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The p53 tumor suppressor protein is activated in cells in response to DNA damage and prevents the
replication of cells sustaining genetic damage by inducing a cell cycle arrest or apoptosis. Activation of p53 is
accompanied by stabilization of the protein, resulting in accumulation to high levels within the cell. p53 is
normally degraded through the proteasome following ubiquitination, although the mechanisms which regulate
this proteolysis in normal cells and how the p53 protein becomes stabilized following DNA damage are not well
understood. We show here that pS3 can also be a substrate for cleavage by the calcium-activated neutral
protease, calpain, and that a preferential site for calpain cleavage exists within the N terminus of the p53
protein. Treatment of cells expressing wild-type p53 with an inhibitor of calpain resulted in the stabilization
of the p53 protein. By contrast, in vitro or in vivo degradation mediated by human papillomavirus E6 protein
was unaffected by the calpain inhibitor, indicating that the stabilization did not result from inhibition of the
proteasome. These results suggest that calpain cleavage plays a role in regulating p53 stability.

The p53 protein plays an essential role in protection from
malignant development, and mutational loss of p53 function is
the most frequently detected genetic event in human cancers
(31). Although normal development can occur in the absence
of p53, loss of p53 function results in elevated rates of tumor
development, suggesting that p53 functions primarily as a
checkpoint to prevent abnormal cell proliferation (17, 33). p53
activity has been implicated in numerous processes, including
regulation of centrosome duplication (21) and spindle check-
points (14), differentiation (1, 18), senescence (2) and regula-
tion of angiogenesis (15). The best-understood functions of
p53 are the activation of a G, cell cycle arrest and participation
in programmed cell death, or apoptosis (reviewed in reference
5), although many of the p53 activities described could play a
role in tumor suppression. The p53 protein functions as a
sequence-specific activator of transcription (22, 35, 60), and
many cellular genes regulated by p53-responsive promoters
have been described. Although there are clearly additional
transcriptionally independent activities of p5S3 which contrib-
ute to at least some functions, such as apoptosis (6, 28, 63), in
many cells the ability of p53 to function as a transcription
factor appears to be an integral part of its ability to suppress
tumor cell growth (11, 50, 52, 67).

In most normal cells the p53 protein is expressed at very low
levels due to the relatively short half-life of the protein. Accu-
mulation of the p53 protein occurs following DNA damage
(43), and activation of p53 is also apparent following other
types of stress, such as growth arrest (69), hypoxia (25), or
ribonucleotide depletion (40). The DNA damage-induced ac-
cumulation of p53 is principally the result of the stabilization of
the p53 protein (20, 34), although transcriptional and transla-
tional regulation may also occur. Elevation of protein levels
appears to be one component of the p53 response, although it
is not essential for activation of p53 function (32). It seems
likely that the normal p53 response involves both activation of
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a latent form of the protein, possibly by phosphorylation or
redox regulation, and enhanced stability to increase the
amount of p53 in the cell.

Despite significant advances in our understanding of how
p53 mediates downstream effects such as cell cycle arrest and
apoptosis, relatively little is known about how the stability of
the protein is regulated in normal cells and how this stability is
enhanced following DNA damage. There is evidence that p53
can be degraded through ubiquitin-dependent proteolysis (42),
and cells which are defective for this proteasome-dependent
pathway show elevated levels of p53 (9). The role of ubiquitin-
mediated degradation is most clearly seen following the inter-
action of p53 with the E6 protein encoded by the human
papillomaviruses (HPV) associated with cervical malignancies.
E6, in association with the cell protein E6-AP, can function as
a ubiquitin ligase (54) which targets p53 for degradation (56).
Cells expressing E6 fail to stabilize p53 in response to DNA
damage and cannot activate the normal p53-dependent re-
sponses (36). Whether E6 enhances the normal mechanism of
p53 degradation or whether a different proteolytic pathway is
utilized is not clear, although a cellular homolog for the func-
tion of E6 has not been described. Mutant p53 proteins ex-
pressed in tumor cells are frequently found at very high levels
due to increased stability (68) which appears to result from an
alteration in cellular environment rather than resistance to
normal degradation by the mutant p53 protein (62). Indeed,
several p5S3 mutants which show enhanced stability in tumor
cells are targeted for degradation by E6 as efficiently as the
wild-type protein (13, 55).

The nonlysosomal calcium-activated neutral protease, or
calpain (EC 3.4.22.17), is present in almost all cells, and at least
two isoforms of the enzyme, - and m-calpain, which differ
mainly in the calcium concentration needed for their activation
in vitro, exist. Calpain belongs to the family of cysteine pro-
teases and consists of an 80-kDa catalytic subunit and a smaller
30-kDa subunit which is identical in all isoforms. Both subunits
can bind calcium, but in addition calpain activity can also be
regulated by autoproteolysis and the inhibitor protein calpasta-
tin (23), suggesting that, like the proteasome, calpains are part
of a regulatory proteolytic system. The exact function of cal-
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pain is still obscure, but a role of calpains in platelet aggrega-
tion, neuronal long-term potentiation, neutrophil activation
(reviewed in reference 10), oocyte maturation (64), and apo-
ptosis (53, 58, 70) has been suggested, and it has been shown
that calpain can cleave talin, filamin, fodrin, protein kinase C
(10), c-mos (64), and several transcription factors, such as c-jun
and c-fos (30, 65).

In this study we demonstrate proteolytic cleavage of p53 by
an activity in cell lysates which we identified as calpain. The
preferential site for cleavage is at the N terminus of the p53
protein, and inhibition of calpain cleavage correlated with en-
hanced stability of the p53 protein.

MATERIALS AND METHODS

Cell culture. MCF-7 (breast carcinoma, p53 wild type), C33a (HPV-negative
cervical carcinoma, mutant p53), RKO (colon cancer, p53 wild type), and RKO/
16E6 cells were maintained in Dulbecco modified Eagle medium-10% fetal calf
serum.

Plasmids and in vitro translation. Plasmid pProSp53 encoding human wild-
type p53 (47); plasmids encoding mutant p53 protein, pGEM3Z 232Thr,
pGEM3Z 245Val (13), pPGEM4Z Al (45), and pRC/CMYV 22Gln/23Ser (39); and
pGEM HPV16 E6 encoding HPV type (HPV16) E6 protein (12) have been
described previously. Plasmids encoding mutants p53 15Ala, p53 15Asp, p53
A28-40, and p53 A41-49 were constructed by site-directed mutagenesis and
subcloned into pGEM4Z (44). In vitro translation of human p53 proteins and
HPV16 E6 proteins in the presence of [**S]methionine was performed in rabbit
reticulocyte lysate or wheat germ extract as described elsewhere (45).

Inhibitors and purified calpain. Leupeptin, E64, calpain inhibitor I, adeno-
sine-5'-0-C3-thiotriphosphate (ATPyS), and adenylyl-imidodiphosphate (AMP-
PNP) were purchased from Boehringer (Indianapolis, Ind.). Calpastatin peptide
and phenylmethylsulfonyl fluoride (PMSF) were from Sigma (St. Louis, Mo.),
and the inhibitor of interleukin 1B-converting enzyme (ICE)-like proteases
YVAD-cmk was from Bachem Bioscience (King of Prussia, Pa.). The purified
80-kDa subunit of rabbit m-calpain was obtained from Sigma.

Monoclonal antibodies. Monoclonal antibodies DO-1 (Ab-6), PAb421 (Ab-1),
PADb1620 (Ab-5), PAb1801 (Ab-2), and PAb240 (Ab-3) against p53 and anti-c-
jun (Ab-1) were purchased from Oncogene Science (Cambridge, Mass.). Mono-
clonal antibody against the retinoblastoma gene product (Rb) (clone G3-245)
was from Pharmingen (San Diego, Calif.). The anti-Raf-1 antibody was kindly
provided by D. Morrison (National Cancer Institute, Frederick, Md.).

Cell lysate, nuclear extract, and cytoplasmic fraction. Cell lysates were pre-
pared freshly in ice cold Nonidet P-40 buffer (50 mM Tris-HCI [pH 7.5], 150 mM
NacCl, 0.1% Nonidet P-40, 1 mM dithiothreitol, 1 mM PMSF) and rotated for 30
min at 4°C. Cell debris was pelleted by centrifugation (15 min, 13,000 X g, 4°C),
and the supernatant was used in the p53 cleavage assay.

Nuclear extract and cytoplasmic fraction from MCF-7 cells were prepared as
previously described (16, 57). To verify the purity of the preparation, aliquots of
nuclear extract and cytoplasmic fraction were separated by sodium dodecyl
sulfate-12% polyacrylamide gel electrophoresis (SDS-PAGE) and transferred
onto a nitrocellulose membrane. The membrane was first probed with a mono-
clonal antibody against Rb as a nuclear marker protein, stripped, and then
reprobed with a monoclonal antibody against Raf-1 as a cytoplasmic marker
protein.

Cleavage assay. Either in vitro-translated 3°S-labelled protein (5 ul) or C33a
cell lysate (5 pl) was mixed on ice with cleavage buffer (25 mM Tris-HCI [pH 7.5],
100 mM NaCl, 3 mM dithiothreitol), and, if required, protease inhibitors or
antibodies were added. In cleavage experiments including antibodies (1 ng/50
wl), this mixture was preincubated on ice for 30 min. Following addition of 10 pl
of MCF-7 cell lysate or the amount of nuclear extract or cytoplasmic fraction
indicated in the figure legends and incubation at room temperature, aliquots
were taken at the time points indicated in the figures and subjected to SDS-15%
PAGE. Either the gels were dried and evaluated by autoradiography or proteins
were transferred onto nitrocellulose membranes by Western blotting and the
membranes were probed with anti-p53 antibodies DO-1 and PAb1801. p53
protein was visualized by enhanced chemiluminescence (Amersham, Arlington
Heights, I1L.).

Cleavage assays using purified m-calpain (4 U/ml) were carried out in phos-
phate-buffered saline supplemented with 1 mM CaCl, at room temperature as
described in reference 7. HPV16 E6 protein-mediated in vitro degradation of
p53 was performed in the presence of rabbit reticulocyte lysate as previously
described (12).

Measurement of p53 half-life. Logarithmically growing cells were preincu-
bated for 1 h in the presence or absence of calpain inhibitor I (16 wM). Incu-
bation with medium lacking methionine and cysteine for 30 min was followed by
a 1-h pulse using medium containing 100 p.Ci of 3*S-labelled methionine and
35S-labelled cysteine (ProMix; Amersham). Cells were washed in phosphate-
buffered saline and incubated in medium containing an excess of cold methionine
and cysteine for the times indicated in the figures. Cells which were preincubated
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FIG. 1. Cleavage of p53 by MCF-7 lysate. Radioactively labelled in vitro-
translated p53 protein was incubated at room temperature with lysates of MCF-7
and C33a cells. Aliquots were taken at the indicated time points, subjected to
SDS-PAGE, and evaluated by autoradiography. Sizes are given on the left in
kilodaltons.

with calpain inhibitor I were continuously treated with the inhibitor. p53 protein
was immunoprecipitated from cell lysates with PAb 421 as previously described
(46), separated by SDS-PAGE, and detected by autoradiography.

Immunofluorescence. MCF-7 cells were treated for 16 h with actinomycin D or
3 h with 16 uM calpain inhibitor I or were left untreated, and immunofluores-
cence staining was performed as described previously (41) using monoclonal
antibody DO-1. DNA was labelled by incubation with 4,6-diamidino-2-phenylin-
dole (DAPI).

RESULTS

Calpain cleaves p53. Previous in vitro studies which have
shown efficient ubiquitin-dependent degradation of p53 in rab-
bit reticulocyte lysate in the presence of HPV E6 have also
demonstrated the relative stability of pS3 under the same assay
conditions in the absence of the E6 protein (12, 56), suggesting
that at least one of the components normally regulating p53
proteolysis is missing. In an attempt to reconstitute pS3 deg-
radation in vitro, we supplemented p53 protein translated in
rabbit reticulocyte lysate with extracts made from MCF-7 cells,
a cell line which expresses wild-type p53 which can be stabi-
lized following DNA damage (29). Although we were unable to
detect a component in the cell lysate which could substitute for
E6 in mediating ubiquitin-dependent proteolysis of the p53
protein, we were able to detect cleavage of the full-length p53
resulting in the generation of a smaller protein of 46 kDa (Fig.
1). This cleavage activity was not detected in C33a cells, a cell
line expressing high levels of mutant p53 (66).

Several protease inhibitors were examined to determine the
identity of the proteolytic activity in MCF-7 cells. No evidence
of ubiquitinated p53 was found, and we were able to confirm
that the proteolysis observed was not related to proteasome-
associated degradation by demonstrating independence of
ATP. Incubation with two ATP inhibitors, AMP-PNP and
ATP~S (Fig. 2A), or preincubation with apyrase (data not
shown) failed to inhibit the cleavage of p53 to generate the
46-kDa product. The cleavage was inhibited, however, by
EDTA (Fig. 2A), and closer analysis confirmed that the cleav-
age was calcium dependent. Inhibition of the p53 cleavage by
EGTA was clearly relieved by the addition of excess CaCl, but
unaffected by MgCl, (Fig. 2B). A candidate ATP-independent,
calcium-dependent protease is calpain, and this was tested
directly by examining inhibition of the p53 cleavage activity by
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FIG. 2. (A) Effects of EDTA (2 mM), ATPyS (4 mM), and AMP-PNP (4 mM) on cleavage of p53 by lysate of MCF-7 cells. (B) Calcium (20 mM), but not
magnesium (200 mM), can overcome EGTA-mediated inhibition of p53 cleavage by lysate of MCF-7 cells. (C) Effects of various protease inhibitors on cleavage of p53
by lysate of MCF-7 cells. Abbreviations: CI I, calpain inhibitor I (45 wM); CS, calpastatin peptide (30 pg/ml); YVAD, YVAD-cmk (100 pM). Other inhibitors: PMSF,
2 mM; E-64, 50 uM; leupeptin, 10 pM. (D) Purified calpain cleaves in vitro-translated p53 in vitro (CS, calpastatin peptide, 100 wg/ml). Radioactively labelled in
vitro-translated p53 protein was incubated at room temperature with lysate of MCF-7 cells or purified calpain (4 U/ml) in the presence or absence (—) of the indicated
amount of inhibitor and/or salt. Aliquots were taken at the indicated time points, subjected to SDS-PAGE, and evaluated by autoradiography. The positions of
full-length p53 and the cleavage product (*) are indicated. Sizes are given on the left in kilodaltons.

calpain inhibitors (Fig. 2C). Although the cleavage was unaf-
fected by the addition of PMSF (an inhibitor of serine pro-
tease) or YVAD-cmk (a specific inhibitor of ICE-like pro-
teases), loss of cleavage activity following the addition of an
inhibitor of cysteine proteases (E-64) and more specific inhib-
itors of calpain (leupeptin, calpain inhibitor I, and calpastatin
peptide) confirmed the identity of the protease in the MCF-7
cell extract as calpain. Interestingly, although calpain is ex-
pressed in most cells, we were frequently unable to detect the
cleavage activity when testing lysates from different cell types
(e.g., C33a [Fig. 1]). This did not correlate with p53 levels and
is probably due to activity of the endogenous calpain inhibitor,
calpastatin, during the preparation of the lysates. Purified rab-
bit calpain was used in place of the MCF-7 cell lysate and a
similar cleavage of p53 was seen (Fig. 2D), although prolonged
incubation resulted in further degradation of the primary 46-

kDa cleavage product, an activity which was also sometimes
seen following prolonged incubation with MCF-7 cell lysate
(see Fig. 3C).

Calpain preferentially cleaves in the N terminus of p53.
Cleavage of the p53 protein by calpain to a distinct 46-kDa
form suggested the presence of a single preferential cleavage
site. In vitro translation of p53 frequently gives rise to two
translation products, the full-length protein and a smaller pro-
tein of about 42 kDa which is likely to be the product of
internal initiation. Since this smaller translation product ap-
peared to be resistant to cleavage in this assay (Fig. 1), we
investigated the possibility that a preferred cleavage site for
calpain resides within the N terminus of p53. Analysis of a
series of p53 mutants showed that point mutants within the
DNA binding domain of the protein (232Thr and 245Val),
such as those commonly found in human tumors, did not affect
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FIG. 3. Analysis of different p53 point (A) and deletion (B) mutants in cleavage assay using lysate of MCF-7 cells (wt, wild type). (C) Effects of different anti-p53
antibodies on cleavage of p53 by MCF-7 cell lysate. In vitro-translated p53 protein was preincubated on ice with monoclonal antibodies (20 wg/ml), mixed with lysate
of MCF-7 cells, and further incubated at room temperature. (D) Western blot analysis for p53 protein in C33a lysate after incubation with lysate from MCF-7 cells.
Lysate of C33a cells containing a high level of mutant p53 was incubated at room temperature in the presence or absence (—) of MCF-7 cell lysate. Aliquots taken
at different time points were probed for p53 protein by using monoclonal antibodies (mAb) DO-1 and PAb1801. The positions of full-length p53 and the cleavage

product (*) are indicated. Sizes are given on the left in kilodaltons.

the sensitivity to calpain cleavage (Fig. 3A). The mutant pro-
tein expressed in C33a cells (273Cys) also retained sensitivity
to calpain cleavage (Fig. 3D). Mutations altering a phosphor-
ylated serine at amino acid 15, a potential target for double-
stranded-DNA-dependent protein kinase, to either alanine or
aspartic acid (15Ala and 15Asp) also failed to affect cleavage.
However, a p53 protein carrying a double point mutation
within the transactivation domain (22Gln/23Ser) showed some
resistance to the cleavage. Further analysis of p53 deletion
mutants showed that loss of amino acids 13 to 19 (A13-19),
encompassing conserved region I, rendered the p53 protein
completely resistant to calpain cleavage (Fig. 3B), suggesting
that the cleavage or recognition site for the protease must lie
within this region of p53. Deletion of residues 28 to 40 or 41 to
49 (A28-40 and A41-49) did not affect calpain cleavage.

In order to confirm that the calpain cleavage site was local-
ized to this region of the p53 protein, the effect of preincubat-
ing the p53 protein with various monoclonal antibodies was
examined (Fig. 3C). The epitope recognized by the anti-p53
monoclonal antibody DO-1 has been identified as p53 residues
20 to 25 (59), and previous studies have shown that the pS3AI
mutant is very inefficiently recognized by this antibody (45).
Several other antibodies with epitopes distant from the pro-
posed cleavage site were also used, including PAb1801 (recog-
nizing an epitope encompassing residues 46 to 55), PAb240
(recognizing an epitope encompassing residues 211 to 220),
PAD421 (recognizing an epitope encompassing residues 371 to
380), and PAb1620 (recognizing a nonlinear, conformational
epitope) (38). Binding of an antibody at the DO-1 epitope
efficiently blocked the calpain-dependent cleavage of p53, al-
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FIG. 4. N-terminal partial amino acid sequence of human p53 protein. Un-
derlined amino acid residues (13 to 19) represent the conserved box I. Marked
are the epitopes of antibodies DO-1, BP53-19, and PAb1801; the mdm2 binding
site; the transactivation domain; and the deletion mutants used in this study.

though this was unaffected by any of the other p53-specific
antibodies or a control antibody which recognizes c-jun (Fig.
30).

The extent of the N-terminal cleavage was then analyzed by
examining the reactivity of the 46-kDa cleavage product with
p53-specific monoclonal antibodies. Full-length p53 is recog-
nized by both DO-1 (epitope 20-25) and PAb1801 (epitope
46-55) (Fig. 3D). Although there is some cross-reactivity be-
tween PAb1801 and a nonspecific band at around 46 kDa, it is
clear that while the appearance of the 46-kDa cleavage product
can be detected by PAb1801, only loss of the full-length protein
following the calpain cleavage reaction can be detected with
DO-1. The inability of DO-1 to interact with the cleavage
product is mirrored by a similar lack of reactivity between the
cleavage product and the p53 antibody BP53-19 (4), which
recognizes a smaller epitope encompassing residues 21 to 23
(59) (data not shown). In summary (Fig. 4), it seems likely that
deletion of conserved region I (residues 13 to 19) interferes
with calpain recognition and that the cleavage position occurs
within the DO-1 epitope (residues 20 to 25). Normal cleavage

A

Cytoplasmic Nuclear

Fraction Extract

[ 11 1
(ng) 27.5 2.75 27.5

I T al 1
(hry 0 15 3 0 153 0 15 3
95—
66—
46— - - -
30—

MoL. CELL. BIOL.

of the deletion mutant A28-40 delineates the C-terminal
boundary of this site.

Biological relevance of calpain cleavage. Calpain has been
localized to the cytoplasm (10) and nucleus of cells (24, 49),
and since p53 is predominantly a nuclear protein, we analyzed
nuclear and cytoplasmic fractions from MCF-7 cells for p53
cleavage activity (Fig. 5). The purity of each fraction was as-
sessed by detection of a known cytoplasmic protein (Raf-1)
and a known nuclear protein (Rb) (Fig. 5B). These analyses
revealed a slight nuclear contamination in the cytoplasmic frac-
tion but suggested that the nuclear extract was essentially free
from cytoplasmic contamination. Analysis of the cleavage ac-
tivity in these extracts showed that active calpain could be
detected in both cytoplasmic and nuclear extracts, indicating
that both p53 and the protease are present in the same cellular
compartment (Fig. 5A).

Although clearly evident in the in vitro assays, we were
unable to detect the 46-kDa p53 cleavage product in lysates
from MCF-7 and RKO cells, suggesting either that this pro-
teolytic cleavage does not occur in vivo or that the cleavage
product is unstable in cells. To test this directly, we examined
the p53 levels in MCF-7 cells following incubation with calpain
inhibitor I (Fig. 6). Compared to levels in untreated cells (Fig.
6A and B), most of the cells showed elevated p53 levels fol-
lowing treatment with calpain inhibitor I (Fig. 6E and F) sim-
ilar to those seen following DNA damage induced by actino-
mycin D (Fig. 6C and D). Increased p53 levels were also seen
in these cells following treatment with calpain inhibitor II,
although higher concentrations of this inhibitor (100 to 200
wM) were necessary (data not shown). Since calpain inhibitor
I is also a weak inhibitor of ubiquitin-dependent degradation
(19, 51), we sought to distinguish between interference with
ubiquitin-dependent and calpain-dependent proteolysis by ex-
amining the effect of calpain inhibitor I on the ubiquitin-de-
pendent degradation of p53 by E6, a reaction which is clearly
calpain independent. RKO cells, which express wild-type p53,
and RKO cells expressing HPV16 E6 (36) were examined
following treatment with calpain inhibitor I (Fig. 7A), and
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FIG. 5. Proteolytic activity that cleaves p53 protein can be found in nuclear extract and cytoplasmic fraction of MCF-7 cells. In vitro-translated p53 protein was
incubated with the indicated amounts of nuclear extract and cytoplasmic fraction, and aliquots were subjected to SDS-PAGE and evaluated by autoradiography. (B)
Western blot analysis of nuclear extract (N) and cytoplasmic fraction (C) prepared from MCF-7 cells. Samples were probed with antibodies against nuclear Rb protein

and cytoplasmic Raf-1 protein. Sizes are given on the left in kilodaltons.
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while the p53 levels rose rapidly in RKO cells, barely any
stabilization of p53 in the E6-expressing cells could be de-
tected. This is in contrast to the results obtained with efficient
proteasome inhibitors, where stabilization of p53 can be clearly
detected in both E6-expressing and -nonexpressing cells (42).
Degradation of p53 by E6 in vitro is inhibited by ATP+S, which
inhibits degradation of ubiquitinated p53 through the protea-
somes and results in the accumulation of polyubiquitinated p53
(Fig. 7B). Calpain inhibitor I had no effect on E6-mediated
degradation of p53 in these in vitro assays (Fig. 7B), however,
and no accumulation of ubiquitinated p53 was seen even at
inhibitor concentrations more than 10-fold higher than those
used to stabilize p53 in MCF-7 and RKO cells. Calpain inhib-
itor I was also shown to have no effect in the in vitro assay
under conditions of reduced reticulocyte lysate (which pro-
vides the components for ubiquitin-dependent degradation)
such that E6-dependent degradation was only weakly evident
(data not shown). Taken together, these results indicate that
the elevation of p53 levels in cells after treatment with calpain
inhibitor I is by virtue of an inhibition of calpain rather than a
direct inhibition of the ubiquitin-dependent proteolytic path-
way. To verify that inhibition of calpain results in the stabili-
zation of the p53 protein, we carried out pulse-chase experi-
ments with untreated and calpain inhibitor I-treated RKO
(Fig. 7C) and MCF-7 (Fig. 7D) cells. Calpain inhibitor I treat-

FIG. 6. Levels of p53 protein in untreated (A and B), actinomycin D-treated (C and D), and calpain inhibitor I-treated (E and F) MCF-7 cells. Cells were treated

for 16 h with actinomycin D (5 nM) or 3 h with calpain inhibitor I (16 uM) as indicated, fixed, and probed for p53 protein with antibody DO-1 and fluorescein
isothiocyanate-conjugated secondary antibody (B, D, and F). (A, C, and E) DNA was stained with DAPIL.
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ment clearly led to an increase of p53 half-life in both cell
types.

DISCUSSION

Several mechanisms by which p53 activity may be regulated
in cells, including modulation of conformation, phosphoryla-
tion, and protein stability, have been described. In this study
we show that the p53 protein can be cleaved by calpain in vitro
to generate an N-terminally truncated protein. Such a cleaved
protein would retain many of the major functional regions of
p53, including the oligomerization domain and the sequence-
specific DNA binding domain, and could be predicted to retain
some functions of the wild-type protein or show activity in the
negative regulation the full-length protein. We have, however,
been unable to clearly identify the cleavage product in cells,
making it more difficult to assess the importance of the calpain
cleavage in vivo. A p53 mutant which is resistant to calpain
cleavage in vitro (p5S3AI) has been shown previously to be more
stable when expressed in cells (37, 45), indicating a possible
role for the cleavage in the regulation of p53 stability. In
support of this suggestion, treatment of cells with calpain in-
hibitor I was shown to induce a rapid accumulation of p53
protein as a result of enhanced protein stability. This stabili-
zation of p53 is not seen in E6-expressing cells, indicating that
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FIG. 7. (A) Western blot analysis of RKO and RKO/EG6 cells after treatment with calpain inhibitor I (CI I). Cells were treated with calpain inhibitor I (16 uM) for
the indicated times, and cell lysates were subjected to Western blot analysis using antibody PAb1801. (B) Effects of calpain inhibitor I and ATPyS on E6-mediated
degradation of p53. In vitro-translated p53 was incubated with in vitro-translated E6 protein at room temperature in the presence of rabbit reticulocyte lysate and the
indicated amount of calpain inhibitor I or ATPyS (2 mM). The position of the polyubiquitinated p53 (Ub-p53) is indicated. (C and D) Effect of calpain inhibitor I on
the half-life of p53 in RKO (C) and MCF-7 (D) cells. Cells were preincubated with calpain inhibitor I (16 wM) for 1 h or left untreated (—). After 30 min of incubation
in medium lacking methionine and cysteine, cells were labelled with medium containing 100 w.Ci of 3>S-labelled methionine and cysteine and then chased for different
periods of time in medium supplemented with excess amounts of cold methionine and cysteine. p53 was immunoprecipitated with monoclonal antibody PAb421. Sizes

are given on the left in kilodaltons.

at the concentration used the inhibitor is not significantly af-
fecting proteasome function, consistent with previous studies
showing that calpain inhibitor I is a much more potent inhib-
itor of calpain than of the proteasome (19, 51). Although
calpain inhibitor II was somewhat less efficient in the stabili-
zation of p53 in cells, requiring concentrations 5- to 10-fold
higher than those of calpain inhibitor I to see an effect, this
may reflect a difference in the relative efficiencies of these two
inhibitors in vivo. These results are in agreement with a recent
study analyzing the role of the proteasome in regulating p53
stability (42), where no stabilization of p53 was seen in cells

treated with lower concentrations of calpain inhibitor II. Dis-
section of proteolytic activity resulting from proteasome or
calpain function using inhibitors is complicated by the obser-
vation that in most cases both groups of proteases are affected,
although their relative sensitivities differ.

Our inability to detect the p53 cleavage product seen in vitro
in cells suggests that this smaller protein is not stable in vivo. It
is possible that calpain itself mediates the further degradation
of this protein, since we have noted that prolonged incubation
with calpain in vitro results in further degradation of the cleav-
age product. In this case calpain may represent an alternative
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pathway to the proteasome for the regulation of p53 stability.
Another intriguing possibility is that the N-terminal cleavage
of p53 by calpain is a prerequisite for recognition by the ubig-
uitin pathway and that mutant p53 proteins which are not
cleaved by calpain, like pS3AlI, are resistant to both proteolytic
pathways. Although factors governing recognition by the ubig-
uitin system are not well understood, there is evidence that
residues at the N terminus of proteins play a role (3, 61), and
it is possible that the new N terminus generated following
calpain cleavage represents a more appropriate target for ubiq-
uitin-dependent degradation than that found in the full-length
protein.

The suggestion that calpain-dependent cleavage of p53 is
necessary for subsequent ubiquitin-dependent degradation
raises the interesting possibility that p53 stability following
activation by DNA damage is regulated through calpain cleav-
age. Although we were unable to detect any reduction in the
p53 cleavage activity in MCF-7 lysates prepared from DNA-
damaged cells, in which the p53 can be shown to accumulate
(data not shown), it is possible that DNA damage-induced
modifications of the p53 protein inhibit recognition or cleavage
by calpain. The localization of the preferred calpain recogni-
tion and cleavage site to N-terminal residues presents the po-
tential for regulation of this activity by phosphorylation of
residues within this region (48). Although mutation of the
serine residue at amino acid position 15 failed to affect calpain
cleavage in vitro, it is possible that phosphorylation protects
the protein from cleavage and that the substitution of aspar-
tatic acid in this position cannot adequately mimic phosphor-
ylated serine. Interaction with other cell proteins may also
modulate the stability of p53. The mdm?2 protein, expression of
which is regulated at the transcriptional level by p53, binds
directly to the N terminus of the p53 protein and functions to
inhibit transcriptional activity and some of the apoptotic func-
tions of p53 (8, 26). The mdm2 binding site on p53 encom-
passes the region defined in this study as necessary for cleavage
by calpain, and the p53AI mutant, which shows resistance to
calpain cleavage, no longer interacts with mdm2. Recently, we
found that expression of mdm?2 leads to the degradation of
wild-type p53 in vivo, although it has no effect on the stability
of the AI mutant (27, 37). The mechanism by which this de-
stabilization of p53 is achieved by mdm?2 is not known, but it is
interesting to speculate that the N-terminal cleavage of p53 by
calpain is somehow involved in this process.
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