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Abstract
Background: The unique metabolism of tumors was described many years ago by Otto Warburg, who identified tumor cells
with increased glycolysis and decreased mitochondrial activity. However, ‘‘aerobic glycolysis’’ generates fewer ATP per
glucose molecule than mitochondrial oxidative phosphorylation, so in terms of energy production, it is unclear how
increasing a less efficient process provides tumors with a growth advantage.
Methods/Findings: We carried out a screen for loss of genetic elements in pancreatic tumor cells that accelerated their
growth as tumors, and identified mitochondrial ribosomal protein L28 (MRPL28). Knockdown of MRPL28 in these cells
decreased mitochondrial activity, and increased glycolysis, but paradoxically, decreased cellular growth in vitro. Following
Warburg’s observations, this mutation causes decreased mitochondrial function, compensatory increase in glycolysis and
accelerated growth in vivo. Likewise, knockdown of either mitochondrial ribosomal protein L12 (MRPL12) or cytochrome
oxidase had a similar effect. Conversely, expression of the mitochondrial uncoupling protein 1 (UCP1) increased oxygen
consumption and decreased tumor growth. Finally, treatment of tumor bearing animals with dichloroacetate (DCA)
increased pyruvate consumption in the mitochondria, increased total oxygen consumption, increased tumor hypoxia and
slowed tumor growth.
Conclusions: We interpret these findings to show that non-oncogenic genetic changes that alter mitochondrial metabolism
can regulate tumor growth through modulation of the consumption of oxygen, which appears to be a rate limiting
substrate for tumor proliferation.
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consume the pyruvate, it is converted to lactate and released into
the extracellular space. The conversion of pyruvate to lactate
maintains the redox balance within the cell by regenerating
NAD+, but wastes this energy rich molecule.
Genetic analysis of tumors has since identified oncogenic changes
that have been shown to contribute to the altered tumor metabolism.
Activation of oncogenes such as AKT [3] and myc [4,5] have been
shown to increase glycolysis and glutaminolysis, while loss of tumor
suppressors TP53 [6] or VHL [7] can also shift energy production
away from the mitochondria to a more glycolytic equilibrium. VHL
has been especially informative due to its ability to directly regulate
the hypoxia-inducible transcription factor 1a (HIF1a) [8]. HIF1a is
proteolytically regulated by pVHL primarily by ambient oxygen
concentrations. Low levels of oxygen (or hypoxia) cause the protein to
be stabilized and become active in transcribing genes thought to allow
the cell or tissue to adapt to the hypoxia. Recent work has shown that
not only does HIF1 actively increase glycolysis [9] but it decreases
mitochondrial function [10,11,12] in order to metabolically reduce
the demand of the tissue for oxygen.
In addition to the oncogenic and epigenetic changes within the
tumor that can alter mitochondrial function, tumor mutations

Introduction
Otto Warburg won the Nobel Prize for physiology or medicine
in 1931, and we are still working to understand the significance of
his discoveries. His work on oxidation and reduction and energy
production is essential for our current understanding of intermediate metabolism. Using his newly developed techniques, he
characterized the energy production within solid tumors and
compared it to that in normal tissue [1]. He found that normal
tissues used mitochondrial oxidation to account for 90% of ATP
production with glycolysis accounting for 10%. However, tumors
used less of the highly efficient oxidative phosphorylation,
producing 50% of the ATP from oxidation and 50% from
glycolysis. This shift was thought to occur even though there was
sufficient oxygen to support mitochondrial function and is called
‘‘aerobic glycolysis’’[1]. Although Warburg incorrectly attributed
the cancer phenotype to this metabolic shift, it is difficult to explain
the growth advantage that tumor cells gain by increasing glycolysis
at the expense of oxidative phosphorylation [2]. Glycolysis
produces only two ATP per glucose molecule, along with 2
NADH and 2 molecules of pyruvate. Without mitochondria to
PLoS ONE | www.plosone.org

1

September 2009 | Volume 4 | Issue 9 | e7033

Oxygen Demand and Tumor Growth

have been found in mitochondrial DNA, and in nuclearly encoded
mitochondrial enzymes. These mutations have been identified in
tumors such as head and neck [13], prostate [14], ovary [15], and
liver [16]. However, it is difficult to determine the role of these
mutations during tumorigenesis, partly because mitochondrial
mutations accumulate naturally during aging [17]. Phenotypic
analysis of cells harboring these mutations showed increased
growth rates in vivo [13,14], and in vitro as well [13]. Both of these
reports attributed the growth differences to a decrease in
mitochonrially produced reactive oxygen species (ROS) when
cells were grown in normoxia. Neither group investigated their
cells in hypoxia or other microenvironmental conditions found in
the tumor. One suggestion that the tumor microenvironment may
be important in understanding the biology of these mutations
comes from Mithani et al who showed that these mutations are
late events during tumor formation [18]. We interpret this late
accumulation of mitochondrial mutations to mean that they
provide a growth advantage at the stage of a macroscopic tumor,
where microenvironmental stresses exist that can in turn regulate
cellular growth.
In addition to mitochondrial DNA mutations, there have
recently been tumor mutations identified in the enzymes of the
TCA cycle. Through genetic studies, fumarate hydrolase and
succinate dehydrogenase have been shown to be tumor suppressors [19,20]. The mechanism by which they can suppress
tumorgenicity has yet to be fully determined, but it has been
shown that these mutations cause a buildup of TCA intermediates
that can lead to stabilization of the HIF1 transcription factor [21].
This condition, termed pseudohypoxia, can increase aggressiveness of tumors through the induction of HIF1 target genes such as
VEGF or lysl oxidase. Recently, an unbiased tumor sequencing
project found another related enzyme, isocitrate dehydrogenase,
mutated at high frequency in glioblastomas [22]. Although this is
the cytoplasmic form of the enzyme, it is closely related to the
mitochondrial form, and the physiologic significance of this
mutation is not yet determined.
Poorly formed tumor blood vessels cause a bottleneck that limits
oxygen supply to the growing tumor [23,24]. Oxygen consumption within the tumor causes an imbalance with delivery resulting
in hypoxia and its sequella [25]. Hypoxia has been shown to have
many effects on tumor cells, the severity of the response is
dependent on the level of oxygen deprivation [26,27]. With
respect to tumor growth characteristics, moderate hypoxia causes
a slowing of tumor cell proliferation, while severe hypoxia causes
outright cell death [27,28]. These effects can be seen in vivo as
well as modeled in vitro. Reducing hypoxia by decreasing oxygen
consumption may be the most effective way to bring supply and
demand back in balance and increase tumor growth [25].
Mitochondrial function is responsible for the majority of oxygen
consumption within the cell, accounting for 70–90% of total
oxygen consumption. Reducing mitochondrial function can
therefore have a major effect upon total oxygen utilization.
However, there are only two ways that a cell can generate energy,
so a reduction in mitochondrial oxygen consumption must result
in a compensatory increase in glycolysis.
In this work, we describe a novel unbiased screen for genetic loss
that increased tumor cell growth in vivo. The most dramatic target
identified was in mitochondrial ribosomal protein L28, and its
knockdown resulted in a slower growth in vitro, but paradoxically,
an accelerated growth in vivo. One of the effects of the knockdown
is to change the cellular metabolism to more closely match the
Warburg observations. Some of the differences in growth can be
modeled by altering oxygen availability in vitro. However, these
findings emphasize how the Warburg effect must be studied in the
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context of the tumor microenvironment where nutrient supply is
limited by blood supply, unlike the growth conditions in vitro.

Results
An unbiased ShRNA screen identified genes whose knockdown
increased cell growth in vivo. Miapaca2 pancreatic cancer cells
were infected with a lentivirus library containing ShRNA hairpins
targeting 8600 open reading frames with 5 fold redundancy [29].
The infected cells were selected for puromycin resistance and then
either injected into the flank of a nude mouse, or placed in a dish
for growth in an incubator. After one week and four weeks samples
were harvested and the enrichment of each ShRNA determined.
The genes that showed the greatest increase in the in vivo samples
when compared to the in vitro samples are listed in figure S1. At
the top of the list is the mitochondrial ribosomal protein L28
(MRPL28). This is a nuclearly encoded protein that is required for
the correct function of the mitochondrial ribosome, and synthesis
of the mitochondrially encoded proteins [30].
To confirm that the knockdown of this protein would confer a
growth advantage to cells grown as a tumor, two retroviral
plasmids were constructed that expressed either hairpins 1 or 2
from table 1. Virus was made and used to infect both SU86 and
Miapaca2 pancreatic cancer cells. Knockdown was determined by
Western blot and found to be approximately 50% for construct 1
and .90% for construct 2 when compared to cells infected with a
scrambled sequence hairpin (figure 1a). These cells were then
injected into the flank of a nude mouse, and the rate of tumor
growth determined by measuring the volume with calipers.
Knockdown of MRPL28 in either of these cell lines resulted in
approximately a 2–3 fold increase in tumor growth. Because
MRPL28 is necessary for mitochondrial function, we tested the
knockdown of other proteins essential to mitochondrial function to
determine if this would phenocopy the MRPL28 knockdown. We
found that knockdown of either mitochondrial ribosomal protein
L12 or cytochrome oxidase subunit 4 resulted in a similar increase
in tumor growth in vivo (figure 1b and 1c). We also found that
expression of a truncated MRPL28 could increase tumor growth
as well. (figure S2) This fragment appears to have dominant
interfering activity in our growth and functional assays (figure S2).
To determine the role of MRPL28 knockdown on mitochondrial function, we analyzed the knockdown cells in vitro. We first
used the protein extracts from figure 1 above, and probed for the
expression of a mitochondrial protein that was encoded in the
mitochondrial genome (COXlll), and one that was encoded in the
nuclear genome (HSP60). We found that knockdown of MRPL28
resulted in a commensurate reduction in the mitochondrial
protein, with little effect on the nuclear-encoded protein
(figure 2A), suggesting that the mitochondrial ribosome was
compromised. We examined the knockdown cells for any gross
abnormalities in mitochondrial structure by immunostaining with
anti cytochrome C antibody. Mitochondrial structure and quantity
appeared normal by this assay (figure 2B). We also examined
biochemical parameters of the mitochondria using the functional
stain Rhodamine 123 (Rh123), and the mitochondrial stain Nonyl
acradine orange. Figure 2C shows that the membrane potential
(Rh123 intensity) and the total mitochondrial mass (NAO
intensity) were not changed by the knockdown of MRPL28.
However, when we examined the metabolic parameters of these
cells we found a significant effect of the knockdown. Figure 2E
shows that mitochondrial oxygen consumption is significantly
reduced in the knockdown of MRPL28 in both Su86 and
Miapaca2 cells. We found that the greater the reduction in
MRPL28 expression, the greater the reduction in the mitochon2
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Figure 1. Knockdown of MRPL28 in pancreatic tumor cells increases tumor formation. Figure 1A) Left panel is a western blot showing
knockdown of MRPL28 by ShRNA constructs 1 and 2 from figure S1 after infection of SU86cells. Middle panel shows tumor growth of SU86 cells
infected with scrambled ShRNA or ShRNA2. Right panel shows growth of Miapaca2 cells after the infection with the indicated constructs. Figure 1B)
Shows Western blot and increased tumor growth after knockdown of MRPL12 in SU86 tumor cells. Figure 1C) Shows western blot and increased
tumor growth after knockdown of cytochrome oxidase subunit 4 in Su86 tumor cells.
doi:10.1371/journal.pone.0007033.g001

drial oxygen consumption (figure 2E). Reduced mitochondrial
function suggests that these cells must have a compensatory
increase in glycolytic energy production. Analysis of the knockdown cells for glucose uptake with radiolabelled glucose showed an
increase relative to the control cells (figure 2F). Much of the
increased glucose uptake appears to be used in glycolysis, as these
cells also show an increase in lactate production as well. (Figure 2G)
In order to test the hypothesis that altering oxygen consumption
can alter tumor growth, we generated cells with increased
consumption to test if they showed slower tumor growth. To
accomplish this, we overexpressed the mitochondrial uncoupling
protein 1 (UCP1), which can dissipate the proton gradient across
the inner mitochondrial membrane without generating ATP. The
result is increased oxygen consumption without increased ATP
generation. Figure 3A shows that over 90% of the cells express the
introduced UCP1 protein by immune-fluorescence. These cells
showed a significant level of uncoupling when mitochondrial
function was tested in the presence of oligomycin (figure 3B).
Oligomycin inhibits the F1F0 ATPase and blocks oxygen
consumption in coupled mitochondria. Addition of oligomycin
had little effect on UCP1 overexpressing cells, while it decreased
oxygen consumption in control cells (figure 3B). However, UCP1
expression had little effect on baseline oxygen consumption
(figure 3B and 3C). Because it is known that hypoxia can reduce
mitochondrial function, we tested these cells after treatment with
hypoxia, and found that in this environment that UCP1 expression
resulted in significantly increased oxygen consumption when
compared to control cells (Figure 3C). After determining that these
PLoS ONE | www.plosone.org

cells showed increased oxygen consumption, we tested them for
tumor growth, and found that as predicted, they did have
decreased growth in vivo. (Figure 3D).
Working with these cells in the lab, it appeared that the
MRPL28 knockdown (and the MRPL12 and COX1V knockdown
also) cells grew more slowly in vitro. We therefore tested the
growth of MRPL28 knockdown cells for colony formation in
normoxia, and hypoxia, a condition that would be prominent in
vivo, and capable of regulating growth. We found that moderately
severe hypoxia of 0.2% could greatly inhibit the growth of the
control cells infected with the scrambled sequence hairpins.
However, while the MRPL28 cells grew more slowly in normoxia,
they were not inhibited as the parental cells were in hypoxia
(figures 4A and 4B). This slow growth of the knockdown cells in
21% oxygen could be due to the accumulation of toxic oxygen
radical byproducts that are reduced in hypoxia. We tested this
hypothesis by measuring the growth rates of these cells in
normoxia in media that had been supplemented with the
scavenger N-acetyl cysteine. However, protection against ROS
with this drug had no effect on the normoxic growth of the
MRPL28 knockdown cells. (figure 4C).
These knockdown cells therefore seem to have a metabolism
that functions more efficiently in vivo while sacrificing efficient
growth in vitro. We therefore analyzed these metabolic and
growth parameters in the tumors grown from cells with control
and MRPL28 knockdown hairpins. Using the radiotracer 18F
labeled 2-deoxyglucose, we measured glucose uptake in vivo. Even
accounting for the larger size of the tumors, we found that the
3
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knockdown tumors had a 1.5–2 fold increase in glucose uptake
(figure 5A). We also tested fresh tumor explants for oxygen
consumption differences, and found that the knockdown tumors
had significantly lower oxygen consumption per mg of tumor than
the control tumors (figure S3). Because we had determined that the
rate of oxygen consumption can influence tumor hypoxia [31], we
next measured hypoxia in these tumors by the relative binding of
the marker drug pimonidozole. We found that the MRPL28
knockdown tumors had a significant reduction in the overall
hypoxic fraction within the tumor when compared to sizxe
matched controls (figure 5B). Lastly, we examined the tumors to
determine if the reduced hypoxia had a significant effect on tumor
growth parameters. While we found no difference in the fraction of
tumor cells that were apoptotic (data not shown), we did find an
increase in the fraction of cells that were proliferating as measured
by uptake of the radiotracer 18F fluorothymidine (Figure 5C left
panel and figure S4). To confirm that the 18F thymidine uptake
represented increased proliferation, we also measured proliferation
by staining histologic sections with anti-Ki67 antibody, and
determined a significant increase in the knockdown tumors
(figure 5C right panel).
We next asked if we could phenocopy this genetic characteristic
of increased mitochondrial function and decreased tumor growth
pharmacologically. One drug that has been shown to increase
mitochondrial activity is dichloroacetate (DCA). DCA is a
pyruvate-mimetic that can increase pyruvate dehyrogenase activity
in hypoxic cells by inhibiting pyruvate dehydrogenase kinases [31].
The increase in PDH activity increases oxygen consumption, and
hypoxia, in the hypoxic tumor. Although additional activities of
DCA have been reported [32,33], we treated animals bearing
SU86 tumors with either PBS or 50 mg/kg DCA on a daily
schedule. The tumors in the DCA treated group showed
significantly slower growth than the control tumors (figure 6A).
At the end of the experiment the animals were injected with
pimonidozole and the tumors harvested and stained for pimonidozole uptake. Figure 6B shows that even though the control
tumors were much larger, there was significantly more hypoxia in
the DCA treated tumors (Figure 6B).

Discussion
There are numerous reports of mutations in the mitochondrial
genomes of tumor cells, or in enzymes of the mitochondrial TCA
cycle, suggesting that these alterations are beneficial for tumor
growth. However, these mutations can accumulate with age, and
so it is difficult to show that they have a functional role during
tumorigenesis. Additionally, it is not clear if these mutations have
additional, non-metabolic effects, such as altering apoptotic
sensitivity [34], or interfering with the HIF1 signaling pathway
[13]. Conversely, it is difficult to reduce mitochondrial function
without increasing glycolysis as these are the only two mechanisms
for generating ATP in the cell. This work supports the hypothesis
that it is the mitochondrial activity that is first reduced that causes
the increase in glycolytic activity secondarily. Furthermore, it
provides a functional link between the altered tumor metabolism
described by Warburg and the increased tumor growth in vivo.
Tumor cell metabolism is designed to support the synthesis of a
complete daughter cell each cell cycle. This requires the
coordinated production of the biochemical precursors necessary
for macromolecular synthesis. The metabolic pathways that
generate energy intersect most directly with the pathways
responsible for nucleic acid synthesis (the use of glucose-6phosphate in the pentose shunt) and lipid synthesis (acetylCoA
from the mitochondria for 2 carbon lipid extension at fatty acid

Figure 2. Knockdown of MRPL28 results in a dose-dependent
decrease in mitochondrial function. Figure 2A) Western blot of the
extracts from figure 1 probed for mitochondrially encoded COX111 and
nuclearly encoded mitochondrial HSP60. Figure 2B) Micrograph of
control and MRPL28 knockdown SU86 cells stained with anticytochrome C showing no significant alteration in mitochondrial
morphology. Figure 2C) Determination of mitochondrial membrane
potential by staining with Rhodamine123 in control and MRPL28
knockdown Miapaca2 cells showing no difference in either basal or
uncoupled conditions (addition of 1 ug/ml CCCP). Figure 2D) Staining
of total mitochondrial mass with nonyl acradine orange (NAO) in
control and MRPL28 knockdown Miapaca2 tumor cells showing no
difference. Panel 2E) Determination of reduced mitochondrial oxygen
consumption in MRPL28 knockdown SU86 (left panel) and Miapaca2
cells (right panel). Panel 2F) Shows increased 3H-labelled 2-deoxyglucose uptake in the MRPL28 knockdown Miapaca2 tumor cells compared
to the scrambled ShRNA control. Panel 2G) Shows increased lactate
production in the media after 16 hours of growth of MRPL28
knockdown Miapaca2 cells when compared to scrambled ShRNA
control cells.
doi:10.1371/journal.pone.0007033.g002
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Figure 3. Increased mitochondrial oxygen consumption decreases tumor growth. Figure 3A) Immunodetection of stably transfected
uncoupling protein 1 (UCP1) in Miapaca 2 cells. Note nearly 100% transduction. Figure 3B) Uncoupling of mitochondria by expression of UCP1.
Mitochondrial oxygen consumption at baseline and in the presence of 1 ug/ml oligomycin to block the F1F0ATPAse. Note continued oxygen
consumption in the uncoupled cells. Figure 3C) Increased oxygen consumption in UCP1 expressing Miapaca 2 cells exposed to hypoxia. Note similar
oxygen consumption in normoxia. Figure 3D) Slower tumor growth in Miapaca2 cells expressing the UCP1 gene and presumably due to increased
oxygen consumption.
doi:10.1371/journal.pone.0007033.g003

species (ROS), and therefore decreases cellular death [10,12]. It is
true that slowing the oxygen flux through the mitochondria will
slow the metabolic production of ROS, but the role of ROS in
killing hypoxic cells is controversial [38,39,40]. Our data suggests
that ROS are not toxic to the cells in either normoxia or hypoxia.
The addition of the radical scavenger N-acetyl cysteine (NAC) to
the media does not protect the mutant cells during growth at 21%
oxygen (figure 4). Additionally, there is not increased death of cells
in the wild type tumors as measured by staining with TUNEL for
apoptosis (data not shown).
The hypothesis that oxygen can be limiting to the growth of
human tumors has been presented. What has been difficult to
generate is a genetic model system that can test this independent of
other activities. In the 1950’s Thomlinson and Gray made the
observation that human tumor cells grew in vivo around blood
vessels but only for a limited distance [41]. This architecture of the
‘‘tumor cord’’ has been shown to be a function of the need for
tumor cells to extract oxygen from the blood vessel. However,
oxygen is consumed as it diffuses through the cells. The diffusion
distance of approximately 100–200 microns is a function of the

synthase) [35]. Shifting substrates from energy production to
molecular synthesis could provide tumor cells with additional
capacity for macromolecular production. Activation of the AKT
oncogene has been shown to alter metabolism and shift the flow of
precursors into molecular synthesis[36]. However, this does not
appear to be the case for the mutations that we report here
because they actually slow the growth of tumor cells in vitro in
normoxia where there is excess glucose and oxygen in the media
[37]. It is only in the hypoxic environment where oxygen is
limiting that the mutations are beneficial to cellular proliferation
(figure 4).
The HIF1 transcription factor has also been shown to influence
the metabolic choices within the tumor cell. This adaptive
response slows oxygen consumption and increases glucose
metabolism during hypoxia [23]. This observation is consistent
with the idea that oxygen can be rate limiting for growth in vivo,
and slowing its consumption contributes to accelerate tumor
proliferation. The HIF1 data has also been interpreted by some to
support a model in which reduced mitochondrial function leads to
reduced generation of toxic oxygen byproducts, or reactive oxygen
PLoS ONE | www.plosone.org
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Figure 4. Knockdown of MRPL28 results in slower growth of tumor cells in vitro. Figure 4A) Xrystal violet stained colony formation of
control scrambled ShRNA and MRPL28 knockdown Miapaca2 cells grown in normoxia and in o.2% oxygen. Figure 4B) Quantitation of plating
efficiency shown in figure 4A. Note fewer colonies in normoxia in the knockdown cells, and less of a decrease in moderately severe hypoxic
conditions. Figure 4C) Addition of the oxygen radical scavenger NAC does not rescue the growth of the normoxic MRPL28 Miapaca2 knockdown
tumor cells. Growth of scrambled control ShRNA cells (closed symbols) and MRPL28 knockdown cells (open symbols). Cell number is reported for
growth in control media (dark symbols), or media containing 10 mM NAC (light symbols).
doi:10.1371/journal.pone.0007033.g004

Eagle’s Media (DMEM) supplemented with 10% FBS. For
moderate hypoxia, cell culture dishes were placed into an Invivo2
humidified hypoxia workstation (Ruskinn Technologies, Bridgend,
UK) at the indicated oxygen concentrations.

rate of delivery from the blood vessel and the rate of consumption
within the cell [42,43]. This oxygen diffusion limit limits the
proliferation of the tumor cells. However, if the tumor cells are
able to decrease the rate with which they consume oxygen, the
diffusion limit will be increased [44]. Active downregulation of
mitochondrial function by HIF1 can accomplish this reduction in
oxygen consumption similarly to the mutations that we generated.
Pharmacologically blocking this adaptive response with DCA leads
to increased oxygen consumption and reduced tumor growth. The
pancreatic tumor cells seem to be sensitive to this intervention, and
this cell-type sensitivity should be taken into account as clinical
trials progress with this drug [45].
Oxygen is required for non-mitochondrial activities that are
required for growth of tumor cells. This requirement for oxygen
allows tumor cells to grow in hypoxia, but cannot support growth in
anoxia. This anoxic death can be observed in vivo as well as in vitro
[27,46]. As it has been shown in yeast, loss of mitochondrial function
allows slow growth of ‘‘petite’’ colonies on a source of glucose, but will
not support growth in anoxia [47]. Several processes have been
identified that require molecular oxygen as a substrate, such as sterol
synthesis, or oxidative protein folding [48,49]. Neither of these
processes can occur in the total absence of oxygen, but can efficiently
proceed in moderate hypoxia. Furthermore oxidases, hydroxylases,
and histone demethylases all require molecular oxygen as a substrate
[44]. These oxygen-dependent cellular functions are necessary for the
growth of cells within the tumor. This model of how decreased
mitochondrial function provides tumor cells with additional substrates (ie oxygen) for macromolecular synthesis could be considered
an outgrowth of the model in which increased glycolysis provides
tumor cells with increased small molecule intermediates for increased
macromolecular synthesis [35].

Plasmids and siRNAs
Full-length human UCP1 cDNA was obtained from the
mammalian gene collection (MGC), through the ATCC, and
was cloned into pBabePuro vector. For knockdown experiments,
the target sequences used were: Complex IV subunit IV,
CACTGAAGGAGAAGGAGAA, MRPL12, CAACGAGCTCCTGAAGAAA. MRPL28 shRNA1, TACAAGGAATTTGCCATCCCAGAGGA, and shRNA2, GCCAAGTTCAAGATCAAC. For construction of stable knockdown cell lines, the
sequences listed above were cloned into pSIREN-RetroQ vector.
All the knock down cells were selected with 1 mg/ml puromycin
for at least one week and a pool of the infected cells were used for
each of the experiments.

Oxygen consumption measurements and Pimonidozole
staining
Cells were trypsinized and suspended at 66106 cells per ml in
DMEM + 10% FBS. Oxygen consumption was measured in a
0.5 ml volume using an Oxytherm electrode unit (Hansatech,
Norfolk, UK). This system employs a Clark-type oxygen electrode
to monitor the dissolved oxygen concentration in a sealed
measurement chamber over time. The data are exported to a
computerized chart recorder (Oxygraph 1.01, Hansatech, Norfolk,
UK), which calculates the rate of oxygen consumption. A small stir
bar maintains the cells in suspension, and a peltier heating block
maintains the temperature at 37uC. Since the electrode consumes
oxygen during measurement, the rate of oxygen drop in 0.5 ml of
DMEM media without cells was established and subtracted from
the total oxygen consumption rates for the cell suspensions.
Pimonidozole staining was performed on animals injected with
60 mg/kg pimonidozole 3 hours prior to sacrifice. Pimonidozole
was detected by immunofluorescence of frozen sections (figure 5)
or by flow cytometry of a single cell suspension (figure 6). Cells
were blocked with PBS containing 0.1% triton and 3% fat free
milk, and detected with FITC-labeled Hypoxyprobe-1 antibody.

Materials and Methods
Cell lines and cell culture
Su86.86 and MiapaCa2 human pancreatic cancer cells were
obtained from the American Type Culture Collection (ATCC,
Manassas, VA). Su86.86 were grown in RPMI1640 supplemented
with sodium pyruvate and Hepes and 10% fetal bovine serum
(FBS), while MiapaCa2 cells were grown in Dulbecco’s Modified
PLoS ONE | www.plosone.org
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Figure 5. Metabolic changes cause accelerated growth the MRPL28 knockdown tumors. Figure 5A Glucose uptake by microPET
determination of 18F labeled deoxyglucose. Animals bearing one control scrambled ShRNA tumor and one MRPL28 knockdown SU86 tumor were
injected with 200 uCi FDG; and imaged one hour later. Left panel shows heat map with MRPL28 tumors with increased uptake. Right panel shows
quantitation of FDG uptake is increased independent of tumor size. Figure 5B) Size matched control Scrambled ShRNA SU86 and MRPL28 knockdown
tumor bearing animals were injected with pimonidozole and 3 hours later sacrificed. Tumors were sectioned and stained for pimonidozole binding.
Representative sections are shown in left panel and quantitation of hypoxic fraction shown in right panel. Figure 5C) Tumor proliferation in vivo was
determined by 18F labeled thymidine for cellular proliferation. Animals bearing one control scrambled ShRNA and one MRPL28 knockdown SU86
tumor were injected with 200 uCi of 18F-thymidine and two hours later imaged. The PET signal was marginally increased, so tumor cell proliferation
was confirmed by Ki67 staining of sections taken from the tumors. Right panel reports Ki67 positive cells per high powered field.
doi:10.1371/journal.pone.0007033.g005

Detection threshold was determined by staining cells from animals
that did not receive drug.

Expression Vector, which confers resistance to the antibiotic
puromycin. After transducing the cells with pre-packaged VSV-G
pseudotyped virus containing the siRNA library, the MiaPaCa2
cells were selected with puromycine for 5 days. Three million cells
with puromycine resistance were injected into Scid mice. One and
four weeks later, the mice were sacrificed and RNA from tumors
was extracted. The lentiviral inserts—containing the siRNA
templates were recovered by PCR and identified using the
Human Genome Focus GeneChipH Array (Affymetrix, CA).

siRNA library screen
The GeneNetTM Human Druggable Genome siRNA Library
contains 43,800 siRNA templates targeted to 8,500 wellcharacterized human genes (System Biosciences, CA). For most
of the target genes, there are five different siRNA sequences. The
library is cloned into the FIV-based pSIF1-H1-Puro shRNA
PLoS ONE | www.plosone.org
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Figure 6. Pharmacologic increase in oxygen consumption results in slower tumor growth. Figure 6A) SU86 tumors were grown in nude
mice and when tumors reached 100–200 mm3, animals were divided into control (PBS) and treated (50 mg/kg DCA IP) groups. Animals were treated
daily from day 2 to 16 and tumor volumes measured as indicated. Figure 6B) At day 21 animals were injected with DCA, one hour later by
Pimonidozole and 3 hours later sacrifieced. Tumors were explanted and a single cell suspension generated that was stained with FITC-labelled antipimonidozole antibody. Cells were analyzed by FACS and the fraction staining .200 (AUs) is indicated.
doi:10.1371/journal.pone.0007033.g006

three times with cold PBS, lysed with 0.2 M NaOH/0.1% SDS
and radioactivity measured with a liquid scintillation counter.
Protein concentration was measured in parallel series of samples.
Lactate measurement assay: Lactate concentrations in the culture
media were measured using a colorimetric assay kit (SUNY at
Buffalo).

microPET Imaging and Image Analysis
microPET scans were performed on a microPET R4 rodent
model scanner (Concorde Microsystems Inc.). Mice bearing
tumors on the shoulders were injected through tail-vein of
200 mCi of radiotracer (18F-FDG) under isoflurane anesthesia.
The microPET data acquisition was started 60 min after injection.
The images were reconstructed by a 2-dimensional orderedsubsets expectation maximum (OSEM) algorithm and no
correction was necessary for attenuation or scatter.

Data analysis
Oxygen consumption experiments were repeated three times in
duplicate, survival was measured three times in triplicate, reporter
assays were repeated two times in quadruplicate. Tumor growth
was determined in two separate experiments with 5 tumors per
group. Error bars represent the SEM.

Western blotting
In brief, treated cells were harvested directly in buffer
containing 8 M urea and 15 mM b-mecaptoethanl, protein
concentrations were quantitated, 50–100 mg were electrophoresed
on a reducing Tris-Tricine gel, and electroblotted to PVDF
membrane. Antibodies used were MRPL12 (1:200, Abnova),
MRPL28 (1:200, Genway), HSP60, ATPaseIP, COXIII and
Complex IV subunit IV (1:500, Mitosciences). Primary antibodies
were detected with species-specific secondary antibodies labeled
with peroxidase (Vector labs 1:3000) and visualized with Supersignal substrate (Pierce) with films.

Supporting Information
Figure S1 Table describing the targeting sequences of the
ShRNA hairpins that scored the most consistent enrichment when
comparing 1 and 4 weeks in vivo to the same time in vitro.
Found at: doi:10.1371/journal.pone.0007033.s001 (0.79 MB TIF)
Figure S2 Growth characteristics of the truncated MRPL28FLAG expressing Su86 cells grown in vivo (left panel). Oxygen
consumption data from the same overexpressing cells (Right
panel)
Found at: doi:10.1371/journal.pone.0007033.s002 (0.26 MB
TIF)

Immunocytochemistry and fluorescence microscopy
Cells were plated on glass multiwell chamber slides (Nalge
Nunc, Naperville, IL) in DMEM + 10% FBS. For cytochrome c
immunocytochemistry, chamber slides were fixed in 4% paraformaldehyde, blocked in PBS Tween milk (0.2% Tween 20, 5%
nonfat dry milk, in PBS) for 1 h. Cytochrome c was visualized
using a mouse monoclonal antibody 1:250 (BD Pharmingen, San
Diego, CA) and an anti-mouse Alexa 488 secondary antibody
1:500 (Molecular Probes).

Figure S3 Analysis of the MRPL12 knockdown tumors ex vivo.
Tumors were explanted and a portion used to determine
knockdown efficiency by Western Blot (left panel) and a portion
used to measure oxygen consumption (tight panel). Minced tumor
sections were weighed and placed in the oxygen electrode to
determine consumption per mg of tumor.
Found at: doi:10.1371/journal.pone.0007033.s003 (0.31 MB TIF)

Metabolite Assays
2-Deoxyglucose uptake assay: 2-[1,2,-3H (N)]-Deoxy-D-glucose
was purchased from PerkinElmer. Cells were plated in six-well
plates and 24 hours later were washed with PBS and fresh media
containing 0.5 mM glucose and 0.5 mCi 3H-2DG were added for
30 min. At the end of the incubation the monolayers were rinsed
PLoS ONE | www.plosone.org

Figure S4 Quantitation of the mean FLT signal from the
Miapaca2 control tumors and MRPL28 knockdown tumors
imaged in figure 5c.
Found at: doi:10.1371/journal.pone.0007033.s004 (0.14 MB TIF)
8

September 2009 | Volume 4 | Issue 9 | e7033

Oxygen Demand and Tumor Growth

Acknowledgments

Author Contributions

The authors would like to thank Shirley Kwok and the members of the Le
lab for their technical assistance.

Conceived and designed the experiments: YC AK NCD. Performed the
experiments: YC RC IP. Analyzed the data: YC RC IP NCD. Wrote the
paper: AK NCD.

References
1. Warburg O (1956) On respiratory impairment in cancer cells. Science 124:
269–270.
2. Warburg O (1956) [Origin of cancer cells.]. Oncologia 9: 75–83.
3. Gottlob K, Majewski N, Kennedy S, Kandel E, Robey RB, et al. (2001)
Inhibition of early apoptotic events by Akt/PKB is dependent on the first
committed step of glycolysis and mitochondrial hexokinase. Genes Dev 15:
1406–1418.
4. Wise DR, DeBerardinis RJ, Mancuso A, Sayed N, Zhang XY, et al. (2008) Myc
regulates a transcriptional program that stimulates mitochondrial glutaminolysis
and leads to glutamine addiction. Proc Natl Acad Sci U S A 105: 18782–18787.
5. Osthus RC, Shim H, Kim S, Li Q, Reddy R, et al. (2000) Deregulation of
glucose transporter 1 and glycolytic gene expression by c-Myc. J Biol Chem 275:
21797–21800.
6. Matoba S, Kang JG, Patino WD, Wragg A, Boehm M, et al. (2006) p53
regulates mitochondrial respiration. Science 312: 1650–1653.
7. Unwin RD, Craven RA, Harnden P, Hanrahan S, Totty N, et al. (2003)
Proteomic changes in renal cancer and co-ordinate demonstration of both the
glycolytic and mitochondrial aspects of the Warburg effect. Proteomics 3:
1620–1632.
8. Maxwell PH, Wiesener MS, Chang GW, Clifford SC, Vaux EC, et al. (1999)
The tumour suppressor protein VHL targets hypoxia-inducible factors for
oxygen-dependent proteolysis. Nature 399: 271–275.
9. Iyer NV, Kotch LE, Agani F, Leung SW, Laughner E, et al. (1998) Cellular and
developmental control of O2 homeostasis by hypoxia-inducible factor 1 alpha.
Genes Dev 12: 149–162.
10. Kim JW, Tchernyshyov I, Semenza GL, Dang CV (2006) HIF-1-mediated
expression of pyruvate dehydrogenase kinase: a metabolic switch required for
cellular adaptation to hypoxia. Cell Metab 3: 177–185.
11. Papandreou I, Cairns RA, Fontana L, Lim AL, Denko NC (2006) HIF-1
mediates adaptation to hypoxia by actively downregulating mitochondrial
oxygen consumption. Cell Metab 3: 187–197.
12. Zhang H, Gao P, Fukuda R, Kumar G, Krishnamachary B, et al. (2007) HIF-1
inhibits mitochondrial biogenesis and cellular respiration in VHL-deficient renal
cell carcinoma by repression of C-MYC activity. Cancer Cell 11: 407–420.
13. Zhou S, Kachhap S, Sun W, Wu G, Chuang A, et al. (2007) Frequency and
phenotypic implications of mitochondrial DNA mutations in human squamous
cell cancers of the head and neck. Proc Natl Acad Sci U S A 104: 7540–7545.
14. Petros JA, Baumann AK, Ruiz-Pesini E, Amin MB, Sun CQ, et al. (2005)
mtDNA mutations increase tumorigenicity in prostate cancer. Proc Natl Acad
Sci U S A 102: 719–724.
15. Liu VW, Shi HH, Cheung AN, Chiu PM, Leung TW, et al. (2001) High
incidence of somatic mitochondrial DNA mutations in human ovarian
carcinomas. Cancer Res 61: 5998–6001.
16. Nishikawa M, Nishiguchi S, Shiomi S, Tamori A, Koh N, et al. (2001) Somatic
mutation of mitochondrial DNA in cancerous and noncancerous liver tissue in
individuals with hepatocellular carcinoma. Cancer Res 61: 1843–1845.
17. Krishnan KJ, Greaves LC, Reeve AK, Turnbull D (2007) The ageing
mitochondrial genome. Nucleic Acids Res 35: 7399–7405.
18. Mithani SK, Taube JM, Zhou S, Smith IM, Koch WM, et al. (2007)
Mitochondrial mutations are a late event in the progression of head and neck
squamous cell cancer. Clin Cancer Res 13: 4331–4335.
19. Selak MA, Armour SM, MacKenzie ED, Boulahbel H, Watson DG, et al. (2005)
Succinate links TCA cycle dysfunction to oncogenesis by inhibiting HIF-alpha
prolyl hydroxylase. Cancer Cell 7: 77–85.
20. Tomlinson IP, Alam NA, Rowan AJ, Barclay E, Jaeger EE, et al. (2002)
Germline mutations in FH predispose to dominantly inherited uterine fibroids,
skin leiomyomata and papillary renal cell cancer. Nat Genet 30: 406–410.
21. Pollard PJ, Briere JJ, Alam NA, Barwell J, Barclay E, et al. (2005) Accumulation
of Krebs cycle intermediates and over-expression of HIF1alpha in tumours
which result from germline FH and SDH mutations. Hum Mol Genet 14:
2231–2239.
22. Parsons DW, Jones S, Zhang X, Lin JC, Leary RJ, et al. (2008) An integrated
genomic analysis of human glioblastoma multiforme. Science 321: 1807–1812.
23. Vaupel P (2004) Tumor microenvironmental physiology and its implications for
radiation oncology. Semin Radiat Oncol 14: 198–206.
24. Secomb TW, Hsu R, Braun RD, Ross JR, Gross JF, et al. (1998) Theoretical
simulation of oxygen transport to tumors by three-dimensional networks of
microvessels. Adv Exp Med Biol 454: 629–634.
25. Secomb TW, Hsu R, Ong ET, Gross JF, Dewhirst MW (1995) Analysis of the
effects of oxygen supply and demand on hypoxic fraction in tumors. Acta Oncol
34: 313–316.

PLoS ONE | www.plosone.org

26. Hockel M, Vaupel P (2001) Tumor hypoxia: definitions and current clinical,
biologic, and molecular aspects. J Natl Cancer Inst 93: 266–276.
27. Papandreou I, Krishna C, Kaper F, Cai D, Giaccia AJ, et al. (2005) Anoxia is
necessary for tumor cell toxicity caused by a low-oxygen environment. Cancer
Res 65: 3171–3178.
28. Santore MT, McClintock DS, Lee VY, Budinger GR, Chandel NS (2002)
Anoxia-induced apoptosis occurs through a mitochondria-dependent pathway in
lung epithelial cells. Am J Physiol Lung Cell Mol Physiol 282: L727–734.
29. Zheng L, Liu J, Batalov S, Zhou D, Orth A, et al. (2004) An approach to
genomewide screens of expressed small interfering RNAs in mammalian cells.
Proc Natl Acad Sci U S A 101: 135–140.
30. Koc EC, Burkhart W, Blackburn K, Moyer MB, Schlatzer DM, et al. (2001)
The large subunit of the mammalian mitochondrial ribosome. Analysis of the
complement of ribosomal proteins present. J Biol Chem 276: 43958–43969.
31. Cairns RA, Papandreou I, Sutphin PD, Denko NC (2007) Metabolic targeting of
hypoxia and HIF1 in solid tumors can enhance cytotoxic chemotherapy. Proc
Natl Acad Sci U S A 104: 9445–9450.
32. McFate T, Mohyeldin A, Lu H, Thakar J, Henriques J, et al. (2008) Pyruvate
dehydrogenase complex activity controls metabolic and malignant phenotype in
cancer cells. J Biol Chem 283: 22700–22708.
33. Bonnet S, Archer SL, Allalunis-Turner J, Haromy A, Beaulieu C, et al. (2007) A
mitochondria-K+ channel axis is suppressed in cancer and its normalization
promotes apoptosis and inhibits cancer growth. Cancer Cell 11: 37–51.
34. Shidara Y, Yamagata K, Kanamori T, Nakano K, Kwong JQ, et al. (2005)
Positive contribution of pathogenic mutations in the mitochondrial genome to
the promotion of cancer by prevention from apoptosis. Cancer Res 65:
1655–1663.
35. Deberardinis RJ, Sayed N, Ditsworth D, Thompson CB (2008) Brick by brick:
metabolism and tumor cell growth. Curr Opin Genet Dev 18: 54–61.
36. Bauer DE, Hatzivassiliou G, Zhao F, Andreadis C, Thompson CB (2005) ATP
citrate lyase is an important component of cell growth and transformation.
Oncogene 24: 6314–6322.
37. Buzzai M, Bauer DE, Jones RG, Deberardinis RJ, Hatzivassiliou G, et al. (2005)
The glucose dependence of Akt-transformed cells can be reversed by
pharmacologic activation of fatty acid beta-oxidation. Oncogene 24: 4165–4173.
38. Tuttle SW, Maity A, Oprysko PR, Kachur AV, Ayene IS, et al. (2007) Detection
of reactive oxygen species via endogenous oxidative pentose phosphate cycle
activity in response to oxygen concentration: implications for the mechanism of
HIF-1alpha stabilization under moderate hypoxia. J Biol Chem 282:
36790–36796.
39. Fruehauf JP, Meyskens FL Jr (2007) Reactive oxygen species: a breath of life or
death? Clin Cancer Res 13: 789–794.
40. Muschel RJ, Bernhard EJ, Garza L, McKenna WG, Koch CJ (1995) Induction
of apoptosis at different oxygen tensions: evidence that oxygen radicals do not
mediate apoptotic signaling. Cancer Res 55: 995–998.
41. Thomlinson RH, Gray LH (1955) The histological structure of some human
lung cancers and the possible implications for radiotherapy. Br J Cancer 9:
539–549.
42. Helmlinger G, Yuan F, Dellian M, Jain RK (1997) Interstitial pH and pO2
gradients in solid tumors in vivo: high-resolution measurements reveal a lack of
correlation. Nat Med 3: 177–182.
43. Moore JV, Hasleton PS, Buckley CH (1985) Tumour cords in 52 human
bronchial and cervical squamous cell carcinomas: inferences for their cellular
kinetics and radiobiology. Br J Cancer 51: 407–413.
44. Denko NC (2008) Hypoxia, HIF1 and glucose metabolism in the solid tumour.
Nat Rev Cancer.
45. Michelakis ED, Webster L, Mackey JR (2008) Dichloroacetate (DCA) as a
potential metabolic-targeting therapy for cancer. Br J Cancer 99: 989–994.
46. Evans SM, Hahn SM, Magarelli DP, Koch CJ (2001) Hypoxic heterogeneity in
human tumors: EF5 binding, vasculature, necrosis, and proliferation. Am J Clin
Oncol 24: 467–472.
47. Rosenfeld E, Beauvoit B, Rigoulet M, Salmon JM (2002) Non-respiratory
oxygen consumption pathways in anaerobically-grown Saccharomyces cerevisiae: evidence and partial characterization. Yeast 19: 1299–1321.
48. Tu BP, Weissman JS (2002) The FAD- and O(2)-dependent reaction cycle of
Ero1-mediated oxidative protein folding in the endoplasmic reticulum. Mol Cell
10: 983–994.
49. Chen L, Lyubimov AY, Brammer L, Vrielink A, Sampson NS (2008) The
binding and release of oxygen and hydrogen peroxide are directed by a
hydrophobic tunnel in cholesterol oxidase. Biochemistry 47: 5368–5377.

9

September 2009 | Volume 4 | Issue 9 | e7033

