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The DDB2 gene, which is mutated in xeroderma pigmentosum group E, enhances global genomic repair of
cyclobutane pyrimidine dimers and suppresses UV-induced mutagenesis. Because DDB2 transcription in-
creases after DNA damage in a p53-dependent manner, we searched for and found a region in the human DDB2
gene that binds and responds transcriptionally to p53. The corresponding region in the mouse DDB2 gene
shared significant sequence identity with the human gene but was deficient for p53 binding and transcriptional
activation. Furthermore, when mouse cells were exposed to UV, DDB2 transcription remained unchanged,
despite the accumulation of p53 protein. These results demonstrate direct activation of the human DDB2 gene
by p53. They also explain an important difference in DNA repair between humans and mice and show how
mouse models can be improved to better reflect cancer susceptibility in humans.

The nucleotide excision repair (NER) pathway recognizes
and removes UV-induced DNA lesions such as 6-4 photoprod-
ucts and cyclobutane pyrimidine dimers (CPDs) as well as a
broad range of bulky adducts (12). Mutations in NER genes
lead to xeroderma pigmentosum (XP), an autosomal recessive
disease characterized by hypersensitivity to UV radiation and a
severe risk for skin cancer (6).

Some XP patients in complementation group E lack a UV-
damaged-DNA binding protein (UV-DDB), which is present
in healthy individuals, patients in other XP complementation
groups (5), and other patients provisionally assigned to XP
group E (XPE) (20). UV-DDB requires the expression of two
genes, DDB1 (or p127) and DDB2 (or p48) (8, 17, 31). XPE
cells deficient in UV-DDB have inactivating mutations in the
DDB2 gene (18, 25). Furthermore, UV-DDB is deficient in
rodent cells due to decreased expression of DDB2 (18). XPE
and UV-DDB have recently been reviewed (32).

NER consists of two subpathways, transcription-coupled re-
pair and global genomic repair (GGR) (4). Transcription-cou-
pled repair removes lesions from the transcribed strand of
DNA, and GGR removes lesions from the genome overall.
XPE cells are deficient in GGR (16). Rodent cells are also
deficient in GGR of CPDs (4), and expression of DDB2 con-
fers GGR to hamster cells (33).

Accumulation of the tumor suppressor protein p53 after
DNA damage activates GGR of CPDs in human cells (11) by
a mechanism that has been incompletely understood. UV or
ionizing radiation activates the transcription of DDB2 in p53
wild-type cells but not in p53-deficient cells (16). Furthermore,
the forced expression of a transfected p53 gene activates DDB2
transcription and increases UV-DDB (16). These data dem-
onstrate that p53 transcriptionally activates the DDB2 gene,
but they do not indicate whether this activation is direct or
indirect. Here, we report the identification of a p53 response

element in the human DDB2 gene and demonstrate binding
and direct transcriptional activation of the DDB2 gene by p53.
We also show that the mouse DDB2 gene does not contain a
functional p53 response element, providing an explanation for
the deficiencies of UV-DDB and GGR in mice.

MATERIALS AND METHODS

Cloning the mouse DDB2 cDNA. A BLASTN search of the mouse expressed
sequence tag database was performed with the human DDB2 cDNA sequence.
One match was Mus musculus cDNA clone 893619 (GenBank accession no.
AA516636) from a Knowles Solter mouse E6 5d whole embryo. When this clone
was obtained from the American Type Culture Collection (Manassas, Va.), DNA
sequencing revealed internal deletions. To obtain a complete clone, primers for
PCR amplification were designed at the 5� and 3� ends of the clone. The
sequence of the 5� primer, KnowlesDDB2.84-105F, was 5�-GTAGTCCCTTCC
TGTTTTCTCC-3�. The sequence of the 3� primer, KnowlesDDB2.1567-1683R,
was 5�-CCCTGCTCCAACCCTAA-3�. Poly-A� RNA from NIH 3T3 mouse
cells was reverse transcribed by using KnowlesDDB2.1567-1683R and then am-
plified by PCR with KnowlesDDB2.84-105F and KnowlesDDB2.1567-1683R.
The PCR products were cloned into the pCR2.1-TOPO vector (Invitrogen,
Carlsbad, Calif.), and five independent clones yielded the same sequence. The
published sequence of a Sugano mouse brain cDNA clone (GenBank accession
no. AU035536) contained an additional sequence at the 5� end of the mouse
DDB2 cDNA, which was conserved with the 5� end of the human DDB2 cDNA.
The 5� end of the mouse cDNA sequence was corrected and extended by 4
nucleotides by sequencing three independent genomic clones from a mouse
ES-129/SvJ BAC library (Genome Systems, St. Louis, Mo.). The mouse DDB2
cDNA was subcloned into the pBJ5 vector (28) for expression studies.

Cells. All cells were grown in Dulbecco’s modified Eagle medium supple-
mented with 10% fetal bovine serum at 37°C in 5% CO2. The 041 mut (p53�/�)
human fibroblast cell line was a gift from James Ford (Stanford University). The
HT1080 human fibrosarcoma cell line, the NMuLi mouse liver cell line, the BNL
CL.2 mouse liver cell line, and the WI-38 human lung fibroblast cell line were
obtained from the American Type Culture Collection. Primary wild-type mouse
embryonic fibroblasts (MEF) and p53�/� MEF were gifts from Laura Attardi
(Stanford University) and used at passage 4.

UV irradiation of cells. Medium on the cells was removed, and the cells were
washed once with phosphate-buffered saline. The cells were exposed to UVC
from a germicidal lamp at a dose of 10 J/m2. Medium was immediately added to
the cells after UV exposure.

In vitro translation of p53. In vitro-translated p53 was synthesized from 1 �g
of plasmid DNA containing p53 by using the TNT-coupled rabbit reticulocyte
lysate system (Promega, Madison, Wis.). The reaction mixtures were incubated
at 30°C for 90 min after the addition of T3 RNA polymerase. To assess trans-
lational efficiency, p53 was labeled with L-[35S]methionine.
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DNA oligonucleotides for p53 binding and activation. Double-stranded oligo-
nucleotides were made by heating and then annealing complementary strands
slowly for 2 h. Oligonucleotides for competition electrophoretic mobility shift
assays (EMSAs) were resolved by electrophoresis in a nondenaturing Tris-bo-
rate-EDTA gel, stained with ethidium bromide, extracted from the appropriate
gel slice with 1 M NaCl overnight, purified on a Sep-Pak Vac 1-ml C18 cartridge
(Waters Corp., Milford, Mass.), and quantitated with PicoGreen double-
stranded DNA quantitation reagent (Molecular Probes, Eugene, Oreg.) by using
a fluorimeter. Double-stranded REhDDB2 was made by annealing 5�-CTAG
CAAGCTGGTTGAACAAGCCCTGGGCATGTTTGGCGGGAAGC-3� and 5�-
TCGAGCTTCCCGCCAAACATGCCCAGGGCTTGTTCAACCAGCTTG-3�.
The boldface nucleotides in the oligonucleotides indicate the candidate p53
binding sites. Double-stranded REhDDB2mut was made by annealing 5�-CTA
GCAAGCTGGTTGAAGAACCCCTGGGGATCTTTGGCGGGAAGC-3� and
5�-TCGAGCTTCCCGCCAAAGATCCCCAGGGGTTCTTCAACCAGCTTG-
3�. Double-stranded REhp21 was made by annealing 5�-CTAGCAAGCTGGT
TGAACATGTCCCAACATGTTGGGCGGGAAGC-3� and 5�-TCGAGCTTC
CCGCCCAACATGTTGGGACATGTTCAACCAGCTTG-3�. Double-strand-
ed REhDDB2-L was made by annealing 5�-CTAGCAAGCTGGTTTGAACAAG
CCCTGGGCATGTTTGGCGGGAAGTTGGCTTAGCTCC-3� and 5�-TCGAGG
AGCTAAGCCAACTTCCCGCCAAACATGCCCAGGGCTTGTTCAAACCAGCT
TG-3�. Double-stranded REmDDB2-L was made by annealing 5�-CTAGCGGG
CTAAAAGTAAAGCAGCCCGGAGGAGCGTTTGGCGCGAAGGTGTCTTAGC
TGC-3� and 5�-TCGAGCAGCTAAGACACCTTCGCGCCAAACGCTCCTCCG
GGCTGCTTTACTTTTAGCCCG-3�. Double-stranded REhDDB2-I3 was made
by annealing 5�-CTAGCGGACAAGGCTTCAGTGAGCTAGGCAAGCCTGGGT
GACAGAGCAAGATCC-3� and 5�-TCGAGGATCTTGCTCTGTCACCCAGGCT
TGCCTAGCTCACTGAAGCCTTGTCCG-3�. Double-stranded REhDDB2-I4
was made by annealing 5�-CTAGCAAGCTGGTTAGGCGTGCCTCAGGGCTT
GCTTGGCGGGAAGC-3� and 5�-TCGAGCTTCCCGCCAAGCAAGCCCTGA
GGCACGCCTAACCAGCTTG-3�. Double-stranded REhDDB2-3�UTR was
made by annealing 5�-CTAGCAGACAAGCCCTCTCTACGCATGTCTC-3� and
5�-TCGAGAGACATGCGTAGAGAGGGCTTGTCTG-3�. Radiolabeled probes
were made by filling in the ends with [�-32P]dCTP with the Klenow fragment of
Escherichia coli DNA polymerase I. The sequences of the double-stranded oligo-
nucleotides used in competition EMSAs are shown in Fig. 2B. The radiolabeled
REhDDB2 probe for the competition EMSAs was made by phosphorylating the
5� ends with [�-32P]ATP and T4 polynucleotide kinase.

EMSAs for DNA binding by p53 and UV-DDB. For p53 EMSAs, 2.5 �l of in
vitro translation extract, 5 �g of HT1080 nuclear extract, or 3 �g of nuclear
extract from 041 mut cells transfected with p53 was mixed with 250 ng of PAb421
monoclonal p53 antibody and incubated for 30 min at room temperature. Nu-
clear extracts were prepared as described previously (1). This mixture was then
incubated for 30 min at room temperature with 2 �l of 5� binding buffer (100
mM HEPES [pH 7.9], 125 mM KCl, 0.5 mM EDTA, 50% glycerol, 10 mM
MgCl2), 0.25 �l of 25 mM dithiothreitol, 0.25 �l of 1% NP-40, 0.25 �l of bovine
serum albumin at 4 �g/�l, 250 ng of poly(dI-dC), 245 ng of 32-bp double-
stranded f32 DNA (13), and a 32P-labeled DNA probe in a final volume of 10 �l.
For competition p53 EMSAs, unlabeled competitor double-stranded DNA rang-
ing from 6.3 to 680 nM was included in the 32P-labeled REhDDB2 probe (0.3
nM) mixture. The reaction mixtures were then resolved by electrophoresis on a
4% Tris-glycine-EDTA polyacrylamide gel and quantified with a phosphor-
imager. For the UV-DDB EMSAs, 2 �g of whole-cell extract was analyzed as
described previously (16).

p53 dissociation constants. Competition EMSAs were analyzed by plotting
binding activity versus concentration of cold competitor DNA. The dissociation
constant for the radiolabeled probe (Kd*) is defined as [D*][P]/[D* � P], where D*
is the radiolabeled REhDDB2 probe, P is free p53, and D* � P is the radiolabeled
probe-p53 complex. The dissociation constant for the cold competitor (Kd) is
defined as [D][P]/[D � P], where D is the cold competitor DNA and [D � P] is the
cold competitor DNA-p53 complex. The total p53 concentration (PT) is defined
as [PT] � [P] � [D* � P] � [D � P]. The binding activity, B, is measured as [D* �

P], yielding the equation B � [PT] � [P] � [D � P]. After substituting for [P] and
[D � P] by using the dissociation constant equations, we find that B � [PT]/{1 �
(Kd*/[D*])(1 � [D]/Kd)}. We define B � Bmax when [D] � 0. Hence, Bmax �
[D*][PT]/([D*] � Kd*). Incorporation of Bmax gives

B � Bmax	
D*� � Kd*�/	
D*� � Kd* � 
D�Kd*/Kd� (1)

When the cold competitor DNA is REhDDB2, Kd � Kd* and equation 1 sim-
plifies to

B � Bmax	
D*� � Kd*�/	
D*� � Kd* � 
D�� (2)

Kd* for REhDDB2 was determined from the fit to equation 2 and then used in
equation 1 to derive Kd values for all elements other than REhDDB2. All fits
were performed with KaleidaGraph software (Synergy Software, Reading, Pa.).

p53 and luciferase constructs. The P72 allele of human p53 was obtained from
James Ford. The R72 allele of p53 was made by PCR mutagenesis of P72. Both
p53 alleles were subcloned into the pGC-IRES expression vector and verified by
DNA sequencing. The mouse p53 cDNA was cloned by reverse transcription
(RT)-PCR into pCR-Blunt II-TOPO (Invitrogen). The mouse p53 cDNA was
then subcloned into pGC-IRES. DNA sequence elements tested in luciferase
assays were constructed by subcloning into the NheI and XhoI sites of the
luciferase reporter vector, pGL3 (Promega).

DNA transfections. The 041 mut cells were seeded at a density of 3 � 105 cells
per 3.6-cm-diameter dish on the day prior to transfection. For the transfection,
1 �g of p53 expression vector (pGC-IRES) and 0.5 �g of luciferase reporter
construct were mixed with Lipofectamine Plus reagent and Lipofectamine (Life
Technologies, Inc., Gaithersburg, Md.). Cell extracts were harvested after 24 h
with passive lysis buffer (Promega), and scraping was performed with a rubber
policeman. Extracts (5 �g) were assessed for luciferase activation by p53 with
luciferase assay reagent (Promega).

We attempted to control for transfection efficiency by cotransfecting a Renilla
luciferase reporter, pRL-TK (Promega), and utilizing a dual luciferase reporter
assay (Promega) but found that this resulted in expression levels that were
dependent on p53 transfection. Since this produced biased normalizations for
transfection efficiency, we chose not to use this second reporter. Instead, we
cotransfected one luciferase reporter with p53 expression vectors in sextuplicate
and averaged the data from two to seven independent experiments with different
DNA preparations. For EMSAs, 28 �g of p53 was transfected into 041 mut cells
(50% confluency) in 150-mm-diameter dishes and harvested after 24 h.

The calcium phosphate transfection kit (Life Technologies, Inc.) was used to
transfect 48 �g of DNA into MEF cells (75% confluency) in a 100-mm-diameter
dish. Cells were harvested after 48 h.

MEF transductions. The mouse p53 expression vector or the vector alone was
transfected into Phoenix-E packaging cells, and retroviral infections of p53�/�

MEF were performed as described previously (7). Cells were harvested for RNA
and protein 48 h after infection.

Immunoblot analysis. To measure p53 protein levels, extracts (15 �g) were
resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The sam-
ples were transferred to a nitrocellulose membrane and probed with p53 M19
goat polyclonal antibody (Santa Cruz Biotechnology, Santa Cruz, Calif.) at a
dilution of 1/500. To confirm that equivalent amounts of protein extract were
present, the blots were stripped and reprobed with hsc70 (K-19) goat polyclonal
antibody (Santa Cruz Biotechnology) at a dilution of 1/2,000. The secondary
antibody was peroxidase-labeled horse anti-goat immunoglobulin G (Vector
Laboratories, Burlingame, Calif.) diluted 1/100,000. Supersignal West femto maxi-
mum sensitivity substrate (Pierce, Rockford, Ill.) was used to develop the blots.

Quantitative PCR. Cytoplasmic RNA was harvested from cells with an RNeasy
mini kit (Qiagen, Valencia, Calif.) along with an RNase-free DNase set (Qiagen)
to digest contaminating genomic DNA. RNA was quantitated with a RiboGreen
RNA quantitation kit (Molecular Probes). A TaqMan Gold one-step RT-PCR
kit (Applied Biosystems, Foster City, Calif.) was used to analyze the RNA
samples (5 ng). The primers for mouse DDB2 RT-PCRs were 5�-CAGCACCT
CACACCCATCAA-3� and 5�-GGTATCGGCCCACAACAATG-3�. The prim-
ers for mouse p21 RT-PCRs were 5�-CCATGTCCAATCCTGGTGATG-3� and
5�-CGAAGAGACAACGGCACACTT-3�. The primers for mouse DDB1 RT-
PCRs were 5�-GGCGAGGCTTCTACCCCTAC-3� and 5�-GCCCTATCATGC
CGTTGACT-3�. The fluorescent probes used in the RT-PCRs were 5�-VIC-C
GACCTGGCATTCACGGCACAA-TAMRA-3� (DDB2), 5�-VIC-CCGACCT
GTTCCGCACAGGAGC-TAMRA-3� (p21), and 5�-VIC-TGCCAAAGAGC
ACCGAGCCCTG-TAMRA-3� (DDB1). The glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) RT-PCRs were performed with a VIC TaqMan ro-
dent GAPDH control reagents kit (Applied Biosystems). The TaqMan reactions
were performed in an ABI PRISM 7700 sequence detection system (Applied
Biosystems) and analyzed with Sequence Detector version 1.7a software (Ap-
plied Biosystems). The comparative CT method was used according to user
bulletin no. 2 for the ABI PRISM 7700 sequence detection system (Applied
Biosystems).

RESULTS

The 5� UTR of the human DDB2 gene contains a consensus
p53 binding site. To investigate the transcriptional activation
of the DDB2 gene by p53, we searched for consensus p53
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binding sites in the human DDB2 gene by using Sequencher
(Gene Codes Corp., Ann Arbor, Mich.). The consensus p53
binding site consists of two half sites separated by 0 to 13 bp of
spacer DNA (9). With the consensus p53 binding half site as
the query, we found two half sites separated by a 1-bp spacer
in the 5� untranslated region (UTR) of DDB2 (Fig. 1A). This
putative response element in the human DDB2 gene will be
referred to as REhDDB2. As a negative control for experi-
ments in this paper, we constructed REhDDB2mut, which
contains four mutations at highly conserved positions of the
consensus p53 binding site. As a positive control, we used
REhp21, which is the p53 response element from the human
p21 gene (10).

p53 binds to the putative response element from the human
DDB2 gene. To test whether p53 can bind to REhDDB2, we
prepared a radiolabeled 49-bp double-stranded oligonucleo-
tide containing this sequence. The radiolabeled DNA was in-
cubated with nuclear extracts from human HT1080 fibrosar-
coma cells, which have wild-type p53 (27), and the products
were resolved by nondenaturing gel electrophoresis (Fig. 1B).
Binding of p53 to REhDDB2 and REhp21 could be detected
in HT1080 extracts only after the cells were exposed to UV
radiation. To better detect the presence of p53 binding activity,
some incubations also included the monoclonal antibody
PAb421, which binds to the C terminus of p53 and enhances its
DNA binding activity (15). In the presence of PAb421, super-
shifted bands were detected for the DNA probes REhDDB2
and REhp21 but not for REhDDB2mut. The supershifted
bands were more intense when the HT1080 cells were exposed
to UV radiation, which is known to lead to the accumulation of
p53 protein (22).

We next transfected p53 into 041 mut (p53�/�) cells, which
were derived from Li-Fraumeni fibroblasts (11). The human
p53 gene has two common alleles encoding either proline or
arginine at codon 72 (P72 or R72, respectively) (23). Because
these alleles differed in their abilities to activate the p53 bind-
ing site in the p21 gene (34), we tested their ability to activate
the p53 binding site in the DDB2 gene. When extracts from
the p53-transfected cells were tested for binding activity to
REhDDB2, the P72 and R72 alleles of p53 bound equivalently
to the REhDDB2 probe DNA (Fig. 1C). Binding activity was
specific for the putative p53 response element, since binding also
occurred for the REhp21 probe but not for the REhDDB2mut
probe. Immunoblots confirmed that extracts from the cells
transfected with P72 and R72 contained equivalent amounts of
p53 (data not shown).

The 5� UTR of the homologous mouse DDB2 gene shares
significant sequence identity with human DDB2 but is not
bound by p53. To investigate whether the p53 response ele-
ment from the human DDB2 gene is conserved in mice, we
cloned the mouse DDB2 cDNA and compared it to the human
DDB2 cDNA. The two cDNAs shared high sequence identity
in their open reading frames, as expected, but were also ho-
mologous in their 5� (Fig. 2A) and 3� UTRs. In particular, the
p53 binding site from human DDB2 (REhDDB2) and the
corresponding region in mouse DDB2 shared 62% sequence
identity. The mouse sequence (REmDDB2) contained five
deviations from the consensus p53 binding site (Fig. 2B). We
compared REmDDB2 and REhDDB2 for p53 binding by mea-
suring their abilities to compete with a radiolabeled REhDDB2

probe for binding to p53 in the presence of PAb421. Binding
to the radiolabeled probe was competed away efficiently by
REhDDB2 but not by REmDDB2 (Fig. 2C). The affinity of
p53 for REmDDB2 was low, with a dissociation constant (Kd)
of 520 nM, in contrast to the high affinity for REhDDB2,
with a Kd of 21 nM (Fig. 2B).

To understand the difference in p53 affinity for the mouse
and human elements, we systematically mutated the human
element to the mouse element. The mutated oligonucleotides
were tested in competition EMSAs, and dissociation constants
were determined. Any one of the five mouse mutations that led
to deviation from the consensus p53 binding site was sufficient
to disrupt p53 binding to REhDDB2 (Fig. 2B). Alteration of
the spacer also disrupted binding, but to a lesser degree. We
also systematically mutated the mouse element to the human
element. After testing a large number of altered mouse ele-
ments (data not shown), we found that p53 binding was
detectable only when all five deviations from consensus were
mutated to form REmDDB2-9 (Fig. 2B). Mutating the GG
spacer from the REmDDB2-9 to the human T spacer
(REmDDB2-11) increased p53 affinity 6.6-fold. Therefore, six
mutations in REmDDB2 were necessary to confer p53 binding
affinity at the level observed for REhDDB2.

p53 has a high binding affinity for a region in the 5� UTR
of human DDB2. To search for other consensus p53 binding
sites in the human DDB2 gene, we analyzed the human geno-
mic clones RP11-390K5 (GenBank accession no. AC024045),
RP11-17G12 (GenBank accession no. AC018410), and 133K12
(GenBank accession no. AC022470). Overlapping contiguous
regions from these clones were used to derive the DDB2
genomic structure, including 4.8 kbp upstream of the 5� UTR
and 28.9 kbp downstream of the 3� UTR. The human DDB2
gene spanned 24.2 kbp, which included 10 exons and 9 introns,
consistent with the human DDB2 map of Itoh et al. (19) and
the mouse DDB2 map of Zolezzi and Linn (37). Allowing no
mismatches and a spacer of 0 to 13 bp yielded only the
REhDDB2 element.

A search for consensus p53 binding sites containing one
mismatch yielded four additional sites, including a site 8 kb
downstream of the 3� UTR (REhDDB2-3�UTR), a site in
intron 4 (REhDDB2-I4), and a site with an adjacent consensus
p53 half site in intron 3 (REhDDB2-I3), which will be dis-
cussed further in the next section.

The fourth site consisted of a half site with one mismatch
adjacent to the upstream consensus half site of REhDDB2. In
addition, beginning 6, 7, and 12 bp from the downstream end
of REhDDB2, there were three overlapping half sites with two
mismatches. The entire region consisting of REhDDB2 and
the four adjacent half sites will be referred to as REhDDB2-L
(Fig. 2A).

We tested REhDDB2-L for its ability to compete with
the labeled REhDDB2 DNA probe. For p53 binding to
REhDDB2-L, Kd was 4 nM, representing an affinity fivefold
higher than that for REhDDB2 (data not shown). We also tested
p53 binding to the corresponding region in the mouse DDB2
gene, designated REmDDB2-L. The ability of REmDDB2-L
to compete with the labeled REhDDB2 DNA probe was poor,
with a Kd of 330 nM (data not shown).

p53 activates reporters containing REhDDB2 but not re-
porters containing other candidate p53 binding sites from the
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human and mouse DDB2 genes. To determine whether p53
can bind and activate REhDDB2 and REhDDB2-L in vivo, we
tested luciferase reporter constructs containing various con-
sensus p53 response elements (Fig. 3). The reporter containing
REhDDB2 was activated to a level similar to that observed for
activation of the REhp21 reporter when either human or
mouse p53 (hp53 or mp53) was cotransfected into 041 mut
cells. Consistent with its increased p53 binding activity, the
REhDDB2-L reporter was activated four- to sixfold more than
the REhDDB2 reporter. There was no difference in activation
by the P72 and R72 alleles of p53 (data not shown). In contrast,
both mp53 and hp53 failed to activate the REmDDB2 reporter
(data not shown) or the REmDDB2-L reporter (Fig. 3). Also,
hp53 failed to activate the REhDDB2-I3, REhDDB2-I4, and
REhDDB2-3�UTR reporters, the candidate p53 binding sites
in the DDB2 gene with one mismatch from the consensus
sequence.

Transcription of DDB2 in mouse cells is not induced by p53.
Although the REmDDB2-L region in the mouse DDB2 gene
was not activated by p53, it remained possible that a cryptic p53
response element was present elsewhere in the gene. To ad-
dress this possibility, we activated p53 by exposing wild-type
MEF and p53�/� MEF to 10 J of UV radiation/m2. Northern
blot analysis failed to detect DDB2 mRNA after UV exposure
(data not shown), so we used the more sensitive quantitative
PCR assay. During the time course after UV exposure, DDB2
and DDB1 mRNA levels remained unchanged in both wild-
type and p53�/� MEF, despite the marked increase of p53 in
wild-type MEF (Fig. 4A). In contrast, p21 mRNA levels in-
creased dramatically in wild-type MEF after UV exposure, as
expected.

To determine whether high levels of p53 might be capable of
activating DDB2 transcription in mouse cells, we overex-
pressed p53 in p53�/� MEF by retroviral transduction. Despite
the artificially high levels of p53, DDB2 mRNA levels were
unaffected (Fig. 4B). In contrast, p21 mRNA was induced over
70-fold after p53 transduction. An EMSA with a labeled, UV-
damaged DNA probe showed barely detectable UV-DDB at
every point of the UV time course for wild-type and p53�/�

MEF (data not shown). Furthermore, UV-DDB remained
barely detectable after p53 transduction into p53�/� MEF
(Fig. 4C, upper panel). In contrast, transfection of an expres-
sion vector for mouse DDB2 conferred UV-DDB to MEF (Fig.
4C, upper panel).

Because the basal level of DDB2 mRNA was low in MEF, it
was possible that a tissue-specific repressor or some other
transcriptional silencing mechanism might prevent p53-in-
duced DDB2 transcription in these particular mouse cells. To

FIG. 1. The 5� UTR of the human DDB2 gene contains a consensus
sequence for p53 binding. (A) Consensus p53 binding site in the
human DDB2 gene. The putative p53 response element from the
human DDB2 gene (REhDDB2) is located from 18 to 38 bp down-
stream of the putative transcriptional start site. The consensus p53
binding site is shown, where R stands for purines A or G, Y stands for
pyrimidines C or T, and W stands for A or T. The boldface lowercase
letters indicate deviations from the consensus sequence. The lines
denote the two half sites for p53 binding. REhDDB2mut was derived
from REhDDB2 by mutating four highly conserved sites in the p53
consensus and served as a negative control in the experiments. REhp21
is the p53 response element from the human p21 gene and served as a
positive control in the experiments. (B) Binding of p53 in HT1080 cell
extracts to REhDDB2. Nuclear extracts were made from HT1080 cells,
which had been untreated or treated with UV at a dose of 10 J/m2. A

32P-labeled DNA probe was incubated with the extracts and resolved
by EMSA. F marks the position of the free DNA probe. Where
indicated, incubations also included the monoclonal antibody PAb421,
which binds to p53 and stabilizes its binding activity. The mobilities of
the p53-DNA complex and the p53-PAb421-DNA complex are indi-
cated (p53 and p53/Ab, respectively). (C) Binding of p53 in transfected
cell extracts to REhDDB2. Nuclear extracts were made from 041 mut
(p53�/�) cells, which had been transfected with vector or with one of
the common wild-type alleles of p53, P72 or R72. Different 32P-labeled
DNA probes were incubated with extracts with or without PAb421 and
resolved by EMSA.
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address this issue, we searched for mouse tissues which express
higher levels of DDB2 mRNA. Northern blot analysis of var-
ious mouse tissues detected higher levels of DDB2 mRNA in
liver, testis, thymus, and kidney than in tissues such as skin,
brain, lung, muscle, heart, small intestine, spleen, and stomach
(data not shown). Therefore, we UV irradiated NMuLi, a cell
line derived from the healthy liver of a weanling mouse. The
DDB2 mRNA levels in NMuLi cells were more than fivefold
higher than those in MEF and were not induced by UV, de-
spite the accumulation of p53 (Fig. 4A). In contrast, p21
mRNA was induced after UV exposure, demonstrating that
the accumulated p53 was physiologically active in these cells.
UV-DDB levels in NMuLi were readily detectable (Fig. 4C,
lower panel) but were not induced after UV exposure. In
addition, UV-DDB and DDB2 mRNA were readily detected
but not induced in the embryonic mouse liver cell line BNL
CL.2 after UV exposure (data not shown).

DISCUSSION

The human DDB2 gene is activated by a p53 binding site in
the 5� UTR. The accumulation of p53 after DNA damage
activates transcription of the DDB2 gene (16), which then

enhances GGR in human cells (33). However, it was not
known whether p53 activates DDB2 transcription directly or
indirectly. To address this issue, we searched for a consensus
p53 binding site in the DDB2 gene. The search identified a site
(REhDDB2) in the 5� UTR of DDB2 that matched the con-
sensus p53 binding site exactly. REhDDB2 bound to p53 con-
tained in human cell extracts, and this binding activity in-
creased when the extracts were made from UV-irradiated cells.
Furthermore, in vitro-translated p53 bound to REhDDB2 with
high affinity, and transfection of p53 activated transcription of
a luciferase reporter containing REhDDB2. We then identi-
fied a putative p53 half site with one mismatch immediately
upstream of REhDDB2 and three overlapping putative p53
half sites with two mismatches less than 13 bp downstream
of REhDDB2. The affinity of p53 for the region containing
REhDDB2 and the four putative p53 half sites (REhDDB2-L)
was fivefold higher than that for REhDDB2 alone. Activation
of a luciferase reporter containing REhDDB2-L was four- to
sixfold greater than that for a reporter containing REhDDB2,
consistent with the binding affinities. We tested other candi-
date p53 response elements in the DDB2 gene with one mis-
match from the consensus p53 binding site. None of these

FIG. 2. The 5� UTRs in the human and mouse DDB2 genes share high sequence identity and contain several consensus p53 binding sites.
(A) Alignment of the human and mouse DDB2 genes. The lines indicate putative p53 binding half sites. The diamonds indicate deviations from
the consensus p53 binding site for the human DDB2 gene. The bracketed REhDDB2 was confirmed as a p53 binding site in Fig. 1 (Kd � 21 nM).
The bracketed REhDDB2-L is a larger region of the human DDB2 gene confirmed as an even better p53 binding site (Kd � 4 nM). (B) Dissociation
constants for p53 binding to different response element constructs. Various DNA constructs derived from the consensus p53 response elements
from the human and mouse DDB2 genes were tested for their abilities to compete for binding to in vitro-translated p53 in a competition EMSA
such as that shown in panel C. The Kd for REhDDB2 was determined from the fit to equation 2, as described in Materials and Methods. All other
dissociation constants were determined from the fit to equation 1. Competition was not observed to any significant degree for REhDDB2-3,
REhDDB2-6, or REmDDB2. Therefore, the Kd shown is greater than the highest concentration of cold competitor tested. The boldface lowercase
letters indicate deviations from the consensus p53 binding site. R, Y, and W are defined as in the Fig. 1A legend. (C) Competition EMSA for p53
binding. In vitro-translated p53 was incubated with PAb421 and 32P-labeled REhDDB2 DNA probe (0.3 nM) together with unlabeled competitor
DNA and resolved by EMSA. Competitor DNA was either REhDDB2 or REmDDB2 at a concentration of 12.5 nM (lanes 3 and 9), 25 nM (lanes
4 and 10), 50 nM (lanes 5 and 11), 100 nM (lanes 6 and 12), or 200 nM (lanes 7 and 13) and was resolved by EMSA. For REmDDB2, a
concentration of 520 nM was also tested in lane 14. F and p53/Ab are defined as in the Fig. 1 legend.
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response elements was activated by p53. Although we cannot
rule out the existence of other p53 response elements in the
human DDB2 gene, we have succeeded in identifying REhDDB2-
L as a sequence that responds strongly to p53.

The two major alleles of p53 activate DDB2 equivalently.
Beckman et al. studied the distribution of the two major poly-
morphic alleles of p53 at codon 72, P72 and R72, in different
human populations (2). They found that the frequency of the
P72 allele increased from 17 to 63% as the geographic location
of populations moved from the Arctic Circle to the equator.
This raised the possibility that the allele frequencies might be
maintained by natural selection related to sun exposure.

We tested the possibility that the P72 allele of p53 might be
advantageous where sun exposure is greater because it acti-
vates UV-DDB more efficiently for repair. However, P72 and
R72 were equally proficient in activating luciferase reporters
containing REhDDB2 and REhDDB2-L (data not shown).
We also tested several stably integrated REhDDB2 luciferase
clones for activation by P72 or R72 transfected at different
concentrations but found no differences between the two al-
leles (data not shown). Furthermore, when p53 from intact
cells was tested in EMSAs, we found no difference in binding
between the two alleles (Fig. 1C). We conclude that the P72
and R72 alleles of p53 activate DDB2 transcription equiva-
lently. Thus, p53-dependent activation of DDB2 does not ap-
pear to explain the changes in p53 allele frequencies with
latitude.

Thomas et al. reported that the P72 allele of p53 was more
effective than R72 in activating transcription of p21 through
their use of a reporter containing the p21 promoter and en-
hancer region (34). Thus, the P72 allele may induce p21-me-

diated cell cycle arrest more effectively than the R72 allele. In
the setting of equivalent activation of DDB2 and, thus, equiv-
alent levels of GGR, more effective cell cycle arrest should
suppress UV-induced mutagenesis and apoptosis (3). This
could confer a selective advantage to individuals carrying the
P72 allele of p53.

Rodents and humans regulate DDB2 transcription differ-
ently. GGR of CPDs and UV-DDB are greatly decreased in
rodent cells compared to human cells (4, 18). The expression
of human DDB2 in rodent cells confers GGR of CPDs and
UV-DDB (33). GGR deficiency in rodent cells is not due to an
absence of the DDB2 gene, since we and others (37) were able
to clone the mouse gene. Furthermore, the transfection of
mouse DDB2 cDNA into MEF conferred UV-DDB (Fig. 4C,
upper panel). Therefore, the low level of GGR in many rodent
tissues is due to the low level of DDB2 transcription (Fig. 4A).

The mouse and human DDB2 genes share high sequence
identity, including a region in the mouse gene homologous to
the p53 response element in the human DDB2 5� UTR. This
homologous region in the mouse DDB2 gene contained several
deviations from the human gene and did not respond to p53.
To see whether DDB2 transcription could be induced by a
cryptic p53 element somewhere else in the mouse DDB2 gene,
we exposed wild-type and p53�/� MEF to UV. Transcription
of DDB2 remained low and uninducible, despite activation of
p53. Furthermore, overexpression of p53 in p53�/� MEF failed
to induce DDB2 transcription. Therefore, the lack of a func-
tional p53 response element in the mouse DDB2 gene contrib-
utes to the low level of DDB2 transcription in mouse cells.

There may not be any selective pressure to maintain a func-
tional p53 element in the mouse DDB2 gene, since rodents are
nocturnal animals with fur to shield them from UV exposure.
On the other hand, DDB2 transcription appears to occur at
significant levels in some mouse tissues, such as liver, testis,
thymus, and kidney, despite the absence of a p53 response
element (data not shown). Consistent with DDB2 expression in
mouse liver cells, Prost et al. observed significant levels of
GGR of CPDs in primary mouse hepatocytes (26). Zolezzi and
Linn have also reported DDB activity to be present in mouse
plasmacytoma cells (37).

The low levels of DDB2 in MEF and tissues such as skin
(data not shown) could be due to a silencing mechanism. This
mechanism could have obscured p53-dependent transcrip-
tional activation of DDB2. To rule this out, we tested NMuLi
mouse liver cells, which have significant levels of UV-DDB and
DDB2 mRNA (Fig. 4A and C, lower panel). In NMuLi cells,
UV led to p53 accumulation but failed to induce DDB2 tran-
scription (Fig. 4A). Thus, the mouse DDB2 gene is not regu-
lated by p53, unlike the human DDB2 gene.

Rodent fibroblasts typically show less-efficient GGR than
human fibroblasts (21, 24), while mouse hepatocytes have
GGR levels that approach those of human fibroblasts (26).
Our studies show that these differences in GGR are correlated
with differences in DDB2 and UV-DDB expression.

MEF and hepatocytes from p53�/� mice show a loss of
GGR (26, 30). Although p53 does not regulate DDB2 in mouse
cells, p53 regulates the gadd45 and PCNA genes in human cells
and likely in mouse cells, as well (14, 36). Gadd45 and PCNA
encode interacting proteins involved in GGR (29). The loss of
Gadd45 in MEF causes a reduction in GGR similar to that

FIG. 3. p53 activates reporters containing REhDDB2 and REhDDB2-L
but not REmDDB2-L, REhDDB2-I3, REhDDB2-I4, or REhDDB2-3�
UTR. Luciferase reporters containing various DNA elements were
cotransfected with human p53 (hp53), mouse p53 (mp53), or vector
alone into 041 mut (p53�/�) cells. Extracts from the transfections were
assessed for luciferase activity. The bars represent means of the results
of two to seven independent experiments, each done in sextuplicate.
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seen with the loss of p53 (30). Thus, it appears that p53 regu-
lates some GGR genes in mice and humans but regulates
DDB2 only in humans.

Although rodent models of human cancer have been widely
used, the deficiency of GGR in rodents is a significant limita-
tion. Indeed, some rodent models fail to recapitulate human
disease. For example, the Cockayne syndrome B (CSB)-defi-

cient mouse is highly susceptible to skin cancer, unlike CSB
humans (35). Loss of CSB leads to the loss of transcription-
coupled repair. This occurs in a background of deficient GGR
in the mouse and leads to a cancer phenotype that is not seen
in humans. A better rodent model for skin cancer can be
constructed by engineering the appropriate regulated expres-
sion of DDB2.

FIG. 4. Transcription of DDB2 does not respond to p53 in mouse cells. (A) Response of mouse cells to UV. Wild-type MEF, mutant p53�/�

MEF, and a normal mouse liver cell line (NMuLi) were exposed to 10 J of UV/m2 and harvested for protein and cytoplasmic RNA after 12, 24,
and 36 h. Quantitative RT-PCR was performed for p21, DDB2, and DDB1, and the RNA levels for each gene were normalized to the 0-h time
point of wild-type MEF. Immunoblots were performed for p53 and hsc70. (B) Response of p53�/� MEF to transduction of p53. p53�/� MEF were
transduced with virus expressing mouse p53 or vector and harvested for protein and cytoplasmic RNA after 48 h. Untransduced cells were also
harvested at time points 0 (pre) and 48 (post) h. Quantitative RT-PCR was performed for p21, DDB2, and DDB1, and the RNA levels were
normalized to pretransduction levels. Immunoblots were performed for p53 and hsc70. (C) UV-DDB after p53 transduction or UV exposure. Cell
extracts were incubated with a 148-bp 32P-labeled DNA probe that was nonirradiated (�) or irradiated with 5,000 J of UV/m2 (�). The upper panel
shows an EMSA for UV-DDB in extracts from p53�/� MEF transduced with empty vector (lane 5) or mouse p53 (lane 6). Also included are
controls with extracts from untransduced p53�/� MEF at 0 (pre) and 48 (post) h (lanes 4 and 7, respectively) and extracts from wild-type MEF
transfected with vector2 (lane 1) or mouse DDB2 (lanes 2 and 3). The lower panel shows an EMSA for UV-DDB in NMuLi extracts 12, 24, and
36 h after UV exposure. Extracts from human wild-type fibroblasts (WI-38; lanes 1 and 2) were included to show the higher levels of UV-DDB
in human cells compared to NMuLi. F is defined as in the Fig. 1 legend. wt, wild type; B1 and B2, complexes of UV-damaged DNA bound to
UV-DDB.
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