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Abstract

Metabolic reprogramming is central to malignant transformation and cancer cell growth. How
tumours use nutrients and the relative rates of reprogrammed pathways are areas of intense
investigation. Tumour metabolism is determined by a complex and incompletely defined
combination of factors intrinsic and extrinsic to cancer cells. This complexity increases the value
of assessing cancer metabolism in disease-relevant microenvironments, including in patients with
cancer. Stable-isotope tracing is an informative, versatile method for probing tumour metabolism
in vivo. It has been used extensively in preclinical models of cancer and, with increasing
frequency, in patients with cancer. In this Review, we describe approaches for using in vivo isotope
tracing to define fuel preferences and pathway engagement in tumours, along with some of the
principles that have emerged from this work. Stable-isotope infusions reported so far have revealed
that in humans, tumours use a diverse set of nutrients to supply central metabolic pathways,
including the tricarboxylic acid cycle and amino acid synthesis. Emerging data suggest that some
activities detected by stable-isotope tracing correlate with poor clinical outcomes and may drive
cancer progression. We also discuss current challenges in isotope tracing, including comparisons
of in vivo and in vitro models, and opportunities for future discovery in tumour metabolism.
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Introduction

Metabolic reprogramming is a hallmark of cancer and source of therapeutic targets'2. Since
Otto Warburg’s experiments describing aerobic glycolysis in tumours, it has been a goal

of cancer research to identify pathways that support cancer progression. As techniques

to analyse metabolism have improved in scope and sensitivity, it has become possible to
characterize tumour metabolism in increasing detail.

This Review focuses on stable-isotope tracing to analyse tumour metabolism in vivo (Fig.
1a). The most abundant elemental constituents of biomolecules are hydrogen, carbon,
nitrogen and oxygen. Each one has stable-isotopic forms with extra neutrons compared
with the most abundant form; for example, 2H, 13C, 15N and 180. Owing to their extra
neutrons, molecules containing these stable isotopes can be readily distinguished from
molecules lacking them. Tracing experiments use molecules chemically synthesized so that
one or more positions contain a much higher fraction of the stable isotope than would
occur naturally. For example, glucose can be synthesized so that all six carbon positions
are essentially 100% 13C. Molecules synthesized in this manner are commonly said to be
‘labelled” with the stable isotope. With the exception of some biochemical reactions being
substantially slowed by replacement of 1H with 2H (ref. 3), heavy-labelled metabolites are
processed similar to their unlabelled counterparts. Thus, tracking the fate of stable isotopes
provides information about endogenous metabolism.

In stable-isotope tracing, labelled nutrients are introduced into a biological system and
metabolism within the system transfers the label to downstream metabolites. The position
and extent of metabolite labelling provide information about metabolic activity (Fig. 1b).
Stable-isotope tracing reports pathway activities and is thus conceptually different from
metabolomics, which reports metabolite abundance and does not require the addition of
tracers (reviewed elsewhere#-6). Both techniques have become prominent in cancer research
over the past 15 years.

Building on work in the 1920s by George de Hevesy with radioactive isotopes’,
Schoenheimer and Rittenberg® pioneered the systematic use of stable isotopes to study
metabolism (Box 1). Stable isotopes do not undergo radioactive decay and can therefore be
safely used in relatively large quantities. Stable-isotope tracing coupled to modern detection
methods provides more precise information about the fate of the tracer than radioactive
tracing. These benefits have resulted in stable isotopes largely displacing radioisotopes for
tracer studies in mice and humans.

Within the basic workflow of a stable-isotope tracing experiment (Fig. 1a), isotope labelling
is analysed by mass spectrometry or NMR. The primary advantage of NMR is that

it provides positional information for isotope labels; this type of information is less

reliably obtained with mass spectrometry, although increasingly attainable through tandem
mass spectrometry®19, NMR is non-destructive and can be performed in vivo through
magnetic resonance spectroscopy (MRS), which in some cases can be integrated with MRI.
Mass spectrometry has superior sensitivity and is readily combined with metabolomics.
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Improvements in both technologies have helped drive the expansion of stable-isotope
applications?t.

Classical work with stable isotopes allowed investigators to assess metabolism in isolated
organs and to develop mathematical approaches to translate isotopic labelling into metabolic
fluxes12-15, Stable-isotope administration to humans has been used since 1934, when
Hevesy and Hofer used deuterium oxide to estimate the size of the whole-body water pool
and rate of water elimination’. Landmark human studies with stable isotopes since then have
studied diverse processes, including maintenance of blood glucose during fasting®®; the role
of endurance training on lactate metabolism?’ and the effects of fatty liver disease on the
hepatic tricarboxylic acid (TCA) cyclel8,

Applying stable-isotope tracers to study cancer in humans is a relatively recent development
(Box 1), but its use in cancer research has already influenced our understanding of metabolic
reprogramming (Table 1). In vivo tracer studies provide information about which pathways
and which nutrients are used in the native tumour microenvironment, which involves a
metabolic milieu and complex set of cell—-cell interactions that cannot be recapitulated in cell
culture. Therefore, the insights that arise from in vivo tracer studies cannot be achieved from
metabolomics or from analysis of cultured cells. This Review discusses methods to perform
and interpret isotope labelling experiments in cancer, and discoveries emerging from these
approaches since the first use of 13C tracers in humans with cancer was reported in 2009
(ref. 19). We also discuss the limitations of isotope tracing, open questions and priorities for
future research.

Methodological considerations

In some ways, cancer is an ideal disease to study with stable isotopes. Altered metabolism
is a hallmark of cancer, and therapies targeting these pathways are in clinical use or
development?9-24, Standard of care often involves tissue procurement by biopsy or surgical
tumour resection, making it possible to sample metabolites from the tumour and adjacent,
non-malignant tissue. Molecular heterogeneity among tumours in patients begs the question
of whether metabolic features discoverable by stable-isotope tracing can help define
actionably distinct cancer subsets.

Labelled nutrient administration

To date, most studies involving patients with cancer that used stable isotopes have

relied on 13C-labelled nutrients administered intravenously (Table 1). A few studies have
given oral 2H,0 to monitor DNA synthesis in cancer cells2526, For tracers administered
intravenously, an important choice in study design is delivery kinetics: bolus versus
continuous infusion. Some early 13C-tracing studies in patients with cancer provided
[U-13C]glucose, a ‘uniformly” labelled form of glucose that contains 13C at all six carbon
positions, as a bolus before or during tumour resection®. In non-small-cell lung cancer
(NSCLC), these studies revealed excess labelling from [U-13C]glucose into glycolytic and
TCA cycle intermediates in tumours relative to adjacent lung. TCA cycle labelling resulted
in part from induction of pyruvate carboxylation within the tumour'®27 (Fig. 2a).
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The rapid timescale of boluses allows application of 13C tracers in which the nuclear spins
of 13C atoms have been transiently displaced far from equilibrium into a hyperpolarized
state, and this hyperpolarization markedly increases the intensity of MRI signals28.
Experiments capitalizing on 13C hyperpolarization are most feasible for carbons with no
adjacent hydrogens, which reduce persistence of the hyperpolarized state. The carboxylic
acid carbon of pyruvate is advantageous because neither it nor the adjacent carbonyl carbon
is attached to hydrogens; consequently, [1-13C]pyruvate, in which the carbon at position 1
is labelled with 13C, is the predominant hyperpolarized tracer in practice?-31, The passage
of the hyperpolarized carbon into lactate, alanine, bicarbonate or other metabolites can be
monitored noninvasively by MRI over an approximately 60-s timescale. These experiments
involve an extremely high dose of tracer and could be considered to measure the capacity of
the tissue to transfer carbon from the labelled nutrient into downstream metabolites.

For stable-isotope tracers without hyperpolarization, continuous infusions have the
advantage of easier and more quantitative interpretation of the labelling data. Specifically,
continuous infusions result in steady-state labelling of both the circulating tracer and
downstream metabolites. This enables quantitative assessment of tumour metabolite sources.
For example, from steady-state data, it is straightforward to calculate ‘How much of

a metabolite of interest comes from the nutrient tracer?’. Quantitatively, this fractional
contribution to the metabolite of the circulating tracer is calculated by dividing the tumour
metabolite labelling by the circulating tracer labelling. Owing to the ready metabolic
interpretation of steady-state labelling data, continuous infusions have become the most
common way of administering stable-isotope tracers.

To accelerate steady-state circulating tracer labelling, continuous infusions are often
preceded by a bolus, which aims to quickly raise circulating enrichment close to the
eventual steady-state level, thereby shortening the required infusion duration. Ideally, this

is done with minimal perturbation to endogenous metabolism, by limiting the bolus size and
infusion rate. Steady-state labelling in the blood of the infused metabolite in the range of
10-30% offers a good blend of enough label to detect and limited metabolic perturbation32.

Tumour sampling

Samples for measuring tumour metabolite labelling can be acquired by needle biopsy

or surgical resection. The acquisition procedure imposes complications that should be
considered when interpreting the data. Patients may be stressed, for example, during awake
biopsy, or anaesthetized and mechanically ventilated. Some resections involve a period

of tissue ischaemia as blood vessels supplying the tumour are ligated. Additionally, there
may be unavoidable delays between tissue resection and freezing. Such delays impact
some metabolic measurements more than others. For example, the ATP/AMP ratio changes
rapidly and is sensitive to hypoxia, whereas TCA cycle labelling changes more slowly. In
limited comparisons, [13C]glucose-derived labelling data from resected human lung tumours
are similar to biopsies obtained without ischaemia33, and also similar to results from
analogous experiments in non-anaesthetized mice, in which tumours can be freeze-clamped
with minimal ischaemia34. Moreover, if the samples are kept cold, 13C labelling in TCA
cycle intermediates persists for several minutes after resection, providing flexibility in
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the operating room as the samples are processed3®. The stability of metabolite labelling,
although not guaranteed in every context, helps make clinical tracing studies feasible and
informative.

Catabolism in tumours of patients with cancer

A goal of isotope tracing in patients with cancer has been to define which nutrients supply
metabolic pathways in tumours, and how these differ from adjacent tissue. Most studies
have focused on glucose, although lactate, acetate and glutamine have also been used (Table
1). Oxidation of pyruvate derived from circulating [U-13C]glucose has been observed in all
tumours analysed, including gliomas, brain metastases, breast tumours, NSCLC and clear
cell renal cell carcinomas (ccRCCs) in adults (Fig. 2a—d) and paediatric extracranial solid
malignancies, including neuroblastoma and sarcomal9:35-39,

The most extensive comparisons of labelling between tumour and adjacent tissue to date
have been in patients with NSCLC who have heterogeneous but generally higher labelling
of TCA cycle intermediates in tumours relative to adjacent lung. The extent of labelling
correlates inversely with regional perfusion, where low perfusion yields high labelling36.
These findings reflect higher glucose contribution to the TCA cycle in NSCLC relative

to adjacent lung. In ccRCC, the contribution of glucose to the TCA cycle is low relative

to adjacent kidney37 (Fig. 2b). This may reflect the metabolic effects of von Hippel—
Lindau (VHL) tumour suppressor inactivation in these tumours, as VAL loss imposes a
pseudohypoxic state that promotes glycolysis and suppresses pyruvate oxidation0. These
relative enrichment studies are helpful in showing how carbon sources differ between
tumours and the organs from which they arise. But keep in mind that carbon sources differ
among organs, and this should be considered when interpreting the biological meaning of a
relative increase or decrease in labelling within a tumour.

Glutamine metabolism is regulated by oncogenes, and glutamine is avidly consumed

by most cancer cell lines#. One study infused [U-13C] glutamine into patients to

assess metabolism in bone-marrow-derived plasma cells*2. CD138* multiple myeloma

cells had higher labelling in TCA cycle intermediates than non-malignant CD138 cells
from the same marrow. By contrast, pre-malignant plasma cells from patients with
monoclonal gammopathy of undetermined significance had equivalent labelling of TCA
cycle intermediates as CD138~ cells. These findings suggest that glutamine becomes a more
prominent carbon source for the TCA cycle as plasma cells progress from monoclonal
gammopathy of undetermined significance to multiple myeloma.

Acetyl-CoA (Ac-CoA) is an important metabolic node that feeds many pathways. Most
mitochondrial Ac-CoA flows into the TCA cycle, whereas cytosolic Ac-CoA supports lipid
synthesis and nuclear Ac-CoA supports histone acetylation. In patients with gliomas or brain
metastases, [U-13C]glucose infusions demonstrated that Ac-CoA enrichment is proportional
to, but lower than, glucose enrichment3?, implying that these tumours make Ac-CoA from
other substrates in addition to glucose, for example, from fat or acetate. Infusions with
[U-13C] acetate in human gliomas revealed robust labelling of the TCA cycle, reflecting
tumour uptake of extracellular acetate and its assimilation into Ac-CoA*3 (Fig. 2c).
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Pyruvate/lactate metabolism

The textbook pathway of glucose catabolism involves glycolysis producing cellular
pyruvate, which enters the mitochondria and is converted into acetyl-CoA and TCA cycle
intermediates. Alternatively, cells may convert glucose to lactate, which they can excrete
into the bloodstream. It is becoming clear that lactate excretion is far from a unique property
of cancer cells or hypoxic tissues. Instead, it is a major metabolic activity in the healthy
body, as reflected by rapid labelling of circulating lactate from infused [13C]glucose*4. This
lactate secretion is balanced by lactate uptake and oxidation to pyruvate, as reflected by
extensive use of lactate as a TCA cycle fuel in most tissues, with many cells presumably
both excreting and consuming lactate to no net effect. Lactate uptake and secretion are
mediated by monocarboxylate transporters (MCTSs), which also transport pyruvate, coupled
to the reversible interconversion between lactate and pyruvate by lactate dehydrogenase
(LDH). Consistent with the frequent overexpression of MCT and LDH isoforms in human
cancer®46_ several clinical studies using hyperpolarized [1-13C]pyruvate revealed the
increased appearance of hyperpolarized lactate in breast, prostate and renal tumours relative
to adjacent, non-malignant tissue29-3147,

After infusing patients with lung cancer with [U-13C]glucose, some tumours were observed
to have higher 13C enrichment in lactate relative to glycolytic metabolites such as 3-
phosphoglycerate and phosphoenolpyruvate38. This is inconsistent with the tumours making
all of their lactate from the infused glucose. Because lactate labelling in the blood

exceeded 3-phosphoglycerate labelling in tumours, an alternative possibility is that the
infused, labelled glucose was being converted elsewhere in the body into circulating lactate,
which was then taken up by the tumour. Infusing patients with [U-13C]lactate proved this
hypothesis, directly demonstrating lactate uptake and oxidation in tumours32. This does

not necessarily indicate net consumption of lactate by the tumours, merely that lactate
consumption occurs, even though lactate secretion occurs in parallel33,

In a cohort of NSCLC patients, high labelling in lactate relative to glycolytic intermediates,
indicating the high contribution of circulating lactate, correlated with cancer recurrence

and distant metastasis, indicating clinical aggressiveness of tumours with this labelling
property33. The contribution of circulating lactate to lactate within cancer cells depends both
on tumour perfusion by systemic blood and on expression of MCTs. In this human NSCLC
study, MCT expression correlated positively with high relative lactate labelling, and in mice
bearing NSCLC cell line xenografts, MCT1 is required for tumours to show higher lactate
than glycolytic intermediate labelling from infused [13C]glucose33. One interpretation is
that the capacity to rapidly excrete or take up lactate, mediated by MCT1, provides
metabolic flexibility that promotes cancer progression. Consistent with this, among patient-
derived melanoma xenografts, those with more prominent lactate uptake metastasized more
frequently, and even though it had minimal effect on subcutaneous tumour growth, MCT1
blockade reduced metastasis*8. Thus, there is some evidence in the context of both lung
cancer and melanoma that lactate transport between tumours and the circulation promotes
cancer progression. Whether this process can be safely targeted, or used to stratify patients
to different therapies, is an important open question.
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In triple-negative breast cancer, a different pattern of lactate labelling from [*3C]glucose
was observed, with lactate labelling in the tumour exceeding lactate labelling in the
bloodstream38 (Fig. 2d). This implies that the tumour lactate was made locally from
intratumoral glycolysis and that tumour production of lactate outpaced exchange with the
circulation3849. The opposite findings in some NSCLCs suggest that, at least from the
perspective of lactate, lung tumour perfusion is adequate to rapidly exchange metabolites
between the systemic circulation and the tumours33,

Anabolism in tumours of patients with cancer

Although Warburg metabolism is often considered the primary metabolic hallmark of
cancer, some of the greatest therapeutic successes against cancer have come instead

from targeting tumour anabolism. Many chemotherapeutic agents interfere with nucleotide
synthesis, and thereby alter DNA and RNA synthesis, including antifolates such as
pemetrexed and methotrexate, and nucleoside analogues such as 5-fluorouracil and
gemcitabine®0-53, Despite the importance of such drugs, we still do not have a quantitative
understanding of how fast tumours synthesize cellular building blocks such as amino acids,
proteins, nucleotides, and lipids or which pathways they use to make them. Isotope tracing
provides a direct way to address such questions, but current tracing experiments in patients
with cancer only begin to cover the scope of anabolic reactions important for tumours.

Amino acids

Protein production from amino acids is required for cell division, as protein accounts for
two-thirds of the dry weight of a cell>*. Of the 20 common amino acids, 9 are essential,
whereas 11 others can be synthesized endogenously. If cancer cells synthesized their own
non-essential amino acids, targeting these synthesis routes could be a therapeutic strategy.
Alternatively, if cancer cells (but not healthy tissues) are auxotrophic for a particular non-
essential amino acid, restricting the blood level of the amino acid could be well tolerated and
therapeutic.

Tracing studies show that, among non-essential amino acids, some are mainly synthesized
within tumours, whereas others are acquired from the blood and ultimately from the diet.
Many tumours synthesize alanine from [13C]glucose and [13C]lactate, with the contribution
of de novo synthesis varying widely. Across published studies, 15-70% of alanine was
made from these tracers19:27:33.36.37.39_gerine and glycine displayed some labelling from
[3C]glucose in many tumour types, although most of the serine pool was unlabelled3%:38:39,
The reliance of tumours on circulating serine and glycine is consistent with the therapeutic
benefits of serine-free and glycine-free diets in mice® and argues for examining such diets
in patients. Unlike serine, most glutamate was produced de novo in tumours, with many
breast, brain and lung tumours also producing most glutamine internally19.38:39.56 This is
consistent with preclinical evidence that glutamine synthetase promotes tumour growth®’,
although contrasting with the concept of exogenous glutamine as a primary tumour fuel.
The capacity for tumours to acquire non-essential amino acids from the circulation, and
ultimately the diet, is a barrier to targeting amino acid biosynthetic pathways to treat cancer,
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but perhaps this could be overcome by combining pathway inhibitors with diets lacking
selected non-essential amino acids.

As protein synthesis is a major metabolic task required for cell division®?, inhibiting protein
synthesis could in theory kill tumour cells, and there is clinical evidence supporting this
concept®®. However, few studies have carefully assessed whether tumours synthesize protein
faster than healthy tissues. Protein synthesis rate can be measured by infusing a labelled
essential amino acid, then isolating protein from a biopsy and measuring what fraction

of protein contains labelled amino acids®®. Two such studies showed that brain tumours

in patients produce protein faster than healthy brain®0:61, Another two studies came to
differing conclusions about whether colorectal cancers in patients make protein faster than
non-malignant colon®2:63, We recently showed that mouse pancreatic tumours synthesized
protein slowly relative to healthy pancreas, but faster than other healthy tissues such

as lung and quadriceps®. Increased protein synthesis could drive dependency on amino
acid supply, consistent with the antitumour activity of glutamine synthetase deficiency or
serine-free and glycine-free diets mentioned earlier. There is also preclinical support for the
antitumour benefit of lowering the levels of other amino acids, for example, by cysteinase
therapy or diets lacking asparagine, proline or valine®>-9. It would be valuable to assess
protein synthesis in more cancer types to identify tumours with the highest rates of protein
synthesis. An interesting candidate is multiple myeloma, which synthesizes and secretes
large amounts of immunoglobulin protein and might respond therapeutically to protein
synthesis inhibitors or amino acid deprivation’?.

Drugs targeting de novo nucleotide synthesis have been key components of therapy in

lung, pancreatic, colorectal and other cancers®-53, yet we know surprisingly little about

the metabolic pathways used to produce nucleotides in human tumours. Nucleotides can

be synthesized de novo or salvaged from nucleosides and nucleobases from the blood or
microenvironment. Given these alternate possibilities, knowing which tumours use which
pathways might enable better treatment. De novo nucleotide synthesis can be measured

by infusing 13C, 15N or 2H building blocks such as glucose, glutamine and glycine and
measuring nucleotide labelling’!:72, whereas salvage can be measured using isotope-labelled
nucleobases such as hypoxanthine or nucleosides such as thymidine or cytidine’3-76,
Several decades ago, tritium-labelled thymidine was used to measure tumour proliferation in
patients with cancer, suggesting that tumours salvage nucleosides’3-7. By contrast, genes
encoding folate cycle enzymes required for de novo nucleotide synthesis are among the
most frequently over-expressed genes in human tumours’”:78, Antifolate drugs are widely
used, suggesting that de novo nucleotide synthesis may be dominant in many tumours.
Ideally, infusion studies could identify tumours relying on de novo synthesis versus on
salvage and this could guide therapy. So far, there are no approved strategies to inhibit
nucleotide salvage, although at least one is in clinical trials and common therapeutics

such as gemcitabine and 5-fluorouracil hijack salvage pathways’®. In addition, infusing
labelled nucleosides and nucleobases in patients who fail to respond to nucleotide synthesis
inhibitors could reveal whether upregulation of nucleoside salvage is a route to resistance.
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Lipids, fatty acids and cholesterol

Similar to nucleotides, lipids, including triglycerides and membrane phospholipids, can be
synthesized de novo or assembled from circulating fatty acids, but little is known about
which route predominates in human cancer. Other than liver and adipose, most healthy
tissues take up fat from the circulation80, suggesting that de novo fat synthesis would
distinguish most tumours from their tissue of origin and could potentially be a targetable
pathway. De novo fat synthesis can be assessed by infusing 13C fat precursors, including
glucose or acetate81:82 or by infusing deuterated water, which labels new fat molecules in
part via NADPH regardless of the carbon source83. Fatty acid synthesis has been monitored
using stable-isotope tracing80:84:85 or using a similar strategy with radioactive tracers8? in
mouse models of cancer, including brain8?, liver82:84, breast8® and lung®” tumours. However,
such studies have not been carried out in patients with cancer. Several human tumour
types upregulate enzymes involved in de novo fat synthesis, providing indirect evidence
that this pathway may be active. For example, in ccRCC, which accumulates abundant
lipids, expression of acetyl-CoA carboxylase and fatty acid synthase (FASN) portend poor
outcomes®8. FASN and ATP-citrate lyase are over-expressed in breast cancer, including
metastases81:85, It would be valuable to carry out isotope-tracing studies to test whether
fatty acid synthesis occurs in human tumours, although it is important in such studies to
concomitantly measure blood enrichment of fatty acids, to eliminate the possibility that
labelled fatty acids in tumours were synthesized in another tissue and imported from the
blood8%:86. FASN inhibition has shown antitumour activity in some preclinical models and
early-stage clinical trials8%:90, suggesting that high rates of fatty acid synthesis could serve
as a biomarker for tumours vulnerable to this strategy.

Cholesterol, a key structural element of cell membranes, can also be synthesized or
scavenged. Synthesis of cholesterol can be tracked using [*3C]-labelled or [2H]-labelled
acetate tracers or deuterated water®!, whereas salvage can be measured using [13C]-labelled
or [2H]-labelled cholesterol92. All tissues have the enzymes to synthesize cholesterol de
novo, although the liver and intestines exhibit the highest constitutive synthesis rate%3.
Cholesterol synthesis and salvage have not been measured in human tumours, but data in
mouse models suggest that blocking cholesterol synthesis and/or salvage might suppress
tumour growth, at least in some tumour types. In mice, both hepatomas and leukaemias
were found to produce cholesterol®4, and blocking cholesterol synthesis slowed cancer
growth in a leukaemia model®. Perhaps most intriguingly, statins, cholesterol synthesis
inhibitors that are widely used to prevent cardiovascular disease, are reported to decrease
prostate cancer risk%:97, Additionally, cholesterol salvage was required for the growth of
lymphoma?, glioblastoma?® and ccRCC190 xenografts in mice. Thus, it would be valuable
to use tracers to measure cholesterol synthesis and salvage in human tumours to assess
which cancers merit cholesterol synthesis inhibition and which might respond to cholesterol
uptake blockers.

From cells and mice to patients with cancer

Rapid glucose catabolism has stood the test of time as a hallmark of malignancy. It is
observed in cultured cells, animal models and human tumour tissue cultivated ex vivo,
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as well as in patients with cancer, as determined by 18-fluorodeoxyglucose (X8FDG)-PET
imaging, which is extensively used in clinical oncology to diagnose and track progression
of many solid tumour types, including lung, colorectal, ovarian and prostate cancers10Z,
Other aspects of cancer cell metabolism in vitro are less conserved in vivo. This section
reviews the current knowledge about metabolic activities that have been assessed in cells,
mice and/or humans, discussing where reductionist models have translated well and where
they have fallen short. These comparisons are currently limited by the paucity of tracers that
have been applied to patients with cancer and the extensive metabolic heterogeneity among
tumour types and patients.

Conserved metabolic features

The contribution of glucose to the TCA cycle is robust among cell lines and tumours in mice
and humans. Experiments using [*3C]glucose in cultured cancer cells demonstrated that
glucose makes a substantial contribution to TCA cycle metabolites, such as citrate, succinate
and malate, typically between 10% and 30% and often higher for citrate3#102.103 Healthy
mouse tissues and tumours similarly showed 10-30% labelling of succinate and malate from
glucose, with little difference between mouse tumours, cell lines and healthy tissues#4104
(Fig. 3a and Supplementary Table 1). Note that succinate and malate are typically in fast
exchange and thus show similar labelling enrichments in cells, mice and human tissues.
Likewise, in a range of human tumours, 9-29% of TCA cycle carbon was derived from
glucose33:35-37 (Fig. 3a). Note that although the contribution of glucose is substantial, these
data indicate that more carbon comes from other fuels.

The relative anaplerotic contribution of pyruvate carboxylase in patients is also similar
across cell lines, mice and patients with cancer (Fig. 3b). Pyruvate carboxylase can

be tracked using labelled glucose or lactate tracers that generate [1-13C]pyruvate. This
13C-labelled carbon is lost in the pyruvate dehydrogenase reaction as CO,, but enters

the TCA cycle via pyruvate carboxylase. However, such tracing experiments have not

been performed in patients with cancer, as [U-13C]glucose provides information about a
wider variety of reactions. Using data from [U-13C]glucose studies, pyruvate carboxylase
contribution to TCA intermediates can instead be estimated using / + 3 labelling in TCA
cycle intermediates. The drawback is that a significant fraction of tissue pyruvate is /m+

2 or m+ 1 labelled in this scheme, so the approach underestimates the contribution of
pyruvate carboxylase. A panel of more than 80 human NSCLC cell lines displayed variable
pyruvate carboxylase contribution to the TCA cycle, with a mean of 11% (ref. 105). Mouse
lung and pancreas tumours displayed 7-14% contribution34196 (Fig. 3b). Human NSCLCs,
sarcomas, neuroblastomas and ccRCCs displayed 3.4—-10% contribution (Fig. 3b). Note that
in gluconeogenic tissues such as liver and kidney, the pyruvate carboxylase contribution

is much higher than in tumours197:198 whereas in more purely catabolic tissues such as
muscle it is lower107.108 The consistent ‘intermediate’ pyruvate carboxylase contribution
in tumours could reflect tumours engaging in substantial anabolic metabolism but using
multiple anaplerotic routes in addition to pyruvate carboxylase; amino acids are a logical
alternative source of anaplerotic nutrients that should be further studied.
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Another feature of metabolism that appears conserved between cell lines and human
tumours is de novo synthesis of serine from glucose. Enzymes from this pathway are
amplified in many tumours38. [13C]glucose tracing in panels of cancer cell lines has reported
wide variations in de novo serine/glycine synthesis, with 0-45% of these pools produced
from glucosel05109.110 and similar variability is observed in human tumours (Fig. 3c). In
tumours of patients with paediatric neuroblastomas and sarcomas, 2—25% of serine was
synthesized from [13C]glucose3®. All the values uniformly normalize tumour serine labelling
to tumour labelling of 3-phosphoglycerate, to account for labelling dilution of glycolytic
intermediates from glycogen!!! (Fig. 3¢ and Supplementary Table 1). In patients with
triple-negative breast cancer, there was a similarly wide variability in the fraction of serine
derived from glucose, with 2-49% of serine synthesized de novo38. Although serine de novo
synthesis has not been extensively reported in mouse tumours112-114 this pathway varies
widely among healthy mouse tissues, from 12% of total serine in liver to 89% in pancreas38.
These observations suggest that different cell types — including healthy organs in mice and
human cancer cells in culture and in vivo — have intrinsic differences in their reliance on

de novo serine/glycine synthesis and that these differences result in highly variable labelling
from [13C]glucose.

Discrepancies between cell lines and tumours

Conventional culture conditions were developed to maximize cell proliferation, not to mimic
physiology. Nutrient-rich medium and monolayer growth on stiff matrices exert large effects
on metabolism115-117 Thus, some metabolic features displayed in culture are not observed
in vivo and vice versa.

Standard tissue culture media do not contain lactate. Therefore, with the exception of a
few dedicated experiments adding lactate118.119, in vitro studies capture aerobic glycolysis
with lactate secretion, but not lactate usage, even though circulating lactate is a substantial
TCA cycle substrate in both tumour mouse models and patients with cancer334448 (Fig.
3d). Although TCA cycle labelling from infused [3C]glucose is indisputable, distinguishing
whether glucose or lactate is the direct tumour TCA cycle substrate in vivo is complicated
by the fact that infusion of [13C]glucose leads to extensive labelling of blood lactate.
Therefore, TCA cycle labelling from infused [13C]glucose can occur via lactate even in
tissues that do not consume glucose. Conversely, infused [13C] lactate can extensively label
the TCA cycle via rapid exchange between circulating lactate and tumour pyruvate, even if
the net direction of lactate transport in the tumour is outward.

Tissue culture and mouse models disagree on the magnitude of role of glutamine as a

fuel for malignant cells. As cell culture was being optimized in the 1950s, Eagle20 found
that HeLa cells and fibroblasts grew best in high concentrations of glutamine; therefore,
media formulations such as DMEM and RPMI use 2-4 mM glutamine, higher than the
0.6 mM present in blood'21:122_ |n cultured cancer cells, glutamine contributes 40-80% of
TCA cycle carbon, much higher than the 4-20% observed in tumours in mice34:44.102.121
(Fig. 3e). This difference is caused in part by high levels of cystine in culture media.
Cystine indirectly drives glutamine consumption because it exchanges with glutamate via
the SLC7A11 transporter, and glutamine supplies the cellular glutamate pool in cultured
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cells?1, Decreasing media cystine reduces the glutamine contribution to the TCA cycle in
culture, yielding results more similar to tumours in mice (see bar labelled ‘low cystine” in
Fig. 3e). There is very little information about glutamine metabolism in human tumours, but
a recent preprint suggested that glutamine contribution in the TCA cycle of kidney cancer
aligns more closely to mouse models than to cell lines, with 7% contribution to malate in
human kidney cancer, 5-27% in different mouse tumour types and 40-70% in cell lines123,

The robust catabolism of glutamine in so many cancer cell lines inspired the clinical
development of inhibitors of glutaminase, a mitochondrial enzyme that converts glutamine
to glutamate, for cancer therapy. So far, however, clinical trials involving glutaminase
inhibitors have not been successfull24, The large discrepancy between the contribution

of glutamine to TCA cycle metabolism in cultured cells versus tumours in vivo may
contribute to the lack of efficacy of these drugs. In mice, even tumours that do consume
glutamine seem to possess enough metabolic flexibility to evade glutaminase inhibition125,
Interestingly, compounds which broadly inhibit several glutamine-consuming enzymes in
addition to glutaminase have shown remarkable efficacy in several mouse models of
cancer?2:126,127 1n tumours that require glutamine catabolism, blocking multiple glutamine-
using enzymes simultaneously might achieve therapeutic benefit.

These studies emphasize the limitations of non-physiological culture conditions to predict
the metabolism of tumours in vivo. Nevertheless, cultured cell models are undeniably
important to assess liabilities and study mechanisms of metabolic regulation. So how can
cell culture be modified to better reflect tumour metabolism in patients? Several groups have
devised ‘physiological” media formulations that match nutrients available in blood and better
reflect some aspects of cancer metabolism11%:128, These media also contain physiological
levels of vitamins and minerals, which influence metabolism129-131, Such formulations are
helpful, but the concentrations of constituents drift as cells consume nutrients and excrete
waste. In vivo biology can be modelled further by using flow-based Nutrostat systems

in which the levels of nutrients and waste products are held at consistent levels over
time132133 Fyrther development of such systems holds potential for making cell culture
systems more metabolically accurate.

Limitations of stable-isotope tracing

Several caveats should be considered when interpreting data from stable-isotope tracing
studies in patients with cancer. An important issue is that tracer infusions so far have
measured nutrient contributions to metabolites, but not absolute metabolic fluxes (Fig. 4a).
This distinction is similar to the difference between which fuel a car uses versus how

fast the fuel is consumed. In cancer studies involving human participants, the tumour is
typically sampled only once. When this single biopsy timepoint is at labelling steady state,
it can reliably reveal fractional contributors (for example, glucose to TCA metabolites) and
pathway relative rates (for example, anaplerosis relative to citrate synthase). But without
additional information, such as absolute rates of nutrient import and secretion or pre-steady-
state accumulation rates of isotope labelling, one cannot reliably measure absolute enzyme
velocities.
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Another challenge is that prolonged infusions lead to ‘secondary tracer’ labelling in the
bloodstream34 (Fig. 4b). As discussed earlier, [13C]glucose infusion leads to extensive
labelling in blood lactate owing to glycolysis and lactate release by many tissues, and
similar labelling can occur in other glucose-derived metabolites, including serine, glutamine,
pyruvate, alanine and others#4:107.135 Therefore, labelled metabolites extracted from tumour
tissue could have been produced from the infused tracer within the tumour, or could have
arisen from uptake of secondary tracers from the bloodstream. Recognizing the contribution
of secondary tracers can lead to important insights, as described earlier for lactate
metabolism in human lung cancers33:36. But secondary tracers complicate the interpretation
of labelling data. The source of label can be clarified to some extent by comparing labelling
of a metabolite of interest between the blood and tumour. When labelling in the tumour
exceeds labelling in the blood, the simplest explanation is that at least part of the metabolite
pool was produced in the tumour.

Related to these concerns is that label transfer from one metabolite to another does not
necessarily require a net flux in the direction of the labelling recipient metabolite. Rapid
exchanges involving metabolite transport and reversible enzymatic reactions can transfer
an isotopic label along a pathway even when net flow is in the other direction. Lactate
metabolism is a relevant example (Fig. 4c). As illustrated, 13C on lactate in the bloodstream
is transferred to TCA cycle metabolites within the tumour, but whether this involves

net lactate consumption and oxidation by the tumour depends on the velocities of all
reactions between extracellular lactate and intracellular TCA cycle intermediates. Most of
these reactions, particularly lactate transport and LDH, are rapid and highly reversible, and
their net directions depend on factors such as compartmentalized metabolite concentrations
and redox ratios that are difficult to quantify in human tumours. Other highly reversible
processes of interest in human cancer include exchanges between serine and glycine and
between amino acids and ketoacids catalysed by aminotransferases, so caution will be
necessary when interpreting labelling transfer along these pathways.

The immense clinical and biological complexity of cancer must also be considered when
interpreting labelling data. Demographic factors, including the age and sex of the patient,
systemic factors such as obesity and diabetes, and clinical oncology factors such as grade,
stage and genetics of the tumour and its previous exposure to therapy may influence the
metabolic state and therefore impact the results of an isotope infusion experiment#4.136-140,
Circadian rhythms also influence systemic metabolism!41, so it is conceivable that the time
of day may impact the results of isotope infusion experiments. Caution is therefore advised
when comparing results among subjects or studies in which these factors differ enough to
contribute to labelling differences.

Future priorities and challenges

Many questions in human cancer metabolism are poised to be addressed with stable-isotope
tracers in the coming years (Fig. 5). Currently, most isotope tracer studies have used
[13C]glucose and inform about pathways supplied by glucose!®:3¢ (Table 1). Infusing

other nutrients such as [*3C]glutamine or fatty acids would reveal their contributions to
bioenergetics197. [13Cacetate could be used to probe fatty acid synthesis and [*3C]serine to
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measure de novo nucleotide synthesis. Nutrients labelled with 1°N could address aspects of
cancer metabolism not accessible with 13C tracers, including amidotransferase reactions, the
urea cycle and others142-144,

Quantifying metabolic flux rates in tumours is an important goal of the cancer metabolism
field because these rates may contain clinically valuable information not captured by
steady-state infusions. A recent study addressed this issue in mice by performing brief
infusions of respiratory fuels such as [13C]lactate and [*3C]glutamine, followed by tissue
sampling at multiple time points. This allowed central fluxes to be quantified, revealing
that glycolytic flux is elevated and TCA cycle flux is suppressed in tumours compared

with highly metabolically active healthy tissues4. These flux measurements are consistent
with the classical description of the Warburg effect, but the findings imply that low TCA
cycle flux occurs because tumours inactivate energy-demanding processes of differentiated
tissues. Thus, although the tumours display the Warburg effect, the mechanism is quite
different from Warburg’s concept of impaired capacity for respiration in cancer cells'4, The
fact that metastatic tumours in mice activate TCA cycle flux relative to primary tumours
also argues against permanent disabling of the TCA cycle®4. It will be important to test
whether this is also true in humans. Repeated sampling may be possible in patients with
some forms of cancer, although it is unlikely that such sampling could be performed with
the level of exquisite time resolution achievable in mice. Kinetic imaging data, such as the
time-dependent appearance of PET tracers or metabolites labelled with hyperpolarized 13C,
may provide helpful information in the analysis of metabolic rates in human cancer.

As data measuring metabolism of different nutrients in different pathways accumulate,
integrating such data sets using quantitative frameworks such as metabolic flux analysis
will help map overall tumour metabolism®*146, Metabolic flux analysis incorporates both
metabolite labelling from different nutrients and flux balance to calculate relative fluxes of
different pathways. Fluxes can be further informed by additional data types, such as tumour
influxes and effluxes measured on the basis of arteriovenous sampling, which is feasible for
tumours with major draining veins47:148, Such arteriovenous sampling could also address
the important question of whether tumours are net lactate consumers or producers. The

few previous arteriovenous studies of cancer suggest that some tumours do produce net
lactatel49:150, |n general, generating a map of the metabolism of a tumour using quantitative
approaches could calculate pathway fluxes that are not easily addressed by experiments with
single tracer infusions.

A major question is what accounts for the metabolic heterogeneity observed among
tumour types, patients or even different regions of the same tumour36:38.56, Metabolic
fluxes can be governed by nutrient availability or enzyme activity. Within these two
broad categories, nutrient availability can be altered by perfusion, blood nutrient levels,
nutrient transporter expression and transporter post-translational modification, whereas
enzyme activity encompasses expression, post-translational modification and allosteric
regulation of enzymes. Measuring metabolic activity using isotope tracing in parallel
with blood metabolite levels, and with tumour enzyme and transporter expression levels
using RNA sequencing and/or proteomics, will help identify the factors driving tumour
metabolism within each patient and tumour. Applying spatial measurement techniques,
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such as immuno-histochemistry or spatial RNA sequencing®! to measure enzyme levels,
and spatial mass spectrometry to measure metabolite levels1®2, may clarify the drivers of
metabolic heterogeneity within tumours. Such approaches may also provide information
about metabolite transfer among cells within the tumour microenvironment. This is of
interest because preclinical models have provided examples of metabolites produced within
one subset of cells being taken up to support metabolism in other cells119.153, A complete
understanding of metabolic heterogeneity will require that we identify such processes.

A related challenge is to understand the effect of cancer stage on metabolism, because
identifying unique metabolic dependencies in metastatic tumours or in tumours with
acquired drug resistance could have substantial therapeutic valuel23,

Tumours are composed of multiple cell populations, including fibroblasts, immune cells and
endothelial cells, in addition to tumour cells, and the individual contributions of these cell
types are challenging to measure. In some tumours, such as pancreatic adenocarcinoma,
stromal cells may outnumber cancer cells and may dominate the metabolic picturel®4,
These non-malignant cells contribute to the pace of tumour growth, so understanding their
biology is criticall>>156, Different cell types within tumours may display distinct metabolic
properties®6:157 In mice, malignant cells have higher pyruvate carboxylase contribution
than fibroblast or immune cells in the microenvironment of pancreatic adenocarcinomas1.
In a syngeneic colon adenocarcinoma model, 18FDG-PET positivity stems from tumour-
associated macrophages as well as from malignant cells, with approximately 30% of signal
contributed by macrophages, whereas 18F-glutamine uptake is largely confined to malignant
cells®7, These findings advance our understanding of nutrient consumption within complex
tumours. Similar studies could be carried out in human tumour biopsy samples, either by
digestion and sorting of cell types196.157 or with imaging mass spectrometry84:158,

Conclusions and perspectives

Can human isotope tracing studies attain relevance to clinical oncology? We envision a few
ways that these studies can integrate with clinical research and practice. Isotope tracing
provides a different view of cancer biology than genetic, transcriptomic or metabolomic
profiling. Thus, as we aggregate isotope labelling data from more patients with distinct
types of cancer, correlating these features with clinical outcomes may provide predictive
information that otherwise could not be obtained. Isotope tracing studies are cumbersome,
but once a pathway with predictive value is identified, it may be possible to develop
scalable ways to assess that pathway in many patients at multiple centres. A priority
should be assessing whether the correlation between avid lactate use and poor outcomes

in NSCLC that can be measured by stable-isotope infusion, biopsy and mass spectrometry
translates into a correlation between high pyruvate utilization and poor outcomes measured
by hyperpolarized MRI without the need for biopsy, as in patients with prostate and renal
cancer3%:31, In the longer term, novel PET or hyperpolarized tracers could be designed to
image clinically informative fluxes initially uncovered by stable isotopes!®®.

We can also use isotope tracing to better understand imaging techniques already used
clinically. A tumour with elevated FDG uptake on PET is assumed to be ‘glycolytic’. But
FDG-PET studies are performed after fasting, so it is unclear whether FDG avidity reflects
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particularly impressive glucose usage or just a failure to respond to fasting. Furthermore, in
patients with NSCLC assessed by FDG-PET and [U-13C]glucose infusions, strength of the
PET signal does not correlate with labelling of glycolytic intermediates!®0. Stable-isotope
tracing should help us better understand the metabolic implications of imaging with FDG,
hyperpolarized [13C]pyruvate and other tracers.

Finally, there should be a role for isotope tracing in clinical trials assessing metabolic
therapies. Several inhibitors against metabolic enzymes have been developed over the
past decade, but so far, robust therapeutic responses have been hard to come by, for
example, for inhibitors of indoleamine 2,3-dioxygenase-1 (IDO1), fatty acid synthesis®
and glutaminasel?4. It is unclear whether therapeutic failures result from poor target
engagement, metabolic compensation by the tumour or simply that the tumour does not
use the pathway blocked by the drug. Stable-isotope infusions would be valuable here, as
they could help identify patients most or least likely to benefit from an experimental drug
by assessing utilization of the pathway and possibly confirming effective target blockade.
Isotope studies could also help map resistance mechanisms. For example, when anti-
nucleotide chemotherapies fail, metabolic tracing might reveal which alternate metabolic
pathways are used to maintain tumour growth, and these could perhaps be targeted in the
future. Thus, isotope tracing is poised to contribute to the fight against cancer.
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Glossary

The data supporting the findings displayed in Fig. 3 are available in Supplementary Table 1.

18-Fluorodeoxyglucose-PET

(*8FDG-PET). 18Fluorodeoxyglucose (FDG) is an analogue of glucose conjugated with

a radioisotope of fluorine (18F). FDG is imported into tissues and tumours using the

same transporters that import glucose, for example, GLUTL, and the tracer is retained

after phosphorylation by hexokinase. The localized accumulation of 18F can be imaged by
positron emission tomography. FDG uptake is increased in many tumours, so this technique
can be used to diagnose and stage multiple cancers.

Acetyl-CoA carboxylase
The first enzyme of fatty acid synthesis, which catalyses the carboxylation of acetyl-CoA to
produce malonyl-CoA for fatty acid synthesis.
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Anaplerotic contribution

Metabolic pathways that contribute to recover or replenish catalytic intermediates,
particularly in the TCA cycle. Examples include the use of glutamine or pyruvate to provide
4-carbon and 5-carbon intermediates to the TCA cycle.

Antifolates

Drugs that inhibit folate-using enzymes, including three of the enzymes required

for nucleotide biosynthesis. Several chemotherapeutic agents, such as pemetrexed and
methotrexate, are antifolates.

Fatty acid synthase
(FASN). A multifunctional enzyme that catalyses several reactions required to produce fatty
acids from precursors, including malonyl-CoA and acetyl-CoA.

Folate cycle
A metabolic pathway producing one-carbon metabolites for use in numerous biochemical
reactions, including nucleotide synthesis.

Fractional contribution

Refers to the fraction of a metabolite pool arising from a particular precursor. In stable-
isotope tracing experiments, transfer of the isotope from the labelled precursor such

as [13C]glucose to a metabolite, for example, pyruvate, provides information about the
fractional contribution of that tracer to that metabolite.

Hyperpolarization

A molecular state in which the nuclear spin is polarized well beyond thermal equilibrium,
increasing the ability to detect the nucleus by NMR. Hyperpolarization of 13C nuclei can be
achieved by transferring to 13C the high polarization state of free electrons contained in a
radical.

Imaging mass spectrometry
An analytical technique that enables visualization of the spatial distribution of metabolites
within a tissue sample.

Lactate dehydrogenase
(LDH). A tetrameric, reversible NAD(H)-dependent enzyme that interconverts pyruvate and
lactate.

Metabolic flux analysis

An algorithm to calculate metabolic fluxes in cultured cells, which takes as inputs the
consumption and production rates of media nutrients, 13C labelling of cellular metabolites
from 13C isotope tracers such as glucose and glutamine and the known reaction structure of
metabolic pathways.

Metabolic fluxes
The rates at which metabolites flow through biochemical reactions.

Monocarboxylate transporters
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A family of membrane proteins that transport monocarboxylates such as lactate, pyruvate
and ketone bodies across the plasma membrane.

Monoclonal gammopathy of undetermined significance

A condition characterized by the accumulation of abnormal monoclonal immunoglobulin
in the blood. Monoclonal gammopathy of undetermined significance can be a precursor to
multiple myeloma or other disorders.

Nuclear spins
The intrinsic angular momentum of an atomic nucleus.

Nucleoside analogues

Synthetic compounds that structurally mimic endogenous nucleosides and are used as
chemotherapeutic agents. These analogues can be incorporated into the DNA of rapidly
dividing cells, disrupting DNA replication.

Nutrostat
Cell culture system designed to maintain consistent levels of extracellular nutrients and other
metabolites by providing a consistent source of fresh medium to the culture.

Pyruvate carboxylation
A mitochondrial anaplerotic activity in which the enzyme pyruvate carboxylase converts
pyruvate to oxaloacetate.

Von Hippel-Lindau (VHL) tumour suppressor

A tumour suppressor whose physiological role is to target the a subunits of hypoxia-
inducible factors (HIF1la and HIF2a) for degradation when oxygen is present. In VHL-
deficient tumours such as ccRCC, HIF1a and HIF2a are stabilized regardless of oxygen
availability. The resulting ‘pseudohypoxic’ state causes chronic expression of genes involved
in the hypoxic response.

Warburg metabolism

Named after Otto Warburg and also known as aerobic glycolysis, this classic metabolic
phenotype of tumours and proliferating cells involves the brisk conversion of glucose to
lactate in the presence of sufficient oxygen to oxidize glucose to CO5.
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Box 1
Timeline of stable-isotope tracing to probe cancer metabolism

Nearly 100 years after their discovery, stable isotopes remain highly informative tools
to study metabolism in vivo. This timeline highlights historical benchmarks in the
development of isotope tracing in vivo and technological advancements that aided the

analysis of isotope tracing data, leading to the use of 13C to analyse cancer metabolism in

patients, starting in 2009.

1913: Frederick Soddy coins the term ‘isotopes’, in which atoms can be identical
chemically, but contain unique atomic weights

1919: Francis Aston discovers naturally occurring stable isotopes of neon161

1923: George Hevesy uses radioactive tracers to monitor lead metabolism in plants162
and later investigates metabolism in animals163.164

1929: 13C is discovered by Arthur King and Raymond Birgel6°
1932: Harold Urey discovers deuterium (2H)166

1935: Deuterated water (2H,0) is used to measure fatty acid synthesis in mice by
Schoenheimer and Rittenberg?®

1940s: Radioisotope studies begin to outpace stable isotopes, largely due to superior
signal/noise ratios in detection

1943: Hevesy wins Nobel Prize for the use of isotopes as tracers

1947: Improved resolution on mass spectrometers enables better detection of stable
isotopes167

1953: Development of quadrupole mass spectrometry further enhances the ability to
measure stable isotopes!68

1950s: Multiple investigators combine gas chromatography with mass spectrometry

1960s: A stable-isotope renaissance begins, with multiple groups using stable isotopes
to study metabolism. Numerous studies in the 1960-1980s assess central metabolic
pathways in humans

1987: Mathematical models are developed to capitalize on positional 13C analysis by
NMR to assess tricarboxylic acid cycle metabolism in the heart!3

1997: 2H positional labelling in glucose differentiates between gluconeogenesis and
glycogenolysis!69

2009: First use of [13C]glucose in patients with non-small-cell lung cancer®

2013: First use of hyperpolarized [1-13C]pyruvate in patients with cancer?®
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Fig. 1 |. Basic concepts of isotope labelling.
a, Workflow of stable-isotope tracing experiments in patients with cancer, using lung

cancer as an example. The labelled tracer, in this case uniformly labelled [U-13C]glucose,
is provided by feeding or, as shown here, by intravenous infusion. The tracer is then
metabolized along with the endogenous unlabelled nutrient, spreading heavy atoms into
downstream metabolites in a stereotyped way depending on the reactions that take place.
Blood is sampled during the infusion, and the tumour and adjacent lung tissue are sampled
immediately at resection. The duration of the infusion is variable, but most applications in
human cancer have used infusions of at least 2 h. Metabolites are extracted and analysed for
abundance and 13C labelling by mass spectrometry or NMR. Although mass spectrometry
detects differences in atomic mass resulting from the presence of isotope labels, NMR
detects the nuclear spin of certain isotopes. Labelling reports information about relative
pathway utilization between the tumour mass and non-malignant lung tissue. The pathway
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illustration at the right indicates enhanced 13C labelling (heavier red arrows) in glycolysis,
the tricarboxylic acid (TCA) cycle and other pathways supplied by glucose. b, Isotope
labelling detail. At the beginning of the infusion, all metabolites other than the glucose
tracer are unlabelled. Over time, metabolites in glycolysis, the pentose phosphate pathway
and the TCA cycle become labelled in positions that depend on the labelling state of the
precursor, in this case, [U-13C]glucose, and the pathways used in the tissue. For example,
if pyruvate dehydrogenase (PDH) is active, pyruvate is converted to acetyl-CoA (Ac-CoA)
and subsequently a-ketoglutarate (a-KG) is labelled in positions 4 and 5 on the first turn
of the TCA cycle, and the label is distributed to other positions through further metabolism.
If pyruvate carboxylase is also active, the oxaloacetate (OAA) pool becomes labelled and
results in 13C at positions 1, 2 and 3 of a-KG on the first turn of the TCA cycle (not shown).
Further metabolism in the TCA cycle leads to more complex labelling patterns downstream
of both PDH and pyruvate carboxylase.
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Fig. 2 |. Metabolic rewiring in different kinds of human cancer.
Stable-isotope tracing with 13C-labelled nutrients has been performed in patients with

several types of cancer. The pathways illustrated in dark text reflect labelling features
observed through stable-isotope tracing in tumours. Those in grey text appear to be
suppressed in tumours relative to adjacent, non-malignant tissue. a, In non-small-cell lung
cancer, both [13C]glucose and [13C]lactate are oxidized in the tricarboxylic acid (TCA)
cycle. Labelled pyruvate that is derived from either tracer enters the TCA cycle through
pyruvate dehydrogenase (PDH) and pyruvate carboxylase (PC). b, Clear cell renal cell
carcinomas display a Warburg-like metabolic phenotype, with prominent contributions of
circulating glucose to glycolytic intermediates but suppressed contribution to the TCA
cycle. ¢, In the brain, both glioblastoma and brain metastases oxidize [13C]glucose within
the TCA cycle, can use [13CJacetate as a TCA cycle fuel and synthesize glutamine

from either substrate. d, In triple-negative breast cancer, [}3C]glucose-derived carbons fuel
multiple pathways, including the TCA cycle, serine biosynthesis and lactate, indicating
local production of these intermediates within the tumour. Ac-CoA, acetyl-CoA; OAA,
oxaloacetate; 3PG, 3-phosphoglycerate.
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=l Fig. 3 |. Shared and divergent metabolic properties in cultured cells, mice and patients.
Comparison of data from published studies is shown. In all graphs, bars represent means of
different cell lines, tumour models or individual patients, and error bars represent highest
and lowest values in the study. P-values are from two-tailed #tests comparing cell lines with
mouse tumours or cell lines with patient samples. Neither of these comparisons includes
healthy tissues. The sources of data in this figure are summarized in Supplementary Table 1.
i_> a, Contribution of glucose to the tricarboxylic acid (TCA) cycle, calculated as the fraction of
= carbons in malate labelled from [U-13C]glucose. For mouse and patient tissues and tumours,
S this is normalized to the fraction of carbons labelled in serum glucose. p= 0.87, cell lines
QZJ versus mouse tumours and p = 0.50, cell lines versus human patient tumours. b, Pyruvate
2 carboxylase contribution to the TCA cycle, calculated as the fraction of m+ 3 malate
@ from [U-13C]glucose. For mouse and patient tissues and tumours, this is normalized to the
5 fraction of carbons labelled in serum glucose. p = 0.74, mouse tumours compared with cell
~+
lines; p=0.53, human tumours compared with cell lines. ¢, Fraction of serine synthesized
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from [13C]glucose. For mouse and patient tissues and tumours, this is normalized to the
fraction of carbons labelled in tissue 3-phosphoglycerate. p = 0.47 comparing cell lines
with human patient tumours. d, Contribution of lactate to the TCA cycle, calculated as the
fraction of carbons in malate labelled from [U-13C]lactate, normalized to the fraction of
carbons labelled in serum lactate. e, Contribution of glutamine to the TCA cycle, calculated
as the fraction of carbons in malate labelled from [U-13C]glutamine. For mouse and
patient tissues and tumours, this is normalized to the fraction of carbons labelled in serum
glutamine. p=0.001, comparing cell lines with mouse tumours, excluding the cell line
grown with low cystine. ccRCC, clear cell renal cell carcinoma; iBMK, immortalized baby
mouse kidney epithelial cell line; NSCLC, non-small-cell lung cancer; PDAC, pancreatic
adenocarcinoma; TNBC, triple-negative breast cancer.
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Fig. 4 |. Limitations of stable-isotope tracing studies in patients with cancer.
a, It is not possible to determine absolute metabolic flux (that is, absolute rates of

pathways) from steady-state isotope labelling alone. In an isotope tracing experiment using
[13C]glucose as the tracer, metabolite labelling depends on several factors, including the
speed of turnover and the relative contribution of glucose to the pool. As shown in the graph,
similar labelling at the time of sampling can occur even when the metabolic properties

of the tissue differ. b, Secondary tracers, that is, labelled metabolites in the circulation
arising from metabolism of the initial tracer, must be considered when analysing metabolite
labelling in the tumour. In this example, [3C]glucose is introduced into the blood and is
the initial source of all 13C labelling that ensues. However, as [13C]glucose circulates, it

is taken up by the tissues such as muscles and converted to other metabolites, particularly
[13C]lactate, which may then be released into the blood. Over time, circulating lactate
becomes appreciably labelled, allowing 13C to enter tumour cells as either [13C]glucose or
[13C]lactate. Therefore, 13C labelling within tumour cells may arise either from glycolysis
using [13C]glucose as a substrate or from uptake of blood-borne [13C]lactate. ¢, Exchange
fluxes contribute to 13C labelling patterns. In the illustration, circulating [*3C]lactate

is taken up by tumour cells and contributes to labelling of pyruvate, acetyl-CoA and
tricarboxylic acid (TCA) cycle intermediates (red pathway). However, several steps of this
pathway are rapid and bidirectional. These include lactate transport by monocarboxylate
transporters (MCTs) on the plasma membrane, interconversion of lactate and pyruvate by
lactate dehydrogenase (LDH) and pyruvate transport into the mitochondrial matrix by the
mitochondrial pyruvate carrier (MPC). Metabolite labelling therefore does not mean that
tumour cells have a net consumption of lactate, because lactate efflux and other exchange
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reactions may equal or exceed lactate uptake and metabolism. Note that PDH is irreversible,
so labelling of acetyl-CoA and TCA cycle intermediates implies bona fide flux through the
PDH reaction.
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Fig. 5 |. Future directions of research in cancer metabolism in vivo.
Upper left, using additional stable-isotope tracers such as [*3C]glutamine, [1°N]glutamine,

[13C]acetate, [13C]serine and [15N]serine to probe cancer metabolism would reveal new
information about tumour nutrient preferences. Performing glucose or glutamine infusions
and sampling early timepoints could reveal tricarboxylic acid (TCA) cycle flux. Upper
right, applying quantitative frameworks such as metabolic flux analysis to integrate multiple
data types could help determine metabolic fluxes in tumours. Metabolic flux analysis

is a quantitative framework that integrates metabolic data, such as nutrient production
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and consumption measured by sampling tumour draining veins and nutrient contributions
measured by tracer infusion, using a mass balance constraint to infer other unmeasured
fluxes. Lower left, future tracing studies should assess metabolism in more tumour types
and at different clinical stages, with an emphasis on determining how stage and treatment
status alter metabolic fluxes. For example, it is unknown whether pre-cancerous lesions,
primary tumours and metastases differ in their metabolism. Additionally, if chemotherapy
alters metabolic fluxes in cancer cells, this could uncover synthetic lethalities that might
improve therapeutic responses over the current standard of care. Lower right, measuring the
metabolism of specific cell types within tumours, including immune cells and fibroblasts, is
an important future direction. This could potentially be achieved by fast sorting of different
cell types from tumours or by spatial mass spectrometry analysis of tumour slices.
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