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Abstract. Kidney cancer is one of the most heterogeneous malig-
nant tumors of the urinary system. Despite the development of imaging
techniques and the improvement of surgical approaches, there remains
a high frequency of late diagnosis, recurrence, and the formation of
drug resistance. In recent years, special attention has been paid to the
epigenetic mechanisms of carcinogenesis, primarily DNA methylation,
which is considered as an early, stable, and potentially reversible process
of tumor transformation. The aim of the study is to systematize current
data on the role of epigenetic markers and epigenetically modified genes
in kidney cancer and identify promising areas for their use in diagnosis,
prediction, and personalization of treatment using machine learning
methods. This systematic review of scientific publications for the period
2008-2026 was performed using the databases PubMed, Scopus, Web of
Science, TCGA, and GEO. The analysis includes studies on DNA methyla-
tion, CpG signatures, epigenetic markers, as well as the use of machine
learning algorithms (Random Forest, LightGBM, XGBoost). It has been
shown that epigenetic changes in genes regulating the processes of dif-
ferentiation, angiogenesis and immune response have high diagnostic
and prognostic significance. The integration of DNA methylation data
with machine learning algorithms makes it possible to generate com-
pact CpG signatures that are promising for early diagnosis, recurrence
prediction, and evaluation of the effectiveness of antitumor therapy.
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Epigenetic markers of kidney cancer and machine learning in their clinical application: literature review

The use of epigenetic markers in combination with machine learning
methods opens up new opportunities for personalized oncourology,
providing more accurate stratification of patients and optimization of
treatment tactics.

Keywords: kidney cancer, DNA methylation, machine learning,
personalized oncology, relapse prognosis.

Introduction.

Kidney cancer is one of the most serious problems of modern oncourology, being one of the
ten most common cancers in developed countries [1]. According to data for 2020-2025, renal cell
carcinoma accounts for about 2% of all global diagnoses and deaths from malignant neoplasms,
while in developed countries the incidence has more than doubled over the past half century
[2]. In Russia and Eastern European countries, morbidity rates remain among the highest in the
world, which requires the search for new approaches to early diagnosis [1].

From a clinical and molecular biological point of view, kidney cancer is an extremely het-
erogeneous disease. Its biological behavior ranges from indolent, randomly detected formations
to extremely aggressive forms with early systemic metastasis [3]. Clear cell renal cell carcinoma
(CCCC) dominates the incidence structure, accounting for 75-80% of all cases [4]. Despite the
fact that more than 50% of tumors are now detected accidentally by ultrasound or CT, about 25-
30% of patients already have a metastatic stage at the time of diagnosis, with a five-year survival
rate of only 12-12.3% [4].

Traditional prognostic systems such as TNM staging, Furman score, and creatinine clearance,
although they remain the “gold standard”, are often unable to account for the internal molecular
variability of the tumor [5,6]. The introduction of targeted therapy and checkpoint inhibitors
into practice has significantly improved the prognosis for patients with advanced stages, but
the problem of developing resistance remains unresolved [6]. This highlights the urgent need
to develop a new generation of biomarkers capable of not only diagnosing the disease, but also
predicting the response to therapy.

Between 2008 and 2026, the focus of research shifted from genetic mutations to epige-
netic changes. Epigenetics studies the mechanisms of regulation of gene expression that do not
affect the DNA nucleotide sequence itself, but critically affect the cellular phenotype [6]. The key
process here is DNA methylation, the attachment of a methyl group to cytosine in CpG dinucle-
otides. Aberrant hypermethylation of the promoter regions of tumor suppressor genes leads to
their “silencing”, which is one of the earliest events of carcinogenesis [7].

Inactivation of the VHL (von Hippel-Lindau) gene plays a special role in the pathogenesis
of ccRCC. In addition to somatic mutations, hypermethylation of the VHL promoter is observed in
10-15% of cases of sporadic kidney cancer, acting as an alternative mechanism for gene inactiva-
tion at the earliest stages of tumor transformation [7]. In addition to DNA methylation, changes
in microRNA profiles (for example, miR-210 and miR-34a) are involved in pathogenesis, which
regulate the processes of angiogenesis and apoptosis [6].

The advantage of epigenetic markers is their high stability and the possibility of detection
in biological fluids (blood plasma, urine) by liquid biopsy, which opens the way to non-invasive
screening [2]. However, the high dimensionality of the data obtained using modern sequencing
and methylation arrays (Infinium Human Methylation 450K/EPIC) makes it impossible to analyze
them using traditional statistical methods.
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This is where artificial intelligence technologies come to the fore. Over the past decade,
machine learning methods such as Random Forest, Gradient Boosting, and LASSO regression
have become a key tool for finding meaningful biomarkers among thousands of CpG sites [5].
The use of ML makes it possible to create complex multigenic signatures (for example, from 31
CpG sites) that demonstrate an accuracy of predicting survival and classifying tumor subtypes
exceeding 95-99% [8-9].

Thus, the purpose of this review is to systematize data on the most significant epigenetic
markers of kidney cancer identified between 2008 and 2026, and to analyze the effectiveness
of machine learning methods in creating predictive and diagnostic models that can change the
paradigm of patient management towards personalized medicine.

Materials and methods

Objective

To systematize current data on the role of epigenetic markers and epigenetically modified
genes in kidney cancer and to identify promising areas for their use in the diagnosis, prediction,
and personalization of treatment using machine learning methods.

The present study provides a systematic review of scientific publications devoted to the
study of molecular and epigenetic biomarkers of kidney cancer, with an emphasis on their clinical
application and integration with machine learning methods.

The search for relevant sources was conducted in the international electronic databases
PubMed, Scopus and Web of Science, as well as using the resources of The Cancer Genome Atlas
(TCGA) and Gene Expression Omnibus (GEO). The search time interval covered the period from
2008 to 2026. The following keywords and their combinations were used to identify publications:
“renal cell carcinoma”, “kidney cancer”, “DNA methylation”, “epigenetics”, “CpG islands”, “biomark-
ers”, “machine learning”, “Random Forest”, “XGBoost”, “LightGBM". The process of identification,
screening, and inclusion of sources is shown in the PRISMA 2020 flowchart (Figure 1).

The inclusion criteria included the selection of peer-reviewed studies based on human
clinical material, which evaluated the genetic and epigenetic markers of kidney cancer, includ-
ing changes in DNA methylation patterns, features of gene expression regulation, as well as the
results of the use of proteomic, metabolomic, and liquid biopsy methods. The analysis included
publications containing a quantitative and/or qualitative assessment of the diagnostic, prog-
nostic, or therapeutic significance of the biomarkers under study, as well as papers on the use
of machine learning methods for analyzing molecular data.

The exclusion criteria were studies with a small sample size, lack of correct statistical
processing or insufficient reproducibility of the results, as well as publications without clinical
interpretation of the identified molecular changes. Additionally, duplicate papers and studies
that did not contain original data or significant methodological contributions were excluded.

The initial search allowed us to identify 92 publications. After removing duplicates and
analyzing annotations, a full-text selection was performed, according to the results of which 41
studies were included in the final review. Of these, 35 presented original clinical, laboratory and
molecular studies, and 6 presented review papers on the mechanisms of epigenetic regulation
of the tumor process.

Most of the included publications (n = 38) were in English, while 3 sources were presented
in Russian. When there were several papers with identical or overlapping datasets, priority was
given to later studies with greater methodological completeness and analytical depth.
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Figure 1. Flowchart of the PRISMA 2020 publication selection process. Source:
compiled by the authors

The analysis of the selected publications was carried out using qualitative data synthesis
with the identification of key areas: the diagnostic significance of epigenetic markers, their pre-
dictive value, as well as the possibility of using machine learning algorithms to build predictive
models for kidney cancer.

Results

The analysis of the studies included in the review showed that molecular and epigenetic
biomarkers occupy a key place in interpreting the mechanisms of initiation and progression of
kidney cancer and have significant potential for clinical use. Modern research demonstrates a
steady transition from the assessment of individual molecular parameters to the use of complex
multigenic and epigenetic signatures. This is due to the pronounced biological heterogeneity of
renal cell carcinoma and the limited informative value of single markers, which often do not take
into account the variability of the tumor microenvironment [2-4].

The greatest attention in the analyzed publications is paid to the ccRCC, which accounts
for up to 80% of all cases of the disease. This subtype is characterized by a wide range of epige-
netic disorders, primarily aberrant DNA methylation in the promoter regions of genes involved
in the control of the cell cycle, hypoxic response, and angiogenesis [3]. Studies confirm that these
changes occur at the earliest stages of tumor transformation, often preceding morphological
changes in the tissue [10, 11].
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Among the most studied molecular factors, the VHL (von Hippel-Lindau) gene occupies
a special place. The violation of its function in ccRCC can be caused not only by structural mu-
tations or loss of heterozygosity, but also by epigenetic inactivation. Hypermethylation of the
VHL promoter region is detected in 10-15% of cases of sporadic kidney cancer [10, 11]. This
mechanism leads to stabilization of hypoxia-induced factors (HIF-1a and HIF-2a), which triggers
transcription of target genes responsible for neoangiogenesis, glycolysis, and cell growth [12,
13]. The combination of genetic and epigenetic VHL disorders, according to large-scale TCGA
studies, correlates with a more aggressive course of the disease and a significant decrease in
overall survival [14].

In addition to VHL, considerable attention is paid to the genes RASSF1A, CDKN2A, SFRP1
and GSTP1. They show a high frequency of hypermethylation in tumor tissue (from 23% to 60%)
compared with unchanged renal parenchyma [15].

@ RASSF1A: This gene is involved in cell cycle regulation and microtubule stabilization. Its
hypermethylation is closely associated with advanced stages according to the TNM classification
(T3-T4) and the presence of distant metastases [16]. Machine learning models identify RASSF1A
methylation as one of the most stable predictors of an unfavorable outcome [6, 16].

® CDKNZ2A (p16): changes in this locus are considered as an indicator of increased prolif-
erative activity. Methylation of the CDKN2A promoter leads to loss of control over the G1/S point
of the cell cycle, which correlates with a high score on the Furman scale and a poor prognosis [17].

@ SFRP1: epigenetic suppression of the expression of this gene leads to hyperactivation of
the Wnt/B-catenin signaling pathway. This contributes not only to invasive growth, but also to the
epithelial-mesenchymal transition, which is critical for the metastatic spread of the tumor [18].

@ GSTP1: methylation of this gene is often associated with cell protection from oxidative
stress. In the context of kidney cancer; its inactivation can serve as an early diagnostic marker
found in biological fluids [19].

The performance of machine learning algorithms applied to epigenetic data for predicting
clinical outcomes in kidney cancer is summarized in Table 1.

Table 1
Performance of machine learning algorithms for the analysis of epigenetic
data in kidney cancer

Algorithm type | Input data Forecast Accuracy (AUC /
C-index)
Random Forest | DNA Methylation Risk of Metastasis | 0.88
XGBoost Epigenetic and Clinical Overall Survival 0.92
Data
Neural Networks | Multi-Genome Profiles Response to 0.85
Therapy
Light GBM CpG sites (ctDNA) Early relapse 0.90

Source: compiled by the authors based on data from [6,15-19]

The results of the analysis indicate a significant increase in interest in the development of
compact CpG signatures that include a limited number of the most informative methylation sites.
Such panels are selected using advanced statistical methods and machine learning algorithms,
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which makes it possible to minimize data redundancy and identify the most stable markers
[19-22]. According to the analyzed studies, multilocus signatures are significantly superior to
single biomarkers in their diagnostic and prognostic effectiveness, since they are able to take
into account the internal heterogeneity of the tumor.

In particular, compact panels comprising 7 to 15 specific CpG sites demonstrate excep-
tional accuracy of differentiation of tumor tissue and normal renal parenchyma, reaching AUC
values above 0.90 [5]. To solve more complex clinical problems, such as long-term prognosis
of survival, advanced models using sets of 25-40 CpG sites are used [19]. The stability of these
models is confirmed by the results of external validation on independent samples (for example,
data from the GEO repository), where they show reproducible results [22].

The biological significance of such models is supported by the fact that most of the selected
CpG sites are localized in regulatory regions of genes critically important for carcinogenesis. These
are the genes responsible for neoangiogenesis, metabolic restructuring, and the formation of a
suppressive immune microenvironment of the tumor [23]. The integration of these signatures
into clinical practice can significantly improve the accuracy of stratification of patients by risk
groups (Table 2).

Table 2
Characteristics of key CpG signatures in kidney cancer (2008-2026)

Biomarker Sample Sensitivity/specificity Application
type

SHOX2 Blood 81% / 95% Monitoring of recurrence after
plasma nephrectomy

SEPT9 Blood 68% / 89% Early screening and diagnosis
plasma

RASSF1A Urine 72% / 90% Non-invasive screening of risk

groups

ctDNA-panel Blood >85% (combined Detection of minimal residual

plasma sensitivity) disease

Source: compiled by the authors based on data from [5, 22-23]

Machine learning methods are currently widely used to analyze high-dimensional epige-
netic data. In research from 2008 to 2026, Random Forest, Support Vector Machine, XGBoost,
and LightGBM became the most popular algorithms for constructing classification and predic-
tive models [12, 13, 21-23]. These approaches make it possible to efficiently process arrays of
methylation data (big data) and identify complex nonlinear relationships between epigenetic
features and clinical outcomes, which often escape when using classical statistics [24].

The greatest predictive power is demonstrated by models that include multi-stage pre-se-
lection of the most informative features (feature selection) and mandatory external validation
on independent patient samples [24]. Additionally, it was found that the integration of DNA
methylation profiles with gene expression data allows for deeper consideration of the biologi-
cal heterogeneity of the tumor, identifying prognostically significant subgroups of patients who
require different surveillance strategies [12, 23].

In most of the analyzed works, such models reach AUC values (area under the curve)
above 0.85, which confirms their high diagnostic reliability. In separate studies using optimized
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CpG signatures and deep learning, an AUC of 0.99 is reported [25]. The stability and accuracy of
these models are confirmed by validation on independent cohorts, which makes them promising
for implementation in medical decision support systems [126]. It is noteworthy that many prog-
nostically significant CpG sites are localized outside of traditional CpG islands, which indicates
the critical role of methylation in broader regulatory regions of the genome.

The results of the review also indicate a marked increase in interest in the use of epigenet-
ic markers in the framework of liquid biopsy technologies. Compared with traditional invasive
methods, the analysis of biological fluids provides the possibility of dynamic monitoring of the
tumor process, which is especially critical for patients with high operational risk or advanced
forms of the disease [27].

Studies show that the analysis of circulating tumor DNA (ctDNA) methylation in blood
plasma makes it possible to identify the tumor process at an early stage and monitor the presence
of minimal residual disease after surgery [28]. ctDNA epigenetic signatures are characterized by
high stability and frequency of occurrence compared to somatic mutations, which significantly
increases their diagnostic value with a low volume of tumor load [29].

Special attention is paid to the hypermethylation of the promoter regions of the RASSF1A4,
VHL, and APC genes. These markers are consistently detected in the blood plasma of patients
with renal cell carcinoma, and their concentration correlates with the stage of the disease and
the risk of metastasis [15-17]. The inclusion of these indicators in combined multigenic panels
can significantly increase the sensitivity of liquid biopsy (Table 3).

Table 3
Epigenetic markers of liquid biopsy in kidney cancer (2008-2026)
Panel Name Number of Markers Data Type Accuracy
CpG Signature 126 126 sites Methylation Array 0,94
Diagnostic Panel 7 7 genes Q-MSP 0,89
Survival Signature 31 31 sites NGS / array 0,91
Integrative Omics Methylation + RNA Multiplatform analysis 0,96

Source: compiled by the authors based on data from [21, 25-29]

An analysis of modern publications from 2008-2026 has shown that epigenetic regulation
involving microRNAs (miRNAs) and long non-coding RNAs (Inc RNAs) plays a fundamental role in
the pathogenesis of kidney cancer. These molecules are considered as one of the most promising
sources of new biomarkers, as they have high stability in biological fluids and tissues [30-33].
Disruptions in the expression of non-coding RNAs have a systemic effect on gene networks that
regulate the cell cycle, neoangiogenesis, and modulate immune responses in the tumor microen-
vironment, which together contribute to aggressive growth and metastatic disease progression.

A number of studies convincingly prove that a marked decrease in the expression of mol-
ecules such as miR-141, miR-200c and miR-30a is a key trigger of the epithelial-mesenchymal
transition. This leads to a loss of intercellular contacts and a sharp increase in the invasive and
metastatic potential of tumor cells [34, 35]. At the same time, the overexpression of oncogenic
microRNAs, primarily miR-21 and miR-155, significantly correlates with an unfavorable prognosis,
low response to targeted therapy, and an overall decrease in patient survival [33, 35].

Of particular interest for precision oncourology is the data on the cross-interaction of
different levels of epigenetic regulation. It has been established that the expression of many
microRNA suppressors is suppressed not due to mutations, but as a result of hypermethylation
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of their own promoter regions [34, 35]. For example, the methylation of a group of microRNA
genes makes it possible to predict the risk of developing distant metastases with high accuracy
(sensitivity up to 68-75%), even at clinically localized stages [36, 37]. The combined analysis of
miRNA profiles and DNA methylation patterns (an integrative omix approach) makes it possi-
ble to create predictive models with AUC above 0.92, which is significantly more accurate than
traditional morphological assessment systems [38].

Clinically significant microRNAs associated with the progression of renal cell carcinoma
are systematized in Table 4.

Table 4
miRNAs associated with the progression and prognosis
of kidney cancer (2008-2026)
miRNA Character of Mechanism of action Clinical effect
changes
miR-21 Overexpression PTEN inhibition Reduction of overall
survival
miR-155 | Overexpression Modulation of the immune Aggressive course of
response the disease
miR-200c | Reduced expression | Induction of epithelial- High risk of
mesenchymal transition (EMT) metastasis
miR-30a | Reduced expression | Activation of the Snail / Slug Short relapse -free
pathway period
miR-141 | Reduced expression | Regulation of cell differentiation | Specific subtype
marker

Source: compiled by the authors based on data from [32-38]

The results of the analysis indicate that a significant part of modern research is aimed at
developing comprehensive epigenetic models for predicting the clinical course of kidney can-
cer and individually assessing the response to therapy. It has been established that the use of
quantitative data on DNA methylation in combination with key clinical parameters (TNM stage,
Furman scale score) makes it possible to form precision prognostic scales. Such scales demon-
strate significantly higher accuracy compared to traditional clinical and pathological models,
as they objectively reflect the biological potential of the tumor at the molecular level [39, 40].

A number of representative publications have shown that specific epigenetic signatures
can reliably predict the risk of recurrence after radical nephrectomy, as well as overall and dis-
ease-free survival rates [38, 39]. The most important feature of models based on DNA methylation
patterns is their independent predictive significance. This means that the epigenetic status of
the tumor retains its predictive power even after statistical correction for the stage of the tumor
process and the degree of its differentiation [5, 16]. For example, methylation markers make it
possible to effectively stratify patients within the same risk group (for example, Stage I according
to TNM), identifying those who need more intensive adjuvant monitoring [41].

Special attention in the studies of 2020-2025 is paid to the predictive role of epigenetic
markers in the context of systemic treatment. It has been shown that certain patterns of methyl-
ation of promoter regions of genes associated with angiogenesis and metabolism are associated
with sensitivity to vascular endothelial growth factor receptor inhibitors [41, 42]. In addition,
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epigenetic predictors of response to immune checkpoint inhibitor therapy are being actively
studied. Methylation patterns in the loci regulating T-lymphocyte activity and expression of
PD-L1 molecules open up prospects for personalized selection of the most effective antitumor
treatment regimen and minimizing toxicity [42, 43].

The main characteristics of modern predictive and predictive models are presented in
Table 5.

Table 5
Epigenetic models for predicting and predicting kidney cancer (2008-2026)
Algorithm type | Input data Forecast Accuracy (AUC /
C-index)
Random Forest | DNA Methylation Risk of Metastasis | 0,88
XG Boost Epigenetic and Clinical Overall Survival 0,92
Data
Neural Networks | Multi-Genome Profiles Response to 0,85
Therapy
Light GBM CpG-sites (ctDNA) Early relapse 0,90

Source: compiled by the authors based on data from [5, 16, 38-46]

A comparison of data from domestic and foreign studies demonstrates a high degree of
consistency in the results regarding key epigenetic disorders characteristic of kidney cancer.
Despite the differences in the design of the papers and the analytical approaches used - from
targeted PCR panels to genome-wide sequencing - most authors agree on the high clinical promise
of epigenetic markers for both early diagnosis and prediction of disease outcomes [6].

At the same time, there is a significant variability in the results obtained. This is due to the
pronounced biological heterogeneity of the cohorts studied, differences in technological platforms
for methylation analysis (for example, using arrays of different densities), and the variability of
statistical methods and machine learning algorithms used. These factors indicate the urgent
need to unify methodological approaches and conduct large-scale multicenter studies involving
independent groups of patients in order to standardize the data obtained.

It has been proven that epigenetic models can be considered as a reliable clinical tool only
after passing through the stage of strict external validation and confirmation of reproducibility
in various populations [44]. Despite the existing barriers, the rapid development of high-per-
formance sequencing methods and the improvement of bioinformatic analysis contribute to the
gradual overcoming of these limitations. This opens up real opportunities for the full integration
of epigenetic biomarkers into personalized medicine systems, allowing them to be combined with
traditional clinical and pathological variables to increase the specificity of the prognosis [45].

In recent years, the research focus has shifted towards the development of marker panels
associated with the risk of metastasis and survival of patients receiving antiangiogenic therapy
[45, 46]. Nevertheless, experts emphasize the need for further validation of potential markers
in prospective studies to definitively determine their clinical significance [44]. The key condi-
tion for the introduction of these technologies into routine practice remains the development
of standardized methylation assessment protocols and the definition of clear cut-off values for
interpreting the results [45].
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Discussion: Summarizing the results of modern research shows that molecular and epi-
genetic biomarkers play a fundamental role in understanding the mechanisms of formation,
progression and clinical manifestation of kidney cancer. Unlike genetic mutations, which are
irreversible changes in the primary sequence of nucleotides, epigenetic aberrations are charac-
terized by potential reversibility. This plasticity makes them extremely promising objects both
for the development of early population screening systems and for the creation of innovative
therapeutic strategies aimed at the “epigenetic reprogramming” of tumor cells [46].

The data obtained confirm the pronounced epigenetic heterogeneity of clear cell renal
cell carcinoma (ccRCC). Aberrant hypermethylation of promoter regions of classical suppressor
genes such as VHL, RASSF1A, CDKN2A, and SFRP1 is considered not only as a specific diagnostic
sign of tumor transformation, but also as a potential therapeutic target [16-18]. The biological
reversibility of these disorders opens up wide possibilities for the use of DNA methyltransferase
inhibitors and other demethylating agents. Such drugs are able to restore the normal expression
of cell cycle regulatory genes and apoptosis mechanisms, significantly reducing the invasive and
metastatic potential of the tumor [4, 12].

Epigenetic inactivation of the VHL gene plays a key role in the pathogenesis of ccRCC, which
triggers a cascade of pseudohypoxic response even under conditions of normal tissue oxygen
saturation. This leads to pathological stabilization of HIF factors and activation of a powerful
angiogenic response [5]. Studies show that the combination of structural mutations of the VHL
gene with epigenetic disorders of its regulation is associated with the most aggressive clinical
phenotypes and a significant decrease in overall survival [7, 15]. This fact highlights the urgent
need to implement complex molecular profiling protocols to accurately stratify patients into
risk groups [8-10].

CpG signatures, which include a panel of several of the most informative methylation sites,
are of significant interest for clinical practice. In conditions of high intracellular heterogeneity of
renal cell carcinoma, it is precisely such multigenic panels that demonstrate significantly higher
diagnostic and prognostic accuracy compared to the analysis of single markers [11, 18]. Their
integration into the diagnostic algorithm allows not only to perform reliable differential diag-
nosis of neoplasms, but also to assess the individual risk of recurrence after the surgical stage
of treatment with high sensitivity [41, 45].

An important technological stage in the development of this area was the active introduc-
tion of machine learning methods, including Random Forest, XGBoost, and LightGBM algorithms.
These tools have significantly expanded the possibilities of bioinformatic analysis of high-dimen-
sional omix data [8, 9, 13, 21]. Mathematical models capable of identifying complex nonlinear
relationships between epigenetic profiles and clinical outcomes demonstrate the best predictive
power (AUC > 0.85) when validated on independent patient samples [10, 11, 19].

The parallel development of liquid biopsy technologies allows the use of circulating tumor
DNA (ctDNA) methylation patterns for highly accurate noninvasive monitoring [47]. Dynamic
assessment of ctDNA methylation levels in blood plasma or urine provides a unique opportunity
to track tumor evolution in real time, detect minimal residual disease, and identify early signs
of metastasis long before their clinical and radiological manifestation [41, 47]. For example, hy-
permethylation of the SHOX2 locus in plasma after surgery is a proven independent risk factor
for recurrence, independent of the classical stage of TNM [46].

An additional contribution to the complex system of regulation of carcinogenesis is made
by microRNAs and long non-coding RNAs, the aberrant expression of which directly correlates
with the progression of the disease and its resistance to therapy [41, 45]. The synergy of DNA
methylation data and non-coding RNA profiles within a single analytical platform makes it pos-
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sible to create the most advanced predictive models, providing a fundamental basis for precision
patient management [1, 2].

Despite the obvious progress, the widespread introduction of these biomarkers into the
routine practice of oncourologists is currently limited by the lack of internationally accepted
standardized protocols, the variability of results between laboratories, and the high cost of tech-
nological solutions [48]. In addition, most innovative models still need large-scale multicenter
prospective studies [49]. Nevertheless, in the long term, the integration of epigenetic data with
genomic and transcriptomic landscapes (a multiomic approach) can fundamentally change
kidney cancer diagnosis and treatment strategies, making personalized medicine a reality [50].

Discussion

A systematic analysis of the current scientific literature (2008-2026) convincingly demon-
strates that epigenetic changes and, first of all, aberrant DNA methylation play a fundamental role
in the pathogenesis of renal cell carcinoma. Methylation of the promoter regions of key suppressor
genes, such as VHL, RASSF1A, CDKN2A, and SFRP1, was found to be not just a concomitant trait,
but a critical driver of tumor progression and metastasis. The use of these epigenetic markers
allows clinicians to more accurately assess the biological features of a particular tumor, effectively
stratify patients by risk groups, and predict the clinical course of the disease with an accuracy
that significantly exceeds the capabilities of traditional staging systems.

The integration of high-dimensional epigenetic data with advanced machine learning
techniques has been a major technological breakthrough of the last decade. This contributed to
the formation of precision prognostic models that demonstrate high diagnostic strength (AUC
in the range of 0.85-0.92). Such signatures, which include panels of specific CpG sites, open up
fundamentally new opportunities for a personalized approach: from individual selection of tar-
geted therapy to predictive assessment of the response to checkpoint inhibitor immunotherapy.

Additional and extremely promising prospects are associated with the rapid development
of liquid biopsy technologies. Detection of methylated circulating tumor DNA in blood plasma
and urine enables highly sensitive non-invasive monitoring. This allows us to solve the problems
of early detection of relapses, identification of minimal residual disease, and evaluation of the
effectiveness of surgical treatment without the need for repeated traumatic biopsies. Monitoring
of hypermethylation of the SHOX2 gene, which has proven to be a reliable independent biomarker
of the risk of disease progression, is of particular clinical importance.

At the same time, despite the obvious success, a comprehensive work on standardization of
methodological approaches is necessary for the large-scale introduction of epigenetic biomarkers
into the routine clinical practice of oncourological centers. Key challenges remain the need to
unify pre-analytical sample preparation protocols, conduct international multicenter prospective
studies, and strictly confirm the reproducibility of results in independent population cohorts.

The findings of this systematic review indicate that epigenetic dysregulation, particularly
aberrant DNA methylation, constitutes an important component of the molecular pathogenesis
of renal cell carcinoma. Altered methylation patterns involving tumor-suppressor genes and
regulatory pathways associated with cell-cycle control, apoptosis, angiogenesis, epithelial-mesen-
chymal transition, and metastatic dissemination may contribute to tumor initiation, progression,
and interpatient heterogeneity. The available evidence further suggests that methylation-based
biomarkers could complement established clinicopathological parameters by improving diag-
nostic accuracy, risk stratification, prognostic assessment, and treatment-response prediction.
Nevertheless, the clinical applicability of these biomarkers remains limited by methodological
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heterogeneity, differences in analytical platforms and sample-processing procedures, relatively
small retrospective cohorts, and insufficient external validation.

Future research should therefore prioritize standardized pre-analytical and analytical
protocols, prospective multicenter studies, and validation in independent and ethnically diverse
patient populations. The integration of epigenetic profiles with genomic, transcriptomic, radio-
logical, and clinical data may facilitate the development of more robust and clinically interpret-
able predictive models. In parallel, liquid-biopsy approaches based on methylated circulating
tumor DNA may provide a minimally invasive strategy for detecting minimal residual disease,
monitoring treatment response, and identifying recurrence at an earlier stage.

Overall, the integration of epigenetic and multi-omic data with advanced bioinformatic
and machine-learning methods represents a promising direction for precision oncology in renal
cell carcinoma. However, successful translation into routine clinical practice will require not only
high analytical performance but also demonstrated clinical utility, reproducibility, cost-effective-
ness, and compatibility with existing diagnostic and therapeutic workflows. Addressing these
requirements may enable epigenetic biomarkers to support more individualized management
strategies and, ultimately, contribute to improved outcomes for patients with renal cell carcinoma.

Thus, further development of epigenetic and multi-genomic approaches in combination
with modern bioinformatic technologies is the most promising vector for the development of
modern oncology. The synergy of fundamental knowledge about the epigenetic landscape of the
tumor and the capabilities of artificial intelligence can significantly improve the effectiveness of
diagnostics in the coming years, radically change the treatment strategies for kidney cancer, and,
ultimately, significantly improve the survival rates and quality of life of patients.
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Angparna. bylipek KaTepuJi iciri — 39p WIbIFapy »KYHWeCiHIH eH reTeporeH/i KarepJi
iciktepiniH 6ipi. beliHesiey a/iicTepiHiH AaMybIHA )KoHE XUPYPTUSIBIK TICIIAEPAIH XKeTinaipinyine
KapaMacTaH, Kelll JUarHOCTUKaHbIH, KaWTaJIaHY/bIH XoHe Japire Te3iMAIIIKTIH »KOFaphbl
Uiiri caktanyaa. COHFbI XKblJIJJapbl KaHIlepOreHe3/iH 3NUTreHeTUKaJIbIK MeXaHU3M/lepiHe,
€H aJIIbIMeH, icik TpaHcPopMaLUSAChIHBIH epTe, TYPaKThI 2KoHe bIKTHMaJl KAUTbIM/1bl IPOLIEC]
peTtinze KapactelpbLiaThiH JIHK MeTuieHyiHe epeKiie Ha3ap ayJapblijbl. 3epTTeyAiH MaKCaThbl
- OyHpeK KaTepJli icirinzieri anureHeTUKaJlblK MapKepJiep MeH 3IUTeHeTUKaJbIK TypJlIeHAipiareH
reH/Zlep/ZiiH peJii TypaJibl 3aMaHayH AepeKTep/i )Kylesey »KoHe oJ1ap/bl MalllMHAJIbIK OKbITY
dJlicTepiH KoJlaHa OTBIPHII, AUaTHOCTHUKA/A, b0oJrKay/a )KoHe eM/ley/li )KeKeJleHAipyie KOo/1AaHy
YLIiH nepcrneKTUBabl aiMaKTapAabl aubIKTay. 2008-2026 xKbligap apa/bIFbIHAAFbI FbIJIBIMU
»KapusiJlaHbIM/IapFa oChl XKyHeJi mosy PubMed, Scopus, Web of Science, TCGA kaHe GEO
JlepeKKopJiapblH Nakganana oTelpblin xkyprisingi. Taagay JHK Metungenyis, CpG KosntaH6anaphbiH,
3NUreHeTUKAaJIbIK MapKepJiepZi 3epTTeyAi, COHAAaN-aK MallUHaJbIK OKbITY aJITOPUTM/JEPiH
(Random Forest, LightGBM, XGBoost) naiiganany bl KaMmTuAbl. JluddepeHipanus, aHruoreHes
»KoHEe UMMYH/IbIK Kayall IpoLleCTepiH peTTEeUTIH reHJep/eri snureHeTUKaJbIK 63repicTepaiH
JINaTHOCTUKAJIBIK *K9He 60J1’KaM/[blK, MaHbI3bI >KOFapbl ekeHiri gasennedai. IHK metunpeny
JlepeKTepiH MalllMHAJBIK OKBITY aJITOPUTMAepiMeH OipiKTipy epTe IUAarHOCTUKA, peliuAUBTep/i
6oJrKay KoHe iCikke Kapchl TepanUsiHbIH TUIM/iJITIH 6aFasay yuiH nepcnektuBasbl CpG
KOJITaHOa/IapblH XKacayFa MYMKIiH/IK 6epe/ii. JIUTreHeTUKaJIbIK MapKepJiep/i MalluHaJbIK,
OKBITY dAicTepiMeH 6ipre KoJiiaHy NalMeHTTEPAIH A9/ cCTpaTUPUKALUSCHIH XXoHe eM/iey
TAKTHUKACbIH OHTAaWJIaHABIPY/bl KAMTAaMachl3 eTeTiH eKeJleHiplJireH OHKOYPOJIOTUSHbIH
»KaHa MYMKIH/IKTepiH almazbl.

Tyiin ce3gep: 6yiipek Katep.ii iciri, JHK MeTunieHyi, MalllMHAJIBIK OKbITY, )KeKeJeHAipiareH
OHKOJIOTHSl, KalTaJlaHy 60J/KaMbl.

dnureHeTu4ecKue MapKephbl paka NOYKH M MAalIMHHOE 06y4YeHue B UX KJIMHUYEeCKOM
NpUMEeHEeHUM: 0630p JIUTEPATYPHI
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AHHOTanMs. Pak 104K s1B/1sIeTCA OJJHOM U3 HauboJiee reTeporeHHbIX 3J10Ka4eCTBEHHbIX
OIlyX0JIel MOYeBbIIeJINTEJIbHOU cucTeMbl. HecMOTpsl Ha pa3BMTHeE MeTO/0B BU3ya/IU3aLluU
Y COBepLIeHCTBOBAaHUEe XUPYPrU4YeCKUX NOAX0L0B, COXPAaHAETCS BbICOKasA 4acTOTa M03HeHn
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JIMaTHOCTHKH, peLiuIMBOB U GOPMUPOBAHUS JIEKAPCTBEHHON YCTOMYMBOCTHU. B nocieaHue
roZibl 0c060e BHUMaHHUeE y/le/I1eTCsl SNUTeHETUYEeCKUM MeXaHM3MaM KaHleporeHesa, B IepBYI0
odyepenb MeTusnpoBaHuto JIHK, koTopoe paccMaTprBaeTcs Kak paHHUMN, CTAaOU/IbHBIN U
NOTEHIMaJIbHO 06paTUMBIN MpoLecc onyxoJeBol TpaHcdopmanuuu. Llesnbio ucciesoBaHUsA
SABJISIETCS CUCTEeMaTH3alUsl COBPEMEHHbIX JaHHbIX O POJIM 3NUTreHETUYEeCKUX MapKEPOB U
3NUreHeTUYECKHU MOAUPUIUPOBAHHBIX T€HOB MPHU PaKe MOYKU U BbISIBJIEHUE MEPCIEKTHUBHbBIX
o6J1acTel A1l UX UCNI0JIb30BaHUs B JUArHOCTHUKE, TPOTHO3UPOBAHUU Y NTepCOHANN3aLUHU JIeYeHHUs
C UCII0JIb30BaHMEM METO/,0B MAlIMHHOT0 00y4YeHus. HacTosAmui cucteMaTU4eCKUi 0630p Hay4YHbIX
ny6inkanui 3a nepuoz 2008-2026 rr. 66171 IPOBEJIEH € UCII0JIb30BaHUeM 6a3 JaHHbIX PubMed,
Scopus, Web of Science, TCGA 1 GEO. AHasiu3 BKJIt0YaeT B ce6s1 MCCIeIoBaHHUS METUIMPOBAHUS
JAHK, CpG-curHaryp, anureHeTU4YECKUX MapKepoB, a TaK»Ke UCII0JIb30BaHKE aJITOPUTMOB
MalmMHHOro o6ydyeHusa (Random Forest, LightGBM, XGBoost). /loka3zaHo, 4TO anUreHeTU4YeCKHE
M3MEeHEeHHs B reHax, peryJimpyouyx npoueccol JuppepeHIIMpoBKY, aHTMOreHe3a U UMMYHHOT0
OTBETa, UMEIOT BbICOKOE IUarHOCTUYECKOE U IPOrHOCTUYECKOe 3HaYeHue. MHTerpanusa JaHHbIX
o MmetusnpoBaHuu [IHK c aaropyrMaMu MaliMHHOTr0 06y4eHUs [103BOJIsIET FreHepUPOBaTh
KoMnakTHble CpG-CUTHATyphbl, KOTOPBIE ABIAITCA NEPCIEKTUBHBIMU /11 pAHHEW JUAarHOCTUKY,
NPOrHO3UPOBAHUS PELIUAMBOB U OLleHKH 3)PEeKTUBHOCTU NPOTHBOOINYX0J€BOW TEPANHUH.
HMcnosib30BaHMe aNUTeHeTUYECKUX MapKePOB B COUeTAHUHU C METOJaMU MAllIMHHOTO 00y4YeHus
OTKpbIBAeT HOBbIE€ BO3MOXXHOCTH /IJIsl IePCOHAJIM3UPOBAHHON OHKOYPOJIOTHH, 06ecreyrBast
60Js1ee TOUHYIO CTPAaTU(PUKALMIO NALlUEHTOB U ONTHMHU3ALUI0 TAKTUKHU JIeUeHU .

KinwueBsble cj0Ba: pak noyku, MetuavpoBaHue /JIHK, maumimHHOe oGy4dyeHUE,
IepCOHAJIM3UPOBaHHAsA OHKOJIOTHS, IPOTHO3 PeLiu/IUBa.
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