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Apoptosis, induced by a number of death stimuli, is associated with a fragmentation of the mitochon-
drial network. These morphological changes in mitochondria have been shown to require proteins, such
as Drpl or hFisl, which are involved in regulating the fission of mitochondria. However, the precise role
of mitochondrial fission during apoptosis remains elusive. Here we report that inhibiting the fission
machinery in Bax/Bak-mediated apoptosis, by down-regulating of Drpl or hFisl, prevents the fragmen-
tation of the mitochondrial network and partially inhibits the release of cytochrome ¢ from the mitochon-
dria but fails to block the efflux of Smac/DIABLO. In addition, preventing mitochondrial fragmentation
does not inhibit cell death induced by Bax/Bak-dependent death stimuli, in contrast to the effects of Bcl-xL
or caspase inhibition. Therefore, the fission of mitochondria is a dispensable event in Bax/Bak-dependent

apoptosis.

Mitochondria play a critical role in the regulation of pro-
grammed cell death by sequestering apoptogenic proteins such
as cytochrome ¢, Smac/DIABLO, HtrA2/Omi, endonuclease
G, and AIF (13, 18, 29, 80). The release of such factors during
apoptosis is regulated by a subclass of Bcl-2 proteins (12, 14,
63, 78), including Bax and Bak. These proteins seem to be in an
inactive state in healthy cells, with Bax predominantly found in
the cytosol. However, during apoptosis induced by various
death stimuli, including DNA damage or trophic factor depri-
vation, they are activated by a process requiring BH3-only
Bcl-2 family members. It is thought that BH3-only proteins
either bind and sequester Bcl-2 antiapoptotic proteins (this is
the case for Bad and Puma) or bind to and directly activate
proapoptotic proteins (tBid for example) (9, 11, 33, 45, 65, 74).
This results in the inactivation of Bcl-2 antiapoptotic proteins
and in the oligomerization of Bax and Bak in the mitochondrial
outer membrane (MOM) with a concomitant release of apop-
togenic factors from the mitochondria (17, 21, 31, 43).

How permeabilization of the MOM occurs during apop-
tosis remains a matter of debate and has been extensively
studied (for reviews, see references 4, 49, and 85). Recently,
a new model has emerged based on the discovery that mi-
tochondria fragment during cell death (32, 46-48, 61, 86).
According to this model, the fission of mitochondria would
be necessary for permeabilization of the MOM (3, 57, 83).
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Nevertheless, it is still not clear whether the fragmentation
of mitochondria precedes or follows the release of apopto-
genic factors (1, 22, 26).

Mitochondrial fission and fusion are normal and frequent
events in healthy cells. The protein machinery that underlies
mitochondrial fission has been well characterized and exten-
sively reviewed (53, 62). In mammalian cells, at least three
proteins, Drpl, hFisl, and MTP18 (75, 76), are required for
this process. The dynamin-related protein Drpl is a large cy-
tosolic GTPase that translocates to the mitochondria, where it
couples GTP hydrolysis with scission of the mitochondrial tu-
bule (59, 67, 68). Its receptor at the surface of the mitochon-
dria is thought to be hFisl, which is anchored to the MOM
facing the cytoplasm (38, 41, 70, 72, 82, 84). Mitochondrial
fusion in mammalian cells utilizes a different set of proteins:
the large transmembrane GTPase mitofusins (Mfnl, Mfn2)
anchored on the MOM and dynamin-like GTPase OPA1 (Op-
tic Atrophy 1) located in the mitochondrial intermembrane
space (10, 30, 34, 35, 54, 60).

Altering the activity of Drpl, hFisl, mitofusins, or OPA1 has
been used as a means to assess the role of mitochondrial fission
in apoptosis (5, 23, 25, 28, 37, 38, 44, 51, 71, 73, 84). These
experiments led to the conclusion that excessive fission of the
mitochondrial network, by overexpressing hFis1 or down-reg-
ulating the expression of OPA1, induces apoptosis (38, 54, 84).
However, it is less clear whether the process of mitochondrial
fission, which systematically occurs in Bax/Bak-dependent apop-
tosis, is required for cell death (3, 16, 57, 83). Here we report
that inhibiting the mitochondrial fission machinery, by down-
regulating the expression of Drpl or hFisl through the use
of RNA interference, prevents the fragmentation of the
mitochondrial network and alters the release of apoptogenic
proteins from the mitochondria. However, inhibiting the
mitochondrial fission machinery is not sufficient to inhibit
Bax/Bak-dependent apoptosis.
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MATERIALS AND METHODS

Materials. Tissue culture plates were obtained from Nunc; all other cell
culture reagents, including tetracycline (tet), propidium iodide (PI), and actino-
mycin D (ActD), were obtained from Sigma-Aldrich. The expression construct
for pEYFPmito, the mitochondrially targeted enhanced yellow fluorescent pro-
tein, was obtained from Clontech (Invitrogen). The caspase inhibitor zZVAD-fmk
was from Enzyme Systems Products. Hoechst 33342 and MitoTracker Red were
from Molecular Probes (Invitrogen). The following antibodies were used: mono-
clonal actin AC-40 (Sigma), GAPDH (glyceraldehyde-3-phosphate dehydroge-
nase) (6C5; Abcam), monoclonal Drpl (DLP1; Transduction Laboratories),
monoclonal anti-cytochrome ¢ antibody (554131; BD Pharmingen), polyclonal
Smac/DIABLO antibodies (Alexis for immunofluorescence and ProSci for West-
ern blotting), polyclonal TOM20 antibody (generously provided by Gordon
Shore, McGill University, Montreal, Canada), monoclonal complex IIT antibody
(core 2 subunit; generously provided by Rodrigue Rossignol, INSERM, Bor-
deaux, France), polyclonal HtrA2/Omi and OPAL1 antibodies (generously pro-
vided by Damien Arnoult, Institut Pasteur, Paris, France), and polyclonal Bax
antibody (13666; BD Pharmingen).

RNA interference and cloning. Down-regulation of Drpl or hFisl levels in
HeLa or Cos-7 cells was achieved by RNA interference using a vector-based
small hairpin RNA (shRNA) approach (6). The target sequences were 5'-GCA
GAAGAATGGGGTAAAT-3' for D1 (nucleotides [nt] 330 to 349; accession no.
NM_012063) (used following advice from A. M. Van der Bliek, David Geffen
School of Medicine, UCLA), 5'-GGATATTGAGCTTCAAATCA-3' for D2 (nt
552 to 571; accession no. NM_012063), 5'-GTACAATGATGACATCCGTA-3’
for F1 (nt 348 to 366; accession no. NM_016068), and 5'-GGCCATGAAGAA
AGATGGA-3' for F2 (nt 138 to 157; accession no. NM_016068). The specificity
of each sequence was confirmed by BLAST searches. Forward and reverse
synthetic 64-nt oligonucleotides (Microsynth, Balgach, Switzerland) were de-
signed, annealed, and inserted into the BglII-HindIII sites of pPSUPER-RETRO
mammalian expression vector (kindly provided to us by Rewen Agami, The
Netherlands Cancer Institute) as previously described (7). The recombinant
vectors thus obtained express a 19- to 20-bp, 9-nt stem-loop RNA structure
(shRNA) specifically targeting different regions of the Drp1 or hFisl transcripts.
To control for the potential side effects of transfecting cells with the pSUPER-
RETRO vectors and expressing shRNAs, all control cells were transfected with
firefly luciferase-targeted shRNA-expressing pSUPER-RETRO vector (se-
quence 5'-CGTACGCGGAATACTTCGA-3') as described previously (19). To
generate tetracycline-inducible sShRNA expression vectors for the D1 shRNA,
the annealed oligonucleotides described above were cloned into the pTER
(kindly provided by M. van de Wetering, Centre for Biomedical Genetics, The
Netherlands) as previously described (79).

The DrpK38A construct was obtained by subcloning the coding sequence of
DrpK38A from a pPCDNA3 DrpK38A vector (kindly provided by A. M. Van der
Bliek, David Geffen School of Medicine, UCLA) into a pCi vector (Promega).

Cell culture and transfections. HeLa and Cos-7 cells (purchased from the
European Collection of Cell Cultures) (CCL-2 and CRL-1651, respectively) and
293T cells were cultured in high-glucose Dulbecco’s minimal essential medium
with 10% fetal bovine serum, 100 U/ml penicillin, 0.1 mg/ml streptomycin, and 2
mM glutamine and maintained in 5% CO, at 37°C. For transient transfections
cells were plated in culture dishes 45 min before transfection and transfected
using a calcium phosphate coprecipitation method (40). At 24 h after transfec-
tion the cells were washed once with Tris-buffered saline (TBS) and grown in
fresh medium supplemented with 3 pg/ml puromycin (Calbiochem) for 24 h to
select for the transfected cells. The cultures were then washed with phosphate-
buffered saline (PBS) and incubated in fresh growth medium until the start of the
experiment.

Stable cell lines and production of retroviruses. Vector alone and D1 tetra-
cycline-inducible shRNA stable cell lines were generated by cotransfecting
the respective pTER vectors with pcDNAG/TR (kindly provided by M. van de
Wetering, Center for Biomedical Genetics, Utrecht, The Netherlands) in HeLa
cells. Clones were selected with Zeocin (Invitrogen) (100 pg/ml) and Blasticidin
(Invitrogen) (5 pg/ml) for 6 to 8 weeks and thereafter maintained in Zeocin-
Balsticidin-containing medium. Clones were then cultured for 5 days in Zeocin-
Balsticidin-free medium with or without tetracycline (2 wg/ml). For the production
of vesicular stomatitis virus G, pseudotyped retroviral particles encapsulating the
respective pPSUPER-RETRO vectors, 293T cells (in 10-cm-diameter culture
dishes plated the day before to reach 80% confluence on the day of transfection)
were transfected using 20 ug of the pPSUPER-RETRO shRNA vector, 15 ug of
pCMVgag/pol vector (packaging plasmid), and 5 pg of pMD2G vector (envelope
plasmid) and a calcium phosphate coprecipitation method as described above
(the pCMVgag/pol and pM2DG vectors were generously provided by Patrick

MoL. CELL. BIOL.

Salmon, Centre Medical Universitaire, Geneva, Switzerland). At 16 h after
transfection the cells were gently washed once with warm TBS and incubated in
warm growth medium. At 24 h after the TBS wash, the culture medium was
collected and centrifuged at 1,000 X g for 10 min at 4°C, filtered through a 0.45
pm filter, and stored at —80°C. For viral infection, semiconfluent HeLa cultures
split the day before were incubated with viral supernatant for 16 to 24 h. Fresh
viral supernatant was added for a further 24 h, and the cells were then split for
experiments 16 h later. The efficiency of transduction was assessed on a test plate
by examining puromycin resistance and systematically by Western blotting per-
formed with the infected cell population used for experiments.

Immunoblotting and immunocytochemistry. Cells were resuspended in lysis
buffer: 10 mM HEPES, 300 mM KCl, 5 mM MgCl,, 1 mM EGTA, 1% Triton
X-100 (volivol), 0.1% (wt/vol) sodium dodecyl sulfate (SDS), pH 7.4, supple-
mented with 1X proteinase inhibitor mixture (Roche). The lysate was spun at
2,000 X g, and the protein concentration was determined by a Bradford assay
(Bio-Rad). Equal amounts of protein were subjected to SDS-polyacrylamide gel
electrophoresis, transferred to nitrocellulose membranes (Schleicher & Schuell),
immunoblotted with primary antibodies followed by horseradish peroxidase-
conjugated secondary antibodies, and developed via enhanced chemilumines-
cence.

Immunocytochemistry was performed as follows: cells grown on glass cover-
slips were fixed in 4% paraformaldehyde—growth medium for 20 min at room
temperature (RT) followed by PBS washes. The cells were then permeabilized
with 0.1% Triton X-100 in PBS and blocked at RT with PBS containing 0.1%
Triton X-100 and 5% normal goat serum. The coverslips were then incubated
with primary antibodies diluted in blocking buffer for 2 h at RT (or overnight at
4°C) followed by washes in permeabilization buffer. Immunoreactive proteins
were visualized by incubating the cells with fluorescein isothiocyanate (FITC)-
coupled mouse secondary and Texas Red-coupled rabbit secondary antibodies
(Vector Laboratories) in permeabilization buffer for 1 h at RT, followed by
washes in permeabilization buffer. During the second wash, Hoechst 33342 (25
ng/ml) was added to the permeabilization buffer. Before the coverslips were
mounted in a DABCO solution (2.4% DABCO-52% glycerol in PBS; pH 7.2),
the cells were washed once in PBS and once in water. Fluorescent images were
visualized using a Zeiss Axiovert 135TV apparatus. Images were captured using
a charge-coupled-device camera (Photometric CE200A) with Openlab 3.5.0 (Im-
provision) and processed using Adobe Photoshop CS 8.0.

To visualize the mitochondrial network by use of MitoTracker Red staining,
cells grown on coverslips were incubated in growth medium supplemented with
150 nM MitoTracker Red for 10 min, washed in fresh warm medium, and fixed
as described above, and after PBS washes the coverslips were incubated in cold
acetone for 10 min at —20°C. The coverslips were then washed with PBS,
mounted, and visualized as described above.

Scoring of cytochrome ¢ or Smac/DIABLO release was performed on fixed
cells immunostained with the respective antibodies. Only the cells that displayed
a clear diffuse staining of Smac/DIABLO or cytochrome ¢ were scored as having
released the respective proteins. All the quantifications reported here were
performed in blind testing by at least two independent investigators, and more
than 100 fluorescent cells per set of conditions were counted. All the experiments
were performed at least four times.

Cells were scored as having a fragmented mitochondrial network when >50%
of the mitochondria appeared punctate. The same rule was applied when esti-
mating the proportion of cells that had undergone mitochondrial collapse.

Electron microscopy. Cells were fixed for 20 min at RT in culture medium
supplemented with 2.5% glutaraldehyde. After a wash in 100 mM phosphate
buffer (KH,/Na,HPO,; pH 7.4), cells were postfixed for 20 min at RT in 2%
osmium (OSO,) and prestained in 2% of uranyl acetate for 10 min at RT. After
washes in phosphate buffer, cells were dehydrated in 50%, 70%, 90%, and 100%
ethanol (for 10 min for each procedure). The samples were then infiltrated
sequentially in 1:1 (vol/vol) ethanol:Spurr resin (Polyscience), 1:3 ethanol:Spurr
resin for 30 min for each procedure, 100% Spurr resin for 3 h, and finally 100%
Spurr resin for 48 h at 60°C for polymerization (69).

Ultrathin sections were isolated on nickel grids and stained for 10 min in 2%
uranyl acetate and for 5 min in Reynold’s lead citrate and examined at 60 kV
using a Philips M400 transmission electron microscope.

Induction and detection of apoptosis. Apoptosis was induced either by cultur-
ing cells in the presence of 3 uM or 6 uM actinomycin D or 3 wM staurosporine
or by irradiating cells (in fixed volumes of culture medium) at 90 mJ/cm? using
a UV Stratalinker 2400 apparatus (Stratagene).

To quantify cell death in HeLa cells, apoptosis was induced as described above
and at the indicated time points the floating cells (including those detaching
during the PBS wash) and those still adhering to the culture dish were
collected and stained with annexin V FITC as instructed by the manufacturer
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FIG. 1. Depleting cells of Drpl by RNA interference inhibits mitochondrial fission and prevents fragmentation of the mitochondrial network
during apoptosis. (A) HeLa cells were transiently transfected with the control (Ctrl), D1, or D2 shRNA expression constructs, selected with
puromycin for 24 h, and collected for Western blot analysis using the indicated antibodies 72 h after transfection. M, molecular mass markers (in
kilodaltons). (B) HeLa cells were transiently cotransfected with the control or D1 shRNA expression constructs together with pEYFPmito and
selected with puromycin for 24 h. At 72 h after transfection the cells were UV irradiated in the presence of zZVAD-fmk and fixed 4 or 14 h later,
and the morphology of the mitochondrial network was visualized by fluorescent microscopy. The scale bar corresponds to 20 wm. (C) HeLa Drpl
shRNA-inducible cells cultured in the presence or absence of tetracycline (Tet) for 5 days were UV irradiated in the presence of zZVAD-fmk, grown
for 14 h in their respective growth media supplemented with zZVAD-fmk, and fixed for ultrastructural analysis by electron microscopy. The scale
bar corresponds to 1 wm.
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(BD Biosciences). The stained cells were then analyzed by flow cytometry using
a FACStrak system (Becton Dickinson). To quantify cell death in Cos-7 cells,
apoptosis was induced as described above and, 15 min prior to collecting the
cells, PI (25 pg/ml; cell impermeative) and Hoechst 33342 (2.5 pg/ml; cell
permeative) were added to the culture medium. Cells were collected as described
above, and apoptosis was scored by fluorescent microscopy using two different
aliquots for each set of conditions in separate Neubauer Hemacytometer cham-
bers. Cells were counted as apoptotic only when they were impermeable by PI
and their nuclei were distinctively fragmented. Cells impermeable by PI and with
a nonfragmented Hoechst-stained nucleus were scored as live cells. PI-perme-
able cells were not scored.

Cellular fractionation. Cells were collected in medium by scraping and washed
once in ice-cold PBS. The cell pellet was resuspended in cold mitochondrial
buffer (MB) (210 mM mannitol, 70 mM sucrose, 10 mM HEPES, 1 mM EDTA,
pH 7.5) supplemented with 1X proteinase inhibitors and homogenized on ice by
20 strokes in a glass Dounce homogenizer (B pestle; Kontes). The homogenate
was spun at 500 X g for 5 min (4°C), and the pellet was resuspended in MB,
homogenized, and spun as described above. The supernatants were pooled and
spun at 1,500 X g for 5 min, and the resulting supernatant was centrifuged at
10,000 X g for 5 min. The supernatant (cytosolic fraction) was carefully separated
from the pellet (mitochondrial fraction), and the protein concentrations were
determined as described above. The cytosolic fraction was concentrated by tri-
chloroacetic acid precipitation, and equal amounts of proteins were loaded on a
15% polyacrylamide gel. To determine the amount of Bax inserted into mito-
chondria, 100 wg of the mitochondrial fraction was resuspended in 0.1 M
Na,CO; (pH 11.5) at 0.5 pg/pl and incubated on ice for 30 min. The alkali-
treated mitochondria were collected by a 30 min centrifugation at 100,000 X g
and resuspended in gel loading buffer.

Isolation of mitochondria. Mitochondria were isolated from retrovirally in-
fected HeLa cells stably expressing the respective shRNAs by differential cen-
trifugation. Briefly, the cells were scraped in medium, washed once in cold PBS,
and resuspended in MB (210 mM mannitol, 70 mM sucrose, 10 mM HEPES, pH
7.5, 1 mM EDTA) supplemented with protease inhibitors (Roche). Cells were
broken by 10 passages through a 25-gauge needle fitted on a 2-ml syringe, and the
suspension was centrifuged at 500 X g at 4°C for 5 min. The supernatant was
kept, and the pellet was resuspended in homogenization buffer and broken five
times as described above. This step was repeated with the resulting pellet. The
pooled supernatants were then centrifuged for 5 min at 1,500 X g at 4°C to pellet
nuclei and unbroken cells. The supernatant was further centrifuged for 5 min at
10,000 X g at 4°C to pellet the mitochondria. The supernatants were discarded,
and the mitochondria were washed with homogenization buffer. The quantity of
protein was determined as described above.

Cytochrome c release assay. The mitochondria (50 pg protein) were incubated
for 45 min at room temperature in 100 wl KCI buffer (125 mM KCI, 0.5 mM
EGTA, 10 mM HEPES-KOH [pH 7.4], 4 mM MgCl,, 5 mM Na,HPO,) supple-
mented with 10 nM recombinant caspase-8-cleaved Bid (tBid) or left unsupple-
mented. The reaction mixtures were then centrifuged at 10,000 X g for 10 min at
4°C to collect the mitochondria. Mitochondrial pellets were lysed in 1X gel
loading buffer, and the supernatants were supplemented with 4X gel loading
buffer to a final concentration of 1X. Mitochondrial proteins (10 wg) and the
corresponding supernatant fractions were subjected to SDS-polyacrylamide gel
electrophoresis and analyzed by Western blotting. Equal loading of the mito-
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chondrial pellet was controlled with anti-core 2 antibody (complex III). The
insertion of Bax was determined as outlined above.

RESULTS

Inhibiting the mitochondrial fission machinery during apop-
tosis prevents fragmentation of the mitochondrial network
and alters the ultrastructure of the mitochondrial inner mem-
brane (MIM). We and others have previously reported that the
mitochondrial network undergoes obvious morphological re-
arrangements during apoptosis (reviewed in references 3, 16,
57, and 83). To test whether the mitochondrial fission machin-
ery was required for this change in morphology, we down-regu-
lated the expression of Drpl through the use of a DNA-based
RNA interference approach as previously described (see Materi-
als and Methods and references 6 and 7). As shown in Fig. 1A,
transient transfection of constructs expressing shRNAs target-
ing two different regions of the Drp1 transcript (D1 and D2) in
HeLa cells led to a significant reduction of Drp1 protein levels
at 72 h posttransfection, whereas levels of actin and GAPDH
(not shown) remained unchanged. In addition, the mitochon-
drial network, as visualized by fluorescent microscopy, was
distinctively more filamentous in healthy HeLa cells expressing
either D1 or D2 shRNAs compared to the results seen with
cells transfected with a control shRNA targeting luciferase
(Fig. 1B; also see Fig. S1A in the supplemental material).

UV irradiation of HeLa cells transiently transfected with the
control shRNA construct resulted in the fragmentation of the
mitochondrial network and a collapse of the organelles around
the nucleus (Fig. 1B). This occurred as early as 4 h postirra-
diation (Fig. 1B). Conversely, in Drpl-deficient cells, the mi-
tochondrial network remained filamentous for at least 4 h (Fig.
1B), in agreement with previous studies (25, 44). At 14 h after
UV irradiation, in most Drp1-deficient cells, mitochondria col-
lapsed around the nucleus but did not seem to fragment since
they appeared as large vesicles clustered around the nucleus
(Fig. 1B). This contrasted with the small structures observed in
control transfected cells (Fig. 1B). Similar observations were
made when cells were depleted of Drp1 through the use of the
D2 construct (data not shown) or when, instead of UV, ActD
was used as a death stimulus (data not shown).

These mitochondrial morphological changes were also ana-
lyzed by electron microscopy using a Drpl shRNA tet-induc-

FIG. 2. Depleting cells of Drp1 partially inhibits the release of cytochrome ¢ from the mitochondria but not that of Smac/DIABLO. (A) HeLa
cells were transiently transfected with the control (Ctrl), D1, or D2 shRNA expression constructs and selected with puromycin for 24 h. At 72 h
posttransfection the cells were UV irradiated in the presence of zZVAD-fmk, grown for 4 h and 14 h in the same medium, and fixed to determine
the localization of cytochrome ¢ (Cyto c¢) and Smac/DIABLO by immunostaining. The scale bar corresponds to 20 wm. (B) Quantitative analysis
of data from panel A at 14 h postirradiation. Data are expressed as the means + SEMs of the results of at least three independent experiments.
wxx, P < 0.0005; ns, not significant. (C) HeLa cells were transfected and selected as described for panel A. At 72 h posttransfection the cells were treated
with 3 uM ActD in the presence of zVAD-fmk, grown for 14 h in the same medium, and fixed to determine the localization of cytochrome ¢ and
Smac/DIABLO by immunostaining. Quantitative analysis of the data is expressed as the means + SEMs of the results of at least three independent
experiments. (D) HeLa cells were transfected and selected as described for panel A. At 72 h posttransfection the cells were UV irradiated in the absence
of zZVAD-fmk, grown for 14 h in the same medium, and fixed. The localization of cytochrome ¢ and Smac/DIABLO was assessed by immunostaining.
The cells were costained with Hoechst 33342 to observe changes in the nuclear morphology. The scale bar corresponds to 20 wm. (E) Quantitative analysis
of the data presented in panel D is expressed as the means + SEMs of the results of at least three independent experiments. (F) HeLa cells were infected
with the control, D1, or F1 shRNA retroviruses, grown for 96 h, and treated with 3 uM ActD for 8 h. The cells were then collected and fractionated,
and the protein contents of the cytosolic fraction (CF) and heavy-membrane fractions (HMF) were analyzed by Western blotting with the indicated
antibodies. (G) The protein content of the cytosolic fractions (CF) and heavy-membrane fractions (HMF), as well as that of the alkali-treated
heavy-membrane fraction, was analyzed by Western blotting with the indicated antibodies.
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ible clone of HelLa cells grown with or without tet (see Fig. S3A
and B in the supplemental material for the phenotypes of the
tet-inducible cell line). In Drpl-depleted cells, mitochondria
were distinctively longer than those in control cells (Fig. 1C).
At 14 h after UV irradiation 60% of the mitochondria in
control cells appeared small and displayed a dense matrix, in
agreement with previous data (Fig. 1C) (46, 48, 86). Con-
versely, in Drpl-depleted cells the mitochondria were distinc-
tively larger and 40% of them appeared to contain vesicles,
suggesting a remodeling of the MIM (Fig. 1C).

Inhibiting the mitochondrial fission machinery partially
prevents the release of cytochrome ¢ but not that of Smac/
DIABLO. Mitochondria play a critical role in apoptosis
through the controlled release of apoptogenic proteins, such as
cytochrome ¢ and Smac/DIABLO (29, 39). Therefore, we ex-
amined the involvement of mitochondrial fission in the release
of cytochrome ¢ and Smac/DIABLO during apoptosis induced
by UV irradiation. Depleting HeLa cells of Drp1 did not affect
the localization of either cytochrome ¢ or Smac/DIABLO in
healthy cells compared to control cell results (see Fig. S1B in
the supplemental material). At 4 h after UV irradiation, 40%
of cells had clearly released both cytochrome ¢ and Smac/
DIABLO (Fig. 2A) whereas at 14 h after UV irradiation,
93.5% (%= 0.93% standard error of the mean [SEM]) of the
control transfectants displayed diffuse cytosolic immunostain-
ing for Smac/DIABLO and 77.8% (* 1.8 SEM) also displayed
a diffused staining for cytochrome ¢ (Fig. 2A and B). In con-
trast, at 4 h postirradiation, 40% Drpl-depleted cells (D1
transfected cells) showed elongated mitochondria depleted of
Smac/DIABLO but only 10% displayed diffuse cytochrome ¢
staining (Fig. 2A). At 14 h postirradiation, Smac/DIABLO
immunostaining appeared diffuse in 94% (= 0.7 SEM) of D1
transfected cells whereas cytochrome ¢ staining was diffuse
only in 15% (= 2.6 SEM) of these cells (Fig. 2A and B). In the
remaining 85% of the Drpl-depleted cells, cytochrome ¢ was
localized in large vesicular structures which were confirmed to
be mitochondria since the cytochrome ¢ staining colocalized
with EYFPmito (see Fig. S1C in the supplemental material).
Similar observations were made of D2-transfected cells, where
Smac/DIABLO immunostaining appeared diffuse in 92% (=
1.9 SEM) of the cells 14 h after irradiation and cytochrome c
staining was diffuse in only 14% (= 2.2 SEM) of the cells (Fig.
2B; also see Fig. S1D in the supplemental material). This
suggested that less cytochrome ¢ was released when the mito-
chondrial fission machinery was inhibited but that the release
of Smac/DIABLO was unaffected in those cells. These findings
were also evident when apoptosis was induced using ActD
(Fig. 2C).

Since the experiments were performed in the presence of
zVAD-fmk, it is possible that the decreases in the amount of
cytochrome ¢ released in Drpl-depleted cells were due to
caspase inhibition. To exclude this possibility, the release of
cytochrome ¢ and Smac/DIABLO was assessed in control and
Drpl-depleted cells after UV irradiation in the absence of
zVAD-fmk. UV irradiation of control transfectants led to par-
tial detachment of the cells, release of cytochrome ¢ and Smac/
DIABLO, and condensation of nuclear DNA (Fig. 2D). In
contrast, cytochrome c¢ staining was distinctively punctate in
UV-irradiated Drpl-depleted cells, while Smac/DIABLO ap-
peared to be released, as in the case of control cells. Impor-
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tantly, Drpl-deficient cells displayed nuclear condensation, as
did irradiated control cells. Quantification of this data showed
that while 83.5% (= 1.5% SEM) of the D1 transfectants dis-
playing nuclear condensation had released Smac/DIABLO but
not cytochrome ¢, only 10.50% (= 4.50% SEM) of the control
transfectants fell into this category (Fig. 2E). These findings
were confirmed using the D2 shRNA and the Drpl shRNA
tet-inducible cell line described above (data not shown). To-
gether, these results suggest that Drpl-depleted cells undergo
apoptosis, as shown by DNA condensation, without a complete
release of cytochrome ¢ from the mitochondria.

To obtain more quantitative estimates of the release of apop-
togenic factors from the mitochondria, we used Western blot-
ting analysis of the cytosolic and heavy-membrane fractions of
Drpl-depleted cells induced to undergo apoptosis by ActD
treatment. For these experiments we employed a different sys-
tem in which shRNAs were expressed by means of retroviruses
(see Materials and Methods) and analyzed the kinetics of the
release of cytochrome ¢ and Smac/DIABLO. This model pre-
sented the advantage of providing a nonclonal population of
HeLa cells stably and homogeneously expressing the respective
shRNAs (see Fig. S2A and B in the supplemental material for
the phenotype of these cells). Western blotting analysis of the
cytosolic fraction of HeLa cells infected with control shRNA
and D1 shRNA retroviruses showed that the viral infection per
se and the down-regulation of Drp1 did not induce the release
of cytochrome ¢ or Smac/DIABLO into the cytosol before
induction of apoptosis (Fig. 2F). Following ActD treatment,
cytochrome ¢ and Smac/DIABLO levels increased in the cy-
tosol, and there were corresponding decreases in the levels in
the heavy-membrane fraction of control cells 8 h after the
induction of apoptosis (Fig. 2F). Conversely, whereas there
was distinctly less cytochrome ¢ released into the cytosolic
fraction of Drpl-depleted cells, there were no differences in
the release of Smac/DIABLO compared to control cell results
(Fig. 2F). Similar results were obtained when apoptosis was
induced by UV irradiation or using the D2 shRNA to down-
regulate the expression of Drpl (data not shown).

To test whether inhibition of mitochondrial fission per se
was responsible for this effect, fission was blocked by depleting
cells of hFisl by use of retrovirus-mediated shRNA interfer-
ence (F1; see Fig. S2A and B for the phenotypes of these cells).
The morphology of mitochondria in these cells confirmed that
down-regulating hFisl protein levels inhibited the mitochon-
drial fission machinery, although the effects were less striking
than those provoked by the knockdown of Drp1. The release of
cytochrome ¢ from mitochondria was also partially inhibited in
hFis1-depleted cells, but the effect was much less striking than
the effect seen with Drpl-depleted cells (Fig. 2F). As for Smac/
DIABLO, it was released normally, as seen with control and
Drpl-depleted cells. In summary, these data indicate that in-
hibiting mitochondrial fission during apoptosis inhibits the re-
lease of a large pool of cytochrome ¢ without affecting that of
Smac/DIABLO.

Inhibiting the mitochondrial fission machinery does not
prevent the insertion of Bax into the mitochondrial outer
membrane during apoptosis. The release of apoptogenic pro-
teins from the intermembrane space of the mitochondria re-
quires the insertion of Bax into the mitochondrial outer mem-
brane (16, 56). Therefore we examined whether the inhibition
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FIG. 3. Cytochrome ¢ (Cyto C) and Smac/DIABLO are differentially released from mitochondria (Mito) isolated from Drpl-depleted cells
treated with recombinant tBid. (A) Mitochondria isolated from HelLa cells infected with the control (Ctrl), D1, or F1 shRNA retroviruses were
incubated in the presence or absence of tBid, and the pellets were alkali treated to determine the amount of Bax insertion. (B) Isolated
mitochondria were treated as described for panel A, and the protein contents of the supernatant and pellet were assessed by Western blot analysis

with the indicated antibodies.

of cytochrome ¢ release in cells depleted of Drpl or hFisl
might be due to a decrease in Bax insertion into the MOM.
HelLa cells infected with the control, D1, or F1 shRNA retro-
viruses were treated with ActD, and Bax insertion into the
mitochondria was determined after alkali treatment of the
isolated organelles. Bax was weakly inserted in the mitochon-
drial fraction of infected cells before the induction of apoptosis
(Fig. 2G). Comparable levels were found in control and Drpl-
or hFisl-depleted cells. After ActD treatment, there was a
significant increase in the amount of Bax inserted into the
mitochondria from control, D1, and F1 cells (Fig. 2G).
Whereas the levels of Bax inserted in the mitochondria of
control and Drpl-depleted cells undergoing apoptosis were
similar, a 10 to 15% (n = 2) decrease in mitochondrially
inserted Bax was noted in hFisl-depleted cells under control
and apoptotic conditions, which is consistent with previously
published studies (25, 44).

Cytochrome ¢ and Smac/DIABLO are differentially released
from mitochondria of Drpl-depleted cells. We have observed
that depleting cells of fission proteins such as Drpl alters
cellular energy homeostasis and cell division (unpublished
data). To exclude the possibility that the inhibition of cyto-
chrome c release in Drp1- or hFis1-depleted cells might be due
to alterations in cellular homeostasis, the release of mitochon-
drial apoptogenic proteins was examined using mitochondria
isolated from control cells or from cells depleted of Drpl or
hFisl. Addition of tBid to isolated mitochondria is known to
lead to cytochrome c release through activation of endogenous
Bax that is attached to the isolated organelles (20). We ob-
served that upon addition of tBid, similar amounts of Bax were
found inserted in the mitochondria isolated from control,

Drpl-, and hFisl-depleted cells (Fig. 3A). Interestingly, less
cytochrome ¢ was released from mitochondria isolated from
Drpl-depleted cells than from mitochondria from control or
hFis1-depleted cells (Fig. 3B). However, similar amounts of
Smac/DIABLO and HtrA2/Omi were released from control
mitochondria or mitochondria depleted of Drpl or hFisl (Fig.
3B). Therefore, the differential release of cytochrome ¢ and
Smac/DIABLO from Drpl-depleted mitochondria is intrinsic.
Intriguingly, the release of cytochrome ¢ from mitochondria
lacking hFis1 occurred normally in vitro. Therefore, it is likely
that, in cells, hFisl depletion inhibits cytochrome c¢ release
upstream of the mitochondria, a result that supports the work
of Lee and colleagues (44).

Inhibiting the mitochondrial fission machinery does not
inhibit cell death. The results presented above could suggest
that preventing mitochondrial fission by Drp1 depletion might
protect against cell death, since less cytochrome ¢ was released
from these mitochondria. To test this notion, apoptosis in-
duced by Bax/Bak-dependent death stimuli (UV, ActD) in
HeLa cells infected with control or D1 shRNA retroviruses
was assessed by annexin V FITC staining and quantified by
flow cytometric analysis at 4, 8, and 14 h after the induction of
cell death. As shown in Fig. 4A, preventing mitochondrial
fission by depleting the cells of Drpl delayed the kinetics of
apoptosis but did not inhibit cell death induced by ActD. Sim-
ilar results were obtained when cell death was induced by UV
irradiation (Fig. 4B) or staurosporine (see Fig. S4B in the
supplemental material). Analysis of caspase-3 activation re-
vealed a lower level of active caspase-3 at 4 h after UV expo-
sure, but at later time points (8 and 14 h) similar levels were
detected in control, Drpl-, and hFisl-depleted cells undergo-
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retroviruses, grown for 96 h, treated with ActD 3 pM for the indicated times, and stained with annexin V FITC for flow cytometric analysis. The
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ing UV exposure (Fig. 4D) or ActD treatment (data not
shown). Incubating the cells with the broad-spectrum caspase
inhibitor zZVAD-fmk strongly inhibited cell death induced by
UV or ActD treatments (Fig. 4A and B), supporting a role for
caspases in the cell death process occurring in Drpl- and
hFisl-depleted cells. These results were also confirmed using
the D2 shRNA (data not shown).

Previously it has been reported that inhibiting mitochondrial
fission by down-regulating the expression of hFisl protected
cells against cell death (44). We assessed this issue by analysis
of phosphatidylserine exposure after induction of apoptosis in
hFis1-depleted cells. As shown in Fig. 4A, hFis1-depleted cells
were significantly protected against apoptosis induced by ActD
at 4 h but not at 8 and 14 h. Moreover, down-regulating the
expression of hFis1 did not delay cell death at any time point
after UV irradiation (Fig. 4B). Finally, HeLa cells depleted of
both Drp1 and hFis1 exhibited a death profile similar to that of
Drpl-depleted cells after induction of apoptosis by ActD (see
Fig. S4A in the supplemental material).

To ensure that these conclusions were not cell specific and
restricted to the method used to assess cell death (i.e., annexin
V staining), experiments were performed with Cos-7 cells and
cell death was assessed by counting condensed nuclei after 14 h
of ActD treatment (Fig. 4C). In addition to inhibiting mito-
chondrial fission in these cells by means of shRNAs against
Drpl or hFisl, we overexpressed a dominant-negative mutant
of Drpl (DrpK38A) which is mutated in its GTP binding
domain. Bel-xL, a bona fide antiapoptotic protein, was used for
comparison. No significant protection against cell death after
14 h of treatment with ActD was observed in cells in which
mitochondrial fission had been inhibited by several means. In
contrast, a clear inhibition of apoptosis was obtained with
Bcl-xL overexpression. Therefore, these data indicate that de-
pleting cells of either Drpl or hFisl does not inhibit death
induced by ActD and UV.

DISCUSSION

In this study we show that in cells exposed to various death
stimuli, inhibiting the mitochondrial fission machinery partially
prevents the release of cytochrome ¢ from the mitochondria
but does not prevent that of Smac/DIABLO. The same obser-
vations were made with mitochondria isolated from Drpl-
depleted cells that were exposed to tBid. Therefore, the dif-
ferential release of cytochrome ¢ and Smac/DIABLO appears
to result from an intrinsic property of mitochondria from
Drpl-depleted cells. A number of studies have shown that two
pools of cytochrome c exist in the mitochondria: a minor pool
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that is soluble in the intermembrane space and a major pool
confined to the mitochondrial cisternae (2, 55, 64). Remodel-
ing of the MIM, together with an opening of intercristae junc-
tions, has been shown to be important for the release of the
cisternal pool of cytochrome ¢ from the mitochondria (64).
Moreover, Germain and coworkers recently reported that
overexpression of DrpK38A inhibits MIM remodeling during
apoptosis induced by BIK overexpression (28). In our study,
the ultrastructural analysis of the Drpl-depleted cells under-
going apoptosis revealed that a large number of the mitochon-
dria contained what could be an interconnected network of
cristae. However, we have no clear evidence of the opening of
cristae junctions and it is possible that the remodeling observed
in these cells is not accompanied by opening of these struc-
tures. If this were the case, cytochrome ¢ would remain trapped
within the cristae and only the pool of cytochrome c that is
soluble in the intermembrane space would be released to-
gether with Smac/DIABLO or HtrA2/Omi, which are both
soluble in the intermembrane space (77). The reason for the
formation of an interconnected network of cristae in the mi-
tochondria of Drpl-depleted cells is still unclear. Interestingly,
this internal mitochondrial morphology is very similar to that
of the class II mitochondria described by Scorrano and col-
leagues (64) and that of mitochondria from OPAl-depleted
cells (1, 30, 54). Interestingly, we have observed that the ex-
pression of OPA1 is altered in Drpl-depleted cells (see Fig. S5
in the supplemental material). Whether this particular expres-
sion profile of OPAL1 isoforms is responsible for the sequestra-
tion of cytochrome ¢ in the cristae of Drpl-depleted cells
remains to be shown.

An alternative explanation for the differential release of
cytochrome ¢ and Smac/DIABLO in Drpl-depleted cells may
be that Smac/DIABLO is not as tightly bound to the mitochon-
dria as cytochrome ¢ (77). Indeed, cytochrome ¢ binds to pro-
tein partners (subunits of complexes III and IV) and phos-
pholipids, in particular cardiolipin, through electrostatic
interactions (24, 36, 42, 50). This implies that in Drpl-depleted
cells, cytochrome ¢ would be more tightly bound to its inter-
action partners compared to control cell results. Peroxidation
of cardiolipin, an event shown to occur during cell death (27,
52), has been reported to be required for the detachment of
cytochrome ¢ from the MIM and its complete release (52, 55,
58, 66). It is possible that depleting cells of Drp1 decreases the
rate of peroxidation of cardiolipin during cell death. Finally,
we cannot exclude the possibility that the remodeling of the
MIM corresponds to a late-stage degradative process that
would be only observed in Drpl-depleted cells.

In summary, a working hypothesis could be proposed

histograms represent a quantitative analysis of the percentage of annexin V FITC-positive cells after induction of apoptosis by ActD in the absence
(0 h, 4 h, 8h, 14 h) or presence (14 h + zVAD-fmk) of the caspase inhibitor zZVAD-fmk. The data are expressed as the means + SEMs of the
results of three independent experiments. *, P < 0.05; #*, P < 0.005; #**, P < 0.0005; ns, not significant). Panel B presents data obtained as
described for panel A except that apoptosis was triggered by UV irradiation. **, P < 0.005; ns, not significant. (C) Cos-7 cells were cotransfected
with pEYFPmito and control, D1, or F1 shRNA constructs or pCiDrpK38A or pCiBcl-XI; 72 h after transfection, the cells were treated with ActD
(6 pM) for 14 h and just before collection the cells were incubated with propidium iodide and Hoechst 33342 for 15 min. The histogram represents
a quantitative analysis of the percentage of the propidium iodide-negative Cos-7 cells expressing yellow fluorescent protein (YFP) that displayed
apoptotic nuclei as observed by Hoechst 33342 staining. The data are expressed as means + SEMs of the results of three independent
experiments.***, P < (0.0005; ns, not significant. (D) HeLa cells were treated as described for panel B, and the cleavage of caspase-3 was assessed

by Western blotting at the indicated times.
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whereby, during apoptosis, permeabilization of the MOM by
Bax/Bak would trigger the release of soluble intermembrane
space proteins (such as Smac/DIABLO, HtrA2/Omi, and some
cytochrome c) followed by a Drpl/OPA1-dependent remodel-
ing of the mitochondria. This would lead to the liberation of
the pool of cytochrome c located in the cisternae and/or bound
to the MIM.

Despite the partial inhibition of the release of cytochrome c,
preventing fission of the mitochondria does not inhibit apop-
tosis induced by Bax/Bak-dependent death stimuli (81). This is
in agreement with a recently published study showing that
CED-9 expression in mammalian cells prevents apoptosis-in-
duced fission of the mitochondria but does not inhibit apop-
tosis (15). Furthermore, Sugioka and coworkers, in a time
course study, also showed that depleting Drpl in Ratl cells
only delays cell death (71). In contrast, earlier studies in mam-
malian cells showed that preventing mitochondrial fission dur-
ing apoptosis, by depleting cells of Drpl or hFisl, inhibits cell
death (25, 44). However, from these studies it is difficult to
conclude that preventing mitochondrial fission inhibits cell
death, since apoptosis was assessed at single time points. The
results presented in our study were obtained with different cell
lines and using different approaches to down-regulate Drpl or
hFis1 with different shRNAs (i.e., use of an inducible cell line,
retrovirally infected cells, and puromycin-selected transfected
cells). In addition, a dominant-negative mutant of Drpl was
also used. These precautions were taken (i) to exclude any bias
that could result from the selection of cells that often acquire
resistance to apoptosis during antibiotic selection used for a
short period (transient transfection) or a long period (estab-
lishing stable cell clones) and (ii) to reduce the likelihood that
the effects observed were due to off-target effects of a partic-
ular shRNA. This may explain the discrepancies between our
results and those previously reported by others. In addition, we
have performed time course analysis of cell death while previ-
ous studies have relied on single time points. Moreover, in our
experiments, the level of down-regulation of Drpl or hFisl
seemed comparable to that previously obtained by others. Fi-
nally, we cannot exclude the possibility that in the cell types
used by others (25, 71), the complete release of mitochondrial
apoptogenic proteins is required to activate caspases and to
trigger cell death. It has been shown that the levels of cyto-
chrome ¢ required to activate caspases differ according to dif-
ferent cell types (8). We found that, despite lower levels of
cytochrome c¢ released into the cytosol, the levels of active
caspase-3 in Drpl- or hFisl-depleted cells were not signifi-
cantly different from the levels of active caspase-3 in control
cells at time points after 4 h. Therefore, in the cells used in our
studies low levels of cytochrome ¢ are sufficient to activate
sufficient amounts of caspases to execute the apoptotic process.
In other cell types, particularly in cells expressing high levels
of IAPs (Inhibitor of Apoptosis Proteins), it is possible that
higher levels of cytochrome c are required to activate caspases.
It would be interesting to test whether under these conditions
mitochondrial fission plays an essential role in the apoptotic
process.

In conclusion, here we have shown that, in contrast to Bcl-xLL
overexpression or caspase inhibition, inhibiting mitochondrial
fission in HeLa and Cos-7 cells decreases cytochrome c release
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but does not provide a robust protection against Bax/Bak-
dependent apoptosis.
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