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EPIGENETIC REPROGRAMMING

Inappropriate activation of oncogenes or inactivation of tumor suppressors

Development of epigenetic drugs applying to cancer therapeutics

Misregulation of important pathways that control normal cellular homeostasis
cell cycle regulation, potential to repair DNA damage or to induce apoptosis, response to 

inflammatory stimuli, cell signaling, and cell growth control and differentiation

Epigenetics regulates gene expression without alteration of the DNA sequence

Epigenetic transcriptional control can occur through :

ü DNA methylation

ü Covalent histone modifications and chromatin remodeling

ü Noncoding RNAs

The epigenetic code

(mainly methylation and acetylation) 
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cancer, the APC gene, encoding a regulator of cell junctions, is
hypermethylated by DNMT overexpression.29 During an analysis of
colorectal disease methylation patterns, researchers found several
genes that showed significant changes between precancerous
diseases and cancers, including RUNX3, NEUROG1, CACNA1G,
SFRP2, IGF2 DMR0, hMLH1, and CDKN2A.30 In the human colon
cancer cell line HCT116, hMLH1 and CDKN2A always bear genetic
mutation and hypermethylation of one allele, and this leads to
inactivation of key tumor suppressors.31 It is known that p16, p15,
and pax6 are usually aberrantly methylated in bladder cancer and
show enhanced methylation in cell culture.32. Unlike gene
promoter methylation, gene body methylation usually results in
increased transcriptional activity.33 This process often occurs in
CpG-poor areas and causes a base transition from C to T.34 The
hypermethylation of specific CpG islands in cancer tissues is
informative of mutations when the gene in normal tissues is
unmethylated. One representative marker is glutathione S-
transferase-π (GSTP1), which is still the most common alteration
in human prostate cancer.35 Recently, DNA methylation in cancer
has generally been associated with drug resistance and predicting
response to treatment.36 For example, MGMT (O-6-methylguanine
DNA methyltransferase) hypermethylation is still the best

independent predictor of response to BCNU (carmustine) and
temozolomide in gliomas because hypermethylation of MGMT
makes tumor cells more sensitive to treatments and is associated
with regression of tumor and prolonged overall survival.37,38

Similarly, MGMT is also a useful predictor of response to
cyclophosphamide in diffuse large B-cell lymphoma39 (Table 1).

DNA methyltransferases (DNMTs)
DNA methylation is a covalent modification of DNA and is one of
the best-studied epigenetic markers. It plays an important role in
normal cell physiology in a programmed manner. The best-known
type of DNA methylation is methylation of cytosine (C) at the 5th
position of its carbon ring (5-mC), especially at a C followed by a
guanine (G), so-called CpG sites. Non-CpG methylation, such as
methylation of CpA (adenine) and CpT (thymine), is not common
and usually has restricted expression in mammals.40 CpG islands
traverse ~60% of human promoters, and methylation at these
sites results in obvious transcriptional regression.41 Meanwhile,
among the ~28 million CpGs in the human genome in somatic
cells, 60–80% are methylated in a symmetric manner and are
frequently found in promoter regions.42,43 The process of DNA
methylation is regulated by the DNA methyltransferase (DNMT)

Fig. 2 Epigenetic regulations in cancer. Alterations in epigenetic modifications in cancer regulate various cellular responses, including cell
proliferation, apoptosis, invasion, and senescence. Through DNA methylation, histone modification, chromatin remodeling, and noncoding
RNA regulation, epigenetics play an important role in tumorigenesis. These main aspects of epigenetics present reversible effects on gene
silencing and activation via epigenetic enzymes and related proteins. DNMTs, DNA methyltransferases; TETs, ten-eleven translocation
enzymes; HATs, histone acetylases; HDACs, histone deacetylases; HMTs, histone methyltransferases; HDMs, histone-demethylating enzymes.
MLL, biphenotypic (mixed lineage) leukemia.
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identified, including histone H3 and H4 hypoacetylation, histone
H3K9 methylation, and cytosine methylation.8,9

Therefore, epigenetics enables us to investigate the potential
mechanism underlying cancer phenotypes and provides poten-
tial therapy options. In this review, we focused and briefly
expanded on three aspects of epigenetics in cancer: DNA
methylation, histone acetylation and histone methylation.
Finally, we summarized the current developments in epigenetic
therapy for cancers.

DNA METHYLATION
The DNA methylation pattern in mammals follows certain rules.
Germ cells usually go through a stepwise demethylation to ensure
global repression and suitable gene regulation during embryonic
development. After implantation, almost all CpGs experience de
novo methylation except for those that are protected.10 Normal
dynamic changes in DNA methylation and demethylation based
on altered expression of enzymes have been known to be
associated with aging.11,12 However, inappropriate methylation of
DNA can result in multiple diseases, including inflammatory
diseases, precancerous lesions, and cancer.13–15 Of note, de novo
methylation of DNA in cancer serves to prevent reactivation of
repressed genes rather than inducing gene repression.16 Because
researchers have found that over 90% of genes undergoing de
novo methylation in cancer are already in a repressed status in
normal cells.17 Nevertheless, aberrant DNA methylation is thought
to serve as a hallmark in cancer development by inactivating gene

transcription or repressing gene transcription and affecting
chromatin stability.18

The precise mechanism by which DNA methylation affects
chromatin structure unclear, but it is known that methyl-DNA is
closely associated with a closed chromatin structure, which is
relatively inactive.19 Hypermethylation of promoters and hypo-
methylation of global DNA are quite common in cancer. It is
widely accepted that gene promoters, especially key tumor
suppressor genes, are unmethylated in normal tissues and highly
methylated in cancer tissues.20 P16, a tumor suppressor encoded
by CDKN2A, has been found to gain de novo methylation in ~20%
of different primary neoplasms.21 Mutations in important and well-
studied tumor-suppressive genes, such as P53 and BRCA1, are
frequently identified in multiple cancers.22–24 Studies have found
that the level of methylation is positively associated with tumor
size. In support of this, a whole-genome methylation array analysis
in breast cancer patients found significantly increased CpG
methylation in FES, P2RX7, HSD17B12, and GSTM2 coincident
with increasing tumor stage and size.25 After analysis of long-
range epigenetic silencing at chromosome 2q14.2, methylation of
EN1 and SCTR, the first well-studied example of coordinated
epigenetic modification, was significantly increased in colorectal
and prostate cancers.26,27 EN1 methylation has also been
observed to be elevated by up to 60% in human salivary gland
adenoid cystic carcinoma.28 Of note, only ~1% of normal samples
exhibited EN1 CpG island hypermethylation.26 Therefore, the
significant difference between cancer cells and normal cells makes
EN1 a potential cancer marker in diagnosis. In human pancreatic

Fig. 1 Epigenetic regulation of DNA methylation, histone acetylation, and histone methylation. Gene silencing in mammalian cells is
usually caused by methylation of DNA CpG islands together with hypoacetylated and hypermethylated histones. The “writers” (DNMTs, HATs,
and HMTs) and “erasers” (DNA-demethylating enzymes, HDACs, and KDMs) are enzymes responsible for transferring or removing chemical
groups to or from DNA or histones; MBDs and other binding proteins are “readers” that recognize methyl-CpGs and modified histones.
DNMTs, DNA methyltransferases; MBDs, methyl-CpG binding domain proteins; HATs, histone acetylases; HDACs, histone deacetylases; HMTs,
histone methyltransferases; KDMs, histone-demethylating enzymes.
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Five members : DNMT1, DNMT2, DNMT3a, DNMT3b, and DNMT3L

Discovered in the early 1980s 

DNMTs DNA methyltransferases

(5mC)

Most abundant epigenetic modification with a crucial role in development and cellular biology
Overexpression of DNMT1, DNMT3a, and DNMT3b has been observed in multiple cancers

Catalyze the addition of a methyl group to the fifth carbon position of cytosines,
especially at a C followed by a guanine (G), so-called CpG sites

Essays in Biochemistry (2019) 63 797–811
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Figure 1. Normal and cancer genomes exhibit distinct DNA methylation profiles
(A) Cells utilise DNA methyltransferase (DNMT) enzymes to catalyse the addition of a methyl group to the !fth carbon position of
cytosines primarily within CpG dinucleotide contexts (5-methylcytosine; 5mC). This process has various effects on transcription,
genome stability and DNA packaging within cells. (B) There are extensive differences in DNA methylation patterning between normal
(top) and cancer (bottom) cells across the entire genome, encompassing all gene regulatory elements. The bulk of all CpG sites
within the normal genome carry 5mC with distal enhancer elements and CpG island regions being resistant to DNMT activity.
The global loss of 5mC is characteristic of cancer cells, with the abnormal presence of punctate increases in DNA methylation
across enhancers and promoters. This change in distribution collectively causes a suppression of tumour suppressor genes and
concomitant increase in the expression of oncogenes, which drive tumorigenesis. White circle, unmethylated CpG; black circle,
methylated CpG. (A) It was made using Vecteezy graphics: Free vector art via https://www.vecteezy.com; Vector illustration credit:
https://www.vecteezy.com.

different cell types and in the context of other epigenetic layers such as post-translational histone modi!cations and
nucleosome positions, we are constantly improving our understanding of the role and scope of DNA methylation in
different genomic contexts in normal and diseased cells, and importantly, as a function of tumorigenesis.

Normal genomic distribution of DNA methylation
In the human genome, there are approximately 28 million CpG sites of which approximately 70% are methylated
in normal somatic cells. Interestingly, these CpG sites are not evenly distributed; in fact, the bulk of the genome is
depleted of CpG sites with overall representation of CpG dinucleotides occurring at only one-fifth of the expected
frequency. By contrast, clusters of CpG sites occur at the expected frequency, and these regions are termed as ‘CpG
islands’ [19]. The majority of CpG islands are 500–1000 base pairs (bp) in length and commonly span promoters of
genes, and housekeeping genes [19,20] in particular. Differing from the bulk of the genome, CpG sites located within
CpG islands are typically unmethylated in normal somatic cells (Figure 1B). They exist in a transcriptionally permis-
sive chromatin state that is also characterised by various combinations of post-translational histone modifications
[21] and distinctive nucleosome organisation [22]. Unmethylated CpG sites within promoter CpG islands provide a
binding platform for a complement of transcription factors to control gene activity. A prime example of this is the
activity of ubiquitous transcription factor, Sp1 (Specificity protein 1), whose interactions with DNA is modulated
by the presence or absence of DNA methylation at CpG islands [23]. Sp1 typically occupies unmethylated DNA to
promote gene transcription, whereas binding to methylated CpG sites is inhibited and correlated with transcriptional

798 © 2019 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY-NC-ND).
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embryonic stem cells, whereas its levels decrease upon dif-
ferentiation.47 Regarding adult tissues, DNMT3L mRNA
levels are high in the testis, with low expression levels in the
ovary and thymus, and no expression in other organs.55 Thus,
a functional role for DNMT3L in de novo methylation during
early embryonic development and spermatogenesis has been
proposed.56

As expected, high levels of DNMT3L have been found in
germ cell neoplasms, especially embryonal carcinomas,57,58

with reduced expression in more differentiated germ cell
neoplasms, i.e., yolk sac tumours and teratomas.57 Regarding
somatic carcinomas, loss of DNMT3L promoter methylation
has been noted in cervical and ocular squamous cell carci-
nomas,59,60 but protein expression was not assessed in these
studies. In gastric cancer cell lines, DNMT3L down-
regulation increased apoptotic rate and affected the methyl-
ation of 242 CpG sites.61 These findings may suggest that the
methylation machinery that is active in pluripotent and germ
cells may be hijacked by cancer cells to modulate DNA
methylation.47 In keeping with this notion we found low
expression levels of DNMT3L in non-neoplastic prostate
parenchyma and low-grade carcinomas, enhanced expression
in high-grade carcinomas, and a further elevation in lymph
node metastases. This is the first study, to the best of our
knowledge, to comprehensively evaluate the expression of
DNMT3L protein in human somatic carcinoma tissues.
A major strength of our study is that we used an automated

system for scoring that showed a moderate to excellent level
of agreement with the observer. Moderate level of agreement
was noted in DNMT3A and DNMT3L. Regarding
DNMT3A, the presence of cytoplasmic staining may have
confounded the ability of the software to accurately evaluate
nuclear staining. DNMT3L staining was observed in the
nuclei of the cells; however, a peculiar crescent pattern was
noted in some of the cells (Fig. 5). Since the automated
system requires a predefined minimum and maximum area of
the objects that will be evaluated in order to exclude counting
non-specific staining or apoptotic cells, we hypothesise that
the crescent pattern was disregarded as non-specific by the
program and that this limited the ability of the software to
accurately evaluate the percentage of positive cells. Other

investigators have also shown that concordance between the
Image-Pro Plus software scoring and visual counting depends
on density and area thresholds.62

CONCLUSION
This correlative study is the first to describe a specific
sequence of DNMT expression that correlates with mile-
stones of prostate cancer progression. Understanding the
interaction between the DNMTs in the cascade of epigenetic
events, and individual DNMTs in specific disease states will
be required to clinically apply the findings. To this end,
studies regarding the functional role of DNMTs in PCa
progression are on the way in order to elucidate the potential
of DNMTs as therapeutic targets.
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Fig. 6 Schematic diagram of the DNMT epigenetic cascade across PCa progression.
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Nuclear expression of DNMT1

therapy effect and a Gleason score/ISUP grade was assigned
to them (Table 2). Statistical analysis did not show any sig-
nificant difference in DNMT expression between the tumours
that had a therapy effect and those that did not show any
therapy effect (data not shown). However, the small number
of patients in the latter group should be noted. Further studies
are needed to elucidate whether the presence or absence of
therapy effect in treated prostate carcinomas has an impact on
DNMT expression profile.

Comparison between the observer and the image
analysis software

The nuclear expression of DNMT1, DNMT3A, DNMT3B,
and DNMT3L was also automatically analysed by an image
analysis software. DNMT2 had intense cytoplasmic staining
in the majority of the cases, which precluded automated
analysis. Mean duration of analysis per case was 35 min. A
statistically significant agreement between the observer and
the image analysis software was observed for all markers

Fig. 2 Representative images of DNMT1 and DNMT2 expression in non-neoplastic parenchyma and prostate cancer (original magnification ×200). DNMT1 expression
is upregulated in high-grade carcinomas and further enhanced in neuroendocrine carcinoma (NECA). Nuclear DNMT2 expression is higher in treated compared to
hormone-naïve cases.

222 TZELEPI et al. Pathology (2020), 52(2), February

Statistical analysis showed that CRPC had significantly higher
levels ofDNMT3Bexpression compared to hormone-naïve and
hormone-sensitive treated carcinomas (p<0.001 for both com-
parisons). A further slight elevation of DNMT3B was noted in
NECA compared to CRPC adenocarcinomas (p=0.032).
Representative images of DNMT3B expression in PCa are
shown in Fig. 3 and 4. Our results indicate that DNMT3B is
elevated relatively late during the progression of PCa.

DNMT3L

DNMT3L was expressed in the nuclei of the cells. A peculiar
finding of a crescent-type staining of the nucleus was seen in
some cells (Fig. 5). The mean and standard deviation of
DNMT3L expression levels in the different groups of patients,
the non-neoplastic parenchyma, and the metastatic foci are
shown in Table 3 and Fig. 1. Statistical analysis revealed that
DNMT3L levels were elevated in neoplastic cells compared to
non-neoplastic parenchyma (p<0.001), in high-grade carci-
nomas compared to low-grade carcinomas (p=0.009), and in
lymph node metastatic foci compared to primary carcinomas

(p<0.001). Representative images of DNMT3B expression in
PCa are shown in Fig. 3 and 5. Our results indicate that, like
DNMT1, DNMT3L expression is elevated relatively early in
the initiation and progression of PCa and may be involved in
lymph node metastasis.

Correlation between the DNMTs in PCa

Pearson’s correlation revealed a significant correlation in the
expression between DNMT1 and DNMT2 (nuclear
p<0.001, r=0.303, and cytoplasmic p<0.001, r=0.219),
DNMT3B (p<0.001, r=0.330), and DNMT3L (p=0.001,
r=0.190) expression, nuclear DNMT2 and DNMT3B
(p<0.001, r=0.379), nuclear DNMT3A and DNMT3L
(p=0.008, r=0.150), and DNMT3B and DNMT3L (p=0.002,
r=0.182).

Correlation between DNMTs and therapy effect in
treated tumours

In five of the patients that had received neoadjuvant hormonal
therapy (n=65), their tumour did not show a significant

Table 3 Mean and standard deviation of the expression levels of DNMTs in PCa

Mean (SD)

DNMT1 DNMT2
Cytoplasm

DNMT2
Nuclear

DNMT3A
Nuclear

DNMT3A
Cytoplasm

DNMT3B DNMT3L

Non-neoplastic 18 (24) 47 (31) 22 (20) 4 (5) 4 (6) 15 (10) 22 (14)
Low grade 18 (23) 73 (28) 37 (29) 3 (3) 13 (19) 25 (26) 22 (20)
High grade 37 (28) 62 (27) 29 (28) 5 (5) 29 (66) 10 (11) 36 (26)
Treated 45 (32) 73 (26) 64 (33) 3 (5) 18 (24) 14 (21) 36 (28)
CRPC 48 (35) 81 (13) 73 (19) 2 (4) 24 (20) 66 (33) 36 (24)
NECA 69 (34) 60 (31) 68 (22) 10 (10) 6 (6) 88 (5) 55 (28)
LN metastasis 43 (40) 70 (39) 15 (26) 1 (4) 60 (41) 1 (4) 62 (33)

CRPC, castrate-resistant prostate cancer; LN, lymph node; NECA, neuroendocrine carcinoma; SD, standard deviation.

Fig. 1 Graphical representation of DNMTs expression across the spectrum of PCa progression.
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DNMT1, DNMT2 and DNMT3L may be
associated with the emergence of PCa

Epigenetic cascade
of molecular alterations
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Classic model for sequential genetic alterations during the evolution of colon cancer

including its position in the gene promoter and conse-
quences on the expression state of the gene. This might
include assessing the ability of the gene to undergo reex-
pression following drug-induced promoter demethylation.
Second, the incidence of hypermethylation and gene si-
lencing must be well established in primary, as well as cul-
tured, tumor samples. Third, it is often useful to know at
what point the silencing of the gene occurs in tumor pro-
gression, as exemplified in Figure 5 for colon cancer.

Confirming a gene is a bona fide TSG requires studies
that assess its contribution to tumorigenicity following loss
of function. The function of the encoded protein is impor-
tant and can be established through knowledge about the
type of protein, aspects of the protein structure, and/or
relationships to gene families and signaling pathways. In
an age when many known genes have been subjected to
genetic knockout studies, the phenotypes produced and
attendant biology can be informative in pointing to the
potential contribution of gene silencing in tumorigenesis.
Candidate TSGs can be assayed for their tumorigenic po-
tential following gene knockout by assessing in cultured
cells the effects of their loss on (1) soft agar cloning (to
detect any capacity for malignant transformation) and (2)
tumorigenicity of the cells when grown as heterotransplants

in immunocompromised mice and (3) assessing the cellular
properties, such as the induction of apoptosis following
gene reinsertion. Ultimately, however, additional transgenic
knockout approaches may be needed to establish the role of
a gene as a tumor suppressor and to understand the func-
tions of the encoded protein in development, adult cell
renewal, etc. Mouse knockout studies documenting the
function of the transcription factor and developmental
gene, HIC-1, provide an example of how this gene was ex-
perimentally validated as a TSG (Chen et al. 2003, 2004). It
was initially identified through screens of genomic regions
that have undergone loss of heterozygosity in cancer cells
(Wales et al. 1995). Clearly, discovering genes that are epi-
genetically silenced in cancer is of great value, yet, the major
scope of work lies ahead in definitively trying to show where
loss of function for the gene is important in cancer.

5 THE IMPORTANCE OF EPIGENETIC GENE
SILENCING IN EARLY TUMOR PROGRESSION

In the classic view of cancer evolution, as articulated by
Vogelstein and colleagues (Kinzler and Vogelstein 1997;
Vogelstein et al. 2013), a series of genetic changes drives
progression from early premalignant stages through the
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Other
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Figure 5. The position of abnormal DNA methylation in tumor progression. This is depicted in the classic model
(Kinzler and Vogelstein 1997) for genetic alterations during the evolution of colon cancer. Altered DNA methylation
is shown to occur from very early on in tumorigenesis (red arrow), as discussed in the text, during the conversion of
normal to hyperplastic epithelium, accruing during the progression from noninvasive to invasive and, ultimately,
metastatic tumors. This places it in a strategic position for channeling stem cells into abnormal clonal expansion
(illustrated in Fig. 6) by cooperating with key genetic alterations. These epigenetic abnormalities also have conno-
tations for cancer treatment and markers of prognosis.

S.B. Baylin and P.A. Jones

14 Cite this article as Cold Spring Harb Perspect Biol 2016;8:a019505
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Perturbation of DNA methylation

The disease gradually develops



Transcriptional repression of tumor suppressor genes and
concomitant increase in the expression of oncogenes
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Global loss of 5mC in cancer cells,
but abnormal presence of punctate increases in DNA methylation

across enhancers and promoters
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Figure 1. Normal and cancer genomes exhibit distinct DNA methylation profiles
(A) Cells utilise DNA methyltransferase (DNMT) enzymes to catalyse the addition of a methyl group to the !fth carbon position of
cytosines primarily within CpG dinucleotide contexts (5-methylcytosine; 5mC). This process has various effects on transcription,
genome stability and DNA packaging within cells. (B) There are extensive differences in DNA methylation patterning between normal
(top) and cancer (bottom) cells across the entire genome, encompassing all gene regulatory elements. The bulk of all CpG sites
within the normal genome carry 5mC with distal enhancer elements and CpG island regions being resistant to DNMT activity.
The global loss of 5mC is characteristic of cancer cells, with the abnormal presence of punctate increases in DNA methylation
across enhancers and promoters. This change in distribution collectively causes a suppression of tumour suppressor genes and
concomitant increase in the expression of oncogenes, which drive tumorigenesis. White circle, unmethylated CpG; black circle,
methylated CpG. (A) It was made using Vecteezy graphics: Free vector art via https://www.vecteezy.com; Vector illustration credit:
https://www.vecteezy.com.

different cell types and in the context of other epigenetic layers such as post-translational histone modi!cations and
nucleosome positions, we are constantly improving our understanding of the role and scope of DNA methylation in
different genomic contexts in normal and diseased cells, and importantly, as a function of tumorigenesis.

Normal genomic distribution of DNA methylation
In the human genome, there are approximately 28 million CpG sites of which approximately 70% are methylated
in normal somatic cells. Interestingly, these CpG sites are not evenly distributed; in fact, the bulk of the genome is
depleted of CpG sites with overall representation of CpG dinucleotides occurring at only one-fifth of the expected
frequency. By contrast, clusters of CpG sites occur at the expected frequency, and these regions are termed as ‘CpG
islands’ [19]. The majority of CpG islands are 500–1000 base pairs (bp) in length and commonly span promoters of
genes, and housekeeping genes [19,20] in particular. Differing from the bulk of the genome, CpG sites located within
CpG islands are typically unmethylated in normal somatic cells (Figure 1B). They exist in a transcriptionally permis-
sive chromatin state that is also characterised by various combinations of post-translational histone modifications
[21] and distinctive nucleosome organisation [22]. Unmethylated CpG sites within promoter CpG islands provide a
binding platform for a complement of transcription factors to control gene activity. A prime example of this is the
activity of ubiquitous transcription factor, Sp1 (Specificity protein 1), whose interactions with DNA is modulated
by the presence or absence of DNA methylation at CpG islands [23]. Sp1 typically occupies unmethylated DNA to
promote gene transcription, whereas binding to methylated CpG sites is inhibited and correlated with transcriptional

798 © 2019 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY-NC-ND).
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The cyclin-dependent kinase inhibitor, p16, is silenced in many types of cancer by
hypermethylation of a CpG island residing in its promoter,

resulting in loss of cell cycle regulation and in a growth advantage to affected cells
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Perturbation of DNA methylation

may express nearby proto-oncogenes (Wolffe 2001; Jones
and Baylin 2007; Ehrlich and Lacey 2013; Hur et al. 2014).
Indeed, the activation of TEs is another potential source of
mutations during the transposition process.

We know that most of the CpGs in the genome, apart
from CpG-rich regions, are 80% methylated. In cancer, the
average CpG methylation levels are 40%–60%. Advances in
mapping technologies are allowing researchers to map the
patterns more precisely. Such studies have revealed that
DNA hypomethylation can be concentrated in blocks of
28 kb–10 Mb, covering about one-third of the genome
(Hansen et al. 2011; Berman et al. 2012; Hon et al. 2012;
Bert et al. 2013). The exact mechanisms by which DNA
methylation is lost from the cancer epigenome and how
functional consequences occur are not yet fully understood;
however, we are beginning to be able to dissect these mech-
anisms. For example, a leading possibility is that many
regions of DNA hypomethylation could be integrally tied
to broad shifts in chromatin organization, typical in cancer

(discussed further in Sec. 6). The broad epigenomic chang-
es, in turn, could, in some instances, result from mutations
in chromatin regulators that affect DNA methylation ho-
meostasis, such that the active or passive process of remov-
ing DNA methylation is promoted. This could occur, for
example, as discussed below and in other articles, by the
deregulated activation of ten-eleven translocation (TET)
family members or the partial loss of function of the
DNA methyltransferase (DNMT) proteins.

3.2 DNA Hypermethylation in Cancer

A well-chronicled DNA methylation change in cancer is
abnormal hypermethylation of CpG islands in the 5′ re-
gions of cancer-related genes (i.e., hypermethylation, Fig.
3). This change can be integrally associated with transcrip-
tional silencing, providing an alternative mechanism to
mutation for the inactivation of genes with tumor-suppres-
sor function (Jones and Baylin 2007; Baylin and Jones 2011;

eeeeeMeMeMeMeMeMeMeMeMe

eeeeeMeMeMeMeMeMeMeMeMe

eeeeeMeMeMeMeMeMeMeMeMe

gene

DNA methylation

Hypo

Genome
instability

Oncogene
activation

Promoter
silencing of

tumor-
suppressor

genes

Deamination

Mutation

Hyper

meCpG

TpG

Carcinogen

Mutation

Increased
UV-induced
mutations

UV

Carcinogen-
induced

mutations

Carcinogen

Figure 3. Epigenetic alterations involving DNA methylation can lead to cancer by various mechanisms. Loss of DNA
cytosine methylation (white hexagons) illustrated in the hypo column results in genome instability. Focal hyper-
methylation (pink hexagons) at gene promoters shown in the hyper column causes heritable silencing and, there-
fore, inactivation of tumor suppressors and other genes. Additionally, methylated CpG sites (pink hexagons) are
prone to mutation: They are hot spots for C to T transition mutations caused by spontaneous hydrolytic deami-
nation; or methylation of CpG sites can increase the binding of some chemical carcinogens to DNA; and it increases
the rate of UV-induced mutations.

S.B. Baylin and P.A. Jones

8 Cite this article as Cold Spring Harb Perspect Biol 2016;8:a019505

Baylin and Jones, Cold Spring Harb Perspect Biol 2016
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Three main consequences...
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Methylation of DNA can also be a barrier for certain transcription factors to bind to promoter sites
such as AP-2, c-Myc, CREB/ATF, E2F, and NF-kB

DNA methylation THE READERS

10 AB Int. M1

ü Methyl-CpG Binding Domain (MBD) proteins

ü Zinc-finger and BTB domain-containing proteins

ü Two ubiquitin-like proteins with PHD and RING finger domains

KAISO (ZBTB33), ZBTB4 and ZBTB38, which bind to methylated DNA via zinc-finger motifs

UHRF1 and UHRF2, which recognize 5-mC via RING finger-associated (SRA) domains

Three methyl-CpG binding domain protein (MeCP) families can read the
established methylated DNA sequences

10 AB Int. M1



Role of UHRF1 in carcinogenesis
Ubiquitin-like, containing PHD (Plant HomeoDomain) and RING (Really Interesting New Gene) finger domains 1 (UHRF1)

Through the SRA domain,
UHRF1 interacts with HDAC1 and DNMT1 

UHRF1 binds to H3K9me2/3

Choudhry et al., Oncology Letters, 2018

11 AB Int. M1
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Schematic structure/function domains of UHRF1
involved in the epigenetic regulation of gene expression

Coordinated crosstalk
Regulation of the epigenetic code

Additional evidence of
UHRF1-mediated crosstalk between

DNA methylation and histone modification 

DNA methylation THE READERS

11 AB Int. M1

Plays a key role in the maintenance of correct DNA methylation



Role of UHRF1 in carcinogenesis

Ubiquitin-like containing plant homeodomain (PHD) and really interesting new gene domain (RING) finger domains 1 (UHRF1)

Choudhry et al., Oncology Letters, 2018

12 AB Int. M1

Overexpressed in various human cancer cells
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Schematic structure/function domains of UHRF1

DNA methylation THE READERS

potential biomarker for the prognosis and diagnosis of several types of cancer 

DNA
hypomethylation

X

High expression of UHRF1 

inhibits a variety of TSGs

DNA hypermethylation

participates in the occurrence, progression,
and invasion of cancer

Defective
interaction

Xue et al., OncoTargets &Therapy 201912 AB Int. M1
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Table 1 inhibition of TSGs by overexpression of UHRF1 in various types of cancers

TSGs Functions Cancers

P16iNK4 Growth, metastasis, and apoptosis Colorectal cancer [22219067]
Cervical cancer [23688286]
Glioblastoma [25550546]

BRCA1 DNA damage repair, transcription regulation, chromatin remodeling, cell cycle  
checkpoint control, and apoptosis

Breast cancer [19943104]

RUNX3 Hypoxia and immune cell maintenance Hepatocellular carcinoma [26147747]
KiSS1 Tumor differentiation, the depth of invasion, lymph node metastasis, and  

distant metastasis
Bladder cancer [25272010]

RASSF1 Proliferation, invasion, and apoptosis Non-small-cell lung cancer [21351083]
MeG3 Proliferation Hepatocellular carcinoma [25641194]
CDH4 Proliferation, invasion, and metastasis Gastric cancer [26147747] [23982143]
Keap1 Oxidative stress and reductive stress Pancreatic cancer [26497117]
KLF17 invasion and epithelial–mesenchymal transition Breast cancer [28744404]
SHP1 7XPRU�GLIIHUHQWLDWLRQ�RU�PXVFXODU�LQÀOWUDWLRQ�GHSWK endometrial carcinoma [26597461]
CDX2 Lymph node metastasis and tumor, nodes, metastasis stage Gastric cancer [26147747]
PPARG Proliferation and migration and wnt/β-catenin signaling pathway Gastric cancer [26147747]

Colorectal cancer [22286757]
FOXO4 Proliferation and metastasis Gastric cancer [26147747]
RiP3 Cell survival, cell apoptosis, and cell necrosis Colorectal cancer [28981102]
Slit3 invasion and metastasis Gastric cancer [23982143]
CDH1 invasion and epithelial-to-mesenchymal transition Prostate cancer [22330138]  [29466696]

Osteosarcoma [26548607]
iGFBP3 Colony formation, migration, and invasion Prostate cancer [22330138]

Hepatoblastoma [29507645]
GPX3 ROS, migration, invasion, metastasis Prostate cancer [22330138]
UBe2L6 Apoptosis Cervical cancer [29157076]
RGS2 Proliferation Bladder cancer [25323766]
miR-145 Proliferation, migration and invasion Non-small-cell lung cancer [25961369]

Abbreviations:�8+5)���XELTXLWLQ�OLNH�ZLWK�3+'�DQG�5,1*�ÀQJHU�GRPDLQV����76*V��WXPRU�VXSSUHVVRU�JHQHV��526��UHDFWLYH�R[\JHQ�VSHFLHV��

Table 2 Regulation of UHRF1 by microRNA in various types of cancers

mRNAs Functions Cancers

miR-124 Proliferation, motility, angiogenesis Bladder cancer [26310391]
miR-9 Proliferation, apoptosis Colorectal cancer [25940709]
miR-101 Migration, invasion Renal cell cancer [27487138]
miR-378 Proliferation, apoptosis Medulloblastoma [28901497]
miR-193a-3p Metastasis Non-small-cell lung cancer [25833338]
miR-145-5 p/miR-145-3 p Proliferation, apoptosis, migration, invasion Bladder cancer [27628846]
miR-146a/b Metastasis Gastric cancer [23982143]

Renal cell carcinoma [26859141]

Abbreviation:�8+5)���XELTXLWLQ�OLNH�ZLWK�3+'�DQG�5,1*�ÀQJHU�GRPDLQV���

Anticancer drugs related to UHRF1 are as fol-
lows: uracil derivative NSC232003133 functions as the 
only direct inhibitor by targeting fit within the SRA of 
UHRF1. Shikonin134 induces downregulation of both 
UHRF1 and DNMT1 in MDF-7 and hela cell lines. In 
addition, hinokitiol,68 dihydroartemisinin,89 epigallocat-
echin-3-gallate,135 emodin,136 mTOR inhibitor torin-2,137 
luteolin,69 ERK1/2 pathway inhibitor PD98059, LY294002, 
AG490,138 Hsp90 inhibitor 17-AAG or 17-dimethylamino-

ethylamino-17-demethoxygeldanamycin,121 anisomycin,139 
and curcumin95,140 have been reported to be used in various 
types of cancers.

Other functions of UHRF1 apart from epigenetic modi-
fication include its participation in the oxidative stress and 
DNA damage response141,142 to inhibit caspase-dependent 
apoptosis to promote the proliferation, invasion, and 
metastasis,143 promoting the development of embryogenesis 
and preimplantation of embryos,73,144 and regulating the 
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Perturbation of DNA methylation
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TET DNA-demethylating enzymes 

Stepwise oxidation reactions, 
converting 5mC to

5-hydroxymethylcytosine (5hmC) 
to 5-formylcytosine (5fC), and 
finally to 5-carboxylcytosine 

(5caC) 

Subsequent decarboxylation of 
5fC and 5caC by a

thymine-DNA glycosylase (TDG) or 
other DNA repair enzymes,

leading to DNA demethylation

the promoter CpG islands (CGIs) or enhancers in mouse
embryonic stem cells (ESCs), particularly at the former,
whereas Tet2 is mostly enriched in gene bodies or enhancer
regions.37–39

Structural analyses of TET proteins provide significant
insights into how TET enzymes recognize their substrates
and catalyze iterative oxidation reactions.32,40–42 The crystal
structure of the TET2 catalytic core domain revealed that two
subdomains of the Cys-rich domain wrap around the DSBH
domain on which DNA is located.32 Interestingly, two out
of three zinc fingers, coordinated by several residues from
the Cys-rich and DSBH domains, bring the two domains into
close proximity to facilitate the formation of a compact
globular structure, creating a unique structure for DNA
substrate recognition.32 TET2 specifically recognizes 5mCpG-
containing DNAs with no preference for the flanking
sequences, consistent with the fact that 5hmC is almost
exclusively located in the CpG context throughout the
genome.43 This interaction is stabilized by extensive intermo-
lecular hydrogen bonds between key residues of TET2 and
5mCpGs-flanking phosphates in the DNA backbone. Hydro-
phobic interactions resulting from base-stacking interactions
also contribute to the overall stability of the structure. Inter-
estingly, CpG recognition does not depend on the methyl
group of 5mC; accordingly, TET proteins could accommodate
the formyl and carboxyl groups of highly oxidized 5mC
derivatives at the active site.32,42

Unlike 5mC, the majority (480%) of oxi-mCs are deposited
asymmetrically on a specific CpG site.43,44 What is the
molecular basis for this strand asymmetry? As observed for
5mC recognition by the SRA domain of DNMT enzymes,
TET2 also recognizes oxi-mCs using a base-flipping mechan-
ism. Upon TET2 binding to the symmetrically methylated

palindromic CpG DNA, only a single oxidized base in one
strand is flipped out of the DNA duplex and incorporated into
the active site.32,40 A similar base-flipping mechanism has also
been observed in the structure of the Naegleria Tet-like
dioxygenase (NgTet1).42

In mouse ESCs, TET enzymes convert ~ 10% of 5mCs to
5hmCs, and only a subset (1–10%) of 5hmCs are further
oxidized to 5fC/5caC. Therefore, 5hmC is about 10- to
100-fold more prevalent than more oxidized bases in
the genome.17,20,45–47 This unequal genomic distribution
of oxi-mCs might be attributable, at least in part, to
TDG/BER-mediated active demethylation because 5fC and
5caC, but not 5hmC, are reverted to unmethylated cytosines
(Figure 2). In addition, a fraction of oxi-mCs, mostly
5hmC, may not undergo entire oxidation reactions because
TET enzymes differentiate their substrates. Indeed,
TET proteins are less active on 5hmC and 5fC than on 5mC
in vitro, indicating a substrate preference.20,40,42 TET-mediated
oxidation tends to occur preferentially in regions with higher
chromatin accessibility. What determines whether oxi-mCs are
committed to undergoing further oxidation? Notably, all three
oxi-mCs are similarly recognized by TET proteins
with comparable binding affinity, and adopt almost identical
conformations within active sites.40 However, the hydroxy-
methyl group and formyl group of 5hmC and 5fC, respectively,
adopt a more restrained conformation within active sites by
forming hydrogen bonds with N-oxalylglycine (NOG, 2OG
under physiological conditions) as well as polar groups of the
cytosine ring. This structural restriction prevents hydrogen
abstraction, the rate-limiting step for TET-mediated oxidation
reactions with a concomitant decrease in catalytic efficiency.40

Collectively, the catalytic core of TET proteins has intrinsic
properties for efficient CpG recognition, substrate preference

Figure 2 Function of TET proteins in passive and active DNA demethylation. TET proteins iteratively oxidize 5mC to produce oxidized
methylcytosines (oxi-mCs), of which 5fC and 5caC are directly excised by the DNA repair enzyme TDG (thymine DNA glycosylase). The
resulting abasic sites are eventually replaced with unmethylated cytosines by base excision repair (BER). No mammalian 5mC glycosylases
that directly excise 5mC have been reported to date. TET proteins also promote the oxidative demethylation of 5mC in a replication-
dependent manner because oxi-mCs tend to interfere with the methylase activity of DNMT1. TET proteins have a distinct preference for
their substrates, so many oxi-mCs, mostly 5hmC, are not committed to demethylation pathways and are stable epigenetic modifications.

TET family dioxygenases and DNA demethylation
J An et al

3

Experimental & Molecular Medicine

Function of TET proteins in DNA demethylation

An et al., Experimental & Molecular Medecine 2017

Ten-Eleven Translocation enzymes

Three members : TET1-3

Discovered recently
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igenesis in both glioma and leukemia, we set to determine
how broadly 5hmC decrease occurs in human tumors.

Results and discussion

5hmC is decreased in multiple human cancers
Immunohistochemistry (IHC) offers an efficient way for
simultaneously examining the expression of a given

antigen and histopathology of multiple samples in
minimal quantity such as paraffin-embedded tissue
sections. One critical reagent for reliable IHC is the
quality of the antibody. To this end, we first verified the
specificity of a polyclonal anti-5hmC antibody by
antigen competition experiments. Using this antibody,
we detected strong nuclear signals in normal human
liver tissue, which were significantly diminished by
preincubation of the antibody with the antigen dhmCTP
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5hmC is reduced
in multiple human tumors

5hmC as a biomarker
whose decrease would tightly be

associated with tumor development

Mechanism ??

igenesis in both glioma and leukemia, we set to determine
how broadly 5hmC decrease occurs in human tumors.

Results and discussion

5hmC is decreased in multiple human cancers
Immunohistochemistry (IHC) offers an efficient way for
simultaneously examining the expression of a given

antigen and histopathology of multiple samples in
minimal quantity such as paraffin-embedded tissue
sections. One critical reagent for reliable IHC is the
quality of the antibody. To this end, we first verified the
specificity of a polyclonal anti-5hmC antibody by
antigen competition experiments. Using this antibody,
we detected strong nuclear signals in normal human
liver tissue, which were significantly diminished by
preincubation of the antibody with the antigen dhmCTP
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Reduced 5hmC is associated with
substantial reduction of TET gene expression

5hmC in every tumor sample was at least ten fold lower
than the matched normal tissue. Likewise, using this
dot-blot assay, we also found that 5hmC is substantially
reduced in human lung tumors when compared with
their matched normal surrounding tissues (Figure 3c).
Together, the IHC and dot-blot assay demonstrate that
5hmC levels are significantly reduced in multiple human
tumors when compared with their matched normal
surrounding tissues.

5hmC decrease is associated with a substantial reduction
of TET gene expression in human tumors
Two mechanisms have been reported that would lead to
decreased levels of 5hmC in human tumors—loss-of-
functional mutations targeting TET2 gene and inhibi-
tion of TET activity by the reduction of a-KG and
accumulation of 2-HG resulting from IDH1/2mutations
(Delhommeau et al., 2009; Mullighan, 2009; Figueroa
et al., 2010; Xu et al., 2011). However, neither TET nor
IDH1/2 gene has thus far been reported to be mutated in
liver, breast, lung, pancreas and prostate tumors. To
investigate the possible mechanism underlying 5hmC
decrease in these cancers, we determined the mRNA
expression of three TET genes in both human breast and

liver cancers. Interestingly, we found that the expres-
sions of all three TET genes were significantly and
uniformly reduced in both types of human tumors when
compared with their matched normal tissues (Figures 4a
and b). Of note, the decrease of three TET genes varied,
with TET1 reduced most significantly, followed by
TET2 and TET3. These observations provide a potential
molecular mechanism for the observed reduction of
5hmC in human cancers.

In this paper, we demonstrate that 5hmC, a newly
discovered modification of genomic DNA whose level is
inversely correlated with that of 5mC, is substantially
reduced in multiple types of human cancer. During the
preparation of this paper, Haffner et al. (2011) reported
that that 5hmC is substantially decreased in three types
of human cancers, including breast, colon and prostate.
Our study supports the link between 5hmC reduction
and tumor development by expanding the finding to
three additional types of cancer; liver, lung and
pancreases. In every sample examined, remarkably, the
tumor cells always have reduced 5hmC than the
corresponding normal cells with no exception. Together,
these studies suggest that 5hmC reduction is broadly
and tightly linked with tumorigenesis. Moreover,
our study shows that detection of 5hmC could be
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Figure 4 Reduced 5hmC is associated with the substantial reduction of TET gene expression in human cancers. Genomic DNA and
mRNA were extracted from three pairs of frozen human breast carcinoma and the matched normal breast tissues (a) and three pairs of
frozen human HCC and the matched normal liver tissues (b). The levels of 5hmC and mRNAs of three TET genes were determined by
dot-blot assay and quantitative real-time PCR, respectively. Data are represented as mean±s.d. RNA was extracted using QIAamp
RNA Mini Kit following the manufacturer’s instructions (Qiagen). Quantitative real-time PCR was performed using an Applied
Biosystems 7500 Sequence Detection System with SYBR green labeling with b-actin as an endogenous control. Primer sequences are
listed in Supplementary Table S1.
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Disruption of normal DNA demethylation is thought to be associated with oncogenesis
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Modulation of the structure of the chromatin fiber by diverse PTMs is critical
for the regulation of gene expression, since it determines the accessibility and sequential recruitment

of regulatory factors to the underlying DNA

Histone modifications and Chromatin remodeling

The basic unit of the chromatin is the nucleosome
147 base pairs of DNA wrapped around an octamer of core histones

(made of two molecules of each H2A, H2B, H3 and H4 histones)

14 AB Int. M1

22 Chapter 1: !e Biology and Genetics of Cells and Organisms

down on the promoter of a gene and proceed to transcribe the DNA in both directions. 
After extending nascent RNA transcripts for 60–80 nucleotides, pol II halts—the proc-
ess termed transcriptional pausing. A subset of the stalled polymerase complexes 
that have initiated in the appropriate transcriptional direction are then induced by 
physiologic signals to resume elongation, resulting in full-length pre-mRNA tran-
scripts, while other pol II complexes remain stalled and never resume transcription. 
!e factors that permit stalled pol II to proceed with elongation of transcripts are 
incompletely understood but would seem to be as important as the conventionally 
de"ned TFs in regulating gene expression. One important cancer-causing protein, 
termed Myc, has been found to act as an anti-pausing protein whose actions permit 
thousands of cellular genes to be fully transcribed. 

Figure 1.18 also implies that both TFs and RNA polymerase interact only with DNA. 
In fact, in eukaryotic cells, DNA is packaged in a complex mixture of proteins that, 
together with the DNA, form the chromatin (Figure 1.19). !ese chromatin proteins 
are responsible for controlling the interactions of TFs and RNA polymerases with DNA 
and therefore play critical roles in governing gene expression.

!e core of chromatin is formed by DNA bound to nucleosomes, the latter being 
octamers consisting of two copies of each of four distinct histone species (H2A, H2B, 
H3, and H4) with a "fth histone species—H1—bound to some but not all nucleosome 
octamers. !is basic organization of chromatin structure, which resembles beads on a 
string, is found throughout the chromosomes.

!e globular core of the nucleosome represents the basic sca#old of chromatin that 
is modi"ed in two ways. First, some of the standard histones, such as histones H2A 
and H3, may be replaced in a minority of nucleosomes by variant forms, for example, 
histones H2AZ and H3.3 (speci"ed by genes distinct from those encoding the stand-
ard histones). Indeed, a number of such variant histones can be found scattered here 
and there throughout the chromatin; their precise contributions to the regulation of 
chromatin structure and transcription remain poorly understood. 

Second, chromatin structure and transcription is strongly a#ected by post-transla-
tion modi"cations of the standard four histones. !ese modi"cations do not directly 
alter the globular core of the nucleosome. Instead, they a#ect the N-terminal tails of 
the core histones (Figure 1.20A), which extend outward from the globular core and 
undergo a variety of covalent modi"cations, prominent among these being methyla-
tion, acetylation, phosphorylation, and ubiquitylation. For example, one type of his-
tone phosphorylation is associated with the condensation of chromatin that occurs 
during mitosis and the related global shutdown of gene expression. At other times 
in the cell cycle, acetylation of core histones is generally associated with active gene 

Figure 1.19 Organization of 
chromatin structure Examination 
of chromatin under the electron 
microscope (above right) reveals that 
DNA is associated with small globes of 
proteins termed nucleosomes, giving 
the appearance of beads on a string. 
The DNA double-helix (above left, red) 
is wrapped ~1.7 times around each 
nucleosome, which consists of a core 
(yellow) formed as an octamer of four 
different histone molecules (each present 
in two copies); often an additional 
histone, H1 (green), is located on the 
outside. X-ray crystallography has 
revealed (below) that the core of the 
nucleosome (yellow) is disc-shaped and 
that the N-terminal tail (green) of each 
of the four histones extends beyond  
this core. (Upper schematic, from  
W.K. Purves et al., Life: The Science 
of Biology, 5th ed. Sunderland, MA: 
Sinauer, 1998. Lower schematic from  
B. Alberts et al., Molecular Biology of the 
Cell, 5th ed. New York: Garland Science, 
2008. Micrograph from F. Thoma,  
T. Koller and A. Klug, J. Cell Biol. 
83:403–427, 1979.)
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expression, while methylation is generally correlated with gene repression. However, 
as is seen in Figure 1.20B, which presents only one example of a bewildering variety of 
histone modi!cations, methylation of histone H3 is correlated with both gene repres-
sion and expression, depending on the position of the a"ected lysine residue.

Rapidly growing evidence indicates that these various histone modi!cations are func-
tionally important in permitting or preventing transcription by RNA polymerases of 
speci!c regions of chromosomal DNA (see Figure 1.20C). Moreover, the modi!cation 

Figure 1.20 Post-translational 
modification of histone tails (A) Each 
of these N-terminal histone tails can be 
modified by the covalent attachment of a 
variety of chemical groups, most commonly 
methyl, acetyl, phosphate, and ubiquitin 
groups. These modifications are attached 
by histone “writers,” which thereby alter 
the structure and the function of the 
chromatin, and are removed by histone 
“erasers.” (B) One example of histone 
modification is provided by three of the 
lysine (K) residues in the amino-terminal 
domain of histone H3. (Amino terminus 
is at left; numbers below each K indicate 
residue number.) Each of these can be 
trimethylated (indicated by “me3”) through 
the actions of histone methyltransferase 
writers (HMTs). Trimethylation at the K4 
residue is carried out by the MLL1 HMT; 
the resulting methyl mark is recognized by 
a NURF (nucleosome remodeling factor) 
“reader” complex, which contributes 
to gene activation (green). Conversely, 
trimethylation of the K9 and K27 residues 
by the SUV39H1 and EZH2 HMT writers, 
respectively, results in gene repression 
(red). The methylation marks made by 
the latter two HMTs are recognized by 
the HP1 and Pc readers, respectively. 
Once bound, the HP1 reader can trigger 
the formation of heterochromatin and 
thereby block transcription. Not shown are 
other methyltransferase writers that make 
mono- and dimethyl marks, and histone 
demethylase erasers that remove the 
marks made by HMTs on these residues. 
(C) The locations of various modified 
histones can be mapped across a gene 
by using an antibody that specifically 
immunoprecipitates a modified histone 
species followed by DNA sequencing of the 
precipitate. In this fashion, the locations of 
the nucleosomes containing trimethylated 
lysine 4 of histone H3 (H3K4me3, green) 
and H3K36me3 (blue) have been mapped 
relative to the transcription start site 
(TSS) of this gene. Correlations like these 
indicate that nucleosomes containing 
H3K4me3 are associated with TSSs, while 
those containing H3K36me3 are found 
along the lengths of actively transcribed 
genes. When the RNA molecules are 
analyzed (red), those that map to known 
exons of the gene are found in greater 
abundance, consistent with their long 
lifetime relative to the short lifetimes of 
rapidly degraded intron sequences. The 
function of the gene studied here is not 
known. (A, from H. Santos-Rosa and 
C. Caldas, Eur. J. Cancer 41:2381–2402, 
2005. B, from S.B. Hake, A. Xiao and 
C.D. Allis, Brit. J. Cancer 90:761–769, 
2007. C, from M. Guttman et al., Nature 
458:223–227, 2009.)
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Histone modifications and Chromatin remodeling

N-terminal histone tails can be methylated
acetylated, phosphorylated and ubiquitinated

These modifications are attached by histone
« writers », recognized by histone « readers », 

and removed by histone « erasers »

Trimethylation of H3K4 by the MLL HMT writer
is recognized by a NURF reader complex

Contributes to gene activation

Trimethylation of H3K9 or K27, once read,
triggers the formation of heterochromatin

Triggers gene repression
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1 INTRODUCTION

DNA within cells is packaged as chromatin, a dynamic
structure composed of nucleosomes as the fundamental
building blocks. Histones are the central component of
the nucleosomal subunit, forming an octamer containing
the four core histone proteins (H3, H4, H2A, H2B) around
which is wrapped a 147-base-pair segment of DNA. Each
of the largely globular histone proteins possesses a charac-
teristic side chain, or tail, which is densely populated with
basic lysine and arginine residues. The histone tails are
subject to extensive covalent posttranslational modifica-
tions (PTMs) that cooperate to govern the chromatin state.
Some PTMs can alter the charge density between histones
and DNA, impacting chromatin organization and under-
lying transcriptional processes, but they can also serve as
recognition modules for specific binding proteins that,
when bound, may then signal for alterations in chromatin
structure or function.

Alterations in the patterns of histone PTMs have been
extensively linked to cancer, both at the global level across
the genome (Seligson et al. 2005; Bannister and Kouzarides
2011) and at specific gene loci, using ChIP-chip (chromatin
immunoprecipitation with DNA microarray analysis)
and ChIP-sequencing (parallel sequencing technologies

coupled to chromatin immunoprecipitation) technology.
These findings have come on the back of the earlier, more
established findings linking aberrant DNA methylation to
cancer, discovered in the early 1980s (see Baylin and Jones
2014). In addition to recent PTM mapping projects, se-
quencing efforts have also now identified many of the en-
zymes responsible for placing (“writers”) and removing
(“erasers”) such epigenetic marks (Fig. 1). Mutations in
such enzymes turn out to be among the most frequently
mutated targets in cancers (Shen and Laird 2013). Collec-
tively, these findings show interplay between cancer genet-
ics and epigenetics, adding to the complexity in our
understanding of the oncogenic process. Advances in
whole genome/exome sequencing of patient tumors have
allowed for the identification of possible key epigenetic
drivers of cancer. These epigenetic drivers may silence
one or more tumor-suppressor genes and/or activate
oncogenes, thus providing an alternative mechanism by
which oncogenic reprogramming of the genome may occur
(Shen and Laird 2013). Genomic studies have clearly im-
plicated dysregulation of chromatin modifiers as drivers
in many types of cancer (Garraway and Lander 2013) and
recurrent mutations occur in the genes that encode the
enzymes, which add, remove, and interpret the covalent
histone modifications. Intriguingly, certain chromatin
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Figure 1. Histone writers, erasers, and readers in cancer. Histone H3 tail lysine residues, frequently subject to
posttranslational modifications (PTMs), are indicated along the left side. The typical distribution of these H3
PTMs is also indicated along the length of gene loci (including distal enhancers) as shaded blocks. Green (meth-
ylation) or cyan (acetylation) indicates histone marks associated with active genes, whereas red shading is indicative
of silent genes. A few examples of writers, erasers, and readers that may propagate a mark or act as an effector protein
are listed on the right side of the figure. For a more complete listing of these proteins, see Appendices A–D at the end
of this article.
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Seligson et al., Biomarkers, Genomics, Proteomics, and Gene Regulation 2019

Global levels of histone modifications predict prognosis in different cancers

Lower levels of H3K4me2 and H3K18ac predict poorer survival probabilities
in both lung and kidney cancer patients

Common prognostic epigenetic patterns of adenocarcinomas of different tissue origins

Patients with normal level of histone modifications
Patients with low level of histone modifications

When patients were stratified only based on grade, the
histone pattern distinguished two groups with signifi-
cantly different survival probabilities in grades 1 and 2
but not in grades 3 and 4 cancer (see Supplemental
Figure S4B available at http://ajp.amjpathol.org). Thus, as
in prostate and lung cancers, lower levels of the same
two histone modifications predict poor clinical outcome in
localized kidney adenocarcinoma.

The Histone Pattern Is an Independent
Prognosticator in Kidney Cancer

To determine how the histone modifications compare with
other known biomarkers in kidney cancer, we examined the
percentage of cells that stain positively for Ki-67, a marker of
proliferation, and p53. Increased expression of Ki-67 or p53
was shown previously to be associated significantly with
poor patient outcome in kidney adenocarcinoma.22,23 The
median Ki-67 expression levels were essentially the same in
the two histone groups, 5% in group 1 and 5% in group 2

(P ! 0.50), indicating that the histone groupings are not
attributable to their proliferation status. The expression lev-
els of p53 were different in the two histone groups, with
lower mean expression in the group with the poorer prog-
nosis, 7.3% in group 1 and 3.2% in group 2 (P ! 0.0002).
So, the poorer prognosis predicted by the histone modifi-
cations is not attributable to increased incidence of p53
mutation. In a multivariate Cox model that included grade,
Ki-67, and p53, the histone grouping remained a significant
predictor of outcome (Table 1) but not when Eastern Coop-
erative Oncology Group performance status was also in-
cluded. Thus, the histone modification patterns are predic-
tors of outcome in localized kidney cancer independently of
grade, proliferation rate, and p53 expression.

Cellular Levels of H3K9me2 Predict Clinical
Outcome in Prostate and Kidney Cancers

Both H3K4me2 and H3K18ac are modifications associ-
ated with gene activity. We next asked whether lower

Figure 2. Prediction of clinical outcome in dif-
ferent carcinomas by histone modifications. For
each cancer type, patients were first assigned to
two groups based on the levels of H3K4me2 and
H3K18ac, and then their clinical outcomes were
compared. Kaplan-Meier plots are used to visu-
alize survival probabilities of the two groups
(group 1, black line; group2, red line) in lung (A)
(log rank, P ! 0.018, n ! 159) and kidney (B)
(log rank, P ! 0.028, n ! 192). Tabulated in the
insets is the distribution of the patients in each
group according to grade.

Figure 3. The cellular levels of H3K9me2 pre-
dict clinical outcome in prostate and kidney can-
cers. Distribution of patients for the levels of
H3K9me2 in cancer tissues from prostate (A)
and kidney (C) are shown. The graphs represent
the fraction of patients (y axis) with indicated
levels of histone modifications as percent cell
staining (x axis). For each cancer type, patients
were first assigned to two groups based on the
levels of H3K9me2, and then their clinical out-
comes were compared (group 1, H3K9me2
"10%, black line; group 2, H3K9me2 !10%, red
line). Kaplan-Meier plots are used to visualize
the difference in outcome of the two groups in
low-grade prostate (B) (log rank, P ! 0.0043,
n ! 109) and all kidney (D) (log rank, P !
0.00092, n ! 359) cancer patients. Tabulated in
the insets is the distribution of the patients in
each group according to grade.

1624 Seligson et al
AJP May 2009, Vol. 174, No. 5

Histone modifications in cancer
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Histone methylation (lysine and arginine) can either promote or inhibit gene expression

KMTs are highly specific enzymes, meaning that they are highly selective for lysine residues
they can methylate and the specific methylation degree they can achieve

Cheng et al., Signal Transduction and TargetedTherapy 2019

Histone methylation THE WRITERS

20 AB Int. M1

Table 3. Important enzymes or proteins that regulate histone methylation in cancer.

Enzymes Synonyms Role in cancer Cancer type Mechanism

Histone methyltransferases (lysine): the writers for lysine

SUV39

KMT1A SUV39H1, MG44, SUV39H Promoter Gastric cancer, prostate cancer, breast cancer, lung cancer, colorectal
cancer, bladder cancer421–426

Promotes cell migration and cancer stem cell self-renewal (KMT1A-GATA3-
STAT3 axis)

Suppressor Breast cancer, cervical cancer427,428 SUV39H1-low tumors are correlated with poor clinical outcomes

KMT1B FLJ23414, SUV39H2 Promoter Colorectal cancer, lung cancer, gastric cancer429–431 Promotes cell proliferation, migration and invasion and tumor metastasis

KMT1C EHMT2, G9A, BAT8, NG36 Promoter Breast cancer, pancreatic cancer, bladder cancer, ovarian cancer, liver
cancer, colon cancer, lung cancer432–435

Promotes cell proliferation, metastasis, and apoptosis, and is associated with
poor prognosis (p27, PMAIP1-USP9X-MCL1 axis, Wnt signaling pathway)

KMT1E SETDB1, ESET, KG1T Promoter Breast cancer, colorectal cancer, hepatocellular carcinoma, liver
cancer436–439

SETDB1 promotes cell proliferation, migration, invasion, and EMT (p53)

Suppressor Lung cancer440 SETDB1 acts as a metastasis suppressor, and inhibits cell migration and invasive
behavior.

SET1

KMT2A MLL1, HRX, TRX1, ALL-1 Promoter Head and neck cancer, pancreatic cancer, prostate cancer441,442 Promotes PD-L1 transcription and is associated with the self-renewal of cancer
cells (Wnt/β-catenin pathway)

KMT2B ALR, MLL2 promoter Bladder cancer, lung cancer, breast cancer443–445 Is associated with the self-renewal of CSCs and expansion (Wnt/β-catenin
pathway)

KMT2C MLL3, HALR Suppressor Colorectal cancer, esophageal squamous cell carcinoma446 Inhibits tumor growth and metastasis

KMT2D MLL4, HRX2 Promoter Breast cancer447 Promotes cell proliferation and invasiveness

KMT2E MLL5 Promoter Glioblastoma448 Is associated with cancer cell self-renewal

KMT2F SET1A Promoter Liver cancer449 Promotes liver cancer growth and hepatocyte-like stem cell malignant
transformation

EZH

EZH1 KIAA0388 Promoter Breast cancer, prostate cancer, bladder cancer, colorectal cancer, liver
cancer, gastric cancer, melanoma, lymphoma, myeloma, Ewing’s
sarcoma, glioblastoma, thyroid carcinoma, esophageal squamous cell
carcinoma, lung cancer, ovarian cancer, renal cancer392,450–452

Promotes cell proliferation, colony formation, migration and tumor metastasis; is
associated with cancer stem cell maintenance; predicts chemotherapeutic
efficacy and response to tamoxifen therapy (E-cadherin, RUNX3, MEK-ERK1/2-
Elk-1 pathway)

EZH2 KMT6, ENX-1, MGC9169

SET2

KMT3A SETD2, SET2, HIF-1, Suppressor Renal cancer, lung cancer453,454 Maintains genome integrity and attenuates cisplatin resistance (ERK signaling
pathway)

WHSC1 NSD2, WHS, TRX5 Promoter Prostate cancer, gastric cancer455,456 Promotes cell invasive properties, EMT and cancer metastasis

WHSC1L1 NSD3, MGC126766 Promoter Breast cancer, head and neck cancer457 Is associated with ERα overexpression and enhances the oncogenic activity
of EGFR

RIZ (PRDM)

PRDM1 BLIMP1 Promoter Pancreatic cancer, breast cancer458,459 Promotes cell invasiveness and cancer metastasis

Suppressor Lung cancer, colon cancer460,461 Inhibits cell invasion and metastasis (p21)

PRDM2 RIZ Promoter Colorectal cancer, breast cancer462,463 Is associated with poor clinicopathological variables and mediates the
proliferative effect of estrogen

PRDM3 EVI1, MDS1-EVI1 Promoter Ovarian cancer, nasopharyngeal carcinoma464,465 Promotes cell proliferation, migration, EMT, cancer stem cells and
chemoresistance/radioresistance

PRDM4 PFM1 Promoter Breast cancer466 Is associated with cancer cell stemness, tumorigenicity, and tumor metastasis

PRDM5 PFM2 Suppressor Colorectal cancer, gastric cancer, cervical cancer467 Among the PRDM family genes tested, PRDM5 was the most frequently silenced
in colorectal and gastric cancer

PRDM9 PFM6 Promoter N/A468 Impairs genomic instability and drives tumorigenesis

PRDM14 PFM11 Promoter Testicular cancer, pancreatic cancer469,470 Is associated with early germ cell specification and promotes cancer stem-like
properties and liver metastasis

PRDM16 MEL1, PFM13 promoter Gastric cancer471 Inhibits TGF-beta signaling by stabilizing the inactive Smad3-SKI complex
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Table 3. Important enzymes or proteins that regulate histone methylation in cancer.

Enzymes Synonyms Role in cancer Cancer type Mechanism

Histone methyltransferases (lysine): the writers for lysine

SUV39

KMT1A SUV39H1, MG44, SUV39H Promoter Gastric cancer, prostate cancer, breast cancer, lung cancer, colorectal
cancer, bladder cancer421–426

Promotes cell migration and cancer stem cell self-renewal (KMT1A-GATA3-
STAT3 axis)

Suppressor Breast cancer, cervical cancer427,428 SUV39H1-low tumors are correlated with poor clinical outcomes

KMT1B FLJ23414, SUV39H2 Promoter Colorectal cancer, lung cancer, gastric cancer429–431 Promotes cell proliferation, migration and invasion and tumor metastasis

KMT1C EHMT2, G9A, BAT8, NG36 Promoter Breast cancer, pancreatic cancer, bladder cancer, ovarian cancer, liver
cancer, colon cancer, lung cancer432–435

Promotes cell proliferation, metastasis, and apoptosis, and is associated with
poor prognosis (p27, PMAIP1-USP9X-MCL1 axis, Wnt signaling pathway)

KMT1E SETDB1, ESET, KG1T Promoter Breast cancer, colorectal cancer, hepatocellular carcinoma, liver
cancer436–439

SETDB1 promotes cell proliferation, migration, invasion, and EMT (p53)

Suppressor Lung cancer440 SETDB1 acts as a metastasis suppressor, and inhibits cell migration and invasive
behavior.

SET1

KMT2A MLL1, HRX, TRX1, ALL-1 Promoter Head and neck cancer, pancreatic cancer, prostate cancer441,442 Promotes PD-L1 transcription and is associated with the self-renewal of cancer
cells (Wnt/β-catenin pathway)

KMT2B ALR, MLL2 promoter Bladder cancer, lung cancer, breast cancer443–445 Is associated with the self-renewal of CSCs and expansion (Wnt/β-catenin
pathway)

KMT2C MLL3, HALR Suppressor Colorectal cancer, esophageal squamous cell carcinoma446 Inhibits tumor growth and metastasis

KMT2D MLL4, HRX2 Promoter Breast cancer447 Promotes cell proliferation and invasiveness

KMT2E MLL5 Promoter Glioblastoma448 Is associated with cancer cell self-renewal

KMT2F SET1A Promoter Liver cancer449 Promotes liver cancer growth and hepatocyte-like stem cell malignant
transformation

EZH

EZH1 KIAA0388 Promoter Breast cancer, prostate cancer, bladder cancer, colorectal cancer, liver
cancer, gastric cancer, melanoma, lymphoma, myeloma, Ewing’s
sarcoma, glioblastoma, thyroid carcinoma, esophageal squamous cell
carcinoma, lung cancer, ovarian cancer, renal cancer392,450–452

Promotes cell proliferation, colony formation, migration and tumor metastasis; is
associated with cancer stem cell maintenance; predicts chemotherapeutic
efficacy and response to tamoxifen therapy (E-cadherin, RUNX3, MEK-ERK1/2-
Elk-1 pathway)

EZH2 KMT6, ENX-1, MGC9169

SET2

KMT3A SETD2, SET2, HIF-1, Suppressor Renal cancer, lung cancer453,454 Maintains genome integrity and attenuates cisplatin resistance (ERK signaling
pathway)

WHSC1 NSD2, WHS, TRX5 Promoter Prostate cancer, gastric cancer455,456 Promotes cell invasive properties, EMT and cancer metastasis

WHSC1L1 NSD3, MGC126766 Promoter Breast cancer, head and neck cancer457 Is associated with ERα overexpression and enhances the oncogenic activity
of EGFR

RIZ (PRDM)

PRDM1 BLIMP1 Promoter Pancreatic cancer, breast cancer458,459 Promotes cell invasiveness and cancer metastasis

Suppressor Lung cancer, colon cancer460,461 Inhibits cell invasion and metastasis (p21)

PRDM2 RIZ Promoter Colorectal cancer, breast cancer462,463 Is associated with poor clinicopathological variables and mediates the
proliferative effect of estrogen

PRDM3 EVI1, MDS1-EVI1 Promoter Ovarian cancer, nasopharyngeal carcinoma464,465 Promotes cell proliferation, migration, EMT, cancer stem cells and
chemoresistance/radioresistance

PRDM4 PFM1 Promoter Breast cancer466 Is associated with cancer cell stemness, tumorigenicity, and tumor metastasis

PRDM5 PFM2 Suppressor Colorectal cancer, gastric cancer, cervical cancer467 Among the PRDM family genes tested, PRDM5 was the most frequently silenced
in colorectal and gastric cancer

PRDM9 PFM6 Promoter N/A468 Impairs genomic instability and drives tumorigenesis

PRDM14 PFM11 Promoter Testicular cancer, pancreatic cancer469,470 Is associated with early germ cell specification and promotes cancer stem-like
properties and liver metastasis

PRDM16 MEL1, PFM13 promoter Gastric cancer471 Inhibits TGF-beta signaling by stabilizing the inactive Smad3-SKI complex
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Table 3. Important enzymes or proteins that regulate histone methylation in cancer.

Enzymes Synonyms Role in cancer Cancer type Mechanism

Histone methyltransferases (lysine): the writers for lysine

SUV39

KMT1A SUV39H1, MG44, SUV39H Promoter Gastric cancer, prostate cancer, breast cancer, lung cancer, colorectal
cancer, bladder cancer421–426

Promotes cell migration and cancer stem cell self-renewal (KMT1A-GATA3-
STAT3 axis)

Suppressor Breast cancer, cervical cancer427,428 SUV39H1-low tumors are correlated with poor clinical outcomes

KMT1B FLJ23414, SUV39H2 Promoter Colorectal cancer, lung cancer, gastric cancer429–431 Promotes cell proliferation, migration and invasion and tumor metastasis

KMT1C EHMT2, G9A, BAT8, NG36 Promoter Breast cancer, pancreatic cancer, bladder cancer, ovarian cancer, liver
cancer, colon cancer, lung cancer432–435

Promotes cell proliferation, metastasis, and apoptosis, and is associated with
poor prognosis (p27, PMAIP1-USP9X-MCL1 axis, Wnt signaling pathway)

KMT1E SETDB1, ESET, KG1T Promoter Breast cancer, colorectal cancer, hepatocellular carcinoma, liver
cancer436–439

SETDB1 promotes cell proliferation, migration, invasion, and EMT (p53)

Suppressor Lung cancer440 SETDB1 acts as a metastasis suppressor, and inhibits cell migration and invasive
behavior.

SET1

KMT2A MLL1, HRX, TRX1, ALL-1 Promoter Head and neck cancer, pancreatic cancer, prostate cancer441,442 Promotes PD-L1 transcription and is associated with the self-renewal of cancer
cells (Wnt/β-catenin pathway)

KMT2B ALR, MLL2 promoter Bladder cancer, lung cancer, breast cancer443–445 Is associated with the self-renewal of CSCs and expansion (Wnt/β-catenin
pathway)

KMT2C MLL3, HALR Suppressor Colorectal cancer, esophageal squamous cell carcinoma446 Inhibits tumor growth and metastasis

KMT2D MLL4, HRX2 Promoter Breast cancer447 Promotes cell proliferation and invasiveness

KMT2E MLL5 Promoter Glioblastoma448 Is associated with cancer cell self-renewal

KMT2F SET1A Promoter Liver cancer449 Promotes liver cancer growth and hepatocyte-like stem cell malignant
transformation

EZH

EZH1 KIAA0388 Promoter Breast cancer, prostate cancer, bladder cancer, colorectal cancer, liver
cancer, gastric cancer, melanoma, lymphoma, myeloma, Ewing’s
sarcoma, glioblastoma, thyroid carcinoma, esophageal squamous cell
carcinoma, lung cancer, ovarian cancer, renal cancer392,450–452

Promotes cell proliferation, colony formation, migration and tumor metastasis; is
associated with cancer stem cell maintenance; predicts chemotherapeutic
efficacy and response to tamoxifen therapy (E-cadherin, RUNX3, MEK-ERK1/2-
Elk-1 pathway)

EZH2 KMT6, ENX-1, MGC9169

SET2

KMT3A SETD2, SET2, HIF-1, Suppressor Renal cancer, lung cancer453,454 Maintains genome integrity and attenuates cisplatin resistance (ERK signaling
pathway)

WHSC1 NSD2, WHS, TRX5 Promoter Prostate cancer, gastric cancer455,456 Promotes cell invasive properties, EMT and cancer metastasis

WHSC1L1 NSD3, MGC126766 Promoter Breast cancer, head and neck cancer457 Is associated with ERα overexpression and enhances the oncogenic activity
of EGFR

RIZ (PRDM)

PRDM1 BLIMP1 Promoter Pancreatic cancer, breast cancer458,459 Promotes cell invasiveness and cancer metastasis

Suppressor Lung cancer, colon cancer460,461 Inhibits cell invasion and metastasis (p21)

PRDM2 RIZ Promoter Colorectal cancer, breast cancer462,463 Is associated with poor clinicopathological variables and mediates the
proliferative effect of estrogen

PRDM3 EVI1, MDS1-EVI1 Promoter Ovarian cancer, nasopharyngeal carcinoma464,465 Promotes cell proliferation, migration, EMT, cancer stem cells and
chemoresistance/radioresistance

PRDM4 PFM1 Promoter Breast cancer466 Is associated with cancer cell stemness, tumorigenicity, and tumor metastasis

PRDM5 PFM2 Suppressor Colorectal cancer, gastric cancer, cervical cancer467 Among the PRDM family genes tested, PRDM5 was the most frequently silenced
in colorectal and gastric cancer

PRDM9 PFM6 Promoter N/A468 Impairs genomic instability and drives tumorigenesis

PRDM14 PFM11 Promoter Testicular cancer, pancreatic cancer469,470 Is associated with early germ cell specification and promotes cancer stem-like
properties and liver metastasis

PRDM16 MEL1, PFM13 promoter Gastric cancer471 Inhibits TGF-beta signaling by stabilizing the inactive Smad3-SKI complex
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Table 3 continued

Enzymes Synonyms Role in cancer Cancer type Mechanism

SMYD

KMT3C SMYD2 Promoter Pancreatic cancer, gastric cancer, breast cancer, lung cancer472,473 Promotes cancer cell proliferation and survival (STAT3, EML4-ALK, p65)

KMT3E SMYD3, ZMYND1, ZNFN3A1,
FLJ21080

Promoter Liver and colon cancer, prostate cancer, breast cancer474–476 Promotes cell proliferation, invasion, EMT and cancer stem cell maintenance
(Myc, MMP-9, Ctnnb1, JAK/Stat3 pathway, Wnt pathway, androgen receptor
transcription)

SMYD4 ZMYND21 Suppressor Breast cancer477 SMYD4 acts as a suppressor in tumorigenesis

Others

DOT1L KMT4 promoter MLL-rearranged leukemia, colorectal cancer, breast cancer, ovarian
cancer391,478,479

Increases EMT, cancer stemness and tumorigenic potential and is required for
MLL rearrangement

SET8 KMT5A, SETD8, PR-set7 promoter Breast cancer, prostate cancer, ovarian cancer, lung cancer480,481 Promotes cell proliferation, migration, invasion, and EMT (MiR-502)

SUV4-20H2 KMT5C, MGC2705 Suppressor Breast cancer482 SUV4-20H2 is downregulated in breast cancer

SetD6 / Promoter Colorectal cancer, bladder cancer, breast cancer483,484 Promotes cell survival and colony formation and contributes to increased
susceptibility to cancer

SET7/9 SETD7, KMT7 Suppressor Breast cancer, gastric cancer, AML, lung cancer485–487 Promotes cell proliferation, EMT and the generation of cancer stem cells; a low
level of SET7/9 is correlated with clinical aggressiveness and worse prognosis
(β-catenin stability)

Histone methyltransferases (arginine): the writers for arginine

PRMT1 ANM1, HCP1, IR1B4 Promoter Breast cancer, colon cancer, gastric cancer, lung cancer488–490 Promotes EMT, cancer cell migration, and invasion and is associated with
chemosensitivity and poor clinical and histological parameters

Suppressor Pancreatic cancer491 Inhibits cell proliferation and invasion in pancreatic cancer

PRMT2 / Suppressor Breast cancer492 Induces cell cycle arrest and apoptosis in breast cancer

PRMT4 CARM1 Promoter Ovarian cancer, breast cancer, liver cancer, colorectal cancer, prostate
cancer450,493,494

Promotes cell proliferation and blocks cell differentiation (Wnt/β-catenin
signaling)

Suppressor Pancreatic cancer495 Inhibits glutamine metabolism and suppresses cancer progression

PRMT5 JBP1, SKB1, IBP72 Promoter Breast cancer, prostate cancer, colorectal cancer, lung cancer496–498 Promotes cell survival, proliferation, invasiveness and sensitivity to 5-
Fluorouracil (5-FU) (SHARPIN-PRMT5-H3R2me1 axis)

Suppressor Breast cancer499 High PRMT5 expression favors a better prognosis in BC patients

PRMT6 HRMT1L6 Promoter Prostate cancer, gastric cancer500,501 Is associated with cell apoptosis, invasiveness and viability (PI3K/AKT/mTOR
pathway, H3R2me2as)

Suppressor Hepatocellular carcinoma502 Negatively correlates with aggressive cancer features

PRMT7 FLJ10640, KIAA1933 Promoter Lung cancer, breast cancer503,504 Promotes cancer cell EMT and tumor metastasis

PRMT8 HRMT1L3, HRMT1L4 Promoter Breast, ovarian and gastric cancer505 Overexpression of PRMT8 is correlated with decreased patient survival

PRMT9 FBXO11 Promoter Breast cancer506 Fuels tumor formation via restraint of the p53/p21 pathway

Methyl-histone recognition proteins: the readers

Chromodomain

HP1 / Promoter Breast cancer507 Overexpression of HP1 is associated with breast cancer progression

Chd1 / Promoter Prostate cancer508 Is associated with cell invasiveness, double-strand break repair and response to
DNA-damaging therapy

Suppressor Prostate cancer509 Loss of MAP3K7 and CHD1 promotes an aggressive phenotype in
prostate cancer

WD40 repeat domain

WDR5 / / /

MBT domain

BPTF / Promoter Lung cancer, hepatocellular carcinoma510,511 Promotes cell proliferation, migration, stem cell-like traits and invasion (miR-
3666)

L3MBTL1 / Suppressor Breast cancer512 Expression of L3MBTL1 is associated with a low risk of disease recurrence and
breast cancer-related death

ING2 Promoter Colon cancer513 Increases invasion by enhancing MMP13 expression

Suppressor Lung cancer514 Suppresses tumor progression via regulation of p53
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Methyl-histone recognition proteins

Representative chromodomain-containing proteins in humans are HP1 and Chd1,
which can recognize H3K9me and H3K27me, respectively

Histone methylation THE READERS

Cheng et al., Signal Transduction and TargetedTherapy 2019

Table 3 continued

Enzymes Synonyms Role in cancer Cancer type Mechanism

SMYD

KMT3C SMYD2 Promoter Pancreatic cancer, gastric cancer, breast cancer, lung cancer472,473 Promotes cancer cell proliferation and survival (STAT3, EML4-ALK, p65)

KMT3E SMYD3, ZMYND1, ZNFN3A1,
FLJ21080

Promoter Liver and colon cancer, prostate cancer, breast cancer474–476 Promotes cell proliferation, invasion, EMT and cancer stem cell maintenance
(Myc, MMP-9, Ctnnb1, JAK/Stat3 pathway, Wnt pathway, androgen receptor
transcription)

SMYD4 ZMYND21 Suppressor Breast cancer477 SMYD4 acts as a suppressor in tumorigenesis

Others

DOT1L KMT4 promoter MLL-rearranged leukemia, colorectal cancer, breast cancer, ovarian
cancer391,478,479

Increases EMT, cancer stemness and tumorigenic potential and is required for
MLL rearrangement

SET8 KMT5A, SETD8, PR-set7 promoter Breast cancer, prostate cancer, ovarian cancer, lung cancer480,481 Promotes cell proliferation, migration, invasion, and EMT (MiR-502)

SUV4-20H2 KMT5C, MGC2705 Suppressor Breast cancer482 SUV4-20H2 is downregulated in breast cancer

SetD6 / Promoter Colorectal cancer, bladder cancer, breast cancer483,484 Promotes cell survival and colony formation and contributes to increased
susceptibility to cancer

SET7/9 SETD7, KMT7 Suppressor Breast cancer, gastric cancer, AML, lung cancer485–487 Promotes cell proliferation, EMT and the generation of cancer stem cells; a low
level of SET7/9 is correlated with clinical aggressiveness and worse prognosis
(β-catenin stability)

Histone methyltransferases (arginine): the writers for arginine

PRMT1 ANM1, HCP1, IR1B4 Promoter Breast cancer, colon cancer, gastric cancer, lung cancer488–490 Promotes EMT, cancer cell migration, and invasion and is associated with
chemosensitivity and poor clinical and histological parameters

Suppressor Pancreatic cancer491 Inhibits cell proliferation and invasion in pancreatic cancer

PRMT2 / Suppressor Breast cancer492 Induces cell cycle arrest and apoptosis in breast cancer

PRMT4 CARM1 Promoter Ovarian cancer, breast cancer, liver cancer, colorectal cancer, prostate
cancer450,493,494

Promotes cell proliferation and blocks cell differentiation (Wnt/β-catenin
signaling)

Suppressor Pancreatic cancer495 Inhibits glutamine metabolism and suppresses cancer progression

PRMT5 JBP1, SKB1, IBP72 Promoter Breast cancer, prostate cancer, colorectal cancer, lung cancer496–498 Promotes cell survival, proliferation, invasiveness and sensitivity to 5-
Fluorouracil (5-FU) (SHARPIN-PRMT5-H3R2me1 axis)

Suppressor Breast cancer499 High PRMT5 expression favors a better prognosis in BC patients

PRMT6 HRMT1L6 Promoter Prostate cancer, gastric cancer500,501 Is associated with cell apoptosis, invasiveness and viability (PI3K/AKT/mTOR
pathway, H3R2me2as)

Suppressor Hepatocellular carcinoma502 Negatively correlates with aggressive cancer features

PRMT7 FLJ10640, KIAA1933 Promoter Lung cancer, breast cancer503,504 Promotes cancer cell EMT and tumor metastasis

PRMT8 HRMT1L3, HRMT1L4 Promoter Breast, ovarian and gastric cancer505 Overexpression of PRMT8 is correlated with decreased patient survival

PRMT9 FBXO11 Promoter Breast cancer506 Fuels tumor formation via restraint of the p53/p21 pathway

Methyl-histone recognition proteins: the readers

Chromodomain

HP1 / Promoter Breast cancer507 Overexpression of HP1 is associated with breast cancer progression

Chd1 / Promoter Prostate cancer508 Is associated with cell invasiveness, double-strand break repair and response to
DNA-damaging therapy

Suppressor Prostate cancer509 Loss of MAP3K7 and CHD1 promotes an aggressive phenotype in
prostate cancer

WD40 repeat domain

WDR5 / / /

MBT domain

BPTF / Promoter Lung cancer, hepatocellular carcinoma510,511 Promotes cell proliferation, migration, stem cell-like traits and invasion (miR-
3666)

L3MBTL1 / Suppressor Breast cancer512 Expression of L3MBTL1 is associated with a low risk of disease recurrence and
breast cancer-related death

ING2 Promoter Colon cancer513 Increases invasion by enhancing MMP13 expression

Suppressor Lung cancer514 Suppresses tumor progression via regulation of p53
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Table 3. Important enzymes or proteins that regulate histone methylation in cancer.

Enzymes Synonyms Role in cancer Cancer type Mechanism

Histone methyltransferases (lysine): the writers for lysine

SUV39

KMT1A SUV39H1, MG44, SUV39H Promoter Gastric cancer, prostate cancer, breast cancer, lung cancer, colorectal
cancer, bladder cancer421–426

Promotes cell migration and cancer stem cell self-renewal (KMT1A-GATA3-
STAT3 axis)

Suppressor Breast cancer, cervical cancer427,428 SUV39H1-low tumors are correlated with poor clinical outcomes

KMT1B FLJ23414, SUV39H2 Promoter Colorectal cancer, lung cancer, gastric cancer429–431 Promotes cell proliferation, migration and invasion and tumor metastasis

KMT1C EHMT2, G9A, BAT8, NG36 Promoter Breast cancer, pancreatic cancer, bladder cancer, ovarian cancer, liver
cancer, colon cancer, lung cancer432–435

Promotes cell proliferation, metastasis, and apoptosis, and is associated with
poor prognosis (p27, PMAIP1-USP9X-MCL1 axis, Wnt signaling pathway)

KMT1E SETDB1, ESET, KG1T Promoter Breast cancer, colorectal cancer, hepatocellular carcinoma, liver
cancer436–439

SETDB1 promotes cell proliferation, migration, invasion, and EMT (p53)

Suppressor Lung cancer440 SETDB1 acts as a metastasis suppressor, and inhibits cell migration and invasive
behavior.

SET1

KMT2A MLL1, HRX, TRX1, ALL-1 Promoter Head and neck cancer, pancreatic cancer, prostate cancer441,442 Promotes PD-L1 transcription and is associated with the self-renewal of cancer
cells (Wnt/β-catenin pathway)

KMT2B ALR, MLL2 promoter Bladder cancer, lung cancer, breast cancer443–445 Is associated with the self-renewal of CSCs and expansion (Wnt/β-catenin
pathway)

KMT2C MLL3, HALR Suppressor Colorectal cancer, esophageal squamous cell carcinoma446 Inhibits tumor growth and metastasis

KMT2D MLL4, HRX2 Promoter Breast cancer447 Promotes cell proliferation and invasiveness

KMT2E MLL5 Promoter Glioblastoma448 Is associated with cancer cell self-renewal

KMT2F SET1A Promoter Liver cancer449 Promotes liver cancer growth and hepatocyte-like stem cell malignant
transformation

EZH

EZH1 KIAA0388 Promoter Breast cancer, prostate cancer, bladder cancer, colorectal cancer, liver
cancer, gastric cancer, melanoma, lymphoma, myeloma, Ewing’s
sarcoma, glioblastoma, thyroid carcinoma, esophageal squamous cell
carcinoma, lung cancer, ovarian cancer, renal cancer392,450–452

Promotes cell proliferation, colony formation, migration and tumor metastasis; is
associated with cancer stem cell maintenance; predicts chemotherapeutic
efficacy and response to tamoxifen therapy (E-cadherin, RUNX3, MEK-ERK1/2-
Elk-1 pathway)

EZH2 KMT6, ENX-1, MGC9169

SET2

KMT3A SETD2, SET2, HIF-1, Suppressor Renal cancer, lung cancer453,454 Maintains genome integrity and attenuates cisplatin resistance (ERK signaling
pathway)

WHSC1 NSD2, WHS, TRX5 Promoter Prostate cancer, gastric cancer455,456 Promotes cell invasive properties, EMT and cancer metastasis

WHSC1L1 NSD3, MGC126766 Promoter Breast cancer, head and neck cancer457 Is associated with ERα overexpression and enhances the oncogenic activity
of EGFR

RIZ (PRDM)

PRDM1 BLIMP1 Promoter Pancreatic cancer, breast cancer458,459 Promotes cell invasiveness and cancer metastasis

Suppressor Lung cancer, colon cancer460,461 Inhibits cell invasion and metastasis (p21)

PRDM2 RIZ Promoter Colorectal cancer, breast cancer462,463 Is associated with poor clinicopathological variables and mediates the
proliferative effect of estrogen

PRDM3 EVI1, MDS1-EVI1 Promoter Ovarian cancer, nasopharyngeal carcinoma464,465 Promotes cell proliferation, migration, EMT, cancer stem cells and
chemoresistance/radioresistance

PRDM4 PFM1 Promoter Breast cancer466 Is associated with cancer cell stemness, tumorigenicity, and tumor metastasis

PRDM5 PFM2 Suppressor Colorectal cancer, gastric cancer, cervical cancer467 Among the PRDM family genes tested, PRDM5 was the most frequently silenced
in colorectal and gastric cancer

PRDM9 PFM6 Promoter N/A468 Impairs genomic instability and drives tumorigenesis

PRDM14 PFM11 Promoter Testicular cancer, pancreatic cancer469,470 Is associated with early germ cell specification and promotes cancer stem-like
properties and liver metastasis

PRDM16 MEL1, PFM13 promoter Gastric cancer471 Inhibits TGF-beta signaling by stabilizing the inactive Smad3-SKI complex
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Enzymes or proteins that read histone methylation in cancer
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Histone methylation THE ERASERS

The LSD1 and KDM2 family possesses context-dependent tumor-promoting and -inhibiting functions

Histone demethylases HDMs or KDMs

KDMs can be classified into two groups :
The amine-oxidase type lysine-specific demethylases (LSDs)
The highly conserved JumonjiC (JMJC) domain-containing histone demethylases

LSD1 (KDM1A) is one of the best-studied KDMs and has been found to be increased in multiple cancers
Table 3 continued

Enzymes Synonyms Role in cancer Cancer type Mechanism

BHC80 Promoter Prostate cancer515 Stimulates cell proliferation and tumor progression via the MyD88-p38-TTP
pathway

Tudor domains

JMJD2A Promoter Breast cancer, liver cancer, colon cancer516,517 Promotes cells apoptosis and proliferation and contributes to tumor progression
(ARHI, miR372)

Suppressor Bladder cancer518 Low JMJD2A correlates with poor prognostic features and predicts significantly
decreased overall survival

KDMs: the erasers

KDM1

KDM1A LSD1 Promoter Breast cancer, lung cancer, prostate cancer, liver cancer, pancreatic
cancer, gastric cancer519–521

Contributes to cell proliferation and stem cell maintenance and self-renewal
(p21, AR, HIF1α-dependent glycolytic process)

Suppressor Breast cancer522 Inhibits invasion and metastatic potential

KDM1B LSD2 Promoter Breast cancer523 Contributes to cancer progression and cancer stem cell enrichment

KDM2/JHDM1

KDM2A JHDM1A, CXXC8 Promoter Breast cancer, gastric cancer, lung cancer, cervical cancer524–526 Promotes cancer cell proliferation, metastasis, and invasiveness (HDAC3, TET2)

KDM2B JHDM1B, FBXL10, Promoter Prostate cancer, breast cancer, gastric cancer527,528 Promotes cell migration, angiogenesis, and the self-renewal of cancer stem cells

KDM3/JHDM2/JMJD1

KDM3A JHDM2A, JMJD1A Promoter Colorectal cancer, ovarian cancer, breast cancer, prostate cancer,
bladder cancer529–531

Promotes cancer cell growth, metastasis, stemness and chemoresistance (c-Myc,
Wnt/β-catenin signaling, glycolysis, HIF1α)

KDM3C JHDM2C, JMJD1C Promoter Esophageal cancer, colorectal cancer532,533 Promotes cancer cell proliferation and metastasis (YAP1 signaling, ATF-2)

KDM4/JHMD3/JMJD2

KDM4A JHDM3A, JMJD2A Promoter Breast cancer, liver cancer516,534 Promotes cancer progression through repression of the tumor suppressor ARHI
(miR372)

Suppressor Bladder cancer518 Downregulated in cancer tissues and significantly decreases as cancer
progresses

KDM4B JMJD2B Promoter Breast cancer, gastric cancer, ovarian cancer, colorectal cancer, prostate
cancer535–537

Promotes EMT and metastasis, and regulates the seeding and growth of
peritoneal tumors; is involved in resistance to PI3K inhibition (p-ERK, β-catenin)

KDM4C JMJD2C, GASC1 Promoter Breast cancer, pancreatic cancer538,539 Promotes cancer progression (HIF-1α, miR-335-5p)

KMD4D JMJD2D Promoter Colorectal cancer540 Promotes cell proliferation and tumor growth (β-catenin)
KDM5/JARID

KDM5A JARID1A, RBP2 Promoter Breast cancer, colorectal cancer, cervical cancer541,542 Promotes proliferative activity and invasion, and inhibition of KDM5A causes
growth arrest at the G1 phase (c-Myc)

KDM5B JARID1B, RBP2-like Promoter Colorectal cancer, lung cancer, gastric cancer543 Promotes cell proliferation, metastasis, and expression of CSCs, and inhibition of
KDM5B results in cell cycle arrest, apoptosis, and senescence (E2F/RB pathway)

KDM5C JARID1C, SMCX Promoter Prostate cancer, lung cancer544 Overexpression of KDM5C predicts therapy failure and is associated with cancer
cell growth, migration and invasion

Suppressor Colon cancer545 Inhibits the multidrug resistance of colon cancer cell lines by
downregulating ABCC1

KDM5D JARID1D, SMCY Promoter Gastric cancer546 Promotes cell proliferation and EMT

Suppressor Prostate cancer547 Loss of KDM5D expression induces resistance to docetaxel

JARID2 JUMONJI Promoter Bladder cancer, lung and colon cancers548,549 Regulates cancer cell EMT and stem cell maintenance and is associated with
poor survival

Suppressor Prostate cancer550 Inhibits cell proliferation, migration, and tumor development via
inhibition of Axl

KDM6/UT

KDM6A UTX Promoter Breast cancer447 Promotes cell proliferation and invasiveness

Suppressor Bladder cancer, pancreatic cancer551,552 KDM6A loss induces squamous-like, metastatic pancreatic cancer

KDM6B JMJD3 Promoter Ovarian cancer, breast cancer, gastric cancer553,554 High expression of KDM6B is correlated with poor prognosis

KDM6C UTY Suppressor Bladder cancer555 UTY-knockout cells have increased cell proliferation compared to wild-type cells
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Enzymes or proteins that erase histone methylation in cancer
Table 3. Important enzymes or proteins that regulate histone methylation in cancer.

Enzymes Synonyms Role in cancer Cancer type Mechanism

Histone methyltransferases (lysine): the writers for lysine

SUV39

KMT1A SUV39H1, MG44, SUV39H Promoter Gastric cancer, prostate cancer, breast cancer, lung cancer, colorectal
cancer, bladder cancer421–426

Promotes cell migration and cancer stem cell self-renewal (KMT1A-GATA3-
STAT3 axis)

Suppressor Breast cancer, cervical cancer427,428 SUV39H1-low tumors are correlated with poor clinical outcomes

KMT1B FLJ23414, SUV39H2 Promoter Colorectal cancer, lung cancer, gastric cancer429–431 Promotes cell proliferation, migration and invasion and tumor metastasis

KMT1C EHMT2, G9A, BAT8, NG36 Promoter Breast cancer, pancreatic cancer, bladder cancer, ovarian cancer, liver
cancer, colon cancer, lung cancer432–435

Promotes cell proliferation, metastasis, and apoptosis, and is associated with
poor prognosis (p27, PMAIP1-USP9X-MCL1 axis, Wnt signaling pathway)

KMT1E SETDB1, ESET, KG1T Promoter Breast cancer, colorectal cancer, hepatocellular carcinoma, liver
cancer436–439

SETDB1 promotes cell proliferation, migration, invasion, and EMT (p53)

Suppressor Lung cancer440 SETDB1 acts as a metastasis suppressor, and inhibits cell migration and invasive
behavior.

SET1

KMT2A MLL1, HRX, TRX1, ALL-1 Promoter Head and neck cancer, pancreatic cancer, prostate cancer441,442 Promotes PD-L1 transcription and is associated with the self-renewal of cancer
cells (Wnt/β-catenin pathway)

KMT2B ALR, MLL2 promoter Bladder cancer, lung cancer, breast cancer443–445 Is associated with the self-renewal of CSCs and expansion (Wnt/β-catenin
pathway)

KMT2C MLL3, HALR Suppressor Colorectal cancer, esophageal squamous cell carcinoma446 Inhibits tumor growth and metastasis

KMT2D MLL4, HRX2 Promoter Breast cancer447 Promotes cell proliferation and invasiveness

KMT2E MLL5 Promoter Glioblastoma448 Is associated with cancer cell self-renewal

KMT2F SET1A Promoter Liver cancer449 Promotes liver cancer growth and hepatocyte-like stem cell malignant
transformation

EZH

EZH1 KIAA0388 Promoter Breast cancer, prostate cancer, bladder cancer, colorectal cancer, liver
cancer, gastric cancer, melanoma, lymphoma, myeloma, Ewing’s
sarcoma, glioblastoma, thyroid carcinoma, esophageal squamous cell
carcinoma, lung cancer, ovarian cancer, renal cancer392,450–452

Promotes cell proliferation, colony formation, migration and tumor metastasis; is
associated with cancer stem cell maintenance; predicts chemotherapeutic
efficacy and response to tamoxifen therapy (E-cadherin, RUNX3, MEK-ERK1/2-
Elk-1 pathway)

EZH2 KMT6, ENX-1, MGC9169

SET2

KMT3A SETD2, SET2, HIF-1, Suppressor Renal cancer, lung cancer453,454 Maintains genome integrity and attenuates cisplatin resistance (ERK signaling
pathway)

WHSC1 NSD2, WHS, TRX5 Promoter Prostate cancer, gastric cancer455,456 Promotes cell invasive properties, EMT and cancer metastasis

WHSC1L1 NSD3, MGC126766 Promoter Breast cancer, head and neck cancer457 Is associated with ERα overexpression and enhances the oncogenic activity
of EGFR

RIZ (PRDM)

PRDM1 BLIMP1 Promoter Pancreatic cancer, breast cancer458,459 Promotes cell invasiveness and cancer metastasis

Suppressor Lung cancer, colon cancer460,461 Inhibits cell invasion and metastasis (p21)

PRDM2 RIZ Promoter Colorectal cancer, breast cancer462,463 Is associated with poor clinicopathological variables and mediates the
proliferative effect of estrogen

PRDM3 EVI1, MDS1-EVI1 Promoter Ovarian cancer, nasopharyngeal carcinoma464,465 Promotes cell proliferation, migration, EMT, cancer stem cells and
chemoresistance/radioresistance

PRDM4 PFM1 Promoter Breast cancer466 Is associated with cancer cell stemness, tumorigenicity, and tumor metastasis

PRDM5 PFM2 Suppressor Colorectal cancer, gastric cancer, cervical cancer467 Among the PRDM family genes tested, PRDM5 was the most frequently silenced
in colorectal and gastric cancer

PRDM9 PFM6 Promoter N/A468 Impairs genomic instability and drives tumorigenesis

PRDM14 PFM11 Promoter Testicular cancer, pancreatic cancer469,470 Is associated with early germ cell specification and promotes cancer stem-like
properties and liver metastasis

PRDM16 MEL1, PFM13 promoter Gastric cancer471 Inhibits TGF-beta signaling by stabilizing the inactive Smad3-SKI complex

Targeting
epigenetic

regulators
for

cancer
therapy:m

echanism
s
and...

Cheng
et

al.

12

Sig
n
al

Tran
sd
u
ctio

n
an

d
Targ

eted
Th

erap
y
�����������(2019)�4:62�

Cheng et al., Signal Transduction and TargetedTherapy 201922 AB Int. M1



Liang et al., Cancer Research 2017

LSD1-mediated epigenetic reprogramming in CRPC activates a group of cell-cycle genes,
including CENPE, to drive prostate cancer progression

Demethylation of the repressive histone mark at H3K9 results in the derepression of AR (Androgen Receptor) target genes

There is a reprogramming of LSD1 binding

No significant difference in LSD1 mRNA level
between primary and metastatic CRPC tumors
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Figure 1.
LSD1 regulates prostate cancer cell proliferation and different target genes in androgen-dependent and CRPC cells. A, Expression of LSD1 and AR in LNCaP and
abl cells. Left, the relative RNA level of LSD1 and AR in abl cells compared with LNCaP. GAPDH serves as an internal control. Data represent mean ! SD
from three independent experiments. Right, the immunoblot analyses of the protein level of LSD1, AR, and H3K4me2 in the whole-cell lysate of LNCaP and abl
cells. GAPDH served as a loading control. B, LSD1 expression level in benign prostate and prostate cancer tumor tissues from the Varambally dataset. C, Cell
number at different time points after transfecting the LNCaP and abl cells with two independent small siRNAs targeting LSD1 and one siRNAwith scrambled negative
control sequence (siCtrl). Data represent mean ! SD from three replicates. D, Venn diagram of LSD1-induced genes in LNCaP and abl cells. E, LSD1-dependent
genes in LNCaP and abl cells with their differential expression in metastatic CRPC compared with primary prostate cancer (PCA) tissues from Varambally dataset.
F, The top four gene signatures enriched in genes induced by LSD1 specifically in abl cells. Gene signatures were ranked by "log2P value as identified in Metacore
analysis. ## , P < 0.01; NS, not significant.
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mRNA Protein

CENPE has much stronger LSD1 binding in its promoter
in abl cells compared with LNCaP cells

➦ Induction of its expression 

prostate cancer (41). To investigate the underlying mechanism
that leads to the absence of CENPE expression in LNCaP cells, we
hypothesized that RB1 could play a repressive role in controlling
the LSD1/AR binding to the CENPE promoter. To test the hypoth-
esis, we first investigated the expression of RB1 in LNCaP and abl
cells; both RB1 RNA and protein levels were significantly higher
in LNCaP than in abl cells (Fig. 3E). More importantly, the
binding of RB1 to the CENPE promoter region in LNCaP cells
stimulated by DHT is significantly stronger than that in abl cells
regardless of the presence or absence of DHT (Fig. 3F). Con-
sistently, silencing of RB1 in LNCaP cells resulted in a modest
increase of LSD1 binding and a significant increase of AR
binding at the CENPE promoter region, as well as a significant

increase in CENPE mRNA (Supplementary Fig. S6A and S6B).
These observations suggest that RB1 binds to the CENPE
promoter and represses the transcription of CENPE in LNCaP
cells in the presence of androgen.

CENPE regulates cell growth in CRPC specifically
From the LSD1 silencing experiments in LNCaP and abl cells,

we have observed that LSD1 drives the expression of CENPE only
in abl but not in LNCaP cells. Because the higher expression of
CENPE is association with poor prognosis, we hypothesized that
LSD1 reprogramming activates CENPE and promotes transfor-
mation of androgen-dependent prostate tumor to CRPC. This
wouldmake the oncogenic characteristic of CENPE specific to abl,
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Figure 3.
LSD1 and AR coregulate the expression of CENPE by binding to its promoter region in a cell cycle-independent manner. A, Expression of CENPE and UBE2C after
knocking down LSD1 using siRNAs in LNCaP and abl cells. The expression of LSD1 indicates good knockdown efficiency. B, Binding of LSD1 and AR on the
promoter region of CENPE in LNCaP and abl cells with or without DHT stimulation. C, Binding of LSD1, AR, and POLII at the CENPE promoter region in LNCaP and abl
cells arrested at different cell-cycle stages with or without DHT stimulation. D, Expression of LSD1-dependent genes in LNCaP and abl cells arrested at
different cell-cycle stages.E,Quantification ofRB1mRNAandprotein levels in LNCaP andabl cells.F,RB1 binding at theCENPEpromoter region in LNCaP andabl cells
with or without DHT stimulation. FANCI-P and BLM-S served as positive controls of RB1 binding (41). ! , P < 0.05; !! , P < 0.01; NS, not significant.
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CENPE is a crucial kinetochore-associated kinesin motor protein
with an essential role in metaphase chromosome alignment

and satisfaction of the mitotic checkpoint

Histone methylation THE ERASERS
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LNCaP, canonical androgen-dependent prostate cancer cell line
abl, androgen-independent derivative of LNCaP cells

Androgen deprivation therapy
But develop castration-resistant prostate cancer (CRPC)

AR = Androgen Receptor
Key driver of prostate cancer
LSD1 = coactivator of AR transcriptional activity



Influence the compaction state of chromatin by neutralizing the basic charge at unmodified lysine residues
weakening the electrostatic interaction between negatively charged DNA and histones

Genetic or epigenetic aberrations affecting HAT expression, stability, or domain function can have chromatin regulatory consequences

Audia and Campbell, Cold Spring Harb Perspect Biol 2016 

Histone acetylation THE WRITERS

The addition of an acetyl group can occur at multiple lysine residues on histone tails

The enzymes that catalyze the addition of acetyl groups to histone lysine residues are
the lysine (K) acetyltransferases (KATs), commonly referred to as histone acetyltransferases (HATs)

Three major families :
ü the Gcn5-related N-acetyltransferase family (GNAT)
ü the MYST family (MOZ, Ybf2, Sas2, TIP60)
ü the orphan family (CBP/EP300 and nuclear receptors)

1326 I. Dutto et al.

1 3

germ line mutations are the cause of the Rubinstein–Taybi 
syndrome, which is characterized by developmental anoma-
lies and predisposition to cancer [17]. Somatic mutations 
contribute to loss of heterozygosity, thereby affecting CBP 
and p300 cell functions and promoting cancer develop-
ment or progression [18]. However, some mutations may 
provide gain-of-function properties contributing to cancer 
[19]. CBP and p300 are regarded as tumor suppressor genes 
since they acetylate p53, the guardian of genome stability 
[20–22]. In addition, they may contribute to DNA repair 
through histone acetylation, thereby activating transcription 
and facilitating the recruitment of DNA repair factors to site 
of damage [23, 24]. Acetylation of histones and transcription 
factors (e.g., p53) in the DNA damage response (DDR) has 
been extensively studied and reviewed [20–22, 25, 26], and 
they will not be further discussed here. CBP and/or p300 
have been shown to acetylate specific DNA replication and 
repair factors [27]. For some of them (described below) the 
regions responsible for interaction with CBP and/or p300 
are also shown in Fig. 1. The list of CBP/p300 substrates 
now includes factors participating in base excision repair 
(BER), nucleotide excision repair (NER), non-homologous 
end joining (NHEJ), as well as double-strand break repair 
(DSBR) (Fig. 2).

In this review, we will discuss the role of CBP- and 
p300-mediated acetylation of proteins participating in the 
cell response to DNA damage, with a particular focus on 
DNA repair factors.

The DNA damage response

DDR is a complex network of cellular processes including 
DNA damage recognition, signaling, DNA repair, cell cycle 
checkpoint activation, as well as DNA replication-associated 
specific pathways that are activated in response to genotoxic 
stress to safeguard genome integrity [28]. Post-translational 

modifications are part of the signaling mechanisms, and 
acetylation contributes to dynamically control protein func-
tion [29–31], thus indicating that acetylation of DNA repair 
factors by CBP and/or p300 may play an active role in DDR.

Acetylation of DNA damage sensing/
signaling factors

PARP-1

Poly(ADP-ribose) polymerase 1 (PARP-1) is one of the 
most characterized factors involved in the cellular response 
to DNA damage, acting specifically as a sensor of DNA 

Fig. 1  Schematic representation of p300 and CBP proteins. The 
cysteine/histidine (CH) rich regions 1 and 3 are shown, while the 
CH2 region (not indicated) contains both the bromodomain (BrD) 
and RING (R) domains. Also shown is the region containing the 
lysine acetyl transferase (KAT) catalytic activity. Numbers indicate 

the length of each protein. Colored bars shown below represent the 
regions involved in the interaction with the indicated DDR factors. 
For comparison, the regions responsible for p53 binding are also 
shown

Fig. 2  Schematic representation of protein substrates of p300 and 
CBP participating in different aspects of the DNA damage response. 
Each block represents a group of proteins involved in the same pro-
cess (e.g., DNA replication/repair, DNA damage signaling, NER, 
BER, etc.)

Dutto et al., 2017 

Lysine acetyl transferase catalytic activity

24 AB Int. M1



During cancer development, the expression of HAT genes can be disrupted by chromosomal translocations
MLL-CBP, and MLL-p300 (MLL, mixed lineage leukemia) have been identified in hematological malignancies

Missense point mutations in p300 are found in colorectal adenocarcinoma, gastric adenocarcinoma and breast cancer

Cheng et al., Signal Transduction and TargetedTherapy 2019

Appropriate acetylation within cells is important since upregulation or downregulation of HATs is associated with
tumorigenesis or poor prognosis

Loss of p300 has also been associated with hematological malignancies. Therefore, both CBP and p300 seem to 
function as tumor suppressors

Altered acetylation of H4K16 has been linked to various cancers

Histone acetylation THE WRITERS

25 AB Int. M1

Acetyltransferases in cancer



Histone acetylation THE READERS
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Acetyl-lysine recognition proteins

Four members : BRD2, BRD3, BRD4, and BRDt

The BET (bromodomain and extraterminal domain) protein family

The bromodomain (BRD) motif contains a hydrophobic pocket to identify acetyl-lysine of histones 

The specificity of different BRDs depends on the sequences within the loops that form the hydrophobic pocket. 
Therefore, each BRD has a preference for different histones

BET proteins are potential therapeutic targets in various cancers, including nuclear protein in testis (NUT)-midline
carcinoma, multiple myeloma, lymphoma, lung cancer, and neuroblastoma
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“FOXM1 pathway” was the function more upregulated, but components of this family have already been studied 
in breast cancer16,17, so it was not the focus of our attention (Fig. 1A). Instead, we focused on BRD family genes, 
which were also clearly upregulated, and there are several therapeutic strategies against them in clinical devel-
opment6. "e BRD family had a net enrichment score of 1.8 supporting the relevance of this family (Fig. 1B). 
Figure 1C show the classi#cation of the eight subfamilies of BRD containing proteins with the 3D structure.

����������������������������������������������������������������������Ǥ� Analyses of raw tran-
scriptomic data con#rmed deregulation of most of the genes included in this family at di$erent degree, depending 
on the breast cancer subtype (Fig. 2A).

Next, we intended to explore the role of these genes in relation to clinical outcome. For this purpose, we use 
the online tool KM Plotter, which associates gene expression level with prognosis18. Overexpression of several 
BRD genes was linked with detrimental relapse free survival (RFS) in breast tumors (Fig. 2B). "is relation was 

Figure 2. (A) Bar graph showing Fold Change expression values of genes included in the BRD family, 
comparing normal tissues and each breast cancer subtype. (B,C) Bar graph representing relapse free survival 
(RFS) hazard ratio values (B), and overall survival (OS) hazard ratio values (C), for each breast cancer subtype 
based on genes included in BRD family. Data was extracted from the KM plotter online tool as described in 
material and methods.

Perez-Pena et al., Scientific Reports 2019 Fold change gene expression compared with normal breast tissue

Overexpression of BRD2 in breast cancerBRD domain-containing
proteins

The BET proteins in cancer
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Morrison-Smith et al., Mol. Cancer Therapeutics 2020
Grayson et al., Oncogene 2014

NUT (NUclear protein of the Testis) midline carcinoma (NMC) is an aggressive type of squamous cell carcinoma
that is defined by the presence of BRD-NUT fusion oncogenes

BRD4-NUT chimeric proteins binds the promoter region of Myc, a powerful oncoprotein in high-grade 
cancers, and drives tumor growth by blocking differentiation

The BET proteins in cancer

BRD4-NUT binds chromatin through the dual bromodomains of BRD4,
and the NUT moiety recruits p300 to chromatin forming megadomains enriched in histone marks that are associated
with active transcription, driving the expression of associated genes, including MYC

Dysregulation of MYC by BRD-NUT fusion proteins has a central role in the pathogenesis of NMC

NMC can be seen as an epigenetic disease
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Cheng et al., Signal Transduction and TargetedTherapy 2019

Histone acetylation THE ERASERS

Histone deacetylases HDACs, 18 in the human genome

Four classes :
ü Class I, transcriptional corepressors with the deacetylase domain at the N-terminus and diversified

C-terminal regions (HDAC1, HDAC2, HDAC3, and HDAC8) 
ü Class II, with the deacetylase domain at a C-terminal position (HDAC4, HDAC5, HDAC6, HDAC7, 

HDAC9, and HDAC10)
ü Class III, HDACs are yeast silent information regulator 2 (Sir2)-like proteins (SIRT1, SIRT2, SIRT3, 

SIRT4, SIRT5, SIRT6, and SIRT7)
ü Class IV, involves one protein (HDAC11) 

HDACs are also capable of regulating gene transcription by deacetylating other proteins that are responsible for 
epigenetic events, such as DNMTs, HATs and HDACs

More than 3600 acetylation sites on 1750 proteins have been identified,
including the tumor suppressor p53 and the cytoskeletal protein α-tubulin

As for HATs, their substrates are also not limited to histones

Alterations in HDACs in cancers usually result in aberrant deacetylation
and inactivation of tumor suppressor genes
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Noncoding RNAs (ncRNAs)

30 AB Int. M1

ü microRNAs (miRNAs) small RNAs between 19 and 22 nucleotides in length
ü small interfering RNAs (siRNAs)
ü piwi-interacting RNAs (piRNAs)
ü long noncoding RNAs (lncRNAs)

Different types of ncRNAs can be distinguished :

Noncoding
RNAs

Housekeeping
ncRNAs

Regulatory
RNAs

rRNA tRNA snRNA snoRNA
Short

ncRNAs
< 200nt

Long
ncRNAs
> 200nt

miRNAs siRNAs piRNAs



miRNAs in tumorigenesis

31 AB Int. M1

ü Tumor-promoting and tumor-suppressing miRNAs

ü Target more than 50% of the genome

ü Are key epigenetic actors

ü Their altered expression have been identified in all types of human cancers

ü Tissue specific expression : molecular signature

ü Predictive markers that could be used in personal therapy
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2) La découverte de mécanismes phy-
siopathologiques impliquant une 
expression anormale de miARN 
dans les étapes initiales de la mala-
die pose la question de leur potentiel 
thérapeutique. Cependant, s’il est 
encore prématuré d’envisager une 
large utilisation thérapeutique des 
micro-ARN en cancérologie, un anta-
gomir (antagoniste de micro-ARN) a 
déjà été utilisé avec succès dans le 
traitement de l’hépatite virale C [6]. 
Un micro-ARN synthétique mimant 
le miRNA-34 (anti-oncogène) est 
également à l’étude (phase I) dans le 
carcinome hépatocellulaire à un 
stade palliatif.

Micro-ARN biomarqueurs 
pronostiques des pathologies 
néoplasiques

Outre leur rôle dans la cancérogenèse, 
les micro-ARN constituent des biomar-
queurs pronostiques et diagnostiques 
prometteurs dans les cancers.
Par exemple, dans le carcinome hépato-
cellulaire, plusieurs études suggèrent 
que l’expression tumorale de certains 
micro-ARN pouvait être associée à un 
pronostic plus sévère après résection 
de la tumeur. Ainsi, dans une étude 
portant sur 112 patients opérés d’un 
carcinome hépatocellulaire, Zhu et al. 
ont montré que le groupe de patients 
qui surexprimaient le miRNA-29a-5p 
avaient une probabilité de récidive 
significativement plus importante 
ainsi qu’une survie significativement 
plus courte [7]. Avec le même type 

d’approche, sur une large cohorte de 
patientes opérées d’un carcinome 
mammaire, une surexpression tumo-
rale du miRNA-210 a été associée à un 
pronostic plus sévère de la maladie [8]. 
Ceci est également le cas pour les 
patients souffrant de cancer colorectal, 
pour le sous-groupe surexprimant for-
tement le miRNA-21-5p9. De larges 
cohortes démontrent donc le potentiel 
des micro-ARN à donner des informa-
tions pronostiques sur certains can-
cers. Cependant, ces données doivent 
encore être validées pour devenir d’au-
thentiques biomarqueurs utilisés en 
routine. Dans cette optique, plusieurs 
équipes ont recherché s’il était possible 
d’identifier dans le sang des micro-
ARN circulants associés à certains 
 cancers et à leur pronostic. Ceci semble 
possible, notamment pour le cancer 
colorectal et le carcinome gastrique 
[10], mais les résultats sont encore trop 
préliminaires.
Par ailleurs, les micro-ARN pourraient 
également servir de biomarqueurs de 
la réponse aux différents traitements. 
Par exemple, dans le cancer du sein, 
l’expression du miRNA-125b circulant 
a été associée à une chimiorésistance 
[11]. De la même manière, des études 
in vitro sur plusieurs lignées de cellules 
issues de carcinomes gastriques ont 
identifié que certains micro-ARN (dont 
les 15b, 16, 508-5p) pouvaient induire 
une résistance à différentes chimiothé-
rapies, comme la vincristine et les sels 
de platine ou la doxorubicine [12]. Ceci 
a également été retrouvé chez l’homme, 
grâce à l’étude de biopsies gastriques 
réalisées avant chimiothérapie, puis 
classés selon leur réponse ou non au 

traitement. Dans cette étude, les micro-
ARN 363 et ceux de la famille 520 ont 
été associés à une résistance au 5-fluo-
rouracil et à la cisplatine [12].

Conclusion

Il est actuellement évident que les 
micro-ARN jouent un rôle majeur dans 
les maladies cancéreuses et que leur 
potentiel est important. Ils vont proba-
blement permettre d’avancer vers une 
médecine personnalisée en donnant 
une définition moléculaire du pronos-
tic de chaque cancer, et seront à l’ori-
gine de biomarqueurs prédictifs de la 
réponse à certains traitements. 
Cependant, il faut encore valider leur 
potentiel, avant de pouvoir disposer de 
ces nouveaux outils en routine. Ceci, à 
condition de disposer de moyens suf-
fisants, devrait être rapidement fai-
sable.
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Tableau I. Micro-ARN associés aux cancers digestifs et leurs gènes cibles (d’après [4])
miRNA Roles in gastrointestinal cancers Target genes

Potential tumor suppressor miRNAs
miR-15b, miR-16 miR-15b and miR-16 play a role in the development of MDR in gastric cancer 

cells by modulation of apoptosis via targeting BCL2
BCL2

miR-34a mrR-34a functions as a tumor suppressor and induces senescence-like growth 
arrest through modulation of the E2F pathway in human colon cancer cells

E2F pathway

miR-143, miR-145 miR-143 and miR-145 are downregulated in colorectal cancer ERK5
Potential oncogenic miRNAs
miR-17-92 cluster miR-17-92 cluster is overexpressed in various human malignancies,  

including colon cancer
E2F1 (miR-17-5p, miR-20a) 
TGFBR2 (miR-20a)

miR-21 miR-21 is upregulated in various human malignancies including 
cholangiocarcinoma, and gastric and colon cancers

PTEN

miR-106a miR-106a is upregulated in colon cancer RB-1
miR-106b-25 cluster miR-106b-25 cluster, which is upregulated in human gastric cancers  

and activated by E2F1, impairs the TGF-G tumor suppressor pathway
p21 
Bim E2F1

miR-155 miR-155 is overexpressed in various human malignancies, including B-cell 
lymphoma and colon cancer

TP531NP1

Treton, POST’U 2015



Long noncoding RNAs (lncRNAs)

32 AB Int. M1 Abildgaard et al., Front. Oncol.  (2020) 

Their role in cancer development is only beginning to be uncovered



Table 1 Biological function of lncRNAs in carcinomas.

Biological Function LncRNA Target Gene/Pathway Cancer Type Reference

Promote proliferation,
migration, and invasion

LINC00052 miR-608/EGFR Head and neck cancer 32
AC009022.1 miR-497-5p Colorectal cancer 33
DLGAP1-AS1 miR-486-5p Hepatocellular cancer 34
GHSROS e Breast cancer 35
LINC00337 TIMP2/DNMT1 Non-small-cell lung cancer 36
AK001058 ADAMTS12 Colorectal cancer 37
FOXD2-AS1 miR-185-5p Thyroid cancer 38
LINC00460 e Colorectal cancer 39
LINC00908 Sox-4 Hepatocellular cancer 40
PVT1 Smad3/miR-140-5p Cervical cancer 41
RAIN RUNX2 Breast and thyroid cancer 42
LINC00673 miR-515-5p/MARK4/Hippo Breast cancer 43
TTN-AS1 KLF15 Colorectal cancer 44
SNHG4 ZIC5 Prostate cancer 45
SOX2-OT miR-369-3p/CFL2 Prostate cancer 46
LINC01559 YAP Pancreatic cancer 47
VCAN-AS1 p53 Gastric cancer 48

Suppress proliferation and
invasion

OSER1-AS1 miR-372-3p/Rab23 Hepatocellular cancer 49
ZEB1-AS1 ZEB1 Esophageal cancer 50
NBAT-1 PKM2 Esophageal cancer 51
ENST00000489676 MiR-922 Thyroid cancer 52
CASC2c ERK1/2, Wnt/b-catenin Hepatocellular cancer 53
GAS5 YAP Colorectal cancer 54
ADAMTS9-AS2 CDH3 Esophageal cancer 55
TCONS_00020456 Smad2/PKCa Glioblastoma 56

Estimate prognosis and efficacy UCA1, H19 5-fluorouracil Rectal cancer 57
ADAMTS9-AS2 FUS/MDM2 Glioblastoma 58
INCAC112721.1, AL356479.1, LINC00466 hsa-miR-204 Breast cancer 59
GAS5, HOTAIR, H19, MALAT e Colorectal cancer 60
HOXA-AS3 HOXA3 Non-small-cell lung cancer 61

Act as potential biomarkers MALAT1 e Breast cancer 62
HOTAIR e Breast cancer 63
PURPL, NONHSAT062994 e Gastric cancer 47
SNHG11 e Colorectal cancer 64
SNHG12 e Pan-cancer 65

Note: References 32e48 discuss the promotion of cancer cell proliferation and invasion, references 49e56 discuss the suppression of cancer cell proliferation and invasion, references
57e61 discuss the estimation of the prognosis, and references 62e66 discuss efficacy or potential biomarkers.
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identified, including histone H3 and H4 hypoacetylation, histone
H3K9 methylation, and cytosine methylation.8,9

Therefore, epigenetics enables us to investigate the potential
mechanism underlying cancer phenotypes and provides poten-
tial therapy options. In this review, we focused and briefly
expanded on three aspects of epigenetics in cancer: DNA
methylation, histone acetylation and histone methylation.
Finally, we summarized the current developments in epigenetic
therapy for cancers.

DNA METHYLATION
The DNA methylation pattern in mammals follows certain rules.
Germ cells usually go through a stepwise demethylation to ensure
global repression and suitable gene regulation during embryonic
development. After implantation, almost all CpGs experience de
novo methylation except for those that are protected.10 Normal
dynamic changes in DNA methylation and demethylation based
on altered expression of enzymes have been known to be
associated with aging.11,12 However, inappropriate methylation of
DNA can result in multiple diseases, including inflammatory
diseases, precancerous lesions, and cancer.13–15 Of note, de novo
methylation of DNA in cancer serves to prevent reactivation of
repressed genes rather than inducing gene repression.16 Because
researchers have found that over 90% of genes undergoing de
novo methylation in cancer are already in a repressed status in
normal cells.17 Nevertheless, aberrant DNA methylation is thought
to serve as a hallmark in cancer development by inactivating gene

transcription or repressing gene transcription and affecting
chromatin stability.18

The precise mechanism by which DNA methylation affects
chromatin structure unclear, but it is known that methyl-DNA is
closely associated with a closed chromatin structure, which is
relatively inactive.19 Hypermethylation of promoters and hypo-
methylation of global DNA are quite common in cancer. It is
widely accepted that gene promoters, especially key tumor
suppressor genes, are unmethylated in normal tissues and highly
methylated in cancer tissues.20 P16, a tumor suppressor encoded
by CDKN2A, has been found to gain de novo methylation in ~20%
of different primary neoplasms.21 Mutations in important and well-
studied tumor-suppressive genes, such as P53 and BRCA1, are
frequently identified in multiple cancers.22–24 Studies have found
that the level of methylation is positively associated with tumor
size. In support of this, a whole-genome methylation array analysis
in breast cancer patients found significantly increased CpG
methylation in FES, P2RX7, HSD17B12, and GSTM2 coincident
with increasing tumor stage and size.25 After analysis of long-
range epigenetic silencing at chromosome 2q14.2, methylation of
EN1 and SCTR, the first well-studied example of coordinated
epigenetic modification, was significantly increased in colorectal
and prostate cancers.26,27 EN1 methylation has also been
observed to be elevated by up to 60% in human salivary gland
adenoid cystic carcinoma.28 Of note, only ~1% of normal samples
exhibited EN1 CpG island hypermethylation.26 Therefore, the
significant difference between cancer cells and normal cells makes
EN1 a potential cancer marker in diagnosis. In human pancreatic

Fig. 1 Epigenetic regulation of DNA methylation, histone acetylation, and histone methylation. Gene silencing in mammalian cells is
usually caused by methylation of DNA CpG islands together with hypoacetylated and hypermethylated histones. The “writers” (DNMTs, HATs,
and HMTs) and “erasers” (DNA-demethylating enzymes, HDACs, and KDMs) are enzymes responsible for transferring or removing chemical
groups to or from DNA or histones; MBDs and other binding proteins are “readers” that recognize methyl-CpGs and modified histones.
DNMTs, DNA methyltransferases; MBDs, methyl-CpG binding domain proteins; HATs, histone acetylases; HDACs, histone deacetylases; HMTs,
histone methyltransferases; KDMs, histone-demethylating enzymes.

Targeting epigenetic regulators for cancer therapy: mechanisms and. . .
Cheng et al.
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have shown that LEDGF is essential in MLL-rearranged
leukemia, but not hematopoiesis, which raised the
therapeutic potential of targeting LEDGF effectively
without general side effects in the hematopoietic system
[102, 103]. Due to the multifaceted roles of LEDGF and
its interactions with a plethora of proteins with diver-
gent functions [99, 104, 105], whether its role during
leukemogenesis is dependent on MLL1 needs to be de-
termined. Limited success for treating MLL-rearranged
leukemia has been gained through targeting LEDGF
using CP65, a cyclic peptide used for the inhibition of
HIV viral replication, since the same domain on
LEDGF bind to both the HIV integrase and MLL1 [92].
Degrading LEDGF may be a new direction using prote-
olysis targeting chimera (PROTAC) technology [106]
which will be discussed in later sections. H3K36 me3
can also prevent methylation by PRC2 of the nearby
H3K27 residue on the same histone tail [107].
Histone H3K79 methylation mark implemented by

DOT1L, the only enzyme responsible for the deposition,
is on the globular domain of the histones correlated with
active gene expression [2, 40, 108]. DOT1L is also the
only enzyme catalyzing lysine methylation that has a
methyltransferase distinct from a SET domain, and a
demethylase for H3K79 has not been identified to date.
DOT1L is found in a complex named DotCom with
MLL translocation partners AF9, or its paralog ENL, and
AF10 [109]. DOT1L activity also promotes breast cancer
cell proliferation and metastasis [110]. The aberrant up-
regulation of H3K79 methylation in leukemia [111] led
to the development and use of DOT1L inhibitor EPZ-
5676 for the treatment of MLL-rearranged leukemia [85]
which is currently under clinical investigation [86].
Histone H3K9 and H3K27 methylations are required

for the formation of distinct forms of heterochromatin
[112]. Histone H3K9me3 and H3K27me3 have been pro-
posed to be the only true “epigenetic marks” since they

have defined mechanisms for being heritable after DNA
replication [112]. The deposition machineries of
H3K9me3 and H3K27me3 share a distinct “write-and-
read” mechanism with both enzymatic activity and the
ability to bind and recognize the modification within the
same enzyme or enzyme complex, thus allowing for a
positive feedback loop. For H3K9me3, SUV39H1 con-
tains both the write-and-read module (chromodomain
and SET domain) [113] and the methyl-lysine recogni-
tion further promotes methylation activity [114]. HP1
proteins—HP1α (CBX5), HP1β (CBX1), and HP1γ
(CBX3), contain the methyl-lysine-binding chromodo-
main [115] and perform important roles in heterochro-
matin formation. Methylation of histone H3 lysine 9
written by SUV39H1 creates a binding site for HP1 pro-
teins, which in turn recruit more SUV39H1, and this
mechanism contributes to the propagation of hetero-
chromatin formation [116]. In the case of H3K27me3,
EZH2 implements H3K27 methylation within the PRC2
complex, while the EED subunit recognized this methy-
lation and allosterically further activates the SET domain
of EZH2 [23, 117]. Similar to the distinct distributions of
H3K4me1/2/3 by COMPASS family, H3K27me1/2/3 dis-
tributions throughout the genome are mutually exclusive
to each other, with H3K27me3 mainly at promoters (es-
pecially at bivalent genes), H3K27me2 at intergenic re-
gions, and H3K27me1 in the gene bodies of actively
transcribed genes [9]. Because EZH2 and SUZ12 sub-
units of PRC2 are required for HP1α stability, the
heterochromatin markers H3K27me3 and H3K9 methy-
lation may cooperate to maintain heterochromatin pro-
tein 1α at chromatin highlighting the crucial crosstalks
between H3K9me2/3 and H3K27me3 pathways of gene
silencing [118]. EZH2 inhibitors are frequently used to
prevent unwanted histone methylation of tumor sup-
pressor genes when EZH2 is aberrantly expressed in
cancer cells or mutated (gain of function, Y641 in the

Table 2 Examples of inhibitors for chromatin-related proteins
Mode of action Target Compound name Types of cancer Reference

Enzymatic inhibition DOT1L EPZ-5676 MLL-rearranged leukemia [85, 86]

EZH2 EPZ6438, GSK126, CPI-1205 Lymphoma, malignant rhabdoid tumor [9, 77, 87]

p300 C646, A-485 hematological malignancies and androgen
receptor-positive prostate cancer

[88]

HDACs Vorinostat, romidepsin CTCL [89, 90]

CARM1 EZM2302 Multiple myeloma [91]

PPI disruption Menin-MLL MI-503, MI-463, M-525 MLL-rearranged leukemia [82, 83]

WDR5-MLL OICR-9429 C/EBPα N-terminal leukemia [84]

LEDGF-MLL CP65 MLL-rearranged leukemia [92]

Competitive binding BET family of
BRD proteins

JQ1, I-BET, I-BET151 NUT midline carcinoma,
MLL-rearranged leukemia

[93–95]

Protein degradation BRD4 dBET1, dBET6, ARV-825,
ARV-771, BETd-246

AML, T-ALL, Burkitt’s lymphoma,
castration-resistant prostate cancer, TNBC

[96, 97]

Zhao and Shilatifard Genome Biology          (2019) 20:245 Page 6 of 16
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HMBA, for example, although explored therapeutically
since the 1950s, were only recently shown as inhibitory to
a subset of bromodomains (including the BET family).

Among the agents specifically designed against his-
tone-modifying targets that have been clinically approved
thus far are the HDAC inhibitors (see Figs. 5 and 6). These
drugs (Zolinza, Istodax) broadly inhibit HDACs and

show single-agent activity only in a limited set of patients
with cutaneous T-cell lymphoma. A large number of clin-
ical trials are now ongoing with these and newer, more
subtype-selective HDAC inhibitors (some examples are
found in Fig. 8 of Seto and Yoshida 2014) in combination
with standard care drugs, in the hopes of expanding the
utility of these treatments. Given the early successes with

Research Preclinical development Clinical development Approved

Development status of drugs targeting histone modifications and histone modifiers in oncology

DNMTi (Azacitidine, Decitabine);  HDACi ( vorinostat, romidepsin)

BETi (iBET762, CPI-0610, OTX-015, Ten010, RVX-208);  
EZH2i (EPZ6438, GSK126);  LSDi (OG98, GSK2879552, SP2577)
DOT1Li (EPZ5676);  selective HDACi,  DNMTi

BETi;  EZH2i (CPI-1205);  KDMi (KDM5i)

KDMi; KMTi; HATi; HDACi
Bromodomain inhibitors;
other chromatin readers

Figure 5. The development status of epigenetic drugs. KDMi, lysine demethylase inhibitor; KMTi, lysine methyl-
transferase inhibitor; HATi, histone acetyltransferase inhibitor; HDACi, histone deacetylase inhibitor; BETi, bro-
modomain and extracarboxy terminal domain inhibitor; DNMTi, DNA methyltransferase inhibitor.

DNMT inhibitors

HDAC inhibitors

LSD1
inhibitors

DOT1L inhibitor

Azacitidine (X=OH)
Decitabine (X=H)

OG-98

GSK2879552

EPZ-5676

Drugs against DNA methyltransferases, histone modifiers, or histone readers either approved or in clinical development

BET bromodomain inhibitors

EZH2
inhibitors

iBET762 OTX-015

GSK-126

EPZ-6438

RVX-208

Figure 6. Representative structures of drugs targeting DNA methylation, histone modifications, and histone readers
in oncology.
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