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Abstract

Genetics is at the basis of cancer initiation and evolution, but emerging evidence indicates that mutations
are not sufficient to produce cancer, indicating a role for epigenetic contributions to the different stages of
tumorigenesis. While the genetic tracks of cancer have been widely investigated, the epigenetic “drivers”
remain a vague definition. Gene-environment interactions can produce gene-regulatory programs that dic-
tate pathogenesis; this implies a reciprocal relationship where environmental factors contribute to genetic
mechanisms of tumorigenesis (i.e. mutagenesis) and genetic factors influence the cellular response to
extrinsic stress. In this review article, we attempt to summarise the most remarkable findings demonstrat-
ing a contribution of epigenetic factors as proper “drivers” of tumorigenesis. We also try to pose attention
on the relevance of epigenetic mechanisms as downstream consequences of genes versus environment
interaction.

© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecom-

mons.org/licenses/by/4.0/).

Cancer: An (epi)genetic disease?

Despite cancer has been for long acknowledged
as a disease with genetic basis and large efforts
have been invested in defining its genetic tracts,’?
alterations of the cellular epigenome have emerged
as potential “driver” factor in its pathogenesis.® Inte-
gration of extrinsic and intrinsic factors equally con-
tribute with a reciprocal relationship: somatic
mutations can alter integration of external stressors,
while stressors can concur to promote genetic evo-
lution (i.e. new mutations). A recent study is among
the first to formally demonstrate that gene—environ-
ment interactions can rapidly produce gene-
regulatory programs that dictate early neoplastic
commitment.* Extrinsic factors (injury) trigger a
rewiring of the chromatin landscape only if specific
genetic pre-malignant mutations (KRas) are pre-
sent in genetic background, thus triggering tumori-

genesis as a proper “driver’ event. Interaction
between genes and environment has far reaching
consequences; behavior of cancer mutations can
also be influenced by environmental factors; for
example somatic mutations in p53 have shown
plasticity (switch from oncosuppressive to onco-
genic) in different microbiome contexts,>® while
the same mutations have also shown ability to
deregulate response to microenvironmental stres-
sors, such as hypoxia.”'? Mutations directly affect-
ing epigenetic enzymes or histones have been
postulated in the last decades to contribute to the
evolution and heterogeneity of cancer (Figure 1
and Box 1); hence in the most classical view direct
epigenetic alterations playing a role in tumorigene-
sis can derive from mutational events on genes cod-
ifying for epigenetic regulators. Thus, a genetic-
epigenetic circuit underlies the molecular basis of
cancer at different stages. These clear evidences
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Figure 1. Mutational status of epigenetic regulators in
showing the type and frequency of mutations observed

cancer. Oncoprint for different classes of epigenetic factors
in cancer. From cBioPortal database for Cancer Genomics

TCGA PanCancer Altas (n = 10,967) (https://www.cbioportal.org).

of an epigenetic contribution to initiation and pro-
gression of cancer and the determination of a syner-
gistic effect of sporadic mutations and extrinsic
stressors provide rationale for investing efforts in
these directions to design early detection and treat-
ment strategies.

In this review, we focus on the epigenetics of
cancer by discussing how interactions between
environment and genes can impinge on the
epigenetic code and trigger disease. We also
report a selection of the most frequently observed
mutations of epigenetic factors, that appear as
causative direct events in the pathogenesis. We

finally describe the advances of the strategies for
the study of the cancer-associated chromatin
landscape and discuss the strict correlation
between epigenetics, DNA damage and genomic
integrity.

Epigenetic rewiring in cancer:
Consequence of mutations or
response to stressors?

The assay for transposase-accessible chromatin
followed by sequencing (ATAC-seq) is among the
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Table 1 Representative alterations of DNA modifying enzymes in cancer.

Gene Function Alteration Tumor type References
DNMT1 DNA Nonsense, Missense Colorectal cancer Kanai et al., 2003 [110]
methyltransferase ~ Overexpression Melanoma Gassenmaier et al.,
Pancreatic ductal carcinoma (PDAC) 2020 [111]
Gao et al., 2013 [112]
DNMT3A DNA Missense (R882H) AML Venugopal et al., 2021
methyltransferase ~ Missense non R882 AML, MDS [113]
Truncating AML, MDS Papaemmanuil
et al.,2016 [114]
Balasubramanian
et al.,2018 [115]
DNMT3B DNA Overexpression Pancreatic ductal carcinoma Gao et al., 2013 [112]
methyltransferase Colorectal cancer squamous cell carcinoma Linhart et al., 2007 [116]
Lung carcinoma Stein et al., 2011 [117]
Nasopharyngeal carcinoma Chen et al., 2016 [118]
Yang et al., 2014 [119]
Wu et al., 2020 [120]
TET1 DNA demethylase  Translocation t(10;11)  AML Lorsbach et al., 2003
(g22;23 TNBC [130]
Overexpression Prostate Cancer Good et al., 2018 [121]
Silencing Feng et al., 2015 [122]
TET2 DNA demethylase  Deletion/Silencing Myelodysplastic syndromes, Delhommeau et al.,
myeloproliferative disorders, AML 2009 [123]
TET3 DNA demethylase  Silencing Glioblastoma (GBM) Carella et al., 2020 [124]

Overexpression

Ovarian cancer

Cao et al., 2019 [125]

current best methods to assess genome-wide
chromatin accessibility. Many regions of cancer
genomes, particularly in non-coding areas, acquire
accessibility if compared to the normal tissue
counterpart. Integration of ATAC-seq with GWAS
analysis has identified non-coding mutations in
regulatory regions associated with a significant
gain of chromatin accessibility which results in
changes in the expression of nearby genes. On
the basis of different chromatin accessibility
landscapes, it has been also possible to define
new tumor subtypes, for breast cancer, prostate
adenocarcinoma and kidney renal papillary cell
carcinoma.’® Hence, epigenetic rewiring appears
a hallmark of cancer, of high importance for under-
standing the molecular basis of prognosis and
response to therapies.''*

In a recent PAN-Cancer study, Chen and
colleagues have reported a substantial variation of
enhancer elements, resulting in the alteration of
the profile expression of the associated genes.
Several enhancers in each cancer type strongl
and negatively correlate with patient survival.'
Therefore, DNA enhancer elements potentially rep-
resent a reliable signature of cancer prognosis. Sin-
gle nucleotide polymorphisms (SNPs) are also
frequently observed in accessible enhancers, regu-
lating the open/close status of these regulatory ele-
ments. Some of these SNPs have been associated
with risk to develop specific types of cancer (for
instance rs6983267 for breast cancer, rs35252396
for kidney renal clear cell carcinoma, rs4444235
for colorectal cancer).'*'®

During the last decade, genome-wide analyses
have identified driver mutations in genes
regulating the epigenetic processes, which can
induce particular chromatin landscapes that may
support tumorigenesis.'”” Remarkably, mutations
in genes codifying for histones have also been
reported. Somatic mutations observed in paediatric
brain tumours in the H3F3A gene, coding for the
histone variant H3.3, are a prototype example of
histone mutations. These involve the aminoacidic
substitution K27M (lysine to methionine at position
27) and G34R/V (glycine to arginine/valine at posi-
tion 34). Notably, the two mutations have been
found in tumors affecting different areas of the
brain: K27M mutation occurs in tumors of spinal
cord, thalamus, pons and brainstem; while G34R/
V expressing tumors are located in the hemi-
spheres.'®"9 Mutated H3.3 histone, also defined
oncohistone, promotes tumorigenesis affecting
multiple mechanisms, linked to global loss of
H3K27me3 mark, which is caused by the direct inhi-
bition of H3.3¥2"M on EZH2, a component of the
Polycomb Repressive Complex 2 (PRC2). Also,
focal H3K27me3 acquisition is observed in the pro-
moters of tumor suppressor genes such as the
INK4A/ARF locus.”® The H3.3%%*FV oncohistone
has been associated with loss of H3K36me3 mark
due to the abrogation of the methyltransferase
activity of SETD2. Yang and colleagues reported
that the oncohistone physically blocks the K36
pocket domain, therefore inhibiting the aminoacidic
residue methylation.”’
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Table 2 Representative alterations of histone modifying enzymes in cancer.

Gene Function Alteration Tumor type References
HATA1 Histone Overexpression PDAC Wu Wu et al.,
Acetyltransferase Nasopharyngeal cancer 2019 [126]
88
P300 Histone Overexpression Laryngeal squamous cell [95,96]
Acetyltransferase Loss of expression carcinoma
Missense/Translocation Leukemia, Lymphoma
HDAC1-10 Histone Deacetylase Overexpression Low Different types of cancer [97]
SIRTs Expression in rare cases
DOT1L Histone Overexpression Deletion or Prostate Cancer Melanoma [98,99]
Methyltransferase Somatic mutations
(H3K79)
SETDB1 Histone Amplification Melanoma Ceol et al., 2011
methyltransferase [127]
(H3K9)
LSD1/KDM1A Histone Demethylase Overexpression Prostate, lung, brain, breast [94]
(H3K4 and H3K9) Truncating and missense Multiple Myeloma
mutation (germline)
EZH2 Histone Overexpression Prostate cancer, Breast cancer  Varambally et al.,
methyltransferase Gain of function Melanoma, Bladder 2002 [128]
(H3K27) Loss of function Non-Hodgkin’s lymphoma [100,101]
MDS, T-ALL McCabe et al.,
2012[129]
[102,89,90]
G9A(EHMT2) Histone Amplification Breast Cancer [91-93]
methyltransferase Overexpression Bladder cancer
(H3K9) Colorectal cancer

Mutations in the linker histone H1 isoforms B-E
(H1B, H1C, H1D and H1E; also known as H1-5,
H1-2, H1-3 and H1-4, respectively) are highly
recurrent (30-40%) in B cell lymphomas.** Disrup-
tion of H1 function produces substantial alterations
in the chromatin architecture, leading to large-
scale shifts of chromatin from a compacted to a
relaxed state. These changes result in gain of
H3K36me2 and/or loss of repressive H3K27me3,
unlocking expression of stem cell genes that physi-
ologically undergo silencing during early develop-
ment. This enhanced fitness and self-renewal
properties, ultimately produce aggressive lym-
phomas with an increased repopulating potential
in mice models of H1c and H1e deficiency,”*>*.

Point mutations can also occur in canonical
histones. The overall mutation rate of histone
genes ranges from 8% in the cervix tumor to less
than 1% in myeloid cancers.”” In the very last years,
H2 histone has attracted much interest. In particu-
lar, the missense mutation glutamate-to-lysine at
position 76 of histone H2B (H2BE®X) has been
observed in a variety of cancers. The particular fea-
ture of H2BF"®¥ s to impair the histone octamer and
nucleosome assembly which inhibits DNA com-
paction, consequently, resulting into an increased
chromatin accessibility and gene expression.?
Short H2A (sH2A) variants are a subclass of histone
that display oncohistone features such as missense
substitutions. Their role in tumorigenesis is not fully
understood, but it is reported that they are linked to
aberrant splicing given their capacity to bind RNA
and splicing factors.?® How integrations of extrinsic

stressors occur on mutant histones containing chro-
matin is yet to be understood.

Alonso-Curbelo and colleagues have very
recently provided one of the first formal proof that
interaction of extrinsic factors (injury) and genetic
mutations (KRas mutation) can trigger a rewiring
of the chromatin landscape, that acts a driver
event of the tumorigenesis. In an in vivo
pancreatic cancer model, under perturbed
conditions, such as mutation of KRAS and
simultaneous tissue damage, the chromatin
undergoes a complete remodeling, producing a
cancer-specific  transcriptional program. The
results of this study have the important
implications of demonstrating that altered genetic
background (pre-malignant KRas mutations)
influences integration in the cellular epigenome of
the response to extrinsic factors (injury). At the
same time these results support the postulation
that epigenetic mechanisms can represent early
stage drivers of the tumorigenesis.**2°. A wide
range of (micro)-environmental factors can influ-
ence the cellular epigenome with different implica-
tions for cancer and normal cells. A remarkable
and not yet deeply dissected contribution might
derive from commensal microbiome,*® > which
influences tumorigenesis with a not clearly dis-
sected mechanisms. At the same time integration
of detoxification systems®*** and dietary compo-
nents might indirectly influence the response to
injury, through the regulation of cellular epigenome
with mechanisms never conceived.
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Metabolic stress, nutrient status and
oxygen sensing: Is epigenetic the
causative link to cancer?

DNA and histone post-translational modifications
require  metabolic  substrates.  S-adenosyl-
methionine is the main methyl-donor for
methylation of DNA (cytosine) and histones;
acetyl-CoA is required for acetylation and alfa-
ketoglutarate  for  de-methylation  reactions.
Metabolic deregulations, associated to cellular
metabolic status or functional alterations of the
metabolic enzymes, influence the epigenetic
pattern of the cells. General stress conditions can
also influence directly or indirectly the epigenetic
modifications. For example, TET-mediated de-
methylation of 5-methyl-cytosine requires oxygen
and o-ketoglutarate (a-KG) from the tricyclic acid
cycle (TCA) as substrates, generating CO, and
succinate as products. Hence, oxidative stress or
reduced oxygen tension (hypoxia) can generate
unbalance in the activity of DNMTs and TET
resulting in a %Iobal perturbation of the epigenetic
landscape.®*°. The JmjC-containing enzymes,
lysine demethylase 5A (KDM5A) can sense oxygen
deprivation and reprogram chromatin state.
Hypoxia induces a rapid induction of histone methy-
lation on H3K4 and H3K27, which is mediated by
the inactivation of KDM5A.*° Similarly, KDM6A
seems to sense oxygen concentration and influ-
ence the methylation pattern of histones.*’

A number of compelling examples indicate
correlative observations between metabolic status,
oxygen supply and epigenetic regulations, while
causative relationships, with directional links
remain to be determined. Moreover, causality of
these events, and therefore a link to lifestyle and
diet, to cancer susceptibility, is yet elusive.

Genome integrity: Epigenetic
regulators of DNA damage response

The genome is constantly exposed to
endogenous and exogenous harmful stressors.*?
Mechanisms involved in the DNA damage response
(DDR) have evolved to ensure maintenance of gen-
ome stability. During the last two decades, studies
have described a tight coordination between gen-
ome and epigenome in the preservation of cell func-
tion and identity.*®> Several histone modifications,
histone modifying and chromatin remodeling
enzymes normally involved in the control of gene
expression, play a fundamental role in the DNA
repair processes.”®** A variety of post-
translational modifications such as phosphorylation,
ubiquitylation, acetylation, ADP-ribosylation have
been extensively described to regulate and facilitate
the DNA repair process.”* Of note, many factors
including histone deacetylases and methyltrans-
ferases control spatiotemporally the reactions nec-

essary for accurate repair of the DNA damage.
For instance, Polycomb Group proteins (PcG),
commonly involved in the gene silencing, have
been found to damage foci. In particular, the ubiqui-
tylation of H2A by Polycomb repressor complex 1
(PRC1) exerts a dual role: it is a mark for transcrip-
tionally inactive chromatin and acts as a mark of
DNA damage.” Also the histone methyltrans-
ferases SETDB1 and SUV39 contribute to DDR,
with a proposed model by which transiently com-
pact the chromatin to promote homologous recom-
bination (HR). SETDB1 and SUV39 are indeed
dispensable for non-homologous end joining
(NHEJ) but appear essential for HR.*°

A plethora of in vitro and in vivo studies have
demonstrated the role of SWI/SNF complex to
maintain genomic integrity by, in part, regulating
the DNA damage response (DDR). More in detail,
subunits of the BAF complex (SWI/SNF family)
have been described to control the efficiency of
non-homologous end joining (NHEJ) and
homologous recombination (HR). For instance,
ARID1A is responsible for the chromatin relaxation
nearby the site of damage, a process required for
the access of the NHEJ mediators, such as 53BP1
and RIF1.*” The dysfunction of SWI/SNF com-
plexes, as well as INO80, ISWI and CHD, can result
in high rates of genetic mutations which may drive
the cancer onset and development.*®

Genome integrity: Epigenetic
maintenance of heterochromatin

Link between epigenetic mechanisms and
genomic integrity also exists in the regulation of
genomic repetitive sequences, which are largely
represented by interspersed LTR-based
endogenous retroviruses (ERVs; 8% of genome)
and non-LTR-based short- and long-interspersed
nuclear elements (SINEs and LINEs, respectively;
35% of genome). Repetitive elements play a
major role in genome evolution and diversity, but
their epigenetic regulation is of pivotal importance
for maintenance of genomic stability and
chromosome architecture. Repetitive elements
expose genome to replication fork stalling and
non-allelic recombination events, thus posing a
major threat to genome integrity.”> FBXO44 has
been very recently associated to the regulation of
repetitive elements. FBXO44 transcriptionally
silences repetitive elements, binding trimethylated
lysine 9 of the histone H3 at the replication fork. This
triggers recruitment of SUV39H1, CRL4, and Mi-2/
NuRD to transcriptionally silence REs post-DNA
replication (Figure 2).%°

Emerging role of specific DNA:RNA structures,
called R-loops, are described in the regulation of
physiological and pathological conditions.®" In par-
ticular, R-Loops are three-stranded nucleic acid
structures composed by a very stable pairing of
RNA with a single DNA strand, displacing at the
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antiviral pathways in cancer cells.

same time the other DNA strand (ssDNA).°? They
can be present in the human genome also in physi-
ological conditions; indeed the 5% of genome
regions present these particular structures.>*** R-
loops have been described to regulate many cellular
processes such as replication, transcription and ter-
mination.®® Particularly, Ginno et al. have demon-
strated that R-loops found at gene promoters,
enhance the transcription by protecting regions of
DNA characterized by asymmetry of cytosine
guanosines (CG skew) from methylation and there-
fore from silencing.”® Moreover, R-loops decrease
the promoter methylation resultin7g in an increased
expression of a variety of genes.®” R-loops can also
direct the regulation of chromatin architecture and
cellular differentiation. In particular Chen et al. have
described the high importance of R-loops in coordi-
nating these processes in embryonic stem cells.
Indeed the authors have observed an enrichment
of the occupancy of the complex Tip600-p400 and
lower binding of PRC2 at genes whose proximal pro-
moter is occupied by R-loops.®® Beyond their physi-
ological role, R-loops represent a continuous threat
for genomic integrity. Epigenetic perturbations
affecting transcription of codifying and non-
codifying sequences (INRNAs and repetitive ele-
ments) can lead to accumulations of unscheduled
pathological R-loops. At least two are the mecha-
nisms proposed for the R-loop mediated genomic
instability: firstly, the displaced single strand DNA

(ssDNA) is more susceptible to damage and can
be abnormally recognized by mutagenic cellular
enzymes such as cytidine deaminases; secondly,
R-loops can cause replication stress inducing
breaks and triggering unproper repair.>® The role of
R-loops in causing DNA damage has been exten-
sively addressed. Recent studies from prokaryotic
and eukaryotic mammal cells have highlighted that
DNA damage and deregulation of repetitive
sequences can lead to formation of R-loops.®® %
Given their role of continuous source for genome
integrity, R-loops removal is strictly controlled. Nota-
bly, few studies have evidenced the involvement
DNA repair proteins in the suppression of R-loops.
For instance, the factors BRCA1 and BRCA2,
FANCD1, FANCD2 and FANCA, involved in the
homologous recombination repair and in the Fan-
coni Anemia pathway, strongly suppress R-loop for-
mation. Indeed, when one of these proteins is
missing cells aberrantly accumulate R-loops and
undergo DNA damage, as assessed by an increase
of YH2Ax.5%7¢°

Polycomb proteins: Key regulators of
epigenetic states

The cellular epigenome is maintained by a fine
balance of extrinsic factors and their integration
cells mediated by epigenetic modifiers and cellular
signaling®® and the Polycomb group proteins
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(PcG) play a key role in this process by ensuring
correct development and differentiation epigenetic
status.®”:°® PcG proteins are assembled in two large
multimeric complexes, named PRC1 and PRC2,
and are responsible for deposition of H3K27me3
and H2AK119Ub marks via EZH2 and RING1A/1B,
respectively. These are frequently deregulated or
mutated in tissue with high renewal capacity such
as hematopoietic compartment. PRC alterations
are indeed very common in hematological tumors.®°
In vivo studies have helped in dissecting the role of
PRC complexes: specific knock out/overexpression
of different subunits/cofactors of PRC1 in mouse
models have demonstrated its oncogenic potential
on the cell transformation. /In vivo enforced expres-
sion of Cbx7 results in the develogment of a highly
aggressive B cell lymphomas.”® In particular,
Cbx7 cooperates with c-Myc in accelerating lym-

Conclusions

Cancer epigenetics has represented an
expanding field for the last decades, however this
has not clearly impacted practical applications in
patients’ management. In the current post
genomic cancer era, the following layer of
information to comprehensively map cancer is a
detailed dissection and integration of the
epigenome. The significant development of
genomic techniques which has been seen in the
last years is providing the scientific community
with the right tools to this goal. Ultimately, this
information will have to be translated into patients
benefit. While however the last decades have
seen a great emphasis on the development of
“epigenetic  therapies”, the future should
significantly look into the potential of epigenetic

phomagenesis. Cbx7 expressing tumors are char-
acterized by high proliferation index and low
apoptosis rate.”® Moreover, loss of Ring1b, associ-
ated with deficiency of Ink4a, causes an accelera-
tion of hematopoietic neoplasias. The data unveil
the essential role of Ring1b in the negative regula-

marks as early-stage biomarkers of disease or of
therapeutic response (see Box 2).

tion of myeloid cell proliferation. Interestingly, cells
derived from Ring1b-deficient mice present a signif-
icant upregulation of Cyclin A and D, explaining the
enhanced proliferation after Ring1b loss.”"

Bmi-1 has been the first component belonging to
PRC1 to be identified in mammals.”? Early in vivo
studies have evidenced the oncogenic role of Bmi-
1 in a mouse model of lymphomagenesis. Particu-
larly, Bmi-1 was shown to inhibit the c-Myc induced
apoptosis.”®”* A later study has linked Bmi-1 over-
expression to intestinal cancer. Loss of Bmi-1 signif-
icantly reduces the number of intestinal adenomas
through an increased susceptibility to undergo
apoptosis. This is a result of an increased expres-
sion of p16™K**/p19”RF |ocus which in turn stabi-
lizes p53 protein to exert the apoptotic program.”®

Genetic studies of PRC2 components have
documented loss of differentiation capacities,
associated with increased cell proliferation and
transformation. Different groups have
demonstrated that both overexpression and loss
of EZH2 lead to acute T-cell lymphoma (T-ALL),
myelodysplastic syndrome (MDS) and
myeloproliferative neoplasms.”®’®  Furthermore,
Berg et al. have provided functional insight in the
Y641F activating mutation of EZH2 subunit. Muta-
tion alone is not able to initiate lymphomagenesis,
but concurrently to Myc overexpression, the tumori-
genic process is dramatically enhanced.”® PRC2
alterations have been also observed in solid tumors.

Box 1

DNA methylation.The presence of a methyl group on the position 5
of the cytidine (5-mC) represents a major repressive epigenetic
mechanism involving DNA modification, in particular in the cytidines
and guanidines rich sequences (CpG islands).®'# This regulation
is tightly controlled by a fine balance between the DNA methyltrans-
ferases (DNMTs) and DNA demethylases (TET family).DNMT1,
DNMT3A and DNMT3B use S-adenosyl-methionine (SAM) as
methyl donor for the methyltransferase reaction. DNMT1 is respon-
sible for maintenance of DNA methylation after its synthesis and
prefers hemi-methylated DNA as substrate®®. DNMT3A and
DNMTS3B are, instead, de novo methyltransferases and methylate
the DNA in different genomic positions. They display overlapping
functions but DNMT3A is reported to be more active on naked
DNA than DNMT3B; conversely DNMT3B prefers the DNA in the
core nucleosome as substrate®®. The reverse process of DNA
demethylation is catalyzed by the TET (ten eleven translocation)
protein family: TET1, TET2 and TET3%. TET enzymes use alfa-
ketoglutarate to oxidize 5-mC to 5-hydroxymethylcytosine (5-
hmC), which can be further converted either to 5-formylcytosine
or 5-carboxylcytosine®®. These intermediate products are recog-
nized by the base excision repairs system to substitute with an
unmodified cytosine®®. Mutations in DNMTs and TET enzymes is
observed with a mutual exclusivity pattern in cancer (see Figure).
Alteration of DNA methylation can affect cancer cells with at least
three different mechanisms: (i) general hypomethylation of cancer
genome, leading to genomic instability; (i) focal hypermethylation
of oncosuppressive genes; (ii)) direct mutagenetic effects of 5-mC
by deamination.

onNT 3
In particular in breast cancer, EZH2 targeted over- owrsa 294 | — § Inframe Muation
expression in the mouse mammary gland disrupts o - i g son
the epithelial morphology. Moreover, EZH2 causes R = ——

TET3 28%

=

¥ Missense Mutation (putative driver) || Missense Mutation (unknown significance) || Amplification || Deep Deletion

an accumulation of beta-catenin, by a direct interac-
tion. The enhancement of the Wnt/B-catenin signal-
ing leads to hyperplasia, the earliest recognizable

No alterations

marker of breast carcinoma.&°
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Box 2

Histone post-translational modifications and Nucleosome remodel-
ing.Histones are basic proteins important for regulating many bio-
logical processes such as packaging of the DNA, access to the
chromatin, gene expression and DNA repair. Similarly, to many
other proteins, histones can undergo post-translational modifica-
tions (PTMs) as marks, which are added as chemical group to the
tail and core of histone proteins. Better characterized histone PTMs
are methylations, requiring SAM as methyl-donor, and acetylation
that requires acetyl-CoA as acetyl-donor. Methylations and acetyla-
tion of lysines (more residues are the lysines 4, 9 and 27 of histone
H3) are influencing chromatin condensation influencing transcrip-
tional factor accessibility. Dysregulation of histone acetyltrans-
ferases (HATs), deacetylases (HDACs), methyltransferases
(HMTs) and demethylases are found commonly altered in cancer
(Table 1) and can represent determinants of the pathogenesis.®”~
%2 These group of enzymes have become common therapeutic tar-
gets in cancer for their potential to directly affect expression of
oncogenes and oncosuppressors.'>>~'° More recently “non canon-
ical” modifications have also emerged, including acylation, lactyla-
tion, homocysteinylation, serotonylation, succinylation (see
Figure). Central-carbon and one-carbon metabolism, ketogenesis,
and redox balance supply the cell with the intermediates required
to modulate addition/removal of histones PTMs. These in concert
with DNA modifications, chromatin modifiers, remodellers and tran-
scription factors impinge on the global transcriptional programme.In
addition to histone post-translational modifications and histone vari-
ants the fine regulation of the chromatin state is also mediated by
structural remodeling of chromatin.'®” This is regulated by a group
of defined ATP-dependent complexes, which regulate the chro-
matin accessibility by altering the position of nucleosomes. These
complexes fall into four families: SWI/SNF, INO80, CHD and
ISWI."%8 Briefly, SWI/SNF controls chromatin accessibility by nucle-
osome repositioning, ejection or histone dimer eviction. The com-
plexes CHD and ISWI are mainly involved in the nucleosome
assembly, maturation and spacing. Lastly, INO80 primarily installs
and removes histone variants.'®’ In the last decade, genome wide
sequencing studies have shed light on the recurrence of mutations
in this type of epigenetic regulators (Table 2).

In particular, more than 20% of mutations described across different
types of cancer belong to components of the SWI/SNF family,*®
including SNF5 and ARID1A/B, while mutations in members of
the INO80, CHD and ISWI families are less common.'%®
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