1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

éPL "VS)))\

NIH Public Access

Y (A
] a2 & Author Manuscript

o
R s

Published in final edited form as:
Brain Res. 2008 November 6; 1239: 235-248. doi:10.1016/j.brainres.2008.08.023.

Molecular Profiles of Schizophreniain the CNS at Different Stages
of lllness

Sujatha Narayanl, Bin Tangl, Steven R. Headz, Timothy J. Gilmartinz, J. Gregor Sutcliffel,
Brian Dean3, and Elizabeth A. Thomas?

1Department of Molecular Biology, The Scripps Research Institute, 10550 North Torrey Pines Road,
La Jolla, CA 92037

2DNA Array Core Facility, The Scripps Research Institute, 10550 North Torrey Pines Road, La Jolla,
CA 92037

3The Rebecca L. Cooper Research Laboratories, The Mental Health Research Institute, Locked
Bag 11, Parkville, Victoria 3052, Australia

Abstract

Results from clinical and imaging studies provide evidence for changes in schizophrenia with disease
progression, however, the underlying molecular differences that may occur at different stages of
illness have not been investigated. To test the hypothesis that the molecular basis for schizophrenia
changes from early to chronic illness, we profiled genome-wide expression patterns in prefrontal
cortex of schizophrenic subjects at different stages of illness, along with their age- and sex-matched
controls. Results show that gene expression profiles change dramatically depending on the stage of
illness, whereby the greatest number and magnitude of gene expression differences were detected in
subjects with short-term illness (< 4 years from diagnosis). Comprehensive pathways analyses
revealed that each defined stage of illness was associated with dysfunction in both distinct, as well
as overlapping systems. Short-term illness was particularly associated with disruptions in gene
transcription, metal ion binding, RNA processing and vesicle-mediated transport. In contrast, long-
term illness was associated with inflammation, stimulus-response and immune functions. We
validated expression differences of 12 transcripts associated with these various functions by real-
time PCR analysis. While only four genes, SAMSN1, CDC42BPB, DSC2 and PTPRE, were
consistently expressed across all groups, there was dysfunction in overlapping systems among all
stages, including cellular signal transduction, lipid metabolism and protein localization. Our results
demonstrate that the molecular basis for schizophrenia changes from early to chronic stages,
providing evidence for a changing nature of schizophrenia with disease progression.
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1. Introduction

Emil Kraepelin originally defined schizophrenia (“dementia praecox™) as a progressive brain
disease (Kraepelin 1971 (original 1919)); however, the view of schizophrenia as a
progressively deteriorating as opposed to a static, unchanging disorder remains controversial.
Nonetheless, the results of major studies on the course of illness over 20-40 years of follow-
up are consistent in reporting a chronic, generally persistent, course of illness for 50-70% of
the patients who receive an initial diagnosis of schizophrenia (Huber et al., 1975; Steinmeyer
et al., 1989; Fenton and McGlashan 1991; DeSisto et al., 1995; Stephens et al., 1997).

Much support for the argument that schizophrenia is a progressive disorder comes from
magnetic resonance imaging and related studies. Such investigations have demonstrated
progressive decreases in global gray matter volume in several brain regions as patients move
from early to chronic stages of the disease (Mathalon et al., 2001; Wood et al., 2001; Sporn et
al., 2003; van Haren et al., 2007). Significantly, it has been shown that excessive brain tissue
loss occurs within the first 10 to 20 years of the illness (van Haren et al., 2008). In addition to
changes in gray matter, progressive changes in white matter volume have been demonstrated
(Ho et al., 2003; Whitford et al., 2007), as well as alterations in white matter integrity, as
revealed by diffusion tensor imaging (Mori et al., 2007). Additionally, several studies have
also demonstrated progressive ventricular enlargement in schizophrenic subjects with chronic
illness (Saijo et al., 2001; DeLisi et al., 2004; DeLisi et al., 2006). While the causes of such
structural changes are not known, it is possible that they could be triggered by changes in the
expression of genes involved in critical cellular functions that maintain CNS structure;
however, the extent to which prolonged antipsychotic drug exposure may contribute to such
changes is not known.

Clinical studies have reported that the relative predominance of symptom presentation also
changes with disease progression. Florid positive symptoms and deterioration of function, are
most prevalent during the first few years of illness (Lieberman 1999; Lieberman et al., 2001).
In contrast, the chronic form of schizophrenia is characterized by predominately negative
symptoms, which appear to plateau and remain stable (McGlashan 1988; McGlashan 1998).
There are conflicting reports on cognitive deficits, which are evident in patients with
schizophrenia at the onset of illness. Longitudinal studies on chronic schizophrenic subjects
show significant decline in cognitive deficits (Harvey et al., 1999; Friedman et al., 2001;
Harvey et al., 2003), but one study has found no evidence for cognitive decline in at least a
subgroup of subjects (Kurtz et al., 2005). It has been suggested that these variations may
represent distinct pathological mechanisms of the disease during different stages of illness
(Kurtz 2005).

Given the evidence for changing features of schizophrenia with disease illness, we hypothesize
that the disease also changes on a molecular level at different stages of illness. Consistent with
this idea, we have previously shown that increases in the expression of two genes, muscleblind
protein 1 and protocadherin 17, in the prefrontal cortex are present in subjects with
schizophrenia of short (< 7 years) but not long (> 22 years), duration of illness (DOI) (Dean
et al., 2007). To test this hypothesis on a global scale, we sought to identify genome-wide
expression changes in prefrontal cortex throughout the course of illness using carefully selected
subject cohorts representing different durations of disease. While several previous studies have
investigated global gene expression patterns in different CNS regions obtained post-mortem
from subjects with schizophrenia (reviewed in (Katsel et al., 2005; Iwamoto and Kato 2006;
Mirnics etal., 2006; Thomas 2006)), none focused on changes in gene expression from subjects
at different durations of the illness. We find that indeed gene expression profiles change
dramatically depending on the stage of illness, with the greatest number and magnitude of gene
expression differences being detected in subjects with short-term illness (<4 years from
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diagnosis). We further highlight similarities and differences in the underlying molecular
patterns at different stages of schizophrenia.

2. Results

2.1 Gene expression profiles at different stages of illness

We analyzed genome-wide mRNA expression profiles from prefrontal cortical RNA samples
isolated from schizophrenic subjects at three stages of illness, along with their age- and sex-
matched controls (Table 1). We used both unpaired and pair-wise analyses to identify genes
whose expression differed from matched controls at various durations of illness. The lists of
differentially expressed genes from both analyses showed a high degree of overlap (83.4%,
65.6% and 82.5% for the short DOI cohort, intermediate DOI cohort and long DOI cohort,
respectively). Gene lists generated at different levels of significance revealed that the absolute
numbers of genes with altered expression greatly diminished with increased duration of the
disease. Atall significance levels, the greatest number of genes showing expression differences
were detected in the subjects with short-term duration of illness (Table 2). The top 50
differentially expressed genes at each stage are shown in Table 3, with full lists provided in
Supplementary Tables 1a-c. Notably, at the p<0.01 level, there was a ~10-fold greater number
of differentially expressed genes between schizophrenics and controls at short-term duration
compared to long-term duration (Table 2). A Venn diagram of the gene lists from the unpaired
analyses showed relatively low overlap in gene expression differences among the three cohorts:
42 gene expression differences were shared between subjects with short-term and intermediate-
term DOI, 31 differences between subjects with short-term and long-term DOI subjects and
24 differences between subjects with intermediate and long-term DOI (Table 2). Only 4 genes
demonstrated statistically significant changes in expression in all three groups: SAMSN1,
CDC42BPB, DSC2 and PTPRE. There were also differences in the direction of the expression
changes, with 67.8 and 65.5% of the genes showing decreased expression in subjects with
short- and intermediate-term illness, respectively, but only 35% in chronic illness.

2.2. Gene coexpression patterns in subjects with short-term DOI

We next determined how the top differentially expressed genes from subjects early in illness
changed with disease duration. From a one-way hierarchical clustering of the gene profiles,
heat-maps depicting expression patterns of the top 337 differentially expressed mRNASs
determined from the ANOVA (p<0.01) on the subjects with short-term DOI were generated.
Heatmaps using these same genes were generated for subjects with intermediate and long
duration illness (Figure 1). Distinct differences were observed in the expression of these genes
in each cohort; this can be assessed visually from the heatmaps themselves or by the hierarchical
clustering of samples shown beside the heatmaps in Figure 1. The subjects with short-term
DOI show highly similar coexpression patterns for these genes, while the subjects with long-
term DOI showed the opposite pattern, more resembling, in fact, the control subjects. This is
consistent with the fact that ~40% of the genes found to be differentially expressed in short-
term DOI compared to those with long-term DOI were also identified when the short-term
schizophrenic subjects were compared against their matched controls (data not shown). The
greatest heterogeneity in the expression of this set of genes was evident in the subjects with
intermediate-term DOI, with some subjects clustering together to resemble the expression
profiles exhibited by the short-term subjects (Figure 1). This may reflect a transition from early
stage to late stage schizophrenia. Heterogeneous coexpression patterns were also observed in
subjects with intermediate- and long-term illness when hierarchal clustering was performed
on gene lists generated from the ANOVAs in their respective cohorts (data not shown).

Also included in our lists of differentially expressed genes (Table 3; Supplementary Table 1)
were many previously implicated in the pathology of schizophrenia based on post-mortem

Brain Res. Author manuscript; available in PMC 2009 November 26.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Narayan et al.

Page 4

microarray studies. These include genes related to presynaptic machinery (Mirnics et al.,
2000;Knable et al., 2001;Hemby et al., 2002;VVawter et al., 2002), ubiquitination (Vawter et
al., 2001;Middleton et al., 2002;Vawter et al., 2002), myelination (Hakak et al., 2001; Tkachev
et al., 2003;Sugai et al., 2004;Aston et al., 2005;Katsel et al., 2005;Haroutunian et al.,
2007;Tkachev et al., 2007) and the GABAergic system (Lewis et al., 2005;Hashimoto et al.,
2007), as well as other individual genes not associated with any particular system. The greatest
significance for the expression differences of these genes between control and schizophrenic
subjects was found in subjects with short-term illness.

2.3 Pathways dysfunction differs among stages of illness

To understand the potential biological relevance of the differentially expressed genes in each
cohort, we used several functional annotation tools, including DAVID, which encompasses 40
annotation categories, and Ingenuity Pathway Analysis (IPA). One commonly used tool in
DAVID describes gene products in terms of their associated biological processes, cellular
components and molecular functions using Gene Ontology (GO) terms. We found that top
significantly enriched GO terms were different in each stage of illness, although some overlap
was observed between cohorts (Table 4). Using DAVID, we identified significantly enriched
clusters of functional categories at each stage; these correlated well with the GO terms, with
the addition of “metal-ion binding” representing the top functionally related category in
subjects with short-term DOI (Supplementary Table 2). We next used the computational gene
network prediction tool in the IPA database, which identifies known interactions between
protein products of differentially expressed genes, referred to as “focus” genes. This analysis
identified independent networks for each stage of illness demonstrating interactions of up to
32 coexpressed gene products within a given network. The top 4 networks in short-term illness,
(from 16 networks identified linking together up to 23 coexpressed gene products), centered
around gene expression, cellular signaling, development and carbohydrate metabolism (Table
5). The latter three categories were also found represented in subjects with intermediate-term
DOI. Top networks in long-term DOI were centered around inflammation and injury
abnormalities (Table 5). Despite the relatively low overlap of differentially expressed gene
from each cohort, these comprehensive pathways analyses revealed that different stages of
illness do have common systems dysfunction; all stages were associated with signal
transduction mechanisms, lipid metabolism and protein transport/metabolism. These systems
are summarized in Figure 2. Overall, short-term illness was particularly associated with
disruptions in gene expression, metal ion binding, RNA processing and vesicle-mediated
transport. Intermediate-term illness also shared gene expression deficits with early illness and,
in addition, was significantly enriched for calcium signaling functions. Notably different from
short-term illness, but sharing common features with intermediate stages, long-term illness
was associated with inflammation, glycosylation, apoptosis and immune functions.

2.4 Real-time PCR validation of expression changes

Tovalidate microarray findings, we selected a heterogeneous group of genes from these various
functional categories for real-time PCR analysis on all subjects. These include protein
phosphatase 1E (PPM1E), REST corepressor 3 (RCOR3), neuropeptide Y (NPY), solute
carrier family 29, member 2 (SLC29A2), B and T lymphocyte associated (BTLA), F-box
protein 31 (FBXO31), and sulfatase 1 (SULF1) for short-term DOI subjects, and Ras and Rab
interactor 3 (RIN3), integrin beta 2 (ITGB2), lymphotoxin B receptor (LTBR), complement
component 1, g subcomponent, B chain (C1QB) and early B-cell factor 1 (EBF1) for subjects
with intermediate- and long-term DOI. Covariate analyses on the microarray expression values
for these genes found no significant effects of pH, PMI, age, sex, suicide or drug dose on the
expression levels for each of these genes (Table 6). Comparing the differential expression for
the 12 genes determined by qPCR and microarray analyses revealed excellent correlation
between the two methods (r=0.84; p=0.0006) (Figure 3A). In addition to validating expression
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differences for a subset of these genes in the same short-term DOI subject used for the
microarray analysis, we also measured expression levels by gPCR in six additional
schizophrenic subjects with DOI <7 yrs and their matched controls. Overall, significant
decreases in expression were detected for PPM1E, RCOR3, NPY, SLC29A2, SULF1 and
FBXO31 (Figure 3B).

3. Discussion

In this study, we detected distinct gene expression profiles associated with different durations
of illness in subjects with schizophrenia, which supports the hypothesis that the disease may
have an evolving, progressive pathology. From comprehensive pathway analyses and database
searches, we found that each stage was associated with dysfunctions in different biological
systems, although some common biochemical themes underlying all stages were identified.
The most striking findings from these studies were the high level of gene expression
derangement observed early in the illness, and the contrasting expression profiles revealed
between subjects with short and long duration illness.

Knowledge of gene expression patterns from subjects early in illness may be of particular
importance as symptom profile and treatment responsiveness during the early stages of illness
are thought to be the best predictors for disease outcome (Lieberman 2006). At the pathways
analyses level, we found that early illness was associated with dysfunctions in diverse systems,
including metal ion binding, vesicle-mediated transport, RNA processing, reproductive
systems, nervous system development and carbohydrate metabolism. We validated expression
differences by quantitative PCR analysis of genes associated with some of these systems,
including PPM1E, RCOR3, NPY, SLC29A2, SULF1 and FBXO31, in an additional six
schizophrenic subjects with duration of illness <7 years and matched controls, further
implicating their involvement in short duration illness. We hypothesize that these gene
expression changes may be more relevant to pathogenic mechanisms of the disease, as they
may occur in closer temporal proximity to underlying pathological triggers.

Of further interest was the association of short-term illness with gene transcription dysfunction.
Among our list of differentially expressed genes found in the brains of schizophrenic subjects
<4 years of diagnosis, 28 were specifically annotated as encoding proteins with transcriptional
regulatory activity. Alterations in the expression of these transcription factors may affect
important developmental processes still happening in early life (throughout the 20s). Further,
these transcription factors may drive other pathological or compensatory changes in gene
expression happening later in illness. Significantly, one such gene (validated using gPCR
analysis) was RCORS3, which is one of several proteins that function as co-repressors for the
REZ1 silencing transcription factor (REST) (Andres et al., 1999), a gene also found to be
significantly altered in subjects with short-term illness (see Table 4; Supplementary Table 1).
REST has been shown to mediate negative regulation of neuronal genes and play an important
role in neuronal differentiation (Ballas et al., 2001; Greenway et al., 2007). It is thought that
down-regulation of REST during neurogenesis is necessary for proper neuronal development
(Ballas et al. 2001). Hence, altered expression of REST and RCOR3 into adolescence may be
associated with abnormalities in synaptic pruning and connectivity that have been hypothesized
to trigger the emergence of symptoms and pathological deficits of schizophrenia (Woo and
Crowell, 2005).

Events occurring during the critical period following initial diagnosis of schizophrenia are

thought to be critical for effective disease management and outcome (Lieberman et al. 2001;
Lieberman et al., 2005). One reason that early intervention may be so effective could be due
to the effect of antipsychotic drugs on gene expression activity. Antipsychotic drugs are known
to alter the expression of many diverse genes, including transcription factors (Thomas 2006).
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Hence, early medication may help ameliorate widespread dysregulation of gene expression
activity occurring early in illness, which may help prevent the cascade of downstream
pathological outcomes.

Acknowledging the potential effects of antipsychotic drugs, our subjects with short-term DOI
had histories of antipsychotic drug treatment for 2-4 years, while those of long duration may
have been treated for decades. Hence, we cannot exclude that possibility that differences
between cohorts of different disease duration are due to disparities in lifetime exposure to such
drugs. However, as a preliminary argument against our findings being simply due to
antipsychotic drug treatment, we did not find significant correlations between the expression
levels of any validated gene and antipsychotic drug dose, reported in chlorpromazine
equivalents, which considers lifetime exposure (see Table 6). There were also no significant
differences among the average drug doses taken by the subjects in each cohort (Table 1).
Moreover, we have identified changes in gene expression that replicate findings from a
previous study that had ruled out an effect of drug treatment, as these expression changes were
also found in the cortex of subjects who were medication-free at the time of death (Arion et
al., 2007). As an alternative hypothesis to the idea that antipsychotic drug treatment is
responsible for the changing molecular profiles at different stages of illness, we propose that
the brain may undergo an adaptive response to pathology over the course of illness to achieve
a new molecular homeostasis.

Another confound in our study was a higher rate of suicide in the short- and intermediate-term
DOl subjects compared to the chronic subjects, none of whom died by suicide. Therefore we
cannot rule the possibility that some changes in gene expression observed in the microarray
datasets may have suicide as a confounding factor. However, we have shown that suicide is
not a significant factor with regards to levels of MRNA for the genes validated using gPCR
(Table 6), suggesting that suicide is not likely to be the cause of all the changes we identified
using microarrays.

In contrast to early illness, chronic schizophrenia was found to be associated with quite different
systems dysfunction. Top functional clustering categories and network analyses linked
differential gene expression in our chronic subjects to immune function, stimulus response and
inflammation. Related to these pathways, we validated the microarray expression results for
ITGB2, LTBR, EBF and C1QB in subjects with long-term illness, as well as in a subset of
subjects with intermediate-term illness. There is considerable evidence that CQ1B and other
complement components are involved in CNS inflammatory and degenerative disorders
(Johnson et al., 1992). As schizophrenia is not typically considered a neurodegenerative
disorder, the increased expression of these genes may represent a sustained response to a
progressive pathology that is occurring within the brains of schizophrenic patients, which, in
its later stages, may cause some degenerative processes. Such a postulate would be consistent
with the progressive brain structural deficits (i.e. gray matter shrinkage and ventricular
enlargement) detected in chronic schizophrenic subjects. A confound in this part of our study
is that the manifestation of immune- and inflammation-related expression changes detected in
older individuals (aged 55-81) may reflect the impact of longer exposure to environmental
factors and/or life stressors. However, a recent microarray study has also reported molecular
evidence for altered immune function in schizophrenia, although different genes were
highlighted (Arion et al. 2007). This defect was primarily found in a subset of subjects, which
may be more related to our chronic subjects, although the durations of illness for these subjects
was not specifically stated.

Genes related to several different systems previously implicated in the pathology of

schizophrenia (i.e. GABAergic system, presynaptic machinery, myelination, ubiquitination)
were also found to be differentially expressed in our study, highlighting the reliability of our
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findings. Interestingly, expression changes related to these systems were found most robustly
in subjects with early illness. Additional genes we found to be altered in the subjects with short
DOl, (increased expression of HSPB1 and decreased expression of EV12, MAPK1, SCAMP1,
SPOCK3, CDK5R1, PAFAH1B1), replicate findings from a recent microarray analysis that
performed a rigorous assessment of differentially expressed genes in prefrontal cortex from
schizophrenic subjects (Arion et al. 2007).

In summary, our findings provide evidence that patterns of gene expression in schizophrenia
change with duration of illness. At the level of pathway analyses, we found that each stage was
associated with dysfunction in distinct biological systems, although some common
biochemical themes underlying all stages were identified. Further, we find that early stages of
illness are associated with the highest level of gene expression derangement, which may result
from persistent developmental insults, and that these may drive additional pathological and
compensatory changes that occur throughout the course of disease. While this study has
provided insight into the nature of such molecular changes that occur with disease progression
in schizophrenia, further work should focus on understanding the mechanisms that control
evolving gene expression, which may lead to future therapies that modify the course of disease.

4. Experimental Procedures

4.1 Subjects

Prior to commencement, approval for this study was obtained from the Ethics Committee of
the Victorian Institute of Forensic Medicine and the North Western Mental Health Program
Behavioral and Psychiatric Research and Ethics Committee. Psychiatric diagnoses of
schizophrenia were made according to DSM-IV criteria (American Psychiatric Association,
1994) by consensus between two senior psychiatrists and a psychologist following extensive
case history review using the Diagnostic Instrument for Brain Studies (DIBS) (Hill et al.,
1996). As part of the DIBS protocol, it was noted when there was a Coroner's report of death
by suicide. Subjects were carefully selected into three cohorts to represent different stages of
illness. We obtained one cohort consisting of subjects very close to initial diagnosis (< 4 years
duration of illness (DOI); n=8 patients, n=8 controls). A second cohort was comprised of
chronic schizophrenics who had long-term DOI (> 28 years of illness; n=8 patients, n=8
controls). The third cohort consisted of subjects with intermediate ranges of DOI (7-18 years
of iliness; n=14 patients, n=14 controls). See Table 1 for subject summaries and Supplementary
Table 3 for individual values and causes of death. DOI was calculated as the time from initial
diagnosis to death. To minimize variation in the effects of antipsychotic drugs, all subjects
chosen were treated with “typical” antipsychotic drugs. The final recorded dose of
antipsychotic drug for each subject was converted to chlorpromazine equivalents, which
incorporates lifetime exposure to antipsychotic medications (Bezchlibnyk-Butler and Jeffries
1999). In cases where death was witnessed, the time between death and autopsy was taken as
the postmortem interval (PMI). Where death was not witnessed, tissue was taken only from
individuals who had been seen alive up to 5 hours before being found dead; in these cases PMI
was taken as the interval half way between the donors being found dead and last being seen
alive. Importantly, in all cases, cadavers were refrigerated within 5 hours of being found and
tissue was rapidly frozen to -70°C within 30 minutes of autopsy.

4.2 RNA Preparation and Microarray Analysis

Total RNA was extracted from the prefrontal cortex (Brodmann Area 46; 100 mg; left
hemisphere) from all subjects as described previously (Desplats et al., 2006). RNA
quantification was determined by spectrophotometer readings, and quality by Agilent
Bioanalyzer scans. RNA integrity (RIN) numbers were not available at the time of RNA
extraction, but Bioanalyzer traces of each RNA sample showed no evidence for degradation
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products. RNA samples were amplified, biotin-labeled and then hybridized to the Human
Genome U133 Plus 2.0 array using standard Affymetrix protocol as described in Lockhart et
al, 1996. Chips were scanned using the Affymetrix ScanArray 3000 using default settings and
a target intensity of 250 for scaling. Present and Absent calls were determined with the
Affymetrix algorithm (GCOS, Affymetrix, Santa Clara, CA). The quality controls of the
hybridization for each array were assessed by the percent Present calls and GAPDH 3'/5' ratios
for each array. Hierarchical clustering methods were used (Eisen et al., 1998) to detect outliers
in all samples, and from this analysis, one sample (short control 7) was omitted. Pearson's
analyses found no significant correlations between the pH and PMI of each sample versus
percent Present call and GAPDH 3'/5'ratios for each corresponding array using all 59 samples.
Nonetheless, based on ANCOVA analysis on gene expression data, arrays with GAPDH 3'/5’
ratios of >2.0 from the intermediate DOI cohort were excluded (see below). This left 55 samples
for unpaired statistical analyses and 50 samples for pairwise analyses.

RNA expression data from schizophrenic subjects and their matched controls were normalized
using dChip (DNA-Chip Analyzer), a statistical model for the probe-level data which gives
model-based estimates for gene expression indices (Li and Hung Wong 2001) and subjected
to a batch adjustment normalization to allow for comparisons among all three cohorts (Johnson
etal., 2007). Data were filtered to exclude those transcripts that were not present in at least one
of the RNA samples, those with redundant probeset IDs (retaining those with the highest p-
value for hybridization) and those showing the lowest variation; a list of 14,438 probesets
remained for statistical testing. ANOVA analyses with error variance correction were
performed using National Institutes of Aging (NIA) Array Tools (Sharov et al., 2005) on each
cohort separately. To identify differentially expressed genes between schizophrenic and control
subjects, we utilized both unpaired and pair-wise comparisons. For unpaired analyses, the
geometric mean of the normalized expression values for all schizophrenic subjects in each
cohort was compared against the geometric mean of the normalized expression values for all
control subjects in each cohort. For the pair-wise analysis, the normalized expression value for
each schizophrenic subject was compared against its matched control in a pair-wise manner,
then, the results for all pairs in each cohort were averaged. Within the schizophrenic subjects
only, a separate ANOVA was performed comparing expression levels of subjects with short-
term DOI vs. those subjects with long-term DOI, and similarly in control subjects, the young
vs. aged cohorts were compared. The resulting lists of differentially expressed genes (p-value
<0.05) from both analyses were then filtered for an absolute log2 ratio >0.322 (i.e. 1.25 fold,
increase or decrease).

In NIA Array Tools, the FDR was controlled according to Benjamini and Hochberg (Benjamini
and Hochberg 1995) at a default setting of 0.1. Approximately 50 genes meeting these criteria
were identified in our datasets from subjects with short DOI, with fewer genes in subjects with
intermediate- and long-term DOI. It is difficult to compare these findings to the post-mortem
microarray literature, as most previous microarray studies have not applied standard FDRs to
their datasets. One drawback of such a multiple testing correction is that it assumes that each
gene varies independently, which in the context of CNS gene expression, is often not the case
(Sequeira and Turecki 2006). Therefore, to allow for a more inclusive understanding of
potential pathological bases in schizophrenia, we have use a less stringent criteria, as discussed
previously (Benes et al., 2006), which included genes with FDR>0.1 for extended gene lists
and pathways analysis. Nonetheless, as a surrogate test of our true false positive rate, we have
performed large-scale real-time PCR analysis of 37 genes and find that ~85% of the expression
differences determined by the microarray analyses could be validated either in the same
subjects used for the microarray analysis and/or in additional schizophrenic subjects with
similar durations of illness. Data for 12 such genes are reported in the current manuscript.
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4.3 Covariate analyses

The lists of differentially expressed genes from each cohort (at p<0.01) were subjected to a
global ANCOVA according to (Goeman et al., 2004), to assess the effects of demographic (age
and sex), sample (pH and PMI) and array (GAPDH 3'/5’ ratios) parameters on the variance of
gene expression between controls and schizophrenic subjects within each cohort. A
confounding effect of pH was found in subjects of the intermediate DOI cohort, however, after
removing 4 subjects with high GAPDH 3'/5’ ratios, the effect of pH was no longer detected.
This model is based on the empirical Bayesian generalized linear model. ANCOVA analysis
using DOI as a continuous variable was not possible because control subjects do not have a
DOI. For all genes validated by qPCR analysis, additional Pearson Product Moment
correlations were performed to assess the effects of the continuous variables, age, pH and PMI
on gene expression values in all subjects, and the effects of drug dose on expression in all
subjects with schizophrenia. Before the Pearson's correlations were run, the datasets were tested
for a Gaussian distribution using the Kolmogorov-Smirnov method, which confirmed that the
expression data was normally distributed. Student's t test (two-tailed, unpaired) was used to
determine differences in expression of these validated genes due to sex and suicide. All
statistical analyses were performed using GraphPad Prism Software (GraphPad Inc, San Diego,
CA).

4.4 Pathways Analyses

Pathways Analysis was performed using Ingenuity Pathways Analysis (IPA) program
(www.ingenuity.com) and the Database for Annotation, Visualization and Integrated
Discovery (DAVID) (http://david.abcc.ncifcrf.gov/) to understand the potential biological
relevance of differentially expressed genes at each stage of illness. The IPA Tools calculate a
p-value using the right-tailed Fisher Exact Test, in order to determine statistically significant
over-representation of functional analysis molecules in a given network of known interactions.
The p-values associated with annotation terms from DAVID reflect the degree of enrichment
bases on the threshold of EASE Score, a modified Fisher Exact P-value, for gene-enrichment
analysis.

4.5 Real-Time PCR Analysis

Real-time PCR experiments were performed as described previously (Desplats et al. 2006),
using specific primers for each sequence of interest and against four housekeeping genes:
human B-2-microglobulin (B2M), beta-tubulin (TUBB), hypoxanthine guanine
phosphoribosyl transferase (HPRT) and porphobilinogen deaminase (PBGD) (Supplementary
Table 4). PCR reactions were performed on two independent sets of cDNA samples: those used
for in the initial array experiments and on cDNA samples prepared from an extended cohort
of subjects with short DOI (Supplementary Table 5). We first compared the expression of all
four housekeeping genes in samples from control and schizophrenic subjects to assess
variability in expression among all subjects and determine expression differences between
control and schizophrenic subjects. In subjects with short DOI and their matched controls, B2M
showed the least variation in threshold cycle (Ct) among all samples and showed no significant
differences in expression between control and schizophrenic subjects, hence B2M was using
as the internal control for subjects with short DOI and their controls. In subjects with long DOI
and their matched controls, TUBB showed the least variation in Ct among all subjects and no
significant differences in expression between control and schizophrenic subjects, hence TUBB
was used for normalization. The amount of cDNA in each sample was calculated using SDS2.1
software by the comparative Ct method and expressed as 2exp(Ct). Significant differences in
expression (p<0.05) were determined by Student's t tests (one- and two-tailed) (GraphPad
Prism, San Diego, CA).
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PPM1E protein phosphatase 1E

RCOR3 REST corepressor 3

NPY neuropeptide Y

SLC29A2 solute carrier family 29, member 2
BTLA B and T lymphocyte associated
FBXO31  F-box protein 31

SULF1 sulfatase 1

RIN3 Ras and Rab interactor 3

ITGB2 integrin beta 2

LTBR lymphotoxin B receptor
C1QB complement component 1, q subcomponent, B chain
EBF1 early B-cell factor 1
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Figure 1.

Gene expression differences at multiple stages of illness in schizophrenia. Heatmaps allow
visualization of the 337 most differentially expressed genes as revealed by ANOVA (p<0.01),
conducted on subjects with short-term duration of illness (DOI), and how these changes in
subjects with intermediate and long DOI. Each colored pixel represents an individual gene
expression value from a single subject. Relative decreases in gene expression are indicated by
yellow and increases in expression by blue. Log,-transformed expression values were
subjected to two-dimensional hierarchical clustering in each cohort separately, as shown beside
the heatmaps. Subjects shown are short-term DOI (Short-DOI, 1-8), and their controls (Short-
C, 1-8); intermediate-term DOI, (Intermediate DOI, 1-10, and their controls (Intermediate-C,
1-14); and long-term DOI (Long DOI, 1-8) and their controls (Long-C, 1-8).

Brain Res. Author manuscript; available in PMC 2009 November 26.

schiz:Rep?
schiz :RepS
schiz:Repd
schiz :Rep2
schiz:Rep6
schiz :Rep8
schiz:Repl
control :Rep7
control :RepS
control :Repd
control :Repl
schiz:Rep3
control :Rep6
control :Rep3
control :Rep2

control :Rep6
schiz:Repl
control :Rep?
control :Rep2
schiz:Rep8
control :Rep8
control :Repd
schiz :Rep6
control :Repl
control :Rep3
schiz:Rep7
control :RepS
schiz:Rep5
schiz:Repd
schiz :Rep3
schiz :Rep2

schiz:RepS
control :Rep9
schiz:Rep2
control :Reps
schiz:Rep3
control :Repl0
schiz:Rep6
control :Rep3
schiz:Rep9
schiz:Rep1l
schiz:Repl0
schiz:Rep8
schiz:Rep?
control :Rep2
control :Rep?
control :Repl2
control :RepS
control :Repl3
control :Repll
schiz:Repd
control :Repl
schiz:Repl
control :Repé
control :Repd



1duosnue Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Narayan et al.

Page 15

Short duration

B
Interme_dlate Long duration
duration
A. Metal ion binding/transport, RNA processing, vesicle-

o

nmoo

©

mediated transport/secretion, primary metabolism.
Small molecule biochemistry, calcium signaling,
immune/lymphatic system.

Inflammation, immune response.

Gene expression/transcription.

Connective tissue function/development.
Glycosylation/glycoprotein, detection of stimulus/
response to stimulus, apoptosis.

Cellular signal transduction, lipid metabolism,
protein localization, protein transport/modification.

Figure 2.

Venn diagram showing overlap of similar functions attributed to different stages of illness in
schizophrenia. The functions/systems shown (A-G) represent a compilation of the results from
Gene Ontology and Functional Clustering Analysis using DAVID, and Functional and
Network analyses identified using Ingenuity Systems Pathways databases using the top
differentially expressed genes at p<0.01 from each cohort. (See Tables 3 and 4 and
Supplementary Table 5 for complete lists of annotations).
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Figure 3.

Correlation between microarray expression values and real-time PCR results from control and
schizophrenic subjects. A., Correlation analysis was performed between microarray and qPCR
expression values for the 12 indicated genes. Differential (schizophrenic minus control)
microarray expression average log2 ratios are plotted on the X axis, whereby the Y axis depicts
the AACt (controls minus schizophrenic) from the real-time PCR experiments. Data for NPY,,
RCOR3, SLC29A1, BTLA, PPM1E, FBXO31 and SULF1 were generated from subjects with
short-term DOI (n=8-12 schizophrenic subjects and matched controls) and RIN3, ITGB2,
LTBR, C1QB and EBF1 from subjects with intermediate- and long-term DOI (Genes are
denoted by Unigene gene symbols as defined in the text. The relative abundance of each gene
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expression was normalized by beta-2 microglobulin (B2M) in short-DOI subjects and by
TUBB in intermediate- and long-DOI subjects. B. Expression levels of the indicated genes in
schizophrenic subjects with short term illness only. Data are depicted as fold-change of the
mean expression level £ SEM (n=10-12 schizophrenic subjects and matched controls). The
relative abundance of each gene expression was normalized by B2M. Student's t tests were
used to determine significant differences in gene expression levels. * denotes significantly
different from control at p<0.05, two-tailed t test; + denotes significantly different from controls
at p<0.05, one-tailed t test.
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