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Nesprin-2-dependent ERK1/2 compartmentalisation
regulates the DNA damage response in vascular
smooth muscle cell ageing

DT Warren*, T Tajsic?, LJ Porter', RM Minaisah', A Cobb', A Jacob', D Rajgor', QP Zhang' and CM Shanahan*"

Prelamin A accumulation and persistent DNA damage response (DDR) are hallmarks of vascular smooth muscle cell (VSMC)
ageing and dysfunction. Although prelamin A is proposed to interfere with DNA repair, our understanding of the crosstalk
between prelamin A and the repair process remains limited. The extracellular signal-regulated kinases 1 and 2 (ERK1/2) have
emerged as key players in the DDR and are known to enhance ataxia telangiectasia-mutated protein (ATM) activity at DNA
lesions, and in this study, we identified a novel relationship between prelamin A accumulation and ERK1/2 nuclear
compartmentalisation during VSMC ageing. We show both prelamin A accumulation and increased DNA damage occur
concomitantly, before VSMC replicative senescence, and induce the localisation of ERK1/2 to promyelocytic leukaemia protein
nuclear bodies (PML NBs) at the sites of DNA damage via nesprin-2 and lamin A interactions. Importantly, VSMCs treated with
DNA damaging agents also displayed prelamin A accumulation and ERK compartmentalisation at PML NBs, suggesting that
prelamin A and nesprin-2 are novel components of the DDR. In support of this, disruption of ERK compartmentalisation at PML
NBs, by either depletion of nesprin-2 or lamins A/C, resulted in the loss of ATM from DNA lesions. However, ATM signalling
and DNA repair remained intact after lamins A/C depletion, whereas nesprin-2 disruption ablated downstream Chk2 activation
and induced genomic instability. We conclude that lamins A/C and PML act as scaffolds to organise DNA-repair foci and
compartmentalise nesprin-2/ERK signalling. However, nesprin-2/ERK signalling fidelity, but not their compartmentalisation at

PML NBs, is essential for efficient DDR in VSMCs.

Cell Death and Differentiation (2015) 22, 1540-1550; doi:10.1038/cdd.2015.12; published online 6 March 2015

DNA damage is a major driving force during cellular ageing,
and it has been implicated in hastening the development of
cardiovascular diseases, including atherosclerosis where the
accumulation of senescent cells has been shown to accel-
erate disease.' Normally, DNA damage is efficiently repaired
by the DNA damage response (DDR), a complex signalling
cascade of proteins that include sensors (NBS1/MRE11),
transducers (ataxia telangiectasia-mutated protein (ATM)/
ataxia telangiectasia- and Rad3-related protein (ATR)) and
effectors (p53/p21). However, if damage is overwhelming or
repair is inefficient, the accumulation of unrepaired DNA
damage leads to persistent DNA damage signalling and
premature senescence.? Recently, the nuclear lamina has
been implicated in the DDR, and its disruption is associated
with accelerated cardiovascular ageing.®

The nuclear lamina is composed of A-type (lamins A/C) and
B-type (lamins B1/B2) lamins that underlie the nuclear
envelope (NE) and extend throughout the nucleoplasm? to
form a scaffold that is essential for the compartmentalisation
and the integrity of nuclear signalling.* The pathological
accumulation of lamin A precursors such as prelamin A or

progerin causes Hutchinson Gilford Progeria Syndrome
(HGPS), a disease of accelerated ageing where patients
develop severe early-onset arteriosclerosis characterised by
vascular smooth muscle cell (VSMC) attrition.* During the
DDR, lamin A interacts with Ku70 and yH2AX, and forms a
framework that is essential for the positional stability of repair
foci.>® Prelamin A accumulation interferes with DNA-repair
processes and has been shown to delay the recruitment of
DNA-repair proteins such as 53BP1 to double strand breaks
(DSBs)” and cause mislocalisation of DNA PK.? Fibroblasts
and induced pluripotent stem (iPS) cells derived from HGPS
patients show persistent DNA damage signalling and pre-
mature senescence.® Importantly, aged VSMCs, both in vitro
and in vivo, also accumulate prelamin A and activate
persistent DDR, suggesting a key role for the nuclear lamina
in vascular ageing.?

The nesprin family of spectrin-repeat (SR) proteins were first
identified as NE lamin A-binding proteins. However, both
nesprin-1 and nesprin-2 show extensive alternate splicing,
and variants have been shown to localise to multiple
nuclear and cytoplasmic compartments.® One such variant,
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nesprin-2BAKASH1, retains a lamin A-binding region and
localises to promyelocytic leukaemia protein nuclear bodies
(PML NBs) in VSMCs.' Previously, we demonstrated that
nesprin-2BAKASH1 scaffolds extracellular signal-regulated
kinases 1 and 2 (ERK1/2) at PML NBs and acts to
regulate nuclear ERK1/2 activity and downstream VSMC
proliferation.'® Importantly, both ERK and PML NBs have also
been implicated in the DDR; PML and ERK1/2 localise at DNA
lesions where ERK1/2 enhance ATM- and ATR-mediated
repair.''~'® In addition, PML and ERK1/2 are essential for
regulating the cell cycle in response to DNA damage; PML
forms nucleolar cap structures that sequester MDM2 and
activate DNA damage-mediated p53 signalling, while ERK1/2
are essential for efficient G2/M checkpoint activation.'*™'®
Similar to nesprin-2, PML and ERK1/2 have also been shown
to associate with the nuclear lamina suggesting that the
nuclear lamina, potentially via nesprin-2BAKASH1, may
regulate ERK compartmentalisation during the DDR."":18

In this study, we identify a novel signalling complex that
regulates compartmentalisation of ERK1/2 during the DDR in
VSMCs. We show that the nuclear lamina tethers PML NBs
and spatially organises nuclear signalling events. Disruption of
this organisation results in ATM mislocalisation from DNA-
repair foci and impairs downstream DNA-repair signalling,
ultimately leading to genomic instability.

Results

Prelamin A accumulation, persistent DDR and increased
ERK1/2 compartmentalisation at PML NBs are asso-
ciated with VSMC ageing. To model ageing, VSMCs were
serially passaged in vitro, which identified three distinct
phases of cell growth. Early-passage cells proliferated with a
population-doubling time (PDT) of 2-5 days showed no
evidence of DNA damage, measured by formation of yH2AX
and 53BP1 foci, and did not accumulate prelamin A (Figures
1a—g and Supplementary Figures 1 and 2). After a number of
further passages dependent on cell isolate, VSMCs reduced
their growth rate (PDT of 6-8 days) and entered presenes-
cence, characterised by increased prelamin A levels and
persistent DNA damage signalling marked by increased
yH2AX and 53BP1 foci (Figures 1a—g and Supplementary
Figures 1 and 2). Western blotting revealed that decreased
FACE1 levels were associated with prelamin A accumulation
in presenescent VSMCs (Figure 1e). However, these cells
did not show increased senescence-associated -galacto-
sidase activity (SA-B-gal; Figure 1b and Supplementary
Figure 1). This contrasted with senescent VSMCs that
completely ceased proliferation and stained strongly for SA-
B-gal, prelamin A, and also showed increased 53BP1 foci
(Figures 1a—g and Supplementary Figures 1 and 2).2
Immunofluorescence microscopy (IF) revealed that prese-
nescent and senescent VSMCs contained increased numbers
of PML NBs per nuclei compared with proliferative VSMCs
(Figures 2a and b, and Supplementary Figure 2). Further
analysis revealed that presenescent VSMCs contained larger
PML NBs than their proliferative and senescent counterparts,
suggesting PML NBs are remodelled during VSMC ageing
(Figures 2a—c and Supplementary Figure 2). Nesprin-2
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co-localised with PML NBs (Figure 2a), and in a small
subpopulation of VSMCs, both PML and nesprin-2 decorated
the nucleoli and formed nucleolar cap-like structures (Figures
2a and d), with the frequency of this nucleolar localisation
significantly increased in presenescent and senescent
cultures (Figures 2a and d). ERK localisation also differed
between proliferative, presenescent and senescent VSMCs.
In proliferative cells, ERK2 nuclear staining was diffuse and
co-localisation with nesprin-2 at PML NBs was weak. In
contrast, presenescent cells displayed strong nesprin-2 and
ERK2 co-localisation at PML NBs that decorated the nucleolar
periphery (Figures 3a—c and Supplementary Figure 3).
Senescent VSMC PML NBs retained their association with
nesprin-2, but ERK2 staining was diffuse with reduced
co-localisation at PML NBs (Figures 3a and b, and
Supplementary Figure 3) suggesting the ERK/nesprin-2/
PML complex was specific to presenescent VSMCs. Immuno-
precipitation (IP) confirmed increased interactions between
total ERK2, active ERK1/2 and nesprin-2 in presenescent
VSMCs compared with proliferative VSMCs (Figures 3d and e)
Moreover, ERK2 precipitated nesprin-2AKASH1 (75 kDa)
variant and two larger previously identified NE nesprin-2
variants, whereas pERK1/2 antibodies predominantly preci-
pitated the nesprin-2BAKASH1 (75 kDa) variant (Figures 3d
and g, and Supplementary Figure 4). Importantly, ERK2 and
pERK1/2 failed to precipitate nesprin-2BAKASH1 or the larger
nesprin-2 variants from senescent VSMCs, further suggesting
that ERK2 is lost from the complex (Supplementary Figure 5).

The stabilization of the complex in presenescent VSMCs
suggested that it may have a role in DNA damage signalling.
Western blot (WB) confirmed increased levels of yH2AX in
presenescent VSMCs (Supplementary Figure 6). Co-localisation
with yH>AX foci (marking double strand DNA breaks) revealed
that PML-associated ERK2 abutted the sites of DSBs as
shown by the close juxtaposition of nesprin-2 and ERK2
(Supplementary Figure 6).

Lamins A/C are essential for nesprin-2/ERK compart-
mentalisation at PML NBs. To investigate whether an intact
nuclear lamina was necessary for complex formation, lamin
A/C was depleted from VSMCs using siRNA (Figure 4a).
Although the number of PML NBs per nuclei remained
unaltered, they were larger in lamin A/C-depleted VSMCs
compared with control (Figures 4b—d). Moreover, lamin
A/C-depleted cells showed reduced nesprin-2 and ERK2
localisation at PML NBs (Figures 4e and f). To determine the
long-term impact of lamin A/C depletion on VSMC prolifera-
tion, cells were subjected to three rounds of siRNA-mediated
knockdown. Extended lamin A depletion had no effect on
53BP1 foci number per nuclei, PDT or SA-B-gal staining
(Supplementary Figure 7). GST-pull down assays using a
construct containing the C-terminal portion of lamin-A, which
consists of an immunoglobulin domain-like region precipi-
tated nesprin-2BAKASH1, ERK2 and PML, and this was not
observed with GST alone (Figure 4g), suggesting the
complex could bind directly to lamin A. Several other
nesprin-2 variants were also efficiently precipitated as
expected, including nesprin-2e2 and p156KASH"sP2
(Figure 4g and Supplementary Figure 4).
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Figure 1 Characterisation of VSMC ageing. (a) VSMCs grown in vitro display three distinct growth phases we termed proliferative (PDT 2-5 days), presenescence (PDT 6-
8 days) and senescence. Graph shows the combined growth curve data from three independent experiments. (b) Cells from each phase stained for SA-f-gal activity; graph
shows the combined data of three independent experiments (*P= 0.0033). (c) IF images of prelamin A accumulation (red) and DAPI (blue). (d) Quantification of prelamin A
accumulation in presenescent (*P=0.0051) and senescent (**P=0.0001) VSMCs. (e) WB of prelamin A and FACET1 levels in proliferative and presenescent VSMCs. (f) IF
images of 53BP1 (green), a marker of persistent DNA damage signalling, and DAPI (blue). (g) Quantification of cells displaying 53BP1 foci in presenescent (*P=0.0263) and
senescent (**P=0.0328) cells. Graphs represent the combined data from three independent experiments counting 300 cells per condition

Prelamin A-induced DNA damage triggers ERK1/2 com-
partmentalisation at DNA lesions. Next, we investigated
whether nuclear lamina disruption induced by prelamin A was
the triggering event for ERK1/2 compartmentalisation at PML
NBs. SiRNA-mediated knockdown of the lamin A processing
the enzyme FACE1 to induce prelamin A accumulation in
proliferative VSMCs (Supplementary Figure 8) triggered
an increase in cells with ERK2 localisation at PML NBs
(Figures 5a and b). No nucleolar cap formation was
observed; however, ERK2-associated PML NBs did redis-
tribute toward the nucleolar periphery in FACE1-depleted
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cells (Figures 5a and b). As prelamin A accumulation
promotes DNA damage, we also investigated whether DNA
damage per se could induce complex formation. Treatment of
proliferative VSMCs with the DNA damage inducer doxor-
ubicin increased the levels of phosphorylated ERK1/2 in
VSMC lysates (Supplementary Figure 9), and the association
between nesprin-2B8ATM and both ERK2 and phosphorylated
ERK1/2 was also enhanced (Figures 5¢ and d, and
Supplementary Figure 9). Subcellular fractionation and WB
showed that prelamin A also accumulated in the nuclear
fraction in response to doxorubicin (Supplementary Figure 9)
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Figure2 PML NB reorganisation during VSMC ageing. (a) IF images of nesprin-2 and PML NBs in proliferative and presenescent VSMCs; DAPI (blue), nesprin-2 (green) and
PML (red). Arrowheads mark nucleolar caps. Circle marks nucleoli position. Quantification of (b) average number of PML NBs per nucleus (*P=0.0339, **P=0.01,
“*P=0.001); (c) average PML NB size (*P= <0.001, **P= <0.001, **P= < 0.001); and (d) number of cells displaying nucleolar caps (*P=0.0116 and **P=0.0076) in
proliferative, presenescent and senescent phases of growth. Graphs show the combined data of three independent experiments counting 300 cells

suggesting there is a potential feedback between ERK
compartmentalisation and prelamin A accumulation in
response to DNA damage.

Confocal immunofluorescence showed that doxorubicin
treatment caused a dose-dependent, relocalisation of both
nesprin-2 and PML into nucleolar cap structures (Figures 5e
and f, and Supplementary Figure 9). After a short-term
treatment with doxorubicin (1 h), ERK2 was lacking in these
nucleolar caps (Figures 5e and f). However, prolonged
doxorubicin (3h) treatment enhanced the association of
ERK2 with the nesprin-2-positive nucleolar caps (Figures 5e
and f). Pretreatment with the MEK inhibitor U0126 failed to
disrupt nesprin-2 reorganisation into the nucleolar cap, but it
dramatically reduced ERK2 association with the nucleolar cap
suggesting that active ERK1/2 are components of this
complex (Figures 5e and f).
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Complex formation is essential for ATM signalling fidelity
and its disruption leads to genomic instability. ERK1/2
enhance ATM/ATR-mediated signalling during DNA repair, so
we next examined the effect of releasing ERK1/2 from the
complex in presenescent VSMCs by depleting nesprin-2.
SiRNA knockdown was confirmed by gRT-PCR and WB
(Figures 6a—c), and IF confirmed the loss of nesprin-2 from
PML NBs (Figure 6d). WB analysis showed that complex
disruption induced the DNA damage shown by increased
yH2AX staining by WB and flow cytometry (Figures 6¢ and e).
Comet assays confirmed the presence of unrepaired DNA
damage shown by significantly increased comet tail intensity
in nesprin-2-depleted cells. In contrast, increased DNA
damage was not observed in PML-depleted VSMCs, suggest-
ing that nesprin-2 is the key ERK scaffold in the complex
(Figures 6f and g, and Supplementary Figure 10).
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Next, we sought to determine the signalling pathways
within the DDR that regulate ERK compartmentalisation.
Depletion of the DDR kinase ATM in VSMCs blocked the
dynamic reorganisation of nesprin-2 and PML into nucleolar
caps in response to DNA damage (Supplementary Figure
11) suggesting a link between ERK and ATM signalling. To
investigate this further, nesprin-2 and lamin A/C-depleted
cells were treated with doxorubicin. Doxorubicin treatment
stimulated the ATM activity (marked by ser1981 phosphor-
ylation) in control VSMCs, and this response was also
observed in nesprin-2 and lamin A/C-depleted VSMCs
(Figures 7a and b). However, analysis of the downstream
ATM target Chk2 revealed that Chk2 phosphorylation in
response to DNA damage was significantly impaired
in nesprin-2-depleted, but not lamin A/C-depleted,
VSMCs, although lamin A/C-depleted lysates displayed a
modest, nonsignificant reduction in Chk2 phosphorylation
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(Figures 7a and c). Control nuclei displayed multiple
ATM foci in response to DNA damage (62.67 +2.082;
Figures 7d and e), whereas nesprin-2 or lamins A/C
depletion blocked the induction of ATM foci in response to
DNA damage (19.67+10.69 and 21.67 +9.609, respec-
tively; Figures 7d and e) suggesting ERK compartmentalisa-
tion during the DDR is also essential for maintaining ATM
localisation and activation of downstream ATM targets in the
presence of DNA damage.

In addition to their role in regulating DNA repair, ATM/ATR
also activate cell cycle checkpoints. Nesprin-2-depleted
VSMCs displayed a fourfold increase in cells with
mitotic defects, such as telophase bridges and lagging
chromosomes (Figures 7f and g), as well as a
twofold increase in cells displaying micronuclei (Figures
7h and i) indicative of G2/M checkpoint failure and genomic
instability.
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Figure 4 The A-type lamins are essential for nesprin-2/ERK/PML complex organisation in VSMCs. (a) WB of control and lamin A-depleted VSMC lysates. (b) IF showing
PML organisation (green) and DAPI (blue) in control and lamin A-depleted VSMCs; Quantification of (¢) PML size (*P= < 0.0001) and (d) PML number per nuclei in control and
lamin A-depleted VSMCs. Graphs show the combined data of three independent experiments counting 300 cells. (e) IF showing nesprin-2 (green) and ERK2 (red) localisations in
control and lamin A-depleted nuclei. (f) Quantification of nesprin-2 localisation at PML NBs in control and lamin A-depleted VSMC nuclei (***P=0.0009). Graph shows the
combined data of three independent experiments counting 300 cells. (g) WB of GST-pull downs using bacterial expressed lamin A tail construct and VSMC lysates

Discussion

Prelamin A accumulation promotes ERK compartmenta-
lisation and VSMC senescence. In this study, we show that
VSMC ageing in vitro is characterized by three distinct growth
phases: rapid proliferation in young cells is followed by a
presenescent phase characterised by a slowing of cell growth
and the accumulation of prelamin A, which is then rapidly
followed by growth arrest and cellular senescence. Prelamin
A accumulation in presenescent VSMCs was associated with
increased DNA damage and also with increased compart-
mentalisation of ERK1/2 at PML NBs, suggesting that signals
associated with prelamin A accumulation and/or DNA
damage may induce complex formation.?” The consistent
accumulation of prelamin A in presenescent VSMCs sug-
gests that prelamin A may have unique functions in the DDR
in VSMCs. We speculate that prelamin A may be part of a
feedback mechanism to block VSMC proliferation, as low
levels were associated with nuclear reorganization of

signalling complexes, which promoted cell cycle delay and
DNA repair. However, when DNA damage persists, prelamin
A accumulates further and can interfere with DNA damage
repair ultimately leading to robust cellular senescence®?
as observed in VSMCs and Zmpste24/FACE1-deficient
fibroblasts.'® Prelamin A accumulation in proliferative VSMCs
or SMCs derived from HGPS iPS cells has also been shown
to lead to mitotic failure.2® This cellular outcome is likely to
further accelerate senescence and may contribute to the
rapid induction of senescence following prelamin A accumu-
lation. Clearly, further elucidation of the factors that regulate
prelamin A accumulation in VSMCs during the DDR and
VSMC ageing are now required.

Lamin A associates with nesprin-2, ERK and PML.
Lamins A/C form a filamentous network throughout the
nucleus that spatially organises DNA-repair and nuclear
signalling events.® We speculated that lamins A/C were good
candidates to spatially regulate the nesprin-2/ERK/PML
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Figure 5 Prelamin A accumulation induces ERK1/2 compartmentalisation at PML NBs that abut DNA lesions. (a) IF showing nesprin-2 (green) and ERK2 (red) localisations
in control and FACE1-depleted nuclei. Arrows mark PML NBs localised towards the nucleolar periphery. (b) Quantification of ERK2 localisation at PML NBs (*P=0.0278) and
nucleolar periphery (**P=0.0202) in control and FACE1-depleted nuclei. Graph shows the combined data of three independent experiments counting 300 cells. IP of (c) ERK2
antibody to pellet 75 kDa nesprin-2fAKASH1 variant and (d) nesprin-2 antibody to pellet ERK2 from control and doxorubicin-treated VSMCs. (e) IF of doxorubicin-treated
proliferative VSMCs; nesprin-2 (green), ERK2 (red). Arrowheads mark nucleolar caps. (f) Quantification of cells displaying ERK2-positive nucleolar caps after a 3-h doxorubicin
treatment (*P=10.0081 and **P=0.0146). Graph shows the combined data of three independent experiments counting 300 cells

complex, and we confirmed that this complex interacts with
the C-terminus of lamin A. Nesprin-2 and ERK1/2 have
previously been shown to independently interact with lamin A;
nesprin-2 binds to the lamin A tail via its SRs, whereas
ERK1/2 bind to coil 2 of lamin A, suggesting that nesprin-
2BAKASH1 also couples ERK1/2 to the lamin A tail,
independently of the coil 2/ERK interaction.?’2® Moreover,
lamins A/C disruption resulted in increased PML NB size in
VSMCs, and this is consistent with the larger PML NBs with
reduced mobility observed in lamin A-deficient nuclei.'®
Changes in PML size were also observed in VSMCs with
prelamin A accumulation; however, whether these larger
bodies have different functionality has not been determined.
Lamins A/C disruption also resulted in disruption of ERK
compartmentalisation, suggesting that lamins A/C perform a
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scaffolding role anchoring the nesprin-2/ERK complex at
PML NBs during the DDR. However, despite the involvement
of lamins A/C in nesprin-2/ERK compartmentalisation, lamins
A/C depletion did not impair, ATM or Chk2 phosphorylation
and DNA damage continued to be efficiently repaired. This
suggests that lamins A/C and ERK compartmentalisation are
not essential for DNA repair and that nesprin-2/ERK
maintains signalling integrity even when diffusely localised
in the nucleoplasm.

Efficient DNA repair does not require PML NBs in
VSMCs. Although PML NBs have been implicated in DNA
repair, their importance remains controversial.'®2* Numerous
DNA-repair proteins, including ATM and ATR, are known to
localise at PML NBs in the absence of DNA damage.?>%’



Genotoxic stress increases the PML NB number, stimulates
their association at DNA lesions and induces the loss of
these repair proteins from PML NBs.25"2” Post-translational
modification is proposed to play a role in the relocalisation of
these proteins raising the intriguing possibility that ERK1/2
recruitment to PML NBs may stimulate the redistribution of
repair proteins. In addition, PML NBs may serve to store
active ERK1/2 during the DDR, and further investigation is
required to clarify the relationship between PML NBs and
ERK1/2 signalling in the nucleus. DNA damage also
stimulated organisation of PML-associated ERK1/2 into
nucleolar caps. The function of these nucleolar caps within
the DDR has yet to be fully elucidated, although PML has
been shown to influence p53 activity by sequestering
MDM2 at the nucleolus.'*'%2® Thus, nucleolar caps may
serve as hubs to regulate the cell cycle during the DDR.
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However, despite these connections between PML NBs and
DNA repair, we show that PML disruption did not ablate DNA
repair in VSMCs (Supplementary Figure 5). This observation is
consistent with a previous study demonstrating that PML NBs are
nonessential for DNA repair and senescence in fibroblasts.®
Importantly, depletion of lamins A/C or PML disrupted ERK2
compartmentalisation, suggesting that both serve as scaffolds to
assist lesion repair. However, disrupted ERK compartmentalisa-
tion, either by lamins A/C or PML depletion, failed to ablate DNA
repair, further suggesting that nesprin-2BAKASH1 remains
associated with ERK1/2 and signalling fidelity remains intact
even when compartmentalisation is lost.

Nesprin-2BAKASH1 is essential for efficient DNA repair
and cell cycle delay. In contrast to lamins A/C and PML,
nesprin-2BAKASH1 was essential for efficient DNA repair in
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VSMCs. We have previously shown that nesprin-28AKASH1 of this notion, nesprin-2 depleted VSMCs displayed mitotic
depletion stimulated VSMC proliferation, suggesting that this defects and micronuclei formation, indicative of a G2/M
complex may regulate cell cycle progression and in support  checkpoint defect.'®® Although previous studies have

o

a 45 4

40 1 DMSO

e 35 I Doxorubicin

3.0 1

siControl  siNesprin-2  siLamin A/C 25

~ 2.0 1

- + -+ - + Dox 151

1.0

pser 1981 ATM 0.5 1
0.0

Fold Change in
pATM/ATM ratio

& siControl siNesprin-2  siLamins A/C
ATM | e o v e s et
c *
o 1 DMSO
= I Doxorubicin
Chk2 | v o o o e @ 2
n o) v
G
£9
% ¥ 1
= o
Lo
=%
siControl siNesprin-2  siLamins A/C
d e
pATM ser1981 DAPI
siControl ;
=
=
<L
3 I siControl
siControl ° I siNesp?2
2 [ siLamin A
+ dox ey I
s
o2
g K-
. . i
siNesprin-2 2
T
+ dox ®
T
(&)
siLamin A/C
dox
f
- siControl siNesprin-2
siControl
-
\ 4
0 [ siControl

siNesprin-2

A P ,' En

I siNesprin-2
15
1
& i 1 siControl
I siNesprin-2
5 -
04 ——

Cells displaying mitotic defects
0,6)
o

L

Cells with micronuclei
(%)
O-_2MNWEAENO-NOO

Cell Death and Differentiation



Nesprin-2 regulates ERK activity during DNA repair
DT Warren et al

<

Figure 7 Nesprin-2 regulates ATM spatial organisation and signalling fidelity in response to DNA damage. (a) WB analysis of control, nesprin-2- and lamins A/C-depleted
VSMCs in the presence of DMSO (control) or doxorubicin for 1 h. (b) Graph shows the combined data of three independent experiments of fold change in pSer1981 ATM/total
ATM ratio determined by densitometry analysis. (¢) Graph shows the combined data of three independent experiments of fold change in pCHK2/total CHK2 ratio determined by
densitometry analysis (*P=0.0166). (d) IF of control, nesprin- and lamins A/C-depleted cells treated for 1 h with doxorubicin; pSer1981 ATM (green) and DAPI (blue).
(e) Quantification of cells displaying pSer1981 ATM foci after 1-h doxorubicin treatment (*P=0.0270 and **P=0.0179). Graph represents the combined data of three
independent experiments counting 300 cells per condition. (f) IF showing DAPI staining of mitotic control and nesprin-2-depleted cells showing bridging (arrow) and lagging
(arrowhead) chromosomes during mitosis. (g) Quantification of nuclei displaying mitotic defects. Graph shows the number of mitotic defects observed in three independent
experiments (*P=0.016). (h) IF showing DAPI staining of control and nesprin-2-depleted VSMCs. Arrowhead marks micronucleus. (i) Quantification of the number of cells
displaying micronuclei (**P= 0.0025). Graph shows the combined data of three independent experiments counting 300 cells per condition

implicated ERK1/2 in regulating cell cycle progression in
response to DNA damage,'° for the first time we implicate
nesprin-2 in the G2/M checkpoint. The failure of nesprin-2
depleted cells to block mitotic entry may be twofold; due to a
failure of ERK1/2 to phosphorylate target proteins that are
required to activate G2/M arrest and/or due to the activation
of inappropriate ERK target proteins that promote cell cycle
progression. However, despite the existence of a large body
of evidence implicating ERK1/2 in DNA repair and the DDR,
our knowledge of the proteins ERK1/2 target during this
process is lacking, although ATM/ATR are possible candi-
dates as they also regulate activation of cell cycle check-
points in response to DNA damage.

Nesprin-2BAKASH1 is comprised of two sets of double SRs
separated by a flexible unstructured linker region and although our
knowledge of nesprin-28AKASH1-binding partners remains lim-
ited, we have previously shown that phosphorylated ERK1/2 can
bind to the N-terminal SRs of nesprin-2BAKASH1.193132 An
intriguing possibility is that nesprin-2BAKASH1 may also interact
with ERK1/2 target proteins involved in DNA repair. Owing to the
flexibility between the N-terminal and C-terminal SR modules,
nesprin-2BAKASH1 may enhance the phosphorylation of ERK1/2
targets by bringing substrates into close proximity with ERK1/2.31%2
Indeed, other ERK1/2 scaffold proteins, such as MEK-partner-1
and kinase suppressor of RAS, are known to interact with several
components of the RAS/RAF/MEK/ERK pathway to enhance
signalling.>3% Further studies focused on identifying novel
nesprin-2BAKASH1-binding partners, particularly those involved
in DNA repair, are required to delineate the precise roles of both
nesprin-2BAKASH1 and ERK1/2 in the DNA-repair process.

Materials and Methods

Cell culture. Human aortic VSMCs from four different male and female donors
ranging in age from 20 to 54 years were cultured as described previously, and
characterised for proliferation capacity and senescence. For all studies, excluding
those requiring serial passaging to presenescence and senescence, VSMCs in the
proliferative phase (P6-P9) were used.*® Nesprin-2 siRNA oligomers targeting the
nesprin-28AKASH1 variant have been described previously.w PDT was determined
using the online calculator at www.doubling-time.com/compute.php. VSMCs were
plated at a known density and counts were performed on each passage until
senescence. ATM, ATR, FACE1 and lamin-A smart pool siRNA oligomers from
Dharmacon (Lafayette, CO, USA) were used in this study. Transfection of siRNA
was performed using Hyperfect (Qiagen, Venlo, Netherlands), as per the
manufacturer’s instructions. Cells were treated with 0.5xM Doxorubicin (Sigma,
St. Louis, MO, USA) for the indicated time to induce DNA damage. ATM/ATR and
ERK1/2 inhibition was achieved by incubating cells overnight in the presence of
5uM CGK733 (Sigma) or for the time stated with 20 uM U0126 (Cell Signaling
Technologies, Danvers, MA, USA), respectively.

Antibodies, IF and flow cytometry. Antibodies used for WB, IF and IPs
were the following: ATM (ab78), ATR (ab2905), nucleolin (ab13541; Abcam,

Cambridge, UK); pH2AX (#9718), pSer15 p53, pSer1981 ATM (#5883), 53BP1
(#4937), pChk2 (T68) (#2661), Chk2 (#6334; Cell Signaling Technologies); Face-1
C-13 (sc-34777), prelamin-A C-20 (sc-6214), lamin A/C N-18 (sc-6215), PML PG-
M3 (sc-966), ERK2 D-2 (sc-1647), pERK1/2 E-4 (sc-7383; Santa Cruz, Dallas, TX,
USA); Vinculin (V9131), p-actin (A5316; Sigma); and nesprin-2 N3. Secondary
antibodies for WB were horseradish peroxidase-conjugated antimouse (NA931) or
antirabbit (NA94V) antibodies from GE Healthcare (Lafayette, CO, USA). ECL
chemiluminescent kit (RPN2132, GE Healthcare) was used for the detection
according to the manufacturer’s instructions. Invitrogen (Paisley, UK) Anti-Mouse
Alexa Fluor 568 (A11031) and Anti-Rabbit Alexa Fluor 488 (A11034, Invitrogen)
were used as IF secondary antibodies. Cells were cultured on cover slips, fixed in
50% methanol/acetone and processed as described previously. SA-j-gal staining
was performed as described previously.? For observing the DNA content of cells by
propidium iodide staining, cells were trypsinised and washed three times in PBS.
Cells were fixed in ice-cold 75% ethanol for 30 min at 4 °C. DNA staining was
achieved by addition of Pl and RNase for 45 min at 37 °C. For yH2AX staining cells
were processed as per the manufacturer's instructions (Cell Signaling
Technologies).

Confocal microscopy and data analysis. All images were captured at
x 63 magnification using a Leica (Milton Keynes, UK) SP5 laser scanning confocal
microscope. PML number and size was measured using the find object function in
the Volocity software (PerkinElmer, Waltham, MA, USA).

IPs and subcellular fractionations. In vivo IPs, GST-pull downs and
subcellular fractionations were performed as described previously.'

Comet assays. DNA damage was assessed using the Comet assays as
described previously.? Protocols were obtained from the Comet Assay Interest
Group website (www.cometassay.com).

Statistics. The results are presented as mean + S.E.M. For the comparison of
proliferative/presenescent/senescent groups, unpaired Student’s ttests were
performed. For siRNA knockdown groups, paired Student's ttests were performed.

Conflict of Interest
The authors declare no conflict of interest.

Acknowledgements. This work was funded by a British Heart Foundation
(BHF) program grant to CMS (program grant number RG/11/14/29056). DW holds a
BHF IBSRF (FS/11/53/29020).

1. Gray K, Bennett M. Role of DNA damage in atherosclerosis-bystander or participant?
Biochem Pharmacol 2011; 82: 693-700.

2. Ragnauth CD, Warren DT, Liu Y, McNair R, Tajsic T, Figg N et al. Prelamin A acts to
accelerate smooth muscle cell senescence and is a novel biomarker of human
vascular aging. Circulation 2010; 121: 2200-2210.

3. Liu Y, Drozdov I, Shroff R, Beltran LE, Shanahan CM. Prelamin A accelerates vascular
calcification via activation of the DNA damage response and senescence-associated
secretory phenotype in vascular smooth muscle cells. Circ Res 2013; 112: €99-109.

4. Burke B, Stewart CL. The nuclear lamins: flexibility in function. Nat Rev Mol Cell Biol 2013;
14: 13-24.

5. Kubben N, Voncken JW, Demmers J, Calis C, van Almen G, Pinto Y et al
Identification of differential protein interactors of lamin A and progerin. Nucleus 2010; 1:
513-525.

1549

Cell Death and Differentiation


www.cometassay.com
www.cometassay.com

Nesprin-2 regulates ERK activity during DNA repair
DT Warren et al

1550

[=2]

-

oo

©

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

. Mahen R, Hattori H, Lee M, Sharma P, Jeyasekharan AD, Venkitaraman AR. A-type lamins

maintain the positional stability of DNA damage repair foci in mammalian nuclei. PLoS One
2013; 8: €61893.

. Liu B, Wang J, Chan KM, Tjia WM, Deng W, Guan X et al. Genomic instability in

laminopathy-based premature aging. Nat Med 2005; 11: 780-785.

. Liu GH, Barkho BZ, Ruiz S, Diep D, Qu J, Yang SL et al. Recapitulation of premature

ageing with iPSCs from Hutchinson-Gilford progeria syndrome. Nature 2011; 472:
221-225.

. Rajgor D, Mellad JA, Autore F, Zhang Q, Shanahan CM. Multiple novel nesprin-1 and

nesprin-2 variants act as versatile tissue-specific intracellular scaffolds. PLoS One 2012; 7:
€40098.

Warren DT, Tajsic T, Mellad JA, Searles R, Zhang Q, Shanahan CM. Novel nuclear nesprin-2
variants tether active extracellular signal-regulated MAPK1 and MAPK2 at promyelocytic
leukemia protein nuclear bodies and act to regulate smooth muscle cell proliferation. J Biol
Chem 2010; 285: 1311-1320.

Golding SE, Rosenberg E, Neill S, Dent P, Povirk LF, Valerie K. Extracellular signal-related
kinase positively regulates ataxia telangiectasia mutated, homologous recombination repair,
and the DNA damage response. Cancer Res 2007; 67: 1046-1053.

Wu D, Chen B, Parihar K, He L, Fan C, Zhang J et al. ERK activity facilitates activation of the
S-phase DNA damage checkpoint by modulating ATR function. Oncogene 2006; 25:
1153-1164.

Varadaraj A, Dovey CL, Laredj L, Ferguson B, Alexander CE, Lubben N et al. Evidence for
the receipt of DNA damage stimuli by PML nuclear domains. J Pathol 2007; 211:
471-480.

Bernardi R, Scaglioni PP, Bergmann S, Horn HF, Vousden KH, Pandolfi PP. PML regulates
p53 stability by sequestering Mdm2 to the nucleolus. Nat Cell Biol 2004; 6: 665-672.
Kurki S, Latonen L, Laiho M. Cellular stress and DNA damage invoke temporally distinct
Mdm2, p53 and PML complexes and damage-specific nuclear relocalization. J Cell Sci
2003; 116: 3917-3925.

Wei F, Xie Y, Tao L, Tang D. Both ERK1 and ERK2 kinases promote G2/M arrest in
etoposide-treated MCF7 cells by facilitating ATM activation. Cell Signal 2010; 22:
1783-1789.

Ivorra C, Kubicek M, Gonzalez JM, Sanz-Gonzalez SM, Alvarez-Barrientos A, O'Connor JE
et al. A mechanism of AP-1 suppression through interaction of c-Fos with lamin A/C. Genes
Dev 2006; 20: 307-320.

Stixova L, Matula P, Kozubek S, Gombitova A, Cmarko D, Raska | et al. Trajectories and
nuclear arrangement of PML bodies are influenced by A-type lamin deficiency. Biol Cell
2012; 104: 418-432.

Krishnan V, Chow MZ, Wang Z, Zhang L, Liu B, Liu X et al. Histone H4 lysine 16
hypoacetylation is associated with defective DNA repair and premature senescence in
Zmpste24-deficient mice. Proc Nat! Acad Sci USA 2011; 108: 12325-12330.

Zhang H, Xiong ZM, Cao K. Mechanisms controlling the smooth muscle cell death in
progeria via down-regulation of poly(ADP-ribose) polymerase 1. Proc Natl Acad Sci USA
2014; 111: E2261-E2270.

Gonzalez JM, Navarro-Puche A, Casar B, Crespo P, Andres V. Fast regulation of AP-1
activity through interaction of lamin A/C, ERK1/2, and c-Fos at the nuclear envelope. J Cell
Biol 2008; 183: 653-666.

Libotte T, Zaim H, Abraham S, Padmakumar VC, Schneider M, Lu W et al. Lamin A/C-
dependent localization of Nesprin-2, a giant scaffolder at the nuclear envelope. Mol Biol Cell
2005; 16: 3411-3424.

23.

24.
25.
26.
27.

28.

29.

30.
31.
32.

33.
34,

35.

36.

Yang L, Munck M, Swaminathan K, Kapinos LE, Noegel AA, Neumann S. Mutations in LMNA
modulate the lamin A-Nesprin-2 interaction and cause LINC complex alterations. PLoS One
2013; 8: €71850.

Dellaire G, Bazett-Jones DP. PML nuclear bodies: dynamic sensors of DNA damage and
cellular stress. Bioessays 2004; 26: 963-977.

Barr SM, Leung CG, Chang EE, Cimprich KA. ATR kinase activity regulates the intranuclear
translocation of ATR and RPA following ionizing radiation. Curr Biol 2003; 13: 1047-1051.
Xu ZX, Timanova-Atanasova A, Zhao RX, Chang KS. PML colocalizes with and stabilizes the
DNA damage response protein TopBP1. Mol Cell Biol 2003; 23: 4247-4256.

Mirzoeva OK, Petrini JH. DNA damage-dependent nuclear dynamics of the Mre11 complex.
Mol Cell Biol 2001; 21: 281-288.

Yang Q, Liao L, Deng X, Chen R, Gray NS, Yates 3rd JR et al. BMK1 is involved in the
regulation of p53 through disrupting the PML-MDM2 interaction. Oncogene 2013; 32:
3156-3164.

Munch S, Weidtkamp-Peters S, Klement K, Grigaravicius P, Monajembashi S, Salomoni P et
al. The tumor suppressor PML specifically accumulates at RPA/Rad51-containing DNA
damage repair foci but is nonessential for DNA damage-induced fibroblast senescence. Mol
Cell Biol 2014; 34: 1733-1746.

Tang D, Wu D, Hirao A, Lahti JM, Liu L, Mazza B et al. ERK activation mediates cell cycle
arrest and apoptosis after DNA damage independently of p53. J Biol Chem 2002; 277:
12710-12717.

Autore F, Pfuhl M, Quan X, Wiliams A, Roberts RG, Shanahan CM et al. Large-scale
modelling of the divergent spectrin repeats in nesprins: giant modular proteins. PLoS One
2013; 8: e63633.

Zhong Z, Chang SA, Kalinowski A, Wilson KL, Dahl KN. Stabilization of the spectrin-like
domains of nesprin-1alpha by the evolutionarily conserved "adaptive" domain. Cell Mol
Bioeng 2010; 3: 139-150.

Sacks DB. The role of scaffold proteins in MEK/ERK signalling. Biochem Soc Trans 2006; 34:
833-836.

McKay MM, Ritt DA, Morrison DK. Signaling dynamics of the KSR1 scaffold complex. Proc
Natl Acad Sci USA 2009; 106: 11022-11027.

Schaeffer HJ, Catling AD, Eblen ST, Collier LS, Krauss A, Weber MJ. MP1: a MEK binding
partner that enhances enzymatic activation of the MAP kinase cascade. Science 1998; 281:
1668-1671.

Shanahan CM, Cary NR, Salisbury JR, Proudfoot D, Weissberg PL, Edmonds ME. Medial
localization of mineralization-regulating proteins in association with Monckeberg's sclerosis:
evidence for smooth muscle cell-mediated vascular calcification. Circulation 1999; 100:
2168-2176.

This work is licensed under a Creative Commons
Attribution 4.0 International License. The images or

other third party material in this article are included in the article’s
Creative Commons license, unless indicated otherwise in the credit line;
if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to
reproduce the material. To view a copy of this license, visit http:/
creativecommons.org/licenses/by/4.0/

Supplementary Information accompanies this paper on Cell Death and Differentiation website (http://www.nature.com/cdd)

Cell Death and Differentiation


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Nesprin-2-dependent ERK1/2 compartmentalisation regulates the DNA damage response in vascular smooth muscle cell ageing
	Main
	Results
	Prelamin A accumulation, persistent DDR and increased ERK1/2 compartmentalisation at PML NBs are associated with VSMC ageing
	Lamins A/C are essential for nesprin-2/ERK compartmentalisation at PML NBs
	Prelamin A-induced DNA damage triggers ERK1/2 compartmentalisation at DNA lesions
	Complex formation is essential for ATM signalling fidelity and its disruption leads to genomic instability

	Discussion
	Prelamin A accumulation promotes ERK compartmentalisation and VSMC senescence
	Lamin A associates with nesprin-2, ERK and PML
	Efficient DNA repair does not require PML NBs in VSMCs
	Nesprin-2βΔKASH1 is essential for efficient DNA repair and cell cycle delay

	Materials and Methods
	Cell culture
	Antibodies, IF and flow cytometry
	Confocal microscopy and data analysis
	IPs and subcellular fractionations
	Comet assays
	Statistics

	Acknowledgements
	Notes
	References




