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Abstract

PRODH, encoding proline oxidase (POX), has been associated with schizophrenia through linkage, association, and the
22911 deletion syndrome (Velo-Cardio-Facial syndrome). Here, we show in a family-based sample that functional
polymorphisms in PRODH are associated with schizophrenia, with protective and risk alleles having opposite effects on POX
activity. Using a multimodal imaging genetics approach, we demonstrate that haplotypes constructed from these risk and
protective functional polymorphisms have dissociable correlations with structure, function, and connectivity of striatum and
prefrontal cortex, impacting critical circuitry implicated in the pathophysiology of schizophrenia. Specifically, the
schizophrenia risk haplotype was associated with decreased striatal volume and increased striatal-frontal functional
connectivity, while the protective haplotype was associated with decreased striatal-frontal functional connectivity. Our
findings suggest a role for functional genetic variation in POX on neostriatal-frontal circuits mediating risk and protection
for schizophrenia.
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Introduction

Schizophrenia is a debilitating illness affecting about 1% of the
population with a $62.7 billion estimated economic burden in the
United States alone [1]. Twin studies and adoption studies have
shown that disease risk is largely genetic, though characterizing the
neural mechanisms underlying the disorder and mediating this
genetic risk is a challenging process. Certainly, the genetic
architecture of schizophrenia is complex and involves multiple
genes. A candidate gene for schizophrenia that has received
extensive investigation, with conflicting results, is PRODH,
encoding proline oxidase (POX). This enzyme, among other
functions, is rate limiting in the conversion of proline to glutamate
in mitochondria. PRODH along with its pseudogene are located at
22q11 is implicated in schizophrenia through a hemideletion
syndrome at this locale, 22ql1 deletion syndrome (22ql11DS,
Velo-Cardio-Facial syndrome, VCFS: OMIM #192430), which
may be the strongest known risk factor for schizophrenia besides
having a monozygotic twin with the disorder [2-6]. Furthermore,
a linkage peak at 22q11 has also been identified in a meta-analysis
of families with multiple affect patients with schizophrenia [7].
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Several recent studies have found genetic associations of
schizophrenia with tag and functional single nucleotide polymor-
phisms (SNPs) in PRODH [8-11], although this association has not
been observed in all samples [12-18]. In addition to these genetic
data, hyperprolinemia has been noted in populations of psychotic
patients [19-26] and has been associated with neurological
problems in 22q11 syndrome [24].

Recently, Bender et al [27] in a sample of European descent
characterized several common functional genetic polymorphisms
in POX that influence a wide range of enzymatic activity from
reductions to below 30% of the reference sequence to increasing
activity to 120% of the reference sequence. These findings offer
the opportunity to study the impact of functionally characterized
variation in POX on risk for schizophrenia.

Statistical genetic association studies can provide a link between
genes and complex polygenetic constructs like mental illness, but
this approach does not illuminate the possible underlying
pathophysiology impacted or the mechanisms of association. Here
we used a staged investigation ranging from clinical genetic
association to studies of the associated pathophysiology through a
multimodal imaging approach to examine the impact of variation
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Author Summary

Schizophrenia is a major mental illness affecting 1% of the
population. It is known that genetics plays a role in the
disease susceptibility, and it is thought that the illness is a
complex disorder involving multiple genes. We show that
the schizophrenia susceptibility gene, PRODH, conveys its
risk through a variation that increases its enzyme activity.
We further show that protection is associated with
variations that decrease enzyme activity and these
protective variations are enriched in their unaffected
siblings. We then used brain imaging of structure and
memory function to dissect the risk and protective
haplotypes differential effects, and found that the schizo-
phrenia risk haplotype was associated with decreased
striatal gray matter volume and increased subcortical to
frontal lobe functional connectivity, while the schizophre-
nia protective haplotype was associated with trend-level
increase of frontal lobe volume and decreased subcortical
to frontal lobe connectivity. These findings indicate a new
target for treating schizophrenia and characterize associ-
ated structural and functional deficits.

in PRODH on risk for schizophrenia and function and structure in
human brain of neural circuitries implicated in the pathophysi-
ology of schizophrenia. First, we identified variants in PRODH
related to risk for schizophrenia in a family-based sample. Then,
we used Imaging genetic techniques to investigate genetically
correlated physiology by identifying neural systems on which these
variations impact in normal subjects who carry risk associated
alleles or haplotypes [28]. Investigating susceptibility genes in the
normal population allows for the investigation of complex trait
susceptibility alleles without confounding factors of disease, drugs
of abuse or treatment effects. In this study, we used Voxel Based
Morphometry (VBM) for whole brain quantitative structural
analysis, and a robust working memory task (NBACK) previously
shown to be sensitive to genetic variation associated with
schizophrenia susceptibility [29,30].

Results

Genetics

We found that the functional variants in PRODH were
associated with risk for schizophrenia. (Table 1) Single marker
analysis revealed that the minor allele for rs450046 was most
strongly positively associated with schizophrenia in families. This
allele has previously been associated with increased POX enzyme
activity [27]. Conversely, the minor alleles of rs4819756 and
rs2870983, linked to decreased POX activity [27],
significantly negatively associated with schizophrenia. Three-
SNP sliding window haplotype analysis confirmed these separate
individual SNP associations by showing change from positive
associations to negative associations for haplotypes as they
differentially included the 2 functional SNPs, rs2870983 and
rs450046 separated by a tag SNP rs385440, in the 3’ prime end of
the gene. The CAC haplotype at these three SNPs was positively
associated and TG'T was negatively associated with schizophrenia,
as seen clearly in Table 1. Haplotype analysis comprised of the 3
functional SNPs (hereafter referred to as the “functional risk or
protective haplotypes”) showed a significant positive disease
association with the reference alleles for rs4819756 and
rs2870983 and rs450046 minor alleles (risk haplotype: GCC)
and negative association with haplotype of the minor allele for
rs4819756 and the major alleles of rs2870983 and rs450046

were
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(protective haplotype: ACT). In a post hoc analysis to test if the
SNPs were truly protective, we tested whether excess transmission
to unaffected siblings of schizophrenic patients was observed with
protective alleles. We found a trend for the major T allele of
rs450046 towards over transmission (z score =2.142, p=0.077).
The results of the case control analysis, comparing unaffected
siblings with unrelated controls, revealed a genotypic effect for the
protective SNP rs4819756, with a heterozygote odds ratio of 1.8
(95% C.I.1.17-2.90, OR p value=0.009) and a minor allele
homozygote odds ratio of 2.3 (95% C.I.1.26-4.27, OR p
value =0.007). There was a significant association with the
protective haplotype (ACT) and a negative association with the
reference haplotype (GC'T) (Table 2).

Structural Imaging

The functional risk-associated haplotype (GCC) was associated
with reduced regional gray matter volume in the neostriatum in
the normal control sample (21, 22, —6, z=4.92, P<<0.05 whole
brain corrected false discovery rate (FDR) (Figure 2 A and B). In a
post hoc exploratory analysis, the protective haplotype (ACT)
revealed a non significant trend towards gray matter volume
increase in the frontal lobes (—21, 53, 8, z=3.97, P<<0.001
uncorrected) (Figure 2 A and B) and occipital lobes (21,—85, 17,
z=4.26, P<<0.001 uncorrected) (Table S1).

Brain Function

To further characterize these findings functionally, we analyzed
the effect of the risk haplotype during working memory in the
normal sample. Network activation patterns differed, with reduced
blood oxygenation level-dependent (BOLD) signal in ventral
lateral prefrontal cortex (VLPFC, z=3.18, p<<0.05 corrected) and
parietal lobes (Brodmann area (BA) 40, z=3.52, p<0.05
corrected) (Figure 2C) relative to the reference haplotype. (Table
S2) Functional connectivity for the bilateral striatal seed regions
showed trends for increased dorsal lateral prefrontal-striatal
functional connectivity (Figure 2D) for the risk haplotype carriers.
(Table S3) In contrast, the protective haplotype carriers had
decreased BOLD in bilateral striatum compared to reference
(—22, 0, 12, z=3.23, p=0.05 corrected) (Figure 3D), decreased
recruitment of areas of early visual processing (BA 18, fusiform
gyrus, BA6, BA19, z2=3.92, p<<0.05 whole brain corrected)
(Figure 3C) (Table S4) and a decreased striatal-frontal functional
connectivity, z=3.75, p<<0.037 corrected for region of interest
(ROI) (Figure 3E and F) (Table S3). Performance was not
significantly different between haplotype groups (Table S5). Post
hoc analysis including performance as a nuisance covariate had
similar activation patterns.

Control Experiment

In order to assess whether the impact on POX function is a
likely proximal cause of the systems-level findings reported above,
we performed the same set of imaging analyses with haplotypes
constructed from the 3 SNPs with no observed clinical association
or known function. These did not yield any significant genetic
effects for all phenotypes studied above.

Discussion

Using a translational approach, we show that functional
polymorphisms in PRODH, encoding POX, are linked to risk for
schizophrenia and associated with alterations in prefrontal-striatal
brain circuits involved in working memory and cognitive gating.
We found a positive disease association with the SNP previously
shown [27] to increase enzyme activity and a negative association
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between 2 polymorphisms that decreased POX activity. One of
the strengths of the present study is that it assesses direct
association of multiple functional variants with disease status,
instead of relying on linkage disequilibrium (LD) between non-
functional variants and unobserved unknown variants; this is
especially important given that previous association studies did not
test multiple functional SNPs. Another advantage of this approach
particularly in this gene is that tag SNP mapping in this gene is
complicated by the presence of a pseudogene in the same
chromosomal region leading to low population SNP to SNP r?
[31]. Additionally, in the functional assays of POX, it has been
observed that the enzymatic activity resembles the lowest activity
polymorphism when there is more than one in the haplotype [27];

Table 2. Sibcentric Results.

Table 1. Single SNP and Haplotype Clinical Association Results.
Location/Enzyme
SNP identifier Alleles MAF* activity FBAT Z-score ** Haplotype Functional Haplotype
rs9604911*** G/T 0.440 5' region
rs8137125%** T/G 0.208 intron 2
rs4819757*%* T/C 0.166 intron 2
rs17743056 *** /T 0.063 intron 3
rs367766*** T/C 0.115 intron 3 1.798 C
P=0.091
rs2016108*** T/C 0.402 intron 3 T
rs4819756 G/A 0.370 Exon 5 R185W 2.153 G A
30-70% P=0.043
rs5746640*** G/A 0.438 intron 5
rs16983466*** G/A 0.159 Exon 12 D426
rs2870983 /T 0.100 Exon 12 A472T 2.305 C T C C
<30% P=0.033
rs385440%** G/A 0.161 intron 13 -2.110 A A G
P=0.024
rs450046 T/C 0.120 Exon 14 Q521R —2.409 C C T C T
120% P=0.026
rs372055*** A/G 0.350 Exon 15 L581 G
Association Positive ~ Positive ~ Negative Negative Positive  Negative
Haplotype p value 0.007 0.03 0.019 0.01 0.007 0.022
Haplotypes Global p value 0.053 0.027 0.019 0.010 0.011 0.011
IAAAF: minor allele frequency from dbSNP build 126 European population and **FBAT Z score for major allele with uncorrected P.
Hapmap Tag SNP.
doi:10.1371/journal.pgen.1000252.t001

therefore, without testing functional haplotypes the association
may not be observed. Despite the compelling finding that
directionality of disease association corresponded to the effects
on enzyme activity, our data do not exclude effects from variants
in long range linkage disequilibrium. However, the diminished LD
structure of this area of the genome and the results of our three
SNP sliding window analysis make this unlikely, as do the results
from our control experiment showing that nonfunctional variants
had no significant effect on brain phenotypes. We also tested post
hoc the hypothesis that putative protected alleles should be
enriched in an unaffected sibling population. Indeed, we found
that unaffected sibling status is positively associated with the POX
variants that decrease the enzyme’s activity.

SNP identifier FBAT* P Sib Control OR [95% CI] heterozygote Homozygote Functional Haplotype
rs4819756 1.701 0.087 1.8 [1.16-2.90] 2.3 [1.26-4.27] G A
P=0.009 P=0.007
rs2870983 C C
rs450046 2.142 0.077 T T
Z-score —2.96 277
Haplotype p value 0.003 0.005
Global p value 0.062 0.062

“Z-score for major allele.
doi:10.1371/journal.pgen.1000252.t002
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Figure 1. Genetic Association results. Above) —In(p) clinical results for significant SNPs and functional haplotypes. Non-synonymous functional
coding SNPs are labeled with coding changes. Exon structure is for most common transcript. Below) r* heat map for CBDB normal controls of
European descent as visualized in snp.plotter demonstrates the relatively low level of linkage disequilibrium across this region.

doi:10.1371/journal.pgen.1000252.g001

There are several reasons why this observation was difficult to
appreciate in the previous literature. In the original finding, Lui et
al [10] found a three SNP haplotype including one of the
functional SNPs rs450046 positively associated with schizophrenia.
Williams et al in two studies [15,16] looked first at only the 3" end
of the gene with rs383964, rs372055, and rs450046 in 677/679
case control sample from the UK and the Irish Republic and 55
trios from Bulgaria. While they tested directly the increased
enzymatic activity variant, they may not have observed positive
results due to not testing the other decreasing activity SNPs and/or
the difference in the haplotype structure in case/control sample.
Their second study [16] used a more extensive map of SNPs but
used a 368/368 case/control pooling method that would make
inferring functional haplotypes impossible. Fan et al [17] typed
rs372055 in a small Chinese family trio sample and observed no
assoclation in their sample. Li et al [8] found rs385440 and two-
marker haplotypes consisting of rs385440 and rs450046 (G-G) and
rs372055 and rs385440 (T-A) associated with schizophrenia in a
528 trio and sibling pair sample. Abu Jamra and colleagues [18]
found no association with the three putatively non functional
SNPs, rs16983466, rs372055, and rs383964, individually or in
haplotypes in a German sample. Glaser et al [12] typed 4 SNPs
(rs450046, rs383964, rs372055 and rs385440) in a sample of 438
Bulgarian trios. They determined that only 2 SNPs could be used
by calculating r” in a subsample and therefore typed only rs383964
and rs372055 and were not able to find an association in their full
sample. This fact may reflect a difference in linkage disequilibrium in
the greater sample or confounding by the other functional variants.

@ PLoS Genetics | www.plosgenetics.org

Recently in a genome wide case control association study, Sullivan
and colleagues using a large schizophrenia treatment study sample
found a positive association for one of the three SNPs in PRODH at
p =0.023, but in the setting of a genome wide association study were
unable to reach genome wide significance [11].

Our imaging findings provide further genetic evidence for
fronto-striatal loop dysfunction as part of the pathophysiology of
schizophrenia. This neural circuit has been previously defined in
the animal [32] and human [33] literature as comprised of
parallel, but interacting cortical-subcortical loops highly relevant
for sensorimotor, emotional and cognitive performance. While the
majority of our previous imaging genetic studies have focused on
cortical working memory function “inefficiency” signal for
increased activation of the dorsal lateral prefrontal cortex
(DLPFC) with the recruitment of the VLPFC when performance
is maintained, we are beginning to observe striatal to frontal
“bottom up”’ processes also implicated in the pathophysiological
processes. We previously have shown that polymorphisms in the
PPPIRIB and in ARTI] linked to increased striatal frontal
connectivity and decreased striatal volume were associated with
genetic risk for schizophrenia [34-36]. Here, we again observe
decreased striatal gray matter volumes in carriers of the risk
haplotype in concert with increased functional connectivity with
DLPFC. Interestingly, risk haplotype carriers with evidence for
altered striatal structure and connectivity (decreased striatal
activations coupled with an increase of striatal to dorsal lateral
prefrontal functional connectivity) showed alterations in a working
memory network that suggest a decreased engagement of the

November 2008 | Volume 4 | Issue 11 | 1000252



PRODH and Schizophrenia Risk

B o8] | |eft striatum
W right striatum

0.7

on 05| LI

Volume —_

)

(cm) o5 | .
0.4-

GCT/GCT GCT/IGCC GCCI/GCC
Risk (GCC) and Ref. (GCT) Haplotypes

Figure 2. Risk and Reference haplotypes: multimodal imaging results (see supplemental tables for results surviving multiple
comparison correction). A) Decreases in grey matter volume for risk haplotype carrier in relationship to the reference haplotype, at p<<0.001
uncorrected threshold. B) Extracted striatal cluster grey matter values plotted by haplotype. C) Areas of relatively decreased BOLD signal for risk
haplotype vs. reference effect on the working memory network in normal subjects in the working memory network visualized at uncorrected
p<<0.001 (VLPFC) k=13 Z=3.39, p<<0.045 small volume corrected for VLPFC (45, —45, 42) k=31 Z=3.81, p<<0.043 small volume corrected BA 40. Df)
Area of relatively increased and E) decreased striatal connectivity for the risk haplotype at uncorrected p<0.05. Statistical mappings are overlaid on a
single subject T1 images. Statistical results after multiple comparison correction shown in Tables S1, S2 and S3.

doi:10.1371/journal.pgen.1000252.9002

VLPFC and parietal cortex. Paralleling these results, Tan and
coworkers, using the same functional paradigm as here in
schizophrenia, found evidence for shifts to cortically hierarchical
lower level working memory processes (the VLPFC and parietal
cortex) in the setting of DLPFC dysfunction and related to genetic
risk [37]. Tan et al (2007) further showed that an epistatic genetic
interaction of risk variants for schizophrenia involving the cortical
glutamate and dopamine systems revealed similar regions of
activation as seen here in healthy controls carrying PRODH risk
variants but in the opposite direction with the two risk variants in
COMT and GRMS3 showed increased engagement of the parietal
cortex and VLPFC while PRODH risk haplotype showed an
increase in striatal activity and decrease in activation of the
parietal lobe and VLPFC [38]. This observed result may therefore
be related to the interaction of the dopamine and glutamatergic
systems through the POX enzyme but through the frontal-striatal
loops. Of note, is that PRODH haplotypes groups had no
significant performance differences and post hoc analysis including
performance as a nuisance covariate did not change the activation
patterns. Taken together, these convergent findings strongly
support the concept that altered prefrontal-striatal processing is
a genetic risk mechanism for schizophrenia [28,35].

In contrast to the risk haplotype, the protective haplotype had
opposing correlations on striatal functional connectivity (bottom-
up processing) in the performing the Nback task. In addition, the
protective haplotype was associated with trend-level increases in
frontal gray matter, a finding that is of interest since prefrontal
cortex is one of the areas in which reduced gray matter volume is
most consistently found in schizophrenia [39-43]. This finding,

@ PLoS Genetics | www.plosgenetics.org

however, must be viewed with caution as it did not meet stringent
statistical thresholds. If independently confirmed in future studies,
this genetic-structural association could suggest that allele-
associated increases in prefrontal grey matter volume or integrity
could contribute to a protective effect through this intermediate
phenotype. Though not hypothesized, we speculate that our
observation of increased efficiency of early visual processing areas
seen for the protective haplotype could correspond to long range
prefrontal cortex control on the early visual processing stream
previously shown to be a “top-down” mechanism relevant for
attentional selection [44] and therefore be related to more efficient
prefrontal control of attentional resources.

At this time, while our experiments and control experiments
suggest that it is the impact on POX function that is the proximal
event linking genetic variation in PRODH to risk for schizophrenia,
brain structure and function, the biochemical and cellular events
mediating these observations are unknown. However, several
mechanisms can be speculated about as a point of departure for
further studies. First, L-Proline can directly modulate glutamater-
gic transmission in the brain and selective expression of a brain
specific high-affinity proline transporter (SLC6A7) occurs in a
subset of glutamatergic synapses [45]. Dysfunction in glutamater-
gic neurotransmission has been widely implicated in the
pathophysiology of schizophrenia [46]. In a mouse model of type
1 hyperprolinemia, disruption of glutamatergic transmission was
observed together with altered cortical dopamine transmission and
increased catechol-o-methyltransferase gene expression [47]. The
protective SNPs decrease POX enzyme activity and may increase
levels of the precursor and possibly decrease glutamate synthesis in
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Figure 3. Protective and reference haplotypes: multimodal imaging results (see supplemental tables for results surviving multiple
comparison correction). A) Increases in grey matter volume for protective haplotype carriers in relationship to reference haplotype at p<<0.001
uncorrected threshold. B) Extracted values of cluster grey matter for left frontal lobe at threshold of p<<0.001 as a function of protective haplotype. C)
Relatively decreased BOLD signal of early sensory processing stream for protective haplotype carriers on the working memory network in normal
subjects at FDR<<0.047 full brain corrected. D) Decreased BOLD signal for protective haplotype carriers in relationship to reference haplotype, at
p<0.05 uncorrected threshold within Caudate and Putamen as defined by the Wake Forest University brain atlas. Areas of relatively E) increased and
F) decreased connectivity for protective haplotype effect at uncorrected threshold of p<<0.05. Statistical mappings are overlaid on a single subject T1

images. Statistical results after multiple comparison correction shown in Tables S1, S2 and S3.

doi:10.1371/journal.pgen.1000252.9003

sensitive neuronal populations. Secondly, POX plays a role in a
redox shuttle in the mitochondria, while also interacting with the
intrinsic and extrinsic pathway of apoptosis [48,49]. Mitochondrial
dysfunction has been implicated in schizophrenia through
expression data [50,51] and abnormalities with redox reactions
have been associated with schizophrenia [52]. Finally, Proline is
also a recognized osmolite and it has been shown recently that
increased intracellular proline content modulates stability and
aggregation of polyglutamate proteins [53]. While the patho-
etiological evidence for a polyglutamate process in schizophrenia is
limited [54], several intracellular structural proteins have previ-
ously been associated with this disorder [55]. Molecular
mechanisms unknown at this time may also contribute to this
association, for example, serine racemase is not simply an enzyme
to produce D-serine. D-amino acid oxidase does not simply
degrade D-serine, but also degrade other D-amino acids.

Our results appear inconsistent with earlier associations of overt
hyperprolinemia and psychosis [20,21,25]. We believe this
discrepancy may be more apparent than real. Notably, blood
proline levels have a wide normal distribution [25]. We found that
common variants that would presumably translate into relative
increases of proline levels in the normal range were protective,
while risk was associated with the common variants that decreased
levels in the normal range; therefore, our results raise the
possibility that increased risk of psychosis in the context of clinical
hyperprolinemia [20,21,25] operate through different molecular
mechanisms; for example, proline’s ability to directly activate
glutamatergic NMDA receptors at extremely high levels [25] or

@ PLoS Genetics | www.plosgenetics.org

hypoglutamatergic neuronal state due to the lack of the metabolic
precursor, A’-pyrroline-5-carboxylic acid or other cellular role of
POX. Many other roles of POX in the cell are still being
discovered [56—58] and will been illuminating for discovering the
necessary molecular mechanism that POX increases susceptibility
for schizophrenia.

In conclusion, our data provide evidence that PRODH genetic
variations that modulate the enzymatic activity of the POX
enzyme contribute to the risk of schizophrenia through an impact
on fronto-striatal processing. Our results may offer a novel target
for the development of future therapeutic interventions.

Materials and Methods

Clinical Sample

For the genetics studies, 303 probands with schizophrenia
spectrum disorders, their unaffected siblings, their parents and 370
controls were studied as part of the Clinical Brain Disorders
Branch Sibling Study (Protocol 95-M0150, DRW PI) at the
National Institute of Mental Health. All subjects gave written
informed consent before participation in accordance to the
Internal Review Board of the NIMH. Only subjects of European
ancestry were used in the present study to minimize effects of
population stratification. An independent sample of psychiatrically
and neurologically screened healthy individuals was used for the
neuroimaging control data sets (Table S5).
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SNP Selection

4 common functional nonsynonymous SNPs and one synony-
mous SNP, previously associated with schizophrenia, were studied
(Table 1). For additional coverage of the gene, fourteen additional
tag SNPs were chosen from the Hapmap project CEU data for
NCBI build 36 (dbSNP build 126) [59]. For selection of the
tagging SNP set, we used a 2-3 SNP aggressive tagging algorithm
[60] as implemented in Haploview with minor allele frequency
>0.05 and r*>0.80 [61]. One tag SNP failed on design of the
genotype assay, 3 tag SNPs including one functional SNP failed
due to poor amplification and one functional SNP and 3 tag SNPs
failed due to non specificity because of the pseudo-PRODH gene
detected by deviance from Hardy-Weinberg equilibrium >0.05.

Genotyping

We used standard methods to extract DNA from lymphoblastoid
cell lines using the Puregene DNA purification kit (Gentra Systems,
Minneapolis, MN). PRODH genotyping was performed using the
Tagman 5'-exonuclease allelic discrimination assay [62] obtained
from Applied Biosystems (Foster City, CA) with primers and probes
sets from Assays by Design. LD mapping and association test result
plotting was performed using the R package snp.plotter [63].

Imaging Haplotype Construction

We used a Bayesian method for haplotype construction (Phase
v2.1)[64,65] using the full Caucasian normal control sample
(N=368) for the remaining 13 SNPs using 5000 iterations, one
thinning interval and a burn-in of 1000. We then recoded the
inferred haplotypes in relationship to the 3 functional SNPs;
rs450046, rs2870983 and rs4819756. 259 individuals were consid-
ered for imaging analysis if the functional haplotype were inferred at
a greater than 90 percent probability. Only the reference, risk and
one protective haplotype existed at appreciable population frequen-
cy rates >5% for haplotype imaging analysis. 17 of the 132
individuals with Nback data and 20 of the 124 individuals with VBM
data were excluded due to missing data of a functional SNP which
resulted in ambiguous haplotype assignment.

As a control experiment, to ascertain whether the impact on
POX function is a likely contributor to our findings, we performed
this procedure for three SNPs that had no clinical association, no
known function (in particular, no impact on POX activity) and
?<0.2 with any known functional SNP, rs9604911, rs17743056,
and rs5746640 and analyzed these haplotypes exactly as stated
above. 64 individuals were used in the VBM analysis and 55 were
used in the Nback analysis.

Genetic Association

Family-based association testing was done via FBAT for single
SNPs, 3-SNP sliding window haplotypes and haplotypes com-
prised of the three functional SNPs. All p-values were obtained via
permutation testing using 1,000 replicates and are not adjusted for
multiple testing.

If the protective haplotype decreases risk for schizophrenia, it
should be overtransmitted from the parents to unaffected siblings of
schizophrenia. Therefore, we additionally performed a post hoc
“sibcentric” analysis, by considering the transmissions to the
unaffected siblings to be the “case” and non-transmission of parental
alleles to be “pseudocontrols” of interest using FBAT (n=235
families) and also examined them in a logistic regression using only
one unaffected sibling per family single functional SNP genotypic
case/control (n=167/350) method in STATA and with a 3 SNP
functional haplotype analysis using the R package haplo.stats [66].

@ PLoS Genetics | www.plosgenetics.org
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Structural MRI

For structural analysis, scans for 92 individuals passed quality
control and also had usable genotypes. Of those, 39 subjects were
included in the risk compared to reference haplotype analysis and
85 subjects were included in the protective compared to reference
haplotype analysis, Table S5. Structural scans were performed on
a 1.5 T GE scanner (General Electric, Milwaukee, WI) using a T'1-
weighted SPGR sequence (repetition time, 24 msec; echo time,
5 msec, 256 x256; field of view, 24 x24 cm; flip angle 45°), with
124 sagittal slices at a thickness of 1.5 mm and an in-plane
resolution of 0.94x0.94 mm. Optimized VBM [67,68] was
performed using custom templates in SPM2 http://www.fil.ion.
ucl.ac.uk/spm/; (Wellcome Department of Imaging Neuroscience,
London, UK) as previously described [69]. Modulated and
segmented grey matter images were smoothed with a 12-mm
Gaussian kernel prior to statistical analysis.

Functional Neuroimaging

The Nback task has been shown to reliably activate the working
memory network in normal subjects, shows an abnormal pattern in
schizophrenia patients and their healthy relatives and is sensitive to
genetic variation [30,70]. Briefly, we used a block design version of
the Nback task where 100% of stimuli were both target and probes.
A 0-back control task block where the subject simply responded with
the current digit presented (1-4 in a diamond shaped box) was
alternating with the 2-back block in which the subject serially
responded with numbers presented 2 previous (“n” = 2). Data were
available for 108 subjects. 48 subjects were used in the risk compared
to reference haplotype analysis and 103 subjects were used in the
protective compared to reference haplotype analysis (Table S5).
BOLD fMRI was performed on a GE Signa 3-T scanner using
gradient echo EPI (24 axial slices, 6 mm thickness, 1 mm gap, TR/
TE=2000/28 ms, FOV =24 cm, matrix =64 x64). Images were
processed on the first level using SPM99 with a 2>0 back contrast.

Functional Connectivity Analysis

Based on structural findings of the risk haplotype, which
identified striatum, prefrontal connectivity with striatum was
characterized using BOLD response maps with the Nback task by
computing functional connectivity, as described previously [35].
Briefly, seed ROI for functional connectivity were placed within
the combined bilateral caudate, head and body, and putamen as
defined in the Wake Forest University brain atlas (WFU) (www.
fmri.wfubmec.edu) [71], and median BOLD time course in these
regions were then correlated across all voxels, yielding a map of
correlation coefficients in every voxel with the seed region activity.
These functional correlation maps were then analyzed in a
random-effects model in SPM for haplotype effects as below.

Second Level Analysis

Second level linear regression analyses as implemented using the
general linear model in SPM2 of structural data and SPM99 for
functional data [72]. Imputed PRODH haplotypes were covariates
of interest entered into the model with the following nuisance
covariates: for VBM: gender, total gray matter volume, age, and
second-order polynomial age expansions and for Nback: age and
gender. For all analyses, a stringent threshold of p<<0.05, corrected
for multiple comparisons using false discovery rate, was used,
either for whole brain or small volume corrected for a priori
hypothesized ROI. ROI analysis for the Nback was based on
known regions involved in functional compensatory mechanisms
during Nback working memory as previously described in Tan et
al. [37] and regions engaged in genexgene interaction of
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glutamate signaling and dopamine systems [73]. In addition, the
bilateral striatum ROI constructed as above was used to examine
haplotype dependent BOLD signal. Based on our previous genetic
findings [35] for striatal frontal connectivity, analysis was restricted
to ROI of dorsal lateral prefrontal cortex (DLPFC BA 45, 46, 9).
We have recently shown that this methodology affords excellent
protection against false positives in imaging genetics [74].

Supporting Information

Table S1 Morphometry results.
Found at: doi:10.1371/journal.pgen.1000252.s001
DOCQ)

Table 82 Nback working memory reference>risk haplotypes.
Found at: doi:10.1371/journal.pgen.1000252.s002 (0.03 MB
DOC)

(0.03 MB

Table 83 Striatal functional connectivity.
Found at: doi:10.1371/journal.pgen.1000252.5s003 (0.03 MB
DOC)

References

1. Meechan DW, Maynard TM, Wu Y, Gopalakrishna D, Lieberman JA, et al.
(2006) Gene dosage in the developing and adult brain in a mouse model of
22q11 deletion syndrome. Mol Cell Neurosci 33: 412-428.

2. Karayiorgou M, Morris MA, Morrow B, Shprintzen RJ, Goldberg R, et al.
(1995) Schizophrenia susceptibility associated with interstitial deletions of
chromosome 22q11. Proc Natl Acad Sci U S A 92: 7612-7616.

3. Lindsay EA, Morris MA, Gos A, Nestadt G, Wolyniec PS, et al. (1995)
Schizophrenia and chromosomal deletions within 22q11.2. Am J] Hum Genet
56: 1502-1503.

4. Pulver AE, Nestadt G, Goldberg R, Shprintzen RJ, Lamacz M, et al. (1994)
Psychotic illness in patients diagnosed with velo-cardio-facial syndrome and their
relatives. J Nerv Ment Dis 182: 476-478.

. Murphy KC, Jones LA, Owen MJ (1999) High rates of schizophrenia in adults
with velo-cardio-facial syndrome. Arch Gen Psychiatry 56: 940-945.

6. Ivanov D, Kirov G, Norton N, Williams HJ, Williams NM, et al. (2003)
Chromosome 22ql11 deletions, velo-cardio-facial syndrome and early-onset
psychosis. Molecular genetic study. Br J Psychiatry 183: 409-413.

7. Lewis CM, Levinson DF, Wise LH, DeLisi LE, Straub RE, et al. (2003) Genome
scan meta-analysis of schizophrenia and bipolar disorder, part II: Schizophrenia.
Am J Hum Genet 73: 34-48.

8. Li T, Ma X, Sham PC, Sun X, Hu X, et al. (2004) Evidence for association
between novel polymorphisms in the PRODH gene and schizophrenia in a
Chinese population. Am J Med Genet B Neuropsychiatr Genet 129: 13-15.

9. Liu H, Abecasis GR, Heath SC, Knowles A, Demars S, et al. (2002) Genetic
variation in the 22q11 locus and susceptibility to schizophrenia. Proc Natl Acad
Sci U S A 99: 16859-16864.

10. Liu H, Heath SC, Sobin C, Roos JL, Galke BL, et al. (2002) Genetic variation at
the 22q11 PRODH2/DGCR6 locus presents an unusual pattern and increases
susceptibility to schizophrenia. Proc Natl Acad Sci U S A 99: 3717-3722.

11. Sullivan PF, Lin D, Tzeng JY, van den Oord E, Perkins D, et al. (2008)
Genomewide association for schizophrenia in the CATIE study: results of stage
1. Mol Psychiatry.

12. Glaser B, Moskvina V, Kirov G, Murphy KC, Williams H, et al. (2006) Analysis
of PRODH, COMT and ZDHHCS risk variants does not support individual or
interactive effects on schizophrenia susceptibility. Schizophr Res 87: 21-27.

13. Li D, He L (2006) Association study of the G-protein signaling 4 (RGS4) and
proline dehydrogenase (PRODH) genes with schizophrenia: a meta-analysis.

Eur J Hum Genet 14: 1130-1135.

14. Ohtsuki T, Tanaka S, Ishiguro H, Noguchi E, Arinami T, et al. (2004) Failure to
find association between PRODH deletion and schizophrenia. Schizophr Res 67:
111-113.

15. Williams HJ, Williams N, Spurlock G, Norton N, Ivanov D, et al. (2003)
Association between PRODH and schizophrenia is not confirmed. Mol
Psychiatry 8: 644-645.

16. Williams HJ, Williams N, Spurlock G, Norton N, Zammit S, et al. (2003)
Detailed analysis of PRODH and PsPRODH reveals no association with
schizophrenia. Am J Med Genet B Neuropsychiatr Genet 120: 42-46.

17. Fan JB, Ma J, Zhang CS, Tang JX, Gu NF, et al. (2003) A family-based
association study of T1945C polymorphism in the proline dehydrogenase gene
and schizophrenia in the Chinese population. Neurosci Lett 338: 252-254.

18. Abou Jamra R, Schumacher J, Becker T, Dahdouh F, Ohlraun S, et al. (2005)
No evidence for an association between variants at the proline dehydrogenase
locus and schizophrenia or bipolar affective disorder. Psychiatr Genet 15:
195-198.

&)

@ PLoS Genetics | www.plosgenetics.org

PRODH and Schizophrenia Risk

Table S4 Nback working memory protective<<reference haplo-

types.
Found at: doi:10.1371/journal.pgen.1000252.5s004 (0.05 MB
DOC)

Table 85 Demographics.
Found at: doi:10.1371/journal.pgen.1000252.s005 (0.04 MB
DOC)

Acknowledgments

We would like to thank Ian Lent for his work designing the figures.

Author Contributions

Conceived and designed the experiments: LK MFE VAM JHC DRW.
Performed the experiments: LK BK RV BAV RES VAM JHC. Analyzed
the data: LK KKN BK RV BAV MFE RES AML. Contributed reagents/
materials/analysis tools: KKN BK RV BAV MFE RES VAM JHC DRW
AML. Wrote the paper: LK KKN DRW AML.

19. Afenjar A, Moutard ML, Doummar D, Guet A, Rabier D, et al. (2007) Early
neurological phenotype in 4 children with biallelic PRODH mutations. Brain
Dev.

20. Jacquet H, Berthelot J, Bonnemains C, Simard G, Saugier-Veber P, et al. (2003)
The severe form of type I hyperprolinaemia results from homozygous
inactivation of the PRODH gene. ] Med Genet 40: e7.

21. Jacquet H, Demily C, Houy E, Hecketsweiler B, Bou ], et al. (2005)
Hyperprolinemia is a risk factor for schizoaffective disorder. Mol Psychiatry
10: 479-485.

22. Jacquet H, Rapoport JL, Hecketsweiler B, Bobb A, Thibaut F, et al. (2006)
Hyperprolinemia is not associated with childhood onset schizophrenia. Am J Med
Genet B Neuropsychiatr Genet 141: 192,

23. Jacquet H, Raux G, Thibaut I, Hecketsweiler B, Houy E, et al. (2002) PRODH
mutations and hyperprolinemia in a subset of schizophrenic patients. Hum Mol
Genet 11: 2243-2249.

24. Raux G, Bumsel E, Hecketsweiler B, van Amelsvoort T, Zinkstok J, et al. (2007)
Involvement of hyperprolinemia in cognitive and psychiatric features of the
22q11 deletion syndrome. Hum Mol Genet 16: 83-91.

25. Phang JM, Hu CA, Valle D, eds (2001) Disorders of proline and hydroxyproline
metabolism. 8 ed. New York: McGraw Hill. pp 1821-1838.

26. Afenjar A, Moutard ML, Doummar D, Guet A, Rabier D, et al. (2007) Early
neurological phenotype in 4 children with biallelic PRODH mutations. Brain
Dev 29: 547-552.

27. Bender HU, Almashanu S, Steel G, Hu CA, Lin WW, et al. (2005) Functional
consequences of PRODH missense mutations. Am J Hum Genet 76: 409-420.

28. Meyer-Lindenberg A, Weinberger DR (2006) Intermediate phenotypes and
genetic mechanisms of psychiatric disorders. Nat Rev Neurosci 7: 818-827.

29. Egan MF, Straub RE, Goldberg TE, Yakub I, Callicott JH, et al. (2004)
Variation in GRMS3 affects cognition, prefrontal glutamate, and risk for
schizophrenia. Proc Natl Acad Sci U S A 101: 12604-12609.

30. Egan MF, Goldberg TE, Kolachana BS, Callicott JH, Mazzanti CM, et al.
(2001) Effect of COMT Val108/158 Met genotype on frontal lobe function and
risk for schizophrenia. Proc Natl Acad Sci U S A 98: 6917-6922.

31. Chen JM, Cooper DN, Chuzhanova N, Ferec C, Patrinos GP (2007) Gene
conversion: mechanisms, evolution and human disease. Nat Rev Genet 8:
762-775.

32. Haber SN (2003) The primate basal ganglia: parallel and integrative networks.
Journal of Chemical Neuroanatomy 26: 317-330.

33. Alexander GE, DeLong MR, Strick PL (1986) Parallel Organization of
Functionally Segregated Circuits Linking Basal Ganglia and Cortex. Annual
Review of Neuroscience 9: 357-381.

34. Tan HY, Nicodemus KK, Chen Q, Li Z, Brooke JK, et al. (2008) Genetic
variation in AKT1 is linked to dopamine-associated prefrontal cortical structure
and function in humans. J Clin Invest 118: 2200-2208.

35. Meyer-Lindenberg A, Straub RE, Lipska BK, Verchinski BA, Goldberg T, et al.
(2007) Genetic evidence implicating DARPP-32 in human frontostriatal
structure, function, and cognition. J Clin Invest 117: 672-682.

36. Meyer-Lindenberg A, Miletich RS, Kohn PD, Esposito G, Carson RE, et al.
(2002) Reduced prefrontal activity predicts exaggerated striatal dopaminergic
function in schizophrenia. Nat Neurosci 5: 267-271.

37. Tan HY, Sust S, Buckholtz JW, Mattay VS, Meyer-Lindenberg A, et al. (2006)
Dysfunctional prefrontal regional specialization and compensation in schizo-
phrenia. Am J Psychiatry 163: 1969-1977.

38. Tan HY, Chen Q, Sust S, Buckholtz JW, Meyers JD, et al. (2007) Epistasis

between catechol-O-methyltransferase and type II metabotropic glutamate

November 2008 | Volume 4 | Issue 11 | 1000252



39.

40.

41.

42,

43.

44,

46.

47.

48.

49.

50.

51.

52.

53.

54.

receptor 3 genes on working memory brain function. Proc Natl Acad Sci U S A
104: 12536-12541.

Goldman AL, Pezawas L, Mattay VS, Fischl B, Verchinski BA, et al. (2008)
Heritability of brain morphology related to schizophrenia: a large-scale
automated magnetic resonance imaging segmentation study. Biol Psychiatry
63: 475-483.

Pearlson GD, Marsh L (1999) Structural brain imaging in schizophrenia: a
selective review. Biological Psychiatry 46: 627-649.

Shenton ME, Dickey CC, Frumin M, McCarley RW (2001) A review of MRI
findings in schizophrenia. Schizophrenia Research 49: 1-52.

Honea R, Crow TJ, Passingham D, Mackay CE (2005) Regional Deficits in
Brain Volume in Schizophrenia: A Meta-Analysis of Voxel-Based Morphometry
Studies. Am J Psychiatry 162: 2233-2245.

Honea RA, Meyer-Lindenberg A, Hobbs KB, Pezawas L, Mattay VS, et al.
(2008) Is gray matter volume an intermediate phenotype for schizophrenia? A
voxel-based morphometry study of patients with schizophrenia and their healthy
siblings. Biol Psychiatry 63: 465-474.

Gazzaley A, Rissman J, Cooney J, Rutman A, Seibert T, et al. (2007) Functional
Interactions between Prefrontal and Visual association cortex Contributes to
Top-Down Modulation of Visual Processing. Ceerebral Cortex 17 supplement 1:
125-135.

. Renick SE, Kleven DT, Chan J, Stenius K, Milner TA, et al. (1999) The

mammalian brain high-affinity L-proline transporter is enriched preferentially in
synaptic vesicles in a subpopulation of excitatory nerve terminals in rat
forebrain. J Neurosci 19: 21-33.

Coyle JT (2006) Glutamate and schizophrenia: beyond the dopamine
hypothesis. Cell Mol Neurobiol 26: 365-384.

Paterlini M, Zakharenko SS, Lai WS, Qin J, Zhang H, et al. (2005)
Transcriptional and behavioral interaction between 22q11.2 orthologs modu-
lates schizophrenia-related phenotypes in mice. Nat Neurosci 8: 1586-1594.

Hu CA, Donald SP, Yu J, Lin WW, Liu Z, et al. (2007) Overexpression of

proline oxidase induces proline-dependent and mitochondria-mediated apopto-
sis. Mol Cell Biochem 295: 85-92.

Liu Y, Borchert GL, Surazynski A, Hu CA, Phang JM (2006) Proline oxidase
activates both intrinsic and extrinsic pathways for apoptosis: the role of ROS/
superoxides, NFAT and MEK/ERK signaling. Oncogene 25: 5640-5647.
Altar CA, Jurata LW, Charles V, Lemire A, Liu P, et al. (2005) Deficient
hippocampal neuron expression of proteasome, ubiquitin, and mitochondrial
genes in multiple schizophrenia cohorts. Biol Psychiatry 58: 85-96.
Prabakaran S, Swatton JE, Ryan MM, Huffaker SJ, Huang JT, et al. (2004)
Mitochondrial dysfunction in schizophrenia: evidence for compromised brain
metabolism and oxidative stress. Mol Psychiatry 9: 684-697, 643.

Ng F, Berk M, Dean O, Bush Al (2008) Oxidative stress in psychiatric disorders:
evidence base and therapeutic implications. Int ] Neuropsychopharmacol. pp
1-26.

Ignatova Z, Gierasch LM (2006) Inhibition of protein aggregation in vitro and in
vivo by a natural osmoprotectant. Proc Natl Acad Sci U S A 103: 13357-13361.
Tsutsumi T, Holmes SE, McInnis MG, Sawa A, Callahan C, et al. (2004) Novel
CAG/CTG repeat expansion mutations do not contribute to the genetic risk for
most cases of bipolar disorder or schizophrenia. Am J Med Genet B
Neuropsychiatr Genet 124: 15-19.

@ PLoS Genetics | www.plosgenetics.org

56.

57.

58.

PRODH and Schizophrenia Risk

. Harrison PJ, Weinberger DR (2005) Schizophrenia genes, gene expression, and

neuropathology: on the matter of their convergence. Mol Psychiatry 10: 40-68;
image 45.

Hu CA, Bart Williams D, Zhaorigetu S, Khalil S, Wan G, et al. (2008)
Functional genomics and SNP analysis of human genes encoding proline
metabolic enzymes. Amino Acids.

Hu CA, Phang JM, Valle D (2008) Proline metabolism in health and disease.
Amino Acids.

Willis A, Bender HU, Steel G, Valle D (2008) PRODH variants and risk for

schizophrenia. Amino Acids.

59. (2003) The International HapMap Project. Nature 426: 789-796.

60. de Bakker PI, Yelensky R, Pe’er I, Gabriel SB, Daly MJ, et al. (2005) Efficiency

61.

62.

63.

64.

66.

67.

68.

69.

70.

71.

72.

73.

74.

and power in genetic association studies. Nat Genet 37: 1217-1223.

Barrett JC, Fry B, Maller J, Daly MJ (2005) Haploview: analysis and
visualization of LD and haplotype maps. Bioinformatics 21: 263-265.

Livak KJ (1999) Allelic discrimination using fluorogenic probes and the 5’
nuclease assay. Genet Anal 14: 143-149.

Luna A, Nicodemus KK (2007) snp.plotter: an R-based SNP/haplotype
association and linkage disequilibrium plotting package. Bioinformatics 23:
774-776.

Stephens M, Smith NJ, Donnelly P (2001) A new statistical method for haplotype
reconstruction from population data. Am J] Hum Genet 68: 976-989.
Stephens M, Scheet P (2005) Accounting for decay of linkage disequilibrium in
haplotype inference and missing-data imputation. Am J Hum Genet 76:
449-462.

Schaid DJ, Rowland CM, Tines DE, Jacobson RM, Poland GA (2002) Score
tests for association between traits and haplotypes when linkage phase is
ambiguous. Am J] Hum Genet 70: 425-434.

Good CD, Johnsrude I, Ashburner J, Henson RN, Friston KJ, et al. (2001)
Cerebral asymmetry and the effects of sex and handedness on brain structure: a
voxel-based morphometric analysis of 465 normal adult human brains.
Neuroimage 14: 685-700.

Ashburner J, Friston KJ (2000) Voxel-based morphometry-the methods.
Neuroimage 11: 805-821.

Pezawas L, Verchinski BA, Mattay VS, Callicott JH, Kolachana BS, et al. (2004)
The brain-derived neurotrophic factor val66met polymorphism and variation in
human cortical morphology. J Neurosci 24: 10099-10102.

Callicott JH, Egan MF, Mattay VS, Bertolino A, Bone AD, et al. (2003)
Abnormal fMRI response of the dorsolateral prefrontal cortex in cognitively
intact siblings of patients with schizophrenia. Am J Psychiatry 160: 709-719.
Maldjian JA, Laurienti PJ, Kraft RA, Burdette JH (2003) An automated method
for neuroanatomic and cytoarchitectonic atlas-based interrogation of fMRI data
sets. Neuroimage 19: 1233-1239.

Meyer-Lindenberg A, Nichols T, Callicott JH, Ding J, Kolachana B, et al. (2006)
Impact of complex genetic variation in COMT on human brain function. Mol
Psychiatry 11: 867-877.

Tan HY, Chen Q, Sust S, Buckholtz JW, J DM, et al. (2007) Epistasis between
catechol-O-methyltransferase and type II metabotropic glutamate receptor 3
genes on working memory brain function. Proc Natl Acad Sci U S A.
Meyer-Lindenberg A, Nicodemus KK, Egan MF, Callicott JH, Mattay V, et al.
(2008) False positives in imaging genetics. Neuroimage 40: 655-661.

November 2008 | Volume 4 | Issue 11 | 1000252



