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On observing schizophrenia from a clinical point of view up to its molecular basis, one may conclude that this is likely to be one
of the most complex human disorders to be characterized in all aspects. Such complexity is the reflex of an intricate combination
of genetic and environmental components that influence brain functions since pre-natal neurodevelopment, passing by brain
maturation, up to the onset of disease and disease establishment. The perfect function of tissues, organs, systems, and finally
the organism depends heavily on the proper functioning of cells. Several lines of evidence, including genetics, genomics,
transcriptomics, neuropathology, and pharmacology, have supported the idea that dysfunctional cells are causative to
schizophrenia. Together with the above-mentioned techniques, proteomics have been contributing to understanding the
biochemical basis of schizophrenia at the cellular and tissue level through the identification of differentially expressed proteins and
consequently their biochemical pathways, mostly in the brain tissue but also in other cells. In addition, mass spectrometry-based
proteomics have identified and precisely quantified proteins that may serve as biomarker candidates to prognosis, diagnosis, and
medication monitoring in peripheral tissue. Here, we review all data produced by proteomic investigation in the last 5 years using
tissue and/or cells from schizophrenic patients, focusing on postmortem brain tissue and peripheral blood serum and plasma.
This information has provided integrated pictures of the biochemical systems involved in the pathobiology, and has suggested

potential biomarkers, and warrant potential targets to alternative treatment therapies to schizophrenia.
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INTRODUCTION

Schizophrenia is a complex neuropsychiatric disorder that
produces severe symptoms and significant lifelong disability,
causing massive personal and societal burden.'? About 1% of
the world’s population is affected by schizophrenia.® Despite
the strong genetic component, showing increasing risks for those
related to schizophrenic patients, and the known role of
environment as a trigger, schizophrenia signs and symptoms
have unknown etiology. Currently, the disease diagnosis is
essentially clinically defined by observed signs of psychosis, which
often include paranoid delusions and auditory hallucinations,’
with onset during late adolescence and/or early adulthood.

Pharmacological treatments are available for schizophrenia; yet,
most of the currently used antipsychotic medications were
discovered in the 1950s, or are a variation of those medications,
and since then no new major drug class has been introduced to
the clinic. In addition, efficacy of medication is poor, and only
about 40% of schizophrenic patients respond effectively to initial
treatment with antipsychotics.®” Unfortunately, comprehensive
studies on molecular mechanisms of schizophrenia have been
scant; hence, current treatments are only partly beneficial to a
subset of symptoms. The response to drugs is heterogenous,
mainly because of individual variations of the disease, in addition
to scarce knowledge on its pathophysiology, impairing both
diagnosis and adequate treatment selection.®®

Heterogenic and multifactorial aspects of schizophrenia have
always hindered biochemical characterization studies and delayed
the establishment of preclinical models of the disease.'® Several
studies, including postmortem, imaging, pharmacological, and
genetic studies, reported common traces of the disease, such

as synaptic deficits, abnormal neural network, and changes in
neurotransmission, involving dopamine, glutamate, and gamma-
aminobutyric acid>''™'®* Additional abnormalities, such as
aberrant inflammatory responses, oligodendrocyte alterations,
epigenetic changes, mitochondrial dysfunction, and reactive oxygen
species (ROS) imbalance, are often described in schizophrenia.'*'®

A complex cross talk between genetic and environmental
factors during neurogenesis is responsible for promoting differ-
ences of gene and protein expression in schizophrenia, causing
abnormal processes during neurodevelopment.®> Recent studies
found reinforcement of genes associated with the major
hypotheses of glutamatergic neurotransmission, such as DRD2
(dopamine receptor D2)—the main target of antipsychotic drugs'’
—among other potential targets, involving perturbation of
specific neurotransmitter systems or pathways, which are yet to
be studied. The complexity of schizophrenia reinforces the need
to unravel molecular mechanisms, as those insights have been
shown to be essential in identifying and validating drug targets
and biomarkers.” Therefore, unraveling models with relevance
to the cause and onset of schizophrenia is essential toward
improving treatments and outcomes for those with the disorder.

Here we review the advances of proteomics on schizophrenia
research, toward a better understanding of disease mechanisms
and response to treatment, and the efforts toward the discovery
of biomarkers for diagnosis and disease evolution.

THE ROLE OF PROTEOMICS IN SCHIZOPHRENIA RESEARCH

In the past century, psychiatric research was dedicated to
understanding the nature of several disorders, including action

"Laboratory of Neuroproteomics, Department of Biochemistry and Tissue Biology, Institute of Biology, University of Campinas (UNICAMP), Campinas, Sao Paulo, Brazil and

2D'Or Institute for Research and Education (IDOR), Rio de Janeiro, Brazil.
Correspondence: D Martins-de-Souza (dmsouza@unicamp.br)
Received 19 September 2014; revised 28 October 2014; accepted 30 October 2014

© 2015 Schizophrenia International Research Group/Nature Publishing Group

n nature partner
F)J journals


http://dx.doi.org/10.1038/npjschz.2014.3
mailto:dmsouza@unicamp.br
http://www.nature.com/npjschz

Proteome of schizophrenia
JM Nascimento and D Martins-de-Souza

of psychotherapeutics. It was also shown that schizophrenia is a
highly heritable disease, indicating a strong genetic influence and
an estimated heritability of 80-85%,'®'® more likely with a
polygenic basis.?° Since the beginning of the twenty-first century,
revolution of genomic technologies has allowed a deeper
understanding of the genetic basis of diseases, and several
genetic findings on psychiatric disorders have been reported,?'
unraveling candidate genes linked to risk factors of psychiatric
disorders, such as DISC1 (disrupted in schizophrenia 1),%2 involved
in neuronal development and synapse formation.>>** In fact, the
International Schizophrenia Consortium (ISC) found indication for
a polygenic contribution to schizophrenia.>® While candidate gene
studies are beneficial, in cases with a not yet well-understood
biology, such as schizophrenia, a single gene only adds a small
phenotype effect to the multifactorial etiology of the
disease. 202627

Since 2008, genomic technology innovations have led to a
better understanding of psychiatric disorders, providing infor-
mation about numerous genes that have a role in brain
development.?' Recent advances of next-generation sequencing
have facilitated a higher coverage and sample throughput of
schizophrenia studies.®° Furthermore, international collabora-
tions, which increased the number of participant subjects and
samples, have combined efforts to provide deeper insight from
comprehensive biological data sets, such as the Psychiatric GWAS
(genome-wide association studies) Consortium (PGC; http://pgc.
unc.edu).®’ Most recently, two main studies, reporting compre-
hensive GWAS analysis, were able to identify 13 (ref. 27) and 108
schizophrenia-associated risk loci,'” the latter being the largest
GWAS study on schizophrenia to date, with up to 36,989 cases and
113,075 controls. Unbiased GWAS,'*”3%33 indicating genetic
regions (loci) that contribute to disease susceptibility, and
structural variation studies, such as copy number variants,%3*
are the main identification sources of gene variants with small
effects on disease phenotype® For instance, copy number
variants, including deletions and duplications of several DNA
segments, confer significant risk increase in alleles of schizo-
phrenia genome up to 10-25-fold.”**3% Several of those findings
support the leading etiological hypothesis of the disorder, and
point to functionally related targets, such as DRD2, miRNA-137,
N-methyl-p-aspartate receptor (NMDAR) complex, or calcium
channel subunits.'”%3%37 |nformation on genetic variations as a
base will increase knowledge on mechanisms of schizophrenia
and other psychiatric disorders.

Deciphering the human genome was a revolution in genetics,
and the anticipated next step was to decode RNA complexity
to understand how information was delivered, and its variety
between individuals. Development of large-scale transcriptome
analyses, such as c¢cDNA microarrays, Serial Analysis of Gene
Expression, and the analyses of Expressed Sequence Tag, and
more recently the advance of whole transcriptome shotgun
sequencing (or RNA-Seq), providing the presence and quantifica-
tion of RNA at a given time in a genome, allowed a deeper insight
into the dynamics of an organism. Transcriptome analyses
revealed RNA implication in psychiatric diseases,*** including
abnormalities resulting from alternative splicing, in addition to
messenger RNA transcripts, such as total RNA and small RNA,
including micro-RNA.*® Those abnormalities were observed in
several biological processes, such as synaptic and mitochondrial/
energetic function, %3 cytoskeleton,44 immune and inflammation
response, ™ and the myelination pathway.*® Although not yet
fully understood, the more the pieces of the puzzle discovered,
the more comprehensive the pathology network becomes.

Genomic and transcriptomic studies generated significant data,
although these changes cannot yet be translated into biomarkers.
The main limitation of genetic approaches in schizophrenia is
extrapolation to functional protein expression, as proteins under-
go several modifications from transcription to posttranslation, and
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transcript abundance cannot really predict protein levels either in
normal conditions or in response to stress, such as diseases.***°
Therefore, proteomic techniques are being increasingly used in
screening for identification of biomarkers in schizophrenia,®'*?
providing several insights into the pathophysiology of the disease.
Proteomics can show global expression of proteins or protein
groups, and is more complex than genomics as it can change from
each cell type at any given time or state.** Also a high-throughput
method, proteomic studies detect fewer expressed proteins than a
transcriptomic detects expressed genes, but protein expression
provides a precise functional profile and presents an unbiased
current physiological state as a reflex of the complex interaction of
gene versus environment. The importance of those interactions
has been increasing in the research of schizophrenia and other
neurological diseases.'%*">3

Regarding research into schizophrenia, numerous studies
have investigated the proteome of postmortem brain tissue,
including several brain regions such as the dorsolateral pre-
frontal cortex,*"”*>> frontal cortex,”® thalamus,®” anterior cingu-
late cortex,*® % hippocampus,®'®? corpus callosum,®® and insular
cortex.®* Postmortem brain tissue has yielded many valuable
insights into the pathophysiology of schizophrenia, but less
information on disease onset and development. Thus, other
tissues and cells have been tested, providing data from naive
patients as well, such as from cerebrospinal fluid (CSF),%>~®® blood
serum and plasma,®®* liver,®®”* and fibroblasts,”> which can be
biopsied from living patients, among others,”®’” aiming to reveal
more about potential biomarkers of discovery and monitoring of
the disease.

PROTEOMIC METHODOLOGIES USED IN SCHIZOPHRENIA
RESEARCH

A proteome comprises the entire set of proteins in a biological
system (cell, tissue, or organism) in a particular state, at a given
time.”® The need to understand all proteins derived from almost
20,000 genes identified by the Human Genome Project turns
molecular biology studies toward proteomics. Because of the
progress of mass spectrometry techniques, more fine and high-
throughput methods are available, supporting the identification of
hundreds (or thousands) of proteins in a single biological sample.
In 2014, two major consortiums have delivered a draft of the
human proteome,”*®° with a large-scale data set covering 84-92%
of the protein-coded genes annotated for the human genome.
The more information annotated on protein knowledge data-
bases, the more unknown causes of diseases and biomarker
identification can be performed.

In the first decade of proteomics, the main quantitative
methods used were gel-based, such as two-dimensional gel
electrophoresis (2DE), including the fluorescent two-dimensional
differential gel electrophoresis (2D-DIGE). Despite its recognized
usefulness,®’ gel-based techniques have been consistently
replaced by gel-free techniques with the introduction of the
concept of shotgun proteomics, which employs basically liquid
chromatography followed by mass spectrometry (LC/MS).8? The
large scale was possible only because of the development of
proteomics based on mass spectrometry, which offers insights
into protein abundance, expression profiles according to cell type,
posttranslational modifications, and protein—protein interactions,
and the possibility to study modifications at the protein level 2

2DE was first described in 1975,%% and after intense enhance-
ments in the 1980s%>%¢ it became widely used in the separation of
complex protein mixtures according to their isoelectric point, in
the first dimension by isoelectric focusing, and according to their
molecular weight (MW), in the second dimension, by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis. This separa-
tion leads to a protein profile comprising several spots, each
of which, in theory, represents a single protein, providing
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information about intact proteins and isoforms. Protein visualiza-
tion techniques include common post-run methods, such as
Coomassie blue or silver staining, and also pre-labeling of samples
with fluorescent dies, such as in the 2D-DIGE2” Image analysis of
the latter provides a more sensitive quantification method, as up
to 10-fold lower amount of samples can be applied. In addition,
2D-DIGE allows co-running of different samples in the same gel,
labeled with distinct fluorescent dies (i.e., Cy3, Cy2, Cy5), and
might also include an internal control for cross-gel comparison
purposes. Those techniques have significantly improved in the
previous years with respect to reproducibility and robustness,
allowing better comparison between samples and across different
laboratories.

Furthermore, mass spectrometry (MS) revolutionized proteomic
studies when combined with the 2DE/2D-DIGE workflow, improv-
ing sensitivity for identification of differentially expressed proteins,
by measuring molecular mass-to-charge ratio of ions (m/z).%
Protein spots, excised from the gel, are digested (i.e., trypsin)
and masses of these peptides measured on MS instruments,
providing a peptide mass fingerprint of each protein, which is
then compared with an in silico-digested database. Further
fragmentation of each peptide, performed on an MS/MS instru-
ment, provides the sequence of that peptide, assisting in protein
identification. Disadvantages of 2DE/MS combination include the
incompatibility to very low or very high molecular weight or iso-
electric point, in addition to those proteins with low abundance,
which will not be spotted.®® Nevertheless, several proteome
studies in schizophrenia were performed using proteomic screen-
ing approaches such as 2DE/2D-DIGE, providing large-scale data
on the pathophysiology of the disease.*'->>63861.6650

Hence, schizophrenia and other psychiatric disorder studies
have intensively used shotgun proteomics for the analysis of
peptides and proteins for profiling, and for quantification of
protein modification analysis.>**7%7>77°1 For shotgun proteo-
mics, proteins are first digested into peptides (i.e., using trypsin, as
previously), which are next separated by high-performance liquid
chromatography online-connected to a hybrid MS, providing
a gel-free proteomic system (LC-MS/MS). Shotgun proteomics
lead to the possibility of identifying more proteins, increasing
sampling of low abundant and extreme-sized proteins®? Most
proteomic studies on schizophrenia have used label-free methods
for quantification,”®”>%? which assume chromatographic peak
areas correlated to the concentration of peptides,”® and is one of
the simplest ways to compare proteomics, allowing comparison
among several samples at once.”* Nevertheless, both in vitro and
in vivo stable isotopic labeling methods are available in shotgun
proteomics, for quantification accuracy of protein concentrations
simultaneously in several biological samples. In vitro approaches
include isobaric tags for relative and absolute quantification® and
isotope-coded protein labeling, whereas in vivo metabolic
methods, such as stable isotope labeling by amino acids in cell
culture®® and stable isotope labeling in mammals, have been used
in proteomic quantification.”” Some have been applied to
neuropsychiatric disorders, in Eostmortem brains and CSF,>*°7%8
and in animal and cell studies®®'% on proteomic research.

The power to identify and quantify proteins and protein sets at
high resolution, among multiple samples, is essential to under-
stand large case studies in biomedical research. Recent advances
have been made in MS-based techniques, such as selected
reaction monitoring/multiple reaction monitoring, which has
just emerged as a promising technology for a more precise MS-
based quantification of targeted protein,'®""'°? and was awarded
Nature’s Method of the Year in 2012 on biological research
methods.'® Selected reaction monitoring is specific, accurate, and
sensitive, as it selects proteotypic peptides—those that uniquely
identify the targeted protein—for its analysis, which might
overcome several current validation issues, such as semiquantita-
tive western blotting techniques, availability, and specificity.'®*
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Furthermore, this ability to quantify specific proteins across several
samples is particularly interesting with regard to biomarkers,
as clinical validation of biomarker signatures for a given disease
must be tested over a large sample set to achieve satisfactory
statistical power. Indeed, proteomic studies in psychiatric dis-
orders slowly start to validate pathways and biological functions
that were found differentially expressed by selected reaction
monitoring.'%~"%8

Likewise, other proteomic methodologies have been exten-
sively applied to schizophrenia research in order to discover and
validate biomarkers, such as multiplex immunoassays,®® which use
multiplexed dye-coded microspheres of selected protein sets, thus
providing profile studies of cytokines, growth factors, or metabolic
pathways, from blood serum or CSF samples.”®'?"""" Aiming to
reach the broader spectrum of protein visualization, concerns
regarding the possibility to obtain sub-proteomes (using fractio-
nation methods)''? by depleting high-abundant proteins or
enriching a group of proteins in a sample should be part of the
design and technique choice. Protein separation and quantifica-
tion using SELDI-TOF-MS ProteinChip analysis or metal ion affinity
chromatography to select proteins from a mixture have been used
in schizophrenia research lately.>>°%7? Regardless of the protein
analysis method, study design and sample preparation choice are
crucial steps in proteomic studies. Platforms using reduced
number of analytes, but a broader number of clinical samples,
provide a precise statistical interpretation.

Indeed, statistics and bioinformatics are of extreme importance
for proteomic studies, as different types of assays (2DE, shotgun-
MS, or multiplex immunoassays) are required to precisely quantify
changes in expression of hundreds (or thousands) of proteins.
Therefore, those fields are improving, together with the develop-
ment of new tools and methods for proteomic analysis, offering
better algorithms and image analysis tools, in order to provide a
more robust analysis from the growing number of data generated.

WHAT DO PROTEOMICS TELL US ABOUT SCHIZOPHRENIA?

Proteomic technologies, mostly focusing on mass spectrometric
analysis, are a valuable tool in psychiatric research. A simple
search on PubMed using the terms ‘proteomics or proteome and
schizophrenia’ provides a total of 218 articles since the first article
on proteomics of schizophrenia in the beginning of the 2000s.>®
Out of them, 124 articles (and growing) were published within the
last 5 years (2010-2014) on human and animal studies, including
some reviews, showing considerable increase in awareness of the
importance of proteomics in the study of schizophrenia. We have
focused, for the purpose of the review, on proteomic studies on
human samples of schizophrenia patients compared with controls,
from the last 5 years.

These studies, which are summarized in Table 1, have been
using proteomic screening approaches such as shotgun-MS
(10/23), 2DE/DIGE (7/23), and multiplex immunoassays (10/23),
alone or combined. Although postmortem brains are the main
studied tissue in schizophrenia research,®”>?6""'3 influences of
chronic medication or sample heterogeneity and age have
impaired some interpretation of the molecular differences found
in postmortem brain tissue of schizophrenia patients compared
with control subjects.'™ Thus, current studies have been mostly
focusing on more accessible peripheral tissues, with a preference
for blood serum and plasma,’>”319%1> and CSF,5>%° although
there are studies on skin fibroblasts’® and saliva as well.”® Those
have become the main tissues used in proteomic studies of
schizophrenia because of the possibility of multiple sampling, thus
providing better characterization of disease onset, development,
and response to treatment. This broader characterization could
lead to a more complete understanding of the disease and to
development of diagnostic/prognostic biomarkers. Indeed, an
analysis of proteins that are common to brain, CSF, and blood
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Figure 1. Protein network of regulated proteins in schizophrenia
brain, CSF, and blood samples, analyzed by ingenuity pathways

knowledge database. ALDOC, aldolase C; CSF, cerebrospinal fluid;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

Axon guidance
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®

samples from at least two studies presented in Table 1, using
Ingenuity Pathway Analysis (IPA, Ingenuity Systems, Qiagen,
Redwood, CA, USA; www.ingenuity.com—Figure 1), shows bio-
marker candidates of psychiatric disorders and their interactions,
and is further discussed.

Neuronal transmission and synaptic function

Differentially expressed proteins in schizophrenia proteomic
studies have been found to be involved in neuronal transmis-
sion, synaptic plasticity, and neurites outgrowth, including
several cytoskeletal constituents. Most significant proteomic
changes included downregulation of neuroreceptors such as
NMDA receptors and alpha-amino-3-hydroxy-5-methyl-4-isoxazole
propionate (AMPA), in addition to glutamatergic signaling
molecules, such as neurofilaments (NEFL and NEFM), glutamate-
ammonia ligase (GLUL), and guanine nucleotide-binding proteins
(G proteins) (GNB1), or dihydropyrimidinase-related protein 2
(DPYSL2), which are involved in synaptic function, axon guidance,
and signal transduction impairment in schizophrenia.”®''® NEFL,
in addition to its role in neuronal morphogenesis, is directly asso-
ciated with NMDA receptors. NMDAR hypofunction was associated
with neurotransmitter dysfunction in NR1 transgenic mice,'® with
variations in bioactive peptides and proteins. As GLUL is respon-
sible for removing glutamate from neuronal synapses, it is most
likely involved in glutamate imbalance in schizophrenia.?

Other proteins related to NMDA functionality and synaptic
plasticity, such as MAPK3, SYNPO, CYFIP2, VDAC, CAMK2B, PRDXT,
and ESYT, were also observed differentially expressed in post-
synaptic density-enriched samples of postmortem brain tissues.>®
Data corresponding to a genomic study of schizophrenia®* found
an excess of copy number variants in schizophrenia, confirming
several of the proteins differentially regulated with functions in
the postsynaptic membrane.

Calcium homeostasis and signaling

Calcium signaling has also been found to be differentially regu-
lated in schizophrenia proteomic studies.>*”®'"3'"¢ Calcium is a
pivotal metabolite for the dopaminergic hypothesis in schizo-
phrenia, mainly because it has a central role in the function of
dopamine receptors D1 and D2.""” Proteins such as calmodulin
(CALM1, CALM?2), calcium/calmodulin-dependent protein kinase Il
(CAMK2B, CAMK2D, CAMK2G), voltage-dependent anion channels
(VDAC1, VDAC2), and the plasma membrane calcium-transporting
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ATPase 4 (PMCA-4) are some of the calcium-related proteins found
downregulated in the brains of schizophrenia patients.>*'"'® Some
proteins were found differentially expressed in secretion fluids
of schizophrenic patients—for example, calmodulin-like proteins
and the S100 family of calcium-binding proteins (S100A6,
S100A12)—such as in eccrine sweat''® and saliva.”® Complement-
ing these findings, S100B was found downregulated in the nuclear
proteome of schizophrenia corpus callosum.'” In addition,
calcium activated differential expression of calmodulin-depen-
dent protein kinase Il (CAMK2), and calcineurin A in phencyclidine-
treated rats.'"®

Energy metabolism

The brain has a high glucose uptake to supply its major metabolic
activity rate. Thus, one of the most consistent dysfunctions
underlying the pathophysiology of schizophrenia is in energy
metabolism pathways, along with mitochondrial dysfunction
and oxidative stress.'?*'?" Glucose metabolism is confirmed
by hyperglycemia, impaired glucose tolerance, and/or insulin
resistance in first-onset, antipsychotic, naive schizophrenic
patients."’%'?2  Numerous proteomic studies have identified
the glycolysis—gluconeogenesis pathway as being consistently
disrupted both in brain and CSF,*'°7°85%123 3nd is followed by
peripheral tissues.””?%11312% The expression of proteins associated
with the energy metabolism pathway, such as aldolase C (ALDOC),
enolase 1 (ENO1), neuronal enolase 2 (ENO2), lactate dehydro-
genase B (LDHB), phosphoglycerate mutase 1 (brain) (PGAM1),
phosphoglycerate kinase 1 (PGK1), pyruvate kinase isozyme R/L
[PKLR], and glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
are often significantly deregulated in schizophrenic patients
compared with controls.>>77"7%° The most consistent differentially
expressed enzyme is aldolase C (ALDOC), which was found altered
in several brain samples®®®% and also as a marker on blood
serum samples.”” Likewise, pyruvate, the final product of glyco-
lysis, and NADPH have been quantified in lower amounts in
schizophrenic samples compared with controls, in the thalamus,®’
and is replicated in phencyclidine-treated rats, a model of
schizophrenia research.''®> Whereas schizophrenia seems to be
more associated with glycolysis, major depressive disorders are
likely to be more associated with oxidative phosphorylation.'**

DISC1, a major risk factor of the schizophrenia-susceptibility
gene candidate,?® can affect mitochondrial morphology and
axonal trafficking."®>'?® Alterations of mitochondria morphology
were reinforced by the imbalance of the oxidative phosphorilation
system, including proteins such as NADH dehydrogenases (i.e.,
NDUFA1, NDUFV2, NDUFS3, NDUFB5), and ATPases (ATP5B,
ATP6V1B2, ATP6V1A1), which have been previously shown altered
in animal models of schizoprenia,''*'#7'*° but also had
significant regulation in human brains.>”>° Other molecules such
as dopamine have been shown to inhibit electron transport chain
complex | (NADH dehydrogenase)."°

Oxidative stress

This overall imbalance of mitochondrial energy metabolism,
associated with elevated calcium, leads to hazardous ROS
concentrations and oxidative stress events in brain cells."*' The
resultant ROS may cause oxidative damage in cellular DNA, RNA,
proteins, and membrane lipids. Proteomics of the brain have
shown several enzymes involved in redox activities (responsible
for removing ROS and protecting cells against oxidative injury) to
be differentially expressed in schizophrenia brain tissues. Proteins
such as superoxide dismutase (which catalyze the dismutation of
superoxide (O3) into oxygen and hydrogen peroxide), peroxir-
edoxins (PRDX1, PRDX2, and PRDX3) (which are responsible for
reducing hydrogen peroxide), glutathione S-transferases (i.e.,
GSTM3, GSTTLp28, and GSTP1) (which are a family of multi-
functional enzymes involved in cellular detoxification, glutathione
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reduction, and neutralization of ROS), and NADPH-dependent
oxidoreductases such as carbonyl reductases (CBR1 and CBR2)
and quinoid dihydropteridine reductase (QDPR) (which might
be involved in the NADP/NADPH imbalance observed in the
thalamus) were often found regulated in brain tissue,*!>7-3961.113
but could also be detected to be differentially regulated in
peripheral tissues such as blood and fibroblast samples .”%7375132
Proteomics and combined metabolomics support evidence that
slight imbalance in energy glucose metabolism, disrupting
mitochondria and the oxidative phosphorylation system, results
in compromised ATP production and oxidative stress, which is
central in the pathophysiology of schizophrenia.*'"''3'33

Cytoskeleton

Cytoskeleton constituents are proteins that have shown broad
differential expressions in schizophrenia—namely, microtubules
such as tubulins (TBA1B, TUBB2A), microfilaments such as actins
(ACTG1, ACTB) and actin-binding proteins such as tropomyosins
(TPM1, TPM2, TPM3, TPM4), and intermediate filaments (i.e., GFAP,
vimetin) and endocytosis proteins, such as dynamin (DNM1), a
protein involved in clathrin-mediated endocytosis and other
vesicular trafficking processes.>>>8>9113134135 g\;ch modifications
impact the cellular structure, axonal function, and neurite
outgrowth, influencing synaptic plasticity and metabolism, all
significantly influencing disturbed cytoskeleton arrangement in
schizophrenia.** Protein components of the cytoskeleton, such as
the above-mentioned neurofilaments M and L (NEFL, NEFM) and
DPYSL2, a regulator of cytoskeleton remodeling, have a role in
axon guidance, neuronal growth, and cell migration. Glial fibrillary
acidic protein (GFAP), the major intermediate filament of astro-
cytes, was found to be strongly regulated in brain tissues, both
up- and downexpressed, indicating a precise protein expression
across the brain.>>961135136 |n addition, actin was often found
downregulated in brain tissues,*’°"®%”> put was upregulated in
fibroblasts”® or liver’* of schizophrenic patients.

Immune system and inflammation

Several abnormalities were found in schizophrenia proteomics,
including changes in immune- and inflammation-related pathways
in first-onset schizophrenic patients compared with controls.
Molecules such as a-defensins (DEFA1, DEFA2, DEFA3, DEFA4),
migration inhibitory factor, and several interleukins (IL-1ra, IL-8, IL-10,
IL-15, IL-16, IL-17, and IL-18), including growth factors such as brain-
derived neurotrophic factor, have been differentially regulated in
blood samples from schizophrenic patients compared with
controls./%7376109113132 15 addition, extracellular calcium-binding
ST00A12 exhibits cytokine-like characteristics, recruiting inflamma-
tory cells to the sites of tissue damage. Indeed, anti-inflammatory
treatment with cyclooxygenase-2 (COX-2) inhibitors has shown
diminished schizophrenic behavior by blocking the synthesis of
proinflammatory prostaglandins.'*’” Multiplex immunoassay profiling
studies of blood serum have found numerous components of
inflammation signaling pathways.'"""""> Levels of anti-inflam-
matory cytokines IL-1ra and IL-10 were decreased after treatment
with atypical antipsychotics, which correlated with symptom
improvement.'® In addition, profiling studies using a subset of
cytokines found increased levels of interleukins (i.e., IL-1B) in the
cerebrospinal fluid of first-episode schizophrenic patients, indicative
of immune system activation in the brain of some patients.'*®
Therefore, a proper subset of those altered molecular inflammatory
molecules could be included in a sensitive and specific biomarker
panel, both for diagnosis and treatment follow-up response.

An overview

Diverse proteomic techniques provided non-biased screening
analyses of postmortem brain tissue from schizophrenic patients,
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and insights into pathways affected in the disease.'®” In addition,
more accessible tissues, such as cerebrospinal fluid, blood
serum and plasma, and others such as fibroblasts, liver, and
urine,>”%6707475139 have complemented those findings, suggest-
ing several proteins that could be used as biomarkers to improve
diagnosis. We have not gone through the details of the role of
oligodendrocytes in schizophrenia, as these were recently tackled
somewhere else,'*°7? although these are as important as all that
are listed here.

Proteomic insights from naive first-onset patients’ impaired
protein pathways confirm patterns of disease onset, which along
with genetic predisposition could be used as biomarkers for
stratification of patients, improving the diagnosis and treatment
classification. Also, this valuable information can lead to a more
individualized medication, selected according to specific mole-
cular dysfunctions and phenotype observed in schizophrenic
individuals. Understanding the pathways affected by medication
might also lead to reliable analytical platforms to evaluate
individual response to treatment in a personalized-medicine
mode. Moreover, the ability to monitor levels of molecules in
noninvasive body fluids, such as saliva, urine, or blood serum or
plasma, is a great advance. In addition, knowledge of gene-
protein pathway networks affected and impaired by the disease
can give clues for the development of new and more efficient
targeted drugs to those relevant pathways.>"'?'

PERSPECTIVES

Psychiatric disorders are one of the biggest burdens to society,
and consequently one of the most challenging fields of medical
research, with complex and multifactorial characteristics, along
with genetic, neurodevelopmental, environmental, and molecular
components. Hence, proteomics can add valuable insights into
revealing psychiatric disorder connections, as it is closely linked to
phenotype, and, by definition, proteomics constitute one of the
most suitable approaches for this purpose.'*®

In 2010, the Human Proteome Organization (HUPO) started a
project aiming to map the entire human proteome, the Human
Proteome Project (HPP) initiative, with joint initiatives such as
the Chromosome-centric Human Proteome Project.'** "¢ Thus, at
the beginning of 2014, two extensive drafts of this map were
released,”*® showing progress in the identification of proteins
from high-quality proteomic data to complement genomic
annotation. The Human Brain Proteome Project (HBPP) initiative,
specifically addressing the proteomic landscape of the human
brain, aims to study individuals affected by neurodegenerative
diseases, understanding its many different cell types and their
particular structure at the cellular and tissue level."*”'*® Another
main focus is to untangle the human plasma proteome'*® on
health and disease, to support biomarker validation and develop-
ment of new tools for diagnosis, disease progression, and
medication efficiency, considering the confounding factors
present in those body fluids.

From the schizophrenia research point of view, this are exciting
news, because of the potential of information that can be
extracted, as, regardless of efforts in the search for biomarkers, by
investigating the transcriptome and proteome in the post-
genomic era, schizophrenia is one more psychiatric disorder
without a reliable marker. Those recent advances in ‘omics’
technologies, such as genomics, transcriptomics, proteomics, and
metabolomics, which are not only expanding coverage and
resolution but also becoming cheaper and more accessible,
present new prospects for a global comprehension of biological
characteristics of disease mechanisms.’*°

While genomic and transcriptomic technologies have achieved
single-nucleotide resolution, the protein coverage of the amino-
acid sequence is still restricted. State-of-the-art shotgun mass
spectrometry has improved immensely, such as targeted
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proteomic measurements, and is useful for biomarker identifica-
tion. Although the detection of some protein variants, such as
differential splice products and posttranslational modifications,
remains a challenge for proteomics to get a more comprehensive
picture of the whole proteome using a systematic approach. This
high-throughput investigation of nucleic acids, proteins, and
metabolites from particular tissues and cells provides essential
data, which is basic to system biology studies, in order to create
integral models of cellular processes.'>' Therefore, integrating
biological data from omics studies to the expertise of comple-
mentary disciplines such as mathematics, physics, and computa-
tional sciences, toward better conceptual analysis and predictive
models, provides new tools for understanding biological systems
at different levels. Hence, we can analyze the cellular space-time
and hierarchical organization,'*? aiming for complete under-
standing of psychiatric diseases and identifying candidate
biomarkers, especially before and after the onset of clinical
manifestations, as well as target metabolic pathways impaired
and/or affected by antipsychotics, in order to distinguish
subgroups of patients who respond to medication on the basis
of their molecular profiles.®’

Furthermore, promising investigative tools such as stem cell
technologies, which made it possible to generate functional live
human neurons in vitro, have emerged in molecular and cellular
analyses of complex diseases such as schizophrenia.'**'%*
Reprogrammed (induced) pluripotent stem cells from the
somatic cells of patients offer a novel model for investigating
mechanisms underlying complex human diseases.'®> The brain
remains one of the least understood tissues in our body, partly
because of its complexity and also because of limitations
associated with in vivo studies. Research on neurodevelopment
and the biological basis of schizophrenia and other psychiatric
disorders has been hindered by the unavailability of live human
brain cells. Pluripotent stem cells carry the genetic diversity of
donors, and have been a major focus of brain research, allowing
the study of individual molecular pathways, and are evidently
interesting as a tool to develop in vitro cell models for drug
discovery, disease mechanisms, biomarker validation, and cell
therapy.’

Currently, a challenge is to develop differentiation protocols to
produce disease-relevant cells, such as subtypes of neurons,'® in
addition to more complex structures such as cerebral organoid
cultures,”” which are expected to have spontaneous differentia-
tion of neural as well as non-neural cell types, which are important
for characterizing behavioral and cell communication aspects
in schizophrenia. In vitro models of differentiated cells and
organoids are still a simplification of the schizophrenia brain;
nevertheless, those models recapitulate distinguishing features of
the human brain complexity and are valuable tools to under-
standing the mechanisms and pathways underlying the pathology
of schizophrenia.?* Therefore, proteomics consitute a fundamental
tool for studying schizophrenia pluripotent stem cell differentia-
tion, demonstrating individual genetic functionality by analyzing
proteins in specific brain cell types. Proteomics can validate this
study model, still in development, toward a more complex cell and
molecular analysis of neuronal and non-neuronal cell type
function and development. Global expression analysis of proteins
in different states of the disease provides a powerful tool by direct
comparison of signaling pathways and impaired features of
individual cells. System-level analysis changes the focus from a
single particle, complex, or pathway to a more holistic view
including all cellular components and their dynamic cross talk.'>?
Therefore, association of proteomics of pluripotent stem cell
technologies applied to schizophrenia research is also an
important tool for drug discovery and biomarker validation,
supported by proteomics and system biology analysis to unravel
critical differences.’*®
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