
Delayed activation of Bax by DNA damage in
embryonic stem cells with knock-in mutations of the
Abl nuclear localization signals
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The non-receptor tyrosine kinase Abl contains nuclear localization (NLS) and nuclear export signals that drive its nucleo-
cytoplasmic shuttling. The nuclear Abl tyrosine kinase is activated by DNA damage through ataxia telangiectasia mutated (ATM).
Previous studies have suggested nuclear Abl to have proapoptotic activity. To determine the requirement for Abl nuclear import
in DNA damage-induced apoptosis, we took a genetic approach by mutating the three NLS (lNLS) of abl1 in mouse embryonic
stem (ES) cells through homologous recombination. Exposure of ES cells to genotoxins caused an ATM-dependent nuclear
accumulation of Abl but not AbllNLS. ES cells expressing AbllNLS exhibited delayed Bax activation, reduced cytochrome c
release and decreased caspase-9 activity in response to DNA damage. These results provide a genetic proof that Abl nuclear
entry contributes to DNA damage-induced activation of the intrinsic apoptotic pathway.
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The mitochondria-dependent intrinsic apoptotic pathway is
one of several deathmechanisms activated byDNA damage.1

Transduction of DNA damage signal to mitochondria requires
p53, which stimulates cytochrome c release through tran-
scription-dependent and -independent pathways.2 Although
the critical role of p53 is well established, DNA damage-
induced apoptosis also occurs through p53-independent
mechanisms.3 We have been interested in the role of Abl as
a p53-independent activator of DNA damage-induced apop-
tosis.3,4 The ubiquitously expressed non-receptor tyrosine
kinase Abl contains three nuclear localization signals (NLS),
one nuclear export signal and undergoes nucleo-cytoplasmic
shuttling in proliferating cells.5 In the cytoplasm, Abl responds
to growth factor and adhesion signals to regulate F-actin
dynamics.6 In the nucleus, Abl kinase activity is cell-cycle
regulated through its interaction with the retinoblastoma
protein RB.7 Nuclear Abl kinase activity is further increased
when cells are exposed to DNA damaging agents, including
cisplatin and ionizing radiation (IR),4,8 but Abl is not activated
by UV irradiation.9 Experiments with cell lines derived from
human colon, breast, liver, and thyroid cancers, and in
fibroblasts derived from mouse embryos, have suggested
Abl to activate p73, a transcription factor of the p53-familiy,
thus leading to the induction of apoptosis.4,10–14 Furthermore,
a previous finding showed that nuclear entrapment of
oncogenic BCR-ABL can also lead to cell death.15 Taken
together, these results suggest that nuclear Abl has a
proapoptotic function.

To determine whether nuclear localization of Abl is required
for DNA damage-induced apoptosis, we have taken a genetic
approach to inactivate the three NLS of Abl by substitution
mutations in mouse embryonic stem (ES) cells. Previous
studies have shownmouse ES cells to undergo mitochondria-
dependent apoptosis in response to genotoxic stress.16–18

We therefore examined DNA damage-induced apoptosis in
ES cells expressing Abl or AblmNLS. We found that cisplatin
and IR, but not UV, induced nuclear accumulation of Abl,
and this response was abolished by the NLS mutations.
We also found that the apoptotic response of ES cells to
genotoxins did not require ongoing transcription or the Abl
kinase activity. Nevertheless, the AblmNLS ES cells exhibited
a delayed apoptotic response providing genetic proof for the
requirement of Abl nuclear import in genotoxin-induced
apoptosis.

Results

Construction of AbllNLS ES cells. Substitution mutations
of 11 basic amino acids (Lys and Arg) in the three Abl NLS
with Gln has previously been shown to block nuclear import
of ectopically expressed Abl.19 We therefore designed a
targeting vector (Supplementary Figure 1) to introduce 15
base changes resulting in 11 substitution mutations of the
three NLS in the endogenous abl1 gene of mouse ES cells
(Figure 1a and b). Six G418-resistant clones were identified
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by polymerase chain reaction to contain the substitution
mutations, denominated as the AblmNLS allele, which were
also confirmed by Southern blotting (Figure 1c). Two
heterozygous Ablþ /mNLS neo clones were converted to
homozygosity by selection with high concentrations of
neomycin (Figure 1c, lane 3). The neomycin cassette was
then removed by the ectopic expression of Cre recombinase
and correct excision was again confirmed by Southern blot
(Figure 1c, lanes 4 and 5).
In ES cells homozygous for the AblmNLS allele, the mutant

protein is expressed at a similar level as wild-type Abl
(Figure 1d). The wild-type Abl protein is localized predomi-
nantly in the cytoplasm of ES cells (Figure 1e, top left panel).
To determine if Abl enters the nucleus of ES cells, we used

Leptomycin B (LMB) to block the nuclear export of Abl.5,15

Following a 5-h incubation with LMB, nuclear accumulation
of Abl was observed in wild-type ES cells (Figure 1e, top
right panel). This result showed that Abl undergoes nucleo-
cytoplasmic shuttling in ES cells with the dynamic equilibrium
favoring nuclear export. Unlike wild-type Abl, the AblmNLS
protein remained exclusively cytoplasmic irrespective of
LMB treatment (Figure 1e, bottom panels). Thus, the knock-
in mutations have indeed abolished the NLS function, and the
AblmNLS protein is unable to shuttle between the cytoplasm
and the nucleus.

DNA damage-induced nuclear accumulation of Abl in ES
cells. Cisplatin, which is a chemotherapeutic drug widely
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Figure 1 Generation of ES cells expressing exclusively cytoplasmic Abl. (a) Sequences of the three NLS of mouse c-Abl. All lysines (K) and arginines (R) are mutated to
glutamine (Q) in AblmNLS. The base mutations leading to amino acid changes are underlined. (b) Targeting strategy. The targeting construct contains exon 11 encoding the
three NLS. A PGK/Neo cassette flanked by loxP sites (arrowheads) was inserted in intron 10, and an MfeI restriction site was created in the 30 UTR of exon 11. Positions of
primers (a and n) and Southern probe used to identify correctly targeted clones is indicated. Cre expression in targeted ES cells leads to recombination between the two loxP
sites and excision of the interjacent Neo cassette. (c) Southern blot from MfeI-digested ES cell DNA. The position of the probe used to detect 9.2 kb (þ /þ ), 5.9 kb (AblmNLS
neo) and 4 kb (AblmNLS) fragments is indicated in (b). (d) Expression of Abl and AblmNLS in ES cells. Abl protein was detected by immunoblot analysis from parental and
targeted ES cells. An additional band reacting with monoclonal Abl antibody 8E9 was detected only in ES cells containing the neomycin cassette (arrowhead). (e) Abl
subcellular localization in ES cells. ES cells were left untreated or treated with 10 nM LMB for 5 h to block nuclear export, and processed for indirect immunofluorescence.
Merged deconvolution images show Abl staining in red, Hoechst (DNA) in blue, and phalloidin (Actin) in green
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used in the treatment of testicular and ovarian cancer, has
been shown to activate nuclear Abl tyrosine kinase.4,9,14 We
found Abl to accumulate in the nuclei of ES cells at 1–3 h
after cisplatin treatment (Figure 2a and b). At 6 h, Abl was
mostly cytoplasmic again (Figure 2a and b). In accordance
with the abrogation of its nuclear import by the mNLS
mutations, we did not detect nuclear accumulation of
AblmNLS at any time after exposure to cisplatin (Figure 2a);
nor did we detect nuclear accumulation of Abl at any time
point after UV exposure (Figure 2c), in keeping with the
previous finding that Abl is not activated by UV.9 The
increase in the amount of nuclear Abl in þ /þ ES cells after
cisplatin or etoposide exposure was also observed in cell
fractionation experiments (Figure 2d). In AblmNLS ES cells,

cisplatin or etoposide treatment did not alter the low level of
AblmNLS that was found in the nuclear fraction most likely
owing to trapping (Figure 2d). A previous report has shown
that treatment of HeLa cells with adriamycin caused an
increase in the levels of nuclear Abl.20 We could not detect
the nuclear accumulation of Abl by immunofluorescence
staining of HeLa cells (Supplementary Figure 2), most likely
because a considerable fraction of Abl is present in the nuclei
of HeLa cells before adriamycin exposure (Supplementary
Figure 2). Nevertheless, genotoxin-induced nuclear
accumulation of Abl is readily detected by immunofluore-
scence staining and subcellular fractionation in mouse ES
cells, and this response is blocked by the mNLS knock-in
mutations.
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Figure 2 Nuclear accumulation of Abl in response to cisplatin but not UV. (a) Localization of Abl after cisplatin treatment. Parental (þ /þ ) and AblmNLS (mNLS/mNLS) ES
cells were treated with 25mM cisplatin, fixed at the indicated time, and processed for indirect immunofluorescence. Deconvolution images of anti-Abl staining (red) are shown
alone, and merged with images of DNA (blue) and actin (green). (b) Percentage of parental cells showing nuclear accumulation of Abl after cisplatin. Abl staining from 50 cells
per slide was scored as cytoplasmic (C), stronger cytoplasmic than nuclear (C4N) or strong nuclear (NZC). Mean7standard deviation (S.D.) from two independent
experiments is shown. (c) Abl localization after UV irradiation. Parental ES cells were subject to 30 J/m2 UV, and the localization of Abl was examined at different time points by
immunofluorescence. Merged deconvolution images show Abl staining in red, DNA (Hoechst) in blue and actin (Phalloidin) in green. (d) ES cells were exposed to 25mM
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ATM is necessary for Abl nuclear accumulation after
DNA damage. The ataxia telangiectasia mutated (ATM)
kinase is an important transducer of DNA damage signals.21

The ATM function is required for IR to activate the Abl
kinase.8,22 We therefore examined the nuclear accumulation
of Abl in Atmþ /þ and Atm�/� ES cells after IR (Figure 3). In
Atmþ /þ ES cells, nuclear accumulation of Abl was observed
between 1 and 3h after IR (Figure 3a, upper panels). By 6 h,
Abl was mostly cytoplasmic (Figure 3a, upper panels). In ES
cells lacking the ATM kinase,23 Abl did not accumulate in the
nucleus after IR but remained predominantly cytoplasmic
throughout the experimental time course (Figure 3a, lower
panels). In unpublished results, our lab has found that ATM
is also required for cisplatin to activate Abl tyrosine kinase
(J Gong and JYJ Wang, unpublished). Consistent with this
previous observation, we found cisplatin-induced nuclear
accumulation of Abl was also abolished in Atm�/� ES cells
(Figure 3b, lower panels). Wortmannin, an inhibitor of PI(3)
kinases including ATM,24 also abrogated the cisplatin-
induced nuclear accumulation of Abl (Figure 3c, lower right
panel). ATM was not required for Abl nuclear import in the
absence of genotoxins, because treatment of Atm�/� cells
with LMB trapped Abl in the nucleus either in the absence or

the presence of cisplatin (Figure 3d, lower panels). LMB-
induced nuclear accumulation of Abl was observed in
cisplatin-treated cells at a time (6 h) when Abl was mostly
cytoplasmic (compare Figure 3d right-most panels with
Figure 3b right-most panels), suggesting nucleo-
cytoplasmic shuttling was not permanently altered by
cisplatin. Thus, ATM is not required for Abl to enter the
nuclear compartment, but it is necessary for Abl to
accumulate in the nucleus following DNA damage.

AbllNLS ES cells show reduced apoptotic response to
cisplatin, etoposide and IR but not UV. We have found
that early passage ES cell cultures are hypersensitive to
cisplatin-induced DNA fragmentation. This ES cell trait is lost
with manipulations such as longer passage time in culture
and retroviral infections. In this study, we focused on the
apoptotic response of early passage ES cells. At 18 h after
the addition of cisplatin (25 mM), DNA fragmentation was
observed by flow cytometry in B50% of the Ablþ /þ ES cells
and the fraction of sub-G1 DNA content increased to B80%
after 30 h (Figure 4a and b). In AblmNLS ES cells, a slower
kinetics of DNA fragmentation was consistently observed
(Figure 4a and b). The difference in the rate of DNA
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fragmentation between þ /þ and mNLS/mNLS cells
was statistically significant (Figure 4c), and observed at
several concentrations of cisplatin (Figure 4d). The
heterozygous þ /mNLS cells showed an intermediate
response, which was also significantly different from þ /þ
cells (Figure 4c). Similarly, we found etoposide-induced
DNA fragmentation to be reduced in the AblmNLS ES
cells relative to their Ablþ /þ counterparts (Figure 4f). By
contrast, we found no difference in the apoptotic response
of þ /þ , þ /mNLS and mNLS/mNLS ES cells to UV irradiation
(Figure 4e). Consistent with the reduced apoptotic

response, clonogenic survival of the AblmNLS ES cells
was significantly increased relative to the Ablþ /þ ES cells
following exposure to either cisplatin (Figure 4g) or etoposide
(Figure 4h).

Reduced caspase activation despite normal p53
response in AbllNLS ES cells. The accumulation of p53
protein was observed in cisplatin-treated Ablþ /þ and
AblmNLS/mNLS ES cells (Figure 5a). The C-terminal
acetylation (Figure 5b) and Ser-18 phosphorylation
(Figure 5c) of p53 were also similarly induced by cisplatin
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in þ /þ and mNLS/mNLS ES cells. Thus, nuclear import of
Abl is not required for cisplatin to activate p53 in ES cells.
Previous experiments conducted with somatic cell lines
have shown that Abl activates the proapoptotic activity of
p73.4,12,25 We have not been able to detect the p73 protein in
mouse ES cells either in the absence or presence of
DNA damage (data not shown). Thus, we cannot assess
the contribution of p73 to DNA damage-induced apoptosis in
ES cells. Despite the similar rates of p53 accumulation and
post-translational modification, þ /mNLS and mNLS/mNLS ES
cells showed a delay in the processing of procaspase-3
relative to their Ablþ /þ counterparts (Figure 5a). We
measured caspase activity using the fluorogenic substrate
DEVD-AMC in the lysates of ES cells after 12 h of cisplatin
treatment, and found significantly reduced DEVDase
activities in þ /mNLS, mNLS/mNLS and Atm�/� ES cells
relative to their wild-type counterparts (Figure 5d and e, and
Supplementary Figure 3). The reduced activation of caspase
by cisplatin was observed in two independently derived
AblmNLS ES cell clones (Supplementary Figure 3). The
slower kinetics of caspase activation was also observed
following exposure of mNLS/mNLS ES cells to IR or etoposide

(Supplementary Figure 3), but not after UV treatment (data
not shown).
Genotoxin-induced apoptosis is abrogated in ES cells by

the knockout of eitherApaf-1 or caspase-9, demonstrating the
apoptosome to be required for the apoptotic response of ES
cells to DNA damage.16,17 We adopted a recently described
in vivo caspase labeling protocol26 to further examine the
activation of apical caspases in ES cells (Figure 5f). Using a
biotinylated general caspase inhibitor Val-Ala-Asp-fluoro-
methyl ketone (biotin-VAD-fmk) to covalently label active
caspases with biotin, we were able to detect the auto-
processed form of caspase-927 in streptavidin-sepharose
precipitates from cisplatin-treated þ /þ ES cells, with
AblmNLS cells showing a decreased level of active caspase-
9 (Figure 5f). Although a lower molecular weight caspase-2
band was observed in cisplatin-treated þ /þ cells, we could
not detect active caspase-2 by this biotin-VAD-fmk affinity-
labeling method in þ /þ or AblmNLS ES cells (Figure 5f). We
were able to detect the large subunit of cleaved caspase-3
in the streptavidin precipitates, and the amount of active
caspase-3 was again found to be lower in AblmNLS ES cells
than that in þ /þ ES cells (Figure 5f).
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Delayed Bax-activation and cytochrome c release in
AbllNLS cells. The activation of the apoptosome requires
cytochrome c release from the mitochondria.1.Consistent
with the delayed activation of caspases in AblmNLS ES cells,
we found that the appearance of cytosolic cytochrome c after
cisplatin addition was delayed relative to the Ablþ /þ ES cells
by about 6 h (Figure 6a). It is well established that
oligomerization of the proapoptotic multi-domain protein
Bax in the mitochondrial outer membrane causes the
leakage of cytochrome c.28,29 An important step in the
activation of Bax is a conformational transition that exposes
an N-terminal epitope,30,31 which can be detected by the
monoclonal antibody 6A7. Following exposure to cisplatin,
Bax conformational transition was detectable at 3 h and
increased with time of treatment in þ /þ ES cells
(Figure 6b). With the mNLS/mNLS ES cells, Bax
conformational transition became detectable only after 6 h
of treatment (Figure 6b). The reduced activation of Bax was
also observed in etoposide-treated AblmNLS ES cells at 6 h
(Figure 6c), consistent with the delay in caspase activation
(Supplementary Figure 3).

Cisplatin-induced ES cell apoptosis does not require
transcription or Abl kinase activity. Previous studies with
somatic cell lines have linked DNA damage-induced
activation of Abl tyrosine kinase to the stabilization and
activation of p73, which stimulates apoptosis through
transactivation of Puma, p53AIP and possibly other
proapoptotic genes.4,12,14 We inhibited transcription with

5,6-dichloro-1-b-D-ribofuranosylbenzimidazole riboside (DRB),
which interferes with the phosphorylation of RNA poly-
merase II C-terminal repeated domain and thus blocks
transcription elongation.32 The amount of p53 protein
increased upon treatment with DRB in both the Ablþ /þ and
mNLS/mNLS cells (Figure 7a). However, DRB did not affect
cisplatin-induced processing of caspase-9 and caspase-3
(Figure 7a) nor did it affect the DEVDase activity in þ /þ
or mNLS/mNLS cells (data not shown). Thus, Abl/p73-
dependent upregulation of gene expression does not
appear to be required for cisplatin-induced apoptosis of ES
cells.
Previous studies have shown that genotoxin-induced

apoptosis in somatic cell lines is reduced by treatment with
imatinib mesylate, which inhibits Abl tyrosine kinase.4,12,14

We thus examined whether inhibition of Abl kinase could
affect cisplatin-induced ES cells apoptosis. We treated ES
cells with two kinase inhibitors, STI571 (a.k.a. imatinib
mesylate, Gleevect) and PD166326, and found neither to
interfere with cisplatin-induced caspase activation in þ /þ or
mNLS/mNLS (Figures 7b and c). Inhibitors of Abl kinase also
had no effect on the DNA fragmentation in cisplatin-treated
þ /þ or mNLS/mNLS cells (Figure 7d). These results suggest
that cisplatin-induced apoptosis in ES cells does not depend
on ongoing transcription or Abl kinase activity.

Discussion

Regulated nuclear-cytoplasmic transport is an important
mechanism of signal transduction, of which defects have
been detected in many cancer cells.33 DNA damage-induced
nuclear accumulation of Abl shown here in mouse ES cells
has also been observed with HeLa cells.20 Abl nuclear
accumulation may be the result of increased import, nuclear
retention or decreased export. In HeLa cells, DNA damage
stimulates the nuclear import of Abl by causing its release
from cytoplasmic 14-3-3-proteins through a JNK-dependent
pathway.20 In ES cells, we have observed nuclear accumula-
tion of Abl after IR or cisplatin treatment but not after exposure
to UV, which is a potent activator of JNKs.34,35 Thus, JNK-
dependent and 14-3-3-mediated regulation of Abl nuclear
import may be absent from ES cells. It is possible that DNA
damage may induce the nuclear retention of Abl in ES cells,
as suggested by the requirement for ATM in Abl nuclear
accumulation. Previous studies have shown Abl to bind
ATM,8,22 DNA-PK,36 and BRCA1.37 The phosphorylation
of Abl by ATM at an SQ-site4,8 could conceivably allow for
Abl interaction with a phospho-serine binding domain, leading
to nuclear retention. Irrespective of the mechanism, our
results have established that the transient nuclear accumula-
tion of Abl contributes to DNA damage-induced activation
of Bax.
Previous knockout studies have demonstrated the require-

ment for Apaf-1 and caspase-9 in genotoxin- or UV-induced
apoptosis of ES cells and somatic cells.16,17 We show here
that cisplatin induces phosphorylation, acetylation and accu-
mulation of the p53 protein in ES cells (Figure 5), also similar
to the observations made in somatic cells. However,
pharmacological inhibition of RNA polymerase II-dependent
transcription elongation does not abolish cisplatin-induced
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apoptosis in ES cells (Figure 7). It has been reported that p53
is mostly localized to the cytoplasm of ES cells.38 Together,
these observations suggest that p53-mediated transactivation
of BH3-domain proteins, for example, Puma and Noxa,39,40

may be dispensable for DNA damage-induced apoptosis in
ES cells. Recent studies have suggested that p53 can directly
interact with the antiapoptotic Bcl2-family proteins to promote
cytochrome c release.2,41 This non-transcriptional mechan-
ism of p53-dependent apoptosis may be the predominant
pathway in ES cells.
Previous studies have shown Abl tyrosine kinase to

stimulate p73-dependent trans-activation of Puma and
p53AIP1, thereby contributing to p53-independent apopto-
sis.4,12 As transcription is dispensable for DNA damage-
induced apoptosis in ES cells, the Abl/p73 proapoptotic
pathway may only be relevant in somatic cells. Furthermore,
we found that inhibitors of Abl tyrosine kinase did not interfere
with cisplatin-induced apoptosis in ES cells, suggesting Abl
can stimulate mitochondria-dependent apoptosis through a
kinase-independent mechanism. A recent report has shown
that Abl, but not its kinase activity, can stimulate the
degradation of UV-DDB2 by the Cul4A E3 ubiquitin ligase
complex, resulting in inhibition of the global genome repair
of UV-induced damage.42 In ES cells, nuclear translocation of
Abl is not required for UV-induced apoptosis (Figure 4).
However, it is possible that nuclear Abl protein may stimulate
the degradation of other repair proteins to promote the
accumulation of damaged DNA. In the absence of nuclear
Abl, the accumulation of damage signals may be slower,
leading to the delay in Bax activation.

Our findings may also be explained by another possibility,
that is, the cytoplasmic Abl may protect against Bax activation
in ES cells. In this scenario, DNA damage-induced nuclear
accumulation of Abl only serves to remove it from the
cytoplasm, thus allowing for a more efficient activation of
Bax. The antiapoptotic function of Abl has been observed in
C. elegans, where genetic ablation of the worm abl sensitizes
the germ cells to IR-induced and p53-dependent apoptosis.43

We are currently working on the creation of mice expressing
the AblmNLS allele. Analyses of the death response in the
tissues of the AblmNLS mice will yield further insight into the
in vivo relevance of Abl nuclear import in genotoxin-induced
apoptosis.

Materials and Methods
Plasmid construction. We constructed a targeting vector containing exon 11
and flanking sequences, and replaced the NLSs with the mutated sequence. An
11.4 kb fragment containing exon 11 of the mouse abl1 gene was subcloned into
pBluescript (Stratagene, La Jolla CA, USA) by recombineering44 (Supplemetary
Figure 1). The region containing the three NLSs was replaced with the mutated
cDNA and an MfeI restriction site in the 30untranslated region was constructed by
site-directed mutagenesis. A loxP flanked PGK/Neo cassette was placed into the
intron preceding exon 11. All PCR amplified regions were sequenced for integrity.

Generation of Abl lNLS/lNLS ES cells. TC-1 ES cells were cultured on a
feeder layer of mitomycin C-inactivated primary fibroblasts in Dulbecco’s modified
Eagle’s medium with Glutamax and high glucose (GIBCO/Invitrogen, Carlsbad, CA,
USA) supplemented with 15% fetal bovine serum and recombinant LIF (Chemicon,
Temecula, CA, USA). Ten micrograms of EcoRV-linearized targeting vector were
electroporated into 2� 107 ES cells. Positively targeted ES clones were identified
by PCR with primers ‘a’ (50-ATT GCT TAG ACA AGC CGA AAG CTG) and ‘n’ (50-
ATC AGG ATG ATC TGG ACG AAG AGC) and confirmed by non-radioactive
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Southern blot (DIG High Prime DNA Labeling and Detection Kit II, Roche,
Indianapolis, IN, USA) of MfeI digested genomic DNA. Heterozygous ES cells were
converted to homozygousity by selection in 2.5–5 mg/ml G418 for 6 days.

Immunofluorescence. Feeder cells were removed by differential adhesion
and ES cells were seeded onto gelatinized cover slips, allowed to attach for several
hours and then treated with drugs. Cells were fixed in 4% formaldehyde,
permeabilized with 0.3% Triton X-100 in PBS, blocked with 10% normal goat serum
in PBS, and incubated with anti-Abl antibody (8E9, Pharmingen/Invitrogen,
Carlsbad, CA, USA) for 1 h. Cells were then incubated with Alexa Fluor 568-
conjugated secondary antibodies (goat anti-mouse Fab fragment, Molecular Probes/
Invitrogen, Carlsbad, CA, USA) and Alexa Fluor 488-conjugated Phalloidin
(Molecular Probes) for 1 h. Nuclei were counterstained with Hoechst 33 258
(Molecular Probes) and coverslips mounted onto glass slides with gel mount
(Biomeda, Foster City, CA, USA). Images were captured with a DeltaVision
Restoration microscope system. Approximately 30 optical sections (0.3mm) were
taken and enhanced using Delta Vision’s deconvolution process. Scoring of nuclear
versus cytoplasmic intensity was performed on a Nikon microscope equipped with a
� 0.60 HRD060-NIK CCD camera (Diagnostic Instruments, Sterling Heights, MI,
USA). Images were acquired with the � 100 lens and intensity was scored based
on the Surface Plot function of Image-Pro Plus 3.0 software (Media Cybernetics,
Silver Spring, MD, USA). A total 50 cells per slide from two independent
experiments were scored. The scoring was carried out blind to treatment status of
samples.

Subcellular fractionation. ES cells were suspended in fractionation buffer
(250 mM glucose, 10 mM Tris/HCl pH 7.4, 10 mM KCl, 1.5 mM MgCl2, 1 mM EDTA,
1 mM EGTA, 1 mM dithiothreitol, 0.1 mM phenylmethylsulfonylflouride) containing
protease inhibitor cocktail (Roche), and disrupted by 70 strokes through a Dounce
homogenizer. The homogenate was centrifuged at 60� g to remove intact cells,
and the supernatant was further contributed at 600� g to collect the nuclear pellet.
The levels of Abl in whole cell lysates and nuclear lysates were determined by
immunoblotting with monoclonal antibody 8E9.

FACS analysis. ES cells (3� 105) per well were seeded in six-well plates,
grown for 24 h and then treated as indicated. Adherent cells were collected by
trypsinization and pooled with floating cells, washed with PBS containing 1% FBS
and stained with Propidium Iodide solution (0.1% Triton X-100, 1 mM Tris/HCl pH8,
0.1 mM EDTA, 0.1% Na-Citrate, 50 mg/ml propidium iodide, 50 ng/ml RNAse A) for
at least 1 h at 41C. Sub-G1 DNA content was determined on a FACSCalibur flow
cytometer (Becton Dickinson, Franklin Lakes, NJ, USA) with CellQuest software.

Clonogenic survival assay. Ablþ /þ and AblmNLS/mNLS ES cells were plated
on mouse embryonic fibroblast feeder layers in six-well plates at a density of
1� 103 cells/well a day before treatment. ES cells were exposed to different doses
of CDDP or Etoposide for 1 h. Cells were then washed and cultured in complete
media in the absence of drugs with fresh media provided every 48 h. After 8 days of
culture, colonies were fixed and stained with 0.25% crystal violet, and the ratio of the
number of surviving colonies in the treated sample to those in the untreated control
was calculated.

Caspase-3 activity assay. Caspase-3 activity was measured with the
EnzCheck Caspase-3 assay kit no. 1 (Molecular Probes) according to the
manufacturer’s instructions. Samples were analyzed in 96-well plates in triplicate
using 25mg total protein per reaction. Plates were incubated at room temperature in
the dark and emission at 441 nm after excitation at 352 nm was quantified on a
Spectramax Gemini Microplate reader (Molecular Devices, Sunnyvale, CA, USA).
Multiple readings were performed over time to ensure linearity.

Western blotting. Cells were seeded on gelatinized 60 mm dishes, grown for
24 h and then treated as indicated. Floating and adherent cells were collected and
lysed in RIPA buffer (150 mM NaCl, 50 mM Tris pH 7.4, 0.1% SDS, 1% NP-40,
0.25% sodium deoxycholate, 1 mM EDTA, 1 mM EGTA) with complete protease
inhibitor cocktail (Roche) and 1 mM PMSF. Protein concentration was determined
with the DC Protein assay (Biorad, Hercules, CA, USA). Antibodies used were 8E9
(Pharmingen) against Abl, PAB240 (Zymed/Invitrogen, Carlsbad, CA, USA) against
p53, polyclonal phospho-p53 against Ser-18 phosphorylated p53 (no. 9284, Cell
Signaling, Danvers, MA, USA), 8G10 and Asp175 (Cell Signaling) against Caspase-
3, AC-40 (Sigma, St. Louis, MO, USA) against actin and MAB3213 (Upstate/

Millipore, Billerica, MA, USA) against nuclear lamin B1. The antibody for acetylated
p53 was a generous gift of Dr Wei Gu (Columbia University).45 Immunoblots were
developed with SuperSignal West (Pierce, Rockford, IL, USA). For detection of
cytochrome c release, cells were suspended in lysis buffer (210 mM Mannitol,
70 mM Sucrose, 10 mM HEPES/KOH pH7.4, 0.5 mM EGTA, 4 mM MgCl2, 5 mM
Na2HPO4) and broken up by 20 strokes through a 25-gauge needle. Heavy
membrane fractions were pelleted for 10 min at 41C, and supernatants used for
Western blot. Cytochrome c was detected with monoclonal antibody 7H8.2C12
(Pharmingen).

In vivo caspase labeling. ES cells were pre-incubated with 50mM biotin-VAD-
fmk (Kamiya Biomedical Company, Seattle, WA, USA) for 1 h, followed by 25 mM
cisplatin for 6 h in the presence of biotin-VAD-fmk. Cells were then washed and
lysed in RIPA buffer as described above. Total protein (700mg) was used for pull-
down assays with 88ml streptavidin sepharose (Amersham Biosciences,
Piscataway, NJ, USA) at 41C over night. Beads were washed five times in lysis
buffer and boiled in SDS sample buffer to elute bound proteins. Aliquots from
whole-cell lysate and pull down were separated by SDS-PAGE and probed with
antibodies against caspase-9 (no. 9508), cleaved caspase-3 (Asp175), Acetyl CoA
carboxylase (all from Cell Signaling) and 11B4 against caspase-2 (Alexis, San
Diego, CA, USA).

Bax immunoprecipitation. ES cells were lysed for 30 min on ice in IP buffer
(10 mM HEPES/KOH pH7.4, 150 mM NaCl, 1% CHAPS) containing complete
protease inhibitor cocktail (Roche) and 1 mM PMSF. Total protein (300mg) was
used for immunoprecipitations with 1 mg monoclonal anti-Bax antibody 6A7
(Trevigen, Gaithersburg, MD, USA), which recognizes the exposed N-terminus, for
2 h at 41C. Immuncomplexes were captured with 40ml protein-G sepharose beads
1 h at 41C and washed three times in lysis buffer. Immuncomplexes were brocken
up by boiling in SDS sample buffer and aliquots analyzed by immunoblot with
monoclonal anti-Bax antibody 5B7 (Trevigen).
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