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Abstract

Over the last decade transcriptome studies of postmortem tissue from subjects with schizophrenia
revealed that synaptic, mitochondrial, immune system, GABA-ergic and oligodendrocytic changes
are all integral parts of the disease process. The combined genetic and transcriptomics studies
argue that the molecular underpinnings of the disease are even more varied than the symptomatic
diversity of schizophrenia. Ultimately, to decipher the pathophysiology of human disorders in
general, we will need to understand the function of hundreds of genes and regulatory elements in
our genome, and the consequences of their overexpression and reduced expression in a
developmental context. Furthermore, integration of knowledge from various data sources remains
a monumental challenge that has to be systematically addressed in the upcoming decades. In the
end, our success in interpreting the molecular changes in schizophrenia will depend on our ability
to understand the biology using innovative ideas and cannot depend on the hope of developing
novel, more powerful technologies.
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1) Gene expression changes in schizophrenia

Gene expression changes in the postmortem brains of subjects with schizophrenia have been
studied for many decades. These studies initially included low throughput methodologies,
encompassing northern blotting and in situ hybridization, and were expanded more recently
to gPCR, DNA microarrays, and RNAseq (1). Over the last half century a tremendous
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amount of data has been generated, yet our understanding of gene expression changes in
schizophrenia is still limited. Reasons for this incomplete knowledge are complex and
include both disease-related factors and technical limitation. Schizophrenia is a spectrum
disorder rather than a single diagnosis (2) and the etiology of the disease is complex,
encompassing both environmental and genetic factors (3). Substance abuse is quite common
in the patient population (4), and various comorbidities and lifestyle differences have also a
strong effect on the findings. The picture is further complicated by limited availability of
postmortem material, postmortem interval, medication history, circumstances of death and
the disease progression between disease onset and the brain harvest (5). In addition,
considering the potential cohort biases and very small sample sizes, differences in
experimental methodology, and the diverse data analytical methods used, it is perhaps not
surprising that transcriptome findings often do not replicate across the investigated cohorts

(6).

Still, while most of the single-gene expression changes in schizophrenia have poor
reproducibility across studies, data-driven approaches were able to provide us with a more
reproducible list of gene expression network disruptions that are related to schizophrenia.
While the cascade of causality remains uncertain, it appears that synaptic (7, 8),
mitochondrial (9, 10), immune system (6, 11), GABA-ergic (12, 13), and oligodendrocytic
(14, 15) mRNA changes are all integral parts of the disease process (1, 16). However, it is
important to point out that not all patients show deficits in all molecular domains: there is a
clear molecular sub-stratification of patients (6, 11), and that synaptic, immune,
oligodendrocytic, GABA-ergic or other, etiologically diverse processes might give rise to
the same behavioral disturbance. Thus, schizophrenia is not a disease of a single molecular
pathway — rather, transcriptome changes argue for the existence of predominantly
“synaptic”, oligodendrocytic” and multiple other molecular subtypes of schizophrenia (17)
that sort along a continuum in a complex, partially overlapping pattern: each subject with
schizophrenia might show a dominant deficit in one of the molecular domains, yet the
overall molecular deficit might also encompass elements from other molecular pathways.

The current review is focused on mMRNA changes — however, it is clear that other, non-
coding RNA species also play a critical role in regulating gene expression, and appear to
significantly contribute to the disease process of schizophrenia (18, 19).

2) Small signals in genetics vs. strong signals in transcriptome

Postmortem gene expression studies are typically performed on dozens of brains, while
genome-wide association studies (GWAS) include thousands of patient samples. To date,
GWA studies identified a number of genetic elements that predispose to schizophrenia (20—
23). It appears that two different, but interrelated mechanisms are at work: common alleles
conferring small, cumulative risk to the disease through single nucleotide polymorphisms
(SNPs), and low-frequency large effect structural chromosomal abnormalities known as
copy-number variants (CNVs). Yet, common SNPs with relatively small effect sizes that can
only partially explain the strong heritability of the disease (20-24), and defining a CNV as
causal to the disease is even more challenging. In contrast, postmortem gene expression
studies reveal much stronger disease-associated signals: even with small sample sizes, there
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are well-replicated gene expression disturbances that are present in a significant
subpopulation of subjects with schizophrenia. For example, GAD1/GAD67 underexpression
appears to be a hallmark of the illness (25), and present in the majority of the subjects with
the disease — yet, this cannot be explained by genetic susceptibility in the GAD1 gene itself,
lifestyle, medication history or other confounds. Similarly, immune system disturbances can
be identified in >20% of the postmortem brains of diseased subjects (6, 11, 26), but these
changes cannot be traced back to a specific genetic predisposition. Thus, this strongly
suggest that gene expression changes are a cumulative readout of different genetic
susceptibilities and environmental insults, which converge onto common molecular (and
ultimately functional cellular) pathways (5, 27).

Expression quantitative trait loci (eQTLs) studies of schizophrenia also support the notion of
common, converging expression readout of genetic vulnerabilities. eQTLs are genomic loci
that regulate expression levels of MRNASs or proteins. In context of schizophrenia, one
would predict that schizophrenia susceptibility alleles are enriched for those that can affect
gene expression, and that eQTLs should carry more true association signals. Recent studies
provide strong support for this prediction: schizophrenia susceptibility alleles are enriched
for SNPs that affect gene expression in adult human brain. Furthermore, higher probability
eQTLs predict schizophrenia better than those with a lower probability for being a eQTL
(21, 28).

Further evidence for genome-transcriptome convergence comes from an interesting
relationship between genetic susceptibility found in patient DNA and gene expression
changes seen in postmortem brains of subjects. The vast majority of the schizophrenia
susceptibility genes also show altered transcript expression in the postmortem brain, even in
subjects that do not harbor these particular disease-predisposing variants (5). This is true for
both the previously identified candidate gene studies and the GWAS uncovered
susceptibility genes. For example, the major histocompatibility complex locus confers
genetic susceptibility to schizophrenia (29), and transcripts originating from this cytogenetic
region also show dysregulation in postmortem transcriptome studies (30, 31) — even in the
brains with no apparent genetic susceptibility in the same locus. Similarly, risk-associated
SNP of the alpha-1C subunit of the L-type voltage-gated calcium channel (CACNALC)
shows mRNA expression changes in the brain of subjects with schizophrenia (32), and a
similar relationship is observed for transcription factor 4 (TCF4) (33), and possibly other
GWAS-uncovered schizophrenia-predisposing genes. This can be explained by the above-
discussed pathway view of schizophrenia: there might be various, patient-specific disease-
predisposing genetic elements in the pathways upstream of the changed transcript. Yet, the
different genetic susceptibilities are likely to give rise to a common expression change at
points of molecular convergences.

3) Environmental influences and genetic vulnerability converge on the

transcriptome

As mentioned above, genetic susceptibility can be strongly potentiated by environmental
factors. Increased incidence of schizophrenia has been associated with urban lifestyle,
prenatal infections, malnutrition, adolescent cannabis abuse, perinatal hypoxia, and other
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factors (34). These adverse events act in concert with genetic predisposition and the
transcriptome changes represent a sum of gene*environment interactions that jointly tip the
balance of the transcriptome. Ultimately, the transcriptome changes will affect growth,
axonal pathfinding, neuronal arborization, synapse formation and pruning, energy
metabolism and many other developmental and cellular processes. Once the compensatory
mechanisms are exceeded, these changes manifest themselves as a specific behavioral
phenotype, which we define as the symptoms of the disease.

Many human and transgenic mouse studies demonstrate this very eloquently. However,
while human evidence comes from epidemiological studies (34) and can be considered only
indirect proof, the animal studies provide clear evidence that the effect of putative
schizophrenia susceptibility genes is greatly influenced by environment. DISC1 mutant
mice, when exposed to early immune activation or social paradigms, show more pronounced
behavioral and molecular deficits not observed in the unchallenged mutants (35). In
addition, a mild isolation stress affects the mesocortical projection of dopaminergic neurons,
but only when combined with a relevant genetic risk for neuropsychiatric disorders (36).
Furthermore, ifitm3~/~ mice do not develop the characteristic cellular-molecular-behavioral
phenotype after maternal immune activation (e.g. impaired neurite outgrowth and dendritic
spine formation, diminished MAP2 expression, altered object recognition and exploratory
behavior), underscoring that the gene*environment interaction can act both as detrimental
and as protective factors (37).

It is important to note that the environmental modification of genetic disease predisposition
is not only related to schizophrenia, but appears to be a universal theme across many
neurological and psychiatric disorders. For example, when coupled with adverse life
experiences, individuals with one or two copies of the short allele of the 5-HTT promoter
polymorphism show more depressive symptoms, diagnosable depression, and suicidality
than individuals homozygous for the long allele (38, 39). In contrast, Alzheimer’s Disease
mutant mice models, when exposed to enriched environment, show significantly reduced
amyloid deposition in the brain and remarkable sparing of cognitive functions (40).

4) Environment predisposes, genetic susceptibility specifies disease

It is well established that environmental influences protect or predispose to disease (34).
Yet, environmental factors appear to be quite non-disease specific in their actions. For
example, physical exercise slows the progression of Alzheimer’s Disease (41), Parkinson’s
Disease (42), Huntington’s Disease (43), and many other brain disorders. Similarly, prenatal
immune activation by various agents appears to predispose both to schizophrenia and autism
(3). Thus, most of the environmental influences could be viewed as common predisposers/
protectors across various brain disorders. As a result, we hypothesize that the disease
specificity and phenotypic symptoms are defined by the genetic predisposition: the same
environmental insult could have no effect at all, have only a minor effect, or result in well-
defined behavioral end-phenotype, often giving rise to a full-blown clinical diagnosis
(Figure 1). Thus, the specific behavioral end-results are likely to be defined by the genetic
susceptibility. The recent findings of the Cross Disorders PGC group, showing that some
disorders have considerable genetic co-variation between disorders (21), actually strengthen
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our hypothesis. This study basically states that there are common building blocks (genes) of
multiple mental disorders. Knowing that the GWAS uncovered disease-predisposing genetic
elements are quite distinct for schizophrenia and major depression (22, 44), it is likely that
specific disease predisposition is a result of a combination of various genetic elements
within the individual’s genome. Thus, the same genetic elements, in different arrangement,
will predispose to different disorders.

Furthermore, it is also noteworthy that the exact timing, duration, frequency and magnitude
of the deleterious environmental influences have a huge influence on the ultimate outcome,
as genetic predisposition and environmental influences interact on a developmental timeline
(45, 46). Although we know that developmental insults during prenatal development
predispose to schizophrenia (e.g. prenatal maternal infection), it appears that there are
multiple vulnerability periods that extend all the way to adolescence, as cannabis abuse
during adolescence has been associated with a greater incidence of the disease (34).
Unfortunately, at the current time we do not understand how the behavioral phenotypes are
related to the transcriptome changes produced by the gene*environment interaction in the
human brain — these processes can only be partially modeled in animals.

5) Genetic diversity and phenotypic similarity

The diagnosis of schizophrenia is established based on phenotypic-symptomatic
manifestations of the disease (2). While there is a tremendous genetic diversity across the
genome of patients, the manifestations of the disease (established by the DSM diagnostic
criteria) are relatively common. The treatment of schizophrenia today is also quite similar,
regardless of the underlying genetic diversity (47). Personalized treatment based on genetic
makeup of patients, although showing considerable promise, remains elusive (48). However,
the phenotypic similarity and use of similar therapy across patients with schizophrenia
suggests that there is a strong molecular convergence at work: while the
genetic*environmental pathophysiology might be unique for each patient, they feed into
common disease-related pathways, disrupting fundamental processes that give rise to altered
information processing, emotion, and behavior. This concept is strongly supported by the
microanatomical disturbances and transcriptome signature in the postmortem brain from
subjects with schizophrenia, where the disturbances are characteristic of a relatively large
subgroup of the diseased subjects (6) — even when the studied cohort is too small for the
detection of the genetic predisposition to the disease. In this view, schizophrenia can be
considered a disease of converging molecular pathways.

6) Hub genes and converging pathways

From the perspective of disease pathophysiology, not all genes and transcripts are created
equal. Some genes encode proteins that have hundreds of interacting partners, while others
serve a single purpose. Nonsense mutations or deletion of some genes lead to death or a
well-defined disease, while others can be removed from the genome with no apparent
deleterious effects on overall health or behavior. Thus, gene transcripts can be compared to a
set of complexly arranged domino tiles with many converging lines, where a fall of a single
domino can have an enormous effect or quite small impact on the overall network.
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To address this, the main foci of brain transcriptome studies today are the molecular
pathways, rather than single genes. This approach may group genes together based on
known functions (e.g. synaptic release genes, transcription factors), gene-centered pathways
(e.g. TrKB, AKT, BDNF or DISC1 signaling) (49), disease pathophysiology (e.g. ApoE or
PS1 function), metabolic pathways (e.g. oxidative phosphorylation, pentose cycle), substrate
activity (e.g. receptor tyrosine kinases, GPCRs), intracellular location of their encoded
protein (cell membrane, cytosol, ER), chromosomal location (22g11-13 genes), or any other
principle that is appropriate for a particular study. Then, after the pathway analysis is
performed, the investigator can make conclusions about the preferential involvement or
enrichment of a particular group of transcripts.

These molecular pathway analyses can be performed by a wide variety of commercial or
custom-made tools. Over the last ten years several customizable, complementary, and free
software packages and approaches were developed. They were instrumental for shifting our
attention from “single-gene analysis” to “pathways assessments”. In Supplement 1 we will
review only a few of the commonly used bioinformatics toolsets for comprehensive
assessment of molecular differences. However, it should be pointed out that our goal was
only to highlight the various strategies and the remaining challenges, and not striving for a
comprehensive review of the various analytical approaches and methods.

While these analytical tools contribute greatly to our understanding of the disturbed
transcriptome and altered cellular function, several significant challenges remain. First, as
already mentioned, the relative weight of any gene in a particular network is poorly
understood. Should the so called “hub genes” (points of molecular convergence between
various pathways) receive special consideration in these analyses, based on their
participation in a variety of molecular networks? Should transcription factors be more
heavily weighted, as they often control the expression of multiple genes and extensive
downstream molecular cascades?

Second, including many members of a single gene family in a pathway can overwhelm the
studied pathway, leading to both false negative and false positive findings. For example,
including the >15 synaptotagmin genes (50) in a synaptic release pathway could potentially
mask the effect on the molecular cascade - especially if the synaptic release pathway is
narrowly defined and includes relatively few gene transcripts beyond the synaptotagmin
family. Assessing the expression of such a group of genes would represent a “synaptotagmin
family” analysis rather than a “synaptic pathway” assessment, potentially leading to false
conclusions about the involvement of a synaptic pathway.

Third, how inclusive should any molecular pathway be? Transcripts encoding
multifunctional proteins (e.g. early-immediate genes, 14-3-3 gene family) (51) could
potentially influence hundreds of molecular pathways, with various effect sizes on each of
those. Including them into all the pathways they might participate in might compromises
pathway specificity, yet how can we decide when should they be included or left out?

Fourth, most of the pathway analyses do not respect the microanatomical
compartmentalization and functional diversity of the brain cells. Yet, the different cell types

Biol Psychiatry. Author manuscript; available in PMC 2016 January 01.



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

1duosnuely Joyny vd-HIN

Horvéath and Mirnics

Page 7

often use different transcript networks. Most transcriptome experiments are performed on
RNA originating from diverse cell populations (e.g. brain region or cortical layer), which
contains multiple cell type specific transcriptome profiles (glia, principal neurons,
interneurons) and restricted, cell-type specific changes are washed out and blended into an
artificial average for the entire sample. For example, while GABA receptors and GAD67
transcripts can be both classified as part of the GABA-ergic pathway, they might not be
expressed on the same cell type. Furthermore, underexpression of the same receptor can
have vastly different effects on the neural network and behavior if it occurs in the inhibitory
interneurons or in principal, glutamatergic excitatory neurons. Our analysis tools are not
well suited to respect this anatomical compartmentalization. By finding biologically
meaningful correlations, WGCNA is perhaps the best suited analytical method to alleviate
some of these concerns (52, 53), yet even this approach cannot assign transcriptome changes
to specific cell types of anatomical substructures. As a result, cell type specific enrichment
of starting material using laser dissection microscopy (54-57) and flow sorting (58, 59) can
take transcriptome profiling to a whole new level of resolution. However, these harvesting
methods are labor intensive, time and resource consuming, and low throughput and have
seen only limited use in transcriptome profiling experiments to date.

The above-mentioned four challenges still significantly limit our understanding of
transcriptome data (60). We must be aware of them in performing our analyses, and as a
result, we should always tailor the analytical strategy to the experimental design and the
scientific question pursued (1).

7) Methods evolve, the main challenges remain

Transcriptome profiling of human brain disorders is still evolving, and we have an ever-
expanding arsenal of tools available to us (61). Northern hybridizations gave way to in situ
hybridization and gPCR while gene expression microarrays and SAGE are rapidly losing
ground to RNA sequencing. While all of these methods generate valuable, interesting, and
technically correct data, significant challenges remain.

First, it appears that our main challenge is biological and not technical. Schizophrenia is a
very broad diagnosis, as it describes a spectrum rather than a well-defined disease entity (2).
The combined genetic and transcriptomics studies argue that the molecular underpinnings
might be as heterogeneous as the clinical presentations among patients, but this will have to
be further validated on large-scale studies. Thus, it is not surprising that gene expression
findings of schizophrenia often do not replicate across different cohorts of subjects (6).
Categorizing schizophrenia into more homogenous biological and genetic constructs has
been a major challenge: the clinical sub-classification efforts have not yet resulted in the
discovery of clearly predictive (central or peripheral) biomarkers of the disease (62).

The second challenge of molecular profiling is access to meaningful biological material, and
postmortem studies are typically performed on dozens of samples, potentially biasing the
outcome of such studies. Postmortem brain tissue is a limited, non-renewable resource,
obtained several decades after the onset of the disease. The obtained transcriptome profiles
reflect a combination of the disease process, progress of illness, postmortem interval,
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lifestyle changes, comorbidity, treatment of disease, individual variability, and many other
factors (5). In contrast, peripheral biomarkers, while readily accessible and better controlled,
do not clearly capture the disease process that primarily occurs in the brain. Induced
pluripotent stem cells (IPSCs) and olfactory cells from patients are much better suited for
understanding the disease mechanisms than assessing biochemical analyses, and the initial
studies suggest that they hold a great promise for deciphering disease pathophysiology (63,
64). Yet, at the current time this is a low throughput technology with considerable
limitations: schizophrenia is also about connectivity between cells, various cell types,
lamination patterns, and many other factors that are extremely challenging to study using in
vitro systems.

8) What does the future hold?

At the end, understanding the biology and integration of data are as critical as developing a
novel, more powerful technologies. While novel technologies clearly open the door to new,
exciting discoveries, diseases are about disturbed function, superimposed on individual
variability. We can find enrichment in CNVs in patients with schizophrenia, identify
predisposing SNPs, sequence the DNA of all the individuals on the planet, describe
transcriptome disturbances associated with the disease, but all this knowledge might not
sufficient: such knowledge alone will provide us very limited understanding of the
underlying pathophysiology. Our ultimate understanding of the disease will partially come
from novel analytical approaches (such as mapping de novo mutations on human brain
transcriptome networks throughout development (65)), combined with targeted, functional
and mechanistic experiments. Ultimately, to decipher the disease process of schizophrenia,
we will need to understand the function of hundreds of genes and regulatory elements in our
genome and the consequences of their overexpression and underexpression in a
developmental context. Furthermore, we will need to integrate the genetic-transcriptomic-
epigenetic-proteomic knowledge with each other and with all other data sources, including
(but not limited to) imaging, anatomical, electrophysiological, and epidemiological
information. This is the only way that we can understand the phenotypic diversity that
characterizes schizophrenia and only this approach will lead to true personalized diagnosis
and treatment.

These are monumental tasks and will take many years to complete, yet there is reason for
optimism. The CommonMind Consortium is a multi-institutional academic-industrial-non-
profit partnership that has as a goal to generate and analyze large scale data from human
subjects with neuropsychiatric and neurodevelopmental disorders. The consortium will
make this data and the analytical results broadly available to the public as a free resource,
and this joint endeavor has a potential to revolutionize our understanding of the molecular
pathophysiology of schizophrenia (www.commonmind.org). Importantly, due to a common
analysis platform, standardized methodology, uniform processing and large sample size, this
approach will eliminate many of the false positive findings and inconsistencies that are
found in the literature to date. Thus, the findings might allow a true molecular
characterization of postmortem brains into different subgroups of patients, ultimately
relating them to the underlying endophenotypes associated with the illness. Furthermore, the
NIMH-funded Brain Research through Advancing Innovative Neurotechnologies (BRAIN)
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Initiative and Human Connectome Project (mapping the neural pathways that underlie
human brain function) (66-68), the Neurotherapeutics Network (http://
www.neuroscienceblueprint.nih.gov/bpdrugs/- a pipeline between academic and industry
drug development research), The Neuroimaging Informatics Tools and Resources
Clearinghouse (NITRC - http://www.nitrc.org/), and other large-scale initiatives from the
Allen Institute (http://www.alleninstitute.org) have a potential to be even more
transformative than the Human Genome Project (69) — but only if the knowledge from the
various projects is properly integrated. Where will this all lead? We do not know for certain,
and this is the beauty of research. Three decades ago, it was unconceivable that we will ever
be able to sequence the whole human genome. To quote Agent K from the Men in Black
movie (1997): ““1,500 years ago, everybody knew that the Earth was the center of the
universe. 500 years ago, everybody knew that the Earth was flat. And 15 minutes ago, you
knew that humans were alone on this planet. Imagine what you'll know tomorrow.” So, we
just have to keep on working and the new discoveries and breakthroughs will come. We are
in it for the long haul.
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“Generic” Environmental Insults “Specifying” Genetic Predisposition Disease

Predisposing SNPs and CNVs
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Figure 1. Environmental influences predispose to disease, genetic susceptibility specifies
phenotypic manifestations of brain disorders

Various environmental influences might predispose to brain disease, but they do this is a
non-disease-specific fashion. The disease specificity arises from the genetic makeup of the
individual (predisposing mutations, SNPs, or CNVSs), and the gene*environment interactions
together give rise to diverse symptoms. The combination of various phenotypic
manifestations we classify as a disease, and group them together into diagnoses.
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