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Abstract | One hundred years have passed since Warburg discovered alterations in cancer
metabolism, more than 70 years since Sidney Farber introduced anti-folates that transformed

the treatment of childhood leukaemia, and 20 years since metabolism was linked to oncogenes.
However, progress in targeting cancer metabolism therapeutically in the past decade has been
limited. Only a few metabolism-based drugs for cancer have been successfully developed, some of
which are in—or en route to — clinical trials. Strategies for targeting the intrinsic metabolism

of cancer cells often did not account for the metabolism of non-cancer stromal and immune cells,
which have pivotal roles in tumour progression and maintenance. By considering immune cell
metabolism and the clinical manifestations of inborn errors of metabolism, it may be possible to
isolate undesirable off-tumour, on-target effects of metabolic drugs during their development.
Hence, the conceptual framework for drug design must consider the metabolic vulnerabilities of
non-cancer cells in the tumour immune microenvironment, as well as those of cancer cells. In this
Review, we cover the recent developments, notable milestones and setbacks in targeting cancer

Before Sidney Farber published his seminal paper in
1948 in The New England Journal of Medicine describ-
ing anti-folate-induced remissions’, childhood acute
lymphocytic leukaemia (ALL) was universally fatal.
Thirty years before this article was published, Otto
Warburg’s determination to conquer cancer led him
to discover that many tumours used aerobic glycolysis
(also known as the Warburg effect) to convert almost
all glucose to lactate even in the presence of oxygen’.
Aerobic glycolysis, however, has never been success-
fully exploited clinically, particularly as the use of
2-deoxyglucose, which inhibits glycolysis, was proved
to have undesirable side effects and limited efficacy in
humans’. Farber noted the clinical ‘accelerated phenom-
enon’ among 11 children treated with an active form
of folate, pteroyltriglutamic acid, which was thought to
have broad anticancer activity, and thus sought folate
antagonists as therapeutic agents. Working with chemist
Yellapragada Subbarow, the anti-folate aminopterin was
synthesized, and Farber was able to induce remissions
in children with ALL, thus providing the foundation for
cancer chemotherapy’. Today, another folate antagonist,
methotrexate, is still used in the multi-chemotherapy
treatment of childhood ALL and, used together with
L-asparaginase, induces a remarkable 90% cure rate.
Indeed, many anti-metabolite drugs, particularly those
targeting nucleotide metabolism, have been approved
and used in the clinic (TABLE 1). The recent approval of

metabolism, and discuss the way forward for the field.

drugs that target mutant isocitrate dehydrogenases in
acute myeloid leukaemias (AMLs) (TABLE 1) provides
a milestone in targeting cancer metabolism with pre-
cision and establishes that metabolic therapy can be
highly effective.

Warburg’s and Farber’s ideas were conceptually
displaced in the 1980s as oncogenes and tumour sup-
pressors became recognized as targets in human can-
cer treatments. Molecular biology took centre stage,
and the drive to target oncogenes began with vigour,
resulting in many effective anticancer kinase drugs that
displaced interest in targeting metabolism. However,
the links between oncogenes, tumour suppressors and
metabolism began to emerge in the 1990s, ushering in
a resurgence of interest in cancer metabolism®~’. More
recently, the success of immunotherapy underscores the
importance of non-cancer-cell autonomous components
of the tumour immune microenvironment (TIME)*',
which is a neoplastic hub of metabolically active cells
comprising tumour cells, immune cells, stromal cells and
blood and lymph vessel cells, all of which are involved in
tumour growth. In this regard, targeting cancer metabo-
lism must be based on a thorough understanding of how
inhibiting specific metabolic pathways affects the TIME
cells, which can either dampen or promote tumour pro-
gression. In this Review, we cover the fundamentals of
cancer metabolism and focus on recent small-molecule
drug discovery efforts to target cancer.
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Metabolism: concepts and vulnerabilities

Glucose, amino acid and fatty acid metabolism. Glucose
provides the major source of energy and carbon skeleton
for biosynthesis (FIGS 1,2). Hence, insulin and glucagon
have evolved to regulate glucose levels during feeding
and fasting states. To maintain cell homeostasis, glucose
is metabolized to pyruvate via glycolysis and can then
be imported into the mitochondrion via mitochondrial
pyruvate carriers''. Mitochondrial pyruvate carriers are

thought to be tumour suppressive, as documented in
several models'>"?, emphasizing the role of glycolysis
in tumorigenesis and suggesting that mitochondrial
pyruvate carriers might not be ideal cancer targets for
developing inhibitors. Mitochondrial pyruvate dehy-
drogenase converts pyruvate to acetyl-Coenzyme A
(acetyl-CoA), which is further oxidized through the
tricarboxylic acid (TCA) cycle, culminating in oxalo-
acetate, which joins the newly synthesized acetyl-CoA

Table 1 | Small molecules that target cancer metabolism

Agent Target Function Indications
Approved cancer metabolic drugs
Pemetrexed TYMS, DHFR dUMP to dTMP conversion; folateto  NSCLC
THF conversion
5-Fluorouracil TYMS dUMP to dTMP conversion CRC, gastric and breast cancer
Hydroxyurea RNR Ribonucleotide to deoxyribonucleo- CML, HNSCC

tide conversion

Gemcitabine DNA incorporation

Nucleotide analogues

Pancreatic, ovarian and breast
cancer; NSCLC

Fludarabine DNA incorporation Nucleotide analogues CLL

6-Mercaptopurine  PPAT Purine synthesis ALL

Methotrexate DHFR Folate to THF conversion Breast, HNSCC, lung, non-Hodgkin
lymphomas

Enasidenib Mutant IDH2 2-Hydroxyglutarate synthesis AML

Ivosidenib Mutant IDH1 2-Hydroxyglutarate synthesis AML

Approved metabolic drugs for non-cancer indications

Metformin Complex| Oxidative metabolism
Leflunomide DHODH Pyrimidine metabolism
Bempedoic acid ACLY Lipid synthesis

Hydroxychlorquine  Autophagy
components

Sulfasalazine SLC7A11/xCT

Small-molecule metabolic inhibitors in cancer clinical trials

CPI1-613 Mitochondria Oxidative metabolism

IM156 Mitochondria Complex |

IACS-010759 Mitochondria Complex |

CB-839 Glutaminase Glutamine to glutamate conversion

IPN60090 Glutaminase Glutamine to glutamate conversion

DRP-104 Glutamine-utilizing  Glutamine-dependent enzymes
enzymes

AZD-3965 MCT1 Lactate symporter

TVB-2640 FASN Fatty acid synthesis

AG-270 MAT2A

SM-88 Tyrosine Oxidative stress
metabolism

Indoximod IDO1 Kynurenine synthesis

Epacadostat IDO1 Kynurenine synthesis

Removal of damaged cellular

Cystine/glutamate exchange

Production of S-adenosylmethionine

Type 2 diabetes mellitus
Rheumatoid arthritis

Heterozygous familial hypercholester-
olaemia, established atherosclerotic
cardiovascular disease

Rheumatoid arthritis

Ulcerative colitis

Pancreatic cancer, AML, solid
tumours, lymphoma

Solid tumours, lymphoma

AML, advanced solid tumours
Leukaemia, CRC, breast cancer, RCC
Advanced solid tumours

NSCLC, NHSCC, advanced solid
tumours

Advanced cancers

NSCLC, CRC, breast cancer,
astrocytoma

Advanced solid tumours or
lymphoma

Sarcoma, prostate, breast and
pancreatic cancer

Melanoma, breast and pancreatic
cancer

Breast cancer, HNSCC, NSCLC,
melanoma, RCC

ACLY, ATP-citrate synthase; ALL, acute lymphatic leukaemia; AML, acute myeloid leukaemia; CLL, chronic lymphocytic leukaemia;
CML, chronic myeloid leukaemia; CRC, colorectal cancer; DHFR, dihydrofolate reductase; DHODH, dihydroorotate dehydrogenase;
FASN, fatty acid synthase; HNSCC, head and neck squamous cell carcinoma; IDH, isocitrate dehydrogenase; IDO1, indoleamine
2,3-dioxygenase 1; MAT2, S-adenosylmethionine synthase isoform type 2; MCT1, monocarboxylate transporter 1; NSCLC, non-small-cell
lung cancer; PPAT, phosphoribosyl pyrophosphate amidotransferase; RCC, renal cell carcinoma; RNR, ribonucleotide reductase;

THF, tetrahydrofolate; TYMS, thymidylate synthase.
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Fig. 1| Oncogenic factors regulate cancer cell metabolism. The deregu-
lated tyrosine kinase receptors activate RAS or PI3K, MYC and/or mTOR.
mTORC1 increases protein synthesis from MYC-induced mRNAs to
enhance influx of amino acids (AAs, including glutamine), glucose and fatty
acids to drive fatty acid, nucleotide and protein synthesis. Hypoxia-inducible
factors HIF1a and HIF2a are induced by mTORC1 or hypoxia, resulting in
activation of the glycolytic pathway with the conversion of glucose to
lactate, which is exported extracellularly. MYC transactivates genes
involved in glycolysis and shunting of 3-phosphoglycerate to produce

serine, which is converted to glycine and contributes to one-carbon (1C)
metabolism. MYC also induces glutamine metabolism, enhancing glutamine
and glucose uptake and their catabolism in the tricarboxylic acid (TCA)
cycle, providing scaffolds for fatty acids and nucleotide synthesis. Oxygen
is shown to assist the mitochondrial electron transport chain (ETC, with
complexes |-V shown) or inhibit HIF1a and HIF2a by mediating its proteaso-
mal degradation. aKG, a-ketoglutarate; ARNT, aryl hydrocarbon receptor
nuclear translocator; MAX, MYC-associated factor X; OAA, oxaloacetate;
Suc-CoA, succinyl-Coenzyme A.

One-carbon (1C)
metabolism

Refers to a series of interlinking
folate and methionine
metabolic pathways, acting

as a methyl (1C) donor for
pathways that include
epigenetic modifications and
the synthesis of DNA and
amino acids.

to produce citrate, which replenishes the metabolic
cycle. Carbon skeletons and ATP are generated by gly-
colysis and mitochondrial oxidative metabolism, pro-
viding energy and building blocks to maintain cellular
integrity (FIGS 1,2).

Similarly, amino acids and fatty acids are taken up by
normal cells to maintain structure and function (FIG. 1).
Of the amino acids, histidine, lysine, methionine, phenyl-
alanine, threonine, tryptophan and branched-chain
amino acids (isoleucine, leucine and valine) are essen-
tial and cannot be synthesized de novo in humans.
These dietary amino acids and non-essential amino
acids, such as glutamine (FIG. 3), serine and glycine, are
imported into cells by various transporters and used for
one-carbon (1C) metabolism, nucleic acid and protein syn-
thesis. Branched-chain amino acids can be metabolized

as fuel sources via the mitochondrial branched-chain
a-ketoacid dehydrogenase complex, which converts these
amino acids into ketoacids, generating succinyl-CoA and
acetyl-CoA for oxidation by the TCA cycle'’. The TCA
cycle intermediate oxaloacetate can be transaminated
to produce the pivotal amino acid aspartate, which also
accumulates as a result of loss of arginosuccinate syn-
thetase (ASS1), which consumes aspartate to produce
arginosuccinate from citrulline'”. Aspartate accumula-
tion supports cell proliferation through nucleotide and
asparagine synthesis'*"’.

Dietary fatty acids and cholesterol are packaged by
the liver and delivered to peripheral tissues for uptake,
storage or metabolism. In particular, fatty acids are
imported into cells and bound to fatty acid-binding
proteins and stored in droplets or delivered to the
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Fig. 2 | Inhibitors of glucose metabolism. Glucose is taken up into the cell by glucose transporters (GLUT) and phosphorylated
by hexokinases HK1 and HK2. Glucose 6-phosphate (P) and its downstream intermediates can either be converted to pyruvate
or fuel biosynthesis through the hexosamine biosynthesis pathway, the pentose phosphate pathway (PPP), via glycerol 3-P
production or via serine biosynthesis pathways. Hexosamine has a key role in glycosylation. The PPP provides ribose 5-P for
nucleotide synthesis and NADPH. Glycerol 3-P provides the backbone for lipid synthesis. Serine biosynthesis has a key part in
amino acid metabolism and nucleotide metabolism through control of one-carbon (1C) metabolism (see FIG. 5). Pyruvate can
either enter the tricarboxylic acid (TCA) cycle as acetyl-CoA through the mitochondrial pyruvate carrier (MPC) and pyruvate
dehydrogenase, be converted to lactate by lactate dehydrogenase (LDH) and exported through the monocarboxylate
transporter (MCT) or be converted to alanine via glutamic—pyruvic transaminase (GPT). Inhibitors (blue) and activators (purple)
of key enzymes (red) or transporters (white) are shown. In addition to producing energy by contributing reducing equivalents
to the electron transport chain, the TCA cycle is an important source of aspartate for nucleotide metabolism (see FIC. 5).

The conversion of pyruvate to lactate has a key role in maintaining cellular NAD* to NADH ratios. aKG, a-ketoglutarate;

OAA, oxaloacetate; PDH, pyruvate dehydrogenase; PHGDH, phosphoglycerate dehydrogenase; PKM2, pyruvate kinase
muscle isozyme 2; SHMT, serine hydroxymethyl transferase.

mitochondrion or peroxisomes for oxidation (FIGS 1,4).
Fatty acid oxidation provides a major source of energy
because complete oxidation of one 16-carbon fatty acid
could generate 129 ATP molecules compared with the 38
generated from one molecule of glucose. Fatty acyl-CoAs
are converted to fatty acyl-carnitines by mitochondrial
membrane-bound carnitine palmitoyltransferase 1
(CPT1) and transported into the mitochondrion by the

carnitine-acylcarnitine translocase. Fatty acyl-carnitine
is then reconverted to fatty acyl-CoA by CPT2 and then
oxidized into acetyl-CoA, which enters the TCA cycle
for further catabolism (FIC. 4).

Nucleotide synthesis. Cancer cell growth and prolifer-
ation depends on de novo nucleotide synthesis from
intermediates in the TCA cycle, glucose-derived ribose
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Fig. 3 | Inhibitors of glutamine metabolism. Glutamine acts as a key carbon and nitrogen donor for biosynthesis.
Glutamine is taken up by transporters, including alanine-serine—cysteine transporter 2 (ASCT2, also known as SLC1A5)
and can be exported or imported through large neutral amino acid transporter 1 (LAT1, also known as SLC7A5) in
exchange for branched-chain amino acids (BCAAs). Following its production from glutamine by glutaminase enzymes
(GLS1 and GLS2), glutamate can be converted to a-ketoglutarate (aKG), be exported in exchange for cystine by the xCT
transporter, or fuel proline biosynthesis. Glutamate can be converted to aKG by either glutamate dehydrogenase (GDH)
or aminotransferases. The glutamic-oxaloacetic transaminase (GOT) produces aspartate, which has a key part in nucleotide
synthesis. Glutamine can act as a nitrogen donor for the synthesis of asparagine, hexosamine, purine and pyrimidine.
Aminotransferases use glutamate as a nitrogen donor for the synthesis of alanine, serine and aspartate. Glutamate,
cystine-derived cysteine and serine-derived glycine contribute to glutathione biosynthesis, which has a key role in
modulating oxidative stress. Inhibitors of key enzymes or transporters are shown (blue). ASNS, asparagine synthetase;
CAD, carbamoyl-phosphate synthetase 2, aspartate transcarbamylase and dihydroorotase; CTPS, CTP synthase; GFAT,
fructose 6-phosphate transaminase (GFPT1, GFPT2); GMPS, guanine monophosphate synthase; GPT, glutamic—pyruvic
transaminase; OAA, oxaloacetate; PFAS, phosphoribosylformylglycinamidine synthase; PPAT, phosphoribosyl
pyrophosphate amidotransferase; PSAT1, phosphoserine aminotransferase 1.
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Fig. 4 | Inhibitors of fatty acid synthesis. Fatty acid synthesis can be used along with exogenous fatty acids for

lipid production, which can be used to produce membranes and lipid droplets and to modulate signalling pathways.
Mitochondrial acetyl-CoA derived from fatty acid oxidation (which can be an important tricarboxylic acid (TCA) cycle
carbon source in some cancers), glucose or other sources can condense with oxaloacetate (OAA) to form citrate, which can
then be exported from the mitochondrion. Citrate and acetate — via ATP citrate lyase (ACLY) and synthetase short-chain
family member 2 (ACSS2), respectively — are two major sources of cytoplasmic acetyl-CoA, from which acetyl-CoA
carboxylase (ACC1 and ACC2) makes malonyl-CoA, which is then cyclically extended by the addition of carbons from
acetyl-CoA by fatty acid synthase (FASN) to make saturated fatty acids. Fatty acids are desaturated by stearoyl-CoA
desaturase 1 (SCD1). Membrane desaturation has a key role in maintaining membrane fluidity. Fatty acid catabolism is
initiated with the formation of fatty acyl-CoA by an acyl-CoA ligase. Fatty acyl-CoA is converted by carnitine palmitoyl-
transferase 1 (CPT1) to an acylcarnitine, which is then imported into the mitochondrion via carnitine—acylcarnitine
translocase (CAT, SLC25A20). Inside the mitochondrion, CPT2 converts the acyl-carnitine back to a fatty acyl-CoA, which
can then be cyclically oxidized to two carbon acetyl-CoA molecules. Inhibitors of key enzymes or transporters are shown
(blue). aKG, a-ketoglutarate; CoA, Coenzyme A; CTP, citrate transporter protein (SLC25A1); PDH, pyruvate dehydrogenase.

sugars from the pentose phosphate pathway (PPP),
and amino acids that generate purines and pyrimidine
nucleotides. In particular, 1C metabolism, which was
targeted by Sidney Farber, is pivotal for nucleic acid
synthesis. Folate as tetrahydrofolate (THF) is essential
and serves as the 1C carrier, with three carbon oxidation
states”. Methylene-THF (5,10-CH,-THF) participates
in the production of dTMP from dUMP by thymidylate
synthase (TYMS), which is inhibited by fluorodeoxy-
uridine monophosphate (FAUMP), a product the chemo-
therapeutic agent 5-fluorouracil. De novo pyrimidine
synthesis consists of six steps (FIC. 5) with the notable
involvement of mitochondrial dihydroorotate dehydro-
genase (DHODH), which requires a functional elec-
tron transport chain (ETC) for ubiquinone-mediated
oxidation of dihydroorotate to orotate. Formyl-THF
(10-CHO-THEF) provides 1C units and participates in
the 11-step de novo synthesis of purines. In de novo
purine synthesis, carbon and nitrogen atoms from gly-
cine, glutamine, aspartate and formyl groups from the
folate carrier are sequentially added onto ribose derived

from glucose (FIC. 5). De novo syntheses of pyrimidines
and purines are essential for mRNA synthesis and
DNA replication of growing and proliferating cancer
cells (FIG. 5). Therefore, these pathways contain multi-
ple potential therapeutic targets. As normal prolifera-
tive tissues in humans also depend on these pathways,
bone marrow suppression, gastrointestinal mucositis
and hair loss are common clinical manifestations of
chemotherapies that target nucleotide synthesis.
Driven by cellular receptors that trigger the RAS-
RAF-MEK-ERK and PI3K-AKT-mTOR signalling
transduction pathways (FIC. 1), proliferating cells import
nutrients and amino acids that stimulate the mammalian
target of rapamycin complex 1 (mTORCI1) and activate
transcriptional reprogramming by inducing MYC and
other transcription factors**>. MYC accelerates the
expression of many ‘housekeeping’ genes, which are
largely metabolic, mitochondrial and ribosomal genes,
permitting rapid transcriptional amplification of growth
signalling. New transcripts, particularly those encod-
ing nutrient transporters, are translated to increase
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Tool compound

A reagent compound that
requires further development
before clinical use, but that can
be used to investigate the
drugging of a target.

the nutrient importation required for cell growth and
proliferation. Imported amino acids further stimulate
mTORCI, which promotes protein synthesis and ribo-
somal biogenesis, providing translational amplification
of growth signalling (FIG. 1). Conceptually, normal pro-
liferating cells can be distinguished from neoplastic cells
by the ability of normal cells to sense nutrient deficiency
and stop proliferating, whereas neoplastic cells with
deregulated growth driven by oncogenes are constitu-
tively dependent on nutrients. In this regard, depriva-
tion of nutrients could trigger cell death?** in neoplastic
cells, whereas normal cells could retreat into the G/G,
cell cycle state.

Cancer cell metabolic vulnerabilities. Although onco-
genic activation of tumour metabolism renders cancer
cells potentially vulnerable to inhibition of different
metabolic pathways, these pathways are also used by
immune cells”, particularly upon receptor stimulation,
such as T cell receptor (TCR) engagement together with
CD28 activation. In this regard, precise inhibition of
specific nutrient transporters or enzymes may derail
the accurate targeting of tumour cells versus antitumour
cells in the TIME. In fact, metabolic inhibition of anti-
tumour immune cells such as cytotoxic T lymphocytes
(CTL) and natural killer (NK) cells could counteract
any desirable inhibition of cancer cell survival. Hence,
itis of paramount importance that targeting metabolism
for cancer therapy should be studied in the context of a
normal immune system, particularly for solid tumours,
such as pancreatic cancer tumours that can contain more
non-cancer cells than cancer cells. By contrast, haemato-
logical tumours, particularly acute leukaemic cells that
depend on metabolism for rapid proliferation, could be
more vulnerable to metabolic inhibition, as seen with
induction leukaemic therapy using L-asparaginase and
methotrexate.

Cancer cell metabolic vulnerabilities have been
uncovered using a candidate approach, including tar-
geting of glycolysis, aspartate, glutamine or fatty acid
metabolism, or conducting genetic synthetic lethality
screens using small interfering RNAs (siRNAS), short
hairpin RNAs (shRNAs) or CRISPR-Cas9. Not surpris-
ingly, there are substantial cell type-specific vulnerabil-
ities uncovered by CRISPR-Cas9 screening depending
on the cell of origin®. One study integrating metabolo-
mics and CRISPR-Cas9 screening uncovered asparagine
synthetase (ASNS) as a vulnerability in solid tumour
cell lines, such as gastric and liver cancer cell lines, that
have lower levels of ASNS, suggesting that the thera-
peutic use of L-asparaginase could be expanded beyond
its use in ALL to solid tumours®. Specific oncogenic
mutations may also confer selective metabolic vulnera-
bility. In lung adenocarcinoma, mutations in Kelch-like
ECH-associated protein 1 (KEAPI), which constitu-
tively activates the transcription factor nuclear factor
erythroid 2-related factor 2 (NFE2L2, also known as
NREF2), induce the expression of the cystine/glutamate
antiporter XCT (encoded by SLC7A11), which exports
glutamate in exchange for cysteine, which is required for
glutathione synthesis. KEAPI-mutant cells also depend
on glutamine, which is used to generate glutathione,

further rendering them vulnerable to glutaminase
inhibition?. Loss of von Hippel-Lindau (pVHL) func-
tion in renal cell carcinoma (RCC) activates the hypoxia
inducible factor 1 (HIF1a), making these cells vulner-
able to inhibition of glycolysis*. Further, KRAS activa-
tion in a mouse model of lung cancer result in different
metabolic dependencies on branched-chain amino acids
than in pancreatic cancer”. Moreover, MYC-driven
transgenic murine lung cancer cells express glutamine
synthetase, whereas MYC-driven murine liver cancer
cells do not™, underscoring the importance of cell type
in determining the specific metabolic dependencies of
different cancers. It is also notable that dietary influ-
ence on tumorigenicity has been documented in dif-
ferent mouse tumour models*'~*, highlighting the role
of diet, which affects nutrient availability (serine and
glycine, for example), in the sensitivity of cancers to
metabolic therapy.

Metabolism-based drug development

A key consideration for targeting metabolism is drug
specificity. Specifically, medicinal chemistry, coupled
with structural biology, can be used to generate highly
specific drugs whose interactions with their targets are
defined by crystallography. There are several highly
specific metabolic inhibitors in this category, includ-
ing those acting on catalytic and allosteric sites. A key
challenge to targeting active sites is the prevalence of
hydrophobic pockets in metabolic enzymes, and, as
such, allosteric inhibitors provide additional oppor-
tunities with perhaps better specificity. One example
is the development of active site inhibitors of lactate
dehydrogenase (LDH), with the latest compounds hav-
ing nanomolar potency and in vivo efficacy in tumour
models”. Another notable example is the development
of allosteric glutaminase (GLS) inhibitors from the
tool compound BPTES to the clinically tested CB-839,
which has been co-crystallized with GLS1 (REFS**).
The CB-839 compound is specific for GLS1 and spares
GLS2, which is encoded by a different gene. In contrast
to GLS1-specific inhibition, the glutamine mimetic drug
6-diazo-5-oxo-L-norleucine (DON) binds covalently to
multiple enzymes that use glutamine®. A prodrug of
DON, although lacking single-enzyme precision, has
remarkable antitumour activity owing to its ability to
inactivate multiple metabolic targets and therefore blunt
the ability of cancer cells to rewire metabolic pathways™.
This ability of cancer cells to rewire metabolic pathways
may pose a challenge to precision therapies owing to
development of resistance. Thus, combination thera-
pies or therapies that block multiple pathways may have
advantages over a single-agent therapy*’.

Although generating metabolic inhibitors with
half-maximal inhibitory concentrations (IC,, values)
in the nanomolar range is paramount for drug devel-
opment, the intracellular concentrations of enzymes
could pose a problem for effective dosage. For exam-
ple, lactate dehydrogenase A (LDHA) has an estimated
intracellular concentration of 4 uM compared with
0.27 uM for hexokinase 2 (HK2) or 0.07 uM for GLS1
in HeLa cells"'. High cellular concentration will require
sufficiently high drug concentrations to ensure nearly
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complete target neutralization, posing additional phar-
macokinetics issues. As such, targeted protein degrada-
tion through proteolysis targeting chimaera (PROTAC)
technology*’ — which tethers small-molecule binders
to warheads that target proteins for degradation via the
ubiquitin-proteasome system — could mitigate this
problem. However, there are currently few examples of
proof-of-concept PROTAC metabolic drugs. Notably,
degraders have been designed to target the solute carrier
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transmembrane (SLC) transporters, opening the oppor-
tunity to study the functions of these transporters®.
A DHODH PROTAC has been reported*, but it was
incapable of degrading its target protein.

As cancer metabolism has been a burgeoning field
over the past 20 years, many metabolic inhibitors have
been touted in the literature, despite a lack of evidence for
specificity or proper pharmacokinetic or pharmacody-
namic markers of target engagement. Notwithstanding
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Fig. 5| Inhibitors of nucleotide synthesis. a| One-carbon (1C) metabolism. Nucleotide
synthesis uses ribose 5-P produced by the pentose phosphate pathway (PPP) and
aspartate produced from oxaloacetate, as well as glycine and tetrahydrofolate methyl
donors — methylene-THF (5,10-CH-THF) and formyl-THF (10-CHO-THF) —arising from
1C metabolism linked to the conversion of serine to glycine. 1C metabolism occurs in
both the cytoplasm and mitochondria. b | Purine synthesis is a multistep, multienzyme
pathway that uses ribose 5-P, glutamine (Gln), glycine (Gly), aspartate (Asp) and
10-CHO-THF to make inosine monophosphate (IMP). IMP is converted to ADP and GDP,
which can then be converted to dADP and dGDP. ¢ | Pyrimidine synthesis is a multistep
process that uses phosphoribosyl pyrophosphate (PRPP) as a scaffold to produce UDP
from glutamine, carbonate and aspartate. Ribonucleotide reductase (RNR) converts
UDP to dUDP and CDP to dCDP. Thymidylate synthase (TYMS), which can be inhibited
by the clinical agents pemetrexed or 5-fluorouracil (5-FU), converts dUMP to dTMP.
CoQH2, reduced Coenzyme Q; DHF, dihydrofolate; DHODH, dihydroorotate
dehydrogenase; ETC, electron transport chain; GCS, glycine cleavage system; HCO,,
bicarbonate; IMPDH, inosine monophosphate dehydrogenase; MTHFD1, methylenetetra-
hydrofolate dehydrogenase 1; MTHFD1L, methylenetetrahydrofolate dehydrogenase
1-like; MTHFD2, methylenetetrahydrofolate dehydrogenase 2; MTX, methotrexate;
PHGDH, phosphoglycerate dehydrogenase; PPAT, phosphoribosyl pyrophosphate
amidotransferase; RNR, ribonucleotide reductase; SHMT1, serine hydroxymethyl
transferase 1.

the use of tool compounds for proof-of-concept studies
in targeting metabolism, rigorous development of drugs
will require a multidisciplinary development paradigm.
Therefore, it is critically important that the advance-
ment to the clinic of specific inhibitors of enzymes or
transporters should be accompanied by robust medic-
inal chemistry, structural biology and proper pharma-
cokinetics and pharmacodynamics studies. Imaging
technologies based on metabolic tracers can be highly
useful for monitoring drug activity in vivo. For exam-
ple, the on-target effect of an LDH inhibitor was docu-
mented by in vivo hyperpolarized *C-pyruvate tumour
imaging®, the in vivo effects of the glutaminase inhibitor
CB-839 were established by labelled '*F-glutamine posi-
tron emission tomography (PET)*, and the effect of loss
of acetyl-CoA synthetase short-chain family member 2
(ACSS2), which generates acetyl-CoA from acetate, was
confirmed by ''C-acetate PET*.

Lessons from inborn errors of metabolism
Knowledge of inherited human disorders of metabolism
could provide valuable information regarding therapeu-
tic windows and the potential side effects of targeting
specific metabolic pathways with drugs (BOX 1). For
example, glucose 6-phosphate dehydrogenase defi-
ciency is globally prevalent and is associated with having
a normal life but can be complicated by drug-induced
haemolysis. The phenotypes of genetically modified
mouse strains may also reveal potential side effects of
targeting specific metabolic enzymes.

The dependency of some tumours on aerobic gly-
colysis suggests that glucose transporters and glycolytic
enzymes could be therapeutic targets, particularly as
oncogenic transformation by RAS, SRC kinase* or MYC
enhances glucose uptake®. As such, specific hereditary
deficiencies resulting from mutations in components of
the glycolytic pathway could phenocopy the effect
of drugs that potentially inhibit glycolysis. Mutations
in glycolysis and its clinical manifestations have been
documented (BOX 1) with haemolytic anaemia being
the dominant clinical presentation®’. Intriguingly,

Lactic acidosis

A build-up of lactic acid in the
blood due to overproduction
or under-utilization.

a specific inhibitor of LDH triggers haemolysis in mice,
phenocopying acute LDHA genetic knockout®, whereas
human mutations in LDHA or LDHB are associated
with exertional muscle fatigue without haemolysis®>*’.
However, a mouse mutation in Ldha is associated with
chronic anaemia™. Hence, species-specific differences
may complicate assessment of the side effects of drugs
targeting glycolysis in humans from preclinical studies
in mice.

Glucose-derived pyruvate can be further converted
to lactate by LDH, or to alanine by glutamic-pyruvic
transaminase (GPT), or can enter the mitochondrion for
further catabolism by the TCA cycle (FIG. 2). Mutations
in TCA-cycle components, particularly the pyruvate
dehydrogenase (PDH) complex, are associated with
congenital lactic acidosis (see the Online Mendelian
Inheritance in Man (OMIM) database in Related links),
indicating that pyruvate diverted from mitochondria is
shunted towards lactic acid production. Other muta-
tions of TCA-cycle enzymes are associated with brain
developmental disorders or, in the case of succinate dehy-
drogenase, with familial paraganglioma or leiomyoma
(see the OMIM).

Similar to glucose deprivation, glutamine depri-
vation in MYC-transformed cells triggers apoptosis*,
indicating that oncogenic transformation could confer
vulnerabilities to the inhibition of glutamine metabolism
pathways (FIC. 3). Indeed, inhibitors of glutamine trans-
porters or glutaminases are documented to have in vivo
activity in mouse models of cancers (see Glutamine
metabolism), and side effects of these drugs seem to be
minimal. Glutamine is taken up into cells through seven
transporters that are expressed in a tissue-specific pat-
tern with alanine-serine-cysteine transporter 2 (ASCT2,
encoded by SLC1A5) and large neutral amino acids
transporter small subunit 1 (LAT1) being most highly
implicated in tumorigenesis. Mutations in sodium-
dependent neutral amino acid transporter (B(0)AT1)
are associated with Hartnup disorder, which comprises
pellagra and progressive neurological disorders(see
the OMIM). Mutations in other enzymes involved in
glutamine metabolism have been documented (BOX 1),
many of which are associated with developmental abnor-
malities affecting the central nervous system, in which
glutamate—glutamine cycling is essential for neurotrans-
mission (see the OMIM). Thus, glutamine metabolic
drugs that penetrate the central nervous system may
have neurological effects.

In addition to fatty acids and cholesterol influx
from the circulating blood, de novo fatty acid synthesis
(FIG. 4) seems to be essential for cancer cell proliferation,
because inhibition of components of the fatty acid syn-
thesis pathway can curb tumorigenesis in mouse models
of cancer (see Fatty acid synthesis). The effects of inborn
errors in the fatty acid synthesis pathway (ATP citrate
lyase (ACLY), acetyl-CoA carboxylases (ACC1 and
ACC2, encoded by ACACA and ACACB, respectively),
fatty acid synthase (FASN) or stearoyl-CoA desaturase
(SCD1) have not been documented; however, we note
that loss of murine acetyl-CoA carboxylase 1 (Acaca)
is embryonic lethal, whereas loss of ACC2 (Acacb) is
tolerated™. Fasn heterozygosity causes death at various
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Box 1| Inborn errors of metabolism and associated phenotypes

Mutations in enzymes involved in glycolysis

® Glucose transporter 2 (SLC2A2): non-insulin-dependent diabetes

e Variant HK-R from hexokinase 1 (HK1): haemolytic anaemia

* Glucose phosphate isomerase (GPl): haemolytic anaemia

* Phosphofructokinase, muscle (PFKM): mild haemolytic anaemia

* Fructose-bisphosphate aldolase (ALDOA): moderate chronic haemolytic anaemia

¢ Glyceraldehyde 3-phosphate dehydrogenase (GAPDH): haemolytic anaemia

* Triosephosphate isomerase (TPIl): haemolytic anaemia, progressive neurological and heart dysfunction

* Phosphoglycerate kinase 1 (PGK1): compensated chronic haemolytic anaemia

* Pyruvate kinase (PKLR): severe to compensated haemolytic anaemia

* Enolase (ENO1): haemolytic anaemia

* L-lactate dehydrogenase (LDHA or LDHB): exertional muscle fatigue with no haemolysis; deficiency in mice is

associated with chronic haemolysis

Mutations in enzymes involved in the tricarboxylic acid cycle

¢ Pyruvate dehydrogenase subunit-a (PDHA1): lactic acidosis; epilepsy; mental retardation; spasticity

* Pyruvate dehydrogenase subunit-p (PDHB): lactic acidosis

* Pyruvate dehydrogenase complex component X (PDHX): lactic acidosis

* Pyruvate dehydrogenase [acetyl-transferring]-phosphatase 1 (PDP1): lactic acidosis

e Pyruvate carboxylase (PC): episodic weakness; neurological symptoms

* Succinate dehydrogenase [ubiquinone] flavoprotein subunit (SDHA): Leigh syndrome (complex | deficiency);

progressive severe neurodegeneration

* Succinate dehydrogenase [ubiquinone] cytochrome b small subunit (SDHD): familial paraganglioma

* Fumarate hydratase (FH): familial leiomyoma

* Malate dehydrogenase, cytoplasmic (MDH1): developmental encephalopathy; epilepsy

* Malate dehydrogenase, mitochondrial (MDH2): developmental encephalopathy; epilepsy

Mutations in enzymes involved in glutamine metabolism

* Sodium-dependent neutral amino acid transporter B(0)AT1 (SLC6A19): progressive neurological disorder

¢ Kidney-type glutaminase (GLS1): developmental delay; epileptic encephalopathy; intellectual impairment

e Glutamine synthetase (GLUL): severe developmental brain abnormality; epilepsy, psychomotor retardation

* Glutamic-oxaloacetic transaminase 2 (GOT2): developmental encephalopathy; epilepsy

* Glutamic—pyruvic transaminase 2 (GPT2): developmental encephalopathy; spastic paraplegia

Mutations in enzymes involved in nucleotide synthesis

* Folate receptor-a (FOLR1); neurodegeneration.

* Carbamoyl-phosphate synthetase 2, aspartate transcarbamylase, and dihydroorotase (CAD): developmental

encephalopathy and epilepsy

¢ Dihydroorotate dehydrogenase (DHODH): Miller syndrome (acrofacial dysostosis)

* UMP synthase (UMPS): orotic aciduria; uridine auxotroph requiring uridine supplementation

 Phosphoribosyl pyrophosphate synthetase 1 (PRPS1): hyperuricaemia, neurodevelopmental defects, sensorineural
deafness; Charcot-Marie-Tooth disease (peripheral neuropathy, deafness and visual impairment); Arts syndrome

(deafness, ataxia, optic atrophy); X-linked deafness

* Adenylosuccinate lyase (ADSL): epilepsy, psychomotor retardation

e Bifunctional purine biosynthesis protein ATIC (ATIC): AICA-ribosiduria, dysmorphic facial features, aortic coarctation

developmental stages; by contrast, Fasn-null animals die
before implantation™. Genetic ablation of ScdI in mice
is associated with atrophy of sebaceous and Meibomian
glands leading to skin and eyelid abnormalities”. Hence,
targeting fatty acid metabolism in humans could result
in similar sebaceous gland disorders and/or dry eyes
from dysfunctional Meibomian glands, and possibly
other toxicities.

Targeting nucleotide synthesis (FIC. 5), which is
required for RNA and DNA replication, is primarily asso-
ciated with side effects in highly proliferative tissues,
including bone marrow suppression and gastrointes-
tinal mucosal disruption. Human mutations in folate,

pyrimidine and purine synthesis pathways are largely
associated with neurodevelopmental defects, perhaps
reflecting rapid growth during fetal development in
which nucleotide synthesis is essential, and hence the
need for adequate prenatal folate supplementation.

The mitochondrion is perhaps the most challeng-
ing of targets. Its pivotal role as a metabolic and bio-
synthetic organelle makes in an attractive anticancer
target, but this approach thus far has been limited by
toxicities predicted by inborn errors of mitochondria.
Specifically, the targeting of the ETC is likely to be
fraught with severe side effects, particularly as some of
the ETC inhibitors are lethally toxic, including cyanide,
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which inhibits cytochrome a3 and mitochondrial res-
piration. The biguanide metformin, which is clinically
used for insulin-resistant diabetes, is thought to inhibit
mitochondrial complex I. A unique feature of met-
formin is that is imported into the mitochondrion in a
membrane potential-dependent manner™. As such, after
import and inhibition of complex I, the mitochondrial
membrane potential diminishes, leading to decreased
metformin importation, thereby creating a rheostat that
prevents toxicity while gaining therapeutic benefits.
Based on this property of metformin, additional com-
plex I inhibitors have been sought in cancer treatment.
In particular, the compound TACS-010759 has been
advanced to clinical trials®, but is associated with neuro-
pathy and visual changes. In this regard, it is notable
that many inherited mitochondrial DNA mutations are
associated with hyperlactaemia and diseases afflicting
tissues that are highly dependent on mitochondrial
function, resulting in encephalopathy, myopathy and
optic atrophy.

Metabolic targets

In this section we will focus on small-molecule inhibitors
that have been substantially characterized and reported
to target cancer metabolism, highlighting on-target ver-
sus off-target effects and in vivo efficacy as a stepping
stone towards the clinic (TABLE 1).

Aerobic glycolysis. Inhibition of glucose uptake is a ther-
apeutic opportunity and has been investigated in several
studies (FIG. 2). STF-31, a small-molecule inhibitor® of
glucose transporter 1 (GLUT1), had features of a glucose
transporter inhibitor and exhibited efficacy against RCC
tumour xenografts in vivo; however, this compound
has off-target effects. Specifically, STF-31 also inhibits
nicotinamide phosphoribosyltransferase (NAMPT)®,
and adding nicotinic acid or expressing a drug-resistant
NAMPT mutant conferred resistance to STF-31, sug-
gesting that GLUT1 inhibition is not the only mecha-
nism by which STF-31 inhibits tumour growth. Another
GLUT inhibitor, Glutor, was identified through screen-
ing for inhibitors of 2-deoxyglucose uptake®. Glutor tar-
gets GLUT1, GLUT2 and GLUTS3 to inhibit glycolytic
flux, and overexpression of these glucose transporters
led to higher IC,, values. BAY-876 (REF.*’) was identified
by screening for compounds that reduced ATP produc-
tion in GLUT1* DLD1 cells from colorectal adenocar-
cinoma versus GLUT1™ DLD1 cells. Structure-activity
relationship studies were used in developing BAY-876,
which has nanomolar values of IC,, for GLUT1 but is
100-fold less active against GLUT2, GLUT3 and GLUT4.
Although no in vivo efficacy was provided for Glutor
or BAY-876 in these studies®>®, a related compound
BAY-897 was reported to impair tumour growth in a
triple-negative breast cancer patient-derived xenograft
model®. Whether these compounds have the desired
pharmacokinetic properties to advance to the clinic
remains to be established.

Hexokinase is the first step in glycolysis, which
produces and ionically traps negatively charged glu-
cose 6-phosphate intracellularly. HK2, in particular,
shows increased expression in cancer, as it is induced

by HIF1 and MYC, both independently and coopera-
tively®®. Loss of HK2 diminishes tumorigenesis in vivo®,
underscoring its attractiveness as a therapeutic target.
3-Bromopyruvate, a pyruvate analogue and highly
reactive compound, was proposed as a HK2 inhibitor,
but unbiased proteomic studies using radiolabelled
3-bromopyruvate revealed that GAPDH is the most
pyruvylated protein and is probably the primary target
of 3-bromopyruvate in SK-Hepl cells”. HK2 inhib-
itors have been developed, including a series of glu-
cosamine derivatives with nanomolar values of IC,,
against purified HK2 (REF.®), which also inhibit hexo-
kinase 1 (HK1). Several members of this series are more
selective for HK2, with co-crystal structures showing
inhibitors bound to the catalytic pocket (FIG. 6). No
in vivo efficacy data were provided. Another putative
HK?2 selective inhibitor with sub-micromolar potency,
benitrobenrazide®, was developed from a lead com-
pound identified through virtual ligand screening
of six million compounds using the crystal structure of
HK?2. Oral administration of benitrobenrazide demon-
strated efficacy in two tumour xenograft models in
immunocompromised mice”.

Vulnerabilities of tumours to highly specific enzyme
inhibitors are heightened when related isozymes, such as
HK1, are silenced, rendering HK2* tumour cells sensi-
tive to hexokinase inhibition. In this regard, passenger
deletions, particularly of enolase 1 (ENOL1) in gliomas
associated with deletion of the 1p36 tumour-suppressor
locus, provide vulnerability to inhibitors of enolase™.
Based on this concept, POMHEX, a potent prodrug inhi-
bitor of ENO2, was developed by conducting structure—-
activity relationship studies of SF2312 (REFS”7%). The
active inhibitor HEX, released from the POMHEX
ester, binds the active site of ENO2, as documented by
crystallography, and is potent against ENO1-deleted
cells”. Further, POMHEX prolongs survival in a murine
intracranial glioma model”. Interestingly, this study
also uncovers the exquisite sensitivity of melanoma and
neuroblastoma cell lines to POMHEX. Importantly,
POMHEX has favourable pharmacokinetic and safety
profiles in primates”.

Pyruvate kinase is another key glycolytic enzyme
with two alternatively spliced muscle forms, PKM1 and
PKM2, and a liver and red blood cell isoform (PKLR).
Low activity of PKM2 seems to slow glycolytic flux from
phosphoenolpyruvate to pyruvate so that upstream
intermediates can be shunted towards biosynthetic
pathways to produce lipids and nucleotides. Thought to
alter biosynthesis by decreasing flux from glucose
to lactate, a PKM2 inhibitor had in vivo antitumour
effects against H1299 xenografts from non-small-cell
lung cancer (NSCLC)™. It is notable that PKM2 is not
required for tumorigenesis in several models, and in fact
PKM2 loss accelerated tumorigenesis in a Brcal mutant
murine breast cancer model”’-”°. Hence, whether inhib-
itors or activators (TEPP-46) of PKM2 should be further
investigated for cancer therapy is unclear. Nonetheless,
allosteric activators of pyruvate kinase, stemming from
the work on PKM2 activators, have been further devel-
oped to treat haemolytic anaemias associated with
hereditary red blood cell PKLR mutations®.
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Fig. 6 | Structures of enzymes or transporter bound to high-affinity small-molecule inhibitors. a | Tetramer of
glutaminase 1(GLS1) bound to the CB-839 allosteric inhibitor (arrow) at the tetramerization interface. b| NCGC00420737-09
inhibitor (arrow) bound to tetramer of lactate dehydrogenase A (LDHA) with NAD (dashed arrow). ¢ | GSK compound 27,

a 2-amido-6-benzenesulfonamide glucosamine inhibitor (arrow), bound to hexokinase 2 (HK2) with different domains
colour highlighted. d | AZ3965 inhibitor (arrow) bound to monocarboxylate transporter 1 (MCT1) (red transmembrane
helices) and basigin (yellow sheet linked to a single transmembrane red helix on the right) as determined by cryogenic
electron microscopy. The Protein Database IDs are: GLS1 (5HL1); LDHA (6Q13); HK2 (5HFU) and MCT1 (6LLY). Structures
are displayed by iCn3D at the NCBI structure website (https://www.ncbi.nlm.nih.gov/Structure/icn3d/full.html).

Lactate dehydrogenase, which exists as homotetra-
mers and heterotetramers of LDHA and LDHB, is essen-
tial for the Warburg effect. LDHA has been explored as
a therapeutic target, because knockout of Ldha resulted
in tumour inhibition in a mouse model of lung cancer’’,
and a tool compound with nonspecific LDHA inhib-
ition reduced xenograft growth®. LDHA, which is
induced by MYC or hypoxia, catalyses the reduction
of pyruvate to lactate by NADH with regeneration of
NAD*, which is used upstream by GAPDH. LDHB
can mediate oxidation of lactate to pyruvate in vitro®,
and commensal production of lactate by tumour or
stromal cells that could be converted to pyruvate for
oxidation by tumour cells has been reported®. As
such, inhibition of both LDHA and LDHB could be
therapeutically useful. Most attempts have targeted
LDHA, and although several potent LDHA inhibitors
have been developed, its selective inhibition by small
molecules has only limited success*~*. GSK2837808A
has LDHA inhibitory potency at 2nM with more than
10-fold selectivity over LDHBY, but no efficacy studies
were provided or performed because of the low in vivo
pharmacokinetic exposure. In vitro pretreatment of
patient-derived melanoma cells with an LDH inhibitor
rendered them more susceptible to tumour-infiltrating
lymphocyte killing®. Further, in vivo, adoptive T cell

therapy in a B16 melanoma immunocompetent model
was enhanced by co-treatment with GSK2837808A%,
which alone had virtually no efficacy. Another orally
available potent LDH inhibitor, GNE-140 (REF.*), was
developed with 3nM potency against purified enzyme
and nanomolar levels of activity against the MIA PaCa-2
cell line. Co-crystal structures reveal drug occupancy
of the pyruvate pocket of LDHA, and pharmacokinetics
studies reveal high protein binding with extended
exposure following high-dose oral administration.
Treatment with GNE-140 in vitro revealed rewiring of
metabolism with heightened oxidative phosphorylation
driven by activation of the AMPK-mTORCI pathway,
which could be dampened by co-treatment with mito-
chondrial or mTORCI inhibitors**. However, neither
study provided in vivo efficacy of the compound.
Among the many LDH catalytic site inhibitors
reported, the novel pyrazole-based compound series
(such as NCI-006) has been the most rigorously opti-
mized, having over 900 molecules with structure-
activity relationships, resulting in nanomolar values of
IC,, for lead compounds, co-crystal structures (FIC. 6),
desirable pharmacokinetics and documented in vivo
target engagement and efficacy with oral availability®>*.
Specifically, in vivo pharmacodynamics studies using
hyperpolarized *C-pyruvate tumour imaging showed
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that one of the compounds inhibited the conversion of
pyruvate to lactate in vivo, accompanied by inhibition
of MIA PaCa-2 and HT29 tumour xenograft growth.
Further, oxidative rewiring due to LDH inhibition was
exploited to show the synergistic therapeutic effect with
the mitochondrial complex I inhibitor IACS-10759.
This class of LDH inhibitors also impairs Ewing sar-
coma tumour growth in xenograft mouse models”’, with
haemolysis as the major toxicity, as would be expected
given the dependency of erythrocytes on glycolysis™.

An enzymatic screen of a library of 3.2 million com-
pounds uncovered phthalimide and dibenzofuran deriv-
atives as highly selective LDHA inhibitors’ that did not
interfere with LDHB activity, suggesting a non-catalytic
pocket mode of action when compared to other inhibi-
tors. Consistent with this observation, these compounds
are allosteric inhibitors, according to X-ray crystallogra-
phy that illustrates the rearrangement of the drug-bound
LDHA tetramer, and have nanomolar values of IC,;
against recombinant LDHA activity, inhibiting cellular
lactate production at low (micromolar) concentrations.
Although the cell growth inhibitory activities of the
compounds were not provided in vitro or in vivo against
tumour cell lines or xenografts, these allosteric inhibi-
tors represent the first highly selective LDHA inhibitors,
illustrating that targeting unique allosteric pockets as
opposed to conserved catalytic domains can be highly
specific, particularly for dehydrogenases that use NAD*
or NADH as cofactors. Whether LDHA specific inhib-
itors will prove to be generally effective remains to be
established, particularly because the B16 melanoma
cell line” (rendered deficient for LDHA, LDHB or both
LDHA and LDHB by CRISPR-Cas9 genome editing)
showed blunted in vivo tumorigenesis only when both
isozymes were deleted. It is thus not surprising that the
two isozymes could function redundantly in tumours
and hence inhibitors targeting both LDHA and LDHB
could be more advantageous.

Although many tumour cells undergo aerobic glyco-
lysis to produce and efflux lactate, lactate derived from
labelled glucose in vivo is taken up by tumour cells***
as a source for TCA cycle metabolism, underscoring the
importance of the lactate-proton symporters from
the SLCI16A family. Despite controversy regarding lactate
as a tumour fuel®, the blocking of the SLC16A family
members monocarboxylate transporter 1 (MCT1
encoded by SLC16A1) or MCT4 (encoded by SLC16A3)
causes intracellular lactate accumulation that in turn
decreases recycling of NADH to NAD* and inhibits
glycolysis”. MCT1, which is transactivated by MYC, is
thought to be involved in lactate influx, whereas MCT4,
a target of HIF1aq, is involved in lactate efflux. However,
in a MYC-driven tumour model, MCT1 was involved in
lactate efflux resulting from MYC-induced glycolysis®.
Hence, inhibiting MCT1 or MCT4 could have anti-
tumour therapeutic effects. One potent MCT1 inhibitor,
a precursor to AZD3965, was generated as a potential
immunosuppressive agent”'’. AZD3965 (REF.'"") has an
inhibitory constant Ki=1.9nM and a desirable phar-
macokinetics profile, with anti-lymphoma activity in
tumour xenograft models but little in vivo activity in the
4T1 mouse syngeneic breast cancer model'””. A cryogenic

electron microscopy structure of micellar MCT1 bound
to AZD3965 (REF.!%) revealed that the inhibitor binds to
the central channel in the outward (towards the extracel-
lular space) open conformation of MCT1 (FIC. 6). Further,
non-conserved amino acids between MCT1 and MCT4
in the central channel contact the inhibitor and account
for the specificity of AZD3965 for MCT1. Importantly,
AZD3965 is undergoing phase I studies in patients with
advanced-stage cancers with the finding that urinary lac-
tate level is elevated after oral treatment, suggesting that
renal resorption of lactate may be inhibited by the drug.
Concerningly, patients treated with AZD3965 (REF'"*) had
retinal disturbance at all but the lowest dose. Consistent
with this observation, this inhibitor is documented to
cause reversible reduced visual acuity in rats'®, proba-
bly related to MCT function in the retina'®. The clinical
efficacy of AZD3965 awaits additional clinical trials.

Glutamine metabolism. Glutamine is an abundant cir-
culating non-essential amino acid with plasma levels of
0.5mM in contrast to a 10-fold higher level of glucose.
Glutamine is actively transported into cells through
ASCT?2, and is then converted to glutamate via deami-
nation by mitochondrial glutaminases GLS1 and GLS2.
Subsequent conversion of glutamate to a-ketoglutarate
can be accomplished by glutamate dehydrogenase,
or aminotransferases including glutamic-oxaloacetic
transaminase (GOT) or GPT (FIC. 3). a-Ketoglutarate
enters the TCA cycle and undergoes forward cycling
to succinate or is converted to isocitrate via reductive
carboxylation, particularly under hypoxia. Transgenic
mouse models of cancer illustrate tissue-selective
dependency on glutamine and, therefore, potential
differences in vulnerabilities to targeting glutamine
metabolism'”.

An ASCT2 antagonist, V-9302, was developed'” from
the glutamylanilide scaffold that mimics glutamine.
It has in vivo antitumour activity and was able to dimin-
ish [**F]-fluoroglutamine tumour influx, as determined
by PET'*. V-9302 is also documented to have in vivo
efficacy in the immunocompetent E0771 mouse model
of breast cancer by enhancing T cell activation, presum-
ably owing to diminished ‘glutamine steal’ by tumour
cells''’. Further, V-9302 in combination with the glu-
taminase inhibitor CB-839 reduced human liver tumour
xenograft growth'''. However, V-9302 does not target
ASCT2 selectively' ', given that ASCT2-null human osteo-
sarcoma 143B cells remained sensitive to V-9302, but it
blocks glutamine influx through the transporters SNAT1
and LAT]I, as determined by glutamine uptake when
expressed ectopically in Xenopus oocytes''”. As such, the
off-target effect of V-9302 complicates the interpretation
of the in vivo efficacy tumour studies. Nonetheless, the
fact that V-9302 inhibits other glutamine transporters
indicates that inhibition of glutamine influx (among
other amino acids) might be the key therapeutic effect of
V-9302 in vivo. Consistent with the antitumour activity
0f V-9302 and its inhibition of LAT1-dependent neutral
amino acid transport, LAT1 was found to be essential
for tumorigenesis in a KRAS-mutant model of colorec-
tal cancer (CRC)'". Further, the LAT1 inhibitor JPH203
(also known as KYT-0353), showed efficacy against the
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HT-29 CRC xenografts in vivo''*'”>, Although JPH203
blocks the influx of many neutral amino acids, including
glutamine, it is now in phase I and advancing to phase II
clinical studies'".

DON is a reactive diazo glutamine analogue isolated
from Streptomyces that demonstrated activity as an anti-
tumour drug in animal tumour models™. As a glutamine
analogue, DON targets multiple glutamine-utilizing
enzymes (phosphoribosyl pyrophosphate amidotrans-
ferase (PPAT), phosphoribosylformylglycinamidine
synthase (PFAS), guanine monophosphate synthase
(GMPS), carbamoyl-phosphate synthetase 2, aspartate
transcarbamylase, and dihydroorotase (CAD), CTP
synthase (CTPS), glutamine-dependent NAD* syn-
thetase (NADSYN), GLS1, GLS2, asparagine synthetase
(ASNS), glutamine synthetase (GLUL), and fructose
6-phosphate transaminase (GFAT, encoded by GFPT1
and GFPT2)*. However, to date, no biochemical exper-
iments have demonstrated the degree of engagement
with these specific putative targets in different cancer
or non-transformed cell lines. Although DON displayed
evidence of activity against Hodgkin lymphoma and
other cancers in small clinical studies, they were insuf-
ficiently powered to be conclusive. DON is active owing
to its covalent binding to targets, but its intolerable gas-
trointestinal toxicity (nausea and vomiting) in humans
halted further clinical development.

To overcome GI toxicities, DON prodrugs have
been generated''” with the strategy of incorporating
pro-moieties that are preferentially cleaved by enzymes
enriched in tumours (such as histone deacetylases
(HDAC) or cathepsins)''®, thereby diminishing the
release of DON in non-tumour sites. Specifically, the tool
compound prodrug JHU-083 (ethyl 2-(2-amino-4-
methylpentanamido)-DON, was engineered with a
leucyl amide and an ethyl ester'” on DON’s amine and
carboxylate groups, respectively'”’. JHU-083 was found
to be highly active in vivo in a medulloblastoma mouse
model'"” and importantly has therapeutic effects on the
immune system®'%. Specifically, JHU-083, as a single
agent, was able to reduce tumour growth more effec-
tively than the combination of anti-PD1 and anti-CTLA4
in the 4T1 model'”, accompanied by markedly dimin-
ished infiltration of myeloid-derived suppressor cells.
When used as a single agent in the MC38 mouse model
of CRC¥, JHU-083 induced tumour regression and
prolonged survival in a CD8"* T cell-dependent manner.
Moreover, JHU-083 blockade of glutamine metabolism
induced a shift in CD8" tumour-infiltrating lymphocytes
towards a more active long-lived phenotype. These obser-
vations have catapulted the DON prodrug, DRP-104,
into the clinic with an active trial (NCT04471415) for
patients with advanced-stage solid tumours in combi-
nation with atezolizumab (anti-PD1). Whereas DON
prodrugs have shown striking antitumour activity with
antitumour immunity effects, biomarkers for sensi-
tivity to DON prodrugs will be important to deter-
mine the tumour type selectivity of the prodrugs and
target engagement. Although the multi-hit nature of
DON prodrugs may seem nonspecific, the preclinical
responses in mouse models are remarkable and may
be instructive in multi-hit drug therapy, as opposed to

single-enzyme-hit therapy, which could be associated
with metabolic rewiring and protective stress response.

The kidney-type glutaminase GLS1, which is acti-
vated by MYC', and the liver-type glutaminase GLS2,
which is induced by p53 (REF.'?), are encoded by dif-
ferent genes. Both enzymes convert glutamine to glu-
tamate. GLS2 is expressed in normal hepatocytes and
suppressed in human hepatocellular carcinoma and in a
MYC-induced mouse model of liver cancer'®, and this
suppression is associated with the induction of GLS1
(REF.'#). It is notable that GLS2 is tumorigenic in breast
cancer'”, and its expression could compensate for loss
of Gls in MYC-induced mouse liver tumours*’. This sug-
gests that GLS2 could confer resistance to GLS1-specific
inhibitors, such as the allosteric inhibitor BPTES or
CB-839, and this resistance could be hypothetically
avoided by the use of a dual GLS1/GLS2 inhibitor'*>'*.

BPTES was discovered via screening of compounds
that inhibit glutaminase and showed in vivo activity in
a MYC-induced mouse model of liver cancer and in a
lymphoma xenograft model'”’. A derivative of BPTES,
CB-839, was produced as a potent orally available
inhibitor'* with in vivo antitumour activity. Both BPTES
and CB-839 occupy the interfaces of the GLS1 tetramer
(FIC. 6), allosterically locking a phosphate-dependent
activation peptide loop in the off-state’>”. Intriguingly,
GLS1 inhibition seems to skew T cells towards the T};1
fate — in which IL-2 and IFNy stimulate antitumour
CTLs — and away from the inflammatory T};,17 pheno-
type that is associated with autoimmunity'*. As such,
it is important to note that CB-839 has been assessed
in two completed clinical trials and is now under eval-
uation in trials in combination with azacitidine for
myelodysplastic syndrome (NCT03047993), with sapan-
isertib for NSCLC (NCT04250545), with nivolumab for
melanoma, clear-cell (conventional) RCC and NSCLC
(NCT02771626), and radiation therapy and temozolo-
mide for isocitrate dehydrogenase (IDH)-mediated
diffuse astrocytoma (NCT03528642). Dis