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Proteomics as a Tool for Understanding Schizophrenia
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Schizophrenia is likely to be a multifactorial disorder, consequence of alterations in gene and protein expression since the neuro—
development that together to environmental factors will trigger the establishment of the disease, In the post—genomic era, proteo—
mics has emerged as a promising strategy for revealing disease and treatment biomarkers as well as a tool for the comprehension
of the mechanisms of schizophrenia pathobiology. Here, there is a discussion of the potential pathways and structures that
are compromised in schizophrenia according to proteomic findings while studying five distinct brain regions of post—mortem
tissue from schizophrenia patients and controls, Proteins involved in energy metabolism, calcium homeostasis, myelinization,
and cytoskeleton have been recurrently found to be differentially expressed in schizophrenia brains, These findings may encour—
age new studies on the understanding of schizophrenia biochemical pathways and even new potential drug targets,
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EXPLORING SCHIZOPHRENIA BRAIN TISSUE

Schizophrenia (SCZ) is a chronic, debilitating, psy-
chotic mental disorder that affects about 1% of the world
population and is characterized by a range of positive and
negative symptoms." It is considered a multifactorial dis-
ease, likely to be caused by alterations in gene and protein
expression since the neurodevelopment combined with
environmental factors. The genetic predisposition seems
to be pivotal to the establishment of the disorder.”

Considering that SCZ is a brain disorder, the study of
brain tissue seems a natural path to follow for the under-
standing of its pathobiology. Some brain regions have
been more strongly correlated to SCZ, such as the pre-
frontal cortex (PFC).3) PFC executes high functions such
as working memory, differentiation of conflicting tho-
ughts, differentiation of right and wrong, correct social be-
havior and personality expression,” receiving peripheral
sensory inputs from the thalamus. The thalamus acts as a
relay center and is involved with auditory, somatic, viscer-
al, gustatory, and visual systems as well as regulation of
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sleep states, wakefulness, and consciousness.” Signifi-
cant alterations in cerebral metabolic activity and related
circuitry were found in the thalamus of SCZ patients by
imaging studies.”

The anterior cingulate cortex (ACC) is involved in cog-
nitive and autonomic functions.” Alterations in synaptic
connectivityg) and cognitive control” were previously de-
scribed in SCZ ACC, supported by cellular and neuro-
chemical changes.lo)

Functions such as high-level auditory and visual proc-
essing, language, and transference from short- to long-
term memory which are compromised in SCZ are con-
centrated in the temporal lobe. Most probably, it involves
an imbalance of glutamate and gamma-aminobutyric acid
(GABA) leading to dopaminergic dysfunctions.”) In addi-
tion, a reduction of the temporal lobe size in SCZ has been
shown by several studies with magnetic resonance
imaging.'” As part of the temporal lobe, the superior tem-
poral gyrus (STG) is the major brain area related to
speech, language and communication, which also seems
to be impaired in SCZ." The left STG, which present sig-
nificant differences from the right STG in sCz,"" is
formed by the primary auditory cortex and the Wernicke's
area (WA), which is an important region for speech proc-
essing and language skills.

Thanks to a collaboration with the Brain NetEurope
(http://www.brainnet-europe.org) and to the kind compre-
hension of the donors and their families, the above de-
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scribed brain regions were available to our group. Initially,
our main objective was to search for SCZ biomarkers can-
didates using comparative proteome analyses. We aimed
to provide information on the risk for the disease, to con-
tribute to the early diagnosis and to the prediction of ther-
apeutic response. However, while conducting our proteo-
mic studies in several brain regions, it became clear that
the secondary objectives of this type of research, which
were to provide detailed information about the patho-
physiology of the disease and to further confirm the im-
portance of certain biochemical pathways, have produced
more useful findings. Although potential protein bimark-
ers candidates have also been pointed out as primarily ex-
pected, confounding factors that the brain tissue samples
bring along and the specificity of those markers were chal-
lenges we faced. But certainly, proteomics reveal itself as
an interesting tool for a better comprehension of the patho-
biology of SCZ.

A TOOL CALLED PROTEOMICS

SCZ biomarkers have been initially searched by geno-
typing techniques, genome wide association studies and
large-scale transcriptome analyses. Afterwards, proteo-
mic analysis has emerged in this context as a promising
Strategy.

The term “proteome” was defined in the mid-1990’s as
the study of the total set of expressed proteins by a cell, tis-
sue or organism at a given time under a determined
condition.'” This term has given birth to a whole science
nowadays known as “proteomics” that includes many oth-
er aspects of global protein analyses such as the mod-
ifications made to a particular set of proteins produced by
an organism or cellular system and how this can vary with
time and under the influence of environmental factors.
Comparative proteome analysis, which consists in de-
termining differentially expressed proteins usually com-
paring two or more different states are the most wide-
spread tool used in clinical studies and has been largely
employed in SCZ studies. Knowing the set of proteins that
are differentially expressed may lead to an integrated view
of modifications in protein expression that can lead to the
identification of impaired biochemical pathways, provid-
ing information about the pathobiology of the disease.
Moreover, the identification of impaired pathways may
drive drug discovery studies. Depending on the studied
tissue and the background of the analyzed samples regard-
ing their confounding factors, the set of differentially ex-
pressed proteins reveal by proteomics can be used as a di-

agnostic tool or even to monitor the effectiveness of treat-
ment response.

Two-dimensional Gel Electrophoresis

The most traditional methodology for the study of the
proteome is the two-dimensional gel electrophoresis
(2DE) created in the 1970’s."” The main concept is to sep-
arate proteins in two dimensions - by their charge (isoelec-
tric point) and apparent mass - for having a distinct reso-
lution of the proteome. In SCZ studies, this tool has been
extensively used'® for protein separation combined to
mass spectrometry (MS) for protein identification. By
combining both technologies it is possible to separate and
identify simultaneously many hundreds of proteins in a
single experiment. The direct comparison of 2DE maps
from different samples using computational tools can pro-
vide a picture of which proteins are differentially ex-
pressed.

Although largely used, 2DE-MS present drawbacks
such as a difficulty in detecting proteins with extremes of
high or low molecular weight as well as low-abundance
and acidic or basic proteins.lg)

Shotgun Proteomics

Considering the increasing power of MS methods and
equipments, researchers developed proteomic approaches
that could skip the use of gel-based proteomics, avoiding
then its limitations.”” Such approaches known as shotgun
proteomics are generally a combination of chromato-
graphic steps prior to MS analyses in a high-throughput
Way.21'23) The quantification of the proteome using shot-
gun proteomics, either using stable-isotope or label-free
methods, are more accurate than the 2DE-MS approach.
One potential drawback of shotgun approaches is that they
are not capable of providing direct information on intact
proteins, contrary to 2DE. Shotgun proteomics has also
been employed in SCZ studies.'

Metabolomics

Data generated by comparative proteome analyses of
clinical samples - in this case SCZ - may lead to the identi-
fication of biochemical pathways and consequently pro-
viding indication of the associated metabolites. The quan-
tification of metabolites using diverse approaches such as
enzymatic assays,24) high-resolution proton nuclear mag-
netic resonance spectroscopy (1H—NMR),25) high-per-
formance liquid chromatography (HPLC)26) can provide a
more complete picture of brain activities which may be
useful for comprehension of the biochemical processes as
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well as a means of providing a source of non-protein-
based biomarkers.

MAIN FINDINGS IN THE BRAIN
PROTEOME OF SCHIZOPHRENIA

Using proteomic analyses, we investigated 5 different
brain regions - PFC, WA, ACC, anterior temporal lobe and
thalamus™*">" - revealing differentially expressed pro-
teins that led us to discover and confirm the impairment of
the following pathways and structures.

Energy Metabolism

The first indication of impairments in the energy metab-
olism in SCZ patients was described more than 90 years
ago.m The modern technologies allow a closer look to
what has been hypothesized so long ago. Kooy observed
hyperglycemia in SCZ patients, hypothesizing that the
levels of blood sugar may influence the behavior. Proteo-
mics data support this affirmation® as well as imaging
analyses,”” and biochemical techniques® and hormonal
measurements.”®

Impairments on glucose handling lead to disturbances
in the mitochondrial metabolism. Mitochondria contain a
very complex network of self-regulating enzyme for opti-
mizing metabolic processes. Surely, impairments in the
activity of one or more of these components will result in
altered energy production, also leading to the production
reactive oxygen species (ROS). Studying proteomics, we
could point out the exact enzymes involved on these proc-
esses, leading us to a better comprehension of the bio-
chemistry of SCZ and also to the identification of potential
drug targets.m

Several enzymes of the glycolysis such as such as hex-
okinase, triose phosphate isomerase, glyceraldehyde
phosphate dehydrogenase, phosphoglyceromutase, eno-
lase, and pyruvate kinase - were found to be differentially
expressed in the proteome analyses of SCZ brain tissue.
Using a metabolic map as designed by Kyoto Encyclope-
dia of Genes and Genomes (KEGG) analysis37) (http:/
www.genome.jp/kegg) (Fig. 1), we can have a clear look
of the influence of glycolysis in SCZ. Compromising glu-
cose metabolism will lead to pivotal alterations in the cel-
lular energy generation. In a tentative of functionally vali-
date the proteomics findings, we quantify relatively the
amounts of pyruvate in SCZ compared to controls. In the
thalamus of SCZ patients, levels of pyruvate were sig-
nificantly decreased.” These findings may lead to ther-
apeutic and pharmacologic targets. Lower levels of pyr-

uvate in SCZ brains may compromise Krebs cycle func-
tion, as also supported by our proteomics studies consider-
ing the differential expression of aconitase 2 and malate
dehydrogenase 1. Moreover, higher levels of nicotina-
mide adenine dinucleotide phosphate (NADPH) have also
been found in the thalamus of SCZ patients,24) which can
compromise oxidative phosphorylation (OXPHOS). This
is also supported by proteomics since components of the
mitochondrial complex I and V are altered in SCZ
brains.'” The overall dysregulation of energy metabolism
leads to the increased production of hazardous ROS which
can trigger oxidative stress events. This processed was al-
so pointed out by proteomics through the differential ex-
pression of peroxiredoxins. Moreover, other proteins in-
dicating oxidative stress such as members of gluthatione
transferases family, carbonyl reductase (CBR) 1, CBR3
and quinoid dihydropteridine reductase (QDPR) we found
to be differentially expressed. The differential expression
of transketolase indicates a dysfunction in the pentose
phosphate pathway which main function NADPH for
OXPHOS. The different levels of NADPH in thalamus in-
terestingly support this ﬁnding.m

Calcium Homeostasis

Ca2+ seems to be an essential metabolite for the dop-
amine hypothesis in SCZ, especially considering its cru-
cial role in the function of dopamine receptors D1 and
D2.** In most of the proteome analyses we performed in
SCZ brain tissue, we observed the differential expression
of Ca2+ homeostasis-related proteins. For instance,
Calcineurin, that regulates dopaminergic”) and gluta-
matergic40) neurotransmission, which are frequently com-
promised in scz. Dopaminergic hyperactivity in
SCZ may result in altered N-methyl-D-aspartic acid
(NMDA) receptor activation, which can lead to ex-
citotoxicity and excess Ca2+ influxes through NMDA
receptors.” Other important Ca2-+-regulated proteins
differentially expressed in SCZ are calmodulin and
PMCA-4 which can interfere in the activity of phospholi-
pase A2 (PLA2) leading to impairments on dopaminergic
activity. In addition, myelinization dysfunction can also
be triggered as a result of differential Ca2 + buffering.44)

Oligodendrocyte Metabolism

The main role of oligodendrocytes in the central nerv-
ous system is to insulate axons with myelin, providing an
electrically-insulating phospholipid layers that facilitate
axonal signaling by increasing the speed at which the elec-
trical impulses are propagated and by preventing the elec-
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Fig. 1. Glucose metabolic pathway. The black boxes show the differentially expressed enzymes and metabolites revealed by proteomics
in the glycolysis found in SCZ brain fissue (llustration by KEGG - http://www.genome.jo/kegg).’” HK, hexokinase; ALDOC, fructose-
bisphosphate aldolase C; TPI1, friosephosphate isomerase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; PGK1, phosphoglycerate
kinase 1; PGAM1, phosphoglycerate mutase 1; ENO2, gamma-enolase; PKM1, pyruvate kinase isozymes M1/M2; DLD, dihydrolipoyl
dehydrogenase, mitochondrial.
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trical current from leaving the axon. Additional functions
of oligodendrocytes include growth factor synthesis, sup-
port to neuronal survival, as well as roles in neuro-
development and neurotransmission.**” Defects in mye-
lin insulation may lead to ion leakage, which will reduce
nerve impulse propagation. As a consequence, neuronal
and glial functions will be compromised. Different re-
search fields such as imaging, biochemical, epigenetic
and neurodevelopment studies”?” have agreed that the
dysfunction of oligodendrocytes is a pivotal feature of
SCZ pathogenesis regarding brain connectivity. Several
transcriptome studies using cDNA microarrays in SCZ
brain tissue have supported oligodendrocyte dysfunction
in SCZ,”" so as proteomics.sz)

2’,3’-cyclic nucleotide 3’ phosphodiesterase (CNP)
was not only found to be differentially expressed in 6 tran-
scriptome analyses but also in 3 proteome analyses of SCZ
brain tissue. This protein binds to tubulins - which were al-
so found to be differentially expressed in SCZ brains - to
regulate the microtubule distribution in the cytoplasm.ss)
Moreover, CNP promotes in oligodendrocytes micro-
tubule assembly for process outgrowth and play indis-
pensable roles in axonogenesis, RNA metabolic process,
and synaptic transmission.”*”” In addition, studies have
confirmed genetic association of CNP with SCZ.>® Trans-
ferrin, also found to be differentially expressed in a num-
ber of transcriptome and proteome analyses, has a central
role in oligodendrocytes during myelination.57)

The major constituent of the myelin sheath of oligoden-
drocytes and Schwann cells is myelin basic protein
(MBP). Transcriptome and proteome studies found MBP
differentially expressed as well as myelin oligoden-
drocyte protein (MOG), supporting disturbances in
myelinization. MBP and MOG are known markers for
neurodegenerative diseases such as multiple sclerosis,
suggesting that the altered levels of both proteins could be
an indication of a kind of neurodegenerative event, as hy-
pothesized previously.” Moreover, calcium imbalance,
which was also observed by proteomics in SCZ, might
lead to degenerative processes, as a result of dysfunctions
in intracellular calcium buffering, storage and influx.””

Regarding the biomarker point of view, we also found
relatively different amounts of MOG and MBP in the CSF
of SCZ patients,M) suggesting them as potential biomarker
candidates.*”

Cytoskeleton
In our studies, we found a consistent dysregulation in
the expression of cytoskeleton proteins (CPs). CPs pat-

terns of expression are tissue specific and can directly in-
fluence in brain tissue processes such as cellular shaping,
structural polarity, neuritogenesis, and neurotransmission.

Tubulin subunits were the most represented CPs in our
studies. They are involved in several cellular activities
such as mitosis, cytokinesis, and vesicular transport.m)
The classical astrocytic marker glial fibrillary acidic pro-
tein (GFAP) was consistently found to be differentially
expressed in SCZ brains. GFAP is the major intermediate
filament of mature astrocytes, which have pivotal role in
the glutamatergic transmission. The dysfunction of as-
trocytes has been presented as a core feature of scz,®
and alterations in GFAP expression may compromise syn-
aptic functioning and behavior.”” Dynamin 1 (DNM1) has
also been reported consistently different in SCZ brains.
This microtubule-binding protein plays a central role as a
mechanochemical enzyme in synapses64) as well as dop-
aminergic and glutamatergic transmission.” In addition,
the neurofilaments M and L had their genes mapped to
chromosomal regions related to SCZ susceptibility. These
proteins play roles in the dopamine receptor signal trans-
duction pathway.38)

Final Remarks

All SCZ proteome studies our group performed were
done using brain tissue from patients treated with anti-
psychotic drugs. Therefore, we had already been asked
whether some of the presented findings could be due drug
treatment. Although we cannot rule out this possibility,
this source of bias may be partially obviated by ex-
perimental evidence suggesting that the alterations of en-
ergy metabolism described in SCZ is a component of the
disease itself and not an effect of antipsychotic drugs.66)
Moreover, the analyzed patients were under different ther-
apeutic regimens. Thus, the identification of the same tar-
gets in such different samples supports the notion that the
identified proteins are disease-associated. In addition,
most of the identified proteins have not been reported to be
associated with drug treatment, and some candidates also
were found to be drug-effect independent by genetic link-
age studies.

In sum, I feel safe to assume that the findings presented
here reinforce the interest in the study of certain pathways
and stimulate the study of the new potential markers iden-
tified by proteomics.
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