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ABSTRACT
The definition of epigenetics is still under intense debate; however, its concept has evolved since it
wasoriginally introduced in 1939byConradHalWaddingtonas away to reconcile antagonistic views
between the school of preformationism and the school of epigenesis. The characterization of a large
number of phenomena that diverge from the dogmas of classical genetics, and the discovery of the
molecularmechanisms throughwhich these phenomena occur, has given rise to a new area of study
with important implications for biological sciences. Interactions between the environment and the
DNA throughmodifications on the chromatin are not only responsible for the expression of a normal
phenotype, these may be involved in the development of various pathologies. The epigenome, as
the bridge between the genome and the phenotype, is no doubt one of themost interesting current
ideas in genetics and is so revolutionary that it may change our present notions about inheritance
and evolution. In this review, we made a compilation of the most important events in the history of
epigenetics, its implications and some perspectives to the future.

Abbreviations: DNA: deoxyribonucleic acid; RNA: ribonucleic acid; DNMT: DNA methyltransferase;
MBP: methyl-CpG-binding proteins; HAT: histone acetyltransferase; HDAC: histone deacetylase;
SAM: S-adenosyl methionine; ncRNA: non-coding RNA; rRNA: ribosomal RNA; miRNA: microRNA;
siRNA: small interfering RNA; piRNA: Piwi-interacting RNA; XiRNA: X-inactivation RNA; lncRNA: long
non-coding RNA; GR: glucocorticoid receptor; IGF2: insulin-like growth factor II; HPA: hypothala-
mic–pituitary–adrenal; TSA: trichostatin A; LINE: long interspersed nuclear elements; LOI: loss of
genomic imprinting; MAS: McCune–Albright syndrome; AS: Angelman syndrome; PWS: Prader–Willi
syndrome; FDA: Food and Drug Administration; AHEAD: International Human Epigenome Project;
HEP: Human Epigenome Project; TMG: thiomethyl-β-D-galactoside
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Introduction

The concept of epigenetics has significantly evolved
since it was originally proposed more than 70 years
ago (Waddington 1939). It has gone from being a term
infrequently and inadequately used in the literature to
being one of the most important areas of study in the
post-genomics era and having important implications
for the biological sciences. Science has traveled a long
road toward a proper definition of epigenetics and of
the phenomena that it encompasses. This road began
with debates about the nature and localization of the
components that drive organismal development and
has passed through events such as the development of
the chromosome theory of inheritance, the determi-
nation of the structural details of the genetic material
and themechanisms thatmediate such inheritance and
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architecture, such as the modifications of the deoxyri-
bonucleic acid (DNA) and histones, and the establish-
ment of the biological activity of small non-coding
ribonucleic acid (RNAs) (Jablonka & Lamb 2002; Allis
et al. 2007). However, as will be evident along this
review, the journey is not over yet.

The notion that the genome is programmed and
regulated by the epigenome doubtless provides one
of the most interesting current perspectives in genet-
ics. The currently known molecular mechanisms of
epigenetic regulation not only offer a comprehensive
explanation for the functioning of biological systems,
but they also again place the influence of the envi-
ronment as a key determinant in the processes of
cellular development and differentiation that give rise
to a given phenotype (Richards et al. 2010; Faulk &
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Dolinoy 2011a). Epigenetics thus challenges the reduc-
tionist ideas of Darwinism, Neo-Darwinism and clas-
sical genetics by recognizing the possibility of a new
system of rapidly emerging transgenerational pheno-
typic variation (as an alternative to mutation) and by
recognizing the fact that under particular situations
certain acquired traits could be heritable in organisms
in line with Lamarck’s theory of evolution (Haig 2007;
Rando & Verstrepen 2007; Jablonka 2013).

Epigenetics is a very extensive field and despite
how much this area has evolved, there are not yet
consensus about fundamental aspects, including
a conceptual delimitation of what may or may not be
considered as epigenetic; if it is valid that epigenetics
be restricted only to phenomena of eukaryotic organ-
isms; the inheritance of epigenetic changes and the
demonstration of the real impact of this heritage in
evolution of organisms. All these issues are controver-
sial in such a heterogeneous area and the present work
represents our position on several of them in the frame
of a historical overview.

FromWaddington’s concept and Nanney’s
epigenetics to the present

The origin of the word ‘epigenetics’ dates back to 1939,
when the Scotch embryologist and geneticist Conrad
Hal Waddington established the term as a result of his
analysis of the old debate between preformationism
and epigenesis (Waddington 1939). The preformation-
ist school of thought, which originated in classical
Greece and was disseminated widely during the sev-
enteenth century (M.Malpighi, J. Swammerdam, C. de
Bonnet, A. vonHaller and L. Spallanzani), claimed that
the structures of organisms were preformed at a small
scale in embryos from the beginning of development.
The preformed specimen, known as the homunculus,
which originally resided in the egg or in the sperm
cell, simply grew after fertilization until it completed
its development (Van Speybroeck et al. 2002; Well-
ner 2010). This simple and static idea disagreed with
the observations made by Aristotle and presented in
his book ‘On the generation of animals’, in which he
logged the properties, fluids and means of reproduc-
tion of various animals, aswell as the dynamics of avian
embryological development. Aristotle claimed that in
the embryo that resulted from a maternal and a pater-
nal contribution, the different organs were formed

from an amorphousmaterial as a consequence of grad-
ual changes. He also stated that differentiation and
development were continuous processes of high bio-
logical complexity that involved various stages that
were each dependent on the previous stage and that
finally gave rise to the individual (Aristotle 2007).
The fundamental concepts behind epigenesis were
defended, broadened and shaped further by Galeno in
his work ‘On the natural faculties’, by William Harvey
in ‘Disputations touching the generation of animals’,
by John Turberville Needham in ‘Observations on the
generation, composition and decomposition of ani-
mal and vegetable substances’ and by other researchers
between the eighteenth and ninteenth centuries (Van
Speybroeck et al. 2002).

According to Waddington’s interpretation, prefor-
mationism and epigenesis were complementary the-
ories. He tied the causal elements of development
(genes) to embryology to devise the term ‘epigenet-
ics’ (Van Speybroeck 2002). Waddington wrote in ‘An
introduction to modern genetics’ (1939):

. . . the fertilized egg contains constituents which have
definite properties which allow only a certain limited
number of reactions to occur; in so far as this is true, one
may say that development proceeds on a basis of the ‘pre-
formed’ qualities of the fertilized egg. However, equally it
is clear that the interaction of these constituents gives rise
to new types of tissue and organ which were not present
originally, and in so far development must be considered
as ‘epigenetic’ . . . . (Waddington 1939)

Later, he contemplated that genotype and pheno-
type were linked by a complex set of genetic and
non-genetic developmental processes, which he
named the ‘epigenotype’, and he proposed a shift from
the scheme genotype+ environment = phenotype
to genotype+ epigenotype+ environment = specific
phenotype (Van Speybroeck 2002; Waddington 2012).
In this way, Waddington proposed the concept of the
‘epigenetic landscape’, in which a cell is ‘canalized’
to reach an expected phenotype by ‘rolling’ down an
‘undulating surface’ whose shape is determined by the
interaction among diverse gene networks. In terms of
development, once a cell is programmed to reach a spe-
cific stage of differentiation by crossing the ‘landscape’,
the program cannot be changed to reach a different
final stage (Choudhuri 2011).

Waddington’s concept of epigenetics essentially
refers to cell differentiation, as ‘the process through
which the genotype gives rise to the phenotype’. It was
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not until 1958 that the second important approach
about this topic occurred, thus guiding the definition
of epigenetics toward its current state. In his essay ‘Epi-
genetic control systems’, David L. Nanney claimed that
the existence of two cell regulatory systems was evi-
dent. One system was related to the mechanisms of
DNA template transcription (genetic), and a comple-
mentary system had different operational principles
and was in charge of determining which information
is expressed in a particular cell (epigenetic). Nanney
was aware of the difficulties in distinguishing the prop-
erties of a cell due to changes in the genetic material
from those due to other mechanisms and in explain-
ing how the effects of these ‘auxiliary’ processes could
persist in the phenotype across many generations
(1958).

The evidence that Nanney used to support his
ideas was a set of phenomena deemed by the scien-
tific community as ‘bizarre’ (Allis et al. 2007). For
example, the observations by Muller (1930) in his
studies on translocations, inversions and deletions in
irradiatedDrosophilamelanogaster chromosomes sug-
gested that in the absence of any other alterations, the
placement of genes within the genome could mod-
ify gene expression (eversporting, mottling, mosaic
effects) (Muller 1930). Years later, Aloha Hannah
(1951) confirmed that the variegation effect observed
by Muller was due to genes in euchromatic regions
were moved to regions under the influence of hete-
rochromatin (juxtaposition of euchromatin and hete-
rochromatin). Around the same time, such phenom-
ena were of interest to Barbara McClintock in maize
plants (1945–1956). During her research, McClintock
discovered that the movement of the loci Ds and Ac
along the genome (transposition)was the cause of phe-
notypic alterations in maize as mosaic color, depend-
ing on the new location of the transposable element by
the modification of the action of nearby genes (regula-
tion of gene expression) (McClintock 1950; Felsenfeld
2014).

Similarly, the first questions had been asked regard-
ing the phenotypic differences among cells that
allegedly carried the same genetic material, such as
variations in morphology and pigmentation among
colonies arising from a pure culture of some bacteria.
This phenomenon indicated that the expression of cer-
tain traits was not determined solely by the presence
of certain genes within the cell. Phenomena such as
serotype variation and bacterial phase variation were

considered to be of epigenetic origin and induced by
the environment. Phase variation is currently known
as an inheritable but reversible gene regulatory mech-
anism that gives rise to phenotypic heterogeneity by
inducing different levels of protein synthesis in indi-
vidual cells of a clonal population (van der Woude
2011). Phenotypically, it manifests as the emergence
of changes in microbial colony morphology and color
and as the expression of pili, fimbriae and other pro-
teins directly linked to pathogenicity (van der Woude
2008). Other examples described by Nanney include
phenomena in which cell feedback regulation systems
can give rise to epigenetic events. The discovery of
the permease enzyme of the bacterial lac operon by
Cohen, Cohn andMonod in 1957 allowed the demon-
stration that Escherichia coli was capable of maintain-
ing alternative and inheritable states of induction of
the lac operon (Riggs & Porter 1996). Cohen and
his colleagues found that the concentration of lactose
inside of the cell determined the rate of β-galactosidase
synthesis. The concentration of lactose in the cyto-
plasm of E. coli was in turn linked to the activity of
another lactose-inducible enzyme known as lactose
permease, which is responsible for the uptake of this
carbohydrate into the cell (Cohen & Monod 1957).
Experimental evidence indicated that for the operon
to be active, a high concentration of the inducer was
needed. However, once induction was attained, the
operon could remain functional at very low lactose
concentrations or even in the presence of another
carbon source, such as glucose. This effect occurred
because the quantities of permease synthesized dur-
ing pre-induction allowed the bacterium to reach suf-
ficient internal inducer concentrations to overcome
the inhibitory effect of glucose (Figure 1) (Novick &
Weiner 1957). Alternatively, while testing low inducer
concentrations (thiomethyl-β-d-galactoside, TMG),
Novick and Weiner (1957) established that the activa-
tion of the lac operon occurred over time in a portion
of the E. coli culture, as permease and β-galactosidase
were produced, until they reached a maximal rate of
synthesis. Although activated bacteria passed on the
activated state to their progeny during cell division,
it was not possible to achieve induction in the entire
population of cells in the culture because of the limit-
ing levels of inducer and because induced cells repro-
duced at a lower rate than uninduced cells (Figure 2)
(Novick & Weiner 1957). This result provided further
evidence that genetically identical cells growing in the
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(a) (b)

Figure 1. Scheme of the induction of the β-galactosidase synthesis in E. coli. (a) At high levels of TMG in the medium, cells rapidly reach
the maximum rate of synthesis of β-galactosidase (full induction). In few minutes, the concentration of TMG inside the cells is notably
higher than in the medium (about 100 times more). (b) At low levels of TMG (top panel) and in the presence of glucose (lower panel),
preinduced bacteria maintain a high internal inducer concentration, and the synthesis of β-galactosidase and galactoside permease (in
orange) remains in a high rate (there is no inhibition of the induction).

same environment could give rise to differences that
were transmitted across many generations (bistability)
(Morange 2002).

Another similar and biologically balanced circuit
that gives rise to two epiphenotypes is responsible for
the shift from the lysogenic to the lytic phase of repli-
cation in the Lambda phage. The Lambda replication
cycle is controlled by two mutually repressing pro-
teins encoded by the viral genes cro and cl. During the
lysogenic phase, the protein encoded by cl blocks the
expression of cro by binding to two of the three opera-
tor sequences that regulate the system, thereby keeping
the lytic state inactive and promoting its own expres-
sion (Satory et al. 2011). This state is strongly protected
from environmental fluctuations, which allows it to
be transmitted across many generations (Cao et al.
2010). Repression of cl and the subsequent activation
of cro are driven by DNA damage in the host cell
and by events that accelerate cl protein degradation
to levels below the activation threshold of cro. After
being synthesized, the Cro protein binds to the opera-
tor sequence responsible for cl silencing, and proteins
involved in the phage lytic phase are then synthesized
(Riggs & Porter 1996; Satory et al. 2011).

Work on the mechanisms of genetic regulation of
protein synthesis in E. coli and the Lambda phage
allowed Jacob and Monod to discuss for the first time
the existence of a ‘developmental genetic program’ that
encoded instructions for the generation of themolecu-
lar structures and phenotype of an organism.Although
they did not recognize the epigenetic component of
the phenomena described above, they did complement
the concepts that had been presented by Wadding-
ton (Jacob & Monod 1961; Morange 2002; Lalucque
et al. 2010).

Epigenetics in bacteria is still controversial given
the genetic mechanisms differences between eukary-
otes and prokaryotes; however, it has been shown
that both α-Proteobacteria and γ-Proteobacteria have
mechanisms that control transcription of specific
genes through the formation of effectors (N6-methyl-
adenine), which provides ‘additional information’ to
the DNA without altering its sequence. That infor-
mation can be inherited over multiple rounds of cell
division and be considered as ‘epigenetic’. Further-
more, other bistable processes through circuits of pos-
itive feedback involving self-perpetuating states have
been documented for example in the sporulation and
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(a) (b)

Figure 2. At low concentration of TMG, the induction of the lac operon is presented as an all-or-none phenomenon, a bacterium
is fully induced and makes β-galactosidase or is uninduced and makes no β-galactosidase. (a) In the presence of a low concentra-
tion of TMG, all progeny of an induced bacterium are induced. Nevertheless, at low concentration of inducer, not all bacteria can
be induced. Uninduced cells divide faster than those induced and their progeny remains uninduced, generating two populations
of cells coexisting in the same culture. For Novick and Weiner (1957), this phenomenon has a resemblance to mutation and today
is considered an example of epigenetic inheritance through generations. (b) Scheme of the bacterial induction at low concentra-
tion of TMG. The formation of the first galactoside permease protein is a critical step in TMG accumulation and in the induction
process.

motility of Bacillus subtilis (Veening et al. 2008; Piggot
2010).

The paramutation phenomenon, reported in corn
in 1958 by Alexander Brink, was another piece of evi-
dence pointing to the occurrence of epigenetics (Brink
1959). Paramutation is the transfer of information
from one allele of a gene to another allele at the same
locus to establish a state of gene expression that is
inherited meiotically but without changes in the DNA

sequences of the affected alleles. The exposure of a
paramutable allele to a paramutagenic allele gives rise
to a change in its phenotypic expression (for instance,
a reduction in the intensity of a pigment in corn)
by altering the synthesis of RNA; the paramutable
allele then becomes paramutagenic itself (Hollick et al.
1997). The molecular mechanisms behind this phe-
nomenon, which has been reported in some plants,
Drosophila, and mice, remain unclear, although it has
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been linked to DNA methylation patterns and to the
activity of small interfering RNA (siRNA) (Geoghegan
& Spencer 2013).

By the time that Waddington coined the term ‘epi-
genetics’, the chromosome theory of inheritance had
been demonstrated by the work of Thomas Mor-
gan in D. melanogaster X-linked genes (1911) and
A.H. Sturtevant had generated the first genetic map
based on recombination frequencies in this organism
(1913). Similarly, the change in the meaning of epi-
genetics that was proposed by Nanney emerged at a
time when it was already known that DNA was the
molecule that carries the genetic information of organ-
isms (1952) (Avery et al. 1944; Hershey & Chase 1952)
and when the structural details of nucleic acids were
available (1953) (Watson & Crick 1953; Franklin &
Gosling 1953a, 1953b). Several important discoveries
in epigenetics were yet to be achieved, including X-
chromosome inactivation in mammals (1961) (Lyon
1962), cytoplasmic inheritance in Paramecium (1965)
(Beisson & Sonneborn 1965), characterization of the
structure of nucleosomes (1974) (Kornberg & Thomas
1974) and the discovery of prions (self-replicating pro-
teins capable of transmitting information, in analogy
to nucleic acids) (1982) (Bolton et al. 1982; Prusiner
et al. 1982; Halfmann & Lindquist 2010). Nonetheless,
the studies that finally permitted the concepts of epi-
genetics presented today were performed primarily in
eukaryotes and refer to the localization and organi-
zation of genetic material in cells and to the covalent
modification of DNA and histones. The papers by All-
frey et al. (1964) about histone acetylation and methy-
lation and by Riggs (1975) and Holliday and Pugh
(1975) aboutDNAmethylation gave rise to a new stage
in the study of epigenetics that has led to the eluci-
dation of its main molecular mechanisms as well as
the modern view of epigenetics (Figure 3) (Felsenfeld
2014). However, the new advances have increased the
difficulty of finding a definition covering all phenom-
ena that alter the phenotype and are not dependent
from theDNA sequence in organisms, especially when
inheritance issue is involved.

Nowadays, epigenetics is commonly defined as
the study of mitotically and/or meiotically heritable
changes in gene function that cannot be explained by
alterations in the sequence of DNA (Riggs et al. 1996).
Although for some time there was a relative consensus
about this definition an important matter is still not

clear, whether epigenetics need to encompass a her-
itability notion across cell divisions is under debate.
As presented below, not all epigenetic modifications
are inherited and some of them can only be transient.
Additionally, despite the existence of evidence sup-
porting the heritability of some epigenetic changes,
mostly in plants and fungi, many researchers con-
sider them poorly understood, uncertain and weak,
principally in the case of mammals (Bird 2007).

For some scholars, the most practical solution
would remove the requirement of heritability included
in the definition previously submitted. Nevertheless,
new efforts have been made in order to redefine the
term epigenetics. For instance, Bird (2007, p. 398)
presented epigenetics as ‘the structural adaptation of
chromosomal regions so as to register, signal or per-
petuate altered activity states’. Deans and Maggert
(2015, p. 892) proposed that epigenetics is ‘the study of
phenomena andmechanisms that cause chromosome-
bound, heritable changes to gene expression that are
not dependent on changes to DNA sequence’. Par-
ticularly, we do not feel these definitions sufficiently
inclusive and by contrast, they are more exclusive than
the definition proposed by Riggs et al. (1996). These
concepts try to solve the problem of the heritability
but they ignore or underestimate phenomena such as
feedback circuits, structural or tridimensional confor-
mation inheritance (ciliates and prions), cytoplasmic
memory, temporary modifications in chromatin and
others, arguing lack of detailed knowledge or evidence.
Epigenetics is not only the study of DNA methylation
or post-translational histone modifications in eukary-
otes. In this point, we feel closest to the proposal
made by Mann (2014) about to use an additional term
when the epigenetic state is inherited (memigenetics),
releasing the term epigenetics from the requirement
of heritability to be used in a more general sense and
according to their literal meaning (over DNA). In line
with the idea of Mann, epigenetics could be consid-
ered as the study of both temporal and permanent
(inheritable) changes in gene expression not caused by
changes in the DNA sequence.

Additionally, we consider that the apparent discrep-
ancies between the concepts of Waddington (1939)
and Riggs et al. (1996) lie in the marked differences
between the knowledge available in each period, which
influenced their points of view; however, these con-
cepts are part of the same phenomenon. Epigenetics
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Figure 3. Timeline of the principle events in the development of epigenetics. A long journey has been traveled sinceWaddington coined the concept of epigenetics (for details see the text).
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actively participates in gene regulation of cells and pro-
vides to the genome diversity, using mechanisms that
produce transient as permanent modifications in gene
function, without alterations in the DNA sequence.
These mechanisms are involved in cell differentiation,
development and hence in the appearance of pheno-
type.

The epigenome andmolecular mechanisms
of epigenetic regulation

Epigenetic phenomena in eukaryotes are linked to
the arrangement of genomic DNA into chromatin, a
complex and dynamic structure primarily formed by
the association between DNA, histones in the nucle-
osome and non-histone proteins. The nucleosome is
the structural and functional unit of chromatin, and
it contains 147 bp of DNA wrapped around a central
histone octamer composed of two molecules of each
of the four core histones H2A, H2B, H3 and H4. The
chromatosome is formed by the addition of a fifth his-
tone, histoneH1, at the entry site of theDNA.Histones
are small proteins that are basic and positively charged,
which allows them to closely associate with DNA. His-
tones possess a globular domain, a fold domain, and
tails at their amino and carboxyl ends whose residues
undergo post-translational enzymatic modifications.
Additional folding of nucleosomes at various levels
of compaction allows for the packaging of DNA in
the nucleus of the cell (Luger 2001; Battistini et al.
2010).

The arrangement of DNA into chromosomes has
many purposes. Chromatin is a compact form of
genetic material that protects it from external dam-
age. Functionally and structurally, the chromatin is
divided into two major types: euchromatin or hete-
rochromatin. Euchromatin is gene rich, transcription-
ally active chromatin whose microscopic appearance
is uncondensed and is known to replicate early dur-
ing the S phase. Conversely, heterochromatin is gene
poor, mostly transcriptionally inactive and replicates
late during the S phase. Microscopically, heterochro-
matin appears as compact and forms pyknotic aggre-
gates in the nucleus. Only adequately packed DNA is
segregated to each of the daughter cells during cell
division. As a consequence of compaction and of the
subsequent formation of heterochromatin, the acces-
sibility of DNA to the components involved in repli-
cation, recombination and transcription is reduced.

Figure 4. Major components of epigenetic regulation in eukary-
otes. The interaction between the constituents of the epigenome
and the environment controls gene expression in eukaryotic cells.

Therefore, a delicate balance between the mecha-
nisms involved in establishing the heterochromatic
and euchromatic states is required for the proper func-
tioning of the cell (Watson et al. 2004). The DNA
combined with the features of the chromatin, post-
translational histone modifications, DNAmethylation
and nuclear organization, makes up the epigenome
(Szyf 2009). Histone modifications, DNA methylation
and the activity of non-coding RNA (ncRNA), rep-
resent some of the major mechanisms of epigenetic
regulation in eukaryotes (Figure 4) (Choudhuri 2011).

DNAmethylation

DNA methylation was discovered in calf thymus cells
by Hotchkiss (1948) (Jurkowska et al. 2011), yet it
was years later that its link to the repression of gene
expression was proposed by Riggs, Holliday and Pugh
based on existing reports of adenine methylation in
bacteria and the bacterial restriction modification sys-
tem (Holliday & Pugh 1975). DNA methylation is
an inheritable symmetrical epigenetic mark that, in
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high eukaryotes, is found almost exclusively on car-
bon 5 of cytosine residues (Jurkowska et al. 2011). The
main targets of methylation are CpG dinucleotides.
The heterochromatic regions of the genome (cen-
tromeres, transposons, telomeres and repetitive ele-
ments) are highly DNA methylated. In contrast, CpG
islands, which are regions of at least 550 bp in length
with a G+C content above 50% and an observed-to-
expected CpG ratio >0.65, generally remain free of
methylation. CpG islands are found in approximately
70% of the promoter regions of human genes (Chen &
Riggs 2011; Jurkowska et al. 2011).

In mammals, DNA cytosine methylation is medi-
ated through the action of DNA methyltransferase
(DNMT) enzymes, which catalyze the transfer of
a methyl group from an S-adenosyl-l-methionine
(SAM) cofactor to a cytosine residue (Jurkowska et al.
2011). DNMT1, DNMT3a and DNMT3b are perhaps
the most important proteins in the maintenance and
the establishment of an epigenetic imprint. DNMT1 is
associated with chromatin in the S phase of the cell
cycle, and hence it is thought to be linked to DNA
replication and the preservation of a methylated state.
DNMT3a and DNMT3b are the enzymes responsible
for establishing tissue-specific cytosine methylation de
novo during embryonic development; such methyla-
tion is a decisive event in cell differentiation and devel-
opment (Chen & Riggs 2011; Jurkowska et al. 2011;
Auclair & Weber 2012). DNA cytosine methylation is
involved in phenomena such as X-chromosome inac-
tivation in female mammals and the establishment of
the parental epigenetic imprint, in which one of the
two inherited parental alleles of a gene is selectively
inactivated (Choudhuri 2011).

There are three primary mechanisms through
which methylation of the DNA is thought to lead to
transcriptional repression: by inhibiting transcription
factor binding to regulatory sequences, by recruit-
ing methyl-CpG-binding proteins (MBPs) that block
the response elements avoiding the binding of the
transcriptional machinery and by forming complexes
between MBPs and corepressors that condense chro-
matin (Attwood et al. 2002). Due to its significance,
DNA cytosine methylation is considered by many as
a fifth, ‘forgotten’ base of DNA.

Methylation can be actively reversed by enzymatic
means (dioxygenases) or passively reversed when
methylation mechanisms fail after DNA replication
(Chen&Riggs 2011). Themethylcytosine dioxygenase

family of proteins TET (Ten-Eleven-Translocation)
(TET1, TET2 and TET3) catalyzes the successive
oxidation (processive) of 5-methylcytosine (5mC) to
5-hydroxymethylcytosine (5hmC), 5-formylcytosine
(5fC) and 5-carboxylcytosine (5caC) in eukaryotes.
Of these products, it has been determined that 5hmC
is the most abundant and it is probable that 5hmC
promotes passive DNA demethylation by replication-
dependent loss of 5mC, when a cytosine in one DNA
strand is oxidized and in the complementary strand is
methylated (hemimethylated site). Additionally, new
publications reveal that TET enzymes could be part
of a pathway involved in the replacement of 5fC and
5caC by unmodified cytosine (TET/thymine-DNA-
glycosylase/base excision repair), leading to DNA
demethylation. There is not yet enough evidence to
support the hypothesis that 5hmC, 5fC and 5caC could
be new epigenetic marks (Rasmussen & Helin 2016).

Nonetheless, according to recent reports DNA cyto-
sine methylation is not the only important DNAmod-
ification in eukaryotes. DNA adenine methylation
could be considered soon a new important mark in
both lower and higher eukaryotes with probable func-
tions in regulation of gene and transposon expression,
like an epigenetic modification. Studies in Caenorhab-
ditis elegans and D. melanogaster have allowed the
identification of potential enzymes responsible for
DAMT-1 and demethylation (NMAD-1, Dmad), as
well as the distribution and sequence motifs for this
mark on the genome of these metazoans (Greer
et al. 2015; Zhang et al. 2015). DAMT was previ-
ously reported in protists such as Chlamydomonas,
Chlorella, Oxytricha, Paramecium, Tetrahymena, even
in mosquitoes and plants; however, its role in these
organisms need to be more studied (Ratel et al. 2006).

Post-translational histonemodifications

In 1950, Stedman and Stedman proposed that his-
tones could act as general repressors of gene expression
and that each cell type contained within its nucleus a
different type of histone; this idea was for them a possi-
ble explanation for the diversity of cellular archetypes
observed in organisms (Stedman 1950). Work con-
ducted by Allfrey et al. (1964), Kornberg and Thomas
(1974) and Brownell and Allis (1995), among many
others, confirmed that histones played a fundamental
role in controlling access to gene promoters by tran-
scription factors and other components involved in
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RNA synthesis. The control of accessibility occurs pri-
marily through covalent modifications at the amino
termini of histones that can recruit ‘binders’ that facil-
itate transcription, or transcription factors themselves
(Allis et al. 2007; Izzo & Schneider 2010).

According to the histone code hypothesis postu-
lated by Turner (2000) and Strahl and Allis (2000),
there is an underlying molecular language established
by enzymes – the writers – that generate the dif-
ferent types of histone modifications – the signs –,
the protein complexes in charge of recognizing these
modifications – the readers –, the molecular effec-
tors recruited to make changes in the conformation
of chromatin, and the proteins responsible for revers-
ing those changes – the erasers – (Strahl & Allis
2000; Turner 2000). Covalent histone modifications
are interdependent and have the ability to crosstalk,
which can culminate in specific histone landscapes.
Thus, two modifications can be mutually exclusive,
occur together or one modification can induce the
emergence of another (Graff&Mansuy 2008). Accord-
ing to Jenuwein and Allis (2001), the ‘histone code’
enables the establishment of different epigenetic states
in chromatin and hence different readings of the

information contained in DNA; these readings mani-
fest as gene activation or silencing (Figure 5) (Jenuwein
& Allis 2001). Because ‘intercommunication’ between
histone modifications and DNAmethylation has been
demonstrated, some authors have proposed the exis-
tence of an ‘epigenetic code’ that is responsible for
controlling the expression of the genome (Richards &
Elgin 2002; Turner 2007; Rothbart & Strahl 2014).

The major covalent histone modifications are
acetylation, methylation, phosphorylation, ADP-
ribosylation, ubiquitination, SUMOylation, citrullina-
tion, glycosylation, hydroxylation and isomerization,
althoughmany othermodifications have been recently
discovered. Although the majority of these post-
translational modifications occur at the amino- or
carboxy-terminal domains, some can occur at the
histone fold or on the globular domain. Acetyla-
tion, methylation and phosphorylation are the best-
studied modifications in the context of regulation of
gene expression, establishment of chromatin structure,
replication and DNA repair (Rothbart & Strahl 2014).
Typically, there are three mechanisms through which
epigenetic marks operate over chromatin to control
gene expression: a loss of contact between adjacent

Figure 5. Chromatin and epigenetic modifications of DNA and histones. The components of epigenetic code and ncRNAs orchestrate
the remodeling of chromatin. The delicate balance between heterochromatin and euchromatin is coordinated through the writers and
erasers of each epigeneticmodification. For instance, DNAmethyltransferases and dioxygenases, andHATs andHDACs in the case of DNA
and histones, respectively.
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nucleosomes or between nucleosomes and DNA by
inducing a change in charge (cis effect), interference
with transcription factor binding due to the coupling
of proteins that recognize chromatin marks, and the
recruitment of effector protein complexes specific to
each type of modification (trans effects) (Gibney &
Nolan 2010; Izzo & Schneider 2010).

Histone acetylationwas directly linked to gene tran-
scription after the discovery by Brownell and Allis
(1995) of a histone acetyltransferase (HAT) in Tetrahy-
mena thermophila that was homologous to the yeast
transcription factor Gcn5. This result, in concert with
findings from histone deacetylase (HDAC) inhibitory
assays in yeast, the discovery of transcriptional regu-
latory proteins with intrinsic acetyltransferase activ-
ity and the fact that the promoters of active genes
are highly acetylated, allowed the role of acetylation
as a transcriptional activator to be confirmed (Struhl
1998; Gregory et al. 2001). Acetylation occurs specif-
ically at the N-epsilon position of lysine residues of
the histones through the action of HAT enzymes,
which transfer an acetyl group from a donor acetyl-
CoA molecule (Choudhuri et al. 2010). HATs func-
tion as catalytic subunits in protein complexes. In
mammals, HATs are classified into two groups, type
A and type B, according to their localization within
the cell. Type A HAT enzymes are found in the
nucleus, where they perform their catalytic activity
after nucleosome assembly. Type A HATs are further
divided into three subclasses, namely the Gcn5-related
N-acetyltransferase (GNAT) and MOZ, Ybf2/Sas3,
Sas2, Tip60 (MYST) families and nuclear receptor
coactivators, based on their homology to yeast pro-
teins. Type B HAT enzymes are localized to the cyto-
plasm, and they act on free histones before their entry
into the nucleus (Peserico & Simone 2011; Zhou et al.
2014). Acetylated lysine residues are recognized by
proteins that possess evolutionarily conserved regions
known as bromodomains. The initial recognition step
then permits the recruitment of effector proteins
responsible for chromatin decompaction or of proteins
from the basal transcriptional machinery. Moreover,
acetylation neutralizes the positive charge of histones,
lowering their affinity for DNA and thereby altering
the configuration of chromatin and generally favor-
ing gene accessibility for transcription (Cruickshank
et al. 2010).

HDACs are the enzymes responsible for deacetylat-
ing lysine residues. They are therefore involved in gene

repression in euchromatic regions, but also in promot-
ing heterochromatin formation. These proteins, along
with HATs, are responsible for preserving the balance
of chromatin acetylation. In mammals, HDACs are
classified into two groups, namely classical HDACs
and sirtuins (SIR 1–7). Classical HDACs are further
divided into four families (classes I, IIa, IIb and IV)
based on their homology to yeast proteins. Like HATs,
HDACs do not act individually but instead act as a
part of largemultiprotein complexes that participate in
transcriptional regulation pathways (Haberland et al.
2009; Chang & Guarente 2014).

Histone methylation is a post-translational modi-
fication that involves the transfer of a methyl group
from an S-adenosyl methionine (SAM) donor to argi-
nine and lysine residues (An 2007). Unlike acetylation,
methylation does not directly alter the histone struc-
ture but instead changes its hydrophobic and steric
properties. Histone methylation activates or represses
transcription depending on the position of the methy-
lated amino acid (Cruickshank et al. 2010; Upadhyay
& Cheng 2011). In mammals, the enzymes responsible
for catalyzing this reaction are known as lysinemethyl-
transferases and protein arginine methyltransferases.
In the case of lysine, three possible states of methyla-
tion have been described: mono-, di- and trimethyla-
tion. Meanwhile, only mono- and dimethylation have
been described for arginine, and the latter can be sym-
metric or asymmetric (An 2007;Di Lorenzo&Bedford
2011). Enzymes reversing these changes are known as
lysine demethylases which belong to two groups, the
LSD family and JmjC domain-containing protein fam-
ily (Liu et al. 2015). To date, at least 24 different histone
sites that are prone to methylation have been identi-
fied, and they are recognized by proteins that possess
regions known as chromodomains or Tudor domains.
Such proteins include HP1 (heterochromatin protein
1), which is involved in the formation of heterochro-
matin, and Chd1, which is linked to transcriptional
activation (An 2007).

Non-coding RNA

ncRNAs are biologically active RNA molecules that
are not translated into protein but that participate
in the regulation of gene expression (up-regulation
and down-regulation), translation, splicing and catal-
ysis in cells. ncRNAs encompass transcripts corre-
sponding to transfer RNA, ribosomal RNA (rRNA),
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Table 1. Characteristics of ncRNA associated to epigenetic phenomena in eukaryotic organisms.

ncRNA Length (nt) Organisms Associated processes References

miRNA 18–25 Humans, animals, plants, fungi
(almost all eukaryotes),
viruses

Development (heart muscle, neuron), cell physiology,
apoptosis, cell differentiation, cell cycle regulation,
aging, disease pathology

Fabian et al. (2010) and Chacko and
Lin (2013)

piRNA 26–32 Animals (sponges to humans) Transposon repression in germline. Integrity of germline.
Induction of heterochromatin formation

Iwasaki et al. (2015) and Weick and
Miska (2014)

siRNA 21–25 Humans, animals, plants, fungi Genome defense, chromatin organization Carthew and Sontheimer (2009)
lncRNA > 200 Humans, animals, plants, fungi,

viruses
X-inactivation, imprinting, cell cycle regulation, stem
cell pluripotency, cellular differentiation, organ
morphogenesis, immune response, disease pathology

Yamada and Ogawa (2015),
Tycowski et al. (2015) and
Chacko and Lin (2013)

microRNA (miRNA), interfering RNA, siRNA, small
nucleolar RNA, Piwi-interacting RNA (piRNA), X-
inactivation RNA (XiRNA), long non-coding RNA
(lncRNA) and enhancer RNA. However, only miRNA,
piRNA, siRNA, lncRNA and XiRNA have been linked
to epigenetic phenomena (Table 1) (Collins et al.
2011). ncRNAs have been reported in viruses, bac-
teria, unicellular and multicellular eukaryotic organ-
isms (Repoila & Darfeuille 2009; Chacko & Lin 2013;
Tycowski et al. 2015). The mechanisms through which
ncRNAs participate in the epigenetic regulation of the
genome remain unclear, as ncRNAs represent a rel-
atively recent field of study. Although it is known
that ncRNA-mediated gene regulation does not alter
the primary sequence of DNA, the process through
which induced changes are inheritable has not been
described. A new study in C. elegans proposes a ‘trans-
generational timer’ based in a feedback loop that
control the duration of the transgenerational RNAi
responses in this organism (Houri-Ze’evi et al. 2016).
Mutations in the enzymes responsible for ncRNA syn-
thesis, such as Argonaute or Rdp1, have been shown to
cause alterations in the formation of heterochromatin
(Djupedal & Ekwall 2009; Huisinga & Elgin 2009). In
the case of lncRNA, there is evidence that suggests that
these molecules can bind to chromatin-remodeling
enzymes and guide them to specific molecular targets
(Yamada & Ogawa 2015).

miRNAs are 18–25 nucleotides long, they are
present in almost all eukaryotes with some excep-
tions like Saccharomyces cerevisiae. miRNAs regu-
late gene expression post-transcriptionally, although
their mechanisms of action are under debate. Three
no mutually exclusive modes have been proposed:
destabilization of mRNA, inhibition of translation ini-
tiation and blocking translation after translation ini-
tiation (Fabian et al. 2010). The genes that encode
miRNAs represent approximately 1% of the genome

in different species, and it is estimated that approx-
imately 30% of genes are regulated by at least one
miRNA. Thus, it follows that miRNAs are involved in
important cellular processes, such as differentiation,
development, metabolism, cell cycle regulation and
aging. Nonetheless, the expression of genes that
encode miRNAs is regulated by the aforementioned
epigenetic mechanisms, providing evidence that such
regulation can be tissue specific. In addition, some
miRNAs (epi-miRNAs) are capable of regulating the
expression of components of the epigenetic machin-
ery (eg DNMTs and HDACs), giving rise to a tightly
controlled feedback loop. When this regulatory circuit
is altered, normal biological functions are disrupted
(Iorio et al. 2010; Sato et al. 2011).

piRNAs are 26–32 nucleotides long and have been
linked to the transcriptional regulation of de novo
DNA methylation in germ cells. piRNAs also control
the transcriptional silencing of mobile DNA compo-
nents and maintain genomic integrity in germ cells.
piRNAs were recently found in somatic cells such as
neurons, where they may have a key role in mem-
ory storage (Landry et al. 2013; Weick & Miska
2014; Iwasaki et al. 2015). siRNA are ncRNAs com-
posed of two RNA complementary molecules with a
length of 21–25 nucleotides, homologous to a target
gene. siRNAs have been considered defenders of the
genome integrity (foreign nucleic acids, transposons)
and participate in the organization of chromatin (Fire
et al. 1998; Carthew & Sontheimer 2009). siRNA are
involved in the formation of heterochromatin in the
centromeres of Schizosaccharomyces pombe. In plants,
they are involved in RNA-directed DNA methyla-
tion (RdDM) (Lejeune & Allshire 2011; Zhang et al.
2014).

lncRNA are RNA molecules of more than 200
nucleotides of length with functions in important
biological processes as X-inactivation and imprinting
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in mammals. XiRNA (17 kb) is a lncRNA that is
expressed specifically from the inactive X chromo-
some in females as part of the normal genetic
dosage compensation. The function of XiRNA is to
recruit chromatin-remodeling complexes (Polycomb)
and repressivemarks such asH3K9 andH3K27methy-
lations to the Xi chromosome for its silencing. The
activity of XiRNA is necessary and sufficient for the
inactivation of the entire chromosome (Ahn & Lee
2008). XiRNA is encoded by Xist, this gene is located
within the X-inactivation center (Xic), a chromoso-
mal region required forX-inactivation. Similarly, other
genes for lncRNAs are part of the Xic: Tsix, Jpx,
Ftx, Xite, RepA and Tsx; they regulate Xist expression
(Yamada & Ogawa 2015). In a recent study, Yildirim
et al. (2013) showed that deletion of Xist induces an
aggressive and lethal blood cancer in femalemice. This
result indicates that XiRNA also has an important role
in cancer suppression (Yildirim et al. 2013).

Still, ncRNAs are not the only factors involved
in epigenetic phenomena. The discovery that the
FTO (human fat mass and obesity-associated pro-
tein) enzyme targets mRNA and lncRNA for m6A
modification (adenine methylation) raises the possi-
bility that FTO acts as an ‘eraser’ (demethylase) of
the epigenetic code in RNA. m6A is the most preva-
lent modification in mRNAs and lncRNA in higher
eukaryotes. Such modifications also have ‘writers’
(methyltransferases METTL3, METTL14) and ‘read-
ers’ (YTHDF2, hnRNPs), and they are thought to be
important in many aspects of human biology (Liu
& Pan 2015). ALKBH5 is another recently reported
demethylase of m6A which participates in mRNA
export and metabolism (Zheng et al. 2013; Fu et al.
2014). Although there are several RNA modifications
that have been known for many years (more than
100), few studies have examined their biological func-
tions or the possibility that they are part of an ‘RNA
epigenetics’ (Liu & Jia 2014).

Implications and perspectives: epigenome,
environment and disease

The epigenome can be thought of as the link between
the genome and the environment. The cells of a given
organism have the same genome; yet, starting from
the embryonic stage, different types of cells arise
that express different groups of genes, thereby grant-
ing them an individual identity (cell differentiation)

(Sarkies & Sale 2012). The identity of a cell – its phe-
notype – represents its pattern of gene activation and
silencing (Turner 2002). The different transcriptional
profiles of different cells are not determined by changes
in the DNA sequence but instead by the concerted
activity of the components of the epigenome. Epige-
netics inheritance is defined by Feinberg and Tycko
(2004) as cellular information, other than the DNA
sequence itself, that is heritable during cell division. In
the case of DNA methylation, these changes are pre-
served over successive cell divisions by the enzyme
DNMT1. However, the mechanisms behind the inher-
itance of changes induced by histone and ncRNAmod-
ification remain unclear. It is known that histones carry
some covalent modifications after their synthesis and
at the point of DNA incorporation that are different
from those in pre-existing histones. It has been pro-
posed that the transmission of histone modifications
may occur by several mechanisms: by DNA-binding
factors and genetic elements (eg cis-acting Polycomb
response elements); by dependent processes, such as
the transmission of transcription-coupled marks; by
interaction with other marks (DNA methylation and
histone modifications); by spatiotemporal regulation
during replication; by the use of marks on parental
histones to facilitate copying of modifications and
by enzymatic interactions during DNA replication
between nucleosomes that possess old histone dimers
or tetramers and nucleosomes that contain new his-
tone dimers or tetramers (Jasencakova & Groth 2010;
Sarkies & Sale 2012).

Transgenerational inheritance

According to the classical theory of evolution, pheno-
typic variations originate from randommutations that
are subsequently conserved or eliminated through the
process of natural selection (Rando&Verstrepen 2007;
Ho 2014). Nonetheless, the importance of the environ-
ment on development, as presented by Jean-Baptiste
Lamarck (1744–1829), who claimed that descendants
can inherit traits acquired by the habits of their par-
ents, is more important than originally thought (Faulk
& Dolinoy 2011a). Lamarck believed that the inter-
actions between individuals and their environments
were a key factor in the evolution of species, but his
theory was strongly rejected (Ho 2014). Currently, it
is suggested that environmental events activate spe-
cific signaling pathways in cells that, through the
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mechanisms of epigenetic regulation, favor the sta-
ble remodeling of regions of the genome and thus
generate heritable transcription profiles. This effect
could represent a source of phenotypic variation
and evolutionary diversity. The routes of epigenetic
transmission include germline transmission, trans-
mission from soma to germline and transmission from
soma to soma. The study of non-genomic trait trans-
mission from parents to progeny is known today as
transgenerational epigenetics (Zhang et al. 2013; Ho
2014; Uller 2014). One piece of evidence for transgen-
erational epigenetics in humans was the link between
maternal weight and infant weight at birth that was
observed in a British cohort of three generations
(Hypponen et al. 2004; Roseboom & Painter 2014).
Nevertheless, for some authors an example of true
transgenerational epigenetic inheritance has to demon-
strate effects even in the fourth generation (F3)
(Mitchell et al. 2016).

Several studies indicate that during the initial stages
of embryo development and after birth, the environ-
ment influences the program of the genome, giving
rise to changes in gene expression. These expression
changes affect behavior, metabolism, immunity and
disease development (Szyf 2009; Portha et al. 2014).
According to Faulk and Dolinoy (2011b) , environ-
mental influences can be dietary, physical (maternal
care, mistreatment or abuse), chemical (exposure to
toxic, xenobiotic, hallucinogenic and pharmacological
compounds) or of unknown origin (stochastic behav-
ior). For instance, Lillycrop et al. (2005) evaluated the
methylation status and gene expression of the gluco-
corticoid receptor (GR) and the peroxisomal receptor
PPAR-α in the livers of the progeny of rats exposed to
protein-restricted diets during pregnancy. The results
showed that restricted diets caused a specific decrease
in the methylation of certain examined genes and
thus an increase in their transcription; this result was
deemed as evidence of stable epigenetic modification
(Lillycrop et al. 2005). Later, Burdge et al. (2007) found
that this type of epigenetic alteration, induced in the
first filial generation (F1), was transmitted to the sec-
ond filial generation (F2), even though the diet of the
F1 animals during pregnancy was normal.

A similar study was performed by Aagaard-Tillery
et al. (2008) in primate fetuses whose mothers were
exposed during pregnancy to a control diet or a
diet rich in fat. High fat intake led to an increase
in triglycerides and the development of a fatty liver

in the fetuses. These changes were accompanied
by significant hyperacetylation of histone H3 on its
lysine 14 residue (H3K14) and by a tendency toward
increased H3K9 acetylation and reduced synthesis of
the HDAC1 enzyme. Thus, a direct link was made
between diet and the establishment of histone modifi-
cations. The availability of SAM or acetyl-CoA, which
are the donors of the functional groups needed for
DNA and histone modification, is dependent on diet.
The synthesis of SAM in cells requires folates, vitamin
B12, methionine, choline and betaine (Zeisel 2009).
It has been shown in mice that a diet high in methyl
supplements can cause a permanent alteration (hyper-
methylation) in the expression of the Avy Agouti allele,
favoring the emergence of a blonde phenotype and
also causing obesity. This alteration, observed in the
F1 generation, can be inherited by the F2 generation,
demonstrating the epigeneticmodification of germline
(Wolff et al. 1998).

Heijmans et al. (2008) found a reduction in DNA
methylation of the IGF2 (insulin-like growth factor
II) gene in individuals exposed periconceptionally to
the Dutch famine during World War II. The activ-
ity of IGF2 is important for development and growth,
and this gene is normally regulated by the mater-
nal genomic imprint. This was the first evidence in
humans that environmental conditions during early
stages of gestation can result in persistent changes in
the epigenetic information of individuals (Heijmans
et al. 2008). A similar study evaluated the DNAmethy-
lation levels at cardiovascular and metabolic disease
candidate gene loci. In individuals exposed to early
prenatal famine, there was an increase in the degree
of DNAmethylation in the GNASAS andMEG3 genes
and a decrease in the methylation of the INSIGF gene
promoter, all of which are subject to genomic imprint-
ing. There was also an increase in the methylation of
the proximal promoters of the IL10, ABCA1 and LEP
genes, which are not linked to the genomic imprint.
The link that was uncovered was gender dependent for
the INSIGF, GNASAS and LEP loci. Only the methy-
lation of GNASAS and LEP (the latter in males only)
was altered in individuals exposed to prenatal famine
during late stages of gestation (Tobi et al. 2009).

Abuse, neglect, stress andmistreatment during early
childhood also lead to epigenetic modifications that
can be transmitted to progeny in mammalian species.
Francis et al. (1999) showed evidence that differences
in maternal care (high or low licking-grooming) are
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linked to differences in behavior and in the endocrine
response to stress in rat progeny. Female progeny of
mothers that seldomgroomed their pups also recapitu-
lated this behavioral pattern when caring for their own
progeny. A corresponding response occurred with the
progeny of mothers that properly cared for their pups.
These results show the transmission of individual dif-
ferences in maternal behavior across generations. In
addition, such differences gave rise to alterations in
progeny of the behavior and responses of the hypotha-
lamic–pituitary–adrenal (HPA) axis to stress. Upon
reaching maturity, pups that receive generous care
during infancy are less fearful and show a moderate
HPA response to stress. This is not the case for pups
that undergo precarious care, which show high stress
response levels during adulthood (Francis et al. 1999).
Weaver et al. (2004) showed that maternal care gives
rise to stable alterations in the structure of chromatin
due to care-dependent differential methylation of spe-
cific sites within the GR promoter. When pups were
exchanged to another type of mother, they acquired
the methylation pattern of their caretaker and the
corresponding behavior. The pups that received poor
maternal care showed an increase in DNA methyla-
tion and a decrease in GR H3K4 acetylation, leading
to a reduction in the synthesis of GR and an increase
in corticosterone in plasma under stress (Weaver et al.
2004). In humans, environmentally induced changes
in the components of the epigenome have been linked
to late-onset pathologies, including mental illnesses
(schizophrenia, depression, bipolar affective disor-
der, autism and some addictions), immune diseases,
metabolic diseases (cardiovascular disease, obesity,
diabetes) and cancer (Feinberg & Tycko 2004; Chen
& Zhang 2011). In a study of suicide victims, it was
found that those who had suffered from abuse dur-
ing childhood showed greater total methylation of the
promoters of the GR and rRNA genes in the hip-
pocampus compared to the control group (McGowan
& Kato 2008; Szyf 2009). In studies of schizophre-
nia, evidence has indicated that DNAmethylation and
chromatin remodeling participate in regulating the
expression of reelin, a protein involved in neuronal
migration, brain development and synaptic plasticity.
The reln gene has a large number of CG dinucleotides
in its promoter region. Hypermethylation of its pro-
moter decreases the expression of the reln gene, yet
drugs such as trichostatin A (TSA) and valproic acid
can activate the gene by inhibiting HDAC activity

and increasing histone H3 acetylation, although only
TSAprevents the promoter hypermethylation (Graff&
Mansuy 2008).

Environmental epigenetics

Environmental epigenetics can be considered as
the area that studies the effects of environmental
exposures on epigenetic states of organisms (Bol-
lati & Baccarelli 2010). Environmental pollutants and
some chemicals can induce important changes in the
epigenome by altering the synthesis of SAM or other
processes (Hala et al. 2014). Chemicals such as those
found in cigarette smoke (acrolein, nicotine and ben-
zopyrene), particulate matter, arsenic, cadmium, afla-
toxin B1 and benzene give rise to changes in the
methylome and have been linked to cancer and other
diseases (Bollati & Baccarelli 2010; Pogribny et al.
2014).

From the emergence of the area of ‘epigenetic epi-
demiology’, defined by Waterland and Michels as the
study of the associations between epigenetic varia-
tion and risk of disease (Waterland & Michels 2007);
in the last few years it has increased the interest
in hypothesis-free, epigenome-wide association stud-
ies (EWAS) principally evaluating differential DNA
methylation across the genome in different types of
exposures, lifestyle factors and pathologies, to under-
stand the epigenetic bases for disease risk in humans
(Flanagan 2015). For instance, the research of Jou-
bert, Felix, et al. (2016) in which was evaluated the
association of maternal smoking during pregnancy,
in newborn blood DNA methylation at over 450,000
CpG sites in 13 cohorts of children (6685 newborns).
They found more than 6000 CpG sites differentially
methylated harboring 2965 CpG sites corresponding
to 2017 genes not previously related to this expo-
sure in newborns or adults. Of these genes, 27 have
been related to susceptibility to orofacial clefts includ-
ing BMP4 and BHMT2. PRDM8 was the gene with
the largest number of CpG sites associated with the
exposition, it belongs to the SET domain family of his-
tone methyltransferases conducting the H3K9 methy-
lation of histones to repress transcriptional activity.
The authors also found that the effects of the maternal
smoking in newborns can persist into later childhood
(Joubert, Felix, et al. 2016). In other related work, Rze-
hak et al. (2016) investigated differential methylation
(450K) associated with smoke exposure beyond the
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12th week of gestation in whole blood of 366 children
at age 5.5 years. The authors reported association with
the genesMYO1G,CNTNAP2 and FRMD4A and these
results were consistent with previous studies in indi-
viduals in a range of 3–17 years old and newborns
(Rzehak et al. 2016).

Joubert, den Dekker, et al. (2016) examined the
association between maternal plasma folate during
pregnancy and epigenome-wide DNA methylation in
cord blood of 1988 newborns (450K). In total, 443
CpG sites were associated with maternal plasma folate
and DNA methylation. Some important genes iden-
tified were APC2 and GMR8 with known functions
in the nervous system, others such as SLC16A12,
KLK4 and LHX1 have been implicated in developmen-
tal abnormalities different from neural tube defects.
The authors also reported association with OPCML
and PRPH, genes related to neurologic diseases and
CSMD1, a gene previously linked to schizophrenia
and autism. These results show a broader view of
the role of maternal folate in the epigenome develop-
ment and disease risk in the offspring (Joubert, den
Dekker, et al. 2016). Rijlaarsdam et al. (2016) eval-
uated the association between prenatal exposure to
maternal stress and offspring genome-wide cord blood
methylation (450K) in more than 1700 neonates and
their mothers. The maternal stress covered aspects
as stress due to personal and family circumstances,
financial difficulties, psychopathologies and substance
abuse. However, this investigation did not find evi-
dence supporting differential DNA methylation asso-
ciated to the evaluated factors (Rijlaarsdamet al. 2016).
In another important research, Gruzieva et al. (2016)
investigated the effect of maternal exposure during
pregnancy to air pollution (NO2), in DNA methyla-
tion of cord blood. The authors found epigenome-wide
significant associations with LONP1, HIBADH and
SLC25A28, genes involved in mitochondria function.
The result for SLC25A28 was permanent in older chil-
dren. They also observed differential methylation in
genes CAT and TPO, related to antioxidant defense
pathways (Gruzieva et al. 2016).

Similar studies with remarkable findings in the
investigation of a variety of diseases as type 2 dia-
betes mellitus (Soriano-Tarraga et al. 2016), psoria-
sis (Zhou et al. 2016), schizophrenia (Montano et al.
2016), metabolic syndrome/obesity (Ali et al. 2016)
and many others have been recently published. It is
expected that the new technologies that make possible

this type of works and the technologies that will come
allow epigenetic epidemiology to reach major objec-
tives as the complete description of the epigenetic
processes shaping the development of organisms, the
interactions gene–epigene and epigene–environment,
the establishment of the role of epigenetics in risk and
emergence of diseases, as marker of disease or expo-
sure, and the mechanisms of the inheritance of epige-
netic changes over generations in humans (Bollati &
Baccarelli 2010; Bakulski & Fallin 2014).

Epigenetics in disease

In cancer, a disease that has been long considered
as of genetic origin, the epigenome acquires aber-
rant states that involves significant changes in the
DNA methylation pattern (Sharma et al. 2010). As it
was mentioned above, CpG islands, particularly those
associated with promoters, are not methylated, allow-
ing the access of transcription factors to the DNA
(Kanwal & Gupta 2012). In some types of cancer,
the genome is hypomethylated, but there are specific
methylation of CpG islands located in the promoters
of pro-apoptotic genes or in promoter genes related
to tumor suppressor pathways, which are accompa-
nied by the hypomethylation of oncogenes (Feinberg&
Vogelstein 1983; Sharma et al. 2010; Taby & Issa 2010;
Kanwal & Gupta 2012). In addition, these alterations
join to changes in HATs, HMTs, HDMs and HDACs
expression. There is an up-regulation of DNMT1 and
DNMT3a in colorectal and ovarian cancer, of DNMT3
in breast, hepatocellular and colorectal cancer, and of
several MBD proteins in prostate, stomach, colon and
lung cancer. Similarly, HDACs remain up-regulated in
colon, cervix, endometrium, prostate, breast, gastric
and thyroid cancers (Kanwal & Gupta 2012). miR-
NAs have also been associatedwith the development of
malignancies. Numerous miRNA act as oncogenes or
tumor suppressor genes and are closely related to cellu-
lar processes involved in the formation of neoplasms,
such as cell cycle control, DNA damage response, cell
differentiation, epithelial to mesenchymal transition
and metastasis. The expression of miRNA families,
miR-15/16 and let-7, as well as of miRNAs miR-155,
miR17-92 and miR-21, among many others, is dereg-
ulated in a variety of malignancies in animal models
and humans. Approximately half of miRNA genes are
associated with CpG islands (Malumbres 2013).
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Deregulation of epigenetic mechanisms may be the
cause of the initial genetic instability that induces
the appearance of the numerous mutations in tumor
suppressor genes and oncogenes. DNA hypomethy-
lation in regions with abundant repetitive sequences
promotes the appearance of rearrangements by genome
destabilization. DNA demethylation leads to the acti-
vation of transposable elements and endogenous retro-
viruses, loss of the genomic imprinting and expression
of genes in non-coding regions. All of them contribute
to the establishment and the progression of the dis-
ease (Ting et al. 2006; Wilson et al. 2007; Sharma
et al. 2010). In colorectal cancer occurs a reduction in
10–30% in the normalmethylation level of the genome
and this percentage can be as high as 50% for breast
cancer. Hypomethylation can be considered an early
even in the generation process of malignant cells in
some types of cancer and itmay be increased in parallel
to the tumor progress (Wilson et al. 2007).

Demethylation of repetitive sequences Sat2, Satα
and SatR1 is common in breast cancer. Likewise Sat2,
Sat3, Satα in the Immunodeficiency syndrome, Cen-
tromere instability and Facial syndrome. The last one
is an autosomal recessive disease that causes agam-
maglobulinemia or hypoglobulinemia and rearrange-
ments of the heterochromatic region adjacent to the
centromere of chromosome 1 and/or 16, and in some
cases, chromosome 9 in mitogen-stimulated lym-
phocytes (Ehrlich et al. 2006; Wilson et al. 2007).
Hypomethylation of L1 LINE (long interspersed
nuclear elements) is found in hepatocellular, bladder,
lung, prostate, stomach and esophagus cancers and
chronic myeloid leukemia. Demethylation of LINE
may be useful as a molecular marker in diagnostic
purposes for early detection of cancer or as its prog-
nosis indicator. Methylation status of several genes is
related to many types of cancer. Hypomethylation of
cytochrome P450 1B1, p-Cadherin, p53, BAGE and
maspin genes is related to prostate cancer, invasive
breast cancer, lung cancer, ovarian and breast cancer,
and colorectal and thyroid cancer, respectively (Wilson
et al. 2007).

Similarly, hypermethylation of tumor suppressor
genes involved in the processes of cell division, DNA
repair, adhesion, apoptosis and angiogenesis induces
the accumulation of a large number or alterations
at different functional levels that contribute to the
development of neoplasm (Ting et al. 2006; Sharma
et al. 2010). In genitourinary carcinomas, GSTP1 gene

is hypermethylated in 90% of the prostate tumors,
whereas in bladder and kidney tumors, it is present
only in 10% of the cases. In bladder cancer, CCNA1,
MINT1, CCND2, PGP9.5, CRBP and AIM1 genes
are differentially methylated in cancer cells compared
with healthy cells. These genes and many others, who
have been similarly reported for various cancer types,
have great potential as potential biomarkers (Brait &
Sidransky 2011). It is estimated that over 300 genes and
gene products are altered in cancer diseases (Kanwal &
Gupta 2012).

The loss of genomic imprinting (LOI) is the alter-
ation of the normal expression pattern of a gene with
specific parental origin. This loss may occur by acti-
vation of the silenced copy as in the case of growth-
promoting genes (ie IGF2), or by silencing of the active
copy, in the case of the growth inhibitory genes (ie
p57HIP2). LOI has been reported in hepatoblastoma,
rhabdomyosarcoma, colorectal, lung, liver and blad-
der cancers and leukemias (Feinberg et al. 2002). The
best known example is the LOI of IGF2-H19 locus in
Wilms’ tumor (nephroblastoma), this alteration is also
observed in Silver–Russell and Beckwith–Wiedemann
syndromes; latter predisposes a variety of cancers.
The McCune–Albright, Angelman and Prader–Willi
syndromes (MAS, AS and PWS, respectively) exhibit
imprinting defects. In AS and PWS, defects can occur
due to deletions in the active gene-containing chro-
mosome, the inheritance of both gene copies from the
same parent or the presence of mutations in the com-
ponents responsible for imprinting during gametoge-
nesis (Feinberg et al. 2002; Uribe-Lewis et al. 2011).

Because DNA and chromatin alterations are
reversible, the implementation of epigenetic therapies
for the treatment of epigenetically based diseases can
be useful. The U.S. Food and Drug Administration
(FDA) has approved two such drugs for the treatment
of cancer: DNA methylation inhibitors (azacitidine
and decitabine) and HDAC inhibitors (vorinostat,
sodium phenylbutyrate, etinostat and parabinostat).
DNA methylation inhibitors are primarily cytosine
analogs that are incorporated into DNA during
replication and that capture and inactivate DNMT
enzymes in cells undergoing division. Other types of
DNMT inhibitors that are not nucleosides or that
bind DNMTs directly have been developed. Although
azanucleotides have been used in the treatment of
various malignancies, they have shown the greatest
success in the treatment of hematological neoplasms.
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HDAC inhibitors target the deacetylation catalytic
domain by interfering with substrate recognition and
by promoting the retention of acetyl groups at histone
tails. Combined administration of a hypomethylating
agent and an HDAC inhibitor more effectively inhibits
breast cancer growth in cell culture andmousemodels.
During treatment of myelodysplastic syndrome and
acutemyelocytic leukemia, this combination promotes
the re-expression of genes that had been epigeneti-
cally silenced and yields an improved clinical response
(Gnyszka et al. 2013; Popovic et al. 2013; Byler et al.
2014).

Perspectives

Much remains to be known and understood about
the epigenetic mechanisms by which the epigenome
controls and confers diverse expression patterns to
the genome. It remains surprising that a single DNA
sequence can give rise to more than 400 different
cell types in humans. In the search for a full char-
acterization of the workings of the genome, sev-
eral consortia of researchers, including AHEAD (the
International Human Epigenome Project), HEP (the
Human Epigenome Project) and the NIH Roadmap
Epigenomics Project, are currently working to fully
map the epigenetic marks characteristic of each cell
type. Elucidation of the normal methylation pattern of
gene promoters and of the entire genome (methylome)
will allow the generation of a reference profile that
will then be useful for identifying potential anoma-
lous epigenomic states, detecting specific diagnosis
and prognosis markers for diseases with an epigenetic
component and developing new therapeutic strategies
for treatment. The goal of deciphering the ‘human
epigenetic code’ will only be achieved once the pat-
tern of imprinted marks on histones in chromatin is
determined. At present, there is already DNA methy-
lation profiling of human chromosomes 6, 20 and 22,
there are the reference epigenomes from 127 tissue
and cell types and the integrative analysis of 111 of
these epigenomes (Eckhardt et al. 2004; Eckhardt et al.
2006; Jones et al. 2008; Bernstein et al. 2010). Nowa-
days, the scientific community is making efforts for
the development and improvement of tools and tech-
nologies that facilitate the storage, management and
analysis of data obtained from study models. Conse-
quently, the scientific activity, the creation of Biobanks
and the development of new compounds for disease

treatments with an epigenetic component is favored
(Almouzni et al. 2014).

Another challenge in the near future will be to eluci-
date andunderstandhowall of the epigenetic phenom-
ena that have been reviewed in this paper participate
in the process of organismal evolution in the contexts
of non-genetic inheritance and the modern synthe-
sis (Bonduriansky & Day 2009). Part of the picture
includes the four epigenetic inheritance systems iden-
tified so far, namely inheritance through feedback
circuits, structural or tridimensional conformation
inheritance (ciliates and prions), DNA and chromatin
marks, and inheritance through RNA (Jablonka &
Lamb 2007; Jablonka & Raz 2009). The transmission
of epigenetic information is indirect when environ-
mental signals induce a behavioral or physiological
change in an organism that is preserved in subse-
quent generations through a non-meiotic mechanism.
Transmission is direct when an environmental influ-
ence directly affects the germline cells or when the
modification is mediated through the interaction of
somatic cells with germline cells and is preserved
through meiosis (Duncan et al. 2014). Considering
that heritable epigenetic variations could affect the
processes of adaptation and divergence, Jablonka and
Raz (2009) proposed that it is necessary to consider
within evolutionary models the changes caused by
the selection of epigenetic variants and changes in
which an epigenetic modification drives the selection
of a genetic variant. The modifications that originate
from mechanisms of epigenetic control and that arise
from the possibilities and limitations that epigenetic
inheritance imposes on development are considered
to be equally important to the evolutionary varia-
tions that lead to newmodes of epigenetic inheritance.
Collectively, these considerations would redefine what
has been known to date as evolution and inheritance
(Jablonka & Raz 2009). Notwithstanding, Dickins and
Rahman (2012) in their strong and solid defense of
the modern synthesis argue that epigenetic inheri-
tance has place in the modern synthesis because epi-
genetic processes are proximate mechanisms designed
to calibrate organisms to stochastic environments and
these mechanisms are under genetic control. Epige-
netic mechanisms cannot be considered as ultimate
causes nor how DNA or genes work, for instance.
Changes in the concepts of evolution require popula-
tion demonstration of the effects of epigenetic inheri-
tance and so far, there is no evidence presented about
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it. The linking and grooming behaviour in rodents
could be an adaptation to a stressful situation in order
to make a profit, in this case a faster maturation and
reproduction of their puppies (calibration) (Dickins &
Rahman 2012).

As mentioned above, it has been a long road since
Conrad Hal Waddington coined the word ‘epigenet-
ics’, yet the trajectory toward a full understanding
of the significance of epigenetics in biology, genetics
and organismal evolution remains long. It is clear that
much remains to be discovered, described, and under-
stood in a field of study that is relatively new and, one
might say, exciting.

Conclusions

Epigenetics is an increasingly important field because
it provides a broader outlook of biological sys-
tems. Nowadays, many biological phenomena are
approached from the epigenetics perspective; however,
this area has not been so well known. Despite that the
concept of epigenetics firstly appeared in 1939, only
in recent years the term has been popularly used in
the scientific literature. The idea of epigenetics of C.
Waddington related the causal elements of the devel-
opment and the embryology for explaining that in the
development of organisms, both preformed and no
preformed elements are involved. After the report of
genetically identical cells with different phenotypes,
the detailed studies on gene regulation of proteins,
the existence of a genetic program of development
in organisms, the evidence of no genetic transmis-
sion of traits and the molecular mechanisms of DNA
organization in the nucleus; the current concept of epi-
genetics began, but even today, it is still under intense
debate.

Currently, we know that in eukaryotes the
occurrence of epigenetic phenomena is related to the
structure of chromatin and its configurations. DNA is
organized into chromatin within the nucleus. Chro-
matin is a complex with DNA, histone proteins and
no histone proteins, which have two functional states,
heterochromatin and euchromatin. The nucleosome is
the first level of chromatin organization that enables
DNA packaging, regulating gene expression and mak-
ing possible epigenetic phenomena. Chromatin allows
different configurations of the same genome, caus-
ing various epigenomes and then different pheno-
types. Histone modifications, DNA methylation and

the activity of nonncRNA, are the major mechanism
of epigenetic regulation in eukaryotes.

Epigenome represents the connection between
environment and genome. Environmental influences
can affect the programming of the genome, activating
specific pathways in cells that, through the mech-
anisms of epigenetic regulation, promote the stable
remodeling of chromatin, changing gene expression
and phenotype. There is evidence that some of these
changes can be inherited to the progeny even when
the environmental trigger is over. In humans, envi-
ronmentally induced modification in the epigenome
has also been linked to a variety of pathologies, never-
theless, DNA and chromatin alterations are reversible
and the implementation of epigenetic therapies for the
treatment of epigenetically based diseases is an area of
ongoing research and shows amazing perspectives.

Undoubtedly, a major breakthrough could be
expected. Parallel to the report of more reference
epigenomes, the development of new technologies,
laboratory techniques and tools for management and
integration of information obtained, it will be pos-
sible to detail the interactions among environment,
epigenome and genome and understand the role of
these interactions in the inheritance of traits, adapta-
tion and evolution of organisms.
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