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Abstract

Several studies have evaluated the potential utility of blood-based whole-transcriptome signatures
as a source of biomarkers for schizophrenia. This endeavor has been complicated by the fact that
individuals with schizophrenia typically differ from appropriate comparison subjects on more than
just the presence of the disorder; for example, individuals with schizophrenia typically receive
antipsychotic medications, and have been dealing with the sequelae of this chronic illness for
years. The inability to control such factors introduces a considerable degree of uncertainty in the
results to date. To overcome this, we performed a blood-based gene-expression profiling study of
schizophrenia patients (n=9) as well as their unmedicated, nonpsychotic, biological siblings (n=9)
and unaffected comparison subjects (n=12). The unaffected biological siblings, who may harbor
some of the genetic predisposition to schizophrenia, exhibited a host of gene-expression
differences from unaffected comparison subjects, many of which were shared by their
schizophrenic siblings, perhaps indicative of underlying risk factors for the disorder. Several genes
that were dysregulated in both individuals with schizophrenia and their siblings related to
nucleosome and histone structure and function, suggesting a potential epigenetic mechanism
underlying the risk state for the disorder. Nonpsychotic siblings also displayed some differences
from comparison subjects that were not found in their affected siblings, suggesting that the
dysregulation of some genes in peripheral blood may be indicative of underlying protective
factors. This study, while exploratory, illustrated the potential utility and increased
informativeness of including unaffected first-degree relatives in research in pursuit of peripheral
biomarkers for schizophrenia.

"To whom correspondence should be addressed: SUNY Upstate Medical University, 750 East Adams Street, Weiskotten Hall, Room
3283, Syracuse, NY 13210, U.S.A., glatts@upstate.edu, Facsimile: (315) 464-7744, Telephone: (315) 464-7742.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Glatt et al. Page 2

INTRODUCTION

The identification of genes that increase susceptibility to schizophrenia, and the biological
and environmental mechanisms through which they act, remain among the most challenging
issues in neuropsychiatric research. Progress in mapping the human genome increased the
viability of candidate gene association studies which, while important, have focused largely
on genes in biological signaling systems that are already widely implicated in schizophrenia,
such as dopamine or glutamate transmission (Glatt and others 2007). A new era of genome-
wide association studies has advanced the field further, in part by implicating genes that
were not suspected of roles in the disorder previously, such as zinc-finger proteins and
calcium channels, while also substantiating some prior candidate genes in the major
histocompatibility region on chromosome 6p (O'Donovan and others 2008; Shi and others
2009; Stefansson and others 2009). Such studies may ultimately explain much of the
heritable portion of the liability toward schizophrenia, which is estimated to range from 60—
85% (Cardno and others 1999; Sullivan and others 2003); however, a considerable fraction
of the variance in who actually becomes affected will remain unexplained until the effects of
environmental factors and gene-environment interactions can be systematically integrated
into genomic research.

Gene expression, as a general index of genomic functionality, may be useful in this regard as
a final common pathway in which the effects of genetic and environmental risk factors
converge. In an earlier study, we derived messenger RNA (MRNA) expression patterns in
circulating peripheral blood samples from patients with schizophrenia or bipolar disorder
and non-mentally ill control subjects (Tsuang and others 2005), which allowed us to
distinguish a panel of relatively sensitive and specific biomarkers. Subsequently, we
compared our blood-based biomarker set against a list of genes found to be dysregulated in
schizophrenia in postmortem dorsolateral prefrontal cortex, a brain structure often
implicated in the disorder, finding six putative risk genes that might also have biomarker
potential (Glatt and others 2005b).

These findings are encouraging, but they raise another set of critical questions about the
vulnerability to schizophrenia. Among these are the issues of the extent to which our initial
findings reflected the true biological susceptibility toward then disorder versus the effects of
treatment (e.g., antipsychotic medications) or other, less specific manifestations of mental
illness (e.g., psychosis). One potentially effective way of disentangling these effects is to
study non-psychotic, biological relatives of individuals with schizophrenia, together with
their ill siblings, and with non-mentally ill community comparison subjects. This approach
would allow us to determine, for example, whether “unaffected” relatives who are neither
psychotic nor taking antipsychotic medication still differ from comparison subjects, or
whether relatives and individuals with schizophrenia share dysregulated genes compared to
comparison subjects. We utilized this strategy in the present pilot study with subjects who
were recruited from the Harvard University/Beth Israel Deaconess Medical Center site of
the Consortium on the Genetics of Schizophrenia (COGS) (Calkins and others 2007).

METHODS

Ascertainment and Clinical Characterization of Subjects

The COGS is a seven-site project, funded by the U.S. National Institutes of Health, which
was designed to assess potential schizophrenia endophenotypes (e.g., social,
psychophysiological, neurochemical or neuropsychological abnormalities) and perform
genetic analyses on affected individuals (SZs), their unaffected biological siblings (SIBSs)
and other first-degree relatives, and community comparison subjects (CCSs) (Calkins and
others 2007). Subjects in our study however, were ascertained only from one of the seven
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sites that participated in the COGS: the Harvard University site at the Massachusetts Mental
Health Center (MMHC) Public Psychiatry Division of the Beth Israel Deaconess Medical
Center (BIDMC). The institutional review boards of the MMHC and BIDMC approved the
study, and all subjects signed informed consent.

The COGS methods will be summarized briefly as they have been described previously
(Calkins and others 2007). Consortium-wide quality assurance procedures were exercised
throughout the study. Each site followed an identical protocol to recruit, diagnose, assess
endophenotypes, and collect blood samples for DNA analysis; in addition to these
procedures, we introduced our previously validated protocol for mRNA analysis in
peripheral blood. Medically healthy adults were recruited through flyers, print, and
electronic media, and through community presentations. Individuals with schizophrenia
were also referred by mental health providers. Eligible families had one of two pedigree
structures. The first required availability of both of the proband’s parents, at least one of
whom was not psychotic, and at least one non-psychotic sibling. The second included
availability of one parent and at least two non-psychotic siblings. All subjects were
administered a modified version of the Diagnostic Interview for Genetic Studies
(Nurnberger and others 1994), the Family Interview for Genetic Studies (NIMH Genetics
Initiative 1992), other clinical measures (see Calkins et al., 2007), and a medical record
review. Premorbid 1Q was estimated using the Wide Range Achievement Test, Third
Edition (WRAT-3) Reading subtest (Jastak and Wilkinson 1993). All probands met DSM-
IV diagnostic criteria for schizophrenia and were stable clinically (i.e., no psychiatric
hospitalizations in the previous month).

Subjects who were eligible for this gene expression study were 18-65 years old and fluent in
English. Other exclusion criteria included: 1) a history of electroconvulsive therapy in the
past 6 months; 2) a positive drug or alcohol test result during study screening; 3) a diagnosis
of a substance abuse disorder in the past 30 days or active substance dependence in the past
six months; 4) an estimated premorbid 1Q<70; 5) a history of head injury with loss of
consciousness exceeding 15 minutes; 6) a seizure disorder; 7) any ocular, neurological, or
systemic medical problem likely to cause neurocognitive or psychophysiological
performance deficits; or 8) inability to provide informed consent. CCS subjects were also
excluded if they had a history of any DSM-IV Cluster A personality disorder, psychosis, or a
family history of psychosis among first- or second-degree relatives.

For the present study, we ascertained and completed assessments of 32 subjects, including 8
SZs, 12 unaffected SIBs, and 12 CCSs. Despite the fact that no subjects dropped out of the
study, our final sample size was somewhat smaller (n=26) due to our own data-filtering
which excluded six subjects. First, two siblings had no corresponding proband in the sample
and so were eliminated. Second, to simplify the design of our analyses, we included only
one unaffected SIB for each SZ; yet, in two of the included families, there were two eligible
SIBs for each SZ. In one of these families, one of the “unaffected” SIBs was found to have
been diagnosed previously with major depressive disorder while the other unaffected SIB in
this family had no history of any mental illness; thus, we excluded the former SIB and
included the latter SIB in our analyses. In the second family with multiple unaffected SIBs,
we found no clinical basis to favor inclusion of one of the SIBs over the other, and thus we
elected to include the SIB whose profile of gene expression quality metrics most closely
resembled that of their SZ relative. Finally, in one additional family, the “unaffected” SIB of
one SZ subject was found to have been diagnosed previously with bipolar disorder; thus, we
removed this entire family (both the SIB and the related SZ) from our analyses, leaving
seven sibling-pairs and 12 CCSs. All probands were treated with antipsychotic medication at
the time of testing, primarily clozapine, olanzapine, or quietiapine, whereas none of the
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CCSs or SIBs currently or recently received antipsychotic or other psychotropic
medications.

MRNA Sample Acquisition, Stabilization, Isolation, and Storage

Approximately 15ml of blood were collected from each participant after overnight fasting,
using a Vacutainer™ tube (Becton Dickinson; Franklin Lakes, NJ; USA). The collected
blood samples were immediately stored on ice until mMRNA was extracted, which always
occurred within six hours after the blood was drawn. Red blood cells were ruptured with
hypotonic hemolysis buffer (1.6mM EDTA, 10mM KHCO3, 153mM NH4C1, pH 7.4), and
peripheral blood mononuclear cells (PBMCs) were collected by centrifugation. PBMC total
RNA was extracted with Trizol® Reagent (Invitrogen, Carlsbad, CA, USA), according to the
manufacturer's instructions.

MRNA Quantitation and Quality Assurance

Data from four subjects (including two SZs and two SIBs) did not meet mRNA quality-
control standards and thus these samples were removed from further analysis. The removal
of the two SZs due to poor mRNA quality caused two additional SIBs to be left with no
corresponding SZ relative in the dataset, and as such these SIBs were also removed from
consideration. This left a final sample for analysis of 12 CCSs, 7 SZs, and 7 SIBs.

Five micrograms of total RNA from each sample was used for hybridization on an
Affymetrix GeneChip Human Genome U133 Plus 2.0 microarray following the
manufacturer’s instructions. Gene expression intensities were imported into GeneSpring
v7.3.1 software (Agilent Technologies, Palo Alto, CA, USA) for analysis. The quality of the
hybridization of each transcript was assessed by using the cross-gene error model, and
measurements with a base/proportional ratio lower than 9.6 in more than 50% of
hybridizations were removed prior to subsequent analysis. Genes showing inconsistent
annotation provided by Affymetrix
(www.affymetrix.com/products/arrays/specific/hgu133plus.affx) and SOURCE (genome-
wwwh5.stanford.edu/cgi-bin/source/sourceBatchSearch) were also removed from subsequent
analyses.

Microarray Data Import, Normalization, Transformation, Summarization, and Analyses

Partek Genomics Suite software, version 6.5 (Partek Incorporated; St. Louis, MO), was
utilized for all analytic procedures performed on microarray scan data. First, interrogating
probes on the microarray were imported. Next, corrections for background signal were
applied using the robust multi-array average (RMA) method (Irizarry and others 2003), with
further adjustments for the GC-content of probes. The set of GeneChips was standardized
using quantile normalization, and expression levels of each probe underwent log-2
transformation to yield distributions of data that more closely approximated normality. As
each transcript was typically measured by multiple probe sets, summarization of redundant
probe sets was obtained by median polish. According to convention (Handran and others
2002), probe sets with a maximum signal:noise ratio of less than 3.0 were excluded from
subsequent analyses.

Transformed, normalized, and summarized gene-expression intensity values from each
subject were utilized in three orthogonal sets of comparisons of diagnostic groups, as
follows: 1) SZ vs. CCS; 2) SIB vs. CCS; and 3) SZ vs. SIB. These comparisons were made
using analyses of variance (ANOVAs), with diagnostic group and any distinguishing
demographics as fixed factors; when comparing SZs and SIBs, family ID was also modeled
as a fixed factor.
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After all quality-control procedures were executed, 54,675 probes of full-length gene
transcripts were included in the analyses. The type-I-error rate (o) in each initial two-group
comparison was set at 0.05; however, due to the large number of statistical tests to be
performed, the probability of committing type-1 errors (i.e., finding false-positive results) in
this study was greatly inflated. We addressed this threat in three ways. First, we utilized
intersection-union tests (IUTs) on sets of nominally significant (p<0.05) results, an approach
which has been shown to be relatively (if not overly) conservative for identifying shared
effects across conditions (Deng and others 2008). Second, we reduced the data (and the
corresponding number of tests) through secondary analyses of groups of genes: after
performing the IUTS, the generated lists of significantly dysregulated genes were subjected
to the DAVID algorithm (Dennis and others 2003) to determine if they were enriched for
genes that disproportionately represented biological “terms”. Specifically, we evaluated if
each list of genes was enriched for genes that aggregated in the same functional categories
(defined by Clusters of Orthologous Groups [COG] (Tatusov and others 2000) ontologies,
Protein Information Resource [PIR] (Wu and others 2003) keywords, and Universal Protein
Resource [UniProt] (Apweiler and others 2004) features), represented similar ontologies
(defined by the Gene Ontology Consortium [GOC] (Ashburner and others 2000)),
participated in the same biological pathways (defined by BioCarta and the Kyoto
Encyclopedia of Genes and Genomes [KEGG] (Kanehisa and Goto 2000)), or exhibited
common protein domains (defined by the Integrative Protein Signature database [InterPro]
(Hunter and others 2009), PIR, or the Simple Modular Architecture Research Tool
[SMART] (Schultz and others 1998)). Third, we applied a Bonferroni correction to the p-
values obtained in the enrichment analyses of these terms, only considering significant those
tests that exceeded a threshold of a=0.05/the number of terms evaluated in a particular
category.

Demographics

SZ vs. CCS

The three groups of subjects were comparable in age, with means (standard deviations) of
43.0+11.4 years for CCS, 39.4+11.1 for SZs, and 40.0£13.3 for SIBs (p>0.500 for all
comparisons). The groups were also uniform with regard to ancestry, as all subjects self-
identified as Caucasian, except for two CCS who self-identified as African-American.
Exclusion of the two African-American CCS did not substantially alter the results, so these
subjects were retained in order to maximize inferential power with regard to diagnosis.
There was a significant gender disparity between the groups, as both the CCS and SIB
groups included both male and female subjects (CCS: 9 males and 3 females; SIB: 4 males
and 3 females) while all seven SZs were male (XZ(Z):lo.l, p=0.006). As such, we controlled
for sex (but not age or ancestry, in order to preserve degrees of freedom) in all subsequent
statistical models.

Nominally significant (p<0.05) differences in levels of expression between SZs and CCS
were observed for 2155 probes, of which 1246 were up-regulated and 909 down-regulated in
SZs compared to CCS. Of these 2155 probes, 1593 “known probes” were complementary to
1473 recognized protein-coding mRNAs, KIAA or FLJ cDNAs, or open reading frames
(collectively referred to as “known transcripts”), while 562 “unknown probes”
complemented no presently recognized functional genomic element. Several known
transcripts (k=110) were tagged by two or more dysregulated probes, further substantiating
the evidence of their deviation between groups. Furthermore, ADAM28, CRKRS, HNRNPC,
SMARCADS, and SPON1 each had three probes significantly dysregulated in SZs, while

Am J Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2012 December 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Glatt et al. Page 6

RPRD1A had four dysregulated probes and GM2A had five. In comparison to CCS, 819
known probes were up-regulated in SZ and 774 were down-regulated.

SIB vs. CCS

Nominally significant (p<0.05) differences in levels of expression between SIBs and CCS
were observed for 2176 probes, of which 1418 were up-regulated and 758 down-regulated in
SIBs compared to CCSs. Of these 2176 probes, 1636 known probes were complementary to
1493 known transcripts, while the remaining 540 probes were complementary to no known
transcript. Several known transcripts (k=121) were tagged by two or more dysregulated
probes. Furthermore, AGPAT3, AKT2, AP1S3, BNC2, CALU, HELQ, HNRNPC, KIAA0494,
KLF6, LARP4, MBP, PDE4DIP, PIP5K1A, PPARA, PTGDS, TSPAN2, and ZNF81 each had
three probes significantly dysregulated in SIBs, while CCDC50 had four dysregulated
probes and ASPH had five. In comparison to CCSs, 1079 known probes were up-regulated
in SIBs and 557 were down-regulated.

SZvs. SIB

Nominally significant (p<0.05) differences in levels of expression between SZs and SIBs
were observed for 1992 probes, of which 955 were up-regulated and 1037 down-regulated in
SZs compared to SIBs. Of these 1992 probes, 1580 known probes were complementary to
1450 known transcripts, while the remaining 412 probes were complementary to no known
transcript. Several known transcripts (k=115) were tagged by two or more dysregulated
probes. Furthermore, CL110RF31, CD58, CNPY2, DCLK1, EPOR, KIAA1324, LAMP2,
MUMZ1, RAB18, RAPGEF2, and STAM2 each had three probes significantly dysregulated in
SZs, and CCPG1 and RUFY3 each had four. In comparison to SIBs, 733 known probes were
up-regulated in SZs and 847 were down-regulated.

Intersection-Union Tests (IUTS)

Figure 1 shows a Venn diagram depicting the numbers of probes for known transcripts that
were dysregulated in each of the three orthogonal comparisons of diagnostic groups.

[SZ vs. CCS] N [SIB vs. CCS]—Compared to CCSs, the SZ and SIB groups showed
significant evidence (p<0.05 in both comparisons) of common dysregulation of 172 probes
for 168 known transcripts (Table 1). Two of these genes (MBP and PIGV) were each tagged
by two probes that were dysregulated in both SZs and SIBs compared to CCSs, and one
gene (HNRNPC) was tagged by three commonly dysregulated probes. All probes except one
(for SPIREL) were dysregulated in the same direction (up- or down-regulated) in both SZs
and SIBs compared to CCSs. Ninety-one probes were up-regulated in both groups, 80 were
down-regulated in both groups, and SPIRE1 was up-regulated in SIBs and down-regulated
in SZs compared to CCSs.

The list of 168 known transcripts (represented by the 172 known probes) dysregulated in
both SZs and SIBs compared to CCSs was enriched with genes that represented various
functional categories, ontologies, pathways, and protein domains. Those terms that
surpassed a Bonferroni-corrected threshold for significant enrichment (a=0.05/number of
terms evaluated in a particular category) are shown in Table 2. Notably, six of the seven
significantly enriched terms represented histone- and nucleosome-related functions,
ontologies, or protein domains.

[SZ vs. CCS] N [SZ vs. SIB]—Compared to both the CCS and SIB groups, SZ subjects
showed significant evidence (p<0.05 in both comparisons) of common dysregulation of 96
probes for 94 known transcripts (Table 3). Two of these genes (PPM1A and RAPGEF2)

were each tagged by two probes that were dysregulated in SZs compared to both SIBs and
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CCSs. The majority of changes observed in SZs were in the same direction vis-a-vis both
SIBs and CCSs. Fifty-one probes were down-regulated and 37 probes were up-regulated in
SZs compared to both groups; six probes were up-regulated in SZs compared to SIBs but
down-regulated in SZs compared to CCSs; and two probes were down-regulated in SZs
compared to SIBs but up-regulated in SZs compared to CCSs.

The list of 94 known transcripts (represented by the 96 known probes) dysregulated in SZs
compared to both SIBs and CCSs was enriched at a nominal level of significance with genes
that represented various functional categories, pathways, ontologies, and protein domains;
however, none of these terms surpassed a Bonferroni-corrected threshold for significant
enrichment (0=0.05/number of terms evaluated in a particular category).

[SIB vs. SZ] n [SIB vs. CCS]—Compared to both the CCS and SZ groups, SIBs showed
significant evidence (p<0.05 in both comparisons) of common dysregulation of 82 probes
for 81 known transcripts (Table 4). One of these genes (ZNF81) was tagged by two probes
that were dysregulated in SIBs compared to both SZs and CCSs. The majority of changes
observed in SIBs were in the same direction vis-a-vis both SZs and CCSs. Forty-nine probes
were up-regulated and 22 probes were down-regulated in SIBs compared to both groups;
seven probes were down-regulated in SIBs compared to CCSs but up-regulated in SIBs
compared to SZs; and four probes were up-regulated in SIBs compared to CCSs but down-
regulated in SIBs compared to SZs.

The list of 81 known transcripts (represented by the 82 known probes) dysregulated in SIBs
compared to both SZs and CCSs was nominally significantly enriched with genes that
represented various functional categories, pathways, ontologies, and protein domains;
however, none of these terms surpassed a Bonferroni-corrected threshold for significant
enrichment (a=0.05/number of terms evaluated in a particular category).

[SZ vs. CCS] N [SZ vs. SIB] N [SIB vs. CCS]—Eight probes for eight known
transcripts were dysregulated in all three orthogonal comparisons of diagnostic groups
(Table 5). Four transcripts (SMNDC1, TIPARP, HIST1H2AC, and RGS18) were expressed at
intermediate levels in SIBs with highest expression in CCSs and lowest expression in SZ.
Conversely, one transcript (DDX19A) that was intermediately expressed in SIBs had the
highest expression level in SZs and the lowest expression level in CCSs. Two transcripts
(LOC728613/PDCD6 and TSFM) had the lowest expression levels in SIBs, the highest
expression levels in CCSs, and intermediate expression in SZs. The remaining transcript
(WNK4) had its highest expression level in SIBs and lowest expression level in CCSs, with
SZs exhibiting intermediate expression levels. These eight known transcripts were not
enriched with genes that represented any functional categories, pathways, ontologies, and
protein domains.

DISCUSSION

In the past five years, much work has been done to establish the validity of blood-based
gene-expression signatures as a means of detecting meaningful biomarkers for
neuropsychiatric disorders. For example, we (Glatt and others 2005a) and others (Sullivan
and others 2006) have found a reasonable level of correspondence in gene expression levels
between peripheral blood and various brain structures, including some relevant to
schizophrenia such as dorsolateral prefrontal cortex. Others have demonstrated the
considerable heritability and temporal stability of gene expression levels in peripheral blood
(Meaburn and others 2009). However, one problem that has consistently plagued this area of
research has been the inability to determine if transcriptomic abnormalities reflect “trait” or
“state” conditions due to the inherent confounds of comparing non-mentally ill individuals
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to individuals with schizophrenia who undergo psychopharmacotherapy and deal with a
chronic debilitating disorder and its sequelae. A recent study by Takahashi et al. (Takahashi
and others 2010) partially overcame this conundrum by studying antipsychotic-free
schizophrenia patients; yet, while many of the subjects in this study were truly drug- or at
least antipsychotic-naive, others had previously been on antipsychotics as recently as eight
weeks prior to testing, and some subjects were actively on other classes of drugs such as
antidepressants, benzodiazepines, or mood stabilizers at the time of testing. The work of
Takahashi et al. has markedly advanced the field by identifying profiles of as few as 14
probes that yielded 82.4% sensitivity and 93.8% specificity in classifying a separate set of
schizophrenia patients and control subjects. However, because these patients had already
been ill for some time, it remains unknown if the differences expressed in their peripheral
blood transcriptomes were static markers of the underlying genetic susceptibility to the
disorder or were consequences of their illness. In an attempt to further clarify the
contributions of trait and state to peripheral blood transcriptomic abnormalities in
schizophrenia, we have assessed biological siblings, who share both genetic and early
environmental factors in common with their affected relatives. In addition to helping rule
out various confounder effects as major drivers behind observed transcriptomic
abnormalities in the patient population, the inclusion of relatives was also intended to shed
light on potential protective factors operating to keep these genetically susceptible
individuals from expressing the illness.

At the intersection of probes that were differentially expressed in the peripheral blood of
both SZ and SIB groups relative to the CCS group, we found 168 commonly dysregulated
genes which may reflect risk factors for SZ that are independent of illness-associated
factors, such as chronic treatment with antipsychotic medication. One of these 168
commonly dysregulated genes, SPIRE1, was significantly dysregulated in both the SZ and
SIB groups but in opposite directions, suggesting that up-regulation of this particular gene
may be associated with some protective capacity among genetically susceptible individuals
(SIBs). Collectively, these 168 commonly dysregulated genes contained an over-
representation of genes related to histone and nucleosome function, ontology, and structure,
suggesting that SZ may be associated with a global dysregulation of the histone system. Of
note, in an early study, we showed that lysergic acid diethylamide, which can elicit
psychatic symptoms, had effects on histone acetylation (Brown and Liew 1975). Histones
are proteins around which nuclear double-stranded DNA is coiled, and the functionality of
histones can be altered by post-translational modifications such as methylation, acetylation,
phosphorylation, ubiquitination, SUMQylation, citrullination and ADP-ribosylation. Such
epigenetic modifications can influence the accessibility of the surrounding DNA leading to
up- or down-regulation of the mRNA transcripts of genes in the vicinity of that
modification. It is conceivable, therefore, that a singular abnormality or a collection of
abnormalities (such as increased intensity of gene expression) leading to a common endpoint
(e.g., histone dysfunction) in SZ and its genetically influenced risk state could lead to the
consequent dysregulation of a whole host of other genes relevant to the development or
presentation of the disorder.

In addition to gene-set enrichment analyses in DAVID, we compared this list of jointly
dysregulated known transcripts to the list of 45 “Top Results” from the Schizophrenia Gene
(SZGene) Database (Allen and others 2008) as of March 15, 2011, which collates the
evidence from genetic association studies of schizophrenia and identifies which genes have
significant meta-analytic evidence as risk factors for the disorder. Only one of the 45 Top
Results from the SZGene database was also significantly dysregulated in both the SZ and
SIB groups compared to the CCS group: DRD2, which was commonly up-regulated in the
SZ and SIB groups. This result is strikingly similar to that of Zvara et al. (2005), who found
up-regulation of DRD?2 in peripheral blood from drug-naive schizophrenia patients as well.
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Of course, the D2 dopamine receptor, which is encoded by this gene, is the major
antagonistic target of all effective antipsychotic medications, and has been the protein
around which the dopamine hypothesis of schizophrenia was built and modified over the
course of the last four decades (Baumeister and Francis 2002; Seeman and others 2005; Van
Rossum 1967). We and others have also found consistent evidence for association of
polymorphisms in this gene with susceptibility to the disorder (Glatt and others 2009; Glatt
and Jonsson 2006). Collectively, these findings suggest that variation in DRD2, particularly
those modifications which result in over-expression of its transcript, are a trait marker of the
liability toward schizophrenia, not a state marker or merely a response to treatment with D2
receptor antagonists.

We also performed a literature search in PubMed for keyword pairs of “schizophrenia” and
the official gene symbol for each jointly dysregulated transcript, and found that, in addition
to DRD2, several other genes that were on our list of 168 genes (Table 1) had been
previously associated with the disorder in at least one other study. These genes included: 1)
CACNALC, which encodes a calcium channel and has been identified as a genome-wide
significant risk factor for bipolar disorder (Ferreira and others 2008) and subsequently
identified as a risk factor for SZ as well (Green and others 2009); 2) GNAS, which encodes
an adenylate cyclase-stimulating G alpha protein and has been associated with deficit SZ
(Minoretti and others 2006); 3) HLA-DQB1, which encodes a HLA class 1l
histocompatibility antigen and has shown mixed (but mostly negative) evidence for
association with the disorder across a number of studies (Nimgaonkar and others 1993;
Nimgaonkar and others 1997; Schwab and others 2002); 4) HNRNPC, which encodes a
heterogeneous nuclear ribonucleoprotein that was found to be down-regulated in SZ (as was
its MRNA transcript in the present study) in postmortem left posterior superior temporal
gyrus (Wernicke's area) (Martins-de-Souza and others 2009); 5) MBP, which encodes a
myelin basic protein and is one of the most commonly observed dysregulated transcripts in
functional genomic studies of postmortem brain tissue from SZ subjects (Segal and others
2007); 6) NPAS2, which encodes a transcription factor and putative circadian clock protein
which has been associated with both SZ and bipolar disorder (Mansour and others 2009); 7)
PERS3, which encodes another circadian clock protein associated with SZ (Mansour and
others 2006); 8) PICK1, which encodes a protein-kinase-C-alpha-interacting protein that
was found to be up-regulated in SZ (as it was in the present study) in postmortem
dorsolateral prefrontal cortex (Sarras and others); and 9) SLC18A2, which encodes vesicular
monoamine transporter 2 and has been associated with SZ (Talkowski and others 2008).

At the intersection of probes that were differentially expressed in the SZ group compared to
both the SIB and CCS groups we found 94 jointly dysregulated genes whose up- or down-
regulation may lead to SZ while typical levels of expression of these genes may spare the
genetically susceptible SIBs from illness; however, these genes may also reflect the
influence of environmental factors or non-genetic biological or developmental changes that
are associated with the disorder. A third option is that such genes are induced by or
responsive to pharmaco- or other therapies, or sequelae of the disorder, to which the SZ
group was exclusively exposed.

We also observed a set of 82 transcripts that were dysregulated exclusively in unaffected
SIBs and not altered in their affected biological relatives. In some instances, SIBs had
expression levels that were intermediate to the two comparison groups (SZs and CCSs),
suggestive of some illness-associated (possibly genetically influenced) risk genes whose
level of expression is associated with the likelihood of expressing the disorder. In other
words, these changes may indicate that the level or intensity of gene expression in SIBs is
inadequate to bring about manifestations of the disorder; however, a minority of commonly
dysregulated transcripts had this signature. Instead, most of the 82 transcripts were either up-
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or down-regulated in SIBs in both comparisons (with SZs and with CCSs). These changes in
particular may indicate the presence of protective factors operating only within those who
also have a genetic susceptibility to the disorder; i.e., only in SIBs and not in CCSs.

The results must be interpreted in the context of several limitations. First, this initial
demonstrative study utilized a small sample. This small sample size imposed limits on
inferential power and thus inhibited our ability to observe results for individual biomarkers
that would withstand rigorous corrections for multiple testing (e.g., Bonferroni correction);
nevertheless, we anticipate our findings will have substantial utility in highlighting
candidate biomarkers and their associated effect sizes which can be exploited in the design
of future studies designed prospectively to test these hypotheses with suitable levels of
power. Second, despite our attempts to match the three subject groups on relevant
demographics, a gender disparity was encountered which conceivably might alter the results.
We statistically accounted for sex as a covariate in our analyses, but lacked inferential power
to model sex-by-diagnosis interactions that might be operating. Thus, future work should
focus on larger samples that are identical or nearly so with regard to sex and other relevant
factors, such as ancestry, that have the potential to confound such analyses. Third, the results
here were all derived by microarray which, while highly efficient, is not the most sensitive
assay for measuring gene expression intensities. Although we lacked the ability in this small
pilot study to verify microarray-derived results by a more sensitive method, such as
quantitative real-time PCR, this is obviously a prerequisite for advancing any of the specific
candidate biomarkers identified here to subsequent stages of experimentation, such as
replication efforts in other samples, genetic association studies, or functional investigations
into the biology of these genes. Nevertheless, our prior work and that of others has shown
that a good proportion of microarray-derived results are ultimately verifiable by other
methods; this, coupled with the fairly large numbers of candidate biomarkers identified in
the various group comparisons, suggests that some true-positive results are likely contained
within this set of putative biomarkers. Lastly, we would highlight that one strength of our
study (our cell-isolation method) can not entirely overcome some of the weaknesses
associated with examining peripheral blood as a source of biomarkers. Thus, while the
technique we have used to isolate PBMCs produces a sample of cells for biomarker
identification that is far more homogeneous than that obtained through whole-blood RNA
extraction (a commonly used approach), PBMCs are themselves a functionally
heterogeneous class of blood cells. For example, if different types of PBMCs (e.g.,
lymphocytes and macrophages) express different transcriptome signatures, and if our subject
groups systematically differed in the proportion of different PBMC cell types in their blood
samples, then some observed group differences in gene expression may actually reflect
diagnostic-group differences in blood constitution rather than true group differences in gene
expression within the same cells.

In summary, we have identified signatures of gene expression in peripheral blood that
distinguish individuals with schizophrenia from non-mentally ill comparison subjects, as
well as the differences and similarities that these affected individuals share with their
unaffected biological siblings. We do not expect our work will necessarily shed light on the
underlying neurobiological and molecular causes of schizophrenia or its genetically
influenced risk state. Rather, this work is intended to identify potential biomarkers that will
have utility for the purposes of clinical classification and risk prediction. In order to be
useful in the clinical context, a potential biomarker is not also required to directly reflect or
represent the core source of its abnormal expression, though it may do so in some instances
(c.f., Sullivan and others 2006), and we expect that some (but certainly not all) of the
putative biomarkers we have identified presently may illuminate neurobiological and
molecular processes that may have gone awry in schizophrenia. Subsequent work in
postmortem brain tissue will be required to reveal which of our putative biomarkers also
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have an etiologic role reflected in the brain and which solely have utility as peripheral
classifiers. At this relatively early stage, much work remains to be done before we can
declare any of the observed transcriptomic alterations true biomarkers for the disorder or its
genetically influenced risk or protective states. Yet, this pilot study has accomplished our
intention of demonstrating, in the classical tradition of genetic epidemiology, the potential
utility of including first-degree biological relatives in biomarker studies of schizophrenia.
The abnormalities of gene expression identified in the unaffected relatives were not entirely
overlapping with nor entirely distinct from those seen in the schizophrenia patients
themselves, but in many cases the changes were in a similar direction and had common
biological threads suggesting that they reflect the inherent (but in some cases unrealized)
risk for the disorder. In other instances, the changes seen in unaffected siblings were
opposite to those seen in their affected relatives, perhaps shedding light on the protective
biological architecture that these individuals (but not their affected siblings) have inherited
or acquired. If even a portion of the results reported here can be verified and extended in
subsequent studies, it may provide a basis for advanced diagnostics, targeted intervention
strategies, and a better understanding of the biological susceptibility toward schizophrenia.
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FIGURE 1.

Venn Diagram of Genes Dysregulated between Groups. SZ: schizophrenia group; SIB: first-
degree biological sibling of SZ subject group; CCS: unrelated non-mentally ill community
comparison subject group.
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