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Abstract. The relation between proliferation and apoptosis was studied in colorectal mucosal biopsies (N = 41), tubular
adenomas (TA) (N = 104) and tubulovillous adenomas (TVA) (N = 34) from 37 FAP patients. Proliferative activity
was determined by cell cycle distribution analysis. In addition, transcriptional capacity was determined by chromatin
in situ testing. For both, DNA flow cytometry was used. Cycling cells were identified by immunohistochemical staining
with monoclonal antibody Ki67. The existence of subdiploid apoptotic cells was derived from DNA and/or DNA/protein
patterns. In a follow-up group, the mucosa is characterised by a balance between proliferation (S % + G2M % = 19) and
apoptotic cells (% = 17). The percentage of Ki67 positive cells (16%) corresponds to the percentages mentioned above. In
TA, the amount of apoptotic cells remains unaltered, in TVA it decreases to 8%. At the same time, the percentage of Ki67
positive cells increases significantly in both TA and TVA (39%, 42%). With patients who underwent surgery due to clinical
signs without histological evidence for malignancy, apoptotic cells in TA continue to decrease significantly (9%), without
any changes in cycling cells. Only in the carcinoma-bearing bowel, cycling cells increase to 52%. Here, the percentage of
apoptotic cells in TVA reaches the lowest level (5%). A connection between proliferation and apoptosis was observed in
mucosa and TVA. The process of tumorigenesis is characterised by a stepwise increase in resistance to apoptosis followed
by an increase in cycling cells.
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1. Introduction

Familial adenomatous polyposis (FAP) is an autosomal dominant disorder due to a germline al-
teration of the adenomatous polyposis coli gene on the long arm of chromosome 5 [5,22,30]. FAP
is characterised by the formation of hundreds of colorectal adenomas in young adults. This leads
to colorectal cancer by the fifth decade of life if no prophylactic colectomy is performed [7]. The
goal of this study was to investigate cell kinetics in colorectal mucosa and adenomas in FAP patients.
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The majority of patients was recruited from the FAP follow-up group examined at the Robert-Rössle-
Klinik.

When studying proliferation conditions, the focus lay on monitoring the loss of balance between cell
proliferation and programmed cell death (apoptosis) during progressing malignisation. The importance
of inhibiting apoptosis during the development of colorectal cancer has recently also been demonstrated
by other researchers [3,31,34]. A deeper knowledge of the change from balance to imbalance between
cell proliferation, differentiation and programmed cell death may help to determine the optimum time
for surgical interventions and for application of drugs inducing apoptosis [3,31,34,45].

Cell proliferative activity and capability were derived from cell cycle stage analysis and chromatin
in situ testing applying flow cytometry [24,32,39,44]. Additional growth fraction was derived from
immunohistochemically determined Ki67 expression [13]. These methods do not provide any infor-
mation about the length of cell cycle phases. They should only be considered as part of the discussion.
Apoptotic cells were detected by flow cytometry [18]. Correlations to histopathological findings and
clinical factors were established.

2. Patients and methods

2.1. Study population

In total, 37 FAP patients from 22 families were examined. They were included in a surveillance
programme at Robert-Rössle-Klinik (RRK). In addition, two patients from two families who underwent
surgery at RRK were examined.

The follow-up group consisted of 25 FAP patients who were free of malignancy and 10 FAP patients
who had evidence of malignancy during the follow-up period. During the research described here, all
were free of carcinoma.

The surgically treated group consisted of eight patients. With four of them, the need for surgery
was determined from the size, distribution and number of polyps. Malignancy was not evident in the
resection materials. With two other patients, malignant histological findings led to surgical treatment.
Two FAP patients entered RRK for surgery. The resection material revealed carcinomas in all four
cases.

2.2. Tissue samples and analysis methods

During routine endoscopical examination, biopsies were taken from colorectal adenomas randomly
selected, and from surrounding flat mucosa. The biopsies were taken in such a way that specimens
from the same location were divided for histological, immunohistochemical and flow cytometrical
investigations. Using flow cytometry, samples from 40 tubular and 17 tubulovillous adenomas and
41 mucosal biopsies were measured. Immunohistochemical determination of Ki67 positive cells was
performed in 30 samples.

From resected bowels, between 10 and 20 adenomas per case were taken and divided for the three
investigation methods. These adenomas did not show any macroscopical signs of malignancy. From
the carcinoma-free bowel, samples from 29 tubular adenomas and two tubulovillous adenomas were
available for flow cytometry. From carcinoma-bearing bowel, 35 samples from tubular and 18 from
tubulovillous adenomas were available. Ki67 positive cells were counted in 24 samples from the
carcinoma-free and in 52 samples from the carcinoma-bearing bowel.
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Histopathological analysis: The histological classification of colorectal adenomas followed the
‘histological typing of intestinal tumors’ of the WHO [29].

Ki67 immunohistochemistry: Cryostat sections were stained using a monoclonal mouse antibody
designed as DAKO-PC, Code No. M722 at a dilution of 1 : 50. For detection, APAAP complexes
were used according to Cordell et al. [8]. Negative controls consisted of sections incubated with PBS
instead of anti-Ki67. Intrinsic positive controls were analysed in each series. The number of positive
cells was counted by one observer. For counting, areas with a high frequency of stained cells [19]
(about 200 cells) were selected. In the interest of reducing assessing subjectivity, any level of nuclear
staining intensity was defined to be positive.

Flow cytometric analysis (FCM): Fresh tissue was stored at −20◦C. After thawing, it was minced
with scalpels. For DNA and DNA/protein analysis, the cells were fixed in ice-cold ethanol, washed
in 0.9% saline and double-stained with DAPI/Sulforhodamine 101 [9,18,25,37,43].

Univariate DNA distribution and bivariate DNA/protein distribution were measured with PAS II
(Partec GmbH, Münster, Germany). Lymphocytes were measured for device alignment daily. DNA
Index [16], cell cycle compartments and subdiploid apoptotic cells were quantified from the DNA
pattern [32,39]. The apoptotic fraction was also determined by manual gating from the DNA/protein
histogram [18].

Chromatin in situ tests applying heparin as a chromatin probe were carried out in non-fixed cells as
described [44]. Briefly, unfixed cells were stained with Ethidium Bromide/Mithramycin [47] and the
DNA patterns were recorded before (t = 0) and after (t = 1, 4, 7 min) the addition of heparin (7.5 U
per ml cell suspension) (Weddel Pharmaceutical Ltd., London). The percentages of cells sensitive and
resistant to the increase in fluorescence intensity (IFI) induced by heparin were assessed after 7 and
10 min. Different accessibility of chromatin to fluorescence dyes reflects different chromatin types
in cells. They are related to different transcriptional capacities: sensitive cells are assumed to be
transcriptionally inactive, resistant cells to be active [24,44]. Not all cell parameters were calculable
in each case.

2.3. Statistical methods

The Student’s t-test was used for assessing the difference between means. The chi-square test was
used for analysing frequency tables. The correlation coefficient was calculated in order to obtain a
measure for linear dependence. It was tested against zero for the existence of some linear dependence.
The statistics needed were calculated with the commercial computer program SPSS for Microsoft
Windows Version 6.1 (SPSS Inc. 444n Michigan Avenue Chicago, IL 60611, USA).

3. Results

The main result is the recognition of a shift in balance between proliferation and apoptosis at the
expense of apoptosis during stepwise malignisation in FAP. Steps investigated were colorectal mucosa,
tubular and tubulovillous adenomas from patients without and with a carcinoma history, and adenomas
from resection material derived from a carcinoma-free and a carcinoma-bearing bowel (Fig. 1). DNA
ploidy, a significant parameter in the characterisation of precancer and cancer, does not reveal any
differences (the result is not shown here, however). For the cell kinetic examination represented here,
only the DNA diploid cases were used.
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Fig. 1. Percentages of subdiploid apoptotic and Ki67 positive cells in colorectal mucosa and adenomas (A) (M ±m).

Fig. 2. Univariate DNA distribution of a colorectal mucosal biopsy. Subdiploid apoptotic cells are indicated.

3.1. Follow-up group

Examples for histograms of colorectal mucosal cells exhibiting apoptotic cells are given in Figs 2
and 3. Apoptotic cells are detectable in univariate DNA patterns and in bivariate DNA/protein patterns
due to their decreased DNA and increased protein contents compared to cells in G1/0 phase [9].
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Fig. 3. Bivariate DNA/protein content distribution of a DNA diploid mucosal biopsy. Apoptotic cells (Ap) are indicated.
(A) protein histogram: cellular protein content (x-axis) is plotted vs. cell number (y-axis). (B) DNA histogram: cellular
DNA content (x-axis) is plotted vs. cell number (y-axis). (C) DNA/protein scatter diagram: cellular protein content (x-axis)
is plotted vs. cellular DNA content (y-axis). The region for gating of cells is indicated. (D) equal to (C) without gated
region. Apoptotic cells are characterised by diminished DNA content and slightly increased protein content compared to
G1/0 cells.

Table 1
Cell cycle distribution, subdiploid apoptotic fraction and Ki67 positive cells
in DNA diploid cases of colorectal mucosal biopsies from the FAP patients.
Follow-up group without colorectal carcinoma (Ca−) or with colorectal
carcinoma (Ca+) during the follow-up period (M ±m; N)

Ca± S % G2M % Apopt. % Ki67 %

Ca− 8± 0.7 11± 1.0 17± 2.5 16± 3.7
N = 21 N = 21 N = 17 N = 6

Ca+ 6± 0.6 9± 0.6 13± 2.6 28± 7.3
N = 20 N = 20 N = 12 N = 5

Statist. significances: Ca− vs. Ca+: S % (p < 0.002).
Follow-up group (Ca−): Colorectal mucosa vs. tubular adenoma: Ki67 %
(p < 0.002), colorectal mucosa vs. tubulovillous adenoma: Apopt. %
(p < 0.01); Ki67 % (p < 0.01).

Patients without a history of malignancy tend to show higher percentages of subdiploid apoptotic
cells and lower percentages of Ki67 positive cells, when compared to patients with a history of
malignancy (apoptotic cells %: 17± 2.5 vs. 13± 2.6; Ki67 %: 16± 3.7 vs. 28± 7.3, n.s.) (Fig. 1,
Table 1). In cases without cancer history, the sum of cells in S and G2M phases, the percentage of
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Fig. 4. Correlation between apoptosis and proliferation in colorectal mucosa. Top: Apoptotic cells % vs. S % (ρ = 0.369,
p < 0.05, N = 29). Middle: Apoptotic cells % vs. G2M % (ρ = 0.592, p < 0.001, N = 29). Bottom: Apoptotic cells %
vs. Ki67 positive cells % (ρ = −0.612, p = 0.06, N = 10).

apoptotic cells and the percentage of Ki67 positive cells are approximately the same. In cases with
cancer history, Ki67 positive cells are dominant.

Independent of cancer history, Ki67 positive cells are confined to the lower parts of the crypts, as
also seen by others [4,19]. Only in one case in this group, were Ki67 positive cells evident in the
middle part of the crypts.

For mucosal cells independent of carcinoma history, positive relations exist between subdiploid
apoptotic fraction and S phase fraction (ρ = 0.369, p = 0.05, N = 29) as well as between apoptotic
fraction and G2M phase fraction (ρ = 0.592, p = 0.001, N = 29). A reverse relation is suggested
between subdiploid apoptotic fraction and Ki67 positive cells (ρ = −0.612, p = 0.06, N = 10)
(Fig. 4). A relation between the proliferative parameters S and G2M phase fraction is evident (ρ =
0.312, p < 0.05, N = 41).
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Table 2
Cell cycle distribution, subdiploid apoptotic fraction and Ki67 positive cells in DNA diploid
cases of colorectal adenomas from FAP patients. Follow-up group without colorectal carcinoma
(Ca−) or with colorectal carcinoma (Ca+) during the follow-up period (M ±m; N)

Ca± Histol. finding S % G2M % Apopt. % Ki67 %

Ca− Tub. adenoma 8± 0.9 10± 1.0 17± 1.5 39± 4.6
N = 29 N = 30 N = 17 N = 9

Tubvill. adenoma 9± 0.9 10± 1.0 8± 1.0 42± 5.7
N = 9 N = 9 N = 6 N = 6

Ca+ Tub. adenoma 8± 1.6 10± 0.8 19± 2.4 38± 8.6
N = 10 N = 10 N = 8 N = 4

Tubvill. adenoma 7± 1.2 12± 1.3 11± 3.1
N = 7 N = 7 N = 6

Statist. significance: Follow-up group (Ca−): Tubular adenomas vs. tubulovillous adenomas;
Apopt. % (p < 0.001).

Fig. 5. Correlation between apoptosis and proliferation in tubulovillous adenomas, follow-up group, patients with carcinoma
history: Apoptotic cells % vs. S % (ρ = 0.875, p < 0.02, N = 6).

In adenomas, there are no obvious differences which may be due to whether a history of malignancy
exists or not. The apoptotic fraction does not change in tubular adenomas compared to mucosa. In
tubulovillous adenomas, it decreases considerably below the level of mucosa or tubular adenomas
(8± 1.0 vs. 17± 2.5; 17± 1.5, p < 0.01). The percentage of Ki67 positive cells increases in tubular
and tubulovillous adenomas compared to mucosa (39± 4.6; 42± 5.7 vs. 16± 3.7, p < 0.01). Both
the proliferative compartment and Ki67 positive cells exceed the apoptotic fraction (Fig. 1, Table 2).

Ki67 positive cells are predominantly present in the superficial layer with a high frequency in dys-
plastic areas. This corresponds to known facts [4,19]. In cases without cancer history, the proliferative
parameters S and G2M phase fraction are related in tubular adenomas (ρ = 0.457, p = 0.02, N = 25).
A positive relation between the apoptotic fraction and the S phase fraction is evident in tubulovillous
adenomas (ρ = 0.875, p = 0.02, N = 6) (Fig. 5). The same applies to all adenomas of the follow-up
group (ρ = 0.354, p = 0.034, N = 36).
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3.2. Surgical treatment group

In the bowel free of cancer, tubular adenomas are characterised by a distinct decrease in apoptotic
cells compared to those in the follow-up group (9 ± 0.8 vs. 17 ± 1.5; 19 ± 2.4; p < 0.01). The
proliferative compartment and the percentage of Ki67 positive cells remain unchanged (Fig. 1, Table 3).

The Ki67 positive cells are located in the superficial layer in the same way as in the follow-up
group.

Chromatin in situ test (Fig. 6) identified cells resistant to the increase in fluorescence intensity
induced by heparin in 5 out of 21 cases. These transcriptionally active cells account for 13 ± 1.9%
and 12.2± 2.6% at the 7th and 10th minute after starting the heparin reaction.

The proliferative parameters S phase and G2M phase fraction are related to each other (ρ =
0.424, p = 0.034, N = 25). Tubulovillous adenomas cannot be considered, as there were only two
cases available.

In the carcinoma-bearing bowel, tubular adenomas reveal a reduced percentage of apoptotic cells
(8± 0.4). In addition, they are characterised by a significant increase in Ki67 positive cells (52± 2.5
vs. 39 ± 2.7, p < 0.05). Chromatin in situ test revealed resistant cells in a significantly higher
frequency (13 out of 22 cases, p < 0.03). The percentage of resistant cells is considerably but
not significantly higher. It accounts for 18.7 ± 3.7 and 20.5 ± 5.4% at the 7th and 10th min. The
proliferative parameters G2M phase fraction (ρ = 0.61, p < 0.00, N = 35), Ki67 positive cells
(ρ = 0.36, p < 0.033, N = 35) and percentage of resistant cells (ρ = 0.569, p = 0.067, N = 11) are
related, or tend to be related, to the S phase fraction. A relation between apoptosis and proliferative
activity could not be established.

Tubulovillous adenomas reach the lowest level of apoptotic cells (5±0.7). The percentages of cells
in the S and G2M phases also decrease significantly (Table 3). Cycling cells remain constant (Fig. 1).

Chromatin in situ test identifies resistant cells in 11 out of 24 cases. The number of resistant cells
accounts for 17.2±2.9%, 7 min. There are no differences to tubular adenomas. The apoptotic fraction
seems to be positively related to Ki67 positive cells (ρ = 0.59, p = 0.07, N = 10) (Fig. 7).

In both tubular and tubulovillous adenomas, Ki67 positive cells are distributed over the superficial
epithelial cell layer. They are also found in the deeper parts, but in disseminated clusters.

Table 3
Cell cycle distribution, subdiploid apoptotic fraction and Ki67 positive cells in DNA diploid
cases of colorectal adenomas from surgical specimens from FAP patients with carcinoma-free
(Ca−) or carcinoma-bearing bowel (Ca+) (M ±m; N)

Ca± Histol. finding S % G2M % Apopt. % Ki67 %

Ca− Tub. adenoma 7± 0.5 9± 0.7 9± 0.8 39± 2.7
N = 29 N = 29 N = 23 N = 24

Tubvill. adenoma

Ca+ Tub. adenoma 7± 0.6 8± 0.4 8± 0.9 52± 2.5
N = 35 N = 35 N = 31 N = 34

Tubvill. adenoma 5± 0.5 7± 0.3 5± 0.7 47± 2.4
N = 18 N = 18 N = 9 N = 18

Statist. significances: Carcinoma-free bowel vs. carcinoma-bearing bowel: Tubular adenoma:
Ki67 % (p < 0.05).
Carcinoma-bearing bowel: Tubular adenoma vs. tubulovillous adenoma: Apopt. % (p < 0.02);
S %, G2M % (p < 0.05).
Carcinoma-free bowel, carcinoma-bearing bowel vs. follow-up group Ca−, Ca+: Apopt. %
(p < 0.001).
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Fig. 6. Identification of cells sensitive (S) and resistant (R) to increase in fluorescence intensity (IFI) induced by heparin,
illustrated by two consecutively recorded DNA patterns in a colorectal adenoma. The percentages of resistant and sensitive
cells amount to 60% and 40%. Sensitivity is related to condensed chromatin of transcriptionally inactive cells, resistance to
dispersed chromatin of transcriptionally active cells.

The frequency distribution of the histological types tubular and tubulovillous differs significantly
between carcinoma-free (25 tubular/2 tubulovillous adenomas) and carcinoma-bearing bowel (35 tubu-
lar/17 tubulovillous adenomas) (p < 0.05).

4. Discussion

Recently, inhibited apoptosis due to deregulated and enhanced bcl-2 expression in colorectal mucosa,
tubular and tubulovillous adenomas in FAP patient has been reported [3]. Especially in the early phases
of the adenoma–carcinoma sequence, bcl-2 oncoprotein participates in colorectal tumorigenesis [6],
accumulating long-lived cells predisposed to malignancy. Besides bcl-2, the genes, c-myc and p53
are involved in regulating the susceptibility and resistance to apoptosis in the colon [12,17,21,27,46].

The relation between susceptibility to apoptosis and proliferative activity is of clinical significance.
It was investigated in different cell systems, but the results are contradictory: Close linkage [46],
enhanced proliferation together with diminished cell death [26], low expression of bcl-2 in Ki67
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Fig. 7. Correlation between apoptotic cells % and Ki67 positive cells % in tubulovillous adenomas gained from the
carcinoma-bearing bowel (ρ = 0.59, p = 0.07, N = 10).

positive cells but also co-expression of bcl-2 and Ki67 at high levels [33], high S phase fractions
associated with high apoptosis and vice versa [35], high Ki67 index associated with high apoptosis
[2] and high labeling indices related to high apoptosis [20] have been reported.

In the present study, susceptibility to apoptosis was related to proliferation in mucosa and in
tubulovillous adenomas. This relation, however, occurred in somewhat different ways and to a differ-
ent extent. No correlation was evident in tubular adenomas. Different genetic alterations may be due
to different regulation and deregulation mechanisms reflected here. Bcl-2, for instance, is supposed
to dissociate cell survival from proliferation [40].

The resistance to apoptosis gradually increases for tubular and tubulovillous adenomas and is af-
fected by their origin: the carcinoma-free or the carcinoma-bearing bowel. The reduction of apoptotic
cells is followed by an increase in cycling cells. The steps investigated here will now be discussed.

4.1. Follow-up group

Colorectal mucosa in FAP patients is characterised by hyperproliferation [10,41]. In patients without
cancer history, a balance exists between proliferation and aptoptosis. The percentages of cycling cells,
the proliferative compartment and the amount of apoptotic cells are nearly identical. This leads to
the assumption that cycling cells quickly pass through the G1 phase. This also suggests a high
proliferative activity. Positive relations between the apoptotic fraction and S and G2M phase fractions
indicate a connection between apoptosis and proliferation in mucosa. The reverse correlation between
the apoptotic fraction and Ki67 positive cells, and low Ki67 values per se may be related to the
fact that rapid apoptosis prevents cells from the G1 arrest [14] whereas delayed apoptosis [15,21,23]
promotes G1 arrest [14,27]. Lacking relations between Ki67 positive cells and S and G2M phase
fractions in mucosa lend support to this suggestion. It is worth noting that already patients with a
cancer history show a slight imbalance. Different proliferative conditions in mucosa depending on a
carcinoma history resemble increased labeling indices seen in mucosa from FAP patients independent
of the time elapsed after surgery [36].

In adenomas, proliferative and apoptotic conditions do not depend upon a carcinoma or carcinoma-
free history of the FAP patient, but on their histological type. In tubular adenomas, the apoptotic
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fraction is in balance with the proliferative compartment. A relation between apoptotic and mitotic
activities was described for tubular adenomas [1]. The absence of a correlation between proliferation
and apoptosis in this study has not been fully understood especially since this relation is evident in
tubulovillous adenomas where apoptosis is further reduced. The increase in Ki67 positive cells in
tubular and tubulovillous adenomas also seen by Dippe [11] suggests a longer G1 phase leading to
long-lived cells in both types of adenomas. This was also discussed for sporadic adenomas [19].
For sporadic tubulovillous adenomas in cell culture, Bedi [3] observed a more prolonged inhibition
of apoptosis compared with sporadic tubular adenomas. For villous adenomas, a significantly lower
apoptotic index was described without an equivalent decrease in mitotic activity [1]. Stepwise reduced
apoptosis may be related to the known increasing risk for malignisation from tubular to villous
adenomas [28].

4.2. Surgically treated group

Although the need for surgical treatment is based only on clinical signs, the resistance to apoptosis
in tubular adenomas increased significantly. Ki67 positive cells, however, remain on the same level
as in the follow-up group. No relation between apoptosis and proliferation is evident.

In tubular adenomas from the carcinoma-bearing bowel, the significant increase in Ki67 positive
cells is connected with a positive relation to S phase cells, here observed for the first time. In addition,
a positive correlation exists between S phase, G2M phase and resistant cells. These facts together with
the high frequency of the adenoma subtype characterised by enhanced proliferative capacity suggest
an increased proliferative activity. This may be due to an expanded growth fraction compared to the
carcinoma-free bowel. A correlation between proliferation and apoptosis was not detected. In situ
investigations in familial adenomatous polyposis illustrating an increase in apoptosis and in cycling
cells consider this as an abnormally high turnover rate [38].

In tubulovillous adenomas from the carcinoma-bearing bowel, susceptibility to apoptosis continues
to decrease. At the same time, the Ki67 score remains high and S and G2M phase fractions decrease.
The latter may be due to shorter cell cycle times, especially as the chromatin in situ test indicates a
high proliferative capacity.

The reverse correlation between Ki67 positive cells and apoptosis, observed in mucosal cells, has
now turned into a positive correlation (p < 0.07). The latter was described for adenomas with sporadic
p53 immunostaining which is considered as a transient expression of the wild type p53 protein [23]
and for colorectal carcinomas [2].

In summary, tubular and tubulovillous adenomas from both the carcinoma-free and carcinoma-
bearing bowel differ from each other in the degree of resistance to apoptosis, and not in the Ki67
values. In the carcinoma-free bowel, enhanced Ki67 values seem to reflect G1 cells with a long phase
duration, which accounts for long-lived cells. In the carcinoma-bearing bowel, however, an extended
growth fraction together with a higher proliferative capacity seems to be a rather decisive factor.

The gradual increase in resistance to apoptosis followed by an increase in cycling cells should
encourage the treatment of FAP patients with drugs such as sulindac [42] inducing apoptosis [3]
paralleled by reducing Ki67 positive cells [45].

Further cell kinetic investigations involving immunohistochemical analysis of gene products are
needed to provide a cut-off level for apoptotic cells in relation to Ki67 positive cells. This would help
to identify FAP patients who are at a higher risk and have a greater need for surgical treatment, and
would complement clinical methods for determining the time for surgical intervention.
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