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Cytochrome ¢ oxidase [COX; alias complex IV (CIV)] is a
terminal protein in the mitochondrial electron transport

The relationships between the molecular abnormalities in mitochondrial respiratory chain complexes
and their negative contributions to mitochondrial and cellular functions have been proved to be
essential for better understandings in mitochondrial medicine. Herein, we established the method to
identify disease phenotypic differences among patients with muscle histopathological cytochrome ¢
oxidase (COX) deficiency, as one of the representative clinical features in mitochondrial diseases, by
using patients’ myoblasts that are derived from biopsied skeletal muscle tissues. We identified two
obviously different severities in molecular diagnostic criteria of COX deficiency among patients:
structurally stable, but functionally mild/moderate defect and severe functional defect with the
disrupted COX holoenzyme structure. COX holoenzyme disorganization actually triggered several
mitochondrial dysfunctions, including the decreased ATP level, the increased oxidative stress level, and
the damaged membrane potential level, all of which lead to the deteriorated cellular growth, the
accelerated cellular senescence, and the induced apoptotic cell death. Our cell-based in vitro diagnostic
approaches would be widely applicable to understanding patient-specific pathomechanism in various
types of mitochondrial diseases, including other respiratory chain complex deficiencies and other
mitochondrial metabolic enzyme deficiencies. (Am J Pathol 2017, 187: 110—121; http://dx.doi.org/
10.1016/j.ajpath.2016.09.003)

reported.”” Other genetic defects in mtDNA-encoded COX
structural subunits* '’ or in several mitochondrial tRNA

system with oxidative phosphorylation and comprises its 13
structural subunits. The three largest, most hydrophobic
catalytic core subunits are encoded in mitochondrial DNA
(mtDNA), and the others are encoded in nuclear DNA
(nDNA). In addition, COX also requires several nDNA-
encoded assembly factors for its holoenzyme organization
and maintenance. COX deficiency is widely recognized as
one of the representative clinical phenotypes in mitochon-
drial diseases and presents muscle histopathological di-
versity among patients (focally, diffusely, or completely
deficient). Although disease-causative mutations in nDNA-
encoded assembly factors are mostly inherited as auto-
somal recessive,’ only a few detrimental mutations in
nDNA-encoded COX structural subunits have been

genes are also responsible for COX deficiency; moreover,
infantile reversible COX deficiency (alias reversible infan-
tile respiratory chain deficiency), which is caused by
homoplasmic m.14674T>C or T>G mutations in MT-TE
gene, has recently been identified as a new disease subtype
with rare, distinct disease outcome.'''”> To date, the re-
lationships between pathogenic mutations in COX-
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Phenotypic Variation in COX Deficiency

associating components and the aberrant COX holoenzyme
organization become evident at a molecular level. However,
there still remains no reasonable explanation how such
gene-specific defects actually affect widespread mitochon-
drial and cellular functions, resulting in the variation and the
severity of disease phenotypes at tissue and organ levels.

To overcome this problem, the use of cells derived from
the affected tissues and organs is advantageous, because such
cells faithfully recapitulate cell type—specific pathophysi-
ology in a patient-specific manner. Herein, we established the
method to identify disease phenotypic differences in patients
exhibiting mitochondrial diseases by using a comprehensive
functional analysis at mitochondrion and cell levels. We
demonstrated that severely disrupted COX holoenzyme
integrity (its function and structure) actually triggered several
mitochondrial dysfunctions, including the decreased ATP
level, the increased oxidative stress level, and the damaged
membrane potential level, followed by the injured cellular
homeostasis like the deteriorated cellular growth, the accel-
erated cellular senescence, and the induced apoptotic cell
death. Therefore, COX holoenzyme disorganization de-
termines the variation and the severity in clinical phenotypes
of patients exhibiting mitochondrial diseases with muscle
histopathological COX deficiency, and our proposed mo-
lecular diagnostic criteria may also be suggestive for effec-
tively exploring disease-causative genetic defects, which are
responsible for patient-specific pathology.

Materials and Methods

Patients

This study was approved by the institutional review board of
the National Center of Neurology and Psychiatry and was
stringently conducted in accordance with the ethical prin-
ciples of the Declaration of Helsinki. Patient skeletal muscle
biopsy was performed for diagnostic purposes only after we
received written informed consent. Note that 10 control
subjects were also used in this study.

mtDNA Mutation Analysis

A long PCR-based whole mtDNA sequence in each patient
was performed to eliminate any adverse results associating
with pseudosequences in nDNA, as described elsewhere'”
with modifications: Extracted DNA from cultured patients’
myoblasts (100 ng) was amplified by mtDNA-specific long-
range PCR and the following mtDNA-specific nested PCR
using a thermal cycler (GeneAmp PCR System 9700;
Applied Biosystems, Waltham, MA). The amplified mtDNA
fragments were sequenced using DNA analyzer (ABI
PRISM 3130xl; Applied Biosystems). The obtained mtDNA
sequence data in each patient were compared with the WEB
databases of Human Mitochondrial Genome Database
(MITOMAP) and Human Mitochondrial Genome Poly-
morphism (mtSNP)'* to find any genetic variants.
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RT-PCR

One-step RT-PCR was performed with the PrimeScript 11
High Fidelity RT-PCR kit (TaKaRa Bio, Shiga, Japan),
according to the manufacturer’s instructions. Extracted
total RNA from cultured patients’ myoblasts (100 ng) was
applied for RT-PCR using a thermal cycler (GeneAmp
PCR system 9700; Applied Biosystems). Amplified PCR
products were electrophoresed, stained with ethidium
bromide, and detected using UV transilluminator (GelDoc-
It Imaging System; UVP, Upland, CA).

Primers used were as follows: MT-COI1, 5'-TTAGCT-
GACTCGCCACACTCC-3' (forward) and 5'-AGTCAGGC-
CACCTACGGTGA-3 (reverse); MT-CO2, 5'-CTCATGAG-
CTGTCCCCACATTAG-3' (forward) and 5'-TTGACCG-
TAGTATACCCCCGG-3' (reverse); COX4, 5'-CGGCA-
GAATGTTGGCTACCA-3' (forward) and 5'-AGCGAAA-
AGTCTTCGCTCTTCAC-3' (reverse); COX5B, 5'-TGGCA-
TCTGGAGGTGGTGTT-3' (forward) and 5'-TGCCTGAA-
GCTCCCTTTGG-3' (reverse); and GAPDH, 5'-CAAT-
GACCCCTTCATTGACCTC-3' (forward) and 5'-CTCGCT-
CCTGGAAGATGGTG-3' (reverse).

Cell Culture

Small portions of biopsied skeletal muscle tissues from the
patients’ biceps brachii were minced with surgical scissors
and forceps, enzymatically digested with collagenase-trypsin
solution [400 pg/mL collagenase (Wako, Osaka, Japan),
5x trypsin-EDTA (Gibco, Waltham, MA)] at 37°C for 1
hour, and centrifuged at 200 x g for 5 minutes to collect
myoblasts. Cells were resuspended and seeded onto tissue
culture dishes and were maintained at 37°C under humidified
atmosphere of 5% CO,. Myoblast culture medium used was
as follows: Dulbecco’s modified Eagle’s medium with F12
nutrient mixture (Gibco) supplemented with 20% fetal bovine
serum (Gibco), 100 U/mL penicillin (Gibco), and 100 png/mL
streptomycin (Gibco). During primary culture, 0.5 pg/mL
MC210 (DS Pharm, Osaka, Japan) as a mycoplasmacidal
reagent and 2.5 ug/mL fungizone (Gibco) as a fungicidal
reagent were also added into myoblast culture medium.

For cellular proliferation experiment, patients’ myoblasts
(100 cells/mmz) were seeded onto 96-well culture plates and
were maintained at 37°C under humidified atmosphere of
5% CO,. After 3 days in culture, cells were treated with
bromodeoxyuridine chemiluminescence-based cell prolifer-
ation enzyme-linked immunosorbent assay kit (Roche,
Basel, Switzerland), according to the manufacturer’s in-
structions, and cellular proliferation potential was measured
on chemiluminescent multiwell plate reader (Centro LB
960; Berthold Technologies, Bad Wildbad, Germany).

For cellular growth experiment, patients’ myoblasts
(50 cells/mmz) were seeded onto 6-well culture plates and
were maintained at 37°C under humidified atmosphere
of 5% CO,. Cells were observed under phase contrast
microscope (IX71 System; Olympus, Tokyo, Japan) at
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predetermined time intervals. Cell number per unit area was
randomly counted and averaged in each sample. Cellular
doubling time was also estimated at logarithmic prolifera-
tion stage.

For cellular senescence detection, patients’ myoblasts (100
cells/mm?) were seeded onto 4-well culture slides and were
maintained at 37°C under humidified atmosphere of 5% CO,.
After 3 days in culture, cells were treated with senescence-
associated B-galactosidase staining kit (Cell Signaling Tech-
nology, Danvers, MA), according to the manufacturer’s in-
structions, and senescent cells were observed under optical
microscope (BX50 System; Olympus).

For apoptotic cell death detection, patients’ myoblasts
(100 cells/mmz) were seeded onto 6-well culture plates and
were maintained at 37°C under humidified atmosphere of
5% CO,. After 3 days in culture, cells were treated with
caspase-3 detection kit (Biotium, Fremont, CA), according
to the manufacturer’s instructions, and apoptotic cell death
was observed under fluorescent microscope (IX71 System;
Olympus).

For terminal differentiation into myotubes, patients’
myoblasts (200 cells/mmz) were seeded onto 6-well culture
plates and were maintained at 37°C under humidified
atmosphere of 5% CO,. After 3 days in culture, culture
medium was switched to differentiation medium (Cell
Applications, San Diego, CA) supplemented with 100 U/mL
penicillin (Gibco) and 100 pg/mL streptomycin (Gibco),
and cells were maintained for 2 weeks.

Cytochemistry

Patients’ myoblasts (100 cells/mm?) were seeded onto 4-well
culture slides and were maintained at 37°C under humidified
atmosphere of 5% CO,. After 3 days in culture, cells were
stained with COX reaction buffer (pH 5.5; 100 mmol/L so-
dium acetate, 0.1% MnCl,, 0.001% H,0,, and 10 mmol/L
diaminobenzidine) at 37°C for 1 hour and were incubated
with 1% CuSQO, at 37°C for 5 minutes. Cell nuclei were
costained with hematoxylin. Stained cells were rinsed, fixed,
and dehydrated according to standard histological protocol.
Samples were sealed with cover glass and were observed
under optical microscope (BX50 System; Olympus).

Immunocytochemistry

Cultured patients’ myoblasts and differentiated myotubes
were fixed, permeabilized, and blocked according to stan-
dard immunocytochemical protocol. Primary antibody
probing was performed at room temperature for 90 minutes.
Secondary antibody probing was performed with 2.5 pg/mL
Alexa Fluor 568 (Molecular Probes, Waltham, MA) at room
temperature for 45 minutes. Stained cells were observed
under fluorescent microscope (IX71 System; Olympus).
Primary antibodies used were as follows: 2.5 pg/mL
anti—MT-CO1 (Molecular Probes), 2.5 pg/mL anti-COX4
(Molecular Probes), 0.5 pg/mL anti-SDHA (Molecular
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Probes), 5 pg/mL anti-myogenin (Abcam, Cambridge, UK),
and 5 pg/mL anti—actin, o 1, skeletal muscle (Abcam).

Mitochondrial Enzymatic Activity

Enzymatic activities for individual mitochondrial respiratory
chain complexes were analyzed as described elsewhere'”
with modifications: Cultured and harvested patients’
myoblasts (100,000 cells/assay) were permeabilized with
0.1% digitonin at room temperature for 1 minute with gentle
pipetting and were used for the experiment. A spectropho-
tometer equipped with a thermostated unit (U-2010; Hitachi,
Tokyo, Japan) was used, and a baseline calibration was
done before each measurement.

For complex I activity measurement, permeabilized cells
were added into reaction buffer (pH 7.4; 50 mmol/L
Tris-HCI, 250 mmol/L sucrose, 1 mmol/L EDTA, 10 umol/L
decylubiquinone, 50 umol/L. NADH, 5 pg/mL antimycin A,
and 2 mmol/L KCN) and were incubated in quartz cuvette at
37°C. Complex I activity was monitored by time-dependent
absorbance alterations.

For complex 1II activity measurement, permeabilized cells
were added into reaction buffer (pH 7.4; 50 mmol/L
potassium phosphate, 20 mmol/L. succinate, 50 pmol/L
2,6-dichlorophenolindophenol, 50 pmol/L decylubiquinone,
5 pg/mL rotenone, 5 pg/mL antimycin A, and 2 mmol/L
KCN) and were incubated in quartz cuvette at 37°C.
Complex II activity was monitored by time-dependent
absorbance alterations.

For complex III activity measurement, permeabilized
cells were added into reaction buffer [pH 7.4; 50 mmol/L
Tris-HCI, 250 mmol/L sucrose, 1 mmol/L EDTA, 50 pmol/L
cytochrome ¢, 50 pmol/L decylubiquinol (reduced form of
decylubiquinone), and 2 mmol/L. KCN] and were incubated
in quartz cuvette at 37°C. Complex III activity was moni-
tored by time-dependent absorbance alterations.

For complex IV activity measurement, permeabilized
cells were added into reaction buffer [pH 7.4; 10 mmol/L
potassium phosphate and 25 pmol/L. ferrocytochrome c¢
(reduced form of cytochrome c)] and were incubated in
quartz cuvette at 37°C. Complex IV activity was monitored
by time-dependent absorbance alterations.

For citrate synthase activity measurement, permeabilized
cells were added into reaction buffer [pH 8.0; 125 mmol/L
Tris-HCI, 300 pmol/L acetyl-CoA, 100 umol/L 5,5-
dithiobis (2-nitrobenzoic acid), and 500 pumol/L. oxaloace-
tate] and were incubated in quartz cuvette at 37°C. Citrate
synthase activity was monitored by time-dependent absor-
bance alterations.

Electrophoretic Protein Separation

SDS-PAGE, blue native PAGE (BN-PAGE), and two-
dimensional BN-PAGE/SDS-PAGE were performed as
described elsewhere'®'” with modifications, respectively:
Cultured and harvested patients’ myoblasts were resuspended
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in isolation buffer (pH 7.4; 210 mmol/L mannitol, 70 mmol/L
sucrose, 1 mmol/L EGTA, and 5 mmol/L HEPES) and were
homogenated on ice. Cell lysates were centrifuged to isolate
mitochondrial proteins. Obtained mitochondrial proteins
were quantified by Bradford assay, and a calibration curve
was generated using several known concentrations of bovine
serum albumin.

For SDS-PAGE, isolated mitochondrial proteins (100 pg)
were solubilized with 0.5% SDS containing 50 mmol/L
dithiothreitol at 70°C for 10 minutes and were used for the
experiment. Electrophoresis was performed on 4% to 12%
NuPAGE polyacrylamide gel (Invitrogen, Waltham, MA) at
room temperature under 200-V constant.

For BN-PAGE, isolated mitochondrial proteins (100 pg)
were solubilized with either 0.5% n-dodecyl-B-p-maltoside
(individual complexes detection) or 1% digitonin (super-
complexes detection) on ice for 30 minutes and were used
for the experiment. Electrophoresis was performed on 3% to
12% NativePAGE polyacrylamide gel (Invitrogen) at 4°C
under 150-V constant for 30 minutes, then resumed at 4°C
under 250-V constant.

Western Blot for Immunodetection

Electrophoresed gels were blotted onto polyvinylidene
difluoride membranes using iBlot transfer system (Invi-
trogen), according to the manufacturer’s instructions.
Blotted polyvinylidene difluoride membranes were blocked
at room temperature for 30 minutes. Primary antibody
probing was performed at room temperature for 90 minutes.
Secondary antibody probing was performed with chromo-
genic antibody detection kit (WesternBreeze; Invitrogen),
according to the manufacturer’s instructions.

For SDS-PAGE and immunodetection, primary anti-
bodies used were as follows: 0.5 pg/mL anti-SDHA (Mo-
lecular Probes), 2.5 pg/mL anti—MT-COl (Molecular
Probes), 2.5 ng/mL anti—MT-CO2 (Molecular Probes), 2.5
pg/mL  anti-COX4 (Molecular Probes), 2.5 pg/mL anti-
COX5B (Molecular Probes), and 2.5 pg/mL anti-COX6B
(Molecular Probes).

For BN-PAGE and immunodetection, primary anti-
bodies used were as follows: 0.5 pg/mL anti-NDUFA9
(Molecular Probes), 0.5 pg/mL anti-SDHA (Molecular
Probes), 0.5 pg/mL anti-UQCRC2 (Molecular Probes), 2.5
pg/mL anti—MT-CO1 (Molecular Probes), and 0.5 pg/mL
anti-ATP5B (Molecular Probes).

Detection of Intracellular ATP

Cultured and harvested patients’ myoblasts (100 cells/assay)
were applied for the measurements. Cells were treated
with rLuciferase/Luciferin chemiluminescence-based ATP
detection kit (Promega, Fitchburg, WI), according to the
manufacturer’s instructions, and intracellular ATP amount
was measured on chemiluminescent multiwell plate reader
(Centro LB 960; Berthold Technologies). A calibration

The American Journal of Pathology m ajp.amjpathol.org

curve was generated using several known concentrations of
ATP.

Detection of Mitochondrial Oxidative Stress and
Mitochondrial Membrane Potential

Quantitative fluorometry was performed as follows: Patients’
myoblasts (100 cells/mmz) were seeded onto 96-well culture
plates and were maintained at 37°C under humidified atmo-
sphere of 5% CO,. After 3 days in culture, cells were stained
at 37°C for 1 hour. Stained cells were rinsed and measured on
fluorescent multiwell plate reader (ARVO SX; Perkin Elmer,
Waltham, MA), first at excitation/emission of 545/595 nm
(red fluorescence) and then sequentially at excitation/
emission of 485/535 nm (green fluorescence).

Fluorescent imaging was performed as follows: Patients’
myoblasts (100 cells/mm?) were seeded onto 6-well culture
plates and were maintained at 37°C under humidified
atmosphere of 5% CO,. After 3 days in culture, cells were
stained at 37°C for 1 hour. Stained cells were rinsed and
observed under fluorescent microscope (IX71 System;
Olympus).

Fluorescent dyes used were as follows: 0.25 pg/mL
MitoTracker Green (Molecular Probes), 0.25 pg/mL
MitoSOX Red (Molecular Probes), and 0.25 pg/mL JC-1
(Molecular Probes).

Results

Molecular Pathogenic Variation among Patients with
COX Deficiency

We examined seven mitochondrial disease patients with
muscle histopathological COX deficiency, all of whom
carry no detrimental mutation on entire mtDNA sequence
(Supplemental Tables S1—S7). In addition, no typical
pathological abnormality was observed in all patient-derived
skeletal muscle tissues other than COX deficiency
(Supplemental Figure S1). On muscle histopathological
COX staining, the numerical and distributional variation of
COX-negative muscle fibers was observed among patients’
tissues (Figure 1A); Patients 5 and 6 also exhibited
completely deficient COX activity. On cytochemical COX
staining, a wide variety of the decreased COX activity was
also observed among patients’ myoblasts (Figure 1A),
showing a trend similar to muscle histopathological COX
staining. BN-PAGE and immunodetection indicated that the
apparently diminished band corresponding to COX holo-
enzyme was detected only in Patients 5 and 6, whereas the
other patients showed stable COX holoenzyme organization
(Figure 1B); Patients 5 and 6 also showed no COX-
containing respiratory chain supramolecular architectures
that were essential for efficient ATP production in the
mitochondrial electron transport system (Figure 1C). The
assembly of the other respiratory chain complexes was
unaffected in all patients. We therefore defined Patients 5
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Figure 1  Molecular pathogenic variation among patients with COX deficiency. A: Representative images of COX staining for frozen section of skeletal

muscle specimens (top row) and for cultured myoblasts (bottom row) of both controls (Ctrl) and patients. On cytochemical COX staining for cultured
myoblasts, all samples were stained simultaneously with the same period. Cell nuclei were costained with hematoxylin. B: Immunodetection of individual
respiratory chain complexes (CI, CII, CIII, COX, and CV) by BN-PAGE for the same amount of isolated mitochondrial proteins from both controls and patients.
Primary antibodies used were as follows: anti-NDUFA9 (CI), anti-SDHA (CII), anti-UQCRC2 (CIII), anti—MT-CO1 (COX), and anti-ATP5B (CV). All samples were
assayed at least in duplicate. C: Immunodetection of respiratory chain supercomplexes by BN-PAGE for the same amount of isolated mitochondrial proteins
from both controls and patients. Primary antibodies used were as follows: anti—MT-C01 (COX) (top row) and anti-UQCRC2 (CIII) (bottom row). All samples
were assayed at least in duplicate. D: Enzymatic activities of individual mitochondrial respiratory chain complexes for cultured and harvested myoblasts of
both controls and patients. Citrate synthase (CS) activity, as an internal marker in mitochondrial functions, was used for normalization in each sample. All
samples were measured at least in duplicate and averaged. The error bars indicate means + SD of controls (D). n = 10 (D, controls); n = 5 [D, COX defect
(—)]; n = 2 [D, COX defect (++)]. Scale bars = 50 um (A).

and 6 lacking COX holoenzyme as COX defect (+) and the
other patients exhibiting stable COX holoenzyme as COX
defect (—). Enzymatic activities of mitochondrial respiratory
chain complexes revealed that COX activity in all patients
was significantly decreased when compared with controls
(Figure 1D); Patients 5 and 6 as COX defect (+) also dis-
played lower biochemical COX function. The other respi-
ratory chain complex activities in all patients were almost
within normal range, except for relatively higher complex II
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activity, probably because of functional compensation in
mitochondrial oxidative phosphorylation. From molecular
diagnostic aspects in mitochondrial respiratory chain com-
plexes, we concluded that all patients used in this study
must be isolated COX deficiency.

Two-dimensional BN-PAGE/SDS-PAGE implied that the
apparent loss of COX holoenzyme found only in Patients 5
and 6 was because of drastically decreased amounts of all
COX structural subunits when compared with other
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Figure 2  COX holoenzyme disorganization, found only in Patients 5 and 6, originates in the decreased protein levels, but not in mRNA levels, of each
structural subunit. Az Visualization of all structural components in respiratory chain complexes by two-dimensional blue native PAGE (BN-PAGE)/SDS-PAGE and
silver staining for the same amount of isolated mitochondrial proteins from both controls (Ctrl) and Patients 5 and 6 as COX defect (+). Immunodetection
against MT-CO1 (COX) and SDHA (CII) was also shown. All samples were assayed at least in duplicate. B: Representative images of immunocytochemistry
against MT-C01 [COX, mitochondrial DNA (mtDNA) encoded], COX4 [COX, nuclear DNA (nDNA) encoded], and SDHA (CII) for cultured myoblasts of both controls
and patients. Cell nuclei were costained with Hoechst 33342 (blue). C: Protein expression levels in COX structural subunits of MT-CO1 (mtDNA encoded), MT-
€02 (mtDNA encoded), COX4 (nDNA encoded), COX5B (nDNA encoded), and COX6B (nDNA encoded) by SDS-PAGE and immunodetection for the same amount of
isolated mitochondrial proteins from both controls and patients. SDHA (CII) was used as an internal marker. All samples were assayed at least in duplicate. D:
mRNA expression levels in COX structural subunits of MT-C01 (mtDNA encoded), MT-C02 (mtDNA encoded), COX4 (nDNA encoded), COX5B (nDNA encoded) by
RT-PCR for the same amount of extracted total RNA from both controls and patients. GAPDH was used as an internal marker. RT- indicates without the addition
of reverse transcriptase in RT-PCR. All samples were assayed at least in duplicate. Scale bar = 50 um (B).

respiratory chain complex components (Figure 2A); it was exhibiting stable COX holoenzyme organization

consistent with the results of immunocytochemistry against
both COX structural subunits of mtDNA-encoded MT-COl1
and nDNA-encoded COX4 (Figure 2B). In fact, signifi-
cantly lower protein expression levels of several COX
structural subunits were confirmed only in Patients 5 and 6
when compared with controls and the other patients
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(Figure 2C). However, no significant alteration in mRNA
expression levels was observed in all patients when
compared with controls (Figure 2D). These results suggest
that COX holoenzyme disorganization, found only in Pa-
tients 5 and 6, originates in the decreased protein levels, but
not in mRNA levels, of each COX structural subunit.
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Severely Impaired COX Holoenzyme Integrity Triggers both markedly detected only in Patients 5 and 6 as COX
the Deteriorated Mitochondrial and Cellular defect (+), whereas the other patients showed no significant
Homeostasis, but Does Not Affect Skeletal Muscle alteration in mitochondrial functions when compared with
Development those of controls. These results demonstrate that COX
holoenzyme disorganization can strongly induce several
To further investigate the influences of severely impaired mitochondrial dysfunctions.
COX holoenzyme integrity on mitochondrial and cellular Among patients’ myoblast lines, Patients 5 and 6 as COX
homeostasis, we added cell-based functional analysis in all defect (4) exhibited significantly deteriorated proliferative
patients. The decreased ATP level was observed only in potential in living cells (Figure 4A); it was consistent with
Patients 5 and 6 as COX defect (4) when compared with the results of growth rate (Figure 4B) and doubling time
controls and the other patients exhibiting stable COX (Figure 4B). Remarkably, some senescence-associated
holoenzyme organization (Figure 3A). Interestingly, the B-galactosidase—positive senescent cells (Figure 4C) and
increased oxidative stress level (Figure 3, B and D) and the caspase 3—positive apoptotic cells (Figure 4D) were also
damaged membrane potential level (Figure 3, C and E) were detected only in Patients 5 and 6 as COX defect (+), even
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Figure 3  Severely impaired COX holoenzyme integrity triggers mitochondrial dysfunctions. A: Relationship between COX activity and ATP level for cultured
and harvested myoblasts of both controls (Ctrl) and patients. All samples were measured at least in duplicate and averaged. B: Relationship between COX
activity and oxidative stress [reactive oxygen species (ROS)] level for cultured myoblasts of both controls and patients. All samples were measured at least in
duplicate and averaged. C: Relationship between COX activity and membrane potential (A®m) level for cultured myoblasts of both controls and patients. All
samples were measured at least in duplicate and averaged. D: Representative images of the intracellular localization of MitoTracker (green) or MitoSOX (red)
for cultured myoblasts of both controls and patients. Cell nuclei were costained with Hoechst 33342 (blue). E: Representative images of the intracellular
localization of JC-1 monomer (green) or aggregates (red) for cultured myoblasts of both controls and patients. Cell nuclei were costained with Hoechst 33342

(blue). The error bars indicate means £ SD of controls (A—C). n = 10 (A—C, controls); n = 5 [A—C, COX defect (—)]; n = 2 [A—C, COX defect (+)]. Scale
bars = 50 pm (D and E).
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Figure 4  Severely impaired COX holoenzyme integrity also induces cellular dysfunctions, but does not affect skeletal muscle development. A: Relationship
between COX activity and cellular proliferation potential (bromodeoxyuridine assay) for cultured myoblasts of both controls (Ctrl) and patients. All samples were
measured at least in duplicate and averaged. B: Cellular growth rate for cultured myoblasts of both controls and Patients 5 and 6 as COX defect (+). The
estimated doubling time in each sample was also shown. All samples were measured at least in duplicate and averaged. C: Representative images of cellular
senescence for cultured myoblasts of both controls and patients. Arrowheads indicate senescence-associated B-galactosidase (SA-B-gal)—positive senescent
cells. All samples were stained simultaneously with the same period. D: Representative images of apoptotic cell death for cultured myoblasts of both controls and
patients. Arrowheads indicate caspase 3—positive apoptotic cells (green). Cell nuclei were costained with Hoechst 33342 (blue). E: Representative images of
immunocytochemistry against skeletal muscle tissue—specific markers of myogenin (MYOG) and actin, o 1, skeletal muscle (ACTA1) for differentiated myotubes
of both controls and patients. On MYOG immunostaining, mitochondria were costained with MitoTracker (green). On ACTA1 immunostaining, cell nuclei were
costained with Hoechst 33342 (blue). The error bars indicate means + SD of controls (A and B). n = 10 (A and B, controls); n = 5 [A, COX defect (—)]; n = 2
[A and B, COX defect (+)]. Scale bars = 50 um (C—E).
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under stable cell growth condition. Nevertheless, no biochemical diagnosis in each patient are summarized
apparent difference in in vitro differentiation propensity of in Table 1.

myoblasts into myotubes was confirmed in all patients when

compared with controls, which was determined by the Discussion

results of immunocytochemistry against skeletal muscle

tissue-specific markers of myogenin and actin, o 1, skeletal In this study, we characterized disease phenotypic differ-
muscle (Figure 4E). These results demonstrate that mito- ences among patients exhibiting mitochondrial diseases
chondrial dysfunctions triggered by COX holoenzyme with muscle histopathological COX deficiency by using a
disorganization can induce widespread cellular dysfunc- comprehensive functional analysis in mitochondria and
tions, but cannot affect skeletal muscle development in cells. We demonstrated that widespread mitochondrial and
patients. The data presenting mitochondrial and cellular cellular dysfunctions were actually dominated, at least in
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Table 1  Mitochondrial and Cellular Biochemical Diagnosis in Each Patient with Muscle Histopathological COX Deficiency

COX Cellular Cellular Cellular  Cellular
Patient no. COX function* structure ATP level* ROS level* AWm level* proliferation* senescence apoptosis differentiation
10 Controls 100.0 4+ 27.2 Normal 100.0 £+ 10.3 100.0 £+ 12.2 100.0 £+ 11.2 100.0 £ 3.9 ND ND Normal
1 26.5 Normal  100.2 162.5 92.5 83.1 ND ND Normal
2 46.4 Normal  104.8 149.6 93.9 77.3 ND ND Normal
3 51.5 Normal  130.2 122.6 117.6 89.8 ND ND Normal
4 25.6 Normal 92.6 168.2 92.3 78.1 ND ND Normal
5 14.3 ND 70.7 248.9 31.1 32.5 Detected  Detected Normal
6 17.1 ND 54.4 269.8 25.6 29.1 Detected  Detected Normal
7 66.9 Normal  109.7 115.2 120.8 96.0 ND ND Normal

COX, cytochrome ¢ oxidase; ND, not detected; ROS, reactive oxygen species; A¥m, membrane potential.
*Values are expressed as the percentage against the mean value of 10 controls.

part, by the aberrant COX holoenzyme organization,
possibly underlying the variation and the severity in clinical
phenotypes of patients. According to these results, we also
think it reasonable to classify two obviously different
severities in molecular diagnostic criteria of COX deficiency
(Figure 5): structurally stable, but functionally mild/mod-
erate defect and severe functional defect with the disrupted
COX holoenzyme structure, followed by several mito-
chondrial and cellular dysfunctions. Patients 5 and 6 are

mcoxm
" Mitochondrial

Clll respiration
AV lcox

cl i
i

Mild/moderate functional defect

|

Mitochondrial
physiology
Apparently normal
D s
D Cellular
D physiology
@ S

Apparently normal

Figure 5

categorized as histopathologically and biochemically severe
COX deficiency because of COX holoenzyme disorgani-
zation, which must be caused by genetic defects in COX-
associating genes. On the other hand, the other patients
may be affected by functional abnormality of COX holo-
enzyme itself or by other unknown physiological abnor-
malities to apparently induce muscle histopathological COX
deficiency as secondary clinical phenotypes. In these cases,
it is speculated that disease-causative mutations of muscle

Severe functional defect
with COX holoenzyme disorganization

|

ATP level |
ROS level T

Membrane potential (A¥m) |
Severely damaged

|

Proliferation ability |
@@
@@
Pt @@

Severely damaged

Accelerated scenescence

Induced apoptotic death

Mitochondrial and cellular phenotypic variation in COX deficiency: A graphical summary. Our in vitro diagnostic approaches successfully demonstrate

two obviously different severities in molecular diagnostic criteria of COX deficiency: left column, structurally stable, but functionally mild/moderate defect;
and right column, severe functional defect with the disrupted COX holoenzyme structure, followed by several mitochondrial and cellular dysfunctions.
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histopathological COX deficiency patients exhibiting stable
COX holoenzyme organization may be in non—COX-
associating genes. Therefore, our proposed molecular
diagnostic criteria would also be suggestive for effectively
exploring the candidate genes, which are responsible
for patient-specific pathology, by using next-generation
sequencing technology.

The molecular pathomechanism of biochemically severe
COX deficiency is summarized as follows: Genetic defects
in any COX-associating genes can induce the aberrant COX
holoenzyme organization,’ and the synthesized but the un-
assembled COX structural subunits are gradually degraded
by some mitochondrial metalloproteases to prevent their
accumulation in mitochondrial inner membrane.'® That is
why lower protein expression levels of several COX struc-
tural subunits, despite their stable mRNA syntheses, were
observed only in Patients 5 and 6 lacking COX holoenzyme.
COX holoenzyme disorganization can induce not only its
severe functional defect but also the diminished assembly to
form COX-containing respiratory chain supramolecular
architectures. In fact, the importance of COX holoenzyme in
respiratory chain supercomplexes has been reported,'” and
the optimized protein ratio of each respiratory chain com-
plex is critical for their supramolecular assembly formation,
allowing much higher electron transfer rates in mitochon-
drial oxidative phosphorylation.”” Thus, significant loss of
COX holoenzyme induces drastically decreased activity in
the production of ATP and thermal energy caused by an
insufficient proton electrochemical gradient between mito-
chondrial matrix and intermembrane space. Mitochondrial
respiratory chain complexes are also generally known to
increase oxidative stress with their functional defects, and in
this case, severely impaired COX holoenzyme integrity
seems most likely to affect the increased oxidative stress
level. To date, it still remains uncertain whether approxi-
mately 2.5-fold increase of oxidative stress level observed
only in Patients 5 and 6 lacking COX holoenzyme is sub-
stantially harmful in in vivo mitochondrial physiology.
However, the increased oxidative stress level may trigger
the accumulated oxidative damages to other mitochondrial
enzymes, substrates, lipids, and mtDNA, all of which lead to
the depressed overall mitochondrial functions and induce
premature senescence at a cell level. In addition, the
damaged membrane potential level implies two major
mitochondrial abnormalities: transport machinery defects of
proteins and substrates essential for mitochondrial biogen-
esis and bioenergetics and the accelerated leak of freely
mobile cytochrome ¢ molecules, as a caspase activator, in
mitochondrial electron transport system, followed by the
induced apoptotic signaling. Therefore, widespread cellular
dysfunctions, including the deteriorated cellular growth, the
accelerated cellular senescence, and the induced apoptotic
cell death, all of which were observed only in Patients 5 and
6, are clearly explained by primary COX holoenzyme
disorganization and the following secondary mitochondrial
dysfunctions.

The American Journal of Pathology m ajp.amjpathol.org

The relationships between the molecular abnormalities in
mitochondrial respiratory chain complexes and their nega-
tive contributions to mitochondrial and cellular functions
have been proved to be essential for better understandings in
mitochondrial medicine. In particular, most parts of mito-
chondrial diseases are caused by heteroplasmic mutations in
mtDNA (wild-type mtDNA and mutant mtDNA coexist
within a single cell) and present a wide variety of clinical
spectrum among patients, probably because of variations in
mutant mtDNA proportions at each tissue and organ level.
To date, patients’ fibroblasts are mainly used for biochem-
ical analysis. However, such fibroblasts do not always
exhibit mitochondrial respiratory defects, most likely
because of relatively lower mutant mtDNA proportions than
those in the affected tissues and organs of some patients.
Although this study does not include mitochondrial disease
patients with muscle histopathological COX deficiency,
those carrying heteroplasmic mtDNA mutations, our in vitro
diagnostic approaches by using patients’ myoblasts may be
more advantageous, because cells derived from the affected
tissues and organs can faithfully recapitulate their cell
type—specific pathophysiology in a patient-specific manner.
We also believe the use of nonviral, integration-free cellular
reprogramming technology”'*” to generate disease-relevant
induced pluripotent stem cells from patients’ fibroblasts or
peripheral blood cells can greatly help us to identify bona
fide pathomechanism of complex, severe clinical pheno-
types in mitochondrial diseases with multiple organ
involvements. In fact, several groups and we have recently
reported patient-specific induced pluripotent stem cells,
those carrying various types of pathogenic mutant mtDNAs
as in vitro human mitochondrial disease models,23 29
toward possible applications in induced pluripotent stem
cell—based drug discovery and regenerative therapeutics.’’

Conclusions

Our cell-based in vitro diagnostic approaches documented
herein would hold promise for enormous contributions to
clinical research for future personalized medicine, which is
based on the intrinsic molecular and cellular pathogenic
features of each patient exhibiting various types of mito-
chondrial diseases, including other respiratory chain com-
plex deficiencies and other mitochondrial metabolic enzyme
deficiencies.
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