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Abstract
We have studied the functional effects of nonsense mitochondrial DNA (mtDNA) mutations in the
COXI and ND5 genes in a colorectal tumor cell line. Surprisingly, these cells had an efficient
oxidative phosphorylation (OXPHOS); however, when mitochondria from these cells were
transferred to an osteosarcoma nuclear background (osteosarcoma cybrids), the rate of respiration
markedly declined suggesting that the phenotypic expression of the mtDNA mutations was prevented
by the colorectal tumor nuclear background. We found that there was a significant increase in the
steady-state levels of PGC-1α and PGC-1β transcriptional coactivators in these cells and a parallel
increase in the steady-state levels of several mitochondrial proteins. Accordingly, adenoviral-
mediated overexpression of PGC-1α and PGC-1β in the osteosarcoma cybrids stimulated
mitochondrial respiration suggesting that an upregulation of PGC-1α/β coactivators can partially
rescue an OXPHOS defect. In conclusion, upregulation of PGC-1α and PGC-1β in the colorectal
tumor cells can be part of an adaptation mechanism to help overcome the severe consequences of
mtDNA mutations on OXPHOS.

INTRODUCTION
Human mtDNAis a 16,569 bp circular double stranded molecule that contains 37 genes, of
which the 13 protein encoding genes express components of the OXPHOS system, including
seven (ND1, ND2, ND3, ND4, ND4L, ND5, ND6) subunits of the respiratory chain complex
I, one (Cyt b) subunit of complex III, three (COXI, COXII and COXIII) subunits of complex
IV and two (ATPase 6 and ATPase 8) subunits of complex V. Mutations in mtDNA protein
coding genes have been shown to affect assembly, stability or the functional structure of
individual respiratory chain enzyme complexes, leading to isolated OXPHOS deficiencies
(1–5). Genetic and biochemical studies on mtDNA mutations involving protein-encoding
genes have, in many cases, shown a close to linear relationship between the proportion of
mutated mtDNA and the OXPHOS defect (1,6,7).

Somatic mutations of mtDNA have been reported in a wide variety of cancer cells (8–13). The
functional relevance of these mutations in the tumor formation and/or promotion process is
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unclear. However, recent studies have shown that mtDNA mutations and OXPHOS
dysfunction can increase tumorigenicity and promote cell invasion in various tumor cell types
(14–20).

Transcriptional coactivators of the PGC-1 (peroxisome proliferator-activated receptor γ
coactivator 1) gene family are master regulators of mitochondrial biogenesis and oxidative
metabolism (21). Among three known members of this family, PGC-1α is most studied,
whereas PGC-1β and PRC (PGC-1 related coactivator) are less well characterized. PGC-1α
and PGC-1β are both expressed in tissues with high energy demand such as brown fat, skeletal
muscle, heart, brain and kidney (22,23), whereas PRC is expressed ubiquitously (24). Several
studies have shown that PGC-1α and PGC-1β are potent regulators of mitochondrial function
and biogenesis (23,25–28). PGC-1α/β powerfully stimulate the nuclear respiratory factor
(NRF) system that in turn stimulates the expression of a broad set of nuclear genes involved
in mitochondrial respiration and biogenesis (23,25,28,29).

The present study suggests that PGC-1α/β upregulation may improve mitochondrial respiration
and OXPHOS function in cells with mtDNA mutations.

RESULTS
Quantitation of COXI and ND5 mutations in VACO425 colorectal cancer cells

We studied colorectal cancer cell lines previously described by Polyak et al. (8).Both COXI
and ND5 genes in the human colorectal tumor cell line ‘VACO 425’ (heretofore referred to as
‘V425’) harbor nonsense mutations leading to a premature translation termination. The
mutation in COXI is a G6264A transition that converts a glycine codon to a stop codon
(G121TER) leading to the formation of a ~ 13 kDa truncated protein. The mutation in ND5 is
an insertion of a single nucleotide ‘A’ (insA) at nt position 12418 that causes a reading frame
shift at K28 thereby producing a ~6 kDa truncated protein. Both mutations were reported to
be homoplasmic in V425 (8), but by using a more sensitive ‘last cycle hot’ PCR/RFLP method
(Fig. 1A and B) (30) we found that although the COXI mutation is essentially homoplasmic
(both at the DNA and RNA levels) (Fig. 1A and D). To test the detection limits of the ‘last
cycle hot’ PCR method, both pure wt and pure mutated COXI amplicons were cloned in a
plasmid vector. MspI digestion of PCR amplified plasmid mixtures containing 50–2% wt
COXI plasmid showed detectable wt COXI fragments (Fig. 1A). Overexposure of the gel also
allowed the detection of weak wt bands in 1 and 0.5% wild-type mixtures. A similar analysis
showed that V425 DNA contained ~95% mutated ND5 (Fig. 1B and C). Amplifications of
DNA from 143Bρ° cells (devoid of mtDNA) with the COXI primers yielded low levels of an
amplicon harboring the wild-type restriction digest pattern (data not shown). This amplicon
likely originated from nuclear pseudogenes (31). No amplification of the ND5 region was
obtained when using ρ° genomic DNA as a template.

mtDNA mutations in V425 do not abolish endogenous cell respiration despite affecting
complex I and IV activities

To determine if COXI and ND5 nonsense mutations affected mitochondrial respiration and
respiratory chain enzyme complex activities, we measured the enzyme complex activities for
complexes I + III, II +III and IV using spectrophotometric assays. An additional colorectal
cancer cell line ‘VACO 429’ (heretofore referred to as ‘V429’) was studied as a control. V429
has three homoplasmic mtDNA polymorphisms that result in conservative changes in two
polypeptides (R80H and F276L in Cytb gene and V142M in COXII gene) (8). These changes
did not affect the OXPHOS function (Fig. 2A and B). V425 cells had significantly reduced
complex I + III and complex IV activities, whereas complex II + III activity had a small but
significant increase when compared with the V429 cells (Fig. 2A). Complex IV activity was
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~10% and complex I + III activity was ~ 40% of the V429 cells (Fig. 2A). The increase in the
activity of complex II + III suggests a potential compensatory mechanism.

Surprisingly and in contrast to the defects observed in respiratory chain enzyme complex
activities, we observed only a mild decrease (~25%) in the rate of respiration in V425 cells
(Fig. 2B). We then measured the rate of respiration in digitonin permeabilized cells in the
presence of glutamate/malate, succinate and ascorbate/TMPD as substrates for complex I, II
and IV, respectively. No major defect in respiration with substrates donating electrons to either
complex I, II or IV was observed in V425 compared with the V429 cells (Fig. 2C). Even with
a defective complex IV, ascorbate/TMPD respiration was not very affected, possibly because
of an optimization of the threshold effect that allows respiration to proceed even with reduced
complex IV activity. V429 showed efficient respiration, in the range usually observed for other
respiratory competent cell lines indicating that missense mtDNA mutations in these cells did
not impair complex III- or complex IV-driven respiration. Although V425 harboring wild-type
mtDNA would be a useful control, our repeated attempts to produce such a cell line failed.
V425 was extremely sensitive to drugs used for elimination of mtDNA (i.e. long-term treatment
with EtBr or Ditercalinium or short-term treatment with rhodamine 6-G).

mtDNA mutations from V425 abolish respiration when transferred to a different nuclear
background

We transferred the V425 mtDNA to a human osteosarcoma (ρ°) cell line. The levels of
COXI and ND5 mutations in osteosarcoma cybrids were similar to the ones in V425 (Fig. 1A
and B) and two osteosarcoma cybrid clones (RVA1 and RVC1) were used in subsequent
experiments. Endogenous respiration of osteosarcoma cybrids was extremely low (Fig. 2B),
complex I + III activity was markedly decreased and complex IV activity was close to zero
(Fig. 2A). Rate of respiration was also measured in digitonin-permeabilized osteosarcoma
cybrids and osteosarcoma control that was repopulated with wild-type mtDNA, termed W20
(32). In striking contrast to parental V425 cells, the osteosarcoma cybrids showed extremely
low oxygen consumption (Fig. 2D) suggesting that the COXI and ND5 null mutations indeed
had severe consequences on respiration, but the nuclear background in V425 was somehow
associated with the suppression of the defective phenotype.

V425 has low but detectable levels of COXI protein
Since V425 cells showed low complex IV activity but an efficient respiration, we determined
the amount of COXI protein made and maintained in these cells. We initially performed a
mitochondrial protein synthesis experiment. Although the COXI protein migrating region of
the gel was not very clear and appeared to contain more than one polypeptide, we detected a
severe decrease in newly synthesized COXI protein in V425 and the osteosarcoma cybrids
(Fig. 3A) suggesting that the amount of COXI protein synthesized during the pulse was very
low, if any. Interestingly, a ~13 kDa band was clearly observed in V425 and the osteosarcoma
cybrids (Fig. 3A) suggesting that it could correspond to the product of the mutant COXI gene.
ND5 labeled very weakly with this method. This weak labeling was most apparent for the
colorectal cancer cells. ND5 protein was clearly detected in the osteosarcoma control W20
(Fig. 3A, lane 4). No ND5 could be detected in osteosarcoma cybrids or colorectal tumor lines.
Southern blot analysis did not detect differences in mtDNA levels between V425 and V429
(data not shown).

Western blot analysis showed that the steady-state levels of COXI protein were very low but
detectable in V425 (Fig. 3B). No COXI protein was detected in the osteosarcoma cybrids,
RVA1 or RVC1 (Fig. 3B). We also determined the steady-state levels of other respiratory chain
enzyme complex subunits that could be potentially altered as a consequence of low levels of
COX. We found that the steady-state levels of COXII (mtDNA encoded) and COXIV (nuclear
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encoded mitochondrial protein) were altered in V425. COXII levels were relatively low,
whereas COXIV levels were relatively high compared with the controls (Fig. 3B). We also
found that the endogenous levels of cytochrome c and SDH(Fp) were increased in V425 by
2.8 and 1.8-fold, respectively, when compared with V429 (Fig. 3B) suggesting a cellular
response to partially compensate for the potential loss in respiration in these cells. The increase
in cytochrome c steady-state levels was further confirmed by immunocytochemical studies.
The cytochrome c staining was markedly brighter in V425 than in V429 cells (Fig. 3D). The
cytoplasmic distribution of mitochondria (visualized both with cytochrome c antibody and
Mitotracker Red) was atypical in V425, showing a more condensed appearance (Fig. 3D and
Supplementary Material, Fig. S1).

The steady-state levels of ND5 protein could not be determined due to the unavailability of an
antibody. Endogenous levels of ND1 were not markedly altered in any cell line (Fig. 3B). This
may reflect the fact that ~60% decrease in complex I + III activity associated with ND5
mutation in V425 did not have a major negative impact on respiration. The remaining wt
mtDNA population (~5%) might be sufficient to provide wild-type ND5 subunits for a certain
level of complex I assembly and activity. The nuclear-coded ND39 was lower in V425 than in
V429, but similar to the levels in the osteosarcoma control. No change in steady-state levels
of core 1 subunit of complex III and ATPase α and β subunits of complex V were observed in
V425 suggesting no significant defect in complex III or complex V in these cells. The voltage-
dependent anion channel 1 (VDAC1) was increased in V425. Also, Bcl-xL, an antiapoptotic
protein was present at higher levels in these cells (Fig. 3C). In summary, the levels of several,
but not all, mitochondrial components were increased in V425.

Rate of respiration and complex IV activity are highly sensitive to KCN inhibition in V425
We found that the rate of O2 consumption in V425 was highly sensitive to KCN inhibition
compared with V429 and W20 controls (Fig. 4A). KCN concentrations as low as 10 µM that
did not inhibit O2 consumption in control cells, inhibited as much as 35% O2 consumption in
V425 (Fig. 4A). O2 consumption in V425 was completely inhibited at 100 µM KCN, a
concentration at which the control cells maintained ~40–60% of normal O2 consumption rate.
Similar KCN concentrations were used in spectrophotometric determination of COX activity.
Figure 4B shows the correlation between % COX activity inhibition versus % O2 consumption
rate at different KCN concentrations. These experiments showed that there was no excess COX
in V425 compared with the V429 and W20 controls. The endogenous COX activity in V425
was just enough to maintain an active respiration rate. Consequently, COX inhibition by KCN
significantly diminished the rate of O2 consumption in V425 (Fig. 4B).

Partial uncoupling does not explain relatively high respiration rates in V425
How do cells with a mutated COXI gene and very little COX activity maintain an efficient
respiratory phenotype? To test if increased respiration in V425 was associated with
mitochondrial uncoupling, we measured the respiration rates in the presence of oligomycin
(complex V inhibitor) and CCCP, a protonophore that dissipates mitochondrial membrane
potential, thereby stimulating the electron transport chain to maximum speed. If respiration in
V425 was associated with uncoupling effects, the ratio of respiration in the presence of CCCP
to endogenous respiration (CCCP/Resp.) should be relatively low compared with the control
cells. However, we did not observe a major decrease in the ratio of CCCP/Resp. in V425
compared with the control cells suggesting that respiration in V425 was not uncoupled from
ATP synthesis (Fig. 5A). To further confirm if respiration was coupled to ATP production, we
measured mitochondrial ATP synthesis rates. Mitochondrial ATP synthesis was measured in
permeabilized cells in the presence and absence of oligomycin using a luciferase–luciferin
assay. The rate of mitochondrial ATP synthesis in V425 was found to be similar to that in V429
cells and relatively higher than in the W20 osteosarcoma control (Fig. 5B) further suggesting
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that the respiration was completely coupled to ATP production in V425 and that ATP
production by OXPHOS was efficient.

Mitochondrial membrane potential and calcium buffering capacity are lowered in V425
The mitochondrial membrane potential (ΔΨm) was measured using a fluorescent dye JC1 as
described in Materials and Methods. We observed that the ΔΨm in V425 was reduced by ~40%
compared with the V429 control (Fig. 5C). Upon addition of respiratory chain metabolic
inhibitors (rotenone or antimycin A) or respiratory chain uncoupler, CCCP, the ΔΨm rapidly
dissipated in both cell lines.

We also determined if the apparent reduction in ΔΨm in V425 had any effect on the
mitochondrial calcium buffering ability in these cells. Cytosolic calcium levels were measured
using a calcium indicator dye, Fura-2 as described in Materials and Methods. ATP at a low
concentration (100 µM) stimulates P2-Purinergic receptors involved in the production of
inositol-1,4,5-trisphosphate (IP3) and induces Ca2+ release from IP3-sensitive intracellular
Ca2+ stores (33). After the addition of 100 µM ATP, an increase in cytosolic Ca2+ ([Ca2+]c) was
observed both in V425 and V429 cells (Fig. 5D). This increase in [Ca2+]c was transient and
the calcium levels declined with time in V429. However, after ATP addition in V425, the
observed increase in [Ca2+]c level was sustained and under-went a much slower decrease with
time suggesting a defect in calcium buffering ability in these cells.

NRFs and the cAMP response element binding protein are not upregulated in V425
Nuclear genes involved in regulation of respiration are potential candidates for the global
enhancement of respiration and the increased steady-state levels of several mitochondrial
proteins observed in V425 cancer cells. Transcriptional activators termed NRFs are known to
modulate the expression of several nuclear encoded mitochondrial proteins involved in
respiration and biogenesis (34,35). Real-time PCR and western blot analysis showed no
significant change in the steady-state protein levels of NRF-1 and NRF-2α subunit in V425
(Fig. 6A and B). The steady-state levels of NRF-2β1 subunit were also lowered in V425
compared with the V429 cells, but the levels of the NRF-2β2 transcript were unaltered (Fig.
6A and B).

Cyt c expression can also be activated by CREB (cAMP response element binding protein) in
BALB/3T3 fibroblasts (36,37). No increase in the steady-state levels of active or inactive state
CREB was observed in V425 compared to the control cells (Fig. 6A) further suggesting that
Cyt c activation in V425 cells is also not mediated by CREB activation. The endogenous levels
of mitochondrial transcription factor (mtTFA) were reduced in V425 compared to V429 (Fig.
6A).

Transcriptional coactivators PGC-1α and PGC-1β are markedly upregulated in V425
Real time TaqMan® PCR was performed to determine the endogenous PGC-1α and PGC-1β
transcript levels (see methods). Interestingly, we found that both PGC-1α and PGC-1β
transcript levels were highly upregulated in V425. The endogenous PGC-1α transcripts were
44-fold higher and the PGC-1β transcripts were 34-fold higher in V425 compared to the control
osteosarcoma cells. On the other hand, V429 had PGC-1α transcripts 17-fold lower (not shown)
and PGC-1β transcripts essentially equal to osteosarcoma controls (Fig. 6B).

Overexpression of PGC-1α and PGC-1β transcriptional coactivators stimulates
mitochondrial respiration in the osteosarcoma cybrid

We transduced the osteosarcoma cybrid (RVA1) and the wild-type osteosarcoma (W20) cells
with adenovirus containing PGC-1α and/or PGC-1β genes. Adenovirus GFP (green fluorescent
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protein) transduced cells were used as controls. Seventy-two hours after transduction, cells
were harvested to determine the rate of endogenous and ascorbate/TMPD-driven respiration.
We found that the osteosarcoma cybrid (RVA1) overexpressing PGC-1α, PGC-1β and
PGC-1α + β showed a significant increase in respiration compared with the GFP
overexpressing cells (Fig. 7A). RVA1 overexpressing PGC-1α or PGC-1β showed ~1.6–1.7-
fold increase in the rate of endogenous and ascorbate/TMPD-driven respiration compared with
the GFP overexpressing cells (Fig. 7A). RVA1 overexpressing PGC-1α + β showed a ~2.0–
2.5-fold increase in the rate of endogenous and ascorbate/TMPD-driven respiration compared
with the GFP overexpressing cells (Fig. 7A) suggesting that an upregulation of PGC1α and
PGC1β stimulated respiration in a synergistic manner. Interestingly, the osteosarcoma (W20)
control cells overexpressing PGC-1α + β did not show any significant change in the rate of
endogenous and ascorbate/TMPD-driven respiration compared with the GFP overexpressing
cells (Fig. 7B) suggesting that the PGC-1α and PGC-1β overexpression specifically stimulated
mitochondrial respiration in the presence of a severe COX deficiency leading to partial rescue
of an OXPHOS defect.

We found that steady-state levels of several respiratory chain proteins were increased in RVA1
cybrid overexpressing PGC-1α, PGC-1β and PGC-1α + β compared to the GFP overexpressing
cells (Fig. 7C and D). We also observed an upregulation of SDH(Fp), COX IV and ATPase
α subunits in W20 control cells overexpressing PGC-1α + β compared with the GFP
overexpressing cells (Fig. 7C and D). However, no increase in respiration was observed in
these cells compared with the GFP overexpressing cells (Fig. 7B), suggesting that the steady-
state levels of mitochondrial proteins were not limiting for the formation and/or stability of the
individual respiratory chain enzyme complexes in the OXPHOS competent cells.

Overexpression of PGC-1α stimulates complex IV activity in the osteosarcoma cybrid
Total cell homogenates from RVA1 cybrid and W20 control cells were used to measure the
enzyme complex activity spec-trophotometrically (see Materials and Methods). We found that
the overexpression of PGC-1α in both RVA1 cybrid and W20 control cells caused a significant
increase in complex IV activity compared with the respective GFP overexpressing cells (Fig.
7E), suggesting that the PGC-1α overexpression stimulates complex IV activity both in the
presence or absence of an OXPHOS defect. Surprisingly, we did not observe any significant
increase in complex IV activity in RVA1 cybrid overexpressing PGC-1β compared with the
GFP overexpressing cells (Fig. 7E). We also measured the activity of citrate synthase, which
catalyses the first step in Krebs cycle. We found a significant increase in citrate synthase
enzyme activity both in the RVA1 cybrid and the W20 control cells overexpressing PGC-1α
and PGC-1β compared with the respective GFP overexpressing cells (Fig. 7F), suggesting that
PGC-1α and PGC-1β overexpression can stimulate the activity of Krebs cycle enzymes.

DISCUSSION
mtDNA mutations and their potential role in cancer

Somatic mtDNA mutations have been increasingly observed in a variety of cancer cells (8–
12,38). Majority of these mutations are homoplasmic and transitions, a feature characteristic
of reactive oxygen species (ROS)-derived mutations.

The potential role of mtDNA mutations in tumor formation and promotion process is still
obscure. Recent studies have shown that mtDNA mutations may increase tumorigenicity in
cancer cells (14,16). Petros et al. (14) showed that PC3 prostate cancer cybrid cells harboring
an ATP6 mutant mtDNA formed tumors that were approximately seven times larger than cells
harboring wild-type mtDNA, when introduced in nude mice. Further, they found that these
tumors generated significantly higher levels of ROS than those harboring wild-type mtDNA
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implicating a role of ROS in tumor promotion process (14). Previous studies have also shown
that low levels of ROS formed as a consequence of mild OXPHOS deficiencies provide a
mitotic stimulus (39). Recently, ROS has also been shown to strongly induce the expression
of PGC-1α and PGC-1β transcriptional coactivators (40). It is possible that the nonsense
mtDNA mutations in COXI and ND5 genes and the partial OXPHOS defect in V425 colorectal
cancer cells could generate mild levels of ROS with consequences for both PGC-1α/β activation
and cell growth.

OXPHOS dysfunction has been shown to promote cell invasion in various tumor cell types
(17–20). OXPHOS dysfunction caused by partial mtDNA depletion (genetic stress) or
treatment with mitochondrial-specific inhibitors (metabolic stress) that disrupts mitochondrial
membrane potential (ΔΨm) has been shown to induce cell invasion and tumor progression in
otherwise non-invasive rhabdomyosarcoma and pulmonary carcinoma cells (17,19). Amuthan
et al. (17,19) showed that both genetically and metabolically stressed cells exhibited markedly
low ΔΨm and an elevated level of cytosolic calcium [Ca2+]c. Increase in [Ca2+]c levels were
found to signal the nucleus and activate genes involved in tumor invasion and metastasis (17,
19). Calcium-dependent signaling pathways have also been implicated in activating PGC-1α
expression in skeletal muscle (41). Our findings suggest that, in V425 cells, the Ca2+-dependent
signaling events are active for relatively longer periods, which in turn might activate the nuclear
genes (including PGC-1α/β) involved in tumor invasion and metastasis (Fig. 8). In conclusion,
a mild electron transport chain defect in V425 cells might have a tumor growth-promoting role
without impairing ATP production. The mechanism of PGC-1-mediated adaptation could
allow for such scenario.

Genetic adaptation to mtDNA mutations
We found that the ND5 mutation was heteroplasmic with ~95% mutated mtDNA and the
COXI mutation was essentially homoplasmic (>99.5%). Although not in line with previous
observations, the residual 5% wild-type ND5 gene could provide enough protein for complex
I activity. This unusual scenario, however, does not apply to the COXI stop codon mutation.
Surprisingly, COX I polypeptide was consistently detected in V425, even though its steady-
state levels were severely reduced. How does a homoplasmic stop codon mutation in COX I
allow the synthesis of COX I protein? Although we did not detect any wild-type COX I gene
or transcript by our PCR/RFLP experiments, it might be possible that extremely low levels of
wild-type COX I mtDNA (<0.5%) are present in V425, which would have to be very efficiently
translated to synthesize the COX I protein. Another possibility is that the stop codon mutation
in COX I is partially bypassed, such that low levels of protein are made. Translational
readthrough of a leaky UAG stop codon has been observed in several plant viruses (42), and
translational frameshift to bypass an in-frame internal stop codon within the coding sequence
for bacterial release factor-2 and polypeptide chain release factor-2 has been observed on both
prokaryotic and eukaryotic ribosomes (43,44). Although such mechanism has not been
previously associated with mammalian mitochondria, changes in nuclear background have
been associated with suppression of mitochondrial gene mutations (45,46). Deng et al. (45)
recently showed that nearly homoplasmic frameshift mutation in ND6 (complex I subunit)
gene was suppressed by changes in the nuclear background in a spontaneous revertant of a
defective mouse fibroblast cell line. Further, when mtDNA with a nonsense mutation in ND5
gene was transferred to the revertant cell nuclear background, a suppression of the
mitochondrial defect was also observed (45). At this point, we do not know how the nonsense
mtDNA mutations in V425 (particularly in COX I ) were bypassed.

Biochemical adaptation to mtDNA mutations
Even with the stop codon mutation partially suppressed, it is still difficult to explain the efficient
OXPHOS function in V425 cancer cells. How does ~10% COX activity in V425 maintain an
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efficient respiration and a normal rate of ATP synthesis? It is well known that there is a
threshold for the expression of respiratory enzyme complex deficiencies (6,7,47–49) and after
overcoming this threshold, the enzyme complex activity decreases linearly with increasing
amount of mutated mtDNA (1,6,7,47). It has been reported that after ~16–40% of COX activity
is inhibited, the rate of respiration decreases linearly with subsequent COX inhibition (47).
Another study has shown that in transmitochondrial cybrids harboring COXI stop codon
mutation, cells with 90% mutated mtDNA had ~10% endogenous respiration and ~8% COX
activity (7). Tight control of respiration by ND5 subunit has also been observed (6). The fact
that V425 cells have ~10% COX activity and ~75% rate of respiration of controls is surprising
and in dramatic contrast to the previous observations in a variety of human cell types. KCN
titration of COX activity in V425 showed no excess COX capacity, implicating that the rate
of respiration in these cells was dependent on the residual COX activity.

One of the potential explanations for a very efficient respiration in V425 despite low COX
activity might be that there is a very efficient transport of electrons from upstream electron
donors to COX in these cells. As a consequence, a relatively high respiration rate could be
maintained with little COX. We found that the steady-state levels of cytochrome c and SDH
(Fp) were increased by 2.8 and 1.8-fold, respectively in these cells, thereby suggesting that a
more efficient entry of reducing equivalents and shuttling of electrons between Complexes III
and IV may participate in the biochemical suppression observed. Yeast with a mutation in the
SHY1 gene (yeast homolog of mammalian SURF1 gene) had 63% more cytochrome c than
wild-type yeast (50), leading the authors to suggest that this increase could lead to a more
efficient electron transfer between complexes III and IV (50). This increase in cytochrome c
was not observed in yeast mutants completely lacking COX activity (51,52). Alternatively, a
simple increase in the number of mitochondria could partially compensate for a decreased COX
activity in V425 cells. However, two pieces of evidence do not support this mechanism: (i) we
found no significant increase in mtDNA, (ii) there was an increase in the levels of several but
not all mitochondrial proteins. Still, we cannot rule out that an increase in the biogenesis of
mitochondria harboring an altered protein/mtDNA composition is involved in the biochemical
compensation.

Bcl-xL has also been shown to improve respiration in some cells (53), including cells with
mutated mtDNA (54). Bcl-xL was present at elevated steady-state levels in V425. It is possible
that this overexpression also contributes to nuclear adaptation. Bcl-xL has been shown to
facilitate ATP/ADP translocation through the voltage-dependent anion channel (55). Altered
intramitochondrial ADP/ATP ratios could stimulate respiration directly. It is also possible that
overexpression of cytochrome c makes the cells more sensitive to apoptotic stimuli, and
increased Bcl-xL protects against this effect. The increased levels of VDAC1 may also
participate in this adaptation by facilitating ATP/ADP exchange. However, overexpression of
Bcl-xL in RVA1 did not increase respiration (data not shown). We propose that a combination
of factors, such as mutation bypass at the gene expression level and PGC-1 related events, such
as SDH, COX IV, cytochrome c, VDAC1 and Bcl-xL overexpression at the protein level
contribute to this unusually efficient respiratory phenotype in V425. The atypical, condensed,
mitochondrial morphology observed in V425 may result from this adaptation.

PGC-1α/β expression and OXPHOS regulation
PGC-1α was shown to induce uncoupled (25) and coupled (26) cell respiration in a cell type
specific manner. PGC-1α overexpression in neonatal cardiac myocytes induced coupled cell
respiration and mitochondrial biogenesis implicating its role in the regulation of mitochondrial
respiration and ATP production in heart (26). In skeletal muscle enriched in type II myofibers
of transgenic mice, PGC-1α overexpression was shown to trigger mitochondrial proliferation
and the formation of oxidative or type I muscle fibers (27). Unlike PGC-1α, PGC-1β has been
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shown to be a more potent inducer of mitochondrial respiration and biogenesis (28). St-Pierre
et al. (28) showed that C2C12 muscle cells expressing PGC-1β had a higher fraction of cell
respiration coupled to ATP production than cells expressing PGC-1α. Adenoviral-mediated
expression of PGC-1β in cultured hepatocytes and rat livers has also been shown to activate
an array of mitochondrial genes involved in oxidative metabolism (29). The available evidence
in this fast advancing area suggests that although both PGC-1α and PGC-1β stimulate
mitochondrial biogenesis and function, their target genes and pathways are not always the same
(56). Unlike PGC-1β, PGC-1α expression activates genes involved in gluconeogenesis (57),
whereas PGC-1β expression activates genes involved in β-oxidation of fatty acids (29,58)
implicating their distinct roles in energy metabolism.

Consistent with the above findings, we observed that the overexpression of PGC-1α and
PGC-1β stimulated mitochondrial respiration and the expression of several OXPHOS genes
in cells harboring a severe OXPHOS defect. PGC-1α or PGC-1β overexpression in the
osteosarcoma cybrid stimulated mitochondrial respiration by ~1.6–1.7-fold, whereas
PGC-1α and PGC-1β overexpression stimulated respiration by ~ 2.0–2.5-fold. In parallel, the
expression of nuclear encoded OXPHOS genes such as SDH, COX IV, COX Vb and ATPase
α were also induced by PGC-1α/β overexpression. A small but significant increase in COX
activity was also observed in the osteosarcoma cybrid in response to PGC-1α overexpression.
Even though the increase in respiration in the osteosarcoma cybrid overexpressing PGC-1α/
β was significantly higher, the effect was not as robust as observed in V425 cancer cells. With
as little as ~10% COX activity, the V425 cells maintained ~75% rate of respiration of controls.
Therefore, it is likely that genetic or biochemical adaptations other than an increase in
expression of PGC-1α/β coactivators also contribute to the very efficient respiratory phenotype
in V425 cells. PGC-1β overexpression in osteosarcoma cybrid stimulated respiration but
surprisingly did not show a significant increase in COX activity. Interestingly, we observed
that unlike PGC-1α, PGC-1β overexpression stimulated the expression of both ATPase α and
β subunits (complex V) and the core 1 subunit of complex III (data not shown), suggesting that
PGC-1β overexpression stimulates complex V activity and that it might regulate OXPHOS by
a mechanism distinct from PGC-1α. Since the V425 cancer cells showed ~40-fold and ~30-
fold increase in the steady-state transcripts for PGC-1α and PGC-1β, respectively, we suggest
that the upregulation of PGC-1α/β coactivators stimulates coupled cell respiration and induces
the expression of a broad, but yet specific set of nuclear encoded mitochondrial proteins
involved in OXPHOS (Fig. 8).

Wu et al. (25) reported that PGC-1α expression induced NRF-1, NRF-2α and mtTFA gene
expression in C2C12 myoblasts. They also showed that coexpression of PGC-1α and NRF-1
in BALB 3T3 cells caused a large increase in NRF-1 transcriptional activity indicating that
PGC-1α can increase the activity of a given quantity of NRF-1. Recently, Gleyzer et al. (59)
demonstrated that NRF recognition sites within human mitochondrial transcription specificity
factors (TFB1M and TFB2M) promoters are required for maximal transactivation by PGC-1
coactivators. We observed that in V425 cells, overexpression of PGC-1α and PGC-1β was not
associated with NRF-1 or NRF-2 gene upregulation. However, it is likely that the increased
levels of PGC-1 coactivates the NRF genes to achieve higher levels or prolonged periods of
NRF activation. Enhanced NRF activation may in turn activate the target nuclear genes
involved in mitochondrial respiration.

To conclude, this is the first study that demonstrates that overexpression of PGC-1α/β
transcriptional coactivators can stimulate respiration in OXPHOS deficient cells, suggesting
that this pathway could be explored as a therapeutic approach for the treatment of human
mitochondrial diseases caused by COX defects.
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MATERIALS AND METHODS
Cell culture

Human colorectal cancer cell lines VACO 425 and VACO V429 were kindly provided by
James K. Wilson (Case Western Reserve University, Cleveland) and Bert Vogelstein (Johns
Hopkins Oncology Center, Baltimore). These cells were grown in minimal essential medium
supplemented with 0.1 mM nonessential amino acids, 4 mM glutamine, 10 µg/ml insulin, 2 µg/
ml transferrin, 1 µg/ml hydrocortisone, 0.005 nM sodium selenite, 1 mM pyruvate, 50 µg/ml
uridine and 2% fetal bovine serum (FBS). Transmitochondrial cybrids and the human
osteosarcoma (W20) cellswere grown in Dulbecco’smodified Eagle’s medium supplemented
with 10% FBS, 1 mM pyruvate and 50 µg/ml uridine. Osteosarcoma cybrids were produced as
described in Supplementary Materials and Methods.

PCR/RFLP analysis
The ‘last cycle hot’ PCR/RFLP analysis (30) for COXI and ND5 mutations were performed
as described in Supplementary Materials and Methods.

Enzyme activities, mitochondrial respiration and analysis of mitochondrial translation
products

For measuring the specific activity of the respiratory chain complexes, mitochondria and total
cell homogenates were used. In vivo labeling of mitochondrial translation products was
performed as described by Chomyn (60). The detailed procedures for mitochondrial isolation,
spectrophotometric assays, respiration measurements and protein synthesis are described in
Supplementary Materials and Methods.

Immunoblotting and immunocytochemistry
We used a battery of specific antibodies (see Supplementary Materials and Methods) for
immunoblotting. The procedure for immunoblots and immunocytochemistry are described
under Supplementary Materials and Methods.

KCN titration assay
Intact cell coupled endogenous respiration was measured as described earlier and the rate of
respiration was titrated by adding increasing concentrations of KCN (0–250 µM). KCN titration
of COX activity was performed on isolated mitochondria (61) with similar KCN concentrations
used for titrating endogenous respiration. The rate of respiration and COX activity were
normalized by the protein content (62).

Uncoupling/ATP synthesis assay, mitochondrial membrane potential and calcium
measurements

Please refer to Supplemental Materials and Methods for the detailed procedures.

Real-time PCR
See Supplementary Materials and Methods for a detailed description of the procedure.

Adenoviral infections
Cells in culture were transduced with GFP, PGC1α or PGC1β expressing adenovirus. Adeno-
GFP was obtained from the viral vector core facility at the Colorado State University (Ft.
Collins, CO). Adeno-PGC1α and Adeno-PGC1β were a gift from Dr Bruce M. Spiegelman
(Dana-Farber Cancer Institute, Harvard Medical School, Boston, MA), and also contained a
GFP marker expressed from an independent promoter. Serial dilutions of the virus were made
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for Ad-GFP (titer 9.2 × 1012 virus particles/ml), Ad-PGC1 α (titer 6.9 × 1012 virus particles/
ml) and Ad-PGC1 β (titer 8.5 × 1012 virus particles/ml) to determine the amount of virus needed
for ~ 100% infection. Approximately 5–7 × 1010 virus particles/ml were added to osteosarcoma
control (W20) and osteosarcoma cybrid (RVA1) cells. Twenty-four hours after infection, the
cell culture medium was replaced with fresh medium. Cells were analyzed after 72 h.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. mtDNA mutation load in colorectal and osteosarcoma cell lines
To assess the detection limits of the ‘last cycle hot’ PCR assay, plasmids containing mtDNA
fragments harboring either the wild-type or mutated sequence were constructed for both the
COXI and ND5 regions. Mutated and wild-type plasmids were mixed at known ratios and 10
ng of the sample was subjected to the ‘last cycle hot PCR’ followed by digestion with the
appropriate restriction endonuclease (see Materials and Methods). (A) Analyses for the
COXI G6264A mutation in COXI plasmid mixtures, the colorectal V425 and the osteosarcoma
cybrid (RVA1). (B) A similar analysis for the 12418insA mutation in ND5 plasmid mixtures
and the same cell lines. (C) Standard curve depicting the correlation between percentage input
wild-type COXI- and ND5-containing plasmids and the percentage wild-type signal detected
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in the ‘last cycle hot PCR’/RFLP results. (D) Amplification (left) and ‘last cycle hot PCR’
analysis followed by restriction endonuclease digestion (right) of COXI mRNA amplified by
RT-PCR.
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Figure 2. V425 colorectal tumor cell line suppressess a defective respiratory phenotype associated
with nonsense mtDNA mutations
(A) The activities of enzyme complexes I + III, II + III and IV in colorectal and osteosarcoma
cell lines. The change in all enzyme complex activities was found to be significant (P < 0.05).
(B) The O2 consumption measurements in colorectal and osteosarcoma cell lines. (C) After
permeabilization with digitonin and addition of ADP, the oxidation of glutamate plus malate
(site I substrates), succinate (site II substrate) and ascorbate plus NNN′N′-tetramethyl-p-
phenylenediamine (TMPD) (site IV substrates) were determined. Specific inhibitors for
complex I (rotenone), complex III (antimycin A) and complex IV (KCN) were added at the
indicated times. (C) shows that the ascorbate/TMPD-driven respiration in V425 was more
efficient than expected considering the potential severity of a homoplasmic stop codon
mutation in COXI. (D) When the V425 mtDNA was transferred to an osteosarcoma nuclear
background (RVA1 cybrid), the rate of respiration markedly declined. The osteosarcoma
control (W20) is shown for comparison. Error bars are SD of the mean for n ≥ 3 determinations.
Comparisons with the control cell line were performed by the Student’s t-test. Experiments
shown in (C) and (D) were performed a single time.
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Figure 3. Mitochondrial protein expression in colorectal and osteosarcoma cell lines
(A) Mitochondrial protein synthesis was investigated in different cell lines as described in
methods. Band assignment was performed according to Chomyn (60). An abnormal band of
~13 kDa (*) was observed in V425, RVA1 and RVC1 suggesting that it is the truncated product
associated with the COXI stop codon mutation. (B) Steady-state levels of complex I subunits
(ND1 and ND39), complex II SDH(Fp) subunit, core I subunit of complex III, cytochrome c,
complex IV subunits (COX I, COX II and COX IV), complex V subunits (ATPase α and
ATPase β), mitochondrial porin (VDAC1) and prohibitin analyzed by western blots.
Mitochondrial preparations were used for this analysis. (C) Steady-state levels of Bcl-2 and
Bcl-xL in colorectal tumor and osteosarcoma cell lines. Total cell homogenates were used for
this analysis. (D) Immunolocalization of cytochrome c. V425 and V429 cells were incubated
with Mitotracker (CMX-ROS), fixed and cytochrome c detected by indirect
immunofluorescence. All exposures were identical between V425 and V429. The complete
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color images (cytochrome c and Mitotracker) can be found in Supplementary Material, Figure
S1.
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Figure 4. KCN titration of endogenous respiration and COX activity
(A) The endogenous respiration was determined at different KCN concentrations. Respiration
was rapidly abolished in V425 with the addition of KCN. (B) Threshold plot (percentage COX
inhibition versus percentage O2 consumption rate) showing a lack of respiratory control
threshold by COX in V425.
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Figure 5. Functional consequences of V425 mtDNA mutations on ATP synthesis, ΔΨm and cytosolic
Ca2+ buffering
(A) Endogenous respiratory rates of different cell lines in the presence or absence of oligomycin
and CCCP. (B) Rate of oligomycin-sensitive ATP synthesis in different cell lines.
Mitochondrial ATP synthesis was measured in permeabilized cells incubated with pyruvate/
malate (see Materials and Methods). (C) Relative ΔΨm in V425 and V429 assessed as JC1
aggregate/monomer ratios. (D) Mitochondrial calcium uptake in V425 and V429 cells. Fura-2
was used to monitor the cytosolic calcium levels in the absence or presence of 100 µM ATP.
Error bars are SD of the mean for n ≥ 3 determinations. Comparisons with the control cell line
were performed by the Student’s t-test.
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Figure 6. Transcriptional coactivators PGC-1α and PGC-1β are markedly upregulated in V425
(A) Steady-state levels of transcription factors expected to affect mitochondrial function. We
could not detect an increase in NRF-1 or NRF2α proteins in V425. The steady-state levels of
mitochondrial transcription factor, mtTFA were relatively reduced in V425. (B) Results of
TaqMan® quantitative RT-PCR. The data is expressed as a relative fold-change from the
control (W20 RNA), relative to mRNA concentration (top) or β-actin levels (bottom). The
levels of PGC-1α and PGC-1β transcripts were found to be highly upregulated, whereas the
levels of NRF1 transcripts were reduced in V425 when compared with V429. Error bars are
SD of the mean for n ≥ 3 determinations. Comparisons with the control cell line were performed
by the Student’s t-test.
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Figure 7. Overexpression of PGC-1α and PGC-1β stimulates mitochondrial respiration in RVA1
cybrid
(A) Endogenous and ascorbate/TMPD-driven respiration in osteosarcoma cybrid (RVA1)
overexpressing GFP, PGC-1α, PGC-1β and PGC-1α + PGC-1β. A significant increase in
respiration was observed in RVA1 overexpressing PGC-1α or PGC-1β when compared with
the uninfected control or GFP overexpressing cells (P < 0.05). Overexpression of PGC-1α +
PGC-1β stimulated respiration in a synergistic manner. (B) Endogenous and ascorbate/TMPD-
driven respiration in control osteosarcoma (W20) cells. Error bars are SD of the mean for n ≥
3 determinations. Comparisons with the control cell line were performed by the Student’s t-
test. (C) Steady-state levels of mitochondrial proteins in W20 and RVA1 cells overexpressing
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PGC-1α, PGC-1β and PGC-1α + PGC-1β. The steady-state levels of SDH(Fp), COX IV, COX
Vb and ATPase α subunits were increased in RVA1 overexpressing PGC-1α/β when compared
with the GFP overexpressing cells. Some of these proteins were also increased in W20
overexpressing PGC-1α + PGC-1β. (D) The panel shows the quantitation of western blot results
shown in panel C. The signal intensity for mitochondrial proteins was normalized by the
respective tubulin control. The fold-change in the steady-state levels of mitochondrial proteins
in PGC-1α/β overexpressing cells is expressed relative to the respective GFP overexpressing
control. (E) Spectrophotometric determination of COX activity in W20 (left) and RVA1 (right)
cells overexpressing GFP, PGC-1α or PGC-1β. A significant increase in COX activity was
observed in cells overexpressing PGC-1α when compared with the GFP overexpressing cells
(* = P < 0.05 compared with the GFP control). (F) Spectrophotometric determination of citrate
synthase activity. A significant increase in citrate synthase activity was observed in W20 (left)
and RVA1 (right) cells overexpressing PGC-1α or PGC-1β when compared with the GFP
overexpressing cells (* = P < 0.05 for all samples compared with the respective GFP controls).
Error bars are SD of the mean for n ≥ 3 determinations. Comparisons with the control cell line
were performed by the Student’s t-test.
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Figure 8. Schematic representation of nuclear-mitochondrial communication response to
OXPHOS defect in V425 colorectal cancer cells
V425 colorectal cancer cells harbor a severe defect in COX activity and a partial defect in
mitochondrial respiration, membrane potential (ΔΨm) and cytoslic calcium [Ca2+]c buffering
ability. Partial defect in ΔΨm and [Ca2+]c buffering ability can stimulate the Ca2+ signaling
cascade which in turn might activate genes involved in tumor invasion and metastasis. The
defect in the activity of complex IV (and possibly also complex I) signals the nucleus to activate
the expression of PGC-1 family of transcriptional coactivators that regulate OXPHOS gene
expression. Increased expression of PGC-1α and PGC-1β coactivators in turn stimulates
respiration by increasing mitochondrial biogenesis, which in V425 appears to involve direct
coactivation of a broad but specific set of OXPHOS genes (such as SDH, COX IV, Cyt c,
VDAC1 and Bcl-xL). This paradigm provides a link between deleterious mtDNA mutations,
partial OXPHOS defects and cancer progression.
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