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Abstract As cancer is the leading cause of death worldwide, there is an urgent 
necessity to discover novel diagnostic and prognostic biomarkers as well as thera-
peutic targets for this dreadful disease. The progression of various malignancies can 
be the result of abnormalities in multiple epigenetic regulations. Over the past 
decades, major epigenetics categories, including histone modification, DNA meth-
ylation, noncoding RNAs, and chromatin remodeling, have been reported to be 
involved in tumor genesis and development. Therefore, epigenetic changes can be 
used as clinical biomarkers for the diagnosis of cancer and to predict the prognosis. 
Moreover, epigenetic regulators have emerged as promising drug targets for cancer 
therapy. This review delineates the latest evidence in epigenetics alterations in 
cancer and discusses their potential contribution to the diagnosis, prognosis, and 
therapy of cancer. These diagnostic, prognostic, and therapeutic strategies based on 
epigenetics might bring hope to reducing the high fatality rate of malignancies. 
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B-CLL B-cell chronic lymphocytic leukemia 
BET Bromodomain and extra-terminal 
BMI1 B-cell-specific Moloney murine leukemia virus insertion site1 
BRDs Bromodomain-containing proteins 
CIMP CpG island methylator phenotype 
circRNAs Circular RNA 
CRC Colorectal cancer 
DNMT1 DNA methyltransferase 1 
EHMT1/2 Euchromatin histone-lysine-n-methyltransferases I and II 
EOC Epithelial ovarian cancer 
ESCC Esophageal squamous cell carcinoma 
EZH2 Enhancer of zeste homolog 2 
FAL1 Focally amplified lncRNA on chromosome 1 
GBM Glioblastoma 
GEO Gene Expression Omnibus 
GNAT GCN5-related n-acetyltransferase 
HAT Histone acetyltransferase 
HCC Hepatocellular carcinoma 
HDAC histone deacetylase 
hnRNPL Heterogeneous nuclear ribonucleoprotein L 
KDMs Histone lysine demethylases 
lncRNAs Long noncoding RNAs 
m1A N1-methyladenosine 
m3C N3-methylcytosine 
m5C 5-methylcytosine 
m6A N6-methyl-adenosine 
m7G N7-methylguanosine 
METTL3 Methyltransferase-like 3 
MGMT O6 methylguanine DNA methyltransferase 
miRNA MicroRNA 
MYC Myelocytomatosis oncogene 
NAD+ Nicotinamide adenine dinucleotide 
ncRNAs Noncoding RNAs 
NSCLC Non-small-cell lung cancer 
PARP1 Poly (ADP-ribose) polymerase 1 
PCAF p300/CBP-related factor 
piRNAs PIWI-interacting RNAs 
PR C1 Polycomb repressive complex 1 
PR C2 Polycomb repressive complex 2 
SIRTs Sirtuins 
SND1 Staphylococcal nuclease domain-containing protein 1 
TCGA The Cancer Genome Atlas 
TET Ten-eleven translocation 
TKI Tyrosine-kinase inhibitor
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TNBC Triple-negative breast cancer 
WGBS Whole-genome bisulfite sequencing 
YBX1 Y-box binding protein 1 

4.1 Epigenetics and Cancer 

Classical genetics assumes that the molecular basis of heredity is nucleic acid, and 
the genetic information of life is stored in the base sequences of nucleic acids. 
Changes in the base sequences will cause changes in the phenotype of an organism, 
which can be transmitted from one generation to the next. However, with the 
development of genetics, it has been found that modifications at the DNA, histone, 
and chromosome levels can also cause changes in gene expression patterns that can 
be inherited. Modifications that alter the genome without affecting the DNA 
sequence can not only affect the development of the individual but also be passed 
on to future generations, and epigenetics refers to such changes in gene expression 
levels based on nongenetic sequence changes (Skvortsova et al. 2018). Epigenetics 
is currently divided into several categories, including histone modification, DNA 
methylation, noncoding RNAs (ncRNAs), and chromatin remodeling (Akone et al. 
2020; Zhang et al. 2020a) (Fig. 4.1). 

4.1.1 Histone Modification 

Histone modifications mainly include acetylation, methylation, phosphorylation, 
and ubiquitination (Zhu et al. 2021). These modifications can recruit recognition 
proteins that recognize the modification sites (Zhang and Pradhan 2014), which in 
turn recruit other transcription factors or can form complexes with numerous phys-
iological functions for transcriptional regulation (Lambert et al. 2018). Acetylation 
and methylation are among the most widely affected genetic pathways in tumors 
(Taby and Issa 2010), and many proteins that modify specific histones or bind 
specific histone modification sites have dysregulated activity in tumors (Rice et al. 
2007). Histone acetyltransferase (HAT) and histone deacetylase (HDAC) are capa-
ble of acetylating or deacetylating a variety of nonhistone proteins, including p53, 
retinoblastoma (Rb), and myelocytomatosis oncogene (MYC) (Dang and Wei 2021; 
Lafon-Hughes et al. 2008; Wagner et al. 2014). HDAC is overexpressed in a variety 
of tumors, resulting in loss of histone acetylation and silencing of tumor suppressor 
gene expression (Yoon and Eom 2016). HDAC is divided into four classes, Among 
them, 11 subtypes, including class I, II, and IV, are all Zn2+-dependent proteins; 
seven subtypes of class III, Sir1–7, use nicotinamide adenine dinucleotide (NAD+) 
as the catalytic active site (Li and Seto 2016; Porter et al. 2017; Sixto-López et al. 
2020). HDAC inhibitors are potential antitumor compounds, and many studies have



shown that abnormal expression of HDACs is associated with a variety of tumors. 
By analyzing the expression of HDACs in 13 tumors (chronic lymphocytic 
leukemia, gastric cancer, breast cancer, colon cancer, liver cancer, medulloblastoma, 
non-small-cell lung cancer (NSCLC), lymphoma, neuroblastoma, ovarian cancer, 
pancreatic cancer, prostate cancer, and kidney cancer), the expression of class I 
HDACs was found in 11 types of tumors, indicating that class I HDACs might play a 
key role in tumorigenesis and invasion, and might be a promising antitumor target 
(Chun 2015). Histone methylation occurs at the N-terminal lysine or arginine 
residues of H3 and H4 histones (Yi et al. 2017). Mutations or altered expression 
of histone methyl modifications and methyl-binding proteins are associated with
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Fig. 4.1 Applications of epigenetics in cancer include histone modifications, DNA methylation, 
noncoding RNAs, and chromatin remodeling. (a) Histone modifications. Histone modifications 
such as acetylation and methylation are among the most widely affected epigenetic pathways in 
tumors. (b) DNA methylation. Loss of DNA methylation results in abnormal transcription of target 
genes. (c) Noncoding RNA. Noncoding RNA regulation can alter the transcription and translation 
of oncogene targets. (d) Chromatin remodeling. Regulation of chromatin remodeling factor 
SWI/SNF



increased incidence of a variety of different cancers. For example, H3K27me3 
methyltransferase is upregulated in some cancers, including prostate cancer, breast 
cancer, and lymphoma (Duan et al. 2020). Importantly, activating point mutations in 
Enhancer of zeste homolog 2 (EZH2) were recently found to be associated with 
B-cell lymphomas, which is consistent with the notion that EZH2 is oncogenic 
(Duan et al. 2020). Therefore, epigenetic drugs targeting acetyl and methyl groups 
may have clinical implications in cancer therapy (Fig. 4.1a).
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4.1.2 DNA Methylation 

In tumors, genome-wide and individual gene methylation patterns are often altered. 
DNA methylation can add methyl groups to DNA molecules without changing the 
DNA sequence, thereby regulating the effect of genetic expression. Many recent 
studies have shown that DNA aberrant methylation is closely related to the occur-
rence, development, and carcinogenesis of tumors. Aberrant DNA methylation in 
malignancies is mainly caused by DNA hypermethylation or hypomethylation 
(Nishiyama and Nakanishi 2021). Genome-wide hypomethylation is frequently 
detected in tumor genomes, which is often considered a hallmark of cancer cells 
(Dong et al. 2014). In contrast, DNA hypermethylation often leads to transcriptional 
repression and reduced gene expression, often occurring in specific CpG-enriched 
regions that result in the silencing of tumor suppressor genes (Pfeifer 2018). There-
fore, changes in DNA methylation levels and changes in specific gene methylation 
levels can be used as tumor diagnostic indicators. DNA hydroxymethylation, 
another type of DNA modification, is produced in mammals mainly by sequential 
oxidative catalytic reactions of the ten-eleven translocation (TET) gene family, and 
the expression of TET family member TET2 is reduced in various hematopoietic 
malignancies, including acute myeloid leukemia and myeloproliferative disorders 
(Heiblig et al. 2015). Similar to DNA methylation, methylation modification pack-
ages also appear on RNA, including N6-methyladenosine (m6A), 5-methylcytosine 
(m5C), N1-methyladenosine (m1A), N3-methylcytosine (m3C), and 
N7-methylguanosine (m7G) (Yang et al. 2021). Among them, m6A is the most 
common RNA modification in mammals, which is related to a variety of malignan-
cies, such as acute myeloid leukemia (AML) (Kumar et al. 2021), glioblastoma (Cui 
et al. 2017), breast cancer (Shi et al. 2020b), and hepatoblastoma (Liu et al. 2019;  Ma  
et al. 2019; Sun et al. 2019b). In the process of m6A methylation, methyltransferase-
like 3(METTL3) is the key methyltransferase, which can affect tumor formation by 
regulating the m6A modification in mRNA through key oncogenes or tumor sup-
pressor genes (Wang et al. 2020b) (Fig. 4.1b).
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4.1.3 Noncoding RNAs 

With the development of genomics and bioinformatics, especially the massive 
application of high-throughput sequencing technologies, scientists have discovered 
an increasing number of nonprotein-coding transcription units like ncRNAs. Long 
noncoding RNAs (lncRNAs) play a vital role in diverse important biological pro-
cesses, and lncRNAs can regulate gene expression in a variety of cells during early 
mammalian development (Fatica and Bozzoni 2014). Alterations of lncRNAs in 
cancer cells have also been found to be closely associated with tumor formation, 
progression, and metastasis. It has also been found that ncRNAs, especially 
microRNA (miRNA), are involved in the development of inflammatory responses 
and they are important for stabilizing and maintaining the genotypic characteristics 
of some cell types (Li et al. 2016). miRNA can affect oncogene expression, induce 
apoptosis, and participate in downstream regulation of oncogenes in tumor cells. In 
B-cell chronic lymphocytic leukemia (B-CLL), the cluster consisting of miR-15a 
and miR-16-1 is frequently absent or down-expressed, and this change is associated 
with the development of B-CLL (Bottoni et al. 2005). P53 is a well-known tumor 
suppressor gene, and its tumor suppressor effect partly comes from the transcrip-
tional activation of tumor suppressor miRNA-miR-34a. In tumorigenesis, p53 often 
shows low expression, resulting in transcriptional repression of miR-34a (Shi et al. 
2020a). Epigenetic mechanisms are also important causes of altered miRNA expres-
sion in cancer. During cancer development, lncRNAs are involved in the regulation 
of multiple epigenetic complexes that repress or activate gene expression. For 
example, lncRNA can bind to multiprotein complexes to regulate carcinogenesis. 
Polycomb repressive complex 1 (PRC1) and polycomb repressive complex 
2 (PRC2) are known oncogenes that can cause many malignancies. The lncRNA, 
named Focally amplified lncRNA on chromosome 1 (FAL1), can bind to B-cell-
specific Moloney murine leukemia virus insertion site1 (BMI1), a subunit of PRC1. 
In ovarian cancer, FAL1 has been reported to accelerate cancer progression and 
shorten patient survival time. The binding of FAL1 to BMI1 prevents BMI1 
degradation to stabilize the PRC1 complex, which allows PRC1 to occupy and 
repress the promoters of target genes such as p21, leading to cell cycle dysregulation 
and increased chances of tumorigenesis (Hu et al. 2014) (Fig. 4.1c). 

4.1.4 Chromatin Remodeling 

During DNA transcription, chromatin changes from a tight superhelical structure to 
an open sparse structure, the structural change that does not alter the DNA base 
sequence is called chromatin remodeling (Goldberg et al. 2007). Chromatin 
remodeling is an important mechanism in epigenetic modification patterns, and 
chromatin remodeling regulates processes such as gene transcription, DNA repair, 
and programmed cell death. The chromatin remodeling enzyme amplification in



liver cancer1 (ALC1), a potential oncogene, is activated in the presence of both poly 
(ADP-ribose) polymerase 1 (PARP1) and NAD+, driving nucleosomes to restruc-
ture chromatin (Ooi et al. 2021). Interestingly, chromatin remodeling complex ISWI 
complexes remodel in nucleosome arrays and nucleosome free zones, thereby 
regulating gene expression (Kwon et al. 2016), heterochromatin establishment and 
replication (Culver-Cochran and Chadwick 2013), DNA repair (Atsumi et al. 2015), 
as well as the coordination of rRNA gene expression (Erdel and Rippe 2011). 
Studies have shown that SWI/SNF subunits are highly mutated in a variety of 
cancers, including ovarian cancer, pancreatic cancer, kidney cancer, liver cancer, 
and bladder cancers (Kadoch et al. 2013) (Fig. 4.1d). 
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4.2 Epigenetics in Cancer Diagnosis 

Notably, aberrant epigenetic modifications in organisms are usually closely associ-
ated with the occurrence and development of multiple cancers. For instance, DNA 
methylation, one of the first discovered epigenetic forms, is involved in a variety 
of cellular physiological functions and plays an essential role in the occurrence of 
diseases, especially cancer. Some studies have reported that the occurrence of 
specific types of cancer can be detected earlier by detecting changes in DNA 
methylation; thus, DNA methylation has a very high potential to be used as a 
biomarker for cancer diagnosis (Michalak et al. 2019). Importantly, a big data-
based DNA methylation analysis showed that DNA methylation is tumor-specific 
and allows better detection of the primary tumor site, serving as a powerful diag-
nostic marker for primary cancers and leading to more precise and personalized 
therapies (Moran et al. 2016). Currently, lung cancer and colorectal cancer (CRC) 
are the top two causes of cancer death worldwide, which are often diagnosed at an 
advanced stage, missing the best time for therapy. DNA methylation, one of the most 
intensively studied epigenetic forms, is expected to significantly contribute to the 
early diagnosis of lung cancer and CRC. For example, a series of novel epigenetic 
regulatory molecules have been reported to help improve the diagnostic efficacy of 
standard clinical markers for diagnosis of lung cancer (Diaz-Lagares et al. 2016). 
Moreover, genome-wide hypomethylation is frequently captured in the early stages 
of CRC (Jung et al. 2020). In summary, in-depth studies of epigenetics hold the 
promise of greatly improving the early clinical diagnosis of multiple cancers and 
reducing the persistently high cancer mortality rate. 

4.2.1 DNA Methylation as a Biomarker of Cancer Diagnosis 

As mentioned above, DNA methylation has exciting potential to be a biomarker in 
cancer diagnosis. A genome-wide methylation analysis based on whole-genome 
bisulfite sequencing (WGBS) data and validated with methylation data from the



Cancer Genome Atlas (TCGA) lung cancer cohort showed that some well-known 
methylation biomarkers for lung cancer, namely, SHOX2, POU4F2, BCAT1, 
HOXA9, and PTGDR, were all captured significantly. In addition, two novel 
hypermethylated genes, HIST1H4F and HIST1H4I, were significantly observed in 
both gene sets, with the area under the curve (AUC) of 0.89 and 0.90, respectively, 
reflecting the potential of both HIST1H4F and HIST1H4I as biomarkers for lung 
cancer diagnosis. Interestingly, the predictive potency of the combination was 
greater than that of the individual genes with an AUC of 0.95. Interestingly, 
TCGA pan-cancer methylation analysis showed that hypermethylation of 
HIST1H4F has the potential as a diagnostic biomarker for multiple cancers with 
AUCs of 0.9–1(Dong et al. 2019a). According to a new integrated epigenomic-
transcriptomic analysis of lung cancer, eight novel hypermethylated driver genes, 
namely, PCDH17, IRX1, ITGA5, HSPB6, TBX5, ADCY8, GALNT13, and 
TCTEX1D1, were identified and validated with for predicting an AUC of 0.965 in 
lung cancer patients, demonstrating reliable clinical diagnostic value (Sun et al. 
2021). Moreover, ITPKA gene body methylation could also be regarded as a novel 
diagnostic biomarker for lung cancer with an AUC of 0.93 in the TCGA-lung cancer 
cohort (Wang et al. 2016). Hitherto, there are two FDA-approved methylation-
related diagnostic biomarkers in CRC, of which SEPT9 is a single-gene methylation 
biomarker and NDRG4 and BMP3 are multigene methylation biomarkers, both of 
which currently demonstrate compelling clinical value. In addition, SDC2, VIM, 
APC, MGMT, SFRP1, SFRP2, and NDRG4 are the most frequently reported meth-
ylation biomarkers with promising applications in the early clinical diagnosis of 
CRC (Müller and Győrffy 2022). In breast cancer, hypomethylation of SEPTIN7, 
TRIM27, LIMD2, and LDHA is often associated with malignant phenotype, while 
APC, RARB, GSTP1, DAPK, and SFN are frequently methylated in patients, and all 
these dysregulated methylation genes are of great diagnostic value (Sher et al. 2022). 
In a recent genome-wide methylation analysis of 91 esophageal squamous cell 
carcinoma (ESCC) cases in China, aberrant methylation of six genes was found to 
be associated with ESCC progression, namely, PAX9, THSD4, TWIST1, EPB41L3, 
GPX3, and COL14A1, and was similarly validated in TCGA data (Xi et al. 2022). In 
a meta-analysis of malignant mesothelioma, APC, miR-34b/c, and WIF1 were found 
to be promising diagnostic biomarkers, and further exploration of their diagnostic 
capabilities is necessary (Vandenhoeck et al. 2021). In cervical cancer, a modeling 
analysis based on TCGA methylation data yielded four potential diagnostic markers, 
namely, RAB3C, GABRA2, ZNF257, and SLC5A8, with AUCs of 94.2, 100, 100, 
and 100% in the Gene Expression Omnibus (GEO) dataset to distinguish between 
cancer and paracancerous tissue, which showed exciting diagnostic results (Xu et al. 
2019) (Fig. 4.2).
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Fig. 4.2 The application of epigenetics in early cancer diagnosis. Currently, the potential of many 
epigenetic forms as early diagnostic markers has been widely reported in multiple cancers. Various 
cancer diagnostic markers have emerged in the four major epigenetic forms, DNA methylation, 
histone modification, non-encoding RNA, and imprinted genes 

4.2.2 Histone Modification as a Biomarker of Cancer 
Diagnosis 

Recently, abnormalities in histone modifications have been frequently captured in 
malignancies, reflecting the powerful potential of histone modifications in cancer 
diagnosis (Riedel et al. 2015). The results of a recent study suggest that upregulation 
of Histone-lysine N-methyltransferase SETD7 implies the occurrence of CRC and 
could serve as a potential biomarker for CRC (Duan et al. 2018). In addition, by 
detecting abnormalities in histone H3K27me3 and histone H4K20me, melanoma 
can be definitively diagnosed in a population with benign nevi (Davis et al. 2020) 
(Fig. 4.2).
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4.2.3 Non-encoding RNAs as Biomarkers of Cancer 
Diagnosis 

Notably, as an early cancer diagnosis strategy, the detection of emerging molecular 
ncRNAs has gradually made good progress. In NSCLC patients, a set of diagnostic 
lncRNAs HAGLR, ADAMTS9-AS2, LINC00261, MCM3AP-AS1, TP53TG1, 
C14orf132, LINC00968, LINC00312, TP73-AS1, LOC344887, LINC00673, 
SOX2-OT, AFAP1-AS1, and LOC730101 were reported to distinguish cancer and 
paraneoplastic tissues with a high AUC as 0.98 ± 0.01, reflecting a strong clinical 
application value (Sulewska et al. 2022). In gastric cancer, lncRNAs H19, HOTAIR, 
UCA1, PVT1, and LINC00152 were identified as potential diagnostic biomarkers 
(Fattahi et al. 2020). In addition, abnormalities in miRNAs are often captured in 
carcinogenesis. In CRC, miR-21, miR-9, miR-155, miR-17, miR-19, let-7, miR-24, 
miR-181b, miR-21, miR-183, let-7 g, miR-17, and miR-126 are all promising bio-
markers for early diagnosis of CRC (Moridikia et al. 2018). Moreover, in breast 
cancer, upregulation of PIWI-interacting RNAs (piRNAs) piR-20,485, piR-20,582, 
and piR-20,365 could be used as early diagnostic biomarkers (Maleki Dana et al. 
2020) (Fig. 4.2). 

4.2.4 Imprinted Genes as Biomarkers of Cancer Diagnosis 

Importantly, imprinted genes are also contributors to cancer diagnosis. 
Overexpression of imprinted SLC22A18 and SLC22A18AS gene has been reported 
to promote the occurrence and progression of NSCLC, and both genes can be used 
for early diagnosis of NSCLC (Noguera-Uclés et al. 2020). Another study showed 
that the imprinted genes GNAS, GRB10, SNRPN, and HM13 are also diagnostic 
markers for early-stage lung cancer, which are expected to translate to the clinic 
(Zhou et al. 2021). Similarly, the imprinted genes GNAS, GRB10, and SNRPZ also 
showed convincing diagnostic performance in another study (Shen et al. 2020) 
(Fig. 4.2). 

4.3 Epigenetic in Cancer Prognosis 

The epigenetic variation of cancer patients may enable the tumor to obtain the ability 
to adapt to the treatment, which will lead to a poor prognosis. In recent years, the 
research on epigenetics in cancer prognosis mainly focuses on the prognostic 
grading of cancer patients and the development of specific prognostic markers 
(Wong et al. 2019). Using epigenetic differences such as DNA methylation to 
classify patients and provide different targeted treatment methods is a research 
hotspot at present. The change in DNA methylation level exists in many cancers.



Therefore, the identification and development of prognostic markers can be used to 
indicate tumor metastasis, recurrence, and 5-year survival rate. Now, the latest 
genome-wide epigenomics method makes it feasible to construct a comprehensive 
map of cancer methylation groups and may bring a standardized method for epige-
netic prediction of cancer prognosis (Grady et al. 2021). The research content of 
epigenetics in cancer prognosis can be roughly divided into four aspects: DNA 
methylation, histone modification, chromatin remodeling, and functional noncoding 
RNA. This chapter will discuss the above four parts. 
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4.3.1 DNA Methylation in Cancer Prognosis 

DNA methylation is an important part of epigenetic research, and differences in 
DNA methylation enable altered transcription of gene expression. Studies have 
shown that most of cancer patients, mainly gastric cancer, CRC, and liver cancer, 
tend to have some degree of changes in DNA methylation status (Mehdipour et al. 
2020). Therefore, identifying abnormally methylated genes may provide new ideas 
for developing prognostic markers for cancer. Through studies of different liver 
cancer patients, it has been found that DNA methylation changes might contribute to 
a poorer prognosis. For instance, treatment with α-Interferon for liver cancer patients 
usually cannot achieve better curative effect when the patient’s miR-26a 
(an epigenetic marker) expression is high. Markers of tissue DNA methylation are 
equally important in the prediction of liver cancer prognosis and can serve as 
potential prognostic biomarkers for the staging of hepatocellular carcinoma mainly: 
keratin 19,5-hydroxymethylcytosine. In hepatocellular carcinoma, an analysis 
targeting the promoter methylation status of 105 possible tumor suppressor genes 
found that low methylation frequency might increase the risk of the poor prognosis 
(Tricarico et al. 2020). Meanwhile, the detection of DNA methylation abnormalities 
has also achieved certain results in the diagnosis and prognosis of gastrointestinal 
tumor. For example, the CpG island methylator phenotype (CIMP), first discovered 
in CRC, might be a potential prognostic marker for CRC as well as gastric cancer. 
One study, which analyzed more than 600 CRC patients, suggested that CIMP was 
potentially associated with poor prognosis in microsatellite stable CRC patients (Liu 
et al. 2020). It may become a new basis for patient prognostic stratification through 
methylation profiling of cancer patient samples as well as existing therapeutic 
targets. Evidence has been presented that there is epigenetic differential regulation 
of Lag3 by DNA methylation in tumor cells and normal immune cells, and Niklas 
et al. found that methylation of the promoter resulted in lower amounts of Lag3 
expression, which negatively correlated with poor prognosis (Klumper et al. 2020). 
O6 methylguanine DNA methyltransferase (MGMT) gene promoter methylation 
levels and can be used as a basis for histologic stratification of patients with 
glioblastoma (GBM), as well as for prediction of posttreatment survival (Mansouri 
et al. 2019). An important reason that can lead to a poor prognosis of cancer is that 
tumors may acquire drug resistance in treatment, and an increasing number of



studies have shown that epigenetic modification of mRNA has a certain link with 
tumor drug resistance. mRNA modifications include m6A, and Fukumoto T. et al. 
found that m6A modification in fzd10 mRNA is positively correlated with its 
stability and may be associated with resistance to PARP inhibitors in BRCA mutated 
epithelial ovarian cancer (EOC) (Fukumoto et al. 2019). 
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4.3.2 Histone Modifications in Cancer Prognosis 

Histone modification refers to the process by which histones undergo methylation, 
acetylation, phosphorylation, and other modifications under the action of related 
enzymes. An increasing number of studies have shown that the modification of 
histones is inseparable from the occurrence and development of cancer. Similar to 
methylation of DNA, in which methylation of histones is more widespread in histone 
modification studies. Currently, some scholars focus their eyes on the synergistic 
roles of DNA and histone modifications in cancer progression, and G9a histone 
methyltransferase and DNA methyltransferase I were found to be significantly 
overexpressed in hepatocellular carcinoma. Both are synergistically associated 
with poor prognosis in hepatocellular carcinoma, and thus, intervention in hepato-
cellular carcinoma at the epigenetic level may be achieved through inhibition of G9a 
and DNMT1 (Barcena-Varela et al. 2019). Studies targeting epigenetic alterations 
have found that histone methylation and modifying enzymes may play a role in 
prognosis prediction in various cancers. Methylation of histone H3K27me3 has been 
associated with breast cancer migration and may serve as a prognostic marker (Hsieh 
et al. 2020). Studies have shown that inhibition of euchromatin histone-lysine-n-
methyltransferases I and II (EHMT1/2) may reverse partial ovarian cancer resistance 
to PARP inhibitors (Watson et al. 2019). Histone modifications are closely associ-
ated with epigenetic alterations in gene expression and have significant research 
potential in both the identification of cancer subtypes and the development of 
predictive markers for patient survival. CDX2 is a prognostic biomarker for colo-
rectal, and the histone deacetylases HDAC4 and HDAC5 can repress CDX2 expres-
sion (Graule et al. 2018). Nowadays, new concepts reveal that the tumor 
microenvironment may be associated with histone modifications, and a persistent 
hypoxic microenvironment has been found in pancreatic cancer capable of altering 
histone methylation (Li et al. 2021). The hypoxic tumor microenvironment serves as 
a potential judgment for cancer malignancy, which also provides a new direction for 
predicting the prognosis of tumors through histone modification status. The role of 
epigenetics in multiple myeloma has similarly received attention from investigators, 
and some modifying enzymes that alter the acetylation status of histones may be 
involved in the progression of multiple myeloma. The development of inhibitors 
targeting histone deacetylases may offer new therapeutic possibilities for multiple 
myeloma (Ohguchi et al. 2018).
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4.3.3 Histone Variants and Chromatin Remodeling in Cancer 
Prognosis 

Chromatin remodeling is a process in which chromatin unfolds during gene-initiated 
expression and depends on three dynamic properties of nucleosomes, including 
remodeling, enzyme induced covalent modification, and repositioning. In which 
histone variants can be incorporated into nucleosomes and displace existing nucle-
osomal subunits, a process that is tightly regulated by chromatin remodeling factors, 
such as the SWR1 complex. At the same time, these variants can also affect 
chromatin remodeling and thus transcriptional regulation. In addition to mutations 
in genes involved in chromatin remodeling that are frequently observed in many 
types of cancer, for example, studies of chromatin remodeling genes suggest that 
SMARCA4 may be involved in neuroblastoma tumorigenesis, numerous studies 
have also shown that histone variants can predict prognosis in various cancers. John 
Blenis and Ana P. Gomes et al. collaborate to discover that the histone H3 variant 
H3.3, under the action of histone chaperones that regulate metastasis, deposits at 
metastasis to induce transcription factor promoters and promote tumor metastasis. 
Standard histone intercalation is reduced in chromatin, leading to the deposition of 
poor prognosis genes in tumors (Gomes et al. 2019). 

The family of chromatin regulators plays an important role in chromatin 
remodeling. Among these, cBAF is the most abundant of the SWI/SNF complexes. 
ARID1A is the largest subunit homologous to cBAF, and its gene is mutated at a 
frequency of up to 50–60% during carcinogenesis. There are studies showing partial 
or complete inactivation of arid2 expressed protein in liver cancer. Researchers have 
found that the C2H2 domain of ARID2 can recruit DNMT1 to the promoter of the 
transcription factor Snail, which elevates DNA methylation and inhibits the tran-
scription of snail, thereby inhibiting epithelial mesenchymal transition in liver cancer 
cells. Therefore, mutations in the C2H2 domain of ARID2 promote liver cancer 
metastasis and reduce the 5-year survival rate of patients with liver cancer (Jiang 
et al. 2020). 

Additional studies identified the chromatin structure regulators SND1 and RHOA 
as independent predictors of poor prognosis in glioma patients. SND1 can remodel 
chromatin conformation, allowing transcriptional upregulation of RHOA. Thus, it 
activates the Cyclin/CDK signaling pathway, which enables the G1/S phase transi-
tion of the glioma cell cycle and promotes glioma cell proliferation, migration, and 
invasion (Yu et al. 2019). In the development of CRC, the chromatin remodeling 
genes PRMT1 and SMARCA4 have higher expression; thus, inhibition of PRMT1/ 
SMARCA 4 may be used as an intervention strategy to prolong the overall survival 
of patients with intestinal cancer (Yao et al. 2021). Whereas in hepatic cell carci-
noma (HCC) cells, overexpression of the chromatin remodeler Hells epigenetically 
silences multiple tumor suppressor genes, thereby promoting HCC cell proliferation 
and migration, thus manifesting as more aggressive and worse patient outcomes in 
clinicopathological features (Law et al. 2019).
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4.3.4 Noncoding RNAs in Cancer Prognosis 

ncRNAs refer to RNAs that do not encode proteins. In the development of tumors, 
ncRNAs are involved in the process of their proliferation, differentiation, and 
metastasis, which play an extremely important role in the prognosis of tumors. 
Currently, a variety of ncRNAs are found to serve as tumor markers, becoming a 
hotspot of tumor research in recent years. miRNAs contain only 22–24 nucleotides, 
but by imperfect base complementarity, miRNAs can match and silence multiple 
mRNAs. In terms of tumor therapy, mir-302a affects tumor migration with the 
acquisition of drug resistance. Studies have suggested its role as a candidate prog-
nostic predictor in CRC by targeting NFIB and CD44 (Sun et al. 2019a). Circular 
RNAs (circRNAs) do not have covalently closed loops at the 5 ‘and 3’ ends, but 
studies have found their ability to participate in transcription, regulation of transla-
tion, and localization of proteins. In the occurrence of multiple cancers, circRNAs 
can act on miRNAs, for example, CIRS-7 promotes CRC progression by blocking 
the tumor suppressive effect of miR-7. While in bladder cancer, circACVR2A acted 
as a miRNA sponge to regulate miR-626 to inhibit cancer cell proliferation and 
metastasis. This provides a new idea for the prognosis and treatment of bladder 
cancer (Dong et al. 2019b). In addition, it was demonstrated through autophagy-
related experiments that the level of circCDYL increased in the tissues of breast 
cancer, thus promoting the level of autophagy in breast cancer cells and reducing the 
survival of breast cancer patients with curative effect, and this process was associ-
ated with miR-1275-ATG7/ULK1-AUTOP (Liang et al. 2020b). lncRNAs are a 
class of RNAs >200 bp in length that lack an effective open reading frame, 
sequestering little or no protein coding sequence. Analysis through multiple data 
means in recent years has shown that the expression of lncRNAs is associated with 
prognosis in multiple tumors (Zhang et al. 2020b). Acting with YBX1 in cells by 
specifically expressing lncRNA DSCAM-AS1 in tumors, adversely affecting the 
prognosis of tumors. In vitro and in vivo experiments have demonstrated the 
important regulatory roles of lncRNAs in tumorigenesis and development. In recent 
years, lncRNA research has become a current research hotspot. Multiple 
understudied lncRNAs were found to potentially play a role in tumor prognosis. 
LINC02273 contributed to the metastasis of breast cancer and increased the metas-
tasis associated protein hnRNPL, which in turn activated the AGR2 axis, providing 
new protein markers for the cure and prognosis of breast cancer (Xiu et al. 2019). 
Whereas in CRC, lncRNA LINRIS may serve as an independent biomarker for its 
prognosis, which plays an important role in CRC by inhibiting aerobic glycolysis 
(Wang et al. 2019). It is believed that with the development of biotechnology, more 
novel ncRNAs will be found to function in cancer treatment and play more important 
roles in the prognosis of patients (Fig. 4.3).
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Fig. 4.3 Impact of epigenetic alterations on cancer prognosis. In the absence of alterations in the 
nuclear DNA sequence, tumor tissues exhibit diverse biological features through epigenetic mod-
ification pathways such as DNA methylation, histone modification, chromatin remodeling, and 
functional ncRNAs. Different degrees of epigenetic modification can alter cancer cell proliferation 
speed, migration ability and even lead to drug resistance. Therefore, DNA methylation, histone 
modification status, and so on can be used to predict the prognostic performance of cancer patients 

4.4 Epigenetics in Cancer Therapy 

As previously mentioned, epigenetic dysregulation has a far-reaching impact on 
gene expression, DNA replication, and DNA repair, which is closely associated with 
tumorigenesis and tumor progression. Unlike genetic mutations, epigenetic changes 
in cancer epigenome are mainly enzyme-catalyzed and probably reversible, which 
provides ideal targets for cancer treatment (Bianco and Gevry 2012; Lopez-
Camarillo et al. 2019). So far, most epigenetic drugs are designed to modulate 
DNA methylation- and histone acetylation-related enzymes, including DNA 
methyltransferases, histone acetyltransferases, histone deacetylases, and histone 
methyltransferases, which are known as of importance targets of cancer treatment 
(Miranda Furtado et al. 2019).
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4.4.1 Targeting DNA Methylation-Related Enzymes 
in Cancer Treatment 

DNA methylation is the main epigenetic mechanism and a well-publicized epige-
netic marker, in which the cytosine bases in CpG island are covalently modified by 
methyl groups. The DNMT family of enzymes, including DNMT1, DNMT3a, and 
DNMT3b, plays a pivotal role in the methylation process by catalyzing the transfer 
of a methyl group of s-adenosyl-l-methionine to DNA (Bestor 2000; Li et al. 1992; 
Okano et al. 1999; Schapira and Arrowsmith 2016). Hereunto, many DNMT 
inhibitors were discovered. For example, azacytidine and decitabine have been 
originally used to treat myelodysplastic syndrome and subsequently used in the 
treatment of chronic myelomonocytic (Derissen et al. 2013). Both can inactivate 
DNMT by forming an irreversible covalent complex with it (Stresemann and Lyko 
2008). In addition, many other types of inhibitors, such as non-nucleoside chemicals, 
were developed in recent years. Procaine has been found to keep DNMT from 
interacting with DNA, whereby the promoter regions of CDKN2A and RAR β are 
less methylated (Li et al. 2018). In gastric cancer cells, procaine was detected to 
promote apoptosis and inhibit proliferation, suggesting the therapeutic potential of 
procaine on cancer as a DNMT inhibitor. MC3343, however, was found to exhibit 
proliferative activity on osteosarcoma cells by causing cell cycle arrest at the G0-G1 
or G2-M phases, which can be attributed to its inhibitory activity against DNMT1, 
DNMT3a, and DNMT3b expression and biological activity (Manara et al. 2018). As 
an analog of MC3343, MC3353 acts as a DNMT inhibitor, displaying strong 
demethylation ability and providing reactivation of the silenced gene (Zwergel 
et al. 2019). By modulating the genes involved in osteoblast differentiation, 
MC3353 showed its activity in primary osteosarcoma cell models. In addition, 
compounds 3b and 4a can inhibit DNMT and therefore impair acute myelogenous 
leukemia cells KG1 and CRC cells HCT116 proliferation (Pechalrieu et al. 2020). 

4.4.2 Targeting Histone Acetylation-Related Enzymes 
in Cancer Treatment 

Being a crucial epigenetic regulation, the acetylation of histone lysine affects cell 
differentiation and proliferation by intervening the interaction between transcription 
factors and the regulatory sequence of oncogenes (Kulka et al. 2020). This process is 
generally controlled by related enzymes including KATs and KDACs. Among them, 
potential epigenetic targets HATs and HDAC are responsible for adding and deleting 
acetyl group to lysine residues (Tapadar et al. 2020). They are also known as 
“Writers” and “Erasers” of epigenetic modifications. Besides, the bromodomain-
containing proteins (BRDs) functions as “Readers” to decode those acetylated lysine 
and consequently recruit chromatin regulators to control gene expression (Hillyar 
et al. 2020; Wang et al. 2021).
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HATs include several enzymes. Epigenetic therapies targeting HATs mainly 
focus on the GCN5-related n-acetyltransferase (GNAT) family, including GCN5 
and p300/CBP-related factor (PCAF) (Trisciuoglio et al. 2018; Wang et al. 2021). 
As a selective and effective catalytic inhibitor of p300/CBP, A-485 competed with 
acetyl-CoA and thus selectively inhibited proliferation across lineage-specific tumor 
types, including androgen receptor-positive prostate cancer and several hematologic 
malignancies (Lasko et al. 2017). P300 and CBP highly express in five gastric cancer 
cell lines, in which compound C646 affects cell cycle and promotes cell apoptosis to 
exert antitumor effects by selectively inhibiting P300 and CBP (Wang et al. 2017). 
Garcinol was discovered to exhibit inhibitory activity against human esophageal 
cancer cell lines KYSE150 and KYSE450 for migration and invasion in a dose-
dependent manner via blocking p300 and TGF-β1 signaling pathway, which influ-
ences the cell cycle and induces apoptosis (Wang et al. 2020a). 

HDACs take charge of removing acetyl groups on lysine residues of histone 
proteins. Considering that HDACs are high expression in cancer cells, accumulating 
explorations have focused on HADCs. Up to now, 18 subtypes of HDACs have been 
discovered, and their inhibitors have been identified and applied in clinical trials, 
including vorinostat, romidepsin, belinostat, and panobinostat (Fan et al. 2021). 
Besides, several compounds are being studied. VS13, a quinoline derivative, can 
potently inhibit HDAC6 in nanomolar concentration, showing its anti-proliferation 
activity against uveal melanoma cell line (Nencetti et al. 2021). Unlike VS13, 
compound 12a selectively inhibited subtype HDAC2, and consequently restrained 
A549 cells from migration and colony formation, and induced apoptosis and G2/M 
cell cycle arrest (Wang et al. 2021; Xie et al. 2017). AES-135 possesses potent 
pancreatic cancer cells cytotoxicity in vitro and prolonging the survival time of the 
pancreatic cancer mouse model, which can be attributed to its inhibitory effect on 
HDAC3, HDAC6, and HDAC11 (Shouksmith et al. 2019). Generally, HDACs 
inhibitors can restrain tumor proliferation by affecting apoptosis, differentiation, 
cell migration, and cell cycle arrest (Wang et al. 2021). As the class III HDAC 
family, the sirtuins (SIRTs) family is also considered as a therapeutic target of cancer 
treatment, whose pharmacological inhibition remodels the chromatin state and 
results in a blurring of the boundaries between transcriptional activity and static 
chromatin (Manzotti et al. 2019; Wang et al. 2021). SIRTs are a series of nicotin-
amide adenine dinucleotide dependent enzymes, including intranuclear SIRT1, 
SIRT6, and SIRT7, intramitochondrial SIRT3–5, and cytoplasmic SIRT2 
(Houtkooper et al. 2012). Recently, the high level of SIRT1 has been found to be 
associated with recurrence and poor prognosis in patients with lung adenocarcinoma, 
which is highly sensitive to the treatment of gefitinib, a tyrosine kinase inhibitor 
(TKI). It has been reported that SIRT1 inhibitor TV-6 can enhance TKI therapeutic 
effect. The combined administration of TV-6 and TKI results in tumor regression in 
xenograft mouse models and improved sensitivity of tumor cells to TKI (Sun et al. 
2020). Besides, gastric carcinoma cell lines are also sensitive to TV-6 with activating 
p53 or inhibiting autophagic flux (Ke et al. 2020). TM, a thiomyristoyl lysine 
compound, has been discovered as antiproliferative agent against many human 
cancer cells and breast cancer mouse models. TM inhibits SIRT2, promoting the



ubiquitination and degradation of c-Myc and therefore exhibiting anticancer activity 
(Jing et al. 2016). Selectively targeting SIRT2, γ-mangostin, a natural product, was 
found to inhibit MDA-MD-231 and MCF-7 breast cancer cells proliferation by 
improving the acetylation level of α-tubulin (Yeong et al. 2020). As a SIRT1 
activator, compound F0911–7667 induces autophagic cell death via the AMPK-
mTOR-ULK complex and induces mitochondrial phagocytosis through the SIRT1-
PINK1-Parkin pathway in glioblastoma cells (Yao et al. 2018). SIRT6 agonists 
UBCS039 and MDL-800 can induce autophagic cell death in several human tumors 
by activating the deacetylation of SIRT6 (Huang et al. 2018; Iachettini et al. 2018). 
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BRDs is a highly conserved protein superfamily containing eight families, in 
which the bromodomain and extra-terminal (BET) families are the most widely 
studied, containing BRD2, BDR3, BRD4, and BRDT (Wang et al. 2021). BRDs 
serve on readers of histone acetylation, causing epigenetic regulation of gene 
expression (Liang et al. 2020a). Many small molecules targeting BRDs have been 
discovered to develop cancer therapies. In phase I clinical trials, small-molecule 
pan-BET inhibitor ABBV-075 was discovered to be promising in tolerance and 
therapeutic activity in highly pretreated patients with refractory solid tumors (Piha-
Paul et al. 2019). Further chemical modifications of ABBV-075 obtained compound 
38, which exhibited higher inhibitory efficiency than clinical candidate OTX-015 
(Li et al. 2020). In addition to pan-inhibitors, selective BRD inhibitors have also 
been identified. For instance, small-molecule FL-411 has been reported to be 
involved in autophagy-related cell death via targeting BRD4, which blocked 
BRD4-AMPK interaction and thereby activating the autophagic pathway in breast 
cancer (Ouyang et al. 2017). Bioavailable chemicals GSK452, GSK737, and 
GSK217 were screened to have ideal solubility, cell efficacy, as well as pharmaco-
kinetics (Aylott et al. 2021). It has been reported that dBET6, a BET protein 
degrading agent, possesses antitumor activity against hematology and solid cancer 
and presents higher efficiency than first generation drugs, such as dBET1 and JQ1 
(Bauer et al. 2021). Moreover, bBET6 also lowered the resistance of cancer to 
immuno- and chemotherapy. 

4.4.3 Targeting Other Epigenetic Biomarkers in Cancer 
Treatment 

Other important elements of epigenetic regulation are histone methylation enzymes, 
including histone H3K79 methyltransferase DOT1L, H3K27 methyltransferase 
enhancer of zeste homolog 2 EZH2, and histone lysine demethylases (KDMs) 
(Wang et al. 2021). It has been reported that DOT1L promoted triple-negative breast 
cancer (TNBC) progression via the binding between c-Myc and p300 
acetyltransferase (Cho et al. 2015; Wang et al. 2021). DOT1L inhibitor PsA-309 
was identified to have an inhibitory effect on the proliferation of human breast cancer 
cell lines MDA-MB-231 and Hs578T via selectively suppressing H3K79



methylation (Byun et al. 2019). PROTAC E7 was discovered to inhibit EZH2. 
E7-mediated degradation of EZH2 resulted in decreased proliferation rates in diffuse 
large B-cell lymphoma cell WSU-DLCL-2, human lung cancer cell A549, and 
NSCLC cell NCI-H1299 (Wang et al. 2021). Besides, inhibiting histone 
demethylation-related KDMs can also be a therapeutic strategy in cancer treatment. 
By inhibiting KDM1A, ORY-1001 can compromise leukemic stem cell activity in 
acute leukemia (Maes et al. 2018). ORY-1001 impaired cancer cell proliferation and 
increased survival in rodent xenograft models of acute leukemia. In addition, 
KDM5A inhibitor compound 1 has been reported to suppress the demethylation of 
H3K4me3, leading to p16 and p27 accumulation, which consequently resulted in 
cell cycle arrest and inhibited proliferation of various KDM5A-overexpressing 
breast cancer cells (Yang et al. 2019). Additionally, it has been proposed that 
miRNAs associated with cancer are therapeutic targets of cancer. Several miRNA 
inhibition therapies have been developed, for example, the combination treatment of 
anti-miRNA oligonucleotides with a low dose of sunitinib exhibited a significant 
synergistic antitumor effect in pancreatic ductal adenocarcinoma cells (Song et al. 
2017) (Fig. 4.4). 
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Fig. 4.4 Epigenetic interventions in cancer therapy. Currently, most epigenetic drugs are designed 
to inhibit DNA methylation and histone acetylation-related enzymes, including DNMTs, HATs, 
HDACs, KDMs, as well as histone acetylation readers BRDs, histone methylases DOT1L, and 
EZH2, suppressing tumorigenesis and malignant progression by inhibiting epigenetic dysregulation
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4.5 Conclusions and Perspectives 

To date, cancer incidence and mortality rates remain high worldwide; therefore, the 
discovery of novel cancer diagnostic and prognostic biomarkers and the search for 
emerging and effective targeted therapies are major attention worldwide. Epigenetics 
is closely related to the occurrence and development of many types of cancers, and 
abnormalities in multiple epigenetic regulations often lead to the progression of 
malignancies; therefore, an in-depth analysis of the key mechanisms of epigenetics 
in cancer development will help in the early diagnosis of cancer and greatly improve 
cancer treatment. At present, several epigenetic biomarkers have made great pro-
gress in the research of cancer diagnosis, prognosis, and treatment, but how to 
translate them into clinical practice is still a challenge for us. 
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