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Hypoxia is an important pathogenic factor in isch-
emic disease and tumorigenesis. Under hypoxia,
some cells are irreversibly damaged, whereas others
adapt to the stress and may become more resistant to
injury. The mechanism underlying such adaptive re-
sponses is unclear. Our recent study showed hypoxic
induction of inhibitor of apoptosis protein-2 (IAP-2).
Here we have investigated the critical steps in the
apoptotic cascade that are affected by hypoxia and
have identified a role for IAP-2 in apoptosis resistance
of hypoxic cells. The results show that cells cultured
in hypoxia became resistant to staurosporine-in-
duced apoptosis. Apoptosis resistance of these cells
took place at the mitochondria and in the cytosol. At
the mitochondrial level, membrane accumulation of
the proapoptotic molecule Bax was suppressed. This
was accompanied by less cytochrome c (cyt. c) release
from the organelles. In the cytosol, hypoxia induced
IAP-2; the cytosol with IAP-2 was resistant to cyt. c-
stimulated caspase activation. Of significance, immu-
nodepletion of IAP-2 from the hypoxic cytosol re-
stored its competence for caspase activation. Thus,
death resistance of hypoxic cells involves multiple
factors targeting different stages of apoptosis, with
IAP-2 suppressing caspases in the cytosol. (Am J
Patbol 2003, 163:663—671)

Hypoxia, a condition of decreased availability of oxygen,
poses stresses to mammalian cells and is an important
pathogenic factor in several types of devastating diseas-
es."? For example, hypoxia during organ ischemia leads
to cell injury and death, which contributes to the devel-
opment of myocardial infarction, acute renal failure and
stroke in the brain.® In solid tumors, malformation and
malfunction of blood vessels result in poorly oxygenated
regions, where cancerous cells are constantly subjected
to hypoxic pressure and the selection for death resis-
tance.* ® Cells that become adaptive to hypoxia are
more resistant to apoptosis and less responsive to can-

cer therapy, resulting in relapse of the disease, metasta-
sis, and transformation into more aggressive pheno-
types.©

In general, cells may adapt to hypoxic microenviron-
ments by several strategies.” ® First, in response to hy-
poxia, cellular activities including that of ion channels are
significantly decreased. Such a decrease conserves en-
ergy to maintain the essential elements for cell viability.
Second, expression of genes that are involved in oxygen
delivery and anaerobic ATP production are drastically
up-regulated. A major transcription factor governing the
expression of these genes is hypoxia-inducible factor-1
(HIF-1).'° Finally, while hypoxia induces cell injury and
death, it also activates pathways for cell survival. Hypoxic
activation of the PISK/Akt survival pathway has been
shown in PC-12 cells."’ Moreover, our recent studies
have documented a striking induction by hypoxia of
IAP-2, an apoptosis inhibitory protein.’®'® Despite these
observations, it is unclear how the pathways and genes
regulate the apoptosis sensitivity of hypoxic cells.

IAP-2 is a member of the family of inhibitor of apoptosis
proteins (IAPs)."#~"® |APs antagonize apoptosis in a va-
riety of experimental models, probably through their in-
teraction and inhibition of caspases. Regulation of 1APs
has been implicated in the development of tissue pathol-
ogy during neoplasia, neurodegenerative disorders, and
brain ischemia.’~'® Our recent studies showed that
IAP-2 was induced under hypoxia through gene tran-
scription, whereas by HIF-1-independent mecha-
nisms.'#'® Of significance, hypoxic cells expressing
IAP-2 became resistant to apoptosis.'®'3 The current
study was designed to identify the critical steps in the
apoptotic cascade that are suppressed by hypoxia and
to determine the role of IAP-2 in death resistance of
hypoxic cells. The results show that cells cultured under
hypoxia became resistant to staurosporine-induced ap-
optosis. Such resistance took place not only at caspase
activation but also at upstream levels of the mitochondria.
The movement of the pro-apoptotic molecule Bax to mi-

Supported by grants from the National Kidney Foundation, the American
Society of Nephrology, and the National Institutes of Health (DK58831).

Zheng Dong is a Carl W. Gottschalk Research Scholar of the American
Society of Nephrology.

Accepted for publication May 5, 2003.

Address reprint requests to Zheng Dong, Ph.D., Department of Cellular
Biology and Anatomy, Medical College of Georgia, 1459 Laney Walker
Blvd., Augusta, GA 30912. E-mail: zdong@mail.mcg.edu.

663



664 Dong et al
AJP August 2003, Vol. 163, No. 2

tochondria was significantly suppressed in hypoxic cells,
which was accompanied by reduced cyt. ¢ release from
the organelles. IAP-2 appeared to be a major inhibitory
regulator of caspases in hypoxic cells. The cytosol iso-
lated from hypoxic cells contained high levels of IAP-2
and exhibited a significantly lower capacity for caspase
activation. Immunodepletion of |AP-2 from the hypoxic
cytosol restored its ability for caspase activation. Thus,
while death resistance of hypoxic cells takes place at
multiple levels, IAP-2 induction plays an important role in
the resistance at the level of caspase activation.

Materials and Methods

Materials

The cells used in this study were derived from an immor-
talized cell line of rat kidney proximal tubular epithelium
kindly provided by U. Hopfer (Case Western Reserve
University, Cleveland, OH). The cells were cultured and
plated for experiments as previously described.'®'” An-
tibodies were from the following sources: monoclonal
anti-Bax (clone 1D1) from NeoMarkers (Fremont, CA);
monoclonal anti-cyt. ¢ (clone 7H8.2C12) from BD Phar-
mingen (San Diego, CA); polyclonal anti-Bax, anti-lIAP-2,
anti-lamin B, and anti-gelsolin from Santa Cruz Biotech-
nology Inc. (Santa Cruz, CA); monoclonal anti-Cox IV
(clone 20E8) from Molecular Probes (Eugene, OR); all
secondary antibodies from Jackson ImmunoResearch
(West Grove, PA). Protein A/G sepharose was obtained
from Santa Cruz Biotechnology Inc. and DEVD.AFC was
from Enzyme Systems Products (Dublin, CA). Unless in-
dicated, all other reagents were purchased from Sigma
Chemical Co. (St. Louis, MO).

Hypoxic Incubation and Staurosporine
Treatment

Hypoxic incubation was conducted as previously de-
scribed. 231718 Briefly, cells were washed with phos-
phate-buffered saline (PBS), transferred to an anaerobic
chamber with 95% N,/5% CO,, and incubated in Krebs-
Ringer bicarbonate buffer. This buffer was pre-equili-
brated with 95% N,/5% CO,. EC Oxyrase, a biocatalytic
oxygen reducing agent, was added at 1.2 units/ml to the
incubation medium to consume residual O, and maxi-
mize the degree of hypoxia. To minimize cell injury by
hypoxic incubation per se and reveal staurosporine-in-
duced apoptosis, 5.5 mmol/L glucose was included in
the incubation buffer to facilitate glycolytic ATP produc-
tion.'*'317 For reoxygenation, cells after hypoxic incu-
bation were transferred back to full culture medium in
95% air/5% CO,. Staurosporine was added at 1 wmol/L to
hypoxic cells or to normally oxygenated cells in Krebs-
Ringer bicarbonate buffer in the presence of 5.5 mmol/L
glucose.

Analysis of Apoptosis

Morphological examination of apoptotic cells was de-
scribed in our previous studies. ' Typical apoptotic mor-
phology examined included cellular shrinkage, nuclear
condensation and fragmentation, and formation of apo-
ptotic bodies. To reveal nuclear changes, cells were
exposed to 5 ug/ml of Hoechst 33342 in PBS for 2 to 5
minutes at room temperature. For each condition, apo-
ptosis was monitored in five fields with ~200 cells per
field. The experiments were repeated at least 4 times with
duplicate dishes for each condition in every experiment.

Measurement of Caspase Activity

The enzymatic activity of caspases was measured using
an exogenous fluorogenic peptide substrates DEVD.AFC
as described in our previous publications.'”®
DEVD.AFC is a substrate with specificity for caspase-3,
-6, and -7.""'8 Cells were extracted with 1% Triton X-100.
The lysates of 25 ug of protein were added to the enzy-
matic reactions containing 50 umol/L DEVD.AFC. After
60 minutes of reaction at 37°C, fluorescence at Excitation
360 nm/Emission 530 nm was monitored. For each mea-
surement, a standard curve was constructed using free
AFC. Based on the standard curve, the fluorescence
reading from each enzymatic reaction was translated into
the molar amount of liberated AFC to indicate caspase
activity.

Cellular Fractionation Using Digitonin

To analyze the redistribution of Bax and cyt. ¢ during
apoptosis, cells were fractionated into cytosolic and
membrane-bound fractions using low concentrations of
digitonin. Selective permeabilization of plasma mem-
branes by digitonin was monitored by microscopy. This
method of cellular fractionation for examination of Bax
and cyt. ¢ translocation has been used successfully in
recent studies.’ 2" Briefly, cells were exposed to 0.05%
digitonin in isotonic sucrose buffer (in mM: 250 sucrose,
10 Hepes, 10 KCI, 1.5 MgCl,, 1 ethylenediaminetetraac-
etate, and 1 EGTA; pH 7.1) for 2 minutes at room tem-
perature to collect the soluble fraction as cytosolic ex-
tracts. Digitonin insoluble fraction was dissolved in 2%
sodium dodecyl sulfate (SDS) buffer to collect the mem-
brane-bound part. Since Bax/cyt. ¢ redistribution mainly
takes place between the cytosol and mitochondria, im-
munoblot analysis of the membrane-bound part is ex-
pected to reveal mainly the mitochondrial content of
these molecules.

Immunoblot Analysis

Proteins were analyzed by immunoblotting using Nu-
PAGE Gel Systems as described previously.'® 71821 To
analyze Bax and cyt. ¢ translocations, cytosolic and
membrane fractions extracted from the same amounts
(~1 X 105) of cells were subjected to electrophoresis.
For other immunoblots, 50-ug proteins were loaded for



each lane. After electrophoresis on 10% or 12% Bis-Tris
gels in MES running buffer, the proteins were electroblot-
ted onto polyvinylidene difluoride membranes. The mem-
branes were subsequently blocked with 5% milk or bo-
vine serum albumin and exposed to primary antibodies
overnight at 4°C. After extensive wash in PBS containing
Tween-20, the membranes were exposed to the horse-
radish-peroxidase-conjugated secondary antibodies.
Antigens on the blots were revealed by exposure to
chemiluminescent substrates (Pierce, Rockford, IL).

Immunofluorescence Analysis of Bax and
Cox IV

Cells were grown on collagen-coated glass coverslips.
After experimental incubation, cells were fixed with 4%
paraformaldehyde in PBS for 1 hour at room temperature.
Cells were then permeabilized for 5 minutes with 0.1%
SDS, followed by 1 hour blocking in 5% normal goat
serum. The cells were subsequently exposed to a mixture
of primary antibodies (rabbit anti-Bax and mouse anti-
Cox 1IV) for 1 hour and blocked again in normal goat
serum. Finally, the cells were exposed to a mixture of
secondary antibodies (Cy-3-labeled goat anti-rabbit IgG
and FITC-labeled goat anti-mouse 1gG) for 1 hour. The
same cells were examined for fluorescence of Cy-3 (red:
Bax signal) and fluorescein isothiocyanate (FITC) (green:
Cox signal) by laser-scanning confocal microscopy.

Determination of Cytosolic Capacity for
Caspase Activation

Cytosolic capacity for caspase activation was deter-
mined by in vitro reconstitution assays as described in our
previous study.'® Cytosols were extracted from normoxic
or hypoxic cells with 0.05% digitonin as described above.
The cytosols were concentrated to 4 to 5 mg/ml with 3K
cutoff microconcentrators. For reconstitution, 1 wl of 0.5
mg/ml rat heart cyt. ¢ and 1 ul of 10 mmol/L dATP were
added to 7.5 ul cytosolic extracts with 25 pg protein, and
incubated for 1 hour at 30°C. After incubation, 5 ul of the
reconstitution mixture was transferred to 200 ul enzy-
matic reaction buffer with 50 wmol/L DEVD.AFC. The
cleavage of DEVD.AFC was monitored as described
above to determine reconstituted caspase activity.

Immunodepletion of IAP-2

Cells were subjected to 3 hours of hypoxia in the pres-
ence of glucose. Cytosol was extracted with 0.05% dig-
itonin as described in Cellular Fractionation. Protein con-
centration of the cytosolic extracts was adjusted to 0.5
wg/ml. For immunodepletion, a polyclonal antibody
against IAP-2 was added to 200 ng cytosol and incu-
bated at 4°C for 1 hour by mixing on a rocker. Protein A/G
sepharose of 30 ul was then added for overnight mixing
at 4°C. The mixture was centrifuged to collect the super-
natant for immunoblot analysis of IAP-2 to determine the
efficacy of immunodepletion. The IAP-2-depleted samples
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Figure 1. Suppression of acute hypoxic injury and cell death by glucose. A:
Cell ATP. B: Apoptosis. Cells were subjected to hypoxic incubation in the
presence or absence of 5.5 mmol/L glucose. For ATP measurement, the cells
were extracted with trichloroacetic acid at the end of hypoxic incubation. To
monitor apoptosis, after hypoxia the cells were transferred back to oxygen-
ated full culture medium for 1 hour of reoxygenation and then stained with
Hoechst 33342. Apoptotic cells were identified by cellular and nuclear mor-
phology. Data are expressed as means * SE (n = 5). The provision of
glucose during hypoxic incubation maintained cellular ATP and prevented
acute cell injury.

were also analyzed for their capacity of caspase activation
by in vitro reconstitutions using exogenous cyt. .

Chemical Analyses

To measure ATP, cells were extracted with trichloroacetic
acid. ATP in cell extracts was measured by luminometry
of the luciferin firefly luciferase reaction.?® ATP values
were expressed as nmole per mg cell protein. Protein
was quantified with the bicinchoninic acid (BCA) reagent
purchased from Pierce.

Statistics

Data were expressed as means * SE (n =4). Statistical
differences between means were determined using anal-
ysis of variance by two-tailed tests. P < 0.05 was con-
sidered to reflect significant differences.

Results

Attenuation of Acute Hypoxic Cell Injury by
Facilitating Glycolysis with Glucose

An important consideration for study of apoptosis sensi-
tivity of hypoxic cells was to minimize cell injury caused
by hypoxic incubation per se. Removal of hypoxic injury
was necessary for establishing a “clean” model to reveal
apoptosis that was specifically induced by other insults.
Because energy deprivation is a main cause of acute cell
damage under hypoxia, we reasoned that facilitation of
anaerobic ATP generation via glycolysis might assist the
cells to maintain viability. To facilitate glycolysis, we pro-
vided 5.5 mmol/L glucose in the hypoxic incubation
buffer. As shown in Figure 1A, in the absence of glucose,
hypoxia led to rapid decreases in cellular ATP. At the end
of 2 hours of hypoxic incubation, ATP levels were less
than 10% of control (Figure 1A, —Glucose). When glu-
cose was provided, cellular ATP was maintained at sub-
stantial levels. As a result, cellular ATP was 65% of con-
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Figure 2. Inhibition of staurosporine-induced apoptosis by hypoxia. A: %
apoptosis estimated by cell morphology. B: Caspase activity. C: Proteolytic
processing of lamin B and gelsolin. For measurements of apoptosis and
caspase activity, cells were incubated for 0 to 6 hours with 1 wmol/L STA
under normal 21% oxygen (+O,) or under severe hypoxia (—O,). Apoptotic
cells were identified by cellular and nuclear morphology. Caspase activity
was measured using the fluorogenic peptide substrate DEVD.AFC, as de-
scribed in Materials and Methods. Data are expressed as means * SE (12 = 4).
* significantly different from the results of the normoxic groups (P < 0.05).
To analyze lamin B and gelsolin, cells were incubated for 4 hours with 1
umol/L STA under normal 21% oxygen or under severe hypoxia. Control
cells were incubated under normal oxygen without STA exposure. Whole
cell lysates were collected for immunoblot analysis. STA-induced apoptotic
morphology, caspase activation, and cleavage of lamin B and gelsolin under
normal oxygen tensions; development of these apoptotic features was sig-
nificantly diminished under hypoxia.

trol after 6 hours of hypoxic incubation (Figure 1A,
+Glucose). Of significance, provision of glucose dimin-
ished cell injury and death caused by hypoxic incubation
for a period of time. As shown in Figure 1B, less than 5%
apoptosis was triggered by 6 hours of hypoxic incuba-
tion, when glucose was present (+Glucose). In sharp
contrast, in the absence of glucose, over 50% of cells
underwent apoptosis (Figure 1B, —Glucose). Ameliora-
tion of acute hypoxic injury by glucose provided us a
relatively clean model to compare staurosporine-induced
apoptosis under hypoxia and under normal oxygen in
subsequent experiments.

Suppression of Staurosporine-Induced
Apoptosis by Hypoxia

Staurosporine (STA) is a broad-spectrum inhibitor of pro-
tein kinases, which is also a potent inducer of apoptosis.
Apoptosis induced by STA has been widely documented
in diverse types of cells. Thus, we chose STA as the
apoptosis inducer to examine the effects of hypoxia on
cellular sensitivity to apoptosis. The kinetics of apoptosis
development was monitored following the addition of
STA, under normal oxygen tension (21% O,) or severe
hypoxia (near 0% O,) (Figure 2A). In cells with normal
oxygen (Figure 2A, +0,), significant amounts of apopto-
sis were induced after 4 hours of STA incubation. The rate
of apoptosis increased to ~50% by the end of 6 hours of

STA exposure. In sharp contrast, apoptosis was signifi-
cantly less when STA was added to hypoxic cells. For
example, only 11% and 15% apoptosis was induced by 4
and 6 hours of STA exposure, respectively (Figure 2A,
—0,). These morphological observations were consistent
with biochemical analyses. As shown in Figure 2B, STA
activated caspases in cells under normal oxygen ten-
sions and this activation was significantly suppressed in
hypoxic cells. We further examined the breakdown of
endogenous caspase substrates during STA treatment.
As shown in Figure 2C, STA induced proteolysis of lamin
B and gelsolin, releasing characteristic fragments of ap-
optosis.?® Again, fragmentation of these proteins was
significantly ameliorated under hypoxia. Together, these
results indicate clearly that hypoxic cells, compared with
normoxic ones, were more resistant to apoptosis.

Staurosporine-Induced Bax Translocation to
Mitochondria is Suppressed by Hypoxia

Our results have demonstrated apoptosis resistance of
hypoxic cells (Figure 2). Although our previous studies
showed IAP-2 induction in these cells and suggested a
role for IAP-2 in apoptosis resistance, hypoxia also acti-
vates other pathways for cell survival. For example, a
recent study has documented hypoxic activation of the
survival pathway of Akt/PI3K."" Thus, to further examine
the molecular basis of the acquired apoptosis resistance,
we determined the critical steps in the apoptotic cascade
that were affected by hypoxia. Our first experiments an-
alyzed the translocation of Bax to mitochondria by immu-
noblotting. Bax is a pro-apoptotic member of Bcl-2 family
proteins. Accumulation of Bax in mitochondria has been
recognized as an early event of apoptosis, which leads to
permeabilization of the mitochondrial outer membrane,
followed by the release of apoptogenic factors including
cyt. ¢.24728 As shown in Figure 3A, in control cells the
majority of Bax was detected in the cytosolic fraction, with
limited amounts in the membrane-bound organellar frac-
tion (lane 1). After 2 hours of STA incubation, significant
amounts of Bax accumulated in the membrane fraction,
which was accompanied by the loss of Bax from the
cytosol (lane 2). Bax translocation increased as STA in-
cubation was prolonged (lanes 1, 2, 4, 6, and 8). Of
significance, accumulation of Bax in the membrane frac-
tion was suppressed under hypoxia (lanes 3, 5, 7, and 9).
After 2 hours of STA, Bax translocation to the membrane
fraction was very limited in hypoxic cells (lane 3),
whereas significant Bax translocation already took place
in normoxic cells (lane 2). To quantify the results, Bax
immunoblots from four separate experiments were sub-
jected to densitometry, and the results are shown in
Figure 3B. In control cells, ~11% Bax was membrane-
associated. STA incubation for 2 hours led to 52% Bax in
the membrane fraction. When STA incubation was con-
ducted under hypoxia, the association of Bax to the mem-
branes was decreased to 26% (Figure 3B). To determine
which membranes or organelles Bax was associated
with, we examined the intracellular localization of this
molecule by immunofluorescence (Figure 3C). The cells



Apoptosis-Resistance of Hypoxic Cells 667
AJP August 2003, Vol. 163, No. 2

e . *
STA: Oh 2h 2h 3h 3h 4h 4h 6h 6h 3 ’:
O + # - % - & - % - Rl
& 407
Cyto e eeabes e« = = Bax x 30-
Mem v ——— — —— e Bax _g 10+
E 0
[
= STA -~ * -
12 3456 72809 02 + + =

C.
.

Figure 3. Staurosporine-induced Bax translocation from the cytosol to mitochondria is suppressed under hypoxia. A: Immunoblot analysis of Bax translocation.
B: Densitometric analysis of Bax immunoblots. C: Dual-immunofluorescence staining of Bax and Cox in STA-treated cells. For immunoblot analysis of Bax, cells
were incubated under normal oxygen tension or under severe hypoxia. STA was added to the cells for 2, 3, 4, or 6 hours of incubation. After incubation, cells
were fractionated into cytosolic fractions (Cyto) and membrane-bound organellar fractions (Mem) by digitonin, as described in Material and Methods. Bax in these
fractions was analyzed by immunoblotting (A). Bax immunoblots from four separate experiments were subjected to densitometry. For each blot, membrane-
associated Bax was calculated as a percentage of total Bax. The results of three conditions (control, 2 hours of STA under normoxia, and 2 hours of STA under
hypoxia) are summarized in (B). Data are expressed as mean * SE (7 = 4); * significantly higher than the other two values. The results indicate that STA-induced
Bax translocation from the cytosol to the membrane-bound organellar fraction, and the translocation was significantly suppressed under hypoxia. To localize Bax
within the cells, dual-immunofluorescence staining of Bax and the integral mitochondrial protein Cox IV was examined (C). The cells were incubated for 2 hours
with STA and then were fixed and processed for dual-immunofluorescence staining as described in Materials and Methods. The image on the left is
immunofluorescence of Bax (red), the image in the middle is Cox IV signal (green) and the right panel represents a superimposed image. The results show that,
after translocation, the majority of Bax colocalized with Cox or the mitochondria.

were incubated for 2 hours with STA. To facilitate immu- cell displayed punctuate orange mitochondrial staining,

nofluorescence analysis, the general caspase inhibitor
VAD was provided during STA treatment to prevent the
development of apoptotic morphology. Our previous
study showed that VAD did not significantly affect mito-
chondrial events of apoptosis including Bax translocation
or cyt. ¢ release ("7 and unpublished data). Shown in
Figure 3C are images of two neighboring cells. The one
on the right side showed punctuate organellar staining of
Bax, while the one on the left side displayed much finer
cytoplasmic staining (Figure 3C, left). The same cells
were co-immunostained for Cox IV, an integral mitochon-
drial membrane protein (Figure 3C, middle). Clearly, Bax
staining in the right-hand cell showed a significant over-
lap with the mitochondrial Cox signal. On the contrary,
the cell on the left did not exhibit such co-localizations.
This conclusion was further supported by examination of
the superimposed images (Figure 3C, left). Due to the
overlap of red Bax and green Cox signals, the right-hand

whereas in the left-hand cell the Bax and Cox signals
were segregated. The results indicate that a major intra-
cellular site for Bax translocation was the mitochondria.
Together with the immunoblot analyses, it is suggested
that a critical step in apoptosis inhibited by hypoxia might
be Bax movement to mitochondria.

Staurosporine-Induced Cytochrome C Release
from Mitochondria is Inhibited under Hypoxia

In the intrinsic pathway of apoptosis that are often acti-
vated by cellular stress, targeting of mitochondria by
pro-apoptotic molecules including Bax leads to the re-
lease of apoptogenic factors.?® Among these factors, cyt.
¢ has been recognized as one of the most important.
Thus, following the examination of Bax, we went on to
analyze the release of cyt. ¢ and the effects of hypoxia.
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Figure 4. Staurosporine-induced cyt. ¢ release from mitochondria is sup-
pressed under hypoxia. Cells were incubated under normal oxygen tension
or under severe hypoxia. STA was added to the cells for 2, 3, 4, or 6 hours.
After STA incubation, cells were fractionated into cytosolic fractions (Cyto)
and membrane-bound fractions containing mitochondria (Mito), as de-
scribed in Materials and Methods. Cyt. ¢ in these fractions was analyzed by
immunoblotting. In oxygenated cells, STA treatment led to the release of
mitochondrial cyt. ¢ into the cytosol as early as 2 hours, and the release
increased as STA treatment was prolonged (lane 1, 2, 4, 6, and 8). The
translocation was delayed under hypoxia (lanes 3, 5, 7, and 9). Please note
that the spot to the far left of the top blot was not a protein band but an
accidental stain.

These results are shown in Figure 4. As expected, in
control cells without STA exposure, cyt. ¢ was shown in
the membrane fraction containing mitochondria, with little
in the cytosol (lane 1). STA incubation led to the appear-
ance of cyt. ¢ in the cytosol, accompanied by the loss of
cyt. ¢ from the membrane fraction. Mitochondrial release
of cyt. ¢ depended on the durations of STA exposure;
more release was detected as STA incubation was pro-
longed (lanes 2, 4, 6, and 8). However, when STA was
added to hypoxic cells, significantly less cyt. ¢ release
was detected. For example, after 2 hours of STA incuba-
tion, cyt. ¢ release into the cytosol was very limited in
hypoxic cells (lane 3), while normoxic cells already
showed significant cyt. ¢ leakage (lane 2). As STA incu-
bation was prolonged, more cyt. ¢ was released into the
cytosol, regardless the presence or absence of oxygen.
Together with the results of Bax translocation (Figure 2),
these observations indicate that apoptosis resistance of
hypoxic cells may take place at least in part at the mito-
chondrial level.

Cytosol of Hypoxic Cells Exhibits Lower
Capacity for Caspase Activation

The results shown in the above sections have suggested
apoptotic resistance of hypoxic cells at the mitochondrial
level. To determine whether downstream apoptotic
events are also affected by hypoxia, we compared the
cytosols of normoxic and hypoxic cells for their capacity
of caspase activation. To this end, cytosols were ex-
tracted from normoxic and hypoxic cells. Exogenous cyt.
c was added to the cytosols to reconstitute caspase
activation. The results are shown in Figure 5A. Clearly,
cyt. ¢ stimulated caspase activation in cytosols from nor-
moxic as well as hypoxic cells; however, the latter
showed significantly lower activation. Of interest, the cy-
tosol extracted from hypoxia-reoxygenated cells had
caspase activation at levels similar to normoxic cells and
was significantly higher than hypoxic cytosol. The cyto-
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Figure 5. Cytosol of hypoxic cells is more resistant to cyt. c-induced caspase
activation. A: Cyt. c-stimulated caspase activation in the cytosol. B: TAP-2
expression in the cytosol. Cells were incubated for 3 hours under normal
oxygen tensions, severe hypoxia, or hypoxia followed by 1 hour of reoxy-
genation. Cytosols were extracted from these three groups of cells with
digitonin. To determine their capacity for caspase activation, the cytosols
were incubated with or without cyt. ¢. Caspase activity after the incubation
was measured as described in Materials and Methods (A). Data are expressed
as mean *= SE (n = 4). *, significantly different from the results of control
cytosol and the reoxygenated cytosol. To examine IAP-2, equal amounts of
cytosols from control, hypoxic, and reoxygenated cells were analyzed by
immunoblotting (B). Cyt. c-activated caspases in the cytosol of normoxic
cells and the activation was significantly less for the cytosol of hypoxic cells.
Of interest, the cytosol isolated from hypoxia-reoxygenated cells showed
higher caspase activation on cyt.c stimulation, compared with the cytosol
from hypoxic cells.

solic sensitivity to cyt. ¢ stimulation showed a reverse
relationship with the expression of IAP-2 (Figure 5B). For
example, the hypoxic cytosol had the highest level of
IAP-2 and showed the lowest caspase activation on cyt.
¢ stimulation. The results are in support of the hypothesis
that IAP-2 may antagonize caspase activation in the cy-
tosol of hypoxic cells.'?

Immunodepletion of IAP-2 from Hypoxic
Cytosol Restores its Capacity for Caspase
Activation

To further determine the role of IAP-2 in apoptotic resis-
tance of hypoxic cells, we depleted this protein from the
cytosol using a specific antibody and then examined
caspase activation on cyt. ¢ stimulation. The results of
immunodepletion are shown in Figure 6A. IAP-2 in the
cytosol of control cells was undetectable (lane 1), while a
significant amount of IAP-2 was shown in the cytosol of
hypoxic cells (lane 2). IAP-2 in the hypoxic cytosol was
depleted by increasing amounts of antibodies (lanes 4 to
6). Removal of IAP-2 was nearly complete, when 200 ug
cytosol was depleted with 2 ug antibody (lane 6). “Mock”
immunodepletion with non-immune serum was not effec-
tive (lane 3). We then tested the cytosols for their capacity
of caspase activation; the results are shown in Figure 6B.
Consistent with previous experiments (Figure 5), cyt. ¢
activated caspases, and the activation was notably lower
for hypoxic cytosol. Importantly, after IAP-2 immu-
nodepletion, the hypoxic cytosol demonstrated signifi-
cant improvement in its capacity for caspase activation,
on cyt. ¢ stimulation. The increased capacity for caspase
activation was not shown for the hypoxic cytosol sub-
jected to mock immunodepletion. The results indicate an
important role for IAP-2 induction in apoptotic resistance
of hypoxic cells, at the caspase activation level.
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Figure 6. Immunodepletion of TAP-2 from hypoxic cytosol restores its ca-
pacity for caspase activation. A: Immunodepletion of IAP-2. B: Reconstitution
of caspase activation by adding exogenous cyt. ¢ to the cytosols. Cytosols
were extracted with digitonin from control and hypoxic cells. Immunodeple-
tion of IAP-2 from the hypoxic cytosol was conducted with 0.5-, 1-, or 2-ug
antibodies according to Materials and Methods. Mock immunodepletion was
conducted in parallel using non-immune rabbit serum. IAP-2 in the samples
was analyzed by immunoblotting (A). To compare their capacity for caspase
activation, equal amounts of cyt. ¢ were added to the control cytosol, hypoxic
cytosol, TAP-2 immunodepleted (ID) hypoxic cytosol, or mock-immunode-
pleted hypoxic cytosol (B). Caspase activation by cyt. ¢ in these cytosols was
measured using the fluorogenic substrate DEVD.AFC. Data are expressed as
mean * SE (n = 4). * significantly different from the results of control
cytosol and the immunodepleted-hypoxic cytosol. Depletion of IAP-2 from
the hypoxic cytosol restored its sensitivity to cyt. ¢ stimulation.

Discussion

Mammalian cells rely on the presence of molecular oxy-
gen for respiration and aerobic ATP production to main-
tain homeostasis. Under conditions of oxygen deficiency,
cells can be irreversibly injured and die, unless they
become adaptive to the hypoxic environment.”~° Hypoxic
cell injury is a key determinant of tissue pathology in
ischemic diseases.® On the other hand, cellular adapta-
tion to hypoxia is considered to be an important event for
tumor formation and the development of resistance to
cancer therapy.*~® Cells that have adapted to the hy-
poxic stress may become resistant to subsequent injuri-
ous insults. The current study has determined the critical
steps in the apoptotic cascade that are suppressed by
hypoxia. The results show that both mitochondrial and
cytosolic apoptotic events are suppressed in hypoxic
cells. Hypoxic induction of IAP-2 may play an important
role in antagonizing caspase activation in the cytosol.
Hypoxia poses a direct stress to mammalian cells and
leads to cellular damage by itself. Thus, an important
consideration for examination of apoptotic sensitivity of
hypoxic cells is to minimize cell injury caused by hypoxia
per se. The current study took advantage of the fact that
acute cell injury by hypoxia is caused by energy depri-
vation of the cells due to the cessation of aerobic ATP
production, and such defects can be corrected at least
temporarily through anaerobic ATP generation via glyco-
lysis.' The cells used in this study had a kidney proximal
tubule origin and were immortalized and cultured in vitro,
possessing significant capacity of glycolysis.?® In the
presence of glucose, cellular ATP was maintained at
substantial levels. For example, after 6 hours of hypoxia
the cells maintained an ATP level of 60 to 70% of control
(Figure 1A); such energy status was sufficient to prevent
irreversible damage and as a result preserve cell viability.
In experiments of the current study, apoptosis induced
by up to 6 hours of hypoxia was minimal (Figure 1B).
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Significantly, cell death developed only when hypoxic
incubation was prolonged to 12 hours or more (data not
shown). Removal of acute hypoxic injury by facilitating
glycolysis provided us a relatively clean model to inves-
tigate the response of hypoxic cells to apoptotic insults
such as that induced by staurosporine.

Staurosporine was chosen in this study because it is a
potent inducer of apoptosis and triggers apoptosis in
various types of cells within a few hours. Rapid induction
of apoptosis was important for the current study to avoid
the contamination by cell death caused by hypoxic incu-
bation per se. As discussed above, significant apoptosis
would develop after 12 hours or longer periods of hypoxic
incubation, even in the absence of additional apoptotic
stimuli. Apoptosis induced by staurosporine is consid-
ered to be mediated by the mitochondrial pathway.®°3"
Consistent with these studies, results from the current
work have demonstrated mitochondrial targeting of Bax,
permeabilization of mitochondrial outer membranes and
the release of cyt. ¢ (Figures 3 and 4). These were fol-
lowed by caspase activation and the development of
apoptotic morphology. Of note, the redistribution of Bax
and cyt. ¢ occurred after 2 hours of STA incubation, while
significant caspase activation and apoptotic morphology
developed later (Figures 1 to 4). The sequential events
enabled us to determine the critical steps in the apoptotic
cascade that were affected by hypoxia.

This study has provided clear-cut evidence that apo-
ptotic resistance of hypoxic cells takes place on at least
two levels, on the mitochondrion and in the cytosol. At the
mitochondrial level, permeabilization of the outer mem-
brane during STA incubation was significantly sup-
pressed under hypoxia. This was indicated by the ame-
lioration of cyt. ¢ release from the intermembrane space
of the organelles. Although it remains unclear how mito-
chondrial opening is developed during apoptosis, Bcl-2
family proteins may directly participate in and regulate
this stage.?*?"?® Recent studies suggest a direct in-
volvement of Bax/Bak in apoptotic pore formation in the
outer membrane of mitochondria, while BH3 domain-only
proteins such as Bid act as upstream triggers and Bcl-
2/Bcl-XL as inhibitory regulators.®2:% These studies sug-
gest strongly that lesion development in the mitochon-
drial outer membrane may depend on the accumulation
of pro-apoptotic molecules. In the model of the current
study, Bax alone or in cooperation with other molecules
might form pathological pores in the outer membrane of
mitochondria, resulting in the leakage of cyt. c. For Bax,
deletion of its membrane-targeting domain prevented its
accumulation in mitochondria and significantly inhibited
its apoptotic activity.®* In our experimental model, STA-
induced Bax movement to mitochondria was significantly
suppressed under hypoxia. This might be responsible for
the lack of mitochondrial lesion and cyt. ¢ release in the
hypoxic cells.

The signal directing Bax translocation from the cytosol
to mitochondria remains to be clarified.?*272® Structur-
ally, Bax has a hydrophobic transmembrane domain at
the C terminus. In normal non-apoptotic cells, this domain
is buried by its interaction with the N terminus of the
protein. Deletion of the N terminus results in mitochon-
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drial localization of Bax even in the absence of apoptotic
stimuli.®* However, removal of N terminus by proteolysis
is not considered as a common mechanism for the ex-
posure of the transmembrane domain in vivo, because
Bax remains intact during apoptosis regardless its loca-
tion within the cells. There are at least two hypotheses on
the regulation of Bax movement; each is currently sup-
ported by significant evidence. In the first hypothesis,
Bax is proposed to interact with a regulatory protein.
Modifications of the interaction may lead to conforma-
tional changes in Bax and the exposure of the transmem-
brane domain at the C terminus. A potential Bax-interact-
ing protein might be Bid, a BH3 domain-only member of
the Bcl-2 family protein. During apoptosis, Bid interacts
with Bax and induces conformational changes to expose
the C-terminus for integration of Bax into mitochondrial
membranes.3? Another protein regulating Bax might be
14-3-3, as suggested by a recent study.®® It was shown
that the 14-3-3 protein bound Bax in living cells; on apo-
ptotic stimulation, Bax was released from 14 to 3-3 and
translocated to mitochondria. Overexpression of 14-3-3
inhibited Bax-induced apoptosis, but could not inhibit
apoptosis induced by a Bax mutant that did not bind
14-3-3.%% Of interest, protein interactions with 14-3-3
changed as cells were exposed to hypoxia or ischemia.>®
The second hypothesis on the mechanisms of Bax trans-
location emphasizes a role for changes in the cytosolic
environment. In particular, pH alterations in the cytosol
might be critical.3”3® A shift of intracellular pH toward
either alkalization or acidification was linked to conforma-
tional changes in Bax, followed by insertion of the mole-
cule into mitochondrial membranes.®”-*® Mammalian
cells under hypoxia are forced to activate glycolysis for
ATP generation, which is usually accompanied by a drop
of cellular pH due to the accumulation of acidic metab-
olites such as lactate.®® Thus, if Bax translocation during
STA incubation depends on cytosolic alkalization as sug-
gested by a recent study,®® hypoxic glycolysis and con-
comitant acidification may neutralize STA-induced pH
changes and as a result prevent Bax movement to mito-
chondria. Finally, hypoxia activates the PI3K/Akt pathway
in PC-12 cells.’ Although direct regulation of Bax by
PISK/Akt is unknown, Akt may regulate Bax activation and
mitochondrial integrity indirectly, for example, through
phosphorylation and regulation of Bad, another pro-ap-
optotic Bcl-2 family protein.*©4" These possibilities need
to be tested in future investigations to address the ques-
tion: why is Bax activation diminished in hypoxic cells?
In addition to mitochondria, hypoxic cells also demon-
strated apoptosis resistance in the cytosol, specifically at
the level of caspase activation (Figure 5). In these exper-
iments, we isolated cytosols from normoxic and hypoxic
cells, and compared their capacities for caspase activa-
tion after adding exogenous cyt. ¢c. Under these condi-
tions, the added cyt. ¢ was expected to bind Apaf-1,
resulting in the recruitment and activation of caspase-9,
followed by the activation of downstream caspases.®
The cytosol from hypoxic cells was shown to be signifi-
cantly less competent in reconstitution of caspase acti-
vation (Figure 5). A critical factor responsible for the
decreased caspase activation capacity in these cells

was identified to be IAP-2. First, significantly higher IAP-2
was detected in the cytosol of hypoxic cells, which ex-
hibited lower caspase activation on cyt. ¢ stimulation.
Second, when hypoxic cells were returned to normal
oxygen for reoxygenation, |IAP-2 expression decreased
rapidly to basal levels; cytosol isolated from these reoxy-
genated cells reconstituted higher caspase activity than
hypoxic cytosols. Finally, direct evidence to support a
role for IAP-2 was obtained from the immunodepletion
experiments. When IAP-2 was depleted from the hypoxic
cytosol, its reconstitution capacity for caspase activation
was restored (Figure 6). These results together have
established a role for IAP-2 in apoptosis resistance in the
cytosol of hypoxic cells. IAP-2, as a member of the family
of apoptosis inhibitory proteins, may directly interact with
caspases and inhibit their activation.

The observation that hypoxic cells become resistant to
apoptosis at multiple levels may have implications in
strategic design of approaches to antagonize this form of
cell death. At least for the intrinsic pathway, a good
strategy should include protections at the mitochondria
and in the cytosol. A primary protection at the mitochon-
dria would drastically reduce the release of apoptogenic
factors such as cyt. ¢c. A secondary protection would
inhibit caspase activation in the cytosol, providing a
grace period for the cell to recover or repair, in case a
small amount of apoptogenic factors has been released.
These mechanisms in combination are expected to offer
a more efficient strategy to diminish apoptosis.

Of note, despite their apoptotic resistance, the hypoxic
cells after STA exposure did not show significantly higher
long-term survival than those treated under normal oxy-
gen (not shown); however, this does not necessarily sug-
gest that the apoptotic resistance of hypoxic cells is
temporary. One possibility is that STA as a general inhib-
itor of protein kinases may affect other vital processes of
the cells (eg, proliferation or adhesion), in addition to
inducing apoptosis. Future investigations should test the
effects of hypoxia on apoptosis induced by insults that
are more specific and readily removable or reversible.

Cell injury induced by hypoxia has been recognized
for a long time. On the contrary, survival pathways acti-
vated by hypoxia were not revealed until recently.’™'2 At
the beginning, it seemed surprising that cells were more
resistant to injurious stimuli when challenged under hyp-
oxia, although cytoprotection by hypoxic/ischemic pre-
conditioning has been documented by in vitro as well as
in vivo studies. For example, in the kidneys, prior ischemic
episodes protected the organs from injury by subsequent
insults.*® The key to unveil death resistance of hypoxic
cells is to minimize injury by hypoxia per se, as shown by
the current study. On the basis of these results, mamma-
lian cells appear to respond to hypoxia in two opposite
and vyet interrelated directions, injury and adaptation.
Hypoxic injury is initiated by depletion of cellular ATP,
and depending on the severity of the insults, cell death by
apoptosis or necrosis ensues. In the same cells, mech-
anisms for cell survival are also activated; prominent
among them is the induction of IAP-2, a caspase inhibi-
tory protein. This study has also indicated clearly that
IAP-2 is not the only factor responsible for the acquired



apoptosis resistance. Death-resistance of hypoxic cells
takes place on at least two levels, on the mitochondria
and in the cytosol. IAP-2, together with the factors that
prevent Bax translocation and preserve mitochondrial
integrity, may facilitate cell survival under hypoxia, a con-
dition implicated in ischemic injury and solid tumor for-
mation.
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