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Abstract
Nitric oxide (NO) is a potent activator of the p53 tumor
suppressor protein. However, the mechanisms underlying p53
activation by NO have not been fully elucidated. We previously
reported that a rapid downregulation of Mdm2 by NO may
contribute to the early phase of p53 activation. Here we show
that NO promotes p53 nuclear retention and inhibits Mdm2-
mediated p53 nuclear export. NO induces phosphorylation of
p53 on serine 15, which does not require ATM but rather
appears to depend on the ATM-related ATR kinase. An ATR-
kinase deadmutant or caffeine, which blocks the kinase activity
of ATR, effectively abolishes the ability of NO to cause p53
nuclear retention, concomitant with its inhibition of p53 serine
15 phosphorylation. Of note, NO enhances markedly the ability
of low-dose ionizing radiation to elicit apoptotic killing of
neuroblastoma cells expressing cytoplasmic wild-type p53.
These findings imply that, through augmenting p53 nuclear
retention, NO can sensitize tumor cells to p53-dependent
apoptosis. Thus, NO donors may potentially increase the
efficacy of radiotherapy for treatment of certain types of cancer.
Cell Death and Differentiation (2003) 10, 468–476. doi:10.1038/
sj.cdd.4401181
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Introduction

Nitric oxide (NO) is an important bioactive molecule, which
exerts diverse and sometimes opposing biological effects. On
the one hand, NO can mediate many beneficial physiological
processes such as protective cell killing by macrophages,
vasodilation and various sorts of neurotransmission. On the
other hand, elevated concentrations of NO can be detrimental

to cells because of the induction of inactivating protein
modifications, lipid oxidation, and DNA strand breaks.1–3 NO
may potentially affect every type of mammalian cells, owing to
its ubiquitous production in the body.4 NO is mainly formed by
specific NO synthases (reviewed in Zweier et al.5). NO
generation is connected to stress responses through the fact
that one of the NO synthases, iNOS (also known as NOSII) is
stress inducible. In the context of carcinogenesis, this is
particularly important in view of the fact that low oxygen and
low pH, which induce iNOS expression effectively,6,7 are
characteristic features of the tumor microenvironment.
The p53 tumor suppressor gene plays a major role in the

prevention of cancer, and is subject to mutational inactivation
in a large fraction of human tumors (for some recent p53
reviews see 8–13). Under normal conditions, p53 is a short-
lived protein owing to its fast proteasomal degradation. This
degradation is mediated largely by one of p53’s own target
gene products, Mdm2, which serves as an E3 ubiquitin ligase
for p53,14–18 although Mdm2-independent pathways for p53
degradation also exist.19 This p53–Mdm2 negative feedback
loop functions as an effective device for restraining p53
activity in the absence of oncogenic stress.9 Different types of
stress engage different mechanisms to evoke a p53
response, through disrupting the p53–Mdm2 feedback
loop.20,21 This disruption can be achieved by reducing the
p53–Mdm2 binding affinity, for instance, via phosphorylation
on p53 on serine 20 as is the case of ATM and Chk2-
dependent DNA damage signalling, by attenuation of Mdm2
function through covalent modifications, or by inactivation of
Mdm2’s E3 ubiquitin ligase activity as occurs upon ARF
binding to Mdm2 in the case of aberrant oncogenic stimuli.22–
26 In addition, ATM-dependent phosphorylation of p53 on
Serine 15 was reported to inactivate a nuclear export signal
(NES) located within the N-terminal domain of p53, thereby
contributing to p53 nuclear retention and probably also to p53
activation.27

Activation of p53 by NO has been observed in many cell
types.28–33 NO-induced p53 contributes to various cell type-
specific biological effects of NO, such as induction of apoptosis
and inhibition of proliferation.28,34 Most significantly, the
crosstalk between NO and p53 is likely to play an impor-
tant role in tumor suppression and in carcinogenesis.35–37

However, the molecular mechanisms underlying the induction
of p53 by NO have not been fully elucidated. We recently
reported that NO signalling to p53 is independent of ATM,
PARP-1 (Poly(ADP-Ribose) Polymerase 1) and ARF.38

Induction of p53 by NO is preceded by a rapid decrease in
Mdm2 protein, which may enable the initial rise in p53 levels
early after exposure to NO.38 We now show that NO is a
potent inducer of p53 nuclear retention by inhibiting p53
nuclear export. This effect of NO appears to require the ATM-
related kinase ATR. Of note, NO can sensitize neuroblastoma
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cells to killing by low doses of ionizing radiation; this may have
potential application to radiotherapy of certain types of
neuroblastoma, and perhaps other human tumors harboring
cytoplasmic wtp53.

Results

NO promotes p53 nuclear retention

p53 possesses nuclear localization signals (NLSs) and
nuclear export signals (NESs), enabling it to shuttle between
the nucleus and the cytoplasm.27,39–41 The impact of NO on
p53 nucleocytoplasmic shuttling was investigated in Clone 6
cells, rat embryo fibroblasts stably expressing a temperature-
sensitive mouse p53 mutant (tsp53) that exhibits substantial
cytoplasmic localization at the nonpermissive temperature of
371C.42,43 This cell line offers several advantages, in that the
abundant expression of the tsp53 allows easy detection of
both cytoplasmic and nuclear p53,43 and particularly that the
total p53 protein levels do not change significantly upon
GSNO treatment (see Figure 2a). When Clone 6 cells, grown
at 371C, were treated for 12 h with lyptomycin B (LMB), a
specific and irreversible inhibitor of CRM1/exportin1, the
tsp53 became completely nuclear (Figure 1a, left panel),

implying that the cytoplasmic localization in the control
untreated cells (Ctr) is largely because of excessive nuclear
export rather than complete blockage of nuclear import.
Remarkably, exposure of Clone 6 cells to 1mMGSNO for 12 h
(Figure 1a, left panel) or to as a low concentration as 100mM
GSNO for 10 h also resulted in unequivocal nuclear retention
of the tsp53 (Figure 1a, right panel). Thus, like LMB, NO is
also capable of inhibiting the nuclear export of p53.
Although very useful as an experimental model, Clone 6

cells represent an artificial system generated by transfection
with a mutant form of p53. It was therefore important to
evaluate whether NO can also affect the nucleocytoplasmic
shuttling of authentic wtp53. To that end, we took advantage
of IMR32 human neuroblastoma cells, which expresseswtp53
that is mostly localized to the cytoplasm.44,45 Consistent with
the conclusion that this p53 is subject to excessive nuclear
export,41 treatment of IMR32 cells with LMB for 10 h results in
effective trapping of their p53 in the nucleus (Figure 1b). As
shown in Figure 1b, GSNO was also very effective in inducing
nuclear retention of p53 in IMR32 cells. The effect of NO
occurred quite rapidly, with a significant change in p53
localization seen already within 2 h and complete nuclear
retention attained within 4 h of NO treatment (Figure 1b).
Similar results were also obtained in experiments employing a

Figure 1 GSNO causes nuclear retention of tsp53 and wtp53. (a) Clone 6 cells were cultured at 371C in the presence of 100 or 200 mM GSNO (right panel), 1 mM
GSNO (left panel), or 10 ng/ml LMB, for 12 h (right panel) or 10 h (left panel). p53 was visualized by immunofluorescence microscopy (IF) with polyclonal antibody CM5.
The nucleus was visualized with DAPI. (b) IMR32 human neuroblastoma cells were cultured in the presence of 1 mM GSNO or LMB (10 ng/ml) for different periods of
time. p53 was visualized by IF with polyclonal antibody CM1. (c) Clone 6 cells (upper panel) or IMR32 cells (lower panel) were cultured for 10 h at 371C in the presence of
the indicated concentrations of DETA-NO. IF of p53 was performed with CM1 (lower panel) or CM5 (upper panel). (d) U2-OS cells, grown in 6 cm dishes, were
transfected with a p53 expression plasmid (0.5 mg), with or without 4mg of plasmid encoding HA-Hdm2. At 20 h after transfection cells were treated with 1 mM GSNO or
20 ng/ml LMB for 12 h. IF of p53 and HA-Hdm2 was performed with a mixture of the p53-specific monoclonal antibodies DO-1 and PAb1801, and a polyclonal anti-HA
antibody (Santa Cruz), respectively. (d) Cells in multiple fields from the experiment shown in (c) were counted. The figure shows a statistical analysis of the percentage of
cells with only nuclear p53 or with both nuclear and cytoplasmic p53
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structurally different NO donor, DETA-NO, which releases NO
in solution with slow kinetics and without producing toxic
metabolites.46 As shown in Figure 1c, exposure to DETA-NO
for 10 h, at concentrations as low as 100 mM, resulted in clear
nuclear retention of both tsp53 (Clone 6 cells) and wtp53
(IMR32 cells).
Since p53 nuclear export can be promoted by Mdm2,47–49

we asked whether NO can interfere with this effect of Mdm2.
To that end, U2-OS human osteosarcoma cells were
transiently transfected with p53, either alone or together with
Mdm2. In the absence of cotransfected Mdm2, p53 was
localized almost exclusively to the nucleus (Figure 1d, hp53,
and Figure 1e). In agreement with earlier reports,48,49

cotransfection of Mdm2 caused a dramatic increase in the
number of U2-OS cells displaying both nuclear and cytoplas-
mic p53 (Figure 1d, hp53+HA�Mdm2, and Figure 1e).
However, the ability of Mdm2 to drive p53 from the nucleus

into the cytoplasm was significantly impaired by the presence
of GSNO, even though the effect was not as pronounced as
that of LMB (Figure 1d and e). Hence, NO can inhibit Mdm2-
mediated p53 nuclear export.

NO induces ATR-dependent p53 phosphorylation
on serine 15

The activity of the N-terminal NES of p53 can be inhibited by
phosphorylation on serine 15 (Ser15) of p53, as occurs after
exposure to UV irradiation.27 Since NO blocks p53 nuclear
export, we asked whether Ser15 phosphorylation is also
involved in the effect of NO on p53. To that end, Clone 6 cells
were treated with either GSNO or LMB, and p53 Ser15
phosphorylation were examined by Western blot analysis
using a polyclonal antiphospho-Ser15 antibody. As shown in
Figure 2a, GSNO induced substantial phosphorylation of p53

Figure 2 NO induces ATR-dependent p53 Ser15 phosphorylation. (a) Clone 6 cells were cultured at 371C in the presence of 1 mM GSNO or LMB (10 ng/ml) for the
indicated periods. Phosphorylation of mouse p53 on Ser18 (equivalent to Ser15 of human p53) was monitored by Western blot analysis, using a polyclonal anti-Ser15-P
antibody. (b) Human diploid fibroblasts heterozygous or homozygous for ATM gene mutations (ATM+/� and ATM�/�, respectively; see Materials and Methods) were
treated with 1 mM GSNO or exposed to 4 Gy of gamma-irradiation (g), and harvested at the indicated times thereafter. Ser15 phosphorylation was monitored by Western
blot analysis as in (a). (c) Clone 6 cells were cultured at 371C in the presence of 1 mM GSNO for 10 h. When indicated, caffeine (5 mM) was added 1 h before GSNO.
Western blotting of mouse p53 and p53-Ser18-P were performed as in (a). One extract of GSNO-treated cells was incubated with alkaline phosphatase (Ptase) for 1 h at
371C prior to electrophoretic analysis, to confirm that the anti-Ser15-P antibody was specific for phosphorylated p53 only. (d) ATM�/� human fibroblasts were treated
with 1 mM GSNO for 4 h in the presence or absence of caffeine (5 mM) and MG132 (25 mM). Western blot analysis of total p53 and p53-Ser15-P were done as in (a);
vinculin served as a loading control. (e) HEK-293 cells were transfected with 10 mg of expression plasmids encoding either wt ATR or kinase dead ATR (ATR-kd). At 48 h
after transfection, cells were treated with 1 mM GSNO for 4 h. Detection of p53, p53-Ser15-P and vinculin was performed as in (d)
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on serine 18 (Ser 18), the mouse equivalent of human p53
Ser15 (note that the tsp53 in Clone 6 cells is of murine origin).
Such an effect was not seen with LMB, although both agents
promote to a similar extent the nuclear retention of p53 in
these cells (see Figure 1a). This argues strongly that Ser18
phosphorylation is not a secondary consequence of the
nuclear trapping of p53, but rather may be playing a causative
role in the inhibition of p53 nuclear export by NO. The latter
conjecture is also supported by the observation that Ser18
phosphorylation is already maximal as early as 2 h after NO
exposure (Figure 2a).
The ATM protein kinase is critical for the phosphorylation

of p53 on Ser15 in response to ionizing radiation.50,51

However, as reported earlier,38 p53 activation by NO does
not require ATM. To examine more directly the relation
between NO-induced Ser15 phosphorylation and ATM, ATM
heterozygous (ATM+/�) and ATM-deficient (ATM�/�) hu-
man fibroblasts were treated with GSNO for different
durations, and the extent of Ser15 phosphorylation was
monitored along with the levels of total p53. As seen in Figure
2b, GSNO induced similar profiles of p53 stabilization and
Ser15 phosphorylation regardless of the difference in ATM
status, indicating that p53 Ser15 phosphorylation by NO
is ATM-independent. In contrast, g-irradiation failed to
elicit a rapid p53 response accompanied by p53 Ser15
phosphorylation in ATM�/� fibroblasts, in agreement with the
literature.50,51

A likely candidate for mediating NO-induced p53 phosphor-
ylation on Ser15 is the ATR (ATM and Rad3 related) protein
kinase. This is because NO can generate single-strand DNA
breaks, a type of damage shown to activate ATR, but not
ATM.1,52,53 To test this idea we used caffeine, a selective
inhibitor of ATR and ATM, but not of DNA-PK,52,53 another
potential Ser15 kinase. As shown in Figure 2c, incubation with
5mM caffeine reversed to a large extent the NO-induced
Ser15 phosphorylation of the tsp53 in Clone 6. The inhibitory
effect of caffeine was even more dramatic in several other cell
types (e.g. Figure 2d). Hence, NO-induced Ser15 phosphor-
ylation is predominantly because of caffeine-sensitive ki-
nases.
The impact of caffeine on NO-induced p53 Ser15 phos-

phorylation was further investigated in ATM�/� fibroblasts.
To maintain high levels of p53 in the presence of caffeine, the
proteasome inhibitor MG132 was included in the appropriate
culturemedium. As seen in Figure 2d, caffeine abrogated very
efficiently the NO-induced p53 Ser15 phosphorylation signal.
Since these cells do not express functional ATM, this
observation implicates ATR as the relevant caffeine-sensitive
Ser15 kinase.
To establish formally the role of ATR in the induction

of Ser15 phosphorylation by NO, we took advantage of a
kinase-dead ATR mutant (ATR-kd), previously shown to
act as a dominant-negative mutant for ATR activity.54,55

Expression plasmids for ATR and ATR-kd were transiently
transfected into HEK293 cells, which enable high
transfection efficiency. Substantial phosphorylation of
p53 on Ser15 was induced by a 4h GSNO treatment in
cells transfected with wt ATR (Figure 2e). In contrast,
very little Ser15 phosphorylation occurred when GSNO
was applied to cells overexpressing ATR-kd. Taken

together, the results in Figure 2 argue strongly that
NO-induced p53 Ser15 phosphorylation is due to the action
of the ATR kinase.

ATR inhibition abolishes NO-induced p53 nuclear
retention

If Ser15 phosphorylation is important for the nuclear retention
of p53 following exposure to NO, one might predict that
caffeine will abolish retention. This prediction was tested in
Clone 6 cells, treated with 1mMGSNO for 4 h in the presence
or absence of 50mM caffeine, added 1 h before GSNO. As
predicted, caffeine completely abrogated NO-induced nuclear
retention of tsp53 at 371C (Figure 3a).
To determine whether caffeine blocks also wtp53 nuclear

retention, a similar experiment was performed with IMR32
cells. As shown in Figure 3b, caffeine prevented NO-induced
p53 nuclear retention in these cells as well (Figure 3b).
To further address the role of ATR in NO-induced p53
nuclear retention, fibroblasts derived from an ATM/p53
double knockout mouse (ap24) were cotransfected
with tsp53 together with a plasmid encoding puromycin

Figure 3 Inhibition of ATR abolishes NO-induced p53 nuclear retention. (a)
Clone 6 cell, cultured at 371C, were treated with 1 mM GSNO for 4 h. Where
indicated, caffeine (50 mM) was added 1 h before addition of GSNO. Localization
of the tsp53 was monitored as in Figure 1a. (b) IMR32 cells were treated as in (a).
Localization of human p53 was as in Figure 1b. (c) ATM/p53-double knockout
fibroblasts (ap24) were transfected with a murine tsp53 expression plasmid,
together with a plasmid conferring puromycin resistance (pBabe-puro).
Transfected cells were selected for 24 h in presence of 5 mg/ml puromycin.
After two passages in the absence of puromycin, two cultures were cotransfected
with DNA encoding either wt ATR (ATR; middle panel) or kinase-dead ATR
(ATR-kd; right panel), together with a plasmid encoding GFP, whereas a third
culture was left untransfected (left panel). The ATR plasmid DNA was in 10-fold
excess over the GFP plasmid. After 36 h, cells were treated with 0.5 mM GSNO
for 6 h p53 was detected by IF with CM5. GFP-positive cells are presumed to
coexpress wt ATR or ATR-kd, as indicated
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resistance. Puromycin-resistant cells were next subjected to a
second round of transfection with a GFP-expressing plasmid,
together with DNA encoding either wt ATR or kinase-dead
ATR (ATR-kd). Cells maintained at 371C
were then treated with 0.5mM GSNO for 6 h, followed
by staining for p53. As seen in Figure 3c, exposure to
GSNO resulted in prominent nuclear translocation of p53
in the vast majority of cells transfected with wt ATR (see
GFP-positive cells, middle panel), similar to what was seen
in ap24 cells that had been subjected only to a single round
of transfection with tsp53 (Figure 3c, left panel). By contrast, in
the majority of the cells transfected with ATR-kd, NO-driven
nuclear translocation of p53 was inhibited, resulting in
substantial retention of the tsp53 in the cytoplasm (note
GFP-positive cell in Figure 3c, right panel). These observa-
tions underscore the importance of ATR in NO-driven nuclear
retention of p53.
In addition to its impact on nuclear localization, caffeine also

interfered with NO-dependent stabilization of p53 and
upregulation of steady-state p53 levels, as reflected by the
weaker p53 staining, when compared to cells treated with
GSNO alone (Figure 3b). Such attenuation of p53 staining
was not seen in Clone 6 cells (Figure 3a), where p53 is
constitutively overexpressed and GSNO does not lead to a
significant change in its total amount (see Figure 2c). The
ability of caffeine to interfere with p53 stabilization and Ser15
phosphorylation in response to NO was also confirmed
directly, by Western blot analysis, in several cell types
including MEFs, ATM�/� human fibroblasts and scid primary
mouse fibroblasts (data not shown). Thus, NO-induced p53
stabilization and nuclear retention are both mediated by a
caffeine-sensitive pathway, most certainly involving the
activation of ATR.

NO sensitizes neuroblastoma cells to induction of
apoptosis by ionizing radiation

The aberrant cytoplasmic sequestration of p53 in some
tumors, including a significant fraction of neuroblastomas,44

has been reported to interfere with the induction of an efficient
p53 response following exposure to DNA damage.45 This may
impede the success of radiotherapy and DNA-damaging
chemotherapy in the treatment of such tumors. The ability of
NO to mobilize cytoplasmically sequestered p53 into the
nucleus thus raised the possibility that NO might render cells
derived from such tumors more sensitive to the apoptotic,
p53-dependent action of DNA-damaging agents. This notion
was investigated in IMR32 cells; the results are presented in
Figure 4. Treatment of IMR32 cells with 1mM GSNO alone
induced a measurable extent of apoptosis, which became
more pronounced after relatively longer exposure times (see
Figure 4b, 48 h). The ability of NO to elicit apoptosis is
consistent with the finding that LMB, which like NO also
promotes nuclear retention of p53, can trigger apoptosis in
neuroblastoma cells.56 However, the extent of apoptosis was
markedly increased when GSNO was combined with low-to-
moderate doses of ionizing radiation (IR; 0.5–2Gy), which on
their own were rather inefficient in triggering apoptosis in this
experimental system (Figure 4a and b). Similar results were

obtained when DETA-NO was used as an NO donor: as seen
in Figure 4c and d, pretreatment of IMR32 cells for 10 h with as
little as 0.2mMDETA-NO increased bymore than two-fold the
extent of apoptosis induced by IR (4Gy). Hence, NO

Figure 4 NO sensitizes IMR32 cells to induction of apoptosis by ionizing
radiation. IMR32 cells were plated at 0.5� 106 cells/6 cm dish. In the
experiments summarized in (b–d), cells were refed with fresh medium
immediately prior to treatment. Cells were either left untreated (Ctr), or treated
with the indicated combinations of 1 mM GSNO (GS), 0.2 mM DETA-NO (DNO)
and gamma irradiation (0.5 Gy in (a) 2 Gy in (b) and 4 Gy in (c,d). GSNO was
added to the culture 2 h before gamma irradiation, whereas DETA-NO was
added 10 h before gamma irradiation. Cells in (a) were harvested 24 h after
initiation of treatment, whereas cells in (b–d) were harvested either after 24 h,
48 h, or 30 h, as indicated. Adherent and floating cells were combined, fixed and
subjected to FACS analysis. Panels (a) and (b) represent three independent
experiments, whereas panels (c) and (d) relate to the same experiment
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synergizes with IR to induce a greater exert of apoptosis in
neuroblastoma cells harboring cytoplasmic p53, implying that
elevation of intracellular NO levels can sensitize such cells to
apoptotic killing by radiation.

Discussion

Themechanisms underlying p53 activation by NO are not fully
understood. Our recent data38 suggest that activation may
involve at least two distinct components. At early times after
exposure to NO, steady-state levels of Mdm2 drop markedly,
enabling the initial accumulation of stable p53. Subsequently
Mdm2 levels rise again, owing to the transactivation of the
mdm2 gene by the accumulated p53; yet, p53 remains stable,
implying that it is refractory to the degradation-promoting
effects of Mdm2. In the present study, we explored potential
mechanisms thatmay underlie the resistance of p53 toMdm2-
mediated degradation in NO-treated cells. We report that p53
stabilization by NO correlates with inhibition of p53 nuclear
export, in a manner dependent on the activity of ATR. Of note,
strong effects were already seen with as little as 100mM
DETA-NO, a concentration reported to produce physiologi-
cally relevant steady-state amounts of NO.57,58 Exposure to
NO gives rise to abasic sites within the DNA, subject to repair
by the base excision repair (BER) mechanism, which involves
formation of single-stranded DNA breaks (reviewed in Burney
et al.1). Furthermore, NO concentrations in the micromolar
range were shown to generate single-stranded DNA
breaks.59,60 It is thus likely that activation of ATR in NO-
treated cells occurs in response to the introduction of single-
stranded DNA breaks.
As shown here, NO strongly promotes the nuclear retention

of p53, even under conditions where p53 is otherwise mostly
cytoplasmic. This could be due either to dissociation of
the interaction between p53 and its putative cytoplasmic
anchoring proteins, or to inhibition of p53 nuclear export. Our
data support the latter model, even though the two mechan-
isms are not mutually exclusive: like LMB, NO promotes
nuclear accumulation of p53 in cells possessing a hyperactive
p53 nuclear export system.41 Moreover, NO is capable of
blocking Mdm2-driven nuclear export of p53. In agreement
with the proposal that the effect of NO is exerted on the
nuclear export rather than the cytoplasmic anchoring of p53,
in vitro incubation of cytoskeleton-bound p53 with 4mM
GSNO in the presence of reconstituted cellular extracts did
not release any p53 from the cytoskeleton (data not shown).
Interestingly, high concentrations of zinc, which protect
cultured human neurons against apoptosis, do so partially
by preventing the translocation of p53 into the nucleus.61 As
shown here, NO-triggered mobilization of p53 into the nucleus
augments apoptosis of neuroblastoma cells. Hence, con-
trolled nuclear translocation of p53 may be a general
mechanism for modulating apoptosis in cells of neuronal
origin.
Nuclear retention of p53 is strongly correlated with

phosphorylation of p53 on Ser15, and both are induced by
NO in an ATR-dependent manner. NO-induced Ser15
phosphorylation has already been described.34 It has recently
been reported that induction of p53 by NO in chondrocytes is

mediated via the p38 kinase, and that p38 directly phosphor-
ylates p53 on Ser15.62 However, in our hands, the extent of
NO-induced Ser15 phosphorylation was unaffected by the
specific p38 inhibitor SB203580 (20 mM final concentration;
data not shown). This, along with the efficient blockage of
Ser15 phosphorylation by caffeine and by dominant negative
ATR, argue against a significant contribution of p38 to the
activation of p53 in the experimental systems studied here. It
nevertheless remains possible that the pathways leading to
p53 activation vary among different cell types, with p38 being
more critical in chondrocytes.
Ser15 phosphorylation may be critical for the efficient

inhibition of p53 nuclear export. Although there still is some
ambiguity with regard to the regulation of p53 nuclear export,
the presently available information is consistent with the
notion that p53 possesses two NESs, one within its C-terminal
oligomerization domain41 and the other within its N-terminal
domain, encompassing Ser15.27 In active tetrameric p53, the
C-terminal NES may normally be inaccessible, becoming
exposed upon Mdm2-mediated ubiquitination of p53 on C-
terminal lysine residues.41,48,49,63,64 Such ubiquitination may
take place constitutively in the absence of p53-activating
stress signals. Similarly, the N-terminal NES is believed to be
accessible in nonstressed cells.27 For efficient nuclear export
of p53, both NES elements may have to be operative. This
may pertain in the absence of stress, thereby enabling p53 to
reside largely within the cytoplasm, at least during part of the
cell cycle.65 Stress signals may incapacitate both NES
elements; in the case of the C-terminal NES, this is likely to
be achieved by promotion of tetramerization and inhibition of
ubiquitination,41,48,49,63,64 while N-terminal NES inactivation
involves phosphorylation on Ser15 and Ser20.27 NO appears
to be no exception: it both reduces p53 ubiquitination38 and
promotes Ser15 phosphorylation (this study).
The precise relation between Ser15 phosphorylation and

p53 degradation, as well as between nuclear export and p53
degradation, remains unclear. While phosphorylation of p53
on N-terminal residues usually increases substantially under
conditions where p53 is stabilized, mutational analysis implies
that this alone may not suffice to prevent p53 degrada-
tion.26,66,67 Similarly, while stress-induced stabilized p53
always accumulates in the nucleus, the dogma that ubiquiti-
nated p53 can be degraded only in the cytoplasm has been
recently questioned by showing that p53 can be degraded
efficiently by nuclear proteasomes, as long as Mdm2 is also
retained in the nucleus.68,69 Hence, p53 stabilization may
require a combination of several coordinated events. In the
case of NO, these events appear to be mediated in great part
by ATR.
We show that NO can sensitize cells to p53-dependent

apoptosis. The apoptotic effects of NO have already been
shown to rely on p53.28 We show that NO can cooperate with
other p53-activating signals, such as DNA damage, to
maximize the contribution of p53 to cell killing. This may be
of particular relevance in cases where the endogenous p53,
albeit wt by sequence, is relatively refractory to activation by
DNA damage. As shown here, NO confers upon neuroblas-
toma cells increased sensitivity to killing by low doses of
radiation, to which they are otherwise relatively nonrespon-
sive. Hence, agents that elevate NO production in vivo may
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potentially increase the efficacy of DNA-damaging anticancer
treatments in the eradication of neuroblastoma and possibly
additional types of tumors. Such strategy may further benefit
from the fact that the effect of NO on p53 function and
apoptotic activity is cell type-specific, to the extent that in
some cases NO can actually downregulate p53 activity.33,70–
72 This, along with indications that the p53-dependent
apoptotic effect of NO is augmented in the absence of a
functional Rb-mediated growth arrest pathway,73 as occurs in
many tumors, may provide an opportunity for selective killing
of tumor cells in an in vivo context.

Materials and Methods

Cells and tissue culture

Clone 6 cells are rat embryonic fibroblasts transformed by a combination
of Ras and a temperature-sensitive mouse p53 mutant, p53 Val135.42,43

IMR32 is a neuroblastoma cell line expressing wtp53, which is mainly
localized in the cytoplasm.44,45 ap24 is a cell line derived from a p53/ATM-
double knockout mouse embryonic fibroblasts.74 Clone 6 cells, ap24 cells,
IMR32 cells, U2-OS human osteosarcoma cells, and HEK-293 cells were
maintained at 371C in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% heat-inactivated fetal bovine serum (FBS, Sigma)
and antibiotics. AG03058 (ATM�/�, wtp53) cells, derived from an AT
patient (daughter), and AG03057 (ATM+/�, wtp53) cells, derived from the
healthy mother of the same patient, were obtained from the National
Institute of General Medical Sciences Human Genetic Mutant Cell
Repository (Coriell Institute, Camden, NJ, USA) and were maintained in
MEM supplemented with 20% nonheat-inactivated FBS.

Chemicals

GSNO (S-nitroso-glutathione) and DETA-NO (NOC-18; (Z)-1-[2-(2-
aminoethyl)-N-(2-ammonioethyl)amino]diazen-1-ium-1,2-diolate) (Alexis
Biochemicals) were dissolved in PBS�/� at a concentration of 50 mM
and stored at �801C in small aliquots. MG132 (Calbiochem) was
dissolved in DMSO at a concentration of 50 mM and used at a final
concentration of 25mM. Leptomycin B (LMB) (Sigma) was dissolved in
ethanol at 10mg/ml and stored at �801C and used at 10 ng/ml. Protease
and phosphatase inhibitor cocktails were purchased from Sigma and used
at 1 : 500 and 1 : 200 dilutions, respectively.

Transfections

U2-OS cells were plated at 0.5� 106/6 cm plate and transfected with the
aid of the JetPEI reagent (PolyPlus Transfection, France) according to the
manufacturer’s instructions. Transfection efficiencies were typically above
50–70%. GSNO treatment was performed 18 h after transfection.

Antibodies, indirect immunofluorescence and
Western blot analysis

Polyclonal anti-human p53 CM1 (Novocastra Laboratories Ltd), polyclonal
anti-mouse p53 CM5 (Novocastra Laboratories Ltd), and polyclonal anti-
HA (Santa Cruz) antibodies were used for immunofluorescence
microscopy. p53 Ser15 phosphorylation was detected by direct Western
blotting with a polyclonal anti-p53-PSer15 antibody generated by
immunizing rabbits with a Ser15-phospho-peptide followed by immunoaf-
finity chromatographic purification.75 Monoclonal antivinculin antibody was

a gift from B Geiger (Weizmann Institute). Indirect immunofluorescence
microscopy and Western blot analysis were performed as described
previously.24

Flow cytometry

IMR32 cells were seeded at a density of 1� 106/10 cm dish. After 2 days,
the medium was replaced and some of the cells were treated with 1 mM
GSNO or 0.2 mM DETA-NO at 371C for 2 or 10 h, respectively, at which
time they were exposed to gamma irradiation. Irradiated cells were
incubated at 371C for 24 or 48 h, in the continuous presence of GSNO or
DETA-NO where appropriate. Floating and attached cells were collected
and combined together. Propidium iodide (Sigma) staining was used for
determination of DNA content, as described elsewhere.76
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