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ABSTRACT

Objectives: Disturbances in the myelin sheath drive disruptions in neural transmission and brain
connectivity as seen in schizophrenia. Here, the myelin proteome was characterised in schizo-
phrenia patients and healthy controls to visualise differences in proteomic profiles.

Methods: A liquid chromatography tandem mass spectrometry-based shotgun proteomic ana-
lysis was performed of a myelin-enriched fraction of postmortem brain samples from schizo-
phrenia patients (n=12) and mentally healthy controls (n=8). In silico pathway analyses were
performed on the resulting data.

Results: The present characterisation of the human myelinome led to the identification of 480
non-redundant proteins, of which 102 proteins are newly annotated to be associated with the
myelinome. Levels of 172 of these proteins were altered between schizophrenia patients and
controls. These proteins were mainly associated with glial cell differentiation, metabolism/
energy, synaptic vesicle function and neurodegeneration. The hub proteins with the highest
degree of connectivity in the network included multiple kinases and synaptic vesicle trans-
port proteins.

Conclusions: Together these findings suggest disruptive effects on synaptic activity and there-
fore neural transmission and connectivity, consistent with the dysconnectivity hypothesis of
schizophrenia. Further studies on these proteins may lead to the identification of potential drug
targets related to the synaptic dysconnectivity in schizophrenia and other psychiatric and neuro-
degenerative disorders.
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Introduction

The central role played by oligodendrocytes in myelin-
ation of neurons in the central nervous system (CNS)
is essential for the proper functioning of the human
brain. Myelin provides an electrically-insulating
phospholipid layer, which facilitates the transmission
of signal throughout axons, increases the speed of
electrical impulses and avoids axonal electrical leak-
age. Naturally, disturbances in the myelin sheath may
compromise the above-cited functions, affecting con-
sequently neuronal and glial functions (Shimizu
et al. 2018).

Oligodendrocyte-associated disturbances that dir-
ectly affect myelination have been proposed as a

pivotal feature in the pathogenesis of schizophrenia by
different research groups, due to the critical role of
these cells in the formation and maintenance of brain
connectivity (Cassoli et al. 2016; Kolomeets and
Uranova 2019). Such disturbances are proposed to ori-
ginate at the neurodevelopmental level in utero, when
the myelination process begins and then essentially ter-
minates in early adulthood. This is because myelination
must happen in biological harmony to construct and
guide brain connectivity properly. This process may be
disturbed by environmental factors or influenced by
genetic variations (Dulamea 2017; Liu et al. 2019).
Therefore, the characterisation of the molecular features
of myelin in healthy and diseased human brains may
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provide more precise insights about the biology of this
structure and potential therapeutic targets.

Myelin is basically composed of lipids of well-char-
acterised composition (Schmitt et al. 2015; Camargo
et al. 2017; Li et al. 2017). However, characterising
components involved in manufacturing and maintain-
ing these structures at the protein level is also import-
ant for understanding myelin function in health and
disease. The application of large-scale bottom-up shot-
gun proteomics can provide an overview of the pro-
tein composition in a qualitative and quantitative way
(Becker and Bern 2011; Smith et al. 2019).

For a while now, researchers have been interested
in the myelin proteome (referred to hereafter as myeli-
nome) of the human brain. The first report of the
human myelinome revealed 678 proteins (Ishii et al.
2009), followed by other two reports, which identified
770 proteins and 721 proteins (Dhaunchak et al. 2010;
Gopalakrishnan et al. 2013). These reports provided
insightful overviews of the human myelinome, serving
as references - especially when Ishii and Dhaunchak
compared human and murine myelinomes - from a
qualitative point of view. These papers opened roads
to the characterisation of the human myelinome in
brain disorders.

In order to characterise the myelinome changes
associated with schizophrenia, we macerated postmor-
tem brain tissue (dorsolateral prefrontal cortex
(DLPFC), Broadman Area 46) from mentally healthy
donors and schizophrenia patients and then used a
differential centrifugation technique to collect a mye-
lin-enriched fraction (Dunkley et al. 1986). This fraction
was homogenised and the protein content analysed
by liquid chromatography tandem mass spectrometry-
based shotgun proteomics (LC-MS/MS). The main
objectives were to characterise the human myelinome
of the cohort we are investigating and to identify any
proteins belonging to the myelinome which were dif-
ferentially regulated in schizophrenia.

Material and methods
Human brain tissue

Human brain samples were collected postmortem from
12 chronic schizophrenia patients and eight healthy
controls. Detailed patient demographics are given in
Supplementary Table 1. Patient samples were obtained
at the Nordbaden Psychiatric Centre (Wiesloch,
Germany), and healthy controls were collected at the
Institute of Neuropathology, Heidelberg University
(Heidelberg, Germany). All studied subjects were
Germans, of white origin, with no history of alcohol or

drug abuse. All analysed subjects were free from any
somatic diseases and did not present any other brain
degenerative disorder according to neuropathological
characterisation (Braak staging lower than Il) (Braak and
Braak 1991). Brain samples were collected postmortem
from mentally healthy individuals who had not taken
antidepressants or antipsychotics during their lifetime.
Schizophrenia patients had a record of antipsychotic
treatment, so chlorpromazine equivalents (CPEs) could
be calculated. The logarithmic CPE values show a nor-
mal distribution, with no outliers. Statistical analyses of
patients’ data suggest that our results are not biased
towards demographics, as follows: (1) the postmortem
interval median was 19 in patients, 17 in controls,
p=0.9548 (Mann-Whitney); (2) the brain pH median: 6.7
in patients, 6.6 in controls, p=0.9208 (Mann-Whitney);
(3) the median age: 67.5 in patients, 64.5 in controls,
p=0.6921 (Mann-Whitney); (4) gender: p=0.3729
(Fisher's exact); (5) CPE median: 375. All evaluations and
procedures were approved by the Ethics Committee of
the Medical School of Heidelberg University. Patients
and controls gave written consent for the use of their
brains postmortem for research purposes.

Brain tissue myelin enrichment

Brain tissue was processed for myelin enrichment
using a 4-step discontinuous Percoll gradient centrifu-
gation technique as described in detail by Dunkley
et al. (Dunkley et al. 1986). The efficacy of the myelin
fraction enrichment can be verified in Figure 1(A). A
fraction enriched in myelin biomarkers was collected
from the 3/10% Percoll interface and homogenised in
sodium dodecyl sulphate-polyacrylamide gel electro-
phoresis (SDS-PAGE) sample buffer (6% w/v SDS,
100 mM Tris pH 6.8, 30% glycerol, 100 mM dithiothrei-
tol (DTT), 0.001% w/v bromophenol blue). Samples
were diluted 10x and the protein content was esti-
mated using the Bradford assay (Bradford 1976).

Western blot

Twenty micrograms of protein extracts from different
fractions were loaded in a 12% SDS-PAGE and sepa-
rated by electrophoresis (BioRad, Hercules, CA).
Proteins were then transferred to Immobilon-FL polyvi-
nyldiphenyl fluoride (PVDF) membranes (Millipore;
Bedford, MA) at 100V for 1h with a cooling system.
PVDF membranes were then soaked in 5% Carnation
instant non-fat dry milk powder in Tris-buffered saline
(pH 7.4) containing 0.1% Tween 20 (TBS-T) for 4h.
Next, membranes were rinsed in TBS-T three times for
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Figure 1. (A) Western blotting for the efficacy of the myelinome enrichment (PSD95: postsynaptic density protein 95 and MBP:
myelin basic protein). In black are the ladder masses and in grey the expected masses. (B-D): EnrichR analysis of the myelinome
showing enrichment of proteins associated with (B) cellular compartments, (C) cellular components, and (D) brain structures.

a total of 20min, and incubated either with PSD95
(ab18258) or MBP (ab155995), at a dilution of 1:1000 in
TBS-T overnight at 4°C (antibodies were from Abcam,
Cambridge, UK). Following the overnight incubation,
membranes were rinsed twice with TBS-T for 15 min.
Then, membranes were incubated with anti-c-MYC- per-
oxidase antibody 1:10,000 (GE Healthcare, Uppsala,
Sweden) for 40 min at room temperature. Next, mem-
branes were rinsed with water and TBS-T, and incu-
bated with enhanced chemiluminescence (ECL) solution
(GE Healthcare) for 1min. The membranes were
scanned using a ChemiDoc XRS+ (BioRad).

Sample preparation

We employed SDS-PAGE to purify proteins prior to LC-
MS/MS analysis. Samples were boiled for 5min and

separated on in-house 12% bis-tris polyacrylamide
gels polymerised using a standard protocol (Garcia
et al. 2017). Samples were run for 5min after having
reached the separating gel (as indicated by the bro-
mophenol blue dye front). A piece of each separated
lane was cut from the top of the gel up to the dye
front. The gel piece was diced then subjected to tryp-
sin digestion in situ as described previously (Reis-de-
Oliveira et al. 2019). The resulting peptides were
lyophilised and frozen at —80°C before LC-MS/
MS analysis.

LC-MS/MS

Lyophilised peptides were suspended in an aqueous
solution of 0.1% formic acid and injected into a nano-
high-performance LC system (Eksigent, Dublin, CA,
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Figure 2. EnrichR analysis of the myelinome showing enrichment of proteins associated with (A) pathways, (B) biological proc-

esses, and (C) diseases.

USA) coupled to an LTQ XL-Orbitrap mass spectrom-
eter (Thermo Scientific, Bremen, Germany). The pepti-
des were separated using a discontinuous linear
gradient from 98% solvent A (95% water, 5% aceto-
nitrile, 0.1% formic acid) and 2% solvent B (99.9%
acetonitrile, 0.1% formic acid) to 40% solvent A and
60% solvent B. Details on data acquisition are
described in Maccarrone et al. (Maccarrone et al. 2014)
using the following fragmentation parameters: repeat
duration time, 30s; isolation width, 2 mm; activation
time, 30 ms; normalised collision energy, 35V; and acti-
vation, Q =0.250.

Proteomic data analysis

The resulting raw data were processed using MASCOT
Distiller (Matrix Sciences, London, UK) for protein iden-
tification and quantification as previously described in
detail (Saia-Cereda et al. 2017). For protein identifica-
tion, we used the following criteria: peptide mass
accuracy, 10 ppm; fragment ion mass accuracy, 0.5 Da;

peptide false discovery rate (FDR), 1%; protein FDR,
1%; missed cleavages allowed, 2; enzyme, trypsin;
fixed modification, cysteine carbamidomethylation;
variable modification, methionine oxidation. Only pro-
teins identified by at least 2 unique peptides were
considered as part of the myelinome. Label-free spec-
tral counting was employed for protein quantification.
The cut-off criteria were set at a minimum of 5 MS/MS
spectra for quantification. Proteins were considered
differentially expressed if they were identified by at
least 2 non-redundant peptides; presented a minimum
fold change >1.5; a standard deviation of quantified
peptides not greater than 10; and p < 0.05 (analysis of
variance, ANOVA).

The myelinome and proteins differentially
expressed between controls and schizophrenia
patients were submitted to in silico systems biology
analyses using Metascape (Zhou et al. 2019), EnrichR
(Kuleshov et al. 2016) and ClusterProfiler (Yu et al.
2012) to identify the top 10 pathways, cellular com-
partments and diseases associated with the dataset.



The network of proteins associated with myelin sheath
was generated in Cytoscape (Otasek et al. 2019). In
addition, the differentially expressed protein dataset
was analysed using the Search Tool for the Retrieval
of Interacting Genes/Proteins (STRING) as an alternate
means of identifying the most enriched pathways and
hub proteins based on having the highest degrees of
connectivity in the network (Szklarczyk et al. 2019).
Finally, the total myelinome and differentially
expressed protein datasets were compared using hier-
archical clustering heat map analysis using Metascape
as a means of determining which pathways were pref-
erentially altered in schizophrenia.

Results
The human DLPFC myelinome

The DLPFC myelinome was properly enriched (Figure
1(A)) and initially characterised consisting of 629
unique proteins based on 4293 peptide identifications.
After applying the basic filters for protein identifica-
tion as detailed in the Methods section, 480 proteins
remained and constituted the characterisation of the
present human brain myelinome (Supplementary
Table 2). The cellular compartments depicted by the
presented myelinome confirmed myelin enrichment in
the analysed sample (Figure 1(B)). As expected, the
myelinome was also enriched in cellular components
associated with energy production, structure and ves-
icular transport (Figure 1(C)). In addition, the myeli-
nome was enriched in proteins originating from
multiple brain structures (Figure 1(D)). Biological and
biochemical processes enrichment showed that pro-
teins comprising the myelinome-enriched fraction are
involved in a number of biological processes such as
glial cell differentiation, energy-associated pathways,
synaptic vesicle cycle and axonal metabolism (Figure
2(A,B)). The proteins have previously been associated
with brain diseases such as Parkinson’s, Huntington'’s
and Alzheimer’s disease (Figure 2(C)).

The fold-change distribution of the myelinome
shows the normality of the quantified data (Figure
3(A)). A number of the myelinome proteins constitute
the myelin sheath and play diverse cellular roles
(Figure 3(B)). De Monasterio-Schrader and colleagues
(2012) performed a meta-analysis of the human brain
myelinome, in which they describe 1200 proteins
related to myelination and oligodendrocyte matur-
ation (de Monasterio-Schrader et al. 2012). Our results
show that 378 proteins identified in the DLPFC overlap
with the meta-analysis performed by de Monasterio-
Schrader, and 102 proteins are newly annotated to be
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associated with the myelinome (Figure 3(C)). In add-
ition, when considering only human proteins, our
study presents 160 new identities that constitute the
myelin sheath in humans (Figure 3(D)). These 160 pro-
teins are enriched for neuronal and energy-related cel-
lular compartments (Figure 3(E)) and have been
associated with several neurodegenerative disorders
(Figure 3(F)).

Differences in the myelinome associated with
schizophrenia

By performing relative quantitation of the myelinome,
we found 172 proteins present at different levels
between the schizophrenia and control myelinome
fractions (Table 1). The top 20 biological processes
enriched in the total myelinome were not similarly
enriched in the top 20 biological processes of the dif-
ferentially expressed proteins, as revealed by hierarch-
ical clustering analysis (Figure 4). The finding that the
processes of the latter were distinct from those in the
total myelinome helped to discount the possibility of
a technical bias related to the enrichment procedure.
The biological processes represented in the myeli-
nome and the differentially expressed protein subset,
were grouped into major biological processes, provid-
ing a more general overview of the differences
between the schizophrenia patients and controls. This
is illustrated in Figure 5.

In terms of pathways, the differentially expressed
proteins were mainly associated with glial cell
differentiation, metabolism/energy, synaptic vesicle
function and neurodegeneration (Figure 6(A)). At the
level of cell compartments, these proteins were linked
to the myelin structure, brain structure and vesicular
transport systems (Figure 6(B)). Interestingly, the
differentially expressed proteins showed enrichments
in both psychiatric and degenerative diseases and
the top represented disease was schizophrenia
(Figure 6(C)).

The STRING analysis of the differentially expressed
proteins (Figure 7) between control subjects and
schizophrenia patients revealed that most of these
proteins are involved in cellular processes associated
with glial cell function, regulation of myelination, and
neuronal cell differentiation and development. The
hub proteins with the highest degree of connectivity
were mitogen-activated protein kinase 1 (MAPKT1),
cell division control protein 42 homolog (CDC42),
vesicle-associated membrane protein 2 (VAMP2), heat
shock cognate 71kDa protein (HSPA8), fibrinogen
alpha chain (FGA), FGB, GTPase HRas (HRAS), clathrin
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light chain B (CLTB), clathrin coat assembly protein
AP180 (SNAP91), dual specificity mitogen-activated
protein kinase kinase 1 (MAP2K1), lamin-A/C (LMN),
tropomyosin alpha-1 chain (TPM1), and heat shock
70kDa protein 1 (HSPA1).

Discussion

While revealing 480 non-redundant proteins of the
human myelinome, our study unites with the above-
mentioned work of Ishii, Dhaunchak and



Table 1. Differentially expressed myelinome proteins.
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Gene SZ/CT #

UniProt ID Name Ratio Peptides Protein Name

CN37_HUMAN CNP 1.89 45 2’ 3’-cyclic-nucleotide 3’-phosphodiesterase OS =Homo sapiens GN = CNP
PE=1SV =2

PFKAL_HUMAN PFKL 1.64 6 6-phosphofructokinase, liver type OS =Homo sapiens GN=B82 PE = 1SV
=6

THIL_HUMAN ACAT1 0.55 5 Acetyl-CoA acetyltransferase, mitochondrial OS =Homo sapiens GN = ACAT1
PE=1SV =1

KAD1_HUMAN AK1 191 2 Adenylate kinase isoenzyme 1 OS=Homo sapiens GN = AK1 PE = 1SV
=3

CAP2_HUMAN CAP2 3.47 3 Adenylyl cyclase-associated protein 2 OS =Homo sapiens GN = CAP2 PE =
1SV =1

ALDH2_HUMAN ALDH2 1.59 6 Aldehyde dehydrogenase, mitochondrial OS =Homo sapiens GN = ALDH2
PE=1SV =2

ACTN3_HUMAN ACTN3 1.58 3 Alpha-actinin-3 OS =Homo sapiens GN=ACTN3 PE = 1SV = 2

ACTZ_HUMAN ACTR1A 0.07 2 Alpha-centractin OS =Homo sapiens GN=ACTRTA PE = 1SV =1

SYUA_HUMAN SNCA 1.82 12 Alpha-synuclein OS =Homo sapiens GN=SNCA PE = 1SV =1

ANXA2_HUMAN ANXA2 0.44 5 Annexin A2 OS =Homo sapiens GN =ANXA2 PE = 1SV = 2

ANXA5_HUMAN ANXA5 0.38 8 Annexin A5 OS =Homo sapiens GN =ANXA5 PE = 1SV = 2

AATC_HUMAN GOT1 1.57 12 Aspartate aminotransferase, cytoplasmic OS =Homo sapiens GN = GOT1 PE
=1V =3

ATLA1T_HUMAN ATL1 0.66 5 Atlastin-1 OS =Homo sapiens GN=ATL1 PE = 1SV =1

E41L3_HUMAN EPB41L3 0.54 13 Band 4.1-like protein 3 OS=Homo sapiens GN =EPB41L3 PE = 1SV = 2

PGBM_HUMAN HSPG2 0.06 7 Basement membrane-specific heparan sulphate proteoglycan core protein
0S =Homo sapiens GN=HSPG2 PE = 15V =3

SNAB_HUMAN NAPB 338 9 Beta-soluble NSF attachment protein OS =Homo sapiens GN = NAPB PE =
25V =2

SYUB_HUMAN SNCB 1.98 6 Beta-synuclein OS =Homo sapiens GN=SNCB PE = 1SV = 1

BASP1_HUMAN BASP1 0.50 24 Brain acid soluble protein 1 OS=Homo sapiens GN =BASP1 PE = 1SV
=2

PGCB_HUMAN BCAN 2.51 8 Brevican core protein OS =Homo sapiens GN=BCAN PE = 15V = 2

CANB1_HUMAN PPP3R1 4.17 2 Calcineurin subunit B type 1 OS =Homo sapiens GN =PPP3R1 PE = 1SV
=2

CALM1_HUMAN CALM1 2.04 9 Calmodulin OS =Homo sapiens GN = CALM1 PE = 1SV = 2

CALX_HUMAN CANX 1.79 5 Calnexin OS =Homo sapiens GN=CANX PE = 1SV = 2

CALR_HUMAN CALR 0.30 2 Calreticulin OS =Homo sapiens GN=CALR PE = 1SV =1

CAMKV_HUMAN CAMKV 433 5 CaM kinase-like vesicle-associated protein OS=Homo sapiens GN = CAMKV
PE=2SV=2

KAPCB_HUMAN PRKACB 0.37 2 cAMP-dependent protein kinase catalytic subunit beta OS =Homo sapiens
GN =PRKACB PE = 1SV =2

KAP3_HUMAN PRKAR2B 0.45 2 cAMP-dependent protein kinase type ll-beta regulatory subunit OS =Homo
sapiens GN =PRKAR2B PE = 1SV = 3

CBR1_HUMAN CBR1 3.22 8 Carbonyl reductase [NADPH] 1 OS =Homo sapiens GN =CBR1 PE = 1SV
=3

CTNB1_HUMAN CTNNB1 0.47 2 Catenin beta-1 OS =Homo sapiens GN =CTNNB1 PE = 1SV =1

CD9_HUMAN CD9 1.63 5 CD9 antigen OS =Homo sapiens GN=CD9 PE = 1SV = 4

CADM1_HUMAN CADM1 0.42 3 Cell adhesion molecule 1 OS=Homo sapiens GN=CADM1 PE = 1SV = 2

CADM2_HUMAN CADM2 0.54 7 Cell adhesion molecule 2 OS =Homo sapiens GN =CADM2 PE = 25V = 1

CDC42_HUMAN CDC42 4.00 2 Cell division control protein 42 homolog OS =Homo sapiens GN = CDC42
PE=1SV=1

CDK5_HUMAN CDK5 2.46 2 Cell division protein kinase 5 OS =Homo sapiens GN =CDK5 PE = 1SV
=3

PDE2A_HUMAN PDE2A 9.35 2 cGMP-dependent 3',5'-cyclic phosphodiesterase OS=Homo sapiens
GN=PDE2A PE = 1SV =1

AP180_HUMAN SNAP91 2.02 2 Clathrin coat assembly protein AP180 OS =Homo sapiens GN = SNAP91 PE
=1SV=2

CLCA_HUMAN CLTA 1.79 2 Clathrin light chain A OS =Homo sapiens GN =CLTA PE = 1SV =1

CLCB_HUMAN CLTB 0.43 3 Clathrin light chain B OS =Homo sapiens GN=CLTB PE = 1SV =1

CLD11_HUMAN CLDN11 0.34 3 Claudin-11 OS =Homo sapiens GN=CLDN11 PE = 1SV = 2

CLUS_HUMAN CLU 0.59 2 Clusterin OS =Homo sapiens GN=CLU PE = 15V =1

CPLX2_HUMAN CPLX2 3.32 3 Complexin-2 OS =Homo sapiens GN=CPLX2 PE = 1SV = 2

KCRB_HUMAN CKB 0.55 23 Creatine kinase B-type OS =Homo sapiens GN=CKB PE = 1SV =1

CAND1_HUMAN CAND1 1.75 2 Cullin-associated NEDD8-dissociated protein 1 OS=Homo sapiens
GN=CANDT PE=1SV =2

CSRP1_HUMAN CSRP1 0.47 5 Cysteine and glycine-rich protein 1 OS=Homo sapiens GN = CSRP1 PE =
1Sv=3

CYC_HUMAN CYCS 0.41 9 Cytochrome ¢ OS =Homo sapiens GN=CYCS PE = 1SV = 2

COX2_HUMAN MT-CO2 0.60 4 Cytochrome c oxidase subunit 2 OS =Homo sapiens GN =MT-CO2 PE =
1SV =1

COX6C_HUMAN COX6C 1.85 3 Cytochrome c oxidase subunit 6C OS =Homo sapiens GN = COX6C PE =
1SV=2

DHPR_HUMAN QDPR 3.15 3 Dihydropteridine reductase OS =Homo sapiens GN=QDPR PE = 1SV = 2

(continued)
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Table 1. Continued.

Gene SZ/CT #

UniProt ID Name Ratio Peptides Protein Name

DPYL1_HUMAN CRMP1 3.39 6 Dihydropyrimidinase-related protein 1 OS =Homo sapiens GN = CRMP1 PE
=1SV=1

DPYL2_HUMAN DPYSL2 2.32 30 Dihydropyrimidinase-related protein 2 OS =Homo sapiens GN = DPYSL2 PE
=1SV=1

DNJC5_HUMAN DNAJC5 3.77 2 DnalJ homolog subfamily C member 5 OS =Homo sapiens GN = DNAJC5 PE
=1SV=1

MP2K1_HUMAN MAP2K1 0.62 3 Dual specificity mitogen-activated protein kinase kinase 1 OS =Homo
sapiens GN =MAP2K1 PE = 1SV =2

DNM1L_HUMAN DNM1L 0.44 2 Dynamin-1-like protein OS =Homo sapiens GN =DNM1L PE = 1SV = 2

DYL1_HUMAN DYNLL1 191 4 Dynein light chain 1, cytoplasmic OS =Homo sapiens GN =DYNLL1 PE =
1SV =1

EHD3_HUMAN EHD3 1.86 2 EH domain-containing protein 3 OS=Homo sapiens GN =EHD3 PE = 1SV
=1

EF1A1_HUMAN EEF1A1 0.56 9 Elongation factor 1-alpha 1 OS =Homo sapiens GN = EEF1A1 PE = 1SV
=1

ENDD1_HUMAN ENDOD1 3.36 2 Endonuclease domain-containing 1 protein OS=Homo sapiens
GN=ENDOD1 PE = 1SV =2

SH3G2_HUMAN SH3GL2 1.71 4 Endophilin-A1 OS =Homo sapiens GN=SH3GL2 PE = 1SV =1

ENPL_HUMAN HSP90B1 1.65 2 Endoplasmin OS =Homo sapiens GN =HSP90B1 PE = 1SV =1

EAA1T_HUMAN SLC1A3 0.22 6 Excitatory amino acid transporter 1 OS =Homo sapiens GN =SLC1A3 PE =
1SV =1

CAZA2_HUMAN CAPZA2 2,57 2 F-actin-capping protein subunit alpha-2 OS =Homo sapiens GN = CAPZA2
PE=1SV=3

FIBA_HUMAN FGA 0.06 3 Fibrinogen alpha chain OS =Homo sapiens GN=FGA PE = 1SV = 2

FIBB_HUMAN FGB 0.07 4 Fibrinogen beta chain OS =Homo sapiens GN=FGB PE = 1SV = 2

FIBG_HUMAN FGG 0.04 5 Fibrinogen gamma chain OS =Homo sapiens GN=FGG PE = 1SV = 3

FLNA_HUMAN FLNA 035 8 Filamin-A OS =Homo sapiens GN=FLNA PE = 1SV = 4

FLOT1_HUMAN FLOT1 2.89 3 Flotillin-1 OS =Homo sapiens GN=FLOT1 PE = 1SV = 3

LEGT_HUMAN LGALS1 0.63 2 Galectin-1 OS =Homo sapiens GN =LGALST PE = 1SV = 2

ENOG_HUMAN ENO2 2.04 13 Gamma-enolase OS =Homo sapiens GN=ENO2 PE = 1SV =3

GDAP1_HUMAN GDAP1 1.51 2 Ganglioside-induced differentiation-associated protein 1 OS =Homo sapiens
GN=GDAP1 PE=1SV =2

CXA1_HUMAN GJA1 0.42 3 Gap junction alpha-1 protein OS =Homo sapiens GN = GJA1 PE = 1SV

GFAP_HUMAN GFAP 0.47 40 Glial fibrillary acidic protein OS =Homo sapiens GN = GFAP PE = 1SV =1

GLNA_HUMAN GLUL 0.19 5 Glutamine synthetase OS =Homo sapiens GN =GLUL PE = 1SV = 4

GSTP1_HUMAN GSTP1 1.59 2 Glutathione S-transferase P OS = Homo sapiens GN =GSTP1 PE = 1SV
=2

RASH_HUMAN HRAS 2.65 2 GTPase HRas OS =Homo sapiens GN=HRAS PE = 1SV =1

GBG3_HUMAN GNG3 0.02 2 Guanine nucleotide-binding protein G(1)/G(S)/G(O) subunit gamma-3
0OS =Homo sapiens GN=GNG3 PE = 2SV =1

GNAO_HUMAN GNAO1 1.52 22 Guanine nucleotide-binding protein G(o) subunit alpha OS =Homo sapiens
GN=GNAO1 PE=1SV =4

GNAQ_HUMAN GNAQ 3.38 5 Guanine nucleotide-binding protein G(q) subunit alpha OS =Homo sapiens
GN=GNAQPE=1SV=3

HS71A_HUMAN HSPA1A 1.78 8 Heat shock 70 kDa protein 1 OS =Homo sapiens G + B77N =HSPA1A PE =
1SV =5

HSP76_HUMAN HSPA6 1.72 7 Heat shock 70 kDa protein 6 OS =Homo sapiens GN = HSPA6 PE = 1SV
=2

HSP7C_HUMAN HSPA8 1.78 22 Heat shock cognate 71kDa protein OS=Homo sapiens GN =HSPA8 PE =
1SV =1

HSP72_HUMAN HSPA2 1.85 13 Heat shock-related 70 kDa protein 2 OS =Homo sapiens GN = HSPA2 PE =
1SV =1

HPCL4_HUMAN HPCAL4 1.92 3 Hippocalcin-like protein 4 OS =Homo sapiens GN =HPCAL4 PE = 2S5V
=3

HPLN2_HUMAN HAPLN2 0.13 2 Hyaluronan and proteoglycan link protein 2 OS =Homo sapiens
GN=HAPLN2 PE = 1SV =1

HPRT_HUMAN HPRT1 311 3 Hypoxanthine-guanine phosphoribosyltransferase OS =Homo sapiens
GN=HPRT1 PE=1SV =2

IDH3A_HUMAN IDH3A 0.25 10 Isocitrate dehydrogenase [NAD] subunit alpha, mitochondrial OS =Homo
sapiens GN=IDH3A PE = 1SV =1

LDHB_HUMAN LDHB 2.25 10 L-lactate dehydrogenase B chain OS =Homo sapiens GN =LDHB PE = 1SV
=2

LMNA_HUMAN LMNA 0.11 7 Lamin-A/C OS =Homo sapiens GN=LMNA PE = 1SV =1

LMNB2_HUMAN LMNB2 0.17 3 Lamin-B2 OS =Homo sapiens GN=LMNB2 PE = 1SV =3

LSAMP_HUMAN LSAMP 22.92 3 Limbic system-associated membrane protein OS =Homo sapiens
GN=LSAMP PE = 1SV =2

MIF_HUMAN MIF 1.56 2 Macrophage migration inhibitory factor OS =Homo sapiens GN = MIF PE =
1SV=4

PRIO_HUMAN PRNP 14.69 2 Major prion protein OS=Homo sapiens GN=PRNP PE = 1SV =1

(continued)
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MDHC_HUMAN MDH1 292 7 Malate dehydrogenase, cytoplasmic OS =Homo sapiens GN=MDH1 PE =
1SV=4

MATR3_HUMAN MATR3 0.35 2 Matrin-3 OS =Homo sapiens GN =MATR3 PE = 1SV = 2

MGST3_HUMAN MGST3 0.55 4 Microsomal glutathione S-transferase 3 OS =Homo sapiens GN = MGST3 PE
=1SV=1

MAP1A_HUMAN MAP1A 0.34 4 Microtubule-associated protein 1A OS =Homo sapiens GN = MAP1A PE =
1SV=5

MARE2_HUMAN MAPRE2 2.34 6 Microtubule-associated protein RP/EB family member 2 OS =Homo sapiens
GN=MAPRE2 PE = 1SV =1

GHC2_HUMAN SLC25A18 2.00 2 Mitochondrial glutamate carrier 2 OS =Homo sapiens GN = SLC25A18 PE =
25V =1

TOM70_HUMAN TOMM70 2.27 2 Mitochondrial import receptor subunit TOM70 OS =Homo sapiens
GN=TOMM70A PE = 1SV =1

MKO1_HUMAN MAPK1 157 9 Mitogen-activated protein kinase 1 OS =Homo sapiens GN = MAPK1 PE =
1SV=3

CRYM_HUMAN CRYM 159 3 Mu-crystallin homolog OS =Homo sapiens GN=CRYM PE = 1SV =1

BIN1_HUMAN BIN1 0.61 5 Myc box-dependent-interacting protein 1 OS =Homo sapiens GN =BIN1 PE
=1SV=1

MYPR_HUMAN PLP1 0.51 1 Myelin proteolipid protein OS=Homo sapiens GN=PLP1 PE = 1SV = 2

MAG_HUMAN MAG 0.38 2 Myelin-associated glycoprotein OS =Homo sapiens GN =MAG PE = 1SV
=1

MOG_HUMAN MOG 2.03 8 Myelin-oligodendrocyte glycoprotein OS =Homo sapiens GN =MOG PE =
1SV =1

MYL6_HUMAN MYL6 0.36 2 Myosin light polypeptide 6 OS =Homo sapiens GN =MYL6 PE = 1SV = 2

MYH9_HUMAN MYH9 0.22 4 Myosin-9 OS =Homo sapiens GN=MYH9 PE = 1SV = 4

MARCS_HUMAN MARCKS 2.09 5 Myristoylated alanine-rich C-kinase substrate OS =Homo sapiens
GN =MARCKS PE = 1SV = 4

DDAH1_HUMAN DDAH1 0.40 5 N(G),N(G)-dimethylarginine dimethylaminohydrolase 1 OS =Homo sapiens
GN=DDAH1 PE=1SV =3

SIR2_HUMAN SIRT2 3.82 5 NAD-dependent deacetylase sirtuin-2 OS =Homo sapiens GN = SIRT2 PE =
1SV=2

NCAM2_HUMAN NCAM?2 0.41 3 Neural cell adhesion molecule 2 OS =Homo sapiens GN =NCAM2 PE =
1SV=2

NCALD_HUMAN NCALD 0.59 3 Neurocalcin-delta OS =Homo sapiens GN =NCALD PE = 2SV = 2

NCAN_HUMAN NCAN 2.33 4 Neurocan core protein OS =Homo sapiens GN =NCAN PE = 2S5V = 3

NCDN_HUMAN NCDN 0.42 4 Neurochondrin OS =Homo sapiens GN=NCDN PE = 15V =1

NFH_HUMAN NEFH 0.16 8 Neurofilament heavy polypeptide OS =Homo sapiens GN =NEFH PE = 1SV
=4

NEUG_HUMAN NRGN 2.04 2 Neurogranin OS =Homo sapiens GN=NRGN PE = 15V =1

NEUM_HUMAN GAP43 2.89 I} Neuromodulin OS =Homo sapiens GN = GAP43 PE = 1SV =1

GPM6A_HUMAN GPM6A 2.26 1 Neuronal membrane glycoprotein M6-a OS =Homo sapiens GN = GPM6A
PE=1SV=2

NPTN_HUMAN NPTN 0.41 5 Neuroplastin OS =Homo sapiens GN=NPTN PE = 15V =1

NOE1_HUMAN OLFM1 0.35 2 Noelin OS =Homo sapiens GN=0LFM1 PE = 1SV = 4

NONO_HUMAN NONO 0.20 2 Non-POU domain-containing octamer-binding protein OS=Homo sapiens
GN=NONO PE=1SV =4

OPCM_HUMAN OPCML 9.50 2 Opioid-binding protein/cell adhesion molecule OS =Homo sapiens
GN=OPCML PE =1SV =1

PPIB_HUMAN PPIB 2.51 3 Peptidyl-prolyl cis-trans isomerase B OS =Homo sapiens GN =PPIB PE =
1SV =2

PRDX1_HUMAN PRDX1 3.20 4 Peroxiredoxin-1 OS =Homo sapiens GN =PRDX1 PE = 1SV =1

PGK1_HUMAN PGK1 1.80 1N Phosphoglycerate kinase 1 OS =Homo sapiens GN =PGK1 PE = 1SV = 3

PGAM1_HUMAN PGAM1 0.30 1 Phosphoglycerate mutase 1 OS =Homo sapiens GN =PGAM1 PE = 1SV
=2

PKP2_HUMAN PKP2 0.05 2 Plakophilin-2 OS = Homo sapiens GN =PKP2 PE = 1SV =1

PROF2_HUMAN PFN2 8.08 2 Profilin-2 OS = Homo sapiens GN=PFN2 PE = 1SV = 3

PSA4_HUMAN PSMA4 0.43 3 Proteasome subunit alpha type-4 OS =Homo sapiens GN = PSMA4 PE =
1SV =1

BSN_HUMAN BSN 0.19 3 Protein bassoon 0S =Homo sapiens GN=BSN PE = 1SV = 4

NDRG2_HUMAN NDRG2 241 4 Protein NDRG2 OS =Homo sapiens GN=NDRG2 PE = 1SV = 2

NIPS2_HUMAN NIPSNAP2 3.36 2 Protein NipSnap homolog 2 OS =Homo sapiens GN = GBAS PE = 1SV
=1

PYC_HUMAN PC 0.20 2 Pyruvate carboxylase, mitochondrial OS =Homo sapiens GN=PC PE = 1SV
=2

ODPB_HUMAN PDHB 0.41 6 Pyruvate dehydrogenase E1 component subunit beta, mitochondrial
0S =Homo sapiens GN=PDHB PE = 1SV =3

KPYM_HUMAN PKM 2.80 25 Pyruvate kinase isozymes M1/M2 OS =Homo sapiens GN =PKM2 PE = 1SV
=4

GDIA_HUMAN GDI 2.53 17 Rab GDP dissociation inhibitor alpha OS =Homo sapiens GN =GDI1 PE =

1SV=2

(continued)
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Table 1. Continued.

Gene SZ/CT #

UniProt ID Name Ratio Peptides Protein Name

GDIB_HUMAN GDI2 1.91 10 Rab GDP dissociation inhibitor beta OS =Homo sapiens GN =GDI2 PE =
1SV =2

PTPRZ_HUMAN PTPRZ1 0.47 3 Receptor-type tyrosine-protein phosphatase zeta OS =Homo sapiens
GN=PTPRZ1 PE=1SV =4

RTN1_HUMAN RTN1 2.71 5 Reticulon-1 OS =Homo sapiens GN=RTN1 PE = 1SV =1

AT2A2_HUMAN ATP2A2 2.20 3 Sarcoplasmic/endoplasmic reticulum calcium ATPase 2 OS=Homo sapiens
GN=ATP2A2 PE = 1SV =1

SEPT2_HUMAN SEPTIN2 1.80 Septin-2 OS =Homo sapiens GN=SEPT2 PE = 1SV =1

SEPT5_HUMAN SEPTIN5 0.50 Septin-5 OS =Homo sapiens GN =SEPT5 PE = 1SV =1

SEPT7_HUMAN SEPTIN7 2.09 Septin-7 OS =Homo sapiens GN = SEPT7 PE = 1SV = 2

PP2BA_HUMAN PPP3CA 1.86 Serine/threonine-protein phosphatase 2B catalytic subunit alpha isoform
0S =Homo sapiens GN=PPP3CA PE = 1SV =1

SFXN3_HUMAN SFXN3 1.69 3 Sideroflexin-3 OS =Homo sapiens GN = SFXN3 PE = 25V =1

AT1B1_HUMAN ATP1B1 2.52 8 Sodium/potassium-transporting ATPase subunit beta-1 OS =Homo sapiens
GN=ATP1B1 PE=1SV =1

AT1B2_HUMAN ATP1B2 0.26 3 Sodium/potassium-transporting ATPase subunit beta-2 OS =Homo sapiens
GN=ATPIB2 PE=1SV =3

S12A5_HUMAN SLC12A5 0.62 3 Solute carrier family 12 member 5 OS =Homo sapiens GN = SLC12A5 PE =
25v =3

GTR1_HUMAN SLC2A1 0.64 2 Solute carrier family 2, facilitated glucose transporter member 1 0OS =Homo
sapiens GN=SLC2A1 PE = 1SV =2

SFRF3_HUMAN SFRS3 0.34 2 Splicing factor, arginine/serine-rich 3 OS =Homo sapiens GN = SFRS3 PE =
1SV =1

STMN1_HUMAN STMN1 1.58 12 Stathmin OS =Homo sapiens GN=STMN1 PE = 1SV = 3

SUCA_HUMAN SUCLG1 0.15 2 Succinyl-CoA ligase [GDP-forming] subunit alpha, mitochondrial OS =Homo
sapiens GN=SUCLG1 PE = 1SV =4

SYN2_HUMAN SYN2 2.06 11 Synapsin-2 OS = Homo sapiens GN=SYN2 PE = 1SV =3

SV2A_HUMAN SV2A 1.93 5 Synaptic vesicle glycoprotein 2A OS =Homo sapiens GN =SV2A PE = 1SV
=1

TCPD_HUMAN CCT4 1.51 3 T-complex protein 1 subunit delta OS =Homo sapiens GN =CCT4 PE =
1SV=4

TCPZ_HUMAN CCT6A 0.66 2 T-complex protein 1 subunit zeta OS =Homo sapiens GN = CCT6A PE =
1SV=3

PURA_HUMAN PURA 0.40 2 Transcriptional activator protein Pur-alpha OS=Homo sapiens GN = PURA
PE=1SV =2

TAGL_HUMAN TAGLN 0.66 4 Transgelin OS =Homo sapiens GN =TAGLN PE = 1SV = 4

TAGL3_HUMAN TAGLN3 1.59 2 Transgelin-3 OS =Homo sapiens GN =TAGLN3 PE = 1SV = 2

TMOD2_HUMAN TMOD2 1.99 2 Tropomodulin-2 OS =Homo sapiens GN =TMOD2 PE = 1SV =1

TPM1_HUMAN TPM1 2.89 6 Tropomyosin alpha-1 chain OS =Homo sapiens GN=TPM1 PE = 1SV = 2

TPM3_HUMAN TPM3 2.01 7 Tropomyosin alpha-3 chain OS =Homo sapiens GN=TPM3 PE = 1SV =1

TPM2_HUMAN TPM2 2.89 6 Tropomyosin beta chain OS =Homo sapiens GN=TPM2 PE = 1SV = 1

TBA4A_HUMAN TUBA4A 0.60 38 Tubulin alpha-4A chain OS=Homo sapiens GN =TUBA4A PE = 1SV =1

TBA8_HUMAN TUBA8 0.63 22 Tubulin alpha-8 chain OS =Homo sapiens GN=TUBA8 PE = 15V =1

TBB8_HUMAN TUBB8 0.60 18 Tubulin beta-8 chain OS=Homo sapiens GN=TUBB8 PE = 1SV = 2

VATD_HUMAN ATP6V1D 214 2 V-type proton ATPase subunit D OS =Homo sapiens GN = ATP6V1D PE =
1SV =1

VATG2_HUMAN ATP6V1G2 0.27 4 V-type proton ATPase subunit G 2 OS =Homo sapiens GN = ATP6V1G2 PE
=1SV=1

VATH_HUMAN ATP6V1H 1.50 5 V-type proton ATPase subunit H OS =Homo sapiens GN = ATP6VTH PE =
1SV =1

VAMP2_HUMAN VAMP2 3.49 4 Vesicle-associated membrane protein 2 OS =Homo sapiens GN = VAMP2 PE
=1SV=2

VAPA_HUMAN VAPA 0.26 4 Vesicle-associated membrane protein-associated protein A OS =Homo
sapiens GN=VAPA PE = 1SV =3

VGLU1_HUMAN SLC17A7 1.57 5 Vesicular glutamate transporter 1 OS =Homo sapiens GN =SLC17A7 PE =
2SV =1

VIME_HUMAN VIM 0.34 37 Vimentin OS =Homo sapiens GN=VIM PE = 1SV = 4

VISL1T_HUMAN VSNL1 1.63 10 Visinin-like protein 1 OS =Homo sapiens GN=VSNL1 PE = 1SV = 2

Gopalakrishnan, contributing to expanding the know-
ledge about the human brain myelinome. Our contri-
bution comprises 102 novel myelinome proteins, in
addition to 160 newly annotated proteins for human
DLPFC. These proteins play a range of biological roles
(Figure 3(E)) and enrich for pathways associated with
several degenerative brain disorders as Alzheimer’s,
Parkinson’s and Huntington diseases (Figure 3(F)).

In our study, the enrichment of specific cellular
compartments, components and brain structures sup-
ports the validity of the isolation procedure, as does
the Western blot shown in Figure 1(A). We have iden-
tified a number of mitochondrial proteins associated
with metabolism and energy functions. Previous stud-
ies have suggested that mitochondria appear as a
contaminant in purified myelin preparations (Taylor
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Figure 4. Hierarchical clustering analysis showing changes in proteins associated with specific pathways in the myelinome of

schizophrenia patients relative to controls (by Metascape).

et al. 2004; Roth et al. 2006). Another research group
hypothesised that myelin actually acts like a mitochon-
drion, by generating energy in the form of ATP across
its membranes (Ravera et al. 2009). However, this pro-
posal has been refuted by another study which sug-
gested that if the respiratory chain was present in the
myelin membranes, ATP synthase would function in
reverse (Harris and Attwell 2013). Nevertheless, our
finding that the human myelinome is also enriched
with proteins associated with classical degenerative
brain diseases such as Parkinson’s, Huntington’s and
Alzheimer’s disease, is consistent with the importance
of myelin in these illnesses and highlights the specific
proteins participating in this context.

All ‘omic studies have the advantage over single
target analyses through the potential identification of
multiple genes or gene products associated with a
molecular pathway. This enables the objective inter-
pretation of the resulting data at the single molecule,
molecular pathway and network levels, for a more
comprehensive systems biology approach (Arrell and
Terzic 2012). The over-representation of multiple
genes in specific pathways or compartments in a par-
ticular dataset can also increase the validity of the
findings. This process has been termed ‘network biol-
ogy’ (Bensimon et al. 2012). In this study, in silico com-
partmentalisation of the brain structures associated
with the myelinome allowed an integrated overview
of the molecular processes involved in schizophrenia.
Several of the biological processes and biochemical
pathways we found to be associated with schizophre-
nia were previously observed in molecular studies,

mainly in other proteomic studies of post-mortem
brains (Martins-de-Souza et al. 2009a, 2009b; Chan
et al. 2011; Deng et al. 2011; Martins-de-Souza 2011).
This not only reinforces the roles of these processes in
the disease, but also highlights the possibility that
their function is disrupted in the myelin sheath.

Despite the limited information on the myelinome
with regard to protein number, it seems clear that
schizophrenia relevant pathways are part of it, rein-
forcing the current viewpoint that myelin, myelination
and oligodendrocyte function play central roles in the
disease (Raabe et al. 2019). In particular, data pre-
sented regarding the effects on glial cell function and
differentiation, suggest that further attention should
be paid to oligodendrocytes as a potential target for a
new generation of antipsychotic medications.

The finding that several of the differentially
expressed proteins in post-mortem myelinome were
glycolysis enzymes, supports the fact that myelin func-
tion is tightly linked with metabolism and energy pro-
duction pathways (Funfschilling et al. 2012; Ravera
et al. 2013). Previous studies have suggested that the
whole energy machinery from glycolysis to the tricarb-
oxylic acid cycle and oxidative phosphorylation are
present in the vicinity of the myelin sheath (Ravera
and Panfoli 2015). Not only is ATP produced there, but
it appears that ATP and lactate are transported from
the sheath to axons via connexins and monocarboxy-
late transporters. Thus, the differentially expressed
proteins identified here support the hypothesis of dys-
functional energy production in schizophrenia (English
et al. 2011; Gottschalk et al. 2015; Bryll et al. 2020),
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Figure 5. Biological processes associated with the differentially expressed protein subset between schizophrenia patients and con-

trols (by Metascape).

and we suggest that at least part of these effects are
apparent at the level of myelin sheath function.

2',3'-Cyclic-nucleotide 3’-phosphodiesterase (CNP) is
an oligodendrocyte-specific protein associated with
early-phase maturation of these cells. Despite several
studies having pointed to reduced CNP levels in
schizophrenia (Flynn et al. 2003; Peirce et al. 2006;
Reis-de-Oliveira et al. 2020), our results present that
CNP is upregulated in the myelinome of these
patients. Considering the role of antipsychotics over
myelin-associated proteins, such upregulation might
be related to the effect of medication (Ersland et al.
2017; Brandao-Teles et al. 2019). Additionally, the over-
expression of CNP has been associated with imbalan-
ces in bipolar disorder (Hercher et al. 2014) and
oligodendrocyte development (Gravel et al. 1996),
which is a process affected in schizophrenia (Raabe
et al. 2018). These findings suggest that CNP is a key
protein for neuron and myelin homeostasis since alter-
ations in its expression can lead to psychi-
atric disorders.

CNP is documented to interact with myelin basic
protein (MBP) (Snaidero et al. 2017) during myelin
sheath development and structure. Our results showed
that MBP presented a modest upregulation in patients
with schizophrenia (SZ/CT ratio = 1.23). The upregula-
tion of MBP gene expression (Ota et al. 2019) was
already documented in the DLPFC from patients with

a first episode of psychosis; however, at the protein
level, it remains controversial (Parlapani et al. 2009;
Fernandez-Enright et al. 2014; Reis-de-Oliveira et al.
2020) when considering other brain regions or
patient groups.

Proteolipid protein 1 (PLP1) is also a key protein in
myelin formation, in which dysfunctions can lead to
hypomyelinating leukodystrophy (Lossos et al. 2015).
Our results show that PLP1 is downregulated in the
DLPFC of patients with schizophrenia. This result is
supported by other findings in the literature (Tkachev
et al. 2003; Aston et al. 2004; Aberg et al. 2006), which
documented a downregulation in PLP1 gene expres-
sion in psychiatric disorders. Despite mutations in
PLP1 having been related to ataxia and cognitive
impairments, it is still under debate whether these
effects are linked to disease or medication side effects
(Tkachev et al. 2003; Aberg et al. 2010).

Our finding of differential production of structural
proteins (mainly tubulin complex, type-lll intermedi-
ate filament, and proteins involved in neuronal pro-
jections) may indicate structural abnormalities
associated with the myelin sheath in schizophrenia
patients. It is well known that mechanotransduction,
cytoskeletal rearrangements, activity-dependent mye-
lination and maintenance of axons depend on the
correct expression patterns of such proteins which
are regulated by glial cells (Herbert and Monk 2017).
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Figure 6. EnrichR analysis of the differentially expressed myelinome proteins showing enrichment of proteins associated with (A)

pathways, (B) cellular compartments, and (C) diseases.

In addition, the altered expression of multiple pro-
teins associated with transmission across chemical
synapses, anterograde trans-synaptic signalling, exo-
cytosis, and synaptic vesicle cycle and organisation in
the schizophrenia myelinome, suggest disruptive
effects on synaptic activity and therefore neural
transmission and connectivity, are consistent with the
dysconnectivity hypothesis of schizophrenia (van den
Heuvel and Fornito 2014; Sun et al. 2016, 2017).
Thus, further studies are warranted to investigate
these proteins as potential biomarkers of synaptic
dysconnectivity in schizophrenia and other psychi-
atric and neurodegenerative disorders.

Finally, the STRING analysis revealed several hub
proteins that show a high degree of connectivity with
other proteins in the myelinome. This included kinases
(MAPK1 and MAP2K1), cell cycle proteins (CDC42),
heat shock proteins (HSPAT and HSPA8) and proteins
involved in vesicle trafficking (HRAS, CLTB and
SNAP91). These could represent key genes, signal
pathways or therapeutic targets, which might help us
improve our understanding of the pathophysiological

mechanisms and identify new therapeutic agents for
schizophrenia, related to myelin function.

There are a number of limitations to this study such
as the use of post-mortem material with the possibility
that the findings are due to artificial differences in brain
structure, macromolecular integrity or even effect of
antipsychotic medication (Crecelius et al. 2008). The
study is also limited due to the small sample size, a
fact that is often the case when working with human
post-mortem tissue. Thus, replication of the findings is
important. We suggest that validation studies are per-
formed with more targeted techniques like selective
reaction monitoring (SRM) to confirm the findings in
other sample sets and appropriate preclinical models.
Finally, despite the clear evidence that the myelin
enrichment we performed was satisfactory (Figure 1(A)),
the protocol we used here was originally developed for
the isolation of synaptosomes. Other more specific pro-
tocols can also be used for the enrichment of myelin
fraction (Ishii et al. 2018; Erwig et al. 2019).

Even though several of the biological processes
that we have identified here have already been
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connected hub proteins and most enriched cellular processes focusing on (A) myelination and (B) neurodevelopment.

described as being associated with schizophrenia, we  and pathways are locally dysregulated at the level of
show for the first time that these biological processes the myelinome. This supports the concept of the



pivotal functioning of oligodendrocytes and the mye-
lin sheath in schizophrenia pathogenesis. Thus, further
studies should be performed as described above tar-
geting the specific proteins and pathways identified in
this study. The ultimate aim is to identify novel bio-
markers and drug targets, which could pave the way
for the development of new targeted therapeutic
approaches for improved treatment of individuals suf-
fering from this debilitating psychiatric disorder.
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