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Abstract The field of epigenetics is expanding rapidly, yet
there is persistent uncertainty in the definition of the term. The
word was coined in the mid-twentieth century as a descriptor
of how intrinsic, yet largely unknown, forces act with genes
to channel progenitor cells along pathways of differentiation.
Near the end of the twentieth century, epigenetics was defined
more specifically as the study of changes in gene activity
states. In some definitions, only those activity states that are
inherited across cell division were considered. Other defini-
tions were broader, also including activity states that are tran-
sient, or occurring in non-dividing cells. The greatest point of
disagreement in these current definitions, is if the term should
concern only inherited activity states. To alleviate this dispar-
ity, an alternative term, ‘memigenetics’, could be used in place
of epigenetics to describe inherited chromatin activity states.
The advantage of this term is that it is self-defining, and would
serve to emphasize the important concept of cell memory. It
would also free the term epigenetics to be used in a broader
sense in accord with the meaning of the prefix ‘epi’, that is, as
a descriptor of what is ‘over’ DNA at any point in time.
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Introduction

Epigenetics as a discipline has expanded rapidly in recent
years, and the term has become very familiar. However, at
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meetings and in articles, we still feel compelled to define
the term. This suggests a persistent uncertainty and lack of
concurrence in its definition. Here, some authoritative defi-
nitions are provided, and used to point out the areas of disa-
greement and confusion in the meaning of the term. Also, a
new term, ‘memigenetics’, is introduced, that could be used
to alleviate some of the confusion.

The definitions of epigenetics

The term epigenetics was originally coined as a broad
descriptor of the forces that, in cooperation with the genes,
produce a phenotype. These forces were modelled in an
‘epigenetic landscape’ of descending valleys or canals
that act with genes to channel the cell’s lineage to a sta-
ble and terminally differentiated form [1, 2]. At the time, it
was not clear if differentiation proceeded through the dis-
carding of genes, or through differential gene activity. We
now know that the large majority of cells have the same
complement of genes. Cells differentiating along defined
pathways, or ‘canals’, must activate only some genes, for
example, neural-specific genes, to reach stable phenotypic
states. More specific definitions of the term epigenetics
have since been provided. These later adoptions began in
the 1980s, inspired by the increasing realization that DNA
methylation provides a mechanism for influencing and
maintaining gene activity states. For this discussion, five
current definitions are provided (Table 1).

Heritability in epigenetics: required or optional?
In the essentially equivalent definitions [3-5] (Table 1),
an epigenetic state or phenotype is one that is transferred

from mother to daughter cells, or one that is ‘remem-
bered’, this being achieved without any change to the
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Fig. 1 Examples of heritable epigenetic phenomena. a Neonatal mice
carrying a mutation of the X-linked Afp7a (ATPase, Cu++ transport-
ing, alpha polypeptide) gene have a low activity of tyrosinase, a cop-
per-dependent enzyme that is required for melanin production. XY
males are depigmented (centre) relative to pigmented, wild-type XY
males or XX females (right). Random X chromosome inactivation
(XCI) and clonal expansion in XX embryos carrying one wild-type
and one mutant allele lead to depigmented and pigmented patches, as
seen in the mottled female (leff) [52]. Reprinted from [53]. b Toad-
flax wild-type flower, ¢ toadflax peloric flower. The variant peloric
flower phenotype, heritable through generations, cosegregates with
DNA methylation and inactivation of the cycloidea gene. Here, meth-
ylation is probably conferring gene silencing, and maintaining this
state through cell division. This type of gene inactivation, involving
no change in DNA sequence, is termed an ‘epimutation’ [54]. Figures
of toadflax flowers [44] reproduced with the permission of Macmillan
Publishers, Ltd

genome. An obvious example is the maintenance of a dif-
ferentiated cellular phenotype on cell division. Other clear
examples include mammalian X chromosome inactivation
(XCI), and the variant peloric phenotype in the flowering
plant, toadflax (Fig. la—c). Disease states that presumably
involve the heritability of aberrant gene activity include
the fetal programming of disease [6, 7], and the induce-
ment of disease states in young through parental or grand-
parental exposure to toxins, or to an inadequate diet [8—
10]. However, a significant problem with the stipulation of
heritability is that the prefix ‘epi’ (from Greek epi (prep.);
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upon, above, in addition; Oxford dictionary) does not con-
vey this meaning.

By contrast, the remaining definitions [11, 12] are
broader in scope. In these, a gene activity state need not
necessarily be heritable across cell division. Indeed, it can
be argued that the requirement for heritability or ‘cell mem-
ory’ places a severe constraint on the term. Alteration in
gene activity states that could occur in terminally differen-
tiated and non-dividing cells (for example, neurons) do not
qualify under the definition [13]. Also, changes in activity
state that are limited to a particular stage of the cell cycle
do not qualify [12]. Examples of the latter are the upregula-
tion of canonical core histone gene expression at S-phase
[14] and the cell-cycle-dependent redistribution of the his-
tone variant H2A.Z to centromeres and sub-telomeres [15].
While these broader definitions are more in keeping with
the meaning of the prefix epi-, a problem is that they de-
emphasize the concept of heritability. That is, heritable and
transient changes in gene activity, which are qualitatively
different phenomena, are defined by the same term. For
example, the clonal inheritance of mammalian XCI, and a
transient cell-cycle-specific histone modification that may
aid in transcriptional activation, are both defined as epige-
netic. The concept of cell memory, central to some defini-
tions [3-5], is a very important one, not the least because
the mechanisms that enable the faithful transfer of gene
activity states across cell division are little understood [16].

What could help in easing this important disparity in the
definitions is to use an alternative term when the heritability
of activity states is being considered. The term ‘epigenetic
inheritance’ was used to make this distinction [17, 18].
However, the main difficulty with this term is that it now
adds to the confusion, given that in some current definitions
[3-5], the ‘inheritance’ component of the term is redun-
dant: that is, ‘epigenetics’ and ‘epigenetic inheritance’ have
the same meaning. Instead, an alternative term, ‘memige-
netics’, could be used to stipulate when an epigenetic state
is inherited. The prefix memi- is a contraction of ‘memo-
epi-’, and therefore is intended to mean a ‘remembering’
of what is ‘over’ (memo, from Latin memoria; mindful,
remembering; Oxford dictionary). This term serves to high-
light and delineate when epigenetics does involve ‘The
study of mitotically and/or meiotically heritable changes in
gene function that cannot be explained by changes in DNA
sequence.” [3]. Heritable epigenetic phenomena, such as
XCI, genomic imprinting, and fetal programming, can be
classified as memigenetic phenomena—when this is help-
ful. The term should not be easily misused, as the prefix is
self-defining. Also, it emphasizes the important concept of
cell memory. The use of this word should simultaneously
have the effect of freeing the term epigenetics from its oft-
perceived constraint of heritability, and allow it to be used
in a broader sense as befits its literal meaning.
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Table 1 Some current definitions of epigenetics

‘The study of changes in gene expression, which occur in organisms with differentiated cells, and the mitotic inheritance of given patterns of

gene expression’ [11]

‘The study of mitotically and/or meiotically heritable changes in gene function that cannot be explained by changes in DNA sequence.’ [3]

*...the structural adaptation of chromosomal regions so as to register, signal or perpetuate altered activity states.” [12]

‘An epigenetic trait is a stably heritable phenotype resulting from changes in a chromosome without alterations in the DNA sequence.’ [4]

‘...the inheritance of variation (-genetics) above and beyond (epi-) changes in the DNA sequence.’ [5]

The nuts and bolts of epigenetics

If we can be accept the broader definition of epigenetics
as outlined [11-13], then some further clarification on the
use of this term is useful. Two definitions (Table 1) stipu-
late that an epigenetic state is one pertaining to gene activ-
ity or transcription [3, 11]. By contrast, in the other three
definitions [4, 5, 12], ‘activity’ is more general, and can
be thought of as chromatin activity states, whether this be
transcription or some other kind of activity, such as DNA
repair. Further examples could include the complex struc-
tures of centromeres and telomeres, for which the primary
function is kinetochore and chromosome-end protection,
respectively. There seems no a priori reason to exclude
such non-transcriptional activities of chromatin from the
definition, and their inclusion fits well with the broader def-
inition of epigenetics, as provided [12].

This leads to another point—that epigenetics is often
perceived somewhat arbitrarily as the study of DNA
methylation and histone post-translational modifications
(PTMs). Here, the perception of epigenetics has shifted
somewhat from a concept to something more limited in
scope. A difficulty with this shift is that other molecules
that are in chromatin, and that can induce changes in chro-
matin activity states, are excluded from the perception—
for example, core histone variants and linker histones [19,
20]. Other examples include CTCF (CCCTC binding fac-
tor), which can form a chromatin insulator and block the
interaction between an enhancer and a promoter [21], and
the cohesin complex, which can promote the interaction of
enhancers with promoters [22]. Further, the inducing prop-
erties of transcription factors (TFs) are often forgotten [23,
24]. A classical paradigm is the DNA binding of the lac
repressor in bacteria, that efficiently blocks transcription of
the lac operon in maintaining a basal activity state [25-27].

Word usage

A chromatin activity or epigenetic state—for example, a
repressed promoter, can be viewed as the end-point of an
epigenetic mechanism. Within the epigenetic mechanism
are epigenetic effectors, these being entities that directly
bring about the epigenetic state. Also, there are epigenetic
modifiers—entities that bring the effectors into play, or

modify the activity of the effectors. For example, DNA
methylation is an effector, as it can alter DNA conforma-
tion and directly suppress transcription by inhibiting the
binding of TFs. DNA methyltransferase (DNMT) enzymes,
which catalyse DNA methylation, are modifiers. Poly-
comb repressor complex 1 (PRC1) is an effector of chro-
matin compaction, while histone 3 lysine 27 trimethyla-
tion (H3K27me3), which signals the binding of PRCI, is
a modifier. Further upstream, PRC2 is also a modifier, as it
catalyses the formation of H3K27me3. siRNAs processed
from RNAs derived from pericentric repeats in fission yeast
are modifiers, as they lead to the formation of H3K9me3,
a waypoint in the formation of pericentric constitutive het-
erochromatin [28]. It is debatable if miRNAs are modifi-
ers, as they repress gene activity at the post-transcriptional
level. The Xist (inactive X specific transcripts) RNA is
thought to attract repressive complexes to inactivate the X,
and therefore would be a modifier [29]. Epigenetic marks
or modifications can be epigenetic states per se, effec-
tors, and sometimes modifiers. While these terms are used
loosely, they are often used as descriptors of methylated
sites and histone PTMs, or entities that are relatively fixed
to chromatin.

Memigenetic states and mechanisms

If memigenetics is useful as a term to describe the study
of heritable chromatin activity states, then epigenetic states
will often also be memigenetic states. This is because many,
if not the large majority, of chromatin activity states are
reassembled in daughter cells. For example, all repressed
promoters in mother cells will also be repressed in daugh-
ter cells, unless differentiation has resulted in the activation
of some promoters. Memigenetic states are maintained by
memigenetic mechanisms. These mechanisms, by defini-
tion, are those that carry the memory of a chromatin activ-
ity state across DNA replication and cell division so that it
can be faithfully reassembled in daughter cells.

What do we know of memigenetic mechanisms? As
previously emphasized [16], the DNA sequence itself
enforces cell memory. For example, in the budding yeast
(Saccharomyces cerevisiae), the binding of centromeric
proteins is DNA sequence-specific [30]. TFs are memige-
netic: as mentioned above, the classical paradigm is the
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Table 2 Molecular memigenetic mechanisms

Known

DNA sequence: sequence elements are required for the binding of centromeric proteins in budding yeast. Also, the binding of TFs is dependent

on DNA sequence [16, 26, 30]

Maintenance DNA methyltransferase activity: during S-phase, a fully methylated CpG dyad replicates to two hemi-methylated CpG dyads.
Maintenance DNMT activity then converts hemi-methylated dyads to fully methylated dyads [34]

Diffusible TFs: if TFs are evicted from DNA at replication, or from condensed mitotic chomosomes, they can freely diffuse into daughter cells
and reassemble into chromatin after chromosome decondensation [23, 24, 26, 31]

Bookmark or pioneer TFs: some TFs can remain bound to chromatin through mitosis, and thereby carry the memory of transcription into

daughter cells [35-37]

Histone variant CENPA/CenH3: once incorporated and functional in specifying a centromere, it can self-propagate its incorporation at a
genomic location, and hence centromere specification, through DNA replication [46, 47]

Possible

Histone variants and histone PTMs: the distribution of histone variants and their PTMs can be correlated with transcriptional activity. These
correlations could be secondary to other mechanisms that carry transcriptional and structural memory of chromatin across cell division [15,

16, 48-51]

DNA binding of the lac repressor in bacteria. Its repressive
activity is maintained through cell division, until lactose
is encountered [25-27]. The activity of the lac repressor
fulfils all the criteria of the various definitions of epigenet-
ics (Table 1). That TFs are drivers of cellular phenotype in
metazoans is strikingly evident in experiments in which a
few selected TFs can induce the formation of pluripotent
cells from differentiated somatic cells [31]. Also, in cell
reconstitution experiments, when the nucleus of one cell
type is transplanted to the foreign enucleated cytoplasm
of another cell type, it can adopt new gene activity states
corresponding to the cell type from which the foreign cyto-
plasm was obtained, and maintain these states through cell
division [32]. The best-known example of this experimen-
tal paradigm is Dolly the sheep, cloned by the transplanta-
tion of a differentiated somatic cell nucleus to an enucle-
ated oocyte [33]. These reconstitution experiments show
that the cell cytoplasm contains factors that can convey
cell memory. The memory effectors are undefined, but are
likely to include mRNAs [32]. In light of the findings of
Takahashi and Yamanaka [31], these mRNAs could include
those encoding TFs.

If a promoter is repressed by DNA methylation, then
the maintenance DNMT machinery acting at replication
fork can be viewed as the mechanism that maintains the
memory of this repression. Without maintenance DNMT
activity, the large majority of DNA methylation in the
mammalian genome is rapidly lost through cell division
[34]. ‘Bookmarking’ proteins also appear to be memige-
netic. These proteins remain bound to promoters in mitotic
chromosomes, prevent compaction of the promoter in an
otherwise condensed chromatin milieu, and are required
for proper activation of the promoter at the completion of
cell division [35-37]. We note that an epigenetic modifi-
cation—such as a histone variant or histone PTM, even if
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required for the assembly of a memigenetic state in mother
cells and then in daughter cells, would not comprise part of
the memigenetic mechanism unless it was needed for trans-
ferring the memory of the activity state across cell division.
There is no strong evidence to date that histone variants
and histone PTMs play a role in this regard. Memigenet-
ics does not apply to cell-cycle transient phenomena such
as DNA repair, which can be viewed as only epigenetic. A
summary of known and possible memigenetic mechanisms,
as discussed above, is provided (Table 2).

Finally, mention should be made of the germ line.
In mammals, primordial germ cells (PGCs) undergo a
genome-wide loss of DNA methylation, then re-establish
global DNA methylation at later stages of germ cell devel-
opment [38]. In contrast to ‘remembering’, the erasure of
DNA methylation in PGCs can be viewed as a ‘forgetting’
of epigenetic information derived from cellular ancestors.
This loss of memory is required so that new epigenetic
information can be established in gametes, in preparation
for the fertilization and development of the new individ-
ual [39]. The clearest example is seen in the resetting of
genomic imprints. Parental imprints are removed in migrat-
ing PGCs (maternal and paternal), so that new germ cell
sex-specific imprints can be established in oocytes and
spermatogonia [40, 41]. Other sequences are also involved,
the most prominent being globally dispersed transposable
elements (TEs). This germ line epigenetic re-establishment
is best categorized as a de novo renewal of epigenetic
states. In mammals, this renewal occurs without cell divi-
sion, and for TEs, is driven by short non-coding RNAs that
guide de novo DNMTs to TE targets. This mechanism for
de novo DNA methylation operates only in the germ line
[42]. Despite the efficient erasure of epigenetic information
in PGCs, and then its de novo renewal, some epigenetic
states are transmitted intergenerationally, as seen in some
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variant phenotypes [43-45] and disease states [§—10]. The
memigenetic mechanisms involved in these intergenera-
tional phenomena are still obscure, and are the subject of
considerable research.

Conclusion

The term epigenetics is well-suited as a broad descrip-
tor for what is ‘over’ DNA at any point in time, in accord
with the literal meaning of the prefix. By contrast, there is a
semantic constraint when the term is applied exclusively to
inherited chromatin activity states, and this constraint often
leads to confusion. For describing inherited activity states,
an alternative term, memigenetics, is self-defining, and
serves to emphasize the important concept of cell memory.
This term does not introduce any new concept, but merely
rebrands existing definitions of epigenetics that require cel-
lular inheritance. Memigenetics can be thought of as a sub-
set, or a branch of epigenetics, concerned with the remem-
bering of chromatin activity states across cell division.
Often, there may be no need to use the term in place of
epigenetics. At the least, the term should serve as a useful
device when we try to explain the concept of epigenetics.
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