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ABSTRACT Cellular senescence is a potent tumor-suppressive mechanism that arrests cell
proliferation and has been linked to aging. However, studies of senescence have been im-
peded by the lack of simple, exclusive biomarkers of the senescent state. Senescent cells
develop characteristic morphological changes, which include enlarged and often irregular
nuclei and chromatin reorganization. Because alterations to the nuclear lamina can affect
both nuclear morphology and gene expression, we examined the nuclear lamina of senescent
cells. We show here than lamin B1 is lost from primary human and murine cell strains when
they are induced to senesce by DNA damage, replicative exhaustion, or oncogene expres-
sion. Lamin B1 loss did not depend on the p38 mitogen-activated protein kinase, nuclear
factor-xB, ataxia telangiectasia-mutated kinase, or reactive oxygen species signaling path-
ways, which are positive regulators of senescent phenotypes. However, activation of either
the p53 or pRB tumor suppressor pathway was sufficient to induce lamin B1 loss. Lamin B1
declined at the mRNA level via a decrease in mRNA stability rather than by the caspase-me-
diated degradation seen during apoptosis. Last, lamin B1 protein and mRNA declined in
mouse tissue after senescence was induced by irradiation. Our findings suggest that lamin B1

Monitoring Editor
Thomas M. Magin
University of Leipzig

Received: Oct 28, 2011
Revised: Mar 30, 2012
Accepted: Apr 5, 2012

loss can serve as biomarker of senescence both in culture and in vivo.

INTRODUCTION

Cellular senescence is a potent tumor-suppressive mechanism that
prevents the proliferation, essentially irreversibly, of cells that are at
risk for malignant transformation. Many potentially oncogenic stim-
uli induce a senescence response. These stimuli include severe
DNA damage, supraphysiological mitogenic signals, and acutely
disrupted chromatin. They induce a senescence response by en-
gaging either or both of two vital tumor suppressor pathways.
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These pathways, governed by the p53 and pRB tumor suppressor
proteins, are crucial for implementing the senescence growth arrest
(Campisi and d’Adda di Fagagna, 2007 ).

In addition to arresting growth, senescent cells adopt a complex
phenotype. Salient features of this phenotype include development
of a senescence-associated B-galactosidase (SA-Bgal) activity (Dimri
et al., 1995), which is often used to detect senescent cells in culture
and in vivo. Senescent cells also show widespread changes in gene
expression, leading in part to a senescence-associated secretory
phenotype (SASP)—the robust secretion of numerous cytokines,
growth factors, and proteases (Coppe et al., 2008). The SASP, which
is proinflammatory (Freund et al., 2010), may explain a second pro-
cess with which senescent cells have been linked: aging.

Senescent cells have been shown to accumulate with age in
many mammalian tissues. They have also been shown to accumu-
late at sites of age-related pathology, both degenerative and pre-
neoplastic (Parrinello et al., 2005; Campisi and d’Adda di Fagagna,
2007; Jeyapalan and Sedivy, 2008; Collado and Serrano, 2010).
These studies have been aided by biomarkers such as SA-Bgal ac-
tivity, expression of the tumor suppressor protein p16, and charac-
teristic DNA damage foci (Dimri et al., 1995; Krishnamurthy et al.,
2004; Jeyapalan et al., 2007). However, because there are no se-
nescence-specific biomarkers currently known, there is a need to
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identify additional robust markers that can be used to identify se-
nescent cells both in culture and in vivo.

Senescent cells undergo striking morphological changes. Among
these are an increase in average cell and nuclear size, an irregular nu-
clear envelope, and changes in chromosome condensation and distri-
bution, with some chromosomes forming heterochromatic foci and
larger chromosomes migrating toward the nuclear periphery (Narita
et al., 2003; Mehta et al., 2007; Zhang et al., 2007). This nuclear rear-
rangement is correlated with gene expression changes, and recent
work highlighted the important role of the nuclear envelope in regulat-
ing gene expression, particularly gene repression (Reddy et al., 2008).

The inner surface of the nuclear envelope is lined by a lamina,
which contributes to the size, shape, and stability of the nucleus
(Bridger et al., 2007; Dechat et al., 2008). The major structural pro-
teins of the lamina are the nuclear lamins, which are type V interme-
diate filaments ranging in size from 60 to 80 kDa (Krohne and
Benavente, 1986). The lamins are categorized as A type (lamin A, C)
or B type (lamin B1, B2) based on their isoelectric points (Krohne and
Benavente, 1986). The lamina is a dynamic structure because each
time a cell enters mitosis, it is disassembled and then reassembled in
the next cell cycle (Gerace and Blobel, 1980; Goldman et al., 2002).

Lamins A and C, which are alternatively spliced isoforms of the
LMNA gene (Lin and Worman, 1993), are expressed primarily as
cells commit to differentiation. Lamin A depletion does not perturb
HelLa cell growth (Harborth et al., 2001), and mice that express lamin
C but not lamin A appear normal (Fong et al., 2006). However, lamin
A mutations that lead to incorrectly processed or misfolded lamin A
are associated with a spectrum of diseases collectively termed
“laminopathies.” Laminopathy pathologies include muscular dys-
trophy, cardiomyopathy, lipodystrophy, and an early-onset progeria
(Hutchinson-Gilford progeria syndrome [HGPS]; Worman et al.,
2010). HGPS is a caused by a misprocessed form of lamin A (De
Sandre-Giovannoli et al., 2003; Eriksson et al., 2003). Fibroblasts
from HGPS patients undergo more rapid senescence in culture than
normal fibroblasts (Benson et al., 2010). Of interest, low-level ex-
pression of progerin in wild-type cells has been linked to normal
aging (Scaffidi and Misteli, 2006).

The B-type lamins, on the other hand, arise from two different
genes—LMNB1 and LMNB2. One or the other type B lamin may be
sufficient for individual cell survival (Broers et al., 1997; Goldman
et al., 2002), although recent reports suggest that embryonic stem
cells, at least, can self-renew and retain their pluripotency without
lamins (Kim et al., 2011). However, lamin B1 is required for proper
organogenesis (Kim et al., 2011) and organismal survival: mice that
lack a functional LMNB1 gene die minutes after birth, and fibro-
blasts from these mice have misshapen nuclei and undergo prema-
ture senescence in culture (Vergnes et al., 2004). Of interest, al-
though the B and A lamins form separate networks, they interact
and influence each other’s expression and organization; in this con-
text lamin B1 is particularly important (Shimi et al., 2008).

Here we demonstrate that lamin B1 loss occurs when human and
mouse cells undergo senescence. Lamin B1 expression declined in
human fibroblasts induced to senesce by diverse stimuli and in sev-
eral fibroblast strains but did not decline in quiescent cells. This de-
crease was independent of the DNA damage response (DDR), p38
mitogen-activated protein kinase (MAPK) and nuclear factor-kB (NF-
kB) activation, and reactive oxygen species (ROS), which are hall-
marks of many senescent cells, but did occur in response to direct
stimulation of either the p53 or pRB pathway. In addition, although
lamins are cleaved by caspases during apoptosis, lamin B1 cleavage
products were not evident in senescent cells, nor did caspase inhibi-
tion affect lamin B1 loss at senescence. Instead, lamin BT mRNA
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levels declined at senescence via a decrease in lamin BT mRNA sta-
bility. Finally, we detected a small but significant decrease in lamin
B1 protein and mRNA in mouse liver after a senescence-inducing
dose of ionizing radiation, consistent with the persistence of senes-
cent cells in vivo after radiation (Le et al., 2010). Thus lamin B1 loss
is a robust hallmark of senescence in culture and in vivo and serves
as an easily detectable biomarker of the senescent state.

RESULTS

Lamin B1 loss is associated with multiple types

of cellular senescence

To determine whether lamin B1 expression changes in senescent
cells, we examined presenescent (PRE) proliferating normal human
fibroblasts (strain HCA2) and the same cells made senescent (SEN)
by exposure to 10-Gy ionizing radiation (x-ray [XRA]; Supplemental
Figure S1, A-C). We analyzed whole-cell lysates by Western blot-
ting. Two independent lamin B1 antibodies showed that lamin B1,
but not lamin A, C, or B2, protein levels declined markedly (>4-fold)
in SEN(XRA) compared with PRE cells (Figure 1, A and B). Both lamin
B1 antibodies recognize a C-terminal epitope in lamin B1. We there-
fore verified our findings using a third antibody that recognizes an
internal lamin B1 epitope (Figure 1C). This third antibody verified
that lamin B1 protein levels declined in senescent cells and in a dif-
ferent normal human fibroblast strain (BJ) (Figure 1C). Thus senes-
cence-associated lamin B1 loss is not cell-strain specific or an anti-
body artifact. We used the first antibody (lamin B1 #1) for subsequent
experiments, as it gave the strongest signal.

A 10-Gy x-ray dose causes severe DNA damage that could re-
duce lamin B1 expression independent of the senescence program
per se. We therefore examined cells that were cultured to replica-
tive senescence (REP). Lamin B1, but not lamin A or C, declined
sharply in these cells (Figure 1D). Senescence can also be driven
by certain oncogenes, including an oncogenic form of H-RAS
(RASY'2; Serrano et al., 1997). We used a lentiviral vector to stably
express RASY'? and allowed the cells to senesce (Supplemental
Figure S1, A-C). Lamin B1 protein levels declined in these cells
also, although in this case lamin A behaved similarly (Figure 1E).
Lamin B1 and lamin A also declined in cells induced to senesce by
expression of MKK6EE (Figure 1F), a constitutively active form of
MAP kinase kinase 6 (MKKé; Raingeaud et al., 1996; Ishikawa,
2003). MKK6EE causes continual p38 MAPK activity, which induces
senescence (Supplemental Figure S1, A-C; Freund et al., 2011).
Finally, lamin B1 declined in a third cell strain, WI-38, that was in-
duced to senesce by XRA (Figure 1G).

To determine whether lamin B1 loss was a consequence of ar-
rested growth per se rather than senescence, we made cells quies-
cent (QUI) by incubating in serum-deficient medium for 48 h. QUI
cells incorporated very little bromodeoxyuridine (BrdU; unpublished
data), as expected. In contrast to SEN cells, QUI cells expressed
lamin B1 to the same level as proliferating PRE cells (Figure 1H).

The SASP and SA-Bgal take 7-10 d to develop when cells are
induced to senesce synchronously, for example, by XRA (Campisi
and d'Adda di Fagagna, 2007; Rodier and Campisi, 2011 ). To de-
termine whether lamin B1 loss followed similar kinetics, we analyzed
nuclear extracts at varying intervals after XRA (Figure 11). Whereas
lamin B1 decline was slower than DDR activation, which occurs
within the first hour (Freund et al., 2011), it was essentially complete
2 d after XRA, earlier than other senescence markers.

These data suggest that lamin B1 decline is part of the general
senescence program, irrespective of the senescence inducer. It oc-
curs earlier than expression of the SASP, SA-Bgal, and the morpho-
logical change (unpublished data) and is not a consequence of the
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FIGURE 1: Lamin B1 loss is associated with multiple types of cellular senescence. (A) Lamin B1
declines in DNA damage-induced senescence. HCA2 cells were mock irradiated (PRE) or
irradiated (10-Gy x-rays) and allowed to senesce (SEN(XRA)). Whole-cell lysates were analyzed
by Western blotting using either of two unrelated lamin B1 antibodies that recognize C-terminal
epitopes. (B) Lamin B2 does not decline in DNA damage-induced senescence. HCA2 cells were
mock irradiated (PRE) or irradiated and allowed to senesce (SEN(XRA)). Whole-cell lysates were
analyzed by Western blotting. (C) Lamin B1 declines in SEN(XRA) cells. BJ cells were mock
irradiated (PRE) or irradiated and allowed to senesce (SEN(XRA)). Whole-cell lysates were
analyzed by Western blotting using a third lamin B1 antibody that recognizes an internal
epitope. (D) Lamin B1 declines in replicative senescence. HCA2 cells were cultured until
replicative senescence (SEN(REP); ~70 population doublings). Whole-cell lysates were analyzed
by Western blotting. (E) Lamin B1 declines in RAS-induced senescence. HCA2 cells were
infected with a lentivirus lacking an insert (PRE) or expressing oncogenic RASV'2 and allowed to
senesce (SEN(RAS)). Whole-cell lysates were analyzed by Western blotting. (F) Lamin B1 declines
in MKK6-induced senescence. HCA2 cells were infected with a lentivirus lacking an insert (PRE)
or expressing a constitutively active MAP kinase kinase 6 mutant (MKK6EE) and allowed to
senesce (SEN(MKK6). Whole-cell lysates were analyzed by Western blotting. (G) Lamin B1
declines in WI-38 cells after XRA. WI-38 cells were irradiated (SEN(XRA)) and allowed to
senesce. PRE cells were mock irradiated. Whole-cell lysates were analyzed by Western blotting.
(H) Lamin B1 does not decline in quiescent cells. HCA2 cells were cultured in media containing
10% serum (PRE), serum-free media for 48 h to induce quiescence (QUI), or irradiated and
allowed to senesce (SEN(XRA)). Whole-cell lysates were analyzed by Western blotting. (I) Lamin
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growth arrest per se. Thus lamin B1 decline
may be useful as an early senescence-asso-
ciated marker.

Lamin B1 loss is independent of p38
MAPK, NF-kB, ataxia telangiectasia—
mutated kinase, and ROS signaling
Several pathways have been identified that
play causative roles in aspects of the senes-
cence phenotype. The p38 MAPK pathway
is important for both the senescence growth
arrest and the SASP (Wang et al., 2002;
lwasa et al., 2003; Kwong et al., 2009;
Freund et al., 2011). To determine whether
p38 MAPK mediates lamin B1 decline, we
inhibited p38 MAPK signaling with the well-
characterized small molecule SB203580 (SB;
Cuenda et al., 1995; Wilson et al., 1997;
Young et al., 1997), which is effective at sup-
pressing senescence-associated interleu-
kin-6 (IL-6) secretion (Supplemental Figure
S2A; Freund et al., 2011). When added to
SEN(XRA) cells, 10 uM SB failed to reverse
lamin B1 decline (Figure 2A). In addition,
continuous treatment with SB, starting be-
fore XRA, failed to prevent or delay the de-
cline in lamin B1 (Figure 2B).

Similarly, SB did not prevent lamin B1
decline in cells induced to senesce by RAS.
We infected cells with RAS-expressing lenti-
virus and 8 d later added SB for 48 h (+SB
48 h). Alternatively, we continuously treated
cells with SB for 12 d, starting 2 d before
infection (+SB cont). In both cases, SB was
replaced daily. Neither treatment regimen
had any effect on lamin B1 decline (Figure
2C). In addition to verifying that lamin B1
decline does not depend on p38 MAPK sig-
naling, the data suggest that lamin B1 de-
cline does not require the senescence-asso-
ciated growth arrest or morphological
change, as continuous p38 MAPK inhibition
prevents both these phenotypes in RAS-ex-
pressing cells (lwasa et al., 2003; Kwong
et al., 2009). We also gave SB to cells that
express MKK6EE, which induces senescence
via constitutive p38 MAPK activation (Figure
2D). SB did not reverse the decline in lamin
B1 (+SB 48 h), suggesting that once lamin
B1 has been lost, complete blockage of the
senescence-inducing signal does not re-
verse that decline. However, continuous p38

B1 declines within 48 h after induction of
senescence by irradiation. HCA2 cells were
mock irradiated (PRE) or irradiated (XRA).
Nuclear (N) and cytoplasmic (C) extracts
collected at the indicated time points were
analyzed by Western blotting. RPA serves as
a loading control for the nuclear fraction;
tubulin serves as a loading control for the
cytoplasmic fraction.
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FIGURE 2: Lamin B1 loss at senescence is independent of p38 MAPK,
NF-xB, ATM, and ROS signaling. (A) p38 MAPK inhibition does not
reverse lamin B1 decline in DNA damage-induced senescence. The
p38 MAPK inhibitor SB203580 (SB; 10 pM) was added to SEN(XRA)
HCAZ2 cells for 48 h. Whole-cell lysates were analyzed by Western
blotting. PRE cells were mock irradiated. (B) p38 MAPK inhibition
does not prevent lamin B1 decline in DNA damage-induced
senescence. SB was added to HCA2 cells before XRA. Cells were
mock irradiated (PRE) or irradiated (XRA). Whole-cell lysates collected
at the indicated time points were analyzed by Western blotting. SB
was replaced daily. (C) p38 MAPK inhibition does not reverse or
prevent RAS-induced lamin B1 decline. HCA2 cells were infected with
a lentivirus expressing oncogenic RASY'? and allowed to senesce
(SEN(RAS)). SB was not added (-), added 8 d after infection for 48 h
(+SB 48 h), or added before infection and maintained for 10 d (+SB
cont). Presenescent controls (PRE) were infected with an insertless
vector. Whole-cell lysates were analyzed by Western blotting. (D) p38
MAPK inhibition prevents but does not reverse MKKé-induced lamin
B1 decline. HCA2 cells were infected with a lentivirus expressing
MKK6EE and allowed to senesce (SEN(MKK®6)). SB was not added (-),
added 8 d after infection for 48 h (+SB 48 h), or added before
infection and maintained for 10 d (+SB cont). Presenescent controls
(PRE) were infected with an insertless vector. Whole-cell lysates were
analyzed by Western blotting. (E) RelA depletion does not prevent
DNA damage-induced lamin B1 decline. HCA2 cells were infected
with a lentivirus expressing either of two shRNAs against RelA
(shRelA) or GFP (shGFP; control) and selected. Cells were then
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MAPK inhibition starting before MKK6EE expression (+SB cont) pre-
vented lamin B1 decline, verifying that blockage of senescence sig-
nals mitigates the decline in lamin B1 expression.

Lamin B1 loss was also independent of the SASP, which is regu-
lated in large part by the transcription factor NF-xB (Freund et al.,
2011). We suppressed NF-kB activity by using either of two unre-
lated short hairpin RNAs (shRNAs) against RelA, an NF-kB subunit
required for NF-kB activity. The shRNAs efficiently reduced RelA lev-
els (Figure 2E) and eliminated senescence-associated IL-6 secretion
(Supplemental Figure S2B; Freund et al., 2011). NF-kB depletion
did not prevent the decline of lamin B1 that occurred in cells in-
duced to senesce by XRA (Figure 2E).

The DDR pathway, particularly activation of ataxia telangiectasia—
mutated (ATM) kinase, is important for the senescence growth arrest
and SASP (von Zglinicki, 2005; Mallette et al., 2007; Rodier et al.,
2009; Kuilman et al., 2010). In addition, this pathway is regulated
independently of p38 MAPK (Freund et al., 2011). To determine
whether the DDR was required for lamin B1 decline, we used an
shRNA against ATM and then induced senescence by XRA. Despite
the efficient reduction in ATM levels and effective suppression of
IL-6 (Supplemental Figure S2C), lamin B1 still declined markedly,
similar to its behavior in normal senescent cells (Figure 2F).

Finally, reactive oxygen species (ROS) are elevated in senescent
cells, and ROS signaling is believed to mediate the senescence
growth arrest (Lu and Finkel, 2008; Jun and Lau, 2010; Passos et al.,
2010; Rai et al., 2011). We inhibited ROS by continuously treating
cells with 10 mM N-acetyl cysteine (NAC), starting 2 d before induc-
ing senescence by XRA or MKK&EE expression. Although NAC
effectively decreased ROS levels (Supplemental Figure S2D), NAC
treatment had no effect on lamin B1 decline in either case (Figure 2,
G and H).

We conclude that the senescence-associated decline in lamin B1
expression is independent of p38 MAPK, NF-kB, DDR, and ROS
signaling.

Lamin B1 loss occurs upon activation of either

the p53 or pRB pathway

Because all inducers of senescence examined thus far caused a
sharp decline in lamin B expression, we asked whether activation
of tumor suppressor pathways that implement the senescence
growth arrest was sufficient to deplete cells of lamin B1. With rare
exceptions (Olsen et al., 2002; Campisi and d’Adda di Fagagna,

irradiated and allowed to senesce (SEN(XRA)). Presenescent controls
(PRE) were mock irradiated. Whole-cell lysates were analyzed by
Western blotting. (F) ATM depletion does not prevent DNA damage-
induced lamin B1 decline. HCA2 cells were infected with a lentivirus
expressing an shRNA against ATM (shATM) or GFP (shGFP; control)
and selected. Cells were then irradiated and allowed to senesce
(SEN(XRA)). Presenescent controls (PRE) were mock irradiated.
Whole-cell lysates were analyzed by Western blotting. (G) ROS
inhibition does not prevent DNA damage-induced lamin B1 decline.
NAC (10 mM) was added to HCAZ2 cells before irradiation and
maintained until whole-cell lysates were collected 10 d after XRA
(SEN(XRA)). Presenescent controls (PRE) were mock irradiated. NAC
was replaced daily. Whole-cell lysates were analyzed by Western
blotting. (H) ROS inhibition does not prevent MKKé-induced lamin B1
decline. NAC (10 mM) was added to HCAZ2 cells before infection and
continued until sample collection. Whole-cell lysates were collected
10 d after infection with a lentivirus expressing MKK6EE
(SEN(MKK®)). Presenescent controls (PRE) were infected with a
lentivirus lacking an insert. NAC was replaced daily. Whole-cell
lysates were analyzed by Western blotting.
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FIGURE 3: p53 or p16 expression is sufficient to cause lamin B1 loss, which is regulated at the
mRNA level. (A) p53 stabilization is sufficient to cause lamin B1 decline. HCA2 cells were
treated with 5 pM nutlin-3a or vehicle (PRE). After 4 d of continuous treatment, whole-cell
lysates were analyzed by Western blotting. (B) Ectopic p16'NK* expression is sufficient to cause
lamin B1 decline. HCA2 cells were infected with a lentivirus lacking an insert (PRE) or
expressing p16™NK44 (p16/NK42 OE) and selected. Four days after infection, whole-cell lysates
were analyzed by Western blotting. (C) Lamin cleavage products are present in apoptotic but
not senescent cells. HCA2 cells were treated with 500 nM staurosporine for 24 h to induce
apoptosis (Stauro) or irradiated and collected 4 d later (SEN(XRA)). Presenescent controls (PRE)
were mock irradiated. Whole-cell lysates were analyzed by Western blotting. (D) Caspase
inhibition prevents staurosporine-induced lamin B1 degradation but not senescence-associated
lamin B1 decline. HCA2 cells were treated with 500 nM staurosporine for 24 h (Stauro) or
irradiated and collected 4 d later (SEN(XRA)). Presenescent controls (PRE) were mock
irradiated. Where indicated, the pan-caspase inhibitor z-VAD-fmk (Z-VAD; 100 pM) was added
starting before staurosporine/XRA and continuing until whole-cell lysates were collected.
Z-VAD-fmk was replaced daily. (E) Lamin B1 mRNA declines in senescent cells. HCA2 and
IMR-90 cells were mock irradiated (PRE) or treated with XRA. Total RNA was isolated 4 d later
and analyzed by quantitative reverse transcription-PCR. The signal was normalized to tubulin.
(F) Lamin B1 mRNA stability is decreased in senescent cells. HCA2 cells were mock irradiated
(PRE) or treated with XRA. Three days later, actinomycin D was added (1 pg/ml final) to halt
transcription. After 24 h, total RNA was isolated and analyzed by quantitative RT-PCR.
Transcript levels immediately before actinomycin D addition were set to 100%.

2007, all senescence inducers identified activate the pRB and/or
p53 tumor suppressor pathways, so we asked whether lamin B1 de-
clined in response to direct activation of either of these pathways.
To activate p53, we used the small molecule MDM2-antagonist
nutlin-3a, which causes an accumulation of p53 protein (Efeyan
et al., 2007; Kumamoto et al., 2008). To activate the pRB pathway,
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SEN(XRA)

mRNA stability assay

before the expression of other senescence
markers. An increased level of either p53 or
p16N<2 was sufficient to drive lamin B1 loss
(Figure 3, A and B).

Senescence-associated lamin B1 loss is
regulated at the mRNA level

The decision as to whether a cell undergoes
senescence or apoptosis depends on only a
few factors, such as p53 phosphorylation
and PTEN status (Bargonetti and Manfredi,
2002; Campisi and d’Adda di Fagagna,
2007; Lane et al., 2010; Lee et al., 2010).
During apoptosis, cellular structural proteins
are degraded, largely by caspases, and the
nuclear lamins are caspase targets (Neamati
et al., 1995; Rao et al., 1996; Kivinen et al.,
2005). Senescent cells often have disrupted
nuclei (Mehta et al., 2007), raising the pos-
sibility that the lamin B1 decline seen at se-
nescence is a result of caspase-mediated
degradation.

Lamin cleavage by caspases can be visu-
alized by Western blotting (Rao et al., 1996;
Gajdusek et al., 2001; Kivinen et al., 2005).
We therefore asked whether lamin B1 cleav-
age products were detectable in senescent
cells. As a positive control, we induced
apoptosis with staurosporine (500 nM;
Kivinen et al., 2005). Staurosporine effec-
tively induced apoptosis, including charac-
teristic lamin B1 and lamin A/C cleavage
products; however, no such cleavage prod-
ucts were detectable in senescent cells
(Figure 3C).

Because lamin cleavage products can
disappear 24 h after apoptosis induction
(Gajdusek et al., 2001), we treated cells with
z-VAD-fmk, an irreversible pan-caspase in-
hibitor that blocks caspase degradation of
lamins during apoptosis (Kivinen et al.,
2005). Although 100 pM z-VAD-fmk pre-
vented staurosporine-induced lamin B1
degradation, z-VAD-fmk administered be-
fore XRA and for 3 d thereafter did not pre-
vent XRA-induced lamin B1 loss (Figure 3D).
We conclude that lamin B1 is not degraded
by caspase cleavage during senescence.

We next asked whether lamin B1 de-
clined due to a decrease in mRNA level. Quantitative PCR showed
that lamin B1 mRNA decreased significantly (p = 0.01) within 2 d
after XRA in two cell strains (Figure 3E). Combining this result with
the inability of caspase-inhibition to prevent lamin B1 decline, we
conclude that lamin B1 is regulated at the mRNA level during se-
nescence rather than posttranslationally by caspase cleavage. Of
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FIGURE 4: Lamin B1 loss occurs in vivo after acute DNA damage. (A) Representative images
of lamin B1 immunofluorescence. HCA2 cells were mock irradiated (PRE) or irradiated (XRA)
and allowed to senesce (SEN(XRA)). Cells were fixed and immunostained for lamin B1.
(B) Validation of lamin B1 quantitation via immunofluorescence: histogram of nuclear intensity.
HCAZ2 cells were treated as in A. Lamin B1 intensity was measured across each identified
nuclear area using Cell Profiler. p < 0.0001 (C) Representative images of lamin B1 staining in
mouse liver. Mice were irradiated (7-Gy XRA) or untreated (control). Twelve weeks later, livers
were harvested, sectioned, and immunostained for lamin B1. Lamin B1 intensity was measured
across each identified nuclear area. (D) Lamin B1 but not lamin C nuclear intensity declines in
mouse liver after irradiation: histogram of nuclear lamin intensity. Mice were irradiated or
untreated (control). Twelve weeks later, livers were harvested, sectioned, and immunostained
for lamin B1 (top) and lamin C (bottom). Nuclear staining was quantitated with Cell Profiler.
For both control and XRA conditions, bin populations were calculated by averaging the
relative contribution from each of four mice. (E) Lamin B1 but not lamin C nuclear intensity
declines in mouse liver after irradiation: average nuclear lamin intensity. Data from D are
presented as average of the mean lamin intensity from four mice for both control and XRA
conditions. p = 0.02 for lamin B1, p = 0.71 for lamin C. (F) Lamin B1 mRNA declines in vivo
after irradiation. Mouse liver, lung, kidney, and skin were harvested from control mice and
mice 12 wk after irradiation. mRNA was purified and lamin B1 mRNA levels determined by
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interest, the decline in lamin B1 mRNA was
at least partially due to decreased lamin B1
mRNA stability. Twenty-four hours after the
addition of actinomycin D to halt transcrip-
tion, we measured the amount of remaining
lamin mRNA. Whereas lamin A mRNA de-
clined equally in presenescent and senes-
cent cells, lamin B1 mRNA declined signifi-
cantly (p = 0.001) more rapidly in senescent
cells (Figure 3F), after accounting for differ-
ences in initial (pre—actinomycin D) mRNA
level. This finding suggests that the lamin
B1 mRNA, and subsequent protein, decline
in senescent cells is due at least in part to
reduced lamin B1 mRNA stability.

Lamin B1 loss occurs in vivo after

a senescence-inducing dose of

ionizing radiation

To determine whether senescence-associ-
ated lamin B1 loss occurs in vivo, we exam-
ined irradiated mice. We first verified that
lamin B1 was lost in mouse embryonic fibro-
blasts (MEFs) in culture. MEFs were derived
from four different mice and irradiated to
induce senescence. Senescent MEFs had
significantly less lamin B1 than did control
MEFs (Supplemental Figure S3A), suggest-
ing that lamin B1 loss also serves as a bio-
marker of murine cellular senescence.

To quantify lamin B1 levels in individual
cells in vivo, we used immunofluorescence.
Identification of senescent cells in their na-
tive tissue environment is a challenge, and
immunofluorescence (as opposed to flow cy-
tometry, in which cells must be dissociated)
offers the most information. We validated
this approach in human fibroblasts, using an
antibody that specifically detects lamin B1
by immunofluorescence (Shimi et al., 2008).
Visual inspection showed that lamin B1 de-
clined in senescent compared with control
cells (Figure 4A), resulting in a marked shift in
the histogram of lamin B1 intensity (Figure
4B). When the data were averaged for each
condition, there was a highly significant de-
crease in average lamin B1 intensity in the
senescent cells (Supplemental Figure S3B).
Neither an antibody that specifically detects
lamin B2 nor an antibody that detects both
lamin B1 and B2 showed a significant altera-
tion in intensity between senescent and con-
trol cells (Supplemental Figure S3C).

quantitative PCR, normalized to tubulin. To
generate a single lamin B1 mRNA value from
four organs for each mouse, each organ was
weighted equally (average control lamin B1
level of each organ set to 1) and pooled for
each mouse. Whole-mouse pools were then
averaged for each condition: control, n =4;
7-Gy XRA, n = 5.
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We performed a similar immunofluorescence analysis on liver
sections from untreated mice (control) and mice that had been irra-
diated 12 wk previously with 7 Gy (7-Gy XRA). We chose liver be-
cause previous reports showed an accumulation of senescent cells
in this tissue (Paradis et al., 2001; Xue et al., 2007; Krizhanovsky
et al., 2008; Wang et al., 2009; Le et al., 2010), and liver showed low
background staining, allowing for accurate quantitation. To deter-
mine the lamin B1 expression level, we quantified the lamin B1 and
lamin C staining intensity in thousands of nuclei from control (n = 4)
and irradiated mice (n = 4; Figure 4C). Lamin B1, but not lamin C,
showed a shift to lower intensity in irradiated livers (Figure 4D) in
which senescent cells persist (Le et al., 2010). The overlapping dis-
tributions of staining intensity did not allow us to confidently score
individual nuclei as “lamin B1 positive” or “lamin B1 negative” in
irradiated tissue, although future optimization may allow for a sin-
gle-cell assay. When the mean lamin intensities of livers from each
condition were averaged, lamin B1 but not lamin C showed a signifi-
cant decrease (p = 0.02) in average intensity in the livers from irradi-
ated mice (Figure 4E).

Given the decrease in lamin B1 protein after ionizing radiation,
we asked whether lamin B1 mRNA declined in liver and other tis-
sues 12 wk after irradiation. We analyzed mRNA mouse liver, kidney,
skin, and lung before and after XRA, normalized to tubulin, and
weighted each organ equally to calculate an average lamin B1 level
in each animal. Animals from each condition were then averaged.
Irradiated mice showed significantly increased p16™N<4@ mRNA lev-
els, suggesting the presence of senescent cells across multiple tis-
sues (Supplemental Figure S3D). Irradiated mice also had a signifi-
cantly lower lamin BT mRNA level than untreated mice (control;
Figure 4F), demonstrating that lamin B1 protein and mRNA decline
in vivo in response to a senescence-inducing dose of ionizing
radiation.

DISCUSSION
We show here that lamin B1 declines precipitously when cells are
induced to senesce by multiple means. We also show that lamin B1
decline is a hallmark of senescence in multiple human and murine
fibroblast cell strains and after acute DNA damage that results in the
persistence of senescent cells in vivo (Le et al., 2010). Lamin A, al-
though depleted in cells induced to senesce by oncogenic RAS or
MKK6EE expression, was not depleted in cells induced to senesce
by DNA damage or replicative exhaustion. Furthermore, neither
lamin B2 nor lamin C declined, regardless of the senescence in-
ducer. We conclude that a decline in lamin B1, but not lamin B2,
lamin A, or lamin C, may be general biomarker of senescence.
Lamin B1 decline occurred rapidly (2 d) after exposure to a se-
nescence-inducing stimulus and was not a general feature of cell
cycle arrest, as quiescent cells retained lamin B1 at levels equal to
those of proliferating cells. Of interest, lamin B1 loss was not pre-
vented by inhibition of pathways that control many other aspects of
senescence, such as the SASP. Thus lamin B1 decline was indepen-
dent of the p38 MAPK/NF-kB pathway, the DDR pathway, and ROS
signaling. However, lamin B1 decline was strongly induced by either
direct p53 activation or direct p16/N%42 expression. Because almost
all senescence inducers strongly depend on either the p53 or pRB/
p16N4a pathways, lamin B1 loss might serve as a general senes-
cence marker in other contexts and cell types. One exception might
be oxidative stress, which can induce some features of senescence
(e.g., arrested growth, SA-Bgal expression) but not all features (e.g.,
loss of c-FOS inducibility, the SASP; Parrinello et al., 2003; Coppe
et al., 2010). A recent report (Barascu et al., 2012) showed that oxi-
dative stress induces senescence via an increase in lamin B1 expres-
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sion, suggesting that some senescent cells do not express the full
complement of senescence markers. However, the relationship be-
tween lamin B1 and oxidative stress bears further investigation, as
another recent report demonstrates that depletion of lamin B1 via
shRNAs leads to senescence via decreased ROS (Shimi et al.,
2011).

Lamin B1 decline at senescence was distinct from the caspase-
mediated lamin degradation seen at apoptosis, as no lamin cleav-
age products were evident in senescent cells. Furthermore, caspase
inhibition did not prevent the senescence-associated decline in
lamin B1 protein levels. Instead, lamin B1 loss was due to an early
decline in mRNA level. This decline was at least partially mediated
by a decrease in lamin BT mRNA stability. Given that lamin A mRNA
stability was unaffected, we hypothesize that lamin BT mRNA is spe-
cifically destabilized as part of the senescence program by an as-
yet-unidentified mechanism.

A number of senescence markers have been used to identify
senescent cells in vivo, although no single marker is completely spe-
cific (Campisi and d'Adda di Fagagna, 2007; Kuilman et al., 2010).
For example, growth arrest, although a necessary condition for se-
nescence, is not sufficient to define the state—many cells in vivo are
terminally differentiated or quiescent (Kuilman et al., 2010). p16!N<4
is highly correlated with senescence and age (Zindy et al., 1997;
Krishnamurthy et al., 2004; Ohtani et al., 2010), although some tu-
mor cells express high levels of p16/N<4a. Moreover, p16/N<2 expres-
sion is not necessary for senescence, as some cells senesce after
DNA damage via activation of the p53 pathway alone (Beausejour
et al., 2003). In addition, the most widely used senescence marker,
SA-Bgal, is neither necessary nor sufficient for senescence (Dimri
etal., 1995; Lee et al., 2006) and is both labile and difficult to detect
in vivo. We report here that lamin B1 declines in mouse tissues with
persistent senescent cells and therefore may be useful in both re-
search and clinical applications. We found a small but significant
decrease in lamin B1 mRNA and protein in mouse tissues that had
been irradiated 12 wk previously, consistent with a small population
of persistent senescent cells (Le et al., 2010). The radiation regimen
to which we subjected the mice is similar to that experienced by
human patients undergoing radiotherapy for cancer. Optimization
of lamin B1 measurement may generate a robust, single-cell test for
senescent cells in vivo, giving researchers and clinicians a tool with
which to accurately assess the relative contribution of senescent
cells in tissues of patients with a variety of conditions, including can-
cer, diabetes, chronic inflammation, and age-related disease.

MATERIALS AND METHODS

Cell culture

Primary human fibroblasts (HCA2, WI-38, IMR-90, BJ strains) were
obtained and cultured as described (Coppe et al., 2008). Unless
noted otherwise, “fibroblast” or “cells” in the text and legends refer
to HCAZ fibroblasts. PRE HCA2 cells completed <35 population
doublings and had a 24-h BrdU labeling index of >60%. Cells were
made replicatively senescent by repeated subculture, as described
(Dimri et al., 1995; Krtolica et al., 2001). For DNA damage-induced
senescence, cells were grown to confluence, exposed to 10-Gy
x-rays, and, unless noted otherwise, analyzed 8-10 d later; PRE cells
were mock irradiated. For oncogene-induced senescence, cells
were infected with a lentivirus expressing RASY'2 (Beausejour et al.,
2003; Coppe et al., 2008) and analyzed 8-10 d later.

Chemical inhibitors and inducers

Cells were given 10 uM SB203580 (559395; Calbiochem, La Jolla,
CA) or 10 mM NAC (A7250; Sigma-Aldrich, St. Louis, MO) dissolved
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in water with daily replenishment. Cells were treated with 100 M
z-VAD-fmk (FMKOO1; R&D Systems, Minneapolis, MN) dissolved in
dimethyl sulfoxide with daily replenishment. Staurosporine (500 nM)
was from Sigma-Aldrich (54400).

Vectors, viruses, and infections

MKK6EE, genetic suppressor element 22, and RASV'? were sub-
cloned into Gateway destination vector 670-1, as described
(Beausejour et al., 2003; Campeau et al., 2009). Infection with an
insertless vector was used as a control. Lentiviral vectors encoding
shRNAs against green fluorescent protein (GFP; RHS4459) and
RelA (TRCN0O000014686, TRCN0000014687) were from Open
Biosystems (Thermo Biosystems, Huntsville, AL). Lentiviral vectors
encoding ATM shRNA (Rodier et al., 2009) and virus production
were as described (Naldini et al., 1996; Beausejour et al., 2003).

Immunofluorescence

Cells were cultured on glass chamber slides, fixed with Formalin for
10 min, and permeabilized with 0.1% Triton in phosphate-buffered
saline (PBS). Slides were blocked for 30 min at room temperature
with 1% bovine serum albumin (BSA) and 4% normal donkey serum
in PBS, washed, and incubated with primary antibody for 1 h at
room temperature in 1% BSA in PBS. Slides were washed and incu-
bated with Alexa Fluor (Alexa 350, 488, 594; Molecular Probes,
Invitrogen, Carlsbad, CA) secondary antibodies in 1% BSA in PBS
at 1:750 for 45 min. 4’,6-Diamidino-2-phenylindole (DAPI) was used
to label DNA. Slides were washed and mounted with Vectashield
(H1000; Vector Laboratories, Burlingame, CA). Primary antibodies
were as described (Shimi et al., 2008) and used at the following
dilutions: lamin B1, 1:1000; lamin B2, 1:500; lamin B1 and B2
(M-20), 1:500; lamin C (321-11), 1:3000. Images were quantitated
using CellProfiler, an open-access image analysis program (www
.cellprofiler.org).

Mouse livers were harvested, snap frozen, sectioned, mounted
on slides, and then fixed and permeabilized with ice-cold methanol/
acetone (50/50) for 5 min at —20°C. Slides were washed and blocked
for 1 h at room temperature with 1% BSA and 5% normal goat se-
rum in PBS, washed, and incubated with primary and secondary an-
tibodies as described for cell culture. Slides were washed and
mounted with ProLong Gold antifade reagent with DAPI (P36931;
Invitrogen). Images were quantitated using CellProfiler.

Western blot analysis

Cells were washed with warm PBS, lysed and scraped in either de-
naturing (1% SDS, 10 mM Tris) or nondenaturing (Cell Lysis Buffer,
9803; Cell Signaling, Beverly, MA) buffer containing inhibitors
of proteases (P8340, 1:200; Sigma-Aldrich) and phosphatases
(200 mM imidazole, 100 mM sodium fluoride, 115 mM sodium mo-
lybdate, 100 mM sodium orthovanadate, 400 mM sodium tartrate,
1:100). Lysates were needle sheared, clarified by centrifugation,
subjected to SDS-PAGE using 4-12% Bis-Tris gels, and transferred
to polyvinylidene fluoride membranes. Membranes were blocked
and incubated overnight at 4°C with primary antibodies obtained
from Santa Cruz Biotechnology (Santa Cruz, CA; NF-kB pé5,
SC-8008, 1:1000; MKKé, SC-1992, 1:1000; p53, SC-126, 1:1000;
lamin B1 [C-20], SC-6216, 1:1000; lamin B1 [S-20], SC-30264,
1:1000), Abcam (Cambridge, MA; ATM, AB32420, 1:2000; lamin B1,
AB16048, 1:000), Sigma-Aldrich (tubulin, T-5168, 1:4000), BD Trans-
duction Laboratories (Lexington, KY; RAS, R02120-050, 1:1000), or
BD Biosciences (San Diego, CA; p16/NK4, 554070, 1:1000; lamin
A/C, 612162, 1:4000). Membranes were washed and incubated with
horseradish peroxidase (1:5000; Cell Signaling) or IR-dye (1:20,000;
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LI-COR Biosciences, Lincoln, NE)-conjugated secondary antibodies
for 45 min at room temperature and washed, and signals were de-
tected by enhanced chemiluminescence or LI-COR Odyssey,
respectively.

Quantitative reverse transcription-PCR

RNA was isolated using the RNeasy Mini Kit (74104; Qiagen, Valen-
cia, CA) and cDNA generated with iScript cDNA Synthesis Kit (170-
8891; Bio-Rad, Hercules, CA). mRNA levels were determined using
the UPL system (Roche, Indianapolis, IN). Human primers (probes
#31, #17, and #58, respectively) were as follows: LMNB1, 3"
aagcagctggagtggttgtt; LMNB1, 5”: ttggatgctcttggggttc; LMNA, 3%
agcaaagtgcgtgaggagtt; LMNA, 5”: tcaggtcaccctecttettg; tubulin, 3”:
cttcgtcteegecateag; tubulin, 5”: ttgccaatctggacacca. Mouse LMNB1
primers were as follows (probe #15): 3": gggaagtttattcgcttgaaga; 5”:
atctcccagcecteccatt.

Enzyme-linked immunosorbent assays

and conditioned media

Enzyme-linked immunosorbent assay (ELISA) kits to detect IL-6
(D6050) were from R&D Systems. Conditioned media were pre-
pared by washing with serum-free DMEM and incubating in serum-
free DMEM for 24 h. All ELISA data were normalized to cell
number.

Statistical analyses

Except where indicated, statistical significance was evaluated using
a two-tailed Student's t test and assumption of equal variance. Sta-
tistical significance between binary assays (i.e., positive and nega-
tive scores) was evaluated using a chi-squared test. Error bars de-
note SDs.
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