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INTRODUCTION

Viviana Barra

As the repository of genetic information, the cell nucleus must protect DNA
integrity from mechanical stresses. The nuclear lamina, which resides within the
nuclear envelope (NE), is made up of lamins, intermediate filaments bound to
DNA. The nuclear lamina provides the nucleus with the ability to deal with inward
as well as outward mechanical stimuli. Chromatin, in turn, through its degrees of
compaction, shares this role with the nuclear lamina, thus, ensuring the plastic-
ity of the nucleus. Perturbation of chromatin condensation or the nuclear lamina
has been linked to a plethora of biological conditions, that range from cancer
and genetic diseases (laminopathies) to aging, both natural and accelerated,
such as the case of Hutchinson-Gilford Progeria Syndrome (HGPS). From the
experimental results accumulated so far on the topic, a direct link between varia-
tions of the epigenetic pattern and nuclear lamina structure would be suggested,
however, it has never been clarified thoroughly. This relationship, instead, has
a downstream important implication on nucleus shape, genome preservation,
force sensing, and, ultimately, aging-related disease onset. With this review, we
aim to collect recent studies on the importance of both nuclear lamina compo-
nents and chromatin status in nuclear mechanics. We also aim to bring to light
evidence of the link between DNA methylation and nuclear lamina in natural and
accelerated aging.
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of intermediate filaments, collectively called nuclear
lamins. These interact, directly or indirectly, with chro-

The cell nucleus is the most important organelle present
in eukaryotic cells, being the gatekeeper of genetic infor-
mation by shielding the DNA from every kind of insult. It
is straightforward to think, then, that the impairment or
the loss of the well-ordered and organized structure of
the nucleus can have serious consequences on DNA
function and topology.

The nuclear lamina is the structure responsible for
the strength of the cell nucleus. Positioned underneath
the inner nuclear membrane (INM) of the nuclear enve-
lope (NE), nuclear lamina is composed of a class

matin (Maurer & Lammerding, 2019). The cell nucleus
is not only the repository of genetic information, but
it is also profoundly involved in the process of cell
mechanotransduction, that is the translation of mechan-
ical cues perceived by the cell into biochemical signals
(Ingber, 2006). Mechanotransduction has been studied
for more than 20 years now, and one of the first works
on the topic dates back to the late 90s when Manio-
tis et al. were able to stretch nuclei of endothelial cells
by stretching the cells with a glass microneedle (Man-
iotis et al., 1997). Later, Emmanuel Farge showed that
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the Armadillo protein, the homolog of Beta Catenin in
Drosophila Melanogaster, underwent nuclear transloca-
tion if Drosophila embryos were subjected to a constraint
force, which induced, in turn, the expression of the
Twist gene (Farge, 2003). Engler and colleagues, then,
demonstrated that differentiation fate in mesenchymal
stem cells (MSCs) depends on both substrate stiff-
ness and a working cytoskeleton (Engler et al., 2006).
Indeed, nuclear lamins connect the nucleoskeleton with
the cytoskeleton by interacting with the LINC complex,
a protein complex (made up of the superfamilies of pro-
teins Nesprin and Sun) that spans the NE (Crisp et al.,
2006). In this way, lamins have a central role in the
mechanotransduction process that involves the NE (Iser-
mann & Lammerding, 2013). More recently, it has been
shown that Nesprin proteins can discriminate between
partial as well as complete epithelial-mesenchymal tran-
sitions (EMTs) (Déjardin et al., 2020), that is, biological
states where cells totally lose (complete EMTSs) or par-
tially lose (partial EMTs) epithelial markers to acquire
mesenchymal ones (Aiello et al., 2018). In this study,
differential EMTs were experimentally induced in Madin-
Darby Canin Kidney cells (MDCKs) by wound healing
as well as stimulation with hepatocyte growth factor
(HGF) (Canever et al., 2021). Each kind of induced
EMTs triggered a specific change in Nesprin proteins’
tensional status, which permits nuclear translocation of
Beta Catenin (Déjardin et al., 2020). Thus, it is clear that
transmitting forces from outside of the cell towards the
inside of the nucleus can regulate gene expression.

Chromatin, the complex of DNA and histone pro-
teins, can be present in the cell nucleus either in an
opened and loosened status, called euchromatin, or in
a closed and compacted one, known as heterochro-
matin. These two states can be recognized by the
presence/absence of post-translational modifications on
specific aminoacidic residues of the histones (Bannis-
ter & Kouzarides, 2011), which affect three-dimensional
(3D) chromatin organization from the dense and com-
pact fibers of heterochromatin to the decompacted
structure of euchromatin. Also, the methylation of the
DNA, occurring at the cytosine of the CpG dinucleotide,
is important for chromatin condensation (Mazzio &
Soliman, 2012).

Variations of chromatin condensation status could
have multiple consequences on cell viability and func-
tionality. These can be exemplified by the epigenetic-
driven change in gene transcription. Indeed, a con-
densed status of chromatin spanning gene promoters
results in the inaccessibility of transcriptional machinery
and consequent gene silencing, while open chromatin
favors gene transcription. However, it is becoming clear
that the epigenetic and 3D status also of non-coding
DNA is important to preserve cell functionality and
human health (Janssen et al., 2018). In this regard,
heterochromatin and epigenetic dysfunctions at non-

coding repetitive sequences of centromere have been
correlated with mitotic defects, chromosomal instabil-
ity, and ICF syndrome (immunodeficiency, centromeric
instability, and facial dysmorphism) (Barra & Fachinetti,
2018; Costa et al., 2016; Pappalardo & Barra, 2021).
Heterochromatin also preserves genome integrity by
preventing repetitive sequences to recombine and being
incorrectly repaired by homologous recombination when
damaged (reviewed in Janssen et al., 2018). In addition,
in the last years there has been an increased num-
ber of publications showing that, by playing with the
global nuclear ratio between hetero- and euchromatin,
the physical properties of the nucleus itself and how it
responds to mechanical stimuli change (Furusawa et al.,
2015; Krause et al., 2013; Shimamoto et al., 2017). With
this in mind, chromatin and its three-dimensional sta-
tus should not be regarded only as a way to regulate
gene expression and organize the genome to preserve
its integrity. It also is a physical mass with a dynamic
structure whose volume and density can change. The
nuclear membrane has to adapt to chromatin changes,
and vice versa, to preserve genome stability and func-
tion. Any alterations of this dynamic equilibrium can
jeopardize cell nucleus physical properties and, con-
sequently, functions. This scenario should be carefully
considered in the study of natural and healthy aging,
a biological process involving the increasing reduction
of cellular functions at multiple levels (Campisi, 2013),
and of pathological and accelerated aging, such as the
Hutchinson-Gilford Progeria Syndrome (HGPS). In both
cases, indeed, chromatin domains are rearranged and
acquire new subnuclear localizations (Chandra et al.,
2015; Kohler et al., 2020), potentially playing a role in
the aberrant nuclear phenotype observed in HGPS and
natural aging (Scaffidi & Misteli 2006).

In this review, we give a brief recap on chromatin
and its epigenetic modifications, and the NE. Then,
we summarize the literature covering the epigenetics,
cell biology, and biophysical aspects of both HGPS
and natural aging, here used as models where inter-
actions between NE and chromatin, in the context of
nuclear mechanics, have been studied mostly. Finally,
we propose possible crosstalk between chromatin epi-
genetics changes, in terms of DNA methylation, and NE
composition in both HGPS and natural aging.

Chromatin and DNA methylation

The fundamental unit of chromatin is the nucleosome
consisting of a 147 bp segment of genomic DNA tightly
wrapped 1.65 times around a core of eight positively
charged histone proteins, namely two H2A-H2B dimers
and an H3-H4 tetramer (Luger et al., 1997). Neighboring
nucleosomes are connected by linker DNA segments
(20—80 bp) which can be bound to histone H1 to stabilize
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each nucleosome and contribute to chromatin com-
paction (Bednar et al., 1998). Nucleosomes connected
by linker DNA create the first level of DNA packaging,
however, to fit within the nucleus chromatin undergoes
higher order folding whose physical state is still a sub-
ject of intense research. It has become clear, though,
that chromatin is made up of rather irregular and vari-
able nucleosome organization (for reviews, see Gilbert,
2019; Maeshima et al., 2021). Chromosome conforma-
tion capture (3C)/Hi-C and super-resolution imaging
have shown that in the nucleus the genome is orga-
nized in chromatin domains: Topologically Associating
Domains (TADs) and cohesin-mediated loop domains
(Bintu et al., 2018; Dekker, 2008; Rao et al., 2017) able
to interact between long distances forming two kinds of
spatial compartments (Lieberman-Aiden et al., 2009).
Compartment A is a gene-dense region characterized
by open and transcriptionally active chromatin (euchro-
matin) that is mostly found in the interior of the nucleus,
while compartment B is gene-poor and heterochromatic
regions preferentially associated with the nuclear lam-
ina and nucleolus (reviewed in Zheng & Xie, 2019).
This organization mirrors the different locations of het-
erochromatin and euchromatin observed by electron
microscopy in the cell nucleus: indeed, heterochromatin
is mainly located at the nuclear periphery and around
nucleoli; whereas euchromatin is found in the nuclear
interior and around the nuclear pores (Croft et al., 1999;
Kalverda et al., 2008; Rae & Franke, 1972). Inside the
interphase nuclei, the compartments A and B belonging
to an individual chromosome are located together within
specific discrete territories called chromosome territo-
ries (Cremer & Cremer, 2010). Besides this idea of static
compartmentalization that contributes to genome regu-
lation and stability, recent research demonstrated that
the nature of chromatin spatial organization is rather
dynamic, being specific for different tissues (Parada
et al., 2004) and having a role in multiple cell processes
from transcription to DNA damage repair (Hauer et al.,
2017; Shaban et al., 2020).

Three-dimensional chromatin structure on both a
global and a local scale can be changed by epi-
genetic modifications resulting in the tightly packed
heterochromatin or the more accessible euchromatin.
Euchromatin is generally associated with high levels
of histones’ acetylation, especially at histones H3 and
H4 correlating with transcriptional activity (Bernstein
et al., 2007). As opposed to euchromatin, heterochro-
matin is characterized by histones’ deacetylation and
by the methylation of histone H3 on lysine 9 (H3K9)
and 27 (H3K27), performed by the SUV39H family of
SET domain proteins and PRC2 (Polycomb Repressive
Complex 2) respectively (Muller et al., 2002; Rea et al.,
2000), and of histone H4 on lysine 20 (H4K20) per-
formed by Suv4-20 h enzymes (Schotta et al., 2004).
These epigenetic modifications trigger the closed and
transcriptionally inactive heterochromatin (Bannister &

Kouzarides, 2011). Specifically, methylation on H3K9
is the marker recognizing the so-called constitutive
heterochromatin, that is repressed chromatin; whereas
methylation on H3K27 is present on the facultative
heterochromatin indicating chromatin that, in specific
moments and cell contexts, can be transcriptionally
active (Bannister & Kouzarides, 2011).

Heterochromatin is also characterized by cytosine
methylation in the CpG dinuclecotides (Mazzio & Soli-
man, 2012; Rose & Klose, 2014). In this regard, a methyl
group is covalently attached to the 5’ position of the
cytosine by enzymes called DNA methyltransferases
(DNMTSs). Precisely, DNMT3A and DNMT3B are specific
for de novo methylation, whereas DNMT1 is involved
in the maintenance of the methylation throughout cell
divisions (Mazzio & Soliman, 2012). DNA methylation is
directly involved in chromatin repression by expediting
nucleosome assembly through rigidification of DNA and
thus facilitating chromatin packaging (Lee et al., 2015).

Heterochromatin is further enforced by the associ-
ation of epigenetic readers, proteins that specifically
recognize the epigenetic marks of heterochromatin. The
most important one is Heterochromatin protein 1 (HP1)
which can bind H3K9me3 through its N-terminal chro-
modomain, and interact with several proteins to spread
the heterochromatin state (reviewed in Eissenberg &
Elgin, 2014). It is also worth noting that proteins that can
specifically bind the methylated cytosine in position 5’ of
the CpG via their MBD (Methyl Binding Domain), such
as MeCP2 (Methyl-CpG binding protein 2) and Mbd1,
concentrated at heterochromatin regions and interact
with H3K9 methyltransferases (SUV39H and SETDB1)
(Good et al., 2021; Rose & Klose, 2014). Intriguingly,
MeCP2 co-precipitates with HP1 in RKO cells, sug-
gesting an interaction that is not only associated with
myogenic differentiation where it was first observed
(Agarwal et al., 2007; Pandey et al., 2015).

Heterochromatin establishment appears to be a multi-
step process whose exact molecular mechanism is
not yet clear in mammals. However, it is widely
agreed that at least for constitutive heterochromatin the
sequence of events should be initiated by SUV39H
enzymes that trimethylate H3K9. H3K9me3 constitutes
the docking site for HP1 that, in turn, would recruit
Suv4-20H enzymes and DNMTs to methylate H4K20
and cytosines, respectively. H4K20me3 and methylated
cytosines can also be recognized and bound by other
proteins such as MeCP2 and Mdb1 to spread and sta-
bilize the heterochromatinization (reviewed in Saksouk
et al., 2015). It has been also recently observed that
noncoding RNAs arising from the repetitive sequences
within constitutive heterochromatin are involved in the
recruitment and stabilization of SUV39H1 to heterochro-
matin (Iglesias & Moazed, 2017). Nevertheless, the
scenario could not be so simple and the order of
events not so strict. Indeed, it has been observed
in mouse embryonic stem cells (MESCs) that the
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DNA hypomethylation at pericentromeres induced by
SUV39H1/2 double knockout was due to impairment of
only the maintenance methylation machinery and not of
the de novo methylation machinery. On the other hand,
in the same cells, the triple knockout of the DNMTs
resulted in the reduction of H3K9me3 and SUV39H2 at
pericentromeric heterochromatin (Saksouk et al., 2014).
This suggests that there is very close interdependence
between H3K9me3 and DNA methylation marks on
constitutive heterochromatin. It is also worth mention-
ing that the process of maintaining heterochromatin,
which must take place at every cell cycle after or during
the DNA replication phase, is different from its estab-
lishment, coming into play the maintenance DNMT1
instead of the de novo DNMTs, and another key pro-
tein UHRF1 that on one side recognizes and binds
hemimethylated sites and on the other recruits DNMT1
(for a review see Rose & Klose, 2014). Moreover, MeCP2
was shown to interact in vivo, via its TRD domain
(Transcription Repressor Domain) with DNMT1, which
could contribute to the maintenance of DNA methyla-
tion (Kimura & Shiota, 2003). It should be also noted
that the MeCP2 mutations typical of Rett syndrome — a
rare genetic disorder caused by several kinds of MeCP2
mutations that affect brain development and result in
severe mental and physical disabilities — in mice caused
significant changes in heterochromatin structure in par-
allel with changes in gene transcription, suggesting an
important role in heterochromatin regulation (Ito-Ishida
et al., 2020).

Alterations of DNA methylation have been observed
in multiple human diseases, including cancer, and nat-
ural aging (Jin & Liu, 2018; Pappalardo & Barra, 2021;
Salameh et al.,, 2020), and they have been corre-
lated with genome instability (Barra et al., 2012; Cilluffo
et al., 2020; Costa et al., 2016; Karpf & Matsui, 2005),
though the mechanisms and the direct impact on the
pathologies have not been fully clarified yet.

Nuclear envelope and nuclear lamina

The NE is composed of two lipid bilayers, the Outer
Nuclear Membrane (Scaffidi & Misteli, 2006) (ONM) and
the already cited INM, which are separated by a 30—
50 nanometer-wide perinuclear space (PNS) (Maurer &
Lammerding, 2019). As such, NE properly holds chro-
matin in the nucleoplasm, by separating it from the
cytoplasm. Exchanges between the nucleus and cyto-
plasm are made possible due to the presence, on the
NE, of the selective filter of the nuclear pore complex
(NPC) (Matsuda & Mofrad, 2022).

Nuclear lamina, a thick protein meshwork just below
the INM, is composed of Lamins, type V nuclear
intermediate filaments (Maurer & Lammerding, 2019).
Mammalian Lamins are classified as A-type and B-type

Lamins (Janin & Gache, 2018). Two major isoforms of A-
type lamins exist, namely Lamin A and Lamin C, which
are encoded by the gene LMNA via alternative splicing
on exon 10. Compared to Lamin C, Lamin A shows an
extra domain encoded by exons 11 and 12 of the LMNA
gene (Fisher et al., 1986; Lin & Worman, 1993; McK-
eon et al., 1986). Concerning B-type lamins, they are
represented by lamins B1 and B2, which are encoded
by LMNB1 and LMNB2 genes respectively (Peter et al.,
1989; Vorburger et al., 1989). Lamin B1, specifically,
is bound by Lamin B Receptor (LBR) (Worman et al.,
1988), a protein of the INM, which was shown to bind
heterochromatin (Makatsori et al., 2004).

Lamins can interact with heterochromatin in the so-
called LADs (Lamin Associated Domains), genomic
regions involved in physical contact with lamins (Gue-
len et al., 2008). Interestingly, the group of Karen Reddy
has recently shown that, by using 3D-immunoFISH on
single MEFs (Mouse Embryonic Fibroblasts), the deple-
tion of Lamin C, but neither the depletion of Lamin A nor
Lamin B, causes dispersion of LADs and disruption of
LADs’ attachment to the NE. However, the researchers
did not find the same outcomes by using the DamID-seq,
a technique through which it is possible to map pro-
tein/DNA interaction sites (Greil et al., 2006), because
the data generated in this way took into account entire
cell populations and not the single cells (Wong et al.,
2021). In general, LADs can be divided into constitutive
LADs (cLADs) and into facultative LADs (fLADs). cLADs
are characterized by the histone mark H3K9me2/3 and
are associated with nuclear lamina; whereas fLADs dis-
play the histone mark H3K27me3, and their association
with nuclear lamina is facultative. Transcriptional activity
in LADs is usually repressed. In addition, cLADs make
stable contact with the nuclear lamina, whereas, fLADs
have variable contacts and this can result in a cell-
type-specific manner of gene activation (Rullens & Kind,
2021). LADs can also contain TADs (because of TADs’
interaction, as previously reported, with the nuclear lam-
ina), which can be also found at the level of the nuclear
pore (Gonzalez-Sandoval & Gasser, 2016). Importantly,
alterations in TAD-TAD interactions have been found in
mouse embryonic stem cells (MESCs) triple knockout
(TKO) for LMNB1, LMNB2, and LMNA genes, despite
no actual changes in the overall TAD structure, (Kim
et al., 2019).

Nuclear lamina directly interacts also with SUN
(Sad1p and UNC-84 homology) domain proteins of the
LINC complex (Lygerou et al., 1999; Malone et al., 1999).
SUN proteins, in turn, indirectly connect nuclear lam-
ina to the cell cytoskeleton (Haque et al., 2006), by
interacting with Nesprin proteins (Zhang et al., 2001).

Lamins play a fundamental role in cell functional-
ity, and their impairment leads to pathological states
and diseases known under the name of laminopathies,
among which we find HGPS (Janin et al., 2017).
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HGPS and natural aging

HGPS is a genetic disease where patients develop
distinct features of elderly people (bone and joint abnor-
malities and alopecia, for instance) and cardiac issues
which lead to premature death (Romero-Bueno et al.,
2019). Cells from HGPS patients accumulate a truncated
form of the wild-type Lamin A, called Progerin, which is
generated because of the activation of a cryptic splic-
ing site in the Lamin A gene (De Sandre-Giovannoli
et al., 2003; Eriksson et al., 2003). Normally, the pre-
cursor form of Lamin A, called Prelamin A, undergoes
a round of farnesylation before reaching its final and
mature form, which is devoid of the farnesyl group.
Instead, Progerin is unable to be proteolytically pro-
cessed, and so accumulates as a stably farnesylated
protein (Capell et al., 2005). Progerin accumulates to
form aggregates in both HGPS patient fibroblasts and
Progerin expressing cells (Danielsson et al., 2020). It
has been recently demonstrated that Progerin impairs
the diffusion of NE proteins. Chang et al. showed
that three NE proteins, specifically Sun2, Emerin, and
miniNesprin-2G (a truncated form of Nesprin 2G retain-
ing the functional connection with cytoskeleton) (Luxton
et al., 2010; Markiewicz et al., 2006; Sakaki et al., 2001),
have reduced diffusional mobility in fibroblasts from both
HGPS patients and aged individuals compared to nor-
mal fibroblasts (Chang et al., 2019). They also demon-
strated that Progerin expression is directly responsible
for these altered mobilities. Therefore, miniNesprin-2G,
Sun2, and Emerin could be trapped in Progerin aggre-
gates causing an impaired diffusion. All this could result
in a decreased or lost function of the trapped proteins.

Even though natural aging is not a pathological con-
dition, it shares several features of HGPS. Indeed,
Scaffidi and Misteli showed that skin fibroblasts from
aged donors (87 years old) displayed a restricted dis-
tribution of Lamin A only around the nuclear rim and
not throughout the nucleoplasm, NE aberrations, such
as nuclear blebs, and lower levels of the Histone H3
tri-methylated on lysine 9 (H3K9me3), compared to the
young counterpart (7 years old), all characteristics recur-
rent in cells from HGPS individuals (Scaffidi & Misteli,
2006). Another common feature between HGPS cells
and aged-donors’ cells is the reduction of Lamin B1,
as shown by immunofluorescence on HGPS fibroblasts
by Scaffidi and Misteli and by immunohistochemistry
on keratinocytes by Dreesen and colleagues (Scaffidi &
Misteli, 2006; Dreesen et al., 2013).

It has also been shown that heterochromatin char-
acteristics change in natural as well as pathological
aging conditions, not only in terms of epigenetic mark-
ers but also in terms of spatial positioning, with the
disappearance from the nuclear periphery, where it is
linked with lamins (Chandra et al., 2015; Romero-Bueno
etal., 2019). Natural aging and HGPS, thus, highlight the

importance of both nuclear lamina and chromatin epige-
netic marks, and this suggests crosstalk between them
to maintain the nucleus and cell functioning.

The interplay between lamins and
chromatin in cell nucleus mechanics

It has been recently shown that both lamins and chro-
matin dictate cell nucleus stiffness. In this regard,
Stephens and colleagues reported that nucleus rigid-
ity increases upon short stretching (short deformations)
of the nucleus, and that is the chromatin governing
this process. On the other hand, nuclear lamins are
involved in nucleus rigidity regulation upon long stretch-
ing (long deformations) of the cell nucleus (Stephens
et al., 2017). More specifically, treatment of nuclei of
HeLa and MEF cells with micrococcal nuclease or
with the chromatin decondensation inducers valproic
acid (VPA) and trichostatin A (TSA) decreased nuclear
spring constant (a measure of cell nucleus rigidity)
upon short deformations; on the contrary, Lamin A/C
knockdown decreased nuclear spring constant upon
long deformations in HelLa cells. Moreover, overexpres-
sion of Lamin A in HEK 293 cells, which express low
levels of Lamin A/C, increased nuclear spring con-
stant upon long deformations (Stephens et al., 2017).
The same increase strikingly happens upon Lamin
B1 depletion but only in the presence of low lev-
els of Lamin A. It is thus clear that there exists a
strict dependence of nuclear rigidity on both chromatin
and nuclear lamin levels. Similarly, Bustin’s laboratory
showed that chromatin decompaction, obtained by over-
expressing the nucleosome binding protein HMGNS5,
leads to nuclear blebbing and reduction of nuclear elas-
ticity in reversible swelling experiments (Furusawa et al.,
2015). Interestingly, they also observed that, although
mice overexpressing HMGNS5 exhibit chromatin decom-
paction already in cardiomyocytes of newborns, altered
nuclei appear only in cardiomyocytes of adults. All these
strongly suggest that heterochromatin plays a role in
the maintenance of nucleus rigidity and, thus, its loss
weakens the nucleus in the reaction to the contrac-
tile forces over time. Moreover, MEFs derived from
Lamin A null mice and overexpressing HMGN5 undergo
nuclear aberrations (blebs, reduction of nuclear elas-
ticity) synergistically (Furusawa et al., 2015), demon-
strating that both lamina and heterochromatin act in
parallel to maintain the mechanical properties of the
nucleus. In addition, chromatin decompaction alters
nucleus stiffness upon DNA damage. In fact, dos San-
tos and colleagues have recently demonstrated that
in HeLa cells after treatment with the DNA dam-
age inducing-agent cisplatin, a reduction of condensed
chromatin happens with a concomitant reduction in
nuclear stiffness, compared to the untreated cells. The
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decreased nucleus stiffness seems not to be due to alter-
ations of the actin cytoskeleton, rather it depends on
ATM (ataxia-telangiectasia-mutated) kinase (dos San-
tos et al., 2021). In a similar way to dos Santos and
colleagues, Nava et al. recently showed a connection
between decreased heterochromatin and decreased
nucleus stiffness, with an impact on DNA damage sig-
naling. Specifically, the authors found that, in EPCs (skin
epidermis stem/progenitor cells) monolayers, cyclic uni-
axial stretch caused a reduction in H3K9me3 levels, with
parallel NE wrinkling, decreased association of Nuclear
Lamin to heterochromatin and reduced nuclear stiffness
(not affected by actin cytoskeleton). All these events
were caused by the reduction of the H3K9me3 methyl-
transferase SUV39H1, whose restoration, in stretched
cells, resulted in increased H3K9me3 levels and nucleus
stiffness, reduced NE wrinkling, and increased DNA
damage, the latter showed by yH2AX staining (Nava
et al., 2020).

Stephens and colleagues’ data also suggested that
the epigenetic modifications, by changing chromatin
compaction status, play a role in nuclear stiffness as
well, with heterochromatin being important for nuclear
rigidity as opposed to euchromatin. Indeed, it was
later reported that an increase in euchromatin levels or
a decrease in heterochromatin levels causes the for-
mation of nuclear blebs, which, in turn, are enriched
in euchromatin (Stephens et al., 2018). Specifically,
treatment with either VPA and TSA, which are HDAC
(Histone Deacetylase) inhibitors, or with DNZep (3—
Deazaneplanocin-A), an HMT (Histone Methyl Trans-
ferase) inhibitor, decreases chromatin compaction and,
consequentially, nuclear stiffness, which results in the
formation of nuclear blebs (Stephens et al., 2018). In
addition, the authors also reported that bleb forma-
tion occurs as fast as 2 h after TSA treatment and
it does not require the completion of an entire cell
division (Stephens et al., 2018). This suggests that bleb-
bing is a direct consequence of the epigenetic changes
rather than the result of acquired errors during chro-
mosome segregation. Moreover, the authors found that
treatment with Cytochalasin D, a cytoskeletal actin-
depolymerizing drug, blocked bleb formation (Stephens
et al., 2018), which means that this phenotype needs
a working cytoskeleton. Related to this aspect, Gosh
and colleagues found that in murine cardiomyocytes
the overall disruption of the LINC complex significantly
alters the ratio of elastic modulus of the heterochro-
matin and the euchromatin upon nuclear deformation
(Ghosh et al.,, 2021). This suggests that disruption
of lamina-cytoskeleton interactions isolates chromatin
from the NE, thus, flattening the mechanical differences
between hetero- and euchromatin. Nuclear blebs are
also generated upon Lamin A double knock out or
in Lamin B1 deficient cells, as reported in MEFs by
Lammerding and colleagues (Lammerding et al., 2006).

Interestingly, increased euchromatin levels, euchromatin
enrichment in newly formed blebs, and decreased het-
erochromatin levels were also observed in Lamin B1
null MEFs (Stephens et al., 2018). Moreover, blebs were
counteracted by the presence of methylstat, an inhibitor
of histone demethylases, which increased heterochro-
matin levels and, in turn, nuclear rigidity (Stephens et al.,
2018). Methylstat treatment also counteracted nuclear
abnormalities and rescued heterochromatin in both an
HGPS model of Hela cells expressing GFP-Progerin as
well as in HGPS patient cells (Stephens et al., 2018). The
reduction of Lamin B1 levels has been coupled not only
with increased euchromatin and nuclear blebbing but
also with decreased LBR levels. This was shown upon
gamma ray-induced senescence in MCF7 and U20S
cells (LukaSova et al., 2017). Moreover, in these two
cell lines, the only LBR depletion caused detachment of
chromatin from INM and also distention of centromeres,
both observed by ImmunoFISH.

Epigenetic modifications and nuclear
lamina crosstalk in HGPS and natural

aging

Itis clear that NE aberrations are both caused by hetero-
/euchromatin status alterations and loss of Lamins.
This strongly suggests a close relationship between
epigenetic modifications governing chromatin status
and nuclear lamina. The existence of such a link has
been recently demonstrated by ATAC-seq (Assays for
Transposase-Accessible Chromatin) in dermal fibrob-
lasts from HGPS patients where Lamin A-associated
LADs showed both a substantially altered chromatin
accessibility and DNA methylation (Kéhler et al., 2020).
A similar alteration in LADs was described in WI-
38hTERT/GFP-RAF1-ER cells as well, upon their induc-
tion to senescence (Chandra et al.,, 2015), which
contributes to aging and age-related pathologies (Camp-
isi, 2013). During senescence, cells most frequently
undergo the formation of DAPI-dense regions within
the nucleus defined as Senescence-Associated Hete-
rochromatic Foci (SAHFs). These SAHFs are the result
of alterations in the nuclear architecture of heterochro-
matin that is physically reoriented from the periphery
to several distinct internal areas (Chandra et al., 2012;
Narita et al., 2003). SAHFs are indeed made up of a
central core of highly condensed chromatin, enriched
with H3K9me3, HP1, and the histone H2A variant
macroH2A, and by a surrounding ring of facultative het-
erochromatin marked by H3K27me3 (Chandra & Narita,
2013; Paluvai et al., 2020). Chandra et al. showed that
in WI-38hTERT/GFP-RAF1-ER cells the formation of
SAHFs is correlated with a dramatic reduction of inter-
actions between nuclear lamina and LADs which, once
detached from the lamina, move towards the nuclear
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interior probably due to the decrease in Lamin B1 typical
of cell senescence (Chandra et al., 2015). Interestingly,
an overall repositioning of the heterochromatin from
the nuclear periphery to the nuclear interior is con-
sidered a necessary first step toward the formation of
SAHFs during both replicative and induced senescence
(Barra et al., 2022; Chandra et al., 2015; Kosar et al.,
2011). Lamin B1 has been observed to be also reduced
in aged-donor cells (Dreesen et al.,, 2013) and Ras-
Induced Senescent IMR90 cells (Sadaie et al., 2013)
creating a combination of features resembling those of
HGPS cells (reduction of Lamin B1 and the INM Lap2
proteins, and nuclear blebbing). Ras-induced senescent
cells also showed a reduction in both H3K9me3 foci
at the level of the NE as well as the thickness of the
perinuclear electron-dense heterochromatin. All of this
would generate an environment prone to spatial redistri-
bution of heterochromatin and SAHFs formation (Sadaie
et al.,, 2013). In addition, it has been observed that
during replicative senescence DNA methylation under-
goes substantial changes. Genomic regions enriched by
H3K27me3 are hypermethylated with a differential gene
expression outcome of both up and downregulation.
Instead, regions enriched by H3K9me3 and LADs are
hypomethylated (Hanzelmann et al., 2015). This could
suggest a role for DNA hypomethylation in the weak-
ening of the association of heterochromatin to nuclear
lamina which then eventually results in the movement of
these regions (still with the H3K9me3 histone mark) to
the interior of the nucleus forming the SAHFs.

How epigenetic marks and lamina interact has been
under investigation. Recently, Lamin A was found in
close vicinity by proximity ligation assay with SUZ12,
a protein of the Polycomb Repressive Complex 2
(PRC2) that methylates lysine 9 and lysine 27 on his-
tone H3. Interestingly, this interaction is significantly
reduced in the inducible cellular model of HGPS in
Hela cells (Lionetti et al., 2020). However, in mESCs,
the triple knockout of DNMTs surprisingly induced a
strong reduction of components of the nuclear lamina
at pericentromeric heterochromatin, mainly Lamin B1
and B2 and LBR, despite their unchanged global levels
(Saksouk et al., 2014). Intriguingly, this phenotype was
not generated in the SUV39H1/2 double knockout sug-
gesting a specific role of DNA methylation in recruiting
pericentromeric heterochromatin to the nuclear lamina.

In this regard, it has been shown that HP1 can
directly bind LBR (Ye et al., 1997) feeding the thought
that it could be the link between nuclear lamina and
heterochromatin in the context of nuclear mechan-
ics. However, recent discoveries in human U20S
cells where HP1a could be rapidly degraded through
an auxin-inducible degron demolished this thought at
least partially. The obtained results showed that HP1«
absence made chromatin softer, decreased the short-
extension rigidity of the nucleus (45% reduction of spring

constant), and affected nuclear shape. Unexpectedly,
this phenotype was not associated with a decrease in
nuclear lamina components or H3K9me3. Instead, the
authors showed that the alterations of nuclear mechan-
ics could be rescued by histone hypermethylation and
are mainly due to the ability of HP1a to crosslink chro-
matin fibers (Strom et al., 2021). Altogether these results
demonstrated that HP1’s role in nuclear mechanics is
in fact independent from heterochromatin and nuclear
lamina.

A link between the nuclear lamina and DNA methy-
lation could be through MeCP2. Indeed, an interaction
between LBR and MeCP2, which, as discussed above,
binds and regulates methylated DNA, was shown both
in vivo (HeLa cells) and in vitro (pull-down assay)
(Guarda et al., 2009). Some studies also revealed that
MeCP2 Rett mutations or MeCP2 knockout impacted
nuclear mechanics in terms of increased nuclear size
(Ito-Ishida et al., 2020), smaller nucleoli (Singleton et al.,
2011), the altered shape of heterochromatin foci (Ito-
Ishida et al., 2020), and increased nucleosome density
and Lamin B1 enrichment at CA microsatellites within
LADs in MEFs (lbrahim et al., 2021). It is also worth
mentioning that both Rett patient-derived neurons and
neural stem cells from a mouse model of Rett syn-
drome underwent senescence accompanied by DNA
damage and p53 activation (Alessio et al., 2018; Ohashi
et al., 2018). Senescence triggered by impaired MeCP2
has been hence suggested as the reason why Rett
patients show progressive neurological regression after
birth, however, the exact mechanism is not clear yet.
Moreover, in PC-3 (human prostate cancer cells) and
NIH-3T3 (mouse embryonic fibroblasts) cells, MeCP2
depletion caused progeria-like nuclear aberrations with
reduction of Lamin A/C, Lamin B1, and LBR (Babbio
et al.,, 2012). Interestingly, MeCP2 depletion caused also
the formation of SAHFs, reinforcing the possibility of a
correlation between NE and heterochromatin, namely
methylated DNA, through MeCP2. It can be thus spec-
ulated that MeCP2 depletion can have an impact on
nuclear stiffness by interfering with both nuclear lamina
and chromatin status — by altering DNA methylation -
, and, more broadly, on nuclear mechanotransduction.
From this perspective, it would be interesting to evaluate,
then, MeCP2 in HGPS patients’ cells or nuclear lamina
in Rett patients. We do know, however, that HGPS cells
have an altered DNA methylation pattern on CpG dinu-
cleotides (in terms of both hypo- and hyper-methylation)
(Heyn et al., 2013; Kéhler et al., 2020), which we can
only hypothesize to be due to impairment of MeCP2.
In addition, alterations of MeCP2 could be the conse-
quence of altered LBR in HGPS. Therefore, MeCP2
could work as a “platform” of mechanotransduction in
order to regulate NE dynamics, whose alterations could
lead not only to HGPS but could also be part of normal

aging.
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FIGURE 1 Nuclear lamina and chromatin crosstalk in normal condition and HGPS/natural aging. In normal condition, Lamin A/C and B

together with heterochromatin of the nuclear periphery maintain nuclear stiffness while balancing inward/outward mechanical forces. LBR binds
MeCP2 which, in turn, hooks the heterochromatin to the nuclear envelope (NE) by interacting with 5-methylcytosines. In HGPS and natural
aging lamins and LBR are reduced, heterochromatin disappears from the nuclear periphery, resulting in unbalanced mechanical forces that
induce nuclear blebbing. Euchromatin can enrich nuclear blebs. MeCP2 levels and localization at the NE could be affected by LBR reduction

impacting on DNA methylation and thus on heterochromatin.

CONCLUSIONS AND FUTURE
PERSPECTIVES

Here we reviewed some of the scientific literature with
the focus on how differences in chromatin epigenetic
markers as well as NE protein composition could influ-
ence both chromatin dynamics and NE mechanics.
It can be easily found that both HGPS and natural
aging are somehow correlated since the same epi-
genetic (reduction of H3K9me3 and rearrangement of
cytosine methylation in CpG dinucleotides) and NE
features (reduction in Lamin B1, bleb formation) char-
acterize both the accelerated aging and the natural
one. Thus, it can be speculated that both HGPS and
natural aging undergo the same epigenetic variations
which result in aberrant nuclear morphology acquisition
which might alter nuclear mechanics and, consequen-
tially, cellular functions. Indeed, an imbalance between
hetero- and euchromatin may provoke the formation of
blebbed/misshapen nuclei, with a consequent negative
impact on cytoskeletal organization and force genera-
tion/sensing. Thus, by restoring this hetero-/euchromatin
imbalance, there could be a way to mitigate progeroid
and natural aging phenotypes. Also, it would be of great
interest to investigate how the crosstalk between epige-
netic marks and nuclear lamina is exerted. In this regard,
we propose MeCP2 as a link between the nuclear
lamina and DNA methylation (Figure 1). In a normal con-
dition, MeCP2 would hook methylated heterochromatin
to the NE by binding both LBR and 5-methylcytosine.
In HGPS and natural aging, the alterations of nuclear

lamina could affect MeCP2 binding to the NE and, con-
sequently, the hooking of methylated heterochromatin,
inducing the observed delocalization and eventually loss
of heterochromatin. In natural aging, this scenario could
also be inverted. In this case, DNA methylation loss
at repetitive sequences that is typical of aging (Pap-
palardo & Barra, 2021), could make MeCP2 binding to
NE unnecessary, and MeCP2 reduction could, in turn,
induce the decrease of LBR and lamins. Research in
these directions could help to find new strategies to tune
and mitigate the effects of both lamina alterations and
epigenetic modifications on nuclear mechanics.
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