
&p.1:Abstract Apoptotic cell death in human tumours has
been demonstrated by electron and light microscopy. In
adenomas, fragmented and apoptotic nuclei and signs of
phagocytosis have been observed close to the basement
membrane. In carcinomas the characteristic structures
were apoptotic bodies with small fragments of chroma-
tin. DNA fragmentation was shown by in situ end-label-
ling. Quantitative assessment of apoptosis and prolifera-
tion revealed a high apoptotic index (AI) in all types of
adenoma (tubular: 1.77±0.35%, tubulovillous: 2.38±
0.41%; villous: 3.3±0.39%) as well as loss of compart-
mentalization of proliferating and dying cells. In carci-
nomas a shift towards proliferation was evident, as
shown by lower AIs than in adenomas (0.9±0.68% and
1.1±0.12% for moderately and poorly differentiated
tumours), higher Ki67 indices (38.32±2.23% and 57±
3.89%, respectively) and higher mitosis (0.9±0.56% and
1.21±0.17%, respectively). However, apoptosis was ob-
served in all tumours and is available as a target for ther-
apeutic intervention. Expression of the apoptosis related
proteins bcl-2 and bak also reflected loss of compart-
mentalization. While bcl-2 did not show a consistent re-
lationship to AI in tumour specimens, bak was positively
correlated with apoptosis in 4 of 8 adenomas and 4 of 7
carcinomas, suggesting a role for this protein in the in-
duction of apoptosis in a subset of tumours.
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Introduction

In the liver and other organs, premalignant and malig-
nant lesions have higher rates of cell turnover than nor-
mal tissue, reflected in increased proliferation as well as
increased active cell death [4, 13, 31, 32]. They also are
more sensitive than normal cells to modulation by
growth signals [11, 28, 33]. In the colon, cell turnover is
high even in normal mucosa because of the necessity for
constant tissue renewal supported by few stem cells at
the bottom of the crypt. Cells then undergo three or four
divisions while they migrate up the crypt and become
terminally differentiated resting cells. Finally they die
and are shed into the colonic lumen [21, 22]. These cells
are removed from the tissue very fast, so that the exact
nature of the cell death process is hard to determine.
Characteristic apoptotic structures – condensed nuclei,
apoptotic bodies – are rarely observed in normal mucosa,
although DNA strand breaks considered to be character-
istic of apoptosis can be shown in cells at the very top of
the crypts by in situ end-labelling (ISEL) at a low inci-
dence [10]. A conflicting report describes high rates of
cell death in normal mucosa, which can be inhibited by
mutation of the APC gene [3]. However, in this study
cell death was determined by detection of DNA fragmen-
tation, a method that does not specifically identify apop-
tosis but may also indicate other types of cell death [12].

A high incidence of apoptosis has been described in
colorectal adenomas [2] and carcinomas [36]. A qualita-
tive and quantitative study comparing morphology and
incidence of cell death in normal, premalignant and ma-
lignant tissues has not been reported, and information
about the mechanisms controlling cell turnover and in-
duction of cell death in tumours is inadequate.

The occurrence of active cell death in the tumours in-
dicates that some measure of response to endogenous
growth control is still in effect and might be modulated
by therapeutic intervention. A prerequisite for any such
strategy is detailed knowledge of the signal transduction
mechanisms involved. In this regard, proteins of the bcl
family are of interest, because they are involved in the
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regulation of active cell death in many cell types. Ex-
pression of bcl-2 and bak in the colon and in colorectal
tumours has been reported by others [18, 19, 26] and
may well be involved in endogenous regulatory mecha-
nisms, so that their expression level and association with
apoptosis is of prime interest.

The present study of human colorectal tumours was
untertaken with three specific aims. We were anxious to
characterize the type of cell death taking place within
the tumours unequivocally. Because different types of
cell death have been described that differ in their mor-
phological characteristics and because of the lack of
specificity of molecular characteristics, we used strict
morphological criteria at light and electron microscopic
levels for our study, and cell turnover was estimated by
light microscopic counting on tissue sections using mor-
phological criteria for apoptosis and mitosis and the pro-
liferation marker Ki67 to determine cell turnover in nor-
mal mucosa, adenomas and carcinomas. We also wished
to investigate whether bcl-2 and bak, which have been
associated with apoptosis in other systems, are temporal-
ly and spatially related to apoptosis in human colorectal
tumours.

Materials and methods

Tissue specimen of 48 adenomas and 55 carcinomas and adjacent
normal tissue from the resection margins were obtained from the
Institute of Clinical Pathology, University of Vienna. They were
routinely fixed in 4% buffered formalin at 4°C overnight and em-
bedded in paraffin. Haematoxylin-eosin (H&E) stained sections
were used for pathological diagnosis. H&E staining and immuno-
histochemical staining for proliferation markers and cell death-as-
sociated proteins was performed in serial sections of the same tis-
sue block (10–12 sections/series, 2–4µm thick).

For morphological analysis, tissue sections were routinely
stained with H&E. Two to five areas per tumour were picked out
at random, and 2000 cells per area were counted to determine the
number of proliferating cells and cells with morphological altera-
tions. Morphological criteria defined by Kerr et al. [17] were used
to identify apoptotic cells with condensed or fragmented nuclei
and apoptotic bodies with or without chromatin. Small nuclear
fragments grouped close together were counted as one fragmented
nucleus. Mitotic figures were counted in a separate category from
the same areas. Apoptotic and mitotic indices (AI and MI) were
determined by counting 2000 cells per area and are presented as
percentages of total nuclei.

For immunohistochemistry sections were deparaffinized, rehy-
drated, and sections for Ki67 and bak stain were heated in 10 mM
citrate buffer, pH 6, in a microwave oven at 750 W for 3 cycles of
5 min. After blocking endogenous peroxidase with 2% H2O2 and
protein binding with 1% goat serum, sections were incubated
overnight at 4°C in a humidified chamber with 3µg/ml of the
monoclonal mouse MIB1 antibody against Ki67 nuclear antigen
(Dianova, Hamburg, Germany) for determination of proliferation.
bcl-2 and bak were stained using the mouse monoclonal antibod-
ies 124 (Dako, Glostrup, Denmark) directed against bcl-2 at a
working dilution of 1:50 and bak Ab-1 (Oncogene Research Prod-
ucts, Cambridge, Mass.) at a concentration of 2.5µg/ml. Negative
controls received nonimmune serum. Staining was achieved by use
of biotinylated second antibodies raised in goat, binding to avi-
din–biotin reagents coupled to peroxidase (Vectastain ABC re-
agents, Vector Laboratories, Burlingame, Calif.), and incubation
with 3,3′-diaminobenzidine (Sigma, St.Louis, Mo.) and H2O2.
Counterstaining was done with haematoxylin.

The Ki67 index was counted from 2000 cells per area and is
given as a percentage of total cells. Levels of bcl-2 and bak were
determined by scoring staining intensities. To correct for inter-
staining variations, intensities were scored relative to staining of
the adjacent normal mucosa. The bcl-2 staining at the bottom of
the crypts was defined as ++. For bak staining the intensity at the
top of normal crypts, as shown in Fig. 4b, was used similarly (++).
Scoring was done by two independent investigators.

ISEL assays were performed using the Apop Tag In Situ Apopto-
sis Detection Kit (Oncor, Gaithersburg, Md.) that labels the 3’-OH
DNA ends generated by DNA fragmentation. Deparaffinized, rehy-
drated tissue sections were digested for 20 min at 37°C with
20 µg/ml Proteinase K (Boehringer Mannheim, Germany). Endoge-
nous peroxidase was quenched with 2% H2O2 in PBS for 5 min. Af-
ter 1 h incubation at 37°C with terminal transferase and digoxigenin-
labelled UTP, reaction products were detected with an anti-digoxige-
nin antibody coupled to peroxidase and reaction with 3,3´-diamino-
benzidine and H2O2. Tissues were counterstained with haematoxylin.

For transmission electron microscopy specimen were fixed
with 2.5% glutaraldehyde buffered in 0.1 M sodium cacodylate
(pH=7.2) for 2 h and postfixed with 1% veronal acetate-buffered
osmium tetroxide [30]. After dehydration they were embedded in
Epon. Semithin sections were prepared and stained with toluidine
blue, and ultrathin sections were stained with 1% ethanolic uranyl
acetate for 5 min and alkaline lead citrate for 1 min, and examined
in a Philips EM400 transmission electron microscope.

Results

In order to identify apoptotic structures in colorectal tu-
mours tissue specimens obtained from 4 carcinomas and
3 adenomas were fixed in glutaraldehyde and prepared
for electron microscopy. The morphology of dying cells
was examined by transmission electron microscopy in
ultrathin sections at magnifications of 3,700- and 4,800-
fold. Figure 1 shows characteristic examples of the struc-
tures found in all 7 tumours. We observed cells whose
chromatin was condensed to various extents while the
cytoplasm and mitochondria were still largely intact
(Fig. 1a, b). In addition, there was ample evidence of nu-
clear and cellular fragmentation (Fig. 1c, d): small mem-
brane-bound cell fragments containing condensed organ-
elles (Fig. 1c) and condensed, fragmented chromatin
(Fig. 1d) were located intercellularly close to the base-
ment membrane (Fig. 1c) or intracellularly after phago-
cytosis by neighbouring epithelial cells (Fig. 1e, f).
Some apoptotic bodies contained chromatin in the char-
acteristic crescent shape (Fig. 1d, f). At late stages degra-
dation took place within phagosomes (Fig. 1e, f).
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Fig. 1a–i Ultrastructural features of cell death in colonic tumours.
Tissue specimens were prepared for electron microscopy as de-
scribed in “Materials and methods”, and ultrathin sections exam-
ined in a Philips EM400 transmission electron microscope. a–f
Nuclear condensation at various stages can be identified (a, b dou-
ble arrows), as can nuclear fragmentation (d arrow). Cellular frag-
ments can be observed intercellularly (b, c), in phagosomes (f) and
intracellularly (e) and are indicated by large arrows. a, c ×4,800.
b, d, e, f ×3,700 g–i Semithin sections stained with toluidine blue.
Condensed or fragmented nuclei can be identified in adenomas (g,
h), as can phagosomes (h). In the carcinoma specimen (i) apoptot-
ic bodies containing small fragments of chromatin can be ob-
served both in the epithelium and in the glandular lumen. In addi-
tion, there is necrotic material in the lumen. ×330&/fig.c:
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In summary, the features described above characterize
the process of cell death in colorectal tumours as apopto-
sis. Scanning of semithin sections from the same speci-
men stained with toluidine blue at light microscopic mag-
nifications showed the distribution of these structures
within the tissue (Fig. 1g–i). Condensed and fragmented

nuclei, apoptotic bodies containing small tightly packed
chromatin remnants (Fig. 1g, h, arrows) and, on occasion,
even larger phagosomes (Fig. 1h, large arrow) were
mostly observed close to the basement membrane in ade-
nomas and well-differentiated carcinomas. In moderately
to poorly differentiated carcinomas fewer apoptotic struc-
tures were observed and their locations were more irregu-
lar. However, many dying necrotic cells were present in
the glandular lumina (Fig. 1i).

To address the quantitative changes suggested by
these first observations a more extensive study was un-
dertaken using formalin-fixed specimen and H&E stain-
ing. In such sections apoptotic structures similar to those
observed in ultrathin and semithin sections were easily
recognizable (Fig. 2b–d)). In normal mucosa, however,
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Fig. 2a–f Cell death in human colonic tumours and normal muco-
sa. Tissue specimens were obtained from a normal mucosa of the
resection margin, b an adenoma and c, d two different adenocarci-
nomas and stained with haematoxylin-eosin. e, f ISEL assay was
performed on serial sections shown in b and d as described in
“Materials and methods”. Arrows indicate fragmented nuclei in
the adenoma (b, e), pyknotic nuclei and apoptotic bodies in the
carcinomas (c, d, f). ×330&/fig.c:



they were observed only rarely and did not appear at spe-
cific locations within the crypt (Fig. 2a).

Morphological characteristics and tissue distribution
differed significantly between adenomas and carcinomas:
in adenomas a high degree of nuclear fragmentation was
evident and apoptotic bodies were localized close to the
basement membrane as the EM observations had suggest-
ed (Figs. 1b, c, e, 2b, e). Groups of three or more frag-
ments were surrounded by a common membrane or halo
that suggested that they derived from a single cell
(Fig. 2b) and were scored as one apoptotic nucleus for
quantification. In contrast, apoptotic bodies with tightly
condensed remains of chromatin much smaller than nor-

mal nuclei were the predominant feature in carcinomas
(cf. Fig. 1). These were dispersed irregularly throughout
the tissue (Fig. 2c). In addition, in poorly differentiated
carcinomas apoptotic and increasingly necrotic structures
were not only observed intraepithelially, but also within
glandular lumina (Fig. 2d). Such areas were excluded
from quantitative evaluation because an assessment was
not possible from the apoptotic/necrotic agglomerations.
They might, however, be secondary consequences of
massive apoptosis and contribute to total cell loss.

Incubation of tissue sections with terminal transferase
in an ISEL assay detected DNA strand breaks in many of
these cells, but also in the necrotic debris shed into glan-
dular lumina (Fig. 2e, f).

Serial sections from a formalin-fixed, paraffin-embed-
ded tissue specimen were used to determine cell prolifer-
ation by Ki67-antibody staining and counting of mitotic
figures and apoptotic bodies by evaluation of nuclear
morphology. All together a total of 48 adenomas (12 tu-
bular, 16 tubulovillous and 20 villous) and 55 carcino-
mas (4 displaying a high, 29 an intermediate and 22 a
poor degree of differentiation) were analysed separately
and compared with normal mucosa from the resection
margin. Areas for counting incidence of apoptosis were
selected at low magnification, so that two to five areas
(according to the size of the tumour) reached diagonally
across the section. Clearly necrotic sections – especially
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Fig. 3a–c Quantitative assessment of proliferation and apoptosis
in colonic tissue specimen. Serial sections were examined for mi-
totic figures and for characteristic apoptotic structures and stained
for proliferating cells using an antibody against the proliferation
antigen Ki67 as described in “Materials and methods”. a Indices
of proliferation, mitosis and apoptosis were determined by count-
ing 2000 cells per area and 2–5 areas per tumour. Mean ± SEM.
* Different from normal at P<0.05; ** different from normal level
at P<0.01; # different from adenoma at P<0.05, according to non-
parametric ANOVAR (n normal mucosa, hyp hyperplastic polyps,
ad adenoma, ca carcinoma, tub tubular, tv tubulovillous, vil vil-
lous, modmoderately differentiated, poor poorly differentiated). b,
c AI was plotted versus MI for individual areas of b 13 typical ad-
enomas and c 18 typical carcinomas. Pointswith identical symbols
come from the same specimen&/fig.c:



in the carcinomas – and apoptotic/necrotic agglomora-
tions in glandular lumina, as shown in Fig. 2d, were ex-
cluded from quantification. For quantitative assessment,
nuclei with condensed or fragmented chromatin and apo-
ptotic bodies with small chromatin remnants, as shown
in Figs. 1 and 2, were counted as apoptosis. An ISEL-
positive reaction was not taken into account as it was
also seen in necrotic areas. Proliferation was determined
by immunohistochemical staining for the Ki67-prolifera-
tion antigen and quantified from the same areas as AI.
The data are summarized in Fig. 3a: in normal mucosa
variations between different specimen were negligible:

about 25% Ki67-labelled cells and 0.6% mitotic cells
were observed, and these were localized in the lower half
of the colonic crypts. AI was as low as 0.28%, and thus
too low to identify a preferred localization. Hyperplastic
polyps that are not regarded as premalignant lesions
showed increased proliferation (40.3±4.5% Ki67-posi-
tive cells and 1.64±1.1% MI) and a moderately increased
AI of 0.7±0.21% (range 0.2–1.45%).

In adenomas AIs reached a maximum of 7.1% and in-
creased with progression: from 1.77±0.35% (range
0.2–4.6) in tubular adenomas to 2.38±0.41% (range
0.45–7.1) in tubulovillous adenomas and 3.30±0.39%
(range 0.35–6.3) in villous adenomas. Regarding prolif-
eration we observed large variations between different
areas. Averages were 38.45±5.48%, 39.0±6.91% and
27.69±3.5% Ki67-positive cells in tubular, tubulovillous
and villous adenomas, respectively. This does not repres-
ent a significant increase over the proliferation indices in
normal mucosa. With an overall range of 12–65%, indi-
vidual areas even showed decreased proliferation com-
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Fig. 4a–d bcl-2 and bak expression in normal mucosa and tumour
tissue. Serial sections from a tumour specimen and corresponding
normal mucosa were stained with antibodies against a, cbcl-2 and
b, d bak, as described in “Materials and methods”. a, b Normal
mucosa, showing reverse gradients for bcl-2 and bak staining, re-
spectively. ×63. c, d In the carcinoma coexpression in the same ar-
ea is observed. ×125&/fig.c:

Fig. 6 bak expression and apoptosis. Higher magnifica-
tion of an adenoma section stained for bak shows exclu-
sion from staining of apoptotic cells with fragmented nu-
clei (arrows). ×900&/fig.c:

6
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pared with normal mucosa, while others were actively
proliferating. The MI followed a similar course, with av-
erages of 0.77±0.2%, 0.65±0.1% and 0.57±0.1% in the
progressing classes of adenoma and an overall range of
0.1–1.9% clearly including levels in the normal mucosa.

The wide range of both AI and proliferation indices
indicated that proliferation and apoptosis are still com-
partmentalized. However, when AI was plotted against
MI for individual areas no consistent relationship be-
tween them was observed (Fig. 3b). In some tumours we

even observed a positive linear relationship between pro-
liferation and apoptosis instead of the inverse relation-
ship characteristic for normal mucosa. (eg: Figure 3b).

In carcinomas AI was 1.08±0.68% (range 0.25–3.1)
for moderately differentiated carcinomas and 1.1±0.12%
(range 0.2–5.85) for poorly differentiated tumours
(Fig. 3a). There were not enough specimens with a high
degree of differentiation to evaluate this category. Prolif-
eration indices were increased above normal: moderately
differentiated tumours contained 38.32±2.23% Ki67-pos-

Table 1 Bcl2 and Bak-expres-
sion in relation to growth pa-
rameters in adenomas (MI mi-
totic index, AI apoptotic index,
Tub tubular, Tv tubulovillous,
Vil villous, Mod moderate)&/tbl.c:&tbl.b:

Patient Stage Dysplasia MI AI bcl2a baka

1 Vil Mod 0.7 6.35 ++ +++
Vil Mod 1.45 5.90 ++ ++
Vil Mod 1.15 4.15 ++ +++
Vil Mod 0.35 3.70 ++ ++
Vil Weak 0.95 3.35 ++ +
Vil Weak 0.5 3.05 + +

2 Tv Mod 0.1 2.85 −+ ++
Tv Mod 0.65 2.60 + +

3 Vil Weak 0.7 2.30 −+ ++
Vil Mod 0.5 1.80 −+ +

4 Tv Mod 0.7 7.10 ++ +
Tv Mod 0.8 4.15 − −
Tv Mod 0.95 3.50 + +
Tv Mod 0.65 2.15 ++ +

5 Vil Mod 0.1 3.95 + +
Vil Mod 0.15 3.40 + +

6 Vil Mod 0.2 1.70 − +
Vil Mod 0.7 1.40 −+ +

7 Tub Severe 0.15 4.60 ++ +
Tub Mod 1.9 0.66 + −

8 Vil Weak 0.55 1.65 − −
Vil Weak 0.38 0.50 − −

a bcl2- and bak-staining intensity was scored relative to normal mucosa as described in “Materials
and Methods”&/tbl.b:

Table 2 Bcl2 and Bak-expres-
sion in relation to growth pa-
rameters in carcinomas (nd not
done)&/tbl.c:&tbl.b:

Patient Dukes’stage Differentiation MI AI bcl2 bak

4 C1 Well 1.35 3.10 ++ +++
C1 Well 1.2 0.60 +++ +
C1 Well 0.95 0.40 +++ ++
C1 Well 0.1 0.20 +++ +

7 B Poor 2.45 2.15 + −
B Poor 2.6 1.15 + −

9 A Poor 3.9 1.80 − ++
A Poor 2.2 1.00 − ++

10 C1 Poor 1.5 3.00 − +
C1 Poor 2.7 0.50 −+ −

11 B Mod 1 1.15 − −+
B Mod 1.25 1.00 − −
B Mod 1.3 0.90 − −
B Mod 1.45 0.60 − −

12 B Mod 1.4 1.65 +++ +
B Mod 0.7 0.80 ++ −

13 C Mod 1.3 3.10 + −
C Mod 1.95 2.35 nd −

&/tbl.b:
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itive cells (range 20–51) and 0.9±0.56% mitosis (range
0.1–1.35) and in poorly differentiated tumours the indices
were 57±3.89% and 1.21±0.17%, respectively, with rang-
es of 28–82% and 0.1–4.3% for Ki67 and mitosis. In
summary, this represents a shift towards proliferation in
carcinomas as compared with adenomas. However, AI
was still higher than in normal epithelium, and additional
cell loss was observed in areas of necrosis. In spite of the
positive relationship between proliferation and apoptosis
when different classes of tumours were compared, there
was no consistent relationship at the level of individual
areas (Fig. 3c).

Normal mucosa and characteristic areas of high and
low AI selected from 8 carcinomas and 9 adenomas and
tumour margin areas were stained for bcl-2 and bak pro-
teins as described above. In normal mucosa, bcl-2 was
expressed strongly in lymphocytes in the connective tis-
sue and in a few epithelial cells at the lowest part of the
proliferation compartment, while bak was present in the
resting differentiated cells at the top of the crypts and de-
creased along a lumen-to-crypt gradient (Fig. 4a, b). In
tumour specimens this mutual exclusiveness was lost and
coexpression of both proteins was observed in 22/36 ar-
eas in 15 tumours (both adenomas and carcinomas;
Fig. 4c, d, Tables 1, 2).

Bcl-2 staining was present in a much larger cell popu-
lation in tumours than in normal mucosa, but staining in-
tensity differed widely both between different specimens
and between different areas within the same tumour. As-
sessment of staining intensities relative to the cells pres-
ent at the bottom of normal crypts showed that bcl-2 lev-
els were decreased in 5 of 9 adenomas and in 5 of 8 car-
cinomas and increased in the remaining 4 tumours (1 ad-
enoma and 3 carcinomas). When areas were compared
with regard to AI the bcl-2 expression pattern was not re-
lated to either proliferation (mitosis) or apoptosis in any
way (Tables 1, 2).

Immunoreactivity to the bak protein in adenoma spec-
imens also displayed a wide variety of staining patterns,
from high intensity to undetectable, but within bak-posi-
tive areas staining was usually present in all cells
(Fig. 5c, d). Higher magnification (Fig. 5d, arrows)
shows a high incidence of fragmented nuclei in such ar-
eas. Clearly apoptotic cells with condensed or fragment-
ed nuclei, however, were bak negative (Fig. 6, arrows).
Most of the carcinoma specimens, on the other hand, had
low or undetectable levels of bak (Fig. 5e, f).

Staining intensities of bak protein were semiquanti-
fied by scoring relative to the intensity at the top of nor-

mal crypts as described above. The data are presented in
Tables 1 and 2 for adenomas and carcinomas, respective-
ly. Different areas within one specimen were listed indi-
vidually and arranged by decreasing AI. In contrast to
bcl-2 staining, bak reactivity correlated with AI in 4 of 8
adenomas and in 4 of 7 carcinomas. In most of the re-
maining specimens bak staining was below normal levels
and none of the specimens displayed a reverse correla-
tion between bak and AI.

Discussion

We have studied cell death in premalignant and malig-
nant human colonic tumours by histological and ultra-
structural methods. At the electron microscopic level
early stages of cell death became manifest as chromatin
condensation at the nuclear margin, while the nuclear
and cellular membranes were still intact. Cell fragments
were localized both intercellularly and intracellularly af-
ter phagocytosis by neighbouring epithelial cells. The
morphological features observed were consistent with
apoptosis, a form of active cell death [1, 5, 17, 37]. At
the light microscopical level, cells with condensed chro-
matin or fragmented nuclei and also apoptotic bodies
with or without chromatin could be observed. In addi-
tion, DNA fragmentation was shown in situ by the termi-
nal transferase reaction.

In adenomas the prevalent morphology was character-
ized by a high degree of nuclear fragmentation. Apoptotic
cells were located close to the basement membrane, and
there was evidence of phagocytosis by neighbouring epi-
thelial cells. In carcinomas the morphology changed, dis-
playing mainly apoptotic bodies with only single small
fragments of chromatin left. These were not located ba-
sally, but more often extruded into glandular lumina,
where they underwent secondary necrosis. This suggests
that phagocytosis is no longer the preferred way of re-
moval of dead cells or is insufficient for this purpose. As
a consequence, there were large areas of glandular lumina
filled with both apoptotic and necrotic cell material. Like
the fragmented nuclei in adenoma specimens, this materi-
al, including the necrotic debris, is ISEL positive.

In normal mucosa apoptotic structures were rarely ob-
served. This agrees with observations reported by others
demonstrating only a few ISEL-positive cells at the top
of colorectal crypts [10] or little evidence of apoptosis
throughout the crypts even after induction by DNA-dam-
aging agents [23]. The low level of apoptosis to remove
damaged cells from the tissue is a characteristic of the
colorectal mucosa that discriminates it from small intes-
tinal epithelium and has been discussed in terms of the
high risk of carcinogenesis in the large versus the small
bowel [23]. Independently of any damage, the high rate
of cell production in the intestine requires an equally
high rate of cell death to maintain homeostasis of cell
numbers. New cells are produced at the bottom of the
crypts and then migrate up towards the lumen, while dif-
ferentiating and acquiring a resting state. Finally they die

Fig. 5e–f bak expression in normal, premalignant and malignant
tissue. Tissue specimens of normal mucosa, adenoma and carcino-
ma from the same patient were stained for bak. For details see
“Materials and methods”. a Normal mucosa displays a top-to-bot-
tom gradient of bak expression. b Negative control. c, d Staining
is still high in many areas within adenomas, but e, f decreased in
carcinomas. The marked areasin c and d are shown at larger mag-
nification in e and f, respectively; arrows indicate apoptotic struc-
tures that are bak negative throughout. a–d ×150, d, f ×500&/fig.c:

▲



and are shed into the colonic lumen. Recently it has been
reported that the terminally differentiated cells rapidly
induce DNA fragmentation, and the conclusion was
drawn that they undergo apoptosis [3]. However, they do
so only after isolation of the cells in single cell suspen-
sions. Plating of epithelial cell aggregates on collagen
gels inhibits this induction of cell death [35]. From these
data it has to be assumed that terminally differentiated
cells at the top of the crypts are already destined to un-
dergo cell death, but are prevented from actually dying
by tissue survival factors.

The compartmentalization of proliferation and cell
death described above may account for the low incidence
of apoptosis we observed in normal mucosa: even though
rates of apoptosis have to be high extrusion of dying
cells into the lumen may be fast enough to keep inci-
dencelow. Furthermore, this spatial arrangement makes
any determination of AI in histological specimen highly
dependent on the conditions of tissue collection, fixation
and preparation. Apoptotic cells and even more DNA
strand breaks could be induced by tissue autolysis, that is
a general problem in the colon [27]. ISEL cannot be re-
garded as a correct measure of apoptosis in this context
as it is also positive in necrosis or autolysis [12].

The tissue specimen in our study were put into forma-
lin for fixation immediately after surgery in the operating
room so that no accumulation of apoptotic cells after re-
moval from the organism was possible. AI and prolifera-
tion markers (MI and Ki67) were determined from paraf-
fin sections. This may account for the differences be-
tween our data and Bedi [3] as well as Arai and Kino [2].

In normal mucosa ISEL-positive and apoptotic cells
were extremely rare throughout the crypt. Even though
MI was 0.6% and the Ki67 index about 25%, AI did not
exceed 0.28%. A top-to-bottom gradient for apoptosis
could not be observed, probably because of the very low
incidence preventing local differences from reaching sig-
nificance. Consequently, we have used the average inci-
dence throughout the crypt as the reference value for
both apoptosis and proliferation.

In contrast, AI was increased in adenomas, where it
reached as much as 7% in some areas, representing a
more than 10-fold increase above normal levels. Dying
cells were distributed throughout the tumour tissue and
no longer exclusively at the luminal surface. A recent
study by Moss et al. [25] revealed a reversal of the migra-
tion pattern in adenomas, so that proliferating cells are lo-
cated at the surface of the tumour and dying cells accu-
mulate within the tissue and have to be removed by pha-
gocytosis. The process would make apoptotic cells more
visible and increase AI. We have obsered this pattern in
some, but not all, of our specimens. In addition, we ob-
served a loss of compartmentalization. Proliferating cells
were still concentrated to form areas with high prolifera-
tion indices and others with mainly resting Ki67-negative
cells in this study and in our previous work [16]. The in-
verse relationship with cell death was lost, however.

The same loss of interdependence between prolifera-
tion and apoptosis was observed in carcinomas. In addi-

tion, AI was significantly lower than in adenomas, while
MI and Ki67 was increased, indicating a shift towards
proliferation in the malignant tumours. However, apopto-
sis was still observed and AI was higher than in normal
mucosa. In addition, there was cell loss by necrosis,
which may by a secondary consequence of excessive ap-
optosis or due to insufficient vascularization and hypox-
ia. Apoptosis in carcinomas correlated both with prolif-
eration markers (Ki67, MI) and with loss of differentia-
tion, suggesting that cell turnover can provide a selective
advantage for tumour progression.

Expression of the cell-death related proteins bcl-2 and
bak showed both deregulation at the cellular level and
disturbance of tissue architecture. The proteins were mu-
tually exclusive in normal mucosa, bcl-2 staining a sub-
set of Ki67-positive cells in the lowest part of the prolif-
eration compartment and bak being expressed in the up-
per third of the crypt in the resting, terminally differenti-
ated cells. This agrees with the presumptive functions of
the proteins: bcl-2 protects stem cells from undergoing
cell death after DNA damage and preserves tissue integ-
rity [24]; bak is involved in the early phases of apoptosis
and expressed in cells destined to die [18, 19]. In both
adenomas and some carcinomas coexpression of both
proteins at the tissue level has been observed in this
study. While those three areas expressing bcl-2 only
were highly proliferating areas, their MI was not the
highest observed, so that bcl-2 alone cannot be regarded
as the marker for a tumour proliferation compartment.
Similarly, even high expression of bcl-2 did not cause
lower AI, suggesting that not all the immunoreactive bcl-
2 was active. Bak, however, was positively related to ap-
optosis in a subset of the tumour areas analysed.

High AI was also observed by Arai and Kino [2] in
tubular adenomas. We observed such high levels of ap-
optosis in all types of adenomas. This provided a mecha-
nism to keep the size of adenomatous polyps stationary
for prolonged periods of time in spite of continuing pro-
liferation and explain the slow growth of adenomatous
polyps in vivo [29]. A similar phenomenon has been de-
scribed by Sarraf and Bowen [32] in a study of tumour
kinetics using a murine sarcoma model: they described
apoptosis in these tumours in terms of an attempt at au-
toregulation of tumour size that ultimately fails. Increas-
es in both proliferation and apoptosis have previously
been observed in liver tumours and premalignant lesions
both in experimental animals and in humans [4, 6, 13,
28, 33, 34, 38]. The mechanistic basis for this process is
not yet known and might well be tissue specific. In ex-
perimental liver carcinogenesis it has been shown that
apoptosis in premalignant or malignant cells can be the
target for preventive intervention [13].

In the colon, in vitro data suggest that deregulation of
proliferation during carcinogenesis provides a growth
advantage for premalignant cells [8, 9, 14, 15], but no
data are yet available to assess whether this is balanced
by similar stimulation of apoptosis. The biological con-
sequences in the colon are self evident, however: as co-
lorectal carcinogenesis is driven by the accumulation of
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genetic defects in tumour cells [7] to which cycling cells
are more sensitive, increased cell turnover can serve as a
motor of tumour progression while apoptosis keeps tu-
mour size in check. Our observation that AI increases
with loss of differentiation in carcinomas is confirmed
by the study of Tatebe et al. [36], who showed that AI is
higher in metastasis than in primary tumours of the co-
lon. Similarly in cervical cancers Levine et al. [20] ob-
served that poor radiation sensitivity and poor prognosis
were associated with a high AI.

With regard to the mechanisms controlling cell death,
bcl-2 levels and tissue localization do not suggest a regu-
latory role for the protein in colorectal tumours. Bcl-2
expression was decreased in tumours compared with the
levels in the normal stem cell compartment, in agreement
with a previous study by Krajewski et al. [19]. In addi-
tion, it was not related to AI in any consistent way. Bak
levels, however, while decreased in tumours and espe-
cially in carcinomas [26], correlated with AI in a subset
of tumours – both adenomas and carcinomas.
Our data confirm that apoptosis takes place in premalig-
nant and persists in malignant tumours and is available
as a target for therapeutic intervention. However, the
morphology and tissue localization of apoptotic struc-
tures and their relationship to proliferation reflect in-
creasing disturbances of tissue structure. Our survey
demonstrates a loss of compartmentalization concerning
both growth behaviour and the expression of bcl-2 and
bak. This might well reflect alterations in growth-regula-
tory mechanisms, and these will have to be explored in
in vitro studies.
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