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We report crosstalk between three senescence-inducing
conditions, DNA damage response (DDR) defects, oxida-
tive stress (0S) and nuclear shape alterations. The reces-
sive autosomal genetic disorder Ataxia telangiectasia
(A-T) is associated with DDR defects, endogenous OS and
premature ageing. Here, we find frequent nuclear shape
alterations in A-T cells, as well as accumulation of the key
nuclear architecture component lamin B1. Lamin B1 over-
expression is sufficient to induce nuclear shape alterations
and senescence in wild-type cells, and normalizing lamin
B1 levels in A-T cells reciprocally reduces both nuclear
shape alterations and senescence. We further show that OS
increases lamin B1 levels through p38 Mitogen Activated
Protein kinase activation. Lamin Bl accumulation and
nuclear shape alterations also occur during stress-induced
senescence and oncogene-induced senescence (OIS), two
canonical senescence situations. These data reveal lamin
Bl as a general molecular mediator that controls
0S-induced senescence, independent of established
Ataxia Telangiectasia Mutated (ATM) roles in OIS.
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Introduction

Senescence is an essential process that should be tightly
controlled. Indeed, on the one hand, senescence prevents
the proliferation of cells bearing damaged DNA, constituting
thus a barrier against tumour development. Consistently,
senescence can be induced by replicative stress or oncogene
expression (Collado and Serrano, 2010). On the other hand, in
contrast, beside its putative role in organism ageing, recent
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data have proposed that senescent cells could favour tumour
proliferation or invasion by secreting inflammatory factors
(Rodier et al, 2009; Campisi et al, 2011; Rodier and Campisi,
2011).

Since Harman proposed the free radical theory of ageing in
1956, oxidative stress (OS) remains one of the most common
causes cited for ageing. However, the precise molecular
control of senescence induced by OS is far from being fully
elucidated (Muller et al, 2007; Gil Del Valle, 2010). In addition
to OS, telomere erosion, defects in the DNA damage response
(DDR) and alterations of the nuclear architecture are also
associated with premature ageing (Lans and Hoeijmakers,
2006). However, the potential interplay between these
different processes leading to senescence remains poorly
understood, and no unifying model can be drawn.

Ataxia telangiectasia (A-T), an autosomal-recessive genetic
disorder, represents a paradigm to analyse the relationships
between these senescence processes because it is associated
with DDR defects, high levels of endogenous OS and pre-
mature ageing (Lavin, 2008). The Ataxia Telangiectasia
Mutated (ATM) gene encodes a protein kinase that regulates
the early step(s) of DNA damage signalling and thereby
controls DDR (Rotman and Shiloh, 1999; Shiloh, 2006;
Bartek et al, 2007; Cann and Hicks, 2007; Lavin and Kozlov,
2007; Matsuoka et al, 2007; Lavin, 2008). Consequently,
mutations in ATM account for the DDR defects leading to
some of the clinical features of A-T, including radiation
sensitivity, genetic instability, immunodeficiency and cancer
predisposition. However, the clinical picture of A-T is more
complex, and the relationships between DDR defects, neuro-
logical disorders and premature ageing remain -elusive.
Recent data show that ATM is an important sensor of reactive
oxygen species (ROS) in human cells and controls OS
response; therefore, ATM deficiency accounts for the increase
of ROS in A-T cells (Guo et al, 2010; Cosentino et al, 2011).
High levels of endogenous OS may be responsible for the
senescence and neurological phenotypes seen in A-T (Barzilai
et al, 2002; Browne et al, 2004; Lavin et al, 2007; Reliene and
Schiestl, 2007; Reliene et al, 2008). However, the mechanisms
by which OS causes senescence and neurological disorders in
A-T are still uncharacterized.

ATM has been proposed to participate in senescence
induced by diverse stimuli (e.g., oncogenes, hyper-replication
and DNA damage) (Bartkova et al, 2006; Di Micco et al,
2006). However, in contrast, ATM has a limited role in
oncogene-induced senescence (OIS) in mice (Efeyan et al,
2009). Moreover, the observation that A-T cells undergo
accelerated ageing supports the existence of ATM-indepen-
dent senescence pathways. The p38 Mitogen Activated
Protein (MAP) kinase has been proposed to participate in
this alternative pathway (Naka et al, 2004). p38 MAPK also
participates in senescence caused by diverse stresses (e.g., OS
or after an oncogenic signal), but the precise mechanisms by
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which it induces senescence is far from being fully character-
ized (Wang et al, 2002; Iwasa et al, 2003; Debacq-Chainiaux
et al, 2010).

Progeroid syndromes have been classified into two
categories: DDR defect syndromes (including A-T), and
laminopathies in which lamin A is altered (Lans and
Hoeijmakers, 2006). Lamins A/C, Bl and B2 are major
constituents of the inner nuclear membrane and determine
its shape and integrity (Goldman et al, 2002; Gruenbaum
et al, 2005; Misteli and Scaffidi, 2005; Broers et al, 2006;
Prokocimer et al, 2009; Dechat et al, 2010). Remarkably, the
alteration of the nuclear shape is generally associated with
senescence. Indeed, the most severe premature ageing syn-
dromes, such as Hutchinson Gilford’s syndrome or atypical
Werner’s syndrome, are associated with alterations of the
nuclear shape resulting from the deregulation of lamin A/C
(Kudlow et al, 2007; Worman and Bonne, 2007; Ding and
Shen, 2008). More generally, changes in the nuclear archi-
tecture also appear during the ageing process of wild-type
(WT) cells, showing the importance of such alterations in
general senescence processes (Haithcock et al, 2005; Scaffidi
and Misteli, 2006; Cao et al, 2007; McClintock et al, 2007; Li
et al, 2009; Rodriguez et al, 2009).

During a comparative proteomics study (data to be pub-
lished), we observed an upregulation of lamin B1 in A-T cell
extracts. Because A-T patients suffer from premature ageing,
this observation led to the hypothesis that lamin B1 dysregu-
lation could account for senescence in A-T cells, thus acting
as a key player in an ATM-alternative senescence pathway.
Here, we analysed and documented the origin of lamin Bl
upregulation in A-T cells and its consequences on nuclear
architecture and senescence. More generally, our data shed
light on a general pathway of senescence, independent of
ATM, in response to OS, namely the alteration of nuclear
architecture due to the accumulation of lamin B1 via p38
MAPK activation.

Results

Lamin B1 protein levels are increased in A-T cells
Western blot analysis showed that lamin B1 was increased
between three-fold and five-fold in different A-T lymphoblast
cell lines relative to WT cells (Figure 1A). Lamin Bl was
also increased in A-T primary fibroblasts, as detected by
different antibodies raised against lamin B1 (Figure 1B;
Supplementary Figure S1), demonstrating that lamin Bl
overexpression in A-T cells is independent of cell type.
Imaging analysis that monitored the mean lamin B1 fluores-
cence intensity per nucleus confirmed the three-fold increase
of lamin B1 level in A-T cells compared with WT cells
(Supplementary Figure S2A). Finally, among lamins family,
only lamin B1 was overexpressed in A-T cells. Indeed, lamin
A, lamin C and lamin B2 were not increased in A-T fibroblast
cell extracts.

Notably, the A-T cells used were derived from different
patients and harboured different mutations in the ATM gene,
suggesting that lamin B1 overexpression is not associated
with one specific mutation of ATM but is rather a general
phenomenon that results from ATM inactivation. Consistent
with this conclusion, inactivation of ATM by a specific
chemical inhibitor (KU-55933) also led to an increase in
lamin B1 protein levels in WT cells (Figure 1C).
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Nuclear architecture is altered in A-T primary fibroblasts
Because lamin Bl is an essential component of the inner
nuclear membrane, we examined the consequences of high
lamin B1 protein levels on nuclear shape.

Immunofluorescence microscopy analysis showed that
in the absence of any exogenous challenge, A-T primary
fibroblasts frequently exhibited nuclear malformations
(Figure 2A). Typical examples of alterations, specifically
budded or folded nuclei, are shown (Figure 2A, left panels).
The nuclear circularity of WT and A-T cell populations was
quantified by image analysis. The mean circularity was
significantly lower in two A-T compared with two WT pri-
mary fibroblasts (Figure 2A, right panels). The mean circu-
larity measured in both A-T primary fibroblasts was
significantly lower than the value of 0.65, in contrast with
the two WT fibroblasts. Interestingly, at this circularity
value an alteration of the nuclear envelope was unambigu-
ously observed (Figure 2, upper panels). Thus, the circularity
value of 0.65 was used as the cutoff for nuclear deformation
for all subsequent analyses. The frequency of deformed
nuclei (circularity <0.65) increased from 16.8 and 16.6%
in WT cells (GM03348 and GM05757, respectively) to 57.5
and 48.1% in A-T cells (GM05823 and GMO02052, respec-
tively) (Figure 2A, right panels). Using the values of
lamin B1 fluorescence intensity and the values of nuclei
circularity, we can see that more the intensity of lamin B1
increases more the value of circularity decreases
(Supplementary Figure S2B).

To address whether the misshapen nuclei of A-T cells
resulted from lamin Bl accumulation, we overexpressed
lamin Bl in WT primary fibroblasts and monitored the
nuclear shape by immunofluorescence (Figure 2B). The
frequency of cells with mishappen nuclei (nucleus circularity
<0.65) was 62.3% in cells transfected with a lamin Bl
expression vector compared with 16.1% in cells transfected
with an empty expression vector (Figure 2B). Thus, the
overexpression of lamin Bl alone was sufficient to induce
nuclear deformation in WT fibroblasts to a similar extent as
in A-T primary fibroblasts.

Lamin B1 overexpression induces senescence in primary
fibroblasts

Because nuclear alteration is associated with senescence, we
examined the consequences of lamin Bl overexpression on
senescence in human primary fibroblasts.

Senescence is characterized by a loss of proliferation, an
increase in senescence-associated B-galactosidase (SA-B-gal)
activity and an alteration in chromatin structure. We first
confirmed the senescent phenotype of A-T cells using SA-B-gal
assay (Figure 3A). The percentage of SA-B-gal-positive cells in
A-T population increased as early as passage 12 and reached
73% at passage 22, whereas only 15% of the WT population
was senescent.

Interestingly, overexpression of lamin Bl in WT primary
fibroblasts increased the frequency of SA-B-gal-positive cells
from 16% in cells transfected with an empty expression
vector to 60% in lamin Bl-transfected cells (Figure 3B).

We also observed that lamin B1 overexpression resulted in
an ‘aggregation-compaction” of 4’-6-diamidino-2-phenylin-
dole (DAPI) staining (Figures 2B and 3C, yellow arrows),
which is indicative of senescence-associated heterochromatin
foci (SAHF). To confirm these interpretations, we examined
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Figure 1 Increase of lamin B1 levels in A-T cells. Western blot analysis of extracts (A) from wild-type (WT) and A-T lymphoblasts and (B) from
WT (GMO03348 p15) and A-T primary fibroblasts (GM05823 p17 and GM02052 p15). Right panels: quantification of lamin B1 levels relative to

actin. (C) Increase of lamin B1 after ATM inhibition. WT lymphoblasts w

ere treated for 24 h with DMSO or 10 pM KU-55933, a specific ATM

inhibitor. Left panel: control of inhibitor efficiency by western blot analysis of ATM activity using the ATM-P(S1981) and Chk2-P(T68)

antibodies, after irradiation at 2 Gy. Right panel: the western blot analysis a

nd quantification (histogram) show an increase of lamin B1 levels in

WT lymphoblasts (GM03657) after 24 h of KU-55933 treatment. All quantification values correspond to at least three independent experiments.

*Represents a statistically significant difference (P<0.05) between the v
The error bars denote the s.e.m.

the expression of heterochromatin protein 1 (HP1) and
histone H3 dimethylated on lysine 9 (H3mK9) by immuno-
fluorescence. Overexpression of lamin B1 efficiently induced
the formation of both HP1- and H3mK9-containing hetero-
chromatic foci, which are characteristic of senescent cells
(Figure 3C).

Proliferation was then assessed by a BrdU incorporation
assay, which labels cells in the S phase. Forty-eight hours
following lamin B1 transfection of WT primary fibroblasts,
we observed a reduction in the proportion of cells transition-
ing through S phase, from 41.5-63.9% in empty vector-
transfected cells to 16.8-18.5% in lamin Bl-transfected cells
(Figure 3D, left panel). This loss of proliferation was con-
firmed by a decrease of cyclin A protein, which regulates the
S-phase transition, in fibroblasts transfected with the lamin
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alues for WT and A-T cells or between untreated and treated cells.

B1 expression vector compared with fibroblasts transfected
with empty vector (Figure 3D, right panel).

Taken together, these data show that lamin B1 overexpres-
sion alone is sufficient to induce senescence in WT primary
fibroblasts, as evident by three different parameters: cell
proliferation loss, SA-B-gal activity and SAHF.

Notably, although lamin B1 overexpression induced senes-
cence, it did not activate DDR. Indeed, western blot analysis
showed no changes in y-H2AX, Chk1l, Chk2 activation 48 h
after transfection, which corresponds to the time of senes-
cence detection (Supplementary Figure S3A). Similarly, the
frequency of cells with y-H2AX foci was not affected upon
lamin B1 overexpression (Supplementary Figure S3B). This
result suggests that lamin B1 overexpression does not induce
senescence through DNA damage.

©2012 European Molecular Biology Organization
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Figure 2 Frequency of mishappen nuclei in A-T cells and lamin Bl-overexpressing cells. (A) The nuclear shapes of WT (GMO05757, p17;
GMO03348, p15) and A-T (GM02052, p15; GM05823, p17) human primary fibroblasts examined by immunofluorescence with anti-lamin B1
(red) and DAPI (blue) (left panels). White arrows and lower panels show examples of alterations in nuclear morphology; nuclear envelope
lobulations (1), nuclear blebbing (2 and 3), or crumpled nuclei (4) were observed in A-T cells. Right panels: analysis of nuclear circularity with
Cellprofiler software. The upper panels show examples of values of circularity for the normal nucleus shape (left) and abnormal nuclear shapes
(middle and right). The red line indicates the cell contour determined by the software. This analysis indicates that all nuclei with a circularity
value <0.65 have an abnormal shape. Middle panel: mean circularity in two WT and two AT primary fibroblast populations from three
independent experiments. At least 100 nuclei were analysed. The values correspond to means from three independent experiments.
* * * Represents P<0.0001 (t-test). The error bars denote the s.e.m. Lower panel: percentage of cells with deformed nuclei (circularity
<0.65) from three independent experiments. (B) Abnormal shapes of nuclei in WT cells overexpressing lamin B1. Human wild-type (GM03652,
pl5) primary fibroblasts transfected with a lamin B1 expression vector compared with cells transfected with an empty expression vector
(control) 48h after transfection. Nuclear shape was determined as in (A) by immunofluorescence with anti-lamin B1 (red) and DAPI (grey).
Yellow arrows show cells with senescence-associated heterochromatin foci (SAHF). Right upper panel: western blot of lamin B1 and actin on
extract from wild-type primary fibroblasts transfected with the control or lamin B1 plasmid. Right lower panel: the values on the histogram
correspond to the percentage of nuclei with circularity <0.65 from three independent experiments. Nuclear shape analysis was performed on
at least 100 cells per condition. *Represents a statistically significant difference (P<0.05). The error bars denote the s.e.m.
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Figure 3 Lamin B1 overexpression induces senescence in primary fibroblasts. (A) Accelerated senescence in A-T cells. SA-B-galactosidase
expression in WT (GMO03652) and A-T (GMO02052) primary fibroblasts as a function of passage. Representative photomicrographs of WT and
A-T cells at the same magnification are shown. Right panel: quantification of SA-B-gal expression in WT (GM03652, grey diamonds) versus A-T
(GM02052, black square) primary fibroblasts are shown. (B) SA-B-gal assay performed on WT primary fibroblasts (GM03652 at passage 15)
48 h after transfection of the control plasmid (left panels) or the lamin B1 plasmid (right panels). (C) Senescence-associated heterochromatin
foci (SAHF) formation. The cells were stained 48 h after transfection. Yellow arrows: representative examples of SAHF. The merge shows an
accumulation of HP1 and H3mK9 staining in condensed chromatin. (D) Effect of lamin B1 overexpression on BrdU incorporation. WT primary
fibroblasts were transfected with an empty expression vector (Ct) or a lamin Bl expressing vector (LMNB1). Forty-eight hours following
transfection, the cells were incubated for 24 h with 10 uM BrdU. The histogram represents the quantification of BrdU-positive cells. The values
correspond to the means from three independent experiments. *Represents a statistically significant difference (P<0.05). Right panels:
proteins were extracted 48 h after transfection and lamin B1, cyclin A and actin were detected by immunoblotting.
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Figure 4 Reduction of the lamin B1 levels rescues nuclear shape alteration and senescence in A-T primary fibroblasts. (A) Western blot
analysis of lamin B1 in extract from A-T primary fibroblasts transfected with control or lamin B1 siRNA (20 nM). (B) The alterations in nuclear
shape in A-T human primary fibroblasts transfected with control or lamin B1 siRNA were examined by immunofluorescence with anti-lamin B1
(red) and DAPI (blue) 72 h following transfection (left panel). Right panel: % of misshapen nuclei (circularity <0.65) from three independent
experiments. Nuclear shape analysis was performed on at least 100 cells per condition. (C) The SA-B-gal assay was performed on A-T human
primary fibroblasts (GM05823) 72 h after transfection with control or lamin B1 siRNA. Histograms represent the quantification of SA-B-gal-
positive cells from more than five randomly chosen fields ( x 10 magnification). *Represents a statistically significant difference (P<0.05).

Error bars denote the s.e.m.

An increase in lamin B1 is responsible for nuclear shape
alterations and senescence in A-T cells

Because lamin B1 is spontaneously overexpressed in A-T cells
and because lamin B1 overexpression is sufficient to induce
senescence, we tested whether lamin B1 is responsible for
senescence in A-T cells. Lamin B1 levels were decreased by
RNA interference. Decreasing the level of lamin B1 below the
basal level in WT cells could induce nuclear morphology
alterations and potentially senescence (as reported by
Vergnes et al, 2004 and Lammerding et al, 2006).
Interestingly, we were able to establish conditions that
reduced lamin B1 to levels comparable to that of WT cells
(Figure 4A). Such conditions decreased both the frequency of
cells with an altered nuclear shape from 53.4 to 31.7% and
the frequency of senescent cells measured by the SA-B-gal
activity assay from 50.7 to 23.5% (Figure 4B and C). These

©2012 European Molecular Biology Organization

data show that lamin B1 is involved in nuclear alteration and
senescence in A-T cells.

OS leads to an increase in lamin B1 and misshapen
nuclei
Since high levels of endogenous OS may be responsible for
many phenotypes of A-T patients, including premature ageing
(Barzilai et al, 2002; Browne et al, 2004; Schubert et al, 2004;
Reliene and Schiestl, 2006, 2007; Lavin et al, 2007; Reliene
et al, 2008), we investigated whether OS is responsible for the
increased levels of lamin B1 and nuclear malformation.
Treatment of WT cells with the pro-oxidants H,0, or
L-buthionine sulfoximine (BSO) (which depletes the
glutathione pool) increased lamin Bl levels 2- to 5- to 9-
fold in lymphoblasts and 2.9-fold in primary fibroblasts.
Reciprocally, treatment of A-T cells with the antioxidant

The EMBO Journal VOL 31 | NO 52012 1085
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lamin B1 levels relative to actin following treatment. The values correspond to the means of three to eight independent experiments.
*Represents a statistically significant difference (P<0.05) between untreated (NT) and treated cells. The error bars denote the s.e.m.
(C) Impact of oxidative stress on nuclear shape. Upper panels: WT and A-T fibroblasts were treated with H,0, and NAC, respectively, for 72 h
and analysed by immunofluorescence with anti-lamin B1 (green) and DAPI (blue). White arrows: alterations in nuclear morphology (white
arrows). Lower panels: quantification of abnormal nuclei. Means from three separate experiments are expressed after H,O, treatment in wild-
type primary fibroblasts (GM03349 p14 and GM03652 p14, left panel) and after NAC treatment in A-T primary fibroblasts (GM2052 p14 and
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N-acetyl-L-cysteine (NAC) significantly reduced lamin Bl WT primary fibroblasts, reflecting endogenous ROS
levels (Figure 5A and B). These data show that OS leads to (Supplementary Figure S4A). Of note, in A-T cells, lamin
lamin B1 accumulation. NAC also affected lamin B1 levels in A/C levels were not affected by antioxidant treatment
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(Supplementary Figure S4B), suggesting that endogenous
ROS specially affects lamin B1.

Because pro-oxidant treatment induced the accumulation
of the lamin B1 protein, we tested whether it also affects
nuclear shape. Indeed, H,0, treatment of WT primary fibro-
blasts led to nuclear alterations (from 12.4 to 44.1% and from
3.5 to 50% in GM3349 and GMO03652 cells, respectively)
(Figure SC, left panel), consistently with the impact of
lamin B1 overexpression. Conversely, NAC treatment rescued
nuclear shape in A-T cells (from 47.5 to 25% and from 54.6
to 25% in GMO02052 and GMO05823 cells, respectively)
(Figure 5C, right panel).

Taken together, these data show that OS leads to the
accumulation of lamin Bl and to nuclear morphology
alteration.

The lamin B1 protein is stabilized in A-T cells

Real-time PCR analysis did not reveal an increase of lamin B1
mRNA in A-T cells but showed a decrease (Figure 6A). This
suggests that the increase in the lamin B1 protein level likely
results from post-transcriptional protein stabilization rather
than from transcriptional stimulation of the LMNBI gene,
which encodes lamin B1. Because lamin B1 is increased at the
protein level (see data above), the decrease of lamin Bl
mRNA observed in A-T cells may result from a negative
feedback regulation loop, as suggested previously (Lin and
Fu, 2009). Therefore, we investigated the stability of the
lamin Bl protein in A-T cells compared with WT cells.
Cycloheximide treatment led to a decrease of lamin Bl
protein levels in WT cells after 3h of treatment, whereas
lamin B1 protein levels remained unaffected in A-T cells even
after 9 h (Figure 6B; Supplementary Figure S5A). Notably, the
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stabilization did not result from a difference in the regulation
of apoptosis because similar data were obtained in the
presence of the apoptosis inhibitor Z-VAD (Supplementary
Figure S5B). Treatment with the proteasome inhibitor MG132
increased the level of lamin B1 protein in WT cells, suggesting
that at least part of the regulation of lamin B1 turnover
involved in the proteosomal pathway (Supplementary
Figure S5C). In contrast, treatment with leupeptin, a lyzo-
some inhibitor, did not have any effect.

Together, these data show that the stability of the lamin B1
protein is increased in A-T cells.

p38 MAPK activation leads to lamin B1 accumulation
We next investigated the cellular pathway that could lead to
the accumulation of lamin B1 in A-T cells or after OS. p38
MAPK was a good candidate for three reasons: (1) p38 MAPK
is a kinase activated by OS; (2) it is activated in senescence
induced by different stresses (Wang et al, 2002; Iwasa et al,
2003; Torres and Forman, 2003; Matsuzawa and Ichijo, 2008;
Pan et al, 2009; Freund et al, 2011) and (3) it is part of an
ATM-independent pathway of senescence (Naka et al, 2004).
To test for the possible role of p38 MAPK, we first
measured the spontaneous activation of p38 MAPK in A-T
versus WT cells using specific antibodies against
phospho(T180-Y182)-p38 MAPK, that is, the active form of
p38 MAPK. We observed a higher level of activated p38
MAPK in A-T compared with WT extracts (Supplementary
Figure S6A and B). These observations are consistent with
the high level of spontaneous ROS in A-T cells. Consistently,
the kinase p38 MAPK activity was increased in A-T cells
compared with WT cells. Indeed, the specific substrate,
ATF2, was more efficiently phosphorylated when P-p38
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Figure 7 Impact of p38 MAPK on lamin B1 levels and interactions between p38 MAPK and lamin B1. Modifications of lamin B1 levels after
anisomycin (A) or SB203580 (B) treatment. Left panels: western blot analysis after 24h of anisomycin (10 png/ml) or SB203580 (10 uM)
treatment. Right panels: quantification of lamin B1 after anisomycin (A) or SB203580 (B) treatment. Immunoblotting of P(T180-Y182)-p38
MAPK and P-(Ser82)-Hsp27 protein, a substrate of p38 MAPK, was performed to confirm the efficiency of anisomycin and inhibitor SB203580,
respectively, on p38 MAPK activity. (C) Upper panel: co-immunoprecipitation of lamin B1 (overexpressed 48 h before protein extraction) and
endogenous P-p38 MAPK. Lower panels: in-situ interactions between endogenous lamin Bl and activated p38 MAPK monitored by the
proximity ligation assay (PLA) using the anti-P(T180/Y182)-p38 MAPK and lamin B1 (bottom panel) antibodies. Proximal locations between
the two proteins were observed as red fluorescent dots. Right upper panel: a western blot showing the efficiency of lamin B1 siRNA 48h after
treatment. Right lower panel: quantification of in-situ PLA in cells transfected with negative control siRNA (siCtrl) or with lamin B1 siRNA
(siLMNBL1). Each value represents the mean number of dots in >155 nuclei. *Represents a statistically significant difference (P<0.05).
* % *Represents P<0.0001 (t-test). The error bars denote the s.e.m. (D) In-vitro phosphorylation of lamin B1 by p38 MAPK on SV-40
fibroblasts. The kinase activity of p38 MAPK on immunoprecipitated lamin B1 protein from two WT lymphoblasts protein extracts (Priess and
GMO03657) was evaluated by a radioactive assay. In the presence of MKK3 (a p38 MAPK activator) and **?ATP, p38 MAPK phosphorylated lamin
B1 in vitro (lanes 3 and 4). In the first lane, ATF2-P(T71), a specific substrate of p38 MAPK, served as a positive control of p38 MAPK activity.
In the second lane, no lamin B1 phosphorylation was detected in the absence of p38 MAPK.

MAPK was immunoprecipitated from A-T cells than from WT To test whether p38 MAPK activation affects lamin Bl
cells (Supplementary Figure S6B). levels, WT cells were treated with anisomycin, an MAPK
The activation of p38 MAPK in unchallenged A-T cells activator, and A-T cells with SB203580, a p38 MAPK inhibitor.
could be due to endogenous OS, as reported in haematopoie- Activation of p38 MAPK significantly increased lamin Bl
tic stem cells from atm‘™/~) mice (Ito et al, 2006). Indeed, levels in WT cells (Figure 7A; Supplementary Figure S6D),
treatment of A-T cells with the antioxidant NAC significantly whereas inhibition of p38 MAPK decreased the lamin B1 level
reduced the level of activated p38 MAPK; reciprocally, the in A-T cells (Figure 7B).
level of activated p38 MAPK increased after treatment of Taken together, these data show that p38 MAPK activation
WT fibroblasts with the pro-oxidant H,0, (Supplementary leads to the accumulation of lamin Bl protein and suggest
Figure S6C). that p38 MAPK is a key player in the process leading to lamin
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Bl accumulation in A-T cells, which led us to test for a
potential interaction between lamin B1 and p38 MAPK.

In-vitro phosphorylation of lamin B1 by p38 MAPK
Lamin Bl immunoprecipitation resulted in the co-immuno-
precipitation of P-p38 MAPK (Figure 7C, upper panel). We
confirmed the lamin B1-p38 MAPK interaction by the proxi-
mity ligation assay (PLA), which allows the in-situ detection
of endogenous protein interactions by immunofluorescence
microscopy (Fredriksson et al, 2002; Soderberg et al, 2006,
2008; Laulier et al, 2011). Fluorescent interaction spots were
visible only when both primary antibodies were simulta-
neously used. Notably, this interaction was nearly abolished
when cells were transfected with siRNA against lamin BI,
showing the specificity of the interaction between lamin Bl
and p38 MAPK (Figure 7C, lower panel). Together, these data
demonstrated a physical interaction between lamin B1 and
p38 MAPK.

Importantly, we next showed that activated recombinant
p38 MAPK was able to phosphorylate lamin B1 in vitro
(Figure 7D).

Taken together, these data suggest that p38 MAPK partici-
pate in the induction of senescence after OS by influencing
the level of lamin B1 protein. To address this hypothesis, we
treated cells with H,0, in the presence or absence of the p38
inhibitor SB203580 and measured lamin B1 levels and senes-
cence. The increase in lamin B1 protein levels by H,0, was
accompanied by an induction of senescence (Supplementary
Figure S7A). Importantly, in the presence of the p38 inhibitor,
treatment with H,0, failed to increase both lamin B1 levels
and senescence (Supplementary Figure S7B).

These data show that OS increases lamin Bl and senes-
cence through p38 MAPK activation.

Inhibition of p38 MAPK in A-T cells prevents lamin B1
protein accumulation, nuclear alterations and
senescence
Finally, to directly assess the impact of the p38 MAPK-lamin
B1 pathway on the alteration of nuclear shape and senes-
cence in A-T cells, p38 MAPK was silenced by RNA inter-
ference. Even a partial loss of p38 MAPK led to two- to three-
fold reduction of lamin B1 protein levels in A-T primary
fibroblasts (Figure 8A), consistent with the data using the
SB203580 inhibitor (compare Figures 8A and 7B).
Interestingly, silencing of p38 MAPK in A-T cells also led to
a reduction in the frequency of cells with alterations in
nuclear shape from 56.1 and 60.4% in cells transfected
with the control siRNA to 27.8 and 30.1% cells transfected
with the p38 siRNA (Figure 8B) and concomitantly to a
reduction in the frequency of senescent cells (Figure 8C).
Together, these data showed that p38 MAPK activation
increased the cellular level of endogenous lamin B1, which
leads to alterations in nuclear shape and to senescence in A-T
cells, in an ATM-independent manner.

Discussion

A-T has a complex clinical profile, comprising phenotypes
resulting from DDR defects (radiation sensitivity, genetic
instability and predisposition to cancer), neurological disor-
ders and premature ageing (Lavin, 2008). Although ATM
regulates telomeric maintenance, h-TERT-expressing A-T

©2012 European Molecular Biology Organization

Senescence through lamin B1 accumulation
A Barascu et al

fibroblasts show premature senescence, demonstrating that
the senescence of A-T cells is not completely due to telomeric
shortening (Naka et al, 2004). The ATM Kkinase regulates a
network of multiple pathways controlling DDR, the response
to ROS and senescence induced by hyper-replication, DNA
damage and OIS. However, the limited role played by ATM in
OIS in mice (Efeyan et al, 2009) and the evidence that A-T
cells maintain senescent phenotypes argue for the existence
of an alternative senescence pathway. Both ATM and p38
MAPK participate in stress-induced senescence via two par-
allel pathways, and p38 MAPK could be responsible for
senescence in A-T, but the underlying molecular mechanisms
remain uncharacterized (Naka et al, 2004). Here, we detailed
a senescence-inducing pathway in AT cells thus independent
of ATM. We showed that in response to ROS, activation of p38
MAPK increased the cellular level of endogenous lamin Bl
and that a high lamin B1 level led to nuclear shape alterations
and senescence. Thus, in an ATM-alternative pathway, lamin
B1 appears to be a pivotal molecular effector, for OS to induce
nuclear architecture alteration through p38 MAPK. Notably,
ROS and p38 MAPK are induced by two canonical situations
leading to senescence, which constitute two paradigms of
senescence induction: OIS and stress-induced senescence
(Lee et al, 1999; Iwasa et al, 2003; Han and Sun, 2007;
Lu and Finkel, 2008). Interestingly, we also showed that
nuclear shape alterations and lamin B1 accumulation were
also induced during these two canonical situations
(Supplementary Figure S8), showing that lamin B1 accumu-
lation is not restricted to A-T but is more generally associated
with senescence in response to ROS induction. Thus, it is
tempting to propose that lamin Bl is a general mediator and
marker of OS-induced senescence.

Notably, high levels of endogenous OS can be responsible
for many A-T phenotypes (Barzilai et al, 2002; Browne et al,
2004; Tto et al, 2007; Lavin et al, 2007; Reliene and Schiestl,
2007; Reliene et al, 2008). Therefore, the existence of the OS-
induced senescence pathway described here provides addi-
tional molecular arguments in favour of treating A-T patients
with antioxidants (Lavin et al, 2007) and opens new avenues
by identifying the p38-lamin B1 pathway as a possible addi-
tional therapeutic target.

Many processes can lead to senescence, including DDR
defects, OS, and alterations of nuclear architecture. However,
the putative relationships between these three processes have
been poorly documented. In our study, A-T cells associated
with the three aforementioned defects. Until now, progeroid
syndromes have been classified into two distinct categories:
laminopathies, in which lamins are altered, and DDR defect
syndromes (Lans and Hoeijmakers, 2006). Because our data
showed an increase of lamin B1 levels and modification of
nuclear architecture in A-T cells, this pathology can describe
both classes of progeroid syndromes. Notably, these two
defects may potentiate each other. Indeed, dysregulation of
lamin A/C affect DNA damage signalling and genomic stabi-
lity in laminopathies (Liu et al, 2005, 2006; Misteli and
Scaffidi, 2005; Manju et al, 2006; Parnaik and Manju, 2006;
di Masi et al, 2008; Liu and Zhou, 2008; Gonzalez-Suarez
et al, 2009a, b; Redwood et al, 2011). Thus, it is tempting to
speculate that the overexpression of lamin B1 similarly
affects DNA metabolism.

Duplication of the LMNBI gene, resulting in lamin Bl
overexpression, has been described in adult-onset autosomal
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Figure 8 Impact of silencing p38 MAPK in A-T primary fibroblasts. (A) Impact of siRNA p38 MAPK (40nM) on lamin B1 levels. Left panel:
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dominant leukodystrophy (ADLD) (Padiath et al, 2006;
Meijer et al, 2008). Interestingly, lamin Bl and lamin B2
deficiencies are associated with other neurological defects,
indicating that the level of lamin B1 must be very tightly
controlled to avoid both defects and excess levels (Coffinier
et al, 2011). Published observations show that defect in lamin
B1 leads to nuclear morphology alterations (Vergnes et al,
2004; Lammerding et al, 2006). Our data show that lamin B1
can also be indirectly dysregulated due to a mutation in ATM.
Remarkably, A-T and ADLD share common clinical traits,
such as the demyelination of the central nervous system
(CNS), which is associated with severe neurological defects.
The molecular causes of the CNS demyelination and neuro-
logical defects in A-T remain puzzling (Barzilai et al, 2008;
Biton et al, 2008). Supported by a recent report demonstrat-
ing that LMNBI overexpression affects the expression of
myelin synthesis genes thereby causing CNS demyelination
(Lin and Fu, 2009), our data thus provide a potential mole-
cular explanation for the neurological disorders in A-T.
Therefore, in parallel to DDR defects, lamin B1 overexpres-
sion could account for important clinical traits of A-T,
including premature ageing and CNS defects/neurological
disorders. More generally, lamin B1 overexpression could
explain the neurological defects and/or senescence pheno-
types in different disorders associated with elevated OS.

Cell viability in response to OS requires regulation of the
redox balance. The transcription factor Octl regulates this
balance by inhibiting the transcription of detoxification
genes, such as PRDX2, GPX3 and SODI. The retention of
Octl at the nuclear periphery allows these genes to be
expressed and consequently improves cell viability under
OS (Tantin et al, 2005; Malhas and Vaux, 2009).
Importantly, lamin B1 is required for Octl localization at
the nuclear periphery, and loss of lamin B1 leads to a higher
sensitivity to OS (Malhas et al, 2009). Because our study
showed that OS increased lamin B1 protein levels, these data
collectively support a model in which lamin B1 accumulates
in response to OS to protect cells against OS. We confirmed
this model by showing that lamin Bl overexpression de-
creases both basal and H,0,-induced ROS levels and in-
creases cell survival in response to OS exposure
(Supplementary Figure S9). Thus, lamin Bl overexpression
participates in the endogenous cell response to OS. p38
MAPK is generally believed to be a kinase that mediates
cell death. In contrast, some studies found that activation of
p38 MAPK by stress stimuli may not necessarily promote cell
death; instead, it could enhance cell survival by mechanisms
that are still poorly characterized (Thornton and Rincon,
2009). Our data shed light on the molecular pathway by
which p38 MAPK can control the expression of detoxification
genes via lamin Bl accumulation, which can underlie a
prosurvival function of p38 MAPK.

The present data can be unified in the following model
(Figure 9): (1) OS activates p38 MAPK; (2) p38 MAPK
activation leads to high levels of the lamin Bl protein,
which is part of the cellular response to OS; (3) accumulation
of lamin B1 decreases the level of ROS, thereby increasing
the resistance of cells to OS; and (4) in the case of persistent
and chronic OS (e.g., in genetic diseases such as A-T),
prolonged high levels of lamin B1 affect both the nuclear
architecture, thereby triggering senescence (present data),
and the expression of myelin synthesis genes, resulting
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Figure 9 Consequences of lamin B1 accumulation on redox bal-
ance, senescence and neurological defects. Oxidative stress leads to
an increase of levels of lamin B1 through activation of p38 MAPK.
Our data show an important role for lamin B1 protein in the control
of oxidative stress, by regulating the ROS levels and improving cell
viability. In case of persistent oxidative stress (such as in A-T cells),
prolonged accumulation of lamin B1 levels leads to senescence and/
or neurological defects. Indeed, lamin Bl can impact on nuclear
architecture morphology and senescence, as shown in the present
report, as well as on myelin gene synthesis as it was reported in
Lin and Fu (2009).

in neurological disorders (Lin and Fu, 2009). Our results
highlight the missing link at the crossroads between OS,
the alteration of nuclear architecture and senescence and
identify lamin B1 as a key mediator of senescence in response
to OS.

Materials and methods

Cell culture, treatments and transfection

Cells were grown at 37°C with 5% CO, in Modified Eagle’s medium.
Human primary fibroblasts were grown in MEM (Invitrogen,
Carlsbad, USA), lymphoblasts in RPMI-1640 (Lonza Group Ltd.,
Switzerland) supplemented both with 20% fetal calf serum (FCS;
Lonza Group Ltd.) and SV-40 human primary fibroblasts in DMEM
supplemented with 10% FCS. All media were supplemented with
2 mM glutamine, 200 IU/ml penicillin, and 100 mg/ml streptomycin
(Calbiochem, Merck Biosciences, Darmstadt, Germany). For pro-
oxidant treatment, normal primary fibroblasts were exposed to
50uM H,0, at 37°C in culture for 72h. WT lymphoblasts were
exposed to 100 uM H,0, at 37°C in culture for 24 h. For antioxidant
treatment, A-T primary fibroblasts and lymphoblasts were exposed
to 2mM NAC (Sigma-Aldrich, St Louis, MO, USA) for 48 and 24 h,
respectively. p38 MAPK activation or inhibition on lamin B1 levels
in lymphoblasts was assessed by 24h of anisomycin (10 pg/ml,
Sigma-Aldrich) or SB203580 (10 uM, Invitrogen) treatment, respec-
tively. For inhibition of phospho-serine-1981 ATM, lymphoblasts
were treated for 24 h with 10 uM KU-55933 (Cell Signaling, Ozyme,
France). Nucleotransfection of primary fibroblasts was performed
using the Amaxa Nucleofector System (Lonza Group Ltd.). Forty-
eight hours after transfection of empty plasmid or human lamin B1
cDNA (Origene, Clinisciences SA, France) or 72 h of lamin B1 siRNA
(Eurogentec, France), nuclear morphology analysis or the SA-f-gal
assay was performed.

Western blot analysis

Cells were suspended in lysis buffer (8 M urea, 1 M thiourea, 4.8%
CHAPS, 50 mM DTT, 24 mM spermine dehydrate, protease inhibitor
cocktail (Complete Lysis Buffer; Roche, Meylan, France), and
0.1 mM Na;VO,). To fragment the DNA and then to improve the
proteins extraction, repeated mechanical disruptions of lysate
through a needle attached to 0.3ml were performed. After
incubation for 1h at room temperature, samples were cleared by
centrifugation at 100000 g in a TLA-100 rotor (Beckman, Fullerton,
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CA, USA). For each blot, equal amounts (30pug) of protein were
loaded per sample. Electrophoresis separation, transfer onto
nitrocellulose membrane and antibody probing were performed
using standard techniques. Proteins were visualized using the ECL
Western Blotting System. Lamin Bl and B2 were probed with
antibodies at 1:500 (Abcam Inc., Cambridge, UK), and actin was
probed with specific antibody at 1:1000 (Sigma-Aldrich). The
phosphorylated forms of ATM, Chk2, Hsp27 and p38 MAP kinases
were detected, respectively, with anti-P(51981)-ATM (Rockland,
Bridgeport, USA) and anti-P(T68)-Chk2, anti-P(S82)-Hsp27 and
anti-phospho(T180-Y182) p38 MAPK-MAPK (Cell Signaling Tech-
nology Inc., Danvers, MA, USA) antibodies at 1:500. Vinculin and
PARP protein detection was performed using specific antibodies
at 1:5000 (Abcam Inc. and Cell Signaling Technology Inc.,
respectively). Cyclin A was detected using specific antibody at
1:500 (Abcam Inc.).

Immunofluorescence microscopy

Cells were grown on glass coverslips, fixed with 2% paraformalde-
hyde or cold methanol and permeabilized with 0.5% saponin. After
blocking, cells were incubated with anti-lamin B1, anti-HP1 or
H3mKO9 primary antibodies (Abcam Inc.) diluted in PBS containing
1% BSA and 0.05% Tween.

After washing with PBS containing 1% BSA, the cells were
incubated with FITC-conjugated goat anti-mouse Ig or RHOD-
conjugated goat-rabbit Ig (Jackson ImmunoResearch Laboratories,
Inc., West Grove, PA, USA) and stained with DAPI. Finally, the
slides were mounted with a fluorescent mounting medium
(Fluoromount). Images were obtained with a x40 objective and
processed with the fluo IMSTAR software (IMSTAR S.A., France).

Immunodetection of lamin B1 was performed on a Leica DM5500
microscope equipped with a CoolSNAP HQ CCD camera and x 63
objective. Data acquisition was performed with MetaMorph
(Universal Imaging). The lamin B1 fluorescence intensity per
nucleus was measured with Image J Mean Gray Value Parameter.

In-situ PLA

Staining with primary antibodies was performed as described above
for immunofluorescence microscopy using mouse phospho-p38
MAPK (Thr180/Tyr182) (Cell Signaling Technology Inc.) and rabbit
lamin B1 (Abcam) antibodies. Then, in-situ PLA was performed
using the Duolink II Fluorescence kit (OLINK Bioscience) according
to manufacturer’s protocol. Image acquisition was performed with a
Leica DMRxA2 confocal microscope SPE (Leica Microsystems,
Welzlar, Germany) using ACS APO x 63 1.3 oil lenses. Images were
processed with the Leica and ImageJ software.

Nuclear shape measurements

CellProfiler image analysis software was used to measure cellular
morphological parameters. Shape features of nuclei stained by
lamin B1 were determined using the specific ‘measure object size
shape’ module. Among these shape features, we focused on the
Form Factor values (calculated as 4 x m x Area/Perimeter?) to
quantify nuclei with abnormal shapes. A Form Factor equal to 1
corresponds to perfectly circular nuclei.

Cytochemical detection of SA-p-gal

SA-B-gal-positive cells were detected as previously described (Dimri
et al, 1995). Briefly, monolayers of cells were fixed with 2%
formaldehyde and 0.2% glutaraldehyde and incubated at 37°C in
staining solution (Cell Signaling Technology Inc.). After overnight
incubation, the percentage of stained cells was determined at x 10
magnification with a Zeiss microscope (Statif Axio vertical 40C,
Zeiss). SA-B-gal-positive cells were quantified from more than five
randomly chosen fields.

BrdU staining

Cells were grown on coverslips, labelled for 24h in 10pm
bromodeoxyuridine (BrdU) and fixed in cold methanol. DNA was
denatured by incubating the cells in 4 N HCI for 20 min at RT, and
BrdU staining was performed according to manufacturer’s recom-
mendations with FITC-conjugated anti-BrdU (Becton Dickinson).
Nuclear DNA was counterstained with 1 pg/ml DAPI.

RNA interference
siRNA-specific lamin B1 (5-AGAGUCUAGAGCAUGUUUG-3') and
control siRNA (NEGOS, Eurogentec) were nucleofected using the
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Amaxa system according to manufacturer’s conditions. A mix of
two sequences of p38 MAPK siRNA (5-GCACCAUGAAGAUCAA
GAU-3' and 5'-CCUUCCAGCAGAUGUGGAU-3') were transfected
into cells using INTERFERin (Polyplus Transfection, Illkirch,
France) under conditions specified by the manufacturer.

Relative real-time PCR quantification -
Quantitative PCR was carried out in a Mastercycler™ ep realplex
real-time PCR system (Eppendorf, France) using technical dupli-
cates of three separate experiments for each primer on 10ng/ul
cDNA for LMNBL1 and 0.1 and 0.01 ng/pl cDNA for the ACTIN and
18S reference genes, respectively. A parallel amplification using the
ACTIN and 18S rRNA primers was carried out as a reference. In
each case, duplicate threshold cycle (Ct) values were obtained and
averaged. Lamin B1 expression was then determined by the relative
quantification (Q) method.

Co-immunoprecipitation

Forty-eight hours following transfection of lamin Bl expression
vector using Jet-PEI (Polyplus Transfection), SV40 fibroblasts were
lysed in a 150-mM NaCl buffer (NaCl 150 mM, NP-40 1%, EDTA
1mM, Tris 25mM pH 7.5) containing phosphatases and protease
inhibitors for 45 min on ice. To improve the efficiently of extraction,
we repeated mechanical disruption by passing the lysate 10 times
through a needle attached to a 0.3-ml syringe. After centrifugation
at 13000 g for 30 min at 4°C, lysates were precleared and incubated
(250 pg proteins) overnight at 4°C under agitation with 2 pg lamin
B1 antibody or without antibody (beads alone, used as negative
control). Protein G-agarose beads (Sigma-Aldrich) were added to
samples, and the mixtures were incubated for 4h at 4°C under
rotary agitation. After four washes, immunoprecipitates were
resuspended in 2 x Laemmli buffer and boiled for 5 min. Following
centrifugation, the supernatant was separated by 8% SDS-PAGE,
and lamin B1 and p-p38 MAPK were detected by autoradiography.

In-vitro phosphorylation of immunoprecipitated lamin B1 by
activated p38 MAPK

The kinase activity of p38 MAPK was estimated by measuring the
phosphorylation rate of immunoprecipitated lamin B1. The SV40
fibroblasts were lysed for 30 min on ice in an RIPA (50 mM Tris HCI
pH 8, 150mM NaCl, 1% NP-40, 0.5% sodium deoxycholate and
0.1% SDS) buffer containing phosphatases and protease inhibitors.
To improve the efficiently of extraction, we repeated mechanical
disruption by passing the lysate 10 times through a needle attached
to a 0.3-ml syringe. After centrifugation at 13 000 g for 30 min at 4°C,
lysates were precleared and incubated (250 pug proteins) overnight
at 4°C with 2 pg lamin B1 under agitation. Protein G-agarose beads
(Sigma-Aldrich) were added to samples, and the mixtures were
incubated for 4h at 4°C under rotary agitation. After four washes,
immunoprecipitates of lamin B1 or 2 pg of ATF-2 fusion protein (a
p38 MAPK substrate, used as positive control) were resuspended in
30l kinase buffer containing 1pg of recombinant o-p38 MAPK,
1 pg of recombinant MKK3 (Cell Signaling Technology Inc.), 5 uM
ATP and 5pCi [y-*P]ATP. After incubation for 15min at 30°C,
reactions were stopped on ice by the addition of 2 x Laemmli
buffer. Samples were separated by 10% SDS-PAGE, and phosphory-
lated 3?P-lamin B1 was detected by autoradiography.

Statistical analysis

The results are expressed as the means +s.e.m. of at least three
independent experiments. Statistical analyses were performed using
the non-parametric Mann-Whitney t-test, and * represents statis-
tical significance (P<0.05). For lamin B1 fluorescence intensity, the
mean of circularity and PLA quantification, statistical analyses were
performed using the non-parametric T-test, and *** represents
statistical significance (P<0.0001).

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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