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Culturing mitochondria outside of cells was once considered to be virtually impossible. We previously iso-
lated mitochondrial cells (MitoCells) to establish stable cell lines from cybrids obtained by fusing mtDNA-less-
HelLa cells with platelets (Nakano et al, 2003). MitoCells lack nuclei and have only a small amount of nuclear DNA,
but these cells can maintain mitochondrial activity. However, energy-producing processes of MitoCells remain
poorly understood. Herein, we cultured MitoCells under anaerobic conditions and analyzed enzymes and activi-
ties of the tricarboxylic acid (TCA) cycle. MitoCells survived under anaerobic culture conditions for over 30 days,
while cybrids disappeared within a week. Western blot analysis confirmed the absence of pyruvate dehydroge-
nase, malate dehydrogenase, isocitrate dehydrogenase and succinate dehydrogenase in MitoCells. The citrate
synthase activity in MitoCells was also lost. These results suggest that MitoCells produce energy employing an
anaerobic metabolic pathway. Considering that MitoCells were originally derived from human cells, our results
suggest that human nuclear DNA may harbor an anaerobic energy production pathway. Clinically, the hypoxia
associated with cancer is attributable to hypoxic tumors. Progress in understanding the anaerobic metabolic
pathway in MitoCells may allow elucidation of the anaerobic metabolic pathway in highly malignant tumors and
facilitate the development of anticancer therapies.
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Introduction

It was long believed that mitochondria cannot be
cultured outside of cells. Nakano et al, however, iso-
lated a stable, novel line of mitochondrial cells desig-
nated MitoCells from cybrids obtained by fusing
mtDNA-less-HeLa cells with platelets. MitoCells
lack nuclei but maintain mitochondrial activity in-
cluding mitochondrial membrane potential. These
MitoCells grow continuously in culture despite the
‘absence of nuclei and can thus be continuously
propagated in culture. MitoCells, almost all of which
contain only small amounts of DNA, grow continu-
ously in culture”. Mitochondrial membrane poten-
tials of MitoCells stained with Mito Tracker Red in
our previous study confirmed that MitoCells are
alive. Like other organisms, living MitoCells must
produce adenosine triphosphate (ATP) and use
ATP to maintain life. However, the mechanism by

which MitoCells produce ATP remains unknown.
There may be an unknown mechanism promoting
the growth and maintenance of these cells, while
the main metabolic pathway of eukaryotic cells is
mitochondrial oxidative phosphorylation through
the tricarboxylic acid (TCA) cycle. We, therefore,
cultured MitoCells under anaerobic conditions and
analyzed enzymes and activities of the TCA cycle
in order to elucidate the biological characteristics of
MitoCells.
Materials and Methods

We performed an anaerobic culture experiment
on MitoCells and analyzed certain enzymes and ac-
tivities of the TCA cycle in MitoCells to evaluate
TCA cycle functions.

1. Anaerobic culture experiment

1) Cell cultures

MitoCells were obtained as previously described”

—E91—



92

and cultured in Rosewell Park Memorial Institute
medium (Gibco, Grand Island, NY, USA) supple-
mented with 10% fetal calf serum, 50 U/ml penicil-
lin and 50 pg/ml streptomycin at 37°C in a humidi-
fied gas mixture containing 8% CO.. Cybrids were
obtained as previously described” and cultured in
Dulbecco’s modified Eagle medium (Gibco) supple-
mented with 10% fetal calf serum, 50 U/ml penicil-
lin, 50 pg/ml streptomyecin, 0.2 mM uridine, 2 mM
glutamine and 1 mM sodium pyruvate at 37C in a
humidified gas mixture containing 8% CO..

2) MitoCells under anaerobic culture conditions

MitoCells and cybrids were cultured using Dia
anaerobic pack (0.<0.1%, CO. 21%, 37C) in each
medium for at least one month. The cells were ob-
served by light microscopy.

2. Enzyme assays of the TCA cycle with West-
ern blotting

1) Antibodies

The primary antibodies used for Western blot-
ting were mouse monoclonal antibodies against tu-
bulin (Clone Ab-4; Neomarkers, Fremont, CA, USA
and Clone ab56676 Abcam, Tokyo, Japan), citrate
synthase (Clone D3 G4; Abcam), malate dehydroge-
nase (Clone A-4; Abcam), pyruvate dehydrogenase
beta subunit (Clone E-1; Abcam), isocitrate dehydro-
genase 2 (Clone M01; Abnova, Taipei, Taiwan), and
succinate dehydrogenase hydratase (Clone 2E 3;
Santa Cruz Biotechnology, Santa Cruz, CA, USA).
At use, each antibody was diluted 1:500. The secon-
dary antibodies were anti-mouse IgG conjugated
with alkaline phosphatase (Jackson ImmunoRe-
search Laboratories, West Grove, PA, USA) at a di-
lution of 1:5,000.

2) Protein extraction

Cybrids and MitoCells were centrifuged for 10
min at 1,000 rpm. The pellets were then washed
with Hank’s buffer and centrifuged for 10 min at
1,000 rpm. Then, each suspension was homogenized
by passage through a 26 gauge needle. After the ho-
mogenized samples had been washed with Hank’s
buffer and centrifuged for 1 min at 10,000 rpm, dis-
tilled water was added to the pellet. Protein concen-
trations were measured in aliquots of the samples.
Sodium dodecyl sulfate (SDS) gel-loading buffer was

added to the remaining samples which were then
boiled for 5 min before loading on SDS gel for West-
ern blotting.

3) Western blot analysis

Proteins resolved by SDS-polyacrylamide gel
electrophoresis (10% acrylamide gels) were elec-
troblotted onto nitrocellulose (Sigma-Aldrich, Saint
Louis, MO, USA). Ten micrograms of protein were
loaded into both cybrids and MitoCells. The blots
were blocked with 1% casein blocking solution (Bio-
Rad) for 1h at 4T and then incubated with primary
antibodies for 1h at 4C.

For colorimetric detection, washed blots were in-
cubated with secondary antibody diluted in Tris
Buffered Saline with Tween (TBST, Bio-Rad) for 1h
at room temperature. The blots were then washed
in TBST and a color reaction was elicited with
NBT/BCIP substrate tablets (Roche, Indianapolis,
IN, USA). Tubulin was electroblotted as an inner
control.

3. Enzyme activities of TCA cycle and mito-
chondrial electron transport

1) Materials

The following samples were used for enzyme ac-
tivity analysis. The MitoCells (Mit) #1 line consists
of MitoCells transformed from cybrids with a
T9176C mitochondrial mutation. The T9176C mito-
chondrial mutation, located in the ATPase 6 gene of
mitochondrial DNA, is pathogenic for Leigh syn-
drome. Mit #1 was derived from one sibling in a
family with Leigh syndrome harboring the T9176C
mitochondrial mutation. The Mit #2 line consists of
MitoCells without the mutation transformed from
control cybrids. Cybrid cell line (Cyb) #1 (cybrids
with T9176C mitochondrial mutation), as well as
lines Cyb #2a and #2b (cybrids without the muta-
tion), were used as controls for MitoCells. Cyb #2a
and #2b underwent serial passages from the same
cell line.

2) Miniaturized mitochondrial assays

Miniaturized assays were employed for the meas-
urement of protein, complex II + III (succinate cyto-
chrome c¢ oxidoreductase), complex IV (cytochrome
c oxidase) and citrate synthase (CS) activities using
an iIEMS reader MF (Labsystem Corp., Yokohama,
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JAPAN). The procedure developed for the mini-
aturized assays for complexes I1 + III and IV is pre-
sented below. The CS assay was previously de-
scribed in detail”®,

3) Complex II+1II assay (succinate: cytochrome
¢ oxidoreductase)

The 25-pl diluted samples, which consisted of four
different protein concéntrations, were added to
wells. Next, 175 pl of 71 mM potassium phosphate,
pH 74, with 1044 mg% NaCN and 2.84 uM roten-
one, were added to each well. Then, 25 ul of 200 mM
succinate in water were also added. The mixture
was pre-incubated in the dark for 10 min at 37C.
The reaction was started by adding 25 pl of 1 mM
cytochrome c¢ (Sigma type IV). The rate of the cyto-
chrome c increase at 550 nm was measured for 4
minutes at 37C. For this calculation, the activity
must be multiplied by a factor of 0.648 to correct for
the length of the light path and microplate absorp-
tion. The coefficient of variation in complex II + III
reproducibility (three assays were performed) was
7.3%.

4) Complex IV (cytochrome c oxidase) assay

A 175-pl quantity of 25 mM potassium phosphate,
pH 7.0, was added to each well. The 25-ul diluted
samples, with four different protein concentrations,
were then added to the wells. After pre-incubation
for 6 min at 37°C, the reaction was initiated by add-
ing 25 ul of 25 mM reduced cytochrome ¢ in 20 mM
potassium phosphate, at pH 7.0. The decrease in ab-
sorption at 550 nm was measured for 120 seconds
and maximally oxidized absorption was determined
by adding potassium ferricyanide at completion.
Then, 25 pl of 10 mg/ml dodecylmaltoside were
added before pre-incubation. As Box Cox analysis
indicated inhomogeneity of variance, all analyses
were performed using the natural logarithmic
transformation of the data. The coefficient of vari-
ation in complex IV reproducibility (three assays
were performed) was 5.2%.

5) Citrate synthase (CS) assay

The assay utilized is a modification of the tech-
nique described by Haas et al”. CS was assayed in
Triton X 100 solubilized MitoCells or cybrid cells.
The total working volume was 250 ul. Sample wells

93

Fig. 1 Phase-contrast images of MitoCells and cy-
brids observed by light microscopy at X200 mag-
nification (Bar=20 um). These cells were cultured
using Dia anaerobic pack (0:<0.1%, CO: 21%, 37C)
in each medium for at least 40 days.

MitoCells at day 1 (A), day 7 (B), day 14 (C) and day
40 (D).

Cybrids Day 1 (E), Cybrids Day 3 (F), Cybrids Day 7
(G) and Cybrids Day 14 (H).

contained 125 pl of buffer (0.16 M Tris, pH 8.0, 2 pul of
10 mM fresh 5°,5'-dithio-bis (2-nitrobenzoic acid
(DTNB) in 0.1 M Tris, pH 8.3), 25 ul of diluted sam-
ples with four different protein concentrations, 25 pl
of Triton %100 0.8% in water, and 25 pl of acetyl co-
enzyme A (acetyl-CoA; 0.5 mM). The reaction was
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Fig. 2 Expressions of TCA cyclerelated enzymes in total lysates of MitoCells (M) and cy-
brid cells (C). Panel (A) is representative immunoblots of pyruvate dehydrogenase (39 kDa),
citrate synthase (52 kDa), isocitrate synthase (25 kDa), succinate dehydrogenase (55 kDa),
and malate dehydrogenase (36 kDa). Panel (B) is a schematic diagram of preserved (O) and
reduced (X) expression levels of these enzymes.

started after a 3 min pre-incubation at 30C by add-
ing of 25 ul of freshly made oxaloacetate (5 mM in
water). The increase in absorption of the 5-thio-2-
nitrobenzoate ion at 412 nm was measured. The re-
sults of this assay are multiplied by a correction fac-
tor of 0.676 to correct for well dimensions and ab-
sorption. The coefficient of variation in CS repro-
ducibility (four assays were performed) was 2.0%.
Results

1. MitoCells survive and grow under anaero-
bic conditions

We found that MitoCells survived without mor-
phological changes under anaerobic culture condi-
tions for more than 30 days: the round brown Mito-
Cells were dispersed at the beginning of culture
and their shape and distribution were maintained
through 40 days (Fig. 1-A, B, C and D). On the other
hand, cybrids had disappeared by day 14: cybrids
were spindle-shaped and showed colony formation
at the beginning of culture. On day 3, cybrids be-

came swollen and the colonies collapsed. On day 7,
cybrids became atrophic and their numbers were
reduced. By day 14, cybrids had disappeared.
(Fig. 1-E, F, G and H).

2. Western blot analyses of TCA cycle en-
zymes in MitoCells

To determine whether or not MitoCells use the
TCA cycle, we performed Western blot analyses of
various TCA cycle enzymes in MitoCells. We found
that only citrate synthase was present in MitoCells,
while malate dehydrogenase, pyruvate dehydroge-
nase, isocitrate dehydrogenase and succinate dehy-
drogenase were not. In the control cybrids, all of
these enzymes were present (Fig. 2).

3. Mitochondrial enzyme assays with micro-
plate-reader (Fig. 3)

Complex II +III activities of MitoCells (Mit #1,
Mit#2) were 159 +0.07 and 158 =0.81 (nmol/min/
mg of protein), while those of cybrids were 1091 +
0.23, 1095+ 062 and 187 =145 (Cyb#1, #2a, and
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Fig. 3 Mitochondrial enzyme activities of MitoCells
and Cybrid cells
Panel (A) indicates complex I+10 enzyme activ-
ity. Panel (B) indicates complex IV enzyme activity.
Panel (C) indicates citrate synthase enzyme activity.

#2b). The complex II + III activities of MitoCells
were comparable to those of Cyb#1, #2a and #2b.
The complex IV activities of MitoCells (Mit#1, #2)
were 0.33x1072+0.08 X 10°* and 0.40 x 107* = 0.06 ¥
107? while those of cybrids (Cyb#1, #2a, and #2b)
were 045x1072£0.026 x 107, 0.54 x 107+ 0.05x 10°*
and 058 x 107+ 0.045 x 10 * (nmol/min/mg of pro-
tein). The complex IV activities of MitoCells were
slightly lower than those of cybrids. The citrate
synthase activities of MitoCells (Mit#1, #2) were
1.1+0.08 and 1.7 £0.04, while those of cybrids (Cyb
#1, #2a, and #2b) were 658 =46, 850 + 7.0 and
72.0 £ 70 (rate constant). The citrate synthase ac-
tivities of MitoCells were lost, while those of cybrid
cells were maintained.
Discussion

The difficulties encountered in culturing mito-

chondria in vitro are due to nuclear genes being re-
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quired to maintain these organelles. It is reasonable
to speculate that if translated proteins from nuclear
genes were provided, mitochondria might have the
capacity for in vitro survival. The MitoCells which
we produced lack morphologically evident nuclei
but maintain mitochondrial activity and grow con-
tinuously in culture.

The anaerobic culture experiment in this study
revealed that MitoCells can survive without oxy-
gen, suggesting they produce energy through an
anaerobic, rather than an aerobic, metabolic path-
way. Our analyses of TCA cycle enzymes and ac-
tivities revealed that the TCA cycle is not fully
functional as a producer of aerobic energy in Mito-
Cells (Fig. 2, 3).

Anaerobic mitochondria have been reported by
Tielens et al” and Boxma et al®. These groups iden-
tified an anaerobic mitochondrion that produces hy-
drogen, possibly a missing link between mitochon-
dria and hydrogenosomes. On the other hand, it has
been hypothesized that most of the ancestral mito-
chondrial genome was transferred to the nucleus as
the symbiotic relationship between eukaryotes and
ancestral mitochondria developed. The acquisition
of anaerobic metabolism is believed to be an evolu-
tionary process”. Our results suggest that MitoCells
may have reverted to ancestral forms to acquire an
anaerobic metabolic pathway.

Considering that MitoCells were originally de-
rived from human HeLa cells and platelets, our re-
sults suggest that human nuclear DNA may harbor
an anaerobic energy production pathway independ-
ent of the aerobic pathway. Hypoxia is a clinical fea-
ture of cancer, i.e. hypoxic tumors are highly malig-
nant, metastatic, radio- and chemoresistant and
carry a poor prognosis”. An anaerobic metabolic
pathway in hypoxic tumors has been suggested”.
Further research analyzing this anaerobic meta-
bolic pathway in MitoCells may elucidate the path-
way operating in tumors and thereby promote the
development of novel anticancer therapies.

Conclusion

MitoCells survived under anaerobic culture con-
ditions and lost several TCA cycle-related enzymes.
Only citrate synthase was present in MitoCells, but
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its enzyme activity was lost. These results suggest

that MitoCells produce energy employing an an-

aerobic metabolic pathway. Considering that Mito-

Cells were originally derived from human cells, our

results suggest that human nuclear DNA may har-

bor an anaerobic energy production pathway.
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P> FUZHBROBKIEEICH T 247 L TCA BROBERICEET 2T
R FERKRZEEFER/NERE

v 7 A HEPY FhY< MEED AF¥y7 <% ¥ 2

O HE MR- AL A - EEA

(H®) fEk3 bary Py 7 (MY dMEACIREREATERE SN TE . PEHLIR L POM/MMIE Hela
mitochondria-less (Rh?) # @& %€/ Cybrid a2 HELHR X8, Mt OUEZRE LB OLHO R lllatko s
BE - BEEICHRTIL, X b3 v FU THIEE (MitoCell) &% L7z, MitoCell DAEMZEIERZ R 2720, =%
NVE-RBORE 21T 72

(4 - H3E) MitoCell DEERIE R IIBLIGEF v P T OBER 01% LT & L, COEED 21% wits, B
37T CTHZE LU BFEBEMEICTBR L2, RIS, AV F—RBEEEOKET D720, MitoCell ® TCA FIEED 7 T
VERAEEE (CS), U v ImBbikEREE (MDH), ¥2 ¥4x— MpkEREE (SDH), [ V7 = VEREKERER
(IDH) £ YWY VIR AEREZE (PD) 2V A& v 7ay MECKVEF L. 512, MitoCell DEFmER
E#% (ETE) &M & TCA BB OBFIEM: L RETT 5720, Cybrid Mifa %ML LTETE THAEAMWII+1II,
IV & CSHEHE% R L7

(& 5) MitoCell TIIBRNBIE T TH 4 B OBECAR - MESFD LN, YA F y7ay METIE
MitoCell @ CS D& A3BptE, PD, MDH, IDH, SDH 7St TdH -7z, BERGEMETIE, MitoCell I3 G4 I +1IL,
IV OERIIE N T A28 CSIEMEIZRIB L T iz,

(Z%£) MitoCell TId TCA HEHIFRARBER & U TREEL T ARWITEEMEIRIE S h, BENMAHEERD
BA5.253EH X 72, MitoCell PEMMBTH 5 e MBI SEER L2 L2 E 2 5L, € O DNA I35
AHRRBBETIVREIN TS LRI SN, BANRBEEISRELINI-EOZEZONS. BR AN
BRI BW TEREEE T O LEIRENRB OB 52573 ST . MitoCell O L 4 )b F—(CHREBE ORI,
AP OBEICED B RN E 2 bz,

(&3%) MitoCell TIXBERMBRE T T AL - BMIHD O h, [KEBEE T O LBERNRAHORS S RE S h
TWADBAMBEOME & B L T A IR R S .
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