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ABSTRACT In human cells, efficient global genomic re-
pair of DNA damage induced by ultraviolet radiation requires
the p53 tumor suppressor, but the mechanism has been
unclear. The p48 gene is required for expression of an ultra-
violet radiation-damaged DNA binding activity and is dis-
rupted by mutations in the subset of xeroderma pigmentosum
group E cells that lack this activity. Here, we show that p48
mRNA levels strongly depend on basal p53 expression and
increase further after DNA damage in a p53-dependent man-
ner. Furthermore, like p532y2 cells, xeroderma pigmentosum
group E cells are deficient in global genomic repair. These
results identify p48 as the link between p53 and the nucleotide
excision repair apparatus.

Global genomic repair (GGR) and transcription-coupled re-
pair (TCR) are two pathways used by cells for nucleotide
excision repair of ultraviolet radiation (UV)-damaged DNA
(1). TCR removes lesions from the DNA strands transcribed
by RNA polymerase II. GGR removes lesions from the
nontranscribed strand as well as nontranscribed regions of the
genome. Efficient GGR of cyclobutane pyrimidine dimers
(CPDs) induced by UV requires activation of the p53 tumor
suppressor (2, 3). The mechanism for p53-dependent GGR has
not been determined but may involve transcriptional activation
because p53 activates the transcription of genes involved in
other cellular responses to DNA damage, such as cell cycle
arrest and apoptosis (4, 5).

Defects in GGR and TCR have been documented in several
inherited human diseases (6). TCR is defective in Cockayne
syndrome, which is characterized by UV sensitivity, cachectic
dwarfism, and mental retardation. GGR is defective in xero-
derma pigmentosum (XP), which also is characterized by UV
sensitivity but is associated with a severe predisposition to skin
cancer not seen in Cockayne syndrome. XP consists of seven
complementation groups, and cells from groups A, B, D, F,
and G are defective in both GGR and TCR whereas group C
cells are defective only in GGR (7).

Group E has remained uncharacterized for GGR and TCR
but consists of two subsets in which a UV-damaged DNA
binding activity (UV-DDB) is absent (DDB2) or present
(DDB1) (8, 9). UV-DDB has a 500,000-fold preference for
UV-damaged DNA over undamaged DNA (10) and can be
purified as a 125-kDa polypeptide, p125, either alone or
together with a 48-kDa polypeptide, p48 (10, 11, 12, 13, 14, 15).
Binding activity is absent in DDB– XPE cells because of a
mutation of the p48 gene (16, 17). It is notable that binding
activity and p48 expression are also absent in hamster cells
(16), which are deficient in GGR of CPDs (18, 19). Thus, we
tested whether XPE cells are deficient in GGR. To identify the
link between GGR and p53, we also tested whether p48 or p125
transcription is activated by p53.

MATERIALS AND METHODS

Cell Lines. All cell lines were grown in DMEM supple-
mented with 10% fetal bovine serum at 37°C in 5% CO2. WI38
fetal lung primary human fibroblasts and XP2RO (DDB2)
primary human skin fibroblasts from an XPE individual were
obtained from American Type Culture Collection (Rockville,
MD). XP89TO (DDB1) primary human skin fibroblasts from
an XPE individual were a gift from Stuart Linn (University of
California, Berkeley). The p532y2 (041 mut) human fibro-
blasts were isolated after spontaneous loss of the remaining
wild-type copy of p53 from primary skin fibroblasts obtained
from an individual with Li-Fraumeni syndrome (20) and were
homozygous for a single base pair frameshift mutation at
codon 184 of p53 (2). The 041 mut cells were stably transfected
either with a control vector not containing p53 or with a vector
containing wild-type p53 cDNA under control of a tetracycline
regulated promoter, allowing for the induction of p53 expres-
sion by removal of tetracycline from the growth medium (3).

UV and Ionizing Radiation (IR) Treatment. Cells were
exposed to UV or IR as described (21). In brief, 2 3 106 cells
were plated onto a 150-mm diameter dish and were grown for
24 h before treatment. Cells were rinsed with PBS and were
exposed to UV (from a 15-W germicidal lamp delivering
predominantly 254 nm of light at a flux of 0.7 Jym2ys) or to IR
(from a 137Cs source with a flux of 11.5 Gyymin) and then were
grown in fresh medium until the cells were harvested.

Immunoblot. Whole cell extracts were prepared as described
(21), were resolved by SDSyPAGE, were transferred to a
nitrocellulose membrane (Schleicher & Schuell), and were
probed with a 1:250 dilution of mouse anti-p53 IgG (1801,
Santa Cruz Biotechnology) followed by a 1:1000 dilution of
horseradish peroxidase-conjugated goat anti-mouse IgG anti-
body (Vector Laboratories). Antibody binding was detected by
enhanced chemiluminescence (ECL plus, Amersham).

Northern Blot. Total RNA was prepared, and Northern
blots were probed first for p48, then were stripped and probed
sequentially for p21, p125, actin, and 28S rRNA as described
(16, 21).

Electrophoretic Mobility-Shift Assay for UV-DDB. Whole
cell extract was prepared as described (16) and was assayed for
UV-DDB activity by an electrophoretic mobility-shift assay
(10). In brief, the 32P-labeled 148-bp DNA probe (f148) was
prepared and either was left intact or was damaged with a UV
dose of 5,000 Jym2. Extracts (0.5 mg) were incubated with DNA
probe (0.2 ng) and a mixture of unlabeled salmon sperm DNA
(2 mg) and poly(dI-dC) (1 mg) to mask the effect of nonspecific
DNA binding proteins. The mixture then was resolved by
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nondenaturing gel electrophoresis, and the gel was dried and
exposed to x-ray film.

Global Genomic Repair. The relative number of UV-
induced photoproducts in unreplicated genomic DNA from
cells collected at various times after UV was determined by
using an immunoblot assay with mouse monoclonal antibodies
to CPDs and 6-4 photoproducts as described (3). In brief,
exponentially growing cells were labeled with 3H-thymidine,
were washed with PBS, and were exposed to UV. Cells either
were lysed immediately for an initial sample or were incubated
in growth medium containing BrdUrd to density label newly
replicated DNA and then were lysed at various times. Density
labeling was performed during repair periods to allow unrep-
licated DNA to be isolated by cesium chloride isopycnic
density gradient sedimentation. Equal amounts from each
DNA sample were fixed to a Hybond N1 nylon membrane in
triplicate by using a slot-blot apparatus. The membrane was
incubated with anti-CPD or 6-4 photoproduct antibody and
horseradish peroxidase-conjugated goat anti-mouse antibody,
which permitted detection by enhanced chemiluminescence
and phosphorimager analysis (Bio-Rad model GS-363).

TCR. Repair of CPDs was examined within the transcribed
or nontranscribed strand of a 20-kilobase KpnI restriction
fragment of the dihydrofolate reductase gene, as described (2,
18). In brief, unreplicated DNA was isolated, as described
above, from cells that were exposed to UV. The DNA was
treated with KpnI, was treated or mock-treated with T4
endonuclease V (which specifically cleaves DNA at CPDs), was
electrophoresed under denaturing conditions, was transferred
to a membrane, and was hybridized with strand-specific RNA
probes generated by in vitro transcription of the plasmid
pGEM0.69EH (2). The ratio of full length restriction frag-
ments in the T4 endonuclease V treated and untreated samples
was determined by phosphorimager analysis (Bio-Rad Model

GS-363), which was used to calculate the average number of
CPDs per fragment by using Poisson statistics.

RESULTS

p48 mRNA Increases After DNA Damage and Is p53-
Dependent. To test whether p48 transcription depends on p53,
we used primary human fibroblasts, which were p53 wild-type
(p531y1, WI38) or p53 mutant (p532y2, 041 mut). Cells were
exposed to 10 Jym2 UV and were analyzed at different times
afterward. As expected, p53 protein levels increased after UV
irradiation in the p531y1 cells, but p53 was absent in the
p532y2 cells (Fig. 1). The basal p48 mRNA level in p531y1 cells
was 3.8-fold higher than in p532y2 cells and increased an
additional 2.3-fold after UV, attaining levels 8.7-fold higher
than in the p532y2 cells. The p21 protein is a cyclin-dependent
kinase inhibitor that is induced by p53 (22, 23). The p21 mRNA
level in p531y1 cells was 3.2-fold higher than in p532y2 cells
and, as expected, increased an additional 5.9-fold after UV.
Thus, p53 was required for the induction of p48 after UV
radiation. By contrast, the expression of p125 mRNA did not
depend on p53. After UV, p125 mRNA failed to increase and
may have decreased slightly. After UV, actin mRNA levels
were initially constant but then decreased by 16 h, an effect of
unknown significance reported by others (24).

The increases in mRNA for the p48 and p21 genes occurred
over 16–24 h, consistent with the gradual accumulation of p53
over this time period (Fig. 1). Although a modest increase in
p21 mRNA was observed by 4 h, it was impossible to determine
whether p48 mRNA also increased by this time because the
higher basal levels of p48 would have obscured a modest
increase. To better test whether p48 mRNA levels increase in
conjunction with p53, we used a different DNA damaging
agent, ionizing radiation, which induces rapid accumulation of
p53. After 2 Gy of IR, p53 protein accumulated in p531y1 cells
to maximal levels by 1 h (Fig. 2) as reported (25). In this
experiment, the basal p48 mRNA level in p531y1 cells was
2.2-fold higher than in p532y2 cells and increased an additional

FIG. 1. UV induces p48 transcription by a p53-dependent pathway.
Primary human fibroblast cell lines, either p531y1 (WI38) or p532y2

(041 mut), were treated with 10 Jym2 UV radiation and were harvested
after different time intervals. The level of p53 protein was measured
by immunoblot (IB) of protein extract. The levels of p48, p21, p125,
actin mRNA, and 28S rRNA were measured by Northern blot (NB) of
total RNA. The levels of 28S rRNA confirmed equal transfer of total
RNA to the membrane.

FIG. 2. IR induces p48 transcription by a p53-dependent pathway.
Cells were exposed to 2 Gy of IR and were analyzed 0, 1, 2, 4, and 8 h
later for levels of p53 protein, p48, p21, p125, actin mRNA, and 28S
rRNA.
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2.5-fold after IR. The basal p21 mRNA level in p531y1 cells
was 5-fold higher than in p532y2 cells and increased an
additional 5-fold after IR. The increases in mRNA occurred
within 1 h and were specific because p125 and actin mRNA
levels were not significantly affected by IR.

To ensure that the effects on p48 mRNA were not peculiar
to high doses of UV or IR, we tested the effects of a range of
doses on p53 protein and p48, p21, and p125 mRNA (data not
shown). In p531y1 but not p532y2 cells, IR doses of 0.5, 1, 2,
4, and 8 Gy induced the accumulation of p53 protein and p48
and p21 mRNA. UV doses of 5 and 10 Jym2 both induced the
accumulation of p53 protein and p48 and p21 mRNA. In fact,
the increase in p48 mRNA was approximately the same for 5
Jym2 as for 10 Jym2.

p48 mRNA Increases After p53 Induction in the Absence of
DNA Damage. To demonstrate directly that p48 mRNA levels
in the p532y2 cells could be restored by expression of p53, we
analyzed p532y2 cells that had been transfected with a vector
in which the expression of wild-type p53 was induced by
removing tetracycline from the growth medium. In these cells,
expression of p53 increases GGR of CPDs (2, 3). When we
induced the expression of p53 by tetracycline withdrawal, there
was a 7.6-fold increase in p48 mRNA and an 11.3-fold increase
in p21 mRNA (Fig. 3). By contrast, p125 mRNA remained
largely unaffected. When the p532y2 cells were transfected
with a vector lacking p53, p125 mRNA was unaffected by

tetracycline removal whereas p48 and p21 mRNAs remained
nearly undetectable.

The transfected p532y2 cells also were used to determine
the effect of p53 on UV-DDB. Induction of p53 caused a large
increase in UV-DDB (Fig. 3). The effect was likely to be
mediated by p48 because a large increase in expression was
seen for p48 but not p125 on induction of p53, and UV-DDB
in human cells increases after transfection of p48 but not p125
(16). Thus, p48 transcription and UV-DDB strongly depend on
the expression of p53.

XPE Cells Are Deficient in GGR. Because p532y2 cells were
deficient in UV-DDB and in GGR, we wished to determine
whether XPE cells, particularly those deficient in UV-DDB,
are also deficient in GGR. We analyzed two primary fibroblast
XPE cell lines: XP89TO, which has intact binding activity
(DDB1); and XP2RO, which lacks binding activity (DDB2).
Both cell lines showed significantly less GGR of CPDs than
wild-type cells over the entire 24-h period (Fig. 4B). These
results are consistent with the affinity of UV-DDB for DNA-
containing CPDs (10, 26). Both cell lines achieved normal
levels of GGR of 6-4 photoproducts by 24 h after a relatively
short time delay (Fig. 4A), in contrast to the severe defect in
XPC cells. Significantly, the XPE defects in GGR also were
seen in p532y2 cells (2, 3).

To assess TCR in XPE cells, we measured the repair of
CPDs in the transcribed and nontranscribed strands of the
dihydrofolate reductase gene. DDB2 cells showed efficient
removal of CPDs from the transcribed strand, as do p532y2

cells and XPC cells, demonstrating that TCR in these cells is
normal (Fig. 4C). However, DDB2 cells showed a defect in
repair of CPDs in the nontranscribed strand similar to that in
p532y2 cells but not as severe as in XPC cells (Fig. 4D). In
summary, the GGR defects in DDB2 and p532y2 cells were
similar in every experiment we performed, further supporting
the hypothesis that p53-dependent activation of GGR is me-
diated by p48.

DISCUSSION

p48 Links p53 to Nucleotide Excision Repair. This paper
provides evidence that transcription of p48 depends on p53. In
our experiments, exposure of the cells to UV or IR induced an
increase in p48 mRNA levels that paralleled the increase in p53
protein levels. Both the basal level of p48 mRNA and its
subsequent increase were not seen in p532y2 cells. Further-
more, the increase in p48 mRNA did not require UV- or
IR-induced activation of factors outside the p53 pathway: when
p53 was induced with a tetracycline regulated promoter in the
absence of UV or IR, p48 transcription also was induced.

The p53-dependent increases in p48 mRNA and UV-DDB
cannot be a secondary effect of apoptosis because induction of
p53 by tetracycline withdrawal in the absence of DNA damage
produces only a small number of apoptotic cells that appear
after 48–72 h (3), long after the increase in p48 mRNA was
observed (Fig. 3). Furthermore, p48 mRNA levels cannot be
explained simply in terms of other secondary effects of p53
activation, such as cell cycle arrest, because a significant degree
of p48 transcription in wild-type p531y1 cells depends on
constitutive p53 expression in the absence of DNA damage
(Figs. 1 and 2). Nevertheless, further studies are required to
determine whether p48 transcription is activated directly by a
p53 binding site in the p48 gene.

We have presented evidence that GGR of CPDs is p48-
dependent. DDB– XPE cells, which are mutant in p48, were
defective in GGR of CPDs. Furthermore, it has been shown
recently that p48 is required for GGR of CPDs: transfection of
hamster cells with human p48 increases the GGR of CPDs to
levels comparable to those found in wild-type human cells (J.
Tang, J.M.F., B.J.H., P.C.H., and G.C., unpublished work).

FIG. 3. Expression of p53 induces p48 transcription and the activity
of UV-damaged DNA binding protein. We used p532y2 (041 mut)
cells that had been stably transfected with a control vector not
containing p53 (p532) or with a vector containing wild-type p53 cDNA
under the control of a tetracycline regulated promoter (p531) (2).
Cells were analyzed for levels of p53 protein, p48, p21, p125, actin
mRNA, and 28S rRNA at different times after inducing p53 expression
by removal of tetracycline. UV-DDB was measured by an electro-
phoretic mobility-shift assay (EMSA) with UV-damaged DNA probe.
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Thus, we conclude that p53-dependent activation of GGR is
mediated by p48 transcription.

Genetic Heterogeneity of XPE. Of interest, we found that
DDB1 cells share the same GGR defect seen in DDB2 cells.
However, DDB1 cells do not appear to have mutations in
either p125 or p48 (16, 17), nor are they rescued by the
microinjection of preparations containing p125 and an un-
known amount of p48 (27). Our finding that DDB1 and DDB2

cells have a similar defect in GGR raises the possibility that
DDB1 cells are mutant in a protein required for coupling p125
or p48 to other DNA repair proteins. If DDB1 and DDB2 cells
have defects in different proteins, why were they assigned to
the same complementation group by cell fusion experiments?
We speculate that the putative coupling protein forms a
complex with p48 andyor p125 and that the majority of
complexes remain nonfunctional. Thus, the DDB1 and DDB2

defects are corrected only partially in the fused cells and are
difficult to detect.

The Recognition of UV Damage. A widely held view in the
literature is that UV-DDB plays only an accessory role in the
repair of UV-damaged DNA. In support of this view,
Aboussekhra et al. (28) succeeded in reconstituting nucleotide
excision repair of a UV-damaged DNA substrate with purified
components in the absence of UV-DDB. Addition of purified
UV-DDB to this system stimulated repair only 2-fold. In a
DNA damage recognition-competition assay, Sugasawa et al.
(29) recently found that XPCyHR23B was the earliest damage
detector to initiate nucleotide excision repair in cell extracts.
Specifically, XPCyHR23B acted before the damage-binding
complex XPAyRPA. XPCyHR23B bound to a variety of DNA
lesions, including 6-4 photoproducts. However, CPDs were not
tested directly.

Our results suggest that UV-DDB plays an important role in
targeting CPDs for GGR in vivo. Such a role is consistent with
the 500,000-fold preference of UV-DDB for UV-damaged

over undamaged nucleotides in DNA (10). By contrast XPCy
HR23B has a 3,000-fold preference (29), and XPA has only a
100-fold preference (30) for UV-damaged nucleotides in
DNA. UV-DDB may have failed to show a significant effect on
nucleotide excision repair in vitro, either because the substrate
in those experiments was naked DNA outside the context of
chromatin or because a high density of lesions was required to
detect repair. Sugasawa et al. irradiated their DNA substrate
with an extremely high dose of 450 Jym2, producing 1 thymine
dimer (CPD or 6-4 photoproduct) per 300 nucleotides (29).
Under these conditions, the relatively modest affinity of
XPCyHR23B for UV-damaged DNA would be sufficient to
target the lesions for repair, so that the remarkable affinity of
UV-DDB for UV-damaged DNA would not be required. By
contrast, our in vivo measurements of GGR were done with a
dose of 10 Jym2, producing only 1 thymine dimer per 13,500
nucleotides, a density low enough to require UV-DDB.

The findings in this paper add another level to the recog-
nition of UV photoproducts for GGR. To place UV-DDB in
the context of the entire nucleotide excision repair pathway, a
model for photoproduct recognition in GGR and TCR is
presented in Fig. 5. In particular, we propose that the GGR of
CPDs is initiated by the binding of UV-DDB. XPCyHR23B
then recognizes UV-DDB bound to the DNA, displaces
UV-DDB, and recruits the core nucleotide excision repair
apparatus to the site of the lesion. The GGR pathway also may
include the gadd45 protein, which is induced by p53 (33), but
the biochemical role of gadd45 remains to be fully defined.

GGR and Cancer. It is notable that the relatively mild UV
sensitivity in XPE is nevertheless associated with an increased
risk for skin cancer. A striking dissociation between UV
sensitivity and skin cancer becomes evident when XPE is
compared with Cockayne syndrome. Humans with Cockayne
syndrome who are deficient in TCR but not GGR suffer from
severe UV sensitivity without an increased risk for skin cancer.

FIG. 4. GGR and TCR in XPE cells. DDB2 (XP2RO) and DDB1 (XP89TO) cells were analyzed at different times after exposure to 10 Jym2

UV. GGR of 6-4 photoproducts (A) and CPDs (B) were measured by an immunoblot assay with monoclonal antibodies specific for 6-4
photoproducts or CPDs. TCR of CPDs on the transcribed strand (C) and nontranscribed strand (D) of the dihydrofolate reductase gene were
measured by restored resistance to T4 endonuclease V, which specifically cleaves CPDs. GGR and TCR also are shown for other primary fibroblast
cell lines: wild type (WI38), p532y2 (041 mut), and XPC (XP10BE), as determined in previous experiments (2, 3, 34, 35). To facilitate comparison,
repair in wild type (dotted lines) and XPE (solid lines) are shown over the entire time course.
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Our discovery that XPE cells are defective in GGR suggests
that this pathway may be important for the prevention of skin
cancer. In conclusion, UV-DDB targets CPDs for GGR, and
this pathway may play an important role in minimizing UV-
induced mutagenesis and maintaining genomic stability.
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FIG. 5. Model for photoproduct recognition in nucleotide excision
repair. (i) Damage recognition. CPDs (square) are recognized by
UV-DDB when p48 transcription increases in a p53-dependent man-
ner. Although 6-4 photoproducts (triangle) can be recognized by
UV-DDB (32), they may distort the DNA sufficiently to be recognized
directly by XPCyHR23B. Thus, the absence of UV-DDB in XPE cells
causes only a delay in the global repair of 6-4 photoproducts rather
than an absolute deficiency. Either photoproduct is recognized in the
transcribed strand of expressed genes by the arrest of RNA polymerase
II (RNAP II) translocation (31). (ii) Preparation for repair coupling.
XPCyHR23B is postulated to recognize UV-DDB bound to DNA,
perhaps replacing it at the lesion site and then partially opening the
DNA. A complex of the Cockayne Syndrome proteins, CSAyCSB, is
postulated to recognize and displace the arrested RNA polymerase II,
opening the DNA at that site. (iii) Recruitment of core repair
apparatus. XPCyHR23B recruits the core nucleotide excision repair
apparatus for GGR whereas CSAyCSB recruits the core apparatus for
TCR. The helicases in TFIIH create a bubble of unwound DNA and,
along with XPAyRPA, may participate in lesion verification before
permitting the structure-specific nucleases XPFyERCC1 and XPG to
make incisions on each side of the lesion.
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