nature

LETTERS

Vol 45213 March 2008 |doi:10.1038/nature06734

The M2 splice isoform of pyruvate kinase is important
for cancer metabolism and tumour growth
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Many tumour cells have elevated rates of glucose uptake but
reduced rates of oxidative phosphorylation. This persistence of
high lactate production by tumours in the presence of oxygen,
known as aerobic glycolysis, was first noted by Otto Warburg
more than 75 yr ago'. How tumour cells establish this altered
metabolic phenotype and whether it is essential for tumorigenesis
is as yet unknown. Here we show that a single switch in a splice
isoform of the glycolytic enzyme pyruvate kinase is necessary for
the shift in cellular metabolism to aerobic glycolysis and that this
promotes tumorigenesis. Tumour cells have been shown to
express exclusively the embryonic M2 isoform of pyruvate kinase®.
Here we use short hairpin RNA to knockdown pyruvate kinase M2
expression in human cancer cell lines and replace it with pyruvate
kinase M1. Switching pyruvate kinase expression to the M1 (adult)
isoform leads to reversal of the Warburg effect, as judged by
reduced lactate production and increased oxygen consumption,
and this correlates with a reduced ability to form tumours in nude
mouse xenografts. These results demonstrate that M2 expression
is necessary for aerobic glycolysis and that this metabolic pheno-
type provides a selective growth advantage for tumour cells in vivo.

Otto Warburg noted that tumour cells, unlike their normal coun-
terparts, use aerobic glycolysis with reduced mitochondrial oxidative
phosphorylation for glucose metabolism, and proposed that this was
an early and essentially irreversible step that ultimately led to tumor-
igenesis'. A recent study showed that aerobic glycolysis and the
enhanced production of lactate in tumour cells, despite long-held
beliefs, is not usually due to mitochondrial defects in oxidative phos-
phorylation®. These findings are consistent with the idea that tumour
cells preferentially use glucose for purposes other than oxidative
phosphorylation, and that this metabolic switch may be required
to support cell growth. Microarray studies have shown that glycolytic
genes comprise one of the most upregulated gene sets in cancer®”.
Among those genes significantly upregulated in tumours is pyruvate
kinase, which regulates the rate-limiting final step of glycolysis*°.
Four pyruvate kinase isoforms exist in mammals: the L and R iso-
forms are expressed in liver and red blood cells; the M1 isoform is
expressed in most adult tissues; and the M2 isoform is a splice variant
of M1 expressed during embryonic development®. Notably, it has
been reported that tumour tissues exclusively express the embryonic
M2 isoform of pyruvate kinase’.

To confirm that tumour tissues switch pyruvate kinase expression
from an adult isoform to the embryonic M2 isoform, antibodies
that distinguish pyruvate kinase M1 from pyruvate kinase M2
(PKM1 and PKM2, respectively) were generated (Supplementary
Fig. 1). Mammary gland tissues from MMTV-NeuNT mice, a breast

cancer tumour model, were analysed before and after tumour
development for pyruvate kinase isoform expression®. As shown in
Fig. la, the primary pyruvate kinase isoform before tumour develop-
ment is PKM1; however, the primary isoform from four independent
tumours is PKM2. All cell lines examined, including multiple cancer
lines derived from different tissues, also exclusively express the M2
isoform of pyruvate kinase (Fig. 1b). Immunohistochemistry of
human colon cancer using the PKM1- and PKM2-specific antibodies
shows selective expression of PKM1 in the stromal cells and PKM2 in
the cancer cells (Fig. 1c).

Given that PKM2 is selectively expressed in proliferating cells, we
assessed its importance for cell proliferation via short hairpin
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Figure 1| Tumour tissues and cell lines express the M2 isoform of pyruvate
kinase. a, Inmunoblotting of mammary gland protein lysates from MMTV-
NeuNT mice before (N) and after (T) tumour development. T1-T4
represent lysates from tumours that developed in four different mice.
Proteins from total cell extracts were immunoblotted for PKM1, PKM2 and
actin. b, Inmunoblotting of protein lysates from cell lines. A549 and H1299
are lung carcinoma cell lines; 293T is a transformed embryonic kidney cell
line; HeLa is a cervical carcinoma cell line; and MCF10a is an immortalized
breast epithelial cell line. Mouse muscle lysate was included as a control for
M1 antibody staining. Total cell extracts were probed with antibodies
towards PKM1, PKM2 and GAPDH. ¢, Inmunohistochemistry of human
colorectal cancer with antibodies towards PKM1 and PKM2. Stromal cells
(arrows pointing upward) stain positive for PKM1; cancer cells (arrows
pointing downward) stain positive for PKM2. Images are shown at X400
magnification.
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(sh)RNA knockdown (Fig. 2a). Stable knockdown of PKM2 in the
human lung cancer cell line H1299 results in decreased rates of glu-
cose metabolism and reduced cell proliferation (Fig. 2b, ¢). Glucose
metabolism was monitored by following the conversion of 5-’H-
glucose to *H,0, which occurs at the enolase step immediately pre-
ceding pyruvate kinase. To address whether it is the M2 isoform that
is specifically critical for cell proliferation, we made stable cell lines
expressing Flag-tagged mouse PKM1 (mM1) or PKM2 (mM2) and
then induced stable knockdown of endogenous PKM?2 using shRNA
expression (Fig. 2a). Both mM1 and mM2 were able to rescue the
glucose metabolism and proliferation defects of the knockdown cells
when grown in the artificially high glucose and oxygen conditions of
cell culture (Fig. 2b, ¢). Similar results were obtained using A549 cells,
and no changes in cell size were observed in either cell line (data not
shown).

To examine whether PKM2 expression enhances tumour cell
growth under lowered oxygen and glucose conditions, proliferation
rates of the M1 and M2 rescue cells (M2 knockdown cells expressing
mM1 or mM2) were measured in physiological glucose levels and
hypoxic oxygen. Proliferation of neither the M1 nor the M2 cells was
affected by growth in normal (5mM) glucose (data not shown);
however, proliferation of the M1 cells was significantly decreased
compared to the M2 cells in 0.5% oxygen (Fig. 3a). The per cent
decrease in oxygen consumption after addition of subsaturating
amounts of oligomycin, a specific inhibitor of mitochondrial ATP
synthase, was the same in both the M1 and M2 cells (data not shown).
However, oligomycin treatment at the same dose affected the pro-
liferation rate of the M1 cells significantly more than the M2 cells
(Fig. 3a). These data suggest that the M1 cells are more dependent on
oxidative phosphorylation for cell proliferation.

Consistent with published findings that PKM1 is a more active
enzyme than PKM2, we found that the M1 rescue cells had 60%
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Figure 2 | PKM2 knockdown is rescued by expression of PKM1 in vitro.

a, Immunoblotting of H1299 cells stably expressing shRNA constructs and
rescue constructs. Cells were infected with retrovirus containing the empty
vector, pLHCX, or pPLHCX with Flag-tagged mouse M1 (mM1) or mouse M2
(mM2). After 2 weeks selection in hygromycin, the cells were infected with
lentivirus containing the pLKO vector with control shRNA (c) or shRNA
that knocks down PKM2 expression (kd). The cells were then selected in
puromycin for 1 week. Total cell extracts were immunoblotted with
antibodies for pyruvate kinase (recognizes both M1 and M2), Flag and
GAPDH. b, ¢, ¢, cells with empty rescue vector and control shRNA; kd, cells
with empty rescue vector and knockdown shRNA; kd mM1, cells with
Flag-mM1 rescue and knockdown shRNA; kd mM2, cells with Flag-mM2
rescue and knockdown shRNA. b, Glycolytic rates of the knockdown and
rescue cells. ¢, Proliferation curves of the knockdown and rescue cells. Error
bars in b and ¢ denote s.e.m. (n = 3).
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higher pyruvate kinase activity than the M2 rescue cells (Supple-
mentary Fig. 2a). However, the adenine nucleotide levels in the M1
and M2 cells were comparable in normal culture conditions as well as
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Figure 3 | M1 expression results in increased oxidative phosphorylation.

a, Doubling times of the M1 and M2 H1299 rescue cells grown in normal
oxygen conditions (-), 0.5% oxygen, and in the presence of 125 nM oligomycin.
Asterisk, P = 0.016941; double asterisk, P = 0.000048. b, ¢, Data from four
different cell lines (H1299, A549, SN12C and MCF?7) are indicated. b, Oxygen
consumption of the M1 and M2 rescue cells. ¢, Lactate production of the M1
and M2 rescue cells. d, Metabolite levels in the M1 and M2 H1299 rescue cells as
determined by LC-MS. Detected metabolites are represented as the percentage
signal change in the M2 versus M1 cells. FBP represents both fructose-1,6-
bisphosphate and fructose-2,6-bisphosphate, as the two are undistinguishable
by LC-MS. Values were obtained by analysis of six samples. Error bars in

a, b denote s.e.m. (n = 3); error bars in ¢ denote s.e.m. (n = 6).
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on treatment with saturating or subsaturating amounts of oligomy-
cin (Supplementary Fig. 2b, ¢, and data not shown). These data
suggest that changes in ATP levels or mitochondrial coupling do
not account for the observed changes in proliferation rates in the
M1 and M2 cells.

Given the reduced proliferation of the M1 cells in response to both
hypoxic conditions and oligomycin treatment, we hypothesized that
the M1 rescue cells may preferentially metabolize glucose by oxid-
ative phosphorylation rather than rely on aerobic glycolysis. To test
this hypothesis, we compared oxygen consumption, lactate produc-
tion and metabolite levels in the M1 and M2 rescue H1299 cells. We
found that the M1 cells consume more oxygen and produce less
lactate than the M2 cells (Fig. 3b c). These differences in oxygen
consumption and lactate production were statistically significant
(P<<0.02). Similar results were observed when endogenous PKM?2
was replaced with mouse PKM1 or mouse PKM2 in two other invas-
ive cancer cell lines, A549 and SN12C (Fig. 3b, ¢). However, switching
pyruvate kinase isoform expression from M2 to M1 in a non-invasive
breast cancer cell line known to have low aerobic glucose consump-
tion rates, MCF7°, had no significant affect on lactate production and
oxygen consumption (Fig. 3b, ¢).

An increase in lactate levels in the H1299 M2 rescue cells was also
found by liquid-chromatography-mass-spectrometry-based (LC-
MS) measurement of metabolites (Fig. 3d). Additional metabolite
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Figure 4 | M1 expression reduces the tumorigenicity of lung cancer cells.
a, Tumour formation over time in nude mice injected with M1 and M2
rescue H1299 cells. After 43 days, 3 out of 7 mice injected with M1 cells and 7
out of 8 mice injected with M2 cells formed tumours. b, Mice injected with
M1 cells on the left flank and M2 cells on the right flank. The mouse on the
left only formed a tumour from the M2 cells. The mouse on the right formed
a bigger tumour from the M2 cells than from the M1 cells. ¢, Dissected
tumours from the nude mice. The only three tumours derived from M1 cells
are shown (top row), and these tumours were smaller than four of the
tumours from the M2 cells (bottom row). d, Mass of the dissected tumours.
Each dot represents the tumour mass from one mouse. The blue line
indicates the mean tumour mass originating from M1 cells and M2 cells.
e, Immunoblotting of tumour lysates originating from M1 cells, M2 cells, or
a 50/50 mixture of M1 and M2 cells (M1/M2). The left panel shows lysates
from the injected cells. The right panel shows lysates from the dissected
tumours. Lysates were immunoblotted with antibodies towards M1, M2,
pyruvate kinase (recognizes both M1 and M2), Flag and GAPDH.
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levels were also different in the M2 cells as compared with the M1
cells. Pyruvate levels were increased and fructose-bisphosphate levels
were decreased in the M2 cells (Fig. 3d). Together, these data show
that the ratio of lactate production to oxygen consumption is higher
in the M2 cells than in the M1 cells and that other glycolytic inter-
mediates are affected by differential expression of these pyruvate
kinase isoforms.

To determine whether M2 isoform expression is important for
tumour cell growth in vivo, we performed xenograft studies using
the M1 and M2 rescue cells. Nude mice were injected with 5 million
M1 or M2 rescue H1299 cells, and tumour growth was monitored
over a 7-week period. As shown in Fig. 4a, mice injected with the M1
cells showed a delay in tumour development as compared with those
injected with the M2 cells. Fewer tumours developed from the M1
cells, and those that did were smaller in size (Fig. 4b, c). As judged by
total tumour mass, the M2 cells gave rise to significantly larger
tumours than the M1 cells (Fig. 4d). Western blot analysis of the
developed tumours shows that the Flag-tagged rescue mM1 and
mM2 proteins are retained in the tumours; however, endogenous
expression of PKM2 returned in both cases (Fig. 4e). No tumours
were recovered that solely expressed mM1. To determine whether
this was the result of loss of shRNA-mediated knockdown of endo-
genous PKM2 or whether it represented a selective growth advantage
for cells expressing M2, a 50/50 mixture of the M1 and M2 cells was
injected into nude mice. Tumours that arose from the mixture of M1
and M2 cells only retained expression of the Flag-mM?2 rescue
protein, demonstrating that most of the tumour, if not the entire
tumour, was derived from the M2-expressing cells (Fig. 4e). These
data show that PKM2 expression provides a selective growth advant-
age for tumour cells in vivo.

We show that the switch to the M2 isoform of pyruvate kinase in
tumour cells is necessary to cause the metabolic phenotype known as
the Warburg effect; however, the mechanism by which this occurs is
as yet unknown. Given that PKM2 is expressed during embryonic
development and in many non-transformed cell lines, M2 expression
alone is unlikely to be a transforming event. Rather, the presence of
PKM2 may contribute to a metabolic environment that is amenable
to cell proliferation. An attractive hypothesis is that PKM2, which
undergoes complex regulation by both fructose-1,6-bisphosphate
and protein-tyrosine kinase signalling, provides the flexibility to
distribute glucose metabolites into anabolic versus catabolic pro-
cesses, depending on the demands of rapidly growing cells'. It
remains unclear, however, why more of the pyruvate made in
PKM2-expressing cells is converted to lactate whereas more of the
pyruvate generated in PKM1 cells is metabolized in the mitochon-
dria. One explanation is that M2 expression results in higher expres-
sion of lactate dehydrogenase. Alternatively, M2 expression might
lead to reduced mitochondrial density and decreased expression of
proteins involved in oxidative phosphorylation. To test these hypo-
theses, we analysed the expression of the lactate dehydrogenase and
F,Fo-ATPase proteins in the M1 and M2 cells. No differences in the
protein levels were detected (data not shown); however, differential
activities of lactate dehydrogenase, pyruvate dehydrogenase and/or
pyruvate dehydrogenase kinase, or proteins involved in oxidative
phosphorylation in the M1 and M2 cells, could account for the
observed shift to aerobic glycolysis in the M2-expressing cells.

It is also possible that the M2 isoform of pyruvate kinase has
functions independent of its role in glycolysis. GAPDH has been
identified to be part of a transcription factor complex'', and a recent
study (ref. 12) suggested that the M2 isoform of pyruvate kinase has a
role in caspase-independent cell death. In addition, we have recently
found that PKM2 has the unique ability among pyruvate kinase iso-
forms to interact with tyrosine-phosphorylated proteins'®. It is there-
fore possible that such an alternative function of PKM2 independent
of its enzymatic activity promotes aerobic glycolysis and tumour
growth.

©2008 Nature Publishing Group
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Dependence on PKM2-mediated aerobic glycolysis for tumour
growth is probably variable in cancer cells given the reliance of some
tumours on alternative energy sources such as fatty acid oxidation.
This idea is supported by our finding that replacement of PKM2 with
mouse PKM1 in the MCF7 cancer cell line had no effect on glucose
metabolism as measured by lactate production and oxygen con-
sumption. Glutamine metabolism has also recently been identified
as an important source of mitochondrial fuel in cancer cells”. It is
possible that differences in glutamine metabolism may contribute to
the metabolic phenotypes of PKM1 and PKM2 cells.

A well known difference between the M1 and M2 isoforms of pyr-
uvate kinase is that M2 is a low activity enzyme that relies on allosteric
activation by the upstream metabolite fructose-1,6-bisphosphate,
whereas M1 is a constitutively active enzyme. Additionally, we have
recently found that the activity of the M2 isoform (but not the M1
isoform) can be inhibited by tyrosine kinase signalling in tumour
cells'. Decreased M2 activity as a result of growth-factor-stimulated
kinase signalling pathways would be predicted to build up phosphoe-
nolpyruvate levels, which would result in inhibition of the isoform of
phosphofructokinase-2 expressed in tumour cells, PFKFB3'*". This
would result in reduced fructose-2,6-bisphosphate levels, which
would in turn reduce fructose-1,6-bisphosphate levels. This type of
regulation is consistent with our results showing a significant reduc-
tion in fructose-bisphosphate levels in the M2 cells as compared
with the M1 cells. It is therefore possible that differential levels of
fructose-bisphosphate, or other upstream metabolites in the glycolytic
pathway, mediate the switch to aerobic glycolysis from oxidative
phosphorylation in M2-expressing cells by an as yet unexplained
mechanism. An alternative explanation is that M1 preferentially
shuttles pyruvate to the mitochondria or M2 preferentially shuttles
pyruvate to lactate dehydrogenase. For example, tyrosine phosphory-
lation of lactate dehydrogenase might facilitate its binding to
PKM2', thereby channelling the product of pyruvate kinase to lactate.
Regardless of the mechanism by which PKM2 promotes the Warburg
effect, the finding that expression of the M2 isoform is advantageous
for tumour cell growth in vivo demonstrates that the unique meta-
bolism of tumour cells is critical for tumorigenesis.

METHODS SUMMARY

Cells were lysed in Nonidet P-40 lysis buffer, and western blot analysis was
carried out according to standard protocols. Paraffin-embedded colon cancer
and control tissues were stained with polyclonal PKM1 and PKM2 antibodies
using an automated immunostainer and analysed using immunohistochemistry
kits and EDTA-based antigen retrieval (Ventana Medical Systems). For cell line
construction, Flag-tagged mouse pyruvate kinase isoforms were cloned into
pLHCX and used to make retrovirus to infect H1299, A549, SN12C and
MCF?7 cells. After 2 weeks of selection in 350 pg ml~" hygromycin (150 pg ml ™"
hygromycin for MCF?7), the stable cells expressing Flag-tagged mouse pyruvate
kinase were infected with lentivirus containing knockdown or control shRNA
towards human PKM2. These cells were selected for 1week in 2pug ml™"
puromycin before experimentation. Cellular glucose metabolism rates were
measured by following the conversion of 5-’H-glucose to H,0, as described
previously®. Cellular proliferation rates were determined by seeding 5 X 10" cells
in triplicate in 6-well plates and taking cell counts every 24 h using a Coulter
particle analyser for a 3-5-day period. Pyruvate kinase activity was assessed using
a continuous assay coupled to lactate dehydrogenase. Adenine nucleotide levels
were measured using an ATP bioluminescence assay kit (Roche) as well as by
high-performance liquid chromatography (HPLC), as described previously'.
Lactate production was measured using a fluorescence-based assay kit
(BioVision). Oxygen consumption rates were measured using an anaerobic
chamber fitted with a polarographic oxygen electrode, as described previously'®.
Metabolite extracts were prepared from 2 X 10 cells using cold 80% ethanol,
0.1% formic acid. After centrifugation, the metabolite extracts were dried under
nitrogen, reconstituted in water, and analysed by LC-MS as described pre-
viously'®. Nude mice were injected subcutaneously with 5 X 10° H1299 cells as
described previously". Tumour formation was assessed every 2-3 days, and the
tumours were dissected and weighed at 7 weeks after injection.
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Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Cell lysis and immunoblotting. All cell lines were purchased from ATCC and
cultured according to ATCC protocols. Cells were lysed in buffer containing
50mM Tris pH7.5, 1mM EDTA, 150 mM NaCl, 1% Nonidet P-40, 1 mM
dithiothreitol, 4 pgml™" aprotinin, 4 ugml ™" leupeptin and 4 ugml ™" pepsta-
tin. After homogenization, mouse tissues were lysed in buffer containing 25 mM
Tris pH 7.4, 10mM EDTA, 10 mM EGTA, 100 mM NaF, 50 mM NaPPi, 1%
Nonidet P-40, 1 mM dithiothreitol, 4 pgml™" aprotinin, 4 ug ml~" leupeptin
and 4 pgml™" pepstatin. Western blot analysis was carried out according to
standard methods. The following commercial antibodies were used as probes:
pyruvate kinase (Abcam), GAPDH (Abcam), actin (Sigma), Flag (Sigma).
Immunohistochemistry. Archived paraffin-embedded tissue from a patient
previously diagnosed with colon cancer and from a normal control (both from
Children’s Hospital Boston) were stained with polyclonal antibodies to PKM1
and PKM2 using an automated immunostainer and analysed using immuno-
histochemistry kits and EDTA-based antigen retrieval (Ventana Medical
Systems). Results were photographed using an Olympus BX50 microscope
and an Olympus QColour3 camera.

Rescue constructs and retroviral production. Flag-tagged mouse PKM1 and
PKM2 were cloned into the retroviral vector pPLHCX (Clontech) and were co-
transfected into 293T cells along with an expression vector with an Ampho
cassette. Retrovirus was harvested 36 h after transfection, and 5 ugml ™" poly-
brene was added. Subconfluent H1299, A549 and SN12C cells were infected with
harvested retrovirus and were selected in 350 pg ml~" hygromycin for 2 weeks.
MCEF?7 cells were infected and selected in 150 pg ml~" hygromycin for 2 weeks.
shRNA constructs and lentiviral production. shRNA constructs were provided
by W. Hahn (RNAI consortium) in lentiviral cassettes. A shRNA with high
pyruvate kinase knockdown efficiency was used (kd) (5'-CCGGGCTGTGGC-
TCTAGACACTAAACTCGAGTTTAGTGTCTAGAGCCACAGCTTTTTG-3'),
and a shRNA with no effect on pyruvate kinase levels was used as a control (cl)
(5'-CCGGGAGGCTTCTTATAAGTGTTTACTCGAGTAAACACTTATAAGA-
AGCCTCTTTTTG-3"). As described previously®, lentivirus was made using a
three-plasmid packaging system. Briefly, shRNAs in the pLKO.l-puro vector
were co-transfected into 293T cells along with expression vectors containing
the gag/pol, rev and vsvg genes. Lentivirus was harvested 48 h after transfection,
and 5pgml ™" polybrene was added. Subconfluent H1299 and A549 cells were
infected with harvested lentivirus, and were selected in 2 ugml™" puromycin
for 1 week.

Measurement of glucose metabolism. Cellular glucose metabolism rates were
measured by following the conversion of 5-*H-glucose to *H,O as described
previously'®. The assay was performed with cells attached to tissue culture plates.
Briefly, the cells were washed once in PBS, before incubation in Krebs buffer
without glucose for 30 min at 37 °C. The Krebs buffer was then replaced with
Krebs buffer containing 10mM glucose spiked with 10 uCi of 5->H-glucose.
After 1h, triplicate samples of media were transfered to PCR tubes containing
0.2N HCl and the amount of *H,O generated was determined by diffusion, as
described previously'®.

Cell proliferation analysis. 5 X 10" cells were seeded in triplicate in 6-well plates,
and accurate cell counts were obtained every 24 h using a Coulter particle ana-
lyser for a 3—5-day period. Time zero was taken 16 h after seeding. Cells grown in
low oxygen were incubated in a sealed hypoxia chamber set to 0.5% oxygen. Cells
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grown in the presence of oligomycin were treated with 125nM oligomycin at
time zero.

Measurement of pyruvate kinase activity. Pyruvate kinase activity was mea-
sured by a continuous assay coupled to lactate dehydrogenase (LDH). The
change in absorbance at 340 nm owing to oxidation of NADH was measured
using a Victor3 1420 Multilabel Counter spectrophotometer (PerkinElmer).
Kinetic assays for activity determinations contained cell lysate (1-2 pg), Tris
pH7.5 (50mM), KCl (100mM), MgCl, (5mM), ADP (0.6mM), PEP
(0.5mM), NADH (180 uM), FBP (10 uM) and LDH (8 units).

Adenine nucleotide determination. ATP levels were assessed using an ATP
bioluminescence assay kit (Roche). Adenine nucleotides were also measured
by HPLC as described previously'”. Briefly, for each sample, 6 million cells
were re-suspended in 300 pl of media. Twenty microlitres of 1 M HCIO, was
added and this solution was extracted with 11.75/13.25 (v/v) mixture of tri-n-
octylamine/fluorotrichloromethane. The aqueous phase was recovered and
applied to a Zorbax Rx C8 column and eluted with a linear gradient of 90%
buffer A (50mM KH,PO,, 8 mM tetrabutylammonium hydrogen sulphate
(TBAS pH5.8))/10% buffer B (50 mM KH,PO,, 8 mM TBAS, pH 5.8, 40%
acetonitrile) to 55% buffer A/45% buffer B over 15 min. Adenine nucleotides
were detected spectrophotometrically (254 nm). ATP, ADP and AMP peaks
within each sample were confirmed by co-injection of each nucleotide with each
sample. Standard curves were determined for ATP, ADP and AMP to facilitate
quantification of the nucleotides in each sample.

Measurement of oxygen consumption. Cellular oxygen consumption rates
were measured using a water-jacketed (37 °C) anaerobic chamber fitted with a
polarographic oxygen electrode as described previously'®. The electrode was
calibrated with 150 mM NaCl equilibrated to room air at 37 °C (corresponding
to 199 nmol O, per ml).

Measurement of lactate production. Lactate production was measured using a
commercially available fluorescence-based assay kit (BioVision). Fresh media
was added to a 12-well plate of subconfluent cells, and aliquots of media from
each well were assessed 1 h later for amount of lactate present. Cell number was
determined using a Coulter particle analyser.

Measurement of metabolite levels. Metabolite extracts were prepared from
2% 107 cells using 2ml ice-cold 80% ethanol containing 0.1% formic acid.
Extracts were centrifuged at 10,000 r.p.m. for 20 min at 4 °C, and the supernatant
was dried under a nitrogen flow. The dried extract was reconstituted in 400 pl
water, and the insoluble fraction was spun down at 10,000 r.p.m. for 20 min
at 4 °C. Two-hundred microlitres of the supernatant was loaded into 96-well
plates, and the LC-MS analysis of metabolites was performed as described
previously'®.

Xenograft studies. Nude mice (nu/nu, male 6-8-week-old, Charles River
Laboratories) were injected subcutaneously with 5% 10° H1299 cells as
described previously'”. Tumour formation was assessed every 2-3 days. At
7 weeks after injection, the tumours were dissected and weighed.

Statistical analyses. All P values were obtained using an unpaired two-tailed
t-test.

20. Root, D.E., Hacohen, N.,Hahn, W. C,, Lander, E. S. & Sabatini, D. M. Genome-scale
loss-of-function screening with a lentiviral RNAI library. Nature Methods 3,
715-719 (2006).
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