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Epigenetic modifications on nuclear and mitochondrial DNA constitute key 
regulatory layers influencing the transcriptional, metabolic, and phenotypic 
adaptability of cancer cells. The canonical principles of epigenetic control 
encompass DNA methylation, histone modification, and non-coding 
RNA–mediated regulation, which collectively contribute to the silencing of 
tumor suppressor genes, the activation of oncogenes, and chromatin 
remodeling. Therefore, epigenetic drugs (epi-drugs) are of great interest in the 
development of new-generation therapeutics and holistic treatment approaches. 
Accordingly, this work presents a narrative review that integrates current evidence 
on the molecular mechanisms, therapeutic developments, and translational 
relevance of epigenetic and mitoepigenetic regulation in cancer. 
RNA–mediated regulation collectively contributes to the silencing of tumor 
suppressor genes and to the activation of oncogenes. The field of 
mitoepigenetics encompasses mitochondrial DNA (mtDNA) methylation, RNA 
modifications, and post-translational regulation of mitochondrial proteins such as 
TFAM, DNMT1, and sirtuins, which influence oxidative phosphorylation, redox 
balance, and apoptotic pathways, thereby affecting tumor initiation, progression, 
and treatment response. Recent advances in epigenetic drug development 
include FDA-approved DNMT and HDAC inhibitors and newer agents targeting 
EZH2, IDH1/2, and DOT1L, which broaden the scope of precision oncology. In 
addition, modulation of mitochondrial epigenetic mechanisms has been 
identified as a potential approach for addressing metabolic reprogramming 
and therapeutic resistance in cancer. The convergence of nuclear and 
mitochondrial regulatory frameworks reveals the critical need for biomarker- 
informed, combinatory, and organelle-targeted therapeutic approaches to 
sustain treatment efficacy. Comprehensive characterization and 
pharmacological targeting of epigenetic and mitoepigenetic networks provide 
a structured basis for developing personalized and metabolism-informed 
interventions in cancer therapy.
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Introduction

Epigenetics is the field of investigating the principles of gene 
regulation without changes in DNA sequence. It primarily involves 
the reversible chemical modification of DNA and histone proteins, 
catalyzed by specific enzymes. The main modification of DNA is the 
methylation of cytosine bases (5′-methylcytosine, 5meC) in CpG 
(cytosine-guanine repeats) and non-CpG regions; however, 
hydroxymethylation (5-hydroxymethylation, 5hmC), formylation 
(5-formyl-cytosine, 5fC), and carboxylation of cytosines (5- 
carboxy-cytosine, 5caC) are also reported (Hardwick et al., 2018). 
DNA methylation, the leading epigenetic modification, plays a 
critical role in the up- or downregulation of genes, depending on 
the location of methylation on promoters or gene bodies. Promoter 
hypermethylation is commonly associated with the downregulation 
of the genes; however, the methylation occurring on gene bodies is 
associated with upregulation of gene expression. DNA 
hydroxymethylation is specifically found in neuron cells, 
suggesting that 5hmC is crucial for the central nervous system 
(Breiling and Lyko, 2015). 5hmC, 5fC, and 5caC have been 
reported to be involved in active gene expression (Wang et al., 2015).

The pattern of DNA methylation is crucial for establishing cell fate 
in early embryogenesis. Each parental nucleus undergoes epigenetic 
reprogramming immediately after fertilization, before the fusion of 
maternal and paternal nuclei. While a rapid decrease in DNA 
methylation occurs in paternal DNA, the profile of maternal DNA 
methylation gradually decreases with each round of DNA replication 
during early embryonic development (Eckersley-Maslin et al., 2018). 
Further cell differentiation is defined by the unique patterns of DNA 
methylation in each cell type. Therefore, cells with the same genome 
form specialized tissues and organs with diverse gene expression 
patterns and function differently. The epigenetic paradigm suggests 
that the proper regulation of epigenetics is compulsory for life.

Histone proteins are also the pivotal targets of epigenetic 
modifications, including methylation, acetylation, 
phosphorylation, etc. Acetylated histone tails are related to open 
chromatin formation, resulting in active gene expression (Nitsch 
et al., 2021). However, methylation of histone tails is associated with 
both gene inactivation and activation, depending on the type and 
location of the modified residue and the type of histone protein. The 
phenomenon of “histone code”, representing the perspective of 
post-translational modifications of histones, defines the activity of 
genes by chromatin remodeling (Rando, 2012). There is also cross- 
talk between histone and DNA modifications, which adds further 
complexity to understanding the principles of gene regulation from 
the epigenetic perspective. The epigenetic operation also includes 
the function of non-coding RNAs. This specific group of RNAs can 
manipulate gene expression in a post-transcriptional manner. 
MicroRNAs are the leading group to inhibit synthesized mRNAs 
and, therefore, prevent their translation (Shang et al., 2023).

Methylation may occur on both nuclear and mitochondrial 
DNA. A specialized field of epigenetics for mitochondrial DNA 
(mtDNA) is called “mitoepigenetics” (Cao et al., 2021). mtDNA is a 
small and circular DNA that regulates specific mitochondrial 
functions such as generating and eliminating reactive oxygen 
species, energy production, and other metabolic activities (Czarna 
and Jarmuszkiewicz, 2006). mtDNA is small, but the cellular content 
of mtDNA is relatively extensive due to the total number of 

mitochondria, which includes around 2-10 copies of mtDNA. 
This may lead to significant mtDNA methylation within a cell 
(Celik Uzuner, 2020). mtDNA methylation is supposed to play a 
role in programming during gametogenesis (Sirard, 2019). The 
abnormal changes in mtDNA methylation are associated with 
pathological conditions, such as cancer and neurodegenerative 
diseases. For instance, abnormal mtDNA methylation is linked to 
mitochondrial dysfunction, which is a critical factor in the 
pathogenesis of Alzheimer’s Disease. In particular, the imbalance 
of mtDNA methylation and demethylation can damage the 
mitochondrial electron transport chain and obstruct 
mitochondrial biogenesis (Liu et al., 2022). Methylation changes 
can lead to reduced expression of essential mitochondrial genes, 
impairing processes such as ATP production and increasing 
oxidative stress (Song et al., 2022).

mtDNA is not naked, since it is formed in the nucleoid with 
some proteins. However, the nucleoid structure is not as complex as 
the chromatin structure of nuclear DNA. This structure involves the 
possible interaction between mitochondrial transcription factor A 
(TFAM), mitochondrial polymerase γ (POLG), ATPase family 
AAA-domain-containing protein 3 (ATAD3), mitochondrial 
AAA protease (LONP1), and mitochondrial single-stranded 
DNA-binding protein (mtSSB) with the D-loop region of 
mtDNA (Dong et al., 2020). Mitochondrial transcription factor A 
regulates the gene expression potential of mtDNA, and epigenetic 
modifications on TFAM proteins are able to affect mtDNA 
packaging similarly to histones around nuclear DNA. These 
modifications include acetylation, phosphorylation, and 
ubiquitination (Santos et al., 2014; King et al., 2018; Dinardo 
et al., 2003). Mitochondrial RNA molecules are also modified by 
epigenetic mechanisms (Bar-Yaacov et al., 2016). Therefore, it can 
be concluded that mtDNA is metaphorically a small nuclear DNA 
sharing many biological functions and mechanisms. The epigenetic 
landscape of mtDNA is thus worth being considered as a cellular 
target in disease and therapy.

Given the emerging and rapidly evolving nature of 
mitoepigenetics, this article was intentionally designed as a 
narrative review rather than a systematic review. Literature was 
identified through searches of PubMed, Web of Science, and Scopus 
databases, with particular emphasis on critically examining recent 
advances, while also incorporating earlier foundational studies that 
established core epigenetic and mitochondrial concepts. Selection 
criteria prioritized mechanistic relevance, translational significance, 
and experimental rigor in in vitro, in vivo, and early-phase clinical 
studies. Review articles were included selectively to contextualize key 
concepts, and no formal exclusion based on study design was 
applied, consistent with the narrative scope of this review.

Advancements in conventional, 
targeted, and epigenetic 
cancer therapies

Conventional cancer therapies

Conventional cancer therapies, including surgery, radiation 
therapy, and chemotherapy, have been the cornerstone of cancer 
treatment for decades. While effective, they often suffer from 
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TABLE 1 Overview of FDA-approved and emerging targeted cancer therapies.

Category Drug name Original 
approval date

Target Use References

1. Monoclonal 
Antibodies (mAbs)

Amivantamab-vmjw 
(Rybrevant)a

20 Feb 2025 
(expanded); 21 May 

2021

EGFR, MET NSCLC (EGFR exon 19 del/ 
L858R, exon 20 insertions)

Shah et al. (2023)

Rituximab (Rituxan) 26 Nov 1997 CD20 NHL, CLL Grillo-López et al. (2000)

Trastuzumab (Herceptin) 25 Sep 1998; 19 Jan 
2023 (expanded)

HER2 HER2+ breast cancer; HER2+ 
colorectal cancer (2023)

Dillman (1999)

Cetuximab (Erbitux) 12 Feb 2004; 27 Jun 
2022 (expanded)

EGFR Head/neck cancer, KRAS wt 
colorectal cancer; BRAF V600E 

CRC (2022)

Bonner et al. (2006), Kopetz 
et al. (2025)

Bevacizumab (Avastin) 26 Feb 2004 VEGF Metastatic colorectal cancer, 
NSCLC, glioblastoma, RCC

Johnson et al. (2004), Yang 
et al. (2003), Kabbinavar et al. 

(2003), Gilbert et al. (2014)

Zolbetuximaba (Vyloy) 18 Oct 2024 Claudin 18.2 Gastric/GEJ adenocarcinoma 
(CLDN18.2+, HER2-)

Lordick et al. (2024)

Zanidatamaba (Ziihera) 20 Nov 2024 HER2 (bispecific) HER2+ biliary tract cancer 
(unresectable/metastatic, 

pretreated)

Meric-Bernstam et al. (2022), 
Harding et al. (2023)

2. Tyrosine Kinase 
Inhibitors (TKIs)

Repotrectiniba 15 Nov 2023 ROS1, ALK, 
NTRK

ROS1+ NSCLC Dhillon (2024), Barbato et al. 
(2024)

Capivasertiba 16 Nov 2023 AKT (PIK3CA/ 
AKT1/PTEN)

HR+/HER2- advanced breast 
cancer

Oliveira et al. (2024), Rugo 
et al. (2024), Turner et al. 

(2023)

Imatinib 10 May 2001 (capsule) 
18 April 2003 (tablet)

BCR-ABL, KIT, 
PDGFR

CML, GIST Verweij et al. (2003), Cohen 
et al. (2002)

Erlotinib 18 Nov 2004 EGFR NSCLC (EGFR mutations), 
pancreatic cancer

Johnson et al. (2005), 
Shepherd et al. (2004), Burgos 
Fuster and Sandler (2004), Mo 

et al. (2007)

Sunitinib 26 Jan 2006 VEGFR, 
PDGFR, KIT

RCC, GIST, pancreatic 
neuroendocrine tumors

Motzer et al. (2007), Raymond 
et al. (2011), Casali et al. (2006)

Brigatiniba 28 Apr 2017; 2 Oct 2020 
(expanded)

ALK ALK + metastatic NSCLC Camidge et al. (2018)

Ripretiniba 15 May 2020 KIT, PDGFRα Advanced GIST after prior 
therapies

Blay et al. (2020)

Mobocertiniba 15 Sep 2021 EGFR exon 20 NSCLC with EGFR exon 
20 insertions (withdrawn 

October 2023)

Garcia Campelo et al. (2022)

Futibatiniba 30 Sep 2022 FGFR2 FGFR2-altered intrahepatic 
cholangiocarcinoma

Goyal et al. (2023)

Osimertiniba 16 Feb 2024 
(expanded); initial 2015

EGFR NSCLC with EGFR exon 19 del/ 
L858R (with chemo)

Lu et al. (2024), Soria et al. 
(2018), Khozin et al. (2017)

3. Immune Checkpoint 
Inhibitors (ICIs)

Pembrolizumab 4 Sep 2014 PD-1 Melanoma, NSCLC, HNSCC, 
MSI-H/dMMR tumor-agnostic

Marabelle et al. (2020), Seiwert 
et al. (2016), Herbst et al. 

(2016)

Nivolumab 22 Dec 2014 PD-1 Melanoma, NSCLC, RCC, 
Hodgkin lymphoma

Rizvi et al. (2015), Weber et al. 
(2015), Motzer et al. (2015), 

Herrera et al. (2024)

Cemiplimab 28 Sep 2018 PD-1 Cutaneous squamous cell 
carcinoma (CSCC), NSCLC

Migden et al. (2018), 
Gogishvili et al. (2022)

Dostarlimab-gxlya 9 Feb 2023 PD-1 Recurrent/advanced endometrial 
cancer (dMMR)

Mirza et al. (2023)

(Continued)
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limitations such as systemic toxicity, lack of specificity, and potential 
resistance (Liu et al., 2024a). Recent research has focused on refining 
these approaches to improve their efficacy and reduce potential side 
effects. Conventional therapies include surgery, radiation, and 
chemotherapy.

Surgery remains the gold standard for treating localized cancers. 
Advances in minimally invasive techniques, such as robotic-assisted 
surgery, laparoscopic procedures, and fluorescence-guided surgery, 
have improved surgical precision and reduced complications 
(Nagaya et al., 2017). However, the risk of incomplete tumor 
excision and disease recurrence remains a challenge, particularly 
in cases with micrometastases (Liu et al., 2024b).

Radiation therapy employs high-energy ionizing radiation to 
induce DNA damage in cancer cells, leading to apoptosis (Liu et al., 

2021). Technological innovations, such as proton beam therapy and 
stereotactic body radiation therapy, have significantly enhanced 
targeting accuracy while minimizing collateral damage to healthy 
tissues (Koka et al., 2022). Despite these advances, concerns about 
long-term complications, including radiation-induced fibrosis and 
secondary malignancies, persist (Fijardo et al., 2024).

Chemotherapy remains a key component of cancer treatment, 
particularly for metastatic diseases (Ganesh and Massagué, 2021). 
Recent efforts have focused on optimizing drug combinations to 
alleviate resistance and enhance efficacy (Hu et al., 2024). Emerging 
studies suggest that integrating microRNAs (miRNAs) with 
chemotherapy can modulate drug resistance in cancers such as 
breast and colorectal malignancies (Hu et al., 2024). Nonetheless, 
systemic toxicity, including oxidative damage, myelosuppression, 

TABLE 1 Continued

Category Drug name Original 
approval date

Target Use References

Tislelizumaba 13 Mar 2024; 27 Dec 
2024

PD-1 Esophageal SCC; gastric/GEJ 
adenocarcinoma

Xu et al. (2023), Qiu et al. 
(2024)

Atezolizumab 18 May 2016 PD-L1 NSCLC, urothelial carcinoma, 
TNBC, HCC

Qin et al. (2023), Fehrenbacher 
et al. (2016), Mittendorf et al. 
(2020), Rosenberg et al. (2016), 
Bellmunt et al. (2021), Balar 

et al. (2017), Galsky et al. 
(2020)

Avelumab 23 Mar 2017 PD-L1 Merkel cell carcinoma, urothelial 
carcinoma, RCC

Kaufman et al. (2016), Patel 
et al. (2018), Choueiri et al. 

(2018)

Durvalumab 1 May 2017 PD-L1 NSCLC, SCLC, biliary tract 
cancer

Planchard et al. (2016), 
Antonia et al. (2016), Paz-Ares 
et al. (2019), Oh et al. (2024)

Ipilimumab 25 Mar 2011 CTLA-4 Melanoma, NSCLC, RCC, CRC 
(in combo with nivolumab)

Wolchok et al. (2010), Tykodi 
et al. (2022), Lenz et al. (2022)

Tremelimumaba 21 Oct 2022 CTLA-4 Unresectable hepatocellular 
carcinoma (with durvalumab)

Kelley et al. (2021)

4. Antibody-Drug 
Conjugates (ADCs)

Enhertua (Fam-trastuzumab 
deruxtecan-nxki)

5 Aug 2022 HER2-low Unresectable/metastatic HER2- 
low breast cancer

Yamashita et al. (2024)

Sacituzumab govitecan- 
hziya (Trodelvy)

22 Apr 2020; 3 Feb 2023 TROP-2 TNBC (2020); HR+/HER2- 
breast cancer (2023)

Bardia et al. (2017), Rugo et al. 
(2023)

Ado-trastuzumab 
emtansine (Kadcyla)

22 Feb 2013 HER2 HER2+ metastatic breast cancer Krop et al. (2012)

Datopotamab deruxtecana 

(Datroway)
17 Jan 2025 TROP-2 Unresectable/metastatic HR+/ 

HER2- breast cancer
Royce et al. (2025)

5. CAR-T Cell Therapies Lisocabtagene maraleucela 

(Breyanzi)
24 Jun 2022 CD19 Relapsed/refractory large B cell 

lymphoma (after 1 therapy)
Makita et al. (2022)

Idecabtagene vicleucela 

(Abecma)
26 Mar 2021 BCMA Relapsed/refractory multiple 

myeloma (after 4+ lines)
Munshi et al. (2021)

Axicabtagene ciloleucel 
(Yescarta)

18 Oct 2017 CD19 Relapsed/refractory large B cell 
lymphoma

Neelapu et al. (2017)

Tisagenlecleucel (Kymriah) 30 Aug 2017 CD19 Relapsed/refractory B cell ALL, 
large B cell lymphoma

O’Leary et al. (2019)

Ciltacabtagene autoleucela 

(Carvykti)
28 Feb 2022 BCMA Relapsed/refractory multiple 

myeloma (after 4+ lines)
Berdeja et al. (2021)

aDenotes recently approved or next-generation therapeutic agents, including drugs with expanded indications, accelerated approval status, or novel molecular designs.
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and cardiotoxicity, remains a major drawback (Katanić Stanković 
et al., 2023).

Targeted cancer therapies

Targeted therapies offer a more precise approach to cancer 
treatment by interfering with specific molecular pathways that 
drive tumor progression. These therapies typically involve 
monoclonal antibodies (mAbs), small-molecule inhibitors, and 
immune checkpoint inhibitors (Min and Lee, 2022). Targeted 
therapies function by inhibiting key signaling pathways 
responsible for cancer cell proliferation, angiogenesis, and 
immune evasion. These include tyrosine kinase inhibitors (TKIs), 
monoclonal antibodies, and immune checkpoint inhibitors (ICIs) 
(Nouri et al., 2020; Li et al., 2024).

Over the past two decades, cancer therapy has broadly evolved 
from cytotoxic agents toward target-specific and immune- 
modulatory approaches that reshape intracellular signaling and 
cell-death pathways. The principal classes of these therapies 
include mAbs that selectively block extracellular receptors or 
ligands; TKIs that interfere with oncogenic kinase signaling; and 
ICIs that restore antitumor immunity. Targeted therapies have led to 
significant improvements in cancer treatment. For example, 
trastuzumab has revolutionized the management of HER2- 
positive breast cancer by specifically inhibiting HER2 signaling 
(Swain et al., 2023). Similarly, pembrolizumab has emerged as a 
standard treatment for metastatic melanoma and lung cancer 
(Goldberg et al., 2016). In addition, two rapidly emerging 
modalities, including antibody-drug conjugates (ADCs) and 
chimeric antigen receptor T cell (CAR-T) therapies, represent 
hybrid or cell-based strategies that combine precise target 
recognition with potent effector mechanisms (Puppi et al., 2025). 
While ADCs directly deliver cytotoxic agents to tumor cells and 
often trigger mitochondria-mediated intrinsic apoptosis (Wang 
et al., 2025), CAR-T therapies utilize patient-derived or 
engineered T cells (Pourzia et al., 2023). The health of 
mitochondria and the metabolic reprogramming of these T cells 
are essential for their durability and their capacity to eradicate 
cancer cells (Rad et al., 2021). Together, these therapeutic 
categories illustrate the expanding therapeutic landscape that 
indirectly or directly intersects with mitochondrial 
signaling (Table 1).

Epigenetic and mitoepigenetic effects of 
current cancer therapies

Although conventional and targeted cancer therapies are not 
designed to directly modify epigenetic machinery, increasing 
evidence indicates that many of these treatments exert indirect 
epigenetic and mitoepigenetic effects (Sharma et al., 2010). 
Chemotherapy and radiotherapy can alter chromatin accessibility 
and DNA methylation patterns through oxidative stress, while 
targeted therapies and immune-based treatments reshape cellular 
metabolism and mitochondrial function, thereby influencing 
epigenetic states (Reid et al., 2017; Li et al., 2025). Integrating 
these therapies within an epigenetic framework provides a more 
comprehensive understanding of treatment response and resistance.

Beyond direct epigenetic targeting, such therapy-induced 
changes include alterations in DNA methylation patterns, 
chromatin accessibility, transcriptional reprogramming, and 
metabolic adaptation driven by mitochondrial stress and redox 
imbalance (Huang et al., 2012; Martínez-Reyes and Chandel, 
2020; Hung et al., 2024). These epigenetically mediated adaptive 
responses have been implicated in both transient drug tolerance and 
the emergence of therapy resistance across multiple cancer types. A 
conceptual summary of these reported interactions between major 
classes of oncological therapies and epigenetic or mitoepigenetic 
regulation is provided in Table 2.

Classification and mechanism of actions of 
epigenetic drugs and compounds

Epigenetic drugs are developed as inhibitors of proteins that add 
(writers), recognize (readers), and delete (erasers) chemical groups 
such as methyl and acetyl, to modulate epigenetic modifications. 
These inhibitors can reverse existing DNA and histone 
modifications (Table 3) (Suraweera et al., 2025; Kaplánek et al., 
2023). Writers are DNA methyltransferase (DNMT), histone 
acetyltransferase (HAT), and histone methyltransferase (HMT) 
families. Erasers are histone deacetylases (HDACs), histone 
demethylases, and the Ten-Eleven Translocation (TET) family.

DNMT1 inhibitors include nucleoside analogs or non- 
nucleoside chemicals. 5′-azacytidine and 5′-deoxy-2′-azacytidine 
are nucleoside analogs, used as epigenetic drugs due to their 
similarity to cytosine nucleoside (Suraweera et al., 2025). When 

TABLE 2 Indirect epigenetic and mitoepigenetic effects of contemporary cancer therapies.

Therapy class Representative 
drugs

Indirect epigenetic 
effects

Mitochondrial/Metabolic 
impact

Relevance to 
resistance

Chemotherapy Cisplatin, Doxorubicin DNA methylation changes, chromatin 
damage

ROS production, OXPHOS alteration Epigenetic plasticity

Radiotherapy – Chromatin remodeling, histone 
modifications

Mitochondrial stress, apoptosis Adaptive transcriptional 
reprogramming

Targeted therapy EGFR, BRAF inhibitors Transcriptional reprogramming Metabolic rewiring Drug tolerance

Immunotherapy PD-1/PD-L1 inhibitors Epigenetically fixed exhaustion 
programs

Mitochondrial fitness of T cells Immune resistance

This table provides a conceptual overview of well-documented indirect epigenetic and mitoepigenetic effects reported across multiple studies and supported by the cited literature, as discussed in 
the main text.
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TABLE 3 Epigenetic drugs and compounds.

Epigenetic drug/Compound group Inhibition of specific enzymes Name

Drugs/compounds related to the inhibition of histone 
modifications

HMT inhibitors Chaetocin (lysine-specific inhibition)

CPI-1205 (EZH2 inhibitor)

CPI-169 racemate (EZH2 inhibitor)

3-Deazaneplanocin A (EZH2 inhibitor)

EI1 (EZH2 inhibitor)

EPZ005687 (EZH2 inhibitor)

EPZ011989 (EZH2 inhibitor)

GSK126 (EZH2 inhibitor)

GSK343 (EZH2 inhibitor)

MAK683 (EED inhibitor 1)

Pinometostat (DOT1L inhibitor) (EPZ5676)

Tazemetostat (EZH2 inhibitor)

Valemetostat (both EZH1 and EZH2 inhibitor)

ZLD1039 (EZH2 inhibitor)

HDAC inhibitors AR-42

Belinostat

Bisthianostat

Chidamide

Citarinostat

CUDC-101

Domatinostat (4SC-202)

Entinostat

Fimepinostat

Givinostat

Ivaltinostat

Mocetinostat

Nanatinostat

Panobinostat

Pracinostat

Psammaplin A

Quisinostat

Resminostat

Ricolinostat

Romidepsin (Istodax)

Sodium butyrate

4-phenylbutyrat

Sodium valproate

Sulforaphane

Tefinostat

(Continued)
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TABLE 3 Continued

Epigenetic drug/Compound group Inhibition of specific enzymes Name

Tinostamustine

Trichostatin A

Tucidinostat

Vorinostat

HAT inhibitors Anacardic acid

Curcumin

Hydralazine

Psammaplin A (PsA)

Histon demethylase inhibitor CC-90011

BET/BRD inhibitors AZD5153

BAY1238097

BET-IN-4 (ODM-207)

Birabresib (OTX-015, MK-8628)

BMS-986158

CPI-0610

INCB057643

INCB54329

JQ1

Molibresib

PLX-51107

(S)-JQ35 (TEN-010)

Trotabresib

Drugs/compounds related to inhibition of DNA 
methylation

DNMT inhibitors Anacardic acid

5 Azacitidine

Decitabine

(−)-Epigallocatechin gallate

5-Fluoro-2′-deoxycytidine (FdCyd)

Guadecitabine (S110 or SGI-110)

Procinamide

RG108

DSF (disulfiram)

SGI-1027

Zebularine

DNMT3 inhibitor Sulforaphane

Drugs/compounds related to inhibition of DNA 
demethylation

TET inhibitors Succinate

Fumarate

2-Hydroxyglutarate (2-HG)

Dimethyloxalylglycine

N-oxalylglycine
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these nucleoside analogs are present, they replace methylated 
cytosines in newly synthesized DNA during DNA replication. 
Thus, the amount of methylation decreases as the number of 
methylated cytosines gradually decreases with each replication. 
Therefore, the epigenetic drug effect of nucleoside analogs is a 
replication-dependent process. Non-nucleoside analogs contain 
chemical groups with completely different structures that do not 
resemble the nucleoside structure (Mohan, 2025). Figure 1 shows 
some examples of these molecules. Some of these are natural, and 
some are synthetic compounds. Examples of natural ones are 
epigallocatechin-3-gallate (Epigallocatechin gallate, EGCG) found 
in tea and curcumin found in the turmeric plant (Pandey et al., 
2025). The most well-known of the synthetic ones is the 
RG108 molecule. These drugs reduce DNA methylation levels by 
directly inhibiting the DNMT1 enzyme (Figure 1). Nucleoside 
analogs 5-azacitidine and 5-aza-2′-deoxy-azacitidine are FDA- 
approved and are routinely used in cancer treatment.

TET inhibitors are compounds that suppress the activity of TET 
enzymes—a family of Fe2+/α-ketoglutarate–dependent dioxygenases 
(TET1, TET2, and TET3) responsible for oxidizing 5- 
methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC), 
initiating DNA demethylation. By blocking this process, TET 
inhibitors lead to DNA hypermethylation, which can alter gene 
expression patterns, including those involved in differentiation, cell 
cycle control, and tumor suppression. Common TET inhibitors act 
by blocking the catalytic activity of TET enzymes, which normally 
convert 5mC to 5hmC during DNA demethylation. The 
oncometabolite 2-hydroxyglutarate (2-HG), produced by mutant 
IDH1/2 enzymes, is a potent competitive inhibitor that mimics α- 
ketoglutarate and leads to genome-wide DNA hypermethylation. 
Similarly, dimethyloxalylglycine (DMOG) is a broad-spectrum α- 
ketoglutarate analog that inhibits TETs and other dioxygenases by 
occupying their cofactor binding site. Bobcat339 represents a more 
selective synthetic small-molecule inhibitor that directly targets the 
TET catalytic domain, reducing 5hmC formation in a dose- 
dependent manner. Additionally, metabolic intermediates such as 
succinate and fumarate can accumulate under mitochondrial 
dysfunction and competitively inhibit α-ketoglutarate-dependent 
TET activity, linking altered cellular metabolism to epigenetic 
dysregulation (Kaplánek et al., 2023). Together, these inhibitors 
modulate DNA methylation landscapes, providing important tools 
for studying epigenetic regulation and potential therapeutic 
strategies in cancer and developmental disorders.

Histone acetyltransferase (HAT) inhibitors are divided into 
three main groups: bisubstrate, natural, and synthetic inhibitors. 
Lys-CoA p300, one of the bisubstrate inhibitors, binds to the binding 
site of the HAT enzyme with a specific affinity and inhibits it (Huang 
et al., 2019). Anacardic acid, curcumin, garcinol, and EGCG, which 
are natural compounds, have HAT inhibition activity. Studies have 
shown that synthetic compounds, especially thiazole, isothiazole, 
and similarly derived compounds with heterocyclic structures, are 
promising in terms of HAT inhibition (Gorsuch et al., 2009).

The common features of HDAC inhibitors (HDACi) are that 
they contain three pharmacophore groups, including 1) zinc- 
binding group (ZBG), 2) linker, and 3) capping group, 
abbreviated as CAP (Neganova et al., 2022). HDAC inhibitors 
are often used in combination with other drugs (Smalley et al., 
2020). This approach is called the “polypharmacological approach” 

(Ryszkiewicz et al., 2025). Polypharmacology is defined as the design 
or use of pharmaceutical agents that act on more than one target. 
Pharmaceutical agents can be applied as combinations of multiple 
drugs that bind to different targets; this approach is called drug 
combination, or can be a single drug that binds to various targets, 
defined as multi-target ligands (Lembo and Bottegoni, 2024).

The bromodomain is a protein region of approximately 
110 amino acids that recognizes acetylated lysines at the 
N-terminal ends of histones. Proteins containing this region are 
known as the BET (bromodomain and extra-terminal motif- 
containing) protein family. The mammalian BET protein family 
has four members: BRD2, BRD3, BRD4, and BRDT, and these 
proteins are associated with cancer and immunity (To et al., 2023). 
The most well-known BET inhibitor is the JQ1 molecule, which 
inhibits BRD4. BRD4 is a type of epigenetic reader protein and is 
involved in histone acetylation, gene transcription, and alternative 
splicing mechanisms (Zhang et al., 2021; Zhou et al., 2020). 
BRD4 protein binds to the acetylated lysine residues of histones 
and reads them. This reading directs the RNA polymerase II towards 
transcription. Thus, it contributes to gene expression in conjunction 
with histone acetylation. When the JQ1 molecule inhibits BRD4, 
active transcription cannot occur (Dey et al., 2003).

The most studied group of HMT inhibitors is EZH2 inhibitors. 
EZH2 is a type of HMT enzyme and is involved in maintaining the 
heterochromatin structure. Since it has been found that the 
EZH2 gene, which encodes the EZH2 enzyme, is generally 
overexpressed in cancer, inhibition of this enzyme is one of the 
targeted mechanisms for cancer treatment. The drug Valemetostat 
has the potential to inhibit both EZH1 and EZH2 activity. Since both 
enzymes show increased activity in some types of cancer, 
Valemetostat harbors promising potential against these cancers 
(Liu and Yang, 2023). Pinometostat is the first identified HMT 
inhibitor that has reached the Phase 1 clinical stage for use in the 
treatment of leukemia (Menghrajani et al., 2019).

Among the histone demethylases, most studies are on the lysine- 
specific histone demethylase 1A (LSD1) enzyme. LSD1 enzyme is an 
enzyme that specifically removes methyl groups from H3K4me1/ 
2 and H3K9me1/2 modifications. In many cancer cells, histone 
demethylase enzymes such as LSD1 show more activity than in 
normal cells. LSD1 inhibitors are divided into two groups: covalent 
and non-covalent. Each group includes some hybrid compounds 
(dual or multi-target compounds) that can simultaneously inhibit 
LSD1 and other targets. To date, 9 LSD1 inhibitors for hematological 
and/or solid cancers have entered clinical trials (Noce et al., 2023).

The use of standard epigenetic drugs in 
cancer therapies

Epigenetic modifications play crucial roles in cancer progression 
by regulating gene expression without altering the DNA sequence. 
Epigenetic drugs primarily target DNA methylation, histone 
modification, and chromatin remodeling enzymes. These include 
DNMTs, HDACs, and BRDs of BET proteins (Suraweera et al., 
2025). Epigenetic therapies have revolutionized the treatment of 
hematologic malignancies and lymphomas by targeting aberrant 
epigenetic modifications, such as DNA hypermethylation and 
histone deacetylation (Olsen et al., 2007; Piekarz et al., 2011). 
These modifications often silence tumor suppressor genes, 
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contributing to cancer progression. This review synthesizes the 
clinical development, mechanisms of action, and efficacy of five 
epigenetic drugs approved by the FDA before 2015: Azacitidine, 
Decitabine, Vorinostat, Romidepsin, and Belinostat. These agents 
target DNMTs or HDACs, offering novel therapeutic alternatives for 
myelodysplastic syndromes (MDS), acute myeloid leukemia (AML), 
cutaneous T cell lymphoma (CTCL), peripheral T cell lymphoma 
(PTCL), and multiple myeloma.

DNA methyltransferase inhibitors (DNMTi)

Azacitidine and decitabine

Azacitidine is a pyrimidine nucleoside analog that inhibits 
DNMT1, resulting in DNA hypomethylation and reactivation of 
silenced genes (Kagan et al., 2023). Fenaux et al. (2009) conducted a 
phase III trial in 358 higher-risk MDS patients, showing that 
azacitidine significantly improved median overall survival 
(24.5 vs. 15.0 months) compared with conventional care, 
establishing it as the first therapy to extend survival in MDS 
(Fenaux et al., 2009). Decitabine is another DNMT1 inhibitor 

with a mechanism similar to Azacitidine (Kagan et al., 2023). 
Kantarjian et al. (2006) conducted a phase III trial in MDS, 
showing that decitabine produced durable clinical responses, 
improved hematologic function, and delayed progression to AML 
or death, confirming its therapeutic value in higher-risk MDS 
(Kantarjian et al., 2006). However, the study showed the ability 
of Decitabine to alter disease course through epigenetic modulation, 
though survival benefits were less pronounced than with 
Azacitidine.

Histone deacetylase inhibitors (HDACi)

Vorinostat

Duvic et al. (2007) evaluated vorinostat, an HDACi, in 
33 refractory CTCL patients, achieving a 24% response rate with 
manageable toxicity; the 400 mg daily dose was best tolerated (Duvic 
et al., 2007). Olsen et al. (2007) conducted a phase IIb trial of 
vorinostat (400 mg daily) in 74 refractory CTCL patients, achieving 
a 29.7% response rate and a median response duration of ≥185 days 
(Olsen et al., 2007).

FIGURE 1 
Chemical structures of representative nucleoside and non-nucleoside DNMT inhibitors.
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Romidepsin

Romidepsin, as a class I HDACi, received FDA approval for 
CTCL and PTCL. Piekarz et al. (2009) evaluated romidepsin 
monotherapy in 71 CTCL patients, reporting a 34% overall 
response rate (4 complete, 20 partial responses) and a median 
response duration of 13.7 months (Piekarz et al., 2009). Later, 
Piekarz et al. (2011) evaluated romidepsin in 47 relapsed PTCL 
patients, showing a 38% response rate with a median response 
duration of 8.9 months (Piekarz et al., 2011).

Belinostat

Lee et al. (2015) detailed the FDA approval process for belinostat, 
a histone deacetylase inhibitor approved for relapsed or refractory 
PTCL. The approval was based on a single-arm phase II trial in 
120 evaluable patients, showing a 25.8% overall response rate (10.8% 
complete, 15.0% partial) and a median duration of response of 
8.4 months (Lee et al., 2015). Poole, (2014) further reviewed the 
development and first global approval of belinostat, a hydroxamate- 
type inhibitor of class I, II, and IV HDACs, highlighting its 
accelerated FDA approval as monotherapy for relapsed or 
refractory PTCL (Poole, 2014).

The pre-2015 epigenetic therapies (Azacitidine, Decitabine, 
Vorinostat, Romidepsin, and Belinostat) represent a paradigm shift 
in cancer treatment by targeting epigenetic dysregulation (Table 3). 
DNMT inhibitors, Azacitidine and Decitabine, have proven 
transformative in MDS and AML, improving survival and delaying 

disease progression. HDAC inhibitors (Vorinostat, Romidepsin, and 
Belinostat) have expanded options for CTCL and PTCL, particularly in 
relapsed/refractory settings. Figure 2 illustrates the 2D chemical 
structures of standard epigenetic therapeutics given in Table 4.

Novel epigenetic therapies

The landscape of epigenetic therapies has evolved significantly since 
2015, with novel agents (approved 2020-2025 or in Development) 
targeting specific epigenetic regulators beyond traditional DNMTs and 
HDACs. This review focuses on seven innovative epigenetic therapies 
approved between 2020 and 2025 or currently in development: 
Enasidenib, Ivosidenib, Tazemetostat, Pinometostat (EPZ-5676), 
Chidamide, Entinostat, and Pracinostat (Table 4). These drugs target 
isocitrate dehydrogenases (IDH1/2), histone methyltransferases (EZH2, 
DOT1L), and HDACs, offering precision approaches for AML, 
cholangiocarcinoma, lymphomas, and breast cancer. While some have 
gained regulatory approval, others remain in clinical trials, reflecting 
ongoing efforts to expand epigenetic therapeutic options.

IDH inhibitors

Enasidenib

Enasidenib targets mutant IDH2, an enzyme that produces the 
oncometabolite 2-HG, leading to histone and DNA 
hypermethylation. Stein et al. (2017) conducted a phase I/II first- 

FIGURE 2 
Chemical structures of standard epigenetic therapeutics (obtained by PubChem).
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in-human trial of enasidenib (AG-221), a selective oral inhibitor of 
mutant IDH2, in patients with advanced myeloid malignancies, 
primarily relapsed or refractory AML. Among patients with mutant 
IDH2 AML, enasidenib 100 mg daily induced an overall response 
rate of 40.3% and a median response duration of 5.8 months, with 
complete remission in 19% of patients (Stein et al., 2017). Thus, it 
could be mechanistically proposed that enasidenib blocks the 
production of the oncometabolite 2-hydroxyglutarate, reversing 
DNA and histone hypermethylation and promoting myeloid 
differentiation rather than cytotoxicity, establishing a new 
epigenetic differentiation-based therapy for IDH2-mutant AML.

Ivosidenib

Ivosidenib, an IDH1 inhibitor, received FDA approval for 
relapsed/refractory AML and IDH1-mutated cholangiocarcinoma. 
DiNardo et al. (2018) conducted a phase I dose-escalation and 
expansion study of ivosidenib (AG-120), an oral selective inhibitor 
of mutant IDH1, in IDH1-mutated relapsed or refractory AML. 
Among 179 patients, ivosidenib induced an overall response rate of 
41.6%, with complete remission (CR) or CR with partial 
hematologic recovery in 30.4% and median response durations of 
6–9 months (DiNardo et al., 2018). Later, Abou-Alfa et al. (2020)
conducted the ClarIDHy phase III trial showing that ivosidenib, an 
IDH1 inhibitor, significantly improved progression-free survival 
and was well tolerated in patients with previously treated IDH1- 
mutant cholangiocarcinoma, marking the first targeted therapy to 
show benefit in this disease (Abou-Alfa et al., 2020).

Histone methyltransferase inhibitors (HMTi)

Tazemetostat

Tazemetostat inhibits EZH2, an HMT responsible for 
H3K27 trimethylation, often dysregulated in lymphomas (Julia 
and Salles, 2021). Morschhauser et al. (2020) showed that 
tazemetostat, an EZH2 inhibitor, produced durable responses in 
relapsed or refractory follicular lymphoma, with higher efficacy in 
EZH2-mutant (69%) than wild-type (35%) cases and a favorable 
safety profile (Morschhauser et al., 2020).

Pinometostat (EPZ-5676)

Pinometostat, a DOT1L inhibitor, targets histone 
H3K79 methylation and remains in phase I/II development for 
MLL-rearranged acute leukemia (Stein et al., 2018). Stein et al. 

(2018) conducted a phase I clinical trial evaluating pinometostat 
(EPZ-5676), a first-in-class DOT1L inhibitor, in 51 adults with 
advanced acute leukemias, particularly those with MLL gene 
rearrangements (MLL-r). The drug was administered as a 
continuous IV infusion in 28-day cycles across multiple dose 
levels. Pinometostat reduced H3K79 methylation, confirming 
target engagement. Two patients with t(11; 19) achieved 
complete remission, demonstrating proof of concept for DOT1L 
inhibition in MLL-r leukemia, though overall clinical activity was 
modest as monotherapy (Stein et al., 2018).

Histone deacetylase inhibitors (HDACi)

Chidamide

Chidamide is a class I HDACi for relapsed/refractory PTCL (Lu 
et al., 2016). Shi et al. (2017) conducted a multicenter real-world 
study in 383 patients with relapsed or refractory PTCL to evaluate 
chidamide, a subtype-selective class I HDACi. In monotherapy, the 
overall response rate (ORR) was 39%, and in combination with 
chemotherapy (Shi et al., 2017).

Entinostat

Entinostat, a class I HDACi, is in phase III trials for hormone 
receptor-positive (HR+) advanced breast cancer in combination 
with exemestane (Wang et al., 2024). Yeruva et al. (2018) described 
the E2112 phase III trial, designed to evaluate entinostat, a histone 
deacetylase (HDAC) inhibitor, in combination with exemestane 
versus placebo plus exemestane in hormone receptor–positive 
advanced breast cancer resistant to non-steroidal aromatase 
inhibitors. The study builds on prior phase II ENCORE 
301 results, which showed improved progression-free and overall 
survival with entinostat. E2112 aims to confirm the role of HDAC 
inhibition in overcoming endocrine resistance through epigenetic 
modulation in advanced breast cancer (Yeruva et al., 2018; Connolly 
et al., 2021).

Pracinostat

Pracinostat, a pan-HDACi, is in phase III trials for AML and 
MDS (Dai et al., 2024). Garcia-Manero et al. (2024) conducted the 
PRIMULA phase III trial evaluating pracinostat, an oral pan- 
HDACi, combined with azacitidine versus azacitidine alone in 
newly diagnosed AML patients ineligible for intensive 
chemotherapy. Among 406 randomized patients, no 

TABLE 4 Standard epigenetic therapeutics.

Drug name FDA approval date Target Use References

Azacitidine 19 May 2004 DNMT1 MDS, AML Fenaux et al. (2009), Issa et al. (2004)

Decitabine 2 May 2006 DNMT1 MDS, AML Kantarjian et al. (2006)

Vorinostat 6 Oct 2006 HDAC CTCL Olsen et al. (2007), Duvic et al. (2007)

Romidepsin 5 Nov 2009 (CTCL); 17 Jun 2011 (PTCL) HDAC, Class I CTCL, PTCL Piekarz et al. (2011), Piekarz et al. (2009)

Belinostat 3 Jul 2014 HDAC Relapsed/refractory PTCL Lee et al. (2015), Poole, (2014)
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improvement in overall survival was observed (median 9.95 months 
in both groups; p = 0.8275), and secondary endpoints showed no 
clinical benefit. The addition of pracinostat to azacitidine did not 
improve outcomes in elderly or unfit AML patients, despite a strong 
preclinical rationale for combining HDAC and DNA 
hypomethylating agents (Garcia-Manero et al., 2024). Earlier, 
Yalniz et al. (2020) conducted a phase II trial evaluating the 
addition of pracinostat, a pan-HDACi, to hypomethylating agents 
in MDS patients who had not responded to prior hypomethylating 
agent therapy. Among 45 patients, the clinical improvement rate was 
low, with frequent grade ≥3 toxicities leading to treatment 
discontinuation. The combination did not enhance outcomes in 
hypomethylating agent-refractory myelodysplastic syndromes, 
likely due to toxicity-related dose reductions and suboptimal 
exposure (Yalniz et al., 2020).

Novel epigenetic therapies approved between 2020 and 2025 
(e.g., Tazemetostat) or in development (e.g., Entinostat, Pracinostat, 
Pinometostat) expand the therapeutic arsenal beyond traditional 
DNMT and HDAC inhibitors (Table 5). IDH inhibitors 
(Enasidenib, Ivosidenib) have solidified precision medicine in 
AML and cholangiocarcinoma, through mutation-specific 
epigenetic targeting. The success of Tazemetostat in follicular 
lymphoma shows the potential of HMT inhibitors, while the 
regional adoption of Chidamide reflects global inequalities in 
drug access. However, agents like Pracinostat and Pinometostat 
face difficulties, with limited efficacy or toxicity concerns slowing 
progress. These therapies show both the therapeutic potential and 
the unresolved complexity of targeting epigenetic mechanisms, 
especially in solid tumors, where efficacy remains inconsistent 
and biomarkers are still evolving. Figure 3 illustrates the 2-D 
chemical structures of novel epigenetic therapeutics given in Table 5.

Epigenetic therapies demonstrate a dynamic interplay of 
innovation and obstacles, as evidenced by the progression from 
standard pre-2015 drugs like Azacitidine and Vorinostat to novel 

agents approved or in development between 2020 and 2025, such as 
Vorasidenib and Tazemetostat. A prominent trend is the rise of 
precision-targeted therapies, with drugs like Vorasidenib, approved 
in 2024 for IDH1/2-mutated low-grade gliomas (Mellinghoff et al., 
2023a), and Tazemetostat, approved in 2020 for EZH2-mutated 
follicular lymphoma (Morschhauser et al., 2020), demonstrating 
mutation-specific efficacy. Combination strategies are also 
advancing with ongoing trials exploring pairings such as 
Pracinostat with Azacitidine in AML (Garcia-Manero et al., 2024). 
The field is expanding beyond hematologic cancers into solid tumors 
and non-oncologic applications, as evidenced by the approval of 
Ivosidenib for cholangiocarcinoma (Abou-Alfa et al., 2020) and 
preclinical exploration of HDAC inhibitors such as Chidamide (Shi 
et al., 2017). However, significant challenges still exist; efficacy in solid 
tumors remains inconsistent, with drugs like Entinostat providing 
limited benefit in breast cancer. (Connolly et al., 2021), echoing earlier 
struggles with Vorinostat in CTCL (Duvic et al., 2007). Toxicity 
persists, as broad-acting agents like Belinostat (Lee et al., 2015) and 
Pinometostat (Stein et al., 2018) exhibit dose-limiting side effects, while 
resistance to DNMT inhibitors, such as Decitabine, complicates long- 
term use (Kantarjian et al., 2006). Translational and regulatory 
difficulties further delay progress, with agents such as Pracinostat 
still awaiting approval despite extensive study (Yalniz et al., 2020), 
showing the need for refined strategies to utilize the potential of 
epigenetic therapies.

A significant trend is the development of precision epigenetic 
therapies tailored to specific molecular alterations. Vorasidenib, 
approved in 2024 for IDH1/2-mutated low-grade gliomas 
(Mellinghoff et al., 2023b), and Tazemetostat, targeting 
EZH2 mutations in follicular lymphoma (Morschhauser et al., 
2020), exemplify this shift toward mutation-specific treatments, 
improving outcomes over broader-acting agents like Vorinostat 
(Duvic et al., 2007). This precision enhances therapeutic efficacy 
in genetically defined subsets of cancer.

TABLE 5 Novel epigenetic therapeutics.

Drug name FDA approval date Target Use References

Enasidenib 1 Aug 2017 IDH2 Relapsed/refractory AML with 
IDH2 mutation

Stein et al. (2017)

Ivosidenib 20 Jul 2018 (AML); 25 May 2022 
(cholangiocarcinoma)

IDH1 Relapsed/refractory AML; IDH1-mutated 
cholangiocarcinoma

DiNardo et al. (2018), Abou-Alfa et al. 
(2020), Zhu et al. (2021)

Vorasidenib 6 Aug 2024 IDH1/2 IDH mutated low grade gliomas Mellinghoff et al. (2023a), Mellinghoff et al. 
(2023b)

Tazemetostat 18 Jun 2020 EZH2 
(HMT)

Relapsed/refractory follicular lymphoma 
(EZH2 mutation)

Morschhauser et al. (2020)

Pinometostat (EPZ- 
5676)

Not FDA-approved (Phase I/II ongoing) DOT1L 
(HMT)

MLL-rearranged acute leukemia (trials 
ongoing)

Stein et al. (2018)

Chidamide Not FDA-approved (China: December 
2014)

HDAC 
(Class I)

Relapsed/refractory PTCL (approved in 
China)

Shi et al. (2017)

Entinostat Not FDA-approved (Phase III ongoing) HDAC 
(Class I)

HR + advanced breast cancer (with 
exemestane, trials ongoing)

Yeruva et al. (2018), Connolly et al. (2021)

Pracinostat Not FDA-approved (Phase III ongoing) HDAC (Pan) AML, MDS (trials ongoing) Garcia-Manero et al. (2024), Yalniz et al. 
(2020)
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Ongoing trials, including the combination of Pracinostat with 
Azacitidine in AML (Garcia-Manero et al., 2024), illustrate current 
efforts to enhance therapeutic efficacy through epigenetic combination 
strategies. While these approaches primarily target nuclear epigenetic 
regulators, recent preclinical and translational studies suggest that 
incorporating mitochondrial apoptosis and metabolic vulnerabilities 
may further potentiate therapeutic responses in selected hematologic 
malignancies. A recent preclinical study demonstrated that the HDAC 
inhibitor panobinostat significantly sensitizes AraC-resistant AML 
cells to the azacitidine–venetoclax combination by suppressing 
c-Myc signaling and altering mitochondrial metabolism, including 
oxidative phosphorylation and glycolysis, thereby enhancing apoptosis 
in vitro (Zhao et al., 2024). Consistent with these findings, recent 
preclinical and clinical case-series data in T cell acute lymphoblastic 
leukemia reported synergistic anti-proliferative effects of a triplet 
regimen combining azacitidine, the HDAC inhibitor chidamide, 
and venetoclax, with encouraging remission outcomes observed in 
a small cohort of high-risk patients (Zheng et al., 2025a).

The field advances with next-generation epigenetic drugs 
designed for improved specificity and reduced toxicity. 
Pinometostat, targeting DOT1L in MLL-rearranged leukemia 
(Stein et al., 2018), and emerging HDAC inhibitors like 
Pracinostat (Yalniz et al., 2020) represent efforts to refine earlier 
drugs like Belinostat (Lee et al., 2015). These developments reflect 
ongoing efforts to improve the clinical relevance of epigenetic 
therapies, particularly in cancers that have been difficult to treat 
with existing agents.

Biomarker-driven strategies are increasingly being adopted to 
refine patient stratification and improve treatment outcomes. 

EZH2 mutation status guides Tazemetostat use (Morschhauser 
et al., 2020), while IDH mutations direct Vorasidenib and 
Ivosidenib therapies (Abou-Alfa et al., 2020; Mellinghoff et al., 
2023b). Building on earlier trials with Decitabine (Kantarjian 
et al., 2006), this trend reflects a growing effort to tailor 
cancer therapies to individual patient profiles, though 
achieving consistently improved response rates remains a 
complex challenge.

Drug resistance continues to challenge long-term efficacy. The 
therapeutic benefits of Decitabine in MDS decrease over time due to 
adaptive resistance (Kantarjian et al., 2006), and similar issues are 
emerging with EZH2 inhibitors such as Tazemetostat 
(Morschhauser et al., 2020). This necessitates novel strategies to 
sustain therapeutic impact. Translational challenges remain 
significant, as encouraging preclinical findings do not always 
translate into clinical success. Pinometostat reduced 
H3K79 methylation but showed modest activity in leukemia 
patients (Stein et al., 2018), echoing difficulties seen with earlier 
agents like Romidepsin (Piekarz et al., 2011). These gaps emphasize 
the need for better predictive models.

The role of mitoepigenetics in cancer 
with in vitro and in vivo insights on 
mitochondrial regulation and cancer 
progression

Mitoepigenetics encompasses the study of epigenetic 
mechanisms that regulate the mitochondrial genome (mtDNA) 

FIGURE 3 
Chemical structures of novel epigenetic therapeutics (obtained by PubChem).
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and its associated proteins. Mitochondria, essential for cellular 
energy production and signaling, are particularly susceptible to 
damage due to their proximity to reactive oxygen species (ROS) 
generated during oxidative phosphorylation (OXPHOS) 
(Coppedè and Stoccoro, 2019). Unlike nuclear DNA, mtDNA 
is compact, circular, and lacks robust protective structures such as 
histones, rendering it vulnerable to oxidative stress-induced 
damage and epigenetic alterations. These alterations include 
DNA methylation, regulation by non-coding RNAs, and 
modifications of mitochondrial histone-like proteins (Stoccoro 
and Coppedè, 2021). Such epigenetic changes can disrupt 
mitochondrial function, contributing to altered cellular 
metabolism and signaling pathways. In cancer, the 
mitochondrial epigenome undergoes significant reprogramming 
to support tumor development and progression. Mitochondria 
are reprogrammed to enhance metabolic flexibility, evade 
apoptosis, and enable metastasis. This reprogramming involves 

epigenetic alterations in mtDNA that regulate mitochondrial gene 
expression, leading to changes in energy production and 
metabolic pathways (Dong et al., 2020). One key feature of this 
reprogramming is the shift from OXPHOS to aerobic glycolysis, 
commonly referred to as the Warburg effect. This shift allows 
cancer cells to meet their increased energy demands while 
producing biosynthetic precursors required for rapid 
proliferation. Moreover, mtDNA modifications such as 
hypermethylation of the D-loop region-a critical control site 
for mtDNA replication and transcription—have been 
implicated in tumor aggressiveness and metastasis (Yue et al., 
2022). Additionally, non-coding RNAs, including microRNAs 
and long non-coding RNAs, play essential roles in 
mitochondrial-nuclear communication, influencing cancer cell 
survival and immune evasion (Mosca et al., 2021). These 
findings illustrate the role of mitoepigenetics in linking 
mitochondrial dysfunction with oncogenic signaling pathways 

FIGURE 4 
Integrated Mitoepigenetic Mechanisms Linking Mitochondrial Function to Cancer Progression. The pathways shown in this integrative model are 
derived from peer-reviewed in vitro and/or in vivo cancer studies addressing mtDNA methylation, mitochondrial sirtuin activity, RNA methylation, and 
metabolic reprogramming. Supporting references for individual signaling axes are provided in the main text.
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(Sun et al., 2018). By altering mitochondrial energy metabolism 
and signaling, mitoepigenetic modifications contribute to 
hallmark processes of cancer, including sustained proliferation, 
resistance to apoptosis, and enhanced metastatic potential 
(Sumiyoshi et al., 2022). As such, understanding 
mitoepigenetics dynamics provides valuable insights into tumor 
biology and presents novel therapeutic targets for cancer 
treatment (Figure 4). The mtDNMT1 pathway enhances 
D-loop methylation, resulting in alterations in mitochondrial 
transcription and a metabolic shift from OXPHOS to 
glycolysis, a characteristic of the Warburg effect. TET enzyme 
modulation affects mtDNA demethylation; when inhibited by 
metabolites such as succinate, TET enzymes promote mtDNA 
hypermethylation and the accumulation of reactive oxygen 
species (ROS). Mitochondrial sirtuins (SIRT3, SIRT4, SIRT5) 
regulate key processes such as mtDNA repair, glutamine 
metabolism, and enzyme desuccinylation, maintaining 

mitochondrial integrity. mtRNA methylation, mediated by 
NSUN3 and METTL3, enhances mitochondrial translation, 
respiration, and proliferation, while ALKBH1 and FTO 
function as demethylases. Together, these mechanisms drive 
metabolic reprogramming, apoptosis resistance, and tumor 
growth and metastasis (Figure 4). The interactions presented in 
Figure 4 reflect experimentally supported mechanisms reported 
across cancer cell line studies, xenograft models, and genetically 
engineered systems. Thus, potential therapeutic strategies 
targeting mitoepigenetic dynamics may cover 
mtDNMT1 inhibitors, TET activators, SIRT modulators, and 
RNA methylation inhibitors, to restore mitochondrial 
epigenetic balance and counteract cancer progression.

While current FDA-approved epigenetic drugs primarily 
target nuclear DNA methylation, histone modifications, or 
related nuclear epigenetic alterations, their effects on 
mtDNA are indirect and incidental. These drugs influence 

FIGURE 5 
AlphaFold 3-based modeling or X-ray crystallography-based 3D structures of proteins operate essential roles during mitoepigenetic regulations. 
SIRT3 (PDB ID: 4BN4), SIRT4 (Model ID: AF-Q9Y6E7-F1), SIRT5 (Model ID: AF-Q5R6G3-F1), TET2 (PDB ID: 5DEU), ALKBH1 (PDB ID: 6, IE3), NSUN3 (Model 
ID: AF-Q9H649-F1), DNMT1 (PDB ID: 4WXX), METTL3 and 14 (PDB ID: 5IL2), and FTO (PDB ID: 4IE5).
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cellular metabolism—sometimes impacting mitochondrial 
function via nuclear-encoded genes, such as PGC-1α, or 
downstream metabolic shifts—but they are not designed to 
target mtDNA epigenetics directly (Abu Shelbayeh et al., 2023). 
However, the growing recognition of mtDNA epigenetic 
modifications in cancer and their role in mitochondrial 
metabolism has driven preclinical research, particularly 
in vitro, into novel pathways that could lead to mtDNA- 
specific epigenetic therapies.

Mitochondrial DNMT1 (mtDNMT1) inhibition

Mitochondrial DNMT1 (mtDNMT1), a form of 
DNMT1 that localizes to mitochondria, methylates mtDNA, 
regulating genes like MT-ND6, which is vital for oxidative 
phosphorylation. Altered mtDNA methylation is observed in 
cancer cells (e.g., colorectal cancer) and may affect 
mitochondrial metabolism, with implications for cancer 
biology (Shock et al., 2011). Experiments in cancer cell lines 
(e.g., HCT116) using mtDNMT1 knockdown demonstrate 
reduced mtDNA methylation, increasing transcription of 
genes like MT-ND6, though the specificity relative to nuclear 
DNA methylation was not assessed in this study (Shock et al., 
2011). No clinical trials explicitly target mtDNMT1 currently. 
Developing mtDNMT1-specific inhibitors could offer a novel 
cancer therapy by directly disrupting mitochondrial 
bioenergetics.

Mitochondrial TET enzyme modulation

Mitochondrial TET enzyme modulation is a promising area 
in mitoepigenetics, potentially impacting cancer by altering 
mtDNA demethylation and mitochondrial function. TET 
enzymes (TET1, TET2, TET3) oxidize 5mC to 5hmC to 
promote DNA demethylation. These enzymes may function 
in mitochondria, where mtDNA 5hmC could regulate gene 
expression critical to cancer metabolism, such as oxidative 
phosphorylation and ROS production (Kaplánek et al., 2023). 
mtDNA epigenetic changes, including 5hmC dysregulation, are 
observed in cancers like leukemia and hepatocellular 
carcinoma, suggesting the crucial roles of mitochondrial 
TETs in tumor progression (Kaplánek et al., 2023). This 
concept is indirectly supported by Cramer-Morales et al. 
(2020), who demonstrated that succinate accumulation, 
caused by mitochondrial MnSOD depletion, inhibits TET 
activity, leading to nuclear DNA hypermethylation and 
altered cell fate in erythroleukemia models (e.g., HEL 
92.1.7 cells). While their focus was nuclear, their finding 
suggested that succinate, a TET inhibitor, disrupts epigenetic 
regulation, suggesting a potential parallel effect on 
mitochondrial TET activity, which could influence mtDNA 
methylation and mitochondrial function in cancer cells 
under oxidative stress (Cramer-Morales et al., 2020), as 
(Kaplánek et al., 2023) suggests for broader mitoepigenetic 
dynamics. However, direct evidence of mitochondrial TET 
activity in cancer remains limited, requiring further research. 
Enhancing or inhibiting mitochondrial TET activity could offer 
a new epigenetic mechanism for mtDNA regulation in cancer.

Mitochondrial sirtuin (SIRT3/4/5) 
modulation

The interplay between SIRT3, SIRT4, and SIRT5 in coordinating 
mitochondrial responses shows their collective impact on 
mitoepigenetic regulation. SIRT4, known for its role in repressing 
glutamine metabolism, may inhibit cancer cell proliferation by 
limiting nutrient availability, though specific studies on its 
modulation in cancer remain sparse. Jeong et al. (2013)
demonstrated that SIRT4 inhibits mitochondrial glutamine 
metabolism by ADP-ribosylating and repressing glutamate 
dehydrogenase, reducing glutamine flux into the tricarboxylic 
acid cycle, and this tumor-suppressive activity was linked to 
decreased proliferation in cancer cells (Jeong et al., 2013). 
Similarly, SIRT5, which regulates lysine desuccinylation and 
demalonylation, fine-tunes mitochondrial enzyme activity. Du 
et al. (2011) established SIRT5 as an NAD + -dependent lysine 
demalonylase and desuccinylase, showing its ability to remove these 
modifications from mitochondrial proteins (Du et al., 2011), while 
Greene et al. (2019) found that SIRT5 stabilizes glutaminase via 
desuccinylation in breast cancer cells, enhancing glutamine 
metabolism and potentially supporting tumor growth or survival 
under stress conditions (Greene et al., 2019). Lei et al. (2024)
emphasize that mitochondrial transcription, modulated by 
sirtuins, influences cancer cell survival and proliferation. 
Specifically, SIRT3 regulates mitochondrial biogenesis and 
metabolism, which are often dysregulated in cancer cells to 
support rapid growth and adaptation to stress (Lei et al., 2024). 
In colon cancer, Torrens-Mas et al. (2019) demonstrated that 
silencing SIRT3 impairs mitochondrial biogenesis and disrupts 
metabolic homeostasis, leading to reduced cell viability and 
increased oxidative stress in vitro (Torrens-Mas et al., 2019). 
These findings suggest that SIRT3 may function as a metabolic 
gatekeeper; however, its role appears context-dependent and 
dualistic, with studies indicating both tumor-promoting and 
tumor-suppressive activities depending on the cancer type and 
stage. Its tumor-suppressive role is also evident, as 
SIRT3 enhances mitochondrial integrity, which may counteract 
the Warburg effect. Beyond metabolism, SIRT3 modulates 
mtDNA repair, a critical mechanism for maintaining genomic 
stability in cancer cells. Kabziński et al. (2019) revealed that in 
colorectal cancer, SIRT3 deacetylates key mtDNA repair enzymes, 
including NEIL1, NEIL2, OGG1, MUTYH, APE1, and LIG3. This 
deacetylation enhances their activity, reducing mtDNA damage 
accumulation, which is a factor linked to cancer progression and 
chemotherapy resistance (Kabziński et al., 2019). The study suggests 
that the regulation of mtDNA repair by SIRT3 could serve as a 
therapeutic target, as its inhibition might sensitize cancer cells to 
oxidative damage and apoptosis. While SIRT3 has garnered 
significant attention, SIRT4 and SIRT5 also contribute to 
mitochondrial regulation in cancer, albeit with less characterized 
mechanisms. Lei et al. (2024) note that mitochondrial sirtuins 
influence transcription of mtDNA-encoded genes, which are 
essential for respiratory chain function (Lei et al., 2024). 
TTorrens-Mas et al. (2019) suggest that SIRT3 silencing in 
animal models of colon cancer could disrupt tumor progression 
by compromising mitochondrial function, aligning with in vitro 
observations (Torrens-Mas et al., 2019). Similarly, Kabziński et al. 
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(2019) propose that targeting SIRT3-mediated mtDNA repair 
pathways in colorectal cancer could enhance therapeutic efficacy, 
offering a translational bridge from bench to bedside (Kabziński 
et al., 2019). The modulation of mitochondrial sirtuins (SIRT3/4/5) 
thus emerges as a pivotal factor in cancer biology. The dual role of 
SIRT3 in metabolism and mtDNA repair, alongside the emerging 
functions of SIRT4 and SIRT5, shows their potential as therapeutic 
targets. Future research should focus on elucidating the context- 
specific roles of SIRT4 and SIRT5 and exploring combinatorial 
strategies to manipulate mitochondrial sirtuin activity, offering 
new avenues for combating cancer through mitoepigenetic 
intervention.

Mitochondrial RNA methylation (m5C/m6A 
writers and erasers)

Mitochondrial RNA (mtRNA) methylation, including m5C 
and m6A modifications, is a critical mitoepigenetic process in 
cancer, driven by writers and potentially erasers that regulate 
mitochondrial function and tumor progression. NSUN3, an 
m5C writer, methylates mitochondrial tRNA-Met at cytosine 34 
(m5C34), enhancing translation of mtDNA-encoded proteins 
vital for oxidative phosphorylation (Van Haute et al., 2016). 
Van Haute et al. (2016) demonstrated that NSUN3 deficiency 
impairs this methylation, reducing mitochondrial protein 
synthesis in patient-derived cells. mtRNA methylation, 
particularly m5C modification, plays a critical role in 
regulating mitochondrial gene expression and function. 
NSUN family methyltransferases, including NSUN2, NSUN3, 
and NSUN4, act as key m5C writers within mitochondria (Li 
et al., 2022). NSUN3 primarily modifies mitochondrial tRNAs, 
while NSUN4 targets 12S rRNA, contributing to mitoribosome 
assembly and mitochondrial translation. Additionally, the 
demethylase ALKBH1 functions as an m5C eraser by 
oxidizing m5C to 5-formylcytosine (f5C) in mitochondrial 
tRNAs, influencing RNA stability. Dysregulation of these 
enzymes may alter mitochondrial metabolism and contribute 
to cancer progression by impacting cellular energy production 
and apoptosis pathways (Li et al., 2022).

mtRNA methylation, particularly N6-methyladenosine (m6A), 
plays a pivotal role in regulating mitochondrial function and cancer 
progression. METTL3, an m6A methyltransferase, has been shown 
to methylate mtRNAs, thereby enhancing mitochondrial 
respiration. In colorectal cancer cells, METTL3 installs m6A 
modifications on mitochondrial mRNAs and rRNAs, leading to 
increased proliferation in vitro and tumor growth in vivo (Pan 
et al., 2022).

Consequently, considering their fundamental and differentiated 
roles in mitochondrial processes, the three-dimensional (3D) 
structures of the studied mitoepigenetic proteins are exemplified 
here to further highlight their differences (Figure 5).

Regarding m6A demethylases, ALKBH5 is known to 
demethylate nuclear m6A RNAs. ALKBH5 suppresses gastric 
cancer progression by demethylating m6A on uncapped 
WRAP53 RNA isoforms, reducing their translation and 
impacting downstream pathways. ALKBH5 downregulation is 
associated with poor prognosis, supporting its tumor-suppressive 
role in gastric cancer (Zheng et al., 2025b). Zeng et al. (2024) suggest 

that FTO may demethylate mitochondrial m6A, though its specific 
role in cancer is still under exploration Zeng et al. (2024). 
Dysregulation of mtRNA methylation by enzymes such as 
NSUN3 and METTL3 can alter cellular metabolism and ROS 
production, thereby supporting tumorigenesis. Targeting these 
methylation pathways in vivo has been shown to reduce tumor 
burden, showing their therapeutic potential, despite limited 
evidence regarding m6A erasers in mitochondria.

Conclusion

In conclusion, epigenetic and mitoepigenetic mechanisms 
together represent an evolving Frontier in cancer research, 
redefining our understanding of how gene regulation, chromatin 
dynamics, and mitochondrial metabolism converge to drive 
oncogenesis and therapeutic response. Epigenetic alterations such 
as DNA methylation, histone modifications, and noncoding RNAs 
act as reversible molecular switches that determine transcriptional 
plasticity, while mitoepigenetic modifications extend this regulatory 
logic to the mitochondrial genome, influencing oxidative 
phosphorylation, redox balance, apoptosis, and metabolic 
reprogramming. The therapeutic translation of these insights has 
yielded a new generation of drugs targeting epigenetic writers, 
readers, and erasers, from DNMT and HDAC inhibitors to 
EZH2 and IDH-targeted compounds, which have already 
improved outcomes in several hematologic and solid 
malignancies. However, the clinical translation of mitoepigenetic 
targeting remains at an early stage. Nevertheless, significant 
challenges remain elusive, especially the partial effectiveness of 
these agents in solid tumors, the development of adaptive 
resistance, and the limited knowledge about mitochondrial- 
specific epigenetic regulation in cancer progression. Over the 
next 5–10 years, progress in this field is likely to depend on the 
identification of cancer types with clear epigenetic–metabolic 
dependencies, the development of mitochondrial-targeted 
delivery systems, and the application of emerging technologies 
such as CRISPR/dCas9-based epigenetic editing and high- 
resolution multi-omics profiling. Integrating these approaches 
with advanced 3D tumor models and robust biomarker strategies 
will be essential to define context-specific vulnerabilities and to 
establish reproducible preclinical benchmarks. Rather than 
constituting an immediate paradigm shift, the convergence of 
epigenetic and mitoepigenetic therapies should be viewed as a 
progressive and evidence-driven evolution toward more 
personalized oncology. In this framework, therapeutic design 
may ultimately be guided not only by genomic alterations but 
also by dynamic regulatory and metabolic states that shape 
cancer cell identity, adaptability, and treatment response.
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Glossary
2D two-dimensional

2-HG 2-hydroxyglutarate

3D three-dimensional

ADC antibody–drug conjugate

ALL acute lymphoblastic leukemia

ALKBH1 alkB homolog 1

AML acute myeloid leukemia

APE1 apurinic/apyrimidinic endonuclease 1

ATAD3 ATPase family AAA-domain-containing protein 3

ATP adenosine triphosphate

BCMA B cell maturation antigen

BET bromodomain and extra-terminal motif

BRD2 bromodomain-containing protein 2

BRD3 bromodomain-containing protein 3

BRD4 bromodomain-containing protein 4

BRDT testis-specific bromodomain-containing protein

CAP capping group (pharmacophore region of HDAC inhibitors)

CAR-T chimeric antigen receptor T cell

CD19 cluster of differentiation 19

CD20 cluster of differentiation 20

CLDN18.2 claudin 18.2

CLL chronic lymphocytic leukemia

CR complete remission

CRC colorectal cancer

CSCC cutaneous squamous cell carcinoma

CTCL cutaneous T cell lymphoma

dMMR mismatch repair deficient

DNMT DNA methyltransferase

DNMT1 DNA methyltransferase 1

DOT1L disruptor of telomeric silencing 1-like histone methyltransferase

DSF disulfiram

EGCG epigallocatechin-3-gallate

EGFR epidermal growth factor receptor

EED embryonic ectoderm development protein

EZH1 enhancer of zeste homolog 1

EZH2 enhancer of zeste homolog 2

FDA Food and Drug Administration

FGFR2 fibroblast growth factor receptor 2

FTO fat mass and obesity-associated protein

GEJ gastroesophageal junction

GIST gastrointestinal stromal tumor

H3K4me1/ 
2 

mono- or dimethylation of lysine 4 on histone H3

H3K9me1/ 
2 

mono- or dimethylation of lysine 9 on histone H3

HAT histone acetyltransferase

HCC hepatocellular carcinoma

HDAC histone deacetylase

HDACi histone deacetylase inhibitör

HER2 human epidermal growth factor receptor 2

HMT histone methyltransferase

HNSCC head and neck squamous cell carcinoma

HR+ hormone receptor–positive

ICI immune checkpoint inhibitör

IDH isocitrate dehydrogenase

IDH1 isocitrate dehydrogenase 1

IDH2 isocitrate dehydrogenase 2

JQ1 thieno-triazolo-1,4-diazepine BET inhibitor JQ1

LIG3 DNA ligase III

LSD1 lysine-specific histone demethylase 1

MDS myelodysplastic syndromes

METTL3 methyltransferase-like 3

miRNA microRNA

MLL mixed-lineage leukemia

MLL-r mixed-lineage leukemia–rearranged

MnSOD manganese superoxide dismutase

mtDNA mitochondrial DNA

mtDNMT1 mitochondrial DNA methyltransferase 1

mtRNA mitochondrial RNA

mtSSB mitochondrial single-stranded DNA-binding protein

MUTYH mutY DNA glycosylase homolog

m5C 5-methylcytosine (RNA modification)

m6A N6-methyladenosine

NAD+ nicotinamide adenine dinucleotide

NEIL1 endonuclease VIII-like 1

NEIL2 endonuclease VIII-like 2

NHL non-Hodgkin lymphoma

NSCLC non-small cell lung cancer

NSUN2 NOP2/Sun RNA methyltransferase 2

NSUN3 NOP2/Sun RNA methyltransferase 3

NSUN4 NOP2/Sun RNA methyltransferase 4

OGG1 8-oxoguanine DNA glycosylase

ORR overall response rate
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OXPHOS oxidative phosphorylation

PD-1 programmed cell death protein 1

PD-L1 programmed death ligand 1

PDGFR platelet-derived growth factor receptor

PGC-1α peroxisome proliferator-activated receptor gamma coactivator 1-alpha

POLG DNA polymerase gamma

PTCL peripheral T cell lymphoma

RCC renal cell carcinoma

RNA ribonucleic acid

ROS reactive oxygen species

SCLC small cell lung cancer

SIRT3 sirtuin 3

SIRT4 sirtuin 4

SIRT5 sirtuin 5

TET Ten-Eleven Translocation enzyme family

TET1 Ten-Eleven Translocation methylcytosine dioxygenase 1

TET2 Ten-Eleven Translocation methylcytosine dioxygenase 2

TET3 Ten-Eleven Translocation methylcytosine dioxygenase 3

TKI tyrosine kinase inhibitör

TNBC triple-negative breast cancer

VEGF vascular endothelial growth factor

WRAP53 WD repeat-containing antisense to TP53
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