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Abstract

We have previously suggested that the inhibition of RNA
polymerase ll-mediated transcription after exposure to
UV light promotes the accumulation of p53 and the
induction of apoptosis (Oncogene 13, 823-831). How-
ever, it was not clear whether p53 induction was
contributing to apoptosis. Here we report that apoptosis
is triggered at lower UV doses in p53-deficient Li-
Fraumeni syndrome (LFS) and human papillomavirus
(HPV) E6 expressing fibroblasts than in normal cells,
suggesting that p53 can be protective against UV-
induced apoptosis. There is no significant difference
in the effect of UV-irradiation on the cell cycle distribu-
tion of normal and primary LFS fibroblasts. Importantly,
the recovery of nascent mRNA synthesis in all p53-
deficient fibroblasts is significantly impaired compared
with control cells after exposure to relevant doses of UV
light. Taken together, our results suggest that wild-type
p53 can protect cells against UV-induced apoptosis by
facilitating the recovery of transcription. Furthermore,
we suggest that the capacity of cells to recover
transcription after genotoxic damage is an important
determinant of sensitivity to apoptosis.
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Introduction

The p53 tumor suppressor protein plays an important role in
the protection against neoplastic transformation. The p53
gene is mutated in at least 50% of sporadic tumors (1). The
inheritance of a mutant allele of p53 can cause Li-Fraumeni
syndrome (LFS), which is characterized by the very early
onset of a wide variety of neoplasms (2). Furthermore, the
human papillomavirus (HPV) E6 protein promotes the
degradation of p53, and this activity is thought to be
important in the development of HPV-induced cervical
cancers (1). The protection conferred by p53 against
neoplastic transformation is at least in part related to the
role of p53 in protection against the mutagenic effects of
genotoxic agents (1). p53 is thought to exert its effect by
promoting cell cycle arrest, enhancing apoptosis, and
stimulating DNA repair (3). Interestingly, these functions of
p53 can have opposing effects on the survival of cells after
genotoxic stress (3).

We and others have previously reported a strong correla-
tion between the sustained induction of p53 and the induction
of apoptosis in primary human fibroblasts after exposure to
UV light (4—6). We also found a similar relationship after
exposure to cisplatin and the transcription inhibitors: 5,6-
dichloro-1-b-D-ribofuranosylbenzimidazole (DRB), 1-(5-iso-
quinolinylsulfonyl)-3-methylpiperazine (H7), actinomycin D,
and a-amanitin (7). Although there was a tight correlation
between the induction of p53 and apoptosis, it was unclear
whether p53 was contributing to this mechanism of cell death.
Therefore, we studied the role of p53 in UV-induced
apoptosis in LFS fibroblasts and primary embryonic fibro-
blasts expressing the HPV-E6 protein. In contrast to the
prevailing dogma, we found that all p53-deficient fibroblasts
had a lower threshold for the induction of apoptosis after UV-
irradiation. The apparent protection against apoptosis con-
ferred by wild-type p53 did not appear to result from the
establishment of cell cycle checkpoints but correlated with an
enhanced recovery of mRNA synthesis compared with p53-
deficient fibroblasts. We suggest that p53 protects cells from
UV-induced apoptosis by enhancing the recovery of tran-
scription.

Materials and Methods

Cell Culture

Normal neonatal foreskin fibroblasts (NF) were provided
by Drs. Mary Davis and Theodore Lawrence (University of
Michigan). A second normal skin fibroblast strain (AG1522),
xeroderma pigmentosum group C cells (GM671), and
Cockayne syndrome group B cells (GM1629) were obtained
from Coriell Repositories (Camden, NJ). Primary skin
fibroblasts derived from LFS patients MDAHO041 and
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MDAHO087 (041wt/mut and 087wt/mut), and hemizygous
immortalized sublines expressing only mutant p53 from
these patients (041mut and 087mut) were provided by
Michael Tainsky (Wayne State University). Inmunoblots with
a p53 monoclonal antibody (AB2, Oncogene Science Cam-
bridge, MA) yielded the predicted p53 expression patterns
for these cells (data not shown) (8). WI38 embryonic lung
fibroblasts, WS1 embryonic skin fibroblasts and HPV-E6
expressing sublines (WI38-E6 and WS1-E6) were kindly
provided by Geoffrey Wahl (Salk institute). All primary cells
were used before passage 20. All cells were grown in
minimal essential medium supplemented with 10% fetal
bovine serum. Transduced cells were maintained in the
presence of 200 ug/mL G418 (Sigma, St. Louis, MO).

mRNA Synthesis

The recovery of mRNA synthesis was performed as
previously reported (4). Briefly, cycling cells were labeled for
2 to 3 days in [*C]thymidine. Cells were UV-irradiated with a
UV source emitting at 254 nm and at various times after
irradiation, cells were incubated for 30 minutes in the
presence of [°H]uridine. Polyadenylated RNA was isolated
from cell lysates with the Straight A’s mRNA isolation system
(Novagen, Madison, WI). The unbound fraction was retained
and used to assess the amount of nascent nonpolyadeny-
lated RNA. Incorporation of [*H]uridine and ['“C]thymidine
was quantified with a scintillation counter. [®H] counts were
normalized to ['*C] counts and the recovery of mRNA and
nonpolyadenylated RNA were expressed as the proportion
of incorporated [®H]uridine in UV-treated to mock-treated
controls.

Apoptosis and Cell Cycle Distribution

Cells were prepared for flow cytometric analysis as
previously described (4,9). Analysis was performed with a
Coulter Epics Elite Cell Sorter (Miami, FL) and the Multicycle
software package (Phoenix Flow Systems, San Diego, CA).
Where indicated, zVAD-fmk (CalBiochem, Cambridge, MA)
was added to the medium to a final concentration of 25 mol/
L 30 minutes before UV irradiation and was maintained in the
medium after UV irradiation.

Results

Wild-Type p53 is Protective Against Apoptosis Induced by
Moderate Doses of UV Light

p53 has been reported to be important for the induction of
apoptosis after exposure to UV light (10,11). Recently, the
induction of apoptosis in normal fibroblasts was found to be
highly dose dependent and correlated strongly with a robust
induction of p53 (4—6). However, it was unclear whether this
dose-dependent threshold for the induction of apoptosis was
related to wild-type p53 function. Consistent with the
previous reports (4—6), we report here that normal fibroblast
and XP-C strains did not undergo apoptosis after exposure to
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10 J/m? UV light, but these strains were sensitive to the
induction of apoptosis at 30 J/m? (Figure 1A—C). However, a
significant increase in the sub-G population of cells was
induced even after exposure to doses as low as 10 J/m?2 UV
lightin all four LFS fibroblast strains (Figure 1A and B). In fact
the induction of apoptosis in 041wt/mut and 041mut cells
was similar to the extent of apoptosis observed in Cockayne
syndrome group B (CS-B) cells (Figure 1B), which are known
to be transcription-coupled repair (TCR)-deficient (12) and
hypersensitive to UV-induced apoptosis (4,5). Furthermore,
HPV-EB6 expression in embryonic fibroblasts sensitized cells
to UV-induced apoptosis indicating that p53 was protective
against apoptosis at these doses of UV light (Figure 1D).
After exposure to 30 J/m?, significant apoptosis was induced
in all fibroblast strains tested (Figure 1A, C, D). Clearly, the
effect of p53 disruption on the sensitivity of fibroblasts to UV-
induced apoptosis was highly dose-dependent. Whereas
p53 disruption sensitized all cells to apoptosis at moderate
doses of UV light, this was not evident in all cells after
exposure to 30 J/m? (Figure 1C and D). We conclude that
p53 is protective against the induction of apoptosis after
exposure to moderate but not high doses of UV light.

The immortalized LFS strains used in this study were
thought to be resistant to UV-induced apoptosis compared
with heterozygous parental strains (11). Therefore, to ensure
that the increase we observed in the sub-G; population of
cells represented apoptosis, experiments were performed in
which UV-irradiated cells were incubated in the presence of
the caspase inhibitor zZVAD-fmk. Caspases are proteases
important for the execution of apoptosis, and inhibition of
caspase activity can prevent the generation of several
characteristics associated with apoptosis (13). The UV-
induced generation of a sub-G; population of cells was
efficiently blocked by incubation of UV-irradiated cells in the
presence of the caspase inhibitor zZVAD-fmk (Figure 2).
These results indicate that the sub-G; population of cells
detected in our study arose in the course of caspase-
mediated apoptosis.

Ultraviolet Light Did Not Induce G, Arrest in Primary Human
Fibroblasts

G, arrest mediated by p21WAFCIP1 hag been suggested
to be protective against UV-induced apoptosis (5,14). To
determine whether the protection conferred by wild-type p53
against UV-induced apoptosis in normal fibroblasts was
related to p53-mediated cell cycle arrest, the cell cycle
distribution of UV-irradiated cells was assessed by flow
cytometry of propidium iodide-stained cells. Surprisingly, we
find no evidence for a G4 arrest in any of the fibroblast strains
examined after exposure to 10 J/m? UV light (Table 1). In
fact, there was a decrease in the proportion of cells in G; and
an increase in the proportion of cells in S phase in normal
and LFS strains, 24 hours after UV irradiation (Table 1).
Importantly, the increase in the proportion of cells in S phase
and the decrease in the proportion of cells in G4 phase was
similar in normal and heterozygous LFS cells (Table 1). The
absence of a UV-induced G arrest in normal fibroblasts may
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Figure 1. p53-deficient fibroblasts are hypersensitive to apoptosis induced by moderate doses of UV light. (A) Irradiated (10 or 30 J/m?) and unirradiated fibroblasts
were collected 72 hr after treatment, fixed in ethanol, and stained with propidium iodide. The proportion of cells with a sub-G; DNA content was determined by flow
cytometry for normal, XP-C, CS-B, and LFS cells. Representative experiments for normal, 041wt/mut and 041mut fibroblasts are presented. (B) UV doses of 10 J/m?
induced apoptosis in CS-B and all LFS fibroblasts but not in normal (NF or AG1522) or XP-C fibroblasts (P>.20). After exposure to 10 J/m? UV light, there was a
significant increase in the sub-G; population in 041wt/mut (P<.05), 041mut (P<.005), 087wt/mut cells (P<.05) and 087mut (P<.02) compared with the normal
fibroblast strains. (C) Apoptosis was induced in all fibroblasts after exposure to 30 J/m?. (D) The induction of apoptosis after exposure to 10 J/m? UV light was
significantly elevated in WI38-E6 (P<.05) and WS1-E6 (P<.02) cells compared with their respective parental strains. Values in (B), (C) and (D) represent the mean
(+standard error) from a minimum of three independent experiments. P values were determined by using 1-tailed Student t tests.
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Figure 2. Incubation of UV-irradiated LFS fibroblasts with the caspase
inhibitor zVAD-fmk blocks the generation of a sub-G, population of cells.
041mut cells were incubated with the caspase inhibitor zVAD-fmk (25 umol/L)
during the post—UV—incubation period (48 hr). Values inset represent the
mean sub-G; population (+standard error) from two independent experi-
ments.

be considered to be somewhat surprising; therefore the
effect of UV irradiation on the cell cycle distribution of normal
fibroblasts was assessed by two-parameter flow cytometry.
Quantitatively similar results were obtained using this more
sensitive method. (Compare Figure 3 and Table 1). There-
fore, the protective effect of p53 against UV-induced
apoptosis in normal fibroblasts after exposure to 10 J/m?
UV light appears to involve a mechanism other than the
activation of a G4 checkpoint.

p53 Disruption Delays the Recovery of mRNA Synthesis
After UV Irradiation

TCR is a specialization of nucleotide excision repair which
is thought to remove transcription-blocking UV lesions to
permit the rapid recovery of mRNA synthesis (12). We have
previously found that it is TCR and not GGR that is protective
against UV-induced apoptosis (4,5). Recently, we reported
that a series of transcription inhibitors all induced apoptosis
and p53 at doses that significantly inhibited mRNA synthesis
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Figure 3. G; arrest is not induced in normal fibroblasts exposed to 10 J/m? UV
light. UV-treated (10 J/m?) and unirradiated normal fibroblasts were assessed
by two-parameter flow cytometry as described in Materials and Methods. The
distribution of cells in various phases of the cell cycle is inset in each panel.

without inducing detectable DNA strand breaks (7). Based
on these results, we have hypothesized that stalled RNA
polymerase |l may signal both p53 accumulation and the
induction of apoptosis (4,5,7). Although the induction of p53
and apoptosis occurred at similar doses, it was not clear
whether p53 was required for apoptosis when transcription
was impaired. Because the LFS and HPV-E6 expressing
cells were found to be hypersensitive to UV-induced
apoptosis (see Figure 1), we sought to determine if these
cells were impaired in their capacity to recover mRNA
synthesis.

The time course for the recovery of nascent mRNA
synthesis was assessed in normal fibroblasts after exposure
to several doses of UV light. Nascent mRNA synthesis
recovered within 6 hours after either 5 or 10 J/m?, but at
higher UV doses there was a striking delay in the recovery of
nascent mMRNA synthesis (Figure 4A). The recovery of
mRNA synthesis at 6 hours after UV irradiation reflected the
TCR capacity of cells because TCR-proficient XP-C cells
recovered mRNA synthesis within this time, but TCR-
deficient CS-B cells did not (Figure 4B). Interestingly, not
only did mRNA synthesis recover fully in normal fibroblasts
within 6 hours, it exceeded that in unirradiated control cells
suggesting that UV-irradiated cells compensate for the initial
inhibition of transcription by increasing the rate of initiation of
transcription, as recently suggested (15). Because the
normal and p53-deficient cells differed in their sensitivity to
apoptosis after exposure to 10 J/m?, the recovery of nascent

Table 1. Cell Cycle Distribution of UV-Irradiated Normal and Li-Fraumeni Syndrome Cells.

Cells Gy S G,/M

c* uv Ratio C uv Ratio C uv Ratio
NF 68+ 21 59+5 0.87 18+1 21+4 1.17 14 +1 20+3 1.43
041wt/mut 43+0 361 0.84 33+2 414 1.24 232 24+3 1.04
087wt/mut 59+5 52+1 0.88 28+6 271 1.29 204 212 1.05
041mut 55+7 25+2 0.45 21+0 56+5 2.00 17+3 19+4 1.12
087mut 43 28 0.65 24 22 0.92 33 50 1.52

*C, unirradiated control; UV, treated with 10 J/m?; ratio=% UV treated to % control.

fPercentage of cells in the indicated phase of the cell cycle (+ standard error).

Neoplasia e Vol. 1, No. 3, August 1999



24 280

p53, Transcription, and UV-Induced Apoptosis McKay and Ljungman

T (@)
10 J/m2

p—

2
©°.150-

S

hes
3

50 J/m2

MRNA synt

O 1 I 1 1 I
0 6 12 18 24

Time (hr)

(c)

—
o
o
1
-—rl
—

X

D

N

g [
- 100 L 1
c

>

)

< 50-

pr

14

£ o

NF
041wt/mut
041mut
087wt/mut
087mut

p—
(=) (b)
S
"0',150--[
o]
2 .
wied L
C 100
>
7)) T T
< LI I
= 50 T 1 _|.
m 1
0
"'z' - T- - -
o O £ £ £ E
X O & «~ 3 N
2 8 2 8
< oo}
(@) o
- 150 Q)
5 yim?2
310 J/m2

—
()
o
i
—

MmRNA synthesis (%

o

Wi38
WI38-E6

Figure 4. The recovery of mRNA synthesis after UV-irradiation is impaired in p53-deficient fibroblasts. (A) The time course for the recovery of mRNA synthesis in
normal fibroblasts was determined after exposure to 5 (squares), 10 (circles), 20 (triangles), and 50 J/m? (inverted triangles) of UV light. The synthesis of nascent
mRNA was reduced (P<.0025) in all LFS strains compared with normal fibroblasts at 6 (B) but not 12 hr (C) after exposure to 10 J/m? of UV light. As observed in
normal cells, TCR-proficient XP-C fibroblasts recovered mRNA synthesis within 6 hr but CS-B cells did not. As observed in LFS fibroblasts, there was a significant
decrease in the synthesis of nascent mRNA in WI38-E6 cells compared with parental cells 6 hr after exposure to 10 (shaded; P<.005) but not 5 J/m? (hollow;
0.25>P>0.10). Each point represents the mean (+standard error) from between 3 and 12 determinations.

MRNA synthesis was assessed in p53-deficient fibroblasts
after this dose.

The initial decrease in mRNA synthesis was similar in all
fibroblasts (data not shown). In striking contrast to the

enhanced recovery of mMRNA synthesis observed in normal
fibroblasts after exposure to 10 J/m?, LFS fibroblasts did not
recover mRNA synthesis within 6 hours (Figure 4B).
However, mRNA synthesis recovered fully in these cells

Neoplasia e Vol. 1, No. 3, August 1999



p53, Transcription, and UV-Induced Apoptosis McKay and Ljungman 281 ”

within 12 hours (Figure 4C). Similarly, HPV-E6 expressing
cells did not recover mRNA synthesis within 6 hours after
exposure to 10 J/m? (Figure 4D). Interestingly, the recovery
of nonpolyadenylated RNA was not consistently reduced in
LFS fibroblasts compared with normal cells (data not
shown). These results support a role for p53 in a process
required for efficient recovery of RNA polymerase IlI-
mediated transcription after UV irradiation.

Discussion

Wild-Type p53 is Protective Against UV-Induced Apoptosis
at Moderate UV Doses

The ability of p53 to contribute to the induction of
apoptosis is well documented (1). We have previously
suggested that persistent transcription-blocking UV lesions
trigger the induction of p53 and apoptosis (4,5). Furthermore,
we have reported a strong correlation between the inhibition
of transcription and the induction of p53 and apoptosis after
treatment of cells with a series of transcriptional inhibitors (7).
Although p53 induction strongly correlated with the induction
of apoptosis in our previous studies, it was not clear whether
p53 induction was required for apoptosis. Here we show that
both primary and spontaneously immortalized LFS fibro-
blasts were sensitive to the induction of apoptosis after
exposure to 10 J/m? of UV light. The generation of a sub-G;
population of cells in LFS cells could be inhibited by
incubation of UV-irradiated cells in the presence of the
caspase inhibitor zZVAD-fmk (see Figure 2), indicating that
the sub-G; population of cells resulted from caspase-
mediated apoptotic events. In contrast, two different normal
fibroblast strains, one xeroderma pigmentosum group C and
one ataxia telangiectasia fibroblast strain (data not shown)
did not undergo apoptosis after this dose of UV light. We also
found that HPV—-EG6 expressing embryonic fibroblasts were
hypersensitive to apoptosis compared with their parental
control strains. We conclude that the induction of apoptosis
in response to UV-irradiation is not dependent on the
induction of wild-type p53 in primary human fibroblasts.

p53 acts as a transcriptional activator of genes harboring
a p53 recognition sequence. Target genes include the gene
encoding the cyclin dependent kinase inhibitor p21WAF1/CIP1,
which is required for p53-mediated G arrest after exposure
of cells to ionizing radiation (16). We did not find any
evidence of a Gy checkpoint in normal diploid fibroblasts
after exposure to 10 J/im? uv light. Also, there was no
significant difference between the cell cycle distributions of
UV-treated normal and heterozygous LFS cells, even though
these latter strains were hypersensitive to UV-induced
apoptosis. In our previous studies, we have found that this
dose of UV light did not strongly induce p53 or p21WAF1/CIP1
in normal fibroblasts (4,5). Furthermore, we did not observe a
strong G4 arrest after this dose in wild-type p53 expressing
colorectal carcinoma cells, whereas ionizing radiation
induced a pronounced Gy arrest (9). We suggest that UV
light is not a good inducer of G4 arrest because p53 is only
induced at UV doses that significantly affect transcription,
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and thus transactivation of p53-responsive genes such as
p21WAFTICIPT s not efficient (5,17). We conclude that the
protection conferred by p53 against UV-induced apoptosis is
independent of a p53-mediated G4 arrest.

It is becoming well established that p53 contributes to the
repair of UV-induced DNA damage (3,6,11,17-25). There-
fore, one might expect that hypersensitivity to UV-induced
apoptosis may stem from the previously reported DNA repair
defects in these strains. However, 041wt/mut and 087wt/
mut have near normal DNA repair capacity (11), but these
cells are hypersensitive to UV-induced apoptosis (see Figure
1B). Furthermore, the 041mut, 087mut and HPV-E6 expres-
sing strains have been reported to be GGR deficient but TCR
proficient (11,18,19). Importantly, this DNA repair phenotype
is very similar to that in XP-C cells (11,18,19), yet XP-C cells
are as resistant as normal fibroblasts to apoptosis after
exposure to 10 J/m? UV light (Figure 1B) (4,5). Therefore, it
appears that the DNA repair deficiencies reported in these
p53-deficient fibroblasts can be dissociated from the
hypersensitivity to UV-induced apoptosis reported here.

The Relationship Between Clonogenic Survival and Apop-
tosis

The assessment of cell death with short-term apoptosis
or viability assays does not always correlate well with
clonogenic survival assays (6,26). For example, a UV dose
of 10 J/m? results in a decrease in clonogenic survival of at
least 60%, whereas this dose does not lead to the induction
of apoptosis in normal fibroblasts (Table 2) (4—6). The lack of
correlation between clonogenic survival and the sensitivity to
UV-induced apoptosis is even more pronounced in XP-C
cells. A dose of 10 J/m? reduces clonogenic survival of XP-C
fibroblasts by more than 99% (Table 2) but these cells are
as resistant to UV-induced apoptosis as normal fibroblasts
(4,5). In contrast, the percent decrease in clonogenic survival
observed in the immortalized LFS cells correlates well with
the induction of apoptosis (Table 2). Therefore, the induction
of apoptosis is probably the primary mechanism contributing
to the loss of clonogenic survival in these immortalized LFS
fibroblasts, whereas clonogenic survival in normal and
heterozygous LFS cells is greatly affected by one or more
additional processes.

p53, TCR, and the Recovery of mRNA Synthesis
UV-induced cyclobutane pyrimidine dimer (CPD) are
removed more rapidly from the transcribed strand of class
Il but not class | or class Ill genes. It is thought that the
recovery of RNA synthesis is limited primarily by the repair of
transcription-blocking UV lesions (12). The LFS- and HPV-
E6 expressing fibroblast strains used in this study are
reportedly TCR proficient (11,18,19). Based on this DNA
repair phenotype, one would predict that mMRNA synthesis
would recover efficiently in LFS- and HPV-E6 expressing
fibroblasts after UV irradiation. In distinct contrast to this
prediction, p53-deficient fibroblasts did not efficiently recover
transcription. Whereas normal fibroblasts recovered tran-
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Table 2. Relationship Between Clonogenic Survival and the Induction of
Apoptosis After 10 J/m? UV light.

Cells Decrease in CFA (%)* Apoptosis (%)f
Normal 61+8 8+3F

XP-C >99 13+2

041wt /mut 72+23 46+17
087wt/mut 70+16 16+2

041mut 35+4 49+11
087mut 211 23+3

*Values for the percent decrease (+ standard error) in colony forming ability
(43). Similar results were reported elsewhere (11,22).

TValues for percent apoptosis in XP-C cells were determined from a single
experiment but confirm our previous reports (4,5).

#Mean determined by using two different normal fibroblast strains.

scription fully within 6 hours, there was no recovery of
nascent mRNA synthesis within this time in LFS cells. These
results support two previous studies in which subtle defects
in the recovery of total RNA synthesis were reported in other
primary LFS strains (6,20). However, specifically examining
the recovery of the polyadenylated fraction of RNA, we show
that wild-type p53 plays a very pronounced role in the
recovery of transcription of class Il genes. We have similarly
found a role for p53 in the recovery of transcription in colon
cancer cells stably expressing a temperature-sensitive allele
of p53. At the permissive temperature, these cells recover
mRNA synthesis significantly more efficiently than the same
cells maintained at the restrictive temperature indicating that
wild-type but not mutant p53 can stimulate the recovery of
transcription (manuscript in preparation). At this point, it is
not entirely clear whether the role of p53 in the recovery of
mRNA synthesis is to enhance some aspect of the DNA
repair process or to stimulate the recovery of transcription
through another mechanism.

Although a role for p53 in TCR has been suggested
(6,20-23,27), the strand-specific removal of UV lesions is
apparently normal in the LFS- and HPV-E6 expressing
strains examined here (Table 3) (11,18,19). However, one
must consider that endonuclease-sensitive site assays such
as those that used to assess TCR in these strains (11,18,19),
only assess preincision steps in the repair of UV lesions. A
potential role for wild-type p53 in a postincision process
required to repair transcription-blocking UV lesions cannot
be excluded.

An alternative mechanism by which p53 could enhance
the recovery of mRNA synthesis after UV-irradiation is by
stimulating the transcriptional bypass of UV-induced lesions
in the transcribed strand of active genes (Figure 4). Previous
studies have suggested that RNA polymerase |l may be able
to perform translesion RNA synthesis in both the human
metallothionein gene and the rodent dihydrofolate reductase
gene after exposure to 10 J/m? of UV light (15,28).
Interestingly, nascent mRNA synthesis recovered in normal
fibroblasts within 6 hours after exposure to 10 J/m? yet one
would expect less than 70% of CPD to be removed from the
transcribed strand of active genes within this time
(11,18,29,30). Therefore, our results are consistent with
the existence of a mechanism for translesion RNA synthesis.

So, although the defect in the recovery of mRNA synthesis in
p53-deficient cells is consistent with a defect in TCR, the role
of p53in the recovery of transcription may be at least partially
dissociated from the excision of transcription-blocking UV
lesions and could involve translesion RNA synthesis.

The best characterized activity of p53 is its sequence-
specific DNA binding and transactivation function. However,
it seems counterintuitive that the transcription of p53-
regulated genes would be required to recover transcription.
Interestingly, the levels of p53 regulated proteins in
unstressed cells can be affected by wild-type p53 (31,32).
Therefore, it is possible that the regulation of p53 responsive
genes before UV exposure is important for the recovery of
transcription (17). Alternatively, wild-type p53 could directly
participate in this recovery process (17). These mechanisms
are currently being investigated.

We have found a very strong correlation between
resistance to UV-induced apoptosis and the ability of cells
to recover mRNA synthesis (Table 3) (4,5). The defect in the
recovery of mRNA synthesis in these p53-deficient fibro-
blasts was only observed at early times after UV irradiation,
yet apoptosis was only detected at later times. Similarly,
direct activation of death receptors in the tumor necrosis
factor family by UV light has been invoked in UV-induced
apoptosis (33—-35). Activation of death receptors and the
recruitment of adapter molecules occur within 30 minutes of
UV irradiation. At this time, it is unclear what rate-limiting
events delay the onset of apoptosis, but one could speculate
that ongoing transcription of genes encoding inhibitors of
these apoptotic pathways could be required to survive the
activation of death receptors. At moderate doses of UV light,
the rapid recovery of mRNA synthesis in normal fibroblasts
may be sulfficient to overcome activation of death pathways,
whereas the delay in recovery of transcription in LFS- and
HPV-E6 expressing cells leads to a commitment to
apoptosis, which is only apparent at later times. Alternatively,
stalled RNA polymerase Il could trigger additional signaling
events that are more sustained in cells that recover mRNA
synthesis slowly. In either scenario, cells that have lost this
biological function would be preferentially eliminated by
apoptosis.

Table 3. Nucleotide Excision Repair, the Recovery of mMRNA Synthesis and
the Induction of Apoptosis.

Cells TCR* GGR* mRNA'
Normal + + + —
XP-C + - + —
CS-B — + -
XP-A
041wt/mut
087wt/mut
041mut
087mut

Apoptosis*

|

|

|
+ o+ o+ o+ o+ 4+

+ o+ o+ o+

*The transcription-coupled repair (TCR) and global genome repair (GGR)
phenotypes of these fibroblasts have been reported (11,12,18).

The ability of cells to recover mRNA synthesis after UV-irradiation. Data for
XP-C, CS-B and XP-A cells have been reported (4).

#The sensitivity of cells to apoptosis induced by 10 J/m? UV light. Data for
XP-C, CS-B and XP-A cells have been reported previously (4,5).
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Does Hypersensitivity to UV-Induced Apoptosis in p53-
Deficient Cells Contribute to the Latency Observed in the
Development of Nonmelanoma Skin Cancers?

It is well established that p53 mutations are common in
UV-induced nonmelanoma skin cancers, and these muta-
tions are thought to arise at an early stage in the
development of these cancers (36,37). It has been
hypothesized that mutations in the p53 gene can act at
two levels in skin carcinogenesis. First, p53-mutated cells
are expected to be hypermutable, and second, it has been
suggested that these cells are more resistant to UV-induced
apoptosis (37). It has been estimated that as many as 4%
of keratinocytes in sun-exposed skin express mutant p53
(38), but few, if any, of these cells will become neoplastic
and only after a long latency period (37,39). Although
patients with LFS show an early onset of a wide spectrum
of internal tumors, there is no report of nonmelanoma skin
cancer in LFS. Therefore, p53 disruption appears to
overcome the latency associated with the development of
many internal cancers but not of nonmelanoma skin
cancers.

In this study, we show that p53 is not required for UV-
induced apoptosis in human skin fibroblasts, but rather, p53
is protective against apoptosis induced by moderate doses
of UV light in these cells. It is tempting to speculate that
mutant p53-expressing keratinocytes could be preferentially
eliminated by apoptosis after sunlight exposure. Thus, a
critical rate-limiting step in the development of these tumors
would be to overcome UV-induced apoptosis. Interestingly,
almost all basal cell carcinomas express high levels of the
antiapoptotic protein Bcl-2 (40). A related antiapoptotic
protein, Bcl-X,, may contribute to the development of
squamous cell carcinomas (41). Therefore, the Bcl-2 family
of proteins is likely to play an important role in overcoming
the induction of apoptosis in nonmelanoma skin cancers,
whereas mutations in p53 are unlikely to suffice (42).

It has been suggested that decreased apoptosis in mutant
p53-expressing cells would result in the preferential expan-
sion of mutant p53-expressing clones in sun-exposed skin
(37,38). The results presented here suggest that loss of wild-
type p53 function enhances UV-induced apoptosis, which
could result in the preferential loss of p53 mutant cells in sun-
exposed skin. We have recently found that UV light promotes
S phase entry in a manner antagonized by wild-type p53 (9).
Therefore, clonal selection of p53 mutations in sun-exposed
skin may be explained by a difference in growth rate and not
death rate between wild type and mutant p53-expressing
cells.

In summary, we find that p53 is not required for UV-
induced apoptosis, but rather p53 protects cells from
apoptosis after exposure to moderate doses of UV light.
The protection conferred by p53 does not appear to result
from the induction of cell cycle arrest but correlates with an
enhanced recovery of mMRNA synthesis after exposure to UV
light. Based on these and other results from our laboratory
(4,5,7), we suggest that the capacity of cells to support
transcription after exposure to genotoxic agents is an
important determinant of the sensitivity of cells to apoptosis.
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