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Abstract

Background: Pyruvate dehydrogenase (PDH) occupies a central node of intermediary metabolism, converting
pyruvate to acetyl-CoA, thus committing carbon derived from glucose to an aerobic fate rather than an anaerobic
one. Rapidly proliferating tissues, including human tumors, use PDH to generate energy and macromolecular
precursors. However, evidence supports the benefits of constraining maximal PDH activity under certain contexts,
including hypoxia and oncogene-induced cell growth. Although PDH is one of the most widely studied enzyme
complexes in mammals, its requirement for cell growth is unknown. In this study, we directly addressed whether
PDH is required for mammalian cells to proliferate.

Results: We genetically suppressed expression of the PDHA1 gene encoding an essential subunit of the PDH
complex and characterized the effects on intermediary metabolism and cell proliferation using a combination of
stable isotope tracing and growth assays. Surprisingly, rapidly dividing cells tolerated loss of PDH activity without
major effects on proliferative rates in complete medium. PDH suppression increased reliance on extracellular
lipids, and in some cell lines, reducing lipid availability uncovered a modest growth defect that could be completely
reversed by providing exogenous-free fatty acids. PDH suppression also shifted the source of lipogenic acetyl-CoA from
glucose to glutamine, and this compensatory pathway required a net reductive isocitrate dehydrogenase (IDH) flux to
produce a source of glutamine-derived acetyl-CoA for fatty acids. By deleting the cytosolic isoform of IDH (IDH1), the
enhanced contribution of glutamine to the lipogenic acetyl-CoA pool during PDHA1 suppression was eliminated, and
growth was modestly suppressed.

Conclusions: Although PDH suppression substantially alters central carbon metabolism, the data indicate that rapid
cell proliferation occurs independently of PDH activity. Our findings reveal that this central enzyme is essentially
dispensable for growth and proliferation of both primary cells and established cell lines. We also identify the
compensatory mechanisms that are activated under PDH deficiency, namely scavenging of extracellular lipids and
lipogenic acetyl-CoA production from reductive glutamine metabolism through IDH1.
Background
The importance of metabolism in cell growth and prolif-
eration is illustrated by its emerging role as a molecular
hallmark and source of therapeutic targets in cancer [1]
and the intimate connection between oncogenic mutations
and metabolic reprogramming [2]. Observations made by
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Otto Warburg documented enhanced glucose uptake and
increased lactate secretion in cancer cells relative to differ-
entiated tissues [3]. Specifically, cancer cells were found to
convert a high fraction of glucose-derived carbon to lactate
rather than oxidizing it to CO2 in the mitochondria. This
phenomenon has been called aerobic glycolysis (or, more
commonly, the Warburg effect) because it occurs even
when enough oxygen is present to support normal
mitochondrial function. Evidence indicates that aerobic
glycolysis supports cell survival and growth in numerous
ways, including providing substrate for macromolecular
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synthesis [4, 5], apoptosis resistance [6, 7], and evasion of
senescence during oncogenic transformation [8, 9].
However, many of the biosynthetic activities of prolif-

erating cells involve mitochondrial metabolism. For ex-
ample, the TCA cycle generates precursors to synthesize
proteins, nucleic acids, and lipids, as well as providing
reducing equivalents to drive electron-transport chain flux
and oxidative phosphorylation [10, 11]. The pyruvate
dehydrogenase complex (PDH) occupies a crucial node
in glucose metabolism, as it oxidatively decarboxylates
pyruvate generated from glycolysis or other pathways to
generate acetyl-CoA for the TCA cycle, thus separating
pyruvate between aerobic and anaerobic metabolism. The
complex functions as a series of three distinct enzymes to
produce acetyl-CoA from pyruvate, including pyruvate
dehydrogenase, dihydrolipoamide acetyltransferase, and
dihydrolipoamide dehydrogenase, catalyzed by the E1, E2,
and E3 enzymes, respectively. Pyruvate decarboxylation
catalyzed by E1 is considered to be the rate-limiting step.
E1 is composed of two α and two β subunits, with the E1α
subunit encoded by the PDHA1 gene [12]. PDHA1 resides
on the X chromosome in both humans and mice, and hu-
man males hemizygous for loss-of-function PDHA1 muta-
tions display severe lactic acidosis [13]. The activity of
PDH is subject to many levels of regulation, including cal-
cium concentration, energy status, substrate availability,
the NAD+/NADH ratio, and post-translational modifica-
tions, particularly inhibitory serine phosphorylation of
E1α by pyruvate dehydrogenase kinases (PDKs) [14].
PDH’s requirement for cell growth is incompletely char-

acterized and appears to be complex. On the one hand,
PDK-dependent suppression of maximal PDH activity has
been demonstrated to occur in normoxic cancer cells, and
PDK1 has been linked to the growth-promoting benefits
of aerobic glycolysis in culture and in vivo [15, 16].
Stimulation of PDH activity through pharmacological
PDK inhibition has shown therapeutic promise in pre-
clinical and early clinical studies [7, 17]. On the other
hand, glucose-dependent fatty-acid synthesis and other
growth-promoting biosynthetic pathways require PDH,
and cultured cancer cells typically display activity of the
enzyme [18, 19]. Perhaps more importantly, the few stud-
ies that have probed metabolic activity in human tumors
have demonstrated clear evidence of PDH activity in vivo
[20–23]. These data could be interpreted to indicate that
PDH activity is maintained within a fairly narrow range in
proliferating cells, with a modest level needed to support
energy and macromolecule formation, while avoiding ex-
cess activity reduces oxidative stress and other problems
associated with dysregulated oxidative metabolism.
Although extensive data have indicated the importance

of constraining maximal PDH activity, the need for basal
levels of PDH activity to support cell metabolism and
growth in proliferating cells has not been carefully studied.
Here we silenced or deleted the E1α subunit of PDH in
cultured cells. Surprisingly, dividing cells tolerated loss of
PDH activity—including genetic ablation of PDHA1—with-
out major effects on their proliferative rate in complete
medium. Scavenging lipids from the medium and convert-
ing to a glutamine-dependent form of fatty-acid synthesis
were both activated during PDH suppression.

Methods
Cell lines
shRNA hairpins were generated using the Hemann Lab
shRNA database and cloned into the tetracycline-inducible
plasmid TtRMPVIR (Addgene plasmid 27995) generated
by the Lowe Lab [24] using the In-Fusion HD cloning kit
(Clontech). Sequences of control (shNS) and two hairpins
against PDHA1 (shPDHA1-1 and shPDHA1-2) are con-
tained in Additional file 1: Table S1. Retroviruses were gen-
erated in 293FT cells. H460 and SFXL cells were infected
with shRNA-expressing retroviruses. Then, infected pools
were sorted by FACS for the highest 10 % of YFP expres-
sion (constitutive marker). shRNA expression was induced
with 100 ng/mL doxycycline (Research Products Inter-
national) for 4 days. IDH1 knockout H460 cell lines were
generated using CRISPR/Cas9 [25]. Wild-type clones were
selected from both control and targeting vector transfec-
tions. To control for variations among individual clones,
four to five clones were pooled, and different pools for each
targeted gene were used for further experiments. PDHA1
knockout MEFs were created by breeding PDHA1FLex8/Y
with UBC-Cre-ER; X/X mice to generate a litter that
contained UBC-Cre-ER; X/Y and PDHA1FLex8/X. These
mice were then interbred, and fibroblasts were isolated
from one embryo with the genotype UBC-Cre-ER;
PDHA1FLex8/Y. PDHA1 was deleted in vitro using
500 nM 4-hydroxytamoxifen. Control (PDHA1FLex8/Y)
and PDHA1-deficient (PDHA1Δex8/Y) single clones were
isolated by FACS. All mouse studies followed international
guidelines for the care and experimental use of animals.
These studies were performed under a protocol (2007–
0223) approved by the UT Southwestern Institutional
Animal Care and Use Committee (IACUC).

Cell culture and growth assays
H460 and SFXL cells were cultured in D5796 Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with
5 % tetracycline-reduced fetal bovine serum (FBS) (Fisher
Scientific), 2 mM glutamine, and penicillin/streptomycin.
MEFs were cultured in identical conditions except that
normal FBS was used (Hyclone). Cells were detached from
the plate for passaging using 0.05 % trypsin (Hyclone).
For growth curves, 1×105 cells were plated and allowed
to proliferate (4 days for SFXL and H460; 2 days for MEFs).
Cells were counted using a Vi-Cell XR Cell Viability
Analyzer (Beckman-Coulter).
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Western blotting
Protein was extracted from cells using RIPA buffer with
protease inhibitors (Roche). Protein concentration was
measured using the BCA protein assay (ThermoScientific).
Protein was separated by SDS/PAGE and transferred to
a PVDF membrane, which was probed with antibodies
against PDHE1α (Invitrogen), IDH1 (Abcam), or cyclophi-
lin B (Abcam). Secondary antibodies were anti-mouse or
anti-rabbit (both Jackson ImmunoResearch).

PDH activity measurements
PDH activity was measured as described [26] with modi-
fications. Briefly, cells were incubated for 1 h at 37 °C
with 5 mM sodium dichloroacetate (DCA) to activate
PDH. After incubation, cells were trypsinized, counted,
and 30–40×106 cells were re-suspended in 6 mL of cold
isolation buffer and homogenized in a tight-fitting ground-
glass Potter. Mitochondrial pellets were isolated by centri-
fugation and stored at −80 °C. For the assay, the pellet was
re-suspended and pre-incubated in buffer containing DCA
for 10 min at 37 °C. An aliquot was used for protein
quantification, and the PDH activity assay was performed
at 25 °C in a 96-well plate with each well containing
100 μg of mitochondrial suspension and reaction mixture.
PDH activity was determined by following reduction of
the MTT dye. The μmoles of pyruvate oxidized were cal-
culated from the absorbance change in MTT at 570 nm
[26]. Non-specific dye reduction was measured in the
presence of 5 mM 3-bromopyruvate and subtracted to
achieve the final PDH activity value.

Metabolic assays and stable isotope tracing
Culture media was collected at the end of the incubation
and analyzed for glucose, lactate, glutamine, and glutam-
ate content using an automated electrochemical analyzer
(NOVA BioProfile Basic-4 Analyzer). Aspartate and alanine
were measured using high-pressure liquid chromatography
(Hitachi L8900). Net consumption and secretion rates were
normalized to cell protein content. For 13C tracing, when
cells reached 50 % confluence, they were labeled with the
tracer of interest, either 10-mM [U-13C]glucose or 4-mM
[U-13C]glutamine, in DMEM supplemented with 5 % dia-
lyzed FBS and allowed to proliferate for 24 h. Metabolites
were extracted using the Bligh-Dyer method [27]. As-
sessment of metabolite enrichment was performed as
previously described [28, 29]. Metabolite levels were de-
termined by normalizing to an internal standard (sodium
2-oxobutyrate) and protein content. For acetyl-carnitine
measurements, dishes of 80–90 % confluent cells were
incubated in 10-mM glucose and 4-mM glutamine for
6 h. Extraction of metabolites, preparation for profiling
by LC/MS/MS, and data analysis were performed as de-
scribed [30]. Metabolite abundance was normalized to
protein content.
Radiolabeling of lipids
Cells were incubated with [U-14C]glucose (140 μCi, 1 μM)
or [U-14C]glutamine (25 μCi, 180 nM) in DMEM supple-
mented with 5 % tetracycline-reduced FBS and allowed to
proliferate for 24 h, then lipids were extracted [27]. Lipids
were separated using a silica gel glass-backed plate (Fisher)
in polar and non-polar solvents alongside TLC reference
standards 18–5 and 18–6 (Nu-Chek Prep). Lipid bands
were developed in iodine, removed from glass plates, and
placed in Ecolume Liquid Scintillation Cocktail (MP
Biomedicals). Counts per minute (CPM) were determined
through scintillation. CPM signal was normalized to pro-
tein content for each sample. The abundance of 14C in
lipids was calculated using a standard curve.

BODIPY FA labeling of H460 cells
H460 cells were cultured with Bodipy 500/510 C4-C9
(Molecular Probes) in DMEM containing delipidated serum
for 24 h. Cells were fixed with 4 % formaldehyde in
phosphate-buffered saline (PBS) for 30 min, washed three
times in PBS, and stained for Hoechst for 10 min in PBS.
The cells were mounted on a slide with Fluoromount-G
(Southern Biotech). Images were acquired with a LEICA
DM5500B fluorescent microscope equipped with LEICA
DFC340FX digital camera at ×20 magnification. ImageJ
software was used to quantify signal intensity for BODIPY
and DAPI (used for normalization) to determine extent of
fatty-acid uptake.

Serum delipidation and fatty-acid rescue
Delipidated fetal calf serum was prepared as described
[31]. Briefly, lipids were extracted by mixing serum with
n-butanol and isopropyl ether at room temperature followed
by incubation on ice. The aqueous layer was extracted
by centrifugation, serially re-extracted in isopropyl ether,
and evaporated under nitrogen gas. The lyophilate was dis-
solved in distilled water and dialyzed against phosphate-
buffered saline (PBS). The average concentrations of
various lipid species before and after delipidation have
been measured [32]. For fatty-acid rescue, palmitate
and oleate were dissolved in ethanol and complexed to
fatty acid-free bovine serum albumin (Sigma) dissolved in
PBS. The fatty-acid mixture was directly added to DMEM
containing delipidated serum to make fatty-acid rescue
medium.

Metabolic flux analysis (MFA)
Steady state metabolic fluxes were calculated by combin-
ing extracellular flux rates, growth rates, and 13C mass
isotopomer distributions (MIDs) using the INCA software
package [33], which applies an elementary metabolite unit
framework to efficiently simulate MIDs [34, 35]. We de-
veloped a reaction network describing the stoichiometry
and carbon transitions involved in glycolysis, the TCA
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cycle, and biomass generation. Parallel labeling data from
cells fed either [U-13C] glucose or [U-13C]glutamine were
used to simultaneously fit the same network model to
estimate intracellular fluxes. To ensure that a global mini-
mum of fluxes was identified, flux estimations were initi-
ated from random values and repeated a minimum of 50
times. A chi-square test was applied to test goodness-of-
fit, and accurate 95 % confidence intervals were calculated
by assessing the sensitivity of the sum of squared residuals
to flux parameter variations [36].

Results
Metabolic effects of PDHA1 silencing
PDH activity was suppressed in H460 non-small cell
lung cancer cells using doxycycline-inducible shRNAs
directed against the PDHA1 transcript. Induction of either
of two hairpins greatly reduced PDH E1α protein levels
(Fig. 1a) and PDH enzyme activity (Fig. 1b). PDHA1 sup-
pression did not alter glucose consumption or lactate se-
cretion (Additional file 1: Figure S1a) but caused a small
increase in glutamine consumption and a decrease in glu-
tamate secretion (Additional file 1: Figure: S1b) and re-
duced intracellular abundance of acetyl-carnitine (Fig. 1c)
and citrate (Fig. 1d), two metabolites generated from
acetyl-CoA. Levels of intracellular and extracellular aspar-
tate and alanine were enhanced during PDHA1 silencing
(Additional file 1: Figure S1c–f ), possibly reflecting excess
OAA and pyruvate, respectively [29, 37, 38].
Fig. 1 Suppression of PDH E1α reduces abundance of metabolites downst
used as a loading control. b PDH activity from control cells and cells expressin
Values are the average and SD of biological triplicates, except (b) which repre
Cells were then cultured with [U-13C]glucose to deter-
mine the effects of PDHA1 silencing on intracellular glu-
cose metabolism. In this labeling scheme, M+ 2 and M+ 4
citrate arise primarily from the contribution of uniformly-
labeled acetyl-CoA to the TCA cycle in one or two turns
(Fig. 2a). Kinetic labeling with [U-13C]glucose over 4 h re-
vealed suppression of both the M + 2 and M + 4 isoto-
pologues (Fig. 2b), as expected. Labeling for 24 h revealed
no difference in 13C enrichment for lactate or alanine
(Additional file 1: Figure S2a, j), but significant decreases
in TCA cycle intermediates and non-essential amino acids
arising from TCA cycle intermediates in PDHA1-silenced
cells (Additional file 1: Figure S2b–g). Labeling in serine
and glycine was modestly increased when PDHA1 was
silenced (Additional file 1: Figure S2h, i).
Fatty-acid metabolism was examined by generating fatty

acyl methyl esters from total cellular lipids and examining
13C distributions by GC/MS. PDHA1 silencing substan-
tially decreased the contribution of glucose carbon to the
palmitate pool, causing a shift toward lower-order labeling
and reducing labeling in the lipogenic acetyl-CoA pool by
more than half (Fig. 2c). To further characterize incorp-
oration of glucose carbon into lipids, cells were incu-
bated with [U-14C]glucose, and intact lipids were separated
by thin-layer chromatography (TLC). PDHA1 silencing
reduced the presence of glucose-derived carbon in total
lipids and in all fractionated classes of polar and non-polar
lipids (Fig. 2d).
ream of PDH. a Western blot analysis for PDH E1α. Cyclophilin B was
g PDHA1 shRNAs. c, d Intracellular levels of acetyl-carnitine and citrate.
sents technical triplicates. *P < 0.05; **P < 0.005



Fig. 2 Suppression of PDH activity reduces transfer of glucose carbon into citrate and lipids. a Schematic representing incorporation of 13C derived
from glucose into metabolites of glycolysis and the TCA cycle. White and black circles are 12C and 13C, respectively. The solid line represents the first
turn of the TCA cycle, and the dotted line represents the second turn. b Fractional abundance of citrate m+ 2 and m+ 4 during culture of H460 cells
with [U-13C]glucose. c Fractional abundance of palmitate isotopologues after 24 h of culture in [U-13C]glucose. The inset shows the percentage of
lipogenic acetyl-CoA derived from glucose carbon. d Labeling of lipid species from [U-14C]glucose. Data are the average and SD of biological triplicates,
except for the inset in (c), where error bars represent 95 % CI. *P < 0.05; **P < 0.005. Abbreviations: CE cholesteryl esters, DAG diacylglycerol, FFA free fatty
acids, Lac lactate, OAA oxaloacetate, PL phospholipids, Pyr pyruvate, Succ succinate, TAG triacylglycerol
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Because shRNA against PDHA1 expression resulted in
a measurable amount of residual PDH activity (Fig. 1b),
we sought to generate cells with essentially complete loss
of PDH activity. To do this, we bred mice containing a
loxP-flanked PDHA1 exon 8 to mice expressing tamoxifen-
inducible Cre recombinase (UBC-Cre-ER) and established
mouse embryonic fibroblasts (MEFs) from male embryos
transgenic for UBC-Cre-ER and hemizygous for the floxed
PDHA1 allele. Deletion of exon 8 is thought to impair
the interaction between the E1α subunit and the rest of
the complex, dramatically reducing PDH activity [39]. Tam-
oxifen induced deletion of PDHA1 exon 8 in culture
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(Additional file 1: Figure S3a) and resulted in near-
complete elimination of E1α protein and PDH activity
(Additional file 1: Figure S3b, c). PDHA1 deletion al-
most completely eliminated palmitate labeling from
[U-13C]glucose (Additional file 1: Figure S3d).

PDHA1 silencing in H460 cells increases dependence on
extracellular lipids for growth
Despite its effects on glucose-dependent TCA cycling and
lipid synthesis, PDHA1 silencing did not significantly
alter the rate of H460 cell proliferation (Additional file 1:
Figure S4a). Doubling times calculated from the growth
curve were, at most, only marginally increased with one of
the hairpins (Fig. 3c, left). Surprisingly, even deletion of
PDHA1 exon 8 only marginally decreased the growth rate
of MEFs (Additional file 1: Figure S3g), although PDHA1-
deleted cells were smaller than their wild-type controls
(Additional file 1: Figure S3f).
Oncogenic mutations in KRAS upregulate fatty-acid

import to fuel lipid synthesis [40]. H460 cells contain an
oncogenic KRAS mutation, KRASQ61H [41]. We therefore
tested whether H460 cells could compensate for PDH
loss by importing fatty acids from the medium. First, to
maximize detection of fatty-acid uptake, cells were cul-
tured in delipidated serum supplemented with BODIPY-
labeled fatty acids. Under these lipid-deprived conditions,
PDHA1-silenced cells demonstrated enhanced fatty-acid
Fig. 3 PDH suppression increases dependence on extracellular lipids for gr
microscopy after 24 h of culture. b Quantification of BODIPY fluorescence i
(left) and delipidated (right) conditions. d Cell count after 4 days of culture
oleate. Data are the average and SD of biological triplicates. *P < 0.05; **P <
uptake (Fig. 3a, b). PDHA1-silenced cells also proliferated
at a reduced rate in delipidated serum (Fig. 3c, right and
Additional file 1: Figure S4b), and this growth defect was
completely reversed by supplementing the medium with a
mixture of palmitate and oleate (Fig. 3d). To test whether
this dependence on extracellular lipids under PDH sup-
pression could be extended to other rapidly proliferating
cell lines, we used the same PDHA1 hairpins in SFXL
glioblastoma cells (Additional file 1: Figure S5a). This
decreased PDH activity (Additional file 1: Figure S5b)
but had no effect on cell growth in delipidated medium
(Additional file 1: Figure S5c), indicating that PDH de-
ficiency uncovers a dependence on extracellular lipids
in some but not all cancer cells.

Glutamine carbon supplies de novo lipogenesis under
PDH suppression
In addition to glucose, glutamine also provides a car-
bon source for lipogenesis through a variety of pathways
[29, 42–45]. Under hypoxia, electron-transport chain dys-
function and fumarate hydratase deficiency, glutamine-
derived carbon comprises the majority of lipogenic acetyl-
CoA [44, 43]. We therefore determined the effects of
PDHA1 silencing on glutamine metabolism by culturing
H460 cells in [U-13C]glutamine in lipid-replete conditions.
Cells with and without the PDHA1 shRNAs had substan-
tial glutamine-derived labeling of TCA cycle intermediates,
owth. a Uptake of BODIPY-labeled fatty acids imaged by fluorescence
ntensity. c Doubling time calculated from 12-day cultures under normal
in delipidated serum, with or without a 50 μM each of palmitate and
0.005. Abbreviations: FFAs, free fatty acids



Rajagopalan et al. Cancer & Metabolism  (2015) 3:7 Page 7 of 12
although the isotopologue distributions were altered when
PDHA1 was silenced (Fig. 4a–d). Furthermore, the silenced
cells substantially increased the fraction of lipogenic acetyl-
CoA derived from glutamine (Fig. 4e) and demonstrated
enhanced contribution of glutamine-derived 14C to total
lipids and phospholipids (Fig. 4f). PDHA1-deleted MEFs
also demonstrated a shift from glucose to glutamine as
Fig. 4 PDH suppression increases contribution of glutamine carbon to lipogen
and serum for 24 h, resulting in 13C enrichment in a citrate, b fumarate, c mala
acetyl-CoA pool. f Labeling of lipid species from [U-14C]glutamine. Data are the
error bars represent 95 % CI. *P< 0.05; **P< 0.005. Abbreviations: PL phospholip
a carbon source for palmitate synthesis (Additional file 1:
Figure S3e). Together, the data indicate that PDH
silencing alters metabolism of glutamine in the TCA
cycle and fatty-acid synthesis. To determine the total
contribution of glucose and glutamine to palmitate
synthesis, H460 cells were cultured with both
[U-13C]glucose and [U-13C]glutamine in a medium
esis. Cells were cultured in medium containing glucose, [U-13C]glutamine,
te, d aspartate, and e palmitate. Inset in e displays labeling in the lipogenic
average and SD of biological triplicates, except for the inset in e, where
ids, TAG triacylglycerol



Fig. 5 Metabolic flux analysis predicts formation of cytosolic citrate
by reductive carboxylation of α-ketoglutarate. a Calculated PDH flux.
b Calculated oxidative and reductive IDH fluxes. c Model of altered
citrate metabolism in PDHA1-silenced cells. These changes are predicted
by MFA using the INCA platform, as described in the text. Pathways in
red are altered in PDHA1-silenced cells. Solid and dashed activities are
predicted to be activated and suppressed, respectively. Data in
panels a and b were derived from biological triplicates, with error
bars representing 95 % CI. Abbreviations: AcCoA.c acetyl-CoA (cytosolic),
Ac.CoA.m acetyl-CoA (mitochondrial), αKG α-ketoglutarate, Cit citrate,
Gln glutamine, Glu glutamate, Mal malate, Ox oxidative, Pyr.c pyruvate
(cytosolic), Pyr.m pyruvate (mitochondrial), Red reductive
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containing lipid-replete serum for several days. Under
these conditions, when palmitate labeling reaches a steady
state, the residual m + 0 fraction reports the contribution
of imported lipids to the cellular palmitate pool. After
120 h of culture, the palmitate m + 0 was approximately
40 % in both control and shPDHA1-expressing cells
(Additional file 1: Figure S6). This indicates that lipid
uptake accounts for up to 40 % of palmitate in cellular
lipids.

A net reductive flux through cytosolic IDH provides a source
of citrate for fatty-acid synthesis in PDHA1-silenced cells
Glutamine-dependent fatty-acid synthesis can occur through
either reductive or oxidative pathways, although the latter is
believed to require PDH activity [29, 43, 44]. Qualitative
inspection of glutamine-derived mass isotopologues in TCA
cycle intermediates demonstrated evidence of alterations
in both pathways. Labeling in succinate and glutamate
reflected decreased oxidative cycling of glutamine-derived
carbon, evidenced by an increase in the M+ 4 and M+ 5
isotopologues, respectively (Additional file 1: Figure S7a, b).
The small increase in citrate M + 6 is consistent with
an enhanced contribution of glutamine oxidation to the
acetyl-CoA pool (Fig. 4a) [29, 45]. Enhancements in cit-
rate, fumarate, malate, and aspartate M + 3 isotopologues
are consistent with altered reductive metabolism, although
the expected increase in citrate M + 5 [43, 44, 46] was not
observed (Fig. 4a–d).
To better understand the complex effects of PDHA1

silencing on glutamine metabolism, experimental data in
H460 cells (growth rates, metabolite uptake/secretion,
13C-labeled isotopologue distributions) were analyzed by
Isotopomer network compartmental analysis (INCA), a
form of metabolic flux analysis (MFA) that enables quanti-
tation of many fluxes interacting with central carbon me-
tabolism and fatty-acid synthesis [33]. The MFA approach,
including reactions used in the modeling, calculated fluxes,
and comparisons between simulated and experimental 13C
distributions, is described (Additional file 1: Tables S2–S6
and Figures S9–S12). As expected, this analysis determined
that PDHA1 silencing reduced PDH flux by approximately
70 % (Fig. 5a). In control cells, 13C-labeling data could ef-
fectively be fit without differentiating between mitochon-
drial and cytosolic pools of α-ketoglutarate and citrate. The
best fit indicated substantial fluxes in both the oxidative
and reductive directions of IDH, with the oxidative flux
exceeding the reductive flux (Fig. 5b, solid bars). However,
when PDHA1 was silenced, the model could no longer
simulate the experimental data unless additional reactions
were added to include compartmentalized pools of cit-
rate and α-ketoglutarate, for example in the cytosol and
mitochondria. The best fit with the new model indicated a
small oxidative flux in PDHA1-silenced cells, significantly
smaller than the oxidative IDH flux in control cells. There
was also a substantial reductive IDH flux when PDHA1
was silenced (Fig. 5b, hatched bars). According to the
model, the magnitude of reductive flux exceeded the
oxidative flux in PDHA1-silenced cells and predicted
that reductive carboxylation accounted for the enhanced
glutamine-derived labeling of palmitate (Fig. 5c) despite
the lack of an increase in the m + 5 fraction of the total
citrate pool in cells cultured with [U-13C]glutamine
(Fig. 4a). Given the recent demonstration of the import-
ance of pyruvate carboxylase (PC) in lung cancer cells [22],
we also examined PC flux in the model. H460 cells had a
measurable PC flux, but this was much smaller than the
glutamine-dependent anaplerotic flux (Additional file 1:
Figure S8a). PDHA1 silencing resulted in a two- to three-
fold increase in PC flux (Additional file 1: Figure S8b),
but this enhanced activity was still small compared to
glutamine-dependent anaplerosis.

IDH1 is required to maintain glutamine-dependent lipogenic
acetyl-CoA and maximal cell proliferation under PDH
suppression
The simplest interpretation of the model in Fig. 5c is that
distinct α-ketoglutarate and citrate pools arise because of



Fig. 6 IDH1 loss suppresses contribution of glutamine carbon to
lipogenesis under PDH suppression. a Western blot for PDH E1α and
IDH1. Cyclophilin B was used as a loading control. b Percentage
labeling in mass isotopologues of palmitate after 24 h of culture
with [U-13C]glutamine. Inset displays labeling in lipogenic acetyl-CoA
derived from glutamine carbon. c Cell count after 4 days of culture
in normal serum. Data are the average of biological triplicates with
error bars representing SD.
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subcellular compartmentalization in the mitochondria and
cytosol. Considering the similarities between our system
of PDHA1 silencing and PDH suppression during hypoxia
and that hypoxic cells have been reported to undergo
glutamine-dependent fatty-acid synthesis through cyto-
solic reductive carboxylation [43], we hypothesized that
enhanced reductive carboxylation occurred in the cytosol.
We therefore tested whether the cytosolic isoform of
IDH (IDH1) was required for the enhanced glutamine-
dependent palmitate labeling during PDHA1 silencing.
CRISPR/Cas9 engineering was used to generate H460
cells containing biallelic IDH1 mutation, then doxycycline-
inducible PDHA1 hairpins were introduced into these
clones to regulate the levels of PDH E1α (Fig. 6a). Cell lines
containing all combinations of IDH1 and PDHA1 ex-
pression were cultured with [U-13C]glutamine. Absence
of IDH1 eliminated the increased glutamine-dependent
palmitate labeling during PDHA1 silencing (Fig. 6b).
Under lipid-replete conditions, PDHA1 silencing did not

alter cell proliferation, suggesting that glutamine-derived
fatty-acid synthesis might be required for maximal cell
growth in the lipid-replete state. To test this hypothesis, we
examined the effect of IDH1 loss on cell growth in the
presence of normal or reduced PDH activity. IDH1 loss
coupled with PDHA1 silencing reduced the growth rate in
lipid-replete conditions, whereas loss of either activity alone
was well-tolerated (Fig. 6c). Thus, cytosolic reductive carb-
oxylation is required for enhanced glutamine-dependent
fatty-acid synthesis and maximal cell growth during
suppression of PDH flux.

Discussion
We find that activity of the PDH complex is largely dis-
pensable for rapid cell proliferation in culture. Deletion
of PDHA1 exon 8 in mouse embryonic fibroblasts only
modestly reduced the proliferative rate in complete medium,
while substantial reductions in PDHA1 expression in H460
lung cancer cells had even less impact on the doubling time
unless lipids were removed from the medium. Metabolic
labeling experiments revealed that when H460 cells had
access to extracellular lipids, 40 % of palmitate obtained
from the intracellular lipid pool contained neither glucose-
nor glutamine-derived carbon. We presume that this large
unlabeled palmitate pool was primarily derived from lipid
uptake. Consistent with this metabolic phenotype, with-
drawing lipids under PDH suppression uncovered a growth
defect that was fully reversed by supplementing with
physiological levels of free fatty acids. Coupled with
data indicating enhanced uptake of fatty-acid tracers by
PDHA1-silenced cells experiencing lipid depletion, this
observation suggests that in some cell lines, PDH activity
modestly reduces the need for extracellular lipids, but is
otherwise dispensable for replicative division. Despite the
high-glucose concentrations used in our experiments and
the dominance of glucose as an acetyl-CoA source for
lipogenesis, the cells were capable of tolerating sub-
stantial reductions in glucose-dependent lipid synthe-
sis. It should be emphasized that PDHA1 ablation in
MEFs essentially eliminated carbon flow from glucose
to fatty acids. This rules out a substantial contribution
of PDH-independent accessory pathways for glucose to
supply the lipogenic acetyl-CoA pool. One such mech-
anism described in other systems is the spontaneous
decarboxylation of pyruvate in the presence of reactive
oxygen species [47]. This mechanism does not produce
a meaningful source of acetyl-CoA for fatty-acid syn-
thesis in our models.
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Several recent reports have described the metabolic ef-
fects of impaired mitochondrial pyruvate transport, an
activity long difficult to disentangle experimentally from
PDH [19, 29, 38, 45, 48, 49]. Our characterization of
PDH deficiency in cultured cells identifies similarities
and differences with blockade of the mitochondrial pyru-
vate carrier (MPC). PDHA1 silencing, like MPC blockade,
results in decreased supply of glucose to the TCA cycle
and increased contribution of glutamine to fatty acids
[29, 38, 45]. Both led to a small increase in glutamine
consumption, and both increased aspartate abundance.
However, PDH deficiency enhanced alanine levels while
MPC inhibition suppressed them [29, 45]. This discrep-
ancy is likely related to the fact that the majority of ALT
activity in these models resides in the mitochondria; PDH
deficiency increases the mitochondrial pyruvate pool avail-
able for transamination, whereas MPC deficiency reduces
it. Finally, although both defects increased glutamine-
dependent fatty-acid labeling, the mode of labeling was
different. MPC deficiency resulted in enhanced label-
ing of mitochondrial acetyl-CoA via glutamine oxidation
[29, 45]. PDH inhibition, in contrast, enhanced reductive
glutamine metabolism in the cytosol.
Reductive carboxylation of α-ketoglutarate to isocitrate

occurs under hypoxia or conditions of compromised
function of the TCA cycle or electron-transport chain
[43, 44, 46]. Isocitrate formed in this fashion can be con-
verted to citrate and used as a carbon source for fatty-acid
synthesis. In hypoxia, reductive carboxylation has been ar-
gued to result from suppression of PDH flux [43], and our
data agree with this assessment because they demonstrate
that PDH suppression is sufficient to induce reductive
carboxylation. It has been proposed that the enhanced
glutamine-dependent labeling of fatty acids in hypoxia
or mitochondrial dysfunction does not represent a net
reductive carboxylation flux, but rather a rebalancing of
exchange fluxes across reversible IDH reactions [50].
This is an important issue, because it addresses whether
reductive carboxylation accounts for true carbon flow into
the fatty-acid pool. Previous efforts to model reductive
fluxes considered total cellular IDH activity rather than
differentiating the contributions of IDH reactions in the
cytosol and mitochondria [50]. In our system of PDHA1
silencing, adequate fits between simulations and experi-
mental data were only achieved when distinct, compart-
mentalized pools of α-ketoglutarate and isocitrate/citrate
were considered. The model estimated the lipogenically
active cytosolic pool of citrate to be smaller than the
mitochondrial pool, which accounts for the lack of an
enhanced M + 5 isotopologue from glutamine in citrate
under PDH suppression. Under these conditions, reduc-
tive flux exceeded oxidative flux. Experimental ablation of
IDH1 in the context of PDHA1 completely eliminated the
gain in glutamine-dependent fatty-acid labeling and led to
modest growth suppression. Taken together, our data indi-
cate that IDH1 provides a net cytosolic flux of reductive
carboxylation that maintains maximal cell proliferation
under conditions of suppressed PDH activity.
PDH is the major gatekeeper for efficient glucose-

dependent energy production and macromolecular syn-
thesis via oxidative metabolism in the mitochondria. Yet
even in MEFs, where PDH supplied some 80 % of the
acetyl-CoA pool for de novo fatty-acid synthesis, near-
complete elimination of PDH activity through deletion
of PDHA1 exon 8 resulted in only a 10 % increase in
the doubling time. The dispensability of PDH E1α for cell
proliferation emphasizes the striking metabolic flexibility
in cell culture and the robustness of metabolic compensa-
tion. The ability to compensate for PDH loss is perhaps
also reflected in the phenotype of male patients born with
severe loss-of-function mutations in the X-linked PDHA1
gene. These boys, some of whom exhibit loss of more than
90 % of PDH activity in primary fibroblasts, suffer from
lactic acidosis and a range of neurodevelopmental abnor-
malities [13, 37]. However, organogenesis is largely spared,
indicating that the massive amount of cell proliferation
occurring during human embryonic development can also
occur independently of normal PDH function.

Conclusions
We conclude that the effects of reducing PDH activity
on cell proliferation are negligible when cells have access
to extracellular lipids and are able to generate lipogenic
acetyl-CoA via a glutamine-dependent reductive flux through
IDH1. Suppressing PDH causes cells to shift their lipogenic
substrate from glucose to glutamine carbon, a process
that we discovered was dependent on reductive carboxyl-
ation mediated by the cytosolic isoform of IDH (IDH1).
These studies underline the plasticity of cellular metabol-
ism with future studies being directed at ascertaining their
relevance in vivo.

Additional file

Additional file 1: Supplementary table and figures. This document
contains tables and supplemental figures, including details of the MFA.
It consists of six tables and twelve figures.

Abbreviations
ALT: alanine transaminase; DCA: dichloroacetate; DMEM: Dulbecco’s modified
eagle medium; FBS: fetal bovine serum; IDH: isocitrate dehydrogenase;
INCA: isotopomer network compartmental analysis; MEF: mouse embryonic
fibroblast; MFA: metabolic flux analysis; MID: mass isotopomer distribution;
MPC: mitochondrial pyruvate carrier; OAA: oxaloacetate; PDH: pyruvate
dehydrogenase; PDK: pyruvate dehydrogenase kinase; TCA: tricarboxylic acid;
TLC: thin-layer chromatography.

Competing interests
RJD is a member of the Scientific Advisory Boards of Peloton Therapeutics
and Agios Pharmaceuticals. Both companies are interested in novel
therapeutic agents in cancer. RJD declares no non-financial conflicts of

http://www.cancerandmetabolism.com/content/supplementary/s40170-015-0134-4-s1.docx


Rajagopalan et al. Cancer & Metabolism  (2015) 3:7 Page 11 of 12
interest. The remaining authors declare that they have no competing interests
of any kind.

Authors’ contributions
KNR, RAE, and RJD designed the research. KNR, RAE, MAC, ATW, MSP, LKB,
BK, CTH, MA, ZH, and LJ performed the research. KNR, RAE, MAC, ATW, MSP,
LKB, BK, CTH, MA, ZH, LJ, JMP, PPS, and RJD analyzed the data. JMP contributed
the PDHA1 floxed mice. KNR, RAE, and RJD wrote the paper. All authors read
and approved the final manuscript.

Acknowledgements
We thank members of the DeBerardinis Lab, Nicolas Loof in the CRI Flow
Cytometry Facility for expertise in FACS, and Jin Ye for delipidated serum.
M.A.C. is supported by an annual fellowship from the Fondazione Umberto
Veronesi. R.J.D. is supported by grants from the N.I.H. (CA157996), Robert A.
Welch Foundation (I-1733) and Cancer Prevention and Research Institute of
Texas (RP130722).

Author details
1Children’s Medical Center Research Institute, University of Texas
Southwestern Medical Center, Dallas, TX 75390-8502, USA. 2Department of
Internal Medicine, University of Texas Southwestern Medical Center, Dallas,
TX 75390-8502, USA. 3Departments of Neurology, University of Texas
Southwestern Medical Center, Dallas, TX 75390-8502, USA. 4Departments of
Pediatrics, University of Texas Southwestern Medical Center, Dallas, TX
75390-8502, USA. 5McDermott Center for Human Growth and Development,
University of Texas Southwestern Medical Center, Dallas, TX 75390-8502, USA.

Received: 12 March 2015 Accepted: 26 May 2015

References
1. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell.

2011;144(5):646–74. doi:10.1016/j.cell.2011.02.013.
2. DeBerardinis RJ. Is cancer a disease of abnormal cellular metabolism? New

angles on an old idea. Genet Med. 2008;10(11):767–77. doi:10.1097/
GIM.0b013e31818b0d9b.

3. Warburg O. On the origin of cancer cells. Science. 1956;123(3191):309–14.
4. Vander Heiden MG, Cantley LC, Thompson CB. Understanding the

Warburg effect: the metabolic requirements of cell proliferation. Science.
2009;324(5930):1029–33. doi:10.1126/science.1160809.

5. Christofk HR, Vander Heiden MG, Harris MH, Ramanathan A, Gerszten RE,
Wei R, et al. The M2 splice isoform of pyruvate kinase is important for
cancer metabolism and tumour growth. Nature. 2008;452(7184):230–3.
doi:10.1038/nature06734.

6. Bonnet S, Archer SL, Allalunis-Turner J, Haromy A, Beaulieu C, Thompson R,
et al. A mitochondria-K+ channel axis is suppressed in cancer and its
normalization promotes apoptosis and inhibits cancer growth. Cancer Cell.
2007;11(1):37–51. doi:10.1016/j.ccr.2006.10.020.

7. Michelakis ED, Sutendra G, Dromparis P, Webster L, Haromy A, Niven E, et al.
Metabolic modulation of glioblastoma with dichloroacetate. Sci Transl Med.
2010;2(31):31ra4. doi:10.1126/scitranslmed.3000677.

8. Kaplon J, Zheng L, Meissl K, Chaneton B, Selivanov VA, Mackay G, et al. A
key role for mitochondrial gatekeeper pyruvate dehydrogenase in
oncogene-induced senescence. Nature. 2013;498(7452):109–12.
doi:10.1038/nature12154.

9. Olenchock BA, Vander Heiden MG. Pyruvate as a pivot point for oncogene-
induced senescence. Cell. 2013;153(7):1429–30. doi:10.1016/j.cell.2013.06.001.

10. Cantor JR, Sabatini DM. Cancer cell metabolism: one hallmark, many faces.
Cancer Discov. 2012;2(10):881–98. doi:10.1158/2159-8290.CD-12-0345.

11. DeBerardinis RJ, Lum JJ, Hatzivassiliou G, Thompson CB. The biology of
cancer: metabolic reprogramming fuels cell growth and proliferation. Cell
Metab. 2008;7(1):11–20. doi:10.1016/j.cmet.2007.10.002.

12. Patel MS, Korotchkina LG. Regulation of mammalian pyruvate dehydrogenase
complex by phosphorylation: complexity of multiple phosphorylation sites and
kinases. Exp Mol Med. 2001;33(4):191–7. doi:10.1038/emm.2001.32.

13. Brown GK, Otero LJ, LeGris M, Brown RM. Pyruvate dehydrogenase
deficiency. J Med Genet. 1994;31(11):875–9.

14. Patel MS, Korotchkina LG. Regulation of the pyruvate dehydrogenase complex.
Biochem Soc Trans. 2006;34(Pt 2):217–22. doi:10.1042/BST20060217.
15. Ma X, Li C, Sun L, Huang D, Li T, He X, et al. Lin28/let-7 axis regulates
aerobic glycolysis and cancer progression via PDK1. Nat Commun.
2014;5:5212. doi:10.1038/ncomms6212.

16. Hitosugi T, Fan J, Chung TW, Lythgoe K, Wang X, Xie J, et al. Tyrosine
phosphorylation of mitochondrial pyruvate dehydrogenase kinase 1 is
important for cancer metabolism. Mol Cell. 2011;44(6):864–77. doi:10.1016/
j.molcel.2011.10.015.

17. Sutendra G, Dromparis P, Kinnaird A, Stenson TH, Haromy A, Parker JM, et al.
Mitochondrial activation by inhibition of PDKII suppresses HIF1a signaling
and angiogenesis in cancer. Oncogene. 2013;32(13):1638–50. doi:10.1038/
onc.2012.198.

18. Grassian AR, Metallo CM, Coloff JL, Stephanopoulos G, Brugge JS. Erk
regulation of pyruvate dehydrogenase flux through PDK4 modulates cell
proliferation. Genes Dev. 2011;25(16):1716–33. doi:10.1101/gad.16771811.

19. Schell JC, Olson KA, Jiang L, Hawkins AJ, Van Vranken JG, Xie J, et al. A role
for the mitochondrial pyruvate carrier as a repressor of the Warburg effect
and colon cancer cell growth. Mol Cell. 2014;56(3):400–13. doi:10.1016/
j.molcel.2014.09.026.

20. Maher EA, Marin-Valencia I, Bachoo RM, Mashimo T, Raisanen J, Hatanpaa KJ,
et al. Metabolism of [U-13 C]glucose in human brain tumors in vivo. NMR
Biomed. 2012;25(11):1234–44. doi:10.1002/nbm.2794.

21. Marin-Valencia I, Yang C, Mashimo T, Cho S, Baek H, Yang XL, et al. Analysis
of tumor metabolism reveals mitochondrial glucose oxidation in genetically
diverse human glioblastomas in the mouse brain in vivo. Cell Metab.
2012;15(6):827–37. doi:10.1016/j.cmet.2012.05.001.

22. Sellers K, Fox MP, Bousamra 2nd M, Slone SP, Higashi RM, Miller DM, et al.
Pyruvate carboxylase is critical for non-small-cell lung cancer proliferation. J
Clin Invest. 2015;125(2):687–98. doi:10.1172/JCI72873.

23. Fan TW, Lane AN, Higashi RM, Farag MA, Gao H, Bousamra M, et al. Altered
regulation of metabolic pathways in human lung cancer discerned by (13)C
stable isotope-resolved metabolomics (SIRM). Mol Cancer. 2009;8:41.
doi:10.1186/1476-4598-8-41.

24. Zuber J, McJunkin K, Fellmann C, Dow LE, Taylor MJ, Hannon GJ, et al.
Toolkit for evaluating genes required for proliferation and survival using
tetracycline-regulated RNAi. Nat Biotechnol. 2011;29(1):79–83. doi:10.1038/
nbt.1720.

25. Ran FA, Hsu PD, Wright J, Agarwala V, Scott DA, Zhang F. Genome
engineering using the CRISPR-Cas9 system. Nat Protoc. 2013;8(11):2281–308.
doi:10.1038/nprot.2013.143.

26. Musicco C, Cormio A, Calvaruso MA, Iommarini L, Gasparre G, Porcelli AM,
et al. Analysis of the mitochondrial proteome of cybrid cells harbouring a
truncative mitochondrial DNA mutation in respiratory complex I. Mol
Biosyst. 2014;10(6):1313–9. doi:10.1039/c3mb70542k.

27. Bligh EG, Dyer WJ. A rapid method of total lipid extraction and purification.
Can J Biochem Physiol. 1959;37(8):911–7.

28. Cheng T, Sudderth J, Yang C, Mullen AR, Jin ES, Mates JM, et al. Pyruvate
carboxylase is required for glutamine-independent growth of tumor cells. Proc
Natl Acad Sci U S A. 2011;108(21):8674–9. doi:10.1073/pnas.1016627108.

29. Yang C, Ko B, Hensley CT, Jiang L, Wasti AT, Kim J, et al. Glutamine oxidation
maintains the TCA cycle and cell survival during impaired mitochondrial
pyruvate transport. Mol Cell. 2014;56(3):414–24. doi:10.1016/j.molcel.2014.09.025.

30. Mullen AR, Hu Z, Shi X, Jiang L, Boroughs LK, Kovacs Z, et al. Oxidation of
alpha-ketoglutarate is required for reductive carboxylation in cancer cells
with mitochondrial defects. Cell Reports. 2014;7(5):1679–90. doi:10.1016/
j.celrep.2014.04.037.

31. Cham BE, Knowles BR. A solvent system for delipidation of plasma or serum
without protein precipitation. J Lipid Res. 1976;17(2):176–81.

32. Hannah VC, Ou J, Luong A, Goldstein JL, Brown MS. Unsaturated fatty acids
down-regulate srebp isoforms 1a and 1c by two mechanisms in HEK-293
cells. J Biol Chem. 2001;276(6):4365–72. doi:10.1074/jbc.M007273200.

33. Young JD. INCA: A computational platform for isotopically nonstationary
metabolic flux analysis. Bioinformatics. 2014. doi:10.1093/bioinformatics/btu015.

34. Antoniewicz MR, Kelleher JK, Stephanopoulos G. Elementary metabolite
units (EMU): a novel framework for modeling isotopic distributions. Metab
Eng. 2007;9(1):68–86. doi:10.1016/j.ymben.2006.09.001.

35. Young J, Walther J, Antoniewicz M, Yon H, Stephanopoulos G. An elementary
metabolite unit (EMU) based method of isotopically nonstationary flux analysis.
Biotechnol Bioeng. 2008;99(3):686–99. doi:10.1002/bit.21632.

36. Antoniewicz MR, Kelleher JK, Stephanopoulos G. Determination of confidence
intervals of metabolic fluxes estimated from stable isotope measurements.
Metab Eng. 2006;8(4):324–37. doi:10.1016/j.ymben.2006.01.004.

http://dx.doi.org/10.1016/j.cell.2011.02.013
http://dx.doi.org/10.1097/GIM.0b013e31818b0d9b
http://dx.doi.org/10.1097/GIM.0b013e31818b0d9b
http://dx.doi.org/10.1126/science.1160809
http://dx.doi.org/10.1038/nature06734
http://dx.doi.org/10.1016/j.ccr.2006.10.020
http://dx.doi.org/10.1126/scitranslmed.3000677
http://dx.doi.org/10.1038/nature12154
http://dx.doi.org/10.1016/j.cell.2013.06.001
http://dx.doi.org/10.1158/2159-8290.CD-12-0345
http://dx.doi.org/10.1016/j.cmet.2007.10.002
http://dx.doi.org/10.1038/emm.2001.32
http://dx.doi.org/10.1042/BST20060217
http://dx.doi.org/10.1038/ncomms6212
http://dx.doi.org/10.1016/j.molcel.2011.10.015
http://dx.doi.org/10.1016/j.molcel.2011.10.015
http://dx.doi.org/10.1038/onc.2012.198
http://dx.doi.org/10.1038/onc.2012.198
http://dx.doi.org/10.1101/gad.16771811
http://dx.doi.org/10.1016/j.molcel.2014.09.026
http://dx.doi.org/10.1016/j.molcel.2014.09.026
http://dx.doi.org/10.1002/nbm.2794
http://dx.doi.org/10.1016/j.cmet.2012.05.001
http://dx.doi.org/10.1172/JCI72873
http://dx.doi.org/10.1186/1476-4598-8-41
http://dx.doi.org/10.1038/nbt.1720
http://dx.doi.org/10.1038/nbt.1720
http://dx.doi.org/10.1038/nprot.2013.143
http://dx.doi.org/10.1039/c3mb70542k
http://dx.doi.org/10.1073/pnas.1016627108
http://dx.doi.org/10.1016/j.molcel.2014.09.025
http://dx.doi.org/10.1016/j.celrep.2014.04.037
http://dx.doi.org/10.1016/j.celrep.2014.04.037
http://dx.doi.org/10.1074/jbc.M007273200
http://dx.doi.org/10.1093/bioinformatics/btu015
http://dx.doi.org/10.1016/j.ymben.2006.09.001
http://dx.doi.org/10.1002/bit.21632
http://dx.doi.org/10.1016/j.ymben.2006.01.004


Rajagopalan et al. Cancer & Metabolism  (2015) 3:7 Page 12 of 12
37. Stromme JH, Borud O, Moe PJ. Fatal lactic acidosis in a newborn
attributable to a congenital defect of pyruvate dehydrogenase. Pediatr Res.
1976;10(1):62–6. doi:10.1203/00006450-197601000-00012.

38. Du J, Cleghorn WM, Contreras L, Lindsay K, Rountree AM, Chertov AO, et al.
Inhibition of mitochondrial pyruvate transport by zaprinast causes massive
accumulation of aspartate at the expense of glutamate in the retina. J Biol
Chem. 2013;288(50):36129–40. doi:10.1074/jbc.M113.507285.

39. Johnson MT, Mahmood S, Hyatt SL, Yang HS, Soloway PD, Hanson RW, et al.
Inactivation of the murine pyruvate dehydrogenase (Pdha1) gene and its
effect on early embryonic development. Mol Genet Metab. 2001;74(3):293–302.
doi:10.1006/mgme.2001.3249.

40. Kamphorst JJ, Cross JR, Fan J, de Stanchina E, Mathew R, White EP, et al.
Hypoxic and Ras-transformed cells support growth by scavenging unsaturated
fatty acids from lysophospholipids. Proc Natl Acad Sci U S A. 2013;110(22):8882–7.
doi:10.1073/pnas.1307237110.

41. Piva S, Ganzinelli M, Garassino MC, Caiola E, Farina G, Broggini M, et al.
Across the universe of K-RAS mutations in non-small-cell-lung cancer. Curr
Pharm Des. 2014;20(24):3933–43.

42. DeBerardinis RJ, Mancuso A, Daikhin E, Nissim I, Yudkoff M, Wehrli S, et al.
Beyond aerobic glycolysis: transformed cells can engage in glutamine
metabolism that exceeds the requirement for protein and nucleotide
synthesis. Proc Natl Acad Sci U S A. 2007;104(49):19345–50. doi:10.1073/
pnas.0709747104.

43. Metallo CM, Gameiro PA, Bell EL, Mattaini KR, Yang J, Hiller K, et al.
Reductive glutamine metabolism by IDH1 mediates lipogenesis under
hypoxia. Nature. 2012;481(7381):380–4. doi:10.1038/nature10602.

44. Mullen AR, Wheaton WW, Jin ES, Chen PH, Sullivan LB, Cheng T, et al.
Reductive carboxylation supports growth in tumour cells with defective
mitochondria. Nature. 2012;481(7381):385–8. doi:10.1038/nature10642.

45. Vacanti NM, Divakaruni AS, Green CR, Parker SJ, Henry RR, Ciaraldi TP, et al.
Regulation of substrate utilization by the mitochondrial pyruvate carrier. Mol
Cell. 2014;56(3):425–35. doi:10.1016/j.molcel.2014.09.024.

46. Wise DR, Ward PS, Shay JE, Cross JR, Gruber JJ, Sachdeva UM, et al. Hypoxia
promotes isocitrate dehydrogenase-dependent carboxylation of alpha-
ketoglutarate to citrate to support cell growth and viability. Proc Natl Acad
Sci U S A. 2011;108(49):19611–6. doi:10.1073/pnas.1117773108.

47. Vlessis AA, Bartos D, Trunkey D. Importance of spontaneous alpha-ketoacid
decarboxylation in experiments involving peroxide. Biochem Biophys Res
Commun. 1990;170(3):1281–7.

48. Bricker DK, Taylor EB, Schell JC, Orsak T, Boutron A, Chen YC, et al. A
mitochondrial pyruvate carrier required for pyruvate uptake in yeast,
Drosophila, and humans. Science. 2012;337(6090):96–100. doi:10.1126/
science.1218099.

49. Herzig S, Raemy E, Montessuit S, Veuthey JL, Zamboni N, Westermann B,
et al. Identification and functional expression of the mitochondrial pyruvate
carrier. Science. 2012;337(6090):93–6. doi:10.1126/science.1218530.

50. Fan J, Kamphorst JJ, Rabinowitz JD, Shlomi T. Fatty acid labeling from
glutamine in hypoxia can be explained by isotope exchange without net
reductive isocitrate dehydrogenase (IDH) flux. J Biol Chem. 2013;288(43):31363–9.
doi:10.1074/jbc.M113.502740.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

http://dx.doi.org/10.1203/00006450-197601000-00012
http://dx.doi.org/10.1074/jbc.M113.507285
http://dx.doi.org/10.1006/mgme.2001.3249
http://dx.doi.org/10.1073/pnas.1307237110
http://dx.doi.org/10.1073/pnas.0709747104
http://dx.doi.org/10.1073/pnas.0709747104
http://dx.doi.org/10.1038/nature10602
http://dx.doi.org/10.1038/nature10642
http://dx.doi.org/10.1016/j.molcel.2014.09.024
http://dx.doi.org/10.1073/pnas.1117773108
http://dx.doi.org/10.1126/science.1218099
http://dx.doi.org/10.1126/science.1218099
http://dx.doi.org/10.1126/science.1218530
http://dx.doi.org/10.1074/jbc.M113.502740

	Abstract
	Background
	Results
	Conclusions

	Background
	Methods
	Cell lines
	Cell culture and growth assays
	Western blotting
	PDH activity measurements
	Metabolic assays and stable isotope tracing
	Radiolabeling of lipids
	BODIPY FA labeling of H460 cells
	Serum delipidation and fatty-acid rescue
	Metabolic flux analysis (MFA)

	Results
	Metabolic effects of PDHA1 silencing
	PDHA1 silencing in H460 cells increases dependence on extracellular lipids for growth
	Glutamine carbon supplies de novo lipogenesis under PDH suppression
	A net reductive flux through cytosolic IDH provides a source of citrate for fatty-acid synthesis in PDHA1-silenced cells
	IDH1 is required to maintain glutamine-dependent lipogenic acetyl-CoA and maximal cell proliferation under PDH suppression

	Discussion
	Conclusions
	Additional file
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References



