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Abstract
The development of the human neocortex gives rise to a complex cytoarchitecture, grouping together
cells with similar structure, connectivity and function. As a result, the six neocortical laminae show
distinct molecular content. In schizophrenia, many anatomical and neurochemical changes appear
to be restricted to a subset of lamina and/or cell types. In this study, we hypothesized that
supragranular (SG; laminae II-III) and infragranular layers (IG; laminae V-VI) of area 46 in the
human prefrontal cortex will show distinct and specific transcriptome alterations between subjects
with schizophrenia and matched controls. To enhance sample homogeneity, we compared the gene
expression patterns of the SG and IG layers of 8 matched middle-aged male subjects with
schizophrenia to 8 pairwise matched controls using two replicate DNA microarrays for each sample.
The study revealed strong disease-related laminar expression differences between the SG and IG
layers. Expression changes were dominated by an overall underexpression of the IG-enriched genes
in the schizophrenia subjects compared to normal control subjects. Furthermore, using a diagnosis-
blind, unsupervised clustering of the control-derived SG or IG enriched transcripts, the IG-enriched
markers segregated the subjects with schizophrenia from the matched controls with a high degree of
confidence. Importantly, multiple members of the semaphorin gene family reported altered gene
expression, suggesting that the IG gene expression disturbances in subjects with schizophrenia may
be a result of altered cortical development and disrupted brain connectivity.
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INTRODUCTION
Schizophrenia is a devastating brain disorder that affects approximately 1% of the population.
The disease is associated with anatomical, molecular and biochemical changes as well as
impairment of cognitive function (Goldman-Rakic, 1994) (Elvevag and Goldberg, 2000).
Postmortem transcriptome studies of schizophrenia, mostly performed on prefrontal cortical
tissue, have uncovered expression alterations in genes responsible for synaptic function,
oligodendrocyte development, energy homeostasis and immune/chaperon response (for review
see (Iwamoto and Kato, 2006; Mirnics et al., 2006)). However, the vast majority of these
microarray studies focused on bulk cortical tissue, where the cellular complexity of the cortical
cytoarchitecture was lost in the harvesting procedures.

The human neocortex is organized into six layers that are differentiated by the size and packing
density of their constituent neurons. During cortical development, newly born neurons migrate
along radial fibers to reach their destination within the cortical plate. This process occurs in an
inside-out pattern, where the deep layers are populated first (Angevine and Sidman, 1961;
Caviness and Takahashi, 1995; Caviness et al., 1995; Gupta et al., 2002; Job and Tan, 2003;
Rakic, 1988; Rakic and Caviness, 1995). Once neurons reach their final destination, they
establish their final phenotypes and synaptic partners, resulting in a distinct connectivity across
cortical layers and regions (Bannister, 2005; Somogyi et al., 1998): projection neurons of layers
II/III mainly project to other cortical regions, layer V cells principally connect to the striatum
and brainstem, while those in layer VI send their axons to the thalamus (Bannister, 2005; Lewis
et al., 2002; Rockland, 2004).

The neocortex appears to show a subset of restricted, lamina and/or cell type-specific pathology
in schizophrenia. Large pyramidal cells of layer III show reduced somal size (Pierri et al.,
1999; Rajkowska et al., 1998; Sweet et al., 2004; Sweet et al., 2003); reelin expression deficits
are primarily found in the most superficial layers (D’Arcangelo, 2006), and GAD67 mRNA
expression deficits are prominent in layers 2-5 and absent in layer 6 of the prefrontal cortex
(PFC). Unfortunately, “data-driven” expression studies are rarely applied in a cell-type or
lamina-specific manner in studies of schizophrenia, suggesting that many gene expression
changes remain unknown to this date.

In our previous study (Arion et al., 2007b), we used laser dissection (capture) microscopy
(LCM) and DNA microarray profiling to identify lamina-specific molecular markers in human
PFC. After dissection and subsequent transcriptome profiling of supragranular (SG; II-III) and
infragranular (IG; V-VI) layers of PFC area 46, we identified >70 SG-IG enriched transcripts.
As this technique was able to reliably identify SG and IG transcriptomes in the human PFC,
we decided to apply the same strategy to compare the SG-IG transcriptome patterns in the PFC
of subjects with schizophrenia and matched controls. Using LCM, we collected brain samples
from SG and IG layers of 8 middle-aged male subjects with schizophrenia and 8 pairwise
matched control subjects, and compared their transcriptomes using Affymetrix
HG_U133plusV2 DNA microarrays – with a goal to obtain an unbiased and in-depth view of
SG-IG expression differences in schizophrenia.

EXPERIMENTAL PROCEDURES
1. Human brain samples for LCM study

Eight matched pairs of male control (CNT) and schizophrenia (SCZ) subjects were used in this
study (Table 1). Tissue samples of Brodmann area 46 (BA46) of the PFC were obtained from
the Conte Center for the Neuroscience of Mental Disorders (CCNMD) Brain Bank Core. All
control subjects were determined to be free of brain disorders based on data obtained from
clinical records, toxicology studies, neuropathological exam and structured interviews with
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surviving relatives, as previously described (Pierri et al., 1999). Frozen tissue was sectioned
on a cryostat at a thickness of 20 μm on Leica glass slides for membrane-based microdissection
(Leica LDM, Leica Microsystems Inc., Bannockburn, USA). The sections were stored frozen
up to 30 days at −80°C until they were processed and tissue was harvested by LCM.

2. Tissue processing and harvesting for LCM
Slides were hydrated with a graded ethanol series (95%, 75%, 50%), stained in cresyl violet,
dehydrated with ethanol (50%, 75%, 95%, 100%), cleared in xylene and air dried using the
LCM Staining Kit (Ambion, Austin, USA) according to the manufacturer’s instructions. The
slides were then immediately used for microdissection. Tissue sections were microdissected
using a Leica AS LMD system as previously described (Arion et al., 2007b). For both SG and
IG samples, areas of ~1×1 mm were laser dissected under 4 X magnification. The SG samples
included all of layers II and III and the most adjacent border of layer IV. The IG samples
included all of layers V and VI. IG and SG tissue were directly collected into lysis solution
(Ambion). Total RNA was extracted from these samples using the RNAqueous®-Micro kit
(Ambion). Typically, the extraction yielded 20 to 30 ng of total RNA from each sample. The
quality of the RNA was assessed using an Agilent 2100 Bioanalyzer. For each human brain, 4
independent samples were collected (2SG + 2IG). Microarray analysis was performed on the
total of 64 samples (Figure 1).

3. Amplification and microarray hybridization
Biotinylated cDNA samples were synthesized using the OVATION™ isothermal linear
amplification system (NuGEN Technologies, Inc, San Carlos, USA) from 15 to 25 ng of total
RNA. Following first strand and second strand cDNA synthesis, single-stranded cDNA
(sscDNA) was amplified using a proprietary Ribo-SPIA™ linear amplification technology.
The resulting sscDNA was fragmented and biotinylated according to the manufacturer’s
instructions. The quality of the cDNA before and after fragmentation was assessed using
Agilent 2100 Bioanalyzer. Samples were considered appropriate for microarray hybridization
if they showed a size distribution of > 1Kb and yielded > 3 μg of sscDNA. The labeled cDNA
samples were hybridized to Affymetrix HG-U133 Plus 2.0 GeneChip arrays (Affymetrix Inc.,
Sunnyvale, USA) using an Affymetrix Genechip Fluidics Station 450. Image segmentation
and generation of DAT files were performed using Microarray Analysis Suite 5.0 (MAS5).

4. Data analysis
Segmented images were normalized and log2 transformed using Gene Chip Robust Multi-array
Average (gcRMA) (Gentleman et al., 2004; Wu, 2005) by GSEA 2.0. To increase signal
strength and reduce noise in our dataset, for both SG and IG sample replicates, we averaged
the RMA-normalized intensities of the technical replicates originating from the same subject.

A. Definition of SG and IG enriched genes—Genes were considered SG- or IG-enriched
if they reported an |ALR|>1 at p<0.01 in both pairwise (within subject) and groupwise
comparisons.

B. Definition of changed gene expression in schizophrenia—Genes were
considered differentially expressed if they reported an |ALR|>0.585 (>50% change) at p<0.05.

C. Clustering—Hierarchical clustering was performed on the log2 transformed, gcRMA
normalized expression levels using Pearson correlation distance using GenePattern.

D. Data sharing—All microarray data, together with our previous datasets, are available
from http://mirnicslab.vanderbilt.edu/mirnicslab/.
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RESULTS
To ensure increased sample homogeneity and to minimize the effect of postmortem tissue
degradation, we selected only highly intact samples (mean pHSCZ= 6.85; mean pHCNT= 6.83)
from middle-aged males (Table 1). The 16 samples included in this study showed exceptional
RNA quality judged by RIN number (mean RINSCZ=8.2, mean RINCNT=8.6).

Supragranular gene expression changes in schizophrenia
When the SG transcriptome of subjects with schizophrenia was compared to that of matched
controls, we observed 419 probesets that reported differential expression of >50% (|ALR|
>0.585) at p<0.05 (for a list of differentially expressed genes see Supplemental Material 1).
The significant gene expression inductions outnumbered the transcript reductions by a 1.7:1
margin (266 vs. 153, respectively).

In an independent analysis of the dataset, we also assessed for enrichment of functional gene
pathways. This analysis was performed on an unfiltered, normalized dataset in GSEA
(Subramanian et al., 2007) using a predetermined set of molecular pathways established by
BioCarta or KEGG. Furthermore, searching for TRANSFAC/miRNA databases did not reveal
any conclusive enrichments in our SG dataset.

Infragranular gene expression changes in schizophrenia
Comparison of the IG transcriptome between schizophrenia and matched control subjects
revealed 1221 gene expression differences. In contrast to the SG data, significant gene
expression differences (>50%; p<0.05) in the IG layers were dominated by transcript
reductions in schizophrenia by a 4.2:1 margin (988 vs. 233, respectively). For a list of
differentially expressed genes see Supplemental Material 2.

Subsequent enrichment analyses, based on predetermined BioCarta, KEGG and TRANSFAC
gene sets (Subramanian et al., 2007), revealed no conclusive evidence of differential gene set
enrichments (data not shown).

IG-enriched genes classify the samples according to diagnosis
This dataset gave us a unique opportunity to determine if the expression of SG-enriched and
IG-enriched genes differed between schizophrenia and matched control subjects. First, we
defined a set of genes that reported significant differential expression between the SG and IG
layers of all control subjects: 384 probesets reported a >2-fold (|ALR|>1) expression
enrichment at p<0.01 in both pairwise and groupwise comparisons, with 158 transcripts
enriched in the SG and 226 transcripts overexpressed in the IG layers (Supplemental Material
3).

We then examined the discriminative power of the 158 SG-enriched transcripts to separate the
SG-derived samples according to diagnosis. The 158 SG-enriched transcripts did not show
differential expression between the schizophrenia and control samples (mean ALR=−0.01,
p=0.66) (Figure 2A). Furthermore, when these data were subjected to a two-way hierarchical
clustering, the gene expression levels were unable to separate the samples from the two
diagnostic classes (Figure 2B). In contrast, the 226 probesets showing enrichment in the IG
layers showed a prominent and highly significant reduction of gene expression in the SCZ
samples (ALR=−0.49, p<10−40) (Figure 3A). Consistent with this finding, the expression levels
of IG-enriched genes correctly separated out the diagnostic classes in a two-way hierarchical
clustering (Figure 3B).
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This strong finding in the IG layers of subjects with schizophrenia could be due either to the
disease process or the treatment with antipsychotic medications. Using our previously obtained
DNA microarray data on non-human primates chronically treated with antipsychotic
medications (Akil et al., 1999; Mirnics et al., 2000; Pierri et al., 1999), we compared the
expression levels of SG- and IG-enriched genes in the control and treated monkeys. Neither
olanzapine, nor haloperidol treatment reported a significant populational expression change in
the SG or IG-enriched transcripts (data not shown).

IG-enriched genes that are significantly changed in schizophrenia include critical
neurodevelopmental genes

Although the 226 IG-enriched probesets correctly separated the control and schizophrenia
samples, not all genes contributed similarly to this phenotypic separation. To achieve maximum
discriminatory power, we overlaid the SG-IG enriched dataset with the genes that were
differentially expressed in schizophrenia. This identified 51 overlapping gene probes (Table
2), which clustered the schizophrenia and control subjects according to diagnosis (Figure 4).
Interestingly, three members of the semaphorin gene family reported robust underexpression
in the IG sample (Figure 5): SEMA3E was reduced by 3.2-fold (ALR= −1.68, p=0.0012),
SEMA3C by 1.73-fold (ALR= −0.79, p=0.0003) and SEMA6D by 1.90-fold (ALR=−0.93,
p=0.0382). Furthermore, SEMA3A and SEMA4D, two additional members of a semaphorin
family, reported a similar downregulation trend in the schizophrenia samples (SEMA 3A:
ALR= −0.64, p=0.0985; SEMA4D: ALR= −0.55; p= 0.0748).

DISCUSSION
Harvesting and analyzing distinct anatomical regions increases experimental signal:noise ratio,
and localizes the molecular deficit to the harvested structure. Using LCM, the present study
attempted to identify distinct transcript phenotypic signatures between SG and IG layers in
schizophrenia compared to control subjects. We found the following: 1) Both SG and IG layers
reported significant gene expression differences in the PFC of the schizophrenia subjects.
However, while SG expression differences were dominated by increases in schizophrenia, IG
expression changes were mostly characterized by transcript underexpressions. 2) The
directionality of the differences in transcript expression was highly concordant between SG
and IG. 3) The number of transcripts significantly altered in subjects with schizophrenia was
almost three times higher in IG than in SG. 4) Only the IG-enriched markers showed specific
alteration in expression (decrease) in subjects with schizophrenia; the SG-enriched transcripts
did not. 5) Unsupervised clustering of all the subjects (regardless of diagnosis) using the IG
markers (but not the SG markers) correctly separated all the subjects according to their disease
status. 6) Gene expression changes in schizophrenia included multiple neurodevelopmental
genes. Most prominently, three members of the semaphorin family (SEMA3C, SEMA3E, and
SEMA6D) reported robust differential expression, suggesting that this family of genes may
play a critical role in the pathophysiology of schizophrenia.

While we believe that the observed gene expression changes are primarily a result of the disease
process of schizophrenia, we acknowledge that at least some of the observed transcriptome
differences could be an effect of other factors that might not be directly associated with the
primary pathophysiological process (e.g. smoking, socio-economic status, or differences in life
style).

Study design facilitates novel discovery
As DNA microarrays represent a powerful tool for the analysis of transcript expression, they
are now widely used for transcriptome profiling in brain disorders like schizophrenia. However,
it has become increasingly evident that this technique finds its limitation both in the quantity
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and quality of the human RNA samples, as well as the quality of the labeled cDNA or cRNA,
that are profiled. In the present study, we addressed most of these concerns by using the
following technical parameters: 1) We increased the homogeneity of our samples by using a
specific cohort of all middle age males. 2) All subjects had a RIN >7.4, a PMI< 30 hours and
a pH> 6.63, insuring good RNA integrity for all our RNA samples (Tomita et al., 2004) (Weis
et al., 2007) (Catts et al., 2005) (Li et al., 2004). 3) We used LCM to dissect out SG and IG
layers, thus enriching the harvest to cells that are more similar in connectivity and function. 4)
We used one single round of ribo-SPIA ss cDNA amplification, enabling us to use nanogram
quantities of starting RNA material – avoiding the need for multiple rounds of material
amplification, which can result in increased experimental noise (Barker et al., 2005). 5) We
used cDNA targets (instead of the classical cRNA targets) increasing binding specificity on
the microarrays as cRNA/DNA mismatches tend to be more stable than cDNA/DNA
mismatches.

This technical design allowed us to generate a dataset which replicated a number of previously
reported gene expression changes in the PFC of subjects with schizophrenia, including
inductions in IFITM1, IFITM3, CDKN1A, MEG3, HSPB1 and multiple heat-shock regulated
transcripts (Arion et al., 2007a), and reductions in GPR37, PLP1, RGS5, SEMA3A, ERBB4,
UBE2G1, UBE2V2, CSNK2A1, QKI, UGT8 or TF (Aberg et al., 2006); (Arion et al.,
2007a); (Haroutunian et al., 2006); (McCullumsmith et al., 2007); (Middleton et al., 2002);
(Mirnics et al., 2001); (Pongrac et al., 2002); (Aston et al., 2005).

Of the transcripts showing robust differences in our SG/IG dataset only GPR37, SYT13, ETV1
and CALB2 have documented transcript ISH distribution in the human Allen database
(http://humancortex.alleninstitute.org). Nevertheless, the distribution of all these transcripts
was concordant with our microarray results. In particular, the Allen database reported a strong
supragranular CALB2 overexpression in the DLPFC, which was comparable to our findings.
Furthermore, the identified of SG- and IG-specific markers in our current study were highly
correlated (R2=0.99, p<0.001) with previous reports of lamina-specific transcript distribution
in control subjects (Arion et al., 2007b). Finally, in the current dataset, the expression changes
we observed for CHI3L1, IFTM1, IFITM3, HSPB1 or MT2A (Arion et al., 2007a) were of
greater magnitude than previously reported, suggesting that our overall experimental design
increased signal to noise ratio and facilitated novel discovery.

IG-layer specific transcript dysregulation in schizophrenia
Previously performed postmortem studies suggest that schizophrenia is characterized by
microanatomical and neurochemical deficits in the SG layers of the PFC. These include reports
of somal size reduction of the pyramidal neurons in deep layer 3 (Rajkowska et al., 1998), a
diminished density of the GABA transporter-immunoreactive axon cartridges observed mainly
in deep layer 3 and layer 4 (Pierri et al., 1999) as well as fewer basilar dendritic spines in deep
layer 3 (Glantz and Lewis, 1997), (Garey et al., 1998).

In contrast, the findings of this study highlight robust transcriptome alterations that are specific
to IG layer in the PFC of subjects with schizophrenia. Although these differences may have
been observed in previous gene expression profiling studies of schizophrenia, due to the use
of the bulk tissue, they have never been appropriately assigned to the IG layers.

In a broader context, we hypothesize that the previously reported expression changes in SG
and IG in schizophrenia are interconnected such that schizophrenia is characterized by
molecular disturbances across all layers of the PFC. We believe that these disturbances are
defined by the connectivity of specific neuronal subpopulations across cortical laminae.
Importantly, projection neurons in layer III connect with pyramidal cells in layer V, and cells
in deeper layers receive input from both thalamic and superficial layers of the cortex (for review
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see ((Watts and Thomson, 2005) and (Alelu-Paz and Gimenez-Amaya, 2008)). Furthermore,
excitatory inputs from layer V target interneurons in layer III. Thus, the previously reported
SG pathology could be a consequence of the IG disturbances observed in our current study,
ultimately leading to broad and complex molecular disturbances seen across all layers of the
DLPFC. This hypothesis can be tested by comprehensive assessment of SG transcriptome and
connectivity in transgenic animal models that focus on targeted disruption of IG development.

Alternatively, the observed expression changes could be related to altered cortical
development. SG and IG neuron populations are born at different times and exhibit different
developmental trajectories (Casanova and Trippe, 2006; Rakic et al., 2009), and thus a given
environmental insult could have a different impact on SG or IG layers of the neocortex. This
developmental insult may act through two mechanisms: 1) altering the normal expression
profile of the cells that settled in their appropriate laminar locations or 2) affecting the
developmental stratification across the laminae, resulting in “laminar misplacement” of
neurons. Such misplacement could result in an altered phenotype of the inappropriately settled
neurons, where they would both retain part of their “original” molecular phenotype and acquire
molecular aspects of their “destination” molecular phenotype – and identifying them could
represent a significant challenge. A recent study reporting significant association between
schizophrenia and gene variants implicated in neuronal migration would be consistent with
this hypothesis (Kahler et al., 2008). However, with the possible exception of interstitial white
matter neurons, cell counting studies have not consistently found evidence of a maldistribution
of neurons in the PFC of subjects with schizophrenia.

Altered expression of the semaphorin gene family
Alterations in the expression of the SEMA3A protein have previously been associated with
schizophrenia (Eastwood et al., 2003). However, our study suggests a broader dysregulation
of semaphorin gene expression in the PFC of subjects with schizophrenia that involves multiple
family members. In mammals, the semaphorins represent a group of more than 20 proteins
divided in 7 subclasses according to their structural features. The semaphorins perform a variety
of functions including axon and dendrite guidance, axon pruning as well as providing guidance
cues allowing neuronal cell migration (for review see (Tamagnone and Comoglio, 2004),
(Waimey and Cheng, 2006)). Semaphorins bind to a number of receptors like plexins or
neuropilins, but also to a number of small GTPases which regulate cytoskeleton dynamics, a
process necessary for cell migration to occur. In our dataset, the altered expression of the SEMA
transcripts could be a result of altered developmental patterning of the cortex in schizophrenia,
representing a long lasting signature of an early developmental insult sustained by the PFC.
Such a signature may include, in addition to the SEMA genes a number of neurodevelopmental
genes like IFITM1, IFITM3 (Tanaka et al., 2005), ETV1 (Arber et al., 2000), DGCR8 (Stark
et al., 2008) or ERBB4 (Flames et al., 2004), which all reported altered expression in our
dataset. Furthermore, schizophrenia susceptibility genes like Reelin, GAD67 (Popp et al.,
2009) (Akbarian and Huang, 2006)), NRG1 (Birchmeier, 2009) and DISC1 (Schurov et al.,
2004) are also developmentally regulated, further strengthening the neurodevelopmental
hypothesis of schizophrenia (Marenco and Weinberger, 2000) (Lewis and Levitt, 2002).

Alternatively, SEMA transcript dysregulation may not only be related to an early
developmental insult. The continuous expression of the SEMA transcripts later in life suggests
that their role is not limited to early development and the wiring of neuronal circuits. While
our understanding of the role of semaphorins in the adult brain is still incomplete, multiple
lines of evidence suggest that they are located at the synapse where they could play an important
maintenance role and/or be involved in synaptic transmission and plasticity (Burkhardt et al.,
2005) (Sahay et al., 2005) (Bouzioukh et al., 2006) (for review see (Mann et al., 2007)). Thus,
altered expression of the SEMA genes, though their ability to induce cytoskeleton and

Arion et al. Page 7

Neurobiol Dis. Author manuscript; available in PMC 2011 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



potentially axon terminal modifications, may directly impact on synaptic function of the PFC.
For example, in mature monkeys SEMA3E is strongly and preferentially expressed in
neocortical layer VI, while its receptor, PlexinD1, is expressed in the more superficial layers
(Watakabe et al., 2006). Thus, the robust presence of SEMA3E in layer VI could have an
inhibitory influence on cortico-cortical interactions between the deep and superficial layers of
the cortex. As a result, the semaphorin system could act as a molecular integrator across the
various cortical layers, and its imbalance could actively contribute to the disease phenotype.

Finally, the altered expression of some of the SEMA gene family raises the question if any of
the SEMA family members are also schizophrenia susceptibility genes. Research findings over
the last 10 years indicate that genetic susceptibility to schizophrenia and postmortem changes
in the PFC are strongly linked. For example, RGS4, GAD67, DISC1, GABRAB2, GABRAG3,
NRG1 and 14-3-3 all show expression alterations in the postmortem brain of subjects with
schizophrenia, and these genes have been also implicated as heritable schizophrenia
susceptibility genes (Levitt et al., 2006) (Mirnics et al., 2006). Thus, assessing the role of SEMA
family members in gene association studies of schizophrenia might represent a promising line
of future investigation.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Experimental design
All PFC BA 46 samples were harvested using laser dissection microscopy (LCM). For each
of the 16 postmortem subjects (8 SCZ and 8 matched CNT) 4 samples were obtained, 2 from
supragranular (SG: laminae II-III) and 2 from the underlying infragranular (IG: laminae V-VI)
cortical layers. Each sample was amplified by a single-round isothermal linear amplification
and hybridized to a HG_U133plusV2 Affymetrix oligonucleotide microarray. This generated
a dataset of 64 arrays, which were subjected to gcRMA normalization and several distinct
statistical analyses. In subsequent analyses SG-IG enriched genes were overlaid with the
diagnosis comparison, identifying genes SG-IG laminar markers that also showed differential
expression in the brain of subjects with schizophrenia.
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Figure 2. SG-enriched genes show no expression change in subjects with schizophrenia
A. ALRSCZ-CNT distribution of the 158 SG-enriched transcripts. Each symbol denotes a single
gene, X axis corresponds to the ALRSCZ-CNT in the SG samples, Y axis shows the mean
intensity for each of the IG-enriched genes across all samples. Note that the transcript
population ALRs are comparably distributed across the two sides of the unity line, indicating
no SG-enriched gene overexpression or underexpression in SCZ samples. B. The dendrogram
is derived from GSEA two-way hierarchical clustering of expression levels from the 158 SG-
enriched transcripts. The SCZ (red bar) and CNT samples (green bar) could not be separated
based on the expression levels of the SG-enriched genes.
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Figure 3. IG-enriched genes show a robust expression repression in subjects with schizophrenia
A. ALRSCZ-CNT distribution of the 226 IG-enriched transcripts. Each symbol denotes a single
gene, X axis corresponds to the ALRSCZ-CNT in the IG samples, Y axis shows the mean
intensity for each of the IG-enriched genes across all samples. Note the robust shift of the
transcript population to the left (underexpression in SCZ). B. The dendrogram is derived from
GSEA two-way hierarchical clustering of expression levels from the 226 IG-enriched
transcripts. Although the disease status was not the entered in the clustering, IG markers
perfectly clustered the SCZ (red bar) and CNT samples (green bar) in the IG samples.
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Figure 4. Two-way hierarchical clustering of SG-IG enriched genes that showed differential
expression in the SCZ-CNT comparison
The figure denotes a two-way clustering of the normalized expression levels for 51 SG-IG
enriched genes altered in schizophrenia. In the vertical dendrogram, each arm represents a
single sample (red-schizophrenia; green – control), rows denote gene probesets with NCBI
accession numbers and gene symbols. Each pixel corresponds to a log2-normalized expression
level in a single sample. The intensity of red is proportional to transcript increase, while the
blue intensity is proportional to transcript decrease. Based on the expression levels of these 61
probe sets, the vertical dendrogram perfectly separated out the schizophrenia (red) and control
samples (green). Numeric data is represented in Table 2.
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Figure 5. Gene expression profile across subjects for three Semaphorin family members
In each figure, sample pairs are denoted on X axis (AVG corresponds to mean), Y axis denotes
RMA normalized log2 expression level. Blue symbols represent control subjects, red symbols
correspond to subjects with schizophrenia. Note the downregulation of all three SEMA genes
across the subject pairs.
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