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Abstract

Acetyl coenzyme A (AcCoA) is the central biosynthetic precursor for fatty acid synthesis and
protein acetylation. In the conventional view of mammalian cell metabolism, AcCoA is primarily
generated from glucose-derived pyruvate through the citrate shuttle and adenosine triphosphate
citrate lyase (ACL) in the cytosoll-3. However, proliferating cells that exhibit aerobic glycolysis
and those exposed to hypoxia convert glucose to lactate at near stoichiometric levels, directing
glucose carbon away from the tricarboxylic acid cycle (TCA) and fatty acid synthesis®. Although
glutamine is consumed at levels exceeding that required for nitrogen biosynthesis®, the regulation
and utilization of glutamine metabolism in hypoxic cells is not well understood. Here we show
that human cells employ reductive metabolism of alpha-ketoglutarate (a KG) to synthesize AcCoA
for lipid synthesis. This isocitrate dehydrogenase 1 (IDH1) dependent pathway is active in most
cell lines under normal culture conditions, but cells grown under hypoxia rely almost exclusively
on the reductive carboxylation of glutamine-derived aKG for de novo lipogenesis. Furthermore,
renal cell lines deficient in the von Hippel-Lindau (VHL) tumor suppressor protein preferentially
utilize reductive glutamine metabolism for lipid biosynthesis even at normal oxygen levels. These
results identify a critical role for oxygen in regulating carbon utilization in order to produce
AcCoA and support lipid synthesis in mammalian cells.
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Although hypoxic cells exhibit a shift toward aerobic glycolysis*, a functional electron
transport chain and glutamine-derived carbon are required for proliferation of most
transformed cells®. In line with these studies, we observed increased glucose consumption
and lactate secretion when A549 cells were cultured at ~1% oxygen (Fig. S1a). Notably,
glutamine consumption also increased while glutamate secretion remained unchanged,
indicating that net glutamine consumption was elevated and suggesting that glutamine
carbon is used for biosynthesis. Consistent with this observation in both normoxic and
hypoxic cells, we found that proliferating cells incorporate glutamine-derived carbon into
lipids (Figure S1b). Glutamine can contribute carbon to lipogenic AcCoA through two
distinct pathways. Cells can oxidatively metabolize glutamine-derived aKG in the TCA
cycle and generate pyruvate from malate via glutaminolysis®. Alternatively, some tissues
can reductively carboxylate aKG to generate citrate’-8, and recent studies have indicated
that the IDH reaction is highly reversible in various cell types®11. To determine which
pathway cells use to incorporate glutamine carbon into lipids we utilized stable isotopic
tracers!2-14, We first cultured several cancer cell lines with [1-13C]glutamine under
normoxia and quantified the isotopic label present in metabolite pools along this pathway
(Fig. 1a, red carbon atoms). All cells tested with this tracer retained significant label from
[1-13C]glutamine in citrate and metabolites downstream of the irreversible ACL reaction,
indicating that the reductive flux contributes to the cytosolic AcCoA pool (Fig. S2).
Additional evidence for activity along this pathway was obtained by using a uniformly 13C
labeled ([U-13Cs]) glutamine tracer in cell cultures (Fig. S3).

To quantify the specific contributions of oxidative and reductive glutamine metabolism to
fatty acid synthesis, we cultured cells in the presence of tracers for several days and
performed Isotopomer Spectral Analysis (ISA; Fig. S4)1°. Use of [5-13C]glutamine
specifically allows estimation of the flux of glutamine to lipids through reductive
carboxylation (Fig. 1a, blue carbon atoms). Virtually all cell lines cultured with this tracer
generated labeled fatty acids, metabolizing glutamine reductively in the TCA cycle to supply
10 — 25% of their lipogenic AcCoA (Figs. 1b, blue bars; S5). Consistent with these data, we
were able to detect 98 +/- 5 cpm/108 cells in hexane extracts of A549 cells cultured with
[5-14C]glutamine. Next we directly compared the contribution of glutamine to fatty acids via
the reductive flux as a fraction of the total, the latter determined by using
[U-13Cg]glutamine. In all cell lines tested, including those derived from lung, mammary,
colon, and squamous cell carcinoma as well as melanoma, glioblastoma, and leukemia,
[5-13Cs]glutamine labeled the majority of AcCoA derived from glutamine (Fig. 1b, white
bars),highlighting the general use of reductive carboxylation as the primary route through
which glutamine, glutamate, and aKG carbon are converted to lipids in cultured cells. (Figs.
1b, S2, S3, S5). The glutaminolysis pathway is also an important means of glucose
catabolism in many cells and can be characterized by quantifying the contribution of
glutamine carbon to lactate. Consistent with published reports®, glutamine-derived 13C label
was also detected in lactate, and the amount of 13C-labeled lactate produced was highest in
glioblastoma-derived cells compared to other cells cultured with [U-13Cs]glutamine (Fig.
S6).

Mammalian cells express three IDH enzymes encoded by separate genes: IDH1 (cytosolic,
NADP*-dependent), IDH2 (mitochondrial, NADP*-dependent), and the multi-subunit
enzyme IDH3 (mitochondrial, NAD*-dependent). IDH3 is allosterically regulated and
assumed to operate in the oxidative direction®. The NADP*-dependent isozymes are
capable of catalyzing the reductive reaction; however, the specific enzyme responsible for
this flux is not definitively knownl’. As measurements of metabolite pools in subcellular
compartments and labeling therein cannot yet be reliably obtained, we employed RNA
interference to selectively knock down expression of IDH1 and IDH2 in A549 cells. Using
labeling from [1-13C]glutamine as a readout, we measured a significant and robust decrease
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in reductive carboxylation when IDH1 mRNA was targeted using ShRNA (Fig. 1c, 1d).
These changes were consistent with results using [U-13Cs]glutamine (Fig. S7) and
reproduced using several cell lines (Fig S8). Finally, we employed 13C Metabolic Flux
Analysis (MFA)18.19 to quantify intracellular fluxes using [U-13Cs]glutamine in A549 cells.
The fitted data suggested that reductive IDH flux significantly decreased when IDH1 protein
levels were decreased, and this change was the primary alteration observed in the network
(Fig le; see Tables S1-5 for complete results and MFA model description).

Our results suggest that IDH1 can convert NADP*, aKG and CO; to isocitrate and NADPH
in the cytosol. Enzymatic analysis using recombinant protein indicated that this IDH1 is
indeed capable of consuming NADPH and is responsive to physiological levels of CO, (Fig.
S9). Importantly, the proliferation rate of all cell lines with IDH1 knockdown was impaired
(Fig. 1f, S8), indicating that reductive metabolism of aKG in the cytosol may be necessary
for robust growth. In contrast to our results with IDH1 shRNAs, we detected no significant
change in reductive flux when targeting IDH2 mRNA in A549, MDA-MB-231, and
HCT116 cells (Fig. S10). Although IDH2 may promote reductive carboxylation in some
tissues or conditions, these results are consistent with the interpretation of IDH2 as an
oxidative TCA cycle enzyme proposed by Hartong et al 20,

Intriguingly, we detected a significant increase in reductive carboxylation activity when
culturing cells under hypoxia (Fig. S11). As glucose is usually the primary carbon source for
mammalian tissues-3, we next compared the contributions of reductive glutamine
metabolism and glucose oxidation to fatty acid synthesis by culturing cells with either
[5-13C]glutamine or uniformly labeled [U-13Cg]glucose under normal tissue culture
conditions or hypoxia. Strikingly, oxygen levels influenced fatty acid labeling from both
tracers (Fig. 2a, 2b). Cells preferentially utilized glucose carbon for palmitate synthesis
under normoxic conditions; however, fatty acids produced under hypoxia were primarily
synthesized from glutamine carbon via the reductive pathway. In fact, the reductive
carboxylation of glutamine-derived aKG accounted for approximately 80% of the carbon
used for de novo lipogenesis in A549 cells growing under hypoxia (Fig. 2c). Conversely, we
detected a concomitant decrease in the contribution of [U-13Cg]glucose to fatty acid
synthesis under this condition. Knockdown of IDH1 protein mitigated the use of reductive
glutamine metabolism for lipogenesis under hypoxia (Fig 2d). Significant increases in the
relative utilization of this pathway were observed in all cell lines tested, including non-
transformed cells (Fig. S12). In addition, T lymphocytes freshly isolated from a mouse
spleen preferentially used reductive glutamine metabolism over glucose oxidation for fatty
acid synthesis when activated under hypoxia (Fig. S13). Although proliferation rates and
relative de novo lipogenesis were lower under hypoxia (Fig. S14), the net flux of reductive
glutamine metabolism to palmitate synthesis was significantly increased in hypoxic cultures
(Fig. 2e). While most human cells require glutamine for nucleotide and hexosamine
biosynthesis, some cell lines can grow in the absence of exogenous sources of glutamine?!.
Remarkably, we found that hypoxia increases the dependence of such cells on glutamine, as
evidenced by decreased proliferation in the absence of glutamine and increased reductive
glutamine metabolism under hypoxia when glutamine is present (Fig. 2f, S15).

To gain insight into the mechanisms controlling this switch to reductive glutamine
metabolism we analyzed changes in the labeling and abundances of TCA cycle metabolites
in cells grown under hypoxia. Using [U-13Cg]glucose, we observed a significant decrease in
relative flux through the pyruvate dehydrogenase (PDH) complex (Fig. 3a, S16a, S16b). In
addition, the citrate pool became depleted, which would be expected to increase reductive
carboxylation flux through mass action (Fig. 3b, S16c). On the other hand, we detected
increased amounts of isotopic label in TCA cycle intermediates when using labeled
glutamine tracers under hypoxia (Fig. 3c, 3d, S16d). Reductively metabolized glutamine
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accounted for as much as 40 — 70% of the intracellular citrate, aspartate, malate, and
fumarate pools when cells were cultured in low oxygen (Fig. 3d). Given the marked
reduction in PDH flux observed in hypoxia, we tested the ability of dichloroacetate (DCA)
to restore PDH activity and mitigate the contribution of reductive metabolism to lipogenesis.
DCA inhibits pyruvate dehydrogenase kinases (PDKs)22, and PDK1 is a known target of
HIF-1a that inhibits the activity of PDH through phosphorylation2324, While DCA
treatment had no observable effect on carbon utilization under normoxia, reductive
glutamine metabolism was inhibited and glucose oxidation was partially restored in A549
cells cultured with DCA under hypoxia (Fig. 3e, S16e), suggesting that hypoxia-induced
PDK1 contributes to the use of reductive carboxylation for fatty acid synthesis.

The VHL tumor suppressor protein is frequently lost in renal cell carcinoma (RCC) and
results in a state of “pseudohypoxia” by activating HIF signaling2>-2”. To further understand
the role of this pathway in promoting the switch to reductive TCA metabolism we tested
RCC cells deficient in VHL using ISA. Remarkably, VHL-deficient RCC cell lines
preferentially utilized reductive glutamine metabolism for lipogenesis, even when cultured
under normal oxygen levels, while those expressing wild-type (WT) VHL behaved similarly
to other carcinoma cell lines (Fig. 4a, S17). Re-expression of WT VHL in previously VHL-
deficient cell lines resulted in a switch back to oxidative glucose metabolism as the source of
carbon for lipid synthesis (Fig. 4b), reduced extracellular fluxes of glucose, lactate, and
glutamine (Fig. S18A), and increased the pool of intracellular citrate relative to aKG (Fig.
S18b) under normoxia. Furthermore, ShRNA-mediated knockdown of HIF-2a partially
restored glucose-mediated lipogenesis in 786-0 cells (Fig. 4c, 4d). Consistent with VHL and
HIF influencing the switch to reductive glutamine metabolism during hypoxia, glucose entry
into the TCA cycle via PDH was increased under normoxia upon introduction of WT VHL
or knockdown of HIF-2a in 786-O cells (Fig. S18c). Similar changes were observed
following knock down of the HIFa dimerization partner ARNT (aryl hydrocarbon receptor
nuclear translocator) in VHL-deficient normoxic UMRC2 cells, which express both HIF-1a
and HIF-2a.28, or following ARNT knock down in hypoxic A549 and 143B cells (Fig. S19).

Our results highlight an important role for reductive TCA metabolism of glutamine in cell
proliferation at physiological oxygen levels (Fig. 4e). Given the almost exclusive use of
reductive carboxylation for lipogenesis under hypoxia, a redundant or contributing role of
mitochondrial IDH2 in this pathway is probable; however our data provide evidence that the
reductive pathway involves IDH1-mediated catalysis in the cytoplasm. While the carbon
source that cells use for lipid synthesis appears to be determined, at least partially, by HIF-
mediated regulation of PDK1, additional hypoxia-associated changes may also promote
reductive glutamine metabolism. For example, HIF-2a enhances c-MY C activity2®, which
in turn drives glutamine catabolism through the regulation of numerous genes including
glutaminase®0. This metabolic reprogramming provides an effective, glucose-independent
means of generating AcCoA for biosynthesis. Since glucose is also delivered to cells via the
vasculature it may be limited in microenvironments with decreased oxygen availability3L.
Reductively metabolizing amino acids for lipid synthesis under these conditions would
allow cells to conserve glucose for production of ribose and other biosynthetic precursors
(e.g. one carbon pool, hexosamines) that are not typically generated from other nutrients.
Thus, reductive metabolism may allow cells to more efficiently distribute available nutrients
in poorly vascularized microenvironments. These results add a new dimension to our
understanding of cell metabolism and suggest potential therapeutic targets along the
reductive carboxylation and glutamine catabolic pathways that could mitigate hypoxic tumor
growth.
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Methods Summary

For determination of steady state labeling of polar metabolites, cells were cultured for
approximately 24 hours in the presence of 13C-labeled glutamine or glucose before
extraction. For experiments involving stable isotopic labeling of lipid biomass, cells were
grown for approximately 3 — 4 days in the presence of tracer before extraction. Details of the
extraction and derivatization methods are described in Supplementary Methods.
Computational determination of metabolic fluxes, confidence intervals, de novo lipogenesis,
and the contribution of tracers to fatty acid carbon was accomplished using an in-house
software package, Metrar™®. Details of the metabolic networks and GC/MS measurements
used for modeling and complete results are described as Supplementary Information. The
generation of cells stably expressing control ShRNAs or those targeted IDH1 or IDH2 is
described in Supplementary Methods; all experiments were conducted within 4 passages of
initial selection. Hypoxic microenvironments were generated by feeding incubators with a
pre-mixed gas composed of 1% O,, 5% CO,, and 94% Ny, and O levels were confirmed to
range between 1 and 3% using a Fyrite combustion analyzer. For details regarding
recombinant IDH1 production and enzyme assays, T cell activation, medium analysis,
[5-14C]glutamine experiment, and western blotting please see Supplementary Methods.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Reductive carboxylation is the primary route of glutamine to lipids. a) Schematic of carbon
atom (circles) transitions and tracers used to detect reductive glutamine metabolism. Isotopic
label from [1-13C]glutamine (red) is lost during oxidative conversion to succinate (Suc) but
retained on citrate (Cit), oxaloacetate (Oac), aspartate (Asp), malate (Mal), and fumarate
(Fum) in the reductive pathway (green arrows). [5-13C]glutamine (blue) transfers label to
AcCoA through reductive metabolism only. Molecular symmetry is shown for oxidative
metabolism. b) Contribution of [5-13C]glutamine and [U-13Cs]glutamine to lipogenic
AcCoA in cell lines. c) IDH1 levels in A549 cells expressing IDH1-specific (IDH1a and
IDH1b) or control sShRNAs. d) Metabolite labeling from [1-13C]glutamine from cells in (c).
e) IDH flux estimates from 13C MFA model in control or IDH1-knockdown A549 cells
cultured with [U-13Cs]glutamine. f) Cell proliferation of A549 cells expressing IDH1-
shRNAs. Error bars indicate 95% confidence interval (CI) for (b, €) and s.e.m. (n=3) for (d,
f). * denotes p< 0.05.
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Hypoxia reprograms cells to rely on reductive glutamine metabolism for lipid synthesis. a,b)
Labeling of palmitate extracts from A549 cells cultured under normoxia or hypoxia with
[5-13C]glutamine (a) or [U-13Cg]glucose (b). Similar results were observed in myristate,
oleate and stearate pools (not shown). ¢,d) Relative contribution of glucose oxidation or
glutamine reduction to lipogenic AcCoA in A549 cells under normoxia and hypoxia (c) or
Ab549 cells expressing control or IDH1-targeting ShRNAs under hypoxia (d). ) Absolute
fluxes of [U-13Cg]glucose and [5-13C]glutamine to palmitate in A549 cells. Error bars
indicate 95% CI from model for ¢ — e; * denotes p < 0.05. f) Huh7 cell proliferation after 4
days in the presence or absence of glutamine. Error bars indicate s.e.m. (n=3) for a, b, and f.
** denotes p < 0.005 comparing glutamine-free cultures. *** denotes p < 0.001 comparing
normoxia and hypoxia.
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Figure 3.

Reductive TCA metabolism increases under hypoxia. MRC5 cells were cultured under
normoxia or hypoxia for 3 days in the presence of tracer. A) Relative level of glucose
oxidation as determined by M2 labeling from [U-13Cg]glucose (see Fig. S16A for atom
transition map). M2 isotopologues were the most abundant labeled metabolites in mass
spectra. B) Relative abundance of citrate and aKG. c,d) Relative contribution of reductive
glutamine metabolism to TCA metabolites, determined by M1 labeling from
[1-13C]glutamine. M1 isotopologues were the only species with significant abundance. €)
Contribution of glucose oxidation and glutamine reduction to lipogenesis in A549 cells
cultured with or without 5 mM DCAEtrror bars indicate s.e.m. for (a-d; n=3) and 95% CI for
(e). * denotes p< 0.01 and ** denotes p < 0.001 comparing normoxia to hypoxia. T denotes
p < 0.05 comparing control to DCA in hypoxia.
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Figure4.

HIF/ARNT/VHL signaling regulate carbon utilization for lipogenesis. A-C) Contribution of
glucose oxidation ([U-13Cg]glucose) and glutamine reduction ([5-13C]glutamine) to
lipogenesis in RCC lines (A), parental control (PRC3) and VHL+ (WTS8) cells derived from
786-0 line (B), or vector control (pTV) or HIF2a shRNA (pTR) cells derived from 786-O
line (C). D) Western blot to determine HIF2a levels for cells in (B-C). Error bars indicate
95% Cls obtained from ISA model. * indicates p < 0.05. E) Model depicting the metabolic
reprograming of mammalian cells by hypoxia or VHL loss to employ reductive glutamine
metabolism for lipogenesis. HIF stabilization drives transcription of PDK1, which decreases
PDH activity and subsequently intracellular citrate levels. IDH1 and ACO1 reductively
generate lipogenic citrate from glutamine-derived a KG. DCA can inhibit PDKs, forcing
increased glucose oxidation in hypoxic cells.
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