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mRNA - messenger RNA

miRNA - mRNA inhibitory RNA

RNA — ribonucleic acid
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INTRODUCTION

General description of work. This work is devoted to the study of the
characteristics of the interaction of miRNA nanomolecules with mRNA of genes
implicated in gastrointestinal tract cancer development and the search for markers
based on associations of miRNA and candidate genes for the development of
methods for the early diagnosis of these diseases in nanomedicine.

Relevance of the research topic.

Cancer continues to pose a substantial threat to public health worldwide,
manifesting as a considerable factor contributing to global mortality. The year 2020
witnessed an alarming surge with an estimated 19.3 million new cases of cancer
diagnosed, a staggering number that resulted in nearly 10 million deaths across the
globe, emphasizing the enduring impact and severity of this disease on populations
worldwide [1]. Moreover, cancer's global escalation is anticipated to persist and grow
further in its impact, with an estimated 21.7 million new cases and 13 million deaths
projected by 2030 [1]. Experts of the International Agency for Research on Cancer
(IARC) have recorded a large number of deaths from colorectal cancer (9.4%),
gastric cancer (7.7%) and esophageal cancer (5.5%) [1]. Despite substantial
advancements in comprehending cancer's origins and concerted endeavors aimed at
developing and enhancing diagnostic tools and treatment modalities, the prevalence
of gastrointestinal cancer and its associated fatalities remain notably elevated. This
elevated burden persists across both developing and developed countries,
underscoring the continued challenges in reducing morbidity and mortality rates
attributed to gastrointestinal cancers worldwide [2].

Esophageal cancer stands as a prevalent form of gastrointestinal malignancy,
characterized by a bleak prognosis. It ranks among the most frequently diagnosed
cancers affecting the gastrointestinal tract, often presenting challenging prognostic
outcomes. Esophageal cancer primarily manifests in two predominant forms:
esophageal adenocarcinoma (EAC) and esophageal squamous cell carcinoma (ESCC)
[3]. These two distinct types represent the prevalent classifications under which
esophageal cancer is commonly identified, each exhibiting unique characteristics and
implications for diagnosis and treatment [3]. The observation of esophageal
malignancy in patients with esophageal motility disorders was noted in the literature
many years ago and continues to this day [4, 5-10]. The development of ESCC is
believed to be associated with food stasis in the dilated lumen. This leads to
contamination by bacteria, which eventually leads to chemical irritation of the
esophageal lining. These patients can develop chronic retention esophagitis,
dysplasia, and eventually cancer [4,11-13]. Gastroesophageal reflux disease leads to
development of Barrett's esophagus and progression to esophageal adenocarcinoma
[13-14].

Gastric cancer (GC) ranks as the second most prevalent cause of cancer-related
mortality on a global scale and remains a growing concern. The primary cause of
gastric ulcers is attributed to the presence of H.pylori bacteria [15]. Notably, H. pylori
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infection has a clear association with the incidence of gastric cancer [16]. Given that
gastric ulcers constitute open wounds, they are highly susceptible to bacterial
infection. This leads to DNA mutations and harm to the cells comprising the gastric
mucosa [17-18]. Consequently, the damaged gastric tissue undergoes replacement by
intestinal or fibrous tissue as part of the healing process.

Tumors of the small intestine account for 1-5% of all tumors of the
gastrointestinal tract [19]. Colorectal cancer ranks among the frequently occurring
cancers on a global scale. An increased risk of colorectal cancer has been found in
patients with inflammatory bowel disease, especially with prolonged and extensive
ulcerative colitis. Studies indicate that individuals affected by inflammatory
gastrointestinal conditions face elevated susceptibility to colorectal cancer [20-21]
and heightened overall mortality linked to gastrointestinal tract tumors, such as small
intestine cancer [22]. Exploring novel biomarkers that encapsulate various facets of
this condition holds promise in facilitating the choice of suitable treatments and
improving the monitoring of patients diagnosed with gastrointestinal tract cancer.
Such advancements in biomarker discovery offer potential avenues for enhanced
therapeutic strategies and more effective surveillance protocols for individuals
grappling with gastrointestinal tract malignancies.

Tissue-specific and circulating miRNA nanomolecules stand out among various
biomarkers, demonstrating robust potential for diagnosing gastrointestinal tract
cancer. Their specificity to tissues and presence in circulation have positioned them
as promising candidates in the realm of gastrointestinal cancer diagnosis, showing
considerable effectiveness in identifying this specific type of cancer [23]. The
miRNA (mRNA-inhibitory RNA) are nanosized non-coding RNA molecules having
a length of 6-9 nm. MiRNAs play a pivotal role in modulating gene expression and
exhibit remarkable stability when present in blood, plasma/serum, urine, and various
other bodily fluids, encapsulated within exosomes. These small regulatory molecules
are consistently detectable and endure in a resilient form within the circulation and
diverse bodily fluids, particularly within exosomes, fostering their potential as
reliable biomarkers for diagnostic purposes in various medical contexts. Hence, the
conventional definition of microRNA appears insufficient as it fails to align with
existing evidence regarding the presence of numerous miRNAs contained within
exosomes measuring 30-80 nm in size. These miRNAs function as post-
transcriptional regulators, exerting control over gene expression, and individual
instances have demonstrated their ability to modulate the expression of multiple
genes simultaneously. miRNAs bind to nanosized mRNA molecules and block the
synthesis of nanosized proteins on ribosomes consisting of two nanosized large and
small subunits. This nanotechnological process (nanobiotechnology) is often used in
modeling protein synthesis in vitro. Since their discovery, miRNAs have emerged as
crucial regulators of intricate nanobiological mechanisms linked to diverse
oncological conditions, impacting the regulation of numerous genes simultaneously.
Changes in miRNA expression have emerged as a significant characteristic of cancer,
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where several miRNAs serve as either tumor suppressors or oncogenes, contributing
to cancer development when dysregulated [24]. These miRNAs possess the potential
to influence intricate cellular functions like cell growth, the cell cycle, apoptosis, and
invasion. Given their pivotal role in cancer, the investigation of miRNAs in
gastrointestinal tract cancer has been prompted [25]. These processes are the
foundation of nanomedicine.

The objective of the research: To reveal the quantitative characteristics of the
interaction of miRNA nanomolecules with mRNA of genes involved in the
development of gastrointestinal tract cancer.

Research objectives:

1. Create a database for miRNA nanomolecules and genes involved in the
development of gastrointestinal tract cancer.

2. To study the characteristics of the interaction of miRNA nanomolecules with
mRNA genes involved in the development of esophageal cancer.

3. To study the characteristics of the interaction of miRNA nanomolecules with
mRNA genes involved in the development of gastric cancer.

4. To study the characteristics of the interaction of miRNA nanomolecules with
mRNA genes involved in the development of small intestinal cancer.

5. To study the characteristics of the interaction of miRNA nanomolecules with
mRNA genes involved in the development of colorectal cancer.

6. To establish the associations of miRNA nanomolecules and mRNA genes
involved in the development of gastrointestinal tract cancer.

Research objects: the nucleotide sequences of 6274 miRNA nanomolecules
and human genes involved in the development of gastrointestinal tract cancer.

The subject of research: Characteristics of interactions between miRNA
nanomolecules and mRNA of genes involved in the development of gastrointestinal
tract cancer.

Research methods. Methods of computer analysis and search for miRNA
nanomolecules binding sites in mRNA of genes based on hydrogen bonds modeling
using the MirTarget program.

The scientific novelty of the research. The quantitative characteristics of the
interaction of 6274 miRNA nanomolecules with mRNA of genes associated with the
development of gastrointestinal tract cancer have been established for the first time.
Associations of miRNA nanomolecules and their target genes have been proposed for
the development of the basis for the diagnosis of these diseases. The binding sites of
miRNA nanomolecules in mRNA with a free energy of interaction equal to or more
than -130 kJ/mol and binding sites with a cluster organization were found. Fully
complementary interactions of miRNA with 5'UTR, CDS and 3'UTR of mRNA genes
involved in the development of gastrointestinal tract cancer were revealed.
Associations of miRNA nanomolecules and candidate genes can be used for the
diagnosis of human gastrointestinal tract cancer.

The theoretical significance of the work. The study's theoretical importance
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lies in establishing the quantitative traits of how nanoscale miRNAs interact with
mRNA genes associated with gastrointestinal tract cancer development. These
findings pave the way for advancements in nanomedicine, offering a new scientific
approach to enhance early cancer diagnosis, thereby enabling the identification of
patients with diverse types and subtypes of gastrointestinal tract cancer.

The practical significance of the research. Finding and using associations of
nanomolecule miRNA~target gene applies to other cancers. The proposed
methodology will be important for the diagnosis of polygenic diseases when it is
necessary to identify the genes most responsible for the development of the disease
and selectively change their expression. The use of computational methods in the
search for miRNA target genes allows thousands of times to accelerate and reduce the
cost of finding effective associations of nanomolecule miRNA~target gene. At the
same time, the method allows one to take into account the likelihood of side effects
of a particular miRNA nanomolecules on all potentially expressed genes of the
human genome. The applied computing technologies will make it possible to develop
test systems in nanomedicine for the early diagnosis of gastrointestinal tract cancer.
The developing test systems will not only allow early diagnosis of diseases but also
offer target genes for the development of therapetic methods.

The main provisions for the defense:

The human miRNA nanomolecules database and the database on 372 candidate
genes associated with the development of cancer of the esophagus, stomach, small
intestine, and large intestine, created in the format for the MirTarget program, can be
used to develop test systems for early diagnosis of these diseases.

The human genome contains candidate gastrointestinal cancer genes, having
miRNA nanomolecules binding sites with high nucleotide complementarity in the
5'UTR, CDS and 3'UTR of their mRNA. The miRNA nanomolecules binding sites in
the CDS of candidate genes have high phylogenetic conservatism.

Most candidate genes are targeted by one or more miRNA nanomolecules, the
binding sites separate from each other in the mRNA. In the mRNAs of other
candidate genes, miRNA nanomolecules binding sites are located overlapping
nucleotide sequences, forming clusters of binding sites for two or more miRNA
nanomolecules. The clusters of miRNA binding sites are characterized by their
compact arrangement and competition between miRNA nanomolecules, since their
binding sites are located with overlapping nucleotides.

The quantitative characteristics of the interaction of miRNA nanomolecules with
mRNA of candidate target genes indicate a potentially high dependence of the
expression of these genes on the concentration of miRNA nanomolecules and
mRNA. They serve as the basis for the selection of miRNA nanomolecules and
mRNA associations for the diagnosis of gastrointestinal tract cancer.

Associations of miRNA nanomolecules with target genes for the following
localizations of gastrointestinal tract cancer have been proposed.

For esophageal adenocarcinoma - ID00792.3p-miR and ALDHI1A2; 1D01778.3p-
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miR, ID02084.3p-miR and ARIDIA; 1D02052.5p-miR, ID02064.5p-miR and
ARIDIA, BARXI; 1D00296.3p-miR, ID02294.5p-miR, ID01702.3p-miR and
ARIDIA, IGFBP2; 1D03332.3p-miR and AR, FOXF1, FOXP1, GDF7; 1D00961.3p-
miR and BARXI. For esophageal squamous cell carcinoma - ID01041.5p-miR and
ELN, SIX4, EGRI; ID02761.3p-miR and COL2741; ID01804.3p-miR and CCNEI,
EGRI, ELN; 1D00049.5p-miR and C2orf40; 1D00966.5p-miR and EGRI;
ID00602.3p-miR and BMP7; 1D02668.5p-miR and LAMC2; 1D01641.3p-miR and
ADAMTS?.

For gastric cancer - miR-3120-3p and DNM30S; miR-3661 and PPP2CA; miR-
4253 and EPHB2; miR-4273 and ZNF717; miR-1273 family and ATM, CASPI10,
CDHI, CDHI17, HPSE, IGF1, KRAS, MACCI, MDM?2, PRKAAI, TP53; miR-619-5p
and CASP10, CEACAMS, CLDN18, CREBI, ERBB3, F2R, HPSE, IL10, IRFI, LEP,
MACCI, MTHFR, PDCD4, STAT3; miR-1183 and THBSI; miR-4767 and SIRTI,
ID02051.3p-miR and E2F1; 1ID01190.5p-miR and PIK3CA; 1D01816.3p-miR and
TERT, 1D00798.3p-miR and MAPK1; ID00920.5p-miR and OGGI; ID03491.3p-miR
and TWISTI, 1D01338.5p-miR and TERT; ID01662.3p-miR and MYC; 1D01546.5p-
miR, ID01293.5p-miR and MAPK 1, ID01458.5p-miR and VEGFC.

For small intestinal cancer - ID02093.5p-miR and GNAS; miR-1273f and KRAS;
ID00061.3p-miR, 1D02260.5p-miR, ID03064.3p-miR, ID00296.3p-miR,
ID01641.3p-miR and ASXLI; 1D02457.3p-miR and EGFR; 1D02052.5p-miR,
1D02294.5p-miR, ID01041.5p-miR, ID01804.3p-miR ID01702.3p-miR, ID02064.5p-
miR, ID02084.3p-miR and LRPIB, ID01190.5p-miR, ID01702.3p-miR, ID01895.5p-
miR, ID00966.5p-miR, ID01804.3p-miR and PIK3CA.

For colorectal cancer - miR-548 family and CDC27, ONECUT2; miR-619-5p
and AGMAT, ERBB3; miR-5096 and PPP2RI1B,; miR-574-5p, ID00470.5p-miR and
CCNDI, IGF1, PPP2RIB, SMAD4, XRCCI, ZEBI; miR-466, 1D00436.3p-miR,
ID01030.3p-miR and FLTI, GSK3B, IRSI, MACCI; miR-6089 and TGFBI;
ID00296.3p-miR and FMNL3, GSK3B, TGFBI,; 1D03332.3p-miR and MTA1, SIRTI,
TCF4, TGFBRI; miR-4665-3p and STAT3; miR-6789-5p and HIFIA; 1D01453.3p-
miR, ID01099.5p-miR, ID01868.3p-miR, and ONECUT2; ID01003.3p-miR and
MTAI; 1ID01492.3p-miR and SMAD2, ID00156.5p-miR and MSH6, ID03064.3p-miR
and SMAD?7.

Connection of the research with the scientific project.

The dissertation work was carried out within the framework of the project
"Development of test-systems for early diagnosis of cardiovascular, oncological and
neurodegenerative diseases based on miRNA associations and their target genes"
NeAP05132460 MES RK.

Approbation of the research. The materials of the dissertation work were
reported and discussed:

- at the international conference "Biological markers in fundamental and
clinical medicine", Prague, Czech Republic, October 31-November 02, 2018;

- at the international congress “Biotechnology: state of the art and
perspectives”, Moscow, Russia, February 25-27, 2019;
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- at the XX International Scientific and Practical Conference "Chemistry,
Physics, Biology, Mathematics: Theoretical and Applied Research", Russia, February
4,2019;

- at the international scientific conference of students and young scientists
"Farabi Alemi", Al-Farabi KazNU, Almaty, Kazakhstan, April 8-9, 2019;

- at the international conference "9th Moscow Conference on Computational
Molecular Biology MCCMB'19", Moscow, Russia, July 27-30, 2019;

- at the 12th international multiconference ‘“Bioinformatics of Genome
Regulation and Structure/Systems Biology (BGRS/SB-2020)”, Novosibirsk, Russia,
July 6-10, 2020.

Publications and personal contributions of the author. The main content of
the dissertation is reflected in 13 printed works, including 2 articles in the
international journals Q1-Q2 with an impact factor, cited in the Scopus and Web of
Knowledge databases; 5 articles from the list of the Committee for Quality Assurance
in Education and Science; 6 theses in the materials of international conferences. The
author independently conducted an analysis of literature data on the topic of research,
experimental research, and analysis of research results, writing and design of a
dissertation manuscript. A copyright certificate for the MirTarSeq program (miRNA
target sequence - oligopeptides and oligonucleotides) was obtained (Supplementary
materials A). The certificate of implementation of the research results in the course
«"Omics" technologies in medicine and pharmacy» of the master's educational
program 7M101 "Public Health" was obtained (Supplementary materials B).

The structure of the dissertation. The dissertation is presented on 149 pages
and consists of the following sections: symbols and abbreviations, introduction,
literature review, materials and methods, results and discussion, conclusion, list of
references from 296 titles; contains 19 tables, 25 figures, and 16 supplementary
materials.
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1 Literature review

1.1 The modern ideas about carcinogenesis of GI tract

Cancer is a disease characterized by the formation and growth of abnormal cell
populations that threaten human life by disrupting vital body functions. Although it is
known that ultimately cancer is caused by uncontrolled cell proliferation, the main
biological cause of the disease remains poorly understood [26]. The advancement of
tumors and the transformation of healthy cells are associated with genetic
modifications stemming from disruptions in typical cellular processes caused by
genetic mutations inherited or exposure to carcinogens [27-29]. These transformed
cells gain the capacity to persist in the body by modifying signaling pathways. These
alterations confer self-sufficiency in growth signals, insensitivity to growth-inhibiting
signals, resistance to apoptosis-inducing signals, the potential for uncontrolled
proliferation, the ability to promote blood vessel formation (angiogenesis), and the
capability to invade surrounding tissues and metastasize. [30, 31]. The ability for
invasive growth and metastasis is also one of the characteristic features of malignant
neoplasms [32, 33]. The acquisition of such properties by a tumor cell presupposes
the presence in it of several molecular genetic changes and features that distinguish it
from the tissue from which the primary tumor originated [34]. Changes in
intracellular signaling pathways, specifically the TGFb signaling pathway [35] and
HGF/c-Met [36], are affected by these alterations. The potential for cancer cells to
metastasize is largely determined by the mechanisms that suppress apoptosis,
cytoskeleton remodeling, matrix metalloprotease (MMP) activity, and the expression
of growth factors and their receptors [37].

Molecular changes responsible for the acquisition of the above properties can be
used as tumor markers. Tumor markers (TM) are such biological features of a tumor
that can themselves influence the clinical course and predict the outcome of cancer,
as well as allow tracing the response to therapeutic intervention [38]. By the nature
and methods of their detection, TM can be divided into several types. Genetic
(mutations, changes in the copy number of genes, nanomolecule mRNA expression);
epigenetic (changes in the DNA methylation profile); proteomic (changes in the level
and profile of protein expression); metabolic (changes in the level and spectrum of
low molecular weight metabolites), synthesis profile [39-41] and miRNA
nanomolecules level [42-44]. The majority of circulating TM, due to insufficient
sensitivity and specificity, is suitable for early detection of a number of tumors only
in high-risk groups with a higher incidence of this disease. Despite this, tumor
markers are widely used in the clinic for assessing prognosis, assessing the surgical
radicality, monitoring, and obtaining additional information [39-41].

In practice, proteins are most often used as TM, usually lipo- and glycoproteins
produced by tumor cells or by normal tissues surrounding the tumor, which have a
pathogenetic significance and an increased content in the biological fluids of patients
[41, 45]. Pretreatment levels of most TM correlate with tumor size, lymph node
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involvement, presence or absence of metastases, histological type, degree of tumor
differentiation, etc [41].

Regardless of the type of specific TM, its use in clinical practice should provide
a proven improvement in the standard of living of patients after surgery, as well as
increase their overall survival [46]. In addition, the content of TM in the analyzed
sample should be determined without significant labor and resource costs and be
distinguished by high sensitivity and specificity. However, to date, not a single
tumor-specific marker has been found, and their sensitivity is low. TM used in
clinical practice is few and is applicable only for a limited number of malignant
neoplasms and clinical conditions. In most cases, to form an adequate strategy for the
treatment of TM, it is necessary to use it in conjunction with standard imaging and
biopsy methods, taking into account the main clinical and pathological parameters.
Despite extensive technological advances in laboratory methods and the expansion of
the corresponding peer-reviewed scientific literature, biomarkers still do not find
wide clinical use; only a small number of biomarkers are currently validated and used
[45].

1.1.1 The genesis of esophageal cancer

Despite advances in medical, endoscopic, and surgical therapy, the incidence of
esophageal cancer (EC) has increased over the past few decades, and approximately
604 100 cases are diagnosed and 544 076 incidences of death registered worldwide in
2020 [47]. EC, is the seventh most common cancer and the sixth, most common
cause of cancer death in the world [48]. EC is a malignant tumor that develops from
the cells of the inner membrane - the mucous layer of an organ and spreads into the
thickness of the wall, growing as the tumor grows along with the organ. Due to the
fact, that the width of the lumen of the esophagus is small, the growth of the tumor
gradually overlaps it, causing difficulty in the passage of food through the esophagus.
The asymptomatic nature in the initial stages of EC often results in a delayed clinical
presentation, contributing to a grim prognosis and limited efficacy of available
treatments [49]. Efforts to identify reliable diagnostic or prognostic markers for
clinical use have so far been unsuccessful. Thus, there's a critical need to develop a
novel non-invasive biomarker for the early detection and prognosis of EC.
Adenocarcinoma and squamous cell carcinoma are the most prevalent types of EC
[50, 51]. These two forms of EC typically arise in distinct segments of the esophagus
and are linked to different genetic alterations.

Squamous cell carcinoma is cancer that forms in the thin, flat cells that line the
inside of the esophagus [52]. This cancer most commonly occurs in the upper and
middle esophagus but can occur anywhere in the esophagus [53]. Squamous cell
carcinoma is often diagnosed at a later stage. Although there are many treatments
available, such as surgery, chemotherapy, and radiation therapy, the prognosis is poor
[54].

Adenocarcinoma is cancer that begins in glandular cells. The glandular cells of
the lining of the esophagus produce and secrete fluids such as mucus.
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Adenocarcinoma usually begins in the lower esophagus, near the stomach [55].
Barrett's esophagus serves as the metaplastic precursor of adenocarcinoma [56]. A
continuing improvement of our comprehension regarding the molecular basis of this
condition is necessary. Cancer has recently shown altered miRNA expression to be an
important characteristic [57]. The miRNA molecules are a diverse set of small, non-
coding RNA sequences that exert negative regulation over protein-coding genes,
demonstrating associations with a wide array of physiological and pathological
processes, notably cancer [58, 59]. MiRNAs can influence cancer pathogenesis as
oncogenes or tumor suppressors. Numerous studies have examined the relevance of
miRNAs for EC due to recent observations about their functions and role in cancer.

1.1.2 The genesis of gastric cancer

Gastric cancer (GC), commonly known as stomach cancer, represents a
significant global health challenge, contributing to over a million new cases and
approximately 769 000 deaths in 2020. It ranks fifth in terms of incidence and fourth
in mortality worldwide [60]. This cancer encompasses various histological types,
including adenocarcinoma, lymphoma, carcinoid tumor, and stromal tumor,
originating from different parts of the stomach. Adenocarcinoma, emerging from the
stomach's mucous membrane, constitutes approximately 95% of gastric cancers [61].
Mucosal-associated lymphoid lymphoma (MALT) represents around 4% of gastric
cancers, while carcinoid tumors from hormone-producing cells and stromal tumors in
the gastrointestinal tract account for 3% and a lesser percentage, respectively [62].
Stromal tumors, originating from interstitial cells of Cajal within the stomach wall,
are the least common. Gastric cancer is categorized as proximal or distal, depending
on its location. Proximal gastric cancer is located near the gastroesophageal junction,
while distal gastric cancer is situated in the lower stomach region [63]. There are two
primary classification systems for GC: the Ming classification, which categorizes
based on growth patterns, and the Lauren classification, which relies on dominant
histological patterns. Among these, Lauren's classification is widely accepted due to
its effectiveness in assessing the natural progression of GC [64]. According to
Lauren's classification, GC is divided into two subtypes: the intestinal type and the
diffuse type. The intestinal type is a well-differentiated tumor characterized by
organized neoplastic cells forming glandular tubular structures. In contrast, the
diffuse type is poorly differentiated, featuring individual cells that infiltrate and
thicken the stomach wall [65]. These subtypes exhibit distinct morphological
characteristics, pathogenesis, and genetic profiles. There have been documented cases
of gastric cancer that do not clearly align with either histological type and instead
display a mixed or intermediate pattern, combining features of both the intestinal and
diffuse types [65]. Diffuse-type adenocarcinomas have a poorer prognosis compared
to intestinal-type adenocarcinomas [64], which are primarily caused by an infection
with Helicobacter pylori. In recent decades, there has been a decrease in the
incidence of intestinal adenocarcinoma of the stomach, which could be linked to
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improvements in the socio-economic situation, sanitation, food preservation, and a
reduction in the occurrence of H. pylori [66, 67].

Numerous studies have demonstrated the correlation between the development
of GC and H. pylori infection. Individuals infected with this bacterium are 2.5 times
more likely to be diagnosed with GC [68, 69]. Since 1994, the International Agency
for Research on Cancer has classified H. pylori as a Group I carcinogen due to its
ability to cause mucosal atrophy, intestinal metaplasia, and epithelial dysplasia,
which contribute to the development of cancer [68, 69]. However, it is worth noting
that the proximal type of GC is not associated with H. pylori infection as stated in
reference [67]. Eliminating H. pylori halts the formation of GC [67]. Nevertheless,
after intestinal metaplasia emerges, H. pylori disruption only decelerates GC
progression.

Alternatively, the gastric mucosa can host various microorganisms such as
streptococci, staphylococci, micrococci, and Candida, all of which are implicated in
the development of GC [70]. Both gastritis and H. pylori infection are acknowledged
as precursors to the onset of GC [70]. However, relying solely on these indicators is
insufficient for the early-stage diagnosis of GC in individuals at risk, as there is
currently a lack of an effective tumor marker for this purpose.

Genomic classification of GC. At the genetic level, gastric cancer driver
mutations have been identified in 7P53, PIK3CA, ARID1A, and RHOA genes [71-74].
RHOA mutations are largely associated with diffuse-type gastric cancer. Genes
regulating receptor tyrosine kinase or RAS signaling cascades are also frequently
amplified in gastric cancer (for example, ERBB2, FGFR2, MET, KRAS), suggesting
targetable opportunities [75], and anti-ERBB2 therapies are considered standard of
care for ERBB2-positive gastric cancer. However, although clinical responses to
fibroblast growth factor receptor (FGFR) inhibitors have been reported in FGFR2-
amplified tumors [76], results from phase II/III trials evaluating receptor-tyrosine
kinase-directed therapies in gastric cancer have been disappointing [77]. Such results
suggest the existence of additional molecular heterogeneity in gastric cancer and the
need for additional biomarkers.

1.1.3 The genesis of small intestinal cancer

The small intestine, the longest part of the digestive tract, is divided into the
duodenum, the jejunum, and the ileum. In the small intestine, the main processes of
absorption of nutrients take place [78]. Here, the chemical processing of food
continues, the absorption of products of its breakdown. The endocrine function of the
small intestine is important: the production by enteroendocrine cells (intestinal
endocrinocytes) of biologically active substances (cholecystokinin, secretin,
serotonin, enteroglucagon, gastrin, cholecystokinin, etc) [78]. Approximately 64% of
all tumors of the small intestine are malignant, and approximately 40% of these
tumors are adenocarcinomas [79]. Epidemiologically, small intestinal
adenocarcinomas are strikingly similar to colon adenocarcinomas. For example,
although adenocarcinomas of the small intestine are only 50 times less common than
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adenocarcinomas of the colon, they have a similar geographical distribution with a
predominance in Western countries [80]. In addition, they tend to occur in the same
people with an increased risk of small intestinal adenocarcinoma in colorectal cancer
survivors and vice versa [80].

Similar to colon adenocarcinomas, tumors in the small intestine typically arise
from precancerous adenomas. These adenomas can develop sporadically or in the
context of familial adenomatous polyposis [81]. As genetic mutations accumulate
within these adenomas, they progress from a dysplastic stage to carcinoma and
eventually evolve into invasive adenocarcinoma. Subsequently, these tumors have the
potential to metastasize via the lymphatic vessels or the portal circulatory system to
distant sites in the body, such as the liver, lungs, bones, and brain [81].

Small intestinal adenocarcinomas share similarities with colon cancer but tend to
be distributed throughout the entire length of the small intestine. Research shows that
approximately 55.7% of these tumors are located in the duodenum [82], which is the
segment of the small intestine that first comes into contact with ingested chemicals
and secretions from the bile ducts of the pancreas. This suggests that substances such
as ingested chemicals and pancreatic secretions may be potential carcinogens, and
also underlies the high incidence of duodenal cancer [78]. Animal studies suggest that
bile may be carcinogenic, as evidenced by the reduction in the prevalence of
experimentally induced small intestinal cancer through bile diversion [83].

Genetic analysis of sporadic small bowel adenocarcinomas unveils both shared
features and dissimilarities in comparison to the pathogenesis of colorectal
carcinoma. While mutations in the K-ras gene and the prevalent overexpression of
pS3 appear to be similarly common in both small intestinal and colorectal
adenocarcinomas, distinct differences are noted. Notably, mutations in the APC
tumor suppressor gene, typical of colorectal carcinoma, are not typically observed in
the small intestine [84]. Additionally, the SMAD4/DPC4 gene, commonly mutated in
pancreatic and colorectal carcinomas, exhibits inactivity in small intestinal
adenocarcinomas [84].

Sarcomas make up around 15% of malignant tumors in the small intestine [85].
While certain tumors display distinct histological markers of smooth muscle
origination, many tumors exhibit incomplete expression of muscle-associated
antigens [86]. Because they are mesenchymal neoplasms, GISTs are thought to be of
Cajal's interstitial cell origin in the digestive tract [87]. Recent research has revealed
that almost all GISTs express the c-kit proto-oncogene's growth factor receptor,
which has tyrosine kinase activity, distinguishing them from true sarcomas [88].
Mutations occurring in c-kit lead to continuous activation of tyrosine kinase,
triggering uncontrolled cell growth and proliferation. These mutations are detected in
approximately 60% of GISTs and are considered crucial in the process of
carcinogenesis [89].

Although most of the GIST found in the stomach, 30% of the GIST is found in
the small intestine. These tumors are more evenly distributed in the small intestine
than adenocarcinomas and tend to grow extra luminal [90]. Intestinal bleeding is a
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common symptom because it is vascular lesions that usually ulcers. Compared to
GISTs of the stomach, those of the small intestine tend to be more aggressive with a
poorer prognosis [91]. Metastases frequently occur hematogenously, primarily
affecting the liver and lungs [92]. Moreover, GISTs can penetrate directly into
adjacent organs or spread through peritoneal dissemination. Although rare, lymphatic
metastases are an indication of more widespread metastatic disease [92].

1.1.4 The genesis of colorectal cancer

Certainly, colorectal cancer is a significant health concern globally. In 2020
alone, it was estimated that more than 1.9 million new cases of colorectal cancer
emerged, resulting in approximately 935,000 deaths. This cancer type accounts for
around one in 10 cancer cases and deaths [93]. Despite being the third most prevalent
cancer in terms of incidence, colorectal cancer holds the second position in mortality
rates. Its prevalence continues to increase, making it a prominent component of
contemporary oncological diseases, with a rising number of new diagnoses each year
[94]. This oncological disease is characterized not only by different clinical
manifestations due to tumor localization in the colorectum, molecular genetic
heterogeneity of carcinomas but also by frequent relapses, metastases, and low 5-year
survival rates [95]. Every second case of diagnosed cancer ends in death, but the
duration of the disease, quality of life, asymptomatic manifestations have wide
variability depending on the stage of detection and biological characteristics of the
tumor [96-97]. The likelihood of developing CRC increases markedly after age 50,
with 90% of new cases and 94% of deaths associated with CRC occurring over the
age of 50 [98].

Colorectal cancer is most often divided into 2 forms: colon cancer and rectal
cancer. Colorectal cancer is a rather heterogeneous group of tumors, which manifests
itself both in clinical behavior and in the pathogenesis of the development of this
malignant tumor [99].

In modern literature, based on the results of molecular genetic studies, there are
3 main types of carcinogenesis of colorectal cancer: 1) The transition from adenoma
to carcinoma [100]; 2) hereditary non-polyposis colorectal cancer (HNPCC-type)
(Lynch syndrome) [101]; 3) colitis-associated neoplasia [102].

According to the modern classification, hereditary forms are usually divided into
polyposis and non-polyposis, depending on the number of polyps in the colon. Non-
polyposis syndrome includes hereditary non-polyposis cancer, which is also known
as "Lynch syndrome". This syndrome is characterized by an autosomal dominant
mode of inheritance and is associated with an embryonic mutation in the DNA repair
gene, including abnormalities in MLHI, PMSI1, PMS2, MSH2, MSH3, and MSH6
[103].

Allocate hyperplastic and adenomatous polyps. Adenomatous polyps
characterized by glandular origin, they are tubular or papillary growths with stroma,
high mitotic activity, and partial or complete loss of the ability to differentiate, which
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leads to malignancy [104]. Polyposis syndromes include adenomatous polyposis
(familial adenomatous polyposis (FAP), MUTY H-associated polyposis, polymerase-
associated polyposis) and hamartomatous polyposis syndrome (juvenile polyposis
syndrome, Pates-Yegers syndrome, PTEN hamartoma tumor syndrome) and
hyperplastic polyposis [105, 106].

Another path of pathogenesis is based on the malignancy of the cells of the
intestinal mucosa when affected by chronic colitis. For sporadic forms of colorectal
cancer and forms associated with ulcerative colitis, an increase in the number of
mutations leading to carcinogenesis is characteristic. Thus, it has been shown that the
KRAS oncogene and tumor suppressor genes APC, SMAD4, and TP53 are involved in
the development of sporadic forms [107, 108]. It has been shown that the
pathogenesis of CRC forms associated with chronic colitis is characterized by an
orderly staged development from inflammation and hyperplastic processes to
dysplasia, which subsequently transform into adenocarcinomas [109].

Microsatellite and chromosomal instability play a role in the pathogenesis of
colorectal cancer. Sporadic forms of colorectal cancer are mostly caused by
chromosomal instabilities, resulting in the loss of heterozygosity and the inactivation
of the APC, TP53, DCC, and KRAS genes [110, 111].

A rather low percentage of tumors of the colorectum are congenital and result
from mutations in the 4PC gene and the MUTYH gene. Such variants include familial
adenomatous polyposis and MUTYH-associated polyposis, which occur in 2% of
colorectal cancers [112]. According to the literature, microsatellite instability occurs
and plays an important role in the development of cancer of both the right and left
colon [113].

Particular attention in modern science is given to the molecular aspects of the
development of colorectal cancer. Disruption in the system of suppressor genes,
oncogenes, and autophagy regulator genes leads to the development of this
pathology. Joint mutation in the KRAS gene (Kirstenrat sarcoma viral oncogene
homolog) together with a disturbance in the BRAF gene (Rafmurine sarcoma viral
oncogene homolog B1) led to an increase in the incidence of cancer in patients [114,
115].

Various signaling pathways can play a role in the development of the
oncological process: MAPK/ERK and AKT/m-TOR, etc. [116, 117]. Each pathway
contributes to the processes of survival, adaptation, and activation of cellular
components and molecules. The mitogen-activated protein kinases (MAPK)cascade
plays a significant role in the survival, spread, and resistance to chemotherapy of
human cancer cells [117]. The MAPK/ERK pathway receives signals from many
internal factors, such as abnormalities in DNA, metabolic stress, changes in protein
concentration [118].

Mutations in the genes encoding this pathway can lead to a change in the protein
concentration in the tumor environment and thereby activate tumor proliferation [119,
120]. According to the literature, these mutations can occur in the genes of membrane
receptors (EGFR receptor for epithelial growth factor) [121, 122] in the genes of
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signal transduction (RAS) [123, 124], and other kinases that play a role in the
regulation of the MAPK/ERK pathway [125].

1.2 Markers and diagnostics methods of GI tract cancer

Numerous diagnostic methods are essential for identifying the tumor process,
determining its stage, and selecting treatment tactics for patients with oncological
diseases. In certain cases, multiple studies utilizing different methods are necessary
for differential diagnosis. Firstly, understanding the principles, capabilities, and
limitations of each method is crucial for ensuring effective diagnosis and treatment of
cancer patients. Personal patient characteristics and disease progression must also be
considered when selecting diagnostic methods and research tactics [38, 41].
Therefore, the choice of diagnostic method and research tactics i1s a fundamental
component of cancer patient treatment. Analyzing the results and determining the
presence of a tumor can provide insight into the type of tumor, the stage of the tumor
process, and the involvement of adjacent anatomical structures in the affected organ's
pathological process.Recently, practical oncology has employed biochemical markers
of tumor growth due to advancements in studying the molecular biological and
biochemical processes of tumor formation. [38, 39, 41].

The group of molecular markers used in the diagnosis of tumors can be divided
into biochemical, immunohistochemical, and molecular genetic [126].

Tumor markers are chemicals produced by tumor cells that can be found in the
blood. However, normal cells in the body can also trigger tumor markers to increase
their levels, even in non-cancerous cases. This hinders the effectiveness of cancer
marker tests for diagnosing cancer and such tests are only reliable in rare cases. [39,
127].

1. Cancer-embryonic antigen (CEA) is a tumor marker, first isolated in 1965 by
P. Gold and S. Freedman from fetal cells and cancer cells of the colon [128].
Currently, its role in adults is unknown. It is understood that CEA molecules are
actively produced by gastrointestinal epithelial cells during child development and
indirectly regulate cell division [129, 130].

A blood test for CEA is employed both for cancer diagnosis and to distinguish
between benign and malignant neoplasms. An increase in CEA levels to critical
levels indicates the presence of malignant neoplasms in the stomach, colon, and
rectum due to carcinogenesis [131, 132].

However, CEA levels may also indicate the presence of benign tumors or
inflammation in the body and do not necessarily indicate cancer. Elevated CEA levels
can occasionally be detected in common acute respiratory illnesses and frequently
during pregnancy through a blood test for tumor markers [133]. Smokers tend to have
slightly higher levels of CEA compared to non-smokers [134]. The CEA marker of
intestinal tumors is found in high concentrations in several autoimmune processes,
such as rheumatoid arthritis [135]. Thus, elevated levels of CEA do not provide
definitive evidence of malignant neoplasms. Most likely, this method serves to
predict the likelihood of malignant neoplasm development and requires further
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research and analysis. Therefore, it is frequently employed to ascertain the possibility
of their manifestation, rather than for diagnostic purposes [135].

Quantitative analysis of CEA is primarily recommended for high-risk patients
predisposed to oncologic diseases. They are also prescribed to determine the
localization of cancer in the presence of precancerous pathology and a previously
established diagnosis [136]. Precise interpretation of CEA levels aids in oncologic
diagnosis and the successful management of cancer patients. Subjectivity is excluded
from the evaluation of CEA levels. Levels within the normal range don't generate
reasons for concern, while those above 10 ng/mL indicate extensive disease and over
20 ng/mL, metastatic disease [137].

2. CA 19-9 was first discovered in 1979 by Koprowski and his colleagues
through the use of monoclonal antibodies to isolate tumor-associated antigens in
colorectal carcinoma. In 1981, it was discovered that pancreatic cancer cells also
produce CA 19-9 [138]. CA 19-9 is a glycoprotein that is secreted by developing
neoplasm cells and is associated with Lewis antigens located on the surface of red
blood cells [139]. This protein is found in the body of all healthy individuals. Its
significant increase indicates the development of pathologies in the esophagus,
stomach, colon, gallbladder, and rectum [140-144]. Analyzing the CA 19-9 cancer
antigen is prescribed to diagnose pathological conditions in these organs. It reveals
malignant and benign neoplasms, inflammatory processes, and the effects of drug
therapy [145]. Therefore, the CA 19-9 biomarker is utilized in conjunction with CEA
and CA 242 for diagnosing and monitoring the development of cancer in the
gastrointestinal organs [141].

3. The CA 242 antigen is synthesized in large quantities by the mucosal
epithelium lining the digestive organs: stomach, colorectum, and the pancreas [146,
147]. It contains oligosaccharide structures present on highly glycosylated high
molecular weight mucins. However, its chemical structure has not yet been fully
identified, although the antigen was discovered in the early 1990s [148]. The CA 242
tumor marker presents a distinguishing trait by revealing the onset of malignant
neoplasms within the gastrointestinal tract's organs at early stages of the disease's
development [147]. Elevated levels during therapy signify either inefficacy of the
employed strategy or a probable disease recurrence. Thus, CA 242 can predict a
relapse six months prior to the first clinical signs [147]. When CA 242 rates are high,
a combined study with CEA is necessary. This allows early detection of colon and
rectal carcinogenesis. A marked increase in both indicators, along with ultrasound
diagnostics, 1s enough to diagnose rectal cancer [39, 127]. This tumor marker shows
greater sensitivity than other gastrointestinal tract tumor markers. Several studies
suggest that utilizing CEA and CA242 in combination has high specificity and
sensitivity. Attalah et al. found that combining both markers increased the overall
sensitivity to 72% [149, 150].

4. Gastric tumor markers include the CA 72-4 tumor antigen. Its concentration is
determined in the diagnosis of gastric, pancreatic, and colon cancers [151, 152]. A
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joint test of CA 72-4 level with such tumor markers as CA 125, CA 19-9 and CEA is
of diagnostic value. Its level also increases in breast fibroadenoma, benign ovarian
neoplasms, as well as in pregnant women [152]. CA 72-4 is used in combination with
CEA and CA 19-9 for monitoring gastric cancer. The sensitivity of the CA 72-4 test
for gastric cancer sensitivity of 33.3% and specificity of 92.8%. The level of increase
correlates with the staging of the process; after removal of the tumor, it returns to
normal in 3-4 weeks [151].

5. Alpha-fetoprotein (AFP) is a transport protein that exhibits an affinity for
various nanoscale substances, including bilirubin, fatty acids, and steroid hormones
[153]. Typically, it is present in the blood at low concentrations across all ages,
serving a protective function by aiding in the release of enzymes that combat
malignant tumors [154-156]. During pregnancy in women, the levels of this
glycoprotein tend to rise.

Most biochemical tumor markers for gastric cancer detected in clinical practice
are found in the blood, namely CEA, CA-19-9, and CA-72-4, rather than in the
gastric mucosa. While this makes material collection for research more
straightforward, it is known that these markers have low sensitivity and specificity
[157, 158] and can be found in high concentrations in the blood for benign stomach
neoplasms, inflammatory diseases, or tumors in other locations.

The best way to use tumor markers in diagnosing cancer has not been
determined and the use of some tumor marker tests is controversial.

1.3 The molecular biology of miRNA nanomolecules: structural
features, biogenesis, and functions in human cells

Biological nanostructures encompass a variety of molecules like proteins,
nucleic acids (DNA, RNA), and polysaccharides. These constituents are integral to
building an intracellular cytoskeleton, extracellular matrix, membrane channels,
receptors, and transporters. They also contribute to intracellular signaling systems,
molecular machineries for synthesizing, packaging, and utilizing proteins and nucleic
acids, energy production, intracellular transport, and cell movement. Proteins and
supramolecular complexes typically range in size from 1 to 100 nm, while a DNA
helix has a 2 nm diameter that can extend several centimeters in length. Cytoskeleton
filaments form complexes 7-25 nm thick and spanning several microns in length.
Pore-forming protein complexes can reach diameters of 120 nm. Extracellular
structures, such as exosomes facilitating material exchange between cells, exhibit
sizes from 30—-80 nm, and plasma lipoprotein particles responsible for lipid transport
measure 8—25 nm in diameter (Table 1). Viruses represent the sole nanoscale form of
living matter, varying in size from 25-300 nm.
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Table 1 - The size of different biological nanoobjects.

Object Size (nm)
Antibody 10
Coronavirus 40-60
Cell membrane 10-12
Liposome From 30
Exosomes 30-80
Hemoglobin 5

low density lipoproteins (LDL) 17-25
high density lipoproteins (HDL) 8-12
miRNA 6-9

The miRNA nanomolecules was first described in 1993 by V. Ambros, R. Lee,
and R. Feinbaum [159]. They worked on the task to find out why some
Caenorhabditis elegans roundworms cannot properly pass the larval stage. The
research revealed that a decrease in quantities of a specific protein, lin-14, was crucial
for the worms to progress from the initial larval period to the second. A thorough
analysis of the mRNA encoding the lin-14 protein has revealed the presence of
complementary repeats to the /in-4 gene sequence towards the end of the lin-14
mRNA [159]. The research further demonstrated that lin-4 produces small RNAs that
are not translated into proteins [159]. The researchers hypothesized that the mRNA of
lin-4 binds to and down-regulates the mRNA of lin-14. The interaction between lin-4
and lin-14 was the first report that miRNA lin-4 regulates target mRNA lin-14 [159,
160]. However, the critical roles of mRNA were obscure until the detection of let-7,
another miRNA nanomolecule found in numerous organisms [161]. This led to the
discovery of a substantial group of small RNAs, comparable to those found in C.
elegans, Drosophila melanogaster, and humans. Subsequent to this, the study of
miRNA has become a significant focus in biology and medicine. Research indicates
that miRNA nanomolecules exist and play a role in all biological and metabolic
processes in eukaryotes [161].

In 2001, it was demonstrated that these molecules are a part of a sizable group of
non-coding RNAs that pertain to proteins. Mature miRNA nanomolecules have a
conservative structure and consist of 16-27 nucleotides [162, 163].

From a physical dimension’s perspective, miRNAs are nanoscale, non-coding
RNA molecules, having a contour length of 5-9 nm (Table 1) [164]. The miRNAs
can be encoded in any region of the genome. Most of the miRNA nanomolecules
genes (61%) are located in the intron regions of the genes; however, miRNA genes
can be located in exons or intergenic regions. The miRNAs are transcribed from
genes called miRNA genes, RNA polymerase I, some are used by polymerase III
[159].

The miRNA nanomolecules are present in numerous animals and plants. The
most recent version of the annotated miRNA database miRBase

21



(http://www.mirbase.org) includes data on over 25,000 potential miRNAs found in
271 biological species, among them 2,400 human miRNAs, with roughly 1,000 of
these having been validated with a high level of reliability [165, 166]. The study
investigated the structure features of miRNA nanomolecules and their genes, as well
as the mechanisms involved in their expression and maturation [165, 166]. The
functions of miRNA nanomolecules in the cell and the associated spectrum of protein
factors were also determined. Currently, researchers worldwide are examining the
structural characteristics of miRNA nanomolecules and their genes, alongside
assessing the mechanisms behind their expression and maturation. Additionally,
scientists are scrutinizing the main roles of miRNA nanomolecules in cells, as well as
exploring the range of protein factors connected to them [165, 166].

1.3.1 miRNA nanomolecules' origin and biogenesis

Among the classes of short regulatory RNAs, including small nucleolar RNA
(snRNA), piwi-interacting RNA (piRNA), endogenous small interfering RNA (endo-
siRNA), short hairpin RNA (shRNA), and transcriptional initiation RNA (tiRNA),
miRNA stands out due to distinct structural characteristics in both its mature
molecule and precursor forms, as well as its specific maturation process [167-173].
Initially, the products of transcriptional processing of miRNA nanomolecule-
encoding genes were considered the earliest identified mRNAs [159, 160]. miRNA
nanomolecules are not solely derived from genes encoding miRNAs; up to half of
mammalian miRNAs originate from RNA transcripts of other genes [174]. Introns
primarily serve as the source of "intragenic" miRNAs, but miRNA genes can also be
computationally predicted within exons and regulatory regions of genes, such as the
5'- and 3'-untranslated regions [175]. Moreover, other RNA types, like snRNA, tRNA
mobile elements within the genome, and products of processed pseudogenes, can also
act as sources for miRNA nanomolecules [176-181].

Many miRNA nanomolecules are highly conserved, and their homologs are
found in species that are phylogenetically distant from each other [182].
Evolutionarily the most rigidly fixed is the sequence of functional regions of miRNA
nanomolecules [182, 183]. Regulatory regions of mRNA containing miRNA
nanomolecules binding sites are also under evolutionary conservation [183, 184]. The
presence in most animals of the homologs of the main proteins involved in the
maturation and functioning of miRNA nanomolecules suggests a common
phylogenetic origin of miRNA-mediated regulation in animals [185]. Maturation of
miRNA is a series of sequential cleavages of immature precursor molecules [186].
Nowadays the types of miRNA nanomolecules maturation divided into the canonical
pathway and several exceptions that form a heterogeneous group of non-canonical
pathways for miRNA [187].

The biogenesis of miRNA nanomolecules is a complex and sequential process
involving several enzymes, in contrast to tRNA biogenesis. Initially, a large RNA is
transcribed from the gene or intron, consisting of hundreds to thousands of
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nucleotides. This RNA contains a hairpin, which is a double-stranded RNA section
with partially unpaired nucleotides in the middle. The miRNA nanomolecules of the
future are located within this hairpin [188].

Proteins called Pasha and Drosha are present in the nucleus for the production of
miRNA nanomolecules. These proteins form a complex that processes miRNA by
removing unnecessary segments [188]. After successful processing, a transport
complex sends a small pre-miRNA (60-90 nucleotides) to the cytoplasm, near where
proteins are produced with exportin-5/Ran GTPase [189]. The protein Dicer removes
any remaining fragments, resulting in mature miRNA nanomolecules. The outcome is
a duplex composed of two 22-nucleotide miRNA strands (miRNA/miRNA) [189].

One of the two chains is loaded into the RNA-induced silencing complex
(RISC), specifically the RNA inducible miRNA-off gene ribonucleoprotein complex,
where the miRNA and its target mRNA interact [189].

The Argonaut (Ago) proteins are crucial to the functioning of the RISC
complex, with four domains including a PAZ domain that interacts with a site on the
3> end of miRNAs. Together, they bind mature miRNA nanomolecules and orient
them suitably for interacting with the mRNA target [189].

Turning off a gene can be achieved through mRNA degradation at full
complementarity or by preventing its translation if there 1s complete
complementarity.

Nucleus Cytoplasm
[ I I l
pri-miRNA pre-miRNA pre-miRNA
miR/miR* mature
duplex miRNA
Drosha Exportin 5 Dicer RISC
— | ————— > >
Pasha assembly

(DGCRS)

Created in BioRender.com bio

Figure 1 - miRNA biogenesis. Figure adapted from [190] by Biorender.com.
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1.3.2 Nanomolecular miRNA-mediated regulation of gene expression

The miRNA nanomolecules have diverse regulatory mechanisms that support
various cellular processes. They can regulate gene expression via different pathways
and modes [191]. One such mode involves miRNA nanomolecules binding to the
complementary mRNA nanomolecules, resulting in mRNA degradation by Ago2-
protein through endonuclease restriction. Otherwise, if miRNA nanomolecules are
not complementary to mRNA binding sites, they inhibit translation initiation or
elongation. In this case, mRNA exonuclease cleavage processes occur by exploiting
P-bodies, which are concerned with mRNA degradation [191]. Experimental data
confirms nine mechanisms of miRNA nanomolecule action once it binds to the target
gene's mRNA [191].

1) The suppression initiation might be caused by AGO proteins binding to the
mRNA cap sequence, which physically cancels out the eIF4E initiator factor [192].
However, this recently discovered explanation demonstrated that a domain analogous
to elF4E in AGO proteins cannot engage in cap-binding because it is possessed by
GW182, an AGO protein's acting partner; this AGO protein prevents interaction with
the cap sequence [192].

2) The inhibition of the 60S joining. Ribosome 60S binds to ribosome 408,
preventing the formation of ribosome 80S and reducing the number of assembled
ribosomes [193].

Additionally, it inhibits the elongation stage of mRNA, decreasing the number
of mRNA-associated ribosomes and resulting in complete inhibition of translation
elongation, leading to mRNAs harboring a single 80S ribosome. This suppression of
translation occurs in cap-independent mRNA [191].

4) The premature termination. The drop-off of the elongating ribosome from
miRNA nanomolecules. The translation of mRNA was performed with skipping of
stop-codons and it is observed the dissociation of polyribosomes [194].

5) Targeting by mi-RISC complex causes simultaneous degradation of the
peptide, as this may be due to uptake of a not yet detected protease [191].

6) Isolation of mRNA in P-bodies. P-bodies are separate foci formed in the
cytoplasm of a eukaryotic cell, consisting of many enzymes involved in the mRNA
cycle, as a result of phase division [195]. The P-body components include Argonaute
proteins, GW182, the CCR4-CAF1-NOT deadenylase complex, the decapping
DCP1-DCP2 complex, and XRN1 [196]. They are required for deadenylation and
rapid degradation of target mRNAs. All of these proteins are localized in P bodies.
Argonaute proteins interact with GW182, DCP1, DCP2, and RCK/p54 and can be
present as complexes in P bodies [196]. Additionally, these proteins, along with
miRNAs and miRNA forms, are present in P bodies, providing clear evidence of their
involvement in RNA silencing [196].

7) The degradation of mRNA. mRNA degradation can occur by inhibiting
translation with or without subsequent destruction of the mRNA. When protein levels
decrease by 33%, miRNA silencing leads to mRNA cleavage as the primary
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outcome. The mRNA degradation process begins with deadenylation, decapping, or
5'- and 3'-mRNA degradation [193, 194, 197].

8) mRNA Cleavage: This mechanism involves the nearly complete
complementarity of miRNA with the mRNA of the target gene, resulting in mRNA
cleavage. This process resembles the mRNA cleavage mechanism induced by small
interfering RNA (siRNA). While mRNA cleavage is common in plants, it's relatively
rare in animals, but when it occurs, it leads to the generation of RNA fragments
[193].

9) Translation Inhibition and Gene Silencing: miRNA can inhibit translation by
inducing chromatin reorganization. For this mechanism, full complementarity
between specific miRNA and mRNA promoter sites is required. Additionally,
miRNA may potentially increase methylation of mRNA target gene promoters,
leading to gene silencing [192].

Regarding the influence of miRNA nanomolecules on mRNA located in
different regions:

The known mechanisms you've collected mainly focus on miRNA action on
mRNA sites situated in the 3'UTR. However, there is still a lack of exploration
regarding how miRNA affects mRNA sites located in the S'UTR and CDS. The
question arises: Do these mechanisms differ when miRNA targets sites in the S'UTR
and CDS compared to the 3'UTR?

So far, it's been observed that sites situated in the CDS have a more pronounced
degrading effect compared to sites located in the 3'UTR [193]. However, the specific
mechanisms and differences in action between these regions, especially the 5S'UTR
and CDS, require further investigation and exploration. Understanding these
distinctions could provide valuable insights into the diverse regulatory roles and
potential therapeutic applications of miRNA in modulating gene expression.

1.3.3 The role of nanomolecular miRNASs in carcinogenesis

In recent times, the role of miRNA nanomolecules in modulating oncological
diseases has garnered significant attention. Enhanced methodologies for isolating and
scrutinizing miRNA expression have enabled the identification of these molecules
not only within cells but also across a diverse range of biological fluids [198].
Despite limited understanding surrounding the mechanisms governing the release of
miRNA into biological fluids and their extracellular functions, an increasing body of
research is establishing connections between circulating miRNAs and the detection of
diverse pathological conditions [198].

MiRNAs wield influence over gene expression and are notably detectable in a
remarkably stable state in various biological fluids, including whole blood,
plasma/serum [199], urine [200, 201], and other bodily fluids [202]. Operating as
post-transcriptional regulators, miRNA nanomolecules efficiently oversee gene
expression. Remarkably, individual miRNAs can regulate multiple genes, while
conversely, individual genes may be under the control of multiple miRNAs [203-
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205]. Hence, since their discovery a little over two decades ago, miRNA
nanomolecules have earned recognition as pivotal regulators implicated in intricate
biological processes associated with a spectrum of oncological pathologies.

An indication of the relationship between miRNA nanomolecules and cancer is
that numerous miRNA genes are found in genomic regions where rearrangements are
frequently linked to the development of oncological diseases. Thus, the study on the
genomic localization of 186 miRNA genes revealed that 98 (52.5%) of them are
located in the "fragile" regions of chromosomes, which are prone to mutagenesis and
genetic material reorganization [206]. Additionally, a high occurrence of alterations
in the copy number of miRNA genes was observed in non-small-cell lung cancer,
ovarian cancer, breast cancer, and melanoma [206-208].

In B-cell chronic lymphocytic leukemia, the overexpression of BCL-2 results
from the reduced expression of miR-15a and miR-16-1, primarily due to the deletion
of the 13q14 region [209]. This discovery establishes that miRNA nanomolecules can
serve as a leading factor in promoting the development of cancer. The term onco-
miRNA (oncomiR) is used to identify oncogenic miRNAs (Figure 2) [210]. The
example of such onco-miR nanomolecules is miR-21, miR-155, and the miR-17-92
cluster, that confirmed in animal models of lymphoproliferative diseases, with an
increase in expression of miR-155 in the absence of other permissive mutations was
sufficient for the formation of a malignant phenotype of lymphoid cells [210-227].

Extensive evidence has been gathered to date demonstrating significant changes
in miRNA expression profiles within tumor cells [228-231]. The miRNAs regulate
gene expression in cancer development and control apoptosis and tumor cell
proliferation through pathways such as p53, HER2, PTEN/PI3K/Akt, mTOR, and
ERK/MAPK. They also affect tumor growth response to DNA damage and repair, as
well as tumor cell interaction with the microenvironment [232-243].

Tumor cells from various locations exhibit different profiles of miRNA
nanomolecule expression. A classifier comprised of 48 miRNA nanomolecules
enables the prediction of the tissue of origin for tumor tissue samples in a group of
336 primary and metastatic tumors, with respective accuracies of 86% and 77%
[244]. Another study developed a classifier for 21 types of cancer using clinical data
and information on miRNA nanomolecule expression within The Cancer Genome
Atlas (TCGA) tumor genome research project. The classifier accurately diagnosed
cancer with a minimum accuracy of 97% and 80% 1n the training and validation sets,
respectively [245]. The biogenesis of miRNA molecules changes in cancer, with
distinct miRNA isoform spectra varying significantly according to cancer location
[198]. Further, miRNA expression profiles differ among histological tumor subtypes,
such as gastric [246] and colorectal [247] cancers. Changes in individual miRNA
molecule expression often coincide with a global decrease in miRNA expression in
tumor cells [248, 249].

The miRNA nanomolecules exert a negative influence on gene expression by
either repressing translation or leading to the degradation of mRNAs, thereby

26



influencing various cellular processes [187, 250]. Currently, "miRBase" lists 2578
mature Homo sapiens miRNAs, while an article by Londin et al. indicates 3707
mature miRNAs [251]. Computational estimations regarding target mRNAs suggest
that over 60% of all mammalian protein-coding genes are conserved targets of
miRNAs [252]. Each individual miRNA is found to have target sites in hundreds of
genes. These miRNAs demonstrate tissue-specific expression patterns and display
effects dependent on their concentration in organs and tissues affected by
pathological conditions [253].
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Figure 2 - Roles of miRNAs in cancer. Depending on the target gene, miRNAs
suppress or stimulate cancer-related genes. Figure modified from [254], created by
BioRender.

Since then, miRNA nanomolecules have garnered significant attention from
scientists due to their potential role as diagnostic and prognostic biomarkers in
various diseases [255]. They have also been identified as potential gene-specific
therapeutic targets in disease modeling [256]. Particularly in oncological diseases,
miRNAs are viewed as disease-specific biomarkers, exhibiting distinct groups of
circulating miRNA nanomolecules [257].

1.3.4 The prediction of miRNA nanomolecules binding sites in mRNAs of
candidate genes

Characterizing the effect of miRNA nanomolecules on their target mRNAs is
challenging due to the each miRNA has multiple target mRNAs and vice versa. As a
result, accurately identifying interactions between miRNA nanomolecules and
mRNAs remains problematic. Typically, this issue is addressed by predicting
interactions and conducting experimental verification of these miRNA-mRNA
interactions. Bioinformatics tools and novel experimental approaches have emerged
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to address this challenge. Bioinformatics tools aim to predict effective associations
between miRNA and mRNA for experimental validation. This knowledge is essential
for elucidating the mechanisms of miRNA action in both normal physiological
processes and disease. For this purpose, several tools have been developed to predict
miRNA targeting. Over the last few decades, various approaches have been used to
recognize mIRNA-mRNA interactions. However, the complexity of algorithms and
parameters used by each tool presents a challenge for scientists with limited or no
experience in bioinformatics when selecting suitable miRNA for subsequent
validation.

Many programs have been developed to predict potential miRNA binding sites
in mRNA using the application of canonical interaction rules often coupled with
additional parameters, including complementarity, free binding energy, and
conservativity [258, 259]. Depending on the specific algorithm, the priority of these
parameters may vary. For example, TargetScan, PicTar, and miRanda use sequence
conservation as the main parameter, while PITA and RNA22 rely primarily on
estimates of the free energy of miRNA-mRNA pairing [259, 260]. All of these
software packages are permeated by the same problem: they all consider interactions
only in the “seed” region and not along the entire length of the target mRNA, and this
explains the excessive false positive results.

Considering the interaction of miRNA nanomolecules with mRNA
nanomolecules along the entire miRNA nucleotide sequence, rather than focusing
solely on the "seed" region, is essential due to various factors. One of the key reasons
is the high specificity characterizing the interaction between miRNA and
mRNA.Thus, the full length of miRNA nanomolecules must be taken into account. It
is same as applying primers, of at least 20 nucleotides length in a polymerase chain
reaction, when it is necessary for amplification to specifically choose only one
nucleotide sequence among numerous nucleotide sequences. Another reason for
using the full miRNA nucleotide sequence is that during the evolution process, a part
of miRNA nanomolecules other than "seed" will vary if it is not a critical site in
interactions of miRNA with mRNA. Confirmation of the need to maintain the entire
length of miRNA 1s the high conservatism of miRNA in organisms that have
diverged over tens of millions of years of species evolution. According to miRBase
the nucleotide sequences were identical in miR-200c-5p of human, mouse, rat, miR-
216a of human, bull, mouse, miR-574-5p and miR-574-3p of human, mouse, rat, pig,
etc [261]. One of the first misconceptions in the study of miRNA was the assumption
that miRNA binds only (or predominantly) in the 3'UTR mRNA of human genes.
However, miRNAs do not have the property of distinguishing binding sites in 5'UTR,
CDS, and 3'UTR. The miRNA interacts with mRNA based on the physicochemical
properties of these molecules. Therefore, the interaction site can be located in any
mRNA region, and as yet unknown prohibitions on the location of such sites
throughout the mRNA nucleotide sequence. The conditions for the successful
interaction of miRNA nanomolecules with mRNA are the energy characteristics and
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conformational properties of this interaction. The proposed assumption of preferential
miRNA nanomolecules binding in the 3'UTR contradicts several established
properties of miRNA and mRNA. The proposed assumption of preferential miRNA
nanomolecules binding in the 3'UTR contradicts several established properties of
miRNA and mRNA. Considering that known miRNAs (miRBase) have differences in
GC-content in the same range as in human genes, it was logical to assume that the
probability of binding miRNA in 5'UTR, CDS, and 3'UTR of mRNA will correlate
with the GC-content of genes and corresponding miRNAs. In numerous publications,
sites of miRNA nanomolecules interaction with mRNA were studied only in the
3'UTR. This is because practically all programs for detecting miRNA binding sites
are predicted only in this mRNA region. Several publications show the interaction of
miRNA with mRNA in 5'UTR and CDS [262-265].
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2 MATERIALS AND METHODS

2.1 Materials

The data used in this study encompassed mRNA nucleotide sequences of human
(Homo sapiens) involved in the development of esophageal, gastric, small intestinal,
and colorectal cancers, obtained from GenBank (http://www.ncbi.nlm.nih.gov).
Information regarding the genes' roles and functions was sourced from GenBank
databases and related publications.

The 2567 mature miRNA nanomolecule sequences were sourced from the
miRBase database (http://mirbase.org). Over the years, the identification of miRNA
nanomolecules has progressively increased, leading to updates in the miRBase
database. In 2011, the database contained approximately 1500 miRNAs, which
expanded to around 2000 miRNAs in 2012 and further increased to 2500 miRNAs in
2013. Subsequently, in 2015, Londin et al. identified an additional 3707 novel
miRNAs [251]. The expanding pool of novel miRNA nanomolecules suggests a mix
of evolutionarily conserved and species- or tissue-specific miRNAs. Moreover, these
miRNAs exhibit varying expression levels across different tissues, emphasizing their
distinct tissue- and cell-specific functional impacts.

2.2 Methods

Using the MirTarget program, we have found binding sites in S'UTR, CDS, and
3'UTR of many human, animal and plant genes.

The following examples of search for binding sites by the MirTarget program
and other programs show the great advantage of the MirTarget program. The result of
the TargetScan program almost coincidentally almost coincides with the result of the
MirTarget program because this binding site has a complete complementarity of
interaction between miRNA and miRNA of the CYP2W1 gene. The lack of G-C bond
(marked in red) in the TargetScan interaction scheme is a program error. Who can
forbid these nucleotides to form hydrogen bonds?

The hydrogen bonds that the MirTarget program takes into account and
according to which the binding sites for miR-5095, miR-619-5p are reliable, are
indicated in red. TargetScan Program considers these sites "reliable” with an obvious
lack of selectivity. The term “seed” is unreasonably used as the main factor ensuring
the binding of miRNA with the mRNA of the target gene. Because of this
misconception, thousands of publications deal with false-positive candidate target
genes. Because of this misconception, over the twenty years of studying miRNA, no
adequate method for diagnosing diseases using miRNA has been created. The data on
the operation of programs based on “seed” is given in several tables below. These
results clearly show the inadequacy of the prediction of binding sites.

The DIANA-MicroT-CDS program does not provide information on the
interaction of miR-5095, miR-1273a, miR-1273e with mRNA of the ATM gene. The
TargetScan program identified a reliable site for miR-5095, but did not consider the
complete interaction with the 47M gene's mRNA due to a non-canonical A-C pair.
The second site is a false-positive, containing hydrogen-free pairs (A and G, G and
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Q) that violate stacking interactions and do not form hydrogen bonds. Furthermore,
the program does not consider the interaction of eight nucleotides. The first binding
site for miR-619-5p 1s found without accounting for three nucleotides, which
significantly disrupt stacking interactions in the scheme. Moreover, the second
binding site for miR-619-5p cannot be located based on the presented scheme. The
first reliable site for miR-619-5p TargetScan's binding site is identified, although it
does not account for the interaction of seven nucleotides. The second site includes
hydrogen-free couples A, G and G, G, yet it neglects the interaction of nine
nucleotides. The third binding site, despite indicating seven interacting nucleotides as
per the scheme, does not consider the interaction of 15 nucleotides. TargetScan
software does not identify miR-1273a. The length of miR-1273e is attributed to the
presence of a non-canonical A-C pairing.

TargetScan identified binding sites solely for miR-1273e and miR-5095 within
the mRNA of the /L11 gene, but did not consider nucleotide interactivity throughout
the entire lengths of miR-1273e and miR-5095 (see Figure 3). Neither the DIANA-
MicroT-CDS nor the RNA22 programs detected binding sites for the four miRNAs in
the /L11 gene's mRNA. TargetScan only identified false positive binding sites for
miR-1273a and miR-3198 in the mRNA of the CBL gene. However, it failed to take
into account the interaction of nucleotides throughout the length of miR-1273a and
miR-3198 (Figure 4). In contrast, RNA22 did not detect any binding sites for the four
miRNAs in the mRNA of the ATM gene (Figure 5). The programs DIANA-MicroT-
CDS, TargetScan, and RNA22 were unable to uncover binding sites for miR-1285-3p
and miR-1273c in the mRNA of the STMNI1 gene (Figure 6). Some programs may
not find information about miRNA or genes when introduced, but they can still
identify a reliable site on the ATM gene mRNA. However, they may not consider the
entire length of the interaction between the molecules.

Gene IL11
miRNA MirTarget TargetScan
miR-1273d 5'-ACUGCAACCUCCACCUCCCGGGUUC-3" Does not determine

Feeerrrrrrr reerr e
3'-UGACGUCGGAGUUGGAGUACCCAAG-5"

miR-1273¢ 5'"-UCCACCUCCCGGGUUCAAGCAA-3" 5'...CUCCACCUCCCGGGUUCAAGCAA. ..
FETEETTEErr et 11 LTI
3'-AGGUGAAGGACCCAAGUUCGUU-5" 3! AGGUGAAGGACCCAAGUUCGUU
miR-1273f 5'-CACUGCAACCUCCACCUCC-3" Does not determine

FEEEEETEEE el
3' -GUGACGUUGGAGGUAGAGG-5"

miR-5095 5'-CAUGGUGGCUCACGCCUGUAA-3" 5' ...GGCAUGGUGGCUCACGCCUGUAA.. .

FEEEEErrrrrrr e [ LEEETT
3'-GCGCCACCAAGUGCGGACAUU-5" 3" GCGCCACCAAGUGCGGACAUU

Figure 3 - Comparison of miR-1273d,e,f binding sites with mRNA of /L] gene in
miRTarget and TargetScan programs.
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CBL
miRNA MirTarget TargetScan
miR-1273a 5'GAGAUGGAGUCUCGCUGUGUCGCCC-3" 5" .. .CUGGACCUUUCCAGCUGUCGCCA.
FEEE T rerrrrr et 1] LT
3 '"UUCUUUCUCAGAACGAAACAGCGGG-5" 3 'UUCUUUCUCAGAACGAA—ACAGCGGG
MirTarget program evaluates this site formiR- | 5" . . . GAUGGAGUCUCGCUGUGUCGCCC.
1273a as inadequate because AG/AGm is less LT LEELTT
than 50% 3' UUCUUUCUCAGAACGAAACAGCGGG
miR-3198 5'UCUCCAUUCUCCAUGGCCCCAC-3" 5'...CAGCUAACACUGGUCACUCCAAA.
FEEErErrreerer rreerenl RN
3" AGAGGUAAGGGGUCCUGAGGUG-5" 3! AGAGGUAAGGGGUCCUGAGGUG
MirTarget program evaluates this site formiR- | 5' . .AGAGAAGUGAGCAGAGACUCCAC.
3198 as inadequate because AG/AGm is less LT
than 50% 3! ACCUUAGGAUCUGAGGUC

Figure 4 - Comparison of miR-1273a and miR-3198 binding sites with mRNA of
CBL gene in miRTarget and TargetScan programs.

ATM
miRNA MirTarget DIANA-MicroT-CDS
miR-5095 5' - CGCAGCGGCUCACGCCUGUAA - 3' Does not determine
FEEEEEETErrrr e
3' - GCGCCACCAAGUGCGGACAUU - 5'
miR-619-5p | 5' - GGCUCACGCCUGUAAUCCCAGC - 3' 5' GCAUGGUGGCGGGCA CCUGUAAUCCCAGC 3
[NARERRRERNRERERRARE N LIt
T — —_ T
3 CCGAGUACGGACAUUAGGGUCG 5 3t CCGA  GUACGGACAUUAGGGUCG 5
MirTarget evaluates this site to be inadequate for 5' UGAGUGUCUGUUUAUGUCRUAU UCCCAG 3!
miR-619-5p since AG/AGm is below 50%. Lol LT
3 CCGAGUACGGACAUUAGGGUCG 5'
miR-1273a 5' - GAGACAGAGUCUUGCUCUGUCACCC - 3! Does not determine
FEEE T rrrr e ey
3' - UUCUUUCUCAGAACGAAACAGCGGG - 5'
miR-1273e 5' - UCUGCCUCCUGGGUUCAAGCAA - 3' Does not determine
FEEEErErrrrrrrrrrrrrel
3' - AGGUGAAGGACCCAAGUUCGUU - 5'
miRNA TargetScan RNA22
miR-5095 5' ...GGCGCAGCGGCUCACGCCUGUAA. .. Does not determine
FEEETETrrnd
3 GCGCCACCAAGUGCGGACAUU
5' ...GCAUGGUGGCGGGCACCUGUAAU. ..
[T [NERRN
3 GCGCCACCAAGUGCGGACAUU
miR-619-5p | 5' . .CGGCUCACGCCUGUAAUCCCAGC. .. Does not determine
[NEERRRRRRRRRE
3 CCGAGUACGGACAUUAGGGUCG
5' ...UGGCGGGCACCUGUAAUCCCAGC. ..
FEEEErrrrrrn
3 CCGAGUACGGACAUUAGGGUCG
5" . . . CUUAGGAAAAUGUUCAUCCCAGC. . .
AERREN
3" CCGAGUACGGACAUUAGGGUCG
miR-1273a Does not determine
miR-1273e 5' ...CUCUGCCUCCUGGGUUCAAGCAA. .. Does not determine
[EEErrrrrrrrrn
3 AGGUGAAGGACCCAAGUUCGUU

Figure 5 - Comparison of miR-5095, miR-619-5p, and miR-1273a,e binding sites
with mRNA of 47TM gene in miRTarget, DIANA-MicroT-CDS, TargetScan and
RNA22 programs.
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Gene STMN1

miRNA MirTarget DIANA-MicroT-CDS TargetScan RNA22
miR-1285-3p | 5'-GAGUCUCACUCUGUCGCCCAGG-3' | Does not determine Does not Does not
FErreerrreerrreer ey determine determine
3'-UCCAGAGUGAAACAACGGGUCU-5"
miR-1273c¢ 5'"-GGCAGAGUCUCACUCUGUCGCC-3" | Does not determine Does not Does not
FEETEEETTE e determine determine

3'-CUGUCCCAGAGCAAAACAGCGG-5"

Figure 6 - Comparison of miR-1285-3p and miR-1273¢ binding sites with mRNA of
STMNI gene in miRTarget, DIANA-MicroT-CDS, TargetScan and RNA22
programs.

From the above analysis of the comparison of various programs for searching
binding sites, it is clear the prevalence of the MirTarget program.

2.3 Programs for processing data of miRNA

For analysis of the obtained results, there were used programs, which has been
specially designed and created by A.Yu. Pyrkova and O.A. Berillo, the staff of our
laboratory.

Lextractor.

In the initial stage, distinct textual files were generated, containing nucleotide
sequences and specific parameters for each examined gene and miRNA. For binding
site prediction programs to function effectively, a text format of data is necessary,
available in files with mir and gene extensions. The nucleotide sequence, gene name,
and chromosomal location of a mature miRNA were transcribed into the mir
extension file. The mRNA nucleotide sequence for each gene was obtained from the
GenBank database. The mRNA information and exon-intron organization were saved
in gbk documents. These files underwent processing via Lextractor programs to
produce text in the FASTA format, including the mRNA nucleotide sequence with
identified boundaries of the 5'UTR, CDS, and 3'UTR regions. The resulting file
names include the gene extension.

MirTarget Program.

The process of searching for target genes for miRNAs remains consistent when
using the MirTarget program, which was developed in our laboratory.

This program identifies the binding sites of miRNAs in the mRNA of candidate
genes, including the distribution of binding sites in the S5'-untranslated region
(5'UTR), protein-coding region (CDS), and 3'-untranslated region (3'UTR).
Additionally, it calculates the free energy of hybridization (AG, kJ/mol) and provides
a scheme of the miRNA-mRNA nucleotide interaction.

The AG/AGm (%) value was calculated for each binding site, where AGm
represents the free binding energy of miRNAs with a fully complementary nucleotide
sequence. The miRNAs-mRNAs binding sites with a AG/AGm value of 90% or
higher were selectively chosen. The language used 1s formal, with a clear and concise
structure. The position of binding sites is provided from the first nucleotide in the
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5'UTR of mRNA. The MirTarget program includes a unique feature that considers
nucleotide interactions between miRNAs and target gene mRNAs. Notably,
interactions are accounted for with adenine (A) and uracil (U), guanine (G) and
cytosine (C), G-U, and A and C through hydrogen bonding. The distance between A
and C is equal to that of G-C, A-U, and G-U nucleotides.

MirTarSeq.

The miRTarSeq is a program designed to identify oligonucleotides that encode
oligopeptides based on the nucleotide sequences found in miRNA sites of mRNA
genes' 5'UTR, CDS, and 3'UTR. These fragments are identified with 15 additional
nucleotides situated to the left and right of the binding site, an essential factor in
analyzing evolutionary conservatism. This program operates when files containing
binding site schemes acquired from MiRTarget's site search (scheme.mres) and gene
files (Gene.gene) are present.

Upon processing the data, the program produces a table detailing the
information for each site. mRNA sequence of the gene of interest, specific miRNA
(identified by its ID number and origin), the nucleotide position where the binding
site initiates (nt), the calculated AG value (kJ/mol) and AG/AGm ratio (%), the length
of the miRNA (nt), and the nucleotide sequence of the binding site with flanking
nucleotides on either side. Additionally, the encoded oligopeptide within the binding
site, and the oligopeptides found within the three open reading frames.

The program offers data on the flanking nucleotide sequences of binding sites in
the S'UTR, CDS, and 3'UTR. Binding sites in the CDS have an advantage because
the program converts their nucleotide sequences into amino acid sequences encoded
by them while considering various open reading frames. Using this program allows
for the study of evolutionary conservation and variability, specifically analyzing
changes in nucleotide sequences during the process of evolution. The results of the
program analyze orthologous gene properties, which are genes that originated from a
common predecessor and were vertically transmitted during evolution across various
species. This analysis aids in selecting experimental animals for in vivo studies,
focusing on genes implicated in a variety of diseases. Orthologous sequences provide
evidence that certain sequences are maintained throughout evolutionary processes
despite speciation. The conservation of specific protein sequences indicates the
presence of a conservative gene, as information regarding amino acid sequences is
typically transmitted from one generation to the next.
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3 RESULTS AND DISCUSSION

3.1 Creation of databases on genes associated with carcinogenesis of the GI
tract

To create a reliable gene database, the information available from the NCBI
(National Center for Biotechnology and Information) was obtained and the gene was
verified by PubMed, identified by name, and entered into the appropriate information
retrieval system to determine its relationship to the desired disease and add to our
database. Data validation was carried out by identifying the association of these genes
with the disease under study and searching publications over the past seven years. It
should be noted that almost all genes have several synonymous names, which
significantly complicates the identification of genes according to the classification
established by the NCBI. It is difficult to determine which type of cancer is the cause
of this cancer because there is no single system for classifying cancer.

Gene database in Excel format and as a text file. It provides information about
the gene and its synonymous names, the full name of the gene, a brief description of
its function, and the source of information (PMID). As a result of the search for genes
that regulate the development of the gastrointestinal tract, 38 genes responded to
esophageal adenocarcinoma, 66 to esophageal squamous cell carcinoma, 215 to
gastric cancer, 40 to the small intestinal cancer, and 135 to colorectal cancer,
summarized in Table C1.

Analysis of research on the role of genes in the development of gastrointestinal
tract cancer indicates a recent increase in publications on this topic. These studies
have confirmed the presence of numerous previously known and newly discovered
genes, highlighting the promising potential of this field and the effectiveness of a
targeted database in generating precise insights into the genes involved in the
progression of gastrointestinal tract cancer.

For computer analysis, the nucleotide sequences of miRNA nanomolecules and
mRNA of H. sapiens GI tract cancer genes were obtained from miRBase and
Genbank databases also the information about novel 3707 miRNAs taken from the
publication of Londin et al [248]. These sequences were analyzed through the created
in our laboratory Lextractor, MirTarget, and MirTarSeq programs.

3.2 The characteristics of the miRNA nanomolecules interactions with
mRNAs of genes associated with carcinogenesis of the GI tract

It was searched for miRNA nanomolecules binding sites in mRNA of 372
human genes responsible for the development of GI tract cancer. As a result of the
study it was found that 305 genes out of 372 genes have binding sites with high
affinity for miRNA.

Analysis of the information on the involvement of genes responsible for the
development of GI tract cancer shows that the number of publications on this
problem has increased in recent years. These publications confirmed the involvement
of many previously established genes in the development of these diseases and
revealed new genes. This indicates the promise of the direction we have chosen and
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the possibility of obtaining, on a large factual basis, more reliable results on the
participation of genes in the development of various types of GI tract cancer
carcinogenesis.

Previously, we wused only the degree of complementarity of miRNA
nanomolecules binding to mRNA AG/AGm (%) for the selection of miRNA
nanomolecules that effectively bind to mRNA. However, this criterion did not take
into account the length of the miRNA, on which the free energy also varied, which
was different for different miRNA lengths. With the same AG/AGm value for
miRNA nanomolecules of 17 nt and 25 nt, the binding energy of miRNA 25 nt was
1.47 times higher with respect to the absolute value of the energy of miRNA
nanomolecules with 17 nucleotides. Therefore, the criterion AG/AGm was introduced
for miRNA of different length. This value makes it possible to reduce the number of
false positive miRNAs with a length of less than 20 nt.

The obtained results are sorted according to the value of AG/AGm (%), where
AG 1s the Gibbs free energy and AGm is the free energy of miRNA nanomolecules
binding with strand complementarity of 100%. In addition, miRNA-mRNA binding
sites with AG/AGm values less than the corresponding length were excluded from the
results. The maximum standard value for the most common length (22 nt corresponds
to 90%) was used as the basis for this free energy binding correspondence (Table 2).

Table 2 - AG/AGn value, taking into account the length of miRNA.

Length of miRNA (nt) AG/AGm (%)
17 98
18 96
19 94
20 92
21 91
22 90
23 89
24 88
25 87
26 86

When AG is equal to 85% or less, miRNA of different families differ by more
than three nucleotides, and this circumstance makes it necessary to change the
accepted classification of miRNA nanomolecules by families when families differ
within three nucleotides at a length of 22 nt. The obtained results were analyzed
taking into account the new criterion.

In order to identify miRNA nanomolecules targeting genes responsible for the
development of gastrointestinal tract cancer, a search for binding sites in 372 mRNA
nanomolecules of human genes was performed. The study revealed that 305 out of
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372 genes possess binding sites with high affinity for miRNA. Based on the computer
analysis results, tables were generated to show the acceptable energy range for
miRNA nanomolecule interaction with mRNA, with Table 3 providing the initial
data. The tables list the names of the genes responsible for GI tract carcinoma
regulation and the miRNA nanomolecules that bind to them, along with their
respective interaction energy values.

The tables below display gene names that regulate GI tract carcinogenesis (first
column), followed by miRNAs that bind to these genes (second column). The third
column indicates the position of binding sites, while the fourth column notes the
location of these sites. The fifth and sixth columns detail the interaction energy value,
and the seventh column denotes the length of the binding site.

The selected key genes in GI tract carcinogenesis fall into the following gene
categories and groupings:

* Esophageal cancer

* Gastric cancer

* Small intestinal cancer
* Colorectal cancer

3.2.1 The characteristics of the miRNA nanomolecules interactions with
mRNASs of genes associated with esophageal cancer

3.2.1.1 The characteristics of the miRNA nanomolecules interactions with
mRNASs of genes associated with esophageal adenocarcinoma

The examination revealed that among the 38 candidate genes, 32 were the
targets of miRNA nanomolecules. The distribution of miRNA binding sites within
the mRNA sequences varied across these candidate genes. While multiple miRNA
nanomolecules exhibited independent binding sites in distinct regions of the mRNA,
some miRNAs demonstrated overlapping nucleotide sequences at these sites, leading
to the formation of clusters. Tables 3 and C2 outline the properties of miRNA
interactions in the 5S'UTR mRNA genes implicated in EAC development.

For instance, within the ALDH1A2 gene's mRNA in the 5'UTR, interactions
occurred with ID00792.3p-miR and ID00744.3p-miR, having miRNA AG values of -
132 kJ/mol and -125 kJ/mol, respectively (Table C2). Furthermore, the mRNA of the
ARIDI1A gene in the 5'UTR contained three clusters of miRNA binding sites (Table
3). The first cluster spanned from 136 nt to 192 nt, exhibiting an average free energy
of interaction at -124 kJ/mol. The second cluster spanned from 206 nt to 228 nt, and
the third from 295 nt to 331 nt, totaling 37 nucleotides in length with an average AG
value of -111 kJ/mol. The ARID1A gene plays a role as a tumor suppressor and holds
significance in the carcinogenesis process of various organs [266]. Loss of ARID1A
protein has been identified in Barrett's esophagus, a precancerous lesion of
esophageal adenocarcinoma, and the rate of loss was higher in lesions showing more
severe dysplasia [267].
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Table 3 - The characteristics of miRNA interactions with 5S'UTR mRNAs of EAC
candidate genes [268].

Gene; NX miRNA Position, AG, AG/AGm, Length,

nt kJ/mol % nt

ARIDIA; 23.2 1D02106.3p-miR 136 -123 89 23
ID01778.3p-miR 140 -134 90 24
ID00296.3p-miR 141, 166 -138 88 25

miR-6081 143 -125 89 24
ID01702.3p-miR 147 -134 89 24
ID00465.5p-miR 148 -113 93 20
ID01377.3p-miR 152 -117 92 20
ID02592.5p-miR 164, 167 -123 89 23

miR-3960 167 -115 92 20
1D03065.3p-miR 172 -115 92 21
ID02751.3p-miR 206 -125 92 23

miR-483-3p 208 -104 91 21
ID01257.3p-miR 295 -113 93 20
ID00414.3p-miR 303 -108 93 20
1D02428.3p-miR 310 -113 91 22

BARXI; 0.3 ID00961.3p-miR 105 -132 93 23
ID00756.3p-miR 126 -123 89 23
ID00457.3p-miR 129 -125 92 22
1D02064.5p-miR 134 -129 90 23

CDK9; 20.3 ID02823.3p-miR 25,48 -117,-119 90, 92 22
1D02094.3p-miR 62 -113 90 22
ID01158.3p-miR 86 -119 98 20

DKK3;10.0 ID03462.5p-miR 73 -123 91 22
ID01632.5p-miR 93 -125 92 23

FOXFI; 6.6  1ID00278.3p-miR 1 -123 89 23
ID01310.3p-miR 6, 12 -119 90 22
1D03332.3p-miR 14 -132 89 24

FOXPI; 3.6  ID00387.3p-miR 108 -125 89 23
1D03332.3p-miR 130 -134 90 24

GDF7; 0.3 ID00009.3p-miR 546 -115 92 20
ID01910.3p-miR 546 -115 92 20
1D02781.3p-miR 547 -121 97 20

IGFBP2; 49.0 1D02036.3p-miR 60 -117 93 20
ID01293.5p-miR 65 -123 91 22
ID01638.3p-miR 84 -113 95 20
1D03120.3p-miR 86 -117 92 21

SEPPI;20.5 miR-5095 116 -110 95 21
miR-619-5p 122 -115 95 22

The cell cycle is a highly conserved and highly regulated biological system that
controls cell proliferation and differentiation. Changes in regulatory proteins, such as
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cyclins, Cyclin-dependent Kinases (CDKSs), and CDK inhibitors, are associated with
the loss of normal cell cycle regulation. This is a hallmark of several cancer types,
including EAC [269]. The CDK9 gene is a candidate gene that we have identified
specifically for EAC. The 1D02823.3p-miR and 1D02094.3p-miR cluster together to
form binding sites on mRNA of the CDK9 gene. These sites are located at positions
25 to 83 and have a total length of 59 nucleotides. The average interaction energy
measures -116 kJ/mol.

The mRNAs for AR, ERBB2, ERBB3, FKBPS5, FOXMI, ROCK2, and SOX2 genes in
5'UTR were targeted by single miRNAs (see Table C2). Nuclear AR and high FKBPS5
expression have been found to be associated with reduced survival in the EAC [270].
Six miRNAs target the mRNA of the GDF7 gene, of which three form a cluster of
binding sites (see Table 3). This cluster of binding sites includes all three miRNAs at
positions ranging from 546 to 567 nucleotides, with a length of 22 nucleotides. The
combined length of the three sites is 60 nucleotides. The presence of a cluster of
binding sites within the S'UTR of the GDF7 gene suggests that it has an increased
capacity for compaction, resulting in competition among miRNAs for these binding
sites. The average binding energy for these three miRNAs was -117 kJ/mol.

Du et al [271] determined that B7TG3 gene expression was significantly
suppressed in EAC tissues compared to adjacent normal tissues. BTG3 is a direct
transcriptional target gene for p53 [272], which affects its role in tumor suppression
and DNA damage response. BTG3 mRNA targeted by three miRNAs, and these
binding sites did not overlap, and each of them could independently bind to mRNA.
The mRNA of the DKK3 gene had a cluster of binding sites from 73 to 115
nucleotides with an average AG = -124 kJ/mol.

The average free energy of interaction of all miRNA binding sites in the S'UTR
is -120 kJ/mol. The number of binding sites with a AG value above -130 kJ/mol is
eight, including the associations of ID00792.3p-miR and ALDHI1A2; 1D00296.3p-
miR, IDO01778.3p-miR, ID01702.3p-miR and ARIDIA; 1D00961.3p-miR and
BARXI,; 1D03332.3p-miR and FOXFI, FOXPI. The association of these miRNAs
with their target genes are recommended as markers for the diagnosis of EAC.

Table 4 and A3 show the results of miRNA binding to mRNA of candidate EAC
genes in CDS. The AR gene mRNA is targeted by eight miRNAs with binding sites in
the CDS. Five of them formed a binding sites cluster in positions from 2484 nt to
2539 nt with average interaction energy of -127 kJ/mol with the length of 56 nt. The
total length of all 24 sites was 552 nt. The formation of a cluster of binding sites for
AR gene in the CDS indicates a greater ability of this gene for compaction, which
causes the competition of miRNAs data for the binding site. The average binding
energy for 5 miRNAs was -127 kJ/mol.

The mRNA of the ARID1A gene was a target of 28 miRNA in the CDS. Eight of
them form a cluster of binding sites in position from 410 nt to 441 nt with an average
AG equal to -129 kJ/mol. The second cluster of binding sites formed by ID01704.5p-
miR, ID02761.3p-miR, ID01810.3p-miR, and ID02761.3p-miR takes place from 471
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nt to 516 nt and the average free energy of interaction of these miRNAs equal to -128
kJ/mol.

Table 4 - The characteristics of miRNA interactions with CDS mRNAs of EAC
candidate genes [268].

Gene; NX miRNA Position, AG, AG/AGm, Length,
nt kJ/mol % nt
1 2 3 4 5 6
AR; 2.2 ID03332.3p-miR  2484+2511 (10) -134 90 24
ID01310.3p-miR  2485+2512 (10) -121 92 22
ID02761.3p-miR 2514 -134 90 24
ID00278.3p-miR 2515, 2518 -123,-125 89,91 23
ID01310.3p-miR 2518 -123 94 22
ARIDIA;23.2 miR-3960 390 -115 92 20
ID02052.5p-miR 410 -132 89 24
ID00522.5p-miR 410 -127 91 23
ID02187.5p-miR 411 -127 92 23
1D02692.5p-miR 413 -127 90 23
ID00457.3p-miR 415 -125 92 22
ID02064.5p-miR 417 -134 93 23
ID02084.3p-miR 418 -138 92 24
1D02538.3p-miR 420 -125 94 22
ID01704.5p-miR 471 -123 89 23
ID02761.3p-miR 487 -140 94 24
ID01810.3p-miR 490 -115 89 23
1D02761.3p-miR 493 -134 90 24
ID00756.3p-miR 843 -125 91 23
ID02294.5p-miR 851 -129 88 24
ID00061.3p-miR 852 -125 91 22
ID03167.3p-miR 1399 -123 91 23
ID01610.5p-miR 1404 -110 91 21
ID01388.5p-miR 4587 -119 89 23
ID02687.5p-miR 4587 -119 92 23
ID01565.5p-miR 4916 -115 93 21
miR-6768-5p 4928 -115 89 23
ERBB2;40.9 1D00692.3p-miR 3815 -113 90 22
miR-4734 3817 -119 90 22
FOXFI; 6.6 1D02761.3p-miR 80 -132 89 24
ID00278.3p-miR 81, 84 -123, -125 89,91 23
ID00811.3p-miR 87 -125 88 24
GDF7; 0.3 ID01508.5p-miR 699 -129 90 23
ID03332.3p-miR 700, 703 -134 90 24
ID01310.3p-miR 701 -121 92 22
ID02761.3p-miR 703 -132 89 24
1D02692.3p-miR 705 -127 91 23
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Table 4 (continued).

1 2 3 4 5 6
miR-1913 708 -115 90 22
IGFBP2;49.0 ID01662.3p-miR 139 -129 91 23
ID00071.3p-miR 142 -121 97 20
1D00296.3p-miR 142 -140 89 25
ID01702.3p-miR 142, 146 -134,-136 89, 90 24
ID00522.5p-miR 143 -125 &9 23
ID01403.5p-miR 144 -125 92 23
ID03367.5p-miR 145 -119 95 20
1D02294.5p-miR 145, 153 -129,-132 88,90 24
1D02429.3p-miR 148 -123 91 23
MUCI; 51.8 1D00645.5p-miR 507 -110 93 20
miR-6752-5p 510 -119 90 22
OXTR; 1.1 ID00009.3p-miR 1066 -115 92 20
ID02770.5p-miR 1066 -115 92 20
1D02036.3p-miR 1068 -115 92 20
ID01310.3p-miR 1328 -123 94 22
PARPI; 18.1 1D00550.5p-miR 1265 -113 90 23
ID01616.3p-miR 1275 -119 90 23

ID00756.3p-miR, ID02294.5p-miR and ID00061.3p-miR form a cluster of
binding sites in ARIDIA gene in position from 843 nt to 873 nt with an average AG =
-127 kJ/mol. The mRNA of the BARXI gene was the target of five miRNAs (Table
C3), two of which form a cluster of binding sites from 311 to 336 nucleotides with an
average free hybridization energy of -127 kJ/mol. The mRNA of BTG3, FOXMI,
IGFBP2, OXTR, ROCK? and TBX5 in CDS have binding sites for individual
miRNAs. ID01508.5p-miR, ID00102.3p-miR, 1D01419.3p-miR, and ID01346.3p-
miR target mRNA of the GDF7 gene (Table C3). The mRNA of the PAPRI gene has
a cluster of binding sites at positions from 1265 nt to 1297 nt with an average AG
value of 116 kJ/mol.

The average free energy of binding of all miRNAs to mRNA in CDS was equal
to -123 kJ/mol. Eight miRNAs bind to mRNAs of six target genes, forming 27
associations with a free interaction energy of more than -130 kJ/mol (Table 4 and
A3), which allows us to recommend these miRNAs as markers for the diagnosis of
EAC.

16 mRNA genes were targeted by miRNA in the 3'UTR (Table 5 and A4). The
mRNA of the FKBPS5 gene was the target of five miRNAs (Table 5), forming clusters
binding sites. miR-1273a, ID00367.5p-miR and miR-1273g-3p formed a binding
sites cluster at positions from 4855 nt to 4897 nt with average free interaction energy
of -113 kJ/mol. The second cluster was formed by 1ID01360.3p-miR, ID00367.5p-
miR, and miR-1273g-3p at the 6364 nt position at 6394 nts with an average AG = -
109 kJ/mol. The mRNAs AR, FOXPI and RUNX3 were targets of single miRNAs
(Table C4).

41



It is noteworthy that ID00037.3p-miR and ID00125.3p-miR occupy the same
binding site, starting from 1671 nt in mRNA of the SOX2 gene (Table C4). At the
same AG/AGm values, the free interaction energy ID00037.3p-miR (AG = -121
kJ/mol) is higher than the AG ID00125.3p-miR value in mRNA of the SOX2 gene.

Table 5 - The characteristics of miRNA interactions with 3'UTR mRNAs of EAC
candidate genes [268].

Gene; NX miRNA Position, AG, AG/AGm, Length,
nt kJ/mol % nt
1 2 3 4 5 6
CTSE; 0.6 miR-574-5p 1474 -108 89 23
ID00470.5p-miR 1482 -108 89 23
FKBP5; 19.6 miR-1273a 4855 -115 87 25
ID00367.5p-miR 4870 -110 90 22
miR-1273g-3p 4877 -113 96 21
ID01360.3p-miR 6364 -104 91 21
ID00367.5p-miR 6367 -110 90 22
miR-1273g-3p 6374 -113 96 21
FOXPI; 3.6 miR-466 5950 -104 89 23
miR-466 5952+5968 (4) -104 89 23
ID00436.3p-miR 5952, 5970 -104 89 23
ID01727.5p-miR 5953, 5955 -104,-106 89,91 23
1D02882.3p-miR 5960 -110 93 21
LEP; 0.0 ID03149.5p-miR 3087 -113 90 22
ID01263.5p-miR 3092 -113 90 22
miR-5095 3094 -110 95 21
miR-619-5p 3100 -119 98 22
OXTR; 1.1 miR-574-5p 25012513 (7) -108+-113 89 23
1D00470.5p-miR 2505, 2511 -108, -113 89, 93 23
SEPPI; 20.0 miR-548aj-3p 1536 -89 91 21
miR-548ae 1536 -98 96 21
miR-548x-3p 1537 -89 93 20
SMAD4,; 5.4 1D01838.5p-miR 4291 -113 90 24
miR-1273g-3p 4312 -110 95 21
ID01656.3p-miR 4342 -115 89 23
miR-1273d 4346 -119 87 25
ID01404.5p-miR 4349 -115 93 23
ID02732.3p-miR 7721 -123 91 23
ID00470.5p-miR  7744+7752 (5) -108 89 23
miR-574-5p 7740+7756 (8) -108+-110 89+93 23
ID00106.5p-miR 7825 -106 91 22
miR-574-5p 7830 -108 89 23
TP53; 14.3  1D00548.3p-miR 1393 -115 89 23
1D02379.3p-miR 1397 -119 89 24
miR-1273¢ 2297 -110 91 22
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Table 5 (continued).

1 2 3 4 5 6
miR-1285-3p 2301 -110 95 22
miR-1273g-3p 2317 -106 91 21
miR-1273h-5p 2351 -106 91 21
ID01838.5p-miR 2459 -115 92 24
ID00785.5p-miR 2520 -113 90 23

The miR-548aj-3p, ae, x-3p formed a binding sites cluster in the mRNA of the
SEPP] gene. The mRNA of the SMAD4 gene is a target of 11 miRNAs in the 3'UTR,
which form two clusters of binding sites. miR-1273g-3p, ID01656.3p-miR, miR-
1273d, and ID01404.5p-miR form a cluster from 4291 nt to 4371 nt with an average
value AG = -114 kJ/mol. The mRNA of the LEP gene has a binding sites of six
miRNAs in the 3'UTR, four of which form a cluster of binding sites from 3087 nt to
3121 nt with an average value of AG =-114 kJ/mol.

The average free energy of binding of all miRNAs to mRNAs in the 3'UTR was
-110 kJ/mol. The number of associations with a free binding energy of more than -
120 kJ/mol 1s three. The association of these miRNAs with their target genes
recommended as markers for the diagnosis of EAC.

Figure 7 shows the schemes of binding of miRNAs with mRNAs of EAC
candidate genes. The interaction of nucleotides occurs along the entire length, except
for the absence of hydrogen bonding between purines (A, G) or pyrimidines (C, U).
Interactions of non-canonical pairs of nucleotides A-C and G-U are accounted by
MirTarget program.

Gene; miRNA; The start of site; Region; Gene; miRNA; The start of site; Region; The

The characteristics of binding characteristics of binding

ARIDIA; ID00414.3p-miR; 303 nt; CDK9; 1ID02823.3p-miR; 25 nt;

5'UTR; -108 kJ/mole; 93%; 20 nt 5'UTR; -117 kJ/mole; 90%; 22 nt

5'" - GGGGCGGGGUGGGAGGGGGG - 3! 5' - CGCGGCCGCGGAGGGGCCUGGA - 3!
et rrrrrrenl FETErrererr el

3' - CACUGCCCCAcCccucceecu - 5t 3' - ACGCUGGCGCCGCCCUGGACCU - 5!

AR; ID01261.5p-miR; 1744 nt; GDF7; ID01419.3p-miR; 876 nt;

CDS; -113 kd/mole; 95%; 20 nt CDS; -115 kJd/mole; 89%; 23 nt

5' - GAGCGAGGGAGGCCUCGGGG - 3' 5' - CGGGAGGGCUCCGGCCGGGGCAG - 3'
LI T Errrr el FETEErrr e reer e

3'" - CUCCCUCCCUCCGGAGCCCC - 57 3' - GCCCUCUCGAGGAUGGCACUGUC - 5'

TP53; ID01838.5p-miR; 2460 nt; ROCK2; 1ID01836.5p-miR; 6497 nt;

3'UTR; -110 kJ/mole; 88%; 24 nt 3'UTR; -115 kJ/mole; 92%; 23 nt

5' - GAUGGGGUCUCACAGUGUUGCCCA - 3! 5' - GCCACUGCACUCCAGCCUGGGCA - 3'
Lt errrr et FEEETEEr et

3' - UUUCCUCAGAGUGACACAACGAGU - 5! 3' - AAGUGACGUGAGGUAGGACCCGU - 5"

Note: in bold type highlighted the non-canonical A-C and G-U pairs of nucleotides

Figure 7 - The schemes of miRNA interaction with mRNA of some genes
participating in the development of EAC [268]
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One of the misconceptions in many studies that miRNAs binds only (of
predominantly) in 3’UTR of mRNAs [273]. However, miRNAs do not have the
ability to distinguish binding sites in S'UTR, CDS and 3'UTR. The miRNA interacts
with mRNA based on the physico-chemical properties of these molecules.
Consequently, the interaction site can be localized in any region of mRNA and
prohibitions on the location of such sites in the nucleotide sequence of the mRNA are
still unknown. The conditions for the successful interaction of miRNA with mRNA
are the energy characteristics and conformational properties of this interaction.

The given results demonstrate the important role of non-canonical pairs of
nucleotides in the interaction of miRNA with mRNA of candidate genes involved in
the development of EAC. For example, in the interaction of ID01838.5p-miR with
mRNA of TP53 gene, one pair of A-C and two pairs of G-U are formed. ID01419.3p-
miR has binding sites in mRNA of GDF7 gene and forms two pairs of G-U.

The average free energy of miRNA binding in mRNA of genes involved in EAC
development is greater in 5S'UTR and CDS compared to 3'UTR, which suggests
preferential binding of miRNA to 5S'UTR and CDS of the studied genes.

The associations of miR-619-5p and FKBP5, ERBB3; 1D03332.3p-miR and AR,
FOXFI1, FOXP1, GDF7; ID02761.3p-miR and AR, ARIDI1A, FOXFI, GDF7; miR-
6081 and ARIDIA chosen as recommended associations for EAC diagnosis. mRNA
of these genes binds with miRNA with high affinity and, therefore, if the
concentrations of the corresponding miRNAs are the same or exceed the
concentrations of mRNAs, the effect of mRNA translation inhibition will be
significant. Given that miRNAs are endogenous regulators of gene expression, these
methods are quite feasible. The obtained results may be able to provide insights into
pathogenesis mechanisms and pave the way for the development of new diagnostic
markers and therapeutic targets for patients with esophageal adenocarcinoma.

3.2.1.2 The characteristics of the miRNAs interactions with mRNAs of
genes associated with esophageal squamous cell carcinoma

Of the 66 candidate genes involved in the development of esophageal squamous
cell carcinoma, 50 mRNA genes are targeted by 246 miRNAs (Tables 6-8, A5-A7).

The average free energy of binding of all miRNAs with mRNAs of all candidate
genes in the 5’UTR region was equal to -121 kJ/mol. The number of miRNA
associations with mRNA having free energy of interaction greater than -130 kJ/mol is
11 from 147 associations of miIRNA-mRNA in the 5’UTR. mRNA of BMII gene has
clusters of binding sites in position from 160 nt to 195 nt and in position from 223 nt
t0272 nt. ID01481.5p-miR and ID02388.3p-miR take the binding site from 233 nt to
254 nt in mRNA of BMP7 gene (Table C5). The biggest cluster of binding sites was
identified in mRNA of CCNE] gene (Table 6), in position from 69 nt to 123 nt with a
whole length equal to 55 nt and an average AG=-127 kJ/mol. The whole length of all
four binding sites was equal to 268 nt, which is four times more than the length of a
cluster. The formation of a cluster of four binding sites in the 5’'UTR of CCNEI gene
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shows the ability of a given gene to compaction, which serves as the emergence of
given miRNAs competition for the binding site. That is, from here it can be
concluded that 1D00296.3p-miR with a free energy of interaction equal to -140
kJ/mol will occupy this binding site and will not allow other miRNAs to interact with
this mRNA. Each miRNA has targeted various affinities and expression levels that
essentially work as competitive inhibitors reducing free miRNA.

Table 6 - The characteristics of miRNA interactions with 5UTR mRNAs of
ESCC candidate genes [275].

Gene; NX miRNA Position, AG, AG/AGm, Length,
nt kJ/mol % nt
1 2 3 4 5 6
AURKA; 7.7 miR-5095 420 -108 93 21
miR-619-5p 426 -119 98 22
BMII;16.0 1D03488.3p-miR 160 -119 89 23
1D03028.3p-miR 173 -123 91 23
ID01282.3p-miR 223,228 -117,-121 89, 92 23
1D02333.3p-miR 251 -117 90 22
BMP7;17.2 1D01481.5p-miR 233 -117 92 22
1D02388.3p-miR 234 -119 92 21
ID01353.3p-miR 349 -119 90 22
1D00602.3p-miR 353 -134 89 24
C2orf40; 16.5 1D03277.5p-miR 7 -108 93 20
1D00049.5p-miR 12 -140 93 24
CCNEIL; 2.5 1D02256.3p-miR 69 -125 91 22
ID00296.3p-miR 71 -140 89 25
ID01873.3p-miR 74 -121 92 21
ID00061.3p-miR 80,95 -125,-129 91,94 22
ID01804.3p-miR 80 -132 90 23
ID03367.5p-miR 80, 83 -115 92 20
ID02064.5p-miR 100 -132 91 23
ID02084.3p-miR 100 -134 89 24
1D02429.3p-miR 101 -123 91 23
EGRI; 76.5 miR-4787-5p 12 -121 90 22
ID01041.5p-miR 13 -132 90 24
ID01804.3p-miR 13 -132 90 23
ID02187.5p-miR 14 -125 91 23
1D00457.3p-miR 15 -123 91 22
ITGA3; 12.8 1D02648.5p-miR 71 -123 89 23
1D03489.5p-miR 77 -125 89 24
MAL; 447.4 1D01730.3p-miR 70 -113 90 22
MMP2; 40.2 1D00278.3p-miR 110 -123 89 23
ID01310.3p-miR 113 -121 92 22
1D03037.3p-miR 115 -121 90 22
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Table 6 (continued).

1 2 3 4 5 6
1D03280.3p-miR 115 -121 90 22
ID03345.5p-miR 124 -127 90 24
ID03368.3p-miR 125 -117 89 23
1D02014.5p-miR 264 -117 89 23

SASHI; 35.6 ID01607.3p-miR 403 -117 89 23
1D02116.3p-miR 412 -125 91 24

The experimentally verified interaction between miR-619-5p and mRNA of
AURKA gene shown by Heng et al [274]. The MirTarget program confirmed the
presence of their interaction in 5’UTR (Table 6) with AG/AGm value equal to 98%,
and identified more than three alternative miRNAs that can bind to the 5'UTR of the
AURKA gene mRNA (Table 6 and Table C5).

mRNAs of ADHIB was targeted by segregate miRNAs (Table C5). mRNA of
MAL gene (table 6) having the high value of NX=447.4 can interact only with one
miRNA (ID01730.3p-miR). The mRNA of EGRI gene has five binding sites in
5’UTR that form a cluster from 12nt to 36 nt with average AG value equal to -
128kJ/mol. mRNA of ITGA3 gene have cluster of binding sites from 71 nt to 100 nt
with an average AG = -124 kJ/mol (Table C5).

The analogous binding sites were identified in CDS (Table 7 and A6). The
average free energy of interaction of all miRNAs with mRNAs in CDS was equal to -
117 kJ/mol. The number of miRNA associations with mRNA having free energy of
interaction greater than -130 kJ/mol 1s 21.

In mRNA of ADAMTS?2 gene it was identified the cluster of binding sites in
CDS from 153 nt to 209 nt with a whole length equal to 57 nt and average AG =-130
kJ/mol. The highest AG value was detected in associations ofID00296.3p-miR and
ID01702.3p-miR (AG = -142 kJ/mol) with mRNA of ADAMTS2 gene. Another
cluster located from 217 nt to 244 nt with an AG value equal to -122 kJ/mol.
ID03270.3p-miR, miR-1226-5p and miR-4687-3p forms cluster of binding sites from
153 nt to 191 nt in mRNA of ALDH?2 gene. In mRNA of CCNDI gene identified a
cluster of binding sites from 1021 nt to 1047 nt with average AG value equal to -115
kJ/mol. ID02888.5p-miR and ID00848.5p-miR form a cluster of binding sites in
mRNA of COL7A1 gene in position from 4669 nt to 4699 nt with a length 31 nt and
average AG = -121 kJ/mol (Table 7). mRNA of ELN gene had binding sites for 12
miRNAs in CDS, nine of them form a cluster of binding sites in position from 1949
nt to 1980 nt with a whole length 32 nt and average AG value equal to -124 kJ/mol.
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Table 7 - The characteristics of miRNA interactions with CDS mRNAs of ESCC

candidate genes [275, 276]

Gene; NX miRNA Position, Energy, Score, Length,
nt kJ/mol % nt
1 2 3 4 5 6

ADAMTS2; 2.2 1D02294.5p-miR 153+177 (3) -129 +-136 88+93 24

ID00296.3p-miR 175, 178 -140, -142 89,91 25
ID01641.3p-miR 178 -132 89 24
ID01873.3p-miR 179 -121 92 21
ID00061.3p-miR 181 -125 91 22
ID01702.3p-miR 181 -142 94 24
ID02064.5p-miR 182, 186 -129 90 23
miR-3960 183 -117 93 20
1D02429.3p-miR 184 -121 89 23
ID03151.3p-miR 185 -115 93 20
1D02036.3p-miR 186 -117 93 20
1D02084.3p-miR 186 -134 89 24
1D02084.3p-miR 217 -134 89 24
ID01315.3p-miR 218 -115 92 20
ID01157.5p-miR 219 -119 95 20
1D02538.3p-miR 219 -123 92 22
ID01377.3p-miR 220 -123 97 20
1D03404.5p-miR 223 -119 90 22
ALDH?2; 84.0  ID03270.3p-miR 153 -108 91 21
miR-1226-5p 156 -127 86 26
miR-4687-3p 171 -110 91 21
CCNDI; 41.1 miR-877-3p 1021 -108 93 21
1D03238.3p-miR 1022 -119 92 23
ID01352.3p-miR 1024 -115 90 23
ID00777.3p-miR 1025 -113 90 23
COL741; 11.3 1D02888.5p-miR 4669 -123 91 23
ID00848.5p-miR 4677 -119 89 23
miR-483-3p 5556 -104 91 21
ID00597.3p-miR 5567 -110 90 23
COL2741; 3.7 1D02915.3p-miR 20 -115 &9 23
ID02611.3p-miR 35 -125 91 22
ID02761.3p-miR 36, 39 -132,-134 89,90 24
ID01643.3p-miR 38 -119 90 22
ID02585.5p-miR 40 -127 88 24
1D03409.5p-miR 41 -115 93 20
EGRI; 76.5 ID03387.3p-miR 467 -127 90 24
1D02200.3p-miR 470 -121 92 22
1D03445.3p-miR 470 -121 &9 23
ID01859.5p-miR 475 -117 90 22
ELN; 24.3 ID00517.5p-miR 1949 -115 92 20
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Table 7 (continued).

1 2 3 4 5 6
ID00722.5p-miR 1953 -113 93 20
ID02052.5p-miR 1953 -134 90 24
ID01041.5p-miR 1954 -136 93 24
ID01804.3p-miR 1954 -132 90 23
ID01873.3p-miR 1954 -123 94 21
ID01445.3p-miR 1956 -115 92 20
ID03151.3p-miR 1956 -115 93 20
ID00061.3p-miR 1959 -125 91 22

HOXA10; 0.3 ID00558.5p-miR 422 -113 90 22
ID01541.3p-miR 424 -121 89 23
1D03305.5p-miR 441 -113 93 20

IGFBP3; 11.7 1D00267.3p-miR 423 -113 91 21
1D02982.3p-miR 435 -123 100 21
1D02191.5p-miR 436 -110 91 21

S1X4; 0.0 1D02296.5p-miR 339 -117 95 20
ID01041.5p-miR 341 -132 90 24

miR-3960 343 -115 92 20
1D02692.5p-miR 344 -129 91 23
ID01702.3p-miR 345 -134 89 24
1D02296.5p-miR 345 -115 93 20
1D02084.3p-miR 346 -138 92 24
ID02538.3p-miR 348 -121 90 22
ID01879.5p-miR 352 -127 94 22

The mRNAs of certain genes from the matrix metalloproteinase family, like
MMP3 and MMPII, were targeted by individual miRNAs. Conversely, MMP2
displayed a cluster of binding sites located within its CDS spanning from 1681 nt to
1712 nt (refer to Table C6). Similarly, the mRNA of MMP9 was targeted by
ID01341.5p-miR and ID01104.5p-miR within its CDS region. The mRNA of
IGFBP3 gene revealed a binding site with a AG/AGm value of 100%, forming part of
a larger cluster of binding sites positioned from 423 nt to 456 nt with an average AG
of -115 kJ/mol. In the case of the ITGB4 gene, clusters of binding sites were
identified spanning from 2335 nt to 2360 nt and from 4431 nt to 4470 nt, exhibiting
an average AG value of -114 kJ/mol (refer to Table C6). Additionally, the mRNA of
the S1X4 gene contained a cluster of binding sites located from 339 nt to 373 nt.

Considering the average free energy of binding between miRNAs and all
mRNAs within the 3'UTR, it was found to be -111 kJ/mol (as documented in Table 8
and Table C7).
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Table 8 - The characteristics of miRNA interactions with 3'UTR mRNAs of
ESCC candidate genes [276].

Gene; NX miRNA Position, nt Energy, Score, Length,
kJ/mol % nt
1 2 3 4 5 6
CCNDI; 41.1 miR-574-5p 2593+2597 (3) -108+-113 89+93 23
ID00470.5p-miR 2595, 2597 -108 89 23
ID01543.3p-miR 2963 -117 92 22
1D00529.5p-miR 2972 -113 95 21
COLIAL; 269 miR-328-5p 5014 -125 91 23
1D02647.3p-miR 5023 -121 93 21
ELN; 243 miR-6734-3p 2592 -113 90 23
miR-6809-3p 2592 -102 91 21
miR-877-3p 2592 -106 91 21
GCOMI; 22.4 miR-1273a 2456 -119 90 25
miR-1273g-3p 2478 -113 96 21
MTHFR; 3.5 1D00345.3p-miR 6281 -119 89 23
miR-5585-3p 6300 -108 93 22
ID01811.5p-miR 6844 -117 93 22
miR-5095 6855 -110 95 21
miR-619-5p 6861 -115 95 22
ITGA3; 12.8 1D00264.5p-miR 3814 -123 89 24
ID01921.5p-miR 3820 -104 91 21
SASHI; 24.5 1D03224.5p-miR 5498 -117 89 23
ID01360.3p-miR 5502 -106 93 21
miR-1273g-3p 5511 -108 93 21
ID01656.3p-miR 5541 -115 89 23
miR-7851-3p 5547 -108 91 22
ID01103.3p-miR 5707 -129 90 24
miR-3929 5711 -110 90 23
S1X4, 0.0 miR-1273a 4029 -115 87 25
ID01838.5p-miR 4030 -113 90 24
miR-5684 4045 -98 92 20
miR-1273g-3p 4051 -113 96 21
ID02017.3p-miR 4287 -115 90 22
miR-1972 4291 -113 91 22
SOX2;16.9 1D00037.3p-miR 1671 -121 90 23
ID00125.3p-miR 1671 -113 90 22
TP53; 14.3  ID00548.3p-miR 1393 -115 89 23
1D02379.3p-miR 1397 -119 89 24
miR-1273¢ 2297 -110 91 22
miR-1285-3p 2301 -110 95 22
miR-1273g-3p 2317 -106 91 21
miR-1273h-5p 2351 -106 91 21
ID01838.5p-miR 2459 -115 92 24
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Among the various miRNA associations with mRNAs, three demonstrated an
interaction free energy greater than -125 kJ/mol. ID00470.5p-miR and miR-574-5p
exhibited multiple binding sites in the mRNA of the CCNDI gene, specifically
positioned from 2595 nt to 2619 nt. The mRNA of the ITGA3 gene also displayed a
cluster of binding sites, positioned from 3814 nt to 3841 nt, with an average AG of -
114 kJ/mol.

Additionally, ID00125.3p-miR and ID00037.3p-miR shared the same binding
site within the mRNA of the SOX2 gene. Another notable association was between
ID00548.3p-miR and 1ID02379.3p-miR, forming a cluster of binding sites from 1393
nt to 1420 nt within the mRNA of TP53, demonstrating an average AG of -117
kJ/mol.

The mRNA of the MTHFR gene contains two distinct clusters of miRNA
binding sites. The first cluster spans from 6281 nt to 6321 nt, while the second begins
at 6844 nt, with a total length of 39 nt and an average AG value of -114 kJ/mol.

A total of 223 potential binding sites for 203 miRNAs have been identified,
influencing 47 out of 66 genes implicated in the development of ESCC. These
binding sites are organized in clusters located within the S'UTR, CDS, and 3'UTR
regions of the mRNA. Notably, miRNA and mRNA associations exhibiting an
interaction free energy equal to or greater than -130 kJ/mol could potentially serve as
early diagnostic markers for this disease.

In examining the average free energy of miRNA-mRNA binding, it was
observed that in the 5S'UTR and CDS regions, it is higher compared to the 3'UTR,
implying a preference for miRNA binding to the 5S'UTR and CDS of the studied
genes associated with ESCC. Moreover, specific regions within the clusters of
miRNA binding sites feature overlapping sequences, resulting in a compact
arrangement of binding sites in the mRNA. This compression significantly reduces
the overall number of binding sites available in the mRNA.

The existence of overlapping miRNA binding sites creates a competitive
environment among miRNAs for each binding site. In such scenarios, the RISC
complex interacting with mRNA possessing stronger free energy will potentially
hinder the binding of other RISC complexes with miRNAs exhibiting weaker
interactions with mRNA.

Associations such as miR-619-5p and AURKA, MTHFR; 1D00296.3p-miR and
ADAMTS?2, C20rf40, CCNEI; ID01041.5p-miR and EGRI, ELN, SIX4; 1ID01702.3p-
miR and ADAMTS?2, S1X4; ID01804.3p-miR and CCNEI, EGRI, ELN are suggested
for use in the diagnosis and treatment of ESCC.

3.2.2 The characteristics of the miRNAs interactions with mRNAs of
genes associated with gastric cancer

The study involved investigating the interaction characteristics between 6274
miRNAs and the mRNA of 215 candidate genes associated with gastric cancer (as
detailed in Table C1). Table 9 specifically outlines the quantitative features of
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miRNA binding in the 5S'UTR of mRNA genes displaying clusters of miRNA binding
sites.

Table 9 - The characteristics of the miRNA interactions with 5S’'UTR mRNAs of
gastric cancer candidate genes [277].

Gene; NX miRNA Start of AG, AG/AGm, Length,
site, nt kJ/mol % nt
1 2 3 4 5 6
ARIDI1A4; 19.5 ID02106.3p-miR 136 -123 89 23
ID01778.3p-miR 140 -134 90 24
ID00296.3p-miR 141,166 -138 88 25
miR-6081 143 -125 89 24
ID01702.3p-miR 147 -134 89 24
ID00465.5p-miR 148 -113 93 20
ID01377.3p-miR 152 -117 92 20
ID02592.5p-miR 164, 167 -123 89 23
miR-3960 167 -115 92 20
ID03065.3p-miR 172 -115 92 21
E2F1;3.4 ID02574.3p-miR 84 -115 93 20
ID02052.5p-miR 85 -149 100 24
ID01873.3p-miR 87 -123 94 21
miR-3960 90 -115 92 20
ID00071.3p-miR 90 -117 92 20
ID00722.5p-miR 90 -113 93 20
ID02064.5p-miR 95 -132 91 23
ODCI;19.2 ID00756.3p-miR 9 -129 94 23
ID01804.3p-miR 13 -132 90 23
ID02187.5p-miR 14 -123 89 23
ID00457.3p-miR 15,21 -123, -125 91, 92 22
ID02084.3p-miR 17 -140 93 24
ID02064.5p-miR  17+23(3) -129+-140  90-+97 23
miR-3960 18+21(3) -115 92 20
ID01652.3p-miR 19 -125 89 23
ID02538.3p-miR 19 -123 92 22
ID01702.3p-miR 19, 22 -134, -142 89, 94 24
1D02229.3p-miR 21 -121 92 21
1D02499.3p-miR 21 -119 92 21
ID01157.5p-miR 22 -117 93 20
ID01377.3p-miR 23 -121 95 20
ID00061.3p-miR 24 -125 91 22
PIK3CA4;10.6  ID01190.5p-miR 4 -140 92 24
ID01702.3p-miR 4 -140 93 24




Table 9 (continued).

1 2 3 4 5 6
ID01895.5p-miR 4 -132 &9 24
ID01641.3p-miR 5 -127 86 24
ID00966.5p-miR 6 -136 90 24
ID00030.3p-miR 7 -121 90 22
1D02294.5p-miR 7 -125 86 24
ID01804.3p-miR 8 -134 91 23
ID01873.3p-miR 8 -123 94 21
ID02064.5p-miR 9 -127 88 23
1D02084.3p-miR 9 -129 86 24

TBCIDY9;10.0  ID01895.5p-miR 125 -134 90 24
ID02187.5p-miR 130 -127 92 23
ID03229.5p-miR 130, 133 -121 90 22
ID01041.5p-miR 132 -132 90 24
ID01702.3p-miR 136 -140 93 24
1D02084.3p-miR 137 -136 90 24
ID00457.3p-miR 138 -125 92 22

For instance, the ARID1A4 gene encodes a protein that is part of the large ATP-
dependent chromatin-remodeling complex SNF/SWI. This complex is crucial for the
transcriptional activation of genes typically repressed by chromatin formation. Within
the mRNA of the ARIDIA gene, a cluster of ten miRNA binding sites is positioned
from 136 nt to 192 nt.

The collective length of these miRNA binding sites sums up to 272 nt,
compacted within a 57-nt cluster of BS, indicating approximately 4.8-fold
compaction of binding sites in this mRNA segment. This leads to competition among
miRNAs when they bind to this cluster. Preferential binding occurs for miRNAs
interacting with the mRNA at a higher free energy and being present in higher
concentrations compared to competing miRNAs.

The average free energy of interaction among all miRNAs in the SSUTR mRNA
of candidate genes (as shown in Table 9 and Table C8) stands at approximately -126
kJ/mol. Based on this observation, a proposed criterion for effective miRNA
interaction with 5'UTR mRNA in the context of diagnosing gastric cancer is a value
of -130 kJ/mol or higher. Regarding the hypothesis for diagnosing gastric cancer, it's
suggested that associations exist between ID01778.3p-miR, I1D00296.3p-miR,
ID01702.3p-miR, and the ARIDIA gene. Consequently, when developing a
diagnostic chip, it's crucial to incorporate all nine miRNAs to account for changes in
their concentrations. This factor significantly influences the competitive interactions
they engage in with mRNA.

The nucleotide sequences of the miRNA binding site cluster at the ARID1A4 gene
in various species—G. gorilla, H. sapiens, M. mulatta, M. nemestrina, N. leucogenys,
P. anubis, P. paniscus, and P. troglodytes—are represented in Figure 8. Notably, the
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flanking oligonucleotides from the 5' end (GGGAGCAGCUG) and 3' end
(GAGCCUGAGCCGQG) remain identical across all these subjects.

GGGAGCAGCUGAGCCGCCGGCGCCUCGGCCGCCGCCGCCGCCUCCUCCUCCUCCGCCGCCGCCAGCCCGGAGCCUGAGCCGG hsa
GGGAGCAGCUGAGCCGCCGGCGCCUCGGCCGCCGCCGCC—---UCCUCCUCCUCCGCCGCCGCCAGCCCGGAGCCUGAGCCGG ggo
GGGAGCAGCUGAGCCGCCGGCGCCUCGGCCGCCGCCGCC---UCCUCCUCCUCCGCCGCCGCCAGCCCGGAGCCUGAGCCGG ptr
GGGAGCAGCUGAGCCGCCGGCGCCUCGGCCGCCGCCGCC---UCCUCCUCCUCCGCCGCCGCCAGCCCGGAGCCUGAGCCGG ppa
GGGAGCAGCUGAGCCGCCGGCGCCUCGGCCGCCGCCGCC---UCCUCCUCCUCCGCCGCCGCCAGCCCGGAGCCUGAGCCGG pan
GGGAGCAGCUGAGCCGCCGGCGCCUCGGCCGCCGCCGCC—---UCCUCCUCCUCCGCCGCCGCCAGCCCGGAGCCUGAGCCGG nle
GGGAGCAGCUGAGCCGCCGGCGCCUCGGCCGCCGCCGCC—---UCCUCCUCCUCCGCCGCCGCCAGCCCGGAGCCUGAGCCGG mml
GGGAGCAGCUGAGCCGCCGGCGCCUCGGCCGCCGCCGCC---UCCUCCUCCUCCGCCGCCGCCAGCCCGGAGCCUGAGCCGG mne

Figure 8 - The nucleotide sequences of mRNA regions of orthologous ARIDIA
genes containing clusters of binding sites of ten miRNAs [277].

These findings suggest the emergence and persistence of these miRNA and
target gene associations across many millions of years among these species. This
longevity indicates the conservation of these specific associations over evolutionary
timescales. Such persistence provides an opportunity to investigate the role of the
candidate ARIDIA gene in these studied subjects as potential models for
understanding gastric cancer. Comparing these sequences across different species
allows researchers to explore the significance and potential implications of these
associations in the context of gastric cancer evolution and pathology.

The transcription factor E2F1 plays a role in the development of several
oncological diseases, including gastric cancer. Within the E2F' ] mRNA, there exists a
35 nucleotide-long cluster encompassing seven miRNA binding sites (as detailed in
Table 9). Among these sites, two exhibit AG values exceeding -130 kJ/mol, and the
ID02052.5p-miR pair displays complete complementarity with high free energy. The
cumulative length of the binding sites for these seven miRNAs is 148 nucleotides,
which is 4.2 times the length of the cluster. These associations between miRNAs and
the E2F1 gene hold potential as markers for diagnosing gastric cancer.

One way to validate the binding between miRNA and target genes is by
examining the presence of these binding sites in orthologous genes. Figure 9
illustrates the nucleotide sequences of the binding site cluster within the mRNA of
orthologous E2F1 genes. Notably, the flanking oligonucleotides from the 5' end
(GGCCUGCCAGC) and 3' end (GGCCGCGCGG) remain identical across all subjects.
Substitutions of C for U generally do not significantly affect the free energy of
interaction between miRNA and mRNA. This is because when C is substituted with
U, non-canonical pairs of G-U are formed instead of G-C, which may have a minimal
impact on the overall binding energy between the miRNA and mRNA.
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GGCCUGCCGCCAUGGGCCCGCGCCGCCGCCGCCGCCUGUCACCCGGGCCGCGCGG hsa
GGCCUGCCGCCAUGGGCCCGCGCCGCCGCCGCCGCCUGUCACCCGGGCCGCGCGG ggo
GGCCUGCCGCCAUGGGCCCGCGCCGCCGUCGCCGCCUGUCACCCGGGCCGCGCGG ptr
GGCCUGCCGCCAUGGGCCCGCGCCGCCGUCGCCGCCUGUCACCCGGGCCGCGCGG ppa
GGCCUGCCGCCAUGGGCCCGCGCCGCCGCCGCCGCUUGUCACCCGGGCCGCGCGG pab
GGCCUGCCGCCAUGGGCCCGCGCCGCCGCCGCCGCCUGUCACCUGGGCCGCGCGG pan
GGCCUGCCGCCAUGGGCCCGCGCCGCCGCCGCCGCCUGUCACCCGGGCCGCGCGG nle
GGCCUGCCGCCAUGGGCCCGCGCCGCCGCCGCCGCCUGUCACCUGGGCCGCGCGG mml
GGCCUGCCGCCAUGGGCCCGCGCCGCCGCCGCCGCCUGUCACCUGGGCCGCGCGG mne

Figure 9 - The nucleotide sequences of mRNA regions of orthologous E2F]
genes containing clusters of binding sites of three miRNAs [277].

The mRNA of the ODCI gene displays a cluster comprising 15 miRNA binding
sites, ranging from 9 to 46 nt (as depicted in Table 9). However, this 38-nt cluster
length is notably 10.6 times shorter than the combined length of all binding sites.
Consequently, only one miRNA among the 15 present within this cluster can bind
effectively to the mRNA. Specifically, the miRNA capable of binding might be
ID01804.3p-miR, 1D02084.3p-miR, 1D02064.5p-miR, or ID01702.3p-miR, given
their potential interactions with a AG value exceeding -130 kJ/mol. If other miRNAs
are present at significantly higher concentrations compared to these four miRNAs,
they will ultimately influence the translation of the ODC1 gene's mRNA.

Similarly, the mRNA of the PIK3CA gene demonstrates a cluster containing 12
miRNA binding sites spanning a length of 33 nucleotides. This length 1s 8.5 times
shorter than the total combined length of these miRNAs' binding sites, which sums up
to 282 nucleotides. This high compaction of binding sites creates intense competition
among these miRNAs. Six out of the 12 miRNAs exhibit free interaction energy
values exceeding -130 kJ/mol. Consequently, it's advisable to consider these six
miRNAs' association with the PIK3CA gene as potential markers for diagnosing
gastric cancer.

Furthermore, the mRNA of the TBCID9 gene also presents a cluster of seven
miRNAs within a 37-nucleotide length. This length is five times shorter than the
combined length of these miRNAs' binding sites, allowing only one miRNA to
effectively bind. In orthologous genes of TBCID9, a CGC insert was observed in
humans within the clusters of miRNA binding sites (as shown in Figure 10).
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CGCGGGCCACCCCCUGAAGUCGCCUGCCGCCGCCGCCGCCGCACCUAGCGGACGGG hsa
CGCGGGCCACCCCCUGAAGUCGCCUGCCGCCGCCGCCGC~---ACCUAGCGGACGGG ggo
CGCGGGCCACCCCCUGAAGUCGCCUGCCGCCGLCCGCCGC---ACCUAGCGGACGGG ptr
CGCGGGCCACCCCCUGAAGUCGCCUGCCGCCGCCGCCGC---ACCUAGCGGACGGG ppa
CCCGGGCCGCCCCCUGAAGUCGCCUGCCGCCGCCGCCGC---ACCUAGCGGACGGG pab
CGCGGGCCGCCCCCUGAAGUCGCCUGCCGCCGCCGCCGC---ACCUAGCGGACGGG nle
CGCAGGCCGCCCCCUGAAGUCGCCUGCCGCCGCCGCCGC---ACCUAGCGGACGGG pan
CGCAGGCCGCCCCCUGAAGUCGCCUGCCGCCGCCGCCGC---ACCUAGCGGACGGG mml
CGCAGGCCGCCCCCUGAAGUCGCCUGCCGCCGCCGCCGC---ACCUAGCGGACGGG mne
CGCAGGCCGCCCCCUGAAGUCGCCUGCCGCCGCCGCCGC---ACCUAGCGGACGGG mfa

Figure 10 - The nucleotide sequences of mRNA regions of orthologous 7TBCI1D9
genes containing clusters of seven miRNA binding sites [277].

While the 3'-end flanking oligonucleotides (AGCGGACGGG) remain identical
across all subjects, the differences in the 5'-end flanking oligonucleotides suggest
distinct functional characteristics of the binding site cluster and the surrounding
nucleotide sequences among these species.

To accurately evaluate the outcome of miRNA and mRNA interaction, it's
crucial to understand both the quantitative characteristics of their interaction and the
ratio between the concentrations of these molecules. This information is vital for
predicting their interactions by analyzing the impact of the inhibitor (miRNA) on the
translation process's activity. When a miRNA, possessing a single binding site,
interacts with mRNA, the result can vary depending on the duration of their
interaction. It might be reversible if the interaction is short-lived, irreversible if the
bond lasts relatively longer, or it could even lead to mRNA degradation. The
consequence of this interaction relies on the ratio between the concentrations of
miRNA and mRNA. An increase in miRNA concentration will proportionally
decrease protein synthesis. For instance, at a miRNA to mRNA concentration ratio of
1:10, protein synthesis might reduce by 10%. Conversely, at a ratio of 10:1, protein
synthesis could be suppressed by 90%. Therefore, determining the ratio of miRNA
and mRNA gene concentrations using chips becomes essential.

Within the coding sequence (CDS) of mRNAs associated with gastric cancer
candidate genes, clusters of binding sites for multiple miRNAs are observed (as
detailed in Table 10 and Table C9). Specifically, in the CDS of the ARIDIA gene,
three clusters of binding sites within the protein coding region are identified (as
shown in Table 10). The first cluster, spanning from 410 nt to 442 nt, encompasses
binding sites for eight miRNAs. Notably, the cluster's length 1s 32 nucleotides,
significantly shorter (5.8 times less) than the combined lengths of all binding sites
(184 nt). This compression implies that only one miRNA can effectively bind within
this cluster. Among the eight miRNAs, three bind with a AG value equal to or greater
than -130 kJ/mol, indicating robust interaction of these miRNAs' association
members with the ARIDIA gene.
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Table 10 - The characteristics of miRNA interactions with CDS mRNAs of
gastric cancer candidate genes [277].

Gene; NX miRNA Start of AG, AG/AGm, Length,

site, nt kJ/mol % nt

ARIDIA;19.5 1D02052.5p-miR 410 -132 89 24
ID00522.5p-miR 410 -127 91 23
ID02187.5p-miR 411 -127 92 23
1D02692.5p-miR 413 -127 90 23
ID00457.3p-miR 415 -125 92 22
ID02064.5p-miR 417 -134 93 23
ID02084.3p-miR 418 -138 92 24
1D02538.3p-miR 420 -125 94 22
ID01704.5p-miR 471 -123 89 23
ID02761.3p-miR 487,493 -134,-140 90, 94 24
ID00756.3p-miR 843 -125 91 23
1D02294.5p-miR 851 -129 88 24
ID00061.3p-miR 852 -125 91 22

DNM30S; 5.3 miR-4506 3149 -100 94 20
miR-3120-3p 5958 -113 100 21

miR-3120-5p 5996 -115 100 21

E2F1;3.4 ID02051.3p-miR 291 -153 100 24
ID03448.3p-miR 292 -123 91 22
ID01157.5p-miR 295 -117 93 20

EPHB2; 2.3 ID00714.3p-miR 155 -127 91 24
1D01403.5p-miR 169 -121 89 23

miR-4253 1089 -102 100 18

MAPKI;17.2 1D03332.3p-miR 243 -134 90 24
ID01310.3p-miR 244 -121 92 22
ID00798.3p-miR 246 -136 91 24
ID01546.5p-miR 246 -132 90 24

PPP2CA; 21.8 miR-3661 462 -123 100 22
TERT; 0.4 ID01098.3p-miR 3224 -125 89 24
ID01338.5p-miR 3236 -132 91 24
ID01816.3p-miR 3237 -138 92 24

VEGFC; 0.4 ID02052.5p-miR 498 -132 89 24
ID02187.5p-miR 500 -123 89 23
ID01041.5p-miR 501 -132 90 24
ID01873.3p-miR 501 -123 94 21
ID00457.3p-miR 503 -127 94 22

miR-3960 504 -115 92 20
1D02064.5p-miR 505 -129 90 23

ZNF717;14.0 miR-4273 1639 -96 100 18
miR-4273 1891 91 96 18

The nucleotide sequences forming the cluster of binding sites exhibit identical
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characteristics among the mRNA orthologous genes in G. gorilla, H. sapiens, M.
mulatta, M. nemestrina, N. leucogenys, P. anubis, P. paniscus, and P. troglodytes (as
depicted in Figure 11). Both the 5'-end and 3'-end flanking oligonucleotides remain
consistent across all these objects. Additionally, the oligopeptide LGNPPPPPPS,
encoded by these binding site clusters, showcases identical attributes in all ARIDIA
orthologous proteins.

The strategic placement of miRNA binding sites in both the S'UTR and at the
CDS leads to an early halt in protein synthesis. This mechanism conserves energy
compared to terminating protein synthesis at the end, enhancing the likelihood of
forming an incomplete or abortive protein product. This strategic placement seems to
aid in regulating protein synthesis efficiently, influencing the process at its initial
stages and potentially preventing the unnecessary expenditure of resources in
synthesizing proteins that might not fulfill their intended function.

GCCGCCAGCAGCCUGGGCAACCCGCCGCCGCCGCCGCCCUCGGAGCUGAAGAAAGC hsa
GCCGCCAGCAGCCUGGGCAACCCGCCGCCGCCGCCGCCCUCGGAGCUGAAGAAAGC ggo
GCCGCCAGCAGCCUGGGCAACCCGCCGCCGCCGCCGCCCUCGGAGCUGAAGAAAGC pab
GCCGCCAGCAGCCUGGGCAACCCGCCGCCGCCGCCGCCCUCGGAGCUGAAGAAAGC ptr
GCCGCCAGCAGCCUGGGCAACCCGCCGCCGCCGCCGCCCUCGGAGCUGAAGAAAGC mml
GCCGCCAGCAGCCUGGGCAACCCGCCGCCGCCGCCGCCCUCGGAGCUGAAGAAAGC mne
GCCGCCAGCAGCCUGGGCAACCCGCCGCCGCCGCCGCCCUCGGAGCUGAAGAAAGC mfa
GCCGCCAGCAGCCUGGGCAACCCGCCGCCGCCGCCGCCCUCGGAGCUGAAGAAAGC nle

Figure 11 - The nucleotide sequences of mRNA regions of orthologous ARIDIA
genes containing clusters of eight miRNA binding sites [277].

The mRNA of the ARIDIA gene reveals a second cluster hosting binding sites
for ID01704.5p-miR and ID02761.3p-miR, consisting of two binding sites with AG
values exceeding -130 kJ/mol. Additionally, a third cluster incorporates binding sites
for three miRNAs with a free interaction energy of miRNA above -125 kJ/mol. This
emphasizes the substantial reliance of ARID1A protein synthesis on the expression of
these 13 miRNAs binding in the 5S'UTR mRNA. Given the pivotal role of this protein
within cells, maintaining a significantly lower miRNA concentration than mRNA is
crucial for synthesizing the requisite amount of protein.

Research by Wang and colleagues highlighted the oncogenic role of DNM3O0S,
an IncRNA implicated as a promising prognostic factor and potential therapeutic
target in gastric cancer patients [278]. Within the DNM30S gene, miR-3120-3p and
miR-3120-5p form fully complementary binding sites in the IncRNA, while miR-
4506 also establishes binding sites in the CDS region [261].

E2F1, a pivotal transcription factor within the E2F family, orchestrates critical
functions in cell cycle regulation and tumor suppressor protein activity. Notably, the
mRNA of the E2F1 gene houses a cluster of binding sites for three miRNAs, among
which ID02051.3p-miR exhibits complementarity across all nucleotides with a high
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AG value (as indicated in Table 10). Consequently, the association involving
ID02051.3p-miR binding in the CDS mRNA of this gene is suggested for diagnosing
gastric cancer. Figure 12 depicts the nucleotide sequences of mRNA regions in
orthologous E2F1 genes encompassing clusters of binding sites for three miRNAs.
Across various species, conserved flanking nucleotide sequences at both the 5'-end
and 3'-end are evident. Despite substitutions in certain positions across different
species, the encoding of specific oligopeptides remains consistent due to the
replacement of canonical pairs with non-canonical pairs, signifying that single
nucleotide polymorphisms scarcely alter the affinity of miRNA to the target gene's
mRNA.

CUCCCACCGGCCCCGCGGCGCCCGCCGCCGGCCCCUGCGACCC hsa
CUCCCACCGGCCCCGCGGCGCCCGCCGCCGGCCCCUGCGACCC ggo
CUCCCACCGGCCCCGCGGCGCCCGCUGCCGGCCCCUGCGACCC ptr
CUCCCACCGGCCCCGCGGCGCCCGCUGCCGGCCCCUGCGACCC ppa
CUCCCACCGGCCCCGCGGCGCCCGCCGCCGGCCCCUGCGACCC pab
CUCCCACCGGCCCCGCGGCGCCAGCCGCCGGCCCCUGCGALCCC pan
CUCCCACCGGCCCCGCGGCGCCAGCCGCCGGCCCCUGCGACCC mml
CUCCCACCGGCCCCGCGGCGCCAGCCGCCGGCCCCUGCGACCC mfa
CUCCCACCGGCCCCGCGGCGCCAGCCGCCGGCCCCUGCGACCC mne
CUCCCACCGGCCCCACGGCGCCCGCCGCCGGCCCCUGCGACCC nle

Figure 12 - The nucleotide sequences of CDS mRNA regions of orthologous
E2F1 genes containing clusters of binding sites of three miRNAs [277].

The heightened expression of EPHB2 in tumor tissues, observed in both gene
and protein expression, correlates with poor overall survival [279]. An
experimentally established interaction between miR-4253 and the EPHB2 gene has
been confirmed, with MirTarget indicating the presence of a fully complementary
interaction in the CDS. Additionally, two alternative miRNAs were identified by the
program capable of binding to the CDS of EPHB2 gene mRNA. The quantitative
characteristics of the interaction between the gene's mRNA and ID00714.3p-miR,
ID01403.5p-miR, and miR-4253 are outlined in Table 10.

The protein encoded by MAPK1 is involved in crucial cellular functions such as
proliferation, differentiation, transcription regulation, and development. Within the
CDS mRNA of the MAPKI gene, a compact 28 nt long cluster of miRNA binding
sites exists, significantly shorter (2.9 times) than the sum of all miRNA binding site
lengths (as specified in Table 10). Among the four miRNAs, three exhibit a AG value
of more than -130 kJ/mol upon binding. These characteristics of the associations
involving these three miRNAs with the MAPKI gene support their recommendation
for gastric cancer diagnosis.
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The cluster of binding sites within the mRNA of the human MAPKI gene
(depicted in Figure 13) encodes an oligopeptide AAAAAAGAG, which is identical
across P. anubis, P. paniscus, P. troglodytes, M. mulatta, M. nemestrina, N.
leucogenys, P. abelii, and G. gorilla. Notably, in P. abelii and G. gorilla, the clusters
encode  slightly  longer  oligopeptides - AAAAAAAAAGAG and
AAAAAAAAAGAG, respectively. In the mRNA of mouse and rat MAPK] genes,
the 22 nt clusters contained a sequence of GCG triplets capable of binding
ID03332.3p-miR and encoding AAAAAAG. This demonstration underscores the
variability in cluster length of binding sites compared to highly conserved flanking
nucleotide sequences.

CCAACAUGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGGCGCGGGCCCGGAGA ggo
CCAACAUGGCGGCGGCGGCGGCGGCGGCGGCGGCGG---GCGCGGGCCCGGAGA pab

CCAACAUGGCGGCGGCGGCGGCGGCGGGCGLCGEGEL~— === === ===~ CCGGAGA hsa
CCAACAUGGCGGCGGCGGCGGCGELCGEEECECEEEC————— === ===~ CCGGAGA ptr
CCAACAUGGCGGCGGCGGCGGCGGCGGGCGCGGGLC-— === === ===~ CCGGAGA ppa
CCAACAUGGCGGCGGCGGCGGCGGCGGGCGCGEGEL~— === ==== ==~ CCGGAGA pan
CCAACAUGGCGGCGGCGGCGGCGGCGGGCGCGGGEL~— === === ===~ CCGGAGA mml
CCAACAUGGCGGCGGCGGCGGCGGLCEEECEGCEEEC— === === ==~ CCGGAGA mne
CCAACAUGGCGGCGGCGGCGGCGGLCGEEECECEEEC———————————— CCGGAGA mfa
CCAACAUGGCGGCGGCGGCGGCGECEEEC——————— === === ———— CCGGAGA mmu
CCAACAUGGCGGCGGCGGCGGCGGLCGEGEL— === === == == === === CCGGAGA rno

Figure 13 - The nucleotide sequences of mRNA regions of orthologous MAPK1
genes containing clusters of binding sites of four miRNAs [277].

The PPP2CA gene encodes PP2Aca, a vital catalytic subunit of PP2A, a
prominent cellular serine-threonine phosphatase and a tumor suppressor comprised of
diverse subunits that target numerous substrates [281]. An experiment conducted by
Wang and colleagues [280] validated the interaction between miR-3661 and
PPP2CA. Furthermore, the MirTarget program confirmed the presence of a fully
complementary interaction in the CDS of the PPP2CA gene mRNA, as specified in
Table 10.

Regarding the TERT gene, it encodes telomerase, which plays a critical role in
cellular aging, and its dysregulation in somatic cells may contribute to
carcinogenesis. Within the CDS mRNA of the TERT gene, a cluster of binding sites
exists for three miRNAs that exhibit high free energy upon binding (as mentioned in
Table 10). The nucleotide sequence of this binding site cluster remains conserved in
the CDS mRNA of the TERT gene (as illustrated in Figure 14) across all studied
objects' TERT orthologous proteins, encoding the LGAKGAAGPLPS oligopeptide.
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GGGAUGUCGCUGGGGGCCAAGGGCGCCGCCGGCCCUCUGCCCUCCGAGGCCGUGC hsa
GGGAUGUCGCUGGGGGCCAAGGGUGCCGCCGGCCCUCUGCCCUCCGAGGCCGUGC ggo
GGGAUGUCGCUGGGGGCCAAGGGUGCCGCCGGCCCUCUGCCCUCCGAGGCCAUGC ptr
GGGAUGUCGCUGGGGGCCAAGGGCGCCGCCGGCCCUCUGCCCUCCGAGGCCGUGC pab
GGGAUGUCGCUGGGGGCCAAGGGUGCCGCCGGCCCUCUGCCCUCCGAGGCCGUGC pan
GGGAUGUCGCUGGGGGCCAAGGGUGCCGCCGGCCCUCUGCCCUCCGAGGCCGUGC ppa
GGGAUGUCGCUGGGGGCCAAGGGUGCCGCCGGCCCUCUGCCCUCCGAGGCCGUGC nle
GGGAUGUCGCUGGGGGCCAAGGGCGCCGCCGGCCCUCUGCCCUCCGAGGCCGUGC mml

Figure 14 - The nucleotide sequences of mRNA regions of orthologous TERT
genes containing clusters of binding sites of three miRNAs [277].

The CDS section of the human VEGFC gene harbors a cluster of seven miRNA
binding sites, where the collective length of these sites spans 31 nucleotides,
significantly shorter by a factor of 5.1 compared to the combined lengths of
individual binding sites (Table 10). While the VEGFC gene binding sites are longest
in M. nemestrina and encode the REAPAAAAAAALE oligopeptide, in other species,
the cluster's length varies due to the presence of the GCC codon. However, this
length variation still allows effective binding of specific miRNAs such as
ID02052.5p-miR, ID02187.5p-miR, 1D01041.5p-miR, and IDO01873.3p-miR.
Furthermore, the surrounding nucleotides flanking the binding sites remain conserved
across different species in the mRNA of the VEGFC gene (as illustrated in Figure
15).

GGGUCCUCGCGAGGCGCCCGCCGCCGCCGCCGCCGCCGCCUUAGAGUCCGGA mne
GGGUCCUCGCGAGGCGCCCGCCGCCGCCGCCGCCGCC---UUAGAGUCCGGA mml

GGGUCCUCGCGAGGCGCCCGCCGCCGCCGCCGCC—————~ UUAGAGUCCGGA pan
GGGUCCUCGCGAGGCGCCCGCCGCCGCCGCCGCC—————~ UUCGAGUCCGGA hsa
GGGUCCUCGCGAGGCGCCCGCCGCCGCCGCC————————— UUCGAGUCCGGA ggo
GGGUCCUCGCGAGGCGCCCGCCGCCGCCGCC-——=—==—~ UUCGAGUCCGGA pab
GGGUCCUCGCGAGGCUCCCGCCGCCGCCGCC————————~ UUCGAGUCCGGA nle
GGGUCCUCGCGAGGCGCCCGCCGCCGLCCGCC-—======~ UUCGAGUCCGGA ptr

Figure 15 - The nucleotide sequences of CDS mRNA regions of orthologous
VEGFC genes containing clusters of seven miRNA binding sites [277].

The 3'UTR of mRNAs from various gastric cancer candidate genes exhibits
numerous binding sites for multiple miRNAs, as detailed in Table 11 and Table C10.
Notably, among 14 candidate gastric cancer genes, a distinctive characteristic is the
existence of overlapping nucleotide sequences within their 3'UTR mRNA, which
accommodate binding sites for both miR-5095 and miR-619-5p (as illustrated in
Figure 12). These binding schemes highlight a significant degree of complementarity
in nucleotide sequences between miR-5095 and miR-619-5p and the respective
mRNA of these genes, encompassing even non-standard A-C and G-U bonds.
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Table 11 - The characteristics of miRNA interactions with 3'UTR mRNAs of
gastric cancer candidate genes [277].

Gene; NX miRNA Start r?tf site, kf/t(r}l,ol AG/OAA)Gm, Length, nt
1 2 3 4 5 6
ATM; 8.9 ID03006.5p-miR 9778 -121 89 24
miR-5095 9787 -108 93 21
miR-619-5p 9793 -119 98 22
miR-5096 0882 -104 92 21
miR-5585-3p 9950 -110 95 22
miR-1273a 11054 -119 90 25
miR-1273g-3p 11076 -113 96 21
miR-1273e 11119 -108 93 22
miR-5585-5p 11156 -106 91 22
FLTI;4.6 1D01030.3p-miR 6909+6923 (7)  -108+-110 89+91 23
miR-466 6911+6937 (9)  -106+-108 89+93 23
1D00436.3p-miR 6913+6925 (7) -104 89 23
IGF1;5.9 1D00470.5p-miR 4042+4058 (9) -108 89 23
miR-574-5p 4042+4062 (11)  -108+-113 89+93 23
miR-1273g-3p 6009 -113 96 21
miR-1273f 6042 -102 98 19
miR-1273d 6043 -119 87 25
miR-1273e 6052 -108 93 22
IGF2;3.2 1D00470.5p-miR 22862351 (6)  -108+-113 89+93 23
miR-574-5p 2288, 2290 -108 89 23
miR-574-5p 23972408 (4)  -108+-113 89+93 23
ID00470.5p-miR 2404, 2412 -110 91 23
ID00470.5p-miR 24422463 (3)  -108+-113 89+93 23
miR-574-5p 2465, 2484 -108 89 23
ID00470.5p-miR 2520+2539 (3) -108 89 23
miR-574-5p 2522 -108 89 23
ID00470.5p-miR 26552672 (3)  -108+-110 8991 23
ID00470.5p-miR 2704, 2725 -108 89 23
miR-574-5p 2727,2731 -108, -110 89, 91 23
JAK2; 14.1 miR-466 5182+5200 (10) -104+-106 8991 23
ID01030.3p-miR 5184+5200 (9) -108 89 23
ID00436.3p-miR  5184+5202 (10) -104+-106 8991 23
SPI;18.8 miR-466 4145+4161 (9)  -104+-106 8991 23
ID01030.3p-miR 4147+4159 (7) -108 89 23
1D00436.3p-miR 41474161 (8)  -104+-106 8991 23
XRCCI;  miR-574-5p 20332055 (11)  -108+-113 89+93 23
17.2 1D00470.5p-miR 2035+2055(9)  -108+-113 89+93 23
ZEBI;14.8 miR-574-5p 3587+3605 (10) -113 93 23
ID00470.5p-miR 35873605 (10) -108 89 23
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The schemes below depicting the interaction of miR-5095 and miR-619-5p
within the 3'UTR of mRNA genes demonstrate the robust effectiveness of the
MirTarget program in delineating the quantitative aspects of miRNA-mRNA
interactions. Across all instances shown in Figure 12, both miRNAs consistently
exhibit complementary binding to the mRNA, encompassing non-standard nucleotide
pairs throughout their entire length. Considering this consistency, all 14 genes
involved in conjunction with miR-5095 and miR-619-5p are suggested as potential
associations for the diagnosis of gastric cancer.

The sequences within the cluster of miR-5095 and miR-619-5p binding sites
exhibit significant conservation (as observed in Table C10), with minor purine-to-
purine (G <> A) and pyrimidine-to-pyrimidine (C < U) substitutions that minimally
impact the free energy involved in miRNA interaction with mRNA. These findings
underscore the stability of these miRNAs' interactions with the mRNA of candidate
genes related to gastric cancer.

62



AURKA,miR-5095,420%,-108, 93
5'"-CGCGGUGGCUCAUGCCCGUAA-3"

RN RN RR RN
3'-GCGCCACCAAGUGCGGACAUU-5'

AURKA,miR-619-5p, 426*,-119, 98
5" -GGCUCAUGCCCGUAAUCCCAGC-3"

[NERRERRR RN RRRERRE
3" -CCGAGUACGGACAUUAGGGUCG-5"

ATM, miR-5095, 9787, -108,93
5"-CGCAGCGGCUCACGCCUGUAA-3"

FETEEETEEErr el
3'-GCGCCACCAAGUGCGGACAUU-5"

ATM, miR-619-5p, 9793,-119, 98
5'-GGCUCACGCCUGUAAUCCCAGC-3"

FEEETEEEEEEEE el
3'-CCGAGUACGGACAUUAGGGUCG-5"

BRCAI,miR-5095,6406,-106, 91
5" -CAUGGUGGCUCACGCCUGUAA-3"

RN RARERRRRE RN
3" -GCGCCACCAAGUGCGGACAUU-5"

BRCA1,miR-619-5p, 6412,-119, 98
5'-GGCUCACGCCUGUAAUCCCAGC-3"

ERRERRR RN ERRRRRE
3'-CCGAGUACGGACAUUAGGGUCG-5"

CEACAM5,miR-5095,3229,-115,98
5'"-CGCGGUGGCUCACGCCUGUAA-3"

FEEEEEEErrrr el
3" -GCGCCACCAAGUGCGGACAUU-5"

CEACAM5,miR-619-5p, 3235,-119, 98
5'-GGCUCACGCCUGUAAUCCCAGC-3"

FEEEETEEEr e rrrel
3'-CCGAGUACGGACAUUAGGGUCG-5"

CLDN18,miR-5085,1852,-106,91
5'"-CACAGUGGCUCACGCCUGUAA-3"

CETEEEEErErr el
3'-GCGCCACCAAGUGCGGACAUU-5"

CLDN18,miR-619-5p,1858,-115,95
5'"-GGCUCACGCCUGUAAUCCUAGC-3"

FEEEETEEEEr el
3'-CCGAGUACGGACAUUAGGGUCG-5"

CREBI1,miR-5095,2791,-110,95
5'-CGCAGUGGCUCACGCCUGUAA-3"

RN RN
3 ' -GCGCCACCAAGUGCGGACAUU-5’

CREB1,miR-619-5p,2797,-119, 98
5" -GGCUCACGCCUGUAAUCCCAGC-3"

FEEEEETEErrr e
3' -CCGAGUACGGACAUUAGGGUCG-5"

F2R,miR-5095,3239,-115,98
5'-CGCGGUGGCUCACGCCUGUAA-3"
RN RERR RN
3" -GCGCCACCAAGUGCGGACAUU-5"

F2R,miR-619-5p, 3245, -119, 98
5" -GGCUCACGCCUGUAAUCCCAGC-3"

FEEEETEEEEErr el
3'-CCGAGUACGGACAUUAGGGUCG-5"

HPSE,miR-5095,2759,-106,91
5'"-CGCAGUGGCUCACACCUGUAA-3"

FETEEEEEEEEr e rnrl
3'-GCGCCACCAAGUGCGGACAUU-5"

HPSE,miR-619-5p,2765,-110,91
5" -GGCUCACACCUGUAAUCCUAGC-3"

(AR RN RN RRE
3'-CCGAGUACGGACAUUAGGGUCG-5"

IL10,miR-5095,1210,-115,98
5'"-CGCGGUGGCUCACGCCUGUAA-3"

AR RRERRERRRRRR RN
3'-GCGCCACCAAGUGCGGACAUU-5"

IL10,miR-619-5p, 1216,-119, 98
51 -GGCUCACGCCUGUAAUCCCAGC-3"

(AR RR RN ERRRRRE
3" -CCGAGUACGGACAUUAGGGUCG-5"

IRF1,miR-5095,2229,-110,95
5" -CGCGGUGGCUCACACCUGUAA-3"

RN RN RRRN R
3' -GCGCCACCAAGUGCGGACAUU-5

IRF1,miR-619-5p,2235,-115,95
5'-GGCUCACACCUGUAAUCCCAGC-3"

FELEEETEErr e
3' -CCGAGUACGGACAUUAGGGUCG-5"

IRF1,miR-5095,2653,-110,95
5" -CACGGUGGCUCACGCCUGUAA-3"

FEEEEEEEEErr el
3" -GCGCCACCAAGUGCGGACAUU-5"

IRF1,miR-619-5p,2659,-119, 98
5'-GGCUCACGCCUGUAAUCCCAGC-3"

FEEEETEEEEEr el
3'-CCGAGUACGGACAUUAGGGUCG-5"

LEP,miR-5095,3094,-110,95
5" -UGCGGUGGCUCACGCCUGUAA-3"

RN RERRRRR RN
3'-GCGCCACCAAGUGCGGACAUU-5"

LEP,miR-619-5p, 3100,-119, 98
5'-GGCUCACGCCUGUAAUCCCAGC-3"

[NERRERRR RN RRERRNE
3'-CCGAGUACGGACAUUAGGGUCG-5"

MTHFR,miR-5095, 6855,-110, 95
5'"-CGCGGUGGCUCACACCUGUAA-3"

RN RRERRERRRRRR RN
3'-GCGCCACCAAGUGCGGACAUU-5"

MTHFR,miR-619-5p, 6861, -115, 95
5" -GGCUCACACCUGUAAUCCCAGC-3"

[NERRERRRR RN RERRERREE
3'-CCGAGUACGGACAUUAGGGUCG-5"

PDCD4,miR-5095,3215,-106,91
5" -CACGGUGGCUCAUGCCUGUAA-3"

AR RRERRERRRRRR RN
3" -GCGCCACCAAGUGCGGACAUU-5"

PDCD4,miR-619-5p, 3221,-121,100
5'-GGCUCAUGCCUGUAAUCCCAGC-3"

(AR RRER RN RRRERRE
3'-CCGAGUACGGACAUUAGGGUCG-5"

STAT3,miR-5095, 3125,-106, 90
5" -CAUGGUGGCUCACGCCUGUAA-3"

RN RERRRRE RN
3" -GCGCCACCAAGUGCGGACAUU-5"

STAT3,miR-619-5p, 3131, -119, 98
5" -GGCUCACGCCUGUAAUCCCAGC-3"

(ERRE RN RN RERRRRRN
3'-CCGAGUACGGACAUUAGGGUCG-5"

Note. The top line contains sequentially: gene; miRNA; the beginning of the BS, nt; AG, klJ/mole;
AG/AGm,%. * - the miRNA BS is located in the STUTR. The top line of the diagram is the nucleotide
sequence of the miRNA binding site; the bottom line is the nucleotide sequence of the miRNA. Non-
canonical pairs are in bold.

Figure 16 - Schemes of interaction of miR-5095 and miR-619-5p in the 3'UTR
of mRNA of candidate gastric cancer genes [277].
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Furthermore, the PRKAAI gene is targeted by miR-1273d, miR-1273e, miR-
1273g-5p, miR-1273f, and miR-1273h-5p, as evidenced by Figure 17 and Table C10.
Except for miR-1273g-3p, the binding sites of these miRNAs form a conserved
cluster within the mRNA of orthologous PRKAA1 genes across various species like
P. troglodytes, G. gorilla, P. abelii, P. anubis, P. paniscus, N. leucogenys, M.
mulatta, and M. nemestrina. This coherent association between the miR-1273 family
and the PRKAAI gene is suggested as a promising marker for the diagnosis of gastric
cancer.

Nucleotide sequence cluster and BSs miR-1273 family
of miR-1273 family

GCUCACUGCAACCUCCACCUCCCGGGUUCAAGUGA cluster of BSs of mRNA PRKAAI

GCUCACUGCAACCUCCACCUCC miR-1273g-5p 2290 nt

CACUGCAACCUCCACCUCC miR-1273f 2283 nt

ACUGCAACCUCCACCUCCCGG miR-1273h-5p 2294 nt

ACUGCAACCUCCACCUCCCGGGUUC miR-1273d 2284 nt

UCCACCUCCCGGGUUCAAGUGA miR-1273e 2303 nt

Figure 17 - The scheme of miR-1273 family binding sites in the 3'UTR of the
mRNA of the candidate PRKAA I gene [277].

The miR-1273 family of miRNAs exhibited binding sites within the mRNA
sequences of 12 gastric cancer candidate genes (detailed in Table 11 and Table C10).
Through the formation of non-canonical nucleotide pairs, almost every nucleotide
from each miRNA established hydrogen bonds with specific nucleotides within the
mRNA structure (as depicted in Figure 18). Remarkably, certain miRNA families
displayed binding sites within the mRNA that shared overlapping nucleotide
sequences, thus forming clusters of binding sites. For instance, both miR-1273a and
miR-1273c competed for binding to the mRNA of genes ATM, CDH1, POUSFI,
SGCB, and TP53. Similarly, miR-1273e and miR-1273f exhibited overlapping
mRNA binding sites for genes ATM, KRAS, MACCI, MDM?2, POUS5SF1, PRKAAI,
and SGCB. Furthermore, the mRNAs of CDHI7, MACCI, POUS5FI, and PRKAAI
genes contained clusters of binding sites for miR-1273d and miR-1273f. These
associations between the miR-1273 family of miRNAs and the candidate target genes
linked to gastric cancer serve as promising markers for the diagnosis of this disease.
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ATM, miR-1273a,11054,-119,90
5" ~GAGACAGAGUCUUGCUCUGUCACCC-3*
TEEL FRREnnrrnnreneenntl
3 “UUCUUUCUCAGAACGARACAGCGGG—5 "

ATM,miR-1273c, 11056, -104, 86
5~ GACAGAGUCUUGCUCUGUCACC-3"
PErrrrnrerereereennnni
3~ CUGUCCCAGAGCAABACAGCGG-5 '

ATM, miR-1273e,11119,-108,93
5" ~UCUGCCUCCUGGGUUCAAGCAA-3"
Frrrrrrerernerrnernenn
3 —AGGUGAAGGACCCAAGUUCGUU-5"

ATM, miR-1273f,11109,-89,86

5"~ CACUGAAACCUCUGCCUCC-3 "
PELEE rreeeeennennn

3'—GUGACGUUGGAGGUAGAGG—5 "

ATM,miR-1273g-3p, 11076, -113, 96

5" —CCCAGGCUGGAGUGCAGUGGC—3 "
Perrerrrrenerneneened

3 —GAGUCCGACCUCACGUCACCA-5"

CASP10, miR-1273d,2623,-119,87
5'—ACUGCAGCCUUGACCUCCCAGGUUC—3"
PErrrrrenrereerer reeneel
3'—UGACGUCGGAGUUGGAGUACCCAAG5"

CASP10,miR-1273f, 2622, -89, 86

5' —~CACUGCAGCCUUGACCUCC—3
TRLLErnnren e

3' —GUGAC

CASP10,miR-1273g-3p, 2589, 108, 93

5'—CCUGGGCUGGAGUGCAGUGGU—3"
FRERERLRnnnnerenneni

3" —GAGUCCGACCUCACGUCACCA—5"

CASP10,miR-1273h-5p,2234,-106, 91

5" ~ACUGUAGUCUCGACCUCCCAG—3*
TRERERRRRRrennnnnnnnl

3' ~“UGACGUCGGAACUGGAGGGUC-5 "

CASP10,miR-1273h-5p, 2623, -117,100
5" ~ACUGCAGCCUUGACCUCCCAG—3"
FRERERLRRRRnnenenneni

3 —UGACGUCGGAACU —57

CDHI, miR-1273g-3p, 3271, 108, 93

5" ~GCCAGGCUGGAGUGCAGUGGU-3 "
PERREREREnenennnenl

3" ~-GAGUCCGACCUCACGUCACCA-5"

CDHI,miR-1273h-5p, 3305, 113,96
5" -ACUGCAGCCUUGUCCUCCCAG—3"
FRERERLRRRRE reernend

3 ' —UGACGUCGGAACU —57

CDHI, miR-1273c, 3251, -110, 91
5" ~GACAGGGUCUCAUUCUAUCGGCC-3
PEERRERErerenneneeer
3 -CUGUCCC —-GG-5"

CDH17,miR-1273a,2773, -119,90
5 ~GAGGUGGAGUCUUGCUCUGUCGCCC3"
PEEE brenreenerernenennnl
3’ ~UUCUUUCUCAGAACGAAACAGCGGG-5"

CDHI7,miR-1273d,2829,-121, 89
5" ~ACUGCAACCUCCGCCUCCUGGGUUC-3 "
TEERREREREr reeer reeeenn

CDH17,miR-1273f,2828,-100,96
5" -CACUGCAACCUCCGCCUCC-3"
Prrreereereenereen

3" —UGACGL JACCCAAG—5 *

3'—GUGACGL 51

CDH17,miR-1273g-3p, 2795, -110, 95

5' -CCCAGGCUGGAGUACAGUGGU-3 "
(AR RN RRANRERER Y

3' ~-GAGUCCGACCUCACGUCACCA-5"

HPSE, miR-1273c,2356, 104,86
5" -GACAGGGUAUCAUUCUGUUGCC-3 "
Prrreeer reeeeeeenennd
3 ' ~CUGUCCCAGAGCAAAACAGCGG—5"

HPSE, miR-1273g-3p,2081,-106, 91

5" —~CCCAGGCUGGAGUGCCAUGGU—-3 *
TRERRRRRRRrennr et

3' ~-GAGUCCGACCUCACGUCACCA-S *

HPSE, miR-1273g-3p, 2376, 108, 93

5 —-CCCAGGCUUGAGUGCAGUGGU—3"
EUELELE LIt

3 ' -GAGUCCGACCUCACGUCACCA-5"

KRAS,miR-1273e,3219,-102,87
5" ~UCCAUCUCCCAGGUUCAAGCGA—3"
Ferrerrenereeneeeeennl
3* IGAAGGACCCAAGUUCGUU-5"

KRAS, miR-1273f,3209, -104,100

5" -CACUGCAACCUCCAUCUCC-3"
Prrrrrrrnrnrnereret

3 ' -GUGACGUUGGAGGUAGAGG—5"

KRAS, miR-1273g-3p, 3176, -108, 93

5" ~CCCAGGCUGGARUGCAGUGGC3
PEErerrrrerernenennnd

3" ~GAGUCCGACCUCACGU

KRAS, miR-1273h-5p, 3210, -100, 85
5~ ACUGCAACCUCCAUCUCCCAG—3"
PEERERLREE vereenend
UC! -5°

ICACCA-5"

3 ' ~UGACG!

MACCI,miR-1273d,5718,-123, 91
5* ~ACUGCAACCUCCACCUCCUGGGUUC-3 "
PEERREREREr reeer reeeenn
3" —~UGACGUCGGAGUUGGAGUACCCAAG—!

5

MACCI,miR-1273e, 5727, -102,87
5'~UCCACCUCCUGGGUUCAARAGA-3 "

Prerrrrrerereeeeennr i
GUGAAGGACCCAAGUUCGUU-

3'-AGGUG] -5

MACC1,miR-1273f£,5717, -10,98

5' ~CACUGCAACCUCCACCUCC-3*
frrrrrnnrrnernnen

3" —GUGAC

MACCI,miR-1273g-3p, 5684, -102, 87

5 ~CCCAGACUGGAGUGCGGUGUU-3"
Prrrrerrenereeneenn 1

—GAGUCCGACCUCACGUCACH

3

MACC1,miR-1273g-5p.5714, -104,87

5" ~ACUCACUGCAACCUCCACCUCC-3"
PEErererrereenr e i

3' ~UGAAUGACGUCGGAGUUGGUGG—5"

MDM2, miR-1273a,2795, -113,85
5" -GAGACAGAGUCUUGCUCCAUCACCC—-3"
PEEE brrerernerernenennnl

3 ' —UUCUUUCUCAGAAC

MDM2,miR-1273c, 3215, -104,86

5" ~GACAGGGUCUCCCUGUGUUGCC—-3"
TRRLREREerr e veenend

3" ~CUGUCCCAGAGCAAAACAGCGG-5"

MDM2, miR-1273e,2521,-108, 93

5*~UCCGCUUCCCGGGUUCAARGCCA-3
Perrrrreerereneennet

3 * ~AGGUGAAGGACCCAAGUUCGUU-5

MDM2,miR-1273e,2860,-104,89
5" —UCCGCCUUCUGGGUUCAAGCUA-3"

FErrrrrenereeeeenenn 1
AGGUGAAGGACCCAAGUUCGUU-5"

Y

MDM2, miR-1273f, 2850, -91, 88

5'—CACUGCAACUUCCGCCUUC—3
Prerrnenennenneeen

3" ~GUGACGUUGGAGGUAGAGG-

MDM2,miR-1273f, 6772, -96,92
5" ~CACUGCAACCUCUGCCUCC-3*
frrrrrnrrrrerennn
GUGAC

37

MDMZ, miR-1273g-3p, 2117, 113,96

5'-CCCAGGCUGGAGUGCAGUGGC—-3"
Prrrrrrrrrnrrerernend

3 '-GAGUCCGACCUCACGUCACCA-5"

MDMZ, miR-1273g-3p, 2486, -106,91
5" ~CCCAGGCUGGAGUGCAGUGUC-3 "

Perrerrrrererneneen |1
GAGUCCGACCUCACGUCACCA-S *

MDMZ, miR-12739-3p, 6739, 113,96

5'-CUCAGGCUGGAGUACAGUGGU-3"
Prrrrrrenrnrrerernend

3 '-GAGUCCGACCUCACGUCACCA—-5"

PRKAAL, miR-1273Q, 2294,-121,89
5" ~ACUGCAACCUCCACCUCCCGGGUUC-3 "

TERERERRREr e e
3' —UGACGUCGGAGUUGGAGUACCCAAG-5

PRKAAL, miR-1273e,2303,-106,91
5"~ UCCACCUCCCGGGUUCAAGUGA-3 "
PErrrrreerereeneenneni

CCAAGUUCGUU-5 *

PRKAAL, miR-1273f, 2293,-102, 98
5" —CACUGCAACCUCCACCUCC—3 "

ferrerrrrerernenend
3' ~GUGACGUUGGAGGUAGAGG—5 "

PRKAAI, miR-1273g-3p, 2260, -110, 95
5'—CCCAGGCUGGAGUGCAAUGGU—3"

Prrrrrrerenrnerernend
3" -GAGUCCGACCUCACGUCACCA—-5"

PRKAAL, miR-1273g-5p,2290.-102, 86

5 —GCUCACUGCAACCUCCACCUCC—3*
TREREErerennenr e i

3" “UGAAUGACGUCGGAGUUGGUGG-5"

PRKAAL, miR-1273h-5p, 2294, -102, 87

5'—ACUGCAACCUCCACCUCCCGG—3"
PRERERLRREE vereenend

3" -UGACGUCGGAACUGGAGGGUC 5"

SGCB, miR-1273a,3312,-113,85

5' —-GAGACAGAGUCUUGUUCUGUCGCCA—3*
TEEE Prerererneneeenennn

3' ~“UUCUUUCUCAGAACGAAACAGCGGG—5"

SGCB, miR-1273¢,3314, -110,91
5'-GACAGAGUCUUGUUCUGUCGCC—-3 "
PRrrrenenreerernenennl
3 ' -CUGUCCCAGAGCAAAACAGCGG—5"

SGCB, miR-1273e, 3383, -100, 85
5" ~UCUGCCUCCCAGGUUCAAGCGA-3"
Terrerernererneeeeenni
3' —~AGGUGAAGGACCCAAGUUCGUU-5"

SGCB,miR-1273f 3373, -96,92

5" -CACUGCAACCUCUGCCUCC-3"
Prrrerreerernerernn

3 ' -GUGACGUUGGAGGUAGAGG—5 "

SGCB, miR-1273g-3p, 3333, -106,91

5" ~GCCAGGCUGGAGUGCAGUGGC-3 "
Ferrreererernereeend

3' -GAGUCCGACCUCACGUCACCA—S*

5GCB, miR-1273h-5p, 3374, —102,87
5" -ACUGCAACCUCUGCCUCCCAG—-3"
PEERERLREE veeernend

37— UGACGUCGGAAC -5

TP53, miR-1273a, 2295, —113,85
5" -“GAGACUGGGUCUCGCUUUGUUGCCC-3 "
PEEE rrrerneeeerrennnnnn
3" “UUCUUUCUCAGAACGAAACAGCGGG—5 "

TP53, miR-1273c, 2297, —110,91
5" -GACUGGGUCUCGCUUUGUUGCC—-3 "
Pee reeeereerereenennd
3'-CUGUCCCAGAGCAAAACAGCGG—5

TP53, miR-1273g 3p, 2317, -106, 91

5" —~CCCAGGCUGGAGUGGAGUGGC—3 *
PELELELELELLTL 1

3' -GAGUCCGACCUCACGUCACCA-5"

TP53, miR-1273g-5p, 2347, —102, 86

5'-GCUUACUGCAGCCUUUGCCUCC—-3 "
PEUELELEEEREEnn 1 11

3 ' -UGAAUGACGUCGGAGUUGGUGG—5*

POU5F1, miR-1273a,181*,-119, 90
5' —GAGACAGAGUCUUGCUCUGUCACCC—3 "
TR Frenererenreneennnn
3' ~UUCUUUCUCAGAACGAAACAGCGGG—5S "

POU5F1,miR-1273c,183%, —104,86

5'—GACAGAGUCUUGCUCUGUCACC—3 "
FERrrerrrrnnerennennl

3 -CUGUCCCAGAGCAAAACAGCGG—S

POU5F1, miR-1273d,237*,-119,87
5" ~ACUGCAACCUCCGCCUCCCGGGUUC-3 "
TRERREREREE b el
3" ~UGACGUCGGAGUUGGAGUACCCAAG-5 "

POU5F1,miR~-1273e,246*, -104,89
5 -UCCGCCUCCCGGGUUCAAGUGA -3 *
Frrrerrenrrerrreenennd
3 ' -AGGUGAAGGACCCAAGUUCGUU-5

POU5F1,miR-1273f,236*,-100,96

5" -CACUGCAACCUCCOBCCUCC-3 "
Perrerrrrererneneel

3" ~GUGAC

POU5F1,miR-1273g-3p, 203*,-113, 96

5" -CCCAGGCUGGAGUGCAGUGGC-3"
Prrrerreernreerernend

3 ' -GAGUCCGACCUCACGUCACCA-5"

Note. The top linc contains sequentially: gene; miRNA; the beginning of the binding site, nt;

AG, kJ/molc;

AG/AGm,%. * - the miRNA binding sitc is located in the S'UTR. The top linc of the diagram is the nucleotide
sequence of the miRNA binding  site; the bottom linc is the nucleotide sequence of the miRNA.  Non-canonical
pairs arc in bold.

Figure 18 - The schemes of miR-1273 family interaction in the 3'UTR of mRNA
of candidate gastric cancer genes [277].
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In the 3'UTR mRNA of five genes, clusters of binding sites were observed for
miR-466, ID01030.3p-miR, and 1D00436.3p-miR, featuring multiple repeats of GU
dinucleotides (detailed in Table 11 and Table C10). The interaction schemes between
these miRNAs and the mRNA of their respective target genes display nearly
complete complementarity, involving both canonical and non-canonical nucleotide
pairs. These associations of miR-466, ID01030.3p-miR, and 1D00436.3p-miR with
the five candidate target genes associated with gastric cancer are suggested to be
utilized as diagnostic markers for this disease.

CCND1,miR-574-5p,2595,-113,93
S5'-ACACACACACACACACACACACA-3'

FEErer reerrrrrrerer bl
3'-UGUGUGAGUGUGUGUGUGUGAGU-5"

CCND1,ID00470.5p-miR,2595,-108,89
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Note. The top line contains sequentially: gene; miRNA; the beginning of the binding site, nt; AG, kl/mole;
AG/AGm.%. * - the miRNA binding site is located in the S'UTR. The top line of the diagram is the nucleotide
sequence of the miRNA binding site; the bottom line is the nucleotide sequence of the miRNA. Non-canonical pairs

are in bold.

Figure 19 - The schemes of the interaction of miR-574-5p and ID00470.5p-miR
in the 3'UTR of mRNA of candidate gastric cancer genes [277].
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Moreover, among the identified candidate genes for gastric cancer, six genes
were identified as target genes for miR-574-5p and ID00470.5p-miR (as indicated in
Table 11 and Table C10). Illustrated in Figure 19 are the interaction schemes of these
miRNAs with the target gene mRNA. Notably, the binding sites of these miRNAs
consist of multiple repeats of the CA dinucleotide sequence within the mRNA of the
IGF2 gene, ranging from two to ten times in the mRNA of the gene. Consequently,
the associations formed by miR-574-5p and ID00470.5p-miR, in conjunction with the
target genes, are recommended for use in the diagnosis of gastric cancer.

Additionally to the miRNA-gene associations present within the clusters, several
other associations of miRNAs and genes outside these clusters were identified with
free energy interactions of -130 kJ/mol and above (as detailed in Tables A8 and A10).
Notable associations include ID02052.5p-miR with DNMTI, 1D02457.3p-miR with
EGFR, 1D02761.3p-miR with EZH2, ID03047.3p-miR with FGFR2, miR-6789-5p
with HIF1A, ID03332.3p-miR with KRAS, ID02064.5p-miR with NFKBI,
ID02761.3p-miR with PTEN, ID02064.5p-miR with TGFBI, 1D00252.5p-miR,
ID00961, ID00049.5p-miR with TIMP2, 1D02294.5p-miR with ACE, 1ID01895.5p-
miR, ID02052.5p-miR with CDX2, 1D00920.5p-miR with OGGI, and miR-4767,
ID03332.3p-miR with SIRT].

Moreover, in the 3'UTR mRNA of candidate gastric cancer genes, miRNA-gene
associations exhibit free energy interactions of -115 kJ/mol and above, including
interactions like miR-619-5p with BRCAI; miR-1273d, miR-1273h-5p (100%) with
CASPI10; miR-1273a, miR-1273d with CDH17; miR-5095, miR-619-5p with
CEACAMS; miR-619-5p with ERBB3; [D03224.5p-miR with KRAS; miR-619-5p
with MACCI; 1D01404.5p-miR, 1D02732.3p-miR with SMAD4; miR-6089,
ID03306.3p-miR, ID03208.5p-miR, ID00296.3p-miR, miR-1183 with T7TGFBI;
ID01941.5p-miR with TIMP2; and ID00548.3p-miR, ID02379.3p-miR with 7P53.

Furthermore, Table 12 offers insight into miRNAs targeting two or more
candidate genes, highlighting cases where certain miRNAs have multiple alternative
target genes with varying free energy interactions.

Table 12 - The association of miRNA and alternative candidate genes for gastric
cancer [277].

miRNA Candidate genes
ID02064.5p-miR ARIDIA, E2F1, NFKBI, ODCI1, TDFBI, VEGFC
miR-3960 ARIDIA, CDX2, E2F1, ODCI, VEGFC

ID02052.5p-miR CDX2,DNMTI, E2F1, VEGFC
ID01041.5p-miR CDX2, TBCIDY, VEGFC
ID02761.3p-miR ARIDIA, EZH2, PTEN
ID01702.3p-miR ARIDIA, PIC3CA, TBCID9
ID01895.5p-miR PIC3CA, CDX2, TBCID9
ID03332.3p-miR KRAS, MAPK1,SIRT1
ID00296.3p-miR ARIDIA, TGFBI
ID02084.5p-miR ARIDI4, ODCI
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For instance, ID02064.5p-miR has six alternative target genes within a range of
-129 kJ/mol to -140 kJ/mol, and similar scenarios are observed with other miRNAs
targeting multiple genes. The complexity of these associations emphasizes the
necessity for a validation system to discern the most effective associations that reflect
the disease state accurately. Considering the diversity of miRNA-gene associations
organized within clusters and involving multiple binding sites, the creation of a chip
system becomes essential to monitor and represent the status of these associations in
the context of the disease.

Roughly half of the miRNAs stem from intronic origins, often co-expressed with
the host genes. However, their potential involvement in disease development versus
merely reflecting changes in gene expression needs highlighting. Establishing
correlations between altered miRNA concentrations and disease indicators remains
largely hypothetical and necessitates validation, making therapeutic approaches based
on these correlations challenging. The numerous associations identified as potential
disease markers complicate the selection of highly specific markers for disease and
its progression. To pinpoint the most influential associations driving the disease
becomes challenging due to the disease's diverse forms and characteristics.
Simultaneous monitoring of changes in miRNA and mRNA concentrations via chips
is crucial to identify pivotal components within these associations, given that a single
component might belong to multiple associations, as illustrated in Table 12.

For instance, ID02064.5p-miR could target six genes, while six miRNAs might
target the ARID1A gene. This complexity emphasizes the necessity of analyzing
multiple miRNA-gene associations to comprehend their role in the disease. Chips
capable of determining both miRNA and mRNA concentrations simultaneously will
help delineate the key association members responsible for disease development and
their respective contributions. For instance, a rise in miRNA concentration could
reduce mRNA translation, and if protein synthesis alters with constant miRNA levels,
gene expression modulation may be necessary to correct protein encoding. Such
changes in miRNA concentration might act as the primary cause of the disease.

Comparing the NX values of target genes with those of their host genes (co-
expressed with miRNAs) indicates comparable relationships among association
components. Highly expressed genes typically lack clusters of miRNA binding sites
in their mRNAs (as observed in Table 9-11 and Table C8 - Table C10), often
possessing only one to three binding sites, which are usually dispersed within their
mRNA sequences. This trend is evident in genes as CDKNIA, SMAD2, LGALS3,
JUN, MUC6, PGC, ERBB3, MUCI, PDCD4, STAT3, THBSI, MUC6, and CLDNI18,
each containing a limited number of miRNA binding sites.

Understanding the expression patterns of host genes housing intronic miRNAs
aids in predicting the preferential binding of competing miRNAs based not only on
their free interaction energy but also on their concentrations. For example, while the
free binding energy of miR-619-5p is higher (-121 kJ/mol) than that of miR-5095 (-
117 kJ/mol), the latter is expressed 4.8 times more than the former, granting it an
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advantage in binding within miR-619-5p and miR-5095 binding sites clusters.
Significant alterations in the concentration of miRNA or mRNA within these
associations might be critical in altering their interactions, potentially leading to the
onset of pathology.

3.2.3 The characteristics of the miRNAs interactions with mRNAs of
genes associated with small intestinal cancer

The analysis indicates that genes lacking miRNAs binding sites with a AG/AGm
value higher than 86% exhibit an expression level independent of miRNAs. Among
the 40 candidate genes studied, it was found that 33% are not under the regulation of
miRNAs, suggesting that their expression remains unaffected or un-suppressed.

In the analysis of miRNA binding schemes with the mRNA of ASXLI, GNAS,
and KRAS genes, instances of complete complementarity binding sites were
discovered (as shown in Figure 20).

Specifically, the binding site of ID00061.3p-miR within the mRNA of the
ASXLI gene is situated in the 5'UTR, displaying a AG/AGm value of 100%, with a
AG value of -138 kJ/mol. On the other hand, the binding site of ID02093.5p-miR,
consisting of 22 nucleotides, is located within the CDS of the GNAS gene, exhibiting
a free binding energy of -127 kJ/mol.

Gene, miRNA, site, region of mRNA, characteristics of binding | Gene, miRNA, site, region of mRNA, characteristics of binding

ASXL1, ID00061.3p-miR, 340 nt, GNAS, ID02093.5p-miR, 1626 nt,

5'UTR-138 kJ/mole, 100%, 22 nt CDS, -127 kJ/mole, 100%, 22 nt

5' - CCACCGCCGCCcGCceaeeeeasee - 31 5' - UGACGCCCCAGCCGAUCCCGAC - 3'
FEEEEr et 1 LI Rttty

3' - GGUGGCGGCGGCGGCGGGG-CGG - 5! 3' - ACUGCGGGGUCGGCUAGGGCUG - 5"

KRAS, miR-1273f, 3209 nt,
3'UTR-104 kJ/mole, 100%, 19 nt
5' - CACUGCAAcCcCUcCcAucucc - 3!

FEEEEEEEr e
3' - GUGACGUUGGAGGUAGAGG - 5'

Figure 20 - The scheme and characteristics of the interaction of ID00061.3p-
miR, ID03064.3p-miR, 1D02093.5p-miR and ID03151.3p-miR with mRNA of
ASXLI, GNAS and LRP1B genes [282].

Figures 20 and 21 illustrate the interaction schemes between miRNAs and the
mRNAs of genes within the S'UTR, CDS, and 3'UTR. Numerous publications discuss
various commonly used programs designed for identifying miRNA binding sites
within the mRNA of target genes, typically focusing on binding sites ranging from 6
to 8 nucleotides in length, known as seed regions.
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Gene, miRNA, site, region of mRNA, characteristics of
binding

Gene, miRNA, site, region of mRNA, characteristics of
binding

ARIDIA, TJU_CMC_MDZ.IDOO457.3p—miR,
416 nt,CDS, -125 kJ/mole, 92%, 22 nt
5' - AACCCGCCGCcGCceaeeaeecu - 3!

LT rr e
3" - CUCGGCGGCGGCGGCGGCGGGA — 5'

ASXL1, TJU CMC MD2.ID01895.5p-miR,

400 nt, 5'UTR, -132 kJ/mole, 89%, 24 nt
5' - CGCGUGGAGCUGCCGCCGCCGCeG - 3!

Fer rrrrrrrrrrrrrrrrrrnd
3' - GCGGGCCUCAGCGGCGGCGGCGGC - 5°

ATM, TJU CMC MD2.ID03006.5p-miR, CDKN2B, TJU CMC MD2.ID00470.5p-miR,

9778 nt,3'UTR,-121 kJ/mole, 89%, 24 nt | 1750 nt, 3'UTR,-108 kJ/mole, 89%, 23 nt

5' - CGGGCUGGGCGCAGCGGCUCACGC - 3! 5' - ACACACACACACACACACACACA - 3'
FEEErrerrerr et crrerrenl Frrrerrrrrrrrrrrerrrrnd

3' - ACCCGACCCGUGUCCCCGAGUGUA - 5' 3' - UGUGUGUGCGUAUGUGUGCAUGU — 5'°'

LRPIB, TJU CMC MD2.ID02429.3p-miR, MUC6, TJU CMC MD2.ID01401.3p-miR,

896 nt,5'UTR, -127 kJ/mole, 94%, 23 nt | 7883 nt,3'UTR, -108 kJ/mole, 91%, 21 nt

5' - CUGCCGCCGCCGCCGCCGCCGGG - 3! 5' - CGCCCCCGCUCCCAGCCAGGC - 3!
FEEEEEErrr et FEEEEEr Trrrrrrrrrrtd

3' - GAUGGCGACGGUGGCGACGGCCC - 5 3' - GUGGGGAAGAGGGUUGGUCCG — 5

TP53: TJU7CMC7MD2.ID01838.5p—miR,
2460 nt, 3'UTR,-110 kJ/mole,88%, 24 nt
5' - GAUGGGGUCUCACAGUGUUGCCCA - 3!

LT rerrrrrr rerrrrrntd
3' - UUUCCUCAGAGUGACACAACGAGU - 5'

VEGFA, TJU CMC MD2.ID03097.3p-miR,
887 nt, CDS, -123 kJ/mole, 88%, 24 nt
5' - CUCCAGCCGCGCGCGCUCCCCAGG - 3"

3' - AAGGCCCGUGCGCGCGAGGAGUCC - 5'

In bold type highlighted the non-canonical nucleotide (A-C, G-U) pairs

Figure 21 - The scheme and characteristics of the interaction of miRNAs with
mRNAs of genes participating in the development of small intestinal cancer [282,
283].

However, it's important to note that this perspective, prevalent in many articles,
often leads to inaccurate conclusions and contributes to a high number of false-
positive binding sites. Figures 20 and 21 specifically highlight the advantages offered
by the MirTarget program. The free energy (AG) associated with miRNA binding
sites across different mRNAs displayed a range from -108 to -132 kJ/mol. These
variations occurred due to several nucleotide substitutions, particularly from G-C to
G-U pairs, influencing the overall energy of binding.

The research examines the interaction between miRNAs and the mRNA of 17
genes in the 5’UTR, each binding from one to several miRNAs (as detailed in Table
14). Notably, some of these mRNAs bind six or more miRNAs.

Within the 5'UTR of the ARIDI1A gene, three miRNA clusters were identified
(refer to Table 14). The first spans from 136 nt to 192 nt with an average free energy
of interaction of -124 kJ/mol. The second cluster ranges from 206 nt to 228 nt. The
third resides in position from 295 to 331 nucleotides, totaling 37 nucleotides in
length, and shows an average AG value of -111 kJ/mol. As previously mentioned, the
ARIDIA gene functions as a tumor suppressor and plays a pivotal role in the
carcinogenesis of numerous organs. ID01257.3p-miR, ID00414.3p-miR, and
ID02428.3p-miR form a cluster from 295 nt to 332 nt, spanning 38 nt, with an
average free energy of interaction of -111 kJ/mol.

The mRNA of the ASXLI gene contains a cluster of 17 miRNA binding sites
positioned from 302 nt to 391 nt. The cumulative length of these miRNA binding
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sites is 630 nt, condensed within a 90-nt cluster of BS—an approximate 7-time
compaction. This compression fosters competition among miRNAs vying to bind to
the cluster. Preferential binding is exhibited by miRNAs interacting with an mRNA
displaying higher free energy and present in greater concentrations compared to
competing miRNAs. Another cluster of miRNA binding sites in the mRNA of the
ASXLI gene is situated from 172 nt to 197 nt, forming a cluster of 26 nt in total
length, with an average AG = -129 kJ/mol. ID00021.5p-miR and ID01895.5p-miR
possess binding sites from 400 nt, yet ID01895.5p-miR is likely to occupy this site
due to its higher energy of interaction, facilitated by the increased concentration of
GC-pairs.

In the 5S'UTR mRNA of the LRPIB gene, 22 miRNAs form a cluster of binding
sites from 887 nt to 921 nt, totaling 35 nt in length, with an average free energy of
interaction at -128 kJ/mol. The cumulative length of these 22 miRNAs is 584 nt. The
formation of such a binding site cluster indicates the gene's significant ability for
compaction, thereby fostering competition for this specific binding site.

The mRNA of the GNAS gene contains two binding sites for ID02111.3p-miR
and ID00724.5p-miR. Meanwhile, two miRNAs form a binding site cluster in the
mRNA of the PDXP gene from 17 nt to 52 nt, exhibiting an average free energy of
interaction equal to -124 kJ/mol.

Table 14 - The characteristics of miRNA interactions with 5'UTR mRNAs of
SIC candidate genes [282].

Gene,; NX miRNA Start of site, AG, AG/AGm, Length,
nt kJ/mol % nt
1 2 3 4 5 6
ARIDIA; 144 1D02106.3p-miR 136 -123 89 23
ID01778.3p-miR 140 -134 90 24
ID00296.3p-miR 141, 166 -138 88 25
miR-6081 143 -125 89 24
ID01702.3p-miR 147 -134 89 24
ID00465.5p-miR 148 -113 93 20
ID01377.3p-miR 152 -117 92 20
ID02592.5p-miR 164, 167 -123 89 23
miR-3960 167 -115 92 20
I1D03065.3p-miR 172 -115 92 21
ID02751.3p-miR 206 -125 92 23
miR-483-3p 208 -104 91 21
ID01257.3p-miR 295 -113 93 20
ID00414.3p-miR 303 -108 93 20
1D02428.3p-miR 310 -113 91 22
ASXLI; 15.1  ID00522.5p-miR 172 -125 89 23
ID01804.3p-miR 173 -136 93 23
ID02187.5p-miR 174 -123 89 23
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Table 14 (continued)

1 2 3 4 5 6
ID03064.3p-miR 220 -136 89 24
miR-3135b 245 -113 90 22
ID01755.3p-miR 302 -117 92 21
ID01403.5p-miR 312 -121 89 23
ID03367.5p-miR 313 -121 97 20
ID00296.3p-miR  328+338 (4) -138+-142 88+91 25
ID00089.3p-miR 329 -127 92 22
ID01323.3p-miR 331, 333 -125,-127 92, 94 22
ID01641.3p-miR 332,334 -132, -140 89, 94 24
ID02260.5p-miR 343,361 -129, -132 92, 94 22
ID01702.3p-miR 334 -138 92 24
miR-3960 334,336 -115, -117 92,93 20
[D02522.3p-miR 335 -125 &9 23
ID00061.3p-miR 340 -138 100 22
ID01106.5p-miR 341 -132 &9 24
[D02229.3p-miR 343 -123 94 21
[D02499.3p-miR 343 -121 93 21
miR-6799-5p 357 -108 93 20
ID02781.3p-miR 372 -121 97 20
ID00021.5p-miR 400 -117 92 20
ID01895.5p-miR 400 -132 89 24
GNAS; 564  ID02111.3p-miR 30 -115 92 22
ID00724.5p-miR 49 -100 92 21
KRAS; 7.3 ID01310.3p-miR 17,29 -121,-123 92, 94 22
ID03332.3p-miR 37 -132 89 24
ID00805.3p-miR 96 -113 91 21
LRPIB; 0.0 [D02052.5p-miR 887 -134 90 24
ID00089.3p-miR 889 -125 91 22
miR-3196 889 -106 96 18
[D02294.5p-miR 889, 892 -129, -140 88, 96 24
ID01041.5p-miR 890 -136 93 24
ID01804.3p-miR 890 -134 91 23
ID01873.3p-miR 890 -129 98 21
ID00061.3p-miR 893 -129 94 22
ID01641.3p-miR 893 -132 &9 24
ID01702.3p-miR 893 -140 93 24
miR-3960 893, 895 -117 93 20
ID00296.3p-miR 894 -138 88 25
[D02429.3p-miR 896 -127 94 23
ID01106.5p-miR 897 -132 89 24
ID03151.3p-miR 897 -115 93 20
ID01879.5p-miR 898 -125 92 22
ID02064.5p-miR 898 -134 93 23
ID02084.3p-miR 898 -138 92 24
1D02229.3p-miR 899 -123 94 21
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Table 14 (continued).

1 2 3 4 5 6
[D02260.5p-miR 899 -127 91 22
[D02499.3p-miR 899 -119 92 21
ID02538.3p-miR 900 -121 90 22

NFI1;3.0 ID02352.5p-miR 157 -123 91 24
miR-1207-5p 169 -113 91 21
ID01787.3p-miR 297 -115 &9 23
ID01491.3p-miR 349 -125 91 23

PDXP; 2.3 ID01018.3p-miR 17 -125 89 24
ID00714.3p-miR 29 -123 88 24

PIK3CA; 3.5 1D00071.3p-miR 4 -115 92 20
ID01190.5p-miR 4 -140 92 24
ID01702.3p-miR 4 -140 93 24
ID01895.5p-miR 4 -132 &9 24
ID02595.5p-miR 4 -115 92 20
ID00966.5p-miR 6 -136 90 24
ID00030.3p-miR 7 -121 90 22
ID01804.3p-miR 8 -134 91 23
ID01873.3p-miR 8 -123 94 21
ID03367.5p-miR 10 -115 92 20

PTEN; 10.0 [D02079.5p-miR 75 -115 92 20
[D02611.3p-miR 486 -125 91 22
ID03465.3p-miR 525 -119 92 22
ID01310.3p-miR 531 -119 90 22
ID02761.3p-miR 533 -132 89 24
ID03037.3p-miR 536 -121 90 22
ID01315.3p-miR 705 -115 92 20
1D02429.3p-miR 790 -121 89 23

Additionally, the KRAS gene presents four binding sites, with three sites forming
a cluster with overlapped nucleotide sequences. Other genes such as APC, EGFR,
ERBB2, PROM1, SOATI, and SOX9 feature binding sites for single miRNAs (refer to
Table C11). The PTEN gene serves as an onco-suppressor. Byun et al. [284] observed
that PTEN inactivation through deletion alone initiates the development of intestinal
tumors, particularly adenocarcinomas. The PTEN gene's mRNA contains a cluster of
binding sites spanning from 525 nt to 557 nt, totaling 33 nt in length with an average
AG of -123 kJ/mol.

In the 5’UTR region, the average free energy binding of all miRNAs with
mRNAs equaled -124 kJ/mol. There were 20 miRNAs binding with mRNAs of their
corresponding target genes, with 39 miRNA associations demonstrating a free energy
of interaction greater than -130 kJ/mol, suggested as potential markers for early
diagnosis in small intestinal cancer.

Some binding sites reside in overlapping mRNA nucleotide sequences within
protein-coding regions (referenced in Table 15 and Table C12). The existence of
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multiple binding sites for one or several miRNAs in one mRNA amplifies the
likelihood of their interaction, subsequently reducing the translation of such mRNAs.
A decrease in the binding energy of one miRNA site can be compensated by other
sites. Multiple binding sites within an mRNA can intensify the inhibitory effect.

The mRNA of genes ATM (AG = -104 kJ/mol), LRPIB (AG = -96 kJ/mol),
MRC1 (AG = -115 kJ/mol), and PIK3CA (AG = -100 kJ/mol) are bound by single
miRNAs.

The mRNA of the MLL?2 gene contains binding sites for 20 miRNAs. Kantidakis
and coauthors [285] noted that MLL2 knockdown affects adhesion-related processes
and suppresses cell growth. ID02328.5p-miR and ID02562.3p-miR form a cluster of
binding sites spanning from 5945 nt to 5988 nt, featuring an average AG of -117
kJ/mol. miR-4675 and ID01562.3p-miR form a cluster from 12225 nt to 12258 nt.
Additional binding sites are located non-overlappingly within the protein-coding
region of the MLL2 gene's mRNA.

Table 15 - The characteristics of miRNA interactions with CDS mRNAs of SIC
candidate genes [282].

Gene; NX miRNA Start of site, AG, AG/AGm, Length,
nt kJ/mol % nt
1 2 3 4 5 6
ARIDIA; 144 miR-3960 390 -115 92 20
ID00522.5p-miR 410 -127 91 23
ID02052.5p-miR 410 -132 89 24
ID02187.5p-miR 411 -127 92 23
1D02692.5p-miR 413 -127 90 23
ID00457.3p-miR 415 -125 92 22
ID02064.5p-miR 417 -134 93 23
ID02084.3p-miR 418 -138 92 24
ID02064.5p-miR 418 -132 91 23
1D02538.3p-miR 420 -125 94 22
ID01704.5p-miR 471 -123 89 23
ID02761.3p-miR 487 -140 94 24
ID01810.3p-miR 490 -115 89 23
1D02761.3p-miR 493 -134 90 24
ID01753.3p-miR 749 -104 91 21
ID00756.3p-miR 843 -125 91 23
1D02294.5p-miR 851 -129 88 24
ID00061.3p-miR 852 -125 91 22
1D01473.3p-miR 1093 -125 89 23
ID03167.3p-miR 1399 -123 91 23
ID01610.5p-miR 1404 -110 91 21
ID01508.5p-miR 1459 -129 90 23
1D02945.5p-miR 4274 -108 91 21
1D02687.5p-miR 4587 -119 92 23
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Table 15 (continued).

1 2 3 4 5 6
ID01388.5p-miR 4587 -119 89 23
ID01565.5p-miR 4916 -115 93 21

miR-6768-5p 4928 -115 89 23

miR-6799-5p 5130 -108 93 20
ID01819.5p-miR 7062 -119 89 23

ERBB2;28.0 1D00692.3p-miR 3815 -113 90 22
miR-4734 3817 -119 90 22

GNAS; 56.4 miR-92a-1-5p 1554 -110 90 23
1D02093.5p-miR 1590 -123 97 22
ID00377.3p-miR 1617 -119 90 22
1D02093.5p-miR 1626 -127 100 22
ID00377.3p-miR 1653 -119 90 22
1D02093.5p-miR 1662 -117 92 22
1D03100.3p-miR 1830 -110 91 22

MLL2; 149 1D02169.3p-miR 2690 -119 89 23
1D01491.3p-miR 3300 -125 91 23
ID01753.3p-miR 5258 -104 91 21

miR-4446-3p 5831 -110 90 22
1D02409.3p-miR 5878 -102 91 21
1D02328.5p-miR 5945 -119 89 23
1D02562.3p-miR 5967 -115 90 22

miR-6765-3p 6653 -113 91 21
1D02664.5p-miR 7226 -104 92 20
ID01013.3p-miR 7483 -123 88 24

miR-1296-5p 9261 -110 90 22

miR-4763-3p 9991 -125 88 24

miR-1976 10077 -106 94 20

1D03483.3p-miR 11514 -115 90 22

miR-4675 12225 -110 90 22

ID01562.3p-miR 12237 -117 90 22
1D02288.5p-miR 12756 -115 89 23

miR-298 13065 -117 89 24

1D02045.3p-miR 13623 -123 89 23

miR-1260b 14398 -98 94 19

MUCSAC; 0.0 ID00481.5p-miR 668 -113 90 22
1D02341.3p-miR 2037 -113 90 23
1D02620.5p-miR 3277 -110 90 22

miR-6808-5p 3342 -115 92 22

miR-517-5p 3888 -106 91 22
ID00967.5p-miR 4672 -115 90 22
ID00967.5p-miR 5791 -115 90 22

miR-214-3p 15455 -110 91 22

MUC6; 0.0 miR-6815-3p 1206 -104 91 21
1D02841.5p-miR 1226 -108 93 20

75



Table 15 (continued).

1 2 3 4 5 6
miR-939-5p 1318 -121 88 24
ID00611.5p-miR 1574 -115 89 23
1D02888.5p-miR 2918 -121 89 23
ID00564.5p-miR 6488 -110 90 22
miR-192-3p 7352 -106 91 22
1D02507.3p-miR 7353 -115 89 24

Within the CDS, the mRNA of the ARIDIA gene harbors three clusters of
binding sites (as detailed in Table 15). The initial cluster ranges from 410 nt to 442 nt
and encompasses binding sites for eight miRNAs. This cluster's length of 32 nt is
significantly smaller (5.8 times less) than the sum of all binding site lengths (184 nt).
Consequently, only one miRNA can bind within this cluster. Three out of eight
miRNAs bind with a AG value equal to or greater than -130 kJ/mol, indicating a
robust interaction within the associations of these miRNAs with the ARIDIA gene.
The expression level of ARIDIA could serve as a prognostic marker in small
intestinal cancer due to its correlation with high-grade tumors when exhibiting low or
lost expression. Suppression of this gene's expression by miRNA encourages the
development of this disease.

The GNAS gene's mRNA possesses a set of binding sites ranging from position
1617 nt to 1647 nt, displaying an average AG value of -123 kJ/mol. Another cluster
of binding sites spans from 1653 nt to 1683 nt, encompassing a total length of 31 nt,
and exhibits an average free energy of interaction at -118 kJ/mol.

Kumagai and coauthors [286] have detected the expression of mucin core
proteins (MUCS5AC, MUC6, and MUC?2) in the cytoplasm of tumor cells. Seven
miRNAs are identified to have binding sites within the mRNA of the MUC5A4C gene.
The mRNA of the MUC6 gene exhibits two clusters of binding sites, one positioned
from 1206 nt to 1245 nt with an average AG of -106 kJ/mol. miR-192-3p and
ID02507.3p-miR form a cluster between 7352 nt to 7376 nt.

The overall free energy of binding for all miRNAs with mRNAs in the CDS was
measured at -116 kJ/mol. Eight miRNA associations with mRNA exhibit a free
energy of interaction greater than -130 kJ/mol. These findings suggest their potential
as markers for early diagnosis methods in small intestinal cancer development.

Tables 16 and Table C13 illustrate the binding sites of select miRNAs with
mRNA genes involved in the development of small intestinal cancer in the 3'UTR
region.

Blaker and colleagues propose a frequent and complex role of impaired SMAD4
function in the pathogenesis of small intestinal adenocarcinomas [287]. The
interaction between miR-574-5p and the SMAD4 gene, experimentally established,
was verified [288]. The MirTarget program revealed multiple binding sites of miR-
574-5p and SMAD4, and identified ten alternative miRNAs capable of binding to the
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3’UTR of these gene mRNA. Quantitative characteristics of mRNA interaction with
ID00714.3p-miR, ID01403.5p-miR, and miR-4253 are presented in Table 16.

Notably, ID00470.5p-miR and miR-574-5p exhibit numerous binding sites
within the mRNA of the CDKN2B gene in the same region. The miRNA with a
higher AG value predominates in this binding site and consequently inhibits the
expression of this gene.

TP53, a transcription factor regulating the cell cycle and acting as a tumor
suppressor, has identified binding sites within its mRNA. ID01838.5p-miR
demonstrates multiple consistently located binding sites with an average AG value of
-113 kJ/mol.

The results obtained indicate that the interactions between the scrutinized
miRNA and mRNA could potentially serve as the foundation for selecting miRNA
and mRNA associations for diagnosing small intestinal cancer.

Table 16 - The characteristics of miRNA interactions with 3'UTR mRNAs of
SIC candidate genes [283].

Gene; NX miRNA Start of site, AG, AG/AGm, Length,
nt kJ/mol % nt
1 2 3 4 5 6
ATM; 7.6 ID03006.5p-miR 9778 -121 89 24
miR-5095 9787 -108 93 21
miR-619-5p 9793 -119 98 22
miR-5096 0882 -104 92 21
miR-5585-3p 9950 -110 95 22
miR-1273a 11054 -119 90 25
ID00367.5p-miR 11069 -110 90 22
miR-1273g-3p 11076 -113 96 21
miR-1273e 11119 -108 93 22
miR-5585-5p 11156 -106 91 22
ID01334.3p-miR 11311 -117 93 22
miR-1972 11316 -110 90 22
CDKN2B; 19.2 miR-574-5p 1744+1752 (5) -108+-113  89+93 23
1D00470.5p-miR  1746+1752 (4) -108 89 23
KRAS; 7.3 ID03224.5p-miR 3163 -121 92 23
miR-1273g-3p 3176 -108 93 21
miR-1273f 3209 -104 100 19
miR-7110-5p 4965 -110 93 21
MDM?2; 5.2 miR-1273g-3p 2117 -113 96 21
1D01404.5p-miR 2154 -110 90 23
ID01815.5p-miR 2257 -106 89 23
ID01360.3p-miR 2476 -104 91 21
miR-1273g-3p 2486 -106 91 21
miR-1273e 2521 -108 93 22
miR-3929 3013 -115 93 23
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Table 16 (continued).

1 2 3 4 5 6
ID01838.5p-miR 3214 -110 88 24
miR-1285-3p 3218 -106 91 22
miR-1273g-3p 6739 113 96 21

MLL2; 149  1D02459.5p-miR 16748 -110 91 21
1D03342.3p-miR 16931 119 92 23
1D02547.5p-miR 17065 113 91 21
miR-5196-5p 17100 113 90 22
1D02262.3p-miR 17703 119 89 23
ID01254.5p-miR 17780 -110 91 21
1D02690.5p-miR 17796 -125 89 24
miR-7110-5p 17893 -108 91 21
ID00564.5p-miR 17894 113 91 22
1D02328.5p-miR 19010 119 89 23

SMAD4; 8.6  ID01838.5p-miR 4291 113 90 24
miR-1273g-3p 4312 -110 95 21
ID01656.3p-miR 4342 115 89 23
miR-1273d 4346 119 87 25
ID01404.5p-miR 4349 115 93 23
miR-1972 4552 -110 90 22
1D02732.3p-miR 7721 -123 91 23
miR-574-5p 77407756 (8) -108+-113  89+93 23
ID00470.5p-miR 77447752 (5)  -108 89 23
ID00106.5p-miR 7825 -106 91 22
miR-574-5p 7830 -108 89 23
ID01592.3p-miR 8227 117 89 23

SOATI; 4.9 miR-1273a 3804 117 89 25
miR-1273a 4734 121 92 25
miR-1273c 4736 -110 91 22
ID01815.5p-miR 4953 -106 89 23
miR-1285-3p 4963 113 96 22
miR-5684 4974 -98 92 20
miR-1273g-3p 5485 -106 91 21
miR-1273d 5520 121 89 25
ID01404.5p-miR 5523 -110 90 23
miR-1273e 5529 -106 91 22
miR-619-5p 5868 -110 91 22
miR-5095 5997 -106 91 21
miR-5585-3p 6010 -108 93 22
miR-1285-5p 6151 -102 91 21
miR-1303 6162 -106 91 22

TP53; 10.7  ID00548.3p-miR 1393 115 89 23
1D02379.3p-miR 1397 119 89 24
miR-1273c 2297 -110 91 22
miR-1285-3p 2301 110 95 22
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Table 16 (continued).

1 2 3 4 5 6
miR-1273g-3p 2317 -106 91 21
miR-1273h-5p 2351 -106 91 21

ID01838.5p-miR 2459 115 92 24
1D00785.5p-miR 2520 113 90 23

The identification of ten miRNAs with binding sites distributed across the entire
3'UTR of MLL2 gene mRNA provides insights into the diverse regulation of this
gene. The clustering of binding sites formed by ID01254.5p-miR and 1D02690.5p-
miR, along with the presence of additional non-overlapping sites, highlights the
complex interaction landscape within the 3'UTR of this gene.

Moreover, the presence of single miRNA binding sites in mRNAs of APC,
ASXLI, and MUC6 genes suggests a pattern where each miRNA can target one or
multiple genes, and reciprocally, a single gene can be targeted by one or multiple
miRNAs. This interplay between miRNAs and their target genes could potentially
serve as diagnostic markers for early disease detection.

The average free energy of binding of miRNAs with mRNAs in the 3'UTR
being -110 kJ/mol is indicative of the strength of these interactions. Notably, the
presence of multiple binding sites for 1ID00470.5p-miR and miR-574-5p in the
CDKN2B and SMAD4 genes respectively suggests these associations as potential
markers for diagnosing small intestinal cancer.

Furthermore, the identification of miRNAs forming fully complementary
binding sites highlights the possibility of mRNA degradation rather than mere
inhibition. The presence of slightly different binding sites for the same miRNA in
different mRNA target genes showcases resistance to point mutations (single
nucleotide polymorphisms) in the miRNA binding site. Additionally, the discovery of
closely related miRNAs with similar sequences capable of binding to the same site
with varying hybridization energy further illustrates the intricate nature of miRNA-
mRNA interactions.

The identification of 79 key associations between miRNAs and mRNAs, which
exhibit a free energy of interaction of -125 kJ/mol or higher, holds significant
promise for diagnostic markers and potential therapeutic approaches in addressing
small intestinal cancer.

Observing the preferential binding of miRNAs to different regions of mRNA,
such as the S'UTR, CDS, and 3'UTR, in genes like ARIDIA, ASXLI, EGFR, KRAS,
LRPIB, PIK3CA, PTEN, CDKN2B, MSH6, and SMAD4, sheds light on potential
regulatory mechanisms. This preferential binding in specific mRNA regions suggests
the possibility of significant mRNA translation inhibition if the concentrations of
corresponding miRNAs match or exceed the concentrations of mRNAs.

Considering the role of miRNAs as endogenous regulators of gene expression,
these findings open avenues for potential diagnostic markers and therapeutic targets
in small intestinal cancer. Understanding these interactions at a molecular level can
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offer crucial insights into the mechanisms underlying the pathogenesis of small
intestinal cancer, thereby paving the way for the development of novel and effective
diagnostic methods and targeted therapies for patients affected by this disease.

3.2.4 The characteristics of the miRNAs interactions with mRNAs of
genes associated with colorectal cancer

The eight candidate genes have miRNA binding sites in the S'UTR (Tables 17
and Table C14). The analysis of miRNA binding sites in the 5’"UTR of candidate
genes, such as the EZH? gene, reveals intriguing patterns of miRNA-mRNA
interactions. The cluster of miRNA binding sites in the EZH2 mRNA ranged from
112 nt to 150 nt, with the total length of five miRNA binding sites reaching 108 nt.

Table 17 - The characteristics of miRNA interactions with 5’ UTR mRNAs of
CRC candidate genes [289, 290].

Gene; NX miRNA Start of site, AG, AG/AGm, Length,
nt kJ/mol % nt
1 2 3 4 5 6
EZH2; 2.7 ID01972.5p-miR 112 -113 95 20
ID02761.3p-miR 120 -138 93 24
ID01643.3p-miR 122 -119 90 22
ID03409.5p-miR 125 -115 93 20
ID00811.3p-miR 127 -125 88 24
GSK3B; 5.8 1D02187.5p-miR 3 -123 89 23
1D03229.5p-miR 4 -123 92 22
ID01804.3p-miR 5,12 -134 91 23
ID00756.3p-miR 8 -123 89 23
ID01041.5p-miR 8 -132 90 24
ID00457.3p-miR 8,11 -123,-129 91,95 22
ID03367.5p-miR 8, 11 -117,-119 93,95 20
ID00061.3p-miR 8,17 -125, -136 91, 98 22
ID00296.3p-miR 9 -138 88 25
ID03151.3p-miR 9 -115 93 20
ID01702.3p-miR 9,12 -138, -140 92,93 24
ID01879.5p-miR 10,13 -123 91 22
ID02064.5p-miR 10,13 -129, -136 90, 94 23
miR-3960 10+14 (4) -115 92 20
ID01873.3p-miR 11 -123 94 21
1D02522.3p-miR 12 -127 91 23
1D02429.3p-miR 14 -125 92 23
ID02770.5p-miR 14 -117 93 20
ID01652.3p-miR 15 -125 89 23
ID02538.3p-miR 15 -121 90 22
ID00061.3p-miR 17 -129 94 22
ID01041.5p-miR 354 -129 88 24
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Table 17 (continued).

1 2 3 4 5 6
1ID00457.3p-miR 356 -125 92 22
ID03367.5p-miR 356 -115 92 20
ID02770.5p-miR 359 -115 92 20
1D02036.3p-miR 361 -115 92 20

MTAI; 20.6  1D03332.3p-miR  37+43 (3) -134 90 24
ID01310.3p-miR 38,41 -121 92 22
ID01810.3p-miR 52 -115 89 23
ID00102.3p-miR 133 -117 95 20
ID01003.3p-miR 150 -132 &9 24
ID01458.5p-miR 156 -136 93 23
ID00020.5p-miR 159 -138 93 24
1D02260.5p-miR 162 -127 91 22

ODCI; 243 ID00756.3p-miR 9 -129 94 23
ID00722.5p-miR 11 -115 95 20
ID03305.5p-miR 11 -113 93 20
ID01804.3p-miR 13 -132 90 23
ID02187.5p-miR 14 -123 89 23
ID00457.3p-miR 15,21 -123,-125 91,92 22
1D02036.3p-miR 17 -117 93 20
1D02084.3p-miR 17 -140 93 24
ID02064.5p-miR 1723 (3) -129+-140  90+97 23

miR-3960 18,21 -115 92 20
ID01652.3p-miR 19 -125 89 23
ID02538.3p-miR 19 -123 92 22
ID01702.3p-miR 19, 22 -134, -142 89, 94 24
1D02229.3p-miR 21 -121 92 21
1D02499.3p-miR 21 -119 92 21
ID01157.5p-miR 22 -117 93 20
ID01377.3p-miR 23 -121 95 20
ID01569.3p-miR 23 -117 93 20
1D00061.3p-miR 24 -125 91 22
ONECUT2; 0.1 1ID01099.5p-miR 290 -134 91 23
ID01702.3p-miR 292 -136 90 24
ID01184.3p-miR 301 -117 93 20
1D03222.5p-miR 302 -113 91 21
ID01653.5p-miR 303 -132 &9 24
miR-3960 304, 306 -115, -117 92,93 20
ID01453.3p-miR 306 -136 90 24
ID01184.3p-miR 310 -123 98 20

PIK3CA; 4.2 1D00071.3p-miR 4 -115 92 20
ID01190.5p-miR 4 -140 92 24
ID01702.3p-miR 4 -140 93 24
ID01895.5p-miR 4 -132 &9 24
ID02595.5p-miR 4 -115 92 20
ID00966.5p-miR 6 -136 90 24
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Table 17 (continued).

1 2 3 4 5 6
ID00030.3p-miR 7 -121 90 22
ID01804.3p-miR 8 -134 91 23
ID01873.3p-miR 8 -123 94 21
ID03367.5p-miR 10 -115 92 20

SRM; 24.0 1D02101.3p-miR 31 -119 89 23
ID00517.5p-miR 59 -115 92 20
ID01464.5p-miR 60 -123 92 22
ID01816.3p-miR 65 -134 &9 24
ID01901.5p-miR 66 -121 92 21
ID02770.5p-miR 68 -115 92 20
ID01293.5p-miR 70 -127 94 22
1D00009.3p-miR 72 -115 92 20

TCF4;5.4 ID02761.3p-miR 451 -132 &9 24
ID00278.3p-miR 452,455 -123, -132 89, 95 23
ID03396.5p-miR 477 -125 &9 24
ID01839.3p-miR 498 -123 89 23
1D03445.3p-miR 505 -123 91 23
1D03332.3p-miR 508 -132 89 24

This compact clustering reduces the proportion of binding sites relative to the
entire 5S'UTR, creating competition among miRNAs for binding within the cluster.
Competition for binding sites within the cluster is influenced by various factors,
notably the concentration of miRNAs and the free energy of their interaction with the
mRNA. For instance, ID02761.3p-miR exhibits a higher free energy of -138 kJ/mol
when binding to the EZH2 mRNA compared to other miRNAs. This higher energy
level suggests a stronger interaction with the mRNA, providing an advantage for
ID02761.3p-miR to bind and regulate EZH2 mRNA, particularly in conditions where
the concentrations of different miRNAs are equivalent. Evaluating the free energy of
miRNA-mRNA interactions becomes crucial in understanding the dynamics of
miRNA binding. It helps determine the preferential binding of specific miRNAs to
target mRNAs, considering their concentrations and interaction energies. This
knowledge is vital in deciphering the regulatory role of miRNAs in gene expression.

Absolutely, the outcome of miRNA-mRNA interactions greatly relies on the
balance between miRNA and mRNA concentrations. When the concentration of
miRNA is substantially lower than that of mRNA, even with a strong binding affinity
between miRNA and mRNA, the translation inhibition may be insignificant.
Conversely, higher concentrations of miRNA compared to mRNA can lead to a more
pronounced suppression of mRNA translation, even with an average interaction
between the miRNA and mRNA. Assessing the result of interactions between
multiple miRNAs and one mRNA or several mRNAs of candidate genes becomes
notably challenging due to these concentration dynamics. The difficulty arises from
establishing the impact of various miRNAs on mRNA when considering their
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differing concentrations. Moreover, numerous published studies lack crucial
information concerning the concentrations of miRNA and mRNA, as well as the
detailed interaction energies of all miRNA nucleotides and mRNA binding sites. This
absence of information compromises the adequacy and reliability of such studies
when attempting to comprehend the outcomes of miRNA-mRNA interactions.
Therefore, conducting analyses of miRNA-mRNA interactions under comparable
concentrations of all participants in the interaction becomes essential for drawing
accurate conclusions and understanding the regulatory mechanisms involved.

Certainly, the study of miRNA interaction with the 5"UTR mRNAs of GSK3B,
ONECUT2, PIK3CA, and TCF4 genes revealed a clustered organization in the
mRNA sequences. For the GSK3B gene mRNA with a 5'UTR length of 983 nt, the
analysis indicated the presence of clustered binding sites. Specifically, the first cluster
of binding sites ranged from 3 nt to 38 nt, totaling 36 nt in length, and exhibited an
average AG of -126 kJ/mol. Although this cluster's length was 36 nt, the total length
of the 32 binding sites within this cluster amounted to 705 nt, which is approximately
19.6 times larger than the cluster length. This clustering phenomenon in the GSK3B
gene's 5'UTR, despite its length of 983 nt, suggests the gene's propensity for
compaction, leading to potential competition among the involved miRNAs for the
available binding sites. The second cluster spanned from 354 nt to 380 nt, containing
binding sites totaling 27 nt in length. Consequently, instead of occupying the entire
983 nt length of the 5S'UTR (which accounts for 97% of the total length), the binding
sites within these clusters only occupied 3% of the total length. This clustering of
binding sites within the 5S'UTR of the GSK3B gene mRNA highlights the potential
for competition among miRNAs for binding sites and suggests a compact
organization within the gene's untranslated region, despite its considerable length.

The interaction analysis of miRNAs with the M7AI and ODCI gene mRNAs
reveals intriguing patterns of clustered binding sites and considerations about
miRNA-mRNA complex formation and stability. [D03332.3p-miR, ID01310.3p-miR,
and ID01810.3p-miR collectively form a cluster of binding sites within the MTA1
gene mRNA from 37 nt to 74 nt, exhibiting an average free energy of interaction at -
126 kJ/mol. Another cluster of binding sites is situated from positions 133 nt to 183
nt, totaling 51 nt in length, and demonstrating a stronger average interaction energy
of -130 kJ/mol. These characteristics indicate robust interactions between these
miRNAs and the MTAI gene mRNA.

Nineteen miRNAs with overlapping nucleotide sequences were identified with
binding sites in the ODC1 gene mRNA. A cluster composed of twenty-four binding
sites starts from 9 nt to 43 nt, with a total length of 35 nt and an average AG of -125
kJ/mol. Despite the cumulative length of all 24 binding sites being 523 nt, longer than
the length of the 5'UTR (334 nt), this cluster's limited space (35 nt) implies a
competitive scenario where only a few miRNAs can occupy these positions.

The occupancy within this cluster will likely be dominated by miRNAs
exhibiting interaction energies above the average.
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Considering varying miRNA concentrations, the characteristics of their
interactions with mRNAs, coupled with their concentrations, play a pivotal role in
determining the stability and lifetime of these miRNA-mRNA complexes. Hence,
monitoring and controlling the concentrations of both miRNAs and mRNAs are
crucial to identify primary translation inhibitory miRNAs. This intricate interplay
between miRNA binding sites, their concentrations, and the mRNA sequences
emphasizes the necessity of comprehensively understanding these interactions to
ascertain the regulatory effects on translation inhibition and miRNA-mRNA complex
stability.

Eight miRNAs target the ONECUT?2 gene mRNA, forming a cluster of binding
sites from 290 nt to 329 nt, exhibiting an average AG value of -125 kJ/mol. This
cluster suggests a significant association between these miRNAs and the mRNA of
the ONECUT?2 gene. Ten miRNAs establish a cluster of binding sites within the
PIK3CA gene mRNA's 5'UTR, spanning from positions 4 nt to 29 nt, and displaying
an average AG value of -128 kJ/mol. This cluster indicates a strong interaction
between these miRNAs and the PIK3CA gene mRNA. Eight miRNAs form a cluster
of binding sites in the SRM gene mRNA, ranging from 31 nt to 91 nt. The average
AG value for this cluster is -121 kJ/mol, reflecting a notable affinity and interaction
between these miRNAs and the SRM gene mRNA. The TCF4 gene mRNA exhibits
clusters of binding sites positioned from 451 nt to 531 nt, spanning a length of 81 nt.
The average AG value for this cluster is -127 kJ/mol, indicating a robust interaction
between the miRNAs and the TCF4 gene mRNA at these locations.

Based on the data acquired on miRNA-mRNA interactions with specific clusters
and a AG value of -130 kJ/mol or higher, several genes and miRNA associations can
be recommended for further consideration in colorectal cancer diagnosis: mRNA of
EZH?2 gene with ID02761.3p-miR; mRNA of GSK3B gene with ID01804.3p-miR,
ID01041.5p-miR, ID00061.3p-miR, ID00296.3p-miR, ID01702.3p-miR,
ID02064.5p-miR; mRNA of MTAI gene with 1D03332.3p-miR, ID01003.3p-miR,
ID01458.5p-miR, ID00020.5p-miR; mRNA of ODCI gene with ID01804.3p-miR,
ID02084.3p-miR, 1D02064.5p-miR, ID01702.3p-miR; mRNA of ONECUT2 gene
with ID01099.5p-miR, ID01702.3p-miR, ID01653.5p-miR, ID01453.3p-miR; mRNA
of PIK3CA gene with ID01190.5p-miR, ID01702.3p-miR, ID01895.5p-miR,
ID00966.5p-miR, 1ID01804.3p-miR; mRNA of SRM gene with ID01816.3p-miR;
mRNA of TCF4 Gene with ID02761.3p-miR, ID00278.3p-miR, ID03332.3p-miR.

Notably, miRNAs such as ID03332.3p-miR, ID01804.3p-miR, and ID01702.3p-
miR are associated with multiple genes, emphasizing their potential significance in
colorectal cancer diagnosis. Additionally, in the CDS of mRNA sequences related to
colorectal cancer candidate genes, clusters and multiple binding sites for various
miRNAs were identified: in mRNA of CDX2 gene six miRNAs showed binding site
clusters distributed across two regions. Several miRNAs (miR-877-3p, 1D03238.3p-
miR, ID01352.3p-miR, ID00777.3p-miR) interacted with a cluster in the CCNDI
gene mRNA, indicating strong associations with an average AG = -116 kJ/mol. These
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identified miRNA-mRNA interactions in clusters and CDS regions highlight specific
genes and miRNAs crucial for potential diagnostic applications in colorectal cancer.

Table 18 - The characteristics of miRNA interactions with CDS mRNAs of CRC
candidate genes [289, 290].

Gene; NX miRNA Start of site, AG, AG/AGm, Length,
nt kJ/mol % nt
CDX2; 18,9 1ID01895.5p-miR 416 -138 93 24
1D00522.5p-miR 419 -125 89 23
ID02052.5p-miR 608 -136 91 24
ID01804.3p-miR 608 -132 90 23
ID01041.5p-miR 609 -129 88 24
miR-3960 613 -117 93 20
CCNDI; 9.7 miR-877-3p 1021 -108 93 21
ID03238.3p-miR 1022 -119 92 23
ID01352.3p-miR 1024 -115 90 23
ID00777.3p-miR 1025 -113 90 23
ONECUT2; 1D00032.5p-miR 449 -113 90 22
0.1 ID01868.3p-miR 456, 477 -129, -134 88,91 24
ID03445.3p-miR 459 -121 89 23
ID01310.3p-miR 462, 483 -119, -123 90, 94 22
1D02692.3p-miR 466 -125 89 23
ID00798.3p-miR  467+488 (4) -132+-136 89+91 24
ID03291.3p-miR 470 -119 89 23
ID01508.5p-miR 472, 481 -129 90 23
1D02488.3p-miR 473 -121 89 23
1D02624.3p-miR 476, 485 -119 92 21
ID00879.3p-miR 485 -123 89 23
ID02761.3p-miR 491 -132 89 24
1D02094.3p-miR 509 -113 90 22
ID02076.5p-miR 615 -113 91 21
ID01310.3p-miR 623 -119 90 22
ID01810.3p-miR 625 -115 89 23
1D02043.3p-miR 637 -119 90 22
SIRTI; 6.6 ID01560.3p-miR 264 -123 89 23
ID03332.3p-miR 280, 287 -132,-138 89, 93 24
ID00278.3p-miR 294 -123 89 23
ID00811.3p-miR 300 -125 88 24

In the mRNA of certain genes, the miRNA binding sites were organized into
clusters with partially overlapping nucleotide sequences. For instance: The
ONECUT?2 gene mRNA presented two distinct binding site clusters (as outlined in
Table 18). The first cluster spanned from 449 nt to 530 nt, accommodating 13
miRNA binding sites totaling 459 nt in length. Comparatively, this cluster was 5.5
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times longer than the subsequent 82-nt cluster. The second cluster, located between
615 nt to 658 nt, contained binding sites totaling 88 nt in length. Consequently, rather
than occupying 793 nt (81% of the 5S'UTR length), the binding sites encompassed
only 9% of this length. In the SIRT! gene mRNA, five miRNA binding sites were
identified (detailed in Table 18). The binding site cluster from 264 nt to 323 nt was
one-third the length of the combined 118-nt miRNA binding sites.

Ten associations between miRNAs and target genes exhibit a free energy of
miRNA interaction within the CDS greater than -130 kJ/mol, making them potential
markers for colorectal cancer: CDX2 gene and ID01895.5p-miR, ID02052.5p-miR,
ID01804.3p-miR; MSH6 gene and ID00156.5p-miR; MTAI gene and ID01702.3p-
miR; ONECUT2 gene and ID01868.3p-miR, ID00798.3p-miR, ID02761.3p-miR;
SIRT1 gene and ID03332.3p-miR; TGFBRI gene and ID03332.3p-miR

The abundance of binding sites located in the 3'UTR compared to those in the
5’UTR and CDS regions is attributed to GU-rich elements present in the 3’UTR of
mRNA transcripts. These GU-rich elements play various roles in gene expression
regulation by influencing mRNA stability and translation.

ID00436.3p-miR, ID01030.3p-miR, and miR-466 display multiple binding sites
in the mRNAs of ADAMTS4, CYP24A1, FLTI, GSK3B, IRSI, and MACC1 genes (as
listed in Table 19). In the ADAMTS4 gene mRNA, miR-1273a and miR-1273g-3p
form a binding site cluster from 3568 nt to 3610 nt, while another cluster is formed
by ID02880.3p-miR and miR-1972 from 3989 nt to 4012 nt. Additionally, miR-574-
5p and ID00470.5p-miR demonstrate multiple binding sites in the mRNAs of
CCNDI1, IGF1, IGF2, PPP2RIB, SMAD4, XRCC1, and ZEBI genes (as detailed in
Table 19).

Certainly, here's a breakdown of the miRNA binding sites in specific gene
mRNAs:

In the mRNA of CDC27 gene the miR-548 family forms two distinct clusters of
binding sites. The first cluster spans from 4971 nt to 4998 nt with an average AG
value of -104 kJ/mol, while the second cluster is from 5012 nt to 5041 nt with an
average AG of -102 kJ/mol. In the mRNA of SMAD4 gene a binding site cluster is
identified from 4342 nt to 4371 nt with an average AG of -116 kJ/mol. In mRNA of
TP53 gene a cluster formed by miR-1273c, miR-1285-3p, and miR-1273g-3p exists
from 2297 nt to 2337 nt with an average AG of -108 kJ/mol. In mRNA of CYP2W1
gene a seven miRNAs target this mRNA, with miR-4739 exhibiting higher free
energy than miR-619-5p. A cluster of binding sites from 2160 nt to 2219 nt (59 nt in
length) involves four miRNAs, which collectively occupy 1.5 times the length of the
cluster, leading to competitive binding. In mRNA of KI/4471456 gene this mRNA
contains 21 binding sites, forming multiple clusters. The miR-5096 exhibits complete
complementarity, indicating strong control over the expression of this gene. In
mRNA of SLC26A42 gene nine miRNAs target this mRNA, forming three clusters of
two binding sites each. The presence of these clusters significantly reduces the
proportion of binding sites in the total mRNA length. There is apparent competition
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between miR-1285-5p and ID01237.3p-miR for binding to this mRNA. In mRNA of
SPATAI3 gene six miRNAs bind to this mRNA, with binding sites of 1D03024.5p-
miR, together with miR-619-5p, forming a cluster.

These observations highlight the complex interactions and competitive binding
among miRNAs targeting specific mRNA sequences, indicating potential regulatory
roles in gene expression and molecular control mechanisms.

Table 19 - The characteristics of miRNA interactions with 3'UTR mRNAs of
CRC candidate genes [289, 290].

. Start of site, AG, AG/AGm, Length,
Gene; NX miRNA i 1J/mol o, n%
1 2 3 4 5 6
ADAMTS4;,  1D00436.3p-miR 3380, 3387 -104 89 23
7.9 ID01030.3p-miR 3383 -108 89 23
miR-466 3383 -110 95 23
miR-1273a 3568 -117 89 25
miR-1273g-3p 3590 -108 93 21
ID02880.3p-miR 3989 -108 91 22
miR-1972 3991 -115 93 22
AGMAT; 2.1 miR-5095 2201 -106 91 21
miR-619-5p 2207 -121 100 22
ID01640.5p-miR 2541 -119 90 24
miR-6719-3p 2545 -104 91 22
miR-4452 2552 -102 89 23
CCNDI; 9.7 miR-574-5p 2593+2597 (3) -108+-113  89+93 23
1D00470.5p-miR 2595, 2597 -108 89 23
CDC27; 6.7 1D03240.3p-miR 4971 -106 91 22

miR-548 family = 4974+4980 (7) -85+-119 95+97 1925
miR-548 family 5012+5018 (17) -96 +-108 9096 2023

CYP2WI; 1.4 miR-7110-5p 1546 -108 91 21
miR-4739 1739 -125 87 25

IDO1811.5p-miR 2160 -113 90 22

miR-5095 2170 -106 91 21

miR-619-5p 2176 -121 100 22

ID00913.5p-miR 2196 -117 92 23

miR-5096 2248 -108 96 21

CYP2441; 0.1 1D02513.5p-miR 2622 -102 91 22
ID01030.3p-miR 2627, 2631 -108 89 23
ID01727.5p-miR 2632 -104 89 23

miR-466 2647 -106 91 23

1D00436.3p-miR 2651 -104 89 23

FLTI; 3.4 ID01030.3p-miR 69096923 (7) -108 +-110  89+91 23
miR-466 69116937 (9) -104+-108  89+93 23

1D00436.3p-miR 69136925 (7) -104 89 23
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Table 19 (continued).

1 2 3 4 5 6
GSK3B; 5.8 1D01030.3p-miR 46664680 (4) -108+-113  89:93 23
miR-466 46704682 (6) -104+-106  89+91 23
ID00436.3p-miR ~ 4674+4684 (3) -104 89 23
ID01727.5p-miR 4683 -106 91 23

IGFI; 23 ID00470.5p-miR 40424058 (9) -108 89 23
miR-574-5p 40424062 (11) -108 +-113  89+93 23

miR-1273f 6042 -102 98 19

miR-1273d 6043 119 87 25

miR-1273e 6052 -108 93 22

IGF2; 74  ID00470.5p-miR 228622351 (6) -108 =-113 8993 23
miR-574-5p 2288, 2290 -108 89 23
1D02299.5p-miR 2302 -100 94 21

miR-574-5p 2332, 2353 -108 89 23
1D02299.5p-miR 2346 -100 94 21

miR-574-5p 23972408 (4) -108 =-113 8993 23
ID00470.5p-miR 2404, 2412 -110 91 23
ID00470.5p-miR 24422463 (3) -110+-113  89+93 23
1D02299.5p-miR 2458 -100 94 21

miR-574-5p 2465, 2484 -108 89 23
ID00470.5p-miR  2520+2539 (3) -108 89 23

miR-574-5p 2522 -108 89 23
1D00470.5p-miR 2571 -108 89 23

miR-297 2604 ~100 92 21

miR-574-5p 2614 -110 91 23
ID00470.5p-miR  2620:2672 (4) -108 ~-110 8991 23
ID00470.5p-miR 2704, 2725 -108 89 23

miR-574-5p 2727,2731  -108,-110 89,91 23

IRSI; 5.7 miR-466 73177337 (6) -104+-108 8993 23
ID00436.3p-miR ~ 7321-7365(5) -104+-106 8991 23
ID01030.3p-miR 7321, 7333 -108 89 23
ID01727.5p-miR 7334 -106 91 23
ID03181.3p-miR 7351 -98 90 22
KIAA1456; 1.8 1D01334.5p-miR 2522 “110 90 22
miR-619-5p 2536 -121 100 22
1D02199.5p-miR 2611 113 90 23

miR-1303 2621 -106 91 22

miR-1285-5p 2768 -102 91 21

miR-1273a 3875 121 92 25

miR-1273¢ 3877 113 93 22

miR-1273g-3p 3897 -106 91 21
ID01815.5p-miR 4037 -106 89 23
ID01334.3p-miR 4132 115 92 22
1D02017.3p-miR 4133 115 90 22

miR-1972 4137 113 91 22
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Table 19 (continued).

1 2 3 4 5 6
miR-5096 5137 113 100 21

miR-619-5p 5196 117 96 22

ID01836.5p-miR 5286 113 90 23

miR-1285-5p 5302 -102 91 21
ID01360.3p-miR 8419 -104 91 21
ID00367.5p-miR 8422 115 93 22

miR-1273g-3p 8429 -106 91 21
1D02991.3p-miR 8854 -89 91 21

KISSI; 0.0 ID00415.5p-miR 622 121 92 22
ID02601.5p-miR 623 -121 95 21
1D03321.3p-miR 625 117 92 21

miR-4433-5p 627 -110 91 21

MACCI; 03 1D02513.5p-miR 2908 -104 92 22
miR-466 2914 -104 89 23

ID01030.3p-miR 2962, 2976 -108 89 23
ID01727.5p-miR 29632981 (3) -104 89 23

miR-466 29662990 (4) -104+-106 8991 23

ID02868.3p-miR 2982 113 90 23
ID00436.3p-miR 2990 -106 91 23
ID01030.3p-miR 39493965 (8) -108 +-110  89+91 23

miR-466 39513967 (9) -106+-108  91+93 23

ID00436.3p-miR 39533967 (8) -104+-106  89+91 23

miR-1273f 5717 -102 98 19

miR-1273d 5718 -123 91 25

PPP2RIB; 3.7  miR-5096 3054 113 100 21
miR-574-5p 45614581 (11)  -113 93 23

ID00470.5p-miR 45614581 (11)  -108 89 23
SLC2642; 81.9 IDO01838.5p-miR 4438 119 95 24
miR-1285-3p 4442 -110 95 22

miR-7851-3p 4495 -108 91 22

miR-619-5p 5066 -121 100 22

miR-619-5p 5202 -110 91 22

miR-5585-3p 5209 113 96 22
1D02175.3p-miR 5257 -110 91 22

miR-1285-5p 5308 -102 91 21
ID01237.3p-miR 5308 113 88 24

SMAD4;9.2  ID01656.3p-miR 4342 115 89 23
miR-1273d 4346 -119 87 25
ID01404.5p-miR 4349 115 93 23

miR-574-5p 77407756 (8) -108+-113 8993 23

ID00470.5p-miR  7744+7752 (5) -108 89 23
ID00106.5p-miR 7825 -106 91 22

miR-574-5p 7830 -108 89 23

SPATAI3; 8.8 ID01412.5p-miR 3846 113 91 22
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Table 19 (continued).

1 2 3 4 5 6
1D02484.3p-miR 4057 -104 91 21
1D03024.5p-miR 5010 -110 91 22

miR-619-5p 5020 -121 100 22
miR-619-5p 5155 117 96 22
miR-6510-5p 5931 -110 90 22

TGFBI; 19.2 miR-6089 2060,2065  -132,-136 89,91 24
ID03306.3p-miR 2060 -123 94 21
ID01382.3p-miR 2062 113 93 20
1D03208.5p-miR 2066 -125 88 24

miR-4651 2087 113 95 20
ID00978.5p-miR 2089 -119 90 22
1D00296.3p-miR 2093 -140 89 25

TGFBRI; 10.9 1D02984.3p-miR 112 -123 92 22
ID03332.3p-miR 127133 (3)  -134+-136  90:91 24
ID01310.3p-miR 128, 131 -121 92 22

TP53;9.3  1D00548.3p-miR 1393 115 89 23
1D02379.3p-miR 1397 -119 89 24

miR-1273¢ 2297 -110 91 22

miR-1285-3p 2301 -110 95 22
miR-1273¢g-3p 2317 -106 91 21

XRCCI; 10.1 miR-574-5p 2033+2055 (11) -108+-113  89+93 23
ID00470.5p-miR  2035+2055 (9) -108 +-113  89+93 23

ZEBI; 20.3 miR-574-5p 3587+3605 (10) -113 93 23
ID00470.5p-miR  3587+3605 (10) -108 89 23

UQCRB; 37.7 miR-619-5p 1269 -121 100 22
ID00913.5p-miR 1289 -115 90 23

miR-5096 1343 -110 98 21

miR-5585-3p 1412 -108 93 22

ID00695.3p-miR 2233 -127 88 24

The IGF2 gene displays seven distinct clusters of binding sites within its
mRNA, specifically for ID00470.5p-miR and miR-574-5p. These multiple binding
sites contribute to the robust expression of the /GF2 gene.

In the AGMAT gene mRNA, binding sites for miR-5095 and miR-619-5p align
in a cluster but differ by six nucleotides in their binding sites. Similar binding sites
are observed in other genes, such as MTHFR. Within the AGMAT gene mRNA, both
miR-5096 and miR-619-5p binding sites share a length difference of 74 nucleotides.

The TGFBI gene mRNA contains a cluster of binding sites for seven miRNAs
spanning from 2060 nt to 2117 nt, with an average free energy of interaction at -125
kJ/mol.

Multiple binding site clusters involving miR-574-5p and ID00470.5p-miR are
found in the PPP2RI1B, XRCCI, and ZEBI gene mRNAs. Associations of miR-619-
S5p with ERBB3 and miR-5096 with PPP2RIB exhibit complete complementarity
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between the miRNA and mRNA, justifying their potential use in disease diagnosis.
Furthermore, clusters of multiple binding sites involving various miRNAs are
recommended for the diagnosis of colorectal cancer.

The UQCRB gene mRNA contains only one cluster that includes the miR-619-
5p binding site (as indicated in Table 19). Additionally, single binding sites for three
other miRNAs are characterized by AG/AGm values ranging from 88% to 98%.

The presence of miR-619-5p binding sites within clusters for all five genes
(CYP2WI1, KIAA1456, SLC26A42, SPATAI3, and UQCRB) indicates a deliberate
association of miR-619-5p with these specific genes. Furthermore, miR-619-5p
strongly suppresses the expression of these genes while seemingly excluding other
miRNAs from regulating their expression. Notably, in tumor cells, the synthesis of
mir-619-5p is significantly higher compared to normal cells [291-295].

Existing programs, which primarily rely on the seed region of a miRNA
sequence, fail to accurately detect miRNA binding sites in mRNA while determining
the interaction characteristics of all nucleotides. Figure 22 illustrates the interaction
characteristics across the entire length of miRNA with its binding site in mRNA. This
program's unique features have enabled the discovery of novel characteristics
concerning miRNA-mRNA interactions, as detailed in this paper. An essential benefit
of this investigation is the utilization of endogenous biological molecules for the
creation of diagnostic nanotechnologies, establishing crucial foundations for CRC
diagnostics via nanotechnology.
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Gene, miRNA, characteristics of binding

l Gene, miRNA, characteristics of binding

5’UTR

CDC42,miR-1273g-3p, 136 nt,

-113 kJ/mole, 96%, 21 nt

5' - CCCAGGCUGGAGUGCAGUGGC - 3'
PR rrr el

3' - GAGUCCGACCUCACGUCACCA - 5"

GSK3B, 1ID01702.3p-miR, 12 nt,

-140 kJ/mole, 93%, 24 nt

5' - CGCCGCCGCCGCCGCCGeeaeees - 3!
Frrrrrrrr et

3' - GGGGCGGCGGCGGCGGCGGCGGGA - 5'

GSK3B, 1ID02064.5p-miR, 13 nt,
-136 kJ/mole, 94%, 23

GSK3B, 1ID00296.3p-miR, 9 nt,
-138 kJ/mole, 88%, 25 nt

5' - GCCGCCGCCGCCGeeGeeaeces - 3! 5' - UGCCGCCGCCGCCGCCGCCGeeaee - 37
FEerrrrrrrrrrreeer el rrerr rrrrr e et

3' - CGGCGGCGGCGGCGGCGGGAGGC — 5 3' - GGGGUGGGGGCGGCGGCGGCGGCGG - 5'

oDC1,1D02064.5p-miR,17 nt, 0oDC1,1D02084.3p-miR,17 nt,

-140 kJ/mole, 97%, 23 nt -140 kJ/mole, 93%, 24 nt

5' - GCCGCCGCCGCCGCCGCCCGeeG - 3! 5' - GCCGCCGCCGCCGCCGCCCGCCGC - 3!
FErrrrrrrrrrrrrerer FETEEEErrr el

3' - CGGCGGCGGCGGCGGCGGGAGGC - 5' 3' - GGGCGGCGGCGGCGGCGGGCGGCU - 5"

CDS

SIRT1, ID03332.3p-miR, 287 nt,
-138 kJ/mole, 93%, 24 nt
5' - GGCGGAGGCAGAGGCGGCGGCGGC - 3!

FEErrrerrerrerrrrrreen |
3' - CCGCCUCCGCCUCCGCCGCCGCGG - 5'

SMAD7, 1ID00529.5p-miR, 369 nt,

-113 kJ/mole, 95%, 21 nt

5' - GCAGGGGGAGGUGGAGGAGGA - 3'
P rrrrr rrrrnl

3' - CGUCCUCCUCCACcCACCUCCU - 5!

3’UTR

AGMAT, miR-619-5p, 2207 nt,

-121 kJ/mole, 100%, 22 nt

5' - GGCUCAUGCCUGUAAUCCCAGC - 3'
FEEEEEEr e el

3' - CCGAGUACGGACAUUAGGGUCG - 5'

AGMAT, miR-5096, 2580 nt,

-110 kJ/mole, 98%, 21 nt

5' - GCCUGGCCAACAUGGUGAAAC - 3"
Pl

3' - CGGACUGGUUGUACCACUUUG - 5"

AGMAT, miR-1273g-3p, 2731 nt,

-113 kJ/mole, 96%, 21 nt

5' - CCCAGGCUGGAGUGCAGUGGC - 3'
FEEEEErr el

3' - GAGUCCGACCUCACGUCACCA - 5"

AGMAT, miR-1273e, 2774 nt,

-113 kJ/mole, 96%, 22 nt

5' - UCCGCCUCCUGGGUUCAAGCAA - 3'
PP rrrr el

3' - AGGUGAAGGACCCAAGUUCGUU - 5"

CDC27, miR-548aa, 4974 nt,

-119 kJ/mole, 97%, 25 nt

5' - UGGUGCAUAAGUAAUUGUGGUUUUU - 3'
FEEErrr trrrrrerrrrrrrrnl

3' - ACCACGUUUUCAUUAACACCAAAAA - 5'

CDC27, miR-548t-3p, 4974 nt,

-119 kJ/mole, 97%, 25 nt

5' - UGGUGCAUAAGUAAUUGUGGUUUUU
FEEEEEr trrrr el

3' - ACCACGUUUUCAUUAACACCAAAAA - 5'

3

CcDC27, miR-548as-5p, 5013 nt,

-108 kJ/mole, 96%, 22 nt

5' - GGCAAAACCUGCAAUUACUUUU - 3'
FEETEEEEEEEr el

3' - CCGUUUUGGGCGUUAAUGAARA - 5

cDbC27, miR-548x-5p, 5015 nt,

-108 kJ/mole, 96%, 23 nt

5' - CAAAACCUGCAAUUACUUUUGCA
FEEEE Trrrrr el

3' - GUUUUUGACGUUAAUGAAAACGU - 5'

|
w

IGF1, miR-574-5p, 4042 nt,

-113 kJ/mole, 93%, 23 nt

5' - ACACACACACACACACACACACA - 3!
FEErrr reererrrrrrrr

3' - UGUGUGAGUGUGUGUGUGUGAGU - 5'

IGF1, miR-1273g-3p, 6009 nt,

-113 kJ/mole, 96%, 21 nt

5' - CCCAGGCUGGAGUGCAGUGGC - 3'
FEETEEEErrr el

3' - GAGUCCGACCUCACGUCACCA - 5"

KRAS, miR-1273g-3p, 3176 nt,

-108 kJ/mole, 93%, 21 nt

5' - CCCAGGCUGGAAUGCAGUGGC - 3'
FEEEEEEEE el

3' - GAGUCCGACCUCACGUCACCA - 5"

KRAS, miR-1273f, 3209 nt,

-104 kJ/mole, 100%, 19 nt

5' - CACUGCAAcCcCUcCcAucucc - 3'
TR EEr el

3' - GUGACGUUGGAGGUAGAGG - 5'

GSK3B,1D00436.3p-miR, 4682 nt,
-104 kJ/mole, 89%, 23 nt
5'-GUGUGUGUGUGUGUGUGUGUGUG-3"

FEEEEEEr e rrrnd
3'-CACACACGCAUAUAUACACACAU-5'

PPP2R1B, miR-4452, 3026 nt,
-102 kJ/mole, 89%, 23 nt
5' - AUCAUUUGAGGUCAAGAAUUCGA - 3'

FEEEEEEEr el
3' - UAGUGAAUUCCGGUUCUUAAGUU - 5'

PPP2R1B, miR-5096, 3054 nt,
-113 kJ/mole, 100%, 21 nt

PPP2R1B, miR-5585-3p, 3124 nt,
-115 kJ/mole, 98%, 22 nt

FEEEEErrr et errrl
3' - CCGAGUACGGACAUUAGGGUCG - 5'

5' - GCCUGACCAACAUGGUGAAAC - 3' 5' - ACCUGUAGUCCCAGCUACUCAG - 3'
FEEEEErrr el PP rrrr el

3' - CGGACUGGUUGUACCACUUUG - 5" 3' - UGGACAUCAGGGUCGAUAAGUC - 5°'

STAT3,miR-619-5p, 3131 nt, STAT3, miR-5585-3p, 3268 nt,

-119 kJ/mole, 98%, 22 nt -110 kJ/mole, 95%, 22 nt

5' - GGCUCACGCCUGUAAUCCCAGC - 3' 5' - GCCUGUAGUCCCAGCUACUCGG - 3'

FEEEErrrr et rrrrd
3' - UGGACAUCAGGGUCGAUAAGUC - 5'

Note: In bold type highlighted the non-canonical A-C and G-U nucleotide pairs

Figure 22 - The schemes of miRNAs interaction in 5’UTR, CDS and 3’UTR

mRNAs of candidate genes [290].
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The schemes illustrate nucleotide interactions spanning the entire length of
miRNA with binding sites on mRNA. Incorporating non-canonical pairs of
nucleotides such as A-C and G-U enhances the free energy of interaction between
miRNA and mRNA through additional hydrogen bonding. Moreover, the stacking
interaction maintained in the double-stranded helix structure contributes to a more
stable interaction of the miRNA-RISC with mRNA, enabling longer interactions.

Out of the 50 identified binding sites, 45 were localized in the 3’UTR, four in
the CDS, and one in the 5’UTR. While clusters with only 2-3 binding sites were
observed, other genes exhibited clusters consisting of more than ten miRNA binding
sites within their mRNA.

The effectiveness of the MirTarget program is evidenced by the interaction
patterns between miRNA and mRNA nucleotides. Figure 23 demonstrates the
interaction patterns of various miRNAs with mRNA nucleotides from the five
examined genes. In the interaction scheme of miR-619-5p with the CYP2W1 gene
mRNA, all nucleotides bind complementarily, reflecting absolute affinity between the
miRNA and mRNA. For other miRNAs, interactions with mRNA often involve the
formation of non-canonical A-C and G-U pairs. While these interactions are weaker
than canonical pairs, the stacking interaction between nucleotides in each antiparallel
RNA strand is maintained.

CYP2WI; miR-619-5p; 2176; -121; 100; 22 CYP2W1;1D00913.5p-miR; 2196; -117; 92; 23
5'-GGCUCAUGCCUGUAAUCCCAGC-3" 5'-GCACUUUGGGAGGCCGAGGCAGG-3"'

FEETET ety FEEEEEEE e rrrerrrrl
3'-CCGAGUACGGACAUUAGGGUCG-5" 3 '-UGUGAAACCCUCUCGCUCCGUCC-5"
IKIAA1456; 1D00367.5p-miR; 8422; -115; 93; 22 IKIAA1456; 1D01334.3p-miR; 4132; -115; 92; 22
5'-UCUGUCACCCAGGCUGGAGGGC-3" 5'-AGGCGUGAGCCACCGCGCCCGG-3"

FEEEETEEr et rrenl FEEEEEEr el
3'-AGACAGUGGGUCCAACCUCCCC-5" 3'-UCCACACUCGGUGGCGCGUUCC-5"
SLC26A42;1D01237.3p-miR; 5308; -113; 88; 24 ISLC26A42; 1D01838.5p-miR; 4439; -113; 90; 24
5'-CCUGGGUGACAGAGCGAGACUCCG-3" 5'-GAGAGGGUCUCACUGUGUUGCCCA-3"

FEEEE rrererererrrer el FEEEEEEE et
3'-AGACCAACUGUCUCGUUCUGUGGU-5" 3'-UUUCCUCAGAGUGACACAACGAGU-5"
SPATA13;1D00913.5p-miR; 5040; -113; 88; 23 UQCRB; ID00913.5p-miR; 1289; -115; 90; 23
5'-GCACUUUGGGAGGCCAAGGCAGG-3" 5'-GCACUUUGGGAGGCCGAGGCGGG-3"'

FEErerrrer e trrrrrrnl FEELEEEErr e trrererrl
3'-UGUGAAACCCUCUCGCUCCGUCC-5" 3'-UGUGAAACCCUCUCGCUCCGUCC-5"
KIAA1456; miR-1273a; 3875; -121; 92; 25 IKIAA1456; miR-1273¢; 3877, -113; 93; 22
5'-GAGACAGAGUCUCGCUCUGUCGCCC-3"! 5'-GACAGAGUCUCGCUCUGUCGCC-3"

FEEE T Erer et FIEEEEEE et
3'-UUCUUUCUCAGAACGAAACAGCGGG-5" 3'-CUGUCCCAGAGCAAAACAGCGG-5"
KIAA1456; miR-5096; 5137; -113; 100; 21 ISLC26A42; miR-5585-3p; 5209; -113; 96; 22
5'-GCCUGACCAACAUGGUGAAAC-3' 5'-GCCUGUAGUCCCAGCUACUCAG-3"'

FEErerrerererrr et FEEEEEEE e rrrtd
3'-CGGACUGGUUGUACCACUUUG-5" 3'-UGGACAUCAGGGUCGAUAAGUC-5"
UQCRB; miR-5096; 1343; -110; 98; 21 UQCRB; miR-5585-3p; 1412; -108; 93; 22
5'-GCCUGGCCAACAUGGUGAAAC-3' 5'-ACCUGUAAUCCCAGCUACUCGG-3"'

FEErerererer et FIEEEEEE et
3'-CGGACUGGUUGUACCACUUUG-5" 3'-UGGACAUCAGGGUCGAUAAGUC-5"
INote: Gene; miRNA; start of binding site (nt); the free energy, AG (kJ/mole); the AG/AGm (%); length of
miRNA (nt). In bold type highlighted the non-canonical A-C and G-U pairs of nucleotide

Figure 23 - The schemes of miRNAs interaction in 3’'UTR mRNAs of candidate
genes [290].
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The impact of miRNA on gene expression suppression is influenced by the
relative concentrations of miRNA and mRNA. Strong binding between miRNAs and
mRNAs might not effectively suppress gene expression if the miRNA concentration
is significantly lower than that of the mRNA. Conversely, when there's an excess of
miRNA compared to mRNA, average miRNA-mRNA interactions can lead to
substantial inhibition of translation. Moreover, given the competition among miRNAs
for binding to mRNAs, selecting an effective miRNA for a specific gene becomes
more complex, especially when managing the expression of several or numerous
miRNAs and genes.

The approaches we've proposed enable the selection from thousands of potential
miRNAs likely to interact with candidate genes, significantly reducing material costs
and time spent searching for miRNA-gene associations. Our studies have identified
miRNAs capable of effectively binding to specific candidate gene mRNAs based on
their interaction characteristics.

Validating the stability of miRNA-gene associations can be achieved through
identification in orthologous genes. For instance, we observed that in orthologous
genes of CYP2W 1, the bond between 1D03126.5p-miR and the orthologous genes in
various primates remains conservative. This conservation is reflected in the identity
of the LGLLGLWG oligopeptide in the orthologous proteins of primates, as depicted
in Figure 24.

MALLLLLFLGLLGLWGLLCACAQD Hsa
MALLLLLFLGLLGLWGLLRACARD Ptr
MALLLLLLLGLLGLWGLLRACARD Pab
MALLLLLLLGLLGLWGLLRACTRD Nle
MALLLLLLLGLLGLWGLLRAYARD Mml
MALLLLLLLGLLGLWGLLRAYARD Csa

Figure 24 - Regions of orthologous CYP2WI proteins containing the
LGLLGLWG oligopeptide encoded by ID03126.5p-miR binding sites [290].

The oligopeptides situated before the binding site in the Hsa and Ptr sequences
exhibit dissimilarities compared to other primate species. Conversely, the
oligopeptides located after the binding site display higher variability among the
studied subjects.

Notably, the binding sites of miR-619-5p in the mRNA of the five examined
genes are highly conservative. However, the surrounding nucleotide sequences
exhibit variability, as illustrated in Figure 25.

The region preceding the conserved binding site of mir-619-5p exhibits
significant variability in oligonucleotides. Additionally, after a conserved
oligonucleotide at the 3’-end, there is also high nucleotide variability [296].
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CTGACCCGGTGCGGTGGCTCATGCCTGTAATCCCAGCACTTTGGGAGGCCGAGGCAGGCG CYP2ZW1
TAGGCTGAGCATGGTGGCTCATGCCTGTAATCCCAGCACTTTGGGAGGCCAAGGCAGAAG KIAAI456
TCGGCCAGGTGCAGTGGCTCATGCCTGTAATCCCAGCACGTTGGGAGGCCGAGGCGGGTG SLCZ26A2
AAGGCTGGGTGCTGTGGCTCATGCCTGTAATCCCAGCACTTTGGGAGGCCAAGGCAGGTG SPATA1L3
TTGGCAAGGCATGGTGGCTCATGCCTGTAATCCCAGCACTTTGGGAGGCCGAGGCGGGTA UQCRB

Figure 25 - The regions of mRNA nucleotide sequences of orthologous genes
containing miR-619-5p binding sites [290, 296]

From the obtained results, it is deduced that 115 candidate genes were targeted
by 448 miRNAs, with binding sites detected in the 5’UTR, CDS, and 3’UTR of the
respective gene mRNAs. Most miRNA binding sites spanned the mRNA length
without overlapping nucleotide sequences, although clusters with overlapping
sequences were identified in certain cases. The average free energy of miRNA-
mRNA interactions appeared higher in the 5S'UTR and CDS, indicating a preference
for miRNA binding in these regions among the studied genes.

Notably, a significant majority of miRNA binding sites, including those of miR-
619-5p, were located in the 3’UTR [296]. Specifically, in the mRNAs of target genes
like CYP2W 1, KIAA1456, SLC26A42, SPATA13, and UQCRB, multiple binding sites
were observed for seven, twenty, nine, five, and four miRNAs respectively. These
genes showed clusters of miRNA binding sites, albeit with only two or three binding
sites in some cases. Furthermore, established miRNA binding sites were conserved in
the mRNA of orthologous primate genes. Diagrams depicting miRNA-mRNA
nucleotide interactions revealed the significance of non-canonical A-C and G-U pairs,
previously overlooked by other researchers, in elevating the free energy of miRNA-
mRNA interaction.

The 1dentified associations between miRNA and CYP2WI, KIAAI456,
SLC26A2, SPATAI3, and UQCRB target genes suggest their potential as markers in
developing diagnostic methods for gastrointestinal tract cancer.

Based on quantitative interaction characteristics between miRNAs and mRNAs,
associations with high free energy were identified between miRNAs and candidate
genes, recommended as markers for colorectal cancer diagnosis. Notably, there were
29 associations in the S'UTR with an interaction free energy higher than -130 kJ/mol.
Instances of multiple binding sites for ID03332.3p-miR in the mRNA CDS of SIRT]
and TGFBRI1 genes highlight the importance of regulating this miRNA's expression.
The average free energy of miRNA interaction with candidate gene mRNA 3'UTRs
was -109 kJ/mol, with four associations having an interaction free energy greater than
-125 kJ/mol. Notably, associations involving miR-6089, ID03208.5p-miR,
ID00296.3p-miR with TGFBI, and 1D03332.3p-miR with TGFBRI showcased
higher free energies of interaction, potentially serving as early diagnostic markers for
colorectal cancer.
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Conclusion

The focus of this dissertation is on identifying crucial genes and miRNA
molecules involved in gastrointestinal (GI) tract cancer development. By establishing
associations between miRNA nanomolecules and mRNAs of candidate genes related
to GI tract cancer, the aim is to devise methods for early pathology diagnosis.
Consequently, this study presents potential associations of select miRNA
nanomolecules with mRNA target genes, recommended as markers for GI tract
cancer.

To achieve this, two databases were created: one cataloging genes exhibiting
mutations in GI tract cancer and another compiling miRNA nanomolecules, noting
expression alterations in esophageal, stomach, small intestinal, and colorectal
cancers. From this data, 372 genes, crucial in function and extensively studied, were
selected. Using the MirTarget program, which regulates these genes, a search for
miRNA targets was conducted, employing a technique based on the score parameter
(AG/AGm) that we introduced. Consequently, 6274 miRNAs were identified as
potential key regulators of these 372 target genes. These discovered miRNA binding
sites display substantial complementarity, mostly referring to non-canonical sites
with G:U pairs and unpaired nucleotides at the 5' or 3’ ends of the miRNA, often
displaying high regulatory efficiency.

Predicting miRNA nanomolecule binding sites computationally is a crucial step
in understanding the biological function of miRNAs. These findings aid in
understanding the regulation of gene features at post-transcriptional levels through
miRNAs, particularly those involved in various cellular processes related to GI tract
cancer.

The majority of the 372 studied genes encode transcription factors implicated in
GI tract cancer manifestation. mRNA of these genes, highly associated with
miRNAs, potentially undergo concentration changes, affecting GI tract cancer
development. However, the actual impact of predicted miRNA on the expression of
investigated genes remains poorly studied. Nevertheless, the obtained data indicate a
high probability of interaction between miRNA and mRNA of these genes,
presenting promising avenues for further research.

The observed clustered organization of binding sites in the 5S'UTR, CDS, and
3'UTR suggests an ordered arrangement of binding sites among several miRNA
groups within mRNA fragments, albeit partially combined.

The characteristics of the interaction of miRNA with mRNA genes are specific
for each localization of GI tract cancer, and can be used in the selection of
associations for early diagnosis. Each group of candidate genes contains associations
of miRNAs and their target genes, which have an increased degree of interaction and
can serve as markers for the development of early diagnostic methods.

The human miRNA nanomolecules database and the database on 372 candidate
genes associated with the development of cancer of the esophagus, stomach, small
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intestine, and large intestine, created in the format for the MirTarget program, can be
used to develop test systems for early diagnosis of these diseases.

The human genome contains candidate gastrointestinal cancer genes, having
miRNA binding sites with high nucleotide complementarity in the S'UTR, CDS and
3'UTR of their mRNA. The miRNA binding sites in the CDS of candidate genes have
high phylogenetic conservatism.

Most candidate genes are targeted by one or more miRNAs, the binding sites of
which are separate from each other in the mRNA. In the mRNAs of other candidate
genes, miIRNA binding sites are located overlapping nucleotide sequences, forming
clusters of binding sites for two or more miRNAs. The clusters of miRNA binding
sites are characterized by their compact arrangement and competition between
miRNAs, since their binding sites are located with overlapping nucleotides.

The quantitative characteristics of the interaction of miRNA with mRNA of
candidate target genes indicate a potentially high dependence of the expression of
these genes on the concentration of miIRNA and mRNA. They serve as the basis for
the selection of miRNA and mRNA associations for the diagnosis of gastrointestinal
tract cancer.

Associations of miRNA with target genes for the following localizations of
gastrointestinal tract cancer have been proposed.

For esophageal adenocarcinoma - ID00792.3p-miR and ALDHI1A2; 1D01778.3p-
miR, ID02084.3p-miR and ARIDIA; 1D02052.5p-miR, ID02064.5p-miR and
ARIDIA, BARXI; 1D00296.3p-miR, ID02294.5p-miR, ID01702.3p-miR and
ARIDIA, IGFBP2; 1D03332.3p-miR and AR, FOXF1, FOXP1, GDF7; 1D00961.3p-
miR and BARXI. For esophageal squamous cell carcinoma - ID01041.5p-miR and
ELN, SIX4, EGRI; ID02761.3p-miR and COL2741; ID01804.3p-miR and CCNEI,
EGRI, ELN; 1D00049.5p-miR and C2orf40; 1ID00966.5p-miR and EGRI;
ID00602.3p-miR and BMP7; 1D02668.5p-miR and LAMC2; 1D01641.3p-miR and
ADAMTS?.

For gastric cancer - miR-3120-3p and DNM30S; miR-3661 and PPP2CA; miR-
4253 and EPHB2; miR-4273 and ZNF717; miR-1273 family and ATM, CASPI10,
CDHI, CDHI17, HPSE, IGF1, KRAS, MACCI, MDM?2, PRKAAI, TP53; miR-619-5p
and CASP10, CEACAMS, CLDN18, CREBI, ERBB3, F2R, HPSE, IL10, IRFI, LEP,
MACCI, MTHFR, PDCD4, STAT3; miR-1183 and THBSI; miR-4767 and SIRTI,
ID02051.3p-miR and E2F1; 1ID01190.5p-miR and PIK3CA; 1D01816.3p-miR and
TERT; ID00798.3p-miR and MAPK1; ID00920.5p-miR and OGGI,; 1ID03491.3p-miR
and TWISTI, 1D01338.5p-miR and TERT; ID01662.3p-miR and MYC; 1D01546.5p-
miR, ID01293.5p-miR and MAPK 1, ID01458.5p-miR and VEGFC.

For small intestinal cancer - ID02093.5p-miR and GNAS; miR-1273f and KRAS;
ID00061.3p-miR, 1D02260.5p-miR, ID03064.3p-miR, ID00296.3p-miR,
ID01641.3p-miR and ASXLI; 1D02457.3p-miR and EGFR; 1D02052.5p-miR,
ID02294.5p-miR, ID01041.5p-miR, ID01804.3p-miR ID01702.3p-miR, ID02064.5p-
miR, ID02084.3p-miR and LRPIB, ID01190.5p-miR, ID01702.3p-miR, ID01895.5p-
miR, ID00966.5p-miR, ID01804.3p-miR and PIK3CA.
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For colorectal cancer - miR-548 family and CDC27, ONECUT2; miR-619-5p
and AGMAT, ERBB3; miR-5096 and PPP2RI1B,; miR-574-5p, ID00470.5p-miR and
CCND1, IGF1, PPP2RIB, SMAD4, XRCCI, ZEBI; miR-466, 1ID00436.3p-miR,
ID01030.3p-miR and FLTI, GSK3B, IRSI, MACCI; miR-6089 and TGFBI,
1D00296.3p-miR and FMNL3, GSK3B, TGFBI1, 1D03332.3p-miR and MTA1, SIRT]I,
TCF4, TGFBRI; miR-4665-3p and STAT3; miR-6789-5p and HIFIA; 1D01453.3p-
miR, ID01099.5p-miR, ID01868.3p-miR, and ONECUT2; 1ID01003.3p-miR and
MTAI,; 1ID01492.3p-miR and SMAD2, ID00156.5p-miR and MSH6, 1D03064.3p-miR
and SMAD?7.

Key research findings and conclusions:

1. In the format for the MirTarget program, a database of genes associated with
the development of gastrointestinal tract cancer was created, consisting of genes:
esophageal adenocarcinoma - 38 genes, esophageal squamous cell carcinoma - 66
genes, gastric cancer - 215 genes, small intestinal cancer - 40 genes, colorectal cancer
- 135 genes. A database of 6274 nucleotide miRNA sequences was created in the
format for the MirTarget program.

2. In genes associated with the development of esophageal cancer, 279 binding
sites have been found for 184 miRNAs, which can regulate 32 out of 38 candidate
esophageal adenocarcinoma genes. The 246 miRNAs form 321 mRNA binding sites
in 53 of the 66 candidate genes for esophageal squamous cell carcinoma. The
associations of miRNA and mRNA, having a free energy of interaction equal to -130
kJ/mol and more, have been identified for their recommendation as markers for the
early diagnosis of esophageal cancer.

3. Based on the study of the characteristics of the interaction of 6274 miRNAs
with mRNAs of 215 candidate gastric cancer genes, associations with an average free
energy of interaction equal to -130 kJ/mol and higher in 5'UTR, CDS, 3'UTR were
identified. 153 out of 215 mRNA candidate genes linked to gastric cancer exhibit a
strong affinity for 309 miRNA molecules at the nanomolecular level. Identification of
miRNA binding sites within mRNA clusters of certain genes has been accomplished.
Moreover, there exists a notable preservation of miRNA binding sites among the
mRNA of orthologous genes such as ARIDIA, E2F1, TBCI1DY9, MAPKI, TERT, and
VEGFC.

4. In genes associated with the development of small intestinal cancer, 211
miRNAs have binding sites that can efficiently regulate the expression of 32 out of
40 candidate genes. The mRNAs of the ASXLI, GNAS, and KRAS genes have
completely complementary miRNA binding sites. The mRNA of the SMAD4 gene
contained multiple binding sites for miR-574-5p and ID00470.5p-miR forming
clusters in the same region.

5. Within the mRNA of genes associated with colorectal cancer development,
extensive miRNA binding has been observed: 233 binding sites for 165 miRNAs in
the S'UTR, 193 binding sites for 167 miRNAs in the protein-coding region, and 450
binding sites for 151 miRNAs in the 3'UTR have been identified. Notably, the miR-
548 family, along with miR-619-5p, miR-6089, 1ID03208.5p-miR, ID00296.3p-miR,
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and ID03332.3p-miR, have been proposed as potential candidates for colorectal
cancer diagnosis.

6. Associations of miRNA nanomolecules with target genes for the following
localizations of gastrointestinal tract cancer were revealed: for esophageal
adenocarcinoma - 18 associations, esophageal squamous cell carcinoma - 12
associations, gastric cancer - 42 associations, small intestinal cancer - 12 associations,
colorectal cancer - 35 associations of miRNA and mRNA.
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Supplementary materials B

The certificate of implementation of the research results in the course «"Omics"

technologies in medicine and pharmacy» of the master's educational program 7M101
"Public Health".

MHUHUCTEPCTBO OBPA30BAHUSI U HAYKH PECITYBJIMKA KASAXCTAH
KA3AXCKHI HAITMOHAJIbHBI YHUBEPCUTET umenn AJIb-®APABA

COI'JTACOBAHO
M.o. mpopexTopa 1o Hay4HO-
MHHOBALIMOHHOMN JESTE/ILHOCTH

\ //7 /
Pamazanos T.C.

2021 .
AKT
0 BHEJIPEHHH 32BepPIEeHHOIl HAYYHO-HCCIIeA0BATEIbCKOM PadoThI (3Tana) B y1eGHbIi
npouece

Komucensi Kazaxckoro HanMoHaJbHOro yHHBepcHTeTa nMeHH aib-®Papabu B cocrabe:
npeacenarens: JKakemosa ®aruma HaaplpoBHa - 4ieH [paBjIeHWs - IMPOPEKTOp 110
AKaJIeMHYECKUM BOTIPOCAM, WICHBI: JMPEKTOp JENapTaMeHTa [0 aKaJeMHYECKHM BOIpOCaM
MyxutmusoBa Tancyry MupacGekoBHa, IMPEKTOp JernapTaMeHTa Mo HayKe W MHHOBALMOHHON
nesiteibHOCTH MyxamGerkanos Ceprk KornkacapoBud, pyKOBOIUTENb CIIykKOBI METOXMYECKOM
pabotel XKakyrnosa ['ynpHasust TosnraeBHa, ekaH (akyibTeTa MEIMIMHBI U 3/[PaBOOXPAHCHHS
Kanvaraesa JKanHa AmanTaeBHa, Mpejce/aTellb METOJIMYECKOro coBeTa Biciued mkosbl
MeMIMHBL (aKy/IbTeTa MEIWIMHBI U 3apaBooxpaneHnst JDkymamesa Paxuma TaxuGacsHa,
saBejylomas  kapeapoi (QynaamentanbHoil MemuimHel Capcenopa Jlassar Kapupranuesra
COCTAaBMJIM HacTosumii akT o Tom, uto B 2020/2021 yueGHom romy Ha kadeape -
(yHIAMEHTATBHOM MEIWIMHBl BHEAPEHbI PE3yJIbTAThl HAyYHO-MCCIIEN0BATENbCKOH  paboTh
PhD-noktopanta 3-ro kypca Axumuus3oBoil A.H. Ha temy: «B3sammoneiictene miRNA ¢
mRNA KaHIMIaTHBIX T€HOB Paka OPraHOB JKENYI0YHO-KHIIEUHOTO TpakTay (Mo rocOrouKeTy,
NeAP05132460).

Ne ®dopwma BHEIpeHUS

| n/m

(HAUMEHOBAHUE HOBOI'O
Kypca, crelkypcea, paszuenia
JIeKIHH, 1ab. paboTel,
YCTaHOBKH, y4eOHbIe 1ocobus
H T. I1.); KYpC, CIENHAIBHOCTh

O0beM BHEIPEHUS
(xommyecTBO pabor,
JICKIIHOHHBIX YacoOB)

Kparkoe conepxxanne
BHEJIPEHHOH paboThl

B Kypc «*“Omics”
technologies in medicine and
pharmacy» (5  KpeauToB)
| Marucrparypel  1-ro  Kypca,

oOpasoBaTesibHasi MporpaMma
7M101 «Health care»

Jlekunu — 3 yaca.

1. Bioinformatics (1
yac)

2. Personalized medicine
(the future of medicine)
(1 gac)

3. The development of
new drugs by using the
omics technologies (1

| vac)

Wcrone3yoTest pe3ysbTaTsl,
MOJIyYeHHBIE TPUH H3yYeHHH
XapaKTepPUCTHK
B3aumoeiicteus miRNA ¢
mRNA KaHIHIaTHBIX T€HOB,
YyYaCTBYIOUIMX B Pa3BHTHH
paka OpraHoB IKEIyIOYHO-
KHIICYHOT'O TpakKTa.

Cemunapsbl — 6 HacoB

1. Bioinformatics (2
yaca)

2. Personalized medicine
(the future of medicine)
(2 yaca)

Wcnonp3ytoTest METOIbI
aHaIM3a HYKJICOTHIHBIX
OCJIeI0BaTEIbHOCTEN
I€HOB W AMHHOKHCIIOTHBIX
MOCIIe10BaTeTbHOCTEH
0eJIKoB, pa3paboTaHHBIX MPU
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3. The development of
new drugs by using the
omics technologies (2
yaca)

BBITIOJTHEHUN TEMBI
«B3anmopeiictue miRNA ¢
mRNA KaHIMIATHBIX I'E€HOB
paKa OpraHoB JKEJyJI0YHO-
KHIIEYHOTO  TpakTa», a
TaKKe TIPHBOJIATCSI
IIPUMEPBI  TMATHOCTHYECKHX
MapKepoB, HaHIEHHBIX C
TTOMOIIIBIO YTHX METO/IOB.

2 B kypc «Mechanisms of | Jlekuun - 2 yaca

Hcnonb3yloTest pesysibTarhl,

Defense and Disease» (10 | 1. Cancer Genetics and | mosnyueHHbIe pH
KpeauToB) GakanaBpuara 2-ro | Genomics (1 gac) BBISICHEHHH  MOJIEKYJISIPHO-
Kypca, obpasoBatenbHast | 2. Polygenic disorders: | reneTHueckux OCHOB
porpamma 6B10103 | developmental OHKOTeHe3a c
«General medicine» malformation (1 gac) UCIIOJIb30BAaHUEM T'€HOMHBIX
TEXHOJOTHH W y4eToM
TIOJIATEHHO HPHPOJIBI
OHKOT'eHe3a.
Cemunapsi - 4 vaca Hcnone3yiorest
1. Cancer Genetics and | mHGOPMAIHOHHBIE
Genomics (2 gaca) TEXHOJIOTHH aHam3a
2. Polygenic disorders: | HyKJICOTHIHBIX
developmental TIOCIIEI0BATENIbHOCTEH
malformation (2 waca) KaHINIaTHBIX T€HOB
OHKOJIOTHYECKHX
3aboJieBaHuUA.

Marepuanbl K HACTOSIIEMY aKTy PACCMOTPEHBI HA 3aCEIAHMH METOAMYECKOTO coBeTa Bricteii
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Table C1 - The database of candidate GI tract cancer genes.

Supplementary materials C

Gene PMID Type Gene PMID Type Gene PMID Type
1 2 3 1 2 3 1 2 3

ABCBI 24958102 GC 25944166  GC 26612211 GC
28633632 ESCC FBXW7 28617917  SIC NOTCHI 28984154 CRC

ABCG2 24151392  GC FGFR4 23901234 GC NOX5 26901778 EAC
27449042 CRC FHIT 22957075 GC ODCI 25079701 GC

ABO 27191536  GC FKBP5 26467701 EAC 27433286 CRC
ACE 18059164  GC FLTI 24398900 GC 0GG1 21822670 GC
ADAMTSI2 25823933 ESCC 26041938 CRC 27022219 CRC
ADAMTS2 29358879 ESCC | FMNL3 25758200 CRC OLFM4 26303970 GC
ADAMTS4 25786261 CRC FNI 30214289 CRC | ONECUT2 24402783 CRC
ADAMTSS5 25786261 CRC FOS 22002117 GC oXT 26406593 EAC
ADHIA 29248712 ESCC | FOXFI 26383589 EAC OXTR 26406593 EAC
27038040 ESCC 25889361 EAC 23757351 EAC
ADHIB 25524923 GC FOXMI 25907137 GC PARPI 26540566 GC
AFP 23382965 GC FOXPI 26383589 EAC PCNA 27207660 CRC
AGMAT 27433286 CRC | FOXP3 24657498 GC PDCD4 27021515 GC

AKAP4 26590805 CRC FSCNI1 25823933 ESCC PDGFRA 29358879 ESCC
AKTI 26818920 GC GCOMI 25823933 ESCC 25264210  SIC
ALDHIA2 25447851 EAC GDFI5 18264720 GC PDXP 21297586  SIC
29423536 ESCC 26497212 CRC PGC 25549793  GC
ALDH? 25524923 GC GDF7 26783083 EAC 26543351 GC
26804999 CRC GKNI1 25752269 GC PIK3C4 28617917 SIC

ALOX15 27320813 CRC GKN2 24408014 GC 27511117 CRC
AMDI 27433286 CRC GLII 24081672  GC PIK3CB 26543351 GC
26073472  GC GNAS 28617917 SIC PIK3CD 26543351 GC
APC 29575536  SIC | GPBARI 28293080 EAC | PIK3CG 26543351 GC
27325016 CRC | GREMI 29804199 CRC | PIK3CG 26404261 CRC

APEXI] 25733810 GC GSK3B 24982245 CRC 29358879 ESCC
APOBECI 25085003 EAC GSTKI 27006283 GC PLAU 18466392  GC
AQP3 26768614 GC GSTM] 24244742  GC 30175151 CRC
AR 26467701 EAC 26219826 CRC PLCE] 26554163 GC
ARHGAP24 25929336 CRC GSTPI 26467157 GC PMS2 25029614  SIC
28440661 EAC 24970398 CRC POLB 25561897 GC

ARIDIA 24744582  GC GSTTI 27006283  GC POLDI 30086056 CRC
28617917  SIC 25249451 CRC POLE 30175151 CRC

ARID?2 28617917 SIC HGF 27683052  GC POSTN 25823933 ESCC
ASXL1 28617917  SIC HIFIA 26931435 GC POUSFI 22429998 GC
ATF3 27043582 CRC 27421843 CRC PPARD 26004416 CRC
26587992 GC HLA-A 24398900 GC 25516376  GC

ATM 28617917  SIC HLA-G 29067119 ESCC PPARG 24631504 CRC
25823933 ESCC 25821182  GC PPPIRIB 24291029 GC

AURKA 26346770 GC HMGBI 25778491 CRC | PPPIR3C 25823933 ESCC
AXIN2 26297437 EAC | HMOXI 26087182 CRC | PPP2RIB 26247730 CRC
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Table C1 (continued).

1 2 3 1 2 3 1 2 3
AZIN1 27433286 CRC | HNF44 25965823 GC PPICA 28904398  GC
BAG3 26577854 CRC | HOXAI0 29358879 ESCC 30296597 CRC
BARXI 26383589 EAC HPGD 29358879 ESCC | PRKAAI 26098866 GC
26554163 GC HPGDS 26759244 GC 21064103  SIC
BCL2 25977444 CRC HPSE 25727320 GC PROMI 27435662 CRC
BCLOLI 26401016  GC HSPA4 24473833 GC PSCA 26848528 GC
29393430 CRC IBSP 29358879 ESCC PSG2 24305936 GC
BIRCS 26277021  GC 1CAMI1 24548863  GC 26753960 GC
26442524 CRC IGF1 17608636  GC PTEN 28617917  SIC
BMII 28633632 ESCC 26381944 CRC 26098881 CRC
24330850 GC IGFIR 26337161 GC PTGS2 31518663 GC
BMP?2 21570392  GC IGF2 24451943  GC 25818893 CRC
BMP4 25647270 CRC 27337954 CRC PTP443 26563151 CRC
BMP7 29358879 ESCC | IGF2BP3 25822686 CRC RASSF] 26735582 GC
23511561 GC IGFBP2 26317790 EAC 25942531 CRC
BRAF 26892442  SIC IGFBP3 29358879 ESCC REG4 21780125 GC
25975986 CRC 24451943  GC RELA 26801246 GC
BRCAI 25266802  GC 1L10 26088449  GC REMI 25793713 GC
BTG3 25701359 EAC 1L174 26287940 GC ROCK2 26901778 EAC
C2orf40 12800218 ESCC 26559812 CRC RUNX3 25229459 EAC
CAB39L 25823933 ESCC | ILI7F 25147431 GC 25884934 GC
CASPI0 15288293 GC IL1A 25740226  GC §10044 26497012 GC
CASP3 26662569 GC ILIB 26805397 GC S§10048 23704827 GC
26844701 CRC ILIRN 24615437 GC SASHI 25823933 ESCC
CASR 25879211 CRC IL2 19058298  GC SDHA 21771581  GC
CAVI 26817615 GC IL4 24072495  GC SDHAF2 21771581 GC
CCKBR 28109268 GC IL6 25655003 GC SDHB 21771581 GC
CCNA2 28800315 ESCC | IL6ST 26750536 GC SDHC 21771581 GC
28800315 ESCC IRF1 27866197 GC SDHD 21771581 GC
CCNDI 25338835 GC 1RSI 26577117 CRC SEPPI 22715394 EAC
25809706 CRC ITGA3 29358879 ESCC SEPT9 27304597 CRC
CCNE1 28800315 ESCC | ITGBI 24870620 GC SERPINEI 27383203  GC
CCR7 24040244 GC ITGB4 29358879 ESCC 30214289 CRC
CD14 24978812  GC JAK2 25055044 GC SETD?2 26760764 GC
CD34 25264210  SIC JUN 22002117 GC SFRPI 23943784 GC
CD44 26416034 GC KDR 22842485 GC SFRP2 29361151 CRC
26010608 CRC | KI441456 24743840 CRC SGCB 26850596  GC
CD55 26202380 EAC KISS1 26847533 CRC | SH3BGRL2? 25823933 ESCC
CDC27 26821069 CRC KLF6 22581522 GC SHH 27039174 GC
CDC42 28460460 CRC 27699948 GC SIRTI 24107295 GC
CDHI 27356686 GC KRAS 26892442  SIC 26975631 CRC
26742007 CRC 27325016 CRC SIX1 29358879 ESCC
CDHI17 24465527 GC KSR1 26673620 CRC SIX4 29358879 ESCC
CDK9 28404924 EAC | LAMA3 29358879 ESCC SKP2 24971481  GC
CDKNIA 26309358 GC LAMB3 29358879 ESCC | SLC2243 26136075 GC
CDKNIB 22343731 GC LAMC2 29358879 ESCC | SLC2642 23840040 CRC
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Table C1 (continued).

1 2 3 1 2 3 1 2 3
25280564 EAC LEP 24569475 EAC | SLCO641 27006283  GC
23504555 GC 24548863 GC 27383203 GC
CDKN24 28617917 SIC | LGALS3 24971481 GC SMAD? 25980495 CRC
23703248 CRC | LGALS9 28586026 EAC 24952744 EAC
CDKN2B 28617917 SIC LGRS 27435662 CRC SMAD4 25947258 GC
CDX] 24415870 GC LRPIB 28617917 SIC 28617917  SIC
26537799 CRC LTA 26554163 GC 27325016 CRC
22838504 GC 26919111  GC SMAD7 26779637 CRC
chx2 25663765 CRC MAccl 25884643 CRC SMOX 27433286 CRC
CEACAM3 26471376  GC MAL 25823933 ESCC | SMR3B 26548949 GC
26556959 CRC | MAP2K7 27699948 GC SOATI 25987131  SIC
CEACAMS 24305936 GC MAPKI 25516376  GC SOCS2 25025962 CRC
CEP72 27527254 EAC | MAPK3 26683357 GC SOCS6 25025962 CRC
CHEK2 23296741 GC MCLI 26276722 GC 28633632 ESCC
CHFR 24748501 GC MDK 25345957 GC SOX2 28692180 EAC
CLDNI§ 24073219 GC 27006283  GC 24325912  GC
COL1041 29358879 ESCC | MDM2 28617917 SIC SOX9 28617917  SIC
COL1141 29358879 ESCC 26840028 CRC SP1 24613927 GC
COLIAI 29358879 ESCC | MEISI 29358879 ESCC | SPATAI3 17599059 CRC
COL2741 29358879 ESCC MET 26543351  GC SPARC 25516351 GC
COL341 30175151 CRC | MFAP2 29358879 ESCC 29358879 ESCC
COL741 29358879 ESCC | MGLL 25823933 ESCC SPPI 25847246 GC
CREBI 25825983 GC MGMT 27291049 GC 30175151 CRC
26675260 GC 27006309 CRC SRM 27433286 CRC
CTNNB1 27546842  SIC MLFI 29358879 ESCC STAT3 26494556  GC
26490308 CRC 26121593 GC 26024373 CRC
CTSE 25348778 EAC MLHI 25029614 SIC | SULTIAI 26455829 ESCC
CXCLS 26199092 GC 25908759 CRC | SULTIA2 26455829 ESCC
CXCRI 25022956 GC MLL? 28617917  SIC TBCID9 22781708 GC
CXCR4 26091251 GC MME 25759539  SIC TBX5 26783083 EAC
26455829 ESCC MMPI 25823933 ESCC TCF3 29358879 ESCC
CYPIAI 24443269 GC 24505369  GC TCF4 25961950 CRC
26514676 CRC | MMPIO 29358879 ESCC| TCF7L2 26240283 CRC
CYPIBI 27111221 CRC | MMPII 29358879 ESCC TERT 2677859  GC
CYP2441 28811712 CRC | MMPI2 29358879 ESCC TFF1 26240479 GC
CYP2E]I 25596089 GC MMPI13 29358879 ESCC TFF2 26265233 GC
CYP2w1 26563883 CRC | MMPI4 26610210 GC TFF3 26265233 GC
22252584 GC 29344220 ESCC 27997896  GC
bee 25249451 CRC MMP2 25136862 GC TGFBI 26873488 CRC
DCINI 29864111 CRC MMP3 29358879 ESCC | TGFBRI 26714817 CRC
DCITN2 29864111 CRC MMP7 28968424 ESCC | TGFBR2 27156840 CRC
DCTNS5 29864111 CRC 26983663  GC THBSI 23765259  GC
DCIN6 29864111 CRC MMPY 29358879 ESCC THBS2 30214289 CRC
DKK3 26093488 EAC 25724188 GC TIMP2 24440352 GC
DNM30S 30770102 GC MORC2 26098774 GC TIMP3 27383203 GC
DNMT]I 25595591 GC MRCI 26530135 SIC TLR2 26880585 GC
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Table C1 (continued).

1 2 3 1 2 3 1 2 3
26497367 CRC 22386861  GC 26167073 CRC
DNMT3B 26172537 GC MSH2 25759539  SIC TLR4 23160836 GC
26497367 CRC 25534380 CRC INF 26088449 GC
DPYD 25112781 GC MSH6 25029614  SIC 26572151 CRC
26281864 CRC 26099011 CRC | TNFRSF4 26439988 CRC
E2F] 26867682  GC MTAI 27320813 CRC 29351612 ESCC
EGF 25111897 GC MTAP 27433286 CRC 26733670 EAC
27997901  GC 28046029 ESCC TP53 26867682  GC
EGFR 26892442  SIC MTHFR 26314858 GC 27546842  SIC
27064574 CRC 25823789 CRC 26991699 CRC
EGRI 29047233 ESCC | MTOR 24729090 GC ISCI 24770722 CRC
ELN 25823933 ESCC 28212575 EAC TWISTI 25368021 GC
EMPI 25823933 ESCC | MUCI 25658482 GC TYMS 25185651 GC
EPCAM 26028961 CRC 27207660 CRC 25677447 CRC
EPHB?2 26768611 GC 25704078 GC UBAP2L 27456362 CRC
24151090 EAC MuUCc2 25759539  SIC UGTIAI 24114122  SIC
ERBB? 26970343 GC 27207660 CRC UQCRB 22545919 CRC
24797764  SIC | MUCS4AC 25759539  SIC VDR 25910066 EAC
26991109 CRC MUC6 25704078 GC 27000664 GC
24151090 EAC 25759539  SIC VEGFA 27546842  SIC
ERBB3 24973425 GC MUTYH 22126480 GC 26896610 CRC
26367378 CRC 26377631 CRC VEGFC 29393383 GC
29188501 ESCC 24130168 GC VIM 26264654 GC
ERCCI 23884439 GC Myc 26152922 CRC WIF1 29568950 CRC
ESRI 26406593 EAC NATI 22905173  CRC XAF1 20198350 GC
25970543 CRC 25886288 ESCC YRCCI 26846663 GC
ESR2 25650184 CRC NAT2 25051916 GC 25582318 CRC
25618371 GC 26683305 CRC 22466758 GC
EZH2 30214616 CRC NFI 28617917  SIC ZEBI 26387539 CRC
F2R 25231630 GC NFKBI 26801246 GC ZEB2 27761656  GC
FASN 26109148 CRC NMEI 22903495 GC ZNF717 25422082 GC
FGFR2 26516773 GC NOD2 26378020 CRC ZNRDI 23893241 GC

Table C2 - The characteristics of miRNA interactions with 5'UTR mRNAs of EAC candidate genes.

Gene; NX miRNA Position, AG, AG/AGm, Length,
nt kJ/mol % nt
1 2 3 4 5 6
ALDHIA2; 2,3 1D00792.3p-miR 10 -132 95 22
1D00744.3p-miR 122 -125 89 23
AR; 2,2 1D01739.3p-miR 621 -115 95 21
BARXI, 0,3 ID01675.5p-miR 61 -121 92 21
BTG3; 19,9 ID01123.3p-miR 155 -127 88 24
1D02803.5p-miR 186 -108 91 21
1D00278.3p-miR 230 -125 91 23
CD55; 36,1 miR-1587 148 -108 94 20
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Table C2 (continued)

1 2 3 4 5 6
ERBB2; 40,9 miR-6090 25 -110 95 19
ERBB3; 29,4 1D00099.3p-miR 114 -113 93 21
FKBPS5; 29,2 ID01708.5p-miR 11 -115 &9 23
FOXM1I; 13,5 ID01615.3p-miR 68 -115 90 22

GDF7; 0,9 1D03054.3p-miR 125 -113 90 22
1D02682.5p-miR 339 -113 93 20

ID01112.3p-miR 446 -113 93 20

GPBARI; 1,3 miR-4726-5p 836 -119 90 23
ROCK2; 12,4 ID01184.3p-miR 248 -117 93 20
SMAD4; 21,7 ID00577.3p-miR 160 -106 94 20
1D00961.3p-miR 248 -127 90 23

SOX2; 15,9 ID01749.3p-miR 344 -117 89 23

Table C3 - The characteristics of miRNA interactions with CDS mRNAs of EAC candidate genes.

Gene; NX miRNA Position, AG, AG/AGm, Length,
nt kJ/mol % nt
1 2 3 4 5 6
AR; 2,2 ID00372.5p-miR 1363 -127 94 24
ID01398.3p-miR 1517 -115 90 22
ID01261.5p-miR 1744 -113 95 20
ARIDIA; 23,2 miR-4767 938 -121 85 23
1D01473.3p-miR 1093 -125 89 23
ID01508.5p-miR 1459 -129 90 23
1D02945.5p-miR 4274 -108 91 21
miR-6799-5p 5130 -108 93 20
ID01819.5p-miR 7062 -119 89 23
AXIN2; 6,5 1D01796.3p-miR 1526 -125 89 24
1D00648.5p-miR 1765 -125 92 22
1D02344.3p-miR 2086 -127 88 24
BARXI; 0,3 ID01757.3p-miR 192 -117 93 21
ID02052.5p-miR 311 -132 89 24
1D02429.3p-miR 314 -121 89 23
1D02079.5p-miR 500 -115 92 20
1D00380.3p-miR 558 -117 89 23
BTG3; 19,9 1D02017.3p-miR 664 -117 92 22
CD55; 36,1 miR-1273d 1425 -119 87 25
miR-5585-5p 1471 -106 91 22
CEP72; 4,6 miR-939-3p 1238 -113 91 21
ID01839.3p-miR 1363 -123 89 23
DKK3; 8,8 1D03402.5p-miR 295 -117 92 22
miR-4269 870 -113 93 21
ESRI; 1,1 1D02606.5p-miR 409 -106 91 22
1D02556.3p-miR 1852 -115 90 23
FOXF1; 17,9 1D00267.3p-miR 55 -113 91 21
miR-6720-5p 299 -121 90 23
1D00407.3p-miR 718 -119 90 22
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Table C3 (continued)

1 2 3 4 5 6
FOXMI; 13,5 1D01279.5p-miR 1897 -115 93 22
GDF7; 0,9 1D00102.3p-miR 784 -117 95 20
ID01419.3p-miR 876 -115 89 23
ID01346.3p-miR 1576 -119 92 22

IGFBP2; 26,4 1D01859.5p-miR 198 -117 90 22
ROCK?2; 12,4 miR-1237-3p 535 -108 91 21
RUNX3; 3,5 1D02259.5p-miR 593 -119 89 23
1D00024.5p-miR 1406 -119 93 21

SOX2; 15,9 1D03289.5p-miR 455 -106 93 20
ID01259.3p-miR 1218 -121 90 23

TBX5; 6,4 miR-671-5p 1558 -119 90 23

Table C4 - The characteristics of miRNA interactions with 3'UTR mRNAs of EAC candidate genes.

Gene; NX miRNA Position, AG, AG/AGm, Length,
nt kJ/mol % nt
AR; 2,2 1D02403.3p-miR 4096 -108 89 23
AXIN2; 6,5 ID01257.3p-miR 2960 -113 93 20
1D02524.5p-miR 3702 -93 90 22
ERBB3; 29,4 miR-619-5p 4950 -117 96 22
miR-619-5p 5104 -121 100 22
ESRI; 1,1 1D03196.3p-miR 3339 -121 88 24
miR-6879-5p 3593 -113 90 22
FKBP5; 29,2 1D02017.3p-miR 1434 -115 90 22
1D00625.5p-miR 5727 -106 91 21
miR-619-5p 7114 -121 100 22
miR-5096 7186 -106 94 21
miR-5585-3p 7257 -113 96 22
ID02175.3p-miR 7306 -110 91 22
FOXMI; 13,5 miR-6809-5p 2864 -104 91 22
1D00962.3p-miR 3260 -119 90 23
FOXPI; 19,6 1D03465.3p-miR 3843 -117 90 22
LEP; 0,0 miR-5096 3172 -104 92 21
miR-5585-3p 3240 -108 93 22
ROCK2; 12,4 miR-1277-5p 5212 -96 88 24
miR-619-5p 6272 -110 91 22
1D01640.5p-miR 6308 -117 89 24
miR-5096 6346 -104 92 21
ID01836.5p-miR 6497 -115 92 23
miR-1277-5p 6988 -96 88 24
RUNX3; 3,5 1D02589.5p-miR 2956 -113 93 21
SMADA4,; 21,7 ID01838.5p-miR 4291 -113 90 24
miR-1972 4552 -110 90 22
ID01592.3p-miR 8227 -117 89 23
SOX2; 15,9 ID00037.3p-miR 1671 -121 90 23
ID00125.3p-miR 1671 -113 90 22

130



Table C5 - The characteristics of miRNA interactions with 5’UTR mRNAs of ESCC candidate
genes.

Gene; NX miRNA Position, AG, AG/AGm, Length,
nt kJ/mol % nt
ADHIB; 33,5 ID02831.3p-miR 57 -110 91 22
ALDH?2; 26,4 ID02142.3p-miR 8 -123 92 21
AURKA; 7,7 ID01697.5p-miR 184 -108 93 20
miR-1285-3p 352 -106 91 22
BMP7; 17,2 ID00962.3p-miR 181 -117 89 23
C2orf40; 16,5 ID00813.5p-miR 85 -125 88 24
CCNEI; 4,7 1D02692.5p-miR 1 -129 91 23
EGRI; 47,2 miR-4763-3p 52 -125 88 24
ID00966.5p-miR 90 -138 92 24
ID00051.3p-miR 216 -123 89 24
HPGD; 32,0 ID02556.3p-miR 168 -115 90 23
ITGB4; 24,0 miR-3656 27 -102 98 17
LAMA3, 12,4 ID03332.3p-miR 13 -138 93 24
MGLL; 63,8 miR-4687-5p 433 -117 93 22
MMPI1; 0,8 ID00959.3p-miR 4 -106 93 20
SASHI; 35,6 ID02660.3p-miR 448 -119 90 22
SIX4; 0,5 ID00057.3p-miR 19 -108 91 22
SOX2; 15,9 ID01749.3p-miR 344 -117 89 23
SPPI; 1,5 miR-1913 61 -117 92 22

Table C6 - The characteristics of miRNA interactions with CDS mRNAs of ESCC candidate genes.

Gene; NX miRNA Position, AG, AG/AGm, Length,
nt kJ/mol % nt
1 2 3 4 5 6
ABCG2; 1,5 1D02408.3p-miR 1672 -104 91 22
ADAMTSI2; 1,4 1D02607.3p-miR 2817 -117 93 22
ADHIB; 33,5 miR-4647 505 -110 90 23
BMP7; 17,2 ID03473.3p-miR 1617 -102 91 21
ID03162.3p-miR 1686 -106 91 22
CCNDI; 37,7 miR-4731-3p 508 -110 91 22
CCNEI; 4,7  1D00275.3p-miR 1356 -108 91 22
COLI10A41; 0,5 1D01242.3p-miR 892 -121 88 24
COLIAI; 17,4 1D01731.5p-miR 1458 -115 89 23
ID02001.5p-miR 1715 -110 90 22
ID00707.5p-miR 3860 -110 91 22
COL7Al; 11,3 miR-3677-5p 879 -113 90 22
miR-659-3p 1853 -110 90 22
miR-671-5p 4160 -119 90 23
ID00356.3p-miR 4491 -110 90 22
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Table C6 (continued)

1 2 3 4 5 6
miR-378a-5p 5130 -119 98 22

ID00101.3p-miR 6143 -113 90 22
1D02050.5p-miR 6240 -117 89 24
1D03025.5p-miR 7016 -104 92 20
ID03317.3p-miR 7503 -113 88 24
1D00542.3p-miR 8089 -123 88 24

COL2741; 3,6 1D00135.5p-miR 468 -110 95 21
ID01745.3p-miR 693 -110 90 23

miR-6803-5p 1294 -121 92 22

miR-4763-3p 1308 -129 91 24

ID00646.5p-miR 2115 -110 90 23

miR-939-3p 3221 -113 91 21

miR-6852-5p 3392 -106 91 21

1D02318.5p-miR 3989 -115 89 23

miR-3615 4064 -113 93 21

1D02238.5p-miR 4817 -121 90 23

CYPIAI 1,2 miR-6894-5p 567 -119 89 24
EGRI; 47,2 ID00564.5p-miR 806 -110 90 22
ID01787.3p-miR 1682 -115 89 23

ELN; 30,1 miR-331-5p 173 -110 91 22
ID00372.5p-miR 844 -125 92 24
1D02634.3p-miR 1417 -117 90 22
ID01107.3p-miR 2215 -119 90 23

FSCNI; 22,3  1D02191.5p-miR 405 -110 91 21
HLA-G; 0,1 ID01960.3p-miR 649 -106 93 20
HOXA10; 0,3 1D03242.5p-miR 171 -108 93 20
ID01415.5p-miR 718 -106 91 21

miR-4449 751 -121 92 22

ID00338.3p-miR 784 -119 93 21

IBSP; 0,1 miR-562 978 -93 92 20
ITGA3; 12,8  1D03393.3p-miR 3448 -115 92 22
ITGB4; 24,0 miR-3940-5p 192 -108 93 20
ID01388.5p-miR 200 -121 90 23
ID01739.3p-miR 2335 -110 91 21
1ID00261.3p-miR 2339 -110 90 22
1D02375.3p-miR 3093 -123 89 24
ID01972.5p-miR 4431 -110 93 20
ID00811.3p-miR 4443 -125 88 24
ID01995.3p-miR 4452 -106 94 19

miR-1225-3p 5167 -117 90 22

miR-8071 5481 -108 94 20

ID01005.5p-miR 5497 -110 90 23

LAMA3; 12,4  1D00586.3p-miR 96 -125 91 23
ID02198.3p-miR 4532 -102 91 21

miR-4300 6804 -93 96 18
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Table C7 - The characteristics of miRNA interactions with 3'"UTR mRNAs of ESCC candidate

genes.

Table C6 (continued)

1 2 3 4 5 6
LAMB3; 22,1  1D02430.3p-miR 1716 -121 89 23
LAMC2; 4,2  1D02668.5p-miR 347 -132 91 24
miR-617 375 -106 91 22

miR-29a-3p 2312 -102 91 22

miR-935 2716 -115 89 23

MEISI; 7,0 ID00610.3p-miR 761 -117 90 22
ID01633.3p-miR 765 -106 91 21

MFAP2; 1,0  1D00455.5p-miR 394 -115 89 23
miR-6871-3p 670 -113 90 22

MGLL; 63,8  1D00979.5p-miR 982 -117 89 23
MMP2; 52,3  1D02146.5p-miR 379 -125 91 23
miR-1285-5p 1376 -104 92 21

ID01636.5p-miR 1681 -108 91 21
ID01456.3p-miR 1691 -113 90 22

MMP3; 0,2 ID00314.3p-miR 132 -119 93 23
MMP9Y; 0,7 ID01341.5p-miR 220 -113 90 22
ID01104.5p-miR 698 -113 93 22

MMPI1; 0,8 miR-4479 38 -121 92 22
MMPI2; 0,1 miR-1245b-5p 780 -96 92 21
MMPI3; 0,0 miR-30d-3p 207 -104 91 22
SASHI; 35,6  ID03170.5p-miR 1478 -102 91 21
ID02281.5p-miR 4059 -115 90 22

SIX4; 0,5 ID00101.3p-miR 247 -113 90 22
ID01868.3p-miR 280 -129 88 24

SOX2; 15,9 1D03289.5p-miR 455 -106 93 20
ID01259.3p-miR 1218 -121 90 23

SULTIAIL; 2,7 1D00111.3p-miR 595 -106 93 20
1D02210.5p-miR 795 -110 90 22

SULTIA2; 0,2 1D00111.3p-miR 473 -106 93 20
1D02210.5p-miR 673 -110 90 22

TCF3; 8,0 ID03058.3p-miR 490 -119 89 24
1D02050.3p-miR 1217 -117 89 23

Gene; NX miRNA Position, AG, AG/AGm, Length,
nt kJ/mol % nt
1 2 3 4 5 6
ADAMTS2; 6,0 1D01758.3p-miR 5915 -121 88 24
AURKA; 7,7 miR-506-3p 1905 -102 92 21
BMP7; 17,2 ID01153.3p-miR 2164 -110 91 21
miR-5096 2815 -110 98 21
miR-5585-3p 2883 -108 93 22
CCNDI; 37,7 1ID01220.5p-miR 1159 -117 90 24
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Table C7 (continued)

1 2 3 4 5 6
miR-6865-3p 1350 -106 91 21
ID00108.3p-miR 3401  -125 89 24

COLIAI; 17,4 1D00076.5p-miR 4903  -106 91 21

COLIIAL; 0,0  miR-624-3p 5903  -98 92 21

ELN; 30,1  1D021193p-miR 2395  -113 90 22
miR-4800-5p 2773  -106 93 21
miR-4800-5p 3134  -108 94 21

ERCCI; 10,0 ID01358.5p-miR 1544  -127 94 24
miR-1273g-3p 2612 -108 93 21
miR-1273¢ 2655  -113 96 22

FSCNI; 22,3 miR-5739 1760  -104 92 20
miR-4763-3p 2482  -125 88 24
miR-4670-3p 2713  -102 91 22

HPGD; 32,0  1ID01950.5p-miR 1562  -96 90 22

IGFBP3; 11,7 1D01696.3p-miR 1753  -108 91 21

ITGA3; 12,8  ID02900.5p-miR 4576  -106 91 22

MGLL: 63,8  ID015433p-miR 1538  -115 90 22
miR-3136-3p 2407  -104 91 22
ID02815.3p-miR 3331  -110 91 21

MTHFR;: 3,5 1D03245.5p-miR 3350  -117 89 24
miR-8089 3460 -121 88 24
ID00345.3p-miR 6281  -119 89 23
miR-5585-3p 6300  -108 93 22
ID03407.3p-miR 6342 -108 91 22
miR-1285-5p 6399  -104 92 21
miR-5585-3p 7003  -110 95 22
ID02175.3p-miR 7051  -113 93 22

SASHI: 35,6  1D01334.3p-miR 5752  -113 90 22

SH3BGRL2; 29,3 miR-4666a-3p 4116  -96 94 21
miR-3658 4602 98 90 22

SIX4; 0,5 miR-5585-5p 4131  -106 91 22
SULTIAI; 2,7  miR-1285-5p 1529  -108 96 21
TCF3; 8,0 miR-328-5p 2787  -123 89 23
miR-7843-5p 3007  -110 90 22

Table C8 - The characteristics of the miRNA interactions with 5"UTR mRNAs of gastric
cancer candidate genes.

. Start of AG, AG/AGm, Length,
Gene; NX miRNA site, nt  kJ/mol % n%
1 2 3 4 5 6
AURKA; 4.3 miR-5095 420 -108 93 21
miR-619-5p 426 -119 98 22
DNMTI;9.0 1D02052.5p-miR 137 -134 90 24
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Table C9 - The characteristics of miRNA interactions with CDS mRNAs of gastric cancer candidate

genes.

Table C8 (continued)

1 2 3 4 5 6
EGFR;7.8  1D02457.3p-miR 89 -132 95 22
EZH2;2.7 1D027613p-miR 120 -138 93 24
FGFR2,9.3 1D03047.3p-miR 48 -132 89 24
JUN;47.0  1D02008.5p-miR 269 -123 91 22
KRAS;23.6 1D01310.3p-miR 17,29 -121,-123 92,94 22
ID03332.3p-miR 37 -132 89 24
LGALS3;36.9 1D00329.3p-miR 21 -125 91 22
MMP2;20.5 1D00278.3p-miR 110 123 89 23
ID03345.5p-miR 124 -127 90 24
NFKBI; 146 1D02064.5p-miR 128 -132 91 23
POUSFI;63  miR-1273a 181 119 90 25
miR-1273g-3p 203 -113 96 21
miR-1273d 237 119 87 25
PTEN; 17.8 ID01310.3p-miR 531 119 90 22
ID02761.3p-miR 533 -132 89 24
ID03037.3p-miR 536 -121 90 22
SFRPI;11.0 1D016413p-miR 111 -132 89 24
SMAD2;26.3 1D01492.3p-miR 16 -129 100 23
TGFBI; 12.8 1D00457.3p-miR 209 129 95 22
ID02064.5p-miR 211 -132 91 23
THBSI; 465  miR-328-5p 84 123 89 23
miR-6786-5p 88 -119 93 21
ID01652.3p-miR 113 -129 92 23
TIMP2;24.2 1D01520.3p-miR 60 123 92 21
ID00252.5p-miR 61 -134 90 24
ID02668.5p-miR 219 127 88 24
ID00961.3p-miR 239 -132 93 23
ID00049.5p-miR 269 -136 90 24
ID00417.3p-miR 278 -123 94 21
ID01293.5p-miR 281 -127 94 22
TIMP3;22.9 1D02903.3p-miR 1102 -121 90 22
TYMS,42 ID00252.5p-miR 87 -132 89 24

Gene; NX miRNA Position, AG, AG/AGm, Length,
nt kJ/mol % nt
1 2 3 4 5 6
ACE; 1.9 ID00522.5p-miR 62 -125 89 23
1D02294.5p-miR 64 -132 90 24
ARIDI1A4;19.5 1D01473.3p-miR 1093 -125 89 23
ID03167.3p-miR 1399 -123 91 23
ID01508.5p-miR 1459 -129 90 23
CDX2;0.1 ID01895.5p-miR 416 -138 93 24
1D00522.5p-miR 419 -125 89 23
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Table C9 (continued)

1 2 3 4 5 6
1D02052.5p-miR 608 -136 91 24
ID01041.5p-miR 609 -129 88 24

miR-3960 613 -117 93 20

EPHB2;2.3 miR-4253 1089 -102 100 18
IGFBP3;8.3 1D02982.3p-miR 435 -123 100 21
MUCI; 105.0 ID00645.5p-miR 507 -110 93 20
miR-6752-5p 510 -119 90 22

MUCE6; 76.6 miR-6815-3p 1218 -104 91 21
1D02841.5p-miR 1238 -108 93 20

miR-939-5p 1330 -121 88 24

0GGI;10.8  1D00920.5p-miR 882 -134 94 24
PARPI;159 1D01616.3p-miR 1275 -119 90 23
PGC; 963.7 1D01303.5p-miR 715 -115 92 20
SIRTI; 13.2 miR-4767 236 -134 94 23
ID01560.3p-miR 264 -123 &9 23
ID03332.3p-miR 280,287 -132,138 89,93 24
ID00278.3p-miR 294 -123 &9 23
ID00811.3p-miR 300 -125 88 24

Table C10 - The characteristics of miRNA interactions with 3'UTR mRNAs of gastric cancer
candidate genes.

Gene; NX miRNA Start of AG, AG/AGm, Length,
site, nt kJ/mol % nt
1 2 3 4 5 6
AQP3;3.9 miR-466 1255 -106 91 23
ID00436.3p-miR 1255 -104 89 23
1ID01030.3p-miR 1259, 1269 -108 89 23
BRCAIL; 5.1 miR-5095 6406 -106 91 21
miR-619-5p 6412 -119 98 22
miR-5096 6486 -110 98 21
miR-5585-3p 6554 -110 95 22
CASP10; 8.7 miR-1273h-5p 2234 -106 91 21
miR-1285-3p 2357 -106 91 22
miR-1273g-3p 2589 -108 93 21
miR-1273d 2623 -119 87 25
miR-1273h-5p 2623 -117 100 21
miR-619-5p 3247 -113 93 22
miR-5585-3p 3389 -108 93 22
CCNDI;19.2 miR-574-5p 2593+2597 (3) -108+-113  89+93 23
1D00470.5p-miR 2595, 2597 -108 89 23
CDHI;21.6 miR-1273¢ 3251 -110 91 22
miR-1273g-3p 3271 -108 93 21
miR-1273h-5p 3305 -113 96 21
CDHI17;0.3 miR-1273a 2773 -119 90 25
miR-1273g-3p 2795 -110 95 21
miR-1273d 2829 -121 89 25
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Table C10 (continued)

1 2 3 4 5 6
CDKNIA; 252  miR-4433-3p 1601 _106 91 21
CEACAMS;20.1  miR-5585-3p 2441 _108 93 22
miR-5095 3229 115 98 21

miR-619-5p 3235 119 98 22

miR-5585-3p 3378 113 96 22

CLDNI8; 126.9 miR-5095 1852 “106 91 21
miR-619-5p 1858 115 95 22

miR-1273h-3p 2053 113 90 22

CREBI; 13.3 miR-5095 2791 110 95 21
miR-619-5p 2797 119 98 22

miR-5096 2871 _106 94 21

miR-619-5p 2932 110 91 22

miR-5585-3p 2939 -108 93 22

ERBB3;32.9 miR-619-5p 4950 117 96 22
miR-619-5p 5104 121 100 22

F2R; 4.5 miR-5095 3239 115 98 21
miR-619-5p 3245 119 98 22

miR-5585-3p 3387 113 96 22

HPSE; 2.4 miR-1273g-3p 2081 _106 91 21
miR-1273g-3p 2376 -108 93 21

miR-5095 2759 -106 91 21

miR-619-5p 2765 110 91 22

miR-5096 2839 -110 98 21

IL10;2.0 miR-5095 1210 115 98 21
miR-619-5p 1216 119 98 22

miR-5096 1290 _106 94 21

IRFI; 17.5 miR-5095 2229 110 95 21
miR-619-5p 2235 115 95 22

miR-619-5p 2523 110 91 22

miR-5096 2597 -110 98 21

miR-5095 2653 -110 95 21

miR-619-5p 2659 119 98 22

miR-5585-3p 2800 110 95 22

KRAS;23.6  1D03224.5p-miR 3163 121 92 23
miR-1273g-3p 3176 -108 93 21

miR-1273f 3209 -104 100 19

LEP; 0.2 miR-5095 3094 -110 95 21
miR-619-5p 3100 119 98 22

miR-5096 3172 _104 92 21

miR-5585-3p 3240 -108 93 22

MACCI;50 ID01030.3p-miR 2962, 2976 -108 89 23
ID01727.5p-miR  2963+2981 (3)  -104 89 23

miR-466 29662990 (4) -104+-106  89:91 23

ID01030.3p-miR 39493965 (8) -108+-110  89+91 23

miR-466 3951+3967 (9) -106+-108  91+93 23

ID00436.3p-miR 39533967 (8) -104+-106  89+91 23

miR-619-5p 4856 117 96 22

miR-1273f 5717 -102 98 19
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Table C10 (continued)

1 2 3 4 5 6
miR-1273d 5718 -123 91 25
MDM2;9.8  miR-1273g-3p 2117 113 96 21
miR-1273g-3p 2486 -106 91 21
miR-1273¢ 2521 -108 93 22
miR-1273g-3p 6739 113 96 21
MTHFR; 13.6 miR-5095 6855 -110 95 21
miR-619-5p 6861 115 95 22
miR-5585-3p 7003 -110 95 22
MUC6,76.6  1D01401.3p-miR 7895 -108 91 21
PDCD4; 27.6 miR-5095 3215 -106 91 21
miR-619-5p 3221 121 100 22
miR-619-5p 3355 -110 91 22
PRKAAI; 221  miR-1273g-3p 2260 110 95 21
miR-1273f 2293 -102 98 19
miR-1273d 2294 121 89 25
ID01404.5p-miR 2297 113 91 23
miR-1273e 2303 -106 91 22
SGCB; 9.0 miR-1273¢ 3314 -110 91 22
miR-1273g-3p 3332 -110 95 21
SMAD4; 193 ID01838.5p-miR 4291 113 90 24
miR-1273g-3p 4312 110 95 21
ID01656.3p-miR 4342 115 89 23
miR-1273d 4346 119 87 25
ID01404.5p-miR 4349 115 93 23
1D02732.3p-miR 7721 123 91 23
miR-574-5p 77407756 (8) -108+-113  89+93 23
ID00470.5p-miR 7744+7752(5)  -108 89 23
ID00106.5p-miR 7825 -106 91 22
miR-574-5p 7830 -108 89 23
STAT3; 29.4 miR-5095 3125 -106 91 21
miR-619-5p 3131 119 98 22
miR-5585-3p 3268 -110 95 22
TGFBI; 12.8 miR-6089 2060,2065 -132,-136 89,91 24
ID03306.3p-miR 2060 -123 94 21
ID01382.3p-miR 2062 113 93 20
1D03208.5p-miR 2066 -125 88 24
miR-4651 2087 113 95 20
ID00978.5p-miR 2089 119 90 22
1D00296.3p-miR 2093 -140 89 25
miR-1183 4361 132 90 27
TIMP2;242  ID01941.5p-miR 1427 117 89 24
TIMP3;229  miR-1224-5p 3268 -104 96 19
TP53;12.0  ID00548.3p-miR 1393 115 89 23
1D02379.3p-miR 1397 119 89 24
miR-1273¢ 2297 -110 91 22
miR-1285-3p 2301 -110 95 22
miR-1273g-3p 2317 -106 91 21
miR-1273h-5p 2351 -106 91 21
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Table C10 (continued)

1 2 3 4 5 6
ID01838.5p-miR 2460 -110 88 24
ID00785.5p-miR 2520 -113 90 23

Table C11 - Characteristics of the binding sites of miRNA and mRNA in 5'UTR of genes involved
in the development of SIC.

Gene; NX miRNA Position, AG, AG/AGm,  Length,
nt kJ/mol % nt
APC; 4,7 miR-6809-3p 147 -102 91 21
CTNNBI,; 56,1 1D00477.5p-miR 77 -113 95 20
1D03206.5p-miR 152 -115 92 20
EGFR; 5,9 1D02457.3p-miR 89 -132 95 22
ERBB2; 28,0 miR-6090 25 -110 95 19
PROMI; 7,7 miR-1292-3p 288 -110 93 20
SMADA4,; 8,6 1D00577.3p-miR 160 -106 94 20
1ID00961.3p-miR 248 -127 90 23
SOATI; 4,9 1D03036.3p-miR 46 -115 89 23
SOX9; 8,2 1D01969.3p-miR 294 -113 96 20

Table C12 - Characteristics of the binding sites of miRNA and mRNA in CDS of genes involved in

the development of SIC.

Gene; NX miRNA Position, AG, AG/AGm, Length,

nt kJ/mol % nt

1 2 3 4 5 6

ATM; 7,6 miR-3681-3p 9439 -104 91 22

ASXLI; 15,1 ID01859.5p-miR 2370 -117 90 22

1D03444.5p-miR 4714 -106 93 22

CDKN2B; 19,2 miR-1229-3p 387 -115 89 23

1D02899.3p-miR 412 -132 89 24

CTNNBI; 56,1 miR-6083 1773 -98 92 20

EGFR; 5,9 1D02344.3p-miR 1779 -127 88 24

miR-525-5p 1854 -102 91 21

LRPIB; 0,0 1D02669.5p-miR 14051 -96 92 20

FBXW7, 4,3 1D02514.3p-miR 1243 -108 93 22

miR-3162-3p 2137 -108 91 21

MRCI; 9,7 1D02169.5p-miR 1259 -115 89 23

MSHG, 3,7 ID00156.5p-miR 246 -134 90 24

miR-4527 2816 -104 91 22

MUC2; 19,0 miR-6840-3p 381 -117 93 22

1D00910.3p-miR 8453 -110 90 22

PDXP; 2,3 1D01242.3p-miR 173 -125 91 24

ID01877.3p-miR 386 -123 88 24

ID01610.5p-miR 646 -110 91 21

PIK3CA; 3,5 1D00724.5p-miR 3043 -100 92 21
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Table C12 (continued)

1 2 3 4 5 6
SOX9; 8,2 ID00978.5p-miR 1065 -119 90 22
1D02011.3p-miR 1446 -106 93 20

UGTIAL 3,1 ID00091.5p-miR 465 -117 &9 23
VEGFA; 38,3 ID00678.3p-miR 627 -113 91 21
1D03097.3p-miR 888 -121 &9 23

Table C13 - Characteristics of the binding sites of miRNA and mRNA in 3'UTR of genes involved

in the development of SIC.

Gene; NX miRNA Position, AG, AG/AGm, Length,
nt kJ/mol % nt
APC; 4,7 miR-4693-5p 9182 -108 94 23
ASXLI; 15,1 miR-1910-3p 6549 -100 92 20
CD34; 18,1 miR-6124 1302 -102 92 20
miR-4716-3p 2459 -106 91 22
MUC6, 0,0 ID01401.3p-miR 7883 -108 91 21
NFI; 3,0 1D02733.5p-miR 10571 -89 91 21
miR-8067 10908 -102 92 22
SOX9; 8,2 1D00509.3p-miR 2153 -08 92 21
miR-466 3414 -104 89 23
VEGFA, 38,3 miR-1277-5p 2085 -96 88 24
miR-1277-5p 3275 -96 88 24
miR-1277-5p 3314 -96 88 24

Table C14 - Characteristics of the binding sites of miRNA and mRNA in 5'UTR of genes involved
in the development of CRC.

Gene; NX miRNA Position, AG, AG/AGm,  Length,
nt kJ/mol % nt
1 2 3 4 5 6
ADAMTS4; 7,9 ID00183.3p-miR 73 -102 91 21
ADAMTSS; 1,9 1ID00119.3p-miR 288 -121 92 22
ALDH?2; 124,7 1D02142.3p-miR 8 -123 92 21
APC; 3,3 miR-6809-3p 147 -102 91 21
ATF3; 17,3 1D02770.5p-miR 153 -115 92 20
BAG3; 37,2 miR-6850-5p 253 -121 92 22
BCL2LI,; 20,5 miR-877-5p 149 -104 92 20
BIRCS; 0,7 ID01145.3p-miR 110 -125 89 23
CD44; 19,1 ID01213.5p-miR 129 -121 90 23
1D02860.5p-miR 376 -113 91 21
CDC42; 46,3 miR-8088 52 -104 91 21
ID01838.5p-miR 115 -121 97 24
ID01767.5p-miR 120 -110 91 22
miR-1273g-3p 136 -113 96 21
CDHI, 26,4 1D00894.5p-miR 57 -123 89 23
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Table C14 (continued)

1 2 3 4 5 6
1D02781.3p-miR 60 -117 93 20

CTNNBI; 45,4 1D00477.5p-miR 77 -113 95 20
1D03206.5p-miR 152 -115 92 20

DCC; 0,0 miR-711 83 -110 90 22
ID01643.3p-miR 440 -121 92 22

ID00777.3p-miR 482 -115 92 23

miR-466 535, 543 -104 89 23

DCTNI; 29,9 ID01911.5p-miR 287 -125 91 23
DNMTI; 7,3 1D02052.5p-miR 137 -134 90 24
DNMT3B; 0,5 1D02106.3p-miR 49 -123 89 23
EGFR; 7,0 1D02457.3p-miR 89 -132 95 22
EPCAM; 140,8 ID01857.3p-miR 237 -117 92 21
1D00316.3p-miR 244 -119 89 23

ID01317.5p-miR 314 -115 &9 23

miR-328-5p 316 -123 89 23

ERBB2; 21,5 miR-6090 25 -110 95 19
ERBB3; 17,5 1D00099.3p-miR 114 -113 93 21
ESR2; 0,1 1D01280.3p-miR 41 -117 92 22
FASN; 19,5 miR-4430 52 -98 96 18
1D02256.3p-miR 76 -125 91 22

1D03120.3p-miR 81 -119 93 21

miR-6785-5p 87 -113 91 22

FMNL3; 3,3 ID00584.5p-miR 51 -117 90 22
miR-3960 52 -115 92 20

1D00296.3p-miR 53 -140 89 25

D01634.3p-miR 185 -121 89 23

FNI; 181,7 miR-6892-3p 17 -110 93 21
ID01723.5p-miR 109 -115 90 23

miR-1914-3p 230 -117 90 22

GSTPI; 161,0 ID00267.3p-miR 77 -115 93 21
1D03331.3p-miR 91 -129 90 23

HIFIA4; 18,9 miR-6789-5p 54 -132 90 24
ID01675.5p-miR 55 -121 92 21

1D02822.5p-miR 67 -127 91 23

HMOXI; 16,1 ID01152.3p-miR 75 -113 95 20
IGF2; 7,4 miR-3141 266 -104 94 19
KRAS; 7,5 ID01310.3p-miR 17,29 -121,-123 92, 94 22
1D03332.3p-miR 37 -132 89 24

ID00805.3p-miR 96 -113 91 21

MYC; 29,2 ID01662.3p-miR 14 -132 93 23
1D02429.3p-miR 16 -121 89 23

ID01881.5p-miR 22 -113 91 21

1D01432.3p-miR 296 -110 90 22

ODCI; 24,3 1D02624.3p-miR 114 -119 92 21
ID03156.5p-miR 177 -129 88 24

ONECUT2; 0,0 ID01774.5p-miR 151 -129 90 23
PPP2RIB; 3,7 1D01034.5p-miR 15 -121 92 21
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Table C14 (continued)

1 2 3 4 5 6
PROM1I; 6,0 miR-1292-3p 288 -110 93 20
PTEN; 10,9 1D02079.5p-miR 75 -115 92 20

1D02611.3p-miR 486 -125 91 22

ID03465.3p-miR 525 -119 92 22

ID01310.3p-miR 531 -119 90 22

ID02761.3p-miR 533 -132 &9 24

1D03037.3p-miR 536 -121 90 22

ID01315.3p-miR 705 -115 92 20

1D02429.3p-miR 790 -121 89 23

PTGS2; 9,2 1D03397.3p-miR 108 -123 92 21
SEPTY; 25,4 ID03387.3p-miR 361 -125 88 24
ID00149.3p-miR 370 -113 90 22

ID00529.5p-miR 370 -110 93 21

miR-6833-3p 371 -104 94 21

ID01352.3p-miR 694 -119 93 23

1D03324.3p-miR 696 -115 90 22

SERPINEI; 24,5 ID01098.3p-miR 30 -123 88 24
SFRP2; 47,6 ID03385.3p-miR 87 -117 90 23
1D00909.3p-miR 94 -119 89 23

SMAD?2; 5,1 1D01492.3p-miR 16 -129 100 23
ID01018.3p-miR 225 -123 88 24

SMADA4,; 9,2 ID00577.3p-miR 160 -106 94 20
ID00961.3p-miR 248 -127 90 23

SMAD?7; 9,1 miR-6786-5p 128 -117 92 21
1D03064.3p-miR 134 -138 90 24

SMOX; 2,6 ID01319.5p-miR 13 -106 93 20
1D00443.5p-miR 40 -123 89 24

ID00570.3p-miR 98 -113 90 22

SOCS2; 6,4 ID00850.3p-miR 445 -117 90 22
SOCS6; 5,6 miR-6081 60 -123 88 24
ID01911.5p-miR 86 -123 89 23

SPPI; 16,8 miR-1913 61 -117 92 22
STAT3, 40,7 ID00570.3p-miR 28 -115 92 22
miR-4665-3p 39 -136 85 26

TCF4; 5,4 miR-5196-5p 364 -115 92 22
ID01734.5p-miR 371 -113 90 22

TCF7L2; 12,0 miR-6124 308 -102 92 20
TGFBI; 19,2 miR-6877-5p 5 -113 90 22
ID03306.3p-miR 6 -121 92 21

1D02770.5p-miR 6 -115 92 20

ID00795.5p-miR 186 -117 92 22

ID00457.3p-miR 209 -129 95 22

1D02064.5p-miR 211 -132 91 23

ID00529.5p-miR 232 -108 91 21

miR-877-3p 233 -108 93 21

miR-6824-5p 708 -113 90 22

TGFBRI; 10,9 ID01590.3p-miR 16 -117 92 22
1D02174.5p-miR 38 -123 89 23
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Table C14 (continued)

1 2 3 4 5 6
TYMS; 4,2 1D00252.5p-miR 87 -132 89 24
1D01029.5p-miR 113 -115 90 22

1D02106.3p-miR 114 -125 91 23

UBAP2L; 15,4 1D03324.3p-miR 45 -115 90 22
WIFI; 0,1 ID01355.3p-miR 237 -115 92 20
XRCCI; 10,1 1D00850.3p-miR 37 -117 90 22
ZEBI; 20,3 ID01777.3p-miR 1 -121 89 23
ID00849.3p-miR 1 -117 90 22

ID01545.3p-miR 8 -110 91 21

Table C15 - Characteristics of the binding sites of miRNA and mRNA in CDS of genes involved in

the development of CRC.

Gene; NX miRNA Position, AG, AG/AGm, Length,

nt kJ/mol % nt

1 2 3 4 5 6

ABCG2; 2,8 1D02408.3p-miR 1672 -104 91 22

ADAMTS4, 7,9 1D03489.5p-miR 573 -123 88 24

1D00265.3p-miR 909 -115 92 22

ADAMTSS,; 1,9 1D01242.3p-miR 1097 -121 88 24

1D00306.5p-miR 1178 -119 92 22

miR-511-5p 2729 -102 92 21

AKAP4, 0,0 miR-7162-3p 302 -98 94 19

ALDH?2; 124,7 ID03270.3p-miR 153 -108 91 21

miR-1226-5p 156 -127 86 26

miR-4687-3p 171 -110 91 21

1D00223.5p-miR 1559 -119 89 23

ALOXIS5; 0,6 ID01385.5p-miR 258 -110 91 21

ARHGAP24; 1,6 1D01944.5p-miR 1165 -102 91 21

BCL2; 3,7 miR-1343-5p 606 -121 90 22

1D02256.3p-miR 715 -125 91 22

BIRCS; 0,7 miR-5095 352 -106 91 21

ID00913.5p-miR 378 -115 90 23

BMP4; 6,8 ID01699.5p-miR 906 -106 91 21

CASR; 0,0 ID01787.3p-miR 2421 -115 89 23

CCNDI; 9,7 miR-4731-3p 508 -110 91 22

CDC27; 6,7 miR-3127-3p 372 -113 90 22

CDHI; 26,4 miR-7160-3p 186 -106 91 21

ID01845.5p-miR 484 -119 90 22

1D00254.3p-miR 573 -110 90 22

1D00982.3p-miR 2454 -100 92 20

CDXI,; 41,0 ID01491.3p-miR 189 -123 89 23

ID00663.5p-miR 190 -125 89 23

IDO1181.5p-miR 193 -110 93 20

ID00087.3p-miR 309 -115 92 22

COL3Al; 180,1 miR-6798-5p 651 -121 90 23
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Table C15 (continued)

1 2 3 4 5 6
miR-3909 3517 -113 93 22

ID02852.5p-miR 3593 -117 92 23

CTNNBI; 45,4 miR-6083 1773 -98 92 20
CYPIAI 1,0 miR-6894-5p 567 -119 89 24
CYPIBI; 2,4 ID01181.5p-miR 543 -113 95 20
1D03408.3p-miR 816 -110 90 22

DCC; 0,0 ID00432.3p-miR 2971 -102 91 22
DCTNI; 29,9 miR-4633-5p 1498 -100 92 20
DNMTI; 7,3 ID00389.5p-miR 3797 -125 94 22
ID03063.3p-miR 4833 -110 90 22

DNMT3B; 0,5 ID02759.5p-miR 788 -108 93 21
DPYD; 4,8 1D02288.5p-miR 1897 -115 89 23
EGFR; 7,0 1D02344.3p-miR 1779 -127 88 24
miR-525-5p 1854 -102 91 21

ERBB2; 21,5 ID00692.3p-miR 3815 -113 90 22
miR-4734 3817 -119 90 22

ESRI; 0,2 1D02606.5p-miR 409 -106 91 22
ID02556.3p-miR 1852 -115 90 23

FASN; 19,5 miR-7161-3p 146 -127 86 28
miR-3656 1345 -102 98 17

ID01548.5p-miR 3054 -119 89 23

1D03291.3p-miR 3428 -119 &9 23

1D02020.3p-miR 5146 -115 90 22

ID01995.3p-miR 5324 -106 94 19
ID01336.3p-miR 5991 -138 90 24
miR-3940-5p 7090 -113 96 20

FMNL3; 3,3 ID00564.5p-miR 1626 -110 90 22
FNI; 181,7 miR-6756-5p 1156 -123 92 23
ID02776.5p-miR 1392 -110 90 22

miR-3926 2596 -104 92 21

GSTM1; 10,1 ID01955.3p-miR 462 -108 89 23
HMGBI; 37,4 miR-3653 264 -89 98 18
ID03324.3p-miR 746 -115 90 22

ID00777.3p-miR 748 -113 90 23
IRS1; 5,7 1D02344.3p-miR 412 -127 88 24
ID03141.5p-miR 1416 -110 91 21
ID02266.5p-miR 2084 -102 92 20
ID00372.5p-miR 2085 -121 89 24

miR-4655-3p 2380 -113 91 21

ID01753.3p-miR 3446 -106 93 21

KISS1; 0,0 1D02978.3p-miR 560 -119 90 22
KSRI; 4,1 1D03489.3p-miR 472 -121 88 24
1D02362.5p-miR 664 -108 93 20
MSH6; 4,2 ID00156.5p-miR 246 -134 90 24
miR-4527 2816 -104 91 22

MTAL; 20,6 D01524.3p-miR 406 -113 91 22
1D03238.3p-miR 421 -117 90 23
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Table C15 (continued)

1 2 3 4 5 6
ID01593.5p-miR 1003 -119 89 23
ID01702.3p-miR 2271 -134 89 24
MUCI; 54,8 ID00645.5p-miR 507 -110 93 20
miR-6752-5p 510 -119 90 22

MUC2; 65,5 miR-6840-3p 381 -117 93 22
ID00910.3p-miR 8453 -110 90 22

MUTYH; 5,7 miR-331-5p 1212 -110 91 22
MYC; 29,2 miR-6761-5p 989 -104 91 21
NOTCHI; 14,1 ID01953.5p-miR 46 -123 91 22
miR-1271-5p 1242 -108 91 22

1D03029.3p-miR 2480 -108 91 21

1D02396.5p-miR 4096 -113 91 22

ID02151.5p-miR 4415 -119 93 23

1D03324.3p-miR 4972 -115 90 22

1D02890.3p-miR 5181 -119 89 23

miR-486-3p 6091 -106 91 21

ID01469.5p-miR 6766 -123 92 22

0GGI; 5,1 1D02210.5p-miR 443 -110 90 22
1D03142.5p-miR 443 -104 92 20
1D00920.5p-miR 882 -134 94 24

PIK3CA; 4,2 ID00724.5p-miR 3043 -100 92 21
PIK3CG; 0,3 miR-6815-5p 1022 -115 90 23
miR-3129-3p 3077 -104 92 22

POLDI; 5,4 ID03196.3p-miR 103 -121 88 24
ID03387.3p-miR 203 -129 91 24

ID03114.3p-miR 1069 -113 91 21

miR-629-3p 1073 -110 91 22

1D03320.3p-miR 1607 -113 90 22

ID03070.3p-miR 2588 -119 90 22

POLE; 4,6 ID00782.3p-miR 4899 -110 90 22
1D02748.3p-miR 6116 -119 89 23

miR-3192-3p 6150 -108 93 21

PPARD; 14,7 miR-4751 517 -117 89 24
SEPTY; 25,4 1D03428.5p-miR 1039 -117 90 22
miR-8069 1350 -119 &9 23

miR-4507 1362 -108 93 20

SERPINEI; 24,5 miR-4758-3p 277 -119 90 23
ID01786.5p-miR 542 -125 88 24

SFRP2; 47,6 miR-3677-5p 243 -115 92 22
miR-4465 642 -110 93 22

SIRTI; 6,6 1D03324.3p-miR 435 -115 90 22
SMAD?7; 9,1 ID00529.5p-miR 369 -113 95 21
miR-6729-5p 722 -119 90 22

SMOX; 2,6 miR-5047 593 -102 91 21
ID00211.3p-miR 1093 -113 90 22

1D03343.3p-miR 1101 -110 90 22

miR-3148 1240 -102 91 22
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Table C15 (continued)

1 2 3 4 5 6
SOCS2; 6,4 1D02930.3p-miR 681 -132 89 24
SRM; 24,0 1D02434.5p-miR 110 -125 89 24
ID01652.3p-miR 112 -125 &9 23

miR-6786-5p 114 -121 95 21

STAT3; 40,7 ID00857.5p-miR 1116 -119 90 23
TGFBI; 19,2 miR-6742-5p 2047 -110 90 22
TGFBRI; 10,9 ID02984.3p-miR 112 -123 92 22
ID03332.3p-miR 127 -134 90 24

ID01310.3p-miR 128 -121 92 22

ID03332.3p-miR 130 -134 90 24

ID01310.3p-miR 131 -121 92 22

ID03332.3p-miR 133 -136 91 24

miR-6887-3p 733 -104 91 21

THBS2; 12,4 miR-192-3p 1597 -108 93 22
miR-598-3p 2942 -104 91 22
TLR2; 3,4 ID00935.5p-miR 295 -104 94 20
INF; 0,6 1D02050.3p-miR 230 -121 92 23
TNFRSF4; 1,7 1D02542.5p-miR 51 -127 88 24
miR-4494 384 -110 90 22
75C1; 7,9 miR-324-3p 3302 -110 96 20
VEGFA; 25,0 ID00678.3p-miR 627 -113 91 21
ID03097.3p-miR 888 -121 89 23
XRCCI; 10,1 miR-4763-3p 964 -125 88 24
ZEBI; 20,3 ID00777.3p-miR 3246 -117 93 23
ID03324.3p-miR 3250 -115 90 22

ID00777.3p-miR 3252 -113 90 23

Table C16 - Characteristics of the binding sites of miRNA and mRNA in 3'UTR of

genes involved in the development of CRC.

Gene; NX miRNA Position, AG, AG/AGm, Length,
nt kJ/mol % nt
ADAMTS4;7,9 1D01334.3p-miR 4131 -113 90 22
AGMAT; 2,1 miR-1273g-3p 1617 -108 93 21
1D01237.3p-miR 1988 -113 88 24
miR-4452 2253 -102 89 23
miR-5096 2281 -110 98 21
miR-5585-3p 2349 -108 93 22
miR-1285-5p 2448 -104 92 21
ID02744.3p-miR 2509 -102 91 22
miR-619-5p 2517 -119 98 22
miR-5096 2580 -110 98 21
miR-1273g-3p 2731 -113 96 21
1D01404.5p-miR 2768 -110 90 23
miR-1273¢ 2774 -113 96 22
ALOXI15; 0,6 miR-1273g-3p 2394 -115 98 21
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1 2 3 4 5 6
miR-1273d 2431 121 89 25
APC; 3,3 miR-4693-5p 9182 -108 94 23
ATF3; 17.3 miR-6746-5p 1690 -119 93 22
BAG3; 37,2 miR-6515-3p 2353 -100 92 20
BCL2; 3,7 1D03441.3p-miR 3613 -110 90 22
BCL2L1; 20,5 miR-6842-5p 1693 115 93 22
1D02328.5p-miR 2459 -123 92 23
CASR; 0,0 ID01309.3p-miR 4776 113 90 23
CCNDI; 9,7  1D01220.5p-miR 1159 117 90 24
miR-6865-3p 1350 -106 91 21
ID01543.3p-miR 2963 117 92 22
1D00529.5p-miR 2972 113 95 21
1D00108.3p-miR 3401 -125 89 24
CDC27: 6,7 1D02587.3p-miR 44438 -102 91 22
CDHI; 26,4 miR-1273¢ 3251 -110 91 22
miR-1273g-3p 3271 -108 93 21
miR-1273h-5p 3305 113 96 21
ID01838.5p-miR 3413 110 88 24
CEACAM3; 0,2 ID00128.3p-miR 797 115 93 22
CYPIBI; 24  1D02086.5p-miR 2334 -104 91 23
DCTN5; 10,1 _1D00750.3p-miR 2706 -110 91 22
ID01692.5p-miR 3069 -104 91 22
miR-619-5p 6471 -110 91 22
ID01836.5p-miR 6696 115 92 23
miR-1285-5p 6712 -106 94 21
miR-1303 6722 -106 91 22
miR-5585-3p 7172 -106 91 22
ERBB3; 17,5 miR-619-5p 4950 117 96 22
miR-619-5p 5104 121 100 22
ESRI; 0,2 1D03196.3p-miR 3339 -121 88 24
miR-6879-5p 3593 113 90 22
FASN; 19,5 1D00978.5p-miR 7689 119 90 22
ID00611.5p-miR 7810 117 90 23
FMNL3; 3,3 miR-4436b-5p 4403 115 92 22
ID01746.3p-miR 6295 -106 91 21
ID01754.3p-miR 6572 121 88 24
miR-6788-5p 8531 -102 91 21
GREMI; 29,7  1D03324.3p-miR 2759 115 90 22
1D02426.5p-miR 3153 91 90 22
HMOXI; 16,1 miR-3155a 1228 -106 91 21
IGF2; 7.4 1D00470.5p-miR 2837 -110 91 23
ID01151.3p-miR 3500 -121 88 24
miR-5002-5p 3716 -106 88 24
1D03383.3p-miR 4292 115 90 23
IGF2BP3; 0,0 1D03447.3p-miR 4088 -104 91 22
IRSI; 5,7 ID00436.3p-miR 74027425 (3) _ -104 89 23
KRAS: 7,5 1D03224.5p-miR 3163 -121 92 23
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1 2 3 4 5 6
miR-1273g-3p 3176 -108 93 21

miR-1273f 3209 -104 100 19

miR-7110-5p 4965 110 93 21

MACCI; 0,3 miR-619-5p 4856 117 96 22
ID00913.5p-miR 4876 115 90 23

1D03437.5p-miR 4958 96 92 22

miR-5585-3p 4997 113 96 22

MDM?2; 4,7 miR-1273g-3p 2117 113 96 21
ID01404.5p-miR 2154 110 90 23

ID01815.5p-miR 2257 -106 89 23

ID01360.3p-miR 2476 “104 91 21

miR-1273g-3p 2486 _106 91 21

miR-1273¢ 2521 “108 93 22

miR-3929 3013 115 93 23

ID01838.5p-miR 3214 110 88 24

miR-1285-3p 3218 _106 91 22

miR-1273g-3p 6739 113 96 21

MTAIL; 20,6 ID00791.5p-miR 2360 127 88 24
miR-6829-5p 2383 -104 92 20

1D00899.5p-miR 2736 115 92 21

MTAP; 3,2 miR-5708 2277 -102 92 20
miR-5585-3p 2431 115 98 22

ID01836.5p-miR 2530 117 93 23

miR-1285-5p 2546 -106 94 21

1D02799.5p-miR 3532 117 89 23

MTHFR; 4,5  1D03245.5p-miR 3350 117 89 24
miR-8089 3460 “121 88 24

ID00345.3p-miR 6281 119 89 23

miR-5585-3p 6300 -108 93 22

1D03407.3p-miR 6342 “108 91 22

miR-1285-5p 6399 _104 92 21

IDO1811.5p-miR 6844 117 93 22

miR-5095 6855 -110 95 21

miR-619-5p 6861 115 95 22

miR-5585-3p 7003 -110 95 22

ID02175.3p-miR 7051 113 93 22

NOTCHI; 14,0 1D02808.3p-miR 8813 -125 91 23
ONECUT?2; 0,0 miR-548£-5p 3190 -96 90 22
miR-548ah-5p 3465 93 94 20

miR-548aj-3p 4398 91 93 21

1D02759.5p-miR 12801 “108 93 21

PIK3CG; 0,3 miR-1285-5p 5164 -108 96 21
miR-5585-3p 5226 _106 91 22

1D02566.3p-miR 5262 113 91 22

miR-1303 5335 -106 91 22

PPARD; 14,7 miR-4632-5p 2738 119 89 23
PPP2RIB; 3,7 miR-7850-5p 2198 _102 91 21
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1 2 3 4 5 6
miR-4452 3026 -102 89 23

miR-5585-3p 3124 -115 98 22

PTP4A43; 29,5 miR-4539 926 -113 90 22
SEPTY; 25,4 ID00222.3p-miR 3244 -121 90 22
1D03308.3p-miR 3244 -119 92 21

1D00414.3p-miR 4238 -108 93 20

SMAD?2; 5,1 miR-1273a 6065 -117 89 25
ID01838.5p-miR 6066 -113 90 24

1D01404.5p-miR 6124 -110 90 23

SMAD4; 9,2 ID01838.5p-miR 4291 -113 90 24
miR-1273g-3p 4312 -110 95 21

1D02732.3p-miR 7721 -123 91 23

ID00106.5p-miR 7825 -106 91 22

miR-574-5p 7830 -108 &9 23

ID01592.3p-miR 8227 -117 89 23

SMOX; 2,6 miR-423-5p 2280 -113 90 23
SRM; 24,0 1D03281.3p-miR 1177 -100 94 20
STAT3, 40,7 miR-5095 3125 -106 91 21
miR-619-5p 3131 -119 98 22

ID00345.3p-miR 3249 -119 &9 23

miR-5585-3p 3268 -110 95 22

ID01836.5p-miR 3359 -117 93 23

ID01774.5p-miR 3782 -129 90 23

TGFBRI; 10,9 miR-938 1901 -106 91 22
TP53; 9,3 miR-1273h-5p 2351 -106 91 21
ID01838.5p-miR 2459 -115 92 24

ID00785.5p-miR 2520 -113 90 23

UBAP2L; 15,4 ID01054.5p-miR 3531 -119 90 22
VEGFA; 25,0 miR-1277-5p 2085 -96 88 24
miR-1277-5p 3275 -96 88 24

miR-1277-5p 3314 -96 88 24
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