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Abstract

Human squamous carcinoma A431 cells express a high level of epider
mad growth factor (EGF) receptor. The cells carry only a mutated form of

thep53 gene, the Gâ€”'Amutation at codon 273 which results in an arginine
to bistidine substitution (mpS3). The temporal changes of EGF receptor,
c-Raf-1, mpS3, and cell cycle distribution in A431 cells after 1-h exposure
to doxorubicin (BOX) are examined. EGF receptor in A431 cells is
inactivated at 5 mm; subsequently, the receptor level increases and
reaches its maximum 4â€”8h after DOX treatment. Dephosphorylation of
c-Raf-1 is detected at 30 mm and the decay ofthe protein is demonstrated
at 8 h in cells after exposure to DOX. The level of mpS3 in A431 cells
remains unchanged for 8 h after DOX treatment but increases by about
20-fold at 24 h. There is no significant change in cell cycle distribution in
A431 cells for up to 8 h after DOX exposure, whereas cells are accumu
lated in S and G2-M phases by 24 h. It Is postulated that DOX inactivates
EGF signal transduction and induces mpS3. The increase in mp53 is
coincident with DOX-induced G2-M block in cells.

Introduction

p53 is the most commonly mutated gene in human tumors. There
are 5 conserved regions within thep53 molecule; mutation is clustered
in all these domains except domain 1. The mutation frequency in
certain codons of p53 gene appears to be tumor type specific (1â€”3).
wtp532 is considered to be a transcriptional factor when it binds to
specific DNA consensus sequences and a transcriptional repressor
when it binds nonspecifically. The biochemical properties of wtp53 in
general differ from that of the mutated p5.3. The half-life of wtp53 is
relatively short compared to that of the mutant. Expression of certain
genes, such as MDR-1, PCNA, and c-fos, is suppressed by wild-type
but is activated by mutant p5.3 (1â€”3).

DNA-damaging agents induce wtp53 in cells and cause G5 block
(4, 5). The induction is regulated at a posttranscriptional level, re
quires protein synthesis, and is due to the increased half-life of the
protein (6). The expression of wtp53 is upstream to mdtn-2 and
GADD45 after exposure to radiation (7, 8). Human squamous carci
noma A431 cells overexpressed EGFR (9) and carried a mutated form
of the p53 gene (G â€”A in codon 273). DOX inactivates EGF signal
transduction and subsequently induces mp53 in A431 cells.

supplemented with 10% fetal bovine serum. The EGFR density in this cell line
is 2 X 10@/cel1 (9). In a typical drug exposure experiment, exponential phase

cells were exposed to DOX (Sigma Chemical Co., St. Louis, MO) for 1 h,
rinsed three times, and then incubated with fresh medium for up to 24 h.

Cell Lysis, Gel Electrophoresis, and Western Blot Analysis. At the
appropriate time, cells were first washed three times with PBS containing 1%
vanadate and lysed in lysis buffer (1% Triton X-100-21 mg/ml aprotinin-1 mM
phenylmethylsulfonyl fluoride-O.5mg/ml leupeptin-4.9 mMMgC12-1nmi van
adate in PBS). After centrifugation, protein content in the supernatant was
quantitated using the Micro BCA Protein Assay Kit (Pierce Chemical Co.,
Rockford, IL). The supernatant was diluted with 2X sodium dodecyl sulfate
sample buffer (125 mMTris-2.2 Mglycerol-1.42 Mf3-mercaptoethanol.160mis@
sodium dodecyl sulfate-lO mg/liter bromophenol blue, pH 6.8), and boiled for
10 min. The proteins were separated by PAGE and transferred to Immobion-P
membrane (Millipore, Bedford, MA). The membrane was blocked with 5% dry
milk overnight and incubated with primary antibody for 2 h and horseradish
peroxidase-conjugatedsecondaryantibody-rabbitanti-mouseIgG(Amersham,
Arlington Heights, IL), for 1 h. Signals were visualized using the ECL
ChemiluminescenceSystem (Amersham,ArlingtonHeights, IL) accordingto
the manufacturer's instructions.

Cell Cycle Analysis. After trypsinization,cells were fixed in 70%alcohol
until analysis. The cells were washed once with PBS and then incubated for

1 h in PBS with 0.1% Triton X-100 and 200 mg/nil RNase A. Thereafter, cells
were stained with propidium iodide. The percentage of cells in different cell
cycle phases was determined by analyzing the DNA histogram of cells gen
crated by flow cytometry (FACSCAN; Becton Dickinson, Bedford, MA).

PCR Amplification, SSCP Analysis, and DNA Sequencing. The proce
dures have been described previously (10). Briefly, left and right PCR primers
flanking the exon of thep53 gene were radiolabeled. The reaction mixture was
then diluted into a final volume of 400 @.&lof primer-PCR mixture containing
40 @lof lOX PCR buffer (0.1 M Tris-HC1-0.5 M KC1, pH 8.3), 20 mM MgC12,

20 @lof 1.25 mM deoxynucleotide triphosphate mixture, and 10 units of Taq

polymerase (Perkin Elmer/Cetus, Norwalk, Cl'). Amplification was carried out
with 50 ng of genomic DNA using 40 cycles of PCR. The PCR products were

then mixed with buffer containing 95% formamide, 20 mM EDTA, 0.05%
bromophenol blue, and 0.05% xylene cyanol FF. After separation by PAGE,
the gel was exposed to X-ray ifim at â€”70Â°Cwith an intensifying screen. The
sequences of the mutated p53 exons were sequenced using a commercial DNA
sequencing kit (United States Biochemical Corp., Cleveland, OH). Both sense
and antisense complementary DNA strands were sequenced.

Results

Cell CUltUreand Drug Exposure Experiment. Humansquamouscarci
noma A431 cells were cultured in Dulbecco's modified Eagle's medium
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Characteristics of mp53 in A431 Cells. Exons 4â€”8of the p53
gene in A431 cells were amplified by PCR and examined by SSCP to
detect any mutation. Mutation of the p53 gene was detected only in
exon 8 by mobility shift in SSCP analysis (Fig. IA). Direct sequenc
ing of the mutated exon indicated the G â€”+A mutation at codon 273,
which results in an arginine to histidine substitution (Fig. 1B). The
mp53 protein was preferably precipitated by antibody specific for

wtp53 conformation (PAb 1620) rather than by antibody specific for
mutant conformation (PAb 24O).@

3 T. T. Kwok, unpublished data
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Fig. 1. Characteristics of the p53 gene in A431
cells. (A) PCR.SSCP analysis ofexon 8 of the p53
gene. On the basis of mobility shifts in the SSCP
gel, in A431 cells, mutationwas detected only in
exon 8 of the p53 gene but not in exons 4â€”7.
Arrow, position of the mutated exon exhibiting
mobilityshiftsdifferentfrom the normalcontrol
cells in the SSCP gel. (B) Direct sequencing of
exon 8 of the p53 gene. A portion of the sequence
is shown. Arrow, nucleotides involved in the mu
tation; N, human normal ovarian epithelial cells;
T. A43l cells.

was seen at the first 30 mm after DOX treatment and it may be due to
dephosphorylation of the hyperphosphorylated c-Raf-1. Thereafter,

the protein decayed and was undetectable at 24 h (Fig. 3).
The mp53 level did not change for up to 8 h after drug treatment

and increased significantly (20-fold) at about 24 h (Fig. 3).
Cell Cycle Distribution. There was no significant change in cell

cycle distribution in A431 cells at 8 h after DOX treatment, whereas
at 24 h, most ofthe cells were in S and G2-M phases (Fig. 4). The cell
cycle distribution in control culture is 68% G1, 16% S, and 16% G2-M
phases, and it is 3% G5, 43% S, and 54% G2-M phases in culture at
24 h after exposure to DOX. DOX treatment induces G2-M block in

A431 cells and the effect is reversible.3

Discussion

DOX up-regulatesmp53 by inactivatingEGF signal transduction.
Inactivation of EGFR, dephosphorylation of c-Raf-l, and induction of
mp53 in A431 cells occur temporally after exposure to DOX (Figs. 2
and 3). c-Raf-1 is downstream to EGFR in EGF signal transduction.
EGF activates EGFR, increases c-Raf-1 phosphorylation, and sup
presses mp53 expression in A431 cells with or without DOX pretreat
ment.4 The growth factor also suppressed the expression of mp53 in
human breast carcinoma MDA-468 cells (1 1). Although it is not clear
how EGF signal transduction regulates mp53 expression, the likely
candidates should be those shared by both pathways and are down
stream to c-Rd-i in EGF signal transduction, such as c-Myc (12, 13).
The DNA-binding motif for helix-loop-helix transcriptional factor,
such as c-Myc, is located on the promoter region ofp53 gene. c-Myc
transactivates the p53 gene while the expression of c-myc itself is
suppressed by p53 (1, 3, 14).

4 T. T. Kwok, manuscript in preparation.
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DOX on EGF Signal Transduction and mp53. The results pre
sented in this report are from A431 cells exposed to 5 p.g/ml DOX
for 1 h; cell survival is about 10% as measured by clonogenic
assay. The described changes can be seen but to a lesser extent in

cells after treatment with a DOX dose as low as 1 p.g/ml; cell
survival is about 50%. Furthermore, in addition to DOX, mp53 can
also be induced by other DNA-damaging agents, such as cisplatin
and ionizing radiation.3

EGFR is the major phosphotyrosine protein in A431 cells. The
basal phosphorylation level of EGFR was unchanged immediately
following drug exposure, was reduced at 5 mm, and became unde
tectable at 4 h. There are other phosphotyrosine proteins in A431
cells. The tyrosine phosphorylation of some of these proteins is
inducible on addition of EGF and appeared not to be altered by DOX
(Fig. 2). The EGFR level in A431 cells remained unchanged imme
diately after exposure to DOX, increased gradually, reached a maxi
mum in 4â€”8h, and decayed to the control levels by 24 h (Fig. 3).

Two forms of c-Raf-1 protein are identified on PAGE gel, the slow
migrating hyperphosphorylated and the fast migrating underphospho
rylated forms. Addition of EGF induced phosphorylation of c-Raf-1;
in that case, only the hyperphosphoryated form was seen.3 Immedi
ately after exposure to DOX, there was no change in the levels of both
forms of c-Raf-1. After the drug was removed, the level of hyper
phosphorylated c-Raf-1 was reduced at 30 mm and became undetect
able at about 8 h. A slight increase in underphosphorylated c-Raf-l
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Fig. 3. Levels of total EGFR, c-Raf-1, and mp53 in A431 cells at different times after
exposure to 5 @g/mlDOX. EGFR was detected by antibody to EGFR (clone Z025;
Zymed). c-Raf-l was detected by anti-c-Raf-1 antibody (clone URP 26â€”53;Oncogene,
Uniondale, NY). The slow migrating band is hyperphosphorylated c-Raf-1 (p) and the
fast migrating band is underphosphorylated c-Rat-i (u). mp53 was detected by anti-p53
antibody (clone PAb 240; Oncogene). C, control cells.
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Fig. 2. Pattern of phosphotyrosine proteins in A431 cells at different times after
exposure to 5 @g/m1DOX. The proteins were detected by anti-phosphotyrosine antibody
(clone PY2O; Zymed, South San Francisco, CA). The band for EGFR is identified as
tyrosine-phosphorylated receptor based on the molecular weight of the protein and its
comigration with protein precipitated by anti-EGFR antibody. Arrow, proteins of which
thetyrosinephosphorylationis detectablein DOX-pretreatedA431cellsandis inducible
by EGF; C, control cells; E, 5-mm incubation with 50 ng/ml EGF; kD, molecular weight
in thousands@
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activity, retards ligand-induced receptor internalization, and induces
internalization and recycling of unoccupied EGFR (21). Activation of
PKC by DOX will likely suppress the basal phosphorylation and also
increase the level of EGFR.

Results from the present study support the notion that EGF signal
transduction regulates the expression of mp53. It is tempting to
speculate that mp53, and possibly other forms ofp53, may be one of
the major downstream elements in growth factor signal transduction.
Further studies to explore the possibility are currently under way.
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Fig. 4. Cell cycle distribution ofA43l cells at different times after exposure to 5 p@g/ml

Dox.

Induction of mp53 by DOX correlates with drug-induced G2-M
block in A431 cells, whereas wtp53 is thought to cause G1 block in
other cell lines. DNA-damaging agents induce both G1 and G2-M
block in cell lines carrying wtp53 protein and induce only G2-M block
if the protein is mutated or inactivated (4, 5). The results from A431
cells are therefore compatible with those reported. Blocking cell cycle
progression by p13, at least for wtp53, may allow cells after exposure
to DNA-damaging agents to repair damage (4, 5). Both wtp53 and

mp53 bind RPA and inhibit RPA binding to single-stranded DNA.
RPA is involved in the elongation and initiation step for DNA syn
thesis and is thought to be essential in DNA excision repair (15, 16).
Induction of wtp53 suppresses the enzyme activity of IMP dehydro
genase (17). The enzyme is a key enzyme in purine metabolism and
regulates the level of GTP, which is an essential element in signal
transduction. Altered activity of several major enzymes in the nude
otide metabolism pathway has been reported in Rat-i cells transfected
with the mp53 gene (18). Nucleotide metabolism pathway is known to
be important in cell growth and damage repair. Although the mech
anisms for p53-related damage repair thus far are not clear, the
importance of RPA and nucleotide metabolism should not be over
looked.

A key molecule shared by both EGF- and DOX-induced signal
transduction is the serine/threonine kinase, PKC. An increase in the

level but no change in the affinity of EGFR by chronic exposure to
DOX has been reportedin HeLa and 3T3 cells. However, the mech
anism for induction are not clear and the level of receptor tyrosine
phosphorylation was not described (i9). Activation of PKC by DOX

has been demonstrated in various cell systems (20). The enzyme can
be activated in EGF signal transduction through activation of phos
pholipase C-'y 1. PKC phosphorylates serine and threonine residues in
EGFR and one of those is Thr-654. Phosphorylation of Thr-654 from

EGFR by PKC desensitizes ligand-stimulated EGFR tyrosine kinase
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