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Abstract

Introduction: The genetic region coding for D-amino acid oxidase activator (DAOA) is considered an intriguing susceptibility locus
for schizophrenia. However, association studies have often resulted in conflicting findings, and the risk-conferring variants and
their biological impact remain elusive. Our aim in this study was to investigate the relationship between DAOA variation and
schizophrenia, and the influence of DAOA on cognitive performance.
Methods:We analyzed block structure and association patterns of a ~173 kb region on chromosome 13q33, applying genotype data
of 55 SNPs derived from Caucasian North American sample (178 cases, 144 healthy controls). Haplotypes were assigned using the
program PHASE and frequencies compared between cases and controls. We applied MANOVA to investigate the relationship
between the identified risk haplotype on cognitive performance.
Results: We identified multiple haplotypes within the region containing the DAOA gene. Of these, one was significantly associated
with schizophrenia, being over-represented in schizophrenia versus healthy controls. This haplotype was also associated with one
aspect of cognitive performance, semantic fluency. Carriers of the risk haplotype showed better semantic fluency than non-carriers.
Conclusions: We report a significant effect of DAOA variation on risk for schizophrenia. Moreover, we identified a relationship
between DAOA genetic variation and specific aspects of neurocognitive function. As the identified DAOA risk haplotype was
associated with better performance on a semantic fluency measure, further work is required to identify the mechanism of DAOA
action on CNS function, including the possibility of a role for balanced selection at this locus.
© 2008 Elsevier B.V. All rights reserved.
Keywords: DAOA,; DAO; Glutamate; Genetics; Neurocognition; Schizophrenia
⁎ Corresponding author. The Zucker Hillside Hospital, North-Shore-
Long Island Jewish Health System, 75-59 263rd Street, Glen Oaks,
NY 11004, United States. Tel.: +1 718 470 8012; fax: +1 718 343
1659.

E-mail address: Malhotra@lij.edu (A.K. Malhotra).

0920-9964/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.schres.2008.04.020
1. Introduction

Several lines of evidence suggest that the gene en-
coding D-amino acid oxidase activator (DAOA; MIM
607408, formerly referred to as G72) is involved in
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susceptibility to schizophrenia. First, linkage studies have
implicated a large 68-Mb region spanning chromosomal
regions 13q12 to 13q34 in several populations (Abecasis
et al., 2004; Gershon and Badner, 2001; Levinson et al.,
2000; Maziade et al., 2001). Second, Chumakov et al.
(2002) dense-mapped a 5-Mb region from13q22–33with
191 single nucleotide polymorphisms (SNPs), and tested
for association with schizophrenia in two independent
samples. Significant associations to disease were reported
within two clusters of SNPs in this region, several of
which were located within DAOA. Finally, support for a
role of DAOA in schizophrenia was provided by in vitro
data suggesting that increasing concentrations of the G72
native protein, LG72, stimulated the oxidation of D-
serine, an important activator at the glycine modulatory
site of N-methyl-D-aspartate (NMDA) receptor (Chuma-
kov et al., 2002), a glutamatergic receptor implicated in
the pathophysiology of schizophrenia (Goff and Coyle,
2001; Krystal et al., 2002; Tsai and Coyle, 2002).

Subsequently, multiple association studies, investigat-
ing several of the previously associated SNPs,
have also yielded significant results in case-control
(Korostishevsky et al., 2004; Ma et al., 2006;
Schumacher et al., 2004; Wang et al., 2004) and
family-based designs (Mulle et al., 2005; Zou et al.,
2005). Despite the number of positive association studies,
however, the literature is marked by considerable allelic
heterogeneity; few studies have reported compatible
results for the same SNPs. Although a recent meta-
analysis demonstrated highly significant p-values for
several markers across multiple studies (Detera-Wadleigh
and McMahon, 2006), the direction of effects often was
inconsistent. Subsequently, an up-to-date meta-analysis
maintained at the Schizophrenia Forum website (http://
www.schizophreniaforum.org/res/sczgene/default.asp)
demonstrates no SNPs with significant pooled odds
ratios. Moreover, prior studies have typically genotyped a
limited number of SNPs (mean=8.5), and have not
systematically examined the haplotype structure of
DAOA in association analysis. Similarly, the surrounding
genomic region has not been comprehensively addressed,
even though the original report (Chumakov et al., 2002)
identified significant associations to schizophrenia more
than 40 kb distal to the gene.

To date, only two studies have tested for the effects of
DAOA and adjacent chromosomal regions on cognition.
Goldberg et al. (2006) demonstrated a significant effect of
several SNPs on cognitive measures, which are putatively
dependent on NMDA signaling in a cohort of 600 sub-
jects, including patients with schizophrenia, their unaf-
fected siblings, and healthy controls. Further, these
associations were also related to neurophysiological re-
sponse parameters during those tasks, as measured by
functional magnetic resonance imaging (fMRI). In a more
recent study, Donohoe et al. (2007) reported that a func-
tional polymorphism within DAOA (rs2391191), which
results in an arginine-to-lysine substation, was associated
with verbal memory performance in a cohort of 93
patientswith schizophrenia.Although these data highlight
one potential mechanism by which genetic variation in
this chromosomal region might influence risk for schizo-
phrenia, effects were modest and the functional variant
remains elusive.

Our goal in the current study was to expand upon
previous findings implicating DAOA as a candidate
gene for schizophrenia and neurocognitive function.
The present study assessed a large number of polymor-
phisms at the DAOA locus, allowing for the construction
of haplotypes across the region. Relationship of haplo-
types to schizophrenia risk was examined using a case-
control association design; we then assessed for effects
of the identified risk haplotypes on cognitive function in
schizophrenia and healthy volunteers.

2. Materials and methods

2.1. Subjects

The study sample consisted of 178 patients (113males,
65 females) with schizophrenia-spectrum disorders (158
schizophrenia, 13 schizoaffective, 7 schizophreniform
disorder), and 144 healthy controls (80 males, 64 fe-
males). Patients had a mean age of 37.8 (±10.5) years, a
mean education level of 13.1 (±2.2) years, and the mean
duration of illness was 16.0 (±11.2). Healthy controls had
a mean age of 42.8 (±13.1) years and a mean education
level of 15.7 (±2.9) years. All participants were self-
identified as Caucasian, non-Hispanic, and provided
written informed consent before participation. Population
structure was tested by means of ancestry informative
markers (AIMs) and the STRUCTURE program (Pritch-
ard et al., 2000), which did not reveal significant stra-
tification. Diagnoses were confirmed by a consensus
diagnostic committee, based on results from the Struc-
tured Clinical Interview for DSM-IV Axis I disorders
(SCID, version 2.0), administered by trained interviewers,
and on all additional available information including
medical records. Further detailed information on the study
sample is provided by Lencz et al. (2007).

2.2. Genotyping

Genomic DNA was extracted from whole blood and
hybridized to two chips containing ~262,000 and
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~238,000 SNPs based on manufacturer's (Affymetrix,
Santa Clara, CA, USA) specifications. Patients and
controls were proportionally distributed on each 96-well
plate. Genotype calls were made using Bayesian Robust
Linear Model with Mahalanobis distance classifier
algorithm threshold at 0.5 applied to batches of 100
samples. Mean call rates b90% on both chips (or b85%
on one chip) were rejected, resulting in a mean call rate
for the retained sample of 97%. For an in depth de-
scription of preliminary steps and quality control proce-
dures, see Lencz et al. (2007). The chromosomal region
investigated included 55 SNPs (mean distance 3.21 kb,
median 0.866 kb), spanning approximately 173 kb
of chromosome 13q33 from chromosomal positions
104831385–105004420 (B35). The region extends
beyond the DAOA gene region 85.2 kb upstream, and
63.0 kb downstream. Our primary focus was a haplo-
type-based approach to test for association with disease,
as this provides more comprehensive information about
the underlying genotype in the population than does
single-marker association. Single markers were exam-
ined only subsequent to significant haplotype associa-
tions. Haplotype block structure and case-control
haplotypic and allelic chi-square tests (χ2) were per-
formed in Haploview v3.32 (Barrett et al., 2005). We
subsequently assigned diplotypes to each individual
subject using PHASE, version 2.1 (Stephens et al.,
2001; Stephens and Donnelly, 2003).

2.3. Cognitive testing

All subjectswere administered a battery of standardized
cognitive measures (Spreen and Strauss, 1998) including:
Wide Range Achievement Test—3rd Edition—Reading
Subtest (WRAT-III) for assessment of premorbid intellec-
tual capacity; Wechsler Adult Intelligence Test—Revised
(WAIS-R)—Digit Span for assessment of auditory atten-
tion and verbal working memory; Continuous Perfor-
mance Test—Identical Pairs Version (CPT-I/P) to assess
sustained attention and vigilance; California Verbal
Learning Test (CVLT) to assess verbal learning and
memory; and the Trail Making Tests A and B for assess-
ment of visual-motor speed and executive control.
Psychometricians with a Master's degree at least 5 years
of testing experience, and high reliability in the adminis-
tration of all cognitive tasks completed all of the
neurocognitive testing.

2.4. Statistical procedure

The HAPLOVIEW program tests for association of
alleles and haplotypes with disease by applying a Pearson
goodness-of-fit χ2 test. Only haplotypes with a frequency
≥0.10 were included in the subsequent global p-value
calculation for haploblocks, applying a Fisher's Exact
Test on the VassarStats website for statistical computation
(http://faculty.vassar.edu/lowry/VassarStats.html). All
subsequent analyses were performed using the Statistical
Package for the Social Sciences, SPSS Version 13.0 for
Windows (Chicago, IL). Differences between cases and
controls, and between carriers and non-carriers of asso-
ciated haplotypes, were computed with the Pearson χ2

tests for nominal variables, and with two-tailed t-tests or
non-parametric tests for interval variables as appropriate.
To assess the impact of carrier status on cognitive per-
formance, we performedmultivariate analyses of variance
(MANOVA). To reduce the effects of multiple testing,
only the identified risk haplotype was included in the
MANOVA. Carrier status and affection status were in-
cluded in the model as independent factors, age was used
as a covariate, and select cognitive performance scores
were included as dependent variables.

3. Results

3.1. Subject characteristics

There was no significant difference in sex distribution
between cases and controls (63.5% males in patients,
55.5% males in controls, p=0.149), however, mean age
differed significantly between groups (p=0.001), as did
years of education (pb0.001). As expected, estimated
premorbid intellectual capacity, assessed with theWRAT-
III, also differed significantly between groups (pb0.001)
with cases displaying lower scores as compared to healthy
controls (96.5+±12.2 and 104.6±9.2, respectively).

3.2. LD structure

After excluding markers displaying a minor allele
frequency of b0.05, we had a total of 41 SNPs eligible
for further analysis. None of the alleles of the single
SNPs showed deviation from Hardy–Weinberg equili-
brium (tested in the control sample, data not shown).
The haploblock structure was also derived from the total
sample and did not change when data from cases and
controls were uploaded to HAPLOVIEW separately.
The program identified eight blocks (termed blocks 1–8
herein) of high inter-marker LD using the default setting
of the solid spine method, with D′N0.80. The haplo-
block structure was comparable to that reported in the
Hapmap release 21a/Phase II Jan 2007, on NCBI 35
assembly, dbSNPb125, derived from individuals with
European descent (CEU) (Fig. 1).

http://faculty.vassar.edu/lowry/VassarStats.html


Fig. 1. Schematic picture of haploblock structure of DAOA and flanking regions in the WGA sample (chromosomal region spanning from positions
104831385–105004420, 41 SNPs) in HAPLOVIEW. The haploblock structure was generated using solid spine of linkage disequilibrium (LD), with
the default setting of D′N0.80. Four of the genotyped markers are located within the gene (rs12874006, rs10492528, rs2153674, rs11069595).
Previously investigated markers are also depicted, along with their approximate position in the DAOA region and haploblocks, indicated by black
arrows.
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3.3. Genotype effects on risk for schizophrenia

As depicted in Table 1, Haploblock 1 yielded a sig-
nificant global p-value for association to schizophrenia.
HAPLOVIEW revealed that block 1, spanning approxi-
mately 26 kb from chromosomal positions 104831385–
104858257, consisted of 5 SNPs (rs1570709, rs9586843,
Table 1
DAOA and risk for schizophrenia: haplotype and SNP results

Haplotype Global χ2 Global Frequency

SNP allele(s) (df=2) p-value Total

Block 1 7.20 0.03
ACGGT – – 0.482
GCGGC – – 0.168
ATATC – – 0.162
rs1570709 G – –
Block 2 4.49 0.11 –
Block 3 0.87 0.65 –
Block 4 1.45 0.48 –
Block 5 1.07 (df=3) 0.78 –
Block 6 2.23 0.33 –
Block 7 0.21 0.90 –
Block 8 3.62 0.16 –

Note: Unless indicated otherwise (alleles in bold script), all alleles refer to th
manufacturer's probe list annotations (https://www.affymetrix.com/analysis/n
calculated applying a Fishers Exact Test in VassarStats.
rs7324448, rs1575633, rs7329966). In PHASE, the
second most common haplotype (GCGGC) was over-
represented in patients with schizophrenia (0.20 fre-
quency) versus healthy controls (0.13 frequency)
(p=0.013), and was considered a risk haplotype for
disease. SNP rs1570709 in block 1 was also significantly
associated with disease, with the minor allele (G)
Frequency Frequency Pearson χ2 p-
value

Cases Controls (df=1)

– – – –
0.454 0.516 2.405 0.121
0.201 0.127 6.179 0.013
0.150 0.177 0.88 0.348
0.219 0.133 8.318 0.0039
– – – –
– – – –
– – – –
– – – –
– – – –
– – – –
– – – –

e (–) strand relative to the human reference sequence, as provided by
etaffx/batch_query.affx?netaffx=mapping). Global p-value and χ2 was

https://www.affymetrix.com/analysis/netaffx/batch_query.affx?netaffx=mapping


Table 2
Descriptive and demographic data for carriers and non-carriers of the
risk haplotype GCGGC (whole sample)

Carrier Non-carrier p

Mean (SD) Mean (SD)

Age [years] 39.4 (±11.7) 39.5 (±11.7) 0.912 a

Sex [% males] 59.4 60.1 0.897 b

WRAT-III [Standard score] 99.8 (±9.0) 100.0 (±12.8) 0.816 a

Education [years] 14.2 (±2.9) 14.5 (±2.9) 0.414 a

Abbreviation: WRAT-III = Wide Range Achievement Test, Third
Edition, Reading Subtest.
a t-test, two-tailed.
b Pearson χ2 test.
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identified as the risk allele (p=0.0039). No other
haploblocks yielded significant evidence for association
to illness.

As there are several approaches to data reduction in
multi-SNP data given the presence of LD, we performed
complementary analyses on the individual SNP data
using two alternate approaches to estimate the amount of
independent data represented by the 41 SNPs examined
in our study. Using the tagging approach (implemented
in Haploview, using “aggressive” multi-SNP tagging a
threshold of r-squaredN0.8), 23 tagging SNPs were
identified. However, this approach results in potentially
arbitrary choices of tags. Therefore, we also utilized the
method of Nyholt (2004) as modified by Li and Ji
(2005) to determine the total informational content of
our entire SNP dataset. Intriguingly, this method also
revealed the effective number of independent loci was
23. Applying a significance threshold of pb0.05/23=
Table 3
Impact of carrier status of risk haplotype GCGGC, affection status, interact
(N=102 cases, 94 controls)

Affection status Carrier status

F df p F df p

MANOVA 19.974 8 b0.001 2.074 8 0.
ANOVA

TMT-A 82,439 1 b0.001 0.009 1 0.9
TMT-B 84.179 1 b0.001 0.007 1 0.9
DSPN 25.153 1 b0.001 2.020 1 0.1
CVLT 82.658 1 b0.001 0.085 1 0.7
CWAT 28.183 1 b0.001 0.385 1 0.5
FLUST 58.586 1 b0.001 7.095 1 0.
CPT d' F 43.521 1 b0.001 0.206 1 0.6
CPT d' S 51.844 1 b0.001 1.076 1 0.3

Abbreviations: TMT-A = Trail Making Test A, TMT-B = Trail Making Test
Digit Span, CVLT = California Verbal Learning Test (CVLT)—Abridged,
Verbal Fluency, (animals, total number), CPT d′ F = Continuous Performan
Continuous Performance Test—Identical Pairs Version, slow version (d prim
0.0022, we then performed genotypic (dominant/re-
cessive) tests on each of the individual SNPs in our
dataset. The SNP highlighted in Table 1 (rs 1570709)
demonstrated statistically significant genotypic p-values
under a dominant model, as did SNP rs 9558546;
rare allele carriers were significantly more likely to be
cases than controls (p=0.000894 and p=0.00142
respectively).

3.4. Genotype effects on cognitive performance

We next examined the relationship between the
DAOA risk haplotype (GCGGC) and neurocognitive
function. There were no significant differences in
demographics with respect to carrier versus non-carrier
status of the haplotype GCGGC, including age, sex,
years of education, or premorbid intellectual capacity
(Table 2). When analyzed separately, cases and controls
(data not shown), again did not differ by genotype on
any demographic variable.

Multivariate analysis of variance (MANOVA) re-
vealed a main effect of carrier status for the risk haplo-
type GCGGC in block 1 (F=2.072, df=8, p=0.041) on
cognitive performance (Table 3). We also found signifi-
cant main effects for affection status (F=19.974, df=8,
pb0.001) and age (F=7.290, df=8, pb0.001). Post-
hoc testing revealed that the overall effect on cognition
was driven by a significant main effect of GCGGC
carrier status on semantic fluency, with carriers of the
risk haplotype GCGGC demonstrating better perfor-
mance than non-carriers. This pattern was consistent in
both healthy controls and in patients with schizophrenia
ion of affection and carrier status, and age on cognitive performance

Affection⁎Carrier Age

F df p F df p

041 0.717 8 0.676 7.209 8 b0.001

23 0.731 1 0.394 18.933 1 b0.001
32 0.668 1 0.415 22.826 1 b0.001
57 0.154 1 0.695 4.564 1 0.034
71 1.968 1 0.162 21.970 1 b0.001
36 0.768 1 0.382 0.333 1 0.564
008 0.006 1 0.940 0.440 1 0.508
50 1.103 1 0.295 18.854 1 b0.001
01 0.432 1 0.512 20.363 1 b0.001

B, DSPN = Wechsler Adult Intelligence Test—Revised (WAIS-R)—
CWAT = Semantic Fluency (3-letter-words, total number), FLUST =
ce Test—Identical Pairs Version, fast version (d prime), CPT d′ S =
e). Bold values represent significant p-values at a pb0.05.



Fig. 2. Impact of risk haplotype GCGGC on verbal fluency in subjects
with schizophrenia-spectrum disorders (SZP) and healthy controls (HC).
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(Fig. 2). The genotype×affection status interaction was
not significant (F= 0.717, df= 8, p= 0.676). As
expected, age demonstrated a significant impact on
performance in all cognitive domains, with the excep-
tion of phonemic and semantic fluency.

4. Discussion

Converging evidence from multiple association and
linkage studies has revealed a relationship between
several loci on chromosome 13q and susceptibility for
schizophrenia, with the most compelling evidence of
linkage in the chromosomal region 13q31–q33. How-
ever, association studies have not converged on a single
risk SNP within the DAOA locus. In the current study
we attempted to extend previous associations with dis-
ease using extensive genotyping surrounding the locus,
construction of haplotypes, and examination of the
intermediate phenotype of cognition. In our American
Caucasian cohort, we identified a haplotype block
structure consistent with that reported in the Hapmap
sample of individuals of European descent (CEU),
including two large blocks of high inter-marker LD in
the most intensively investigated region spanning from
marker rs3916965 (M12) to rs1421292 (M24). In a
haplotype-based investigation of this region, we report
significant association with disease for a haplotype,
located upstream of the presumed gene borders of
DAOA. In addition, we found a significant impact of this
haplotype on a measure of verbal fluency (semantic
fluency) in both schizophrenia subjects and in healthy
controls.

Our data supporting an association of variation in this
chromosomal region with schizophrenia are at least
partially consistent with a number of previous haplo-
type-based association (Chumakov et al., 2002; Gold-
berg et al., 2006; Korostishevsky et al., 2004; Ma et al.,
2006; Schumacher et al., 2004; Zou et al., 2005).
However, inconsistencies in markers genotyped and
allelic heterogeneity are common findings in this region,
as noted in a recent review by Abou et al. (2006). By
using haplotypes, we have attempted to integrate pre-
vious findings. Specifically, the intensively investigated
markers M22, M23, M24, M12 and M15 fall within
haplotype blocks that were investigated in the present
study; however, none of the blocks containing these
markers, were significantly associated with disease in
our study. Of note, the SNPs genotyped within this study
were not identical with the previously investigated
markers. Rather, our results suggest association of a
region that is located ~80 kb upstream of the gene. One
limitation of the current study in attempting to replicate
previous findings, is that coverage was sparse in the
immediate 5′ region of the actual known gene region,
which includes the well-studied marker M12.

Although linkage findings in this region are among
the most convincing for linkage across the genome,
LOD scores have ranged considerably in schizophrenia,
and this region has also been associated with other
psychiatric disorders including bipolar disorder. DAOA
represents one of a number of susceptibility genes that
may act to increase risk for multiple neuropsychiatric
disorders, challenging the once widely accepted Krae-
pelinian dichotomy for schizophrenia and bipolar dis-
order (Abou et al., 2006). These data are also consistent
with the notion of gene action via an intermediate
phenotype that is shared by both disorders. For example,
cognitive dysfunction appears to be a valid and heritable
phenotype common to both diseases, specifically in the
domains of working memory, verbal learning, and exe-
cutive function (Glahn et al., 2004).

To assess this, we investigated the potential impact of
the associated haplotype on cognitive performance in
patients with schizophrenia and in healthy controls. We
found that the GCGGC risk haplotype, located in block
1, significantly influenced a measure of semantic
fluency, in both subject groups. Interestingly, GCGGC
carriers demonstrated better semantic fluency in our
sample than did non-carriers, regardless of diagnostic
status. There are several possible explanations for these
seemingly counter-intuitive findings. First, it is possible
that the GCGGC haplotype affects semantic fluency
independent of its role in disease susceptibility. Sup-
porting this possibility is the finding that semantic
fluency was selectively spared in siblings of patients
with schizophrenia, and did not correlate with other
cognitive tests with greater familiality (Egan and
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Goldberg, 2004). Similarly, it is possible that DAOA
haplotypes represent a non-cognitive risk factor for
schizophrenia, such that patients with other genetic risk
factors (e.g., DTNBP1, Burdick et al., 2005, 2006)
demonstrate greater cognitive burden. A more spec-
ulative explanation is derived from evolutionary theory.
The proposed hypothesis is based on the argument of
balanced selection, in which a deleterious allele (i.e. risk
allele for schizophrenia) is maintained in a population as
a result of some beneficial influence of the same allele
on a different trait that is being positively selected for
from a survival perspective (i.e. better cognition). A
similar relationship was recently reported for PPP1R1B
(Meyer-Lindenberg et al., 2007), in which a risk-
conferring haplotype was associated with enhanced
fronto-striatal neurofunctional performance. In that
report, the authors suggested that enhanced connectivity
may be detrimental in the context of poor prefrontal
efficiency; similarly, enhanced semantic connectivity as
indexed by semantic fluency performance may be
deleterious in the context of other neurofunctional
pathology in patients with schizophrenia. Finally, it is
possible that these results represent a false positive,
although the similarity of results across two samples
(patients and controls) reduces the likelihood of this
interpretation. Still, as with all genetic associations,
independent replication will be useful to confirm the
cognitive association.

To date, DAOA is the only candidate gene in the
chromosomal region associated with schizophrenia and
bipolar disorder that is believed to code for a protein.
Messenger RNA expression of the gene has been shown
to be increased in schizophrenic patients in postmortem
studies (Korostishevsky et al., 2004). The presumed
function of the gene, suggested by in vitro transcription/
translation assays appears to involve the regulation of
the NMDA-type glutamate receptor, which is intriguing
in light of the proposed relationship between glutama-
tergic dysfunction and the pathophysiology of schizo-
phrenia (Harrison and Owen, 2003). There is a
substantial body of evidence suggesting that cognitive
dysfunction is associated with abnormalities in the
glutamatergic system in the brain. The glutamatergic
system is mediated by multiple families of ion-channels,
with the NMDA receptor site figuring prominently in
synaptic plasticity (Liu et al., 2001). NMDA receptor-
based long-term potentiation (LTP) is believed to re-
present the cellular basis of learning and memory
(Cotman et al., 1988).

However, several findings serve to weaken the
hypothesis that DAOA confers risk for schizophrenia
via modulation of glutamatergic receptor function. In a
recent study investigating LG72 in several mammalian
cell lines (Kvajo et al., in press), colocalization or inter-
action ofDAO and LG72 could not be confirmed. Rather,
LG72 was localized in mitochondria, where an over-
expression of G72 led to mitochondrial fragmentation.
Increased dendritic arborization in immature primary
neurons due to overexpression of G72 suggested a
substantial modulation of neuronal function by fission
and fusion of organelles. The authors therefore concluded
that, in the light of convincing association and linkage
findings, an as yet unknown function of the gene and
protein in modulating mitochondrial morphology might
be accountable for the risk-conferring property of the gene
and chromosomal region. This view is supported by the
hypothesis of mitochondrial dysfunction in neurodegen-
erative diseases, which has been applied to schizophrenia
by several authors (e.g. Stork and Renshaw, 2005).

Given the lack of a native protein product of the
DAOA gene, it has been suggested that the DAOA gene
might be one example of a gene which consists entirely
of repetitive elements, encodingmRNAs (Britten, 2004).
It should be noted that several of the associated genetic
variations in the region are located outside of the
presumed borders of the DAOA gene. Thus unknown
genes, or variants which might play a role in modifying
gene expression or splicing, may be responsible for the
disease associations reported to date.

More broadly, the study raises important questions
about what constitutes a replication (NCI-NHGRI Work-
ing Group on Replication in Association Studies et al.,
2007). One criticism of the work on DAOA is that there
appears to be much allelic and locus heterogeneity. Meta-
analyses that concluded that DAOAwas a susceptibility
gene for schizophrenia used statistics at the gene level, as
opposed to the level of SNP or haplotype. This is further
complicated by the fact that the majority of positive find-
ings have been in extra-genic regions (including the
findings discussed herein). DAOA's influence on cogni-
tion may also be subject to these criticisms, as well as
issues related to multiple comparisons. Until more pro-
gress is made in understanding the neurobiology of
DAOA and the nature of the variants that confer risk or
cognitive differences, be they causative mutations in the
sequence, microRNAs, CNVs, or other unknown factors,
our results should be accepted with circumspection.
Finally, this study also raises the issue as to which follow-
up analyses are considered appropriate in the context of
statistically non-significant whole-genome association
results. In the strictest statistical sense, analytic follow-
up of results that do not meet the WGA threshold after
correction (typically with p-values in the range of 10−7)
are not considered valid. However, many researchers
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would argue that in the case of genes and/or gene regions
with previous evidence of association/linkage, a lower
threshold for purposes of confirmation or “replication”
would be required. Alternatively, genes with prior data
suggestive of specific biological plausibility related to the
pathophysiology of a disorder might also warrant follow
up regardless of WGA statistical significance. We ac-
knowledge the possibility that our results could represent
spurious findings, as the WGA threshold was not met;
however, given both prior probabilities with regard to
previous association and linkage findings, as well as the
biological plausibility of DAOA, we believe that they are
true positives which add further support to the link bet-
ween DAOA and schizophrenia.
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