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Functional inactivation of p53 and constitutive activation of the NF-�B
pathway has been associated with several human cancers. In this
study, we show that I�B kinase 2 (IKK2/IKK�), which is critical for
NF-�B activation, also phosphorylates p53. Phosphorylation of p53 at
serines 362 and 366 by IKK2 leads to its recruitment to and ubiquiti-
nation by �-TrCP1. Degradation of ubiquitinated p53 is independent
of Mdm2, because it occurs in both wild-type and Mdm2�/� cells.
SiRNA-mediated reduction in the levels of �-TrCP1 and other mem-
bers of the SCF��TrCP1E3 ubiquitin ligase complex or overexpression
of a dominant negative form of �-TrCP1 enhances p53 stability.
Substitutions at Ser-362 and 366 of p53 by alanines (p53 AA) result in
reduced phosphorylation of p53 by IKK2, decreased association with
�-TrCP1, and thus increased stability of p53 and expression of p53
target genes such as p21, altering the G1 phase of the cell cycle. Our
results identify IKK2 and �-TrCP1 as novel regulators of the p53
pathway and suggest that blocking of IKK2 and �-TrCP1 could be a
means of regulating p53 stability and thereby modulating its biolog-
ical activity.

�-TrCP1 � DNA damage � IKK2 � p53 stability

NF-�B is a family of transcription factors crucial for several
biological processes involved in innate and adaptive immunity,

inflammation, cell survival, and cancer (1). More than 150 different
types of stimuli, including proinflammatory cytokines, bacterial/
viral infection, and stress, activate NF-�B–dependent transcription
of target genes. Activation of the I�B kinase (IKK) complex is a
prerequisite for NF-�B activation. Once activated, IKK phosphor-
ylates serines 32 and 36 of I�B proteins (2), followed by ubiquiti-
nation by �-TrCP1, an E3 ubiquitin ligase, which targets them for
proteosomal degradation (3). IKK2 has been shown to phosphor-
ylate other cellular and viral proteins, such as �-catenin, I�B�,
I�B�, p65, HIV-VPU, and SRC-3; this phosphorylation regulates
the steady-state levels and transcriptional activity of these substrates
(4–7). Approximately 30% of cellular proteins contain covalently
bound phosphate, even though only 500–600 protein kinases likely
are encoded by the human genome (8). Therefore, it is conceivable
that, like many other kinases, IKK2 also has additional substrates,
and that each protein phosphorylated by IKK2 in turn can be a
substrate of other kinases.

The p53 tumor suppressor plays a crucial role in the development
of many cancers and is frequently mutated or deleted in human
cancers (9, 10). In the absence of stress, endogenous p53 levels are
very low, because of the constant recruitment of p53 to Mdm2, an
E3 ubiquitin ligase that inhibits its transcriptional activity and
targets it for proteosomal degradation (11, 12). In response to DNA
damage and other cellular stresses, the p53 protein levels are
up-regulated and its activities are induced. The inhibition of Mdm2
binding to p53 and increases in p53 transcriptional activity involve
the phosphorylation and stabilization of p53.

Human p53 has been reported to contain at least 20 phosphoac-
ceptor sites. Most of these sites are modified in response to damage
or stress, but some are phosphorylated under normal growth
conditions (13). Most of these specific phosphorylation sites stabi-
lize p53 and prevent Mdm2-mediated ubiquitination; however,

phosphorylation of p53 at threonine 155 by the COP9 signalsome,
at threonine 55 by TAF1, and at serine 15 by Aurora kinase A
targets p53 for Mdm2-induced degradation (14–16).

Given that the p53 pathway is a critical gatekeeper of cellular
transformation and that its mutational inactivation is reported in
more than 50% of cancers, it would seem that other cellular
mechanisms are involved in inactivation of p53. Perhaps the best
way to modulate p53’s activity is to regulate its stability. Here we
report 2 new players, IKK2 and �-TrCP1, that can regulate the
stability of p53. We show that IKK2 (but not IKK1) phosphorylates
p53 at serine 366, and possibly also at serine 362, after which p53
is recruited to the SCF��TrCP E3 ligase for ubiquitination and
degradation. These findings have important clinical relevance,
because activation of IKK and the NF-�B pathway also has been
reported in several human cancers.

Results
IKK2 Phosphorylates p53. We used the consensus sequence gener-
ated from mutational analysis (supporting information (SI) Text
and Fig. S1) to search for potential IKK2 substrate in the Swiss-prot
database (17). One of the potential targets was p53 (Fig. S2). The
ability of IKK2 to phosphorylate both GST-p53 peptide and
recombinant full-length human p53 in vitro was tested. Fig. 1A
shows that IKK2 phosphorylated the GST-p53 peptide. Substituting
residues 362 and 366 in the GST-p53 peptide with alanine (p53 AA)
abolished phosphorylation by IKK2. In addition, full-length His6-
p53 could be robustly phosphorylated by IKK2 (Fig. 1B); however,
phosphorylation of full-length p53 AA protein by IKK2 was sig-
nificantly diminished. To further confirm that the phosphorylation
indeed occurred at the two proposed serine residues, we analyzed
the His6-p53 bands from the kinase assay by phosphopeptide
mapping. We detected the spot corresponding to serine 366 phos-
phorylation only in wild-type (WT) p53 samples, not in p53 AA
samples (Fig. 1C). The identity of this spot was confirmed by
comigration with a synthetic phosphorylated peptide
(AH*SSHLK). These results strongly establish that p53 can be
phosphorylated at serines 362 and 366 in vitro.

To further investigate the phosphorylation of serines 362 and 366
by IKK2 in vivo, we treated mouse embryonic fibroblast (MEF)
cells expressing WT or AA mutant p53 with doxorubicin, and then
immunoprecipitated the phosphorylated p53 proteins with anti-
body to phos-Ser-366 p53 (18) and immunoblotted them with p53
antibody. MEF cells infected with the lentiviral vector making p53
WT induced phosphorylation on doxorubicin treatment (Fig. 1D,
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lane 2). In contrast, MEF cells transduced with p53 AA lentivector
exhibited no phosphorylation (lane 4). DNA damage–mediated
phosphorylation of p53 was mediated by IKK2, since doxorubicin
treatment increased serine 366 phosphorylation of p53 in WT MEF
cells, but not in IKK2-deficient cells (Fig. 1D, lanes 5–7 vs. lanes
8–10). Based on these results, we conclude that IKK2 phosphory-
lates p53 in response to DNA-damaging agents like doxorubicin in
vivo, and that IKK2-mediated phosphorylation of p53 likely occurs
at least at serine 366. Given that Chk2 has been implicated as a
major kinase for phosphorylation of serine 366 (18), we investigated
whether loss of IKK2 could indirectly lead to loss of serine 366
phosphorylation due to loss of Chk2 activation; however, activation
of Chk2 was completely normal in cells lacking IKK2 (Fig. S3).
Because IKK2 loss leads to significant loss of serine 366 phosphor-
ylation without affecting Chk2 activation, these results identify
IKK2 as a putative p53 kinase (for serine 366) in vivo.

Phosphorylation by IKK2 Destabilizes p53. We next evaluated the
physiological consequences of IKK2-mediated phosphorylation of
p53. p53 stabilization occurred at a much smaller dose of doxoru-
bicin in primary IKK2�/� MEF cells compared with primary WT
or IKK1�/� MEF cells (Fig. 2A; compare lanes 2 and 5 with lane
8). Because mutations might stabilize p53 protein, we sequenced
the full-length cDNA, but we found no mutations in any of these
cells. The cells exhibited no differences in p53 mRNA level,
confirming the notion that p53 is regulated mainly at the protein
level (Fig. S4A). In addition, reconstitution of IKK2, but not IKK1,
in primary IKK1/2�/� cells led to a decline in p53 levels (Fig. 2B).
We also found that removing IKK2 mediated by siRNAs also could
lead to an increase in p53 (Fig. S5), confirming that IKK2 indeed
is a negative regulator of p53 stability.

NEMO is an essential component of the I�B kinase complex.
Interestingly, NEMO deficiency in rat fibroblast 5R cells did not
lead to p53 stabilization compared with WT Rat1 cells (Fig. 2C),
suggesting that activation of NF-�B target genes is not required for
this effect. We assayed the effect of IKK2-mediated phosphoryla-
tion on the stability of p53 by expressing WT or AA variants of p53
in primary WT or IKK2�/� MEF cells. After doxorubicin treat-
ment, p53 WT was less stabilized than p53 AA in WT MEF cells
(Fig. 2D; compare lanes 1 and 2); however, both p53 WT and AA
mutant were stabilized to a similar degree in primary IKK2�/�

MEF cells (compare lanes 3 and 4). These results suggest that
IKK2-mediated phosphorylation of serines 362 and 366 regulates
the stability of p53, and that phosphorylation of p53 at these
residues most likely facilitates its degradation. Incubating with
cyclohexamide for 4 h after an 18-h doxorubicin treatment resulted
in a more significant decrease in p53 WT compared with p53 AA
mutant (Fig. 2E), suggesting higher p53 AA levels at steady state
as well.

To evaluate whether phosphorylation of p53 at serines 362 and
366 also regulates its stability in response to DNA damage, we
estimated the relative amount of p53 in p53�/� MEF cells infected
with p53 WT or p53 AA lentivirus after treatment with increasing
amounts of doxorubicin for 18 h. Quantitative PCR found equiv-
alent mRNA levels of p53 WT and AA (Fig. S4B); however, p53
AA mutant protein levels were consistently higher than p53 WT
levels (Fig. 2F). There was no significant change in Mdm2 and
�-TrCP levels in p53�/� MEF cells infected with p53 WT or AA
(Fig. 2F). There was a significant difference in p53 WT and AA
levels in the absence of doxorubicin, likely due to the presence of
basal, constitutively active IKK2 in these cells. Low-level constitu-
tive activation of IKK2 in MEF cells has been reported, which was
abrogated by genetic ablation of IKK2 (19). In fact, IKK was
originally identified as a basally active kinase (20). To assess the
apparent differential stability of the p53 WT and p53 AA proteins
in the absence of Mdm2, Mdm2�/�/p53�/� MEF cells were infected
with either p53 WT or AA mutant lentivirus (Fig. 2G) and treated
with varying concentrations of doxorubicin for 18 h. Surprisingly,
p53 AA was more stable than p53 WT even in the absence of Mdm2
(Fig. 2G; compare lanes 1–3 and 4–6). Furthermore, p53 WT also
could be stabilized by IKK2 knockdown in Mdm2�/�/p53�/� MEF
cells (Fig. 2H; compare lanes 1–3 and 4–6). Together, these results
indicate that phosphorylation of serines 362 and 366 of p53 by IKK2
facilitates degradation of p53 in an Mdm2-independent manner.

�-TrCP Is Involved in IKK2-Induced Degradation of p53. Having
established that phosphorylation by IKK2 of p53 at residues 362 and
366 regulates p53’s stability in response to DNA damage, we next
investigated the molecular mechanism governing this phenomenon.
The �-TrCP–Skp1-Cullin-F-box protein (SCF) complex is the only
recognized E3 ligase for IKK2 substrates identified thus far. �-TrCP
ubiquitinates IKK2 phosphorylated substrates like I�B� (21), tag-
ging them for degradation by the 26S proteosome. We transfected
p53 �/� MEF cells with a human p53 expression plasmid and a
�-TrCP1 WT expression plasmid in the presence of an IKK2
expression plasmid, and measured p53 levels by immunoblot anal-
ysis 48 h later. As shown in Fig. 3A, cotransfection with �-TrCP1
WT caused a substantial decrease in the amount of p53 WT (lane
2) compared with cells cotransfected with only p53 and IKK2
expression plasmids (lane 1); however, the amount of p53 AA was
not decreased by �-TrCP1 WT (lanes 3 and 4). Furthermore,
�-TrCP1 WT did not cause a decrease in p53 level in the absence
of exogenously transfected IKK2 (Fig. 3B).

To evaluate the role of �-TrCP1 in regulating the stability of p53,
we analyzed the �-TrCP1 �F mutant, which lacks the F-box and
hence, although it binds its substrates, cannot associate with other
subunits of the SCF complex and thus functions as a dominant
negative (22). Transfection of p53�/� MEF cells with a human p53
expression plasmid and a �-TrCP1 �F mutant expression plasmid

Fig. 1. IKK2 phosphorylates p53 at serines 362 and 366. (A and B) GST-p53
peptides (A) and full-length His6-p53 (B) were subjected to kinase assay with
purified IKK2 (Top; Coomassie blue staining, Bottom). (C) The p53 bands from
panel B were subjected to phosphopeptide mapping analysis. The spot in the
circle was confirmed to be the peptide containing phosphorylated serine 366. (D)
WT MEF cells infected with p53 WT or AA mutant lentivirus were treated with
1 �g mL�1 of doxorubicin for 4 h and lysed for immunoprecipitation with
antibody to phos-Ser-366 p53 (Left), or, alternatively, WT and IKK2�/� MEF cells
were infected with p53 WT lentivirus and analyzed (Right). The lower bands
(denoted by *) are endogenous p53.
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led to the accumulation of p53 levels even in the presence of IKK2
(Fig. 3C). Under resting conditions, p53 is rapidly degraded by
Mdm2, an E3 ligase for p53. To determine whether �-TrCP1–
mediated regulation of p53 levels occurs independently of Mdm2,
embryonic fibroblasts derived from Mdm2�/�/p53�/� double
knockout were transfected with human p53 expression plasmid,
along with increasing amounts of �-TrCP1 WT or �F expression
plasmids. Increasing concentration of �-TrCP1 WT led to the
degradation of p53 even in the absence of Mdm2 (Fig. 3D, lanes
1–4). In contrast, cells transfected with increasing amounts of
�-TrCP1 �F mutant, showed accumulation of p53 (lanes 5–8).
Given that �-TrCP1 �F mutant would function as a dominant
negative of the endogenous �-TrCP1 WT protein, these results
suggest that �-TrCP1 is indeed a novel E3 ligase that regulates the
stability of p53 independent of Mdm2.

Previous studies have reported an overlap in the functions of the
�-TrCP 1 and 2 in destabilizing I�B� and �-catenin, both of which

are substrates of IKK2 (23). To confirm that �-TrCP is involved in
regulating steady-state levels of p53, siRNA against both �-TrCP1
and �-TrCP2 was expressed using a lentiviral vector (24). Immu-
noblot analysis of lysates from U2OS cells stably infected with
si�-TrCP1/2 lentivirus showed reduced protein levels of �-TrCP1
compared with control cells stably infected with siGFP lentivirus
(Fig. 3E, lane 2). Cells with the �-TrCP1/2 siRNA had higher p53
levels. siRNA to Cullin1, another key component of SCF complex,
showed a similar result observed with �-TrCP1 knockdown. The
levels of p53 and its target gene p21 were reproducibly increased in
Cullin 1 knockdown cells (Fig. 3E, lane 4). Several studies have
reported the constitutive activation of IKK2 in pathogenic states
and cancer cells (25, 26). The ability of �-TrCP RNAi to stabilize
p53 in U2OS, an osteosarcoma-derived cell line, is likely due to the
presence of basal constitutively active IKK2 in these cells. These
results suggest that �-TrCP1, like Mdm2, can regulate the steady-
state levels of p53 protein, albeit in an IKK2-dependent manner.

Fig. 2. Phosphorylation by IKK2 destabilizes p53. Primary WT, IKK1�/�, and IKK2�/� MEF cells (A); IKK1/2�/� DKO MEF cells infected with recombinant adenovirus
expressing GFP, IKK2, and IKK1 (B); Rat1 and 5R rat fibroblast cells (C); Primary WT and IKK2�/� MEF cells stably infected with Flag-p53 WT or AA lentivirus (D); p53�/�

MEF cells stably infected with Flag-p53 WT or AA lentivirus (F); Mdm2�/�/p53�/� MEF cells infected with Flag-p53 WT or AA lentivirus (G); Mdm2�/�/p53�/� MEF cells
expressing p53 WT infected with siGL3 or siIKK2 lentivirus (H) were treated with 0.4 �g mL�1 or increasing amounts of doxorubicin for 18 h. Cell lysates were
immunoblotted with indicated antibodies. (E) Doxorubicin-treated p53�/� MEF cells stably expressing recombinant Flag-p53 WT or AA protein were collected at the
indicated time points after addition of cyclohexamide (CHX) for 0, 1, 2, and 4 h. The data shown in the inset were quantified by densitometry. The dashed line represents
p53 AA, and the solid line represents p53 WT.
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�-TrCP1 Interacts With p53 and Promotes p53 Ubiquitination. Our
immunoprecipitation experiments demonstrate that p53 WT, but
not AA, can bind to �-TrCP1 (Fig. 4A; compare lanes 1 and 3). The
data indicate that binding of p53 to �-TrCP1 is dependent on
phosphorylation of p53. Consistent with it acting as a dominant
negative, the �-TrCP1 �F mutant was able to bring down more p53
(lane 2). Further supporting this, the interaction was significantly
reduced after phosphatase treatment (Fig. 4B, lanes 3 and 4). As
expected, this binding also was significantly impaired in IKK2
knockdown cells (Fig. 4C, lanes 3 and 4). To determine whether
�-TrCP1, like Mdm2, can mediate ubiquitination in vivo, we
cotransfected p53 plasmid in 293T cells with �-TrCP1 WT or �F
mutant and HA-tagged ubiquitin in combination with doxorubicin
and lactacystin, a proteosome inhibitor. In cells expressing p53,
substantially more ubiquitination was observed in the presence of
�-TrCP1 than in the presence of �-TrCP1 �F mutant after doxo-
rubicin treatment (Fig. 4D, lanes 6 and 8). After doxorubicin
treatment, ubiquitination of p53 was lower in cells expressing
�-TrCP1 WT compared with basal or untreated cells, likely as a
result of activation of p53 degradation in the absence of proteosome
inhibitor (Fig. 4D, lane 5). Taken together, these results indicate
that IKK2-mediated phosphorylation of p53 promotes the recruit-
ment to and ubiquitination of p53 by �-TrCP1.

Phosphorylation of p53 at Serines 362 and 366 Affects the Cell Cycle.
To investigate the biological role of serines 362 and 366 phopho-
rylation of p53, we compared the effects of p53 WT and p53 AA
on p53 transcriptional targets and, consequently, on p53-regulated
pathways. The level of p21, a p53-inducible gene, was determined
in p53-deficient MEF cells stably expressing either p53 WT or p53
AA. Treatment with increasing amounts of doxorubicin for 18 h
resulted in consistently higher amounts of cyclin-dependent kinase
inhibitor p21 in p53 AA mutant compared with p53 WT–
expressing cells (Fig. 5A). In addition, U2OS cells that overex-

pressed p53 AA had a larger G1 population compared with U2OS
cells with p53 WT (55% vs. 44%; Fig. 5B). Cells expressing p53 AA
also exhibited greater p21 expression than cells expressing p53 WT.
The greater growth arrest in the G1 phase with p53 AA could be
due to stabilization of p53 and enhanced transcription of cell cycle
inhibitor p21.

Given the fact that p53 AA leads to prolonged p53 activity, we
explored whether phosphorylation at serines 362 and 366 is in-
volved in resolving the DNA damage response. Interestingly, the
kinetics of serine 366 phosphorylation differ greatly from those of
serine 15 phosphorylation, the site of ATM kinase, which is very
rapid (Fig. 5C); however, in agreement with the activation kinetics
of IKK2 by DNA-damaging agents like doxorubicin (27), serine 366
is phosphorylated by IKK2 over 3–4 h. This suggests that IKK2 may
be a bona fide kinase-phosphorylating p53 at serine 366 in vivo, and
may contribute toward regulating p53 stability and activity in the
physiological setting of DNA damage response.

Discussion
We have found that IKK2 phosphorylates p53 at serines 362 and
366, facilitating degradation of p53, independent of Mdm2 and
NF-�B. Although we only detected p53 serine 366 phosphory-
lation in vivo, due to the limited availability of serine 366
phosphorylation–specific antibody, we cannot exclude the pos-
sibility of serine 362 phosphorylation. Interestingly, phos-
phopeptide mapping (Fig. 1C) produced much stronger signal
for serine 366 phosphorylation than for serine 362 phosphory-
lation. Thus, phosphorylation on serine 366 by IKK2 likely plays
a more important role in the cellular context.

We have previously shown that IKK2 can promote p53 destabi-
lization through NF-�B– mediated Mdm2 expression (27). Our
present findings indicate yet another mechanism through which
IKK2 directly regulates p53 degradation (Fig. 5D). This alternative

Fig. 3. Effect of �-TrCP1 expression on IKK2-induced degradation of p53.
p53�/� MEF cells were cotransfected with Flag-p53 WT or AA, �-TrCP1 WT, and
IKK2 (A); Flag-p53 WT and �-TrCP1 WT without IKK2 (B); or Flag-p53 WT, �-TrCP1
�F, and IKK2 (C) and treated with doxorubicin for 18 h. (D) Mdm2�/�/p53�/� MEF
cells were cotransfected with Flag-p53 WT, IKK2, and increasing amounts of
�-TrCP1 WT or �F were incubated with doxorubicin for 18 h before harvest. (E)
U2OS cells were stably infected with si�-TrCP1/2 or siGFP lentivirus, or were
transfected with synthetic siRNA to Cullin1 or luciferase and treated with doxo-
rubicin for 18 h. Immunoblot analyses were performed with the indicated
antibodies.

Fig. 4. �-TrCP1 interaction with and ubiquitination of p53. (A) 293T cells were
cotransfected with Flag-p53 WT or AA and Myc �-TrCP1 WT or �F. Cell lysates
were immunoprecipitated with antibodies to Myc or Flag. (B) Cell lysates were
treated with phosphatase (CIP) for 30 min at room temperature before immu-
noprecipitation. (C) Similar immunoprecipitation was done in siGL3 or siIKK2
stably infected 293T cells. (D) 293T cells were cotransfected with Flag-p53, HA-
ubiquitin, and Myc �-TrCP1 WT or �F. Then, 24 h after transfection, cells were
treated with doxorubicin and lactacystin for 18 h. p53 proteins were immuno-
precipitated and ubiquitination was checked by HA antibody.
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mechanism of p53 phosphorylation by IKK2 could provide an
Mdm2-independent mechanism of attenuating p53 response. A
study of the kinetics of phosphorylation of p53 immediately after
DNA damage showed that S15 phosphorylation precedes phos-
phorylation of p53 at S366 (Fig. 5C). This may be an important
mechanism in resolving p53 activity after DNA damage response.

It is well known that phosphorylation of I�Bs by IKK2 results in
ubiquitination of I�Bs by �-TrCP, an E3 ubiquitin ligase and WD40
repeat–containing F-box protein (28). Our findings indicate that
�-TrCP1 also can bind to p53, promote p53 ubiquitination, and
regulate p53 steady-state levels only in the presence of IKK2. In
addition, we found that �-TrCP1 functions independently of Mdm2.
Although p53 lacks a consensus DS(p)GXXS(p) phospho-
dependent binding motif for �-TrCP, binding of p53 to �-TrCP1
requires phosphorylation. �-TrCP has been identified as the E3
ligase for ubiquitination of Wee1, p100, and Smad3, all of which lack
the consensus binding motif for �-TrCP (29–31). Therefore, it is
reasonable to propose that IKK2 phosphorylation at serines 362
and 366 targets p53 for ubiquitination by �-TrCP1.

Mdm2 is a well-established important regulator of p53 turnover;
however, a number of studies have shown that degradation of p53
can occur independent of Mdm2. HPV E6 protein, JNK, NAD(P)H
quinone oxidoreductase 1 (NQO1), RING domain-containing
protein Pirh2, and COP1 have been shown to promote p53 ubiq-
uitination independent of Mdm2 (32–36). It has been demonstrated
that adenovirus E1B55K and E4orf6 proteins function together to
promote p53 ubiquitination and degradation through a Cullin-
containing E3 ubiquitin ligase complex (37). �-TrCP is strikingly
similar to the E4orf6 ubiquitin ligase complex, in that each contains
a substrate recognition subunit linked to a Cullin/Rbx1 subcomplex
through either Elongin BC or the Elongin C-like protein Skp1.

Previous studies have suggested that the viral protein E4orf6 may
have evolved functions similar to those of unidentified cellular
regulators of p53 degradation; thus, �-TrCP possibly could be a
cellular homolog of E4orf6. It is interesting to note that mice
lacking Cullin1, a subunit of the �-TrCP–SCF complex, have higher
levels of p53 during embryonic development (38). Similarly, p53 is
more stabilized in cells in which Cullin1 has been knocked down
(Fig. 3E).

There is growing evidence that inflammatory genes induced by
NF-�B are critical components of tumor progression (39, 40).
Although it has been shown that cytokines (such as IL-6, an NF-�B
target gene) may disturb the p53 tumor-suppressor pathway (41–
43), they do not modulate p53 stability. In line with this observation,
we found no effect of TNF-�, which efficiently activates the NF-�B
pathway, on the stability of p53 (Fig. S6). However, the presence of
DNA damage in cancers arising at the sites of chronic inflammation
(where IKK2 could be constitutively activated by the cytokines)
could provide an apt clinical setting in which constitutively active
IKK2 possibly could regulate p53 stability and function over a long
period. Further in vivo demonstration of a physiological role for
IKK2 in controlling p53 function has shown that cell type–specific
deletion of IKK2 in mice leads to stabilization of p53 and plays an
important role in p53-induced apoptosis in the intestine (44).

The programs governing tumorigenesis are complex and varied.
Our findings may point toward a novel mechanism that can explain
the role of constitutive IKK2 observed in the progression of several
cancers. Further studies are needed to investigate whether elevated
IKK2 activity and decreased p53 levels are correlated in human
biopsy specimens. The role of IKK2 in regulating p53 steady-state
levels makes IKK2 an attractive target for developing therapeutic
strategies for human cancers.

Fig. 5. The mechanism and in vivo effects of IKK2 phosphorylation on p53 function. (A) p53�/� MEF cells were stably infected with p53 WT or AA lentivirus, then
treated with increasing amounts of doxorubicin for 18 h. Cell lysates were immunoblotted with the indicated antibodies. (B) U2OS cells were transfected with p53 WT
or AA, and cell cycle analysis was done by FACS (n � 5; *P � .05). Endogenous p21 levels were checked by immunoblot analyses. (C) 293T cells were treated with 1 �g
mL�1 of doxorubicin for specified period, and p53 serine 15 and 366 phosphorylation was measured. (D) Proposed model for IKK2 regulated p53 degradation. IKK2
is activated in response to DNA damage, resulting in phosphorylation of p53 at serines 362 and 366 and subsequent degradation of p53 in an Mdm2-independent
manner. �-TrCP1 acts as an E3 ubiquitin ligase and targets p53 for degradation. Simultaneously, DNA damage activates the transcription factor NF-�B through IKK2.
NF-�B up-regulates the expression of Mdm2, which in turn also regulates p53 turnover.
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Materials and Methods
In Vitro Kinase Assays and Phosphopeptide Mapping. In vitro kinase assays were
performed on purified WT or mutant GST-p53 fusion proteins. For phosphopep-
tide mapping, the 32P-labeled His6-tag WT or serines 362 and 366 alanine mutant
of full-length p53 bands were cut from the gel after the in vitro kinase assay. The
proteins were extracted and digested with trypsin. The peptides were separated
in 2 dimensions on cellulose thin-layer plates by electrophoresis at pH 1.9 (hori-
zontal direction) and chromatography (vertical direction).

p53 Degradation Assays. Freshly confluent IKK1/2-deficient MEF cells were
infected with recombinant adenovirus expressing GFP, IKK1 WT, or IKK2 WT. WT,
IKK2-deficient, p53-deficient, and Mdm2�/�/p53�/� MEF cells were infected with
either Flag-tagged p53 WT or serine 362 and 366 AA mutant lentivirus. Stably
infected clones with same p53 (WT or AA) mRNA levels were used for all exper-
iments.p53�/� andMdm2�/�/p53�/� MEFcellsweretransfectedwithFlag-tagged
p53 with either �-TrCP1 or �F �-TrCP1 with IKK2. The cells were then treated with
0.4 �g mL�1 of doxorubicin for 18 h, lysed in SDS loading buffer containing
�-mercaptoethanol, and resolved by SDS/PAGE. Protein levels were detected by
immunoblotanalyseswiththerespectiveantibodies.Toassess thestabilityofp53,
p53�/� MEF cells stably infected with p53 WT and AA lentivirus were treated with
20 �g mL�1 of cyclohexamide for indicated times after 18 h of doxorubicin
treatment (0.4 �g mL�1). Quantitative PCR was performed to determine p53 WT
and AA mRNA levels in infected MEF cells.

siRNA Knockdown. The following siRNA sequences were used: for si�-TrCP1/2,
5�-GTGGAATTTGTGGAACATC-3�; for siIKK2, 5�-GGGCAGTCTTTGCACATCA-3�

(human) and 5�-GAAGATACTTGAACCAGTT-3� (mouse); for siCullin1, 5�-
AACGAAGAGUUCAGGUUUACC-3�. The efficiency of gene suppression was con-
firmed by immunoblot analyses and RT-PCR.

In Vivo Binding and Ubiquitination Assay. 293T cells were transfected with
Flag-p53 together with either Myc-tagged �-TrCP1 WT or �F mutant. The cells
were lysed 48 h after transfection and subjected to immunoprecipitation with
anti-Myc or anti-Flag antibodies. To detect p53 ubiquitination, HA-tagged ubiq-
uitin was cotransfected with plasmid combinations. Then, 24 h after transfection,
the cells were treated with 0.4 mg mL�1 of doxorubicin and 5 �M lactacystin for
18 h. The cell lysates were immunoprecipitated overnight using anti-Flag poly-
clonal antibodies and then immunoblotted with monoclonal antibodies against
Flag, HA, or Myc.

Cell Cycle Analysis. Flag-tagged p53 WT and AA expression plasmids were
transfected inU2OSosteosarcomacells.Thecellswere incubatedwith10�gmL�1

of Hoechst for 30 min at 48 h after transfection. Cells were collected for FACS
analysis (using a Becton Dickinson LSR analyzer) to determine p53-dependent
growth arrest.
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