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Death receptor Fas transduces cell death signaling upon stimulation by Fas ligand, and this death signaling
is mediated by caspase. Recently, we reported that the cell cycle regulator p21 interacts with procaspase 3 to
resist Fas-mediated cell death. In the present study, the molecular characterization and functional region of
the procaspase 3-p21 complex was further investigated. We observed the p21 expression in the mitochondrial
fraction of HepG2 cells and detected Fas-mediated cell death only in the presence of actinomycin D. However,
mitochondrial-DNA-lacking HepG2 (MDLH) cells showed this effect even in the absence of actinomycin D.
Both p21 and procaspase 3 were expressed in MDLH cells, but the procaspase 3-p21 complex formation was
not observed. Interestingly, the resistance to Fas-mediated cell death in the MDLH cells without actinomycin
D was recovered after microinjection of HepG2-derived mitochondria into the MDLH cells. We conclude that
mitochondria are necessary for procaspase 3-p21 complex formation and propose that the mitochondrial role
during cell death is not only death induction but also death suppression.

Cell death is an essential phenomenon for cell homeostasis,
as well as cell growth, and its occurrence during embryonic and
postembryonic development has been well documented (20,
39). There are two distinct processes leading to cell death:
apoptotic cell death and necrotic cell death (39). Apoptotic cell
death is accompanied by the condensation and/or fragmenta-
tion of nuclei, as well as apoptotic body formation and chro-
mosomal DNA fragmentation into 180-bp oligomers (39).
Multiple studies have demonstrated the important role of ap-
optotic cell death in various disease states and physiological
cell death (21), and many factors involved with the death sig-
naling have been identified.

Fas, a transmembrane protein belonging to the tumor ne-
crosis factor/nerve growth factor receptor family (21), trans-
duces the death signaling upon stimulation by Fas ligand or an
agonistic Fas antibody, such as the CH-11 clone (41). The
molecular mechanism of Fas-mediated apoptosis has been ex-
tensively investigated. Caspase is the term used for the inter-
leukin-1b converting enzyme (ICE)/CED-3 cysteine protein-
ase family (1). During death induction, the sequential
activation of the ICE and CPP32 subfamilies has been re-
ported (6, 27, 29, 31, 33), and this phenomenon is known as the
“ICE cascade.” At present, 10 genes have been identified as
part of the caspase family, and the CPP32 subfamily, including
caspase 3 (CPP32/Yama/Apopain [7, 23]) and caspase 8
(FLICE/MACH [2, 19]), in particular acts as the dominant
regulator in the death signaling. Therefore, the regulation of
CPP32 subfamily activation is an especially important focus for
cell death research.

Among the members of the CPP32 subfamily, caspase 3 is
especially important in the understanding of apoptotic cell

death because of its variant substrate specificity. Cytoplasmic
serine proteinase (32), caspase 8 (38), and/or cytotoxic-T-lym-
phocyte-derived granzyme B (4) proteolyses caspase 3 for its
activation, and activated caspase 3 proteolyses and/or activates
poly(ADP-ribose) polymerase (37), lamin (14), and/or DFF
(16) to induce apoptotic cell death.

Recently, we reported that the cell cycle regulator p21 (Sdi1/
CIP1/WAF1) and the IAP gene family ILP act as inactivators
of caspase 3 (35, 36). p21 is especially unique in that it interacts
with only procaspase 3 by each N-terminal sequence and sup-
presses its activation by the masking of the cytoplasmic serine
proteinase-cleaving site (35, 36). Thus, the activation of
caspase 3 is regulated by p21, and procaspase 3-p21 complex
formation is an essential system for the cell death since cell
survival is a result of cell death suppression (35). In the present
study, we further characterized the death suppression machin-
ery by procaspase 3-p21 complex formation. Our results sug-
gest that mitochondria play key role in procaspase 3-p21 com-
plex formation.

MATERIALS AND METHODS

Cell line and culture. Human hepatoma HepG2 cells were supplied by Yo-
shihide Tsujimoto (10) and were maintained in RPMI 1640 medium (GIBCO-
BRL) supplemented with 10% heat-inactivated fetal calf serum (FCS; GIBCO-
BRL) in a humidified atmosphere of 5% CO2 and 95% air.

Preparation of HepG2 cells lacking mitochondrial DNA. Preparation of the
HepG2 cells lacking mitochondrial DNA (MDLH) was done as previously de-
scribed (5, 11, 13). HepG2 cells were cultured in RPMI 1640 medium containing
ethidium bromide (0.4 mg/ml) for about 2 months. The loss of mitochondrial
DNA was determined by use of Southern blotting analysis, cell cycle arrest in
conditioned medium, and cell growth recovery in uridine-containing medium.

Immunofluorescence analysis of p21. Cellular localization of p21 was investi-
gated by immunofluorescence. HepG2 cells were fixed with cold fix solution
(95% ethyl hydroxide, 5% acetyl hydroxide) for 30 min and then blocked with
mouse serum for 2 h. Anti-human p21 antibody (Santa Cruz Biotechnology) was
diluted 1/20 with phosphate-buffered saline (PBS) and incubated with the fixed
HepG2 cells for 18 h. Cellular localization of p21 was detected by fluorescein
isothiocyanate (FITC)-labeled anti-mouse immunoglobulin G IgG by confocal
fluorescence microscopy (Leica Japan, Tokyo, Japan). In the present study,
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nuclei and mitochondria were also detected with propidium iodide (PI) and
MitoTracker RED (Molecular Probe, Inc.).

Preparation of fractionated proteins. Cells were collected, washed with ice-
cold PBS, and then suspended in buffer I (2 mM EDTA, 10 mM Tris-HCl; pH
7.5). After incubation on ice for 10 min, an equal volume of buffer II (0.5 M
sucrose, 0.1 M KCl, 10 mM MgCl2, 2 mM CaCl2, 2 mM EDTA, 10 mM Tris-HCl;
pH 7.5) was added. The nuclear-rich fraction was pelleted by centrifugation
(2,700 rpm for 10 min). The supernatant was removed and placed in a separate
tube and again centrifuged (43,000 rpm for 90 min). The supernatant was col-
lected as the cytosol-rich fraction, and the pellet was dissolved in buffer III (8
mM CHAPS {3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate}
150 mM NaCl, 0.1 M sucrose, 2 mM EDTA, 10 mM Tris-HCl; pH 7.5) and
incubated at 4°C for 2 h. The membrane-rich fraction was then collected by
centrifugation (43,000 rpm for 60 min). Mitochondria were collected as previ-
ously described (8), and the proteins were extracted with 1% Nonidet P40-
containing PBS. Each fractionation was separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) on 5 to 20% gels, and p21-
expression was detected by immunoblotting analysis with anti-human p21
antibody and the ECL detection system (Amersham).

Immunoblotting analysis. Sample proteins separated by SDS-PAGE were
transferred onto nitrocellulose membranes with a semidry blotting system. The
membranes were blocked with PBS containing 5% (wt/vol) skim milk at room
temperature for 1 h, washed with a mixture of PBS and 0.05% Tween 20
(Tween-PBS; Sigma), and then incubated overnight at room temperature with
each antibody diluted with PBS. After being washed with Tween-PBS, the mem-
branes were incubated with 1,000-fold-diluted biotinylated anti-mouse IgG an-
tibody (BioSource), washed with Tween-PBS, and then incubated with avidin-
horseradish peroxidase (Vector Laboratories) at room temperature for 1 h. The
membranes were washed with Tween-PBS and then developed with the ECL
system.

Immunoprecipitation analysis. Anti-caspase 3 antibody (Transduction Labo-
ratory) or anti-p21 antibody (Santa Cruz) was mixed with 1 mg of protein from
each cell extract for 30 min. Protein A-Sepharose was then added, and the
mixture was incubated for 2 h. The immunoprecipitates were heated in SDS
sample buffer and separated on 5 to 20% polyacrylamide gels. After transfer, the
membranes were immunoblotted, washed with Tween-PBS, and developed by
using the ECL system (Amersham).

RESULTS

Cellular localization of p21. Immunofluorescence analysis
was performed to localize the p21 in HepG2 cells. When cells
were stained with anti-human p21 antibody, p21 expression
was detected in the nuclei and cytoplasm (Fig. 1). In the
present study, HepG2 cells were stained with PI (nuclear
marker) or MitoTracker Red (dominant marker for mitochon-
dria). To further localize the p21, immunoblotting analysis of
cellular fractionations was performed. As shown in Fig. 2, p21
expression was detected in nuclear, cytoplasmic, and mito-
chondrial proteins but not in the membrane proteins.

Fas-mediated cell death in MDLH cells. The mitochondrial
localization of p21 in HepG2 cells was of particular interest,
and the role of mitochondrial p21 was further examined. We
prepared mitochondrial-DNA-lacking HepG2 (MDLH) cells
by a previously described method (5, 11, 13). As shown in Fig.

3A, ethidium bromide treatment (for about 2 months) down-
regulated cell growth in the HepG2-conditioned medium
(RPMI 1640, 10% FCS), and cell growth was restored by the
addition of uridine. These results are consistent with previous
observations (5, 11, 13). In addition, Southern blotting analysis
revealed that cellular DNA extracted from the MDLH cells
did not contain mitochondrial DNA (data not shown). Thus,
we established MDLH cells as mitochondrial-DNA-lacking
HepG2 cells.

Fas-mediated cell death in the HepG2 and MDLH cells, as
well as in HepG2 cytoplasts, was investigated (Fig. 3B and C).
HepG2 cells showed Fas-mediated cell death only in the pres-
ence of the de novo protein synthesis inhibitor (transcriptional
inhibitor) actinomycin D, a finding consistent with previous
reports (10, 35). Interestingly, however, MDLH cells showed
the Fas-mediated cell death both in the presence and in the
absence of actinomycin D. In contrast, cells lacking nuclear
DNA (HepG2 cytoplasts prepared by a previously described
method [12]) showed the same trend as the HepG2 cells. These
results suggest an involvement of mitochondrial DNA in the
resistance to Fas-mediated cell death of the HepG2 cell.

Involvement of p21 on mitochondria in the resistance to
Fas-mediated cell death. Our results strongly suggested an
involvement of the mitochondria in the resistance to the Fas-
mediated cell death of HepG2 cells. To further examine the
physiological role of mitochondria during Fas-mediated cell
death, HepG2-derived mitochondria were microinjected into
MDLH cells. Under these conditions, Fas-mediated cell death
was encountered only in the presence of actinomycin D (Fig.
4A). We also demonstrated that microinjection of p21 rescued
HepG2 cells from Fas-mediated cell death even in the pres-
ence of actinomycin D. However, its injection into MDLH cells
did not rescue them from Fas-mediated cell death (Fig. 4B).
Further, mitochondria microinjected into MDLH cells sup-
pressed Fas-mediated cell death, but mitochondria treated
with p21 monoclonal antibody did not (Fig. 4C). These results
suggest that mitochondria are essential for the p21-induced
death suppression.

Mitochondria are essential for procaspase 3-p21 complex
formation. These results demonstrate that mitochondria are
involved in the resistance to Fas-mediated cell death in HepG2
cells. We had previously reported that procaspase 3-p21 com-

FIG. 1. Immunofluorescence analysis of p21. HepG2 cells were stained with
FITC-labeled anti-human p21 antibody (green staining in panels A and B). Cells
were also stained with MitoTracker Red (a dominant marker for mitochondria
[red in panel A]) and PI (nuclear marker [red in panel B]). After the staining,
cells were examined by confocal fluorescence microscopy.

FIG. 2. Immunoblotting analysis of p21. Nuclear (Nuc.), cytoplasmic (Cyt.),
membrane (Mem.), and mitochondrial (Mit.) proteins were collected from
HepG2 cells and then separated by SDS-PAGE. After the SDS-PAGE separa-
tion, the expression of p21 (top panel), lamin (middle panel, nuclear protein
marker), and actin (bottom panel, cytoplasmic protein marker) were examined
by immunoblotting.

VOL. 19, 1999 MITOCHONDRIAL REGULATION OF CELL DEATH 3843



plex formation contributes to the resistance to Fas-mediated
cell death (35), and p21 expression was encountered in the
mitochondrial fraction of HepG2 cells in the current study
(Fig. 1 and 2). Therefore, we investigated the effect of mito-
chondria in procaspase 3-p21 complex formation. Both HepG2
and MDLH cells showed expression of p21 and procaspase 3,
but procaspase 3-p21 complex formation was encountered only
in the HepG2 cells and not in the MDLH cells (Fig. 5A to D).
However, MDLH cells showed procaspase 3-p21 complex for-

mation when cells were microinjected with HepG2-derived
mitochondria (Fig. 5E). These results strongly suggest that
mitochondria are essential for procaspase 3-p21 complex for-
mation to resist Fas-mediated cell death.

DISCUSSION

Death receptor Fas transduces cell death signaling into cells
upon stimulation by Fas ligand and is involved with various

FIG. 3. Effect of mitochondrial DNA in Fas-mediated cell death. (A) Preparation of MDLH cells. HepG2 cells were treated with 0.4 mg of ethidium bromide for
about 2 months. After this treatment, cell growth in the conditioned medium (RPMI 1640, 10% FCS) with (F) or without (E) 50 mg of uridine per ml was measured
by using trypan blue. (B) Fas-mediated cell death in HepG2 and MDLH cells. HepG2 (circles) and MDLH (squares) cells were treated with various concentrations
of agonistic Fas antibody (CH-11 clone) in the presence (solid symbols) or absence (open symbols) of 0.5 mg of actinomycin D per ml for 24 h. After treatment, cell
viability was measured with Hoechst 33342-PI staining. (C) Fas-mediated cell death in HepG2 and MDLH cells, and HepG2 cytoplast. HepG2 and MDLH cells and
HepG2 cytoplasts were treated with 1 mg of CH-11 clone per ml in the presence (solid column) or absence (open column) of 0.5 mg of actinomycin D per ml for 24 h.
After treatment, cell death induction was measured by using Merocyanine 540.

FIG. 4. Effect of HepG2-derived mitochondrion microinjection into MDLH cells. (A) MDLH cells were microinjected with (1Mit) or without (2Mit) HepG2-
derived mitochondria. (B) p21 was microinjected into HepG2 or MDLH cells. (C) HepG2-derived mitochondria were treated with p21 antibody (p21 Ab) or without
it (alone) for 4 h on ice and then were microinjected into MDLH cells. After each microinjection, cells were treated with 1 mg of CH-11 clone per ml in the presence
(solid columns) or absence (open columns) of 0.5 mg of actinomycin D per ml for 24 h, and then cell viability was measured by the Hoechst 33342-PI staining procedure.
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physiological cell death and disease states (21, 30, 34). Recent
studies revealed various death-associated factors. Caspase, a
member of the ICE/CED-3 cysteine proteinase family (1), is an
essential factor in Fas-mediated cell death signaling (20).
There are three subfamilies known as the ICE, CPP32, and
ICH-1 subfamilies. Among the members of the CPP32 sub-
family of caspase, caspase 3 (CPP32/Yama/Apopain) is impor-
tant in cell death induction. Caspase 3 proteolyses and/or ac-
tivates poly(ADP-ribose) polymerase (37), lamin (14), and/or
DFF (16), and its activation is triggered by cytoplasmic serine
proteinase (32), cytotoxic-T-lymphocyte-derived granzyme B
(4), and/or caspase 8 (FLICE/MACH [38]). Recently, we re-
ported that activation of caspase 3 during Fas-mediated cell
death was regulated by the cell cycle regulator p21 and the IAP
gene family ILP (35). The N-terminal region (16- to 33-amino-
acid sequence) binds to the p3 region of procaspase 3, and ILP
binds to the caspase 3-p17 region, including the active site (36).
The inactivation mechanism of p21 is especially unique that
p21 directly interacts with only procaspase 3 and not with
activated caspase 3 (35). In addition, p21 protects procaspase
3 from caspase 3-activating cytoplasmic serine proteinase (32,
36). Therefore, we further investigated the inactivation of
caspase 3 by p21 in the present study.

We examined the HepG2 cellular localization of p21 by
using immunofluorescence and immunoblotting methods and
observed p21 expression in nuclear, cytoplasmic, and mito-
chondrial fraction. p21 was identified originally as a cyclin-
dependent-kinase (Cdk) inhibitor. It interacts with Cdk and

proliferating cell nuclear antigen (PCNA) to induce cell cycle
arrest (3, 17, 22). Therefore, the nuclear p21 is most likely
complexed with Cdk and PCNA, whereas the cytoplasmic p21
remains unbound. As described above, we demonstrated p21
expression in the mitochondrial fraction of HepG2 cells. This
is notable since characterization of mitochondrial p21 has not
been reported and recent cell death investigations indicate that
mitochondria play an important role in cell death signaling (9).

To investigate the effect of mitochondrial p21 in Fas-medi-
ated cell death, we prepared MDLH cells. HepG2 cells show
Fas-mediated cell death upon stimulation by the agonistic anti-
human Fas antibody CH-11 clone (41) only in the presence of
the de novo protein synthesis inhibitor (transcriptional inhib-
itor) actinomycin D (10, 35). This resistance to Fas-mediated
cell death in the absence of actinomycin D is due to caspase 3
inactivation by p21 and ILP (35). In the present study, how-
ever, Fas-mediated cell death in the absence of actinomycin D
was encountered in the MDLH cells. In contrast, nuclear-
DNA-lacking HepG2 cells (HepG2 cytoplasts) also showed
Fas-mediated cell death only in the presence of actinomycin D.
On the basis of these results, we suggest that mitochondria are
necessary for the resistance to Fas-mediated cell death of
HepG2 cells and that the mitochondrial regulation of cell
death involves not only death induction but also death sup-
pression. The role of mitochondria during cell death is death
induction by caspase 3 activation. This activation is induced by
mitochondrial factors, such as cytochrome c and AIF (9, 15,
42), and Bcl-2 suppresses this step (26, 28, 40). However, a
mitochondrial factor(s) is not required for caspase 3 activation
in all cases of cell death, since caspase 8 (FLICE/MACH) and
cytotoxic-T-lymphocyte-derived granzyme B can directly acti-
vate caspase 3 without the influence of mitochondria (4, 38).
Therefore, we also suggest that Fas-mediated cell death induc-
tion in HepG2 cells does not require the presence of mito-
chondria and that caspase 3 activation in HepG2 cells is trig-
gered by a cytoplasmic serine proteinase (32) and caspase 8.

We also performed microinjection of mitochondria to fur-
ther investigate their role in resistance to Fas-mediated cell
death. As described above, MDLH cells showed the Fas-me-
diated cell death both in the presence and in the absence of
actinomycin D. In contrast, intact HepG2 cells showed this
only in the presence of actinomycin D. When intact HepG2-
derived mitochondria were microinjected into MDLH cells,
Fas-mediated cell death in MDLH cells was induced only in
the presence of actinomycin D. Thus, MDLH cells reacquired
the resistance due to exogenous intact mitochondria. These
results strongly suggest that the resistance to Fas-mediated cell
death encountered in HepG2 cells is regulated by mitochon-
dria. In addition, p21 suppressed Fas-mediated cell death in
HepG2 cells but not in MDLH cells, suggesting that p21-
induced death suppression requires mitochondria. Actually,
p21 which interacted with mitochondria suppressed Fas-medi-
ated cell death, since exogenous mitochondria did not rescue
MDLH cells from Fas-mediated cell death when p21 on exog-
enous mitochondria was masked with its antibody. These re-
sults strongly suggest that p21, especially expressed on mito-
chondria, is important for the suppression of Fas-mediated cell
death as a result of caspase 3 inactivation.

In our previous study (35) and in the present study, we
demonstrated that an important factor for the caspase 3 inac-
tivation, p21, was detected in the mitochondrial fraction. Cells
lacking mitochondrial DNA did not show the resistance to
Fas-mediated cell death, but resistance occurred after the mi-
croinjection of intact HepG2-derived mitochondria. These re-
sults led us to the possibility that mitochondria play an essen-
tial role in procaspase 3-p21 complex formation. As shown in

FIG. 5. Procaspase 3-p21 complex formation in HepG2 and MDLH cells.
Coimmunoprecipitation (A and B) and immunoblotting (C and D) analysis were
performed to investigate the effect of mitochondrial DNA in procaspase 3-p21
complex formation. p21 (A) or caspase 3 (B) immunoprecipitates collected from
HepG2 or MDLH cells were separated by SDS-PAGE. Immunoblotting with
antibodies to caspase 3 (A) or p21 (B) was then performed. Each cell extract was
also separated by SDS-PAGE and then immunoblotted with antibodies to
caspase 3 (C) or p21 (D). (E) MDLH cells were microinjected with (1) or
without (2) HepG2-derived mitochondria, and then p21 (left) or caspase 3
(right) immunoprecipitates were separated by SDS-PAGE. After SDS-PAGE,
an immunoblotting procedure was performed with antibody to caspase 3 (left) or
p21 (right) to examine procaspase-p21 complex formation. Bars on the left side
show the positions of the protein markers: 45, 30, and 20.1 kDa from top to
bottom.
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Fig. 5, we demonstrated that MDLH cells could not form the
procaspase 3-p21 complex. Since expression of both p21 and
procaspase 3 was detected in MDLH cells, the interruption of
procaspase 3-p21 complex formation in MDLH cells is most
likely not due to the absence of either protein, whereas MDLH
cells showed procaspase 3-p21 complex formation only when
HepG2-derived mitochondria were microinjected into MDLH
cells. We therefore suggest that the procaspase 3-p21 complex
formation to resist Fas-mediated cell death is induced directly
by mitochondria.

The mitochondrion is an organelle essential for cell growth
and energy supply (5). Recently, mitochondria were addition-
ally reported to be a cell-death-inducing organelle. During cell
death signaling, mitochondrial damage, such as the decreased
mitochondrial membrane potential, occurs at an early step (24,
28), and the release of death inducers such as cytochrome c
and AIF (26, 40) can activate caspase. This early mitochondrial
damage during cell death initiation is intriguing, partly because
mitochondrial parasitism during evolution was first suggested
some time ago (18). Is the role of mitochondria death induc-
tion and/or energy supply? Some viruses operate the death

suppression system when they infect host cells, such as the
death suppressor expression induced by the cowpox crmA virus
(25). Do mitochondria also alter the death suppression sys-
tem? Our conclusions regarding these possibilities are ad-
dressed schematically in Fig. 6. p21 is an essential factor for
caspase 3 inactivation and interacts with mitochondria via an
unknown mitochondrial protein which acts as the adapter.
Cells lacking mitochondrial DNA showed Fas-mediated cell
death even in the absence of actinomycin D, and procaspase
3-p21 complex formation does not occur. p21 does not contain
a membrane-associated region in its sequence, so a physical
interaction between mitochondria and p21 may be mediated by
a mitochondrial protein since procaspase 3-p21 complex for-
mation did not occur in the absence of mitochondrial DNA.
We suggest that the death suppression (caspase 3 inactivation)
machinery, i.e., the procaspase 3-p21 complex formation, oc-
curs at the mitochondria and that the mitochondrial regulation
of cell death is not only death induction but also death sup-
pression. In addition, we propose that mitochondria are in-
volved with cell survival due to the support of the procaspase
3-p21 complex formation to resist Fas-mediated cell death.

FIG. 6. Schematic model of cell death and cell survival regulated by mitochondria. Fas-mediated cell death signaling is suppressed by procaspase 3-p21 complex
formation on mitochondria. p21 interacts with mitochondria via a mitochondrial adapter protein (MAP). Due to procaspase 3-p21 complex formation, the cell is
protected from death stimulation and can survive (cell survival). After estrangement of the procaspase 3-p21 complex formation (as with actinomycin D treatment),
Fas-mediated cell death signaling is transduced and the cell dies (cell death).
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In the present study, we demonstrated that procaspase 3-p21
complex formation occurred in mitochondria via a mitochon-
drial adapter protein and that the estrangement of this com-
plex is necessary for the transduction of cell death signaling.
We found that the estrangement of procaspase 3-p21 complex
formation was induced by the downregulation of p21 as a result
of actinomycin D treatment (35). This evidence is important
for the understanding of the molecular machinery of both cell
death and cell survival. Therefore, it will be useful to identify
the mitochondrial adapter protein and to study further the
estrangement signal of the procaspase 3-p21 complex.
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