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ABSTRACT

p53 mutations are common in human lung cancer and frequently gen
erate levels of p53 protein that are detectable by immunohistochemistry.
For this reason, p53 protein accumulation is a candidate biomarker, but
little is known about its timing or frequency in multistage bronchial
carcinogenesis. We studied human lung tissues containing preinvasive
squamous neoplasms from 34 donors with and without lung cancer.
Nuclear p53 protein was present in 0% of normal mucosas, 6.7% of
squamous metaplasias, 29.5% of mild dysplasias, 26.9% of moderate dys-

plasias, 59.7% of severe dysplasias, 58.5% of carcinomas in situ, 67.5% of
microinvasive carcinomas, and 79.5% of invasive tumors. These data
indicate that (a) p53 protein accumulates in about 30% of the earliest
recognized neoplastic lesions (i.e., mild dysplasia), (In there is an increas
ing frequency of p53 protein accumulation starting with mild dysplasia,
and (c) p53 protein accumulates infrequently in normal or metaplastic
mucosa. In a subset of six patients whose most advanced lesion was
carcinoma in situ without evidence of invasive cancer, p53 protein was
detected in 0% of normal mucosas, 8.3% of squamous metaplasias, 37.5%
of mild dysplasias, 12.5% of moderate dysplasias, 93.8% of severe dys
plasias, and 55 % of carcinoma in situ lesions. These data show clearly that
p53 alterations can occur before invasion and suggest that the frequency
is similar to that observed in the full series. Since two-thirds or more of

lung cancers have p53 alterations, the timing and frequency of p53 protein
accumulation make the /;5.? tumor suppressor gene an attractive marker
for early diagnosis and evaluation of chemoprevention agents.

INTRODUCTION

Squamous lung cancer is thought to develop through multiple
stages that are recognized histologically. The earliest changes include
squamous metaplasia, followed by three grades of dysplasia, carci
noma in situ, and microinvasive and invasive cancer (1-6). Preinva

sive morphological changes have been indirectly linked to invasive
lung cancer by the dose-response relationship between the number of

cigarettes smoked per day and the frequency of dysplastic lesions in
bronchial epithelium (7).

The sequence of morphological changes is consistent with a mul
tistage model of carcinogenesis, and it is thought that the genetic
changes found in advanced lung cancer occur stepwise with the mor
phological changes. We have investigated the p53 tumor suppressor
gene in preinvasive lung lesions for the following reasons: (a) p53
mutations are the most common genetic alteration in human cancer,
including lung cancer (8); (b) p53 mutations and allelic deletions have
been detected in dysplastic bronchial lesions (9-12); (c) missense

mutations frequently stabilize the protein, which accumulates to levels
detectable by immunohistochemistry (13); and (d) p53 is both a
transcription factor involved in a Gl arrest checkpoint response to
certain types of DNA damage and one component controlling gene
amplification (14-20).
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Although previous studies by us and others (9-12) document some

of the genetic changes top5J, there is little information regarding the
usual frequency and timing of p53 alterations, especially in metaplas
tic and early dysplastic lesions. To address these questions, we exam
ined progenitor lesions from 34 individuals with a polyclonal rabbit
antiserum, CM-1, that binds both mutant and wild-type p53 protein.
Although wild-type p53 protein degrades rapidly and is generally

undetected by immunohistochemistry, mutant p53 protein usually has
a longer half-life and accumulates to detectable levels. Based on our

findings, we suggest that (a) analysis of p53 protein accumulation
and/or mutation in biopsy and sputum samples may contribute to early
diagnosis and treatment and (b) p53 protein and/or mutation may be
useful in the evaluation of chemoprevention agents.

MATERIALS AND METHODS

Case Selection. Formalin-fixed bronchial resections containing one or

more preinvasive lesions with or without invasive squamous cancer were
collected at the Mayo Clinic (Rochester, MN) (19 cases); the University of
Maryland (Baltimore) (5 cases); the Armed Forces Institute of Pathology
(Washington, DC) (one case); the University of New Mexico (Albuquerque,
NM) (3 cases); the Shanghai Cancer Institute (Shanghai, People's Republic of

China) (2 cases); and the University of Oulu (Oulu, Finland) (4 cases). The
Mayo Clinic cases were collected during the Mayo Lung Project, a screening
program for the detection of early lung cancer (21-23). These cases had

extensive histolÃ³gica! analysis; in 5 cases, the most advanced lesions were
carcinoma in situ, and in 12 cases microinvasive carcinoma was the most
advanced lesion. In one case from the University of Oulu, carcinoma in situ
was the most advanced grade.

HistolÃ³gica! Criteria and Classification of Lesions. The histological cri
teria used to classify progenitor lesions have been described by Saccomanno
(4), Auerbach (3), and the WHO (24). Based on these descriptions, we recog
nized eight categories: normal ciliated columnar epithelium; squamous meta
plasia and basal cell hyperplasia; mild dysplasia; moderate dysplasia; severe
dysplasia; carcinoma in situ; microinvasive carcinoma; and invasive carci
noma. All lesions were independently classified by two pathologists (W. D. T.
and T. V. C.), and the interpretations were recorded on tissue diagrams. The
results were compared, and differing interpretations were resolved by review of
the specific lesions by both pathologists at a multiheaded microscope. Diag
nostic differences of one grade (i.e., mild versus moderate dysplasia) were
considered irreproducible; in these instances, a third pathologist (W. P. B.)
made the final classification.

Immunohistochemistry for p53 Protein. Immunohistochemical analysis
was performed using an avidin-biotin peroxidase detection system as previ

ously described and outlined below (25). After dewaxing, inactivating endog
enous peroxidase activity, and blocking cross-reactions with normal goat se
rum, the sections were incubated overnight at 4Â°Cwith a 1:1000 dilution of a

polyclonal rabbit antiserum, CM-1 (26), raised against full-length wild-type

human p53 protein that was produced in a bacterial expression system. Local
ization of the primary antibody was detected by a biotinylated goat antirabbit
secondary antibody and an avidin-biotin complex conjugated to horseradish
peroxidase used according to the manufacturer's specifications (Vectastain

Elite Kit; Vector Laboratories, Burlingame, CA). The chromogen was diami-

nobenzidine (final concentration, 0.05 mg/ml) with nickel chloride (final con
centration, 0.03%). For positive controls, a subcutaneous tumor of human cells
was explanted from an athymic nude mouse, fixed in 100% ethanol, embedded
in paraffin, and serially sectioned. The tumor nuclei from these human cells
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p53 IN EARLY BRONCHIAL CARCINOGENESIS

Table 1 Frequency of p53 prolein accumulation al multiple stages of bronchial carcinogenesis

HistolÃ³gica! categories

SourceNCI

serÃesLiterature'Combined'Result%positive
No.positive/no.%

positive
No.positive/no.%

positive
No. positive/no.total*totaltotalNormal

mucosa0

0/2200/100/23Squamous

metaplasia"6.7

1/15-16.71/15Mild29.53.25/11201/526.6

4.25/16DysplasiaModerate26.94.58/17501/229.45.58/19Severe59.7

10.8/1879

15/19'68.924.8/36--In

situ58.5

14.6/2533

1/355.7

15.6/28CarcinomaMicroinv67.5

6.75/10100

VI'67.5

6.75/10'Invasive79.5

8.75/1174

20/27'75.1

27.8/37'

" Squamous metaplasia includes basal cell hyperplasia.
h No. positive/no, total: no. of immunostain positive lesions divided by total no. of lesions of a specific grade; see Methods for details on calculations.
' Literature data compiled from Refs. 9-12.
d No foci or lesions were reported.
'' One case in the NCI scries was previously reported in Ref. 9; this case included immunopositive examples of severe dysplasia, microinvasive carcinoma, and invasive carcinoma.

This case was subtracted from the "Combined" series to avoid double counting.
'The "Combined" group is the NCI series plus the Literature series.

â€¢¿�t'rmv?

Fig. 1. Case 966 had normal mucosa, mild dysplasia, severe dysplasia, and carcinoma in situ with p53 staining in severe dysplasia and carcinoma in situ, but not in mild dysplasia
or normal mucosa. A and B, normal mucosa with an abrupt transition to severe dysplasia; the normal mucosa (left) is unstained for p53, and the severe dysplasia (right) is intensely
stained. C and D. carcinoma in situ, which is intensely stained. E and F, mildly and severely dysplastic mucosa; the severe dysplasia is stained, the mild dysplasia (arrow) is unstained.
A, C, and E, H&E stains; B, D. and F, CM-1 immunohistochemistry without counterstain. Original magnification of all panels, X200.

contain high levels of wild-type p53 protein stabilized by the large transform

ing protein of the simian virus 40 DNA tumor virus (27). Nonneoplastic tissues
within each section served as internal negative controls.

Interpretation of Immunohistochemistry. All immunostains were inter
preted independently by four pathologists (A. B., R. T. J., W. P. B., and Y. T.)
based on the histological classifications of W. D. T., T. V. C., and W. P. B.
Intense nuclear staining was the criterion for a positive reaction; cytoplasmic
staining alone was not considered specific for p53. Mucosal segments with
nuclei that were neither clearly positive nor clearly negative were called
equivocal. All mucosas, including submucosal gland ducts, were interpreted as
either positive (scored as 1.0), negative (scored as 0), or equivocal (scored as
0). The interpretations were recorded in tables and averaged in the following
way. If four observers agreed that a focus of severe dysplasia was positive for
p53 protein, it was scored as 1.0 (i.e., [1 + 1 + 1 + l]/4 = 1). If all four agreed

that a second focus of severe dysplasia was negative, it was scored as 0. If a
third focus of severe dysplasia was called positive by two and negative by the
other two, it was scored 0.5 (i.e., [1 + 1 + 0 + 0]/4 = 0.5). Similarly, these

three lesions would be tabulated as 50% positive for p53 immunohistochem
istry (i.e., [1 + 0 + 0.5J/3 = 0.5).

RESULTS

Bronchial resections from 34 patients contained one or more pre-

invasive squamous lesions. Sixteen of the 34 patients had invasive

squamous carcinoma, 12 had microinvasive squamous cancer, and 6
had carcinoma in situ as the most advanced lesion. Overall, p53
immunohistochemistry showed protein accumulation in bronchial le
sions in 24 of 34 cases (71%). Table 1 and Fig. 4 show the immuno
histochemistry results according to histological category. Also shown
in Table 1 are results from the current literature. Examples of mor
phology and immunohistochemistry are shown in Figs. 1-3.

The immunohistochemistry slides were reviewed independently by
four pathologists who graded each lesion as positive, negative, or
equivocal. To average and summarize the results, numeric values were
assigned: positive was scored as 1.0, and negative and equivocal were
scored as 0. Most of the equivocal scores occurred in the normal,
metaplastic, and severely dysplastic mucosas. Positive staining was
seen in 0% of normal mucosas (O of 22 foci), 6.7% of squamous
metaplasias (one of 15), 29.5% of mild dysplasias (3.25 of 11), 26.9%
of moderate dysplasias (4.58 of 17), 59.7% of severe dysplasias (10.8
of 18), 58.5% of CIS2 (14.6 of 25), 67.5% of microinvasive carcino

mas (6.75 of 10), and 79.5% of invasive tumors (8.75 of 11) (see Table
1). These data indicate that (a) p53 protein accumulates in approxi-

: The abbreviations used are: CIS, carcinoma in situ; Microinv., microinvasive; No.,

number.
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See bottom of p. 4820 for legend Io Fig. 2.
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Fig. 3. Case 4129 had mild dysplasia (A) with moderately enlarged nuclei and occasionally prominent nucleoli (arrow). p53 immunohistochemistry of a serial section (B) showed
a few darkly stained nuclei (arrows) and probably artifactual staining of the basement membrane (arrowheads). Case 2-988 had moderately dysplastic mucosa (C) with enlarged, darkly
stained nuclei in the lower and middle mucosal layers. p53 immunohistochemistry of a serial section showed dark, nuclear staining (arrows) of the enlarged nuclei within the lower
ti'i'i'li. nf iiiiii-i i(.-i {I*i\ A anÃÃ/"" T-IAC ctainc- R onrl n /""XÃ-l immiinnliictn/'KÃimÃelrif fÃ¬rininal martnifi/'atÃ¬rinc- ,1 onH H V/lfWl- /^* oniH n V 9fWÃŒ
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0/22

Norm.1 Metaplasia Mild Micro-Inv Invasive

Normal Dysplasia Carcinoma

Fig. 4. Data from the National Cancer Institute series (see Table 1) show the frequency
of p53 protein accumulation at multiple stages of bronchial carcinogenesis. The ratios
shown at the top of each bar are the number of positive/total, which is the number of
immunostain positive lesions divided by the total number of lesions of a specific histo-
logical grade.

mately 30% of the earliest recognized neoplastic lesions (i.e., mild
dysplasia), (ft) there is an increasing frequency of p53 protein accu
mulation starting with mild dysplasia, and (c) unequivocal p53 protein
accumulation is uncommon in normal or metaplastic mucosa.

p53 Immunohistochemistry in the Absence of Invasive Cancer.
To address the question of whether p53 alterations precede the onset
of invasion, the immunohistochemistry data were tabulated from six
patients whose resected tissues had CIS as the most advanced lesion

(five patients from the Mayo Clinic and one patient from the Univer
sity of Oulu). The results of this group show conclusively that p53
protein accumulation may precede invasion. There was positive stain
ing in 0% of normal mucosas, 8.3% of squamous metaplasias (0.25 of
3), 37.5% of mild dysplasias (0.75 of 2), 12.5% of moderate dyspla-

sias (0.25 of 2), 93.8% of severe dysplasias (3.75 of 4), and 55% of
CIS lesions (2.75 of 5).

p53 Immunohistochemistry of Normal and Metaplastic Muco
sas. None of the four observers found definite, unequivocal nuclear
staining in normal mucosa, but three found equivocal staining in four
different cases. Three observers found definite nuclear staining in
squamous metaplasias from three different cases, and three found
equivocal staining in six cases.

DISCUSSION

We and others (9-12) have reported that p53 mutations and protein

accumulation can precede invasion. However, these studies concen
trated on advanced lesions (i.e., severe dysplasia and carcinoma in
situ) and did not identify sufficient early lesions to estimate the
frequency and timing of p53 protein accumulation. Therefore, we
undertook an immunohistochemical study to examine a larger series
of cases. To minimize the subjective aspects of interpreting histologi-
cal sections and immunohistochemical stains, six different patholo-

gists reviewed all the slides, and their interpretations were averaged.
The histological classification was made independently by two dif
ferent pathologists; a third pathologist decided only the minor dis
crepancies (i.e., mild versus moderate dysplasia). Four pathologists

Fig. 2. Case 795 had a spectrum of squamous neoplasia including mild dysplasia, moderate dysplasia, severe dysplasia, and carcinoma in situ, Immunohistochemistry of a serial
section showed no evidence of p53 protein accumulation in normal mucosa or mild dysplasia (A and lÃ¬]-In moderate dysplasia (C and D, left side), the basal layers of mucosa contained
cells with dark, enlarged, irregularly shaped nuclei; these cells contained detectable levels of nuclear pS3 protein. In severe dysplasia and carcinoma in situ, the large, irregularly shaped
nuclei were darkly stained by the CM-1 antiserum. C and D, moderate (left) and severe (right) dysplasia; there is immunostaining in the lower layers of the moderate dysplasia and
in the full thickness of the severe dysplasia. E and F, severe dysplasia with positive immunostaining in the full thickness of the mucosa. G and H, carcinoma in situ with intense staining
of all mucosal layers. A, C, E, and G, H&E stains; B, D, F, and H, CM-1 immunohistochemistry. Original magnification of all panels, X200.
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with experience in interpreting p53 immunohistochemistry indepen
dently reviewed the Â¡mmunostains. They used a simple grading
scheme (positive, negative, or equivocal), and their findings were
averaged. Only one of the six observers contributed to both the his
tolÃ³gica! and immunohistochemical interpretations.

p53 Protein Frequently Accumulates in Preinvasive Lesions.
Analysis of 34 cases indicates that p53 protein accumulation occurs in
approximately 30% of mild and moderate dysplasias and two-thirds of

severe dysplasias, CIS, and invasive cancers. The results support a
multistage model for squamous bronchogenic carcinoma in which
genetic damage to the p53 tumor suppressor gene occurs in 30% of the
earliest recognized neoplastic lesions (illustrated in Fig. 3), and the
majority of p53 mutations occur before the onset of invasion. Since
two-thirds or more of lung cancers have p53 alterations (reviewed in

Ref. 8), these features make the p53 tumor suppressor gene an attrac
tive marker for early diagnosis and evaluation of chemoprevention
agents.

p53 Alterations Precede the Onset of Invasive Cancer. The most
common lesions in this series are severe dysplasias and CIS, and most
occur next to invasive cancers. There are three main reasons for this:
(a) advanced dysplasias occur frequently near invasive cancers; (b)
surgical resections are designed to remove cancers with the minimum
of normal tissue; and (c) dysplastic lesions are generally undetectable
macroscopically and are usually found by chance. Because most of the
observed dysplasias are near or continuous with invasive tumors, there
is an unresolved debate over whether (a) dysplastic lesions and inva
sive tumors are separate, independent neoplasms, (b) malignant cells
from the invasive tumors have migrate through the adjacent mucosa to
mimic preinvasive, dysplastic lesions, or (c) invasive tumors develop
in preexisting dysplastic mucosas. Eventually, the question will be
settled using a panel of genetic markers, but for now the microscopic
size of the lesions is a barrier to genetic analysis. Fortunately, the issue
of whether p53 mutations precede invasion can also be answered by
examining cases lacking invasive cancers. The data from this series as
well as three cases examined by Sundaresan and co-workers (10)

conclusively demonstrate that p53 protein can accumulate before in
vasion. Furthermore, these data support the conclusions drawn from
the full data set, which is composed mostly of progenitor lesions
associated with invasive tumors.

Mechanisms of p53 Protein Accumulation. Accumulation of p53
protein within the nucleus of a cancer cell usually signals a missense
mutation (13), although exceptions have been reported (28-34). Non-
mutational mechanisms for p53 protein accumulation include (a) Â¡n-

activation of an enzymatic pathway responsible for p53 protein deg
radation (35), (b) stabilization of normal p53 protein through complex
formation with a cellular oncoprotein such as mdm2 (36, 37) or a
DNA tumor virus protein (38-41), (c) DNA damage-induced post-
translational modification conferring extended protein half-life (42),

(d) altered expression of the p53 gene by cellular transcriptional
regulators (43), and (e) physiological accumulation during late Gl and
S phases of the cell cycle (44). Regardless of mechanism, the excess
protein provides a distinct marker of both preinvasive lesions and
invasive tumors. It should be noted that not all mutations lead to
protein accumulation. For example, chain terminating mutations, de
letions, and some splice site mutations block protein synthesis and/or
accumulation (28).

p53 Immunohistochemistry of Normal and Metaplastic Mu
cosa. Until mutant-specific p53 antibodies can detect all mutant p53

proteins, we must rely on the detection of total protein, both wild
type and mutant. Although there is considerable evidence that accu
mulation of p53 protein within neoplastic lung tissues correlates with
missense mutation (9, 33, 45), there is no such evidence for p53 mu
tation within normal or metaplastic bronchial mucosas. Therefore,

equivocal staining in some normal and metaplastic tissues may rep
resent either experimental artifact or transient accumulation of wild-

type protein during late Gl and S phases of the cell cycle (44). This
suggests that false positives will occur when diagnostic cytology
preparations are screened for malignancy using p53 immunohisto
chemistry.

Genetic Analysis of p53 in Bronchial Progenitor Lesions. Ge
netic and cytogenetic analyses have been made of a few preinvasive
lesions. We reported one missense mutation in three different seg
ments of immunopositive mucosa that were severely dysplastic, mi-
croinvasive, and fully invasive (9). Sundaresan and co-workers (10)

studied six patients with severe dysplasia and invasive cancer; three of
the six were informative at the p53 locus, and one of the three
dysplasias showed deletion of one p53 alÃele,and one of the samples
containing both alÃeleshad a missense mutation in exon 5. They also
studied three patients who had severe dysplasia, but no invasive
cancer, and they found allelic deletion of p53 in one of two informa
tive cases (10). Sozzi and colleagues (11) found the same exon 5
missense mutation in a segment of severe dysplasia and in the nearby
invasive tumor. The same case plus a second showed deletion of the
short arm of chromosome 17 by karyotypic analysis of metaphase
spreads from severely dysplastic lesions. Advances in microanalytic
techniques will provide additional genetic data on bronchial progeni
tor lesions.

p53 Is a Candidate Biomarker for Squamous Cancer of the
Lung. An intermediate biomarker should appear before tumor inva
sion, to make early diagnosis possible. The timing of p53 mutation
and protein accumulation has been studied best in colorectal adeno-
carcinoma. This cancer develops in multiple well-defined stages, and

p53 mutation most frequently occurs between the stages of late ad
enoma and invasive carcinoma (46, 47). In addition to the colorectal
model, recent studies indicate that damage to the p53 gene frequently
occurs in preinvasive lesions of the breast, esophagus, skin, and testis
(25, 48-53). However, p53 damage may occur later in other tumors.

For example, in bladder cancer, the rate of p53 mutation is greater in
high-grade and invasive tumors than in superficial and low-grade
tumors (56). Similar observations have been made in low- and high-

grade tumors of the brain and thyroid (54, 55). These findings suggest
that, in some tissues, p53 mutation may contribute more to tumor
progression than to the conversion to malignancy. These data indicate
that the timing for p53 alteration may vary with tumor type and
underscore the need for analysis of progenitor lesions in all tissues.

ACKNOWLEDGMENTS

We thank Mr. Ricardo V. Drcyfuss for expert photomicrography.

REFERENCES

1. Auerbach, O., Gere, J. B., Forman, J. B., Pelrick, T. G., Smolin, H. J., Muchsam, G.
E., Kassouny, D. Y.. and Stout, A. P. Changes in the bronchial epithelium in relation
to smoking and cancer of the lung. N. Engl. J. Med., 256: 97-1(14, 1957.

2. Auerbach, O., Stout, A. P., Hammond, E. C., and Garfinkel, L. Changes in bronchial
epithelium in relation to sex, age, residence, smoking and pneumonia. N. Engl. J.
Med., 267: 111-125, 1962.

3. Auerbach, O. Pathogenesis of lung cancer. Cancer (Phila.), 7: 11-21, 1981.
4. Saccomanno, G., Archer, V. E., Auerbach, O., Saunders, R. P., and Brennan, L. M.

Development of carcinoma of the lung as reflected in exfoliated cells. Cancer (Phila.),
33: 256-270, 1974.

5. Trump, B. F., McDowell, E. M., Glavin, F., Barrett, L. A., Becci. P. J., Schurch, W.,
Kaiser, H. E., and Harris, C. C. The respiratory epithelium. III. Histogenesis of
epidermoid metaplasia and carcinoma in situ in the human. J. Nati. Cancer Inst., 61:
563-575, 1978.

6. McDowell, E. M., McLaughlin, J. S., Merenyi, D. K., Kieffer, R. F., Harris, C. C, and
Trump, B. F. The respiratory epithelium. V. Histogenesis of lung carcinomas in the
human. J. Nail. Cancer Inst., 61: 587-606, 1978.

7. Auerbach, O., Hammond, E. C., and Garfinkcl, L. Changes in bronchial epithelium in
relation to cigarette smoking, 1955-1960 versus 1970-1977. N. Engl. J. Med., 300:
381-386, 1979.

4821

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/20/4817/2452208/cr0530204817.pdf by guest on 19 M

ay 2023



p53 IN EARLY BRONCHIAL CARC1NOGENESIS

8. MÃ¼llstein,M., Sidransky, D., Vogelstein, B., and Harris, C. C. p53 mutations in human 32.
cancer. Science (Washington DC), 255: 49-53, 1991.

9. VahÃ¤kangas,K. H., Samet, J. M.. Metcalf. R. A., Welsh, J. A., Bennett, W. R, Lane,
D. R. and Harris, C. C. Mutations of p53 and ras genes in radon-associated lung 33.
cancer from uranium miners. Lancet, 339: 576-580, 1992.

10. Sundaresan, V., Ganly, P., Hasleton, P., Rudd, R., Sinha, G., Blechen, N. M., and
Rahbitts, P. p53 and chromosome 3 abnormalities, characteristic of malignant lung
tumours, are detectable in preinvasive lesions of the bronchus. Oncogene, 7: 1989- 34.

1997, 1992.
11. Sozzi, G., Miozzo, M., Donghi, R., Piloni, Sâ€žCariani, C. T., Pastorino, U., Porta, G.

D., and Pierotti, M. A. Deletions of I7p and p53 mutations in preneoplastic lesions of
the lung. Cancer Res., 52: 6079-6082, 1992. 35.

12. Nuorva, K., Soini, Y., Kamel, D.. Autio-Harmainen, H., Risteli, L., Risteli, J., VahÃ¤

kangas, K., and Paakko, P. Concurrent p53 expression in bronchial dysplasias and
squamous cell lung carcinomas. Am. J. Pathol., 142: 725-732, 1993. 36.

13. Gannon, J. V, Greaves, R., Iggo, R., and Lane, D. P. Activating mutations in p53
produce a common conformational effect. EMBO J., 9: 1595-1602, 1990.

14. Kern, S. E., Kinsler, K. W., Bruskin, A., Jarosz, D., Friedman, P., Prives, C., and 37.
Vogelstein, B. Identification of p53 as a sequence-specific DNA-binding protein.
Science (Washington DC), 252: 1708-1711, 1991.

15. Kaslan, M. B., Zhan, Q., EI-Deiry, W. S., Carrier, F., Jacks, T., Walsh, W. V, Plunkett, 38.

B. S., Vogelstein, B., and Fornace, A. J., Jr. A mammalian cell cycle checkpoint
pathway utilizing p53 and GADD45 is defective in ataxia-telangiectasia. Cell, 71:
587-597, 1992.

16. M.ih/ID,in. W., and Czyzyk, L. UV irradiation stimulates levels of p53 cellular tumor 39.
antigen in nontransformed mouse cells. Mol. Cell. Biol., 4: 1689-1694, 1984.

17. Kastan, M. B., Onyekwere, O., Sidransky, D., Vogelstein, B., and Craig, R. W. 40.
Participation of p53 protein in the cellular response to DNA damage. Cancer Res., 51:
6304-6311, 1991.

18. Kuerbitz, S. J., Plunkett, B. S., Walsh, W. V, and Kastan, M. B. Wild-type p53 is a 41.
cell cycle checkpoint determinant following irradiation. Proc. Nati. Acad. Sci. USA,
89: 7491-7495, 1992.

19. Yin, Y., Tainsky, M. A., Bischoff, F. Z., Strong, L. C., and Wahl, G. M. Wild-type p53 42.
restores cell cycle control and inhibits gene amplification in cells with mutant p53
alÃeles.Cell, 70: 937-948, 1992. 43.

20. Livingstone. L. R., White, A., Sprouse, J., Livanos, E., Jacks, T., and Tlsty, T. D.
Altered cell cycle arrest and gene amplification potential accompany loss of wild-type
p53. Cell, 70: 923-935, 1992. 44.

21. Fontana, R. S., Sanderson, D. R., Taylor, W. F., Woolner, L. B., Miller, W. E., Muhm,
J. R., and Uhlenhopp, M. A. Early lung cancer detection: results of the initial 45.
(prevalence) radiologie and cytologie screening in the Mayo Clinic study. Am. Rev.
Respir. Dis.. Â¡30:561-565, 1984. 46.

22. Fontana, R. S., Sanderson, D. R., Woolner, L. B., Miller, W. E., Bernatz. P. E., Payne,
W. S., and Taylor, W. F. The Mayo Lung Project for early detection and localization 47.
of bronchogenic carcinoma: a status report. Chest, 67: 511-522, 1975.

23. Woolner, L. B., Fontana, R. S., Sanderson, D. R.. Miller, W. E., Muhm, J. R., Taylor,
W. F., and Uhlenhopp, M. A. Mayo Lung Project: evaluation of lung cancer screening
through December 1979. Mayo Clin. Proc., 56: 544-555, 1981. 48.

24. Shimosato, Y., Sobin. L. H., Spencer. H., and Yesner, R. The World Health Organi
zation Histological Typing of Lung Tumours, Second Edition. Am. J. Clin. Pathol..
77: 123-136, 1982. 49.

25. Bennett, W. P., Hollstcin, M. C., Metcalf, R. C., Welsh, J. A., He, A., Zhu. S., KÃ¼sters,
I., RÃ©seau,J. H., Trump. B. F., Lane, D. P., and Harris, C. C. p53 mutation and protein 50.
accumulation during multistage human esophageal carcinogenesis. Cancer Res., 52:
6092-6097, 1992.

26. Midgley, C. A., Fisher, C. J., Bartek, J., Vojtesek, B., Lane, D. P., and Barnes, D. M. 51.
Expression of human p53 in bacteria: application to the analysis of p53 expression in
human tumours. J. Cell Sci., 101: 183-189, 1992.

27. Reddel, R. R., Ke, Y., Kaighn, M. E., Malan-Shibley, L.. Lehcner, J. F., Rhim, J. S., 52.

and Harris, C. C. Human bronchial epithelial cells neoplastically transformed by
v-Ki-ras: altered response to inducers of terminal squamous differentiation. Oncogene
Res., 3: 401-408, 1988. 53.

28. Bennett, W. P., Hollstein, M. C., He, A., Zhu, S. M., Resau, J., Trump. B. F., Metcalf.
R. A.. Welsh, J. A., Gannon, J. V, Lane, D. P., and Harris, C. C. Archival analysis of
p53 genetic and protein alterations in Chinese esophageal cancer. Oncogene, 6:
1779-1784, 1991. 54.

29. Rodrigues. N. R., Rowan, A.. Smith. M. E. F., Kerr, I. B., Bodmer, W. F., Gannon, J.
Vâ€žand Lane. D. R p53 mutations in colorectal cancer. Proc. Nati. Acad. Sci. USA, 87:
7555-7559, 1990. 55.

30. Bartek, J., Iggo, R., Gannon, J., and Lane, D. P. Genetic and immunochemical analysis
of mutant p53 in human breast cancer cell lines. Oncogene, 5: 893-899, 1990.

31. Barton, C. M.. Staddon, S. L., Hughes, C. M., Hall, P. A., O'Sullivan, C., KlÃ¶ppel,G.,

Theis, B., Russell, R. C., Neoptolemos. J.. and Williamson. R. C. Abnormalities of the 56.
p53 tumour suppressor gene in human pancreatic cancer. Br. J. Cancer, 64: 1076-

1082, 1991.

Davidoff, A. M., Herndon, J. E., Glover, N. S., Kerns, B. J., Pence, J. C., Iglehart, J.
D., and Marks, J. R. Relation between p53 overexpression and established prognostic
factors in breast cancer. Surgery (St. Louis), 110: 259-264, 1991.

Lehman, T. A., Bennett, W. P., Metcalf, R. A., Reddel, R., Welsh, J. A., Ecker, J.,
Modali, R. V, Ullrich, S., Romano, J. W., Appella, E., Testa, J. R., Gerwin, B. I., and
Harris, C. C. p53 mutations, ras mutations and p53-heat shock 70 protein complexes
in human lung cell lines. Cancer Res., 5/: 4090-4096, 1991.

Metcalf, R. A.. Welsh, J. A., Bennett, W. P., Seddon, M. B., Lehman, T. A., Pelin, K.,
Linnainmaa, K., Tammilehto, L., Mattson, K., Gerwin, B. L, and Harris, C. C. p53 and
Kirsten-rai mutations in human mesothelioma cell lines. Cancer Res., 52: 2610-

2615, 1992.
Ciechanover, A., DiGiusepe, J. A., Bercovich, B., Orian, A., Richter, J. D., Schwartz,
A. L., and Brodeur, G. M. Degradation of nuclear oncoproteins by the ubiquitin
system in vitro. Proc. Nati. Acad. Sci. USA, 88: 139-143, 1991.
Momand, J., Zambetti, G. P., Olson, D. C., George, D., and Levine, A. J. The mdm-2
oncogene product forms a complex with the p53 protein and inhibits p53-mediated
transactivation. Cell, 69: 1237-1245, 1992.
Oliner, J. D., Kinzler, K. W, Meltzer, P. S., George, D. L., and Vogelstein, B.
Amplification of a gene encoding a p53-associated protein in human sarcomas. Nature
(Lond.), 358: 80-83, 1992.
van den Heuvel, S. J., van Laar, T, Kast, W. M., Melief, C. J., Zantema, A., and van
der Eb, A. J. Association between the cellular p53 and the adenovirus 5 ElB-55kd
proteins reduces the oncogenicity of Ad-transformed cells. EMBO J., 9: 2621-2629,

1990.
Lane, D. R, and Crawford, L. V. T antigen is bound to a host protein in SV40-
transformed cells. Nature (Lond.), 278: 261-263, 1979.

Linzer, D. I., and Levine, A. J. Characterization of a 54K dalton cellular SV40 tumor
antigen present in SV40-transformed cells and uninfected embryonal carcinoma cells.
Cell, 17: 43-52, 1979.

DeLeo, A. B., Jay, G., Appella, E., Dubois, G. C., Law, L. W., and Old, L. J. Detection
of a transformation-related antigen in chemically induced sarcomas and other trans
formed cells of the mouse. Proc. Nati. Acad. Sci. USA, 76: 2420-2424, 1979.
Hall, P. A., McKee, P. H., Menage, H. P., Dover, R., and Lane, D. R High levels of
p53 protein in UV-irradiated normal human skin. Oncogene, 8: 203-207, 1993.

RoÃ±en,D., Rotter, V, and Reisman, D. Expression from the murine p53 promoter is
mediated by factor binding to a downstream helix-loop-helix recognition motif. Proc.
Nati. Acad. Sci. USA, 88: 4128-4132, 1991.
Shaulsky, G., Ben-Ze'ev, A., and Rotter, V. Subcellular distribution of the p53 protein

during the cell cycle of Balb/c 3T3 cells. Oncogene, 5: 1707-1711, 1990.

Iggo, R., Gatter, K., Bartek, J., Lane, D., and Harris, A. L. Increased expression of
mutant forms of p53 oncogene in primary lung cancer. Lancet, 335: 675-679, 1990.
Fearon. E. R., and Vogelstein, B. A genetic model for colorectal tumorigenesis. Cell,
61: 759-767, 1990.

Baker, S. J., Preisinger, A. C., Jessup, J. M., Paraskeva, C., Markowitz, S., Willson,
J. K., Hamilton, S., and Vogelstein, B. p53 gene mutations occur in combination with
17p allelic deletions as late events in colorectal tumorigenesis. Cancer Res., 50:
7717-7722, 1990.

Bartek, J., Bartkova, J., Vojtesek, B., Staskova, Z., Rejthar, A., Kovarik, J., and Lane,
D. R Patterns of expression of the p53 tumour suppressor in human breast tissues and
tumours in situ and in vitro. Int. J. Cancer, 46: 839â€”844,1990.

Davidoff, A. M., Kerns, B. J., Iglehart, J. D., and Marks, J. R. Maintenance of p53
alterations throughout breast cancer progression. Cancer Res., 51: 2605-2610, 1991.

Casson, A. G., Mukhopadhyay, T., Cleary, K. R., Ro, J. Y., Levin, B., and Roth, J. A.
p53 gene mutations in Barrett's epithelium and esophageal cancer. Cancer Res., 5/:

4495^1499, 1991.
Gusterson, B. A., Anbazhagan, R., Warren, W., Midgely, C., Lane, D. P., O'Hare, M.,

Stamps, A., Carter, R., and Jayatilake, H. Expression of p53 in premalignant and
malignant squamous epithelium. Oncogene, 6: 1785-1789, 1991.

Burns, P. A., Kemp, C. J., Gannon, J. V, Lane, D. P., Bremner, R., and Balmain, A.
Loss of heterozygosity and mutational alterations of the p53 gene in skin tumours of
interspecific hybrid mice. Oncogene, 6: 2363-2369, 1991.
Bartkova, J., Bartek, J., Lukas, J., Vojtesek, B., Staskova, Z., Rejthar, A., Kovarik, J.,
Midgley, C. A., and Lane, D. R p53 protein alterations in human testicular cancer
including preinvasive intratubular germ-cell neoplasia. Int. J. Cancer, 49: 196-202,
1991.
Sidransky, D., Mikkelsen, T, Schwechheimer, K., Rosenblum, M. L., Cavanee, W,
and Vogelstein, B. Clonal expansion of p53 mutant cells is associated with brain
tumour progression. Nature (Lond.), 355: 846-847, 1992.

Ito, T., Seyama, T., Mizuno, T., Tsuyama, N., Hayashi, T., Hayashi, Y, Dohi, K.,
Nakamura, N., and Akiyama, M. Unique association of p53 mutations with undiffer-
entiated but not with differentiated carcinomas of the thyroid gland. Cancer Res., 52:
1369-1371, 1992.

Fujimoto, K., Yamada, Y, Okajima, E., Kakizoe, T, Sasaki, H., Sugimura, T., and
Terada, M. Frequent association of p53 gene mutation in invasive bladder cancer.
Cancer Res., 52: 1393-1398, 1992.

4822

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/20/4817/2452208/cr0530204817.pdf by guest on 19 M

ay 2023




