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ABSTRACT
Growing evidence suggests that aberrant epigenetic regulation of gene function is strongly
related to the genesis of cancer. Unlike genetic mutations, the ability to reprogram the epigenetic
landscape in the cancer epigenome is one of the most promising target therapies in both
treatment and reversibility of drug resistance. Epigenetic alterations in cancer development and
progression may be the basis for the individual variation in drug response. Thus, this review
focuses on the emerging area of pharmaco(epi)genomics, specifically highlighting epigenetic
reprogramming during tumorigenesis and how epigenetic markers are targeted as a therapy
(epidrugs) and the clinical implications of this for cancer treatment.
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Epigenetic mechanism and cancer

Epigenetic alterations are the main mechanisms
underlying many human diseases, especially growth
and developmental disorders, including Beckwith-
Wiedemann (BWS) [1], Silver-Russell [2], Prader-
Willi and Angelman [3] syndromes. Due to their
important role in growth-related pathways, epigenetic
mutations (epimutations) participate in the earliest
stages of neoplasia and have been increasingly recog-
nized as a hallmark of cancer [4,5]. Cancer is a group
of diseases characterized by the dysregulation of
important pathways that control cellular processes
involved in DNA repair, cell survival, proliferation
and mortality [6]. Cell transformation, tumor pro-
gression and metastasis are orchestrated by
a complex and intriguing network of interactions
where genomic and epigenomic mutations, especially
in oncogenes and tumor suppressor genes, and envir-
onmental factors induce malignancy and tumorigen-
esis [7,8].

The complexity, and multifactorial nature of can-
cer present a great challenge for diagnosis and treat-
ment. The epigenetic basis of cancer development
revolutionized the field of cancer genetics in the
post-genomic era, providing new targets for cancer

therapy [8,9]. First described byWaddington (1942),
the epigenetic landscape represents the developmen-
tal pathways which a cell can take from an undiffer-
entiated to a differentiated state. Epigenetics
determine how the genotype of an organism
responds to the environment in a coordinated way,
and this response can be fixed independent of muta-
tional effects. Epigenetic mechanisms modify chro-
matin structure and confer a differential gene
expression program without changing the DNA
sequence, which is stably maintained during cell
growth [10–12].

Epimutations in cancer cells change the struc-
ture and stability of the genome and have been
proposed as driver mutation in tumor initiation
and together with genetic lesions, they propagate
carcinogenesis [13]. It is important to highlight the
dynamic and reversible nature of epigenetic mod-
ifications, which can establish new epigenetic pro-
grams according to each cell type. Epigenetic
reprogramming is strongly affected by environ-
mental factors, which play an important role in
the acquisition and maintenance of epigenetic
marks, especially DNA methylation [14,15].
Environmentally induced epigenetic changes may
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explain the sporadic origin of most cancers, since
evidences shows nearly 10% of some cancers has
genetically inherited [16]. Therefore, epigenetics
changes in cancer are a growing area of interest,
and the possibility of reprogramming the cancer
epigenome is emerging as a promising therapy for
cancer treatment as well as in regenerative medi-
cine. Thereby, the main mechanisms and elements
involved in epigenetic alterations in cancer are
discussed below.

DNA modification

DNA methylation is the main epigenetic modifica-
tion, and a well-known epigenetic marker, in which
the cytosine (C) in a dinucleotide CpG (cytosine-
phosphate-guanine) is covalently modified by
a methyl group (–CH3) resulting in a ‘fifth’ base in
the DNA sequence, the 5-methylcytosine (5mC)
[17,18]. This modification is catalyzed by DNA
methyltransferase (DNMT) enzymes [19]. DNMT1
is responsible for maintaining existing DNAmethyla-
tion, and the de novo methyltransferases DNMT3A
and DNMT3B act on hemimethylated and/or
unmethylated CpG sites, establishing new methyla-
tion patterns [20]. DNAmethylation regulates impor-
tant biological processes in the mammalian genome,
including transcription and post-transcriptional pro-
cessing, post-translational modifications, chromatin
remodeling, genomic imprinting, X-chromosome
inactivation and repression of repetitive DNA ele-
ments [21,22].

The CpG-rich domains in the vertebrate gen-
ome, known as CpG islands (CGI), are predomi-
nantly nonmethylated, such as in repetitive
sequences, transcription start sites (TSS) and pro-
moter regions. However, the global genome is CG-
deficient and consequently highly methylated
(hypermethylated), which is important for chro-
mosomal stability [23]. Thus, hypomethylation
and hypermethylation can occur at the same time
depending on the genomic region and can have
different effects on the disease phenotype. Global
loss of genomic DNA methylation (hypomethyla-
tion) is often found in several types of tumor and
is related to genomic instability, DNA damage,
and reactivation of transposons and retroviruses
[21,24,25]. Whereas aberrant CpG methylation in

promoter regions can inactivate tumor suppressor
genes or activate proto-oncogenes [26].

DNA hypomethylation of proto-oncogenes and
the activation of transposable elements are related
to carcinogenesis and metastasis [27–29]. Also,
global hypomethylation contributes to loss of
imprinting (LOI), such as in the IGF2/H19
imprinting control region (ICR) that promotes
overexpression of the IGF2 gene, which is sug-
gested to be an epigenetic progenitor mutation
that leads to tumorigenesis [30]. Mutations in
DNMTs are often related to overall DNA hypo-
methylation and malignant transformation [31].
However, hypermethylation and silencing of
tumor suppressor genes, e.g., RAS, BRCA1, BCL2,
occurs in many neoplastic cells and also promotes
malignancy [9].

Recently, hydroxymethylation has been impli-
cated in cancer development. 5-mC is oxidized to
5-hydroxymethylcytosine (5-hmC) in a reaction
catalyzed by a methylcytosine oxygenase and
involving members of the TET protein family, in
an active DNA demethylation process. Reduced
TET gene expression and consequent lower hydro-
xymethylation levels were reported in human can-
cers [32]. In addition to 5-mC and 5-hmC
methylation, the N6-methyladenine (N6-mA)
DNA modification is a repressive epigenetic mar-
ker which silences long interspersed nuclear ele-
ment (LINE) transposons [33]. Higher levels of N6

-mA have been recently reported in glioblastoma,
however the role of this epigenetic marker in
human cancer is poorly understood [34].

Histone modification

Other important elements of epigenetic regula-
tion are histone proteins, a central component
of the nucleosome that are responsible for the
stable maintenance of repressive chromatin.
The nucleosome is composed of strands of
DNA wrapped around two copies each of the
histones H2A, H2B, H3 and H4 in an octameric
core with a linker histone, H1. Chromatin is
composed of repeating subunits of nucleo-
somes, and has the potential to define the
state in which genetic information is structured
within a cell. Conformational changes in the
chromatin structure confer a particular
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arrangement of the genome, in a condensed or
non-condensed state, that alters and controls
gene expression [35].

Epigenetic information in the histone core
modifies the chromatin structure for transcription
activation or repression [36]. Histone post-
translational modification refers to the addition
of chemical groups to the tails of these nucleo-
some-forming proteins. The most common che-
mical modifications are methylation and
acetylation, which generally occur next to promo-
ter and enhancer regions [37]. These modifications
are catalyzed by multiple enzymes, such as histone
acetyltransferases (HATs) and deacetylases
(HDACs), as well as histone methyltransferases
(HMTs) and demethylases (HDMs) that can mod-
ify amino acid residues in the histone tail. In the
mammalian genome, the ‘histone code’, plays an
essential role in regulating the accessibility of
genomic DNA, thereby controlling gene expres-
sion [38]. Histones can also be modified by phos-
phorylation, ubiquitination, and other atypical
modifications such as citrullination, ADP-
ribosylation, deamination, formylation,
O-GlcNAcylation, propionylation, butyrylation,
crotonylation and proline isomerization [39].
Errors in histone post-transcriptional modification
may alter gene expression patterns and cause
human disease due to changes (epimutations) at
the chromatin level [40].

Aberrant epigenetic histone modifications
have been implicated in cancer pathogenesis
and may impact clinical outcomes, especially
in the prognosis and invasiveness of cancer
[41,42]. Reduced levels of lysine acetylation
(H3K9ac, H3K18ac, H4K12ac) and methylation
(H3K4me2, H4K20me3) and arginine methyla-
tion (H4R3me2) are associated with a poor
prognosis in breast cancer [41]. A decreased
H3K4me2 level is also a marker of shorter sur-
vival times, while a reduced level of H3K4me3
is associated with a better prognosis [43,44].

Post-translational histone modifications are
important regulators of cellular growth and devel-
opment, including cell cycle control, replication,
DNA damage response, cell signaling and meta-
bolic pathways and gene expression, and are
potentially useful as biomarkers and a therapeutic
target for cancer treatment [42,45].

Non-coding RNA and RNA modification

As mentioned, epigenetic elements are versatile and
have an important role in cancer development.
Among these elements, non-coding RNAs (ncRNA)
have recently received special attention, due to the
discovery that they participate in several epigenetic
mechanisms controlling gene expression. This control
is exerted at the level of chromatin structure modula-
tion, transcriptional regulation and post-
transcriptional modification [46]. In eukaryotic cells,
a greater proportion of the genome is transcribed than
translated, since approximately 2–3% of the genome
encodes functional proteins whereas 80% is tran-
scribed into non-coding RNA [47,48]. Non-coding
RNAs are classified according to length, basically
divided into micro RNAs (miRNA, 19–31nt) and
long ncRNAs (lncRNA, >200nt) [49].

In addition to DNAmethylation and histone mod-
ification, ncRNAs have also been implicated in carci-
nogenesis as oncogenic drivers and/or tumor
suppressors in a complex regulatory network. These
regulatory ncRNAs elements interact throughphysical
ligation of a target molecule [50]: RNA-DNA interac-
tions, such as the lncRNA XIST that modulates chro-
matin structure in the X-chromosome inactivation
process [51]; RNA-RNA interactions that can regulate
stability or protein translation; and RNA-protein
interactions, (ribonucleoproteins) such as the telomer-
ase complex that is responsible for telomere elonga-
tion and maintenance [52]. Several miRNAs have
been reported to have aberrant expression in many
different types of cancer, including leukemia [52] and
colorectal cancer [53], and therefore represent a new
molecular marker and therapeutic strategy to regulate
the epigenetic machinery for chromatin remodeling
and gene expression [52]. Regarding lncRNA, the
imprintedH19 gene has a controversial role in cancer
initiation, progression and metastasis, and is a key
gene in tumorigenesis [54].

A newly discovered role of methylation is in the
modulation of messenger RNA (mRNA). The most
important and known epitranscriptome modification
is N6-methyladenosine (m6A) [55], which represents
0.4% of all adenine residues in mammalian mRNA
[56]. It is mainly located in 3’ untranslated regions
(3’UTRs), stop codons, translation start sites [57] and
also in long exons [58] of protein-coding genes. These
positions suggest that m6A has a biological function
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related to splicing control, translation and stability
[59]. Therefore, the proper function of RNA methyl-
transferases (METTL3 and METTL4) and demethy-
lases (FTO, ALKBH5 and YTHDF2) properly keeps
the RNA methylation pattern in the transcripts.
Disruption in these processes with the increased activ-
ity or the inactivation of this enzymes contribute to
the initiation of tumorigenesis and cancer develop-
ment [60].

Epigenetic reprogramming and drug therapy
in cancer

The epigenetic landscape in cancer gives to the tumor
cell a peculiar phenotype that may trigger the carci-
nogenesis process, followed by genetic alterations,
that propagate tumorigenesis [26]. These alterations
make it difficult to understand the malignancy, make
a prognosis, and prescribe the most effective course of
treatment and surveillance, because the (epi)genetic
variation of each cancer type or even individual
patient may be essential for the development of new
therapeutic strategies in a precision medicine era
[13,61]. Due to its role in the modulation of gene
expression and chromosomal stability, epigenetic dis-
ruption has considerable consequences formany phy-
siological and pathological processes, resulting in
epigenetic disorders such as cancer and mental retar-
dation [62]. However, unlike genetic mutations, epi-
genetic alterations are potentially reversible and have
great plasticity, as the epigenome can be repro-
grammed [26]. The possibility of reprogramming
the epigenome and changing the cell landscape, repre-
sents a new and promising therapeutic strategy.

Epigenetic drugs (epidrugs) are chemical com-
pounds that alter DNA and chromatin structure, pro-
moting the disruption of transcriptional and
post-transcriptional modifications, mainly by regulat-
ing the enzymes necessary for their establishment and
maintenance, reactivating epigenetically silenced
tumor-suppressor and DNA repair genes [63,64].
The design of therapeutic strategies involving epi-
drugs is a growing field of drug discovery, which
focuses on the cancer epigenome to develop pharma-
cological compounds which could restore a ‘normal’
epigenetic landscape [63]. Epidrugs act on the
enzymes necessary for the maintenance and establish-
ment of epigenetic modifications, with the main strat-
egy being the inhibition of DNMTs and HDACs [63]

(Figure 1). These drugs have implications for the
regulation and dysregulation of physiological and
pathological processes, and the epigenetic modifica-
tions induced can control the chronological and spa-
tial expression of genes [65]. Targeting epigenetic
marks has great potential to provide molecular bio-
markers for diagnosis [62] and treatment options for
cancer therapy, since they are strictly linked to the
type of tumor and stage of the disease, as well as to
individual genetic variation, as in personalized medi-
cine [66,67].

Studies in vitro have demonstrated that there are
many implications under the regulation of tumor
suppressor genes and DNA repair enzymes [68].
More recently, the great potential of using
a combination of epigenetic drugs in in vitro assays
[69,70], and also in clinical trials for chemotherapy
treatment [71,72] has been shown. Epigenetic therapy
has also been associated with cell differentiation, cell
cycle arrest and cell death, energy metabolism and
other cellular issues involving a large number of genes
and proteins [69,70,73,74]. These features play an
important role in cancer development and help in
understanding the evolution of some cancer hall-
marks including progression, survival and regula-
tion [75].

Several epigenetic therapies have been
approved by the U.S. Food and Drug
Administration (FDA) and used for cancer
treatment. However, new epidrugs compounds
are constantly being evaluated for cytotoxicity,
pharmacological parameters and to better
understand their mechanism of action in pre-
clinical studies (in vitro and in vivo), as well as
in clinical trials for the development and release
of new therapies. A Web of Science database
search for the terms ‘epigenetics and drug dis-
covery processes’ (accessed in June 2019) cur-
rently lists 2772 publications, which has
increased over the years (Supplementary Table
S1). These studies include epigenetic com-
pounds and their mechanisms of regulation,
and the different pharmacological phases such
as; in vitro (1217), in vivo (952), pre-clinical
(465) and clinical trials (phases I, II, III and
IV) (137). According to clinical trial database
(Figure 2) most investigations involving epige-
netic drugs are related to cancer detection,
treatment and prognosis. In addition to the
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clinical studies in progress, six new epidrugs
and multi-drug therapies have been approved
by the FDA (Table 1).

The first DNMT inhibitors (DNMTi) or hypo-
methylating agents approved by the FDA were cyti-
dine analogs, i.e., Azacitidine (Vidaza) and Decitabine
(5-aza- and 5-aza-2’-deoxycytidine) respectively, and
were primarily used to treat myelodysplastic syn-
drome (MDS). The mechanism of action of these
compounds is to inhibit DNA methylation, by acting
especially on DNMT1 enzymes (Figure 1), leading to

a hypomethylated profile and restoring the function
of aberrantly silenced genes [76]. As well as their
clinical use in MDS treatment, these cytidine analogs
have also been used to treat other hematologic malig-
nancies and solid tumors [9].

The majority of compounds approved by the
FDA, including the first epidrug approved for
cancer treatment, Vorinostat® (2006), are
HDAC inhibitors (HDACi), which show pro-
mising results in selectivity index and toxicity.
The hydroxamic acids are the predominant

Figure 1. Schematic representation of epigenetic modifications and epidrugs action. The modification of cytosine to 5-methylcyto-
sine (5mC) DNA methylation is catalyzed by DNA methyltransferases (DNMTs). DNMTs require S-Adenosylmethionine (SAM) as
a cofactor for methyl group donation that is converted to S-adenosylhomocysteine (SAH). DNA methylation at a promoter region is
related to transcriptional silencing. The DNMT inhibitors (DNMTi) block DNA methylation and restore the function of aberrantly
silenced genes. At the chromatin level, histone post-translational acetylation is catalyzed by histone acetyltransferases (HATs) and
deacetylation by histone deacetylases (HDACs). Such modifications occur into amino acid residues (such as lysine) at histone tails.
HDAC inhibitors (HDACi) induce the acetylation, an epigenetic modification associated with transcriptional activation and gene
expression
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class of HDACi, which includes: Vorinostat,
used for the treatment of cutaneous T-cell lym-
phoma; Panobinostat and Belinostat, used for
treatment of multiple myeloma; and
Romidepsin, also used to treat lymphoma [77–
79]. The general feature of an HDACi, such as
Vorinostat, is to enable histone acetylation to
increase by blocking the catalytic sites of
HDACs (Figure 1). This dramatically alters cel-
lular acetylation patterns, and causes growth
arrest and death in a wide range of transformed
cells [80].

Recently, new therapies have emerged, including
the use of microRNA [81], multi-drug combinations
[82] and immunotherapy [83], helping to improve
cancer treatment and reduce drug resistance. Many
studies have reported a great potential of combining
epidrugs with chemotherapy or immunotherapy,
both in vitro [69,70] and in clinical trials [71,72]
(Table 2), with increased apoptosis induction as

compared to each compound alone [73,74] and
tumor growth inhibition in xenograft nude mice [69].

ncRNA targets and ncRNA based therapy

Non-coding RNA may be a target for inhibitory
drugs or, the opposite, since its supplementation
can restore endogenous function in cases of down-
regulation or gene disruption [84]. The latter case
has been observed when ncRNAs act as tumor
suppressors and their lack contributes to the dis-
ruption of important pathways related to carcino-
genesis [85,86]. Despite RNA diversity,
microRNAs are the main targets for research and
clinical applications [87]. As an example, the
microRNA family MiR-34 is silenced in a wide
variety of cancers and seems to regulate important
genes related to cell cycle control and prolifera-
tion, such as MYC [88,89]. Synlogic Therapeutics,
a biopharmaceutical company, synthesized the

Figure 2. Progress of epigenetic drugs in different stages of pharmacological studies. The number of epigenetic studies from 2009 to
2019 according to ‘web of science’ database is showed according to each study phase: in vitro (1217) in vivo (952), preclinical (465)
and clinical (137). The map represents the global distribution of clinical epigenetic drug studies according to clinical trial database
(www.clinicaltrial.org, june, 2019), and the box show the exact number of studies.
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first microRNA similar to mir-34, MRX34 [89].
During the preclinical phase, MRX34 was effi-
ciently delivered (using nanocarriers) into bone
metastasis and colon cancer in xenograft models,

resulting in a significant decrease of tumor size
in vivo [90,91].

The future of anticancer miRNA replacement
therapy comes with several potential advantages.

Table 1. Epigenetic compounds approved by Food and Drug Administration (FDA), treatment indication and epigenetic mechanism
of action.
FDA approved
Drug (commercial name) Year Treatment Mechanism of action Structural formula

Azacitidine+
decitabine or
low-dose cytarabine
(Venclexta)

2018 Acute myeloid leukemia DNTMi

Panobinostat + Bortezomib + Dexamethasone
(Farydak)

2015 Multiple myeloma HDACi

Belinostat
(Belodaq)

2014 Peripheral T Cells Lymphoma HDACi

Valproic Acid 2010 Antidepressive
Neurologic disorders

HDACi

Romidepsin
(Ixodax)

2009 Cutaneous T-cell lymphoma HDACi

5 Azacitidine
(Vidaza)

2009 Myelodysplastic syndrome DNTMi

Vorinostat
(Zolinza)

2006 Cutaneous T-cell lymphoma HDACi

DNMTi, DNA methyltransferase inhibitor; HDACi, Histone desacetilase inhibitor

Table 2. In vitro effect of epigenetic drugs association.
Drug/Compound Cell Lines Cell Cycle Arrested Target Findings Reference

Vorinostat/
Etoposide/
Cisplatin

H209
H143

G0/G1 and S H3 histone Aceltil alfa-
tubulin Thymidylate
synthase PARP

In vivo study showed significant tumor
growth inhibition in xenograft nude mice

[69]

Trichostatin A/
Lomustine
(CCNU)

U87MG G0/G1
S and G2/M

pChk1 Chk1 Chk2 Caspase-3
PARP H3 histone

The combined treatment showed a greater
efficiency compared to single-drug
treatment.

[74]

Panobinostat +
topoisomerase
inhibitors

Hela
SiHa

G0/G1 H3 histone Bcl-xL p21
Caspase-9

Panobinostat has a synergistic effect in
association with Topotecan and Etoposide

[73]
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Due its small size, miRNAs are well suited for cell
delivery. In addition, they are associated with the
RNA-induced silencing complex (RISC) to modu-
late translation in the cytoplasm [92]. In addition to
miRNAs, long non-coding RNAs (lncRNAs) are
emerging as new targets for cancer development
arrest. Several lncRNAs work as natural antisense
transcripts (NATs) to genes of therapeutic interest;
both cis- and trans-acting lncRNAs have been
reported as important modulators that induce tran-
scriptional silencing [93]. A second strategy deals
with the use of Antisense Oligonucleotides (ASO),
which are short DNA sequences complementary to
the RNA of interest. Although ASOs still need to be
approved as an anticancer therapy, MALAT-1
ASOs have already shown efficacy against breast
cancer in a preclinical mouse MMTV-PyMT
model [94].

Given the importance of miRNA in the process of
tumorigenesis, miRNAs associatedwith cancer (onco-
mirs) are therapeutic targets [95]. Anti-miR oligonu-
cleotides are capable of binding with the guide strand
of miRNAs. They have been shown to be a powerful
tool for understanding microRNA action and have
potential therapeutic use [96]. Multiple miRNA inhi-
bition therapy has also been used, for example,
a combination of a low dose of the chemotherapeutic
drug Sunitinib and anti-miRNAoligonucleotides (tar-
geting overexpressed miR-21, miR-221/222 and miR-
10) achieved a notable synergistic antitumor effect in
pancreatic ductal adenocarcinoma cells, indicating
that a combinatory approachmight be of great impor-
tance for therapeutic applications in cancer treatment
[97,98].

Epigenetic drugs in multi-drug treatment

The use of epigenetic drugs seems to have the
ability to interfere in many biological processes
[99] and may play an important role in multiple
drug therapy [100–102]. A big challenge to the
success of traditional chemotherapy treatment is
chemoresistance, possibly due to genetic muta-
tions that affect cell cycle regulation, apoptosis
and cellular adhesion in cancer cells [103]. The
use of epidrugs with other compounds in a multi-
drug therapy, have shown an improvement in
cancer treatment, including tumor remission,
reduction of chemoresistance, increased life

expectancy and a reduction in adverse events
[101,102,104].

The epidrugs Panobinostat and Decitabine have
been combined with a traditional chemotherapy,
Temozolomide, to treat resistant melanoma, and
showed great improvements in disease stabilization
and remission [71]. A study performed by Pili et al
(2017) using Vorinostat and the antibody drug
Bevacizumab, showed higher tolerance effects,
increasing the efficacy of renal carcinoma treatment
when compared to the single drug therapy [102]. In
contrast, treatments using the compounds
Azacitidine, Valproic Acid and Carboplatin sepa-
rately decrease tumor size, however a combined
therapy of these three drugs showed some adverse
effects such as fatigue, neutropenia and altered men-
tal status [104]. Epigenetic combinatory drugs are
also being tested with promising results in some
models of leukemia [105], including in clinical trials
[106,107]. Despite the seeming promise of these
therapies, the synergistic action of the drugs, the
pathways involved, the mechanism of action and
the clinical effects are poorly understood and require
more investigation [108].

In addition to traditional chemotherapy and new
therapies using epidrugs, immunotherapy has
emerged as a potent adjunct to cancer treatment,
especiallymonoclonal antibodies,which in association
with chemotherapy are first-line treatment for some
types of tumors, such as non–small cell lung cancer,
breast cancer, colorectal carcinoma and non-Hodgkin
lymphoma [109,110]. The 2018 Nobel Prize in
Physiology or Medicine, awarded to James P. Allison
and Tasuku Honjo for their discovery of CTLA4 and
PD1 immune checkpoints (two important targets for
therapeutic monoclonal antibodies), recognized the
significant advance in cancer treatment obtained
through immunotherapy. Currently, dozens ofmono-
clonal antibodies targeting diverse tumor markers are
used in the medical clinic, especially for the treatment
of cancer and autoimmune diseases [111].

Interestingly, recent studies have shown a close
relationship between epidrugs and the enhancement
of immune checkpoint therapy. As mentioned, the
actions of DNMTs and HDACs are generally asso-
ciated with transcriptional repression, thereby the
use of epidrugs such as DNMTi and HDACi can
change the expression of genes involved in immune
checkpoint pathways, potentiating the
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immunotherapeutic effects [112]. Further, drugs that
promote epigenetic changes can improve antigen
presentation by tumor cells, boosting CD8 T-cell
killing [113]. In this context, Woods et. al., (2015)
showed that HDACi upregulated PD-1 in melanoma
cells in vitro and in a mouse model, and when
combined with a PD-1–blocking antibody, the treat-
ment decreased tumor progression and improved
survival in mice [114]. Thereafter, several clinical
trials have been performed using anti-PD1/PD-L1
or anti-CTL4 antibodies in combination with
DNMTi or HDACi drugs like Entinostat,
Vorinostat, and Azacytidine [115,116].

Other antibody-based therapies have emerged as
important breakthroughs in cancer treatment, such as
antibody-drug conjugates, bispecific antibodies, and
recently the CAR-T cell technology, approved by the
FDA for the treatment of non-Hodgkin lymphoma
(NHL) and B-cell acute lymphoblastic leukemia
(ALL). Although promising, these therapies are
expensive, which impairs the universalization of treat-
ment. Thus, a better understanding of the epigenetic
changes related to the onset and progression of cancer
is essential for the development of more cost-effective
and efficient anti-tumor drugs and treatments.

Conclusions and perspectives

The complex and multifactorial nature of carcino-
genesis, in which different pathways can be acti-
vated or silenced, both for tumor formation and in
response to treatment, direct the research to sys-
temic studies which take into account the complex
networks of interactions and regulatory mechan-
isms existing in the cellular context, to explain the
biological phenomena present in living organisms
[117]. Since cancer is a complex multifactorial
disease, understanding the genomic and epige-
nomic alterations, the cell microenvironment and
how it can be reprogrammed, combined with indi-
vidual information is the most promising thera-
peutic strategy for cancer treatment in the
personalized medicine and precision oncology
era [118].

There is a close relationship between epige-
netic mechanisms and cancer progression. The
original discovery of DNA methylation, and the
more recent studies of RNA methylation and the
uses of different RNA molecules for epigenetic

reprogramming, have been essential for the
development of more cost-effective and efficient
anti-tumor drugs and treatments. The use of
epidrugs in single- or multi-drug therapy, or
immunotherapy are promising avenues for clin-
ical studies. While clinical studies have been
carried out using diverse combinations of tradi-
tional and new chemotherapeutics for cancer
treatment, some results expected from these
trials include increased life expectancy and
fewer side effects from chemotherapy. On the
other hand, the scientific community is still
attempting to understand the mechanism of
action of these epidrugs when administered in
single- or multi-drug therapies. The in vitro
assays with translational feedback from clinical
reports are great tools for illustrating and under-
standing some of the proposed mechanisms,
associating epigenetic modification with the
modulation of phenotypes.
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