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Mdm2 has been shown to promote its own ubiquitina-
tion and the ubiquitination of the p53 tumour
suppressor by virtue of its E3 ubiquitin ligase activity.
This modi®cation targets Mdm2 and p53 for degrada-
tion by the proteasome. The p14ARF tumour suppres-
sor has been shown to inhibit degradation of p53
mediated by Mdm2. Several models have been
proposed to explain this e�ect of p14ARF. Here we
have compared the e�ects of p14ARF overexpression
on the in vivo ubiquitination of p53 and Mdm2. We
report that the inhibition of the Mdm2-mediated
degradation of p53 by p14ARF is associated with a
decrease in the proportion of ubiquitinated p53. The
levels of polyubiquitinated p53 decreased preferentially
compared to monoubiquitinated species. p14ARF over-
expression increased the levels of Mdm2 but it did not
reduce the overall levels of ubiquitinated Mdm2 in vivo.
This is unexpected because p14ARF has been reported
to inhibit the ubiquitination of Mdm2 in vitro. In
addition we show that like p14ARF, the proteasome
inhibitor MG132 can promote the accumulation of
Mdm2 in the nucleolus and that this can occur in the
absence of p14ARF expression. We also show that the
mutation of the nucleolar localization signal of Mdm2
does not impair the overall ubiquitination of Mdm2 but
is necessary for the e�ective polyubiquitination of p53.
These studies reveal important di�erences in the
regulation of the stability of p53 and of Mdm2.
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Introduction

Degradation of proteins through the ubiquitin system
involves conjugation of multiple ubiquitin molecules
to the target protein and degradation of the
ubiquitinated substrate by the 26S proteasome.
Ubiquitin conjugation is mediated by the sequential
action of three enzymes, namely E1 (ubiquitin-

activating enzyme), E2 (ubiquitin-conjugating enzyme)
and E3 (ubiquitin-protein ligase). E3s are the proteins
that bind to target substrates, either directly or
indirectly via an adapter molecule, and facilitate
transfer of ubiquitin to the substrate. E3s have a
limited range of substrates and provide the speci®city
to the system. The conjugation of many ubiquitin
molecules to the substrate, in the form of a polymeric
chain targets proteins for destruction (Ciechanover,
1998). Tetra-ubiquitin was demonstrated to be the
minimum signal for e�cient proteasomal degradation
(Thrower et al., 1999).

In normal non-stressed cells the level of wild-type
p53 is maintained at a low level due to its very short
half-life (5 ± 20 min) (Midgley et al., 1995; Maltzman
and Czyzyk, 1984). In response to di�erent stress
stimuli, including DNA damage and oncogenic signals
p53 protein is stabilized and its levels are increased.
This results in the induction of p53 transcriptional
activity and consequent expression of genes whose
products cause cell cycle arrest or induction of
apoptosis (Oren, 1999; Levine, 1997; Ko and Prives,
1996). The Mdm2 oncoprotein has been shown to play
a major role in the regulation of p53's stability.
Interaction of p53 with Mdm2 results in a dramatic
reduction of the p53 levels in vivo (Haupt et al., 1997;
Kubbutat et al., 1997; Bottger et al., 1997). This e�ect
was shown to be due to the ability of Mdm2 to
function as an E3 ubiquitin ligase for p53 (Honda et
al., 1997; Honda and Yasuda, 2000; Fang et al., 2000).
On the other hand, Mdm2 expression is induced by
p53's transcriptional activity. In this way, p53 regulates
its own stability by a negative feedback loop (Lane and
Hall, 1997).

The INK4a/p14ARF locus encodes two proteins,
designated p16INK4a and p14ARF, by using alter-
native reading frames. p14ARF was shown to directly
interact with Mdm2 and to prevent p53 degradation.
This results in the accumulation of p53 and the
induction of p53 dependent cell cycle arrest and/or
apoptosis (Pomerantz et al., 1998; Zhang et al., 1998).
Further studies demonstrated that p14ARF is induced
by overexpression of E2F and oncogenes such as E1A,
Myc and Ras (reviewed in Vousden, 2000). This
ability of p14ARF expression to respond to oncogenic
signals and to induce p53 function is thought to be
important in the role of p14ARF as a tumour
suppressor.
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A number of mechanisms have been reported to be
involved in p14ARF-mediated inhibition of the
Mdm2-dependent degradation of p53. In vitro bio-
chemical studies indicate that p14ARF inhibits the
ubiquitin ligase activity of Mdm2 (Honda and
Yasuda, 1999; Midgley et al., 2000). In addition,
p14ARF has been reported to sequester the p53-
Mdm2 complex in discrete subnuclear compartments
and to inhibit the nuclear export of the complex, a
step thought to be essential for p53 degradation
(Zhang and Xiong, 1999). According to Tao and
Levine (1999) this export step could occur via the
nucleolus. Since the ubiquitination of p53 has been
described to be necessary to promote the export of
p53 from the nucleus to the cytoplasm (Boyd et al.,
2000; Geyer et al., 2000), inhibition of the ubiquitina-
tion of p53 by p14ARF could inhibit the export of
p53 from the nucleus to the cytoplasm. In another
study, p14ARF was proposed to sequester Mdm2 in
the nucleolus, preventing the interaction of p53 with
Mdm2 and allowing the accumulation of p53 in the
nucleoplasm (Weber et al., 1999).

Although the inhibitory e�ect of p14ARF on the
ubiquitination of Mdm2 and on the Mdm2-dependent
ubiquitination of p53 has been shown in vitro, the
e�ect of p14ARF on the levels of the ubiquitin-
conjugates of these proteins in cells has not been
reported. Using a quantitative in vivo ubiquitination
assay, here we show that the inhibition of Mdm2-
mediated degradation of p53 by p14ARF is asso-
ciated with a decrease in the levels of polyubiquiti-
nated p53. Whether p14ARF increases the levels of
Mdm2 has been a matter of controversy. Ectopically
expressed p14ARF was shown to decrease the levels
and half life of exogenous hMdm2 in HeLa cells
(Zhang et al., 1998). In another report, p14ARF
overexpression was shown to increase the levels of
hMdm2 in U20S cells, which express endogenous
wild-type p53 (Stott et al., 1998). Here we show that
p14ARF overexpression, like proteasome inhibitors
(An et al., 1998), increases the levels of the Mdm2
protein in the absence of p53. Interestingly, this
increase in the levels of Mdm2 by p14ARF occurs
without an e�ect on the levels of ubiquitinated
Mdm2. This is in striking contrast to the inhibitory
e�ect of p14ARF on Mdm2's ubiquitination in vitro.
The proteasome inhibitor MG132 and p14ARF are
also similar in their ability to induce the localization
of Mdm2 in the nucleolus. We also analyse whether
the nucleolar localization of Mdm2 is necessary for
the ubiquitination or degradation of Mdm2 and for
the conjugation of p53 to ubiquitin.

Results

A quantitative in vivo assay for Mdm2-mediated
ubiquitination of p53

In order to study Mdm2-mediated ubiquitination of
p53 in vivo we developed a p53 ubiquitination assay

based on the protocol originally described by Treier et
al. (1994). We chose to use the H1299 lung carcinoma
cell line for the following reasons. First, it is very
e�ciently transfected, which permits easy detection of
proteins linked to ubiquitin. Second, it is de®cient for
p53 expression (Wang et al., 1998) and therefore, the
levels of endogenous hMdm2 are low. H1299 cells were
transfected with constructs expressing wild-type human
p53, murine Mdm2 and a His6-tagged version of
ubiquitin. Thirty-six hours post transfection cells were
lysed in 6 M guanidinium-HCl containing bu�er and
His6-ubiquitinated proteins were puri®ed using Ni2+-
agarose beads as described in Materials and methods.
Denaturing conditions were used in order to prevent
deubiquitination of protein ± ubiquitin conjugates as
well as any non-covalent protein ± protein interactions.

a

b

Figure 1 An in vivo assay for Mdm2-dependent ubiquitination
of p53. (a) H1299 cells were transfected with 1 mg of p53
expression plasmid and 2 mg of Mdm2 expression plasmid with or
without 2 mg of plasmid expressing His-tagged Ubiquitin or HA-
tagged ubiquitin. Ubiquitinated products were separated and
analysed with the DO1 antibody against p53. (b) Cells were
transfected with 1 mg of p53 expression vector, 2 mg of plasmid
expressing His-tagged Ubiquitin expression plasmid and 2 mg of
Mdm2 expression plasmid or 2 mg of Mdm2C462 expression
plasmid. Ubiquitinated p53 was analysed as above. Total p53
levels are shown in the lower panel
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Eluates were then separated by SDS ±PAGE, trans-
ferred to a nitrocellulose ®lter and ubiquitinated p53
was detected by probing the membrane with the highly
speci®c DO-1 anti-p53 antibody. Figure 1a (lane 1)
shows a ladder of ubiquitinated p53 forms obtained
using this procedure. This was not detected when p53
expression was omitted (lane 2) or when His6-tagged
ubiquitin expression was omitted (lane 4) or replaced
with haemagglutinin-tagged ubiquitin expression (lane
5), demonstrating the speci®city of the assay. A low
level of ubiquitination of p53 was observed when
Mdm2 overexpression was omitted (lane 3). This could
be due to the endogenous hMdm2 present in the
H1299 cell line or to an Mdm2-independent ubiquiti-
nating activity. The cysteine residue at position 464 of
the human Mdm2 has been shown to be essential for
the in vitro ubiquitination and the degradation of p53
(Honda et al., 1997; Fang et al., 2000). Accordingly,
the corresponding mutant form of the murine Mdm2
(Mdm2C462A) was not able to promote the ubiquiti-
nation and degradation of p53 in our in vivo assay
(Figure 1b) even though this mutant is well expressed,
as shown in Figure 3d.

Effect of p14ARF overexpression and the proteasome
inhibitor MG132 on the levels of ubiquitinated p53 in vivo

It has been shown that p14ARF overexpression rescues
p53 from degradation by Mdm2 (see Introduction).
However, the exact mechanism by which p14ARF
performs this function in vivo is not yet clear. Having
established an in vivo p53 ubiquitination assay, we
investigated the e�ect of p14ARF overexpression on
Mdm2-mediated ubiquitination and degradation of p53
in vivo and compared it to the e�ects of the proteasome
inhibitor MG132. H1299 cells were transfected with
constant amounts of constructs coding for wild-type
human p53, murine Mdm2, His6-ubiquitin and increas-
ing amounts of p14ARF. Thirty-six hours post-
transfection cells were harvested. An aliquot was lysed
in NP40 bu�er and used for direct Western blot
analysis in order to monitor the total amount of p53 in
the cells (see Materials and methods). The remainder of
the cells was used for the His6-ubiquitin-Ni2+-agarose
puri®cation assay. In this way we could compare the
e�ects of p14ARF overexpression and MG132 on the
levels of ubiquitinated p53 to their e�ects on the levels
of total p53.

Co-transfection of p53 and Mdm2 resulted in an
increase in the amount of ubiquitinated p53 (Figure 2a,
lane 2) and the reduction of the total p53 protein levels
(Figure 2a, compare lanes 1 and 2). Treatment of cells
with the proteasome inhibitor MG132 for 3 h
protected p53 from Mdm2-mediated degradation
(Figure 2a, compare lanes 2 and 3). This increase in
p53 protein levels was accompanied by an accumula-
tion of ubiquitinated p53 without changing the
ubiquitination pro®le (Figure 2a, compare lanes 2
and 3).

To obtain a more quantitative picture of the ratio of
ubiquitinated to total p53 protein we developed a

b

a

Figure 2 p14ARF overexpression decreases the proportion of
ubiquitinated p53. (a) H1299 cells were transfected with 1 mg of
p53, 2 mg of plasmid expressing His-tagged Ubiquitin and 2 mg of
Mdm2 expression plasmid. In lane 3, cells were treated with
30 mM MG132 for 3 h. In lanes 4 to 7, increasing amounts of the
p14ARF expression plasmid (0.5, 1, 2 or 5 mg) were also
transfected. Ubiquitinated p53 was analysed in the upper panel
as described above. Total p53 and Mdm2 were analysed in the
lower panels by direct Western blot. (b) Quanti®cation of the
proportion of ubiquitinated p53 in the experiment presented in
panel a by the ELISA based method described in Materials and
methods
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sensitive two-site ELISA. Ninety-six-well plates were
coated with DO1 anti-p53 monoclonal antibody to
capture p53 protein from total cell extracts or
ubiquitinated eluates. DO1-associated p53 protein was
then detected by anti-p53 rabbit polyclonal serum CM-
1 (see Materials and methods). As shown in Figure 2b,
co-expression of Mdm2 resulted in an increase in the
ratio of ubiquitin conjugated p53 to total p53. As
would be expected, blocking proteasomal activity not
only increased the levels of ubiquitinated p53 further
but also resulted in a dramatic rise in the ratio of
ubiquitinated p53 to total p53.

Increasing amounts of transfected p14ARF expres-
sion plasmid blocked Mdm2-mediated degradation of
p53 and restored p53 levels (Figure 2a, compare lane
2 with lanes 4 ± 7). This was associated with changes
in the ubiquitination pro®le of p53. Increasing
amounts of p14ARF preferentially decreased the
appearance of slow migrating, ubiquitinated forms of
p53 relative to the faster migrating forms (Figure 2a,
compare lane 2 with lanes 4 ± 7). The electrophoretic
mobility of the faster migrating conjugates suggests
that they probably correspond to mono- and di-
ubiquitinated forms of p53. At the highest dose of
p14ARF expression plasmid (Figure 2a, lane 7), the
levels of total p53 increased further and the pattern of
higher molecular weight ubiquitin-p53 conjugates was
di�erent from the pattern obtained in the absence of
p14ARF. At this high dose of p14ARF expression,
novel slow migrating forms appeared. Whether the
slow mobility forms correspond to p53 modi®ed by
polyubiquitin or to p53 modi®ed by monoubiquitin at
multiple sites (Rodriguez et al., 2000) needs to be
studied.

In all experiments, p14ARF overexpression de-
creased the ratio of ubiquitinated to total p53 (Figure
2b). This decrease in the ratio of ubiquitinated p53 to
total p53 occurred even at the higher dose of
p14ARF expression despite the slight increase in the
absolute levels of ubiquitinated p53 at this dose
(Figure 2b, upper panel) and the appearance of a
novel pattern of p53 ubiquitination described above
(Figure 2a). Therefore, from this set of experiments
we conclude that p14ARF overexpression attenuates
Mdm2-mediated ubiquitination of p53 in vivo and
preferentially decreases the levels of polyubiquitinated
p53.

In order to gain information about the mechanisms
by which p14ARF decreases the Mdm2-mediated
ubiquitination and degradation of p53 we analysed
their e�ect on the levels of Mdm2 protein. Full-length
Mdm2 levels in the same total cell extracts from the
experiment described above were analysed by Western
blot. MG132 increased the levels of exogenous Mdm2
as well as of endogenous hMdm2 (Figure 2a, lower
panel, compare lanes 2 and 3) indicating that Mdm2 is
targeted for degradation by the proteasome in this cell
system. Exogenous Mdm2 levels were only slightly
increased by overexpression of p14ARF (Figure 2a,
compare lane 2 with lanes 4 ± 7). Instead, as discussed
below and previously shown by Stott et al. (1998), the

levels of exogenous human Mdm2 were highly
increased by the overexpression of p14ARF (Figure
3a). The reason for this di�erence between the response
of the murine and the human Mdm2s to p14ARF
overexpression is unknown. Endogenous hMdm2 levels
were also increased when p14ARF was overexpressed
(Figure 2a, compare lane 2 with lanes 4 ± 7). This
increase in the levels of endogenous hMdm2 could be
due to the activation of p53-dependent transcription
induced by p14ARF.

When setting up this system we used the mouse
Mdm2 because the construct expressing the murine
protein is more potent than the human Mdm2
(hMdm2) expression vector in promoting the degra-
dation of p53. However, the human form also
induced the ubiquitination and degradation of p53
in our assay (Figure 5b, compare lanes 1 and 2) as
reported by others using di�erent cell systems (Fang
et al., 2000; Geyer et al., 2000). Furthermore,
p14ARF had the same e�ect as on the pattern of
p53 ubiquitination when the human Mdm2 was used
(not shown).

Analysis of the effects of p14ARF overexpression on
hMdm2 levels

The e�ect of p14ARF on the stability of Mdm2 has
been an area of controversy as described in the
Introduction section. To exclude the possible e�ects
of p53 expression on the levels of Mdm2 we analysed
the e�ect of p14ARF overexpression on Mdm2 levels
in a p53 negative background. In H1299 cells, which
lack endogenous p53, we found that p14ARF over-
expression, like MG132, very e�ciently increases the
levels of exogenous hMdm2 (Figure 3a, lower panel).
The same e�ect of p14ARF overexpression on hMdm2
levels was also observed when the cells were lysed
directly in SDS ±PAGE loading bu�er (not shown)
excluding the possibility of p14ARF-induced changes
of the solubility of hMdm2. This e�ect of p14ARF on
the levels of murine Mdm2 is weaker also in the
absence of p53 for unknown reasons as mentioned
before (Figure 3d). Overexpressed p14ARF did not
increase the levels of ectopically expressed green
¯uorescent protein (GFP) indicating that p14ARF
overexpression does not a�ect the transcription or
translation of ectopically expressed proteins signi®-
cantly (Figure 3b, left panel). Conversely, the over-
expression of GFP did not increase the levels of
hMdm2 (Figure 3b, right panel) indicating that protein
overexpression does not signi®cantly a�ect the levels of
hMdm2.

Therefore, we have established that p14ARF
overexpression increases the levels of ectopically
expressed hMdm2 protein and distinguished this
e�ect from a possible e�ect on endogenous hMdm2
expression due to activation of the transcriptional
activity of p53.

This ability of p14ARF overexpression to increase
the levels of exogenous hMdm2 in the absence of wild-
type p53 depended on the ability of p14ARF to bind to
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hMdm2 as demonstrated by using p14ARF deletion
mutants kindly provided by J Weber and C Sherr and
described in (Weber et al., 2000). The p14ARFd2-14
deletion mutant lacking the N-terminal region of
p14ARF did not signi®cantly increase hMdm2 levels
(Figure 3c, bottom panel). This mutant has been
previously reported to be de®cient for hMDM2
binding and for protecting p53 from Mdm2-mediated
degradation (Weber et al., 2000).

p14ARF overexpression does not reduce the levels of
ubiquitinated Mdm2 in vivo

Mdm2 has been reported to exert an auto-ubiquitination
activity in vitro (Honda and Yasuda, 1999; Midgley et
al., 2000). To investigate the ubiquitination of Mdm2 in
vivo, we followed the same approach as for the p53
ubiquitination assay. His6-ubiquitinated eluates and
total cell extracts were used for Western blot analysis

a

b

a c

d

Figure 3 E�ect of p14ARF overexpression on the levels and ubiquitination of hMdm2 in the absence of p53. (a) H1299 cells were
transfected with 5 mg of hMdm2 expression vector and with 2 mg of plasmid expressing His-tagged Ubiquitin, together with 5 mg of
control pcDNA3 vector or p14ARF expression plasmid. Where indicated, cells were treated with 30 mM MG132 for 3 h.
Ubiquitinated products were separated and analysed with the 4B2 antibody against Mdm2. Total hMdm2 was analysed by direct
Western blot in the lower panel. (b) H1299 cells were transfected with 5 mg of hMdm2, GFP or p14ARF expression plasmids.
HMdm2 and GFP were analysed by direct Western blot. (c) E�ect of p14ARF mutants on ectopically expressed hMdm2. H1299
cells were transfected with 5 mg of hMdm2 in the presence or absence of wild-type p14ARF or deletion mutant p14ARF (d2-14 and
d82-101) expression plasmids. Ubiquitinated and total hMdm2 were analysed as above. p14ARF and p14ARF mutant levels are
shown in the lower panel. (d) H1299 cells were transfected with 5 mg of murine wild-type Mdm2 or Mdm2 C462A expression vectors
and with 2 mg of plasmid expressing His-tagged Ubiquitin, together with either 5 mg of control pcDNA3 vector or p14ARF
expression plasmid. Ubiquitinated and total Mdm2 were analysed as above
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Figure 4 Proteasome inhibition induces the accumulation of hMdm2 in the nucleolus. (a) H1299 cells were transfected with a
plasmid expressing hMdm2, together with pcDNA3 control vector (a), together with a vector expressing p14ARF (b) or treated with
the proteasome inhibitor MG132 (30 mM for 3 h) (c) and analysed by indirect immuno¯uorescence using the 4B2 antibody against
hMdm2 and the rabbit polyclonal antibody against p14ARF. (b) U2OS cells, which are negative p14ARF expression, were left
untreated or treated with MG132 (30 mM for 3 h). Endogenous hMdm2 was detected by immuno¯uorescence as above. Nucleoli
were detected staining with an antibody against the nucleolar antigen Ki67. To avoid artefacts derived from cross reactivity of the
antibodies, control stainings using each antibody separately were also performed in all experiments (not shown). (c) P53 impairs the
nucleolar localization of Mdm2 induced by p14ARF overexpression and by MG132. U2OS cells were transfected with wild-type p53
expression plasmid and treated with MG132. Mdm2 and p53 were detected with 4B2 mouse monoclonal antibody and the CM1
rabbit serum, respectively
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using the 4B2 anti-(h)Mdm2 monoclonal antibody.
Figure 3a (top panel) and d show that ubiquitinated
human and murine Mdm2 can readily be detected with
this assay. As a control (Figure 3d), we used the Mdm2
C462A mutant which lacks the ability to ubiquitinate
p53 in vitro and in vivo (Figure 1b). As shown in Figure
3d, we did not detect signi®cant levels of this mutant
conjugated to ubiquitin. The same result was obtained
using the corresponding human Mdm2 C464A mutant
(not shown). The cysteine residue at position 462 of
Mdm2 is thus necessary for the ubiquitination of Mdm2
in our system. This result also suggests that under these
conditions Mdm2 is not signi®cantly ubiquitinated by
the low levels of endogenous hMdm2 in H1299 cells or
by another ubiquitination activity. However, we cannot
rule out that the cysteine residue at position 462 is
necessary for Mdm2 to be recognized as a substrate for
ubiquitination.

As reported previously and as described above,
Mdm2 levels are sensitive to proteasome inhibitors
both in the presence as well as in the absence of p53
(An et al., 1998). Here we show that the addition of
MG132 in the ubiquitination assay also increased the
levels of ubiquitinated hMdm2 (Figure 3a, top panel).
Although other forms of Mdm2 degradation cannot be
ruled out, these observations con®rm that hMdm2 is
constitutively ubiquitinated and degraded by the
proteasome in this cell system.

It has been previously suggested that p14ARF can
decrease the autoubiquitination activity of Mdm2 in
vitro (Honda and Yasuda, 1999; Midgley et al.,
2000). Therefore, one way in which p14ARF could
increase the levels of Mdm2 protein is by inhibiting
the ubiquitination of Mdm2. However, here we show
that p14ARF overexpression does not signi®cantly
decrease the levels of hMdm2 ubiquitination in vivo
under the conditions where (h)Mdm2-dependent
ubiquitination of p53 was a�ected by overexpression
of p14ARF. Co-expression of p14ARF clearly
increased the levels of the hMdm2 protein (Figure
3a, bottom panel) but this was accompanied by an
increase in the levels of ubiquitinated hMdm2 (Figure
3a, top panel). The same e�ect of p14ARF was
obtained when p53 was also overexpressed in this
assay (data not shown). A similar result was obtained
using the murine Mdm2 (Figure 3d). In this case,
p14ARF overexpression increased the levels of
ubiquitinated Mdm2 to a higher extent than it
increased the levels of total Mdm2. The analysis of
the hMdm2 ubiquitination patterns obtained in the
presence of overexpressed p14ARF deletion mutants
(Figure 3c, top panel) revealed a good correlation
between the ability of the di�erent p14ARF forms to
increase the levels of total hMdm2 and of ubiquiti-
nated hMdm2 and indicates that the accumulation of
the ubiquitinated forms of hMdm2 induced by
p14ARF depends on e�ciency of the binding of
p14ARF to hMdm2. While the p14ARF d2-14
deletion mutant is inactive in increasing the levels
of hMdm2 and the levels of ubiquitin-conjugated
hMdm2, the p14ARF d82-101 deletion mutant has an

intermediate e�ect on hMdm2 levels and ubiquitina-
tion.

Proteasome inhibition induces the localization of hMdm2
in the nucleolus like p14ARF

Since the proteasome inhibitor MG132 and p14ARF
overexpression had similar e�ects on the levels and
ubiquitination of Mdm2 we compared the e�ect of
these two agents on its subcellular localization. In
agreement with previously reported data (Weber et al.,
1999) we observed that p14ARF overexpression causes
the localization of exogenous human and mouse Mdm2
in the nucleolus of H1299 (Figure 4a) and U2OS cells
(data not shown). In the absence of p53, MG132
increased the levels of hMdm2 in H1299 cells (see
above) and also resulted in the appearance of hMdm2
in the nucleolus (Figure 4a). This localization was
con®rmed by immunostaining with two monoclonal
antibodies against hMdm2 (4B2 and 3G5). The same
result was obtained transfecting the murine Mdm2
expression plasmid (not shown). Since H1299 cells
contain endogenous p14ARF (Figure 4a) we tested the
e�ect of MG132 on the localization of hMdm2 in
U2OS cells which have been reported to be negative
for p14ARF expression (Stott et al., 1998). As shown
in Figure 4b, proteasome inhibition increased the levels
of endogenous hMdm2 in the nucleolus of the U20S
cells. In a control experiment we con®rmed that after
the incubation with MG132, U2OS cells were negative
for p14ARF expression (not shown). These results
show that proteasome inhibition, like p14ARF permits
to detect hMdm2 in the nucleolus.

The nucleolar localization of hMdm2 induced by
p14ARF overexpression is known to be impaired by
the presence of overexpressed p53 (Weber et al., 1999).
Using the system described in Figure 4b, we
investigated whether the MG132-dependent nucleolar
localization of hMDM2 was also decreased by the
overexpression p53. As shown in Figure 4c, the
presence of ectopically expressed p53 in U2OS cells
impaired the detection of hMDM2 in the nucleolus. A
similar e�ect was observed with H1299 cells transfected
with plasmids expressing p53 and hMDM2 and treated
with MG132 (data not shown).

The nucleolar localization signal in Mdm2 is not required
for the ubiquitination of Mdm2

We have shown that both with p14ARF overexpression
and proteasome inhibition there is a correlation
between the appearance of nucleolar staining and the
accumulation of ubiquitinated hMdm2. Therefore, we
asked whether the nucleolar localization of hMdm2 is
necessary for the ubiquitination of hMdm2. For this
purpose we tested the e�ect of p14ARF on the levels
and ubiquitination of a mutant of hMdm2 which is
defective for nucleolar localization even in the presence
of p14ARF as previously described by Lohrum et al.
(2000a) and reproduced by us in the H1299 cell system
(data not shown). As shown in Figure 5a, this mutant
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(hMdm2 NoLS) was as e�ectively ubiquitinated as the
wild-type hMdm2. This implies that the nucleolar
localization of hMdm2 is not necessary for ubiquitina-
tion of hMdm2. This mutant was also stabilized by
p14ARF (Figure 5a) as previously described (Lohrum
et al., 2000). This must mean that this mutant hMdm2
protein is subject to ubiquitin dependent degradation
outside of the nucleolus and that p14ARF can inhibit
this process without inducing the localization of
hMDM2 to the nucleolus.

We then tested the e�ects of the hMdm2 NoLS
mutant on the ubiquitination pro®le of p53. As
reported previously (Lohrum et al., 2000), this mutant
was defective in promoting the degradation of p53
(Figure 5b). The levels of polyubiquitinated p53 and

the ratio of ubiquitinated to total p53 obtained with
this mutant were lower than those obtained with wild-
type hMdm2 (Figure 5b). Unlike the (h)Mdm2 C462A
mutant, the hMdm2 NoLS mutant was defective in
promoting the appearance of polyubiquitinated forms
of p53 but was not greatly impaired in its ability to
mediate monoubiquitination of p53. Whether this
defect in increasing the levels of polyubiquitinated
p53 is related to the inability of this hMdm2 mutant to
reach the nucleolus or whether it is due to a possible
defect of this mutant to catalyse the polyubiquitination
of p53 needs to be established by in vitro assays.
Despite this limitation, this experiment supports the
notion that the monoubiquitination of p53 does not
require the region containing the nucleolar localization
signal of hMdm2 (residues 466 to 473) and that the
monoubiquitinated and polyubiquitinated forms of p53
di�er in their sensitivity to p14ARF overexpression
(see Figure 2a) and to the lack of the nucleolar
localization region in Mdm2.

Discussion

In this study we have compared the e�ect of p14ARF
overexpression on the levels and ubiquitination of p53
and Mdm2 in vivo. For this purpose we have developed
an in vivo ubiquitination assay for p53 and Mdm2.
With this assay we have demonstrated di�erences in
the e�ect of p14ARF overexpression on the levels of
ubiquitinated p53 and on the levels of ubiquitinated
Mdm2.

The e�ect of p14ARF on Mdm2-mediated degrada-
tion of p53 was associated with changes in the pattern
of Mdm2-dependent ubiquitination of p53. p14ARF
had a general inhibitory e�ect on Mdm2-dependent
ubiquitination of p53 but preferentially decreased the
levels of polyubiquitinated p53. It has been shown that
polyubiquitinated rather than the mono- or di-
ubiquitinated proteins are e�ciently recognized and
degraded by the proteasome (Thrower et al., 1999).
Thus, decreasing the levels of polyubiquitinated p53
would provide a mechanism by which p14ARF could
prevent Mdm2-dependent targeting of p53 for protea-
somal degradation. The e�ect of p14ARF on p53
ubiquitination was clearly distinct from that of MG132
which caused accumulation of ubiquitinated p53
because it inhibits the degradation of ubiquitinated
p53 by the proteasome rather than blocking ubiquiti-
nation.

p14ARF has been shown to inhibit the Mdm2-
mediated ubiquitination of p53 in vitro (Honda and
Yasuda, 1999; Midgley et al., 2000). Therefore,
inhibition of the E3 ubiquitin ligase activity of Mdm2
by p14ARF could play a major role in the protection
of p53 from Mdm2-mediated degradation. However,
the reported data do not exclude other models to
explain the e�ect of Mdm2-dependent degradation of
p53. p14ARF could impair the ubiquitination activity
of Mdm2 on p53 by promoting the sequestration of
Mdm2 in the nucleolus away from p53 in line with the

b

a

Figure 5 (a) Ubiquitination of the hMdm2 mutant defective for
nucleolar localization hMdm2NoLS. H1299 cells were transfected
with 2 mg of plasmid expressing His-tagged Ubiquitin and 5 mg of
hMdm2 or hMdm2NoLS expression plasmid. In lanes 3 and 5,
5 mg of p14ARF expression plasmid were also transfected.
Ubiquitinated hMdm2 was analysed in the upper panel. Total
hMdm2 was analysed by direct Western blot in the lower panel.
(b) E�ect of hMdm2NoLS on the levels of p53 ubiquitination.
H1299 cells were transfected with 1 mg of p53, 2 mg of plasmid
expressing His-tagged Ubiquitin and 5 mg of hMdm2 or
hMdm2NoLS expression plasmid. Ubiquitinated p53 was ana-
lysed in the upper panel. Total p53 was analysed by direct
Western blot in the lower panels
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model proposed by Weber et al. (1999). p14ARF could
also inhibit the ubiquitination of p53 by Mdm2 by
blocking the export of p53/Mdm2 complexes from the
nucleus to the cytoplasm in agreement with the models
proposed by Zhang and Xiong (1999) and Tao and
Levine (1999). Additionally, we think that it is
important to notice that our assay does not allow
one to distinguish between the e�ect of p14ARF on the
E3 ligase activity of Mdm2 on p53 from the possible
e�ect of p14ARF on the deubiquitination of p53.
Therefore, we cannot exclude that p14ARF could be
promoting deubiquitination of polyubiquitinated p53
or inhibiting the access of polyubiquitinated p53 to the
proteasome allowing deubiquitinating enzymes to act
on polyubiquitinated p53. This could explain the
preferential decrease in the polyubiquitinated forms
of p53 in the presence of p14ARF.

In agreement with a previous report (An et al.,
1998), we observed that MG132 increased the level of
Mdm2 independently of the presence of p53. We also
showed that this accumulation is accompanied by an
increase in the levels of ubiquitinated Mdm2. This
indicates that Mdm2 is targeted by ubiquitination to
the proteasome. Furthermore, the ubiquitination of
Mdm2 was abolished by mutation of the cysteine
residue at position 462 of murine MDM2. The same
e�ect was observed by mutating the equivalent residue
(464) in human Mdm2 (D Xirodimas, data not
shown) in agreement with previous in vitro data (Fang
et al., 2000). The 464 cysteine residue is in a region of
Mdm2 that is conserved in other ubiquitin E3 ligases
and is necessary for the ubiquitination of p53 by
Mdm2 (Honda et al., 1997; Honda and Yasuda, 2000;
Fang et al., 2000). This suggests that Mdm2
ubiquitination in vivo is due to its own E3 ubiquitin
ligase activity.

We then examined the e�ect of p14ARF over-
expression on the levels of total Mdm2 protein and
on the levels of ubiquitinated Mdm2. p14ARF over-
expression caused an increase in the levels of
ectopically expressed Mdm2 independently of the
presence of p53. This p14ARF-dependent increase in
Mdm2 levels was not associated with a decrease in the
overall level of Mdm2 ubiquitination or with changes
in the pattern of Mdm2 ubiquitinated species. The
e�ect of p14ARF overexpression on Mdm2 levels and
ubiquitination was very similar to the e�ect of
proteasome inhibition by MG132. These data suggest
that p14ARF may exert its e�ects on Mdm2 by
inhibiting degradation of Mdm2 by the proteasome
rather than through e�ects on the overall ubiquitina-
tion of Mdm2. However, we cannot exclude the
possibility that p14ARF could cause subtle changes
in the ubiquitination of Mdm2 that are not detected in
our assay. It is possible that ubiquitination of a speci®c
site is sensitive to inhibition by p14ARF and that this
modi®cation is required for the e�ective degradation of
Mdm2. Alternatively, p14ARF could be protecting
Mdm2 from forms of degradation other than one
involving the proteasome, for example caspase cleavage
(Pochampally et al., 1998).

Although the mechanism by which p14ARF over-
expression induces the accumulation of Mdm2 remains
to be elucidated, our results are in contrast with in
vitro experiments which have led to the proposal that
p14ARF inhibits the overall ubiquitination of Mdm2
(Honda and Yasuda, 1999; Midgley et al., 2000). The
factors involved in the in vivo ubiquitination of Mdm2
have not been unequivocally established and it is not
clear how well the conditions used in the in vitro
assays recapitulate the in vivo situation. The di�erence
between the in vitro and in vivo results could also be
explained if either the ubiquitination of Mdm2 in vivo
occurs before its interaction with p14ARF or if the
ubiquitination of Mdm2 in vivo is due to a
ubiquitination activity that is not inhibited by
p14ARF. Since the E3 ligase inactive Mdm2 C462
mutant is not e�ectively ubiquitinated in our system, a
putative p14ARF-insensitive ubiquitination of Mdm2
is at ®rst sight unlikely. However, it is possible that
the ubiquitination of Mdm2 by an activity that is not
sensitive to p14ARF requires an intact cysteine residue
at position 462 in the murine Mdm2 (464 in the
human version).

Since p14ARF and MG132 have very similar e�ects
on the levels and ubiquitination of Mdm2 we
compared their e�ects on the subcellular localization
of Mdm2. p14ARF has been proposed to sequester
Mdm2 in the nucleolus (Weber et al., 1999). We found
that MG132, like p14ARF, also increased the appear-
ance of Mdm2 in the nucleolar compartment. Mdm2's
ability to reach the nucleolus in the presence of MG132
did not depend on p14ARF since proteasome inhibi-
tion induces the localization of Mdm2 in the nucleolus
in the absence of p14ARF expression. Therefore, we
propose that, at least in part, p14ARF overexpression
could result in the appearance of Mdm2 in the
nucleolus by simply increasing the levels of the protein
or of its ubiquitinated forms. However, as reported by
Weber et al. (2000), p14ARF could additionally induce
a conformational change in the structure of Mdm2 that
potentiates the exposure of the nucleolar localization
signal in Mdm2 described by Lohrum et al. (2000a).
The nucleolar localization of Mdm2 induced by
p14ARF overexpression was shown to be inhibited
by the overexpression of p53 (Weber et al., 1999).
Similarly, overexpression of p53 also inhibited the
nucleolar localization of endogenous Mdm2 induced by
MG132.

The similarity between the e�ect of p14ARF over-
expression and MG132 on the levels, ubiquitination
and localization of Mdm2 could suggest that both
agents inhibit the degradation of Mdm2 by a
mechanism that involves the nucleolar compartment.
However, an hMdm2 mutant defective for nucleolar
localization was also stabilized by p14ARF over-
expression as previously reported by Lohrum et al.
(2000). This does not exclude the possibility that
degradation can involve a nucleolar step but supports
the suggestion that the nucleolar localization of
hMdm2 is not essential for its destabilization.
Furthermore, this observation also suggests that
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p14ARF does not protect Mdm2 from degradation by
sequestering it in the nucleolar compartment.

Since p14ARF and MG132 both increased the levels
of ubiquitinated Mdm2 and both induced the localiza-
tion of Mdm2 in the nucleolus we questioned whether
the nucleolar localization was necessary to detect
Mdm2 ubiquitination. This was shown not to be the
case since a hMdm2 mutant defective for its nucleolar
localization (Lohrum et al., 2000) was as e�ectively
ubiquitinated in our system as wild-type hMdm2. We
also showed that, like the overexpression of p14ARF,
the mutation of the nucleolar localization signal of
hMdm2 preferentially impaired the ability of Mdm2 to
increase the levels of polyubiquitinated p53 over the
monoubiquitinated forms of p53. Whether this muta-
tion alters the capacity of Mdm2 to promote
polyubiquitination in vitro needs to be established in
order to con®rm whether the ability of Mdm2 to reach
the nucleolus is necessary for the e�ective ubiquitina-
tion and degradation of p53.

In summary, we have presented data showing that:
(1) p14ARF overexpression stabilizes p53 by decreasing
the levels of p53 ubiquitination. Di�erences in the
sensitivity of the polyubiquitinated and monoubiquiti-
nated forms of p53 to the presence of p14ARF were
also detected; (2) p14ARF also increases the levels of
Mdm2 but this is not associated with a decrease in the
overall levels of ubiquitinated protein; (3) The accumu-
lation of hMdm2 or its ubiquitinated forms by the
inhibition of proteasome activity is su�cient to detect
Mdm2 in the nucleolus; (4) The nucleolar localization
of Mdm2 is not necessary for the ubiquitination or
degradation of Mdm2 or the conjugation of p53 to
monoubiquitin. However, the region containing the
nucleolar localization signal of hMdm2 is required for
the e�ective polyubiquitination of p53.

These studies emphasize key di�erences in the
regulation of Mdm2 via its ubiquitination from the
regulation of p53 via Mdm2-dependent ubiquitination.
The capacity to di�erentially regulate these two events
may allow an even more subtle control on p53 function
to be established.

Materials and methods

Cells, antibodies and reagents

H1299 and U2OS cells were obtained from the ATCC and
cultured in RPMI or DMEM medium, respectively, supple-
mented with 10% FCS and gentamycin at 378C, 5% CO2 in a
humidi®ed atmosphere.
P53 was detected using the DO1 mouse monoclonal

antibody (Stephen et al., 1995) or the CM-1 anti-p53 rabbit
serum (Midgley et al., 1992), Human and mouse Mdm2 were
detected using the 4B2 mouse monoclonal antibody (Chen et
al., 1993). Rabbit anti-p14ARF serum (IPI) was a kind gift
from Dr K Vousden (Stott et al., 1998). Ki67 was detected
using the rabbit polyclonal serum from DAKO. MG132 was
purchased from Calbiochem.

Plasmids

Expression from all constructs was under the control of
CMV promoter. The pCOC-X2 Mdm2, the hMdm2,
p14ARF and the His6-ubiquitin expressing constructs were
a kind gift from Dr M Oren, Dr A Levine, Dr K Vousden
and Dr S Mittnacht, respectively. The vector expressing the
Mdm2 C464A mutant was derived from the pCOC-X2
Mdm2 plasmid by site directed mutagenesis. P53 cDNA
was cloned into the EcoRI and XhoI sites of pcDNA3.

Transfection of cells and purification of His-tagged ubiquitin
conjugates

H1299 cells were cultured in RPMI supplemented with 10%
foetal calf serum (FCS) and gentamycin. 16106 of H1299
cells were seeded on 10 cm tissue culture plates and
transfected using the calcium-phosphate method. At least
1 h before transfection, the cells were cultured in DMEM
10% FCS medium. Eighteen hours after transfection, the
medium was changed back to RPMI 10% FCS. Puri®ca-
tion of His6-ubiquitinated conjugates was performed as
described in Rodriguez et al. (1999). Thirty-six hours post
transfection cells were washed twice with PBS and scraped
in 1 ml of PBS. Twenty per cent of cell suspension was
used for direct Western blot analysis (see below). The
remainder was lysed in 6 ml of 6 M guanidinium-HCl,
0.1 M Na2HPO4/NaH2PO4, 0.01 M Tris/HCl, pH 8.0, 5 mM

imidazole and 10 mM b-mercaptoethanol. Seventy-®ve ml of
Ni2+-NTA-agarose beads (Qiagen) were then added and
lysates were rotated at room temperature (RT) for 4 h. The
beads were successively washed for 5 min in each step at
room temperature with 750 ml of each of the following
bu�ers: 6 M guanidinium-HCl, 0.1 M Na2HPO4/NaH2PO4,
0.01 M Tris/HCl, pH 8.0 plus 10 mM b-mercaptoethanol;
8 M urea, 0.1 M Na2HPO4/NaH2PO4, 0.01 M Tris/HCl,
pH 8.0, 10 mM b-mercaptoethanol; 8 M urea, 0.1 M Na2H-
PO4/NaH2PO4, 0.01 M Tris/HCl, pH 6.3, 10 mM b-mercap-
toethanol (bu�er A) plus 0.2% Triton X-100; bu�er A and
then bu�er A plus 0.1% Triton X-100. After the last wash
His6-tagged ubiquitinated products were eluted by incubat-
ing the beads in 75 ml of 200 mM imidazole, 0.15 M Tris/
HCl pH 6.7, 30% glycerol, 0.72 M b-mercaptoethanol, 5%
SDS for 20 min at RT. The eluates were mixed in 1 : 1
ratio with 26Laemmli-bu�er and analysed by Western blot
analysis.

Lysis of cells

For direct Western blot analysis, the cell pellet obtained from
the 20% cell suspension described before was lysed in NP-40
lysis bu�er (150 mM NaCl, 50 mM Tris/HCl pH 8.0, 5 mM

EDTA pH 8.0, 1% NP-40, 2 mM dithiothreitol (DTT), 2 mM

phenylmethylsulfonyl ¯uoride (PMSF). After incubation on
ice for 30 min, lysates were centrifuged at 14 000 r.p.m. and
pellets were discarded. Protein concentration in the super-
natant was determined by Bradford assay, and equal
amounts of total protein was used for Western blot analysis.
This procedure allows the detection of total p53 or Mdm2
levels. No signi®cant amounts of p53 or Mdm2 were detected
in the pellet fractions. No ubiquitinated forms were detected
probably due to the action of deubiquitinating enzymes in the
NP40 lysis bu�er.
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Western blot analysis

Samples were separated on 10% polyacrylamide-SDS gels.
The gel was transferred overnight to nitrocellulose membrane
and blocked in PBS-Tween-20 (0.1% v/v) with dry skimmed
milk (5% w/v) (PBSTM) for 1 h at RT. The membrane was
washed three times for 15 min with PBST before incubation
with monoclonal mouse antibodies, (1 mg/ml in PBSTM) for
1 h at RT. The ®lter was washed as before and incubated
with horseradish peroxidase (HRP) conjugated anti-mouse
IgG (DAKO P161) at a dilution of 1 : 1000 in PBSTM for 1 h
at RT. The membrane was washed and developed by ECL
(Amersham).

Two-site ELISA

96-well ¯at bottomed tissue culture plates (Falcon 3296)
were coated with 50 ml of puri®ed DO1 anti-p53 mono-
clonal antibody (5 mg/ml). The wells were blocked for 1 h
with PBSTM. Whole cell extracts in NP-40 lysis bu�er or
His6-ubiquitinated conjugates eluted in 200 mM imidazole,
0.15 M Tris/HCl pH 6.7, 30% glycerol, 10 mM b-mercap-
toethanol were diluted in PBSTM and added to the
antibody coated wells for 2 h. Detection of p53 was
performed by adding the polyclonal rabbit anti-p53 serum
CM-1, 1 : 1000 in PBSTM for 1 h, followed by 1 h
incubation with swine anti-rabbit horse radish peroxidase
conjugated IgG (DAKO P217), 1 : 1000. Detection of the
signal was performed by addition of Super Signal ELISA
Pico Chemiluminescent substrate (Pierce) and the relative
light units were measured with a Berthold microplate

luminometer LB 96V (*425 nm). All steps were carried
out at RT and the plates were washed 56 with PBST
between each incubation step. For each condition duplicates
were performed and each experiment was repeated three
times. Standard deviation values were derived from
arithmetic means.

Immunofluorescence

H1299 or U2OS cells (16105/well) were seeded on two well
NUNC permanox slides. Thirty-six hours after transfection
using the calcium-phosphate method, cells were ®xed with
ice-cold methanol-acetone and incubated with primary
antibodies followed by FITC conjugated Donkey anti-mouse
or Texas Red conjugated Donkey anti-rabbit secondary
antibodies (Jackson Immunoresearch) as described in LaõÂ n
et al., 1999.

Acknowledgments
We are grateful to Drs M Oren, K Vousden, C Sherr, A
Levine and S Mittnacht for providing us with reagents. We
also thank our colleagues in Dundee, E Warbrick and C
Stephen for comments and critical review of the manu-
script and C Midgley for providing the vector expressing
the Mdm2 C464A mutant. D Xirodimas, S LaõÂ n and M
Saville are recipients of postdoctoral fellowships from
Cancer Research Campaign (UK) and Tenovus (Scotland).
DP Lane is a Gibb fellow of the Cancer Research
Campaign.

References

An WG, Chuman Y, Fojo T and Blagosklonny MV. (1998).
Exp. Cell Res., 244, 54 ± 60.

Bottger A, Bottger V, Sparks A, Liu WL, Howard SF and
Lane DP. (1997). Curr. Biol., 7, 860 ± 869.

Boyd SD, Tsai KY and Jacks T. (2000). Nature Cell Biol., 2,
563 ± 568.

Chen J, Marechal V and Levine AJ. (1993). Mol. Cell Biol.,
13, 4107 ± 4114.

Ciechanover A. (1998). EMBO J., 17, 7151 ± 7160.
Fang S, Jensen JP, Ludwig RL, Vousden KH and Weissman

AM. (2000). J. Biol. Chem., 275, 8945 ± 8951.
Geyer RK, Zhong KY and Maki CG. (2000). Nature Cell

Biol., 2, 569 ± 573.
Haupt Y, Maya R, Kazaz A and Oren M. (1997). Nature,

387, 296 ± 299.
Honda R, Tanaka H and Yasuda H. (1997). FEBS Lett., 420,

25 ± 27.
Honda R and Yasuda H. (1999). EMBO J., 18, 22 ± 27.
Honda R and Yasuda H. (2000). Oncogene, 19, 1473 ± 1476.
Ko LJ and Prives C. (1996). Genes Dev., 10, 1054 ± 1072.
Kubbutat MHG, Jones SN and Vousden KH. (1997).

Nature, 387, 299 ± 303.
LaõÂ n S, Midgley C, Sparks A, Lane EB and Lane DP. (1999).

Exp. Cell Res., 248, 457 ± 472.
Lane DP and Hall PA. (1997). Trends. Biochem. Sci., 22,

372 ± 374.
Levine AJ. (1997). Cell, 88, 323 ± 331.
Lohrum MAE, Ashcroft M, Kubbutat MHG and Vousden

KH. (2000). Nature Cell Biol., 2, 179 ± 181.
Maltzman W and Czyzyk L. (1984). Mol. Cell. Biol., 4,

1689 ± 1694.

Midgley CA, Desterro JMP, Saville MK, Howard S, Sparks
A, Hay RT and Lane DP. (2000). Oncogene, 19, 2312 ±
2323.

Midgley CA, Fisher CJ, Bartek J, Vojtesek B, Lane D and
Barnes DM. (1992). J. Cell Sci., 101, 183 ± 189.

Midgley CA, Owens B, Briscoe CV, Thomas DB, Lane DP
and Hall PA. (1995). J. Cell. Sci., 108, 1843 ± 1848.

Oren M. (1999). J. Biol. Chem., 274, 36031 ± 36034.
Pochampally R, Fodera B, Chen L, Shao W, Levine EA and

Chen J. (1998). Oncogene, 17, 2629 ± 2636.
Pomerantz J, SchreiberAgus N, Liegeois NJ, Silverman A,

Alland L, Chin L, Potes J, Chen K, Orlow I, Lee HW,
CordonCardo C and DePinho RA. (1998). Cell, 92, 713 ±
723.

Rodriguez MS, Desterro JMP, LaõÂ n S, Midgley CA, Lane
DP and Hay RT. (1999). EMBO J., 18, 6455 ± 6461.

Rodriguez MS, Desterro JM, LaõÂ n S, Lane DP and Hay RT.
(2000). Mol. Cell. Biol., 20, 8458 ± 8467.

Stephen CW, Helminen P and Lane DP. (1995). J. Mol. Biol.,
248, 58 ± 78.

Stott FJ, Bates S, James MC, McConnell BB, Starborg M,
Brookes S, Palmero I, Ryan K, Hara E, Vousden KH and
Peters G. (1998). EMBO J., 17, 5001 ± 5014.

Tao WK and Levine AJ. (1999). Proc. Natl. Acad. Sci., USA,
96, 6937 ± 6941.

Thrower JS, Ho�man L, Rechsteiner M and Pickart CM.
(1999). EMBO J., 19, 94 ± 102.

Treier M, Staszewski LM and Bohmann D. (1994). Cell, 78,
787 ± 798.

Vousden KH. (2000). Cell, 103, 691 ± 694.

p14ARF and ubiquitination of p53 and Mdm2 in vivo
D Xirodimas et al

4982

Oncogene



Wang Y, Blandino G, Oren M and Givol D. (1998).
Oncogene, 17, 1923 ± 1930.

Weber JD, Kuo M-L, Bothner B, DiGiammarino EL,
Kriwacki RW, Roussel MF and Sherr CJ. (2000). Mol.
Cell. Biol., 20, 2517 ± 2528.

Weber JD, Taylor LJ, Roussel MF, Sherr CJ and BarSagi D.
(1999). Nat. Cell. Biol., 1, 20 ± 26.

Zhang YP and Xiong Y. (1999). Mol. Cell, 3, 579 ± 591.
Zhang YP, Xiong Y and Yarbrough WG. (1998). Cell, 92,

725 ± 734.

Oncogene

p14ARF and ubiquitination of p53 and Mdm2 in vivo
D Xirodimas et al

4983


	tab_xref
	tab_xref1
	fig_xref1
	fig_xref2
	fig_xref3
	fig_xref4
	fig_xref5
	bib_xrefR1
	bib_xrefR2
	bib_xrefR3
	bib_xrefR4
	bib_xrefR5
	bib_xrefR6
	bib_xrefR7
	bib_xrefR8
	bib_xrefR9
	bib_xrefR10
	bib_xrefR11
	bib_xrefR12
	bib_xrefR13
	bib_xrefR14
	bib_xrefR15
	bib_xrefR16
	bib_xrefR17
	bib_xrefR18
	bib_xrefR19
	bib_xrefR20
	bib_xrefR21
	bib_xrefR22
	bib_xrefR23
	bib_xrefR24
	bib_xrefR25
	bib_xrefR26
	bib_xrefR27
	bib_xrefR28
	bib_xrefR29
	bib_xrefR30
	bib_xrefR31
	bib_xrefR32
	bib_xrefR33
	bib_xref
	bib_xrefR34
	bib_xrefR35
	bib_xrefR36
	bib_xrefR37
	bib_xrefR38

