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Warburg effect is a hallmark of cancer manifested by contin-
uous prevalence of glycolysis and dysregulation of oxidative
metabolism. Glycolysis provides survival advantage to cancer
cells. To investigate molecular mechanisms underlying the
Warburg effect, we first compared oxygen consumption among
hFOB osteoblasts, benign osteosarcoma cells, Saos2, and
aggressive osteosarcoma cells, 143B. We demonstrate that, as
both proliferation and invasiveness increase in osteosarcoma,
cells utilize significantly less oxygen. We proceeded to evaluate
mitochondrial morphology and function. Electron microscopy
showed that in 143B cells, mitochondria are enlarged and
increase in number. Quantitative PCR revealed an increase in
mtDNA in 143B cells when compared with hFOB and Saos2
cells. Gene expression studies showed that mitochondrial sin-
gle-strandDNA-bindingprotein (mtSSB), a key catalyst ofmito-
chondrial replication, was significantly up-regulated in 143B
cells. In addition, increased levels of the mitochondrial respira-
tory complexes were accompanied by significant reduction of
their activities. These changes indicate hyperactive mitochon-
drial replication in 143B cells. Forced overexpression of mtSSB
in Saos2 cells caused an increase in mtDNA and a decrease in
oxygen consumption. In contrast, knockdown ofmtSSB in 143B
cells was accompanied by a decrease inmtDNA, increase in oxy-
gen consumption, and retardation of cell growth in vitro and in
vivo. In summary, we have found that mitochondrial dysfunc-
tion in cancer cells correlates with abnormally increased mito-
chondrial replication, which according to our gain- and loss-of-
function experiments, may be due to overexpression of mtSSB.
Our study provides insight into mechanisms of mitochondrial
dysfunction in cancer and may offer potential therapeutic
targets.

One of the landmark phenotypical characteristics attributed
to cancer cells is their predominant reliance on glycolysis. In the
1920s, Otto Warburg demonstrated that tumor cells metabo-
lize glucose at a much higher rate when compared with their
non-malignant counterparts. This phenomenon has been
referred to as the “Warburg effect” (1, 2). It is manifested by

dysregulation of the biochemical pathway that mediates oxida-
tive metabolism of glucose in the cell. Furthermore, recent
studies have shown that cells predominantly relying on glycol-
ysis to satisfy their energy needs exhibit increased resistance to
pro-apoptotic signals and do not respond well to anti-cancer
treatment (3–5). The molecular mechanisms underlying the
Warburg effect in tumorigenesis remain poorly understood.
Initially, it has been suggested that a unique defect in oxidative
metabolism in tumor cells results in a corresponding shift to
the glycolytic pathway (2). However, subsequent observations
revealed similar patterns in normal cells under conditions of
rapid proliferation, where the majority of glucose was con-
verted to lactate, effectively excluding the possibility that aero-
bic glycolysis is a feature unique to malignant cells or that it is
indicative of any unique defect in the oxidative metabolism (6,
7). In contrast, several highly proliferative tumor cell lines have
been shown to exhibit normal characteristics of oxidative
metabolism (8).
The present report attempts to elucidate the role of mito-

chondria in the Warburg phenomenon. Here, we hypothesize
that in themost aggressive human osteosarcoma cell line, 143B,
defects in mitochondrial morphogenesis directly contribute to
decreased oxygen consumption and abnormal proliferation of
the cells. Based on this hypothesis, we have analyzed parame-
ters of mitochondrial function in different osteosarcoma cells
that demonstrate varying degrees of proliferative capacity
and the invasion potential.

EXPERIMENTAL PROCEDURES

Materials—Chemicals were from Sigma unless otherwise
noted. Cell culture media, ingredients, and antibiotics were
from Invitrogen. Oligonucleotides were custom made by IDT
(Coralville, IA). Primary antibodies against humanmtSSB2 and
human �-actin were from Novus Biologicals (Littleton, CO)
and Sigma, respectively. Secondary antibodies, Precision Plus
molecular weight markers, dry milk, and buffer ingredients for
immunoblotting were from Bio-Rad. shRNA against mtSSB
was fromSanta Cruz (Santa Cruz, CA). FuGENE�HD transfec-
tion reagent was from Roche Applied Science.
Cell Culture—Human fetal osteoblasts transformed with

SV40T antigen, hFOB 1.19, as well as osteosarcoma cells, Saos2
and 143B, were obtained from ATCC (Manassas, VA). hFOB
cells were cultured in DMEM/F-12 medium, and Saos2 and
143B cells were cultured in DMEMmedium at 37 °C. All media
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were supplemented with 10% fetal bovine serum and 1% peni-
cillin/streptomycin mixture.
Cell Growth Assay—Cells were initially plated on 6-well

plates at a density of 200,000 per well. After 48 h of incubation,
cells were trypsinized, resuspended in 1ml of PBS, and counted
using a Cellometer� automated cell counter from Nexcelom
Bioscience (Lawrence, MA).
Matrigel Invasion Assay—Cell invasion was assayed using

Matrigel Invasion Chambers manufactured by BD Bioscience.
Cells were seeded in control andMatrigel chambers at a density
of 5 � 104 cells per chamber in 0.5 ml of serum-free DMEM.
Chambers were placed in wells with DMEM containing 10%
FBS. After 48 h of incubation at 37 °C, chambers were removed,
and membrane tops were scrubbed with a wet cotton swab to
remove non-invading cells. Chambers were then placed in
methanol for 2 min, incubated for 2 min in 1% toluidine blue
solution containing 1% borax, rinsed with water, and air-dried.
Membranes were removed from chambers with a scalpel and
mounted on glass slides. The number of cells migrated through
Matrigel membranes was counted and divided by the number
of cells migrated through control membranes to determine the
cell invasion index.
Oxygen Consumption—Rates of oxygen consumption in cell

suspensions weremeasuredwith a Clark-type oxygen electrode
(Microelectrodes, Inc; Bedford, NH) that was placed in a cus-
tom-made air-tight temperature-controlled chamber. After
300 �l of medium at 37 °C containing re-suspended cells at 2�
106 per ml was added, the chamber was sealed. After signal
stabilization, oxygen consumption was recorded for 15 min,
and then a reducing agent, dithionite, was added to calibrate for
0% oxygen content. The signal trace was digitized on a com-
puter connected to the electrode via a data acquisition device
(DATAQ� Instruments; Akron, OH) using version 2.54 of
WinDaqTM Waveform Browser software (DATAQ� Instru-
ments; Akron, OH).
Electron Microscopy—Samples were prepared as described

previously (9). Briefly, pelleted cultured cells were fixed in 2.5%
glutaraldehyde in 0.1 M phosphate buffer, post-fixed in 1.0%
OsO4, trapped in 4% agarose, dehydrated with ethanol, and
embedded in Spurr epoxy resin. Tissue pieces of xenografted
tumors were fixed in 2.5% glutaraldehyde in 0.1 M sodium caco-
dylate buffer, post-fixed in 1.0% OsO4, dehydrated with etha-
nol, and transitioned into propylene oxide for infiltration and
embedding into EPON/Araldite epoxy resin. Thin sections
were cut onto grids, stainedwith uranyl acetate and lead citrate,
examined with a H-7650 Hitachi transmission electron micro-
scope, and digitally photographed. Archival human osteosar-
coma epoxy-embedded tissue blocks were thin-sectioned and
photographed. Cell area occupied by either mitochondria or
the cytosol was outlined andmeasured with ImageJ software. A
ratio of the mitochondrial area to the cytosolic area was calcu-
lated. A total of 30 cells per sample were analyzed.
Real-time RT-PCR—Total cellular RNA was isolated using

the RNeasy Mini kit by Qiagen (Valencia, CA) and reverse-
transcribed into cDNAusing iScript cDNA synthesis kit by Bio-
Rad according to the manufacturer’s instructions. One �g of
cDNA was subjected to real-time quantitative PCR using
primer pairs for the following human genes: mtSSB (5�-TGA

ATC GTG TGC ACT TAC TTG GGC-3� and 5�-GAT TGT
TGT TGC TTG TCG CCT CAC-3�), polymerase G (5�-GTG
GCC ATG AAG TGG CTG TTT GAA-3� and 5�-TCA TTC
AGA CCC AGC TTG TAG GCA-3�), and GAPDH (5�-GAG
TCAACGGATTTGGTCGT-3� and 5�-GACAAGCTTCCC
GTT CTC AG-3�). Real-time PCR was performed using the
RotorGene� real-time DNA amplification system (Qiagen�).
SYBR Green reagent produced by Abgene (Rockford, IL) was
used to monitor DNA synthesis. The expression of proteins of
interest was normalized to the expression of GAPDH.
Mitochondrial DNA Quantitation—Total cellular DNA was

isolated using the Wizard� Genomic DNA purification kit by
Promega (Madison, WI), according to the manufacturer’s
instructions. 250 ng of DNA per sample was subjected to real-
time quantitative PCR analysis using SYBR Green reagent and
RotorGene� real-time DNA amplification system as described
above. To detect mtDNA levels, we used a primer pair for the
mtDNA-encoded human gene, ND1 (5�-TGGGTACAATGA
GGAGTAGG-3� and 5�-GGAGTAATCCAGGTCGGT-3�).
To detect nuclear DNA levels, we used a primer pair for the
nuclear-encoded human �-actin (5�-TCA CCC ACA CTG
TGC CCA TCT ACG A-3� and 5�-CAG CGG AAC CGC TCA
TTG CCA ATG G-3�). mtDNA was normalized to nuclear
DNA.
Western Blotting—Cells were lysed, and the protein concen-

tration in lysateswasmeasured using theBradford assay. Twen-
ty-five �g of total protein per sample was mixed 1:1 with 2�
Laemmli buffer, boiled, and subsequently subjected to electro-
phoresis using NuPage� pre-cast 4–12% gradient polyacryl-
amide gels (Invitrogen). The samples were electroblotted onto
polyvinylidene difluoridemembranes. Blots were blocked in 5%
dry milk dissolved in PBS containing 0.01% of Tween 20
(PBST), probedwith primary antibody resuspended in 2.5% dry
milk dissolved in PBST at 2 �g/ml, incubated with horseradish
peroxidase-conjugated secondary antibody resuspended in
2.5% dry milk dissolved in PBST at 0.2 �g/ml, developed using
SuperSignal WestPico chemiluminescent substrate produced
by Thermo Scientific (Rockford, IL), and photographed. To
verify equal loading, blots were stripped in Re-Blot Plus strip-
ping buffer produced by Millipore (Billerica, MA), re-probed
with �-actin antibody resuspended in 2.5% dry milk in PBST at
0.5 �g/ml, and developed as described above. Band intensities
were measured using densitometry and Adobe� Photoshop�
software.
Isolation of Mitochondria—Cells were resuspended in MS

buffer (195mMmannitol, 65mM sucrose, 2 mMHEPES, pH 7.4,
0.05 mM EGTA, 10 �M MgCl2, 0.5 mg/ml BSA, 0.05 mM KPi),
homogenized in a glass Teflon homogenizer (15 strokes), and
centrifuged in Hermle centrifuge at 3500 rpm at 4 °C for 3 min.
The resulting supernatant was further centrifuged at the same
temperature at 10,500 rpm for 9 min. After the spin-down, the
pellet was resuspended in the MS buffer, centrifuged at 9000
rpm for 9 min, and finally resuspended in 100 �l of the MS
buffer with/without BSA.Mitochondrial protein concentration
was determined using the Bradford method.
Non-denaturing Clear Native Gel Separation of Mitochon-

drial Proteins—Isolated mitochondria were incubated for 20
min in clear native extraction buffer consisting of dodecyl
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maltoside (1%), NaCl (50 mM), imidazole (50 mM), aminocap-
roic acid (2mM), and EDTA (1mM), pH 7.0, at 4 °C. Extractions
were centrifuged at 10,000 � g for 5 min to pellet non-soluble
proteins. The supernatant was loaded directly onto the gel
using a 50% glycerol, 0.1% Ponceau loading buffer. The gel
(5–12.5% gradient, 25 mM imidazole, 500 mM aminocaproic
acid) was run at 100 V for the first hour and with a 15-mA limit
for the remainder of the run. The anode buffer consisted of
imidazole (25 mM), and the cathode buffer consisted of imida-
zole (7.5 mM), Tricine (50 mM), deoxycholate (0.05%), and dode-
cyl maltoside (0.02%), all at pH 7.0 at 4 °C. Gels were visualized
with silver staining, photographed, and analyzed using Adobe
software.
Activity ofMitochondrial EnzymeComplexes—For complex I

and II enzyme activity assays, the electron transfer was moni-
tored by observing colorimetric absorbance of 2,6-dichloro-
phenolindophenol, a dye that absorbs at 600 nm and becomes
colorless by accepting electrons fromubiquinol. Ubiquinol pro-
ductionwas dependent on the ability of complex I or complex II
enzymes to reduce synthetic analogs of ubiquinone, ubiqui-
none-1 and -2, respectively. The solution for either complex
activity assay contained 50 mM phosphate buffer, 0.1 mM

EDTA, 45 �M 2,6-dichlorophenolindophenol, 1 mM KCN, and
2.5mg/ml BSA.Mitochondrial protein was added at 100 �g/ml
concentration. For complex I activity, an initial incubation to
minimize substrate-dependent nonlinear rate was followed by
monitoring absorbance at 600 nm for 5min after the addition of
ubiquinone-1 at 0.1 mM in the presence of complex-specific
substrates, 10mM glutamate, and 5mMmalate. 10�M rotenone
was then added, and the inhibited absorbance wasmonitored
for additional 5 min.
For complex II activity, 0.05 mM ubiquinone-2, 1 �M rote-

none, and complex-specific substrate, 20 mM succinate, were
added to the assay solution, and the absorbance rate was mon-
itored at 600 nm for 5 min. 1 mM thenoyltrifluoroacetone was
then added, and the inhibited absorbance was monitored for
an additional 5 min. The corrected absorbance rate was cal-
culated by subtracting the inhibited rate from the initial rate
for the corresponding enzyme complex and subsequently
multiplying the obtained value by the extinction coefficient
for 2,6-dichlorophenolindophenol.
For the complex III assay, production of reduced cytochrome

c as a result of enzymatic activity of ubiquinol cytochrome c
reductase was followed for 5 min at 550 nm in the presence of
100 �g/ml mitochondrial protein sample. Cyanide was added
to prevent re-oxidation of cytochrome c by complex IV. The
assay solution contained 50mM phosphate buffer, 1mM EDTA,
5mMMgCl2, 20mMKCN, 1�M rotenone, 15�M cytochrome c,
and 15 �M ubiquinol. Non-enzymatic reduction of cytochrome
c was determined initially and subtracted from the experimen-
tal absorbance values after addition of ubiquinol.
For complex IV assay, oxidation of 50 �M reduced cyto-

chrome c was followed for 5 min at 550 nm in the presence of
100 �g/ml mitochondrial protein in 10 mM phosphate buffer.
The slope of the absorbance curve was used to determine the
rate constant for cytochrome oxidase activity.
Stable Overexpression of mtSSB—Human mtSSB cDNA was

PCR-amplified from the human cDNA library, subcloned into

the Topo II TA vector (Invitrogen), excised from the Topo II
TA vector using EcoRI, and inserted into the EcoRI site of the
pcDNA3.1� vector. Correct orientation and nucleotide com-
position of mtSSB was verified by sequencing. Saos2 cells were
transfected with the pcDNA-mtSSB construct using FuGENE�
HD reagent (Roche Applied Science). After 48 h, selection was
started with 750 �g/ml Geneticin (Invitrogen) and continued
for 2 weeks. Stable mtSSB overexpression was confirmed with
immunoblotting and persisted for at least five passages.
Stable Knock-down of mtSSB—MtSSB knock-down in 143B

cells was achieved by transfection with the plasmid carrying
shRNA against humanmtSSBmade by Santa Cruz (Santa Cruz,
CA). Infected cells were selected using 2�g/ml puromycin for 2
weeks, and stable mtSSB knock-down in 143B-KD-mtSSB was
verified with immunoblotting and persisted for at least 10 pas-
sages. As a control, a subset of 143B cells was transfected with
the control plasmid carrying scrambled sequence.
In Vivo Tumor Growth—Wild-type 143B or 143B-KD-

mtSSB cells were detached from plates and mixed 1:1 with
Matrigel, and 500,000 cells in a 100-�l suspensionwere injected
subcutaneously into the right flanks of nudemice. Fivemice per
groupwere injected. Tumorsweremeasured in twodimensions
using digital calipers at days 7, 14, and 21. Tumor size was
calculated using the formula Tumor Volume � Length �
Width2 � �/6 (10).
Statistical Analysis—Experiments were repeated 3–5 times.

Data were analyzed using Prism, Version 5.01 forWindows, by
GraphPad Software (San Diego, CA). Mean values and S.E. of
the mean were calculated, and the statistical significance was
established using either Student’s t test or one-way analysis of
variance as appropriate.When analysis of variance revealed sta-
tistical significance, Dunnett’s multiple comparison post hoc
analysis was performed to confirm differences between exper-
imental groups. Datawith p� 0.05were considered statistically
significant.

RESULTS

Growth Rate and the Invasion Profile of Osteosarcoma Cells—
For the experiments in this study, we used two cell lines derived
from human osteosarcoma patients, Saos2 and 143B. Saos2
cells are neither tumorigenic normetastatic, whereas 143B cells
are tumorigenic and metastatic when injected into mice (11–
13). For the non-malignant control, we included an immortal-
ized human osteoblastic cell line, hFOB (14). hFOB cells are
transformedwith a temperature-sensitive SV40 T large antigen
that is active at 33 °C (14). To avoid potential artifacts caused by
the active SV40 T large antigen, we used hFOB cells at a non-
permissive temperature of 37 °C. These conditions allow ade-
quate growth of hFOB cells and have been used in previous
studies (15).
To assess the phenotype of Saos2 and 143B cells, we first

compared their growth rate to hFOB cells after 24 or 48 h of
incubation. As shown in Fig. 1A, growth rate of Saos2 cells was
comparable with the growth rate of non-malignant hFOB cells,
whereas143B cells grew almost twice as fast. To assess invasive-
ness of cells, we performed an invasiveness assay using Matri-
gel-coated membranes. The microphotograph in Fig. 1B dem-
onstrates that the number of toluidine-positive Saos2 cells
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penetrating the Matrigel coating of the membrane is similar to
that of hFOB cells, whereas a significantly larger number of
143B cells invade the membrane (right panel). Quantitative
analysis of the cell invasion index confirms the above observa-
tion (Fig. 1C). These assays demonstrate that growth and inva-
siveness of Saos2 cells are similar to those of non-malignant
hFOB cells, whereas 143B cells possess much higher prolifera-
tive and invasive capacity, confirming the benign and aggressive
phenotypes of Saos2 and 143B osteosarcoma cells, respectively.
Respiratory Capacity of the Studied Cancer Cells—We next

examined the rate of oxygen consumption by the Saos2 and
143B cancer cells (Fig. 2A). Using a Clark oxygen electrode, we
detected that in comparison to hFOB cells, Saos2 and 143B
osteosarcoma cells exhibited various degrees of decrease in the
respiratory capacity (Fig. 2B). Whereas hFOB cells consumed
more than 4 nmol of O2/min/106 cells, oxygen consumption by
benign Saos2 cells was almost half that level, whereas aggressive
143B cells consumed only 1.3 nmol of O2/min/106 cells. These
results suggest an apparent inhibition of the functioning of the
respiratory chain in malignant cells in solid tumor cell lines.

The degree of such inhibition appears to correlate with the
malignant potential of the studied cells.
Mitochondria Increase in Size and Number in Malignant

Cells—We next assessed the morphology of mitochondria in
the studied cells using electron microscopy. As shown in Fig.
3A, mitochondria in hFOBand Saos2 cells shownormal “ortho-
dox” morphology, whereas mitochondria in 143B cells increase
in size and number. To determine whether the observed phe-
nomena persist in vivo and are not specific to cell culture, we
xenografted 143B cells subcutaneously into nude mice and,
after 3 weeks, excised developed tumors and processed them
for electron microscopy. Fig. 3B shows that osteosarcoma
tumors derived from 143B cells reveal mitochondrial morphol-
ogy similar to that observed in vitro (middle panel), whereas
mitochondrial morphology in the adjacent non-tumor tissue is
normal and orthodox (left panel). We also examined archival
specimens of osteosarcoma andobserved changes inmitochon-
dria similar to those in 143B cells and tumor xenografts (Fig. 3B,
right panel). Quantitative analysis of the area occupied bymito-
chondria relative to the cytosolic area revealed that the ratio of
mitochondria to the cytosol dramatically increased in aggres-
sive 143B osteosarcoma cells compared with either non-malig-
nant hFOB or benign Saos2 osteosarcoma cells (Fig. 3C). These
experiments indicate an increase in the mitochondrial mass in
aggressive cancer cells that correlates with the degree of inhi-
bition of mitochondrial function.
Increased Mitochondrial Replication in 143B Cells—To

determine whether the observed increase in mitochondrial
mass is due to increasedmitochondrial replication, we analyzed
mtDNA levels in hFOB, Saos2, and 143B cells (Fig. 4A). Real-
time quantitative PCR analysis revealed that the level of

FIGURE 1. Proliferation rate and invasive potential of osteosarcoma cells.
A, hFOB, Saos2, and 143B cells were seeded in 6-well plates at the density of
200,000 cells per well. After 24 or 48 h of incubation, cells were trypsinized,
harvested, and counted using an automatic cell counter. B, hFOB, Saos2, and
143B cells were seeded onto either control or Matrigel-coated membranes of
the invasion chambers at the density of 50,000 cells per chamber. After 48 h of
incubation, cells that have penetrated through the membranes were stained
with toluidine blue to assess the invasive potential. C, quantitative analysis of
the invasive potential was performed by calculating the invasion index, as
described under “Experimental Procedures.” Values represent the means �
S.E.; n � 3– 4 independent wells. *, p � 0.05, as compared with hFOB cells.

FIGURE 2. Oxygen consumption by osteosarcoma cells is significantly
decreased. A, a graphic representation of the oxygen consumption rate is
shown. 600,000 cells were suspended in 300 �l of medium at 37 °C in a sealed
chamber, and oxygen consumption (Vresp.) was measured for 15 min with a
Clark-type electrode. B, respiratory capacity of the cells as expressed in nmol
of oxygen/min/1 million cells is shown. Values represent the means � S.E.;
n � 3 independent measurements. *, p � 0.05, as compared with hFOB cells.

Aberrant Mitochondrial Replication in Cancer

22334 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 25 • JUNE 24, 2011



mtDNA was significantly increased in 143B cells, indicating a
state of abnormally increased mitochondrial replication. To
elucidate possible mechanisms of induced mitochondrial rep-
lication in cancer cells, wemeasured expression levels of known
regulators of mitochondrial replicationmachinery, polymerase
G and mtSSB (16–19). As shown in Fig. 4B, compared with
hFOB cells, mtSSB expression in Saos2 cells was slightly higher
and in 143B cells was significantly (6-fold) higher. Polymerase
G expression was similar in all studied cells (data not shown).
These results demonstrate that mtSSB, which is known to be a
key catalyst of mitochondrial replication (16–19), is overex-
pressed in highly malignant 143B cells and accompanies
increasedmtDNA levels. Together the data presented in Figs. 3
and 4, such as an increase in mitochondrial mass, mtDNA, and
mtSSB levels, indicate the state of abnormally increased mito-
chondrial replication in themost aggressive 143B cells that cor-
relates with inhibition of respiratory capacity.
Increased Protein Levels of Mitochondrial Respiratory Com-

plexes Are Accompanied by Reduced Respiratory Chain Enzyme
Activity—To assess how the described changes in the expres-
sion of mtSSB and mtDNAmay affect mitochondrial function,
we examined protein levels and activity of mitochondrial respi-
ratory chain complexes. Gel separation of mitochondrial pro-
tein revealed that 143B cells express significantly larger
amounts of the enzyme components that comprise complexes
I, II, and IV (Fig. 4C). On the other hand, when enzymatic activ-
ity of complexes I through IV was assayed, we were able to
detect significantly lower activity of complexes I, II, and IVwith
a 70, 54, and 57% decrease in catalytic activity, respectively (Fig.

FIGURE 3. Changes in mitochondrial morphology of osteosarcoma cells in
vitro and in vivo. Thin sections were prepared for electron microscopic anal-
ysis from pellets of hFOB, Saos2, and 143B cells (A) or tissue obtained from
xenografted tumors (B, middle panel) and archival tissue blocks (B, right panel)
as described under “Experimental Procedures.” In B, N and T stand for normal
or tumor tissue, respectively. C, quantitative analysis of changes in mitochon-
drial morphology expressed as the ratio of the area occupied by mitochon-
dria relative to the area of the cytosol is shown. Values represent the means �
S.E.; n � 30 cells per sample analyzed. *, p � 0.05, as compared with hFOB
cells.

FIGURE 4. Levels of mitochondrial DNA, mtSSB, and respiratory complexes in osteosarcoma cells. A, total cellular DNA was isolated and subjected
to real-time PCR analysis to determine the amount of mtDNA in the studied cells. The data are expressed as a ratio between the amounts of ND1, an
mtDNA-encoded gene, and �-actin, a nuclear-encoded gene. B, total cellular RNA was isolated and reverse-transcribed. Real-time PCR analysis was
performed to determine expression levels of several genes implicated in mitochondrial biogenesis. Experimental data were normalized to the expres-
sion of GAPDH. C, mitochondria were isolated from hFOB and 143B cells, and mitochondrial proteins were separated using non-denaturing gel
electrophoresis. The plot depicts densitometric changes in protein level of 143B cells compared with hFOB cells. D, isolated mitochondria was used for
assay of enzyme activities of respiratory complexes I-IV in hFOB and 143B cells, as described under “Experimental Procedures.” The data are expressed
as percentage of activity compared with hFOB cells. Values represent the means � S.E.; n � 3 independent measurements. *, p � 0.05, as compared with
hFOB cells.
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4D). Even though the activity of mitochondrial complex III was
reduced by 34%, it did not reach statistical significance.
Effect of Gain of mtSSB Function on Cancer Cell Respiration—

To determine the contribution of mtSSB and of mitochondrial
replication to the observed dysregulation of mitochondrial
function, we performed a stable transfection of benign osteo-
sarcoma Saos2 cells with an expression vector containing
cDNA for human mtSSB. Overexpression of mtSSB in Saos2-
mtSSB cells was confirmed by immunoblotting (Fig. 5A).
Increased levels of mtSSB were accompanied by a 2.4-fold
increase in the mtDNA level (Fig. 5B), indicating increased
mitochondrial replication. Additionally, overexpression of
mtSSB was accompanied by a significant decrease in oxygen
consumption (Fig. 5C). These data further support our hypoth-
esis that mtSSB overexpression leads to abnormally increased
mitochondrial replication accompanied by decreased respira-
tory function in cancer cells.

Effect of Loss ofmtSSB Function on Respiration andGrowth of
Cancer Cells—To further assess significance of mtSSB in mito-
chondrial dysregulation in cancer, we conducted a loss of func-
tion study by performing a knockdown of mtSSB expression in
143B cells. As shown in Fig. 6A, using anti-mtSSB shRNA, we
were able to achieve a 50% reduction in the level of mtSSB
protein in 143B cells compared with the control. This down-
regulation resulted in a 70% decrease in mtDNA level (Fig. 6B).
Moreover, the decrease in mtSSB protein levels and mtDNA
was accompanied by a corresponding 2-fold increase in oxygen
consumption by 143B-KD-mtSSB cells, as demonstrated in Fig.
6C. The changes in mtDNA levels and respiratory capacity in
the presence of decreased levels of mtSSB were also accompa-
nied by a markedly slowed rate of growth of these cells both in
vitro (Fig. 6D) and in subcutaneous tumor xenografts in nude
mice in vivo (Fig. 6D). These data indicate that targetingmtSSB
in highly malignant cells leads to slowdown of mitochondrial
replication, normalization of mitochondrial function and sup-
pression of tumor growth.

DISCUSSION

In summary, our key findings indicate the following. 1) The
143B cell line, which represents an aggressive, poorly differen-
tiated variety of human osteosarcoma, demonstrates a mark-
edly increased proliferation rate and invasion capacity com-
paredwith non-malignant hFOBcells. At the same time, benign
osteosarcoma cells, Saos2, reveal the degree of proliferation and
invasiveness that is similar to hFOB cells. 2) Highly aggressive
143B osteosarcoma cells show the most pronounced inhibition
of cell respiration. 3)Mitochondria in 143B cells increase in size
and number and have elevated mtDNA levels as well as
increased expression levels of mtSSB, a protein implicated in
mitochondrial biogenesis. 4) Protein levels of mitochondrial
respiratory chain complexes are elevated in 143B cells, a finding
that is accompanied by a significant decrease in their enzymatic
activity. 5) Gain-of-function experiments demonstrate that in
the presence of overexpressed mtSSB, benign osteosarcoma
Saos2 cells have increased mtDNA levels and become less
dependent on oxidative phosphorylation. On the other hand,
shRNA-mediated knockdown of mtSSB in 143B cells leads to a
decrease in mtDNA, a noticeable improvement in the respira-
tory capacity of the cells, and a significant reduction in the
growth rate both in vitro and in vivo. Based on these experimen-
tal data, we conclude that in highly aggressive cancer cells,
mitochondrial dysfunction may be due to the abnormally
increased mitochondrial replication due to overexpression of
mtSSB, resulting in accumulation of large number of non-func-
tional “immature” organelles. It is, however, important to note
that the above changes cannot be explained exclusively by the
aberrant mitochondrial replication because complex II, which
is not coded by mtDNA, was also overexpressed in 143B cells,
and, therefore, nuclear gene regulation was also somehow
affected. This effect was beyond the scope of our study and
needs further attention in future work.
It has been shown previously that oxidative phosphorylation

may directly correlate with aggressiveness in cancer (20, 21).
We provide additional evidence that in osteosarcoma, themost
aggressive and poorly differentiated cell line, 143B, demon-

FIGURE 5. Effect of gain of mtSSB function on mitochondrial mass and
function. A, shown is a representative microphotograph of an immunoblot
demonstrating stable mtSSB overexpression in Saos2 cells. Cells were trans-
fected with the pcDNA-mtSSB construct, and the levels of mtSSB protein were
confirmed for at least five passages. B and C, shown is the effect of mtSSB
overexpression on the amount of mtDNA (B) and oxygen consumption (C) in
Saos2 cells. gDNA, genomic DNA. Mitochondrial DNA content and the rate of
oxygen consumption were determined as described under “Experimental
Procedures.” Values represent the means � S.E.; n � 3 independent measure-
ments. *, p � 0.05, as compared with non-transfected Saos2 cells.
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strates the lowest rate of oxygen consumption and the most
invasive phenotype compared with both non-malignant as well
as more differentiated osteosarcoma cells.
Numerous reports describe important differences between

mitochondria of normal and cancer cells. They include altera-
tions of mitochondrial DNA,metabolic activity, and proteomic
composition observed during malignant transformation (20,
22–24). Increased levels of mitochondrial DNA have been
demonstrated in vitro. Additionally, high mtDNA content is
detected in patients with aggressive ovarian, breast, and testic-
ular cancer (25–27). Consistent with these findings, our study
demonstrates that in highly proliferative and invasive osteosar-
coma, there is marked elevation of mtDNA accompanied by a
significant disruption of respiratory function as well as abnor-
malities in the number and ultrastructural composition of
mitochondria.
Gel electrophoresis has been used previously to quantify lev-

els of mitochondrial oxidative phosphorylation enzymes in
muscle tissue (28). We used native polyacrylamide gel separa-
tion ofmitochondrial respiratory chain complexes to show that
compared with human osteoblasts, malignant 143B osteosar-
coma cells express significantly higher levels of these multisub-
unit complexes. In contrast, enzymatic activity of mitochon-
drial complexes I, II, and IV in 143B cells was markedly
inhibited, whereas enzymatic activity of complex III, despite
being lower in 143B cells than in hFOB cells, did not reach
statistical significance.

mtSSB has been described as an evolutionarily conserved
crucial component in the process of replication and mainte-
nance of mtDNA (11,17–19, 29–33). Arakaki et al. (17) discov-
ered thatmtSSB alsomaintainsmitochondrialmorphology and
promotes cell survival in normal murinemyoblasts. Our exper-
imental data suggest that increased levels of mtSSB in 143B
osteosarcoma cells may indeed facilitate changes in mitochon-
drial number and morphology, further validating the role
mtSSB in promoting mitochondrial biogenesis. This finding is
also confirmed by other studies that report elevated mtSSB
content in other solid tumors (34). It remains to be seen
whether up-regulation of mtSSB in osteosarcoma is accompa-
nied by increased resistance of cancer cells to apoptosis.
Based on the reported findings, we suggest a mechanism of

mitochondrial dysregulation in osteosarcoma where increased
levels of mtSSB promote accelerated mitochondrial replication
and, as a consequence, accumulation of a large number of
immature non-functional organelles. Among possible causes of
increased mtSSB expression may be transcriptional up-regula-
tion of the protein by NF�B. Increased activity of NF�B has
been reported in osteosarcoma (5, 35). Additionally, we believe
that mtSSB promoter contains an NF�B binding site,3 thus
potentially facilitating accelerated transcription of mtSSB in
osteosarcoma cells.

3 R. A. Eliseev, unpublished data.

FIGURE 6. Effect of loss of mtSSB function on mitochondrial mass, oxygen consumption, and cell growth. A, shown are representative microphotographs
of an immunoblot demonstrating stable mtSSB knockdown (KD) in 143B cells that was achieved by using a viral vector containing shRNA against human mtSSB.
The knockdown was confirmed for at least 10 passages. B and C, shown is the effect of mtSSB knockdown on the amount of mtDNA (B) and oxygen
consumption (Vresp.) (C) in 143B cells. Mitochondrial DNA content and the rate of oxygen consumption were determined as described under “Experimental
Procedures.” D and E, shown is the effect of mtSSB loss-of-function on the growth of cancer cells in vitro and in vivo. D, wild-type 143B or 143B-KD-mtSSB cells
were seeded in 6-well plates at the density of 100,000 cells per well. After 24 or 48 h of incubation, the cells were trypsinized, harvested, and counted using an
automatic cell counter. E, wild-type 143B or 143B-KD-mtSSB cells were injected subcutaneously into mice. Tumor size was measured at 7, 14, and 21 days.
Values represent the means � S.E.; n � 4 independent measurements. *, p � 0.05, as compared with non-transfected 143B cells.
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In conclusion, our data demonstrate a novel dysregulatory
mechanism of mitochondrial morphogenesis and metabolism
in osteosarcoma that involves accelerated proliferation of the
organelles in response to elevated levels of mtSSB. Therefore,
choosing mtSSB as one of the therapeutic approaches for can-
cer treatment may represent a highly selective target for slow-
ing tumor growth and, potentially, making cells more suscepti-
ble to pro-apoptotic signals.
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