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Abstract
Background: Purpose of study is revealing significant differences in serum proteomes in schizophrenia and bipolar
disorder (BD).
Results: Quantitative mass-spectrometry based proteomic analysis was used to quantify proteins in the blood
serum samples after the depletion of six major blood proteins. Comparison of proteome profiles of different groups
revealed 27 proteins being specific for schizophrenia, and 18 – for BD. Protein set in schizophrenia was mostly
associated with immune response, cell communication, cell growth and maintenance, protein metabolism and
regulation of nucleic acid metabolism. Protein set in BD was mostly associated with immune response, regulating
transport processes across cell membrane and cell communication, development of neurons and oligodendrocytes
and cell growth. Concentrations of ankyrin repeat domain-containing protein 12 (ANKRD12) and cadherin 5 in
serum samples were determined by ELISA. Significant difference between three groups was revealed in ANKRD12
concentration (p = 0.02), with maximum elevation of ANKRD12 concentration (median level) in schizophrenia
followed by BD. Cadherin 5 concentration differed significantly (p = 0.035) between schizophrenic patients with
prevailing positive symptoms (4.78 [2.71, 7.12] ng/ml) and those with prevailing negative symptoms (1.86 [0.001,
4.11] ng/ml).
Conclusions: Our results are presumably useful for discovering the new pathways involved in endogenous
psychotic disorders.
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Background
Schizophrenia and BD are the most important mental disorders for social life. They represent a heterogeneous
group of endogenous mental disorders with unclarified
etiology and pathophysiological mechanisms at present,
and these are the causes of difficulties in prediction of responses to treatment and outcomes for the patients with
these disorders. Since diagnostics of mental disorders is
based only on clinical symptoms, there is a necessity in
development of additional methods of biochemical/
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paraclinical diagnostics. The search for blood based biomarkers which may be used for diagnostics and prognosis
of therapy efficacy are very important presently. There are
published works devoted to the search for biomarkers of
mental disorders in blood serum [1–6]. For instance, 47
proteins are mentioned in a review [6] as possible biomarkers for schizophrenia. The data is described by Sabherwal with co-workers that point to a convergence of
pathophysiological mechanisms in schizophrenia that involve the acute-phase response, glucocorticoid receptor
signaling, coagulation, and lipid and glucose metabolism
[6]. Saia-Cereda with co-workers [7] describe a large
amount of proteins typical for brain proteome in schizophrenia, as well as for major depressive disorder (MDD).
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When compared proteome profiles between schizophrenia, BD, and MDD, only 30 proteins were similarly changed in all three disorders. Hence, small overlapping
between changes in protein levels typical for major mental
disorders can be a feature maintaining specificity of every
disease at proteome level [7].
But most often, when studying the proteomic profile of patients with mental disorders, non-specific
proteins are detected. The data confirming dysfunction of intercellular (cell-cell) interactions and blood
coagulation in schizophrenia were provided earlier [8,
9]. Influence of treatment with warfarin on remission of
psychotic symptoms in patients with schizophrenia is described in a recent study [10]. Other proteome studies in
mental disorders also confirm disturbances in these systems
[11–13]. Papers devoted to proteome analysis of patients
with BD are rare and represented mostly by studies on
postmortem brain samples [14, 15]. Some studies of sera
from patients with BD have revealed proteins associated
with mitochondrial dysfunction and energy metabolism impairment [16–19].
Several studies are known on serum proteomes in BD
[20–26] reviewed recently by Preece with co-authors
[27], who also have raised the most important challenges
in blood proteome biomedical applications, and particularly indicated and explained the causes of disagreements between the results of known studies on BD, such
as varying/different proteomic technique, protein quantification method, and the statistical method applied. Besides, patients with BD are characterized by substantial
fluctuation of their mental state, and concentrations of
disease-associated and other blood proteins can fluctuate
as well, so that found “biomarkers” can prove to be
state-specific [22] rather than disease-specific.
The proteomics approach enables to specify distinct
minor proteins which can help to decipher molecular
mechanisms/pathways involved in endogenous mental
disorders. However, no protein markers typical only for
distinct disease are found still. All the found proteins
(and pathways they are involved in) are not specific for
pathogenesis of mental disorders. Hence, one may suppose that finally the efforts must not be concentrated on
the search for a specific protein, but rather a protein set
(panel) must be revealed reflecting the main pathogenetic mechanisms and serving as a starting point for diagnosis and prognosis of mental disorder development.
Serum proteomes of patients with schizophrenia, BD,
and healthy subjects are compared in the present study.
Besides, the data of quantifications are given for three
revealed proteins participating in the most frequently
confirmed pathogenetic pathways involved in these disorders, such as cell contacts and endothelial permeability, blood coagulation system, transcription, cell cycle
regulation, cell growth and differentiation.
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Methods
Patients

The following groups of patients were included in the
present study: 33 patients (11 men, 22 women) with acute
paranoid schizophrenia (F20.0) hospitalized in the Department of Endogenous Disorders of the Mental Health Research Institute (MHRI) at the Tomsk National Research
Medical Centre (NRMC, Tomsk), and 23 patients (14
men, 9 women) with bipolar affective disorder (F31), 12 of
them were in-patients of the Department of Affective
States of MHRI and 11 were in-patients of the Department of Endogenous Mental Disorders and Affective
States of the Mental Health Research Centre (MHRC,
Moscow). The patients were hospitalized in acute state.
Blood was sampled for the study after hospitalization before the beginning of the treatment course. According to
anamnestic data, patients did not receive therapy for at
least 6 months before hospitalization. The patients were
diagnosed by psychiatrists according to the ICD-10. The
age of the patients with schizophrenia varied from 22 to
56 years with median of 34 [28, 40] years, and the illness
duration was from 2 to 35 years with median of 7 [4, 16]
years. The age of patients with bipolar disorder varied
from 17 and 62 years, with median of 32 [21, 52] years,
and the illness duration was from 4 to 20 years with median of 8 [5, 11] years.
The control group consisted of 24 mentally healthy
volunteers without somatic illnesses and other recorded
disorders (6 men and 18 women), the group was
matched with the studied patient groups by age (median
of 28 [21, 55] years) and number of representatives of
each gender. The healthy volunteers were selected using
special “Questionnaire for the study of healthy persons”
developed in MHRI. Some demography data for the
studied groups are given in the Table 1 (Results section).
Exclusion criteria for all the studied groups were the
presence of acute or chronical infections, inflammatory,
autoimmune diseases, as well as acute infections no less
than 4 weeks before the investigation. The study was
carried out according with the Protocol approved by
Biomedicine Ethic Committee of TNMRC RAS (Tomsk,
Russia) and MHRC (Moscow, Russia) and in accordance
with Helsinki Declaration for human experimentation.
All the patients and healthy volunteers have signed the

Table 1 Demography data for representatives of the studied
groups
Controls

Schizophrenia

Bipolar disorder

Subjects (n)

24

33

23

Age (years)

28 [21;55]

34 [28;40]

32 [21;52]

Gender (M/F)

6/18

11/22

14/9

Duration of illness (years)

–

7 [4;16]

8 [5;11]

Smirnova et al. BMC Genomics 2019, 20(Suppl 7):535

Informed Consent for their participation in the clinical
trials.
Sample preparation

Fasting venous blood was collected in the morning in
sample tubes (Becton Dickinson Vacutainer, Nederland)
containing clot formation activator. Serum was isolated
from blood by centrifugation for 20 min at 2000×g using
the Digicen 21R centrifuge (Orto Alresa, Spain). Then
serum was aliquoted and stored at − 80 °C.
Six major high-abundance proteins – serum albumin,
IgG, IgА, antitrypsin, transferrin, and haptoglobin were
depleted from the sera before the further studies. For
this, the samples were five-fold diluted with PBS, centrifuged (4000 g, 4 °C, 5 min) using Zentrifuge Z 36 HK
centrifuge (Hermle labortechnik Gmbh, Germany), filtered through Filtropur S 0.2 membrane (Sarstedt), and
the supernatant was then passed through the Multiple
Affinity Removal Column Human 6 (4.6 × 100 mm, Agilent, USA) for affinity binding of the major proteins,
with subsequent concentration of the column flowthrough by ultrafiltration through 5 kDa Microcon® Centrifugal Ultrafilters (Millipore, France) in accordance
with the protocol provided by the manufacturer. Protein
concentration was measured by absorbance at 280/260
nm using Epoch microplate spectrophotometer (BioTek,
USA) with the software installed.
One-dimensional Laemmli PAG electrophoresis

Reducing Laemmli sample buffer (1,1 v/v) was added to
all the samples pre-treated as described above, and the
samples were heated at 95 °C for 5 min and centrifuged
briefly to precipitate the condensate. The samples
matched by the total protein content of 20 μg (respective
volumes of samples were calculated for this) were subjected to the sodium dodecyl sulfate polyacrylamide gel
electrophoresis by Laemmli in 12% PAG (1 mm gel
thickness, 160 mm x 160 mm dimensions) [28]. The
electrophoretic separation procedure was carried out
using Protean II xi Cell (Bio-Rad, USA) device at 150–
180 V supplied by the PowerPac™ Universal Power Supply source (Bio-Rad, USA).
The gels were stained with Coomassie Brilliant Blue
G250 (0,1% Coomassi Brilliant Blue G250, 40% C2H5OH,
10% CH3COOH), then destained in solution with 70%
C2H5OH for 2 h.
Molecular masses corresponding to the stained protein
bands in PAGs were automatically calculated using Alliance 2.7 Uvitec system (Cambridge) with the supplied
software, relatively to molecular masses of protein standards (Broad range, Fermentas, Thermo Fisher Scientific).
Significant differences were identified using the Fisher’s
exact test with Yates’ correction. Protein bands significantly more frequently met in gel lanes corresponding to
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patients with schizophrenia or bipolar disorder in comparison with lanes corresponding to control subjects
(where they were virtually absent) were subjected to further analysis. The 5–7 protein bands were usually analyzed for each person. Thus, not all bands were included
in the study.
Protein identification and quantitation

Protein bands were cut from PAG manually (volume of
~3mm3) using scarifier, placed into microtubes, and incubated with 50 mM NH4HCO3 in 50% acetonitrile for 10–
15 min on a shaker to remove Coomassie staining. The
supernatant was discarded, and the PAG was washed with
deionized water. The procedure was triplicated or more
(till complete destaining). Then the samples were liophilized for 45 min at 40°С. In-gel trypsinolysis of the proteins was carried out using Sequencing Grade Modified
Trypsin (#V511A, Promega, USA) diluted by the supplied
solution (50 mM CH3COOH) and then, sequentially, by
50 mM NH4HCO3 pH = 8, to the concentration of 0.01–
0.025 μg/ml. Twenty microliters of the trypsin solution
were added to every sample and incubated at 4 °C for 1 h
for the gel swelling. The samples where then incubated at
37 °C for 18 h for trypsinolysis. After finishing the reaction, 25 mM NH4HCO3 was added to every sample and
shaken on Vortex, and supernatants were placed in separate tubes. Then further extraction of peptide mixtures
from the gels was done with 50% acetonitrile in 5% formic
acid, the procedure was triplicated. The extracts were lyophilized and frozen. To estimate the amount of protein
there were used exponentially modified PAI (emPAI), defined as the number of identified peptides, divided by the
number of theoretically observed tryptic peptides for each
protein [29, 30].
Peptide analysis by mass-spectrometry was carried out
in IBMC, Moscow (Centre of Collective Usage “Human
proteome”). The peptide samples obtained were analyzed
using the Agilent HPLC system1100 Series (Agilent Technologies) connected to a hybrid linear ion trap LTQ Orbitrap Velos (Thermo Fisher Scientific), equipped with a
nanoelectrospray ion source (Thermo Scientific). Peptide
separations were carried out on an RP-HPLC Zorbax
300SB-C18 column (C18 3.5 μm, 75 μm inner diameter
and 150 mm length) using a linear gradient from 95%
solvent A (water, 0.1% formic acid) and 5% solvent B
(water, 0.1% formic acid, and 80% acetonitrile) to 60%
solvent B over 45 min at a flow rate of 0.3 μl/min.
Mass spectra were acquired in the positive ion mode
using Orbitrap analyzer with a resolution of 30,000 (m/z
400) for MS and 7500 (m/z 400) for MS/MS scans. The
AGC target was set at 2 × 105 and 1 × 105 with maximum ion injection time 50 and 100 ms for MS and MS/
MS level, respectively. Survey MS scan was followed by
MS/MS spectra of the five most abundant precursors.
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The higher energy collisional dissociation (HCD) was
used, the signal threshold was set to 5000 for an isolation window of 2 m/z. The normalized collision energy
was set to 35 eV. The precursors fragmented were dynamically excluded from targeting with repeat count 1,
repeat duration 10 s, and exclusion duration 60 s. Single
charged ions and those with not defined charge state
were excluded from triggering the MS/MS scans [31].
The mass spectrometric raw data were analyzed with
the MaxQuant software (version 1.6.3.4). Default parameters were used unless otherwise specified below. A false
discovery rate (FDR) of 0.01 for proteins and peptides
and a minimum peptide length of 6 amino acids were
required. The mass accuracy of the precursor ions was
improved by the time-dependent recalibration algorithm
of MaxQuant. Match between runs options was set to
allow transferring identification across the runs. The Andromeda search engine was used to search the MS/MS
spectra against the Uniprot human database (containing
90,482 entries, download date 2019 − 01-17) combined
with 262 common contaminants and concatenated with
the reversed versions of all sequences. Enzyme specificity
was set to trypsin specificity, allowing cleavage Nterminal to proline. Further modifications were cysteine
carbamidomethylation (fixed) as well as protein Nterminal acetylation, asparagine and glutamine deamidation and methionine oxidation (variable). A maximum of
two missed cleavages were allowed. Peptide identification was based on a search with an initial mass deviation
of the precursor ion of up to 7 ppm. The fragment mass
tolerance was set to 20 ppm on the m/z scale. Only proteins quantified with at least two peptides were considered for quantitation.
MS1-intensity based label-free quantitation was used
to assess differences in the abundance of proteins between all the studied groups. LFQ intensities for the proteins were log2-transformed and normalized to ensure
equal median protein abundance across the samples. A
two-tailed unpaired t-test with an FDR value of 0.05 and
S0 = 2 was applied to identify proteins for which the
abundance was significantly changed between all the
studied groups [32].
ELISA

All the target proteins were detected by commercially
available ELISA kits representing sandwich enzyme immunoassays for in vitro quantitative measurements of
cadherin 5 and ANKRD12 in human serum according
with the manufacturer protocols.
ELISA of cadherin 5

Sample preparation: for quantitative measurement of cadherin 5 concentration every serum sample was diluted 1.5
folds (100 μl serum + 50 μl PBS). Concentration of cadherin
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5 was determined using SEB366Hu 96 Tests ELISA Kit for
cadherin 5 (CDH5) from Homo sapiens (Human) (CloudClone Corp., USA) with the detection range of 78–5000 pg/
ml and minimum detectable concentration (sensitivity) of
29 pg/ml.
ELISA of Ankyrin repeat domain protein 12

Sample preparation: A preliminary experiment showed
that the ANKRD12 concentration was within the range of
the kit determination, and the serum samples were not diluted but used directly for analysis. Concentration of
ANKRD12 was determined using SEM789Hu 96 Tests
ELISA Kit for ANKRD12 from Homo sapiens (Human)
(Cloud-Clone Corp., USA) with the detection range of
0.312–20 ng/ml and the sensitivity of 0.112 ng/ml.
Statistical analysis

Statistical analysis was performed using the Statistica
version 10.0 (StatSoft, Tulsa, OK, USA). The Kolmogorov–Smirnov test was used to determine whether the
data were normally distributed. Non-parametric Mann
Whitney U-test and Fisher’s exact test with Yates’ correction was used to check the statistical significance of
between-group differences. Kruskal-Wallis оne-way analysis of variance (ANOVA) and Median test were used in
comparison data for three groups. Spearman rank test
was used to search for correlations. Differences and correlations were considered significant at p-value < 0.05.

Results and discussion
Differences in serum protein sets between schizophrenia
and BD

All the subjects included in the study comprised three
groups, namely patients with schizophrenia, BD, and
healthy controls, matched by age, gender, and (for patients) by illness duration (Table 1). When the groups
were compared pairwise, no significant between-group
differences were found in age: p = 0.35 for patients with
schizophrenia and controls, p = 0.83 for patients with
BD and controls, and p = 0.18 for patients with BD and
schizophrenia.
No significant difference was found between patients
with schizophrenia and BD in the illness duration (p =
0.69). Non-parametric statistics was used here and
everywhere further, because not always the data were
distributed normally.
Ten representatives of every group were randomly selected from each the group for mass-spectrometry analysis.
In total, about 1600 proteins were identified for each person. Bioinformatics approach using MaxQuant version
1.6.3.4. applied to the group of patients with schizophrenia
and to the group of patients with BD has resulted in identification of unique proteins that have not been met in other
groups. The resulting t-test -significant proteins for each
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group are presented in Tables 2 and 3. In addition, we
compared proteins in patients with schizophrenia and BD
with a database of plasma proteins from the Human
Plasma Proteome Project (http://www.peptideatlas.org/
hupo/hppp/). Proteins found in patients are not represented in these databases.
Biological functions of found proteins

Proteins uniquely met only in sera from patients with
schizophrenia are presented in the Table 2. These proteins
are involved mostly in biological processes, such as protein metabolism and cell communication, followed by immune response, regulation of nucleic acid metabolism, cell
growth and maintenance. By their molecular weights,
most of the proteins were within the ranges designated in
previously published work [33] showing significant differences when patterns in 1-D PAGE of serum proteins of
patients with schizophrenia and healthy subjects were
compared. The revealed proteins met in sera of patients
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with mental disorders were classified in accordance with
the biological/molecular processes/pathways using Human
Protein Reference Database [http://www.hprd.org/].
The proteins identified in this work can directly participate in various pathogenetic processes in schizophrenia.
Extracellular matrix protein 1, and Abelson tyrosine protein kinase 2 participate in cell communication and signaling, particularly, in actin-dependent signaling, which has
recently received much attention in the development of
diseases with an inflammatory component [34, 35]. Besides, Abelson tyrosine-protein kinase 2 can fulfill an important role because it can regulate neurotransmission in
the brain via protein phosphorylation in synapses [36].
We have also discovered actin, cytoplasmic 1 and actin,
cytoplasmic 2 that participate in many biological functions. Extracellular actin can be involved in the development of pathologies as an inducer of autoimmunity,
induction of death of endotheliocytes, reduced ability of
the actin clearance system to sequester inflammatory

Table 2 Proteins found in serum from patients with schizophrenia and absent in samples from controls and patients with BD
Protein IDs

Protein names

Gene names

iBAQ

LFQ intensity

A8K2U0

Alpha-2-macroglobulin-like protein 1

A2ML1

381,783

5,580,283

O75820

Zinc finger protein 189

ZNF189

4,301,833

5,612,922

O95347

Structural maintenance of chromosomes protein 2

SMC2

4,376,279

4,833,428

P00748

Coagulation factor XII

F12

4,003,762

5,272,229

P01011

Alpha-1-antichymotrypsin

SERPINA3

6,461,004

799,853

P02649

Apolipoprotein E

APOE

4,510,154

6,384,497

P02750

Leucine-rich alpha-2-glycoprotein

LRG1

4,698,267

6,302,049

P05154

Plasma serine protease inhibitor

SERPINA5

5,085,402

6,709,058

P11532

Dystrophin

DMD

3,935,035

5,537,725

P22792

Carboxypeptidase N subunit 2

CPN2

46,868

6,312,685

P42684

Tyrosine-protein kinase ABL2 (Abelson tyrosine-protein kinase 2)

ABL2

5,750,121

8,166,816

P60709

Actin, cytoplasmic 1

ACTB

4,478,685

594,762

P63261

Actin, cytoplasmic 2

ACTG1

4,478,685

594,762

P78527

DNA-dependent protein kinase catalytic subunit

PRKDC

5,092,892

4,734,974

P81605

Dermcidin

DCD

5,598,764

6,677,141

P84098

Ribosomal protein L19

RPL19

5,175,687

6,112,823

P98164

Low-density lipoprotein receptor-related protein 2

LRP2

4,171,199

5,510,686

Q08380

Galectin-3-binding protein

LGALS3BP

43,327,882

5,893,399

Q15811

Intersectin-1

ITSN1

4,663,725

461,726

Q16610

Extracellular matrix protein 1

ECM1

5,750,121

8,166,816

Q5H9R4

Armadillo repeat-containing X-linked protein 4

ARMCX4

370,518

5,322,898

Q6UB98

Ankyrin repeat domain-containing protein 12

ANKRD12

4,403,913

594,308

Q7Z478

ATP-dependent RNA helicase DHX29

DHX29

4,348,332

458,995

Q8TE73

Dynein heavy chain 5, axonemal

DNAH5

3,785,117

6,673,067

Q96BK5

PIN2/TERF1-interacting telomerase inhibitor 1

PINX1

5,743,424

6,480,803

Q96KN2

Beta-Ala-His dipeptidase

CNDP1

4,732,742

6,322,812

Q9UGM5

Fetuin-B

FETUB

5,034,075

5,770,932
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Table 3 Proteins found in serum from patients with BD and absent in samples from controls and patients with schizophrenia
Protein IDs

Protein names

Gene names

iBAQ

LFQ intensity

O15417

Trinucleotide repeat-containing gene 18 protein

TNRC18

3,960,068

4,697,438

O95445

Apolipoprotein M

APOM

5,199,102

6,902,737

P02666

Beta-casein

CSN2

461,475

6,030,776

P02745

Complement C1q subcomponent subunit A

C1QA

5,177,613

5,991,639

P02753

Retinol-binding protein 4

RBP4

4,882,314

6,522,907

P05090

Apolipoprotein D

APOD

4,731,677

63,181

P05452

Tetranectin

CLEC3B

4,780,069

6,317,698

P07360

Complement component C8 gamma chain

C8G

459,154

5,882,624

P13671

Complement component C6

C6

4,384,574

6,239,425

P15924

Desmoplakin

DSP

3,736,801

5,864,175

P17948

Vascular endothelial growth factor receptor 1

FLT1

4,665,292

6,331,822

P23141

Liver carboxylesterase 1

CES1

3,948,734

6,577,147

P33151

Cadherin-5

CADH5

4,472,995

6,134,045

P46013

Antigen KI-67

MKI67

4,093,921

5,578,263

Q01538

Myelin transcription factor 1

MYT1

607,717

8,153,738

Q86YZ3

Hornerin

HRNR

5,692,768

7,672,241

Q9HCI5

Melanoma-associated antigen E1

MAGEE1

4,417,353

5,745,221

Q9UBP9

PTB domain-containing engulfment adapter protein 1

GULP1

5,111,498

6,666,724

mediators [37–39]. An interesting fact is that actin in
complex with the cell surface is the center of plasminogen
binding, involving actin in the processes of angiogenesis
and modulation of neurotransmission [40–42]. Zinc finger
protein is known to be a transcription factor playing an
important role in brain development, as well as in development of mental and cognitive disorders [43, 44].
Proteins uniquely met only in sera from patients with
BD are presented in the Table 3. The unique proteins
identified in sera from patients with BD mainly participate
in regulation of DNA synthesis and cell cycle, particularly
in differentiation of neural progenitor cells, development
of neurons and oligodendrocytes, such as myelin transcription factor regulating genes encoding myelin associated proteins and other proteins, followed by immune
response, regulating transport processes across cell membrane and cell communication [45–49].
Figure 1 shows representative volcano plot of protein
abundance differences as a function of statistical significance (t-test p ≤ 0.05 and fold change cutoff point ±2)
between bipolar disorder and schizophrenia.
Ankyrin repeat domain-containing proteins are one of
the most common amino acid sequence motifs that mediate interactions between proteins and nearly every cellular process from transcriptional regulation in the
nucleus to cell adhesion at the plasma membrane [50].
This motifs are associated with a number of human diseases including cancer (p16 protein) [51] neurological
disorders (Notch protein) [52], and skeletal dysplasias
(TRPV4 protein) [53], and variations in the amino acid

sequence of the human ANKK1 are associated with addictive behaviors such as alcoholism and nicotine addiction [54, 55]. The functions of the Ankyrin repeat
domain-containing protein 12 (ANKRD12 or ANCO-2)
remain unclear, however, it is assumed that it plays the
role in recruiting HDACs to the p160 coactivators/nuclear receptor complex to inhibit ligand dependent
transactivation [56]. HDACs are playing an important
role in regulation of gene expression. Elevated HDAC1
expression in prefrontal cortex and hippocampus was revealed in postmortem studies of brain from patients with
schizophrenia [57, 58]. Also HDAC1 and HDAC2 expression was linked to mechanisms of schizophrenia,
BD, and depression [59–61]. Elevation of HDAC activity
in parallel with enhancement of depressive symptoms
and decreased response to antidepressants were discovered using animal models [62, 63]. Proteins with ankyrin
repeat domains participate in regulation of various
protein-protein interactions and fulfill structural functions in CNS in the subcellular structures of neurons,
such as the axon initial segment and nodes of Ranvier,
in which ankyrins regulate the localization of ion channels. Association of ankyrin 3 (ANK3) gene variants
(ANK3 is a large gene encoding multiple isoforms of the
ankyrin G protein) with BD suggests a link between ankyrin repeat domain proteins and BD, however pathogenetic mechanisms of this link are not clear yet [64].
Besides, mutations in ANK3 described by Lopez can
cause hypersensitivity of neurons to excitating stimuli
[65]. The described above data was the reason for more
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Fig. 1 Label-free proteome quantification of bipolar disorder and schizophrenia. The ordinate indicates-lg(p), where p is p-value in t-test. The
abscissa axis shows the ratio of proteins to bipolar disorder against schizophrenia (mean (iBAQ bipolar disorder) – mean (iBAQ schizophrenia))

detailed study of quantitative changes in Ankyrin repeat
domain-containing protein 12 (ANKRD12) by ELISA in
all groups included in the study.
Also the subject of our further study was cadherin 5.
Cadherin protein family performs not only mechanical
contact between neighboring cells, but also participates
in intracellular signaling regulating processes of proliferation, migration, cell sorting, differentiation, and morphogenesis [66, 67]. In tissues of adult organisms
cadherins regulate the renewal of cell composition, provide a physiological barrier between contacting tissues and
selectivity of transport of soluble substances. Some inflammatory response mediators, such as thrombin, bradykinin,
histamine, vascular endothelial growth factor, etc. when
binding their receptors can disrupt the organization of
contacts, thereby opening the barrier, and plasma proteins
can pass through the endothelial barrier [68, 69]. Particularly, the protein vascular endothelial growth factor receptor 1 (VEGFR1) found in BD participates in the initiation
of autophosphorylation of cadherin 5 signal cascades directly influencing the development of endothelial dysfunction [70]. Besides cadherins are known to mediate cell
sorting, migration and segregation, morphogenesis and
axonal growth in embryogenesis [71, 72]. Wang and co-

authors have demonstrated involvement of genes encoding CDH9 and CDH10 family in autism disorder [73].
These genes participate in neural cell adhesion [74]. This
fact enables to suppose existence of defects in neural cell
adhesion in autism [75]. However, no data are known yet
suggesting participation of cadherin 5 in pathogenesis of
mental disorders.

ELISA of ANKRD12 and cadherin 5

The levels (concentrations) of these candidate proteins
(Ankyrin repeat domain-containing protein 12 and cadherin 5) were measured in sera from the studied groups
(controls, Ctr, bipolar disorder, BD, and schizophrenia,
SCH) by ELISA using commercially available kits. Of
two studied proteins significant between-group differences were found only for ANKRD12 concentrations by
Kruskal-Wallis test (p = 0.02) and by Median test (χ2 =
6.97, p = 0.03) (Table 4).
When measuring ANKRD12 concentrations the lowest
median was found in Ctr group, intermediate – in BD
group, and maximum in SCH group. So, median value for
ANKRD12 concentrations comprised 0.38 ng/ml, with
measured (i.e. within the detectable range) concentrations
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Table 4 The levels Ankyrin repeat domain-containing protein 12 and Cadherin-5 in sera from the studied groups
Schizophrenia

Bipolar disorder

Control

Kruskal-Wallis

Median

test, p

Test, p

Me [Q25;Q75]

N

Me [Q25;Q75]

N

Me [Q25;Q75]

N

Ankyrin repeat domain-containing protein 12, ng/ml

0.92 [0.01;1.52]

33

0.01 [0.01;0.57]

23

0.01 [0.01;0.70]

24

0.02

0.03

Cadherin 5, ng/ml

2.70 [0.40;5.40]

33

3.51 [2.09;6.35]

23

2.73 [1.91;4.84]

24

0.42

0.55

ranging from 0.44 ng/ml to 2.2 ng/ml in sera of Ctr; the
respective values comprised 0.47 ng/ml (from 0.27 ng/ml
to 2.96 ng/ml) in BD group, and 0.87 ng/ml (from 0.37 to
2.43 ng/ml) in SCH group (Fig. 2).
Then pairwise comparison of the groups was done
by Mann-Whitney U-test, and difference was assigned
significant at p < 0.05. For SCH-Ctr pair the ZScore = 2.4, the p-value was 0.02, and the result was
significant. For SCH-BD pair the Z-Score = 2.2, the pvalue was 0.045, the result was significant. For BDCtr pair the Z-Score = 0.17, the p-value was 0.67, the
result was not significant.
Ankyrin repeats are the most widespread structural
domains amongst eukaryotic proteins. Proteins with ankyrin repeats are found to be intracellular and extracellular [76, 77]. Each the repeat consists of two antiparallel
α-helices and a prolonged loop terminating with βhairpin [78]. Multiple repeats form a specific structure
in which a core is formed by inter-helix interactions, and
termini of β-hairpins are displayed outwards and represent potential sites for protein-protein interactions.
Ankyrin repeats indirectly participate via the protein-

protein interactions in various cellular functions, such as
transcription, cell cycle regulation, cell differentiation,
apoptosis, ion transfer, signal transduction, etc. [79], and
in initiation/development of immune response in eukaryotes [53], and these functions are provided by definite protein spatial conformation, but not by amount of
the repeats [80].
ANKRD12 and its related protein ANCO-1 are nuclear
proteins which may recruit histone deacetylases (HDACs)
to the p160 coactivators/nuclear receptor complex to inhibit ligand-dependent transactivation. ANCO-2 may represent a novel class of nuclear receptor corepressors that
may inhibit transcriptional activity of NRs through interfering with the coactivator function of p160 by recruiting
HDACs. Regulation of histone acetylation by HDAC inhibitors was found to be enhancing memory formation
processes [81], namely HDAC2 was shown to play as a
negative regulator for memory and synaptic plasticity, thus
influencing cognitive functioning [82, 83]. Enhancement
of HDAC activity may cause manifestation of various clinical symptoms such as cognitive impairment and negative
symptoms [61].

Fig. 2 ANKRD12 concentrations measured in groups of patients with schizophrenia or bipolar disorder, and in controls
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Many studies suggest a link between ANCO-1 and impaired synaptic function and development of neurons. For
instance, carriers of mutant ANCO-1 have cognitive disorders and neuroanatomical anomalies [84]. Being a transcriptional co-regulator, ANCO-1 influences multiple
genes linked to autistic spectrum disorders, many of them
are related to SCH [84–86]. Basing on the mechanisms
proposed by Zhang et al. [56], one can admit that ANCO2 plays a role in SCH development as well, especially taking into account significant between-group differences in
ANCO-2 levels found in the present work. In addition,
one may admit that depressive episode diagnosed in almost all BD patients included into the study is associated
with a tendency to elevation of ANCO-2 level revealed in
sera from these patients.
Spearmen rank order correlation analysis did not reveal any link between the levels of the revealed proteins
and age or gender in general population of studied subjects (data not given). No significant correlation was
found for the investigated parameters between each
other and depending on age in the group of healthy persons (Table 5), or in patients with BD (Table 6). However, the ANKRD12 levels were found to be dependent
on the patient’s age in the schizophrenic group (Table 7).
Thus, a significant negative correlative link between
ANKRD12 concentration and age was observed in patients with schizophrenia (R = − 0.35 p = 0.04). It is not
excluded that the age-related changes in the concentration of protein appear against the background of longterm treatment of this group of patients, throughout
their life, with neuroleptics.
As a result of our study, the most numerous family of
proteins presented in both groups of patients (with
schizophrenia and BD) are the proteins of cell skeleton
and adhesion. However, cadherin 5 was not covered in
these studies. The first main function of VE-cadherin is
to maintain the proper assembly of adhesive contacts at
the initial stages of vascular development and to provide
the normal functioning of the endothelial barrier [87].
Several works were published recently confirming the
blood-brain barrier (BBB) damage in patients with endogenous psychoses [88, 89]. When analyzing the content of cadherin 5 in newborns with perinatal CNS
lesion, endothelial dysfunction and BBB damage were revealed. The protein was proposed as a marker of the
above listed disorders [34]. The absence of significant
differences in the concentration of cadherin 5 among
Table 5 Spearman Rank Order Correlations in the control group

Table 6 Spearman Rank Order Correlations in group of patients
with BD
Valid - N

Spearman - R

p-value

ANKRD12, ng/ml & Age

23

0,16

0,45

Cadherin 5, ng/ml & Age

23

-0,22

0,32

АKRD12, ng/ml & Cadherin, 5 ng/ml

23

0,17

0,44

the studied groups was initially the object of our disappointment. However, since any significant difference was
not revealed in comparative between-group studies we
searched for links with clinical data for the patients. For
comparison, we used a known indicator in psychiatric
practice such as an estimation of prevailing positive or
negative symptoms in patients with schizophrenia. In
fact, the significant difference was found in levels of cadherin 5 between subgroups of patients with schizophrenia with prevailing positive or negative symptoms (p =
0.035) (Fig. 3). The patients with prevailing negative symptoms are assessed as patients with a heavier course of the
disease and a poor prognosis of response to pharmacotherapy. Hence, the determination of the concentration of cadherin 5 in serum of patients with schizophrenia has definite
prospects for improving the diagnosis of mental disorders.
Comparative findings in serum proteome research in
schizophrenia and BD

We did some benchmarking against the markers discussed
in the recent review of Preece et al., 2018 [25]. Several
studies are known on serum proteomes in BD [20–25]
reviewed recently by Preece with co-authors [27]. Song
with co-authors [21] performed a comparative proteomic
study to identify differentially expressed plasma proteins
in various BD mood states (depressed, manic, and euthymic) relative to controls. Their technique was similar to
ours in depleting high-abundance proteins in plasma samples, but differed from ours in using 2-D instead of 1-D
electrophoresis, thus, the obtained results can be scarcely
compared, but, nevertheless, three common proteins were
identified.
Using serum and plasma in multiplex immunoassay
analyses of 190 proteins and small molecules, Alsaif with
co-authors [24] tested whether differences between
serum and plasma can influence the identification of potential biomarkers in a preliminary study comparing BD
patients with controls, and the remark was made, such
Table 7 Spearman Rank Order Correlations in the group of
patients with schizophrenia

Valid - N Spearman - R p-value

Valid - N Spearman - R p-value

ANKRD12, ng/ml & Age

24

−0,10

0,67

ANKRD12, ng/ml & Age

33

-0,35

0,04

Cadherin 5, ng/ml & Age

24

0,06

0,80

Cadherin 5, ng/ml & Age

33

0,04

0,83

−0,28

0,24

ANKRD12, ng/ml & Cadherin, 5 ng/ml 33

-0,18

0,97

ANKRD12, ng/ml & Cadherin, 5 ng/ml 24
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Fig. 3 Levels of cadherin 5 in subgroups of patients with schizophrenia with prevailing positive or negative symptoms. Pairwise comparison of
the groups by Mann-Whitney U-test reveals a significant difference

as “important differences in inter individual variability
can have significant impact on identifications made in
biomarker studies”. Haenisch with co-authors [25] have
investigated the utility of a biomarker panel as a diagnostic test for BD and identified 20 protein diseasespecific analytes with predictive performance, although
no further studies have been published yet reproducing
or supporting these findings.
A number of protein markers listed in review of Preece
et al. [27] are also presented in our tables generated as a result of the data processing using bioinformatics methods.
We are regarding those proteins which are found in patients inspected in our study. There are published data
[90–92] on the increase in Apolipoprotein D levels in patients with major depression (MD) in comparison with controls. In our study the elevated level of Apolipoprotein D is
found also in patients with bipolar disorder (BD). The opposite regularity was found in the level of another apolipoprotein. In fact, also in line with our results, [93] has found
decreased level of Apolipoprotein E in patients with BD in
comparison with controls.
We have revealed the increase in Alpha-1- antichymotrypsin in patients with schizophrenia, but not in
BD. There are evidences on the increase in Alpha-1antichymotrypsin level [91], and Hornerin [92] in patients with MD.
Lee et al. [94] have found the increase in levels of
Complement C1q subcomponent subunit C in patients
with MD in comparison with controls, besides, Song et

al. [22] have found the increase in the level of this protein in patients with BD as compared with controls. In
agreement with our data, this protein is also elevated in
patients with BD.
The data on the levels of Alpha-2-macroglobulin in
mental disorders vary substantially in various publications. The increase in Alpha-2-macroglobulin level in
patients with MD was found by [90, 95, 96]. Besides,
Alsaif et al. [24] and Song et al. [22] have found the decrease in patients with BD in comparison with healthy
controls. This is in agreement with our results.
The increase in levels of Retinol-binding protein 4 [23]
and decrease in Carboxypeptidase N [22] have been
found in patients in BD compared with controls that is
also in agreement with our results.
Chen et al. have found the decrease in Actin, cytoplasmic 2 protein in patients with MD in comparison with
BD [2]. We have revealed the increase in levels of actin
group proteins in patients with schizophrenia in comparison with BD patients.

Conclusions
As a result of the mass-spectrometry analysis, from 50 to
350 proteins were identified in every band, and about
1600 proteins were identified for each person. Comparison of proteome profiles of different groups revealed 27
proteins being specific for schizophrenia, and 18 – for BD.
Protein set in schizophrenia was mostly associated with
immune response, cell communication, cell growth and
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maintenance, protein metabolism and regulation of nucleic
acid metabolism. Protein set in BD was mostly associated
with immune response, regulating transport processes
across cell membrane and cell communication, development of neurons and oligodendrocytes and cell growth.
Many of these pathways are involved in the pathogenesis
of mental disorders. They are interesting as potential
markers, although some of them are already represented
in proteomic studies in other diseases [35, 97–99].
Concentrations of ankyrin repeat domain-containing protein 12 (ANKRD12) and cadherin 5 in serum samples were
determined by ELISA. Significant difference between three
groups was revealed in ANKRD12 concentration (p = 0.02),
with maximum elevation of ANKRD12 concentration (median level) in schizophrenia. Ankyrin repeat domaincontaining protein 12 (ANKRD12) is a nuclear protein
which may recruit histone deacetylases (HDACs) to the
p160 coactivators/nuclear receptor complex to inhibit
ligand-dependent transactivation. Regulation of histone
acetylation by HDAC inhibitors was found to be enhancing
memory formation processes [81], namely HDAC2 was
shown to play as a negative regulator for memory and synaptic plasticity, thus influencing cognitive functioning [82,
83]. Elevated HDAC1 expression in prefrontal cortex and
hippocampus was revealed in postmortem studies of brain
from patients with SCH. Enhancement of HDAC activity
may cause manifestation of various clinical symptoms such
as cognitive impairment and negative symptoms [61]. Thus,
as a result of our study, a new potential protein marker was
found allowing indirect assessment the state of cognitive
functions and synaptic plasticity among patients with
schizophrenia. More definite mechanisms influencing the
increase of ANKRD12 concentration in serum of patients
with schizophrenia required clarification. The decrease of
ANKRD12 concentration with the increase of patient’s age
was discovered by correlation dependence of moderate force
in the same group of patients. For diagnostic purpose interesting and prospective finding was the discovery of Cadherin
5 concentration differed significantly between schizophrenic
patients with prevailing positive symptoms (4.78 [2.71, 7.12]
ng/ml) and those with prevailing negative symptoms (1.86
[0.001,4.11] ng/ml) (p = 0.035). Thus, our results are presumably useful for discovering the new pathways involved
in schizophrenia and BD.
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