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Under various conditions, noxious stimuli damage mitochon-
dria, resulting in mitochondrial fragmentation; however, the
mechanisms by which fragmented mitochondria are eliminated
from the cells remain largely unknown. Here we show that cyto-
plasmic vacuoles originating from the plasma membrane
engulfed fragmented mitochondria and subsequently extruded
them into the extracellular spaces in undergoing acute tumor
necrosis factor a-induced cell death in a caspase-dependent
fashion. Notably, upon fusion of the membrane encapsulating
mitochondria to the plasma membrane, naked mitochondria
were released into the extracellular spaces in an exocytotic man-
ner. Mitochondrial extrusion was specific to tumor necrosis fac-
tor a-induced cell death, because a genotoxic stress-inducing
agent such as cisplatin did not elicit mitochondrial extrusion.
Moreover, intact actin and tubulin cytoskeletons were required
for mitochondrial extrusion as well as membrane blebbing. Fur-
thermore, fragmented mitochondria were engulfed by cytoplas-
mic vacuoles and extruded from hepatocytes of mice injected
with anti-Fas antibody, suggesting that mitochondrial extrusion
can be observed in vivo under pathological conditions. Mito-
chondria are eliminated during erythrocyte maturation under
physiological conditions, and anti-mitochondrial antibody is
detected in some autoimmune diseases. Thus, elucidating the
mechanism underlying mitochondrial extrusion will open a
novel avenue leading to better understanding of various diseases
caused by mitochondrial malfunction as well as mitochondrial
biology.

Normal mitochondria continuously undergo fission and
fusion in a coordinated fashion (1, 2). Although mitochondria
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are major organelles to produce ATP through oxidative phos-
phorylation, apoptogenic factors such as cytochrome ¢, Smac/
DIABLO, and Omi/HtrA are released from mitochondria dur-
ing apoptosis (3, 4). Under physiological and pathological
conditions, various stimuli damage mitochondria, resulting in
drastic morphological changes of mitochondria including
mitochondrial fragmentation (1, 2, 5). In response to apoptotic
stimuli, cristae in mitochondria elongate and form vesicular
structures. Then cristae become swollen, and finally the outer
membrane of mitochondria is ruptured (6). Damaged mito-
chondria need to be eliminated in the cells; otherwise the cells
eventually die because of activation of the mitochondrially
dependent apoptotic pathway. One of such mechanisms might
be autophagy. Autophagy is an evolutionally conserved and
lysosome-mediated catabolic response that is induced under
nutrient-poor conditions (7, 8). During autophagy, cytoplasmic
components including mitochondria are engulfed by double-
membrane structures known as autophagosomes in the cyto-
plasm, suggesting that autophagy might play a role in the elim-
ination of damaged mitochondria under certain conditions.
However, it remains to be solved whether autophagy plays a
dominant role in elimination of damaged mitochondria during
apoptosis.

Death-inducing ligands such as TNFa?® and Fas ligand induce
mitochondrial fragmentation through activation of the caspase-
dependent pathway in a cell type-dependent fashion (9). c-FLIP
(cellular FLICE inhibitory protein) was identified as a homo-
logue to an initiator caspase, caspase 8, and inhibits TNFa- and
Fas-induced apoptosis by binding to and inhibiting activation
of caspase 8 (10). A transcription factor, NF-«kB has been shown
to play a central role in suppressing genotoxin- and TNFa-
induced apoptosis through up-regulating various antiapoptotic
genes including members of the bcl-2 family, X chromosome-
linked inhibitor of apoptosis, superoxide dismutase (sod)2, and
c-Flip (11, 12). We and others have recently reported that
c-FLIP plays a crucial role in protection of cells from TNFa-
and Fas-induced cell death (13-15). During the course of
electron microscopical analysis of dying c-Flip~'~ murine
embryonic fibroblasts (MEFs), we found that TNFa-induced
mitochondrial fragmentation, and extensive cytoplasmic vacu-
oles have emerged in c-Flip~/~ MEFs in a caspase-dependent

3The abbreviations used are: TNF, tumor necrosis factor; CM-H,DCFDA,
5-(and-6)-carboxy-2',7'-dichlorodihydrofluorescein diacetate; COX 1V,
cytochrome oxidase IV; c-FLIP, cellular FLICE inhibitory protein; GFP, green
fluorescent protein; LC3, light chain 3; MEF, murine embryonic fibroblast;
3-MA, 3-methlyadenine; Z, benzyloxycarbonyl; fmk, fluoromethyl ketone;
PBS, phosphate-buffered saline; ROS, reactive oxygen species.
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fashion. Surprisingly, fragmented mitochondria were extruded
from the cells through cytoplasmic vacuoles originating from
the plasma membrane. Upon fusion of the membrane encapsu-
lating mitochondria to the plasma membrane, naked mito-
chondria were released into the extracellular spaces. This proc-
ess is qualitatively different from the previously well
characterized shedding of apoptotic bodies that frequently
encapsulate cytoplasmic organelles including mitochondria.
Moreover, mitochondrial extrusion was specific to TNFa-in-
duced cell death, because a genotoxic stress-inducing agent
such as cisplatin did not elicit mitochondrial extrusion. Fur-
thermore, fragmented mitochondria was engulfed by cyto-
plasmic vacuoles and extruded from hepatocytes of mice
injected with anti-Fas antibody, suggesting that mitochon-
drial extrusion might be observed in vivo under pathological
conditions. Together, these results suggest that fragmented
mitochondria might be released from apoptotic cells under
certain conditions; released mitochondria might be a source
of antigens to elicit autoimmune diseases under some path-
ological conditions.

EXPERIMENTAL PROCEDURES

Reagents—TNFa, Z-VAD-fmk, and Ac-DEVD-AMC were
purchased from BD Biosciences and Peptide Institute and used
at final concentrations of 10 ng ml ™", 50 um, and 20 uM, respec-
tively. Cisplatin, cytochalasin D, butylated hydroxyanisole,
3-methlyadenine (3-MA), and paclitaxel were purchased from
WAKO and Sigma-Aldrich and used at final concentrations of
400 puMm, 1 um, 100 pm, 10 mm, and 20 uMm, respectively.
CM-H,DCEDA, LysoTracker BlueDND-22, MitoTracker
DeepRed, and FM1-43FX were purchased from Invitrogen and
used at final concentrations of 1 um, 1 um, 100 nMm, and 5 ug
ml ™!, respectively. Anti-cytochrome ¢ oxidase IV (COX IV)
(Abcam), anti-Lamp1 (BD Biosciences), anti-GM130 (BD Bio-
sciences), and anti-mouse immunoglobulin (GE Healthcare)
antibodies were purchased from the indicated sources. Anti-
light chain 3 (LC3) antibody was previously described (16).

Cell Culture and Generation of Transfectants—c-Flip~
MEFs were cultured in Dulbecco’s modified Eagle’s medium
with 10% fetal bovine serum. c-Flip~'~ MEFs stably expressing
a green fluorescent (GFP) fused to COX IV were generated
using a retroviral vector (provided by D. Chan) as previously
described (17). c-Flip~'~ MEFs stably expressing c-FLIP; (we
designated them as ¢-Flip~/~ c-FLIP, MEFs hereafter) were
previously described (13).

Immunofluorescence Analysis—c-Flip~'~ MEFs stably
expressing GFP-COX IV were cultured on a 60 w-Dish (Ibidi)
overnight. After TNFa stimulation, time lapse confocal micros-
copy was performed by using TCS SP5 (Leica). Movies and
pictures were taken with the LAS AF confocal software (Leica).
For Figs. 5B and 6E, c-Flip~'~ MEFs were cultured on a 60
w-Dish overnight. After TNFa stimulation, the cells were
stained with MitoTracker DeepRed and/or LysoTracker
BlueDND-22 for 30 min. Then the medium was replaced with
ice-cold Hanks’ balanced salt solution containing FM1-43FX.
For Fig. 6 (A and F), c-Flip~'~ MEFs were cultured on cover
glasses in 24-well plate overnight. After TNFa stimulation, the
cells were fixed with 4% paraformaldehyde in PBS for 30 min

/—
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and permeabilized with 50 ug ml~ ' of digitonin-PBS for 10
min. The cells were immunostained with anti-LC3, anti-
Lampl, and anti-COX IV antibodies in 1% bovine serum albu-
min with TBST for 2 h and were visualized with Alexa 488- or
594-conjugated secondary antibodies (Invitrogen). Confocal
microscopy was performed on FV1000 (Olympus). The pic-
tures were analyzed by FV10-ASW (Olympus).

Electron and Immunoelectron Microscopy—Wild-type,
c-Flip~'~ MEFs, and c-Flip~’~ c¢-FLIP, MEFs were stimulated
with the indicated agents for the indicated times. Preparation of
samples for electron microscopy was previously described (18).
To evaluate the percentages of cells showing typical apoptosis,
necrosis, and atypical apoptosis characterized by numerous
cytoplasmic vacuoles, sections were used for cell counting. For
immunoelectron microscopy, the cells were fixed with perio-
date-lysine paraformaldehyde fixative, infiltrated with 40%
polyvinylpyrrolidone, 2.3 M sucrose, 0.1 M phosphate buffer, pH
7.4, embedded on nails, and frozen in liquid nitrogen. Ultrathin
cryosections were cut with the Ultracut UCT microtome
equipped with the FC-4E cryoattachment (Leica) at —110 °C
and transferred to nickel grids (150 mesh), blocked, and then
incubated with anti-COX IV antibody at 4 °C overnight. Then the
samples were incubated with secondary antibodies conjugated
with 10-nm gold particles (British BioCell) for 2 h. The samples
were refixed with 2.5% glutaraldehyde, 0.1 M phosphate buffer
(PB), stained with 2% uranyl acetate solution for 30 min, and
absorption-stained with 2% polyvinyl alcohol containing 0.2%
methylcellulose and 0.2% uranyl acetate for 30 min. The samples
were observed with a JEM-1230 electron microscope (JEOL).

Caspase Activity—Caspase 3 activity was measured by a flu-
orometric assay as previously described (13). Briefly, MEFs
were stimulated with TNF« in the absence or presence of inhib-
itors for the indicated times, and then the cells were lysed in
radioimmune precipitation assay buffer (50 mm Tris-HCI, pH
8.0, 150 mm NaCl, 1% Nonidet P-40, 0.5% deoxycholate, 0.1%
SDS, 25 mm B-glycerophosphate, 1 mm sodium orthovanadate,
1 mMm sodium fluoride, 1 mm phenylmethylsulfonyl fluoride, 1
pg ml~ " aprotinin, and 1 ug ml™" leupeptin). The cell lysates
were incubated with Ac-DEVD-AMC, and the release of fluo-
rescent 7-amino-4-methylcoumarin was measured on a fluo-
rometer (Labsystems).

Measurement of ROS Accumulation—MEFs (4 X 10° cells)
were plated onto 6-well plates and stimulated with TNFa in the
absence or presence of various inhibitors for 2 h. After stimu-
lation, the cells were washed with Opti-MEM (Invitrogen) and
then incubated with CM-H,DCFDA in the dark for 30 min at
37 °C. Then the cells were harvested and analyzed on a flow
cytometer (FACSCalibur; BD Biosciences). The data were pro-
cessed by using the CellQuest program (BD Biosciences).

Anti-Fas Antibody Injection—Eight-week-old female C57BL/6
mice were purchased from Charles River. The mice were
injected intravenously with 50 ug of anti-Fas antibody (Jo-2)
(provided by S. Nagata) or PBS. At 4 h after injection, the sera
were collected, and the livers were fixed by in vivo perfusion
with 2.5% glutaraldehyde for electron microscopy. As a positive
control for GM130, hepatocytes from untreated mice were
lysed in radioimmune precipitation assay buffer. After centrif-
ugation, the sera and the lysates were subjected to SDS-PAGE
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FIGURE 1. Fragmented mitochondria are engulfed by the cytoplasmic vacuoles and extruded from
c-Flip~'~ MEFs during cell death. A and B, c-Flip—’/~ MEFs stably expressing GFP-COX IV were unstimulated (A)
or stimulated with TNFa for 60 min (B). Scale bars, 25 um. Cand D, c-Flip~/~ MEFs were stimulated with TNFa for
60 (C) or 90 (D) min and analyzed by transmission electron microscopy. The enlarged images of the boxed areas
are shown in the right panels. The arrowheads and arrows indicate extruded and fragmented mitochondria,
respectively. Scale bars, 500 nm. E, the percentages of cells showing typical apoptosis, necrosis, and atypical
apoptosis characterized by numerous cytoplasmic vacuoles and mitochondrial extrusion were calculated by
counting randomly selected areas (total 100-200 cells/sample). Three independently prepared samples were
counted and are presented as the means + S.D. F, c-Flip~/~ MEFs were stimulated with TNFa for 90 min and
then analyzed by immunoelectron microscopy using anti-COX IV antibody, followed by 10-nm colloidal gold-

conjugated secondary antibody. Scale bar, 200 nm.

and transferred onto polyvinylidene difluoride membranes.
The membranes were immunoblotted with anti-COX IV, anti-
GM130, and anti-mouse immunoglobulin antibodies. The
membranes were developed with ECL Western blotting Detec-
tion System Plus (GE Healthcare).

RESULTS

Fragmented Mitochondria Are Engulfed by the Cytoplasmic
Vacuoles and Extruded from c-Flip~’~ MEFs during Cell
Death—c-Flip~'~ MEFs died rapidly after TNFa stimulation,
enabling us to efficiently monitor the fate of damaged mito-
chondria during apoptosis. To visualize mitochondria, we first
generated c-Flip~ '~ MEFs stably expressing a GFP fused to
cytochrome oxidase IV (COX IV), a mitochondrial inner mem-
brane protein. We then stimulated c-Flip~ '~ MEFs expressing
GFP-COX IV with TNFa and monitored the mitochondrial
morphology by time lapse confocal microscopy. Mitochondria
displayed an elongated and tubular morphology and actively
underwent fusion and fission in unstimulated cells (Fig. 14 and
supplemental Movie S1). In contrast, mitochondrial fragmen-
tation was rapidly induced after TNFa stimulation (Fig. 18 and
supplemental Movie S1).

We next investigated the mitochondrial morphology by
transmission electron microscopy in more detail. Consistent
with our previous study using c-Flip knockdown cells (14),
TNFainduced rapid activation of the caspase cascade, resulting
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E in typical apoptosis and necrosis in
¢-Flip~'~ MEFs (supplemental Fig.
S1). In addition, we found that
fragmented mitochondria were
detected in the cytoplasmic vacu-
oles at 60 min after TNF« stimula-
tion (Fig. 1C). Surprisingly, some
& fragmented mitochondria appeared
to be released into the extracellular
spaces. Because the nuclei of these
cells were slightly pyknotic, and the
plasma membrane integrity was
preserved, these morphological
changes might be early events of
apoptosis but not secondary necro-
sis. Along with the progression of
apoptosis, numerous cytoplasmic
vacuoles appeared and gathered
around the periphery of the cyto-
plasm, and some vacuoles similarly
contained fragmented mitochon-
dria at 90 min after TNFo stimula-
tion (Fig. 1D, upper panels). Upon
fusion of the membrane encapsulat-
ing mitochondria to the plasma
membrane, naked mitochondria
were released into the extracellular
spaces in an exocytotic manner.
Notably, fragmented but not intact
mitochondria were encapsulated by
the vacuoles, suggesting that mito-
chondrial fragmentation is a prereq-
uisite of mitochondrial extrusion (Fig. 1D, lower panels). This
process is qualitatively different from a previously well charac-
terized shedding of apoptotic bodies that frequently encapsu-
late cytoplasmic organelles including mitochondria (Fig. 1D
and supplemental Fig. S1). Based on transmission electron
microscopical analysis, this atypical apoptosis characterized by
numerous cytoplasmic vacuoles and mitochondrial extrusion
was observed in nearly 30% of ¢-Flip~’/~ MEFs (Fig. 1E and
supplemental Fig. S1).

To confirm that the extruded organelles are mitochondria,
we performed immunoelectron microscopy using anti-COX IV
antibody. Immunogold labeling for COX IV accumulated in the
organelles in the extra cellular spaces (Fig. 1F), suggesting that
fragmented mitochondria are actually extruded from the cells.
Together, these results suggest that fragmented mitochondria
are extruded from c-Flip~’~ MEFs during apoptosis.

A Genotoxic Stress-inducing Agent Does Not Elicit Mitochon-
drial Extrusion in c-Flip~’~ MEFs—To investigate whether
other cytotoxic stimuli similarly induce mitochondrial extru-
sion in ¢-Flip~/~ MEFs, we stimulated c-Flip~'~ MEFs with a
genotoxic stress-inducing agent such as cisplatin. Cisplatin has
been shown to induce apoptosis of various types of cells
through direct inhibition of DNA synthesis. Upon treatment of
c-Flip~'~ MEFs with cisplatin, 40% cells died at 16 h after stim-
ulation (data not shown). In contrast to TNFa stimulation, cis-
platin moderately induced cytoplasmic vacuolic changes but

% dead cells
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did not induce mitochondrial extrusion (Fig. 2). Collectively,
mitochondrial extrusion is specific to TNFa-induced cell
death.

TNFa-induced Mitochondrial Extrusion, but Not Mitochon-
drial Fragmentation, Is Suppressed in the Presence of Cytocha-
lasin D or Paclitaxel—Previous studies have shown that an
intact actin cytoskeleton is required for membrane blebbing
(19, 20). Thus, we investigated whether the actin- and tubulin-
destabilizing compounds such as cytochalasin D and paclitaxel
inhibit mitochondrial extrusion. As expected, cytochalasin D or
paclitaxel substantially inhibited cytoplasmic vacuole forma-
tion and subsequent mitochondrial extrusion as well as mem-
brane blebbing (Fig. 3, A and B). However, these agents did not
inhibit mitochondrial fragmentation or activation of caspase 3
(Fig. 3C), indicating that mitochondrial extrusion does not
appear to affect the final outcome of cell survival or death.
Moreover, these results suggest that an intact actin and tubulin
polymerization are required for mitochondrial extrusion.

FIGURE 2. A genotoxic stress-inducing agent does not elicit mitochon-
drial extrusion in c-Flip~'~ MEFs. c-Flip /~ MEFs were stimulated with cis-
platin for 16 h and analyzed by transmission electron microscopy. The
enlarged image of the boxed area is shown in the right panel. N, nucleus.
M, mitochondria. Scale bars, 2 pm.

Mitochondrial Extrusion

The Caspase-dependent Pathway Plays a Crucial Role in
Mitochondrial  Extrusion—Mitochondrial —extrusion was
induced in TNFa-treated ¢-Flip~/~ MEFs (Fig. 1), in which
TNFa rapidly induced caspase 3 activation (supplemental Fig.
S1), prompting us to test whether the caspase-dependent path-
way is essential for mitochondrial extrusion. As expected,
TNFa-induced mitochondrial fragmentation and extrusion
were completely inhibited in the presence of a broad caspase
inhibitor, Z-VAD-fmk, suggesting that these events are indeed
induced in a caspase-dependent fashion (Fig. 44). To confirm
that the caspase-dependent pathway is required for mito-
chondrial extrusion under different experimental condi-
tions, we stimulated wild-type and c-Flip~'~ MEFs stable
expressing c-FLIP, (c-Flip~'~ c-FLIP, MEFs) with TNFa«
and examined the morphology of TNFa-treated cells. As
shown in Fig. 4B, TNFa did not activate or very weakly acti-
vated caspase 3 in wild-type and c-Flip~’/~ c-FLIP, MEFs,
respectively. Consistent with these results, TNFa did not
induce mitochondrial extrusion in wild-type or c-Flip™'~
c-FLIP; MEFs (Fig. 4, C and D).

A very recent study has shown that ROS might be involved in
mitochondrial extrusion (21). As we previously reported (13),
TNF« induced robust ROS accumulation in ¢-Flip~/~ MEFs
(Fig. 4E). Notably, Z-VAD-fmk substantially inhibited TNFa-
induced ROS accumulation as well as caspase activation in
c-Flip~'~ MEFs (Fig. 4E and supplemental Fig. S1), suggesting
that ROS accumulate in the cells in a caspase-dependent fash-
ion. In contrast, antioxidants such as butylated hydroxyanisole
or N-acetyl cysteine did not inhibit TNFa-induced ROS accu-
mulation in c¢-Flip~'~ MEFs (Fig. 4F and data not shown),
although these agents almost completely suppressed TNFa-
induced ROS accumulation in traf2~'~ traf5 '~ and relA™'~
MEFs (18). At this moment, we could not selectively suppress

TNFa-induced ROS accumulation
in c-Flip~'~ MEFs without inhibit-
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b . e B 250 ing caspase activation; therefore, we
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AN LN 5.5 = i bility that the ROS-dependent path-
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=100 chondrial extrusion under our
= 5 experimental conditions. Further
0 study will be required to address this
" issue.
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FIGURE 3. TNF a-induced mitochondrial extrusion, but not mitochondrial fragmentation, is suppressed
in the presence of cytochalasin D or paclitaxel. A and B, c-Flip '~ MEFs were stimulated with TNFa for 60 min
in the presence of cytochalasin D (A) or paclitaxel (B) and analyzed by transmission electron microscopy. The
enlarged images of the boxed areas are presented in the right panels. N, nucleus. M, mitochondria. Scale bars, 2
um. C, TNFa-induced caspase 3 activities are not inhibited in the presence of cytochalasin D or paclitaxel.
c-Flip~’~ MEFs were stimulated with TNFa for 60 min in the absence or presence of cytochalasin D or paclitaxel,
and caspase 3 activities were measured by using fluorogenic substrates. The results are presented as the

means * S.D. of triplicate samples.
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in Vacuole Formation—We next
investigated the origin of the vacu-
oles engulfing fragmented mito-
chondria. We found that some
vacuoles fused to the plasma mem-
brane (Fig. 5A), prompting us to test
whether these vacuoles might origi-
nate from the plasma membrane.
Then we labeled c-Flip~/~ MEFs
with a membrane-impermeable
dye, FM1-43FX that is incorpo-
rated into the plasma membrane
lipids (22). c-Flip~/~ MEFs stained
with FM1-43FX displayed a polyg-
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FIGURE 4. The caspase-dependent pathway plays a crucial role in mito-
chondrial extrusion. A, c-Flip~’~ MEFs were stimulated with TNFa for 60 min
in the presence of Z-VAD-fmk and analyzed by transmission electron micros-
copy. Mitochondria showing normal structures are shown in the boxed area.
N, nucleus. M, mitochondria. Scale bars, 2 um. B, wild-type, c-Flip ™/~ MEFs,
and c-Flip~’~ c-FLIP, MEFs were stimulated with TNFa for 90 min, and caspase
3 activities were measured by using fluorogenic substrates. The results are
presented as the means = S.D. of triplicate samples. C and D, wild-type and
c-Flip™'~ c-FLIP_ MEFs were stimulated as in B and analyzed by transmission
electron microscopy. N, nucleus. E, c-Flip™~ MEFs were unstimulated (thin
lines) or stimulated (bold lines) with TNFa in the absence or presence of
Z-VAD-fmk or butylated hydroxyanisole for 2 h, and then the cells were
labeled with CM-H,DCFDA and analyzed by flow cytometry.

onal shape before stimulation (Fig. 5B, upper panels). TNFa-
stimulated cells shrank and displayed multiple globular struc-
tures (Fig. 5B, middle panels), reflecting membrane blebbing
detected by transmission electron microscopy (Fig. 5C, middle
panel). In these typical apoptotic cells, FM1-43FX did not
merge with MitoTracker, a mitochondrial marker (Fig. 5B,
middle panels). In sharp contrast, in ~30% of cells, the plasma
membrane appeared to intrude into the cytoplasm and merged
with MitoTracker (Fig. 5B, bottom panels). These results sug-
gest that vacuoles originating from the plasma membrane
might engulf fragmented mitochondria.

Autophagy Does Not Play a Major Role in Mitochondrial
Extrusion—Recent studies have shown that autophagy is asso-
ciated with cell death under certain conditions (23, 24). Auto-
phagosomes are cytoplasmic vacuoles and characterized by a
punctate staining pattern with anti-LC3 antibody, prompting
us to test whether autophagy might contribute to generation of
the cytoplasmic vacuoles in c-Flip~’~ MEFs upon TNFa stim-
ulation. However, TNFa stimulation neither increased a punc-
tate staining pattern of LC3 compared with unstimulated cells
nor induced, but rather suppressed, the conversion of LC3-I to
LC3-11, a hallmark of autophagy induction (Fig. 6, A and B). To
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further exclude the possibility that autophagy participates in
mitochondrial extrusion, we treated c-Flip~/~ MEFs with
TNFa in the presence of 3-MA, an inhibitor for autophagy
induction, and examined the morphology. Treatment of
c-Flip~'~ MEFs with 3-MA substantially inhibited the conver-
sion of LC3-I to LC3-II (Fig. 6B). Under these experimental
conditions, treatment of the cells with 3-MA did not inhibit
TNFa-induced mitochondrial extrusion or caspase 3 activation
in ¢-Flip~'~ MEFs (Fig. 6, C and D). Moreover, mitochondrial
markers (MitoTracker or COX IV) did not merge with lysoso-
mal markers (LysoTracker or Lampl) in TNFa-stimulated
c-Flip~'~ MEFs, excluding the possibility that engulfed mito-
chondria in the cytoplasmic vacuoles eventually fuse into lyso-
somes, resulting in degradation in an autophagy-dependent
manner (Fig. 6, E and F). Together, these results suggest that
autophagy might not play a major role in the formation of the
cytoplasmic vacuoles in c-Flip~/~ MEFs.

Fragmented Mitochondria Are Engulfed in the Cytoplasmic
Vacuoles and Extruded from Hepatocytes after Anti-Fas Anti-
body Injection—We finally examined whether mitochondrial
extrusion is observed in vivo. To mimic TNFa-induced rapid
cell death of c-Flip~'~ MEFs, we induced fulminant hepatitis of
mice by injection of anti-Fas antibody (25). We examined the
morphology of the liver by transmission electron microscopy at
4 h after anti-Fas antibody injection. Consistent with a previous
study (25), anti-Fas antibody, but not PBS, injection induced
massive hepatocyte cell death accompanied by severe hemor-
rhage (Fig. 7A). Interestingly, mitochondrial fragmentation and
cytoplasmic vacuoles containing fragmented mitochondria
were also observed in hepatocytes (Fig. 7, B and C), and some
fragmented mitochondria were detected in the space of Disse
(Fig. 7C). Moreover, COX IV was detected in the sera of four
of five mice injected with anti-Fas antibody, but not PBS (Fig.
7D). In contrast, GM130, a cis-Golgi marker did not present
in the sera after anti-Fas antibody injection at least under our
experimental conditions (Fig. 7E), suggesting that mito-
chondria but not the Golgi apparatus were extruded from
hepatocytes into the sera. These results strongly suggest that
fragmented mitochondria are extruded in vivo at least under
pathological conditions.

DISCUSSION

In the present study, we have shown that fragmented mito-
chondria are extruded from apoptotic cells in vitro and in vivo.
In response to TNFa or anti-Fas antibody treatment, cytoplas-
mic vacuoles originating from the plasma membrane engulf
fragmented mitochondria and eventually release naked mito-
chondria into the extracellular spaces. Given that the actin- and
tubulin-destabilizing compounds inhibit cytoplasmic vacuole
formation and mitochondrial extrusion, intact actin and tubu-
lin cytoskeletons are required for mitochondrial extrusion.

Mitochondrial extrusion is tightly associated with activation
of the caspase-dependent pathway based on the following
observations. First, mitochondrial extrusion was induced in
TNFa-treated c-Flip~’'~ MEFs (Fig. 1), in which activation of
caspase was rapidly induced (supplemental Fig. S1). Second,
Z-VAD-fmk suppressed mitochondrial extrusion (Fig. 4A).
Third, TNFa did not induce mitochondrial extrusion in wild-
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TNFa for 90 min and analyzed by transmission electron microscopy. The red arrowheads indicate extruded
mitochondria. Scale bar, 100 nm. B, c-Flip~/~ MEFs were unstimulated or stimulated with TNFa for 90 min. Then
the cells were stained with FM1-43FX (green) and MitoTracker (red). The white arrowheads indicate colocaliza-
tion of the plasma membrane and mitochondria. Scale bars, 10 um. C, c-Flip~/~ MEFs were stimulated and
analyzed as in A. The electron microscopical images corresponding to normal (top panel), typical apoptosis
characterized by membrane blebbing (middle panel), and atypical apoptosis containing numerous cytoplas-
mic vacuoles (bottom panel) are shown. Scale bars, 1 pm.
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FIGURE 6. Autophagy does not play a major role in mitochondrial extrusion. A, c-Flip~/~ MEFs were
unstimulated or stimulated with TNFa for 90 min. Then the cells were fixed and immunostained with anti-LC3
antibody (green), and the nuclei were stained with Hoechst 33258 (blue). N, nucleus. Scale bar, 10 um. B, c-
Flip~’~ MEFs were untreated or treated with TNFa, 3-MA, or TNFa plus 3-MA for 90 min. The cell lysates were
analyzed by immunoblotting (/B) with anti-LC3 antibody. The arrows indicate LC3-I and LC3-Il. The equal
loading of the samples was verified by Western blotting with anti-tubulin antibody. The molecular mass mark-
ers are shown on the left. C, c-Flip~/~ MEFs were stimulated with TNFa plus 3-MA for 90 min and analyzed by
transmission electron microscopy. The enlarged image of the red box is presented in the right panel. The red
arrowheads indicate extruded mitochondria. Scale bar, 1 um. D, c-Flip~/~ MEFs were untreated or treated as in
B, and caspase 3 activities were measured by using fluorogenic substrates. The results are presented as the means +
S.D. of triplicate samples. E, c-Flip ™/~ MEFs were stimulated as in A. Then the cells were stained with LysoTracker
(green) and MitoTracker (red). Scale bars, 10 um. F, c-Flip~’~ MEFs were stimulated as in A. Then the cells were fixed
and immunostained with anti-Lamp1 (green) and anti-COX IV (red) antibodies. Scale bars, 10 um.
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type or c-Flip~'~ cFLIP, MEFs (Fig.
4, C and D). More importantly, only
fragmented, but not intact mito-
chondria were engulfed by cytoplas-
mic vacuoles, followed by the extru-
sion (Fig. 1), suggesting that
fragmentation of mitochondria is a
prerequisite process for mitochon-
drial extrusion. In this respect, it is
intriguing to speculate that signal(s)
similar to the “eat me” signals (26)
may turn out to be expressed on the
outer membrane of fragmented
mitochondria to facilitate their
engulfment by cytoplasmic vacu-
oles. Further study will be required
to address this possibility.

Mitochondrial extrusion and the
shedding of apoptotic bodies encap-
sulating mitochondria appear to be
qualitatively different processes.
The most striking difference is that
naked but not encapsulated mito-
chondria were released into the
extracellular spaces during mito-
chondrial extrusion (Fig. 1). Cur-
rently, we have no data as to
whether released naked or encapsu-
lated mitochondria elicit different
biological responses in vivo. How-
ever, it is reasonable to speculate
that clearance of naked mitochon-
dria by nearby phagocytes may be
delayed as compared with encap-
sulated mitochondria because of
altered expression levels of the eat
me signals (26). Therefore, mito-
chondrial extrusion may have bio-
logical  significance following
acute and massive cell death
in vivo, although mitochondrial
extrusion itself does not appear to
affect the final outcome of dying
cells (Fig. 3C).

Mitochondrial extrusion is spe-
cific to TNFa- and anti-Fas anti-
body-induced cell death (Figs. 1 and
7), because a genotoxic stress-in-
ducing agent such as cisplatin does
not elicit mitochondrial extrusion
in c-Flip~'~ MEFs (Fig. 2). Given
that TNFa and anti-Fas antibody
induce rapid cell death compared
with cisplatin in c¢-Flip~’~ MEFs
(2—4 h versus 16 h), we might have
overlooked a small amount of mito-
chondria extruded from the cells

during cell death.
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nm. D, release of COX IV in the sera of mice injected with anti-Fas antibody. The sera were collected at 4 h after injection and analyzed by immunoblotting (/B)
with anti-COX IV (upper panel) and anti-mouse Ig (lower panel) antibodies. IgH and IgL indicate Ig heavy and light chains, respectively. The numbers indicate
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molecular mass markers are shown on the /eft.

Extensive cytoplasmic vacuole formation observed in
c-Flip~'~ MEFs prompted us to test whether autophagy is
induced in c-Flip~'~ MEFs upon TNFa« stimulation. How-
ever, LC3-1I, a marker for autophagy induction, was not
increased but rather decreased in c-Flip~'~ MEFs upon
TNFa stimulation (Fig. 6B), suggesting that TNFa stimula-
tion did not elicit autophagy. Moreover, 3-MA did not
inhibit TNFa-induced mitochondrial extrusion or caspase 3
activation (Fig. 6, C and D), suggesting that autophagy is not
involved in mitochondrial extrusion or TNFa-induced cell
death under our experimental conditions. Interestingly, our
preliminary experiments showed that expression levels of
LC3-II were increased in unstimulated c¢-Flip~/~ MEFs in
the presence of a cysteine protease inhibitor, E64d (data not
shown). This result suggests that conversion of autophago-
somes to autolysosomes at the basal levels might be
enhanced in c-Flip~/~ MEFs. Currently, we have no idea
how to explain the reason why deletion of the c-Flip gene
might enhance conversion of autophagosomes to autolyso-
somes, which will be investigated in the future study.
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Some cell types contain specialized lysosomal compartments
that store newly synthesized secretory proteins, which are
referred to as secretory lysosomes (27). These include melano-
somes, basophilic granules, mast cell secretory granules, and
cytotoxic T lymphocyte lytic granules. Upon various stimuli,
the secretory granules are transported along microtubules
toward the plasma membrane, resulting in the release of con-
tents of secretory lysosomes. Vacuoles originating from the
plasma membrane engulf fragmented mitochondria, and actin
polymerization is required for mitochondrial extrusion (Figs. 3
and 5), prompting us to investigate whether secretory lyso-
somes might participate in mitochondrial extrusion. However,
lysosomal markers such as Lamp1 or LysoTracker did not colo-
calize with MitoTracker or COX IV in TNFa-stimulated
c-Flip~'~ MEFs (Fig. 6, E and F). These results suggest that
fragmented mitochondria might not be engulfed by lysosomes
or extruded in a secretory lysosome-dependent fashion.

In addition to under pathological conditions, it is reasonable
to speculate that mitochondrial extrusion might constantly
operate to eliminate a small amount of fragmented mitochon-
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dria under physiological conditions. Such a small amount of
extruded mitochondria might have been engulfed by nearby
phagocytes, explaining the reason why mitochondrial extrusion
has been overlooked in vivo. Interestingly, mitochondria have
been reported to disappear during the maturation of erythro-
cytes (28). This suggests that mitochondria might be degraded
or extruded from erythroblasts during maturation, although its
detailed molecular mechanism remains largely unknown. In
addition, anti-mitochondrial antibody is frequently detected in
patients suffering from primary biliary cirrhosis (29). Consid-
ering that the release of nuclear fragments from apoptotic cells
is considered to be the source of antigens in autoimmune dis-
eases such as systemic lupus erythematosus (30), mitochondria
released from apoptotic cells might also be a source of antigens
to elicit autoimmune diseases under some pathological condi-
tions. Together, elucidating the signaling pathways leading to
mitochondrial extrusion might provide novel target(s) to treat
various diseases caused by mitochondrial malfunction and
some autoimmune diseases.
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