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Abstract This paper describes the investigation of nu-
clear DNA content and p53 immunoreactivity in normal
mucosa (r=25), mildly (n=15), moderately (n=28) and
severely atypical (n=22) colorectal adenomas and in co-
lorectal adenocarcinomas (n=116). Twenty-seven per
cent of the mildly atypical, 43% of the moderately, 77%
of the severely atypical adenomas and 91% of the colo-
rectal carcinomas were distinctly aneuploid. In the aneu-
ploid lesions p53 immunoreactivity was not observed in
mildly atypical adenomas, whereas 17% of the moder-
ately atypical, 24% of the severely atypical adenomas
and 66% of the adenocarcinomas were p53 positive. No-
ne of the diploid lesions were p53 immunoreactive. The-
se data are interpreted to indicate that genomic instabili-
ty as reflected by crude aneuploidy occurs early during
genesis of colorectal carcinoma and represents a high
risk factor for p53-gene mutation.

Key words Ploidy - p53 - Carcinogenesis - Colorectal
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Introduction

Carcinogenesis in the colorectal mucosa is suggested to
be a multistep process including a number of specific ge-
netic alterations ultimately resulting in a malignant trans-
formed epithelium. According to Fearon and Vogelstein
(1990} colorectal tumours appear to develop as a conse-
quence of the mutational activation of oncogenes cou-
pled with the inactivation of tumour-suppressor genes.
Essential mutations in at least four or five genes seem to
be required to produce malignant neoplasm. The total ac-
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cumulation of genetic alterations rather than their chron-
ologic order is suggested to determine the biological
properties of tumour.

Lawrence Loeb (1991) hypothesized that “normal”
spontaneous mutation rates (about 10™° mutations/nucle-
otide/cell generation) cannot account for the four or mo-
re independent and specific mutations required for ma-
lignant transformation. He proposed the necessity of a
hypermutation phenotype in order to achieve the critical
frequency of genetic alterations. In line with this hypoth-
esis in a number of chemically induced experimental ma-
lignancies (Konaka et al. 1982; Nislund et al. 1987)
gross aneuploidy, indicating increased genetic instability,
was observed to regularly precede invasive growth. Thus,
for example, in beagle dogs (Konaka et al. 1982) 20-me-
thylcholanthrene-induced bronchogenic squamous cell
carcinoma only occurred in mucosal areas exhibiting
longlasting aneuploidy (one-tenth—one-sixth of the ex-
pected beagle dog life time).

Aneuploidy has also been observed in the vast majori-
ty of colorectal carcinomas (Bohm and Sandritter 1975).
Interestingly, aneuploidy was found to be already present
in more than one-third of the small colorectal adenomas
with mild histopathological atypia and in as many as ab-
out 90% of the adenomas with severe atypia. These data
suggest that increased genetic instability as indicated by
gross aneuploidy, generally precedes final malignant
transformation of the colorectal mucosa.

Alteration of the p53 tumour suppressor gene is the
most frequently observed genetic lesion in human malig-
nancies (Levine 1992). p53 is a nuclear phosphoprotein
which is thought to control cell growth at the G,/S
checkpoint (Levine et al. 1991). Numerous studies have
demonstrated a high incidence of p53 alteration in colo-
rectal adenocarcinoma (Vogelstein et al. 1988; Baker et
al. 1990; Bartek et al. 1991; Hollstein et al. 1991; Pigna-
telli et al. 1992). Since allelic loss as well as point muta-
tions of the p53 gene were found in colorectal adenomas,
especially in large and/or severely atypical adenomas —
frequent precursors of adenocarcinoma — p53 alteration
was thought to play a central role in the transition of
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premalignant to malignant colorectal lesions (Fearon and
Vogelstein 1990).

The aim of the present work was to study the relation-
ship between genetic instability as reflected by crude
aneuploidy and p53 mutation during pathogenesis of co-
lorectal adenocarcinoma. Our results indicate that aneu-
ploidy precedes p53 mutation and that aneuploid clones
might represent one category of the proposed hypermu-
tatic phenotype, increasing the risk for multistage tumor-
igenesis.

Material and methods

The tumour material comprised 65 colorectal adenomas from 51
patients (27 females, 24 males, mean age 63.7 years, age range
20-90 years) and 116 colorectal adenocarcinomas from 116 pa-
tients (63 females, 53 males, mean age 68.8 years, age range
36-92 years) living in the state of Schleswig-Holstein (Germany).
Surgical material from curative treatment was fixed in buffered
neutral formalin and paraffin-embedded. The size of the adenomas
was measured as the largest diameter (mm) in formalin-fixed tis-
sue. The size ranged from 2 to 20 mm (mean: 5.5 mm).

From each tumour specimen four contiguous, 4 um histologi-
cal sections were prepared: one for haematoxylin and eosin stain-
ing for diagnostic histology; two contiguous sections for Feulgen
staining and DNA analysis; and one for p53 immunohistochemis-
try.

The adenomas were classified into tubular, villous and tubulo-
villous types according to the recommendation of the World
Health Organization (1972). The degree of morphologic altera-
tions of the epithelium and glands was recorded as mild, moderate
and severe atypia. In mild atypia there was a mostly monolayered
epithelium with mainly basally aligned small nuclei, exhibiting
varying degrees of hyperchromasia; the glandular arrangement
mostly regular. In moderate atypia minor loss of polarity with en-
larged and irregularly shaped nuclei exhibiting varying degrees of
hyperchromasia was seen. Increased nuclear-cytoplasmic ratio was
evident with some folding of epithelial cells into the glandular lu-
men. Severe atypia showed loss of polarity, enlarged, hyperchro-
matic nuclei, enlarged nucleoli and abundant mitotic figures, a
pronounced increase in nuclear-cytoplasmic ratio and distorted
glandular structures with the so-called glandular “back-to-back”
arrangement. There was frequent intraglandular bridging and bud-
ding. For DNA analysis 4 um sections were cut from formalin-fi-
xed, paraffin-embedded specimens, deparaffinized and refixed in
formalin. The cell and tissue preparations were rehydrated in de-
creasing ethanol concentrations and exposed to acid hydrolysis in
5 N hydrochloric acid (HCI) at 22° C for 60 min. Then the speci-
mens were rinsed in distilled water and stained with Schiff’s rea-
gent for 90 min at room temperature. After rinsing in distilled wa-
ter again, the samples were washed three times in sulfide rinsing
solution (10 ml sodium metabisulphite, 10 ml HCI, 180 m! dis-
tilled water). Finally, they were rinsed under running tap water,
dehydrated in an increasing ethanol scale, transferred to xylene,
and mounted in Eukitt (refractory index 1.494).

The tumour area for DNA measurement was selected based up-
on morphological criteria. Within the selected areas, DNA meas-
urement in individual cell nuclei was performed at random. The
specimens were evaluated on a television-based image analysis
system, using a microscope (Nikon, plan objective 40/0.95) equip-
ped with a video-CCD camera. In each case at least 100 neoplastic
cell nuclei were measured, avoiding nuclei with indistinct nuclear
membranes, and nuclei lying too close together, or overlapping.
As an internal standard, at least 20 normal colorectal epithelial
cells were assessed, and their median value was accepted as the
“diploid” or “2¢” DNA value.

DNA histograms obtained by image cytometry of 4 um thick
histological sections were interpreted according to a modified sub-
jective method. The original method was used for the classifica-
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Fig. 1 Examples of “diploid” (type I), proliferating “dip-
loid”/aneuploid (type III) and distinct aneuploid (type IV) DNA
content histograms. The 2c-value denotes the DNA content in nor-
mal diploid G/G, colorectal mucosa cells

tion of DNA profiles obtained in fine-needle aspiration specimens
from breast tumours (Auer et al. 1980). DNA histograms charac-
terized by a single peak in the “diploid” or “near-diploid” region
(1.5¢c-2.5¢) of normal cells were classified as type I. The total
amount of cells with DNA values exceeding the “diploid” region
(>2.5¢) is <10%. Type II shows a single peak in the “tetraploid”
region (3.5¢—4.5¢) or a peak in both the “diploid” and “tetraploid”
region (>20% of the total cell population). The number of cells
with DNA values between the “diploid” and “tetraploid” region
and those exceeding the “tetraploid” region (> 4.5¢) is <10%. Ty-
pe III histograms were characterized by DNA values ranging be-
tween the “diploid” and “tetraploid” region. Only a minor number
of cells with DNA values exceeding 4.5¢c were present (<5%). Ty-
pe IV shows increased and/or distinctly scattered DNA values ex-
ceeding the “tetraploid” region (>5%).

In the present investigation only type I, type III and type IV
histograms were observed. Type I histograms were suggested to
indicate the existence of “near-diploid” populations with relatively
high genomic stability, whereas type IV histograms were suggest-
ed to reflect distinctly aneuploid populations with decreased ge-
nomic stability. Type III histograms are difficult to interprete and
may comprise both highly proliferating “near-diploid” populations
and aneuploid populations (Fig. 1).

Immunohistochemical staining for p53 was performed using an
avidin-biotin-peroxidase complex technique. Tissue sections, 4-
pm-thick, were prepared from formalin-fixed, paraffin-embedded
specimens, dewaxed and dehydrated. The slides were treated in
0.05% protease (Sigma P5417) at 22° C. Endogenous peroxidase
activity was blocked by immersion of slides in 0.5% hydrogen
peroxide in aqua dest. for 20 min. Non-specific staining was
blocked by incubating sections in 1% bovine serum albumin
(BSA) in TRIS-buffered saline for 45 min. The sections were in-
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Fig. 2 Schematic illustration of the main distribution patterns of
p53 immunoreactive cells

cubated with p53 CMI (Novocastra, 1: 700) in BSA overnight at
4° C. After that the sections were washed in TRIS-buffered saline.
They were processed according to the routine avidin-biotin-pero-
xidase complex technique. Biotinylated anti-rabbit affinity-puri-
fied IgG (Vector BA-100, Vector Laboratories, Burlingame, Calif.:
diluted 1: 200 in TRIS-buffered saline) was applied for 45 min,
followed by a similar incubation with avidin-biotin-peroxidase
complex (Vectastain Elite, Vector). Diaminobenzidine was used as
chromogen. After the slides were counterstained with haematoxy-
lin, they were dehydrated and mounted.

Only cells with a distinct brown staining confined to the nuclei
were regarded as pS53 positive. MDA 231 human breast cancer
cells were used as p53 positive external staining control and mor-
phologically normal cells in each specimen served as internal neg-
ative controls. p53 immunoreactivity in histopathologically select-
ed normal, dysplastic and neoplastic tissue was scored arbitrarily.
The lowest numbers of scored cells were between 1,000 and
2,000. The following p53 distribution types were recorded (see
Fig. 2): uniform/dense (UD), uniform/sparse (US) and focal (F).

Resuits

Ploidy and p53 overexpression was investigated in nor-
mal mucosa (n=25), mildly (n=15), moderately (n=28)
and severely (n=22) atypical colorectal adenomas and in
invasive adenocarcinomas (n=116). It can be seen from
Fig. 3 that 100% of the normal mucosa specimens exhib-
ited a “diploid” pattern. This number decreased to 53%
in adenomas with mild atypia, 39% in adenomas with
moderate atypia, 18% in adenomas with severe atypia
and zero in colorectal adenocarcinomas. None of the
“diploid” adenoma specimens showed immunohisto-
chemical p53 positivity.

A minority of the adenoma and adenocarcinoma cases
exhibited a DNA distribution pattern comparable with
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Fig. 3 Percent of cases with “diploid” (type I) DNA profiles in
normal colorectal mucosa (), in adenomas with mild (Mi), mod-
erate (Mo), severe (Se) atypia and in colorectal adenocarcinomas
(Ca). None of these “diploid” cases showed p53 immunoreactivity
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Fig. 4 Percent of cases with distinctly aneuploid (type IV) DNA
profiles (C—0O) and p53 immunoreactivity [(A—-A) all p53 positive
cases, 1.e. focal, uniform/sparse and uniform/dense distribution ty-
pes; (@—e) only uniform/dense distribution type] in normal colo-
rectal mucosa (N), in adenomas with mild (Mi), moderate (Mo),
severe (Se) atypia and in colorectal adenocarcinomas (Ca)

that found in proliferating “diploid” populations. This ty-
pe of DNA histogram may include cases with moderate
aneuploidy which cannot be discriminated from prolife-
rating “diploid” cases since they lack a detectable stem-
line in the region between 2c and 4¢. In adenomas histo-
pathologically graded as mildly, moderately or severely
atypical 20%, 18% and 5% respectively showed a pro-
liferating “diploid”/moderately aneuploid DNA profile.
p53 immunoreactivity was demonstrated in none of these
cases. Nine percent of the colorectal adenocarcinomas
exhibited proliferating “diploid”/moderately aneuploid
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DNA profiles. Only 6% of these adenocarcinomas were
p33 positive (all of F- or US-type). It is also clear from
Figure 4 that the percentage of neoplastic lesions with
pronounced aneuploidy increased progressively from
27% in mildly atypical adenomas to 43% in moderately
atypical adenomas, 77% in severely atypical adenomas
and 91% in invasive adenocarcinomas. The percentages
of p53 positive cases were zero in mildly atypical adeno-
mas, 17% (8% of UD-type, 9% of F- and US-type) in
moderately atypical adenomas, 24% (12% of UD-type,
12% of F- and US-type) in severely atypical adenomas
and 66% (53% of UD-type, 13% of F- and US-type) in
invasive adenocarcinomas.

Discussion

Human malignancies can be subdivided by means of
quantitative DNA cytochemistry into euploid and dis-
tinctly aneuploid types. Euploid tumours are character-
ized by minor quantitative or qualitative chromosomal
aberrations or quantitative DNA alterations hardly de-
tectable by means of karyotyping or DNA cytochemistry.
Distinctly aneuploid tumours however are characterized
by pronounced chromosomal aberrations and DNA dis-
tribution patterns clearly differing from those found in
normal cells.

In invasive malignancies, aneuploidy has been dem-
onstrated to correlate with aggressive tumour behavi-
our. Tumours generally associated with fatal outcome,
such as bronchogenic squamous carcinoma (Nasiell et
al. 1978), small cell lung cancer (Yoneyama et al.
1987), squamous carcinoma of the uterine cervix
(Bohm and Sandritter 1975) and oesophageal carcino-
ma (Munck-Wikland et al. 1989), are highly aneuploid,
whereas tumours associated with long survival, such as
papillary thyroid carcinomas (Cohn et al. 1984) or car-
cinoids (Nobin et al. 1987) show diploid DNA profiles.
Data from experimental animal model systems (bron-
chial and uterine cervical mucosa in dogs and mice) in-
dicate that aneuploidy occurs early during carcinogene-
sis and probably reflects disturbance of DNA replica-
tion and/or mitosis in mortal cells (Ono etal. 1984;
Nislund et al. 1987). Removal of the carcinogen (20-
methylcholanthrene, 3,4-benzopyrene) at an early stage
of carcinogenesis always resulted in the replacement of
the aneuploid populations by normal cells (Ono et al.
1984). In contrast, a minor number of chemically in-
duced more advanced premalignant lesions, histologi-
cally generally classified as severe atypia/carcinoma in
situ and exclusively all invasive lesions exhibited au-
tonomous expansion of the aneuploid clone indepen-
dent of ongoing exposure to the carcinogen (Ono et al.
1984). This type of experiment also showed that in the
organs studied (lung and cervix uteri) preexisting aneu-
ploidy was a prerequisite for final malignant transfor-
mation.

Although the mechanism of p53 tumour-suppressor
gene involvement in the regulation of the normal cell cy-

cle remains uncertain, increasing evidence indicates that
functional inactivation of this gene by mutation or allelic
loss is one of the most frequently observed gene altera-
tions in human malignancies (Bartek et al. 1991). In co-
lorectal adenocarcinomas, mutated p53 has been demon-
strated in 80%—90% of all tumours. In addition, studies
in premalignant colorectal lesions suggest that an altera-
tion of p53-gene function usually occurs late during cat-
cinogenesis, generally close to the stage of final malig-
nant transformation (Fearon and Vogelstein 1990). This
observation is in agreement with the results reported
herein. With the exception of two cases (adenomas with
moderate atypia), all p53 immunoreactive lesions be-
longed to lesions histopathologically defined as adeno-
mas with severe atypia and invasive adenocarcinomas.
The most important observation of the present study is
that p53 immunoreactivity was only observed in aneu-
ploid lesions. Taken together the data suggest that p53
overexpression is associated with pronounced genomic
disturbance and instability as reflected by crude aneu-
ploidy and that this alteration of the genome precedes
p53 immunoreactivity.

In this study we have not performed p53-gene se-
quence analysis. We are therefore not able to claim that
P53 overexpression examined by an immunohistochemi-
cal technique in formalin-fixed paraffin-embedded speci-
mens as done herein in fact reflects mutated p53. How-
ever, the level of cellular wild-type p53 in normal tissue
is quite low probably because of the short half-life of the
protein in most tissues. This is suggested to be the reason
why wild-type p53 is not usually detectable by means of
immunocytochemistry. In contrast, all of the mutant p53
proteins examined to date have strikingly prolonged half-
life times resulting in increased protein amounts detecta-
ble by immunohistochemical methods. It is, therefore,
reasonable to suggest that the immunohistochemical as-
say used herein detects mutated p53 preferentially. If this
is the case, our data support the hypothesis that cells ex-
hibiting genomic instability as indicated by aneuploidy
represent “hypermutation phenotype cells” with in-
creased mutation rates, thereby increasing the risk of
p53-gene mutations. Nevertheless, it has been suggested
that cells in which the p53 pathway is inactivated by mu-
tation of p53 or by host (MDM2) or viral oncoprotein,
replicate damaged DNA, resulting in mutation, aneu-
ploidy, mitotic failure and cell death Lane 1992; Carder
et al. 1993). Failure of normal p53 function may thus be
one of the mechanisms through which aneuploid cells
originate. Furthermore, it has been reported that treat-
ment of normal cells with ultraviolet light induced the
accumulation of wild-type p53 through a posttranslation-
al protein stabilization mechanism (Maltzman and Czy-
zyk 1984). Damage of the genome in colorectal cells by
carcinogens could therefore result in increased amounts
of normal p53. The biological reason for this is to stop
cells from passing through the cell cycle and to keep al-
tered cells growth-arrested until the damaged DNA is re-
paired so that cell division can result in healthy daughter
cells.



It is unlikely that posttranslational stabilization and
increase of wild type p53 to immunohistochemically de-
tectable levels is a reasonable explanation for the results
reported herein. Ultraviolet light induced elevated wild-
type p53 occurs early after cell exposure, whereas the re-
sults of the present investigation indicate p53 alterations
as reflected by p53 overexpression after longlasting ge-
netic instability. Thus, distinct genomic disturbance,
most probably induced by carcinogens, was observed in
as many as 27% of the mildly atypical adenomas without
detectable p53 immunoreactivity. Furthermore, the mar-
ked correlation of increased p53 positive lesions with the
transition of severely atypical adenomas to invasive
adenocarcinomas indicate that p53 alterations as reflect-
ed by p53 overexpression described in this work occurs
late during malignant transformation.

Thus the addition of p53 and ploidy studies of colo-
rectal tumours to routine histological stains may provide
additional information. Aneuploidy is suggested to char-
acterize premalignant lesions while high risk for final
malignant transformation is indicated by p33 gene altera-
tion.

Acknowledgements This study was supported by grants from the
Swedish Medical Research Council (B94-12X-08723-06), the
Swedish Cancer Society (1074-B93-17XCC and 0046-B93-
27XAC), the Cancer Society of Stockholm (93: 153), and the
Flensburger Tumorarchiv e.V., Flensburg, Germany.

References

Auer G, Caspersson T, Wallgren A (1980) DNA content and survi-
val in mammary carcinoma. Analyt Quant Cytol Histol 2:
161-165

Baker SJ, Preisinger AC, Jessup JM, Paraskeva C, Markowitz S,
Willson JKV, Hamilton S, Vogelstein B (1990) p53 gene
mutations occur in combination with 17p allelic deletions as
late events in colorectal tumorigenesis. Cancer Res 50:
7717-7722

Bartek J, Bartkova J, Vojtesek B, Staskova Z, Lukas J, Rejthar A,
Kovarik J, Midgley CA, Gannon JV, Lane DP (1991) Aberrant
expression of the p53 oncoprotein is a common feature of a
wide spectrum of human malignancies. Oncogene 6:
1699-1703

Bohm N, Sandritter W (1975) DNA in human tumours: a cyto-
photometric study. Curr Top Pathol 60: 152-219

Carder P, Wyllie AH, Purdie CA, Morris RG, White S, Piris I,
Bird CC (1993) Stabilised p53 facilitates aneuploid clonal di-
vergence in colorectal cancer. Oncogene 8: 13971401

347

Cohn K, Bickdahl M, Cewrien G, Auer G, Lundell G, Lowhagen
T, Tallroth E, Willems J, Zetterberg A, Granberg PO (1984)
Prognostic value of nuclear DNA content in papillary thyroid
carcinoma. World J Surg 8: 474-480

Fearon ER, Vogelstein B (1990) A genetic mode] for colorectal tu-
morigenesis. Cell 61: 759-767

Hollstein M, Sidransky D, Vogelstein B, Harris CC (1991) p53
mutations in human cancers. Science 253: 49-53

Konaka C, Auer G, Nasiell M, Hayata Y, Kato H, Caspersson T
(1982) Sequential cytomorphological and cytochemical chang-
es during development of bronchial carcinoma in beagle dogs
exposed to 20-methylcholanthrene. Acta Histochem Cytochem
15:779-797

Lane DP (1992) p53, guardian of the genome. Nature 358: 15-16

Levine AJ (1992) Tumour suppressor genes, the cell cycle and
cancer. In: Franks LM (ed) Cancer surveys, (vol 12). Cold
Spring Harbor Laboratory Press, New York

Levine A, Momand J, Finlay C (1991) The p53 tumour suppressor
gene. Nature 351: 351-453

Loeb LA (1991) Mutator phenotype may be required for multi-
stage carcinogenesis. Cancer Res 51: 3075-3079

Maltzman W, Czyzyk L (1984) UV irradiation stimulates levels of
p53 cellular tumor antigen in nontransformed mouse cells.
Mol Cell Biol 4: 1689-1694

Munck-Wikland E, Auer G, Kuylenstierna R, Lindholm J, Rubio
C (1989) Image cytometry DNA analysis of invasive squa-
mous cell carcinoma of the esophagus. Anticancer Res 9: 545-
550

Nasiell M, Kato H, Auer G, Zetterberg A, Roger C, Karlén L
(1978) Cytomorphological grading and Feulgen DNA-analysis
of metaplastic and neoplastic bronchial cells. Cancer 41:
1511-1515

Nislund I, Rubio C, Auer G (1987) Nuclear DNA changes during
pathogenesis of squamous carcinoma of the cervix in 3,4-ben-
zopyrene-treated mice. Analyt Quant Cytol Histol 9: 411-418

Nobin A, Erhardt K, Auer G, Falkmer S, Martenson H (1987) Nu-
clear DNA patterns and survival in metastasizing ileal carci-
noids. World J Surg 11: 372-377

Ono J, Auer G, Caspersson T, Nasiell M, Saito T, Konaka C, Kato
H, Hayata Y (1984) Reversibility of 20-methylcholanthrene
induced bronchial cell atypia in dogs. Cancer 54: 1030-1037

Pignatelli M, Stamp GWH, Kafiri G, Lane D, Bodmer WF (1992)
Overexpression of p53 nuclear oncoprotein in colorectal aden-
omas. Int J Cancer 50: 683-683

Vogelstein B, Fearon ER, Hamilton SR, Kern SE, Preisinger AC,
Leppert M, Nakamura Y, White R, Smits AMM, Bos JL
(1988) Genetic alterations during colorectal-tumour develop-
ment. N Engl J Med 319: 525-532

World Health Organization (1972) Report of a meeting on the his-
topathological definition of precancerous lesions. WHO, Ge-
neva

Yoneyama K, Frhardt K, Auer G, Wiman .G, Stenkvist B, Nou E,
Kato H, Hayata Y (1987) Nuclear DNA content in squamous
cell carcinoma, small cell carcinoma, and bronchiolo-alveolar
carcinoma of the lung. Am J Clin Oncol 10: 330-334



