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ABSTRACT

p53 is a potent inhibitor of cell growth and an inducer of apoptosis. During embry-
onic development and in adult homeostatic tissues, Mdm2 inhibits the growth sup-
pressive activities of p53. However, whether tight surveillance of p53 activity is re-
quired in quiescent cells is unknown.To test this, conditional inactivation of mdm?2
was carried out in smooth muscle cells (SMCs) in vivo. Upon SMC-specific mdm?2
inactivation, mice rapidly became ill and died. Necropsy showed small intestinal
dilation, and histological analyses indicated a severe reduction in the number of in-
testinal SMCs. Increased p53 levels and activity was detected in the remaining SMCs,
and the phenotype was completely rescued on a p53-null background. Surprisingly,
SMCs did not exhibit signs of apoptotic cell death but had a necrotic morphotype.
These results show that Mdm?2 prevents accumulation of active p53 in quiescent
SMCs and thereby the induction of p53-mediated necrotic cell death in vivo.
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formation by inducing two types of anti-proliferative responses: cell-cycle

arrest and apoptotic cell death.! Cell cycle arrest is mediated by transcrip-
tional induction of genes whose products inhibit cell cycle progression, such as
p21¥ivCrl2 or Ptprv.® The apoptotic function of p53 depends on both transcription-
dependent and independent mechanisms.*

The importance of p53 in tumor suppression is highlighted by the observation
that virtually all human cancers display an impaired p53 response.This is achieved
either through direct inactivating mutations within the p53 gene, or through ab-
errant expression of proteins acting in the p53 pathway. For instance, Mdm?2 is
overexpressed in human tumors of diverse origin.>* The mdm2 gene was originally
identified as an amplified and overexpressed gene in a spontaneously transformed
mouse BALB/c cell line.” Its transformation potential was later demonstrated and
explained by the ability of Mdm?2 to inactivate p53.%°

Lack of functional mdm?2 is lethal in early mouse embryos, which die before
implantation.This dramatic phenotype is completely rescued by concomitant dele-
tion of p53.'%! In addition, mice with a hypomorphic mdm?2 allele have lower body
weight and higher rates of p53-dependent apoptosis in various tissues. Notably, this
phenotype is only observed in a subset of actively dividing cells, such as lympho-
cytes, and in the crypts of the small intestine, which could indicate that, in adult
mice, Mdm?2 restraints p53 activity only in homeostatic tissues.'? Together, clear ge-
netic evidence highlights the importance of the p53/Mdm?2 interaction. However,
limitations of the existing mouse models, such as early embryonic lethality of the
constitutive null mutation, preclude analysis of the function of Mdm?2 in a spatial
and temporal specific manner.

In addition, these models do not allow firm establishment of the role of Mdm?2
in the regulation of p53 stability. It was indeed shown that, beside the ability of
Mdm?2 to bind p53 in its transactivation domain and to interfere with p53-transcrip-
tional activity, Mdm2 acts as an E3 ubiquitin ligase responsible for the ubiquitination
of p53 and itself.!>!® It was later proposed that Mdm2 mediates monomeric p53
ubiquitination on multiple lysine residues, rather than polyubiquitination, as previ-
ously thought.'” Because chains of multiple ubiquitin molecules are necessary for ef-
ficient protein degradation, the data suggested that the enzymatic activity of Mdm2
might not be sufficient for optimal degradation of p53,and that other proteins must
aid in polyubiquitination and degradation of p53 in vivo. More recent data indicated
that Mdm?2 differentially catalyzes either monoubiquitination or polyubiquitination
of p53 in a dosage-dependent manner.'® The authors proposed that Mdm2-mediated
polyubiquitination and nuclear degradation occurs only in specific contexts, such
as when Mdm?2 is malignantly overexpressed. On the other hand, Mdm2-mediated
monoubiquitination and subsequent cytoplasmic translocation of p53 may repre-
sent an important means of p53 regulation in unstressed cells, in which Mdm?2 is
maintained at low/physiological levels. In addition, in mice with the hypomorphic
mdm?2 allele, the level of p53 protein was not coordinately increased, suggesting
that Mdm2 can inhibit p53 function in a manner independent of degradation.'?
Moreover, other cellular ubiquitin ligases, such as Pirh2, Cop-1, yin-yang and ARF-
BP1, were reported to also promote p53 ubiquitination and degradation.'”?* Thus,

The p53 tumor suppressor protein plays a critical role in suppressing tumor
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while Mdm2 is a key regulator of p53 function in vivo, p53 degradation may be me-
diated through both Mdm2-dependent and Mdm?2-independent pathways in vivo.

Here, we show that specific inactivation of mdm?2 in terminally differentiated
smooth muscle cells (SMCs) results, concomitantly with severe cell loss, in increased
p53 protein levels and transcriptional activity. Interestingly, SMCs undergoing cell
death did not show evidence of caspase-3 activation and DNA fragmentation, but
displayed hallmarks of necrosis.Together, Mdm2 is critical for the regulation of p53
steady state levels and activity in quiescent cells in vivo. Moreover, the data in-
dicate that increased p53 activity in vivo can lead to cell death with a necrotic
morphotype, and consequently can go undetected when using apoptosis-specific
methodology.

MATERIALS AND METHODS

Transgenic Mice

To achieve SMC-specific mdm?2 deletion we combined mice that carry a tamoxi-
fen-inducible Cre-recombinase under control of the SMC specific SM22 promoter
(SM-CreER™(ki) mice)* and mice carrying the mdm2 gene modified by flanking
exons 5 and 6 with two loxP sites (mdm2™/™)%* to create SM-CreER™(ki);mdm 2™
M mice. To determine p53 dependent effects of mdm?2 deletion SM-CreER™(ki);
mdm2™™ mice were crossed with p53 knock out (p537) mice® resulting in SM-
CreER"™(ki);mdm2™™;p537 mice. In addition, to facilitate the monitoring of Cre
activity in vivo, we combined the SM-CreER™ (ki) mice and the Rosa26 reporter
mouse line®® to generate SM-CreER™(ki); Rosa26 mice. The SM-CreER™(ki); mdm2™/
™ SM-CreER"™(ki);mdm2™/"™;p537 SM-CreER™(ki);Rosa26 and their control litter-
mates mice were born at the expected Mendelian frequency, developed normally
and were genotyped by PCR, as described previously.?>426

Conditional deletion of mdm2 and quantification of recombination

Mice, aged 8-10 weeks, were injected intra-peritoneally with 100 pl of 20mg/ml
tamoxifen (TMX, Sigma) or vehicle (peanut oil) for 0, 2, 5, and 7 continuous days.
Intra-peritoneal TMX injections did not result in liver toxicity as measured by se-
rum alanine aminotransferase (ALAT) levels (40.6+x12.7 for mdm2™/™ mice vs.
36.3+16.0U/1 for SM-CreER™(ki);mdm2™™ mice; P=0.754, ALT, Roche). Recom-
bination of the FM allele (226bp) was assessed by PCR.* Recombination in SM-
CreER"™(ki);Rosa26 mice was quantified by counting [-galactosidase positive (-
gal®) cells and was expressed as a percentage of the total number of cells (Figure
10).

Tissue preparation and histology

Mice were sacrificed and a complete gross necropsy was performed. Organs and
selected tissues, including oesophagus, stomach, jejunum, proximal and distal ile-
um, colon, aorta, urinary bladder and liver were sampled for further investigation.
Sampled organs were either directly snap frozen in sterile eppendorf tubes and
stored at -80°C or fixed in phosphate buffered formalin pH 7.4 and embedded in
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paraffin. Of the tissues sampled and fixed in formalin microscopical analysis was
performed of 5 um routinely stained hematoxylin-phloxin-saphron (HPS), hema-
toxylin-eosin (HE) or 4’-6-Diamidino-2-phenylindole (DAPI) sections. In addition,
slides were stained with antibodies against SM-a-actin (clone 1A4, dilution 1:1500,
DAKO), pro-caspase-3 (1:1000, Cell Signaling), cleaved form of caspase-3 (1:1000,
Cell Signaling), p53 (CM5, 1:1000, Novocastra Lab Ltd.). DNA fragmentation (ISEL
staining) was assessed with the FragEL kit (Oncogene Research Products) accord-
ing to the manufacturer’s directions and sections were counterstained with methyl
green (Vector Laboratories).

LCM and Q-PCR

Laser Capture Microdissection (LCM) samples were prepared from frozen sec-
tions of three control and three SM-CreER"(ki);mdm2™™ mice and pooled. Total
RNA was extracted using the PicoPure RNA isolation kit and amplified using the
RiboAmp RNA Amplification Kit according to manufacturer’s instructions (Acturus
Bioscience). 1 pug of total RNA from each pool was reverse-transcribed using a Su-
perScript kit (Invitrogen). These assays were performed following the manufactur-
er’s specifications (PE Applied Biosystems). Primer pairs and TagMan probes were
designed by Applied Biosystems (Assays on demand).

Electron Microscopy

Tissue samples were immersed in a fixative solution of 2 % paraformaldehyde and
2.5 % glutaraldehyde and postfixed in 1% OsO4 with 1.5% K3Fe(CN)6 in 0.1 M
NaCacodylate buffer, pH 7.2. Samples were dehydrated through a graded ethanol
series, including a bulk staining with 2% uranyl acetate at the 50% ethanol step
followed by embedding in Spurt’s resin. Ultra thin sections, made on a Ultracut E
microtome (Reichert-Jung), were post-stained in an ultrostainer (Leica,Herburgg,
Switzerland) with uranyl acetate and lead citrate. Sections were viewed with a trans-
mission electron microscope 1010 (JEOL,Tokyo, Japan).

Statistical Analysis

All data are represented as mean+SD. Data were analysed using the non-parametric
Mann-Whitney rank sum test. P-values less than 0.05 were regarded as statistically
significant.

RESULTS

Strategy for conditional bi-allelic inactivation of mdm2 in quiescent smooth
muscle cells in vivo

To test whether Mdm?2 is required for regulating p53 stability and activity in qui-
escent cells in vivo, we specifically inactivated mdm?2 in G, smooth muscle cells
(SMCs).To this end, conditional inactivation of mdm2 was carried out in mice har-
bouring mdm?2 floxed alleles and a tamoxifen (TMX)-inducible Cre-recombinase
under control of the SM22 promoter (SM-CreER™(ki) mice).?® The mdm?2 floxed
allele (FM) had been previously described.?* It carries a loxP recombination site in
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Figure 1. (A) Schematic representation of part of the mdm?2 floxed allele (FM) and the
Cre-mediated recombination event. The a and b arrows designated the position of the
primers used to detect the Cre-mediated recombination by PCR. (B.) PCR analysis showing
increased detection of the Cre-mediated recombination event, using primers a and b, in
the intestine of CreER™(ki);mdm2™™ mice treated for 0, 2, 5 and 7 days with TMX. (C.)
Percentage of recombination of SMC-rich SM-CreERT2(ki);Rosa26 organs/tissues after 7 days
of intraperitonal TMX administration. No recombination was observed in TMX or vehicle-
treated control Rosa26 mice. (D.) Detection of lacZ reporter gene expression in the stomach
of SM-CreERT2(ki);Rosa26 mice and Rosa26;CreER-negative control mice after 7 days of
TMX administration.

intron 4 and another in intron 6 (Figure 1A). Cre-mediated recombination therefore
yields an mdm?2 allele lacking exons 5 and 6, which encode for most of the p53-
binding domain. Mice homozygous for the FM allele (or mdm 2™/ appear normal;
however, ubiquitous deletion of exons 5 and 6 in vivo results in an embryonic le-
thality similar to the mdm?2 null allele.*

We first examined by PCR the extent of recombination at the mdm2 locus in
SM-CreER"™(ki);mdm2™"™ mice (Figure 1B) and compared it with the Cre activity
at the Rosa26 locus in SM-CreER™(ki);Rosa26 mice at various sites containing SMCs
(Figure 1C). SMCs were identified both morphologically and immunohistochemi-
cally by SM-a-actin staining (Figure 2). In order to induce the latent CreER fusion
protein, mice were injected daily with TMX for seven days, and then analyzed. Upon

71



N | Chapter 4

>
o

CreER- CreER+

o 10 o o = = |
L
20,8
;‘a 6
0,
E
g 0,41
< 0,21
0
6 7 8 9 10 11
Time (days)

Figure 2. (A) Kaplan-Meier curves of age-matched CreER™(ki);mdm2™™ mice (open
circles,n=21) and control CreER-negative mice (filled squares, n=15). Mice were TMX-treated
for 7 consecutive days and followed thereafter. (B.) Gross appearance of control (left panel)
and CreER"™(ki);mdm2™"™ mice (right panel) after 7 days of intra-peritoneal tamoxifen
administration. (C.) HPS (left panels) and IHC for SM-a-actin (right panels) staining of the
small intestine of CreER"(ki);mdm2™™ mice 0, 5, 7 days following TMX treatment (magn.
200x).
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TMX injection, we found that SMCs from the gastroinstestinal (GI) tract, particularly
the stomach (Figure 1D) and proximal ileum, were stably marked (-gal*), whereas
little reporter activity was found in cells of the cardiovascular system such as in the
aorta. Since efficient recombination of the mdm?2 locus was observed in the SMCs
of the small intestines (proximal ileum), we concentrated our studies at this site.

TMX-treated SM-CreER™(ki);mdm2™ mice exhibit severe lesions in the
SMC-containing layers of the intestinal wall and eventually die

Following 7 days of TMX administrations, the body weight of SM-CreER"(ki);
mdm?2™"™ mice decreased as compared to TMX-treated control Cre-ER-negative
mice. Moreover, SM-CreER"*(ki);mdm 2"™™ mice were not responsive to stimuli and
were hunchbacked with ruffled coat. Strikingly, illness proceeded to death from day
8 on (Figure 2A).1In contrast,TMX-treated mdm2™"™ CreER-negative mice appeared
normal and did not differ from vehicle-treated SM-CreER™(ki);mdm2™/™ and ve-
hicle treated mdm2™™ CreER-negative mice. SM-CreER™(ki);mdm2™/™ mice were
sacrificed for gross necropsy and histopathological analysis.

The stomach and small intestine of TMX-treated SM-CreER"(ki);mdm2™/™
mice adhered to spleen and liver, appeared vulnerable and friable, were filled with
soft materials,and were loose. The consistently abnormal findings included liver and
spleen atrophy and dilation of the small intestinal, which varied between mice, but
could be considerable (Figure 2B). This dilation was associated with a decreased
length of the small intestine (from pylorus to ileo-cecal junction: 44.0+3.5 for con-
trol mice, 32.0+2.0 cm for SM-CreER™(ki);mdm2™/™ mice; P=0.007).

The lesions in the dilated small intestine of SM-CreER™(ki);mdm2™/™ mice
treated with TMX were limited to the lamina interna and externa of the muscularis
(M) propria of the intestinal wall, consistent with a specific activity of the Cre in
the SMCs.The architecture of the lamina M. interna was disturbed due to a decrease
in cell layers and irregular alignment of the SMCs. The number of SMC layers was
reduced from 6-8 to 3-5, with multifocal irregular increase of intercellular spaces,
tapering of SMCs with wavy ends and, irregular, often shortened hyperchromatic
nuclei (Figure 2C). In some extreme cases, the SMCs were simply either missing or
unrecognizable.

Alterations of the SMC-containing intestinal wall and lethality upon SMC-
specific mdm2 inactivation are entirely p53-dependent

A large body of evidence suggests that Mdm2 can function both dependently and
independently of p53. In agreement, Mdm2 binds several proteins involved in the
regulation of cell cycle progression and survival other than p53, such as p19/ARE
p63 and p73,Rb,and E2F-1/DP-1.%” In order to test whether the phenotype observed
in the SM-CreER"™(ki);mndm2™™ mice is p53-dependent, they were crossed with
p53-null mice (p537)* to create SM-CreER"(ki);mdm2™™;p537 mice. Strikingly, as
observed in control mice, TMX injection in SM-CreER"(ki);mdm2™"™;p53" mice
did not cause death (Figure 3A). Gross necropsy did not reveal differences in liver
and spleen weight and small intestinal length as compared to control mice. Histo-
logical examination did not reveal any obvious lesions, disorganization of intestinal
cell alignment or loss of cell viability in SM-CreER™(ki);mdm 2™/™;p53" (Figure 3B,
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Figure 3. (A.) Kaplan-Meier curves of age-matched CreER"(ki);mdm2™/™ mice (open
circles, n=11) and control mdm2™"™;CreER-negative mice (filled squares, n=10) and
CreER™(ki);mdm2™/™;p537” mice (open diamonds, n=6) following 7 days of intra-peritoneal
TMX administration. (B.) H&E staining and p53 immunostaining of the small intestine of
mice with the indicated genotypes (magn. 60x). (C.) Q-RT-PCR analysis shows induction
of expression of p53 target genes in laser-capture microdissected SMCs of mice with the
indicated genotypes. Microdissected samples from three different mice were pooled before
the analysis. The data represent therefore the mean expression levels in these three mice
treated independently.
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left panels). We therefore concluded that loss of mdm?2 in the SMCs of the GI tract
causes loss of cell viability and acute lethality in a manner that is completely depen-
dent on the presence of functional p53.

SMC-specific mdm2 inactivation leads to increased p53 stability and
transcriptional activity

To determine whether specific deletion of mdm?2 in the SMCs allows the level
of p53 protein to increase, we performed immunostaining for p53. In sections
of the proximal ileum from mdm2™"™;CreER-negative mice injected with TMX,
no p53 staining could be detected (Figure 3B). In contrast, nuclei of the SMCs
of SM-CreER™(ki);mdm2™™ mice showed marked p53 immunoreactivity (Fig-
ure 3B, right panels). Importantly, no staining was observed in sections from SM-
CreER"™(ki);mdm2"™™:;p537 mice, confirming the specificity of the p53 detection
method (Figure 3B). These results suggest that p53 is maintained at low levels in
a strict Mdm2-dependent manner in terminally differentiated SMCs. In addition,
p53 was not only stabilized but it was also functionally active, as indicated by con-
comitant upregulation of several p53-target genes such as p21¥/¢r! and the pro-
apoptotic gene bax in laser-capture microdissected-SMCs in the proximal ileum of
SM-CreER"™(ki);mdm2™"™ mice, as determined by Q-RT-PCR (Figure 3C). Of note,
mdm2 Aexons5/6 transcripts, were also found upregulated in the SMCs of SM-
CreER™(ki);mdm2™/™ mice.

SMC-specific mdm2 inactivation does not cause apoptotic cell death

Since one of the main p53 antiproliferative activities is induction of caspase-de-
pendent apoptotic cell death, we hypothesized that the hypocellularity observed
following mdm?2 inactivation was a consequence of increased p53-mediated apop-
tosis. To investigate this possibility, we first performed staining using an antibody
specifically recognizing the activated form of the main effector caspase, caspase-3.
No significant activation of caspase-3 could be observed both in control and SM-
CreER"(ki);mdm 2™™TMX-treated mice (Figure 4). Interestingly, the non-activated
form of caspase-3 (pro-caspase-3) was not significantly detected in the SMCs of both
control (CreER-negative) and SM-CreER"(ki);mdm2"™/™ TMX-treated mice (Figure
4).This observation, thus, provides a simple explanation for absence of activated
caspase-3 in the SMCs of TMX-treated mice.Absence of caspase-3 protein was also
previously reported in rat and mouse adult skeletal muscles, despite the abundant
presence of its mRNA.?® Since other effector caspases might compensate for the
lack of caspase-3 in these cells, we explored the presence of other apoptotic signa-
tures. Apoptosis is morphologically defined by several hallmarks including nuclear
shrinkage (pyknosis), chromatin condensation, DNA degradation and nuclear frag-
mentation (karyorrhexis) with formation of apoptotic bodies. Examination of H&E
or DAPI staining did not reveal the presence of apoptotic bodies or pyknotic nuclei.
Moreover, in situ end labeling (ISEL)* (Figure 4) and TUNEL assays (data not shown)
did not detect DNA fragmentation.To verify that our detection methods could de-
tect both pro-caspase-3 and apoptosis, sections of E15.5 embryos expressing p53
specifically in post-mitotic neurons deficient for mdm2 were analyzed (Francoz et
al.,submitted 2005). Clear and specific staining for pro-caspase-3, the activated form
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Figure 4. Immunostaining for the activated form of caspase-3 and pro-caspase-3 (non-cleaved
caspase-3) and ISEL staining of the small intestine of mice with the indicated genotypes
and in the lateral ventricle region of the cerebral cortex of E16.6 embryos expressing p53
specifically in post-mitotic neurons deficient for mdm?2 (control).

of caspase-3 and DNA fragmentation were detected in these embryos (Figure 4),
confirming the sensitivity and the specificity of both methods. Together, the ob-
served phenotype and multifocal irregular increase of intercellular spaces with ta-
pering SMCs is not suggested to coincide with an increase in apoptotic cell death.

Evidence for p53-dependent necrotic cell death following SMC-specific
mdm2 inactivation

Electron microscopy (EM) confirmed absence of pyknosis and karyorrhexis with
formation of apoptotic bodies. However, EM revealed that many of the remaining
SMCs had a morphotype identical to that seen in necrosis***! including a “mottled”
nucleus caused by clumped, but not marginalised, and only loosely packed chro-
matin (Figure 5). Most of the nuclei appeared largely intact, however, in some cases
nuclear membrane detachment and rupture were apparent. The affected cells also
showed dilated mitochondria and cytoplasmic vacuoles (not shown). External mem-
brane rupture and swelling of cytoplasmic organelles was also evident (Figure 5).1n
agreement, clusters of roughly intact nuclei, which are no longer surrounded by cy-
toplasmic membranes, were also observed (Figure 5).Various intermediate aspects
could be observed, which ranged from apparently intact cells that had a mottled
nucleus, to cells that had a mottled nucleus and gross membrane alterations. Finally,
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Figure 5. Electron microscopy of the small intestine of control (creER-negative; top panels)
and CreER"™(ki);mdm2™™ (low panels) TMX-treated mice. Nuclei in control tissues are
sparse, equally distributed and surrounded by a plasma membrane. Nuclei in tissues from
CreER"(ki);mdm2™"™ mice are clustered and not surrounded by a plasma membrane.
Evidence of plasma membrane ruptures is shown in the bottom right panel. Magnifications
are indicated.

whereas apoptosis includes phagocytosis, even heavily altered cells appeared not to
be within phagocytes. Surprisingly, absence of phagocytosis did not lead in this case
to local signs of inflammation, but this absence might be related to local anatomical
constraints.

DISCUSSION

It is well documented that the p53 protein is maintained at low levels in embryonic
and adult tissues; however, it remained to be established whether p53 degradation
occurs in a strict Mdm2-dependent manner. In addition, while downregulation of
Mdm?2 appears to be sufficient to activate a p53 response in homeostatic tissues,'? its
relevance in non-proliferating, terminally differentiated cells remained unexplored.
Here, we provide the first genetic evidence that Mdm?2 plays a key role in the regula-
tion of p53 levels and activity in quiescent, terminally differentiated, SMCs.
Notably, we have recently confirmed this finding in other cellular contexts.
Indeed, conditional inactivation of mdm2 was achieved in mouse embryonic fibro-
blasts (MEFs), in neuronal stem/progenitor cells and in post-mitotic neurons (Fran-
coz et al., submitted 2005), in erythroid progenitor cells (Maetens et al., in prepara-
tion), in thymocytes and cardiac muscle cells (G. Lozano, Personal communication).
In all these settings, an increase in p53 levels and activity was observed and this
activation of function resulted in caspase 3-dependent cell death in vivo.Thus, even
if other E3 protein ligases have been reported to induce p53 ubiquitination and
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degradation,'?**none of these proteins can fully compensate for loss of Mdm?2 func-
tion in vivo.Therefore, even if these data do not exclude the possibility that these
proteins might aid in p53 degradation, they strongly suggest that p53 degradation
in vivo occurs through Mdm2-dependent pathways.

Mdm?2 ubiquitination activity and the physical interaction between Mdm?2 and
p53 have become the targets of adjuvant chemotherapies designed to sensitize hu-
man tumors to cancer therapies.’*** Indeed, there is evidence that cancer cells are
more sensitive to activation of p53 apoptotic function than the resting host cells.
However, the data presented herein suggest that Mdm?2 is critical for maintaining
p53 activity at low levels also in quiescent, terminally differentiated cells. Therefore,
this study raises concerns about the benefit of such approaches for the patients.
Indeed, our data would predict that Mdm?2 inhibition of function in vivo would be
detrimental not only to cancer cells but also to most of the resting host cells.

Interestingly, the data presented herein also provide the first compiling evi-
dence that p53 is able to activate a caspase-3-independent cell death program with
a necrotic morphotype in vivo. All studies converge to the crucial role of both
the mitochondrial pathway (cytochrome c release,’® ROS production and/or Aym
drop)®” and activation of caspase-9 and its downstream caspases®® in p53-induced
apoptosis. In agreement with this view,Apaf-1*° and several genes encoding for the
BH3-containing proapoptotic proteins such as Bax, Noxa and Puma are among the
many reported p53-regulated genes and key mediators of p53-induced apoptosis in
vivo."4! Caspase-3, the main effector caspase acting dowstream of caspase-9, is also
of fundamental importance for many forms of apoptosis** and required for p53-in-
duced apoptosis. Since we show here that caspase-3 protein is either absent or ex-
pressed at very low levels (below detectable levels) in the SMCs, these data provide
a simple explanation for our failure to detect apoptosis, despite the fact that p53
was stabilized and transcriptionally active in these cells. One possibility is that p53
once activated provokes, through some of its mediators, mitochondrial damages
that are sufficient to induce cell death in a caspase-independent manner. We could
indeed detect in mdm2-deficient SMCs high levels of expression of bax, a protein
particularly important for the triggering of mitochondrial outer membrane permea-
bilization (MOMP) and cytochrome c release. MOMP frequently marks the “point of
no return” of the lethal process. It is clear today that artificial or genetic inhibition
of caspases is often not sufficient to avoid physiological cell death, and in this case
this often leads to a shift in the morphology of cell death, from classical apoptosis to
“apoptosis-like cell death”, autophagic cell death or necrosis.*? For instance, the loss
of interdigital cells in the mouse embryo, a prototype of mitochondrial apoptotic
cell death, still occurs by necrosis in mice deficient for Apaf-1.*° Similarly, because
they do not express caspase-3, the mdm?2-deficient SMCs could undergo necrotic
cell death following activation of MOMP by p53. In order to test whether necrotic
cell death observed in these cells occurs through a MOMP-dependent mechanism,
one could check whether overexpression of Bcl-2, a BH3-containing protein that
can inhibit mitochondrial channel opening, is able to rescue the phenotype. Alter-
natively, eventhough less likely, p53 might be able to activate directly a genetic pro-
gram leading to necrotic cell death 7z vivo in a tissue-specific manner. Interestingly,
p53 was recently shown to be able to activate a MOMP-independent (and Bcl-2
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insensitive) cell death program in cultured cells.* The existence of such a pathway
in vivo remains, however, to be demonstrated.A careful analysis of the transcription
program activated by p53 in the mdmZ2-deficient SMCs might help to identify key
mediator(s) of this putative pathway.

Regardless the molecular mechanism, this study opens new perspectives for
cancer therapies. For instance, inactivation of Apaf-1, which is essential for p53-in-
duced caspase-dependent apoptosis, may contribute to the low frequency of p53
mutations observed in therapy-resistant melanomas.’® The ability of p53 to induce
a caspase-independent and MOMP-independent type of cell death may be the basis
for new therapies killing cells in which p53 is wild-type but have acquired defects
in the signaling pathways that are downstream p53.
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