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INTRODUCTION

Relevance of the study

Cardiovascular diseases rank first among the causes of disability and mortality worldwide [1, 2].
According to the latest estimates by the World Health Organization, approximately 17.9 million people
died from cardiovascular diseases in 2019 [3]. Most cases are associated with heart muscle diseases,
characterized by loss and replacement of myocardial cellular composition and irreversible changes in
the organ's structure and function. The modern classification of myocardial diseases distinguishes
between coronary and non-coronary diseases, based on the causes of their development. The former
includes diseases related to coronary artery damage, while the latter encompasses other heart muscle
diseases, including congenital and acquired defects [4].

The most prevalent birth defects are congenital heart defects (CHD), affecting about 8 in 1,000
newborns globally. Among CHDs, tetralogy of Fallot (TF) is the most common, a complex cyanotic
condition occurring in approximately 1 in 3,000 live births [5]. TF has a specific morphological
phenotype in the form of four heart malformations, namely: ventricular septal defect (VSD), right
ventricular hypertrophy (RV), narrowing of the right outflow (pulmonary stenosis), and dextroposition
of the aorta to the right side above the VSD (primary aorta). Surgical interventions now enable correction
of pulmonary stenosis and closure of the VSD, allowing oxygenated blood to flow solely through the
left ventricle [6]. However, the etiology of the TF remains unclear due to the complexity of the
pathogenesis, and the search for potential candidate genes associated with the phenotype of the disease
is actively continuing at the present time [7].

Among coronary myocardial diseases, progressive heart failure following an acute infarction is
predominant. This condition results from the narrowing of coronary arteries supplying the myocardium,
leading to cardiomyocyte death at the injury site [8]. The post-infarction myocardium gradually
transforms into fibrous tissue, as meaningful regeneration is unattainable [9]. Disease progression
involves pathological remodeling and dilation of the heart chambers, precipitating critical heart failure
[10].

Current treatments for coronary artery disease aim to halt disease progression and prevent heart
failure. For example, myocardial revascularization, bypass surgery, etc., serve to improve blood supply
to the heart after myocardial infarction. In addition, pharmacological approaches that slow down or stop
the pathological remodeling of the heart, such as angiotensin-converting enzyme inhibitors, B-blockers,
etc., are actively used. However, the mortality rate among patients with heart failure is still excessively

high, suggesting that conventional treatments are still ineffective [11]. In addition, these approaches are



more aimed at relieving painful symptoms, rather than ensuring complete and functional myocardial
recovery [12].

The search for mechanisms enabling endogenous heart muscle recovery is pivotal for developing
novel therapeutic approaches that can supersede replacement therapies. In pursuit of effective heart
regeneration methods, researchers have shifted focus to cell therapy. The initial foray into this field
involved 'first generation' stem cell transplantation, comprising a non-selective suspension of
unfractionated mononuclear stem cells from bone marrow. This step allowed for a prospective view of
these operations. However, researchers were only able to partially regenerate the heart muscle due to
difficulties with directed cell differentiation [13].

The discovery in 2003 of the heart's endogenous regenerative potential revolutionized the scientific
understanding of this organ's capabilities and spurred interest in the use of resident heart stem cells for
myocardial regeneration [14]. This heralded the 'second generation' of cell therapy. Contrary to prior
beliefs that the human heart is definitively differentiated, it was found that areas of proliferative cellular
activity can occur in the heart, especially in the peri-infarct zone [15]. The discovery of cardiac stem
cells has stimulated the development of new approaches in myocardial cell therapy, but the ability of
these cells to directly form cardiomyocytes is still controversial [16].

The turnover of cardiomyocytes in a healthy myocardium is approximately 0.5-2% per year, and
these numbers increase slightly when the heart is affected. The mechanism for the renewal of
cardiomyocytes is primarily due to the re-entry of the contractile cells themselves into the cell cycle,
rather than through the differentiation of mesenchymal cells of the heart [17]. Mesenchymal stem cells
(including cardiac stem cells) may be involved in regenerative processes in the myocardium by releasing
paracrine factors that provide myocardial protection, neovascularization, remodeling, and differentiation
in the heart [18].

There is evidence that the mechanisms of myocardial functional recovery are contained in
paracrine intercellular signaling, and their activation can occur during the period of early response to
injury. In this regard, the study of the mechanisms of early activation of regenerative processes in post-
infarction tissue is an urgent issue. Although the existence of resident cardiac progenitor cells has been
questioned [19]. It is clear that myocardial regeneration is possible, but the mechanisms remain
unknown.

One of the proposed molecular mechanisms implicated in the regenerative response of the
myocardium is the Notch signaling pathway. Several studies on vertebrates have demonstrated that
modulation of Notch signaling may facilitate functional cardiac recovery by reducing fibrosis following
injury [20, 21]. In addition, the relationship between hypoxia and cardiomyocyte proliferation in adult

mammals was revealed, which led to significant myocardial regeneration in the conditions of systemic



hypoxemia [22]. The potential link between the Notch signaling pathway and hypoxia in cardiac muscle
repair mechanisms remains unclear.

Thus, the functional restoration of the myocardium after a heart attack remains an urgent problem
of modern regenerative biomedicine. The search for an effective therapeutic strategy is still ongoing,
and many studies are aimed at exploring the possibilities of cell therapy of myocardial therapy.
However, the cellular mechanisms of post-infarction cardiac repair remain elusive. This study aimed to
analyze early transcriptional events in cardiac tissue after myocardial infarction and the study of a cell
population isolated from post-infarction myocardial tissue of rats. Cyanotic congenital heart disease in
the form of tetralogy of Fallot remains one of the most common and serious defects in cardiac
development. To date, the mechanisms underlying the formation of tetralogy of Fallot, at the cellular

and molecular levels, remain unclear.

Aims and objectives of the study

The aim of this study was to study the Notch-dependent mechanisms of functional regulation of cardiac
mesenchymal cells in the context of hypoxic effects on the myocardium in acute infarction and

congenital heart defects.
Tasks:

1. To analyze early transcriptional events occurring in rat postinfarction tissue 24 hours after
induction of myocardial infarction.

2. To assess the expression of components of the Notch signaling pathway and early remodeling
genes in post-infarction and healthy rat myocardial tissues at early time points — 8 and 24 hours
after acute infarction.

3. To assess the expression of components of the Notch signaling pathway and early remodeling
genes in mesenchymal cells derived from post-infarction and intact rat myocardial tissues.

4. To compare the expression of components of the Notch signaling pathway in human heart
mesenchymal cells obtained from patients with tetralogy of Fallot and in cells from patients with
ventricular septal defect.

5. To assess the ability to migrate, proliferate, and differentiate postinfarction and healthy rat heart
mesenchymal cells, as well as the proliferation and differentiation of human heart mesenchymal
cells obtained from patients with tetralogy of Fallot and ventricular septal defect.

6. To analyze the activation of the Notch signaling pathway under conditions of hypoxia in vitro in

rat and human heart mesenchymal cells.



7. To assess the interaction of components of the Notch signaling pathway and early remodeling
genes in rat and human heart mesenchymal cells by exogenous activation of BMP2 and Notch

signaling.

Scientific novelty of the work

For the first time, the early transcriptional profile of activated rat cardiac mesenchymal cells in
response to acute hypoxic stress was characterized, and the molecular mechanisms of regulation of rat
and human cardiac mesenchymal cells in the form of deregulation of embryonic signaling pathways,

such as the Notch and Bmp signaling pathways, were established.

Theoretical and practical significance of the work

The study revealed significant changes in the transcription profile of early post-infarction
myocardial tissues, including the reactivation of embryonic signaling pathways, which provides valuable
theoretical information about the cellular mechanisms underlying post-infarction cardiac remodeling.
Moreover, activation of key components of the Notch and Bmp signaling pathways in postinfarction
tissues indicates their crucial role in early myocardial remodeling, suggesting the presence of potential
targets for therapeutic interventions.

The discovery of resident populations of activated cardiac mesenchymal cells in the heart after
myocardial infarction, and the ability to isolate and cultivate them in vitro, is of practical significance.
These cells show an increased capacity for proliferation, migration, and differentiation compared to
populations of intact cells, indicating their potential for regenerative therapy. In addition, the presented
gene expression profiles as post-infarction mesenchymal cells and cells from tetralogy of Fallot patients
provide valuable information about specific dysregulation of several genes, paving the way for more

targeted diagnostic and therapeutic approaches.

Key Scientific Findings
1. Research has demonstrated [23] that acute hypoxic stress triggers the reactivation of
embryonic signaling pathways, specifically Notch and Bmp, in the cardiac mesenchymal
cells following myocardial infarction. This underscores the significance of hypoxia in

cellular activation and highlights potential targets for enhancing the regenerative capacity
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of the myocardium. In this work, I conducted all experimental aspects, including data
analysis and manuscript preparation for publication (pp. 50-65). Except for work on the
induction of myocardial infarction in rats, conducted at the Centre for Experimental
Pharmacology of the SPCPU with the participation of Andrey Aleksandrovich Karpov.
The study revealed [24] that myocardial infarction leads to the activation of cardiac
mesenchymal cells, as evidenced by their increased proliferative capacity, enhanced
migratory ability, and heightened expression of differentiation markers in response to
induction, compared to cells from healthy myocardial tissue. I was responsible for the
entire experimental process, data analysis, and manuscript preparation for publication (pp.
66-74).

This work demonstrated [25] the interaction between the Notch signaling pathway and
Bmp2 in regulating markers of endothelial-mesenchymal transition, revealing tissue-
specific effects in cardiac mesenchymal cells and human umbilical vein endothelial cells.
This underscores the critical role of this interaction in the formation of heart fibrosis. In
this study, I undertook all experimental work, data analysis, and manuscript preparation for
publication (pp. 112—-125).

The investigation identified [26] deregulated Notch pathway activity in cardiac
mesenchymal cells from patients with Tetralogy of Fallot, compared to controls, suggesting
a potential role for the Notch signaling pathway in the disease's pathogenesis and its
importance for the functional state of these cells. In this study, I conducted in vitro research
and participated in data analysis (pp. 92—107). Except for work related to the collection of
material from patients with cardiac malformations, with the participation of Ivan
Aleksandrovich Kozyrev.

. Research shows [27] that cardiac mesenchymal cells of patients with ventricular septal
defects and Tetralogy of Fallot exhibit differences in the expression of surface markers
CD90 and PDGFRB, indicating the pathology's impact on their phenotype. I was involved
in conducting in vitro studies (pp. 91).

The review [28] highlights the ambiguous results of treating heart failure with stem cells,
noting their safety but limited efficacy in improving cardiac function, thus emphasizing the
need for the development of next-generation cell therapy. In this work, I was responsible
for the preparation and formatting of the publication text (pp. 29-34).

The review demonstrates [29] that while the direct differentiation of resident cardiac
mesenchymal cells into cardiomyocytes is debated, their use to enhance heart function after

myocardial infarction highlights the potential of these cells and induced pluripotent stem
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cell therapies in regenerative medicine, emphasizing the importance of further research
into their mechanisms and therapeutic roles. In this work, I handled the preparation and

formatting of the publication text (pp. 28-29).

Theses for Defense

The transcriptional profile of post-infarction myocardial tissues changes significantly 24 hours
after lesion and leads to the reactivation of embryonic signaling pathways such as Notch and
Bmp (Runx2/BmpZ2), which may indicate their key role in early myocardial remodeling processes
after infarction.

Myocardial infarction leads to the activation of resident populations of cardiac mesenchymal
cells, which can be isolated from the post-infarction zone and cultured with temporary
preservation of their properties in the form of improved ability to proliferate, migrate, and
differentiate in vitro. In addition, cardiac mesenchymal cells from patients with tetralogy of Fallot
had a greater tendency to proliferate and differentiate than cells from patients with an isolated
ventricular septal defect.

The transcriptional profile of post-infarction cardiac mesenchymal cells differs from that of
healthy cells, and gene expression characteristic of ischemic tissue is partially preserved,
including the expression of the components of the Notch signaling pathway (Jagl, Hesl) and
Bmp2/Runx2 in post-infarction cells. In addition, significant deregulation of the Notch signaling
pathway has also been identified in cardiac mesenchymal cells from patients with tetralogy of
Fallot.

In vitro hypoxic stress has a stimulating effect on the activation of components of the Notch
signaling pathway and Bmp2/Runx2 early remodeling genes in healthy cardiac mesenchymal
cells from rat and human.

Exogenous activation of NOTCH] leads to a dose-dependent increase in the expression of the
components of the Notch and RUNX2 signaling pathways in healthy cardiac mesenchymal cells
from rat and human and does not affect BMP2 expression.

The expression levels of the components of the Notch signaling pathway affect the expression of
proliferative and differentiation processes in the human cardiac mesenchymal cells, and the dose-
dependent activation of Notch enhances the ability to differentiate in the cardiogenic direction.
Alternating activation of NOTCH 1 and BMP?2 affects the expression of endothelial-mesenchymal

transition marker genes and the synthesis of alpha-actin and promotes the activation of human
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cardiac mesenchymal cells.

Publication and approbation of the work

Based on the materials of the dissertation, 20 works have been published: seven scientific articles

in journals indexed by the RSCI, WoS and/or Scopus systems, and 13 publications in the proceedings

of international and all-Russian conferences.

The main provisions and scientific results of the dissertation were presented in reports at scientific

conferences:

1. TII National Congress on Regenerative Medicine, November 15-18, 2017, Moscow, Russia.

2. XVIHI Winter Youth School on Biophysics and Molecular Biology, March 11-16, 2017, St.
Petersburg, Russia.

3. Cell Biology: Problems and Prospects, October 2—6, 2017, St. Petersburg, Russia.

4. XI Annual Scientific Conference of Young Scientists and Specialists, Almazov National Medical
Research Centre, 27-28 April 2017, St. Petersburg, Russia.

5. The Frontiers in Cardiovascular Biology, April 20-22, 2018, Vienna, Austria.

6. All-Russian Youth Medical Conference with International Participation "Almazov Readings —
2018", May 16-18, 2018, St. Petersburg, Russia.

7. All-Russian Conference with International Participation "StemCellBi0o-2018: Fundamental
Science as the Basis of Cell Technologies", November 15—-17, 2018, St. Petersburg, Russia.

8. Almazov Youth Medical Forum, 16—18 May 2018, St. Petersburg, Russia.

9. The Notch Meeting XI, 610 October 2019, Athens, Greece.

10. I All-Russian Congress with International Participation "Physiology and Tissue Engineering of

Heart and Blood Vessels: From Cell Biology to Prosthetics", November 04—07, 2019, Kemerovo,

Russia.

11. IV National Congress on Regenerative Medicine, November 20-23, 2019, Moscow, Russia.

12. Conference "Actual Problems of Developmental Biology", October 12—14, 2021, Moscow,

Russia.

13. Forum of Young Cardiologists "From Prevention to High-Tech Care for Cardiovascular

Diseases", May 13—14, 2022, Moscow, Russia.

The dissertation was recommended for defense for the scientific degree of Candidate of Biological

Sciences based on the results of the presentation of the main results and their discussion at the seminar

of the Institute of Cytology of the Russian Academy of Sciences, 01/24/2024.
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1 LITERATURE REVIEW
1.1 Heart Development

During vertebrate embryogenesis, the heart emerges as the first functional organ. It forms from
precursor cells in the process of early gastrulation. These heart precursor cells originate during the stage
of the primary streak, located behind Hensen's node. They occupy two small areas, one on each side of
the epiblast, extending to half the length of the streak. After migrating through the primitive streak, they
differentiate into two groups of lateral plate mesodermal cells [30]. The specification of the cardiac field
begins during this migration. It is marked by the appearance of cardiogenic mesoderm, which constructs
the dual-layered wall of the primary heart tube. This structure comprises an inner endocardial layer with
endothelial cells and an outer myocardial layer. These layers are separated by an extracellular matrix
[31]. Subsequently, the formation of the first structure known as the atrioventricular canal cushion
occurs. This crucial structure regulates blood flow between the atrium and ventricle. It also gives rise to
the tricuspid and mitral valves, as well as part of the atrioventricular septum. It is at this stage that the
first rhythmic heart contractions commence.

Researchers distinguish between primary and secondary heart fields, each contributing to specific
regions of the developing organ [32]. Precursor cells of the primary heart field form the primary heart
tube, which primarily gives rise to the left and right ventricles of the heart. However, the cells forming
this tube have limited proliferative ability, mainly contributing to the formation of a significant part of
the left ventricle [30]. In contrast, the precursor cells of the secondary heart field located at the posterior
end of the heart tube develop into the two atria (Figure 1). At the anterior end, these cells form the right
ventricle and the outflow tract, comprising the arterial cone and arterial trunk [31]. During the
subsequent looping process, the heart acquires a four-chambered structure, with the atria shifting to a

position anterior to the ventricles.
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Figure 1. Hypothetical Diagram of Heart Precursor Cell Development Originating from Primary and
Secondary Heart Fields. The dashed line indicates that precise data on the division of precursor cells for
the lungs, their vessels, facial muscles, and the heart have not yet been obtained. Some transcription
factors associated with these precursor cells are listed below them [30].

Despite their specific designation as heart precursor cells, these cells demonstrate remarkable
plasticity. They possess the unique ability to substitute for one another during the differentiation process.
This adaptability allows them to form various types of heart cells. Moreover, within the secondary heart
field's precursor cells, a subset is also involved in developing facial muscles, pulmonary arteries and
veins, and the pulmonary mesenchyme [30]. Numerous embryonic signaling pathways play a critical
role in the specification of cardiac mesoderm and the overall organ development. These pathways are
essential for the proper formation of cardiac structures. Among these, the Notch signaling pathway

stands out as a significant contributor to these processes.
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1.2 Notch Signaling Pathway

In human development, several evolutionarily conserved signaling pathways are involved,
including Notch, Wingless, Hedgehog, Transforming Growth Factor 8, and others. This is a classical
group of molecular mechanisms that can function either individually or in coordination with each other
[33]. The Notch signaling pathway is a significant contributor to morphogenesis and organ formation. It
is responsible for numerous developmental processes, including the maintenance of stem cell
populations and tissue homeostasis in the postnatal period. Notch signaling plays a central role in cell
fate determination, thereby participating in the differentiation of various cell types such as epithelial,
neuronal, endothelial, and cells of the blood, bone, and muscles. Any deviations in Notch intercellular
signaling can lead to various human developmental anomalies or tumor formation [34]. Therefore,
regulating the intensity and duration of the Notch signal is an imperative condition for actively studying
this cellular regulation mechanism.

This key regulator of cell fate has been identified in many organisms, starting with the simply
structured nematode C. elegans, through a gene orthologous to Notch. This suggests that Notch signaling
is a highly conserved process. The Notch signaling pathway comprises receptor proteins, ligands for
these proteins, target genes, and a transcriptional complex. In mammals, there are only four types of
transmembrane Notch receptors (Notch-1, 2, 3, 4). Each receptor consists of three domains: intracellular,
transmembrane, and extracellular. Additionally, five types of transmembrane ligands are identified: three
varieties of Delta-like proteins (DlI-1, 2, 4) and two types of Jagged proteins (Jagged-1, 2) [35].

The mechanism of the canonical Notch signaling pathway operates as follows: The DSL ligand
(Delta, Serrate, and Lag?2) binds to the Notch receptor located on the surface of an adjacent cell. This
interaction triggers a two-step proteolytic cleavage process of the Notch transmembrane receptor
domain. Through the initiation of the ADAM/TACE metalloproteinase, the intracellular domain of Notch
(NICD) is released into the cytoplasm. The NICD then penetrates the cell nucleus, where it binds with a
transcription factor from the CSL family (CBF1/RBPJK in mammals, Su(H) in flies, and LAG-1 in
worms) to form a transcriptional complex. This complex also includes proteins from the ICN and
Mastermind family (MAM/Lag-3), with MAM/Lag-3 acting as a co-activator of the process.
Subsequently, they activate target genes using an additional co-activator, p300, and mediate transcription

activation on the chromatin template with the help of ICN [36] (Figure 2).
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Figure 2. Canonical Notch Signaling Pathway. 1) Post-translation, the Notch receptor is modified
through glycosylation and fucosylation in the endoplasmic reticulum. 2) In the Golgi complex, the
receptor undergoes further modifications, including cleavage at the S1 position by furin-like convertase.
3) Notch receptor ligands capable of activating it are of two types: JAGGED and DELTA-LIKE. 4)
Notch activation occurs when a ligand from one cell binds to the receptor of another cell, leading to
receptor cleavage by a protease from the family of proteins containing a disintegrin and
metalloproteinase domain (ADAM10 or ADAM17) at the S2 position. 5) The y-secretase protein
complex performs subsequent cleavage at S3 (valine 1744 in human and mouse Notchl), releasing the
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Notch intracellular domain (NICD) into the cytoplasm. 6) NICD translocates to the nucleus. 7) In the
nucleus, NICD binds to the DNA-binding transcription factor CBF1, suppressor of hairless, Lag-1
(CSL). Following this binding, NICD displaces corepressors and recruits transcription coactivators, such
as Mastermind/Lag-3 (MAML). This process enables the regulation of downstream Notch target genes.
8) NICD undergoes ubiquitination by the suppressor/enhancer of ubiquitin ligase E3 Lin-12 (SEL-10),
targeting it for degradation. 9) NICD is cleaved by the proteasome [37].

The most well-known target genes of the Notch pathway are members of the "Hairy and enhancer-
of-split" (HES) and "Hairy and enhancer-of-split-related" (HEY, HESR, HRT, or CHF) gene families.
Many of these repressor genes suppress genes necessary for cell differentiation. One of the most
extensively studied functions of Notch signaling is lateral inhibition, which prevents surrounding cells
from adopting the same fate [38].

Lateral inhibition is a process of symmetry disruption in which a population of identical cells
differentiates into various cell types through alternating patterns. This process involves local competition
among neighboring cells, all of which simultaneously strive to differentiate into the same cell type while
preventing their "neighbors" from selecting the same fate. Within each small group of cells, one cell
prevails, suppressing its immediate "neighbors" through the Notch signaling pathway [39]. There are
three primary models of lateral inhibition: classical lateral inhibition, pattern formation through cis-

inhibition, and patterning via filopodia (Figure 3).
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Figure 3. Models of Lateral Inhibition. a) 'Classical' lateral inhibition. At the top is a schematic
representation of molecular interactions in lateral inhibition between two cells. In this scheme, NOTCH
signaling in each cell is activated by interactions between NOTCH receptors (N1 and N2) and NOTCH
ligands (D1 and D2). A repressor (R1 and R2) in each cell activates NOTCH signaling, which suppresses
the expression or activity of DELTA in that cell. At the bottom is the result, a typical hexagonal lattice
pattern of cells. b) Pattern formation via cis inhibition. At the top is a schematic representation of a lateral
inhibition model incorporating cis inhibition between receptors and ligands. In the cis-inhibition model,
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a ligand on one cell binds to a receptor on the same cell, leading to the formation of an inactive complex.
These cell-autonomous interactions reduce the number of free ligands and receptors on the cell surface.
At the bottom, cis inhibition decreases the likelihood of events where two adjacent cells choose the same
fate (red cells). c) Patterning mediated by filopodia. Diagrams of models that consider NOTCH signaling
over greater distances through filopodia. d) Lateral inhibition and cell division. A schematic model
describing the dynamics of differentiation in the crypts of the colon. Stem cells at the bottom of the crypt
(blue) differentiate into goblet cells (red, high delta) and enterocytes (green, low delta), which migrate
towards the top of the crypt (lumen). Stem cells divide at the base of the crypt (stem cell layer), leading
to upward cell movement. Lateral inhibition occurs in the layer adjacent to the stem cell layer (lateral
inhibition zone or commitment zone). At this level, cell fate decisions are determined by the process of
lateral inhibition, as described in (a). After differentiation, cells migrate from the commitment zone to
the dispersal migration zone. In this zone, goblet cells divide at a slower rate (1) and migrate slower ()
compared to enterocytes (1.5A and 1.59) [39].

In the hematopoietic system, Notch signaling significantly influences the functions of
hematopoiesis. For example, during the intrauterine period, Notchl1 is responsible for inducing definitive
hematopoiesis in the endothelial cells of the dorsal aorta. In the postnatal period, it plays a minor role in
maintaining hematopoietic stem cells in the bone marrow. Additionally, Notch acts as a key regulator in
the early development of T-cells in the thymus [40].

In the differentiation of endothelial cells, the Notch signaling pathway plays a role, but it does so
in conjunction with another important regulatory element - Bone Morphogenetic Protein (BMP). A direct
synergistic interaction occurs between them, as seen, for example, in the activation of transcription of
HESR and HERP? in endothelial cells. Furthermore, the variable synergism and antagonism between
BMP and Notch signaling pathways are responsible for the migration of endothelial cells [41].

Disruptions in the regulation of Notch signaling lead to various lung diseases, including lung
cancer. It is known that the Notch signaling pathway plays a vital role in coordinating events during lung
development. These events include the selection of terminal differentiation of epithelial cells in the
respiratory tract and the development of pulmonary vessels [42].

Notch signaling also plays a role in the differentiation and morphogenesis of the central nervous
system. A direct impact of Notch is observed during the segregation of epidermal and neuronal cell lines
during differentiation. This process involves the inactivation of Notch signaling, leading to the
development of a neurogenic phenotype in neuronal precursor cells. Thus, the Notch pathway can
maintain a population of precursor cells by inhibiting their premature differentiation. Nevertheless, it
has been established that the Notch pathway in the central nervous system can regulate the diversification
of the precursor cell pool and neuronal maturation [43, 44].

Kidneys are human organs responsible for filtering and maintaining chemical balance in the body.
They are involved in the excretion of metabolites and regulate the level of electrolytes in the blood and

its pH. The main structural and functional unit of the kidney is the nephron, the development of which
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is controlled by the Notch signaling pathway during embryogenesis. The Notch signaling pathway plays
a significant role in both undifferentiated and mature nephron cells. It is important to note that in
embryonic development this signaling pathway is critical for cell differentiation and secondary bud
formation [45].

Several stages in skeletal formation involve the Notch signaling pathway, which acts as a critical
regulator. This includes the development of segmentation of the dorsal part of the mesoderm into
somites, the formation and differentiation of prechondrogenic cells in the sclerotome, which is essential
for the proper development of the axial skeleton. Subsequently, it has been established that the Notch
pathway regulates somitogenesis, chondrogenesis, osteoblastogenesis, and osteoclastogenesis. This
regulation ultimately affects the formation of the entire skeleton. Dysregulation of this signaling pathway
during embryogenesis leads to irreversible changes in the skeleton, resulting in congenital
developmental defects [46].

The basal layer of the skin's epidermis consists of proliferating precursor cells, which are
responsible for forming differentiated cell layers to provide a barrier between the internal and external
environments. The epidermis is maintained throughout life through the proliferation and differentiation
of stem cells. This process is facilitated by the highly conserved Notch signaling pathway, which plays
a significant role in cell differentiation during both embryogenesis and the postnatal period [47].

The Notch signaling pathway plays a role in the development of hair follicles, but its involvement
is limited to the postnatal period. It is responsible for regulating the formation of the hair bulb and the
outer root sheath, as well as in the differentiation of stem cells or their precursors by stimulating or
inhibiting towards the epidermal direction. The Notch pathway regulates cell differentiation, ensuring
the proper development of each layer of the hair shaft and the inner root sheath [48].

Lateral inhibition of surrounding cells, a fundamental function of the Notch signaling pathway, is
utilized in the development of sensory regions of the inner ear. This process involves the formation of a
mosaic structure composed of sensitive hair cells and non-sensory supporting cells. Two Notch ligands
(DII-1 and Jagged2) are believed to act synergistically during the cell diversification stage in mammals.
Notably, Notch signaling has an inductive rather than inhibitory character in determining the prosensory
region. This stage precedes the cellular diversification of sensitive hair cells and supporting cells, with
Jagged] playing a key role as one of the essential ligands in this process [49].

Cancer stem cells are specific subpopulations of cancer cells that exhibit pronounced stem cell
properties and have been identified in a wide range of human oncological diseases. They are
characterized by the ability for self-renewal and can be heterogeneous. One common trait shared
between cancer stem cells and normal stem cells is their significant reliance on certain signaling

pathways. The main signaling pathways in stem cells are Wnt, Notch, and Hedgehog. These pathways
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are also responsible for regulating the self-renewal and survival of cancer cells [50].

1.3 The Notch Signaling Pathway in Heart Development

The specification of cardiac mesoderm is largely dependent on the Notch signaling pathway.
Signal transmission, mediated by Notch receptors, ligands, and target genes, regulates the processes of
defining the left-right axis and, consequently, the correct twisting of the heart tube [51]. In the
atrioventricular canal (AVC), there is expression of Bone Morphogenetic Protein 2 (BMP2) and the
transcription factor T-box 2 (7BX2). Notably, a BMP2 deficiency leads to defects in the AVC, in contrast
to TBX2, where suppression results in the initiation of channel-specific myocardial gene expression in
the AVC. In this process, Notch target genes HEY! and HEY?2 are directly involved. Their actions lead
to restricting the expression of BMP2 and 7BX2 in the AVC. Research on the role of the Notch signaling
pathway in the developing heart of mice has shown that the expression of Hey2 and Hey! occurs in the
myocardium of the atrial and ventricular chambers. However, their expression is completely absent in
the atrioventricular canal, an important feature for proper myocardial differentiation. [52]. When these
genes are deactivated, severe heart defects occur, including myocardial thinning and complete absence
of arterial differentiation. This, in turn, leads to the embryonic lethality. It was found that the expression
of the Bmp?2 ligand was observed from the AVC to the atrial myocardium in Hey/-deactivated genes. In
contrast, in the 'wild type,' Bmp2 expression was confined to the AVC myocardium. An experiment
involving the overexpression of a constitutively active intracellular domain of Notchl in mice induced
the activation of Hey! and Hey?2 expression and suppressed Bmp2 expression in the AVC myocardium.
This resulted in trabeculae formation and the differentiation of AVC myocardium into ventricular
myocardium. Thus, the expression of Hey genes in the atrial and ventricular myocardium creates a
boundary between the AVC and the myocardial chambers. [53].

Tissue interactions between the myocardium and endocardium in the areas of the AVC and the
outflow tract led to the epithelial-mesenchymal transition (EMT) of endocardial cells. At this stage, the
expression of NOTCH-2,4 receptors, JAGGEDI and DLL4 ligands, and HEYI and HEY? target genes
in the endocardium of the AVC occurs. Thus, the Notch signaling pathway can regulate the initial events
of EMT, as well as contribute to the acquisition of mesenchymal morphology of cells through the
targeted expression of various target genes [54] (Figure 4).

The vascular endothelial growth factor VEGF is also one of the key regulators of epithelial-
mesenchymal transition (EMT) in the AVC. Induced forced expression of VEGF165 in the myocardial
cells of the AVC, prior to the development of the cardiac cushion, leads to excessive proliferation of

endocardial cells. This results in a reduction in EMT and a delay in the fusion of the cardiac cushion
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[55]. Based on this, VEGF acts as a negative regulator of epithelial-mesenchymal transition (EMT) and

contributes to the formation of the endocardial phenotype.
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Figure 4. Stages of Heart Formation and Expression of Notch Signaling Pathway Components in Mouse
Embryogenesis. (A) At stage E7.5, the mouse heart is represented by the cardiac crescent, formed by
two populations — the primary and secondary heart fields, which have fused along the midline of the
embryo. (B) During E8.0, the heart transforms into an endothelial tube (endocardium, blue), surrounded
by a layer of myocardial cells (red). Between the endocardium and myocardium lies the extracellular
matrix — cardiac jelly (gray). (C) At E8.5, the heart elongates and begins to twist to the right, forming a
complex structure with four chambers. (D) The formation of the atrioventricular canal occurs at stage
E9.5 and is crucial for separating the two chambers of the developing atria and ventricles. (E) The
formation of valve primordia occurs between E9.5 and E10.5, along with the development of the
ventricular chamber, beginning with the formation of trabeculae in the developing left and right
ventricles. Tissue expression of Notch ligands and receptors is color-coded: endocardium — blue;
myocardium - red, endocardial cushions - gray. (F) The cardiac outflow tract is remodeled between
stages E10.5 to E13.5, forming the aorta and pulmonary arteries. Developmental stages are indicated in
embryonic days. In all panels, the heart is viewed from the ventral side, with anterior upwards [56].

Maintaining a balance between proliferation and differentiation of cardiomyocytes is crucial in

forming the ventricular chambers during heart development and in the homeostasis of cardiac function
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in the postnatal period. During heart embryogenesis, this developmental stage occurs as the process of
heart tube twisting is completed, resulting in the formation of trabeculae as highly organized layers of
cardiomyocytes. Subsequently, they form muscular ridges lined with endocardial cells, arising from the
interaction of primitive myocardium and endocardium. The formation of these structures is an early
hallmark of ventricular differentiation. Gradually, the trabeculae give rise to parts of the papillary
muscles, the interventricular septum, and the heart's conduction system. The Notch signaling pathway is
directly involved in these processes, playing a pivotal role in the formation of ventricular trabeculae and
chamber development. For instance, EphrinB2 serves as a direct target of Notch in the endocardium, and
the activities of BMP10 and Neuregulin-1 (NRGI) also depend on Notch, which further promotes the
proliferation and differentiation of ventricular myocardium [57, 58].

Heart development is closely linked with the processes of blood vessel formation, which originate
from populations of angioblasts — mesodermal precursors of endothelial cells. These cells are among the
first to differentiate and form primitive blood vessels or the primary vascular plexus [59]. Following
vasculogenesis, the processes of angiogenesis begin, in which genetically embedded mechanisms also
participate. It is known that during embryonic development, even before the onset of blood flow,
endothelial cells acquire their specific markers and follow a predetermined path. The Notch signaling
pathway plays a direct role in this process. For example, Notchi-2, 4 receptors are expressed in murine
endothelial cells. While the expression of Notchl and Notch?2 receptors is constitutive and necessary for
normal development, the inactivation of Notch4 does not affect vascular development. Moreover,
hyperexpression of Notch4 can lead to functional disturbances [60]. In addition to receptors, endothelial
cells express specific Notch ligands, such as D//4 and Jagged]. The latter, for example, is expressed in
the endothelium of mice. Its suppression leads to irreversible changes characterized by defects in
angiogenesis, although this disruption does not affect larger vessels [61].

In studies aimed at elucidating the role of Notch in arteriovenous differentiation during the
formation of embryonic blood vessels in Danio Rerio (zebrafish), it has been established that NOTCH3
expression occurs only in the endotheliocytes of the dorsal aorta and is not observed in the cells of the
posterior cardinal vein [62]. This specific functioning is linked to preventing endothelial cells from
transitioning into venous differentiation. In embryos with deactivated Notch signaling pathways, the
expression of the transmembrane protein ephrinB2, specific to cells with arterial differentiation, did not
occur in cells. Instead, the expression of venous markers began within the dorsal aorta. Furthermore,
disruption of Notch signaling during the embryogenesis of the vascular system led to numerous
morphological defects, such as remodeling of major trunk vessels. Thus, the Notch signaling pathway

exerts a strong influence on the arteriovenous differentiation of blood vessels.
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1.4 Congenital Heart Defects

Tetralogy of Fallot (TF) is a severe cyanotic congenital heart defect (CHD) characterized by
subpulmonary stenosis and predominant right-to-left shunting through a ventricular septal defect (VSD),
resulting in circulation of deoxygenated blood through the systemic arteries. Modern surgical techniques
make it possible to correct right ventricular outflow obstruction and close the ventricular septal defect,
ensuring effective circulation of oxygenated blood through the left ventricle [63]. Patients with TF often
present with a variety of cardiac abnormalities, such as hypertrophy and degeneration of cardiomyocytes,
as well as various types of fibrosis of varying severity. These conditions are thought to be a consequence
of increased right ventricular pressure and hypoxia [64].

The exact causes of the development of TF remain poorly understood, and definitive candidate
genes directly associated with the formation of the disease have not been identified. About 20% of TF
cases are associated with specific syndromes or chromosomal abnormalities [65], with 15% of TF
patients having a deletion of chromosome 22q11.2, primarily associated with changes in the 7BX/ gene
[66]. Most cases of TF, approximately 80%, are not syndromic and do not have a clear Mendelian pattern
of inheritance [67]. This has led to the assumption of a polygenic basis for TF, which has prompted
genome-wide studies to elucidate the genetic factors contributing to the development of TF and other
congenital disorders [63].

Whole exome sequencing has identified novel candidate genes for the development of congenital
heart disease, reflecting the complex nature of heart formation due to several transcription factors and
signaling molecules critical for heart formation, such as GATA4, NKX2.5, FOXC2, TBX5 and TBX]I are
involved in the pathogenesis of TF [68]. It is assumed that an imbalance in the interactions of these
transcription factors important for cardiogenesis is critical in the occurrence of nonsyndromic TF.

Alterations in the NOTCHI, NOTCH?2, and JAG1 genes, which are part of the Notch signaling
pathway, are associated with TF, although mutations in these genes are more often associated with other
congenital heart defects [69, 70]. These studies support the important role of Notch genes in the
development of tetralogy of Fallot. For example, copy number variations of the NOTCHI and JAGI
genes have been identified in patients with this condition [71]. In addition, analysis of right ventricular
tissue from these patients revealed a significant decrease in the activity of genes associated with the Wnt
and Notch pathways [72]. Whole-exome studies have also shown [73, 74] that the NOTCH1 gene locus
is of increased interest in the context of non-syndromic tetralogy of Fallot: rare deleterious variants were
found in 7% of patients, which may predispose to the development of this disease. Therefore, Notch
signaling is an integral part of cardiac development, and its dysregulation may contribute to the

pathogenesis of congenital heart defects.
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1.5 Cardiac Homeostasis and Regeneration

The ability of the heart to regenerate is the subject of active debate in the scientific community.
Whether the human heart could regenerate remains an open question. Existing ideas have been
repeatedly challenged and criticized [75, 76]. Research by Pavel Pavlovich Rumyantsev on frog and
mouse models was the first to show the presence of hyperplasia of cardiac cells, which were described
in his monograph [77]. These results marked the beginning of a broader study of possible regenerative
mechanisms of the heart of mammals, including humans.

Current consensus suggests that the human heart has a limited ability to regenerate. Studies show
that the formation of new cardiomyocytes occurs in adults, although at a moderate rate, around 0.5-1%
per year, according to various estimates [78, 79]. However, more pronounced regenerative activity was
observed in mice in the natal period of life, whose hearts had a significant ability to regenerate [80, 81].
This is confirmed by the active proliferation of cardiomyocytes during the first week of life after injury
[29].

Subsequently, regenerative processes in mice shift to typical adult patterns of wound healing,
which leads to the formation of fibrous tissue at sites of injury [82]. A remarkable case of functional
cardiac regeneration was reported in an infant who experienced myocardial recovery after severe
ischemia caused by coronary artery occlusion, suggesting the presence of some regenerative mechanism
[83].

Current research is primarily focused on the rate of cardiomyocytes turnover in both healthy and
damaged hearts of adult animals. For example, studies have shown varying levels of cell cycle activity
in ventricular cardiomyocytes in adult rats, ranging from 0 to 3.15% [84]. These differences may be due
to different methodologies used to assess cell cycle activity, such as the incorporation of
bromodeoxyuridine-labeled thymidine or tritium, indicating higher turnover rates due to extended S
phases. In contrast, cytological methods may demonstrate lower proliferation rates.

Accurate identification of cardiomyocytes and their nuclei has been a methodological challenge.
The traditional use of confocal microscopy and immunofluorescence to detect cytoplasmic markers such
as troponin T has been considered accurate for identifying cardiomyocyte nuclei in tissue sections [85].
However, the limited z-axis resolution of confocal microscopy, especially for cells smaller than 0.5
micrometers, affected the accurate identification of specific cell nuclei. Modern techniques such as
fluorescence-activated cell sorting (FACS) now allow the separation of mononucleated and binucleated
cardiomyocytes [86]. Which is a significant achievement considering that cardiomyocytes make up
about 30% of the total number of cardiac cells, as shown by single cell sequencing technologies and

other methods [87].
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Stem cell therapy and related cell products are emerging as a promising approach for the
prevention and treatment of heart failure [88-90]. Advances in this area could change the way heart
muscle is repaired. There is growing interest in resident stem cells in adult tissues, including those found
in bone marrow, adipose tissue, and muscle, which are known to harbor stem cell populations [91, 92].
Determining whether the heart has its own regenerative potential for myocardial repair remains a key

question in cardiac regenerative medicine.

1.6 Cardiac Mesenchymal Cells
1.6.1 Discovery of Cardiac Stem Cells

The adult human myocardium is a complex structure consisting of a variety of cells, including not
only cardiomyocytes. Endothelial cells predominate, forming a network of coronary and lymphatic
vessels, as well as lining the endocardium. In addition, the myocardium contains fibroblasts, pericytes,
elements of the nervous system and immune cells [93].

The reorientation of researchers to the study of cardiac stem cells (CMCs), discovered about
twenty years ago [94], became a significant step in the development of “second generation” cell therapy.
The discovery of CMCs prompted the scientific community to reconsider the strategy for conducting
clinical trials, shifting the emphasis from the use of exogenous stem cells to the use of resident cells of
the organ itself. Adult cardiac stem cells were identified and isolated using similar criteria used for
hematopoietic stem cells, including the presence of c-Kit and Sca-1 proteins on the surface, but the
absence of hematopoietic lineage markers. However, the ability of these cells to differentiate into
cardiomyocytes remains a matter of debate, although their potential to proliferate and become
endothelial cells is beyond doubt [95].

Research from the laboratory of Pierre Anversa, which made an important discovery in the field
of studying CMCs, was subject to revision due to doubts about the reliability of its data. In 2003, they
published an article in which they described c-Kit" CMCs cells that have the c-Kit tyrosine kinase
receptor and do not express hematopoietic markers [14]. Then, in their subsequent works, they described
the properties of CMCs, such as the ability to form clones and self-renewal, as well as the presence of
multipotency [96].

The human heart contains diverse cell populations that presumably have stemness potential [97].
However, their proportion in the heart is very small - from 0.005 to 2.0% of all cells, which makes them
difficult to study in living organisms. It was found that transplantation of these cells has a positive effect

on cardiac repair due to their paracrine and angiogenic effects, rather than the ability to divide and
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differentiate CSCs into cardiomyocytes [98]. However, the discovery of these cells has given rise to new
areas of research related to their extracellular vesicles, such as exosomes, which secrete CSCs and
participate in the formation of the cardiac secretome [28]. It has been suggested that it is possible to
enhance the natural mechanisms of cardiac repair by activating the internal regenerative potential or
using exogenous cell therapy [99].

The myocardium contains diverse populations of cardiac mesenchymal cells that have been
described and classified [100]. They have high proliferative activity and the ability to exhibit different

phenotypes depending on cultivation conditions (Figure 5).
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Figure 5. General Characteristics of Phenotypes of Resident Cardiac Progenitor Cells [100].
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1.6.2 c-Kit" Cell Population

The presence of c-Kit expression found in cardiac cells has led to the consideration of this
population of cells as cardiac progenitor cells. However, it was later found that such expression was also
present in neonatal cardiomyocytes, mature dedifferentiated cardiomyocytes, and in epicardial and
endothelial cells of the coronary arteries [101]. One study on adult mice showed [102], that the presence
of a heterozygous c-Kit"'Wv mutation contributed to enhanced cardiac regeneration processes after
cardiac stress in the form of re-entry of adult cardiomyocytes into the cell cycle and activation of
proliferation in them. Without the presence of the mutation, only cardiomyocyte hypertrophy occurred
in wild-type mice. This confirms the importance of c-Kit expression for the regulation of cellular state,
especially in terminal differentiation, making c-Kit not a marker of a specific cell type, but a marker of
cell state [28].

The heterogeneous population of c-Kit" cells in the adult heart and their origin are poorly
understood, but there is experimental evidence suggesting a connection between embryonic and adult
populations [101]. Mouse embryonic stem cells, when differentiated in vitro, yielded immature
mesodermal cells expressing c-Kit and the cardiac transcription factor Nkx2-5, which could differentiate
into cardiomyocytes and smooth muscle cells. But adult ¢c-Kit" cells did not have such capabilities and
could not differentiate into cardiomyocytes, even when transplanted into a healthy or ischemic heart
[28]. According to studies [14, 103], c-Kit" cells, which have some potential for differentiation into
cardiomyocytes, are very rare in the adult heart, and their selection helps to increase the population of
self-renewing cells with multipotent properties.

c-Kit" cells have demonstrated myogenesis and angiogenesis capabilities upon transplantation in
several preclinical studies [104-106]. This prompted clinical trials that confirmed safety and preliminary
clinical efficacy. Results from the phase 2 CONCERT-HF trial (NCT02501811), a multicenter study
involving 125 patients using mesenchymal and c-Kit" cells as a new type of potential regenerative
therapy for heart failure, showed improved clinical outcomes for patients. These results also support the

future potential of such treatment [107].

1.6.3 Cardiac Fibroblast Colony-Forming Units

In 2011, a population of cells in the adult heart was discovered that resembled mesenchymal stem
cells in their properties. They expressed platelet-derived growth factor receptor alpha (PDGFRa) and

Sca-1, and had stem cell properties, including the active ability to form cell clones [108]. These cells
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were named cardiac fibroblast colony-forming units (cF-CFUs), having some similarities to fibroblast
colony-forming units from bone marrow.

PDGFRa plays an important role in cardiogenesis, expressed in early mesoderm, including cardiac
mesenchyme. Knockout of the PDGFRo gene led to disturbances in the development of the outflow
tract, coronary arteries, septum, and cardiac chambers in mouse embryos, which confirmed the
importance of PDGFRa for early cardiogenesis [101]. Predominantly, the expression of PDGFRa was
noted in the proepicardium and epicardium itself, as well as in interstitial fibroblasts, which are formed
from the epicardium via epithelial-mesenchymal transition [108]. In PDGFRa knockout mice, epithelial-
mesenchymal transition was impaired in the epicardium and the number of cardiac stromal fibroblasts
was reduced. However, this did not affect the development of smooth muscle cells, also derived from
the epicardium. The role of PDGFRa signaling in cF-CFUs is not fully understood, although PDGFRa
is known to be required for epithelial-mesenchymal transition and stromal fibroblast formation during
development, which may indicate its importance in maintaining the stemness phenotype [109].

Epicardial stem cells expressing PDGFRo and occupying the interstitial and perivascular space
have been identified in adult mouse and human hearts. Some of them corresponded to cF-CFUs, such as
PDGFRa'/SCA1"/PECAMI1-(CD31), which gave rise to clonal colonies of mesenchymal cells in vitro.
They had markers CD29, CD44, CD90 and CD105, characteristic of bone marrow mesenchymal stem
cells [108]. In addition, the expression of cardiac-specific markers HAND I, MEF2C, GATA4 and TBX3,
found in populations of cardiac stem cells and cF-CFUs, also indicates their belonging to resident cardiac
cells [110]. The possibility of long-term cultivation of cF-CFUs demonstrates their active ability for self-
renewal, as well as multipotency when co-cultivated with embryonic stem cells to obtain teratomas and

when transplanted into an ischemic heart [110].

1.6.4 Isl-1" Cell Population

The Isl-1 gene is actively expressed in mesodermal precursors found in both the primary and
secondary cardiac fields. With the development and differentiation of these cells into different cardiac
lineages as they migrate towards the cardiac region, the level of Is/-1 expression decreases significantly
[111]. However, the process of heart tube formation can be completely disrupted because of knockout
of the Is/-1 gene in progenitor cells, which then lose the ability to grow, migrate and survive. Recent
studies have confirmed that cells expressing Is/-1 have the potential to differentiate into cardiomyocytes
and smooth muscle cells in vitro [112]. Tracking the Isl-1* cell lineage from embryonic period showed

their contribution, albeit small, to the cardiomyocyte population in the heart of newborn mice.
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In adult mouse hearts, Isl-1-expressing cells are rare and primarily localized to the sinoatrial node,
prompting debate regarding their role as stem cells in adult cardiac repair. Their rarity, coupled with
observations suggesting a limited role in regenerative processes after cardiac injury, makes this question
even more uncertain. A significant presence of Isl-1" cells was not observed in areas adjacent to damaged
areas of cardiac tissue, although a slight increase in their numbers was noted after ischemia-reperfusion
injury.

It has been shown that mouse and human embryonic stem and progenitor cells expressing Is/-/
can differentiate into cardiomyocytes, smooth muscle and endothelial cells in vitro [101]. Such
embryonic cells that express Is/-/ have been used in clinical studies. For example, Isl-1"7/CD15"
progenitor cells have been integrated into a fibrin matrix for subsequent transplantation into the
epicardium of patients suffering from severe left ventricular dysfunction. This study was carried out as
part of the first phase of the ESCORT trial (NCT02057900), which was completed in 2018 and showed
both the safety of this procedure in the short and medium term, and the technical feasibility of its
implementation in obtaining progenitor cells from human embryonic stem cells for clinical application

[113].

1.6.5 Sca-1"* Cell Population and Cardiospheres-derived cells

Among the resident cardiac progenitor cells, Sca-1" cells and cardiospheres-derived cells (CDCs),
which could form clones, are also, distinguished. However, their exact origin remains unknown. Sca-1"
cells in the heart constitute a heterogeneous population that includes c-Kit" progenitor cells,
microvascular endothelial cells, PDGFRo" cardiac fibroblasts, stem cells, and other cells of the
interstitial and perivascular space. A hallmark of Sca-1" cells is the expression of cardiac-specific
transcription factors such as TEF I, MEF2C and GATA4, in the absence of NKX2-5 expression [101]. It
was shown that cardiac fractions of Sca-1" cells are able to differentiate into cardiomyocytes in vitro
under the influence of 5-azacytidine, and also improve cardiac function when transplanted into mice
with myocardial infarction [114]. In experiments, it was found that two weeks after transplantation,
about 18% of cardiomyocytes in the infarct area were of donor origin, and most of them were formed as
a result of the fusion of donor cells with resident cardiomyocytes [115].

Cardiosphere-derived cells are low-adhesive cells that originate in the developing heart and form
heterogeneous clusters in vitro. These clusters create a niche for the proliferation of c-Kit" cardiac
progenitor cells [116]. The origin of CDCs is not fully understood, but they are cardiac cells not
associated with cardiomyocytes [117]. CDCs can differentiate into cardiomyocytes when co-cultured

with cardiomyocytes from newborn rats [114]. Their transplantation into the myocardium of mice, rats
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or pigs that have suffered a heart attack improves cardiac function [118]. In the CADUCEUS trial, in
which patients with myocardial infarction were administered autologous CDCs through the coronary
artery, no side effects were found after six months [119]. Patients treated with CDCs showed decreased
scar tissue formation, increased viable cardiac tissue, and improved cardiac function, prompting further
clinical trials [119]. However, the next phase of the ALLSTAR trial, completed in 2019, did not confirm
the same positive results as the first phase, showing only the safety of administering allogeneic CDCs to
patients with left ventricular dysfunction after myocardial infarction, but not finding scar reduction

compared with placebo at six months [120].

1.7 The Role of the Notch Signaling Pathway in Regulating the Properties of Cardiac
Mesenchymal Cells

Currently, the epicardium is believed to play an increasingly significant role in myocardial
homeostasis and repair, potentially serving as a niche for populations of cardiac mesenchymal cells
(CMCs). Electron and immunofluorescent microscopy studies have identified approximately 10
different types of cells, including CMC:s, in the epicardium during the postnatal period. In one study, a
group of scientists activated regenerative processes in the myocardium by controlling the cell cycle of
mesenchymal cells within the epicardial microenvironment [121]. Jamie L. Russell and colleagues
developed a unique model that provides a functional characterization of Notch pathway activation using
a transgenic Notch reporter (TNR). Through TNR, they were able to identify and isolate a specific
population of resident cells, termed Notch-activated epicardium-derived cells (EPDCs). Genomic
expression analysis revealed their kinship with multipotent stromal cells, confirming their heterogeneity
and suggesting a greater potential for differentiation. In other studies, the role of mesenchymal stem
cells in heart regeneration has been repeatedly demonstrated, further emphasizing the significance of
these cells in cardiac repair and regeneration [122]. This further confirms that multipotent stromal cells
(MSCs) constitute a pool of cells capable of cardiac repair. However, epicardium-derived cells (EPDCs)
exhibit certain phenotypic differences from general MSCs, such as the expression of epicardial lineage
markers and direct localization in the epicardium, as well as the expression and regulation of muscle
transcriptome levels. In one study, EPDCs were found to respond to injury by forming fibrotic tissue.
Like most tissue-derived MSCs, EPDCs also secrete trophic factors for growth and differentiation, but
uniquely include thymosin-p4, PDGF-a, TGF-B3, 2, BMP-1, 4, hepatoma-derived growth factor,
interleukins-18, 25, and macrophage colony-stimulating factor [121].

In some vertebrate species, complete regeneration of damaged myocardium is possible through

the remaining cardiomyocytes. Long Zhao and colleagues were able to establish that heart regeneration
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in the zebrafish (Danio rerio) is dependent on the Notch signaling pathway [123]. Adult individuals,
unlike mammals, retain the ability to regenerate their hearts after damage by utilizing partially
dedifferentiated cardiomyocytes that have not been affected by the injury. This capacity for
cardiomyocyte proliferation is also observed in mice, but only during the neonatal stage of their
development. Notably, by the 7th day of embryonic development, there is a decrease in endogenous
regenerative potential, and cardiomyocytes exit the cell cycle under the regulatory influence of Meisl
[124]. A group of researchers managed to pinpoint the location of actively proliferating cells during the
regeneration process. Following the amputation of the ventricular apex in Danio rerio, they identified
the expression of three Notch receptors in the endocardium and epicardium, but not in the myocardium.
It was clarified that ligands to TGFP and hedgehog participate in the regenerative signaling pathway.
Additionally, it was established that suppressing the Notch signaling pathway weakens heart
regeneration and induces scar formation at the amputation site. However, the same result occurs with
hyperactivation of Notch signaling. A contrasting outcome is observed in mice, where hyperactivation
of the Notch pathway in the epicardium leads cells to adopt a fibroblast phenotype. Thus, the activity of
the Notch signaling pathway is necessary for maintaining the regenerative capacity in Danio rerio and
stimulates the proliferation of immature cardiomyocytes in mammals. At the same time, it induces cell
cycle arrest in mature cardiomyocytes. This finding highlights the nuanced role of Notch signaling in
cardiac regeneration, varying significantly across different species and stages of cardiac cell
development [123].

One reason for the cessation of the cell cycle in mature cardiomyocytes and the overall
transformation of the heart into a post-mitotic organ may be the reactive oxygen species (ROS) of
mitochondrial origin, which serve as a source of oxidative stress in postnatal cardiomyocytes [22].
Considering that the intrauterine period in mammals occurs under hypoxic conditions, the potential for
heart regeneration remains active, while in the postnatal period, there is a delay in the cell cycle of
cardiomyocytes due to oxidative DNA damage caused by the induction of mitochondrial reactive oxygen
species (ROS). Consequently, researchers have hypothesized that systemic hypoxia can suppress aerobic
respiration and reduce oxidative DNA damage, thereby triggering cardiomyocyte proliferation in adult
mammals. Yuji Nakada and colleagues applied the effect of severe systemic hypoxemia in adult mice,
which led to the inhibition of oxidative metabolism, reduction of ROS and oxidative DNA damage, and
initiation of cardiomyocyte mitosis reactivation. Following myocardial infarction induction and one
week of hypoxemia in vivo, there was activation of regenerative processes in the mouse heart with a
decrease in fibrosis and an improvement in left ventricular systolic function [22]. It is crucial to note
that the exposure to chronic severe hypoxemia, induced by gradually decreasing the oxygen inhaled,

contributed to the reactivation of the cell cycle in mature cardiomyocytes. This, in turn, led to significant
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functional recovery following a myocardial infarction. Thus, it has been established that the endogenous
regenerative properties of the mammalian heart in the postnatal period can be activated through systemic
hypoxemia. This is because exogenous oxygen causes mitochondrial-dependent oxidative DNA damage,

which plays a role in regulating the cell cycle of both newborn and adult mammalian cardiomyocytes.

1.8 Interaction of BMP2 and the Notch Signaling Pathway in the Context of Endothelial-

Mesenchymal Transition

The endothelial-mesenchymal transition (EndoMT) is one of the key events occurring in the heart,
both during its development and in pathology. During this process, endothelial cells undergo a series of
changes, including the loss of tight intercellular contacts, an increase in migratory activity, and enhanced
secretion of extracellular matrix proteins. As a result, they acquire a phenotype characteristic of
"mesenchymal nature" cells [125]. For instance, during normal physiological development, such cellular
transformation is essential for the proper formation of heart valves in the developing heart [126].
Conversely, the reactivation of endothelial-to-mesenchymal transition (EndoMT) processes is
characteristic of the development of various cardiovascular pathologies, such as atherosclerosis and
myocardial fibrosis [127, 128].

Cardiac fibrosis develops because of heart failure, for instance, following a myocardial infarction,
and is characterized by excessive collagen deposition, leading to remodeling of the organ [129, 130].
Numerous signaling pathways participate in endothelial-to-mesenchymal transition (EndoMT) and
actively modulate the process, with the Notch signaling pathway being of paramount importance. Notch
functions as a critical regulator of EndoMT during myocardial fibrosis, stimulating the expression of
transcription factors such as Snai, Slug, and Zebl [128, 131, 132]. Previously, we noted that the factor
BMP2, from the TGF-f superfamily, is involved in the early myocardial remodeling processes in the
cardiac mesenchymal cells (CMC) [23]. Activation of BMP2 in cardiac mesenchymal cells was
accompanied by increased expression of components of the Notch signaling pathway, indicating the
reactivation of embryonic signaling pathways in myocardial fibrosis. The signaling cascade induced by
TGF-f is the most important regulatory pathway in the initiation and development of endothelial-
mesenchymal transition (EndoMT) [133]. It remains unclear whether the Notch and BMP2 signaling
pathways interact with each other in the processes of endothelial-mesenchymal transition (EndoMT).

Thus, the Notch signaling pathway may be a key mechanism responding to hypoxia and
participating in the processes of activation of cardiac mesenchymal cells and early myocardial

remodeling. Considering this, studying the relationship between hypoxia and the Notch signaling
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pathway is extremely important for identifying molecular targets involved in the pathogenesis of

diseases.
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2  MATERIALS AND METHODS

Research was conducted at the Laboratory of Molecular Cardiology and Genetics of the Research
Institute of Molecular Biology and Genetics at the Almazov National Medical Research Centre (Saint
Petersburg, Russia). Surgical operations on animals were carried out at the Center for Experimental
Pharmacology of the Saint Petersburg State Chemical Pharmaceutical University (Saint Petersburg,

Russia).
2.1 Laboratory Animals

The animal research protocol was approved by the Bioethics Committee of the Saint Petersburg
State Chemical Pharmaceutical University (protocol code 'Rats-MI-SC-2018'", approval date: January
10, 2018). The experiment utilized male Wistar rats (Pushchino, Russia) of the same age with body
weights ranging from 200 to 250 grams. Throughout the experiment, the animals were housed in
individual plastic cages with free access to food and water according to a standard diet. All work with

animals was conducted in accordance with the 'Guide for the Care and Use of Laboratory Animals' [134].

2.2 Induction of Myocardial Infarction

Male Wistar rats (n = 16) were anesthetized with chloral hydrate (2 mg/kg, intraperitoneally),
intubated, and connected to a ventilator (SAR-830P; CWE, Inc., Ardmore, PA) that supplied room air
with respiratory volume 2 ml/100 g and respiratory rate 60 breaths per minute. Body temperature was
maintained at 37.0 + 0.5°C using a thermoregulated heating pad (TCAT-2LV controller; Physitemp
Instruments Inc., Clifton, NJ). Electrocardiography made it possible to monitor heart rate and
arrhythmias. After thoracotomy through the fourth intercostal space, the heart was visualized. The
pericardium was then removed bluntly using anatomical forceps. At the border of the left atrial
appendage, the left coronary artery was discovered, under which a ligature (Prolene 6/0, Ethicon,
Germany) was placed at the edge of the appendage [135]. Myocardial ischemia was determined by visual

changes in the anterior wall of the heart and ST segment elevation on the ECG.

2.3 Patients

The protocol for work with human material was approved by the ethics committee of the Almazov

National Medical Research Centre (ethical approval dated 26.12.2014) and adhered to the principles of
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the Helsinki Declaration (as amended in 2013) [136]. Informed consent was obtained from each patient
(or his or her representative).

Myocardial tissue samples were collected during surgical interventions performed at the Almazov
National Medical Research Centre. Fragments of the right ventricle (n = 42) and right atrium (n = 14)
were collected during the correction of Tetralogy of Fallot and ventricular septal defect, respectively.
The average age of the patients at the time of surgery was 120—150 days from birth. Pronounced cyanosis

(saturation < 85%) was only characteristic for 14 (33%) patients with Tetralogy of Fallot syndrome.

2.4 Cell Cultures

In this study, primary cell cultures were used, specifically:
- Rat cardiac mesenchymal cells (CMCr);

- Human cardiac mesenchymal cells (CMCh);

- Human umbilical vein endothelial cells (HUVECS).
Additionally, permanent cell line was used:

- Human embryonic kidney 293-T cells.

2.4.1 Rat Cardiac Mesenchymal Cells
2.4.1.1 Isolation of Rat Cardiac Mesenchymal Cells from Myocardial Tissue

The induction of myocardial infarction was carried out through permanent ligation of the left
coronary artery, resulting in damage to a portion of the myocardium in the left ventricle of the heart.
Tissue samples were collected at 8- and 24-hours post-infarction. Rat cardiac mesenchymal cells
(CMCr) were obtained from the post-infarction zone (including the peri-infarct area) of the myocardium,
which was visually slightly separated by a whitish hue and located beneath the ligature. The post-
infarction tissues were mechanically minced and enzymatically digested using type 2 collagenase
solution (2 mg/ml, Worthington) for 90 minutes in an incubator (37°C, 5% CO2, 99% humidity); healthy
rat myocardium, from rats subjected to a sham operation, served as a negative control.

The cells were centrifuged for 5 minutes at 300 g, resuspended in the medium (twice), seeded on
a flask with a filter and incubated at 37°C, 5% CO2, 99% humidity. The medium for CMCr consisted of
70% DMEM/F 1, (Invitrogen, USA), 20% endothelial cell growth medium (Cell Applications Inc., USA),
10% fetal serum (HyClone, USA), 100 uM MEM NEAA (Gibco, USA), a mixture of penicillin and
streptomycin (10,000 units/ml) (Gibco, USA), and 2 mM L-glutamine (Gibco, USA). The medium was
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changed to fresh one every day for three days. On the third day, the remaining tissue was removed and
cultured until a monolayer was formed (~1 week). There were no living cardiomyocytes in the culture,
and the cells were homogeneous. The study used rat heart mesenchymal cells of passages 2-3, isolated

from the myocardium 8 and 24 hours after surgery.

2.4.1.2.Immunophenotyping of Rat Cardiac Mesenchymal Cells

The CMCr phenotype was determined using flow cytometry on CytoFlex (Beckman Coulter,
USA). Cells were resuspended in Fetal Bovine Serum (FBS) (100 pl) with 1% bovine serum albumin
(Sigma-Aldrich, USA), incubated for 30 minutes in the dark at room temperature with antibodies
according to the manufacturer’s instructions. The antibody panel included: CD31 (CD31 Polyclonal
Antibody, FITC Conjugated, cat. #bs-0468R-FITC, Bioss Antibodies, USA), CD34 (CD34 Polyclonal
Antibody, FITC Conjugated, cat. #bs-0646R-FITC, Bioss Antibodies, USA), CD45 (PE Mouse Anti-Rat
CDA45, cat. #554878, BD Pharmingen™, USA), CD90 (PE Mouse Anti-Rat CD90/Mouse CD90.1, cat.
#551401, BD Pharmingen™, USA), CD166 (CD166 Polyclonal Antibody, ALEXA FLUOR® 488
Conjugated, cat. #bs-1251R-A488, Bioss Antibodies, USA). Controls included unstained cells and
isotypes: Rabbit IgG Isotype Control, PE Conjugated (cat. #bs-0295P-PE, Bioss Antibodies, USA),
Rabbit IgG Isotype Control, FITC Conjugated (cat. #bs-0295P-FITC, Bioss Antibodies, USA). Debris
was excluded based on the FSC threshold. Fluorescence was analyzed using both single and dual
parameter plots. Each sample contained no less than 10,000 events. Data was processed in CytExpert

2.1 (Beckman Coulter, USA).

2.4.2 Human Cardiac Mesenchymal Cells
2.4.2.1 Isolation of Human Cardiac Mesenchymal Cells

CMCh were obtained from myocardial tissue taken after operations to correct Tetralogy of Fallot
or ventricular septal defect at the Almazov National Medical Research Centre. The myocardial tissue
was washed in PBS, minced, and incubated with collagenase-2 (2 mg/ml) for 100 minutes at 37°C [137].
The suspension was centrifuged twice for 5 minutes at 300g and resuspended in a medium (70%
DMEM/F1> (Invitrogen, USA), 20% endothelial cell growth medium (Cell Applications Inc., USA),
10% fetal bovine serum (HyClone, USA), 100 uM MEM NEAA (Gibco, USA), penicillin and
streptomycin mixture (10,000 units/ml) (Gibco, USA), and 2 mM L-glutamine (Gibco, USA)) and
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seeded onto a flask. The medium was changed daily for 3 days. After reaching a confluent state, the cells

were passaged. CMCh of 2-3 passages were used in the experiments.

2.4.2.2 Immunophenotyping of Human Cardiac Mesenchymal Cells

Immunophenotyping of CMCh was performed using flow cytometry with the CytoFlex instrument
from Beckman Coulter, USA. For this, cells were resuspended in a volume of 100 ul of PBS buffer
solution with the addition of 1% fetal bovine serum from Sigma-Aldrich (St. Louis, Missouri, USA) and
incubated with a set of specific antibodies for 20 minutes at room temperature in the absence of light.
The following panel of antibodies was used: PE-labeled anti-CD31 (Beckman Coulter, USA, IM2409),
APC-labeled anti-CD34 (Beckman Coulter, USA, IM2472U), PE-labeled anti-CD90 (Beckman Coulter,
USA, IM1840U), PE-labeled CD146 (Beckman Coulter, USA, A07483) and CD166 (Beckman Coulter,
USA, A22361), as well as APC-labeled anti-PDGFR- (BD Pharmingen, USA, FAB1263A). Cells
without staining were used as a control. To exclude debris, thresholds were set for direct (FSC) and side
(SSC) light scatter, with settings on a logarithmic scale of amplification. During the analysis, 10
thousand events were considered. Processing and analysis of the obtained data were performed in the

Kaluza 2.0 program from Beckman Coulter.

2.4.3 Differentiation of Cardiac Mesenchymal Cells in Cardiogenic,

Adipogenic, and Osteogenic Directions

CMCs were differentiated in three directions: cardiogenic, osteogenic, and adipogenic. Cells were
seeded at a concentration of 104 cells per square centimeter in wells using 12-well plates. A day after
seeding, the culture medium was changed to a specialized differentiation medium. Which included 97%
DMEM/F1> medium (Invitrogen, USA), 2% horse serum (Invitrogen, USA), MEM-NEAA amino acid
solution (Gibco, USA) at a concentration of 100 puM, 1% insulin-transferrin-selenium mixture
(Invitrogen, USA), and a mixture of antibiotics penicillin and streptomycin (Gibco, USA) at a dosage of
10,000 units/ml.

For cardiogenic differentiation, 5 uM 5-azacytidine (Sigma-Aldrich, USA) was used, which was
added to the medium a day after seeding and refreshed daily for three days [138]. On the sixth day,
ascorbic acid (10*M) (Sigma-Aldrich, USA) and TGF-B1 (1 ng/ml) (Peprotech, USA) were added to
the medium, which were then added every two days (ascorbic acid), and TGF-B1 twice a week
respectively, with medium renewal every 2—3 days for 24 days [139]. The phenotype of cells, similar to

cardiomyocytes, was confirmed by immunocytochemical staining with antibodies to a-actinin and
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analyzed on a fluorescent microscope Axio Observer (Carl Zeiss, Germany).

Osteogenic differentiation began the next day after seeding with the replacement of the medium
to a differentiation one, containing ascorbic acid (50 puM), dexamethasone (1 puM), and beta-
glycerophosphate (10 mM) from Sigma, USA, with a twice-weekly medium renewal for 21 days.
Qualitative analysis of differentiation was carried out using the NBT/BCIP substrate (Roche,
Switzerland) to detect alkaline phosphatase. For this, the culture medium was taken, washed twice with
PBS solution, and incubated with NBT/BCIP for 10 min until staining appeared. The results were
recorded using a microscope AxioObserver.D1 (Carl Zeiss, Germany).

Adipogenic differentiation was carried out in a medium with the addition of 3-isobutyl-1-
methylxanthine (0.5 mM), dexamethasone (I puM), insulin (1 uM), indomethacin (0.2 mM), and
rosiglitazone (0.5 mM) from Sigma, USA, with a twice-weekly medium change for 14 days.
Differentiated cells were stained with the OilRed dye (Sigma, USA). For this, the culture medium was
taken and washed with PBS solution. Then, the cell monolayer was fixed with a 4% solution of
paraformaldehyde (PFA) for 30 minutes at room temperature with subsequent washing with PBS. After
that, the OilRed dye was added and incubated for 30 min. Cells were washed twice with water and a
small amount of water was left to prevent cell drying. The analysis of the staining results was carried

out using an inverted microscope Axiovert (Zeiss, Germany).

2.4.4 Analysis of Proliferative Activity of Cardiac Mesenchymal Cells

The proliferative activity of the cardiac mesenchymal cells (CMCs) was evaluated using two
methods — manual and automatic. In the first approach, the growth curve method was utilized. Cells
were seeded at a density of 10° cells per cm?. Every two days, cell counting was performed in a Goryaev
chamber.

The second method involved real-time proliferation rate registration using the xCELLigence
RTCA DP system. Impedance was used as an indicator, recorded by the xCELLigence system, to assess
the proliferative capacity of the cells [140]. The system measures the electrical impedance of cells using
microelectrodes located at the bottom of the E-Plate wells. This allows you to evaluate the cellular index,
which reflects quantitative information about the biological status of cells, including their number and
viability. Samples were prepared as a cell suspension (100 pl) containing 5,000 cells and seeded into
wells in duplicate. The cell index value in each well was automatically recorded in real time for 72 hours

using the xCELLigence system. Data were analyzed in RTCA Software (version 1.0.0.1304).
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2.4.5 Analysis of Rat Cardiac Mesenchymal Cell Migration Rate

The method for assessing the migratory activity of CMCs was carried out using the “scratch” test:
after the formation of a monolayer of cells, the culture medium was replaced with a medium without the
addition of serum containing hydroxyurea (10 mM) to inhibit cell proliferation, and the growth factor
PDGF-BB was also added (10 ng/ml) [141]. An artificial scratch was created in the layer of cells at the
bottom of the dish, and subsequent analysis recorded the number of cells that migrated to the damaged

area after 12, 24 and 36 hours.

2.4.6 Induction of Hypoxia in vitro

To induce hypoxia in vitro, healthy CMCs obtained from sham-operated rats were used. Cells were
seeded onto Petri dishes (5 cm) and cultured in CMC medium. The next day, the cells were transferred
to an incubator with controlled oxygen levels. CMCs were incubated at 1% or 5% Oz (37°C, 5% CO,
99% humidity) for 8 or 24 hours. Control CMCs were incubated at 20% O> (37°C, 5% CO., 99%
humidity).

CMCs were incubated in Heracell 150 (Thermo Scientific, USA) at 1.0% or 5.0% O, 5.0% COa,
and 94% or 90% N, respectively, for 6-72 hours. Control CMCs were incubated at 21% O, 5.0% CO»

and 74% N». Cells were analyzed immediately after incubation to avoid the influence of normoxia.

2.4.7 Immunocytochemical Staining of Cardiac Mesenchymal Cells

Cells on coverslips after cardiogenic differentiation were fixed in Petri dishes (10 cm) with 4%
paraformaldehyde for 12 minutes on ice. Slides with cells were washed in PBS, treated with 0.5% Triton
X-100 in PBS for 3 min, incubated in 1% Bovine Serum Albumin (BSA) in PBS for 40 min, and the
area around the glass was delimited with a hydrophobic marker. Primary antibodies to a-actinin 1:200
(Invitrogen, USA) in BSA were applied to the slides and incubated in a humid chamber for 1 hour at
room temperature. Then the slides were washed in PBS and incubated with secondary antibodies
conjugated to Alexa Fluor 488, 1:10000 in the dark for 40 min at room temperature. After washing in
PBS, the nuclei were stained with DAPI (Invitrogen, USA) 1:10000 with PBS for 5 s and slides with
cells were mounted on slides with Fluoromount (Sigma, USA). The preparations were analyzed on an

Observer.D1 fluorescent microscope (Carl Zeiss, Germany).
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2.4.8. Human Umbilical Vein Endothelial Cells

Endothelial cells were obtained from human umbilical vein (HUVECs) by enzymatic tissue
dissociation [142]. The vein was filled with a 0.1% solution of collagenase II (Worthington Biochemical
Corporation, USA) and placed in an incubator for 10 min at 37°C in a PBS solution [143]. The cell
suspension with collagenase solution was centrifuged for 5 min at 300 g. The supernatant was collected,
and the cell pellet was resuspended and transferred to Petri dishes coated with 0.2% gelatin (Sigma-

Aldrich, USA). HUVECs were cultured in ECM medium (ScienCell, Canada) at 37°C and 5% CO..

2.4.9. Co-cultivation of Human Umbilical Vein Endothelial Cells and Cardiac
Mesenchymal Cells Cultures

HUVECs and CMCh cell cultures were co-seeded together in two different combinations: first
seeding CMCh followed by HUVECs, and vice versa. The second cell culture was seeded 24 hours after
the first. The cells were cultured in 12-well plates (for isolating total RNA, 75,000 cells per well) and 6-
well plates (for a-SMA staining, 25,000 cells per well), coated with 0.2% gelatin in a special ECM

medium for endothelial cell cultivation (ScienCell, Canada).

2.5. Plasmids

To construct lentiviral vectors, we used the pLVTHM plasmid provided by Professor D. Trono
(Ecole Polytechnique Fédérale de Lausanne, Switzerland). Based on it, a construct was made with the

Notchl intracellular domain gene (NICD) [132, 144, 145].

2.5.1 Production of Lentiviral Particles

To obtain lentiviral particles, we used a protocol developed in the laboratory of Professor D. Trono
(Ecole Polytechnique Fédérale de Lausanne, Switzerland) and adapted in the Tomilin’s laboratory [144].
Lentiviral particles were produced using HEK293-T cells [144]. HEK293-T was cultured in medium
containing DMEM (Gibco), 10% FBS (Gibco) and 1% penicillin-streptomycin (Invitrogen) in an
incubator (37°C, 5% CO2, 99% humidity). The efficiency of transgene expression with the NICD-

carrying virus was confirmed using real-time PCR with primers to the Notch1 target gene - HEY 1.
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2.5.2 Transduction of Human Umbilical Vein Endothelial Cell and
Cardiac Mesenchymal Cell Cultures with Lentiviral Vectors

Carrying BMP2 and NICD

Lentiviral transduction was performed during cell seeding by adding 25 ul of viral concentrate,
either with NICD or with BMP2. In the case of double transduction, the NICD vector was added 18

hours after cell seeding and initial transduction with the lentivirus carrying BMP2.

2.6 Gene Expression Analysis

Real-time PCR was used to analyze gene expression. RNA from cells was isolated using
ExtractRNA (Evrogen, Russia) and treated with DNase I (Thermo Fisher Scientific, USA). The
concentration and purity of RNA were determined using a Nanodrop 7500 spectrophotometer
(Wilmington, USA). The quality of RNA was checked using electrophoresis with a current of 80 mA on
BioRad chambers (USA) in a 1% agarose gel. Reverse transcription was done with MMLV RT
(Evrogen, Russia). Real-time PCR was performed with gene-specific primers on a LightCycler 480
(Roche, Switzerland). For real-time PCR, a 5-fold mixture of gPCR mix-HS SYBR with SYBR Green
I (Evrogen, Russia) was used. cDNA (50 ng), primers (10 uM each) were added to the mixture, and the
volume was adjusted to 25 pl with sterile water. The primer sequences used for CMCs are shown in

Table No.1.

Gene Symbol  Forward Primer (5°-3°) Reverse Primer (5’-3’)

Bmp2 CTGCCATGGGGAATGTCCTT TGCACTATGGCATGGTTGGT
Ccendl CTTACTTCAAGTGCGTGCAGAG TTCATCTTAGAGGCCACGAACA
Dll1 TAACCCCGATGGAGGCTACA GCACCGTTAGAACAAGGGGA
Dil4 GCAGCTGTAAGGACCATGAGA TTCACAGTGCTGGCCATAGT
Fabp4 TGGGCGTGGAATTCGATGAA CACATGTACCAGGACCCCAC
Gapdh CCAGTATGACTCTACCCACG CATTTGATGTTAGCGGGATCTC
Hes1 ACCAAAGACAGCCTCTGAGC TTGGAATGCCGGGAGCTATC
Hes7 CATCAACCGCAGCCTAGAAGAG CACGGCGAACTCCAGTATCTCT
Heyl CCTGGCTATGGACTATCGGAG AGGCATCGAGTCCTTCAATGAT
Hif-1a GGCGAGAACGAGAAGAAAAATAGG AGATGGGAGCTCACGTTGTG
Jagl CGCCCAATGCTACAATCGTG TCTTGCCCTCGTAGTCCTCA

Myc CAGCTCGCCCAAATCCTGTA TGATGGGGATGACCCTGACT



Notchl
Notch2
Notch3
Runx?2
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CAATGAGTGTGACTCACGGC
CCGTGGGGCTGAAGAATCTC

GCCTAGTCCAGTGCACTGGCTACTG

TCCCTCCGAGACCCTAAGAAA
CAGGCTCTTCATGCCCAACT
GCAGCGACAAGGCAGACTAT
TGCCAACCGGAACAACGAT

GCACAAGGTTCTGGCAGTTG
CTTTCTTTGGCTGGGGTCCT
GGGAACAGATATGGGGTGTGG
GCTGCTCCCTTCTGAACCTAC
GCTCGTTCAGGTCCTTCTCC
TGGCACGATTTAAGAGGGGA
ACTGCACCTGTCTCCGGTA

Table No.1. List of primers used to assess gene expression in CMCr using polymerase chain

reaction in real time.

The primer sequences used for CMCh are shown in Table No.2.

Gene
Symbol
ACTA2
ACTNI
BMP?2
DLL4
GAPDH
HESI
HEYI
HEY?2
HPRT
JAGI
MEF2C
NKX2.5
NOTCHI
NOTCH?2
NOTCH3
NOTCH¢4
RUNX2
SNAI
SNAI2

Forward Primer (5°-3’)

GTTACTACTGCTGAGCGTGAG
GCAACGACCCCCAGAAGAAGA
GCCAAGCCGAGCCAACAC
AGGCCTGTTTTGTGACCAAG
CAAGGTCATCCATGACAACTTTG
AGCACAGAAAGTCATCAAAG
TGGATCACCTGAAAATGCTG
AGCAGGGCCGGAGACCTAGAT
TGACACTGGCAAAACAATGCA
TGCCAAGTGCCAGGAAGT
CCAACTTCGAGATGCCAGTCT
CCAAGGACCCTAGAGCCGAA
GTCAACGCCGTAGATGACC
ATGGTGGCAGAACTGATCAAC
GGAGCCAATAAGGACATGCAGGAT
GTTGTGACAGGGTTGGGACT
GAGTGGACGAGGCAAGAGTT
CTCTTTCCTCGTCAGGAAGC
TCCAGACCCTGGTTGCTTCA

Reverse Primer (5’-3’)

CAGGCAACTCGTAACTCTTC
GTTGTAACCCATGGAGATCAGGC
CCCACTCGTTTCTGGTAGTTCTTC
CTCCAGCTCACAGTCCACAC
GTCCACCACCCTGTTGCTGTAG
AGGTGCTTCACTGTCATTTC
CGAAATCCCAAACTCCGATA
GCCCCACGCCCTGTTTCTTTGA
GGTCCTTTTCACCAGCAAGCT
GCCCCATCTGGTATCACACT
GTCGATGTGTTACACCAGGAG
ATAGGCGGGGTAGGCGTTAT
TTGTTAGCCCCGTTCTTCAG
TTGGCAAAATGGTCTAACAGG
GGCAAAGTGGTCCAACAGCAG
CAGCCCAGTGGGTATCTCTG
GGGTTCCCGAGGTCCATCTA
GGCTGCTGGAAGGTAAACTC
GAATGGGTCTGCAGATGAGCC
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TWISTI TGAAGATGCTTCAGGCAACAGGG CGCAACTTCTGTTAGGCACTCTCG
Table No.2. List of primers used to assess gene expression in CMCh using polymerase chain

reaction in real time.

The RT-PCR was performed on the LightCycler480 system (Roche Diagnostics, Indianapolis,
USA) using specific forward and reverse primers for target genes. The quantitative PCR was carried out

over 45 cycles. Data analysis was performed using the 2744Ct

method; relative gene expression was
normalized to the GAPDH gene. Gene expression data were analyzed using GraphPad Prism 9.4.1 (458)
(GraphPad Software, San Diego, California, USA). Values were expressed in median and interquartile
range. Groups were compared using the Mann-Whitney non-parametric unpaired test. A P-value of

<0.05 was considered significant.

2.7 RNA Sequencing Library Preparation

In this study, we used left ventricular myocardial tissues from rats subjected to myocardial
infarction and from sham-operated rats (healthy controls). Additionally, rat cardiac mesenchymal cells
(CMCr), isolated from both the post-infarct and healthy hearts, were utilized. Total RNA was extracted
from the post-infarct tissues and CMCr (n = 3 each) following the manufacturer's protocol by Eurogene,
Russia. The quality and quantity of the extracted RNA were assessed using a NanoDrop 1000
spectrophotometer (Thermo Fisher Scientific) and an Agilent 2100 bioanalyzer (Agilent Technologies).
To create libraries, 1 pg of total RNA was used with the TruSeq RNA Sample Preparation Kit (Illumina),
according to the protocol for samples with low nucleic acid content (LS) as provided in the

manufacturer's instructions.

2.8 Differential Gene Expression Analysis

The raw RNASeq reads were aligned using STAR 2.7 against the Rnor 6.0 reference genome
(GCA _000001895.4) and its transcript annotations (Ensembl 97), as described [146]. The differential
expression analysis was conducted using the DESeq2 Bioconductor package [147]. Genes with a p-value
of 0.05 or less were designated as differentially expressed genes. Comparisons were made between
ischemic tissues/cells and control tissues/cells. Data analysis and visualization, including PCA Plot and

Volcano Plot, were performed using Phantasus (version: 1.7.3, build: master-709) [148].
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2.9 Ingenuity Pathway Analysis

Bioinformatics analysis was performed using Ingenuity Pathway Analysis software (IPA; Qiagen
Silicon Valley, Redwood City, California, USA, (http://www.ingenuity.com)). The set of differentially
expressed genes (DEGs) was used to determine interactions among genes within gene networks,
specifically for Rattus norvegicus. The specificity of the network connections for each DEG was
calculated based on the percentage of its connections to other significant genes in the database. Canonical

signaling pathway analysis was conducted based on the IPA's library of signaling pathways.
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3 RESULTS AND DISCUSSION

3.1 Mechanisms of Activation of the Regenerative Potential in Cardiac

Mesenchymal Cells

The objective of this section was to study the mechanisms of early activation of regenerative
processes in post-infarct tissue. Given the accumulated data [149], suggesting that mechanisms of
myocardial functional recovery are likely rooted in paracrine intercellular signaling, it's presumed that
their activation occurs during the early response to injury. In this context, an analysis of early
transcriptional events in cardiac tissue following infarction was conducted, along with a study of the

cellular population extracted from post-infarct myocardial tissue.

3.1.1 Gene Expression Profile Significantly Alters in Myocardial

Tissues 24 Hours Post-Infarction

To analyze early transcriptional events occurring in the heart because of hypoxia, acute myocardial
infarction was induced in Wistar rats by ligating the left coronary artery. Then, a post-infarction section
of the myocardium with a peri-infarction zone was isolated from the ischemic heart one day after the
operation. Healthy myocardium obtained from rats with a “sham” operation was taken as a control.
Using the RNA sequencing method, the genetic profile of post-infarction and healthy myocardial tissues
was determined [23].

Principal component analysis (PCA) showed significant variability in the data (Figure 6).
Transcriptional profiles of post-infarction and healthy tissues were separated and formed separate

clusters [23].
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Figure 6. Principal Component Analysis (PCA) Demonstrates Variability of Gene Expression in Healthy
(green dots, n = 3) and post-infarct (orange dots, n = 3) Myocardial Tissues Using the Web Tool
Phantasus. Principal Component 1 (PC1) on the X-axis and PC2 on the Y-axis account for 41.4% and
25.2% of the total gene expression variability, respectively. PC1 captures a significant portion (41.4%)
of the experimental variability and largely reflects the difference between the two states of the cardiac
muscle. PC2 represents experimental variability (25.2%) related to differences in gene profiles between
biological replicates (laboratory animals). Samples are visually divided into two main groups [23].

Analysis of differentially expressed genes (DEGs) revealed that in post-infarct tissues, 1241 genes

were activated, and 1256 genes were suppressed (adj. p-value <0.05) (Figure 7).
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Figure 7. Volcano Plot Showing Differentially Expressed Genes (adj. p-value <0.05) in Post-Infarct
Samples Compared to Control, Generated Using Bioconductor Software in R. The Y-axis corresponds
to the mean expression value -log10 (p-value), and the X-axis displays the log2 (fold-change). Red dots
represent differentially expressed genes [23].

The top 50 included DEGs associated with epithelial-mesenchymal transition, characteristic of
both wound healing and fibrosis (Cd44, Gpcl, Sdcl, Vcan, Plaur, Serpinel, Pmepal, Pvr), genes
encoding proteins involved in glycolysis and gluconeogenesis (Angptl4, Slci6a3); genes activated by
STATS in response to IL2 stimulation (Myc, Sicla5, 1l1r2, Selp). Also, genes regulated by NF-kB in
response to TNF, responding to low oxygen levels (hypoxia) and defining the inflammatory response

(Table 3).
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Ensembl ID Gene FDR-adjusted p-value Log2 fold-change
ENSRNOG00000014378 112 6,83E-42 4.9857
ENSRNOG00000059947 Sdcl 5,64E-37 3.9753
ENSRNOG00000013304 Argl 3,94E-29 5.2988
ENSRNOG00000011557 S100a8 1,83E-27 4.5754
ENSRNOG00000008837 Assl 8,86E-25 4.2348
ENSRNOG00000028259 Mcempl 7,57TE-24 4.1490
ENSRNOG00000019202 Pvr 1,07E-19 3.3820
ENSRNOG00000002794 Selp 1,11E-19 3.8235
ENSRNOG00000015514 Bcatl 1,95E-19 3.3250
ENSRNOG00000001414 Serpinel 4,23E-19 3.6392
ENSRNOG00000019433 Rab3a 6,84E-11 -2.3064
ENSRNOG00000032989 Lrrn4 6,26E-11 -5.6887
ENSRNOG00000019445 Mslin 1,62E-11 -3.8116
ENSRNOG00000026217 Armc2 1,27E-11 -3.2730
ENSRNOG00000017250 Gmpr 5,64E-12 -1.9489
ENSRNOG00000027230 Fhod3 4,49E-12 -2.3839
ENSRNOG00000018997 Myh7b 2,10E-13 -2.5206
ENSRNOG00000010320 Efnb3 1,95E-13 -2.3865
ENSRNOG00000018233 Gas6 1,46E-13 -2.1429
ENSRNOG00000025074 Fgg 2,70E-14 -6.6579
ENSRNOG00000017897 Adam8 2,44E-18 3.7035
ENSRNOG00000015948 Slcla5 2,64E-17 2.8822
ENSRNOG00000020465 Ripk3 1,67E-16 2.6771
ENSRNOG00000018371 Tubb6 3,04E-16 2.7982
ENSRNOG00000036677 Slcl6a3 8,34E-16 3.7188
ENSRNOG00000037931 Plaur 1,08E-15 3.6347
ENSRNOG00000002820 LOC24906 2,20E-15 3.6261
ENSRNOG00000006094 Cd44 3,01E-15 2.4605
ENSRNOG00000015845 Faml129b 9,25E-15 2.2808
ENSRNOG00000019141 Ch25h 1,88E-14 3.7877
ENSRNOG00000057676 Polr2m 8,93E-10 -1.7560
ENSRNOG00000020244 Perml 8,43E-10 -2.5532
ENSRNOG00000021128 Kenjll 5,82E-10 -2.0874
ENSRNOG00000009779 Krt8 4,17E-10 -3.3038
ENSRNOG00000033722 Rnf207 3,48E-10 -2.4232
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ENSRNOG00000042912 | Mychpap 3,48E-10 2.4412
ENSRNOG00000000302 | Sesn! 2,24E-10 -1.9286
ENSRNOG00000026493 | Cdnf 1,13E-10 23146
ENSRNOG00000049437 | Gpel 9,36E-11 -1.9317
ENSRNOG00000019278 | Fsd2 7,06E-11 -2.4557
ENSRNOG00000029212 | Vean 2,15E-14 2.7637
ENSRNOG00000013748 | Trem3 2,49E-14 5.8579
ENSRNOG00000004500 | Myc 2,67E-14 2.5965
ENSRNOG00000022859 | Trem1 2,67E-14 3.8338
ENSRNOG00000029768 | Cel12 2,97E-14 5.0897
ENSRNOG00000014964 | Hp 6,41E-14 3.4569
ENSRNOG00000050404 | Pmepal 6,41E-14 2.2242
ENSRNOG00000007545 | Angptl4 1,00E-13 3.6166
ENSRNOG00000020300 | Lsp! 1,05E-13 2.4371
ENSRNOG00000003538 | Adamts4 2,10E-13 4.8106

Table 3. Top 50 Differentially Expressed Genes (DEGs) in Post-Infarct Rat Myocardial Tissues, Sorted
by Statistical Criterion Using DeSeq Analysis [23].

Consequently, we observed a significant change in gene expression patterns in the early response
to myocardial infarction induction in myocardial tissue and identified a series of differentially expressed

genes responsive to cardiac muscle damage.

3.1.2 Post-Infarct Myocardium Exhibits Enhanced Early Remodeling
Processes Involving Components of NOTCH and BMP
Signaling Pathways

To assess the impact of acute hypoxic stress on the disruption of canonical signaling pathways and
biological functions in cardiac tissue 24 hours post-myocardial infarction induction, we performed an
analysis of canonical signaling pathways and gene set enrichment (GSEA) using Qiagen software.
Differentially expressed genes (DEGs) were uploaded to Qiagen Ingenuity Pathway Analysis (IPA) to
identify enriched pathways in the dataset after filtering for significance (adj. p-value <0.05). A total of
approximately 152 canonical signaling and metabolic pathways were identified, with significance levels
above -log(P)>1.3, and only 82 signaling pathways had absolute z-score values greater than 1.0.

Following a myocardial infarction, massive cell death occurs in the affected area and a persistent
inflammatory reaction is initiated, particularly aimed at facilitating reparative processes associated with

early myocardial remodeling [150]. We observed a shift in gene expression characteristic towards early
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myocardial remodeling 24 hours after inducing acute myocardial infarction. Accordingly, the following
canonical signaling pathways were identified from the analyzed dataset: the "Apelin signaling pathway
in cardiac fibroblasts" (ratio - 0.455, z-score - -2.333, p-value - 5.67E-04), associated with the activation
of cardiac fibroblasts and their differentiation into myofibroblasts, subsequently leading to cardiac
fibrosis and heart failure; "Remodeling of Epithelial Adhesion Contacts" (ratio - 0.382, z-score - 2.449,
p-value - 1.71E-05); "Inhibition of Matrix Metalloproteinases" (ratio - 0.344, z-score -1.265, p-value -
4.57E-03); and "TGF-f Signaling Pathway" (ratio - 0.218, z-score - 1.5, p-value - 4.86E-02) (Figure 8).
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Figure 8. Deregulation of Biological Pathways (Excluding Metabolic Pathways) in Post-Infarct Tissue
Samples Identified Using [PA Analysis. The figure represents deregulated canonical signaling pathways
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as a histogram with accumulation based on the p-value obtained by Fisher's exact test (adj. p-value >
0.05, z-score > 1) [23].

In addition, signaling pathways involved in the regulation of the cell cycle and proliferative activity
were noted, including "Chromosome Replication Control in Cell Cycle," "PI3K/AKT Signaling," "Aryl
Hydrocarbon Receptor Signaling," "BTG Family Protein Cell Cycle Regulation," "STAT3 Pathway,"
"HIF-1a Signaling," and "Cyclins and Cell Cycle Regulation." Pathways related to migratory activity,
such as "Actin-based Mobility Regulation by Rho" and "Actin Cytoskeleton Signaling," were also
activated in post-infarct tissues.

Probabilistic gene networks generated using the IPA program reflect forms of non-canonical
signaling that have been noted for various genes with increased and decreased expression, involved in

tissue and cell growth and development (Figure 9).
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Figure 9. Deregulated Gene Networks Associated with Tissue and Cell Growth and Development,
Generated Using IPA Software. Red indicates increased expression, while green represents decreased
expression. The brightness of the color signifies the intensity of gene expression in the dataset [23].

Using Gene Set Enrichment Analysis (GSEA), over 100 molecules involved in the formation of
immune responses, influencing the growth and development of the cardiovascular system, cell division
processes, and changes in cell morphology were identified. The main deregulated biological functions

and diseases associated with differentially expressed genes (DEGs) are reflected in Table No.4.

Name P-value Range # Molecules
Physiological System Development and Function

Immune Cell Trafficking 1.45E-04—2.40E-23 | 341
Hematological System Development and Function 1.93E-04—6.17E-21 | 552
Organismal Development 1.88E-04—7.23E-16 | 505
Organismal Survival 1.44E-08-9.00E-16 | 638

Tissue Morphology 2.20E-04-4.63E-15 | 411
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Molecular and Cellular Functions

Cellular Movement 1.40E-04-3.50E-24 | 365
Cell Death and Survival 2.20E-04-2.80E-16 | 400
Cell-To-Cell Signaling and Interaction 2.32E-04-5.63E-16 | 329
Cellular Function and Maintenance 2.20E-04—1.46E-15 | 416
Protein Synthesis 2.26E-04-5.66E-14 | 228
Diseases and Disorders

Inflammatory Response 1.88E-04—4.23E-19 | 498
Organismal Injury and Abnormalities 2.27E-04—1.84E-15 | 864
Metabolic Disease 1.89E-04-5.49E-14 | 280
Connective Tissue Disorders 9.94E-05—-1.69E-13 | 178
Cardiotoxicity

Cardiac Enlargement 6.17E-01-5.00E-13 | 149
Cardiac Dysfunction 3.43E-01-4.24E-09 | 74
Cardiac Infarction 5.90E-02-2.33E-07 | 34
Cardiac Fibrosis 3.81E-01-5.08E-07 | 74
Cardiac Dilatation 3.81E-01-9.55E-07 | 57

Table 4. Top Diseases and Biological Functions Affected in Post-Infarct Tissues, Identified Using IPA
Software [23].

Among the deregulated processes, there is also the proliferation of smooth muscle cells,
differentiation of connective tissue cells, and organization of sarcomeres in cardiomyocytes (Figure 10).

This suggests activity of these processes in the ischemic heart.
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Figure 10. Activation of Biological Functions Associated with Proliferation and Differentiation of Heart
Cells, Identified Using Gene Set Enrichment Analysis in IPA Software. Red indicates increased
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expression, while green indicates decreased expression. The brightness of the color represents the
intensity of gene expression in the dataset [23].

In the processes depicted above, activity of several components of the Notch signaling pathway

was noted [151, 152], such as the Notch2 receptor, target genes Myc and Ccndl, and the transcription

factor Runx2, which were activated, while the target gene Hey ! was suppressed. In particular, among the

key regulators, the Bmp2 gene was activated, coding for the eponymous ligand from the TGF-$3

superfamily, involved in many developmental processes including cardiogenesis, neurogenesis, and

osteogenesis [153-155]. A complete list of overexpressed components of the Notch signaling pathway is

presented in the form of a table (Table 5).

Ensembl ID Gene p-value fl?aglfge fold-
ENSRNOG00000004500 Myc 2,67E-14 2,5965
ENSRNOG00000059968 Jak2 9,13E-05 1,1905
ENSRNOG00000020918 Cendl 1,92E-04 1,4416
ENSRNOG00000020193 Runx2 8,87E-04 1,9919
ENSRNOG00000018835 Notch2 5,35E-03 1,0877
ENSRNOG00000013218 Sap30 8,97E-03 1,3621
ENSRNOG00000060694 Adaml7 1,06E-02 1,0066
ENSRNOG00000006350 Tle6 7,26E-03 -1,6074
ENSRNOG00000050848 Dix1 5,56E-03 -2,319
ENSRNOG00000005133 Mapt 2,12E-03 -1,5349
ENSRNOG00000008257 Mfap2 1,97E-03 -1,622
ENSRNOG00000015318 Heyl 5,74E-05 -1,5211
ENSRNOG00000008697 Ccn3 1,04E-05 -2,7564
ENSRNOG00000002272 LnxI 3,22E-07 -2,2148
ENSRNOG00000018384 Adami2 3,12E-02 2,1
ENSRNOG00000059059 Skp2 3,68E-02 1,6709
ENSRNOG00000025100 Ikbke 4,20E-02 1,0854
ENSRNOG00000017259 Tacc3 4,94E-02 1,1216
ENSRNOG00000016640 Dner 3,28E-02 -1,755
ENSRNOG00000011593 Heyl 2,10E-02 -1,8048

Table 5. Notch Signaling Pathway Components Differentially Expressed in Post-Infarct Myocardial

Tissues 24 Hours After Surgery [23].

Thus, it has been established that in post-infarct tissues, there is a reactivation of genes associated
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with embryonic development processes. This includes the identified activation of Notch signaling
pathway components and Bmp2/Runx2 genes, which may be associated with the early remodeling of the

myocardium.

3.1.3 Activation of Notch Pathway Components and Bmp2/Runx2 in

Post-Infarct Myocardial Tissues

To confirm RNA sequencing data indicating the activation of Bmp2/Runx2 and Notch pathway
components in post-infarct tissues, we analyzed them using quantitative PCR. Furthermore, we selected
an even earlier time point after inducing myocardial infarction in rats — 8 hours — to assess the difference
in gene expression between the two time points.

We found [23] that acute hypoxia in vivo activates the expression of Notch pathway components
and Bmp2/Runx2 in ischemic myocardium compared to healthy heart tissue. The quantitative PCR data

fully corresponded with the RNA sequencing results for the 24-hour time point (Figure 11).
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Figure 11. Dynamics of Notch Pathway Components and Bmp2/Runx2 Gene Expression in Tissues
According to Quantitative PCR Analysis. SH - samples from the healthy myocardium of sham-operated
rats (n = 3), 8h-MI - samples from post-infarct myocardial tissues of rats 8 hours after induction (n = 4),
24h-MI - samples from post-infarct myocardial tissues of rats 24 hours after induction (n =9). Vertically
- relative mRNA quantity in each group measured by the 2-24°T method; presented are box plots with
whiskers showing values from minimum to maximum. An asterisk indicates significant differences
between SH and MI groups at p <0.05 (Mann-Whitney U test) [23].
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Thus, we noted that RNA sequencing and quantitative PCR results in post-infarct myocardial
tissues are congruent, and we observed the activation of Notch pathway components and Bmp2/Runx2,
including at an even earlier point — 8 hours. Whether this activation persists in primary cell cultures from

post-infarct myocardium in vitro became the subject of our further study.

3.1.4 Post-Infarct Rat Cardiac Mesenchymal Cells Exhibit Properties
of Mesenchymal Stem Cells and Have Pronounced

Differentiation Potential

To study the properties of cells isolated from post-infarct myocardium in vitro, we induced
myocardial infarction in Wistar rats to obtain primary cultures of cardiac mesenchymal cells from the
post-infarct area (including the peri-infarct zone) of the myocardium at 8- and 24-hours post-operation.
Cardiac mesenchymal cells from the myocardium of the ventricles of the healthy heart of sham-operated

rats were used as a negative control (Figure 12).
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SH-CMC

MI-CMC

Figure 12. Cardiac mesenchymal cells (CMC) derived from healthy (SH-CMC) and post-infarct (MI-
CMC) rat myocardium on the 5th day of cultivation. CMCr were isolated 24 hours post-myocardial
infarction. SH-CMC were obtained from the hearts of rats following sham surgery. The primary culture
of CMCr demonstrated the ability to form fibroblast colony-forming units (CFU-F) and adhered to the
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culture plastic. These cells were capable of proliferating for up to 20 passages [23].

The phenotypic characterization of mesenchymal stem cells (MSCs) is complex, and the

International Society for Cellular and Gene Therapies has established the following criteria for

identifying MSCs: adhesion to plastic, expression of specific markers, the ability for adipogenic,

chondrogenic, and osteogenic differentiation, as well as the formation of fibroblast colony-forming units

(CFU-F) [156]. Here, we use the term cardiac mesenchymal cells (CMCr) due to some terminological

differences related to the correct classification of these cells [157, 158].

The obtained primary cultures of CMCr expressed CD90 and were positive for CD166, which was

previously described as a marker of resident cardiac mesenchymal cells and one of the populations of

cardiac stem cells derived from cardiospheres [159]. They were also negative for endothelial and

hematopoietic markers [156], namely CD45, CD31,
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and CD34 (Figure 13),
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Figure 13. Immunophenotyping of primary cultures of cardiac mesenchymal cells (CMCr) using flow
cytometry. Histograms display the expression levels of surface markers CD31, CD34, C45, CD90, and

CD166 (red lines) relative to the isotype (gray lines) [23].
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Mesenchymal stem cells can differentiate into different cell types depending on conditions and
chemical inducers [160]. The potential of rat heart mesenchymal cells to differentiate in cardiogenic,
osteogenic and adipogenic directions was assessed. It was demonstrated that CMCr are capable of
forming a-actin filaments 24 days after the induction of cardiogenic differentiation. In the presence of
adipogenic factors, they accumulated lipid droplets 14 days after the start of differentiation, and intense
staining of CMCr on day 21 in the form of detection of alkaline phosphatase was recorded when
cultivated with osteogenic inducers (Figure 14). Thus, the CMCr obtained from rat myocardium had the
characteristic properties of mesenchymal stem cells in the form of the ability to differentiate in various

directions [24].
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Figure 14. Cardiogenic (green), adipogenic (red), and osteogenic (blue) differentiation of rat cardiac
mesenchymal cells (CMCr). Differentiation was induced by adding specific inducers to the culture
medium. Immunocytochemical staining for a-actinin and DAPI, staining for fat accumulations (Sudan
red), and alkaline phosphatase (NBT/BCIP stain) [161].

To assess specific differentiation, the expression of the genes troponin (7nnt2), a marker of
cardiomyocytes, and vimentin (Vim), a marker of fibroblasts, was measured (Figure 15, a). In the
ischemic zone, 3 days after infarction, 7nnt2 decreased and Vim increased, indicating the formation of a

fibrotic state and replacement of dead cardiomyocytes [161].
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Figure 15. Expression of markers in tissues (a) and cells (b, ¢, d) according to quantitative PCR data.
H-CMC - healthy cells from the myocardium, MI-CMC - post-infarction cells from ischemic
myocardium. The graph shows the relative amount of mRNA for each gene using the 2"24¢T method; an
asterisk indicates statistically significant differences between H-CMC and MI-CMC at P <0.05. a -
expression of a mesodermal marker (Vim) and a cardiogenic marker (7nnt2) in ischemic and healthy
tissues. b - Expression of the troponin T2 gene, encoding the cardiomyocyte-specific isoform of troponin
I, in cells from the ischemic zone and myocardium during cardiogenic differentiation. ¢ - Expression of
Bmp2 and Runx2 (markers of osteogenic differentiation) in CMCr differentiated in the osteogenic
direction. d - Expression of the adipogenic marker Fabp4 in CMCr differentiated in the adipogenic
direction [161].

A comparison was made of the differentiation ability of CMCr obtained from the post-infarction
area of the myocardium with CMCr from healthy myocardium. As a result of the induction of
cardiogenic differentiation, an increase in the expression of the 7nnt2 gene was found (Figure 15, b) in
MI-CMCr compared to H-CMCr. With the induction of osteogenic differentiation, an increase in the
expression of Bmp2 and Runx2 (markers of osteogenic differentiation) was observed in MI-CMCr
compared to H-CMCr (Figure 15, ¢). Upon induction of adipogenic differentiation, an increase in the
expression of Fabp4 (a marker of adipogenic differentiation) was detected in MI-CMCr compared to the
control (Figure 15, d). Thus, an increase in the expression of cardiogenic, osteogenic and adipogenic
markers is characteristic of MI-CMCr, which indicates a more pronounced potential of these cells to

differentiate in various directions.



72

3.1.5 Post-infarct rat cardiac mesenchymal cells exhibited the ability

for active proliferation and migration

To evaluate and compare the proliferative activity of post-infarct and healthy cardiac mesenchymal
cells obtained one day after surgical intervention from the ischemic heart, we conducted two functional
tests: manual counting for growth curve construction and automatic calculation using the xCELLigence
system for real-time cell proliferation monitoring.

The growth rate of post-infarct cardiac mesenchymal cells (MI-CMCr) was significantly higher
than that of healthy cells (H-CMCr) obtained from the healthy myocardium of the ischemic heart, and
this trend continued for 6 days after cell seeding (P <0.05) (Figure 15).
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Figure 15. Proliferation rates of MI-CMCr (curve 1) and H-CMCr (curve 2). The cell seeding density
was 10° cells/cm?; the figure shows the mean values and standard deviations (vertical segments). The

significance of differences between the control group and post-infarct CMCr is indicated with an asterics
[161].

These observations were also confirmed by automatic monitoring of cell proliferation in real-time.
It was observed that MI-CMCr (orange curve) have a more pronounced proliferation potential and,
accordingly, an activation stimulus in response to acute hypoxic stress compared to H-CMCr (blue

curve), obtained from the healthy myocardium of sham-operated rats. The experiment lasted for 72 hours
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with measurements taken every 15 minutes (Figure 16).
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Figure 16. Proliferation rate of post-infarct cardiac mesenchymal cells (MI-CMCer, orange curve, n =9)
and healthy cardiac mesenchymal cells from sham-operated rats (SH-CMCr, blue curve, n = 3). Each
curve represents the mean values across samples and the standard error of the mean (vertical lines). The
horizontal axis indicates the time over which measurements of proliferative activity were taken every 15
minutes. The experiment lasted 72 hours. The vertical axis shows the cell index value, reflecting
quantitative information about the biological status of the cells, including their quantity and viability.
The seeding density was 5,000 cells per well. The significance of the differences between SH-CMCr and
MI-CMCr was p < 0.05 using the D'Agostino & Pearson omnibus normality test [23].

Cell migration to the damage’s zone is one of the regenerative mechanisms. A functional test for
the migration ability of CMCs was carried out using the scratch test method with quantitative analysis
[161]. MI-CMCr migrated to the scratch area more intensively than H-CMCr (P <0.05) (Figure 17 a,
b).
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Figure 17. Migration (a) and quantitative analysis (b) of CMCr in the scratch test from post-infarct and
healthy sections of ischemic myocardium. a - migrating cells into the scratch area (highlighted by a
rectangle). H-CMCr - cells from the healthy myocardial section, MI-CMCr - post-infarct cells. Upon
formation of a cell monolayer, a scratch was applied and the number of cells was counted after 12 hours,
24 hours, and 36 hours. b - migration rate of CMCr. The median with range (standard deviation) is

shown; significant differences between H-CMCr and MI-CMCr groups at each time point are indicated
with an asterisk, P <0.05 [161].

Thus, it was established that MI-CMCr possess a more pronounced potential for proliferation and

migration compared to the populations of healthy cells H-CMCr and SH-CMCr.
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3.1.6 Altered Gene Expression Profile of Postinfarction Cardiac

Mesenchymal Cells

To assess the activation of MI-CMCr, we analyzed their transcriptomic profile using RNA
sequencing; SH-CMCr served as the control. Principal component analysis revealed major patterns in
the dataset. Principal Component 4 (PC4) accounts for a minor portion of the experimental variability
(14.5%, P <0.05), reflecting a relatively small difference between the two states of CMCr. This may

indicate a gradual change in the expression profile when cultivating cells under normal conditions

(Figure 18).
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Figure 18. Principal Component Analysis (PCA) showing gene expression variability in healthy (green
dots, n = 3) and post-infarct (orange dots, n = 3) CMCr using the Phantasus web tool. Principal
Component 4 (PC4) on the X-axis and PC5 on the Y-axis account for 14.5% and 8.9% of the total gene
expression variability, respectively. The samples are visually divided into two main groups [23].

RNA sequencing data analysis revealed 13 differentially expressed genes (adj. p-value <0.05) in
the obtained post-infarct cell cultures. Among the activated genes, Sppl, RGD1565131, Tagap, Myhl

expressions were notable, whereas expressions of Bmp3, Fgl2, Sfrp4 were decreased in post-infarct



76

CMCr (log2(fold change) > 1.9) (Figure 19).

Bioconductor package EnhancedVolcano

@ NS © Log2FC @ P ® P&Log2FC

10 : i
Q - ' Sppl
- = .
-4 Bmp3 RGD1565131
_‘ ' ' .
' : : Myhy 1209
e .Pg:ﬂ f Coro1aFS
' Crip1 Arhgap30
: .. = .Spll
v *Cal * Fmnil
-
) r “Tbas1
*0 oP{ '-"-Atb
o hc 3 -h‘. ?67
"""""""""""""""" 17’”""""'""""""""'
07 ;
5 0 5

Log, fold change

Total = 12911 vanables

Figure 19. A volcano plot depicting differentially expressed genes (adj. p-value <0.05) in post-infarct
samples compared to the control, generated using Bioconductor software in R. The Y-axis represents the

mean expression value -log10 (p-value), while the X-axis displays the log2(fold-change) value. Red dots
represent differentially expressed genes [23].

The complete list of differentially expressed genes (DEGs), sorted by adj. p-value, is provided in
Table #6.
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Ensembl ID Gene FDR-adjusted p-value Log2 fold-change
ENSRNOG00000043451 Sppl 1.61x 10+ 1.9501
ENSRNOG00000002381 Bmp3 7.42x 104 -1.9863
ENSRNOG00000025212 RGDI1565131 7.42x 104 5.8595
ENSRNOG00000018915 Tagap 4.12x 1073 4.3067
ENSRNOG00000049695 Myhl 5.74x 1073 3.2468
ENSRNOG00000057855 F5 1.42x 102 7.2708
ENSRNOG00000019430 Corola 1.44 x 102 5.9357
ENSRNOG00000012881 Fgl2 2.23x 102 -1.9900
ENSRNOG00000054957 Sfrp4 2.79 x 102 -1.8279
ENSRNOG00000004192 Arhgap30 2.99 x 102 7.0626
ENSRNOG00000016267 Chstl5 2.99 x 102 -1.2591
ENSRNOG00000027990 Cripl 2.99 x 102 2.5954
ENSRNOG00000030625 If 3.88 x 107 3.0969

Table 6. Complete list of differentially expressed genes in post-infarct cardiac mesenchymal cells [23].

Additionally, we compiled the 50 most highly expressed genes, sorted by statistical criteria (Table

7).
Ensembl ID Gene p-value Log2 fold-change
ENSRNOG00000043451 Sppl 1,26E-08 1.9501
ENSRNOG00000025212 RGD1565131 1,47E-07 5.8595
ENSRNOG00000018915 Tagap 1,29E-06 4.3067
ENSRNOG00000049695 Myhl 2,24E-06 3.2468
ENSRNOGO00000057855 F5 6,67E-06 7.2708
ENSRNOG00000019430 Corola 7,87E-06 5.9357
ENSRNOG00000027990 Cripl 2,77E-05 2.5954
ENSRNOG00000004192 Arhgap30 2,80E-05 7.0626
ENSRNOG00000030625 1f 3,94E-05 3.0969
ENSRNOG00000012172 Spil 1,23E-04 4.9652
ENSRNOG00000009273 LOC259244 1,61E-03 -2.1494
ENSRNOG00000010529 Thbs2 1,23E-03 -1.7230
ENSRNOG00000003244 Ltc4s 1,12E-03 -2.1610
ENSRNOG00000005008 Angpt4 5,17E-04 -2.3083
ENSRNOG00000020918 Cendl 4,54E-04 -0.66557
ENSRNOG00000013781 Kcng5 2,25E-04 -1.7575
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ENSRNOG00000016267 Chstl5 2,61E-05 -1.2591
ENSRNOG00000054957 Sfrp4 1,96E-05 -1.8279
ENSRNOG00000012881 Fgl2 1,39E-05 -1.9900
ENSRNOG00000002381 Bmp3 1,74E-07 -1.9863
ENSRNOG00000012956 Tgm?2 2,58E-04 2.2209
ENSRNOG00000000168 Gatm 3,75E-04 24814
ENSRNOG00000003207 Fmnll 3,86E-04 4.0698
ENSRNOG00000057880 Myhll 4,47E-04 3.2359
ENSRNOG00000014294 Ptpn6 4,64E-04 2.7474
ENSRNOG00000004067 Nrcam 4,91E-04 3.8321
ENSRNOG00000050123 Gdfs 5,11E-04 2.3823
ENSRNOG00000003365 Cadm3 6,10E-04 3.2075
ENSRNOG00000006324 Trpc6 6,68E-04 4.2013
ENSRNOG00000017021 Galnt18 8,10E-04 2.7438
ENSRNOG00000013140 Pdzd? 3,74E-03 -2.2145
ENSRNOG00000004110 Trib2 3,66E-03 -1.2600
ENSRNOG00000014137 Fbinl 3,46E-03 -1.8347
ENSRNOG00000053766 Ramp3 3,37E-03 -1.2514°
ENSRNOG00000016687 Ssc5d 3,26E-03 -1.0617
ENSRNOG00000010789 Dusp7 3,14E-03 -0.64020
ENSRNOG00000043486 Tnfrsf26 3,02E-03 -1.4638
ENSRNOG00000019955 Ogdhl 2,47E-03 -0.89841
ENSRNOG00000046168 Ppmll 1,87E-03 -1.1518
ENSRNOG00000007947 Faml3a 1,73E-03 -1.6005
ENSRNOG00000017020 Inpp5d 8,97E-04 2.9746
ENSRNOG00000006952 Prexl 1,05E-03 3.3868
ENSRNOG00000019662 Tm6sf1 1,12E-03 2.3036
ENSRNOG00000002273 Naaa 1,16E-03 2.3480
ENSRNOG00000032150 Adcy? 1,18E-03 2.8485
ENSRNOG00000007866 Clec2dl1 1,39E-03 1.9554
ENSRNOG00000009401 Lmo?2 1,43E-03 2.9767
ENSRNOG00000001557 Cxadr 1,55E-03 2.3917
ENSRNOG00000055721 Rnf128 1,55E-03 3.8165
ENSRNOG00000026870 Clic6 8,29E-03 -2.7685

Table 7. Complete list of genes actively expressed in post-infarct cardiac mesenchymal cells, sorted by

statistical criteria (P-value <0.05) [23].

We observed reduced expression of Tiwist/ and Notch target genes Hey2 and Ccndl in post-infarct
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cardiac mesenchymal cells. Additionally, the activity of the Thbs2 gene, implicated in angiogenesis

inhibition, and Dnm 1, involved in vesicular transport, was decreased (p-value > 0.05) (Table 8).

Ensembl ID Gene p-value Log2 fold-change
ENSRNOG00000020918 Cendl 4,54E-04 -0,66557
ENSRNOG00000010529 Thbs2 1,23E-03 -1,723
ENSRNOG00000033835 Dnml 1,23E-02 -0,89893
ENSRNOG00000013364 Hey? 2,32E-02 -2,0844
ENSRNOG00000011101 Twistl 5,74E-02 -0,555

Table 8. Components of the Notch signaling pathway whose expression was suppressed in post-infarct
MSCs [23].

Thus, we discovered that the gene expression profile of MI-CMCer differs from the transcriptional
profile of SH-CMCr. However, the activation potential of the cultures obtained from the post-infarct

region was comparatively lower than in post-infarct tissues.

3.1.7 Analysis of Canonical Signaling Pathways and Upstream
Regulators Reveals Partial Preservation of Gene Expression

Patterns Characteristic of Ischemic Hearts in MI-CMCr

To identify enriched signaling pathways in the obtained dataset, genes were uploaded to Qiagen
Ingenuity Pathway Analysis (IPA) after filtering for significance (p-value <0.05). In total, approximately
14 canonical signaling pathways were identified, including metabolic and signaling pathways with
significance exceeding -log(P)>1.3. Only one signaling pathway, STAT3, had an absolute z-score
exceeding 2.0 (Figure 20).
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Figure 20. Dysregulation of Signaling Pathways in Post-Infarct MI-CMCr Revealed by IPA Analysis.
The figure depicts dysregulated canonical signaling pathways in the form of a histogram with cumulative
p-value values obtained using the Fisher's exact test method (p-value <0.05, z-score > 1). The ratio plot
shows the count of significant genes expressed in the dataset compared to the total number of genes in
that specific signaling pathway [23].

Among the dysregulated signaling pathways, it is noteworthy that MI-CMCr exhibits aberrant
signal transduction characteristic of post-infarction processes in ischemic hearts, including disruptions
in cellular metabolism, inflammation, and cell death. The complete list of significant signaling pathways

is presented in Table 9.

Ratio | z- Down | No Upreg | No Molecules
score | regula | chang | ulated | overla
Ingenuity - ted e p with
Canonical log(p- datase
Pathways value) t
Putrescine
Degradation 1/10 | 0/10 1/10 | 8/10
111 1,6 0,2 (10%) | (0%) | (10%) | (80%) | Aldh3al Maob
Tryptophan
Degradation
X
(Mammalian,
via 1/13 | 0/13 1/13 11/13
Tryptamine) 1,38 | 0,154 (8%) | (0%) | (8%) | (85%) | Aldh3al ,Maob
Ethanol
Degradation 2/13 0/13 | 0/13 11/13
v 1,38 | 0,154 (15%) | (0%) | (0%) | (85%) | Acss2,Aldh3al
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Ethanol

Degradation 2/14 0/14 | 0/14 12/14

11 1,32 0,143 (14%) | (0%) | (0%) | (86%) | Acss2,Aldh3al

Apelin

Cardiac

Fibroblast

Signaling 1/21 0/21 2/21 18/21

Pathway 1,81 0,143 (5%) | (0%) | (10%) | (86%) | Apln,Prkaa2, Tgfb3

Eicosanoid 1/51 0/51 4/51 46/51 | Alox15,Ltc4s,Pla2gl2a,

Signaling 2,04 | 0,098 (2%) | (0%) | (8%) | (90%) | Pla2g7 Thbxasl

Ferroptosis

Signaling 0,073 1/82 | 0/82 | 5/82 | 76/82 | Alox15,Fthl,Prkaa2,Ra

Pathway 1,75 2| 1,342 | (1%) | (0%) | (6%) | (93%) | sdl,Slc38al, Tf

Atheroscleros 0,065 2/92 10/92 | 4/92 | 86/92 | Alox15,Apoe,lllrn,lI33,

is Signaling 1,53 2 (2%) | (0%) | (4%) | (93%) | Pla2gl2a,Plalg7

Dilated

Cardiomyopa 102/1

thy Signaling 0,064 1/109 | 0/109 | 6/109 | 09 Abcc9,Actg2,Adcy2,Cn

Pathway 1,68 21 -1,633 | (1%) | (0%) | (6%) | (94%) | nl,Myhll,Myl9 Tnnt2

STAT3 108/1

Pathway 0,060 4/115 | 0/115 | 3/115 | 15 Flt4,1gf2r 1l1r2,1117I12, N
1,57 9 21 (3%) [ (0%) | (3%) | (94%) | trk2,Ptpn6,Rasdl

Calcium 133/1 | Atp2b4,Casq2,Hdacll,

Signaling 0,056 0/141 | 0/141 | 8&/141 |41 Myhl11,Myl9,Tnnt2, Tpm
1,57 7 (0%) | (0%) | (6%) | (94%) | 1,Trpc6

PPARa/RXR 144/1 | Adcy2,Cyp2c9,111r2,111

o Activation 0,052 3/152 | 0/152 | 5/152 | 52 rl2,Plcd4,Prkaa2,Rasdl

1.4 6 0]2%) 1(0%) | (B%) |(95%) |, Tgfb3

IL-8 150/1 | Arrb2,Ccndl, Flt4,Gnat

Signaling 0,050 4/158 | 0/158 | 4/158 | 58 2,Mmp2,Myl9,Rasd1,Rh
1,32 6 0]1B%) |(0%) |(B%) |(95%) |ov

Table 9. Complete list of canonical and metabolic signaling pathways with expressed genes obtained

using IPA software [23].

To identify dysregulated biological functions and diseases associated with the obtained gene set,

we conducted an analysis in the IPA program and identified approximately 12 categories linked to the

detected DEGs (p-value — 0.05), with a z-score greater than 2 observed in only 3 affected processes. It

is interesting to note that the activity of some genes related to heart failure is retained in post-infarct cells

("heart failure," p-value = 8.25E-03, z-score = 2.177), along with the ongoing modulation of processes

related to neovascularization and cell migration. At the same time, "cell growth" was suppressed (p-

value = 6.09E-03, z-score = -2.219), which may result from cell cycle delay, as "DNA synthesis" was

also reduced (p-value = 1.31E-02, z-score = 1.077). The remaining processes affected in MI-CMCr are

reflected in Table 10.
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Category p-value Molecules
Cardiovascular ABCC9,ACE,ACSS2,ACTA2,ADRA2B,AGT,ALOX15,APLN,APOE,A
Disease RRB2,ATP2B4,BMX,C1QTNF1,CASQ2,CCND1,CESI,CFD,CX3CLI
,CXADR,DCBLD2,F5,FABP4,FBLN1,FCGR2A,FGF10,FLI1,FLT3,F
4.12E-06— | LT4,FMO3,GSN,HEY2,HSD11B1,IGF2R,ILIRN,IL33,INHA,INPP5D
2.54E-02 let-
7,LMO2, MMP2,MYHI1,NOX1,OSMR,PLAU PRKAA2,RGS2,SCG35,S
EMA3A4,SFRP4,SMTN,SNAI2,SPI1,SPP1,TAGLN,TF,TGFB3,TGM2,
THBS2, TNNT2,TRIM72,TRPC6,UNCI13D,USP18,VAVI XIRP1
Cell-To-Cell
Signaling and AGT,APOE,CCNDI1,COLEC12,CX3CL1,ECMI1,FCGR2A4,FGF10,FG
Interaction 1.86E-05— | F9,FLT3,GJA4,GSN,IGF2R,IL33,INPP5D,MMP2, MRC2,MYHI11,MY
2.54E-02 | O7A,NEDD9,PCSK5,PLAU,PTPN6,SIGIRR,SPI1,SPP1,TGM2,THBS
2,TNNT2,UNCI13D,VAVI,WNT5B
Cellular AGT,APOE,ARRB2,ATP2B4,BMX,CCND1,CFD,CNTF,CORO1A,CX
Movement 3CL1,ECMI1,FABP4,FBLNS5,FGF10,FGF9,FGL2,GDF5,GSN,IGF2R
3.08F-05— AGFBP5,ILIRN,IL33,INPP5D,LGALSYB,LIMA1,LMXI1A,LPARI,LP
2 54E-02 XN,MMP2,MRC2,MYO7A,NEDD9,NOXI,NRCAM,NTRK2,PCSK5, P
LA2G7,PLAU,PLXNA4,PRKAA2,PTPN6,RAMP3,SATB1,SEMA3A,S
FRP4,SNAI2,SPI1,SPP1,SPRY4,ST6GALI, TGM2,THBS2, Tpm1,TWI
STL,VAVI
Cell Signaling ADRA2B,AGT,APLN,APOE,ATP2B4,C1QTNF1,CASQ2,CNTF,CX3
431E-04— CL1,DOK2,ECMI1,FABP4,FGF10,FGF9,FLT3,GDF5,GLI2,GPR39,
2 54E-02 GSN,INPP5D,LGALS9B,LPARI,MYHI1,NOXI,NTRK2,PLAU,PLCD
' 4,PRKAA2,PTPN6,RASSF2,RGS2,SCG2,SFRP4,SIGIRR,SPP1,TGF
B3, TGM2,Tpm1,TRPC6,VAV1
Cell AGT,ALOXI15,ARRB2,BMX,CASQ2,CCND1,CXADR,DUSP4,ECMI,
Morphology | 6.43E-04— | FERMT3,GSN,HEXB,HEY2,IL33,INPP5D,LPARI,NOXI,PLAU,PRK
2.54E-02 | AA2,PRSS12,RGS2,SPP1,STCI1,THBS2,TNNT2,Tpml,TRIM72,TRPC
6,USP18
Cellular R 25F-04— AGT,ALOX15,APOE,ARRB2,CCND1,COROI1A4,FGF9,GPR39,GSN,
Assembly and 2 SAE-02 HSDI1IBI1,LIMAI,LPARI, MMP2,MYL9MYO7A,NEFH,PLAU,PRKA
Organization ’ A2,SPI1,STC1,Tpm1, UNCI3D,VAVI
Cellular ABCC9,AGT,ALOX15,APLN,APOE,ARRB2,ATP1A3,ATP2B4,B4GA
Function and LNTI1,BCL11B,CASQ2,CCNDI1,COLEC12,COROI1A,DUSP4,FABP4,
Maintenance | 8.25E-04— | FCGR2A,FGF9,FLI1,FMO5,GNAT2,GPR39,GSN,HEXB,HEY2,HSD
2.54E-02 | 11B1,IGFBPS5,ILIRN,IL33,INHA,INPP5D,MAFB,MRC2,MYHII1, MY
O7A,NFIL3,PLAU,PRKAA2,PTPN6,SATB1,SCG5,SFRP4,SPI1,SPP1
STCI1,TBXASI,TF, TGFB3, TGM2, TRPC6,UNCI13D,VAVI XIRP1
Cell Death and ABCC9,ACE,ACSS2,AGT,APOE,ARRB2,ATP2B4,B4GALNT1,BCL1
Survival 1B,BMX,C1QTNF1,CASQ2,CCDC88B,CCND1,CESI,CNTF,CRIP1,
8.92E-04— | CXADR,DUSP4,EGR2,EPHX1,F5,FCGR2A,FGF10,FLI1,FLT3,FLT
2.54E-02 | 4,FTHI,GLI2,GSN,HEXB,HOXB4,IGF2R,IGFBPS5,ILIRN,IL33,INP

P5D,let-
7,LPARI, MMP2, NOG,NOXI,NTRK2,PLAU PRKAA2, PTPN6,RASSF
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2,SEMA3A4,SNAI2,SPI1,SPP1,STC1,TGFB3,TGM2,THBS2, TNNT2,T
WIST1,USPI18,VAV1

Cellular AGT,BCL11B,BMX,CCNDI1,CFD,CNTF,ECM1,EGR2,FBLN5,FGF1
Development 0,FLII,FLT3,FTHI,GSN,HEY2, HOXB3,HOXB4,ILIRN,IL33,INHA,I
1.54E-03— NPP5D, let-
2.54E-02 | 7,LIMAIL,LMXI1A,MMP2,NAB2,NFIL3,NOG,NRCAM,NTRK2,PTPN6
,RASD1,SATB1,SEMA3A4,SFRP4,SNAI2,SPARCL1,SPI1,SPP1,STC1,
TGFB3,TGM2,USP18
Cellular ADCY2,B4GALNTI1,BCL11B,BMX,CCNDI1,CNTF,DOK2,DUSP4,EC
Growth and MI,EGR2,FBLNS,FLII,FLT3,GSN,HOXB3,HOXB4,ILIRN,IL33,INH
Proliferation 1.54E-03— A,INPP5D, let-
2.54E-02 | 7,LIMAIL,LYLI,MAFB,MMP2,NFIL3,NOG,NRCAM,NTRK?2,PTPN6,
RASD1,SATB1,SEMA3A,SFRP4,SPARCL1,SPI1,SPP1,STCI1,TF,TGF
B3,USP18
Vlﬁﬁg ;‘lnd 3.6E-03— | AGT.APLN,APOE,ATP2B4,CASQ2,FABP4,GSN,HSD11B1,INPP5D,
. 2.54E-02 MYHI11,PLAU,PLCD4,PRKAA2,RGS2,SPP1,TGM2,TRPC6,VAV1
Metabolism
Carbohydrate 593F-03— ABCCY9,APLN,APOE,CCND1,CES1,CNTF,DLGAP3,FABP4,FCGR2
Metabolism ) A, FMO3,FMO5,GPR39,HEXB,HSD11B1,IGFBP5,IL33,INPP5D,SC
2.54E-02
G5,SPP1
DNA
Replication, 1.31E-02— | ADCY2,AFAPI1L2,AGT,ARRB2,CCND1,FBLNS5,FGF9,INHA,MMP?2,
Recombination | 1.31E-02 SPPI
, and Repair

Table 10. Top biological functions and diseases in post-infarct cells identified using IPA Software [23].

We constructed probabilistic dysregulated gene networks using the IPA program based on the

detected activated/suppressed genes and those that were statistically filtered but present in the dataset

(Table 11).
Molecules in Network Score | Focus | Top Diseases and Functions

Ne Molecu

les

ACTA2, AFAPI1L2, Akt, ALOXIS, Cardiovascular Disease,
~APLN, APOE, ARRB2, CNN1, CNTF, Cardiovascular System
DUSP7, EGR2, ERK, ERKI/2, - Development  and  Function,
FABP4, Faml3a, FBLN5, GLI2, Skeletal and Muscular System
Gsk3, IGF2R, Jnk, MIR143-145a, | 32 25 Development and Function
- MMP2, NFkB (complex), NOX1, PI3K
(complex), Pkc(s), PLAU, PRKAA2, -
PTPN6, RGS2, ROCK, TAGLN, -
TGM2, THBS2, TWISTI1
ADGRGI1, BCL11B, CSF3, DAPPI1, Cellular Development, Cellular
DMD, ERG, ESR2, FGF9, FLII1, Growth and Proliferation, Gene
GATAIl, GATA2, GFIIB, HEY2, 10 12 Expression
HOXAZ3, ID2, IKZF4, IRFS8, ITGAM, -
LMO2, LMXIA, LYL1, MAOB,
Meisl, mir-8, MSX2, MYHI1, PKM,
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PPP4R3A, Pri8a2, PROMI, RUNXI,
SCX, SPI1, TAL1, ZFPMI

ADCY2, AGT, AKAP12, AMPK, Cancer, Cell Death and Survival,
~ ANXAS8/ANXASLI1, BAX, BDNF, C2, Organismal Injury and
CFD, COL1Al, DNMT3B, EIF2AK2, Abnormalities

EP300, EPHXI1, ESM1, GSN, HESI,
IFNBI, IGF1, IGF2, MAPK1, MAPK3,
Mek, mir-34, ~MMP2, NFE2L2,
NOTCHI, NRAS, NTRK2, PRKCE,
RYR2, SIRT1, STC1, TP53, XIRP1

10 12

Table 11. Probabilistic networks of dysregulated genes constructed using IPA software based on the
detected activated/suppressed genes and those that were statistically filtered but present in the dataset
[23].

Among the biological functions and diseases associated with significant DEGs from the filtered
gene set, processes related to the development and pathologies of the cardiovascular system are
identified. One of the key regulatory genes in the obtained dataset was Hey?2, a target gene of Notch, and
its expression was altered in MI-CMCr.

To confirm the RNA sequencing results and assess the expression levels of Notch signaling
components using real-time reverse transcription PCR, CMCs from passages 1-3 obtained from rat
tissues at 8 and 24 hours after myocardial infarction induction were used. Specifically, we evaluated the
expression levels of Bmp2 and Runx2, whose dysregulation was identified in the transcriptome. Since
the BMP signaling pathway plays a crucial role in cardiogenesis, like the Notch signaling pathway, and
Runx2 can be a target for both types of signaling, and is also associated with heart development,
according to our hypothesis, Bmp2 and Runx2 may be early remodeling genes. We found (Figure 21)
that in post-infarct cardiac mesenchymal cells, the activation potential is partially preserved, as
evidenced by increased expression of Bmp2 and Runx2 genes, as well as Jagl and Hesl genes of the
Notch signaling pathway, compared to cells obtained from the healthy myocardium of sham-operated

rats.



85

Notch1 Notch2 Jag1
.
% 4 B 3 400 3 6 "
< f 300 f{’ T
N

£ 200 IS

g . 2 2 2 ==
s, ® 100 = }_‘% [ ]
g = = : | = = :|=8 7

0
SH 8h-MI 24h-MI SH 8h-MI 24h-MI ’ SH 8h-MI 24h-MI

Bmp2 Hes1 Runx2
— 6 S _ 80 _ 10
3 o 3 S .
2 o 28 ——
2, ™ 1 s
x o o 6
1S T £ 40 E *
22 2 £
= = el —
2 — g B T ¢

0 0
SH 8h-MI 24h-MI SH 8h-MI 24h-M| SH 8h-MI 24h-MI

Figure 21. Dynamics of Notch signaling pathway components and Bmp2/Runx2 genes expression in
cardiac mesenchymal cells using quantitative PCR analysis. SH - healthy myocardial cells from sham-
operated rats (n = 3), 8h-MI - post-infarct cells from rats at 8 hours after infarction induction (n = 4),
24h-MI - post-infarct cells from rats at 24 hours after infarction induction (n = 9). Vertically - relative
mRNA levels in each group, measured by the 2-24¢T method; Boxplots represent values from minimum
to maximum. Asterisks indicate significant differences between SH-CMCr and MI-CMCr groups at p
<0.05 (Mann-Whitney non-parametric test) [23].

Thus, we demonstrated that MI-CMCr partially preserves the transcriptional activation profile
characteristic of ischemic tissue, and the expression of Notch and Bmp2/Runx2 components is also

altered in post-infarct CMCer.

3.1.8 Activation of Notch Pathway Components and Bmp2/Runx2 in
Cardiac Mesenchymal Cells during Irn Vitro Hypoxia Induction

To determine whether hypoxia is a sufficient factor for activating the Notch pathway and
Bmp2/Runx2 in CMCs, we obtained cells from the healthy myocardium of sham-operated rats and
induced in vitro hypoxia. SH-CMCs were subjected to hypoxic stress for 8 and 24 hours with oxygen

concentrations of either 1% or 5%. We demonstrated (Figure 22) that under hypoxic conditions, Notch
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and Bmp2/Runx2 pathway components are activated in cells compared to SH-CMCs under normoxic

conditions. Hif-1o and Vegfa were used as markers of hypoxia.
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Figure 22. Dynamics of expression in cardiac mesenchymal cells obtained from the healthy myocardium
of sham-operated rats, depicting the Notch pathway components, Bmp2/Runx?2 factors, and markers of
hypoxic stress using quantitative PCR analysis. NX - healthy cells under normoxic conditions (n = 3),
HX5% - healthy cells under hypoxia with 5% oxygen level (n = 3), HX1% - healthy cells under hypoxia
with 1% oxygen level (n = 3). Horizontally — the duration of cells under hypoxic conditions. Vertically
— relative mRNA quantity measured by the 22T method; presented as box-and-whisker plots from
minimum to maximum. The asterisk indicates significant differences between the control and HX5%
and HX1% groups at p <0.05 (Mann-Whitney U nonparametric test) [23].

Thus, we observed that hypoxia may be a factor in activating cardiac mesenchymal cells, leading

to increased expression of Notch pathway components and Bmp2/Runx2.

3.1.9 Exogenous Activation of the Notch Signaling Pathway in
Cardiac Mesenchymal Cells Dose-Dependently Activates Runx2

To elucidate the interplay between the Notch signaling pathway and the factors Bmp2 and Runx2,
we obtained cardiac mesenchymal cells (CMCr) from the healthy myocardium of sham-operated rats
and transduced them with a lentiviral vector carrying the NICD insert to activate the Notch signaling
pathway. Viral particles were added to the culture at two different concentrations: 3 uL. and 15 pL. The

cells were cultured with the virus for 24 hours. We demonstrated (Figure 23) that the activation of the
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Notch signaling pathway leads to a dose-dependent activation of Runx2. Conversely, Bmp2 did not

respond to Notch activation.
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Figure 23. Dynamics of Bmp2/Runx2 Factors and Notch Signaling Pathway Components in Cardiac
Mesenchymal Cells Derived from the Healthy Myocardium of Sham-Operated Rats Using Quantitative
PCR Analysis. Control — healthy cells as a negative control (n = 3), NICD 3 pL — healthy cells treated
with 3 pL. of NICD-containing virus (n = 3), NICD 15 pL — healthy cells treated with 15 pL of NICD-
containing virus (n = 3). Vertical axis represents the relative mRNA quantity measured by the 2-44¢T
method; Boxplots depict the range from minimum to maximum. Asterisks indicate significant
differences between the Control group and NICD (3 puL) and NICD (15 pL) groups at p < 0.05 (Mann-
Whitney non-parametric test) [23].

3.1.10 Discussion of Results on Studying the Mechanisms of Activation

of the Regenerative Potential of Cardiac Mesenchymal Cells

Myocardial infarction is a prevalent acute condition that disrupts heart function. The molecular
and cellular mechanisms underlying early cardiac remodeling and recovery after post-infarction
myocardium remain incompletely understood. Numerous studies have observed focal proliferative

activity in the peri-infarct zone in response to damage [162, 163]. The impact of hypoxemia on
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myocardial recovery following injury has also been noted in vivo experiments on mice [22]. This study
aimed to investigate early transcriptional events in heart tissue after myocardial infarction and analyze
the cellular population of cardiac mesenchymal cells (CMCr) that could be isolated from myocardial
tissue to understand the molecular mechanisms of activating their regenerative potential.

To achieve this, we induced myocardial infarction in rats to study early transcriptional events
occurring 8 and 24 hours after surgical procedures. RNA sequencing results revealed significant changes
in the gene expression pattern in post-infarction tissue. Numerous signaling pathways and processes
related to early heart remodeling, cell proliferation and migration, as well as the immune response, were
affected. The immune response is currently a subject of active discussion, with researchers recognizing
the importance of the immune response in the early stages of myocardial infarction development [164].

Several studies have demonstrated increased expression of certain components of the Notch
signaling pathway in heart cells during myocardial infarction [165-168]. The Notch signaling pathway
is a highly conserved pathway involved in the embryonic development of most multicellular organisms,
as well as in tissue homeostasis regulation, cell differentiation, and maintenance of the stem cell
population in the postnatal period [169, 170]. However, the role of Notch in myocardial recovery remains
incompletely understood [171-173].

We observed the activation of components of the Notch signaling pathway in post-infarction tissue.
Some of these components were identified as highly expressed target genes associated with non-
canonical forms of the Notch signaling pathway, such as Myc, Ccndl, and Runx2 [151]. The
transcription factor Runx2 has previously been implicated in the development of the cardiovascular
system [174]. Additionally, the BMP signaling pathway, known to participate in development [175],
including its reactivation during myocardial infarction, particularly Bmp2, as indicated by our findings
[23]. Bmp2 is recognized for its critical role in heart development, inducing the differentiation of cardiac
precursor cells into cardiomyocytes and stimulating their contraction [176, 177]. It may play a key role
in regulating and modulating the Notch signaling pathway [178], and participate in early remodeling
processes [179]. The expression of Bmp2 has been observed in both cardiomyocytes and interstitial
fibroblasts during myocardial infarction [180]; however, the activation mechanism remains unknown
[129]. We hypothesize that the Notch signaling pathway, along with key factors Bmp2 and Runx2, may

play a crucial role in early myocardial events in response to injury (Figure 24).
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Figure 24. Graphic representation of the potential interaction between the Notch and Bmp signaling
pathways in the processes of early myocardial remodeling after infarction [23].

To confirm this, we obtained a fraction of activated cardiac mesenchymal cells (CMCs) from the
post-infarction area of the myocardium. Cells were isolated 24 hours after myocardial infarction
induction, and during cultivation, they were passaged only three times to preserve their properties and
conduct functional tests. We observed significant proliferative and migratory activity of post-infarction
CMCs compared to the control population during cultivation and functional testing. CMCs are known
to differentiate into cardiogenic, osteogenic, and adipogenic lineages [181, 182]. We also induced the
differentiation of CMCs in three directions, as observed through immunocytochemical staining of cells.
Assessing the expression of specific markers for cardiogenic, osteogenic, and adipogenic differentiation,
we found a higher level of activation in cells originating from the post-infarction zone, in contrast to the

control population from the healthy myocardial region.
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Proliferative activity was assessed in real-time using the xCELLigence system. We discovered that
post-infarction cardiac mesenchymal cells exhibit a more pronounced proliferative potential than CMCs
obtained from the healthy hearts of sham-operated rats. This aligns with our findings in post-infarction
tissues and is consistent with literature sources [183], demonstrating fibroblast activity in injury and
their interaction with cardiomyocytes. Additionally, we conducted RNA sequencing of primary CMC
cultures, revealing that post-infarction CMCs partially retain their transcriptional profile, reflecting early
events in the affected myocardium.

For comparison, we obtained a fraction of activated cardiac mesenchymal cells (CMCs) eight
hours after myocardial infarction induction. Subsequent analysis of the expression of Notch signaling
pathway components and presumed early remodeling genes using real-time PCR revealed activation of
the Notch target gene Hes/ and factors Bmp2/Runx2. Importantly, the activation of the latter was
specifically pronounced at an earlier time point.

Hypoxia has been described as a modulator of the Notch signaling pathway [184]. However, the
impact of in vitro hypoxic stress on a similar activation of Notch signaling pathway components and
early remodeling genes in healthy CMCs, obtained from sham-operated rats, remains unclear. /n vitro,
we induced hypoxia by placing cardiac mesenchymal cells in an incubator with controlled oxygen levels.
CMCs experienced acute hypoxic stress at 1% or 5% oxygen levels for 24 hours. We isolated RNA and
assessed gene expression, revealing that in vitro hypoxia also enhances the expression of Notch signaling
pathway components and Bmp2/Runx2 genes.

Intermolecular interactions between the Notch signaling pathway and Bmp2/Runx2 exist in
embryonic development [56, 185]. However, whether Notch can act as an activator of presumed early
remodeling factors in healthy CMCs remains unknown. We transduced healthy CMCs, obtained from
sham-operated rats, with a lentiviral vector at low and high doses containing the intracellular domain of
Notch 1 (NICDI). Activation of the Notch signaling pathway had a dose-dependent effect on Runx2
expression. However, Bmp2 did not respond to vector introduction, which may indicate its upstream role
in the regulation of this gene network.

It is worth noting that the studies conducted had a number of limitations. Epicardium-derived cells
may promote neovascularization and cardiomyogenesis through reactivation of fetal genes during
myocardial infarction [186-188]. The epicardium was removed before RNA extraction and cell culture,
but it is possible that its effect could still be exerted on the myocardium, so further studies will be
required to clarify this effect. It should also be noted that culturing cells in vitro can change their
properties, including proliferative and proangiogenic [189]. In the results of this study, post-infarction
CMCr proliferated better than healthy CMCr, but how this will affect myocardial regeneration in vivo

requires further study.
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3.2 Dysregulation of the Notch Signaling Pathway in Cardiac Mesenchymal Cells
from Tetralogy of Fallot Patients

Considering the significance of Notch signaling in heart development and the formation of a
specific gene expression pattern, we hypothesized that the Notch pathway might be attenuated in cardiac
tissue cells of Tetralogy of Fallot (TF) patients due to hypoxic stress [5]. This regulatory disruption could
be associated with cardiac tissue remodeling in TF patients. Human cardiac progenitor cells or cardiac
mesenchymal cells (CMCh) originating from the ventricular and atrial tissues are well-documented in
both human and rodent hearts [190]. They serve as a convenient tool for unraveling mechanisms related
to heart development and diseases [191, 192]. The aim of this section was to assess the activity of the

Notch signaling pathway in CMCh derived from the ventricular myocardium of TF patients.

3.2.1 Cardiac mesenchymal cells from patients with tetralogy of

Fallot have an alternative phenotype

CMCs were isolated from myocardial tissue obtained from patients with tetralogy of Fallot (TF-
CMCh) and compared with CMCs from patients with isolated ventricular septal defect as a control
(VSD-CMCh), since there was no effect of this pathology on the Notch signaling pathway [193]. CMCh
were phenotyped using flow cytometry. Cells from passages 2-3 were used for analysis. It was
demonstrated (Figure 25) that CMCh had a mesenchymal phenotype and moderately expressed CD117
(c-kit), characteristic of this lineage [194].
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Figure 25. Expression levels of marker genes of mesenchymal stem cells in TF-CMCh and VSD-CMCh
according to flow cytometry. Expression of markers in a typical CMCh population is indicated in the
bottom panel. The top panel shows the scatter plots for TF-CMCh and VSD-CMCh. Isotypes (control)
are marked with a red line, and CMCh - with a green line. The dot is the average fluorescence for the
CMCh. Groups were compared using the nonparametric Mann-Whitney test; line - median; p >0.05 not
specified. VSD-CMCh: n = 8; TF-CMCh: n = 15; the vertical axis is the fluorescence intensity [26].
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TF-CMCh expressed more endothelial marker CD31 (PECAM-1) and less mesenchymal marker
CD90 than VSD-CMCh [27]. Thus, the surface markers of TF-CMCh differed from VSD-CMCh.

3.2.2 Expression of Notch Signaling Pathway Components is Altered
in TF-CMCh

To assess the expression of key genes in the Notch signaling pathway, we extracted total RNA

from CMCh and performed RT-PCR using gene-specific primers (Figure 26a).
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Figure 26. Evaluation of Notch Signaling Pathway Component Expression in Cardiac
Mesenchymal Cells from Patients with Tetralogy of Fallot (TF-CMCh) and Ventricular Septal Defect
(VSD-CMCh). A. Experimental scheme. B. mRNA levels were assessed using quantitative PCR and

normalized to GAPDH. The vertical axis represents the relative mRNA content. Groups were compared
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using the non-parametric Mann-Whitney test; the line represents the median; p < 0.05 was considered
significant (highlighted by red squares). VSD: n = 14; TF: n = 42. The dot represents the mean from
qPCR performed in duplicate for each individual CMCh culture. C. Principal component analysis
showing differences in gene expression profiles between TF-CMCh and VSD-CMCh [26].

We evaluated the expression of Notch signaling pathway components, including NOTCHI—4
receptors, ligands JAG1, DLL4, and target genes HESI, HEY1, HEY2, TWIST, and SNAIL (Figure 26b).
As BMP2 was noted to cooperate with the Notch pathway in cardiac patterning [195], we also assessed
BMP?2 gene expression. We found that NOTCH4 and DLL4 expression was decreased in TF-CMCh
compared to VSD-CMCh, while NOTCH2, NOTCH3, JAG1, HESI, HEY1, and HEY?2 expressions were
increased. BMP2 expression was also elevated in TF-CMCh.

Principal component analysis revealed a difference in the expression pattern between TF-CMCh
and VSD-CMCh, with TF-CMCh forming a distinct cluster of gene expression (Figure 26¢). The
variates included gene expression data obtained by RT-PCR and calculated using the 2-24¢T method,
specifically: NOTCHI, NOTCH2, NOTCH3, NOTCH4, JAG1, DLL4, HEYI, HESI, HEY2, SNAIL,
TWISTI, and BMP2. Thus, our results indicate alterations in the baseline expression of Notch signaling
pathway components in TF-CMCh.

Due to the high variability in the expression of Notch signaling pathway components in TF-CMCh,

we assessed the correlation between target genes and Notch receptors (Figure 27).
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Figure 27. Scatter plots show correlations between Notch genes (NOTCHI,2,3), BMP2, and Notch
targets (HESI/HEY2/HES2). r - Spearman's rank correlation coefficient; p < 0.05 is considered
significant (highlighted by red squares); n = 42 [26].

We identified correlations between levels of NOTCHI and targets HESI, HEYI, HEY?2; the level
of NOTCH3 correlated with HESI. This suggests that NOTCHI and NOTCH3 likely contribute to the

increased expression of the Notch signaling pathway observed through the activation of HEYI, HEY2,
and HESI in TF-CMCh. We observed moderate correlation between HEY! and BMP2, indicating a

potential interaction in determining the phenotype of TF-CMCh. We found no associations with high/low

Notch signaling transduction with any clinical parameters or patient age (data not shown).
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3.2.3 Differences in the Notch Gene Expression Pattern in TF-CMCh

from the Right Atrium and Ventricle are Insignificant

To analyze the identified differences in gene expression in CMCh originating from different heart
chambers, we isolated TF-CMCh from the right atrium (RA) and right ventricle (RV) of several TF
patients and assessed gene expression using RT-PCR and qPCR analysis (Figure 28).
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Figure 28. Assessment of Notch Signaling Pathway Component Expression in Cardiac Mesenchymal
Cells from TF Patients (TF-CMCh) from Two Sources: Right Atrium (RA) and Ventricle (RV). A.
mRNA levels were assessed using quantitative PCR and normalized to GAPDH. The vertical axis
represents the relative mRNA content. Groups were compared using the non-parametric Mann-
Whitney test; the line represents the median; p <0.05 was considered significant (highlighted by red
squares). RA: n="7; RV: n="7. The point represents the mean value obtained from quantitative PCR,
performed in duplicate for each individual TF-CMCh culture. B. Principal component analysis
showing differences between TF-CMCh from RV and RA in gene expression profiles. C.
Experimental design [26].

We did not find significant differences between TF-CMCh derived from RA and RV, especially in
the key Notch signaling pathway target genes. However, differences in Notch expression are observed
in the tissues between RV-TF and RA-TF (Figure 29), indicating a complex cellular composition of

myocardial tissue.
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Figure 29. Assessment of Notch Signaling Pathway Component Expression in Myocardial Tissues
Obtained from the Right Ventricle (RV) and Right Atrium (RA) of TF Patients. A. mRNA levels were
assessed using quantitative PCR and normalized to GAPDH. The vertical axis represents the relative
mRNA content. Groups were compared using the non-parametric Mann-Whitney test; the line
represents the median; p <0.05 is considered significant and highlighted by red squares. RA: n using
quan uaing quantitative PCR and normalized to GAPDH. The vertical axis represents the relative
mRNA content. Groups were compB. Principal component analysis showing differences between RV
and RA in gene expression profiles. C. Experimental design [26].

3.2.4 Notch Activation Level is Associated with Proliferative Activity
of TF-CMCh

According to our hypothesis, the properties of TF-CMCh could depend not only on the age of the
patients but also on the level of Notch activation, given the high variability in the expression of its
components. To investigate this, we analyzed the correlation between patient age and low/high Notch
levels, assessing the proliferation rate of TF-CMCh. Three age groups were established: neonates <14
days, 5—7 months, and >12 months. Proliferation of respective TF-CMCh lines was analyzed using the
xCELLigence automated system [140], revealing no correlation between patient age and the

proliferation rate of their cells (Figure 30a).
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Figure 30. Cell Proliferation Assessment Using Real-Time Monitoring and Correlation Analyses

a. Correlation between TF-CMCh Proliferation and Patient Age. Cell proliferation was assessed using
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real-time xCELLigence cell division monitoring; n = 16. The dotted graph represents the age distribution
of TF patients; n = 42. TF-CMCh from three age periods is color-coded, and their respective growth
curves are presented on the right graph. b. Correlation between TF-CMCh Proliferation and Notch
Activation. Dotted graphs depict the expression levels of HESI and HEY! in TF-CMCh based on qRT-
PCR data. CMCh with "low" and "high" levels are denoted in blue and red, respectively. Growth curves
are presented on the right graph. Patient identifiers are indicated with arrowed numbers. Horizontal lines

indicate median values, n = 24 [26].

In contrast, when we categorized TF-CMCh lines based on their HEYI/HESI expression, we
observed that higher expression of Notch pathway target genes was associated with increased
proliferation rates, while low HEYI/HESI expression had the opposite effect (Figure 30b). Thus, we
noted a correlation between the expression level of Notch pathway target genes and the proliferation rate

of TF-CMCh.

3.2.5 Notch Activation Level Correlates with Enhanced
Differentiation Capacity of TF-CMCh

The functional outcome of Notch signaling activation strongly depends on developmental context
[196], and there are conflicting data regarding the activating and inactivating roles of Notch in various
differentiation types, including cardiogenic differentiation [197]. The cardiogenic potential of CMCs has
been previously described [194]. We investigated the impact of low/high Notch signaling levels on the
differentiation capacity of TF-CMCh, demonstrating the cardiogenic properties of CMC lines through

immunocytochemical staining and quantitative PCR for cardiogenic markers (Figure 31, 32).
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Figure 31. Dynamics of Cardiogenic Gene Markers and Notch Signaling Components Expression in
TF-CMCh through Quantitative PCR Analysis. Differentiation — TF-CMCh subjected to directed
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relative mRNA levels for each gene, measured using the 2"2A¢T method [26].
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Line1 Line2 Line3

control

differentiation

Figure 32. Cardiogenic (green color) Differentiation of TF-CMCh. Cells underwent differentiation by
adding specific inductors to the culture medium. Immunocytochemical staining for a-actinin and DAPI
[26].

We induced cardiogenic differentiation in TF-CMCh lines and categorized them into four groups

based on Notch activation levels represented by the expression of NOTCHI/HEYI (Figure 33).
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Figure 33. Analysis of Differentiation Capacity Depending on the Initial Notch Activation Level. a Four
TF-CMCh lines were selected based on Notch activation levels. Evaluation of NOTCHI, HEY], and
BMP?2 expression was performed using quantitative PCR. b Cardiogenic differentiation was induced in
the four CMCh lines. Levels of MEF2C and NKX2-5 were also assessed via quantitative PCR 24 days
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post-differentiation induction. Experiments were conducted in triplicate; error bars reflect the mean +/-
SD for three replicates [26].

The expression level of BMP2 corresponded to the level of HEYI/NOTCHI (Figure 33a). After
24 days of cardiogenic differentiation induction, we observed an increase in the expression levels of the
cardiogenic markers MEF2C and NKX2-5 to a degree consistent with the initial Notch activation level
(Figure 33b). Thus, elevated Notch signaling may contribute to increased plasticity of TF-CMCh.

3.2.6 Notch Dose-Dependently Promotes Differentiation

To confirm that high levels of Notch signaling activation can contribute to an increased
differentiation potential of TF-CMCh, we activated Notch in cells by introducing lentiviruses carrying
the intracellular domain of Notchl — NICD [132] and induced cardiogenic differentiation. We
demonstrated that transducing cells with NICD led to a dose-dependent increase in the expression of

NOTCHI and HEYI in TF-CMCh (Figure 34a).
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Figure 34. Notch Signaling Influences Cardiogenic Differentiation of TF-CMCh. A. Viruses carrying
NICD were added to TF-CMCh (1 and 10 pL, respectively). Expression of NOTCHI and HEYI was
confirmed using quantitative PCR. B. Cardiogenic differentiation was induced in five separate lines of
TF-CMCh transduced with varying amounts of NICD-carrying viruses. Histograms represent the
expression of MEF2C and NKX2-5 using quantitative PCR on the 24th day after induction of cardiogenic
differentiation. Error bars reflect the mean +/- SD for three replicates. *, ** p <0.05 compared to control
samples. C. Immunocytochemical staining of TF-CMCh for the cardiogenic marker a-actinin in the
presence/absence of Notch activation using NICD (NICD and control, respectively) in undifferentiated
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and differentiated cells. Experiments were conducted in triplicate [26].

Moreover, the introduction of NICD led to a dose-dependent increase in the expression levels of
cardiogenic markers MEF2C and NKX2-5 (Figure 34b), indicating the specific action of the intracellular
domain of Notch. Transduced TF-CMCh exhibited more intense staining for the cardiac marker alpha-
actinin after 24 days of cardiogenic differentiation (Figure 34c). The response of TF-CMCh from
different patients to NICD vector introduction is presented in graphs (Figure 35).
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Figure 35. Notch Signaling Influences Cardiogenic Differentiation of TF-CMCh. Cells were treated
with a vector carrying NICD. Gene expression was confirmed using quantitative PCR. Cardiogenic
differentiation was induced in three lines of TF-CMCh. C - control, NICD — cells transduced with NICD
virus. Each point represents the mean obtained by quantitative PCR and performed in duplicate for each
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individual TF-CMCh line, indicated by a distinct color (blue, green, or purple). The horizontal line
represents the median [26].

Thus, we established that Notch activation leads to an increase in the efficiency of TF-CMCh

differentiation.

3.2.7 Hypoxic Stress Moderately Increases the Expression of Notch

Signaling Components in vitro

Tetralogy of Fallot (TF) represents the most common cyanotic congenital heart defect. This
pathology encompasses a broad spectrum of severity, ranging from pink TF without hypoxemia and
nearly normal arterial saturation to highly cyanotic newborns with very low saturation levels. Over half
of TF patients experience reduced saturation levels (hypoxemia). Hypoxia affects all tissues and organs
in the body, including the brain and myocardial tissues. The role of Notch signaling in myocardial
remodeling under hypoxic conditions remains unclear. We hypothesized that hypoxia itself could be a
cause of increased expression of Notch signaling components in TF-derived cardiomyocyte-like cells
(TF-CMCh). To confirm this, we cultured TF-CMCh from patients with Tetralogy of Fallot under
hypoxic conditions using 1% and 5% O levels, respectively, with culture under normoxic conditions
(21% O2) used as a control. Cultivating TF-CMCh under hypoxic conditions resulted in only a moderate
increase in the transcription of NOTCHI and HEYI, as well as an elevation in BMP2 transcription

(Figure 36a).
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Figure 36. Hypoxic Stress Contributes to Increased Expression of Notch Signaling Pathway
Components. A.VSD-CMCh were cultured under hypoxic conditions with 1% (1% Hypoxia) and 5%
(5% Hypoxia) O levels, respectively, and under normoxic conditions (21% O>) as a control.
Histograms represent the expression of NOTCHI, HEY1, and BMP2 using quantitative PCR. Groups
were compared using the Mann-Whitney non-parametric test; five VSD-CMCh lines were used in the
experiment, repeated three times; *p <0.05. B. Analysis of Notch-activated genes in VSD-CMCh.
Viruses carrying NICD (1 and 10 pl, respectively; Control C) were added to VSD-CMCh or HUVEC,
used as a non-cardiogenic control. Histograms represent the corresponding gene expression 48 hours
after viral transduction using quantitative PCR. Three separate VSD-CMCh lines were used in the
experiment. Experiments were conducted in triplicate [26].

These data suggest that the hypoxic condition in TF patients may potentially contribute to the
activation of the Notch signaling pathway in TF-CMCh. In our previous work [23] we reported a possible
interaction between Notch and BMP2 in the context of MI-CMCer. To investigate whether the expression
of BMP2, along with cardiac markers, depends on Notch activation in VSD-CMCh, we activated Notch
in cells using lentiviruses carrying NICD. We observed a dose-dependent increase in NOTCHI, HEY 1,
MEF2C, and NKX2.5. HUVEC were used as a non-cardiogenic control. We also did not observe an
increase in BMP?2 transcription with NICD in VSD-CMCh (Figure 36), suggesting that the activation
mechanism of BMP2 in CMCs is independent of Notch activation.

3.2.8 Discussion of Notch Signaling Pathway Dysregulation in
Cardiac Mesenchymal Cells from Tetralogy of Fallot Patients

Tetralogy of Fallot (TF) is the most common and severe cyanotic congenital cardiac defect, the
cellular and molecular mechanisms of which are poorly understood. In this section of the work, the
expression of Notch-dependent genes was assessed in cardiac mesenchymal cells of patients with TF
(TF-CMCh). The gene expression pattern of TF-CMCh was compared with the genetic profile of CMCs
obtained from patients with ventricular septal defect (VSD-CMCh). The expression of Notch genes
varied significantly in TF-CMCh, but did not correlate with the age of the patients or with any clinical
parameters. However, the study demonstrated that higher expression values of Notch signaling pathway
genes contribute to the intensification of cell proliferation and differentiation.

Besides the 22ql1 deletion, no other gene loci have been associated with TF [198]. Exome
sequencing in sporadic nonsyndromic cases of TF has identified the NOTCH1 gene locus as a frequent
site for the emergence of genetic variants that predispose to the formation of this pathology. These studies
frequently identified variants in NOTCH I, which occur in epidermal growth factor (EGF)-like functional
repeats and are critical for ligand and receptor binding in Notch signaling [74, 199]. Gene variants

associated with vascular endothelial growth factor signaling were found in patients with TF [74]. This
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suggests that the pathogenesis of TF may be related to signaling pathways responsible for angiogenesis
and endothelial function.

A study of cardiac tissue from patients with tetralogy of Fallot, both idiopathic and syndromic with
22q11.2 deletion, identified more than a thousand deregulated genes in right ventricular tissue [200].
Most of the genes associated with Wnt and Notch signaling had decreased expression. This pattern of
gene expression, common to idiopathic and syndromic cases of TF, indicates that these episodes lead to
the same pathological outcome despite different genetic origins. The findings indicate that the genetic
profile of patients with TF tends to demonstrate an imbalance in the Notch signaling pathway rather than
its complete suppression. This dysregulation may be responsible for the early abnormalities in cardiac
patterning that characterize all cases of TF.

Heart formation is a complex process controlled by the precise spatiotemporal orchestration of
multiple signaling pathways, among which Notch often interacts with other signaling such as Wnt and
Bmp. Modern studies of the role of Notch signaling in cardiac development have confirmed its function
as a signaling integrator in tissue patterning during outflow tract development, affecting cell
proliferation, differentiation and apoptosis [56].

Studies using mice heterozygous for Notchl have found that such animals can appear
phenotypically normal, without obvious cardiovascular problems [201]. However, when assessing the
development of ascending aortic aneurysm in mice with the NOTCH1+/- genotype, especially on the
129S6 background, significant differences in aortic root dilatation were observed compared to mice with
a mixed genetic background [202]. The results of the study demonstrate significant variability in the
gene expression of Notch-dependent genes in TF-CMCh, which confirms the importance of the genetic
background in the development of TF. However, the influence of a number of factors associated with the
effects of in vitro cell culture, as well as the difference in the genotypes of patients with TF, may serve
as a limitation of this study.

Hypoxia is one of the factors that manifests itself during the disease in patients with TF, affecting
cardiac tissue, and may be involved in the modulation of the Notch signaling pathway [184]. Meanwhile,
the results of a study on the induction of hypoxia in vitro showed only a slight increase in gene expression
of signaling components Notch and Bmp2 pathways in CMCh. This indicates that changes in gene
expression in cells from TF patients are likely due to their different genetic backgrounds rather than just
the hypoxic condition.

Crosstalk between Notch and Bmp2 signaling has been demonstrated in early mouse heart
development [195]. Under the influence of ectopic expression of the Bmp2 gene in the cardiac muscle,
the genetic profile of adjacent endocardial cells changes, ensuring the process of their epithelial-

mesenchymal transition [195, 203]. This is of key importance for the formation of the correct cardiac
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pattern and the development of the heart chambers. The results of the study showed altered expression
levels of the Notch and Bmp2 signaling pathway components in TF-CMCh, which may reflect ongoing
pathogenic processes that disrupt the cardiac pattern in patients with TF.

Some fractions of CMCh have been used in clinical trials aimed at improving single-ventricle heart
function in patients with hypoplastic left heart syndrome [204]. These cells are considered as a potential
source of multipotent cardiac cells [191, 192]. The results obtained demonstrated that higher expression
levels of Notch signaling pathway components in TF-CMCh correspond to improved proliferation and
differentiation abilities of these cells, which is consistent with literature data [197, 205, 206].

Recent studies emphasize the importance of the age factor when analyzing the stemness qualities
of cardiac mesenchymal cells. At the same time, one of the latest studies found a decrease in the stemness
of these cells in patients younger than one month and older than forty years. However, another study
indicates that the differentiation potential of cells extracted from cardiospheres remains unchanged
throughout the first year of life [191, 192]. In the context of TF, most patients undergo surgery at a very
young age. This fact limited the ability of our study to fully examine how age influences the proliferative
behavior of CMCh. Our analysis did not reveal any significant effect of age or clinical symptoms of TF
on the proliferation of these cells.

A notable aspect of our study was the discrepancy between the gene expression profiles in the
tissue samples and in the CMCh. This discrepancy creates problems when extrapolating results obtained
from tissue samples to the subsets of cells that make up the mature heart. In doing so, our study is a
pioneering study in which it is the first to directly compare the CMCh with heart tissue samples taken
from the right atrium and right ventricle of the same patients. These comparisons have enriched our
understanding of the biology of CMCh.

Despite significant advances in the surgical treatment of TF over the past four decades, which have
led to improved survival rates (90% of patients now survive 30 years after surgery), these patients still
face a lower life expectancy compared to the general population [207]. Postoperative complications
such as pulmonary regurgitation, right ventricular dysfunction, recurrent right ventricular outflow
obstruction, arrhythmias, sudden death and aortic dilatation remain common [208]. This raises critical
questions about the long-term impact of genetic factors, including potential Notch gene dysregulation,
in patients with TF even after surgical correction.

Our study of the transcriptional profiles of TF patients revealed specific dysregulation of Notch
signaling rather than its general suppression (Figure 37). This pattern may play an important role in
initiating early developmental processes in the heart, which is common in all cases of TF. We have
previously reported similar dysregulation of the Notch gene in various cardiac diseases, such as thoracic

aortic aneurysm, bicuspid aortic valve, and aortic valve calcification, independent of mutations in the
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NOTCH]1 gene [209-211]. These data suggest that such disorders are associated with a wide range of
cardiac pathologies [170].

Cardiac
patterning

Figure 37. Notch signaling in the pathogenesis of the Tetralogy of Fallot represents a puzzle interacting
with many components. If we put all its components together, the result will be a structurally and
functionally normal heart, but if one or several details fall out, it will be impossible to get a complete
picture. Coordinated action of Notch genes is a very important component of this puzzle [212].

One of the significant limitations of our study is the lack of data on cells obtained from normal
myocardium in young patients. Obtaining age-appropriate control samples, especially in children after
corrective surgery, poses a major challenge. In addition, our study lacks direct sequencing data for
NOTCH]I, leaving open the possibility of distinct genetic variants in our patient cohort. However, the
main syndromic forms were excluded from the study. Therefore, further studies are needed to better
understand the role of various factors involved in the pathogenesis of TF and the biology of CMCh. The
results of this study may have vital implications for the development of future cell therapy strategies for

heart disease.
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3.3 Interaction between BMP2 and the Notch Signaling Pathway in Endothelial-

Mesenchymal Transition in the Context of Myocardial Fibrosis

The group led by José Luis de la Pompa previously demonstrated [213, 214], that there is an
interaction between the Notch signaling pathway and Bmp2 in the formation of heart valves in mice,
with Snaill acting as a common tissue-specific target of these pathways. In the developing heart, they
were antagonistic to each other, and proper regulation of target gene expression ensured appropriate
organ formation through a specific developmental pattern [215]. The Notch signaling pathway inhibits
fibrosis during myocardial infarction in rats by preventing the transformation of cardiac fibroblasts into
myofibroblasts through the suppression of TGF-B1/Smad3 signaling [216], a key regulator of
endothelial-mesenchymal transition (EndoMT). The balance between Notch and Bmp2 signaling
determines the fate of fibroblasts, and the progression of EndoMT and fibrosis in the heart.

We hypothesize that the specific contribution of cardiac mesenchymal cells (CMC) to the
development of heart fibrosis in the context of EndoMT regulation is mediated by the interaction
between the Notch and Bmp?2 signaling pathways. Activation of these pathways in CMC leads to the
regulation of common downstream targets, resulting in the modulation of EndoMT markers and
subsequent fibrotic processes in the heart. In this section, evidence was obtained indicating a link
between the Notch signaling pathway and Bmp?2 in the regulation of EndoMT through a potential SLUG-
dependent mechanism (SNAI2) in human CMC. Co-culturing CMC and human umbilical vein
endothelial cells (HUVECsS) in two different combinations led to opposite cellular responses regarding
the expression of target genes and the synthesis of a-smooth muscle actin (a-SMA). Our results show

that BMP2 and Notch activation is tissue-specific and highly dependent on the type of cells used.

3.3.1 Activation of BMP2 and Notch Signaling Pathways Modulates
Target Gene Expression in CMCh and HUVECs

To assess the impact of activating Notch and BMP2 signaling on target gene expression, both
CMCh and HUVECs were transduced with a lentiviral vector carrying either NICD (the active form of
the NOTCH1 sequence) or BMP2. After 48 hours, total RNA was extracted for RT-PCR analysis. A
'blank' vector as a transduction control (TRC), lacking gene inserts, was used to evaluate the effect of
cellular transduction. Additionally, cells without any induction served as a negative control.

It was noted that NICD activation led to increased expression of the Notch target gene HEY! and
the NOTCH | receptor in both cell cultures (Figure 38), indicating successful cellular transduction with

the NICD lentiviral vector. However, only HUVECs showed an increase in BMP2 expression in response
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to NICD vector introduction, while BMP2 expression in CMCh remained unchanged. Furthermore,
RUNX?2 was also suppressed in CMCh.

Upon the addition of the BMP2 lentiviral vector to the cell cultures, an increase in BMP2
expression was observed in both cell types, thus confirming the effectiveness of this vector (Figure 37).

Moreover, BMP2 induction led to the activation of HEYI in CMCh.
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Figure 38. Exogenous activation of the Notch and Bmp2 signaling pathways using lentiviral constructs
carrying NICD and/or BMP2 sequences led to an increase in the expression of components of these
signaling pathways. Cells without induction were used as a negative control, and the lentivirus with TRC
was the vector that did not carry any gene inserts. The y-axis represents the relative amount of mRNA
in each group, measured using the 2724t method; box plots with whiskers from minimum to maximum
are presented. P-values and brackets indicate statistically significant differences between groups at
P<0.05 (Mann-Whitney U non-parametric test). A red asterisk further denotes groups that have a
statistically significant difference compared to the control and TRC. All comparisons are presented in
Figure 40. The experiment was repeated three times. CMC, human cardiac mesenchymal cells; HUVEC,
human umbilical vein endothelial cells; TRC, transduction control; BMP2, bone morphogenetic protein
2; NICD, intracellular domain of NOTCHI1 [25].

To investigate the potential interaction between Notch and BMP2 signaling pathways, CMCh and
HUVEC cultures were co-transduced with lentiviral vectors carrying NICD and BMP2 sequences,
respectively. The BMP2 vector was introduced first, followed by NICD after 18 hours (+BMP2/NICD,

Figure 38). The results showed that double transduction did not enhance the expression of the target

gene compared to the induction of a single signaling pathway.
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3.3.2 Activation of Notch and BMP2 Induces Elevated Synthesis of a-
SMA in Cells, Except for HUVECsS in Response to BMP2 Gene

Induction

To assess the impact of the Notch and BMP2 signaling pathways on the expression of EndoMT
markers, human cardiac mesenchymal cells (CMCh) and HUVECs were transduced with a lentiviral
vector carrying either NICD or BMP2 sequences, respectively. Upon Notch induction (Figure 39A),
active transcription of SNAI2 (SLUG) was observed in both cell types, unlike SNA//, which was
overexpressed only in response to BMP2 induction in CMCh. Additionally, the expression of SNAI2 in
HUVECGC: increased to a level comparable to the baseline expression observed in control mesenchymal
cells. However, double transduction of CMCh and HUVECs with BMP2 and NICD did not increase the
expression level of EndoMT marker genes (+BMP2/NICD, Figure 39A).
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Figure 39. Activation of the Notch and BMP2 signaling pathways in response to the introduction of
lentiviral constructs carrying NICD and/or BMP2 sequences facilitated increased synthesis of a-SMA
in both cultures, except for HUVECs in response to BMP2 induction. (A) Dynamics of SNA/I and SNAI2
expression (markers of endothelial-mesenchymal transition, EndoMT) in CMCh and HUVEC cultures
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in response to transduction with lentiviral constructs carrying NICD and/or BMP2 sequences. Cells
without induction were used as a negative control, and the TRC virus was a vector that did not carry any
gene inserts. The y-axis represents the relative amount of mRNA in each group, measured using the
2-24C method; box plots with whiskers from minimum to maximum are presented. P-values and brackets
indicate statistically significant differences between groups at P<0.05 (Mann-Whitney U non-parametric
test). A red asterisk additionally denotes groups that have a statistically significant difference compared
to the control and TRC. All comparisons are presented in Figure 40. (B) Immunophenotyping of CMCh
and HUVECs for the EndoMT marker a-SMA in response to induction of the Notch and/or BMP2
signaling pathways. The experiment was repeated three times. CMCh, human cardiac mesenchymal
cells; HUVECs, human umbilical vein endothelial cells; TRC, transduction control; BMP2, bone
morphogenetic protein 2; NICD, intracellular domain of NOTCHI1; a-SMA, a-smooth muscle actin;
EndoMT, endothelial-mesenchymal transition; DAPI, 4',6-diamidino-2-phenylindole [25].

a-SMA is an important marker of EndoMT in both endothelial and mesenchymal cells, which are
activated during development or injury [217-220]. To evaluate EndoMT activation in CMCh and
HUVEC cultures in response to the induction of the Notch and BMP2 signaling pathways,
immunostaining for a-SMA was conducted. Both CMCh and HUVECs did not synthesize a-SMA in the
uninduced control (Figure 39B). Notch activation led to the accumulation of a-SMA in both CMCh and
HUVECs (Figure 39B). Nevertheless, transduction of cell cultures with BMP2 lentivirus facilitated a-
SMA synthesis only in CMCh, corresponding to the expression levels of SNA/I and SNAI2 demonstrated
by RT-PCR. As a result of adding both vectors, EndoMT activation was observed in both CMCh and
HUVECs (Figure 39B). However, a-SMA synthesis was less pronounced in HUVECs compared to
CMCh.
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Figure 40. Exogenous activation of the Notch and Bmp2 signaling pathways by introducing

lentiviral constructs carrying NICD and/or BMP2 sequences led to an increase in the expression of
pathway components. Cells without induction were used as a negative control, and the TRC virus was a

vector that did not carry any gene inserts. The Y-axis represents the relative amount of mRNA in each



117

2788Ct method; box plots with whiskers from minimum to maximum are

group, measured using the
presented. P-values (numbers) and brackets indicate significant differences between groups at P<0.05
(Mann-Whitney U non-parametric test). The experiment was repeated three times. CMCh, human
cardiac mesenchymal cells; HUVECs, human umbilical vein endothelial cells; Contr, control; TRC,

'empty' vector; BMP2, bone morphogenetic protein 2; NICD, intracellular domain of NOTCHI [25].

3.3.3 Co-Culturing CMCh and HUVEC: Alters Target Gene
Expression, Influencing the Activation of HEYI and BMP2
Genes in Double Transduction of CMCh/HUVEC Cultures

Considering that the Notch signaling pathway is known to mediate intercellular communication,
the influence of co-culturing mesenchymal and endothelial cells on the expression of the Notch and
BMP2 signaling pathways was investigated. Upon the addition of the NICD lentiviral vector, increased
expression of HEY I was observed in both types of co-cultures. Nevertheless, the expression of NOTCH I
increased only in the HUVEC/CMCh co-culture. Similarly, transduction of cell cultures with the BMP2
vector led to the activation of BMP2 in both co-cultures, confirming the effectiveness of the vectors in
co-culturing conditions.

Our findings (Figure 41) demonstrate variability in the expression profile in cell cultures, which
appears to be influenced by the order of cell seeding. Particularly, a decrease in target gene expression
was observed compared to conditions of monoculture. However, a stimulating effect on the expression
of HEYI and BMP2 was noted in response to dual transduction, especially in the CMC/HUVEC
combination (+BMP2/NICD, Figure 41).
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Figure 41. Activation of the Notch and BMP2 signaling pathways in co-cultured CMCh and HUVECs
in response to the introduction of lentiviral constructs carrying NICD and/or BMP2 sequences led to a
decrease in the expression of target genes compared to their activation in monocultures. Cells without
induction were used as a negative control, and the TRC virus was a vector that did not carry any gene
inserts. The y-axis represents the relative amount of mRNA in each group, measured using the 2744¢t
method; box plots with whiskers from minimum to maximum are presented. P-values and brackets
indicate statistically significant differences between groups at P<0.05 (Mann-Whitney U non-parametric
test). A red asterisk further denotes groups that have a statistically significant difference compared to the
control and TRC. All comparisons are presented in Figure 43. The experiment was repeated three times.
CMCh, human cardiac mesenchymal cells; HUVECs, human umbilical vein endothelial cells; TRC,
transduction control; BMP2, bone morphogenetic protein 2; NICD, intracellular domain of NOTCH1
[25].

3.3.4 Induction of a-SMA Synthesis in CMCh is Modulated by BMP2
and BMP2/NICD Activation During Co-Culturing, Correlating
with SNAI2 Expression

To assess the influence of co-culturing CMCh and HUVECSs on a-SMA synthesis in response to
the induction of the Notch and BMP2 signaling pathways, immunophenotyping of cell co-cultures for
a-SMA was conducted. The obtained results (Figure 42) show that activation of the Notch signaling
pathway induces a-SMA synthesis in both CMC/HUVEC and HUVEC/CMC co-cultures, regardless of
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the seeding order. Double transduction of the CMC/HUVEC co-culture led to an increase in BMP2
expression (+BMP2/NICD, Figure 41) and, conversely, to the suppression of EndoMT markers
(+BMP2/NICD, Figure 42A). This was also reflected in the suppression of a-SMA accumulation in the
presence of a single BMP2 vector, or two vectors BMP2 and NICD (+BMP2/NICD, Figure 42B).
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Figure 42. Synthesis of a-SMA in CMC Decreases in Response to BMP2 and BMP2/NICD Activation
During Co-Culturing. (A) Dynamics of SNAII and SNAI2 expression (markers of endothelial-
mesenchymal transition, EndoMT) in CMC and HUVEC cultures in response to transduction with
lentiviral constructs carrying NICD and/or BMP2 sequences. Cells without induction were used as a
negative control, and the TRC virus was a vector that did not carry any gene inserts. The y-axis represents
the relative amount of mRNA in each group, measured using the 224t method; box plots with whiskers
from minimum to maximum are presented. P-values and brackets indicate statistically significant
differences between groups at P<(0.05 (Mann-Whitney U non-parametric test). A red asterisk
additionally denotes groups that have a statistically significant difference compared to the control and
TRC. All comparisons are presented in Figure 43. (B) Immunophenotyping of CMC and HUVECs for
the EndoMT marker a-SMA upon induction of Notch and/or BMP2 signaling pathways. The experiment
was repeated three times. CMC, human cardiac mesenchymal cells; HUVECs, human umbilical vein
endothelial cells; TRC, transduction control; BMP2, bone morphogenetic protein 2; NICD, intracellular
domain of NOTCHI; a-SMA, a-smooth muscle actin; EndoMT, endothelial-mesenchymal transition;
DAPI, 4',6-diamidino-2-phenylindole [25].



120

Transduction of cell cultures with BMP2 lentivirus had an inhibitory effect on a-SMA
accumulation in mesenchymal cells and this was also accompanied by a decrease in SNAI2 expression
when co-cultured with endothelial cells. Activation of the Notch and BMP2 signaling pathways led to
the induction of EndoMT in HUVEC/CMC co-cultures (+BMP2/NICD, Figure 42B), correlating with
the accumulation of SNAI2 (+BMP2/NICD, Figure 42A). Conversely, we observed that SNAII
expression was suppressed in response to Notch induction and double transduction in CMC/HUVEC co-

culture.



121

HEY1 RUNX2 NOTCH1

0.0040

i 00008 ° b 3 Contr ° 19 I Contr
3 ] o S T =
> ! z mevp2 3 =-BMP2
< 100 m+BMP2 & & o
[ m+NICD £ mm+NICD E , = +NICD
E +BMP2 o 0.1 +BMP2 o 4 +BMP2
° 1o | (= ™ Nico 2 " ®Nco 2 | & - ™ Nico
- — © i
 oa® v :
& 4 @ 0.014— v @ o
|CMCIHU][| ; CMC/HU MCIHU
BMP2 =
<0.0001 'T]
000!_4 l
5100000 [%' O Conts 3 C3Contr 3 10 7007
2 100004 ot G ﬁ i T m+TRC @ j
S 1000 bl 0 - meeMP2 S 1 D
o m+NICD o 14 m+NICD
B 00081 = BMP2 ¢ S E +BMP2
2 10 mCD 24 w2 2 o4 INICD
8 B 5 B
D &’ 7]
x 01— v 0 o @ 0.01 ,
CMC/HU CMCMU CMC/HUV]
0.0079 0.0317
— : Contr <0.0001
) 1000 0.0\ < 10000; 0.0005 I Contr D 8; e ¢
) 0.0079 l m+TRC q)) m TG q>) 00022 CContr
e 0.0010.015 Q2 y o - 00079
< 400 mBMP2 < 00 <6{ | ooos ERFTRC
% z m+BMP2 2 00143 = +BMP2
& m+«NCD @ 190 x
E = s mwnicp  E4 O = +NICD
2 NICD - 3 ! . owm, 2 INICD
o 8 N °
[ o
o X 01 0

HUV/CMC

RUNX2 SNAI SLUG

0.0079

0.@67
= 0.5 CIContr o 10 00159 CContr
o < 10 o006 | O Contr 2 o 0143
D, m+TRC 9 o 0180 k) m+TRC
< 0 o 00357 00317 EE+TRC < °°°79
- Tl meMP2 g | -+8MP2 2 Y WRM2
% . +NICD g ..mco % mm+NICD
0021 & mBWP2  E +BMP2 o 4 m tBMP2
S0 ! INICD 2 0.1 mico = O = NiCD
@ Y. 17 — ©
- © -~
0] % 3]
@00 & : — & 0,01 ——r—r——r
[Huvicmc] oo
HUV/CMC HUV/CMC

Figure 43. Activation of the Notch and BMP2 signaling pathways through co-culturing of CMC and
HUVEC:s in response to the introduction of lentiviral constructs carrying NICD and/or BMP2 sequences
led to a decrease in the expression of target genes compared to monocultures. Cells without induction
were used as a negative control, and the TRC virus was a vector that did not carry any gene inserts. The
y-axis represents the relative amount of mRNA in each group, measured using the 2722t method; box
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plots with whiskers from minimum to maximum are presented. P-values (numbers) and brackets indicate
significant differences between groups at P<0.05 (Mann-Whitney U non-parametric test). The
experiment was repeated three times. CMC, human cardiac mesenchymal cells; HUVECs, human
umbilical vein endothelial cells; Contr, control; TRC, 'empty' vector; BMP2, bone morphogenetic
protein 2; NICD, intracellular domain of NOTCHI1 [25].

3.3.5 Discussion of Results on the Interaction between BMP2 and the
Notch Signaling Pathway in Endothelial-Mesenchymal

Transition

EndoMT is a critical process associated with the development and disorders of the cardiovascular
system [221]. Although embryonic signaling pathways such as Notch and Bmp are known to regulate
EndoMT, their interactions in this process are not yet fully understood. Consequently, determining how
these pathways are regulated is a priority for treating cardiovascular pathologies in adulthood.

For this purpose, the Notch and Bmp pathways (specifically, BMP2) were induced in human
cardiac mesenchymal cells (CMCh) and human umbilical vein endothelial cells (HUVECs) using
various combinations. The cells were transduced with vectors carrying NICD and/or BMP2, and after
48 hours, RNA was extracted for RT-PCR to assess the expression of Notch and Bmp pathway
components and the activation of EndoMT markers. Immunocytochemical staining for a-SMA was used
to determine EndoMT 14 days post-induction.

The Notch signaling pathway involves receptors (e.g., NOTCH1), ligands, and target genes (e.g.,
HEY1). In the canonical Notch signaling pathway, the receptor and ligand of two adjacent cells interact,
leading to the proteolytic cleavage of the intracellular part of the receptor and translocation of NICD to
the nucleus to activate target gene expression. The Notch pathway was induced in CMC and HUVECs
using a lentiviral vector carrying the NICD sequence. Upon activation, both cultures showed an increase
in the expression of HEYI and NOTCH|1 receptors. Moreover, transduction of cell cultures with NICD
led to the synthesis and subsequent accumulation of a-SMA in both CMCh and HUVECs 14 days post-
induction. It was found that Notch pathway activation using NICD increases BMP2 expression in
HUVEC:s but does not affect CMCh. A decrease in the expression of RUNX2, one of the Bmp target
genes [222, 223], was also observed in CMCh, indicating two opposing processes in endothelial and
mesenchymal cells.

BMP2 is a growth factor and a component of the TGF-B superfamily, playing a role in many
developmental processes, including cardiogenesis, neurogenesis, and osteogenesis [153-155]. BMP2 has
also been noted in epithelial-mesenchymal transition (EMT) processes during development [224, 225].
It has been shown that the Notch signaling pathway regulates BMP2 during osteogenic differentiation

[226]. However, its precise regulation in the context of EndoMT and its interaction with other embryonic
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signaling pathways, including Notch, are still not fully understood. Transduction of cell cultures with a
BMP2 vector successfully regulates BMP2 expression in human cardiac mesenchymal cells (CMCh)
and human umbilical vein endothelial cells (HUVECs:). It was found that BMP2 induction in CMCh led
to an increase in the expression of HEY! (a Notch target gene) and had no effect on the expression of
NOTCH]1, suggesting an interaction only with downstream targets. Meanwhile, BMP2 activation in
HUVECs did not affect the expression of Notch pathway components. Additionally, the addition of
BMP2 had an inducing effect, particularly on CMCh, leading to the synthesis and accumulation of a-
SMA. However, unlike CMCh, HUVECs did not respond to BMP2 activation, indicating a potential
tissue-specific effect of this signaling pathway.

During EMT in the heart, endocardial cells undergo significant changes in gene expression,
including Notch-dependent induction of ACTA2 (a-SMA), SNAII, and SNAI2 [132]. Despite differences
in BMP?2 activation (Figure 38), an increase in SNAI2 expression was observed in both cultures
following the addition of NICD (Figure 39A). However, this did not affect the expression of SNA//
(Figure 39A).

Transduction with a BMP2 vector led to an increase in BMP2 expression in both cultures, but the
expression of EndoMT markers differed between CMCh and HUVECs. While SNAI2 was activated in
both cultures, only CMCh expressed SNA/I. Coordinated activity of the Notch and BMP2 signaling
pathways has been previously noted in the developmental processes of the cardiovascular system [214].
Ectopic expression of one signaling pathway often led to suppression of another signaling system in the
same tissue. However, coordinated signaling has been described, for example, between the myocardium
and endocardium, and during heart valve formation with the activation of SNA// influencing EMT
processes [227].

Alternating activation of the Notch and Bmp pathways in CMCh and HUVECs was achieved by
introducing a BMP2 vector, followed by the addition of NICD after 18 hours. It was noted that double
transduction did not increase the expression of signaling pathway markers and EndoMT in both cultures
compared to single induction and, most likely, reduces the effectiveness of their expression. Interestingly,
in examining the impact of double transduction, no significant influence on a-SMA accumulation in
CMCh was observed. a-SMA levels were comparable to those noted with single induction, indicating
that double transduction also led to a-SMA synthesis. Nevertheless, the effect was less pronounced in
HUVEC:s, suggesting that these signaling pathways may have opposite effects in this cell type.

According to the hypothesis, the interaction between the Notch signaling pathway and BMP2 may
change during co-culturing of mesenchymal and endothelial cells. CMCh and HUVECs were seeded
alternately, with a 24-hour difference, in two opposite combinations. An assessment of the expression of

Notch, BMP2, and EndoMT genes in response to induction showed a decrease in target gene expression
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compared to monocultures. Despite using the same cell cultures but seeded in different combinations,
distinctly pronounced cellular responses were observed in the form of HEY! and NOTCHI expression
in response to the introduction of NICD and BMP2. In the CMC/HUVEC combination, there was a
consecutive increase in HEY 1 expression with the addition of NICD and BMP2/NICD. However, in the
HUVEC/CMC combination, only the introduction of the NICD vector led to the activation of HEY1.
The observed discrepancy implies a potential influence of seeding order on intercellular communication,
potentially affected by the initial predominance of the HUVEC culture in the culture dish. Additionally,
NOTCH] activation was noted in the HUVEC/CMC combination in response to NOTCH induction,
reinforcing the notion of a tissue-specific response. These results suggest a potential influence of cell
type interaction and seeding order on the modulation of marker expression and signaling pathways.

A reduction in the expression of EndoMT markers such as SNAII and SNAI2 in the CMC/HUVEC
co-culture compared to the CMCh monoculture in response to BMP2 induction was noted, confirmed
by the absence of a-SMA synthesis in immunocytochemical staining. This could mean that adding the
HUVEC culture, which previously did not synthesize a-SMA in monoculture, hindered the marker's
manifestation in the CMCh culture. At the same time, double transduction led to a significant increase
in BMP2 expression in the CMC/HUVEC co-culture compared to single induction, suggesting an
additional effect when both factors are present in the co-culture. Conversely, in the HUVEC/CMC co-
culture, double transduction positively influenced o-SMA accumulation and increased SNAI2
expression. Throughout the experiment, it was repeatedly observed that SNAI2 expression directly
correlates with a-SMA synthesis in cultures in response to activation of Notch or BMP2.

BMP2, like Notch, plays a crucial role in altering the expression of EndoMT marker genes and
components of Notch and Bmp signaling pathways and appears to contribute to Notch deregulation,
possibly through a Slug-dependent mechanism (SNAI2). Nonetheless, the results obtained showed that
in both CMCh and HUVEC:s, there is a relationship that changes during co-culturing, leading to the
formation of antagonistic effects in gene expression, which are comparable when choosing cell fate
between developing tissues.

The opposing cellular responses observed in co-cultured CMCh and HUVECs in various
combinations can be attributed to complex interactions between cell types and the involved signaling
mechanisms (Figure 44). In one study, where endothelial cells were co-cultured with mesenchymal stem
cells (MSCs), it was found that endothelial cells induce the differentiation of smooth muscle cells
(SMCs) in MSCs [228]. This induction of SMCs was mediated by the Notch signaling pathway and was
independent of the growth factor signaling pathway. On the other hand, where endothelial cells were co-
cultured with bone marrow stem cells (BMSCs), there was an induction of both osteogenesis and

angiogenesis [229]. The co-cultured cells demonstrated increased expression of osteogenic genes,
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indicating the supportive role of endothelial cells in facilitating both bone formation and blood vessel
formation. These results suggest that the specific combination of cell types and their microenvironment

can influence cellular response and fate determination, highlighting the importance of interactions

between different types of cells depending on the context.

Induction of NOTCH/BMP2 in cocultivation of CMCs and HUVECs
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Figure 44. A schematic demonstrating the influence of activating Notch and BMP2 signaling pathways
on altering cellular effects depending on the method of co-culturing CMCh and HUVECs. BMP2, bone
morphogenetic protein 2; CMCh, human cardiac mesenchymal cells; HUVECs, human umbilical vein
endothelial cells; NICD, intracellular domain of NOTCHI1 [25].

Although markers of endothelial-mesenchymal transition (EndoMT) such as the expression of
various genes and the accumulation of a-SMA were noted in the cell cultures, a broader spectrum of
markers was not considered. This would allow for an expansion of the study, for example, by assessing

endothelial markers like vascular endothelial cadherin, endothelial nitric oxide synthase (eNOS), and/or

CD31; and mesenchymal-specific markers such as N-cadherin, FSP-1, vimentin, and/or fibronectin.
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CONCLUSION

Restoring the contractile function of the heart and regenerating the myocardium after ischemic
damage remain significant challenges in regenerative medicine and cellular biology. Traditional
treatments, such as drug therapy and revascularization, only alleviate symptoms without contributing to
full recovery from developing heart failure. The discovery and experimental use of human cardiac
mesenchymal cells have marked a new phase in cardiovascular regenerative medicine, with clinical trials

using these cells and their products raising hope for new heart failure therapies (Figure 45).
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Figure 45. Possible approaches to myocardial regenerative therapy [29].

This study's results demonstrated that acute hypoxic stress could cause a temporary activation of
embryonic signaling pathways Notch and Bmp in cardiac mesenchymal cells, and this interaction is
closely related to early myocardial remodeling processes after a heart attack. The ability to accurately
modulate and control the corresponding signals in the heart could enhance the regenerative capacity of
the myocardium before the formation of fibrotic conditions.

Our research highlights the importance of the level of Notch activation in CMCh from patients
diagnosed with Tetralogy of Fallot. The complex genetic background may be associated with Notch
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signaling as a very sensitive and fine-tuned regulatory component of tissue integrity. Consequently,

disruption in the regulation of gene expression related to Notch causes breakdown of the complex and

balanced regulatory mechanism, potentially leading to developmental defects not necessarily related to

mutations in Notch-associated genes.

Based on the objectives of our research, the following conclusions were made:

1.

Myocardial infarction leads to significant changes in gene transcription patterns in post-
infarct tissues 24 hours after acute infarction, promoting the activation of Bmp2/Runx2
and Notch signaling components.

Myocardial infarction stimulates populations of resident cardiac mesenchymal cells in
the injury zone, enhancing their in vitro capacity for proliferation, migration, and
differentiation.

The transcriptional profile of post-infarct cardiac mesenchymal cells differs from healthy
cells in the expression of Notch pathway components (Jag!l, Hesl) and Bmp2/Runx2.

In vitro hypoxia activates Notch and BMP2 signaling pathways in human and rat cardiac
mesenchymal cells.

Notch activation in rat and human cardiac mesenchymal cells leads to a dose-dependent
change in the expression of Notch pathway components and does not affect BMP2
expression.

The levels of Notch pathway activation influence the proliferation and differentiation
processes in human cardiac mesenchymal cells, with dose-dependent Notch activation
enhancing their cardiogenic differentiation capacity.

Alternating activation of Notch and BMP2 affects the expression of endothelial-
mesenchymal transition marker genes and the synthesis of alpha-actin, promoting the

activation of human cardiac mesenchymal cells.
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LIST OF ABBREVIATIONS

AVC - Atrioventricular Canal

Bmp?2 - Bone Morphogenetic Protein 2

BSA - Bovine Serum Albumin

CI - Cell Index

CSL - CBFI1-Suppressor of Hairless-LAG1 (Transcription Factor Responsible for Activating

Notch Genes)

Rats

DAPI - 4',6-Diamidino-2-Phenylindole

DMEM - Dulbecco's Modified Eagle Medium

DNA - Deoxyribonucleic Acid

DMSO - Dimethyl Sulfoxide (Cryoprotector)

FBS - Fetal Bovine Serum

Fabp4 - Fatty Acid Binding Protein 4

H-CMCr — Rat Cardiac Mesenchymal Cells from the Healthy Part of Ischemic Heart
HS - Horse Serum

MAMLI - Mastermind-like Transcriptional Co-activator 1

MI-CMCr — Rat Cardiac Mesenchymal Cells from the Post-Infarction Area

NICD - Notch Intracellular Domain

PBS - Phosphate Buffered Saline

PEI - Polyethylenimine Hydrochloride

PFA - Paraformaldehyde

qRT-PCR - Quantitative Reverse Transcription Polymerase Chain Reaction

RNA - Ribonucleic Acid

Runx2 - Runt-Related Transcription Factor 2

SNAI2 - Snail Family Transcriptional Repressor 2

SH-CMCr — Rat Cardiac Mesenchymal Cells from the Healthy Myocardium of Sham-Operated

TF-CMCh — Cardiac Mesenchymal Cells from Patients with Tetralogy of Fallot
Tnnt2 - Troponin T2 Gene
VSD-CMCh — Cardiac Mesenchymal Cells Obtained from Patients with Ventricular Septal Defect
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