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FiG. 2. Removal of UV-induced CPD from overall genomic DNA
in vivo. Two representative graphs depict radioactivity profiles for
alkaline sucrose gradient sedimentation analysis of total cellular DNA
labeled with [*H]thymidine from GM 38 (4) and 087 mut (B)
fibroblasts treated with UV-irradiation at 10 J/m? and allowed 0 (m),
6 (a), or 24 (@) hr for repair. DNA was nicked in situ at CPD sites by
treating permeabilized cells with the endonuclease TEV and was
separated on the bases of single-strand molecular weight. High mo-
lecular weight DNA was consistently recovered from irradiated cells
not treated with TEV (D).

summarized in Fig. 3. The homozygous p53 mutant cells (041
mut and 087 mut) displayed a decrease in both the rate and
overall extent of NER compared with heterozygous or wt
p53-expressing cells from 6 to 48 hr after UV-irradiation. The
initial rate of removal of CPD also appeared low in both p53
heterozygous cell lines (041 wt/mut and 087 wt/mut) at the
early time point (6 hr), but the extent of repair reached normal
levels by 24 hr.

 DNA Repair Within Specific Genes. To examine the effects
of p53 mutations on transcription-coupled repair, we mea-
sured the removal of CPD from each strand of the two human
genes encoding p53 and DHFR in the normal GM 38 and
IMR-90 cell lines and in both homozygous p53 mutant cell
lines by Southern hybridization with strand-specific RNA
probes. As expected, normal human fibroblasts containing wt
p53 preferentially repaired the transcribed strands compared
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FiG. 3. Average global DNA repair in human fibroblasts after
UVe-irradiation. The percent removal of CPD from total genomic
DNA in cells treated with UV at 10 J/m?2 was determined for p53 wt
(O, @), p53 heterozygous mutant (O, W), and p53 homozygous mutant
(&, A) cells as described in text and depicted in Fig. 2. Each point
represents the average value from at least two independent determi-
nations.
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with the nontranscribed strands in both the p53 (Fig. 44) and
DHFR (Fig. 4B) genes. The nontranscribed strands of both
genes were also efficiently repaired in these cells, with 60% of
CPD removed by 24 hr. The p53 mutant cell lines also
displayed efficient repair of the transcribed strands of both p53
and DHFR (Fig. 4 C-F)—similar in rate and extent to that seen
in the transcribed strands of these genes in normal GM 38 and
IMR-90 cells. However, the rate and efficiency of repair of the
nontranscribed strands of p53 and DHFR in the p53 mut cells
was clearly decreased relative to that in normal fibroblasts. For
example, for the nontranscribed strands of both genes, <20%
repair occurred within the first 8 hr and only 30-40% repair
was achieved by 24 hr. Therefore, p5S3 mutant cells were
deficient in repairing the nontranscribed strands of these two

" genes, similar to their capacity for global repair, while tran-

scription-coupled repair of the transcribed strands remained
intact.

Apoptosis Following UV-Irradiation. To determine if the
UV resistance displayed by the homozygous p53 mutant cells
was due to loss of p53-dependent apoptosis, the LFS cell lines
were assessed morphologically after UV-irradiation. Fluores-
cence microscopic examination of =200 cells of each type was
performed 48 hr after treatment with UV at 0 or 20 J/m? and
revealed nuclear chromatin condensation and membrane bleb-
bing typical of apoptosis in >90% of p53 wt/mut cells, whereas
only 20% of either p53 mut cell line exhibited apoptotic
morphologies (data not shown). Representative examples are
depicted in Fig. 5. Thus, the UV resistance displayed by p53
mut cells compared to p53 wt/mut was associated with a
significant decrease in UV-induced apoptosis.
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FiG. 4. Strand-specific DNA repair within the p53 (Left) and
DHEFR (Right) genes in p53 wt (4 and B) and p53 mutant (C-F) cell
lines. The frequency of induction of CPD and their rate of removal
from the transcribed (O) and nontranscribed (O) strands of the human
p53 gene (A, C, and E) and DHFR gene (B, D, and F) were measured
as described in text. Repair within the p53 gene was measured in
IMR-90 (4), 041 mut (C), and 087 mut (E) cells treated with UV at
10 J/m2. Repair within the DHFR gene was measured in GM 38 (B),
041 mut (D), and 087 mut (F) cells treated with UV at 15 J/m2. Points
on the graph represent the average repair at each time point from two
or three independent experiments for each cell line, with bars repre-
senting the standard error of the mean.
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Fi1G. 5. Photographs of representative 041 wt/mut (4 and C) and
041 mut (B and D) cells demonstrating nuclear morphologic changes
after UV-irradiation. Cultured cells were treated (C and D) or not
treated (4 and B) with U V-irradiation at 20 J/m?, incubated for 48 hr,
fixed, and stained with Hoechst 33258. Photographs were taken with
fluorescence microscopy. (X35.)

DISCUSSION

To determine the role of the p53 gene product in the cellular
response to UV-induced DNA damage, we investigated and
compared the DNA repair characteristics and UV sensitivity
of LFS human skin fibroblasts heterozygous or homozygous
for mutations in the p53 gene with those of normal primary
human fibroblasts homozygous for wt p53. We demonstrated
for each of two sets of cell lines derived from different LFS
patients that loss of wt p53 associated with increased clono-
genic survival and short-term viability and with decreased
apoptosis. Furthermore, we report the association of p53
mutations with a deficiency in the rate and extent of NER of
CPD from overall genomic DNA, but not from transcribed
DNA strands, in vivo. These results suggest that mutations of
the p53 gene may lead to greater genomic instability due to
reduced efficiency in DNA repair but that cellular resistance
to the cytotoxic effects of DNA damaging agents may at the
same time be enhanced. Finally, our results also suggest that
p53 or pS3-dependent gene products may directly interact with
or affect the activity of NER proteins.

Repair of UV-induced CPD is heterogeneous within the
mammalian genome (17). Methods developed in our labora-
tory to study DNA repair within specific DNA sequences have
demonstrated that CPD and certain other lesions are repaired
preferentially within the transcribed strand of actively ex-
pressed genes compared with that for the nontranscribed
strand or overall genomic DNA (18). Therefore, we measured
repair of UV-induced CPD in both overall genomic DNA and
within each strand of expressed genes. In accord with previ-
ously reported measurements of global NER in normal human
fibroblasts (16), we found that 24 hr after UV-irradiation at 10
J/m?,75-80% of CPD had been removed from the DNA of the
primary human fibroblast cell lines GM 38 and IMR-90, which
express only wt pS3 protein. Both primary fibroblast cell lines
from patients with LFS, which were heterozygous for muta-
tions of the p53 gene, displayed a reproducible and quantita-
tively similar decrease in the rate of DNA repair 6 hr after
irradiation, compared with normal cells (an average of 20% vs.
40% repair, respectively), although a normal extent of overall
repair was achieved by 24 hr (=70%) (Fig. 3). Cell lines derived
from each of the primary LFS cell lines that had lost the wt p53
allele and were homozygous for mutant p53 displayed a further
reduction in the initial rate of CPD removal (and average of
10% repair at 6 hr) and a significant decrease in the overall
extent of DNA repair at 24-48 hr, achieving only 50-60% of
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the repair seen in normal or p53 heterozygous mutant cells
(Fig. 3).

Measurement of the repair of UV-induced CPD within each
strand of the actively expressed p5S3 and DHFR genes, using
Southern hybridization of TEV-digested DNA and strand-
specific RNA probes, revealed that human fibroblasts express-
ing only mutant p53 maintained the preferential and rapid
repair of the transcribed strands of these genes, in a manner
identical to that seen in normal p53 wt cells (Fig. 4). However,
repair within the nontranscribed strand of both of these two
different genes in the p53 homozygous mutant cells exhibited
a marked decrease in rate and extent compared with p53 wt
fibroblasts. These data are consistent with our finding of a
deficiency in the repair of overall genomic DNA in cells
expressing mutant p53, since repair of the nontranscribed
strands of expressed genes generally reflects the overall ca-
pacity of cells to repair nontranscribed DNA sequences (20).

Our results provide direct evidence documenting an asso-
ciation between loss of wt p53 function and decreased repair
of UV-induced DNA damage in total genomic DNA in
mammalian cells, in vivo. Furthermore, our findings suggest a
possible gene dosage effect of p53 on NER, since cells
heterozygous for mutant p53 displayed a decrease in the initial
rate of global NER, while cells containing only mutant p53 had
a further decrease in the initial rate as well as a reduction in
the overall extent of repair (Fig. 3).

Recently, several investigators have reported experiments
that indirectly suggest an effect of p53 on NER. For example,
disruption of wt p53 function in human RKO colon cancer cells
by introduction of the human papilloma virus E6 oncoprotein
or a dominant-negative mutant p53 transgene reduced host-
cell reactivation of an exogenously UV-irradiated reporter
plasmid and NER in vitro using cell extracts (11). These
findings are consistent with our demonstration of a defect in
global NER in p53 mutant cells.

The mechanisms by which p53 may directly or indirectly
affect NER are not known. However, our finding that muta-
tions in p53 alter global but not transcription-coupled DNA
repair suggests potential targets. For example, a number of
genes have now been identified that encode different proteins
involved in human NER, which when mutated are responsible
for the different complementation groups of the human NER-
deficiency syndromes xeroderma pigmentosum (XP) and
Cockayne syndrome (CS) (22). The resultant repair deficiency
in cells from each complementation group depends upon the
function of the altered gene product, and certain groups
exhibit selective deficiencies in either overall or transcription-
coupled repair. The pattern of defective global repair but
intact transcription-coupled repair of CPD that we found for
p53 mutant fibroblasts is analogous to that for the XP-C
complementation group (23). Therefore, this observation sug-
gests that p53 may affect NER by altering the activity or
expression of the XP-C protein.

The pleiotropic cellular functions and molecular interac-
tions that have been described for p53 allow for numerous
possible mechanisms by which it might impact NER activity.
For example, wt or mutant p53 proteins might directly interact
with and affect the activity of enzymes involved in NER.
Protein binding assays have demonstrated that both wt and
mutant p53 protein may interact with the repair protein
ERCC-3 (responsible for XP-B/CS) (12) and that wt p53 may
interact with p62 (24), both of which are protein subunits of the
transcription—initiation complex TFIIH, which is essential for
both RNA polymerase II transcription initiation and NER (25,
26). However, the repair complex assembled from components
of TFIIH is required for both global and transcription-coupled
repair (26). Perhaps wt p53 helps to recruit the TFIIH
repairosome in nontranscribed regions of the genome because
of the ability of the C-terminal domain of p53 to bind to certain
types of DNA lesions (27) and thus positively influences global
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repair. Alternatively, if mutant p53 interacts with TFIIH in a
dominant negative manner and titrates away functional com-
plexes, those remaining might preferentially target lesions in
the transcribed strand of genes, resulting in a selective loss of
repair in nontranscribed sequences. Indeed, our results with
p53 wt/mut cells suggesting a gene dosage effect of p53 on the
rate of global repair supports the possibility of such a func-
tional interaction with repair proteins or complexes.

The wt p53 protein is directly involved in both positive
(p21CIPY/WAFL . GADD45, mdm2, bax) and negative (c-myc,
c-fos, cjun, bcl-2) regulation of expression of a variety of genes
(28). Thus, DNA damage-induced p53 could transactivate the
expression of gene products that are themselves involved either
directly or indirectly in DNA repair. Such a mechanism is
particularly relevant to our current results, since the specific
p53 base mutations in the LFS cell lines used occur in the “core
domain” of the p53 protein required for sequence-specific
DNA binding and functionally block its transactivating activity
(29). An example of such a mechanism was suggested by a
recent study in which the recombinant protein product of
p53-inducible GADD45 stimulated NER by 3- to 5-fold when
it was added to an in vitro assay system with whole cell extracts,
and immunodepletion of extracts with a monoclonal antibody
against GADDA45 decreased repair activity by a factor of 3 (10).
However, the mechanism by which GADD45 affected NER
remains unknown.

Furthermore, our results suggest that p5S3 may transactivate
genes directly involved in NER and, in particular, the XP-C
and XP-A genes, since their loss could preferentially effect
global but not transcription-coupled repair. However, there is
no experimental evidence supporting this possibility, and
expression of NER genes has not been shown to be DNA-
damage inducible. Computer searches of the National Center
for Biotechnology Information DNA sequence data bases
failed to identify a p53 DNA-binding consensus sequence in
the XP-A, XP-C, ERCC3, or ERCC6 genes, although com-
plete promoter sequence information for these genes has not
been reported (J. Eisen and J.M.F., unpublished data).

Our results indicate that the cell cycle checkpoint function
of p53 is not a primary determinant of NER efficiency. The
reduced global repair in p53 mutant cells was evident within 2
hr of UV-irradiation, before most cells could have encoun-
tered a G;/S transition. Furthermore, no significant cell
cycle-related differences in repair of transcribed or nontran-
scribed DNA strands were seen in the DHFR gene in human
cells sorted by flow cytometry (30).

Regardless of the mechanism by which p53 may affect NER,
the decreased repair activity seen in the homozygous p53
mutant cells predicts that these cells should be more sensitive
to the cytotoxic effects of UV-irradiation. However, we found
this not to be the case; rather, both p53 mutant cell lines were
actually 2-fold more resistant to UV. Our results provide
several explanations for these findings. First, it has been
previously demonstrated that observed cellular sensitivity to
UV-irradiation correlates much more closely with the level of
DNA repair within transcriptionally active DNA than repair in
the overall genome (20). The maintenance of transcription-
coupled repair within p53 mutant cells may at least partially
offset enhanced toxicity due to decreased overall repair. The
P53 gene is also critically involved in a DNA damage-inducible
apoptotic cell death pathway, and loss of wt p53 function may
enhance cellular resistance to DNA damage due to loss of
p53-dependent apoptosis (3). Consistent with this explanation,
we observed significantly less chromatin condensation typical
of apoptosis following UV-irradiation in p53 homozygous
mutant than heterozygous mutant cells.

In summary, our results show that loss of wt p53 function in
human skin fibroblasts is associated with a decrease in NER of
overall and nontranscribed DNA but does not affect preferential
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repair of the transcribed strands of expressed genes. While the
specific mechanism by which wt p53 positively affects repair or
mutant p53 negatively affects repair is not yet understood, these
results suggest a possible different cellular function for the p53
protein in addition to its role in cell cycle control and apoptosis.
‘We suggest that alteration in NER of UV-induced DNA damage
associated with mutant p53 may be due to a direct effect of p53
or other components of a p53-dependent pathway rather than to
loss of cell cycle regulation.
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