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The xeroderma pigmentosum group E gene product DDB2, a protein involved in nucleotide excision repair
(NER), associates with the E3 ubiquitin ligase complex Cul4A-DDB1. But the precise role of these interactions
in the NER activity of DDB2 is unclear. Several models, including DDB2-mediated ubiquitination of histones
in UV-irradiated cells, have been proposed. But those models lack clear genetic evidence. Here we show that
DDB2 participates in NER by regulating the cellular levels of p21Waf1/Cip1. We show that DDB2 enhances
nuclear accumulation of DDB1, which binds to a modified form of p53 containing phosphorylation at Ser18
(p53S18P) and targets it for degradation in low-dose-UV-irradiated cells. DDB2�/� mouse embryonic fibro-
blasts (MEFs), unlike wild-type MEFs, are deficient in the proteolysis of p53S18P. Accumulation of p53S18P in
DDB2�/� MEFs causes higher expression p21Waf1/Cip1. We show that the increased expression of p21Waf1/Cip1

is the cause NER deficiency in DDB2�/� cells because deletion or knockdown of p21Waf1/Cip1 reverses their
NER-deficient phenotype. p21Waf1/Cip1 was shown to bind PCNA, which is required for both DNA replication
and NER. Moreover, an increased level of p21Waf1/Cip1 was shown to inhibit NER both in vitro and in vivo. Our
results provide genetic evidence linking the regulation of p21Waf1/Cip1 to the NER activity of DDB2.

The UV rays in sunlight are considered to be the major
cause of skin cancers. UV causes DNA damage by generating
cyclobutane pyrimidine dimers (CPDs) and 6-4 photoproducts,
which are repaired mainly by the nucleotide excision repair
(NER) pathway (reviewed in reference 41). NER involves ex-
cision of the strand containing CPDs or 6-4 photoproducts,
followed by repair synthesis to fill the gap. Several genes in-
volved in NER are mutated in xeroderma pigmentosum, a rare
repair deficiency disease in which the patients are sun sensitive
and develop skin cancer at a high frequency (see references 11
and 16 for reviews). Eight complementation groups, XPA
through XPG and XPV, have been characterized in xeroderma
pigmentosum. While XPV encodes an error-prone DNA poly-
merase, the other XP genes encode proteins that participate in
the excision of the damaged DNA strand. For example, XPC
participates in the recognition of damaged DNA. Subse-
quently, XPB and XPD participate in unwinding the strands at
the damaged site; XPA is critical for positioning the endo-
nucleases XPF and XPG with respect to the damaged site,
leading to excision of the damaged strand. The gap generated
following excision is filled by DNA polymerase delta that in-
volves PCNA to carry out the repair synthesis (41). Thus, while
all other XP genes have been functionally characterized, the

mechanism by which the XPE gene participates in NER has
remained controversial.

The XPE gene encodes DDB2, a subunit of the damaged-
DNA-binding protein DDB, which possesses a high affinity for
CPDs and 6-4 photoproducts (reviewed in reference 48). Cells
from XP-E patients exhibit a deficiency in NER. The NER
deficiency in XP-E cells, along with several other in vivo stud-
ies, suggested a role for DDB2 in NER (25, 36, 48). Studies
with DDB2�/� mice provided further evidence of a role for
DDB2 in inhibiting UV-induced skin carcinogenesis (3, 22,
54), a characteristic of the XP gene products.

Because of the high affinity of DDB, a complex of DDB1 and
DDB2, for damaged DNA, several studies have implicated
DDB2 and DDB in the early damaged-DNA recognition step
of NER. However, a direct role for DDB2 or DDB in NER is
a point of controversy. Initial studies reported a stimulatory
activity of DDB in NER assays in vitro (51). However, two
recent studies carried out thorough analyses of the NER ac-
tivities of DDB (26, 40). Those studies failed to detect any
significant NER activity of DDB2 and its associated proteins. It
is noteworthy that the in vitro studies were carried out with
naked DNA and the assays analyzed the efficiency of excision
of the damaged strand. Those studies did not rule out a role for
DDB2 in repair in the context of chromatin or a role for DDB2
downstream of excision. Interestingly, DDB2 was shown also
to associate with the CBP/p300 family of histone acetyltrans-
ferases and it was suggested that DDB participates in NER
through remodeling of chromatin at damaged sites (13, 39).

We showed that DDB2, along with DDB1, associates with
Cul4A (46). Moreover, Cul4A induces proteolysis of DDB2
through the ubiquitin-proteasome pathway and this proteolysis
plays a significant role in regulating the level of DDB2 in S
phase of the cell cycle (34). Interestingly, DDB2 also associates
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with the COP9 signalosome, which is believed to participate in
this proteolysis through the ubiquitin-proteasome pathway
(17). Degradation of DDB2 was observed also in UV-irradi-
ated cells; it was shown that DDB2 is degraded within hours
following UV irradiation (3, 14). However, the Cul4A-medi-
ated proteolysis of DDB2 did not explain why a stable complex
containing Cul4A, DDB1, and DDB2 could be detected in cell
extracts (46). Recent studies have provided some insight regard-
ing a functional role of the stable association of DDB2 with the
Cul4A-DDB1 ligase. It has been suggested that the Cul4A-
DDB1-DDB2 complex could participate in NER through ubiq-
uitination of histones. For example, one study indicated that
DDB2 functions as an adaptor for ubiquitination of histone H2A
by the Cul4A-DDB1 ligase and suggested a role for H2A ubiq-
uitination in the NER function of DDB2 (24). The other study
identified Cul4-DDB1-DDB2 as the ubiquitin ligase of histones
H3 and H4 and suggested that the ubiquitination of H3/H4 is
important for recruiting the NER factor XPC to UV-damaged
chromatin (52). Those studies also implied a role for Cul4A and
Cul4B in the NER process. While those studies provided evi-
dence of a role for Cul4-DDB1-DDB2 in ubiquitinating histones,
the role of histone ubiquitination in NER has yet to be estab-
lished.

A role for Cul4A-DDB1-DDB2 in the recruitment of XPC
was suggested also by other studies. For example, one group
suggested that the proteolysis of DDB2 by Cul4A is important
for the recruitment of XPC to UV-damaged DNA (14). Those
authors showed that depletion of Cul4A by small interfering
RNA (siRNA) inhibited the recruitment of XPC onto dam-
aged chromatin. Those studies linked the proteolysis of DDB2
to enhanced recruitment of XPC. However, the idea of en-
hanced XPC recruitment by DDB2 proteolysis is apparently at
odds with studies by other groups. For example, Chen et al.
(10) studied the role of c-Abl in regulating the function of
DDB2. They showed that c-Abl enhanced the polyubiquitina-
tion and proteolysis of DDB2 by activating Cul4A. Moreover,
those authors correlated the enhanced proteolysis of DDB2 to
inhibition of NER by the c-Abl proto-oncoprotein. The appar-
ently opposite observation could be a result of a different
context, i.e., proteolysis of DDB2 at the site of damage versus
damaged-site-independent proteolysis of DDB2. In another
study, Zotter et al. (57) investigated the rate of XPG recruit-
ment at the damaged chromatin. XPG is recruited by XPA,
which in turn depends upon the recognition of damaged chro-
matin by XPC. Surprisingly, those authors did not see any dif-
ference in the rate of XPG recruitment between DDB2-proficient
and DDB2-deficient cells. Their results argue against a role for
DDB2 in the assembly of the excision complex.

DDB2 possesses a nuclear import function (34, 45), and it is
important for the nuclear accumulation of the DDB1 subunit
of DDB. The naturally occurring mutant forms of DDB2, iden-
tified from XP-E patients, are deficient in enhancing the nu-
clear accumulation of DDB1 (45). However, the significance of
the DDB2-mediated nuclear accumulation of DDB1 has not
been studied in detail. In this study, using DDB2�/� mouse
embryonic fibroblasts (MEFs), we describe a new function of
DDB1/DDB2 in the proteolysis of p53 that is phosphorylated
at residue Ser18 (p53S18P). Previous studies showed that
Cul4A-DDB1 cooperated with MDM2 in the proteolysis of
p53 (5, 35). Here we show that the DDB2-mediated nuclear

accumulation of DDB1 is important for the proteolysis of
p53S18P following low-dose UV irradiation. In DDB2�/� cells,
the proteolysis of p53S18P is inefficient and they accumulate
p53S18P, leading to higher expression of p21Waf1/Cip1. Interest-
ingly, deletion of p21Waf1/Cip1 eliminates the repair deficiency
in DDB2�/� MEFs. These results provide genetic evidence of
a link between the regulation of p21Waf1/Cip1 and the NER
function of DDB2.

MATERIALS AND METHODS

Mice and MEFs. p21Waf1/Cip1�/� mice were kindly provided by A Tyner.
DDB2�/� mice were generated in our laboratory as previously described (54).
p21�/� mice were crossed with DDB2�/� mice to produce DDB�/� p21�/�

progeny. DDB2�/� p21�/� mice were crossed with DDB2�/� p21�/� mice to
obtain DDB2�/� and wild-type MEFs and DDB2�/� p21�/� mice. DDB2�/�

p21�/� mice were crossed with DDB2�/� p21�/� to obtain p21�/� and
DDB2�/� p21�/� MEFs. MEFs were generated from 13.5-day-old embryos and
were grown in Dulbecco modified Eagle medium containing 10% fetal bovine
serum.

Irradiation. UV irradiation (12 J/m2) of cells was carried out with a Stratal-
inker adjusted to UV-C irradiation. Medium was removed, and cells were
washed with phosphate-buffered saline (PBS) before irradiation. Following irra-
diation, cells were supplemented with culture medium. Ionizing radiation (IR) of
the MEFs was carried out with a Cs-137 irradiator.

Decay rate and Western blot analysis. For analysis of the decay rates of
phospho-p53, the MEFs were treated with cycloheximide (50 �g/ml) for 10 to 60
min. Cells were harvested after washing with PBS. Cells were lysed by suspension
in 2 volumes of buffer containing 0.4 M NaCl, 20 mM Tris-HCl (pH 7.5), 0.1%
NP-40, 5% (vol/vol) glycerol, 1 mM NaF, 1 mM Na-orthovanadate, and a pro-
tease inhibitor cocktail. Extracts (50 to 100 �g) were subjected to sodium dodecyl
sulfate–10% polyacrylamide gel electrophoresis, followed by blotting to nitrocel-
lulose. The blots were probed with antibodies to p53S15P (Calbiochem), p53-ab
(Santa Cruz), Cdk2 (Santa Cruz), or tubulin (Santa Cruz).

Immunostaining. Cells were grown on glass coverslips and infected with re-
combinant adenovirus expressing T7 epitope-tagged DDB1 or DDB2 at 50
PFU/cell. One hour after UV irradiation, the cells were fixed in 4% paraformal-
dehyde in PBS for 20 min at room temperature and washed once with 0.1 M
glycine in PBS, followed by permeabilization for 5 min with 0.1% Triton X in
PBS. After fixation, the cells were washed four times with PBS (for 5 min each
time) and blocked with 5% goat serum for 1 h at room temperature. Cells were
incubated with the T7 monoclonal antibody (1:200) for 2 h at room temperature.
The cells were then washed five times with PBS (for 5 min each time) and
incubated with a 1:500 dilution of fluorescein isothiocyanate-conjugated goat
anti-mouse antibody for 40 min at room temperature, followed by 10 washes with
PBS (2 min each). The cell nuclei were labeled with 4�,6�-diamidino-2-phenylin-
dole (DAPI; 2 �g/ml) in PBS for 3 min at room temperature. After a final wash
in PBS, the cells were mounted on slides with Vectashield (Vector) mounting
medium and viewed with a Nikon microscope.

UDS assays. Unscheduled DNA synthesis (UDS) assays with MEFs were
performed as previously described (47). Briefly, MEFs were treated with [3H]thy-
midine for 1 h to identify and distinguish the S-phase cells. Following that, the cells
were subjected to UV irradiation (12 J/m2) and maintained in medium containing
[3H]thymidine for 3 h in the absence of serum. The cells were incubated in medium
containing unlabeled thymidine for an additional 30 min and then fixed, treated with
EM-1 (Amersham), and developed for UDS measurement.

Quantitative reverse transcription-PCR assays. MEFs (wild type or DDB2�/�)
and HeLa cells (control or expressing DDB2 short hairpin RNA [shRNA]) were
either left untreated or UV irradiated (12 J/m2). Total RNAs were extracted
from the treated and untreated cells with Trizol. One microgram of the total
RNA was then subjected to DNase I treatment with RQ1 RNase-free DNase I
(Invitrogen). The DNase I-treated RNA was then reverse transcribed with an
iScript cDNA synthesis kit (Bio-Rad) according to the manufacturer’s protocol.
PCR amplification was performed in triplicate with the following primers: mouse
p21, 5�-TTCCGCACAGGAGCAAAGTG-3� and 5�-AAGTCAAAGTTCCACC
GTTCTCG-3� (annealing temperature, 64°C); mouse GAPDH gene, 5�-AACT
TTGGCATTGTGGAAGG-3� and 5�-CCATCCACAGTCTTCTGGGT-3� (an-
nealing temperature, 60°C); human p21, 5�-AGGGGACAGCAGAGGAAG
A-3� and 5�-GGCGTTTGGAGTGGTAGAA-3� (annealing temperature,
61.2°C); human cyclophilin, 5�-GCAGACAAGGTCCCAAAGACAG-3� and
5�CACCCTGACACATAAACCCTGG-3� (annealing temperature, 55.7°C).
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Each PCR mixture contained 0.05 �g of cDNA, a 100 nM concentration of each
primer, and 1� iQ SYBR green Supermix (Bio-Rad) in a 25-�l volume. Real-
time PCR was performed with the MyiQ single-color real-time PCR detection
system (Bio-Rad). Melting curve analysis was performed for every reaction, and
a single sharp peak was observed. To create a standard curve for relative quan-
tification, the sample that was not treated with UV was chosen as a standard
control, diluted in water (1�, 0.2�, and 0.04�), and subjected to real-time
quantitative PCR in triplicate. The dilution value (starting quantity) of the
standard was plotted against the threshold cycle number at which fluorescence
first increased above the background by the use of MyiQ software (Bio-Rad).
The expression of the indicated gene in each sample was evaluated with this
standard curve. The levels of p21 mRNA were normalized against the levels of
GAPDH mRNA (for MEFs) and cyclophilin mRNA (for HeLa cell lines), which
were used as internal controls. The change in the levels of p21 mRNA was
calculated by dividing the normalized values of p21 RNA in the UV-irradiated
samples by the normalized values of p21 mRNA in the nonirradiated samples.

Ubiquitination of p53S18P and p53. p53 ubiquitination was analyzed by a
previously described procedure (53).

RESULTS

DDB2�/� MEFs are deficient in UDS. Construction and
characterization of DDB2�/� mice have been described previ-
ously (54). We showed that DDB2�/� mice are highly susceptible
to UV irradiation-induced skin cancer and that the mice devel-
oped spontaneous tumors between the ages of 18 and 23 months
with 100% penetrance (54). UV irradiation damages DNA by
generating CPDs and 6-4 photoproducts. DDB2 was shown to
participate in the removal of this damage through the NER path-
way (48 and references therein). Surprisingly, we were not able to
see a significant difference in the rate of CPD removal in
DDB2�/� MEFs compared to that in wild-type MEFs from lit-
termates (data not shown). Therefore, we sought to use a more
quantitative assay to compare the NER efficiency in DDB2�/�

MEFs with that in wild-type MEFs. We measured UDS, which
assays for repair synthesis, in MEFs after UV irradiation by using
a previously described procedure (47). UDS measures DNA syn-
thesis induced by UV irradiation in non-S-phase cells. The MEFs
were treated with [3H]thymidine for 1 h to identify and distinguish
the S-phase cells. Nuclei of the S-phase cells undergo dense la-
beling (black arrows in Fig. 1, right panel). Following that, the
cells were subjected to UV irradiation (12 J/m2) and maintained
in medium containing [3H]thymidine for 3 h in the absence of
serum. The cells were incubated in medium containing unlabeled
thymidine for an additional 30 min and then fixed, treated with
EM-1 (Amersham), and developed for UDS measurement. Lev-
els of UDS were measured by counting grains per non-S-phase
cell nucleus (gray arrows in Fig. 1, right panel). A larger fraction
of the nuclei from the wild-type MEFs exhibited higher numbers
of grains compared to the nuclei from DDB2�/� MEFs (Fig. 1).
Thus, as expected from the deficiency found in XP-E cells,
DDB2�/� MEFs were deficient in UDS compared to wild-type
MEFs.

DDB2�/� MEFs are deficient in UV-induced nuclear entry
of DDB1. We showed that naturally occurring DDB2 mutants
isolated from XP-E patients are deficient in promoting nuclear
accumulation of DDB1 (45). Therefore, we investigated
whether or not DDB2�/� MEFs are deficient in the nuclear
accumulation of DDB1. Specifically, we studied the localiza-
tion of DDB1 with and without UV or IR. UV irradiation was
shown to increase the nuclear accumulation of DDB1 (28).
MEFs were infected with adenovirus expressing T7 epitope-
tagged DDB1 or a control adenovirus (not shown). Infected

cells were subjected to UV or IR (Fig. 2). In wild-type MEFs,
UV irradiation caused a significant increase in the nuclear
accumulation of DDB1, as judged by a much greater percent-
age of cells showing both nuclear and cytoplasmic staining for
DDB1 compared to that in un-irradiated cells. In DDB2�/�

MEFs, no increase in the nuclear accumulation of DDB1 was
observed following UV irradiation (Fig. 2), and that is in
agreement with defects in the naturally occurring mutant forms
of DDB2 (45). IR treatment did not enhance the nuclear
accumulation of DDB1; on the other hand, there was a slight
inhibition (Fig. 2). It is noteworthy that, in the absence of UV,
some cells exhibited nuclear staining for DDB1 and that was
not significantly dependent upon DDB2. DDB1 is believed to
interact with multiple WD40 repeat proteins (19). It is likely
that some of these proteins also are involved in the nuclear
accumulation of DDB1 irrespective of UV irradiation.

Differential stability of p53S18P in wild-type versus DDB2�/�

MEFs following low-dose UV irradiation. We showed that
Cul4A cooperates with MDM2 to enhance the proteolysis of
p53 (35). Another group confirmed this observation, indicating
that DDB1 also is involved in that process (5). We did not
detect any significant difference in the stability of p53 in wild-
type versus DDB2�/� MEFs. Itoh et al. (22) studied p53 in
DDB2�/� MEFs and reported a twofold lower level of p53
protein in those MEFs compared to that in wild-type MEFs
following 6 h of UV irradiation and suggested that the lower
level of p53 might be linked to a lack of UV-induced apoptosis
in DDB2�/� MEFs. However, those authors did not study the
levels of phosphorylated p53 after UV irradiation. UV irradi-
ation activates the DNA damage response pathway of ATR,
which phosphorylates p53 at Ser15 in humans and at Ser18 in
mice (1, 50, 56). The ATR-mediated phosphorylation at resi-
due Ser18 in mouse p53 does not contribute to the stability of
p53, but it stimulates the transcriptional activity of p53 (9).
Because DDB2 is significant in the UV-induced nuclear accu-
mulation of DDB1, we investigated whether the Ser18-phos-

FIG. 1. DDB2�/� MEFs are deficient in NER as measured by
UDS. UDS was measured in wild-type (WT) and DDB2�/� MEFs
after UV irradiation as previously described (47). The slides were
developed for a week. After development, the numbers of grains per
nucleus were obtained by counting 25 non-S-phase nuclei per sample.
Numbers of grains per nucleus are plotted in the left panels, and
autoradiographs of the grains in nuclei are shown in the right panels.
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phorylated form of p53 exhibited differential stability in
DDB2�/� MEFs. MEFs from wild-type and DDB2�/� em-
bryos were subjected to UV irradiation (12 J/m2) and har-
vested at different time points (0, 1, 3, and 7 h). Extracts of the
irradiated cells were analyzed for the level of Ser18-phosphor-

ylated p53 (p53S18P) with a phospho-specific antibody. Inter-
estingly, the DDB2�/� MEFs were found to contain a higher
level of p53S18P (Fig. 3a). Similar results were obtained when
splenocytes from DDB2�/� or wild-type mice were exposed to
UV irradiation (see Fig. S1 in the supplemental material).

FIG. 2. DDB2�/� MEFs are unresponsive to UV-induced nuclear accumulation of DDB1. MEFs from wild-type (WT) or DDB2�/� embryos
were grown on coverslips and infected with adenovirus expressing T7-tagged DDB1. Sixteen hours following infection, the cells were treated with
UV irradiation (20 J/m2) or IR (5 Gy). One hour after irradiation, the cells were fixed and subjected to immunostaining for T7-tagged DDB1 as
described in Materials and Methods. We analyzed the localization of DDB1 in 50 to 60 cells, and a quantification of the immunostaining data is
shown in panel d.

FIG. 3. DDB2-deficient cells are impaired in the proteolysis of p53S18P. MEFs were subjected to UV irradiation (12 J/m2) and then maintained
in the medium for the indicated time periods. Extracts (100 �g) were subjected to Western blot assays. The blots were probed with antibodies
against p53S18P, p53, DDB1, and Cdk2 or tubulin. (b) MEFs were treated with MG132 and then irradiated with UV. The UV-irradiated MEFs
were maintained in medium for the indicated time periods. Extracts (100 �g) were subjected to Western blot analysis. NT, not treated. (c) MEFs
were treated with UV irradiation, and 3 h following irradiation, cycloheximide (chx) was added to the culture medium and the cells were harvested
at the indicated time points. The extracts (100 �g) were analyzed by Western blot assays. (d) A quantification of phospho-p53 band intensity is
plotted against time after cycloheximide addition. The gray line represents the decay in DDB2�/� MEFs, and the black line represents the decay
in wild-type MEFs.
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The higher level of p53S18P in DDB2�/� cells could arise from
increased phosphorylation by ATR or a deficiency in dephos-
phorylation. PPM1D phosphatase has been shown to dephos-
phorylate phospho-p53 and phospho-Chk1 (30). However, the
levels of p53S18P in wild-type and DDB2�/� MEFs appeared
comparable when the cells were treated with MG132, an inhibitor
of the 26S proteasome (Fig. 3b), suggesting that p53S18P is actively
degraded by the 26S proteasome in UV-irradiated cells and that
DDB2�/� MEFs are deficient in degrading p53S18P following UV
irradiation. To confirm a deficiency in the proteolysis of p53S18P,
we compared the decay rate of p53S18P in wild-type MEFs with
that in DDB2�/� MEFs following UV irradiation. MEFs were
subjected to UV irradiation, and 3 h later cycloheximide was
added to the culture medium. At different time points, the cells
were harvested for analysis of the levels of p53S18P. Consistent
with a deficiency in proteolysis, the DDB2�/� MEFs exhibited a
slower decay of p53S18P compared to that in wild-type MEFs (Fig.
3c and d). We did not detect any significant difference in the
decay of total p53, suggesting that only a small population of p53
is phosphorylated under the experimental condition (UV irradi-
ation of MEFs at 12 J/m2) and that DDB2 deficiency does not
significantly affect the decay of unphosphorylated p53. The dif-
ference in the decay rate of p53S18P is more pronounced at the
early time points compared to the later time points (such as 40
min after cycloheximide addition). That could be a result of de-
phosphorylation of phospho-p53 at later time points (30). Our
observation suggests that p53 and p53S18P are degraded by dif-
ferent mechanisms. Moreover, a much shorter half-life of p53
compared to p53S18P in DDB2�/� MEFs is inconsistent with the
possibility that p53S18P accumulates as a result of increased phos-
phorylation in repair-deficient DDB2�/� MEFs. Below, we pro-
vide further evidence that accumulation of p53S18P is the cause
rather than the effect of the repair deficiency in DDB2�/� MEFs.
Also, the repair-deficient cells exhibited increased stabilization of
p53 only at later time points (2).

The instability of p53 in UV-irradiated (12 J/m2) cells in Fig.
3 is apparently in disagreement with the notion that UV irra-
diation stabilizes p53. We observed only a marginal increase in
the steady-state levels of p53 following UV irradiation at 12
J/m2 (Fig. 4a). In MEFs, robust stabilization could be detected
only when high-dose UV irradiation was used (Fig. 4a). The
difference in the stability of p53S18P between wild-type and
DDB2�/� cells was detected in UV-irradiated cells only. When
wild-type and DDB2�/� MEFs were compared following IR,
no significant difference in the decay of p53S18P was observed
(Fig. 4b). These observations suggest the existence of an active
mechanism that induces the proteolysis of p53S18P following
low-dose UV irradiation but not following irradiation with a
high dose of UV or IR. Moreover, the rapid proteolysis of
p53S18P following low-dose UV involves the XP-E gene prod-
uct DDB2 because DDB2�/� cells are deficient in that process.
However, roles of other modifications of p53 could not be
ruled out because we analyzed modification only at one site.

To further investigate the mechanism underlying the defi-
ciency of phospho-p53 proteolysis in DDB2-deficient cells, we
analyzed the ubiquitination of p53S15P. We transfected HeLa
cells with a plasmid expressing DDB2 shRNA and isolated
clones lacking expression of the DDB2 protein. DDB2
shRNA-expressing cells were transfected with a human Flag-
p53 expression plasmid along with a six-His-tagged ubiquitin

expression plasmid. The transfected cells were irradiated with
UV (12 J/m2) and treated with MG132. Aliquots of the har-
vested cells were used to measure transfection efficiency based
on Flag-p53 expression (Fig. 5a, left side). The remaining cells
were lysed in guanidinium-HCl buffer for purification of the
ubiquitinated protein through Ni-nitrilotriacetic acid (NTA)-
agarose beads as previously described (53). The eluates from
the Ni-NTA-agarose beads were analyzed for ubiquitinated
p53S15P with a phospho-p53 antibody and for ubiquitinated p53
with a p53 antibody. As shown in Fig. 5, DDB2 shRNA-ex-
pressing cells were significantly deficient in polyubiquitinating
p53S15P whereas there was only a marginal difference in the
polyubiquitination of total p53. The signals are p53/p53S18P

specific, as they were detected only in samples corresponding
to transfected cells. Therefore, the DDB2-deficient cells were
specifically defective in polyubiquitinating p53S15P. We have
not ruled out the involvement of other p53 modifications.

p53S18P is a target of the Cul4A-DDB1 pathway. Next, we
sought to investigate whether DDB1 or DDB2 functions as an
adaptor in targeting p53S18P by the Cul4A-DDB1 ligase. Ini-
tially, we studied interactions with epitope-tagged proteins.
MEFs from wild-type embryos were infected with an adenovi-
rus that expresses T7 epitope-tagged DDB2 or DDB1. The
infected cells were subjected to UV irradiation to generate
p53S18P in the presence of MG132 (to stabilize p53S18P). Three
hours following UV irradiation, the cells were harvested and
the extracts were immunoprecipitated with a T7 antibody or a
control antibody. The immunoprecipitates were analyzed for
the presence of p53S18P with a specific antibody in Western
blot assays. p53S18P was detected in the DDB1 immunoprecipi-
tate, but very little p53S18P could be detected in the DDB2
immunoprecipitate (Fig. 6a), suggesting that DDB1 associates
with p53S18P. We also investigated the interaction with unphos-
phorylated p53 with higher levels of the extracts because the
antibody against total p53 is less sensitive compared to that

FIG. 4. p53 and p53S18P are unstable specifically in low-dose-UV-
irradiated cells. (a) MEFs from wild-type embryos were treated with a
low dose (12 J/m2) or a high dose (60 J/m2) of UV irradiation and then
maintained in the medium for the indicated time period. Extracts (100
�g) of the cells were analyzed for p53 by Western blot assays. (b)
MEFs from wild-type or DDB2�/� embryos were treated with IR (5
Gy). After 3 h, cells were treated with cycloheximide (chx) and har-
vested at the indicated time points. Extracts (100 �g) were analyzed for
p53S18P and p53 by Western blot assays.
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against p53S18P. In those experiments, very little binding was
detected when the blot was probed with an antibody against
the total p53 protein (Fig. 6b). Following prolonged exposure,
a hint of a band could be detected only in the immunoprecipi-

tate from the extracts of UV-irradiated cells (not shown). To
further investigate the interaction, we analyzed the interaction
between the endogenous proteins. When the extracts from
UV-irradiated cells were immunoprecipitated with antibody
against p53S18P, we did not detect any coprecipitation of DDB1
(not shown). That would be an expected result if DDB1 bind-
ing also involves a phosphorylated Ser18 residue in p53. How-
ever, when we immunoprecipitated the extracts of UV-irradi-
ated cells with DDB1 antibody, a significant level of p53S18P

could be detected coprecipitating with DDB1 (Fig. 6c), further
confirming the result obtained with exogenous DDB1. Taken
together, our results suggest that DDB1 preferentially binds to
p53S18P. In these experiments, the roles of other p53 modifi-
cations were not considered.

DDB1 functions as an adaptor for Cul4A. Cul4A and DDB1
have been shown to cooperate with Mdm2 in the proteolysis of
p53 (5, 35). Therefore, we investigated whether the Cul4A
pathway is involved also in the proteolysis of p53S18P following
UV irradiation. Cul4A-DDB1 is involved in the proteolysis of
Cdt1 (4, 18, 20, 21, 42). Lack of Cdt1 proteolysis in DDB1
knockdown or knockout causes overreplication and activation
of the DNA damage response pathway (8, 29). Therefore, we
decided to perform gain-of-function experiments. Since
p53S18P in wild-type cells is unstable, we studied the effect of
Cul4A expression on the stability of p53S18P in DDB2�/�

MEFs. Proteolysis of p53S18P occurs in DDB2�/� MEFs, but at
a slower rate (Fig. 3d). Those MEFs possess some level of
DDB1 in the nucleus (Fig. 2). If the Cul4A pathway is in-
volved, we expected to see an acceleration of proteolysis in
those cells upon Cul4A overexpression. The DDB2�/� MEFs
were infected with an adenovirus expressing Cul4A or DDB1
or with a control adenovirus. Eighteen hours after infection,
the cells were subjected to UV irradiation, and 3 h after irra-
diation, cycloheximide was added to the culture medium. At
different time points following cycloheximide addition, the
cells were harvested and the levels of p53S18P were analyzed by

FIG. 5. DDB2 deficiency impedes the ubiquitination of p53S18P. HeLa cells expressing DDB2 shRNA or no shRNA (pSuper) were transfected
with plasmids expressing Flag-tagged p53 and six-His-tagged ubiquitin (Ub). The transfected cells were treated also with UV irradiation (12 J/m2)
and MG132 (for 5 h). Aliquots (20% of the total) of the transfected cells were analyzed for levels of p53 transgene expression with Flag-tagged
antibody and for DDB2 expression with DDB2 antibody (left panel). The remaining aliquots of transfected or untransfected cells were lysed in
buffer containing 6 M guanidinium-HCl as previously described (53). The lysates were subjected to Ni-NTA-agarose binding and purification of
the ubiquitinated proteins as described in reference 53. The Ni-NTA-agarose-purified fractions were analyzed for ubiquitinated p53S18P and p53
with specific antibodies in Western blot assays. PolyUb, polyubiquitinated.

FIG. 6. DDB1 preferentially binds p53S18P. (a and b) MEFs from
wild-type (WT) embryos were infected with adenovirus expressing T7
epitope-tagged DDB1 or DDB2. Thirteen hours following infection,
the cells were treated with MG132 for 2 h and then irradiated with UV
(12 J/m2). Subsequently, the cells were maintained in medium contain-
ing MG132 for an additional 3 h. Following that, the cells were har-
vested and extracts (1.5 mg for the experiments in panel a and 3 mg for
the experiments in panel b) of these cells were subjected to immuno-
precipitation (IP) with T7 antibody or with isotype-matched immuno-
globulin G (IgG). The immunoprecipitates were analyzed for the pres-
ence of p53S18P (a) or total p53 (b) by Western blot assay. Total
extracts (0.1 mg) were also analyzed for the levels of T7-DDB1, T7-
DDB2, p53S18P, and total p53. (c) MEFs were UV irradiated in the
presence of MG132. Three hours following irradiation, cells were
harvested and extracts (2 mg) were subjected to immunoprecipitation
with a DDB1 antibody or a control (Cont) antibody. The immunopre-
cipitates were subjected to Western blot assays with the phopsho-p53
antibody. In this experiment, the blot corresponding to the immuno-
precipitate lanes was developed with Fc-horseradish peroxidase
(Pierce) instead of a secondary antibody to avoid signals from IgG.
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Western blot assays. Clearly, expression of Cul4A accelerated
the decay rates of both p53 and p53S18P (Fig. 7). The acceler-
ated decay of p53 is consistent with previous reports (5, 35).
The accelerated decay of p53S18P suggests that Cul4A is in-
volved also in the proteolysis of p53S18P. Some acceleration
was observed also in cells expressing DDB1 (Fig. 7). Since
DDB2�/� MEFs possess some level of DDB1 in the nucleus,
we think that Cul4A associates with the available DDB1 in the
nucleus to increase the decay of p53S18P.

DDB2�/� MEFs express p21Waf1/Cip1 at a high level follow-
ing low-dose UV irradiation. The Ser18-phosphorylated form
of p53 is transcriptionally more active, and a deficiency in its
turnover is expected to cause greater accumulation of the tar-
get genes, such as that for p21Waf1/Cip1. p21Waf1/Cip1 was shown
to be unstable in UV-irradiated cells (7). However, a recent
study indicated that the steady-state level of p21Waf1/Cip1 does
not change significantly during the first several hours following
UV irradiation (12 J/m2) (23). The lack of an increase in
p21Waf1/Cip1 following UV irradiation (12 J/m2) is consistent
with the quick decay of p53S18P observed in our experiments
(Fig. 3). Because the DDB2�/� MEFs accumulated p53S18P,
we compared the mRNA levels of p21Waf1/Cip1 by quantitative
real-time PCR. Consistent with previous observations (23), we
did not notice any significant change in the level of p21Waf1/Cip1

in wild-type MEFs in the first few hours following UV irradi-
ation (Fig. 8a). DDB2�/� MEFs, on the other hand, exhibited
an increase in the levels of p21Waf1/Cip1 mRNA following UV
irradiation (Fig. 8a). The increased expression of p21Waf1/Cip1

in UV-irradiated DDB2�/� MEFs is consistent with higher
levels of p53S18P in those cells. Increased expression was also
detected at the protein level (Fig. 8a). Interestingly, we also
observed stabilization of p21Waf1/Cip1 protein in DDB2�/�

MEFs (our unpublished observation). Increased expression of
p21Waf1/Cip1 mRNA was observed in HeLa cells lacking DDB2
as well. We generated a stable line of HeLa cells expressing
shRNA against DDB2 (Fig. 5). Those cells, upon low-dose UV
irradiation, exhibited increased stability of p53S18P, and they

expressed p21Waf1/Cip1 mRNA at a higher level compared to a
control line (Fig. 8b). The increased expression of p21Waf1/Cip1

mRNA in those cells is dependent upon p53 because knock-
down of p53 eliminated the UV-induced expression of the
p21Waf1/Cip1 mRNA (Fig. 8c).

Reduction or elimination of p21Waf1/Cip1 reverses the repair
deficiency in DDB2�/� MEFs. p53 is required for NER (15, 47),
but the link between p21Waf1/Cip1 and NER is controversial. It is
commonly believed that p21Waf1/Cip1 slows down cell cycle pro-
gression to allow time for repair. Consistent with that notion, in
human colon cancer cells it was shown to play a positive role in
repair (32). In primary MEFs, on the other hand, p21Waf1/Cip1 is
not required for NER (47). Interestingly, two studies indicated
that an increased level of p21Waf1/Cip1 inhibits NER through in-
hibition of PCNA, which is required for repair synthesis (12, 38).
Other in vitro studies detected inhibition of repair synthesis by
p21Waf1/Cip1 only under specific conditions (44). A recent study
demonstrated that Gadd45�/� keratinocytes accumulated
p21Waf1/Cip1 and that deletion of p21Waf1/Cip1 reversed the NER
deficiency (31). Therefore, we decided to examine whether the
accumulation of p21Waf1/Cip1 in a DDB2�/� background was re-
sponsible for the reduced UDS observed in Fig. 1.

To investigate the role of p21Waf1/Cip1, we used a lentivirus
expressing p21Waf1/Cip1 shRNA to knock down the levels of
p21Waf1/Cip1 in UV-irradiated DDB2�/� MEFs. MEFs were
infected with the p21Waf1/Cip1 shRNA expression virus or a
control lentivirus. Infected cells were subjected to UV irradi-
ation and processed for UDS (47). An aliquot of infected cells
was also analyzed for a reduction in the level of p21Waf1/Cip1.
The shRNA caused only a twofold reduction in the level of
p21Waf1/Cip1; a quantification of the p21Waf1/Cip1 level is shown
in Fig. 9a. Nevertheless, the twofold reduction in the level of
p21Waf1/Cip1 was sufficient to cause a significant increase in
UDS in DDB2�/� MEFs (Fig. 9b). A greater number of nuclei
exhibited a higher number of grains in p21Waf1/Cip1 knockdown
cells compared to the control, suggesting that accumulation of
p21Waf1/Cip1 in DDB2�/� MEFs contributes to the repair de-
ficiency in those cells.

To obtain further genetic evidence, we crossed DDB2�/�

mice with p21Waf1/Cip1�/� mice to generate a double-knockout
strain. MEFs derived from the double-knockout strain were
compared with those from the single-knockout strains for UDS
activity following UV irradiation. As expected from previous
studies (47), p21Waf1/Cip1�/� MEFs exhibited levels of UDS
comparable to those of wild-type MEFs (Fig. 10). DDB2�/�

MEFs exhibited lower levels of UDS, as there were more
nuclei with fewer grains. The MEFs from the double-knockout
embryo exhibited UDS at the wild-type level (Fig. 10), con-
firming the notion that increased accumulation of p21Waf1/Cip1

is responsible for the repair deficiency in DDB2�/� MEFs.

DISCUSSION

The work presented here is significant in several ways. Using
mouse models, we provide genetic evidence for a new mechanism
by which DDB2 participates in NER. In low-dose-UV-irradiated
cells, DDB2 plays an important role in down-regulating the levels
of p53S18P by stimulating the nuclear import of DDB1, which
enhances proteolysis of p53S18P. The proteolysis of p53S18P is
important in maintaining expression of p21Waf1/Cip1 at a low level

FIG. 7. Cul4A-DDB1 accelerates the decay of p53S18P. DDB2�/�

MEFs were infected with Cul4A expression adenovirus (Ad), a control
adenovirus, or a DDB1 expression virus (b). Fifteen hours after infec-
tion, the cells were subjected to UV irradiation (12 J/m2). Three hours
postirradiation, the cells were treated with cycloheximide (chx) for the
indicated time periods. Extracts (100 �g) of the cells were analyzed for
the levels of p53S18P by Western blot experiments.
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to support efficient NER. We suggest that accumulation of
p53S18P is the cause of the repair deficiency in DDB2�/� cells
because elimination of p21Waf1/Cip1, which is a critical down-
stream target of p53S18P, reverses the deficiency.

Stability of p53/p53S18P in UV-irradiated MEFs. DNA-dam-
aging agents, including UV irradiation, were shown to stabilize
p53 by phosphorylating p53 at the Mdm2-binding site through
the activation of ATM/ATR and the checkpoint kinases (re-
viewed in reference 50). However, recent studies with phos-
phorylation-defective mutants in mouse knock-in models have
challenged that view (49 and references therein). In this study,
we analyzed the stability of p53 and p53S18P in MEFs. One
major caveat of our analyses arises from the fact that p53 is
modified extensively and we assayed only total p53 and
p53S18P. Therefore, we could not rule out contributions of
other modifications in our study. We observed that a low dose
of UV irradiation (12 J/m2) does not cause significant stabili-
zation of p53 or p53S18P at the early time points. The stabili-
zation was seen in MEFs when treated with high-dose UV
irradiation (60 J/m2). Therefore, the mechanisms that stabilize
p53 are active only in high-dose-UV-irradiated cells. We ob-

served phosphorylation of p53 within 1 h at the Ser18 residue,
a site phosphorylated by the ATM/ATR kinases, following
low-dose UV irradiation. In the wild-type MEFs, Ser18-phos-
phorylated p53 was as unstable as p53 (Fig. 3). That is consis-
tent with the previous finding that phosphorylation at Ser18 is
insufficient for stabilization of p53 (9). Treatment with a pro-
teasome inhibitor stabilized both p53 and p53S18P (Fig. 3).
Previous studies suggested that, following the repair of UV-
and IR-induced DNA damage, phospho-p53 is dephosphoryl-
ated by PPM1D phosphatase (30). Our observations suggest
the existence of an additional active mechanism involving the
ubiquitin-proteasome pathway that eliminates p53S18P in low-
dose-UV-irradiated cells.

In DDB2�/� MEFs, on the other hand, a form of p53 con-
taining phosphorylation at Ser18 (p53S18P) accumulated, re-
sulting from increased stability. The accumulation of p53S18P

was associated with an increase in the expression of p21Waf1/Cip1,
confirming the presence of higher levels of active p53 in
DDB2�/� MEFs. The accumulation of p53S18P in UV-irradi-
ated DDB2�/� MEFs could be explained also by continued
phosphorylation in repair-deficient cells. However, the kinetics

FIG. 8. Increased expression of p21Cip1 in DDB2�/� MEFs or DDB2-deficient HeLa cells following UV irradiation. Wild-type or DDB2�/�

MEFs (a) were subjected to UV irradiation (12 J/m2) and then maintained in 10% fetal bovine serum medium for the indicated time periods.
(Right) Total RNA was analyzed by quantitative real-time PCR for the levels of p21Waf1/Cip1 mRNA as described in Materials and Methods.
Extracts (50 �g) were subjected to Western blot assays. The blots were probed with antibodies against p21Cip1 and Cdk2 (left). (b) HeLa cells
were transfected with empty vector (control) or vector expressing DDB2 shRNA to isolate stable clones. Cells were treated with UV irradiation
at 12 J/m2. Three hours following UV irradiation, cycloheximide (chx) was added to block new protein synthesis. At the indicated time points, cells
were harvested and extracts were assayed for p53S18P (left). (Right) Total RNA from the HeLa cells after UV irradiation was subjected to
quantitative real-time PCR to assay the levels of p21Waf1/Cip1 mRNA. (c) HeLa cells expressing DDB2 shRNA were transfected with control (Cont)
siRNA or p53 siRNA. The transfected cells were treated with UV irradiation. Three hours following UV treatment, cells were harvested and total
RNAs were subjected to quantitative real-time PCR for the levels of p21Waf1/Cip1 mRNA.
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of accumulation of p53S18P is quite rapid. It was shown that
repair-deficient cells exhibited increased stabilization of p53
only at later time points (2). Moreover, the levels of p53S18P

were comparable between wild-type and DDB2�/� MEFs in
the presence of a proteasome inhibitor. We did not observe a
huge increase in the level of p53S18P in DDB2�/� MEFs in the
presence of MG132 (Fig. 3b), which would be expected from
continued phosphorylation in repair-deficient cells. Also, we
observed that in DDB2�/� MEFs, the half-life of p53S18P was
much longer than that of total p53 (Fig. 3c), suggesting that
they are degraded through different pathways. Furthermore,
we show that deletion of p21Waf1/Cip1, a major downstream

target of p53S18P, reverses the repair deficiency in DDB2�/�

MEFs, providing evidence that accumulation of p53S18P is the
cause rather than the effect of repair deficiency. Our observa-
tions are clearly congruent with the notion that p53S18P is
actively degraded in low-dose-UV-irradiated cells and that
there is a deficiency in the proteolysis of p53S18P in DDB2�/�

MEFs.
Phospho-p53 is a target of the Cul4A-DDB1 ligase. We

showed that Cul4A could target p53 for proteolysis. Moreover,
expression of Cul4A delayed the accumulation of p53 follow-
ing UV irradiation (35). Interestingly, the Cul4A-mediated
proteolysis of p53 is dependent upon Mdm2 because Cul4A

FIG. 9. Repair deficiency in DDB2�/� MEFs is reversed by partial depletion of p21Waf1/Cip1. DDB2�/� MEFs were infected with lentivirus expressing
shRNA against p21Waf1/Cip1 or a control shRNA. Three days following infection, part of the infected cells were subjected to a Western blot assay with
an antibody against p21Waf1/Cip1 or tubulin (loading control). Relative levels of p21Cip1 were quantified, and the results are shown in panel a. The rest
of the infected cells were subjected to UDS assays, and the numbers of grains per nucleus from 15 nuclei are plotted in panel b.

FIG. 10. Deletion of the gene for p21Waf1/Cip1 reverses the repair deficiency in DDB2�/� MEFs. MEFs from wild-type (WT), DDB2�/�, p21�/�,
and DDB2�/� p21�/� embryos were subjected to UDS analyses as described in Materials and Methods. After quantification, the numbers of grains
per nucleus were plotted. Representative nuclei are shown.
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failed to enhance the decay of p53 in p53/Mdm2� MEFs.
Moreover, Cul4A-mediated proteolysis is inhibited by ARF, an
inhibitor of Mdm2 (35). Since Cul4A associates with Mdm2,
we think that Cul4A functions as a cofactor for Mdm2-medi-
ated proteolysis of p53. It is noteworthy that Cul4A remains
associated with the COP9 signalosome, which was shown to
associate with p53/Mdm2 and play a role in the proteolysis of
p53 (6). It is possible that Cul4A enhances the signalosome
pathway of proteolysis of p53. Another group confirmed our
results (5), providing additional evidence of a role for DDB1 in
the Cul4A/Mdm2-mediated proteolysis of p53. In this study,
we showed that DDB1 preferentially bound to p53 that is
phosphorylated at Ser18. Moreover, expression of Cul4A ac-
celerated the decay of p53 phosphorylated at Ser18. These
results suggest that DDB1 allows the targeting of p53S18P by
Cul4A. Interestingly, the nuclear accumulation of DDB1 is
enhanced by UV irradiation requiring DDB2 (Fig. 2). There-
fore, we suggest that the delay in the proteolysis of p53S18P in
DDB2�/� MEFs is a result of a lower level of DDB1 in the
nucleus compared to that in UV-irradiated wild-type MEFs, as
p53S18P is believed to be a nuclear protein. Our observations
provide insight into the mechanism by which p53S18P is tar-
geted for proteolysis in low-dose-UV-irradiated cells. It is
noteworthy that phospho-Chk1 has been shown to be a target
of proteolysis involving Cul4A following genotoxic stress (55).

p21Waf1/Cip1 and NER in UV-irradiated cells. p21Waf1/Cip1 is
not required for NER, as cells lacking p21Waf1/Cip1 carry out
NER efficiently following UV irradiation (47). However, be-
cause p21Waf1/Cip1 binds PCNA, a factor required for both
NER and DNA replication (37), several groups have investi-
gated the possibility of inhibitory effects of p21Waf1/Cip1 on
NER. Initial studies by Li et al. (27) and Shivji et al. (43), with
in vitro assay systems for both excision and resynthesis steps,
did not find any inhibitory effect of p21Waf1/Cip1 on NER. Pan
et al. (38), on the other hand, observed significant inhibition of
both excision and resynthesis by p21Waf1/Cip1 by using similar in
vitro assays. In their assays, resynthesis was more sensitive to
inhibition by p21Waf1/Cip1 than was excision. Moreover, a pep-
tide corresponding to the C-terminal residues of p21Waf1/Cip1

that binds to PCNA was able to inhibit NER in vitro (38). The
apparent discrepancy in the observations could have resulted
from differences in the extracts used in the assays. For
example, excess cyclin-cdk in the extracts would sequester
p21Waf1/Cip1, blocking its interaction with PCNA. Interest-
ingly, later studies by Shivji et al. (44) indicated that pre-
binding of p21Waf1/Cip1 with PCNA could inhibit the filling
of a 30-nucleotide gap, a model for the resynthesis step of
NER, by purified DNA polymerases � and ε. That study also
confirmed that a synthetic PCNA-binding p21Waf1/Cip1 pep-
tide is an efficient inhibitor of NER. The inhibition of NER
by the C-terminal PCNA-binding domain of p21Waf1/Cip1

was further confirmed by both in vitro and in vivo experi-
ments by Cooper et al. (12). It is possible that the C-terminal
peptide of p21Waf1/Cip1 dissected away the interference from
cyclin-cdk (which binds to the N-terminal region of p21Waf1/Cip1),
allowing the inhibition of NER to be easily detectable. In vivo
accumulation of endogenous p21Waf1/Cip1 also inhibits NER. A
recent report indicated that Gadd45�/� keratinocytes accumu-
late p21Waf1/Cip1 at a high level and that the cells are deficient
in NER. Moreover, deletion of p21Waf1/Cip1 restores NER ca-

pacity to Gadd45-deficient keratinocytes (31). These results
are different from what was observed in MEFs, in which dele-
tion of p21Waf1/Cip1 in the Gadd45�/� background did not
increase repair function (47). To explain the discrepancy,
Maeda et al. (31) stated that, unlike Gadd45�/� keratinocytes,
Gadd45�/� MEFs did not accumulate p21Waf1/Cip1 (31). In our
present study, we consistently observed that DDB2�/� MEFs
expressed p21Waf1/Cip1 at a higher level compared to wild-type
MEFs following UV irradiation, an observation that is ex-
pected from an accumulation of p53S18P in those cells. There-
fore, we considered a potential role for high-level p21Waf1/Cip1

in the inhibition of NER in DDB2�/� MEFs.
We observed that shRNA-mediated knockdown of the

p21Waf1/Cip1 level by 50% caused a huge increase in repair
synthesis in DDB2�/� MEFs, suggesting that the increased
expression of p21Waf1/Cip1 in DDB2�/� MEFs was responsible
for the reduced level of UDS. These results were further con-
firmed by generating DDB2�/� p21�/� double-knockout mice.
The MEFs from the double-knockout embryos, unlike those
from DDB2�/� embryos, exhibited wild-type levels of UDS.
Our results suggest that the regulation of the mechanism that
stimulates the synthesis of p21Waf1/Cip1 is critical for efficient
NER. We propose that by actively degrading p53S18P, Cul4A-
DDB1 and DDB2 maintain the synthesis of p21Waf1/Cip1 at a
level that supports efficient repair synthesis. We think that by
enhancing DDB2-mediated nuclear import of DDB1, UV ir-
radiation causes an increase in the Cul4A-DDB1-DDB2 com-
plex bound to damaged chromatin. As suggested by others,
chromatin-bound Cul4A-DDB1-DDB2 may have a role in his-
tone modification and XP-C recruitment. We see damaged-
chromatin binding as a mechanism also to ensure nuclear ac-
cumulation of the active ligase. Subsequent proteolysis of
DDB2 (3, 14, 33) releases Cul4A-DDB1 from damaged DNA,
allowing it to target p53S18P. Because p21Waf1/Cip1 is believed
to be an inhibitor of repair synthesis, we suggest that, in addi-
tion to its potential role in CPD excision, DDB2 plays an
important role in repair synthesis.
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