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Highlights
« Lamin A is a main constituent of the nuclear lamina: mutations in LMNA gene and altered post-
translational maturation of prelamin A may cause accelerated ageing of tissues and progeroid
syndromes;

« Several ageing-related processes are affected by lamin A: mTOR signaling, epigenetic
regulation and chromatin dynamics, microRNA expression, mechanosignaling, stress response
and inflammation;

« Lamin A may serve as a sensor of cell intrinsic and environmental conditions, regulating cellular
response through transient increase of prelamin A levels;

* Incells that accumulate prelamin A forms due to impaired processing, a permanent stress
response condition is set out, which accelerates ageing-related processes.

Abstract

Lamin A, a main constituent of the nuclear lamina, is the major splicing product of the LMNA gene,

which also encodes lamin C, lamin A delta 10 and lamin C2. Involvement of lamin A in the ageing



process became clear after the discovery that a group of progeroid syndromes, currently referred to
as progeroid laminopathies, are caused by mutations in LMNA gene. Progeroid laminopathies include
Hutchinson-Gilford Progeria, Mandibuloacral Dysplasia, Atypical Progeria and atypical-Werner
syndrome, disabling and life-threatening diseases with accelerated ageing, bone resorption,
lipodystrophy, skin abnormalities and cardiovascular disorders. Defects in lamin A post-translational
maturation occur in progeroid syndromes and accumulated prelamin A affects ageing-related
processes, such as mTOR signaling, epigenetic modifications, stress response, inflammation,
microRNA activation and mechanosignaling. In this review, we briefly describe the role of these
pathways in physiological ageing and go in deep into lamin A-dependent mechanisms that accelerate
the ageing process. Finally, we propose that lamin A acts as a sensor of cell intrinsic and
environmental stress through transient prelamin A accumulation, which triggers stress response
mechanisms. Exacerbation of lamin A sensor activity due to stably elevated prelamin A levels

contributes to the onset of a permanent stress response condition, which triggers accelerated ageing.

Keywords: lamin A/C; prelamin A; Hutchinson-Gilford Progeria Syndrome (HGPS); mTOR
pathway; stress response; inflammageing.

1. Introduction

The LMNA gene encodes lamin A, lamin C and minor products lamin C2 and lamin A delta 10, which
are produced by alternative splicing. Lamin A and lamin C are main constituents of the nuclear lamina
underneath the inner nuclear membrane (Camozzi et al., 2014; Turgay et al., 2017). They are
expressed in almost all differentiated tissues, although lamin A is downregulated in brain (Camozzi
et al., 2014; Turgay et al., 2017). Lamin A and its nuclear envelope partners, such as emerin, A- and
B-type lamins, lamin B receptor (LBR), Barrier to Autointegration Factor (BAF), the nesprins, SUN1
and SUNZ2, feature important structural functions in nuclear organization and/or serve as regulators
of diverse nuclear processes, while LBR and the prelamin A endoprotease ZMPSTE24 (Zinc
Metallopeptidase STE24) have enzymatic properties (Camozzi et al., 2014; Cenni et al., 2018;
Maraldi et al., 2011; Meinke et al., 2014; Wang et al., 2016).

Mutations in nuclear lamina/nuclear envelope proteins cause rare genetic diseases collectively
referred to as laminopathies (Camozzi et al., 2014; Cenni et al., 2018). More than 400 mutations in
LMNA have been hitherto identified as causative of diseases, from Emery-Dreifuss Muscular
Dystrophy and Dilated Cardiomyopathy with Conduction defects, up to Familial Partial
Lipodystrophy of the Dunnigan-Type (FPLD2) and syndromic laminopathies (Cenni et al., 2018). In



this review, we will linger on systemic laminopathies featuring accelerated ageing, referred to as
progeroid laminopathies, and will focus on ageing-related cellular processes implicated in the
pathomechanisms of these diseases. Progeroid laminopathies include Hutchinson-Gilford Progeria
Syndrome (HGPS), Atypical Progeria Syndrome (APS), type A Mandibuloacral Dysplasia (MADA),
type B Mandibuloacral Dysplasia (MADB), and Atypical-Werner’s Syndrome (A-WS) (Cenni et al.,
2018; Doubaj et al., 2012). Except for MADB, which is due to mutations of the prelamin A
endoprotease ZMPSTE?24, progeroid laminopathies are caused by LMNA gene mutations, which are
dominant in the case of HGPS, A-WS and APS and recessive in most cases of MADA (Cenni et al.,
2018; Gargiuli et al., 2018). Both compound heterozygous mutations and homozygous mutations in
ZMPSTE24 gene, causing prelamin A accumulation, have been associated with MADB (Cenni et al.,
2018). However, ZMPSTE?24 functionality is in part preserved in this disease, while complete loss of
enzyme function, with accumulation of prelamin A in the absence of mature lamin A, causes a severe
developmental disease with perinatal death called Restrictive dermopathy (RD) (Cenni et al., 2018;
Columbaro et al., 2010).

From a clinical point of view, progeroid laminopathies feature short stature, thinning and graying of
hair, a "bird-like" facial appearance with beaked nose, focal osteolysis, skin atrophy, lipodystrophy,
along with other age-related disorders such as osteoporosis, atherosclerosis as well as cardiac and
cardiovascular defects. In progeroid laminopathies, ageing-related symptoms progressively worsen
and may become life-threatening due to cardiovascular involvement (Cenni et al., 2018; Olive et al.,
2010). The age at onset, as well as the rate of appearance and severity of clinical symptoms varies
depending on the syndrome and in some instances among individuals. Symptoms indeed appear a few
months after birth in HGPS, in the first years of life in APS and MADB, or at the end of the first
decade in MADA and A-WS (Cenni et al., 2018).

Starting from the discovery of lamin A involvement in MADA and HGPS, more than sixteen years
of research on progeroid laminopathies have provided diverse and sometimes unexpected data on
lamin A involvement in ageing-related cellular pathways (Cenni et al., 2018). We believe that it is
now possible to recapitulate available data and envisage a unique role for lamin A of cellular sensor
in each of those pathways.

2. Prelamin A processing and “progeroid lamins”
A main molecular determinant of progeroid laminopathies is partially processed prelamin A. Prelamin

A is a 664 amino acid protein, which undergoes four post-translational modifications leading to

production of 647 amino acid-long mature lamin A. Processing occurs at the nuclear membrane



starting with farnesylation of the cysteine residue in the C-terminal -CSIM sequence. Then, a first
proteolytic cut removes the last three residues, exposing the cysteine to carboxymethylation driven
by ICMT (lIsoprenylCysteine MethylTransferase); finally, a second cleavage, performed by
ZMPSTE24 at leucine 647, removes the last 15 amino acids and yields the mature protein
(Barrowman et al., 2012; Lattanzi, 2011; Maraldi et al., 2011). Prelamin A is almost undetectable
under physiological conditions due to very fast maturation (Lattanzi, 2011). However, protein
processing is slowed-down upon myoblast differentiation, stress stimuli or in senescent cells. Thus,
prelamin A is directly involved in myonuclear positioning and stress response, while moderate
accumulation of prelamin A has been shown to reduce invasiveness of cancer cells (Angori et al.,
2017; Capanni et al., 2008; de la Rosa et al., 2013; Lattanzi et al., 2014; Mattioli et al., 2019; Mattioli
et al., 2011). Moreover, prelamin A increase in centenarian cells favors recruitment of DNA damage
response (DDR) machinery and DNA repair (Lattanzi et al., 2014). This suggests that pathogenetic
effects of prelamin A occur only beyond a threshold level of protein accumulation, while low amounts
are well tolerated and under certain conditions even beneficial for the cell. Along this line, the
pathogenetic effects become evident in laminopathic cells beyond a certain threshold of protein
accumulation and worsen with increasing levels of prelamin A (Columbaro et al., 2005; Filesi et al.,
2005; Goldman et al., 2004).

In HGPS, the n.1824C>T mutation in LMNA gene is responsible for a silent mutation (p.G608G),
which introduces a cryptic splice site in the primary transcript causing an in-frame deletion of fifty
amino acids in prelamin A. The truncated protein undergoes farnesylation, but removal of the
farnesylated C-terminal residue is abrogated and a farnesylated, highly stable prelamin A form, called
progerin is produced (Eriksson et al., 2003; Harhouri et al., 2016; Pellegrini et al., 2015). In the case
of MADB, partial loss of function of ZMPSTE24 causes accumulation of wild-type prelamin A to
toxic levels (Agarwal et al., 2003). In MADA, A-WS and APS, prelamin A accumulation has been
also reported (Camozzi et al., 2012; Capanni et al., 2012; Filesi et al., 2005). Although the reason
why prelamin A is increased in those syndromes is still unclear, it has been reported that diverse
prelamin A post-translational processing products coexist in cells from MADA, as also reported for
MADB (Camozzi et al., 2012; Cenni et al., 2014; Cenni et al., 2018). Of note, most prelamin A forms
accumulated in progeroid laminopathies carry a missense mutation or a deletion, which could directly
affect intermolecular interactions and/or protein stability (Cenni et al., 2018; Spear et al., 2018).
However, given the striking similarity between the phenotype of MADB and HGPS (featuring wild-
type and mutated prelamin A accumulation, respectively), as well as between the corresponding
mouse models, the main pathogenetic role of prelamin A accumulation appears obvious (Cenni et al.,
2018).



In this review we refer to the prelamin A forms involved in progeroid syndromes as “progeroid
lamins”, i.e. those lamin A forms, that, when accumulated to toxic levels, elicit cellular and organism
ageing. Accumulation of progeroid lamins promptly impacts on nuclear phenotype. Nuclei become
misshapen, presenting blebs, folds or gross irregularities in shape and feature diverse patterns of
chromatin disorganization (Camozzi et al., 2012; Columbaro et al., 2005; Lombardi et al., 2007;
Pellegrini et al., 2015). Increased nuclear stiffness and altered mechanical stress response are also
associated with progeroid lamin expression (Cho et al., 2018; Ho et al., 2013; Osmanagic-Myers et
al., 2015; Vidak et al., 2018). Nuclear defects can be related to prelamin A or progerin effect on
nuclear envelope proteins, mainly SUN1, a main component of the LINC complex, emerin and BAF,
a key mediator of lamin-DNA interaction targeted to the nuclear envelope by prelamin A (Capanni et
al., 2010; Capanni et al., 2012). Further, by affecting recruitment of transcription factors, epigenetic
regulators and DNA repair enzymes, progeroid lamins may alter gene expression and repair of
damaged DNA (Capanni et al., 2005; Cenni et al., 2014; Kubben et al., 2016; Mattioli et al., 2018;
Mattioli et al., 2019).

Overall, altered nuclear dynamics elicited by progeroid lamins appears to be the result of an
unwanted/unscheduled signal and impacts on several cellular processes. The following paragraphs
focus on each of these processes in the attempt to identify a common role of lamin A as sensor of
cellular and environmental stress, which is exacerbated by unscheduled accumulation of prelamin A

forms leading to accelerated ageing (Burtner and Kennedy, 2010; Kubben and Misteli, 2017).

3. mTOR signaling and progeroid lamins

3.1 mTOR signaling in ageing processes

Signaling through mTOR (mechanistic target of rapamycin) has been extensively studied for its
involvement in ageing processes and it is generally accepted that low mTOR activity favors lifespan
extension.

Among ageing-related processes, autophagy, which is triggered by mTOR inhibition, is aimed at
degradation of defective molecules and organelles that accumulate in cells during stress, starvation
and senescence. Multiple studies demonstrated that a poor autophagic activity is a hallmark of ageing-
related disorders including cardiovascular diseases, cancer, arthritis, cataract, osteoporosis, type 2
diabetes, hypertension and neurodegenerative disorders (such as Parkinson’s or Alzheimer’s disease),
while treatment with rapamycin, possibly the best-known mTOR inhibitor and autophagy-inducing
drug, significantly extended life-span in mammals (Bitto et al., 2016; Chiarini et al., 2019).



Moreover, mTOR, in particular the mTORC1 complex, is also engaged in anabolic processes such as
cell growth and proliferation in response to nutrient sensing, another pathway implicated in lifespan
(Evangelisti et al., 2016) Lee et al., 2019). In fact, both circulating nutrient sensing factors, such as
the insulin-like growth factor 1 (IGF-1), insulin and growth hormone, and amino acid availability at
the lysosome may activate mTOR through the PI3K/AKT signaling pathway (Johnson, 2018). Even
in this context, reduced mTOR activity, either determined by caloric restriction or by low circulating
IGF-1 levels, has been linked to lifespan and health-span extension (Budel and Djabali, 2017;
Johnson, 2018; Kubben and Misteli, 2017; Vitale et al., 2019).

mMTOR activity can be inhibited by diverse types of stress conditions (Heberle et al., 2015). However,
MTOR can be also activated by stress stimuli and drive an adaptive response that triggers anti-oxidant
transcription factors such as nuclear factor erythroid 2—related factor 2 (Nrf2) or p53 (Heberle et al.,
2015). Short-term stress typically increases mTORC1 activity, while prolonged stress conditions have
an inhibitory effect (Heberle et al., 2015). However, the final outcome of stress stimuli targeting
mTOR components is dependent on a plethora of effectors and feedback mechanisms that may also
vary in different cell types (Aramburu et al., 2014). In this complex scenario, prelamin A modulation
appears to play a role.

MTOR activity is influenced by lamin A and prelamin A levels, as indicated by several studies
(Barcena et al., 2019; Cenni et al., 2014; Evangelisti et al., 2015; Evangelisti et al., 2016; Ibrahim et
al., 2013; Infante et al., 2014, Liao et al., 2016). However, prelamin A has been shown to trigger
AKT1 activity, which is expected to activate mTOR, while mTOR is either inhibited (Evangelisti et
al., 2016) or slightly affected (Ibrahim et al., 2013) in the presence of prelamin A forms. Of some
help, are the intriguing results reported by Ibrahim et al., who showed that low prelamin A levels
activate AKT, while prelamin A accumulation to pathogenetic levels, as occurs in Zmpste24 null
mice, inhibits AKT activity (Ibrahim et al., 2013). Consistent with the latter observation, we found
that transient accumulation of L647R-mutated farnesylated prelamin A in cells activates AKT
(Evangelisti et al., 2015), while accumulation of progerin in progeria cells inhibits mTOR and
activates autophagy (Evangelisti et al., 2016), as also demonstrated in very important studies (Barcena
et al., 2019; Kreienkamp et al., 2018).

A systematic evaluation of prelamin A role in mTOR regulation upon stress has been only performed
under starvation-induced stress conditions. In that context, prelamin A has been shown to inhibit the
mTORC1 pathway, an effect not determined by the sole accumulation of prelamin A (Infante et al.,
2014). This very interesting observation suggests that prelamin A effects on mTOR are a response to
stress conditions and we can speculate that prolonged stress stimuli might reduce mTOR activity at



least in part through prelamin A accumulation (Chen et al., 2020; Lattanzi et al., 2014). This

hypothesis is also suggested by studies performed in progeroid laminopathies.

3.2 mTOR signaling and progeroid lamins

Autophagic signaling has been investigated in progeroid laminopathies and several dysregulated
molecules have been identified in the pathway. In Zmpste24-/- mice, which accumulate toxic levels
of prelamin A and have a dramatically shortened lifespan, autophagy was activated as AMPK activity
was upregulated leading to reduced mTOR and S6 kinase phosphorylation in liver and skeletal muscle
(Ibrahim et al., 2013; Marino et al., 2008). Reduced mTOR activity was also observed in HGPS
fibroblasts (Evangelisti et al., 2016; Ibrahim et al., 2013). More recently, based on a study performed

in Lm naGGOQG/G(SOQG

progeroid mice, which feature highly accelerated ageing, activation of autophagy
has been proposed as a mechanism to recycle nutrients in the attempt to counteract weight loss and
cachexia (Kreienkamp et al., 2019). In line with the latter hypothesis, when progeroid mice were
subjected to high fat diet, LC3 Il levels were reduced, suggesting downregulation of autophagy
(Kreienkamp et al., 2019). Dysregulation of autophagy has been also observed in FPLD2 adipocytes,
which also feature accumulation of prelamin A (Pellegrini et al., 2019). Since impaired autophagy
affected adipocyte determination and differentiation in FPLD2 cells, we cannot rule out that altered
autophagic activity could specifically impact on adipose tissue turnover even in progeroid
laminopathies (Pellegrini et al., 2019).

In the mTOR nutrient sensing pathway, IGF-1 was investigated in preclinical models of progeria.
Despite the recognized role of IGF-1 downregulation in lifespan extension, IGF-1 levels were
decreased in Zmpste24”- mice and, most importantly, recombinant IGF-1 treatment restored the
growth hormone IGF-1 axis and prolonged survival of those progeroid mice (Marino and Lopez-Otin,
2008; Marino et al., 2010). Further, a significant increment in respiration rate and energy expenditure
was recently reported in Lmna®t99¢/C60% mjce (Barcena et al., 2019; Kreienkamp et al., 2018). Under
basal conditions, p70S6K and AKT-Serine473 were hypo-phosphorylated, while AMPK was
activated, a condition mimicking extreme dietary restriction, so that dietary restriction (methionine
deprivation) did not significantly change their activation state nor increased energy expenditure
(Barcena et al., 2019). Conversely, and in agreement with the possibility that excess energy
expenditure might contribute to the short lifespan, a paper by the Gonzalo group showed that
Lmna®6096/Ce09G mice subjected to high-fat diet have an impressive increase in life-span, yet they
ultimately develop a severe ageing phenotype (Kreienkamp et al., 2018). Considering that generalized
fat loss is probably the most consistent feature both in animal models of progeria and A-WS and

HGPS patients, we anticipate that investigating nutrient sensing and energy expenditure pathways



with focus on mTOR regulation will provide new and most relevant insights into disease
pathogenesis. As a whole, we can observe that exacerbation of mTOR-related signaling in HGPS
mouse models and HGPS fibroblasts, leading to excess autophagic activity and energy expenditure
appears to take part in HGPS pathogenesis. Whether reduction of IGF-1 and mTOR activity,
hyperactivation of autophagy and increased energy expenditure are an attempt to counteract the
ageing process or they are an aberrant response to stress or metabolic signals that ultimately causes

premature ageing is discussed below.

3.3 Targeting mTOR/autophagy axis as a therapeutic tool in progeroid laminopathies

We have demonstrated that phosphorylation at Serine 404 of lamin A and prelamin A by AKT
increases the susceptibility of these molecules to lysosomal degradation (Bertacchini et al., 2013;
Cenni et al., 2008). However, Serine 404 phosphorylation mostly triggers degradation of
nonfarnesylated prelamin A (Bertacchini et al., 2013). Thus, despite mMTOR inhibition, autophagic
degradation of progeroid lamins, which are farnesylated, either does not occur as in HGPS or it is not
sufficient to lower protein amount to non-toxic levels (Cenni et al., 2014 and 2018). Hence, activators
of autophagy have been explored in progeroid cells for their ability to trigger progerin or prelamin A
degradation (Akinci et al., 2017; Cao et al., 2011; Cenni et al., 2011; Cenni et al., 2014; Evangelisti
et al., 2016; Gabriel et al., 2016; Graziotto et al., 2012; Pellegrini et al., 2015). Rapamycin was also
used in combination with All-Trans-Retinoic Acid (ATRA) in order to counteract progerin
accumulation both at the transcriptional level (by ATRA-induced downregulation of LMNA
transcripts) and through protein degradation (Pellegrini et al., 2015). This approach improved the
phenotype of HGPS cells (Pellegrini et al., 2015). Besides rapamycin, other direct or indirect
activators of autophagy have been tested in experimental models of progeria. MG132 treatment of
HGPS fibroblasts, also increased progerin clearance in part by induction of autophagy (Harhouri et
al., 2017). Sulforaphane, a natural antioxidant, stimulated autophagy and enhanced progerin
degradation in HGPS fibroblasts, an effect also observed under intermittent treatment in combination
with FTIs (Gabriel et al., 2017; Lu and Djabali, 2018). Treatment of progerin accumulating cells with
metformin, a known anti-diabetic drug able to induce autophagy, rescued nuclear phenotype,
decreased ROS amount, upregulated SOD2 antioxidant enzyme, delayed cellular senescence and
premature osteogenic differentiation (Egesipe et al., 2016; Park and Shin, 2017). Although
metformin-mediated reduction of progerin seems to be a transcriptional effect, it is worth to deepen
the study of this safe and easily available drug as a strategy to treat progeroid laminopathies, even
more since multiple studies support a role for metformin supplementation in lifespan increase in C.

elegans and mice (Anisimov et al., 2008). Resveratrol was also able to induce autophagy in progeroid



cells (Park et al., 2016). However, there are conflicting evidences about the use of this drug in
laminopathic conditions (Liu et al., 2012; Strandgren et al., 2015). Thus, published data point to
autophagy-activating drugs as tools to counteract progeroid phenotype, yet further experimental
confirmation is needed (Lee et al., 2020). An ongoing clinical trial is testing treatment of HGPS

patients with everolimus (font: https:/clinicaltrials.gov), which could provide further and more

relevant cues.

4. Epigenetic defects in progeroid laminopathies

4.1 Epigenetics in normal ageing

Epigenetic patterns are largely remodeled during physiological ageing (Benayoun et al., 2015). Ata
global level, a large-scale loss of heterochromatin is observed in ageing cells (Villeponteau, 1997),
coupled with the formation of senescence-associated heterochromatin foci (SAHFs) (Narita et al.,
2003). Reproducible alterations in histone modification patterns have been described, including a
decrease in histone methylation marks associated with inactive chromatin (like H3K9me3 and
H3K27me3) and an increase in those associated with active chromatin (like H3K4me3) (see
Benayoun et al., for a review (Benayoun et al., 2015)). A global decrease in DNA methylation levels
concurs to age-associated heterochromatin loss, ultimately resulting in deregulated gene expression
and increased transcription of transposable elements (Phalke et al., 2009). A recent paper shows that
activation of LINE-1 retrotransposons causes a type | interferon-driven inflammatory response in
senescent cells (De Cecco et al., 2019).

The regulation of histone acetylation in ageing is less characterized and more context-dependent, as
differences between species, tissue and target lysine residues have been reported (Peleg et al., 2016).
In mammals, H3K56ac and H4K16ac levels decrease during cell senescence, possibly contributing
to altered gene expression, response to DNA damage and genomic instability, including telomere
damage (O'Sullivan et al., 2010). Finally, locus-specific changes in histone modifications and DNA
methylation have been described. Age-associated changes in DNA methylation of specific CpG sites
have been described in different human and mouse tissues, leading to the implementation of
epigenetic clocks that, on the basis of DNA methylation values, predict the age of an individual
(Horvath and Raj, 2018). Importantly, epigenetic clocks are associated with lifespan and health-span
and, more in general, tend to be sensitive to age-related conditions: accelerated age estimations have
been described for example in Alzheimer’s disease, Parkinson’s disease, Down syndrome and obesity,
while models of healthy ageing like centenarians and their offspring display younger epigenetic ages
than expected (Horvath et al., 2015).



Remodeling of chromosome domains is also a feature of senescent cells. In fact, senescent cells are
characterized by a relative loss of long-range and gain of short-range interactions within
chromosomes (Criscione et al., 2016). Involvement of lamins in ageing-associated epigenetic
regulation may occur through direct interaction with chromatin at specific DNA sequences called
lamina-associated domains or LADs (Camozzi 2014; Forsberg et al., 2019). During oncogene-
induced cellular senescence, remodeling of LADs elicits an unexpected recruitment of derepressed
sequences to the nuclear lamina (Briand and Collas, 2018; Lenain et al., 2017).

Further, lamins contribute to senescence-associated epigenetic changes through epigenetic enzyme
functional interactions. (Kanfi et al., 2012). Under physiological conditions and in young cells, lamin
AJC binds sirtuins involved in ageing-related mechanisms. Lamin A interacts with SIRT1 to enhance
its deacetylase activity, promotes SIRT6 function during DNA repair and recruits histone deacetylase
2 (HDAC?2) (Ghosh et al., 2015; Liu et al., 2012; Mattioli et al., 2018 and 2019). Importantly, lamin
A interaction with SIRT1, HDAC2 and SIRT6 is reduced upon prelamin A or progerin accumulation
(Ghosh et al 2013; Mattioli et al., 2019; Ghosh et al 2015). We recently demonstrated that reduced
lamin A-HDAC?2 interaction during transient stress response is due to prelamin A accumulation and
contributes to transient decrease of HDAC?2 activity and increase in histone acetylation, which allow
repair mechanisms (Mattioli et al., 2019). In the case of SIRT1 and SIRT6, analogous modulation of
lamin A interaction through transient prelamin A accumulation under stress conditions appears
conceivable. Thus, lamin-related epigenetic mechanisms take advantage of the unique property of
lamin A of being transiently kept in its immature form under certain cellular or environmental
conditions, including stress stimuli. Due to different affinity of prelamin A versus mature lamin A for
epigenetic enzymes, prelamin A post-translational processing provides a tool to modulate chromatin
epigenetic modifications. However, the physiological role of lamins as sensors is altered by persistent
accumulation of progeroid lamins, which, at the epigenetic level, impairs histone driven chromatin

dynamics, as detailed below.

4.2 Epigenetics in progeroid laminopathies

Some marked similarities exist between the epigenetic changes that occur in physiological ageing and
those described in progeroid laminopathies. Decrease in H3K9me3 levels have been described in
HGPS and MADA cells (Columbaro et al., 2005; Filesi et al., 2005). Altered regulation of the
heterochromatin protein HP1 has been also documented and other heterochromatin marks have been
implicated in HGPS cellular phenotype, including H3K27me3 and H4K20me3 (Filesi et al., 2005;

McCord et al., 2013; Scaffidi and Misteli, 2006; Shumaker et al., 2006). Moreover, hypoacetylation
of H4K16 was reported in a mouse model of progeria deficient for the lamin A processing enzyme



Zmpste24, while H4K16ac was increased in HGPS cells and H3K9ac was increased in MADA cells
(Cenni et al., 2014; Krishnan et al., 2011; Mattioli et al., 2018). Altered DNA methylation levels at
specific CpG sites were further observed in immortalized B-cells from HGPS patients (Heyn et al.,
2013). Interestingly, the same cells were older than expected according to the epigenetic clock
(Horvath, 2013; Horvath et al., 2018; Wang and Guo, 2015). In the remodeling of HGPS cell
epigenetic landscape also LADs have been involved (Shah et al., 2013).

Epigenetic changes occurring in progeroid laminopathies involve HDACs, including sirtuins. In
HGPS cells, progerin impairs lamin A/C interaction with SIRT1 and SIRT6, affecting both their
chromatin localization and their deacetylase function (Ghosh et al., 2015; Liu et al., 2012). In MADA
fibroblasts, SIRT1 anchorage to the nuclear matrix is impaired, while reduction of prelamin A levels
by rapamycin treatment rescues enzyme recruitment (Cenni et al., 2014). Lamin A/C is also a
component of nucleosome remodeling deacetylase complex (NURD), which is formed by HDACI,
RBBP4 and RBBP7, and reduction of NURD functionality has been observed in HGPS cells
(Pegoraro et al., 2009).

We previously demonstrated a dynamic interaction between lamin A/C and HDAC?2, able to modulate
HDAC2 activity in human fibroblasts (Mattioli et al., 2018). A dominant negative effect of progerin
on HDAC2 recruitment by lamin A/C, has been observed in HGPS cells, with downstream effects on
acetylation of HDAC?2 substrates H3K9 and H4K16 (Mattioli et al., 2018). Reduced lamin A/C-
HDACS2 affinity has been also shown in other progeroid laminopathies, as APS and MADA (Mattioli
et al., 2018). HDAC defects are linked to alter transcriptional activity in progeroid laminopathies, as
demonstrated for p21 and Forkhead box class O-3a (FOX0O3a). CDKN1A gene, encoding p21, a main
determinant of cellular senescence, is upregulated upon release of lamin A/C-HDAC2 interaction in
HGPS cells (Mattioli et al., 2018). Accumulation of prelamin A in Zmpste24 knockout bone marrow
stromal cells reduces SIRT1 functionality thus causing hyperacetylation and activation of FOXO3a,
a transcription factor involved in stress response and longevity (Auguste et al., 2018; Liu et al., 2012;
Morris et al., 2015; Wang et al., 2017). Since both lamin A and FOXO3a are recruited to the p21
promoter, dysregulation of HDAC2 due to progerin accumulation might induce p21-dependent
geroconversion of cells through a FOXO3a dependent mechanism. Of particular interest for HGPS
pathogenesis, it has been demonstrated that HDAC2 activity is crucial for endothelial function as the
enzyme forms a complex with retinoic acid receptor at the p21 promoter to inhibit p21 expression in
those cells (Zheng et al., 2011). This mechanism appears to have a protective action and prevent
vascular diseases, the main cause of death in HGPS (Olive et al., 2010; Pandey et al., 2014). However,

epigenetic effects of progerin or prelamin A accumulation contribute to altered stress response,



possibly the main cellular event dysregulated by progeroid lamins, as discussed in the following

paragraphs.

5. Progeroid lamins and stress

5.1 Stress response in normal ageing

Oxidative stress is a state of imbalance between free radical production and their degradation by
antioxidant systems, with consequent accumulation of reactive oxygen species (ROS) (Liguori et al.,
2018). The free-radical theory of ageing claims that failure to regulate intracellular ROS levels is the
major determinant of lifespan (Liguori et al., 2018). The most relevant effect of oxidative stress is
DNA damage, which can be either efficiently repaired or accumulated, in the latter case leading to a
cellular response aimed at limiting mutational events through cell geroconversion (Leontieva and
Blagosklonny, 2014; Mattioli et al., 2018). Moreover, replicative stress can be induced by telomere
shortening: this mechanism, which avoids accumulation of DNA damage at telomeres during cellular
divisions, has been considered a main determinant of cell and organism ageing (Lopez-Otin et al
2013; Aguado et al 2019).

Lamin A involvement in oxidative stress response was initially suggested by the deleterious effects
on oxidative metabolism elicited by lamin A/C depletion (Sieprath et al., 2015). According to the
“lamin tail-ROS-buffering function” theory, the nuclear lamina acts as an intracellular ROS-sink via
conserved redox-reactive cysteine residues within the lamin tail (Pekovic et al., 2011; Richards et al.,
2011). Thus, in prelamin A accumulating cells, where cysteine residues are still available, free radical
amount is lower than in lamin A/C null cells (Sieprath et al., 2015).

Further studies showed that, in fact, both levels of mature lamin A and amount and type of prelamin
A influence the cellular antioxidant response, because lamin A and prelamin A recruit with different
affinity anti-oxidant factors, as Oct-1 or the master regulator of oxidation conditions Nrf2 (Infante et
al., 2014; Kubben et al., 2016). In this way, and through other mechanisms discussed in this review,
stress-induced prelamin A accumulation contributes to modulate the oxidative stress response under
physiological conditions. How this function is affected by progeroid lamin accumulation, with an

impact on ageing processes, is discussed in the following paragraphs.

5.2 Stress response in progeroid laminopathies
Excess accumulation of prelamin A forms has been linked to delayed stress recovery and
mitochondrial dysfunction (Caron et al., 2007; Mateos et al., 2013; Paradisi et al., 2005; Peinado et

al., 2011; Viteri et al., 2010). Progeroid lamins cause a marked reduction in the expression of three



crucial components of the mitochondrial respiratory chain including the cytochrome c, the complex
IV component cytochrome C oxidase subunit I (COXI), and the complex V protein B-ATPase
(Peinado et al., 2011; Rivera-Torres et al., 2013). In contrast, higher level of proteins involved in
glycolysis are observed, suggesting that the accumulation of prelamin A/progerin causes a metabolic
switch from oxidative to glycolytic metabolism to counteract the mitochondrial oxidative
phosphorylation impairment (Peinado et al., 2011; Rivera-Torres et al., 2013). However, both the
redox homeostasis alteration and the ROS increase worsen with increase of progerin amount
(Richards et al., 2011; Rivera-Torres et al., 2013). A known mechanism causing defective oxidative
stress response in HGPS is entrapment of anti-oxidant transcription factors. For instance, progerin
accumulation affects Nrf2 nuclear translocation by entrapping the transcription factor at the nuclear
lamina, thus impairing its transactivation activity towards diverse anti-oxidant molecules including
proteasome subunits (Figure 2) (Kubben et al., 2016; Ma et al., 2013; Pickering et al., 2013; Viteri et
al., 2010). A similar mechanism of transcription factor retention at the nuclear envelope has been also
described for the Oct-1, which is also involved in stress response (Columbaro et al., 2013; Malhas et
al., 2009). In cells from MADA and in cellular models featuring prelamin A accumulation, Oct-1 is
sequestered at the nuclear lamina through direct prelamin A interaction and Oct-1 release is obtained
by reducing prelamin A levels (Cenni et al., 2014). Rescue of oxidative stress in progeroid cells has
been attempted by drug treatment either using N-acetyl cysteine or treating HGPS fibroblasts with
methylene blue, with some positive results (Richards et al., 2011; Xiong et al., 2016).

5.3 DNA damage response in progeroid laminopathies

Many studies have been performed to clarify how the accumulation of lamin A precursors interferes
with DDR and how, in progeroid laminopathies, damaged DNA interferes with cellular pathways
(Liu et al., 2008; Gonzalo et al., 2017). Increase of DNA damage has been reported in HGPS cells by
Sinensky and colleagues and it has been linked to altered functionality of some DDR factors, among
which XPA, which is aberrantly recruited to DNA damage sites even in the absence of UV damage,
and the double-strand DNA repair factor 53BP1, which fails to be recruited to DNA damage sites in
the presence of progerin (Liu et al., 2008; Gonzalo 2017). Importantly, lamin A and prelamin A have
been shown to recruit 53BP1 to the nucleus, facilitating damaged DNA repair (Gonzalo et al., 2017;
Lattanzi et al., 2014). However, progerin and prelamin A accumulation to toxic levels may cause
aberrant recruitment of 53BP1 and contribute to a condition of permanently activated DDR (Scaffidi
and Misteli 2006; Gonzalo 2017). A condition of exacerbated DDR has been also observed at

telomeres in HGPS cells and it has been linked to overexpression of specific small non-coding RNAs,



which are deputed to DNA damage repair at those sequences (Aguado et al., 2019). This mechanism
is further described in paragraph 7.

The DNA damage process requires transient chromatin remodeling giving access to repair factors and
transient exit from the cell cycle avoiding replication of damaged sequences. These processes are
mediated by several enzymes and obtained by transient upregulation of p21. In this context, we
showed that prelamin A accumulation occurring during oxidative stress favors transient release of
HDAC?2 from the lamin-containing platform, a mechanism that elicits activation of the p21 promoter
and transient upregulation of p21 (Lattanzi et al., 2014; Liu et al., 2013; Mattioli et al., 2018 and
2019). This sequence of events (Figure 1) well represents lamin A/C function of cellular sensor, which
is itself modulated by stress stimuli (eliciting prelamin A accumulation) to regulate in turn cellular
response. In this scenario, the transient prelamin A increase observed during oxidative stress should
be required to constrain in a limited time-frame DDR-related mechanisms. However, prelamin A
modulation is abolished by progeroid lamin accumulation, causing persistent p21 upregulation and
geroconversion (Leontieva and Blagosklonny, 2014; Mattioli et al., 2018). Another consequence of
DNA damage is the activation of an inflammatory response. A recent study shows that DNA:RNA
hybrids are formed in the cytoplasm of HGPS cells and trigger cytoplasmic DNA damage sensors
cGAS and STING and downstream inflammatory response (Kreienkamp et al., 2018).

Thus, as expected in a condition of exacerbated stress response, the cell intrinsic pathogenetic events

occurring in progeria elicit extra-cellular and systemic effects.

6. Inflammageing in progeroid laminopathies

6.1 Inflammageing in normal ageing

The term inflammageing has been introduced in year 2000 to describe a state of chronic, low-grade,
sterile inflammation that characterizes old age (Franceschi et al., 2000). In subsequent years, the
phenomenon has been extensively described and studied, and indicated as a possible driver of the
ageing process (Kennedy et al., 2014). Moreover, it is known that many, if not all, age-associated
diseases share an inflammatory pathogenesis, and therefore inflammageing is considered a risk factor
for all these diseases (Franceschi and Campisi, 2014). Many events have been considered as causative
of inflammageing, including nutrient excess-mediated activation of molecular pathways of
inflammation (meta-flammation (Gregor and Hotamisligil, 2011)), accumulation of senescent cells
endowed with a specific pro-inflammatory secretory phenotype (senescence-associated secretory
phenotype, SASP (Coppe et al., 2010)), and increased production, or impaired disposal, of cellular

debris that bind receptors of innate immunity (Garb-ageing, (Franceschi et al., 2017)). Of particular



interest for the purpose of review is the fact that DNA damage is also able to trigger inflammation
(Bonafe et al., 2012; Shen et al., 2015). Indeed, the genome instability that features laminopathies,
such as HGPS, can be a cause of chronic inflammation, as DDR is emerging as a crucial trigger of
pro-inflammatory and Interferon response (Gunther et al., 2015; Mankan et al., 2014), and, according
to the idea that inflammation is a pro-ageing mechanism, it has been recently reported that long-living
people such as centenarians (that can be considered the opposite extreme of progeria patients) are
endowed with a peculiar setting of elevated expression of genes devoted to the elimination of pro-
inflammatory products of DNA repair (such as cytoplasmic DNA:RNA hybrids) and low level of IL-
6 and IFNP that, at local level, may facilitate their escape from the deleterious effects of age-related
chronic inflammation (Storci et al., 2019). Inflammageing fits perfectly into the unifying conceptual
framework that considers the ageing phenomenon as a remodeling process. In the absence of
convincing evidence that ageing is a programmed phenomenon, and instead is rather the consequence
of the unabated continuation of development and stress response program far beyond the timeframe
envisaged by natural selection, inflammageing seems to be provided with all the features capable to
explain the signs of ageing (that are present also in progeric syndromes). In fact, inflammageing is
likely the consequence of an unwanted/unnecessary activation of inflammatory reactions for decades
after the age of reproduction as a response to stress and in the end this low-level but continuous
activation of inflammation turns to be detrimental. The presence of elevated levels of markers of
inflammation (such as IL-6, IL-1 receptor antagonist, TNFa soluble receptor II) in old persons is
correlated with the occurrence of typically age-associated chronic diseases, including hypertension,
diabetes, ischemic heart disease, congestive heart failure, stroke, chronic obstructive pulmonary
disease, cancer, Parkinson’s disease, hip fracture, lower extremities joint disease, anemia, chronic
kidney disease, peripheral arterial disease, and cognitive impairment (Fabbri et al., 2015; Storci et al.,
2019).

The few available data suggest that also the inflammatory response may be modulated by prelamin A
levels under physiological conditions, possibly as the attempt to maintain cellular homeostasis. In
fact, altered cytokine levels have been linked to prelamin A accumulation in non-laminopathic cells,
though under stress conditions (Liu et al., 2013). This is the case of chronic kidney disease (CKD)
cells, where accumulation of prelamin A elicits secretion of excess levels of pro-inflammatory and
pro-osteogenic cytokines leading to vascular calcification and artery wall senescence (Liu et al.,
2013). We hypothesize that also the inflammatory response might be influenced by transient prelamin
A accumulation under physiological conditions and in response to stress. This hypothesis deserves
deep investigation. On the other hand, it is well-documented that progeroid lamins activate an

inflammatory response typically associated with stress conditions and cellular senescence.



6.2 Inflammageing in HGPS and MADA

Here, we try to delineate how unwanted/unnecessary activation of inflammatory reactions also occurs
in progeroid laminopathies due to LMNA mutations and accumulation of progeroid lamins. In the case
of laminopathies, unscheduled prelamin A accumulation sounds as a signal of stress even in the
absence of any actual stress condition. As a consequence, continuous activation of inflammatory
reactions elicits organism ageing not after decades, but in a very limited time-frame. Systemic effects
of mutated lamins and also of wild-type prelamin A have been suggested in diverse laminopathic
conditions. For instance, a recent study performed by the Italian Network for Laminopathies in a wide
cohort of patients affected by muscular laminopathies, showed up-regulation of TGFbeta 2 in the vast
majority of patients, irrespective of age and disease severity, but not in unaffected mutation carriers
(Bernasconi et al., 2018). TGFbeta 2 was found to be increased also in MADA osteoblasts and this
condition was responsible of osteoclast activation (Avnet et al., 2011). Interestingly, inhibition of
TGFbeta 2 by a neutralizing antibody reduced osteoclastogenesis and bone resorption activity,
implicating TGFbeta 2 in the osteolytic process of MADA (Avnet et al., 2011). Other inflammatory
cytokines have been also linked to progeroid lamins (Evangelisti et al., 2015; Osorio et al., 2012). It
has been recently shown that both progerin overexpression and ZMPSTE24 depletion in human
mesenchymal stem cells induce senescence through GATA-4-mediated upregulation of monocyte
chemoattractant protein-1 (MCP-1) (Lee et al., 2018). In the Lmna®®%9¢/c0%¢ mouse model of
progeria, the group of Lopez-Otin identified a major role of NF-kB in the induction of an
inflammatory pathway mediated by interleukin-6 (IL-6), which could be counteracted by anti-
inflammatory molecules (Osorio et al., 2012). Also, in HGPS cells, progerin accumulation appears to
be linked to elevated IL-6 secretion, a condition that we recently observed both in HGPS and MADA
fibroblasts (our unpublished observations). IL-6 has been shown to play a role in the hyper-activation
of smooth muscle cells and it is hyper-secreted in senescent smooth muscle cells that accumulate
prelamin A (Klouche et al., 1999; Liu et al., 2013). Moreover, IL-6, through its soluble receptor,
induces osteogenic conversion of vascular smooth muscle cells and promotes calcification, an effect
of major relevance in ageing and HGPS pathogenesis (Kurozumi et al., 2019). Finally, as mentioned
above, DNA damage per se has been shown to cause an inflammatory interferon-like response in
HGPS, a condition triggered by cytoplasmic DNA:RNA hybrids through cGAS and STING signaling
(Kreienkamp et al., 2018). These results warrant further studies, which could improve our
understanding of genetic factors that determine the onset of inflammageing. Based on reported
observations, we cannot rule out that lamin polymorphisms might modulate or worsen inflammatory

pathways associated with organism ageing even in the general population. On the other hand, a main



reason for deepening inflammatory phenotype and the secretome in progeroid laminopathies is the
availability of anti-inflammatory drugs and specific neutralizing antibodies that could be exploited

for therapeutic applications (Avnet et al., 2011; Bernasconi et al., 2018).

7. microRNAs, small RNAs and progeroid laminopathies

7.1 microRNAs and small RNAs in normal ageing

MicroRNAs (miRNAs) are single-stranded 18-25nt non-coding RNAs, which are implicated in the
regulation of almost all biological processes, including ageing processes and modulation of
organismal lifespan (Caravia and Lopez-Otin, 2015). Among miRNAs involved in the ageing process
are pro-inflammatory miRNAs and a recent work has demonstrated that low pro-inflammatory
miRNAs levels are part of the molecular signature of cells from centenarians (Storci et al., 2019).
Moreover, it has been demonstrated that organism senescence is in part controlled by hypothalamic
stem cells through the release of anti-ageing miRNAs in exosomes and secretion of these miRNAS
declines with ageing (Zhang et al., 2017b).

Of particular interest for lamin A-linked normal and pathological ageing are miRNA-766, which
down-regulates SIRT6 and miRNA-141-3p, which targets the prelamin A endoprotease ZMPSTE24
(Yu et al., 2013) (Sharma et al., 2013). Upregulation of miRNA 141-3p, which occurs during
replicative senescence, has been linked to reduced HDAC1 and HDAC?2 activity (Yu et al., 2013). It
should be interesting to evaluate whether reduced interaction between lamin A/C and HDAC2 upon
oxidative stress-induced prelamin A accumulation contributes to miRNA 141-3p upregulation, which
should in turn increase prelamin A levels in a self-fueling loop (Mattioli et al., 2019). However, we
suggest that miRNA 141-3p3-triggered ZPMSTE?24 inhibition might contribute to finely tune
prelamin A level during physiological stress response.

On the other hand, specific small RNAs have been also involved in DDR at telomeres, a condition
exacerbated by progeroid lamins, as reported below (Aguado et al., 2019). Possible involvement of
prelamin A in the regulation of telomeric small RNAs under stress conditions deserves further

investigation.

7.2 microRNAs and small RNAs in progeroid laminopathies

Research on miRNA involvement in progeroid laminopathies revealed that several mechanisms of
these pathologies are driven or prevented by miRNAs (Jung et al., 2012; Marino et al., 2010; Nissan
etal., 2012; Ugalde et al., 2011b; Xiong et al., 2015; Yu et al., 2013; Zhang et al., 2017a).



In 2012, starting from the evidence that patients with HGPS, even though presenting a multisystemic
disease, do not have cognitive deterioration, a phenotype commonly associated with ageing, Fong
and colleagues hypothesized that the absence of brain pathology could be due to the low synthesis of
progerin in the brain and demonstrated that miRNA-9, a brain-specific miRNA, downregulates lamin
A and prelamin A expression in the central nervous system, in agreement with the reported absence
of lamin A and progerin expression in cells of the neural lineage in vitro (Zhang et al., 2011; Nissan
et al.,, 2012). Interestingly, miRNA-9 overexpression in control or HGPS iPSCs-derived
mesenchymal stem cells promoted a 38% decrease in progerin expression, while lamin C amount was
increased, suggesting miRNA-9 as a potential therapeutic tool (Nissan et al., 2012).

Besides miRNA-9, the only known miRNA acting as an inhibitor of HGPS pathogenesis, several
miRNAs have been identified as effectors of prelamin A-dependent ageing processes. Most data were
obtained in Zmpste24-null progeroid mice, a model of progeroid laminopathies featuring
accumulation of wild-type prelamin A.

The tumor suppressor miRNA-29a, miRNA-29b and miRNA-29c¢ were upregulated in Zmpste24-null
progeroid mice (Ugalde et al.,, 2011a). Those miRNAs are upregulated during normal and
pathological ageing in response to DNA damage and appear to induce the activation of p53, a
condition ultimately eliciting cellular senescence (Ugalde et al., 2011a). Further, in Zmpste24null
MEFs, miRNA-365 and miRNA-342-5p, implicated in cellular senescence and ageing-associated
diseases, were upregulated (Sun et al., 2014; Xiong et al., 2015; Wei et al., 2013).

Also, miRNA-1 was upregulated in Zmpste24-null mice and implicated in the reduction of IGF-1
synthesis (Ugalde et al., 2010). Upregulation of miRNA-1 was confirmed in fibroblasts from HGPS
patients and in cultured murine fibroblasts subjected to persistent DNA damage, which
mechanistically explains the onset of the anti-ageing nutrient sensing condition of low circulating
IGF-1 referred to in paragraph 3 of this review (Ugalde et al., 2010).

miRNA activity can be regulated by endogenous mMRNAs, called ceRNAs (competitive endogenous
RNAs), which compete for the seed region of the same miRNA thereby de-repressing all its target
genes (Salmena et al., 2011). Putative LMNA ceRNAs have been identified by bioinformatics
analysis, among which, five are involved in miRNA metabolism, others are linked to cell cycle (TP53,
CDKNI1A, CDC25A, and CDKS®), inflammation and angiogenesis (NFKBL1, IL1B, and VEGFA)
(Arancio, 2012). Involvement of those ceRNAS in progeria warrants investigation.

Finally, very recent data showed upregulation of telomere-targeting small RNAs in progeroid mice
and HGPS cells. These molecules, that are telomeric long non coding RNAs (tdilncRNAS) processed
to telomeric DNA damage response RNAs (tDDRNAS), are produced from both DNA strands of the

telomeres carrying damaged DNA sequences and are required for DDR processes at dysfunctional



telomeres (Aguado et al., 2019). Interestingly, inhibition of tDDRNAs using specific anti-sense
oligonucleotides improved the progeroid phenotype in mice, suggesting that an exacerbated DDR,
rather than DNA damage per se, induces organism ageing (Aguado et al., 2019). This point will be

further deepened in the last paragraph of this review.

8. Mechanosignaling and progeroid lamins

8.1 Mechanosignaling in normal ageing

External stimuli relevant to ageing biology are not only those elicited by circulating factors, but also
those exerted by physical stimulation, such as shear stress induced by blood flow in vessels or plasma
membrane disruption occurring in osteocytes upon mechanical loading (Hagan et al., 2020;
Osmanagic-Myers et al., 2019). Mechanical forces are converted into biochemical activities in the
cell and influence all cellular compartments including the nucleus (Alam et al., 2014; Athirasala et
al., 2017; Enyedi and Niethammer, 2016; Fedorchak et al., 2014; Guilluy and Burridge, 2015;
Osmanagic-Myers et al., 2015; Shivashankar, 2011; Swift et al., 2013). Mediators of mechanical
signals are, among others, the Yes-Associated Protein (YAP) transcription factor, the Wnt/beta-
Catenin signal transduction pathway and the Notch pathway (Gilbert and Swift, 2019; Hernandez et
al., 2010; Mammoto et al., 2019). It has been recently demonstrated that senescent enlarged
endothelial cells down-regulate YAP1 activity, reducing their own mechanosensing and proliferation
ability, while stimulation and nuclear translocation of YAP1 can be obtained by reducing cell size in
a constrained substrate (Mammoto et al., 2019). This very elegant experimental approach, shows an
interplay between physical conditions and impaired proliferation of senescent cells, which can be
unexpectedly reverted by modifying the extracellular environment. However, most evidences linking
mechanosignaling to the ageing process come from studies performed in progeria models. It has been
proposed that nuclear lamins may globally function as a “mechanostat™ i.e. a structure able to react
to environmental changes and to answer by adapting the tissue stiffness to running environmental
requirements in terms of mechanical resistance (Kirby and Lammerding, 2018; Osmanagic-Myers et
al., 2015). In particular, recent studies attributed to chromatin the role of resisting small deformations
and to nuclear lamins the role of withstanding/responding to large deformations (Stephens et al.,
2017). A key element in mechanosensing is the LINC complex, a dynamic and finely tuned protein
platform at the nuclear envelope, which establishes bridges between the nucleoskeleton and diverse
cytoplasmic structures, including the actin cytoskeleton, intermediate filaments and specialized
structures such as the centrosome (Meinke et al., 2014). Among LINC components, a regulatory role

is mainly exerted by SUN1, which is a nuclear envelope transmembrane protein directly binding



lamin A/C (Mattioli 2011; Meinke 2014). SUN1 is a key regulator of nuclear movement that
influences centrosome positioning and cell migration (Meinke et al., 2014). Both centrosome
positioning and nuclear movement are altered in fibroblasts from old individuals in a SUN1-
dependent manner and, since both factors impact on cell migration, they may contribute to the ageing
phenotype (Chang et al., 2019). These cellular defects occur in aged cells because SUN1 levels are
elevated (Haque et al., 2010; Lattanzi et al., 2014; Chang et al., 2019). Prelamin A plays a major role
in SUNL1 increase, as it both stabilizes and upregulates the LINC component (Mattioli et al., 2011).
Moreover, prelamin A targets ERK1/2 and nesprin 2, another LINC complex constituent, at
promyelocytic leukemia bodies (PML), in response to DNA damage (Warren et al., 2015). Thus, the
LINC complex and prelamin A act as mechanosignaling transducers upon stress stimuli by
compartmentalization of ERK1/2. It is conceivable that persistent accumulation of prelamin A
associated with high SUN1 levels and nesprins 2 relocalization at PML convert a DDR condition into
a senescence pathway. In strong support of this hypothesis, and mostly of a major role of SUN1 in
prelamin A-triggered mechanisms affecting lifespan, downregulation of SUNZ1 expression
significantly increased longevity in a murine model of HGPS, the LmnaA49 mouse (Chen etal., 2012).
These and most likely other LINC components are involved in ageing-associated mechanosignaling,
and we cannot rule out the existence of a spectrum of molecular sensors at the nuclear envelope,
possibly interacting with prelamin A in a tissue-specific way, implicated in the ageing process
(Worman and Schirmer, 2015).

8.2 Progerin effects on mechanosignaling

Progerin impacts on diverse nuclear and cellular pathways affecting mechanosignaling. In HGPS
cells, nuclear stiffness is increased and chromatin compaction is reduced (Columbaro et al., 2005;
Mattioli et al., 2018; Stephens et al., 2017; Stephens et al., 2018). It is possible that any variation in
stiffness/viscosity of the nucleus has important consequences because the mechanical deformation of
nuclear components influences per se protein unfolding, accessibility for enzymes and nuclear
response to stimuli (Buxboim et al., 2014; Swift et al., 2013). Moreover, it has been reported that in
the presence of progerin there is a complex combination made of a stiffened nucleoskeleton and
softened nuclear interior due to chromatin decondensation, which impairs a regular response to
mechanical signals, associated with loss of proper interaction between nucleoskeleton and LINC
complex (Booth et al., 2015; Hale et al., 2008).

The ability to form complexes containing lamin A/C and its partners involved in mechanosignaling
is heavily threatened in progeroid nuclei, a condition that in turn affects mechanosignaling (Capanni

et al., 2009; Wu et al., 2014). Emerin is a main lamin A/C-binding partner at the nuclear membrane



and interacts with actin and actin-associated proteins, i.e. it participates in the constitution of the
nuclear peripheral functional network (Holaska et al., 2004; Lattanzi et al., 2003). The LINC complex
is also severely affected in HGPS cells. In fact, progerin accumulation induces an increase of SUNL1,
as also occurs when prelamin A is accumulated in MADA cells (Camozzi et al., 2012; Haque et al.,
2010). Importantly, LINC complex disassembly relieves progerin-induced nuclear structure
alterations in smooth muscle cells and vessel walls (Chen et al., 2012; Kim et al., 2018). It appears
that releasing the LINC-mediated connection between nuclear envelope and cytoplasm can prevent
altered force transduction into the nucleus caused by progerin-dependent increase in nuclear stiffness
(Booth et al., 2015; Haque et al., 2010). As described above for normal aged fibroblasts, impaired
nuclear movement has been described in HGPS cells and directly linked to progerin expression and
SUNL1 increase: of note, reducing progerin farnesylation rescued the whole mechanism, highlighting
amajor role of progeroid lamins (farnesylated prelamin A forms) in ageing-related mechanosignaling
pathways (Chang et al., 2019).

Further, direct link between progeroid lamins and altered extracellular matrix (ECM) affecting
fibroblast proliferation has been reported. Wnt signaling is disrupted in post-natal mouse fibroblasts
carrying Lmna 49 or Lmna A50 mutations, which are causative of progeroid phenotype (Hernandez
et al., 2010). Altered Wnt signaling affects in turn ECM composition, and culturing cells on a “wild-
type ECM” rescues cellular defects (Hernandez et al., 2010). Of note, culturing cells on single ECM
components was not sufficient to rescue the cellular phenotype, suggesting that a well-balanced
(possibly lamin-directed) composition of the ECM is necessary to avoid cellular senescence.

Very recently, experimental evidence has been provided that progerin accumulation reduces eNOS
expression in endothelial cells, leading to interstitial fibrosis in myocardium and vascular endothelium
(Osmanagic-Myers et al., 2019). The mechanism is sustained by an impairment in nucleo-
cytoskeleton coupling, in particular an altered F-/G-actin ratio caused by progerin accumulation and
downstream effects on the LINC components, which coexists with a deregulation of
mechanoresponsive myocardin-related transcription factor-A (MRTFA) (Osmanagic-Myers et al.,
2019).

Progerin has been also involved in altered nucleo-cytoplasmic transport. It has been reported that a
main player in this process, transportin 1, is sequestered on microtubules of progerin expressing cells,
through a mechanism involving the N-acetyltransferase NAT10, which targets alpha tubulin, with
deleterious consequences on the import of nuclear pore complex proteins (Larrieu et al., 2018).
Interestingly, not only inhibition of NAT10, but also reducing microtubule stability, rescued
transportin 1 shuttling from the cytoplasm into the nucleus and nuclear recruitment of its cargoes

(Larrieu et al., 2018). Although the mechanism linking progerin expression to NAT10 impairment is



still elusive, these results highlight another progeroid lamin-driven mechanism of protein
sequestration leading to impaired nuclear import, in addition to those involving Nrf2 and Oct-1
sequestration.

Finally, an interesting lamin A/C-mediated mechanism of epigenetic response to mechanical
stimulation has been identified. In MSC, lamin A/C has been found to mediate mechanical strain-
induced changes in HDAC activity and histone acetylation (Li et al., 2011). It will be interesting to
test whether altered acetylation-dependent response to mechanical loading might occur in progeroid
laminopathies due to progeroid lamin-dependent reduction of lamin A/C-HDAC?2 interaction
(Mattioli et al., 2018).

In conclusion, altered LINC complex organization, ECM or actin cytoskeleton composition and
defective import of mechanosignaling regulators into the nucleus appear to contribute to the senescent
phenotype in the presence of progeroid lamins. We hypothesize that these mechanisms could be part
of a cellular strategy aimed at adaptation of the timing of some transcriptional activities under stress
conditions. It will be interesting to test nuclear envelope-prelamin A interplay in cells from old

individuals to assess the relevance of these pathways to the normal ageing process.

9. Conclusions

Our hypothesis on lamin A role in ageing processes, based on the whole evaluation of data
summarized in this review, is represented in Figure 3.

We propose that, under physiological conditions, lamin A acts as sensor of environmental and cell
intrinsic changes. In response to oxidative or replicative stress, starvation conditions and probably
mechanical stimulation, reduced rate of prelamin A maturation induces an increase of prelamin A
levels. Accumulated prelamin A triggers various pathways involved in stress response, which are
promptly inhibited upon stress recovery. Prelamin A-driven mechanisms delay some cellular
activities in order to allow rescue of potentially dangerous conditions as DNA damage or
accumulation of dysfunctional molecules. The efficiency of this system is ensured by the prompt
resetting of cells to a non-stress mode, which is obtained by restoring the basal rate of prelamin A
maturation after stress recovery (Lattanzi et al., 2014; Liu et al., 2013; Mattioli et al., 2019). Under
pathological conditions determined by progeroid lamins, a stress response mode is permanently set
in cells, which causes cellular senescence. An increasing number of senescent cells will then elicit
organism ageing, as occurs in progeroid laminopathies.

In agreement with this hypothesis, several studies performed in progeroid animal models or HGPS

cells show that stress response pathways considered anti-ageing mechanisms and observed in long-



lived individuals, as low mTOR activity and autophagy, reduced IGF-1 levels, active DDR (including
DDR at telomeres), are unexpectedly determined by progerin expression. Most importantly, inhibition
of such mechanisms rescues some progeroid phenotypes and prolongs survival (Kreienkamp et al
2018; lbrahim et al., 2013; Aguado et al., 2019).

The above described lamin A-driven mechanisms rely on the particular feature of prelamin A of being
available at low levels in cells and promptly increasing its own availability through inhibition of its
post-translation cleavage upon diverse stimuli. This condition can ensure basal level of prelamin A
interplay with stress response factors and/or rapid increase of such interplay, without any involvement
of transcriptional processes, to promptly activate stress response (Lattanzi et al., 2014; Liu et al.,
2013). The increase of prelamin A levels during cellular differentiation, as demonstrated in muscle
cells, could take advantage of this particular feature and could be also aimed at reducing potentially
dangerous conditions during myotube formation (Capanni et al., 2008; Mattioli et al., 2011).
Moreover, it is tempting to speculate that prelamin A-driven mechanisms here described could be
part of a more complex lamin-dependent regulatory mechanism aimed at cyclic
activation/inactivation of diverse cellular responses (Maraldi, 2018). In this context, accelerated
ageing is associated with permanent setting of a stress response mode in cells, which is determined
by loss of prelamin A dynamics due to persistence of progeroid lamins. Thus, prelamin A appears to
be one of the few molecules, such as p53 and p21, that are set to stably elevated levels to convert a
protective pathway into a senescence pathway. Such fundamental functions might explain the
existence of an enzyme as ZMPSTE24, whose activity is possibly only aimed at prelamin A
processing.

Even in non-laminopathic pathological conditions, repeated stress stimuli may cause excess
accumulation of prelamin A, as described in smooth muscle cells from patients affected by CKD, a
disorder characterized by progressive vascular disease, systemic inflammation, muscle wasting and
frailty (Shanahan, 2013). It will be interesting to unravel the mechanism(s) underlying tissue-specific
or whole organism accumulation of prelamin A upon repeated environmental changes, as well as to
understand to which extent prelamin A-triggered ageing pathways are activated at local (tissue-
specific) rather than systemic level (Liu et al., 2013; Lattanzi et al., 2014). Our current knowledge
suggests that there must be signaling mechanisms targeting ZMPSTE24 gene to down-regulate its
expression under stress conditions, possibly through upregulation of miRNA 141-3p (Lattanzi et al.,
2014; Yu et al., 2013). However, the whole regulatory pathway is still unknown. New knowledge in
this field could provide therapeutic targets for progeroid laminopathies and other ageing-associated
diseases. In the whole scenario here proposed, inflammation may be activated as a tool to rapidly
propagate stress signals. In the scheme depicted in Figure 3, inflammatory signals could be activated



by stress conditions, as damaged DNA, by molecules involved in stress response and even by
accumulated prelamin A. Thus, inhibition of inflammatory pathways, as demonstrated in a few
studies, might alleviate, if not solve, the hyperactivation of stress response pathways elicited by
progeroid lamins. Based on these considerations, a strategy to counteract premature ageing could be
to combine anti-inflammatory drugs with inhibitors of hyperactivated stress response pathways,

although avoiding progeroid lamin accumulation remains a major goal.

Author Contributions
All of the authors contributed to the writing and editing of the article.

Funding

G.L. is funded by Associazione Italiana Progeria Sammy Basso (AlProSaB), E-RARE 2017 project
“TREAT-HGPS” and Progeria Research Foundation (PRF) Project 2019-76.

Conflicts of Interest

The authors declare no conflict of interest.

Acknowledgments

The authors thank the Italian Network for Laminopathies for discussion and support.

The skilled technical assistance of Aurelio Valmori is gratefully acknowledged.

References

Agarwal, AK., Fryns, J.P., Auchus, R.J., Garg, A., 2003. Zinc metalloproteinase, ZMPSTE24, is mutated in
mandibuloacral dysplasia. Human molecular genetics 12, 1995-2001.

Aguado, J., Sola-Carvajal, A., Cancila, V., Revechon, G., Ong, P.F., Jones-Weinert, C.W., Wallen Arzt, E., Lattanzi, G.,
Dreesen, O., Tripodo, C., Rossiello, F., Eriksson, M., d'Adda di Fagagna, F., 2019. Inhibition of DNA damage
response at telomeres improves the detrimental phenotypes of Hutchinson-Gilford Progeria Syndrome. Nature
communications 10, 4990.

Akinci, B., Sankella, S., Gilpin, C., Ozono, K., Garg, A., Agarwal, A.K., 2017. Progeroid syndrome patients with
ZMPSTE24 deficiency could benefit when treated with rapamycin and dimethylsulfoxide. Cold Spring Harbor
molecular case studies 3, a001339.

Alam, S., Lovett, D.B., Dickinson, R.B., Roux, K.J., Lele, T.P., 2014. Nuclear forces and cell mechanosensing. Progress
in molecular biology and translational science 126, 205-215.

Angori, S., Capanni, C., Faulkner, G., Bean, C., Boriani, G., Lattanzi, G., Cenni, V., 2017. Emery-Dreifuss Muscular
Dystrophy-Associated Mutant Forms of Lamin A Recruit the Stress Responsive Protein Ankrd2 into the Nucleus,
Affecting the Cellular Response to Oxidative Stress. Cellular physiology and biochemistry : international journal
of experimental cellular physiology, biochemistry, and pharmacology 42, 169-184.



Anisimov, V.N., Berstein, L.M., Egormin, P.A., Piskunova, T.S., Popovich, I.G., Zabezhinski, M.A., Tyndyk, M.L.,
Yurova, M.V., Kovalenko, I.G., Poroshina, T.E., Semenchenko, A.V., 2008. Metformin slows down ageing and
extends life span of female SHR mice. Cell cycle 7, 2769-2773.

Aramburu, J., Ortells, M.C., Tejedor, S., Buxade, M., Lopez-Rodriguez, C., 2014. Transcriptional regulation of the stress
response by mTOR. Science signaling 7, re2.

Arancio, W., 2012. A bioinformatics analysis of Lamin-A regulatory network: a perspective on epigenetic involvement
in Hutchinson-Gilford progeria syndrome. Rejuvenation research 15, 123-127.

Athirasala, A., Hirsch, N., Buxboim, A., 2017. Nuclear mechanotransduction: sensing the force from within. Current
opinion in cell biology 46, 119-127.

Auguste, G., Gurha, P., Lombardi, R., Coarfa, C., Willerson, J.T., Marian, A.J., 2018. Suppression of Activated FOXO
Transcription Factors in the Heart Prolongs Survival in a Mouse Model of Laminopathies. Circulation research
122, 678-692.

Avnet, S., Pallotta, R., Perut, F., Baldini, N., Pittis, M.G., Saponari, A., Lucarelli, E., Dozza, B., Greggi, T., Maraldi,
N.M., Capanni, C., Mattioli, E., Columbaro, M., Lattanzi, G., 2011. Osteoblasts from a mandibuloacral dysplasia
patient induce human blood precursors to differentiate into active osteoclasts. Biochimica et biophysica acta
1812, 711-718.

Barcena, C., Lopez-Otin, C., Kroemer, G., 2019. Methionine restriction for improving progeria: another
autophagyinducing anti-ageing strategy? Autophagy 15, 558-559.

Barrowman, J., Wiley, P.A., Hudon-Miller, S.E., Hrycyna, C.A., Michaelis, S., 2012. Human ZMPSTE24 disease
mutations: residual proteolytic activity correlates with disease severity. Human molecular genetics 21,
40844093.

Benayoun, B.A., Pollina, E.A., Brunet, A., 2015. Epigenetic regulation of ageing: linking environmental inputs to genomic
stability. Nature reviews. Molecular cell biology 16, 593-610.

Bernasconi, P., Carboni, N., Ricci, G., Siciliano, G., Politano, L., Maggi, L., Mongini, T., Vercelli, L., Rodolico, C.,
Biagini, E., Boriani, G., Ruggiero, L., Santoro, L., Schena, E., Prencipe, S., Evangelisti, C., Pegoraro, E.,
Morandi, L., Columbaro, M., Lanzuolo, C., Sabatelli, P., Cavalcante, P., Cappelletti, C., Bonne, G., Muchir, A.,
Lattanzi, G., 2018. Elevated TGF beta2 serum levels in Emery-Dreifuss Muscular Dystrophy: Implications for
myocyte and tenocyte differentiation and fibrogenic processes. Nucleus 9, 292-304.

Bertacchini, J., Beretti, F., Cenni, V., Guida, M., Gibellini, F., Mediani, L., Marin, O., Maraldi, N.M., de Pol, A., Lattanzi,
G., Cocco, L., Marmiroli, S., 2013. The protein kinase Akt/PKB regulates both prelamin A degradation and
Lmna gene expression. FASEB journal : official publication of the Federation of American Societies for
Experimental Biology 27, 2145-2155.

Bitto, A., Ito, T.K., Pineda, V.V., LeTexier, N.J., Huang, H.Z., Sutlief, E., Tung, H., Vizzini, N., Chen, B., Smith, K.,
Meza, D., Yajima, M., Beyer, R.P., Kerr, K.F., Davis, D.J., Gillespie, C.H., Snyder, J.M., Treuting, P.M.,
Kaeberlein, M., 2016. Transient rapamycin treatment can increase lifespan and healthspan in middle-aged mice.
eLife 5.

Bonafe, M., Storci, G., Franceschi, C., 2012. Inflamm-ageing of the stem cell niche: breast cancer as a paradigmatic
example: breakdown of the multi-shell cytokine network fuels cancer in aged people. BioEssays : news and
reviews in molecular, cellular and developmental biology 34, 40-49.

Booth, E.A., Spagnol, S.T., Alcoser, T.A., Dahl, K.N., 2015. Nuclear stiffening and chromatin softening with progerin
expression leads to an attenuated nuclear response to force. Soft matter 11, 6412-6418.

Briand, N., Collas, P., 2018. Laminopathy-causing lamin A mutations reconfigure lamina-associated domains and local
spatial chromatin conformation. Nucleus 9, 216-226.

Bucci, L., Yani, S.L., Fabbri, C., Bijlsma, A.Y., Maier, A.B., Meskers, C.G., Narici, M.V., Jones, D.A., McPhee, J.S.,
Seppet, E., Gapeyeva, H., Paasuke, M., Sipila, S., Kovanen, V., Stenroth, L., Musaro, A., Hogrel, J.Y., Barnouin,
Y., Butler-Browne, G., Capri, M., Franceschi, C., Salvioli, S., 2013. Circulating levels of adipokines and IGF-1
are associated with skeletal muscle strength of young and old healthy subjects. Biogerontology 14, 261

Budel, L., Djabali, K., 2017. Rapid isolation and expansion of skin-derived precursor cells from human primary fibroblast
cultures. Biology open 6, 1745-1755.

Burtner, C.R., Kennedy, B.K., 2010. Progeria syndromes and ageing: what is the connection? Nature reviews. Molecular
cell biology 11, 567-578.

Buxboim, A., Swift, J., Irianto, J., Spinler, K.R., Dingal, P.C., Athirasala, A., Kao, Y.R., Cho, S., Harada, T., Shin, JW.,
Discher, D.E., 2014. Matrix elasticity regulates lamin-A/C phosphorylation and turnover with feedback to
actomyosin. Current biology : CB 24, 1909-1917.



Camozzi, D., Capanni, C., Cenni, V., Mattioli, E., Columbaro, M., Squarzoni, S., Lattanzi, G., 2014. Diverse lamin - -
dependent mechanisms interact to control chromatin dynamics. Focus on laminopathies. Nucleus 5, 427-440.

Camozzi, D., D'Apice, M.R., Schena, E., Cenni, V., Columbaro, M., Capanni, C., Maraldi, N.M., Squarzoni, S., Ortolani,
M., Novelli, G., Lattanzi, G., 2012. Altered chromatin organization and SUN2 localization in mandibuloacral
dysplasia are rescued by drug treatment. Histochemistry and cell biology 138, 643-651.

Cao, K., Graziotto, J.J., Blair, C.D., Mazzulli, J.R., Erdos, M.R., Krainc, D., Collins, F.S., 2011. Rapamycin reverses
cellular phenotypes and enhances mutant protein clearance in Hutchinson-Gilford progeria syndrome cells.
Science translational medicine 3, 89ra58.

Capanni, C., Cenni, V., Haraguchi, T., Squarzoni, S., Schuchner, S., Ogris, E., Novelli, G., Maraldi, N., Lattanzi, G.,
2010. Lamin A precursor induces barrier-to-autointegration factor nuclear localization. Cell cycle 9, 2600-2610.

Capanni, C., Del Coco, R., Squarzoni, S., Columbaro, M., Mattioli, E., Camozzi, D., Rocchi, A., Scotlandi, K., Maraldi,
N., Foisner, R., Lattanzi, G., 2008. Prelamin A is involved in early steps of muscle differentiation. Experimental
cell research 314, 3628-3637.

Capanni, C., Mattioli, E., Columbaro, M., Lucarelli, E., Parnaik, V.K., Novelli, G., Wehnert, M., Cenni, V., Maraldi,
N.M., Squarzoni, S., Lattanzi, G., 2005. Altered pre-lamin A processing is a common mechanism leading to
lipodystrophy. Human molecular genetics 14, 1489-1502.

Capanni, C., Squarzoni, S., Cenni, V., D'Apice, M.R., Gambineri, A., Novelli, G., Wehnert, M., Pasquali, R., Maraldi,
N.M., Lattanzi, G., 2012. Familial partial lipodystrophy, mandibuloacral dysplasia and restrictive dermopathy
feature barrier-to-autointegration factor (BAF) nuclear redistribution. Cell cycle 11, 3568-3577.

Caravia, X.M., Lopez-Otin, C., 2015. Regulatory Roles of miRNAs in Ageing. Advances in experimental medicine and
biology 887, 213-230.

Caron, M., Auclair, M., Donadille, B., Bereziat, V., Guerci, B., Laville, M., Narbonne, H., Bodemer, C., Lascols, O.,
Capeau, J., Vigouroux, C., 2007. Human lipodystrophies linked to mutations in A-type lamins and to HIV
protease inhibitor therapy are both associated with prelamin A accumulation, oxidative stress and premature
cellular senescence. Cell death and differentiation 14, 1759-1767.

Cenni, V., Bertacchini, J., Beretti, F., Lattanzi, G., Bavelloni, A., Riccio, M., Ruzzene, M., Marin, O., Arrigoni, G.,
Parnaik, V., Wehnert, M., Maraldi, N.M., de Pol, A., Cocco, L., Marmiroli, S., 2008. Lamin A Ser404 is a nuclear
target of Akt phosphorylation in C2C12 cells. Journal of proteome research 7, 4727-4735.

Cenni, V., Capanni, C., Columbaro, M., Ortolani, M., D'Apice, M.R., Novelli, G., Fini, M., Marmiroli, S., Scarano, E.,
Maraldi, N.M., Squarzoni, S., Prencipe, S., Lattanzi, G., 2011. Autophagic degradation of farnesylated prelamin
A as a therapeutic approach to lamin-linked progeria. European journal of histochemistry : EJH 55, e36.

Cenni, V., Capanni, C., Mattioli, E., Columbaro, M., Wehnert, M., Ortolani, M., Fini, M., Novelli, G., Bertacchini, J.,
Maraldi, N.M., Marmiroli, S., D'Apice, M.R., Prencipe, S., Squarzoni, S., Lattanzi, G., 2014. Rapamycin
treatment of Mandibuloacral dysplasia cells rescues localization of chromatin-associated proteins and cell cycle
dynamics. Ageing 6, 755-770.

Cenni, V., D'Apice, M.R., Garagnani, P., Columbaro, M., Novelli, G., Franceschi, C., Lattanzi, G., 2018. Mandibuloacral
dysplasia: A premature ageing disease with aspects of physiological ageing. Ageing research reviews 42, 1-13.

Cenni, V., Kojic, S., Capanni, C., Faulkner, G., Lattanzi, G., 2019. Ankrd2 in Mechanotransduction and Oxidative Stress
Response in Skeletal Muscle: New Cues for the Pathogenesis of Muscular Laminopathies. Oxidative medicine
and cellular longevity 2019, 7318796.

Chang, W., Wang, Y., Luxton, G.W.G., Ostlund, C., Worman, H.J., Gundersen, G.G., 2019. Imbalanced
nucleocytoskeletal connections create common polarity defects in progeria and physiological ageing.
Proceedings of the National Academy of Sciences of the United States of America 116, 3578-3583.

Chen, C.Y., Chi, Y.H., Mutalif, R.A., Starost, M.F., Myers, T.G., Anderson, S.A., Stewart, C.L., Jeang, K.T., 2012.
Accumulation of the inner nuclear envelope protein Sunl is pathogenic in progeric and dystrophic laminopathies.
Cell 149, 565-577.

Chiarini, F., Evangelisti, C., Cenni, V., Fazio, A., Paganelli, F., Martelli, A.M., Lattanzi, G., 2019. The Cutting Edge: The
Role of mTOR Signaling in Laminopathies. International journal of molecular sciences 20.

Cho, S., Abbas, A., Irianto, J., Ivanovska, I.L., Xia, Y., Tewari, M., Discher, D.E., 2018. Progerin phosphorylation in
interphase is lower and less mechanosensitive than lamin-A/C in iPS-derived mesenchymal stem cells. Nucleus
9, 230-245.

Columbaro, M., Capanni, C., Mattioli, E., Novelli, G., Parnaik, V.K., Squarzoni, S., Maraldi, N.M., Lattanzi, G., 2005.
Rescue of heterochromatin organization in Hutchinson-Gilford progeria by drug treatment. Cellular and
molecular life sciences : CMLS 62, 2669-2678.



Columbaro, M., Mattioli, E., Schena, E., Capanni, C., Cenni, V., Levy, N., Navarro, C.L., Del Coco, R., Squarzoni, S.,
Camozzi, D., Hutchison, C.J., Wehnert, M., Lattanzi, G., 2010. Prelamin A processing and functional effects in
restrictive dermopathy. Cell cycle 9, 4766-4768.

Coppe, J.P., Desprez, P.Y., Krtolica, A., Campisi, J., 2010. The senescence-associated secretory phenotype: the dark side
of tumor suppression. Annual review of pathology 5, 99-118.

Criscione, S.W., De Cecco, M., Siranosian, B., Zhang, Y., Kreiling, J.A., Sedivy, J.M., Neretti, N., 2016. Reorganization
of chromosome architecture in replicative cellular senescence. Science advances 2, e1500882.

De Cecco, M., Ito, T., Petrashen, A.P., Elias, A.E., Skvir, N.J., Criscione, S.W., Caligiana, A., Brocculi, G., Adney, E.M.,
Boeke, J.D., Le, O., Beausejour, C., Ambati, J., Ambati, K., Simon, M., Seluanov, A., Gorbunova, V., Slaghoom,
P.E., Helfand, S.L., Neretti, N., Sedivy, J.M., 2019. L1 drives IFN in senescent cells and promotes age-associated
inflammation. Nature 566, 73-78.

de la Rosa, J., Freije, J.M., Cabanillas, R., Osorio, F.G., Fraga, M.F., Fernandez-Garcia, M.S., Rad, R., Fanjul, V., Ugalde,
A.P., Liang, Q., Prosser, H.M., Bradley, A., Cadinanos, J., Lopez-Otin, C., 2013. Prelamin A causes progeria
through cell-extrinsic mechanisms and prevents cancer invasion. Nature communications 4, 2268.

Doubaj, Y., De Sandre-Giovannoli, A., Vera, E.V., Navarro, C.L., Elalaoui, S.C., Tajir, M., Levy, N., Sefiani, A., 2012.
An inherited LMNA gene mutation in atypical Progeria syndrome. American journal of medical genetics. Part
A 158A, 2881-2887.

Egesipe, A.L., Blondel, S., Cicero, A.L., Jaskowiak, A.L., Navarro, C., Sandre-Giovannoli, A., Levy, N., Peschanski, M.,
Nissan, X., 2016. Metformin decreases progerin expression and alleviates pathological defects of
HutchinsonGilford progeria syndrome cells. NPJ ageing and mechanisms of disease 2, 16026.

Enyedi, B., Niethammer, P., 2016. A Case for the Nuclear Membrane as a Mechanotransducer. Cellular and molecular
bioengineering 9, 247-251.

Eriksson, M., Brown, W.T., Gordon, L.B., Glynn, M.W., Singer, J., Scott, L., Erdos, M.R., Robbins, C.M., Moses, T.Y.,
Berglund, P., Dutra, A., Pak, E., Durkin, S., Csoka, A.B., Boehnke, M., Glover, T.W., Collins, F.S., 2003.
Recurrent de novo point mutations in lamin A cause Hutchinson-Gilford progeria syndrome. Nature 423,
293298.

Evangelisti, C., Bernasconi, P., Cavalcante, P., Cappelletti, C., D'Apice, M.R., Sbraccia, P., Novelli, G., Prencipe, S.,
Lemma, S., Baldini, N., Avnet, S., Squarzoni, S., Martelli, A.M., Lattanzi, G., 2015. Modulation of TGFbeta 2
levels by lamin A in U2-OS osteoblast-like cells: understanding the osteolytic process triggered by altered
lamins. Oncotarget 6, 7424-7437.

Evangelisti, C., Cenni, V., Lattanzi, G., 2016. Potential therapeutic effects of the MTOR inhibitors for preventing ageing
and progeria-related disorders. British journal of clinical pharmacology 82, 1229-1244.

Fabbri, E., An, Y., Zoli, M., Simonsick, E.M., Guralnik, J.M., Bandinelli, S., Boyd, C.M., Ferrucci, L., 2015. Ageing and
the burden of multimorbidity: associations with inflammatory and anabolic hormonal biomarkers. The journals
of gerontology. Series A, Biological sciences and medical sciences 70, 63-70.

Fedorchak, G.R., Kaminski, A., Lammerding, J., 2014. Cellular mechanosensing: getting to the nucleus of it all. Progress
in biophysics and molecular biology 115, 76-92.

Filesi, 1., Gullotta, F., Lattanzi, G., D'Apice, M.R., Capanni, C., Nardone, A.M., Columbaro, M., Scarano, G., Mattioli,
E., Sabatelli, P., Maraldi, N.M., Biocca, S., Novelli, G., 2005. Alterations of nuclear envelope and chromatin
organization in mandibuloacral dysplasia, a rare form of laminopathy. Physiological genomics 23, 150-158.

Forsberg, F., Brunet, A., Ali, T.M.L., Collas, P., 2019. Interplay of lamin A and lamin B LADs on the radial positioning
of chromatin. Nucleus 10, 7-20.

Franceschi, C., Bonafe, M., Valensin, S., Olivieri, F., De Luca, M., Ottaviani, E., De Benedictis, G., 2000. Inflamm-
ageing. An evolutionary perspective on immunosenescence. Annals of the New York Academy of Sciences 908,
244254,

Franceschi, C., Campisi, J., 2014. Chronic inflammation (inflammageing) and its potential contribution to age-associated
diseases. The journals of gerontology. Series A, Biological sciences and medical sciences 69 Suppl 1, S4-9.

Franceschi, C., Garagnani, P., Vitale, G., Capri, M., Salvioli, S., 2017. Inflammageing and 'Garb-ageing'. Trends in
endocrinology and metabolism: TEM 28, 199-212.

Gabriel, D., Gordon, L.B., Djabali, K., 2016. Temsirolimus Partially Rescues the Hutchinson-Gilford Progeria Cellular
Phenotype. PloS one 11, e0168988.

Gabriel, D., Shafry, D.D., Gordon, L.B., Djabali, K., 2017. Intermittent treatment with farnesyltransferase inhibitor and
sulforaphane improves cellular homeostasis in Hutchinson-Gilford progeria fibroblasts. Oncotarget 8,
6480964826.



Gargiuli, C., Schena, E., Mattioli, E., Columbaro, M., D'Apice, M.R., Novelli, G., Greggi, T., Lattanzi, G., 2018. Lamins
and bone disorders: current understanding and perspectives. Oncotarget 9, 22817-22831.

Ghosh, S., Liu, B., Wang, Y., Hao, Q., Zhou, Z., 2015. Lamin A Is an Endogenous SIRT6 Activator and Promotes
SIRT6Mediated DNA Repair. Cell reports 13, 1396-1406.

Ghosh, S., Liu, B., Zhou, Z., 2013. Resveratrol activates SIRT1 in a Lamin A-dependent manner. Cell cycle 12, 872-876.

Gilbert, H.T.J., Swift, J., 2019. The consequences of ageing, progeroid syndromes and cellular senescence on
mechanotransduction and the nucleus. Experimental cell research 378, 98-103.

Goldman, R.D., Shumaker, D.K., Erdos, M.R., Eriksson, M., Goldman, A.E., Gordon, L.B., Gruenbaum, Y., Khuon, S.,
Mendez, M., Varga, R., Collins, F.S., 2004. Accumulation of mutant lamin A causes progressive changes in
nuclear architecture in Hutchinson-Gilford progeria syndrome. Proceedings of the National Academy of
Sciences of the United States of America 101, 8963-8968.

Gonzalo, S., Kreienkamp, R., Askjaer, P., 2017. Hutchinson-Gilford Progeria Syndrome: A premature ageing disease
caused by LMNA gene mutations. Ageing research reviews 33, 18-29.

Graziotto, J.J., Cao, K., Collins, F.S., Krainc, D., 2012. Rapamycin activates autophagy in Hutchinson-Gilford progeria
syndrome: implications for normal ageing and age-dependent neurodegenerative disorders. Autophagy 8,
147151.

Gregor, M.F., Hotamisligil, G.S., 2011. Inflammatory mechanisms in obesity. Annual review of immunology 29, 415445.

Guilluy, C., Burridge, K., 2015. Nuclear mechanotransduction: forcing the nucleus to respond. Nucleus 6, 19-22.

Gunther, C., Kind, B., Reijns, M.A., Berndt, N., Martinez-Bueno, M., Wolf, C., Tungler, V., Chara, O., Lee, Y.A., Hubner,
N., Bicknell, L., Blum, S., Krug, C., Schmidt, F., Kretschmer, S., Koss, S., Astell, K.R., Ramantani, G.,
Bauerfeind, A., Morris, D.L., Cunninghame Graham, D.S., Bubeck, D., Leitch, A., Ralston, S.H., Blackburn,
E.A., Gahr, M., Witte, T., Vyse, T.J., Melchers, 1., Mangold, E., Nothen, M.M., Aringer, M., Kuhn, A., Luthke,
K., Unger, L., Bley, A., Lorenzi, A., lIsaacs, J.D., Alexopoulou, D., Conrad, K., Dahl, A., Roers, A,
AlarconRiquelme, M.E., Jackson, A.P., Lee-Kirsch, M.A., 2015. Defective removal of ribonucleotides from
DNA promotes systemic autoimmunity. The Journal of clinical investigation 125, 413-424.

Hagan, M.L., Yu, K., Zhu, J., Vinson, B.N., Roberts, R.L., Montesinos Cartagena, M., Johnson, M.H., Wang, L., Isales,
C.M., Hamrick, M.W., McNeil, P.L., McGee-Lawrence, M.E., 2020. Decreased pericellular matrix production
and selection for enhanced cell membrane repair may impair osteocyte responses to mechanical loading in the
aging skeleton. Aging cell 19, e13056.

Hale, C.M,, Shrestha, A.L., Khatau, S.B., Stewart-Hutchinson, P.J., Hernandez, L., Stewart, C.L., Hodzic, D., Wirtz, D.,
2008. Dysfunctional connections between the nucleus and the actin and microtubule networks in laminopathic
models. Biophysical journal 95, 5462-5475.

Haque, F., Mazzeo, D., Patel, J.T., Smallwood, D.T., Ellis, J.A., Shanahan, C.M., Shackleton, S., 2010. Mammalian SUN
protein interaction networks at the inner nuclear membrane and their role in laminopathy disease processes. The
Journal of biological chemistry 285, 3487-3498.

Harhouri, K., Navarro, C., Baquerre, C., Da Silva, N., Bartoli, C., Casey, F., Mawuse, G.K., Doubaj, Y., Levy, N., De
Sandre-Giovannoli, A., 2016. Antisense-Based Progerin Downregulation in HGPS-L.ike Patients' Cells. Cells 5.

Harhouri, K., Navarro, C., Depetris, D., Mattei, M.G., Nissan, X., Cau, P., De Sandre-Giovannoli, A., Levy, N., 2017.
MG132-induced progerin clearance is mediated by autophagy activation and splicing regulation. EMBO
molecular medicine 9, 1294-1313.

Heberle, A.M., Prentzell, M.T., van Eunen, K., Bakker, B.M., Grellscheid, S.N., Thedieck, K., 2015. Molecular
mechanisms of mTOR regulation by stress. Molecular & cellular oncology 2, €970489.

Hernandez, L., Roux, K.J., Wong, E.S., Mounkes, L.C., Mutalif, R., Navasankari, R., Rai, B., Cool, S., Jeong, J.W., Wang,
H., Lee, H.S,, Kozlov, S., Grunert, M., Keeble, T., Jones, C.M., Meta, M.D., Young, S.G., Daar, 1.0., Burke, B.,
Perantoni, A.O., Stewart, C.L., 2010. Functional coupling between the extracellular matrix and nuclear lamina
by Wnt signaling in progeria. Developmental cell 19, 413-425.

Heyn, H., Moran, S., Esteller, M., 2013. Aberrant DNA methylation profiles in the premature ageing disorders
HutchinsonGilford Progeria and Werner syndrome. Epigenetics 8, 28-33.

Ho, C.Y., Jaalouk, D.E., Vartiainen, M.K., Lammerding, J., 2013. Lamin A/C and emerin regulate MKL1-SRF activity
by modulating actin dynamics. Nature 497, 507-511.

Holaska, J.M., Kowalski, A.K., Wilson, K.L., 2004. Emerin caps the pointed end of actin filaments: evidence for an actin
cortical network at the nuclear inner membrane. PLoS biology 2, E231.

Horvath, S., 2013. DNA methylation age of human tissues and cell types. Genome biology 14, R115.



Horvath, S., Garagnani, P., Bacalini, M.G., Pirazzini, C., Salvioli, S., Gentilini, D., Di Blasio, A.M., Giuliani, C., Tung,
S., Vinters, H.V., Franceschi, C., 2015. Accelerated epigenetic ageing in Down syndrome. Ageing cell 14,
491495.

Horvath, S., Oshima, J., Martin, G.M., Lu, A.T., Quach, A., Cohen, H., Felton, S., Matsuyama, M., Lowe, D., Kabacik,
S., Wilson, J.G., Reiner, A.P., Maierhofer, A., Flunkert, J., Aviv, A., Hou, L., Baccarelli, A.A., Li, Y., Stewart,
J.D., Whitsel, E.A., Ferrucci, L., Matsuyama, S., Raj, K., 2018. Epigenetic clock for skin and blood cells applied
to Hutchinson Gilford Progeria Syndrome and ex vivo studies. Ageing 10, 1758-1775.

Horvath, S., Raj, K., 2018. DNA methylation-based biomarkers and the epigenetic clock theory of ageing. Nature reviews.
Genetics 19, 371-384.

Ibrahim, M.X., Sayin, V.l., Akula, M.K., Liu, M., Fong, L.G., Young, S.G., Bergo, M.O., 2013. Targeting
isoprenylcysteine methylation ameliorates disease in a mouse model of progeria. Science 340, 1330-1333.

Infante, A., Gago, A., de Eguino, G.R., Calvo-Fernandez, T., Gomez-Vallejo, V., Llop, J., Schlangen, K., Fullaondo, A.,
Aransay, A.M., Martin, A., Rodriguez, C.l., 2014. Prelamin A accumulation and stress conditions induce
impaired Oct-1 activity and autophagy in prematurely aged human mesenchymal stem cell. Ageing 6, 264-280.

Johnson, S.C., 2018. Nutrient Sensing, Signaling and Ageing: The Role of IGF-1 and mTOR in Ageing and Age-Related
Disease. Sub-cellular biochemistry 90, 49-97.

Jung, H.J., Coffinier, C., Choe, Y., Beigneux, A.P., Davies, B.S., Yang, S.H., Barnes, R.H., 2nd, Hong, J., Sun, T.,
Pleasure, S.J., Young, S.G., Fong, L.G., 2012. Regulation of prelamin A but not lamin C by miR-9, a brain-
specific microRNA. Proceedings of the National Academy of Sciences of the United States of America 109,
E423-431.

Kanfi, Y., Naiman, S., Amir, G., Peshti, V., Zinman, G., Nahum, L., Bar-Joseph, Z., Cohen, H.Y., 2012. The sirtuin
SIRTG6 regulates lifespan in male mice. Nature 483, 218-221.

Kennedy, B.K., Berger, S.L., Brunet, A., Campisi, J., Cuervo, A.M., Epel, E.S., Franceschi, C., Lithgow, G.J., Morimoto,
R.1., Pessin, J.E., Rando, T.A., Richardson, A., Schadt, E.E., Wyss-Coray, T., Sierra, F., 2014. Geroscience:
linking ageing to chronic disease. Cell 159, 709-713.

Kim, P.H., Luu, J., Heizer, P., Tu, Y., Weston, T.A., Chen, N., Lim, C,, Li, R.L., Lin, P.Y., Dunn, J.C.Y., Hodzic, D.,
Young, S.G., Fong, L.G., 2018. Disrupting the LINC complex in smooth muscle cells reduces aortic disease in
a mouse model of Hutchinson-Gilford progeria syndrome. Science translational medicine 10.

Kirby, T.J., Lammerding, J., 2018. Emerging views of the nucleus as a cellular mechanosensor. Nature cell biology 20,
373-381.

Klouche, M., Bhakdi, S., Hemmes, M., Rose-John, S., 1999. Novel path to activation of vascular smooth muscle cells:
up-regulation of gp130 creates an autocrine activation loop by IL-6 and its soluble receptor. Journal of
immunology 163, 4583-4589.

Kreienkamp, R., Billon, C., Bedia-Diaz, G., Albert, C.J., Toth, Z., Butler, A.A., McBride-Gagyi, S., Ford, D.A., Baldan,
A., Burris, T.P., Gonzalo, S., 2019. Doubled lifespan and patient-like pathologies in progeria mice fed high-fat
diet. Ageing cell 18, €12852.

Kreienkamp, R., Graziano, S., Coll-Bonfill, N., Bedia-Diaz, G., Cybulla, E., Vindigni, A., Dorsett, D., Kubben, N.,
Batista, L.F.Z., Gonzalo, S., 2018. A Cell-Intrinsic Interferon-like Response Links Replication Stress to Cellular
Ageing Caused by Progerin. Cell reports 22, 2006-2015.

Krishnan, V., Chow, M.Z., Wang, Z., Zhang, L., Liu, B., Liu, X., Zhou, Z., 2011. Histone H4 lysine 16 hypoacetylation
is associated with defective DNA repair and premature senescence in Zmpste24-deficient mice. Proceedings of
the National Academy of Sciences of the United States of America 108, 12325-12330.

Kubben, N., Misteli, T., 2017. Shared molecular and cellular mechanisms of premature ageing and ageing-associated
diseases. Nature reviews. Molecular cell biology 18, 595-609.

Kubben, N., Zhang, W., Wang, L., Voss, T.C., Yang, J., Qu, J., Liu, G.H., Misteli, T., 2016. Repression of the Antioxidant
NRF2 Pathway in Premature Ageing. Cell 165, 1361-1374.

Kurozumi, A., Nakano, K., Yamagata, K., Okada, Y., Nakayamada, S., Tanaka, Y., 2019. IL-6 and sIL-6R induces
STAT3dependent differentiation of human VSMCs into osteoblast-like cells through IMJD2B-mediated histone
demethylation of RUNX2. Bone 124, 53-61.

Larrieu, D., Vire, E., Robson, S., Breusegem, S.Y., Kouzarides, T., Jackson, S.P., 2018. Inhibition of the acetyltransferase
NAT10 normalizes progeric and ageing cells by rebalancing the Transportin-1 nuclear import pathway. Science
signaling 11.

Lattanzi, G., 2011. Prelamin A-mediated nuclear envelope dynamics in normal and laminopathic cells. Biochemical
Society transactions 39, 1698-1704.



Lattanzi, G., Cenni, V., Marmiroli, S., Capanni, C., Mattioli, E., Merlini, L., Squarzoni, S., Maraldi, N.M., 2003.
Association of emerin with nuclear and cytoplasmic actin is regulated in differentiating myoblasts. Biochemical
and biophysical research communications 303, 764-770.

Lattanzi, G., Ortolani, M., Columbaro, M., Prencipe, S., Mattioli, E., Lanzarini, C., Maraldi, N.M., Cenni, V., Garagnani,
P., Salvioli, S., Storci, G., Bonafe, M., Capanni, C., Franceschi, C., 2014. Lamins are rapamycin targets that
impact human longevity: a study in centenarians. Journal of cell science 127, 147-157.

Lee, J.Y., Kennedy, B.K., Liao, C.Y., 2020. mTOR signaling in mouse models of accelerated ageing. The journals of
gerontology. Series A, Biological sciences and medical sciences.

Lee, J.Y., Yu, K.R,, Lee, B.C., Kang, I., Kim, J.J., Jung, E.J., Kim, H.S., Seo, Y., Choi, S.W., Kang, K.S., 2018. GATA4-
dependent regulation of the secretory phenotype via MCP-1 underlies lamin A-mediated human mesenchymal
stem cell ageing. Experimental & molecular medicine 50, 63.

Lenain, C., de Graaf, C.A., Pagie, L., Visser, N.L., de Haas, M., de Vries, S.S., Peric-Hupkes, D., van Steensel, B., Peeper,
D.S., 2017. Massive reshaping of genome-nuclear lamina interactions during oncogene-induced senescence.
Genome research 27, 1634-1644.

Leontieva, O.V., Blagosklonny, M.V., 2014. Tumor promoter-induced cellular senescence: cell cycle arrest followed by
geroconversion. Oncotarget 5, 12715-12727.

Li, Y., Chu, J.S., Kurpinski, K., Li, X., Bautista, D.M., Yang, L., Sung, K.L., Li, S., 2011. Biophysical regulation of
histone acetylation in mesenchymal stem cells. Biophysical journal 100, 1902-1909.

Liguori, 1., Russo, G., Curcio, F., Bulli, G., Aran, L., Della-Morte, D., Gargiulo, G., Testa, G., Cacciatore, F., Bonaduce,
D., Abete, P., 2018. Oxidative stress, ageing, and diseases. Clinical interventions in ageing 13, 757-772.

Liu, B., Ghosh, S., Yang, X., Zheng, H., Liu, X., Wang, Z., Jin, G., Zheng, B., Kennedy, B.K., Suh, Y., Kaeberlein, M.,
Tryggvason, K., Zhou, Z., 2012. Resveratrol rescues SIRT1-dependent adult stem cell decline and alleviates
progeroid features in laminopathy-based progeria. Cell metabolism 16, 738-750.

Liu, Y., Drozdov, I., Shroff, R., Beltran, L.E., Shanahan, C.M., 2013. Prelamin A accelerates vascular calcification via
activation of the DNA damage response and senescence-associated secretory phenotype in vascular smooth
muscle cells. Circulation research 112, €99-1009.

Liu, Y., Wang, Y., Rusinol, A.E., Sinensky, M.S., Liu, J., Shell, S.M., Zou, Y., 2008. Involvement of xeroderma
pigmentosum group A (XPA) in progeria arising from defective maturation of prelamin A. FASEB journal :
official publication of the Federation of American Societies for Experimental Biology 22, 603-611.

Lombardi, F., Gullotta, F., Columbaro, M., Filareto, A., D'Adamo, M., Vielle, A., Guglielmi, V., Nardone, A.M., Azzolini,
V., Grosso, E., Lattanzi, G., D'Apice, M.R., Masala, S., Maraldi, N.M., Sbraccia, P., Novelli, G., 2007.
Compound heterozygosity for mutations in LMNA in a patient with a myopathic and lipodystrophic
mandibuloacral dysplasia type A phenotype. The Journal of clinical endocrinology and metabolism 92,
44674471.

Lopez-Otin, C., Blasco, M.A., Partridge, L., Serrano, M., Kroemer, G., 2013. The hallmarks of ageing. Cell 153,
11941217.

Lu, X., Djabali, K., 2018. Autophagic Removal of Farnesylated Carboxy-Terminal Lamin Peptides. Cells 7.

Ma, Q., 2013. Role of nrf2 in oxidative stress and toxicity. Annual review of pharmacology and toxicology 53, 401-426.

Malhas, A.N., Lee, C.F., Vaux, D.J., 2009. Lamin B1 controls oxidative stress responses via Oct-1. The Journal of cell
biology 184, 45-55.

Mammoto, T., Torisawa, Y.S., Muyleart, M., Hendee, K., Anugwom, C., Gutterman, D., Mammoto, A., 2019. Effects of
age-dependent changes in cell size on endothelial cell proliferation and senescence through YAP1. Ageing 11,
7051-70609.

Mankan, A.K., Schmidt, T., Chauhan, D., Goldeck, M., Honing, K., Gaidt, M., Kubarenko, A.V., Andreeva, L., Hopfner,
K.P., Hornung, V., 2014. Cytosolic RNA:DNA hybrids activate the cGAS-STING axis. The EMBO journal 33,
2937-2946.

Maraldi, N.M., 2018. The lamin code. Biosystems 164, 68-75.

Maraldi, N.M., Capanni, C., Cenni, V., Fini, M., Lattanzi, G., 2011. Laminopathies and lamin-associated signaling
pathways. Journal of cellular biochemistry 112, 979-992.

Marino, G., Lopez-Otin, C., 2008. Autophagy and ageing: new lessons from progeroid mice. Autophagy 4, 807-809.

Marino, G., Ugalde, A.P., Fernandez, A.F., Osorio, F.G., Fueyo, A., Freije, J.M., Lopez-Otin, C., 2010. Insulin-like
growth factor 1 treatment extends longevity in a mouse model of human premature ageing by restoring
somatotroph axis function. Proceedings of the National Academy of Sciences of the United States of America
107, 16268-16273.



Mateos, J., De la Fuente, A., Lesende-Rodriguez, I., Fernandez-Pernas, P., Arufe, M.C., Blanco, F.J., 2013. Lamin A
deregulation in human mesenchymal stem cells promotes an impairment in their chondrogenic potential and
imbalance in their response to oxidative stress. Stem cell research 11, 1137-1148.

Mattioli, E., Andrenacci, D., Garofalo, C., Prencipe, S., Scotlandi, K., Remondini, D., Gentilini, D., Di Blasio, A.M.,
Valente, S., Scarano, E., Cicchilitti, L., Piaggio, G., Mai, A., Lattanzi, G., 2018. Altered modulation of lamin
AJC-HDAC?2 interaction and p21 expression during oxidative stress response in HGPS. Ageing cell 17, e12824.

Mattioli, E., Andrenacci, D., Mai, A., Valente, S., Robijns, J., De Vos, W.H., Capanni, C., Lattanzi, G., 2019. Statins and
Histone Deacetylase Inhibitors Affect Lamin A/C - Histone Deacetylase 2 Interaction in Human Cells. Frontiers
in cell and developmental biology 7, 6.

Mattioli, E., Columbaro, M., Capanni, C., Maraldi, N.M., Cenni, V., Scotlandi, K., Marino, M.T., Merlini, L., Squarzoni,
S., Lattanzi, G., 2011. Prelamin A-mediated recruitment of SUNL1 to the nuclear envelope directs nuclear
positioning in human muscle. Cell death and differentiation 18, 1305-1315.

McCord, R.P., Nazario-Toole, A., Zhang, H., Chines, P.S., Zhan, Y., Erdos, M.R., Collins, F.S., Dekker, J., Cao, K., 2013.
Correlated alterations in genome organization, histone methylation, and DNA-lamin A/C interactions in
Hutchinson-Gilford progeria syndrome. Genome research 23, 260-269.

Meinke, P., Mattioli, E., Haque, F., Antoku, S., Columbaro, M., Straatman, K.R., Worman, H.J., Gundersen, G.G.,
Lattanzi, G., Wehnert, M., Shackleton, S., 2014. Muscular dystrophy-associated SUN1 and SUN2 variants
disrupt nuclear-cytoskeletal connections and myonuclear organization. PLoS genetics 10, e1004605.

Morris, B.J., Willcox, D.C., Donlon, T.A., Willcox, B.J., 2015. FOXO3: A Major Gene for Human Longevity--A
MiniReview. Gerontology 61, 515-525.

Narita, M., Nunez, S., Heard, E., Narita, M., Lin, A.W., Hearn, S.A., Spector, D.L., Hannon, G.J., Lowe, S.W., 2003.
Rbmediated heterochromatin formation and silencing of E2F target genes during cellular senescence. Cell 113,
703716.

Navarro, C.L., De Sandre-Giovannoli, A., Bernard, R., Boccaccio, I., Boyer, A., Genevieve, D., Hadj-Rabia, S.,
GaudyMarqueste, C., Smitt, H.S., Vabres, P., Faivre, L., Verloes, A., Van Essen, T., Flori, E., Hennekam, R.,
Beemer, F.A., Laurent, N., Le Merrer, M., Cau, P., Levy, N., 2004. Lamin A and ZMPSTE24 (FACE-1) defects
cause nuclear disorganization and identify restrictive dermopathy as a lethal neonatal laminopathy. Human
molecular genetics 13, 2493-2503.

Nissan, X., Blondel, S., Navarro, C., Maury, Y., Denis, C., Girard, M., Martinat, C., De Sandre-Giovannoli, A., Levy, N.,
Peschanski, M., 2012. Unique preservation of neural cells in Hutchinson- Gilford progeria syndrome is due to
the expression of the neural-specific miR-9 microRNA. Cell reports 2, 1-9.

Novelli, G., Muchir, A., Sangiuolo, F., Helbling-Leclerc, A., D'Apice, M.R., Massart, C., Capon, F., Sbraccia, P., Federici,
M., Lauro, R., Tudisco, C., Pallotta, R., Scarano, G., Dallapiccola, B., Merlini, L., Bonne, G., 2002.
Mandibuloacral dysplasia is caused by a mutation in LMNA-encoding lamin A/C. American journal of human
genetics 71, 426-431.

O'Sullivan, R.J., Kubicek, S., Schreiber, S.L., Karlseder, J., 2010. Reduced histone biosynthesis and chromatin changes
arising from a damage signal at telomeres. Nature structural & molecular biology 17, 1218-1225.

Olive, M., Harten, 1., Mitchell, R., Beers, J.K., Djabali, K., Cao, K., Erdos, M.R., Blair, C., Funke, B., Smoot, L.,
GerhardHerman, M., Machan, J.T., Kutys, R., Virmani, R., Collins, F.S., Wight, T.N., Nabel, E.G., Gordon,
L.B., 2010.

Cardiovascular pathology in Hutchinson-Gilford progeria: correlation with the vascular pathology of ageing.
Arteriosclerosis, thrombosis, and vascular biology 30, 2301-2309.

Osmanagic-Myers, S., Dechat, T., Foisner, R., 2015. Lamins at the crossroads of mechanosignaling. Genes &
development 29, 225-237.

Osmanagic-Myers, S., Kiss, A., Manakanatas, C., Hamza, O., Sedlmayer, F., Szabo, P.L., Fischer, I., Fichtinger, P.,
Podesser, B.K., Eriksson, M., Foisner, R., 2019. Endothelial progerin expression causes cardiovascular
pathology through an impaired mechanoresponse. The Journal of clinical investigation 129, 531-545.

Osorio, F.G., Barcena, C., Soria-Valles, C., Ramsay, A.J., de Carlos, F., Cobo, J., Fueyo, A., Freije, J.M., Lopez-Otin, C.,
2012. Nuclear lamina defects cause ATM-dependent NF-kappaB activation and link accelerated aging to a
systemic inflammatory response. Genes & development 26, 2311-2324.

Pandey, D., Sikka, G., Bergman, Y., Kim, J.H., Ryoo, S., Romer, L., Berkowitz, D., 2014. Transcriptional regulation of
endothelial arginase 2 by histone deacetylase 2. Arteriosclerosis, thrombosis, and vascular biology 34, 15561566.

Paradisi, M., McClintock, D., Boguslavsky, R.L., Pedicelli, C., Worman, H.J., Djabali, K., 2005. Dermal fibroblasts in
Hutchinson-Gilford progeria syndrome with the lamin A G608G mutation have dysmorphic nuclei and are
hypersensitive to heat stress. BMC cell biology 6, 27.



Park, D., Jeong, H., Lee, M.N., Koh, A., Kwon, O., Yang, Y.R., Noh, J., Suh, P.G., Park, H., Ryu, S.H., 2016. Resveratrol
induces autophagy by directly inhibiting mTOR through ATP competition. Scientific reports 6, 21772,

Park, S.K., Shin, O.S., 2017. Metformin alleviates ageing cellular phenotypes in Hutchinson-Gilford progeria syndrome
dermal fibroblasts. Experimental dermatology 26, 889-895.

Pegoraro, G., Kubben, N., Wickert, U., Gohler, H., Hoffmann, K., Misteli, T., 2009. Ageing-related chromatin defects
through loss of the NURD complex. Nature cell biology 11, 1261-1267.

Peinado, J.R., Quiros, P.M., Pulido, M.R., Marino, G., Martinez-Chantar, M.L., Vazquez-Martinez, R., Freije, J.M.,
Lopez-Otin, C., Malagon, M.M., 2011. Proteomic profiling of adipose tissue from Zmpste24-/- mice, a model of
lipodystrophy and premature ageing, reveals major changes in mitochondrial function and vimentin processing.
Molecular & cellular proteomics : MCP 10, M111 008094.

Pekovic, V., Gibbs-Seymour, I., Markiewicz, E., Alzoghaibi, F., Benham, A.M., Edwards, R., Wenhert, M., von Zglinicki,
T., Hutchison, C.J., 2011. Conserved cysteine residues in the mammalian lamin A tail are essential for cellular
responses to ROS generation. Ageing cell 10, 1067-1079.

Peleg, S., Feller, C., Ladurner, A.G., Imhof, A., 2016. The Metabolic Impact on Histone Acetylation and Transcription in
Ageing. Trends in biochemical sciences 41, 700-711.

Pellegrini, C., Columbaro, M., Capanni, C., D'Apice, M.R., Cavallo, C., Murdocca, M., Lattanzi, G., Squarzoni, S., 2015.
All-trans retinoic acid and rapamycin normalize Hutchinson Gilford progeria fibroblast phenotype. Oncotarget
6, 29914-29928.

Pellegrini, C., Columbaro, M., Schena, E., Prencipe, S., Andrenacci, D., lozzo, P., Angela Guzzardi, M., Capanni, C.,

Mattioli, E., Loi, M., Araujo-Vilar, D., Squarzoni, S., Cinti, S., Morselli, P., Giorgetti, A., Zanotti, L., Gambineri,

A., Lattanzi, G., 2019. Altered adipocyte differentiation and unbalanced autophagy in type 2 Familial Partial
Lipodystrophy: an in vitro and in vivo study of adipose tissue browning. Experimental & molecular medicine
51, 89.

Phalke, S., Nickel, O., Walluscheck, D., Hortig, F., Onorati, M.C., Reuter, G., 2009. Retrotransposon silencing and
telomere integrity in somatic cells of Drosophila depends on the cytosine-5 methyltransferase DNMT2. Nature
genetics 41, 696-702.

Pickering, A.M., Staab, T.A., Tower, J., Sieburth, D., Davies, K.J., 2013. A conserved role for the 20S proteasome and
Nrf2 transcription factor in oxidative stress adaptation in mammals, Caenorhabditis elegans and Drosophila
melanogaster. The Journal of experimental biology 216, 543-553.

Richards, S.A., Muter, J., Ritchie, P., Lattanzi, G., Hutchison, C.J., 2011. The accumulation of un-repairable DNA damage
in laminopathy progeria fibroblasts is caused by ROS generation and is prevented by treatment with N-acetyl
cysteine. Human molecular genetics 20, 3997-4004.

Rivera-Torres, J., Acin-Perez, R., Cabezas-Sanchez, P., Osorio, F.G., Gonzalez-Gomez, C., Megias, D., Camara, C.,
Lopez-Otin, C., Enriquez, J.A., Luque-Garcia, J.L., Andres, V., 2013. Identification of mitochondrial
dysfunction in Hutchinson-Gilford progeria syndrome through use of stable isotope labeling with amino acids in
cell culture. Journal of proteomics 91, 466-477.

Salmena, L., Poliseno, L., Tay, Y., Kats, L., Pandolfi, P.P., 2011. A ceRNA hypothesis: the Rosetta Stone of a hidden
RNA language? Cell 146, 353-358.

Scaffidi, P., Misteli, T., 2006. Lamin A-dependent nuclear defects in human ageing. Science 312, 1059-1063.

Shah, P.P., Donahue, G., Otte, G.L., Capell, B.C., Nelson, D.M., Cao, K., Aggarwala, V., Cruickshanks, H.A., Rai, T.S.,
McBryan, T., Gregory, B.D., Adams, P.D., Berger, S.L., 2013. Lamin B1 depletion in senescent cells triggers
large-scale changes in gene expression and the chromatin landscape. Genes & development 27, 1787-1799.

Shanahan, C.M., 2013. Mechanisms of vascular calcification in CKD-evidence for premature ageing? Nature reviews.
Nephrology 9, 661-670.

Sharma, A., Diecke, S., Zhang, W.Y ., Lan, F., He, C., Mordwinkin, N.M., Chua, K.F., Wu, J.C., 2013. The role of SIRT6
protein in ageing and reprogramming of human induced pluripotent stem cells. The Journal of biological
chemistry 288, 18439-18447.

Shen, Y.J., Le Bert, N., Chitre, A.A,, Koo, C.X., Nga, X.H., Ho, S.S., Khatoo, M., Tan, N.Y., Ishii, K.J., Gasser, S., 2015.
Genome-derived cytosolic DNA mediates type | interferon-dependent rejection of B cell lymphoma cells. Cell
reports 11, 460-473.

Shivashankar, G.V., 2011. Mechanosignaling to the cell nucleus and gene regulation. Annual review of biophysics 40,
361-378.

Shumaker, D.K., Dechat, T., Kohlmaier, A., Adam, S.A., Bozovsky, M.R., Erdos, M.R., Eriksson, M., Goldman, A.E.,
Khuon, S., Collins, F.S., Jenuwein, T., Goldman, R.D., 2006. Mutant nuclear lamin A leads to progressive



alterations of epigenetic control in premature ageing. Proceedings of the National Academy of Sciences of the
United States of America 103, 8703-8708.

Sieprath, T., Corne, T.D., Nooteboom, M., Grootaert, C., Rajkovic, A., Buysschaert, B., Robijns, J., Broers, J.L.,
Ramaekers, F.C., Koopman, W.J., Willems, P.H., De Vos, W.H., 2015. Sustained accumulation of prelamin A
and depletion of lamin A/C both cause oxidative stress and mitochondrial dysfunction but induce different cell
fates. Nucleus 6, 236-246.

Spear, E.D., Hsu, E.T., Nie, L., Carpenter, E.P., Hrycyna, C.A., Michaelis, S., 2018. ZMPSTE24 missense mutations that
cause progeroid diseases decrease prelamin A cleavage activity and/or protein stability. Disease models &
mechanisms 11.

Stephens, A.D., Banigan, E.J., Adam, S.A., Goldman, R.D., Marko, J.F., 2017. Chromatin and lamin A determine two
different mechanical response regimes of the cell nucleus. Molecular biology of the cell 28, 1984-1996.
Stephens, A.D., Liu, P.Z., Banigan, E.J., Almassalha, L.M., Backman, V., Adam, S.A., Goldman, R.D., Marko, J.F., 2018.
Chromatin histone modifications and rigidity affect nuclear morphology independent of lamins. Molecular

biology of the cell 29, 220-233.

Storci, G., De Carolis, S., Papi, A., Bacalini, M.G., Gensous, N., Marasco, E., Tesei, A., Fabbri, F., Arienti, C., Zanoni,
M., Sarnelli, A., Santi, S., Olivieri, F., Mensa, E., Latini, S., Ferracin, M., Salvioli, S., Garagnani, P., Franceschi,
C., Bonafe, M., 2019. Genomic stability, anti-inflammatory phenotype, and up-regulation of the RNAseH2 in
cells from centenarians. Cell death and differentiation.

Strandgren, C., Nasser, H.A., McKenna, T., Koskela, A., Tuukkanen, J., Ohlsson, C., Rozell, B., Eriksson, M., 2015.
Transgene silencing of the Hutchinson-Gilford progeria syndrome mutation results in a reversible bone
phenotype, whereas resveratrol treatment does not show overall beneficial effects. FASEB journal : official
publication of the Federation of American Societies for Experimental Biology 29, 3193-3205.

Sun, X., Wu, Y., Gu, M., Zhang, Y., 2014. miR-342-5p decreases ankyrin G levels in Alzheimer's disease transgenic
mouse models. Cell reports 6, 264-270.

Swift, J., Ivanovska, I.L., Buxboim, A., Harada, T., Dingal, P.C., Pinter, J., Pajerowski, J.D., Spinler, K.R., Shin, J.W.,
Tewari, M., Rehfeldt, F., Speicher, D.W., Discher, D.E., 2013. Nuclear lamin-A scales with tissue stiffness and
enhances matrix-directed differentiation. Science 341, 1240104.

Turgay, Y., Eibauer, M., Goldman, A.E., Shimi, T., Khayat, M., Ben-Harush, K., Dubrovsky-Gaupp, A., Sapra, K.T.,
Goldman, R.D., Medalia, O., 2017. The molecular architecture of lamins in somatic cells. Nature 543, 261-264.

Ugalde, A.P., Espanol, Y., Lopez-Otin, C., 2011a. Micromanageing ageing with miRNAs: new messages from the nuclear
envelope. Nucleus 2, 549-555.

Ugalde, A.P., Marino, G., Lopez-Otin, C., 2010. Rejuvenating somatotropic signaling: a therapeutical opportunity for
premature ageing? Ageing 2, 1017-1022.

Ugalde, A.P., Ramsay, A.J., de la Rosa, J., Varela, I., Marino, G., Cadinanos, J., Lu, J., Freije, J.M., Lopez-Otin, C.,
2011b. Ageing and chronic DNA damage response activate a regulatory pathway involving miR-29 and p53.
The EMBO journal 30, 2219-2232.

Vidak, S., Georgiou, K., Fichtinger, P., Naetar, N., Dechat, T., Foisner, R., 2018. Nucleoplasmic lamins define growth-
regulating functions of lamina-associated polypeptide 2alpha in progeria cells. Journal of cell science 131.

Villeponteau, B., 1997. The heterochromatin loss model of ageing. Experimental gerontology 32, 383-394.

Vitale, G., Pellegrino, G., Vollery, M., Hofland, L.J., 2019. ROLE of IGF-1 System in the Modulation of Longevity:
Controversies and New Insights From a Centenarians' Perspective. Frontiers in endocrinology 10, 27.

Viteri, G., Chung, Y.W., Stadtman, E.R., 2010. Effect of progerin on the accumulation of oxidized proteins in fibroblasts
from Hutchinson Gilford progeria patients. Mechanisms of ageing and development 131, 2-8.

Wang, Q.L., Guo, S.J., 2015. Sirtuins Function as the Modulators in Ageing-related Diseases in Common or Respectively.
Chinese medical journal 128, 1671-1678.

Wang, X., Hu, S., Liu, L., 2017. Phosphorylation and acetylation modifications of FOXO3a: Independently or
synergistically? Oncology letters 13, 2867-2872.

Wang, Y., Lichter-Konecki, U., Anyane-Yeboa, K., Shaw, J.E., Lu, J.T., Ostlund, C., Shin, J.Y., Clark, L.N., Gundersen,
G.G., Nagy, P.L., Worman, H.J., 2016. A mutation abolishing the ZMPSTE24 cleavage site in prelamin A causes
a progeroid disorder. Journal of cell science 129, 1975-1980.

Warren, D.T., Tajsic, T., Porter, L.J., Minaisah, R.M., Cobb, A., Jacob, A., Rajgor, D., Zhang, Q.P., Shanahan, C.M.,
2015. Nesprin-2-dependent ERK1/2 compartmentalisation regulates the DNA damage response in vascular
smooth muscle cell ageing. Cell death and differentiation 22, 1540-1550.



Wei, Y., Nazari-Jahantigh, M., Chan, L., Zhu, M., Heyll, K., Corbalan-Campos, J., Hartmann, P., Thiemann, A., Weber,
C., Schober, A., 2013. The microRNA-342-5p fosters inflammatory macrophage activation through an Aktl-
and microRNA-155-dependent pathway during atherosclerosis. Circulation 127, 1609-1619.

Worman, H.J., Schirmer, E.C., 2015. Nuclear membrane diversity: underlying tissue-specific pathologies in disease?
Current opinion in cell biology 34, 101-112.

Wu, D., Flannery, A.R., Cai, H., Ko, E., Cao, K., 2014. Nuclear localization signal deletion mutants of lamin A and
progerin reveal insights into lamin A processing and emerin targeting. Nucleus 5, 66-74.

Xiong, X.D., Jung, H.J., Gombar, S., Park, J.Y., Zhang, C.L., Zheng, H., Ruan, J., Li, J.B., Kaeberlein, M., Kennedy,
B.K., Zhou, Z., Liu, X., Suh, Y., 2015. MicroRNA transcriptome analysis identifies miR-365 as a novel negative
regulator of cell proliferation in Zmpste24-deficient mouse embryonic fibroblasts. Mutation research 777, 6978.

Xiong, Z.M., Choi, J.Y., Wang, K., Zhang, H., Tariq, Z., Wu, D., Ko, E., LaDana, C., Sesaki, H., Cao, K., 2016. Methylene
blue alleviates nuclear and mitochondrial abnormalities in progeria. Aging cell 15, 279-290.

Yu, K.R,, Lee, S., Jung, J.W., Hong, I.S., Kim, H.S., Seo, Y., Shin, T.H., Kang, K.S., 2013. MicroRNA-141-3p plays a
role in human mesenchymal stem cell ageing by directly targeting ZMPSTE24. Journal of cell science 126,
54225431.

Zhang, C.L., Liu, X., He, Q.J., Zheng, H., Xu, S., Xiong, X.D., Yuan, Y., Ruan, J., Li, J.B., Xing, Y., Zhou, Z., Deng, S.,
2017a. miR3425p promotes Zmpste24deficient mouse embryonic fibroblasts proliferation by suppressing GAS2.
Molecular medicine reports 16, 8944-8952.

Zhang, J., Lian, Q., Zhu, G., Zhou, F., Sui, L., Tan, C., Mutalif, R.A., Navasankari, R., Zhang, Y., Tse, H.F., Stewart,
C.L., Colman, A., 2011. A human iPSC model of Hutchinson Gilford Progeria reveals vascular smooth muscle
and mesenchymal stem cell defects. Cell stem cell 8, 31-45.

Zhang, Y., Kim, M.S., Jia, B., Yan, J., Zuniga-Hertz, J.P., Han, C., Cai, D., 2017b. Hypothalamic stem cells control ageing
speed partly through exosomal miRNAs. Nature 548, 52-57.

Zheng, B., Han, M., Shu, Y.N., Li, Y.J., Miao, S.B., Zhang, X.H., Shi, H.J., Zhang, T., Wen, J.K., 2011. HDAC?2
phosphorylation-dependent KIf5 deacetylation and RARalpha acetylation induced by RAR agonist switch the
transcription regulatory programs of p21 in VSMCs. Cell research 21, 1487-1508.



Figures and Legends

Cenni_Figure 1 R1.

basal condition DNA damage
response
oxidative stress e i
acetylated nistones
, ; : > ) ? - /5 Lamin A/C (D
M’/UZ/ aﬁ) H / 4 5 " ) \{\4 «/-: Prelamin A D
* stress recovery ¢ HDAC2
FOX03a Il
p21 Y p214A

Figure 1: Role of lamin A/C in p21 modulation through dynamic interaction with
transcriptional regulators during oxidative stress response.

Under basal conditions, lamin A/C interacts with HDAC2 and recruits HDAC2 to acetylated histone
substrates, causing chromatin condensation and silencing of target genes, such as p21, which is thus
kept at low levels. During oxidative stress response, lamin A/C - HDAC?2 interaction is reduced due
to prelamin A accumulation leading to reduced recruitment of HDAC?2 to acetylated histones and
increased histone acetylation. As a consequence, chromatin is decondensed and p21 expression is
increased. Upon recovery from oxidative stress conditions, prelamin A levels are reduced and the
whole basal condition restored.
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Figure 2: Effect of progeroid lamins on antioxidant defense mechanisms.

Impairment of mitochondrial physiology, reduction of antioxidant gene expression and impaired

oxidized protein degradation cause ROS increase and accumulation of oxidized molecules in
progeroid laminopathy cells. Reduced lamin A/C interaction with HDAC2 (and/or SIRT1 or SIRT6)

due to progeroid lamin accumulation causes aberrant chromatin decondensation and remodeling.

These events favor a chronic oxidative stress condition that in turn makes prelamin A and progerin

accumulating cells more susceptible to free radical injury. Nrf2: Nuclear factor erythroid 2-related

factor 2; Octl: Octamer-binding protein 1.
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Figure 3. Ageing-related stress response mechanisms triggered by prelamin A accumulation.
Different types of stress conditions, including, but not limited to, those represented in the left blue
circles, trigger accumulation of prelamin A. As indicated in the upper green box, under physiological
conditions, prelamin A accumulation is transient and it is abolished upon stress recovery. LMNA or
ZMPSTE24 mutations (red circle) elicit permanent progeroid lamin accumulation (lower red box),
which is the pathogenetic condition of progeroid laminopathies. An HGPS nucleus accumulating
progerin is shown in the immunofluorescence microscopy image. Prelamin A accumulation
influences the stress response pathways depicted in the right circles. In detail, chromatin remodeling
would occur through lamin A/prelamin A-mediated modulation of epigenetic enzymes;
transcriptional activity of key cell cycle and stress response genes, above all p21, would be increased,;
replication fork stalling and cell cycle arrest would occur; recruitment of DDR factors (including
tDDRNAS) would accelerate DNA damage repair; mTOR inhibition increasing autophagic clearance
of damaged molecules and rewiring of nutrient sensing pathway would set the metabolic status to a
condition avoiding interference of stress factors with the normal metabolic pathways; prelamin A
would increase nuclear stiffness and elicit cytoskeleton and ECM remodeling to protect nuclear
structure from mechanical insults (Aguado et al., 2019; Hernandez et al., 2010; Kreienkamp et al.,
2018; Mattioli et al., 2018; Osmanagic-Myers et al., 2019). Depending on the transient or permanent
condition of prelamin A accumulation cells are recovered from stress and keep their proliferation or

differentiation condition (stress recovery) or hold the stress response mode thus entering senescence

(ageing).



Table 1. Progeroid lamins. Progeroid lamins are lamin A forms, including wild-type prelamin A,
which become toxic to cells and induce organism ageing beyond a threshold level of accumulation in
cells and organism. Type of progeroid lamin, presence of Cysteine farnesylation in the C-terminal
CSIM box of prelamin A, gene and type of mutation, behavior of mature lamin A in the corresponding
disease, behavior of lamin C in the corresponding disease cells, name of the disease(s), type of

inheritance are indicated. For further details and bibliography, see chapter 2.
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