SYSTEMS COMPUTATIONAL BIOLOGY Vavilovskii Zhurnal Genetiki i Selektsii

Original article Vavilov Journal of Genetics and Breeding. 2025;29(7):1020-1030

doi 10.18699/vjgb-25-107

Searching for biological processes as targets
for rheumatoid arthritis targeted therapy with ANDSystem,
an integrated software and information platform

E.L. Mishchenko?, LV. Yatsyk (©)! @), P.S. Demenkov ()}, A.V. Adamovskaya (), T.V. Ivanisenko (),
M.A. Kleshchev (9!, V.A. Ivanisenko ()1 2

Tinstitute of Cytology and Genetics of the Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia
2 Novosibirsk State University, Novosibirsk, Russia

@ woikin88@mail.ru

Abstract. Rheumatoid arthritis (RA) is a systemic autoimmune disease characterized primarily by joint involvement with
progressive destruction of cartilage and bone tissue. To date, RA remains an incurable disease that leads to a significant
deterioration in quality of life and patient disability. Despite a wide arsenal of disease-modifying antirheumatic drugs,
approximately 40 % of patients show an insufficient response to standard treatment, highlighting the urgent need to
identify new pharmacological targets. The aim of this study was to search for novel biological processes that could serve as
promising targets for the targeted therapy of RA. To achieve this goal, we employed an approach based on the automated
extraction of knowledge from scientific publications and biomedical databases using the ANDSystem software. This
approach involved the reconstruction and subsequent analysis of two types of associative gene networks: a) gene networks
describing genes and proteins associated with the development of RA, and b) gene networks describing genes and proteins
involved in the functional responses to drugs used for the disease’s therapy. The analysis of the reconstructed networks
identified 11 biological processes that play a significant role in the pathogenesis of RA but are not yet direct targets of
existing disease-modifying antirheumatic drugs. The most promising of these, described by Gene Ontology terms, include:
a) the Toll-like receptor signaling pathway; b) neutrophil activation; c) regulation of osteoblast differentiation; d) regulation
of osteoclast differentiation; e) the prostaglandin biosynthetic process, and f) the canonical Wnt signaling pathway. The
identified biological processes and their key regulators represent promising targets for the development of new drugs
capable of improving the efficacy of RA therapy, particularly in patients resistant to existing treatments. The developed
approach can also be successfully applied to the search for new targeted therapy targets for other diseases.
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AHHoTauusA. PeBmaTonaHbin apTput (PA) — cuCTeMHOE ayTOMMMYyHHOE 3aboneBaHue, CONMPOBOXAAOLEECs NOpaXKeHneM
NPerMyLLeCTBEHHO CYCTaBOB C MpPOrpeccupyiollein AecTpyKuMen XpAWEeBON W KOCTHOW TKaHel. [lo HacTosLiero
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1 VHBanUAM3aumy nauymeHToB. HecmoTps Ha HannMume WMPOKOro apceHana 6asncHbIX MPOTMBOBOCMANNTENbHbIX
npenapaTos, 0koso 40 % NauMeHTOB AeMOHCTPUPYIOT HeJOCTaTOUHbI OTBET Ha CTaHZAPTHOE JIeUeHue, YTO NoAYepKMBaeT
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Mownck 61uonornyecknx NPoLEeCcoB — MULLEHeN Tepann
peBmaTouaHoro apTputa ¢ nomoubio ANDSystem

OCTPYl0 HEOOXOAMMOCTb MOMCKa HOBbIX GpapMaKkonornyeckmx muileHei. Llenbio HacToAwen paboTbl 6blT MOUCK HOBbIX
61ONOrMYECKUX MPOLECCOB, KOTOPblE MOTYT CNYXWUTb NMEPCMEKTUBHLIMA MULLEHAMW OAs TapreTHon Tepanuu PA. OnAa
LOCTUXKEHMWA MOCTaBNIEHHOW Uenu Obi NPUMEHEH MOAXOA, OCHOBAHHbIM Ha aBTOMATMYECKOM W3BAEUEHUW 3HaHWUI ©3
TEKCTOB Hay4HbIX NybnvKauuin n 6romennumHCKNX 6a3 faHHbIX C MOMOLLbIO NPOrpaMMHO-UHGOPMALMOHHON CUCTEMDI
ANDSystem. [laHHbI nogxof BKOYaa PEKOHCTPYKLUMIO 1 MOCNefylowWwnii aHam3 acCcoUMaTBHbIX TeHHbIX ceTer ABYX
TUMOB: @) reHHble CeTM, ONKMCbIBaloLLMe reHbl 1 6enKn, accouMmpoBaHHble € pa3suTeM PA, 1 6) reHHble ceTu, onucbiBatoLne
reHbl 1 6enKku, BoBieYeHHble B PYHKLIMIOHaNbHbIe OTBETbI Ha AieNCTBUE NIeKapCTB, MPUMeHAEMbIX 1A Tepanun 3aboneBaHus.
B pe3ynbTaTe aHanm3a PeKOHCTPYMPOBAHHBIX CETEN BbIABMEHO 11 BMONOrMYeCcKMX MPOLIECCOB, UIPaloLUX 3HAYMMYO
ponb B natoreHe3e pPeBMATOMAHOrO apTpuTa, HO JO CUMX MOP He ABMAIOWMUXCA MPAMbIMA MULIEHAMW CYLLECTBYIOLMX
6a3nCcHbIX MPOTMBOBOCMANMTENbHBIX MNpenapaToB. K uuciy Hanbonee nepCrnekTBHbBIX OTHOCATCA Clepyowume
npoLecchl, ONMCbIBaeMble TEPMUHAMU OHTONOFW FEHOB: @) CUrHanbHbIN NyTb Toll-nogo6HbIX peuenTopos; 6) akTnBaLMA
Hentpodunos; B) perynauna AnddepeHUMpPOBKN 0CTeobnacToB; r) perynauma AudpdepeHUUpPOBKM OCTEOKNACTOB;
1) 6MoCUHTe3 NpoCTarnaHAVHOB; €) KAHOHNYECKUIA CUrHanbHbIN MyTb Wnt. BbiBNeHHble 6uonornyeckne npoLeccs v ux
K/OUEBbIE PETrYNATOPbI MPEACTABAAIT COO0M NepCnekTBHbIE MULLEH A1A Pa3PaboTK/ HOBbIX eKapCTBEHHbIX CPEACTB,
CMOCOBHBIX NOBbLICUTL 3HEKTUBHOCTb Tepanun PA, B TOM uncie y NaunMeHTOB, PE3NCTEHTHBIX K CYLLECTBYIOLUM METOAaM
neyeHus. PazpaboTaHHbIi NOAXOA MOXET OblTb YCMELHO UCMONb30BaH A NOVCKa HOBbIX MULLEHE TapreTHOWN Tepanim 1

npu gpyrmx 3ab60neBaHuAX.

KnioueBbie crnoBa: peBMaTOUAHbIN apTPUT; reHHble ceTu; TapreTHada Tepanusa; ANDSystem

Introduction

Rheumatoid arthritis (RA) is a chronic autoimmune disease
characterized by systemic inflammation that primarily affects
the joints and leads to progressive destruction of cartilage
and bone tissue (Guo et al., 2018). According to the World
Health Organization, RA affects approximately 0.5-0.6 % of
the global population, occurring 2—3 times more frequently
in women than in men, and is one of the leading causes of
disability among working-age adults (Kvien et al., 2006;
GBD 2023).

The pathogenesis of RA involves complex interactions
between genetic factors, immune dysregulation, and environ-
mental triggers, resulting in the activation of proinflamma-
tory cytokines, infiltration of immune cells into the synovial
membrane of the joints, and chronic inflammation (Firestein,
Mclnnes, 2017). Despite significant progress in understanding
the molecular mechanisms of RA, complete remission of the
disease remains unattainable, and current therapeutic strate-
gies are primarily aimed at preventing disease progression
(Smolen et al., 2016).

Modern treatment strategies for rheumatoid arthritis are
based on the use of several classes of drugs with anti-inflam-
matory effects (Ding et al., 2023; Smolen et al., 2023), includ-
ing: a) conventional synthetic (cs) disease-modifying antirheu-
matic drugs (csDMARDs) such as methotrexate, leflunomide,
sulfasalazine, and hydroxychloroquine; b) targeted synthetic
(ts) DMARDs (tsDMARDS) such as tofacitinib and baricitinib;
¢) biologic DMARDs (bDMARD:s), including inhibitors of
tumor necrosis factor (infliximab, adalimumab), interleukin-6
(tocilizumab, sarilumab), interleukin-1 (anakinra), and anti-
CD20 monoclonal antibodies (rituximab); d) nonsteroidal
anti-inflammatory drugs (NSAIDs) for symptomatic treat-
ment; and ¢) glucocorticoids (GCs) for rapid suppression of
inflammation.

Particular attention in clinical practice is given to first-line
drugs such as csDMARDs and tsDMARDs, which are capable
of modulating immune responses at the level of intracellular
signaling pathways and metabolism (van der Kooij et al.,
2007). The action of tsDMARDs, in particular, targets specific

genes encoding key components of the JAK/STAT signaling
pathway. For instance, tofacitinib suppresses inflammation by
specifically inhibiting Janus kinase 3 (JAK3), which plays a
crucial role in cytokine signaling that regulates lymphocyte
survival, proliferation, differentiation, and apoptosis (Adis
Editorial, 2010). Although csDMARDs and tsDMARDs
are effective in achieving remission in a substantial propor-
tion of patients, their use is limited by side effects such as
hepatotoxicity, immunosuppression, and the development of
resistance (Olivera et al., 2020). Moreover, approximately
40 % of RA patients exhibit a poor response to therapy, and
5-20 % show no improvement at all with standard treatment
(Smolen et al., 2016), highlighting the need to identify new
molecular targets for the development of more effective
therapeutic agents.

The development of theumatoid arthritis involves a number
of signaling pathways — including JAK/STAT, Notch, MAPK,
Wht, PI3K, SYK, and others — which regulate many biological
processes implicated in the pathogenesis of the disease, such
as the inflammatory response and remodeling of bone and
cartilage tissue (Ding et al., 2023). These and other biological
processes and signaling pathways can serve as potential targets
for RA drug therapy. For example, experiments in laboratory
mice have shown that treatment with CEP-33779 — a highly
selective inhibitor of JAK2, a key component of the JAK/STAT
signaling pathway — can reduce inflammatory manifestations
in arthritis by suppressing cytokine production and the activa-
tion of T and B lymphocytes (Stump et al., 2011).

The aim of our study was to identify biological proces-
ses — new promising pharmacological targets for rheumatoid
arthritis therapy — based on the reconstruction and analysis
of a specific type of gene network known as an associative
gene network (AGN).

A gene network is a group of coordinately functioning genes
that control the phenotypic traits of an organism (Kolchanov et
al., 2013). Interactions between genes within a gene network
occur through their primary and secondary products — RNAs,
proteins, and metabolites. An associative gene network repre-
sents an extension of the traditional gene network, integrating
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genomic, molecular, phenotypic, and environmental entities
and describing diverse types of interactions and associations
among them (Demenkov et al., 2021).

To reconstruct AGNs, we used the ANDSystem software
platform, which enables the automatic extraction of knowledge
and facts from scientific publications and biomedical factual
databases (Ivanisenko V.A. et al., 2019). To achieve this goal,
the following tasks were addressed: a) reconstruction of an
associative gene network for RA, including genes and proteins
involved in the development of the disease; b) reconstruction
of associative gene networks describing the mechanisms of
action of drugs used in RA therapy, including genes and pro-
teins participating in the functional response to these drugs;
and c) identification, based on the reconstructed associative
gene networks, of biological processes representing promising
targets for RA therapy.

Based on the approach described above, 11 biological
processes were identified that play a significant role in the
development of theumatoid arthritis but have not yet been re-
cognized as direct targets of currently used disease-modifying
antirheumatic drugs (DMARDs). These processes, described
by Gene Ontology terms, include: a) the Toll-like receptor
signaling pathway, b) neutrophil activation, c) regulation
of osteoblast differentiation, d) regulation of osteoclast dif-
ferentiation, e) prostaglandin biosynthetic process, and f) the
canonical Wnt signaling pathway. The identified biological
processes and their key regulators represent promising targets
for the development of new therapeutic agents for rheumatoid
arthritis. The approach implemented in this study can also
be applied to the identification of novel targets for targeted
therapy in other diseases.

Materials and methods

List of disease-modifying antirheumatic drugs (DMARDsS).
To compile a list of conventional synthetic DMARDs and
targeted synthetic DMARDs used in the treatment of rheuma-
toid arthritis, we referred to the official document of the All-
Russian Public Organization “Association of Rheumatologists
of Russia” — “Clinical Guidelines: Rheumatoid Arthritis
(ICD-10: M05, M06)” (Nasonov et al., 2024). This document
provides a classification of drugs used for RA therapy, their
pharmacotherapeutic characteristics, and Anatomical Thera-
peutic Chemical (ATC) classification codes. Based on these
recommendations, the following list of drugs was compiled
for further analysis: csDMARDSs (methotrexate, leflunomide,
sulfasalazine, hydroxychloroquine) and tsDMARDs (tofaci-
tinib, baricitinib).

Reconstruction and analysis of associative gene net-
works. The reconstruction of associative gene networks was
performed using the ANDSystem software and information
platform (Ivanisenko V.A. et al., 2019, 2024; Ivanisenko T.V.
et al., 2024). This system is based on methods of machine
reading and artificial intelligence designed for the automatic
extraction of knowledge and facts from large-scale genetic
and biomedical data sources, such as scientific publications,
patents, and factual databases.

Through the analysis of more than 40 million scientific
articles and patents, as well as 150 factual databases, the
ANDSystem knowledge base has accumulated biomedically
significant information represented as semantic knowledge

Identification of biological processes as targets
for rheumatoid arthritis therapy using ANDSystem

graphs, describing 12 types of biological entities (including
genes, proteins, diseases, biological processes, drugs, etc.) and
over 40 types of functional relationships among them. These
relationships include gene expression regulation, protein
degradation, modification, and transport, as well as physi-
cal interactions such as protein—protein and protein—ligand
interactions.

In addition, the ANDSystem knowledge base contains de-
scriptions of associative relationships linking genes, proteins,
and metabolites with entities such as diseases, biological pro-
cesses, and pharmaceutical compounds (Ivanisenko V.A. etal.,
2019, 2024; Ivanisenko T.V. et al., 2024). The knowledge base
also includes “marker” relationships, indicating that certain
genes, proteins, biological processes, or phenotypic traits can
serve as markers of specific diseases.

Identification of biological processes based on informa-
tion from reconstructed associative gene networks. The
analysis of overrepresented biological processes in the recon-
structed associative gene networks was carried out using the
DAVID web server, version 2021 (https://david.ncifcrf.gov/;
Sherman et al., 2022), with default settings. DAVID evaluates
the degree of overlap between the list of genes functioning
within each reconstructed gene network and the lists of genes
corresponding to biological processes described in the Gene
Ontology (GO). Based on this comparison, the hypergeometric
test was applied to calculate the probability that the observed
overlap between gene lists could occur by chance. In our
study, biological processes significantly associated with the
reconstructed gene networks were identified using a p-value
threshold of <0.05, corrected by the Bonferroni method. The
biological processes that met this criterion were classified
into two categories: a) biological processes significant for the
rheumatoid arthritis gene network, and b) biological processes
significant for the gene networks representing responses to
csDMARD and tsDMARD therapies used in RA treatment.

Results

Reconstruction of the associative gene network
of rheumatoid arthritis
Using the ANDSystem platform, we reconstructed the associa-
tive gene network of theumatoid arthritis based on information
contained in the ANDSystem knowledge base.

The graph of the reconstructed associative gene network had
a star-shaped topology: the central node corresponding to the
term “Rheumatoid arthritis” was connected by edges to other
nodes of the network graph that represented proteins and genes
associated with RA according to the ANDSystem knowledge
base (Supplementary Fig. S1)!. In total, the graph contained
4,685 nodes, corresponding to 2,178 genes and 2,507 proteins
(Table S1 in the Appendix), as well as 9,877 edges between
the central node (rheumatoid arthritis) and the other nodes.
Note that the number of edges exceeded the number of nodes.
This is because the same node representing a gene or protein
could be linked to the central node by multiple edges, each
of which, according to the ANDSystem knowledge base,
described a specific type of interaction between RA and a
given gene or protein.

" Supplementary Figures S1 and S2 and Tables S1-56 are available at:
https://vavilovj-icg.ru/download/pict-2025-29/appx37.xIsx
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Table 1. Characteristics of relationships between the central and peripheral nodes

in the rheumatoid arthritis gene network

No. Interaction type

Regulatory interactions

—_

Expression downregulation
Expression regulation
Expression upregulation
Activity downregulation
Activity regulation

Activity upregulation
Regulation

Upregulation

O 00 N O bW N

Downregulation
Other Interactions
1 Association
Involvement

2

3 Marker
4 Risk factor
5

Treatment

Number of interactions  Proportion, %

4,381 444
93 0.9
472 4.8
365 3.7
15 0.2
26 0.3

10 0.1
1,812 18.3
802 8.1
786 8.0
5,496 55.6
4,449 45.0
172 1.7
338 34
274 2.8
263 27

*The percentage (%) indicates the proportion of a specific relationship type relative to the total number of relationships in the associative

gene network of rheumatoid arthritis.

Table S1 lists the genes and proteins included in the re-
constructed associative gene network of rheumatoid arthritis,
which comprises, in particular, genes and proteins involved in
the inflammatory process: interleukins (IL1, IL6, IL13, and
others), members of the tumor necrosis factor (TNF) family,
the key inflammatory regulator NF-xB, and genes and proteins
functioning in the Wnt, JAK/STAT, Notch, MAPK, PI3K, and
SYK signaling pathways, all of which are known to play a
defining role in RA pathogenesis (Ding et al., 2024).

Table 1 presents a classification of 14 types of relationships
between the central and peripheral nodes in the RA gene
network. These relationships fall into two categories. The
first category (regulatory relationships) comprises nine types,
such as expression downregulation, expression upregulation,
activity regulation, and others. For example, expression of
interleukin-1 beta (IL1B) is increased in rheumatoid arthritis
(Mohd et al., 2019), which is reflected in the ANDSystem
knowledge base as an “expression upregulation” relation-
ship between RA and the IL1B protein. Interleukin-6 (IL6)
stimulates fibroblasts in the synovial membrane of the joints
(Singh et al., 2021) and contributes to one of the symptoms
of RA (bone loss), which is represented in ANDSystem as a
“positive regulation” relationship between the disease “Rheu-
matoid arthritis” and the IL6 protein.

The second category (other relationships) includes five ad-
ditional relationship types identified during the reconstruction
of the RA gene network, describing situations in which a gene
or protein is associated with RA in some way. For example,
these may include structural or functional features of a gene
if a mutation in that gene constitutes a risk factor for RA.

Based on the information contained in the associative gene
network of rheumatoid arthritis and the ANDSystem knowl-
edge base, it is possible to reconstruct the detailed mechanisms
underlying the involvement of specific genes and proteins in
the development of RA. Figure 1 illustrates, as an example, the
regulatory interactions between genes and proteins function-
ing within the Wnt signaling pathway, which is regulated by
proinflammatory cytokines such as interleukin-1 beta, tumor
necrosis factor alpha (TNFA), and interleukin-6.

As shown in Figure 1, regulation of the Wnt signaling
pathway in rheumatoid arthritis involves interleukin-1 beta,
tumor necrosis factor alpha, and interleukin-6, which activate
the expression of the WNT5A gene encoding the WNT5A
protein — a ligand of FZD receptors participating in the non-
canonical Wnt pathway (Miao et al., 2013). According to the
ANDSystem data, WNT5A, in turn, activates the expression
of the IL1B gene encoding interleukin-1 beta. Thus, IL1B and
WNT5A mutually activate each other’s expression, forming a
positive feedback loop, indicated in Figure 1 by bold arrows.

Reconstruction of associative gene networks

involved in functional responses to RA therapies

Figure 2 shows the AGN for responses to tsSDMARDs (see
also Table S2). It contains two nodes corresponding to the drug
names (tofacitinib, baricitinib) and 157 edges linking these
nodes to other nodes representing 22 proteins and 51 genes.
As seen in Figure 2, according to the ANDSystem knowledge
base, tofacitinib is characterized by a substantially larger num-
ber of interactions with proteins and genes (60) compared to
baricitinib (26). In response to both drugs, genes involved in
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Fig. 1. Mechanism of regulation of key components of the Wnt signaling pathway by proinflammatory cytokines, reconstructed from the rheumatoid

arthritis gene network in the ANDSystem knowledge base.

Proinflammatory cytokines are highlighted with green frames; components of the positive feedback regulatory loop are indicated with bold arrows;
and the DKKT gene and its encoded protein Dickkopf-1 (DKK1) - an inhibitor of the canonical Wnt pathway - are shown in blue frames.

Tofacitinib

Baricitinib

Fig. 2. Reconstructed associative gene network of the response to two targeted synthetic disease-modifying antirheumatic drugs —

tofacitinib and baricitinib.

the inflammatory response — MMP3, IL2RA, CXCL10 — and
proteins (STAT3, STATSA, JAK1, JAK2), members of the
JAK/STAT pathway, were implicated.

Figure S2 presents the AGN for responses to csDMARDs
(methotrexate, leflunomide, sulfasalazine, hydroxychloro-
quine). The graph contains 261 nodes, four of which corre-

spond to the drug names (see also Table S2). The remaining
nodes are connected to these four drug nodes by 485 edges
and represent 106 proteins and 151 genes. The largest number
of interactions in the csDMARD response AGN was observed
for methotrexate (160). Proteins and genes associated with this
drug include, in particular, ILIR1, TNFA, the inflammatory
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Table 2. Distribution of interaction types in the reconstructed associative gene networks
of the response to synthetic and targeted synthetic disease-modifying antirheumatic drugs

Interaction number

No. Interaction type csDMARD
Regulatory interactions 529
1 Expression downregulation 73
2 Expression regulation 158
3 Expression upregulation 64
4 Activity downregulation 18
5 Activity regulation 34
6 Activity upregulation 16
7 Modification downregulation 10
8 Modification regulation 8
9 Modification upregulation 4
10 Transport regulation 28
1 Degradation downregulation 5
12 Degradation regulation 6
13 Degradation upregulation 1
Other interaction type 60
14 Catalyze 14
15 Physical interaction 46

transcription factor NFKB1, and caspases (CASP1, CASP3,
CASP9). Hydroxychloroquine ranked second by number of
interactions (73), being linked to proinflammatory cytokines
such as IL1B and TNFA, as well as to catalase (CAT) and
cytochromes involved in xenobiotic metabolism (CP2B6,
CYP1BI1). Sulfasalazine and leflunomide ranked third and
fourth (26 and 17 interactions, respectively). Notably, some
proteins in the csDMARD response AGN (e. g., IL1B, CCL2,
TNFA, CASP3) are targets of multiple drugs.

The distribution of interaction types in the AGN of the
response to csDMARDs and tsDMARDs is provided in
Table 2. As can be seen from Table 2, regulatory interactions,
particularly the regulation of gene expression, predominated
among those in the AGN of the response to csDMARD and
tsDMARD.

Identification of biological processes based on information
from reconstructed associative gene networks
Using the DAVID web resource based on Gene Ontology,
an overrepresentation analysis of biological processes in the
reconstructed gene networks was performed for: a) the rheu-
matoid arthritis gene network and b) the gene networks of the
response to two types of anti-inflammatory drugs (csDMARD
and tsDMARD).

For the reconstructed associative gene networks of rheuma-
toid arthritis and the response to csDMARD and tsDMARD,

tsDMARD

Interaction rate, % Interaction number Interaction rate, %

87.6 143 91.1
15.1 35 223
326 57 36.3
13.2 12 7.6
37 6 338
7.0 7 45
33 1 0.6
2.1 8 5.1
1.6 9 5.7
0.8 3 1.9
5.8 5 3.2
1.0 No No
1.2 No No
0.2 No No
124 14 7.8
24 2 1.1
7.8 12 6.7

381, 64, and 44 overrepresented biological processes were
identified, respectively. Most significant processes are cha-
racterized in Table 3 (for details, see Tables S4—-S6). As
seen in Table 3, the inflammatory response (GO identifier:
GO:0006954) was statistically significantly overrepresented
in both the RA gene network and the gene networks of the
response to csDMARD and tsDMARD. It is interesting to note
that the list of most significantly overrepresented processes
for csDMARD response gene network included xenobiotic
metabolic processes, which were not overrepresented in the
tsDMARD gene network. For the tsDMARD response gene
network, the JAK/STAT (GO identifier: GO:0007259, Table 3)
and cytokine (GO identifier: GO:0019221, Table 3) signaling
pathways were most significantly overrepresented.

For further analysis, from the 381 identified biological
processes overrepresented in the RA AGN (Table 3), 71 pro-
cesses were selected using the ANDSystem knowledge base,
characterized by the interaction types “Regulation”, “Down-
regulation”, and “Upregulation” with the disease “Rheumatoid
arthritis”. An intersection was performed between the list of
71 biological processes involved in the pathogenesis of RA
and the lists of overrepresented biological processes for the
AGN of the response to the csDMARD (64 processes) and
tsDMARD (44 processes) drug groups. As a result, 59 biologi-
cal processes were found that are involved in the pathogenesis
of RA but are not included in the list of overrepresented pro-
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Table 3. Results of the overrepresentation analysis of Gene Ontology (GO) biological processes for the associative gene networks
of rheumatoid arthritis, as well as the gene networks of the response to synthetic disease-modifying antirheumatic drugs (csDMARD)
and targeted synthetic disease-modifying antirheumatic drugs (tsDMARD)

Gene network Overrepresented

process number

The most statistically significant overrepresented biological processes

Identifier Name p-value*
Rheumatoid arthritis 381 GO:0006954 Inflammatory response 3.7-1071%3
gene network

G0:0006955 Immune response 8.2:107'03

G0:0007165 Signal transduction 2.9-107%°
c¢sDMARD response 64 G0:0006805 Xenobiotic metabolic process 561072
gene network

GO0:0009410 Response to xenobiotic stimulus 1.9:-107"°

GO:0006954 Inflammatory response 14-107
tsDMARD response 44 GO:0006954 Inflammatory response 4.2-107'°
gene network ) ) )

GO0:0007259 Cell surface receptor signaling pathway via JAK/STAT 2.2-10M1

G0:0019221 Cytokine-mediated signaling pathway 3.0-1071°

*p < 0.05.

Table 4. Biological processes for which no regulating drugs from the csDMARD and tsDMARD groups

used in the therapy of rheumatoid arthritis have been identified

No. The Gene Ontology
identifier (GO)

1 G0:0034612
2 G0:0031295 T cell costimulation
3 G0:0002224
4 G0:0014823 Response to activity
5 G0:0034097 Response to cytokine
6 GO0:0010468 Regulation of gene expression
7 G0:0045668
8 G0:0042119 Neutrophil activation

9 GO0:0045671
10 G0:0001516

11 GO0:0060070 Canonical Wnt signaling pathway

The Gene Ontology biological process

Response to tumor necrosis factor

Toll-like receptor signaling pathway

Negative regulation of osteoblast differentiation 27

Negative regulation of osteoclast differentiation 15

Prostaglandin biosynthetic process

The number p-value*
of rheumatoid arthritis genes
involved in the process
58 9.8-1073
29 33-107"3
19 83-108
26 1.3-107
24 8.64-1077
53 2.0-1073
8.5-107
12 1.53-1073
3.27-1072
12 1.5-1072
30 2.2:1072

* p-value - significance level of the overrepresentation of Gene Ontology terms for the set of genes associated with rheumatoid arthritis, with the Bonferroni

correction.

cesses for the AGN of the response to the considered drugs.
From these 59 processes, 48 were removed that, according
to the ANDSystem knowledge base, are linked to the consid-
ered csDMARD (methotrexate, leflunomide, sulfasalazine,
hydroxychloroquine) and tsDMARD (tofacitinib, baricitinib)
drugs by interactions of the types “Regulation”, “Downregula-
tion”, and “Upregulation”.

This resulted in a list of 11 biological processes (Table 4).
The identified processes are characterized by the following:
firstly, these processes are involved in the pathogenesis of

rheumatoid arthritis. Furthermore, no regulating csDMARDs
and tsDMARDs have been identified for them. It is these
processes that are of particular interest as targets for the de-
velopment of drugs for rheumatoid arthritis therapy.

As seen from Table 4, the biological processes involved in
the pathogenesis of rheumatoid arthritis but not regulated by
disease-modifying antirheumatic drugs included: a) inflam-
matory responses (GO identifiers GO:0034097, GO:0034612,
G0:0031295, GO:0002224); b) bone tissue morphogenesis
(GO:0045668, GO:0045671); c) the canonical Wnt signal-
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Query for
"rheumatoid
arthritis" (RA) Associative Biological
gene network processes (BP)
(AGN) RA for AGN RA
Specific
biological processes
for RA and drugs
ANDSystem (csDMARDs and
tsDMARDs)
Associative Biological
twork processes
genene for csDMARDs
csDMARDs
and tsDMARDs
and tsDMARDs AGN
Query s
for csDMARDs
and
tsDMARDs Removal of BP,
names Biological processes specific to RA - regulated by

potential targets ¢sDMARDs and
for pharmacological therapy of RA tsDMARDs according
to ANDSystem

Fig. 3. Main stages for searching for biological processes promising as targets for the development of new antirheumatic drugs.

RA - rheumatoid arthritis; AGN - associative gene network; BP - biological process; csDMARD - conventional synthetic disease-modifying
antirheumatic drugs (methotrexate, leflunomide, sulfasalazine, hydroxychloroquine); tsDMARD - targeted synthetic disease-modifying

antirheumatic drugs (tofacitinib, baricitinib).

ing pathway (G0O:0060070); d) prostaglandin biosynthesis
(GO:0001516); e) response to activity (GO:0014823) and
regulation of gene expression (GO:0010468).

Thus, we have conducted a search for biological processes —
new promising pharmacological targets for RA therapy —
based on the reconstruction and analysis of associative gene
networks.

Figure 3 shows the schematic diagram, implemented in
our work, for searching for biological processes that are new
promising targets for the development of antirheumatic drugs.

Discussion

The search for new drug targets for the treatment of rheuma-
toid arthritis is important for modern medicine, given that up
to 40 % of patients do not achieve a full response to existing
therapy (Ding et al., 2023). In this regard, we have proposed a
method for identifying biological processes as targets for new
antirheumatic drugs, based on the reconstruction of associative
gene networks and a comparative analysis of biological pro-
cesses associated with theumatoid arthritis and those regulated
by the disease-modifying antirheumatic drugs currently used
in clinical practice (Nasonov et al., 2024).

The ANDSystem knowledge base, which we used for re-
constructing the gene networks, integrates accumulated infor-
mation from scientific literature on the molecular mechanisms
of drug action and disease pathogenesis, allowing for the
discovery of new therapeutic targets at a systemic level, in-
cluding biological processes, thereby increasing the efficacy
of therapy and diagnostics. In our work, we reconstructed
associative gene networks (AGNs) for rheumatoid arthritis,
as well as AGNs describing the interactions of synthetic and
targeted anti-inflammatory drugs with human genes and pro-
teins. The analysis showed that the rheumatoid arthritis gene

network is enriched with genes involved in the regulation of
the inflammatory response, which corresponds to the well-
known data on the leading role of systemic inflammation in
the pathogenesis of this disease (Firestein, Mclnnes, 2017;
Figus et al., 2021). It is therefore no coincidence that the
reconstructed gene networks of proteins and genes targeted
by csDMARDs (Fig. S2) and tsDMARDs (Fig. 2) primarily
include genes and proteins involved in the functioning of the
immune system.

According to the results of the functional annotation of
genes, for conventional synthetic disease-modifying antirheu-
matic drugs, the list of statistically significantly overrepresent-
ed biological processes included processes related not only to
inflammation but also to xenobiotic metabolism. This suggests
that csDMARDs impose a significant load on the biochemical
systems responsible for xenobiotic removal, potentially lead-
ing to serious adverse effects (Olivera et al., 2020).

On the other hand, for genes involved in the response to
targeted synthetic disease-modifying antirheumatic drugs,
xenobiotic metabolism processes were not significantly over-
represented. However, the list of overrepresented processes
for tsDMARDSs response gene network, along with inflamma-
tion, included processes related to the functioning of the JAK/
STAT signaling pathway, which is crucial for pathogenesis of
RA (Ding et al., 2023). This suggests a more targeted action
of tsDMARD on the pathogenesis of RA and emphasizes the
importance of developing targeted therapies to increase treat-
ment efficacy and reduce side effects. However, the diversity
and complexity of the interactions of biological processes
leading to the development of RA, and the insufficient efficacy
of therapy with existing disease-modifying antirheumatic
drugs, necessitate the search for new targets for RA treatment
(Smolen et al., 2016).
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Our approach, based on the reconstruction of gene networks
involved in the development of the disease and in the response
to known drugs, as well as on a comparative analysis of the
biological processes regulated by these gene networks, al-
lowed us to identify 11 biological processes (Table 4). These
processes are key to the pathogenesis of RA but are not targets
of the anti-inflammatory drugs currently in use. It should be
noted that the regulation of expression (GO:0010468) and the
response to activity (GO:0014823) belong to a group of rather
broad processes, covering many molecular mechanisms in the
cell, which complicates the development of targeted drugs.

Literature analysis revealed that for processes such as the re-
sponse to cytokines (GO:0034097), the response to tumor ne-
crosis factor TNFA (GO:0034612), and T-cell co-stimulation
(GO:0031295), there is evidence of their partial regulation by
the currently used csDMARDs and tsDMARDs. For example,
tsDMARDs like tofacitinib and baricitinib effectively block
the JAK/STAT signaling pathways, which are downstream of
cytokine and TNFA receptors, providing powerful suppression
of inflammatory responses (Palmroth et al., 2021).

However, biological processes such as the Toll-like receptor
signaling pathway, neutrophil activation, negative regulation
of osteoblast differentiation, negative regulation of osteoclast
differentiation, the canonical Wnt signaling pathway, and
prostaglandin biosynthesis are not directly regulated by the
disease-modifying antirheumatic drugs that are currently
actively used by rheumatologists in accordance with clinical
guidelines (Nasonov et al., 2024). Nevertheless, the biological
processes and pathways listed above may be important for the
pathogenesis of RA. For example, neutrophil activation plays
an important role in inflammation in RA patients, and CXCR2
inhibitors, being investigated for other inflammatory condi-
tions, could be adapted for RA (Alam et al., 2020).

It is known that the Wnt signaling pathway plays a signifi-
cant role in fibroblast activation and synovial inflammation, as
well as in bone resorption and joint destruction in the develop-
ment of rheumatoid arthritis (Miao et al., 2013). The expres-
sion of genes encoding Wnt family proteins, which activate
the Wnt signaling pathway, was increased in the synovium in
rheumatoid arthritis, partly due to proinflammatory cytokines
(Prajapati, Doshi et al., 2023). At the same time, the activation
of the non-canonical Wnt signaling pathway, in turn, leads to
an increased expression of inflammatory mediators, includ-
ing the transcription factor NF-kB and cytokines (Miao et al.,
2013), increasing inflammation.

According to the ANDSystem knowledge base (Fig. 1),
interleukin-1 beta and the WNTS5A protein mutually activate
each other’s expression, which may create a vicious cycle in
the pathogenesis of rheumatoid arthritis. Therefore, modulat-
ing the Wnt signaling pathway may be a promising approach
to reduce joint inflammation in RA. In particular, it has been
shown that the NAV2 protein promotes the inflammatory
response of fibrocyte-like synoviocytes by activating the Wnt
signaling pathway in rheumatoid arthritis, and its inhibition
can reduce joint inflammation in this disease (Wang R. et al.,
2021).

On the other hand, proinflammatory cytokines — tumor
necrosis factor-alpha and IL1B — according to ANDSystem
(Fig. 2), can activate the expression of the DKK1 gene, which
encodes the Dickkopf-1 (DKK1) protein, an important inhibi-

Identification of biological processes as targets
for rheumatoid arthritis therapy using ANDSystem

tor of the canonical Wnt signaling pathway (Rabelo et al.,
2010). It has been shown that the serum level of DKKI is
elevated in patients with RA and correlates with the level of
inflammation and the degree of bone destruction in the joints
(Wang S.Y. et al., 2011). The activation of DKK1 expression
by proinflammatory cytokines in rheumatoid arthritis may
lead to the suppression of the Wnt signaling pathway and,
consequently, the activation of the RANK/RANKL signaling
pathway in osteoclasts, increasing their activity and causing
the bone loss characteristic of RA (Miao et al., 2013).

Thus, dysregulation of the Wnt signaling pathway may be
the cause of changes in the biological processes of regulat-
ing osteoblast and osteoclast differentiation in RA, which,
according to our study (Table 4), are potential targets for
new antirheumatic drugs. Furthermore, DKK1 stimulates
angiogenesis in the synovium and the formation of pannus —
a pathologically altered synovial tissue that plays a crucial
role in joint destruction in RA (Cici et al., 2019).

Thus, the Wnt signaling pathway is a promising target for
the development of new antirheumatic drugs; however, its
regulation in RA is very complex and depends on the type of
tissues and cells, so further research is needed to reconstruct
the gene network of this pathway in RA and analyze its
structural and functional features in various cells and tissues.

Prostaglandins, particularly prostaglandin E2, are known
to play an important role in the development of both acute
inflammatory reactions and chronic inflammation (Kawahara
et al., 2015), enhancing inflammatory processes by activat-
ing the expression of cytokine receptors and NFKB family
proteins, which are key triggers of inflammation (Yao, Na-
rumiya, 2019). Prostaglandin E2, an important mediator of
inflammation in RA, is a target for a number of non-steroidal
anti-inflammatory drugs (NSAIDs) for this disease (Park et
al., 2006). The biosynthesis of prostaglandins (GO biologi-
cal process identifier GO:0001516) is partially modulated by
NSAIDs, such as celecoxib, but the development of more
specific inhibitors could improve therapeutic outcomes (Gong
etal., 2012).

It is known that toll-like receptors (TLRs) make an impor-
tant contribution to the induction of inflammation, as their
activation leads to increased activity of signaling pathways
and a number of transcription factors such as nuclear factor kB
(NF-xB), activator protein-1 (AP-1), and interferon regulatory
factors (IRF), which induce the expression of proinflammatory
cytokines — TNF, IL1p, IL6, and others (Kawasaki, Kawai,
2024). It has been shown that the expression of toll-like re-
ceptor genes is increased in the synovium of RA patients, and
TLRs contribute significantly to the development of inflam-
mation in RA, but therapeutic interventions targeting TLR
signaling pathways have not yet been successfully introduced
into clinical practice (Unterberger et al., 2021).

Thus, all the biological processes listed above play a major
role in the development of RA, yet they are not regulated by
the disease-modifying antirheumatic drugs currently used in
clinical practice. Therefore, these biological processes and
their key regulators can serve as targets for the development
of new drugs for the treatment of rheumatoid arthritis.

It should be noted that rheumatoid arthritis is characterized
by significant comorbidity with other diseases, including
cardiovascular and respiratory diseases (Figus et al., 2021),

1028 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 2025 29 - 7



EJ1. MmnweHko, U.B. Aubik, MN.C. lemeHkoB, A.B. AnamoBcKas
T.B. MBaHuceHko, M.A. Knewes, B.A. lBaHnceHKO

anxiety-depressive disorders (Hill et al., 2022), and osteo-
porosis (Llorente et al., 2020). In this regard, further work
is planned to analyze the identified biological processes as a
basis for the comorbidity of RA with other diseases.
Furthermore, this work did not identify targets at the gene
level, which could be the subject of further research based on
the analysis of the structural organization of gene networks.

Conclusion

In our work, we performed a computational reconstruction
of associative gene networks for rheumatoid arthritis, as well
as AGNss describing the interactions of synthetic and targeted
anti-inflammatory drugs with human genes and proteins.
Based on the analysis of these gene networks, a search for
biological processes as new promising pharmacological tar-
gets for RA therapy was conducted. The proposed approach
can also be used to search for new targets for therapy of other
diseases where standard treatment methods show insufficient
therapeutic effect.

References

Adis Editorial. Tofacitinib. Drugs R D. 2010;10(4):271-284. doi 10.2165/
11588080-000000000-00000

Alam M.J.,, Xie L., Ang C., Fahimi F., Willingham S.B., Kueh A.J,,
Herold M.J., Mackay C.R., Robert R. Therapeutic blockade of
CXCR2 rapidly clears inflammation in arthritis and atopic dermati-
tis models: demonstration with surrogate and humanized antibodies.
mADbs. 2020;12(1):1856460. doi 10.1080/19420862.2020.1856460

Cici D., Corrado A., Rotondo C., Cantatore F.P. Wnt signaling and bio-
logical therapy in rheumatoid arthritis and spondyloarthritis. Int J
Mol Sci. 2019;20(22):5552. doi 10.3390/ijms20225552

Demenkov P.S., Oshchepkova E.A., Ivanisenko T.V., Ivanisenko V.A.
Prioritization of biological processes based on the reconstruction
and analysis of associative gene networks describing the response
of plants to adverse environmental factors. Vavilov J Genet Breed.
2021;25(5):580-592. doi 10.18699/VJ21.065

Ding Q., Hu W., Wang R., Yang Q., Zhu M., Li M., Cai J., Rose P.,
Mao J., Zhu Y.Z. Signaling pathways in rheumatoid arthritis: im-
plications for targeted therapy. Signal Transduct Target Ther. 2023;
8(1):68. doi 10.1038/s41392-023-01331-9

Figus F.A., Piga M., Azzolin 1., McConnell R., lagnocco A. Rheuma-
toid arthritis: extra-articular manifestations and comorbidities. Auto-
immun Rev. 2021;20(4):102776. doi 10.1016/j.autrev.2021.102776

Firestein G.S., Mclnnes I.B. Immunopathogenesis of rheumatoid ar-
thritis. Immunity. 2017;46(2):183-196. doi 10.1016/j.immuni.2017.
02.006

GBD 2021 Rheumatoid Arthritis Collaborators. Global, regional, and
national burden of rheumatoid arthritis, 1990-2020, and projec-
tions to 2050: a systematic analysis of the Global Burden of Disease
Study 2021. Lancet Rheumatol. 2023;5(10):¢594-¢610. doi 10.1016/
S2665-9913(23)00211-4

Gong L., Thorn C.F., Bertagnolli M.M., Grosser T., Altman R.B.,
Klein T.E. Celecoxib pathways: pharmacokinetics and pharma-
codynamics. Pharmacogenet Genomics. 2012;22(4):310-318. doi
10.1097/FPC.0b013e3283494cb

Guo Q., Wang Y., Xu D., Nossent J., Pavlos N.J., Xu J. Rheumatoid ar-
thritis: pathological mechanisms and modern pharmacologic thera-
pies. Bone Res. 2018;6:15. doi 10.1038/s41413-018-0016-9

Hill J., Harrison J., Christian D., Reed J., Clegg A., Duffield S.J., Good-
son N., Marson T. The prevalence of comorbidity in rheumatoid
arthritis: a systematic review and meta-analysis. Br J Community
Nurs. 2022;27(5):232-241. doi 10.12968/bjcn.2022.27.5.232

Ivanisenko T.V., Demenkov P.S., Ivanisenko V.A. An accurate and effi-
cient approach to knowledge extraction from scientific publications

2025
29.7

Mownck 61uonornyecknx NPoLEeCcoB — MULLEHeN Tepann
peBmaTouaHoro apTputa ¢ nomoubio ANDSystem

using structured ontology models, graph neural networks, and large
language models. Int J Mol Sci. 2024;25(21):11811. doi 10.3390/
ijms252111811

Ivanisenko V.A., Demenkov P.S., Ivanisenko T.V., Mishchenko E.L.,
Saik O.V. Anew version of the ANDSystem tool for automatic extrac-
tion of knowledge from scientific publications with expanded func-
tionality for reconstruction of associative gene networks. BMC Bio-
informatics. 2019;20(Suppl. 1):34. doi 10.1186/s12859-018-2567-6

Ivanisenko V.A., Gaisler E.V., Basov N.V., Rogachev A.D., Chere-
siz S.V,, Ivanisenko T.V., Demenkov P.S., Mishchenko E.L., Khrip-
ko O.P., Khripko Y.I., Voevoda S.M. Plasma metabolomics and gene
regulatory networks analysis reveal the role of nonstructural SARS-
CoV-2 viral proteins in metabolic dysregulation. Sci Rep. 2022;
12(1):19977. doi 10.1038/s41598-022-24170-0

Ivanisenko V.A., Rogachev A.D., Makarova A.A., Basov N.V., Gais-
ler E.V., Kuzmicheva IL.N., Demenkov P.S., ... Kolchanov N.A.,
Plesko V.V., Moroz G.B., Lomivorotov V.V., Pokrovsky A.G. Al-as-
sisted identification of primary and secondary metabolomic markers
for postoperative delirium. Int J Mol Sci. 2024;25(21):11847. doi
10.3390/ijms252111847

Kawahara K., Hohjoh H., Inazumi T., Tsuchiya S., Sugimoto Y. Prosta-
glandin E,-induced inflammation: relevance of prostaglandin E re-
ceptors. Biochim Biophys Acta. 2015;1851(4):414-421. doi 10.1016/
j.bbalip.2014.07.008

Kawasaki T., Kawai T. Toll-like receptor signaling pathways. Front Im-
munol. 2014;5:461. doi 10.3389/fimmu.2014.00461

Kolchanov N.A., Ignatieva E.V., Podkolodnaya O.A., Likhoshvai V.A.,
Matushkin Yu.G. Gene networks. Vavilovskii Zhurnal Genetiki i
Selektsii = Vavilov J Genet Breed. 2013;17(4/2):833-850 (in Rus-
sian)

Kvien T.K., Uhlig T., @degérd S., Heiberg M.S. Epidemiological
aspects of rheumatoid arthritis: the sex ratio. Ann NY Acad Sci.
2006;1069:212-222. doi 10.1196/annals.1351.019

Llorente 1., Garcia-Castafieda N., Valero C., Gonzalez-Alvaro 1., Casta-
fleda S. Osteoporosis in rheumatoid arthritis: dangerous liaisons.
Front Med (Lausanne). 2020;7:601618. doi 10.3389/fmed.2020.
601618

Miao C.G., Yang Y.Y., He X., Li X.F., Huang C., Huang Y., Zhang L.,
Lv X.W,, Jin Y., Li J. Wnt signaling pathway in rheumatoid ar-
thritis. Cell Signal. 2013;25(10):2069-2078. doi 10.1016/j.cellsig.
2013.04.002

Mohd Jaya F.N., Garcia S.G., Borras F.E., Chan G.C.F., Franquesa M.
Paradoxical role of Breg-inducing cytokines in autoimmune di-
seases. J Transl Autoimmun. 2019;2:100011. doi 10.1016/j.jtauto.
2019.100011

Nasonov E.L., Lila A.M., Karateev D.E., Mazurov V.I. et al. Clinical
Recommendations. Rheumatoid Arthritis. All-Russian Public Orga-
nization “Association of Rheumatologists of Russia”, 2024. KR250
(in Russian)

Olivera P.A., Lasa J.S., Bonovas S., Danese S., Peyrin-Biroulet L. Safe-
ty of Janus kinase inhibitors in patients with inflammatory bowel
diseases or other immune-mediated diseases: a systematic review
and meta-analysis. Gastroenterology. 2020;158(6):1554-1573. doi
10.1053/j.gastro.2020.01.001

Palmroth M., Kuuliala K., Peltomaa R., Virtanen A., Kuuliala A., Kurt-
tila A., Kinnunen A., Leirisalo-Repo M., Silvennoinen O., Isomai-
ki P. Tofacitinib suppresses several JAK-STAT pathways in rheu-
matoid arthritis in vivo and baseline signaling profile associates with
treatment response. Front Immunol. 2021;12:738481. doi 10.3389/
fimmu.2021.738481

Park J.Y., Pillinger M.H., Abramson S.B. Prostaglandin E, synthesis
and secretion: the role of PGE, synthases. Clin Immunol. 2006;
119(3):229-240. doi 10.1016/5.clim.2006.01.016

Prajapati P., Doshi G. An update on the emerging role of Wnt/B-catenin,
SYK, PI3K/AKT, and GM-CSF signaling pathways in rheumatoid
arthritis. Curr Drug Targets. 2023;24(17):1298-1316. doi 10.2174/
0113894501276093231206064243

CUCTEMHAA KOMMbIOTEPHAA BUOJIOTUA / SYSTEMS COMPUTATIONAL BIOLOGY 1029


https://doi.org/10.2165/11588080-000000000-00000
https://doi.org/10.2165/11588080-000000000-00000
https://doi.org/10.1080/19420862.2020.1856460
https://doi.org/10.3390/ijms20225552
https://doi.org/10.18699/vj21.065
https://doi.org/10.1038/s41392-023-01331-9
https://doi.org/10.1016/j.autrev.2021.102776
https://doi.org/10.1016/j.immuni.2017.02.006
https://doi.org/10.1016/j.immuni.2017.02.006
https://doi.org/10.1016/s2665-9913(23)00211-4
https://doi.org/10.1016/s2665-9913(23)00211-4
https://doi.org/10.1097/fpc.0b013e32834f94cb
https://doi.org/10.1097/fpc.0b013e32834f94cb
https://doi.org/10.1038/s41413-018-0016-9
https://doi.org/10.12968/bjcn.2022.27.5.232
https://doi.org/10.3390/ijms252111811
https://doi.org/10.3390/ijms252111811
https://doi.org/10.1186/s12859-018-2567-6
https://doi.org/10.1038/s41598-022-24170-0
https://doi.org/10.3390/ijms252111847
https://doi.org/10.3390/ijms252111847
https://doi.org/10.1016/j.bbalip.2014.07.008
https://doi.org/10.1016/j.bbalip.2014.07.008
https://doi.org/10.3389/fimmu.2014.00461
https://doi.org/10.1196/annals.1351.019
https://doi.org/10.3389/fmed.2020.601618
https://doi.org/10.3389/fmed.2020.601618
https://doi.org/10.1016/j.cellsig.2013.04.002
https://doi.org/10.1016/j.cellsig.2013.04.002
https://doi.org/10.1016/j.jtauto.2019.100011
https://doi.org/10.1016/j.jtauto.2019.100011
https://pubmed.ncbi.nlm.nih.gov/31926171/
https://pubmed.ncbi.nlm.nih.gov/31926171/
https://doi.org/10.3389/fimmu.2021.738481
https://doi.org/10.3389/fimmu.2021.738481
https://doi.org/10.1016/j.clim.2006.01.016
https://pubmed.ncbi.nlm.nih.gov/38083893/
https://pubmed.ncbi.nlm.nih.gov/38083893/

E.L. Mishchenko, LV. Yatsyk, PS. Demenkov, A.V. Adamovskaya
T.V. lvanisenko, M.A. Kleshchev, V.A. lvanisenko

Rabelo F.S., da Mota L.M., Lima R.A., Lima F.A., Barra G.B., de Car-
valho J.F., Amato A.A. The Wnt signaling pathway and rheumatoid
arthritis. Autoimmun Rev. 2010;9(4):207-210. doi 10.1016/j.autrev.
2009.08.003

Sherman B.T., Hao M., Qiu J., Jiao X., Baseler M.W., Lane H.C., Ima-
michi T., Chang W. DAVID: a web server for functional enrichment
analysis (2021 update). Nucleic Acids Res. 2022;50(W1):W216-
W221. doi 10.1093/nar/gkac194

Singh A.K., Haque M., Madarampalli B., Shi Y., Wildman B.J., Ba-
sit A., Khuder S.A., Prasad B., Hassan Q., Ouseph M.M., Ahmed S.
Ets-2 propagates IL-6 trans-signaling mediated osteoclast-like
changes in human rheumatoid arthritis synovial fibroblast. Front
Immunol. 2021;12:746503. doi 10.3389/fimmu.2021.746503

Smolen J.S., Aletaha D., Mclnnes 1.B. Rheumatoid arthritis. Lancet.
2016;388(10055):2023-2038. doi 10.1016/S0140-6736(16)30173-8

Smolen J.S., Landewé R.B.M., Bergstra S.A., Kerschbaumer A., Se-
priano A., Aletaha D., Caporali R., ... van der Helm-van Mil A., van
Duuren E., Vliet Vlieland T.P.M., Westhovens R., van der Heijde D.
EULAR recommendations for the management of rheumatoid ar-
thritis: 2022 update. Ann Rheum Dis. 2023;82(1):3-18. doi 10.1136/
ard-2022-223356

Stump K.L., Lu L.D., Dobrzanski P., Serdikoff C., Gingrich D.E., Du-
gan B.J., Angeles T.S., Albom M.S., Ator M.A., Dorsey B.D., Rug-
geri B.A., Seavey M.M. A highly selective, orally active inhibitor

Identification of biological processes as targets
for rheumatoid arthritis therapy using ANDSystem

of Janus kinase 2, CEP-33779. Arthritis Res Ther. 2011;13(2):R68.
doi 10.1186/ar3329

Unterberger S., Davies K.A., Rambhatla S.B., Sacre S. Contribution
of toll-like receptors and the NLRP3 inflammasome in rheumatoid
arthritis pathophysiology. Immunotargets Ther. 2021;10:285-298.
doi 10.2147/ITT.S288547

van der Kooij S.M., de Vries-Bouwstra J.K., Goekoop-Ruiterman Y.P.,
van Zeben D., Kerstens P.J., Gerards A.H., van Groenendael J.H.,
Hazes J.M., Breedveld F.C., Allaart C.F., Dijkmans B.A. Limited
efficacy of conventional DMARDs after initial methotrexate failure.
Ann Rheum Dis. 2007;66(10):1356-1362. doi 10.1136/ard.2006.
066662

Wang R., Li M., Wu W., Qiu Y., Hu W., Li Z., Wang Z., Yu Y., Liao J.,
Sun W., Mao J., Zhu Y.Z. NAV2 positively modulates inflammatory
response through Wnt/B-catenin signaling in rheumatoid arthritis.
Clin Transl Med. 2021;11(4):¢376. doi 10.1002/ctm2.376

Wang S.Y., Liu Y.Y,, Ye H., Guo J.P, Li R, Liu X., Li Z.G. Circu-
lating Dickkopf-1 is correlated with bone erosion and inflamma-
tion in rheumatoid arthritis. J Rheumatol. 2011;38(5):821-827. doi
10.3899/jrheum.100089

Yao C., Narumiya S. Prostaglandin-cytokine crosstalk in chronic in-
flammation. Br J Pharmacol. 2019;176(3):337-354. doi 10.1111/
bph.14530

Conflict of interest. The authors declare no conflict of interest.

Received August 3, 2025. Revised October 1, 2025. Accepted October 17, 2025.

1030 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 202529 - 7


https://doi.org/10.1016/j.autrev.2009.08.003
https://doi.org/10.1016/j.autrev.2009.08.003
https://doi.org/10.1093/nar/gkac194
https://doi.org/10.3389/fimmu.2021.746503
https://doi.org/10.1016/s0140-6736(16)30173-8
https://doi.org/10.1136/ard-2022-223356
https://doi.org/10.1136/ard-2022-223356
https://doi.org/10.1186/ar3329
https://doi.org/10.2147/itt.s288547
https://doi.org/10.1136/ard.2006.066662
https://doi.org/10.1136/ard.2006.066662
https://pubmed.ncbi.nlm.nih.gov/33931978/
https://pubmed.ncbi.nlm.nih.gov/21362762/
https://pubmed.ncbi.nlm.nih.gov/21362762/
https://doi.org/10.1111/bph.14530
https://doi.org/10.1111/bph.14530

