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Abstract
Renal cell carcinoma (RCC) refers to a group of tumors that develop from the epithelium of the kidney tubes,
including clear cell RCC, papillary RCC, and chromophobe RCC. Most clear cell renal carcinomas have a large
histologic subtype, genetic or epigenetic von Hippel-Lindau (VHL). A comprehensive analysis of the genetic
modification genome suggested that chromosome 3p loss and chromosome gains 5q and 7 may be
significant copy defects in the development of clear RCC. A more potent RCC may develop if chromosome
1p, 4, 9, 13q, or 14q is also lost. Renal carcinogenesis is not associated with chronic inflammation or
histological changes. However, if regional hypermethylation of DNA in CpG C-type islands has
already accumulated in cancer-free kidney tissue, it implies that the presence of malignant kidney lesions
may also be detected by modified DNA methylation. Modification of DNA methylation in cancerous kidney
tissue may advance kidney tissue to epigenetic mutations and genes, leading to more serious cancers and
even determining a patient's outcome. The genetic and epigenetic profile provides accurate predictors for
patients with kidney cancer. New genetic and epigenetic analysis technologies will help to speed up the
identification of vital cells for kidney cancer prevention, diagnosis, and treatment.

Categories: Genetics, Internal Medicine, Nephrology
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Introduction And Background
Cancer, as a genetic disorder, is associated with epigenetic abnormalities. It is clear that epigenetic
disruption caused by the microenvironment is important in developing neoplasia [1]. Changes in gene
expression that occur without altering DNA sequences and are powerful enough to control genetic variation
are referred to as epigenetics [2]. The major mechanisms responsible for epigenetic regulation are DNA
methylation, histone modification, and posttranscriptional regulation that does not encode RNA, also
known as microRNAs [3]. These mechanisms are critical components of normal cell development and
growth, and their modification contributes to plastic phenotypes [4]. Renal cell carcinoma (RCC) is one of
the top 10 most common diseases, accounting for 2-3% of all adult-related diseases and over 100,000 deaths
worldwide each year [5].

The most common type of RCC is clear cell RCC (ccRCC), which accounts for 75% of all RCC cases [6]. Recent
advances in DNA sequencing technologies benefit diagnostic and clinical sites [7]. In addition to genetic
mutations, DNA methylation has been identified in all cancers, including ccRCC. The role of other
epigenetic mechanisms in tumorigenesis has not been thoroughly investigated [8]. Epigenetic events may
promote tumorigenesis and determine tumor progression. As a result, they can be used to track treatment
response and treatment modalities [9]. Furthermore, epigenetic modification can be reversed and altered.
Mapping the differences between normal tissue and tumor cells will thus provide new information that can
be used to identify functional regions or genes ("epigenetic driver genes") that respond to epigenetic changes
and ultimately promote tumorigenesis [10].

 Emerging evidence suggests that modifying our body through exercise or a variety of foods such as
ketogenic diets, low-carbohydrate diets, fasting, or exercise can alter the concentration of various
metabolites, some of which can alter the function of proteins that cause epigenetic changes [3,4]. These
epigenetic modifications appear to regulate important genetic networks that mediate the body's processes
associated with the beneficial effects of these diets and represent a simple and logical way to prevent or
even cure these diseases [11].

DNA methylation may be the most studied epigenetic marker among the epigenetic components. DNA
methylation is a type of post-genetic mutation that occurs in the cytosine sequence of 5'-C-phosphate-G-3'
(CpG) dinucleotide, in which the methyl group S-adenylmethionine is exchanged with cytosine [12].
Additional methyl groups result in the crossroads, and when DNA is symmetrically methylated, methyl
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groups promote mutations in DNA structure [13]. There is mounting evidence that epigenetic changes and
genetic mutations that occur during tumorigenesis are linked [14]. However, these changes usually occur
independently [15]. In the case of tumorigenesis, recent research has revealed that DNA methylation
mutations are linked to a variety of human diseases, including cancer [16].

The main goal of this review is to provide an overview of the role of DNA methylation in the pathology of
RCC. We will first discuss the relationship between epigenetics and DNA methylation before delving into
recent developments in DNA methylation research in RCC and the role of DNA methylation in therapeutic
approaches. Overall, these findings point to a novel method for identifying the gene for an epigenetic driver,
the intended therapeutic target of a ccRCC treatment strategy, including self-medication.

Review
DNA methylation and histone modification
Epigenetics is the study of phenotypic mutations that do not involve DNA sequencing or just genes. It
affects the function of genes by influencing their cellular and physiological phenotype expression [17]. The
variety of environmental factors that are part of normal human development can be their influencer. Thus,
to define epigenetics, these mutations must be inherited [18]. Epigenetics initiates the opening/closing of
genes to produce proteins. As mentioned earlier, human cells are involved in epigenetic changes throughout
their lives. Indeed, identical twins with the same genetic makeup accumulate different epigenetic patterns
depending on their environmental factors, such as diet, tobacco, or exercise [19]. DNA methylation, histone
modification, and non-coded RNA action are all major epigenetic pathways [20]. Among these, DNA
methylation is the most extensively researched epigenetic insignia, with numerous studies examining its
relationship to disease development [21]. DNA methylation is a reversible process that introduces methyl
groups (-CH3) into cytosine in CpG nucleotides (5'-cytosine phosphate-guanosine-3'), converting this
cytosine into five methylcytosines (5mC). This process changes the balance and accessibility of DNA, as well
as controls genetic expression. DNA methylation is carried out by specific enzymes known as de novo DNA
methyltransferases (DNMTs) and takes place at the expense of ATP and S-adenosylmethionine as methyl
group contributors [22]. DNMTs are expressed in tissue and cell-specific mechanisms during neuronal
development and in the adult brain, including active neurogenesis and adult stem cell niches, where they
participate in neuronal plasticity and survival [23]. After methylation is complete, proteins from the methyl-
CpG-binding (MBD) family bind to methylated loci to promote the registration of histone modulatory
mutations, indicating synergistic mutations for multiple epigenetic markers [24]. Hydroxymetylation
(5hmC) is another important mechanism related to DNA methylation and is another epigenetic mechanism
that converts five methylcytosines and adds a hydroxymethyl group. Hydroxymethylation is involved in
important processes such as genetic control and isolation [25].

Epigenetic marker is very common in cancer cells representing both a central stage in the demethylation
process and an important epigenetic marker in tumorigenesis [26]. Although DNA demethylases such as
activation-induced cytidine deaminase and the DNA demethylation function of TET1 (a member of TETs)
have been identified, the process of DNA demethylation and the enzymes that make up this reaction remain
unknown [27]. Given the growing evidence that DNA methylation plays an important role in common
diseases, researchers have attempted to use DNA methylation as a biomarker to detect epigenetic mutations
linked to disease status. The biological patterns associated with cancer progression are determined by the
global balance of DNA methylation, demethylation, and hydroxymethylation in cancer [28].

Cancer epigenetics modifications
Cancer epigenetics deals with mutations in the DNA of malignant cells and excludes mutations in DNA
sequences [17]. Loss of gene expression occurs more often in the context of textual silence influenced by
epigenetic promoters, i.e. hypermethylation of CpG islands, than in genetic mutation [29]. In the study of
colorectal carcinoma, Vogelstein et al. found that there was no methylation in the surrounding mucosa and
600 to 800 in CpG islands that were more methylated in the intestinal promoters compared to normal
mucosa near the tumor [30]. Therefore, they have found that it is very promising to deceive epigenetic
mutations. Therefore, controlling various epigenetic factors can influence the prevention, diagnosis,
treatment, and prognosis of cancer. Over time, various cancers have been linked to a variety of influential
epigenetic factors that, if we scientists can control them, such as tumor-suppressing genes, histone
mutations, changes in DNA binding proteins, and regeneration of oncogenes due to mutations [31].
Methylation of CpG islands can affect tissue [32]. Several epigenetic therapies are now used in today's world.
So far, we have come to appreciate the value of epigenetics in the development of a particular living thing.
From a single cell to an embryo that grows muscle cells, nerve cells, liver cells, or any other type of cell. How
a cell type is determined is controlled by a specific group of open genes? It is therefore the epigenetic factors
that influence which genes are activated and do not work [1]. In cancer, damage (genetic mutations) and
(epigenetics) leads to significant changes." So far, the three systems work together to stem the tide of
genetics. These three include DNA methylation, histone modification, and RNA-associated mutation
[33] (Figure 1).
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FIGURE 1: Schematic diagram of epigenetics modification
In cancer, damage (genetic mutations and epigenetics) leads to significant changes. DNA methylation, histone
modification, and RNA-associated mutation work together to stem the tide of genetics.

Adapted from:  Relton and Davey Smith, 2010 [34]

DNA methylation in cancer
The methyl-CpG-binding domain (MBD) "epigenome readers" methyl-CpG binding protein 2 (MeCP2) and
methyl-CpG-binding domain proteins 1-4 (MBD1-4) can detect DNA methylation [22]. Epigenetics plays a
role in the development of neoplasia in mammalian systems, including initiation, proliferation, invasion,
and metastasis. Rare DNA methylation patterns are frequently associated with genome-wide
hypomethylation and promoters with a specific site of CpG hypermethylation. Epigenetic mutations, which
are linked to tumor progression, are caused by different cell types [34]. The hypermethylation promoter
activates genes involved in cellular processes such as DNA repair, gene repair 1 (hMLH1), O6-
methylguanine-DNA methyltransferase (MGMT), Werner syndrome, as RecQ helicase (WRN), breast 1 WIF-
1, and SFRP1. Cadherin 1 (CDH1), CDH13, and PCDH10 are found in metastasis [22, 35].

Among others, the hormone response ESR1, ESR2 in the p53 network [p14ARF, p7], and HIC-1 promote
tumor cell growth while increasing genetic instability and aggression [36]. Oncogenes are frequently
associated with hypomethylation [37]. C-Myc, an oncogene transcription factor, is one of the most
commonly hypomethylated genes found in cancer. Hypomethylation in some promoters can cause
oncogenes to express in the opposite direction, resulting in print loss (LOI). Insulin-like growth factor 2
(IGF2) is the most common cause of LOI due to hypomethylation, and it has been linked to a variety of
tumors, including breast, liver, lung, and colon cancer [38]. S100 calcium-binding protein P (S100P) for
pancreatic cancer [39], synuclein gamma (SNCG) for breast and ovarian cancer [38], melanoma-related gene
(MAG, E) [40], and dipeptidyl peptidase 6 for dipeptidyl peptidase 6 (DPP6) in melanoma are well-studied
examples of hypomethylated genes in cancer [41]. The modification reduces heterochromatin binding to the
G2 cell cycle and impairs DNA methyltransferase activity, resulting in extensive hypomethylation and local
hypermethylation, resulting in abnormal methylation patterns that may explain its complex role in cancer
progression (39). Recent research has found that the rate of histone conversion predicts genetic expression.
Acetylation loss promotes the overexpression or conversion of histone deacetylases (HDACs) to various types
of tumors [42]. In renal carcinomas, inactive mutations in histone methyltransferase SETD2, histone
demethylase UTX, and JARID1C have been described [43]. miRNA expression patterns appear to indicate a
dangerous condition because abnormal cell proliferation is a sign of human cancer. Other types of tumors
have been found to have altered manifestations of other miRNAs [43, 44]. Let-7 is one of the most well-
studied cancerous miRNA families. The let-7 function has been altered in a variety of cancers, including
those of the head and neck, lungs, colon, rectum, and ovary. It is an extremely effective tumor suppressor
miRNA [45]. miRNA-145 is a well-known tumor suppressor miRNA that is downregulated in the majority of
human colds due to incorrect DNA methylation of its promoter and/or p53 mutations. Significantly, the
miRNA-29 family can directly control the expression of DNMTs, so down-regulation of this miRNA family in
small lung cancers leads to increased DNMT3A and 3B expression, which leads to global genomic
hypermethylation and methylation-in silencing of tumor-suppressing genes like FHIT and WWOX [46]
(Table 1).
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Pathways Methylated Genes Cancer Pathways

Growth Signal Autonomy RASSFIA, SOCS1 Lung, Bladder, Ovarian, Breast, Lymphoma, MDS, Gastric

Insensitivity to anti-Growth Signals p15, p16 Melanoma, Lymphoma, Bladder

Evading Apoptosis DAPK Lymphoma

Tumor Invasion and Metastasis CDH1, TIMP3 Gastrointestinal, Esophagus

Sustained Angiogenesis THBS1 Lymphoma, Neuroblastoma, Endometrial

Genomic Instability MGMT CHFR MLH1 LMNA Lymphoma, colon Gastric Colon Lymphoma

TABLE 1: Methylated genes in cancer cellular pathways
MDS: myelodysplastic syndrome

When a methyl group (CH3) is added to or removed from DNA, this is referred to as methylation. These
mutations result in genetic mutations, which promote growth. overmethylation of DNA typically involves
inserting a methyl group into a 5-carbon cytosine ring, yielding 5-methylcytosine [47]. This results in a
massive downpour of DNA and the inhibition of transcription. Cancer cells frequently exhibit DNA
hypomethylation, which promotes tumorigenesis [48]. Till today. according to the literature, 24 metastasis is
known to be epigenetically regulated by DNA hypomethylation. The association between promoter
hypomethylation and increased expression of the protease-encoding urokinase plasminogen activator gene
(PLAU) and progressive breast and prostate cancer has been established [49].

DNA methylation and cancer metastasis
Cancer metastasis involves stages of local invasion and proliferation. This is influenced by the oncogenic
suppressive transcription factor (TFs) that regulate tumor microenvironment features [50]. DNA methylation
disrupts the network and affects metastasis. By focusing on recent research on the control of metastasis, we
as scientists can use therapeutic by identifying these controls [51]. Epigenetics leading to alteration
influences cancer metastasis, which is a real challenge for cancer treatment. Experimental systems show
that cancer cells store and develop specific signaling pathways needed for metastasis, but many of these
mechanisms are unknown to researchers [47]. New evidence suggests that oncogenic signals that alter
transcriptional mutations automatically lead to metastasis symptoms resulting in onset and progression
[52]. To fully understand the causes of metastasis, molecular defining mechanisms remain a challenge.
Studies show that epigenetics controls the blood vessels associated with a tumor [53]. Various, unstable,
continuous comparable factors are associated with malignant tumor cell genome leading to metastatic
rupture [54]. Many known epigenetic factors such as inflammation, hypoxia, growth factors, etc., can have
genetic effects such as oncogene expression and genetic loss that suppresses the tumor [54,55]. These
changes affecting the stage and site in regulating angiogenesis are also dependent on angiogenesis [56].
These mutations, in turn, lead to the ability to differentiate metastatic cancer cells, sometimes from the
same patient [57]. How these genetic and epigenetic events are related to the growth and metastasis of
cancer cells is yet to be studied in the future, which can lead to the effective use of anti-angiogenesis drugs.

Tumor-related genes and their role in renal carcinogenesis
Although RCC classification is largely based on histology, the World Health Organization (WHO)
classification has introduced genetic mutations as a sign of certain types of histological subtypes of RCC, for
example, cell RCC is characterized by chromosome 3p loss and VHL gene dysfunction at 3p25.3 due to
mutation or DNA methylation around the promoter region [5]. The VHL product is a multifunctional 3-kDa
protein with a well-documented role in substrate recognition by the E3-ubiquitin ligase complex [58]. This
complex is best known for detecting hypoxia-inducible (HIFs) polyubiquitination and proteasome
degeneration [59]. Under hypoxic conditions, HIF-1 alpha and HIF-2 alpha bind together to form HIF-1beta
heterodimers, which then transmit to the nucleus, where they stimulate downstream gene expression,
including vascular endothelial growth factor (VEGF) [60]. The absence of wild VHL promotes incorrect
activation of targeted genes, which contributes to tumorigenesis [61]. Furthermore, the VHL protein has
independent functions in HIF-1alpha and HIF-2alpha and is thought to be required for tumor suppression,
cell-matrix integration, microtubule dynamics control, apoptosis control, and possibly TTP53 protein
stability [62].

Type 1 papillary RCC develops in patients with genetic mutations who benefit from mesenchymal epithelial
transition (MET) genetics. Transmembrane receptor tyrosine kinase is incorporated into MET's ligand,
hepatocyte growth factor (HGF). MET activation of HGF causes tyrosine kinase activity, which facilitates
several transduction cascades leading to many cellular processes such as mitogenesis and migration [63].
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However, the incidence of MET conversion in sporadic papillary RCC is low (around 10%). Type 2 papillary
RCC is caused by viral mutations in fumarate hydratase (FH) [64]. VHL recognition of HIF necessitates
hydroxylation by HIF prolyl hydroxylase (HPH), which FH activates. Because of HPH dysfunction, FH
mutation promotes tumorigenesis by accumulating HIF protein [65]( Figure 2).

FIGURE 2: Genomics taxonomy of renal cell carcinoma

The excessive c-kit function (KIT) expression occurs in the chromophobe RCC, in contrast to the genetic
modification of KIT: KIT is a type III receptor tyrosine kinase that participates in cell signaling [66]. When
KIT binds to a ligand, such as a stem cell factor, it is usually phosphorylated. This initiates a
phosphorylation cascade, which ultimately activates various aspects of transcription [67]. Apoptosis, cell
division, proliferation, chemotaxis, and cell adhesion are all regulated by this activation. Although BHD gene
mutations, including folliculin, have been found in 80% of BHD strains, chromophobe RCC mutations are
much rarer [68]. TSC has been linked to germline TSC1 (9q34) hamartin encoding or TSC2 (16p13.3)
encoding tuberin mutations and affected patients have an increased risk of developing kidney tumors such
as ccRCC, papillary RCC, and chromophobe RCC [69]. The TSC1 / TSC2 protein complex inhibits the
rapamycin target oapamycin (mTOR) and is involved in signaling pathways that control cell growth.
Although the TSc2 gene Eker-infected mouse model has a highly inherited cancer [70], the role of TSC1 and
TSC2 in RCC in some individuals is unknown.

RAS, v-RAF murine sarcoma viral oncogene B1 (BRAF) [71], TP53 [72], retinoblastoma (RB) [73], cyclin-
dependent kinase inhibitor 2A (CDKN2A) [74], phosphoinositide-3 -kinase, catalytic alpha polypeptide
(PIK3CA) [75], phosphatase and tensin homolog (PTEN) [76], epidermal growth factor receptor (EGFR) [77],
Somatic truncating mutations in the neurofibromin 2 (NF2) gene, which encodes marlin proteins such as
ERM (ezrin, radixin, moesin) family members that connect cytoskeletal components and cell membranes
[78], have recently been reported in RCC cells clear. It has been suggested that in the absence of explicit RCC
cell samples with VHL-converted NF2 mutations, somatic NF2 mutations may account for half of the cases
in this subclinical [79, 80] (Table 2).

DNA
Methyltransferase

Function Alterations Cancer Type

DNMT 1 Maintenance of Methylation
Upregulation,
Mutation

Ovarian and Colorectal Cancer

DNMT3a De novo Methylation during Embryogenesis Upregulation
Breast, Oral Squamous cell, Ovarian, and
Colorectal Cancer

DNMT3b
De novo Methylation during Embryogenesis Repeat
Methylation Repression

Upregulation
Breast, Hepatocellular, and Colorectal
Cancer

TABLE 2: DNA methylation alterations in human cancers

Genetic clustering of ccRCCs
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Since the genetic background of RCCs is not fully understood, array-comparative genomic hybridization
(CGH) is being analyzed and modified using a customized bacterial artificial chromosome (BAC) array (MCG
Whole Genome Array-4500) [81]. The RCC is usually surrounded by a fibrous and well-designed cortex, with
no fibrous stroma between cancer cells [82]. Current genome-wide analysis has shown that chromosome 3p
loss and 5q and 7 gain significant copy defects in the development of ccRCC cells, regardless of genetic
interaction [83]. Further loss of chromosomes 1p, 4, 9, 13q, or 14q may increase the risk of cluster BTG [84].
There is now compelling evidence that genetic global expression profiling can identify cancer subtypes
based on underlying heterogeneity in mutation, cell division, or cell types [84]. Recent research, for
example, has revealed that two types of breast cancer (BRCA1 and 2) have distinct genetic profiles [85],
implying that differences in gene expression are caused by differences in genetic modification. Another
study found that the gene expression profiles of hepatocellular carcinoma patients differed depending on
whether they were hepatitis B or hepatitis C virus-positive [86], implying that the tumorigenesis process
influences the genetic profile [87]. Genetic profiles can help with a more accurate and objective cancer
diagnosis, disease speculation, and treatment response. A recent study of large B-cell lymphoma tumors
revealed very different survival prospects based on abstract genetic profiles, so patient samples with long-
term follow-up information are required to evaluate the predictive value of specific gene expression profiles
[88]. The same research into other deadly diseases is expected, but it remains difficult because it requires
both proper maintenance of used tissue and long-term patient follow-up data.

Clinical implications of DNA methylation as a marker of RCC disease
Clinically, most cases of RCC are less obvious and are now diagnosed as a result of the unintentional use of
abdominal computed tomography (CT), ultrasound (US), and magnetic resonance tomography (MRT) for
other medical reasons [89]. Early detection is critical to effective cancer treatment. Meanwhile, 30% of RCC
patients have metastases at the time of diagnosis, and another 30-50% will have metastases during follow-
up, even if major surgery has been performed previously [90]. If metastases are present in the diagnosis, the
five-year survival rate may be less than 10-15%, whereas patients with the local disease have a five-year
survival rate of up to 95% [91]. As a result, there is an urgent need to develop new molecular biomarkers for
the early detection of ccRCC and the identification of patients at high risk of progression. During the onset
and progression of cancer, common epigenetic processes, such as genome-wide mutations in DNA
methylation patterns, are disrupted [92].

 Hypermethylation of CpG islands is common in a variety of cancers, including kidney cancer, and is
frequently associated with tumor-suppressor gene mutations and signatory mechanisms [93]. During renal
cell carcinogenesis, epigenetic control mutations are observed, resulting in numerous changes in DNA
methylation [94]. Because abnormal DNA methylation is one of the earliest cell mutations in cancer, these
mutations can be useful in disease diagnosis and/or prognosis [95]. Despite their potential, no accurate or
predictable RCC DNA methylation biomarker has yet reached the clinic. Methylated DNA found in urological
tumors, particularly RCC, can be easily detected in urine samples, allowing for the development of invasive,
non-invasive cell testing [96]. Furthermore, ccRCC is a fatal disease with high intra-tumor and inter-tumor
heterogeneity, making diagnosis and prediction difficult [97]. DNA methylation in urine aggravates this
condition, providing a more accurate representation of tumor heterogeneity than a tissue sample [98].
Furthermore, due to the ease with which samples can be replicated, urine-based biological symptoms can be
observed on a regular basis in at-risk patients, allowing for early detection of tumors or tracking the
progression of cancer in real-time [99]. A number of DNA methylation biomarkers, including ZNF677, FBN2,
PCDH8, TFAP2B, TAC1, and FLRT2, were found in kidney tissue and urine samples from patients with ccRCC
and provided significant clinical assistance and promising power that does not exist in detection and
prediction of invading ccRCC [100, 101].

The Genomic Atlas Cancer Analysis (TCGA) confirmed a few well-known aspects of RCC while also
expanding our understanding of many other factors, such as survival biomarkers [102]. The findings extend
the correlation of CDKN2A loss with decreased survival in ccRCC and papillary RCC (pRCC) to chromophore
RCC (chRCC) and demonstrate that mutation metabolism is associated with negative predictors in patients
with ccRCC or metabolic-separated chRCC [103]. Furthermore, a thorough examination of known genetic
combinations as well as novel TFE3 and TFEB in RCC tumors with varying histological features highlighted
the importance of considering RCC family MiT transfers in patients of all ages [104]. Studies confirmed these
findings by detecting melanocyte inducing transcription factor (MITF) genetic mutations in adult patients
[105](Figure 3).
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FIGURE 3: The Cancer Genome Atlas of renal cell carcinoma: findings
and clinical implications
The Genomic Atlas Cancer Analysis confirmed a few well-known aspects of RCC while also expanding our
understanding of many other factors, such as survival biomarkers

pRCC: papillary renal cell carcinoma; chRCC: chromophore renal cell carcinoma; CpG: 5'-C-phosphate-G-3'

Adapted From: Linehan and Ricketts, 2019 [106] with permission from Springer Nature

Epigenetic changes as targets for cancer therapy
Epigenetic methods as a new treatment have aroused much interest in recent research over the past few
decades. Epigenetic mutations can initiate disease and may predict clinical outcomes [107]. Recent genomic
studies have linked ccRCC to the conversion of chromatin-converting enzymes such as PBRM1, BAP1,
SETD2, and KDM5C, implying that epigenetic dysfunction plays a role in the pathogenesis of this malignant
disease [107, 108]. According to the study, widespread changes in DNA methylation can be detected in ccRCC
and affect regions that develop the kidney genome [92]. Changes in the novel and prominent copy numbers
in ccRCC samples are also seen in the large TCGA collection of ccRCC samples [109]. The analysis of the
various methylated regions in the ccRCC revealed enrichment at Hairy-related transcription factor (HRT)
binding sites [92]. Because HRT is the NOTCH signature route's mediator. Furthermore, recent research
suggests that the NOCH blockade may be effective in a variety of adverse events [110]

There have been reports that NOTCH method components are activated in kidney cell cancer and that
components such as DLL4 may have therapeutic efficacy in pre-clinical models [111]. However, little is
known about the mechanisms that cause the NOTCH method to be activated in renal cell cancer. Recently,
researchers examined the genetic and epigenetic abnormalities associated with the NOTCH approach in
ccRCC and discovered that the ligands JAGGED1 and JAGGED2 were extremely prominent and associated
with both genetic and epigenetic mutations. NOTCH activation has also been found to be widespread in large
TCGA data sets. In vivo, transgenic NOTCH1 overexpression resulted in dysplastic and hyperproliferative
tubes, demonstrating the carcinogenic role of this mechanism in RCC [112]. Finally, the clinical treatment
inhibitor of the NOTCH LY-3039478 method led to an increase in survival in ccRCC xenografts, indicating
this method as a treatment in the ccRCC [110]. The clinical trials (Reported in the United States National
Institutes of Health (NIH) Library) of Epigenetic drugs with combinational therapies are in consideration
[113]. The drugs belonging to HADCi class such as vorinostat [114], panobinostat [115], romidepsin [116],
and belinostat [117] are reported to be in phase I and II clinical trials. DNMT inhibition drugs (azacytidine
[118], oligonucleotide MG98 [119]) are reported in phase I/II clinical trials. Other therapeutics such as
miRNA MRX34 [119], oligonucleotide GTI-2040 [120], and oligonucleotide oblimersen [121] are also in trials
(Table 3).
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Epigenetic Drug Combined Therapy Phase Trial Registry (NIH Library) References

HDAC Inhibition  

  Vorinostat  

- II NCT00278395

  (113)Isotretinoin I/II NCT00324740

Bevacizumab I/II NCT00324870

  Panobinostat

Sorafenib I NCT01005797

    (114)

- II NCT00550277

Everolimus I/II NCT01582009

IL-2 I/II NCT01038778

IL-2 I/II NCT03501381

Atezolizumab plus Bevacizumab I/II NCT03024437

Nivolumab plus Ipilimumab II NCT03552380

Romidepsin
- I NCT01638533

     (115)
- II NCT00106613

Belinostat - I NCT00413075       (116)

DNMT Inhibition  

  Azacytidine

IFN-α I NCT00217542

         (117)

Bevacizumab I/II NCT00934440

IFN-α II NCT00561912

Anti-PD-1 I/II NCT02961101

MBG453 I NCT02608268

Oxaliplatin II NCT04049344

Oligonucleotide MG98 - I/II NCT00003890          (118)

Other Therapeutic Strategies  

miRNA MRX34 - I NCT01829971           (119)

Oligonucleotide GTI-2040 Capecitabine I/II NCT00056173           (119)

Oligonucleotide Oblimersen IFN-α II NCT00059813            (120)

TABLE 3: Ongoing clinical trials
HDAC: histone deacetylase; DNMT: DNA methyltransferase; IFN: interferon; IL: interleukin

Conclusions
The recent revolution in DNA methylation revolutionized the traditional view of gene function and its
alteration as the primary cause of cancer and its metastases. Recent epigenetic advances have revealed that
genome packaging is just as important as the genome in regulating the fundamental cellular processes that
cause cancer. A better understanding of these epigenetic changes in cancer will lead to better therapeutic
modalities, which will improve patient morbidity and mortality. The combined approach of epigenetic
therapy in addition to standard chemotherapy promises successful cancer treatment. We hope these
additional therapeutic approaches may also help cancer stem cells that are unresponsive to standard
chemotherapy and are more likely to develop early metastases. Understanding cancer stem cells and
developing specific epigenetic drugs are essential to effectively reconstructing the abnormal cancer
epigenome. Epigenetic modification patterns linked to cancer development and progression have the
potential to be clinically useful. The development of DNA methylation markers may be useful for early
cancer detection, cancer diagnosis, and cancer prognosis prediction. Recent epigenomic advances allow for
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high-precision mapping of methylation/acetylation status and miRNA levels in the genome, which can aid
in the identification of biomarkers for various diseases. Understanding the molecular events that initiate
and maintain epigenetic gene silencing could lead to the development of clinical cancer prevention and
treatment strategies.

Additional Information
Disclosures
Conflicts of interest: In compliance with the ICMJE uniform disclosure form, all authors declare the
following: Payment/services info: All authors have declared that no financial support was received from
any organization for the submitted work. Financial relationships: All authors have declared that they have
no financial relationships at present or within the previous three years with any organizations that might
have an interest in the submitted work. Other relationships: All authors have declared that there are no
other relationships or activities that could appear to have influenced the submitted work.

References
1. Baylin SB, Jones PA: Epigenetic determinants of cancer . Cold Spring Harb Perspect Biol. 2016, 8:019505.

10.1101/cshperspect.a019505
2. Guo M, Peng Y, Gao A, Du C, Herman JG: Epigenetic heterogeneity in cancer. Biomark Res. 2019, 7:23.

10.1186/s40364-019-0174-y
3. Yao Q, Chen Y, Zhou X: The roles of microRNAs in epigenetic regulation . Curr Opin Chem Biol. 2019, 51:11-

7. 10.1016/j.cbpa.2019.01.024
4. Guo C, Dong G, Liang X, Dong Z: Epigenetic regulation in AKI and kidney repair: mechanisms and

therapeutic implications. Nat Rev Nephrol. 2019, 15:220-39. 10.1038/s41581-018-0103-6
5. Hsieh JJ, Purdue MP, Signoretti S, et al.: Renal cell carcinoma. Nat Rev Dis Primers. 2017, 3:17009.

10.1038/nrdp.2017.9
6. Przybycin CG, Harper HL, Reynolds JP, et al.: Acquired cystic disease-associated renal cell carcinoma (ACD-

RCC): a multiinstitutional study of 40 cases with clinical follow-up. Am J Surg Pathol. 2018, 42:1156-65.
10.1097/PAS.0000000000001091

7. Serratì S, De Summa S, Pilato B, Petriella D, Lacalamita R, Tommasi S, Pinto R: Next-generation
sequencing: advances and applications in cancer diagnosis. Onco Targets Ther. 2016, 9:7355-65.
10.2147/OTT.S99807

8. Dor Y, Cedar H: Principles of DNA methylation and their implications for biology and medicine . Lancet.
2018, 392:777-86. 10.1016/S0140-6736(18)31268-6

9. Chatterjee A, Rodger EJ, Eccles MR: Epigenetic drivers of tumourigenesis and cancer metastasis . Semin
Cancer Biol. 2018, 51:149-59. 10.1016/j.semcancer.2017.08.004

10. Cheng Y, He C, Wang M, et al.: Targeting epigenetic regulators for cancer therapy: mechanisms and
advances in clinical trials. Signal Transduct Target Ther. 2019, 4:62. 10.1038/s41392-019-0095-0

11. Romagnolo DF, Daniels KD, Grunwald JT, Ramos SA, Propper CR, Selmin OI: Epigenetics of breast cancer:
modifying role of environmental and bioactive food compounds. Mol Nutr Food Res. 2016, 60:1310-29.
10.1002/mnfr.201501063

12. Lövkvist C, Dodd IB, Sneppen K, Haerter JO: DNA methylation in human epigenomes depends on local
topology of CpG sites. Nucleic Acids Res. 2016, 44:5123-32. 10.1093/nar/gkw124

13. Kinde B, Gabel HW, Gilbert CS, Griffith EC, Greenberg ME: Reading the unique DNA methylation landscape
of the brain: non-CpG methylation, hydroxymethylation, and MeCP2. Proc Natl Acad Sci U S A. 2015,
112:6800-6. 10.1073/pnas.1411269112

14. Burgio E, Migliore L: Towards a systemic paradigm in carcinogenesis: linking epigenetics and genetics . Mol
Biol Rep. 2015, 42:777-90. 10.1007/s11033-014-3804-3

15. Han M, Jia L, Lv W, Wang L, Cui W: Epigenetic enzyme mutations: role in tumorigenesis and molecular
inhibitors. Front Oncol. 2019, 9:194. 10.3389/fonc.2019.00194

16. Vidal E, Sayols S, Moran S, et al.: A DNA methylation map of human cancer at single base-pair resolution .
Oncogene. 2017, 36:5648-57. 10.1038/onc.2017.176

17. Kanwal R, Gupta K, Gupta S: Cancer epigenetics: an introduction. Methods Mol Biol. 2015, 1238:3-25.
10.1007/978-1-4939-1804-1_1

18. Cavalli G, Heard E: Advances in epigenetics link genetics to the environment and disease . Nature. 2019,
571:489-99. 10.1038/s41586-019-1411-0

19. Li L, Tang J, Zhang B, et al.: Epigenetic modification of MiR-429 promotes liver tumour-initiating cell
properties by targeting Rb binding protein 4. Gut. 2015, 64:156-67. 10.1136/gutjnl-2013-305715

20. Witasp A, Van Craenenbroeck AH, Shiels PG, Ekström TJ, Stenvinkel P, Nordfors L: Current epigenetic
aspects the clinical kidney researcher should embrace. Clin Sci (Lond). 2017, 131:1649-67.
10.1042/CS20160596

21. Argentieri MA, Nagarajan S, Seddighzadeh B, Baccarelli AA, Shields AE: Epigenetic pathways in human
disease: the impact of DNA methylation on stress-related pathogenesis and current challenges in biomarker
development. EBioMedicine. 2017, 18:327-50. 10.1016/j.ebiom.2017.03.044

22. Koch A, Joosten SC, Feng Z, et al.: Analysis of DNA methylation in cancer: location revisited . Nat Rev Clin
Oncol. 2018, 15:459-66. 10.1038/s41571-018-0004-4

23. Reynard LN: Analysis of genetics and DNA methylation in osteoarthritis: what have we learnt about the
disease?. Semin Cell Dev Biol. 2017, 62:57-66. 10.1016/j.semcdb.2016.04.017

24. Fioriniello S, Marano D, Fiorillo F, D'Esposito M, Della Ragione F: Epigenetic factors that control pericentric
heterochromatin organization in mammals. Genes (Basel). 2020, 11:10.3390/genes11060595

25. Rustad SR, Papale LA, Alisch RS: DNA methylation and hydroxymethylation and behavior . Curr Top Behav

2022 Tanvir et al. Cureus 14(10): e30743. DOI 10.7759/cureus.30743 9 of 13

https://dx.doi.org/10.1101/cshperspect.a019505
https://dx.doi.org/10.1101/cshperspect.a019505
https://dx.doi.org/10.1186/s40364-019-0174-y
https://dx.doi.org/10.1186/s40364-019-0174-y
https://dx.doi.org/10.1016/j.cbpa.2019.01.024
https://dx.doi.org/10.1016/j.cbpa.2019.01.024
https://dx.doi.org/10.1038/s41581-018-0103-6
https://dx.doi.org/10.1038/s41581-018-0103-6
https://dx.doi.org/10.1038/nrdp.2017.9
https://dx.doi.org/10.1038/nrdp.2017.9
https://dx.doi.org/10.1097/PAS.0000000000001091
https://dx.doi.org/10.1097/PAS.0000000000001091
https://dx.doi.org/10.2147/OTT.S99807
https://dx.doi.org/10.2147/OTT.S99807
https://dx.doi.org/10.1016/S0140-6736(18)31268-6
https://dx.doi.org/10.1016/S0140-6736(18)31268-6
https://dx.doi.org/10.1016/j.semcancer.2017.08.004
https://dx.doi.org/10.1016/j.semcancer.2017.08.004
https://dx.doi.org/10.1038/s41392-019-0095-0
https://dx.doi.org/10.1038/s41392-019-0095-0
https://dx.doi.org/10.1002/mnfr.201501063
https://dx.doi.org/10.1002/mnfr.201501063
https://dx.doi.org/10.1093/nar/gkw124
https://dx.doi.org/10.1093/nar/gkw124
https://dx.doi.org/10.1073/pnas.1411269112
https://dx.doi.org/10.1073/pnas.1411269112
https://dx.doi.org/10.1007/s11033-014-3804-3
https://dx.doi.org/10.1007/s11033-014-3804-3
https://dx.doi.org/10.3389/fonc.2019.00194
https://dx.doi.org/10.3389/fonc.2019.00194
https://dx.doi.org/10.1038/onc.2017.176
https://dx.doi.org/10.1038/onc.2017.176
https://dx.doi.org/10.1007/978-1-4939-1804-1_1
https://dx.doi.org/10.1007/978-1-4939-1804-1_1
https://dx.doi.org/10.1038/s41586-019-1411-0
https://dx.doi.org/10.1038/s41586-019-1411-0
https://dx.doi.org/10.1136/gutjnl-2013-305715
https://dx.doi.org/10.1136/gutjnl-2013-305715
https://dx.doi.org/10.1042/CS20160596
https://dx.doi.org/10.1042/CS20160596
https://dx.doi.org/10.1016/j.ebiom.2017.03.044
https://dx.doi.org/10.1016/j.ebiom.2017.03.044
https://dx.doi.org/10.1038/s41571-018-0004-4
https://dx.doi.org/10.1038/s41571-018-0004-4
https://dx.doi.org/10.1016/j.semcdb.2016.04.017
https://dx.doi.org/10.1016/j.semcdb.2016.04.017
https://dx.doi.org/10.3390/genes11060595
https://dx.doi.org/10.3390/genes11060595
https://dx.doi.org/10.1007/7854_2019_104


Neurosci. 2019, 42:51-82. 10.1007/7854_2019_104
26. Miranda Furtado CL, Dos Santos Luciano MC, Silva Santos RD, Furtado GP, Moraes MO, Pessoa C: Epidrugs:

targeting epigenetic marks in cancer treatment. Epigenetics. 2019, 14:1164-76.
10.1080/15592294.2019.1640546

27. Rawłuszko-Wieczorek AA, Siera A, Jagodziński PP: TET proteins in cancer: current 'state of the art' . Crit Rev
Oncol Hematol. 2015, 96:425-36. 10.1016/j.critrevonc.2015.07.008

28. Leygo C, Williams M, Jin HC, Chan MW, Chu WK, Grusch M, Cheng YY: DNA methylation as a noninvasive
epigenetic biomarker for the detection of cancer. Dis Markers. 2017, 2017:3726595. 10.1155/2017/3726595

29. Bishop KS, Ferguson LR: The interaction between epigenetics, nutrition and the development of cancer .
Nutrients. 2015, 7:922-47. 10.3390/nu7020922

30. Tomasetti C, Marchionni L, Nowak MA, Parmigiani G, Vogelstein B: Only three driver gene mutations are
required for the development of lung and colorectal cancers. Proc Natl Acad Sci U S A. 2015, 112:118-23.
10.1073/pnas.1421839112

31. O'Connell MR, Sarkar S, Luthra GK, et al.: Epigenetic changes and alternate promoter usage by human colon
cancers for expressing DCLK1-isoforms: clinical Implications. Sci Rep. 2015, 5:14983. 10.1038/srep14983

32. Feinberg AP: The key role of epigenetics in human disease prevention and mitigation . N Engl J Med. 2018,
378:1323-34. 10.1056/NEJMra1402513

33. Piletič K, Kunej T: MicroRNA epigenetic signatures in human disease . Arch Toxicol. 2016, 90:2405-19.
10.1007/s00204-016-1815-7

34. Relton CL, Davey Smith G. : Epigenetic epidemiology of common complex disease: prospects for prediction,
prevention, and treatment. . PLoS medicine 2010; 7(10): e1000356.. 2010, 7:e1000356.
10.1371/journal.pmed.1000356

35. Armstrong L: Epigenetics. Garland Science, New York; 2020. 10.1201/9780429258862
36. Lopomo A, Coppedè F: Epigenetic signatures in the diagnosis and prognosis of cancer . Epigenetic

Mechanisms in Cancer: Translational Epigenetics. Saldanha S (ed): Academic Press, London, England; 2018.
313-43. 10.1016/B978-0-12-809552-2.00012-7

37. Abdeen SK, Aqeilan RI: Decoding the link between WWOX and p53 in aggressive breast cancer . Cell Cycle.
2019, 18:1177-86. 10.1080/15384101.2019.1616998

38. Van Tongelen A, Loriot A, De Smet C: Oncogenic roles of DNA hypomethylation through the activation of
cancer-germline genes. Cancer Lett. 2017, 396:130-7. 10.1016/j.canlet.2017.03.029

39. Chen C, Gao D, Huo J, Qu R, Guo Y, Hu X, Luo L: Multiomics analysis reveals CT83 is the most specific gene
for triple negative breast cancer and its hypomethylation is oncogenic in breast cancer. Sci Rep. 2021,
11:12172. 10.1038/s41598-021-91290-4

40. Noguera-Uclés JF, Boyero L, Salinas A, et al.: The roles of imprinted SLC22A18 and SLC22A18AS gene
overexpression caused by promoter CpG island hypomethylation as diagnostic and prognostic biomarkers
for non-small cell lung cancer patients. Cancers (Basel). 2020, 12:2075. 10.3390/cancers12082075

41. Wong KK, Lawrie CH, Green TM: Oncogenic roles and inhibitors of DNMT1, DNMT3A, and DNMT3B in
acute myeloid leukaemia. Biomark Insights. 2019, 14:1177271919846454. 10.1177/1177271919846454

42. Zhao X, Cao D, Ren Z, et al.: Dipeptidyl peptidase like 6 promoter methylation is a potential prognostic
biomarker for pancreatic ductal adenocarcinoma. Biosci Rep. 2020, 40:10.1042/BSR20200214

43. Botezatu A, Iancu IV, Popa O, et al.: Mechanisms of oncogene activation. New Aspects in Molecular and
Cellular Mechanisms of Human Carcinogenesis. Bulgin D (ed): IntechOpen, London, United Kingdom; 2016.
1-52. 10.5772/61249

44. Rondinelli B, Rosano D, Antonini E, et al.: Histone demethylase JARID1C inactivation triggers genomic
instability in sporadic renal cancer. J Clin Invest. 2015, 125:4625-37. 10.1172/JCI81040

45. Nientiedt M, Deng M, Schmidt D, Perner S, Müller SC, Ellinger J: Identification of aberrant tRNA-halves
expression patterns in clear cell renal cell carcinoma. Sci Rep. 2016, 6:37158. 10.1038/srep37158

46. Tomesz A, Szabo L, Molnar R, et al.: Changes in miR-124-1, miR-212, miR-132, miR-134, and miR-155
expression patterns after 7,12-dimethylbenz(a)anthracene treatment in CBA/Ca mice. Cells. 2022,
11:10.3390/cells11061020

47. Zhang L, Jiang H, Xu G, et al.: Proteins S100A8 and S100A9 are potential biomarkers for renal cell carcinoma
in the early stages: results from a proteomic study integrated with bioinformatics analysis. Mol Med Rep.
2015, 11:4093-100. 10.3892/mmr.2015.3321

48. Pfeifer GP: Defining driver DNA methylation changes in human cancer . Int J Mol Sci. 2018, 19:1166.
10.3390/ijms19041166

49. Saghafinia S, Mina M, Riggi N, Hanahan D, Ciriello G: Pan-cancer landscape of aberrant DNA methylation
across human tumors. Cell Rep. 2018, 25:1066-1080.e8. 10.1016/j.celrep.2018.09.082

50. Alhosin M, Omran Z, Zamzami MA, Al-Malki AL, Choudhry H, Mousli M, Bronner C: Signalling pathways in
UHRF1-dependent regulation of tumor suppressor genes in cancer. J Exp Clin Cancer Res. 2016, 35:174.
10.1186/s13046-016-0453-5

51. Hao X, Luo H, Krawczyk M, et al.: DNA methylation markers for diagnosis and prognosis of common
cancers. Proc Natl Acad Sci U S A. 2017, 114:7414-9. 10.1073/pnas.1703577114

52. Liang G, Weisenberger DJ: DNA methylation aberrancies as a guide for surveillance and treatment of human
cancers. Epigenetics. 2017, 12:416-32. 10.1080/15592294.2017.1311434

53. Paluncic J, Kovacevic Z, Jansson PJ, et al.: Roads to melanoma: key pathways and emerging players in
melanoma progression and oncogenic signaling. Biochim Biophys Acta. 2016, 1863:770-84.
10.1016/j.bbamcr.2016.01.025

54. Lin Y, Xu J, Lan H: Tumor-associated macrophages in tumor metastasis: biological roles and clinical
therapeutic applications. J Hematol Oncol. 2019, 12:76. 10.1186/s13045-019-0760-3

55. Tijhuis AE, Johnson SC, McClelland SE: The emerging links between chromosomal instability (CIN),
metastasis, inflammation and tumour immunity. Mol Cytogenet. 2019, 12:17. 10.1186/s13039-019-0429-1

56. Fares J, Fares MY, Khachfe HH, Salhab HA, Fares Y: Molecular principles of metastasis: a hallmark of cancer
revisited. Signal Transduct Target Ther. 2020, 5:28. 10.1038/s41392-020-0134-x

57. Carvalho MI, Silva-Carvalho R, Pires I, Prada J, Bianchini R, Jensen-Jarolim E, Queiroga FL: A comparative

2022 Tanvir et al. Cureus 14(10): e30743. DOI 10.7759/cureus.30743 10 of 13

https://dx.doi.org/10.1007/7854_2019_104
https://dx.doi.org/10.1080/15592294.2019.1640546
https://dx.doi.org/10.1080/15592294.2019.1640546
https://dx.doi.org/10.1016/j.critrevonc.2015.07.008
https://dx.doi.org/10.1016/j.critrevonc.2015.07.008
https://dx.doi.org/10.1155/2017/3726595
https://dx.doi.org/10.1155/2017/3726595
https://dx.doi.org/10.3390/nu7020922
https://dx.doi.org/10.3390/nu7020922
https://dx.doi.org/10.1073/pnas.1421839112
https://dx.doi.org/10.1073/pnas.1421839112
https://dx.doi.org/10.1038/srep14983
https://dx.doi.org/10.1038/srep14983
https://dx.doi.org/10.1056/NEJMra1402513
https://dx.doi.org/10.1056/NEJMra1402513
https://dx.doi.org/10.1007/s00204-016-1815-7
https://dx.doi.org/10.1007/s00204-016-1815-7
https://dx.doi.org/10.1371/journal.pmed.1000356
https://dx.doi.org/10.1371/journal.pmed.1000356
https://dx.doi.org/10.1201/9780429258862
https://dx.doi.org/10.1201/9780429258862
https://dx.doi.org/10.1016/B978-0-12-809552-2.00012-7
https://dx.doi.org/10.1016/B978-0-12-809552-2.00012-7
https://dx.doi.org/10.1080/15384101.2019.1616998
https://dx.doi.org/10.1080/15384101.2019.1616998
https://dx.doi.org/10.1016/j.canlet.2017.03.029
https://dx.doi.org/10.1016/j.canlet.2017.03.029
https://dx.doi.org/10.1038/s41598-021-91290-4
https://dx.doi.org/10.1038/s41598-021-91290-4
https://dx.doi.org/10.3390/cancers12082075
https://dx.doi.org/10.3390/cancers12082075
https://dx.doi.org/10.1177/1177271919846454
https://dx.doi.org/10.1177/1177271919846454
https://dx.doi.org/10.1042/BSR20200214
https://dx.doi.org/10.1042/BSR20200214
https://dx.doi.org/10.5772/61249
https://dx.doi.org/10.5772/61249
https://dx.doi.org/10.1172/JCI81040
https://dx.doi.org/10.1172/JCI81040
https://dx.doi.org/10.1038/srep37158
https://dx.doi.org/10.1038/srep37158
https://dx.doi.org/10.3390/cells11061020
https://dx.doi.org/10.3390/cells11061020
https://dx.doi.org/10.3892/mmr.2015.3321
https://dx.doi.org/10.3892/mmr.2015.3321
https://dx.doi.org/10.3390/ijms19041166
https://dx.doi.org/10.3390/ijms19041166
https://dx.doi.org/10.1016/j.celrep.2018.09.082
https://dx.doi.org/10.1016/j.celrep.2018.09.082
https://dx.doi.org/10.1186/s13046-016-0453-5
https://dx.doi.org/10.1186/s13046-016-0453-5
https://dx.doi.org/10.1073/pnas.1703577114
https://dx.doi.org/10.1073/pnas.1703577114
https://dx.doi.org/10.1080/15592294.2017.1311434
https://dx.doi.org/10.1080/15592294.2017.1311434
https://dx.doi.org/10.1016/j.bbamcr.2016.01.025
https://dx.doi.org/10.1016/j.bbamcr.2016.01.025
https://dx.doi.org/10.1186/s13045-019-0760-3
https://dx.doi.org/10.1186/s13045-019-0760-3
https://dx.doi.org/10.1186/s13039-019-0429-1
https://dx.doi.org/10.1186/s13039-019-0429-1
https://dx.doi.org/10.1038/s41392-020-0134-x
https://dx.doi.org/10.1038/s41392-020-0134-x
https://dx.doi.org/10.1155/2016/4917387


approach of tumor-associated inflammation in mammary cancer between humans and dogs. Biomed Res
Int. 2016, 2016:4917387. 10.1155/2016/4917387

58. Steeg PS: Targeting metastasis. Nat Rev Cancer. 2016, 16:201-18. 10.1038/nrc.2016.25
59. Cai W, Yang H: The structure and regulation of Cullin 2 based E3 ubiquitin ligases and their biological

functions. Cell Div. 2016, 11:7. 10.1186/s13008-016-0020-7
60. Liu X, Zurlo G, Zhang Q: The roles of Cullin-2 E3 ubiquitin ligase complex in cancer . Adv Exp Med Biol.

2020, 1217:173-86. 10.1007/978-981-15-1025-0_11
61. Gossage L, Eisen T, Maher ER: VHL, the story of a tumour suppressor gene . Nat Rev Cancer. 2015, 15:55-64.

10.1038/nrc3844
62. Espana-Agusti J, Warren A, Chew SK, Adams DJ, Matakidou A: Loss of PBRM1 rescues VHL dependent

replication stress to promote renal carcinogenesis. Nat Commun. 2017, 8:2026. 10.1038/s41467-017-02245-
1

63. Accornero P, Miretti S, Bersani F, Quaglino E, Martignani E, Baratta M: Met receptor acts uniquely for
survival and morphogenesis of EGFR-dependent normal mammary epithelial and cancer cells. PLoS One.
2012, 7:e44982. 10.1371/journal.pone.0044982

64. Sabarwal A, Chakraborty S, Mahanta S, Banerjee S, Balan M, Pal S: A novel combination treatment with
honokiol and rapamycin effectively restricts c-met-induced growth of renal cancer cells, and also inhibits
the expression of tumor cell pd-l1 involved in immune escape. Cancers (Basel). 2020, 12:1782.
10.3390/cancers12071782

65. Chahoud J, McGettigan M, Parikh N, et al.: Evaluation, diagnosis and surveillance of renal masses in the
setting of VHL disease. World J Urol. 2021, 39:2409-15. 10.1007/s00345-020-03441-3

66. Norouzinia F, Abbasi F, Dindarian S, Mohammadi S, Meisami F, Bagheri M, Mohammadi H:
Immunohistochemical study of C-kit expression in subtypes of renal cell carcinoma . Turk J Urol. 2018,
44:31-5. 10.5152/tud.2018.91455

67. Stec R, Grala B, Maczewski M, Bodnar L, Szczylik C: Chromophobe renal cell cancer--review of the literature
and potential methods of treating metastatic disease. J Exp Clin Cancer Res. 2009, 28:134. 10.1186/1756-
9966-28-134

68. Liu H, Guo D, Sha Y, et al.: ANXA7 promotes the cell cycle, proliferation and cell adhesion-mediated drug
resistance of multiple myeloma cells by up-regulating CDC5L. Aging (Albany NY). 2020, 12:11100-15.
10.18632/aging.103326

69. Argani P, Mehra R: Renal cell carcinoma associated with tuberous sclerosis complex (TSC)/mammalian
target of rapamycin (MTOR) genetic alterations. Mod Pathol. 2022, 35:296-7. 10.1038/s41379-021-00971-y

70. Adeniran AJ, Shuch B, Humphrey PA: Hereditary renal cell carcinoma syndromes: clinical, pathologic, and
genetic features. Am J Surg Pathol. 2015, 39:e1-e18. 10.1097/PAS.0000000000000562

71. Huang L, Fu L: Mechanisms of resistance to EGFR tyrosine kinase inhibitors . Acta Pharm Sin B. 2015, 5:390-
401. 10.1016/j.apsb.2015.07.001

72. Olivier M, Hollstein M, Hainaut P: TP53 mutations in human cancers: origins, consequences, and clinical
use. Cold Spring Harb Perspect Biol. 2010, 2:a001008. 10.1101/cshperspect.a001008

73. Kamihara J, Bourdeaut F, Foulkes WD, et al.: Retinoblastoma and neuroblastoma predisposition and
surveillance. Clin Cancer Res. 2017, 23:e98-e106. 10.1158/1078-0432.CCR-17-0652

74. Yang C, Cimera RS, Aryeequaye R, et al.: Adverse histology, homozygous loss of CDKN2A/B, and complex
genomic alterations in locally advanced/metastatic renal mucinous tubular and spindle cell carcinoma. Mod
Pathol. 2021, 34:445-56. 10.1038/s41379-020-00667-9

75. Madsen RR, Vanhaesebroeck B, Semple RK: Cancer-associated PIK3CA mutations in overgrowth disorders .
Trends Mol Med. 2018, 24:856-70. 10.1016/j.molmed.2018.08.003

76. Tang L, Li X, Gao Y, et al.: Phosphatase and tensin homolog (PTEN) expression on oncologic outcome in
renal cell carcinoma: a systematic review and meta-analysis. PLoS One. 2017, 12:e0179437.
10.1371/journal.pone.0179437

77. Zaman S, Hajiran A, Coba GA, et al.: Aberrant epidermal growth factor receptor RNA splice products are
among the most frequent somatic alterations in clear cell renal cell carcinoma and are associated with a
poor response to immunotherapy. Eur Urol Focus. 2021, 7:373-80. 10.1016/j.euf.2019.12.001

78. Lee S, Karas PJ, Hadley CC, et al.: The role of merlin/NF2 loss in meningioma biology . Cancers (Basel). 2019,
11:1633. 10.3390/cancers11111633

79. Guan Y, Gong Z, Xiao T, Li Z: Knockdown of miR-572 suppresses cell proliferation and promotes apoptosis
in renal cell carcinoma cells by targeting the NF2/Hippo signaling pathway. Int J Clin Exp Pathol. 2018,
11:5705-14.

80. Gleeson JP, Nikolovski I, Dinatale R, et al.: Comprehensive molecular characterization and response to
therapy in fumarate hydratase-deficient renal cell carcinoma. Clin Cancer Res. 2021, 27:2910-9.
10.1158/1078-0432.CCR-20-4367

81. Büttner F, Winter S, Rausch S, et al.: Survival prediction of clear cell renal cell carcinoma based on gene
expression similarity to the proximal tubule of the nephron. Eur Urol. 2015, 68:1016-20.
10.1016/j.eururo.2015.05.045

82. Kabekkodu SP, Shukla V, Varghese VK, D' Souza J, Chakrabarty S, Satyamoorthy K: Clustered miRNAs and
their role in biological functions and diseases. Biol Rev Camb Philos Soc. 2018, 93:1955-86.
10.1111/brv.12428

83. Iwamoto T, Niikura N, Ogiya R, et al.: Distinct gene expression profiles between primary breast cancers and
brain metastases from pair-matched samples. Sci Rep. 2019, 9:13343. 10.1038/s41598-019-50099-y

84. Zhang H, Zhu C, Zhao Y, et al.: Long non-coding RNA expression profiles of hepatitis C virus-related
dysplasia and hepatocellular carcinoma. Oncotarget. 2015, 6:43770-8. 10.18632/oncotarget.6087

85. Schneider G, Schmidt-Supprian M, Rad R, Saur D: Tissue-specific tumorigenesis: context matters. Nat Rev
Cancer. 2017, 17:239-53. 10.1038/nrc.2017.5

86. Sun C, Cheng X, Wang C, Wang X, Xia B, Zhang Y: Gene expression profiles analysis identifies a novel two-
gene signature to predict overall survival in diffuse large B-cell lymphoma. Biosci Rep. 2019,
39:10.1042/BSR20181293

2022 Tanvir et al. Cureus 14(10): e30743. DOI 10.7759/cureus.30743 11 of 13

https://dx.doi.org/10.1155/2016/4917387
https://dx.doi.org/10.1038/nrc.2016.25
https://dx.doi.org/10.1038/nrc.2016.25
https://dx.doi.org/10.1186/s13008-016-0020-7
https://dx.doi.org/10.1186/s13008-016-0020-7
https://dx.doi.org/10.1007/978-981-15-1025-0_11
https://dx.doi.org/10.1007/978-981-15-1025-0_11
https://dx.doi.org/10.1038/nrc3844
https://dx.doi.org/10.1038/nrc3844
https://dx.doi.org/10.1038/s41467-017-02245-1
https://dx.doi.org/10.1038/s41467-017-02245-1
https://dx.doi.org/10.1371/journal.pone.0044982
https://dx.doi.org/10.1371/journal.pone.0044982
https://dx.doi.org/10.3390/cancers12071782
https://dx.doi.org/10.3390/cancers12071782
https://dx.doi.org/10.1007/s00345-020-03441-3
https://dx.doi.org/10.1007/s00345-020-03441-3
https://dx.doi.org/10.5152/tud.2018.91455
https://dx.doi.org/10.5152/tud.2018.91455
https://dx.doi.org/10.1186/1756-9966-28-134
https://dx.doi.org/10.1186/1756-9966-28-134
https://dx.doi.org/10.18632/aging.103326
https://dx.doi.org/10.18632/aging.103326
https://dx.doi.org/10.1038/s41379-021-00971-y
https://dx.doi.org/10.1038/s41379-021-00971-y
https://dx.doi.org/10.1097/PAS.0000000000000562
https://dx.doi.org/10.1097/PAS.0000000000000562
https://dx.doi.org/10.1016/j.apsb.2015.07.001
https://dx.doi.org/10.1016/j.apsb.2015.07.001
https://dx.doi.org/10.1101/cshperspect.a001008
https://dx.doi.org/10.1101/cshperspect.a001008
https://dx.doi.org/10.1158/1078-0432.CCR-17-0652
https://dx.doi.org/10.1158/1078-0432.CCR-17-0652
https://dx.doi.org/10.1038/s41379-020-00667-9
https://dx.doi.org/10.1038/s41379-020-00667-9
https://dx.doi.org/10.1016/j.molmed.2018.08.003
https://dx.doi.org/10.1016/j.molmed.2018.08.003
https://dx.doi.org/10.1371/journal.pone.0179437
https://dx.doi.org/10.1371/journal.pone.0179437
https://dx.doi.org/10.1016/j.euf.2019.12.001
https://dx.doi.org/10.1016/j.euf.2019.12.001
https://dx.doi.org/10.3390/cancers11111633
https://dx.doi.org/10.3390/cancers11111633
https://pubmed.ncbi.nlm.nih.gov/31949656/
https://dx.doi.org/10.1158/1078-0432.CCR-20-4367
https://dx.doi.org/10.1158/1078-0432.CCR-20-4367
https://dx.doi.org/10.1016/j.eururo.2015.05.045
https://dx.doi.org/10.1016/j.eururo.2015.05.045
https://dx.doi.org/10.1111/brv.12428
https://dx.doi.org/10.1111/brv.12428
https://dx.doi.org/10.1038/s41598-019-50099-y
https://dx.doi.org/10.1038/s41598-019-50099-y
https://dx.doi.org/10.18632/oncotarget.6087
https://dx.doi.org/10.18632/oncotarget.6087
https://dx.doi.org/10.1038/nrc.2017.5
https://dx.doi.org/10.1038/nrc.2017.5
https://dx.doi.org/10.1042/BSR20181293
https://dx.doi.org/10.1042/BSR20181293


87. Najafi A, Wildt M, Hainc N, Hohmann J: Evaluation of cystic and solid renal lesions with contrast-enhanced
ultrasound: a retrospective study. Ultrasound Int Open. 2021, 7:E25-34. 10.1055/a-1522-8969

88. Hemminki K, Försti A, Hemminki A, Ljungberg B, Hemminki O: Progress in survival in renal cell carcinoma
through 50 years evaluated in Finland and Sweden. PLoS One. 2021, 16:e0253236.
10.1371/journal.pone.0253236

89. Shenoy N, Vallumsetla N, Zou Y, et al.: Role of DNA methylation in renal cell carcinoma . J Hematol Oncol.
2015, 8:88. 10.1186/s13045-015-0180-y

90. Yates J, Boeva V: Deciphering the etiology and role in oncogenic transformation of the CpG island
methylator phenotype: a pan-cancer analysis. Brief Bioinform. 2022, 23: 10.1093/bib/bbab610

91. Joosten SC, Smits KM, Aarts MJ, Melotte V, Koch A, Tjan-Heijnen VC, van Engeland M: Epigenetics in renal
cell cancer: mechanisms and clinical applications. Nat Rev Urol. 2018, 15:430-51. 10.1038/s41585-018-0023-
z

92. Ehrlich M: DNA hypermethylation in disease: mechanisms and clinical relevance . Epigenetics. 2019,
14:1141-63. 10.1080/15592294.2019.1638701

93. Chen X, Zhang J, Ruan W, et al.: Urine DNA methylation assay enables early detection and recurrence
monitoring for bladder cancer. J Clin Invest. 2020, 130:6278-89. 10.1172/JCI139597

94. Corrò C, Moch H: Biomarker discovery for renal cancer stem cells . J Pathol Clin Res. 2018, 4:3-18.
10.1002/cjp2.91

95. Larsen LK, Lind GE, Guldberg P, Dahl C: DNA-methylation-based detection of urological cancer in urine:
overview of biomarkers and considerations on biomarker design, source of DNA, and detection
technologies. Int J Mol Sci. 2019, 20:2657. 10.3390/ijms20112657

96. Perakis S, Auer M, Belic J, Heitzer E: Advances in circulating tumor DNA analysis . Adv Clin Chem. 2017,
80:73-153. 10.1016/bs.acc.2016.11.005

97. Kubiliūtė R: Diagnostic and Prognostic DNA Methylation Biomarkers of Renal Clear Cell Carcinoma
[Doctoral Thesis]. Vilnius University, Vilnius, Lithuania; 2021. 10.15388/vu.thesis.268

98. Kubiliūtė R, Žukauskaitė K, Žalimas A, et al.: Clinical significance of novel DNA methylation biomarkers for
renal clear cell carcinoma. J Cancer Res Clin Oncol. 2022, 148:361-75. 10.1007/s00432-021-03837-7

99. Haake SM, Weyandt JD, Rathmell WK: Insights into the genetic basis of the renal cell carcinomas from The
Cancer Genome Atlas. Mol Cancer Res. 2016, 14:589-98. 10.1158/1541-7786.MCR-16-0115

100. Ricketts CJ, De Cubas AA, Fan H, et al.: The Cancer Genome Atlas comprehensive molecular
characterization of renal cell carcinoma. Cell Rep. 2018, 23:313-326.e5. 10.1016/j.celrep.2018.03.075

101. Li F, Aljahdali IA, Zhang R, Nastiuk KL, Krolewski JJ, Ling X: Kidney cancer biomarkers and targets for
therapeutics: survivin (BIRC5), XIAP, MCL-1, HIF1α, HIF2α, NRF2, MDM2, MDM4, p53, KRAS and AKT in
renal cell carcinoma. J Exp Clin Cancer Res. 2021, 40:254. 10.1186/s13046-021-02026-1

102. Boilève A, Carlo MI, Barthélémy P, et al.: Immune checkpoint inhibitors in MITF family translocation renal
cell carcinomas and genetic correlates of exceptional responders. J Immunother Cancer. 2018, 6:159.
10.1186/s40425-018-0482-z

103. Yu J, Xie T, Wang Z, Wang X, Zeng S, Kang Y, Hou T: DNA methyltransferases: emerging targets for the
discovery of inhibitors as potent anticancer drugs. Drug Discov Today. 2019, 24:2323-31.
10.1016/j.drudis.2019.08.006

104. Biswas S, Rao CM: Epigenetic tools (the writers, the readers and the erasers) and their implications in
cancer therapy. Eur J Pharmacol. 2018, 837:8-24. 10.1016/j.ejphar.2018.08.021

105. de Cubas AA, Rathmell WK: Epigenetic modifiers: activities in renal cell carcinoma . Nat Rev Urol. 2018,
15:599-614. 10.1038/s41585-018-0052-7

106. Linehan WM, Ricketts CJ: The Cancer Genome Atlas of renal cell carcinoma: findings and clinical
implications. Nat Rev Urol. 2019, 16:539-52. 10.1038/s41585-019-0211-5

107. Zhou J, Wang J, Hong B, et al.: Gene signatures and prognostic values of m6A regulators in clear cell renal
cell carcinoma - a retrospective study using TCGA database. Aging (Albany NY). 2019, 11:1633-47.
10.18632/aging.101856

108. Bhagat TD, Zou Y, Huang S, et al.: Notch pathway is activated via genetic and epigenetic alterations and is a
therapeutic target in clear cell renal cancer. J Biol Chem. 2017, 292:837-46. 10.1074/jbc.M116.745208

109. Yuan X, Wu H, Xu H, et al.: Notch signaling: an emerging therapeutic target for cancer treatment . Cancer
Lett. 2015, 369:20-7. 10.1016/j.canlet.2015.07.048

110. Boardman R, Pang V, Malhi N, et al.: Activation of Notch signaling by soluble Dll4 decreases vascular
permeability via a cAMP/PKA-dependent pathway. Am J Physiol Heart Circ Physiol. 2019, 316:H1065-75.
10.1152/ajpheart.00610.2018

111. Li L, Tang P, Li S, Qin X, Yang H, Wu C, Liu Y: Notch signaling pathway networks in cancer metastasis: a
new target for cancer therapy. Med Oncol. 2017, 34:180. 10.1007/s12032-017-1039-6

112. Gao L, Zhang LJ, Li SH, Wei LL, Luo B, He RQ, Xia S: Role of miR-452-5p in the tumorigenesis of prostate
cancer: a study based on the Cancer Genome Atl(TCGA), Gene Expression Omnibus (GEO), and
bioinformatics analysis. Pathol Res Pract. 2018, 214:732-49. 10.1016/j.prp.2018.03.002

113. NIH Drugs Clinical: Renal cell carcinoma . (2022). Accessed: August 13, 2022:
https://clinicaltrials.gov/ct2/results?term=DRUGS+CLINICAL&cond=Renal+Cell+Carcinoma.

114. Peired AJ, Antonelli G, Angelotti ML, et al.: Acute kidney injury promotes development of papillary renal
cell adenoma and carcinoma from renal progenitor cells. Sci Transl Med. 2020,
12:10.1126/scitranslmed.aaw6003

115. Mahalingam D, Mita M, Sarantopoulos J, et al.: Combined autophagy and HDAC inhibition: a phase I safety,
tolerability, pharmacokinetic, and pharmacodynamic analysis of hydroxychloroquine in combination with
the HDAC inhibitor vorinostat in patients with advanced solid tumors. Autophagy. 2014, 10:1403-14.
10.4161/auto.29231

116. Hainsworth JD, Infante JR, Spigel DR, Arrowsmith ER, Boccia RV, Burris HA: A phase II trial of
panobinostat, a histone deacetylase inhibitor, in the treatment of patients with refractory metastatic renal
cell carcinoma. Cancer Invest. 2011, 29:451-5. 10.3109/07357907.2011.590568

117. Bertino EM, Otterson GA: Romidepsin: a novel histone deacetylase inhibitor for cancer . Expert Opin

2022 Tanvir et al. Cureus 14(10): e30743. DOI 10.7759/cureus.30743 12 of 13

https://dx.doi.org/10.1055/a-1522-8969
https://dx.doi.org/10.1055/a-1522-8969
https://dx.doi.org/10.1371/journal.pone.0253236
https://dx.doi.org/10.1371/journal.pone.0253236
https://dx.doi.org/10.1186/s13045-015-0180-y
https://dx.doi.org/10.1186/s13045-015-0180-y
https://dx.doi.org/10.1093/bib/bbab610
https://dx.doi.org/10.1093/bib/bbab610
https://dx.doi.org/10.1038/s41585-018-0023-z
https://dx.doi.org/10.1038/s41585-018-0023-z
https://dx.doi.org/10.1080/15592294.2019.1638701
https://dx.doi.org/10.1080/15592294.2019.1638701
https://dx.doi.org/10.1172/JCI139597
https://dx.doi.org/10.1172/JCI139597
https://dx.doi.org/10.1002/cjp2.91
https://dx.doi.org/10.1002/cjp2.91
https://dx.doi.org/10.3390/ijms20112657
https://dx.doi.org/10.3390/ijms20112657
https://dx.doi.org/10.1016/bs.acc.2016.11.005
https://dx.doi.org/10.1016/bs.acc.2016.11.005
https://dx.doi.org/10.15388/vu.thesis.268
https://dx.doi.org/10.15388/vu.thesis.268
https://dx.doi.org/10.1007/s00432-021-03837-7
https://dx.doi.org/10.1007/s00432-021-03837-7
https://dx.doi.org/10.1158/1541-7786.MCR-16-0115
https://dx.doi.org/10.1158/1541-7786.MCR-16-0115
https://dx.doi.org/10.1016/j.celrep.2018.03.075
https://dx.doi.org/10.1016/j.celrep.2018.03.075
https://dx.doi.org/10.1186/s13046-021-02026-1
https://dx.doi.org/10.1186/s13046-021-02026-1
https://dx.doi.org/10.1186/s40425-018-0482-z
https://dx.doi.org/10.1186/s40425-018-0482-z
https://dx.doi.org/10.1016/j.drudis.2019.08.006
https://dx.doi.org/10.1016/j.drudis.2019.08.006
https://dx.doi.org/10.1016/j.ejphar.2018.08.021
https://dx.doi.org/10.1016/j.ejphar.2018.08.021
https://dx.doi.org/10.1038/s41585-018-0052-7
https://dx.doi.org/10.1038/s41585-018-0052-7
https://dx.doi.org/10.1038/s41585-019-0211-5
https://dx.doi.org/10.1038/s41585-019-0211-5
https://dx.doi.org/10.18632/aging.101856
https://dx.doi.org/10.18632/aging.101856
https://dx.doi.org/10.1074/jbc.M116.745208
https://dx.doi.org/10.1074/jbc.M116.745208
https://dx.doi.org/10.1016/j.canlet.2015.07.048
https://dx.doi.org/10.1016/j.canlet.2015.07.048
https://dx.doi.org/10.1152/ajpheart.00610.2018
https://dx.doi.org/10.1152/ajpheart.00610.2018
https://dx.doi.org/10.1007/s12032-017-1039-6
https://dx.doi.org/10.1007/s12032-017-1039-6
https://dx.doi.org/10.1016/j.prp.2018.03.002
https://dx.doi.org/10.1016/j.prp.2018.03.002
https://clinicaltrials.gov/ct2/results?term=DRUGS+CLINICAL&cond=Renal+Cell+Carcinoma
https://clinicaltrials.gov/ct2/results?term=DRUGS+CLINICAL&cond=Renal+Cell+Carcinoma
https://dx.doi.org/10.1126/scitranslmed.aaw6003
https://dx.doi.org/10.1126/scitranslmed.aaw6003
https://dx.doi.org/10.4161/auto.29231
https://dx.doi.org/10.4161/auto.29231
https://dx.doi.org/10.3109/07357907.2011.590568
https://dx.doi.org/10.3109/07357907.2011.590568
https://dx.doi.org/10.1517/13543784.2011.594437


Investig Drugs. 2011, 20:1151-8. 10.1517/13543784.2011.594437
118. Kim MJ, Lee JS, Park SE, et al.: Combination treatment of renal cell carcinoma with belinostat and 5-

fluorouracil: a role for oxidative stress induced DNA damage and HSP90 regulated thymidine synthase. J
Urol. 2015, 193:1660-8. 10.1016/j.juro.2014.11.091

119. Faleiro I, Leão R, Binnie A, de Mello RA, Maia AT, Castelo-Branco P: Epigenetic therapy in urologic cancers:
an update on clinical trials. Oncotarget. 2017, 8:12484-500. 10.18632/oncotarget.14226

120. Amato RJ: Inhibition of DNA methylation by antisense oligonucleotide MG98 as cancer therapy . Clin
Genitourin Cancer. 2007, 5:422-6. 10.3816/CGC.2007.n.029

121. Winquist E, Knox J, Ayoub JP, et al.: Phase II trial of DNA methyltransferase 1 inhibition with the antisense
oligonucleotide MG98 in patients with metastatic renal carcinoma: a National Cancer Institute of Canada
Clinical Trials Group investigational new drug study. Invest New Drugs. 2006, 24:159-67. 10.1007/s10637-
006-5938-1

2022 Tanvir et al. Cureus 14(10): e30743. DOI 10.7759/cureus.30743 13 of 13

https://dx.doi.org/10.1517/13543784.2011.594437
https://dx.doi.org/10.1016/j.juro.2014.11.091
https://dx.doi.org/10.1016/j.juro.2014.11.091
https://dx.doi.org/10.18632/oncotarget.14226
https://dx.doi.org/10.18632/oncotarget.14226
https://dx.doi.org/10.3816/CGC.2007.n.029
https://dx.doi.org/10.3816/CGC.2007.n.029
https://dx.doi.org/10.1007/s10637-006-5938-1
https://dx.doi.org/10.1007/s10637-006-5938-1

	DNA Methylation and Epigenetic Events Underlying Renal Cell Carcinomas
	Abstract
	Introduction And Background
	Review
	DNA methylation and histone modification
	Cancer epigenetics modifications
	FIGURE 1: Schematic diagram of epigenetics modification

	DNA methylation in cancer
	TABLE 1: Methylated genes in cancer cellular pathways

	DNA methylation and cancer metastasis
	Tumor-related genes and their role in renal carcinogenesis
	FIGURE 2: Genomics taxonomy of renal cell carcinoma
	TABLE 2: DNA methylation alterations in human cancers

	Genetic clustering of ccRCCs
	Clinical implications of DNA methylation as a marker of RCC disease
	FIGURE 3: The Cancer Genome Atlas of renal cell carcinoma: findings and clinical implications

	Epigenetic changes as targets for cancer therapy
	TABLE 3: Ongoing clinical trials


	Conclusions
	Additional Information
	Disclosures

	References


