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A number of studies have reported that decreased mitochondrial numbers are linked with neoplastic
transformation and/or tumor progression, including resistance to apoptosis. Peroxisome
proliferator-activated receptor gamma coactivator-1 alpha (PGC-1a) is a multi-functional transcriptional
coactivator that regulates the activities of multiple nuclear receptors and transcriptional factors involved in
mitochondrial biogenesis. In this study, we observed that the number of mitochondria in sarcoma tissues,
such as osteosarcoma and malignant fibrous histiocytoma, is significantly lower than that in normal muscle
tissue or benign tumors, and that increasing the number of mitochondria by PGC-1a overexpression
induces mitochondrial apoptosis in human sarcoma cell lines. The findings suggest that decreased
mitochondrial numbers may contribute to musculoskeletal tumor progression, and that regulation of
mitochondrial numbers by PGC-1a could be a potent therapeutic tool for human malignancies.

M
usculoskeletal malignancies are clinically aggressive and have high metastatic behavior in various
organs. Although many chemotherapeutic protocols are used for human sarcomas, the current che-
motherapeutic strategies for high-grade sarcomas have been ineffective, and the prognoses of patients

can be extremely poor because of local recurrence and distant metastases1. Therefore, new therapeutic strategies
against high-grade sarcomas need to be established. We have previously reported several therapeutic strategies
against high-grade sarcomas2–4.

Mitochondria are cytoplasmic organelles that play essential roles in cellular energy metabolism and pro-
grammed cell death5. Although the majority of mitochondrial proteins are synthesized by nuclear DNA
(nDNA), mitochondria possess their own genome, called mitochondrial DNA (mtDNA)6. Thousands of mito-
chondria are found in each cell, and the number of mitochondria per cell is known to vary with cell or tissue
origin, and to change under different internal or external microenvironments, such as hypoxia, and stimulation
by steroid hormones7,8. Quantitative changes in mitochondrial numbers have been observed in many cancers as a
decrease in hepatocellular carcinoma, renal cell carcinoma, advanced gastric cancer and breast cancer9–14, or an
increase in head and neck cancers, ovarian cancer, and esophageal squamous cell carcinoma15–17. Changes in the
reduction of mitochondrial numbers have been found to be associated with tumor progression and prognosis in
patients with hepatocellular carcinoma and breast cancer9,10. It has been reported that a decrease in mitochondrial
numbers is significantly associated with the development of metastasis in Ewing’s sarcoma18. It is unclear whether
mitochondrial numbers are decreased in other sarcomas.

Mitochondrial function is modulated by mitochondrial numbers and biogenesis19. Peroxisome prolifera-
tor-activated receptor gamma coactivator-1 alpha (PGC-1a) is a multi-functional transcriptional coactivator
that regulates the activities of multiple nuclear receptors and transcriptional factors involved in mitochon-
drial biogenesis, such as mitochondrial respiration, and mtDNA replication and transcription20,21. In par-
ticular, PGC-1a regulates transcription of the gene coding mitochondrial transcription factor A (TFAM), a
gene required for mitochondrial biogenesis, which mirrors the changing levels of mtDNA in the cell, and
plays a crucial role in mtDNA maintenance22. Recent studies have reported that PGC-1a expression
decreases in various cancers23–26; and suggest that decreased mitochondrial biogenesis may contribute to
tumorigenesis and/or tumor progression in human malignancies, and that the regulation of mitochondrial
numbers may induce antitumor effects on malignant tumor cells. Consistent with these hypotheses, it has
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been reported that 5-aminoimidazole-4-carboxamide-1-b-D-ribo-
furanoside, which is known to stimulate mitochondrial proliferation
and increased expression of TFAM, inhibits cell growth and induces
apoptosis in prostate cancer cells27. It is also reported that the intro-
duction of normal epithelial mitochondria into human breast cancer
cells inhibits cell proliferation and increases drug sensitivity through
a reversal of glycolysis28. We have recently reported that transcuta-
neous application of carbon dioxide (CO2) increases mitochondrial
biogenesis in skeletal muscle29, and that CO2 therapy induces mito-
chondrial apoptosis with mitochondrial proliferation via PGC-1a
expression in human malignant fibrous histiocytoma (MFH)30.

Based on these previous findings, we hypothesized that mitochon-
drial numbers and PGC-1a expression might decrease in human
sarcoma tissues, and that increases in mitochondrial numbers by
PGC-1a expression could induce antitumor effects on human sarco-
mas. In the current study, we examined mitochondrial numbers and
expression of PGC-1a and TFAM in human musculoskeletal tumor
tissues to verify mitochondrial biogenesis, and investigated the
effects of mitochondrial proliferation by PGC-1a on mitochondrial
biogenesis and cellular apoptosis in human musculoskeletal tumor
cell lines.

Results
Mitochondrial numbers significantly decrease in musculoskeletal
malignant tumors. To investigate mitochondrial biogenesis in
musculoskeletal tissues, we first evaluated mitochondrial numbers
and the expression of mitochondria-related genes in human
musculoskeletal tissue samples. We evaluated the number of
mtDNA copies relative to mitochondrial numbers in human
musculoskeletal tumors and normal muscle tissue by quantitative
real-time PCR (qRT-PCR) and found that mtDNA copy numbers
in musculoskeletal tumors, such as osteosarcomas and MFH, were
significantly lower compared with normal muscle tissue (Table 1). In
malignant tumors, mtDNA copy numbers were significantly lower
than in benign schwannomas (Table 1). These results were
corroborated by immunofluorescence staining of mitochondria
(data was not shown). And, we have also evaluated sample tissues
with electron microscopy to examine mitochondria size and shapes
(Supplementry Fig. S1). Electron microscopy revealed that mito-
chondria was barely observed and were swollen with disrupted
cristae in osteosarcoma and MFH tissues, but was extensively obser-
ved in normal muscle tissue. Consistent with mtDNA copy number
analysis, qRT-PCR showed that mRNA expression of both PGC-1a
and TFAM in musculoskeletal tumors were significantly lower
compared with normal muscle tissue (Table 2 and 3). In musculo-
skeletal tumors, both PGC-1a and TFAM mRNA expression were
significantly lower in malignant tumors compared with benign
schwannomas (Table 2 and 3).

Immunohistochemical analysis revealed very little expression of
either PGC-1a or TFAM in malignant tumor tissue, while strong
expression was observed in normal muscle tissue (Fig. 1a and 1b).

These results suggested that mitochondrial numbers and/or
mitochondrial biogenesis via the PGC-1a/TFAM pathway may

decrease in musculoskeletal malignancies, and that decreased mi-
tochondrial biogenesis may be associated with musculoskeletal
tumor development.

Mitochondrial proliferation is induced by PGC-1a overexpression
via the PGC-1a/TFAM pathway in human MFH cells. It has been
reported that mitochondrial synthesis is stimulated by the PGC-1a/
TFAM pathway in muscle tissue in vitro22; however, a relationship
between mitochondrial numbers and the PGC-1a/TFAM pathway
has not been reported in musculoskeletal malignancies. To elucidate
the relationship between mitochondrial biogenesis and musculo-
skeletal tumorigenesis, we examined the direct effects of increased
PGC-1a expression on mitochondrial biogenesis by co-transfection
with PGC-1a plasmid and TFAM siRNA. Transfection with PGC-1a
plasmid/control siRNA strongly increased the expression of both
PGC-1a and TFAM, while TFAM siRNA strongly reduced PGC-
1a-induced TFAM expression (Fig. 2a). The amount of mtDNA
significantly increased with PGC-1a plasmid/control siRNA
transfection (Fig. 2b, P , 0.05), and decreased with TFAM siRNA
(Fig. 2b). The results were corroborated by immunofluorescence
staining (Fig. 2c).

Increased mitochondrial numbers by PGC-1a overexpression
induces mitochondrial apoptosis in human sarcoma cells. We
hypothesized that tumor progression can be caused by decreased
mitochondrial biogenesis, and that improving mitochondrial
numbers might affect tumor cell growth. To test this hypothesis,
we assessed apoptotic activity in human musculoskeletal cell lines
after co-transfection with PGC-1a plasmid and TFAM siRNA.

In sarcoma cell lines, Nara-H, TNMY-1, KTHOS, and MG-63,
transfection with PGC-1a plasmid/control siRNA strongly increased
the number of apoptotic cells, along with an increase in mitochon-
drial proliferation (Fig. 3a–d, Supplementary Fig. S2a–d). However,
increased apoptotic cell numbers with mitochondrial proliferation
were markedly suppressed by TFAM siRNA transfection (Fig. 3a–d,
Supplementary Fig. S2a–d). Consistent with these results, immuno-
fluorescence staining revealed that increased apoptotic cell numbers
with mitochondrial proliferation were extensively observed in PGC-
1a plasmid/control siRNA transfected sarcoma cells (Fig. 4a and b,
Supplementary Fig. S3a and b). In addition, to evaluate the effect of

Table 1 | Relative mtDNA number in musculoskeletal tissues

n Relative mtDNA number

normal muscles 10 3.57 6 0.52
schwannomas (benign) 12 1.00 6 0.28
osteosarcomas (malignant) 14 0.17 6 0.08
MFHs (malignant) 8 0.05 6 0.02

Evaluation of mitochondrial biogenesis in human musculoskeletal tissue samples. The relative
amount of mtDNA was evaluated in 34 human musculoskeletal tumor tissue (benign: 12 and
malignant: 22) and 10 human normal muscles by qRT-PCR. Results were normalized to the mean
value of the schwannomas. Data represent mean 6 SE of at least three independent experiments
(*P , 0.01; ** P , 0.05).

Table 2 | Relative PGC-1a expression in musculoskeletal tissues

n Relative mtDNA number

normal muscles 10 3527 6 820
schwannomas (benign) 12 1.00 6 0.12
osteosarcomas (malignant) 14 0.16 6 0.03
MFHs (malignant) 8 0.18 6 0.09

Evaluation of mitochondrial biogenesis in human musculoskeletal tissue samples. The relative
mRNA expression of PGC-1awas evaluated in 34 human musculoskeletal tumor tissue (benign: 12
and malignant: 22) and 10 human normal muscles by qRT-PCR. Results were normalized to the
mean value of the schwannomas. Data represent mean 6 SE of at least three independent
experiments (* P , 0.01; ** P , 0.05).

Table 3 | Relative TFAM expression in musculoskeletal tissues

n Relative mtDNA number

normal muscles 10 12.07 6 2.70
schwannomas (benign) 12 1.00 6 0.27
osteosarcomas (malignant) 14 0.11 6 0.06
MFHs (malignant) 8 0.02 6 0.006

Evaluation of mitochondrial biogenesis in human musculoskeletal tissue samples. The relative
mRNA expression of TFAM was evaluated in 34 human musculoskeletal tumor tissue (benign: 12
and malignant: 22) and 10 human normal muscles by qRT-PCR. Results were normalized to the
mean value of the schwannomas. Data represent mean 6 SE of at least three independent
experiments (* P , 0.01; ** P , 0.05).
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Figure 1 | Imuunohistochemical staining for PGC-1a (a) and TFAM (b) in human musculoskeletal tumors and normal muscle tissue samples. Arrows

indicate PGC-1a (a) and TFAM (b) stained cells.

Figure 2 | Effects of PGC-1a plasmid and TFAM siRNA co-transfection on mitochondrial biogenesis in a human MFH cell line, Nara-H. (a) Protein

expression of PGC-1a and TFAM were evaluated by immunoblot analysis in Nara-H cells that were co-transfected with PGC-1a plasmid (or control

plasmid) and TFAM siRNA (or control siRNA). (b) Relative mtDNA numbers in plasmid/siRNA transfected Nara-H cells were assessed by qRT-PCR.

Data represent mean 6 SE of at least three independent experiments (* P , 0.05). (c) Immunofluorescence staining of mitochondria was performed in

plasmid/siRNA transfected cells. Bar 5 10 mm.
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mitochondrial proliferation on cellular apoptosis in normal cell, we
examined apoptotic activity and mitochondrial proliferation in nor-
mal chondrocyte cell line (NHAC-kn) using same transfection. In a
NHAC-kn cell, mitochondrial number was increased by PGC-1a
plasmid/control siRNA transfection, however, there was no signifi-
cant difference in the number of apoptotic cells among transfected
cells (Supplementary Fig. S4a and b). Consistent with these results,
immunofluorescence staining revealed that increased apoptotic cells
with mitochondrial proliferation were not observed in PGC-1a plas-
mid/control siRNA transfected sarcoma cells (Supplementary Fig.
S4c). These findings suggested that mitochondrial proliferation
induced apoptosis might be specific to malignant tumors though
one limitation is that normal cells used in this study are not of tumor
origin.

We also evaluated the expression of apoptosis-related proteins,
such as caspases, cytochrome c and Bax, by immunoblot analyses
in transfected MFH cells. In PGC-1a plasmid/control siRNA-trans-
fected cells, cleavage of both caspase-3 and -9 strongly increased
compared with other transfected cells, while the expression of
cleaved caspase-8 did not increase (Fig. 5a). Cleaved forms of the

three caspases did not change in TFAM siRNA-transfected cells
(Fig. 5a).

Protein expression of cytochrome c and Bax were separately eval-
uated in the mitochondrial and cytoplasmic fractions. We observed
that, in PGC-1a plasmid/control siRNA-transfected cells, the
expression of cytochrome c decreased in the mitochondrial fraction
and increased in the cytoplasmic fraction (Fig. 5b). Conversely, Bax
expression increased in the mitochondrial fraction and decreased in
the cytoplasmic fraction (Fig. 5b). The results indicated that increas-
ing mitochondrial numbers by PGC-1a overexpression could induce
mitochondrial apoptosis in human sarcoma cells.

Discussion
Decreased mitochondrial numbers in renal cancer31, hepatocellular
carcinoma12, and gastric cancer11 has been reported. Simonnet et al.
reported that mitochondrial respiratory dysfunction through
decreased mtDNA was observed in accordance with increased
invasiveness of cancer cells32. Consistent with these reports, in the
present study, we observed that mitochondrial numbers were

Figure 3 | Mitochondrial apoptotic activity after PGC-1a plasmid and TFAM siRNA co-transfection in human musculoskeletal cell lines. Apoptotic

activity and mitochondrial numbers were assessed by flow cytometry in human MFH (Nara-H) (a) and human osteosarcoma (KTHOS) (b) cell lines.

Results were normalized to control cell (control plasmid and control siRNA co-transfection) mean value. Data represent mean 6 SE of at least three

independent experiments (* P , 0.05). (c and d) Correlations between apoptotic activity and mitochondrial numbers in each transfected cell line were

evaluated.
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significantly reduced in human sarcoma tissues compared with nor-
mal muscle tissue or benign musculoskeletal tumors. While it is
generally accepted that there are differences between tissues in
mtDNA content in mammalian tissues, the extent and entity of these
differences are not clear. As far as we have examined previous studies,
it was reported that there were differences of mitochondrial copy
number in various normal tissues; however the differences were
about 2 times at maximum or none (Supplemental Reference 1, 2).
Then, we used normal muscles tissues as an alternative to various
normal tissues in this study because it is difficult to obtain various
normal tissue samples from human. Increased mitochondrial num-
bers have also been reported in head and neck cancers33, esophageal
squamous cell carcinoma16, and endometrial adenocarcinoma34.
These reports suggest that, on the basis of clonal expansion mechan-
isms, increases in mitochondrial copy numbers might be compens-
atory to allow damaged mitochondria to maintain function16,33.
When cancer progresses to advanced stages because of excess
damage, decompensation may be followed by decreases in mito-
chondrial copy numbers, resulting in impaired mitochondrial func-
tion and the Warburg effect35. Causes of decreases in mitochondrial
numbers are not well known. mtDNA has a unique 1124 bp non-
coding region, designated as a displacement D-loop, which is
responsible for mtDNA transcription and replication36. Mutations
in the D-loop region are very common in cancer cells37. Thus,
alterations in the D-loop may interfere with sequences in promoter

regions, and may modify the binding affinities of inducers and/or
modulators of mtDNA transcription and replication38. We hypothe-
sized that if cancer progression is caused by decreased mitochon-
drial numbers, increasing the number of mitochondria might have
antitumor effects in malignant tumors.

PGC-1a is a multi-functional transcriptional coactivator that reg-
ulates the activities of multiple nuclear receptors and transcriptional
factors involved in mitochondrial biogenesis through TFAM20,21. It
has recently been reported that PGC-1a expression decreases in
certain cancers, such as breast23, colon24, hepatocellular25, and
ovarian cancers26. These reports suggest that PGC-1a may be
involved in the pathogenesis of various human malignancies, as well
as the possible involvement of the PGC-1a/TFAM/mitochondria
pathway in tumorigenesis. However, the role of PGC-1a and
TFAM in musculoskeletal tumors has not been reported. In the
present study, we evaluated the expression of PGC-1a and TFAM
in human musculoskeletal tissue, and observed that both PGC-1a
and TFAM expression significantly decreased in human sarcoma
tissue compared with normal muscle tissue or benign tumors.
These results suggest that mitochondrial biogenesis through PGC-
1a and TFAM may be reduced in musculoskeletal malignancies, and
that the PGC-1a/TFAM/mitochondria pathway may play crucial
roles in musculoskeletal tumorigenesis or progression.

We examined the effects of PGC-1a overexpression in various
musculoskeletal tumor cells to elucidate the role of the PGC-1a/

Figure 4 | Immunofluorescence staining of apoptotic nuclei (green) and mitochondria (red) in human musculoskeletal cell lines after PGC-1a plasmid
and TFAM siRNA co-transfection. (a) Nara-H, a human MFH cell line, and (b) KTHOS, a human osteosarcoma cell line.

Figure 5 | Western immunoblot analyses for apoptosis-related proteins in PGC-1a plasmid/TFAM siRNA transfected MFH cells. (a) Expression of

cleaved forms of caspase-3, -8 and -9. (b) Expression of cytochrome c and Bax were separately evaluated in mitochondrial and cytoplasmic fractions.
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TFAM/mitochondria pathway in musculoskeletal tumors. In this
study, we observed that mitochondrial numbers increased with
PGC-1a overexpression, and that increasing mitochondrial num-
bers induced mitochondrial apoptosis in malignant musculoskele-
tal tumor cell lines. Consistent with our findings, Zhang et al.
reported that PGC-1a expression in ovarian tumors was down-
regulated compared with normal ovaries, and observed that over-
expression of PGC-1a significantly and specifically induced cell
apoptosis and decreased the Bcl-2/Bax expression ratio in a human
ovarian carcinoma cell line26. The molecular mechanisms inducing
apoptosis by PGC-1a remain unclear; however, the results of the
current study indicate that PGC-1a overexpression may induce
mitochondrial apoptosis via an improvement in the number of
mitochondria.

It has been reported that mitochondria play important roles in
apoptosis using mitochondrial DNA-deficient cells in the intrinsic
apoptotic pathway39. In the extrinsic apoptotic pathway, Higuchi
et al. reported that TNF-induced apoptosis was not observed in
mitochondrial respiration-deficient cells, whereas apoptosis was
induced in cells reconstituted with normal mtDNA40. It has also been
reported that introduction of normal epithelial mitochondria into
human cancer cells inhibited proliferation and increased drug sens-
itivity through a reversal of glycolysis28. These reports suggest that
mitochondrial dysfunction may cause cells to become resistant to
certain apoptotic pathways. The resistance of cancer cells to treat-
ments is thought to be associated with flaws in their apoptotic pro-
graming. Therefore, successful elimination of cancer cells largely
depends on the ability of anticancer treatments to stimulate sup-
pressed apoptotic pathways. Although antitumor therapies targeting
mitochondrial function have been reported41, studies on the regu-
lation of mitochondrial proliferation as a therapeutic tool are limited.
However, mitochondria could be a promising target for cancer treat-
ment42. Increases in mitochondrial numbers after chemotherapeutic
treatment, such as doxorubicin43, etoposide44,45, and taxol46, have
been reported using various cancer cells. It has also been reported
that mitochondrial amplification selectively increased sensitivity to
doxorubicin in antiestrogen-resistant breast cancer cells47. We prev-
iously reported that transcutaneous CO2 therapy decreased tumor
growth via induction of mitochondrial apoptosis with mitochondrial
proliferation in musculoskeletal malignancies30. Taken together,
these findings suggest that mitochondrial proliferation may precede
nuclear apoptosis, and may be an integral part of a cascade in apop-
totic events30,43,45–47.

It has been recently reported that stimulation of mitochondrial
activity and restoration of mechanisms of ATP generation character-
istic of nonmalignant cells might be an efficient tool in anticancer
therapy42. In particular, shifting cellular metabolism towards mito-
chondrial ATP production might overcome the glycolytic pathway42.
Xu et al. reported that reversing glycolysis severely depleted ATP in
cancer cells, and lead to rapid dephosphorylation of the glycolysis–
apoptosis integrating molecule bcl-2-associated death promoter,
causing relocalization of Bax to mitochondria and massive cell
death48. Although we did not examine whether ATP changes were
induced by mitochondrial proliferation in our study, we speculate
that one plausible explanation for the effect of mitochondrial prolif-
eration on musculoskeletal malignant tumors is that mitochondrial
proliferation shifts cellular metabolism from glycolysis to glucose
oxidation, resulting in mitochondrial apoptosis being induced via
the depletion of ATP in malignant musculoskeletal tumor cells.
Taken together, the findings of the current study indicate that mito-
chondrial biogenesis via the PGC-1a/TFAM pathway may play cru-
cial roles on apoptotic activity in musculoskeletal malignancies, and
that increasing mitochondrial numbers by PGC-1a overexpression
could induce apoptosis.

In conclusion, we observed a decrease in mitochondrial biogenesis
in human malignant musculoskeletal tumors, and that increasing

mitochondrial numbers by PGC-1a overexpression induced cell
apoptosis in human sarcoma cell lines, but not in normal chondro-
cytes. To the best of our knowledge, this is the first report to observe a
role of mitochondria in human musculoskeletal tumors, and is also
the first report focusing on mitochondria as a target for antitumor
therapy. Although one limitation is that normal cells used in this
study are not of tumor origin and further studies are required, our
findings suggest that regulation of the PGC-1a/TFAM/mitochondria
pathway may be a potent therapeutic target for human musculoske-
letal malignancies.

Methods
Human musculoskeletal tissue samples and human musculoskeletal cell lines.
Thirty-two musculoskeletal tumor tissue samples, including 14 osteosarcomas, eight
MFH, and 12 schwannomas, and 10 normal muscle tissue samples were obtained by
surgery at Kobe University Hospital in accordance with institutional guidelines. All
patients participating in the study gave informed consent prior to surgery. All samples
were immediately stored at 280uC until use.

Four human sarcoma cell lines, two osteosarcoma cell lines (KTHOS and MG-63)
and two MFH cell lines (Nara-H and TNMY-1), and a normal human knee chon-
drocyte cell line (NHAC-kn) were used in in vitro studies. KTHOS and TNMY-1 were
previously established at our laboratory49,50. The Nara-H cell line was obtained from
ScienStuff Co. (Nara, Japan)51. MG-63 was purchased from the American Type
Culture Collection. NHAC-kn was purchased from Cambrex (Charles City, IA,
USA)52. Cells were grown in culture medium consisting of Dulbecco’s modified
Eagle’s medium (Sigma-Aldrich Co., St Louis, MO, USA) supplemented with 10%
fetal bovine serum (Sigma-Aldrich) and 100 U/mL penicillin/streptomycin solution
(Sigma-Aldrich). Cells were maintained at 37uC in a humidified 5% CO2 atmosphere.

Evaluation of expression of mitochondria-related genes and mitochondrial
numbers in musculoskeletal tissues. To examine mitochondrial biogenesis in
musculoskeletal tissue samples, the relative amount of mtDNA copies and the
expression of PGC-1a and TFAM were evaluated using qRT-PCR.
Immunofluorescence staining was also performed to determine expression levels of
mitochondria in musculoskeletal tissues.

Electron microscopy. Musculoskeletal tumor tissues, and normal muscle,
chondrocyte, and osteocyte tissues was first fixed with 2.5% glutaraldehyde in 0.1 M
PBS (pH 7.4) for 2 h at 4uC and then post-fixed in 1% osmium tetroxide, 0.1 M
phosphate buffer (pH 7.4). After dehydration in ethanol and embedded in an Epon-
Araldite mixture, thin sections were obtained with a Reichert-Jung Ultracut-E
ultramicrotome and stained with lead citrate. Samples were examined with a JEM-EX
electron microscope (JEOL, Tokyo, Japan).

In vitro experiments. To investigate the effects of mitochondrial proliferation on
human sarcoma cells, we performed co-transfection of human musculoskeletal cell
lines with a PGC-1a-expressing plasmid and a specific siRNA against TFAM. We
used the pcDNA4 myc PGC-1 alpha (PGC-1a plasmid) (Addgene, Cambridge, MA,
USA) for PGC-1a overexpression, and a human TFAM-specific siRNA (TFAM
siRNA) (Ambion Inc., Austin, TX, USA) for TFAM inhibition. pcDNA3 (Addgene)
and a negative control siRNA (Ambion Inc.) were used as a control plasmid and a
control siRNA, respectively. Briefly, 1 day before transfection, cells were seeded in 6-
well culture plates in growth medium without antibiotics. Cells were then co-
transfected with either PGC-1a plasmid or control plasmid, and either TFAM siRNA
or control siRNA using Lipofectamine2000 Transfection Reagent according to the
manufacturer’s protocol (Invitrogen, Carlsbad, CA, USA). After co-transfection with
the plasmid and siRNA, the relative amount of mtDNA copy numbers and the
expression of mitochondria were evaluated by qRT-PCR and immunofluorescence
staining. Expression of PGC-1a and TFAM in transfected cells were evaluated by
immunoblot analysis. Mitochondrial proliferation and apoptotic activity were
examined by immunoblot analysis, immunofluorescence staining, and flow
cytometry.

Quantitative real-time PCR. qRT-PCR was performed to analyze mRNA expression
of PGC-1a and TFAM in human musculoskeletal tissues. Total RNA was extracted
from tissue samples by selective binding to a silica-gel-based membrane using an
RNeasy Mini Kit, following the manufacturer’s protocol (QIAGEN, Valencia, CA,
USA), and first strand cDNA were reverse transcribed. Real-time PCR was performed
in a 20 mL reaction mixture using SYBR Green Master Mix Reagent (Applied
Biosystems, Foster City, CA, USA) and an ABI prism 7500 sequence detection system
(Applied Biosystems). PCR conditions were as follows: 1 cycle at 95uC for 10 minute
followed by 40 cycles at 95uC for 15 seconds and 60uC for 1 minute. Pre-designed
primers specific for human PGC-1a, human TFAM and human b-actin were obtained
from Invitrogen. Primer sequences were: human PGC-1a, 59-GGC AGA AGG CAA
TTG AAG AG-39 (forward) and 59-TCA AAA CGG TCC CTC AGT TC-39 (reverse);
human TFAM, 59-CCG AGG TGG TTT TCA TCT GT-39 (forward) and 59-GCA
TCT GGG TTC TGA GCT TT-39 (reverse); human b-actin, 59-GAT CAT TGC TCC
TCC TGA GC-39 (forward) and 59-ACA TCT GCT GGA AGG TGG AC-39 (reverse).
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Values were normalized against b-actin and relative expression of PGC-1a and TFAM
were calculated using the delta-delta Ct method.

To evaluate mitochondrial numbers in human musculoskeletal tissues and cell
lines, we examined the relative amount of mtDNA to nDNA. Genomic DNA was
isolated from tissue samples and transfected cell lines using a GenElute Mammalian
Genomic DNA Miniprep Kit (Sigma-Aldrich). The sequences of the primers
designed to amplify a region corresponding to nn 16–408 of a D-loop of human
mtDNA were: 59-GCA GAT TTG GGT ACC ACC CAA GTA TTG ACT CAC CC-39

(forward) and 59-GCA TGG AGA GCT CCC GTG AGT GGT TAA TAG GGT GAT
AG-39 (reverse). The relative amount of mtDNA to nDNA was then calculated.

Immunofluorescence staining. Mitochondria in human musculoskeletal tissues
were evaluated by immunofluorescence staining. Tissue samples were embedded in
OCT compound (Sakura Finetek Co., Tokyo, Japan), and 10-mm thick sections were
prepared on a cryostat and stored frozen at 280uC. Sections were incubated with anti-
actin antibody (Sigma-Aldrich) diluted in PBS for 30 minutes at 37uC. After washing,
sections were incubated with Alexa Fluor 488-conjugated anti-rabbit IgG
(Invitrogen) and MitoTracker Deep-Red FM (Invitrogen) in PBS for 30 minutes in a
dark, humid chamber at 37uC. Nuclei were stained with DAPI. Fluorescence images
were obtained using a BZ-8000 confocal microscope (Keyence, Osaka, Japan).

Immunofluorescence staining was also performed to verify the relationship
between mitochondrial proliferation and cellular apoptosis in human sarcoma cells
that were co-transfected with plasmid and siRNA. Staining was carried out using an
APO-DIRECT Kit (BD Pharmingen, Franklin Lakes, NJ, USA) and MitoTracker
Deep-Red FM (Invitrogen) according to the manufacturers’ protocols. Briefly, cell
lines co-transfected with plasmid and siRNA were fixed in 4% paraformaldehyde for
30 minutes at room temperature. Cells were incubated in prepared DNA Labeling
Solution (APO-DIRECT Kit; BD Pharmingen) for 60 minutes and incubated in
MitoTracker Deep-Red FM (Invitrogen) for 30 minutes. Nuclear staining was per-
formed using propidium iodide. Stained cells were assessed using a BZ-8000 confocal
microscope (Keyence).

Immunoblot analysis. Cell lysates were collected from transfected cells using a
whole-cell lysis buffer (Mammalian Protein Extraction Reagent; Thermo Scientific,
Rockford, IL, USA) supplemented with protease and phosphatase inhibitors (Roche
Applied Science, Indianapolis, IN, USA). Protein concentrations were quantified
using Bradford Protein Assay Reagent (Bio-Rad, Richmond, CA, USA), and samples
were processed using standard western immunoblotting procedures52. Membranes
were incubated overnight at 4uC with primary antibodies in Can Get Signal Solution 1
(Toyobo Co., Ltd, Osaka, Japan). Following washing, membranes were incubated
with the appropriate secondary antibody conjugated to horseradish peroxidase, and
exposed to an ECL Plus western blotting detection system reagent (GE Healthcare
Bio-Sciences, Piscataway, NJ, USA). Signals were detected using a chemilumino
analyzer LAS-3000 mini (Fujifilm, Tokyo, Japan).

Protein expression of cytochrome c and Bax were separately evaluated in mito-
chondrial and cytoplasmic fractions. The mitochondrial fraction from transfected
cells was isolated using a Mitochondria Isolation Kit according to the manufacturer’s
protocol (Thermo Scientific). The expression of both cytochrome c and Bax were
evaluated by immunoblot analyses.

Primary antibodies used in immunoblot analyses were: anti-human PGC-1a
antibody (151000) (Cell Signaling Technology), anti-human TFAM antibody
(151000) (Abnova), anti-human cleaved caspase-3 antibody (15500) (Cell Signaling
Technology), anti-human cleaved caspase-8 antibody (15500) (Cell Signaling
Technology), anti-human cleaved caspase-9 antibody (15500) (Cell Signaling
Technology), anti-human cytochrome c antibody (151000) (eBiosience Inc., San
Diego, CA, USA), anti-human Bax antibody (151000) (Cell Signaling Technology),
and anti-human a-tubulin antibody (1510000) (Sigma-Aldrich).

Flow cytometric analysis. To investigate mitochondrial apoptosis in transfected cells,
we assessed apoptotic activity and mitochondrial proliferation by flow cytometry.
Briefly, transfected cells were collected and suspended in 1% paraformaldehyde in
PBS, before being resuspended in ice cold ethanol at a concentration of 1 3 106 cells/
ml. Each cell pellet was labeled using an APO-DIRECT Kit (BD Pharmingen) for
apoptotic activity and MitoTracker Deep-Red FM (Invitrogen) for mitochondrial
proliferation according to the manufacturers’ protocols. Fluorescent intensity was
analyzed using a FACS CaliburTM (BD Pharmingen).

Statistical analysis. Each experiment was performed independently at least three
times. Data are presented as mean 6 SE unless otherwise indicated. Statistical
significance of differences between mean were evaluated by two-tailed Student’s t-
tests, and by ANOVA with post hoc test to compare continuous values. A P value ,

0.05 was considered statistically significant.
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