
REVIEW

Epigenetics of lung cancer: a translational perspective

Álvaro Quintanal-Villalonga1 & Sonia Molina-Pinelo2,3

Accepted: 11 July 2019
# International Society for Cellular Oncology 2019

Abstract
Background Lung cancer remains the most common cause of cancer-related death, with a 5-year survival rate of only 18%. In
recent years, the development of targeted pharmacological agents and immunotherapies has substantially increased the survival
of a subset of patients. However, most patients lack such efficacious therapy and are, thus, treated with classical chemotherapy
with poor clinical outcomes. Therefore, novel therapeutic strategies are urgently needed. In recent years, the development of
epigenetic assays and their application to cancer research have highlighted the relevance of epigenetic regulation in the initiation,
development, progression and treatment of lung cancer.
Conclusions Avariety of epigenetic modifications do occur at different steps of lung cancer development, some of which are key
to tumor progression. The rise of cutting-edge technologies such as single cell epigenomics is, and will continue to be, crucial for
uncovering epigenetic events at a single cell resolution, leading to a better understanding of the biology underlying lung cancer
development and to the design of novel therapeutic options. This approach has already led to the development of strategies
involving single agents or combined agents targeting epigenetic modifiers, currently in clinical trials. Here, we will discuss the
epigenetics of every step of lung cancer development, as well as the translation of these findings into clinical applications.
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1 Introduction

Lung cancer is the leading cause of cancer-related death world-
wide, with a 5-year survival rate of approximately 18%. In 80%
of the patients with lung cancer the disease is inoperable due to
late diagnoses. This notion has led to only minor improvements
in survival rates. Each year, approximately 220,000 individuals
are diagnosed with lung and bronchus cancer in the United
States, with tobacco use being the main cause [1].

The two main types of lung cancer are small cell lung
cancer (SCLC) and non-SCLC (NSCLC). NSCLC accounts

for approximately 85% of all lung cancer cases, including
adenocarcinoma (40%), squamous cell carcinoma (40%) and
large cell carcinoma (10%). SCLC represents ~15% of all lung
cancers [2]. Recent developments in the therapy and under-
standing of the pathobiology of lung cancer have triggered a
refinement of the histologic classification, taking into account
the advent of novel targeted therapies and chemotherapy reg-
imens [3]. For instance, several rearrangements in kinases
such as EGFR, BRAF, HER2, ALK, ROS1, RET and
NTRK have been found to act as oncogenic drivers in adeno-
carcinomas with therapeutic potential. However, currently,
there are few actionable drivers in squamous cell lung carci-
nomas (i.e., FGFR1, PI3K and DDR2), and their inhibitors
have shown low clinical efficacies. In addition, immune
checkpoint inhibitors have recently revolutionized lung cancer
treatment, leading to durable responses in at least some cases.
Despite these advances, the vast heterogeneity of the disease
does not allow a generalized clinical approach. Therefore,
dedicated molecular analyses are required to (1) elucidate
the complexity of clinically relevant phenotypes that deter-
mine lung cancer development, (2) define efficient diagnostic
methods for early lung cancer detection and (3) develop novel
strategies to enhance clinical therapeutic efficacies for lung
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cancer. Advances in high-resolution and high-throughput mo-
lecular technologies have already led to progress in our under-
standing of the molecular mechanisms underlying lung cancer
development, including the complexity of its driving forces.
Epigenetic modifications have also been shown to play key
roles in lung cancer development, as they are involved in the
regulation of gene expression and in maintaining genomic
stability. Here, we review the relevance of epigenetic
(de)regulation in virtually every step of cancer development,
with a focus on lung cancer, and its putative clinical diagnostic
and therapeutic applications.

2 Cancer epigenetics

Epigenetic mechanisms can modify gene expression patterns
and genome stability without altering the DNA sequence.
These modifications include nucleic acid methylation, histone
modification, chromatin remodeling and expression alterations
of non-coding RNAs, each of which may act in concert with
other molecular processes. Epigenetic modifications have been
found to be associated with various pathological conditions [4,
5]. Under normal conditions, DNA methylation occurs in a
highly regulated manner. It takes place at cytosines, preferen-
tially at CpG nucleotides, usually within gene regulatory ele-
ments through the action of DNAmethyltransferases (DNMTs)
and demethylases [6]. In tumor tissue, however, DNA methyl-
ation homeostasis may be disrupted, leading to epigenetic mod-
ification of key regulatory regions related to oncogenes or tu-
mor suppressor genes. It has been found that tumors may ex-
hibit a higher variability in DNA methylation changes than
normal tissues, involving either reduced (hypo-) or increased
(hyper-)methylation [7]. Hypomethylation has been found to
be associated with genome instability and aneuploidy, loss of
imprinting, reactivation of transposable elements and, impor-
tantly, activation of oncogenes [8, 9]. The opposite event, DNA
hypermethylation, may play a dual role depending on where it
occurs within the human genome. Hypermethylation has been
found to act as a silencing mechanism for a vast number of
tumor suppressor genes in a variety of tumor types when it
occurs at CpG-rich regions (also known as CpG islands, or
CGIs) located within gene promoters [10]. DNA hypermethy-
lationmay impair the binding of transcription factors directly or
indirectly through recruiting protein complexes with a high
affinity for methylated DNA (methyl-binding domain com-
plexes, or MBDs). This, in turn, may lead to the recruitment
of chromatin remodelers, histone deacetylases and methylases,
ultimately leading to the silencing of genes, including tumor
suppressor genes, or non-coding RNAs, some of which may
play a role in malignant transformation [3, 9–11]. Next to gene
promoters, gene body regions may exhibit high levels of meth-
ylation correlating with a higher expression of the

corresponding gene [12, 13]. This suggests that gene body
hypermethylation may act as an activator of oncogene tran-
scription [9, 10].

The chromatin state can be dynamically altered by a highly
coordinated network of proteins showing different modes of
action. The most extensively studied examples are proteins or
complexes that recognize, mediate or remove posttranslational
modifications of core histone proteins, known as “histone
marks” [11, 12]. Histone binding proteins intimately interact
with nucleosomes, the fundamental building blocks of eukary-
otic chromatin. Histone marks, involving covalent modifica-
tions of histones, alter their interaction with DNA and, by
doing so, they are able to recruit histone modifiers, ultimately
leading to chromatin structure modification, gene silencing
and/or activation. These modifications may be diverse in na-
ture, including different variants of histone methylation or
lysine acetylation, as well as phosphorylation, glycosylation
or ubiquitination of arginine, serine and threonine residues
[13, 14]. Within the numerous proteins and molecular com-
plexes involved in chromatin remodeling, some have gained
particular interest in cancer research. These include, histone
deacetylases (HDACs), enzymes mediating the deacetylation
of histones, and polycomb repressive complexes (PRCs),
which can interfere with gene expression via histone modifi-
cation, or directly compacting chromatin in a manner indepen-
dent of their enzymatic activity [15]. Beyond histone modifi-
cations, other examples of chromatin remodeling with a high
relevance for cancer include SWI/SNF (SWItch/Sucrose Non-
Fermentable) complexes, which can alter gene expression pat-
terns by utilizing ATP energy to reposition nucleosomes and
remodel chromatin [16], or histone variants, which can sub-
stitute core canonical histones in nucleosomes, thus conferring
different structural and functional properties that may affect
chromatin compaction [17, 18].

Other cancer-related epigenetic key elements are non-
coding RNAs [19, 20]. These RNAs function by themselves
and are not translated into proteins. Non-coding RNAs have
the ability to regulate gene expression at both the transcrip-
tional and the post-transcriptional level, and have been pro-
posed as key regulators of physiological processes in patho-
logical conditions including cancer, where a number of non-
coding RNAs has been catalogued as either oncogenic drivers
or as tumor suppressors [21]. Specific subtypes of non-coding
RNAs include microRNAs (miRNAs), which are short RNAs
targeting mRNAs for degradation, thus hampering target gene
expression, and long non-coding RNAs (lncRNAs), which
interact with chromatin-modifying enzymes and chromatin
remodeling factors, thereby affecting their function [22, 23].
In addition, epigenetic modifications of RNA molecules (de-
rived from protein-coding and non-coding genes) are gaining
attention. Several such RNA modifications have been identi-
fied, including cytosine or adenine methylation, affecting
RNA features such as stability, translation, localization,
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structure, splicing and/or targeting [24]. Evidence suggests
that these modifications may be involved in cancer develop-
ment by increasing or decreasing tumor characteristics such as
proliferation and invasion [25].

3 Epigenetics of lung cancer

Different genome-wide studies of large patient cohorts have
highlighted the importance of epigenetic events in several
types of cancer, including lung cancer (Fig. 1). Analysis of
the prevalence of mutations in genes with epigenetic functions
has revealed that lung tumors are among the most frequently
affected, with emphasis on HDAC and SWI/SNF component
genes, and a mutation frequency of approximately 20% in
each case. Some of these mutations may be related to the main
risk factor for lung cancer, i.e., smoking. In addition, it has
been reported that smoking may have a broad impact on DNA
methylation, and even seems to be persistent years beyond
cessation [26]. In lung cancer patients, methylation changes
in disease-related genes have also been observed in whole
blood-derived DNA samples [27–29]. Specifically, hypome-
thylation, as detected in blood, of genes such as those
encoding aryl hydrocarbon receptor repressor (AHRR) and
F2R like Thrombin or Trypsin Receptor 3 (F2RL3) has been
associated with smoking and with an increased lung cancer
risk [28]. Concordantly, Bossé et al. found that changes in
AHRR expression in non-tumor lung tissues are significantly
associated with smoking habits [30]. Others have observed
promoter hypermethylation of p16, and to a lesser extent, of
death-associated protein (DAP) kinase, in bronchial epithelial
cells (BECs) of patients with lung cancer. This aberrant meth-
ylation was also found in BECs from current smokers and
former smokers without lung cancer, suggesting that it may
be tobacco-associated [26]. Also, miRNA expression patterns
in BECs have been found to be associated with smoking
habits and are, thus, likely due to intrinscic toxins present in
cigarrettes [31]. These results should, however, be interpreted
with caution since DNA methylation of specific CpG sites
may be associated with smoking in a dose- and cell type-
specific manner.

4 Epigenetics of NSCLC

A large number of studies has addressed the effect of epige-
netic alterations on the different stages of NSCLC develop-
ment. In this section, epigenetic events associated with
NSCLC tumor initiation and progression, as well as interac-
tions with the tumor microenvironment (TME) will be
discussed (Fig. 2).

4.1 Epigenetics of NSCLC tumor initiation

Through multi-omics studies, downregulation of cell fate-
specifying and other transcription factors has been identified
as a potential cause of tumor initiation, with hypermethylation
as the key cause of decreased gene expression. Among the
potential tumor suppressor genes identified for lung squamous
cell carcinoma, several members of the homeobox family
were found to be involved, such as HOXA2, HOXA4 and
NKX2–1, as well as other transcription factor genes, such as
ZNF132 or GATA2. In lung adenocarcinoma, genes such as
KCNIP4 , ZEB2 and FOXF1 were found to be
hypermethylated. In addition, hypermethylation of transcrip-
tion factor genes such as FOXA2, FOXJ1, HOXA5, TAL1 and
HLF has been detected in both lung tumor types [32–34].
Interestingly, some of these genes have also been found to
be hypermethylated in patients with COPD, which is a predis-
posing factor for lung cancer [35].

Apart from hypermethylation, several other epigenetic
mechanisms have been found to be involved in lung cancer
initiation. For example, aberrant expression of certain DNA
methyltransferases (DNMTs), such as DNMT1, DNMT3A
and DNMT3B, has been found to be associated with lung
cancer initiation. These enzymes have been reported to induce
aberrant DNAmethylation and chromatin remodeling in early
stages of NSCLC development and to be associated with an
increased lung cancer risk [36, 37]. In lung squamous cell
carcinoma (LUSC), DNMT1 has been found to be upregulat-
ed during tumor initiation, leading to hypermethylation and
silencing of tumor suppressor genes such as RASSF1A, which
is involved in RAS signaling, and CDKN2A, a cyclin-
dependent kinase inhibitor involved in cell cycle arrest at the
G1/S phase [27, 38, 39]. In addition, aberrant promoter meth-
ylation has been found to affect the expression of multiple
genes in preneoplastic lesions of squamous histology, such
as the FHIT gene, whose downregulation is associated with
proliferation and invasiveness, or the tumor suppressor miR-
47b, whose downregulation is associated with tumor develop-
ment through the stemness-related Wnt pathway [40, 41]. In
addition, chromatin-remodeling complexes have been found
to be involved in the early stages of LUSC development. As
such, decreased H4K20me3 levels caused by aberrant activity
of chromatin remodelers and upregulation of EZH2 expres-
sion, involved in H3K27me3 enrichment and DNA
methylation-mediated silencing of tumor suppressor
miRNAs (i.e., miR-196b, miR-200b, miR-200c or miR-
205), have been reported [42–44].

Related to lung adenocarcinoma, promoter hypermethyla-
tion and subsequent downregulation of different genes, such
as MGMT, which is involved in DNA repair, RARb, which is
involved in retinoic acid signaling, DAPK, which is related to
apoptosis, hTERT, which is involved in immortalization,
PTPRN2, which has been implicated in insulin metabolism,
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as well as CDKN2A, RASSF1A and several antagonists of the
Wnt pathway, has been detected in preneoplastic lesions cor-
responding to this histologic subtype [45, 46].

4.2 Epigenetic determinants of NSCLC progression
and metastasis

NSCLC pro-metastatic phenotypes have been associated
with genome-wide DNA methylation alterations [47].
Interestingly, Teschendorff et al. identified a smoking-
related DNA methylation signature in buccal cells that
can be used to distinguish between progressive and in
situ lung tumors, with a high specificity and sensitivity
[33]. In lung adenocarcinoma, hypermethylation-
dependen t downr egu l a t i on o f 164 gene s and
hypomethylation-dependent upregulation of 57 genes in-
volved in EMT, differentiation and cell cycle progression
have been reported [48]. Regarding squamous cell carci-
noma, Teixeira et al. recently identified an epigenomic
signature predictive of invasive lesions, out of 12064
differentially methylated positions associated with 2695
genes. Within the identified affected genes, several mem-
bers of the homeobox family, including NKX2–1, were
found to exhibit hypermethylation and a concomitant de-
creased expression in samples with a pro-metastatic phe-
notype [32]. Others have identified potential key methyl-
ation targets related to progression to an invasive pheno-
type in NSCLC, such as FBP1 [49], MAGE family mem-
bers [50], CDO1, PTGDR and AJAP1 [51], and revealed
methylation pattern alterations in PGC-related coactivator
(PRC) family members involved in cell cycle regulation,
proliferation and invasion [47, 52].

Epigenetic alterations inmiRNA expression have also been
found to be involved in the progression of NSCLC.
Methylation-dependent silencing of anti-tumorigenic miR-
124a, miR-126, miR-34b/c and miR-200c has been reported
to be related to pro-tumoral and metastatic potentials [53–56].
Oncogenic miRNAs (oncomirs), such as miR-135b, have
been found to be associated with highly invasive NSCLC
through the targeting of components of the Hippo pathway
and removing their promoter methylation [57]. In addition,
numerous miRNAs have been reported to be involved in the
regulation of EMT in NSCLC, such as the miR-200 family,
which targets several EMT effectors, including ZEB1,
GATA3, miR-132 and miR-149, the latter of which target
ZEB2 and FOXM1. By doing so, these miRNAs prevent mes-
enchymal conversion and inhibit NSCLC invasion, migration
and metastasis [56, 58].

Regarding chromatin remodeling, overexpression of cer-
tain epigenetic ‘writers’ and ‘erasers’ has been linked to
NSCLC invasion and metastasis. Examples of these are
KDM2A, a H3K36 demethylase inducing the MAPK path-
way, SETDB1, a H3K9 methyltransferase that activates the

Wnt pathway and H3F3A, encoding the H3.3 histone variant
[17, 18]. In addition, mutations in BAF and PBAF (members
of the human SWI/SNF chromatin-remodeling complex) have
been observed in NSCLC. One such mutation has been found
to occur in the SMARCA4 gene, leading to gene expression
changes promoting tumor progression [59].

Currently, hundreds of lncRNAs that are differentially
expressed between normal and lung tumor tissues have been
identified [60]. Some of them have been found to be involved
in lung tumor progression, such as LCAL1, or in NSCLC
proliferation, such as LOC146880 and ENST00000439577,
which are related to expression of the cancer progression-
related genes RCC2 and KPNA2 [61]. Other lncRNAs have
been found to be involved in lung cancer metastasis, such as
MALAT1 and HOTAIR, which induce a pro-metastatic gene
expression signature, or in EMT, such as BANCR and espe-
cially SPRY4-ITI, which is downregulated by EZH2 and
modulates EMT through the induction of E-cadherin and the
repression of vimentin [62–65]. Some lncRNAs have been
found to be involved in both EMT and therapy resistance,
including UCA1, BC087858 and GAS5, which are associated
with lung cancer metastasis and EGFR-based therapy resis-
tance, potentially through the induction of Akt signaling [66,
67]. Other epigenetic mechanisms have also been found to be
involved in NSCLC therapy resistance. A drug-tolerant sub-
population of cells has, for example, been identified in anti-
EGFR treated NSCLC cells, which were dependent on a
KDM5A histone demethylase-induced altered chromatin state
[68].

4.2.1 Epigenetics of interactions between NSCLC cells
and the TME

With an increasing interest in the TME and its interplay
with tumor cells, different studies have been performed
to address the involvement of epigenetics in this inter-
action. Some epigenetic-mediated tumor-TME interac-
tions have been found to promote lung tumor develop-
ment. For example, miR-221 and miR-222, which are

�Fig. 1 Mutation frequency in genes involved in epigenetic alterations
in different cancer types. Frequencies of mutations in different groups of
genes involved in epigenetic modification shown as percentage of cases
per tumor type. Only the 10 tumor types with highest alteration
frequencies are shown in each graph. The genes included in each group
are: DNA methyltransferases or DNMTs (DNMT1, DNMT3A,
DNMT3B), histone deacetylases or HDACs (HDAC1–11, SIRT1–7),
SWI/SNF components (BCL7A, BCL7B, BCL7C, BCL11A, SS18,
SMARCB1, SMARCA4, SMARCC2, SMARCC1, SMARCD1–3,
BRD9, SMARCE1, ARID1A, ARID1B), PCR1 components (CBX2,
CBX4, CBX6, CBX7, CBX8, PCGF1–6, HPH1–3, RING1–2) and
PCR2 components (JARID2, EZH1–2, SUZ12, BAP1, ASXL1–3).
These data are based on studies publicly available at http://www.
cbioportal.org/
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overexpressed in NSCLC, target TIMP3, a protein involved in
the control of the homeostasis of growth factors and cyto-
kines, and whose downregulation promotes tumor progression
[69]. Another example is the presence of prostaglandin in the
TME. Prostaglandin mediates overexpression of c-Myc in
stromal cells, which modulates the expression of the miR-
17-92 cluster targeting the tumor suppressor PTEN, thus
preventing apoptosis in NSCLC tumor cells [70]. Other
tumor-TME interactions have been found to promote angio-
genesis, including upregulation of let-7b and miR-126 expres-
sion by both tumor and surrounding tissue cells, which leads
to an increased micro-vessel density [71]. Tumors can also
develop mechanisms to manipulate the TME to create a pro-
metastatic environment. NSCLC cells, for example, may in-
duce the secretion of pro-inflammatory cytokines such as IL-6
and TNF-α through the delivery of miR-21 and miR-29a to
tumor-associated macrophages (TAMs), which results in in-
creased metastasis [72]. Tumor-TME interactions may also
have a tumor suppressive role under certain conditions.
Lung tumor exosomal release of miR-92 has, for example,
been shown to repress the secretion of pro-angiogenic factors
such as IL-8, ICAM or CXCL1 in the TME, leading to a
reduced invasion and metastasis [73].

In addition, there are several examples illustrating a
role of epigenetics in the modulation of antitumor im-
mune responses in lung cancer. TGFβ has, for example,
been shown to induce a release of miR-183 by lung
cancer cells, which represses the expression of DAP12,
a key signal transduction receptor in natural killer (NK)
cells, thus suppressing their antitumor cytotoxic action
[74]. Another miRNA, miR-9, which has been found to
be overexpressed in lung cancer, acts to downregulate
the Major Histocompatibility Complex (MHC) class I
gene, thus impairing immune recognition of tumor cells
[75, 76].

4.3 Epigenetics of SCLC

Epigenetic alterations also appear to be relevant in SCLC (Fig.
2). Recent analyses have revealed differential DNA methyla-
tion patterns in SCLCs compared to other lung cancer types,
with a specific methylation signature present in 75% of the
cases involving neuroendocrine factors such as NEUROD1
[77, 78]. Furthermore, differential DNAmethylation and gene
expression clusters have been observed between SCLC sam-
ples with highly similar histological and genetic characteris-
tics, thus allowing the identification of SCLC subtypes, which
would be impossible by relying exclusively to histological and
genetic criteria [79]. Methylation of tumor suppressor genes is
a common phenomenon in SCLC. Promoter hypermethyla-
tion and, thus, downregulation of RASSF1A has been found
in almost all SCLC tumors, suggesting that this event may be

involved in tumor initiation. Other examples include the
DAPK tumor suppressor gene, methylated in a third of all
SCLC cases, and genes involved in signaling pathways in-
volved in death receptor-mediated apoptosis [80, 81].

In addition to aberrations at the methylation level, alter-
ations in chromatin remodeling enzymes and factors have also
been identified in SCLC, suggesting that these remodelers
may play an important role in the development of these tu-
mors. Supporting this idea, loss of histone H4 methylation has
been reported to occur in lung neuroendocrine tumors, includ-
ing SCLCs, and to be correlated with an increased prolifera-
tion [82]. In addition, several mutations have been identified
in genes encoding remodeling enzymes. The most frequent
are those occurring in the MLL2 gene, encoding a H3K4 his-
tone methyltransferase, which is detected in 8% of all SCLC
tumors. These mutations lead to gene inactivation and are
associated with an impaired enhancer function [83]. At a low-
er frequency, inactivating mutations in the histone acetyltrans-
ferase CREBBP, EP300 and KAT6B genes, in the histone
demethylase UTX gene, and in the chromatin remodeling fac-
tor genes PBRM1, ARID1A and ARID1B have also been re-
ported [83–85]. Beyond these mutations, altered expression of
chromatin remodelers has been noted in these tumors.
Examples include upregulation of a PCR2-associated protein,
ASXL3, which has been detected in primary SCLC tumors
and is associated with an increased growth of SCLC-derived
cell lines, and overexpression of the histone methyltransferase
EZH2, which promotes E2F-driven tumorigenesis in a subset
of SCLC tumors [79, 86, 87].

Epigenetic alterations may also play a role in advanced
stages of SCLC development. A recent study has identified
a transcription factor, Nfib, that is involved in the increase of
chromatin accessibility in a vast number of intergenic regions
and in the induction of neuronal gene expression programs
driving the metastatic ability of SCLC cells [88]. In addition,
MYCL, one of the MYC family members involved in EMT
that is frequently overexpressed in SCLC, has been found to
be under the control of super enhancers and to depend on
histone acetylation for overexpression [89].

The standard of care of advanced-stage SCLC tumors is
chemotherapy, but resistance may arise within a short period
of time. Recently, upregulation of EZH2 has been found to be

�Fig. 2 Epigenetic alterationswith relevance in distinct developmental
stages of different lung cancer subtypes. Different epigenetic
alterations are indicated by font colors (see color legend at the bottom),
and the effects of the epigenetic events on tumor stages are indicated by
different arrows (see arrow legend at the bottom). In the “Interaction with
TME” box, each arrow color represents a different process. DNMT, DNA
methyltransferase; HDAC, Histone deacetylase; CSC, Cancer stem cell;
EMT, Epithelial-to-mesenchymal transition; TME, Tumor microenviron-
ment; NK cell, Natural killer cell; TAM, Tumor-associated macrophage
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associated with chemoresistance through the silencing of
SLFN11, a protein involved in DNA damage repair,

suggesting that epigenetic alterations may also be involved
in resistance to therapy in this setting [90].
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5 Translation of epigenetic knowledge
to clinical practice

Epigenetic alterations not only represent key events in lung
cancer initiation and progression, but they may also play im-
portant roles in the design of therapeutic strategies. Several
epigenetic biomarkers have, for example, been described as
predictors of resistance to chemotherapy, and epigenetic inac-
tivation of some tumor suppressor genes has been proposed to
be responsible for the development of chemoresistance. The
latter has e.g. been reported for GSTP1 and RARβ2, both of
which are downregulated by methylation in lung squamous
cell carcinoma and adenocarcinoma cells [91]. In addition, the
IGFB3 promoter has been found to be hypermethylated in
cisplatin-resistant lung cancer cell lines [92]. Another example
involves cancer stem cells (CSCs), which may confer resis-
tance to therapy and reconstitute the tumor when they survive
the treatment [93]. The unmethylated status of OCT4 and
SLUG, stem-related genes, has been negatively correlated
with their expression in NSCLC cells showing resistance to
chemotherapy in vitro [91].

Epigenetic therapies can be classified according to func-
tional categories of epigenetic regulators, targeting writers,
erasers or readers. For the first category, several inhibitors
targeting DNMTs (DNMTis) and histone-modifying enzymes
to reactivate silenced tumor suppressor genes or to restore
tumor suppressor protein expression have been developed.
Both inhibitor types promote tumor cell differentiation,
growth inhibition, cell cycle arrest and induction of apoptosis.
DNMTis used in research settings include nucleoside analogs
and antisense oligonucleotides (ASOs), among others. Within
the first group, 5-aza-2′-deoxycytidine (decitabine) and
azacitidine (AZA) represent two cytidine nucleoside analogs
that induceDNA hypomethylation by irreversibly binding and
degrading DNMTs. Both drugs have been approved by the
USA Food and Drug Administration (FDA) and the EMA
(European Medicines Agency) for the treatment of patients
with myelodysplastic syndrome (MDS). AZA was the first
drug that conferred a survival benefit to patients with MDS
[94]. Decitabine has also been approved for acute myeloid
leukemia in the EU. In preclinical lung cancer studies,
Zhang et al. found that decitabine decreased epigenetic miR-
200/Z1EB axis regulation, thereby reverting TGF-β1-induced
epithelial-mesenchymal transition and apoptosis [95].
However, as monotherapy decitabine and AZA have had lim-
ited success in NSCLC [96]. Other DNMTis, including
zebularine, are promising and they are less toxic than classical
drugs. Zebularine is a cytidine deaminase inhibitor that is very
stable and has a good affinity for tumor cells, while being
harmless to normal cells [97]. To date, studies carried out on
adenocarcinoma-derived cell lines have shown that zebularine
inhibits their growth through cell cycle arrest and apoptosis,
and induces cell death by changing intracellular ROS and

glutathione levels [98, 99]. Other analogs, such as CP-4200
and guadecitabine (SGI-110), also appear to exhibit better
pharmacokinetic activities. The last compound is currently
being evaluated in several clinical trials, including those for
the treatment of leukemia (NCT02131597), hepatocarcinoma
(NCT01752933), ovarian cancer (NCT01696032) and
extensive-stage SCLC (NCT03085849). Additionally, two
phase I trials with 4 ′-thio-2 ′-deoxycytidine (Tidy)
(NCT03366116 and NCT02423057) in solid tumors, and five
trials with 5-fluoro-2′-deoxycytidine (FdCyd) in solid tumors,
acute myeloid leukemia and MDS (NCT00359606,
NCT01479348, NCT01041443, NCT01534598, and
NCT00978250) are currently going on.

Despite their specificity and reduced toxicity, these agents
still show limited activity when used as monotherapy. For this
reason, current efforts are aimed at assessment of the efficacy
of combination therapies. It has, for instance, been reported
that poly-ADP-ribose polymerase (PARP) inhibitors in com-
bination with DNMTis enhances the binding of PARP1 to
chromatin in myeloid leukemia and triple-negative breast can-
cer [100]. Also, venetoclax, an inhibitor of Bcl-2, in combi-
nation with AZA or decitabine has shown a better overall
response in patients with relapsed/refractory and previously
untreated acute myeloid leukemias [101]. On the other hand,
it has been found that azacitidine combined with entinostat
does not enhance chemotherapeutic efficacy in most preclin-
ical assays performed. The response to irinotecan appeared,
however, promising in lung adenocarcinoma patient-derived
primary xenograft models [102]. Recently, a clinical trial has
been completed for stage IIIb and IV advanced NSCLC pa-
tients treated with decitabine combined with genistein
(NCT01628471). The antitumor effect of genistein has, at
least partly, been proposed to involve a decrease in DNMT
expression levels [103]. The combination of AZAwith erloti-
nib showed interesting activity in a patient with erlotinib-
resistant lung adenocarcinoma [104].

Histone deacetylase inhibitors (HDACis) represent a group
of drugs with potential anticancer activities in both solid and
hematologic malignancies. HDACis are categorized accord-
ing to their chemical features, such as hydroxamic acids, cy-
clic peptides, fatty acids, benzamides and electrophilic ke-
tones. Nevertheless, single HDACis have shown limited re-
sponses or only transitory effects, and they may exhibit a high
toxicity. Romidepsin, a cyclin tetrapeptide, has been found to
restore wild-type gene expression in an in vitro lung tumor
model. Different mechanisms of action of romidepsin have
been proposed, such as cell cycle arrest by overexpression of
p21Waf1/Cip1 and hypo-phosphorylated Rb, or repression of the
PI3K/Akt pathway [105, 106]. However, despite its preclini-
cal efficacy, romidepsin has been disappointing in the treat-
ment of patients with SCLC [107]. Peifer et al. described
histone mutations as rating among the most frequent modifi-
cations in SCLC [108]. This notion has led to an increased
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interest in their use as therapeutic targets. As such, combined
treatment with a hydroxamate-based HDACi (vorinostat) and
cisplatin showed an enhanced antitumor effect in vitro [109].
Similar results have been reported with valproic acid in
NSCLC cells [110]. Currently, panobinostat (a pan-HDACi)
has been reported to have a robust anti-NSCLC activity and to
sensitize tumors to carboplatin [111]. In addition, panobinostat
is known to inhibit TAZ. This inhibition mitigates the EGFR
compensatory pathway and enhances sensitivity to gefitinib in
NSCLC. Based on this information, a combination of gefitinib
with panobinostat has been found to inhibit KRAS-mutant and
EGFR-wild-type tumors [112]. Another benzamide-based
HDACi, entinostat, has been found to suppress the growth
of SALL4 (a stem cell factor)-positive tumors [113]. In a
phase II study of combined treatment with entinostat and er-
lotinib in advanced NSCLC no improved clinical outcome
was noted, but a median overall survival improvement was
observed in a subset of patients with a high E-cadherin expres-
sion compared to the group treated with erlotinib plus placebo
(9.4 versus 5.4 months; hazard ratio [HR], 0.35; 95% CI, 0.13
to 0.92; and p = 0.03) [114]. Also, three HDACis
(thrichostatin A, valpromide and valproic acid) have been
found to repress SCLC cell growth and proliferation in vitro,
with thrichostatin A being the most potent agent. It was found
that thrichostatin A and valproic acid stimulate Notch signal-
ing. In addition, it was found that a combination of both
HDACis with the Notch signaling inhibitor dibenzazepine
exhibited a higher efficacy than monotherapy [115]. Thus,
there are HDACis that may be suitable for the treatment of
this disease. This information has been instrumental for the
development of HDACi-based clinical trials in lung cancer,
including NCT02151721, NCT00798720, NCT01935947,
NCT00738751, NCT00387465, NCT02728492 and
NCT01059552. In addition, novel epigenetic drugs are cur-
rently emerging, such as those targeting disruptor of telomeric
silencing1-like (DOT1L), enhancer of zeste homolog 2
(EZH2), lysin-specific demethylase 1 (LSD1), protein argi-
nine N-methyltransferase and bromodomain and extra-
terminal motif (BET). Evanno et al. reported that treating
NSCLC cells with a histone deacetylase inhibitor (SAHA)
plus a BET inhibitor (PFI-1, a BRD2 and BRD4 inhibitor)
could partially reverse epithelial-to-mesenchymal transition
[116]. T-3775440, a LSD1 Inhibitor, has been found to de-
crease the growth and proliferation of SCLC cells in preclin-
ical models [117] and, thus, these drugs may have a potential
for treating this disease.

The tumor microenvironment has been proposed to play a
key role in the development of tumors [118]. In addition to
tumor cells, fibroblasts, vascular endothelial cells, pericytes,
adipocytes and immune system cells can be found within the
tumor microenvironment. Tumor cells may promote immune
checkpoint dysregulation mostly by antitumor cell immunity
inhibition. Improved understanding of these mechanisms has

resurrected the immunotherapeutic treatment of lung cancer.
As a result, immune-based treatment options are expanding.
In addition, a role of epigenetics in regulating immune signal-
ing has been reported [119]. As such, epigenetic therapy in
combination with immune checkpoint therapy has already
been found to reactivate the immune system in several cancer
types, including lung cancer [120]. In addition, Topper et al.
reported that the combination of AZA with HDACis
(givinostat, mocetinostat and entinostat) showed a robust
anti-tumor effect in NSCLC, and that givinostat exhibited a
high antiproliferative activity. They proposed that AZA in-
duces a decreased expression of MYC and sensitizes tumor
cells to HDACis, and modulates T cell phenotypes to memory
and effector T cells [121]. These results led to a clinical trial of
advanced NSCLC patients with a combination of escalating
doses of guadecitabine and mocetinostat, along with an anti-
PD1 antibody (pembrolizumab) (NCT03220477). Currently
several clinical trials are ongoing exploring the efficacy of
combinations of epigenetic drugs and immune checkpoint in-
hibitors in lung cancer (Table 1). Two phase I/II clinical trials
are evaluating decitabine in combination with immune check-
point inhibitors (nivolumab and pembrolizumab) plus
tetrahydrouridine (NCT02664181 and NCT03233724, re-
spectively) in patients with NSCLC. In addition, two trials
are evaluating the safety and efficacy of entinostat plus
pembrolizumab (NCT02437136 NCT02909452) in advanced
NSCLC. All these studies aim to enhance immune activity via
epigenetic modulation and to promote a better response to
therapy.

6 Conclusions and future perspectives

Epigenetic analyses have provided a deeper understanding of
the molecular mechanisms underlying cancer development,
with important clinical implications. Epigenetic regulation in
lung cancer is highly orchestrated, and plays a role in its dif-
ferent developmental steps, ranging from initiation to resis-
tance to therapy in advanced stages of the disease. A growing
number of studies has shown that epigenetic therapies can
successfully be used to treat cancer. These therapies were ini-
tially developed for hematological tumors and, subsequently,
for solid tumors. An in depth understanding of epigenetic
regulator proteins has allowed the development novel drugs
and therapeutic strategies. In addition, the clinical benefit of a
specific therapy can be tailored based on specific characteris-
tics of given patient. In lung cancer patients, epigenetic ther-
apies have shown an improved efficacy when different epige-
netic drugs are combined, or after combination with chemo-
therapy, tyrosine kinase inhibitors and/or immunotherapy.
Recently, it has been found that immunotherapy in conjunc-
tion with epigenetic drugs may reactivate the immune system
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and, thus, profoundly affect current immunotherapy ap-
proaches.More preclinical and clinical studies in this direction
are warranted to develop more specific strategies in the fight
against lung cancer.

Since DNA methylation may be cell-type specific [122],
cancer cell heterogeneity is an important feature to take into
account during sample analysis, acting as a potential con-
founding factor when performing bulk epigenomics. During
recent years, single-cell transcriptomics has demonstrated po-
tential to dissect molecular features of distinct intra-tumoral
cell populations (i.e., immune cells, tumor cells and other
stromal cell subpopulations). This technology is playing an
increasingly important role in precision cancer medicine, pro-
voking a change in the way we understand cancer biology
[123]. We predict that the recently developed and optimized
single-cell methylation technology will play a key role in the
dissection of intra-tumoral heterogeneity, and provide answers
to questions related to tumor initiation, progression and ther-
apy response. On the other hand, advances in high-resolution
and high-throughput molecular technologies and the use of
less invasive methods have shown potential for precision on-
cology. As such, various body fluids can be used as sources
for the study of lung cancer epigenetics, including sputum,

saliva, plasma, serum and bronchoalveolar lavage, instead of
resection specimens or biopsies [124]. Next to being readily
accessible, these sources allow an easy sequential collection
[125] . It has been reported that circulating cell-free DNAmay
be enriched in specific methylation patterns related to the tu-
mor tissue of origin and/or disease stage [126–128], which
highlights the importance of the use of these samples for such
analyses.

In conclusion, the development of cutting-edge technolo-
gies and the expansion of the types and numbers of clinical
samples that may be used for epigenomic analyses has been,
and will continue to be instrumental for our understanding of
the biology of lung cancer. This understanding, which is
reaching single-cell resolution, is expected to yield novel di-
agnostic and therapeutic options to combat this recalcitrant
tumor type.
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Table 1 Current clinical trials combining epigenetic therapies and checkpoint inhibitors in lung cancer

ClinicalTrials.gov
Identifier

Recruitment
status

Phase Cancer Type Epigenetic drugs Immune checkpoint
inhibitors

Other drugs

NCT01928576 Recruiting II Recurrent Metastatic NSCLC Azacitidine Nivolumab
Entinostat

NCT02959437 Recruiting I/II Advanced Solid Tumors Azacitidine Pebrolizumab Epacadostat
INCB059872

INCB057643

NCT03220477 Recruiting I Advanced NSCLC Guadecitabine Pembrolizumab
Mocetinostat

NCT03085849 Recruiting I Extensive-stage SCLC SGI-110 Durvalumab
Tremelimumab

NCT03233724 Recruiting I/II Inoperable, or Unresectable Locally
Advanced/Metastatic NSCLC

Decitabine Pembrolizumab
Tetrahydrouridine

NCT02998567 Not yet
recruiting

I Refractory Solid Tumors Guadecitabine Pembrolizumab

NCT02664181 Recruiting II Metastatic NSCLC Oral decitabine Nivolumab
Tetrahydrouridine

NCT02638090 Recruiting I/II Advanced NSCLC Vorinostat Pembrolizumab

NCT02437136 Recruiting Ib/II Advanced metastatic or recurrent NSCLC Entinostat Pembrolizumab
Melanoma

Mismatch Repair-Proficient Colorectal Cancer

NCT02909452 Recruiting I Advanced Solid Tumors Entinostat Pembrolizumab

NCT02954991 Recruiting II Advanced or Metastatic NSCLC Mocetinostat Nivolumab Glesatinib
Sitravatinib

NCT02805660 Recruiting I/II Advanced or Metastatic Solid Tumors Mocetinostat Durvalumab

NCT02635061 Recruiting Ib Unresectable NSCLC Citarinostat Nivolumab

NCT02546986 Active, not
recruiting

II Locally Advanced or Metastatic NSCLC Oral Azacitidine Pembrolizumab
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