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Fig. 1. Effect of actinomycin D on the binding of p53 to its consensus sequence in the
presence and absence of Ab421. In A, nuclear extracts from untreated control (Con, Lanes
1 and 2) or actinomycin treated cells (250 ng/ml for 3 h; Act, Lanes 3-6) were prepared
as described in “Materials and Methods.” Extracts were mixed with 32P-p53 oligonucle-
otide in the absence (Lanes | and 3) or presence (Lanes 2, 4-6) of Ab421 (100 ng). For
competition assays, binding reactions were supplemented with 100-fold excess of unla-
beled p53 oligonucleotide (Lane 5) or a 100-fold excess of a nonspecific oligonucleotide
(Lane 6). In B, cells were exposed to 250 ng/ml (Lane 1), 25 ng/ml (Lane 2), or 2.5 ng/ml
(Lane 3) actinomycin D for 3 h or were untreated (Lane 4). Nuclear extracts were
prepared and EMSA was carried out to detect p53-DNA binding as described in “Materials
and Methods.” s, specific; ns, nonspecific.

50 mm 5-fluorouracil in H,O, 1 mm iodoacetamide in H,O, 1 mg/ml mitomycin
C in H;0, 100 pm taxol in DMSO. Hydrogen peroxide was prepared at a
concentration of 100 mm in H,O on the day of the experiment. Cells were
washed in Dulbecco’s modified Eagle’s medium without serum and incubated
in the same prior to addition of the hydrogen peroxide. Radiation was delivered
with a '¥’Cs irradiator at a dose rate of 100 cGy/min. Cycloheximide was
prepared as a stock solution of 26 mm in DMSO and stored at —20°C.

Results and Discussion

Fig. 1A illustrates EMSA binding of endogenous wtp53 to its pal-
indromic consensus DNA sequence for both untreated and actinomy-
cin D treated cells. In the absence of antibody 421 (Fig. 1A, Lane 1)
a number of p53 oligonucleotide-protein complexes were detected in
control cells. The addition of anti-p53 antibody 421 (Ab421) revealed
a supershifted band (Fig. 1A, Lane 2), indicating the presence of
wtp53 in the protein-DNA complexes. In cells treated with actinomy-
cin D, a compound known to increase wtp53 protein levels (1), Ab421
also revealed a supershifted Ab421-protein complex when compared
with extracts without antibody (Fig. 1A, Lanes 3 and 4). The super-
shifted band in Lanes 2 and 4 was seen only with Ab421 and could not
be detected with antibodies raised against other portions of the p53
protein.* Additionally, this supershifted band was greatly increased in
actinomycin treated cells (compare Fig. 1A, Lanes 2 and 4). To further
characterize the specificity of the interaction of the p53 consensus
sequence with wtp53, competition assays were carried out. A 100-fold
molar excess of unlabeled p53 oligonucleotide competitively inhibits
p53 binding (Fig. 1A, Lane 5, s) while an unrelated (“nonself™) oligo-
nucleotide had little effect on the p53-DNA complex (Fig. 1A, Lane 6,
ns). The presence of, and changes associated with, the lower molec-
ular weight nonspecific bands were variable between experiments.
Fig. 1A demonstrates that specific p53-DNA complexes can be de-
tected in nuclear extracts using an antibody specific for wtp53 and that
the levels of this DNA-protein complex can be altered by actinomycin
D. This increase was examined further in Fig. 1B which indicates that
p53-DNA binding increases in a dose-dependent manner for actino-
mycin D concentrations of 2.5 to 250 ng/ml using relatively short
(3-h) exposure times.

4 B. Price, unpublished observations.

In Fig. 2 the effect on p53-DNA binding activity of a range of
chemotherapeutic and DNA damaging agents was studied. Increases
in wtp53 DNA binding activity was seen for the free radical inducing
treatments (radiation, hydrogen peroxide), the combination DNA
intercalaters/topoisomerase inhibitors (actinomycin, Adriamycin) and
the topoisomerase inhibitors camptothecin and etoposide. The anti-
metabolite S-fluorouracil also led to significant but less intense
changes as did the alkylating antibiotic agent mitomycin C. Cisplatin
treatment gave a small increase, whereas the alkylating agent iodoac-
etamide did not cause significant increases compared with controls.
Concentrations of iodoacetamide one order of magnitude higher did
not cause increases in p53 levels/binding (data not shown). The con-
centrations used for studies in Fig. 2 were chosen to illustrate the
efficacy of each agent, but increased p53 levels also were observed in
response to lower concentrations for most of the compounds, as il-
lustrated for actinomycin D in Fig. 1B. For example, significant in-
creases were seen for adriamycin at 0.1 pg/ml and for 5-fluorouracil
at 10 pm. Included as a control is the microtubule active agent taxol
which does not directly damage DNA but which will cause cell cycle
arrest (13). Taxol caused a decrease in p53-DNA binding activity
compared with untreated cells (Fig. 2). The response to taxol was
variable, with other experiments showing slight increases or decreases
relative to control (data not shown).

We examined the time course of activation of p53 for cells treated
with two agents operating by different mechanisms: the topoisomerase
I inhibitor camptothecin; and the free radical producing agent H,0,.
The time course of increase in p53 following treatment with 100 pum
camptothecin is shown in Fig. 3A. Increases in p53-DNA binding were
detected as early as 30 min after camptothecin addition and continued
for up to 6 h. Exposure of the cells to hydrogen peroxide leads to an
increase over 2 h and then a decline to control levels after 6 h. It is
unclear why H,O, induction of p53-DNA binding should return to
control levels after 2—4 h. Cellular metabolism of H,O, may account
for some of this decrease. However, transient activation of other
transcription factors following peroxide treatment has been observed
previously in NIH-3T3 cells (14). Previous studies have shown that
increases in wtp53 protein occur 30 min after irradiation, while for
cells exposed to actinomycin there is a slow increase in wtp53 protein
over 24 h (1).

In Fig. 3B we have examined the inactivation of wtp53-DNA bind-
ing activity during recovery from three different stimuli. To do this,
cells were exposed to either actinomycin D, camptothecin, or H,0,,
followed by extensive washing to remove them (Fig. 3B). In actino-
mycin D treated cells, p53-DNA binding activity was slightly in-
creased compared to the level at the beginning of the washout (Fig.
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Fig. 2. Stimulation of p53-DNA binding by a range of chemotherapeutic/DNA dam-
aging agents. Cells were treated as follows: Con, unstimulated controls; X-ray, radiation
5 Gy followed by 1 h recovery; H>0>, 500 um for 2 h; actinomycin D (Act), 250 ng/ml,
for 3 h; adriamycin (Adr), 10 pug/ml for 3 h; camptothecin (Cam), 100 pm for 3 h;
etoposide (Eto), 400 pm for 3 h; 5-fluorouracil (SFU), 50 pm for 3 h; mitomycin C
(MMC), 10 ug/ml for 24 h; iodoacetamide (/A), 10 um for 3 h; cisplatin (Cis-pt), 20 pg/ml
for 3 h: taxol (Tx), 10 nm for 4 h. Incubations were terminated at the indicated times,
nuclear extracts were prepared, and EMSA were carried out as in “Materials and Meth-
ods.”
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Fig. 3. Time course of activation and reversibil- f
ity of p53-DNA binding activity. A, increase in p53-
DNA binding as a function of time for camptothecin
and H,0,. Cells were exposed to 100 um camptoth-
ecin or 500 pm H,0, for 0.5, 1, 2, 4, or 6 h or left
untreated (0) before preparation of nuclear extracts
and EMSA. In B, cells were incubated for 2 h in
actinomycin (Act; 250 ng/ml), camptothecin (Cam;
100 pm), or H>0, (500 pum). The washout procedure
was to rinse cells in serum-free medium followed by
fresh serum/Dulbecco’s modified Eagle's medium
and incubated for 1 h. Washes were repeated 4
times; -, ple prepared at completion of drug
exposure; wo, washed.
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3B). In contrast, when cells treated with camptothecin were washed
free of the drug, a significant reduction in the levels of the p53-DNA
binding activity (Fig. 3B) compared to that of unwashed cells (Fig.
3B) was seen. In H,0, treated cells, p53-DNA binding activity re-
turned to control levels after washout, as expected from previous data.
These results are consistent with the known mechanisms of action of
the three compounds. Actinomycin is a DNA intercalater whose bind-
ing is essentially irreversible, resulting in the chronic p53 activation
observed in these experiments. Camptothecin is a reversible inhibitor
of topoisomerase I, the removal of which allows the topoisomerase to
complete its catalytic cycle, leading to the observed decreases in p53
activation. Hydrogen peroxide produces free radicals and single strand
breaks in DNA. Once it is removed, DNA breaks may be repaired and
the p53 activity decreased to control levels. In addition, Fig. 34
showed that levels decreased at 6 h even if the hydrogen peroxide
were left in place.

The above data demonstrate that the increase in p53 binding activity
can be reversed over the course of 4 h if the stimulus is removed. To
determine if increased levels of wtp53-DNA binding seen here re-
quired new protein synthesis or activation of endogenous p53, cells
were treated with the protein synthesis inhibitor cycloheximide. Fig.
4A indicates that exposure of unstimulated cells to cycloheximide
eliminates any detectable p53 signal (Con - and +). It also shows that
pretreatment of the cells with cycloheximide inhibits completely the
increases in p53 caused by hydrogen peroxide, actinomycin, and

®

Con

uu“. . il

ﬁCam” Act . H,0,

/T ] J =
6 0O 05 1 2 4 6 = - wo - WO

"
wo -~

.

H
camptothecin (Fig. 4A; compare Lanes — and + for each agent), three
agents with different mechanisms for damaging DNA. This result
indicates that new protein synthesis, presumably p53 synthesis, is
required in order for cells to increase levels of p53. The half-life of
p53-DNA complex can be determined by adding cycloheximide to
prevent new protein synthesis and measuring the levels of p53 at
various times after addition. Treatment of the unstimulated cells gives
information on the decay of endogenous p53. In Fig. 44 (Con - and
+) p53-DNA binding activity was undetectable 2 h after addition of
cycloheximide, with an estimate of the half-life of binding of less than
30 min (data not shown). This is consistent with estimates of the
half-life of wtp53 protein previously obtained in unstimulated, un-
transformed NIH-3T3 cells and found to be about 20 min (15). Thus,
the half-life of the binding of the p53 to DNA in the presence of
cycloheximide mirrors the half-life of the protein. The decay of the
p53-DNA binding activity for camptothecin treated cells in the pres-
ence of cycloheximide is shown in Fig. 4B and indicates a half-life of
hours (compare Lane 0 with Lanes 2, 4, and 8). There appears to be
a relatively rapid decrease over the first 2 to 4 h but not much change
between 4 and 8 h after cycloheximide addition. Thus, the nature of
the decrease does not allow a precise half-life to be determined.
Controls (Fig. 4B, Lane 5) treated with only camptothecin show
higher levels of p53-DNA binding at 8 h than do cycloheximide

treated cells. For comparison, untreated control cells have a much less
intense signal (e.g., compare Fig. 4A, Lanes Con — and Cam -). This
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Fig. 4. Effect of cycloheximide on stimulation of - m - .

p53-DNA binding. In A, cells were either untreated

(-) or pretreated with 13 pum cycloheximide for 15

min (+) prior to addition of the specified com- P

pounds. Camptothecin (Cam; 100 um) was added for ";_ .

3 h, actinomycin D was added for 3 h (Act; 250 i

ng/ml), and H,O, (500 pum) was added for 2 h. Cell )

extracts were then prepared for EMSA. Control cells 1;

(Con) were treated with cycloheximide for 2 h. In B, - {

cells were pretreated with 100 um camptothecin for 2

h prior to the addition of cycloheximide (13 um).

Nuclear extracts were prepared 0, 2, 4, or 8 h later for

EMSA. Control (Con) cells were exposed to camp-

tothecin but were not treated with cycloheximide.
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clearly demonstrates an increase in the half-life of the p53-DNA
complex (and therefore in the p53 protein) in camptothecin treated
cells.

The data in Fig. 1A demonstrate that DNA damaging agents such as
actinomycin D induce p53-DNA binding, a response which may be
secondary to increases in p53 protein levels shown previously in
ML-1 myeloblastic leukemia cells following actinomycin D or radi-
ation treatment (1). The data indicate that EMSA can detect endoge-
nous wtp53 in nuclear extracts when used in combination with Ab421.
Previous studies have noted that Ab421 may influence the interaction
of wtp53 with its DNA recognition site (9, 16). Ab421 interacts with
the COOH-terminal region of p53 (17), which is important in control
of the activation of DNA binding. Removal of the 30 COOH-terminal
amino acids leads to increased DNA binding and modifications of this
portion of the protein may potentially play a role in in vivo regulation
of p53 (16). Use of p53 antibodies recognizing other portions of the
protein does not have the same effect on DNA binding and does not
function in conjunction with EMSA (3, 9, 16).

Recent studies have examined the relationship between DNA dam-
age and the multiple changes they induce in the cell including gadd
gene expression, cell cycle arrest, and increased levels of wtp53 (1-3).
One aspect of these interrelated pathways that has not been addressed
is what type of DNA damage causes induction of p53. Ionizing radi-
ation, actinomycin D (1), UV radiation, and UV-mimetic treatments
with 4-nitroquinolone-1-oxide (18) have all been shown to lead to
increased levels of wtp53. The agents which we showed in Fig. 2 to
increase p53 levels cause DNA damage by a variety of mechanisms.
y-Radiation and peroxide cause DNA strand breaks via free radical
formation or direct damage to the DNA (19). Actinomycin D and
Adriamycin are DNA intercalaters which inhibit topoisomerase II (20,
21) and additional evidence indicates that actinomycin inhibits topoi-
somerase I as well (22). Etoposide is an inhibitor of topoisomerase II
whereas camptothecin inhibits topoisomerase I (21). All of these
agents will lead to strand breaks in DNA due to inhibition of topoi-
somerase activity. This indicates that single stranded DNA breaks are
sufficient to cause increases in wtp53 levels. Each agent leads to
strand break formation by different mechanisms from that for radia-
tion and H,O, but lead to a similar effect on p53 levels. 5-Fluorouracil
acts via multiple pathways including incorporation into RNA, incor-
poration into DNA, and inhibition of DNA synthesis (20). The ab-
sence of a response to the alkylating agent iodoacetamide indicated
that this particular type of damage does not induce the signal trans-
duction pathway. This result is in agreement with previous data which
showed that alkylating agents do not increase p53 levels as had UV
treatment in a BALB/c 3T3 cell line (18). However, both mitomycin
C, which acts as an alkylating agent, and cisplatin, which acts as a
DNA cross-linking agent (20), also cause increased levels of p53.
These data demonstrate that, although single strand breaks are suffi-
cient to cause increased p53 levels, this is not the only type of DNA
damage which leads to increases.

The spectrum of response to DNA damaging agents in terms of p53
activation differs from other cellular response systems. This is not
entirely unexpected since cells react to DNA damage via multiple
pathways with distinct initiating events. This is important to note in
light of the relationship that has been shown between p53 activation
and expression of the growth arrest gene, gadd45. A close correlation
has been shown between activation of p53 and gadd45 expression (3).
By contrast, in a study using HeLa cells with a CAT construct attached
to the promoter of a different member of the gadd family of proteins,
quite different agents induced gadd153 expression (23). For example,
the response to iodoacetamide was comparable to that seen for cis-
platin, mitomycin C, Adriamycin, camptothecin, and etoposide
(20-30 [times] control) and was roughly twice that seen for peroxide.

In contrast, the response to radiation did not differ significantly from
control. The inactivation of wild-type p53 in HeLa cells may contrib-
ute to this marked difference, or it may be an indication that gaddl53
is stimulated by a different pathway to that involving p53/gadd45.

We have also studied the mechanism by which wtp53 levels are
increased. Inhibition of protein synthesis completely blocks the acti-
vation of p53 and this suggests that new wtp53 is synthesized in
response to DNA damage. The decay of p53 activity in camptothecin
treated cells was greatly increased compared with that of controls,
indicating that stabilization is at least one mechanism for the increased
levels following DNA damaging agents. p53 protein levels are in-
creased in transformed cell lines mainly due to increases in the half-
life of the protein (24). In SV40 transformed cells this was due in part
to the association of the T-antigen with the p53 protein (15). A pre-
vious study showed that for DNA damage induced with UV irradia-
tion, p53 levels were increased as well as the half-life (from 35 to 150
min; Ref. 18). These results are consistent with the data presented
above for cells treated with chemotherapeutic agents.

In conclusion, we have demonstrated increased synthesis and bind-
ing of wtp53 to its consensus DNA sequence after exposure to a range
of DNA damaging agents. These data indicate that DNA strand breaks
may be sufficient to cause increases in p53 binding activity. Increases
in the activation of wtp53 appeared to be at least in part related to
increases in the cellular concentration of protein. The alkylating agent
iodoacetamide did not lead to increases, but cisplatin and mitomycin
C did, suggesting that other, but not all, types of DNA damage may
initiate this pathway. The class of DNA damaging agents which exert
their activity by inducing single strand DNA breaks may activate a
homeostatic mechanism in the cells which results in increased levels
of wtp53 bound to its specific DNA sites in the genome. This binding
may serve to activate transcription of growth arrest genes (e.g.,
gadd45; Ref. 3) and/or repress cell cycle genes and halt DNA repli-
cation.
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