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Abstract of Dissertation  

 

Alternative Splicing Dysregulation in Mental Disorders 

Author: Ori S. Cohen 

Sponsor: Stephen J. Glatt  

 

 The brain’s ability to adapt ultimately depends on the efficiency with which 

neuronal connections are made, destroyed, or manipulated. This connectivity is largely 

controlled by synaptic plasticity, which creates, strengthens, or weakens signals that are 

necessary for appropriate functioning of the organism.  This constant rewiring allows an 

organism to learn, mature, and cope with the ever-changing environment. However, this 

rewiring is dependent on the ability to make new proteins, which highlights the 

importance of transcription, translation, and post-translational modification in the process 

of synaptic plasticity. Among these cellular functions, transcription plays a key role in 

providing the necessary variability that is required to regulate neurodevelopment and 

cognitive behaviors. During transcription, alternative splicing regulates the contents of 

transcriptomic elements by cutting and stitching the transcribed pre-mRNA and adjusting 

the configuration of the mature mRNA(s) to meet the necessary cellular requirements.  

Therefore, it is conceivable that alternative splicing abnormalities can result in 

inappropriate adjustment of the transcriptome and result in pathological adaptation.  In 

this dissertation, I review the evidence of dysfunctional gene splicing in neuropsychiatric 

disorders.  Then I evaluate the extent of alternative splicing in an animal model for social 

interaction. This model utilizes valproic acid exposure at a critical developmental period 
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to illicit significant and long-lasting changes in social interaction behavior.  Next, I 

explore the abundance and types of alternative-splicing dysregulation in postmortem 

brain tissue samples from schizophrenia patients as compared to non-psychotic 

comparison subjects. Finally, I describe the mechanisms by which a schizophrenia-

associated polymorphism in a strong candidate gene (DRD2, which encodes the D2 

dopamine receptor) disrupts alternative splicing and leads to inappropriate transcription 

that is associated with cognitive dysfunction.  Collectively, these results reinforce the 

notion that consideration of genetic variants that dysregulate particular mRNA isoforms 

and understanding the biological consequence of expressing such isoforms is a crucial 

step in our efforts to understand human behavior and to develop therapeutic interventions 

for mental disorders. 
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Overview 

  Alternative pre-mRNA splicing is a major mechanism by which the proteomic 

diversity of eukaryotic genomes is amplified.  Much like neuropsychiatric disorders 

themselves, alternative splicing events can be influenced by genetic, developmental, and 

environmental factors.  The evidence that abnormalities of splicing may contribute to the 

development of these disorders is reviewed in this introduction. It includes a description 

of the phenomenon of alternative splicing and the processes involved in its regulation as 

well as the alternative splicing events that contribute to normal neurodevelopment. 

Additionally it describes the evidence implicating specific splicing abnormalities in a 

wide range of neuropsychiatric disorders, including psychotic disorders (schizophrenia), 

affective disorders (bipolar disorder and major depressive disorder), suicide, substance 

abuse disorders (cocaine abuse and alcoholism), and neurodevelopmental disorders 

(autism). A theoretical reworking of the concept of “gene-focused” epidemiologic and 

neurobiological investigations is provided.  Finally, I discuss the questions and 

hypotheses that inspired the work in this dissertation and the studies provided herein.  
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Introduction 

  Anthony and Gallo (2010) recently reviewed the contributions of splicing 

abnormalities and other RNA-processing events to neurological and neurodegenerative 

disorders; however, a decade has passed since the role of alternative splicing in 

neuropsychiatric disorders was reviewed by Grabowski and Black (2001).  Much has 

changed in the last decade, including our understanding of the core splicing machinery 

and its interacting protein and ribonucleoprotein partners, as well as the ubiquity and 

importance of alternative splicing and the technological advances that facilitate its 

detection and quantification.  Thus, we provide here a brief overview of the phenomenon 

of alternative splicing and a review of the evidence for splicing abnormalities in 

neuropsychiatric disorders, including several major psychotic, affective, 

neurodevelopmental, and substance use disorders. 

  

Alternative Splicing: A Major Source of Functional Genomic and Phenotypic 

Diversity 

High-throughput functional genomic (i.e., transcriptomic and proteomic) studies 

have revealed a great deal about the systems-level postmortem biological abnormalities 

that characterize a variety of neuropsychiatric conditions, including affective disorders 

such as bipolar disorder (BD) and major depressive disorder (MDD), and suicide (SUI) 

(Sequeira and Turecki, 2006; Sokolov, 2007), neurodevelopmental disorders such as 

autism (AUT) (Purcell et al., 2001), substance use disorders (SUDs) such as cocaine 

abuse/dependence and alcoholism (Sokolov, 2007), and psychotic disorders such as 

schizophrenia (SZ) (Iwamoto and Kato, 2006; Sokolov, 2007).  Yet, most prior functional 
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genomic studies of these illnesses have inadvertently overlooked one of the most 

potentially important sources of inter-individual (and perhaps disorder-related) 

phenotypic diversity: the expression of alternatively spliced variants (ASVs) or isoforms 

of these genes.   

The primary transcripts (pre-mRNAs) of protein-coding genes include both 

introns and exons, requiring that the introns are removed and the exons are “spliced” or 

joined together before a mature, contiguous, translatable mRNA can be produced.  This 

process is catalyzed by the “spliceosome”, which is usually comprised of five small 

nuclear ribonucleoproteins (snRNPs; the so-called “U proteins” U1, U2, U4, U5, and U6) 

and a large number of auxiliary factors (though a small number of pre-mRNAs are 

spliced by the cytosolic “minor spliceosome”, comprised of U5 along with U11, U12, 

U4atac, and U6atac).  In its broadest sense, the term “splicing” refers to the joint and co-

occurring processes of intron removal from pre-mRNAs and exon ligation into mRNAs 

that are ready to be translated into amino acids and, subsequently, proteins.  Alternative 

splicing, therefore, refers to the variety of possible ways in which diverse mRNA species 

can be created from a single pre-mRNA through the skipping of exons, retention of 

introns, or use of alternative promoters, 5′ splice sites, 3′ splice sites, or poly-A tails 

(Figure 1).   

Alternative splicing is one of the major mechanisms by which eukaryotes create 

enormous proteomic diversity from a smaller-than-expected number of genes; yet, it is 

but one of many known mechanisms of RNA regulation and protein production, which 

include RNA editing (post-transcriptional changes to the base-sequence), post-

transcriptional modification (by pseudouridylation, methylation, non-canonical 
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polyadenlyation and RNA terminal polyuridylation), microRNA (miRNA) regulation 

(usually silencing) of translation, use of alternative translation start sites, and factors 

affecting RNA localization, stability, and turnover.  (For a more thorough overview of 

splicing mechanics, see the comprehensive review by Li et al., 2007 888, and for a more 

thorough overview of other mechanisms of RNA and protein regulation see the 

comprehensive reviews by Hartmann and Valcarcel, 2009, and Farajollahi and Maas, 

2010).  Collectively, these regulatory processes significantly complicate the widely 

perpetuated dogma of molecular biology in which transcribed mRNAs are simply and 

straightforwardly translated into amino acids and proteins.  This complexity is further 

compounded by the spatial and temporal specificity of mRNA expression, and 

unfortunately, the rules that govern these processes are largely unknown.  Yet, despite 

these uncertainties, we now have a much more accurate conceptualization than we did a 

decade ago of mRNA regulation and the important physiological consequences it can 

impart. 

 

Biological Causes and Consequences of Alternative Splicing 

The manner in which a gene’s exons are spliced together is a fundamental 

determinant of its protein’s functions.  For example, the distinct ASVs of a gene may 

have diametrically opposed physiological functions (Clark et al., 2007). Thus, traditional 

discussions about a given gene’s function are moot unless a particular ASV of the gene is 

invoked.  At the same time, modern neuropsychiatric geneticists must gain familiarity 

with alternative splicing in order to make biological sense of the large volumes of data 

being generated by genome-wide technologies, which may for example describe 
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expression intensities of multiple discrete isoforms of a gene or implicate what 

superficially may appear to be innocuous intronic or synonymous variants as significant 

risk factors for neuropsychiatric disorders. 

The human brain has unique patterns of alternative splicing, and expresses higher 

levels of splicing than most other tissues (Yeo et al., 2004).  During neuronal 

development, many different splicing patterns are induced, probably via differential 

expression of splicing auxiliary factors or alternative splicing regulators (ASRs), which 

interact with the spliceosomal machinery that excises introns and ligates exons of pre-

mRNAs to make functional genetic transcripts.  These diverse splicing patterns dictate 

important regulatory decisions in many steps of neuronal development.  By affecting 

proteins such as growth factors (e.g., FGF8) (Gemel et al., 1996; Ghosh et al., 1996; Li et 

al., 2007; MacArthur et al., 1995; Olsen et al., 2006) and cell-adhesion molecules (e.g., 

DSCAM, NLGNs, and NRXNs) (Nie et al., 2004; Ullrich et al., 1995), alternative splicing 

shapes processes such as cell-fate determination (via Numb proteins) (Dho et al., 1999; 

Dho et al., 2006; Reugels et al., 2006), axon guidance (via DSCAM) (Schmucker et al., 

2000; Zipursky et al., 2006), and synaptogenesis (Li et al., 2007).  In adult neurons, 

synaptic remodeling or strengthening is regulated by alternative splicing and the relative 

expression levels of ASVs.  Proteins that are important for synaptic vesicle release (e.g., 

SNAP25) (Bark et al., 1995; Sorensen et al., 2003), post-synaptic density constitution 

(e.g., PSD95), and long-term potentiation (e.g., APOER2) have been shown to have 

ASVs that each have a distinct functional role in relaying signals (Li et al., 2007).  In 

turn, splicing events that alter neuronal activity are themselves differentially regulated by 
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incoming stimuli, such as chronic excitatory depolarization (Hepp et al., 2001; Vallano et 

al., 1999; Zacharias and Strehler, 1996).   

Other examples of alternatively spliced proteins include ion channels, 

neurotransmitter receptors, and proteins involved in calcium signaling (Li et al., 2007).  

For example, the N-type voltage-gated calcium channels located at presynaptic terminals 

control neurotransmitter release and are subject to alternative splicing (Bell et al., 2004).  

Two mutually exclusive isoforms (Cav2.2e37a and Cav2.2e37b) of this calcium channel 

differ in their intracellular domains (Lipscombe and Raingo, 2007).  The inclusion of 

exon 37a creates a module that couples the N-type channel to a powerful form of G 

protein-dependent inhibition.  Neurotransmitters such as GABA and enkephalins inhibit 

N-type channels in nociceptive neurons through their G-protein-coupled receptors and 

attenuate nociception.  Critically, cells may control the sensitivity of their N-type 

channels to G-protein-mediated voltage-independent inhibition by adjusting the ratio of 

Cav2.2e37a to Cav2.2e37b isoforms (Lipscombe and Raingo, 2007; Raingo et al., 2007), 

illustrating the importance of ASV expression ratios in determining the physiological 

activity of cells.  

 

Alternative Splicing in Neurodevelopment  

  In order to fully appreciate the involvement of alternative splicing in mental 

disorders, it is important to consider its role in the development of the central nervous 

system. Spatial and temporal coordination of factors that control the types, abundance, 

and activity of proteins regulates key events such as neurogenesis, differentiation, 

migration, synapse formation, and synapse maturation. A variety of cellular functions are 
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responsible for generating the necessary protein activity, from chromatin states to post-

translational modification. As such, recent studies not only confirm the involvement of 

alternative splicing in neurodevelopment, they indicate precise mechanisms by which it is 

accomplished (Figure 2) (Norris and Calarco, 2012).  Examples of ASVs that control 

neurodevelopment, and the ASRs that affect these ASVs are described in this section. 

  The repressor element 1 silencing transcription factor (REST) gene encodes a 

protein that is highly expressed in early neural progenitor cells. This protein is known to 

repress the expression of genes involved in neural differentiation by directly binding to 

these genes (Ooi and Wood, 2007).  As such, differentiation cannot proceed unless REST 

activity is inhibited. One mechanism by which inhibition of REST activity is 

accomplished is via alternative splicing (Raj et al., 2011). Raj et al. demonstrated that 

neural-specific Ser/Arg repeat-related protein of 100 kDA (nSR100) acts as a splicing 

activator that induces inclusion of an exon that is located between the third and fourth 

exons of REST. Inclusion of this exon causes a frameshift that results in a premature stop 

codon and, thus, a truncated REST protein (REST4) (Raj et al., 2011). REST4 lacks the 

domains necessary for appropriate DNA binding and thus, does not have the repressive 

activity of REST. At embryonic day 11 (E11) the mouse cortex consists of mostly 

undifferentiated neural progenitor cells and the levels of nSR100 are relatively low, while 

the relative expression of REST/REST4 is high. As the developing mouse embryo 

approaches E12.5, neuronal differentiation in the cortex begins. At this time nSR100 

expression begins to ramp up, which correlates with increased expression of REST4 and 

decreased expression of REST. This allows for the production of neurons from neural 
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progenitor cells. (Raj et al., 2011). This study clearly illustrates the importance of 

nSR100 in suppression of REST activity and induction of neurogenesis.    

  Neuronal migration defects have also been shown to correlate with expression of 

an ASR (Norris and Calarco, 2012). Yano et al. found Nova-2 knockout mice show 

migration defects of late-born cortical neurons  (Yano et al., 2010).  These defects were 

found to be due to one particular ASV of Disabled-1, an important signaling molecule in 

the Reelin pathway. The Reelin pathway has been found to be crucial for actin dynamics 

that control neuronal migration and appropriate cortical lamination (Ayala et al., 2007; 

Norris and Calarco, 2012).   Nova-2 was found to repress the inclusion of exons 7b and 

7c of Disabled-1, preventing the translation of a dominant negative splice variant (Yano 

et al., 2010). Yano et al. also show that overexpression of Disabled-1 that contains exons 

7b and 7c in E14.5 resulted in migration defects that are similar to Nova-2 null mice 

(Yano et al., 2010). Thus, it seems that the migratory capacity of neurons, and their 

response to Reelin signaling by manipulating Disabled-1 splice variants, occurs via 

expression of Nova-2 (Norris and Calarco, 2012). 

  The activity of Neurexins and PSD-95 in synaptogenesis and synapse maturation 

has been recently linked to particular ASVs and ASRs (Norris and Calarco, 2012). The 

activity of PSD-95 seems to be negatively controlled by the expression of PTBP1 and 

PTBP2 ASRs (Zheng et al., 2012). These ASRs cause exon 18 skipping in PSD-95 and a 

premature stop codon, which leads to a truncated protein that is targeted for degradation 

(Norris and Calarco, 2012). Therefore, PTBP1 and PTBP2 prevent premature maturation 

of synapses by inhibiting the activity of PSD-95 (Norris and Calarco, 2012; Zheng et al., 

2012). In mice, PTBP1 and PTBP2 expression are relatively high during the embryonic 
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stage and are only silenced in the postnatal stage when synaptic maturation typically 

occurs(Zheng et al., 2012). The ASVs of Neurexins and Neuroligins show extreme 

complexity, displaying numerous splice variants with differential functions (Chih et al., 

2006; Norris and Calarco, 2012). Particular ASVs of these genes are thought to control 

the balance between excitatory and inhibitory synapse formation in the brain (Norris and 

Calarco, 2012). Furthermore, the activity of the ASR that is known to affect alternative 

splicing of Neurexins, SAM68, is shown to be dependent on neuronal activity (Iijima et 

al., 2011; Norris and Calarco, 2012).  

  The above findings suggest that alternative splicing is a mechanism that allows 

for fine-tuning and more specific control of the developing nervous system. Therefore, 

when considering the relatively subtle pathologies observed in patients affected with 

mental disorders it makes sense to study disruption in alternative splicing mechanisms.  

 

 

Alternative Splicing of Candidate Genes for Neuropsychiatric Disorders 

Schizophrenia (SZ)   

 ASVs with discrete localization and competing functional profiles have been 

identified in the gene encoding the D2 dopamine receptor (DRD2), which is the main 

antagonized target of all effective antipsychotic medications.  The two most common 

ASVs of DRD2 are the D2short and D2long isoforms, which differ in the exclusion or 

inclusion (respectively) of exon 6 that encodes 29 amino acids in the G-protein-binding 

third intracellular loop of the protein.  Usiello et al. (2000) showed that the D2short 

receptor served as the prototypical inhibitory presynaptic autoreceptor, while D2long 
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receptors were located primarily at postsynaptic sites.  Further, Zhang et al. (2007) found 

that the T alleles of rs1076560 (which is the minor allele SNP that maps to intron 6) and 

rs2283265 (in intron 5) favored inclusion of exon 6 of DRD2, resulting in decreased 

expression of the D2short splice variant. This correlates with greater fMRI activity of 

striatum and prefrontal cortex during working memory tests, and reduced working 

memory and attentional performance in healthy subjects.  Bertolino et al. (2009) 

extended these molecular, neurobiological, and behavioral effects of the T/T haplotype to 

patients with schizophrenia, which is consistent with the association we have observed 

between these alleles and risk for the disorder (Glatt et al., Submitted; Glatt et al., 2009b).  

Although it is presently unknown how these polymorphisms influence the “spliceability” 

of DRD2 and the resultant behavioral, neurobiological, and clinical phenotypes, it is 

possible that these variants introduce, destroy, strengthen, or weaken binding sites for 

known ASRs.  For example, the risk-associated T allele of rs2283265 strengthens a 

binding motif for hnRNP-I relative to the G allele, but it also creates a U2AF2 binding 

site while abolishing an SRp40 binding site.  On the other hand, rs1076560 lengthens the 

binding motifs for two hnRNPs, including hnRNP-F and hnRNP-H.  Thus, possessing the 

risk-associated alleles of these variants (or their haplotypic combination, which is often 

the case due to the high degree of linkage disequilibrium between them) might facilitate 

the inclusion of exon 6 leading to the observed over-expression of D2 long receptors 

relative to D2short receptors in postmortem brain from both SZ and unaffected individuals.  

This possibility, coupled with the over-transmission of rs1076560 and rs2283265 risk 

alleles to patients with SZ, might provide a possible mechanism linking risk-associated 

polymorphisms with their molecular consequences.  It should be noted that neither of 
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these DRD2 polymorphisms, with odds ratios of approximately 1.1-1.2 for schizophrenia, 

has been identified as a major risk factor for the disorder, nor has either variant been 

found to be reliably associated with the disorder in any recent genome-wide association 

scans (GWAS). However, this does not preclude the possibility that these variants have a 

small but reliable influence on the overall susceptibility toward schizophrenia, which 

could be mediated via the effects of these polymorphisms on the ability or likelihood of 

alternative DRD2 splicing. 

In addition to DRD2, a small handful of candidate genes for SZ have been found 

to exhibit abnormal splicing patterns in postmortem brain, including CTNNA2 (Mexal et 

al., 2008), DISC1 (Nakata et al., 2009), ERBB4 (Law et al., 2007; Silberberg et al., 2006), 

ESR1 (Weickert et al., 2008), GRIN1 (Kristiansen et al., 2006; Le Corre et al., 2000), 

GRM3 (Sartorius et al., 2008), NRG1 (Tan et al., 2007), and RGS4 (Ding and Hegde, 

2009).  Such results have further strengthened the support for this cadre of already strong 

candidate genes, but for most of these genes the functional difference between their 

alternate isoforms is not known, and thus the physiological consequence of dysregulation 

of a particular isoform is unclear.  Yet, in some instances, the functional difference 

between isoforms is known, and this in turn sheds light on possible mechanisms by which 

these genes may influence susceptibility to the disorder.  For example, the isoforms of 

ERBB4 that are reliably up-regulated in SZ include the alternatively spliced exon 16, 

which encodes a metalloprotease cleavable extracellular domain, and exon 26, which 

encodes a cytoplasmic domain with a phosphotidylinositol-3 kinase binding site that 

plays a role in chemotaxis and survival (Law et al., 2007; Silberberg et al., 2006).  
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Although replication studies are needed to confirm these findings, they illustrate potential 

mechanisms whereby alternative splicing abnormalities might lead to disease. 

 

Affective Disorders 

Affective disorders, also known as mood disorders, include depression, bipolar 

disorder, and anxiety disorder. Some candidate genes for SZ have been found to exhibit 

splicing irregularities in other psychiatric disorders as well.  For example, ASVs of 

GABRB2 and PDE4B have been found to be similarly dysregulated in postmortem brain 

tissue samples from both SZ and BD patients (Fatemi et al., 2008; Huntsman et al., 1998; 

Zhao et al., 2009) while the b isoform (containing a nuclear localization signal hat is 

absent in other isoforms) of CAMKII was found to be up-regulated in both SZ and MDD 

but not BD (Novak et al., 2006).  Such results highlight potentially common or unique 

molecular components of these disorders, or perhaps of their sometimes-shared 

phenotypic aspects (e.g., psychosis, or mood dysregulation). 

Beyond GABRB2, PDE4B, and CAMKII, other genes have been found to be 

alternatively spliced in postmortem brain tissue samples from individuals with affective 

disorders.  In fact, one of the earliest observations of disorder-associated alternative 

splicing in neuropsychiatry was provided by Vawter et al. (1998), who found increased 

NCAM isoform expression in postmortem hippocampus from BD patients compared to 

samples from SZ patients, SUI cases, and unaffected control subjects.  Subsequently, 

Vawter’s group found under-expression of an isoform of NCAM1 containing a mini-exon 

“c” and the secreted “SEC” exon in postmortem cerebellum in BD but not SZ when 
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compared to control tissue samples (Atz et al., 2007), again highlighting the potential 

regional (and phenotypic) specificity of splicing abnormalities in these disorders. 

 

Suicide (SUI)   

A number of psychiatric disorders (including affective disorders, SZ, and SUDs) 

are associated with an increased risk of SUI.  In turn, diagnostic boundaries seem to have 

little bearing on the ability to detect alternative splicing events as they relate to SUI.  For 

example, Dracheva et al. (2008) observed an increase in RNAsp2:RNAsp1 ratios of 

HTR2C in postmortem dorsolateral prefrontal cortex of SUI completers regardless of 

diagnosis, but no difference between SUI completers with BD and SUI completers with 

SZ.  Interestingly, the ratio of these two HTR2C isoforms was correlated (but not 

perfectly) with RNA-editing efficiency at four of the five known editing sites in the 

mRNA.  In other work, Ernst et al. (2009) found, in a subset of SUI completers, 

decreased expression of the T1 isoform of TRKB throughout the frontal lobes; however, 

this effect was not seen in the cerebellum, nor was it apparent in all SUI completers.  Of 

note, the dysregulation of the T1 isoform was affected by the methylation status of 

various CpG dinucelotides in the gene, suggesting that disorder-relevant ASV expression 

(and ASV expression in general) may be governed by epigenetic processes. 

 

Substance Use Disorders (SUDs)   

 Collectively, SUDs have not often been the object of alternative splicing analyses in 

human postmortem brain tissue.  Yet, though not as often examined for alternative 

splicing abnormalities as other neuropsychiatric disorders, SUDs have the advantage of 
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more straightforward and face-valid modeling in animals. This is critical because 

research on postmortem brain tissue from individuals with SUDs (or any 

neuropsychiatric disorder, for that matter) will be unable to resolve whether 

dysregulation of particular splice variants is a consequence or a cause of the disorder.  

There have been a number of investigations of the effects of either self- or investigator-

administered substances of abuse (including alcohol, cocaine, and opiates) on the 

alternative splicing of candidate genes like BDNF, GNAO1, GRIN1, OPRK1, and 

OPRM1 in rat and mice models of human SUDs, or in animal neural tissue to which such 

substances are exogenously applied (Brunk et al., 2008; Kumari and Anji, 2005; Liu et 

al., 2006; Loftis and Janowsky, 2002; Pan et al., 2009; Saito et al., 2003; Winkler et al., 

1999).  These studies, by and large, have supported the hypothesis that exposure to 

addictive substances changes the expression of particular mRNA isoforms, which 

suggests a possible mechanism for the neuropsychiatric consequences of SUDs.   

However, these findings do not preclude the possibility that humans who inherit or 

acquire the capacity to over- or under-express such ASVs are at heightened susceptibility 

to develop an SUD once they are exposed.  Future work in animal models could evaluate 

this hypothesis by artificially dysregulating particular implicated ASVs and monitoring 

differences in the acquisition, severity, and/or persistence of drug-seeking behavior in 

these animals.  Unfortunately such linkages have yet to be made, but since SUDs 

constitute gene-environment disorders with at least one controllable environmental 

exposure (i.e., the ingestion of the drug), they are well-suited to further experimentation 

in animal models and present perhaps the best target among neuropsychiatric disorders 

for exhaustive clarification of the role of alternative splicing. 
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Autism (AUT) 

Animal models also have been useful in identifying putative AUT-associated 

alternatively spliced isoforms of candidate genes.  In a series of publications, Sadakata 

and Furuichi et al. have mapped the tissue distribution (Sadakata et al., 2007c) and 

molecular physiological functions (Sadakata and Furuichi, 2009) of the AUT positional 

candidate gene CADPS2 in the mouse, and identified a plethora of cerebellar 

morphological and functional anomalies (Sadakata et al., 2007a).  They also documented 

AUT-like behavioral abnormalities (Sadakata et al., 2007b) in mice lacking the gene, and 

discovered a novel CADPS2 ASV expressed in blood samples from several AUT patients 

(Sadakata et al., 2007b).  The typically deleted exon (exon 3) encodes a dynactin 1-

binding domain which, when absent, prevents axonal transport of CADPS2 protein.  

Further evaluation of the role of CADPS2 splicing in AUT-like behavior in both mouse 

and human studies seems strongly warranted. 

 

Genetic Influences on Disorder-Associated Alternative Splicing  

  In many instances, the over- or under-expression of particular ASVs in a 

neuropsychiatric disorder has been tied to a particular genetic polymorphism, thus 

identifying these variants as splicing quantitative trait loci (sQTLs) (Pickrell et al., 2010; 

Ryten et al., 2009).  DISC1 has long been recognized as one of the strongest risk factors 

for SZ, but the causal mechanism remains unknown; alternative splicing governed by an 

sQTL was recently identified as one potential contributor.  Nakata et al. (2009) found Δ7, 

Δ8, and Δ3 ASVs, which encode truncated DISC1 proteins, were expressed more in the 
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hippocampus of patients with SZ, and that this over-expression was associated with 

known SZ-risk single nucleotide polymorphisms (SNPs rs821616, rs6675281, and 

rs821597). Prefrontal cortical dysregulation of NCAM1 ASVs containing the mini-exon 

(c) and the secreted exon (SEC) in BD (not observed in SZ) has also been found to be 

under genomic control, in this case by rs2303377 (Atz et al., 2007).   

In the realm of SUDs, Hishimoto et al. (2007) provided evidence for genetic 

association between polymorphisms in NRXN3 and alcohol dependence, identifying as 

the strongest susceptibility locus rs8019381, which is adjacent to the recognized splice 

site for exon 23 of the gene.  This known alternatively spliced exon determines whether 

the NRXN3 protein is soluble or membrane-bound.  In conjunction, these authors showed 

that the risk-conferring allele of this susceptibility polymorphism is associated with lower 

expression levels of the soluble and membrane-bound isoforms of the gene in postmortem 

samples of cerebral cortex from unaffected individuals; however, dysregulation of either 

ASV in the brains of alcohol-dependent subjects has yet to be demonstrated.   

In contrast to these disorder-specific observations, splicing abnormalities in 

GABRB2 appear to be common to both SZ and BD.  For example, Zhao et al. (2009) 

found increased expression of the β2S1 ASV and decreased expression of the β2S2 ASV in 

postmortem dorsolateral prefrontal cortex in both SZ and BD, both of which were 

correlated with GABRB2 SNPs (including rs187269 and rs2546620).  Of note, all of the 

splicing-associated alleles of the sQTLs reviewed above are relatively common variants, 

occurring at more than 5% frequency in all evaluated populations; however, this does not 

preclude the possibility that these associations are merely signals (via linkage 

disequilibrium) for other undetected variants more closely and causally related to the 
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observed effects on splicing, and such may comprise either common or possibly rare 

variants.  Also, each of the sQTLs described previously has been cis-acting (i.e., 

influences the splicing of the gene in which it is situated), but it is also probable that there 

are many trans-acting sQTLs that influence the splicing of genes elsewhere in the 

genome, and that the splicing of some susceptibility genes for neuropsychiatric disorders 

will be influenced by these as well. 

Additional evidence for the possible existence of psychiatric disorder-associated 

sQTLs in the genome comes from the recent wave of GWASs in psychiatry, which have 

identified at least 19 SNPs meeting or surpassing the most commonly accepted threshold 

for asserting genome-wide significant association (p<5x10-8) with one or more disorders 

(Hindorff et al., 2011).  At first glance, it has been difficult to understand the biological 

significance of most of these results, since the SNPs typically included in GWAS 

platforms have not been chosen based on their functionality (especially with regard to 

splicing), but rather in regard to their genomic positions and their abilities to tag blocks of 

linkage disequilibrium within which the actual functional SNPs may reside.  However, 

we note here the possibility that, in several instances, these disorder-associated tagging 

SNPs may themselves have biological significance mediated via their effects on splicing.  

For example, 10 of the 19 GWAS-significant SNPs associated with one or more 

psychiatric disorders are within genes (the remaining nine are intergenic) and, as 

determined by the Splicing Rainbow software tool (Morais and Valcarel, 2010), each one 

of these 10 SNPs has the capacity to influence splicing via the introduction, abolition, 

strengthening, or weakening of one or more ASR-binding motifs (Table 1).  Each of 

these 10 polymorphisms is in linkage disequilibrium with many other potentially 
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functional polymorphisms (including some that affect splicing and some that do not), so 

it is premature to assert that the detected variants have a direct impact on risk for these 

disorders, and that these effects are mediated via alterations in splicing, however these 

are clearly strong possibilities that should be followed up.  

 

The Next Dimension: Whole-Exome and Whole-Spliceome Profiling 

The average number of exons in each of the approximately 23,000 protein-coding 

human genes is approximately nine (Sakharkar et al., 2004), and therefore the human 

“exome” (i.e., the full compendium of expressed exons) can be estimated to include at 

least 207,000 exons, though probably many more.  In turn, as many as 95% of human 

genes are alternatively spliced (i.e., have at least two different isoforms) (Barash et al.), 

and the average number of ASVs per gene is approximately three (Banks et al., 2000), so 

the human “spliceome” (i.e., the full compendium of alternatively spliced protein-coding 

variants, not to be confused with the above-mentioned and similarly spelled 

“spliceosome”) can be estimated to include at least 65,500 ASVs (though, again, likely 

more).  This degree of biological variability (especially such physiologically important 

variability) should not be ignored. 

Technological advances in the last half-decade (e.g., the Affymetrix Human Gene 

and Exon 1.0 ST Arrays) now allow for improved sensitivity in measuring the 

transcriptome while simultaneously querying the exome and spliceome.  Recently our 

group and others have employed this technology to study BD and SZ, and the results of 

our initial work support the notion that exomic and spliceomic abnormalities are common 

in these disorders.  For example, we recently published work in which we used the Exon 
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1.0 ST array to measure exome and spliceome expression in peripheral blood 

mononuclear cells (PBMCs) from 13 SZ patients, 9 BD patients, and 8 non-mentally ill 

control subjects (Glatt et al., 2009a).  Each diagnostic group was compared to each other, 

and the combined group of BD and SZ patients was also compared to the control group.  

Furthermore, we compared subjects with a history of psychosis (PSYCH+) to subjects 

without such history (PSYCH-), regardless of diagnostic boundaries (the former included 

6 of the 9 BD patients, while the latter included the remaining 3 BD patients).  Even after 

applying very stringent Bonferroni corrections for the 21,866 full-length gene transcripts 

analyzed, and statistically controlling for the potential confounding effects of exposure to 

antipsychotic medication and mood stabilizers, we found significant interactions between 

diagnosis and exon identity, consistent with group differences in rates or types of 

alternative splicing of one or more exons.  By far, the greatest disparity in patterns of 

expression of alternatively spliced genes was seen when comparing groups with a 

different history of psychosis.  Of the 16,555 nominally significantly dysregulated exons 

in PSYCH+, only 64 were down-regulated relative to the PSYCH- group, while the 

remaining 16,491 exons were up-regulated; this represented a highly significant departure 

from the ratio expected by chance (p<1.00x10-10).  

These results suggested to us, for the first time, that there might be a systematic 

abnormality in the splicing machinery causing widespread exonic over-inclusion in 

psychotic disorders such as SZ and BD.  Indeed, there are known examples of 

“spliceopathies” involving disruption of the basal splicing machinery, such as spinal 

muscular atrophy (caused by a loss-of-function mutation in SMN1, which is an assembler 

of snRNP complexes) and retinitis pigmentosa (caused by mutations in HPRP3, which is 
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a U4- and U6-associated protein, and PRPF31, which activates the spliceosome).  It 

seems unlikely however that SZ and BD are also examples of true spliceopathies, as 

disruption of any of the core spliceosomal snRNPs would result in abnormal splicing of 

most genes in the genome, which is not what has been observed by our group or others.  

Thus, although the single most significantly dysregulated transcript in PBMCs from the 

PSYCH+ group was SNRPC, which encodes one of the specific protein components of 

the U1 spliceosomal snRNP (p=0.0001), this dysregulation did not lead to universally 

faulty splicing of other genes.  Disruption of splicing auxiliary factors or ASRs, each of 

which regulates the splicing of only a select structurally conserved portion of genes in the 

transcriptome, was also observed.  The detected dysregulation of PUF60 (poly-U-

binding splicing factor), SF3A2 (splicing factor 3A subunit 2), and SFRS12 (splicing 

factor, arginine/serine-rich 12), for example, may provide more attractive theoretical 

mechanisms for the widespread (but not necessarily global) and directionally uniform 

(i.e., consistent exon up-regulation) splicing abnormalities we have seen in psychosis.  

Alternatively, neuropsychiatric disorders such as SZ and BD may not have any reliable 

link to alterations in the spliceosome, its auxiliary factors, or ASRs, but still be 

characterized by the simultaneous dysregulation of particular physiologically important 

ASVs of a number of different genes. 

Beyond our blood-based work, we recently completed a pilot study of alternative 

splicing in postmortem tissue samples of two brain regions (Brodmann area 10 [BA10] 

and caudate) from SZ and unaffected control subjects in the Harvard Brain Tissue 

Resource Center, again using an exon-profiling array from Affymetrix.  The results of 

this study are useful for the present discussion for three reasons.  First, we detected a 
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large number of genes that show evidence of dysregulation of particular ASVs in SZ in 

one or both brain regions in SZ, and these are targets worthy of further validation efforts.  

Second, the study provides further support for the notion of abnormal or dysregulated 

ASRs in the disorder.  For example, we found significant dysregulation of several 

splicing factors, including HNRNPH1, HNRNPH3, HNRNPC, and SFRS16, in BA10 in 

SZ.  Third, this work serves as a functional genomic validation of our prior blood-based 

biomarker study of ASVs in SZ and BD.  For example, 44 (28%) of the 156 genes that 

we previously found to have highly reliable Bonferroni-corrected significant abnormal 

expression of an ASV in blood in psychotic subjects were also found to have at least 

nominally significant abnormal ASV expression in either caudate or BA10 in 

postmortem brains from SZ patients.  Further, eight of these genes (ADAR, ARHGAP26, 

BIRC6, MAPK14, STXBP2, SYNE2, UTRN, and ZDHHC17) had ASVs that were 

significantly dysregulated in the same direction in blood (with Bonferroni-corrected 

significance) and in both brain regions (with at least nominal significance).  After 

performing a Bonferroni correction in this pilot study of postmortem brain tissue from 

just four cases and four control subjects, we lacked inferential power to declare 

statistically significant replication of the results that attained Bonferroni-corrected 

significance in the study of peripheral blood; however, the convergence of results across 

tissue types and studies reveals a degree of overlap that is quite compelling, even at this 

early stage of investigation.  Sullivan et al. (2006) previously documented that gene 

expression levels in various regions of the brain were reasonably well correlated with the 

expression levels of those same genes in peripheral blood, and our work suggests that 

potentially disorder-related changes in ASV expression may have some degree of 
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correspondence across tissues as well.  If the magnitude of the effects observed in 

postmortem brain persists as more subjects are studied and sample size (and resultant 

power) increases, then the genes identified as dysregulated in peripheral blood and both 

brain regions in SZ will highlight and validate two areas of further work which we are 

vigorously pursuing, including the detection of factors (especially sQTLs) that may be 

capable of disrupting the expression of particular ASVs regardless of tissue type, and the 

validation of blood-based biomarkers for these mental disorders.  This pilot study lends 

support to hypotheses generated by prior work.  In particular, it was gratifying to observe 

significantly differential expression of alternatively constituted CHI3L1 transcripts in the 

peripheral blood in SZ as well as comparable dysregulation of this gene’s ASVs in both 

caudate and BA10 in SZ.  These results are consistent with results from Zhao et al. 

(2007) who first discovered that SZ-associated risk haplotypes of CHI3L1 were 

associated with lower transcriptional activity and lower expression of the gene.  

Subsequent multi-center case-control studies, as well as meta-analysis, have provided 

further evidence of association between this gene and risk for schizophrenia in Asian 

samples (Ohi et al., 2010), but further collaborative work will be required to determine if 

the risk-associated variants of CHI3L1 also influence the expression of particular ASVs 

of the gene, rather than simply influencing overall transcriptional activity.  In observing 

dysregulation of ERBB4 ASVs in both BA10 and caudate, we have also confirmed prior 

postmortem work linking particular splice variants of this NRG1 cofactor to risk for the 

disorder (Law et al., 2007; Silberberg et al., 2006).  Lastly, several genes for which 

functionally distinct and neurodevelopmentally important ASVs are known (including 

NUMBL, DSCAM, FGF, SNAP25, and NLGN2 and NLGN4X, all of which were 
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described above) were also found to have SZ-associated dysregulation of one or more 

ASVs in postmortem BA10, but not caudate, reinforcing the importance of pursuing both 

ubiquitous and regionally specific alterations in ASV expression. 

Abnormalities in the expression of individual ASVs might help account for the 

failure to observe reliable functional genomic (i.e., transcriptomic) signatures of these 

disorders, as only the most robust differences in important ASV expression abnormalities 

would have been detected previously on platforms that assess “full-length” transcript 

expression, i.e., effects of genes with no known ASVs or genes for which all ASVs were 

similarly dysregulated.  In appreciation of the prevalence of alternatively spliced genes 

and the physiological capabilities and differences between ASVs of the same gene, we 

expect such scenarios will be few and far between relative to the number of reliable 

differences awaiting discovery at the level of individual exons and ASVs.  In fact, we 

already know of many instances in which ASVs of the same gene perform very different 

(even antagonistic) functions (Clark et al., 2007).  Thus it is simply no longer productive 

to attempt to analyze “whole-gene” expression—or even discuss “gene function”—

without reference to individual ASVs.  Beyond the realm of functional genomics, we 

hope and anticipate that an appreciation of the importance of alternative splicing will 

filter through to other areas of psychiatric genetic investigation, thus allowing for a more 

precise depiction of causal molecular mechanisms by epidemiologists and 

neurobiologists alike. 

  In our own initial studies of alternative splicing in peripheral blood and various 

postmortem brain regions in SZ and BD, we have utilized the Affymetrix platform of 

microarrays, which provide a relatively sensitive, specific, reliable, and affordable 
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method for assaying exonic mRNA expression intensities.  This approach has limitations 

too; chiefly, the detection of abnormally expressed exons cannot unequivocally be 

ascribed to the dysregulation of a given ASV, only inferred based on expected patterns of 

expression given the configuration of known isoforms.  Furthermore, even the latest tiling 

microarrays lack the ability to detect novel isoforms for which no probe is present on the 

pre-fabricated microarray.  A relatively novel alternative approach is the generalization of 

so-called “next-generation” sequencing to the identification and quantification of 

mRNAs, a process known as RNA-seq (Marguerat and Bahler, 2010).  This technique 

overcomes many of the major hurdles of microarray-based approaches.  For example, 

RNA-seq has a much broader dynamic range than microarray-based assays (perhaps 

spanning five orders of magnitude) and, with enough sequencing depth, can detect very 

low-expressed transcripts.  RNA-seq is also more sensitive than microarray analysis, and 

thus typically detects more transcripts per sample that are expressed significantly above 

background noise levels.  RNA-seq is much better suited than microarray techniques to 

detect post-transcriptional modifications such as alternative splicing, but also RNA 

editing and other modifications that drive dissimilarity of expressed transcripts and their 

predicted probe sequences.  However, these advantages come at a cost, whole-

transcriptome RNA-seq is much more expensive than microarray analysis on a per-

sample basis.  In addition, RNA-seq currently requires larger investments of time in 

preparation stages (e.g., in the creation of libraries) and at data-analytic stages due to the 

volumes of sequence to be interrogated and data to be generated.  The actual costs of 

RNA-seq are projected to come down sharply as the technology improves and sees wider 

adoption by more end-users; so too will the amounts of time and effort required of 
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bioinformaticians and biostatisticians working with RNA-seq projects as protocols for 

library generation and data analysis become more refined and readily accessible as a 

consequence of stronger market demand.  The imminent widespread conversion from 

microarray-based hybridization techniques to RNA-seq should have an enormous impact 

on our ability to generate accurate profiles of aberrant ASV expression in various tissues 

and neuropsychiatric disorders, but for the time being there is still a place for both 

microarray-based and RNA-seq approaches in the arsenal of neuropsychiatric geneticists 

and neurobiologists. 

  First and foremost, it seems logical to utilize whole-exome and whole-spliceome 

technologies, such as the Affymetrix microarrays, to determine which ASVs of all genes 

in the human transcriptome are dysregulated in a variety of postmortem brain regions 

from individuals with neuropsychiatric disorders relative to unaffected individuals. Some 

of the findings from this study have been included in this introduction since they reflect 

advances in the field. Furthermore, we set out to investigate the mechanisms by which an 

intronic SNP, that is known to be associated with schizophrenia, affects alternative 

splicing. In order to examine the transcriptomic variations in response to a teratogen that 

is known to cause social behavioral changes, we utilized the valproic acid (VPA) animal 

model. 

 

Questions of the Dissertation  

The studies in this dissertation aim to provide further proof of the abundance and 

significance of ASV dysregulation in mental disorders in humans as well as in relation to 

social behavior in animals. Furthermore, mechanisms by which a genetic variant may 
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affect splicing, cognitive function, and schizophrenia are also addressed. The first study 

explores the effect of an environmental factor (valproic acid) on behavioral changes and 

long-lasting changes in ASV expression in an animal model. A second study explores 

ASVs in postmortem human brains and provides evidence of splicing abnormalities in 

schizophrenia. A third study describes a deep analysis of a genetic factor (a SNP) that can 

interact with a cellular environmental factor (an ASR) to influence splicing.  More 

detailed descriptions along with the hypotheses that motivated these studies are provided 

in the following sections.  

Chapter 2, entitled “Acute Prenatal Exposure to a Moderate Dose of VPA 

Increases Social Behavior and Alters Gene Expression in Rats”, explores the effect of a 

known teratogen at a critical developmental period on social behavior and ASVs. The 

hypothesis in this study is that exposure to VPA at gestation day 13 will have an effect on 

social interaction behavior as well as a long-lasting effects on the expression of ASVs. 

First we compared the behavioral effects between rats prenatally exposed to VPA and 

control animals via four separate social behavioral measures: Frequency of social 

investigation, play fighting, contact behavior, and social preference and avoidance. This 

was performed at three different developmental periods including postnatal days 28, 42, 

and 75. For rats at postnatal day 75, microarray analysis using the Affymetrix GeneChip 

Rat Exon 1.0 ST Array was used to measure the transcriptome in three different brain 

regions (anterior amygdala, cerebellar vermis, and orbitofrontal cortex) associated with 

social behavior. We then compared the results from whole-gene analysis to the results 

from the exon-level analysis and determined significant annotation clustering 

enrichments for each analysis as well as for each brain region. Furthermore, we provide 
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comprehensive tables that include the genes or exons that have shown significant 

differential expression after VPA exposure in utero. Next we explored specific exons 

dysregulated in specific genes and describe important protein domains that correspond to 

these exons. Finally, we propose possible mechanisms by which VPA may affect the 

transcriptome and the behavioral changes observed.  

Chapter 3, entitled “Transcriptomic Analysis of Postmortem Brain Identifies 

Dysregulated Splicing Events in Novel Candidate Genes for Schizophrenia”, aims to 

identify ASVs in postmortem brains that are associated with schizophrenia. Our 

hypothesis was that exonic expression abnormalities are common and widespread in 

postmortem brains of SZ patients. Two brain regions (caudate head located in the base of 

the forebrain and Brodman Area 10 located in the prefrontal cortex) implicated in this 

disorder were analyzed via the Affymetrix Human Gene 1.0 ST Array on a “discovery 

sample” that was constructed of four schizophrenia (SZ) and four neuropsychiatrically 

normal control (NC) subjects. Selected ASVs, which showed significant dysregulations 

in our discovery sample, were then confirmed by quantitative PCR (qPCR). Following 

confirmation of the microarray results we attempted to replicate these results via qPCR in 

a larger (16 SZ and 16 NC) independent “replication sample”.  

 In Chapter 4, entitled “A Splicing-Regulatory Polymorphism in DRD2 Disrupts 

ZRANB2 Binding, Impairs Verbal Fluency and Comprehension, and Reliably Increases 

Risk for Schizophrenia”, we performed a deep analysis of a SNP (rs1076560) in the 

dopamine D2 receptor gene (DRD2) via a number of experiments. Our overarching 

hypothesis for this study was that rs1076560(T) is associated with schizophrenia and 

resides in a cis-acting regulatory site that disrupts binding of a particular ASR, thus, 
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preventing exclusion of exon 6, which results in a decrease in the expression of the 

DRD2 short splice isoform. In order to evaluate the risk that this SNP imparts on 

schizophrenia we performed a family-based association study composed of 616 affected 

Han Chinese families. We also pooled allele and genotype data from five independent 

case-control studies (totaling 4,017 affected and 4,704 unaffected Han Chinese subjects) 

via meta-analysis. Upon detecting a significant effect of rs1076560(T) on risk for 

schizophrenia we evaluated the effect this SNP has on cognitive functions such as verbal 

fluency, verbal comprehension, and working memory. The cognitive tests included both 

schizophrenia and control subjects, and compared homozygous GG to T carriers. We also 

assessed the expression of DRD2 short relative to total DRD2 expression in the 

dorsolateral prefrontal cortex in relation to rs1076560(T) carrier status.  To confirm our 

hypothesis that rs1076560(T) disrupts an ASR binding site we used Octet Rapid System-

Extended Detection to evaluate bio-layer interferometry kinetics of oligonucleotide-

protein binding and dissociation. ASRs with differential binding to the two alleles at 

rs1076560 were predicted using the web-based SpliceAid tool. Furthermore, cell-based 

assays were performed by constructing minigenes that differed at rs1076560. These 

minigenes were co-transfected with cDNAs of specific ASRs. This cell-based assay 

allowed us to compare the responsiveness of each allele to a particular ASR by measuring 

(via qPCR) the ASR’s ability to induce exon 6 exclusion.    

 In Chapter 5, entitled “Discussion of Dissertation”, I provide a summary of the 

key findings from each chapter. In this chapter I also attempt to aggregate the results 

from all studies performed in this dissertation into a big picture view. Although highly 

speculative, this theoretical view suggests important factors to consider when studying 
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mental disorders and neurodevelopment. The limitations of each study and 

recommendations for future directions are also included in this section.   
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Figures 

Figure 1: Patterns of alternative splicing 

 

Figure 1 Transcripts from a gene can undergo many different patterns of alternative splicing. 

Transcriptional Initiation at different promoters (shown in two different shades of pink) generates 

alternative 5’-terminal exons that can be joined to a common 3’ exon (shown in blue) downstream. 

Similarly, alternative 3’ exons, with alternative polyadenylation sites, can be joined to a common upstream 

exon. Through the use of alternative 5’ or 3’ splice sites, exons can be extended or shortened in length. The 

most common pattern of alternative splicing is a cassette exon that can be included in the mRNA or 

skipped, inserting or deleting a portion of internal sequence. A special case of paired cassette exons show 

mutually exclusive splicing, where one exon or the other is included, but not both. Finally, the excision of 

an intron can be suppressed, to leave the retained intronic sequence in the mRNA that is exported to the 

cytoplasm. Many genes show multiple positions of alternative splicing, creating complex combinations of 

exons and alternative segments and a large family of encoded proteins. 
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Figure 2: “Notable Alternative Splicing Events Important for Nervous System 

Development” Reproduced from Norris et al. (Norris and Calarco, 2012). 
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Table 

Table 1. Genetic Polymorphisms Surpassing Criterion for Genome-Wide Significant Association (p<5x10-8) with  
 
Psychiatric Disorders 
Disorder P-Value SNP Gene Location Effect on ASR-Binding Motif(s)* 
Attention-deficit/hyperactivity 
disorder 1 x 10-8 rs7995215 GPC6  Intron (>)ASF/SF2; (+)hnRNPU; (>)SC35 

Attention-deficit/hyperactivity 
disorder 1 x 10-8 rs864643 MOBP Intron (>)ASF/SF2 

Alcohol dependence 1 x 10-8 rs7590720 --- Intergenic   

Autism 4 x 10-8 rs4141463 MACROD2 Intron (-)hnRNPC1/C2; (<)hnRNPI; (>)HuR; (-)SRp55; (>)Sxl; 
(>)U2AF65 

Autism 2 x 10-10 rs4307059 --- Intergenic   
Bipolar disorder 9 x 10-9 rs10994336 --- Intergenic   
Bipolar disorder 2 x 10-8 rs1012053 DGKH Intron (+)ASF/SF2; (-)hnRNPK; (>)SRp40; (>)SRp55 
Bipolar disorder and major 
depressive disorder 3 x 10-8 rs1006737 CACNA1C Intron (+)hnRNPF; (+)hnRNPH; (>)hnRNPU; (>)SRp40; 

(>)SRp55; (+) Tra2Beta 
Bipolar disorder and major 
depressive disorder 2 x 10-9 rs2251219 PBRM1 Exon (+)hnRNPF; (+)hnRNPH; (-)Tra2Beta 

Bipolar disorder and schizophrenia 6 x 10-9 rs11789399 --- Intergenic   
Bipolar disorder and schizophrenia 4 x 10-8 rs12201676 --- Intergenic   
Narcolepsy 3 x 10-8 rs2858884 --- Intergenic   

Narcolepsy 3 x 10-22 rs1154155 TRAA Exon (>)ASF/SF2; (-)hnRNPG; (<)SR9GB; (>)SRp55; (-
)Tra2Beta  

Nicotine dependence 6 x 10-20 rs1051730 CHRNA3  Exon (-)SRp20; (<)SRp40; (<)SRp55 
Schizophrenia 1 x 10-12 rs6932590 --- Intergenic   
Schizophrenia 2 x 10-10 rs3131296 NOTCH4 Intron (+)ASF/SF2; (<)SRp40; (<)SRp55 
Schizophrenia 2 x 10-9 rs12807809 --- Intergenic   
Schizophrenia 4 x 10-9 rs9960767 TCF4 Exon (+)SRp40; (>)SRp55 
Schizophrenia 1 x 10-8 rs13194053 --- Intergenic   
* (+) introduces; (-) abolishes; (>)strengthens; (<) 
weakens         
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Abstract  

Prenatal exposure to moderate doses of valproic acid (VPA) produces 

brainstem abnormalities, while higher doses of this teratogen elicit social deficits in 

the rat.  In this pilot study, we examined effects of prenatal exposure to a moderate-

dose of VPA on behavior and on transcriptomic expression in three brain regions that 

mediate social behavior.  Pregnant Long-Evans rats were injected with 350 mg/kg 

VPA or saline on gestational day 13.  A modified social-interaction test was used to 

assess social behavior and social preference/avoidance during early and late 

adolescence and in adulthood.  VPA-exposed animals demonstrated more social 

investigation and play fighting than control animals.  Social investigation, play 

fighting, and contact behavior also differed as a function of age; the frequency of 

these behaviors increased in late adolescence.  Social preference and locomotor 

activity under social circumstances were unaffected by treatment or age.  Thus, a 

moderate prenatal dose of VPA produces behavioral alterations that are substantially 

different from the outcomes that occur following exposure to a higher dose.  At 

adulthood, VPA-exposed subjects exhibited transcriptomic abnormalities in three 

brain regions: anterior amygdala, cerebellar vermis, and orbitofrontal cortex. A 

common feature among the proteins encoded by the dysregulated genes was their 

ability to be modulated by acetylation. Analysis of the expression of individual exons 

also revealed that genes involved in post-translational modification and epigenetic 

regulation had particular isoforms that were ubiquitously dysregulated across brain 

regions. The vulnerability of these genes to the epigenetic effects of VPA may 
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highlight potential mechanisms by which prenatal VPA exposure alters the 

development of social behavior.  

 

Introduction  

During nervous system development, neurons exhibit periods of vulnerability 

to teratogens.  One period of vulnerability is neuronal birthdate; i.e., the day on which 

neurons undergo their final mitosis.  In the rat, neurons in some of the cranial nerve 

nuclei are born on gestational day (G) 12 or G13.  These include the principal sensory 

nucleus of the trigeminal nerve and the motor nuclei of the trigeminal, facial, and 

hypoglossal nerves (Altman and Bayer, 1980a; Altman and Bayer, 1980b; Altman 

and Bayer, 1980c).  Exposure to ethanol on G12 or G13 results in a permanent 

reduction in the number of neurons in some cranial nerve nuclei (Mooney and Miller, 

2007), as well as alterations in social behavior and gene expression (Middleton et al., 

2012; Mooney and Varlinskaya, 2011).  The pronounced and permanent social 

deficits seen throughout adolescence and adulthood were most apparent in male 

offspring (Middleton et al., 2012; Mooney and Varlinskaya, 2011).  Specifically, 

males prenatally exposed to ethanol and tested as early adolescents, late adolescents 

or young adults exhibited a significant reduction of social investigation, contact 

behavior, and play fighting regardless of age.  Older adolescent and adult males and 

females demonstrated social anxiety indexed by transformation of social preference 

into social avoidance.  

Administration of another teratogen, valproic acid (VPA) at a dose of 350 

mg/kg, during the same critical period also decreases neuronal number in cranial 
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nerve nuclei (Rodier et al., 1996) but the effect on social behavior, anxiety-like 

responses under social circumstances, or gene expression is unknown. For this reason 

we decided to use this dose to explore the effects of prenatal VPA. Many studies 

examining behavioral outcome after exposure to VPA use a high dose of the drug 

(500 - 800 mg/kg).  In these models, animals show altered nociception (Schneider et 

al., 2001; Schneider and Przewlocki, 2005; Schneider et al., 2008), abnormal fear 

conditioning and increased anxiety (Markram et al., 2008), repetitive, stereotypic-like 

behaviors (Markram et al., 2008; Schneider and Przewlocki, 2005; Schneider et al., 

2008), decreases in social interactions (Dufour-Rainfray et al., 2010; Markram et al., 

2008; Schneider and Przewlocki, 2005; Schneider et al., 2008), and alterations in eye-

blink conditioning that are similar to the changes seen in humans with ASD (Stanton 

et al., 2007).  Acute prenatal exposure to a high dose of VPA also has anatomical 

effects; for example, it reduces the number of Purkinje cells in the cerebellum 

(Ingram et al., 2000), alters the location of serotonergic cells (Kuwagata et al., 2009), 

decreases serotonin expression in the hippocampus (Stanton et al., 2007), and alters 

cortical neuronal connectivity (Rinaldi et al., 2008).  Chronic prenatal exposure to a 

moderate dose (300 or 350 mg/kg) alters hippocampal synaptic plasticity (Zhang et 

al., 2003), increases complexity of apical dendrite branching in motor cortex (Snow et 

al., 2008), and decreases complexity of dendrite branching in hippocampal neurons 

(Raymond et al., 1996).  But high doses of this drug can also be toxic to the dam 

and/or cause fetal death (Vorhees, 1987). 

VPA has several mechanisms.  Its acute effects may be driven by increases of 

gamma-aminobutyric acid (GABA) concentrations in the brain (Dufour-Rainfray et 
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al., 2010) via inhibition of GABA transaminase (Rosenberg, 2007b).  VPA can also 

have more sustained effects that are mediated by manipulation of DNA-processing 

and changes in gene transcription that result from its ability to act as a histone 

deacetylase inhibitor (HDACi) (Phiel et al., 2001; Rosenberg, 2007a).  Histone 

acetylation is a global mark and facilitator of gene activity (Brownell and Allis, 

1996).  Acetylation yields a negative charge, acting to neutralize the positive charge 

on histones and decrease the interaction of the N-termini of histones with the 

negatively charged phosphate groups of DNA.  As a consequence, the condensed 

chromatin is transformed into a more relaxed structure, which facilitates transcription.  

An even more prolonged influence proposed for VPA is through the induction of 

replication-independent DNA demethylation (Detich et al., 2003a; Detich et al., 

2003b).  VPA can reset stable DNA methylation patterns in established non-dividing 

cells and, therefore, can have wide-ranging and long-term effects on all cell types 

found in the brain and at any period of life (Detich et al., 2003b; Rosenberg, 2007a).  

Equally interesting is the ability of VPA to also affect the level of acetylation of non-

histone proteins (Mannaerts et al., 2010). 

Brain regions important for social behavior include the orbitofrontal cortex 

(OFC), the amygdala, and the cerebellar vermis, among others.  A lesion made to the 

OFC or the amygdala can cause deficits in social behavior (Daenen et al., 2002; 

Diergaarde et al., 2004; Mah et al., 2004; Rudebeck et al., 2007).  Cerebellar vermis 

forms connections with the limbic system (Strick et al., 2009), and abnormalities of 

the vermis are associated with a number of disorders, including attention-

deficit/hyperactivity disorder, schizophrenia, bipolar disorder, depression, anxiety, 
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and autism (DelBello et al., 1999; Ichimiya et al., 2001; Kaufmann et al., 2003; 

Loeber et al., 2001; Mackie et al., 2007; Picard et al., 2008; Strick et al., 2009). 

In the present study, we tested whether acute exposure to a moderate dose of 

VPA during a critical period of gestation: (1) produces social deficits and increases 

social anxiety during adolescence and/or adulthood; and (2) alters gene expression in 

three areas of the brain that are important for normal social behavior. Different forms 

of social behavior and social preference/avoidance (an index of social anxiety-like 

behavior) (Varlinskaya and Spear, 2010) were assessed using a modified social 

interaction test (Varlinskaya et al., 1999; Varlinskaya et al., 2001), which allows 

assessments of different components of social behavior, and of social motivation 

indexed via a coefficient of social preference/avoidance.  Transcriptome expression 

was also evaluated at two levels: as an aggregate measure of each gene’s overall 

expression which encompassed all expressed isoforms, and at the level of individual 

exons to identify particular differentially spliced isoforms of each gene. 

 

Methods 

Animals 

 Timed-pregnant Long Evans rats (Taconic, Germantown NY) were injected 

intraperitoneally (i.p.) with 350 mg/kg VPA (Sigma; St Louis MO) or an equivalent 

volume of saline on gestational day (G) 13.  G1 was designated as the first day on 

which a sperm-positive plug was identified.  All procedures were approved by the 

Committee for Humane Use of Animals at Upstate Medical University and the 
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Institutional Animal Care and Use Committee at the Syracuse Veterans Affairs 

Medical Center.  

 Within 24 hours of birth (on postnatal day (P) 0), litters were culled to ten, 

maintaining the ratio of male and female pups at 1:1 as well as possible.  Pups were 

weaned on P21 and subsequently housed in same-sex groups of four littermates on a 

reverse light-dark cycle (i.e., lights off from 6am-6pm). 

 

Social Behavior Study 

Modified Social Interaction Test 

 Animals were tested on P28, P42, or P75 (early and late adolescence and 

young adulthood, respectively) as described previously (Mooney and Varlinskaya, 

2011).  One male and one female from each litter were tested at each age, and each 

animal was only tested once (n=10 per sex/age for saline-exposed animals, n=8 per 

age for VPA-exposed males, n=9 for VPA-exposed females tested at P28 or P42, n=7 

for VPA-exposed females tested at P75).  

Testing was conducted under dim light using Plexiglas (Binghamton Plate 

Glass, Binghamton, NY) test apparatuses.  The test apparatus was divided into two 

compartments of the same size by a clear Plexiglas partition.  The partition contained 

a semi-circular aperture that allowed animals to move between compartments such 

that only one animal was able to move through the aperture at a time (Varlinskaya et 

al., 1999; Varlinskaya et al., 2001).  The box used for adolescent animals was smaller 

than that used for adult animals (30 x 20 x 20 cm for adolescents, 45 x 30 x 20 cm for 

adults).   
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On the day prior to testing, each experimental animal spent 30 min alone in 

the testing apparatus.  Allowing the animal to familiarize itself with the apparatus 

increases the frequency of social interactions in the later test situation (File and Hyde, 

1978; File and Seth, 2003).  On the test day, experimental animals were marked with 

indelible ink for later identification, and placed alone into a holding cage for 30 min, 

another way to increase social interactions.  Animals were then placed into the testing 

apparatus.  Five min later, a non-manipulated same-sex, same-age novel rat was also 

placed into the testing apparatus (Varlinskaya and Spear, 2002; Varlinskaya and 

Spear, 2008).  Animals were video-taped for 10 min with the investigator outside the 

room.  Between tests, the testing apparatus was cleaned with 3% hydrogen peroxide. 

 

Behavioral Measures 

 Four separate behavioral measures were scored and analyzed: frequency of 

social investigation (sniffing of the partner), contact behavior (crawling under or over 

the partner, social grooming), and play fighting (following, chasing, playful nape 

attacks and pinning), and also social preference/avoidance (Mooney and Varlinskaya, 

2011).  Social preference/avoidance was assessed by scoring the number of 

crossovers (movements between compartments) demonstrated by the experimental 

animal toward the partner and away from the partner (for details see 5).  In addition, 

the total number of crossovers from one compartment to another was used as an index 

of locomotor activity in the social context.  The frequency of each behavior for each 

test subject within the 10 min period was noted (Meaney and Stewart, 1981; Mooney 

and Varlinskaya, 2011; Thor and Holloway, 1984; Vanderschuren et al., 1997; 
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Varlinskaya et al., 1999; Varlinskaya et al., 2001).  Behavioral data were scored by a 

trained observer without knowledge of experimental condition of any animal. 

 

Statistical Analysis 

 Statistical analysis of each behavioral measure was performed using separate 

2 (prenatal exposure) x 3 (test age) x 2 (sex) between-group analyses of variance 

(ANOVAs). Changes in social behavior induced by prenatal exposure to VPA were 

assessed by post-hoc comparisons (Fisher’s planned least significant difference tests) 

between VPA-exposed animals and their age-matched saline-exposed controls.  

Statistical analyses were performed using Statistica software. 

 

Microarray Study 

Tissue Samples 

Sixty to 90 minutes after behavioral testing, 75-day-old rats were anesthetized 

(100 mg/kg ketamine and 10 mg/kg xylazine, i.p.) and decapitated.  Brains were 

removed and the forebrain was separated from the brainstem and cerebellum by a 

coronal cut between the colliculi.  Forebrains were separated by a cut in the mid-

sagittal plane.  The cerebellum was removed from the brainstem by cutting through 

the peduncles.  Brain pieces were frozen rapidly on dry ice, then stored at -80°C.  

Three male and three female rats, each from a different litter, were taken from each of 

the two treatment groups.   

 

RNA Extraction 
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Segments enriched in three brain regions were obtained from each of the six 

saline-exposed animals and six VPA-exposed animals.  Target brain regions included 

those that had been previously associated with social behavior: orbitofrontal cortex, 

amygdala, and cerebellar vermis.  All tissue was taken from the left hemisphere, and 

dissections were performed using a rat atlas as a guide (Paxinos G., 2009).  To isolate 

orbitofrontal cortex, the anterior 1 mm was sectioned from the hemisphere, the 

olfactory tubercle was removed, then a triangle of tissue was cut from the central part 

of the ventral half of the remaining tissue.  The amygdala tissue was dissected from a 

2 mm-thick slab taken from the middle of the forebrain.  The slab was laid flat and a 

cut was made parallel and slightly lateral to the internal capsule.  A second cut was 

made approximately 2 mm lateral to the first to separate much of the piriform cortex.  

A final cut was made in the horizontal plane 1 mm below the rhinal fissure.  This 

resulted in a block of tissue enriched in amygdala.  The cerebellar vermis was defined 

as the middle one third of the cerebellum; i.e., the tissue separating the cerebellar 

hemispheres.  The cerebellum and brainstem were isolated from the rest of the brain 

by a coronal cut made between the superior and inferior colliculi, then the cerebellum 

was removed by severing the peduncles.  The hemispheres were cut away to reveal 

the vermis. 

Samples were prepared for RNA extraction using a mortar and pestle to 

disrupt the tissue, then a QIAshredder (Qiagen, Valencia, CA) to homogenize it.  

RNA was extracted from each sample using an AllPrep DNA/RNA Mini Kit (Qiagen, 

Valencia, CA).  The purity, yield, and quality of RNA were evaluated via ultraviolet 

spectrophotometry and comparison of 28S:18S ratios using a Bioanalyzer RNA 
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Nanochip (Agilent, Palo Alto CA). All RNA samples were of high quality and 

showed no signs of DNA contamination. RNA amplification was performed using the 

WT Expression Kit (Ambion, Austin, TX) in preparation for fragmentation and 

labeling. 

 

Gene Expression Quantification 

Genome-wide quantification of mRNA expression was accomplished using 

Affymetrix GeneChip Rat Exon 1.0 ST Arrays (Affymetrix, Santa Clara, CA).  This 

chip contained approximately 40 probes per gene and four probes per exon, thus 

providing information sufficient for determining differential gene expression as well 

as alternative splicing between the control- and VPA-exposed rat groups.  

Hybridization and scanning of microarrays were performed as previously described 

(Glatt et al., 2009).  

 

Statistical Analysis 

CEL files containing microarray probe intensities were imported into Partek 

Genomics Suite Software (Partek Inc., St. Louis, MO) for all subsequent analyses.  

Data for 80,908 probes on the microarray were summarized in two steps: 1) probes 

for the same exon were summarized by Tukey's biweight to get one measurement per 

exon; and 2) exons of the same gene were also summarized by Tukey's biweight to 

get one measurement per gene.  Chips were quantile-normalized by robust multi-array 

average and probe intensities were log-2 transformed to yield data that more closely 
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approximated normality. Probes with a signal:noise ratio less than 3.0 were not used 

in the analysis.   

For analyses of gene (i.e., full-length transcript) expression, data in each brain 

region (within-subjects) were analyzed jointly in a mixed analysis of variance 

(ANOVA) to isolate regionally specific and ubiquitous effects of treatment group 

(between-subjects).  In addition to the main effects of prenatal exposure and brain 

region, we also modeled the interaction of these two terms, and compared the results 

of post-hoc analyses (one-way ANOVAs with prenatal treatment as the lone factor) in 

each brain region via intersection/union tests (IUTs).  Due to the large number of tests 

performed and the small number of subjects, we would not anticipate observing 

results that surpassed a Bonferroni-corrected threshold for statistical significance, nor 

would we ascribe much weight to nominally significant results for individual genes 

found to be dysregulated in only one brain region; therefore, the main outcome of 

these analyses involved the identification of gene ontologies, pathways, and protein 

domains that were over-represented among sets of genes dysregulated in each brain 

region and across brain regions.  These pathway/ontology/domain analyses were 

conducted using DAVID (Dennis et al., 2003).  

 For analyses of alternatively spliced transcript isoforms and their individual 

exons, separate models were employed.  Prenatal VPA- and saline-exposed groups 

were compared on mean expression levels of all exons in each gene on a gene-by-

gene basis through ANCOVAs and inspection of interaction terms, as described 

previously (Glatt et al., 2009; Partek Incorporated, 2008).  Briefly, treatment was 

added as a between-subjects factor, and since not all exons in a gene express at the 
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same level, exon identity (ID) was added to the model to account for exon-to-exon 

differences.  Also, since multiple measurements (on the multiple exons) come from 

the same subject, subject ID was added to the model to accommodate the assumption 

of independence that is fundamental to ANCOVA.  The final term included was the 

interaction of exon ID with treatment group, which allowed for the detection of 

differences in the expression of one or more (but not all) exons in a gene between the 

two treatment groups (Partek Incorporated, 2008).  The significance of these 

interaction terms (one per gene) was judged against a stringent Bonferroni-corrected 

threshold, and post-hoc F-tests were used to identify the specific dysregulated exon(s) 

in the genes showing significant interactions.  The analysis was performed separately 

in each of the three brain regions and ubiquitously dysregulated isoforms were 

identified by IUTs of the results from each region. Ontological analysis of genes that 

show dysregulated alternative splicing was also conducted using DAVID for each 

brain region in order to discover enriched biological themes. 

 

Results 

Litter outcomes  

One-way ANOVA identified a treatment-induced difference in average pup 

weight (untreated animals 7.85 g, saline-exposed animals 8.07 g, VPA-exposed 

animals 7.20 g; F2,25=3.627; p=0.043).  A post-hoc Tukey B-test found that the 

difference in body weight of animals exposed to VPA compared with saline-exposed 

animals was just shy of significance (p=0.051).  The number of pups and the 

proportion of males was unaffected by treatment.  For all treatment groups, there was 
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an average of 11.3 pups per litter (F2,25=0.0402; p=0.961), and 50% of untreated or 

saline-exposed pups and 55% of VPA-exposed pups were male (F2,25=0.339; 

p=0.716). We observed similar maternal culling between the different treatments, and 

dams seemed to normally retrieve pups into nest regardless of maternal exposure. 

This is in agreement with others who report that exposure to VPA during pregnancy 

does not alter maternal behavior (Mychasiuk et al., 2012) 

 

Social behavior study 

A modified social interaction test was performed and four indices of social 

behavior as well as locomotor activity were scored and analyzed (Figure 1).  Play 

fighting differed as a function of age (F2,97=13.54, p<0.001), with 42-day-old animals 

showing more play than their older and younger counterparts.  Prenatal exposure to 

VPA increased this form of social interaction regardless of age (main effect of 

treatment, F1,97=4.09, p<0.05).  

For social investigation, there was also a significant main effect of test age, 

(F2,97=5.55, p<0.01) with 42-day-old animals demonstrating more social investigation 

than rats tested on P28 or P75.  Social investigation also differed as a function of 

prenatal treatment (F1,97=7.05, p<0.01), with animals exposed to VPA demonstrating 

more social investigation than controls.  

Contact behavior was not affected by prenatal treatment and differed as a 

function of age only (F2,97=7.52, p<0.001), with 42-day-old adolescents 

demonstrating more contact behavior than younger and older animals. 
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 The coefficient of social preference did not differ as a function of age 

(F2,97=1.82, p=0.1673) or treatment (F1,97=1.40, p=0.2398), with all animals 

demonstrating equivalent levels of social preference.  Locomotor activity within the 

social context, as determined by the number of crossings from one part of the test box 

to the other, was not altered by treatment (F1,97=1.51, p=0.2215) or by age 

(F2,97=1.79, p=0.1716). 

 

Microarray Study 

 Gene-expression analysis was done in the 75-day-old animals as this age 

targets those genes that most likely are permanently altered.  No sex differences were 

seen in the behavioral analyses; thus, gene expression data from male and female rats 

were combined to maximize statistical power to detect the main effect of interest 

(VPA exposure).  

Quality-control analyses on normalized transformed data involved inspection 

of sample histograms of log2 expression intensities of each probe and box-plots of the 

mean and variance of log2 expression intensities, neither of which identified any 

outliers. The high degree of overlap in these parameters across all samples 

demonstrated that, after transformation and normalization, all samples had highly 

comparable distributions, thus allowing for their comparison via parametric 

inferential statistics.  The first three principal components of transcriptome-wide gene 

expression were also visualized, identifying three distinct clusters of data segregated 

by brain region (Figure 2).  Two samples (from two brain regions of the same subject) 

did not map to the appropriate cluster, which most likely reflected an experimental 
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error of labeling or processing, therefore these two data points (as well as the third 

brain-region data point from this same subject) were removed from all further 

analyses.  Data from each of the three brain regions clustered tightly together (Figure 

2), but there was no clustering by prenatal treatment, suggesting that the exposure to 

VPA in pregnancy does not alter the fundamental and biologically critical 

correlations between expression levels of most genes. In other words, when certain 

genes are highly expressed, we would expect, biologically, that others would be 

highly expressed while some others would be expressed at very low levels.  VPA 

exposure during pregnancy does not alter this fundamental biological co-expression 

and joint regulation; however, clearly the co-expression and joint regulation of sets of 

genes is different in discrete brain regions.   

702 (8.0%) of the 8,762 genes represented by the nearly 81,000 probes on the 

utilized microarray showed a nominally significant main effect of prenatal treatment 

(p<0.05).  Although none surpassed a strict Bonferroni-corrected significance level, 

this is not surprising given the small sample size of this pilot study.  Critically, 

however, the top 163 results had a false-discovery rate q-value of just 0.40, meaning 

that while 40% of these results could be false-positives, 60% could be true 

discoveries.  Yet, beyond simply identifying individual genes that were dysregulated 

by prenatal VPA exposure, we primarily hypothesized that VPA exposure would 

affect biologically related groups of genes, which was assessed using annotation-

enrichment analyses in DAVID.  Among the 702 nominally significantly 

dysregulated genes, there was a 1.5-fold enrichment of genes (121) that encode 

acetylation-sensitive proteins, relative to the ratio of acetylation-sensitive genes 
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expected based on their number in the rat genome.  This enrichment was highly 

significant (p=2.3e-6), and remained significant even after applying the Bonferroni 

correction for the number of pathways, ontologies, and protein domains evaluated in 

DAVID (corrected p=1.0e-3).  This finding lends support to our principal hypothesis 

that prenatal VPA exposure affects gene expression via its actions as a deacetylation 

inhibitor.  Two other annotation categories survived Bonferroni correction, including 

“FAD-dependent pyridine nucleotide-disulphide oxidoreductase” (corrected p=5.6e-3) 

which showed a 9.9-fold enrichment, and “negative regulation of catalytic activity” 

(corrected p=2.8e-2) which showed a 2.6-fold enrichment.   

 Beyond the main effect of prenatal VPA treatment across brain regions, we 

also found that 247 (2.8%) of the 8,762 genes assayed showed a nominally significant 

interaction between prenatal treatment and brain region (p<0.05).  Again, because of 

the small sample size and the relatively lower power to detect interactions than main 

effects in general, none of the detected interactions surpassed a Bonferroni-corrected 

significance level.  Closer inspection of the regional distribution of those genes that 

did evince a significant interaction of brain region with prenatal treatment revealed 

some quite strong and consistent regional differences between the two prenatal 

treatment groups.  As shown in figure 3, 394 genes were significantly dysregulated in 

AA, 392 in CV, and 564 in OFC (Supplementary Tables 1, 2, and 3 respectively). 

There are also instances (k=149) where prenatal VPA exposure had effects on gene 

expression in two of the three regions (with greatest similarity between anterior 

amygdala and orbitofrontal cortex), as well as some instances (k=5) where the effects 

of VPA were persistent and ubiquitous across all three brain regions examined 
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(Figure 3).  Each of the five ubiquitously dysregulated genes exhibited a consistent 

effect (i.e., changed in the same direction) across all brain regions (Table 1).  

 Brain region-specific ontological analysis of all nominally significant whole 

genes did not uncover enrichments that surpassed Bonferroni-corrected significance 

at any brain region. However, independent analysis of genes that displayed increased 

expression and genes that displayed decreased expression did identify enrichments 

that surpassed this correction (Table 3). 

 Alternative splicing was also evaluated by identifying genes that have 

differential expression of one or more exons in response to prenatal VPA exposure 

(Figures 4-6).  Unlike the analysis of full-length gene expression aggregating all 

isoforms, the exon-level analysis was able to detect several effects that surpassed 

Bonferroni-corrected significance thresholds, perhaps due in part to the fact that exon 

expression is better controlled via comparison to other exons in the same gene, and 

perhaps because exons (which index particular alternatively spliced isoforms) are 

more biologically meaningful elements than genes.  Nominally significant interaction 

for alternative splicing and treatment was seen in 821, 821, and 820 genes in AA, CV, 

and OFC; of these 22, 11, and 11, respectively, survived Bonferroni correction 

(Supplementary Tables 4, 5, and 6 respectively).  The differential exon expression of 

prolyl endopeptidase (Prep) in VPA-exposed subjects surpassed a Bonferroni-

corrected level of significance in all three brain regions (AA, CV, and OFC).  Further 

analysis of ubiquitous alternative-splicing anomalies revealed 51 genes that were 

nominally significant in all three brain regions (Table 2), many of which surpassed 

Bonferroni-corrected significance levels in one or two of the three regions.  
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Brain region-specific ontological analysis of genes that showed dysregulated 

alternative splicing revealed Bonferroni-corrected significant enrichments that were 

unique to the specialized brain region; however, most seem to span at least two, if not 

all three, brain regions (Table 3). While, “calcium ion binding” and “calcium ion 

transport” enrichments were found exclusively in the CV, “cell projection” and 

“vesicle” enrichments were found in three and two brain regions, respectively. 

 

Discussion 

Behavior 

 In our study, acute prenatal exposure to a moderate dose of VPA appeared to 

enhance social behavior.  Social investigation and play fighting occurred at a 

significantly (p<0.05) higher frequency in animals exposed to VPA than in saline-

exposed animals at all ages of testing.  In addition, social investigation, play fighting, 

and contact behavior differed as a function of age, with higher frequencies of these 

behaviors apparent in 42-day-old animals.  All animals, regardless of prenatal 

treatment, showed social preference suggesting that prenatal exposure to VPA had no 

anxiogenic effects. Locomotor activity under social circumstances was also not 

affected by treatment or age.     

The fact that exposure to a moderate dose of VPA (350 mg/kg) enhances 

social behavior is intriguing as it is in direct contrast to reports that social behavior is 

negatively affected by exposure to higher doses of VPA given at the same gestational 

age (Dennis et al., 2003; Dufour-Rainfray et al., 2010; Markram et al., 2008; 

Schneider et al., 2001; Schneider and Przewlocki, 2005; Schneider et al., 2008; 
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Stanton et al., 2007).  The different outcomes may be partly attributable to differences 

in the social behavior tests, but are also likely to be a function of the different doses 

used.  It should also be noted that increased social behavior is as aberrant as 

decreased and thus, should not be considered an auspicious outcome.  Combining the 

current data with that reported previously by others, we show that the dose of this 

teratogen defines the outcome.   

 

Gene Expression: Whole gene 

The microarray analysis identified a nominally significant main effect of 

prenatal treatment in 8.0% (702) of the 8,762 genes probed, and 2.8% (247) of genes 

showed a nominally significant interaction between prenatal treatment and brain 

region.  Among the 702 genes that show main effect of treatment, there was a 1.5-fold 

enrichment of genes encoding acetylation-sensitive proteins, consistent with the role 

of VPA as a histone and non-histone deacetylase inhibitor (Mannaerts et al., 2010; 

Phiel et al., 2001).  Our experimental outcomes represent the long-term effects of 

prenatal manipulations, thus, it is reasonable to consider these as epigenetic effects of 

VPA; however, manipulation of protein activity during critical periods can also lead 

to lifelong changes in gene expression (Detich et al., 2003a; Detich et al., 2003b).  

Brains for mRNA analysis were taken from animals after completion of a social 

behavior test; thus, the described gene effects may be an interaction of prenatal 

exposure to VPA and the sum of all postnatal experiences, including the social 

interaction test.   
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Brain region-specific whole-gene dysregulations are particularly interesting 

when considering the specialized behavioral-related function of each of the brain 

regions analyzed, however, none of our transcripts surpassed a Bonferroni-corrected 

level of significance when both up-regulated and down-regulated genes were used. 

VPA acts as a histone deacetylase inhibitor, thereby promoting gene expression, thus, 

we divided each brain-region analysis into separate groups of up- and down-regulated 

genes. Interestingly, acetylation-sensitive proteins showed enrichment in the down-

regulated genes. This enrichment was significant in the AA and marginally significant 

in the CV. The AA and CV also showed similarities in enrichments from the up-

regulated genes, perhaps signifying similar pathologies (Table 3). The enrichments 

found from whole-genes dysregulated in the OFC seemed to be the most localized, 

and were more obviously relevant to social interaction behaviors. This is likely due to 

the specialized cognitive function of the OFC. A closer look at the individual genes 

that make up these enrichments and their interaction with each other will be an 

interesting avenue for future work.   

 Five genes were ubiquitously dysregulated by prenatal exposure to VPA ; that 

is, they changed in the same direction across all brain regions examined.  Of these, 

one was up-regulated and four were down-regulated in all three regions (Table 1).  

The gene that was up-regulated, Kcnmb1 (Calcium-activated potassium channel 

subunit beta-1), is a regulatory subunit of the calcium activated potassium KCNMA1 

channel, controlling both the sensitivity and gating kinetics of this channel (Meera et 

al., 1996).  Genes that were down-regulated did not fall into any defined categories: 

Cttn (Src substrate cortactin) plays a role in cell migration and adhesion (von 
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Holleben et al., 2011),, Pcmt1 (Protein-L-isoaspartate (D-aspartate) O-

methyltransferase) is involved in protein repair and degradation, Plin2 (Perlipin-2) is 

involved with maintenance of adipose tissue, and Hsp17b8 (Estradiol 17-beta-

dehydrogenase 8) is important for biosysthesis of fatty acids (Chen et al., 2009; 

McIntosh et al., 2012).  In mice, Hsp17b8 has been found to regulate estradiol and 

testosterone activity (Ohno et al., 2008). 

 

Gene Expression: Exon-level analysis 

Results from the individual exon-level analysis showed that each brain region 

had a distinct pattern of significantly dysregulated exons. Most gene-annotation 

enrichments that surpassed a Bonferroni-corrected level of significance, including 

“neuronal projection”, “vesicle”, and “plasma membrane”, were not localized in one 

particular brain region (Table 3). However, calcium-related enrichments were found 

exclusively in the CV and could suggest a localized disturbance in that pathway.  

 Genes that showed differential exon expression across all brain regions 

should perhaps take priority for follow-up studies since they signify a more global, 

and thus, a more traceable effect of exposure (Table 2).  CREB binding protein, 

encoded by the Crebbp gene, showed an interaction of treatment and exon ID that 

surpassed Bonferroni-corrected significance in AA and had nominal significance in 

the CV and OFC. This gene plays a key role in embryonic development.  Deletions of 

chromosome region 16p13.3 which harbors this gene causes Rubinstein-Taybi 

syndrome (Mannaerts et al.) in humans (Hennekam et al., 1993), and duplication 

16p13.3 syndrome is thought to be directly caused by over-activity of the CREBBP 
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gene (Demeer et al., 2013). This highlights phenotypes that are highly dosage 

dependent.  CREBBP binds to phosphorylated cAMP response element binding 

protein (CREB) further synergizing its activity and increasing the expression of 

cAMP-responsive genes.  CREB is a central player in dendritic spine organization of 

pyramidal neurons in the hippocampus and, consequently, of memory formation 

(Middei et al., 2012).  CREBBP also plays an important role in controlling 

transcription by acetylation of histones and non-histone proteins (Chen et al., 1999; 

van der Horst et al., 2004).  Synergy between the acetylating role of CREBBP and the 

deacetylation-inhibiting role of VPA remains to be explored.  

The only gene with dysregulated alternative splicing that surpassed 

Bonferroni-corrected significance in all three brain regions was prolyl endopeptidase 

(Prep).  Prep is a serine protease that cleaves prolyl bonds of small (less than 3 kDa) 

hormones and neuropeptides, including oxytocin, arginine vasopressin, neurotensin, 

and substance P (Welches et al., 1993).  These peptides are key regulators of social 

behavior and therefore, impaired PREP activity has been linked to several psychiatric 

disorders (Peltonen and Mannisto, 2011).  While activity of PREP has been 

negatively correlated with the severity of depression, an increased activity is seen in 

serum collected from individuals with schizophrenia and mania (Maes et al., 1995; 

Peltonen and Mannisto, 2011).  The discovery that VPA inhibits PREP activity has 

allowed some speculation about the therapeutic mechanisms of VPA (Cheng et al., 

2005; Maes et al., 1995).  However, how this activity is regulated in vivo, and the 

long-term effects of VPA exposure during developmental stages are still unclear. 
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Exon-level analysis of Prep revealed several differentially expressed exons 

for this gene (Figure 6).  The two exons that showed differential expression across all 

three brain regions were exon 1 and 8.  In the VPA group exon 1 had a 1.5-fold 

increase in expression, while exon 8 had a 3-fold decrease.  Although these don’t 

seem to affect any of the amino acids in the catalytic triad (Ser554, Asp641, and 

His680), other properties such as ligand specificity may be affected (Fulop et al., 

1998).  Dysregulation of an exon that could disturb the catalytic triad (exon 13) was 

only seen in the anterior amygdala.   Exon 13 harbors Ser554 and therefore is crucial 

for Prep’s protease activity.   

 

Gene Expression: Comparison of whole-gene and exon-level changes 

An interesting interaction is seen when comparing genes that showed 

differential exonic expression with genes that showed differential whole-gene 

expression.  We observed ubiquitous dysregulation of an exon in the Pkn1 gene 

coding for the PKC-related serine/threonine-protein kinase and ubiquitous 

dysregulation of the aggregated transcripts of cortactin (Cttn).  In humans, PKN1 is 

involved in a wide range of cellular processes, including actin polymerization, cell 

migration, and dendritic spine morphogenesis.  PKN1 also has epigenetic influence 

and can directly phosphorylate histones and co-activate androgen receptor-dependent 

transcription (Metzger et al., 2003); it also phosphorylates HDACs, which restricts 

their import to the nucleus (Harrison et al., 2010).  Meanwhile, CTTN is involved in 

actin polymerization and activation of the Arp2/3 complex, and thus is also involved 

in cell migration (Ammer and Weed, 2008).  Combining our data with evidence that 
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PKN1 directly phosphorylates CTTN (Grassart et al., 2010), further strengthens the 

association of these two genes and suggests that their expression patterns may be 

interconnected.  

Our results specify an exclusion of exon 19 of Pkn1, which in the human, 

corresponds to amino acids (aas) 766-812 (Figure 5).  Dysregulation of this exon 

surpassed a Bonferroni-corrected threshold for statistical significance in the AA and 

the CV and had nominal significance in the OFC.  This region does not contain the 

whole catalytic domain (aas 615-874); however, it does contain two known 

phosphorylation sites (phosphothreonine at aa 774 and aa 778).  Threonine 774 is 

phosphorylated by phosphoinositide-dependent protein kinase-1 (PDK1) in response 

to insulin, and facilitates cytoskeleton reorganization (Dong et al., 2000).  Other 

studies report that complete inhibition of the catalytic activity of Pkn1 ameliorates the 

cellular and behavioral deficits commonly seen in fragile X mental retardation 1 

(Fmr1) knockout mice, an animal model of fragile X syndrome. (Hayashi et al., 

2007).  Thus, the dendritic spine abnormalities and behavioral deficits in this animal 

model are thought to be, at least partly, due to the catalytic activity of Pkn1.  Indeed, 

Fmr1 knockout mice show reduced interaction of Cttn with actin (Seese et al., 2012), 

consistent with increased phosophorylation of this protein (Webb et al., 2006).  This 

may suggest that VPA alters developmental alternative splicing patterns or perhaps 

causes a compensatory mechanism that involves exclusion of exons with catalytic 

domains.   
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VPA-associated Differential Expression Considerations  

It is important to remember that changes in whole-gene or exon expression 

may be a compensatory response to VPA and not a direct effect.  Alternative splicing 

can manipulate transcripts in response to environmental and other cellular signals in 

order to allow an organism to adapt. Therefore, exons that show consistent 

dysregulation in response to exposure may be important for cellular “coping” 

mechanisms and should be considered for replication and follow up studies.   

Certain cellular factors, such as differential microRNA expression and protein 

degradation, could cause mRNA expression that is inconsistent with protein 

expression. However, a dysregulated exon indicates that the amino acids that are 

coded in that exon are missing in the expressed protein. Alternative splicing 

regulators are activated and directed to exclude or include a particular exon or exons 

from the mature mRNA transcript in order to control the type of isoform that is 

translated. Therefore, this cellular behavior is a functional effort, regardless of the 

amount of active protein found in the cell. Furthermore, it is important to note that 

genes that showed dysregulated exon expression (alternative splicing) did not show 

whole-gene expression differences. That is, the whole gene cluster averages were not 

different between VPA- and Saline-exposed animals. The only difference in 

expression that is expected is for the amino acids that are coded by the particular exon 

that is dysregulated.  These results underscore the importance of exon-level analysis, 

as without it biologically important changes in expression will be missed in the 

analysis of whole-gene expression data. 
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Conclusion  

In contrast to prior studies with higher doses of prenatal VPA exposure, none 

of the behavioral changes observed in this study appeared homologous to autistic 

behavior in humans; however, this is perhaps not unexpected due to the lower dose 

and acute exposure we employed.  It is quite remarkable, however, that this relatively 

mild exposure to VPA had long-lasting behavioral and neuromolecular consequences.  

The opposite behavioral outcomes seen between high- and moderate-dose prenatal 

VPA exposures clearly illustrate the need for a more comprehensive dose-response 

curve. Aside from what we can learn about the teratogenicity of VPA, region-specific 

and ubiquitous changes in gene- and exon-expression may give insight into the 

mechanism(s) of VPA’s influence on social behavior. 
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Figures  

Figure 1. Effects of Exposure to Valproic 

Acid on Social Behavior. 

Figure 1: Four features of social behavior as well as 

locomotor activity were analyzed from a modified 

social interaction test.  Both social investigation and 

play fighting, were significantly (p<0.05) increased 

in animals exposed to valproic acid when the data 

were collapsed across age.  Three features, social 

investigation, play fighting, and contact behavior, 

were significantly (p<0.05) increased in 42-day-old 

animals compared with those tested on P28 or P75 

(data collapsed across treatment).  Neither social 

motivation nor locomotor activity showed a 

significant effect of age or prenatal treatment.  

Significant differences between saline- and 

valproic acid-exposed animals: * p < 0.05, % p<0.01.  

Significant differences between age groups: # p < 

0.01, & p<0.001.  Bars show the mean for each 

group, t-bars depict the standard error of the mean.  

No differences between the sexes were identified for 

any of the measures, thus data were collapsed across 

sex.   
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Figure 2. Principal Components Analysis of Rat Brain Transcriptome.   

 

Figure 2: Individual data points (three per subject, one per brain region) were mapped to the first three 

principal components (P. C.) of gene expression variance derived from the entire rat transcriptome.  

Data points from each brain region showed very strong correspondence with each other but no relation 

to prenatal treatment, while data from each individual subject was clearly distributed across the three 

clusters defined by brain region, with the exception of a single subject that was removed from all 

subsequent analyses.  This demonstrates the brain-regional specificity of the co-expression of genes in 

the rat transcriptome and the relative integrity of its global characteristics and gene-wise correlations 

despite prenatal VPA exposure. 
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Figure 3. Venn Diagram of Whole-Gene Clusters Significantly Dysregulated by VPA 

Treatment in Each Brain Region 

 

Figure 3 Most genes dysregulated by prenatal VPA treatment were only affected in one of the three 

evaluated brain regions.  In contrast to these regionally specific effects of prenatal VPA exposure on 

gene expression, there were also 139 instances where prenatal VPA exposure had long-lasting effects 

on gene expression in two of the three regions, with the anterior amygdala and orbitofrontal cortex 

highest in similarity.  There were also 5 instances where the effects of VPA were persistent and 

ubiquitous across all three brain regions  
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Figure 4. Venn Diagram of Genes with Significantly Dysregulated Alternative 

Splicing by VPA Treatment in Each Brain Region 

 

Figure 4: Most genes with dysregulated alternative splicing by prenatal VPA treatment were only 

affected in one of the three evaluated brain regions.  In contrast to these regionally specific effects of 

prenatal VPA exposure on gene expression, there were also 321 instances where prenatal VPA 

exposure had long-lasting effects on gene expression in two of the three regions, with the cerebellar 

vermis and orbitofrontal cortex having highest in similarity.  There were also 51 instances where the 

effects of VPA were persistent and ubiquitous across all three brain regions. 
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Figure 5. Exonic expression of Serine/threonine-protein kinase N1 (Pkn1). 

 

Figure 5: Exonic expression of Pkn1 across all three brain regions: anterior amygdala (AA), cerebellar 

vermis (CV), and oribitofrontal cortex (OFC) from 5 prenatally valproic acid (VPA) exposed rats and 6 

saline control (CNT) rats.  Differential expression of exon 19 is seen between exposure groups.  

 

 

 

 

 

 

 

 

 

Figure 3b.  Exonic expression of Serine/threonine-
protein kinase N1 (Pkn1). 
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Figure 6. Exonic expression of Prolyl endopeptidase (Prep) 

 

Figure 6: Exonic expression of Prep across all three brain regions: anterior amygdala (AA), cerebellar 

vermis (CV), and oribitofrontal cortex (OFC) from 5 prenatally valproic acid (VPA) exposed rats and 6 

saline control (CNT) rats.  Differential expressions of exons 1 and 8 are seen between exposure groups 

for all three brain regions.  

 

 

 

 

 

Figure 3c.  Exonic expression of Prolyl endopeptidase 
(Prep) 
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Tables  

 
Table 1.  Genes Significantly Dysregulated in All Three Evaluated Brain Regions after Prenatal Valproic Acid Treatment 
 
    Anterior Amygdala Cerebellar Vermis Orbitofrontal Cortex 
Transcript 
Cluster ID 

Reference 
Sequence 

Gene 
Symbol 

Gene  
Product p 

Log2 Fold- 
Change p 

Log2 Fold- 
Change p 

Log2 Fold- 
Change 

7043913 NM_013073 Pcmt1 Protein-L-isoaspartate(D-aspartate) O-methyltransferase 0.0243 -1.19 0.0127 -1.25 0.0419 -1.19 
7059188 NM_021868 Cttn Src substrate cortactin 0.0059 -1.17 0.0324 -1.09 0.0379 -1.16 
7066168 NM_019273 Kcnmb1 Calcium-activated potassium channel subunit beta-1 0.0288 1.25 0.0448 1.31 0.0423 1.44 
7216980 NM_212529 Hsd17b8 Estradiol 17-beta-dehydrogenase 8  0.0297 -1.37 0.0093 -1.33 0.0263 -1.34 
7288291 NM_001007144 Plin2 Perilipin-2 0.0002 -1.36 0.0222 -1.47 0.0207 -1.33 
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Table 2.  Alternative Splicing Significantly Dysregulated in All Three Evaluated Brain Regions after Prenatal Valproic Acid  
 
Treatment 
 
         Anterior Amygdala      Cerebellar Vermis      Orbitofrontal 

Cortex 
Transcript 
Cluster ID 

Reference 
Sequence 

Gene 
Symbol 

 
      Gene Product 

F p F p F                   p  

7213582 NM_012804 Abcd3 ATP-binding cassette sub-family D member 3 3.481 6.93E-08* 1.532 4.73E-02 2.574 5.54E-05 
7082684 NM_016987 Acly ATP-citrate synthase 1.914 4.95E-03 1.721 1.61E-02 1.657 2.35E-02 
7123967 NM_012493  Afp  alpha-fetoprotein  1.973 1.61E-02 3.672 7.32E-06 1.983 1.54E-02 
7337058 NM_012903  Anp32a  acidic (leucine-rich) nuclear phosphoprotein 32 family, member A 4.110 7.62E-03 5.783 1.06E-03 4.233 6.55E-03 
7377029 NM_001024367 Armcx1 Armadillo repeat-containing X-linked protein 1 3.937 2.46E-03 2.45 3.62E-02 4.330 1.23E-03 
7349069 NM_012913  Atp1b3  ATPase, Na+ 5.745 4.01E-02 10.564 9.99E-03 5.188 4.88E-02 
7268482 NM_012508 Atp2b2 Plasma membrane calcium-transporting ATPase 2 4.219 1.75E-08* 2.605 2.42E-04 2.217 2.14E-03 
7378504 NM_133288 Atp2b3 Plasma membrane calcium-transporting ATPase 3 2.751 4.02E-05 2.628 8.95E-05 3.634 1.12E-07* 
7385140 NM_031785  Atp6ap1  ATPase, H+ transporting, lysosomal accessory protein 1  2.437 9.86E-03 3.778 1.56E-04 3.458 4.21E-04 
7384924 NM_001004224  Bcap31  B-cell receptor-associated protein 31  2.272 3.15E-02 2.597 1.49E-02 2.138 4.29E-02 
7137201 NM_012827  Bmp4  bone morphogenetic protein 4  2.235 4.28E-02 2.307 3.69E-02 2.722 1.57E-02 
7335781 NM_001012201 Cadm1 cell adhesion molecule 1 3.122 7.81E-04 3.65 1.32E-04 5.360 4.69E-07* 
7092876 NM_019195  Cd47  Cd47 molecule  2.314 2.27E-02 3.021 3.69E-03 2.480 1.49E-02 
7215277 NM_201419 Clca4 chloride channel accessory 4 8.108 9.65E-16* 2.093 6.89E-03 2.371 1.82E-03 
7065253 NM_133381 Crebbp CREB binding protein 2.778 5.13E-07* 1.909 1.48E-03 1.991 7.44E-04 
7083616 NM_001007613  Ddx5  DEAD (Asp-Glu-Ala-Asp) box polypeptide 5  2.503 3.28E-02 2.000 3.09E-02 1.892 4.30E-02 
7089864 NM_001012472 Dgcr14 DiGeorge syndrome critical region protein 14 2.849 4.00E-03 2.047 3.73E-02 2.067 3.53E-02 
7198615 NM_013057 F3 Tissue factor Precursor 5.375 3.39E-06* 3.932 1.84E-04 3.595 4.78E-04 
7340407 NM_021660 Ip6k2 Inositol hexakisphosphate kinase 2 9.178 9.05E-08* 3.964 1.20E-03 4.646 3.05E-04 
7231634 NM_031045  Itpka  inositol 1,4,5-trisphosphate 3-kinase A  2.185 2.56E-02 2.495 1.09E-02 2.672 6.61E-03 
7326239 NM_212523  Kif5a  kinesin family member 5A  1.850 6.62E-03 1.634 2.49E-02 1.639 2.42E-02 
7070380 NM_001012011 Lig3 DNA ligase 2.548 4.40E-04 1.891 1.35E-02 2.154 3.59E-03 
7333434 NM_001025054  LOC500956  hypothetical protein LOC500956  2.512 1.04E-02 4.395 5.00E-05 5.167 5.96E-06* 
7322009 NM_021859 Matk Megakaryocyte-associated tyrosine-protein kinase 4.746 1.47E-06* 2.455 5.55E-03 2.407 6.57E-03 
7059820 NM_001015013  Mtvr2  mammary tumor virus receptor 2  3.766 4.30E-02 5.004 1.87E-02 4.918 1.98E-02 
7322533 NM_020087  Notch3  Notch homolog 3 (Drosophila)  1.647 1.02E-02 1.474 3.65E-02 1.433 4.83E-02 
7233312 NM_012746 Pcsk2 Neuroendocrine convertase 2 Precursor 2.616 4.23E-03 2.02 2.90E-02 2.379 9.22E-03 
7289582 NM_199253  Pcsk9  proprotein convertase subtilisin 1.742 4.50E-02 2.085 1.19E-02 1.756 4.28E-02 
7320471 NM_031715 Pfkm 6-phosphofructokinase 2.652 1.85E-04 2.008 6.53E-03 2.029 5.85E-03 
7179966 NM_017175 Pkn1    Serine/threonine-protein kinase N1 4.128 3.01E-08* 3.43 1.92E-06* 3.129 1.14E-05 
7329136 NM_001164298  Plec  plectin  1.454 1.61E-02 1.504 9.55E-03 1.565 4.99E-03 
7339147 NM_057194  Plscr1  phospholipid scramblase 1  2.510 1.82E-02 2.148 4.19E-02 2.956 6.46E-03 
7139367 NM_053999  Ppp2r2a  protein phosphatase 2 (formerly 2A), regulatory subunit B, alpha 2.092 9.72E-03 3.057 1.28E-04 2.888 2.79E-04 
7219948 NM_031324 Prep           Prolyl endopeptidase 5.697 6.12E-09* 4.335 1.46E-06* 5.013 9.27E-08* 
7300035 NM_019163 Psen1 Presenilin-1 5.727 4.40E-07* 7.000 1.20E-08* 4.297 3.15E-05 
7302329 NM_031600  Ptprn2  protein tyrosine phosphatase, receptor type, N polypeptide 2  1.845 9.58E-03 1.782 1.38E-02 2.220 9.66E-04 
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7042063 NM_001004261 Pyroxd2 Pyridine nucleotide-disulfide oxidoreductase domain 2 3.345 5.41E-05 2.558 1.66E-03 4.071 2.22E-06* 
7119529 NM_022390  Qdpr  quinoid dihydropteridine reductase  3.468 5.68E-03 4.999 3.89E-04 5.954 7.97E-05 
7174465 NM_017315  Slc23a1  solute carrier family 23 (nucleobase transporters), member 1  2.071 1.49E-02 2.049 1.61E-02 2.348 5.07E-03 
7138066 NM_053442  Slc7a8  solute carrier family 7 (cationic amino acid transporter, y+ sys 2.471 6.82E-03 1.927 3.87E-02 2.626 4.09E-03 
7365728 NM_173338  Slco6c1  solute carrier organic anion transporter family, member 6c1  2.108 1.84E-02 1.828 4.64E-02 2.984 8.41E-04 
7348411 NM_031728 Snap91 Clathrin coat assembly protein AP180 1.983 3.18E-03 2.041 2.18E-03 2.249 5.42E-04 
7045017 NM_175583 Taar4 Trace amine-associated receptor 4 3.576 4.68E-03 3.161 9.91E-03 5.199 2.77E-04 
7320452 NM_001008358  Tmem106c  transmembrane protein 106C  2.468 2.65E-02 2.719 1.57E-02 2.952 9.69E-03 
7303979 NM_001014195  Tmem214  transmembrane protein 214  2.277 8.30E-03 2.045 1.93E-02 2.778 1.26E-03 
7219299 NM_001013033 Tspyl1 TSPY-like 1 21.453 1.23E-03 5.538 4.31E-02 16.525 2.82E-03 
7378941 NM_001013933 Ube2a ubiquitin-conjugating enzyme E2A 3.788 3.21E-03 3.404 6.38E-03 5.201 2.76E-04 
7084520 NM_138844 Unc13d Protein unc-13 homolog D 1.841 4.03E-03 1.69 1.18E-02 1.884 2.91E-03 
7154203 NM_001001516  Usp19  ubiquitin specific peptidase 19  1.737 1.34E-02 1.985 2.73E-03 1.858 6.25E-03 
7331440 NM_017058 Vdr Vitamin D3 receptor 3.091 4.71E-03 3.426 2.16E-03 3.630 1.34E-03 
7295338 NM_017154  Xdh  xanthine dehydrogenase  1.495 4.03E-02 2.690 2.96E-06* 2.267 1.17E-04 

* Genes that surpassed Bonferroni corrected significance for that brain region. Genes that may be relevant to social interaction behavior are indicated in bold.  
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Table 3. Significant Annotation Clustering Enrichments In Response to VPA by Brain-Region-Specific Ontological Analysis  
 
 

 Anterior Amygdala Cerebellar Vermis Orbitofrontal Cortex 

Alternative 
Splicing 

Dysregulated 

Neuron projection Neuron projection Cell projection 

Cell-cell signaling Cellular homeostasis (ion/channel) Homeostatic process 

Phosphoprotein Phosphoprotein Phosphoprotein 

Protein domain specific binding Calcium ion binding and transport Purine nucleotide binding 

Synaptic transmission Plasma membrane Plasma membrane 

Vesicle (membrane-
bound/cytoplasmic) Vesicle (membrane-bound/cytoplasmic)   

Whole Gene 
Transcript 

Dysregulated  

Up-regulated Down-
regulated Up-regulated Down-

regulated Up-regulated Down-
regulated 

Glycoprotein Acetylation Glycoprotein Acetylation 
(p=0.09) Neurological system Nucleotide binding 

(p=0.06) 

  Nucleoside binding     Sensory perception   

  Galactose 
metabolism     Cognition (p=0.09)   

 
Gene-annotation enrichments that surpassed Bonferroni-corrected level of significance (p-value indicated for marginally significant enrichments) 
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Supplementary Material  

Supplementary material for this article can be found in the online version: 6 supplementary tables that show nominal significance of 

either dysregulated alternative splicing or whole-gene clusters in each of the three brain regions.  

http://dx.doi.org/10.1016/j.ijdevneu.2013.09.002. 
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Abstract  

 The diverse spatial and temporal expression of alternatively spliced transcript 

isoforms shapes neurodevelopment and plays a major role in neuronal adaptability.  

Although alternative splicing is extremely common in the brain, its role in mental 

illnesses such as schizophrenia has received little attention. To examine this relationship, 

postmortem brain tissue was obtained from 20 individuals with schizophrenia (SZ) and 

20 neuropsychiatrically normal comparison subjects.  Gray matter samples were 

extracted from two brain regions implicated in the disorder: Brodmann area 10 and 

caudate.  Affymetrix Human Gene 1.0 ST arrays were used on four subjects per group to 

attain an initial profile of differential expression of transcribed elements within and 

across brain regions in SZ.  Numerous genes of interest with altered mRNA transcripts 

were identified by microarray through the differential expression of particular exons and 

3’ untranslated regions (UTRs) between diagnostic groups.  Select microarray results—

including dysregulation of ENAH exon 11a and CPNE3 3’UTR—were verified by 

qRTPCR and replicated in the remaining independent sample of 16 SZ patients and 16 

normal comparison subjects.  These results, if further replicated, clearly illustrate the 

importance of Identifying transcriptomic variants in expression studies, and implicate 

novel candidate genes in the disorder.  
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Introduction  

 One method commonly employed to unravel the underlying biology of 

schizophrenia (SZ) is transcriptomic profiling of postmortem brain tissue (Glatt et al., 

2005; Horvath et al., 2011; Mirnics et al., 2006).  Most prior transcriptomic studies of the 

brain in SZ overlooked a potentially important source of phenotypic diversity: the 

expression of alternatively spliced variants (ASVs).  Alternative splicing is a major 

mechanism by which eukaryotes create enormous proteomic diversity from a smaller-

than-expected number of genes.  The manner in which elements of a particular gene are 

spliced has a significant impact on protein function.  In fact, the discrete ASVs of some 

genes have diametrically opposed physiological functions (Clark et al., 2007); thus, 

traditional discussions about a the function of a given gene may be moot unless a 

particular ASV of the gene is invoked. 

 Transcriptome-wide sequence analysis has detected splicing events in up to 95% 

of multi-exon genes (Pan et al., 2008).  Alternative splicing events are tissue-specific, and 

can be regionally specific within a tissue, including the brain (Twine et al., 2011), 

resulting in an extremely complex expression profile.  These diverse splicing patterns 

dictate important regulatory decisions in many steps of neuronal development, including 

axon guidance (Schmucker et al., 2000; Zipursky et al., 2006), cell-fate determination 

(Dho et al., 1999; Dho et al., 2006; Reugels et al., 2006), and synaptogenesis (Li et al., 

2007).  Notably, a small handful of candidate genes for SZ have been found to exhibit 

abnormal splicing patterns in individual regions of postmortem brain (Glatt et al., 2011), 

including CTNNA2 (Mexal et al., 2008), DISC1 (Nakata et al., 2009), ERBB4 (Law et al., 

2007), ESR1 (Weickert et al., 2008), GRM3 (Sartorius et al., 2008), and NRG1 (Tan et al., 
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2007).  It is not clear if these splicing patterns are abnormal only in those specific brain 

regions or if other regions are similarly affected.  

 The key technological advance provided by the Affymetrix Human Gene 1.0 ST 

arrays is measurement of the expression levels of individual exons and UTRs (hereafter 

collectively referred to as transcribed elements, or TEs).  The aim of the current study 

was to use this technology to compare the expression profiles of TEs across the whole 

transcriptome in postmortem brain of individuals with SZ and control subjects in two 

brain regions previously implicated in the disorder (Brodmann Area 10 [BA10] and 

caudate head) (Ellison-Wright et al., 2008; Goghari, 2010; Yu et al., 2010) in order to 

identify alternative splicing abnormalities in SZ and to estimate their regional specificity. 

 

Methods 

Samples  

Postmortem brain samples were obtained from 20 SZ and 20 neuropsychiatrically 

normal comparison (NC) subjects in the Harvard Brain Tissue Resource Center.  All 

tissues were collected with the full consent of the family or next of kin of the deceased.  

A “discovery sample” was constructed of four SZ and four NC subjects matched on age, 

sex, postmortem interval, and RNA integrity Number (Arinami et al.) (Table 1).  The SZ 

discovery sample was selected to include two subjects on antipsychotic medication at the 

time of death and two who were not, allowing identification and exclusion of some 

medication effects from further validation steps (we note here that this contrast of small 

samples did not have adequate power to detect all medication-related effects, but it does 

provide one basis for filtering out genes that were strongly regulated by medication).  
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Subsequent to verification, select observations from microarray analysis of the discovery 

sample were tested for replication in an independent, larger, and less homogeneous group 

of SZ and NC subjects (the “replication sample”). 

 

RNA Extraction and Purification  

Gray matter tissue samples were dissected from two brain regions (BA10 and 

CAUD).  All brains had a pH between 6 and 7.  Samples remained frozen over dry ice 

until placed in RLT buffer with β-mercaptoethanol and homogenized using Qiashredder 

columns for subsequent nucleic acid isolation using Qiagen AllPrep DNA/RNA Mini 

Kits (see Supplemental Methods for further details).  Using a Bioanalyzer 2100 and an 

RNA Nanochip, purity of each sample was determined by the A260:280 ratio, with 

acceptable values ranging from 1.8-2.2.  The quality of each sample was assured by a 

RIN≥6 and visual confirmation of clear, distinct 28S and 18S rRNA peaks.  

 

Microarray Procedures  

Reverse-transcription, hybridization, and scanning were performed according to 

well-established protocols.  Ambion WT Expression Kits were used for amplification and 

Affymetrix WT Terminal Labeling Kits were used for labeling.  Total RNA was reverse-

transcribed and hybridized onto GeneChip Human Gene 1.0 ST Arrays (Affymetrix) and 

scanned on a GeneChip 7G/4C scanner (Affymetrix).  The Human Gene 1.0ST Array 

improves upon previous generations of Affymetrix arrays by probing the entire length of 

each transcript, rather than the 3’ end only.  The Gene 1.0 ST Array interrogates 28,869 

well-annotated genes with 764,885 distinct probes, with an average of one probe per exon 
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and 27 probes per transcript.  The array has greater than 99 percent coverage of NM 

sequences present in the November 3, 2006, RefSeq database (Affymetrix, 2007). 

 

Microarray Data Preparation 

Partek Genomics Suite software was utilized for all analyses of microarray scan 

data.  Corrections for background signal were made by robust multi-array average 

(Dennis et al.) (Irizarry et al., 2003).  The set of eight GeneChips was standardized using 

quantile normalization, and expression levels of each probe underwent log-2 

transformation to yield data distributions more closely approximating normality.  

Summarization of redundant probesets was obtained by median polish.  Probesets with a 

signal:noise ratio of less than 3.0 were excluded from subsequent analyses (Handran et 

al., 2002); this led to the exclusion of six probes from the BA10 dataset and seven probes 

from the CAUD dataset. 

 

Microarray Data Analyses 

Primary analyses were designed to detect genes with significantly different TE 

expression between diagnostic groups, potentially indicating different alternative splicing 

events between them.  SZ and NC groups were compared on mean expression levels of 

all TEs in each gene on a gene-by-gene basis through ANCOVAs and inspection of 

interaction terms, as described previously (Glatt et al., 2009; Partek Incorporated, 2008) 

and in more detail in the Supplemental Methods.  The key term for the present analyses 

was the interaction of TE identity (ID) with diagnostic group, which allowed for the 

detection of differences in the expression of one or more TEs in a gene between 
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diagnostic groups (Partek Incorporated, 2008).  The significance of these interaction 

terms (one per gene) was judged against a stringent Bonferroni-corrected threshold of 

p=2.47e-06, and post-hoc F-tests were used to identify the specific dysregulated TE(s) in 

the genes showing significant interactions.   

Genes influenced by a significant interaction of diagnosis and TE ID in one or 

more brain regions were subjected to the DAVID algorithm (Dennis et al., 2003) to 

determine if the set was enriched with genes mapping to a particular biological pathway, 

or genes containing particular protein domains, which might indicate that the 

corresponding exonic sequences shared by these genes might provide the basis for their 

targeting by a common alternative-splicing regulator(s).  

 

Reverse Transcription and Quantitative PCR 

Quantitative reverse transcription (qRT) PCR was performed to confirm and 

validate select microarray results.  Concentrations of total RNA isolates were adjusted 

prior to RT, and the same amount of total RNA was used in each reaction (20 ng/ul).  

QuantiTect RT kits (Qiagen) were used according to the manufacturer’s protocol.  Each 

subject’s cDNA was run by qRTPCR in duplicate for each primer set (Supplemental 

Tables).  Additional details are provided in Supplemental Methods. 

Expression of each dysregulated TE was evaluated and compared with a non-

dysregulated TE of the same gene.  The primer set amplifying the non-dysregulated 

region of the transcript was considered the “control” primer set.  The expression value 

from the primer set that amplified the dysregulated region (considered the “experimental” 

primer set) was then compared to that of the control primer set using the ΔΔCT method 
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(Supplemental Methods).  TE dysregulation was confirmed using linear regression 

models with diagnosis, age, sex, PMI, and RIN as independent predictors.  The 

significance of the effect of diagnosis was determined with a 1-tailed p<0.05 for this term 

after backward removal of clearly non-significant terms (p<0.20) from each regression 

model. 

 

Results  

Discovery Analyses 

 In BA10 from four SZ subjects and four well-matched NC subjects, 43 transcripts 

were influenced by a Bonferroni-corrected significant interaction of diagnosis and TE ID, 

indicative of differential expression of one or some (but not all) TEs between diagnostic 

groups (Table 2).  DAVID analysis found no particular biological pathways or protein 

domains enriched among these 43 genes. 

 In CAUD, 31 results surpassed the Bonferroni-adjusted significance threshold 

(Table 3).  These 31 transcripts were significantly enriched with genes sharing common 

protein domains, suggesting a possible basis for their common exonic dysregulation.  The 

most significantly enriched protein-domain annotations were spectrin repeats (p=5.07e-

04) and actinin-type actin-binding domains (p=6.09e-04), both of which were present in the 

same three transcripts.  This ratio (3/31) represents an approximately 80-fold enrichment 

of both annotations compared to chance expectation.  One biological pathway (Agrin in 

Postsynaptic Differentiation) was also over-represented at a Bonferroni-corrected level of 

significance (p=0.019).  The appearance of two genes in this pathway on a list of 31 

transcripts represents an approximately 52-fold enrichment compared to chance 
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expectation. 

 CPNE3, was the lone gene whose modulation by a diagnosis-x-TE ID interaction 

surpassed Bonferroni-corrected significance in both brain regions; however, 340 

additional transcripts were influenced by at least a nominally significant interaction of 

diagnosis and TE ID in both brain regions (Table 4).  This list of 341 transcripts was also 

significantly enriched with genes with one or more common protein domains, including a 

9.4-fold enrichment of genes with actinin-type actin-binding domains (p=8.45e-03).  The 

most significant enrichment was for genes containing one or more fibronectin type-III-

like fold (p=7.14e-03), with ten out of 341 genes containing this domain, representing a 

2.9-fold enrichment beyond chance expectation.  Other protein domains enriched among 

the genes on this list included calponin-like actin-binding (six genes; 4.6-fold enrichment; 

p=9.55e-03), peptidase C1A, papain C-terminal (three genes; 11.5-fold enrichment; 

p=2.68e-02), and histone core (four genes; 5.0-fold enrichment; p=4.50e-02).  No 

biological pathways were enriched at a Bonferroni-corrected level of significance within 

the list of 341 transcripts. 

 

Confirmation and Replication Analyses 

 We selected three genes for confirmation and replication analyses.  First was 

CPNE3, which exhibited a Bonferroni-corrected significant interaction in both BA10 

(F=15.00, p=6.6e-24) and CAUD (F=18.52, p=1.0e-27).  As shown in Figure 1, the 

significant difference in expression detected between diagnostic groups by microarray in 

both brain regions was relegated to the most distal end of the gene’s 3’UTR (panel A: 

BA10, F=35.89, p=9.7e-4; panel B: CAUD, F=113.56, p=4.0e-5), suggesting that SZ 
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subjects expressed transcripts with relatively shorter 3’UTRs.  In the same discovery 

sample used for the microarray analyses described above, qRTPCR confirmed 

differences between diagnostic groups in the expression levels of this segment of the 

3’UTR of CPNE3 relative to a control region of the gene (upstream in the 3’UTR).  This 

difference attained statistical significance in both CAUD (p=0.001) and BA10 (p=0.041).  

We next sought to replicate the decreased expression level of the distal 3’UTR segment 

of CPNE3 (again, relative to the non-differentially expressed proximal 3’UTR segment) 

in the remaining 16 SZ and 16 NC postmortem brain tissue samples from the Harvard 

Brain Tissue Resource Center.  In this fully independent sample, we successfully 

replicated a highly significant decrease in 3’UTR expression in BA10 in SZ (p<0.001), 

and in CAUD SZ samples as well (p=0.034), indicating that this result generalizes across 

samples and brain regions.  

 The second gene followed-up by qRTPCR was ENAH, which was chosen based 

on the appearance of exonic dysregulation in the vicinity of a known splice site.  Initial 

analyses of the small discovery sample by microarray showed that ENAH expression 

levels were influenced by a Bonferroni-corrected significant interaction of diagnosis and 

TE ID in BA10 (F=4.98, p=5.5e-07) but not in CAUD (F=0.57, p=0.890).  As shown in 

Figure 2, SZ and NC subjects had equivalent levels of TE expression in most gene 

regions in both BA10 (panel A) and CAUD (panel B); however, there was a significant 

decrease in exon 11a expression in SZ in BA10 (F=15.96, p=0.007).  This precise pattern 

was recapitulated by qRTPCR, with a significant SZ-associated decrease in ENAH exon 

11a expression (relative to a non-dysregulated region of the gene: the boundary of exons 

2 and 3) confirmed in BA10 (p=0.037), and no significant difference observed in CAUD 
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(p=0.141) in the discovery sample.  When extending this evaluation to the replication 

sample, the significant dysregulation of ENAH exon 11a was again detected in BA10 in 

SZ (p=0.035); unexpectedly, we also detected a significant decrease in exon 11a 

expression in CAUD in the replication sample by qRTPCR (p=0.001). 

 The last result selected for confirmation by qRTPCR was the up-regulation of 

KLHL5 exon 10 in SZ.  This gene’s expression levels showed highly significant evidence 

of a diagnosis by TE ID interaction in both BA10 (F=4.17; p=1.1e-4) and CAUD 

(F=3.89; p=2.4e-4) by microarray.  Interestingly, the strongest difference in expression in 

both brain regions did not involve the use of the known alternate transcription start-sites 

in the 5’ end of the gene, but was found at exon 10 (BA10: F=5.96, p=0.050; CAUD: 

F=8.79 p=0.025), where SZ subjects exhibited higher expression on average than NC 

subjects.  Reanalysis of the discovery samples by qRTPCR did not directly verify the 

microarray results, as expression levels of the exon 10 and 11 boundary (relative to a 

non-dysregulated region of the gene: the boundary of exons 6 and 7) were not 

significantly higher in SZ (BA10: p=0.229; CAUD: p=1.000).  Yet, when we examined 

the expression levels of this exon by qRTPCR in the independent replication sample, we 

again observed a significant increase in exon 10 expression in SZ in BA10 (p=0.011), 

though not in CAUD (p=1.000).  Our inability to consistently verify the precise results 

observed by microarray in the discovery sample nor confirm them in the replication 

sample is perhaps not surprising given the relatively lax criteria used in selecting this 

gene for follow-up study relative to the Bonferroni-corrected significant results that drove 

our follow-up work on CPNE3 and ENAH.  However, further investigation of KLHL5’s 
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transcriptomic profile by direct sequencing or qRTPCR using primers with greater 

coverage may resolve this uncertainty in the future. 

 

Discussion 

 The main objective of this study was to assess how common and widespread 

exonic expression abnormalities are in postmortem brain in SZ.  Our work suggests they 

are not uncommon, and are more complex than initially conceived, involving not only 

alternative splicing of traditional cassette exons, but also selection of mutually exclusive 

exons, alternate promoter selection, and 3’UTR constitution.  By comparing brain regions 

linked to the disorder, as well as medicated and unmedicated patients (although in just a 

small, initial discovery sample), we were able to identify some expression abnormalities 

that generalized across regions and which may reflect stable traits associated with the 

disorder.  Further work could evaluate whether such expression abnormalities arise from 

inherited mutations or biological insults acquired early in development.  In contrast, most 

TE expression abnormalities observed in this study were restricted to either BA10 or 

CAUD.  Such regionally specific abnormalities may be less likely attributable to 

regulatory effects of “splicing quantitative trait loci” (sQTLs) than are ubiquitous 

expression abnormalities; however, this does not preclude the possibility that sQTLs 

could be differentially regulated in different cells or brain regions.  Such region-specific 

effects might reflect the diverse developmental influences governing maturation of those 

brain regions, or their differential sensitivity to schizophrenogenic environmental insults.  

Alternatively, these region-specific effects may result from differential expression of 

facilitators or inhibitors of splicing (i.e., alternative splicing regulators) in a similarly 
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region-specific manner.  In support of this possibility, we found nominally significant 

evidence of dysregulation of full-length splicing-regulatory transcripts such as 

HNRNPH1 (p=0.004), HNRNPH3 (p=0.039), HNRNPC (p=0.040), and SFRS16 

(p=0.018) in BA10 but not CAUD in the same samples examined here (unpublished 

data).  The systematic follow-up of our results and evaluation of these contributory 

possibilities should be a high priority for future work. 

 Our analyses of microarray-derived TE expression data from a small sample of 

well-matched SZ and NC samples generated many leads, two of which we validated 

(either perfectly or partially) using another, more sensitive analytic technique (qRTPCR).  

These two results also replicated in a larger, more heterogeneous, and fully independent 

sample of SZ and NC subjects.  One of these genes (CPNE3, a calcium-dependent 

membrane-binding protein that co-localizes with phosphorylated focal adhesion kinase at 

the leading edge of migrating cells (Heinrich et al., 2010)) has never before been 

implicated in SZ, and the other (ENAH, an actin-associated protein involved in 

cytoskeleton remodeling and neuronal projection) was targeted just once among a panel 

of 18 target genes (Kahler et al., 2008), highlighting the advantage of a transcriptome-

wide approach that can generate new candidate genes and hypotheses regarding this 

complex multifactorial disorder.  

 Aside from generating new hypotheses, this work validates our prior blood-based 

biomarker study of TE expression in SZ (Glatt et al., 2009).  For example, 44 (28%) of 

the 156 genes that we previously found to exhibit Bonferroni-corrected significant 

abnormal expression of a TE in peripheral blood cells in psychotic subjects (SZ plus 

psychotic bipolar disorder) were also found to have at least nominally significant 
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abnormal TE expression in either BA10 or CAUD in the present study of postmortem 

brain.  Further, eight of those 156 genes (ADAR, ARHGAP26, BIRC6, MAPK14, 

STXBP2, SYNE2, UTRN, and ZDHHC17) had TEs that were Bonferroni-corrected 

significant in blood and at least nominally significantly dysregulated in both brain 

regions, a result very unlikely to occur by chance (binomial test, p<0.0001).  This type of 

convergence suggests two areas for future work; the pursuit of factors that may be 

capable of disrupting the expression of particular TEs regardless of tissue type, and the 

validation of blood-based biomarkers for these disorders.   

 This study also lends support to hypotheses generated by the prior work of others.  

In particular, the dysregulation of ERBB4 exons we observed in both BA10 and CAUD 

confirmed prior postmortem work linking particular splice variants of this neuregulin-1 

cofactor to risk for the disorder (Kao et al., 2010; Law et al., 2007; Silberberg et al., 

2006).  We could not confirm in our small microarray sample the differential splicing of 

other previously observed results for SZ candidate genes, such as CTNNA2, DISC1, 

ESR1, GRM3, and NRG1; however, because our microarray sample was very small it is 

possible that these effects may have eluded detection in our sample due primarily to lack 

of power.  This seems particularly likely for DISC1 and NRG1, as we did observe 

patterns of TE-expression data suggestive of differential splicing of known alternatively 

spliced TEs of these genes that did not attain statistical significance due to relatively large 

variance.  It is also possible that the prior results are specific for regions of the brain (e.g., 

BA9) we did not have available for analysis.  Yet, several other genes for which 

functionally distinct and neurodevelopmentally important splice variants are known 

(including NUMBL, DSCAM, FGF, SNAP25, and Neuroligins 2 and 4X) were also found 
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in our study to have SZ-associated dysregulation of one or more exons in postmortem 

BA10, but not CAUD, reinforcing the importance of pursuing both ubiquitous and 

regionally specific alterations in exonic expression.  

 This study, like all human postmortem studies of brain disorders, is subject to 

several limitations.  Primarily, because postmortem brain tissue from schizophrenia 

patients is an extremely rare and highly prized commodity, the sample size available for 

this study was quite small.  Our design, which included carving both discovery and 

replication samples from the same small primary sample, further exacerbated this 

problem; however, this approach was taken to foster more confidence in those results that 

did survive replication.  This anonymized sample was also not ideal because we were 

unable to determine the ancestry of each subject, which might relate to either genetically 

or environmentally mediated differences in TE expression.  Thus, if the SZ and NC 

groups differed systematically in ancestry and if the represented ancestral groups differed 

systematically in expression levels of particular mRNA isoforms, then it is possible we 

would have falsely attributed some of these ancestry-related differences to diagnosis.  

Another limitation is that, because we did not have access to brain tissue from first-

episode or prodromal patients, we are unable to rule out the possibility that the observed 

results are a function of (rather than cause of or contributor to) having SZ, such as 

treatment, hospitalization, medical and psychiatric comorbidity, and substance use 

disorders, all of which are more common among SZ patients than NC subjects.  In an 

attempt to control for these factors, we followed-up by qRTPCR only those genes that did 

not differ in TE expression between the treated and untreated subgroups; however, power 

to detect such differences was quite low due to the small number of subjects in each 
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group and the fact that all patients had been medicated at some time, even if not at the 

time of death.  Future in vitro studies will be instrumental for validating these splicing 

abnormalities and more strongly attributing them to sequence variation rather than 

personal, clinical, agonal, or other factors.  

 In conclusion, we demonstrated the utility of examining the functional genomic 

output of the human brain in SZ using TE- and brain-region-specific profiling of 

expression intensity by microarray.  The SZ-associated TE-expression abnormalities 

validated and replicated in this study would not have been detected using earlier 

generations of “whole-transcript” expression arrays.  Looking back, this might explain in 

part why prior microarray-based studies of postmortem brain tissue in SZ have not 

routinely observed identical patterns of transcript dysregulation.  Looking ahead, the use 

of RNA sequencing should facilitate the detection of additional subtle splicing (and other 

RNA-processing) variations that might characterize particular brain regions (or the whole 

organism) in SZ.  Additional work is needed to extend our results into other samples and 

other implicated brain regions, as well as to uncover the factors (genetic or otherwise) 

that influence the observed expression abnormalities in brain and in blood.  Ultimately 

the generation of region-specific transcriptome profiles that include information on the 

relative abundance of each splice variant may prove essential for gaining a better 

understanding of the biological basis of SZ and the development of better biomarkers and 

treatments for the disorder. 
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Figures 

Figure 1. Exonic Expression and Alternative 3’UTR Usage of CPNE3 in A) BA10; and B) CAUD 

Figure 1  Microarray results of differential probe expression of Copine3 (CPNE3) in Brodman Area 10 (A) and Caudate (B) in postmortem brain tissue samples 

from normal control subjects (NC) (n=4) and individuals with schizophrenia (SZ) (n=4).  The interaction of diagnosis and exon ID was highly significant in both 

brain regions; in fact, it was the only gene for which a Bonferroni-corrected threshold for significance of this term was met.  *There was a statistically significant 

difference in probe-level expression between diagnostic groups at the most distal end of the 3’UTR in both BA10 (p=9.7e-4) and CAUD (p=4.0e-5), indicating 

that a truncated transcript may be expressed in SZ patients. 
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Figure 1.  Microarray results of differential probe expression of Copine3 (CPNE3) in Brodman Area 10 (A) and 
Caudate (B) in postmortem brain tissue samples from normal control subjects (NC) (n=4) and individuals with 
schizophrenia (SZ) (n=4).  The interaction of diagnosis and exon ID was highly significant in both brain regions; in 
fact, it was the only gene for which a Bonferroni-corrected threshold for significance of this term was met.  *There was 
a statistically significant difference in probe-level expression between diagnostic groups at the most distal end of the 
3’UTR in both BA10 (p=9.7e-4) and CAUD (p=4.0e-5), indicating that a truncated transcript may be expressed in SZ 
patients. 
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Figure 2. Exonic Expression and Alternative 3’UTR Usage of ENAH in A) BA10; and B) CAUD 

 

Figure 2. Microarray results of differential exon expression of Enabled Homolog (ENAH) in Brodman Area 10 (A) and Caudate (B) in postmortem brain tissue 

samples from normal control subjects (NC) (n=4) and individuals with schizophrenia (SZ) (n=4).  The interaction of diagnosis and exon ID was significant only 

in BA10, not CAUD, indicating the possibility of regionally specific differential splice-variant expression between the groups. *There was a statistically 

significant difference in expression between diagnostic groups at exon 11a in BA10 (p=0.047) but not CAUD (p=0.489), indicating increased expression of the 

short (11a) isoform in SZ patients in BA10 only.  

Figure 2.  Exonic Expression and Alternative Splicing of ENAH in: A) BA10; and B) CAUD 
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Figure 2. Microarray results of differential exon expression of Enabled Homolog (ENAH) in Brodman Area 10 (A) and 
Caudate (B) in postmortem brain tissue samples from normal control subjects (NC) (n=4) and individuals with 
schizophrenia (SZ) (n=4).  The interaction of diagnosis and exon ID was significant only in BA10, not CAUD, 
indicating the possibility of regionally specific differential splice-variant expression between the groups. *There was a 
statistically significant difference in expression between diagnostic groups at exon 11a in BA10 (p=0.047) but not 
CAUD (p=0.489), indicating increased expression of the short (11a) isoform in SZ patients in BA10 only. 
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Tables  

 

 

 

 

 

 

No significant differences on any factor were observed between the SZ and NC discovery samples (all p>0.737) or between the SZ 

and NC replication samples (all p>0.183). 

 

Table 2.  Transcripts Exhibiting a Bonferroni-Corrected Significant Interaction of Diagnosis (SZ vs. NC) and Transcript Element  

ID in Brodmann Area 10 (BA10) 

Gene 

Symbol 

Gene 

Product 

Reference 

Sequence 

Transcript 

Cluster ID 

Probe 

   Sets (n) 

 

F 

 

p 

Direction of 
Dysregulation# 

CPNE3  Copine III  NM_003909  8147172 21 15.003  6.6e-24 ↓ 
SCIN  Scinderin  NM_001112706  8131550 22   6.992  5.4e-13 ↑ 
SAMHD1  SAM domain and HD domain 1  NM_015474  8066117 18   8.354  7.6e-13 ↑ 
C4A  Complement component 4A (Rodgers blood group)  NM_007293  8118409 42   3.830  2.9e-11 ↑ 
IARS  Isoleucyl-tRNA synthetase  NM_013417  8162313 38   4.012  5.0e-11 ↑ 

Table 1.  Demographic and Agonal Characteristics of the SZ and NC Discovery and Replication Samples 
 Discovery Samples Replication Samples 
 SZ NC SZ NC 
Sample Size: n 4 4 16 16 
Sex: % male (n) 100 (4)  100 (4) 37.5 (6) 31.2 (5) 
Age: mean years±S.D. 59.0±3.7 58.3±2.1   68.2±22.7   66.5±20.7 
Postmortem Interval: mean hours±S.D. 24.9±4.1 24.0±3.5 18.8±7.0 21.9±5.3 
RNA Integrity Number ( Arinami et al.): 
mean±S.D. 

  8.0±1.2   7.8±1.3   7.9±0.5   8.3±1.3 
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CHI3L1  Chitinase 3-like 1 (cartilage glycoprotein-39)  NM_001276  7923547 14   9.026  5.7e-11 ↑ 
LPPR4  Plasticity related gene 1  NM_014839  7903214 12   9.775  3.3e-10 ↑ 
C4A  Complement component 4A (Rodgers blood group)  NM_007293  8118455 42   3.458  9.8e-10 ↑ 
SERPINA3  Serpin peptidase inhibitor, clade A (alpha-1 antiprotein) NM_001085  7976496   9 12.930 1.0e-9 ↑ 
C4A  Complement component 4A (Rodgers blood group)  NM_007293  8179399 40   3.507 1.5e-9 ↑ 
ALOX5  Arachidonate 5-lipoxygenase  NM_000698  7927215 15   7.011 2.6e-9 ↑ 
CSDE1  Cold shock domain containing E1, RNA-binding  NM_001007553  7918825 21   5.214 3.5e-9 ↑ 
PPP3CA  Protein phosphatase 3 (formerly 2B), catalytic subunit, a NM_000944  8101971 18   5.734 6.3e-9 ↑ 
TLN1  Talin 1  NM_006289  8161056 57   2.791 6.7e-9 ↑ 
IFI16  Interferon, gamma-inducible protein 16  NM_005531  7906400 16   6.209 9.3e-9 ↑ 
RNASET2  Ribonuclease T2  NM_003730  8130768 14   6.923 1.1e-8 ↑ 
ALDH2  Aldehyde dehydrogenase 2 family (mitochondrial)  NM_000690  7958784 15   6.330 1.9e-8 ↓ 
CD86  CD86 molecule  NM_175862  8082035 10   9.325 2.2e-8 ↑ 
CUX1  Cut-like homeobox 1  NM_181552  8135114 34   3.424 4.5e-8 ↑ 
MAGI2  Membrane associated guanylate kinase, WW and PDZ domain cont. 2 NM_012301  8140504 25   4.003 9.1e-8 ↑ 
LAT2  Linker for activation of T cells family, member 2  NM_032464  8133442 16   5.454 1.1e-7 ↑ 
CFDP1  Craniofacial development protein 1  NM_006324  8002865 12   6.858 1.5e-7 ↓ 
RAB8B  RAB8B, member RAS oncogene family  NM_016530  7984112 11   7.240 2.3e-7 ↑ 
ERCC5  Excision repair cross-complementing 5 NM_000123  7969935 19   4.556 2.8e-7 ↑ 
MYO5A  Myosin VA (heavy chain 12, myoxin)  NM_000259  7988921 41   2.895 2.9e-7 ↑ 
PTPRC  Protein tyrosine phosphatase, receptor type, C  NM_002838  7908553 37   3.042 3.0e-7 ↑ 
C5orf15  Chromosome 5 open reading frame 15  NM_020199  8114138   6 14.126 3.9e-7 ↑ 
LPCAT2  Lysophosphatidylcholine acyltransferase 2  NM_017839  7995697 14   5.525 5.4e-7 ↑ 
ENAH  Enabled homolog (Drosophila)  NM_001008493  7924619 16   4.976 5.5e-7 ↓ 
LAPTM5  Lysosomal protein transmembrane 5  NM_006762  7914270 11   6.802 5.6e-7 ↑ 
UHRF2  Ubiquitin-like with PHD and ring finger domains 2  NM_152896  8154316 16   4.970 5.6e-7 ↑ 
VTI1A  Vesicle transport through interaction with t-SNAREs homolog NM_145206  7930524   8   9.380 6.0e-7 ↑ 
RAPGEF4  Rap guanine nucleotide exchange factor (GEF) 4  NM_007023  8046428 32   3.159 7.5e-7 ↓ 
LGALS9C  Lectin, galactoside-binding, soluble, 9C  NM_001040078  8005458 12   6.102 8.6e-7 ↑ 
CPVL  Carboxypeptidase, vitellogenic-like  NM_019029  8138805 16   4.779 1.1e-6 ↑ 
RBM33  RNA binding motif protein 33  NM_053043  8137558   7 10.236 1.3e-6 ↓ 
FCER1G  Fc fragment of IgE, high affinity I, receptor for; gamma  NM_004106  7906720   7   9.985 1.7e-6 ↑ 
ZMYND8  Zinc finger, MYND-type containing 8  NM_183047  8066786 31   3.091 1.8e-6 ↑ 
SAMSN1  SAM domain, SH3 domain and nuclear localization signals 1 NM_022136  8069541 11   6.252 1.8e-6 ↑ 
DOCK8  Dedicator of cytokinesis 8  NM_203447  8153959 52   2.422 2.0e-6 ↑ 
MUM1  Melanoma associated antigen (mutated) 1  NR_024247  8024255 17   4.409 2.0e-6 ↑ 
IGSF6  Immunoglobulin superfamily, member 6  NM_005849  8000184   7   9.837 2.0e-6 ↑ 
ITGB2  Integrin, beta 2 (complement component 3 receptor 3 and 4)  NM_000211  8070826 20   3.943 2.1e-6 ↑ 
*Rows are sorted by p-value in ascending order. 

#of the single most differentially expressed transcribed element per gene. 

 

   

*Rows are sorted by p-value in ascending order. 
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Table 3. Transcripts Exhibiting a Bonferroni-Corrected Significant Interaction of Diagnosis (SZ vs. NC) and Transcript Element  

ID in Caudate Head (CAUD) 

Gene 

Symbol 

Gene Product 
Reference 

Sequence 

Transcript 

Cluster ID 

Probe 

   Sets (n) 

 

F 

 

p* 

Direction of 
Dysregulation# 

CPNE3  Copine III  NM_003909  8147172   21 18.518  1.0e-27 ↓ 
UTRNa Utrophin  NM_007124  8122464   72   4.946  7.1e-26 ↑ 
RXFP2  Relaxin NM_130806  7968389   21   8.816  1.6e-15 ↑ 
DMDa  Dystrophin  NM_000109  8171921   95   2.540  2.0e-11 ↓ 
GPR98  G protein-coupled receptor 98  NM_032119  8106827   91   2.409  6.6e-10 ↓ 
RGPD6  Ranbp2-like and grip domain containing 6  NM_001123363  8044304   28   4.286 2.8e-9 ↓ 
CIT  Citron (rho-interacting, serine) NM_007174  7966878   50   3.008 4.6e-9 ↓ 
SYNE1a  Spectrin repeat containing, nuclear envelope 1  NM_182961  8130211 158   1.873 1.3e-8 ↑ 
C6orf174  Chromosome 6 open reading frame 174  NM_001012279  8129392   17   5.689 1.9e-8 ↑ 
Unknown Unknown Unknown 8054557   22   4.447 5.8e-8 ↑ 
NME7  Non-metastatic cells 7 NM_013330  7922137   14   6.201 8.0e-8 ↑ 
CEP192  Centrosomal protein 192Kda  NM_032142  8020267   40   3.050 9.7e-8 ↑ 
KIAA0319L  KIAA0319-Like  NM_024874  7914809   24   4.042 1.3e-7 ↓ 
DGKI  Diacylglycerol kinase, iota  NM_004717  8143154   33   3.333 1.4e-7 ↑ 
KCNK2  Potassium channel, subfamily k, member 2  NM_001017425  7909730   14   5.970 1.5e-7 ↑ 
MYT1L  Myelin transcription factor 1-like  NM_015025  8050031   28   3.585 2.3e-7 ↑ 
SEC31A  Sec31 Homolog A (S. Cerevisiae)  NM_014933  8101376   34   3.193 2.7e-7 ↑ 
HSPA4  Heat shock 70kda protein 4  NM_002154  8108015   24   3.849 3.7e-7 ↑ 
SLC4A1AP  solute carrier family 4 (anion exchanger), member 1, adaptor protein NM_018158  8041015   11   6.701 6.9e-7 ↓ 
EPB49  Erythrocyte membrane protein band 4.9 (dematin)  NM_001978  8145005   21   4.022 8.3e-7 ↓ 
STXBP2  Syntaxin binding protein 2  NM_006949  8025255   22   3.902 8.4e-7 ↑ 
RABEP1  Rabaptin, rab gtpase binding effector protein 1  NM_004703  8004111   21   4.011 8.8e-7 ↓ 
FBXO44  F-box protein 44  NM_001014765  7897714   13   5.689 8.9e-7 ↑ 
EPRS  Glutamyl-prolyl-trna synthetase  NM_004446  7924351   34   3.021 1.0e-6 ↑ 
C17orf44  Chromosome 17 open reading frame 44  NR_026951  8012416       6 12.700 1.1e-6 ↓ 
PSMA5  Proteasome (prosome, macropain) subunit, alpha type, 5  NM_002790  7918345   13   5.622 1.1e-6 ↓ 
PSD3  Pleckstrin and sec7 domain containing 3  NM_015310  8149555   18   4.342 1.3e-6 ↑ 
TNKS2  TRF1-interacting ankyrin-related ADP-ribose polymerase 2 NM_025235  7929168   32   3.078 1.4e-6 ↑ 
ADORA3  Adenosine a3 receptor  NM_020683  7918533   14   5.180 1.5e-6 ↑ 
VWA3A  Von Willebrand factor a domain containing 3a  NM_173615  7993898   36   2.837 2.2e-6 ↓ 
OVOS  Ovostatin  BX647938  7961026     4 22.882 2.3e-6 ↓ 
*Rows are sorted by p-value in ascending order. #of the single most differentially expressed transcribed element per gene. aGenes encoding proteins with actinin-type actin-binding domains. 
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Table 4. Transcripts Exhibiting a Significant Interaction of Diagnosis (SZ vs. NC) and Transcript Element ID in both Brodmann Area 10  

(BA10) and Caudate (CAUD)  

Gene Gene Reference  Transcript Probe  BA10 CAUD 

Symbol Product Sequence Cluster ID Sets (n)    F    p*     F   p* 

CPNE3 Copine III  NM_003909  8147172 21 15.003 6.60e-24 18.51
8 

1.00e-27 
CEP192 Centrosomal protein 192kDa  NM_032142  8020267 40 2.587 6.20e-06 3.050 9.70e-08 
SCIN Scinderin  NM_001112706  8131550 22 6.992 5.40e-13 3.055 5.80e-05 
OVOS Ovostatin  BX647938  7953873 4 12.265 1.30e-04 17.41

2 
1.50e-05 

NCKAP1L NCK-associated protein 1-like  NM_005337  7955908 34 2.359 1.50e-04 2.642 1.80e-05 
LCP1a,c Lymphocyte cytosolic protein 1 (L-plastin)  NM_002298  7971461 20 3.062 1.20e-04 3.169 7.20e-05 
OVOS Ovostatin  BX647938  7961026 4 11.274 2.10e-04 22.88

2 
2.30e-06 

KLHL5 Kelch-like 5 (Drosophila)  NM_015990  8094625 12 4.170 1.10e-04 3.891 2.40e-04 
NME7 Non-metastatic cells 7, protein expressed in (nucleoside) NM_013330  7922137 14 3.348 4.30e-04 6.201 8.00e-08 
LAPTM5 Lysosomal protein transmembrane 5  NM_006762  7914270 11 6.802 5.60e-07 3.864 4.50e-04 
LAT2 Linker for activation of T cells family, member 2  NM_032464  8133442 16 5.454 1.10e-07 3.064 5.10e-04 
ST6GAL1 ST6 beta-galactosamide alpha-2,6-sialyltranferase 1  NM_173216  8084717 8 4.984 3.60e-04 5.319 2.10e-04 
APOC2 Apolipoprotein C-II  NM_000483  8029551 8 6.543 3.00e-05 4.739 5.40e-04 
RPL13A Ribosomal protein L13a  NM_012423  8030351 8 4.700 5.80e-04 7.204 1.10e-05 
HSD17B4 Hydroxysteroid (17-beta) dehydrogenase 4  NM_000414  8107532 21 2.677 5.10e-04 2.917 1.60e-04 
RHOV Ras homolog gene family, member V  NM_133639  7987574 9 5.332 8.20e-05 4.281 6.10e-04 
NACA Nascent polypeptide-associated complex alpha subunit  NM_001113201  7964262 8 4.838 4.60e-04 5.239 2.40e-04 
SMOX Spermine oxidase  NM_175839  8060745 12 4.805 2.10e-05 3.504 6.80e-04 
APOL1 Apolipoprotein L, 1  NM_145343  8072735 8 7.687 5.80e-06 4.299 1.20e-03 
EFNA5 Ephrin-A5  NM_001962  8113433 9 6.592 8.80e-06 3.951 1.20e-03 
JTB Jumping translocation breakpoint  NM_006694  7920409 12 4.304 7.90e-05 3.326 1.10e-03 
ADORA3 Adenosine A3 receptor  NM_020683  7918533 14 3.019 1.20e-03 5.180 1.50e-06 
LEPRb Leptin receptor  NM_002303  7902074 27 2.369 6.10e-04 2.347 6.90e-04 
CPVL Carboxypeptidase, vitellogenic-like  NM_019029  8138805 16 4.779 1.10e-06 2.805 1.30e-03 
RNASET2 Ribonuclease T2  NM_003730  8130768 14 6.923 1.10e-08 2.985 1.40e-03 
Unknown Unknown Unknown 8179731 17 2.967 5.10e-04 2.800 9.80e-04 
NDUFS1 NADH dehydrogenase (ubiquinone) Fe-S protein 1, 75kDa (Na+) NM_005006  8058428 21 2.448 1.50e-03 2.963 1.30e-04 
ALDH3A2 Aldehyde dehydrogenase 3 family, member A2  NM_001031806  8005638 16 2.760 1.50e-03 3.459 1.20e-04 
HLA-E Major histocompatibility complex, class I, E  NM_005516  8117890 9 4.056 9.50e-04 4.130 8.20e-04 
TBXAS1 Thromboxane A synthase 1 (platelet)  NM_001130966  8136557 18 3.700 1.80e-05 2.567 1.90e-03 
DNAJC11 DnaJ (Hsp40) homolog, subfamily C, member 11  NM_018198  7912112 20 2.614 9.00e-04 2.567 1.10e-03 
DDRGK1 DDRGK domain containing 1  NM_023935  8064601 11 3.206 2.30e-03 4.249 1.70e-04 
IRF8 Interferon regulatory factor 8  NM_002163  7997712 11 5.891 3.90e-06 3.163 2.60e-03 
IARS Isoleucyl-tRNA synthetase  NM_013417  8162313 38 4.012 5.00e-11 1.888 2.80e-03 
SPTLC1 Serine palmitoyltransferase, long chain base subunit 1  NM_006415  8162294 16 2.669 2.20e-03 2.983 6.80e-04 
LST1 Leukocyte specific transcript 1  NM_007161  8118149 8 4.695 5.90e-04 3.896 2.40e-03 
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AKR1CL2 Aldo-keto reductase family 1, member C-like 2  NM_001040177  7925904 13 4.268 4.50e-05 2.834 3.10e-03 
PARVGc Parvin, gamma  NM_022141  8073682 15 2.889 1.30e-03 2.795 1.90e-03 
COL6A2 Collagen, type VI, alpha 2  NM_001849  8069301 30 2.069 2.20e-03 2.184 1.10e-03 
CTSSd Cathepsin S  NM_004079  7919800 14 3.283 5.30e-04 2.753 2.90e-03 
HS6ST2 Heparan sulfate 6-O-sulfotransferase 2  NM_001077188  8175195 10 3.282 3.00e-03 4.068 5.00e-04 
CHI3L1 Chitinase 3-like 1 (cartilage glycoprotein-39)  NM_001276  7923547 14 9.026 5.70e-11 2.693 3.50e-03 
PSD3 Pleckstrin and Sec7 domain containing 3  NM_015310  8149555 18 2.395 3.70e-03 4.342 1.30e-06 
TGFBR1 Transforming growth factor, beta receptor 1  NM_004612  8156826 11 4.710 5.80e-05 2.999 3.90e-03 
PPHLN1 Periphilin 1  NM_016488  7954940 19 2.470 2.20e-03 2.426 2.10e-03 
MS4A7 Membrane-spanning 4-domains, subfamily A, member 7  NM_021201  7940259 19 3.330 5.30e-05 2.304 4.40e-03 
FAM118A Family with sequence similarity 118, member A/B NM_001104595  8073752 13 2.812 3.30e-03 3.165 1.20e-03 
ITGAV Integrin, alpha V (vitronectin receptor, alpha polypeptide NM_002210  8046861 33 1.917 4.00e-03 2.085 1.30e-03 
ERBB4 V-erb-a erythroblastic leukemia viral oncogene homolog 4  NM_005235  8058627 30 2.049 2.50e-03 2.027 2.90e-03 
ZC3H14 Zinc finger CCCH-type containing 14  NM_024824  7976101 24 3.043 3.00e-05 2.064 5.60e-03 
SYK Spleen tyrosine kinase  NM_003177  8156321 15 2.628 3.30e-03 2.680 2.80e-03 
RRP1B Ribosomal RNA processing 1 homolog B (S. cerevisiae)  NM_015056  8068902 16 2.656 2.30e-03 2.514 3.80e-03 
SLC6A18 Solute carrier family 6, member 18  NM_182632  8104281 16 2.565 3.10e-03 2.581 3.00e-03 
CIT Citron (rho-interacting, serine) NM_007174  7966878 50 1.649 6.60e-03 3.008 4.60e-09 
C3 Complement component 3  NM_000064  8033257 42 2.629 2.50e-06 1.720 6.70e-03 
SIK1 Salt-inducible kinase 1  NM_173354  8070665 15 2.408 7.00e-03 3.524 1.50e-04 
UHRF2 Ubiquitin-like with PHD and ring finger domains 2  NM_152896  8154316 16 4.970 5.60e-07 2.323 7.60e-03 
FCGBP Fc fragment of IgG binding protein  NM_003890  8036787 20 2.370 2.70e-03 2.229 5.00e-03 
CRHR1 Corticotropin releasing hormone receptor 1  NM_001145146  8007808 17 2.730 1.30e-03 2.312 6.40e-03 
ALDOA Aldolase A, fructose-bisphosphate  NM_000034  7994737 18 2.354 4.40e-03 2.418 3.40e-03 
ATP5SL ATP5S-like  NM_018035  8037037 5 4.702 6.00e-03 5.856 2.00e-03 
MCM6 Minichromosome maintenance complex component 6  NM_005915  8055426 18 3.304 9.00e-05 2.206 7.90e-03 
ENTPD1 Ectonucleoside triphosphate diphosphohydrolase 1  NM_001776  7929511 13 2.696 4.70e-03 2.793 3.50e-03 
NCF4 Neutrophil cytosolic factor 4, 40kDa  NM_013416  8072744 12 3.347 1.00e-03 2.649 7.20e-03 
ERCC8 Excision repair cross-complementing rodent repair deficiency NM_000082  8112285 16 3.321 2.00e-04 2.305 8.00e-03 
HNRNPAB Heterogeneous nuclear ribonucleoprotein A NM_031266  8110450 10 2.958 6.30e-03 3.404 2.20e-03 
SLC30A10 Solute carrier family 30, member 10  NM_018713  7924342 8 3.763 3.00e-03 3.388 5.90e-03 
FYB FYN binding protein (FYB-120) NM_001465  8111739 17 2.763 1.10e-03 2.260 7.80e-03 
SCAMP2 Secretory carrier membrane protein 2  NM_005697  7990417 11 4.307 1.50e-04 2.682 8.80e-03 
TYROBP TYRO protein tyrosine kinase binding protein  NM_003332  8036224 7 5.079 7.30e-04 3.458 8.40e-03 
PDIA2 Protein disulfide isomerase family A, member 2  NM_006849  7991815 12 3.062 2.30e-03 2.662 6.90e-03 
ARPC1B Actin related protein 2 NM_005720  8134552 11 2.669 9.10e-03 4.392 1.00e-04 
CD68 CD68 molecule  NM_001251  8004510 10 5.239 4.10e-05 2.791 9.20e-03 
H2AFJe H2A histone family, member J  NM_177925  7954124 7 3.541 7.40e-03 4.369 2.10e-03 
SECISBP2L SECIS binding protein 2-like  NM_014701  7988581 19 2.197 6.90e-03 2.415 2.70e-03 
RNF7 Ring finger protein 7  NM_014245  8083119 9 3.456 3.20e-03 3.107 6.60e-03 
BIRC6 Baculoviral IAP repeat-containing 6  NM_016252  8041283 76 1.561 3.50e-03 1.510 6.30e-03 
RTKN2 Rhotekin 2  NM_145307  7933855 16 2.650 2.30e-03 2.314 7.80e-03 
IL13RA1b Interleukin 13 receptor, alpha 1  NM_001560  8169580 17 2.254 8.00e-03 2.570 2.40e-03 
C1QC Complement component 1, q subcomponent, C chain  NM_001114101  7898799 5 13.897 5.30e-06 4.158 1.07e-02 
BTF3 Basic transcription factor 3  NM_001037637  8106181 7 3.305 1.08e-02 6.077 1.80e-04 
WDR74 WD repeat domain 74  NM_018093  7948881 12 3.360 1.00e-03 2.525 1.01e-02 
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CD37 CD37 molecule  NM_001774  8030277 14 3.460 3.00e-04 2.340 1.09e-02 
OSBP Oxysterol binding protein  NM_002556  7948379 17 2.940 5.70e-04 2.174 1.07e-02 
AVPR2 Arginine vasopressin receptor 2  NM_001146151  8170794 8 3.072 1.05e-02 4.186 1.40e-03 
SAFB2 Scaffold attachment factor B2  NM_014649  8032974 21 2.003 1.15e-02 2.652 5.70e-04 
SYNPO Synaptopodin  NM_007286  8109305 9 2.907 1.00e-02 3.661 2.10e-03 
TCIRG1 T-cell, immune regulator 1, ATPase, H+ transporting NM_006019  7941985 21 2.165 5.60e-03 2.111 7.10e-03 
RPS28 Ribosomal protein S28  NM_001031  8025395 6 3.525 1.26e-02 7.811 8.30e-05 
LGALS9C Lectin, galactoside-binding, soluble, 9C  NM_001040078  8005458 12 6.102 8.60e-07 2.430 1.31e-02 
CDC42BPA CDC42 binding protein kinase alpha (DMPK-like)  NM_003607  7924773 43 2.006 5.80e-04 1.627 1.27e-02 
NUDT9 Nudix (nucleoside diphosphate linked moiety X)-type motif  NM_024047  8096251 13 3.337 6.90e-04 2.361 1.27e-02 
CYBB Cytochrome b-245, beta polypeptide  NM_000397  8166730 14 3.664 1.60e-04 2.272 1.35e-02 
FGR Gardner-Rasheed feline sarcoma viral (v-fgr) oncogene homolog NM_005248  7914112 14 2.645 4.10e-03 2.380 9.60e-03 
GNPTAB N-acetylglucosamine-1-phosphate transferase, alpha and beta NM_024312  7965812 23 1.920 1.30e-02 2.478 8.10e-04 
ELK1 ELK1, member of ETS oncogene family  NM_001114123  8172345 12 3.579 5.50e-04 2.425 1.33e-02 
RGPD1 RANBP2-like and GRIP domain containing 1  NM_001024457  8053622 23 3.369 7.80e-06 1.902 1.41e-02 
CYTL1 Cytokine-like 1  NM_018659  8099132 7 3.145 1.39e-02 5.361 4.90e-04 
LGALS9B Lectin, galactoside-binding, soluble, 9B  NM_001042685  8013450 14 4.636 7.60e-06 2.249 1.45e-02 
BSG Basigin (Ok blood group)  NM_001728  8023955 12 2.420 1.35e-02 3.196 1.60e-03 
PPP2R5B Protein phosphatase 2, regulatory subunit B', beta isoform NM_006244  7941087 16 2.124 1.53e-02 3.889 2.50e-05 
NR1D2 Nuclear receptor subfamily 1, group D, member 2  NM_005126  8078272 11 2.640 9.80e-03 2.856 5.70e-03 
ITGB2 Integrin, beta 2 (complement component 3 receptor 3 and 4) NM_000211  8070826 20 3.943 2.10e-06 1.962 1.58e-02 
BEX4 Brain expressed, X-linked 4  NM_001080425  8169009 5 5.476 2.80e-03 3.973 1.30e-02 
SERPINA1 Serpin peptidase inhibitor, clade A (alpha-1) NM_001002236  7981068 9 6.057 2.20e-05 2.684 1.60e-02 
ALOX5 Arachidonate 5-lipoxygenase  NM_000698  7927215 15 7.011 2.60e-09 2.161 1.60e-02 
MORC2 MORC family CW-type zinc finger 2  NM_014941  8075430 27 2.332 7.60e-04 1.798 1.54e-02 
PASK PAS domain containing serine NM_015148  8060205 19 2.946 2.80e-04 1.988 1.62e-02 
IFNGR1b Interferon gamma receptor 1  NM_000416  8129861 10 2.933 7.00e-03 2.756 1.00e-02 
ACTN1a,c Actinin, alpha 1  NM_001130004  7979824 24 1.978 9.00e-03 1.987 8.20e-03 
FAM50B Family with sequence similarity 50, member B  NM_012135  8116658 3 6.831 1.00e-02 7.868 6.60e-03 
LPAR5 Lysophosphatidic acid receptor 5  NM_020400  7960637 4 5.092 1.00e-02 5.541 7.10e-03 
LIPA Lipase A, lysosomal acid, cholesterol esterase  NM_001127605  7934920 15 2.567 4.00e-03 2.216 1.34e-02 
SAMHD1 SAM domain and HD domain 1  NM_015474  8066117 18 8.354 7.60e-13 2.002 1.76e-02 
CD53 CD53 molecule  NM_000560  7903893 12 2.329 1.70e-02 3.636 4.70e-04 
DDX5 DEAD (Asp-Glu-Ala-Asp) box polypeptide 5  NM_004396  8017634 16 2.088 1.70e-02 3.002 6.40e-04 
DCLK1 Doublecortin-like kinase 1  NM_004734  7970954 18 2.446 3.00e-03 2.044 1.50e-02 
EPRS Glutamyl-prolyl-tRNA synthetase  NM_004446  7924351 34 1.661 1.90e-02 3.021 1.00e-06 
HSPA4 Heat shock 70kDa protein 4  NM_002154  8108015 24 1.819 1.87e-02 3.849 3.70e-07 
GSTM1 Glutathione S-transferase mu 1  NM_000561  7903765 9 2.603 1.89e-02 6.225 1.70e-05 
S100A11 S100 calcium binding protein A11  NM_005620  7920128 6 4.134 5.60e-03 3.481 1.34e-02 
ARHGAP26 Rho GTPase activating protein 26  NM_015071  8108873 26 2.376 7.20e-04 1.781 1.86e-02 
BAIAP3 BAI1-associated protein 3  NM_003933  7992219 35 1.655 1.81e-02 2.040 1.30e-03 
FAM111B Family with sequence similarity 111, member B  NM_198947  7940147 5 4.244 9.70e-03 4.211 1.01e-02 
LGMN Legumain  NM_005606  7980958 11 4.797 4.70e-05 2.357 2.01e-02 
CSF2RAb Colony stimulating factor 2 receptor, alpha, low-affinity NM_001161531  8165735 16 2.081 1.80e-02 2.636 2.40e-03 
CSF2RAb Colony stimulating factor 2 receptor, alpha, low-affinity NM_001161531  8176306 16 2.081 1.80e-02 2.636 2.40e-03 
KDM5B Lysine (K)-specific demethylase 5B  NM_006618  7923453 29 1.851 9.00e-03 1.821 1.11e-02 
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PPP2R2A Protein phosphatase 2 (formerly 2A), regulatory subunit  NM_002717  8145440 13 2.204 2.00e-02 3.410 5.60e-04 
UTRNa,c Utrophin  NM_007124  8122464 72 1.415 2.10e-02 4.946 7.10e-26 
BAX BCL2-associated X protein  NR_027882  8030158 12 2.659 7.00e-03 2.410 1.39e-02 
MUM1 Melanoma associated antigen (mutated) 1  NR_024247  8024255 17 4.409 2.00e-06 1.986 2.15e-02 
ZNF509 Zinc finger protein 509  NM_145291  8093829 9 2.619 1.83e-02 3.417 3.50e-03 
GABARAPL2 GABA(A) receptor-associated protein-like 2  NM_007285  7997272 8 2.694 2.12e-02 4.776 5.10e-04 
CHST15 Carbohydrate (N-acetylgalactosamine 4-sulfate 6-O)  NM_015892  7936856 14 2.139 2.05e-02 3.019 1.20e-03 
CD247 CD247 molecule  NM_198053  7922040 10 3.484 1.90e-03 2.457 2.00e-02 
SBF2 SET binding factor 2  NM_030962  7946516 42 1.740 5.80e-03 1.599 1.66e-02 
SEC13 SEC13 homolog (S. cerevisiae)  NR_024272  8085300 10 3.295 2.90e-03 2.465 1.96e-02 
PWP2 PWP2 periodic tryptophan protein homolog (yeast)  NM_005049  8069003 22 1.965 1.19e-02 1.986 1.08e-02 
ELMOD3 ELMO/CED-12 domain containing 3 NM_001135021  8043131 21 2.138 6.30e-03 1.920 1.66e-02 
ZFP82 Zinc finger protein 82 homolog (mouse)  NM_133466  8036309 8 2.874 1.52e-02 3.222 8.00e-03 
APBB1IP Amyloid beta (A4) precursor protein-binding, family B, m NM_019043  7926786 18 1.969 2.00e-02 2.374 4.10e-03 
IGSF6 Immunoglobulin superfamily, member 6  NM_005849  8000184 7 9.837 2.00e-06 2.800 2.44e-02 
HDDC2 HD domain containing 2  NM_016063  8129363 11 2.423 1.70e-02 2.736 7.70e-03 
GRK1 G protein-coupled receptor kinase 1  NM_002929  7970325 3 12.093 1.30e-03 5.219 2.34e-02 
C6orf114 Chromosome 6 open reading frame 114  AF264036  8123981 3 8.242 5.60e-03 5.597 1.92e-02 
PEX10 Peroxisomal biogenesis factor 10  NM_153818  7911720 9 2.496 2.37e-02 3.854 1.40e-03 
RBM12B RNA binding motif protein 12B  NM_203390  8151788 6 3.592 1.15e-02 3.472 1.36e-02 
TRPM3 Transient receptor potential cation channel, subfamily M NM_206946  8161654 38 1.574 2.51e-02 2.281 1.30e-04 
PHKG2 Phosphorylase kinase, gamma 2 (testis)  NM_000294  7994928 10 2.654 1.27e-02 2.651 1.27e-02 
C20orf11 Chromosome 20 open reading frame 11  NM_017896  8064007 6 4.198 5.20e-03 3.173 2.04e-02 
GFM2 G elongation factor, mitochondrial 2  NM_032380  8112622 23 1.770 2.61e-02 2.695 2.70e-04 
RUNX1T1 Runt-related transcription factor 1; translocated to, 1  NM_175634  8151768 15 2.030 2.47e-02 2.813 1.70e-03 
CHAF1B Chromatin assembly factor 1, subunit B (p60)  NM_005441  8068478 15 2.618 3.40e-03 2.047 2.33e-02 
ZNF483 Zinc finger protein 483  NM_133464  8157193 9 2.486 2.42e-02 3.560 2.60e-03 
C6orf25 Chromosome 6 open reading frame 25  NM_138277  8178074 5 3.752 1.65e-02 4.142 1.09e-02 
TSPY1 Testis specific protein, Y-linked 1  NM_003308  8176524 7 5.534 3.80e-04 2.735 2.71e-02 
ZBTB8B Zinc finger and BTB domain containing 8B  NM_001145720  7899797 13 2.231 1.86e-02 2.472 9.10e-03 
STXBP2 Syntaxin binding protein 2  NM_006949  8025255 22 1.776 2.79e-02 3.902 8.40e-07 
ME3 Malic enzyme 3, NADP(+)-dependent, mitochondrial  NM_001014811  7950864 18 3.910 7.60e-06 1.876 2.84e-02 
HECW2 HECT, C2 and WW domain containing E3 ubiquitin protein  NM_020760  8057898 30 1.869 7.60e-03 1.694 2.09e-02 
ZNF827 Zinc finger protein 827  NM_178835  8103025 15 2.204 1.39e-02 2.177 1.52e-02 
RPS28 Ribosomal protein S28  NM_001031  7942824 5 3.249 2.90e-02 8.974 1.40e-04 
FLJ46300 FLJ46300 protein  eNST0000034186

6  
7937073 5 5.286 3.40e-03 3.345 2.60e-02 

RRAGD Ras-related GTP binding D  NM_021244  8128123 9 2.511 2.29e-02 3.100 6.70e-03 
BRP44 Brain protein 44  NR_026550  7922095 8 4.073 1.70e-03 2.528 2.90e-02 
ANGEL2 Angel homolog 2 (Drosophila)  NM_144567  7924190 12 2.190 2.53e-02 2.744 5.50e-03 
PRRG4 Proline rich Gla (G-carboxyglutamic acid) 4 (transmembrane) NM_024081  7939150 7 2.888 2.11e-02 3.344 1.01e-02 
IL1B Interleukin 1, beta  NM_000576  8054722 8 2.764 1.86e-02 2.955 1.30e-02 
ADAR Adenosine deaminase, RNA-specific  NM_001111  7920531 20 1.803 3.04e-02 2.495 1.50e-03 
SYNE2a,c Spectrin repeat containing, nuclear envelope 2  NM_182914  7974920 124 1.461 1.80e-03 1.280 3.02e-02 
CXCL16 Chemokine (C-X-C motif) ligand 16  NM_022059  8011713 10 2.254 3.19e-02 4.472 2.10e-04 
CSF1 Colony stimulating factor 1 (macrophage)  NM_000757  7903786 16 2.060 1.91e-02 2.168 1.31e-02 
PTPRE Protein tyrosine phosphatase, receptor type, E  NM_006504  7931353 25 1.775 2.10e-02 1.923 1.13e-02 
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ZNF540 Zinc finger protein 540  NM_152606  8028266 8 2.510 2.99e-02 3.854 2.50e-03 
QSOX1 Quiescin Q6 sulfhydryl oxidase 1  NM_002826  7907830 16 1.925 3.05e-02 2.686 2.00e-03 
RYR2 Ryanodine receptor 2 (cardiac)  NM_001035  7910792 104 1.364 1.49e-02 1.351 1.76e-02 
ABCD4 ATP-binding cassette, sub-family D (ALD), member 4  NM_005050  7980115 24 1.983 8.40e-03 1.764 2.44e-02 
SPPL2B Signal peptide peptidase-like 2B  NM_001077238  8024446 20 1.789 3.22e-02 2.682 6.60e-04 
CTSD Cathepsin D  NM_001909  7945666 11 2.184 3.11e-02 3.281 1.90e-03 
SLC9A6 Solute carrier family 9 (sodium NM_001042537  8170097 19 2.046 1.28e-02 1.933 2.02e-02 
ARID1A AT rich interactive domain 1A (SWI-like)  NM_006015  7899220 23 1.720 3.27e-02 2.524 6.40e-04 
RAPGEF4 Rap guanine nucleotide exchange factor (GEF) 4  NM_007023  8046428 32 3.159 7.50e-07 1.585 3.35e-02 
VAPB VAMP (vesicle-associated membrane protein)-associated protein NM_004738  8063620 13 2.075 2.94e-02 2.733 4.20e-03 
SLC1A1 Solute carrier family 1 (neuronal) NM_004170  8154135 15 1.932 3.40e-02 4.279 1.20e-05 
CIRH1A Cirrhosis, autosomal recessive 1A (cirhin)  NM_032830  7996891 16 2.323 7.50e-03 1.966 2.65e-02 
NCRNA00169 Non-protein coding RNA 169  NR_026675  7993821 3 4.867 2.83e-02 8.058 6.00e-03 
ETF1 Eukaryotic translation termination factor 1  NM_004730  8114443 11 2.412 1.75e-02 2.416 1.73e-02 
CDH5 Cadherin 5, type 2 (vascular endothelium)  NM_001795  7996264 16 1.984 2.50e-02 2.229 1.05e-02 
ACSL4 Acyl-CoA synthetase long-chain family member 4  NM_022977  8174474 19 2.901 3.40e-04 1.788 3.57e-02 
LRFN2b Leucine rich repeat and fibronectin type III domain NM_020737  8119390 3 14.282 6.70e-04 4.468 3.55e-02 
FLJ43315 Similar to Asparagine synthetase [glutamine-hydrolyzing] BC057848  8077198 5 5.599 2.50e-03 3.117 3.37e-02 
RGPD1 RANBP2-like and GRIP domain containing 1  NM_001024457  8043324 22 1.747 3.18e-02 2.158 4.80e-03 
CPSF3 Cleavage and polyadenylation specific factor 3, 73kDa  NM_016207  8040142 20 1.789 3.21e-02 2.242 4.70e-03 
B4GALT1 UDP-Gal:betaGlcNAc beta 1,4- galactosyltransferase, poly NM_001497  8160637 9 3.330 4.20e-03 2.336 3.31e-02 
NPTXR Neuronal pentraxin receptor  NM_014293  8076169 6 3.733 9.60e-03 2.941 2.82e-02 
CYFIP1 Cytoplasmic FMR1 interacting protein 1  NM_014608  7981824 34 2.359 1.50e-04 1.542 3.82e-02 
C9orf78 Chromosome 9 open reading frame 78  NM_016520  8164596 10 2.619 1.40e-02 2.362 2.49e-02 
KLHL7 Kelch-like 7 (Drosophila)  NM_018846  8131815 15 1.979 2.90e-02 2.319 9.40e-03 
OCRL Oculocerebrorenal syndrome of Lowe  NM_000276  8169811 24 1.664 3.90e-02 2.881 7.30e-05 
KPNA2 Karyopherin alpha 2 (RAG cohort 1, importin alpha 1)  NM_002266  8019737 13 2.241 1.80e-02 2.193 2.08e-02 
RPGR Retinitis pigmentosa GTPase regulator  NM_000328  8172056 25 1.648 3.90e-02 2.646 2.00e-04 
ABAT 4-aminobutyrate aminotransferase  NM_020686  7993126 19 1.988 1.60e-02 1.900 2.30e-02 
ZNF852 Zinc finger protein 852  AK296954  8086494 3 6.607 1.20e-02 4.900 2.78e-02 
KIAA1324L KIAA1324-like  NM_001142749  8140709 20 2.502 1.00e-03 1.747 3.81e-02 
ATP4A ATPase, H+ NM_000704  8036110 22 2.147 5.00e-03 1.727 3.46e-02 
JAKMIP2 Janus kinase and microtubule interacting protein 2  NM_014790  8114938 25 1.651 3.80e-02 2.268 1.60e-03 
PRG2 Plasticity-related gene 2  NM_024888  8032094 11 2.426 1.70e-02 2.305 2.29e-02 
ZMYND8 Zinc finger, MYND-type containing 8  NM_183047  8066786 31 3.091 1.80e-06 1.565 3.98e-02 
FCGR1B Fc fragment of IgG, high affinity Ib, receptor (CD64)  NM_001017986  7919133 5 15.021 2.80e-06 2.970 3.99e-02 
PTBP2 Polypyrimidine tract binding protein 2  NM_021190  7903188 14 3.029 1.20e-03 1.931 3.88e-02 
PAF1 Paf1, RNA polymerase II associated factor, homolog (S. cerevisiae) NM_019088  8036720 16 3.231 2.80e-04 1.847 3.98e-02 
CCDC90B Coiled-coil domain containing 90B  NM_021825  7950753 8 2.743 1.90e-02 2.700 2.10e-02 
TSPY1 Testis specific protein, Y-linked 1  NM_003308  8176508 8 3.347 6.00e-03 2.437 3.43e-02 
CTSZd Cathepsin Z  NM_001336  8067279 8 2.353 4.00e-02 4.688 5.90e-04 
ZDHHC16 Zinc finger, DHHC-type containing 16  NM_198046  7929634 14 2.485 7.00e-03 1.975 3.41e-02 
SMA5 Glucuronidase, beta pseudogene  AK289851  8177544 9 2.797 1.30e-02 2.410 2.83e-02 
CTPS CTP synthase  NM_001905  7900510 20 1.815 2.90e-02 2.020 1.23e-02 
TUBB4Q Tubulin, beta polypeptide 4, member Q  NM_020040  8021919 4 4.782 1.30e-02 3.797 2.86e-02 
ANXA6 Annexin A6  NM_001155  8115234 26 2.174 2.00e-03 1.630 3.93e-02 
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SMARCA1 SWI/SNF related, matrix associated, actin dependent NM_003069  8174985 30 2.980 5.40e-06 1.568 4.15e-02 
TMCO3 Transmembrane and coiled-coil domains 3  NM_017905  7970301 15 2.377 7.70e-03 1.934 3.38e-02 
ULK4 Unc-51-like kinase 4 (C. elegans)  NM_017886  8086352 15 2.540 4.40e-03 1.899 3.77e-02 
ZNF341 Zinc finger protein 341  NM_032819  8061946 11 4.044 2.90e-04 2.061 4.22e-02 
TSPAN7 Tetraspanin 7  NM_004615  8166784 10 2.134 4.21e-02 3.962 6.40e-04 
TPD52L1 Tumor protein D52-like 1  NM_001003395  8121838 11 3.000 3.90e-03 2.091 3.92e-02 
ATP6V0E1 ATPase, H+ transporting, lysosomal 9kDa, V0 subunit e1  NM_003945  8110022 9 2.487 2.41e-02 2.588 1.95e-02 
SREBF1 Sterol regulatory element binding transcription factor NM_001005291  8013135 21 1.784 2.97e-02 1.958 1.41e-02 
AQP1 Aquaporin 1 (Colton blood group)  NM_198098  8132118 11 2.545 1.25e-02 2.176 3.17e-02 
DPY19L4 Dpy-19-like 4 (C. elegans)  NM_181787  8147375 20 1.731 4.06e-02 2.306 3.60e-03 
ZWINT ZW10 interactor  NM_032997  7933707 15 2.432 6.40e-03 1.895 3.83e-02 
C3orf1 Chromosome 3 open reading frame 1  NM_016589  8081867 10 2.802 9.00e-03 2.203 3.59e-02 
CCR10 Chemokine (C-C motif) receptor 10  NM_016602  8015681 3 6.185 1.43e-02 4.721 3.07e-02 
ITGA8 Integrin, alpha 8  NM_003638  7932254 30 1.599 3.52e-02 1.823 9.90e-03 
BRD7 Bromodomain containing 7  NM_013263  8001350 20 1.704 4.52e-02 3.622 9.10e-06 
MPHOSPH9 M-phase phosphoprotein 9  NM_022782  7967386 25 2.763 1.00e-04 1.615 4.52e-02 
MKLN1 Muskelin 1, intracellular mediator containing kelch motifs NM_013255  8136259 21 1.724 3.83e-02 2.112 7.10e-03 
UGGT1 UDP-glucose glycoprotein glucosyltransferase 1  NM_020120  8045090 43 1.496 3.27e-02 1.617 1.36e-02 
ZCCHC2 Zinc finger, CCHC domain containing 2  NM_017742  8021546 16 2.057 1.93e-02 1.961 2.70e-02 
STK19 Serine/threonine kinase 19 NR_026717  8118395 12 5.450 4.20e-06 1.965 4.64e-02 
STK19 Serine/threonine kinase 19 NR_026717  8178164 12 5.450 4.20e-06 1.965 4.64e-02 
CEMP1 Cementum protein 1  NM_001048212  7998817 2 11.348 1.51e-02 7.819 3.13e-02 
TRPC4 Transient receptor potential cation channel, subfamily C,  NM_016179  7971104 17 1.854 3.46e-02 2.148 1.18e-02 
PLA1A Phospholipase A1 member A  NM_015900  8081890 12 2.641 7.30e-03 2.029 3.91e-02 
PTGS1 Prostaglandin-endoperoxide synthase 1 (prostaglandin G NM_000962  8157650 17 1.773 4.61e-02 2.951 5.40e-04 
POLM Polymerase (DNA directed), mu  NM_013284  8139281 17 1.960 2.36e-02 1.966 2.32e-02 
PPM1D Protein phosphatase 1D magnesium-dependent, delta isoform  NM_003620  8008922 10 2.872 7.60e-03 2.164 3.93e-02 
COBLL1 COBL-like 1  NM_014900  8056343 15 2.081 2.09e-02 2.014 2.61e-02 
CTSL2d Cathepsin L2  NM_001333  8162652 11 2.613 1.05e-02 2.119 3.66e-02 
TRIM22 Tripartite motif-containing 22  NM_006074  7938035 11 2.867 5.50e-03 2.063 4.20e-02 
FLII Flightless I homolog (Drosophila)  NM_002018  8013191 30 2.052 2.50e-03 1.552 4.53e-02 
EEF1A2 Eukaryotic translation elongation factor 1 alpha 2  NM_001958  8067652 9 2.183 4.55e-02 3.504 2.90e-03 
AGFG1 ArfGAP with FG repeats 1  NM_001135187  8048847 16 1.791 4.80e-02 2.931 8.20e-04 
GMDS GDP-mannose 4,6-dehydratase  NM_001500  8123562 16 1.804 4.60e-02 2.597 2.80e-03 
TMC3 Transmembrane channel-like 3  NM_001080532  7990848 24 1.660 3.94e-02 1.987 9.40e-03 
USP18 Ubiquitin specific peptidase 18  NM_017414  8071155 5 2.875 4.45e-02 5.041 4.30e-03 
PTPRSb Protein tyrosine phosphatase, receptor type, S  NM_002850  8032926 38 2.614 8.10e-06 1.469 4.89e-02 
ATP13A2 ATPase type 13A2  NM_022089  7912898 29 1.745 1.71e-02 1.630 3.19e-02 
ARX Aristaless related homeobox  NM_139058  8171867 6 2.693 3.99e-02 3.754 9.30e-03 
AP2A1 Adaptor-related protein complex 2, alpha 1 subunit  NM_014203  8030470 27 2.989 1.40e-05 1.569 4.95e-02 
LAT Linker for activation of T cells  NM_014387  7994541 17 2.383 4.90e-03 1.782 4.47e-02 
PLVAP Plasmalemma vesicle associated protein  NM_031310  8035297 6 2.663 4.16e-02 3.832 8.40e-03 
SLC25A46 Solute carrier family 25, member 46  NM_138773  8107259 10 2.503 1.80e-02 2.251 3.21e-02 
DPF1 D4, zinc and double PHD fingers family 1  NM_004647  8036460 12 1.949 4.85e-02 3.183 1.60e-03 
PDGFD Platelet derived growth factor D  NM_025208  7951351 11 2.718 8.00e-03 2.057 4.27e-02 
C1orf175 Chromosome 1 open reading frame 175  NR_026782  7901634 27 1.727 2.23e-02 1.680 2.85e-02 
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POM121 POM121 membrane glycoprotein (Centonze et al.)  NM_172020  8133275 17 1.804 4.14e-02 2.204 9.60e-03 
SUGT1 SGT1, suppressor of G2 allele of SKP1 (S. cerevisiae)  NM_001130912  7969271 14 2.474 7.10e-03 1.891 4.39e-02 
TSPY1 Testis specific protein, Y-linked 1  NM_003308  8176544 8 2.657 2.28e-02 2.537 2.85e-02 
TBC1D21 TBC1 domain family, member 21  NM_153356  7984759 11 2.383 1.88e-02 2.164 3.26e-02 
CMTM4 CKLF-like MARVEL transmembrane domain containing 4  NM_181521  8001830 10 2.095 4.60e-02 3.016 5.50e-03 
LST1 Leukocyte specific transcript 1  NM_007161  8177988 7 2.367 4.97e-02 4.478 1.70e-03 
LST1 Leukocyte specific transcript 1  NM_007161  8179268 7 2.367 4.97e-02 4.478 1.70e-03 
OAS2 2'-5'-oligoadenylate synthetase 2, 69/71 kDa NM_002535  7958913 17 1.759 4.84e-02 2.399 4.60e-03 
TNS1 Tensin 1  NM_022648  8058869 35 1.578 2.92e-02 1.609 2.41e-02 
ECSIT ECSIT homolog (Drosophila)  NM_016581  8034286 10 2.653 1.27e-02 2.146 4.09e-02 
PCMTD1 Protein-L-isoaspartate (D-aspartate) O-methyltransferase  NM_052937  8150714 7 2.696 2.89e-02 2.785 2.50e-02 
RBAK RB-associated KRAB zinc finger  NM_021163  8131292 3 5.417 2.11e-02 4.573 3.34e-02 
RBM33 RNA binding motif protein 33  NM_053043  8137542 15 2.154 1.64e-02 1.896 3.82e-02 
GCN1L1 GCN1 general control of amino-acid synthesis 1-like 1 NM_006836  7966938 57 1.620 5.50e-03 1.372 4.91e-02 
SSH2 Slingshot homolog 2 (Drosophila)  NM_033389  8013965 19 2.277 4.90e-03 1.702 4.97e-02 
ZPLD1 Zona pellucida-like domain containing 1  NM_175056  8081407 19 1.806 3.33e-02 1.919 2.13e-02 
CKS2 CDC28 protein kinase regulatory subunit 2  NM_001827  8156290 4 3.169 4.96e-02 5.916 5.40e-03 
EGFLAMb EGF-like, fibronectin type III and laminin G domains  NM_152403  8105013 26 1.853 1.28e-02 1.614 4.25e-02 
UROD Uroporphyrinogen decarboxylase  NM_000374  7901073 13 2.013 3.52e-02 2.202 2.03e-02 
CWH43 Cell wall biogenesis 43 C-terminal homolog (S. cerevisiae)  AK300495  8095005 3 4.689 3.13e-02 5.063 2.55e-02 
REL V-rel reticuloendotheliosis viral oncogene homolog (avian)  NM_002908  8042144 12 1.948 4.86e-02 2.579 8.70e-03 
EPB41 Erythrocyte membrane protein band 4.1 (elliptocytosis 1, R) NM_203342  7899534 25 1.605 4.73e-02 1.914 1.05e-02 
TSPY1 Testis specific protein, Y-linked 1  NM_003308  8176484 9 2.411 2.83e-02 2.383 3.00e-02 
TM2D2 TM2 domain containing 2  NM_031940  8150364 8 2.444 3.39e-02 2.620 2.44e-02 
CLSPN Claspin homolog (Xenopus laevis)  NM_022111  7914851 26 1.691 2.92e-02 1.690 2.93e-02 
CKMT1A Creatine kinase, mitochondrial 1A  NM_001015001  7983256 13 1.890 4.98e-02 2.488 8.70e-03 
THADA Thyroid adenoma associated  NM_022065  8051820 41 1.652 1.21e-02 1.455 4.68e-02 
GPR179 G protein-coupled receptor 179  NM_001004334  8014666 12 2.309 1.83e-02 2.014 4.07e-02 
PNPLA8 Patatin-like phospholipase domain containing 8  NM_015723  8142307 16 1.784 4.92e-02 2.237 1.03e-02 
IGDCC3b Immunoglobulin superfamily, DCC subclass, member 3  NM_004884  7989770 14 2.267 1.37e-02 1.877 4.58e-02 
ADAM9 ADAM metallopeptidase domain 9 (meltrin gamma)  NM_003816  8146000 23 1.714 3.35e-02 1.769 2.61e-02 
PNKP Polynucleotide kinase 3'-phosphatase  NM_007254  8038458 18 1.813 3.60e-02 1.924 2.38e-02 
IFITM2 Interferon induced transmembrane protein 2 (1-8D)  NM_006435  7937330 4 3.691 3.13e-02 3.793 2.87e-02 
KCNG2 Potassium voltage-gated channel, subfamily G, member 2  NM_012283  8021900 2 8.880 2.46e-02 7.247 3.60e-02 
LHFPL2 Lipoma HMGIC fusion partner-like 2  NM_005779  8112803 3 4.391 3.71e-02 5.200 2.36e-02 
PDCD11 Programmed cell death 11  NM_014976  7930226 37 1.615 2.04e-02 1.503 4.15e-02 
HIST1H4He Histone cluster 1, H4h  NM_003543  8124448 4 4.697 1.36e-02 3.188 4.88e-02 
SDCBP Syndecan binding protein (syntenin)  NM_005625  8146550 8 2.390 3.75e-02 2.603 2.52e-02 
MGC42105 Serine NM_153361  8105146 4 3.781 2.90e-02 3.602 3.38e-02 
DIAPH1 Diaphanous homolog 1 (Drosophila)  NM_005219  8114658 32 1.522 4.75e-02 1.716 1.56e-02 
IL17RA Interleukin 17 receptor A  NM_014339  8071069 14 2.100 2.32e-02 1.921 4.00e-02 
MYO18A Myosin XVIIIA  NM_078471  8013860 45 1.474 3.49e-02 1.502 2.85e-02 
ACLY ATP citrate lyase  NM_001096  8015460 29 1.687 2.35e-02 1.587 4.00e-02 
KCNH3 Potassium voltage-gated channel, subfamily H (eag-related) NM_012284  7955231 16 1.794 4.76e-02 2.090 1.73e-02 
CAMTA2 Calmodulin binding transcription activator 2  NM_015099  8011774 22 1.642 4.96e-02 1.908 1.55e-02 
CD4 CD4 molecule  NM_000616  7953428 13 2.282 1.60e-02 1.896 4.91e-02 
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PLXNB1 Plexin B1  NM_001130082  8086908 40 1.452 4.98e-02 1.625 1.57e-02 
WISP1 WNT1 inducible signaling pathway protein 1  NM_003882  8148435 10 2.379 2.39e-02 2.138 4.17e-02 
SLC18A2 Solute carrier family 18 (vesicular monoamine), member 2 NM_003054  7930837 19 1.942 1.95e-02 1.720 4.64e-02 
KPNA2 Karyopherin alpha 2 (RAG cohort 1, importin alpha 1)  NM_002266  8009417 12 2.332 1.72e-02 1.940 4.96e-02 
MAPRE3c Microtubule-associated protein, RP NM_012326  8040742 10 2.330 2.68e-02 2.148 4.07e-02 
RPL9 Ribosomal protein L9  NM_001024921  8099887 9 2.281 3.71e-02 2.346 3.24e-02 
FOXD4L6 Forkhead box D4-like 6  NM_001085476  8161533 3 4.580 3.33e-02 4.399 3.69e-02 
TGM2b Transglutaminase 2 (C polypeptide, protein-glutamine-gamma) NM_004613  8066214 16 1.858 3.83e-02 1.908 3.23e-02 
ZDHHC17 Zinc finger, DHHC-type containing 17  NM_015336  7957277 20 1.838 2.63e-02 1.708 4.46e-02 
ATP9A ATPase, class II, type 9A  NM_006045  8067055 31 1.553 4.25e-02 1.623 2.88e-02 
ZNF382 Zinc finger protein 382  NM_032825  8028194 5 3.392 2.46e-02 2.834 4.67e-02 
HIST1H3De Histone cluster 1, H3d  NM_003530  8124416 6 2.717 3.86e-02 2.824 3.32e-02 
SLC25A3 Solute carrier family 25 (mitochondrial carrier) NM_213611  7957746 12 2.217 2.35e-02 1.946 4.88e-02 
C12orf56 Chromosome 12 open reading frame 56  NM_001099676  7964687 11 2.185 3.10e-02 2.051 4.32e-02 
AEBP1 AE binding protein 1  NM_001129  8132557 22 1.699 3.91e-02 1.714 3.65e-02 
TNPO1 Transportin 1  NM_002270  8106122 18 1.748 4.58e-02 1.863 2.99e-02 
ACOT2 Acyl-CoA thioesterase 2  NM_006821  7975602 4 3.878 2.66e-02 3.175 4.93e-02 
POLR3E Polymerase (RNA) III (DNA directed) polypeptide E (80kDa)  NM_018119  7993973 25 1.693 3.14e-02 1.613 4.56e-02 
STK32A Serine/threonine kinase NM_001112724  8108981 13 1.971 3.96e-02 1.954 4.16e-02 
PARP14 Poly (ADP-ribose) polymerase family, member 14  NM_017554  8082100 17 1.864 3.35e-02 1.755 4.91e-02 
FOLR3 Folate receptor 3 (gamma)  NM_000804  7942328 3 4.042 4.55e-02 4.389 3.71e-02 
HIST1H2BDe Histone cluster 1, H2bd  NM_021063  8117382 6 2.783 3.51e-02 2.808 4.82e-02 
CRLF3b Cytokine receptor-like factor 3  NM_015986  8014037 9 2.313 3.47e-02 2.141 4.97e-02 
MLC1 Megalencephalic leukoencephalopathy with subcortical cysts  NM_015166  8076894 14 1.915 4.08e-02 1.881 4.53e-02 
DNAJC9 DnaJ (Hsp40) homolog, subfamily C, member 9  NM_015190  7934320 5 2.882 4.42e-02 2.912 4.27e-02 
MTSS1 Metastasis suppressor 1  NM_014751  8152764 17 1.780 4.51e-02 1.799 4.21e-02 
GLRX3 Glutaredoxin 3  NM_006541  7931393 9 2.197 4.42e-02 2.140 4.98e-02 
ACSL5 Acyl-CoA synthetase long-chain family member 5  NM_016234  7930498 25 1.610 4.64e-02 1.602 4.79e-02 
NR4A1 Nuclear receptor subfamily 4, group A, member 1  NM_002135  7955589 16 1.787 4.87e-02 1.785 4.90e-02 
*Rows are sorted in ascending order by the average p-value across both brain regions. 

aGenes encoding proteins with actinin-type actin-binding domains 

bGenes encoding proteins with fibronectin type-III-folds 

cGenes encoding proteins with calponin-like actin-binding domains 

dGenes encoding proteins with peptidase C1A, papain C-terminals 

eGenes encoding histone core proteins 
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Supplemental Materials 

Methods  

RNA Extraction and Purification  

 The AllPrep Kit was used in order to remove all genomic DNA from RNA 

isolates, as well as to extract DNA for future use.  A second brain extraction was 

necessary in order to obtain enough RNA for the verification analysis of CPNE3; this 

second extraction was taken from tissue in the identical location as the first, but RNA was 

purified using RNeasy Mini Kits (Qiagen) followed by a genomic DNA wipeout step 

during reverse transcription. 

 

Microarray Data Analyses 

 Four classes of factors were included in each ANCOVA model.  First, we 

included diagnostic group as the primary factor of interest.  Since not all TEs in a gene 

express at the same level, TE identity (ID) was added to the model to account for TE-to-

TE differences.  Since multiple measurements (on the multiple TEs) come from the same 

subject, subject ID was added to the model to accommodate the assumption of 

independence that is fundamental to ANCOVA.  The last term included was the 

interaction of TE ID with diagnostic group, which allowed for the detection of 

differences in the expression of one or more (but not all) exons in a gene between the two 

diagnostic groups  (Partek Incorporated, 2008). 
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Reverse Transcription and Quantitative PCR 

For the quantification of KLHL5, ready-made hydrolysis probes were used 

(Applied Biosystems) with TaqMan Gene Expression Master Mix (Applied Biosystems).  

Filamin B (FLNB) was used as a reference gene and was measured using an additional 

hydrolysis probe (Applied Biosystems assay ID Hs00963193).  The KLHL5 ready-made 

hydrolysis probes targeted exon boundary 10-11 (Applied Biosystems assay ID 

Hs01567856) and exon boundary 6-7 (Applied Biosystems assay ID Hs01567852) (see 

Supplemental Table 1 for details). 

 Primer sets for all other gene transcripts were designed using Primer 3 software 

[56]. ENAH primers were designed to span an exon-exon boundary in order to avoid 

possible genomic DNA interference.  Primer sets for CPNE3 were designed to amplify 

two regions of the 3’UTR: a downstream 3’UTR region (experimental) and an upstream 

3’UTR region (control). Specificity was verified by BLASTN (NCBI) for the primers and 

amplicons, gel electrophoresis confirmation of PCR product size, and melting-point 

analysis immediately following qPCR.  Primers were ordered from Eurofins MWG 

Operon.  A β-actin (ACTB) primer set was designed for use as a reference gene.  The 

primers used for each gene are shown in Supplementary Table 2. 

 TaqMan Gene Expression Master Mix qPCR reactions were prepared as specified 

by the manufacturer and run on a Roche 480 Lightcycler using the following parameters: 

50ºC for 2 minutes, 95ºC for 10 minutes, 50 cycles of 95ºC for 20 seconds and 60ºC for 1 

minute.  SYBR Green I Master Mix qPCR reactions were prepared as specified by the 

manufacturer and run on a Roche 480 Lightcycler using the following parameters: 95ºC 
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for 5 minutes, 95ºC for 10 minutes, 50 cycles of 95ºC for 10 seconds, 55ºC for 10 

seconds, and 75 ºC for seven seconds.  Melt-curve parameters were 95 ºC for 5 minutes, 

65ºC for 1 minutes, and 97ºC continuous (ramp temperature of 0.11ºC/second) with 

acquisitions every 5ºC. 

 Relative expression levels were calculated from ΔΔCt values, where 

ΔCT(experimental) = (CT of experimental primer set - CT housekeeping gene primer set) and 

ΔCT(control) = (CT control primer set - CT housekeeping gene primer set).  The difference 

between ΔCT(control) and ΔCT(experimental) resulted in the ΔΔCT value.  The ΔΔCT value 

represents the expression difference between a TE that lacks the region of interest and a 

TE that includes it.   
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Supplementary Tables 

Exp indicates (experimental) primer set that targets the dysregulated region observed in microarray 
anaysis 

 

 

 

Supplemental Table 1. Probes used for qPCR Verification of Exonic Dysregulation of 

KLHL5 

Assay  
ID 

Gene  
Symbol 

Gene  
Product 

 
Alias 

Amplicon  
Length 
(bp) 

Exon-Exon  
Boundary 

Hs01567852_g1 KLHL5 Kelch like 5 
(Drosophila) 

DKFZp586M1418 
FLJ11313 

132 Exon 6- 
Exon 7 

Hs01567856_g1 KLHL5 Kelch like 5 
(Drosophila) 

DKFZp586M1418 
FLJ11313 

71 Exon 10-Exon 
11 

Hs00963193_m1 FLNB Filamin B, beta ABP-278 72 Exon 35-Exon 
36 

 
 
 
 
 
Supplemental Table 2.  Primers used for qPCR Verification of Exonic Dysregulation of  
 
ENAH and CPNE3 
 
Gene 
Symbol 

Gene  
Product 

 
Primer 

Forward Primer Sequence 
Reverse Primer Sequence 

Exon-Exon  
Boundary 

CPNE3  Copine III Control For: TGAGGGCCTATGTGCTAAAAA 
Rev: TGAGGCATTGCAGAGAACAA 
 

3’UTR  
(5’ Region) 

CPNE3 Copine III Exp. For: TCTTACATTTGAATTCCTTTTGGA                      
Rev:TTTCTATTGTTTTGGTCACATGTAAAG 

3’UTR  
(3’ Region) 

ENAH Enabled 
homolog 
(Drosophila) 

Exp. For: GAAAACCTTGGGAAAGAACAAA  
Rev:GGACCTGTTGTCAAAAACAATCT 
 

Exon 11- 
Exon 12 

ENAH Enabled 
homolog 
(Drosophila) 

Control For: AACTGGATTCAGCAGAGTTCATA   
Rev: AACCCTTTAGGAATGGCACA 
 

Exon 2- 
Exon 3 

ACTB Actin, beta Control For: GCCGCCAGCTCACCATGGAT            
Rev: ATGGAGGGGAAGACGGCCCG 

Inside  
Exon 1 
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Abstract  

 The rs1076560 polymorphism of DRD2 (encoding dopamine receptor D2) is 

associated with alternative splicing and cognitive functioning; however, a mechanistic 

relationship to schizophrenia has not been shown.  Here we demonstrate that 

rs1076560(T) imparts a small but reliable risk for schizophrenia in a sample of 616 

affected families and five independent replication samples totaling 4,017 affected and 

4,704 unaffected individuals (odds ratio=1.1; p=0.004).  rs1076560(T) was associated 

with impaired verbal fluency and comprehension in schizophrenia but improved 

performance among healthy comparison subjects.  rs1076560(T) also associated with 

lower D2 short isoform expression in postmortem brain.  rs1076560(T) disrupted a 

binding site for the splicing factor ZRANB2, diminished binding affinity between DRD2 

pre-mRNA and ZRANB2, and abolished the ability of ZRANB2 to modulate long:short 

isoform-expression ratios of DRD2 minigenes in cell culture.  Collectively, this work 

strongly implicates rs1076560(T) as a risk factor for schizophrenia, and suggests 

molecular mechanisms by which it may exert such influence. 
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Introduction  

 Schizophrenia is a common, severe, and debilitating psychiatric disorder with 

unknown pathophysiology and complex etiology.  Yet, the disorder is not entirely 

enigmatic; decades of research provide substantial support for the following assertions: 1) 

genes strongly influence risk for the disorder;1 and 2) its symptoms are most effectively 

ameliorated by drugs that block the D2 dopamine receptor.2  The gene that encodes this 

receptor (DRD2) is thus a prime functional candidate gene for schizophrenia, and various 

DRD2 polymorphisms have been the object of intense investigation 3.  Despite such 

efforts, and some relatively reliable signals,4 all observed associations of DRD2 

polymorphisms with schizophrenia to date have been equivocal. 

 One factor contributing to this uncertainty has been the inability to recognize the 

meaningful phenotypic consequences of functional DRD2 polymorphisms, particularly 

for the more elemental “intermediate” phenotypes of schizophrenia that manifest at 

molecular, physiological, or behavioral levels.  Recently, evidence has begun to converge 

on intronic DRD2 variants flanking the region of the gene (exon 6) known to be 

alternatively spliced in the generation of DRD2 “short” and “long” isoforms.  Zhang et 

al.5 found that the T allele of rs1076560 (which maps to intron 6) favored inclusion of 

exon 6 of DRD2, which resulted in decreased expression of the DRD2 short splice 

variant, greater fMRI activity in striatum and prefrontal cortex during working memory 

tasks, and diminished working memory and attention in healthy subjects.  Blasi et al.6 

found that rs1076560(T) was related to emotional control, brain activity, and connectivity 

during emotion processing, a finding consistent with the work of Frank and Hutchison,7 

who found this allele to be associated with impairments in decision-making.  Bertolino et 
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al.8 extended several of these molecular, neurobiological, and behavioral effects of the T 

allele to patients with schizophrenia.  Bertolino et al.9 also demonstrated that 

rs1076560(T) may reverse the typical relationship between striatal D2 receptor signaling 

and prefrontal cortical activity during working memory task performance.  The 

rs1076560 T allele may also interact with other variants, both within DRD25,7,8 and in 

other related genes (e.g., SLC6A3,10,11 AKT1,12 and CHRNA513) to modulate D2 receptor-

mediated signaling and activation of attentional and motor cortices as well as the brain’s 

default network.  

 Collectively, the evidence is strong that rs1076560(T) influences the balance of 

expression of D2 short and long receptor isoforms which, in turn, impacts D2-receptor- 

mediated signaling, neurobiological activation, and behavior 3.  However, evidence 

linking this variant to an increased risk of schizophrenia has been conspicuously absent.  

We did, however, previously report evidence that schizophrenia was associated with 

another functional5 variant (rs2283265 in intron 5) documented to be in tight or perfect 

linkage disequilibrium (LD) with rs1076560 in the Han Chinese population 14.  Also, 

members of our research team (Drs. Qi Xu and Yan Shen)15 recently reported the first 

significant association of rs1076560(T) itself with risk for schizophrenia in a sample of 

1351 cases and 1640 control subjects of Han Chinese ancestry.  Here we have expanded 

our analysis of this polymorphism in six independent samples of the same ancestry and, 

having detected reliable evidence of an association with susceptibility to schizophrenia, 

we then demonstrated a molecular mechanism by which rs1076560(T) modulates the 

balance of long and short D2 isoforms, thereby identifying downstream physiological, 

neurobiological, and neurocognitive consequences potentially relevant to schizophrenia. 
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Methods  

All methods are fully described in the Supplementary Materials, but only briefly 

here due to space constraints. 

 

Genetic Association Analyses 

 We first tested for association of rs1076560(T) with schizophrenia in a sample of 

616 Han Chinese families from Taiwan, who were ascertained on the basis of having a 

sibling-pair in which both members were affected with schizophrenia (described 

previously14 and in Table 1).  Genotypes were generated on the Sequenom platform, and 

association analyses were performed in PBAT.16  

We next sought to replicate association of rs1076560(T) with schizophrenia in 

five additional samples from the same ancestral population (Table 2).  The allele and 

genotype data from these five independent case-control studies were then pooled via 

fixed-effects meta-analysis to evaluate various genetic models as in our prior work on 

other DRD2 polymorphisms 17.  Genotypes were generated via standard methods (see 

Supplementary Materials), and association analyses, meta-analyses, and other statistical 

analyses were performed in Stata 11.0. 

 

Neurocognitive Performance Analyses 

 A separate sample of 95 patients with schizophrenia/schizoaffective disorder and 

82 healthy comparison subjects (Supplementary Material, Table 1) were recruited from 
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two sites in Australia (Adelaide and Sydney).  Diagnoses were confirmed with a 

Structured Clinical Interview for DSM using DSM-IV criteria.  All subjects were 

administered a cognitive testing battery that included the Controlled Oral Word 

Association Test of verbal fluency (F-A-S), and the Wechsler Adult Intelligence Scale-

Third Edition (WAIS-III) Similarities and Letter-Number-Sequencing (LNS) subtests to 

assess verbal comprehension and working memory performance, respectively.  Venous 

blood samples were genotyped for rs1076560 by TaqMan assays.  Given the consistent 

dominant effect of rs1076560(T) on schizophrenia risk observed in the case-control 

samples and the lower frequency of the T allele in Caucasian populations, genotypes 

were simplified for comparison into two categories: GG homozygotes and T carriers 

(GT+TT).   

 Cognitive test scores were converted to z-scores and added into a single 

multivariate analysis of variance (MANOVA) as dependent variables.  Thus, there were 

six dependent measures: five from the WAIS-III (similarities, picture completion, digit 

symbol coding, arithmetic, and letter-number sequencing) and the COWAT letter fluency 

test, to which we have added years of education as a covariate. Gender and ethnicity did 

not show significant differences between the diagnostic groups so these factors were not 

used as covariates to preserve degrees of freedom and increase power to detect significant 

main effects of the primary variables of interest.  This approach reduced the number of 

tests we performed down to one omnibus test, which eliminates the need for correcting 

for multiple assessments at that stage. 
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Expression Analyses in Postmortem Brain from Humans and Rodents 

 The cohort for the study of gene expression in postmortem human brain tissue has 

been previously described in detail 18.  Briefly, the collection contained samples of 

dorsolateral prefrontal cortex (DLPFC) from 37 subjects with schizophrenia or 

schizoaffective disorder and 37 non-mentally ill comparison subjects matched for age, 

pH, postmortem interval (PMI), and RNA integrity number 1. 

 For the study of gene expression in postmortem rodent brain tissue, adult female 

Sprague-Dawley rats approximately eight weeks old (weight 226-250g) were habituated 

to handling and environmental conditions for one week prior to study commencement.  

The animals were randomly divided into three experimental groups and treated with 

either olanzapine (1.5mg/kg/day), haloperidol (0.3mg/kg/day), or vehicle (n=6/group) for 

36 days, t.i.d., orally at eight-hour intervals 19.  

In both human and rodent brain tissue samples, DRD2 mRNA expression 

(DRD2total - Hs00241436_m1, DRD2S - Hs01014210_m1, and DRD2L - 

Hs01024460_m1) was examined using the Applied Biosystems Prism 7900HT Fast Real 

Time quantitative PCR (qRT-PCR) system.  The mRNAs of interest were divided by the 

geometric mean of four housekeeping control genes that, in humans, did not differ in 

expression by diagnosis.  

 

 

 



Chapter 4 
 

	   147	  

Kinetic Assays of Binding and Dissociation with ZRANB2 

 ZRANB2 Human cDNA ORF was cloned into a pEX-N-GST vector, and 

transformed into BL21 cells for protein expression and purification using Pierce GST 

Spin Purification Columns.  To determine if rs1076560 affected binding of ZRANB2, an 

Octet-RED system was utilized with methods analogous to previous work with minor 

modifications 20.  DNA oligonucleotide probes with either a guanine (G) (wild-type 

allele) or a uracil (U) (encoded by the risk-associated T allele) at the rs1076560 position 

were manufactured to have identical sequences 15 bp upstream and 15 bp downstream of 

rs1076560.  Both probes were biotinylated at the 5’ end and underwent PAGE 

purification.  We then used streptavidin-coated sensors to evaluate bio-layer 

interferometry 2 kinetics of oligonucleotide-protein binding and dissociation.   

 

DRD2 Mini-Gene Preparation and Alternative Splicing Assays 

Mini-gene constructs containing the DRD2 genetic sequence corresponding to 

exon 5 through exon 7 were obtained from human genomic DNA, except for the region 

containing rs1076560(T), which was cut out of a mini-gene construct generously 

provided by Dr. Wolfgang Sadee 5.  Mini-genes were transfected into HEK293 cells with 

either pCMV6-ZRANB2 construct or empty pCMV6 vector, and mRNA isoform 

expression was measured by quantitative polymerase chain reaction with Taqman primers 

and probe sets targeting exon-exon boundaries e5e6 (long isoform) or e5e7 (short 

isoform).  Relative expression levels were calculated from ΔΔCt values, and shifts in 
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alternative splicing of DRD2 minigenes with either G or T at rs1076560 in response to 

ZRANB2 were evaluated using a Student’s t-test, with significance set at p<0.05. 

   

Results  

rs1076560(T) is Associated with Schizophrenia in a Family-Based Discovery Sample 

 Analyses of rs1076560(T) transmission through 616 families in PBAT 

revealed strongly significant evidence for association of the TT genotype 

with schizophrenia under a recessive model (p=0.0029).  Analyses of other genetic 

models (additive/allelic and dominant effects of the T allele) were not significant 

(ps>0.200).  

 

rs1076560(T) is Associated with Schizophrenia in Combined Data from Five Case-

Control Replication Samples 

 The distribution of alleles and genotypes of rs1076560 in each of the five 

independent case-control replication samples is shown in Table 3.  The frequency of the 

minor allele (T) in cases was very similar across all five samples (ranging from 0.41-

0.45), and quite comparable to the value observed among cases in our family-based 

sample (0.41).   

 Consistent with the results of the family-based analysis, the T allele showed 

uniform and significant evidence of association with schizophrenia [heterogeneity 

χ2
(4)=4.14, p=0.387, odds ratio (OR)=1.10, 95% confidence interval (CI)=1.03-1.17, 
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z=2.95, p=0.003], with all five samples demonstrating a similar direction and magnitude 

of effect (Figure 1).  Among all genotypic groups and combinations of such groups, the 

highest risk for schizophrenia was seen in TT homozygotes (relative to non-T carriers: 

OR=1.19, 95% CI=1.05-1.35, z=2.68, p=0.007).  In contrast to the family-based analyses 

where a recessive model was favored, the data from the case-control samples were more 

supportive of a dominant effect of the T allele, as GT heterozygotes were at intermediate 

risk for schizophrenia relative to both homozygote groups, but this difference was only 

significant relative to TT homozygotes (OR=1.14, 95% CI=1.04-1.26, z=2.66, p=0.008).  

Similarly, the contrast of T-carriers (TT and TG genotypic groups) and non-T carriers 

was significant (OR=1.15, 95% CI=1.05-1.26, z=3.05, p=0.002).  These results suggest 

that the presence of a single T allele is sufficient to significantly increase risk for 

schizophrenia. 

 

rs1076560(T) Carrier Status Interacts with Diagnosis to Influence Working Memory 

and Language Performance 

 Individuals with schizophrenia from a separately ascertained sample of primarily 

Caucasian subjects from Australia (described in Supplementary Table 1) performed 

significantly worse than matched healthy comparison subjects.  The diagnostic group-by-

genotype interaction from the MANOVA was significant (Wilks’ lambda(6,167) = 2.23, 

p=0.04), which justifies post-hoc comparisons for the individual tests (there was, of 

course, also a significant main effect of diagnostic group).  Comparisons of groups for the 

individual tests with separate post-hoc one-way ANOVAs (Figure 2) showed significant 
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diagnostic group-by-genotype interactions for WAIS-III similarities (F=4.24, p=0.04), 

letter-number sequencing (F=4.36, p=0.04) and COWAT letter fluency (F=3.92, p=0.05).  

Across each domain of cognitive performance, the T allele exerted a disparate effect in 

schizophrenia patients and comparison subjects at a trend level or stronger, with the T 

allele providing a performance advantage in healthy subjects but a performance 

disadvantage in schizophrenia patients. 

 

DRD2 mRNA Expression in Human Postmortem Brain Varies by Diagnosis and 

rs1076560(T) Carrier Status 

 We found a significant diagnostic-group disparity in the expression ratio of 

short:total DRD2 splice variants in postmortem DLPFC, with higher values observed 

among schizophrenia cases [F(1,68)=8.57, p=0.005].  Across diagnoses, the GG 

homozygous genotype of rs1076560 was also associated with a significant increase in the 

short:total DRD2 mRNA expression ratio relative to those with the GT or TT genotypes 

[F(1,68)=5.70, p=0.020] (Figure 3).  The genotypic effect on splice-variant expression was 

consistent across diagnostic groups (i.e., there was no significant diagnosis-by-genotype 

interaction).  
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DRD2 Splice Variant Expression in Human and Rat Brain is Unrelated to 

Antipsychotic Medication Exposure 

Expression levels of each of the DRD2 mRNA isoforms measured in human 

DLPFC were not significantly correlated with daily, lifetime, or last dosages of 

antipsychotic medication as measured by chlorpromazine equivalents (all r<0.25, all 

p>0.14).  Similarly, among rodents treated for 36 days with haloperidol, olanzapine, or 

vehicle, there were no significant differences in the ratios of DRD2 short:total mRNA 

[F(2,15)=0.22, p=0.80].  Besides confirming that short:total DRD2 mRNA expression is 

not influenced by antipsychotic drug exposure in animals and humans, we also confirmed 

that expression was not correlated with the demographic variables age, pH, PMI, RIN, 

freezer time, hemisphere, brain weight, or agonal state (all p>0.13). 

 

DRD2 and ZRANB2 mRNA Expression in Human Postmortem Brain and 

Bioinformatics Confirmation  

 To verify that ZRANB2 is co-expressed with DRD2 we first conducted a set of 

bioinformatics analyses. Expression of ZRANB2 and DRD2 in eight different brain 

regions was verified by examination of RNA-seq data collated from Brainspan 

(Supplementary Figure 1).  Furthermore, in publicly available data that isolated single 

cell types, we were able to find expression of both DRD2 and ZRANB2 in mouse medium 

spiny neurons and human prefrontal cortical pyramidal neurons (Supplementary Figure 2 

and Supplementary Figure 3 respectively). We then sought to confirm ZRANB2 

expression in the same postmortem brain tissue samples in which we found DRD2 
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mRNA expression changes related to rs1076560.  Results from the quantitative RT-PCR 

analysis confirmed expression of both DRD2 and ZRANB2 in these DLPFC samples (see 

Supplementary Figure 4). 

 

rs1076560(T) Diminishes Affinity and Dissociation Rate of the Alternative Splicing 

Regulator ZRANB2  

 Using the web-based Splice-Aid tool,21 we generated a list of alternative splicing 

regulators (ASRs) with predicted differential binding to the two alleles at rs1076560.  

One of the ASRs identified in this manner was Zinc Finger, RAN-Binding Domain 

Containing 2 (ZRANB2), for which a binding motif is introduced or destroyed by the 

alternate rs1076560 alleles.  The position of the predicted binding domain in DRD2 

intron 6 and the proposed role of ZRANB2 as an ASR that interferes with constitutive 5'-

splice site selection suggested a possible role of this protein in DRD2 alternative splicing 

and establishment of DRD2 long:short mRNA expression ratios.  

Octet-Rapid System-Extended Detection (RED; FortéBio) was used to evaluate 

bio-layer interferometry 2 kinetics of oligonucleotide-protein binding and dissociation.  

Results (Figure 4) confirmed the prediction of differential binding of ZRANB2 to the two 

oligonucleotide probes harboring the alternate alleles at rs1076560.  ZRANB2 showed 

greater binding to the G allele relative to the U allele at all protein concentrations 

employed.  Global fitting of association and dissociation data required a model with two 

distinct binding components.  These fits indicated no significant difference in association 

rate constant (kon) for the two alleles.  This was confirmed by fitting the association phase 
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of each sensor independently to obtain an observed rate constant (kobs), in which a plot of 

kobs vs. [ZRANB2] yielded a similar linear dependence for each allele.  Independent 

nonlinear fitting of dissociation traces (in GraphPad Prism) confirmed biphasic 

dissociation kinetics for both alleles.  For data at 100 nM ZRANB2 (at which the greatest 

dissociation signal was measured for each allele), the best fit was obtained with two 

components of exponential decay, assuming all bound ZRANB2 was dissociable.  Most 

complexes dissociated slowly (78% for G; 64% for U), but the U allele had a faster 

dissociation rate (7.9x10-5 s-1 vs. 4.6x10-5 s-1 for the G allele).  Both alleles had a smaller 

fraction of complexes that dissociated at a similar, faster rate (2.3 x10-3 s-1), but the 

fraction of fast-dissociating complexes was greater for the U allele (36%) than for the G 

allele (22%).  Thus, the reduced affinity of the U allele relative to the G allele was chiefly 

attributable to faster dissociation of complexes, and both slow- and fast-dissociating 

components contributed to the reduced binding observed in Figure 4 for the U allele. 

Statistics for nonlinear regression analysis of Octet dissociation data are presented in 

Supplementary Table 5.  No binding was seen with either probe when a control GST 

protein was used in place of GST-tagged ZRANB2 (results not shown).  

  

rs1076560(T) Abolishes ZRANB2-Mediated Alternative Splicing of DRD2 Mini-Genes   

 Mini-gene constructs harboring the G allele at rs1076560 showed a strongly 

significant (p<0.00001) decrease in the ratio of long:short DRD2 isoforms (including or 

excluding exon 6, respectively) when co-transfected with ZRANB2 cDNA compared to 

co-transfections with empty vector.  This shift in the expression ratio of long:short DRD2 
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isoforms was not observed for the mini-gene harboring the T allele at rs1076560 (Figure 

5).   

 

Discussion 

 After 50 years of research, the highly sought-after mechanistic link between 

schizophrenia and DRD2 is still being unraveled.  Since the first study that found 

association of a DRD2 polymorphism with schizophrenia,22 other potentially relevant 

SNPs in the same LD block have been discovered, evaluated, implicated, and—in many 

cases—discarded.  Initially, the search for causal variants focused on non-synonymous 

mutations; however, the increasing number of documented disorder-associated non-

coding SNPs has shifted attention toward less obvious mechanisms.  By measuring allelic 

expression imbalance, Zhang et al.5 found several intronic DRD2 SNPs that were 

associated with differential splicing.  The two SNPs with the strongest associations to the 

splicing phenotype (rs2283265 and rs1076560) were located in introns adjacent to the 

DRD2 exon (exon 6) that is known to be a cassette exon excluded during alternative 

splicing and generation of the DRD2 short isoform.  The physiological relevance of the 

effects of these SNPs on DRD2 alternative splicing was bolstered by functional 

neuroimaging results that found effects of the minor alleles at these loci on cognitive 

performance 5,9,23. 

 The effects of rs1076560 on alternative splicing are quite convincing, and 

evidence of an association of the variant with aspects of cognition is building, but without 

evidence associating the variant with risk for schizophrenia, the relevance of these results 
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has been unclear.  We therefore proposed that the rs1076560 T allele would be found to 

be a significant risk factor for schizophrenia, but that (like other risk-SNPs for 

schizophrenia) it would have a small effect size only detectable in large samples.  To test 

this hypothesis, we analyzed the evidence for allelic association of the variant with the 

disorder in a sample of 616 affected families and in five independent replication samples 

totaling 4,017 affected and 4,704 unaffected individuals.  Both family-based and case-

control studies confirmed an effect of rs1076560(T) on risk for schizophrenia; however, 

the two study designs differed with regard to the observed mode of inheritance, with the 

family-based studies suggesting a recessive effect and the case-control studies ultimately 

implicating a dominant effect of the T allele.  Both study designs agree, however, that 

those individuals with the homozygous TT genotype are at the greatest risk for 

schizophrenia.  Given the almost unprecedented consistency of the genetic effect 

observed across the five case-control studies and their large collective size relative to the 

family-based study, it may be that a dominant model is more likely; however, this 

discrepancy can only be resolved by the evaluation of additional family-based studies of 

the same ancestry. 

 The evidence that genetic variation in DRD2 influences risk for schizophrenia has 

fluctuated greatly over the past two decades, from the initial strong evidence provided by 

Arinami et al.,22 to widespread failure to replicate an effect in under-powered follow-up 

studies,24 to resurrection of its candidacy through meta-analysis,14 and, most recently, 

validation of an effect through mega-analysis of the combined samples of the Psychiatric 

Genomics Consortium 25.  Functional studies and, now, genetic association and 

mechanistic studies suggest that the rs1076560 variant is at least in part responsible for 
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the relationship between the DRD2 gene and schizophrenia susceptibility.  However, our 

work in no way suggests that this is the only risk-conferring polymorphism in DRD2, nor 

does it preclude the possibility that this polymorphism interacts with or offsets other 

variants in or beyond DRD2 to influence overall risk for the disorder 23.  In other words, 

it is well understood that no single DRD2 variant alone causes schizophrenia, but rather 

rs1076560, rs2283265, and potentially other DRD2 polymorphisms (such as rs6275 and 

rs6277)4 are part of a more complex model that incorporates numerous genes essential for 

neuronal development and plasticity.  However, it is also clear that dopamine pathways 

have an important role in these processes, and the therapeutic benefits of manipulating 

DRD2 activity may expand beyond simply modulating the risk burden imposed by its 

variants.  For this reason, it is crucial to understand the mechanism by which the 

expression of DRD2 isoforms is pathologically altered by such SNPs.   

 We hypothesized that rs1076560 occurs within a binding domain for RNA-

binding molecules involved in exon exclusion.  To test this hypothesis, we first identified 

RNA-processing molecules whose consensus binding motifs were predicted to differ 

between G and T alleles at rs1076560.  Most strikingly, a binding motif for ZRANB2 

was introduced or abolished by the alternative alleles.  We then demonstrated that this 

ASR has differential affinity for these alleles when embedded in otherwise-identical 

DNA oligonucleotides.  Finally, we found that ZRANB2, when co-transfected with 

DRD2 minigenes differing at rs1076560 (See Supplementary Table 6 for minigenes 

sequence), influenced the expression ratio of long:short alternatively spliced isoforms in 

cell culture only when the G allele was expressed, whereas ZRANB2 was inert in the 

presence of the T allele.  Direct comparison of minigenes without co-expression of 
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ZRANB2, did not show significant differences using the sequences chosen; however, 

ZRANB2 is very likely just one of many RNA-processing molecules that influence 

DRD2 alternative splicing.  Furthermore, other cis-acting regulatory regions (e.g., other 

SNPs) on the pre-mRNA may mask the specific effect of rs1076560 in some 

circumstances.  Therefore, it was necessary to overexpress ZRANB2 above the 

expression level of endogenous RNA-processing molecules for each minigene in order to 

evoke a significant response.  These results are consistent with our hypothesis that 

rs1076560 is part of a cis-acting DRD2 regulatory site, and that interactions with a trans-

acting protein can be disrupted by substituting one base-pair in this site. This disrupted 

interaction results in reduced suppression of exon 6 inclusion and inappropriate levels of 

DRD2 isoforms, indicating that “silent” mutations in non-coding regions can be 

detrimental to normal functioning. 

 Recently published analyses from the Schizophrenia Working Group of the 

Psychiatric Genomics Consortium, wave 2 (PGC2) found that the T allele (not directly 

genotyped, but imputed in most samples) is not associated with risk for the disorder 

(p=0.7724).  However, the PGC samples are overwhelmingly (more than 95%) comprised 

of subjects of European ancestry, in which the minor allele frequency at rs1076560 is 

much lower than in Asian samples (MAF = 0.129 in CEU populations but ~0.45 in Asian 

populations).  Due to these differences, we can make no solid claim that rs1076560(T) is 

a universal risk factor or generalizes beyond the Asian population.  However, the PGC2 

analyses did detect genome-wide significant association of schizophrenia with a group of 

DRD2 SNPs in a distinct part of the gene encompassing exon 1 and much of intron 1.  It 

is, therefore, plausible  that one DRD2 site confers risk in the European population and 
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another in the Asian population, possibly due to other differentially expressed risk or 

protective factors in each ancestral group.  Evaluating these possibilities is beyond the 

scope of the present work, but such interactions are suggested by our reliable association 

in the Asian sample and lack of association in the European sample. With DRD2 now 

reaffirmed by our work and that of the PGC as a bona fide schizophrenia susceptibility 

gene, further fine-mapping of the DRD2 locus should become a high priority. This should 

include further allelic-imbalance analysis as well as identifying SNP-SNP interactions.  

Our findings of increased DRD2 short:total mRNA in the DLPFC of chronic 

patients with schizophrenia and of decreased DRD2 short:total mRNA in minor-allele 

carriers at rs1076560 appear consistent with an earlier report 26.  In contrast, however, our 

interpretation is distinct as we are interpreting the minor allele as the schizophrenia risk 

allele, and we suggest that the decreased capacity to generate appropriate levels of DRD2 

short mRNA at critical periods may increase risk of developing schizophrenia whereas, in 

certain situations, it may confer a cognitive advantage in healthy individuals.  Although 

speculative, an increased ratio of expressed DRD2 short:total isoforms in the DLPFC in 

schizophrenia patients may be a result of compensatory processes intended to limit the 

inhibitory effect of the D2 long receptor on long-term potentiation.27  Affected 

individuals that harbor rs1076560(T) may be less efficient at modulating the D2 receptor 

isoform-expression ratio, which may lead to situations where the precise balance of D2 

long and D2 short is not appropriately adjusted in response to particular environmental 

stimuli or during certain developmental periods.  This lessened adaptability, combined 

with other variables affecting the fine-tuning of behavioral circuits (e.g., other genetic 

variants shown to interact with DRD213), may result in abnormal development or 
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pathological neuronal plasticity that may account for downstream deficits in verbal 

fluency, verbal comprehension, and working memory seen in schizophrenia patients23.  

 In summary, the complex mechanisms that control alternative splicing and the 

numerous cis- and trans-acting signals that converge to modify this process perhaps can 

provide a glimpse into the complex biological basis for this multifactorial disorder.  

However, a more complete understanding of how schizophrenia susceptibility is 

influenced by genetic modifications in DRD2, a proven therapeutic target in 

schizophrenia, may illuminate more specific treatable foci.  For example, if our work is 

replicated and if genetically driven disruption of ZRANB2-mediated DRD2 splicing is 

validated as a mechanism for schizophrenia liability, this suggests that normalization of 

DRD2 isoform expression ratios (rather than direct antagonism of the D2 receptor) may 

be a therapeutic goal toward which drug-discovery and medicinal chemistry efforts can 

be directed.  
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Figures  
 
Figure 1. Forest Plot of Effect Sizes for Association of the T Allele of rs1076560 with 

Schizophrenia in Five Independent Samples and Pooled by Meta-Analysis 

 

 

Figure 1: The x-axis represents the odds ratio (OR) associated with the T allele of rs1076560.  Each entry 

on the y-axis represents the effect observed in an individual case-control replication sample, with the box 

centered on the OR, proportionate in size to the study’s sample size, and with the 95% confidence interval 

(CI) indicated by the horizontal bars extending from the point estimate.  In the bottom entry on the y-axis, 

the diamond is centered on the pooled effect size across these five studies, and the horizontal extent of the 

diamond indicates the boundaries of the 95% CI around that point estimate. 
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Figure 2.  Neurocognitive Test Performance in Schizophrenia Cases and  

Non-Mentally Ill Comparison Subjects Stratified by Risk(T)-Allele Carrier Status.  

 

Figure 2: Dopamine D2 Receptor rs1076560 genotype (GG versus T-carrier) by diagnostic group, 

schizophrenia (SCZ) versus healthy control (CTRL), covaried for education, significant interactions on 

cognitive abilities: A.) Controlled Oral Word Association Test (COWAT) Verbal Fluency (F-A-S), B.) 

Wechsler Adult Intelligence Scale 3rd Edition (WAIS-III) Similarities subtest (verbal comprehension), C.) 

WAIS-III Letter-Number Sequencing (working memory), T p = 0.06 - 0.09, * p = 0.02 - 0.05, ** p < 0.01, 

*** p < 0.001.  
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Figure 3. Expression Levels of DRD2 Short Isoform in DLPFC of Schizophrenia Cases 

and Non-Mentally Ill Comparison Subjects Stratified by Risk(T)-Allele Carrier Status. 

 

Figure 3: A two-way ANOVA was performed with DRD2 short (relative to total DRD2) expression as the 

dependent variable, and diagnosis and risk-allele carrier status as the between-group factors. **Overall 

schizophrenia (SCZ) patients had a greater DRD2S/DRD2total mRNA ratio compared to the control group 

[F(1,68)=8.57, p=0.005]. *Individuals with the GG-genotype had significantly increased ratios of 

DRD2S/DRD2total mRNA than those with the T-carrier genotype [F(1,68)=5.70, p=0.020].  
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Figure 4.  Bio-Layer Interferometry Results Demonstrating Differential ZRANB2-

mRNA Interaction for the Two Alleles at rs1076560 

 
 

Figure 4: RNA-protein binding and dissociation kinetics were monitored by bio-layer interferometry 2. 

Biotinylated oligos with either a G or a U at the rs1076560 position were loaded on separate streptavidin-

coated sensors. At time=0, RNA-coated sensors were moved to solution containing ZRANB2 at the 

concentrations shown and BLI signal reflects ZRANB2 binding to RNA. At time=600 s, sensors were 

moved to buffer alone to monitor dissociation of ZRANB2/RNA complexes. A control sensor with no oligo 

and highest concentration of ZRANB2 was used to subtract baseline drift and nonspecific binding of 

ZRANB2.   
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Figure 5. Expression Ratios of Alternatively Spliced DRD2 Minigene Isoforms  
 

 
 

Figure 5: Co-Transfected with the Alternative Splicing Regulator ZRANB2.  

A graphical representation of the DRD2 long:short isoform ratio measured from co-transfected HEK293 

cells. DRD2 minigene constructs with either a G or a T allele at rs1076560 were co-transfected with either 

ZRANB2 cDNA or empty vector. A significant reduction (p=0.0000063) in the DRD2 L/S ratio is indicated 

(*) when rs1076560 (G) encounters the addition of ZRANB2. 
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Tables 

Table 1. Descriptive Characteristics of the 

Family-Based Sample 

Statistic N (% of Sample) 
Individuals 2408 (100) 
   Affection Status  
      Affected 1214 (50.4) 
      Unaffected   932 (38.7) 
      Unknown   262 (10.9) 
   Sex  
      Male 1324 (55.0) 
      Female 1084 (45.0) 
  
Families   616 (100) 
   Affected per 
Family 

 
      0     36 (  5.8) 
      1     43 (  7.0) 
      2   445 (72.2) 
      3     88 (14.3) 
      4       3 (  0.5) 
      5       1 (  0.2) 
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Table 2. Descriptive Characteristics of the Case-Control Samples 
 

Study Ethnicity Ancestry Cases 
(n) 

Age 
(mean±s.d.) 

Sex 
(% 
male) 

Controls (n) Age 
(mean±s.d.) 

Sex (%) 
male) CCS1 Taiwanese Han 

Chinese 
376 32.0 ± 8.7 59.6 315 73.1 ± 5.6 52.7 

CCS2 Taiwanese Han 
Chinese 

552 44.0±11.4 55.1 397 44.0±12.2 46.9 
CCS3 Chinese Han 

Chinese 
503 30.6 ± 9.7 60.0 530 30.5 ± 8.9 62.1 

CCS4 Chinese Han 
Chinese 

564 38.3±13.6 60.1 564 27.9 ± 7.9 51.6 
CCS5 Chinese Han 

Chinese 
2029 36.9±14.8 53.0 3003 34.6±13.7 51.4 

 

Table 3. Allele and Genotype Frequencies of rs1076560 and Effect of the T Allele on Risk  
 
for Schizophrenia in Case-Control Replication Samples 
 
 Cases  Controls OR (95% CI) 
Study G T GG GT TT  G T GG GT  TT for T Allele 
CCS1   361   269   106   149   60    439   313   130   179     67 1.04 (0.84-1.30) 
CCS2   628   476   178    272 102    483   311   142   199     56 1.18 (0.97-1.42) 
CCS3   549   457   149   251 103    640   420   202   236     92 1.27 (1.06-1.52) 
CCS4   624   438   178   268   85    642   420   204   234     93 1.07 (0.90-1.28) 
CCS5 2276 1782   616 1044 369  3449 2557   965 1519   519 1.06 (0.97-1.14) 
Pooled 3737 2903 1031 1675 614  6669 4853 1910 2849 1002 1.10 (1.03-1.17) 
 

Table 4. Allele and Genotype Frequencies of rs1076560 for Neurocognitive Test 
 

Cases  Controls 
G T GG GT TT  G T GG GT  TT 
  155   35   63   29   3    138   26   58   22    2 
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Supplementary Material  

Methods 

Family-Based Sample for Genetic Association Analyses 

The procedures of ascertainment, clinical assessment, DNA sample acquisition 

and distribution for the family-based sample are described in detail elsewhere,3,4 and so 

are described here only briefly.  Probands were recruited from data-collection field-

research centers throughout Taiwan.  To be included in the study, the family was required 

to be of Han Chinese ancestry and meet the entry criteria adopted by the U.S. National 

Institute of Mental Health’s Schizophrenia Genetics Initiative; i.e., the family had to have 

two siblings with schizophrenia or schizoaffective disorder, depressed type [which family 

studies suggest may be an alternate expression of schizophrenia susceptibility genes] 5.  

Of the 1,214 affected individuals included in the present study, only eight were diagnosed 

with schizoaffective disorder, depressed subtype. 

Each proband underwent a diagnostic screen by a research psychiatrist using 

medical records and a semi-structured interview that was based on the Diagnostic and 

Statistical Manual of Mental Disorders, Fourth Edition (DSM-IV) 6.  Following this 

screen, we administered the Mandarin Chinese version7 of the Diagnostic Interview for 

Genetic Studies (DIGS) 8.  These data were also supplemented by a semi-structured 

itemized assessment of psychopathology in family members using the Family Interview 

for Genetic Studies (FIGS) 9.  Best-estimate final diagnoses were made independently by 

two board-certified research psychiatrists based on all the clinical information that was 

collected.  If these psychiatrists disagreed, a third diagnostician (H.-G. H.) resolved the 

disagreement by reviewing all data schedules and medical records, and if necessary, by 
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conferring with the field psychiatrist who cared for the patient.  All subjects provided 

written informed consent for the study, which was approved by the Institutional Review 

Boards of all project sites.   

Approximately 10 ml of blood was drawn from each subject and immediately 

shipped to the National Institute of Mental Health Center for Collaborative Studies of 

Mental Disorders at the Rutgers University Cell and DNA Repository, where cells were 

immortalized via transformation with Epstein-Barr virus.  High-quality DNA was 

successfully extracted from 2,448 of these cell lines and sent to UCSD for storage and 

analysis.  An aliquot taken from each of these samples was also sent to the Harvard 

Partners Genotyping Facility at the Harvard Medical School-Partners Healthcare Center 

for Genetics and Genomics (HPCGG) for genotyping. 

Of the 2,448 available DNA samples, 38 were from adoptees and two were of 

such low quality that no usable genotypes were generated.  The final dataset for the 

present analyses therefore included genotypes at three loci in 2,408 individuals (including 

1214 affected individuals) from 616 families of various constellations. 

Genotyping success rate was high for rs1076560 (97.38%), which was assayed on 

the Sequenom platform.  The accuracy of genotypes was determined by running 

replicates on 7.13% of all DNA samples.  There was no discordance between replicates, 

which translates into a 100% accuracy rate.  Pedigree inconsistencies (e.g., incorrect 

parental gender, or unexpected loops) and Mendelian inconsistencies (which may reflect 

mis-specified relationships or genotyping errors) were previously identified in this 

sample using GeneSpring GT software, version 2.0 (Agilent Technologies, Inc.; Santa 

Clara, CA).  All detected pedigree inconsistencies (n=5) were identified as data-
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transcription errors and rectified unambiguously by inspecting the original pedigree file, 

while individuals with previously detected Mendelian inconsistencies (n=30) were 

removed from the pedigree file and all subsequent analyses.  No new pedigree or 

Mendelian inconsistencies were observed after including the genotype data newly 

generated for the present follow-up analyses of functional variants. 

As a final quality-control check, rs1076560 was tested for consistency with 

genotype proportions expected under Hardy-Weinberg equilibrium (HWE), and most 

importantly, it did not show a significant deviation from expected values among parents 

(p>0.4920).  Among probands, rs1076560 did deviate from expected HWE proportions 

(p=0.0029), but this marker also showed significant association with the disease; thus, 

this departure from HWE is almost certainly a product of the preferential over-

transmission of the T allele to affected individuals rather than genotyping error, 

assortative mating, or other potential sources of bias 10.   

 

Case-Control Sample 1 (CCS1) for Genetic Association Analyses and Meta-Analysis 

This sample, which was contributed by Dr. Hai-Gwo Hwu and colleagues, 

consisted of 317 unrelated individuals with schizophrenia (cases) and 376 unrelated non-

mentally ill individuals (controls).  All subjects were of Han Chinese ancestry, and were 

ascertained through two programs in Taiwan: the multidimensional psychopathology 

study of schizophrenia (MPSS) and the Schizophrenia Parent-Offspring Trios (SPOT) 

study 11.  The 107 cases from the MPSS were diagnosed with schizophrenia according to 

DSM-IV criteria through an interview with a research psychiatrist using the Psychiatrist 

Diagnostic Assessment (PDA) 12 and a review of medical records.  The 210 cases from 
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the SPOT study were diagnosed with schizophrenia according to DSM-IV criteria 

through an interview with a research assistant using the Mandarin Chinese version of the 

DIGS 7 and a review of medical records.  Controls were ascertained through a nationwide 

community-based recruitment effort for supernormal controls in Taiwan.  Controls were 

screened for major systemic physical diseases, and for mental illnesses (including 

schizophrenia).  To exclude the possibility that some control subjects might ultimately 

develop schizophrenia, controls were required to be a minimum of 60 years old (which is 

well beyond the expected onset age of most schizophrenia cases).  All subjects gave 

written informed consent for the study, which was approved by the Institutional Review 

Board of National Taiwan University Hospital. 

Genomic DNA was extracted from peripheral blood using the QIAamp method.  

Genotypes at rs1076560 were determined by matrix-assisted laser desorption/ionization 

time of flight mass spectrometry (MALDI-TOF MS) 13,14 after PCR amplification of the  

polymorphic region using forward primers of sequence 5′-

[ACGTTGGATGAAAGCCGGACAAGTTCCCAG]-3′ and reverse primers of sequence 

5′-[ACGTTGGATGTGGTGTTTGCAGGAGTCTTC]-3′.  Two case samples were not 

successfully genotyped, yielding a genotyping success rate of 99.7%. 

 

Case-Control Sample 2 (CCS2) for Genetic Association Analyses and Meta-Analysis 

This sample, which was contributed by Dr. Chia-Hsiang Chen and colleagues, 

consisted of 552 unrelated individuals with schizophrenia (cases) and 397 unrelated non-

psychotic individuals (controls).  All subjects were of Han Chinese ancestry living in 

Taiwan.  Cases were diagnosed with schizophrenia according to DSM-IV Text Revision 
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(TR) criteria through a clinical interview with senior psychiatrists.  Controls were 

recruited from the Department of Family Medicine of Tzu-Chi General Hospital in 

Hualien, Taiwan, and were assessed through a clinical interview with one of the 

psychiatrists.  All subjects gave written informed consent for the study, which was 

approved by the Institutional Review Board of Tzu-Chi University. 

Genomic DNA was extracted from peripheral blood using the Puregene DNA 

purification system (Gentra Systems, Inc.; Minneapolis, MI).  Genotypes at rs1076560 

were determined by direct bidirectional sequencing on an ABI autosequencer 3730 

(Applied Biosystems) after PCR amplification of the polymorphic region using forward 

primers of sequence 5′-ATTGAGGCTGCATGAGGATT-3′ and reverse primers of 

sequence 5′-CTGTGCCTGAGGAAATGCTA-3′.  Genotyping success rate was 100%. 

 

Case-Control Study 3 (CCS3) for Genetic Association Analyses and Meta-Analysis 

This sample, which was contributed by Dr. Dai Zhang and colleagues, consisted 

of 503 unrelated schizophrenia patients (cases) and 530 unrelated non-mentally ill 

individuals (controls).  All subjects were of Han Chinese ancestry, and were ascertained 

through the Psychiatric Hospital of Peking University in northeastern China.  Cases were 

diagnosed with schizophrenia according to DSM-IV criteria through clinical interviews 

with at least two experienced psychiatrists.  Controls were recruited from the same 

community as the patients, and were assessed using a simple non-structured interview 

performed by the psychiatrists.  All subjects gave written informed consent for the study, 

which was approved by the Ethical Committee of Peking University Health Science 

Center. 



Chapter 4 
 

	   178	  

Genomic DNA was extracted from peripheral blood using the QIAamp DNA 

Mini Kit (QIAGEN China Co., Ltd.; Pudong, Shanghai, China).  Genotypes at rs1076560 

were determined by direct sequencing on an ABI PRISM 377-96 DNA Sequencer 

(Applied Biosystems) after PCR amplification of the polymorphic region using forward 

primers of sequence 5′-GCCGACTCACCGAGAACAAT-3′ and reverse primers of 

sequence 5′-CTGTGGCACCTGGCACTTTG-3′.  Genotyping success rate was 100%. 

 

Case-Control Sample 4 (CCS4) for Genetic Association Analyses and Meta-Analysis 

This sample, which was contributed by Dr. Lin He, Dr. Yong-Yong Shi, and 

colleagues, consisted of 564 unrelated individuals with schizophrenia (cases) and 564 

unrelated non-psychotic individuals (controls).  All subjects were of Han Chinese 

ancestry, and were ascertained through the Shanghai Mental Health Center in eastern 

China.  Cases were diagnosed with schizophrenia according to DSM-IV criteria through 

independent clinical interviews with two senior psychiatrists.  Controls were recruited 

from the same community as the patients, and were assessed through a clinical interview 

with one of the psychiatrists.  All subjects gave written informed consent for the study, 

which was approved by the Shanghai Ethics Committee of Human Genetic Resources.  

Genomic DNA was extracted from peripheral blood using a modified 

phenol/chloroform method.  Genotypes at rs1076560 were determined by direct 

sequencing on an ABI 3100 genetic analyzer (Applied Biosystems) after PCR 

amplification of the polymorphic region using forward primers of sequence 5′-

GGCAGAACAGAAGTGGGGTA-3′ and reverse primers of sequence 5′-
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ACAATGGCGAGCATCTGAGTG-3′.  Thirty-three cases and 33 controls were not 

successfully genotyped, yielding a genotyping success rate of 94.2%. 

 

Case-Control Sample 5 (CCS5) for Genetic Association Analyses and Meta-Analysis 

This sample, which was contributed by Dr. Qi Xu and colleagues, consisted of 

2,022 unrelated individuals with schizophrenia (cases) and 2,896 unrelated non-mentally 

ill individuals (controls).  All subjects were of Han Chinese ancestry, and were 

ascertained from northern China.  Cases were diagnosed with schizophrenia according to 

DSM-IV criteria through clinical interviews with at least two consultant psychiatrists.  

Controls were ascertained from the same community as cases and were assessed through 

a series of questionnaires to exclude any mental or severe physical illness, as well as a 

family history of psychosis.  All subjects gave written informed consent for the study, 

which was approved by the Ethics Committee of the Chinese Academy of Medical 

Science and Peking Union Medical College. 

Genomic DNA was extracted from peripheral blood using the standard 

phenol/chloroform procedure.  Genotypes at rs1076560 were determined by bidirectional 

sequencing on an ABI 3700 DNA sequencer (Applied Biosystems; Foster City, CA) after 

polymerase chain reaction (PCR) amplification of the polymorphic region using forward 

primers of sequence 5′-TGAGAGACAAGTCCCTGGTAT-3′ and reverse primers of  

sequence 5′-CTGTGCCTGAGGAA ATGCTA-3′.  One case sample and 10 control 

samples were not successfully genotyped, and four case samples and 61 control samples 

did not meet quality control standards, yielding a genotyping success rate of 98.5%. 
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Clinical Cohort for Neurocognitive Assessment 

 A separate sample of 95 patients with schizophrenia/schizoaffective disorder and 

82 healthy comparison subjects (Supplementary Table 1) were recruited from two sites in 

Australia (Adelaide and Sydney).  Diagnoses were confirmed with a Structured Clinical 

Interview for DSM using DSM-IV criteria.  All people with schizophrenia were 

chronically ill and were primarily receiving second-generation antipsychotic medication 

at the time of testing.  The cognitive testing battery including the Controlled Oral Word 

Association Test of verbal fluency (F-A-S), and the Wechsler Adult Intelligence Scale-

Third Edition similarities and Letter-Number-Sequencing (LNS) subtests to assess verbal 

comprehension and working memory performance, respectively.  Eight ml of blood was 

drawn from each subject for DNA extraction using standard protocols (QIAGEN, 

Doncaster, VIC, Australia). Given the consistent dominant effect of rs1076560(T) 

observed in the case-control samples and the lower frequency of the T allele in Caucasian 

populations, genotypes were simplified for comparison into two categories: GG 

homozygotes and T carriers (GT+TT).  All subjects provided written informed consent 

and this study was approved by the South Eastern Sydney and Illawarra Area Health 

Service and the University of New South Wales Human Research Ethics Committees 

(HRECs numbers 07/259, 07121, 10155).  

 Genotypes were determined using TaqMan SNP genotyping assays (Applied 

Biosystems) with a call rate of 99%.  Both brain and blood genomic DNA was genotyped 

for DRD2 intron 6 SNP rs1076560 (C_2278888_10).  A no-template control was run for 

each assay and no signal was detected.  Allele frequencies were calculated and a χ2 test 

demonstrated that the SNP was in Hardy-Weinberg equilibrium.  
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Postmortem Cohort for DRD2 mRNA Expression Analyses 

 The cohort for the study of gene expression in postmortem brain tissue has been 

previously described in detail.15  Briefly, the sample contained 37 

schizophrenia/schizoaffective cases and 37 non-mentally ill comparison subjects matched 

for age, pH, postmortem interval (PMI), and RNA integrity number 1 (Supplementary 

Table 2). 

DRD2 and ZRANB2 gene expression (DRD2total  DRD2S –and DRD2L) was 

examined using the Applied Biosystems Prism 7900HT Fast Real Time quantitative PCR 

(qRT-PCR) system (ABI, Life Technologies, Inc.).  The mRNAs of interest were divided 

by the geometric mean of four housekeeper control genes that did not differ by diagnosis. 

Applied Biosystems Assay ID for all Taqman primer/probes used can be found in 

Supplementary Table 4.  

 

Antipsychotic Drug Treatment of Rodents   

 Adult female Sprague-Dawley rats approximately eight weeks old (weight 226-

250g) were obtained from the Animal Resources Centre (Perth, WA, Australia) and 

habituated to handling and environmental conditions for one week prior to study 

commencement.  The rats were housed at 22°C on a 12-h light-dark cycle (lights on 

07:00), and food and water were allowed ad libitum throughout the study.  The animals 

were randomly divided into three experimental groups and treated with either olanzapine 

(1.5mg/kg/day), haloperidol (0.3mg/kg/day), or vehicle (n=6/group) for 36 days, t.i.d., 

orally at eight-hour intervals.16  The delivery was via a sweet cookie (62% carbohydrate, 

22% protein, 6% fibre, 10% vitamins and minerals) as used previously.17  At the end of 
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each treatment regimen the rats were sacrificed via sodium pentobarbital overdose two 

hours after final treatment, brains extracted, the striatum dissected out, then fresh frozen 

in liquid nitrogen and stored at -80oC.  RNA for dopamine receptor was assessed as 

described above for the human brain. 

 

Statistics for Postmortem Analyses of Humans and Rodents 

 Independent sample two-tailed t-tests were used to determine differences in 

cohort demographics, including the expression levels of housekeeper genes and their 

geomean. Pearson’s product-moment correlations were performed to assess statistical 

significance between DRD2 mRNA and demographic and clinical variables.  Analyses of 

variance were performed to detect significant group differences in DRD2 gene 

expression, SNP genotype, and for antipsychotic effects in rodent striatum.  Statistical 

significance was set at p≤ 0.05. SDS 2.4 and Genotyper Software (ABI, Life 

Technologies, Inc.) were employed to analyze the qRT-PCR and genotyping 

experiments.  

 

Cloning of GST-Fused ZRANB2  

 ZRANB2 Human cDNA ORF clone in pCMV6-Entry vector used for minigene 

alternative splicing experiments was ordered from Origene, cloned into the pEX-N-GST 

vector (Origene), and transformed into BL21 cells.  Colonies were selected and expanded 

in 1 liter of LB medium at 37°C and 250 rpm for IPTG induction.  Cultures were induced 

with 0.5 mM IPTG final concentration at OD600 around 0.4.  Cultures were allowed to 

grow for an additional 4 hours before cultures were spun down and cell pellets collected.  
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Cell pellet was lysed using B-Per bacterial protein extraction reagent (Pierce) with 

Dnase1, lysozyme, and protease inhibitor.  Lysis was performed at 4°C for 30 minutes 

and then centrifuged at 37,000 X G for 15 minutes. Supernatant was saved and loaded on 

a 3 mL Pierce GST Spin Purification column.  Binding reaction was incubated overnight 

at 4°C with end-over-end mixing.  The rest of the purification procedure was performed 

according to the manufacturer’s protocol.  Elutions were pooled, concentrated, and 

underwent buffer exchange (with PBS) using a 10,000 molecular weight vivaspin 

column.  Protein was visualized by blueSafe stain on SDS PAGE and quantified with a 

BCA kit (Pierce).     

 

Kinetic Assays of Binding and Dissociation between ZRANB2 and Biotinylated RNA 

Oligos using Biolayer Interferometry 

 To determine if rs1076560 affects the binding of ZRANB2, an Octet-RED system 

was utilized with methods analogous to previous work with minor modifications.18  We 

used streptavidin-coated sensors (FortéBio, SA biosensors, #18-5019) to evaluate bio-

layer interferometry 2 kinetics of RNA-protein binding and dissociation.  DNA probes 

with either a guanine (G) (wild-type allele) or a uracil (U) (encoded by the risk-associated 

T allele) at the rs1076560 position were ordered from MWG Operon.  Probes had 

identical sequences 15 bp upstream and 15 bp downstream of rs1076560.  Furthermore, 

both probes were biotinylated at the 5’ end and underwent PAGE purification.  PBS 

buffer including 0.5 mg/ml BSA, 100 ng/ml tRNA, and 20 nM ZnSO4 was used for 

dilution of protein and probes as well as baseline buffer for the BLI experiments.  Each 

experiment was done at 25°C, with standard measurement rate of 5 s-1.   
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 Each sample had 200 uL volume, and sensors were set to stir inside the solution at 

1000 rpm.  Preliminary experiments showed favorable kinetic responses when 

biotinylated probes were diluted to 0.2 µM.  Each sensor was first dipped into buffer in 

order to obtain baseline 1; then, sensors shifted to the loading step which immobilized the 

biotinylated wild-type probe or probe containing the risk allele onto the SA biosensors.  

Baseline 2 was achieved by shifting sensors into a third row of wells containing buffer. 

Association was observed by shifting the sensors into the fourth set of wells containing 

100 nM, 30 nM, 10 nM, or 0 nM of ZRANB2 protein.  Finally dissociation was evaluated 

by transferring the sensors to a fifth set of wells containing only buffer.    

 Since a baseline drift is commonly seen in BLI experiments, and to correct for 

nonspecific binding of ZRANB2 to sensors, each experiment included two control 

reference sensors that were run in parallel.  One reference sensor had biotinylated probes 

omitted from the loading step but ZRNAB2 protein was included in the association step 

at the highest concentration (100 nM).  Another reference sensor, used to monitor 

baseline drift, was added that did have biotinylated probe at the loading stage but lacked 

any protein for the association step.  Additional control experiments were conducted 

using only a GST protein without ZRANB2 that was expressed and purified in parallel.  

Data analysis, performed on FortéBio’s software (version 6.4), allowed for reference 

subtraction, Savitsky-Golay filtering, and measurements of kinetic rates for ZRANB2 

binding and dissociation. 
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DRD2 Minigene Preparations  

 Qiagen Allprep kit was used to extract DNA from postmortem brain tissue of 

human subjects, which were provided by the Harvard Brain Tissue Resource Center 

(Belmont, MA). DNA was amplified via polymerase chain reaction with DRD2 e5-e7 

forward and reverse primers (Supplementary Table 3) using New England Biolabs 

Phusion High-Fidelity PCR kits.  Using a MJ Research Peltier Thermocycler 225 

(Harlow Scientific), the following incubation steps were completed: denaturing step for 

30s at 98oC, 30 cycles of denaturing at 98oC for 10s, annealing at 60oC for 20s, and 

extension steps at 72oC for 90s, and a final step at 72oC for 10 minutes.  The reaction 

product was electrophoresed on a 0.75% agarose gel to confirm successful amplification. 

 DRD2 minigenes were generated as previously described by Zhang et al.19  

Briefly DRD2 minigene amplicons were inserted into a pcDNA 3.1 vector (Invitrogen, 

Carlsbad, CA, USA) and sequenced in order to compare SNPs between subjects.  To 

generate minigenes that only differed at rs1076560, we used restriction endonucleases to 

cut out unmatched sequences and then ligated-in matched sequences from other subjects.  

None of our subjects were carriers of rs1076560(T); however Dr. Wolfgang Sadee kindly 

provided us with a minigene construct harboring this SNP.  A region containing the T 

allele of rs1076560 was cut out of this construct and ligated into the minigenes used in 

this experiment.  Minigenes were verified by sequencing. 

Cell Culture Conditions 

 HEK293 cells were maintained with Dulbecco’s Modified Eagle Medium 

(DMEM) complete with 10% fetal bovine serum, 1% L-glutamine, and 1% 

penicillin/streptomycin. The cells were maintained at a temperature of 37⁰C and 5% CO2.  
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DRD2 Minigene Alternative Splicing Assay 

 HEK293 were plated at a density of approximately 1x105 cells per well on a 24-

well plate the day before transfection.  Co-transfections of DRD2 minigene with pCMV6-

ZRANB2 construct (Origene) or Empty pCMV6 vector were carried out on HEK293 cells 

that were 80% confluent.  The cells were transiently transfected using FuGENE HD 

Transfection Reagent.  

 Forty-eight hours post-transfection, total RNA was extracted from the cells with a 

QIAGEN RNeasy® Mini Kit (QIAGEN Sciences, Maryland 20874, USA), including the 

optional on-column DNase I incubation step.  Purified RNA extract was eluted from the 

columns with RNase-DNase free water and the concentration was determined.  Following 

purification, total RNA was reverse-transcribed into cDNA.  The conversion of total 

extracted RNA to cDNA was accomplished by following the Applied Biosystems™ High 

Capacity cDNA Reverse Transcription Kit (Foster City, CA 94404). 

 In order to identify inclusion or exclusion of exon 6 via alternative splicing of our 

DRD2 minigenes, we used Taqman primers/probe sets targeting exon-exon boundaries 

e5e6 (DRD2L) or e5e7 (DRD2S) with Taqman Gene Expression Master Mix (Applied 

Biosystems) on an optical 384-well plate.  As our target SNP is located in intron 5 and we 

were primarily interested in the difference between alleles in the generation of short 

(exon-6-excluding) and long (exon-6-containing) isoforms, we felt it was appropriate to 

use a minigene that only contained exon 5 through 7 and made no distinction between 

DRD2 long and “longer” or other isoforms.  A β-actin Taqman primers/probe (Applied 

Biosystems) set was used as a reference gene (Supplementary Table 4).  The cDNA was 
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normalized to a concentration of 5ng/uL for all samples prior to the reaction, and a total 

of 20ng of DNA was used per reaction.  Reaction mixtures were added to an optical 384-

well plate.  The real-time quantitative polymerase chain reaction was carried out on a 

Roche LightCycler®480 according to manufacturer protocols (Applied Biosystems).  

Probe fluorescences were calculated as crossing point (Cp) values from the 2nd derivative 

maximum.  

 

Statistical Analysis of qPCR Data 

 Relative expression levels were calculated from ΔΔCt values, where 

ΔCT(experimental) = (CT of experimental primer set - CT housekeeping gene primer set) and 

ΔCT(control) = (CT control primer set - CT housekeeping gene primer set).  The difference 

between ΔCT(control) and ΔCT(experimental) resulted in the ΔΔCT value.  The ΔΔCT value 

represents the expression difference between a transcript that lacks the region of interest 

and a transcript that includes it.  Shifts in alternative splicing of DRD2 minigenes with 

either G or T at rs1076560 in response to ZRANB2 were evaluated using a Student’s t-

test, with significance set at p<0.05.  
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Supplemetary Figures 

Supplementary Figure 1. This is RNA-seq data collated from BrainSpan for ZRANB2 

and DRD2 across 8 brain regions.  
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Supplementary Figure 2. Drd2 and Zranb2 are expressed in isolated samples of medium 

spiny neurons from Mus musculus brain 

 

Supplementary Figure 2: GSE13387 dataset; n = 6 per cell type 

Pre-processing: Robust Multiarray Average background correction with adjustment for GC content.  

Quantile normalization, log2 transformation of scanner intensities.  

Data points: Mean intensity of samples ± S.E.M. bars. (n = 3 each).   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

!"
#$
%&'
()
'*
&(+

%



Chapter 4 
 

	   190	  

 
 
Supplementary Figure 3. Intensities of ZRANB2 and DRD2 probes in pyramidal 

neurons derived from PFC of SCZ patients and NMI controls 

 

 

Supplementary Figure 3: Data source GEO accession: GSE12679 
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Supplementary Figure 4. Expression Levels of Total DRD2 and ZRANB2 in Human 

Dorsolateral Prefrontal Cortex (DLPFC). 

 

 

Supplementary Figure 4: Quantitative PCR of total mRNA from human postmortem DLPFC using 

ZRANB2 and DRD2 Probes    
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Supplementary Figure 5. DRD2 Gene Showing Region and SNPs of Interest as well as, 

expressed isoforms.  
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Supplementary Tables 

Supplementary Table 1. Demographics of Subjects in the Cognitive Testing Sample 
 

Characteristics 
Controls 
N=82 

Patients 
N=95 

df, t or chi-sq 
value p 

Age mean (SD) 31.6 (8.4) 35.7 (8.4) 175, -3.2 <0.01 
Education mean 
(SD) 14.6 (2.2) 12.5 (2.4) 175, 6.0 <0.001 

Sex  42 M/40 F 58 M/37 F 1, 1.7 0.12 
Race   3, 3.8 0.28 

Caucasian 66 82    

Asian 10 5    

Caucasian/Asian 2 5    

Other 4 3     
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Supplementary Table 2. Summary of Demographics for Control and Schizophrenia 
 
Groups in the Postmortem Cohort 
 

  
Non-Mentally Ill 
Comparison 
Subjects (n=37) 

Schizophrenia  
Cases  
(n=37) 

 
Test 
Statistic 

 
 
df 

 
 
p 

  

Age: years 51.1 (14.6) 51.3 (14.1) t = -0.06 72 0.96   
Gender 7F, 30M 13F, 24M χ2 = 2.47   1 0.12   
Ancestry:  Caucasian n 36 36      
                 Asian n   1   1      
Hemisphere 23R, 14L 17R, 20L χ2=1.96   1 0.16   
pH 6.66 (0.3) 6.61 (0.3) t = 0.64 72 0.52   
PMI 24.8 (11.0) 28.8 (14.1) t = -1.26 72 0.21   
RIN 7.3 (0.6) 7.3 (0.6) t = 0.24 72 0.81   
Age at Onset: years - 23.7 (0.1)      
DOI (years) - 27.6 (2.3)         
Manner of Death 
 
 
 

36 natural 
1 accidental 
 
 

27 natural 
8 suicide 
1 accidental 
1 undetermined    

  

Antipsychotics 
 
 

- 
 
 

30  predominantly 
typicals 
6 predominantly 
atypicals 
1 typical and atypical    

  

Antidepressant History 
 

- 
 

19 yes 
18 no         

Subtype 
 
 
 
 
 

- 
 
 
 
 
 

16 paranoid 
7 undifferentiated 
5 disorganized 
4 depressive type 
3 bipolar type 
2 residual       

  

Values represent mean (s.d.) unless otherwise noted. 
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Supplementary Table 3. Primer Sequences Employed for Amplification of Target 

Regions of DRD2 

Primer Sequences 

DRD2 Exon5 Forward 5’-CTTAAGCTTACCAGAACGAGTGCAT-3’ 

DRD2 Exon 7 Reverse 5’-AGACTCGAGCGAGAACAATGG-3’ 

 

 

Supplementary Table 4. Taqman Primers/Probe Sets used for qPCR Analysis 

Target  Applied Biosystems Assay ID 

DRD2pan  Hs00241436_m1 

DRD2 Long Hs10124460_m1 

DRD2 Short Hs0101410_m1 

Beta Actin  Hs99999903_m1 

GAPDH Hs99999905_m1 

UBC Hs00824723_m1 

TBP Hs00427620_m1 

ZRANB2 Hs00232124_m1 
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Supplementary table 5. Statistics for Nonlinear Regression Analysis of Octet 

Dissociation Data  

2-Exp decay>0 G Allele U Allele 

Best-fit values   
A (#1 amplitude) 0.2816 0.3974 
k1 (#1 dissoc. Rate, /sec) 0.002338 0.002315 
B 4 amplitude 0.9894 0.7099 
k2 4 dissoc. Rate, /sec 4.636e-005 7.854e-005 
Total Ampl (A+B), 

and %fast (A/(A+B))*100 

Tot = 1.271, %fast = 22% Tot. = 1.1073, %fast = 36% 
   
Std. Error   
A 0.0002220 0.0002449 
k1 4.178e-006 3.169e-006 
B 0.0002131 0.0002446 
k2 8.004e-008 1.284e-007 
   
95% Confidence Intervals   
A 0.2812 to 0.2821 0.3969 to 0.3979 
k1 (only param. overlap) 0.002329 to 0.002346 0.002309 to 0.002322 
B 0.9889 to 0.9898 0.7094 to 0.7104 
k2 4.620e-005 to 4.652e-005 7.829e-005 to 7.879e-005 
   
Goodness of Fit   
Degrees of Freedom 17962 17962 
R square 0.9983 0.9989 
Adjusted R square 0.9983 0.9989 
Absolute Sum of Squares 0.2840 0.3102 
Sy.x 0.003977 0.004155 
   
Constraints   
A A > 0.0 A > 0.0 
k1 k1 > 0.0 k1 > 0.0 
B B > 0.0 B > 0.0 
k2 k2 > 0.0 k2 > 0.0 
   
Number of points   
Analyzed 17966 17966 
Nonlinear regression done by the method of Marquardt and Levenberg. 

Supplementary Table 5: Biggest difference: the U allele shows a greater fraction of bound signal (Zranb2) 
 
that dissociated ‘fast’ (36% vs 22% for G allele). (from Prism 6; GraphPad Software, Inc; annotations  
 
added by TMD).  
 
Equation fit: 

! 

Y = A" e(#k1"t ) + B" e(#k2"t )  (2 independent components, each dissociates by exponential  
 
decay) 
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Supplementary Table 6.  DRD2 Minigenes   

Cloning sites : HindIII: AAGCTT  XhoI: CTCGAG   

Amplification primer position: (Bold), Exons: red, Introns: black  

Variations in minigenes sequence within each group and between groups (rs1076560(G) 
and rs1076560(T)). Since no differences in alternative splicing were seen for the two 
alleles at rs6275 we used both alleles in each group. 

 Group 1 Group 2 
SNP ID rs1076560(G) rs1076560(T) 
rs1076560  G G T T 
rs6275 T C T C 
 

(CTTAAGCTTACCAGAACGAGTGCAT)CATTGCCAACCCGGCCTTCGTGGTCTACTCCTCCATCGTCTCCTTCTACGTGC
CCTTCATTGTCACCCTGCTGGTCTACATCAAGATCTACATTGTCCTCCGCAGACGCCGCAAGCGAGTCAACACCAAACG
CAGCAGCCGAGCTTTCAGGGCCCACCTGAGGGCTCCACTAAAGGTCTCAAGACACCCCCCAACCAACTCCAAGGGTCC
CCACCTAACCATTACCAAGAGGGCTCATCTTATGCTCAGGTGGGGGCTTGGGAAACCTCAGCAAGGGTTAGGTCTAGG
CTAAAGGAATTCCCAGGAGCCGGGCAAGGGCAGATTTTGAAGGCATGGACCTCAGTGGAGCAATCTGAGTCTCCAGGA
GAGGGAGGCAGGGTCCATGACACTAAATAACAAGGGGAAGTCTTTGCTTGGAGATCTTTGTGACTGAAGGCGGCAACT
CTTGCTTGGTACCCCCGTGGGCTCCTCTCTTCCTCTTTTCTGGTTTCTCTGTCTCACTTTAGCTCCCTCTGACTCCTCCATC
CTCTTTCCTTTACCTTCCGTACTCTCTGTCCTCCCCTCCAAACACACATCACTTTTCCTGACTTCCTCTCCACTATGTCTCT
CCTGTGCTTCTCTTTCATTTCCCCCCTGATGTCTTGTGAATTCTCCCCTTCACTCAGTCCTTCACAAGGAAGACAGTGTGT
GGGCACAGAAGGAACAAGAGCTCTTGGGCTAGACGCATCAGGTTCAGATCCTGTCACTGACACTTTTTTTGCTGAGTGA
CCTTAGGCAAGTTGCTTACCTTCTATGAGCCTGTTTCCTCATCTGTTAAATGGGAATCAAAATACCAGCCTCACAGGGTG
GTCTTGAGGATTCCACGTGAGAAGGGACGTGAGTGTGCCTAGCACAGTGCCAGGCCCTTAGCAGGTGCTCCATAAAAA
ACCAGGTCCTTGTGTTCCTCGTCATACCCACCACTTTTTGTCTCATTCCAGCCTTCCCCCTTGCCCCAACTGCCTCCTCTG
GCCCCCACCCTCCTGATCTCTGAGCCCTTCTGCCCAGTCTGAGTTCCATGGACTGCTGCACTTTGGGTTTCTGTCCCCCC
TCCATCCCCACCACTTTGTGTGACCCATGTGCTGGCTCACTCCACAGGGCAACTGTACTCACCCCGAGGACATGAAACT
CTGCACCGTTATCATGAAGTCTAATGGGAGTTTCCCAGTGAACAGGCGGAGAGTGGTAAGTGCTCAGGCCAGGGACCC
AGAGCCAGGTCTTTCTGCCCCTAGGGAAGCCCACTGGCCATGGTTCTGAGACCTCAGAAGCTGGCCAATGGGAGAAGC
ACCCCAGAAACCCCCACCTTGCCTCAGCTGAAGGCAGACTCACCGTGCACACCTCCAAGCAGGCATGAAGTGAGACAC
CTCGGTTCTGCAAGGCATGGATGTGTACGAGAAAATGGTTGGCCATACCAACGTAATAAAAATGATAATAATGGCTAT
TCACATTTCTCAAACATCTACCATATCCCTATTATCTCATCAAATCCTCACCACGACCCCGGGAGGTAAGTCTCTTTGAT
CGAACCGATCTTCAGTTGACAGAAGAGGAAACAGGCTCAGAAAGATTAGGCAACTCACCCGTCTCAAGAGTTGGTGAC
ACTAAGCCCAGACCTGTGTGACTCTGAAATCCACACCTGTGTTCTTTCCACTGACATGAGCTGCCTTATGGATGGGCAG
GTTCTGGGGTAGGACGCAGCAGAGCAGCTGCGGGGACTGGTGGCGGAGCAGTTTGTGTACATAGAGCCCTCAGGTGCG
GAAGCACAGCAGACCCCAGCCTCTGCCAGGTGGTAGCTGTACCAACATGCAAGCAGCAGGCATTCCATCCTCCAGAGG
GATGGAGAACAGGGCCAGAGAACCCACAGAGGGCCGCATACAAAATCCAGGTCTGGTGTCCTGCCTTCACCTGCACTG
CAAGGGCAGGACTCTAAGAAGCTGTTTATGAGGCAGGTGCCAAAACAGAGCCTCAGAGTCAGGGCCAAGGCAGCAGC
CCAGTCATGCCACCTAGGCACATAGTGAGGCTGCACTTTAGAAGTTCAGACTAACACCTCCAAGGCCTCAAACAAGAG
AACCTATGGAAGAACCCAGGAGGCCATGAGTGGATCCATGCCAGGGCTCTCTAGGTCACCCCAGCAGGGAAGATGTGG
GGCCCCAGGGGTCAGCCTTTTGGCACCTAGATTAGTCTATCCAGGAGAATATGGAGCCCACGTGTGTACGCAGGTGCA
GGTACCCATGAAGTGGGAGCACTGGGCCCCTTGTTTGACAGGGAGAACAGGGGTGGGCACCCTCTTTGCAGTCGGAAC
ATGAGTTTCTGGAGGCAGGGCCAAACATCATCAGCTCTTGACCCCAGCAGCCACTGTGGCACCTGGCACTTTGCTAACA
GTAAGTGTTGCTCAGGCCATGAGAGACAAGTCCCTGGTATTCAGCCCTGGCAGAACAGAAGTGGGGTATTGAGGCTGC
ATGAGGATTGCCATGGGAAAAAGGACAGGGGCAATCCTGCAGGGGCTGCCATGGGTCCTGGGTCCCATGCCTCAGTGA
CATCCTTGCCTCCCTGGCAGGGTGACCCTGTGGTGTTTGCAGGAGTCTTCAGAGGG{G/T}GAAAGGGAGGGGCCAGTG
AGATGGGTGGCTGATGCCTGGGAACTTGTCCGGCTTTACCCAGAGCCCTCTGCCTCTGGTGCAGGAGGCTGCCCGGCGA
GCCCAGGAGCTGGAGATGGAGATGCTCTCCAGCACCAGCCCACCCGAGAGGACCCGGTACAGCCCCATCCCACCCAGC
CACCACCAGCTGACTCTCCCCGACCCGTCCCACCA{C/T}GGTCTCCACAGCACTCCCGACAGCCCCGCCAAACCAGAGA
AGAATGGGCATGCCAAAGACCACCCCAAGATTGCCAAGATCTTTGAGATCCAGACCATGCCCAATGGCAAAACCCGGA
CCTCCCTCAAGACCATGAGCCGTAGGAAGCTCTCCCAGCAGAAGGAGAAGAAAGCCACTCAGATGCTCG(CCATTGTT
CTCGCTCGAGTCT) 
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Chapter 5  
 

Discussion of Dissertation   

Alternative Splicing 

 At the molecular level, the process of learning and coping begins with 

interactions between incoming environmentally triggered signals and genomic DNA. The 

output of this interaction is the transcriptome and ultimately the translated proteins that 

shape neuronal plasticity. However, the enormous complexity that is necessary to 

accommodate such a dynamic system cannot be explained by the paucity of human 

genes. It has been proposed that this dynamic diversity is achieved through the process of 

alternative splicing (Glatt et al., 2011). During transcription, the alternative splicing 

machinery is responsive to environmental cues and manipulates the pre-mRNA 

composition accordingly. Abnormal pre-mRNA splicing has been associated with a 

number of diseases including mental disorders, cancers, and others. Recent reports 

predict that a third of all known hereditary diseases involve abnormal splicing (Lim et al., 

2011).  Furthermore, subtle differences in disease presentation and response to 

medications may be associated with this molecular process. Therefore, when 

investigating the genetic factors that contribute to complex heritable mental disorders and 

neurodevelopment, it is crucial to include an evaluation of the alternative splicing 

machinery.  

Most mammalian genes are composed of short segments of coding sequence 

(exons) divided by long non-coding sequences (introns).  When a gene is transcribed, 

both exons and introns are initially expressed on the pre-mRNA.  However, even before 

transcription is complete, the splicing machinery is identifying splice sites at intron/exon 
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boundaries, removing introns, determining which exons to keep, and joining the exons to 

make the mature mRNA that will be translated into proteins.  The process of alternative 

splicing involves complex interactions of numerous factors.  These factors can be 

separated into two groups: cis-acting sites and trans-acting proteins. Cis-acting sites are 

present on the pre-mRNA that is being spliced and include the nucleotide sequence (like 

the rs1076560 polymorphism) and perhaps epigenetic modifications (Luco et al., 2011). 

Trans-acting proteins include the spliceosome and auxiliary proteins (alternative splicing 

regulators or ASRs such as ZRANB2) that interact with each other and the pre-mRNA (at 

regions such as rs1076560 on DRD2) to form complexes that either enhance or silence 

splicing. That is, binding of trans-acting proteins to cis-acting sites can either facilitate 

exon exclusion or inclusion, depending on the types of proteins that are interacting at the 

particular splice-site of the pre-mRNA. If either the abundance or recognition ability of 

these trans-acting proteins is disrupted, spliceopathology can occur. Spliceopathology 

can be considered as any malfunction in the splicing machinery that results in 

pathological outcomes.  

Changes or disruption to the splicing machinery can cause a variety of different 

outcomes. Through exon exclusion or intron retention they can lead to premature stop 

codons and truncated, non-functional proteins. However, some alternative splicing events 

result in protein isoforms that are functional, but differ from each other in regards to 

factors that activate them and/or their downstream function. Thus, alternative splicing 

allows for adjustment of the amount of active proteins or manipulation of the functions of 

proteins according to the cellular response that is required for specific processes, such as 

neurogenesis, neuronal migration, synapse formation, synaptic maturation, and plasticity 
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(Norris and Calarco, 2012). Genetic mutations that disrupt cis-acting regulatory sites and 

thus, recognition of trans-acting proteins, can prevent necessary manipulations of the 

transcriptome and can result in proteins that are not ideal for a particular developmental 

period or do not properly respond to certain environmental signals. When these types of 

mutations occur in proteins that play a role in cognitive functioning, situations may arise 

that prevent beneficial coping responses and leads to abnormal adaptation. That is, 

compensatory responses to harmful stimuli or environmental factors cannot be 

accomplished via manipulation of protein structure.  

 

Transcriptomic Analysis of Schizophrenia Postmortem Brains 
 
  Mental disorders such as schizophrenia are known to affect working memory and 

other cognitive functions, and suggest malfunctions in synaptic plasticity.  One 

hypothesis considers the pathophysiology of schizophrenia to be an alteration in brain 

circuits caused by a combination of abnormal neurodevelopmental processes and 

environmental factors (Insel, 2010).  These altered brain circuits largely involve 

glutamatergic and GABAergic neurons and, to a lesser extent, dopaminergic neurons.  

The observation that cognitive symptoms of schizophrenia can be induced in healthy 

volunteers by administration of ketamine, an NMDA receptor antagonist, resulted in the 

evolution of the “glutamate hypothesis” (Insel, 2010). This lead to the new concept that 

schizophrenia is caused by an imbalance between excitatory and inhibitory connections 

in the cortex and striatum. However, it is important to remember that dopamine has a 

strong and widespread influence on the development of these connections and on 

maintaining a balance between them. In fact, both glutamatergic projection neurons 
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(Tang et al., 2001) and GABAergic interneurons (Centonze et al., 2003) are under 

constant modulatory control by dopamine. It is this regulatory function that makes the 

dopamine pathway a prime therapeutic target for schizophrenia and a top candidate in our 

discussion of adaptability. Yet, because there now are many other convincing biological 

theories of schizophrenia (and strong data) that implicate abnormalities in pathways 

upstream, downstream, and parallel to the dopamine system, it is becoming increasingly 

clear that the dopamine hypothesis itself is probably an oversimplification.(Coyle, 2006)  

Observed dopaminergic abnormalities may be only one critical part of a larger, much 

more complex etiologic model of the disorder.  As a result, it seems crucial to view all 

the factors that affect neuronal circuitry, whether via dopaminergic, glutamatergic, 

GABAergic, serotonergic or other developmental pathways. Data generated in this thesis 

provided clear evidence that all are indeed involved. However, the most significant 

transcriptomic differences (in terms of the number of observations and their statistical 

significance) were seen at the exon level rather than the gene level, indicating that 

alternative splicing is a critical process that merits consideration in studies of mental 

disorders.  

  Results from microarray analyses that compared postmortem brains of 

schizophrenia and comparison subjects identified both regional and ubiquitous 

dysregulations of transcriptomic elements. These dysregulations are expected to 

ultimately result in differences in domains, structure, and/or function of proteins involved 

in neuronal connectivity. While we attribute the regional dysregulations to differential 

expression of trans-acting proteins, we considered ubiquitous dysregulations more likely 

to occur from disrupted cis-acting regulatory sites such as ones caused by mutations. 
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However, it is possible that epigenetic manipulations of cis-acting regulatory sites or 

genes that produce trans-acting proteins may also lead to regionally specific 

dysregulations. This study confirmed previously discovered schizophrenia-associated 

genes and uncovered new ones. However, the strength of this analysis is not only in the 

ability to identify genes that show dysregulated transcriptomic elements but also in the 

ability to pinpoint the exact exon/s or UTRs that are dysregulated. This provides 

invaluable information about the molecular interactions that might be affected. For 

example, the observation that Copine 3 shows a ubiquitous (in both Brodman Area 10 

and Caudate) alternative 3’UTR indicates a global dysregulation that might affect 

interactions with a microRNA (has-miR-607). Thus, the absence of the region that 

contains this microRNA-binding site in schizophrenia subjects may render them 

insensitive to the signal that induced the microRNA.  Replication of these results in a 

larger independent study is necessary in order to allow more careful evaluation and 

aggregation of evidence to support this hypothesis.  

 

Social Interaction and Transcriptomic Analysis of VPA Exposed Rats 

To explore neurodevelopmental disruptions that have been linked to social 

behavior and autism, we exposed rats to prenatal valproic acid (VPA). VPA has many 

mechanisms of action such as blocking sodium channels, increasing levels of GABA in 

the brain, and inhibiting histone deacetylase activity (Cohen et al., 2013). Although VPA 

is effectively used to treat a number of pathologies, such as epilepsy and bipolar mania, 

the use of this drug during pregnancy has been associated with increased risk of 

congenital malformations and an ASD-like syndrome in the offspring (Cohen et al., 
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2013). This inspired the development of the autism rat model which identified that 

exposure to VPA in gestation day 12-13 is the critical period associated with deficits in 

social behavior. At high doses, VPA exposure at this gestational day induces autistic-like 

behaviors and reduces neurogenesis. While moderate doses have also been shown to 

reduce neurogenesis, dysregulation in alternative splicing and the corresponding 

behavioral effects at this dose have not been elucidated until recently.  

Our results demonstrated an increase in social interaction behavior in rats 

prenatally exposed to VPA compared to control animals. In addition to these behavioral 

differences we also observed transcriptomic differences that may account for some of the 

behavioral differences between these two groups. This included a number of 

differentially expressed exons from genes that are known to affect social behavior. A 

deeper analysis of the specific dysregulated exons showed domains that are important for 

specifying interactions with other proteins and/or harbor catalytic domains that are 

crucial for receiving and propagating signals.  For example, Protein kinase N1 (Pkn1) 

Threonine 774 is known to be phosphorylated by PDK1 in response to insulin to induce 

actin polymerization, cell migration, and dendritic spine morphogenesis. However, in 

prenatally VPA-treated rats, the exon that contains this phosphorylation site is excluded 

to a greater degree than it is in controls. This suggests that the VPA-exposed rats may 

express Pkn1 isoforms that are less sensitive to insulin. Although speculative, my 

interpretation of the results from this study is that alternative splicing is compensating for 

the prenatal VPA insult by adjusting the number and types of catalytic domains of 

proteins involved in social behavior, thereby greatly affecting their sensitivities and 

functions. Long-lasting manipulation of alternative splicing can be accomplished via a 
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number of pathways; however, the most obvious mechanisms are epigenetic effects to 

cis-acting regulatory domains and/or trans-acting proteins.    

 

Association of DRD2 Genetic Variant to Schizophrenia, Splicing, ASR Binding, and 

Cognitive Function  

 The two main alternatively spliced isoforms of dopamine D2 receptor (DRD2) 

differ by only 29 amino acids in the third cytoplasmic loop. However, this region of the 

protein is an incredibly important domain, responsible for interacting with several 

intracellular messengers. Although our knowledge of the pathways that relay the 

messages from the dopamine receptors to the nucleus is growing, the effect on gene 

expression is still largely unknown, especially the molecular cascade unique to each 

DRD2 isoform. It is clear however, that DRD2 long and DRD2 short isoforms show 

differential or selective interactions with intracellular messengers. For example, the 

DRD2 long isoform shows specific interaction with the inhibitory G-protein Gαi2 

(Guiramand et al., 1995), as well as a significantly greater effect on Ca2+-dependent 

signaling as compared to the DRD2 short isoform (Takeuchi et al., 2002). DRD2 long 

receptor-triggered Ca2+-dependent signaling activates CaM kinase II (CamKII) and 

increases brain-derived neurotrophic factor (BDNF) expression (Takeuchi et al., 2002), 

both crucial for learning and memory. However, there are also additional pathways that 

converge to stimulate gene expression-driven responses. Most molecules (NMDA 

receptors, Par-4, CaM, AKT, Gi/o Protein, β-arrestin and others) that interact with 

dopamine D2 receptors interact with both isoforms; however, it is not clear if these 

interactions are of similar strength and if they evoke similar functional responses. 
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Therefore, characterization of the downstream signaling pathways that are unique to 

stimulation of each receptor isoform may give a clearer picture of the functional outputs 

of each isoform. 

  In order to evaluate specific functions of each receptor subtype, researchers 

developed a number of mouse models lacking certain dopamine receptors. Interrogation 

of these models with specific pharmacological treatments (D1-like / D2-like agonists and 

antagonists) has shown that each receptor subtype is important for the action of different 

populations of cells in the striatum. Dopamine D1 receptor-null mice illustrated the 

importance of dopamine D1-like receptors in depolarization of cholinergic interneurons, 

while in DRD2-null mice, GABA interneurons were affected (Centonze et al., 2003). 

Further dissection of the roles of each dopamine D2 receptor isoform has also shown 

distinct functions. Whereas both DRD2 long and DRD2 short were shown to be involved 

in inhibition of GABA release, glutamate release was found to be more dependent on 

DRD2 short activity (Centonze et al., 2004a). Furthermore, haloperidol is shown to 

induce long-term potentiation (LTP) via DRD2  long and has, seemingly, no effect on 

LTP via DRD2 short. Even more striking is that over-expression of DRD2 short (seen in 

the DRD2 long null mice) can restore LTP formation even after pharmacological 

blockade of DRD1 (Centonze et al., 2004b). Collectively, these findings suggest that each 

dopamine receptor has at least one downstream effector that interacts exclusively with 

that receptor. 

 Exploring the mechanisms that control the expression ratio of DRD2 long to 

DRD2 short receptor isoforms becomes even more important when considering that a 

DRD2 SNP (rs1076560) that modulates this ratio (Zhang et al., 2007) is now 
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conclusively associated with schizophrenia. Although the effect size for association of 

rs1076560 with schizophrenia is not large (odds ratio=1.1), the association of this SNP 

with intermediate phenotypes of schizophrenia, such as verbal fluency, verbal 

comprehension, and working memory, is striking. Schizophrenia subjects that carry the 

minor allele at rs1076560 (GT and TT subjects) performed worse than schizophrenia 

subjects that are homozygous for the G allele, in all neurocognitive tests performed, 

while control subjects carrying the minor allele showed increased cognitive performance. 

This phenomenon can be more easily unraveled in light of the fact that the minor T allele 

of rs1076560 is associated with a reduced relative amount of DRD2 short mRNA isoform 

in the DLPFC and that schizophrenia subjects have a significantly higher percentage of 

this isoform compared to controls. From these findings we speculate that, while the brain 

in schizophrenia patients attempts to manipulate LTP via increasing the ratio of DRD2 

short, the normally developed brain is able to recruit other compensatory responses to 

adjust the LTP response that is necessary for normal functioning. Furthermore, normally 

developing brains of control subjects apparently recruit a stronger compensatory response 

when carrying the minor allele, which seems to increase their level of performance even 

more (above the control GG subjects) on the specific neurocognitive tests used in the 

study. Further studies are necessary to explore this hypothesis however, for now 

association of rs1076560 with these endophenotypes augments our view of the 

association this SNP has with schizophrenia itself.   

Our data suggests that ZRANB2 acts as a splicing repressor by binding to intron 6 

on DRD2 at the region of rs1076560 (an intronic splicing silencer) and inhibiting 

spliceosome access to the 5’ splice site. This prevents cleavage of exon 6 from intron 6 
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and, thus, the splicing of exon 6 with exon 7 cannot transpire.  Furthermore, we 

discovered that a SNP (rs1076560) can alter binding of ZRANB2 to this cis-acting 

regulatory site and, thus, may cause recognition-spliceopathology. However, it is clear 

that rs1076560 is not the only SNP that affects splicing of DRD2, nor is ZRANB2 the 

only ASR involved. Therefore, future research should continue to interrogate DRD2 

genetic variants that influence splicing and identify the combination of trans-acting 

proteins that interact to accomplish this phenomenon.   

 

Limitations  

 Although, the work in this dissertation identifies many novel candidate genes 

associated with mental disorders and details dysregulation of specific exons of known 

candidate genes, a clear cause and effect between transcriptomic dysregulations and 

mental disorders has not been established Furthermore, it is possible that factors that are 

not directly involved with the observed behavioral differences are affecting these 

dysregulations. These restrictions also make it impossible to conclusively determine 

whether the differential ASVs seen between schizophrenia subjects and controls or 

between prenatal VPA-treated rats and controls are the result of a compensatory cellular 

response attempting to offset some process such as dysfunctional LTP or neurogenesis. 

These limitations raise issues that should help guide future genetic and transcriptomic 

analysis of animal and human behavior.  Additional experimental approaches that will be 

needed to clarify the results, and specific limitations for Chapters 2, 3, and 4 are 

described below.    
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In Chapter 2 (Acute Prenatal Exposure to a Moderate Dose of Valproic Acid 

Increases Social Behavior and Alters Gene Expression in Rats) a major limitation is that 

transcriptomic analysis was only performed in adults at P75, while measurements of the 

transcriptomic profile throughout development were not examined. Analysis at different 

developmental periods would provide critical clues about the transient and long lasting 

effects of VPA. Moreover, without studying the response to varying doses of VPA, we 

are left to assume that rats used in this study will perform similar to other studies, which 

showed a decrease in social interaction at higher prenatal doses. However, this was not 

the case in this study, and thus, several different doses administered at both acute and 

chronic times should also be considered in future studies. 	  

The lack of direct evidence linking VPA-induced specific brain circuitry 

pathologies to transcriptomic and behavioral abnormalities limits interpretation of VPA 

animal models. Differences in social behavior can be a result of other factors, such as 

changes in senses that are difficult to differentiate especially in rodent models. For 

example the increased social investigation, which measures sniffing, seen in prenatal 

VPA exposed rats could be a result of olfactory system pathologies rather than social 

behavioral differences. For this reason, a multilevel analysis that includes a thorough 

neuropathology examination can provide crucial insight of the underlying mechanism 

that controls these behaviors and prevent false attributions. Furthermore, there are other 

behavioral measures that could be tested, such as repetitive behavior, that may provide 

more information about the precise brain circuitry involved.    

Considering VPA’s diverse array of actions it is important to identify the 

molecular mechanisms underlying the observed changes in social behavior. If we 
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consider that the long lasting behavioral changes may be a result of a direct or indirect 

influence on the epigenome, than we are missing another critical level of analysis. For 

this reason it is also recommended to identify epigenetic factors that are manipulated in 

response to VPA and attempt to link these changes to the observed transcriptome.  

In chapter 3 (Transcriptomic Analysis of Postmortem Brain identifies 

Dysregulated Splicing Events in Novel Candidate Genes for Schizophrenia), because 

postmortem brain tissue from schizophrenia patients is an extremely rare and highly 

prized commodity, the sample size available for this study was quite small.  Our design, 

which included carving both discovery and replication samples from the same small 

primary sample, further exacerbated this problem; however, this approach was taken to 

foster more confidence in those results that did survive replication. However, this 

critically reduced the power of the discovery sample, as was evident by the ability to 

detect significant differences of ENAH exon 11a expression for the caudate only in the 

replication sample and not in the discovery sample.  

This anonymized sample was also not ideal because we were unable to determine 

the ancestry of each subject, which might relate to either genetically or environmentally 

mediated differences in TE expression.  Thus, if the SZ and NC groups differed 

systematically in ancestry and if the represented ancestral groups differed systematically 

in expression levels of particular mRNA isoforms, then it is possible we would have 

falsely attributed some of these ancestry-related differences to diagnosis.  Another 

limitation is that, because we did not have access to brain tissue from first-episode or 

prodromal patients, we are unable to rule out the possibility that the observed results are a 

function of (rather than cause of or contributor to) having SZ, such as treatment, 
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hospitalization, medical and psychiatric comorbidity, and substance use disorders, all of 

which are more common among SZ patients than NC subjects.  In an attempt to control 

for these factors, we followed-up by qRTPCR only those genes that did not differ in TE 

expression between the treated and untreated subgroups; however, power to detect such 

differences was quite low due to the small number of subjects in each group and the fact 

that all patients had been medicated at some time, even if not at the time of death.   

Future in vitro studies will be instrumental for validating these splicing 

abnormalities and more strongly attributing them to sequence variation rather than 

personal, clinical, agonal, or other factors. Moreover, a multilevel analysis that identifies 

epigenetic differences, genotypic differences, and transcriptomic differences between SZ 

and NC postmortem brains can help distinguish the possible mechanism that caused the 

dysregulated expression.  

 A major limitation in Chapter 4 (A Splicing-Regulatory Polymorphism in DRD2 

Disrupts ZRANB2 Binding, Impairs Verbal Fluency and Comprehension, and Reliably 

Increases Risk for Schizophrenia) is that the sample used in the association study (Han 

Chinese) was from a different ancestry than the sample used in the cognitive tests (mostly 

Caucasians). Therefore, it is possible that although, rs1076560(T) is associated with 

schizophrenia in the Han Chinese population, it does not increase risk for this disorder in 

other populations. Although the results of the cognitive performance test were striking, 

performing these tests with samples containing predominantly subjects from the Han 

Chinese population (MAF ~0.45) would provide more power to detect genotype 

differences and modes of inheritance with respect to the intermediate phenotypes 

measured in the cognitive test. Another limitation that is dependent on available ancestry 
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and sample size is the ability to observe SNP-SNP interactions. In our study we focused 

on one SNP however, the in-vitro studies demonstrated pretty complex SNP-SNP and 

haplotype interaction (data not shown), which we were not able to investigate because of 

the sample size and the unfavorable frequency of the minor alleles.   

  

Future Directions 

Future studies should be directed at five main foci; 1. Further inspection of SNPs, 

SNP-SNP interactions, and haplotypes that affect splicing. This should include a 

systematic evaluation of the ASRs that are involved. 2. Replication of expression studies 

in a larger sample via more powerful high-throughput tools (such as RNAseq and 

Affymetrix HTA arrays) in order to verify discoveries of dysregulated splicing and 

identify novel candidate isoforms. These more powerful assays will also allow better 

detection of the number and types of isoforms dysregulated. Furthermore, larger sample 

sizes will increase the power of these studies and reduce the false negative rates 3. 

Confirmation that splice variants correspond to changes at the protein level and 

identification of specific splice variant’s cellular function. 4. Construction of molecular 

networks for mental disorders that include splice variants and identify interactions that 

may be involved in the development of these disorders. 5. Generate regression models 

that include genotypes, splice variants, and cognitive functions in order to provide 

stronger correlations. However, it is now clear that mammalian transcriptomic studies of 

mental disorders or behavior that do not account for differential alternative splicing are 

possibly overlooking one of the most functionally relevant processes. Likewise, genomic 

studies must now consider SNPs or mutations (on introns or exons) as possible modifiers 



Chapter 5 
 

	   215 

of cis-acting regulatory sites that could disrupt interactions with trans-acting proteins.    

 

Conclusion 

One of the key features of alternative splicing is that it is responsive to 

environmental stimuli (Norris and Calarco, 2012). Under normal conditions, the 

expression of transcript isoforms of genes is constantly being altered in order to adapt to 

the changing environment or certain developmental cues. Therefore, in order to adapt 

efficiently and appropriately, the alternative splicing machinery must be functioning 

properly. A mutation in a cis-acting site or dysregulation of trans-acting proteins creates 

inadequate interactions that are not capable of generating the necessary expression of 

isoforms. The inability to generate appropriate levels of a specific isoform at particular 

developmental periods or during adaptation processes can have detrimental consequences 

such as improper synaptic plasticity or circuitry rewiring. This means that some 

alternative splicing abnormalities may be dormant and impossible to detect by expression 

analysis until the organism is faced with some environmental challenge.  However, the 

ability to adapt can perhaps be predicted by understanding the types and number of “hits” 

suffered by the alternative splicing machinery.  

Collectively the work presented in this dissertation indicates that splice isoforms 

are significantly and abundantly dysregulated in states of pathological neurodevelopment. 

Furthermore, the microarray data clearly illustrates that while whole-gene expression 

differences are present when comparing differential cognitive functions, alternative 

splicing dysregulations are more numerous and more significant. Whether transcriptomic 

variants are more consistently dysregulated and, thus, more functionally relevant to 
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mental disorders still needs to be confirmed. However, the results from these studies 

clearly indicate that these factors cannot be overlooked in our efforts to understand and 

treat mental disorders. 
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