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Death of Tumor Cells after Intracellular Acidification Is Dependent on
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ABSTRACT

The extracellular microenvironment of tumors differs from that of
most normal tissues. Many tumors have relatively acidic extracellular pH,
although the intracellular pH of tumor cells remains normal due to the
efficient maintenance of a large proton gradient across the membrane.
This difference between tumors and normal tissues might be exploited
therapeutically by disruption of the mechanisms that regulate intracellu
lar pH, so that tumor cells are killed by intracellular acid-induced injury.

To investigate the mechanisms by which intracellular acidification leads to
cell death, we have studied the roles of the antiapoptotic gene bcl-2 and its
proapoptotic binding partner bax, the stress-activated protein kinases
(SAPK/JNK), and the caspase proteases in mediating acid-induced cell
death. Whereas the expression of bcl-2 in human bladder cancer MGH-U1
cells had no effect on acid-induced death, overexpression of bax enhanced

cell death, consistent with its proapoptotic function. Inhibition of SAPK,
through the expression of a dominant negative mutant of its activator,
SEK1, protected cells from acid-induced cell death. Caspase activation, as
measured by poly(ADP-ribose) polymerase cleavage, was absent after

lethal intracellular acidification. Consistent with this observation, inhibi
tion of interleukin lÃŸ-converting enzyme proteases by the peptide z-Val-
Ala-Asp(OMe)-CH2F did not protect against acid-induced cell killing. We
conclude that acid-induced cell death depends on bax and on SAPK

signaling pathways, but not on the caspase proteases. Therapeutic manip
ulation of bax and SAPK may enhance acid-induced tumor cell killing.

INTRODUCTION

Differences between malignant and normal cells form the basis for
selective cancer chemotherapy. Tumor cells are distinguished from
normal cells by abnormal gene expression, resulting in dysregulated
cell growth, and in solid tumors by a microenvironment that differs
from that found in most normal tissues. Regions of solid tumors are
often hypoxic, with ensuing metabolic dependence on anaerobic gly-

colysis ( 1). Preferential use of the glycolytic pathway and impaired
clearance of acidic byproducts in tumors often lead to reduced pHe.3

Mean values of pHe are often lower than those in normal tissues by as
much as 0.5 pH units (2, 3). pHe decreases as the distance from the
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tumor blood supply increases (4), and tumor acidity may be one of the
damaging stimuli that leads to cell death and necrosis in untreated
tumors.

Mean pHÂ¡in tumor cells is near normal, suggesting efficient main
tenance of a transmembrane proton gradient in the majority of tumor
cells (1,5). Homeostatic mechanisms of pHÂ¡regulation in tumor cells,
which maintain this acid gradient, have been identified as potential
targets in the design of cancer therapeutics. In the past, we have
investigated the systemic use of deregulators of pH homeostasis using
agents such as amiloride and its analogues, which inhibit the sodium/
proton antiport, and nigericin. a proton ionophore. We have shown
that dysregulated acid homeostasis results in pH-dependent cell kill

ing in vitro and in antitumor effects in mice (6, 7). Such strategies
cause selective killing of tumor cells found within an acidic micro-

environment by reducing their pHj. Understanding the mechanisms of
tumor cell death after acute reduction of pHL may suggest novel
approaches to tumor therapy.

It has been hypothesized that intracellular acidification may be a
common feature of apoptosis that may be needed for the activation of
a final apoptotic effector pathway, although this remains controver
sial. In HL60 cells, direct manipulation of pHÂ¡results in DNA frag
mentation and degradation that are most marked when pHj is reduced
to pH 6.8 or below (8). In this pH range, a specific acid-induced

endonuclease, DNase II, becomes activated, suggesting that lowered
pHj may be directly linked to apoptosis (9, 10). Withdrawal of IL-2 in
the murine CTLL-2 cell line also induces intracellular acidification

and apoptosis (11). Apoptosis in this experimental system can be
inhibited by pretreatment of cells with phorbol myristate acetate,
which prevents intracellular acidification through protein kinase C-
induced activation of the Na+/H+ antiport (12, 13). Whereas the

antiapoptotic action of this pleiotropic agent may not be due solely to
the stabilization of pHÂ¡,its effect can be blocked by EIPA. an inhibitor
of the Na+/H+ antiport. This result suggests that intracellular acidi

fication may be necessary for cell death and is not just a consequence
of apoptosis in this experimental system. Apoptosis in Jurkat cells,
induced by anti-Fas, cycloheximide, or exposure to short-wave UV

light, is also preceded by intracellular acidification (14). Moreover,
incubation of these cells with base before apoptotic exposure prevents
intracellular acidification, resulting in less cell death. These data
suggest that activation of an acid-induced endonuclease may occur

after diverse apoptotic stimuli and may be a feature of a common
pathway to cell destruction.

Cellular stress, such as UV irradiation, heat shock, IL-1, TNF-a, or
chemotherapeutics. such as mechlorethamine, rÃ -platinum, anthracy-
clines, and l-ÃŸ-D-arabinofuranosylcytosine, induce the activation of a
family of serine/threonine SAPKs, also known as the JNKs (15-17).
SAPKs, which were first identified biochemically from cyclohexam-
ide-treated rat livers, have sequence similarity to the mitogenic ERK

family kinases and share a similar mechanism of activation (15). Both
SAPK and ERK become activated through dual phosphorylation on
threonine and tyrosine located within a regulatory loop embedded
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within their kinase domains. Just as ERKs are activated by the
immediate upstream dual-specificity kinase, mitogen-activated pro-

tein/ERK kinase 1, SAPK is activated by SEK1. SEK1 is itself
phosphorylated on serine 254 and threonine 258, residues that are
homologous to the two raf-targeted residues in the ERK activator
mitogen-activated protein/ERK kinase (18-21).

SAPK activation may be a necessary component of signaling path
ways that lead to cell death. In a murine fibrosarcoma cell line, we
have shown that specific inhibition of SAPK activation by expression
of the dominant inhibitor SEK1-AL prevents cell death after heat
shock or after the chemotherapeutic drug a's-platinum (22). Similarly,

the expression of dominant-inhibiting mutants of MEKK1 and SAPK
inhibits y-irradiation or UVC-induced cell death in 293T human

embryonic kidney cells (23), and inducible expression of the SAPK
target c-jun in NIH3T3 cells causes apoptotic cell death (24). SAPK

activation is also induced by NGF withdrawal, an apoptotic stimulus
in differentiated PC12 cells (25). Induced activation of SAPK in these
cells by MEKK1, a SEK1 activator, is associated with apoptosis,
which can be blocked by dominant-interfering mutants of the SAPK
target c-Jun or by interfering mutants of SEK1 (25). Bcl-2 overex-

pression prevents both apoptotic cell death and SAPK activation after
NGF withdrawal (26). Collectively, these data implicate SAPK path
way activation as a necessary component of apoptosis that can be
inhibited by the antiapoptosis factor Bcl-2.

Other shared effectors of apoptosis, which may function both
upstream and downstream of SAPK, are the cysteine aspartases, now
known as the caspases (26-28). These proteases contribute to cell

death after numerous stimuli such as fas ligation (29, 30), stimulation
of the TNF receptor or related receptors (31, 32), ceramide treatment
(31, 33), cancer chemotherapy (34), growth factor withdrawal (35),
and granzyme B-mediated killing by cytotoxic lymphocytes (36).

Caspase regulation by multiple signaling pathways induced by a
variety of cellular stresses indicates that cell death is a complex
process with many levels of control.

In the present study, we report the contribution of SAPK activation
and bax expression to acid-induced cell death, a process that is
insensitive to bcl-2 overexpression and independent of the caspases.

MATERIALS AND METHODS

Chemicals and Antibodies. Nigericin (Sigma) was purchased in 10-mg

vials to which 4 ml of absolute ethanol were added to dissolve the drug.
Subsequent dilutions were carried out in sterile PBS in glass containers,
because nigericin binds to plastic (37). EIPA was purchased from Research
Biochemicals, Inc. (Natick, MA) and was dissolved in 5% DMSO. z-Val-Ala-
Asp(OMe)-CH2F was purchased from Enzyme Systems Products (Livermore,

CA), dissolved in DMSO, and used at a final concentration of 100 fiM. DIDS
(Sigma) was dissolved in PBS. PARP polyclonal rabbit antibody was pur
chased from Boehringer Mannheim.

Mutagenesis and Gene Cloning. Mammalian SEK1 was mutated at serine
254 and threonine 258. the sites of activating phosphorylation, using the
pSelect system (Promega) and the protocol supplied by the manufacturer as
described previously (22). An alanine 220, leucine 224 mutant, SEK1-AL, was
generated with the oligonucleotide GCTTGTGGACGCTATTGCCAAGCT-
TAGAGATGC. SEKI-AL was placed in frame downstream of the sequence
ATGGCTTACCCATACGATGTTCCAGAT, defining the influenza hemag-

glutinin epitope tag MAYPYDVPD, and was inserted into plasmid pcDNA3
(Invitrogen),

Tissue Culture and Cell Lines. Human bladder cancer MGH-U1 cells,
murine mammary cancer EMT6 cells, and murine fibrosarcoma RIF-1 cells
were maintained as monolayer cultures in a-MEM (Life Technologies, Inc.)

containing 10% PCS (Life Technologies, Inc.). U937 human leukemic cells
were maintained in suspension culture using the same medium. Cultures were
reestablished periodically from frozen stock and checked routinely for myco-

plasma contamination.

Transfection and Gene Expression. Calcium phosphate and Lipofectin
transfections were performed as described previously (22). MGH-U1 human
bladder cancer cells were transfected with full-length murine bcl-2/pcDNA3 or

bax/pcDNA3 and selected in l mg/ml G418. For each cell type, individual
drug-resistant colonies were analyzed for the expression of transfected proteins
by immunoprecipitation followed by Western blot analysis using either anti-
bcl-2 or anti-bax antibodies (Santa Cruz Biologicals). RIF-1 SEKl-AL-ex-

pressing murine fibroblasts were derived as described previously (22).
SAPK Immunoprecipitation and Kinase Reaction. Cultured cells at a

density of 2 X IO6 cells/ml in a-MEM containing 10% PCS were stimulated
as described below. Aliquots of 1 X IO7cells were incubated in 0.5 ml of NP40

lysis buffer consisting of 150 mM NaCl, 1% NP40, 50 mM Tris (8.0). and the
protease inhibitors leupeptin (1 /j.g/ml), aprotinin (1 /j.g/ml), and phenylmeth-

ylsulfonyl fluoride (1 mM; all from Sigma). Phosphatase activity was inhibited
by 5 mM sodium orthovanadate and 50 mM dibasic Na PPÂ¡(Sigma). SAPK was
immunoprecipitated for l h at 4Â°Cusing rabbit SAPKal antisera raised to

prokaryotic thrombin-cleaved glutathione 5-transferase fusion protein (22).

Antibody was used at 1:5000 dilution followed by incubation with protein
A-Sepharose (Pharmacia) for l h at 4Â°C.Each kinase reaction was performed

in a final volume of 50 fu containing 25 fi\ of 2X kinase buffer [100 /IM
[y-32P]ATP, 10 mM MgCl2, 50 mM Tris-HCl (pH 7.5), and 1 mM EDTA], 5 jul

of glutathione S-transferase-c-jun (residues 1-92) at 1 mg/ml in distilled water,
and 20 jj.1of immobilized SAPK slurry. Samples were incubated at 37Â°Cfor

30 min. Reactions were terminated by the addition of 50 Â¿ilof 2X SDS protein

loading buffer followed by boiling for 10 min. Products were separated on an
8% polyacrylamide protein gel followed by gel drying and image analysis.
Radiolabeled proteins were detected after electrophoresis by Phosphorlmager
using the ImageQuant analysis software (Molecular Dynamics, Inc.. Sunny
vale, CA).

Cell Survival Experiments. pH-adjusted medium was made by mixing
appropriate quantities of a-MEM plus 10% dialyzed PCS containing either
4-morpholinepropanesulfonic acid (20 mM) or HEPES (20 mM) as described

previously (38). Medium was prepared the day before the experiment and
allowed to equilibrate with 5% CO2 in air overnight. The pH was measured
immediately before use and adjusted as necessary with NaOH or HC1. To
assess cell survival, a-MEM over monolayer cells was replaced with pH-

adjusted medium with or without drugs that influence pH regulation (nigericin.
EIPA. and/or DIDS). After the completion of timed incubations, cells were
rinsed three times with PBS. trypsinized, and plated in triplicate culture dishes
for assessment of clonogenic survival. Plates were incubated in a humidified
atmosphere containing 5% CO2 at 37Â°Cfor 9-12 days, and colonies were then

stained and counted. The surviving fraction was expressed relative to that of
the untreated controls. All experiments were repeated to ensure reproducibility.

MTT Cell Viability Assay. MTT was dissolved at a concentration of 5
mg/ml in sterile PBS and filter sterilized. MTT stock solution (25 /Â¿I)was
added to each well to be analyzed and incubated for 2 h at 37Â°C,at which point

100 Â¿Â¿Iof extraction buffer consisting of 20% w/v SDS and 50% dimethyl
formamide (pH 4.7) were added. Incubation was performed for an additional
24 h. Absorbance (570 nM) was then measured with a Titer-Tech 96-well

multiscanner using identically treated wells containing tissue culture medium
alone as the blank.

Determination of pH,. Cells were incubated for 30 min with BCECF-AM.
BCECF-AM is uncharged and is able to diffuse across cell membranes.
Intracellular BCECF-AM is cleaved by nonspecific esterases, producing the

charged, highly fluorescent, and poorly permeable BCECF. which remains
trapped within the cells. Fluorescence of BCECF, with excitation and emission
wavelengths of 495 and 525 nm, respectively, is linearly related to pHÂ¡in the
range of pH 6.0 to pH 7.5. Measurements of pH, were made using a SLM
Aminco Bowman Series 2 fluorescence spectrometer. At an excitation wave
length of 440 nm. fluorescence of BCECF is independent of pH and is used as
a check for dye leakage from cells. In our experiments, such leakage was
minimal. A standardization curve was constructed using EMT6, RIF-1, and
MGH-U1 cells incubated at various pHc values in medium containing 140 mM
K+ with nigericin as described previously (6).

Detection of Apoptosis. Apoptosis was detected through TdT-catalyzed
labeling of 3' hydroxy fragment ends of DNA with Br-dUTP nucleotides using

protocols and reagents supplied in the APO-BRDU kit (Phoenix Flow Systems,

San Diego, CA). Total cellular DNA was coincidentally measured using
propidium iodide nuclear staining. Data were collected with a Coulter Elite-XL
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Fig. 1. Activation of SAPK by intracellular acidification. R1F-1 murine fibroblasts,
MGH-UI human uroepithelial cells, and EMT6 human breast cells were incubated at pHc
7.4 or pHc 6.0 with the proton ionophore nigericin for 90 min (Lanes 1-9). SAPK activity
was then assessed in vitro by c-jun phosphorylation after immunoprecipitation. SAPK was

strongly activated in each cell line by intracellular acidification. Nigericin treatment at
neutral pHt. has no effect on SAPK activity. EMT6 cells incubated at pHc 6.0 without
nigericin partially activated SAPK. indicating only partial intracellular acidification with
out this ionophore (Lane 10).
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Fig. 2. SEKI-AL expression inhibits SAPK activation after intracellular acidification.

RIF-1 veclor-transfected cells (RIF-1) or two independently derived derivatives express
ing a transdominant negative mutant of SEK1 (RIF-1 SEK1-AL1X and RIF-I SEKI-AL19)

were incubated at pHc 6.25 with nigericin, EIPA, and DIDS for the indicated time periods.
SAPK activity was evaluated in vitni by c-jun phosphorylation after immunoprecipitation.
SAPK activation is impaired after inlracellular acidification by SEKI-AL expression.

flow cytometer. Propidium iodide fluorescence was detected as 640 nm emis
sion, whereas fluorescein-tagged anti-BrdUrd was detected at 520 nm. Results

were expressed as DNA content versus BrdUrd dot plots.

RESULTS

Influence of SAPK Inhibition on Acid-mediated Cell Death. To
test whether SAPK activation is triggered by reduced pHj, RIF-1,
MGH-UI, and EMT6 cells were incubated in growth medium ad

justed to pH 6.0, supplemented with 0.25 /ng/ml of the proton iono
phore nigericin to cause intracellular acidification (39). Control cell
cultures were incubated at a neutral pH, with or without nigericin.
Subconfluent cells, growing in 10-cm tissue culture dishes, were
treated for 90 min. Cells (2 X IO6) from each plate were lysed, and

SAPK activation was measured as described above. Whereas no
evidence of SAPK activation was found in any cells incubated at a
neutral pH, marked activation was noted in all three cell lines after
incubation at pH 6.0 in the presence of nigericin (Fig. 1). Under these
conditions, pHe was equal to pHÂ¡within 0. l pH unit as measured by
BCECF fluorescence (data not shown). Treatment with nigericin at a
neutral pH did not activate SAPK. The exposure of EMT6 cells at pHe
6.0 in the absence of nigericin, which reduces pHÂ¡to approximately
6.5, caused lesser activation of SAPK (Fig. 1).

We have shown that SEK-AL expression prevents cell death in

duced by heat shock and certain chemotherapeutics (22). Experimen
tal inhibition of SAPK can be achieved through expression of SEKI-

AL, a dominant negative form of SEK1, the upstream activator of
SAPK (19. 20). We have made SEKl-AL-expressing derivatives of
the murine fibroblast line RIF-1 that we have described previously
(22). Two clones, RIF/SEK1-AL18 and RIF/SEK1-AL19, and a vec
tor only-transfected control, RIF-l(V), were selected for the present

study. The activation of SAPK in these cell lines by reduced pHc was
evaluated over time. After incubation for 30 or 90 min at an pH,, of
6.25 with EIPA, DIDS, and nigericin, the cells were washed,
trypsinized, and counted. Cells (2 X IO6) from each sample were

lysed, and SAPK activation was measured as described above.
Whereas RIF-l(V) cells demonstrated activation of SAPK by this acid
stimulus, cells expressing SEKI-AL had reduced or absent activation
(Fig. 2). To test the effect of SEKI-AL expression on clonogenic

6.5 + EDN
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Fig. 3. SEKI-AL expression enhances clonogenic survival after transient intracellular
acidification. RIF-1 vector-transfected cells or the two SEKl-AL-expressing derivatives
(SEK1-ALI8 and SEK1-AL19) were exposed for 3 or 6 h to nigericin. EIPA. and DIDS at
pHc 6.25 (A) or 6.50 IÃŸ).Clonogenic survival was measured by colony staining after 7
days of growth in five replicate experiments and is expressed as a fraction of survival
observed in untreated cells. SD, error bars. At both levels of intracellular acidification,
expression of SEKI-AL prevented loss of clonogenicity.
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Fig. 4. Stable expression of Bcl-2 and Bax-2 in Iransfected MGH-U1 cells. MGH-U1/

Bcl-2 and MGH-Ul/Bax-2 were derived through the introduction of constructs directing
the expression of the complete proteins followed by drug selection. Expression of
exogenous proteins in each cell line was confirmed by immunoprecipitation followed by
Western analysis using anti-Bcl-2 antibody (A) or anti-Bax antibody (B). Cells transfected
with vector alone (MGH-UI/neo) are shown for comparison.
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Fig. 5. Bax expression potentiates the loss of clonogenic survival after intracellulur
acidification. Vector-lransfected cells (neo) and Bcl-2- or Bax-expressing MGH-U1 cells
were exposed to pHc plus nigericin. EIPA. and DIDS for the indicated time periods.
Clonogenic survival was assessed by colony formation in five replicate experiments and
is expressed as a fraction of survival observed in cells maintained at a neutral pH with SD
indicated by error bars. Bax but not Bcl-2 expression reduced clonogenic survival after

intracellulur acidification.

survival after acid shock, subconfluent monolayer cultures of RIF-
1(V) and each of the two SEK1-AL clones were exposed to a-MEM

at either pH 6.25 or pH 6.5 for 3 or 6 h in the presence of nigericin,
EIPA, and DIDS. As a control, equivalent samples were left in neutral
medium. After washing and trypsinization, replicates were incubated,
and colonies were enumerated. Whereas the plating efficiency of all
three cell lines was the same after incubation at a neutral pHe, the
SEKl-AL-expressing cell lines had a 10-fold increase in clonogenic
survival compared to vector-transfected control cells after acid expo
sure (Fig. 3, A and B). To determine whether SEK1-AL expression

prevents intracellular acidification, pH( was measured using BCECF
fluorescence in cells under similar conditions of acid pHe stress. For
each cell line, pHe and pHÂ¡were the same, within 0.1 pH unit (data not
shown).

Influence of Bcl-2 or Bax Expression on Acid-induced Cell
Death. Bcl-2, a molecule first identified as an inhibitor of apoptosis
in low-grade hematological malignancies (40), inhibits apoptosis after
diverse stimuli including growth factor withdrawal (41), cancer che-
motherapeutics (42-44), and physical stimuli such as UV and y
irradiation. Bcl-2 binds to a structurally similar molecule, bax, an

event that may be necessary for its antiapoptotic effect (45). To
evaluate a possible role for bcl-2 or its binding partner bax in acid-
induced cell death, cell lines that overexpress bcl-2 or bax were

derived through transfection of pcDNA3/bcl2 or pcDNA3/bax from
the human uroepithelial cell line MGH-U1. Expression of bcl-2 and

bax was confirmed by immunoprecipitation followed by Western
analysis (Fig. 4, A and B). Vector-transfected control MGH-U1 cells
and representative bcl-2- and bax-expressing cell lines were acid-

treated at pH 6.5 in the presence of nigericin, EIPA, and DIDS for 3
or 6 h. Equal numbers of cells of each type were plated in triplicate
and incubated as described above for determination of clonogenic
survival. Equilibration of pHe and pHÂ¡in the presence of bcl-2 or bax

expression was confirmed using the fluorescent dye BCECF. No
difference in survival was seen between MGH-U1 cells expressing the
pcDNA3 vector alone and those expressing bcl-2 (Fig. 5). In contrast,
MGH-U1 cells expressing bax are more sensitive to acid-induced cell
killing after 6-h exposures. SAPK activation after acid exposure was
measured in bcl-2- and bax-expressing MGH-U 1 cells and was found
to be similar to vector-transfected MGH-U 1 cells (Fig. 6).

The Role of Caspases in U937 Acid-induced Cell Death. Be

cause intracellular acidification has been reported by others to cause
apoptosis, we examined cell death, apoptosis, and caspase inhibition
in human U937 leukemic cells. Sensitivity of U937 cells to acid-

induced cell death was evaluated. After incubation for 3 or 6 h at a
pHe of 6.25 or 6.50 with EIPA, DIDS, and nigericin, the cells were
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Fig. 6. Acid-induced activation of SAPK is not impaired by Bcl-2 or Bax overexpres-
sion. MGH-Ul(V). MGH-Ul/Bcl-2. and MGH-Ul/Bax cells were exposed to PHC 7.4 or
pHc 6.Ãœplus nigericin. for 3 h. SAPK activity was evaluated in vitro by JNK assay after
immunoprecipitation.

2804

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/58/13/2801/2466939/cr0580132801.pdf by guest on 19 M

ay 2023



SAPK AND ACIDIFICATION

0.75

LO

O

0.50-

0.25 -J

0.00
7.40 6.50 6.25 6.50 6.25

j

3 Mrs 6Hrs
Fig. 7. Intracellular acidification kills U937 cells. U937 cells were cultured with EIPA,

DIDS, and nigericin at pHc 7.40 or were incubated at pHc 6.25 or pHc 6.50 for 3 or 6 h.
Cells were washed and counted. Acid-shocked or unexposed cells (5 X IO3) were placed

into the wells of a 96-well plate and maintained for 3 days at a neutral pH. After
incubation, cell viability in each well was evaluated by MTT assay. The average absorb-

ance 590 nM in each well with SDs of five experiments is shown. The pH,, and time of
incubation are indicated along the abscissa. U937 cells were efficiently killed by intra-

cellular acidification, with less than 0.2% of control sample MTT conversion occurring in
acid-exposed samples.

washed and counted. Acid-shocked or unexposed cells (5 X IO4) were

placed into the wells of a 96-well plates and incubated for 3 days at

a neutral pH. After incubation, cell viability in each well was evalu
ated by the MTT assay. As shown in Fig. 7, U937 cells were
efficiently killed by intracellular acidification, with less than 0.2% of
control sample MTT conversion occurring in acid-exposed samples.

To evaluate apoptosis under these conditions, fragmented DNA was
labeled using TdT-catalyzed incorporation of Br-dUTP onto the 3'

hydroxy DNA ends and analyzed by flow cytometry. Cells (1 X IO4)

were analyzed immediately. Fig. 8 demonstrates that even after ex
treme exposures to acid pH values, such as pHÂ¡6.25 for 6 h, fewer
than 1% of cells incorporated Br-dUTP, despite complete cell death
(Fig. 7). In contrast, 35.1% of positive control CTLL-2 cells demon
strated incorporation of Br-dU 24 h after incubation in medium
lacking their essential trophic factor, IL-2. Similarly, evidence for

apoptosis was not detected using a variety of other assays including
acridine orange staining of cell nuclei, analysis of cell morphology by
light microscopy, and detection of DNA laddering by agarose elec-

trophoresis (data not shown).
Influence of ICE Proteases on Acid-induced Cell Death. Com

mon to many apoptotic effector mechanisms is activation of the

pH7.4 pH 6.5 - 3 hrs pH 6.5 - 6 hrs

Fig. 8. U937 cells do not have fragmented DNA
after lethal acid exposures. U937 cells were incu
bated with EIPA, DIDS, and nigericin at neutral or
acidic pHe values for various times, as indicated.
Immediately after treatment, cells were fixed, per-

meabilized. and incubated with TdT enzyme and
Br-dUTP followed by fluorescein-labeled anti-Br-

dUrd antibody. Propidium iodide cell staining was
used to detect total DNA. Results were analyzed by
flow cytometry. Emission at 525 nM (log
scale â€”¿�apoptotic cells) is displayed versus emis

sion at 640 nM (DNA content) for 10.000 events.
Control CTLL-2 cells were incubated in the pres
ence of IL-2 or deprived of this cytokine for 24 h
and similarly analyzed. Whereas apoptotic 1L-2-
deprived CTLL-2 cells are readily identified (lop
portion of the lowest panel}, no DNA fragmentation
in acid-exposed U937 cells was detected.

pH 6.25-3 hrs 6.25 EDN 6 hrs CTLL-2

CTLL-2- IL2
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Fig. 9. PARP is noi cleaved in cells exposed lo lethal acidic pH,. U937 fibroblasis were
incubated with EiPA, DIDS, and nigericin al neutral or acidic pHc values for various times
and conditions, as indicated. Acid-shocked or unexposed cells (2 x 10'') were directly

lysed by boiling in Lacmmli sample buffer, and PARP electrophoretic mobility was
analyzed using Western analysis. As positive controls for PARP cleavage, cells were
incubated with 400 mw sorbitol or 500 /xg/ml anisomycin for 4 h. Despite exposure to
lethal acidic pHt., only uncleaved PARP was detected.

caspase aspartate-directed proteases. PARP is a substrate for most

caspases in vitro and for the distal effectors, caspases 1 and 3, in vivo
(46). PARP is cleaved from a 116-kDa form into smaller fragments,
including an 85-kDa form, that can be detected by Western analysis.
To detect caspase activation in acid-treated U937 cells, we analyzed

PARP cleavage after acid exposure. After 30 or 90 min incubations at
a pHt. of 6.00. 6.25, or 6.50 with EIPA, DIDS, and nigericin, the cells
were washed and counted. Acid-shocked or unexposed cells (2 X IO6)

were directly lysed by boiling in Laemmli sample buffer, and PARP
electrophoretic mobility was analyzed using Western analysis. Fig. 9
demonstrates that PARP cleavage could not be detected in cells
exposed to an acidic pHÂ¡that severely compromises their viability.
These data suggest that acid-induced cell death proceeds independent

of caspase activation.
To further study the role of caspases in acid-induced cell death, we

studied the protective effect of inhibitors of ICE family proteases.
Specific inhibition of ICE proteases by a small peptide antagonist (47)
confers resistance to apoptotic cell death induced by fas ligation (29,
30) and trophic factor withdrawal (26). One such inhibitor, z-Val-Ala-
Asp(OMe)-CH2F, freely crosses cell membranes and is inhibitory at a
concentration of 100 JXM(26, 48). We used this well-characterized
inhibitor to evaluate the dependence of acid-induced cell death on ICE
activation. RIF-1 cells were incubated for 3 h in tissue culture medium
equilibrated to pH 6.25 containing nigericin and 100 LIMz-VAD.
Control samples were maintained at a neutral pH or acid-shocked
without z-VAD. Cells were then washed, trypsinized, counted, and
plated in triplicate into 96-well plates in neutral medium. For cells that
were acid-shocked with z-VAD, this inhibitor was maintained. Cell

viability was determined by MTT assay, as described above, after 2
and 4 days of incubation. Equilibration of pH0 and pH( in the presence
of z-VAD was confirmed using the fluorescent dye BCECF. Inhibi
tion of ICE proteases had no effect on the acid-induced reduction in
cell viability in RIF-1 cells (Fig. 10).

DISCUSSION

Growth of malignant tumors depends on the concurrent expansion
of supporting vasculature. Tumors are often underperfused, resulting
in local hypoxia and increased anaerobic metabolism as well as
reduced clearance of acidic products of metabolism, establishing an
acidic extracellular environment. However, mean pHÂ¡in tumor cells is
normal, suggesting that mechanisms to maintain proton equilibrium,
such as the Na+-dependent HCO3~/C1~ exchanger and the H+/Na+

antiporter are intact (1, 5). Because tumor cells are often resistant to
conventional chemotherapy and irradiation, therapeutic strategies ex

ploiting this transmembrane proton gradient have been proposed for
specific tumor cell kill (7, 39, 49).

Apoptotic stimuli such as UV light, cancer chemotherapy, or Fas
ligation induce intracellular acidification (11, 50, 51). Apoptosis trig
gered by these stimuli can be inhibited by incubating cells in a basic
extracellular environment, suggesting that acidification may be nec
essary for cell death rather than just a consequence of critical cellular
damage. Direct induction of acidic pHÂ¡in cells reportedly triggers the
classic hallmarks of apoptosis such as nuclear condensation, cytoplas-

mic vacuolization, and endonucleosomal DNA degradation (8). These
data suggest a direct link between acidification and death effectors.

Although much has been discovered about the signaling events
linking other physical apoptotic stimuli such as ionizing irradiation
and UV light to the final morphological manifestations of apoptosis,
comparatively little is known about acid-induced proapoptotic signal
ing events. An acid-activated endonuclea.se has been discovered that

may be an effector of cell death on loss of pH homeostatic mecha
nisms (8, 9, 52). This enzyme, with a molecular weight of approxi
mately 35,000, has an in vitro optimum pH of 5.5, although it
demonstrates a threshold for activity as high as pH 6.8 (9, 14).
Neutrophils treated with nigericin and exposed to an acidic pHe
demonstrate chromatin digestion in the optimum pH range of this
enzyme (14). However, its activation after acid shock I'Mvivo has not

yet been demonstrated, and its role as an effector of apoptosis remains
to be defined.

We hypothesized that lowered pHÂ¡,rather than directly activating
an acid-induced endonuclease, induces a signaling pathway involving

additional apoptotic regulators, ultimately resulting in endonuclease
activation. To test this hypothesis, we investigated the ability of
components of known apoptotic signaling pathways to perturb the link
between acidification and endonuclease activation.

SAPK/JNK activation is necessary for cell death after diverse
stimuli. Many cellular proapoptotic stresses, such as UV irradiation,
heat shock, IL-1, TNF-a, or chemotherapeutics such as mechloreth-
amine, ris-platinum, anthracyclines, and l-ÃŸ-D-arabinofuranosylcy-
tosine activate SAPK/JNK (15-17). Inhibition of its activation can

prevent cell death induced by heat shock or the anticancer drug
cis-platinum (22). Similarly, expression of dominant-inhibiting mu
tants of MEKK1 or of SAPK itself inhibits y irradiation or UVC-

induced apoptotic cell death in 293T human embryonic kidney cells
(23). These reports suggest that SAPK is a necessary component of
common cell death pathways. In support of this conclusion, direct
activation of the SAPK pathway by c-Jun expression in NIH3T3 cells
causes apoptotic cell death that is inhibited by bcl-2 expression (24).

2 Days 4 Days

Fig. 10. ICE protease inhibition does not affect clonogenic survival after intracellular
acidification. RIF-1 cells were exposed to pHc 6.25 + nigericin with prior z-VAD
exposure for the indicated lime periods and compared to similar cells unexposed to this
ICE protease inhibitor. Clonogenic survival of treated cells is expressed as a fraction of
that observed in control cells with the SD of five replicated experiments expressed as
error bars. Prior z-VAD exposure was not associated with resistance to intracellular

acidification.
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Moreover, induced activation of SAPK through MEKK1 expression
produces apoptosis in differentiated PC 12 cells, which can be blocked
by dominant-interfering mutants of c-Jun or by interfering mutants of

SEK1 (25).
We show that acid-induced cell death can be inhibited in RIF-1

cells by the expression of a dominant-interfering mutant of the SAPK

activator, SEK1. These cells have normal activation of ERK and of
the p38HOG stress kinase but have markedly attenuated activation of

SAPK activation, suggesting that SAPK is uniquely required for
acid-induced cell death (22). Intracellular acidification may directly

increase the enzymatic activity of SAPK; however, it is more likely
that it induces macromolecular damage resulting in the activation of a
signaling cascade involving SEK1-induced activation of SAPK. How

SAPK activation induces cell death has not yet been determined.
Bcl-2 overexpression is associated with resistance to apoptosis

induced by stimuli ranging from toxins such as chemotherapy to
growth factor withdrawal (43, 53-57). The antiapoptotic activities of
bcl-2 and the related protein Bcl-XL seem to be regulated in part

through their interaction with the structurally related proteins Bax and
Bad (45, 58, 59). Bcl-2 and Bcl-XL alone are incapable of preventing
apoptosis but do so when in complex with Bax. This heterodimeriza-

tion may remove Bax from homodimeric complexes, thereby uncou
pling downstream apoptotic effectors. Bad. which can inhibit the
antiapoptotic function of Bcl-XL but not of Bcl-2, displaces Bax only
from Bcl-XL, resulting in increased Bax homodimerization and ap

optosis (58). The regulation of this complex system depends on the
binding pattern of these structurally related molecules. The ratio of
each homodimeric and heterodimeric complex depends on the relative
concentration of components. Because SAPK activation and apoptosis
can be prevented by bcl-2 overexpression in experimental models of

apoptosis such as NGF withdrawal from differentiated PC 12 cells
(26), we investigated the ability of bcl-2 or its binding partner bax to
prevent acid-induced SAPK activation and cell death. Expression of
bcl-2 did not alter either SAPK activation by acid or acid-induced
apoptosis. In contrast, bax expression enhanced acid-induced cell

death in the presence of normal activation of the SAPK pathway,
suggesting that bax may enhance apoptosis, functioning either down
stream of the SAPK pathway on a common apoptotic signaling
pathway or in parallel, affecting common regulators of cell death.
Recent evidence derived from gene-targeted mice lacking expression
of either Bcl-2 or Bax suggests that although an in vivo competition

exists between these two molecules, each may partially function
independently of the other to set the apoptotic balance (60). This is
consistent with our data suggesting that Bax sensitizes cells to acid-
induced cell death independent of Bcl-2, although possibly dependent
on an alternative binding partner such as Bcl-XL.

Apoptosis in the nematode Caenorhabditis elegans is regulated by
an ordered signaling pathway. Two involved genes, ced-3 and ced-9,
have mammalian homologues, namely Bcl-2 family members and the
ICE family of aspartate-directed proteases (61). Whereas ced-9/Bcl-2
and related molecules may inhibit apoptosis induced by ced-3f\CE
members, the order of these molecules in death-promoting signaling

pathways remains uncertain (62, 63). Two molecules that are active in
DNA repair, PARP and DNA-PK, are targets of ICE-like proteases

and are inactivated by cleavage after by genotoxic stress (64, 65).
How these or other molecules downstream of ICE influence apoptosis
is also unknown. z-VAD, a tripeptide-based inhibitor of ICE family

proteases, can prevent cell death after diverse apoptotic stimuli in
cluding NGF withdrawal-induced apoptosis in differentiated PC 12
cells (26). We show that inhibition of ICE-related caspases does not
prevent acid-induced reduction of RIF-1 viability. Furthermore, intra-

cellular acidification of U937 cells does not result in PARP cleavage
or in any manifestation of apoptosis, despite a marked reduction in

cell viability. These data suggest that acid-induced cell death proceeds

independently of the caspases. SAPK pathway activation, which is
necessary for acid-induced cell killing, may act independently of the

caspases in this instance.
We have demonstrated that the SAPK pathway is necessary for

acid-induced cell death that can be markedly potentiated by Bax

expression. Other reports hypothesize that the direct activation of a
DNA endonuclease by reduced pHÂ¡is a direct cause of apoptosis (9,
14). Our data suggest that such a direct link does not occur, but that
acid-induced cell death occurs through an ordered signaling pathway

that is independent of the caspases and displays none of the usual
hallmarks of apoptosis. Antitumor efforts focused on acid-induced

cell death may be aided by chemical potentiators of SAPK pathway
activation or of Bax expression when these become available.
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