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Hypoxia may influence tumor biology in paradoxically opposing ways: it is lethal as a direct stress trigger,
yet hypoxic zones in solid tumors harbor viable cells which are particularly resistant to treatment and con-
tribute importantly to disease relapse. To examine mechanisms underlying growth-survival decisions during
hypoxia, we have compared genetically related transformed and untransformed fibroblast cells in vitro for
proliferation, survival, clonogenicity, cell cycle, and p53 expression. Hypoxia induces G,/G, arrest in primary
fibroblasts but triggers apoptosis in oncogene-transformed derivatives. Unexpectedly, the mechanism of apo-
ptosis is seen to require accumulated acidosis and is rescued by enhanced buffering. The direct effect of hypoxia
under nonacidotic conditions is unique to transformed cells in that they override the hypoxic G,/G, arrest of
primary cells. Moreover, when uncoupled from acidosis, hypoxia enhances tumor cell viability and clonoge-
nicity relative to normoxia. p53 is correspondingly upregulated in response to hypoxia-induced acidosis but
downregulated during hypoxia without acidosis. Hypoxia may thus produce both treatment resistance and a
growth advantage. Given strong evidence that hypoxic regions in solid tumors are often nonacidotic (G. Helm-
linger, F. Yuan, M. Dellian, and R. K. Jain, Nat. Med. 3:177-182, 1997), this behavior may influence relapse

and implicates such cells as potentially important therapeutic targets.

One of the hallmarks of cancer treatment is the frequent abil-
ity to achieve remission which is inevitably followed by relapse.
This behavior is typical of nearly every common human cancer
and strongly implies that within an individual patient, tumor
cells are not homogeneous in their treatment sensitivities. Nu-
merous mechanisms of resistance have been demonstrated, in-
cluding the presence of drug resistance transporters, mutated
or amplified drug targets, altered drug metabolism, altered
DNA repair, overexpression of antiapoptotic genes, inactivity
of proapoptotic gene products, and noncell autonomous fea-
tures of tumor growth in vivo, such as the presence of hypoxia
in solid tumors (36). Disordered tumor cell perfusion and
resulting hypoxia may be particularly important as features
conferring tumor inhomogeneity which may contribute to re-
lapse following tumor shrinkage during therapy. Studies of
solid tumor cells have suggested that through induction of
apoptosis, hypoxia may select for cells with defective apoptotic
regulators such as p53 (19). Through understanding the behav-
ior of such hypoxic tumor cells, strategies which better target
this potentially dangerous cancer cell population may be de-
vised.

Hypoxic regions are a common feature of solid tumors (32,
37, 54). The primary features of tumor physiology that lead to
hypoxia are limited arteriolar supply and arteriolar deoxygen-
ation (8), relatively low vascular density and disorderly vascular
architecture (46), oxygen consumption rates that are out of
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balance with oxygen supply (47), and an unstable blood supply
(29). Cells in hypoxic regions constitute a clinically relevant
problem, because they are more resistant than their normoxic
counterparts to the effects of radiotherapy and many conven-
tional chemotherapeutic agents (16, 53; for a review, see ref-
erence 52) and are thought to contribute importantly to dis-
ease relapse. The presence of hypoxia may also be involved in
the development of a more aggressive phenotype and contrib-
ute to metastasis (6, 45).

Despite the treatment resistance which it may confer, hyp-
oxia is also directly toxic to most cell types. In recent years,
hypoxia has been shown to produce a G,/G, checkpoint as well
as accumulation of p53, although p53 seems not to be required
for the cell cycle arrest (20). Hypoxia may also induce apopto-
sis in tumor cells (49, 58) and has recently been implicated in
the selection for p53-deficient tumor cells with a diminished
apoptotic potential in central (hypoxic) areas of solid tumors
(19).

Thus, two seemingly opposing effects of hypoxia exist, one
protective and the other directly toxic. The protective effect of
hypoxia in conjunction with radiation has long been explored
and has led to the development of a model according to which
DNA radicals generated by radiation react with oxygen to form
organic peroxides that “fix” the radiation damage (oxygen fix-
ation hypothesis). To achieve the same biological effect in hyp-
oxic tissues as in aerated tissues, a 2.5- to 3-fold higher dose of
radiation has to be used, a factor known as the oxygen en-
hancement ratio (22). In contrast to the protective effects of
hypoxia, less is known about underlying mechanisms through
which hypoxia under certain conditions is toxic or growth sup-
pressive. Potential triggers of tumor cell apoptosis include
DNA damage (e.g., radiation or chemotherapy) as well as al-
ternative stress-inducing, but non- DNA-damaging, treatments
such as growth factor starvation (11), microtubule poisoning
(55, 57), heat (10, 51), and hypoxia (49, 58).
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p53 protein, a central regulator in tumor cell apoptosis, has
been shown to accumulate following exposure of cultured
cells to hypoxia (20), displaying increased DNA binding and
transactivation capacity. The mechanism for p53 induction by
hypoxia remains unclear. The transcription factor hypoxia-in-
ducible factor acts as a global transcriptional regulator for a
number of hypoxia-induced genes, including those for erythro-
poietin, vascular endothelial growth factor, and many of the
glycolytic enzymes (reviewed in reference 13). The cellular
oxygen-sensing system that in turn regulates hypoxia-inducible
factor remains to be elucidated, but preliminary evidence sug-
gests the involvement of a hemoprotein (reviewed in reference
21). A clear mechanistic link between hypoxia and initiation of
the apoptotic pathway, however, has not yet been established.

To examine the mechanism underlying apoptosis in hypoxic
tumor cells, we have compared genetically related transformed
and untransformed rodent fibroblast cells in vitro for cell cycle,
proliferation, survival, clonogenicity, and p53 expression under
conditions of hypoxia. Hypoxia induced a G,/G, checkpoint in
primary fibroblasts but induced apoptotic death in their onco-
gene-transformed derivative lines. However, the mechanism of
apoptosis was seen to require metabolic acidosis. The direct
effect of hypoxia under nonacidotic conditions was unique to
transformed cells in that they override the hypoxic G,/G, check-
point seen in primary cells. Moreover, when uncoupled from
acidosis, hypoxia enhanced tumor cell viability and clonogenic-
ity relative to normoxia. p53 was correspondingly upregulated
in response to hypoxia-induced acidosis but was greatly down-
regulated under conditions of hypoxia without acidosis.

MATERIALS AND METHODS

Cell culture. Except for the experiment with the results shown in Fig. 5b,
Ela/Ras-transformed p53™/* and p53~/~ mouse embryo fibroblasts (MEF) (34)
were maintained in Dulbecco’s modified Eagle’s medium containing 4.5 g of
glucose per liter and no HEPES buffer (Mediatech, Herndon, Va.) and supple-
mented with 10% newborn calf serum and 10% fetal bovine serum (BioWhit-
taker, Walkersville, Md.) and 292 pg of L-glutamine per ml, 100 U of penicillin
sodium per ml, and 100 pg of streptomycin sulfate per ml (Gibco BRL, Grand
Island, N.Y.). Early-passage (passage 1 to 4) untransformed rat embryo fibro-
blasts (REF) (primary REF obtained from BioWhittaker) and Myc/Ras-trans-
formed REF, derived from transfection of primary REF with c-Myc and Ras
plasmids followed by clonal expansion of foci, were maintained in minimum
essential medium (Mediatech) supplemented as described above. For the exper-
iment with the results shown in Fig. 5b, Dulbecco’s modified Eagle’s medium
with and without 25 mM HEPES buffer, normalized for osmolarity (Gibco BRL,
Gaithersburg, Md.), was used. All cells were maintained in a humidified atmo-
sphere of 5% CO, at 37°C.

Hypoxia. For all experiments involving hypoxia (and the respective normoxic
controls), cells were grown on 60-mm-diameter Permanox tissue culture dishes,
which are greater than 100-fold more O, permeable than other plastics (Nunc,
Naperville, Il1.), circumventing the slow release of oxygen from polystyrene (31).
In a modification of Koch’s thin-film culturing technique (30), only 1.5 to 1.7 ml
of medium was used to facilitate rapid deoxygenation of the medium. For the
experiment of Fig. Sc and d requiring additional medium, medium was degassed
in flat glass plates in the hypoxic tissue culture hood for at least 24 h prior to
being added to the plates in the anaerobic chamber device. Cells were seeded at
a given density and were always permitted to attach for 16 to 20 h in atmospheric
oxygen before exposure to hypoxia.

Hypoxia was achieved in two ways. For the first method, tissue culture dishes
were sealed in aluminum hypoxia chambers which were subjected to eight gas
exchanges with 95% N,-5% CO, (Medical-Technical Gases Inc., Medford,
Mass.) (certified to contain less than 10 ppm O,) and subsequently kept at 37°C
(50). Controls which underwent identical gas exchanges but were then filled with
air showed no differences in number or viability from cells grown under normal
conditions. For the second method of producing hypoxia, tissue culture dishes
were placed in a Bactron Anaerobic/Environmental Chamber (Sheldon Manu-
facturing Inc., Cornelius, Oreg.) with a self-contained incubator unit that uses a
90% Ny-5% H,-5% CO,-injected atmosphere and a palladium catalyst. The
oxygen tension in the chamber, as measured by an oxygen analyzer (Illinois
Instruments Inc., Ingleside, Ill.) was <40 ppm.

DAPI staining and fluorescence microscopy. Cells and cell fragments were
cytospun, fixed with methanol-acetic acid (3:1) for 30 min, stained with a 0.01-
mg/ml solution of 4’,6-diamidino-2-phenylindole (DAPI) (Sigma, St. Louis, Mo.)
for 15 min, and subsequently destained with methanol for 1 to 3 h. Fluorescence
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microscopy was with an Axioskop (Carl Zeiss Inc., Thornwood, N.Y.). Photomi-
crographs were obtained at a magnification of X60.

DNA ladders, Annexin V staining, and flow cytometry. Floating and trypsin-
ized cells were harvested, pooled, and rinsed twice in cold phosphate-buffered
saline (PBS). Staining of exposed phosphatidylserine was performed according to
the instructions provided in the TACS Annexin V-FITC Kit (Trevigen, Inc.,
Gaithersburg, Md.). Fluorometric quantitation of Annexin V conjugates was
performed with CellQuest Software on a FACScan flow cytometer (Becton
Dickinson). Genomic DNA was analyzed for ladder formation according to the
method of Herrmann et al. (24).

Viability and clonogenic assays. Floating and trypsinized adherent cells were
pooled, resuspended in PBS, and mixed 1:1 with 0.4% trypan blue (Gibco BRL).
Tissue culture dishes for clonogenic assays were prepared with feeder layers of
Ela/Ras-transformed MEF, plated at a density of 2 X 10°/60-mm-diameter dish,
and irradiated with 2,500 cGy the next day. On the following day, previously oxic
or hypoxic cells (immediately following 30 h of hypoxia or control incubation)
were seeded at 500 to 5,000 cells/plate. After 7 days in a humidified incubator
containing 5% CO, at 37°C, plates were fixed and stained with a solution of 0.1%
crystal violet in 90% ethanol, and colonies containing more than 50 cells were
scored. The plating efficiency (PE) was calculated as the number of colonies on
one plate divided by the number of cells seeded on that plate. The surviving
fraction is the PE of treated cells divided by the PE of the untreated controls.

Cell cycle analysis. Propidium iodide (PI) was used to determine the DNA
content of fixed cells. Cells were harvested and fixed for at least 30 min in 50%
ethanol immediately after hypoxic treatment and then incubated for 30 min in a
solution of 2.5 pg of PI per ml and 50 pg of RNase A per ml. Flow cytometry was
carried out on a FACScan (Becton Dickinson) with CellQuest Software. The
data were subsequently analyzed with ModFitLT V1.01 for cell cycle determi-
nation. For Fig. 6c, cells were pulse-labeled by the addition of 1.7 ul of bro-
modeoxyuridine (BrdU) (previously degassed) to the 1.7 ml of culture medium
(final concentration, 10 uM BrdU) during the last 30 min of their hypoxic
incubation. Cells were harvested, fixed, and stained as described previously (9).
Briefly, cells fixed in 50% ethanol were treated with RNase A, followed by
incubation in 0.1 M HCI-0.5% Triton X-100 and DNA denaturation at 95°C for
10 min. A fluorescein isothiocyanate-conjugated monoclonal anti-BrdU antibody
(Pharmingen, San Diego, Calif.) was employed to detect BrdU uptake, cells were
counterstained with PI for DNA content, and flow cytometry with CellQuest
Software was carried out on a FACScan.

pH measurement. Immediately after hypoxic exposure, the medium from
three identically treated plates was pooled, and the pH was measured with a
combination electrode (“3-in-1-combination”; Corning, Corning, N.Y.) and an
electronic pH meter (pH meter 320; Corning). Measurements were made within
1 min after termination of hypoxic treatment.

Irradiation. Cells growing on tissue culture plates were irradiated from a '3’Cs
source (Gammacell 40; Atomic Energy of Canada Limited) at a rate of 1 Gy/min.

p53 immunoblot. Cells were harvested immediately after treatment (hypoxic
cells were harvested under hypoxic conditions to avoid reoxygenation), lysed
in 3% sodium dodecyl sulfate-2% glycerol, and denatured for 5 min at 96°C.
Lysates of 600,000 cells per well were separated by 8% polyacrylamide gel
electrophoresis and transferred onto a nitrocellulose filter (Schleicher &
Schuell). Protein was detected by using a monoclonal p53 antibody (Pab 421;
Calbiochem) and a horseradish peroxidase-coupled secondary antibody (Cappel)
and then visualized by enhanced chemiluminescence (100 mM Tris [pH 8.5], 2.5
mM luminol, 400 pM coumaric acid, 5.3 mM H,0,).

In vitro cleavage of PARP by cell extracts. Cytosolic extracts were isolated
from Ela/Ras-transformed MEF immediately after the hypoxic or normoxic
incubation for 20 h of cells seeded at 2 X 10° cells/60-mm-diameter plate and
prepared essentially as previously described (40). Adherent and floating cells
were pooled, washed in PBS, lysed in buffer A (20 mM HEPES [pH 7.4], 10 mM
KCl, 15 mM MgCl,, 1 mM EDTA, 1 mM EGTA, 3 mM dithiothreitol, 4 mM
Pefabloc, 5 pg of pepstatin A per ml, 10 wg of leupeptin per ml, 10 ug of
aprotinin per ml), flash frozen and thawed once, and then centrifuged at
100,000 X g for 1 h. Fifty nanograms of a Hiss-tagged N-terminal poly(ADP)-
ribose polymerase (PARP) fragment, which spans the specific cysteine protease
cleavage site (the plasmid was generously provided by John Collier, Harvard
Medical School) was added to 10 pl of 100,000 X g supernatant and incubated
at 37°C for 15 min. Samples were resolved on sodium dodecyl sulfate-12% poly-
acrylamide minigels and transferred to nitrocellulose. Protein was detected with
the C2-10 anti-PARP mouse monoclonal antibody (a gift of Guy Poirier, Uni-
versité Laval, Quebec, Canada) and a peroxidase-conjugated secondary antibody
(Cappel) and visualized by enhanced chemiluminescence.

RESULTS

Hypoxia differentially triggers cell cycle arrest versus apo-
ptosis, depending on oncogenic transformation. Hypoxia (<40
ppm O,) significantly impaired proliferation of early-passage
(before passage 4) primary untransformed REF in culture
(Fig. 1a). The cell count per plate remained virtually constant
24 and 48 h after exposure to hypoxia, whereas cells on nor-
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FIG. 1. (a) Hypoxia-induced growth arrest in untransformed REF. Cells were plated at a density of 2 X 10%/60-mm-diameter dish, and exposure to hypoxia was
started approximately 16 h later (time zero). At 0, 24, and 48 h, cells were harvested and the number of viable (trypan blue-excluding) cells per 60-mm-diameter dish
was counted. Results of experiments in triplicate are expressed as means * standard deviations. (b) Hypoxia-induced G,-arrest in untransformed REF. The DNA
content of fixed and PI-stained cells from the same experiment described for panel a was measured by flow cytometry, and cell cycle analysis was performed. Percentages
of cells in each phase of the cell cycle are given for each diagram. (c) Absolute changes in distribution of cells in the cell cycle. Percentages immediately before exposure
to hypoxia are taken as the starting point (0); absolute increases and decreases in the percentages of cells in G,/Gy, S, and G,/M after 24 and 48 h are plotted. All studies

are representative of at least three independent experiments.

moxic control plates proliferated, increasing threefold within
48 h. Both hypoxic and normoxic cells remained virtually 100%
viable by trypan blue exclusion. Cell cycle analysis by flow cy-
tometric measurement of DNA content revealed that hypoxic
cells arrested predominantly in G,/G,, with a concomitant de-
crease in S phase cells (Fig. 1b and c¢). The percentage of cells
in S phase decreased from 25% in normoxic controls to 4%
after 48 h of hypoxia. The G,/G, fraction increased from 60.8
to 80.4%, with a stable percentage (13.5 to 15.5%) of cells in
G,/M. These observations suggest the activation of a G,/G,
checkpoint by hypoxia. Confluence did not contribute to this
arrest, as the cell number over the study period remained well
below confluence (and as evidenced by the proliferation of
normoxic cells).

In contrast to primary fibroblasts, Myc/Ras-transformed REF
(derived from the same primary cells) exhibited apoptotic
death following hypoxia, whereas primary REF remained via-
ble under identical conditions (Fig. 2a and c). This comparison
is based on stable, phenotypically transformed derivative lines
and early-passage primary fibroblasts (rather than vector-trans-
formed primary cells). Analysis of p53 wild-type and null Ela/
Ras-transformed MEF (Fig. 2b and d) also revealed apoptosis
in response to hypoxia rather than cell cycle arrest. Apoptosis
was quantitated by flow cytometry and Annexin V staining,
which assays flippage of phosphatidylserine to the outer cyto-

plasmic membrane (12). As shown in histograms of these anal-
yses (Fig. 2c and d), essentially the entire population of hypoxic
Myc/Ras-transformed REF and p53*/* E1A/Ras-transformed
MEF underwent apoptosis, in contrast to minimal changes
from baseline values in hypoxic REF (Fig. 2c) or normoxic
control Myc/Ras-transformed REF (data not shown). Consis-
tent with Annexin V positivity representing an earlier phase in
the death pathway than loss of membrane integrity, Annexin V
staining identified apoptotic cells at earlier times of hypoxia
than trypan blue staining. In agreement with the results of
Graeber et al. (19), the presence of p53 modulated the re-
sponse to hypoxia. p53-deficient Ela/Ras-transformed MEF
were somewhat resistant (or delayed) in the apoptotic re-
sponse, although with longer hypoxia extensive death was seen
in this population as well (Fig. 2b and d) (some of this may be
nonapoptotic death, based on morphology [data not shown]).

Further evidence for apoptosis in hypoxic p53 wild-type tu-
mor cells (in addition to phosphatidylserine flippage) included
endonucleolytic DNA cleavage (laddering), which was ap-
parent in the hypoxic cells (Fig. 3a). DAPI staining revealed
shrinkage, nuclear condensation, and fragmentation, the mor-
phological hallmarks of apoptosis (Fig. 3b). Cleavage of a
PARP fragment in an in vitro assay of cytosolic extracts from
these cells (Fig. 3c) revealed activation of caspases which func-
tion in the execution of apoptosis (28, 33). Thus, in agreement
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FIG. 2. Viability of cells under hypoxic conditions. (a and b) Cells plated at a density of 5 X 10° cells/60-mm-diameter dish were kept in a hypoxic environment for
different time periods, and their viability was quantitated by exclusion of trypan blue. Values for normoxic control plates were measured at the same time points; the
viability of these cells reflects a small degree of background apoptosis but does not change over the course of the experiment. Results of experiments in triplicate are
expressed as means * standard deviations. (a) REF and c-Myc/Ras-transformed REF. (b) Ela/Ras-transformed MEF (p53*/* and p53~/7). (c and d) Phosphatidyl-
serine exposure as a quantitative measure of apoptosis. Untransformed REF or Myc/Ras-transformed REF (c) and Ela/Ras-transformed MEF (p53*/* or p537/7) (d)
were plated at 5 X 10° cells/60-mm-diameter dish and rendered hypoxic for the time periods indicated. Flow cytometry for Annexin V staining (indicating phos-

phatidylserine flippage) produced histograms which demonstrate apoptotic death in

hypoxic transformed cells (fluorescence intensity for Annexin V is plotted on the

x axis, and cell number is plotted on the y axis). Phosphatidylserine flippage precedes trypan blue permeability (a and b).

with prior analyses of p53 wild-type tumor cells (19), hypoxic
exposure resulted in profound apoptotic death.

Density dependence of hypoxia-triggered apoptosis. To in-
vestigate the mechanism underlying hypoxia-induced apo-
ptosis, this process was examined at different cell densities.
Unexpectedly, at lower densities, Myc/Ras-transformed REF
were resistant to the identical hypoxic exposure (Fig. 4a). At
5 X 10° cells/60-mm-diameter dish, the transformed cell line
displayed profound cell death after 17 h of hypoxia, whereas at
a density of 1 X 10° cells/60-mm-diameter dish, viability was
virtually identical to that of normoxic cultures at all densities.
Of note, the range of cell densities in these experiments is far
from confluence, which is reached at densities of >4 X 10°
cells/60-mm-diameter dish for these cell lines. A dose effect
appeared to operate, in which the toxicity of hypoxia was lin-
early dependent upon cell density. This same density effect was
also seen in Ela/Ras-transformed MEF (Fig. 4b). As shown in
Fig. 2c and d and 3, the death observed at higher density is
apoptosis. Again, the p53~/~ cells appeared to be relatively re-
sistant. In contrast to the density-dependent responses of trans-

formed fibroblasts to hypoxia, untransformed fibroblasts (REF)
underwent G,/G, cell cycle arrest regardless of cell density
(Fig. 1 and data not shown).

Role of pH in hypoxia-triggered apoptosis. To examine the
mechanism through which density influences hypoxia-triggered
apoptosis, we measured the pH of the medium and observed
the presence of acidosis, which correlated with cell density and
hypoxic exposure (Fig. 5a). For example, the pH was 6.5 for
Ela/Ras-transformed MEF after 24 h of hypoxia at high den-
sity but reached this pH only after 48 h at intermediate density.
Moreover, the more rapid kinetics of death for Myc/Ras-trans-
formed REF (Fig. 2a) also correlated with acidification kinet-
ics. These cells acidify the medium to pH 6.5 after only 24 h (at
the intermediate density of 5 X 10° per plate), while Ela/Ras-
transformed MEF reach the same degree of acidosis after 48 h
(Fig. 5a). This suggested that an indirect metabolic conse-
quence of hypoxia, rather than a direct effect of hypoxia itself,
could be triggering the apoptotic pathway. Such mechanisms
could include nutrient deprivation (see Discussion) or acidosis.

To test this hypothesis, acidosis was neutralized in several
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FIG. 3. (a) Internucleosomal DNA cleavage as a marker of hypoxia-induced apoptosis. Genomic DNA from normoxic or hypoxic cells (5 X 10° cells/60-mm-
diameter plate) was electrophoretically resolved and revealed laddering in hypoxic cells but not in normoxic controls. M, markers. (b) Apoptotic morphology of cells
exposed to 48 h of hypoxia at high density. Hypoxic Ela/Ras-transformed MEF (p53*/*) were fixed and stained for nuclear morphology with DAPI. Fluorescence
microscopy demonstrates nuclear condensation and fragmentation (including apoptotic bodies) in the hypoxic cells compared to oxic controls (identical magnifications
and exposures were used). (c) PARP cleavage activity in hypoxia-triggered apoptosis. Equal amounts of cytoplasmic extracts from hypoxic and normoxic Ela/Ras-
transformed MEF (p53*/*) were incubated with a recombinant N-terminal PARP fragment. Immunoblotting shows PARP cleavage activity in the hypoxic extract but

no PARP cleavage activity in equivalent extracts from normoxic cells.

ways. Ela/Ras-transformed MEF (p53™/") at a higher density
(2 X 10° cells/60-mm-diameter dish; ~50% confluence) were
rendered hypoxic in the presence of either (i) medium modi-
fied by the addition of 25 mM HEPES buffer or (ii) a larger
volume of previously deoxygenated standard medium. Both of
these modifications increased buffering capacity. While control
plates with 1.7 ml of medium displayed >80% cell death after
20 h of hypoxia, cells of the same density cultured with 5 ml of
deoxygenated medium or with 1.7 ml of the HEPES-containing
medium were rescued up to 100 and 80% of the values for their
normoxic counterparts, respectively (Fig. 5b and c). Lack of
acidification accompanied this rescue; the pH of 5 ml of me-
dium after hypoxia was 7.6, compared to 6.8 for the smaller
volume. These experiments demonstrate that augmentation of
the buffer capacity ameliorates hypoxia-triggered cell death.

Conversely, we tested whether acidosis alone, under nonhyp-
oxic conditions, is sufficient to trigger apoptosis in cells grown
at a low density (10°/plate). Medium was acidified with HCI
down to the pH seen in high-density hypoxic cultures (pH 6.5)
or acidified and then reneutralized with NaOH. Both Myc/Ras-
transformed REF and Ela/Ras-transformed MEF at low den-
sity were exposed to preacidified medium and exhibited mas-
sive apoptosis after only 5 h (Fig. 5¢). Reneutralized medium
rescued this apoptotic death. Taken together, these experi-
ments strongly suggest that metabolic acidosis (a predictable
consequence of hypoxia) is the more proximal cause of death,
rather than hypoxia per se.

Hypoxia enhances proliferation of transformed cells at low
density. The rescue of hypoxia’s toxicity by preventing acidosis

permitted the analysis of viability, clonogenicity, and the hyp-
oxic cell cycle checkpoint in these viable, hypoxic cells. Ela/
Ras-transformed p53*/* and p53~/~ fibroblasts were subjected
to 30 h of hypoxia at either low density (1 X 10° cells/60-mm-
diameter dish) or ~50% confluence (2 X 10° cells/60-mm-
diameter dish) prior to quantitation of cell number and viabil-
ity as well as colony formation. As seen in Fig. 6a, at ~50%
confluence both p53*/* and p53~/~ Ela/Ras-transformed MEF
populations were sensitive to hypoxia, with the p53*/* cells
being completely nonviable. In contrast, identical hypoxic
treatment at the lower density resulted in increased cell num-
bers relative to those for normoxic controls (seeded at the
same densities). This increase occurred in either the presence
or absence of p53. Since the viability quantitation reflects only
one time point, cells treated in this manner were also quanti-
fied for colony formation (Fig. 6b). In agreement with the cell
number increase, clonogenic assays from low-density hypoxic
cell cultures resulted in survival fractions that were approxi-
mately 50% higher than those in normoxic controls, again
independent of p53 presence or absence. Predictably, the high-
er-density hypoxic cells lost clonogenicity, with p53~/~ cells
exhibiting a surviving fraction of only 20%.

To directly measure cell cycle progression and the hypoxia
Gy/G, checkpoint, Ela/Ras-transformed cells at a low density
were pulsed with BrdU during the last 30 min of 30-h hypoxic
incubations. These analyses showed complete absence of the
hypoxia checkpoint with a consistent modest increase in the
percentage of cells in S phase (32.1% of normoxic cells versus
39.4% of hypoxic cells in S phase) (Fig. 6¢).
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FIG. 4. Viability of transformed cells under hypoxia at different densities.
Cells plated at different densities were incubated in a hypoxic environment for a
fixed time, and viability was determined by exclusion of trypan blue. Oxic controls
of both cell lines were viable at all times of the experiment. Results of experi-
ments in triplicate are expressed as means * standard deviations. (a) REF and
c-Myc/Ras-transformed REF, examined after 24 h of treatment. A, REF, nor-
moxia; [0, REF, hypoxia; O, Myc/Ras REF, normoxia; ¢, Myc/Ras REF, hypoxia.
(b) Ela/Ras-transformed MEF (p53*/* and p53™/7), examined after 53 h of
treatment. O, p53*/*, normoxia; A, p53~/~, normoxia; @, p53~/~, hypoxia; [J,
p53*/*, hypoxia.
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Hypoxia-induced acidosis upregulates p53 protein, but hyp-
oxia itself downmodulates p53. Given the evidence that p53
responds to and modulates the apoptotic response from hyp-
oxia (19, 20) (Fig. 2b and 4b), it was of interest to examine p53
protein levels under conditions in which the indirect (metabol-
ic) and direct effects of hypoxia could be separated. Immuno-
blotting was performed with the p53*/* Ela/Ras-transformed
MEF, which were rendered hypoxic at either 50% confluence
(2 X 10° cells/60-mm-diameter plate) or a lower cell density
(1 X 10° cells/60-mm-diameter plate), where hypoxia does not
lead to significant acidosis. As seen in Fig. 7 and as reported by
others (20), under conditions of hypoxia without neutralization
of acidosis, p53 protein levels are modestly upregulated. In
contrast, hypoxia without acidosis clearly downregulates p53
protein levels compared to those of oxic cells (Fig. 7). An anti-
tubulin control showed no significant differences (Fig. 7), dem-
onstrating the specificity of p53 downregulation by hypoxia.
This p53 downregulation correlates with the enhanced prolif-
eration that is observed under low-density, hypoxic conditions
(Fig. 6). As a control, ionizing radiation upregulated p53 in-
dependent of cell density (Fig. 7).

DISCUSSION

The differential effects of hypoxia on primary and oncogene-
transformed cells, causing G, arrest in the former and apopto-
sis in the latter, follow the pattern of other triggers of apoptosis
or growth arrest, such as ionizing radiation and chemothera-
peutic drugs (for a review, see reference 14). The differential
effects of these agents on untransformed (normal) and onco-
genically transformed (tumor) cells potentially provides a ther-
apeutic window (reviewed in reference 14) that permits the
preferential killing of malignant cells in cancer therapy. The
mechanism of action for these triggers of p53-mediated apo-
ptosis or arrest has been proposed to involve DNA damage
(39). There is, however, growing evidence that signals distinct
from DNA damage can also induce p53 and initiate cell death
pathways. Hypoxia appears to represent such a non-DNA-dam-
aging signal that elicits these alternative response pathways
(Gy/G, arrest versus apoptosis), depending on the cellular con-
text.

Our results suggest, however, that these two responses in-
volve different mechanisms: cell cycle arrest occurs in the ab-
sence of measurable acidosis for hypoxic primary fibroblasts,
whereas apoptosis of hypoxic transformed fibroblasts appears
to require acidosis. In the absence of acidosis, the hypoxic
checkpoint in transformed cells appears to be overridden, since
S-phase entry is maintained together with increased prolifera-
tion, viability, and clonogenicity. In fact, the accumulation of
acidosis in transformed cell cultures, but not primary REF,
may reflect the presence or absence of a mechanism which
modulates cell cycle progression and metabolism more gener-
ally.

Role of acidosis. The rapidly decreasing pH of medium un-
der hypoxic conditions suggests the Pasteur effect, the switch
from oxidative phosphorylation (Krebs cycle) to glycolysis that
occurs under hypoxic conditions. As a consequence of this
switch, an increase in the consumption of glucose and the pro-
duction of lactic acid in order to maintain the same level of
energy production is anticipated. If, however, a lower level of
energy production is maintained, as may occur in arrested pri-
mary cells, glucose consumption and acidosis may not change
rapidly. The behavior of different cell lines under hypoxia is
thus likely to vary as a function of their metabolic regulation.
For example, Shrieve et al. (50) found no difference in the
per-cell consumption of glucose and production of lactic acid
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FIG. 5. (a) Decline of medium pH during hypoxia. Ela/Ras-transformed MEF (p53*/*) were plated at densities of 1 X 10°, 5 X 10°, and 2 X 10° cells/60-mm-
diameter dish and incubated under hypoxic or normoxic conditions for the time periods indicated. (b and c¢) Rescue from hypoxia-triggered cell death in Ela/Ras-
transformed p53™/* fibroblasts through increased buffer capacity of the medium. Viability was assessed by exclusion of trypan blue. Results of experiments in triplicate
are expressed as means *+ standard deviations. (b) Additional buffer. Cells were plated at 2 X 10%60-mm-diameter dish and exposed to hypoxia for 22 h in 1.7 ml of
either HEPES-free or 25 mM HEPES-containing medium (see Materials and Methods). (c¢) Increased volume of degassed medium. Cells were plated at 2 X
10%/60-mm-diameter dish and exposed to hypoxia for 17 h in the presence of either 1.7 or 5 ml of previously degassed medium. (d) pH of medium correlates with
viability. The pH of the medium following incubation under the conditions used for panel c is plotted. (¢) Preacidification of medium triggers apoptosis in the absence
of hypoxia. Medium was acidified to pH 6.5 (matching the pH of high-density hypoxic p53*/* apoptotic cells) by using HCI or acidified to 6.5 and then reneutralized
with NaOH. Myc/Ras-transformed REF or Ela/Ras-transformed MEF (p53™/*) were exposed to these media at a low cell density (10°/60-mm-diameter plate) for 5 h,

followed by Annexin V staining and flow cytometric quantitation of apoptosis.

in aerated and hypoxic cultures of EMTG6/SF cells, citing evi-
dence that cells adapted to tissue culture and tumor cells may
be highly glycolytic, even in air (Warburg effect) (5). In other
studies, increases in glucose uptake and lactic acid production
have been observed under hypoxic conditions (1, 44). The be-
havior observed here may thus reflect different energy con-
sumption set points in paired transformed and untransformed
cells, and the presence of the hypoxic G,/G, checkpoint may
influence this set point.

Scarcity of glucose does not appear to be a death-triggering
event under our culture conditions, which include a relatively
high level of glucose in the medium. Experiments with glucose
addition did not show significant rescue from hypoxic cell
death, and medium from cells that were dying in hypoxia could
still support cell growth when it was corrected for acidosis
(data not shown). Conversely, additional buffer capacity did
prevent apoptosis, thereby providing evidence that the trigger

of apoptosis in hypoxic cultures is acid accumulation, likely
lactic acidosis. In accordance with this result, low pH and lac-
tate exposure have been shown to inhibit cell proliferation and
survival as well as to enhance radiosensitivity (48, for a review,
see reference 56).

Acidosis has been associated with cell death in a number of
previous systems. DNase II, an endonuclease thought to be
important in the internucleosomal cleavage associated with
apoptosis, has been shown to be activated at an intracellular
pH of below 7 (2, 3), and cell-sorting experiments have strongly
correlated intracellular pH and DNA degradation (4, 41). In-
tracellular pH has been proposed as a downstream effector of
apoptosis triggered by diverse agents, such as anti-Fas im-
munoglobulin M, cycloheximide, UV irradiation (18), growth
factor withdrawal (42), etoposide (4), and lovastatin (41). Con-
versely, inhibition of apoptosis by granulocyte colony-stimulat-
ing factor in granulocytes (17), by Bcl-2 in CHO cells (43), or
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PI staining. Unlike primary fibroblasts, which undergo cell cycle arrest (Fig. 1), transformed fibroblasts fail to arrest and even show a modest but consistent increase

in S phase. The results shown are representative of three independent experiments.

by protein phosphatase inhibitors in ML-1 cells (35) prevented
intracellular acidification as well as apoptosis. Lovastatin-in-
duced apoptosis could be rescued by stimulation of the Na*/
H™ antiport that led to an increase in intracellular pH (41). It
will be of interest to examine the intracellular pH, which may
correlate with the extracellular acidosis reported here, thereby
potentially modulating the apoptosis pathway(s). Acidosis is
also potentially a trigger of apoptosis in a number of nonneo-
plastic clinical circumstances, including the ischemia of myo-
cardial infarction, stroke, and sepsis.

p53 and hypoxia. In addition to the induction of either cell
cycle arrest or apoptosis, hypoxia has been demonstrated to
induce p53 protein (20). In these studies, hypoxic treatment
was found to substantially upregulate p53 protein levels as well
as DNA binding and transcriptional activities. However, the
G,/G, arrest produced by hypoxia does not appear to require
p53, because the human papillomavirus E6 gene did not abol-
ish this checkpoint (20). In the present studies, pS3 was also
induced by hypoxia, but in a fashion found to require second-
ary acidosis. In contrast, p53 levels fell when hypoxia was in-
duced without metabolic acidosis. This ability to uncouple p53

induction from hypoxia by correcting for acidosis also supports
the model that acidosis, rather than hypoxia per se, is respon-
sible for the death seen in these cell systems. Our results are
consistent with the hypothesis that this form of apoptosis is
modulated by the presence or absence of p53 (19). pS3 protein
levels are regulated largely at the posttranslational stability
level, although other modes of regulation may also function. It
is unclear whether the p53 downregulation seen here repre-
sents a novel p53 turnover mechanism or involves modulation
of the same pathway that regulates p53 levels following irradi-
ation or hypoxia with acidosis.

The downregulation of p53 in low-density hypoxic cells also
correlates with enhanced S-phase entry in transformed fibro-
blasts. This observation suggests that background oxidative
stress may lead to p53 activation and trigger the p53-depen-
dent G,/S checkpoint under conditions of atmospheric oxygen.
Enhanced proliferation and clonogenicity were also seen in
pS3-deficient transformed cells, suggesting that there is a sub-
stantial p5S3-independent component to oxidative-stress growth
suppression. In addition, within an organism, tissue oxygen-
ation occurs to lower partial pressures than atmospheric oxy-



VoL. 18, 1998

high density (2 x 10 cells/plate)
LM es © __
& o 'g = 'g ]
= § 8¢ &g
e 3 it
p53 — S — j—

low density (10° cells/plate)

IR 5 Gy
(1 hr)
Hypoxia
(2 hrs)

Control
Hypoxia

PS3

o-tubulin T —————

FIG. 7. p53 protein levels rise following hypoxia at high density (with acido-
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were determined by immunoblotting of lysates from cells exposed to hypoxia for
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whereas p53 levels fall at the low density (in the absence of acidosis), although
these cells display enhanced viability (Fig. 6). Antitubulin (a-tubulin) reblotting
(loading control) is shown for the low-density blot.

gen, so the beneficial effect seen in nonacidotic hypoxic cells is
best considered to represent maintenance of cell cycle progres-
sion rather than an increase in S phase compared to that with
atmospheric oxygen. It may also be important to consider cell
type differences in these behaviors, which could vary between
fibroblasts, epithelial cells, and hematopoietic cells, etc.

Hypoxia without acidosis. These studies demonstrate that
transformation with specific oncogenes overrides the hypoxic
cell cycle checkpoint in hypoxic fibroblasts in the absence of
secondary acidosis. Oxygen has long been known to enhance
the damaging effect of ionizing radiation, presumably by fixing
the free radicals generated by radiation in the form of organic
peroxides (22). H,O, has been shown to induce apoptosis that
could be prevented by Trolox, an antioxidant (15). Bcl-2, a
major inhibitor of apoptosis, has been shown to prevent the
formation of reactive oxygen intermediates (ROTI) (25, 27), and
the production of ROI has been suggested as a common factor
for many apoptosis-inducing agents, although Bcl-2 may be
protective even in the absence of ROI (26, 49). Culture with
95% oxygen without any additional treatment induces apopto-
sis in T-lymphoma cell lines (38). The same study (38) also
demonstrates apoptosis induced by hypoxia, further arguing
against oxygen radicals being required mediators of apoptosis.
In the present study, apoptosis also appears not to require
oxygen, as it still occurs in acidotic transformed fibroblasts
under hypoxic conditions.

Clinical implications. Given the observation that nonaci-
dotic hypoxic tumor cells appear to have lost the G,/G; hypoxic
checkpoint, are conditions likely to exist in vivo wherein this
behavior might be clinically relevant? Although hypoxic zones
have been thought to correlate with acidotic regions in isch-

TUMOR CELL HYPOXIA 2853

emic tumors or tissues, tumor angiogenesis as well as venous
drainage is generally disordered to a degree which may not
preclude zones in which acidosis and hypoxia are not coinci-
dent. In fact, a recent analysis has demonstrated frequent dis-
cordance between hypoxic and acidotic zones in solid tumors in
vivo (23). Another situation that could contribute to discor-
dance between hypoxia and acidosis involves transient hypoxia,
which could occur in a region where the pH is normal. At the
individual cell level, conditions of venous drainage and arte-
riolar oxygenation are unlikely to be perfectly matched. In
these circumstances, individual cells or small clusters might
undergo hypoxic growth until, having outgrown their venous
drainage, they accumulate acidosis and a different (and par-
tially overlapping) zone of cells displays such growth. In this
manner, one might envisage a rolling population of tumor cells
which harbors dangerous proliferative potential within hypoxic
zones of a tumor where many antineoplastic therapies fail to
reach or function. Finally, the present study examined only
chronic hypoxia, whereas large regions of tumors in vivo are
subject to patterns of acute hypoxia, reoxygenation, and rehyp-
oxiation (29; for a review, see reference 7). These factors may
significantly alter the balance of hypoxia and acidosis as well as
major variables of radio- and chemotherapy sensitivity.
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