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EXTRAVIEW

Oxydative stress alters nuclear shape through lamins dysregulation

A route to senescence
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Progeroid phenotypes are mainly
encountered in 2 types of syndromes:
in laminopathies, which are character-
ized by nuclear shape abnormalities due
to lamin A alteration, and in DNA dam-
age response defect syndromes. Because
lamin A dysregulation leads to DNA
damages, it has been proposed that senes-
cence occurs in both types of syndromes
through the accumulation of damages.
We recently showed that elevated oxi-
dative stress is responsible for lamin Bl
accumulation, nuclear shape alteration
and senescence in the DDR syndrome,
ataxia telangiectasia (A-T). Interestingly,
overexpression of lamin B1 in wild type
cells is sufficient to induce senescence
without the induction of DNA damages.
Here, we will discuss the importance of
controlling the lamins level in order for
maintenance nuclear architecture and we
will comment the relationships of lam-
ins with other senescence mechanisms.
Finally, we will describe emerging data
reporting redox control by lamins, lead-
ing us to propose a general mechanism by
which reactive oxygen species can induce
senescence through lamin dysregulation

and NSA.
Introduction

It has been commonly proposed that
senescence prevents the proliferation
of cells bearing damaged DNA, thus
constituting a barrier against tumor
development. However, senescence is a
double-edged sword, as recent data have
proposed that senescent cells could favor
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tumor proliferation by secreting inflam-
matory factors.! Thus, the different path-
ways controlling senescence should be
tightly controlled and coordinated.

Since the free radical theory of aging
proposed by Harman in the 1950s, oxi-
dative stress (OS) remains one of the
most frequently cited causes for aging.
However, the precise molecular control
of senescence induced by OS is far from
being fully elucidated.** In addition to
OS, telomere erosion, defects in the DNA
damage response (DDR) and alterations
in the nuclear architecture are also associ-
ated with premature aging.’ The potential
interplay between these different processes
leading to senescence remains poorly
understood, and no unifying model can
be constructed.

The most severe premature aging
syndromes, such as Hutchinson-Gilford
progeria syndrome (HGPS) or atypical
Werner syndrome, are associated with
alterations in nuclear shape resulting from
the deregulation of lamin A/C.%® Lamins
A/C, Bl and B2 are the major constituents
of the lamina, which lines the inner nuclear
membrane and determines its shape and
integrity.”!! Based on their localization at
the nuclear periphery, lamins modulate
gene expression either by interacting with
chromatin or by sequestering transcrip-
tion factors. Additionally, other roles for
lamina in the control of mitosis, DNA
replication or the DNA damage response
have more recently emerged.!'?

Progeroid syndromes have often been
classified into two categories: laminopa-
thies, such as HGPS, which are associated
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with defects in lamin A and nuclear shape
alterations (NSA), and the DDR defect
syndromes, which we will refer to here
as “DDR-pathies.” Because defects in
lamin A result in the alteration of DDR,
it was proposed that the two types of syn-
dromes both undergo senescence through
the accumulation of unprocessed DNA
damage.’ According to this model, DNA
damage accumulation would constitute
the common pivotal process for senes-
cence induction. Similarly, since OS also
generates oxidative DNA damage, it was
also proposed that OS induces senes-
cence through the accumulation of DNA
damage.

Recently, in the DDR-pathy ataxia
telangiectasia (A-T), we identified lamin
Bl accumulation leading to NSA."> A-T
is a rare genetic autosomal recessive dis-
order characterized by cerebellar ataxia,
oculomotor apraxia, oculotaneous tel-
angiectasia, immune deficiency, elevated
a-fetoprotein level, hypersensitivity to
ionizing radiation (IR), genetic instability
and increased risk of cancer. Importantly,
premature senescence and elevated oxida-
tive stress are observed in A-T cells. A-T is
caused by the loss of function mutations in
the ataxia telangiectasia mutated (ATM)
gene, which encodes a serine/threonine
protein kinase that regulates the early
steps of the DNA damages signaling path-
way and thereby controls the DDR."1¢
Consequently, mutations in ATM lead to
DDR defects and easily account for some
of the clinical features of A-T including
radiation sensitivity, genetic instability,
immunodeficiency and cancer predisposi-
tion. However, the clinical picture of A-T
is more complex, and the relationships
between DDR defects, neurological disor-
ders and premature aging remain elusive.
Because A-T cells exhibit NSA through
the misregulation of lamin Bl, A-T
can also be classified as a laminopathy.
Importantly, normalizing the lamin Bl
levels in A-T cells to the level of wild-type
cells decreased both NSA and senescence,
although the ATM mutation (and thus,
spontaneous DNA damage accumulation)
was not corrected. Reciprocally, overex-
pressing lamin B1 in wild-type cells leads
to NSA and senescence without increasing
the level of reactive oxygen species (ROS)
and without activating DDR at detectable
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levels.”” Taken together, these data suggest
that NSA is the actual crossing road for
senescence induction, which can bypass
the requirement for DNA damages accu-
mulation. Thus, this raises the question of
the relative role of DNA damages accu-
mulation vs. NSA in the induction of
senescence in both laminopathies and in
A-T. More generally, lamin Bl accumula-
tion results from endogenous or exogenous
OS; thus, it may also represent a pivotal
mediator in the induction of senescence by
OS through NSA."

Here, we will discuss the importance
of the respective levels of lamin A and
lamin B1 in the maintenance of nuclear
architecture and examine how lamin mis-
regulation and nuclear shape alteration
could lead to senescence. Finally, we will
describe emerging data reporting the con-
trol of oxidative stress by lamins, leading
us to propose a new general mechanism by
which ROS can induce senescence.

Lamin Levels Must be Tightly
Controlled for the Maintenance
of Nuclear Architecture and
for Protection
Against Senescence

The alteration of nuclear shape seems to
be a common occurrence during senes-
cence. Indeed, in progeroid syndromes,
NSA is associated with laminopathies
(such as HGPS) and in A-T. More gener-
ally, nuclear abnormalities and changes
in lamins also occur during the aging
process of wild-type cells, illustrating the
importance of such alterations in the gen-
eral senescence process.””!® Importantly,
the regular sphericity of the nucleus
appears to depend on the relative level of
Lamin A/C and Lamin B. Indeed, over-
expression as well as a silencing of either
lamin A or lamin Bl leads to NSA and
senescence.'>12!

Lamin A dysregulation leads to NSA
and senescence. The silencing of lamin
A results in NSA and senescence. On the
other hand, the overexpression of the full
length wild-type cDNA results also in
growth defects, dysmorphic nuclei and
senescence,”? however the picture is
more complex due to maturation of the
lamin A protein.
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Lamin A is synthesized as a precur-
sor molecule (prelamin A), which is then
post-translationally modified to generate
mature lamin A lacking the carboxyl-
terminal tail. The steps of the maturation
are as follows: prelamin A is first modi-
fied by a farnesyltransferase. This farne-
sylated protein is modified, by Reel (or
ZMPSTE24), a prenyl-CAAX-specific
endoprotease, by removal of the last three
C-terminal amino acids. This intermedi-
ate is then carboxymethylated. Finally,
farnesylated prelamin A is processed by
ZMPSTE24, which cleaves 15 C-terminal
amino acids and releases mature, unfarne-
sylated lamin A" The most frequent
mutation in HGPS patients is a de novo
heterozygous C to T transition at nucleo-
tide 1824 of the LMNA gene, which acti-
vates a cryptic splicing site; splicing at this
site causes the production of a mutant
lamin A protein that contains an internal
deletion of a region, 50 amino acids in
length, containing the internal proteolytic
cleavage site used for lamin A maturation
(i.e., the removal of the last carboxyl-
terminal amino acids).?** Thus, HGPS
cells contain an immature intermediate
of the lamin A protein, termed progerin,
which is farnesylated but not cleaved.

HGPS expressing
progerin, are characterized by an atypi-

cells, or cells
cal nuclear membrane morphology (i.c.,
blebs) and poor growth. Recent data
report the presence of small amount of
progerin in cells from older individuals,
suggesting a role for this lamin A variant
in normal aging. It has been reported that
the overexpression of wild-type lamin A
results in phenotypes resembling those of
cells expressing progerin (growth defects,
dysmorphic nuclei,
cence).”!’ Because inhibitors of farnesyl
transferase (FTIs) reversed these pheno-
types, it is likely that abnormal prelamin
A-processing intermediates are responsible
for these defects. Candelario et al. recently
reported that the accumulation of any
partially processed prelamin A protein
alters cellular homeostasis to some degree,
but the most dramatic effects are caused
by variants with a permanently farnesyl-
ated carboxyl-terminal tail.?®
Overexpression as well as decrease of
lamin Bl level leads to NSA and senes-
cence. Different studies showed that if

premature senes-
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lamin B1 level is altered, NSA is observed.
It has been reported that deficiency in
lamin Bl leads to NSAY2?° and senes-
cence.”” We also confirmed an induction
of senescence after extinction of lamin Bl
by siRNA, in two types of human fibro-
blasts (embryonic or postnatal) (unpub-
lished data). Notably, downregulation of
lamin B1 was reported during replicative
senescence and in a patient with atypical
progeria.””? According to these reports,
A-T cells that exhibit premature senes-
cence also present a decreased level of
lamin Bl mRNA."> However, the stabili-
zation of lamin B1 protein by elevated oxi-
dative stress results in fine to an increase of
protein level.”?

Lamin Bl undergoes modifications;
however, in contrast with lamin A, the
modified form of lamin Bl is not cleaved
and keeps its farnesylated C-terminal tail.
This poses the question as to whether over-
expression of wild type lamin Bl resumes
some phenotypes of progerin-expressing
cells. Interestingly, we, and other have
shown that the overexpression of lamin
Bl leads to NSA."*?%3 Particularly, A-T
cells exhibit an accumulation of lamin Bl
protein, alterations in nuclear architecture
and premature senescence. Importantly,
we show that the overexpression of lamin
B1 in normal cells is sufficient to induce
NSA and senescence. Importantly, the
normalization of the lamin B1 level in A-T
cells rescues both NSA and senescence.'

The unifying hypothesis could be that
nuclear shape change, presumably reflect-
ing a change in lamina organization,
appears to drive senescence.”’ However, as
nuclear abnormalities occur in other lami-
nopathies without premature aging, the
changes in the organization of the lamina,
which are at the origin of senescence,
must to be precisely clarified. We could
argue that different mutations of lamin
A, deletion (or silencing) or accumulation
of lamins (of A- or B-type), would not
have the same consequences on cellular
metabolism, on chromatin structure, on
telomeres, on proliferation control or on
level of shape abnormality. A comparative
study would be very useful to understand
what kind of shape abnormalities or what
level of shape abnormalities is necessary to
induce senescence.

www.landesbioscience.com

Finally, the expression of one type of
lamin could perturb the general localiza-
tion of the other lamins, regardless of any
change in its protein level. For example, it
was reported that the expression of lamin
A (E145K progeria mutation) induced the
formation of blebs in the nuclear mem-
brane in which lamin Bl was excluded.?
Another studies show that deletion of
lamin Bl increases the size of the Lamin
A/C meshwork and induces the formation
of lamin A/C-rich and lamin B2-deficient
NE blebs* (and for review, see ref. 11).

Taken together, these data underscore
the importance of the stoichiometric bal-
ance of different lamins (and possibly their
respective locations) for proper nuclear
shape and for the control of senescence.

Lamin, NSA and Senescence:
Relationships
with Other Senescence
Mechanisms

Relationships with telomere dysfunction
and DDR defects. Telomeres shortening
are known to induce a premature cell cycle
arrest via the activation of P53, thereby
promoting senescence. Interestingly, telo-
mere shortening has been reported in
HGPS, in several human fibroblast cell
lines overexpressing different mutant
LMNA variants and in LMNA knockout
mouse fibroblasts.?**-¢ In contrast with
HGP fibroblasts, the telomere length in
hematopoietic cells, which typically do
not express lamin A, was within the nor-
mal range in different HGPS patients’
samples. These results suggest that expres-
sion of mutant lamin A is necessary for
telomere loss in HGPS.?

Although that telomere shortening
has been thought to participate in senes-
cence in laminopathies, this assumption
is still debated, since apparent contradic-
tory results were reported. Some reports
showed an extend of life span in HGP
cells by hTERT expression,**¥”3 when
other report showed that fibroblasts clones
from HGPS patients can senesce despite
the restoration of telomerase activity and
the stabilization of telomere length.

In addition, not only telomeres ero-
sion was reported in progerin expressing
cells or HGPS cells, but also damages at
telomeres.>>** A failure to repair DNA
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damage at telomeres, causing loss of vari-
able amounts of DNA could explain both
the high variability in telomere length
and
the increase frequency of signal ends in
HGPS.*¢ Unrepaired DNA damage could

also prevent the cells from completing

observed between chromosomes

cell division leading to apoptosis or senes-
cence. These damages at telomeres could
be signaled and can trigger cell cycle
arrest through DNA damage response
(DDR) activation. It has been proposed
that DNA damages observed in HGP or
progerin expressing cells reflect the telo-
meres dysfunction.’® However, the impact
of hTERT on the DNA damages is still
debated, one study shows that hTERT
expression decreases the progerin-induced
DNA damages and this reduction is corre-
lated with the onset of increased prolifera-
tive capacity of HGP fibroblasts from one
HGP patient®® and, in contrast another
report indicates that telomerase fails to
protect against progerin-induced DNA
damage.

Following lamin Bl overexpression,
senescence occurs in one or two genera-
tions after.”® Thus, telomere shortening is
unlikely to account for senescence in such
a short time frame. Moreover, although
ATM regulates telomeric maintenance,
h-TERT-expressing A-T fibroblasts expe-
rience premature senescence, demon-
strating that the senescence of A-T cells
is not explained by telomeric shortening
alone.”" Taken together, these data show
that lamin Bl might trigger senescence
through alternative pathways aside from
telomere attrition.

Cells from HGPS patients and HGPS
animal models, cells expressing differ-
ent mutants of lamin A or MEF defec-
tive for the lamin A maturation protease
ZMPSTE24 display persistent DNA dam-
ages. These damages could result from
alterations in the localization, expression
or stability of different proteins involved in
the DNA damage response. In cells defec-
tive for lamin A that were treated with
genotoxic agents, aberrant ATR localiza-
tion, fewer y-H2AX or 53BP1 damage-
induced foci were observed. Moreover,
an increase in 53BP1 degradation and a
defect in homologous recombination due
to a decrease in the expression of RAD51
and BRCA1 proteins were reported (for
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review'?). In contrast with silencing of
lamin A, after the silencing of lamin BI,
no y-H2AX foci were observed, although
an increase in ATM, Chk1 and Chk2 were
detected.” Moreover, neither the pres-
ence or accumulation of DNA damages
nor the activation of DDR can explain
the senescence induction upon lamin Bl
overexpression because no change in the
levels of p-Chkl, p-Chk2 and y-H2AX
and no change in the number of y-H2AX
foci were observed 48 h after transfec-
tion of primary fibroblasts with lamin B1,
which corresponds to the time of senes-
cence induction.” Taken together, these
data suggest that senescence mechanisms
induced by the absence of lamin A or the
dysregulation of lamin Bl may be differ-
ent, and that senescence could occur in
absence of DNA damage accumulation
in case of lamin B1 accumulation. In line
with this, there are an increasing number
of reports showing in different situations
of senescence an absence of DNA dam-
age signaling activation.”? In accordance
with this, data have shown that although
farnesyl-transferase inhibitors (FTI) can
improve the nuclear shape of HGPS cells,
the DNA damage is still persistent after
treatment.”> This suggests that either the
phenotypes of NSA and DNA damage can
be separable or induction of DNA damage
is irreversible even if the initial defect is
fixed.

Lamins, NSA and oxidative stress. In
Ataxia telangiectasia cells, which exhibit
premature senescence, an increase of
lamin Bl protein level is measured by
western-blot and immunofluorescence
analysis."”” This increase in protein level,
corresponds to a p38-MAPK-dependent
stabilization of lamin Bl protein, due to
elevated oxidative stress. The senescence
was reduced in A-T cells, when lamin B1
level was normalized by anti-oxydant or
p38-MAPK inhibitor treatment. These
data show that the increase of lamin Bl
due to oxidative stress is at least partly
responsible of senescence in A-T.”® To
generalize our data, on the impact of oxi-
dative stress on lamin B1, we have exam-
ined its level in two senescence situations
in which ROS induction was previously
described: exposure to a high dose of
ionizing radiation (IR) and oncogene-
induced senescence (OIS). Notably, it
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has been report that ROS induction is
important to trigger senescence under
RAS activation.* To analyze the impact
of OIS, we used a stable cellular model
in which Ras V12 was induced by the
addition of 4-TAM to the medium.®
This model requires neither lentiviral
infection nor selection for several days.
In both models, we showed an increase of
lamin B1 level associated with both NSA
and senescence. However, these data are
challenged by new reports showing a
decrease in the lamin B1 level after IR or
during OIS.?”% These apparent discrep-
ancies could be due to the cellular mod-
els, culture conditions (02, confluency,
etc.) or experimental conditions used;
for example, viral infection was used
to express RAS, which contrasted with
our study. In our hands, the increased
of level of lamin B1 followed the activa-
tion of p38-MAPK in response to oxi-
dative stress. Differences in sensitivity
to oxidative stress could exist between
embryonic, neonatal or adult fibroblasts
and may explain the apparent discrepan-
cies between the different studies. In this
context, it can be underscored that in a
pathophysiological model of A-T primary
fibroblast cells, NSA and senescence can
be rescued by antioxidant treatment or by
p38 MAPK inhibition, which normalizes
the level of lamin B1. This illustrates the
importance of oxidative stress in control-
ling the level of endogenous lamin Bl
protein and the importance of the level
of lamin Bl for senescence induction.
Indeed, the direct reduction of lamin Bl
by RNA interference, which normalized
the level of lamin B1, also decreases senes-
cence.” Interestingly, senescence is not
totally abolished. Since ATM defect is
still present, the persistent DNA damages
could explain the remaining senescence.
Altogether these results lead to the
hypothesis that two phenomenon could
occur in senescence conditions: a p38
MAPK-independent decrease of gene
expression of lamin Bl (probably due to
the action of pRb or p53 activation?"?),
and, in case of oxidative stress, a p38
MAPK-dependent stabilization of lamin
Bl protein. The increase of protein level
could even counteract or outweigh the
decrease of gene expression, in case of
important or persistent oxidative stress (as
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in case of A-T). To induce senescence by
RAS activation, we performed the experi-
ments at 3% oxygen. Thus, although
oxygen conditions of cell culture may not
explain all the difference between differ-
ent experimental conditions, it would be
important, to reconcile all data (appar-
ently contradictory), to measure ROS and
potential p38 MAPK activation in the
different senescence situations explored in
the different reports.

In mouse embryonic fibroblasts (MEFs)
lamin Bl has been shown to sequester
the transcription/repression factor Octl
at the nuclear periphery. This sequestra-
tion hampers the transcriptional repres-
sion by Octl of genes involved in ROS
detoxification such as PRDX2, GPX3 or
SOD2. Consistently, increased ROS levels
are observed in MEFs that express a non-
functional lamin B1 (LMNB1A/A) associ-
ated with a higher sensitivity to hydrogen
peroxide (H,O,).*® These data propose
that lamin, especially lamin BIl, could
participate in redox control and could
suggest that oxidative stress may be partly
responsible of senescence induction under
lamin B1 extinction conditions. However,
in human fibroblasts, senescence triggered
either by overexpression or suppression of
lamin B1, cannot be explained by an ele-
vated oxidative stress. In fact, both higher
or lower lamin Bl level lead to a decrease
in ROS."*?7 In the case of overexpression
of lamin BI, this reduction is likely to be
due to the retention of Octl to nuclear
periphery and consequently the inhibi-
tion of its transcriptional repression activ-
ity on detoxifying genes. In condition of
lamin BI defect or silencing, ROS reduc-
tion could result from activation of p53,
which is known to control detoxifying
genes.”” Indeed, antioxidant genes such as
SOD2, GPX1 and others were increased
upon lamin Bl silencing. Because the
senescence induced by lamin Bl deletion
cannot be explained by an increased in
oxidative stress, it has been proposed that
senescence is likely to be due to the activa-
tion of p53 and subsequent upregulation
of the p21 gene.”” Moreover, the apparent
discrepancy between the data obtained
in MEFs and those obtained in human
fibroblasts may be due to the differential
susceptibility to oxidative stress between
mouse and human cells.*®
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We propose a model in which the accu-
mulation of lamin B1 decreases the level
of ROS and increases viability as part of
a transient response to oxidative stress.
However, when oxidative stress is chronic
and persistent, such as in AT or when
the mechanism of detoxification is over-
whelmed, the accumulation of lamin BI,
like a double-edged sword, leads to NSA
and senescence."

Beside their role in redox control in
sequestering transcription factors, other
functions of lamins could account for an
elevated oxidative stress associated with
NSA.* Indeed, the lamina or the nuclear
envelope may constitute a nuclear shield
with an elevated perinuclear concentration
of detoxification enzymes.® The function
of these detoxification enzymes might be
altered during NSA, thus increasing the
risk of damage to essential nuclear com-
ponents. Indeed, it has been reported that
a disruption in the integrity of the nuclear
membrane allows the passage of compo-
nents and even organelles from the cyto-
plasm to the nucleus.”’ Consequently, the
presence of mitochondria in the nucleo-
plasm should increase nuclear ROS to a
level that can damage DNA.

Finally, mitochondrial dysfunction
(decreased expression of COX2) has been
reported in cells expressing pre-lamin A,
leading to an elevated ROS level. This
elevated ROS phenotype was reversed by
FTTI treatment, conﬁrming the toxicity of
the farnesylated form of lamin A.>? The
alteration of mitochondrial metabolism
was also suggested by a proteomic analysis
of zmpste24™" cells.”

A unifying model can be proposed in
which oxidative stress, regardless of the
cause, affects lamins proteins functions
and/or levels, resulting in both alteration
of nuclear envelop structure and in loss of
redox control, which amplify the oxida-
tive stress. In agreement with this model,
it has recently been reported that the tail
domain of lamin A is a target of oxida-
tive damage, and its irreversible oxida-
tion led to a loss of lamin A function and
entry into senescence.”* Oxidative stress

5> and cause

is known to affect telomeres’
DNA damage; the increase in oxidative

stress could therefore also be accountable
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Figure 1. Interplay between oxidative stress, telomere shortening, and DNA damage for the
induction of senescence. Oxidative stress, regardless of the cause, is known to alter telomeres and
to cause DNA damage. Telomere shortening and DNA damage are involved in the induction of se-
nescence. Our group and others have reported that oxidative stress can alter lamins functions (by
oxidation of lamin A, accumulation of pre-lamin A or lamin B1) leading to nuclear shape. All these

with telomere shortening and DNA damage.

alterations are associated with senescence. Interestingly, dysregulation of lamins is also associated

for other cellular phenotypes encountered
in laminopathies (Fig. 1). Indeed, the
accumulation of DNA damage in lami-
nopathy progeria seems to be due to ROS
generation, as an antioxidant treatment
reduced the basal level of double-stranded
DNA breaks.”® Consistently, other stud-
ies showed accumulation of prelamin A
after oxidative stress and the accumula-
tion of prelamin A disrupt mitosis and
induce DNA damage.” Additionally,
our data suggest that oxidative stress,
regardless of the cause, increases the level
of lamin Bl to protect against ROS.?
However, prolonged lamin Bl overex-
pression leads to NSA, which can trigger
senescence even without DNA damages
(Fig. 2).

Taken together, the data described
here highlight the importance of redox
control in the etiology of laminopathy
pathologies. Additionally, these data could

Nucleus

encourage the development of therapeu-
tic strategies combined with antioxidant
administration for the treatment of HGPS
patients. Unraveling the intricacy of the
molecular mechanisms through which the
maintenance of nuclear architecture con-
trols fundamental cellular functions that
affect senescence induction constitutes an
exciting challenge for future research on
aging and cancer.
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Figure 2. Consequences of oxidative stress through lamins dyregulation. An elevated ROS level
has been observed after genotoxic stress, oncogene activation, or deficiency of ATM. We found
that in ataxia telangiectasia, the elevated ROS leads to an accumulation of lamin B1 by p38 MAPK
activation. This accumulation leads to nuclear shape alteration and senescence. Interestingly, it
has been proposed that the duplication of lamin B1 is responsible for demyelination of centraln
nervous system in adult-onset autosomal dominant leukodystrohy (ADLD) and might potentially
explain other neurological defects. Redox regulation is altered in Hutchinson-Gilford progeria
cells or in lamin B1-deficient cells. Oxidative stress affects the function of lamin A by oxidation.
Altered levels of lamin accumulation and defects in lamins cause alterations in nuclear shape and
lead to senescence. Lamin A dysregulation affects DNA damage signaling and repair, leading to
genetic instability. This genetic instability can partially participate in premature aging and may
also cause the tumoral predisposition observed in DDR pathies. However, in laminopathies, no
cancer predisposition is observed, suggesting in this case that senescence hampers the prolifera-
tion of cells harbouring DNA damage.
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