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COMMENTARY

Remodeling the epigenome and (epi)cytoskeleton:
a new paradigm for co-regulation by methylation
Cheryl Walker1, * and Warren Burggren2

The epigenome determines heritable patterns of gene expression in
the absence of changes in DNA sequence. The result is programming
of different cellular-, tissue- and organ-specific phenotypes from a
single organismic genome. Epigenetic marks that comprise the
epigenome (e.g. methylation) are placed upon or removed from
chromatin (histones and DNA) to direct the activity of effectors that
regulate gene expression and chromatin structure. Recently, the
cytoskeleton has been identified as a second target for the cell’s
epigenetic machinery. Several epigenetic ‘readers, writers and
erasers’ that remodel chromatin have been discovered to also
remodel the cytoskeleton, regulating structure and function of
microtubules and actin filaments. This points to an emerging
paradigm for dual-function remodelers with ‘chromatocytoskeletal’
activity that can integrate cytoplasmic and nuclear functions. For
example, the SET domain-containing 2 methyltransferase (SETD2)
has chromatocytoskeletal activity, methylating both histones and
microtubules. The SETD2 methyl mark on chromatin is required for
efficient DNA repair, and its microtubule methyl mark is required for
proper chromosome segregation during mitosis. This unexpected
convergence of SETD2 activity on histones and microtubules to
maintain genomic stability suggests the intriguing possibility of an
expanded role in the cell for chromatocytoskeletal proteins that read,
write and erase methyl marks on the cytoskeleton as well as
chromatin. Coordinated use of methyl marks to remodel both the
epigenome and the (epi)cytoskeleton opens the possibility for
integrated regulation (which we refer to as ‘epiregulation’) of other
higher-level functions, such as muscle contraction or learning and
memory, and could even have evolutionary implications.
KEY WORDS: Actin, Epigenetics, Epiregulation, DMNT, SETD2,
Tubulin

Introduction
Epigenetics and the ‘epigenome’

The term ‘epigenetics’ was coined in 1942 by Conrad Waddington
to encompass biological concepts and processes that involved
genetics and inheritance, but which extended beyond what was then
regarded as a shadowy, spectral world of phenotype controlled by
unknown external factors (Waddington, 1942). In the modern era of
molecular biology, epigenetics is understood as determining
heritable patterns of gene expression in the absence of changes in
DNA sequence, allowing different cellular-, tissue- and organspecific phenotypes to be specified by a single organismic genome.
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Borrowing from the Greek word ‘epi’ (which translates to ‘above’),
epigenetics has now become a central pillar upon which rests
modern genetics, cell biology, development and even evolution –
for an entry into the voluminous literature see: Biswas and Rao
(2018); Burggren (2016, 2020); Burggren and Crews (2014); Crews
et al. (2014); Gonzalez-Recio et al. (2015); Jablonka (2017);
Janssen et al. (2017); Lowdon et al. (2016); Perez and Lehner
(2019); Sarkies (2019); Seymour and Becker (2017); Skinner
(2015); Vidalis et al. (2016); Wang et al. (2017); Whipple and
Holeski (2016); Zhong (2016). (Note: the reader should be advised
that numerous variants on the definitions of the terms ‘epigenetics’,
and especially the associated ‘epigenetic inheritance’, are to be
found in that literature. Fortunately for the authors, sorting out this
semantic quagmire is beyond the scope of this Commentary.)
Central to the concept of epigenetics is the ‘epigenome’, defined
as the pattern of small chemical modifications made to both the
histones and DNA that make up chromatin. Strahl and Allis first
proposed the concept that these modifications on histones comprise
a ‘histone code’ (see Glossary) that directs gene transcription and
creates a ‘language’ that broadly regulates transcription and other
aspects of chromatin biology (Strahl and Allis, 2000). We now
appreciate the epigenome as the primary mechanism for
‘operationalizing’ the genome. It is of vital importance to withinlife development, as well as healthy maturation and aging;
if perturbed, it can impact subsequent generations through
transgenerational, ‘non-genetic’ inheritance (Booth and Brunet,
2016; Stricker et al., 2017). Table 1 presents a non-exclusive list of
the best understood chromatin marks and some of their actions.
From a mechanistic perspective, a suite of proteins often termed
‘readers’, ‘writers’ and ‘erasers’ are responsible for programming
(and reprogramming) the epigenome (Fig. 1). Recent reviews of
these proteins and their actions have been provided by Biswas and
Rao (2018), Trevino et al. (2015) and Yang et al. (2016), among
others.
Methylation of the epigenome

Although more than a dozen different post-translational
modifications (PTMs) have been identified on chromatin,
methylation appears to be the epigenetic mark (see Glossary) that
is primarily responsible for the heritable component of the
epigenome, i.e. once methyl marks are installed, patterns of
methylation on histones and DNA are faithfully copied in
daughter cells after each cell division. Methylation on both DNA
and chromatin is read, written and erased by effector proteins,
methyltransferases and demethylases (see Glossary), respectively,
and this methylation is the focus for this Commentary. Most
effectors that ‘read’ methyl marks do so using methyl-binding
domains (see Glossary) that recognize and bind methyl marks on
chromatin (Javaid and Choi, 2017). Epigenetic methyl ‘writers’ are
histone and DNA methyltransferases that add methyl groups to
histones (e.g. the histone H3 lysine 36 trimethyl mark, H3K36me3)
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Glossary
Basal bodies
A mitotic organizing center of the cell at the base of the primary cilium,
formed by the centrosome when cells are not in mitosis
Chromatocytoskeletal
Activity of a dual-function epigenetic regulator acting on both chromatin
and the cytoskeleton
CpG islands
Regions of DNA ≥200 bp in length with a high frequency of CpG sites
Demethylase
Enzyme that removes methyl groups from target proteins such as DNA or
histones
Domain
Modular component of a protein with a specialized function in
recognizing or modifying target proteins
Epigenetic machinery
Proteins that add, recognize and/or remove epigenetic modifications of
chromatin in a coordinated and circumscribed way
Epigenetic marks
Small chemical modifications to the histones and DNA that affect the
function of the genome in a hereditary manner
Epimutations
Heritable changes to the epigenome that can result in abnormal
transcriptional repression of active genes and/or abnormal activation of
usually repressed genes
Epiregulation
Regulation of structure and function of the genome and cytoskeleton,
including but not limited to the reading, writing and erasure of methyl
marks, by the epigenetic machinery
Histone code
Combinatorial post-translational modifications that direct gene
transcription and/or chromatin conformation
Methyltransferases
Enzymes that add methyl groups to lysine, arginine and histidine (or
other) amino acid residues of target proteins
Midbody
The collapsed central spindle microtubules that continue to join daughter
cells until cleavage during cytokinesis
Polycomb repressive complex 2 (PRC2)
A multi-component methyltransferase enzyme complex containing the
histone methyltransferase EZH2 that writes the H3K27me3 mark on
chromatin
Tubulin code
Post-translational modifications that direct tubulin tertiary and quaternary
structure and function

and DNA (e.g. methylation of the 5′ position of cytosine, 5 mC).
Methyl erasers are demethylases such as the Jumonji proteins that
remove methyl marks from histones, and the Tet enzymes that
remove methyl groups from 5 mC.
Highly specific, methyl ‘readers’ can distinguish between
different epigenetic marks, and even between the same type of
modification located on different residues of DNA or histones,
using domains that bind to specific modifications on chromatin. The
presence of these domains allows the protein readers to match a
surface groove or cavity to a specific epigenetic mark, not unlike the
classic ‘lock and key’ mechanism described for enzyme–substrate
interaction. For example, even though they are both trimethylated,
readers can differentiate between trimethylated lysine 27 and
trimethylated lysine 4 on histone H3 (the H3K27me3 and
H3K4me3 marks, respectively), with H3K27me3 read as a
repressive mark and H3K4me3 read as an active mark for gene
expression (Brykczynska et al., 2010). Readers can even
differentiate between different modifications on the same residue.
For example, histone H3 lysine 27 can be acetylated or
trimethylated, with H3K27ac read as an active mark, and
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H3K27me3 read as a repressive mark for transcription (Pasini
et al., 2010). Frequently, reading domains are also utilized by
enzymes that function as epigenetic writers or erasers. This allows
one epigenetic mark to direct the addition or removal of another
mark on chromatin. For example, histone methyl marks can direct
the activity of DNA methyltransferases, which read these marks to
methylate CpG sites in DNA to silence specific loci (Morselli et al.,
2015; Ooi et al., 2007) or mark intergenic regions (Weinberg et al.,
2019). Importantly, this close coordination of reading, writing and
erasing actions by specialized proteins results in what are termed
‘read-write’ or ‘read-erase’ mechanisms, an important component
of what is often referred to as the epigenetic machinery
(see Glossary).
As mentioned above, methyl marks on chromatin can provide
either positive or negative regulation of gene expression. DNA
methylation is particularly important when it occurs on cytosine
bases adjacent to guanine bases, which – when clustered – are
commonly referred to as CpG islands (see Glossary). Methylation of
these islands can effectively silence gene expression, as can
repressive histone methyl marks such as H3K27me3 (Vaissiere
et al., 2008). Other histone marks can promote gene expression; for
example, H3K4me3 on chromatin is associated with active gene
promoters (Shilatifard, 2012). Epigenetic methyl marks can also act at
a distance; for example, monomethylation of histone H3 at lysine 4
(H3K4me1) is associated with enhancer regions of transcriptionally
active domains of chromatin, and the repressive histone H3 lysine 9
trimethyl mark (H3K9me3) causes heterochromatic silencing of
long stretches of chromatin associated with X inactivation
(Becker et al., 2016).
‘Moonlighting’ by the epigenetic machinery

As a result of several decades of epigenetics research, and
more recent initiatives such as the Epigenome Roadmap Project
(http://www.roadmapepigenomics.org), we now understand at the
molecular and biochemical level how the epigenetic machinery
remodels chromatin in the nucleus. We have also learned that
these functions are highly conserved from yeast to humans.
Consequently, we now have available genome-wide, nucleotidelevel detail on epigenomes from many different tissues and cell
types. While epigenetic research continues at a robust pace, we are
now poised to look outside the nucleus and ask a new question: is
the activity of this epigenetic machinery restricted to remodeling
chromatin in the nucleus, or might this apparatus also remodel extranuclear targets in the cell? Below, we lay out the evidence that the
cytoskeleton has emerged as a second, important target for epigenetic
readers, writers and erasers. In this Commentary, we consider how
methyl marks may function to remodel, regulate and integrate the
structure and function of the epigenome and cytoskeleton.
The ever-expanding reach of regulation by methylation

The knowledge of how epigenetic marks regulate gene expression at
the molecular and biochemical level is rapidly changing our views
on many aspects of biology and medicine. The additional realization
that an epigenetic machinery exists with the ability to remodel
histones and DNA to regulate chromatin structure and gene
expression has provided a major expansion of our understanding
of genetics, inheritance, disease pathogenesis (for example, in the
fields of cancer and autism) and even evolution (see below).
Yet, from this fundamental understanding of the workings of the
epigenetic machinery, another key question has emerged: is the
coordinated programming of epigenetic marks and the associated
remodeling limited to chromatin, or could the epigenetic machinery
2
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Table 1. A selection of the most common epigenetic marks and their possible effects

Chromatin

Marker

Position

Effects

Mono-, di- or tri-methyl
groups (-CH3)

The 5th carbon atom of cytosine ring of DNA DNA
methylation occurs at single or highly enriched CpGdense sites throughout the genome Occurs on lysine
and arginine residues of histones

Acetyl group (-CH3CO)

NH3+ group of lysine in histone tails of nucleosome of
packaged dsDNA
Lysine residues of histone proteins of nucleosome of
packaged dsDNA

When present in CpG-dense ‘islands’ near promoters,
methyl groups inhibit transcription, reducing or
altogether silencing gene expression When present on
histones, methyl groups can be associated with either
activation or repression of gene expression depending
on the specific lysine/arginine residue, and type of mark
(mono-, di- or tri-methylation)
Acetylation causes DNA to assume a less condensed
structure, facilitating enhanced gene transcription
Ubiquitination causes DNA to assume a less-condensed
structure, facilitating enhanced gene transcription
Influences the activity of other chromatin remodelers with
read-write activity that ‘read’ this mark to add another
Phosphorylation causes DNA to assume a lesscondensed structure, facilitating enhanced gene
transcription Influences the activity of other chromatin
remodelers with read-write activity that ‘read’ this mark
to add another

Ubiquitin, a 76 amino
acid (∼8.6 kDa)
protein

Cytoskeleton

Phosphate group
(PO43-)

Tyrosine residues of histone proteins

Mono-, di- or tri-methyl
groups (-CH3)

Added to lysine 40 (K40) and histidine 73 (H73)
residues of tubulin and actin, respectively

Acetyl group (-CH3CO)

Added to lysine 40 of tubulin

remodel other structures, and thus regulate other aspects of cell
biology, perhaps in coordination with its activity on chromatin?
Indeed, as reviewed below, we know that several of the enzymes
involved in modifying the epigenome can ‘moonlight’ by
catalyzing reactions beyond the epigenome. This raises a second
question: which is the ‘main’ and which is the ‘secondary’ function
for a machinery known for its activity on chromatin that is also
acting on the cytoskeleton?
Tubulin post-translational modifications and the
‘tubulin code’

Following on the heels of the histone code hypothesis, cell
biologists have proposed a similar ‘tubulin code’ (see Glossary)
for regulation of microtubule structure and function (Barisic and
Maiato, 2016; Gadadhar et al., 2017; Janke, 2014; Verhey and
Gaertig, 2007). Microtubules are key elements of the cytoskeleton
that consist of α- and β-tubulin heterodimers. Polymers of these
heterodimers form tubular structures – microtubules – that provide

K40 methylation is associated with dynamic microtubules
of the mitotic spindle H73 methylation regulates actin
polymerization
Associated with microtubule stability

structure and shape to the cell, and are involved in mitosis, motility
and intracellular transport (Matamoros and Baas, 2016; Wloga
et al., 2017). The tubulin code hypothesis states that tubulin isotype
expression and PTMs form a code used by the cell to encrypt the
structural, spatial, temporal and functional information that specifies
microtubule biology.
One example of a tubulin code modification of microtubules
linked to cytoskeletal biology is acetylation, which occurs on lysine
40 of α-tubulin (αTubK40ac) (Sadoul and Khochbin, 2016).
αTubK40ac marks microtubules of the mitotic spindle, as well as
the extraordinarily stable microtubules of the axoneme of cilia. The
αTubK40ac mark provides structural constraints that contribute to
microtubule stability (Eshun-Wilson et al., 2019), but whether this
mark is ‘read’ by other effectors is not clear. For example,
microtubules marked by αTubK40ac are preferred tracks for
transport by kinesin-1 motors (Cai et al., 2009; Reed et al., 2006),
although kinesin-1 does not directly read this mark (Kaul et al.,
2014; Walter et al., 2012). The αTubK40ac mark is written by alpha

Readers
Erasers

Writers

Me
Me

Me

Me
Me

Methyltransferases
e.g. SETD2 bound to Pol II
adds an H3K36me3 mark
to actively transcribed
genes

Me

Me

Methyl-binding domain proteins
e.g. DNMTs with ‘read-write’
activity recognize repressive
histone methyl marks and
add methyl marks to CpG sites
on DNA

Demethylases
e.g. Jumonji family
demethylases remove
methyl marks from
histones

Fig. 1. Writers, readers and erasers of
epigenetic markers. As an example, the figure
shows information on proteins that can write,
read and erase methyl groups (Me). Methyl
groups on histones can be sensed (read) by
methyl-binding domain proteins (e.g. DNA
methyltransferases, DMNTs) acting as readers
(green). New methyl groups can be added to
chromatin by methyltransferases (e.g. SETD2)
acting as writers (orange). Pol II, RNA
polymerase II. Alternatively, existing methyl
groups can be removed from chromatin by
demethylases (e.g. Jumonji demethylases)
acting as erasers (blue).
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tubulin acetyltransferase (αTAT) and erased by the deacetylases
sirtuin 2 (SIRT2) and histone deacetylase 6 (HDAC6), which –
although a member of the histone deacetylase family – does not
have significant activity on histones (Howes et al., 2014; Li et al.,
2013; Magiera et al., 2018). Thus, although acetylation is a
component of both the histone and tubulin codes, there are distinct
acetylase/deacetylase enzymes that write and erase this mark on
chromatin and microtubules; consequently, until recently, there has
been little reason to believe that the histone and tubulin codes were
anything other than conceptually linked.
The view that the histone and tubulin codes were distinct was
recently revised when one of the key chromatin methyl writers, the
histone methyltransferase SETD2, was discovered to also methylate
microtubules (Park et al., 2016). This demonstrated for the first time
a shared mark (methylation) and a shared writer (SETD2) for that
mark on chromatin and the cytoskeleton. SETD2 writes the
H3K36me3 mark on chromatin. This writing activity is mediated
by an interaction between SETD2 and RNA polymerase II (Pol II),
which facilitates SETD2 methylation of histones in conjunction
with Pol II transcription of active genes (Hacker et al., 2016;
McDaniel and Strahl, 2017). SETD2 also adds a trimethyl mark to
lysine 40 of α-tubulin (αTubK40me3) on microtubules in mitotic
cells (Park et al., 2016). This newly discovered PTM is located on
spindle microtubules, and is required for normal chromosome
segregation and cytokinesis (Chiang et al., 2018; Park et al., 2016).
The discovery that SETD2 methylates microtubules as well as
chromatin not only adds a new mark to the tubulin code, but now
directly links the histone and tubulin codes in an exciting new,
functional way. In addition to marking sites of active gene
transcription, the H3K36me3 SETD2 mark on chromatin also
plays a role in DNA repair, facilitating non-homologous end joining
(Fnu et al., 2011), DNA double strand break repair (Carvalho et al.,
2014; Li and Wang, 2017), mismatch repair (Li, 2013) and
homologous recombination repair (Heyer et al., 2006; Pfister et al.,
2014). Thus, the discovery that the αTubK40me3 SETD2 mark on
microtubules is required for proper chromosome segregation meant
that SETD2 and its methyl mark function on both histones and
spindle microtubules to maintain genomic stability (McDaniel and
Strahl, 2017; Wagner and Carpenter, 2012), an unexpected
convergence of function in two distinct cellular compartments
(chromatin and the cytoskeleton).
Methylation of the cytoskeleton: chromatocytoskeletal
activity of the epigenetic machinery

The quite unexpected convergence of SETD2 action on both
histones and microtubules suggests the intriguing possibility that
other components of the epigenetic machinery may act on both
chromatin and the cytoskeleton to coordinately regulate, and
integrate the functions of, these important elements of the cell.
Supporting this concept, many cytoskeletal proteins contain
conserved recognition sequences for histone methyltransferases,
and several have been shown to be methylated on lysine, arginine or
histidine residues (Iwabata et al., 2005). One unbiased proteomic
screen for lysine-methylated proteins in the cytoplasm of migrating
neural crest cells identified 182 methylated proteins, including
cytoskeletal proteins actin, tubulin, myosin, spectrin, filamin and
tropomyosin (Vermillion et al., 2014). A more in-depth analysis of
one of these, the actin elongation promoting factor EF1a1, identified
five sites for lysine methylation that were involved in neural crest
migration (Vermillion et al., 2014). Other mass spectrometry
screens have identified these and other cytoskeletal proteins as
targets for methylation (see Phosphosite.org for an extensive
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database). Unfortunately, we do not yet know how many of these
numerous cytoskeletal methylation events are catalyzed by the same
methyltransferases that also modify chromatin structure and
function.
In addition to α-tubulin methylation by SETD2, other examples
exist of remodelers with chromatocytoskeletal activities (see
Glossary). Although methylation is a newly discovered posttranslational modification of microtubules, methylation of the actin
cytoskeleton (actin and associated proteins) has been previously
reported [for reviews, see Song and Brady (2015); Terman and
Kashina (2013); Wloga et al. (2017)]. The best-known methyl mark
on actin is histidine 73 methylation (actin-H73me), with
methylation at this site promoting actin polymerization. Recently,
the methyltransferase responsible for this mark was identified as
SETD3 (Dai et al., 2019; Guo et al., 2019; Kwiatkowski et al., 2018;
Wilkinson et al., 2019). However, whether SETD3 acts as a writer
on chromatin is controversial (Eom et al., 2011; Wilkinson et al.,
2019).
Another writer acting on the actin cytoskeleton is EZH2, the
histone methyltransferase of the polycomb repressive complex 2
(PRC2) (see Glossary). This methyltransferase is responsible for the
H3K27me3 mark on chromatin, a repressive mark that inhibits gene
expression. EZH2 binds to α-actin (Chen et al., 2017; Su et al.,
2005), and localizes to sites of membrane ruffling, where actin
cytoskeletal reorganization occurs (Su et al., 2005). EZH2 is
associated with increased stability of actin filaments, although the
site and mechanism of methylation have not been identified (Chen
et al., 2017).
In addition to EZH2, chromatocytoskeletal activity has also been
reported for WDR5, a scaffolding protein that participates in readwrite functions on chromatin (Guarnaccia and Tansey, 2018). As a
methyl reader, WDR5 binds to di-methylated arginine (H3R2me2)
residues on histone tails, a mark of genes poised for active
transcription (Migliori et al., 2012). As a writer, WDR5 is a
component of the COMPASS complex, which writes the histone H3
lysine 4 mono-, di- and tri-methyl marks that are associated with
actively transcribed genes (Bochynska et al., 2018). WDR5 has a
non-chromatin role on the actin cytoskeleton, binding to basal
bodies (see Glossary) and acting as an organizing center to stabilize
and maintain filamentous (F)-actin lattice architecture in multiciliated cells such as mucociliary epithelial cells (Kulkarni et al.,
2018). WDR5 also localizes to microtubules of the mitotic spindle
and midbody (see Glossary), where it promotes abscission
(cleavage) to maintain genomic stability (Ali et al., 2017; Bailey
et al., 2015). Unfortunately, it is unknown whether these nonchromatin functions of WDR5 involve methylation of the actin
cytoskeleton.
Cytoskeleton-associated proteins can also be the targets of
methylation. The actin-binding protein talin, which plays a role in
cell migration, is a target for EZH2 methylation (Gunawan et al.,
2015). Methylation disrupts the interaction of talin with actin and
promotes the turnover of adhesion structures. Arginine methylation
by protein arginine methyltransferase 2 (PRMT2) of the actin
nucleator Cobl promotes actin binding and dendritogenesis, a major
cytoskeletal process shaping neuronal cells (Hou et al., 2018).
PRMT2 can methylate histones (Lakowski and Frankel, 2009) and
is responsible for asymmetrical dimethylation of histone H3 at
arginine 8 (H3R9me2a) (Dong et al., 2018). Finally, the
cytoskeleton-associated protein tau, which plays a causal role in
fibril development in Alzheimer’s disease, is also lysine methylated
(Kontaxi et al., 2017), although the responsible ‘writer’ is unknown.
Interestingly, this PTM changes qualitatively with aging and disease
4
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pathogenesis (Funk et al., 2014; Huseby et al., 2019), suggesting
that methylation may play a role in these processes.
‘Epiregulation’ – from the genome to the cytoskeleton
and beyond?

Structure is an important commonality between chromatin and the
cytoskeleton. The cytoskeleton provides structural integrity for the
cell, and the structure of the cytoskeleton itself determines much of
its function (Bodakuntla et al., 2019; Fletcher and Mullins, 2010).
This is also the case for chromatin, where epigenetic marks direct
chromatin structure (looping, condensation, etc.), which in turn
influences function, i.e. transcription. For example, acetylation and
active histone methyl marks promote an open chromatin
conformation permissive for gene expression, whereas repressive
histone methyl marks and other repressive epigenetic marks such as
DNA methylation cause a closed chromatin conformation that
represses gene expression.
As our appreciation of the importance of the epigenetic
machinery beyond its traditional chromatin activity expands, and
its remodeling functions are extended to the cytoskeleton, the term
‘epigenetic’ becomes unduly limiting and even inaccurate in
conceptualizing and describing how this machinery functions in a
broader context. Provocatively, Fletcher and Mullins in their review
of a decade ago speculated ‘long-lived cytoskeletal structures can
function as a cellular “memory” that integrates past interactions with
the mechanical microenvironment and influences future cellular
behavior’ and provide ‘epigenetic determinants of cell shape,
function and fate’ (Fletcher and Mullins, 2010).
Given the increasingly far reach beyond the genome of marks
‘traditionally’ recognized as only altering chromatin function and
structure, we suggest that the terminology needs to keep pace.
Consequently, here we employ the new term ‘epiregulation’ (see
Glossary) as more accurate than ‘epigenetic regulation’ when
discussing the expanding functions of dual-function readers, writers
and erasers that determine not only chromatin, but also cytoskeleton
structure and function. The identification of their
chromatocytoskeletal activity expands what was formerly thought
to be a purely epigenetic machinery to cellular epiregulators that act
on and coordinate the structure and function of chromatin and the
cytoskeleton.
The expanding role of methylation in modifying the structure of
cytoskeletal proteins leads to another intriguing question: could
epiregulation be acting beyond the cell to coordinate tissue, organ
and organismal level functions? Actin, as an expanded target of
epiregulation, is a nearly ubiquitous protein that exists as
monomeric globular (G) protein or polymerized filamentous (F)
structures in the cell. Frequent state changes occur between G- and
F-actin (Copeland, 2019; Le Floc’h and Huse, 2015; Li et al., 2018;
Yamashiro and Watanabe, 2019). These state changes are involved
in functions as diverse as cell motility, cell-to-cell communication
and the regulation of cell shape (Dominguez and Holmes, 2011;
Pollard, 2016; Rottner et al., 2017). At the tissue level, actin plays an
important role in muscle contraction. Together with its partner
molecule myosin, actin collectively makes up ∼90% of the proteins
within myocytes, forming the thin (actin) and thick (myosin)
filaments of the myofibril, the basic unit of muscle contraction. If
epiregulation of actin and/or myosin via methyl (or other) marks
directs changes in polymerization, tertiary or quaternary structure of
the actin cytoskeleton, could epiregulation then actually play a role
in modulating muscle contraction?
Expanding on this concept of epiregulation, both microtubules
and actin are important components of the neuronal cytoskeleton,
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where they play key roles in neuron migration, process extension
and synaptogenesis. If epiregulators act on microtubules and/or
actin of neurons, could epiregulation direct the cytoskeletal
remodeling required for these activities? If so, epiregulation could
play an as yet undescribed role in brain development and learning
and memory. We postulate that epiregulation of methyl (and other)
marks on these and other cellular targets might indeed allow
chromatocytoskeletal epiregulators to direct somatic tissue-level
activity.
Phenotypic plasticity, epiregulation and evolution

Major unanswered questions in epigenetics and evolution include:
how has the epigenetic programming itself evolved? How does
natural selection act on the epigenome? How do epigenetic
alterations (‘epimutations’; see Glossary) become permanently
fixed into the epigenome? How is evolution of the epigenome over
time coordinated with evolution of its cognate genome? The
epigenetic programming (orchestrated changes in DNA and histone
methylation) that directs patterns of gene expression to specify
tissues (such as epithelia and muscle) and organs (such as liver and
kidney) during differentiation is not specified in the genetic
sequence of the genome it controls. How, then, does this
epigenetic programming evolve?
Traditionally, evolution of the epigenome is understood in two
principal ways: (1) via the appearance of epimutations (environmentally
induced or spontaneous) and (2) via epigenome-directed mutations in
DNA. First appreciated in plants (Furrow, 2014; Rhounim et al., 1992;
van der Graaf et al., 2015), but now widely understood to be
associated with all epigenomes, epimutations are heritable changes
to the epigenome, e.g. DNA or histone methyl marks that can result
in changes in gene expression and phenotype upon which natural
selection can act (Sarkies, 2019). This model treats epimutations
similarly to DNA mutations: epimutations lead to altered gene/
protein expression resulting in phenotypic changes that can be acted
on by natural selection (Cropley et al., 2012). Satisfying the heredity
component of this model requires that epimutations are
transmissible to subsequent generations (Burggren, 2016). Similar
to DNA mutations, for an epimutation to be inherited by subsequent
generations, based on known biology it must be transmitted via the
germ cell(s) of the founding generation.
The second way in which epigenetics and evolution interact
emerges from the long-appreciated fact that sites for DNA
methylation are hypermutable [reviewed in Jones et al. (1992);
Storz et al. (2019)]. Methylated cytosines are sensitive to
deamination, which results in 5 mC→T mutations. This results,
for example, in rates of point mutations of a gene being higher when
the CpG islands next to that gene are methylated (Xia et al., 2012),
as are meiotic crossover rates in plants (Melamed-Bessudo and
Levy, 2012). In this scenario, the epigenome contributes to
evolution secondary to facilitating changes in the genome, with
DNA methylation acting as an underlying driver for new DNA
mutations and phenotypes upon which natural selection could act
(Rošić et al., 2018).
Despite knowing the general outline of these relationships for
over a quarter of a century (Holliday and Grigg, 1993; JacksonGrusby and Jaenisch, 1996), evolutionary biologists and
epigeneticists are still struggling to incorporate mechanisms of
epigenetic inheritance into the nexus of genetics, phenotypic
plasticity, natural selection and evolution. The discovery that the
components of the epigenetic machinery discussed here (with the
potential for more yet to be discovered) are dual-function proteins
with chromatocytoskeletal activity, opens exciting new windows
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into understanding phenotypic plasticity, evolutionary biology and
epigenetics. The potential for epiregulation to coordinate
cytoskeletal biology at the cellular and organismal level (such as
in muscle contraction and neuronal function) with heritable changes
in the epigenome could have profound implications for evolutionary
theory. Both mutations and epimutations can be heritable and acted
upon by natural selection in fundamentally similar ways. However,
coordinated regulation of the cytoskeleton and epigenome by
epiregulation may provide heretofore unappreciated ways for natural
selection to drive evolution (Fig. 2).
DNA alterations are, of course, the stuff of natural selection and
Darwinian evolution, but would differ from epiregulation-driven
evolution in several fundamental ways, as shown in Table 2 and
Fig. 2. Importantly, an environmental exposure that alters the
chromatocytoskeletal activity of an epiregulator to cause a change in
phenotype (one mechanism for phenotypic plasticity), could also
exert selective pressure upon that epiphenotype, and cause changes
in the epigenome that could drive the emergence of hereditary

epimutations. Therefore, in contrast to genetic (classical) evolution
where DNA alteration necessarily precedes the emergence of a
phenotype upon which natural selection can act, changes in
epiregulator activity could produce an epiphenotype upon which
natural selection could act that precedes the emergence of a
hereditary epimutation. In this way, a changing environment could
exert directionality by changing chromatocytoskeletal activity to
produce an advantageous phenotype while concomitantly changing
the epigenome to drive the emergence of new epimutations that
encode that phenotype. We would propose the term ‘epigenetic
entrainment’ for this process. The literature is replete with examples
of environmental exposures that modulate the activity of
epiregulators, including availability of dietary nutrients required
for 1-carbon metabolites needed as methyl donors, changes in
oxygen levels that affect the activity of demethylases, and
environmental exposures that change cell signaling pathways and
the activity of kinases that phosphorylate epiregulators to increase or
decrease their activity (for a review, see Walker, 2016).

Change in
environment
Stochastic
changes

Deterministic
changes

DNA and chromosomal alterations
Modified
genome

Changes in reader, writer and eraser activity
Modified
cytoskeleton

Modified
epigenome

New cytoskeletal
function

New mutation

Natural selection

e.g. muscle
or neural
function

New
phenotype

New
epiphenotype

Individual level

Population level

Advantageous
heritable mutation

Advantageous
heritable epimutation

Genetic
evolution

Fig. 2. A comparison of genetic and
epigenetic drivers for evolution. Genetic
evolution is driven by stochastic DNA
alterations. In contrast, evolution driven by
epiregulator activity would be deterministic:
environmental perturbation of reading,
writing or erasing activity of epiregulators
would cause specific and predictable
changes in the epigenome and
epicytoskeleton. For example, decreased
oxygen levels inhibit erasers that remove
methyl marks, increasing epigenetic (and,
we predict, epicytoskeletal) methylation.
Increased cytoskeletal methylation could
then produce new phenotypes upon which
natural selection could act, and
perturbations of the epigenome to drive
emergence of hereditary epimutations.
Thus, the environment determines the
activity of epiregulators, and changes in
epiregulator activity determine the nature of
the modifications that occur to the
epigenome and epicytoskeleton. A second
distinction is that whereas stochastic DNA
alterations occur at the level of the individual,
an environmental perturbation that affects
chromatocytoskeletal activity has the
potential to affect the epicytoskeleton and
epigenome of all individuals within an
exposed population. Thirdly, perturbation of
chromatocytoskeletal activity would be
predicted to have an immediate and direct
impact on the epicytoskeleton, potentially
giving rise to phenotypes upon which natural
selection could immediately act. Finally, in
contrast to a new phenotype arising from an
irreversible DNA alteration, a new
epicytoskeleton-dependent phenotype
caused by altered activity of an epiregulator
would be reversible until fixed in the
population by either a hereditary mutation or
epimutation.

Epigenetic
evolution
New
heritable
phenotype
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Table 2. A comparison of impacts in a changing environment resulting from mutation by DNA alteration and by epiregulation
Characteristics

DNA alteration as driver for evolution

Epiregulation as driver for evolution

Target

Genome

Distribution and rate of
spread within species

Unique events in single individuals Slow spread of adaptive
genotype by natural selection

Predictability of alteration

Stochastic, although mutations are not entirely random,
occurring more often as errors during DNA repair

Reversibility

Essentially irreversible, very low probability of second mutation
reversing mutated genome to original state

Persistence

Permanent, within individual’s lifetime and potentially across
generations to offspring Expansion into the population occurs
on an evolutionary time scale Can persist in the absence of
selective pressure
Advantageous, neutral or deleterious
Occurrence of hereditary mutation producing new phenotype
precedes natural selection Selective pressure does not
directly cause mutation or phenotype upon which it acts

Epigenome and epicytoskeleton, with potential coordination
between the two
Population-wide response to a changing environment/
perturbation Can produce rapid changes in the epigenome
and epicytoskeleton
Deterministic – an environmental perturbation of a given reader,
writer or eraser acting on the epigenome will have a
predictable impact on its epiregulation
Relatively plastic and reversible, able to act in both forward and
reverse directions through addition and removal of marks on
the cytoskeleton and epigenome
Epiphenotype dependent on continued epiregulator activity until
fixed in epigenome Changes maintained within or across
generations as long as the environmental conditions persist
and/or until fixed as hereditary epimutations
Advantageous, neutral or deleterious
Selective pressure can act on new epiphenotype prior to
emergence of hereditary epimutation Selective pressure can
drive changes in epiregulation to cause emergence of new
epiphenotype

What might be the consequences for evolution if environmental
changes modulate the activity of chromatocytoskeletal epiregulators?
If environmentally induced changes in epiregulator activity result in
advantageous changes in cytoskeletal function, for example altered
muscular or neural function, then natural selection for that
epiphenotype could occur as long as the epiregulator activity
responsible persisted. Selective pressure for this altered epiregulator
activity could also drive changes in the epigenome, with the
potential to become fixed over time as hereditary epimutations.
If so, this would predict that over evolutionary time, coordinated
functions for marks on the epigenome and epicytoskeleton would
arise, such as a role for methyl marks made by SETD2 on both
chromatin and the cytoskeleton participating in maintenance of
genomic stability.
Equally importantly, regulation of the chromatocytoskeletal
activity of epiregulators in response to changes in the environment
would be predicted to occur on a population-wide level (Fig. 2). A
graphic example of epigenetically driven population-wide modulation
of phenotype conversion involves the locust Schistocerca gregaria.
This locust converts from its typical solitarious form to a gregarious
form – famed for the swarms of locusts that plague Africa and other
regions. The morphological, physiological and behavioral transition
from solitarious to gregarious form begins within hours of the
appropriate environmental cues, and is thought to result from
epigenetic changes that simultaneously affect as many as 80 million
individuals (Burggren, 2017; Ernst et al., 2015). Fascinatingly, these
changes are also accompanied by changes in learning and memory
(Simoes et al., 2013). Could these arise by concurrent coupling of
epigenetic and epicytoskeletal changes?
Finally, this hypothesis of coordinated regulation between
genome and cytoskeleton could be examined experimentally via
several approaches, such as altering the activity of a specific writer
or eraser and determining whether coordinate changes occur in their
cognate methyl marks on both chromatin and the cytoskeleton.
Similarly, it would be of interest to determine whether the ‘rules’
governing the histone code also apply to the tubulin (or actin) code.
For example, are the same methyltransferase/demethylase pairs that
add/remove a specific histone methyl mark on chromatin also
involved in addition and removal of that cognate methyl mark on
microtubules of the cytoskeleton?

Conclusions and perspectives

Molecular biologists have learned much about the epigenetic
machinery, and the epigenome itself is now well defined for
numerous cell types, tissues and even disease states. Emerging data
are showing that these readers, writers and erasers have
chromatocytoskeletal activity, thereby contributing to remodeling
functions in the cytoplasm as well as the nucleus. This opens up the
exciting possibility that this machinery may not only regulate the
structure of chromatin and the cytoskeleton, but also serve to
integrate their functions. In light of this possibility, we suggest that
the term epiregulation – that is, coordinated regulation of the
epigenome and cytoskeleton to integrate key biological processes
using a shared machinery – may better capture how this machinery
functions in a broader context.
We predict that with the expansion of the concept of epiregulation
will come a new perspective to our understanding of both normal
and pathophysiological processes. For example, epiregulation may
help us understand how cells coordinate epigenetic differentiation
programs with acquisition of specialized cytoskeletal structures.
Such coordination could affect brain development by coordinating
patterns of gene expression with remodeling of the neuronal
cytoskeleton. This, in turn, could modify such basic neural
functions as learning, memory and behavior in a wide variety of
animals, either as adaptations or maladaptations. Similarly, in the
study of human diseases such as cancer and autism spectrum
disorder (ASD), where mutations in components of the epigenetic
machinery (including SETD2) frequently occur, we need to look
beyond changes in gene expression caused by these defects to
examine their impact on the cytoskeleton. In creating a deeper
understanding of cancer this could mean, for example, determining
how mutations in chromatocytoskeletal remodelers cause
cytoskeletal defects contributing to cell migration and metastasis,
and in ASD, how mutations in chromatocytoskeletal remodelers
impact neurodevelopment, learning and memory.
We hope and anticipate that physiologists, morphologists,
ecologists, evolutionary biologists and others working on
molecular and cellular regulation may find useful ways to explore
epiregulation as a new paradigm for interpreting their data. Thus,
moving both conceptually and pragmatically beyond ‘epigenetic
regulation’ to ‘epiregulation’ may lead to experimental paradigms
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that supplement searches for modified gene expression as a result of
addition or removal of epigenetic markers with expanded
investigations of methylation beyond the genome itself. Such
experiments would establish a new frontier in our investigation of
evolution of the epigenome specifically and regulatory mechanisms
more broadly, perhaps extending to evolutionary biology itself.
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