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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 ilinesses 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 mMRNA 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 gRTPCR and replicated in the remaining
independent sample of 16 SZ patients and 16 normal comparison subjects. These results, if further
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replicated, clearly illustrate the importance of Identifying transcriptomic variants in expression
studies, and implicate novel candidate genes in the disorder.

INTRODUCTION

One method commonly employed to unravel the underlying biology of schizophrenia (S2)
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 CTNNAZ (Mexal et
al., 2008), D/SC1 (Nakata et al., 2009), ERBB4 (Law et al., 2007), ESR1 (Weickert et al.,
2008), GRM3 (Sartorius et al., 2008), and NRG1 (Tan et al., 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 (RIN) (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). Subsequent to verification, select observations from
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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 B-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
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 (RMA)
(Irizarry et al., 2003). The set of eight GeneChips was standardized using gquantile
normalization, and expression levels of each probe underwent /og-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 (1D) with diagnostic group, which allowed for the detection of differences in the
expression of one or more TEs in a gene between diagnostic groups (Partek Incorporated,
2008). The significance of these interaction terms (one per gene) was judged against a
stringent Bonferroni-corrected threshold of p=2.47¢796, and post-hoc A~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
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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 gRTPCR 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 AAC+ method (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 (£=5.07¢&%4) and
actinin-type actin-binding domains (£=6.09¢7%4), 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
(0=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 expectation.

CPNES3, 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=8.45¢93). The most significant enrichment was
for genes containing one or more fibronectin type-lll-like fold (p=7.14€793), 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=9.55¢703), peptidase C1A, papain C-
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terminal (three genes; 11.5-fold enrichment; p=2.68¢92), and histone core (four genes; 5.0-
fold enrichment; p=4.50¢792). 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 CPNES, which
exhibited a Bonferroni-corrected significant interaction in both BA10 (/=15.00, p=6.6¢"2%)
and CAUD (F=18.52, p=1.0¢"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, A=35.89, p=9.7¢™%;
panel B: CAUD, /=113.56, p=4.067°), suggesting that SZ 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 (0=0.034),
indicating that this result generalizes across samples and brain regions.

The second gene followed-up by gRTPCR 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=5.5¢797) but not in CAUD (£=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 (~=15.96, p=0.007). This precise pattern was recapitulated by gRTPCR, 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
(0=0.037), and no significant difference observed in CAUD (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 (0=0.035);
unexpectedly, we also detected a significant decrease in exon 11a expression in CAUD in
the replication sample by gRTPCR (p=0.001).

The last result selected for confirmation by gRTPCR was the up-regulation of KLHL5exon
10 in SZ. This gene’s expression levels showed highly significant evidence of a diagnosis by
TE ID interaction in both BA10 (/=4.17; p=1.16"%) and CAUD (F=3.89; p=2.4¢™%) 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: /=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 gRTPCR 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
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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 CPNE3and ENAH. However, further
investigation of KLHL5’stranscriptomic profile by direct sequencing or gRTPCR 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 postmortermn 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 (/.e.,
alternative splicing regulators) in a similarly region-specific manner. In support of this
possibility, we found nominally significant evidence of dysregulation of full-length splicing-
regulatory transcripts such as HNRNPHI (p=0.004), HNRNPH3 (p=0.039), HNRNPC
(1p=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 (CPNES3, 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 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, STXBPZ, SYNEZ, UTRN, and ZDHHC17) had
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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 CTNNAZ, DISC1, ESR1,
GRM3, and NRGI; 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 D/ISCI 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, SNAPZ25, and Neuroligins 2 and 4X) were also found 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 mMRNA 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
gRTPCR 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 /n 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”
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expression arrays. Looking back, this might explain in part why prior microarray-based
studies of postmorterm 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.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Exonic Expression and Alternative 3'UTR Usage of CPNE3in: A) BA10; and B) CAUD
Microarray results of differential probe expression of Copine3 (CPNVES) in Brodman Area
10 (A) and Caudate (B) in postmortem brain tissue samples from normal control subjects
(NC) (r=4) and individuals with schizophrenia (SZ) (r7=4). The interaction of diagnosis and
exon 1D 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=9.7¢-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 Splicing of ENAH in: A) BA10; and B) CAUD
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) (7=4) and individuals with schizophrenia (SZ) (77=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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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 (1) 100 (4)  100(4)  375()  31.2(5)
Age: mean years+S.D. 59.04#3.7 58.3+2.1 68.2+22.7 66.5+20.7
Postmortem Interval: mean hours=S.D. 24941 24.0+£35 188+7.0 219453

RNA Integrity Number (RIN): meantS.D.  8.0+1.2 7.8+1.3 7.9+0.5 8.3+1.3

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).
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