRB1, and SHANK3, alternative alleles,
genotypes, or haplotypes at the same loci appear to mediate risk
of these two conditions (SI Text). For the other genes that have
been associated with both conditions, heterogeneity in the
genetic markers used, heterogeneity among results from multiple studies of the same genes, and the general lack of functional
information preclude interpretation in terms of shared or alternative risk factors.
Discussion
Delineation and classiﬁcation of psychiatric conditions evolves
through an iterative process, driven by societal pressures (35)
and advances in our understanding of symptoms and etiology
PNAS | January 26, 2010 | vol. 107 | suppl. 1 | 1737

Table 2. Patterns in overlap between autism-associated genes and alleles and schizophrenia-associated genes and alleles
Autism and schizophrenia
Shared alleles
†

DAO
DISC1†
GRIK2
GSTM1†
MTHFR†

Different alleles
†

AHI1
APOE
DRD1
FOXP2†
HLA-DRB1
SHANK3†

Different markers
BDNF
DRD3†
EGF
NTNG1†
RELN†

Complex overlap
CNTNAP2
COMT†
NRXN1†
SLC6A4†

†

Autism, not schiz.
†

NRCAM
SLC25A12

Schiz., not autism

Not autism, not schiz.

CTLA4
DAOA
DRD2
DRD4
HTR2A
HTR7
NOTCH4
NRG1
SLC6A3
TH
TPH1

CYP21A2
DBH
DDC
GABRA5
GABRG2
GABRP
GSTP1
PENK
RYR3
SYNGAP1
TYR
YWHAB

Bold genes are included in the list of top 30 SZgene candidates (http://www.schizophreniaforum.org/res/sczgene/default.asp), as determined by effect size.
At least one of the studies of autism showing positive associations used diagnostic criteria of “autism spectrum,” “autistic spectrum,” PDD-NOS, or “broad
spectrum” autism, as compared to just “autism.”
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†

(36). The last several years have been characterized by remarkable advances in our understanding of the genetic and genomic
underpinnings of autism, schizophrenia, and bipolar disorder,
and evaluation of explicit alternative hypotheses (37) has led to
progress well beyond a simple, century-old Kraepelian dichotomy of bipolar disorder distinguished from schizophrenia (12).
In this article, we have evaluated alternative hypotheses for the
relationship between schizophrenia and autism, using evidence
from CNVs and genetic-association studies.
Models of autism as a subset of schizophrenia (Fig. 1A), and
autism and schizophrenia as independent or separate (model
1B), can be rejected with some degree of conﬁdence, but models
involving diametric etiology (model 1C) or partial overlap
(model 1D) cannot be clearly rejected. Taken together, most of
the data and analyses described here appear to support the
hypothesis of autism and schizophrenia as diametric conditions,
based primarily on the ﬁndings that reciprocal variants at 1q21.1,
16p11.2, 22q11.21, and 22q13.3 represent statistically-supported,
highly-penetrant risk factors for the two conditions (Table 1),
and that for a number of genes, alternative alleles or haplotypes
appear to mediate risk of autism versus schizophrenia.
Additional lines of evidence supporting the diametric hypothesis, from previous studies of autism and schizophrenia, include:
1. Data showing notable rarity of familial coaggregation of
autism with schizophrenia (38), in contrast, for example, to
strong patterns of co-occurance within pedigrees of schizophrenia, schizoaffective disorder, and bipolar disorder (39).
2. Psychiatric contrasts of Smith-Magenis syndrome with
Potocki-Lupski syndrome (due to the reciprocal duplication at
the Smith-Magenis locus), Williams syndrome with cases of
Williams-syndrome region duplication, and Klinefelter syndrome with Turner syndrome, each of which tends to involve
psychotic-affective spectrum phenotypes in the former syndrome, and autistic spectrum conditions in the latter (5, 40).
3. Effects of autism and schizophrenia risk alleles on common
growth-signaling pathways, such that autism has been associated
with loss of function in genes, such as FMR1, NF1, PTEN, TSC1,
and TSC2 that act as negative regulators of the PI3K, Akt,
mTOR, or other growth-signaling pathways (41–45), whereas
schizophrenia tends to be associated with reduced function or
activity of genes that up-regulate the PI3K, Akt, and other
growth-related pathways (46–49).
4. Increased average head size, childhood brain volume, or
cortical thickness in individuals with: (i) idiopathic autism
(50–53), (ii) the autism-associated duplications at 1q21.1 (17)
and 16p13.1 (32) and the autism-associated deletions at 16p11.2
1738 | www.pnas.org/cgi/doi/10.1073/pnas.0906080106

(31), and (iii) autism due to loss of function (or haploinsufﬁciency) of FMR1 (54), NF1 (55), PTEN (56) and RNF135 (57).
By contrast, reduced average values for brain size and cortical
thickness, due to some combination of reduced growth and
accelerated gray matter loss, have been demonstrated with
notable consistency across studies of schizophrenia (58–62), and
such reduced head or brain size has also been associated with the
schizophrenia-linked CNVs at 1q21.1 and 22q11.21 (17, 63, 64),
and with deletions of 16p13.1 (65).
Despite a convergence of evidence consistent with a model of
autism and schizophrenia as diametric conditions, the presence of
genetically-based risk factors common to autism and schizophrenia,
including deletions, duplications, or speciﬁc alleles shared between
the conditions (Tables 1 and 2), deletions within the NRXN1 gene
(66), down-regulated RELN signaling (67), reduced GAD1 expression (68), high levels of oxidative stress mediated in part by the
GSTM1 deletion allele (69, 70), and altered folate metabolism
mediated by the TT genotype of the MTHFR C677T locus (71)
support a model of partially-overlapping etiology or indicate that
some genetic variants may increase liability to both conditions in
otherwise highly-vulnerable individuals.
Epidemiological reports of comorbidity between autism and
schizophrenia (72, 73) may be generated by several processes: (i)
true etiological overlap, (ii) diagnostic perspectives, common at
least through the 1980s, that conﬂate autism with “childhood
schizophrenia”, and (iii) false-positive diagnoses of children with
premorbidity to schizophrenia as subject to autistic spectrum
conditions, especially Pervasive Developmental Disorder Not
Otherwise Speciﬁed (PDD-NOS) (74–77). Similarly, evidence
for risk loci, rather than speciﬁc risk alleles or haplotypes,
differentially shared between autism and schizophrenia (6, 7,
78), supports exclusion of model 1B (Fig. 1) but cannot differentiate between models 1A, 1C, and 1D without data on
association of speciﬁc alleles with these conditions. Further
analyses of alternative models for the relationship of autism with
schizophrenia may usefully test for genetic associations of speciﬁc alleles, haplotypes, or CNVs at relatively well-established
schizophrenia risk loci with autism, using autistic patient populations strictly diagnosed to exclude children with conditions
such as PDD-NOS or “autism spectrum”, some of whom may
actually be premorbid for schizophrenia.
Interpretation of autistic-spectrum conditions and schizophrenia-spectrum conditions as diametric for psychological and
psychiatric traits is predicated on a hypothesized axis of neurodevelopment and cognitive-affective functioning that reﬂects
the degree to which the human social brain may be underCrespi et al.
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developed versus over-developed to diverse forms of dysfunction
(5). Under-development of social phenotypes such as theory of
mind, language, sense of self in relation to others, and reciprocal
social interaction represent well-recognized manifestations of
autism (79–81), which can in some models be linked with
neurological phenotypes such as imbalance toward excitatory
glutamatergic cortical neurotransmission (82–84) or increased
local versus global processing of information (85, 86). By contrast, such psychotic traits as auditory hallucination and thought
disorder, paranoia, megalomania, and ascription of causal purpose to inanimate objects may be interpretable in terms of
dysregulated hyperdevelopment of language, theory of mind and
sense of self, all traits that are highly derived and elaborated in
the human lineage (5).
Differentiating between alternative models for the relationship of autism with schizophrenia has far-reaching implications
for diagnosis, treatment, and causal analyses of both sets of
conditions. Current diagnostic categorization places the most
common childhood condition likely to involve premorbidity to
schizophrenia, PDD-NOS, formally within the autism spectrum;
this system thus implictly presumes either a general lack of
premorbidity to schizophrenia sufﬁciently severe to result in
autism spectrum diagnoses, or that autism and schizophrenia
overlap in etiology and symptoms. The tendency for males to
exhibit worse premorbidity to schizophrenia than females (87,
88), and for earlier-onset schizophrenia to exhibit a higher male
bias and a stronger tendency to be mediated by CNVs rather than
other factors (89, 90) suggests a notable risk for false-positive
diagnoses of autistic spectrum conditions (75–77, 91–93). Apparent direct evidence of such risk comes from tendencies to
diagnose autism spectrum conditions in children with deletions
at 15q11.2, 15q13.3, and 22q11.21, and duplications of 16p11.2,
CNVs for which high risk of schizophrenia has been established
from studies of adults (16, 23, 31, 94–97). To the degree that
autism and schizophrenia exhibit diametric genetically-based
risk factors, inclusion of children premorbid for schizophreniaspectrum conditions in studies of the genetic bases of autism will
substantially dilute and confound the detection of signiﬁcant
results. Until the relationship between autism and schizophrenia
is better understood, such risks could be minimized through
explicit differential diagnosis of autism versus multiple complex
developmental disorder (which is indicative of schizophrenia
premorbidity, see ref. 98), and by subsetting genetic analysis of
autism by infantile autism versus more broadly-conceived autistic spectrum categories. Finally, to the extent that autism and
schizophrenia involve diametric alterations to aspects of neurological function such as hyperglutamatergic, over-excitatory
cortical signaling in autism (82, 99) compared with schizophrenia
symptoms mediated by hypoglutamatergic cortical states (100,
101), conceptual frameworks for developing pharmaceutical treatment of one set of conditions may prove useful for understanding
the other. Fragile X syndrome provides an apparent example, as this
autistic condition can be rescued in mice using antagonists of
mGlur5 signaling (102), whereas agonists of this receptor represent
among the more promising treatments for schizophrenia (103).
The Kraepelian dichotomy between schizophrenia and bipolar
disorder has usefully guided psychiatric research programs for many
years, but may now impede progress in the development of genetically-based models for the causes of psychotic and affective phenotypes in schizophrenia, bipolar disorder, and major depression
(11, 12). Kanner’s genius was to recognize a new syndrome among
the apparent chaos of human childhood psychopathology, but his
adoption of the term autism, already established by Bleuler in the
context of social withdrawal in schizophrenia, has led to >65 years
of conﬂating the two sets of conditions, the autistic spectrum and
the schizophrenia spectrum, that share social deﬁcits as central
phenotypes, but whose causes may differ substantially. To the extent
that the autism spectrum and the schizophrenia spectrum represent
Crespi et al.

diametric disorders of the social brain, as suggested by some of the
analyses described here, a predictive framework based in evolutionary theory can be developed to guide research into the etiologies of both sets of conditions.
Materials and Methods
Copy Number. CNVs for analysis were determined exclusively from publiclyavailable data in the aCGH and SNP-based studies listed in Table S2. The seven
loci analyzed here, 1q21.1, 15q13.3, 16p11.2, 16p13.1, 17p12, 22q11.21, and
22q13.3 were selected for study strictly on the basis of two criteria: (i) statistical
support from at least one study, or from analyses conducted here, for the loci
as harboring risk variants for schizophrenia and/or autism enriched over
controls, and (ii) the presence of at least six cases of autism (per se) or
schizophrenia combined, with at least one case of autism and one case of
schizophrenia associated with CNVs at the locus. Overlap in cases among
studies, mainly involving AGRE, Stefansson et al. (19) and ISC (18) samples, was
accounted for in ascertainment of cases for inclusion. Data from ref. 18 include
information available at http://pngu.mgh.harvard.edu/isc/, and data from ref.
19 include only the authors’ phase 1 sample, for which complete data are
available for deletions and duplications in regions other than 1q21.1, 15q11.2,
and 15q13.3 (19).
Deletions at 15q11.2 that include four genes, TUBGCP5, CYFIP1, NIPA2, and
NIPA1, are a statistically-documented risk factor for schizophrenia (8, 19), but
deletions or duplications of this speciﬁc locus have not been reported in
studies of autism. Duplications of a much larger region from 15q11.2 to 15q13
(and sometimes including these four genes) are a well-documented risk factor
for autism, with seven such duplications reported in the autism studies considered here (16, 25, 26, 28). These data and work implicating overexpression
of CYFIP1 in autism due to duplications of 15q11.2-q13 and Fragile X syndrome
(104) suggest that CYFIP1, which interacts with the protein product (FMRP) of
the FMR1 gene, may mediate associations of this locus to autism and schizophrenia. However, some cases of autism associated with duplications of
15q11.2-q13 do not include the CYFIP1 gene, which is inconsistent with any
simple causative role for this gene.
Genes affected by CNVs that appear to be associated with both autism and
schizophrenia, but have not been reported in a sufﬁcient number of cases for
inclusion here, include APBA2 [2 duplications in schizophrenia (8, 21), one
duplication in autism (26)], CDH8 [4 deletions in autism (14), 1 duplication in
schizophrenia (18)], and ZNF804A [3 duplications in autism (14), 1 deletion in
schizophrenia (18)]. Deletions involving PARK2 have been reported in association with autism (30), and two deletions and three duplications involving this
gene have been reported in cases of schizophrenia (18), but the CNVs exhibit
complex patterns of partial overlap that are difﬁcult to interpret without
further information.
Genetic Association. Genes in Table 2 were ascertained from the Szgene and
AutDB databases and PubMed searches using the terms “autism or schizophrenia” and “gene or genetic”. Genes in AutDB in the “functional” category,
and in the “syndromic” category, where associations with autism per se have
not been reported (e.g., ALDH5A1), were not included. Positive results for
schizophrenia also include genes that are positively-associated from metaanalyses in Szgene. PubMed searches are to date as of June 15, 2009. To
minimize the possible effects of false-positive results, only genes that exhibited replicated positive associations in one or both conditions or positive
associations in meta-analysis for schizophrenia were included in the sets of
genes showing positive associations in one or both conditions.
Under a null hypothesis, associations with schizophrenia and autism are
distributed among genes independently. Let s be the number of genes associated with schizophrenia, a be the number of genes associated with autism,
and n be the total number of genes. The total number of possible combinations of genes with the speciﬁed number of associations is given by:
n Cs

· n Ca

where
n Cx

¼

n!
x!ðn − xÞ!

Let w be the number of genes associated with both schizophrenia and autism,
x the number associated only with autism, y the number associated only with
schizophrenia, and z the number associated with neither condition. The total
number of possible combinations of genes with the speciﬁed sets of associations is given by:
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n Cw

· ðn − wÞ Cx · ðn − w − xÞ Cy · ðn − w − x − yÞ Cz

Because the latter term is equal to one, the probability of obtaining some
conﬁguration of associations under the null hypothesis is given by:
n Cw · ðn − wÞ Cx
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n Cs

· ðn − w − xÞ Cy
· n Ca
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