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Cellular stress triggers many pathways including nuclear protein redistribution. We previously discovered that this
process is regulated by Bax but the underlying mechanism has not yet been studied. Here we define this mechanism by
showing that apoptotic stimuli cause Bax-regulated disturbances in lamin A/C and nuclear envelope (NE)-associated
proteins which results in the generation and subsequent rupture of nuclear protein-containing bubbles. The bubbles
do not contain DNA and are encapsulated by impaired nuclear pore-depleted NE. Stress-induced generation and
rupture of nuclear bubbles ultimately leads to the discharge of nuclear proteins into the cytoplasm. This process
precedes morphological changes of apoptosis and occurs independently of caspases. Rescue experiments revealed that
this Bax effect is non-canonical, i.e. it requires the BH3 domain and a-helices 5 and 6 but it is not inhibited by Bcl-xL.
Targeting Bax to the NE by the Klarsicht/ANC-1/Syne-1 homology (KASH) domain effectively triggers the generation
and rupture of nuclear bubbles. Overall, our findings provide evidence for a novel stress-response, which is regulated
by a non-canonical action of Bax on the NE.

Introduction

In eukaryotes, the nuclear envelope (NE) separates the nuclear
content from the cytosol. The NE is comprised of inner and
outer nuclear membranes (INM and ONM, respectively), which
are separated by the perinuclear space. It is generally accepted
that nucleocytoplasmic traffic across the NE occurs via nuclear
pore complexes (NPCs).1,2 Below the INM is the nuclear lamina,
a meshwork of intermediate filament proteins termed lamins
(both A and B types) which provide structural support to the
nucleus and regulates transcription and chromatin organiza-
tion.3-5 The lamins bind to numerous proteins, such as lamina-
associated polypeptide (LAP) 2b, emerin, SUN1 and SUN2.
Some are INM proteins that help anchor lamin filaments to the
NE. Others bind partners in the ONM and mechanically con-
nect lamins to the cytoskeleton.6 The SUN proteins span the
INM to the NE lumen where they interact with ONM-embed-
ded cytoskeleton-interacting proteins termed Klarsicht, ANC-1,

Syne homology (KASH)-domain proteins (nesprins in mammals)
to form linker of nucleoskeleton and cytoskeleton (LINC)
complexes.

Apoptosis proceeds via either intrinsic or extrinsic apoptotic
pathways, both leading to the activation of caspases, which cleave
diverse sets of proteins.7 The intrinsic pathway is regulated by
the Bcl-2 protein family, of which the pro-apoptotic members
Bax and Bak (Bax/Bak) cause mitochondrial outer membrane
permeabilization (MOMP). This leads to the release of mito-
chondrial proteins such as cytochrome c, which in turn form a
cytosolic, caspase-9-containing protein complex (apoptosome)
that cleaves and activates the effector caspase-3. Whereas Bax/
Bak are in an inactive conformation in healthy cells, they
undergo structural changes in response to apoptotic stimuli,
which lead to their activation and subsequent MOMP. The trig-
gers/mediators for Bax/Bak activation are the BH3-only proteins,
whereas anti-apoptotic proteins such as Bcl-2, Bcl-xL and Mcl-1
inhibit this activation.8

*Correspondence to: Reuven Stein; Email: reuvens@post.tau.ac.il
Submitted: 06/18/2014; Revised: 07/31/2014; Accepted: 09/15/2014
http://dx.doi.org/10.4161/19491034.2014.970105

www.landesbioscience.com 527Nucleus

Nucleus 5:6, 527--541; November/December 2014; © 2014 Taylor & Francis Group, LLC
RESEARCH PAPER



The NE is perforated in response to apoptotic stresses, leading
to the redistribution of nuclear proteins to the cytosol.9,10 This
perforation has been suggested to be caused by NPCs dismantling
mediated by caspase-dependent proteolysis of a subset of nucleo-
porins11-15 or by calpains during excitotoxic neuronal death.16

However, we have recently shown that stress-induced nuclear
protein redistribution (NPR) in mouse embryonic fibroblasts
(MEFs) is regulated by Bax/Bak in a non-canonical manner, i.e.,
independent of caspases and non-inhibitable by Bcl-xL.

17 We
therefore reasoned that this process is mediated by a NPCs-inde-
pendent mechanism. In this study, we provide the molecular
mechanism of this NPC-independent NPR. We show that apo-
ptotic/stress stimuli induce disturbances in the NE which lead to
the budding of nuclear-associated bubbles. These bubbles are sur-
rounded by NPC-lacking NE and filled with nuclear proteins
but not with DNA. After their generation, these bubbles rupture
and discharge their protein content into the cytosol. This process
is regulated by Bax/Bak but not by Bcl-xL or caspases, and occurs
before the appearance of late-onset apoptotic events. Both the
BH3 and a-helices 5/6 domains of Bax are required for the effect
of Bax on SIGRUNB. Moreover, targeting Bax to the NE via the
KASH domain is sufficient to induce this process although an
action of Bax from other subcellular sites cannot be excluded.

Results

Apoptotic stimuli induce generation and rupture
of nuclear bubbles

We previously showed that apoptotic stimuli, such as geno-
toxic agents, promote redistribution of nucleolin and other
nuclear proteins in a Bax/Bak-dependent manner.17,18 To
unravel the mechanism underlying this process, we used live cell
imaging to follow the efflux of a fluorescent nuclear protein,
GFP-nucleolin from the nucleus to the cytosol in MEFs stably
expressing GFP-nucleolin (GN-WT MEFs) (Fig. 1A). Upon
treating with cisplatin, some of these cells exhibited GFP-nucleo-
lin-containing bubbles, which protruded from the surface of the
nuclear membrane. Shortly after their appearance, these bubbles
ruptured and their content was released into the cytosol (Fig. 1B
and Vid. S1). At start (t D 00:00), GFP-nucleolin was exclusively
confined to the nucleus. Thereafter, a GFP-nucleolin-containing
bubble suddenly appeared at the apex of the nucleus and after
2.5 min, this bubble ruptured, releasing its GFP-nucleolin con-
tent into the cytoplasm. Quantitative analysis revealed that 28%
of cisplatin-treated GN-WT MEFs underwent stress-induced
generation and rupture of nuclear bubbles (herein SIGRUNB)
during the recording time (Table S1). On average the bubble life
time from its appearance to its rupture was 4.4 § 1.2 min (mean
§ SE; n D 18) and the size of the bubble at the time of rupture
was 11.43 § 1.42 mm2 (mean § SE; n D 18). Immunofluores-
cence microscopic analysis of fixed cells showed that the stress-
induced nuclear bubbles contained endogenous nuclear proteins
as indicated by the presence of nucleophosmin (NPM), histone
H1 and PGC-1a (transcription coactivator) (Supplementary
Material Fig. S1). However, the bubble lacked DNA because it

was not stained with Hoechst. To examine if this was also the
case in intact cells, the membrane permeable DNA binding dye
Hoechst 33342 was added to the culture medium. The nuclear
staining pattern with Hoechst 33342 did not change during bub-
ble formation and rupture, and Hoechst 33342 did not stain the
bubble (Fig. 1C). Next we examined whether SIGRUNB pre-
ceded or followed the appearance of typical late onset features of
apoptosis such as plasma membrane blebbing, nuclear condensa-
tion and loss of plasma membrane integrity. As we show for a
representative GFP-nucleolin expressing cell (Fig. 2A and Vid.
S2), it had a healthy-appearing nucleus at t D 00:00; 30 s later,
GFP-nucleolin spilled into the cytosol from the upper part of the
cell, probably due to rupture of an undetectable bubble or by
other mechanism; 114 min later, a bubble was generated and
then ruptured within 2 min. During the recording time, cellular
(as judged by cytosolic GFP-nucleolin staining) and nuclear mor-
phologies looked normal. Importantly, the cell began to exhibit
apoptotic features, such as nuclear shrinkage and plasma mem-
brane blebbing only after 142 min.

To examine the relationship between SIGRUNB and the loss
of plasma membrane integrity, cisplatin-treated GN-WT MEFs
were incubated with the non-membrane permeable DNA binding
dye propidium iodide (PI). Before (t D 00:00), during (t D 09:00
and 09:30) and also after (t D 120:00) SIGRUNB, the nucleus
had a normal morphology and the cell was not stained with PI
(Fig. 2B and Vid. S3). The absence of PI staining was not due to
technical problems since the dye clearly stained the apoptotic
nuclei of neighboring GFP-nucleolin-negative cells (Fig. 2B and
Vid S3). Similar results were obtained when membrane integrity
was assessed by additional non-membrane permeable DNA bind-
ing dye Hoechst 33258 (Fig S2). Assessment of the time period
from the appearance of the bubble until appearance of nuclear
condensation (a late apoptotic event), revealed that on the average
nuclear condensation occurs 65.58 § 12.7 [(mean § SE) (n D
17)] min after bubble formation. We used an additional marker
of late apoptosis, which is the loss of mitochondrial membrane
potential and the appearance of unhealthy, fragmented mitochon-
dria. After staining with MitoTracker� Red (a mitochondrial
marker and indicator of membrane potential), a cell undergoing
SIGRUNB showed a similar degree of intact mitochondria as a
neighboring cell which did not exert SIGRUNB (Fig. S3). By
contrast, a late apoptotic cell in the same field (marked by asterisk)
did not seem to contain healthy mitochondria any more. Taken
together, our results suggest that stress-induced nuclear bubbles
contain nuclear proteins but no DNA and that they appear and
rupture before typical signs of late apoptosis, i.e. mitochondrial
membrane depolarization, nuclear condensation, plasma mem-
brane blebbing and permeabilization.

To determine if bubble formation and rupture is a general
response to cellular stress, we treated the GN-WT MEFs with
another drug, camptothecin. We found that this agent also trig-
gered the process (Fig. S4), with 29% of the cells exhibiting
SIGRUNB during the recording time (Table S1). As before, no
GFP-nucleolin bubbles appeared in the untreated cells during
the same period indicating that SIGRUNB was a direct response
to stress.
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SIGRUNB is Regulated by Bax/Bak

To examine whether SIGRUNB is associated with the previ-
ously discovered stress-induced NPR effect,17,18 we tested its

dependence on Bax/Bak. Bax/Bak double-knockout (DKO)
MEFs stably expressing nuclear GFP-nucleolin (GN-DKO
MEFs) were established and the effect of cisplatin or camptothe-
cin on SIGRUNB was analyzed by live-cell imaging. As seen

Figure 1. Cisplatin-treated GN-WT MEFs exhibiting SIGRUNB. (A) Expression of GFP-nucleolin in healthy GN-WT MEFs is confined to the nucleus. Hoechst
33342 was added to the culture medium of GN-WT MEFs and GFP-nucleolin and Hoechst fluorescence were monitored in live cells. GN-WT MEFs were
treated with 25 mM cisplatin and after 15–24 h were subjected to live-cell imaging at 30-s intervals. (B) Appearance and subsequent rupture of GFP-
nucleolin-containing nuclear bubble. The still images shown were taken from Vid. S1. Arrow indicates a bubble. The indicated time points (min:s) are
expressed relative to the first image selected for presentation (t D 00:00), which corresponds to the image captured 34 min into the recording. (C)
Stress-induced nuclear bubbles do not contain DNA. Hoechst 33342 was added to the culture medium 18 h after cisplatin treatment. Results shown (still
images from time lapse imaging) are from the same field visualized separately for detection of GFP-nucleolin (upper panel) and Hoechst 33342 (lower
panel). Dashed oval indicates the position of the nuclear bubble that lacks Hoechst 33342 staining. Indicated time points (min:s) are expressed as
described in A. t D 00:00 corresponds to the image captured 43 min into the recording. The images shown are from representative experiments from 3,
8 and 8 independent experiments for A, B and C respectively.
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Figure 2. SIGRUNB preceded the appearance of typical late onset features of apoptosis (A) SIGRUNB occurs before the appearance of membrane bleb-
bing and bubbling and nuclear condensation. The still images shown were taken from Vid. S2. Arrow indicates a cell undergoing SIGRUNB. Arrowhead
points to a GFP-nucleolin-containing nuclear bubble. Indicated time points (min:s) are expressed as described in Figure 1. t D 00:00 corresponds to the
image captured 50 min into the recording. (B) SIGRUNB occurs before loss of plasma-membrane integrity. PI was added to the culture medium 17 h after
cisplatin treatment. The still images shown were taken from Vid. S3 and are from the same field visualized separately for detection of GFP-nucleolin
(upper panel) and PI (lower panel). The images show a GFP-nucleolin-expressing cell which developed nuclear bubble (arrowhead) that burst shortly
thereafter. No PI staining was observed in this cell at any of the time points shown. The position of the cell nucleus undergoing SIGRUNB is shown by
dashed oval and is also superimposed on the PI images. Arrows indicate PI stained apoptotic nuclei of neighboring GFP-nucleolin-negative cells (the
position of those cells is shown both in the PI panel and also when superimposed on the GFP-nucleolin images). Indicated time points (min:s) are
expressed as describe in Figure 1. tD 00:00 corresponds to the image captured at the beginning of the recording. The images shown are from represen-
tative experiments from 8 and 3 independent experiments for A and B respectively. Bar D 10 mm.
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before, GFP-nucleolin was mainly localized in the nucleus of
untreated GN-DKO MEFs (Fig. 3). However, in contrast to
GN-WT MEFs, neither cisplatin nor camptothecin provoked
any nuclear bubble formation and rupture in GN-DKO MEFs
during the recording time (Table S1; Fig. 3), indicating that
Bax/Bak are needed for SIGRUNB induced by these stressors.

To further explore the mechanism underlying the effect of
Bax/Bak on SIGRUNB we focused on Bax and investigated
whether SIGRUNB can be rescued upon Bax re-expression in
Bax/Bak DKO MEFs. Cells were co-transfected with RFP-nucle-
olin and GFP-Bax (or pEGFP as a control) and the cells’ ability
to undergo SIGRUNB was determined by live cell imaging. As
previously reported,17, the transient transfection procedure
already provides a stress signal that can lead to SIGRUNB.
Transfection of GFP-Bax induced the generation and subsequent
rupture of bubbles containing RFP-nucleolin, but not DNA
(Fig. 4A and Vid. S4). Again, this process preceded the appear-
ance of apoptotic features. Transfection of the control vector
pEGFP also induced some nuclear bubbles, but the percentage of
cells exhibiting SIGRUNB during recording was substantially
[24% (pEGFP) versus 60% (GFP-Bax)] and significantly (p D
0.001, Fisher’s exact test) lower (Fig. 4D) than in GFP-Bax
transfected cells. Notably, the average lifespan of GFP-Bax-
induced bubbles in Bax/Bak DKO MEFs was longer than in cis-
platin- or camptothecin-treated GN-WT cells (53.9 § 8 min)
and the size of the bubble at the time of rupture was extended as
well [42.27 § 7.66 mm2 (mean § SE; n D 14)]. Thus, re-expres-
sion of Bax in Bax/Bak DKOMEFs restored these cells’ ability to
undergo effective SIGRUNB although the process was somewhat
slower. This reinforces the notion that Bax plays an important
role in this process.

We next examined whether Bax-induced SIGRUNB is inde-
pendent of caspases and Bcl-xL. Both Bax/Bak DKO MEFs

transfected with GFP-Bax and treated with the general caspase
inhibitor Q-VD-OPH (Fig. 4B) or co-transfected with GFP-Bax
and Bcl-xL (Fig. 4C) exhibited characteristic SIGRUNB and
showed no difference (Fisher’s exact test) in the number of
nuclear bubbles in these cells as compared to untreated MEFs
expressing GFP-Bax only (Fig. 4D). By contrast, as previously
reported,19 Q-VD-OPH treatment and Bcl-xL overexpression
inhibited cell death induced by GFP-Bax expression as indicated
by the healthy appearance of the transfected cells. Therefore,
Bax-induced SIGRUNB proceeds in a non-canonical manner,
i.e., independent of caspases and unaffected by Bcl-xL
overexpression.

Bax Mediates SIGRUNB Via Distinct Domains

To further characterize the mechanism by which Bax regulates
SIGRUNB, we tested the effect of Bax domains needed for
MOMP20-23 and NPR.18 Bax/Bak DKO MEFs were transfected
with RFP-nucleolin together with GFP-tagged WT Bax or Bax
mutants L63E (in the BH3 domain), DIGDE (deletion of critical
amino acids in the BH3 domain), Da5/6 (deletion of a helices 5/
6) and 63-65A (region in BH3 essential for homo-oligomeriza-
tion). At 24 h post-transfection, SIGRUNB was examined in fixed
cells by assessing the following 3 parameters: (1) percentage of cells
which retained RFP-nucleolin in the nucleus, (2) percentage of
cells exhibiting nuclear bubbles containing RFP-nucleolin but no
DNA, and (3) percentage of cells containing cytosolic RFP-nucle-
olin (which is indicative of bubble rupture). In accordance with
the results obtained by live cell imaging, re-expression of GFP-Bax
in Bax/Bak DKO MEFs significantly increased the percentage of
cells exhibiting cytosolic RFP-nucleolin and decreased the percent-
age of cells exhibiting nuclear RFP-nucleolin as compared to

Figure 3. Bax/Bak are needed for SIGRUNB. GN-DKO MEFs were treated with 25 mM cisplatin (Cis) or 1 mM camptothecin (Camp) or left untreated. After
18 h, Hoechst 33342 was added to the culture medium and GFP-nucleolin and Hoechst fluorescence were monitored as described in Figure 1. The
results shown (still images from time lapse imaging) are from the same field visualized separately for detection of GFP-nucleolin (upper panels) and
Hoechst 33342 (lower panels). Indicated time points (min:s) are expressed relative to the first image selected for presentation (t D 00:00) which corre-
sponds to the image captured at the beginning of the recording. Bar D 10 mm. The images shown are from representative experiments from 2, 3 and 2
independent experiments for untreated, Cis and Camp treated cells, respectively.
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Figure 4. For figure legend see page 533.
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pEGFP-expressing cells (p < 0.0001, Pear-
son Chi-square test) (Fig. 5). Mutations in
the BH3 (L63E and DIGDE) and homo-
oligomerization (63-65A) domains, or
deletion of helices 5 and 6 (Da5/6) signifi-
cantly inhibited this redistribution (p <

0.0001, Pearson Chi-square test), as previ-
ously described.18 Only the Bax mutant
63-65A inhibited nuclear bubble appear-
ance (p D 0.02, Fisher’s exact test). The
other BH3 mutants or Da5/6 showed a
significant increase in bubble formation
(p < 0.02, Fisher’s exact test), probably
due to a delay in bubble rupturing. Taken
together, these results suggest that Bax reg-
ulates both the generation and rupture of
nuclear bubbles. While homo-oligomeriza-
tion of Bax seems to be required for the
bubble formation process, other motives of
the BH3 domain and helices a5/6 may
trigger bubble rupture.

The question remained how Bax,
which is primarily localized to mitochon-
dria, was able to regulate a nuclear process
such as SIGRUNB. Since part of Bax had
previously been reported to reside on the
NE,24,25 we envisaged the possibility that
it might trigger SIGRUNB from that site.
We therefore used a Bax variant that
was targeted to the outer surface of the
ONM of the NE via the KASH domain.18

Bax/Bak DKO MEFs were co-transfected with RFP-nucleolin
and FLAG-Bax KASH or the control vector GFP-mini-nesprin-
2G (a KASH-domain-containing protein) vector and SIGRUNB
was monitored 24 h after transfection by live cell imaging. As
previously reported,18 FLAG-Bax KASH localized to the NE
(marked by NPC proteins) (Fig. 6A) but was also detected in sur-
rounding regions. Expression of FLAG-Bax KASH induced sig-
nificantly more SIGRUNB than the GFP-mini-nesprin-2G
control as determined by the percentage of cells exhibiting rup-
tured or unruptured bubbles during recording (p D 0.0003, Fish-
er’s exact test) (Fig. 6B). Similarly, a significantly higher
percentage of cytosolic RFP-nucleolin (and lower number of
nuclear RFP-nucleolin) was detected in fixed FLAG-Bax KASH

as compared to GFP-mini-nesprin-2G expressing cells (p <

0.0001, Pearson Chi-square test, Fig. 6C). We also tested the
role of the BH3 domain and helices a5/6 in the SIGRUNB
action of FLAG-Bax KASH. As with GFP-Bax, the L63E and
Da5/6 mutations inhibited FLAG-Bax KASH-induced bubble
rupture, since less cytosolic RFP-nucleolin and more nuclear
bubbles were seen in the mutants as compared to FLAG-Bax
KASH cells (Fig. 6C) (p < 0.0001, Pearson Chi-square test).
This indicates that the BH3 and pore-forming domains are also
needed for the bubble-rupturing effect of FLAG-Bax KASH.
Taken together, these results suggest that targeting Bax to the
NE can induce SIGRUNB by a mechanism resembling that
of WT Bax.

Figure 4 (See previous page). Restoration of Bax expression in Bax/Bak DKO MEFs promotes SIGRUNB in a caspase- and Bcl-xL-independent manner.
Bax/Bak DKO MEFs were co-transfected with RFP-nucleolin and pEGFP or with RFP-nucleolin and GFP-Bax in the absence (A) or presence (B) of 20 mM
Q-VD-OPH (QVD) or together with Bcl-xL (C). After 24 h, Hoechst 33342 was added to the culture medium and RFP-nucleolin, GFP-Bax and Hoechst fluo-
rescence-expressing cells were monitored by live-cell time-lapse microscopy at 30-s intervals. Selected (still images from time lapse imaging) from each
experiment are shown from the same field visualized separately for detection of RFP-nucleolin, GFP-Bax and Hoechst (A and C are from Vid. S4 and S5).
Note that the bubbles (arrows) do not contain DNA. The dashed oval in (A) indicates the position of a DNA-lacking nuclear bubble (no Hoechst staining).
Indicated time points (min:s) are expressed relative to the first image selected for presentation (t D 00:00) which corresponds to the image captured 44,
4 or 0 min into the recording (for A, B and C, respectively). Bar D 10 mm. (D) Quantification of the percentage of cells exhibiting nuclear bubbles (bub-
ble), nuclear bubbles that ruptured (ruptured bubble) or that did not exhibit bubbles (no bubble) during recording. The number (n) of cells that were
monitored for each treatment is indicated. Fisher’s exact test of percentage of bubbles (ruptured bubble and bubble) revealed a significant difference
(**p D 0.001) between GFP-Bax and pEGFP. The results shown are from 2, 3, 2, and 3 independent experiments for pEGFP, GFP-Bax, GFP-BaxCQVD and
GFP-BaxC Bcl-xL treatments respectively.

Figure 5. Identification of the Bax domains needed for promoting SIGRUNB. Bax/Bak DKO MEFs
were co-transfected with RFP-nucleolin together with pEGFP, GFP-Bax or the indicated GFP-Bax
mutants in the presence of 20 mM Q-VD-OPH. The cells were fixed 24 h after transfection and
stained with Hoechst 33258 dye (to detect the nuclei), and GFP- and RFP-expressing cells were visu-
alized by fluorescence microscopy. The number of cells exhibiting RFP-nucleolin only in the nuclei
(nuclear), bubbles or cytosol was determined microscopically. The results are expressed as percent-
age of cells exhibiting nuclear, bubble or cytosolic RFP-nucleolin out of total RFP-expressing cells (n
D 500 cells; 5 independent experiments). Pearson Chi-square test revealed significant differences
(P < 0.0001) in the percentages of cells showing nuclear, bubble and cytosolic distribution of RFP-
nucleolin between pEGFP and GFP-Bax and between GFP-Bax and each of the Bax mutants. Fisher’s
exact test of percentage of bubbles revealed significant differences (*P < 0.05) between GFP-Bax
and GFP-Bax DIGDE, GFP-Bax Da5/6 and GFP-Bax 63-65A.
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Characterization of the Stress-induced
Nuclear Bubbles

We further characterized the properties and integrity of the
NE in nuclear bubbles. For that purpose, Bax/Bak DKO MEFs
were co-transfected with FLAG-Bax and GFP- or RFP-nucleo-
lin. To reduce cell death, the caspase inhibitor Q-VD-OPH
(20 mM) was added to the transfected cells. Notably, as men-
tioned above this treatment does not affect SIGRUNB. The
distributions of endogenous lamin A/C, the INM protein
emerin and NPC proteins were then examined in fixed cells dis-
playing GFP- nucleolin- but not DNA-containing bubbles. The
results show that in Bax non-expressing cells (indicated by the
absence of GFP-nucleolin), lamin A/C, emerin and NPC

proteins were mainly localized as
expected to the nuclear rim. However, in
Bax-expressing cells (indicated by expres-
sion of GFP-nucleolin) lamin A/C distri-
bution was impaired, as indicated by
lamin A/C irregular distribution all over
the NE. In addition, lamin A/C was
excluded from the site of nuclear bubble
protrusion. Some NE regions exhibited
accumulation of lamin A/C and punctu-
ated cytosolic lamin A/C staining was
observed in many cells (Fig 7A and
Fig. S5A). Expression of Bax also affected
emerin and NPC distribution. Emerin
levels were substantially reduced in the
nucleus and patches of emerin appeared
in the cytosol (Fig 7A and Fig. S5B).
NPC were redistributed and appeared
also in the nucleoplasm (Fig 7A). Nota-
bly, all these proteins were absent from
the bubble interior and rim. Next we
examined whether the nuclear bubbles
are surrounded by NE membranes. As
markers for the INM of the NE, we used
mCherry-LAP2b and GFP-SUN2. How-
ever, when overexpressed these 2 fusion
proteins may also stain the ONM. We
therefore used TAP1(1-6)-GFP (a marker
for ER/ONM) as an additional marker
for the ONM. Bax/Bak DKO MEFs were
co-transfected with FLAG-Bax and each
of these NE markers together with RFP-
nucleolin or GFP-necleulin. After 24 h,
the transfected cells were fixed and ana-
lyzed by fluorescence microscopy. The
mCherry-LAP2b and GFP-SUN2 did
not only localize in the NE and the nucle-
oplasm but also around the bubbles, in
particular at the budding edges (Fig. 7B).
Similarly, TAP1(1-6)-GFP was detected
at the periphery of the bubbles in addi-
tion to its expected cytosolic tubular (ER/

ONM) distribution (Fig. 7B). These results indicate that the
FLAG-Bax-induced nuclear bubbles are encapsulated by NE
membrane, probably by both the inner and outer membranes
and that these membranes, are devoid of NPCs and some other
NE proteins.

The Role of Lamin A/C in The SIGRUNB

To further characterize if SIGRUNB could be caused by a dis-
turbance of the lamin A/C network and how this depends on
Bax, we examined the ability of lamin A variants associated with
human disease to promote SIGRUNB/NPR in Bax/Bak DKO
MEFs. The following lamin A variants were used: N195K [found

Figure 6. Bax KASH induces generation and rupture of nuclear bubbles, which are inhibited by the
L63E and Da5/6 mutations. (A) FLAG-Bax KASH is associated with the NE. Bax/Bak DKO MEFs were
transfected with FLAG-Bax KASH and 24 h later were stained with anti-FLAG antibody, Mab414
antibody (to detect NPC) and Hoechst 33258 dye (to detect the nuclei). Thereafter, the cells were
visualized by confocal fluorescence microscopy. Presented results are from a representative experi-
ment (out of at least 3 independent experiments). Bar D 10 mm. (B) Bax/Bak DKO MEFs were co-
transfected with RFP-nucleolin together with GFP-mini-nesprin-2G (mini-nesp2G) or FLAG-Bax
KASH. Hoechst 33342 was added to the culture medium 24 h later, and RFP-nucleolin and Hoechst
fluorescence was monitored by time-lapse microscopy. The presented results are quantification of
the percentage of cells exhibiting bubbles, bubbles that ruptured (ruptured bubble), or no bubbles
(no bubble) during the recording period (30-s intervals) out of all recorded RFP-nucleolin-express-
ing cells. Fisher’s exact test of percentage of bubbles (ruptured bubble and bubble) revealed signif-
icant differences (**p D 0.0003) between GFP-mini-nesprin-2G and FLAG-Bax KASH. (C) Bax/Bak
DKO MEFs were co-transfected with RFP-nucleolin together with GFP-mini-nesprin-2G (mini-
nesp2G), FLAG-Bax KASH or the indicated FLAG-Bax KASH mutants. The cells were fixed and
stained with Hoechst 33258 dye and anti-FLAG (to detect Bax KASH-and Bax KASH mutant-express-
ing cells) 24h later. RFP-nucleolin distribution in the nucleus, bubbles and cytosol in the transfected
cells was determined microscopically. The results are expressed as the percentage of RFP-nucleolin
in the nuclei, bubbles and cytosol for each treatment out of the respective RFP-nucleolin-express-
ing cells (n D 500 cells; 5 independent experiments). Pearson Chi-square test revealed significant
differences (p < 0.0001) in the percentage of nuclear, bubble and cytosolic distribution of RFP-
nucleolin between GFP-mini-nesprin-2G and FLAG-Bax KASH, or between FLAG-Bax KASH and
each of FLAG-Bax KASH mutants.
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Figure 7. Stress-induced nuclear bubbles are encapsulated by impaired NE. Bax/Bak DKO MEFs were co-transfected with the expression vectors corre-
sponding to FLAG-Bax together with RFP-nucleolin or GFP-nucleolin alone (for assessing endogenous NE proteins) and each of the indicated fluores-
cence versions of NE-associated proteins (for assessing nuclear bubble encapsulation) in the presence of 20 mM Q-VD-OPH. The cells were fixed and
stained with Hoechst 33258 dye (to detect the nuclei) 24 h after transfection. The endogenous proteins were detected by their corresponding antibod-
ies. Mab414 antibody was used to detect NPCs. The images of the endogenous proteins (A) were detected by confocal fluorescence microscopy and
those of the overexpressed proteins (B) by epi-fluorescence microscopy. The images in each row represent the same field visualized separately for detec-
tion of RFP/GFP-nucleolin, the indicated NE protein and Hoechst-stained nuclei. Higher magnifications of the dashed boxed areas in the NE protein
panel, which contain the bubble-budding sites, are shown in the right panel (B). Arrows indicate the position of the bubbles. Presented results are from
representative experiments (each, out of at least 3 independent experiments). Bar D 20 mm or 10 mm for the low and high magnifications, respectively.
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in patients with dilated cardiomyopathy/
muscular dystrophy], E358K [found in
patients with dilated cardiomyopathy/
muscular dystrophy] and R482Q [found
in patients with familial partial lipodys-
trophy]. In addition, the effect of WT
lamin A was examined. Bax/Bak DKO
MEFs were transfected with GFP-nucle-
olin together with each of the above-
mentioned lamin A variants fused to
RFP. All forms of lamin A showed the
expected26-28 nuclear distribution pat-
terns (Fig. 8A). As control experiments,
the cells were transfected with GFP-
nucleolin plus FLAG-Bax KASH or
RFP-nucleolin plus GFP-Bax (or GFP-
or RFP-nucleolin alone). SIGRUNB/
NPR was examined in fixed cells 24 h
post-transfection by assessing the per-
centage of cells retaining RFP-nucleolin
in the nucleus, the percentage of cells
exhibiting nuclear bubbles-containing
GFP/RFP-nucleolin but not DNA (rep-
resentative images are shown in Fig. 8A),
and the percentage of cells containing
cytosolic GFP/RFP-nucleolin (an indica-
tive of bubble rupture). As expected, the
expression of GFP-Bax and FLAG-BAX
KASH significantly (p < 0.0001, Fisher’s
exact test) increased the percentage of
cells exhibiting NPR/SIGRUNB (GFP/
RFP-nucleolin in cytosol or in bubbles)
compared to GFP/RFP-nucleolin
expressing cells without transfected Bax
(Fig. 8B). The lamin A variants also
increased NPR/SIGRUNB however the
effect of the lamin A mutants was mod-
estly but significantly higher than that of
lamin A (p < 0.0001, Fisher’s exact test)
(Fig. 8B). These findings suggest that
impairment in lamin A/C functionality
can induce NPR/SIGRUNB in Bax/Bak
DKOMEFs in a similar way as Bax over-
expression, supporting the notion that
this might be basis for Bax-mediated
SIGRUNB. Notably, there were some
differences in the distribution pattern
between the different lamin variants in
the bubbles, indicating that subtle differ-
ences in the features of the bubbles
induced by the different lamin A/C
mutants may exist. Accordingly, the
E358K mutant and the N195K mutant
(to a lower extent) proteins were pre-
sented in the bubble interior. The
R482Q mutant protein was not

Figure 8. The effect of lamin A variants on SIGRUNB/NPR. Bax/Bak DKO MEFs were co-transfected
with lamin A-RFP (WT) or the indicated lamin A mutants together with GFP-nucleolin. The cells were
fixed 24 h later, stained with Hoechst 33258 dye and the distribution of lamin A variants in bubble-
containing GFP/RFP-expressing cells were visualized by epi-fluorescence microscopy (A). Bar D
20 mm. To detect SIGRUNB/NPR (B) Bax/Bak DKO MEFs were transfected with RFP-nucleolin or co-
transfected with RFP-nucleolin together with GFP-Bax, FLAG-Bax KASH or the indicated lamin A-RFP
variants. The cells were fixed 24 h after transfection, stained with Hoechst 33258 dye and RFP-
expressing cells were visualized by fluorescence microscopy. GFP/RFP-nucleolin distribution in the
nucleus, bubbles and cytosol in the transfected cells was determined microscopically. The results are
expressed as the percentage of GFP/RFP-nucleolin in the nuclei, bubbles and cytosol for each trans-
fection out of the respective GFP/RFP-nucleolin-expressing cells (n D 300 cells; 3 independent
experiments). Fisher’s exact test of percentage of SIGRUNB/NPR (cells exhibiting GFP/RFP-nucleolin
in bubbles and cells exhibiting cytosolic GFP/RFP-nucleolin) revealed significant differences (**p D
0.0001) between GFP-nucleolin or RFP-nucleolin to all other treatments; between lamin A-RFP and
all the lamin A mutants examined.
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presented in the bubble interior, but in many cases it partially
wrapped the bubble.

A possible mechanism by which apoptotic stress could perturb
the function of lamin A/C is via caspase-dependent cleavage.29

However, our finding that caspase inhibition did not prevent
SIGRUNB induced by re-expressing WT Bax in Bax/Bak DKO
MEFs did not support such a mechanism. We nevertheless moni-
tored lamin A/C cleavage by immunoblot analysis in cisplatin-
treated Bax/Bak DKO MEFs as well as in WT MEFs treated or
untreated with 20 mM of the general caspase inhibitor Q-VD-
OPH and compared it to SIGRUNB determined by live cell
imaging. As expected, lamin A/C were cleaved after 17 and 24 h
of cisplatin treatment and this cleavage was completely ablated
by co-treatment with Q-VD-OPH as well as in Bax/Bak DKO
cells (Fig. S6). However, Q-VD-OPH (20 mM) did not inhibit
the ability of cisplatin to induce SIGRUNB, which was detected
in 68% of the cells (38 cells, n D 2) after 17-24 h of cisplatin
treatment, indicating that caspase-mediated cleavage of lamin A/
C does not play any role in SIGRUNB.

Discussion

The present study identified a new stress response where
nuclear proteins are transferred from the nucleus to the cytosol
by a Bax-regulated and NPC-independent manner. This process
involves impairments of the NE that result in an expansion of
the NE and the formation of bubbles that are filled with nuclear
proteins but not DNA. These bubbles then rupture to release the
nuclear proteins into the cytosol. Strikingly, this stress-induced
NE permeabilization effect is not regulated by caspases but by
Bax/Bak via a mechanism requiring the BH3 domain and the
a5/6 helices of Bax. Moreover, a Bax variant targeted to the NE
via a KASH domain is sufficient to induce SIGRUNB. We and
others have previously shown that apoptotic stresses promote
NPR [For review see ref10] and that this process is regulated by
Bax.17,18 Furthermore, it was suggested that NPR/NE perfora-
tion during apoptosis is mediated via export through NPCs or by
caspase-dependent disruption of NPC components.11,30 How-
ever, our results show that stress-induced NPR, at the experimen-
tal systems employed, is mediated by SIGRUNB and is
independent of NPCs.

The Molecular Events at the NE

Our study shows that the stress-induced nuclear bubbles are
encapsulated, by NE membrane, probably by both inner and
outer membrane, although other encapsulating structures cannot
be excluded. The distribution of endogenous lamin A/C and the
NE proteins emerin and NPCs were markedly impaired in nuclei
of cells undergoing Bax-induced SIGRUNB and moreover they
were absent from the periphery of the bubbles indicating that the
protein content in the structures that encapsulate the bubble was
impaired. Furthermore, together with our previous study show-
ing that Bax enhances lamin A mobility,18 our findings suggest

that the bubbles during SIGRUNB are generated due to pertur-
bation of the nuclear lamina and NE proteins. Indeed, we
showed here that disease-associated lamin A variants N195K,
E358K and R482Q, induced a NPR effect that is similar to that
of GFP-Bax expression in Bax/Bak DKO MEFs. These results
are in line with previous studies showing that cells lacking the
expression of various lamin genes or harboring mutations in lam-
ins31-35 or lamin-binding proteins such LBR36 exhibit similar
nuclear-associated bubbles. Moreover, a lamin impairment-asso-
ciated efflux of nuclear proteins has been reported in cells defi-
cient in lamin A or harboring mutations in lamin A,35 as well as
in cells expressing the HIV Vpr protein,37 in human cancer
cells38 and in muscle cells during Wnt signaling.39 Finally, mem-
branes of nuclear bubbles induced by expression of LBR mutants
have been shown to be devoid of NPCs and SUN proteins.36

The cause for impairment of lamin and NE proteins is still
unknown. We confirm here that it is not due to caspase-mediated
cleavage of lamin A/C because caspase inhibition does not inhibit
bubble formation but inhibits lamin A/C cleavage. A possible
mechanism may involve changes in lamin A/C phosphorylation
since this has been shown to regulate the assembly-disassembly of
lamin filaments during mitosis.40 Further studies are needed to
address this issue.

Since NPCs were absent from the nuclear bubbles and GFP-
nucleolin was rapidly discharged, the release of nuclear proteins
from the bubble cannot be mediated by the leakiness of NPCs. It
may be rather due to the rupture of the membranes surrounding
the bubble. However, we cannot exclude the possibility that
some nuclear rupture may also occur without bubble formation35

and that some nuclear proteins such as H1.230 may translocate
from the nucleus to the cytosol during apoptosis via the classical
export machinery implying NPCs.

A characteristic feature of SIGRUNB was that the bubbles did
not contain DNA. The reason for this is unknown, but it may be
due to mechanical constraints that prevent large complex struc-
tures, such as chromatin, to move into the bubbles.

The Role of Apoptotic Molecules in SIGRUNB

The finding that SIGRUNB is not induced in cisplatin- or
camptothecin-treated Bax/Bak DKO MEFs but is re-established
upon Bax re-expression suggests that Bax plays an important role
in this process. However, we cannot exclude the possibility that
Bak has a similar effect, as previous results showed that re-expres-
sion of Bak in Bax/Bak DKO MEFs also restored NPR.17

Further studies are needed to address this point.
Notably, under certain conditions e.g., transfection, SIGRUNB

can also occur in the absence of Bax/Bak, although Bax expression
substantially enhanced this process. This is probably because these
stimuli converge on the same signaling pathway that is regulated by
Bax and is analogous to the ability of some apoptotic stimuli to
cause cytochrome c release in Bax/Bak DKOMEFs.18,41 The find-
ing that disease-associated lamin A variants induced NPR in Bax/
Bak DKO MEFs supports this notion. The later also imply that
lamin A impairment is downstream of Bax action.
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The impact of Bax on SIGRUNB was not a consequence of
cell death for the following reasons: (1) it was observed in healthy
looking cells before any signs of apoptosis, (2) it occurred in cells
treated with the caspase inhibitor Q-VD-OPH or in cells co-
transfected with Bcl-xL, which is known to inhibit apoptosis, and
(3) it was also seen in cells transfected with FLAG-Bax KASH,
which does not induce cell death.18 The inability of Bcl-xL to
counteract Bax-initiated SIGRUNB, despite its effectiveness in
inhibiting cell death [as indicated by the healthy appearance of
the GFP-nucleolin/Bax/Bcl-xL co-transfcted cells], indicates that
the SIGRUNB promoting activity of Bax differs from its canoni-
cal impact on cell death and MOMP. Nonetheless, the 2 effects
might share similar modes of Bax action, because protein
domains such as the BH3 domain and helices a5/6, which are
known to be necessary for Bax-induced MOMP and cell death,
are also needed for NPR18 and Bax-induced SIGRUNB. Interest-
ingly while the 63-65A mutation [known to inhibit homo-oligo-
merization21] suppressed bubble formation, the Da5/6 mutation
[known to inhibit pore-formation22] interfered with bubble rup-
ture. These results indicate that Bax regulates both bubble forma-
tion and rupture via its homo-oligomerization and pore-forming
activities, respectively.

To determine whether Bax could directly act on the NE to
induce SIGRUNB, we targeted Bax to the outer surface of the
NE by fusing it to a KASH domain. Similar to WT Bax, FLAG-
Bax KASH was able to trigger SIGRUNB. Moreover, the same
functional domains, i.e. BH3 and helices a5/6, were required for
this activity. The effect of FLAG-Bax KASH on SIGRUNB is
unlikely to be caused by impairing LINC complexes in a domi-
nant negative manner since ectopically expressing the KASH
domain in the context of another protein, mini-nesprin 2G, was
ineffective in promoting SIGRUNB (see Fig. 6B). Notably,
FLAG-Bax KASH was not exclusively expressed in the NE. Thus
the possibility that FLAG-Bax KASH can promote SIGRUNB
from non-NE sites, such as the ER cannot be excluded. None-
theless a NE localization of Bax has been reported in both
healthy42-44 and apoptotic cells.24,25,45 Thus, we postulate that
in response to apoptotic stimuli, Bax not only causes permeabi-
lization of the mitochondrial and ER membranes46 to release
apoptogenic factors, but may also acts, at least in part, on the
NE to trigger SIGRUNB. Interestingly, the LINC complex
matefin/SUN1 protein in Caenorhabditis elegans has been shown
to be required to recruit the pro-apoptotic protein CED-4 to
the NE.47 This indicates that the LINC complex might be
involved in death signaling emerging from the NE and that in
analogy, it may also play a role in the effect of Bax on
SIGRUNB. However, we cannot exclude an indirect effect of
Bax on the NE either from mitochondria or by disrupting the
cytoskeleton and thus perturbing the nuclear lamina via the
LINC complex. Further studies are needed to address this issue.

The results presented here show that generation and rupture
of nuclear bubbles are part of the cell’s response to apoptotic
stress. However, despite its association with cell death,
SIGRUNB is not sufficient to induce apoptosis. Rather, it may
amplify apoptosis by releasing nuclear proteins, such as histone
H1.230 and NPM48 into the cytoplasm where they act in

cooperation with known apoptosis players of the canonical
intrinsic and extrinsic signaling pathways. Whether this is needed
for the cells to either cope with stress or enhance an apoptotic
response will have to be unraveled in future studies.

Materials and Methods

Materials
All reagents were purchased from Sigma-Aldrich unless other-

wise specified. Quinoline-VaL-Asp(OMe)-CH2-OPH (Q-VD-
OPH) (catalog number: OPH001)was purchased from R&D
Systems Inc.

Cell culture
WT, Bax/Bak DKO MEFs and WT MEFs stably expressing

GFP-nucleolin (GN-WT MEFs) 17 were grown in high-glucose
Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% heat-inactivated fetal calf serum. Bax/Bak DKO MEFs
stably expressing GFP-nucleolin (GN-DKO MEFs) were gener-
ated by co-transfection of pEGFP-nucleolin and PGK-Puro
expression vectors into Bax/Bak DKO MEFs followed by selec-
tion for GFP-nucleolin-expressing and puromycin-resistant
clones using 2 mg/ml puromycin.

Plasmids
The expression vectors used in this study were: pEGFP (Clon-

tech Laboratories), pEGFP-Bax (GFP-Bax) and FLAG-Bax (pre-
pared as described previously49; FLAG-Bcl-xL was prepared as
described previously50; GFP-Bax L63E, GFP-Bax DIGDE, GFP-
Bax Da5/6, FLAG-Bax KASH, FLAG-Da5/6 Bax KASH and
FLAG-L63E Bax KASH were prepared as described previously18;
GFP-Bax 63-65A51 was a gift from Xu Luo (University of
Nebraska Medical Center, Omaha, NE, USA); mCherry-LAP2b
was a gift from Eran Bacharach (Tel Aviv University, Tel Aviv,
Israel), RFP-lamin A26, GFP-mini-nesprin-2G52, GFP-SUN252;
GFP-nucleolin53 and RFP-nucleolin54 were a gift from Ronit
Pinkas-Kramarski (Tel Aviv University), pTAP1(1-6)-GFP55 was
a gift from Jacques Neefjes (Netherlands Cancer Institute,
Amsterdam, The Netherlands). The generation of WT prelamin
A fused to RFP was described in ref.26 The generation of the prel-
amin A N195K, E358K and R482Q mutants fused to RFP was
described in ref.27

Transfection
The different MEF cell lines were transfected using Lipofect-

amine (Invitrogen, Life Technologies) (catalog number: 18324-
012), according to the manufacturer’s instructions. One day
before transfection, the cells were seeded at a density of 105 cells
per well in 12-well plates. When transfected cells were treated
with Q-VD-OPH, it was added 5 h after the addition of trans-
fection reagents. The ratios of the different DNA vectors were as
follows: 1:1 for GFP-Nucleolin or RFP-Nucleolin/pcDNA3,
pEGFP, GFP-Bax, GFP-Bax mutants, FLAG-Bax KASH,
FLAG-Bax KASH mutants, GFP-mini-nesprin-2G or Lamin A-
mutants; 1:1:1 for RFP-nucleolin/GFP-Bax/FLAG-Bcl-xL; 1:1:1
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for GFP-nucleolin or RFP-nucleolin/FLAG-Bax/GFP-SUN2,
mCherry-LAP2b or pTAP1(1-6)-GFP; 1:1 for pEGFP/FLAG-
Bax KASH

Live-cell imaging
Cells were plated on a 35-mm glass-bottom dish at 2 £105

cells per dish (Greiner Bio-One) (catalog number: 627860). After
24 h, the growth medium was replaced with regular growth
medium without phenol red and the cells were untreated or
treated with 25 mM cisplatin or 1 mM camptothecin, or trans-
fected. When loss of plasma membrane integrity was assessed PI
(5 mg/ml) or Hoechst 33258 (1 mg/ml) was added to the culture
medium before recording. Healthy-looking cells were monitored
15–24 h later for a period of 1 to 2 h at 30-s intervals using
sequential excitation of GFP, RFP and Hoechst, at 471, 561 and
405 nm, respectively. The microscope was in a 37�C tempera-
ture-controlled chamber with 5% CO2 atmosphere. The imaging
set-up consisted of an iMIC (TILL Photonics) inverted micro-
scope with an air 20X objective NA D 0.5 (Olympus), a Poly-
chrome V system (TILL Photonics), and an ANDOR iXon DU
888D EMCCD camera (Andor). The equipment was controlled
by Live Acquisition Software (TILL Photonics). Images were
acquired using Metamorph software (Molecular Devices) and
analyzed and annotated using ImageJ software, a Java-based
image-processing program developed at the National Institutes
of Health (rsbweb.nih.gov/ij).

MitoTracker red staining
Cells were plated on a 35-mm glass-bottom dish at 2 £105

cells per dish. 28 h later, 100 nMMitoTracker� Red (Life Tech-
nologies) (catalog number: M-7512) was added to the culture
medium, and 15 min later the growth medium was replaced
with regular growth medium without phenol red. After addi-
tional 5 h the cells were treated with 25 mM cisplatin.

Immunofluorescence staining
Cells were grown in 12-well plates, 105 cells per well, on 18-

mm cover slips coated with collagen. After treatments, cells were
fixed and stained with the different antibodies and Hoechst dye
33258, as described previously.56 Next, the cells were incubated
with the following primary antibodies: mouse anti-NPM (Invi-
trogen) (catalog number: 32-5200)), mouse anti-FLAG M5
(Sigma-Aldrich) (catalog number: F 4042), mouse anti-Mab414
(Abcam) (catalog number: ab24609), mouse anti-histone H1
(Santa Cruz Biotechnology) (catalog number: sc-8030), mouse
anti-PGC-1a (4C1.3) (Calbiochem) (catalog number: ST1202),
mouse anti-lamin A/C (Sigma-Aldrich) (catalog number:
SAB4200236) and rabbit anti-emerin (Santa Cruz Biotechnology)
(catalog number: sc-15378). Fluorescent images were captured
with a fluorescence microscope (Nikon ECLIPSE TE2000-S) con-
nected to a CCD camera (CoolSNAP HQ, RoPER Scientist) with
plan Apo VC 60X/1.4 oil-emersion objective using Image-Pro
PLUS (version 4.5.1) (Media Cybernetics) software and exported
to Photoshop (Adobe). To determine the percentage of cells exhib-
iting nuclear, bubble or cytosolic RFP-nucleolin, the fluorescently
stained cells were counted under a fluorescence microscope.

Confocal fluorescent images were obtained using a Meta Zeiss
LSM 510 confocal microscope using Zeiss X63 NA 1.4 objective
lens. Images were acquired with Zeiss LSM Image Browser version
4.2.0.121.

Immunoblotting
WT and DKO MEFs were untreated or treated with 25 mM

cisplatin in the presence or absence of 20 mM QVD-OPH. At
different time points, total cell lysates were prepared with
homogenization buffer (20 mM phosphate buffer pH 7.4,
5 mM EDTA, 5 mM b-mercaptoethanol) and 50 mg proteins
from each treatment was subjected to SDS-PAGE (12.5%) and
electroblotted onto supported nitrocellulose. Each blot was
blocked for 1 h in 10 mM Tris base, 150 mM NaCl containing
5% fat-free milk, then incubated for 16 h at 4�C with the pri-
mary antibody. Mouse anti-lamin A/C (Sigma-Aldrich) or mouse
anti-actin (MP Biomedicals) (catalog number: 69100) was used
as primary antibody. Gout anti mouse (1:10,000) IgG peroxidase
conjugate (Jackson Immunoresearch Laboratories Inc.) were used
as second antibody. The blots were developed using
chemiluminescence.

Statistical Analysis

Statistical significance was determined based on 2-tailed Fish-
er’s Exact test or Pearson Chi-square test (df D 2). Values of p <
0.05 were considered statistically significant.
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