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P53 regulates numerous downstream targets to induce cell cycle
arrest, senescence, apoptosis, and DNA repair in response to
diverse stresses. Hdm2 and Hdmx are critical negative regulators of
P53 because Hdm2 regulates P53 abundance, and both can antag-
onize P53 transactivation. Modest changes in Hdm2 or Hdmx
abundance affect P53 regulation, yet quantitative information
regarding their endogenous intracellular concentrations and sub-
cellular distributions during a stress response are lacking. We
analyzed these parameters in normal and cancer cells after DNA
damage. Our data show that the nuclear abundance of Hdm2 and
Hdmx relative to P53 limits P53 activity in cells growing in culture.
Upon DNA damage, P53 nuclear abundance increases, whereas
Hdm2 and Hdmx stability decreases, which greatly limits their
ability to antagonize P53, regardless of their levels. These data
indicate that the damage-activated switch in Hdm2 ubiquitin ligase
preference from P53 to itself and Hdmx is central to P53 activation.
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he P53 tumor suppressor is an unstable transcription factor

that can regulate numerous downstream targets to induce
cell cycle arrest. Although Hdm2, an E3 ligase, targets P53 for
degradation and can inhibit its transactivation function, Hdmx
may be the more potent P53 transactivation antagonist in vivo
(see ref. 5 for review).

The mechanisms by which P53 is activated after DNA damage
have been widely studied (1). Two models that incorporate key
roles for damage-activated kinases have emerged to explain how
Hdm?2- and Hdmx-mediated inhibition of P53 is overcome. The
first proposes that activation of the ATM kinase leads to a kinase
cascade resulting in phosphorylation of highly conserved serine
and threonine residues in P53 within and flanking the Hdm2/
Hdmzx-binding region (6). This induces a conformational change
in P53, leading to Hdm2 dissociation, P53 stabilization and
accumulation, and binding of P53 transcriptional coactivators (7,
8). Histone acetyl transferase binding acetylates P53 C-terminal
lysines and chromatin and promotes transactivation (9). The
situation is likely more complex, because P53 in which highly
conserved C-terminal lysines are replaced by arginines has basal
and stress-induced stability and activity comparable with wild-
type P53 (10, 11). Additionally, stabilization of P53 in the
absence of detectable N- and C-terminal phosphorylation en-
genders full P53 activation (12). Thus, posttranslational P53
modifications fine-tune P53 transcription responses but do not
act as on—off switches.

A second model is supported by accumulating evidence that
damage-activated kinases also phosphorylate Hdm?2 to switch its
E3 ligase specificity from P53 to itself and Hdmx (13-17). In part,
the switch in substrate specificity is mediated by posttransla-
tional modifications of Hdm2 and Hdmx that promote dissoci-
ation of the deubiquitinating enzyme HAUSP from Hdm?2 and
Hdmx (18). This increases Hdm2 and Hdmx degradation, re-
sulting in P53 stabilization, accumulation, and transcriptional
activation. Whether increasing Hdm2 levels is required for
efficient Hdmx degradation after DNA damage remains unclear
(13, 19). Together these data suggest a model in which destabi-
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lization and degradation of Hdm2 and Hdmx are critical for P53
stabilization and activation.

Subtle perturbations in Hdm2 and Hdmx stoichiometry pro-
foundly alter P53 activity and tumor suppressor function. For
example, increasing the abundance of either Hdm2 or Hdmx
mitigates P53 transactivation and functional output (20, 21),
which explains their frequent overexpression in diverse human
cancers (22-24). Hdm2 overexpression can also trigger degra-
dation of P53 and Hdmx (13, 17, 25, 26). Conversely, overex-
pressing Hdmx can stabilize either Hdm?2 or P53, depending on
Hdmx abundance (27, 28). In premenopausal women, a poly-
morphism in the promoter of Hdm2 can increase estrogen-
induced Hdm2 expression, leading to decreased P53 function
and increased cancer risk (29). By contrast, mice expressing
30-50% of the normal Mdm?2 levels are hypersensitive to P53
activation and more resistant to oncogene-induced tumorigenic-
ity (30). These data emphasize the sensitivity of this pathway to
the relative levels of P53, Hdm2, and Hdmx.

We quantified P53, Hdm2, and Hdmx levels in human normal
and tumor cell lines to investigate the molecular basis of P53
regulation. Our data show that the nuclear P53 concentration in
exponentially growing cells in culture is submolar to Hdm2 and
Hdmzx, which accounts for its low activity under these conditions.
In the absence of genotoxic stress, manipulation of Hdmx/P53
stoichiometry alters P53 transcriptional output. However, after
DNA damage, P53 transcriptional activity correlates with nu-
clear pS3 abundance, and the inhibitory effect of Hdm2 and
Hdmx on P53 is attenuated because of DNA damage-mediated
destabilization of both negative regulators.

Results and Discussion

Determining Concentrations of Endogenous P53, Hdm2, and Hdmx in
Cultured Cells. We used pure P53 protein (a gift from Alan
Fersht), and N-terminally tagged Hdm2 and Hdmx proteins (see
Materials and Methods) as standards in Western blot analyses
(Fig. 1 A and B) to quantify their intracellular concentrations.
The LiCor protein detection system enabled determination of
band intensity in Western blots over a greater dynamic range
than that of conventional chemiluminescence [see supporting
information (SI) Fig. 7].

We quantified P53, Hdm2, and Hdmx levels in exponentially
growing normal human cells (WS1, fibroblast cells; 184V, mam-
mary epithelial cells) and two tumorigenic cell lines (MCF7,
mammary epithelial cells; U208, osteosarcoma cells) to model
how P53 activity is retained under the cell culture conditions
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Fig. 1. Protein quantification using LiCor and Western blotting. (A) Serially
diluted pure recombinant proteins were applied to each lane of a gradient
polyacrylamide gel along with different known concentrations of BSA as a
standard. The gel was stained with SYPRO-ruby, and the intensities of protein
staining were measured by using the Typhoon image system. (B) The linearity
of the system was determined by Western blotting of serially diluted known
concentrations of pure recombinant P53, Hdm2, and Hdmx. Signals were
analyzed by using the LiCor system. (C) Protein analyses in equal numbers of
WS1, 184V, MCF7, and U20S cells. Lysates obtained from the same numbers of
cells were run on an 8% acrylamide gel along with a mix of serially diluted
protein standards (data not shown) and immunoblotted with antibodies
against HAUSP, Hdm2, Hdmx, P53, and a-tubulin. (D) Protein quantification
based on the band intensities from the Western blot in C. All values were
derived by using the LiCor system. The amounts of each protein were calcu-
lated by using band intensities from a known concentration of the respective
pure proteins as standards and with known cell numbers from lysate prepa-
ration. Error bars represent SD of three experiments. Numbers represent the
protein molecules X 103 per cell.

typically used to study the P53 pathway. Fig. 1 C and D show that
the intracellular concentrations of P53, Hdm2, and Hdmx varied
among the cell lines analyzed. Because Hdm?2 is a key determi-
nant of P53 and Hdmx stability, we expected higher Hdm?2 levels
to correlate with lower P53 abundance. However, although
Hdm?2 levels were approximately the same in WS1, 184V, and
MCEF7 cells, the P53 abundance in 184V cells was twice that of
the others (Fig. 1D). Furthermore, Hdmx has been reported to
either antagonize or augment Hdm2-mediated degradation of
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P53, depending on its expression level (28, 31), yet P53 abun-
dance in MCF7 cells was similar to that in WS1 cells, even though
MCEF7 cells have an excess of Hdmx relative to Hdm2. The high
level of Hdmx in MCF7 cells likely derives from Hdmx gene
amplification (24), but factors such as the ubiquitin-specific
protease HAUSP also affect P53, Hdm2, and Hdmx stability and
abundance (18, 32). However, cells expressing similar amounts
of Hdm2 and HAUSP have very different levels of P53 and
Hdmx (Fig. 1C). Thus, factors in addition to Hdm2 and HAUSP
likely control P53 and Hdmx abundance. We also note that the
P53 pathway is activated in exponentially growing cultured cells,
because reducing P53 levels by expression of papilloma virus E6
protein reduced Hdm2 and P21 mRNA abundance (data not
shown). Therefore, we use the term “basal activity” to refer to
P53 activity in cells before DNA damage.

Changes in Stoichiometry After Damage-Induced P53 Activation. The
above data reveal that, under the stated conditions, the mea-
sured amounts of Hdm2 and Hdmx limit, but do not completely
block P53 activity. These data beg the question of whether P53
activation by DNA damage necessitates increasing its level to
exceed those of Hdm2 and Hdmx. We addressed this issue by
measuring protein level changes in response to the radiomimetic
agent neocarzinostatin (NCS). Phosphorylation of Ser-15 of P53
(an ATM target site) confirmed DNA damage signaling by NCS
(Fig. 24). Hdm2 degradation was evident within 1 h of NCS
addition to WS1 cells, whereas Hdmx decreased between 1 and
2 h (Fig. 2 A and B). P53 stabilization and transcriptional
activation were apparent by 1-2 h (Fig. 2 B and C). At the time
of transcriptional activation, P53 was in molecular excess of
Hdmx (Fig. 2B). The levels of P53 continued to increase, reached
a peak between 3 and 4 h of NCS treatment, and declined slowly
thereafter. By contrast, Hdmx decreased by at least half and
stayed at or below that level until the end of the time course (Fig.
2B). Hdm?2 abundance paralleled its transcriptional profile after
the 2-h time point (Fig. 2 B and C).

The above quantitative data reveal a parallel between the
decrease in Hdmx abundance, increase in Hdm2 abundance, and
increase in P53 transactivation. We next analyzed the activation
kinetics in MCF7 cells to determine whether the high Hdmx
abundance in this cell line altered the P53 response after DNA
damage. Ser-15 phosphorylation and robust P53 stabilization
occurred within 1 h of NCS addition (Fig. 34 and B). P53 target
genes were strongly induced by 2 h (Fig. 3C). At this point, the
total P53 concentration equaled that of Hdmx, which was
reduced by half of its initial high level (Fig. 3B). However, the
robust transcriptional activation was transient and correlated
with parallel decreases in total and Ser-15-phosphorylated P53
and decreased Hdm2 and P21 levels, likely resulting from their
decreased P53-dependent transactivation. Single-cell analysis
indicated that the P53 levels were remarkably consistent from
cell to cell during the activation phase of the response subse-
quent to NCS-induced DNA damage (SI Fig. 8), and the relative
changes in intensity of the P53 signals over time correlated well
with the quantitative data. However, heterogeneity in P53
fluorescence became evident at later times, correlating with
attenuation of the response.

These data indicate that an increase in the P53/Hdmx ratio
favors p53 activation after stress. If this hypothesis is correct,
then reduction or overexpression of Hdmx should augment or
prevent p53-dependent transactivation, respectively. Short hair-
pin RNA mediated knockdown of Hdmx in MCF7 cells, resulted
in a 40-50% reduction of Hdmx, and did increase basal P53
transcriptional activity by ~2-fold but did not alter P53 protein
abundance (SI Fig. 9). DNA damage resulted in subtle increases
in P21 and Hdm2 mRNA induction, but the kinetic profile of P53
activation was similar to that of control cells (SI Fig. 9).
Interestingly, DNA damage did not reduce further the Hdmx
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Fig.2. Quantitative kinetic analysis of P53 response to DNA damage in WS1
cells. (A) Time course of Western blot analysis. WS1 cells were treated with 300
ng/ml NCS for the indicated times. Cells were counted before harvesting.
Lysates were analyzed by Western blotting using antibodies to detect Hdm2,
Hdmx, P53, P53-phosphorylated S15 (S15-P53), P21, and a-tubulin (Tub). (B)
Time course of NCS response in WS1. The amounts of Hdm2, Hdmx, and P53
per cell at the indicated times after NCS treatment were determined as
described in Fig. 1. Numbers shown in the box represent the protein mole-
cules X 103 per cell. (C) P53 activation in WS1. Time course of P53 target gene
activation is shown. WS1 cells were treated as described in A. RNA was
harvested and subjected to real-time QPCR with primers that amplified hdm2
and p21 genes. Gene induction was normalized to untreated.

level in the Hdmx knockdown cells. This might explain why more
significant induction of P53 target genes was not achieved by
Hdmx knockdown.

We then analyzed P53 activation in a U20S cell line in which
Hdmx levels could be varied by doxycycline to determine the
effects of changing the P53/Hdmx ratio on P53 activation
kinetics. Hdmx was induced to a level 10-fold greater than that
of endogenous Hdmx, appeared to be nearly uniform in the
population (SI Fig. 8), and did not affect P53 abundance (Fig.
44). This indicates that, at this ratio of Hdmx/Hdm2, P53
stability is not affected. Basal P53 activity in cells overexpressing
Hdmx was reduced by 50% compared with control cells (Fig. 4
B and C). NCS treatment again led to a 50% reduction of the
overexpressed Hdmx. Surprisingly, the 10-fold overexpression of
Hdmx had only subtle inhibitory effects on NCS-induced P53
activation (Fig. 4 B and C).

Changes in Stoichiometry After Non-DNA Damage-Induced P53 Acti-

vation. Taken together, the above data suggest that, in the
absence of DNA damage, an excess of Hdmx and Hdm?2 limit P53
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Fig.3. Quantitative kinetic analysis of P53 response to DNA damage in MCF7
cells. (A) Time course of Western blot analysis. MCF7 cells were treated, lysed,
and analyzed by Western blotting as described in Fig. 2. (B) Time course of NCS
response in MCF7. The amounts of Hdm2, Hdmx, and P53 per cell were
determined as described in Fig. 2. Numbers shown in the box represent the
protein molecules X 103 per cell. (C) P53 activation in MCF7. Time course of P53
target gene activation is shown. Induction of hdm2 and p27 genes was
analyzed as described in Fig. 2.

function, whereas after DNA damage, the abundance of Hdm?2
and Hdmx may be less important. Recently, small molecules such
as Nutlin3a that stabilize P53 by disrupting the P53-Hdm?2
interaction have been described (33). Nutlin3a activates P53
without inducing detectable posttranslational modifications (34)
and, importantly, does not disrupt P53-Hdmx interaction (35—
37). Consequently, Nutlin3a provides a tool for dissecting po-
tential mechanistic differences between P53 activation by tradi-
tional genotoxins and the new generation of nongenotoxic P53
agonists.

Nutlin3a stabilized P53 in the absence of Ser-15 phosphory-
lation (Fig. 54) and, even though Hdm? levels increased signif-
icantly, did not induce Hdmx degradation in MCF7 cells (Fig. 54
and ref. 37). A comparison of NCS and Nutlin3a treatment
revealed that between 0 and 3 h, P53 transactivation correlated
with an increase in P53 abundance relative to Hdmx (Figs. 3 and
5). Importantly, the total levels of P53 never exceeded those of
Hdmx or Hdm?2 after NCS or Nutlin3a treatment (Figs. 3 and 5),
even though its transcriptional activity increased in both cases
after 1-2 h of treatment. Whereas P53 levels and activity
decreased 3 h after NCS treatment, the converse was observed
with Nutlin3a treatment, where P53 levels and transcriptional
activity continued to increase. Although Hdm2 increased
throughout the time course in both treatments, its ability to
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Fig. 4. Quantitative kinetic analysis of P53 response in cells overexpressing
Hdmx. (A) Time course of Western blot analysis. U20S cells were either left
untreated or treated with 5 ng/ml doxycycline (Dox) for 24 h to induce the
expression of Hdmx before NCS treatment at the indicated time, followed by
Western blotting as described in Fig. 2. (B and C) Time course of P53 target
gene activation. Induction of hdm2 (B) and p21 (C) genes was analyzed as
described in Fig. 2.

interact with and inhibit P53 was abrogated by autodegradation
after NCS treatment (14) or by Nutlin3a (33). Together, these
data raise the question of how P53 can be activated when its total
molecular abundance does not exceed that of Hdmx, which has
been proposed to be its main transcriptional antagonist.

Changes in Nuclear P53 Abundance Relative to Hdmx Correlate with
the Onset of P53 Transactivation. Hdm2- and Hdmx-dependent
antagonism of P53 transactivation function must involve the
nuclear fraction of these proteins, and dynamic subcellular
redistribution of each protein in response to damage has been
reported (38-40). We therefore fractionated cells and quantified
P53, Hdm2, and Hdmx in both cytoplasmic and nuclear com-
partments. The purity of each subcellular fraction was validated
by showing that PARP (41) was exclusively in the nuclear
fraction, whereas a-tubulin (42) was present in the cytoplasm
with little or no cross-contamination with nuclear components
(ST Fig. 10).

In exponentially growing cells, Hdm2 and Hdmx were mainly
cytoplasmic, whereas P53 was evenly distributed between the
cytoplasm and nucleus before DNA damage (Fig. 6). However,
the combined nuclear abundance of Hdm2 and Hdmx exceed
that of P53 under such conditions (Fig. 6, 0 h), and immuno-
precipitation analysis shows that Hdm2 and Hdmx interact with
P53 under such conditions (SI Fig. 11). The low basal activity of
P53 under these conditions implies that the observed nuclear
abundance of Hdm2 and Hdmx is sufficient to significantly
attenuate P53 function.

Subcellular fractionation and quantification of P53, Hdm?2,
and Hdmx after DNA damage proved revealing. P53 activation
began 2 h after NCS treatment, at which time its nuclear
abundance increased significantly (Fig. 6 B and D, 2 h). Although
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Fig. 5. Quantitative kinetic analysis of the P53 response to Nutlin in MCF7
cells. (A) Time course of Western blot analysis. MCF7 cells were treated with 10
uM Nutlin for the indicated times, followed by Western blotting as described
in Fig. 2. (B) Time course of Nutlin response in MCF7. The amounts of Hdm2,
Hdmx, and P53 per cell were determined as described in Fig. 2. Numbers shown
in the box represent the protein molecules x 103 per cell. (C) P53 activation in
MCF7. Time course of P53 target gene activation is shown. Induction of hdm2
and p21 genes was analyzed as described in Fig. 2.

nuclear Hdm?2 levels exceeded those of P53 at all time points,
Hdm?2 was very unstable after DNA damage (Fig. 64 and C, lane
8), limiting its interaction with P53 (SI Fig. 11 and ref. 14).
Interestingly, although the total Hdmx decreased by half after
the DNA damage (Figs. 2 and 3), the nuclear Hdmx level
changed only slightly (Fig. 6, compare 0 h and 5 h). However,
nuclear Hdmx was very unstable after DNA damage because
proteasome inhibitors (PI) significantly increased its abundance
(Fig. 64 and C and SI Fig. 8). Furthermore, damage-destabilized
Hdm?2 and Hdmx associated poorly with P53, but, subsequent to
their stabilization with PI, P53-Hdm2 and P53-Hdmx complexes
were readily detected (SI Fig. 11).

As shown above, a 10-fold overexpression of Hdmx had little
effect on P53 activation after DNA damage, although it was
sufficient to reduce basal activity. Instead, P53 activity after
damage correlated with its nuclear abundance (compare Figs. 4
and 6F, 5 hand Dox 5 h). Together, these data suggest that Hdm?2
and Hdmx levels influence P53 basal activity, but after DNA
damage, P53 level is the predominant factor that determines the
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magnitude of P53 activation. We suggest that Hdm2 and Hdmx
become ineffective antagonists after DNA damage because of
their preferential targeting to the proteasome, which appears to
limit their ability to interact with P53.

Implications for P53 Control Mechanisms. Here, we provide the first
quantitative analysis of changes in the stoichiometry of endog-
enous P53, Hdm2, and Hdmx in response to PS53-activating
agents. The quantification of each protein in the nuclear com-
partment allowed us to gain further insight into how Hdm2 and
Hdmx regulate P53 transactivation. Our data suggest two mech-
anisms for P53 regulation. First, Hdm2 and Hdmx can efficiently
bind and suppress P53 activity in the absence of DNA damage.
P53 activation by nongenotoxic agents such as Nutlin3a appears
to involve P53 nuclear levels increasing to exceed those of Hdmx
(Fig. 5 and SI Fig. 10), because Nutlin3a effectively limits
P53-Hdm?2 interaction. The second mechanism suggests that
DNA damage-induced phosphorylation of Hdm2 and Hdmx
increases the turnover rate of both proteins and prevents them
from effectively antagonizing P53. The net effect is to increase
P53 abundance, which determines the potency of the P53
transcriptional response. Consistent with our model, blocking
damage-induced Hdm2 and Hdmx degradation by using protea-
some inhibitors or appropriate phosphomutants enables their
association with P53 to prevent P53 activation (14, 16, 17).
The models we have derived do not account for the higher-
order complexes within which P53, Hdm2, Hdmx, and many
other binding partners may associate and will likely benefit from
future refinements. For example, transcriptionally active P53 is
tetrameric (43). Hdm2 and Hdmx can also form homo- and
heterodimers and higher-order structures (44, 45), and in vitro
studies suggest that the Hdm2-Hdmx complex is a more stable
and active than E3 ubiquitin ligase (46). However, we do not
know how many P53 tetramers are present in cells with basal P53
activity, nor during activation, nor the fraction associated with
chromatin. We also lack information concerning in vivo disso-
ciation constants for each of these molecules, and we do not
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know how many molecules of Hdm2 or Hdmx are required to
inhibit P53. One speculation is that effective inhibition requires
interaction with Hdm2 and Hdmx together, perhaps as het-
erodimers or higher-order complexes (46), because embryonic
lethality results from deletion of either Mdm2 or Mdmx (2-4),
and Mdm? alone is a relatively poor inhibitor of P53 transacti-
vation (47, 48). The data presented here will provide a basis for
developing more refined mathematical models of P53 pathway
regulation based on known kinetics of P53 transcriptional acti-
vation as a function of P53, Hdm2, and Hdmx subcellular
concentration. This should enable a detailed description of the
molecular dynamics of this critical stress-regulated tumor sup-
pressor pathway.

Materials and Methods
Additional procedures are discussed in ST Methods.

Protein Expression and Purification. Plasmids pET-DEST-H10-Trx-
Hdm?2 and pET-DEST-H10-Trx-Hdmx were transformed into
BL21(DE3). IPTG (1 mM final concentration) was added to the
culture to induce protein expression. Cells were harvested in
denaturing lysis buffer [6 M guanidine/100 mM phosphate buffer
(pH 8)/10 mM imidazole]. Lysate was passed through a His-
select cartridge (Sigma, St. Louis, MO) for protein purification.
Partial purified recombinant proteins were run onto an 8%
SDS/PAGE for protein separation and bands corresponding to
Hdm?2, Hdmx, and P53 were extracted by using ElutaTube
protein extraction kit (Fermentas, Hanover, MD). The extrac-
tions were dialyzed and concentrated. Purified proteins were
stored in 10% glycerol, 5 mM DTT, 300 mM NaCl, and 25 mM
NaPO, buffer (pH 7.5) at —20°C.

Pure Protein Quantification. Ultrapure BSA (Sigma) was used as a
standard for measuring the concentration of pure proteins. A280
was used to confirm the concentration of BSA, by using its
extinction coefficient (¢ = 43,824 M~'cm™1). BSA (400-25 ng)
along with pure proteins were run on a gradient Bis-Tris gel
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(Invitrogen, Carlsbad, CA). The proteins were stained with
SYPRO-Ruby (Molecular Probes, Eugene, OR) according to
the manufacturer’s instructions, and signals were quantified by
Typhoon image analysis (Molecular Dynamics, Sunnyvale, CA).

Quantitative Western Blot Analysis of Cell Extracts. After treatment,
cells were counted before harvesting and lysis in RIPA buffer
(100 pl per million cells). Lysates from equivalent cell numbers
and serial dilutions of protein standard mixes containing Hdm2,
Hdmzx, and P53 recombinant proteins were run on SDS/PAGE
and transferred to Immobilon-FL. membrane (Millipore, Bed-
ford, MA). A mixture of IF2 (Calbiochem, San Diego, CA), 4B2
(Calbiochem), and SMP14 (Santa Cruz Biotechnology, Santa
Cruz, CA) mouse monoclonal antibodies were used to detect
Hdm2. BL1258 (Bethyl Laboratories, Montgomery, TX) and
FL393 (Santa Cruz Biotechnology) rabbit polyclonal antibodies
were used to detect Hdmx and P53, respectively. Alexa Fluor
680-conjugated anti-rabbit IgG (Molecular Probes) and
IRDye800 conjugated anti-mouse IgG (Rockland, Gilbertsville,
PA) were used as secondary antibodies. All antibody dilutions
were made in casein blocking solution (LiCor, Lincoln, NE).
Signal intensities were analyzed by using the Odyssey infrared
image system (LiCor).
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supernatant to give the cytoplasmic fraction. The nuclear pellets
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