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Abstract: Genomic and epigenomic instability are defining features of cancer, driving tumor
progression, heterogeneity, and therapeutic resistance. Central to this process are epigenetic
echoes, persistent and dynamic modifications in DNA methylation, histone modifications,
non-coding RNA regulation, and chromatin remodeling that mirror underlying genomic
chaos and actively influence cancer cell behavior. This review delves into the complex
relationship between genomic instability and these epigenetic echoes, illustrating how they
collectively shape the cancer genome, affect DNA repair mechanisms, and contribute to
tumor evolution. However, the dynamic, context-dependent nature of epigenetic changes
presents scientific and ethical challenges, particularly concerning privacy and clinical appli-
cability. Focusing on lung cancer, we examine how specific epigenetic patterns function
as biomarkers for distinguishing cancer subtypes and monitoring disease progression
and relapse.

Keywords: genomic instability; epigenetics; biomarkers; lung cancer; disease progression

1. Introduction
In the complex and dynamic landscape of cancer biology, the interplay between

genomic instability and epigenetic modifications has emerged as a major driver of tumor
evolution. Among the various epigenetic changes, DNA methylation patterns and histone
modification patterns can be thought of as “Epigenetic Echoes”—subtle yet persistent signals
that reverberate through the genome, shaping cellular behavior and influencing disease
outcomes. These echoes, often overlooked in the broader context of genetic mutations,
provide crucial insights into the underlying mechanisms of cancer differentiation and
progression. As cells accumulate genetic alterations due to genomic instability, these
epigenetic marks can either amplify or mitigate the effects of these mutations, ultimately
determining the trajectory of cancer development. Furthermore, the distinct methylation
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signatures left by these epigenetic echoes offer a powerful tool for distinguishing between
cancer types and predicting relapse, paving the way for more precise diagnostics and
personalized treatment strategies. This review delves into the intricate relationship between
genomic instability and epigenetic modifications, exploring how these epigenetic echoes
can be harnessed to improve an early cancer diagnosis, classification, and patient outcomes.
First, we provide a concise overview of the individual aspects of genomic and epigenetic
instability to give readers a foundation for understanding our main review focus on their
interplay and its significance in lung cancer. Where appropriate, references to current
reviews are included for readers seeking a more in-depth exploration of specific topics.
These insights lay the groundwork for the final section, which explores future applications
in lung cancer research, ethics, and personalized medicine.

1.1. Overview of Genomic Instability
1.1.1. Mechanisms Leading to Genomic Instability

Imagine a typical cell in your body performing its essential functions: producing
RNAs and proteins, maintaining cellular health, and carefully replicating its DNA. Now,
consider a scenario where, due to an unexpected event, a mutation disrupts one of the
critical proteins responsible for DNA maintenance and repair. This disruption initiates
a cascade of events, leading to an accumulation of mutations and resulting in a state
known as genomic instability, an unusually high frequency of DNA mutations and structural
alterations that leaves the cell in a state of genomic chaos, with profound effects on cellular
function and health [1].

Genomic instability can arise from multiple mechanisms, one of the primary being
defects in genomic maintenance mechanisms, often called the “caretakers” of the genome.
In normal cells, repair proteins, such as those encoded by BRCA1/2 and MLH1, function
to fix DNA damage through mechanisms like homologous recombination (HR) and non-
homologous end joining (NHEJ) for double-strand breaks, or DNA mismatch repair (MMR)
for single-base errors [2]. When these repair systems are compromised, DNA errors
accumulate, leading to further genomic instability and an increased likelihood of cancer
development. Mutations and loss of heterozygosity (LOH) in tumor suppressor genes, such
as TP53, compound this instability, removing critical safeguards that prevent uncontrolled
cell growth [1,3]. Genomic alterations can range from point mutations, which alter single
DNA bases, to copy number alterations (CNAs), involving large sections of the genome,
while point mutations may have localized effects, CNAs can produce extensive shifts in
gene expression and function, often with significant impact on cancer progression [4].
Chromosomal instability, including abnormalities in chromosome number (aneuploidy),
also plays a significant role in cancer. Changes such as polyploidy, where chromosomes
containing oncogenes are duplicated, can amplify cancer-driving properties. Conversely,
nullisomies, losses of chromosomes containing tumor suppressor genes, reduce protective
mechanisms against tumor formation [1]. These structural changes create a varied genomic
architecture, depending on the concentration of oncogenes and tumor suppressor genes on
specific chromosomal arms, adding complexity to the cellular landscape of cancer.

Other factors, such as replication stress and telomere dysfunction, further drive ge-
nomic instability. Telomeres, protective caps on chromosome ends, erode over time, and
their loss leads to karyotypic instability and increased CNAs [5]. This is exacerbated by
replication stress, particularly in regions called common fragile sites, which are prone to
breaks and rearrangements during DNA replication. These fragile sites often experience
damage in early cancer development, adding another layer to the instability that drives
tumor progression [6].
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1.1.2. Consequences of Genomic Instability

Genomic instability has far-reaching consequences for cellular function, aging, and
cancer development. As cells age, they accumulate mutations and chromosomal aberrations
that weaken cellular function over time [7]. This process can be compared to a polluted river,
where sediment and debris accumulate in the riverbed, mirroring the buildup of mutations
within the genome. Additionally, the inflow of other river branches may be blocked,
symbolizing disruptions to critical genetic pathways that are essential for maintaining
cellular processes. As the river becomes polluted, the overall system deteriorates, just as
genomic instability affects the cell’s ability to function properly. These disruptions distort
or slow essential cellular processes, creating obstacles in genetic pathways and reducing
cellular efficiency, much like a polluted river struggles to sustain its natural flow and
ecological balance.

Mutations associated with genomic instability can activate or inactivate key cellular
pathways that promote uncontrolled cell growth. For instance, activating mutations in
oncogenes can hyperactivate growth factor pathways, making cells excessively responsive
to signals that drive proliferation [8]. Conversely, inactivating mutations or loss of function
(LOF) in tumor suppressor genes, such as TP53, impair the cell’s ability to detect DNA
damage and induce apoptosis. This failure allows damaged cells to survive and proliferate,
undermining essential feedback mechanisms that normally control growth. As a result,
cells gain “proliferative independence”, enabling unchecked growth [8]. Some mutations and
copy number alterations confer growth advantages, giving these cells a selective benefit
over neighboring cells, which accelerates cancer progression.

Interestingly, genomic instability also grants a degree of genomic plasticity, allowing
certain cells to adapt rapidly to environmental stressors. For instance, the presence of
extrachromosomal DNA and mis-segregated chromosomes within micronuclei increases
cellular diversity, contributing to cancer evolution and promoting tumor heterogeneity [1].
This plasticity is a double-edged sword for cancer cells, offering both an advantage and
a risk. Tumors may exploit an optimal “sweet spot” of instability, achieving just enough
mutations and rearrangements to drive rapid adaptation and resist treatment, without
reaching levels so extreme that essential cellular functions collapse [9].

This balance allows tumors to evade many therapeutic strategies, complicating treat-
ment efforts. Conversely, in cancers with extreme instability, the overwhelming genetic
damage may lead to enhanced immunogenicity, potentially making them more detectable
by the immune system than those with lower instability [9]. This can make cells more
susceptible to treatment, as they struggle to survive under therapeutic pressure.

1.1.3. Genomic Instability as a Cancer Hallmark

Genomic instability is a defining hallmark of cancer, underpinning the genetic diversity
that enables tumors to grow, adapt, and resist treatment. Recognized as a critical feature
in the influential “hallmarks of cancer” framework [8], genomic instability results from
an increased mutation rate due to exposure to mutagenic agents or defects in genomic
maintenance mechanisms. When these mechanisms fail, DNA accumulates mutations,
leading to genomic instability that fuels cancer progression [8].

Ordinarily, DNA damage from uncontrolled cell growth (hyperproliferation) would
trigger apoptosis, the programmed cell death pathway. However, cancer cells develop
mechanisms to evade apoptosis, allowing them to survive and continue proliferating de-
spite extensive DNA damage [8,10]. In particular, DNA damage in cancer cells, enforced
by double-strand breaks, replication stress, and chromosomal mis-segregations, is not only
a source of immediate genomic instability but can also be propagated through succes-
sive cell generations, amplifying instability and driving tumor progression. One major
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mechanism by which DNA damage is inherited is through chromosomal instability [11].
Mis-segregated chromosomes often form micronuclei, which are extranuclear bodies con-
taining damaged DNA. Within micronuclei, the DNA is prone to aberrant replication
and repair, leading to further chromosomal rearrangements and mutations. When these
micronuclei reintegrate into the primary genome during subsequent cell cycles, they propa-
gate the structural abnormalities to daughter cells. Experiments using live-cell imaging
have demonstrated that micronuclei contribute to sustained aneuploidy and structural
rearrangements, reinforcing the cycle of genomic instability in tumor cell populations [12].
In addition to the direct transmission of physical DNA damage, epigenetic changes at
sites of damage also play an essential role in propagating instability. Following DNA
damage, changes in DNA methylation patterns and histone modifications at break sites
can alter gene expression, creating a “memory” of the damage that is inherited by daughter
cells [13]. For instance, hypermethylation of DNA repair gene promoters (e.g., MGMT)
or the persistence of repressive histone marks (e.g., H3K27me3) at damaged loci can com-
promise repair pathways in future generations, perpetuating genomic instability [14,15].
The findings by Naseli et al. underscore the importance of assessing DNA damage not
only in adherent cells but also in detached cellular structures [16]. Their observations
on fragmented metaphase chromosomes and inherited DNA damage support the notion
that unresolved DNA breaks can be transmitted to daughter cells, amplifying instability.
Interestingly, the hybrid instability observed in astrocytes reflects the nuanced interplay
between damage and repair, aligning with the previously mentioned idea of a “sweet spot”
of instability that allows cancer cells to thrive while avoiding complete genomic collapse.

These underlying genomic instabilities empower cancer cells to achieve hallmark
traits, such as sustained proliferative signaling, evasion of growth suppressors, resistance
to cell death, limitless replicative potential, angiogenesis, and metastatic ability. Further-
more, metabolic reprogramming [17] and immune evasion [18] have been recognized as
additional hallmarks, underscoring a cancer’s adaptability in response to both genomic
instability and environmental pressures. Different cancers exhibit unique patterns of muta-
tions, and mutation profiles are often highly heterogeneous even within a single cancer type,
for example in lung cancer, the leading cause of cancer-related deaths [19]. The processes
contributing to genomic instability in lung cancer are spatially and temporally diverse,
with different regions and stages of tumor development exhibiting distinct forms of insta-
bility [20]. This complexity shapes cancer evolution, making it a dynamic and challenging
disease to treat. In lung cancer, genomic instability correlates with specific prognostic
signatures that can indicate disease progression and inform treatment strategies [21,22].
Research using mathematical modeling has traced pathways of genomic instability in lung
cancer, revealing key molecular targets that drive this instability and highlighting potential
avenues for therapeutic intervention [22].

Genomic instability arises from failures in DNA maintenance mechanisms, leading
to mutations and structural alterations that disrupt gene expression and accelerate tumor
progression, while genomic instability enhances cancer adaptability and resistance to
treatment, it also creates vulnerabilities that may be therapeutically targeted. Understanding
these mechanisms is essential for developing strategies to disrupt cancer growth and evolution,
highlighting genomic instability’s dual role as a disease driver and treatment opportunity.

1.2. Overview of Epigenetic Instability

Epigenetic instability refers to changes in the epigenetic landscape of a cell that lead
to alterations in gene expression without modifying the underlying DNA sequence. The
epigenome can be envisioned as a dynamic canyon, with its structure shaping the echoes
that influence genomic activity below. In normal cells, these epigenetic modifications are
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tightly controlled, maintaining genomic stability and balanced gene expression. However,
when epigenetic regulation becomes unstable, it can lead to aberrant gene expression
patterns, contributing to disease processes, particularly cancer [23]. Thus, understanding
epigenetic instability is essential because it provides insights into how gene expression
is misregulated in cancer, offering potential biomarkers for diagnosis and targets for
therapeutic intervention (Figure 1). Epigenetic regulation involves several key mechanisms:

Figure 1. Conceptual illustration of Processes involved in Epigenetic Instability. Epigenetic instability
refers to the disruption of the normal regulatory mechanisms that govern gene expression without
altering the DNA sequence. These disruptions can lead to abnormal gene expression patterns and
genomic instability, significantly contributing to tumor development and progression.

DNA Methylation: The addition of a methyl group to cytosine residues, particularly
in CpG islands, is a well-studied mechanism for silencing gene expression. In cancer,
DNA methylation patterns can be drastically altered, contributing to the repression of
tumor suppressor genes or the activation of oncogenes. There are two primary types of
methylation changes observed:

• Global Hypomethylation: This phenomenon involves the loss of methylation across
the genome, which can lead to chromosomal instability and activate oncogenes. It is
commonly observed in various cancers.

• Localized Hypermethylation: Specific regions, particularly the promoters of tu-
mor suppressor genes, can undergo hypermethylation, resulting in gene silencing.
This silencing removes critical checks on cell growth and division, thus enabling
tumor growth.

Histone Modifications: Histones, the protein components around which DNA winds,
can undergo post-translational modifications, such as methylation, acetylation, and ubiq-
uitination. These modifications influence chromatin structure, thereby regulating gene
accessibility and transcriptional activity. For instance, the mono-methylation of H2BK120
has been shown to prevent ubiquitination of this histone, stabilizing it in a way that down-
regulates the transcription of tumor-suppressor genes [24]. Specific patterns of histone
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modifications are associated with cancer, with certain modifications being linked to onco-
gene activation and tumor suppressor gene silencing [25]. Histone acetylation, for instance,
is typically associated with open chromatin and active transcription. In cancer, there can
be a loss of acetylation at tumor suppressor genes and increased acetylation at oncogenes,
contributing to abnormal cell growth [26,27]. Recent work has highlighted non-mutational
epigenetic reprogramming as a hallmark of cancer [28], where cancer cells undergo broad,
non-genetic shifts in their epigenetic landscape, creating an environment that supports
unchecked cell proliferation and survival.

Non-coding RNAs (ncRNAs): Non-coding RNAs, including microRNAs (miRNAs),
long non-coding RNAs (lncRNAs), and PIWI-interacting RNAs (piRNAs), are known to
contribute to gene regulation and genomic stability [29]. They interact with DNA methy-
lation and histone modification machinery, contributing to fine-tuning gene expression
and the organization of chromatin. In cancer, specific miRNAs are known to silence tumor
suppressor genes or activate oncogenes in cancer, while lncRNAs can recruit epigenetic
complexes to specific genomic loci, altering the local epigenetic state [30]. In addition,
piRNAs are a type of small non-coding RNA, typically 24–31 nucleotides in length, that
interact with PIWI proteins, a subfamily of Argonaute proteins [31]. They also have the
functionality in maintaining genomic stability by silencing transposable elements and
regulating epigenetic states. When their pathways are disrupted, the resulting transposon
reactivation and epigenetic dysregulation can contribute to genomic instability or act as
oncogenic or tumor-suppressive factors [32]. Furthermore, recent studies have shown
that methylated RNAs play a significant role in cancer, influencing processes like RNA
stability, 3D structure, splicing, and translation efficiency [24]. These modifications add an
additional layer to the epigenetic regulation in cancer, with far-reaching effects on gene
expression and cellular behavior. Methylated RNAs, in particular, present a fascinating
area for further research, as they offer insights into both the stability of the transcriptome
and the post-transcriptional regulation of gene expression in cancer [33,34].

Chromatin remodeling: As an essential process for regulating DNA accessibility, chro-
matin remodeling plays a major role in maintaining genomic and epigenetic stability [35].
It involves ATP-dependent complexes (e.g., SWI/SNF) that reorganize nucleosomes and
interact with histone modifiers to control chromatin states. Dysregulation of chromatin
remodeling contributes to epigenetic instability through several mechanisms:

• Disrupted Chromatin Accessibility: Aberrant remodeling can result in either hyper-
compacted or excessively open chromatin, impairing transcription and DNA repair
processes [36].

• Histone Modification Alterations: Mutations in remodelers (e.g., SWI/SNF compo-
nents) disrupt interactions with histone-modifying enzymes, silencing tumor suppres-
sor genes or activating oncogenes [37].

• Nucleosome Instability: Improper incorporation of histone variants destabilizes
chromatin, increasing susceptibility to DNA damage [38].

• Compromised DNA Repair: Defective remodeling hinders repair pathways like
homologous recombination, leading to the accumulation of mutations and further
epigenetic changes [39].

Such dysregulation fosters tumorigenesis by enabling genomic instability, tumor
heterogeneity, and therapy resistance [35].

This overview highlights the complex role of epigenetic instability in cancer, where
disruptions in DNA methylation, histone modifications, non-coding RNAs , and chromatin
remodeling collectively disturb gene regulation. These epigenetic alterations not only drive
tumor progression but also intertwine with genomic instability, creating a feedback loop
that exacerbates genetic mutations and chromosomal alterations.



Epigenomes 2025, 9, 5 7 of 25

2. Relationship Between Genomic and Epigenetic Instability
Epigenetic echoes are persistent changes in the epigenome represented as epigenetic

marks, such as DNA methylation, histone modifications, and non-coding RNA regulation,
that reflect and amplify underlying genomic instability. Again, imagine the epigenome as a
canyon and the genome as the valley it surrounds. The echoes reverberating through the
canyon are shaped by its structure, its walls, depth, and terrain, much like how the epige-
netic marks reflect and respond to genomic mutations and structural changes (Figure 2).
Over time, as the epigenome (the canyon) changes, it can alter the accessibility of the
genome (the valley), either exposing parts of the genome to greater activity or shielding
regions critical for DNA repair and stability. If these critical regions are disrupted, with
mutations accumulating over time, the smooth flow of the river in the valley becomes
polluted with debris, symbolizing genomic instability. As a result, the entire (eco)system
risks losing control, emphasizing the dynamic interplay between epigenome and genome
in maintaining cellular health.

Figure 2. Conceptual illustration of epigenetic echoes, persistent and dynamic changes in the epigenome
that influence the genome and genomic (in)stability. The mountains symbolize the epigenome,
with layered formations representing epigenetic marks, such as DNA methylation and histone
modifications. Orange and yellow arrows indicate processes like ’Reorganization of Epigenetic
Marks’ and ’Epigenetic Regulation’, which cascade down into the valley, representing the genome.
These echoes impact the genomic landscape, including regions of genomic instability (pictured as
a polluted river), affecting DNA repair and overall genomic integrity. The image highlights the
interplay between epigenetic regulation and genomic stability, illustrating how epigenetic changes
can either reinforce or disrupt genome function. Background generated by DALL-E 2024; conceptual
design, content, and annotations of the figure were entirely created by the authors.
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The interplay between genomic and epigenomic instability adds layers of complexity
to cancer evolution, influencing tumor heterogeneity, resistance to treatment, and the
potential for relapse. Understanding how these interconnected processes unfold is essential
for accurately distinguishing cancer subtypes and predicting clinical outcomes, paving the
way for more refined, early-stage diagnostics and therapeutic strategies.

2.1. Epigenetic Crosstalk Between Mountains and Valleys

Epigenetic and genomic instability are thus indirectly connected through echoed intricate
mechanisms, such as the crosstalk between DNA methylation and histone modifications.
For instance, 5-methylcytosine (5mC), a common DNA methylation modification, can
impact DNA accessibility, creating a more compact chromatin structure that represses
gene expression [40]. This compact chromatin state reduces access to transcriptional
machinery, silencing genes, including those involved in DNA repair. Additionally, al-
tered DNA methylation can promote the formation of non-canonical DNA structures like
G-quadruplexes, which destabilize chromatin and create regions susceptible to further
genomic damage [41,42]. These structures contribute to genomic instability by introduc-
ing potential sites for mutations and rearrangements, which can further alter epigenetic
patterns in a vicious cycle.

Non-coding RNAs add another layer to this complex interplay by interacting directly
with chromatin remodeling processes to regulate gene expression. For example, lncRNAs,
such as HOTAIR recruit chromatin modifiers like Polycomb Repressive Complex 2 (PRC2)
to specific genomic loci, establishing repressive marks such as H3K27me3 that silence tumor
suppressor genes [43]. Similarly, miRNAs influence chromatin accessibility by regulating
the expression of enzymes like histone deacetylases (HDACs) and DNA methyltransferases
(DNMTs). Dysregulation of these ncRNAs can lead to widespread epigenetic changes that
exacerbate genomic instability, particularly in cancer cells [44]. Circular RNAs (circRNAs)
also contribute by acting as “sponges” for miRNAs, preventing them from regulating
chromatin-associated enzymes [45]. This indirect regulation can amplify epigenetic insta-
bility by allowing unchecked chromatin remodeling activity. For instance, circRNAs in
lung cancer have been implicated in modulating the activity of miRNAs that target key
chromatin remodeling proteins, further contributing to the epigenomic chaos characteristic
of tumor progression [46].

Genomic instability, including mutations and chromosomal rearrangements, can dis-
rupt normal methylation patterns, leading to widespread epigenetic alterations. For in-
stance, structural alterations in the genome can interfere with the distribution of DNA
methylation and histone modification marks, impacting gene regulation across large chro-
mosomal regions [47]. Thus, feedback loops between genomic and epigenetic instability
also emerge as the genome ages, where accumulated DNA damage and mutations progres-
sively lead to dysregulated epigenetic patterns [7]. This is particularly relevant in cancer,
where genomic and epigenetic changes co-evolve, contributing to the adaptability and
survival of cancer cells under selective pressures, such as therapy. Telomere shortening
is another common cause of genomic instability in aging and cancer cells [48]. Short or
dysfunctional telomeres can trigger epigenetic changes in nearby chromatin, leading to
increased DNA methylation and histone modifications that further suppress genomic stabil-
ity. This connection between telomere dysfunction and epigenetic alteration is particularly
relevant in tumor cells with a high replication rate, as it drives both genomic and epigenetic
dysregulation [49]. Non-coding RNAs also influence telomere maintenance by regulat-
ing the expression of shelterin proteins and telomerase components, highlighting their
multifaceted roles in maintaining genomic integrity [50,51]. Targeting the epigenetic modi-



Epigenomes 2025, 9, 5 9 of 25

fications associated with telomere instability could offer potential therapeutic strategies for
certain cancer types.

2.2. Epigenetic Regulation of DNA Repair Genes

Epigenetic changes play a critical role in regulating DNA repair pathways, a key
mechanism linking epigenetic instability to genomic instability. For instance, methylation-
induced silencing of DNA repair genes [52] compromises a cell’s ability to correct DNA
damage, thereby accelerating mutation rates. Key enzymes involved in epigenetic regula-
tion can also drive genomic instability. EZH2, a histone methyltransferase, has been shown
to trigger genomic instability and activate oncogenic signaling in breast tumor-initiating
cells, a subset of cancer stem cells implicated in breast cancer progression [53]. EZH2 is now
recognized as a major epigenetic regulator in the tumor microenvironment and a promising
target in immunotherapy [54].

Chromatin remodeling complexes, such as SWI/SNF, INO80, and CHD, have dual
roles in regulating chromatin accessibility and in coordinating DNA repair processes [55].
These complexes can modulate both genome and epigenome stability by facilitating or
inhibiting the accessibility of repair proteins to damaged DNA [56]. Mutations in chromatin-
remodeling genes, common in various cancers, disrupt DNA repair pathways and con-
tribute to epigenetic instability. This connection can drive genome-wide instability and
create vulnerabilities that could be targeted therapeutically, as some cancer cells become
highly reliant on alternative repair pathways.

Replication stress is a form of genomic instability that results from errors during DNA
replication, leading to DNA damage and mutations [57]. Interestingly, replication stress can
disrupt normal DNA methylation patterns, particularly in regions with high rates of CpG
sites, affecting gene regulation on a broader scale. This interaction is significant in cancer,
where replication stress can lead to localized DNA demethylation or abnormal methylation,
which may silence or activate genes enhancing tumor development [58]. Exploring this
interplay could provide insight into how replication stress-induced epigenetic alterations
contribute to tumor heterogeneity and the evolution of cancer subtypes.

Epigenetic alterations induced by therapy can lead to treatment resistance. DNA
methylation patterns in tumor cells often change following radiotherapy or chemotherapy,
with some of these changes promoting resistance [59]. Such DNA methylation alterations
can serve as predictive biomarkers, indicating when therapies need to be adjusted. Mech-
anisms behind resistance can be multifactorial, stemming from genetic mutations and
epigenetic reprogramming, hypoxia, and shifts in the tumor microenvironment. Under-
standing these mechanisms is crucial for developing strategies to counteract resistance,
re-sensitizing tumors to treatment and improving patient outcomes [60].

2.3. Implications for Tumor Evolution and Heterogeneity

The interaction between genomic and epigenetic instability fosters the development of
diverse tumor cell populations, a phenomenon critical to tumor evolution and progression.
Recent studies, such as those by Terekhanova et al. [61], have employed single-nucleus
chromatin accessibility data across multiple cancer types to reveal distinct epigenetic
drivers associated with cancer transitions. Such findings illustrate the role of epigenetic
regulation during cancer progression, highlighting how this instability contributes to
cellular heterogeneity and plasticity. Moreover, a pan-cancer atlas integrating chromatin
accessibility and transcriptomic data from over a million cells has identified epigenetic
factors driving tumor evolution and subtype-specific transitions [61]. These findings
reinforce the importance of considering epigenetic dynamics alongside genomic changes in
understanding cancer complexity.
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Epigenetic reprogramming without underlying genetic mutations, termed non-
mutational epigenetic reprogramming , is emerging as an additional hallmark of can-
cer [28,62,63]. In certain cancers, such as small-cell and non-small-cell lung cancer (SCLC
and NSCLC), lineage reprogramming can lead to dynamic, reversible shifts between cancer
subtypes [64]. This plasticity enables cancer cells to adapt to environmental pressures,
including therapies, resulting in diverse cell populations that complicate treatment. Studies
show that epigenomic state transitions characterize tumor progression, with cancer cells
transitioning through various epigenetic states during disease progression [65]. These state
changes allow tumors to exploit lineage plasticity, fueling adaptability and increasing the
potential for relapse.

Hypomethylation of retrotransposons, such as LINE-1 elements, is correlated with
genomic instability in cancers, particularly in non-small-cell lung cancer [66]. LINE-1
retrotransposition, a process that leads to gene disruption and increased mutation rates,
further contributes to tumor development. Retrotransposons not only destabilize the
genome but also impact metabolic reprogramming and have been proposed as prognostic
markers in lung cancer [67].

Sirtuin (SIRT) genes, a family of the oxidized form of Nicotinamide Adenine Dinu-
cleotide (NAD+)-dependent deacetylases, play a pivotal role in epigenetic modulation and
genomic stability [68]. By deacetylating histones, such as H3 and H4, sirtuins regulate
chromatin structure and transcriptional activity, contributing to the silencing of tumor
suppressor genes or the activation of DNA repair pathways. Beyond histones, sirtuins
also target non-histone proteins, such as p53, influencing apoptosis, senescence, and ge-
nomic integrity [69]. SIRT1 and SIRT6, in particular, enhance DNA repair mechanisms like
base excision repair and homologous recombination, while also stabilizing telomeres and
mitigating replication stress [70,71]. These activities position sirtuins at the intersection
of genomic and epigenomic instability, amplifying or mitigating epigenetic echoes that
propagate through the genome. Notably, sirtuins exhibit a dual role in cancer, acting as
tumor suppressors by preserving genomic stability but also promoting oncogenesis when
dysregulated [72]. Their involvement underscores their potential as both biomarkers for
cancer progression and therapeutic targets for restoring epigenetic balance, making them a
critical component of the dynamic interplay between the epigenome and genome.

The intricate relationship between genomic instability and epigenetic alterations un-
veils an increasingly complex network that underpins cancer development, cellular di-
versity, and therapy resistance. This interplay highlights the need to look beyond DNA
sequence mutations to fully understand the mechanisms driving tumor progression and
adaptability. As cancer research continues to evolve, integrating genomic and epigenomic
insights becomes essential for identifying robust biomarkers and therapeutic targets at
early stages.

3. Epigenetic Biomarkers for Lung Cancer Type Distinction and Relapse
Epigenetic modifications can silence tumor suppressor genes, activate oncogenes,

or create new vulnerabilities that further propagate genomic instability. This dynamic
interplay drives cancer progression and contributes to tumor heterogeneity. In lung cancer,
for instance, epigenetic biomarkers, such as DNA methylation patterns play prominent
roles in distinguishing subtypes and monitoring disease progression. Leveraging advanced
technologies and integrative genomic and epigenomic analyses, these biomarkers are
becoming invaluable for diagnostics and prognostics, offering more precise and non-
invasive tools for managing cancer [73]. Table 1 summarizes key epigenetic markers
implicated in early lung cancer detection. These include DNA methylation markers, such as
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RASSF1A and CDKN2A, non-coding RNA regulators, like miR-21 and MALAT1 [73], and
emerging diagnostic tools based on histone modifications and liquid biopsy technologies.

Table 1. Overview of epigenetic markers for early lung cancer detection.
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RASSF1A (Ras Association Domain Family Member 1):
• Frequently hypermethylated in lung cancer.
• Associated with silencing of tumor suppressor genes, a key marker for

early detection [74].
CDKN2A (Cyclin-Dependent Kinase Inhibitor 2A):
• Hypermethylation of the p16 promoter is common in NSCLC [75].
• Plays a role in cell cycle regulation.
MGMT (O6-Methylguanine-DNA Methyltransferase):
• Hypermethylation silences this DNA repair gene.
• A potential marker for early-stage lung cancer [76].
RARβ2 (Retinoic Acid Receptor Beta):
• Hypermethylation disrupts cell differentiation and increases tumorigene-

sis [77].
SHOX2 (Short Stature Homeobox 2):
• Validated as a diagnostic biomarker in liquid biopsies for early lung cancer

detection [74].
APC (Adenomatous Polyposis Coli):
• Promoter methylation inactivates tumor suppressor pathways in lung

cancer [78].
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MicroRNAs (miRNAs):
• miR-21: Overexpressed in lung cancer and other cancer types, associated

with poor prognosis [79].
• miR-34a: Tumor suppressor silenced through promoter methylation,

linked to cancer progression [80].
Long Non-Coding RNAs (lncRNAs):
• MALAT1 (Metastasis-Associated Lung Adenocarcinoma Transcript 1):

Upregulated in lung cancer, implicated in metastasis, and serves as a
potential early detection biomarker [81,82].
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H3K27me3 (Trimethylation of Histone H3 Lysine 27):
• Often associated with gene silencing in lung cancer.
• Altered patterns may serve as biomarkers for early disease detection [83].
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Circulating Tumor DNA (ctDNA): Epigenetic markers in ctDNA, exosomes, or
sputum are minimally invasive options [84]. Gene Panels: RASSF1A, SHOX2,
and p16 methylation validated for lung cancer screening [85]. Methylation
Signatures: Sputum methylation profiles help identify early-stage lung cancer
in high-risk populations [86]. Diagnostic Tools:
• Epi proLung® Test: Detects methylation of SHOX2 and PTGER4 in

plasma or bronchial aspirates [87].
• cfDNA-Based Assays: Emerging tools for ctDNA methylation analysis in

early cancer detection [88].

3.1. Biomarker Identification via Epigenetic Marks

Epigenetic marks, primarily DNA methylation, serve as stable and tissue-specific
biomarkers that can distinguish between cancer types and subtypes. Technologies for
methylation analysis have evolved, from initial methods focused on quantifying 5-methyl-
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cytosine to more advanced platforms that map DNA methylation across the entire genome
at single-nucleotide resolution [89]. These platforms support the creation of high-resolution
methylation maps, essential for accurate cancer classification and monitoring. Advances
in next-generation sequencing (NGS) and microarray technology have allowed high-
resolution mapping of these marks, uncovering specific methylation signatures associated
with various cancer types [90]. This capability has expanded to include single-cell and
low-input technologies, enabling analysis of cell-free DNA (cfDNA) in liquid biopsies,
which offers a non-invasive means to detect and monitor cancer [91].

Epigenetic Biomarkers in Lung Cancer Subtypes: Recent studies demonstrate that
distinct DNA methylation profiles exist for different lung cancer subtypes, providing a
foundation for molecular classification that can guide clinical decision-making [92–94].

Epigenetic profiles have the potential to differentiate among lung cancer subtypes,
such as SCLC and NSCLC. For example, a multi-omics analysis by Yang et al. [95] in-
tegrated mRNA expression and methylation patterns associated with overall survival,
identifying prognostic molecular subtypes for early-stage NSCLC. Similarly, promoter
hypermethylation of genes involved in cell cycle regulation, DNA damage response, and
immune modulation were found to be associated with prognosis in NSCLC [96,97].

Epigenetic Indicators for Early Detection of Lung Cancer: Hypermethylation of genes
like RARB, CDKN2A, and MGMT have emerged as promising biomarkers for lung cancer
early detection, prognosis, and prediction of therapeutic response [98]. RARB (Retinoic
Acid Receptor Beta) plays a critical role in cell differentiation and growth inhibition, while
CDKN2A (Cyclin-Dependent Kinase Inhibitor 2A) is a tumor suppressor involved in cell
cycle regulation. MGMT (O6-Methylguanine-DNA Methyltransferase) is essential for DNA
repair, specifically in reversing alkylation damage. Methylation patterns of these genes have
been shown to vary across NSCLC subtypes and stages, highlighting their potential utility
for differential diagnosis, disease monitoring, and stratifying patients for personalized
therapeutic approaches [99,100].

3.2. Practical Classification and Screening Applications in Oncology

DNA methylome analysis has emerged as a powerful tool for molecular tumor classi-
fication in non-invasive diagnostics. Sill et al. [101] highlighted that genome-wide DNA
methylation profiling impacts diagnostic workflows and patient stratification, especially in
brain tumors and increasingly in other cancers like sarcomas and hematologic malignancies.
In lung cancer, cfDNA methylation profiles allow for the classification of tumor types from
a simple blood sample, minimizing the need for invasive procedures.

As part of early detection strategies , researchers are evaluating if methylation-based
liquid biopsies can detect cancer months or even years before current clinical methods, with
the goal of identifying cancers at an earlier, more curable stage [102]. However, one of the
primary challenges in cfDNA-based liquid biopsies is multi-cancer early detection, where
the goal is to accurately diagnose cancer type from cfDNA in asymptomatic individuals.
Thus, emerging methodologies interpret cancer-type-specific genomic and epigenomic
features, offering potential breakthroughs in cfDNA-based diagnostics at early cancer
stages [103].

For Methylation-Based Pan-Cancer Screening, a key opportunity lies in the devel-
opment of circulating tumor DNA (ctDNA) methylation assays for multi-cancer early
detection (stMCED), which screen for multiple cancer types with a single test. This strat-
egy leverages fixed specificity and aggregated disease prevalence to improve positive
predictive value, potentially enhancing population health outcomes through early and
minimally invasive diagnostics [104]. Studies, such as Zhang et al. [105], illustrate the
power of methylation-based approaches across multiple cancers. By combining advanced
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computational techniques, the authors were able to distinguish 33 tumor types through
methylation-based decision rules. This demonstrates the broad applicability of methyla-
tion biomarkers in cancer diagnosis and the potential for identifying novel therapeutic
screening approaches.

3.3. Epigenetic Indicators of Cancer Relapse

Epigenetic biomarkers are also emerging as valuable tools for monitoring cancer
relapse due to their ability to reveal persistent, dynamic changes that signal disease recur-
rence. These biomarkers, particularly DNA methylation and histone modifications, can
indicate residual disease post-treatment, help in assessing the risk of relapse, and support
personalized treatment strategies [106]. Given the reversible nature of epigenetic changes,
they are also promising therapeutic targets for managing relapse in lung cancer patients.
For instance, the reappearance of the H3K27me3 mark in certain cancers has been linked
to relapse, as observed in studies where eliminating H3K27me3 with histone methyltrans-
ferase inhibitors showed clinical benefit and reprogrammed the cancer epigenome [107].
These findings underscore the predictive power of specific epigenetic changes and their
potential for guiding clinical interventions aimed at preventing relapse.

Persistent Epigenetic Changes in Relapse Prediction and Therapy: After initial
treatment, specific methylation patterns can persist in residual cancer cells and serve as
indicators of potential relapse. The persistence of these modifications, even in the absence
of visible tumor burden, can reveal subtle changes that precede clinical relapse. Given
the reversible nature of many epigenetic changes, therapies targeting epigenetic modifiers
offer the potential to restore the cancer epigenome to a more stable state, either as a
monotherapy or combined with other treatments, including immunotherapies [23,108].
By targeting these persistent methylation marks, therapeutic interventions may delay or
prevent relapse in patients at high risk. In hematologic malignancies, abnormal DNA
methylation patterns, including genome-wide hypomethylation and hypermethylation
or hypomethylation of CpG islands, are frequently observed and have proven valuable
as relapse indicators [109]. In lung cancer, particularly NSCLC, histone modifications
play a significant role in tumor progression. Studies have shown that decreased levels
of H3K4me3, a histone modification associated with gene activation, correlate with poor
prognosis and greater invasiveness in NSCLC. Similarly, alterations in histone acetylation
have been linked to tumor aggressiveness and treatment resistance [110]. Monitoring
these histone modifications post-treatment can help predict relapse and guide subsequent
therapeutic strategies.

Epigenetic Dynamics and Multi-Omics Integration in Relapse Prediction: Cancer
heterogeneity and resistance to therapy are partly driven by dynamic and reversible epige-
netic modifications that allow cancer cells to adapt under selective pressures. Epigenetic
modifications contribute to diverse cell populations within the same tumor, enabling them
to survive treatments that target only specific cell types [111]. However, understanding
these mechanisms remains challenging due to the complexity and variability of the epi-
genetic landscape in cancer, which is intertwined with genetic alterations. Integrating
epigenetic markers with other omics layers, such as transcriptomics, proteomics, and
metabolomics, can provide a comprehensive approach for relapse prediction. Multi-omics
integration, especially through minimally invasive liquid biopsies, allows for repeated, non-
invasive monitoring of relapse indicators and offers a robust approach to track treatment
response and resistance in real time [112]. Single-cell and multi-omics technologies have
revolutionized our ability to trace cell lineages, identify tissue- and cell-specific patterns,
and map the spatial architecture of tumors. These advancements contribute to a deeper
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understanding of tumor immunology and cancer genetics, essential for identifying precise
biomarkers for relapse prediction [113].

Epigenetic biomarkers, including DNA methylation and histone modification patterns,
offer essential insights into lung cancer diagnosis and relapse by allowing early detection
of residual disease, predicting treatment response, and enabling personalized patient care.
The integration of epigenetic data with other omics and advanced single-cell technologies
is making comprehensive relapse prediction and prevention increasingly attainable.

4. Advancing Therapeutic Strategies—Next Steps and Unmet Needs
Epigenetics and genomic instability offer exciting opportunities for cancer therapy,

particularly in personalized and targeted treatment approaches. However, significant chal-
lenges remain in optimizing treatment efficacy, managing resistance, and addressing ethical
considerations. Integrating multi-omics data is crucial to developing a comprehensive
understanding of cancer behavior and identifying new therapeutic vulnerabilities.

4.1. Targeting Genomic Instability

Tumors with moderate genomic instability often develop resistance to therapies, as
they acquire the ability to survive under a variety of stress conditions. However, tumors
with excessive genomic rearrangement may be more vulnerable to targeted treatments,
creating a therapeutic “sweet spot” for treating genomically unstable cancers [9]. In
cancers with Homologous Recombination Deficiency (HRD), such as advanced chordomas,
targeting the deficiency in DNA repair can be particularly effective [114]. HRD-targeted
therapies, such as PARP inhibitors, exploit the inability of these tumors to repair DNA
damage, leading to increased cell death. This approach underscores the importance of
tailoring treatments based on the specific genomic instability profile of each tumor.

4.2. Targeting Epigenetic Modifications

The development of drugs targeting epigenetic enzymes, such as histone methyltrans-
ferases and DNA methyltransferases, has expanded therapeutic possibilities in cancer.
These inhibitors can potentially reverse abnormal epigenetic states, restoring normal gene
expression patterns and increasing treatment sensitivity [115]. For example, inhibitors
targeting EZH2, a histone methyltransferase, are under investigation for treating cancers
with specific epigenetic alterations [116]. Here, targeting chromatin remodeling pathways
through Tazemetostat (an EZH2 inhibitor) in combination with other drugs have shown effi-
cacy in certain specific lung cancer subtypes [117]. In addition to histone methyltransferase
inhibitors, histone deacetylase inhibitors (HDACi) and DNA methyltransferase inhibitors
(DNMTi) have gained increased attention in epigenetic therapy for lung cancer (Figure 3).

Histone Deacetylase Inhibitors: In particular, HDAC inhibitors work by blocking
histone deacetylases, enzymes that remove acetyl groups from histones, leading to chro-
matin compaction and transcriptional silencing [118]. By inhibiting HDAC activity, these
drugs induce hyperacetylation of histones, resulting in chromatin relaxation and reactiva-
tion of silenced tumor suppressor genes (Figure 3). In lung cancer, HDAC inhibitors like
vorinostat and romidepsin have shown promise in restoring tumor suppressor activity,
sensitizing cancer cells to chemotherapy and immunotherapy, and enhancing anti-tumor
immune responses [119]. However, challenges such as off-target toxicities and the need for
predictive biomarkers remain significant hurdles [120].

DNA Methyltransferase Inhibitors: DNMT inhibitors, such as azacitidine and
decitabine, target the hypermethylation of tumor suppressor gene promoters, a hallmark
of many cancers, including lung cancer [121]. These agents incorporate into DNA and
irreversibly bind to DNA methyltransferases, leading to passive demethylation during
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DNA replication (Figure 3). This process reactivates genes involved in apoptosis, cell
cycle control, and immune modulation. Preclinical and clinical studies have shown that
DNMTi can enhance immune recognition of cancer cells and synergize with immune
checkpoint inhibitors, offering new avenues for combination therapies in NSCLC [122].
Similar to HDACi, DNMTi face challenges, such as off-target effects, limited efficacy as
monotherapies, and the need for robust biomarkers to guide patient selection.

Figure 3. Epigenetic Alterations in Cancer and Treatment. The figure illustrates key epigenetic
mechanisms involved in cancer progression and their corresponding therapeutic interventions, i.e.,
Histone Modifications, DNA Methylation, and Non-Coding RNAs. This representation highlights
the potential of epigenetic therapies in targeting cancer-specific alterations.

The combination of DNMTi with other epigenetic drugs, such as HDACi, also holds
great promise. This dual inhibition strategy can synergistically reactivate silenced genes
and modulate the tumor microenvironment, addressing tumor heterogeneity and therapy
resistance [123,124].

In addition, SIRTs are also gaining recognition as versatile therapeutic targets, given
their critical roles in modulating epigenetic modifications, enhancing DNA repair, reg-
ulating cellular metabolism, and managing stress responses, making them valuable for
novel lung cancer treatment strategies [125–127]. Despite these advancements, applying
epigenetic therapies in clinical settings poses challenges. The reversible and dynamic nature
of epigenetic changes requires careful consideration of dosage and timing to avoid unin-
tended effects. In breast cancer, for example, one challenge is the potential for epigenetic
modifications to impact cells beyond the tumor, highlighting the need for therapies with
high specificity to minimize off-target effects [128]. Since the cancer epigenome plays a
significant role in how cells respond to treatment, a personalized approach is essential. Tai-
loring epigenetic therapies based on each patient’s unique epigenetic landscape, and maybe
reshape its marks, offers the potential to maximize therapeutic benefit while minimizing
adverse effects, aligning with the goals of precision medicine.

Table 2 summarizes active clinical trials investigating epigenetic therapies in lung
cancer, highlighting their mechanisms, trial phases, and therapeutic focus. These trials
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emphasize the potential of epigenetic drugs in combination with immune checkpoint
inhibitors and as standalone treatments for specific lung cancer subtypes.

Table 2. Active Clinical Trials Investigating Epigenetic Therapies in Lung Cancer (Information
retrieved on 17 January 2025).

Study Characteristics Mechanism of Action Therapeutic Focus
NCT03220477 https:
//clinicaltrials.gov/
study/NCT03220477
Mocetinostat
Phase I

Mocetinostat will be
given as treatment and
side effect observation

Pembrolizumab in Combination
with Guadecitabine and Mocetino-
stat for patients with Advanced
Lung Cancer

NCT05573035 https:
//clinicaltrials.gov/
study/NCT05573035
LYL845
Phase I

Epigenetically re-
programmed tumor
infiltrating lympho-
cyte therapy

Evaluate the safety and anti-
tumor activity of LYL845 in par-
ticipants with relapsed or refrac-
tory metastatic or locally advanced
NSCLC

NCT06694454 https:
//clinicaltrials.gov/
study/NCT06694454
AZA-AEGEAN
Phase I/II

Inhaled Azacytidine
With Platinum-Based
Chemotherapy and
Durvalumab

Determine the frequency of patho-
logic complete responses in partici-
pants for early-stage NSCLC

NCT02664181 https:
//clinicaltrials.gov/
study/NCT02664181
Tetra-hydrouridine-
decitabine (THU-Dec)
Phase II

Investigation THU-
Dec in combination
with Nivolumab

Epigenetic immunotherapy for sec-
ond line therapy in patients with
NSCLC

NCT02546986 https:
//clinicaltrials.gov/
study/NCT02546986
CC-486 Pembrolizumab
Phase II

Assess the safety and
efficacy of combination
therapy

Epigenetic modulation and im-
mune checkpoint therapy

NCT04814407 https:
//clinicaltrials.gov/
study/NCT04814407
ctDNA
Observational

Circulating Epigenetic
Biomarkers

Identification of novel circulating
methylated biomarkers for early
lung cancer detection

NCT05707585 https:
//clinicaltrials.gov/
study/NCT05707585
Biopsy
Observational

Epigenetic Imprinting
Biomarkers

Distinguish benign and malignant
pulmonary nodules presurgically

NCT02259218 https:
//clinicaltrials.gov/
study/NCT02259218
Molecular profiling
Observational

Identification of pre-
dictive biomarkers for
radiation toxicity and
survival

Collected blood, urine, and tissue
samples are analyzed for biomark-
ers via metabolomic and epige-
netic profiling

NCT06717243 https:
//clinicaltrials.gov/
study/NCT06717243
Molecular profiling
Observational

Genomic and Epi-
genetic Markers
Associated with
Resistance to Chemo-
Immuno-therapy

Capture the dynamic changes that
occur in the tumor microenviron-
ment and how these relate to treat-
ment outcomes

4.3. Natural Epi-Drugs as Emerging Tools for Epigenetic Modulation

Recent advancements in epigenetic research have highlighted the therapeutic poten-
tial of natural compounds, often termed natural epi-drugs, for modulating epigenetic
pathways [129]. These compounds, derived from plants, dietary sources, or microbial
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metabolites, have demonstrated the ability to regulate DNA methylation, histone modifica-
tions, and non-coding RNA expression. Their broad-spectrum activity, low toxicity profiles,
and ability to target multiple epigenetic regulators make them promising candidates for
cancer therapy [130]. Natural epi-drugs exert their effects through a variety of mechanisms:

DNA Methylation Modulation : Compounds such as epigallocatechin gallate (EGCG),
a polyphenol found in green tea, and genistein, an isoflavone from soy, have been shown to
inhibit DNMTs as well [131]. This inhibition leads to the demethylation of tumor suppressor
gene promoters, reactivating their expression and suppressing tumor progression.

Histone Modifications: Natural compounds like curcumin (from turmeric) and resver-
atrol (from grapes and red wine) can regulate histone acetylation and methylation [132].
For instance, curcumin inhibits histone acetyltransferases (HATs), thereby restoring a bal-
anced chromatin state that favors tumor suppressor gene expression. Resveratrol has also
been shown to affect histone deacetylases (HDACs), promoting chromatin relaxation and
reactivating silenced genes.

Non-Coding RNA Regulation: Natural epi-drugs can influence the expression of
microRNAs (miRNAs) and long non-coding RNAs (lncRNAs). For example, EGCG has
been shown to modulate miRNA expression, targeting oncogenic pathways and enhancing
tumor suppressive mechanisms [133].

Natural epi-drugs, as highlighted in recent studies by Volpes et al., represent a promis-
ing avenue for targeting the dynamic and reversible nature of epigenetic changes in cancer,
including lung cancer [134]. Their ability to modulate epigenetic landscapes opens new
possibilities for therapies [135].

4.4. Ethics of Implementing Epigenomics Technologies in Cancer Screening and Treatment

Epigenomic screening technologies show promise in early cancer detection, offering
the potential for preventive measures and timely intervention. The ethical considerations
surrounding epigenetics differ from those of other genomics data in some important ways,
though they share commonalities as well. Epigenetics introduces unique ethical challenges
primarily due to the dynamic and environmental responsiveness of epigenetic marks,
which are not static like genomic sequences [136]. There is a growing need to address
ethical considerations surrounding the use of epigenetic data for early disease detection. A
scoping review identified gaps in research on ethical aspects of early detection, including
concerns about overestimating health capacity and preventing undue blame on individuals
for their disease risk [137]. Epigenetics captures not only genetic predispositions but
also modifications that reflect lifestyle choices, environmental exposures, and even socio-
economic conditions [138]. This responsiveness raises specific ethical questions about
privacy and potential stigma. For instance, if an epigenetic profile indicates a high cancer
risk due to environmental exposures, individuals may feel blamed for factors outside their
control, or employers and insurers may misuse such information. Conversely, genomic
data largely represents inherent traits that are stable and less modifiable by lifestyle or
environment, while genomic data also has privacy implications, it lacks the sensitivity of
epigenetic data in reflecting an individual’s lived experiences. Earlier detection is indeed a
critical point in both genomics and epigenetics, as both fields aim to identify cancer risks
before symptoms arise. However, epigenetics may offer insights into very early or even
pre-cancerous stages of disease by detecting environmental or lifestyle-induced changes.
This capacity for early intervention is promising but raises questions about how individuals
should be informed and whether public health systems are equipped to handle widespread
early screening. With genomic data, early detection focuses primarily on identifying
inherited cancer risks, such as BRCA1/2 mutations, where decisions are based on genetic
predispositions rather than potentially modifiable factors. As epigenomics technologies
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advance, developing ethical frameworks will be critical to ensuring responsible use in
public health.

4.5. Future Directions—Multi-Omics Integration for Comprehensive Cancer Therapy?

Integrating multi-omics data, such as genomics, transcriptomics, and epigenomics,
offers a more holistic view of cancer behavior and enables identification of new therapeutic
targets. Athieniti et al. [139] observed that omics combinations are often chosen based on
biological evidence and the specific objectives of a study, with transcriptomics and epige-
nomics particularly valuable for understanding regulatory processes, while proteomics and
metabolomics are closer to phenotypic insights relevant to diagnostics. The integration of
epigenomic, transcriptomic, proteomic, and metabolomic data in large cohorts, such as The
Cancer Genome Atlas (TCGA), has provided valuable insights into cancer phenotypes and
systemic dysregulation associated with specific cancer types. These integrative analyses
are essential for developing precise, multi-layered therapeutic strategies and advancing
our understanding of cancer’s complexity [140–142]. An interesting computational aspect
brings LungDWM, which is a model that leverages attention-based feature encoding and
generative adversarial learning to integrate and impute missing omics data, enabling ac-
curate subtype diagnosis and interpretability in lung cancer [143]. Such models highlight
the diagnostic potential of multi-omics data integration and represent a promising tool for
translating omics data into actionable insights for treatment planning.

Integrating epigenomics with other omics layers (e.g., genomics, proteomics) could re-
veal new therapeutic vulnerabilities in cancers with high epigenetic instability. Studies have
shown that linking genomics with DNA methylation and other omics layers can improve
our understanding of drug resistance mechanisms and provide mechanistic insights into
cancer progression [144]. A potential downside of multi-omics integration for comprehen-
sive cancer therapy, particularly when incorporating epigenomics data, is the complexity of
data interpretation and analysis. Epigenomics data are highly context-dependent, reflecting
not only inherent genetic predispositions but also dynamic environmental and lifestyle
influences. Unlike static genomic data, epigenomic information varies across tissues, time
points, and even in response to environmental changes [145]. This variability complicates
interpretation and may reduce the reproducibility and consistency of findings across pa-
tients. Clinicians may find it challenging to translate these nuanced epigenomic signatures
into clear, actionable therapeutic decisions, especially in the context of dynamic disease
states like cancer.

The therapeutic potential of targeting epigenetic and genomic instability in cancer
is vast but requires further research and refinement. Advancing personalized medicine
approaches, multi-omics integration, and ethical frameworks will be essential to realizing
the full potential of these therapies. As the field progresses, a comprehensive approach that
combines genomic, epigenomic, and other omics data will enable more precise targeting of
cancer vulnerabilities.

5. Conclusions
In summary, the intricate relationship between genomic and epigenomic instability

plays a crucial role in cancer progression, heterogeneity, and resistance to treatment. Epige-
netic modifications, such as DNA methylation and histone modifications, act as epigenetic
echoes, persistent yet adaptable markers that reflect the underlying genetic chaos driving
cancer. These modifications serve as valuable biomarkers for distinguishing cancer sub-
types and predicting relapse while also offering promising therapeutic targets. Advances
in multi-omics integration are paving the way for a more comprehensive understanding of
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cancer, uncovering new vulnerabilities within these genomic echoes that can be exploited
for treatment.

Clinically, these insights hold significant potential for the development of personalized
medicine, where treatments are tailored to each patient’s unique genomic and epigenomic
profile. The integration of epigenetic biomarkers into non-invasive diagnostic tools, such as
liquid biopsies, is particularly promising, enabling earlier detection, real-time monitoring,
and adaptive treatment strategies that could improve patient outcomes. However, the
dynamic and context-dependent nature of epigenetic data also calls for ethical frameworks
that address privacy, accessibility, and responsible data use in clinical settings.

Future research should focus on advancing high-resolution, single-cell, and multi-
omics technologies to further refine our understanding of these epigenetic echoes and their
role in tumor evolution and heterogeneity. Additionally, exploring the therapeutic “sweet
spot” for targeting genomic instability and optimizing epigenetic therapies will be essential.
By addressing these scientific and ethical challenges, the field can move closer to fully
realizing the potential of genomic and epigenomic insights in cancer therapy, offering new
hope for more precise and effective treatments.
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Todorčević, M.; Denton, N.; et al. HOTAIR interacts with PRC2 complex regulating the regional preadipocyte transcriptome and
human fat distribution. Cell Rep. 2022, 40, 111136. [CrossRef]

44. Szczepanek, J.; Tretyn, A. MicroRNA-Mediated Regulation of Histone-Modifying Enzymes in Cancer: Mechanisms and
Therapeutic Implications. Biomolecules 2023, 13, 1590. [CrossRef]

45. Ma, B.; Wang, S.; Wu, W.; Shan, P.; Chen, Y.; Meng, J.; Xing, L.; Yun, J.; Hao, L.; Wang, X.; et al. Mechanisms of circRNA/lncRNA-
miRNA interactions and applications in disease and drug research. Biomed. Pharmacother. 2023, 162, 114672. [CrossRef]

46. Babayev, M.; Silveyra, P. Role of circular RNAs in lung cancer. Front. Genet. 2024, 15, 1346119. [CrossRef]
47. Moore, L.D.; Le, T.; Fan, G. DNA Methylation and Its Basic Function. Neuropsychopharmacology 2013, 38, 23–38. [CrossRef]

[PubMed]
48. Maciejowski, J.; Lange, T.d. Telomeres in cancer: Tumour suppression and genome instability. Nat. Rev. Mol. Cell Biol. 2017,

18, 175. [CrossRef] [PubMed]
49. Criqui, M.; Qamra, A.; Chu, T.W.; Sharma, M.; Tsao, J.; Henry, D.A.; Barsyte-Lovejoy, D.; Arrowsmith, C.H.; Winegarden, N.;

Lupien, M.; et al. Telomere dysfunction cooperates with epigenetic alterations to impair murine embryonic stem cell fate
commitment. eLife 2020, 9, e47333. [CrossRef]

50. Rivosecchi, J.; Jurikova, K.; Cusanelli, E. Telomere-specific regulation of TERRA and its impact on telomere stability. Semin. Cell
Dev. Biol. 2024, 157, 3–23. [CrossRef]

51. Rossi, M.; Gorospe, M. Noncoding RNAs controlling telomere homeostasis in senescence and aging. Trends Mol. Med. 2020,
26, 422–433. [CrossRef]

52. Romero-Garcia, S.; Prado-Garcia, H.; Carlos-Reyes, A. Role of DNA Methylation in the Resistance to Therapy in Solid Tumors.
Front. Oncol. 2020, 10, 1152. [CrossRef] [PubMed]

53. Chang, C.J.; Yang, J.Y.; Xia, W.; Chen, C.T.; Xie, X.; Chao, C.H.; Woodward, W.A.; Hsu, J.M.; Hortobagyi, G.N.; Hung, M.C. EZH2
promotes expansion of breast tumor initiating cells through activation of RAF1-beta-catenin signaling. Cancer Cell 2011, 19, 86.
[CrossRef]

54. Sun, S.; Yu, F.; Xu, D.; Zheng, H.; Li, M. EZH2, a prominent orchestrator of genetic and epigenetic regulation of solid tumor
microenvironment and immunotherapy. Biochim. Biophys. Acta-(BBA)-Rev. Cancer 2022, 1877, 188700. [CrossRef]

55. Morrison, A.J. Chromatin-remodeling links metabolic signaling to gene expression. Mol. Metab. 2020, 38, 100973. [CrossRef]
[PubMed]

56. Alpsoy, A.; Sood, S.; Dykhuizen, E.C. At the Crossroad of Gene Regulation and Genome Organization: Potential Roles for
ATP-Dependent Chromatin Remodelers in the Regulation of CTCF-Mediated 3D Architecture. Biology 2021, 10, 272. [CrossRef]

57. Herr, L.M.; Schaffer, E.D.; Fuchs, K.F.; Datta, A.; Brosh, R.M. Replication stress as a driver of cellular senescence and aging.
Commun. Biol. 2024, 7, 616. [CrossRef] [PubMed]

58. Gu, L.; Fu, Y.; Li, X. Roles of post-translational modifications of UHRF1 in cancer. Epigenetics Chromatin 2024, 17, 15. [CrossRef]
59. Chen, J.F.; Yan, Q. The roles of epigenetics in cancer progression and metastasis. Biochem. J. 2021, 478, 3373. [CrossRef]
60. Ashrafi, A.; Akter, Z.; Modareszadeh, P.; Modareszadeh, P.; Berisha, E.; Alemi, P.S.; Castro, M.d.C.C.; Deese, A.R.; Zhang, L.

Current Landscape of Therapeutic Resistance in Lung Cancer and Promising Strategies to Overcome Resistance. Cancers 2022,
14, 4562. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.molcel.2023.01.006
http://www.ncbi.nlm.nih.gov/pubmed/36736310
http://dx.doi.org/10.1038/s41392-024-02030-9
http://dx.doi.org/10.1016/j.ceb.2024.102405
http://dx.doi.org/10.1080/14737140.2019.1605905
http://www.ncbi.nlm.nih.gov/pubmed/30986130
http://dx.doi.org/10.3389/fgene.2023.1290903
http://dx.doi.org/10.3389/fmolb.2021.685440
http://dx.doi.org/10.3390/biology3040670
http://www.ncbi.nlm.nih.gov/pubmed/25340699
http://dx.doi.org/10.3390/ijms23126467
http://dx.doi.org/10.1093/nar/gkad948
http://dx.doi.org/10.1016/j.celrep.2022.111136
http://dx.doi.org/10.3390/biom13111590
http://dx.doi.org/10.1016/j.biopha.2023.114672
http://dx.doi.org/10.3389/fgene.2024.1346119
http://dx.doi.org/10.1038/npp.2012.112
http://www.ncbi.nlm.nih.gov/pubmed/22781841
http://dx.doi.org/10.1038/nrm.2016.171
http://www.ncbi.nlm.nih.gov/pubmed/28096526
http://dx.doi.org/10.7554/eLife.47333
http://dx.doi.org/10.1016/j.semcdb.2023.11.001
http://dx.doi.org/10.1016/j.molmed.2020.01.010
http://dx.doi.org/10.3389/fonc.2020.01152
http://www.ncbi.nlm.nih.gov/pubmed/32850327
http://dx.doi.org/10.1016/j.ccr.2010.10.035
http://dx.doi.org/10.1016/j.bbcan.2022.188700
http://dx.doi.org/10.1016/j.molmet.2020.100973
http://www.ncbi.nlm.nih.gov/pubmed/32251664
http://dx.doi.org/10.3390/biology10040272
http://dx.doi.org/10.1038/s42003-024-06263-w
http://www.ncbi.nlm.nih.gov/pubmed/38777831
http://dx.doi.org/10.1186/s13072-024-00540-y
http://dx.doi.org/10.1042/BCJ20210084
http://dx.doi.org/10.3390/cancers14194562
http://www.ncbi.nlm.nih.gov/pubmed/36230484


Epigenomes 2025, 9, 5 22 of 25

61. Terekhanova, N.V.; Karpova, A.; Liang, W.W.; Strzalkowski, A.; Chen, S.; Li, Y.; Southard-Smith, A.N.; Iglesia, M.D.; Wendl,
M.C.; Jayasinghe, R.G.; et al. Epigenetic regulation during cancer transitions across 11 tumour types. Nature 2023, 623, 432–441.
[CrossRef] [PubMed]

62. Wang, F.; Du, H.; Li, B.; Luo, Z.; Zhu, L. Unlocking phenotypic plasticity provides novel insights for immunity and personalized
therapy in lung adenocarcinoma. Front. Genet. 2022, 13, 941567. [CrossRef]

63. Chen, J.; Pan, X.; Na, F.; Chen, X.; Chen, C. Epigenetic reprogramming in small cell lung cancer. Cancer Biol. Med. 2022, 19, 1111.
[CrossRef] [PubMed]

64. Solta, A.; Ernhofer, B.; Boettiger, K.; Megyesfalvi, Z.; Heeke, S.; Hoda, M.A.; Lang, C.; Aigner, C.; Hirsch, F.R.; Schelch, K.; et al.
Small cells–big issues: Biological implications and preclinical advancements in small cell lung cancer. Mol. Cancer 2024, 23, 41.
[CrossRef] [PubMed]

65. LaFave, L.M.; Kartha, V.K.; Ma, S.; Meli, K.; Del Priore, I.; Lareau, C.; Naranjo, S.; Westcott, P.M.K.; Duarte, F.M.; Sankar, V.; et al.
Epigenomic State Transitions Characterize Tumor Progression in Mouse Lung Adenocarcinoma. Cancer Cell 2020, 38, 212–228.e13.
[CrossRef] [PubMed]

66. Daskalos, A.; Nikolaidis, G.; Xinarianos, G.; Savvari, P.; Cassidy, A.; Zakopoulou, R.; Kotsinas, A.; Gorgoulis, V.; Field, J.K.;
Liloglou, T. Hypomethylation of retrotransposable elements correlates with genomic instability in non-small cell lung cancer. Int.
J. Cancer 2009, 124, 81–87. [CrossRef] [PubMed]

67. Sun, Z.; Zhang, R.; Zhang, X.; Sun, Y.; Liu, P.; Francoeur, N.; Han, L.; Lam, W.Y.; Yi, Z.; Sebra, R.; et al. LINE-1 promotes
tumorigenicity and exacerbates tumor progression via stimulating metabolism reprogramming in non-small cell lung cancer.
Mol. Cancer 2022, 21, 147. [CrossRef] [PubMed]

68. Wu, Q.J.; Zhang, T.N.; Chen, H.H.; Yu, X.F.; Lv, J.L.; Liu, Y.Y.; Liu, Y.S.; Zheng, G.; Zhao, J.Q.; Wei, Y.F.; et al. The sirtuin family in
health and disease. Signal Transduct. Target. Ther. 2022, 7, 402. [CrossRef] [PubMed]

69. Yi, J.; Luo, J. SIRT1 and p53, effect on cancer, senescence and beyond. Biochim. Biophys. Acta 2010, 1804, 1684. [CrossRef]
70. Garcia-Venzor, A.; Toiber, D. SIRT6 Through the Brain Evolution, Development, and Aging. Front. Aging Neurosci. 2021,

13, 747989. [CrossRef] [PubMed]
71. Meng, F.; Qian, M.; Peng, B.; Peng, L.; Wang, X.; Zheng, K.; Liu, Z.; Tang, X.; Zhang, S.; Sun, S.; et al. Synergy between SIRT1

and SIRT6 helps recognize DNA breaks and potentiates the DNA damage response and repair in humans and mice. eLife 2020,
9, e55828. [CrossRef] [PubMed]

72. Yu, L.; Li, Y.; Song, S.; Zhang, Y.; Wang, Y.; Wang, H.; Yang, Z.; Wang, Y. The dual role of sirtuins in cancer: Biological functions
and implications. Front. Oncol. 2024, 14, 1384928. [CrossRef] [PubMed]

73. Suri, C.; Swarnkar, S.; Bhaskar, L.; Verma, H.K. Non-Coding RNA as a Biomarker in Lung Cancer. Non-Coding RNA 2024, 10, 50.
[CrossRef] [PubMed]

74. Liu, J.; Bian, T.; She, B.; Liu, L.; Sun, H.; Zhang, Q.; Zhu, J.; Zhang, J.; Liu, Y. Evaluating the comprehensive diagnosis efficiency of
lung cancer, including measurement of SHOX2 and RASSF1A gene methylation. BMC Cancer 2024, 24, 282. [CrossRef]

75. Zhao, L.; Zhou, X.; Li, H.; Yin, T.; Jiang, Y. Prognosis of immunotherapy for non-small cell lung cancer with CDKN2A loss of
function. J. Thorac. Dis. 2024, 16, 507–515. [CrossRef]

76. Chen, L.; Wang, Y.; Liu, F.; Xu, L.; Peng, F.; Zhao, N.; Fu, B.; Zhu, Z.; Shi, Y.; Liu, J.; et al. A systematic review and meta-analysis:
Association between MGMT hypermethylation and the clinicopathological characteristics of non-small-cell lung carcinoma. Sci.
Rep. 2018, 8, 1439. [CrossRef] [PubMed]

77. Kim, J.S.; Lee, H.; Kim, H.; Shim, Y.M.; Han, J.; Park, J.; Kim, D.H. Promoter methylation of retinoic acid receptor beta 2 and
the development of second primary lung cancers in non-small-cell lung cancer. J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 2004,
22, 3443–3450. [CrossRef] [PubMed]

78. Liu, F.; Lu, X.; Zhou, X.; Huang, H. APC gene promoter methylation as a potential biomarker for lung cancer diagnosis: A
meta-analysis. Thorac. Cancer 2021, 12, 2907–2913. [CrossRef] [PubMed]

79. Hashemi, M.; Mirdamadi, M.S.A.; Talebi, Y.; Khaniabad, N.; Banaei, G.; Daneii, P.; Gholami, S.; Ghorbani, A.; Tavakolpournegari,
A.; Farsani, Z.M.; et al. Pre-clinical and clinical importance of miR-21 in human cancers: Tumorigenesis, therapy response,
delivery approaches and targeting agents. Pharmacol. Res. 2023, 187, 106568. [CrossRef]

80. Kalfert, D.; Ludvikova, M.; Pesta, M.; Ludvik, J.; Dostalova, L.; Kholová, I. Multifunctional Roles of miR-34a in Cancer: A Review
with the Emphasis on Head and Neck Squamous Cell Carcinoma and Thyroid Cancer with Clinical Implications. Diagnostics
2020, 10, 563. [CrossRef] [PubMed]

81. Wu, Y.; Lu, W.; Xu, J.; Shi, Y.; Zhang, H.; Xia, D. Prognostic value of long non-coding RNA MALAT1 in cancer patients. Tumor
Biol. 2016, 37, 897–903. [CrossRef] [PubMed]

82. Li, Z.X.; Zhu, Q.N.; Zhang, H.B.; Hu, Y.; Wang, G.; Zhu, Y.S. MALAT1: A potential biomarker in cancer. Cancer Manag. Res. 2018,
10, 6757–6768. [CrossRef]

83. Onishi, T.; Takashima, T.; Kurashige, M.; Ohshima, K.; Morii, E. Mutually exclusive expression of EZH2 and H3K27me3 in
non-small cell lung carcinoma. Pathol.-Res. Pract. 2022, 238, 154071. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/s41586-023-06682-5
http://www.ncbi.nlm.nih.gov/pubmed/37914932
http://dx.doi.org/10.3389/fgene.2022.941567
http://dx.doi.org/10.20892/j.issn.2095-3941.2022.0343
http://www.ncbi.nlm.nih.gov/pubmed/36069525
http://dx.doi.org/10.1186/s12943-024-01953-9
http://www.ncbi.nlm.nih.gov/pubmed/38395864
http://dx.doi.org/10.1016/j.ccell.2020.06.006
http://www.ncbi.nlm.nih.gov/pubmed/32707078
http://dx.doi.org/10.1002/ijc.23849
http://www.ncbi.nlm.nih.gov/pubmed/18823011
http://dx.doi.org/10.1186/s12943-022-01618-5
http://www.ncbi.nlm.nih.gov/pubmed/35842613
http://dx.doi.org/10.1038/s41392-022-01257-8
http://www.ncbi.nlm.nih.gov/pubmed/36581622
http://dx.doi.org/10.1016/j.bbapap.2010.05.002
http://dx.doi.org/10.3389/fnagi.2021.747989
http://www.ncbi.nlm.nih.gov/pubmed/34720996
http://dx.doi.org/10.7554/eLife.55828
http://www.ncbi.nlm.nih.gov/pubmed/32538779
http://dx.doi.org/10.3389/fonc.2024.1384928
http://www.ncbi.nlm.nih.gov/pubmed/38947884
http://dx.doi.org/10.3390/ncrna10050050
http://www.ncbi.nlm.nih.gov/pubmed/39452836
http://dx.doi.org/10.1186/s12885-024-12022-1
http://dx.doi.org/10.21037/jtd-23-1017
http://dx.doi.org/10.1038/s41598-018-19949-z
http://www.ncbi.nlm.nih.gov/pubmed/29362385
http://dx.doi.org/10.1200/JCO.2004.11.135
http://www.ncbi.nlm.nih.gov/pubmed/15277540
http://dx.doi.org/10.1111/1759-7714.14151
http://www.ncbi.nlm.nih.gov/pubmed/34545707
http://dx.doi.org/10.1016/j.phrs.2022.106568
http://dx.doi.org/10.3390/diagnostics10080563
http://www.ncbi.nlm.nih.gov/pubmed/32764498
http://dx.doi.org/10.1007/s13277-015-3870-8
http://www.ncbi.nlm.nih.gov/pubmed/26254614
http://dx.doi.org/10.2147/CMAR.S169406
http://dx.doi.org/10.1016/j.prp.2022.154071
http://www.ncbi.nlm.nih.gov/pubmed/35985089


Epigenomes 2025, 9, 5 23 of 25

84. Lianidou, E. Detection and relevance of epigenetic markers on ctDNA: Recent advances and future outlook. Mol. Oncol. 2021,
15, 1683–1700. [CrossRef]

85. Chen, S.; Huang, K.; Zou, L.; Chen, L.; Hu, P. Diagnostic value of SHOX2, RASSF1A gene methylation combined with CEA level
detection in malignant pleural effusion. BMC Pulm. Med. 2023, 23, 160. [CrossRef]

86. Ibrahim, J.; Peeters, M.; Van Camp, G.; Op de Beeck, K. Methylation biomarkers for early cancer detection and diagnosis: Current
and future perspectives. Eur. J. Cancer 2023, 178, 91–113. [CrossRef]

87. Weiss, G.; Schlegel, A.; Kottwitz, D.; König, T.; Tetzner, R. Validation of the SHOX2/PTGER4 DNA Methylation Marker Panel for
Plasma-Based Discrimination Between Patients with Malignant and Nonmalignant Lung Disease. J. Thorac. Oncol. Off. Publ. Int.
Assoc. Study Lung Cancer 2017, 12, 77–84. [CrossRef] [PubMed]

88. Kwon, H.J.; Shin, S.H.; Kim, H.H.; Min, N.Y.; Lim, Y.; Joo, T.w.; Lee, K.J.; Jeong, M.S.; Kim, H.; Yun, S.y.; et al. Advances in
methylation analysis of liquid biopsy in early cancer detection of colorectal and lung cancer. Sci. Rep. 2023, 13, 13502. [CrossRef]

89. Khodadadi, E.; Fahmideh, L.; Khodadadi, E.; Dao, S.; Yousefi, M.; Taghizadeh, S.; Asgharzadeh, M.; Yousefi, B.; Kafil, H.S. Current
Advances in DNA Methylation Analysis Methods. BioMed Res. Int. 2021, 2021, 8827516. [CrossRef]

90. Satam, H.; Joshi, K.; Mangrolia, U.; Waghoo, S.; Zaidi, G.; Rawool, S.; Thakare, R.P.; Banday, S.; Mishra, A.K.; Das, G.; et al.
Next-Generation Sequencing Technology: Current Trends and Advancements. Biology 2023, 12, 997. [CrossRef]

91. Alexandrou, G.; Mantikas, K.T.; Allsopp, R.; Yapeter, C.A.; Jahin, M.; Melnick, T.; Ali, S.; Coombes, R.C.; Toumazou, C.; Shaw, J.A.;
et al. The Evolution of Affordable Technologies in Liquid Biopsy Diagnostics: The Key to Clinical Implementation. Cancers 2023,
15, 5434. [CrossRef]

92. Hoang, P.H.; Landi, M.T. DNA Methylation in Lung Cancer: Mechanisms and Associations with Histological Subtypes, Molecular
Alterations, and Major Epidemiological Factors. Cancers 2022, 14, 961. [CrossRef]

93. Guidry, K.; Vasudevaraja, V.; Labbe, K.; Mohamed, H.; Serrano, J.; Guidry, B.W.; DeLorenzo, M.; Zhang, H.; Deng, J.; Sahu, S.;
et al. DNA Methylation Profiling Identifies Subgroups of Lung Adenocarcinoma with Distinct Immune Cell Composition, DNA
Methylation Age, and Clinical Outcome. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2022, 28, 3824–3835. [CrossRef] [PubMed]

94. Heeke, S.; Gay, C.M.; Estecio, M.R.; Tran, H.; Morris, B.B.; Zhang, B.; Tang, X.; Raso, M.G.; Rocha, P.; Lai, S.; et al. Tumor-
and circulating-free DNA methylation identifies clinically relevant small cell lung cancer subtypes. Cancer Cell 2024, 42, 225.
[CrossRef] [PubMed]

95. Yang, K.; Wu, Y. A prognosis-related molecular subtype for early-stage non-small lung cell carcinoma by multi-omics integration
analysis. BMC Cancer 2021, 21, 128. [CrossRef]

96. Xu, W.; Yao, H.; Wu, Z.; Yan, X.; Jiao, Z.; Liu, Y.; Zhang, M.; Wang, D. Oncoprotein SET-associated transcription factor ZBTB11
triggers lung cancer metastasis. Nat. Commun. 2024, 15, 1362. [CrossRef] [PubMed]

97. Kudryashova, N.; Shulgin, B.; Katuninks, N.; Kulesh, V.; Helmlinger, G.; Zhudenkov, K.; Peskov, K. Assessment of NSCLC
disease burden: A survival model-based meta-analysis study. Comput. Struct. Biotechnol. J. 2024, 24, 611–621. [CrossRef]

98. Liang, R.; Li, X.; Li, W.; Zhu, X.; Li, C. DNA methylation in lung cancer patients: Opening a “window of life” under precision
medicine. Biomed. Pharmacother. 2021, 144, 112202. [CrossRef]

99. Larson, M.H.; Pan, W.; Kim, H.J.; Mauntz, R.E.; Stuart, S.M.; Pimentel, M.; Zhou, Y.; Knudsgaard, P.; Demas, V.; Aravanis, A.M.;
et al. A comprehensive characterization of the cell-free transcriptome reveals tissue- and subtype-specific biomarkers for cancer
detection. Nat. Commun. 2021, 12, 2357. [CrossRef]

100. Liu, M.C.; Oxnard, G.R.; Klein, E.A.; Swanton, C.; Seiden, M.V.; Liu, M.C.; Oxnard, G.R.; Klein, E.A.; Smith, D.; Richards, D.; et al.
Sensitive and specific multi-cancer detection and localization using methylation signatures in cell-free DNA. Ann. Oncol. 2020,
31, 745–759. [CrossRef]

101. Sill, M.; Plass, C.; Pfister, S.M.; Lipka, D.B. Molecular tumor classification using DNA methylome analysis. Hum. Mol. Genet.
2020, 29, R205–R213. [CrossRef]

102. Bailleux, C.; Lacroix, L.; Barranger, E.; Delaloge, S. Using methylation signatures on cell-free DNA for early cancer detection: A
new era in liquid biopsy? Ann. Oncol. 2020, 31, 665–667. [CrossRef] [PubMed]

103. Bae, M.; Kim, G.; Lee, T.R.; Ahn, J.M.; Park, H.; Park, S.R.; Song, K.B.; Jun, E.; Oh, D.; Lee, J.W.; et al. Integrative modeling of
tumor genomes and epigenomes for enhanced cancer diagnosis by cell-free DNA. Nat. Commun. 2023, 14, 2017. [CrossRef]
[PubMed]

104. Constantin, N.; Sina, A.A.I.; Korbie, D.; Trau, M. Opportunities for Early Cancer Detection: The Rise of ctDNA Methylation-Based
Pan-Cancer Screening Technologies. Epigenomes 2022, 6, 6. [CrossRef]

105. Zhang, Y.H.; Zeng, T.; Pan, X.; Guo, W.; Gan, Z.; Zhang, Y.; Huang, T.; Cai, Y.D. Screening Dys-Methylation Genes and Rules for
Cancer Diagnosis by Using the Pan-Cancer Study. IEEE Access 2020, 8, 489–501. [CrossRef]

106. Zhou, Y.; Tao, L.; Qiu, J.; Xu, J.; Yang, X.; Zhang, Y.; Tian, X.; Guan, X.; Cen, X.; Zhao, Y. Tumor biomarkers for diagnosis, prognosis
and targeted therapy. Signal Transduct. Target. Ther. 2024, 9, 132. [CrossRef] [PubMed]

107. Yamagishi, M.; Kuze, Y.; Kobayashi, S.; Nakashima, M.; Morishima, S.; Kawamata, T.; Makiyama, J.; Suzuki, K.; Seki, M.; Abe, K.;
et al. Mechanisms of action and resistance in histone methylation-targeted therapy. Nature 2024, 627, 221–228. [CrossRef]

http://dx.doi.org/10.1002/1878-0261.12978
http://dx.doi.org/10.1186/s12890-023-02462-z
http://dx.doi.org/10.1016/j.ejca.2022.10.015
http://dx.doi.org/10.1016/j.jtho.2016.08.123
http://www.ncbi.nlm.nih.gov/pubmed/27544059
http://dx.doi.org/10.1038/s41598-023-40611-w
http://dx.doi.org/10.1155/2021/8827516
http://dx.doi.org/10.3390/biology12070997
http://dx.doi.org/10.3390/cancers15225434
http://dx.doi.org/10.3390/cancers14040961
http://dx.doi.org/10.1158/1078-0432.CCR-22-0391
http://www.ncbi.nlm.nih.gov/pubmed/35802677
http://dx.doi.org/10.1016/j.ccell.2024.01.001
http://www.ncbi.nlm.nih.gov/pubmed/38278149
http://dx.doi.org/10.1186/s12885-021-07846-0
http://dx.doi.org/10.1038/s41467-024-45585-5
http://www.ncbi.nlm.nih.gov/pubmed/38355937
http://dx.doi.org/10.1016/j.csbj.2024.09.012
http://dx.doi.org/10.1016/j.biopha.2021.112202
http://dx.doi.org/10.1038/s41467-021-22444-1
http://dx.doi.org/10.1016/j.annonc.2020.02.011
http://dx.doi.org/10.1093/hmg/ddaa147
http://dx.doi.org/10.1016/j.annonc.2020.03.307
http://www.ncbi.nlm.nih.gov/pubmed/32289381
http://dx.doi.org/10.1038/s41467-023-37768-3
http://www.ncbi.nlm.nih.gov/pubmed/37037826
http://dx.doi.org/10.3390/epigenomes6010006
http://dx.doi.org/10.1109/ACCESS.2019.2961402
http://dx.doi.org/10.1038/s41392-024-01823-2
http://www.ncbi.nlm.nih.gov/pubmed/38763973
http://dx.doi.org/10.1038/s41586-024-07103-x


Epigenomes 2025, 9, 5 24 of 25

108. Costa, P.M.d.S.; Sales, S.L.A.; Pinheiro, D.P.; Pontes, L.Q.; Maranhão, S.S.; Pessoa, C.d.O.; Furtado, G.P.; Furtado, C.L.M. Epigenetic
reprogramming in cancer: From diagnosis to treatment. Front. Cell Dev. Biol. 2023, 11, 1116805. [CrossRef]

109. Zhao, A.; Zhou, H.; Yang, J.; Li, M.; Niu, T. Epigenetic regulation in hematopoiesis and its implications in the targeted therapy of
hematologic malignancies. Signal Transduct. Target. Ther. 2023, 8, 71. [CrossRef]

110. Ramazi, S.; Dadzadi, M.; Sahafnejad, Z.; Allahverdi, A. Epigenetic regulation in lung cancer. MedComm 2023, 4, e401. [CrossRef]
111. Sadida, H.Q.; Abdulla, A.; Marzooqi, S.A.; Hashem, S.; Macha, M.A.; Akil, A.S.A.S.; Bhat, A.A. Epigenetic modifications: Key

players in cancer heterogeneity and drug resistance. Transl. Oncol. 2024, 39, 101821. [CrossRef] [PubMed]
112. Tivey, A.; Lee, R.J.; Clipson, A.; Hill, S.M.; Lorigan, P.; Rothwell, D.G.; Dive, C.; Mouliere, F. Mining nucleic acid “omics” to boost

liquid biopsy in cancer. Cell Rep. Med. 2024, 5, 101736. [CrossRef]
113. Baysoy, A.; Bai, Z.; Satija, R.; Fan, R. The technological landscape and applications of single-cell multi-omics. Nat. Rev. Mol. Cell

Biol. 2023, 24, 695–713. [CrossRef] [PubMed]
114. Gröschel, S.; Hübschmann, D.; Raimondi, F.; Horak, P.; Warsow, G.; Fröhlich, M.; Klink, B.; Gieldon, L.; Hutter, B.; Kleinheinz,

K.; et al. Defective homologous recombination DNA repair as therapeutic target in advanced chordoma. Nat. Commun. 2019,
10, 1635. [CrossRef]

115. Yu, X.; Zhao, H.; Wang, R.; Chen, Y.; Ouyang, X.; Li, W.; Sun, Y.; Peng, A. Cancer epigenetics: From laboratory studies and clinical
trials to precision medicine. Cell Death Discov. 2024, 10, 28. [CrossRef] [PubMed]

116. Eich, M.L.; Athar, M.; James E Ferguson, I.I.I.; Varambally, S. EZH2-targeted therapies in cancer: Hype or a reality. Cancer Res.
2020, 80, 5449. [CrossRef] [PubMed]

117. Budagaga, Y.; Sabet, Z.; Zhang, Y.; Novotná, E.; Hanke, I.; Rozkoš, T.; Hofman, J. Tazemetostat synergistically combats multidrug
resistance by the unique triple inhibition of ABCB1, ABCC1, and ABCG2 efflux transporters in vitro and ex vivo. Biochem.
Pharmacol. 2023, 216, 115769. [CrossRef] [PubMed]

118. Moran, B.; Davern, M.; Reynolds, J.V.; Donlon, N.E.; Lysaght, J. The impact of histone deacetylase inhibitors on immune cells and
implications for cancer therapy. Cancer Lett. 2023, 559, 216121. [CrossRef] [PubMed]

119. Cheng, B.; Pan, W.; Xiao, Y.; Ding, Z.; Zhou, Y.; Fei, X.; Liu, J.; Su, Z.; Peng, X.; Chen, J. HDAC-targeting epigenetic modulators for
cancer immunotherapy. Eur. J. Med. Chem. 2024, 265, 116129. [CrossRef] [PubMed]

120. Liang, T.; Wang, F.; Elhassan, R.M.; Cheng, Y.; Tang, X.; Chen, W.; Fang, H.; Hou, X. Targeting histone deacetylases for cancer
therapy: Trends and challenges. Acta Pharm. Sin. B 2023, 13, 2425–2463. [CrossRef] [PubMed]

121. Hu, C.; Liu, X.; Zeng, Y.; Liu, J.; Wu, F. DNA methyltransferase inhibitors combination therapy for the treatment of solid tumor:
Mechanism and clinical application. Clin. Epigenetics 2021, 13, 166. [CrossRef]

122. Concannon, K.; Morris, B.B.; Gay, C.M.; Byers, L.A. Combining targeted DNA repair inhibition and immune-oncology approaches
for enhanced tumor control. Mol. Cell 2023, 83, 660–680. [CrossRef] [PubMed]

123. Dai, W.; Qiao, X.; Fang, Y.; Guo, R.; Bai, P.; Liu, S.; Li, T.; Jiang, Y.; Wei, S.; Na, Z.; et al. Epigenetics-targeted drugs: Current
paradigms and future challenges. Signal Transduct. Target. Ther. 2024, 9, 332. [CrossRef]

124. Guo, R.; Li, J.; Hu, J.; Fu, Q.; Yan, Y.; Xu, S.; Wang, X.; Jiao, F. Combination of epidrugs with immune checkpoint inhibitors in
cancer immunotherapy: From theory to therapy. Int. Immunopharmacol. 2023, 120, 110417. [CrossRef]

125. Petronek, M.S.; Bayanbold, K.; Amegble, K.; Tomanek-Chalkley, A.M.; Allen, B.G.; Spitz, D.R.; Bailey, C.K. Evaluating the iron
chelator function of sirtinol in non-small cell lung cancer. Front. Oncol. 2023, 13, 1185715. [CrossRef] [PubMed]

126. Akbaribazm, M.; Khazaei, M.R.; Khazaei, F.; Khazaei, M. Doxorubicin and Trifolium pratense L. (Red clover) extract synergistically
inhibits brain and lung metastases in 4T1 tumor-bearing BALB/c mice. Food Sci. Nutr. 2020, 8, 5557. [CrossRef]

127. Li, M.; Hao, B.; Zhang, M.; Reiter, R.J.; Lin, S.; Zheng, T.; Chen, X.; Ren, Y.; Yue, L.; Abay, B.; et al. Melatonin enhances
radiofrequency-induced NK antitumor immunity, causing cancer metabolism reprogramming and inhibition of multiple pul-
monary tumor development. Signal Transduct. Target. Ther. 2021, 6, 330. [CrossRef]

128. Prabhu, K.S.; Sadida, H.Q.; Kuttikrishnan, S.; Junejo, K.; Bhat, A.A.; Uddin, S. Beyond genetics: Exploring the role of epigenetic
alterations in breast cancer. Pathol.-Res. Pract. 2024, 254, 155174. [CrossRef]

129. Babar, Q.; Saeed, A.; Tabish, T.A.; Pricl, S.; Townley, H.; Thorat, N. Novel epigenetic therapeutic strategies and targets in cancer.
Biochim. Biophys. Acta-(BBA)-Mol. Basis Dis. 2022, 1868, 166552. [CrossRef]

130. Cheng, Y.; He, C.; Wang, M.; Ma, X.; Mo, F.; Yang, S.; Han, J.; Wei, X. Targeting epigenetic regulators for cancer therapy:
Mechanisms and advances in clinical trials. Signal Transduct. Target. Ther. 2019, 4, 62. [CrossRef]

131. Agarwal, A.; Kansal, V.; Farooqi, H.; Prasad, R.; Singh, V.K. Epigallocatechin Gallate (EGCG), an Active Phenolic Compound of
Green Tea, Inhibits Tumor Growth of Head and Neck Cancer Cells by Targeting DNA Hypermethylation. Biomedicines 2023,
11, 789. [CrossRef]

132. Bontempo, P.; Capasso, L.; De Masi, L.; Nebbioso, A.; Rigano, D. Therapeutic Potential of Natural Compounds Acting through
Epigenetic Mechanisms in Cardiovascular Diseases: Current Findings and Future Directions. Nutrients 2024, 16, 2399. [CrossRef]
[PubMed]

http://dx.doi.org/10.3389/fcell.2023.1116805
http://dx.doi.org/10.1038/s41392-023-01342-6
http://dx.doi.org/10.1002/mco2.401
http://dx.doi.org/10.1016/j.tranon.2023.101821
http://www.ncbi.nlm.nih.gov/pubmed/37931371
http://dx.doi.org/10.1016/j.xcrm.2024.101736
http://dx.doi.org/10.1038/s41580-023-00615-w
http://www.ncbi.nlm.nih.gov/pubmed/37280296
http://dx.doi.org/10.1038/s41467-019-09633-9
http://dx.doi.org/10.1038/s41420-024-01803-z
http://www.ncbi.nlm.nih.gov/pubmed/38225241
http://dx.doi.org/10.1158/0008-5472.CAN-20-2147
http://www.ncbi.nlm.nih.gov/pubmed/32978169
http://dx.doi.org/10.1016/j.bcp.2023.115769
http://www.ncbi.nlm.nih.gov/pubmed/37634597
http://dx.doi.org/10.1016/j.canlet.2023.216121
http://www.ncbi.nlm.nih.gov/pubmed/36893893
http://dx.doi.org/10.1016/j.ejmech.2024.116129
http://www.ncbi.nlm.nih.gov/pubmed/38211468
http://dx.doi.org/10.1016/j.apsb.2023.02.007
http://www.ncbi.nlm.nih.gov/pubmed/37425042
http://dx.doi.org/10.1186/s13148-021-01154-x
http://dx.doi.org/10.1016/j.molcel.2022.12.031
http://www.ncbi.nlm.nih.gov/pubmed/36669489
http://dx.doi.org/10.1038/s41392-024-02039-0
http://dx.doi.org/10.1016/j.intimp.2023.110417
http://dx.doi.org/10.3389/fonc.2023.1185715
http://www.ncbi.nlm.nih.gov/pubmed/37397370
http://dx.doi.org/10.1002/fsn3.1820
http://dx.doi.org/10.1038/s41392-021-00745-7
http://dx.doi.org/10.1016/j.prp.2024.155174
http://dx.doi.org/10.1016/j.bbadis.2022.166552
http://dx.doi.org/10.1038/s41392-019-0095-0
http://dx.doi.org/10.3390/biomedicines11030789
http://dx.doi.org/10.3390/nu16152399
http://www.ncbi.nlm.nih.gov/pubmed/39125279


Epigenomes 2025, 9, 5 25 of 25

133. Wang, C.; Bai, M.; Sun, Z.; Yao, N.; Zhang, A.; Guo, S.; Asemi, Z. Epigallocatechin-3-gallate and cancer: Focus on the role of
microRNAs. Cancer Cell Int. 2023, 23, 241. [CrossRef] [PubMed]

134. Volpes, S.; Cruciata, I.; Ceraulo, F.; Schimmenti, C.; Naselli, F.; Pinna, C.; Mauro, M.; Picone, P.; Dallavalle, S.; Nuzzo, D.; et al.
Nutritional epigenomic and DNA-damage modulation effect of natural stilbenoids. Sci. Rep. 2023, 13, 658. [CrossRef] [PubMed]

135. Ocaña-Paredes, B.; Rivera-Orellana, S.; Ramírez-Sánchez, D.; Montalvo-Guerrero, J.; Freire, M.P.; Espinoza-Ferrao, S.; Altamirano-
Colina, A.; Echeverría-Espinoza, P.; Ramos-Medina, M.J.; Echeverría-Garcés, G.; et al. The pharmacoepigenetic paradigm in
cancer treatment. Front. Pharmacol. 2024, 15, 1381168. [CrossRef]

136. Bunnik, E.M.; Bolt, I.L. Exploring the Ethics of Implementation of Epigenomics Technologies in Cancer Screening: A Focus Group
Study. Epigenetics Insights 2021, 14, 25168657211063618. [CrossRef] [PubMed]

137. Jansen, S.N.G.; Kamphorst, B.A.; Mulder, B.C.; Kamp, I.v.; Boekhold, S.; Hazel, P.v.d.; Verweij, M.F. Ethics of early detection of
disease risk factors: A scoping review. BMC Med. Ethics 2024, 25, 25. [CrossRef] [PubMed]

138. Santaló, J.; Berdasco, M. Ethical implications of epigenetics in the era of personalized medicine. Clinical Epigenetics 2022, 14, 44.
[CrossRef] [PubMed]

139. Athieniti, E.; Spyrou, G.M. A guide to multi-omics data collection and integration for translational medicine. Comput. Struct.
Biotechnol. J. 2022, 21, 134. [CrossRef]

140. Clark, D.J.; Dhanasekaran, S.M.; Petralia, F.; Pan, J.; Song, X.; Hu, Y.; da Veiga Leprevost, F.; Reva, B.; Lih, T.S.M.; Chang, H.Y.; et al.
Integrated Proteogenomic Characterization of Clear Cell Renal Cell Carcinoma. Cell 2019, 179, 964–983.e31. [CrossRef] [PubMed]

141. Wang, L.B.; Karpova, A.; Gritsenko, M.A.; Kyle, J.E.; Cao, S.; Li, Y.; Rykunov, D.; Colaprico, A.; Rothstein, J.H.; Hong, R.; et al.
Proteogenomic and metabolomic characterization of human glioblastoma. Cancer Cell 2021, 39, 509–528.e20. [CrossRef] [PubMed]

142. Horak, P.; Heining, C.; Kreutzfeldt, S.; Hutter, B.; Mock, A.; Hüllein, J.; Fröhlich, M.; Uhrig, S.; Jahn, A.; Rump, A.; et al.
Comprehensive Genomic and Transcriptomic Analysis for Guiding Therapeutic Decisions in Patients with Rare Cancers. Cancer
Discov. 2021, 11, 2780–2795. [CrossRef] [PubMed]

143. Wang, X.; Yu, G.; Wang, J.; Zain, A.M.; Guo, W. Lung cancer subtype diagnosis using weakly-paired multi-omics data.
Bioinformatics 2022, 38, 5092–5099. [CrossRef] [PubMed]

144. Cai, Z.; Poulos, R.C.; Liu, J.; Zhong, Q. Machine learning for multi-omics data integration in cancer. iScience 2022, 25, 103798.
[CrossRef]

145. Cazaly, E.; Saad, J.; Wang, W.; Heckman, C.; Ollikainen, M.; Tang, J. Making Sense of the Epigenome Using Data Integration
Approaches. Front. Pharmacol. 2019, 10, 126. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://dx.doi.org/10.1186/s12935-023-03081-8
http://www.ncbi.nlm.nih.gov/pubmed/37838685
http://dx.doi.org/10.1038/s41598-022-27260-1
http://www.ncbi.nlm.nih.gov/pubmed/36635363
http://dx.doi.org/10.3389/fphar.2024.1381168
http://dx.doi.org/10.1177/25168657211063618
http://www.ncbi.nlm.nih.gov/pubmed/34917888
http://dx.doi.org/10.1186/s12910-024-01012-4
http://www.ncbi.nlm.nih.gov/pubmed/38443930
http://dx.doi.org/10.1186/s13148-022-01263-1
http://www.ncbi.nlm.nih.gov/pubmed/35337378
http://dx.doi.org/10.1016/j.csbj.2022.11.050
http://dx.doi.org/10.1016/j.cell.2019.10.007
http://www.ncbi.nlm.nih.gov/pubmed/31675502
http://dx.doi.org/10.1016/j.ccell.2021.01.006
http://www.ncbi.nlm.nih.gov/pubmed/33577785
http://dx.doi.org/10.1158/2159-8290.CD-21-0126
http://www.ncbi.nlm.nih.gov/pubmed/34112699
http://dx.doi.org/10.1093/bioinformatics/btac643
http://www.ncbi.nlm.nih.gov/pubmed/36130063
http://dx.doi.org/10.1016/j.isci.2022.103798
http://dx.doi.org/10.3389/fphar.2019.00126
http://www.ncbi.nlm.nih.gov/pubmed/30837884

	Introduction
	Overview of Genomic Instability
	Mechanisms Leading to Genomic Instability
	Consequences of Genomic Instability
	Genomic Instability as a Cancer Hallmark

	Overview of Epigenetic Instability

	Relationship Between Genomic and Epigenetic Instability
	Epigenetic Crosstalk Between Mountains and Valleys
	Epigenetic Regulation of DNA Repair Genes
	Implications for Tumor Evolution and Heterogeneity

	Epigenetic Biomarkers for Lung Cancer Type Distinction and Relapse
	Biomarker Identification via Epigenetic Marks
	Practical Classification and Screening Applications in Oncology
	Epigenetic Indicators of Cancer Relapse

	Advancing Therapeutic Strategies—Next Steps and Unmet Needs
	Targeting Genomic Instability
	Targeting Epigenetic Modifications
	Natural Epi-Drugs as Emerging Tools for Epigenetic Modulation
	Ethics of Implementing Epigenomics Technologies in Cancer Screening and Treatment
	Future Directions—Multi-Omics Integration for Comprehensive Cancer Therapy?

	Conclusions
	References

