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Differential expression of bcl-2 in intestinal epithelia
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The cell-positional incidence of both spontaneous and
damage-induced apoptosis of epithelial cells was assessed
in longitudinal sections of the crypts of small intestine and
colon of BDF1 mice. This was compared, using immuno-
histochemistry, with the pattern of expression of bcl-2, a
suppressor of apoptosis. In the small intestine, apoptosis
was maximal around cell position 4 from the base of the
crypt; this closely corresponds to the position considered to
contain the stem cells. In the colon, however, apoptosis was
not confined to the area considered to harbour the stem
cells (position 1 and 2). Instead, apoptosis was attenuated
and distributed along the length of the crypt. Some cells at
the base of murine colonic crypts expressed bcl-2 protein,
whereas bcl-2 was absent in the crypts of the small
intestine. Most pertinently, bcl-2 was absent from small
intestinal crypt cells at positions 4-5 (the stem cell region).
The importance of the expression of bcl-2 to the attenua-
tion of apoptosis in stem cells was confirmed by analysis of

the levels of both spontaneous and induced apoptosis in
homozygously bcl-2 null C57BL/6 mice: in colonic crypts
the level of spontaneous apoptosis rose significantly, and
selectively at the base of the crypt, in comparison with
crypts from wild-type animals. In contrast, there was no
rise in spontaneous apoptosis in the small intestinal crypts
from the bcl-2 null animals. Analysis of sections of human
colon and small intestine also showed that expression of
bcl-2 was confined to the base of the colonic crypt. The
attenuation of apoptosis by bcl-2 in the region of the stem
cells of the colonic crypts may dispose these to neoplastic
transformation. Indeed, analysis of human carcinomas
revealed expression of bcl-2, which in some samples was
reciprocal with the expression of p53.

Key words: apoptosis, bcl-2, bcl-2 null mice, p53, epithelium, colon
carcinogenesis

SUMMARY
INTRODUCTION

The conservation of tissue architecture requires a precise
maintenance of the balance between cell proliferation, differ-
entiation and loss. Cell loss is not normally an accidental
process but instead is programmed. A controlled cell loss is
also necessary for the deletion of damaged cells, particularly
those whose survival may have the potential to promote the
development of malignancy. Programmed cell deaths have a
highly conserved morphology, described as apoptosis
(reviewed by Wyllie et al., 1980). Some of the features of the
molecular control of apoptosis have emerged recently.
Perhaps one of the most significant amongst these is the
expression of the gene bcl-2: its 26 kDa protein product bcl-
2 delays or inhibits apoptosis but has no effect on prolifera-
tion (reviewed by Reed, 1994). bcl-2 plays a critical role in
the development of the immune system, as well as attenuat-
ing apoptosis stimulated by, for example, withdrawal of
exogenous survival factors or the imposition of genomic
damage. Inhibition of apoptosis by bcl-2 is considered to
occur through its interactions with a pro-apoptotic homologue,
Bax (Oltvai et al., 1993). Other homologues of the bcl-2/bax
family of proteins have emerged, such as bcl-x (Boise et al.,
1993b). In addition, a rheostat-type of mechanism, balancing
pro- and anti-apoptotic signals may also be mediated by
members of the ICE (interleukin-1β cleavage enzyme) family
of proteases (Wang et al., 1994). Although the expression of
bcl-2 was at first considered to be restricted to cells of the
lymphoid lineage it has, since become clear that it is more
widely distributed, for example in epithelia, including those
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of the gastrointestinal tract (Hockenbery et al., 1991; Lu et al.,
1993; Krajewski et al., 1994).

We wished to investigate the cell positional expression of
bcl-2 in the epithelial cells of small intestine and colonic crypts
because previous investigations of ours had suggested a
hierarchy in the proclivity of cells to undergo spontaneous or
damage-induced apoptosis at these two sites of the intestinal
tract (reviewed by Potten, 1992). These differentials in both
spontaneous and damaged-induced apoptosis were difficult to
reconcile with an expression pattern for bcl-2 which had been
reported to be uniform throughout the crypts of both the small
and large intestine (Hockenbery et al., 1991). In particular, we
had observed that the numbers of cells undergoing spontaneous
apoptosis was greater in murine small intestinal crypts when
compared with the colon, a difference which was amplified
after damage (Potten et al., 1992), and that the apoptotic
deletion of cells in the small intestine, spontaneously or after
carcinogen treatment, was greatest in the region of what has
been suggested to be the stem population at approximately cell
position 4 (see Fig. 1C), above the Paneth cells, numbering
from the base of the crypt. In contrast, in crypts of the colon,
there was an overall attenuation of apoptosis with no focus
around the stem cell population, which in this site is located at
the very base of the crypt (positions 1-2, Fig. 1D) (Li et al.,
1992). These observations led to the hypothesis that a differ-
ence in the amounts and position of apoptosis in the crypts of
the small intestine and colon might contribute to an explana-
tion of the greater incidence of carcinomas in the colon than
in the small intestine, where only 1% of intestinal tumours are
found (Goligher, 1980): damaged stem cells in the small
intestine would be removed by what was termed an ‘altruistic’
apoptosis whereas stem cells in the colon might survive an ini-
tiating event (Potten et al., 1992, 1994).

We report here that the expression of bcl-2 is not uniform
in the intestinal epithelia. Instead, immunohistochemistry
shows that, in both the BDF1 mouse and man, bcl-2 expression
is maximal in the colonic crypt, where it is expressed at the
base, in a position coincident with the stem cells. In contrast,
expression in the small intestine was found to be greatly atten-
uated, including cells at the stem cell position, which readily
undergo spontaneous and damage-induced apoptosis. Both
spontaneous and DNA damage-induced apoptosis were very
significantly increased at the base of the colonic crypts of mice
rendered homozygously null for the expression of bcl-2
(Nakayama et al., 1994), data that strongly support the idea that
expression of the bcl-2 gene plays a significant role in deter-
mining the greater survival potential of colonic stem cells, and
may promote the retention of cells with a damaged genome,
which then go on to become malignant. 

MATERIALS AND METHODS

Estimation of epithelial cell apoptosis in murine intestinal
crypts
BDF1 mice or C57BL/6 homozygously bcl-2 null mice (Nakayama et
al., 1993) were fed a diet of ‘RM1 expanded’ (Special Diet Services,
Witham, Essex, UK) and water ad libitum. Ten- to twelve-week-old
male BDF1 mice or 7- to 10-week-old homozygously bcl-2 null or
wild-type mice of either sex, genotyped as described previously
(Nakayama et al., 1994) were irradiated using 137Cs γ-rays, at 
3.6 Gy/min. From a group of four treated or four control mice,
intestines were dissected, fixed in Carnoy’s fixative, transverse intesti-
nal sections were prepared from the entire length of the small intestine
and colon, as described (Merritt et al., 1994), and between 150 and
200 half crypts were scored for apoptosis, on a cell positional basis,
as described in detail previously (Ijiri and Potten, 1983, 1987; Li et
al., 1992; Harmon et al., 1992). 

Identification of apoptosis by terminal deoxynucleotide
transferase labelling
This was performed using a slight modification of the Apoptag method
(Oncor, Gaithersberg, MD) in order to verify our previous estimates
of the position and incidence of apoptotic cells in the gastrointestinal
tract, when haematoxylin/eosin staining was routinely used. In brief,
3 µm paraffin sections of small intestine from an irradiated mouse (3
hours after 8 Gy) were dewaxed and taken through an ethanol series
before washing with phosphate-buffered saline (PBS). Sections were
permeablised with proteinase K (20 µg/ml in PBS) and then washed
in PBS. Endogenous peroxidase activity was blocked by incubating
sections in 0.3% hydrogen peroxide solution for 15 minutes, followed
by washing in PBS. Two drops of the equilibration buffer were applied
to each specimen for 5-10 minutes at room temperature. The terminal
deoxynucleotide transferase (TdT) mixture (Apoptag) was prepared as
directed, but then diluted 1:5 with distilled water. At this strength, we
found a reduction of non-specific background staining, particularly of
the nuclei of the villi of the small intestine. Slides were incubated with
or without the enzyme mixture for 1 hour at 37°C before the reaction
was terminated by washing sections for 10 minutes in the ‘stop wash’
solution provided. Digoxigenin-labelled dNTPs were treated with
antidigoxygenin-peroxidase for 30 minutes at room temperature.
Sections were washed in PBS and developed with 0.05% diaminoben-
zidine and 0.03% hydrogen peroxide in PBS for 5 minutes, followed
by a weak haematoxylin counterstain.

Immunohistochemistry
Normal BDF1 mouse, homozygously bcl-2 null C57BL/6 mouse, or
human colon and small intestine were fixed in formal saline. All tissue
samples were embedded in paraffin and processed for immunohisto-
chemistry. Ten sections were prepared from each of four of the
different strains of mice; nine samples of normal human colon and
seven of normal small intestine were obtained. A rabbit polyclonal
antibody raised against a synthetic peptide of murine bcl-2 protein
(amino acid residues 44 to 55) was a kind gift from Gerard Evan
(ICRF, London) and was used alone or together with blocking peptide
to ensure specificity. The murine monoclonal antibody to human bcl-
2 protein (DAKO-bcl-2, 124) was purchased from DAKO (High
Wycombe, UK). Sections were microwaved at 90°C for 25 minutes
in citrate buffer, pH 6.0, then all samples were routinely blocked for
30 minutes in 1:10 (v/v) normal goat serum (murine samples) or horse
serum (human samples) diluted in phosphate-buffered saline (PBS)
prior to addition of antibody. The antibody to murine bcl-2 was
diluted 1:1000 (v/v) in PBS plus 0.5% bovine serum albumin and that
to the human antibody 1:100, then incubated with the sections for 60
minutes. After a PBS wash, the preparations were then incubated
either in biotinylated goat anti-rabbit IgG (Vector, Peterborough, UK)
diluted 1:200 in PBS for 60 minutes, or biotinylated horse anti-mouse
IgG (Vector, Peterborough, UK) used at 1:200. Samples were then
sequentially washed in PBS and in either avidin-D FITC (Vector,
Peterborough, UK) diluted 1:200 in PBS for 60 minutes or ABC per-
oxidase (Vector, Peterborough, UK) for 60 minutes. Peroxidase-
stained sections were developed with diaminobenzidine. Control
preparations of murine tissues were incubated in the absence of
primary antibody or with the murine antibody absorbed with synthetic
peptide at a molar ratio of peptide:antibody of 1:1. Immunostaining
was evaluated by both conventional and confocal microscopy
(Biorad-MRC 600). Lymphocytes in Peyer’s patches within each
section were used as internal positive controls. Immunostaining of
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p53 in the human samples was performed essentially as above but
using the murine monoclonal antibody clone 1801, which recognises
both the wild-type and mutant forms of p53 (Oncogene Science,
Cambridge).

Analysis of human biopsy samples
Fresh biopsy samples were obtained either at colonoscopy or
following surgical resection. Samples were prepared as for normal
tissue (above) and analysed for expression of bcl-2 and p53 protein.
Seven samples of small intestine, 9 of colon and 8 colorectal tumours
were obtained, with 5 of the tumours staged according to the Duke’s
classification.

RESULTS

Distribution of spontaneous and radiation apoptosis
Fig. 1 (C and D) shows the typical morphological appearance
of apoptosis in the crypts of murine small intestine and colon
after irradiation. Apoptosis at each cell position was scored by
the appearance of both apoptotic cells and/or apoptotic bodies
inside an epithelial cell, at each cell position, numbering from
the base of the crypt. Fig. 1 (A and B) illustrates the difference
in the incidence of spontaneous and radiation-induced apoptosis
at each cell position in the crypt in these two areas of the gas-
trointestinal tract of normal mice, recorded as an apoptotic
index. The distribution of apoptotic cells, after 1 Gy of irradi-
ation, shows a peak centred on position 4 in the small intestine.
This is the position previously ascribed to the stem cells of the
small intestinal crypt (Potten, 1992). No pronounced peak of
radiation-induced apoptosis was observed in the colon, where
the numbers of apoptotic cells, recorded from 200 half crypts,
were reduced in comparison to the small intestine. The stem
cells of the colonic crypt, assigned to position 1-2 (Potten,
1992), were not associated with high levels of apoptosis. 
Fig. 1. Spontaneous and
radiation-induced apoptosis in
murine small intestine (A and
C) and colon (B and D). (A and
B) The positional distribution of
spontaneously apoptotic cells in
the crypts taken from control
animals or those sacrificed 3
hours after 1 Gy of whole body
γ-irradiation. (C and D)
Haematoxylin- and eosin-
stained transverse sections of
the crypts; arrowheads,
apoptotic bodies. C and D,
×1000.
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Fig. 2. Detection of apoptosis in the crypts of the small intestine by terminal deoxynucleotide transferase labelling of DNA strand breaks. (A
and B) Normal murine small intestine crypts (A) and villi (B) prepared and treated according to a standard protocol (Oncor, see Materials and
Methods); (C and D) the results of terminal deoxynucleotide transferase labelling by a modified protocol (see Materials and Methods): arrows,
apoptotic cells. B and D, ×100; A and C ×250.
In order to validate the results obtained in Fig. 1 using
another method of detection of apoptotic cells, we also used
the terminal deoxynucleotidyltransferase reaction to detect
cells with DNA having fragments with free 3′-OH ends
(Gavrieli et al., 1992). Fig. 2 shows a representative result from
terminal deoxynucleotidyltransferase labelling of the irradiated
small intestine. Essentially, judicious use of this technique for
the detection of apoptotic cells validates the data for both the
positional and quantitative distribution of apoptotic cells in the
crypts scored from examination of haematoxylin/eosin-stained
sections (see Fig. 1C and D). Indeed, in some of the positive
cells condensed chromatin may be observed (Fig. 2C).
However, in our hands, the standard protocol provided an over-
estimation of the extent of apoptosis in the crypt and, like
Gavrieli et al. (1992), we found that the cells of the villi also
underwent labelling, although we have found no morphologi-
cal evidence of significant apoptosis here (Fig. 2B). This is
discussed further below but this technique was not routinely
employed in the quantitative estimations of the incidence and
cell position of apoptosis.

Distribution of bcl-2 protein in the murine intestinal
tract 
Immunohistochemical staining of the bcl-2 protein, using
normal human and murine tissue and two different antibodies,
produced a consistent pattern of staining in both species. Fig.
3 shows the distribution of bcl-2 protein in the base of the
crypts of transverse sections taken from the colon and the small
intestine of BDF1 mice. There was little expression of bcl-2
protein in any cells of the murine small intestine (B and F).
Peyer’s patches from the same section are shown (D), with the
lymphocytes showing strong positivity of bcl-2 staining. The
expression of bcl-2 at high levels also appeared to be in some
mesenchymal cells and from occasional cells, assumed from
their position and morphology to be intraepithelial lympho-
cytes. In contrast to the minimal staining of the murine small
intestine, the murine colon expressed bcl-2 protein in a few of
the cells at the base of the crypts, where the stem cell com-
partment is considered to be (Potten, 1992) (Fig. 3A and E).
In order to verify the specificity of staining of this antipeptide
antibody to murine bcl-2 we also stained the normal mouse
thymus: this showed a clear discrimination between areas of
the medulla, which are positively stained, and reduced staining
of the cortex (data not shown). Close inspection of the perox-
idase-stained sections of the intestinal epithelia and the Peyer’s
patches (Fig. 3) and fluorescently labelled preparations (data
not shown) suggested that bcl-2 staining was cytoplasmic, with
a particular association with the nuclear membrane. Preincu-
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Fig. 3. Distribution of bcl-2 protein in: (A) a murine colonic epithelial crypt, (B) a small intestine crypt. The arrows show examples of cells
with peroxidase staining for bcl-2 protein. (C and D) Positive staining of the lymphoid cells from a Peyer’s patch from adjacent tissue from the
same section. (E and F) Lower power pictures of colon and small intestine from other mice showing the same pattern of staining as seen in A
and B. A and C, ×1300; B and D, ×1000; E, ×600; F, ×250.
bation of the antibody for 1 hour with the peptide sequence to
which it was raised (equal amount of protein) completely
inhibited staining.

Distribution of spontaneous and irradiation-induced
apoptosis in bcl-2 null mice
The pattern of distribution of bcl-2 in the small intestine
(essentially undetectable) and colon (restricted to the base of
the crypts) (Fig. 3) strongly suggested that bcl-2 might play an
important role in the differential distribution of apoptosis at
these two sites of the gastrointestinal tract (Figs 1 and 2). To
formally test this hypothesis the patterns of apoptosis were
measured in homozygously bcl-2 null mice, generated by
homologous recombination (Nakayama et al., 1994). Fig. 4B
shows there was a profound increase in the numbers of spon-
taneously apoptotic cells at the lowest cell positions of the
colon, corresponding to those positions where we had observed
bcl-2 staining (Fig. 3), in comparison to the crypts from both
the homozygously bcl-2 positive C57BL/6 mice and the wild-
type BDF1 mice (compare with Fig. 1). In contrast, the
incidence of spontaneous apoptosis in the small intestinal
crypts of the null mice and homozygously positive mice was
not altered (Fig. 4A). These differential patterns of the
expression of apoptotic cells were preserved after irradiation
(Fig. 4C and D), when there was an increased incidence at the
base of colonic crypts of the null mice but little change in the
small intestinal crypts from null or homozygously positive
animals.

Distribution of bcl-2 protein in the human intestinal
tract
Analysis of tissues from the normal human gastrointestinal
tract (Fig. 5) yielded similar results to those observed in the
mouse: there was only very sporadic bcl-2 staining in crypts
of the 7 samples of fresh human small intestine investigated,
consistent with what we suspect to be the occasional intra-
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Fig. 4. Spontaneous and radiation-induced apoptosis in homozygously null (−/−) wild-type (+/+) C57BL/6 murine small intestine and colon.
The graphs show the positional distribution of spontaneously apoptotic cells in the crypts taken from control animals or those killed 3 hours
after 8 Gy of whole body γ-irradiation. The data for BDF1 mice are shown for comparison. A. Levels of spontaneous apoptosis in the small
intestine; B, levels of spontaneous apoptosis in the colon; C and D, levels of radiation-induced (8 Gy) apoptosis in the small intestine and
colon, respectively.
epithelial lymphocyte (Fig. 5F and G, where no positive cells
are shown). In contrast, normal human colonic crypts showed
prominent peroxidase immunostaining for bcl-2 protein in
some cells at the very base of the crypt (Fig. 5A,B,D,E), essen-
tially as has been reported recently (Hague et al., 1994).
Positive staining of lymphocytes was observed in Peyer’s
patches of colon (C) and small intestine (H).

Expression of bcl-2 and p53 in human carcinomas
Analysis of bcl-2 protein in seven carcinomas by immunohis-
tochemistry showed that many tumours were positive with a
cytoplasmic distribution of bcl-2, the levels of which varied
between samples (Fig. 6). A well differentiated colonic ade-
nocarcinoma (Dukes stage B) showed a positive cytoplasmic
distribution in many areas of the tumour (Fig. 6A), similar to
the pattern reported recently by Hague et al. (1994). When the
same sample was stained for the presence of p53 protein, which
is encoded by a gene considered to be mutated in later stages
of tumour progression (Fearon and Vogelstein, 1990), the
protein was shown to be present in the nucleus of some
scattered cells, throughout the tumour (Fig. 6B). Peroxidase
immunostaining of another colonic adenocarcinoma (Duke’s
stage C with liver metastases) also showed intense staining of
bcl-2 protein in the cytoplasm in some areas with sharp delin-
eation of positive and negative areas (Fig. 6C). In this case the
expression of p53 in an adjacent section (D) appeared to be the
reciprocal of that of bcl-2, with bcl-2 positive areas being p53
negative and vice versa (Fig. 6C and D). Areas strongly
positive for p53 were often negative for bcl-2 (Fig. 6F and E).
This reciprocity between the expression of the bcl-2 and p53
genes was found in other tumours (data not shown) and we are
continuing to accumulate data so as to attempt to determine the
relationship between disease stage and the expression of bcl-2
and p53.

DISCUSSION

The determination of a survival hierarchy in a tissue, which is
reflected reciprocally in the ability of its cells to undergo



2267Expression of bcl-2 in intestinal epithelia
apoptosis, will be dependent upon factors which modulate the
stimuli for the engagement of cell death (such as DNA damage
repair) and upon the expression of genes which attenuate the
apoptotic process itself. Bcl-2 appears to belong to the latter
class of modulators (see Introduction). The crypts of the small
intestine and colon provide interesting examples of different
positional hierarchies of survival and apoptosis (reviewed by
Potten, 1992). In the small intestine, spontaneous levels of
apoptosis exceeded those observed in the colon and, remark-
ably, were maximal in the stem cell region above the base of
the crypt, at position 4, particularly after irradiation (Fig. 1A
and C). In contrast, in the colonic crypts there was no peak of
either spontaneous or radiation-induced apoptosis, particularly
at their base, where the stem cells are harboured (Potten, 1992)
(Fig. 1B and D). This differential distribution of apoptosis in
the region of the stem cells may reflect the greater number of
stem cells in the small intestine compared with the colon, but
the best estimates at present suggest similar numbers (about 4)
in each site (Potten and Loeffler, 1990). We have suggested
that an occasional excess of stem cells, perhaps generated by
symmetric stem cell division, might be deleted by spontaneous
or non-damage-induced apoptosis (Loeffer et al., 1992; Potten,
1992; Potten et al., 1994; Merritt et al., 1994). Recent studies
demonstrated that the homozygously null p53 genotype
showed no change in the numbers of spontaneous apoptotic
cells in the small intestine and colon, compared to the wild-
type genotype, suggesting that a DNA damage-driven p53
response, perhaps initiated during replication, is not a stimulus
for these cells to be deleted spontaneously (Merritt et al.,
1994). Previous claims that apoptotic cell death occurs along
the length of the villus of the small intestine, by measurement
of DNA strand breaks in cells (Gavrieli et al., 1992), are not
concordant with the present study (Fig. 2) or with any of our
previous morphological analyses of apoptosis in the crypts
(Ijiri and Potten, 1983, 1987; Potten et al., 1992; Harmon et
al., 1992), where morphological evidence of apoptosis in the
villus was extremely rare. We have previously suggested that
the occasional apoptotic cell observed in the villus is probably
derived from cells undergoing cell death at lower positions, in
the crypt (Potten and Allen, 1977). In our hands, the observa-
tions of DNA strand breaks along the villus by the terminal
transferase reaction (Gavrieli et al., 1992) were the result of an
excessive sensitivity of the preparations, as discussed by Hall
et al. (1994), and were not accompanied by a classical
apoptotic morphology (Figs 1 and 2).

The analysis of bcl-2 staining in the murine small intestinal
and colonic crypts (Fig. 3) presented a pattern which nicely
reflected their different relative propensities to undergo spon-
taneous or damage-induced apoptosis: thus there was little or
no staining in the positions suggested to harbour small intesti-
nal stem cells (position 4) which readily undergo apoptosis, but
there was expression of bcl-2 at the position of the colonic stem
cells (position 1), which do not readily undergo apoptosis (see
Fig. 1). This differential pattern of bcl-2 staining was also
observed in sections of normal human small intestine and colon
(Fig. 5). A recent report of bcl-2 staining in colonic crypts
adjacent to adenomatous and carcinomatous tissue also
suggested that the base of the colonic crypt was the most
heavily stained (Hague et al., 1994). Hockenbery et al. (1991),
in a wide-ranging survey of bcl-2 staining in various tissues,
suggested that enterocytes undergo a programmed cell death
after terminal differentiation. In support of their claim bcl-2
expression was restricted to the lower regions of the crypts of
both small intestine and colon and absent in the villi. However,
as discussed above, we have rarely observed apoptosis in dif-
ferentiated enterocytes and, like Hague et al. (1994) and
Krajewski et al. (1994), we find the expression of bcl-2 was
most intense at the base of the colon (Figs 3 and 5) although
absent in the small intestine. Thus our analysis of the mor-
phology of apoptosis by conventional staining and terminal
deoxynucleotide staining (Figs 1 and 2) does not support an
analysis of cell death on the villi, nor does it support the obser-
vations of expression of bcl-2 in the small intestine (Hocken-
bery et al., 1991), which we conclude was due to non-specific
staining. The importance of the expression of bcl-2 to the
survival of epithelial cells at the base of the colonic crypts was
confirmed in experiments which used homozygously bcl-2 null
animals (Nakayama et al., 1994). There was an increase in the
levels of spontaneous apoptosis observed in cells at the base
of the colonic crypts in the null animals compared to the
homozygously positive animals in which bcl-2 was expressed
at this position (Fig. 4B). In contrast, no such increase in spon-
taneous apoptosis was observed in the small intestinal crypts
of the null animals (Fig. 4A), confirming that bcl-2 expression
is not important in controlling the survival of these cells (Fig.
3). This pattern was recapitulated after irradiation (Fig. 4C and
D), strongly supporting our contention that bcl-2 plays a sig-
nificant role in attenuating both spontaneous apoptosis (for
which the stimulus is unknown) and that induced by potentially
carcinogenic DNA damage.

The distribution of apoptosis found in the small intestine
(Fig. 1), might suggest that bcl-2 expression might be
expected to be restricted to those cells in the small intestinal
crypt which do not readily undergo either spontaneous or
induced apoptosis. Examples would be the Paneth cells at the
very base of the crypt or the rapidly proliferating cells in the
mid crypt (Fig. 1). The attenuation of apoptosis in the small
intestine epithelial cells at positions away from the stem cells
at position 4, which readily undergo apoptosis (see Fig. 1),
must be mediated by other factors, since we observed negli-
gible bcl-2 staining at any position in this tissue, nor was the
incidence of apoptosis increased in the bcl-2 null animals
(Fig. 4). Whether the diminished apoptosis here is the result
of a modulation of the stimulus (enhanced DNA repair, for
example) or due to factors controlling the apoptotic process
itself (such as increased trophic factor signalling or the
effects of the extracellular matrix) remains to be determined.
Studies are currently underway to estimate the expression of
the homologues of bcl-2, such as bax, bcl-xS and bcl-xL
(Boise et al., 1993b; Oltvai et al., 1993), in these tissues as it
is likely that they may also regulate epithelial cell survival
and apoptosis. Indeed, a recent report from Reed’s group
(Krajewski et al., 1994) shows significant immunohisto-
chemical staining of bax in the small intestine at positions,
like the Paneth cells, in which apoptosis is attenuated, sug-
gesting that modes of promoting survival other than bcl-2
must contribute here. 

The overall reduced level of radiation-induced apoptosis
observed in the colonic epithelial cells, in comparison with
those from the small intestine (Fig. 1), could also result from
their differential capabilities to repair damage. However,
expression of bcl-2 has been shown to provide a survival
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Fig. 6. Peroxidase staining of a 5 µm
sections of a formalin-fixed, paraffin-
embedded sections of human colon
carcinomas for bcl-2 (A,C,E) and p53
protein (B,D,F). (A and B) Moderately
differentiated invasive human
adenocarcinoma (Dukes stage B), bcl-2 is
fairly homogeneously expressed but p53 is
sporadically expressed. (C and D) From a
Dukes stage C adenocarcinoma, showing
the reciprocity of staining for bcl-2 and p53.
A different region from the same Dukes
stage C tumour (E and F) showed no bcl-2
staining but positive staining for p53. B-D,
×750; A,E,F, ×600. 
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advantage to cells where equal amounts of cellular damage had
been induced either by radiation (Collins et al., 1992) or DNA
damaging drugs (Miyashita and Reed, 1992, 1993; Walton et
al., 1993; Fisher et al., 1993). The persistence of cells in the
colon which carry a damaged genome, because of the
expression of bcl-2, would be a critical early event of the car-
cinogenic process. These may then progress to undergo further
damage, as proposed by the schemes of Fearon and Vogelstein
(1990). For example, somatic mutations of the MSH2 gene,
preventing DNA mis-match repair, have recently been
described in hereditary nonpolyposis colorectal cancer
(Parsons et al., 1993; Papadopoulos et al., 1994). Whilst mis-
matched repair is likely be very important in initiating
neoplasia, the cell must first have the capability to survive the
resultant mutations: bcl-2 expression may, perhaps with other
factors, promote that survival. Furthermore, the selective posi-
tional expression of bcl-2 in colonic epithelia is accompanied
by an attenuated expression of the product of the tumour sup-
pressor gene p53: we recently showed that p53 was potently
induced by radiation in the stem cells of the small intestine but
not those of the colon (Merritt et al., 1994). p53 expression was
cell-positionally coincident with apoptotic cells in the small
intestine. Thus, attenuated p53 function in colonic stem cells,
which express bcl-2 protein, could be envisaged to provide
conditions strongly promoting the survival of mutated or
genetically unstable cells. Recent molecular biological
evidence suggests that p53 expression may attenuate that of
bcl-2 (Miyashita et al., 1994); our data of an inverse relation-
ship between bcl-2 and p53 expression in the small intestine
are concordant with this. Another event in the progression of
colon cancers appears to be a change in the expression of the
oncogene c-myc (reviewed by Fearon and Vogelstein, 1990).
Constitutive expression of c-myc initiates apoptosis in a variety
of cell types (Askew et al., 1991; Evan et al., 1992) and the
expression of bcl-2 abrogates this (Bisonette et al., 1992;
Fanidi et al., 1992). The deregulated expression of c-myc in the
epithelial cells of the small intestine would be predicted to
induce apoptosis whereas it should be tolerated in colon stem
cells where there is constitutive bcl-2 expression.

The finding of constitutive expression of bcl-2 in colonic
cells which may give rise to tumours, suggested to us that
adenomas and colon tumours might continue to express sig-
nificant levels of bcl-2 protein. Those recently surveyed did
(Hague et al., 1994). Our limited survey, reported here,
supports these findings (Fig. 6), although in some advanced
carcinomas we have observed a loss of bcl-2 staining coinci-
dent with the appearance of positive staining for p53, as was
found in breast carcinomas (Leek et al., 1994), a result different
from that of Hague et al. (1994). Recent studies of bcl-2
expression in a variety of cancers, including small cell lung,
breast, prostate and neuroblastoma, have all suggested that bcl-
2 expression may play a role in disease progression (Pezella et
al., 1993; Leek et al., 1994; McDonell et al., 1992; Boise et al.,
1993a). The expression of bcl-2 in colon tumours may also be
important in considering the systemic treatment of colon 
adenocarcinomas with chemotherapy: we showed that trans-
fection and expression of bcl-2 provides significant resistance
to the cytotoxicity of thymidylate synthase inhibitors, such as
5-fluorodeoxyuridine, used in the treatment of colon cancer
(Fisher et al., 1993). The dominance of survival genes in
inhibiting apoptosis has been suggested recently to pose a
greater impediment to genotoxic cancer chemotherapy than the
loss of p53 (Strasser et al., 1994).

It is tantalizing to speculate as to why bcl-2 expression
should be different in the stem cells of the small intestine and
the colon, and how it is regulated. The numbers of stem cells
in the colon may be more limited than in the small intestine,
so that expression of bcl-2 may protect a potentially more vul-
nerable stem cell population. The constitutive expression of
bcl-2 in the colon may also serve the function of protecting the
colonic epithelia from initiating apoptosis in response to
constant exposure to dietary toxins being concentrated in this
region, where the rate of passage through the gut is reduced in
comparison to the small intestine, or to differences in intesti-
nal flora. Whatever the reason, the expression of a gene which
limits toxin-induced apoptosis then presents a Janus-like
character: the advantageous survival of cells exposed to toxins
but also the survival of those cells that have mutations and
deletions of genes considered to be involved in the early stages
of carcinogenesis.

We thank the Cancer Research Campaign for funding, Gerard Evan
for generous supply of murine anti-bcl-2 antibody, and Oncor for the
gift of an Apoptag kit. Bill Moser and Eric Wheeldon kindly advised
and assisted with some preliminary experiments. Peter Hall and
Caroline Dive provided helpful comments on the data and the manu-
script. This paper is dedicated to the memory of the late Dr John
Storey, who died from colon cancer.
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