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Abstract

The complex and heterogeneous pathophysiology of schizophrenia can be deconstructed by
integration of large-scale datasets encompassing genes through behavioral phenotypes. Genome-
wide datasets are now available for genetic, epigenetic and transcriptomic variations in
schizophrenia, which are then analyzed by newly devised systems biology algorithms. A missing
piece, however, is the inclusion of information on the proteome and its dynamics in schizophrenia.
Proteomics has lagged behind omics of the genome and transcriptome since analytic platforms of
proteins were previously not as robust as those for nucleic acids. In recent years, however, there
has been an unprecedented progress in the instrumentation (liquid chromatography (LC) and mass
spectrometry (MS)), experimental paradigms, and bioinformatics of the proteome. Large-scale
analyses of the schizophrenia proteome are now possible and ought to be pursued vigorously and
integrated with other omics results. With that in our view, we review proteomics studies that have
been conducted in schizophrenia to date, present a summary of methodological innovations of
recent years in MS based proteomics and the power of new generation proteomics, and propose
how such data can be analyzed and integrated with other omics results. Unlike DNAs or RNAs, the
function of protein is determined by multiple molecular properties, i.e., subcellular localization,
posttranslational modification (PTMs) and protein-protein interactions (PPIs). Thus, how to assess
and incorporate these properties poses additional challenges in proteomics and their integration
with other omics; yet will be a critical next step to close the loop of multi-omics integration.
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1. Introduction:Proteomics and multi-omics integration in schizophrenia

One of the most exciting developments in recent neuropsychiatric research is the
introduction of omics technologies and perspectives (Manzoni et al., 2018; Wang et al.,
2018a; Willsey et al., 2018). These methodologies enable us to generate genome-wide
datasets (Fromer et al., 2014; Schizophrenia Psychiatric Genome-Wide Association Study,
2011; Schizophrenia Working Group of the Psychiatric Genomics, 2014), link genes to
transcriptome to phenotypes and consider pathophysiologic mechanisms (Fromer et al.,
2016; Jaffe et al., 2016; Jaffe et al., 2018). In schizophrenia, genome-wide studies of
common and rare genetic variants have been conducted in tens of thousands of patients and
controls (Schizophrenia Working Group of the Psychiatric Genomics, 2014) and epigenomic
changes and their impact on chromatin conformation are also being extensively studied on
large scale samples (Girdhar et al., 2018; Hwang et al., 2016; Jaffe et al., 2016). Aided by
newly devised systems biology algorithms, these massive datasets are now integrated to
identify specific pathways bearing susceptibility to the illness (Gandal et al., 2018a; Gandal
etal., 2018b; Li et al., 2018). Perhaps the most challenging element in schizophrenia studies
lies with the complex makeup of the pathophysiology and its heterogeneity among patients.
To that end, multi-omics investigations on large patient populations and their integration are
essential.

Notably, presently available omics data are predominantly those of nucleic acids, i.e.,
genomics, epigenomics and transcriptomics, while inclusion of proteomics is relatively
limited. Proteins are the biological entity that perform the function of genes and as such
reflect functional consequences of most variations of genome, epigenome and transcripts.
Transcripts are most often studied as proxies of protein levels or indicators of gene function,
while it is understood that protein and mRNA levels correlate between 40 to 60% at best
(Nagaraj et al., 2011; Schwanhausser et al., 2011). Moreover, the function of proteins is
determined not just by abundance but by their physical and biochemical properties,
including subcellular localization, posttranslational modifications and protein — protein
interactions (PPIs) (Larance and Lamond, 2015; Yugi et al., 2016). Thus, functional
genomics investigations should be inclusive of in-depth analyses of the proteome and
analyses of the physical and biochemical properties of proteins.

Proteomic investigations have been hampered by a slower pace in the development of assay
platforms compared to those for DNAs and RNAs (Arora and Somasundaram, 2019;
Arrington et al., 2017; Li et al., 2017a). Over the last decade, however, there has been a
dramatic improvement in mass spectrometry (MS)- based proteomics assay platforms (Hada
et al., 2018; Mardamshina and Geiger, 2017). Newly devised mass spectrometers are
equipped with the resolution, accuracy and speed that were unimaginable even a few years
ago (Baker et al., 2017; Cai et al., 2016; Hada et al., 2018; Mardamshina and Geiger, 2017).
In parallel, there has been a remarkable development in software and search engines, which
permit rapid and detailed data processing as well as bioinformatic analyses of data. These
together mark a new era in MS based proteomics, in which assessment of the proteome on a
genome-wide basis is within reach. Large-scale investigations of the proteome should
therefore be fully incorporated into multi-omics investigations of schizophrenia.
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The goal of this article is to review the current status of proteomics investigations of
schizophrenia, consider future investigations in the field and the potential impact of such
studies to our pathophysiologic understanding of schizophrenia. To that end, we will first
review proteomics studies in schizophrenia (primarily postmortem investigations) to date
and provide a summary of new technologies, which permit future proteomic investigations
of a deeper and broader scope. Finally, we will discuss how these proteomics results have
been and will be analyzed and integrated in a multi-omics context.

Proteomics, phosphoproteomics and PPI analyses in schizophrenia

Proteins are the pillars for the structural fabric of cells and underpin most metabolic and
regulatory processes (Larance and Lamond, 2015). Such functions of proteins are
determined not only by the abundance of the proteins but also several properties of the
molecules. To perform their cellular functions, proteins should travel to specific subcellular
microdomains, interact with other proteins (protein-protein interactions, PPIs, and
potentially also undergo chemical modifications (posttranslational modifications. PTMs)
(Larance and Lamond, 2015). These properties therefore should be incorporated into
comprehensive analyses of protein function. Multiple groups have conducted proteomic
studies in schizophrenia by examining postmortem brains of patients and mouse models.
The majority of previous studies have so far examined the abundance of proteins, either in
the whole cell or subcellular locale, while PTMs and PPlIs are yet to be further investigated.

2.1 Protein abundance in whole cells and subcellular microdomains

Among the early postmortem proteomic studies in schizophrenia (detailed in Table 1) were
analyses of whole cell extracts. The anterior cingulate cortex (ACC), prefrontal cortex (PFC)
or hippocampus, was extracted as a whole in detergents or chaotropic agents. The extracts
were then analyzed by 2D gel electrophoresis (2D GE) followed by MS analyses employing
MALDI-TOF or LTQ (Beasley et al., 2006; Clark et al., 2007; Focking et al., 2011; Martins-
De-Souza et al., 2010; Nesvaderani et al., 2009; Pennington et al., 2008). In most of these
studies, the sample size ranged between 8 to 15 in each group and the assessment was semi-
quantitative based on spectral counting. Results were reported typically in two ways:
differentially expressed proteins and/or their enrichment in specific pathways. Notably, the
lists of proteins that were found to be altered in the patient group were not highly congruent
between studies. However, the pathways enriched among differentially regulated proteins
were more similar between studies. For instance, three different groups (Beasley et al., 2006;
Clark et al., 2006; Martins-De-Souza et al., 2010) examined the ACC using 2DE/ MALDI-
TOF. These groups found vastly different lists of proteins altered in the patient group, while
pathways for synaptic signaling or metabolism were found to be shared between these
studies.

Study of subcellular fractions permits a detailed analysis of the proteome enriched in the
microdomain and can offer a basis for understanding the intracellular trafficking of those
molecules. Among various subcellular microdomains, synaptic membranes (or
synaptosomes), postsynaptic density (PSD) and nuclear enrichments have been studied.
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Multiple lines of evidence have implicated synaptic signaling in schizophrenia (Kirov et al.,
2012; Schizophrenia Psychiatric Genome-Wide Association Study, 2011; Schizophrenia
Working Group of the Psychiatric Genomics, 2014) and synaptic membranes harbor these
signaling pathways. Several groups have examined postmortem brains by extracting
synaptosome (or synaptic membranes) as detergent insoluble fractions (Smalla et al., 2008)
or by ultracentrifugation of sucrose density gradients (\elasquez et al., 2017). Smalla et al.
reported enrichment of altered proteins in metabolic pathways, synaptic signaling and also
prohibitin (Smalla et al., 2008). Velasquez et al employed iTRAQ and label free
quantification using a hybrid orbitrap platform and reported signaling transduction, cell
adhesion and calcium signaling as dysregulated in the patient group (Table 1). Given the
small sample sizes therein, the results of these studies are to be verified in future
investigations.

The postsynaptic density (PSD) is a specialized microdomain and a hub for postsynaptic
signaling including glutamatergic and trophic pathways. Many genome wide association
studies of common or rare variants, have demonstrated that the PSD and signaling therein
are associated with schizophrenia (Fromer et al., 2014; Kirov et al., 2012; Purcell et al.,
2014; Szatkiewicz et al., 2014). Notably, the molecular architecture of the PSD offers a
landscape in which these pathways interact with each other and are integrated in a concerted
fashion (Li et al., 2017b). Thus, the PSD is a microdomain where molecular alterations of
pathophysiologic significance can converge (Banerjee et al., 2010; Hahn, 2011).

PSD enriched fractions can be isolated reproducibly from postmortem brains, when
procedures are carefully conducted and verified (Hahn et al., 2009; MacDonald et al., 2012).
Focking et al isolated PSD enrichments and conducted label free quantification employing a
hybrid orbitrap platform (Focking et al., 2015). About 25% of the identified proteins were
altered in the patient group before multiple comparison corrections. The pathway analysis
indicated long term potentiation, calcium signaling and trophin signaling, which are well
aligned with the pathways implicated in genetics studies (Kirov et al., 2012; Schizophrenia
Psychiatric Genome-Wide Association Study, 2011; Schizophrenia Working Group of the
Psychiatric Genomics, 2014). In parallel, the same group examined the ACC of BD patients
and found altered proteins enriched in metabolic pathways including oxidative
phosphorylation, mitochondrial function and protein translation (Focking et al., 2016).

Several developmental rodent models relevant to schizophrenia have been investigated in
proteomics studies. These include methylazoxymethanol acetate (MAM) (Chalkiadaki et al.,
2019; Hradetzky et al., 2012; Kisby et al., 2006), maternal immune activation (MIA) with
Poly I:C (Deng et al., 2011; Oh-Nishi et al., 2016), prenatal stress (Lee et al., 2015) and
social isolation rearing (Roncada et al., 2009). These studies employed various platforms;
most commonly 2D gel electrophoresis (2D GE) followed by MS analyses employing
MALDI-TOF (Deng et al., 2011; Kisby et al., 2006; Roncada et al., 2009), Q-TOF
(Hradetzky et al., 2012), or nano LC-orbitrap (Chalkiadaki et al., 2019; Oh-Nishi et al.,
2016). Studies have involved differing brain regions; the frontal cortex, hippocampus,
cerebellum and striatum. Some of these findings parallel those already seen in schizophrenia
brains, such as alterations in glutamatergic pathways in a recent study in mouse prefrontal
cortex (Chalkiadaki et al., 2019). Notably, these studies are have little overlap with respect to
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the rodent species, age, sex or brain region, leaving opportunities for replication before such
findings provide a solid basis for studies in schizophrenia.

Postmortem transcriptomics data are already available from large cohorts of schizophrenia
investigations (Fromer et al., 2016; Hwang et al., 2016; Jaffe et al., 2018). Previous
postmortem proteomic studies of whole cell extracts studies suffered from small sample
size, suboptimal quantitative accuracy and also limited coverage of the brain proteome. The
next step should be extending these studies to large postmortem cohorts using cutting edge
MS platforms (as described below). Assessment of protein abundance will have functional
valence only when it is conducted in a specific locale in the brain. This includes specific
cortical layers, subcellular microdomains and specific cell types beyond brain areas and sub
regions. This will be discussed further below.

2.2 Phosphoproteomics

Protein phosphorylation is a posttranslational modification (PTM) that affects serine,
threonine and tyrosine residues (Arrington et al., 2017). Phosphorylation incorporates a
negatively charged phosphate group, which in turn affects the conformation of the proteins
as well as its interactions with other proteins (Junger and Aebersold, 2014). As such, protein
phosphorylation is involved with virtually all cellular functions and its alterations are
involved with many illnesses.

Historically, analysis of phosphorylation of a large-scale proteome (phosphoproteomics) had
been a methodological challenge. However, this is no longer the case since the development
of methodologies for enrichment of phosphopeptides and the recent advances in MS

instrumentation; liquid chromatography (LC), software and search engines described below.

As in proteomics, phosphoproteomics can be conducted in the discovery (global) or targeted
mode. In global phosphoproteomics, cell/tissue homogenates harboring the
phosphoproteome are first digested, then enriched for phosphopeptides using the
immobilized metal affinity chromatography (IMAC) (Wolf-Yadlin et al., 2007a), metal oxide
affinity chromatography (MOAC), or immunoprecipitation (IP) with antibodies for
phosphorylated residue (e.g., pTyr) (Leitner, 2016). Phosphopeptides can now be
fractionated and analyzed by nano LC-MS/MS. Targeted phosphoproteomics are employed
for more accurate quantification of phosphorylation dynamics for specific sets of proteins
targets. Here, the workflow aims for quantification of site-specific phosphorylation using
SRM/PRM or data-independent acquisition (DIA) for specific signaling proteins (Adachi et
al., 2016; Lawrence et al., 2016; Wolf-Yadlin et al., 2007b).

Presently, the workflow combining a phosphopeptide enrichment method with LC-MS/MS
can identify 10,000 phosphorylation sites (de Graaf et al., 2014; Huttlin et al., 2010). Added
with multi-dimensional separations, such as strong cation exchange (SCX) fractionation and
IMAC or TiO2 enrichment, the coverage rises to 30,000 phosphosites (Huttlin et al., 2010;
Sharma et al., 2014). In targeted phosphoproteomics analyses, IMAC-SRM based
quantification of up to hundreds of phosphorylated sites in various signaling pathways is
readily feasible (de Graaf et al., 2014; Huttlin et al., 2010).
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Large scale phosphoproteomic analyses have been introduced to pathophysiologic and
biomarker studies of various illnesses (Ke et al., 2016; Venerando et al., 2017). In cancer
biology, for instance, there have been many studies and some of their findings are utilized
for clinical application (Blume-Jensen and Hunter, 2001; Huttlin et al., 2010; Zanivan et al.,
2013). More recently, these methods have been extensively applied to brain disorders
including neurodegenerative illnesses (Johnston-Wilson et al., 2000; McGuire et al., 2017;
Swatton et al., 2004). Schizophrenia and other psychiatric illnesses, however, are in a very
early stage of phosphoproteomic investigation.

With the recent advancement of MS technologies, we envision the following steps in
developing phosphoproteomics of postmortem studies in schizophrenia. These studies may
entail a) identification and quantification of phosphorylation sites in specific brain regions,
b) extending them to their temporal and spatial dynamics and c) integrating them with
proteomics and then with other omics results. Presently, there are several groups in the field
who have launched this line of investigation in postmortem cohorts of various sources (Saia-
Cereda et al., 2016) and the field will soon be populated with the results. The challenge,
however, is how to address postmortem confounds and their impact on protein
phosphorylation and its stability. For instance, Li et al has shown that 90% of serine
phosphorylation of GSK-3 can be lost in two minutes (Li et al., 2005). An important next
step will be to establish how the rapid dephosphorylation in the postmortem condition can be
controlled experimentally and how the results should be interpreted accordingly.

2.3 Protein — protein interactions (PPIs)

Protein function is modulated by its association with binding partners most often within the
context of a specific protein complex. As such, the protein complexes and PPIs therein
constitute a molecular context that determines a specific cellular function of the molecule.
Therefore, PPIs and the protein composition of protein complexes should be incorporated
into our understanding of the functional properties of proteins.

Historically, PPIs were studied with methodologies by which singular association between
the two proteins was analyzed one at a time, e.g., by Western analysis. The results were thus
binary and inclusive of only a small number of proteins in protein complexes. This limitation
has been overcome with the advent of multiple new methodologies, including
immunoprecipitation- mass spectrometry (IP-MS), cross linking — mass spectrometry (XL-
MS), as well as cryo electron microscopy (EM) (Smits and Vermeulen, 2016). These
methods now enable us to identify and quantify many proteins within protein complexes,
assess stoichiometry and topology of PPIs and their temporal and spatial dynamics under
various physiological or disease conditions.

The current IP-MS methodology, allows us to delineate many PPIs in a protein complex. In
this method, protein complexes are captured by antibodies for the core molecule and
immune-precipitates (IPs) are typically analyzed by LC-MS/MS. A few challenges
previously hampered accurate identification and quantification of PPIs using this method.
First, antibodies for proteins of interest are not always of the optimal sensitivity and
specificity. As a result, IP — MS results often show hundreds of proteins that bind to the
support matrix constituting a high non-specific background. Specificity or sensitivity of

Schizophr Res. Author manuscript; available in PMC 2020 September 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Borgmann-Winter et al. Page 7

antibodies can be increased using a revolutionized design of antibodies, so called
nanobodies. Nanobodies contain single antigen-binding domains (VHH) and have much
enhanced affinity and specificity for target proteins (Beghein and Gettemans, 2017). Epitope
tagging has also been used to capture protein complexes with enhanced sensitivity and
specificity. Epitopes could be FLAG, TAP, as examples, or biotin, which can be captured by
antibodies of very strong affinity or streptavidin (for biotin) (Natividad et al., 2018; Smits
and Vermeulen, 2016; Varnaite and MacNeill, 2016; Yang et al., 2015).

PPIs and their dysregulations are important in the current conceptualization of the
pathophysiology of schizophrenia (Fernandez et al., 2017; Ganapathiraju et al., 2016; Jia et
al., 2018; Liu et al., 2018). Genetic studies have shown enrichment of risk genes of the
illness in various PPI networks (Fromer et al., 2014; Kirov et al., 2012; Purcell et al., 2014;
Szatkiewicz et al., 2014). Conversely, PPI networks are now routinely used to prioritize
candidate genes toward the goal of building hypotheses about pathophysiology (Schwarz et
al., 2016). Consistent with this, postmortem studies have demonstrated a number of PPI
alterations in specific brain regions of patients with schizophrenia. In GIuN complexes,
PLCg, nNos, rPTPa were decreased while PSD-95 and erbB4 were increased in the
dorsolateral prefrontal cortex (DLPFC) of patients (Banerjee et al., 2015; Hahn et al., 2006).
In mGIuR5 complexes, Preso 1, Norbin and tamalin were decreased while RGS4 was
increased in the DLPFC of patients (Wang et al., 2018b). Furthermore, PP1 networks of
GIuN or mGIuR pathways were indeed found to be highly enriched for risk variants of
schizophrenia compared to non-psychiatric illnesses (Banerjee et al., 2015; Wang et al.,
2018b). These together indicate that PP1 networks enriched for risk variants could be a point
of convergence for genetic and epigenetic variations. If so, the interactions among these
proteins and functional valence of their dynamic changes may serve as mechanisms that
integrate disease risks of seemingly unrelated molecular alterations.

3. New generation proteomics methodologies.

The last decade has seen an unprecedented advancement in mass spectrometry (MS) based
methodologies, which has opened a new era in proteomics, phosphoproteomics and analyses
of PPIs. The number of proteins that can be identified in one sample has grown from
hundreds to about ten thousands (Monaci et al., 2018; Uzozie and Aebersold, 2018); and the
dynamic range of quantitative accuracy has been extended by orders of magnitude (Al
Shweiki et al., 2017). This has affected all major domains of MS based proteomics, namely
bottom -up and top-down proteomics, or the discovery and targeted analyses. Below, we
briefly summarize various domains of MS — proteomics methodology and how their
capabilities progressed recently aided by cutting edge equipment, software and experimental
paradigms.

3.1 Bottom up proteomics

In this category of proteomics methodologies, the proteins are first digested by proteases to
peptides, which are then analyzed by LC and MS to assess the mass-to charge ratios of each
peptide (Aebersold and Mann, 2003; Zhang et al., 2013). There are two forms of bottom-up
proteomics: the discovery (“shotgun™) or targeted mode. In the former, many ions are

Schizophr Res. Author manuscript; available in PMC 2020 September 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Borgmann-Winter et al. Page 8

scanned in an unbiased fashion; in the latter, specific ions are searched for and quantified,
typically with isotope labeled standards. In the early 2000’s, the Quadrupole-Time of Flight
(Q-TOF) MS was a popular platform in discovery proteomics. This platform was highly
capable of fast full-scan data acquisition; yet had limitations in resolution and identification
of analytes. Subsequently, a hybrid of LTQ mass filter and Orbitrap analyzer was introduced,
which provided high mass resolution and accuracy over a wider mass range (Zubarev and
Makarov, 2013). More recently, this hybrid Orbitrap set up has been extensively upgraded
(Scheffler et al., 2018). With the cutting-edge equipment set up, discovery proteomics now
can identify up to 10,000 proteins with much improved accuracy of quantification. In these
platforms, the dynamic range can be achieved up to 5000 with resolving power of >50000 at
m/z 200 and the data accuracy of ~0.03 Da (Al Shweiki et al., 2017; Iwamoto and Shimada,
2018).

Targeted proteomics has also seen a remarkable advancement in MS and LC
instrumentation. Targeted proteomics include the SRM/MRM, Isobaric Tags for Relative and
Absolute Quantitation (iTRAQ) and the Tandem Mass Tag (TMT) methods. In the
SRM/MRM method, the sample is combined with stable isotope labeled standards and both
the absolute and relative quantification are conducted for both the sample and heavy labeled
standard peptides (Lange et al., 2008; Picotti and Aebersold, 2012). As such, the
SRM/MRM method offers the most accurate quantification of analytes. The isobaric Tags
for Relative and Absolute Quantitation (iTRAQ) method (Wiese et al., 2007) is used in
targeted and discovery quantitative proteomics to determine the quantity of proteins from
different sources in a single experiment. The Tandem Mass Tag (TMT) method quantifies
data obtained from fragmented tags in MS/MS spectra. Each reporter contains isotopes
substituted at various positions but they are identical in chemical structure (Thompson et al.,
2003). The recently advanced Mascot, Maxquant and Paragon search algorithms have the
capability to quantify those TMT tagged as well as other isobaric tagged proteins.

The parallel reaction monitoring (PRM) method is another innovation in targeted
proteomics. The PRM method offers quantitative accuracy close to that of SRM but method
development is much less labor intensive (Glizel et al., 2018; Peterson et al., 2012; Picotti
and Aebersold, 2012). In the PRM method, target precursor ions are isolated in the 15t
quadrupole, fragmented in the 2" quadrupole and then identified and quantified by the
Orbitrap mass analyzer (Guzel et al., 2018; Peterson et al., 2012; Picotti and Aebersold,
2012). Compared to the SRM method, PRM has an advantage in high-throughput
quantification with confident targeted peptide confirmation. It is most suitable for
quantifying hundreds of targeted proteins in a complex mixture with attomole level of limits
of detection (Glzel et al., 2018; Peterson et al., 2012; Picotti and Aebersold, 2012).

It is important to note recent progress in a form of data independent acquisition (DIA),
specifically SWATH-MS (Sequential Windowed Acquisition of all Theoretical Fragment ion
Mass Spectra) method. Discovery proteomics can be performed in a data dependent
acquisition (DDA) mode, where the precursor ions are selected in the order of their intensity
to generate the product ions (Kalli et al., 2013; Schwudke et al., 2007) or DIA mode, where
all precursor ions are fragmented. The DIA mode combines the advantages of DDA and
SRM/PRM (Doerr, 2014) and repeatedly surveys every peptide. This can have the scope of
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identification similar to DDA while achieving the reproducible quantification characteristic
of the MRM/SRM or PRM (Barkovits et al., 2018). In SWATH-MS, targeted extraction of a
fragment ion is used to identify and quantify the proteins in the fragment ion spectra. A
recent study shows that the SWATH-MS label-free quantification can quantify ~5,000
proteins reproducibly in high precision and accuracy for a highly complex mixture of
proteins (Navarro et al., 2016).

3.2 Top down proteomics strategies.

Methods in this category allow in-depth characterization of proteins by fragmenting entire
proteins inside a MS (Catherman et al., 2014; Skinner et al., 2017) and thus the ion masses
of intact and fragmented proteins can be measured and quantified. This approach can
provide up to 98 % sequence coverage and full characterization of proteins, while
maintaining PTMs (Catherman et al., 2014; Skinner et al., 2017). Previously, top down
proteomics had suboptimal detection sensitivity and accuracy for molecules larger than 30
kD. Aided by incorporating versatile fragmentation techniques, detection sensitivity, of
larger proteins (up to 70 kD), in particular, significantly improved as shown in a recent study
(Scheffler et al., 2018). Using the high-field quadrupole orbitrap tribrid mass spectrometer
(Christoforou et al., 2016a; Zhang et al., 2016), they achieved resolution settings of
>500,000 FWHM at m/z 200 and can have mass accuracy of ~10 ppm.

3.3 Software, search engines and data consortia.

Critical to the recent progress in MS technologies is the development of algorithm/search
engines to identify and quantify peptides based on mass spectra and software for proteome
data processing. Several algorithms/search engines have changed the field and rendered MS
spectra readily usable towards identification of peptides and their modifications. Among
widely utilized proteome searching tools are Sequest (Thermo Scientific, US) (Eng et al.,
1994), Mascot (Matrix Science, UK) (Koenig et al., 2008), MaxQuant (Tyanova et al., 2016)
and Paragon (Shilov et al., 2007). The Sequest algorithm, developed by Yates and
colleagues, along with the algorithm X!TANDEM, can identify ~2,000,000 peptides which
can be matched with over 14000 proteins (Dufresne et al., 2018). Likewise the MaxQuant
developed by Mann and colleague (Cox and Mann, 2008) identifies and quantifies of >4,000
proteins in mammalian proteome. For instance, the MaxQuant algorithm was employed to
generate as much as 9700 unique proteins from a single experiment (Mathieson et al., 2018;
Tyanova et al., 2016). In addition, Proteome Discoverer (Thermo Fisher, US) (Xiao et al.,
2016), ProteinPilot (Sciex, US) (Ernoult et al., 2008), ProteinProspector (UCSF, US)
(Chalkley et al., 2005) and, ProteinScape (Bruker, DE) (Hinneburg et al., 2016) are widely
used proteome data processing software. For targeted proteomics data analysis and protein
quantification, Skyline (http://skyline.ms/project/home/software/Skyline) is the most widely
used open source software. The software supports multiple workflows like SRM/MRM,
PRM, and DDA efc. (Frewen et al., 2010).

In addition, web-based consortia have been established, where proteomics data and raw files
can be deposited and accessed by the scientific community. A prime example of this is the
ProteomeXchange consortium (http://www.proteomexchange.org/)(He et al., 2019), which
supports submission of experimental data from all proteomics data workflows. The data can
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be submitted mainly in three data depository partners ;“PRIDE - PRoteomics
IDEntifications Database” that supports DIA and DDA discovery data, “MassIVE” that
supports specifically DDA shotgun proteomics data and “PeptideAtlas — PASSEL” that
supports targeted proteomics data. In addition,another consortium, ProteomicsDB (https://
www.ProteomicsDB.org), released in 2014, is a protein-centric in-memory database for the
exploration of large collections of quantitative mass spectrometry-based proteomics data
(Frejno et al., 2017).

4. Integration of proteomics and its dynamics into the multi-omics in

schizophrenia

The ultimate goals of omics investigations are to discover pathophysiologic mechanisms and
to form therapeutic strategies (Yugi et al., 2016; Yurkovich and Palsson, 2018). Considering
its complex and heterogeneous nature, the pathophysiology of schizophrenia (Fromer et al.,
2016), (Boyle et al., 2017) will be delineated not by a single omics alone, e.g., genomics or
transcriptomics (Geschwind and State, 2015; Prinz et al., 2004; Willsey and State, 2015) but
by integration of multi-omics outcomes. Figure 1 depicts multiple layers of omics ranging
from genes to disease phenotypes. These include alterations at the level of nucleic acids, i.e.,
DNAs and RNAs, proteins, metabolites and microbiomes. In complex trait disorders, each
layer can contribute to pathophysiologic mechanisms via complex interactions amongst
them (Figure 1). Many algorithms have been developed to analyze and integrate the data
from genomics, epigenomics, and transcriptomics and other omics investigations. Such
studies have been conducted in various diseases including cancers (Bian et al., 2018;
Chaudhary et al., 2018; Dimitrakopoulos et al., 2018; Doostparast Torshizi and Petzold,
2018; Le Van et al., 2016; Ritchie et al., 2015) and neuropsychiatric illnesses (Cattaneo and
Pariante, 2018; Chakraborty et al., 2017; Crowther et al., 2018; Higdon et al., 2015; Wu et
al., 2018). It is important to note, however, that each domain of omics has different
configuration to their assessment and thus should be integrated into the whole construct with
considerations for specific characteristics. Here, we will briefly summarize current methods
on multi-omics integration and consider how proteome data can be better integrated into a
multi-omics framework.

4.1. Adapting preexisting approaches developed for transcriptomics to proteomics

analysis.

Some of well-established approaches for analysis of DNA - and RNA - omics can be
adapted to proteomics data. Figure 2 summarizes widely used systems biology approaches
that have been employed for omics of DNAs and RNAs. These algorithms can be grossly
categorized into three distinct groups: supervised methods, unsupervised methods, and semi-
supervised methods (Figure 2). Of these multi-omics data analysis methods, many can be
directly applied to proteomic analyses. For example, pathway-based methods are utilized for
all levels of omics to assign biological functions to risk variants as they have guided
interpretations of genomic and transcriptomic studies. The same paradigm could be applied
to proteins as in many previous proteomic studies (Clark et al., 2006; Focking et al., 2016;
Martins-de-Souza et al., 2009). Definition of each pathway and their memberships reflect
biases of the field. Given that, a number of algorithms have been developed to find
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functional clusters of the genes that are relevant to pathophysiologic mechanisms by
leveraging the concept of transcriptional networks.

Transcriptional networks are harmonized orchestrations of genomic and regulatory
interactions with a definitive role in mediating cellular processes through regulating gene
expression (Doostparast Torshizi et al., 2018a). Scale-free co-expression networks (Jordan et
al., 2004; Lukashin et al., 2003) are among the most commonly used network methods for
modeling cellular functions. Despite vast adoption of co-expression networks, they may not
fully recapitulate the underlying molecular interactions driving the disease phenotype (Basso
et al., 2005). This is due to multiple limitations (Margolin et al., 2006) including the lack of
incorporation of causal regulatory relationships and the presence of high false positive rates
due to indirect connections (Doostparast Torshizi et al., 2018b; Doostparast Torshizi and
Wang, 2017). In contrast, information-theoretic deconvolution techniques (Basso et al.,
2005) are capable of compensating for such deficiencies with successful applications in
complex diseases such as cancers (Alvarez et al., 2016), prostate differentiation (Dutta et al.,
2016), and neurodegenerative diseases (Brichta et al., 2015).

Among these, co-expression analyses with weighted correlation network analysis (WGCNA)
is an important example (Langfelder and Horvath, 2008; Zhang and Horvath, 2005). It
provides a network identification scheme based on the similarity of genetic transcription-
level profiles across individuals by defining clusters of co-expressed genes (Langfelder and
Horvath, 2008; Zhang and Horvath, 2005). This has been routinely utilized for
transcriptomics and proteomics studies for various psychiatric illnesses including autism,
schizophrenia and others. One remaining challenge, however, is how to incorporate function-
defining molecular properties of proteins (described above). For instance, the WGCNA is
based on the notion that co-regulated genes may have common functionality at some level of
biological function. Should protein extracts from whole cell homogenate or specific
subcellular fractions be studied? How about posttranslational modifications and PPIs? How
should these to be integrated with WGCNA analyses of transcriptomics of the same cells/
tissues?

4.2 Novel approaches needed to incorporate proteomics data into multi-omics analyses.

To generate pathophysiologic hypotheses, it is necessary to integrate data from multiple
omics investigations. In this regard, the concept of “convergence” figures greatly into how
integration algorithms have been conceived (Geschwind and State, 2015; Prinz et al., 2004;
State and Sestan, 2012; Willsey and State, 2015). In complex trait disorders, risk carrying
alterations in different dimensions may interact and conspire to impact specific pathways. If
so, identifying points of convergence may pinpoint the disease mechanisms. There are
indeed multiple examples where genomic variants, transcriptomic alterations, co-expression
modules and epigenomic changes are stratified and found to be overlapping on specific
pathways. How to integrate proteomics data with their multiple dimensions incorporated will
be the next challenge as the MS based proteomics field grows rapidly.

Unlike gene expression data, proteomics data sets provide additional dimensions, such as
protein complex information, protein-protein interactions (PPI), sub-cellular physical
location in the cell, phosphorylation and other PTMs. An important question then is how
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these should be incorporated in multi-omics approaches to facilitate our understanding of
schizophrenia. In the following we will consider how such multi-dimensional features can be
incorporated into a proteome map and then be integrated into multi-omics analyses.

Subcellular localization places proteins in intracellular locale where their function is needed
(Itzhak et al., 2016). For instance, transcription factors can only function via proper
regulation of nucleo-cytoplasmic shuttling (Itzhak et al., 2016; Plotnikov et al., 2011).
Therefore, considering sub-compartmental location (Lee et al., 2016) and spatial distribution
is essential in understanding cellular mechanisms and their contribution to the disease. With
the advent of high-throughput proteomic readouts, rich sources of known proteome
localization data are available to be used in integrated studies (Christoforou et al., 2016b;
Thul et al., 2017; Uhlen et al., 2017).

PPI networks represent direct physical interactions between proteins are another dimension
that need to be integrated for functional assessment of proteins. PPIs show more direct
relationships between gene products than those from co-expression approaches such as the
WGCNA or Algorithm for the reconstruction of Accurate Cellular Networks (ARACNE)
that are based on the “statistical correlation” between genes. Indeed, PPIs are commonly
used for prioritizing and identifying disease genes and pathways (Karczewski and Snyder,
2018) . For instance, in patients with autism spectrum disorder (ASD), genes harboring de
novo missense or nonsense mutations are enriched for genes with high degrees of
connectivity in PP1 networks to all other genes and particularly previously ASD-implicated
genes (Li et al., 2014; Neale et al., 2012). It is of note, however, that the prevalent
assumption that dense regions of PPI networks constitute protein complexes was found not
to be true (Dong et al., 2018). Therefore, it will be important to further refine available
databases on PPI networks by obtaining experimental results of PPIs in relevant tissues, i.e.,
postmortem human brains of the regions of interest.

Toward the goal of integration with diverse other omics data-types, there is a need to
construct a multi-dimensional proteome map. This will require an algorithm to incorporate
the information on subcellular localization, PTMs, PPIs and other functionally relevant
properties. Once the proteome map is created, it can be integrated to other data types using
graph-integration methods. An example could be the method, which uses different types of
edges to denote different types of interactions between genes in a network structure
(Doostparast Torshizi and Petzold, 2018). Another approach is to combine and “amplify”
signals from individual genes from various dimensions of omics. Here, prior information of
genes associated with the illness in multiple domains, e.g., transcriptomics or epigenomics,
are superimposed on the nodes of the network. The information is then propagated through
the edges to nearby nodes in an iterative manner until convergence is observed. There are
now a number of algorithms designed to amplify signals from multi-dimensional omics
results (Cowen et al., 2017). Among these are based on the strategies of “Random walks’
(Voevodski et al., 2009), “electrical resistance” (Suthram et al., 2008) and “information
diffusion” (Cao et al., 2014).
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5. Conclusion

Multi-omics approaches and their integration are essential for deconstructing the complex
nature of the pathophysiologic makeup of schizophrenia. Such investigations are now
possible as genome wide analyses of risk variants, transcripts and epigenome have been or
are being conducted on large scale. (Fromer et al., 2016; Wang et al., 2018a). Rapidly
expanding bioinformatics algorithms now enable us to analyze these massive data and
connect dots between genes to transcripts. One missing piece is incorporation of information
on proteome changes and their dynamic properties, such as subcellular localization, PTMs
and PPIs in the illness.

The new generation proteomics methodologies offer analyses of a scale close to the whole
proteome and of highly quantitative accuracy. Importantly, they enable us to analyze not
only the abundance of proteins, but also their functional properties, their subcellular locale,
PTMs and PPIs. The transcriptome and epigenome have been extensively investigated in
postmortem brain regions of subjects with schizophrenia and controls of a large cohort. A
compelling next step will be to apply the new generation proteomics methodologies to
postmortem brains, which will permit us to close the loop of functional genomics at the
molecular level.

There are a few steps that need to be addressed in doing so. First, how to address the effects
of postmortem confounds and medication effects on all proteomics parameters. How do we
monitor the stability of proteins in various postmortem conditions? For transcripts, there are
universally accepted measures of their stability, such as RIN, while there are no such
measures for proteins. How should the stability of posttranslational modifications be
monitored? To what extent is protein phosphorylation is maintained in postmortem brains
and what measures should be employed? Do they reflect in vivo phosphorylation or ex vivo
postmortem phosphatase activity? Similar lines of questions should be addressed for
subcellular localization and PPIs.

Another important challenge is how to integrate various aspects of proteome and its
dynamics, the abundance, subcellular localization, PTMs and PPIs. Transcriptomic or
epigenomic changes are distilled to singular quantitative measures before they integrate with
genomic variations. The proteome and its dynamics represent multi-dimensional measures
reflecting protein functionality. How to capture their interactions and how to incorporate this
into measures for the integration with other omics is the next challenge.

Integrative multi-omics approaches enable us to consider the pathophysiologic
understanding of complex trait disorders, such as schizophrenia, as an attainable goal. The
new generation instrumentation and software/search engines can now be utilized to conduct
a large-scale investigation of proteome and its multi-dimensional properties in schizophrenia
relevant tissue or cell samples. While protein and its dynamics carry out the gene function,
the majority of multi-omics in schizophrenia have been biased for nucleic acids. Future
proteomic investigations will add a new dimension to our conceptualization of the complex
pathophysiology of schizophrenia.
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Figure 2:
The overall categorization of the available multi-omics data analysis methods.
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Table 1:
Proteomic Studies in Schizophrenia.
cohort region extracts Proteomic # altered altered proteins Protein groups/
method proteins pathways
Whole cells
Clark et al., 10 SCZJ ACC whole cell 2D-E SCZ -36 Table 4 in Clark et | synaptic, signaling,
2006 1 MALDI-TOF al., 2006 metabolic and
10 CTRL MS oxidative stress,
trafficking,
cytoskeletal and
glial-specific
proteins
Clark et al., 10 SCZ‘Z ACC whole cell 2D-E SCzZ-27 Table 3 in Clark et functionally
2007 7 MALDI-TOF al., 2007 classified as
10 CTRL MS metabolism,
cytoskeleton,
synapse
Sivagnanasu 10 SCZ] CCgenu | whole cell 2D-E SCZ -34 Table 2 in Human Proteome
etal., 2007 1 Maldi-TOF 21 altered L/R Sivagnasundaram Database
10 CTRL hemisphere etal., 2007 cytoskeletal
structure and
function,
neuroprotective
function and energy
metabolism
Pennington 35 8022 DLPFC whole cell 2D DIGE SCZ -9 PASCIN 1 SCz:
et al., 2008a 2 2D linear lon | BPD -45 DYN synaptic proteins (7
35BPD trap Both - 6 NF-L of the 15) in septin
35 CTRL? family
Martins-de- 11 8023 ACC whole cell 2D-E SCZ-28 WB validation — Human Protein
Souza et al., 6E/5M MALDI-TOF | Males 11 SCZ-CTRL Reference
2010 (6F/SM) MS Females 7 DPYSL2, Database
8 CTRL CRYABPRDX6 Communication/
(2F/6M) WB validation — signal transduction
M/F GLUL Metabolism/energy
Saia-Cereda 9 SC23 CcC Cytoplasmic LTQ orbitrap | SCZ - 65 Table 2 in Saia- Ingenuity:
etal., 2105 4 XL Ceredaetal., 2015 | energy metabolism,
5CTRL spectral cell communication
counting and signaling and
cell growth and
maintenance
MacDonald 22 SCZ5 AC whole cell LC-SRM/MS | SCZ- 155 Table 2 in DAVID: Glutamate
etal., 2015 5 Gray MacDonald et al., signaling pathway
23 CTRL matter 2015 Co-expression
network analysis
Clathrin coated
vesicle membrane,
NADH binding
Saia-Cereda 5 SC25 cCc whole cell 2D-RP/RP SCZ - 56 Tables 2 and 3 Ingenuity:
etal., 2106 4 multiplexed differentially in Saia-Cereda et Phosphorylation
5CTRL (DIA) phosphorylated al., 2016 CTNF pathway
- 68 incl. PI3K, mTOR
ephrinB
Whole cell laser dissected
Pennington 12 SCZZ Insular whole cell 2D-DIGE in SCZ or BPD Table 2 in Most affected
etal., 2008b 2 cortex Laser 2D linear ion or both - 19 Pennington et al., categories:
13 CTRL layer 2 dissected trap 2008b cell

WB validation:
DRP-2 a-synuclein

communication/
signal transduction
protein metabolism
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cohort region extracts Proteomic # altered altered proteins Protein groups/
method proteins pathways
Focking et 20 SCZZ Mid-HC whole cell 2D-DIGE common to WB Validation: Ingenuity (SCZ)
al., 2011 2 cornu Laser mass more than one PCMT1, SPTAN1, | Cellular assembly
20 BPD ammonis | dissected spectrometry HC region ARMCX1, and organization
2 | regions 2 SCZ-32 ANXAG Cellular
20CTRL™ [ gng 3 BPD - 38 SEPT11,FSCN1 | compromise
Cell morphology
Cell signaling
Cell to cell
signaling and
interaction
Nuclear
Saia-Cereda 12 SC23 cc Nuclear 2D-E SCZ Nuclear Table 2 in Saia- Reactome for
etal., 2107 4 (white enrichment LTQ orbitrap | proteins Ceredaetal., 2017 | proteins commonly
8 CTRL matter) CC -552 regulated between
ATL ATL - 224 the two regions:
(gray Cellular stress
matter) response
Heat shock proteins
STRING:Nuclear
protein specific:
CC-calcium-
calmodulin
ATL spliceosome
Membrane
Behanetal., Proteomic DLPFC Proteomics: 2D-DIGE in one or both WB Validation NA
2009 studies : membrane RP-LC- disorders —16 Incr. BPD and
pooled microdomains | MS/MS SCZ in: Stanley
samples Validations: Brains
2 whole cell STXBP1, BASP1
10 SCz J LAMP
10 BPD Harvard Brains
10 CTRLZ STXBP1, BASP1
Validation
Studies:
20
subjects/gr
2
p
10
subjects/
7
group
Synaptic
Smallaetal., 8 SCZg DLPFC synaptic 2D-E SCZ-41 WB validation: NA
2008 8 structures MALDI-TOF Prohibitin
8 CTRL common alteration
between SCZ
AND ketamine
treated rats
Velasquez et 8 SC26 PFC synaptosomes | iTRAQ scz Limbic system DAVID and
al., 2017 4 LTQ orbitrap iTRAQ -12 associated protein Reactome:
8 CTRLS Q-Exactive label free -55 Alpha-calcium/ Dysregulated by
pooled calmodulin- both methods:
dependent protein synaptic activity
kinase Il signaling pathways
confirmed by associated with
PRM calcium
Post synaptic density
Focking, 20 SCZZ ACC PSD label free SCZ-143 WB validation: DAVID NIH:
Lopez, etal., 2 LC-MS Q (25 after AP2B1 KEGG
2015 20 CTRL Exactive correction for DNM1 Endocytosis
2 sample FDR) MAPK3 Calcium signaling
pooled SYNPO Long-term
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cohort region extracts Proteomic
method

# altered
proteins

altered proteins

Protein groups/
pathways

Neurotrophin
signaling (FDR
signif)

JNSW Tissue Resource Centre (University of Sydney, NSW, Australia),
2 . .
Stanley Brain Collection,
3
Norbaden, Germany,
4. .
Heidelberg Germany,
5 . .
University of Pittsburgh,
6State Mental Hospital Weisloch, Germany,

7
Harvard,

gNew Magdeberg Brain Collection. Abbreviations: SCZ, Schizophrenia; BPD, Bipolar Disorder; CTRL, Control; DLPFC, Dorsolateral Prefrontal
Cortex; ACC, anterior cingulate cortex; AC, auditory cortex; CC, corpus collosum; HC, hippocampus; ATL, anterior temporal lobe.
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