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In unstressed cells, the tumor suppressor p53 is maintained at low
levels by ubiquitin-mediated proteolysis mainly through Mdm2. In
response to DNA damage, p53 is stabilized and becomes activated
to turn on transcriptional programs that are essential for cell cycle
arrest and apoptosis. Activation of p53 leads to accumulation of
Mdm2 protein, a direct transcriptional target of p53. It is not under-
stood how p53 is protected from degradation when Mdm2 is up-
regulated. Here we report that p53 stabilization in the late phase
after ionizing radiation correlates with active ubiquitination. We
found that an E3 ubiquitin ligase RFWD3 (RNF201/FLJ10520) forms
a complex with Mdm2 and p53 to synergistically ubiquitinate p53
and is required to stabilize p53 in the late response to DNA dam-
age. This process is regulated by the DNA damage checkpoint, be-
cause RFWD3 is phosphorylated by ATM/ATR kinases and the phos-
phorylation mutant fails to stimulate p53 ubiquitination. In vitro
experiments suggest that RFWD3 is a p53 E3 ubiquitin ligase and
that RFWD3–Mdm2 complex restricts the polyubiquitination of p53
by Mdm2. Our study identifies RFWD3 as a positive regulator of
p53 stability when the G1 cell cycle checkpoint is activated and pro-
vides an explanation for how p53 is protected from degradation in
the presence of high levels of Mdm2.
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The p53 tumor suppressor is a key regulator of cell cycle arrest
and apoptosis in response to genotoxic stress (1–3). The G1

cell cycle checkpoint is operated through the p53-dependent tran-
scriptional response (4). Accumulation of the p53 target gene
product p21WAF1∕CIP1 after DNA damage to a suprathreshold
level, capable of blocking the G1-S promoting cyclinE/Cdk2
activity, may require several hours and is responsible for the sus-
tained G1 arrest (5).

p53 is primarily regulated at the level of protein stability (6, 7).
At least five E3 ligases (E6-AP, Mdm2, Arf-BP1, COP1, and
Pirh2) have been identified to mediate ubiquitin-dependent pro-
teasomal degradation of p53. Each of the E3 ligases is capable of
building K48-linked polyubiquitin chains on p53, which are recog-
nized by 26S proteasome for degradation. In response to DNA
damage, it is thought that such polyubiquitination is inhibited
to stabilize p53 protein. Mdm2 is the major p53 E3 ligase, be-
cause embryonic lethality of Mdm2-knockout mice caused by
p53-induced apoptosis is rescued by deletion of p53 (8, 9).

One paradox exists in the Mdm2 axis for p53 stabilization. Be-
cause Mdm2 is a p53 transcription target, stabilization of p53
leads to up-regulation of Mdm2 (10), which in turn should de-
grade p53, but p53 is maintained at high levels when the G1

checkpoint is active. It was proposed that DNA damage destabi-
lizes Mdm2 by a mechanism involving phosphorylation by ATM/
ATR and increased Mdm2 turnover. Thus, accelerated Mdm2
ubiquitination shortens its half-life, suppressing its activity to-
wards p53 (11). Posttranslational modification of p53 is another
important mechanism for its regulation (6). p53 modification by
phosphorylation, acetylation, methylation, sumoylation, and

neddylation may disrupt p53–Mdm2 interaction or inhibit p53
ubiquitination if the same lysine residues are modified by acety-
lation (12). It is noteworthy that all known E3 ligases are negative
regulators of p53 by promoting p53 degradation, which is inhib-
ited in response to DNA damage. Here we show that E3 ligase
RING finger and WD repeat domain 3 (RFWD3), a substrate of
checkpoint kinase ATM/ATR and a regulator of the G1-S check-
point (13, 14) protects p53 from degradation in the presence of
high levels of Mdm2.

Results
RFWD3 Is Phosphorylated by ATM/ATR in Response to DNA Damage.To
demonstrate that RFWD3 is a substrate of the checkpoint kinase
ATM/ATR, we inhibited ATM activity by pretreating the cells
with an ATM-specific inhibitor KU55933. RFWD3 phosphoryla-
tion was inhibited at 1 h after IR but was not affected at later
times (Fig. 1A). Consistent with these data, RFWD3 phosphor-
ylation was largely maintained in an ATM stable knockdown cell
line (Fig. 1A). Next, we knocked down ATR by siRNA in HeLa
cells and found that RFWD3 was phosphorylated in the absence
of IR (Fig. 1B), possibly because of the induced stress by the loss
of ATR that activates other PI-3-like kinases, including ATM.
Importantly, IR-induced RFWD3 phosphorylation was abolished
as a result of ATR knockdown; when both ATM and ATR were
depleted, both basal level and IR-induced RFWD3 phosphoryla-
tion were eliminated (Fig. 1B). An in vitro kinase assay showed
that GST-RFWD3 purified from Escherichia coli was phosphory-
lated by wild-type ATR but not by ATR-KD (kinase dead)
mutant (Fig. 1C).

RFWD3 contains a RING finger domain and displays in vitro
E3 ubiquitin ligase activity (Fig. S1A and B). In addition, it has an
SQ-rich region in the N terminus, a coiled-coil domain, and a
WD40 domain in the C terminus. Sequence comparison revealed
that the residues flanking serine 46 and serine 63 (S46 and S63) of
RFWD3 resemble those around BRCA1 serine 1457 (Fig. S2A),
suggesting that theymight be the phosphorylation sites recognized
by the anti-BRCA1-phospho-S1457 antibody. Note that the size of
the trypsin-digested peptide containing S46 and S63 (residue 1–
97) is approximately 10 kDa, which is too large to be detected
by the ion-trap mass spectrometry. To map the phosphorylation
sites, we mutated both S46 and S63 to alanines (RFWD3-2SA)
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and transfected the V5-RFWD3 together with ATR in 293 Tcells.
As predicted, RFWD3 phosphorylation following IR treatment
was markedly decreased in the RFWD3-2SA mutant (Fig. 1D).
The residual signal from RFWD3-2SA likely resulted from the
phosphorylation at other SQ sites. Consistently, overexpression
of ATR enhanced RFWD3 phosphorylation, whereas ATR-KD
did not (Fig. 1D, compare lanes 3 and 6 to 5), indicating that
ATR is responsible for the phosphorylation at these sites under
our conditions. Together, our data suggest that whereas ATM
phosphorylates RFWD3 at early times upon DNA damage, ATR
is the major kinase that phosphorylates RFWD3 at later times.

RFWD3 Interacts with Mdm2 and p53. To dissect the signalling path-
way that RFWD3 functions, we isolated the endogenous nuclear
RFWD3 complexes from cycling and hydroxyurea (HU)-treated
HeLa cells and identified the associated proteins by mass spectro-
metry (Fig. S2B). Two peptides derived from the oncoprotein
Mdm2 were found in the HU-treated sample. Next, we confirmed
the RFWD3–Mdm2 association by transient cotransfection in
293 T cells. As shown in Fig. S2C, immunoprecipitation of V5-
RFWD3 brought down Flag-Mdm2. Conversely, V5-RFWD3
could be reciprocally coimmunoprecipitated by anti-Flag IP of
Mdm2. Although Mdm2 was originally identified from the endo-
genous RFWD3 complex in HeLa cells only after HU treatment,
overexpressedMdm2 and RFWD3 could interact either before or
after IR treatment, suggesting that the interaction detected by
mass spectrometry may be a result of increased Mdm2 protein
level in response to genotoxic stress.

Because p53 protein level is kept low by E6-AP-mediated de-
gradation in HeLa cells, we further investigated the endogenous
interaction ofRFWD3andMdm2 in a p53positive cell lineMCF7.
Two antibodies (Ab1 and Ab2) against different regions of
RFWD3 were able to coimmunoprecipitate Mdm2 from MCF7
nuclear extracts (Fig. 2A). Interestingly, p53 was also detected
in the RFWD3 immunocomplexes, indicating the formation of
an RFWD3–Mdm2–p53 ternary complex. Indeed, reciprocal IP
with a p53 antibody brought down both RFWD3 and Mdm2 from
cycling MCF7 cells and cells treated by camptothecin (CPT) that
causes double-strandDNAbreaks (Fig. 2B). Furthermore, recom-
binant GST-RFWD3 was able to pull down Flag-p53 (Fig. 2C,
lane 3) or His-Mdm2 (lane 4), indicating that RFWD3 can form
a binary complex with either p53 orMdm2; when all three proteins
were present, RFWD3 brought downMdm2more efficiently than
in the absence of p53 (compare lanes 4 and 5, Fig. 2C), suggesting

that p53 may also contribute to binding between RFWD3 and
Mdm2.Domainmapping experiments using deletionmutants sug-
gest that Mdm2 acidic domain is required for its binding to
RFWD3 (Fig. 2D). Together these data strongly suggest that
RFWD3 interacts with Mdm2 and p53 in vivo and in vitro.

RFWD3 Is a Positive Regulator of p53 Abundance and Regulates
G1 Checkpoint in Response to IR. Because ubiquitination of p53
by Mdm2 leads to p53 degradation, we investigated whether
RFWD3 also regulates p53 abundance. In both U2OS andMCF7
cells, p53 levels were accumulated after IR albeit with different
kinetics. Consistently, the IR-induced p53 accumulation and
up-regulation of p21WAF1∕CIP1 were attenuated by knockdown
of RFWD3 with two different siRNAs (Fig. 3A and B). To further
assess the role of RFWD3 in p53-dependent cell cycle arrest,
we measured the G1 checkpoint in RFWD3 knockdown cell lines.
The G1 checkpoint was measured as the ratio of S-phase entry in
4-h time frames after IR to that of cycling cells (Fig. S3A). As
expected, p53 was required for the G1 checkpoint, because siR-
NA-mediated p53 knockdown almost completely abolished the
arrest starting from 4 h after IR (Fig. S3B and C). In contrast,
knockdown of RFWD3 had minimal effect on G1 arrest during
the first 8 h after IR but resulted in a 2–3-fold increase in S-phase
entry 8–12 h after IR (Fig. 3C), suggesting that RFWD3 is re-
quired for the G1 checkpoint maintenance. Importantly, the de-
fective G1 checkpoint could be rescued by expression of an
RNAi-resistant RFWD3 DNA plasmid in a stable RFWD3
knockdown cell line (Fig. 3D). These data demonstrate that
RFWD3 positively regulates p53 abundance and is required
for maintaining G1 cell cycle arrest in response to IR.

RFWD3 Is also Required to Stabilize Mdm2. Next, we tested whether
RFWD3 stabilizes p53 by inactivating Mdm2 in response to DNA
damage. We knocked down RFWD3 in U2OS cells and moni-
tored the Mdm2 protein levels after IR. Whereas the Mdm2 ac-
cumulation was apparent from 4 h after IR in control knockdown
cells, it was compromised in RFWD3 knockdown cells (Fig. 4A).
Importantly, the defect in Mdm2 accumulation could be rescued
by cotransfection of an RNAi-resistant RFWD3 (Fig. 4B). Con-
sistently, cotransfection of Mdm2 with RFWD3 in p53-null
H1299 cells resulted in more stabilized Mdm2 compared to
the transfection of Mdm2 alone, whereas cotransfected
RFWD3-CA (C315A mutant in RING domain that abolishes
its E3 ligase activity; see below) had much less effect (Fig. 4C).

Fig. 1. RFWD3 is phosphorylated by ATM/ATR kinase in response to DNA damage. (A) HeLa cells treated by KU55933 1 h before IR or stably knocked down by
shATM were irradiated with 10 Gy IR. Phosphorylated RFWD3 was immunoprecipitated by anti-BRCA1-phospho-S1457 antibody and detected by Western
blotting with an RFWD3 antibody. (B) Transient knockdown of ATR was performed in parental HeLa cells or stable ATM knocked-down HeLa cells. Phosphory-
lated RFWD3 in response to IR was detected as in A. (C) In vitro kinase assay was performed with purified Flag-ATR or Flag-ATR-KD protein from transfected
293 T cells and recombinant GST-RFWD3 purified from E. coli. (D) V5-RFWD3-wild-type or -2SA (S46A/S63A) was cotransfected with ATR or ATR-KD into 293 T
cells. RFWD3 was immunoprecipitated with V5 antibody from untreated or 10 Gy IR-treated cells, and its phosphorylation was detected by anti-BRCA1-
phospho-S1457 antibody.
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We next measured the half-life of Mdm2 as a function of
RFWD3 protein levels. In the RFWD3 stable knockdown cells,
the Mdm2 half-life was shortened by nearly 2-fold compared to
the control cell line (Fig. 4D). Conversely, coexpression of
RFWD3, not RFWD3-CA, with Mdm2 in H1299 cells extended
the half-life of Mdm2 (Fig. 4E). Together these data show that
RFWD3 is able to stabilize Mdm2 in a RING domain-
dependent manner.

RFWD3 Synergizes with Mdm2 to Enhance p53 Ubiquitination in
Response to IR. Because RFWD3 is a p53 E3 ligase in vitro
(Fig. S1B), we investigated whether RFWD3 regulates p53 ubi-
quitination. We first examined the kinetics of endogenous p53
ubiquitination in response to IR. The ubiquitinated p53 (Ub-
p53) generated by multiple E3 ligases exhibits a “ladder” pattern
in Western blotting. These bands migrate above 53 kDa and are
separated by ∼10 kDa as a characteristic of ubiquitination. As

shown in Fig. S4A, p53 protein started to accumulate as early
as 1.5 h after IR and remained at high levels afterwards in
U2OS cells. However, the intensity of the Ub-p53 ladder does
not strictly correlate with the unmodified p53 after IR. Compared
with cycling cells, the intensity of the Ub-p53 ladder decreased
sharply 1.5 h after IR, concomitant with initial p53 accumulation.
Then the intensity of Ub-p53 ladder started to increase 2.5 h after
IR and was maintained at higher levels at later times. Similar pat-
terns of the Ub-p53 ladder were also observed in MCF7 and
HCT116 cells, albeit with different kinetics (Fig. S4B and C).
Therefore, p53 stabilization in response to IR appears to be regu-
lated under different mechanisms—stabilization is initiated
through complete inhibition of p53 ubiquitination in the early
phase but is maintained in the presence of ubiquitination in
the late phase. Decreased p53 ubiquitination in the early phase
is consistent with the fact that Mdm2 is inactivated after DNA
damage through rapid turnover (11). Notably, whereas the

Fig. 2. RFWD3 interacts with Mdm2. (A) and (B) Coimmunoprecipitation of RFWD3, Mdm2, and p53 was performed with nuclear extracts prepared from
untreated or 100 nM CPT-treated MCF7 cells. (C) and (D) Recombinant Flag-p53, His-Mdm2 (full-length or domain-deletion mutants) were mixed with GST-
RFWD3 on beads. Pulled-down proteins were blotted by the indicated antibodies.

Fig. 3. RFWD3 is a positive regulator of p53 abundance and regulates the G1 checkpoint in response to IR. (A) U2OS cells were transfected with a RFWD3 siRNA
(sequence no. 2) or control siRNA. At 48 h posttransfection, cells were irradiated with 10 Gy IR. Cell lysates were immunoblotted with indicated antibodies.
Quantification of relative p53 levels was normalized by β-actin signals. (B) The same experiment as inAwas performed inMCF7 cells by using a different RFWD3
siRNA (sequence no. 1). (C) MCF7 cells were transfected with RFWD3 siRNAs (no. 1 or 2) or a control siRNA. At 48 h posttransfection, cells were irradiated with
2.5 Gy IR. The G1 checkpoint was measured by the relative S-phase entry at indicated time frames. (D) Rescue of the G1 checkpoint by expressing an RNAi-
resistant RFWD3 in U2OS stable shRNA knockdown cells. The cells were transfected with the indicated plasmids and were irradiated with 2.5 Gy IR at 48 hr
posttransfection.
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Mdm2 half-life was shortened during the early response to IR
(2 h after IR), it was considerably prolonged in the late phase
(6 h after IR) (Fig. S5), suggesting a positive correlation between
Mdm2 half-life and the intensity of Ub-p53 ladder.

To examine the role of RFWD3 and Mdm2 for p53 ubiquitina-
tion in the late phase of the response, we knocked down Mdm2,
RFWD3, or both and measured the Ub-p53 ladder by Western
blotting. Knockdown of either Mdm2 or RFWD3 resulted in de-
creased intensity of the Ub-p53 ladder in U2OS cells 4 h after IR
(Fig. 5A; compare lanes 4 and 9 to 2 and 8), and double knock-
down of both RFWD3 and Mdm2 led to greater decrease of the
Ub-p53 ladder (Fig. 5A; compare lane 10 to 8). These data sug-

gest that both RFWD3 and Mdm2 participate in maintaining p53
ubiquitination in the late phase response.

To corroborate the knockdown results, we examined how
RFWD3, Mdm2, and their E3 ligase activities affect p53 ubiqui-
tination after IR in overexpression experiments. As shown in
Fig. 5B, whereas Mdm2 alone readily ubiquitinated p53, RFWD3
alone exhibited nearly undetectable E3 ligase activity towards p53
(Fig. 5B, lane 3); coexpression of Mdm2 with RFWD3 resulted in
a significant enhancement of p53 ubiquitination (Fig. 5B, lane 5),
suggesting functional synergy between the two E3 ligases.
RFWD3-CA showed minimal stimulation of Mdm2-mediated
p53 ubiquitination (Fig. 5B, lane 6), and neither Mdm2-CA (a
C464A mutant with defective E3 ligase activity) alone nor in

Fig. 4. RFWD3 stabilizes Mdm2. (A) U2OS cells were transfected with RFWD3 siRNAs (no. 1 or 2) or control siRNA. At 48 h posttransfection, cells were irradiated
with 10 Gy IR. Quantification of relative Mdm2 levels was normalized by β-actin signals. (B) U2OS cells were transfected with control siRNA, RFWD3 siRNA
(sequence no. 1), together with empty vector (E.V.) or RNAi-resistant RFWD3. At 48 h posttransfection, cells were irradiated with 10 Gy IR and cell lysates were
collected at indicated time points. (C) H1299 cells were transfected with E.V. or cotransfected with Mdm2 and various amounts of V5-RFWD3 or V5-RFWD3-CA.
GFP was used as an internal control for transfection efficiency. The relative Mdm2 levels were quantified by normalizing to GFP signals. (D) MCF7 cells stably
transfected with an RFWD3 shRNA (sequence no. 1) or control (scramble) shRNA were treated with cycloheximide for indicated times. (E) H1299 cells were
transfected with Mdm2 alone or Mdm2 combined with V5-RFWD3 or V5-RFWD3-CA and treated with cycloheximide for indicated times.

Fig. 5. RFWD3 synergizes with Mdm2 to enhance p53 ubiquitination in response to IR. (A) U2OS cells were transfected with indicated siRNA and were
irradiated with 10 Gy IR at 48 h posttransfection. A higher exposure (High Exp) of p53 was taken to show the ubiquitination ladders. (B) H1299 cells were
cotransfected as indicated and irradiated with 10 Gy IR 4 h before cell lysis. Cell lysates were prepared as described in Experimental Procedures. Ubiquitinated
p53 proteins were immunoprecipitated by anti-p53 antibody and blotted with anti-HA antibody. (C) H1299 cells were cotransfected with indicated DNA vectors
and irradiated with 10 Gy IR. Flag-p53 was immunoprecipitated with Flag M2 antibody and the ubiquitinated p53 was detected by HA Western blotting.
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combination with RFWD3-CA ubiquitinated p53 (lanes 2 and 8),
confirming that the E3 ligase activities of both RFWD3 and
Mdm2 are required for the observed synergistic effect. Interest-
ingly, coexpression of RFWD3 with Mdm2-CA also led to a low
level of p53 ubiquitination (lane 7), raising the possibility that
Mdm2-CA acts as an adaptor to present p53 to the overexpressed
RFWD3 for ubiquitination. Indeed, GST-RFWD3 purified from
E. coli exhibited robust E3 ligase activity to p53 without Mdm2 in
vitro (Fig. S1B and see below).

Finally, we investigated the role of RFWD3 phosphorylation
in p53 ubiquitination in response to DNA damage. Compared
to wild-type RFWD3, which stimulates p53 ubiquitination,
RFWD3-2SAmutant failed to enhance Mdm2-mediated p53 ubi-
quitination, suggesting that RFWD3 phosphorylation further en-
hances p53 ubiquitination after IR (Fig. 5C, lanes 2, 3, and 5).

RFWD3 Restricts Mdm2 from Extending Polyubiquitin Chain on the
Ubiquitinated p53. To further investigate the underlying
mechanism of RFWD3-mediated p53 stabilization, we carried
out in vitro ubiquitination assay by using recombinant E1, E2
(UbcH5), Flag-p53, GST-RFWD3, and GST-Mdm2 purified
from E. coli. Consistent with its known function, Mdm2 generated
polyubiquitinated p53 species that migrated above 220 kDa in a
dosage-dependent manner (Fig. 6A, lanes 2–5). In contrast,
RFWD3, not its CA mutant, catalyzed the formation of Ub-
p53 that migrated at ∼100 to 160 kDa (Fig. 6A, lanes 7–10). Si-
multaneous addition of both E3 ligases resulted in a p53 ubiqui-
tination pattern resembling the one generated by Mdm2 alone
(Fig. 6B; compare lane 6 to 3). In agreement with in vivo results,
the efficiency of ubiquitination reaction was enhanced in the pre-
sence of both ligases, resulting in further reduction of unubiqui-
tinated p53 (Fig. 6B, lane 6).

To test the effect of the RFWD3–Mdm2 complex on p53 ubi-
quitination, we preincubated RFWD3 with Mdm2 to allow the
formation of the complex before the addition of p53 as the sub-
strate. Formation of the RFWD3-Mdm2 complex suppressed the
polyubiquitinated p53 that migrated above 220 kDa but enhanced
Ub-p53 that migrated between 100 and 220 kDa, consistent with
Ub-p53 with shorter ubiquitin chains (Fig. 6B, lane 9). In con-
trast, preincubation of Mdm2 with RFWD3-CA did not cause no-
ticeable changes (Fig. 6B, lane 10).

Discussion
The RFWD3–Mdm2 Complex Is a Positive Regulator of p53 Stability in
Response to IR. It is generally accepted that the mechanism for p53
stabilization in response to DNA damage is by inhibiting the ac-
tivity of p53 E3 ubiquitin ligases. We provide evidence here that
p53 ubiquitination and stabilization appears to consist of two
phases that may be governed by different molecular mechanisms:
At early times after IR, p53 ubiquitination is suppressed, which
correlates well with the timing of immediate p53 stabilization and
Mdm2 inactivation; however, when the p53-dependent transcrip-
tional program is activated and the G1 checkpoint is engaged,
ubiquitination of p53 is restored and correlates with stabilized
p53. Published work suggest that the early response is likely regu-
lated through posttranslational modifications of p53 and Mdm2,
which result in the dissociation of p53 from Mdm2 and the
shortened half-life of Mdm2 (11, 15). The mechanism for the late
phase of the response is the topic of this study. We show that
RFWD3 E3 ligase stabilizes p53 in response to DNA damage,
suggesting that ubiquitination can also positively regulate p53.
What is the mechanism underlying RFWD3–Mdm2 complex-
catalyzed ubiquitination that stabilizes p53? Our in vitro experi-
ments suggest an interesting scenario. In vitro binding experi-
ments showed that the acidic domain of Mdm2 is required for
its binding to RFWD3. Work from several groups demonstrated
that Mdm2 acidic domain is also a second binding site for
p53 (16–18) and that binding of the acidic domain signals for
ubiquitination (17). It is tempting to speculate that RFWD3
binding blocks the interaction between the Mdm2 acidic domain
and p53, thus turning off the Mdm2 ubiquitination signal. As an
E3 ligase, RFWD3 can catalyze the formation p53-Ub with
shorter Ub chains. Because 4 Ub is the minimum targeting length
by 26S proteasome, p53-Ub generated by the RFWD3–Mdm2
complex may effectively avoid being recognized and degraded.

The RFWD3–Mdm2 Complex Regulated by DNA Damage Checkpoint
Contributes to Maintenance of the G1 Checkpoint. DNA damage-
induced ATM/ATR activation leads to phosphorylation of p53
and Mdm2 at Ser 15 and Ser 395 sites, respectively, which con-
tributes to p53 stabilization and G1 checkpoint activation (19,
20). As a substrate of the ATM/ATR kinase, RFWD3 function
is also likely regulated by the DNA damage checkpoint. Unlike
Mdm2, whose phosphorylation by ATM stimulates its rapid auto-
degradation and abrogates its ubiquitination of p53, the level of

Fig. 6. RFWD3 restricts Mdm2’s ability to extend polyubiquitin chain on p53. (A) In vitro ubiquitination assay was performed by using Flag-p53 purified from
E. coli as a substrate and increasing amounts of GST-RFWD3 or GST-Mdm2 as E3 ligases. (B) Flag-p53 was incubated with the indicated E3 ligases at 37 °C for 2 h
(lanes 1–6); alternatively, all the components except for Flag-p53 were preincubated for 30 min and incubated for another 1.5 h after the addition of Flag-p53
(lanes 7–10). (C) Schematic representation of the proposed two-step model for stabilization of p53 in response to IR.
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RFWD3 after IR remains largely unchanged. However, the
RFWD3-2SA mutant is unable to enhance p53 ubiquitination
by Mdm2 after IR, suggesting that phosphorylation of RFWD3
can further regulate p53 stabilization. It is possible that phosphor-
ylation of RFWD3 by ATR may modulate its activity or localiza-
tion. In this context, RFWD3 may act as a rheostat to maintain
the appropriate level of p53. Once the checkpoint is turned off,
RFWD3 becomes inactive, allowing Mdm2 to perform its default
function to maintain low levels of p53. On the basis of our data
and published work, we propose a working model for p53 stabi-
lization in response to IR (Fig. 6C). In the early phase of the IR
response, posttranslational modification of p53 and Mdm2, as
well as accelerated degradation of Mdm2, transiently blocks
p53 ubiquitination and thus stabilizes p53. During the late phase
of the response, higher concentration of Mdm2, a result of the
p53 feedback program, as well as RFWD3 phosphorylation by
ATR allows the formation of the RFWD3–Mdm2–p53 ternary
complex. This complex modulates Mdm2’s E3 ligase activity to
restrict the length of ubiquitin chains on p53, thus protecting
it from 26S proteasome degradation.

Experimental Procedures
Cell Culture and Chemicals.HEK293 T, HeLa, MCF7, and HCT116
cells were maintained in DMEM, H1299 cells in RPMI medium
1640, and U2OS cells in McCoy’s 5A medium. All media were
supplemented with 10% fetal bovine serum. The stable cell lines
(shRNA knockdown) were maintained in DMEM medium sup-
plemented with 0.5 μg∕mL puromycin (Sigma). Cycloheximide
(100 μg∕mL) and KU55933 (10 μM) were bought from Sigma.

Expression Vectors and Antibodies.Full-length human RFWD3 pro-
tein was cloned into pcDNA3.1-V5 (Invitrogen) from a cDNA
pool of HeLa cells. p53 and Mdm2 constructs have been de-
scribed previously (21). Antibodies used in this study were as fol-
lows: anti-RFWD3 (BL2378, Bethyl Laboratories; Ab1 and Ab2,
CapitalBio Corp.), anti-p53 (DO1 and FL-393; Santa Cruz), anti-
p21 (C19; Santa Cruz), anti-β-actin (Sigma), anti-GFP (FL; Santa
Cruz), anti-Flag (M2; Sigma), anti-V5 (Bethyl), and anti-HA
(Y11; Santa Cruz).

Immunoprecipitation andMass Spectrometry.HeLa nuclear extracts
were prepared as described previously (22). Immunoprecipita-
tions were carried out in 1 mL of nuclear extract with 8 μg
antibody. The immunoprecipitates were sequenced with a linear
ion-trap (LTQ) mass spectrometry as described (23).

RNA Interference. siRNA sequences used in this study are available
upon request. The siRNA sequence of ATR was described
previously (24). To establish stable knockdown cells, the retroviral
vector pCL-puro-mU6 (a gift from Zhou Songyang, Baylor
College of Medicine) was used. The RFWD3 shRNA was based
on siRNA no. 1.

In Vivo Ubiquitination Assay. H1299 cells were transfected with
HA-ubiquitin, pCMV-p53/pCIN4-Flag-p53, and the E3 ligases.
Cells pellets were lysed in SDS buffer (50 mM Tris-Cl,
pH 7.5, 1% SDS, 0.5 mM EDTA) and boiled for 10 min. After
mild sonication and centrifugation, supernatant was diluted
10 times with NETN buffer (50 mM Tris-Cl, pH 8.0, 150 mM
NaCl, 1% NP-40), plus freshly prepared 10 mM iodoacetamide,
1 mM DTT, 10 mM NaF, and protease inhibitors before
immunoprecipitation.

G1 Checkpoint Assay. The G1 checkpoint assay was performed as
described previously (14). The relative S-phase entry was calcu-
lated as the ratio of S-phase entry after and before IR.

In Vitro Ubiquitination Assay. The ubiquitination reaction was car-
ried out as described (21). Twenty nanograms of Flag-p53 and
100 ng of E3 (recombinant GST-RFWD3 and/or GST-Mdm2,
as indicated) were used in 20 μL of reaction.
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