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ABSTRACT Rodent embryo cells immortalized with tem-
perature-sensitive mutants of simian virus 40 large tumor (T)
antigen have a proliferative potential that depends on temper-
ature. At the restrictive temperature, heat-inactivation of large
T antigen causes p53 release, growth arrest, and cell death.
Morphological and molecular analysis indicate that the induced
cell death corresponds to apoptosis. Flow cytometric analysis
using a combination of forward light scatter and side scatter
allows a discrimination of cells committed to apoptosis within
the whole population. These cells display a reduction in cell size
and a higher cellular density, confirming the apoptotic nature
of the cell death. When cells exhibiting the morphological
features of apoptosis were stained with a fluorescent probe of
the mitochondrial membrane potential, a decreased accumu-
lation of the dye was recorded. Measures of cellular respira-
tion, performed with whole-cell populations, showed that the
lower mitochondrial membrane potential (AW ) correlates, as
expected, with an uncoupling of electron transport from ATP
production and is linked to the induction of apoptosis. We also
show that this decrease in AW, is associated with a decrease in
the rate of mitochondrial translation. These events are detected
at early stages of the apoptotic process, when most of the cells
are not irreversibly committed to death, suggesting that mito-
chondria could be a primary target during apoptosis.

Mammalian cells grown in culture exhibit a finite life-span for
proliferation. After a variable number of divisions they stop
dividing, undergo a variety of changes, and finally die. Some
oncogenes have the ability to confer an unlimited prolifera-
tive potential (immortality) to primary cells in culture. In the
case of polyomavirus-induced immortalization of rodent em-
bryo fibroblasts, it has been shown that the unlimited pro-
liferative capacity is maintained by the large tumor (T)
antigen (1-4). This implies that cells immortalized with
temperature-sensitive mutants of large T antigen have a
proliferative potential that depends on temperature. At the
permissive temperature the cells are immortal, and upon shift
to the restrictive temperature, heat-inactivation of large T
antigen causes growth arrest and cell death. Two morpho-
logically distinct types of cell death have been defined:
necrosis and apoptosis. Necrosis is essentially accidental in
its occurrence and results from severely injurious changes in
the environment of the affected cells. In contrast, apoptosis
is an active process of gene-directed cellular self-destruction
and in most cases serves a biologically meaningful homeo-
static function (5, 6). It has been observed that cell death
induced in rat embryo cells that had been conditionally
immortalized by simian virus 40 (SV40) large T antigen is
associated with a release of p53 activity and exhibits mor-
phological and biochemical features of apoptosis (7). With the
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aim of characterizing genetic and biochemical parameters
involved in this process, we have undertaken the study of
such conditionally immortal cell lines. The REtsAF cell line
isolated from a rat embryo fibroblast culture (2) has been
chosen as a model. We have previously shown that DNA
replication is arrested less than 24 hr after the shift up to the
restrictive temperature (39.5°C), whereas global transcrip-
tion and translation rates are only slightly affected. However,
a two-dimensional SDS/polyacrylamide electrophoresis
analysis showed that nuclearly encoded mitochondrial pro-
teins accumulate as their noncleaved cytoplasmic precursors
at 39.5°C (8). We report here a flow cytometric study of the
changes in cell morphology and mitochondrial membrane
potential (AW¥,) induced at 39.5°C in REtsAF. Cellular res-
piration and mitochondrial translation rates have also been
monitored. Parallel experiments performed with the
REtsAF-Revl variant and with a cell line (RELPB) immor-
talized by wild-type SV40 (2) allowed us to distinguish effects
of the temperature shift from apoptosis-related changes.

MATERIALS AND METHODS

Cell Lines and Cell Culture. The REtsAF and RELPB cell
lines were isolated at low cell density from a rat embryo
fibroblast culture infected with SV40 (2). REtsAF was ob-
tained by using a temperature-sensitive tsA58 mutant and is
temperature sensitive for immortalization, whereas RELPB
was obtained with wild-type SV40 and is immortal at both 33°
and 39.5°C. REtsAF-Revl was derived from REtsAF by
selection for proliferation at 39.5°C (8). Cells were propa-
gated in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% (vol/vol) fetal calf serum, penicillin
(100 ug/ml), and streptomycin (100 units/ml) under 5%
CO0,/95% air. The cultures were screened regularly for the
absence of mycoplasma.

Flow Cytometry. For mitochondrial membrane potential
measurements, cells (about 10% per ml) were incubated in
culture medium with 0.1 uM 3,3’'-dihexyloxacarbocyanine
[DiOCs(3)] (Molecular Probes) for 30 min at 33°C. They were
centrifuged to remove excess fluorochrome and resuspended
in fresh culture medium before analysis. Control experiment
was performed with 5 uM mCICCP (carbamoyl! cyanide
m-chlorophenylhydrazone), an uncoupling agent that abol-
ishes the mitochondrial membrane potential (9). Plasma
membrane integrity was monitored by measuring cell per-
meability to ethidium bromide (EtdBr) at 0.1 pg/ml (Molec-
ular Probes). EtdBr molecules fluoresce intensely only when

Abbreviations: T antigen, large tumor antigen; SV40, simian virus 40;
AV, mitochondrial membrane potential; DiOCe(3), 3,3'-dihexyl-
oxacarbocyanine; EtdBr, ethidium bromide; FSC, forward scatter;
SSC, side-angle scatter; mCICCP, carbamoyl cyanide m-chloro-
phenylhydrazone; FCCP, carbonyl cyanide p-trifluoromethoxyphe-
nylhydrazone.
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bound to double-stranded nucleic acids and can only be
incorporated into cells when plasma membranes lose their
selective permeability. The incubation time was 5 min at
room temperature.

Flow cytometry measurements were performed with an
EPICS V flow cytometer (Coulter) equipped with an argon
laser (Spectra-Physics 2025-05). A standard 76-um nozzle
was used. The sheath was water at 4°C. For the cyanine dye
DiOC¢(3) (10), emission filters were 515-nm long-pass inter-
ference and 515-nm short-pass interference for PMT1 (green
fluorescence). For EtdBr the emission filter was 610 nm LP
for PMT?2 (red fluorescence). The excitation was 488 nm at
400 mW. The count rate was 1500-2000 objects per sec. The
resultant histograms were taken on 10° particles analyzed,
and each histogram is representative of two to five indepen-
dent preparations. For further analysis and comparison of
data, results were converted into linear fluorescence units by
using the following formula: [fluoy,] = 10(fuoeg < d/c] (where
““c” is the number of channels and ““d’’ is the number of
decades of the cytometer scale).

Statically delimited *‘bit-maps’’ allowed us to ascribe for-
ward scatter (FSC) or side-angle scatter (SSC) to individual
subpopulations formed by 100% of ‘‘intact cells’’ or 100% of
apoptotic cells devoid of debris or aggregates. The working
‘‘bit-maps’’ are described in Fig. 1 as map1 (normal cells) and
map2 (apoptotic cells).

Oxygen Consumption. Oxygen consumption of whole cells
was measured polarographically with a Clark-type microelec-
trode in a 2-ml cell. Cells were grown at 33°C and shifted to
39.5°C for various periods of times. They were then har-
vested, and O, uptake was measured in fresh culture medium
(11). Measurements were performed at 33°C, since prelimi-
nary studies had shown that similar results are obtained at
33°C or 39.5°C (data not shown). Oligomycin (Sigma), an
inhibitor of mitochondrial ATPase, was used at a concentra-
tion of 2 ug/ml, and carbonyl cyanide p-trifluoromethoxy-
phenylhydrazone (FCCP) (Sigma), an uncoupler of oxidative
phosphorylation that abolishes the mitochondrial membrane
potential, was used at 5 uM (12). The standard deviation of
independent preparations was 10%.

Mitochondrial Protein Synthesis. Cells were cultured for 30
min in fresh medium lacking methionine (J. Boy, Reims,
France) in the presence of emetine (100 ug/ml; Sigma), an
inhibitor of cytoplasmic protein synthesis, and they were
then labeled with [3S]methionine (37 TBq/mmol) at a con-
centration of 1.67 MBq/ml and incubated for 2 hr prior to
harvesting. Cells were washed and harvested, and mitochon-
dria were purified as described (11). Samples of mitochon-
drial proteins were run on SDS/polyacrylamide gels contain-
ing 15% acrylamide and 0.2% methylenebisacrylamide. Gels
were incubated for 30 min in Amplify (Amersham) before
drying and autoradiography with Amersham Hyperfilm. Pro-
teins encoded by mitochondrial DNA were identified as
described (13).

RESULTS

Flow Cytometry Analysis of Cell Death. As a first step, we
examined the morphological changes occurring upon shift up
to 39.5°C by flow cytometry. A combination of light FSC and
SSC allows an estimate of cell size and cell density, respec-
tively (14). To distinguish effects of the temperature shift
from apoptosis-related changes, we also studied two distinct
temperature-insensitive cell lines: the REtsAF-Rev1 variant
and a cell line (RELPB) established by infection with wild-
type SV40 (2).

Fig. 1 shows flow cytometric analysis of REtsAF cells
under permissive and restrictive conditions. Cells can easily
be discriminated from debris by their ability to exclude
EtdBr. They located in an area called mapl under the
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permissive condition, whereas debris located in the left part
of Fig. 1A. After a shift to the restrictive condition, this initial
population became two well-separated cell subpopulations.
One was of high FSC and corresponded to the highest FSC
cell subpopulation present in mapl of Fig. 1A; the other
(map2) was characterized by a significant decrease in FSC
(from channel 37 in mapl to channel 15 in map2) and a slight
increase in SSC (36 to 38), reflecting a reduction of cell size
and a higher cellular density (compare A and B in Fig. 1). This
new cell population did not overlap with the population of
cells grown under permissive conditions. Table 1 shows the
evolution of the repartition of the cells between mapl and
map2 in REtsAF and REtsAF-Revl. In the temperature-
insensitive variant (REtsAF-Rev1), less than 0.5% of the cells
were found in map2 whatever the temperature (a similar
result is obtained with RELPB, data not shown). Conversely,
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FiGc. 1. Flow cytometric density maps and fluorescence histo-
grams of REtsAF. Control cells maintained at 33°C and cells shifted
for 24 hr at restrictive temperature (39.5°C) were studied for their
light-scattering properties—i.e., SSC “‘cellular density’’ versus FSC
‘‘size’’ (A and B) or the membrane potential DiOCg(3) fluorescence
versus FSC (C and D) (data taken on 64 channels). Two subpopula-
tions may be designed as mapl and map2. The fluorescence histo-
grams of cells considered in mapl and map?2 are presented in E and
F (the fluorescence values are given in arbitrary units on 256
channels). A control experiment with 5 uM mCICCP added as a
decoupling agent prior to addition of the fluorescence dye is also
shown (E).
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Table 1. Flow cytometric analysis of cellular changes associated with cell death

Time at Cells in mapl Cells in map2
39.5°C, Cells excluding Mean DiOC¢(3) Cells excluding  Mean DiOCq(3)
Cell line hr % EtdBr, % fluorescence % EtdBr, % fluorescence
REtsAF 0 >99.5 99 152 <0.5 -
4 60 98 164 40 93 68
8 44 98 164 56 78 66
24 9 98 177 91 74 72
REtsAF-Revl 0 >99.5 99 148 <0.5 - -
24 >99.5 99 156 <0.5 - -

in REtsAF after the shift to 39.5°C, the proportion of cells
found in map2 progressively increased and reached 91% after
24 hr. A study of EtdBr exclusion indicated that the plasma
membrane integrity of cells shifted to map2 was unaffected
during the early phase of this process. Furthermore, after 24
hr at 39.5°C, only 26% of these cells became slightly perme-
able to EtdBr. It should be noticed that the fraction of cells
staying in mapl presented a higher mean FSC and SSC than
the initial population at 33°C and excluded EtdBr. These
results, similar to those observed during the apoptosis of
other cells (15-17), confirm the apoptotic nature of the cell
death under these conditions.

Since previous results suggested that mitochondrial failure
may be associated with the loss of immortality (8), we
examined AV -related fluorescence in these two cell popu-
lations by measuring their ability to accumulate DiOCg(3).
After a shift to 39.5°C, a cell population exhibiting both a
lower DiOCq(3) uptake and a lower FSC was clearly visible
(compare cytograms C and D in Fig. 1). When gated cells
were examined for their DiOCg(3) uptake, cells located in
mapl and map2 clearly differed in DiOCg(3) fluorescence
(compare histograms E and F in Fig. 1). Control experiments
showed that carbamoyl cyanide m-chlorophenylhydrazone
(mCICCP), an uncoupler of oxidative phosphorylation, abol-
ished the dye uptake, demonstrating that the dye uptake is
driven by the A¥,, (Fig. 1E). The cells under restrictive
conditions maintained a slightly higher membrane potential
than those treated with mCICCP (compare histograms E and
F in Fig. 1), which shows that they are not fully uncoupled.
We analyzed the evolution of DiOC¢(3) uptake during this
process (Table 1). Cells located in map2 exhibited a reduced
fluorescence. When the measures of DiOC¢(3) uptake were
converted into linear fluorescence units (see Materials and
Methods), fluorescence of cells in map2 was about 1/12th (at
t = 4 hr) to 1/15th (at ¢+ = 24 hr) that of cells in mapl.
REtsAF-Revl (and RELPB, data not shown) maintained a
high fluorescence under restrictive conditions. These results
show that the A¥,, of REtsAF cells decreases during apo-
ptosis and that this process could be related to the mitochon-
drial alterations previously described (8).

Kinetics of the Induction of Cell Death Under Restrictive
Conditions. Previous analysis of phenotypic changes associ-
ated with the loss of immortality in REtsAF cells showed that
the cloning efficiency at 33°C is almost totally abolished by
exposing the cells to 39.5°C for 48 hr (2). To establish a
chronology of the events, we determined the time at which
the cells are irreversibly committed to death. For this pur-
pose, we measured the fraction of cells able to resume growth
under permissive conditions (33°C) after various periods of
incubation under restrictive conditions (39.5°C). Fig. 2 shows
that, after about 15 hr at 39.5°C, 50% of the cells irreversibly
lost their proliferative capacity. The figure also shows that
DNA fragmentation and alterations in the plasma membrane,
which are commonly used as markers of apoptosis, occurred
a long time after this irreversible event. Thus, the morpho-
logical changes, which occur simultaneously with the drop of
AV, are early events during the process.

Cellular Respiration Under Permissive and Restrictive Con-
ditions. The decrease in DiOCg(3) uptake suggests that res-
piratory activity may be impaired when REtsAF cells are
induced to apoptose. We measured the rate of oxygen
consumption in REtsAF, REtsAF-Revl, and RELPB whole
cells (basal respiration). Addition of oligomycin allowed us to
estimate oxidative phosphorylation coupled to respiration,
and the use of an uncoupler (FCCP) indicated the maximal
respiratory rate (oxidative capacity). We then defined the
respiratory control as the ratio of these two values with the
aim of quantifying the coupling state and thus the functional
state of the mitochondria. When shifted to 39.5°C, basal
oxygen consumption by REtsAF cells increased (Table 2).
However, the sensitivity of oxygen consumption to oligomy-
cin decreased and respiratory control diminished, reflecting
an uncoupling of electron transport from ATP production.
Therefore, the observed reduction in DiOCe(3) fluorescence
could be attributed to a lower mitochondrial A¥,,. In the two
control cell lines (REtsAF-Revl and RELPB), the observed
increase of basal respiration and of respiratory control re-
flects an augmentation of the oxidative capacity and a stim-
ulation of the mitochondrial energetics associated with the
shift up to 39.5°C (Table 2 and data not shown).

These results show that temperature shift to 39.5°C leads
to an increase in mitochondrial activity in nonconditional cell
lines but to an uncoupling of oxidative phosphorylation in
sensitive cells. This uncoupling could be related to the
collapse of the mitochondrial membrane potential observed
by flow cytometry.

Mitochondrial Protein Synthesis. The mitochondrial dys-
functions described above led us to study mitochondrial
biogenesis during the shift to restrictive temperature. We
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Fic. 2. Kinetics of the loss of cell viability. One thousand
REtsAF cells were plated at 33°C for 15 hr, shifted to 39.5°C for the
indicated time, and then shifted back to 33°C. After 12 days at 33°C,
the number of clones was counted. Alternatively, subconfluent
cultures of REtsAF were shifted up to 39.5°C for various times, and
then the cloning efficiency was measured. Both experiments gave the
same kinetics (0). The percentage of cells locating in map2 (0) and
of cells not excluding EtdBr (e) are plotted. The percentage of cells
that exhibit DNA fragmentation (7), as measured by flow cytometry,
is also shown (2).
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Table 2. Oxygen consumption in REtsAF and REtsAF-Revl

Oxygen consumption,
nmol of O/min

Time at per mg of protein
39.5°C, With With Respiratory
Cell line hr Basal oligomycin FCCP  control
REtsAF 0 23.5 13.2 30.6 2.2
4 30.3 16.5 36.4 2.2
8 28.1 18.3 28.1 1.5
24 51.3 36.7 51.3 1.3
48 51.6 44.0 46.4 1.1
REtsAF-Revl 0 14.6 7.3 21.0 2.9
48 18.7 7.3 37.4 5.1

Cells were grown at 33°C and shifted to 39.5°C for the indicated
times. They were then harvested and O; uptake measured.

analyzed the accumulation of new mitochondrial protein in
the three cell lines upon shift to 39.5°C. Fig. 3 shows that at
39.5°C, mitochondrial synthesis in REtsAF rapidly decreased
after a transient increase observed at 5 hr. In contrast,
mitochondrial protein synthesis in the two nonconditional
lines REtsAF-Revl and RELPB was stably increased at
39.5°C. This observation shows that the induction of apop-
tosis in REtsAF cells is accompanied by alterations in both
mitochondrial biogenesis and function. These alterations in
mitochondrial protein synthesis are not associated with mi-
tochondrial DNA fragmentation (data not shown), which
suggests that, as described for thymocytes and mastocytoma
cells (18), DNA degradation during apoptosis is a specific
nuclear event. Furthermore, the levels of mitochondrial
DNA and mitochondrial RNA remain approximately con-
stant, suggesting that the mitochondrial biogenesis dysfunc-
tion at 39.5°C results from a postranscriptional disturbance.

DISCUSSION

The experiments described above demonstrate a correlation
between the induction of the apoptotic process and defects in
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F1G. 3. Mitochondrial protein synthesis in REtsAF, REtsAF-
Revl, and RELPB. Shown are fluorograms, after electrophoresis
through a SDS/polyacrylamide gel, of the mitochondrial translation
products labeled with [>3S]methionine at various times after the shift
to 39.5°C. The cultures were labeled in the presence of emetine (100
ug/mli) for 2 hr. Mitochondria were purified, and samples (50 ug)
were run on SDS/polyacrylamide gel. Controls with crude extracts
and postmitochondrial supernatants were also shown for REtsAF.
CO I, CO II, and CO III, subunits I, II, and III of cytochrome
oxidase; ATP6, subunit 6 of the ATP synthetase; AF, REtsAF; Rev,
REtsAF-Revl; LPB, RELPB; and subscripts p, €, and s, mitochon-
drial pellet, crude extract, and postmitochondrial supernatant, re-
spectively.
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mitochondrial biogenesis and function. Flow cytometry stud-
ies allowed us to detect the appearance of a subpopulation of
cells harboring distinct morphologic properties correspond-
ing to apoptose-induced cells. These cells also display a lower
mitochondrial membrane potential [measured by DiOCe(3)
uptake]. After a 4-hr shift to the restrictive condition (i.e., at
an early stage of the apoptotic process), these changes are
detected in about 40% of the adherent cells, whereas no
fragmentation of nuclear DNA can be detected (7) and, until
8 hr at restrictive temperature, a large fraction of cells in this
subpopulation are not irreversibly induced to die. It should
also be noted that cellular membranes and the mitochondrial
DNA are not damaged during the process. Thus, these
changes are not the consequence of a generalized damage to
cellular structures. The defects in mitochondrial respiration
and translation are detected only after 8 hr at 39.5°C. How-
ever, these observations, obtained with the whole population
of attached cells, add changes affecting apoptotic and non-
apoptotic cells. We can hypothesize that stimulation of
mitochondrial biogenesis and respiration, observed tran-
siently during the first 4 of 5 hr in REtsAF and stably in
control nonconditional cell lines, reflects changes associated
with the shift at 39.5°C. Since mitochondrial translation has
been reported to be dependent on AW, (19-21), the decrease
in A¥,, could be responsible for the drop of mitochondrial
translation. This decrease could also account for the uncou-
pling of oxidative phosphorylation (22) and the defects in
maturation of cytoplasmic precursors (23) previously ob-
served (8).

The drop of mitochondrial membrane potential, associated
with the induction of apoptosis in REtsAF cells at 39.5°C, can
be observed if apoptosis is induced in REtsAF by another
means (high cellular density). Furthermore, a similar obser-
vation has been made during dexamethasone-induced thy-
mocyte apoptosis (P.X.P., H. Lecoeur, E. Zorn, C. Dauguet,
B.M., and M. L. Gougeon, unpublished results). Thus, the
mitochondrial changes reported here are not a peculiarity of
the cellular model described here.

Defects in some mitochondrial functions have been asso-
ciated previously with apoptosis (24-26). However, to our
knowledge, such study of mitochondrial function and bio-
genesis during apoptosis has never been performed. In the
case of tumor necrosis factor « (TNFa) cytotoxicity (27),
early disruption of mitochondrial function (28, 29) has been
described. Furthermore, depletion of the mitochondrial elec-
tron transport abrogates the cytotoxic effect of TNFa (30). In
the same system, the overexpression of Bcl2 has been shown
to increase AV, and this effect could be linked to its
antiapoptotic activity because the ionophore nigericin,
known to increase A¥,,, has a similar effect (31).

The finding that the Bcl2 protooncogene product can locate
to mitochondrial membrane (32) and that its ability to sup-
press apoptosis is reduced in constructs that lack the C-ter-
minal transmembrane segment (33, 34) has suggested that
mitochondrial function could be impaired during apoptosis
and that Bcl2 could counteract this event. Since it has been
found that Bcl2 blocks apoptosis in cells that do not contain
a functional respiratory chain (cells lacking mtDNA) (35), it
has been concluded that the Bcl2 activity is not related to
mitochondrial respiration. However, it should be noted that
these cells, selected for their ability to grow in the absence of
respiration, maintain a normal AV, (ref. 36 and our unpub-
lished results).

The origin of the drop in mitochondrial membrane potential
remains to be determined. Taking into account that (/) Bcl2
functions in an antioxidant pathway to prevent apoptosis (34,
37), (ii) prooxidants induce calcium release from mitochon-
dria (38), and (iii) A¥,, is dependent on calcium uptake (39),
it is tempting to speculate that calcium redistribution could
mediate the decrease of AWy, Indeed, a repartitioning of
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intracellular calcium has been observed during apoptosis of
an interleukin 3-dependent hematopoietic cell line (40).
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