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We applied an antibody against an apoptosis mediator, Fas/APO-l/CD95, to HeLa-derived
cells that completely lack mitochondrial DNA (mtDNA) or have mutant mtDNAs. The
anti-Fas antibody killed the cells completely lacking mtDNA (EB8), at concentrations as
low as 1 ng/ml, but not control cells harboring wild-type mtDNA (Ft2-ll). TUNEL
(terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end-labeling) and
analysis of fragmented DNA indicated that the cell death of EB8 was due to apoptosis. The
antibody was cytotoxic to other two cell lines harboring mutant mtDNA with a point
mutation or a large-scale deletion. RT-PCR (reverse transcriptase-polymerase chain
reaction) showed that the mRNA content of the Fas gene was 2 to 19-fold higher in the cells
with deficient mtDNA than in the control cells. In addition, the expressed Fas protein was
detected by immunohistochemical staining in the cells without mtDNA but not in the
control cells. Incubating the cells containing wild-type mtDNA with the respiratory
inhibitors rotenone and antimycin A enhanced the content of mRNA of the Fas gene 2 to
4-fold and sensitized cells to the antibody. Thus, defects in mitochondria caused apoptotic
cell death by anti-Fas antibody and enhanced Fas gene expression.

Key words: apoptosis, Fas antigen, gene expression, mitochondria disease, respiratory
inhibitor.

In mitochondrial encephalomyopathies, muscle and brain
mitochondria are functionally and morphologically abnor-
mal. They have been classified into three distinct clinical
subgroups, CPEO (chronic progressive external ophthal-
moplegia), MELAS (mitochondrial myopathy, encephalo-
pathy, lactic acidosis, and stroke-Uke episodes), and
MERRF (myoclonus epilepsy associated with ragged red
fibers) (1). Each syndrome is caused by a mutation on
mitochondrial genome. A point mutation at nucleotide
number (nt) 3243 in the mitochondrial tRNALeu(UUR> gene
(2, 3), a point mutation at nt 8344 in the tRNALys gene and
large-scale deletions of mitochondrial DNA (mtDNA)
including several tRNA genes are associated with MELAS,
MERRF, and CPEO, respectively (4). Another point
mutation at nt 4269 in the tRNA"e gene has also been found
in a patient with fatal cardiomyopathy (CM) (5, 6). In order
to exclude the possibility of involvement of defects in the
nuclear genome, enucleated cells (cytoplasm) of the pa-
tients with mitochondrial encephalomyopathy were fused
with human cells lacking mtDNA (cybrids), because the
biogenesis of mitochondria is directed by both nuclear and
mitochondrial genomes. Studies with cybrid clones ob-
tained by intercellular mtDNA transfer showed that these
mutations are responsible for pathogenesis of the associat-
ed diseases (6-10). It, however, remains unknown how the

1 To whom correspondence should be addressed.
Abbreviations: GAPDH, glyceraldehyde 3-phosphate dehydro-
genase; RT-PCR, reverse transcription-polymerase chain reaction;
TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP-
biotin nick end-labeling.

cells with mutant mitochondrial DNAs die. The mutant
mtDNAs usually coexist with wild-type mtDNA and are
often accumulated in some affected cells. To cure the
mitochondrial diseases, it might be useful to remove the
mutant mtDNAs by killing the cells in which they are
accumulated.

Apoptosis is distinct from accidental cell death (11) and
its pathogenic importance has recently been recognized, as
well as its physiological meanings during the maturation of
the immune system, embryogenesis, metamorphosis, en-
docrine-dependent tissue atrophy, and normal tissue turn-
over (12-14). Morphological and biochemical features
typical of apoptosis are reduction of the cell volume,
nuclear shrinkage, condensation and margination of chro-
matin, the formation of apoptotic bodies, and cleavage of
genomic DNA into high-molecular-weight segments mea-
sured in kilobases and nucleosomal length fragments in
multiples of about 180 bp (13-17).

Fas/APO-l/CD95 induces apoptosis when cells are
stimulated by an agonistic monoclonal antibody (18, 19) or
the natural Fas ligand (20). Fas-antigen is a 48-kDa
transmembrane glycoprotein that belongs to the nerve
growth factor (NGF) receptor/tumor necrosis factor (TNF)
receptor superfamily (19, 21) and is expressed in many
types of tissues, including thymus, spleen, ovary, and heart
(22) and in a wide variety of normal and malignant cells
(23).

In order to cure mitochondrial diseases, conventional
gene therapy involving introduction of a functional gene
into cells cannot be applied, since patients' cells usually
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have both wild-type and mutant mtDNAs (3, 4, 24).
Apoptosis is a physiological process that eliminates useless
cells from the body without inflammatory response. We
speculated that the cells with deficient mitochondria could
be killed by anti-Fas antibody. As the first step in develop-
ing the therapy for mitochondrial diseases, we show that
apoptotic cell death was induced by anti-Fas antibody in the
cells harboring deficient mitochondria and that expression
of the Fas gene was enhanced by deficient mitochondria.

MATERIALS AND METHODS

Cells and Culture—The cells used in this study were all
derived from human HeLaCot cells (7). EB8 and EB3 cells,
which are totally devoid of mitochondrial DNA, were
isolated independently (7, 24). CP8, CM1-1-4-5, and
Ft2-l l are cybrid clones which were constructed by fusion
between EB8 cells and enucleated fibroblasts from patients
with mitochondrial encephalomyopathies or from a normal
fetus. CP8 cells have mutant mtDNA (zJ-mtDNA) with a
deletion 5,196 bp long (nt 8563 to 13758) transferred from
a CPEO patient (7). This cybrid clone contains 40% of
wild-type mtDNA and 60% of the deleted one, resulting in
90% less of respiratory enzymatic activity (7). CM1-1-4-5
cells harbor mutant mtDNA with a point mutation in the
tRNA"e gene (nt 4269), which was obtained from a patient
with fatal cardiomyopathy (6). This cybrid clone contains
100% of the mutant mtDNA, but maintains 10% of the
respiratory enzymatic activity (6). Ft2-l l cells have
wild-type mtDNA from cells of a normal fetus (25). Cells
were maintained in F-12 nutrient mixture (GIBCO BRL)
containing 10% fetal bovine serum (Irvine Scientific,
California) at 37*C in 5% CO2/95% air.

Cytotoxicity of the Anti-Fas Antibody to Cells—The IgM
isotype of the monoclonal antibody (clone CH-11) against
human Fas-antigen (anti-Fas mAb) was purchased from
MBL (Nagoya). The respiratory chain inhibitors rotenone
and antimycin A were obtained from Sigma. Cells (5 X10*)
were plated in 35-mm dishes and given fresh medium 2 h
before experiments. For experiments with respiratory
inhibitors, cells were incubated with them at indicated
concentrations in the presence of uridine (50//g/ml,
GIBCO BRL) for 6 h. The cells were then incubated with
anti-Fas mAb at various concentrations for the indicated
periods. Surviving cells were harvested with trypsin and
counted by Trypan blue exclusion. The number of cells
without anti-Fas mAb or inhibitors was taken as 100%.

Nuclear Staining Method—Condensed chromatin was
detected by the TUNEL [terminal deoxynucleotidyl-
transferase (TdT)-mediated deoxyuridine triphosphate
(dUTP)-biotin nick end-labeling] method with an Apop
Tag kit (Oncor, Gaithersburg, MD). Cells were cultured for
5 h on sterile glass cover slips in the presence of anti-Fas
IgM antibody (clone CH-11) (20ng/ml). The cells fixed
with acetone on the cover slip were subjected to TUNEL,
followed by counterstaining with hematoxylin.

Immunohistochemical Staining Procedure—A strep-
tavidin-biotin (SAB) procedure (Histofine SAB-PO(M) kit;
Nichirei, Tokyo) was employed for detecting Fas-antigen
by using an IgG isotype of anti-human Fas monoclonal
antibody (clone UB2, dilution of 1:50) (MBL, Nagoya).
Final peroxidase-conjugated products were stained with
diaminobenzidine as a chromogen. Each cell was counter-

stained with hematoxylin.
DNA Fragmentation—One million cells in a 100-mm dish

were incubated with anti-Fas mAb (clone CH-11: 20 ng/
ml) for various periods. Harvested cells were incubated in
10 mM Tris, pH 7.4, containing 10 mM EDTA, and 0.5%
Triton X-100 on ice for lOmin. Intact nuclei were sedi-
mented by centrifugation at 10,000 X g for 20 min. After
intensive digestion with RNase A and proteinase K, frag-
mented DNAs were precipitated with 2-propanol, and
stained with ethidium bromide after 1.2% agarose gel
electrophoresis.

RT-PCR Analysis—Poly(A)+ RNA was prepared using a
QuickPrep Micro mRN A Purification kit (Pharmacia). Each
sample (0.2 /xg) was incubated with Superscript reverse
transcriptasen (GIBCO BRL) with 100 pmol of oligo(dT) to
synthesize the first strand of cDNA in a 20-//1 reaction
mixture (cDNA pool). Several microliters of 100-diluted
cDNA pool were used for PCR. Endogenous mRNA of
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was
used as an internal standard to normalize the relative levels
of Fas mRNA. To effectively amplify Fas and GAPDH
cDNAs, pairs of primer sequences were searched by means
of computer analysis using the software GENETYX (Soft-
ware Development, Tokyo). To amplify Fas cDNA, 5'-dG-
CCTAATGCACCCCCAAACA-3' for the sense strand and
5'-dAACGTAGGATAGTAGTAAGGAG-3' for the anti-
sense strand were selected. These primers gave a PCR
product of 346 bp, corresponding to nt 1985 to 2330 of Fas
cDNA (19). To amplify GAPDH cDNA, 5'-dCCCCTGGCC-
AAGGTCATCCATG-3' for the sense strand and 5'-dCAG-
TGAGCTTCCCGTTCAGCTC-3' for the antisense strand
were selected. These primers gave a PCR product of 214
bp, corresponding to nt 508 to 721 of human GAPDH cDNA
(Accession No. Ml7851 in GenBank). For quantifying a
small amount of mRNAs, PCR was performed in the
presence of 0.2 mM dGTP, dATP, and dTTP, 0.1 mM
dCTP, 30//Ci/ml [a-32P]dCTP (3,000 Ci/mmol, Amer-
sham), and 0.5 //M each primer. The thermal cycle profile
was as follows: denaturation at 94'C for 45 s, annealing at

0.1 1 10 100

Anti-Fas antibody (ng/ml)

Fig. 1. Dose-dependent cell death of EB8 and Ft2-ll by anti-
Fas antibody. Cells were incubated with or without anti-Fas anti-
body at various concentrations for 24 h, then surviving cells were
counted by the Trypan blue exclusion method. Cell viability is shown
as the average value of triplicate experiments. The number of cells
incubated without the anti-Fas antibody was taken as 100%. The
vertical bars represent standard deviations. Open and filled circles
represent EB8 and Ft2-ll cells, respectively.

Vol. 120, No. 3, 1996

 at C
hanghua C

hristian H
ospital on O

ctober 2, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


S. Asoh et al. 

55C for 45 s, and extension at 72°C for 2 min. PCR initially 
proceeded with the primers for Fas cDNA for the optimal 
number of cycles, then the GAPDH primers were added for 
the following 15 cycles. The PCR products are amplified 
exponentially under these conditions. PCR products were 
separated by 10% polyacrylamide gel electrophoresis and 
radioactivity levels were measured using a bioimaging 
analyzer, Fujix BAS 2000 (Fuji Photo Film, Tokyo). The 
radioactivity level of Fas-specific PCR products was nor- 
malized against that of GAPDH-specific PCR products to 
calculate the enhancement of the Fas gene transcription. 

RESULTS 

EB8 Cells Died in the Presence of the Anti-Fas Anti- 
body-The EB8 cell line was isolated from human HeLaCot 
cells and it completely lacks mtDNA. During charaderiza- 
tion of this cell line, we found that anti-Fas monoclonal 

antibody (anti-Fas mAb) was extensively cytotoxic to it. 
We, therefore, examined the viability of EB8 cells incubat- 
ed with various concentrations of anti-Fas mAb for 24 h. 
Compared with EB8 cells incubated in the absence of 
anti-Fas mAb, 29% of cells died in the presence of anti-Fas 
mAb at a concentration as low as 1 ng/ml, as shown in Fig. 
1. Only 18% of the cells survived in the presence at 33 ng/ 
ml of anti-Fas mAb and they were killed by anti-Fas mAb 
in a dose-dependent manner. On the other hand, Ft2- 11 
cells, which have wild-type mtDNA and the same nuclear 
background as EB8 cells, were resistant to anti-Fas mAb. 
The viability of Ft2-11 declined gradually from 97% at 1 
ng/ml to 84% at 100 ng/ml. A 14-h incubation of EBB cells 
with anti-Fas mAb gave the same result, although Ft2-11 
cells were completely resistant to anti-Fas mAb (not 
shown). 

Anti-Fas mAb Caused Pyknotic Chromatin and DNA 
Fragmentation in EB8 Nuclei-In apoptotic cells, the 

Fig. 2. Pyknotic chromatin of EBB cells incubated with anti-Fas antibody. EB8 (a) and Ft2-ll(b) cells were seeded on glass cover slips 
one day before experiments. The cells were incubated with the anti-Fas IgM antibody (20 ng/ml) for 5 h, then fixed on the cover slips with 
acetone and stained brown by the TUNEL method. The cells were dao counterstained with hematoxylin (purple). Original magnification is 
x 200. 

- 
Fig. 6. Immunohietochemical staining of Fae-antigen of EB8 and control cells. EB8 (a) and Ft2- 11 (b) cells were seeded on glass cover 
slips one day before experiments. The cells were b e d  on the mver slips with methanol containing 0.3% H102 and incubated with anti-Fas IgG 
antibody (50-fold dilution) followed by an SAB procedure. Diaminobenzidine was used for brown color development of the anti-Fas antibody. 
The cells were also counterstained with hematoxylin (purple). 
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chromatin morphologically becomes pyknotic and the DNA 
is biochemically broken down into small segments. EBB 
cells exposed to anti-Fas mAb were examined by the 
TUNEL method. About half of the EBB cells incubated with 
anti-Fas rnAb for 5 h showed typical condensed chromatin 
that stained brown, indicating fragmentation of chromo- 
somal DNA (Fig. 2a). These cells were also shriveled and 
developed vacuoles. However, Ft2- 11 cells incubated with 
anti-Fas mAb had no morphological changes in their nuclei 
(Fig. 2b). Fragmented DNAs of EB8 cells incubated with 
anti-Fas mAb for 2 to 12 h, were extracted (Fig. 3). 
Fragmented DNA6 were detected in cells after 4 h and the 
amount dramatically increased after 6 h of incubation. 
Small DNA fragments that were multiples of about 180 bp 
(base pairs) gave definite signals indicating a DNA ladder. 
We concluded that EBB cells underwent cell death induced 
by anti-Fas mAb in an apoptotic process. 

HeLa CeUs with Mutunf mtDNA Were Also Killed by 
Anti-Fus mAb-The HeLa-derived EBB cell line lacking 
mtDNA underwent apoptotic cell death in the presence of 
anti-Fas mAb. To clarify whether this process was specific 
to EBB cells, we examined other cell lines. EB3 cell line, 
which was independently isolated from HeLa cells by the 
same selection as EBB, also completely lacks mtDNA. 
Cybrid clones CM1-1-4-5 and CPB-4, which are both 
derivatives of EB8 cells, harbor mtDNA with a point 
mutation in the tRNA'le gene and 8-mtDNA with a 5-kb 
deletion, respectively, and both clones maintain about 10% 
of respiratory enzymatic activity. All cells examined died 
in the presence of anti-Fas mAb (20 ng/ml) with a viability 

M a b c d e f g  
? e r r  

Fig. 3. DNA fragmentation of EBB cells incubated with anti- 
FM antibody. EBS cells (I x lOd) were incubated with the anti-Faa 
antibody (20 ng/ml) for 2 (b), 4 (c), 6 (d), 8 (e), 10 (0, and 12 h (g). 
Cells were lyaed with %ton X-100 to obtain fragmented DNAB, 
which were resolved by agarose gel electrophoresis (1.2%) ae de- 
mibed in 'MATEIILALS AND METHODS." Fragmented DNA waa 
also prepared from EB8 ceb without the anti-Pas mAb (a). DNA 
fragments of HaeIll-digested pUC18-derived CAT vector were ueed 
as molecular weight standards (M). 

of 22 to 31% as shown in Fig. 4. These results indicate that 
anti-Fas mAb is cytotoxic to cells with genetically deficient 
mtDNA as well as to cells lacking whole mtDNA. 

The Level of mRNA of the Fas Gene Was Elevated in 
Cells Lacking d N A  or Harboring Mutant mtDNA-The 
cytotoxicity of anti-Fas mAb is mediated by Fas antigen 
(18, 19). Relative levels of Fas mRNA in Ft2-11, EB8, 
CP8-4, and CM1-1-4-5 cells were quantified by the RT- 
PCR method under conditions in which the PCR products 
were amplified exponentially (26, 27), using GAPDH 
(glyceraldehyde 3-phosphate dehydrogenase; EC 1.2.1.12) 
mRNA as an endogenow internal standard (28, 29). We 
synthesized cDNAs from poly(A)+RNA by means of re- 
verse transcriptase using oligo(dT) as a primer, and am- 
plified them with Fas cDNA-specific primers by PCR in the 
presence of [cY-~*P]~CTP (Fig. 5). For the last 15 cycles, 
GAPDH-specific primers were added. The cDNAs of 
Ft2-11 cells generated similarly low levels of Fas- and 
GAPDH-specific PCR products after 27 cycles. Using 
cDNAs of CM1-1-4-5 and CP8-4 cells, the levels of am- 
plified Fas- and GAPDH-specific PCR produds after 26 
cycles were similar. The cDNAs of EBB cells amplified 
more Fas- than GAPDH-specific products after 26 cycles. A 
Fas-specific PCR product was purified from a gel and 
sequenced to confirm that it was derived from the cDNA of 
the Fas gene (data not shown). To exclude the possibility of 
contaminating genomic DNA8 in the poly(A)+RNA prepa- 
rations, cDNA amplified by PCR was con6rmed to be absent 
when reverse transcriptaee was omitted in mixtures for 
synthesizing the first strand of cDNA (lanes marked as 
-RT in Fig. 5). The radioactivity of each band was 
measured by the bioimaging analyzer BAS2000, and the 
radioactivity of the Fas-specific band was normalized to 
that of the GAPDH-specific band. In EBB, CP8-4, and 
CM1-1-4-5 cells, mRNA of the Fas gene was enhanced by 

Fig. 4. Viability of Fa-11, EB8, EBS, CIYI1-1-46, and CP8-4 
cells. El33 cells ieolated independently of EBB ceb a h  completely 
lacked mtDNA. CM1-1-4-5 and CP8-4 have mutant mtDNA with a 
point mutation in the tRNA1'" gene and a large-scale deletion, 
respectively. Ceb were incubated with or without anti-Fae mAb (20 
ng/ml) for 24 h. Surviving cells were counted by Trypan blue 
exclueion. Cell viability ie ahown ae the average of values obtained 
from triplicate experiments. The number of cells incubated without 
anti-Fae mAb waa taken as 100%. The vertical bare represent 
standard deviations. 
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Fig. 5. Quantitation of Fas mRNA by  RT-PCR. Poly(A)-tailed 
RNA prepared from Ft2-11, CM1-1-4-5, CP8-4, and EB8 cells was 
used to generate a cDNA pool by means of reverse tranecriptase using 
oligo(dT) as a primer. Diluted cDNA pool was amplified by PCR in the 
presence of [a-3T]dCTP with a pair of Fas-specific primers as 
indicated on the top of each lane. For the last 15 cycles, a pair of 
GAPDH-specific primers was added to the reaction mixture. Fas- and 
GAPDH-specific primers generated 346- and 214-bp PCR products, 
respectively. To estimate the effects of genomic DNA in poly(A)' 
RNA preparations, cDNA reactions were also performed without 
reverse tranacriptaae ( -  RT). The relative radioactivity level of Fas 
PCR product to GAPDH PCR product was calculated from 8 to 11 PCR 
experiments using 5, 2, 1, and 3 poly(A)'RNA preparations of 
Ft2-11, CM1-1-4-5, CP8-4, and EB8 cells, respectively. SD is shown 
in parenthesis. 

19, 2.8, and 1.9-fold, respectively, compared with that in 
Ft2- 11 cells. 

Fas-Antigen Protein Is Detected at Higher Level in EB8 
than Ft2-11 Cells-We examined whether the level of 
Fas-protein in EB8 cells is increased, as was expected from 
the results of RT-PCR. EB8 and Ft2- 11 cells were immuno- 
histochemically stained by the SAB method using anti-Fas 
IgG. As shown in Fig. 6, EB8 cells were stained uniformly, 
but the control Ft2-11 cells were not. This result suggests 
the Fas-antigen is expressed on the surface of the cell 
membrane, as expected. 

Respiratory Chain Inhibitors Induced the Fas Gene 
Transcription-As shown above, the cells with mutant 
mtDNA increased the level of Fas mRNA. The mutant 
mtDNAs used here had mutations at  different regions. It is 
unlikely that a specific DNA sequence of mtDNA is in- 
volved in the induction of the Fas gene. We investigated 
whether inhibitors of mitochondrial respiration induce the 
Fas gene expression. Ft2-11 cells, which have normal 
mitochondria, were incubated with two respiratory chain 
inhibitors: rotenone, which inhibits NADH-CoQ reductase 
(complex I); and antimycin A, which inhibits CoQ-cyto- 
chrome c reductase (complex HI). The rnRNA levels of the 
Fas gene were determined by RT-PCR (Fig. 7A) as de- 
scribed above. Rotenone at  1 p M enhanced the gene expres- 
sion 2-fold in 2 h. Antimycin A at 50 pM also induced the 
gene expression 4-fold in 5 h. Adding anti-Fas mAb after a 
6-h incubation of the cells with rotenone (0.3 and 1 pM) or 
antimycin A (50pM) caused 30 to 50% of them to die, 
although 1 pM rotenone alone was highly cytotoxic (Fig. 
7B). Therefore, respiration inhibitors altered the sensitiv- 
ity of the cells to anti-Fas mAb and elevated the level of Fas 
rnRNA. 

Fig. 7. Effects of the respiratory chain inhibitors, rotenone 
and antimycin A, on Fas gene expression and sensitivity to the 
anti-Faa antibody of cells having wild-type mtDNA. (A) -ti- 
tation of Fas mRNA levels by RT-PCR. Ft2-11 cells having wild-type 
mtDNA were incubated with rotenone (1 pM) for 2 h or antimycin A 
(50 /IM) for 5 h in the presence of uridine (50 pg/ml). Cells were 
l y d  to prepare poly(A)+RNA. After synthesizing cDNA, diluted 
cDNA pool was amplified with a pair of Fas-specific primers alone for 
the first 15 cycles in the presence of [a-32P)dCTP. For the following 
15 cycles, PCR proceeded with a pair of GAPDH-specific primers. The 
cDNA synthesis reactions also proceeded without reverse transcrip- 
taw (-RT). (B) The sensitivity of cells to the anti-Fas antibody. 
Ft2-11 ceb were incubated with rotenone or antirnycin A at the 
indicated concentrations for 6 h in the presence of uridine (50 pgiml), 
then the antibody (20ng/ml) was added. After 18 h, cells were 
counted by Trypan blue exclusion. The number of cells incubated 
without inhibitors or the antibody was taken as 100%. Data were 
obtained from triplicate experiments. 

DISCUSSION 

Mitochondria1 encephalomyopathies are genetic diseases in 
which mutations are found on the mitochondrial genome. 
The mitochondrial genome is fundamentally different in its 
genetic characteristics from the nuclear one. First, mtDNA 
is contained in multiple copies in a cell, ranging from 
hundreds to several thousands depending on the tissue- 
type. Since mutant mtDNAs usually coexist with the 
wild-type, a mutant phenotype is observed only when the 
responsible mutant mtDNA is accumulated in excess of the 
wild-type. In addition, the mutant mtDNAs have a propa- 
gation advantage by unknown mechanisms (7, 30, 31). 
Therefore, even if wild-type mtDNA were introduced by a 
novel method, no improvement of the phenotype would be 
expected. As a possible method for therapy, it might be 
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useful to eliminate the affected cells, because the mutant
mtDNA usually accumulates in specific affected cells. In
addition, as cells rich in wild-type mtDNA are expected to
be advantageous for growth, the healthy cells might com-
plement the affected cells. If an apoptotic process takes
place, the affected cells could be eliminated without inflam-
matory response. In this study, the EB8 derivatives with
mutant mtDNA were shown to be sensitive to anti-Fas
mAb, as was EB8 itself.

To investigate the relation of deficient mitochondria with
apoptosis, the effects of nuclear genes should be taken into
consideration, because all the components involved in the
mitochondrial genetic system are encoded by nuclear
genes. Since the cybrid clones used in this study, including
the control, were constructed from EB8 by cytoplasmically
transferring mitochondria, all the cell lines share the same
nuclear background. Recently, Gamen et al. have reported
that mtDNA-depleted promonocytic leukemia cells became
less sensitive to TNF and Fas-mediated cytotoxicity than
the control cells and that this change in TNF-sensitivity
was due to the loss of the surface of the TNF receptor
possibly during long exposure to ethidium bromide to
eliminate mtDNA (32). On the other hand, although the
Fas expression was not changed, the sensitivity was still
maintained but declined. These findings disagreed with
ours. This discrepancy may be due to a difference in cell
types: they used 500 ng/ml of anti-Fas mAb, whereas we
used 20 ng/ml. Another possibility is that their mtDNA-
less cells may have undergone a change in sensitivity to
anti-Fas mAb during long exposure to ethidium bromide. In
our study, we used as cotrol a cybrid cell line which had
been constructed by fusing the parental EB8 cells with
cytoplasm of normal fetus to exclude the possibility of any
alternations during isolation of mtDNA-depleted cell lines.

The transcription level of the Fas gene was investigated
to understand the cause (s) of the high sensitivity of cells
harboring deficient mitochondria against anti-Fas mAb. As
estimated by PCR-amplified cDNA (Fig. 5), the mRNA
level of the Fas gene is about 1X lO"4 that of GAPDH in
Ft2-ll cells. Thus, it was difficult to quantify the level of
mRNA by Northern blotting. We therefore applied RT-
PCR with an endogenous internal standard to quantify the
relative mRNA level. If a linear evaluation over a wide
range is achieved by plotting the amplification curves, this
approach is one of the most sensitive and reliable means of
quantitative analysis (26, 27, 33). To effectively amplify
the cDNAs, we searched for the optimal pair of primers
using a computer. The GAPDH mRNA used here as
endogenous internal standard in RT-PCR is widely used as
an endogenous internal standard for gene expression {28,
29).

EB8 enhanced the Fas gene expression 19 times over that
of Ft2-ll cells. Other cells harboring mutant mtDNAs also
increased the Fas mRNA level somewhat (2 to 3-fold).
Since the mutant cybrid clones still maintain 10% of
respiratory enzymatic activity (6, 7), such increase ap-
pears reasonable. As far as examined, gene expressions of
nuclear-encoded mitochondrial proteins including a subunit
of cytochrome c oxidase and mitochondrial transcription
factor 1 were not changed by eliminating mtDNA {34, 35).
The 20-fold expression of the Fas gene in EB8 cells should
be emphasized as a marked effect of the mtDNA deficiency.

The human Fas gene is a single copy gene of over 25 kb

and consists of nine exons (36, 37). It contains multiple
transcription initiation sites and no canonical "TATA"
boxes. Northern blotting has revealed two transcripts of
around 2 and 2.7 kb in human T cell lymphoma KT-3 cells
(19) and in HeLa cells exposed to influenza virus or
poly(I)-poly(C) (38). RT-PCR has revealed three variant
forms of the Fas transcript, which were alternative splicing
products in the coding region, in phytohemagglutinin-ac-
tivated peripheral blood mononuclear cells (39). Many
factors stimulate Fas expression, including cerebral is-
chemia (40), viral antigens of cytomegalovirus and vari-
cella-zoster virus (41), infection with influenza virus (42),
murine cytomegalovirus (43) and human immunodefi-
ciency virus (44), a synthetic double-stranded RNA poly-
(I)-poly(C) treatment (38), cytokines TNFa, interferons a
and y (22, 45-48) and interleukin-2 (49), NF-IL6 (nuclear
factor for interleukin-6 expression) (50), and the tumor
suppressor protein p53 (51). However, none of them
enhanced the Fas expression as much as the loss of
mitochondrial DNA presented in this study. There are
many putative binding sites for transcription factors in the
5'-upstream region of the Fas gene, including AP-1,
NF-*B, Spl (36, 37). The factor(s) involved in the en-
hancement of Fas gene expression in cells harboring
deficient mitochondria remains to be determined. Although
the enhancement of the Fas expression is associated with
the sensitivity to apoptosis, it is unknown whether the
enhanced expression of Fas is directly responsible for the
cell death. Since the mitochondrial-deficient cells have no
function, the cells could signal the onset of apoptosis.

Susceptibility to apoptosis may be induced by decline of
the respiratory level of mitochondria or complementary
enhancement of glycolysis. Mitochondrial production of
oxygen radicals is proposed to be involved in the mecha-
nism of TNF cytotoxicity (52). In addition, some respira-
tory chain inhibitors are able to induce apoptosis to some
extent in the absence of cycloheximide and actinomycin D
(53). We found that incubating cells harboring wild-type
mitochondria with rotenone or antimycin A rendered the
cells susceptible to anti-Fas mAb (Fig. 7). The cells exposed
to these respiratory inhibitors probably produce oxygen
radicals in the mitochondria. It is notable that these in-
hibitors caused enhancement of the Fas gene expression.
However, the cells without mtDNA also showed enhanced
Fas gene expression at the highest level. These cells are
unlikely to produce oxygen radicals, because of their lack of
respiratory activity.

Finally, this study demonstrated that it is possible to kill
specifically cells with accumulated mutant mtDNA. This
finding may be useful for therapeutic application to
mitochondrial diseases because of the expected com-
plemental growth of normal cells.
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