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Abstract

The effects of an acidic condition (pH 6.5) on WAFJ gene expression
and p53 accumulation was Investigated in human glioblastoma cells with

different p53 statuses. WAF1 and p53 accumulation after treatment in
acidic conditions was observed in A-172 cells carrying the wild-type p53
gene but not in T98G cells carrying the mutant p53 gene. Northern blot
analysis showed that WAFJ gene activation by acidic conditions only
occurred in A-172 cells. Consistent with this, activation of the binding of
p53 to Its specific DNA sequence by acidic stress was detected by gel
mobility shift assay using p53 consensus sequence as a probe. Moreover,
the increased WAF1 protein and mRNA levels that were due to acidic
treatment returned to normal levels upon the return of the cells to neutral
conditions, 6 h after the cells had been cultured in acidic conditions for 6
or 12 h. These findings suggest that WAFJgene activation is inducible by
acidic conditions in human glioblastoma cells, which is probably due to
activation of the p53-dependent signal transduction pathway.

Introduction

It has long been known that the microenvironment in solid tumors
is intrinsically hypoxic, nutritionally poor, and acidic relative to
normal tissue. Recently, it has been reported that hypoxia provides a
physiological selection pressure in tumors for the expansion of van
ants that have lost their apoptotic potential and, in particular, for cells
that have acquired p53 mutations (1, 2). However, the effects of a
low-pH condition, another common feature of tumor microenviron
ments, on p53 or WAF1 response remains undocumented.

WAF1, also known as p21/CIP1/sdil, is an universal inhibitor of
cyclin-dependent kinases (3â€”5). In addition to well-established geno

toxic agents, a variety of other kinds of agents, which include inhib
itors of cell proliferation and inducers of differentiation and the

nongenotoxic stress of hyperthermia, have been found to induce
WAFJ in either a p53-dependent or -independent manner (6â€”9).
Accumulated WAFI inhibits the kinase activities of various cyclin
dependent kinase complexes, and as a result, cells are arrested in@
(10). Because, in most cases, WAFJ induction by stress depends on
p53 staus (7, 9â€”11), from this point of view, WAF1 could play an

important role in p53-mediated tumor evolution. This is because cells
carrying mutant p53 will not undergo cell growth delay, due to a lack
of p53-dependent WAFJ induction, and will gradually dominate the
tumor cell population via clonal expansion.

Here, we have investigated the responses of WAFJ in acidic con
ditions in human glioblastoma cells with different p53 statuses. Our
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results indicate that WAFJ is inducible by acidic conditions, which
may be due to the activation of p53-mediated signal transduction by
nongenotoxic acidic stress. This provides the first evidence that a
physiologically acidic condition may act in vivo as an important
selection pressure in the evolution of cancer cells in solid tumors,
through the activation of the p53-mediated signal transduction path
way.

Materials and Methods

Cell Culture and Reagents. HumanglioblastomaA-l72 cells (provided
by JCRB, Setagaya, Tokyo, Japan), bearing the wtp533 gene (12), are com
petent in activating the expression of both a p53â€”dependentreporter gene and
WAFJ (13). T98G cells (provided by JCRB), bearing homologous mpS3, have

a single 0-to-A transition in the third position of codon 237, resulting in a

missense mutant of Met to Ile (14), and they have their lost nuclear translo
cation ability but kept their p53-independent WAF1 induction pathway.4 These
cells were cultured in DMEM containing 10% (v/v) fetal bovine serum, 50
units/ml penicillin, 50 @g/mlstreptomycin, and 50 @g/mlkanamycin. Antihu

man WAF1 monoclonal antibody (EAIO) and antihuman p53 monoclonal
antibody (PAb18O1) were obtained from Oncogene Science Inc. (Uniondale,

NY). Horseradish peroxidase-conjugated antimouse IgG antibody was pur
chased from Zymed Labs Inc. (San Francisco, CA). Millipore Immobilon
polyvinylidene fluoride membranes were purchased from Millipore Co. (Bed
ford, MA). BLAST and GeneScreen membranes were purchased from DuPont1
NEN (Boston, MA). The Bio-Rad Protein Assay Kit was purchased from
Bio-Rad (Richmond, CA). RNAzo1 was purchased from Biotecx Laboratories,
Inc. (Houston, TX). MEGALABEL was purchased from TaKaRa Shuzo Co.,
Ltd. (Ohtsu, Shiga, Japan). Double-stranded p53CON oligonucleotides were
synthesized by Japan Bioservice (Niiza, Saitama, Japan). Poly(dI-dC):poly(dI
dC) was purchased from Pharmacia Biotech (Uppsala, Sweden). The radioim
munoprecipitation assay buffer contained 50 mt@iTris (pH 7.2), 150 mMNaCl,
1%(v/v) Nonidet P-40, I% (w/v) sodium deoxycholate, and 0.05% (w/v) SDS.
The 4-morpholinepropanesulfonic acid buffer contained 0.04 Msodium 4-mor
pholinepropanesulfonic acid (pH 7.2), 5 mM sodium citrate, and 0.5 m'vi
EDTA. The washing buffer contained 10 mMTris-HC1(pH 7.5), 130 mM
NaCl, 5 mM KCI, and 8 mM MgCl2. Hypotonic buffer contains 20 m@i
HEPES-KOH (pH 7.6), 5 mM KCI, 0.5 mM MgCl2, 0.5 msi D11@,and 0.5 mM

PMSF.Theextractionbuffercontained20 mMHEPES-KOH(pH7.6), 500mM
NaCl, 1.5 mM MgCI2, 0.2 mM EDTA-NaOH (pH 8.0), 0.5 mM DTF, 0.5 mM
PMSF, 25% (v/v) glycerol, and 1.2 ,@Mspermidine. Binding buffer contains 20
mMHEPES-KOH (pH 7.6), 0.5 mMEDTA-NaOH (pH 8.0), 50 mMKC1,0.5
mM DT1@, 0.5 mM PMSF, and 10% (v/v) glycerol. Dye solution contained

0.05% (w/v) bromphenol blue, 0.05% (w/v) xylene cyanol, 5% (v/v) glycerol,

and 0.05 MEDTA.
Treatment Procedure. The cells were plated 12 h before treatment with

acidic medium. The medium acidity was adjusted with 1 N HCI to a final pH
of 6.5. The pH of the medium was measured on a pH ion meter 225 (Iwaki
Glass, Tokyo, Japan) before and after treatment. During treatment, culture

3 The abbreviations used are: wtpS3, wild-type p53; mp53, mutant p53; p53CON, p53

consensus sequence; PMSF, phenylmethylsulfonyl fluoride; GMSA, gel mobility shift
assay.

4 Unpublished data.
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flasks were tightly closed to avoid the effect of carbon dioxide on the pH of
medium.Changesin pH were not observedaftercells were treated.

Colony Formation Assay. After cells were treated with acidic medium, the
mediumwas replacedwith freshmediumof neutralpH (pH 7.4) andcultured
at 37Â°C.Ten days later, they were stained in the flasks with May-Grunwald
Giemsa, and colonies containing more than 50 cells were counted.

Western Blot Analysis. The cells were washed once with PBS after being
trypsinized (0.0025%), and then they were centrifuged and pelleted at 4Â°C.The
cells were resuspended in radioimmunoprecipitation assay buffer and then
completelylysed by threecycles of freeze-thawing.The proteincontentsof the
supernatants that were obtained after centrifugation (10,000 X g, 15 mm) were
quantified using Bio-Rad protein assay reagent and then loaded on an SDS
15% polyacrylamide gel at 20 pg/well. Other details of the Western blotting

procedure were as described previously (9).
Northern Blot Analysi& Total cellular RNA was prepared using the RNA

zol methodaccordingto the manufacturer'sinstructions.RNA was quantified
by spectrophotometric methods. Fifteen @tgoftotal cellular RNA were used for
Northern blot analysis. WAFJ mRNA was detected with a WAFI cDNA probe
cut from plasmid 2Db-S. Otherdetails of the Northernblotting procedure
were as described previously (9).

GMSA. The p53 DNA-bindingactivitywas measuredby a GMSA using a
synthetic double-stranded p53CON (GGACATGCCCGGGCATGTCC; Ref.
15) oligonucleotide as a probe. This probe was labeled with [y-32PJATPusing
MEGALABEL and then incubated with nuclear extracts (5 g@gprotein/
1â€”3X l0-@cpm probe) at room temperature for 30 mm in the presence of
poly(dl-dC):poly(dI-dC)(I @&g)in a total reactionvolume of 15 pAadjusted
with binding buffer. For the competition experiment, a 100-fold excess of

unlabeled p53CON was added to the binding reaction mixture. Other details of
the GMSA procedure were as described previously (9).

Results and Discussion

To examine the effects of a low-pH condition on WAF1 accumu
lation, Western blot analysis was performed. Briefly, A-l72 and T98G
cells were plated (2 X l05/25-cm2 flask) 12 h before treatment with
acidic medium (pH 6.5). Cells were harvested after continuous culture
in acidic condition for 6, 12, and 24 h, or they were incubated in a
neutral pH condition for 6 and 12 h after being cultured in acidic
medium for 6 h. Then, total proteins were extracted and 20-pjg
aliquots of protein were loaded on an SDS-polyacrylamide gel for
Western blot analysis. No cytotoxicity was observed after treatment in
an acidic (pH 6.5) condition for up to 24 h, as revealed by the

colony-forming ability (data not shown). Fig. 1, A and B, show that

the accumulation of WAF1 occurred at 6 h after exposure to an acidic
condition (7.9-fold), reaching a peak at 12 h (23-fold), and was
maintained until 24 h (22-fold) in A-l72 cells bearing wtp53. How
ever, when cells were returned to a normal pH (pH 7.4) condition after
6 h of acidic treatment, elevated WAF1 levels rapidly decreased to
control levels 6 h after medium was replaced with a medium at normal
pH 7.4. In contrast, in T98G cells bearing mp53, the basal level of
WAFI was relative low, and no accumulation was observed after cells
were exposed to an acidic condition during the observation period.
Because WAFJ is one of the downstream genes of the p53 stress
response pathway, we examined the changes in p53 levels in these
cells after acidic culture. As shown in Fig. I, C and D, the accumu
lation of wtp53 occurred at 6 h after exposure to an acidic (pH 6.5)
condition (2.1-fold), was maintained at 12 h (2.0-fold), and then
gradually declined to control level at 24 h. This elevated level also
decreased to a control level after medium was changed to a medium
at normal pH 7.4, which is consistent with WAF1 accumulation in
A-l72 cells. However, the level of mp53 in T98G cells did not change
after acidic culture condition. These Western blot results demon
strated that WAF1 accumulation after exposure to an acidic condition
(pH 6.5) occurred only in A-l72 cells bearing wtp53, accompanied
with an increase of wtp53, but not in T98G cells bearing mp53.

To confirm that acidic culture-induced WAFI accumulation was the
consequence of the activation of WAFJ expression, Northern blot
analysis was carried out. Briefly, total RNA was prepared from treated
cells with the same procedure as that used for protein extraction of
Western blot and quantified, and then it was subjected to electrophore
sis (15 @.tgRNA/well) on a 1% agarose gel containing 17% formal
dehyde. After blotting, the membranes were probed to detect WAFJ/
sdil mRNA. Methylene blue staining of 285 rRNA blotted on the
membranes was used as an internal control for equal loading. As

shown in Fig. 2, an apparent increase in WAFJ mRNA was observed
in A-l72 cells 6 and 12 h after acidic culture. The increased WAFI
mRNA at 6 h after acidic treatment decreased to the level of non
treated cells following incubation for 6 or 12 h in the pH 7.4 medium.
Consistent with Western blot results, WAFI mRNA in T98G cells was
very low in control medium and did not change after acidic stress.

A

B

1 C

Fig. 1. Inductionof WAFI and p53 accumula
tim by an acidic culture condition. A, WAFI accu

mulationby an acidic culturecondition.WAFI
bands are indicated. B, relative levels of WAFI
protein at different time points after acidic treat
meat, as compared with those of nontreated cells
(time, 0 h). Cells were exposed to an acidic condi
tion (pH 6.5) for graded periods. 0, A-l72; â€¢,
T98G.Cellswereexposedto an acidiccondition
(pH 6.5) for 6 h, followed by culture in a normal
condition of pH 7.4 for graded periods. A, A-I72;
A, T98G. C, p53 accumulation by an acidic culture
condition. p53 bands are indicated. D, relative 1ev
els of p53 proteinat differenttime points after
acidic treatment, as compared with those in control
cells. Symbols are the same as those in B.
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Thus, these Northern blot results clearly demonstrated that acidic

stress-induced WAFI accumulation was a consequence of the activa

tion of WAFJ expression, which was also dependent on p53 status.

p53 transactivates its downstream genes through specific DNA

binding to specific sequences located in the upstream of p53-targeted
genes (15). To demonstrate the effects of acidic culture on p53 DNA
binding activity, a GMSA using a p53CON as a probe was carried out.

Briefly, nuclear extracts were prepared from the cells before or after
acidic treatment. The nuclear extracts were then incubated with the
labeled p53CON. After electrophoresis, the gel was dried, and the
signals were visualized on a BAS1000. The p53-specific bands were
determined by the competition experiment with an unlabeled
p53CON. As shown in Fig. 3, the intensity of p53-specific bands
paralleled the pattern of p53 accumulation in A- 172 cells after acidic
condition, whereas no DNA binding of mp53 in T98G was observed.
The results of GMSA provided evidence that acidic stress could
activate the DNA-binding activity of wtp53 in human glioblastoma
cells, which, in turn, might have led to the induction of WAFJ
expression.

The biological functions of p53 are completed by the induction of
its downstream mediator genes, such as WAFI, box, and GADD45 (3,
16, 17) or through interactions with other regulatory proteins, all of
which are involved either in cell cycle control, DNA repair, or
apoptosis. Thus, p53-centered signal transduction represents a very
important mechanism in the cellular responses to various stresses.
WAFI induction by cellular stresses, including those that are geno
toxic and nongenotoxic, has been shown to be p53 dependent (8â€”10).
Although WAFI induction by DNA-damaging agents, such as â€˜y-ray
and UV light, has been intensively studied in recent years, our
interests has been focused on WAFI response to nongenotoxic tumor
environmental stresses. Here, we have shown that acidic condition is
a potent inducer for WAFI expression, probably through a p53-
dependent pathway. The present finding implies that p53-mediated
stress response pathway may have critical impact on the evolution of

tumor cells because physiological acidic condition is a common
feature of solid tumors. This notion is supported by the fact that
WAF1 is the major mediator for p53-dependent growth arrest and by
a recent demonstration that WAFI provides a survival signal that
antagonizes p53-dependent apoptosis (18), which may confer growth
advantage on cells bearing mutant p53. Apoptosis is generally an
encoded program of cell death that can be activated under physiolog
ical conditions (19, 20) and is an important safeguard against tumor
development (21â€”23).Thus, on one hand, an acidic condition in tumor
tissue may activate the p53 pathway and eliminate the apoptosis
competent cells via induction of p53-dependent apoptosis, and on the
other hand, this will only lead to growth arrest via accumulation of
WAFI in cells that still possess wild-type p53 but have lost apoptosis
potential. This may underlie the expansion of cancer cells with growth

A-172 1980

I @1 I I
A WAF1mRNAâ€”.@.tâ€¢ 0@ â€¢@@@

(2.1 kb) ______________________________________________________

B @A-@ @â€¢Ã˜@Ã˜Ã˜@@@

@ %â€˜@
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Fig. 2. Inductionof WAFI expression by an acidic culture condition. A, Northern
blotting analysis of WAFI mRNA. B, methylene blue-stained bands of 28S rRNA on a
blotted membrane. Cells were exposed to an acidic condition (pH 6.5) for 6 or 12 h, and
cells exposed for 6 h were then cultured in a normal condition of pH 7.4 for 6 or 12 h.
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Fig. 3. The activation of p53 DNA-binding activity by acidic stress. A, GMSA was
carried out with the nuclear extracts prepared from the cells exposed to an acidic condition
(pH6.5)forgradedperiodsor exposedto acidiccondition(pH6.5)for6 h followedby
culturein a normalconditionof pH7.4 forgradedperiods.Lanes1 and6, nontreatedcells;
Lanes 2 and 7, pH 6.5 for 6 h; Lanes 3 and 8, pH 6.5 for 12 h; Lanes 4 and 9, pH 6.5 for
6 h followed by pH 7.4 for 12 h; Lane 5, pH 6.5 for 12 h plus 100-fold molar excess of
unlabeled (cold) p53CON. B, relative binding activity of p53 at different time points after
acidic treatment, as compared with that in control cells. 0, A-l72; , T98G. The band
positionof specificp53-p53CONcomplexwas confirmedby competitivebindingof
100-fold molar excess of unlabeled (cold) p53CON.

advantage in tumor tissue. However, using flow cytometry analysis
and histochemical staining with DNA-binding dye Hoechst 33258, we
could not obtain evidence for WAFI-mediated 01 arrest or apoptosis
under acidic conditions (data not shown) in the presence of significant
accumulation ofWAFl in A-l72, which suggests that this cell line has
lost both p53-dependent G1 arrest and apoptosis potential during
tumor evolution. Apparently, to understand the biological significance
of activation of the p53 pathway by acidic conditions in cell cycle
regulation and apoptosis requires further studies, using a wide range
of in vitro-cultured tumor cell types and in vivo tumor tissues of
different stages, because the consequence of activation of the p53
pathway also depends on many other cellular components, such as
retinoblastoma protein, Bcl-2, Bax, and so on, which may have been
altered in some cell lines or tumor cells of certain stages but not in the
others.

Taking our previous observations of WAF1 induction by heat
treatment (9), cold shock, and protein kinase inhibitor,4 we conclude

that nongenotoxic stressors can be potent inducers for p53-dependent
WAFI induction. From this point of view, WAF1 seems to be a
general stress responsive protein that is sensitive to both genotoxic
and nongenotoxic cellular stresses, which further emphasizes the
importance of p53-mediated signal transduction in the maintenance of
genomic stability. Our data also support the hypothesis that the clonal
selection of p53 status in solid tumors may be induced not only by

hypoxia but also by acidic stress.
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