Received: 23 March 2022 Revised: 19 May 2022 Accepted: 23 May 2022

DOI: 10.1002/ctm2.929

LETTER TO EDITOR

CLINICAL AND TRANSLATIONAL MEDICINE

., el WILEY

Integrating proteomic and clinical data to discriminate
major psychiatric disorders: Applications for major
depressive disorder, bipolar disorder, and schizophrenia

Dear editor,

We report that integrating proteomic and clinical data
enables objective differentiation between major depressive
disorder (MDD), bipolar disorder (BD), and schizophre-
nia (SCZ). These major psychiatric disorders are associated
with mortality and life-long disability.' However, objec-
tive discrimination of these disorders remains a formidable
challenge. Thus, this study aimed to distinguish MDD,
BD, and SCZ by integrating targeted/untargeted pro-
teomic data obtained from liquid chromatography-mass
spectrometry (LC-MS) and clinical data.

The entire design of the current study is illustrated in
Figure S1, and detailed information of the following meth-
ods is described in Supporting Information. The study
included 675 subjects [171 SCZ, 170 BD, 174 MDD, and 160
healthy controls (HC)], aged 19 to 65 years, and proteomic
analyses was performed from each plasma sample. After
the final quantifiable 642 peptides for MDD, BD, SCZ,
and HC were determined (Figure S2), LC-multiple reac-
tion monitoring (MRM)-MS was performed on individual
plasma samples, followed by LC-high resolution MS-based
proteomic profiling on pooled plasma samples (Figure
S3A,B). Logarithmic transformation was performed on the
LC-MRM-MS data for the stable 588 peptides, followed by
batch effect correction (Figure S4A,B). The 515 patients
were divided into training, validation, and independent
test sets (6:2:2). There were significant differences in demo-
graphics, medication use, and clinical features between
groups (Tables S1-S4). Therefore, peptides that were signif-
icant with demographics, medication use, and chronicity
of disease/medication, and not with disease types were
excluded by ANCOVA, for each pairwise comparisons
between groups, in the training sets. Furthermore, pep-
tides with multicollinearity were excluded, resulting in
23, 29, and 30 proteomic candidate features (proteins) for
differentiating MDD versus BD, MDD versus SCZ, and
BD versus SCZ, respectively (Table S5). These proteins

showed consistent expression level patterns across dis-
ease types, low inter-correlation with covariates (Figure
S5A-C), and low interdependence between each other
(Figure S6A-C).

Multiprotein-marker (MPM) models were constructed
by LASSO (least absolute shrinkage and selection oper-
ator) with 100-repeated 5-fold cross-validations, addi-
tionally with feature extraction and weighted model
averaging,” in the training sets (Table S6 and Figure
S7A-C). After evaluating model performances in the val-
idation sets based on selection fractions, the simplest
models (selection fraction = 1) were selected, as the per-
formances only mildly increased with selection fraction
>.8 (Figure 1A-C; Figure S8A-C). The final MPM mod-
els for differentiating MDD versus BD, MDD versus SCZ,
and BD versus SCZ consisted of 17, 20, and 17 proteins,
and the AUROC values were .74, .82, and .78, respec-
tively in the independent test sets (Figure 1A-C). Due to
different analytical methods, the corresponding proteins
differed with our previous study for discriminating MDD
versus BD except for ITIH2.2 However, the current models
were constructed with larger samples and expanded tar-
gets, and validated in an independent set; implying greater
reproducibility. For each MPM model, the direction of
each average coefficient corresponded to the alteration in
expression (fold-change) (Figure 1A-C). The MPM models
had similar performances in differentiating MDD, BD, and
SCZ with different subgroups (Figure SOA-F), all of the
proteins were less influenced by psychotropic medication
(Figure S10), and only few proteins showed associations
with specific symptoms (Table S7). Particularly for BD, the
proteins were unrelated to depressive or manic symptoms.
The mass spectral information of proteins in the MPM
models is presented in Table S8, and the alterations in the
expression of the proteins is presented in Table S9 and
Figure S11. There was no protein that overlapped in all
three MPM models.
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Development of multiprotein marker (MPM) models to discriminate disease types by machine learning. For each pairwise

comparison, the selection fraction for proteomic candidate features (proteins), weighted average coefficient, and discriminatory performance
are presented. The selected features (selection fraction = 1) in the MPM models are shown as pink bars. Weighted average coefficients
corresponding to the selected features and their directions for disease types are presented. Discriminatory performance of each MPM model is
presented as AUROC value in the training, validation, independent test, and total sets. Results of MPM models for (A) MDD versus BD, (B)
MDD versus SCZ, and (C) BD versus SCZ. MDD, major depressive disorder; BD, bipolar disorder; SCZ, schizophrenia; MPM, multiprotein
marker; AUROC, area under the receiver operating characteristics
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FIGURE 2 Discriminatory and
diagnostic performances of ensemble (ES)
models combining MPM and SCLB models
and comparison of the performances
between ES and CRSB models. For each ES
model, discriminatory performance is
presented as AUROC value in the training,
validation, independent test, and total sets.
Diagnostic performance with the
independent test sets is presented as
accuracy, sensitivity, specificity, PPV, and
NPV at optimal cutoff (Youden index).
Results for (A) MDD versus BD, (B) MDD
versus SCZ, and (C) BD versus SCZ. For each
pairwise comparison of groups, patterns of
alterations in AUROC values are presented
as line charts (left panel). Comparison of
diagnostic performance in the independent
test sets is presented as bar graphs (right
panel). Results for (D) MDD versus BD, (E)
MDD versus SCZ, and (F) BD versus SCZ.
MDD, major depressive disorder; BD, bipolar
disorder; SCZ, schizophrenia; ES, ensemble;
MPM, multiprotein marker; SCLB, symptom
checklist-based; CRSB, clinician rater
score-based; AUROC, area under the receiver
operating characteristics; PPV, positive
predictive value; NPV, negative predictive
value

Symptom checklist-based (SCLB) models were con-
structed by generalized linear models (GLMs). The models
with the highest discriminatory power considering all
combinations of the Symptom Checklist-90-Revised (SCL-
90-R)* dimensions, were selected (Table S10 and Figure
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S12A-C). Then, ensemble (ES) models were constructed
by combining MPM and SCLB models through the stack-
ing ensemble strategy.* At last, clinician rater score-based
(CRSB) models were constructed by GLMs, combining the
total scores of the Brief Psychiatric Rating Scale (BPRS),’



CLINICAL AND TRANSLATIONAL MEDICINE

CP: Production of Nitric Oxide and Reactive Oxygen Species in Macrophages

¢ {ITIH2;
(CFAB) : @ )(CBPBZ)
CFB CPB2
CP: Neuroinflammation Signaling Pathway

(PRos);Ros 20C fPR\(’iC)

CP: Acute Phase Response Signaling

fiNFIA  APLP2
Fi1 — POSK)
NR5A2 - (

(SAAd) 5AA4 APOB

%(IUAP)
(IBP3)

CP: Reelin Signaling in Neurons

(MBL2)
N

(=) \4
i Nos3:

Histone h3 : cG

NFKB|(complex] VIN

(DOPO)

CP: LXR/RXR Activation %

Akt

KLK6

(ACT) Gh ERK1l2

(sm

CP: FXR/RXR Activation

(CATS)
Predicted molecules interacting

(CATS) TRFE) with proteins of MPM models
(PSMD1) PSMD1 'E ot

% CP: CREB Signaling in Neurons
(CLD3) * 7 (NPC2)

(COAAT) (GpRa7) (BPIBY)

PLIN2

Collagen type I

P36 MAPK RSN
IL1RN ETVS
P /PLINS

ALPL

% (CETP)

CP: Synaptogenesis Signaling Pathway

Lh HSPA1TAHSPA1B

Growth hormone LDL

CTSS

PTGS1 +CF21

STyt Msi2

CP: Axonal Guidance Signaling ATAY)

CP: Opioid Signaling Pathway

e L Network information and legends ) ~

O (®)
Activation, causation, expression, localization, membership, modification, molecular cleavage, phosphorylation, protein-DNA interactions, protein-RNA
interactions, and regulation of binding transcription

@ Group/Complex VCytokine/Growth Factor % Enzyme @Transpor‘ter V Transmembrane Receptor C'() Transcription Regulator@ Phosphatase
(9 Ligand-dependent Nuclear Receptor%g\)Kinase @ Peptidase % G-protein Coupled Receptor O Other

Edge information Node information Expression patterns
Outer surrounding colors for expression Expression ratio (fold change)
Direct Interaction pattern of overlapping proteins between (MDD/BD or MDD/SCZ) MDD u
— — — — Indirect Interaction MPM models: ' 1 'il's
Inner surrounding colors for expression (BDIMDD or BDISCZ) BDu
Interaction for proteins and pattern 1 j 1.5
their corresponding CP .
il madel proteins Shapes for molecular class of protein fscz,MDD or SCZIBD) SCZ up
\ The other molecules 1 ‘1-5 )

FIGURE 3 Integrated protein networks and associated canonical pathways for proteins in MPM models. Integrated protein networks
and the corresponding canonical pathways were generated. Two networks with network score >20 were integrated. For edge information,
direct and indirect interactions are presented by solid and dashed lines, respectively. Canonical pathways associated with proteins in the
network are presented as dotted lines (light pink). Regarding node information, shapes signify the molecular class of proteins defined in the
legend, and colours surrounding the nodes represent expression patterns for each disease type. Overlapping proteins between MPM models
are denoted by an asterisk. Each protein is presented as a gene name and the corresponding protein entry in parentheses. Alterations in
protein expression are presented as fold-change for each disease type. MDD, major depressive disorder; BD, bipolar disorder; SCZ,
schizophrenia; CP, canonical pathway; MPM, multiprotein marker

Hamilton Anxiety Scale (HAM-A), Montgomery-Asberg For 43 proteins from all MPM models, an integrated
Depression Rating Scale (MADRS),” and Young Mania network comprising up to two networks was predicted
Rating Scale (YMRS)® (Table S10). The discriminatory and (Table S11 and Figure 3). Diseases/functions associated
diagnostic performances of the ES and CRSB models were ~ with the network included cellular movement (p = 7.87
overall comparable (Figure 2A-F and Figure S13A-C). x 1021-1.61 x 107), cell-to-cell signalling and interaction
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(p = 914 x 10°-1.61 x 107), immune cell trafficking
(p = 2.3 x 1012-1.3 x 107), neurological disease (p = 7.47
x 1012-8.17 x 10°®), and psychological disorder (p = 6.09
x 10712-3.89 x 10°%). Furthermore, the network was related
to significant canonical pathways including complement
and coagulation cascade dysregulation, neural signalling,
and oxidative and inflammatory pathways, which has been
replicated in previous studies (Figure 3).>° Especially,
reelin signalling was a significant canonical pathway,
which is known to regulate neuronal migration and synap-
togenesis in the brain, and has been linked to MDD, BD,
and SCZ.'°

Through proteomic profiling, analytically stable plasma
proteome (902 quantified proteins) were constructed in
each pooled sample for the four groups (Table S12 and
Figure S14A-D). Subsequently, 267 differentially expressed
proteins (DEPs) with 4 clusters, 347 DEPs with 5 clusters,
and 339 DEPs with 4 clusters were determined between
MDD versus BD versus HC, MDD versus SCZ versus HC,
and BD versus SCZ versus HC, respectively (Table S13).
The DEPs that had consistent significance and expres-
sion patterns in both targeted proteomics and proteomic
profiling were as follows; ITIH2 for the MPM model of
MDD versus BD, TFPI1 and ITIH2 for MDD versus SCZ,
and CIRL for BD versus SCZ. (Table S14; Figure 4A-C).
The overall alterations in abundance of these 3 DEPs
in each group is presented in Figure 4D. Further dis-
cussion of these key proteins is described in Supporting
Information.

Our study has its limitations regarding sample size, the
possibility of other potential confounders and proteomic
targets including duration of the current episode, and med-
ication dosage/duration, the cross-sectional study design,
biological interpretations of proteins in peripheral blood,
and limited practicalness to clinical practice as a diagnostic
tool (Supporting Information). Nevertheless, we demon-
strated the viability of integrating proteomic and clinical
data in discriminating MDD, BD, and SCZ. We devel-
oped MPM and ES models for each pairwise comparison

of groups, reporting their potential in differentiating and
diagnosing these disorders.
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(D) Alterations in expressions of three selected proteins, which satisfied consistent statistical significance and expression pattern between
targeted proteomics and proteomic profiling, between all disease groups and HCs are presented as heatmap and line graphs. Alterations in

protein expression are indicated by a red line, and average protein expression for each group is signified by a purple line. TFPI1 was
upregulated in MDD and SCZ but downregulated in BD compared with HCs (MDD > SCZ > HC > BD). ITIH2 showed no difference of
expression between MDD and HC but was downregulated in BD and SCZ versus HC (MDD~HC > SCZ > BD). C1RL showed no difference of
expression between BD and HCs but was downregulated in SCZ and MDD compared with HCs (BD~HC > MDD > SCZ). MDD, major
depressive disorder; BD, bipolar disorder; SCZ, schizophrenia; HC, healthy control; MPM, multiprotein marker; DEP, differentially expressed

protein


https://orcid.org/0000-0002-5493-5026
https://orcid.org/0000-0001-6221-5953

LETTER TO EDITOR

Jun Soo Kwon?*8

Kyooseob Ha
Yong Min Ahn®%8
Youngsoo Kim"?

3,4,8

! Department of Biomedical Sciences, Seoul National
University College of Medicine, Seoul, Republic of Korea
2Institute of Medical and Biological Engineering Medical

Research Center, Seoul National University College of
Medicine, Seoul, Republic of Korea

3Department of Psychiatry, Seoul National University
College of Medicine, Seoul, Republic of Korea
4Department of Neuropsychiatry, Seoul National University
Hospital, Seoul, Republic of Korea

>Department of Neuropsychiatry, School of Medicine, Eulji
University, Daejeon, Republic of Korea

®Department of Psychiatry, Uijeongbu Eulji Medical
Center, Eulji University, Seoul, Republic of Korea
"Department of Psychiatry, SMG-SNU Boramae Medical
Center, Seoul, Republic of Korea

8 Institute of Human Behavioral Medicine, Seoul National

University Medical Research Center, Seoul, Republic of
Korea

Department of Psychiatry, Hanyang University Hospital
and Hanyang University College of Medicine, Seoul,
Republic of Korea

19Department of Psychiatry, CHA Bundang Medical
Center, CHA University School of Medicine, Seongnam,
Republic of Korea

UDepartment of Psychiatry, Inha University Hospital,
Incheon, Republic of Korea

2Department of Psychiatry, Nowon Eulji University
Hospital, Seoul, Republic of Korea

BInterdisciplinary Program of Bioengineering, Seoul
National University College of Engineering, Seoul, Republic
of Korea

Correspondence

Youngsoo Kim, Department of Biomedical Sciences &
Institute of Medical and Biological Engineering Medical
Research Center, Seoul National University College of
Medicine, 103 Daehakro Seoul 30380, Republic of Korea.
Email: biolab@snu.ac.kr

Yong Min Ahn, Department of Psychiatry, Seoul National
University College of Medicine/Department of
Neuropsychiatry, Seoul National University
Hospital/Institute of Human Behavioral Medicine, Seoul
National University Medical Research Center, 101
Daehakro Seoul 30380, Republic of Korea.

Email: aym@snu.ac.kr

CLINICAL AND TRANSLATIONAL MEDICINE

Dongyoon Shin and Sang Jin Rhee contributed equally to
this work as co-first authors.

ORCID
Dongyoon Shin (© https://orcid.org/0000-0002-5493-5026
Sang Jin Rhee © https://orcid.org/0000-0001-6221-5953

Youngsoo Kim (2 https://orcid.org/0000-0001-8881-0662

REFERENCES

1. GBD 2019 Mental Disorders Collaborators. Global, regional, and
national burden of 12 mental disorders in 204 countries and
territories, 1990-2019: a systematic analysis for the global bur-
den of disease study 2019. Lancet Psychiatry. 2022;9(2):137-150.
https://doi.org/10.1016/52215-0366(21)00395-3

2. Shin D, Rhee SJ, Lee J, et al. Quantitative proteomic approach for
discriminating major depressive disorder and bipolar disorder
by multiple reaction monitoring-mass spectrometry. J Proteome
Res. 2021;20(6):3188-3203. https://doi.org/10.1021/acs.jproteome.
1c00058

3. Derogatis LR. SCL-90-R : administration, scoring & procedures
manual-II for the R (evised) version and other instruments of
the psychopathology rating scale series. Clinical Psychometric
Research. 1992: 1-16.

4. Dzeroski S, Zenko B. Is combining classifiers with stack-
ing better than selecting the best one?. Machine Learning.
2004;54(3):255-273.

5. Hafkenscheid A. Psychometric evaluation of a standardized
and expanded brief psychiatric rating scale. Acta Psychiatr
Scand. 1991;84(3):294-300. https://doi.org/10.1111/j.1600-0447.
1991.tb03147.x

6. Hamilton M. The assessment of anxiety states by rating. Br
J Med Psychol. 1959;32(1):50-55. https://doi.org/10.1111/].2044-
8341.1959.tb00467.x

7. Montgomery SA, Asberg M. A new depression scale designed to
be sensitive to change. Br J Psychiatry. 1979;134:382-389. https://
doi.org/10.1192/bjp.134.4.382

8. Young RC, Biggs JT, Ziegler VE, Meyer DA. A rating scale
for mania: reliability, validity and sensitivity. Br J Psychiatry.
1978;133:429-435. https://doi.org/10.1192/bjp.133.5.429

9. Santa Cruz EC, Zandonadi FDS, Fontes W, Sussulini A. A pilot
study indicating the dysregulation of the complement and coag-
ulation cascades in treated schizophrenia and bipolar disorder
patients. Biochim Biophys Acta Proteins Proteom. 2021; 1869(8):
140657. https://doi.org/10.1016/j.bbapap.2021.140657

10. Jossin Y. Reelin functions, mechanisms of action and
signaling pathways during brain development and matura-
tion. Biomolecules. 2020; 10(6):964. https://doi.org/10.3390/
biom10060964

SUPPORTING INFORMATION

Additional supporting information can be found online
in the Supporting Information section at the end of this
article.


https://orcid.org/0000-0001-8881-0662
mailto:biolab@snu.ac.kr
mailto:aym@snu.ac.kr
https://orcid.org/0000-0002-5493-5026
https://orcid.org/0000-0002-5493-5026
https://orcid.org/0000-0001-6221-5953
https://orcid.org/0000-0001-6221-5953
https://orcid.org/0000-0001-8881-0662
https://orcid.org/0000-0001-8881-0662
https://doi.org/10.1016/S2215-0366(21)00395-3
https://doi.org/10.1021/acs.jproteome.1c00058
https://doi.org/10.1021/acs.jproteome.1c00058
https://doi.org/10.1111/j.1600-0447.1991.tb03147.x
https://doi.org/10.1111/j.1600-0447.1991.tb03147.x
https://doi.org/10.1111/j.2044-8341.1959.tb00467.x
https://doi.org/10.1111/j.2044-8341.1959.tb00467.x
https://doi.org/10.1192/bjp.134.4.382
https://doi.org/10.1192/bjp.134.4.382
https://doi.org/10.1192/bjp.133.5.429
https://doi.org/10.1016/j.bbapap.2021.140657
https://doi.org/10.3390/biom10060964
https://doi.org/10.3390/biom10060964

	Integrating proteomic and clinical data to discriminate major psychiatric disorders: Applications for major depressive disorder, bipolar disorder, and schizophrenia
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	ORCID
	REFERENCES
	SUPPORTING INFORMATION


