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The cyclin-dependent kinase inhibitor p21<'?' plays an
important role in the cellular response to DNA damage. In nor-
mal cells, genotoxic stress activates the ATM-p53 pathway that
up-regulates the expression of p21¢P! leading to cell cycle
arrest. However, we have found that in several neoplastic cell
lines, ionizing radiation (IR) induces ubiquitin-dependent deg-
radation of p21<'P!, This process is independent of the ATM
pathway as it occurs in immortalized A-T fibroblasts. Knock-
down of Skp2, an F-box protein capable of regulating the normal
turnover of p21<P1, does not prevent the IR-induced degrada-
tion. Instead, this process requires the Cul4-DDB14*> E3 ligase
as knockdown of either DDB1 or Cdt2 rescues p21<"P! degrada-
tion after IR. Mutating the proliferating cell nuclear antigen-
binding site of p21<P! also prevents its IR-induced degradation
suggesting that the p21©P'-proliferating cell nuclear antigen
interaction is critical for this event. Although ectopic expression of
anondegradable p21“?! did not by itself affect the clonogenic sur-
vival of HEK293 cells after IR, the degradation of leCil’1 and other
targets of the Cul4-DDB1“%2 E3 ligase may collectively contribute
to the survival of neoplastic cells after ionizing radiation.

It is important that eukaryotic cells respond appropriately to
DNA damage to ensure that the integrity of the genome is
maintained. One family of proteins that plays an important role
in the coordination of this response is the PI3K>-like family of
protein kinases (PIKK), which includes ATM, ATR, and
DNA-PK (1). Of these family members, ATM seems to be most
important for the cellular response to ionizing radiation (IR)
and other agents that generate DNA double strand breaks. Fol-
lowing exposure to IR, ATM kinase activity increases within
minutes and leads to the phosphorylation of a number of target
proteins that regulate an array of cellular processes, including
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the activation of cell cycle checkpoints and the initiation of
DNA repair (2). One of the most well characterized targets of
ATM s the p53 tumor suppressor protein, which is essential for
the G, checkpoint after IR (3, 4). ATM activation leads to phos-
phorylation of p53 at multiple sites resulting in both the
increased stability and increased transcriptional activity of the
protein (1). This ultimately leads to the increased expression of
many p53 target genes, including the cyclin-dependent kinase
inhibitor p21<'P* (5).

p21<'P! was initially identified in cyclin D1 immunoprecipi-
tates as a component of a quaternary protein complex that
included cyclin D1, cyclin-dependent kinase 2 or 4, and PCNA
(6). Additional studies identified p21<" as a potent inhibitor of
cyclin-dependent kinases, suggesting that it played an impor-
tant role in cell cycle regulation (7-9). This was confirmed by
several independent studies that identified p21<'P* as an impor-
tant mediator of the G, cell cycle arrest that occurs in response
to a variety of cellular stresses (9-11). In particular, it is now
well established that p21<* is critical for the p53-dependent
G, arrest that occurs following DNA damage (10, 12—14).

In addition to binding cyclin-dependent kinases, p21<*" also
directly binds the DNA polymerase processivity factor PCNA
through its C-terminal region. This association has been shown
to lead to inhibition of PCNA-dependent DNA replication in
vitro (15—17). Thus, up-regulation of p21<'"! following DNA
damage may potentially target both the cell cycle machinery
and the DNA replication machinery. However, high levels of
p21<'"! may also inhibit PCNA-dependent repair following
DNA damage. In fact, it has been shown that p21<"! is
degraded following UV radiation and that this degradation is
required to facilitate DNA repair (18). This UV-induced degra-
dation of p21“"! was shown to require ATR, a PIKK family
member known to be activated in response to UV (1). In addi-
tion, the F-box protein Skp2, which functions as an adaptor
protein for the SCF E3 ligase, was also shown to be required,
although several recent reports have suggested that the Cul4A-
DDB1 complex may actually be the E3 ligase responsible for this
event (19, 20).

Here we report that in many transformed cell lines, ionizing
radiation leads to the degradation of p21<?', We show that this
IR-inducible degradation is dependent on the Cul4A-DDB1 E3
ligase but is independent of ATM and other PIKK family
members.

EXPERIMENTAL PROCEDURES

Reagents—Cycloheximide, epoxomicin, wortmannin, N-eth-
ylmaleimide, and 1,10-phenanthroline were from Sigma.
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Z-VAD and MG132 were from EMD Biosciences. Complete
protease inhibitor tablets were from Roche Applied Science.
KU-55933 was a gift from Graeme Smith (Kudos Pharmaceuti-
cals). Phleomycin was a gift from Richard Kolodner (University
of California, San Diego).

Plasmids—All HA-p21 plasmids were constructed using
PCR to introduce the HA tag and necessary restriction sites into
p21, p214PNA or p21K6R. All fragments were then cloned into
the multiple cloning site of pcDNA3.1" (Invitrogen). The orig-
inal p21K6R plasmid was a gift from Jim Roberts (Fred
Hutchinson Cancer Research Center).

Cell Culture—All cells were supplemented with 10% fetal
bovine serum (Sigma) and 1% penicillin/streptomycin (Mediat-
ech) unless otherwise indicated. HEK293, COS-1, HeLa, and
HCT116 cells were cultured in DMEM with high glucose and
L-glutamine (Mediatech). A-T fibroblasts (Coriell Repository)
were grown in DMEM and supplemented with 100 wg/ml
hygromycin B (Sigma). B] normal human foreskin fibroblasts
(between population doublings 30 —45) were grown in Eagle’s
minimal essential media with Earle’s balanced salt solution
(ATCC). Saos-2 cells were grown in McCoy’s 5a medium
(Invitrogen) supplemented with 15% fetal bovine serum and 1%
penicillin/streptomycin. Transfections were carried out using
Lipofectamine 2000 (Invitrogen) according to the manufactur-
er’s instructions.

Immunoblotting—Cells were lysed in RIPA buffer, and pro-
tein concentration was determined using the DC protein assay
(Bio-Rad). Equal amounts of protein were run on 5, 12, or
4-20% Tris-glycine gels (Invitrogen). Proteins were transferred
to PVDF membranes (Millipore) for 1 hat 100 V or overnight at
40 V using a cooling coil. Membranes were incubated in pri-
mary antibody for 2 h at room temperature or overnight at 4 °C
and in secondary antibody for 1 h at room temperature. Where
LICOR analysis was used, PVDF-FL membranes (Millipore)
were used.

Immunoprecipitation—Primary antibodies were conjugated
to A/G UltraLink resin (Pierce) for atleast4hat4 °C,and 1.0 ug
of conjugated antibody was incubated with 1.0 mg of whole cell
lysate overnight at 4 °C. The resin was washed three times in
RIPA buffer and resuspended in 25 ul of 3X sample buffer.

Antibodies—Antibodies from Santa Cruz Biotechnology
were as follows: p21<'P* (C-19 and H164), Chkl (G4), Chk2
(A12),SV40 LT (polyclonal antibody 101), and rabbit IgG. Anti-
bodies from Cell Signaling were as follows: p21 (DCS60 and
12D1), ATR (2790), DNA-PK (4602), and Skp2 (4358). DDB1
was from Pharmingen (612488). GFP was from Covance (B34).
PCNA was from EMD Biosciences (PC10). ATM pS1981 was
from Rockland Immunochemicals. ATM 5C2 was a gift from
Dr. Eva Lee (University of California, Irvine). Secondary anti-
bodies were from Pierce and LICOR.

IR Experiments—Cells were seeded at 75—90% confluence in
60-mm dishes, and media were changed at least every 48 h.
Cells were irradiated 2.5 or 4.5 days after seeding with a JL
Shepherd Mark 1 '*”Cs irradiator using a dose rate of 4 Gy/min.

Ubiquitination Assay—To preserve endogenously ubiquiti-
nated p21<P!, we adopted a method developed for the detec-
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tion of endogenously ubiquitinated 1kB.* Cells were immedi-
ately lysed in 500 pl of 95 °C ubiquitin lysis buffer (20 mm Tris,
pH 7.5, 150 mm NaCl, 1% SDS, 45 um N-ethylmaleimide, 60 um
1,10-phenanthroline, 2X protease inhibitor) and boiled for 10
min. Lysates were sonicated continuously for 30 s and spun at
14,000 rpm for 30 min. Clarified lysates were diluted in dilution
buffer (lysis buffer without SDS) to a final volume of 5 ml.
Lysates were immunoprecipitated with 1.0 ug of p21<'P* poly-
clonal antibody (Santa Cruz Biotechnology H-164) conjugated
to 10 ul of protein A/G UltraLink resin (Pierce) overnight at
4 °C. The resin was then washed in 20 mm Tris, pH 7.5, 10%
glycerol containing 150, 300, and 500 mm NaCl (washed two
times with each buffer). The resin was washed once more in
wash buffer with 150 mm salt prior to being run on a 4-20%
Tris-glycine gel and transferred to a PVDF membrane and
incubated with a monoclonal primary antibody (Cell Signaling
DCS60).

Lentiviral shRNA—AIll shRNAs were from Sigma. The
shRNA sequences for DDB1 experiments were as follows:
CCGGCGACCGTAAGAAGGTGACTTTCTCGAGAAAGT-
CACCTTCTTACGGTCGTTTTTG, CCGGCGTGTACTCT-
ATGGTGGAATTCTCGAGAATTCCACCATAGAGTACA-
CGTTTTTG, and CCGGCCTATCACAATGGTGACAAAT-
CTCGAGATTTGTCACCATTGTGATAGGTTTTTG. The
skp2 shRNA sequence was CCGGGCCTAAGCTAAATCGA-
GAGAACTCGAGTTCTCTCGATTTAGCTTAGGCTT-
TTT. For virus production, the shRNA plasmids were cotrans-
fected along with the pMDL, pRev, and pVSVG packaging
plasmids into 293FT cells (Invitrogen) using the calcium phos-
phate method. Media were changed 12 h after transfection, and
viral supernatants were collected 36 h later. Viral supernatants
were filtered, and Polybrene (Sigma) was added to 8 ug/ml
prior to infection of target cells. Target cells were infected for
48 h and selected with 2.0 pg/ml puromycin until control cells
were dead and completely detached from the dish.

siRNA—siRNA sequences were as follows: Skp2, CCUAUC-
GAACUCAGUUAUAATAT and CCUUAGACCUCACAGG-
UAAdTAT (Ambion); ATR, CGAGACUUCUGCGGAUUGC-
dTdT (Dharmacon); DNA-PK, CAAGCGACUUUAUAGCC-
UUdTdT (Ambion); and DDB1, ACUAGAUCGCGAUAAUA-
AAdTdT (Qiagen). The siRNAs were transfected at 50 nm
with 10 ul of Lipofectamine 2000 (Invitrogen) 60 h prior to
irradiation.

Quantitative PCR—Total RNA was extracted from HEK293
cells with the RNeasy kit (Qiagen) and reverse-transcribed into
c¢DNA using the high capacity cDNA reverse transcription kit
(Applied Biosystems). Real time PCR was run on the 7900 HT
Fast real time PCR system (Applied Biosystems) using the
Power SYBR Green PCR master mix (Applied Biosystems).
Primers were as follows: actin, CGAGAAGATGACCCAGAT-
CATGTT (forward) and CCTCGTAGATGGGCACAGTGT
(reverse); p21<P!, GGCGGGCTGCATCCA (forward) and
AGTGGTGTCTCGGTGACAAAGTC (reverse).

Clonogenic Survival—5 X 10° HEK293 cells were cotrans-
fected with 50 ng of GFP and 100 ng of the indicated p21<"*

4 G. Pineda, personal communication.
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FIGURE 1. lonizing radiation induces degradation of p21<P". A, HEK293 cells were irradiated with 10 Gy IR and collected at the indicated times. A Western
blot was performed on equal amounts of whole cell lysate. NS is a nonspecific band of the p21<" antibody (C-19) used as a loading control. B, Western blot of
HEK293 cells pretreated with 25 ng/ml CHX prior to treatment with no IR or 10 Gy IR. C, Western blot of HEK293 cells pretreated with 25 pg/ml CHX for 1 h prior
toirradiation with 0,0.5, 2, or 10 Gy IR. D, Western blot of HEK293 cells pretreated with 50 um Z-VAD-fmk, 25 ug/ml CHX, and 100 ug/ml phleomycin (or vehicle)

for1h.

constructs. Cells were irradiated 60 h later. Cells were
trypsinized 6 h post-IR, and the GFP-positive cells were sorted
directly into 6-well plates containing 2 ml of conditioned media
using a FACSAria cell sorter. Colonies of >50 cells were
counted 1014 days later.

RESULTS

p21°"?! Is Degraded following IR—We have observed that
irradiation of confluent HEK293 cells leads to a transient reduc-
tion in p21<P! protein levels between 30 and 90 min after IR
(Fig. 1A). Although reduction in p21<®' levels is observed at
lower densities, confluent HEK293 cells were used because
these cells, which normally express p21<'P* at low levels, up-
regulate p21<"! as cell density increases (supplemental Fig. S1)
making it easier to evaluate the extent of p21<'P! degradation.
As all other cell lines used in this study (many of which express
p21<"P! at low levels presumably because of impaired p53 func-
tion) were also found to up-regulate p21 <" with increasing cell
density (data not shown), we conducted all subsequent experi-
ments with confluent cultures of cells.

To determine whether the IR-induced decrease in p21<"®*
protein level was due to protein degradation, we pretreated
HEK?293 cells with cycloheximide (CHX) and looked at the half-
life of p21<"P* with or without IR (Fig. 1B). We noticed that
following a dose of 10 Gy IR, the half-life of p21<'P* decreased
from more than an hour to less than 30 min. Importantly, we
observed no decrease in the rate of p21<"! transcription in
these cells during this same time period, suggesting that the
decrease in p21<"P! protein level is entirely due to a decrease in
protein stability (supplemental Fig. S1).

To establish whether degradation of p21<"P* occurred over a
broad range of IR doses, we irradiated HEK293 cells with doses
ranging from 0.5 to 20 Gy. Although a dose of 0.5 Gy had only a
very modest effect, doses between 2 and 20 Gy all led to a sig-
nificant reduction in p21<'P! half-life (Fig. 1C) (data not
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shown). In addition, we were also able to detect a decrease in
p21<"! half-life in HEK293 cells following treatment with the
DNA-damaging agent phleomycin, suggesting that degrada-
tion of p21“"** may occur in response to other agents that
induce DNA double strand breaks (Fig. 1D). Although p21<'**
has been shown to be cleaved by caspase-3 in some cell lines
following IR (21), both the IR-induced and phleomycin-in-
duced degradation of p21“"* occurred in the presence of the
broad specificity caspase inhibitor Z-VAD-fmk (Fig. 1D), dem-
onstrating that the degradation we observe is not because of
caspase cleavage of p21<'P*,

p21°P! Is Degraded in Transformed Cell Lines after IR—We
examined p21<" levels in a number of cell lines following IR
and observed that COS-1, Saos-2, and HeLa cells all rapidly
degraded p21<"P* after IR (Fig. 2A4) (data not shown). In con-
trast, HCT116 cells exhibited only a modest reduction in
p21<P after IR (Fig. 2A). Furthermore, irradiation of B] human
fibroblasts had no effect on p21<'P* levels (Fig. 2B). Quantifica-
tion of p21 levels showed that the half-life of p21 in HEK293
cells went from 2 h to less than 30 min after IR (Fig. 2C). Similar
experiments with BJ fibroblasts confirmed that there was no
change in the half-life of p21 in these cells after IR (Fig. 2C).

We noticed that the cell lines that degrade p21<'®' most
efficiently after IR all lack functional p53 and Rb proteins,
either because of impairment by viral proteins (HEK293,
COS-1, HeLa) or by way of genetic losses (Saos-2). To test
whether the lack of p53 function was responsible for the
different rates of p21<'P! degradation, we compared the half-
life of p21<"P! in wild-type and p53-deficient HCT116 cells.
Following irradiation, p53-deficient HCT116 cells exhibited
only a modest decrease in p21<P" stability, and this decrease
was similar to that seen in the parental HCT116 cells (Fig.
2D). Thus, p53 loss alone does not permit p21<"** degrada-
tion after IR. To determine whether the combined loss of p53
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FIGURE 2. IR-induced degradation of p21P" occurs in transformed cells. A and B, indicated cells were pretreated with 25 ug/ml CHX and left untreated or
irradiated with 10 Gy IR. Allimmunoblots were run using equal amounts of whole cell lysate and are representative of multiple experiments. G, same asin Aand
B, except LICOR secondary antibodies were used, and LICOR imaging software was used to quantify p21 levels. p21 levels were normalized to tubulin. Graphs
are from three independent experiments with representative experiments shown below. D, Western blot of HCT116 or HCT116 p53 /™ cells pretreated with 25
mg/ml CHX for 1 h prior to 10 Gy IR. E, Western blot of BJ human foreskin fibroblasts infected with a control retrovirus or a retrovirus expressing SV40 T-antigen.
Infected cells were selected with 2.0 pg/ml puromycin until control cells were dead and detached from the dish. Selected cells were cultured to confluence and
pretreated with 25 ug/ml CHX for 1 h prior to 10 Gy IR. Vertical lines indicate gel lanes that were spliced together.

and Rb function would cause a more robust degradation of
p21<'P!, we infected BJ fibroblasts with a control retrovirus
or a retrovirus expressing the SV40 large T-antigen, which
impairs both p53 and Rb (22). Cells expressing T-antigen
exhibited no increase in the rate of p21<"P* degradation after
IR relative to control cells (Fig. 2E), demonstrating that
although the IR-induced degradation of p21<P* appears to
be most robust in cells that lack functional p53 and Rb, other
unidentified factors must also influence whether p21<** is
degraded after IR.

IR-induced Degradation of p21<** Is Independent of ATM—
It is well established that the ATM protein plays an important
role in orchestrating the cellular response to ionizing radiation
(1). To determine whether ATM is required for the IR-induced
degradation of p21<'P!, we treated HEK293 cells with KU55933,
a small molecule inhibitor of the ATM kinase that does not
target other PIKK family members (23). Pretreatment of cells
with this inhibitor led to a significant reduction in the phospho-
rylation of multiple ATM target sites after IR but failed to pre-
vent the IR-induced degradation of p21<"P* (Fig. 34), suggest-
ing this event may occur independently of ATM. To further
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rule out a role for ATM in this response, we compared the
IR-induced degradation of p21“"P* in a pair of SV40 immortal-
ized A-T fibroblasts, one of which has been reconstituted with
human ATM. Following irradiation, the degradation of p21<"?*
occurred with nearly identical kinetics in both cell lines, show-
ing that ATM is not required for the IR-induced degradation of
p21<®! (Fig. 3B).

The possibility exists that in the absence of ATM, other PIKK
family members, such as ATR, may orchestrate the IR-induced
degradation of p21<"*, To address this possibility, we treated
HEK293 cells with high concentrations (100 um) of the fungal
metabolite wortmannin, a general inhibitor of the PI3K family
of kinases. At these concentrations, wortmannin has been
shown to inhibit ATM, ATR, and DNA-PK (24). As shown in
Fig. 3C, the IR-induced phosphorylation of ATM target sites
was significantly reduced in the presence of 100 um wortman-
nin, whereas phosphorylation of an ATR target site on Chkl
was undetectable. Despite the apparent inhibition of both ATM
and ATR under these conditions, p21<'P* was still degraded in
these cells after IR (Fig. 3C). To further rule out compensation
from other PIKK family members, we also transfected A-T cells
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FIGURE 3. IR-induced degradation of p21P" is independent of ATM. A, Western blot of whole cell lysates from HEK293 cells pretreated for 1 h with DMSO
or 10 um KU55933 prior to 10 Gy IR. Phospho-specific antibodies to ATM or the ATM target Chk2 were used to verify the efficacy of the inhibitor. B, Western blot
of whole cell lysates from immortalized A-T fibroblasts or reconstituted A-T fibroblasts pretreated with 25 ug/ml cycloheximide for 1 h prior to 10 Gy IR.
C, Western blot of whole cell lysate from HEK293 cells pretreated with 25 pg/ml CHX and DMSO or 100 um wortmannin for 1 h prior to 10 Gy IR. Phospho-specific
antibodies to ATM or ATR target sites were used to verify the efficacy of the inhibitor. D, A-T cells were transfected with siRNAs to ATR or DNA-PK, either
individually orin combination. 60 h post-transfection, cells were pretreated with 25 pg/ml CHX for 1 h prior to irradiation with 10 Gy IR. Cells were collected 1 h
after IR, and equal amounts of whole cell lysate were analyzed by Western blot.

with siRNAs against both ATR and DNA-PK. Cells receiving
both siRNAs, which exhibit about 90% knockdown of both pro-
teins, still degrade p21<™®* after IR (Fig. 3D). This suggests that
the IR-induced degradation of p21<"P* is independent of each of
the PI3K-related kinases.

Degradation of p21<'P* Is Dependent on the Ubiquitin-Pro-
teasome System—To assess the proteasome dependence of
p21<"! degradation after IR, we treated HEK293 cells with
the proteasome inhibitor MG132 for 1 h prior to IR. We
found that pretreatment with this inhibitor completely pre-
vented the IR-induced degradation of p21<P* (Fig. 44). As
MG132 inhibits proteases other than the proteasome (25),
we also treated cells with epoxomicin, a much more specific
inhibitor of the proteasome (26). Pretreatment with this
inhibitor also prevented degradation of p21<'P' (Fig. 4B),
demonstrating that the IR-induced degradation of p21<"P* is
proteasome-dependent.
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To determine whether p21<"P! is ubiquitinated after IR, we
immunoprecipitated endogenous p21<P' from MG132-
treated HEK293 cells in the presence of N-ethylmaleimide
and 1,10-phenanthroline, two inhibitors of deubiquitinating
enzymes (27). As shown in Fig. 4C, in the absence of MG132,
significantly less p21<"P* was immunoprecipitated from irra-
diated cells, again showing that p21<'P! is degraded after IR
(Fig. 4C, lower panel). In cells pretreated with MG132, we
observed several higher molecular weight forms of p21<P?,
consistent with reports that the normal turnover of p21<'P!
can involve ubiquitination (28, 29). Following irradiation of
MG132-treated cells, we observed a time-dependent
increase in the higher molecular weight forms of p21<¥®*
(Fig. 4C), suggesting that p21<®! is ubiquitinated after IR.
Importantly, the increase in these higher molecular weight
forms of p21<'P! peaks around 30 min, which correlates well
with the kinetics of p21<"P* degradation after IR (Fig. 1A).
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FIGURE 4. p21" is degraded by the ubiquitin-proteasome system following IR. A, Western blot of whole cell lysates from HEK293 cells pretreated
with 25 ug/ml CHX and DMSO or 25 um MG132 for 1 h prior to 10 Gy IR. B, Western blot of whole cell lysates from HEK293 cells pretreated with 25 wg/ml
CHX and DMSO or 5 um epoxomicin for 1 h prior to 10 Gy IR. C, HEK293 cells were pretreated with DMSO or 25 um MG132 for 30 min prior to IR. Cells were
collected at the indicated time points as described under “Experimental Procedures.” p21<P! was immunoprecipitated from 1.0 mg of whole cell lysate
using a polyclonal antibody to p21<®', and a Western blot was performed using a p21<P' monoclonal antibody. D, schematic of the p21-HA and
p21(K6R)-HA constructs. E, HEK293 cells were transfected with 5.0 ug of total DNA, including 50 ng of GFP and 100 ng of p21-HA or p21(K6R)-HA. Cells
were pretreated with 25 ug/ml CHX for 1 h prior to irradiation with 10 Gy IR. Cells were collected 1 h after IR, and equal amounts of whole cell lysate were

analyzed by Western blot.

To show that ubiquitination is required for p21<"?* degrada-
tion following IR, we transfected HEK293 cells with wild-type
p21<"P! or a p21(K6R) mutant in which the six lysines of p21<P*
have all been mutated to arginines (28). These lysine mutations
eliminate all potential ubiquitination sites within the protein
(with the possible exception of the amine group at the N termi-
nus) and therefore should prevent any process that requires
p21<®! to be ubiquitinated. Because it has been reported that
N-terminal tags may affect the stability of p21<®* (29, 30), both
the wild-type p21<"P! and p21(K6R) constructs were designed
with HA tags on the C terminus (Fig. 4D). Following irradiation
of cells expressing wild-type p21-HA, there was a significant
reduction in both the endogenous and HA-tagged forms of
p21<P! In contrast, irradiation of cells expressing p21(K6R)-
HA led only to a reduction in endogenous p21<'?* levels (Fig.
4E), indicating that that the p21(K6R)-HA mutant is protected
from degradation, and suggesting that ubiquitination of p21<"®*
is indeed necessary for its degradation after IR.

Skp2 Is Dispensable for p21“'** Degradation after IR—Skp2 is
an F-box protein, which functions as an adaptor for the Cull-
Skp1 E3 ligase and has previously been reported to be involved
in both the normal and inducible turnover of 1321Cipl (18,
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31-33). Because the IR-induced degradation of p21<P!
appeared to be ubiquitin-dependent, we asked if it was also
Skp2-dependent. To investigate the role of Skp2 in this process,
we infected HEK293 cells with a lentiviral shRNA against Skp2,
or a nontarget shRNA that targets no known or predicted
human gene. Immunoblotting showed that Skp2 protein levels
were depleted by more than 90% in cells infected with the Skp2
shRNA. In addition, these cells also had significantly elevated
levels of p21<'P! suggesting that Skp2 function was in fact com-
promised by the knockdown (Fig. 5A4). Despite this, irradiation
of these cells still resulted in the degradation of p21<"** (Fig.
5B). We obtained similar results using Skp2 siRNAs (Fig. 5C),
suggesting that although Skp2 is involved in the normal turn-
over of p21<'P!, it is dispensable for the IR-induced degradation
of the protein.

IR-induced Degradation of p21?" Requires DDBI1“? and
PCNA Binding—One complex with an established role in the IR-
induced degradation of proteins is the Cul4-DDB1<% E3 ligase,
which has been shown to degrade the replication licensing factor
Cdt1 after both UV and IR (34 -37). Interestingly, DDB1<%* was
also recently implicated in both the normal and UV-inducible
turnover of pZICiP1 (19, 20, 38). To address the role of DDB1<4*? in
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FIGURE 5. DDB1, but not Skp2, is required for the IR-induced degradation of p21<P". A, HEK293 cells were infected with a nontarget (NT) lentiviral sShRNA
or an shRNA against Skp2. Infected cells were selected with 2.0 ug/ml puromycin. Knockdown of Skp2 was assessed by Western blot using dilutions of the
nontarget sample. B, nontarget or Skp2 knockdown cells were pretreated with 25 pg/ml CHX for 1 h prior to irradiation with 10 Gy IR. Cells were collected at the
indicated time points and analyzed by Western blot. C, HEK293 cells were transfected with a nontarget siRNA or two separate siRNAs against Skp2. 60 h
post-transfection, cells were irradiated with 10 Gy. Cells were collected 1 h after IR, and whole cell lysates were analyzed by Western blot. D, HEK293 cells were
infected with a nontarget lentiviral sShRNA or an shRNA against DDB1 and assessed for DDB1 knockdown and p21<P" up-regulation as in A. E, nontarget or DDB1
knockdown cells were pretreated with 25 wg/ml CHX for 1 h prior to irradiation with 10 Gy IR. Cells were collected at the indicated time points and analyzed by
Western blot. F, HEK293 cells were transfected with a nontarget siRNA or an siRNAs against DDB1. 60 h post-transfection, cells were pretreated with 25 ug/ml
CHX for 1 h prior to irradiation with 10 Gy. Cells were collected 1 h after IR and whole cell lysates were analyzed by Western blot. Vertical lines indicate gel lanes
that were spliced together. G, HEK293 cells were transfected with a nontarget siRNA or an siRNAs against Cdt2. 60 h post-transfection, cells were irradiated with
10 Gy. Cells were collected 1 h after IR, and whole cell lysates were analyzed by Western blot.

the IR-induced degradation of p21<"*, we infected HEK293 cells
with a nontarget shRNA or three separate ShRNAs against DDB1.

damage-induced degradation of Cdtl (36). Like p21<'**, Cdtl
binds PCNA, and it has been shown that this interaction is

Similar to what was seen with knockdown of Skp2, knockdown of
DDBI led to an up-regulation of p21<'P! in untreated cells (Fig.
5D), suggesting that DDB1 contributes to the normal turnover of
p21<"*, However, in contrast to what was seen with Skp2, knock-
down of DDBI also prevented the IR-induced degradation of
p21<"P! (Fig. 5E and supplemental Fig. S2). Similar results were
obtained with siRNA (Fig. 5F). To examine the role of the Cdt2
adaptor protein, we transfected cells with an siRNA against Cdt2.
Knockdown of this adaptor protein also prevented the IR-induced
degradation of p21<"P! (Fig. 5G). Taken together, these results
demonstrate that although both Skp2 and DDB1<% are capable of
regulating the normal turnover of p21<', only DDB1<9** is
required for its IR-induced degradation.

IR-induced p21“"* Degradation Is PCNA-dependent—The
Cul4-DDB1<%? E3 ligase is known to be required for the DNA
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required for degradation of Cdt1 following UV and IR (34, 39). To
determine whether PCNA binding is required for the DDB1-de-
pendent degradation of p21<"P* following IR, we transfected cells
with p21-HA or p212"“NA_HA, which harbors three point muta-
tions in the C terminus and has been shown to be defective in
PCNA binding (Fig. 6A). Irradiation of cells transfected with wild-
type p21-HA led to degradation of both the endogenous and HA-
tagged p21<"P', In contrast, irradiation of cells transfected with
p214P“NA_HA led only to degradation of endogenous p21<'P* (Fig.
6B), suggesting that PCNA binding is critical for the IR-induced
degradation of p21<'*,

Recent reports showing that Cul4-DDB1<% is responsible for
the UV-induced degradation of p21<"! have also demonstrated
that this process is dependent on the p21<P1-PCNA interaction
(19, 20, 40) and postulated that this functions to facilitate PCNA-
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FIGURE 6. p21P" lacking the ability to bind PCNA is not degraded following IR. A, HEK293 cells were transfected with 5.0 ug of DNA, including 500
ng of p21-HA or p214PMA-HA and 100 ng of GFP. 60 h post-transfection, p21<P' was immunoprecipitated from 1.0 mg of whole cell lysate, and
immunoblots were performed with antibodies to p21<P" or PCNA. B, HEK293 cells were transfected with 5.0 ug of DNA, including 100 ng of p21-HA or
p214PNAHA and 50 ng of GFP. 60 h after transfection, cells were treated with 25 wg/ml CHX for 1 h prior to irradiation with 10 Gy of IR. Samples were
collected 1 h after IR. Equal amounts of whole cell lysate were analyzed by Western blot for expression of the indicated proteins. C, upper panel, HEK293
cells were transfected with 5.0 ng of DNA, including 100 ng of p21-HA or p21(K6R)-HA and 50 ng of GFP. 60 h later cells were irradiated with the indicated
doses of IR. 6 h post-IR, cells were trypsinized and GFP* cells were sorted (in triplicate) directly into 6-well dishes containing conditioned DMEM. 10-14
days later, surviving colonies were counted as those with >50 cells. Shown are the results of an experiment representative of multiple independent
repeats. Lower panel, Western blot of 10 Gy samples taken at 1 h post-IR. In this experiment, 30% of cells were GFP™, so exogenous p21 levels are about
3-fold higher than shown. D, model depicting degradation of p21<*". Both Skp2 and DDB1°%*2 can regulate the normal turnover of p21<®’, but only
DDB1<* is responsible for the IR-inducible turnover.

dependent DNA repair (18). This led us to ask whether trans- degraded to permit PCNA-dependent repair following DNA

formed cells that degrade p21<""* do so to increase DNA repair
and promote survival. To assess the biological significance of
p21<"P! degradation after IR, we performed a clonogenic survival
experiment with HEK293 cells expressing wild-type p21<"P* or the
nondegradable p21(K6R) mutant. We observed no reduction in
survival for cells expressing nondegradable p21<"** suggesting that
although p21<"P* degradation may contribute to increased PCNA-
dependent repair, the ectopic expression of p21(K6R) is not suffi-
cient to block PCNA-dependent repair processes (Fig. 6C). This
may indicate that other PCNA-bound proteins may also need to be
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damage.

DISCUSSION

We have observed that in many transformed cell lines, ion-
izing radiation leads to the degradation of the cyclin-dependent
kinase inhibitor p21<**. In addition, phleomycin, a DNA-dam-
aging agent that produces both single and double strand breaks
(41), also leads to p21<'P! degradation. Based on these results, it
seems probable that many agents that produce DNA strand
breaks may trigger p21<?! degradation in these cells. However,
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as we have been unable to detect degradation of p21<'P* follow-
ing treatment with either doxorubicin or etoposide (data not
shown), two other DNA-damaging agents capable of generat-
ing strand breaks, it seems that the type of damage and/or the
kinetics with which the damage occurs likely influence whether
p21<P! is degraded following damage.

Degradation of p21<'P* following ionizing radiation occurs in
both a proteasome- and ubiquitin-dependent manner but is
surprisingly independent of ATM as it occurs in immortalized
A-T fibroblasts. It is unlikely that this ATM independence is
due to compensation by other ATM family members as degra-
dation of p21<'P! also occurs in the presence of the general
PIKK inhibitor wortmannin and in A-T cells depleted of ATR
and DNA-PK by siRNA. In an attempt to determine whether
other serine/threonine kinases play a role in the IR-induced
degradation of p21<'P', we have treated cells with the general
kinase inhibitor staurosporine, but have observed no effect on
p21<'P! degradation (data not shown). In addition, we have
used two-dimensional gel electrophoresis to search for IR-in-
duced modifications of p21<P*, but have been unable to detect
any changes in the isoelectric point or mobility shift of p21<"**
(data not shown). Taken together, these results suggest that
p21<"P! may not need to be covalently modified prior to its
ubiquitination and degradation after IR.

We show here that the IR-induced degradation of p21<'P*
requires DDB1°“*? and is dependent on the p21<P'-PCNA
interaction. The best characterized target of the Cul4-
DDB1<? E3 ligase is the replication licensing factor Cdtl,
which is degraded by Cul4-DDB1<%2 both during S-phase and
following DNA damage induced by UV or IR (34 —37). Similar
to p21<"P*, Cdt1 binds PCNA, and this interaction is necessary
for both its S-phase and DNA damage-induced degradation
(34, 39, 42). Interestingly, several studies published during
preparation of this manuscript have also shown that Cul4-
DDBI is responsible for the degradation of p21<'P* both during
S-phase and following UV damage (19, 20, 40). In each of these
reports, the degradation of p21“"P! was also shown to be
dependent on its interaction with PCNA. Thus, PCNA seems to
serve as a critical intermediary for the two most well character-
ized DDB1 substrates.

Interestingly, PCNA has been shown to be recruited to chro-
matin within minutes of IR, and this recruitment has been
shown to be both transient and ATM-independent (43, 44). As
we have shown that the IR-induced degradation of p21<'?! is
also transient and ATM-independent, it is possible that PCNA-
mediated recruitment of p21<"P* to chromatin is the rate-lim-
iting step in p21<'P' degradation after IR. Because DDB1“"
has been shown to degrade a number of chromatin-bound pro-
teins (45), this model would also help explain why the IR-in-
duced degradation of p21<?! is dependent on Cul4-DDB1<%?,
although the normal turnover of the protein can be regulated by
both Cul4-DDB1<4*? and SCFS*P2,

A unique feature of the IR-induced degradation of p21<"" is
that although it occurs in most of the cell lines we have tested, it
is significantly more robust in a subset of transformed cell lines
that lack functional p53 and Rb proteins. We have observed that
loss of p53 alone does not increase the rate at which p21<®! is
degraded after IR. Introduction of the SV40 large T-antigen,
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which impairs both the p53 and Rb proteins, also failed to accel-
erate p21<'P! degradation after IR. Thus, the increased rate of
degradation we observe in cells lacking functional p53 and Rb
may be a unique feature of these cells or it may be a result of a
more complex transformation process.

Expression of a nondegradable version of p21<"** did not lead
to reduced survival in irradiated HEK293 cells. This would
seem to conflict with a previously proposed model in which
damage-induced degradation of p21<?' promotes PCNA-de-
pendent DNA repair (18). However, based on the abundance of
PCNA in most cells, it seems unlikely that endogenous or near
endogenous (in the case of the exogenous p21(K6R)) levels of
p21<"P! would alone be capable of inhibiting PCNA-dependent
processes (46). Thus, there may be a number of PCNA-bound
proteins that need to be degraded to mobilize PCNA to partic-
ipate in DNA repair. Such proteins might also be targets of
Cul4-DDB1¢4%,

Previous results have demonstrated that activation of the
Cul4-DDB1““*? E3 ligase is important in the cellular response
to damage (35). The fact that the Cul4-DDB1<*>-dependent
degradation of p21<®! is specific for transformed cells raises
the intriguing possibility that Cul4-DDB1°“*? may be regulated
differently in cancer cells. As it would be therapeutically desir-
able to modulate the response to DNA damage specifically in
tumors following IR, this possibility warrants future studies.
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