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Coexpression network analysis of neural tissue
reveals perturbations in developmental processes
in schizophrenia
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We performed integrated gene coexpression network analysis on two large microarray-based brain gene expression data
sets generated from the prefrontal cortex obtained post-mortem from 101 subjects, 47 subjects with schizophrenia and 54
normal control subjects, ranging in age from 19 to 81 years. Twenty-eight modules of coexpressed genes with functional
interpretations were detected in both normal subjects and those with schizophrenia. Significant overlap of ‘‘case’’ and
‘‘control’’ module composition was observed, indicating that extensive differences in underlying molecular connectivity
are not likely driving pathology in schizophrenia. Modules of coexpressed genes were characterized according to disease
association, cell type specificity, and the effects of aging. We find that genes with altered expression in schizophrenia
clustered into distinct coexpression networks and that these were associated primarily with neurons. We further identified
a robust effect of age on gene expression modules that differentiates normal subjects from those with schizophrenia. In
particular, we report that normal age-related decreases in genes related to central nervous system developmental pro-
cesses, including neurite outgrowth, neuronal differentiation, and dopamine-related cellular signaling, do not occur in
subjects with schizophrenia during the aging process. Extrapolating these findings to earlier stages of development sup-
ports the concept that schizophrenia pathogenesis begins early in life and is associated with a failure of normal decreases in
developmental-related gene expression. These findings provide a novel mechanism for the ‘‘developmental’’ hypothesis of
schizophrenia on a molecular level.

[Supplemental material is available online at http://www.genome.org.]

Schizophrenia is a heterogeneous psychiatric disorder with a life-

time risk of ;1%. Complex interactions between genetic and en-

vironmental factors are thought to result in abnormalities in central

nervous system (CNS) gene expression leading to disease manifes-

tation (Giegling et al. 2008). Accordingly, several global expres-

sion studies of schizophrenia have been published (for review, see

Konradi 2005; Mirnics et al. 2006), with the expression of genes

related to myelination, synaptic transmission, metabolism, and

ubiquitination reported as being altered in brains of individuals

with schizophrenia. However, not all of these differences have been

replicated in every study, nor have they been integrated into a com-

pelling and comprehensive biological context. While these standard

analyses of differential expression in schizophrenia have resulted in

the reporting of multiple lists of genes with altered expression in

schizophrenia, most show mild fold-changes and nominal statistical

significance after correcting for multiple hypothesis testing. Fur-

thermore, standard analyses ignore the strong correlations that may

exist between gene expression patterns. Consequently, interpreting

the contribution(s) of individual genes to the pathophysiology of

schizophrenia has been difficult, raising the need to search beyond

simple differential expression of each gene in isolation.

Alternatively, gene coexpression network analysis can pro-

vide a more powerful approach for elucidating transcriptome pat-

terns and dysfunction of gene expression at the systems level,

digging further into the underlying molecular nature of this dis-

ease. This network approach organizes genes and their protein

products into functional modules that are co-regulated and there-

fore are more likely to participate in similar cellular processes and

pathways. Such analyses have been used to understand the mo-

lecular basis of other conditions, including cancer (Horvath et al.

2006; Hu et al. 2009), chronic fatigue syndrome (Presson et al.

2008), and body weight regulation (Fuller et al. 2007). Further-

more, network coexpression analysis greatly alleviates the multiple

testing problems inherent in standard gene-centric methods of

microarray data analysis by converting thousands of genes po-

tentially related to the disease into a manageable number of gene

coexpression modules (i.e., 10–200), and hence is a powerful data

reduction strategy, allowing for the detection of subtle gene ex-

pression changes across groups of genes with statistically derived

regulatory relationships.

In this study, we have applied network coexpression analysis

to two large microarray data sets in order to characterize compre-

hensive molecular mechanisms in schizophrenia. We find similar

fundamental gene co-regulation in both normal subjects and those

with schizophrenia, suggesting that a major change in the un-

derlying molecular connectivity is not a basis for pathology in this

disease. Rather, the greatest molecular variation distinguishing

subjects with schizophrenia from controls occurs at the level of

collective changes in gene expression within functional networks

and the differential effects of aging on key biological systems. The

power to detect these changes is dramatically improved by net-

work coexpression analysis, which can reveal small concerted

gene expression changes that may not reach individual gene-level

significance due to multiple testing issues. More specifically, we
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hypothesize that at least a proportion of disease pathogenesis

results from a failure of normal age-related down-regulation of

gene expression related to neuronal development and dopamine-

related cellular signaling. These findings illuminate a novel mo-

lecular basis for schizophrenia that should facilitate diagnosis,

prognosis, and therapeutic considerations.

Results

Generation of gene coexpression networks

In order to form a framework for our systems-level analyses, we

combined and analyzed two different brain gene expression data

sets from individuals with schizophrenia and normal controls

(Tang et al. 2009; http://www.brainbank.mclean.org/). These ar-

rays, representing 13,012 genes in total, were used to reconstruct

networks for 47 schizophrenic cases and 54 controls, separately

and combined. In the combined network, 3598 genes were pres-

ent, representing 90%–95% of the genes present when networks

were reconstructed for cases and controls separately (Table 1). The

case- and control-only networks contained significantly fewer genes

(2812 for cases and 2058 for controls) and overlapped with one

another at frequencies approximately expected by selecting two

different subsets of genes from the overall network (Table 1). For-

mally, we compared the overlap of the schizophrenic case-only,

control-only, and the combined networks with one another using

the hypergeometric distribution to test for the probabilistic sig-

nificance of module overlap (Fig. 1). All case modules and all con-

trol modules significantly overlapped with at least one of the

combined network modules (Fig. 1A,B). When case- and control-

only modules were compared to one another, again, all but one

module from case modules, case Module 26, overlapped signifi-

cantly with a control module and vice versa (control Module 16)

(Fig. 1C). The excellent overlap of gene membership between the

two networks and the combined network indicates that major

differences in module composition do not differentiate subjects

with schizophrenia from normal human subjects. This suggests

that the underlying gene–gene connectivity of the CNS is not

different in schizophrenia overall, although we cannot exclude

perturbations in a limited number of gene regulatory relationships.

Further functional analyses were considered using the higher

confidence and completeness of the combined networks.

To gauge the accuracy of our reconstructed networks, we

compared our control-only networks to the cortex networks gen-

erated from normal subjects (n = 67) in a recent study using similar

methods (Fig. 1D; Oldham et al. 2008). The Oldham et al. network

analysis, which maintained strict quality-control criteria for in-

clusion of microarray data sets, consisted of 4302 genes distributed

over 20 different modules (Fig. 1D). Of the 2058 genes within our

control network (out of 13,012 possible genes), 1387 matched

genes within the Oldham et al. network (67.3%; P-value = 4.01 3

10�268). All of our control modules approached significance in

overlap with at least one Oldham et al. module, with four modules,

most of which were the smaller of our modules, showing marginal

significance with an Oldham et al. module (Fig. 1D). These dif-

ferences are likely explained by differences in sample size, sample

composition, correlation measures, and tree-cutting methods used

in our approach versus the Oldham et al. approach. Overall, the

Oldham et al. network and our control network show excellent

agreement, providing confidence in the accurate generation of our

gene expression modules and demonstrating the reproducibility of

similar global network analyses.

Network enrichment of differentially expressed genes
in schizophrenia

In order to determine which modules, and their corresponding

processes, were associated with schizophrenia, we first identified

genes showing altered expression in all schizophrenic subjects

versus all controls. Multiple linear regressions were run for each

gene individually, with age, sex, pH, and post-mortem interval

as covariates in order to remove potential confounding effects of

these factors on gene expression differences in schizophrenia.

The resultant F-ratios were entered into a Wilcoxon rank-sum test

by module in order to determine which modules contain an en-

richment of genes associated with diagnosis. The results of this

analysis are shown in Figure 2 and described further in Supple-

mental Table 1.

Five modules (Modules 1, 2, 7, 16, and 21) were significantly

enriched in genes differentially expressed between subjects with

schizophrenia versus control subjects. (A list of all the genes

present in all of the network modules is provided in Supplemental

Table 2.) Heatmap depictions of these coexpression modules in

all subjects are shown in Supplemental Figure 1. Eigengene clus-

tering, to display the relationships between modules, revealed

that these five modules do not cluster together, suggesting they

represent gene expression perturbations in disparate biological

systems (Fig. 2B). These distinct systems may give rise to, or be as-

sociated with, different clinical presentations of this disorder. We

examined the functional roles encoded by these modules by

Gene Ontology (GO) enrichment analysis. Top findings show

that Module 1 is associated with oxidative phosphorylation, en-

ergy production, and metabolism (Supplemental Table 3), consis-

tent with evidence indicating mitochondrial dysfunction and

defects in brain metabolism leading to oxidative stress in schizo-

phrenia (Prabakaran et al. 2004; Iwamoto et al. 2005). Module 2

is associated with angiogenesis, including a significant number

of genes associated with diseases resulting from abnormalities

in brain vasculature (Supplemental Tables 3, 4). These findings

are consistent with evidence indicating abnormalities in cere-

bral vasculature in schizophrenia, potentially extenuating brain-

metabolic defects through defects in nutrient delivery (Cohen

et al. 1995; Schultz et al. 2002). Module 7 is associated with post-

translational modification, neurogenesis, and neuron differentia-

tion (Supplemental Table 3). Module 16 is associated with chro-

matin and nucleosome assembly and transcriptional regulation

(Supplemental Table 3), consistent with the known perturbations

of gene expression observed in numerous microarray studies

(Lewis and Mirnics 2006; Mirnics et al. 2006). Finally, Module 21 is

associated with inositol phosphate metabolism and metabotropic

glutamate signaling (Supplemental Table 3), which have been

widely implicated in schizophrenia etiology (Patil et al. 2007). The

top five functions for each of these modules are highlighted in

Supplemental Figure 2.

Table 1. Module gene overlap

All
(percent overlap)

Case
(percent overlap)

Control
(percent overlap)

All 3598 (100%) 2543 (90%) 1965 (95%)
Case 2543 (71%) 2812 (100%) 1596 (78%)
Control 1965 (55%) 1596 (57%) 2058 (100%)
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Module characterization according to cell type and disease
association

In order to characterize coexpression modules with regards to CNS

cellular organization and their further association with schizo-

phrenia, we cross-referenced the module gene lists to (1) published

data of genes encoding markers of different CNS cell types (Sup-

plemental Table 5; Cahoy et al. 2008) and (2) data of genes pre-

viously identified to be differentially expressed in schizophrenia

from published microarray studies (Supplemental Table 6). It is

important to note that our coexpression modules are derived from

brain tissue, representing a heterogeneous collection of different

cell types. Nonetheless, we found that certain modules consisted of

genes preferentially associated with oligodendrocytes, astrocytes,

and neurons. For example, Module 8 is enriched in genes encoding

proteins essential for oligodendrocyte/myelin function (Table 2),

including MAG, MOG, MAL, and PLLP (see Supplemental Table 2);

Module 2 contained genes associated with astrocyte function, in-

cluding SLC1A3 and VIM (see Supplemental Table 2); and Module 7

with neuronal function, including NTRK2, NRN1, and STX1A (see

Supplemental Table 2). Heatmaps showing the strong correlations

of these modules with CNS cell type are shown in Supplemental

Figure 3. All modules containing genes differentially expressed

between our case and control cohorts were significantly associated

with a specific CNS cell type. Modules 1, 7, 16, and 21 were sig-

nificantly associated with neurons (Table 2), and most of the pro-

cesses encoded within these modules are neuron-specific. Ad-

ditionally, we found that Module 2, associated with cerebral

vasculature by GO, was significantly associated with astrocyte

markers, which conforms to the role of astrocytes in vasomo-

dulation and other brain vascular functions (Zonta et al. 2003).

Next, we compared our module gene lists to previously iden-

tified disease-associated genes from the literature; these were de-

fined from 18 previously published global gene expression studies

performed on post-mortem brain from subjects with schizophrenia

Figure 1. Gene network overlaps. Heatmaps displaying the overlap between the combined case and control networks (‘‘ALL1-28’’) versus case net-
works (‘‘Case 1-26’’) (A), the combined case and control networks versus control networks (‘‘Cntrl 1-23’’) (B), the case versus control networks (C ), and the
control networks and those generated by Oldham et al. (2008) indicated by color names (D). Red indicates a significant overlap of gene composition in the
designated modules according to the scale shown.

Network coexpression analysis in schizophrenia
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(the exact studies are referenced in Supplemental Table 6). We in-

cluded (1) genes identified as significantly altered in their expres-

sion in schizophrenia in more than one microarray study, and (2)

those genes whose expression changes were validated by qPCR in at

least one study. We found that genes with altered expression in

schizophrenia cluster into a subset of coexpression modules, rather

than being evenly dispersed among the entire 28 modules. Ac-

cordingly, four of the five modules enriched in genes altered in their

expression in schizophrenia in this study (Modules 1, 2, 7, and 16)

showed a significant or marginally significant enrichment in genes

previously validated for differential expression in schizophrenia.

Module 8 also showed an overrepresentation of genes altered in

their expression in schizophrenia based on literature findings (Table

2), which might be expected based on the wide range of reports of

myelin dysfunction in this disease (for review, see Davis et al. 2003;

Segal et al. 2007; Tkachev et al. 2007; Karoutzou et al. 2008). The

clustering of genes differentially expressed in schizophrenia com-

pared to controls, many of which were apparently unrelated in

terms of known biological functions, into selected coexpression

modules demonstrates the power of our approach in identifying

systems-level dysfunction in the pathophysiology of schizophrenia

in the face of mild expression changes overall.

The effects of aging on gene coexpression

We previously reported differences in age-related genes in schizo-

phrenia versus control subjects (Tang et al. 2009). Here, we applied

our network-based analysis to provide a more powerful approach

to identify groups of functionally related genes showing signifi-

cant relationships with aging. We ran multiple linear regressions

for each gene individually against age for schizophrenics and nor-

mal subjects separately, with sex, pH, and postmortem interval

(PMI) as covariates to remove any confounding effects. As with the

analysis for differential expression with disease state, the resultant

F-ratios were compared via a Wilcoxon rank-sum test according

to module in order to determine which modules contained an

enrichment of genes associated with age. The results of this anal-

ysis are shown in Figure 2A and in Table 2. As with differential

expression due to disease, the modules displaying age effects do

not cluster together, suggesting they represent aging perturbations

in disparate biological systems (Fig. 2B). These different systems

may give rise to distinct phenotypes associated with aging.

Four modules were associated with aging in both schizo-

phrenics and normal subjects, but to varying degrees in the two

populations (Table 2). Modules 8 and 21 are clearly and strongly

associated with aging in both schizophrenics and normal subjects;

however, there was a significantly stronger age association ob-

served in schizophrenia compared to normal controls (P-value for

the difference by rank sums = 6.28 3 10�24). As mentioned above,

Module 8 is associated with oligodendrocyte function and myeli-

nation, processes known to change with aging, as well as in

schizophrenia (Davis et al. 2003; Segal et al. 2007; Tkachev et al.

2007; Karoutzou et al. 2008). Similarly, while metabotropic gluta-

mate signaling, the top GO function for Module 21, is altered in

schizophrenia, age-related differences in the expression of gluta-

mate-related genes in subjects with schizophrenia are likely to be

part of the normal aging process (Supplemental Table 3; Simonyi

et al. 1998). Modules 25 and 26 are more weakly associated with

aging in both subjects with schizophrenia and normal subjects.

These two are small modules containing a few aging genes of in-

terest, such as SIRT2 and SREBF1, but did not give good GO results

overall.

Next, we focused on those modules showing age associations

in either case or control subjects. Three modules were associated

with normal aging but did not exhibit an aging effect in subjects

with schizophrenia. Modules 3, 4, and 27 were significantly asso-

ciated with aging in normal subjects but show no age effect in

subjects with schizophrenia. Functional network analysis, using

the Ingenuity Systems Pathways Analysis knowledge base, was

used to identify direct interactions between module genes and,

thereby, assign broad biological functions to groups of interacting

genes (Calvano et al. 2005). The top biological networks identified

in each of the three modules were CNS development and func-

tion and cellular signaling (Supplemental Table 7). Additionally,

Module 3 was associated with protein metabolism and Modules

4 and 27 with cellular assembly and organization. More detailed

GO enrichment analysis of these module genes also revealed an

Figure 2. (A) Module enrichment of differentially expressed and age-
related genes. Enrichment of each module with differentially expressed
genes in cases versus controls (black bars) and genes whose expression
changes with age (red bars, schizophrenia; blue bars, controls) is depicted
in terms of the number of standard deviations the Wilcoxon rank-sum score
deviates from the overall average score. Positive scores correspond to
a higher score than average and demonstrate an enrichment of differen-
tially expressed or age-related genes, while negative scores correspond to
a lower score than average and demonstrate a deficit of differentially
expressed or age-related genes. The threshold for significance after cor-
rection for multiple tests is 2.91. (B) Eigengene clustering to display the
relationships between modules. Each module is summarized by its first
principal component (eigengene) and clustered on the basis of the absolute
correlation between module eigengenes. The heatmap depicts module
enrichment of differentially expressed and age-related genes as in A, where
the color represents the number of standard deviations the Wilcoxon rank-
sum score deviates from the overall average score.
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association of Module 3 with protein metabolic processes, as well as

regulation of neurotransmitter transport and glycolipid transport

(Supplemental Table 8). Consistent with the pathways analysis, GO

enrichment analysis of Module 4 genes revealed a strong association

with CNS developmental processes, including neuronal differentia-

tion and morphogenesis, neurite outgrowth, and synaptic transmis-

sion. Furthermore, Module 4 contained a large number of genes

encoding protein kinases as well as neurotransmitter receptors, in-

cluding the dopamine D1 receptor (DRD1) (see Supplemental Table

2). The expression of Module 4 genes related to these functions

showed strong coregulation in all subjects, as well as a significant

negative correlation with age in normal subjects (Fig. 3; Table 3).

While strong coregulation of the expression of these 30 genes was

evident in subjects with schizophrenia, no significant correlations

with age were observed for any gene (Fig. 3; Table 3). This module

also contained genes that were found to be significantly differentially

expressed between controls and subjects with schizophrenia from

the literature findings (P = 6.0 3 10�5) (Table 2), which could be

explained by the differential aging effect, as most schizophrenic

subjects previously examined were middle to late age (i.e., 40–80 yr

of age). Finally, Module 27 contained many genes with unknown

function and did not give good GO results overall.

Three modules—Modules 7, 14, and 18—were found to be

associated with age in schizophrenia but not in normal subjects.

Top functional networks associated with these modules were dis-

tinct from those associated with aging in control subjects and in-

cluded gene expression, lipid metabolism, and immunological

disease (Supplemental Table 9). These functions may relate to

features of disease progression in schizophrenia, as we have pre-

viously reported alterations in immune/inflammatory pathways

and lipid metabolism in chronic illness but not in early-stage

illness (Narayan et al. 2008). Module 7, previously identified

to contain an enrichment of genes with altered expression in

schizophrenia as mentioned above, showed Gene Ontologies re-

lated to post-translational modification, neurogenesis, and neu-

ron differentiation (Supplemental Table 3), and interestingly, also

showed an aging effect in this disease. GO results showed that

Module 14 was specifically associated with chromosome organi-

zation, cell cycle, and response to DNA damage, while Module

18 was associated with intracellular transport, cell adhesion, and

neuronal regeneration (Supplemental Table 8). Age-related gene

expression changes detected in subjects with schizophrenia, but

not in controls, might result from a progressive pathogenic pro-

cess, a response to pathology, or, possibly, drug treatment, con-

sidering that a confounding factor in post-mortem research on

schizophrenia is the unknown effect of antipsychotic drugs, which

are known to alter gene expression (Thomas 2006). To address this

issue, we selected eight genes from Modules 7, 14, and 18 related to

different functional categories and tested whether their expression

levels were altered in the brains of mice that were treated with

haloperidol (2 mg/kg; 4 wk), the main drug with which most of the

subjects with schizophrenia were treated. No changes in expression

of any genes were found in response to drug treatment (Supple-

mental Table 10). While this argues against a drug effect in our

subjects with schizophrenia, we cannot

rule out the possibility that antipsychotic

drug treatment might affect, to some ex-

tent, the observed transcriptome profiles.

Discussion
Our network-based approach constructs

gene coexpression modules in an un-

biased manner and generates gene sets

that are related to one another due to

gene coregulation. Application of this ap-

proach to two large microarray-based cor-

tical gene expression data sets (n = 101

subjects in total) has revealed several im-

portant findings with regard to underly-

ing molecular connectivity in schizophre-

nia, clustering of disease-related genes,

and differential effects of the aging pro-

cess on schizophrenia pathology.

First, we find that cortical tran-

scriptome is organized into modules of

coexpressed genes, and that significant

preservation of coexpression relation-

ships exists in normal and disease states,

suggesting that major perturbations in

gene connectivity do not distinguish

schizophrenia from controls on a mo-

lecular level. Schizophrenia has been

thought of as a disorder of reduced func-

tional and structural cortical connectivity

(Karlsgodt et al. 2008). Much evidence for

this theory comes from magnetic reso-

nance imaging studies showing abnormal

functional connectivity between prefrontal

Figure 3. Expression coregulation of CNS developmental- and dopamine signaling–related genes
and the effect of age on gene expression levels. The expression level of each gene (right of graphs) in
individual subjects is depicted in chronological order by age. (Left) Normal subjects; (right) subjects with
schizophrenia. (Top panels) Genes related to neurite outgrowth; (middle panels) genes related to do-
pamine synaptic transmission; (bottom panels) genes related to neuronal differentiation, morphogen-
esis, and migration. Pearson correlation coefficients (Pearson r-values) for the linear association with age
in normal subjects and those with schizophrenia are provided in Table 3.
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cortex and multiple brain regions during certain cognitive tasks

(Calhoun et al. 2009; Esslinger et al. 2009). Such effects might arise

from neurotransmitter receptor–driven alterations in synaptic

efficacy and modulation of plasticity. Furthermore, a breadth of

evidence supports the existence of disrupted myelin/oligodendrocyte

processes in schizophrenia (Davis et al. 2003; Segal et al. 2007;

Tkachev et al. 2007; Karoutzou et al. 2008), which likely gives rise

to structural abnormalities in the myelin sheath leading to altered

neuronal communication. Although the root of dysfunctional in-

tegration among neuronal systems is not known, our findings

suggest that the aberrant functional and structural connectivity

observed in schizophrenia is not driven by differences in un-

derlying molecular connectivity. Rather, we suggest that functional

dysregulation of gene activity results from altered expression levels

of genes within important processes, such as those listed in Sup-

plemental Figure 2.

Standard analysis of differential gene expression comparing

all 47 subjects with schizophrenia versus the 54 control subjects

revealed that genes with altered expression in schizophrenia were

significantly enriched in five module networks. These networks

were associated with pathways previously implicated in the path-

ophysiology of schizophrenia, including oxidative phosphor-

ylation, energy production, metabolism, synaptic neurotrans-

mission, nervous system development, gene transcription, and

metabotropic glutamate signaling, similar to previous findings

(Prabakaran et al. 2004; Iwamoto et al.

2005; Lewis and Mirnics 2006; Mirnics

et al. 2006; Patil et al. 2007; Paz et al.

2008; Maycox et al. 2009). Most impor-

tantly, four of the five networks were

preferentially associated with neuronal

function, strongly suggesting that neu-

rons are primarily affected by the patho-

physiology of schizophrenia. However,

our results also provide evidence for dys-

function in astrocytes in schizophrenia.

This evidence comes from the disease-

linked coexpression module, Module 2,

which not only contained an overrep-

resentation of astrocyte-specific genes,

but also included genes involved in blood

vessel development and brain vasculature

(see Supplemental Table 3), which are

roles fulfilled by astrocytes in the brain.

Cross-referencing gene composition of

all the modules to the published litera-

ture of altered gene expression in schizo-

phrenia revealed consistent identifica-

tion of our disease-associated modules

and further revealed that disease-related

genes cluster into coexpression modules.

This suggests a common regulation of

disease genes and/or the incorporation

of disease genes into common biologi-

cal groups supporting the concept of a

systems-level pathological dysfunction

in schizophrenia.

In our analysis, there was no link

between Module 8, a module enriched

in oligodendrocyte/myelin-related genes,

and altered gene expression in schizo-

phrenia in our cohorts; however, a strong

association was found when compared to the literature microarray

findings (Table 2). Both positive and negative findings regarding

the role of oligodendrocyte-related gene expression in schizo-

phrenia have been reported (Davis et al. 2003; Segal et al. 2007;

Tkachev et al. 2007; Karoutzou et al. 2008; Mitkus et al. 2008;

Maycox et al. 2009). Our lack of effect could be due to the broad age

range of our subjects and the strong effect of aging to influence the

expression of these genes, especially in subjects with schizophrenia.

Another advantage of our network analysis approach is to

facilitate interpretation of disease-related genes by allowing asser-

tion of a biological role for the module. The biological role of

a module is based on the genes contained within the module that

have known biological functions or are associated with a particular

functional property. This approach can shed light on the function

of new genes or genetic findings through ‘‘guilt-by-association.’’

For example, recent studies have identified a genetic variant

(rs1344706) in the ZNF804A gene, a member of Module 21, which

is associated with alterations in the coordinated activity of the

dorsolateral prefrontal cortex and other brain regions (Esslinger

et al. 2009). Biological processes associated with Module 21 include

the metabotropic glutamate receptor signaling pathway, calcium

ion transport, and phospholipase C activation (see Supplemental

Table 3), thereby implicating these pathways in the functional

coupling (correlated activity) of the dorsolateral prefrontal cortex.

The strength of our approach is that we can now postulate that

Table 3. Pearson r-values and P-values for age associations of the indicated CNS development-
and dopamine signaling–related genes in normal subjects and those with schizophrenia

Gene

Normal Schizophrenia

Correlation
differenceaPearson r P-value

P-value
summarya Pearson r P-value

P-value
summary

CREB1 �0.6005 0.0006 *** 0.3737 0.0419 * ***
CRK �0.396 0.0335 * 0.2969 0.1111 NS *
GAS7 �0.5904 0.0007 *** 0.2849 0.1271 NS ***
MAP2 �0.5672 0.0013 ** 0.2498 0.1832 NS ***
MAPK1 �0.7144 <0.0001 *** 0.2871 0.124 NS ***
NRCAM �0.6338 0.0002 *** 0.3079 0.0979 NS ***
PAK1 �0.6487 0.0001 *** 0.2786 0.136 NS ***
PRNP �0.6606 <0.0001 *** 0.3014 0.1056 NS ***
RNF6 �0.5907 0.0007 *** 0.0542 0.776 NS ***
YWHAZ �0.5347 0.0028 ** 0.2335 0.2142 NS ***
MAPK14 �0.577 0.001 ** 0.2876 0.1232 NS ***
CAMK2A �0.3214 0.0891 NS 0.1886 0.3182 NS **
DRD1 �0.4243 0.0218 * 0.1364 0.4806 NS ***
GABRA5 �0.6774 <0.0001 *** 0.1109 0.5594 NS ***
GABRG2 �0.568 0.0013 ** 0.3455 0.0615 NS **
GLS �0.546 0.0022 ** 0.311 0.0944 NS **
GRIN2A �0.6854 <0.0001 *** 0.2721 0.1458 NS ***
RIMS1 �0.5942 0.0007 *** 0.2102 0.2649 NS ***
SCN2B �0.4213 0.0228 * 0.2997 0.1077 NS *
SYN2 �0.6683 <0.0001 *** 0.2227 0.2368 NS ***
ANK2 �0.3954 0.0337 * 0.355 0.0542 NS *
ATP2B2 �0.6537 0.0001 *** 0.1008 0.5959 NS ***
GABRB3 �0.6768 <0.0001 *** 0.2213 0.2399 NS ***
NRCAM �0.6338 0.0002 *** 0.3079 0.0979 NS ***
PAFAH1B1 �0.584 0.0009 *** 0.3227 0.082 NS ***
PTPRD �0.5566 0.0017 ** 0.3913 0.0325 NS **
RASGRF1 �0.4035 0.03 * 0.2204 0.2419 NS **
RPS6KA3 �0.5083 0.0049 ** 0.1008 0.596 NS ***
SYNJ1 �0.5495 0.002 ** 0.3401 0.0659 NS **
YWHAE �0.4373 0.0177 * 0.1539 0.4169 NS ***

*P < 0.01; **P < 0.001; ***P < 0.0001; NS, not significant.
aThe significance for the difference in the correlation between normal subjects and those with schizo-
phrenia, as determined by a Fisher r-to-z transformation.
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other genes in this module may represent novel targets for po-

tential modifiers of this functional coupling.

Perhaps of highest relevance, our analyses revealed that age-

related changes in gene expression differentiate control subjects

from those with schizophrenia. These differences were extremely

strong signals and reflected in modules being both significantly

associated with aging in normal subjects and significantly un-

associated with aging in schizophrenics (the mean F-stat for genes

within this module are significantly lower than the average F-stat

for genes with age). In particular, Modules 3 and 4 were found to be

associated with aging in control subjects only. These modules were

strongly associated with CNS developmental processes, including

neuron formation and migration, synaptogenesis, synaptic prun-

ing, and cell-to-cell signaling, especially involving the dopamine

D1 receptor (see Fig. 3). Importantly, these processes are not ob-

served when straightforward differential GO enrichment analysis

is performed for the top age-related genes (Supplemental Fig. 4),

which only captures more general processes such as axonogenesis,

neuron differentiation, and synapse organization. Previous gene

profiling studies performed on normal human prefrontal cortex

during post-natal aging have reported a down-regulation of genes

related to CNS development, including axon guidance, neuron

development, and neurotransmitter signaling, from birth to an

early twenties time window (Harris et al. 2009). This suggests that

the down-regulation of similar genes we detected with aging in

normal subjects in this study may reflect a continuum of devel-

opmental changes that occurs throughout the lifespan of the in-

dividual. We found these changes to be absent in the CNS of

subjects with schizophrenia. It is worthwhile to note that gene

expression measurements during post-natal stages of development

in subjects with schizophrenia are not possible given that this

disease is not typically diagnosed until the late teen years.

The neurodevelopmental model of schizophrenia posits that

abnormalities during critical developmental periods increase the

risk for the subsequent emergence of clinical symptoms (Marenco

and Weinberger 2000; Rapoport et al. 2005). Hence, the lack of

normal age-related down-regulation of important CNS develop-

mental genes and pathways might trigger the onset of disease. The

lack of the normal age-related decrease in dopamine-related cell

signaling could be especially relevant. Previous studies have mea-

sured the expression of post-synaptic markers of the dopaminergic

system in post-mortem brains of normal human individuals as

early as 2 mo of age and continuing to 86 yr of age (Weickert et al.

2007). It was found that DRD2 and DRD1 mRNA levels were

highest in the cortex of neonates and adolescents, respectively,

and decreased progressively into adulthood and aging stages of life

(Weickert et al. 2007). Extrapolating our findings from subjects

with schizophrenia to developmental stages could suggest that the

dopamine hyperactivity observed in this disease is associated with

a lack of normal developmental-related decreases in dopamine

metabolism/signaling. The continued molecular changes occur-

ring throughout aging in schizophrenia could govern disease pro-

gression, as it has been argued that schizophrenia might be both

a neurodevelopmental and a progressive disorder.

Our coexpression network analysis revealed a comprehensive

description of transcriptome organization in schizophrenia. Our

analyses indicate that genes showing altered expression in this

disease cluster into coexpression networks associated primarily

with neurons and, to a lesser extent, astrocytes. These coexpression

networks allow us to identify the function of new genes based on

membership in modules with known biological roles. Further, we

find a strong differential aging effect between normal subjects and

those with schizophrenia on key developmental processes. From

these results, we conclude that at least part of the pathophysiology

of schizophrenia results from a failure of normal age-related down-

regulation of genes related to important developmental processes.

Methods

Post-mortem brain samples
This study incorporates post-mortem human brain samples from
two different brain banks: The Victorian Brain Bank Network
(VBBN) at the Mental Health Research Institute and the Harvard
Brain Bank (HBB). The VBBN collection consists of prefrontal
cortical (Brodmann Area [BA] 46) samples from 30 normal subjects
and 30 subjects with schizophrenia. Demographic data for these
individual subjects, including sex, age, post-mortem interval,
recorded drug dose, and cause of death, are provided in our pre-
vious studies (Narayan et al. 2008). The HBB collection is com-
prised of prefrontal cortical (BA9) regions from 26 normal subjects
and 19 subjects with schizophrenia. Demographic data for these
individual subjects, including sex, age, post-mortem interval
(PMI), handedness, ethnicity, and cause of death are provided on
the National Brain Databank website (http://national_databank.
mclean.harvard.edu/brainbank/Main). Ascertainment and diag-
nosis of all subjects were based on the Diagnostic and Statistical
Manual of Mental Disorders (DSM-IV) criteria (American Psychiatric
Association 1994). In the case of the VBBN collection, an addi-
tional validated instrument, the Diagnostic Instrument for Brain
Studies, was used (Hill et al. 1996). The patients and controls from
both banks were closely matched overall on gender (76.5% vs.
76.3% male; P = 0.98), age (49.85 6 2.27 yr vs. 48.91 6 2.66 yr;
P = 0.78), pH (6.36 6 0.034 vs. 6.318 6 0.037; P = 0.44), and PMI
(30.92 6 2.0 vs. 32.30 6 1.90 h; P = 0.19); however, the PMIs be-
tween the two brain banks were significantly different (40.4 6 2.6
h vs. 21.6 6 1.2 h; P < 0.0001). This difference could be due, in part,
to different criteria for defining PMI.

Microarray expression data sets

Preparation of brain tissue, RNA extractions, microarray hybrid-
izations, and quality-control procedures for our samples (VBBN)
are described in Narayan et al. (2008). For the HBB samples, these
procedures were performed at the Harvard Brain Tissue Resource
Center by standard methods described on the National Brain
Database website (http://www.brainbank.mclean.org/). Brain gene
expression data from the VBBN cohort were generated on the
Affymetrix Human Genome U133 Plus 2.0 Array, and those from
the HBB cohort on the Affymetrix Human Genome U95a Array.
The gene expression data from the HBB cohort were downloaded
as cell intensity (cel) files from the National Brain Database website
and merged with the VBBN data, also in cel format, for combined
reanalysis.

The raw signal intensities for each individual from both co-
horts (n = 105 subjects in total) were transformed using MAS5
normalization and subjected to Affymetrix quality-control mea-
sures. Arrays were filtered for GAPDH 39/59 ratios < 3 and Present
call > 35% using the Affymetrix Expression Console, resulting in
the removal of four samples in this manner, leaving a total of
54 control samples and 47 from subjects with schizophrenia. In
the remaining samples, there were no significant differences in
GAPDH 39/59 ratios (1.31 6 0.04 vs. 1.40 6 0.06; P = 0.244) or
percent Present calls (46.10 6 0.53 vs. 46.00 6 0.58) between
samples from controls and those with schizophrenia. The data
from the VBBN subjects were generated on two separate dates,
thus, batch effects for this data set were removed using the

Torkamani et al.

410 Genome Research
www.genome.org



methods implemented in the ComBat algorithm (Johnson et al.
2007). Potential batch effects were removed from the Harvard data
set by defining batches according to the creation date and re-
moving any batch effects using ComBat. Probes common to the
two Affymetrix Platforms were selected to merge the two data sets
into a single data set (20,985 probes). Batch effects across the VBBN
and HBB data sets were again removed by ComBat. Probes were
assigned to gene symbols based on the annotation file provided by
Affymetrix.

Network reconstruction

Networks were reconstructed for schizophrenic cases only, con-
trols only, and combined expression data sets as follows. Mutual
information scores quantifying relationships between the brain
expression levels of probes were calculated using the ARACHNE
algorithm with a P-value cutoff of 1 3 10�10 (Margolin et al. 2006).
Gene mutual information scores were defined by selecting the
highest mutual information value for probes mapping to each
gene pair (13,012 genes total). These gene mutual information
scores, I(x;y), were used to construct a symmetric, undirected,
weighted, adjacency matrix, A, for which self-connections were
not allowed (i.e., the diagonal of the matrix is set to 0), and the
connection strength between genes x and y is simply equivalent to
the mutual information score between genes x and y, such that the
elements of the I are defined as: axy = ayx = I(x;y). The mutual in-
formation scores were standardized so that the maximum mutual
information score in each network was set to one. The weighted
adjacency matrix, A, was transformed to approximate an un-
weighted scale-free network topology of the type observed in other
well-characterized biological systems (Zhang and Horvath 2005).

The transformed adjacency matrices, A, were converted to
dissimilarity matrices, DISS, by replacing each value in the matrix
by one minus the original value (i.e., the elements of the dissimi-
larity matrices were defined as: dissxy = dissyx = 1 � [I(x;y)/I(max)]s,
where I(max) is the maximum mutual information score in the
matrix (i.e., the standardization factor) and s is an integer used to
transform the unweighted adjacency matrix to approximate the
scale free criteria (s = 4 in all our matrices). These distance matrices
were subjected to hierarchical clustering with average linkage us-
ing the R computational suite. Resulting trees from the cluster
analyses were used to define gene networks using the Dynamic
Tree Cut algorithm implemented in the cutreeHybrid approach
implemented in R (Langfelder et al. 2008).
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