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As tumours are known to acidify their microenvironment
and ¯uctuations in lumenal pH have been reported in a
number of colonic disease conditions, we investigated
whether loss of p53 function, commonly associated with
the adenoma to carcinoma transition in human colorectal
epithelium, was implicated in the cellular response to
changes in extracellular pH. Human colonic adenoma
and carcinoma derived cell lines were incubated at an
inital pH range of 5.5 ± 8.0 and the attached cell yield
and apoptotic cell yield determined after 4 days.
Exposure of all cell lines to an acidic growth
environment was associated with a G1 arrest, down
regulation of the retinoblastoma protein (pRb) protein
and switch to the hypophosphorylated form of the
protein, and increased expression of the p21 protein.
However, induction of apoptosis, associated with
increased p53 protein expression but not with changes
in Bcl-2 expression, was only detected in the adenoma
derived BH/C1 and AA/C1 cell lines which express wild
type p53 activity. Furthermore, this induction of
apoptosis was inhibited in the transfected cell line AA/
273p53/B, in which the wild type p53 function has been
abrogated. These results suggest that acidi®cation of the
microenvironment would provide a selective growth
advantage for cells that have lost wild type p53 function,
leading to clonal expansion of aberrant cell populations.
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Introduction

The p53 gene product has been implicated in the
cellular response to DNA damage leading to cell cycle
arrest and/or apoptosis, through the transactivation of
a number of down stream genes including the cyclin
dependent kinase inhibitor p21 (reviewed by Levine
1997). Induction of wild type p53 function has also
been observed in response to hypoxia (Graeber et al.,
1996) and ribonucleotide depletion (Linke et al., 1996)
suggesting a role for p53 as a `sensor' of cellular stress.

In the current study we wished to address the
question as to whether p53 function in colonic
epithelium is implicated in response to stress condi-
tions that may result from environmental changes in
the colon, speci®cally changes in the extracellular pH.

This is particularly relevant to colonic epithelium cells
as, although the pH gradient in the normal colon has
been shown to be small (from 6.8 in the right colon as
compared to 7.2 in the left colon, Sasaki et al., 1997),
in disease states this can be signi®cantly altered. For
example, in Crohns disease the overall mean luminal
pH was 5.3, indicating that an extremely acidic colonic
environment occurs either in active or inactive Crohns
disease (Sasaki et al., 1997). In addition, luminal
constituents such as short chain fatty acids may have
signi®cant e�ects on the intracellular pH and function
of colonocytes, (Desoignie and Sellin, 1994; Zoran et
al., 1997). Furthermore, acidi®cation of the micro-
environment by tumours has been widely reported, and
any increase in the cell's ability to survive under acidic
conditions could lead to selection and subsequent
clonal expansion of aberrant cells.

In the current study changes in the extracellular pH
were investigated as acidi®cation of tumour tissues has
been shown to be predominantly due to low
extracellular pH (Gri�ths, 1991), where as internal of
malignant cells is similar or slightly more basic than
that of normal cells (Gerweck et al., 1996). The aim of
the study was to determine whether ¯uctuations in
extracellular pH could play a role in the induction of
apoptosis, a process known to be important in the
maintenance of tissue homeostasis along the crypt
(Gavrieli et al., 1992; Hall et al., 1994; Bedi et al.,
1995). It was hypothesized that, as loss of p53 function
is a relatively late event in the adenoma to carcinoma
sequence, changes in the extracellular pH may have a
signi®cant e�ect on the survival of cells that had
acquired p53 mutations, leading to the potential
outgrowth of aberrant cells and hence clonal expan-
sion of resistant cell populations. This would result in
cells that acquired p53 mutations having a selective
growth advantage over neighbouring cells with wild
type p53 function. Therefore, using both human
adenoma and carcinoma derived cell lines as a model
of tumour progression, we wished to investigate
whether an acidic environment would have a differ-
ential e�ect on the growth of human colonic epithelial
cells dependent on their p53 status.

To determine cell survival in relation to external pH,
three human colonic adenoma derived epithelial cell
lines (AA/C1 and BH/C1 with wild type p53 expression
and RG/C2 with a 282 (Arg?Trp) p53 mutation) and
one carcinoma derived cell line (PC/JW2 which is null
for p53 protein expression) were incubated at di�erent
external pH's for 4 days, the protein expression
assessed and the attached and ¯oating cell yields
determined. As we and others have described pre-
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viously, the level of apoptosis in cultured epithelial cell
lines can be assessed by measuring the proportion of
cells that have detached from the monolayer and are
¯oating in the medium and by determining the fraction
of these ¯oating cells that are apoptotic (Hague et al.,
1993; Elder et al., 1996; Tsuji and Dubois, 1995).
Therefore after exposure to di�erent external pH's the
proportion of the total cell population that was
¯oating was measured. To determine if the induction
of ¯oating cells was due to apoptosis, the attached and
¯oating cell populations were stained with 5 mg/ml
acridine orange in PBS, and analysed by ¯ourescent
microscopy for morphological features of apoptosis.
The fraction of ¯oating cells that were apoptotic did
not signi®cantly vary between treated and control
untreated cell populations (for example 89 ± 99% for
the RG/C2 cell line), and therefore the number of
¯oating cells could be used as a measure of the
induction of apoptosis (refer to Materials and methods
section). Exposure of all cell lines to an initial external
pH of 6.5 and below was associated with a weak G1
arrest (data not shown), down regulation of the pRb
protein and switch to the hypophosphorylated form of
the protein (example shown in Figure 1). In addition
there was increased expression of the p21 protein which
was independent of the p53 status of the cell line
(Figure 1). However, these changes alone were not
su�cient to a�ect the attached cell yields over the 4
day experimental period (refer to Figure 3). Only the
attached cell yields of the adenoma derived BH/C1 and
AA/C1 cell lines (wild type p53 function) were
signi®cantly decreased in response to an initial
external pH of 5.5 ± 6.5, (Figure 2). The reduction in
cell yield was shown to be accompanied by an
induction of apoptosis (Figure 2), increased p53
protein expression (Figure 1), but not associated with
changes in Bcl-2 expression, (which remained un-
changed in all cell lines, data not shown). This was
not simply due to a generalized cellular response to
growth inhibition, as treating the cells with the
inhibitory growth factor TGFb has previously been
shown to result in cell cycle arrest without the
induction of apoptosis in these cell lines (Manning et
al., 1991). In contrast the cell yield of the adenoma
derived RG/C2 (282 Arg?Trp mutation) and the
carcinoma derived cell line JW2 (null for p53

expression) were resistant to all initial pH's tested, no
reduction in cell yield was observed and there was no
signi®cant induction of apoptosis under these growth
conditions (Figure 3). Hence both cell lines that were
growth inhibited by reduced external wild type p53
activity, whereas the resistant cell lines had no wild
type p53 function.

Therefore, to further determine whether induction of
apoptosis by low external pH was dependent on the
cells retaining functional wild type p53 activity, the
response of a transfected derivative of the AA/C1 cell
line, designated AA/273p53/B, and a vector control
AA/PCMV/D were investigated. (The AA/273p53/B
cells express a dominant negative 273 (Arg?His) p53
mutation, resulting in loss of wild type p53 activity as
shown by loss of the G1 arrest after exposure to DNA
damage, Williams et al., 1995.) Unlike the parental
AA/C1 cell line and vector control, the AA/273p53/B
cells were shown to be resistant to reduced pH (i.e. no
inhibition of cell yield or induction of apoptosis,
Figure 4), similar to the RG/C2 and JW2 cell lines
(no wild type p53 function). In both the AA/273p53/B
and vector control cell line, pRb protein was down
regulated and hypophosphorylated and p21 protein
expression increased as previously detected in all cell
lines.

These results suggest that in human colonic
epithelial cells, cell survival in an acidic growth
environment is dependent on loss of wild type p53
function. We have shown that, when exposed to
reduced extracellular pH, all cell lines investigated
(independent of p53 status) exhibited decreased pRb
expression, an accumulation of the remaining Rb
protein in the hypophosphorylated form and a G1
arrest. However only cells expressing wild type p53
function were signi®cantly growth inhibited by low
external pH, and this was shown to be accompanied by
the induction of p53 dependent apoptosis. In addition,
loss of functional wild type p53 in the transfected cell
line AA/273p53/B was shown to increase cell survival
under these growth conditions.

The mechanism by which apoptosis is induced by an
acidic environment remains unclear. Dephosphoryla-
tion of pRb has been reported to be a marker of an
early event in the activation of apoptosis (Wolf et al.,
1997), although in the current study dephosphorylation
of pRb was observed in all cells, not only those
undergoing apoptosis. DNA cleavage, an essential
component of apoptosis, has been shown to occur via
a pH dependent endonuclease present in the T24
human bladder cancer cell line (Shemtov et al., 1995).
Intracellular acidi®cation leading to endonuclease
activation has been reported in a number of cell lines
(Morana et al., 1994; Gottlieb et al., 1995; PerezSala et
al., 1995; Collins et al., 1996). However induction of
apoptosis is unlikely to be due to direct activation of
pH dependent endonuclease due to intracellular
bu�ering (Gerweck et al., 1996), and in the present
study cells that had lost wild type p53 function
remained resistant to induction of apoptosis by
extracellular acidi®cation.

Results from a study on CHO cells suggest that Bcl-
2 and MCL-1 may regulate a pathway for intracellular
pH homeostasis during apoptotic cell death (Reynolds
et al., 1996). However the apoptosis observed in the
adenoma derived cell lines with wild type p53 function

Figure 1 Western blot showing protein expression after 4 days in
the AA/C1 cell line (wild type p53 expression, passage 83) after
exposure to di�erent initial extracellular pH
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was not associated with changes in the Bcl-2 protein
(data not shown). In addition bcl-2 expression does not
protect the cells from pH induced apoptosis, as the
BH/C1 cell line has high endogenous bcl-2 expression
(Hague et al., 1998) and still undergoes p53 dependent
apoptosis in response to an acidic environment. The
most likely mechanism may involve p53 as a monitor
of cellular stress: in acidic growth conditions, pRb
expression is reduced and the protein is retained in the
hypophosphorylated form resulting in a weak G1
arrest which was not found to be su�cient to
signi®cantly e�ect the cell yield over the experimental
period. However if the cells retain wild type function,
the p53 protein is upregulated and apoptosis is
induced.

We propose that the lowering of the external pH by
tumorigenic cells, as well as providing an environment
for the selective activation of extracellular proteases
(Van der Stappen et al., 1996), also provides a selective
growth advantage for cells that have lost wild type p53
activity. This is highly relevant to the epithelial lining
of the colon as ¯uctuations in the luminal pH have
been reported in a number of disease states and
therefore could provide a mechanism by which loss
of wild type p53 function could lead to resistance and
subsequent clonal expansion of aberrant cell popula-
tions. We suggest that, due to the low extracellular pH,
loss of p53 function in tumorigenic progression would
allow clonal selection of the e�ected cell population
even in the absence of DNA damage, contributing to

Figure 2 Cell survival of cells expressing wild type p53 function at 4 days after exposure to di�erent initial extracellular pH as
shown by: (1) Attached cell yield (a) AA/C1 cell line (passage 83 ± 88), (c) BH/C1 cell line (passages 74 ± 81). (2) Induction of
apoptosis as shown by ¯oating cells expressed as a percentage of the total cell population (b) AA/C1 cell line (passages 83 ± 88), and
(d) BH/C1 cell line (passages 74 ± 81). The results shown are the means of triplicate experiments, +s.d.
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the selective pressure for loss of p53 in colorectal
tumours (over 75% of human colonic tumours have
lost functional wild type p53 activity).

Materials and methods

The cell lines used in this study have been derived from
human colorectal adenomas. AA/C1 and BH/C1 are
clonogenic, non-tumorigenic adenoma cell lines (Paraskeva
et al., 1984), both of which express wild type p53 (Baker et
al., 1990; Williams et al., 1993). RG/C2 is a clonogenic, non-
tumorigenic adenoma derived cell line hemizygous for the p53
gene, with the remaining allele having a 282 (Arg?Trp)
mutation (Baker et al., 1990). PC/JW2 is a carcinoma derived

cell line that is null for p53 protein expression, Paraskeva et
al. (1984). PC/AA/C1 cells transfected with, and stably
expressing a vector containing mutant p53, AA/273p53/B
(273 Arg?His, previously shown to act as a dominant
negative abrogating wild type), and a vector control, AA/
PCMV/D, were also used (Williams et al., 1995).

Cells were seeded at 26106 per ¯ask. At approximately
70% con¯uency duplicate ¯asks were treated with DMEM
adjusted for pH using HCO3/HCl (initial pH of 5.5, 6.0, 6.5,
7.0 and 8.0), 7 ± 10 days after seeding. The medium was
adjusted to the required pH before addition of 20% FBS. pH
then was veri®ed and medium added directly to the cells. The
medium was left on the cells for 4 days, during which time
the external pH of the medium was monitored. It was
decided that rather than maintaining the pH of the medium
with bu�ers (allowing the possibility of di�erential sensitivity

Figure 3 Cell survival in cell lines with mutant p53 (RG/C2 282Arg?Trp) or null for p53 protein expression (PC/JW2) at 4 days
after exposure to di�erent initial extracellular pH as shown by: (1) Attached cell yield (a) RG/C2 cell line (passages 39 ± 41), (c) PC/
JW2 cell line (passages 51 ± 54). (2) Induction of apoptosis as shown by ¯oating cells expressed as a percentage of the total cell
population (b) RG/C2 cell line (passages 39 ± 41), and (d) JW2 cell line (passages 51 ± 54). The results shown are the means of
triplicate experiments, +s.d.
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between adenoma and carcinoma derived cell lines to the
presence of the bu�ers in the growth medium), we would
allow the external pH to drift, thus mimicking potential pH
¯uctuations that may occur in vivo. Using this method we
were able to detect signi®cant changes in cell survival, despite
the fact that the external pH remained at the de®ned pH for
less than 24 h. Cell survival was determined after 4 days to
encompass any delayed apoptotic response. After 4 days the
¯oating and attached cells were counted. The level of
apoptosis in cultured epithelial cell lines was assessed by
measuring the proportion of cells that detached from the
monolayer and were ¯oating in the medium and by
determining the fraction of these ¯oating cells that were
apoptotic. After exposure to di�erent external pH's the
proportion of the total cell population that was ¯oating was
measured. The attached and ¯oating cell populations were
stained with 5 m g/ml acridine orange in PBS, and analysed

by ¯ourescent microscopy for morphological features of
apoptosis (most obviously the characteristically condensed
chromatin). Analysis was carried out by an experienced
observer unaware of the cell type or treatment. The fraction
of ¯oating cells that were apoptotic did not signi®cantly vary
between treated and control untreated cell populations and
therefore the number of ¯oating cells could be used as a
measure of the induction of apoptosis. Culturing the cells at
pH 5.0 and below was found to cause cell death by necrosis.

Determination of cell cycle arrest

Cell cycle arrest after was determined by propidium iodine
DNA content analysis on a FACScan (Becton Dickinson)
with doublet discrimination as previously reported (Bracey et
al., 1995), using a modi®ed method described by O'Connor et
al. (1993).

Figure 4 Cell survival of the transfected cell line AA/273p53/B [in which wild type p53 function has been knocked out] and the AA/PCMV/
D vector control at 4 days after exposure to di�erent initial extracellular pf as shown by: (1) Attached cell yield (a) AA/PCMV/D cell line
(passages 84 ± 85), (c) AA/273p53/A cell line (passages 83 ± 87). (2) Induction of apoptosis as shown by ¯oating cells expressed as a
percentage of the total cell population (b) AA/PCMV/D cell line (passages 84 ± 85), and (d ) AA/273p53/A cell line (passages 83 ± 87). The
results shown are the means of a two or more experiments, +s.d.
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Protein expression by SDS ±PAGE

Cell samples for Western blotting were prepared for p53 and
p21 by the method described in Williams et al. (1995) and for
pRb protein by the method decribed in Butt et al. (1997). p53
protein was detected by pAb 1801 (Banks et al., 1986), p21
protein was detected by the monoclonal Waf-1 antibody AB-
1 (Oncogene Science), and pRb was detected using the
monoclonal antibody 14001A (Pharminogen). All proteins

were incubated with the horseradish peroxidase-conjugated
goat anti-mouse secondary antibody (Sigma) and bands were
visualized using Amersham's enhanced chemiluminescence
detection system following the manufacturer's protocol.
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