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Altered cellular metabolism is a major mechanism by which tumours support nutrient consumption associated with increased
cellular proliferation. Selective dependency on specific metabolic pathways provides a therapeutic vulnerability that can be
targeted in cancer therapy. Anti-metabolites have been used clinically since the 1940s and several agents targeting nucleotide
metabolism are now well established as standard of care treatment in a range of indications. However, despite great progress in our
understanding of the metabolic requirements of cancer and non-cancer cells within the tumour microenvironment, there has been
limited clinical success for novel agents targeting pathways outside of nucleotide metabolism. We believe that there is significant
therapeutic potential in targeting metabolic processes within cancer that is yet to be fully realised. However, current approaches to
identify novel targets, test novel therapies and select patient populations most likely to benefit are sub-optimal. We highlight
recent advances in technologies and understanding that will support the identification and validation of novel targets, re-
evaluation of existing targets and design of optimal clinical positioning strategies to deliver patient benefit.
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INTRODUCTION
It is well established that cells that undergo malignant transfor-
mation have altered metabolic requirements compared to non-
malignant parental cells. Rewiring of cellular metabolism is
required to support several processes associated with tumour
progression, including increased proliferation [1] and metastasis
[2] and has been recognised as one of the hallmarks of cancer [3].
Conceptually, these selective metabolic requirements provide a
therapeutic vulnerability to target in cancer. Indeed, several anti-
metabolite agents are approved for use in the clinic. It was in 1948
that the first use of an agent targeting metabolism, the anti-folate
aminopterin, was described to induce remission in children with
acute lymphocytic leukaemia (ALL) [4]. Since then, the anti-folate
methotrexate has become well established as part of chemother-
apy regimens for several indications including ALL [5]. Anti-folates
work, in part, by inhibiting the synthesis of nucleotides from folic
acid and several other agents that target nucleotide metabolism,
including 5-fluorouracil [6], hydroxycarbamide [7] and gemcita-
bine [8] are also approved anti-cancer agents (Table 1).
Increased understanding and characterisation of the metabolic

pathways linked to cancer progression in recent years [9–13],
coupled with the patient benefit derived from the agents
described above, led to significant investment in the field that
was predicted to lead to a new wave of anti-cancer drugs [14].
However, despite substantial progress in understanding the
requirement of key metabolic processes for tumour progression,
the number of newly approved drugs in this class remains
disappointingly low, with few agents acting by mechanisms other
than inhibition of nucleotide metabolism (Table 1). The field has

been set back in recent years by a string of disappointing
outcomes associated with compounds in clinical development,
including the Glutaminase inhibitor Telaglenastat (KEAPSAKE trial:
NCT04265534), the TCA cycle inhibitor Devimistat (AVENGER 500
trial NCT03504423, ARMADA 2000 trial: NCT03504410), the
complex I inhibitor IACS-010759 (NCT02882321, NCT03291938)
[15], the tyrosine analogue SM-88 (TYME trial: NCT03512756) and
the IDO1 inhibitor Epacadostat (ECHO-301/KEYNOTE-252 trial:
NCT02752074) [16]. Each of these agents has demonstrated
promising efficacy in pre-clinical models [17–22] that has not yet
translated into clinical efficacy. With an investment of $1–2 billion
[23] required to take a new agent through the drug discovery
process to clinical approval, late-stage clinical failures increase the
perceived risk associated with progressing novel therapeutics in
this class. There are several reasons why the attrition rate of
therapeutics targeting cellular metabolism may be high, including
metabolic plasticity leading to resistance to single-agents, dose-
limiting toxicity due to the metabolic requirements of normal
tissue homoeostasis or differing metabolic dependencies between
pre-clinical models and patients.
To realise the potential of therapeutic modulation of metabo-

lism in oncology, the field needs to refine standard approaches
that are sub-optimal for this complex area. Careful consideration
needs to be given to ensure that optimal approaches for target
identification, target validation and clinical positioning are utilised.
We introduce key advances in capabilities and technology that
should be applied more widely to reduce the high attrition rate for
novel drug targets in this class. These recent advances allow a
more accurate understanding of the metabolism of tumours in the
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organ- and tissue-specific microenvironment. This will allow novel
targets to be rationally identified and validated in complex and
clinically relevant model systems. The development of novel
therapeutic modalities may also allow those targets previously
considered too challenging to be re-visited.

UTILISING PHYSIOLOGICALLY RELEVANT CELL CULTURE
SYSTEMS
The most commonly used culture media for immortalised cancer
cell lines are Dulbecco’s modified Eagle’s medium (DMEM) and
Roswell Park Memorial Institute (RPMI)-1640. DMEM was first
described in 1959 [24] and RPMI-1640 in 1967 [25]. It is now
apparent that the concentrations of many nutrients within DMEM
or RPMI-1640 do not reflect the concentrations found in standard
human blood plasma [26–28]. For example, the concentrations of
glutamine and glucose in DMEM or RPMI-1640 are far in excess of
those that would be considered physiologically relevant [26, 29].
Despite these discrepancies, these media are still widely used to
study metabolic processes. There are numerous examples
described in the literature that demonstrate how environmental
nutrient concentrations can alter dependency of a cancer cell on a
target of interest. Super-physiological levels of cysteine found in
RPMI-1640, correlate with increased glutamine anaplerosis and
sensitisation to GLS inhibition [26], dependency on methionine
synthetase (MTR) for cancer cell proliferation is only apparent in

physiological folate conditions [30, 31] and increased levels of uric
acid are associated with resistance to 5-fluorouracil [27].
After more than 60 years since the development of DMEM and

evidence demonstrating the sub-optimal nature of standard
media, we strongly believe that the field should be moving to
utilise more physiological conditions. Two cell culture media have
been independently developed and are currently commercially
available, with a nutrient concentration that reflects that found in
human blood plasma, HPLM [27] and PlasmaxTM [28]. These media
not only rectify the concentrations of nutrients found in standard
media, but also contain nutrients that are present in human blood
plasma but not found in standard media. These media represent
the nutritional baseline that can be supplemented with the
appropriate lipid and protein factors depending on the specific
requirements of the cell type of interest. Culture of leukaemia cell
lines in HPLM results in extensive metabolic changes, including
altered glucose utilisation, altered redox state and a significant
reduction in de novo pyrimidine synthesis [27]. Culture of breast
cancer cell lines in PlasmaxTM also results in extensive phenotypic
alterations, including increased colony forming ability, altered
metabolite levels and reduced glutamine consumption [28]. Mass
spectrometry (MS) analysis of the CAL-120 breast cancer cell line
demonstrate that there are significant differences between the
metabolic profiles of cells grown in PlasmaxTM relative to standard
media, in both 2D and 3D growth conditions. The in vitro
conditions that most closely recapitulate the metabolic profile of

Table 1. A list of anti-metabolic agents approved for clinical use in anti-cancer therapy.

Mechanism of action Approved drug Further information

Inhibit nucleotide metabolism (including
anti-folates)

5-Fluorouracil (5-FU) https://about-cancer.cancerresearchuk.org/about-cancer/treatment/drugs/
fluorouracil

Hydroxycarbamide https://about-cancer.cancerresearchuk.org/about-cancer/treatment/drugs/
hydroxycarbamide

Capecitabine https://about-cancer.cancerresearchuk.org/about-cancer/treatment/drugs/
capecitabine

Pemetrexed https://about-cancer.cancerresearchuk.org/about-cancer/treatment/drugs/
pemetrexed

Raltitrexed https://about-cancer.cancerresearchuk.org/about-cancer/treatment/drugs/
raltitrexed

Methotrexate https://about-cancer.cancerresearchuk.org/about-cancer/treatment/drugs/
methotrexate-maxtrex

Gemcitabine https://about-cancer.cancerresearchuk.org/about-cancer/treatment/drugs/
gemcitabine

Fludarabine https://about-cancer.cancerresearchuk.org/about-cancer/treatment/drugs/
fludarabine

Cladribine https://about-cancer.cancerresearchuk.org/about-cancer/treatment/drugs/
cladribine

Cytarabine https://about-cancer.cancerresearchuk.org/about-cancer/treatment/drugs/
cytarabine

Azacitidine https://about-cancer.cancerresearchuk.org/about-cancer/treatment/drugs/
azacitidine

Mercaptopurine https://about-cancer.cancerresearchuk.org/about-cancer/treatment/drugs/
mercaptopurine

Tioguanine https://about-cancer.cancerresearchuk.org/about-cancer/treatment/drugs/
tioguanine

Nelarabine https://www.cancerresearchuk.org/about-cancer/treatment/drugs/
nelarabine

Interfere with amino acid homoeostasis Asparaginase https://about-cancer.cancerresearchuk.org/about-cancer/treatment/drugs/
asparaginase

IDH1 mutant inhibitor Ivosidineb https://www.cancer.gov/about-cancer/treatment/drugs/ivosidenib

IDH1 mutant inhibitor Olutasudenib https://www.cancer.gov/about-cancer/treatment/drugs/olutasidenib

IDH2 mutant inhibitor Enasidenib https://www.cancer.gov/about-cancer/treatment/drugs/enasidenibmesylate
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CAL-120 cells grown in vivo as orthotopic tumours are culture with
PlasmaxTM in 3D conditions [28].
siRNA- and CRISPR-based target ID screens, such as large-scale

unbiased screening datasets that are publicly available from the
Cancer Dependency Map (https://depmap.org/portal), can be used
for the purposes of cancer target identification, validation or
clinical positioning. However, caution should be applied to the
interpretation of such output for any metabolic target due to the
use of non-physiologically relevant and inconsistent cell culture
conditions [32]. A genome wide CRISPR screen to identify genes
that reduce cell viability in a chronic myeloid leukaemia (CML) cell
line cultured in either RPMI or HPLM, identified selective
dependencies for each condition that span several biological
processes [32]. Efforts to identify targets that influence the tumour
immune response are also possible using tumour and immune co-
culture systems [33] and the use of physiological culture media in
these systems should be considered. Indeed, it has been
demonstrated that T cells cultured in HPLM show increased levels
of activation and extensive differences in gene transcription
compared to T cells cultured in RPMI, driven by higher calcium
levels present in HPLM [34]. This suggests that use of physiological
culture media will have implications for studying both cancer cell
intrinsic and extrinsic metabolic processes.
3D culture of cancer cells as spheroids or patient-derived

organoids are believed to offer advantages over traditional 2D
culture and may be a more physiologically relevant in vitro model
system [35]. Genome wide CRIPSR screens comparing 2D versus
3D growth conditions have identified selective dependencies [36]
and CRISPR screening technology is also applicable to patient-
derived organoids [37]. Performing target ID screens in a 3D
system with physiologically relevant media that more closely
recapitulates the metabolic profile seen in vivo therefore has the
potential to identify novel cancer metabolism related targets.
Moving towards greater physiological relevance of cell culture

conditions is a big, and long overdue, step forward for the cancer
metabolism field but there are several limitations to be aware of.
Immortalised cancer cell lines have often been cultured, and
therefore selected for, in far from physiological media conditions
for many passages and may have undergone long-lasting
adaptation to their environmental conditions. Consideration
should therefore be given to the use of primary cells or organoids
cultured in more physiological media. A second limitation is that
cells consume, and eventually exhaust, nutrients present within
the environment, resulting in non-consistent concentrations
throughout the duration of an experiment. Two mitigations that
can be used to delay nutrient exhaustion when using physiolo-
gical media are the frequent replacing of the media, and the
maximisation of the media volume to cell number ratio. A more
advanced solution would be to employ a micro-fluidic system to
supply the physiological concentrations of nutrients at constant
rates [38, 39]. The concentrations of nutrients in HPLM and
PlasmaxTM reflect the nutritional environment found in human
blood plasma, however this may differ from individual tumour
microenvironments (TME). Metabolomic analysis of tumour
interstitial fluid of pancreatic and lung tumours from mouse
models demonstrated that metabolic environments alter depend-
ing on tumour location, tissue of origin and diet [40]. Metabolic
profiling on a disease specific basis to guide the design of specific
media to culture patient-derived primary cells or organoids may
therefore be a further step towards greater relevance to tumour
biology. Implementing more physiological cell culture conditions
with primary cells, frequently refreshed media, use of 3D
conditions and consideration of co-cultures to understand tumour
cell intrinsic and extrinsic effects, will require increased resource.
However, we believe these efforts will result in more relevant
target identification, target validation and clinical positioning that
will consequently reduce the attrition rate at later stages of drug
discovery and clinical development.

USE OF CLINICALLY RELEVANT IN VIVO MODELS
Tumours exist in a complex environment containing several non-
tumour cell types, including immune cells [41], cancer-associated
fibroblasts (CAFs) [42] and specialised epithelial cells [43], that
exhibit metabolic re-wiring during tumour development and
progression. It has been shown for example that activated T cells
exhibit increased nutrient uptake and increased glycolytic flux [44]
whilst immunosuppressive regulatory T cells (Treg) are more
dependent on oxidative phosphorylation and fatty acid oxidation
to meet their energy requirements [45, 46]. Exhausted T cells also
exhibit marked metabolic reprogramming, with reduced uptake of
glucose and mitochondrial dysfunction being a common feature
[47]. The high nutrient requirements and glycolytic activity of
cancer cells result in a nutrient depleted, lactate rich microenvir-
onment associated with immune suppression. Understanding this
complex relationship may offer novel opportunities for therapeu-
tic intervention. For example, targeting glutamine metabolism
with a broad-spectrum glutamine antagonist has been shown to
result in nutrient changes within the TME that promote T cell
activity and improve the response to immune checkpoint
blockade therapy [48]. It should also be noted that metabolic
rewiring during disease progression is not limited to the TME but
can be systemic in nature [49], further highlighting that metabolic
dysfunction should be considered in the context of a whole body.
There is therefore a need to understand the impact of novel and
existing therapies on the metabolism of non-tumour cells by
utilising more complex model systems. Understanding non-
tumour cell metabolism also offers an opportunity to identify
non-cancer autonomous therapeutic targets, both within the TME
and potentially in distal organs. Co-culture experiments offer an
in vitro method for target identification and validation studies, but
these systems lack complexity. Studying novel targets using
genetic or pharmacological methods in immune competent
in vivo model systems will more readily define the impact on
non-tumour tissue. The range of murine model systems available
to the oncology field has been extensively reviewed previously
[50], so we will concentrate on highlighting key aspects that
should be considered when investigating cancer metabolism.
Transplantation models fall into two major classes: sub-

cutaneous or orthotopic transplantation. Sub-cutaneous injection
of human cancer cell lines is a commonly used in vivo model
system for testing therapeutic agents despite studies that
demonstrate they are a poor predictor for clinical activity
[51, 52]. Pan-cancer analysis also demonstrate that several
metabolic features associated with disease relevant characteristics,
such as epithelial–mesenchymal transition, are associated with the
tissue in which the tumour is formed [40, 53]. Together, this means
that results obtained in sub-cutaneous transplantation models
should be interpreted with caution when investigating cancer
metabolism.
In orthotopic models, where cancer cells are transplanted into

the appropriate tissue locations, tumours face a local metabolic
environment relevant to the human pathology. Such orthotopic
tumours can also be used to model spontaneous metastasis
[54–56]. An alternative commonly used experimental murine
model of metastasis is systemic introduction of tumour cells via
intravascular injection [57]. Metastatic disease is a clinically unmet
need and as such is often the disease setting targeted by novel
therapeutic agents. Cancer cells undergo metabolic re-wiring
during the metastatic cascade and encounter different metabolite
environments at secondary sites [2]. Metabolic gene expression
signatures differ between primary tumours and either established
secondary tumours [58] or micro metastases [59]. It is therefore
likely that pre-existing metabolic heterogeneity found within the
primary tumour allows for selection of cells with the features
required to metastasise to distal organs. Metabolic heterogeneity
found within the primary tumour will be influenced by a number
of factors including the extent of tumour vascularisation, the
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infiltration of stromal cells and contiguity to metabolically
specialised epithelial cells [43]. Therefore, a fuller understanding
of the metabolic differences between primary and metastatic
disease and of the influence of primary tumour metabolic
heterogeneity on metastatic potential is essential when consider-
ing the impact of novel therapies in the clinical setting.
Patient-derived xenograft (PDX) transplant models offer a

system that more accurately recapitulate tumour heterogeneity
observed in the clinic. There are PDX models available for many
cancer indications and collections can be used for mouse based
clinical trials to inform human clinical trial design [60]. Such drug
sensitivity screens in PDX models have been shown to correlate
well with patient response across multiple indications [61]. One of
the limitations of PDX models, relevant to the study of metabolic
pathways, is that non-tumour cells in the stroma are gradually
diluted with murine cells post-transplantation. However, compara-
tive metabolomic analysis of patient colorectal tumours and PDX
models demonstrate that murine stromal cells undergo re-wiring
to adopt a human-like metabolomic profile that remains stable for
several generations [62]. It would be good practice to confirm this
for specific PDX models of interest.
Transplantation models generally utilise mice with immune

compromised backgrounds, to prevent rejection of human cancer
cells. One option to overcome this limitation is to utilise murine
cancer cell lines or organoid models for transplantation into
syngeneic models. For example, sub-cutaneous transplantation of
murine colorectal cancer cell lines have been used to understand
differential response to immune checkpoint blockade therapies
[63] and orthotopic transplantation of murine derived organoids
have been used to model colorectal cancer metastasis in an
immune competent setting [64]. This limits studies to murine-
derived cancer cells which may show altered target physiology or
target dependency compared to humans. Another option is to use
humanised mouse models, where human haemopoietic stem cells
are engrafted into immune-compromised mice, to model a human
immune system. There are several well-established humanised
mouse models with applications in oncology and beyond,
although challenges include variable lifespans, and incomplete
modelling of the human immune system [65].
A murine model system that does not require transplantation is

the genetically engineered mouse model (GEMM), where germline
alteration of specific cancer relevant oncogenes and/or tumour
suppressors are used to generate cancer models that are driven by
genetic alterations observed in the clinical setting. The use of
GEMMs in oncology research are becoming increasingly popular
due to the presence of a functional immune system and relevant
tumour microenvironments [66]. A caveat with studying cancer
metabolism in advanced murine models, is that the metabolic
differences between mice and humans needs to be considered
when designing and interpreting a study. The concentration of
certain metabolites can differ by up to 10-fold when comparing
human and mouse plasma [27], which is highly likely to alter
dependency on gene–nutrient interaction and cancer target
dependency. Immune cell metabolism and anticancer activity will
also differ between mouse and human. This is an area in need of
further investigation to better predict the differences in tumour
immune response to therapy between species. Another limitation
of GEMMs is that the widespread expression of oncogenic drivers
can often result in the development of multi-focal tumours that
differ from higher grade single tumours that are more commonly
found in human cancer. This can result in differing nutrient
availability and composition of the tumour microenvironment.
Consideration should therefore be given to approaches that
induce tumour suppressor loss and/or oncogene expression at
focal regions, such as injection of tamoxifen into single sites in the
colon, in tamoxifen-inducible Cre recombinase models, resulting
in formation of single colonic polyps that progress into advanced
carcinomas [67].

Although not the focus of this review, it would be remiss not to
highlight developments of in vivo model systems for the
extrapolation of drug pharmacokinetic (PK) data from mouse to
human. Cytochrome P450 enzymes are the major enzymes
involved in metabolism of drugs in vivo and these enzymes differ
between mouse and human, that can result in species specific PK
profiles. A model system, where 33 mouse P450 enzymes have
been knocked out and the major human P450s and two
transcription factors responsible for P450 gene expression have
been introduced, has been used to accurately predict human PK
from a mouse model [68].

INCORPORATING MITOCHONDRIAL MUTATIONS INTO PRE-
CLINICAL MODELS
As described above, efforts to ensure clinical relevance of in vitro
and in vivo model systems is of paramount importance when
identifying, validating or considering clinical positioning. Recent
advances in our understanding of the role of mitochondrial
activity and specifically mitochondrial genome mutations coupled
with advances in technology for site specific mitochondrial
genome editing, allows the development of more complex pre-
clinical model systems that may support patient selection for
precision medicine approaches.
It has long been known that cancer cells upregulate glycolytic

activity followed by lactate fermentation in the presence of non-
limiting oxygen concentrations, known commonly as the Warburg
effect [69, 70]. It has been incorrectly inferred from this observation
that mitochondrial activity does not play an important role in cancer
progression, but compelling findings demonstrate otherwise
[71, 72]. Mitochondrial activity, namely the TCA cycle and oxidative
phosphorylation (OXPHOS), are important not only for energy
production but also to produce macromolecules that can support
cancer anabolism, including those essential for nucleotide produc-
tion and methylation reactions [71, 72]. The high dependency on
mitochondrial activity has led to efforts to target TCA cycle
(Devimistat), Glutaminase (Telaglenastat) and complex I (IACS-
10759) activity in cancer. However, as described above, these efforts
have yet to prove successful in the clinic. Cancer-associated
mutations of mitochondrial enzymes have however provided an
alternative therapeutic opportunity. Mutation of the TCA cycle
enzymes, IDH1 and 2 induces a neomorphic activity that results in
production of high levels of the oncometabolite 2-hydroxygluterate
(2-HG), a reduction in α-ketoglutarate (α-KG) levels and a
consequent inhibition of α-KG-dependent enzymatic processes
including histone and DNA demethylation [73]. The recent approval
of selective inhibitors of mutated IDH1 and IDH2 in AML [74]
provides a clinical proof of concept for targeting metabolic
dysfunction in cancer.
It has become apparent in recent years that somatic mutations

of the mitochondrial genome may also impact upon cancer
progression and response to therapy [75–77]. A landmark study in
2021, demonstrated somatic loss-of-function mutations in the
mitochondrial genome, particularly truncating mutations impact-
ing on the function of OXPHOS complex I, are highly prevalent
across multiple cancer indications [77]. Predicted loss-of-function
mutations are associated with altered transcriptional programmes,
including downregulation of genes associated with innate
immunity, and increased survival of colorectal cancer patients
[77] that is speculated to be due to an improved response to
treatment. It will be intriguing to analyse available post-clinical
trial sequencing data to understand the extent to which the
presence of mitochondrial genome mutations influence response
to standard-of-care and novel therapies. It is possible that
mitochondrial genome mutation status could be utilised as a
novel patient stratification marker for specific therapies.
The finding that mitochondrial mutations can stratify patients

into clinically distinct populations, demonstrate the need to
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incorporate cancer-associated mutations into pre-clinical models.
It is unclear how stable over time are the levels of mitochondrial
mutation heteroplasmy within pre-existing cancer cell lines or
murine models. This uncertainty could make data interpretation
and reproducibility challenging, highlighting the need to generate
and characterise stable genetically engineered model systems.
Mitochondrial genome editing to model mitochondrial mutations
is technically challenging and conventional nuclear genome
editing techniques such as CRISPR are not applicable [78]. Recent
technical advancements however have described an elegant
protein-based system that utilises an interbacterial toxin DddA
that catalyses C:G to T:A conversions in a sequence specific
manner [79]. This technique allows the impact of mitochondrial
genome mutations to be investigated in vitro and in vivo using
genetically engineered pre-clinical models. Utilisation of pre-
clinical models that incorporate mitochondrial genome mutations
may inform clinical positioning and patient stratification strategies
for a broad range of therapeutics but is likely to be particularly
important when evaluating dependency of a metabolic target,
due to the impact of mitochondrial mutations on the metabolic
landscape of the tumour [77].

METABOLIC PROFILING TECHNOLOGIES
Metabolomics, a relatively new addition to the omics field,
involves detection of low molecular weight metabolites using
methods such as nuclear magnetic resonance (NMR) or liquid
chromatography mass spectrometry (LC-MS). In the context of this
discussion, we consider metabolomics to include the analysis of
lipids, often referred to as lipidomics and considered a specialised
branch of metabolic research. Metabolomics is underpinned by
two methodological approaches; untargeted analysis, a large-scale
detection of identified and unidentified metabolites present in a
biological sample, or targeted analysis, which is limited to the
detection of a list of pre-defined metabolites that, unlike
untargeted analysis, can be quantitative.
NMR based metabolomic approaches allow rapid, quantitative

and reproducible analysis that preserves the original sample and
can be used for liquid (body fluids, cell and tissue extracts) or
solid-phase (intact cells or tissues) samples. In contrast, LC-MS
analysis is sample consuming and only suitable for liquid-phase
samples. LC-MS approaches are generally more sensitive, although
the greatest diversity of metabolite detection is achieved when
different extraction and chromatography methods are combined.
For example, reversed-phase liquid chromatography-MS (RPLC-
MS) is considered a standard chromatography method for
metabolite detection but alternative methods such as hydrophilic
interaction chromatography (HILIC)-MS are more effective for
detection of highly polar metabolites [80]. Complementary
analytical approaches are therefore recommended to achieve
wide metabolite coverage.
The power of metabolomics to reveal tissue and cell type

differences in the metabolic landscape is only beginning to be
fully realised. Metabolic analysis of tumour samples can be used to
detect metabolite biomarkers that are predictive of cancer risk
[81, 82], aggressiveness [83, 84], response to therapy [85] and to
stratify patients into metabolic based sub-groups [86].
13C-labelling of glucose or lactate has been used in the clinical
setting to assess tumour metabolism in patients, including in
paediatric tumours where neuroblastoma-specific metabolic
features have been identified [87]. 13C-labelling can also be
combined with magnetic resonance imaging (MRI) and MR-
spectroscopy (MRS) techniques to allow non-invasive visualisation
of the labelled tracer in situ [88].
In addition to analysis of clinical samples, metabolomic analysis

of murine models of cancer can be used to understand the
differences between murine and human metabolic landscapes to
inform model selection and data interpretation [89]. Despite

challenges associated with current lack of widespread clinical use
[90], the integration of metabolomics with other omics analysis
has the potential to transform how clinicians stratify patients by
identifying specific metabolic signatures predictive of treatment
response.
There are, however, several limitations associated with conven-

tional metabolomic approaches. Small molecule metabolites are
not encoded by a primary sequence; therefore their MS-based
identification heavily relies on a single parameter, mass-to-charge
ratios. There is a lack of standardisation for novel metabolite
annotation and analysis software, which together makes data
analysis and comparison challenging. In addition, the complexity
of the metabolome and its sensitivity to the procedure for sample
preparation, means that currently no single method can detect all
metabolites present in a complex biological sample.
Conventional LC-MS analysis also lack the ability to map spatial

distribution of metabolites in situ. MS-based metabolomic
imaging techniques overcome this limitation and have proven
useful in the study of cancer metabolism. MS imaging (MSI)
techniques such MALDI-MSI [91] and DESI-MSI [92] allow
metabolite readout from intact tissue. MALDI-MSI uses a laser,
whilst DESI-MSI utilises charged solvent droplets directed towards
the sample, to ionise and desorb particles that are detected by the
MS. The alternative extraction processes and differing metabolite
coverage of MALDI and DESI-MSI techniques is an important factor
to consider when analysing and comparing datasets.
In MSI, MS-based analysis is combined with spatial information

from the input sample to generate images illustrating spatial
distribution of detected metabolites. DESI-MSI has been used to
visualise amino acid levels in situ from murine KRAS mutant
colorectal tumours as part of a study that identified the amino
acid transporter SLC7A5 as a therapeutic vulnerability of KRAS-
mutant colorectal cancers [93]. MSI is a clinically applicable tool
that could be used for diagnostic or patient stratification purposes
when applied to tissue samples from surgically resected tumours.
In support of the use of MS profiling of clinical samples, the iKnife
based on a rapid evaporative ionisation mass spectrometry
(REIMS) method uses MS-based quantification of metabolites in
real time during surgical resection and is capable of distinguishing
normal and malignant cells and of identifying tumour type
[94–96].
Tumour heterogeneity, arising from different cell types or

molecular alterations between cells of the same origin, can
influence response to therapy and development of resistance [97].
Such heterogeneity will not be captured by bulk metabolic
profiling of bodily fluids such as blood, urine or tumour interstitial
fluid. Single-cell metabolomic analysis aims to address this by
analysing metabolic profiles of individual cells within a given
population [98]. This technique has the potential to identify sub-
populations of tumour cells that may be dependent on specific
metabolic processes or predict the emergence of treatment
resistance. The high costs, low throughput and scale of data that
needs to be generated and analysed, limits the accessibility of this
approach. However, recent efforts to generate open-source and
accessible single-cell metabolomic approach have combined
MALDI-MSI and light microscopy to provide MALDI-MSI data at a
cellular level [99]. This approach, named SpaceM, has several
advantages over standard approaches including the possibility to
be used in standard cell culture, higher throughput and ability to
metabolically profile cells with specific features such as morphol-
ogy or fluorescent markers.
An alternative method of metabolic profiling, that can be used

to provide spatial information at the single cell level is Raman
spectroscopy. Raman spectroscopy uses a monochromatic laser
directed at a molecule of interest and subsequent Raman
scattering produces light with different frequency, generating a
Raman spectrum [100]. The unique signature of each constituent
molecule can be identified from a complex Raman spectrum
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profile arising from a heterogeneous sample. Raman spectroscopy
has multiple potential oncology applications, including in cancer
diagnosis, where Raman spectrum profiles can be used to
distinguish between malignant and non-malignant samples
[101]. Raman imaging can also be used to identify the presence
of metabolites at a sub-cellular level, aiding the understanding of
organelle specific functions [102]. This technique has clear utility
in determining whether therapeutic agents reach cell types and
sub-cellular organelles where the disease relevant target function
takes place. However, Raman spectroscopy is not as well
established as MS-based methods and the range of metabolite
detection is more limited. As more datasets are generated, this
range will increase and establish Raman spectroscopy imaging as
another powerful component in the metabolomic toolbox.

FUTURE CLINICAL DIRECTIONS
For a summary of therapeutic agents targeting metabolic
processes that are in clinical development, we direct the reader
to a recent comprehensive review by Lemberg and colleagues
[103].
Clinical success of metabolism-targeting agents will ultimately

depend on selecting a defined patient population most likely to
benefit from therapy, as exemplified by the approval of mutant
IDH1/2 inhibitors in patients with an IDH1/2 mutation. Conversely,
patients with non-small cell lung cancer predicted to be
dependent on glutaminolysis due to KEAP1 loss of function
mutation [104], did not show a sufficient response to therapy with
GLS inhibitors. This suggests that the success of future clinical
trials targeting cancer metabolism may depend on the enrichment
for responders that should be guided by patient stratification
markers, such as dysregulation of nutrient transporters [105],
beyond the genetic markers currently in use. As discussed in the
previous sections, several metabolomic profiling technologies are
now available to identify metabolic signatures from patient-
derived samples. Whilst being mindful of mouse-human metabolic
differences, emphasis should be placed on using clinically relevant
models to identify and test patient stratification markers before
moving into clinical development.
An example of a promising novel agent in clinical development

that is targeting a defined patient population based on a
genetically induced metabolic vulnerability is the MAT2A inhibitor
AG-270 [106]. MAT2A is the first enzyme in the methionine cycle
and catalyses the synthesis of the methyl-donor S-adenosyl-
methionine (SAM). The methionine cycle is required to replenish
the pool of methionine for protein production, DNA and protein
methylation, and to sustain nucleotide production via the folate
cycle [107]. It has been demonstrated that MAT2A activity is
selectively required for proliferation of tumours lacking expression
of the methionine/adenine salvage gene MTAP [106, 108]. AG-270
is in phase 1 clinical trials, as a single agent or in combination with
docetaxel in MTAP-deleted non-small cell lung cancer patients
and in combination with nab (nanoparticle albumin-bound)-
paclitaxel and gemcitabine in MTAP-deleted pancreatic ductal
adenocarcinoma (NCT03435250).
In addition to agents in clinical or pre-clinical development,

there are classes of metabolic proteins that are currently under-
represented in cancer therapy and may provide a source of novel
targets going forward. One such class is the solute carrier
transporter (SLC) family, comprising approximately 400 proteins
that transport solutes, including amino acids, metals and other
nutrients across plasma and organelle membranes [109]. There are
very few examples of compounds targeting SLC family members,
such as JPH-203 [110] and AZD3965 [111], that are in clinical
development for oncology. The well-established differences in
nutrient requirement between normal and cancer cells suggests
that targeting solute uptake or efflux could be an effective
strategy. A consortium between academia and pharmaceutical

partners, RESOLUTE, has been formed with the specific aim to
establish SLCs as a tractable class of novel drug targets [112].
Investigating this target class using physiologically relevant
conditions and suitable in vivo models in defined disease settings
has the potential to identify novel therapeutic opportunities
within this large family [113, 114].
Although the focus of oncology drug discovery remains mainly

on small molecule inhibitors, the field should also be aware of the
opportunities that will arise from novel therapeutic modalities.
Protein degradation approaches, such as PROTAC, are a rapidly
expanding field, with several agents now in clinical development
in oncology settings [115]. Degrader technology allows targets
previously considered non-tractable by drug discovery to be re-
evaluated in this context. For example, the RESOLUTE consortium
has published a proof of concept using the first SLC PROTAC that
induces selective loss of viability in cancer cell lines [116]. mRNA
vaccines designed against IDH1 mutant neoepitopes, have been
tested, as a single agent [117] and in combination with anti-PDL1
immune checkpoint therapy [118] in phase 1 clinical trials to
induce a tumour immune response in IDH1 mutant glioma
patients. Dietary manipulation is also gaining traction as a viable
approach to be used alongside pharmacological approaches [119].
There are multiple studies in murine models of cancer, that
demonstrate efficacy of amino acid restriction [120, 121] or dietary
supplementation with sugars such as mannose [122], either alone
or in a combination setting. Indeed, studies have demonstrated
that cancer cells can be sensitised to radiotherapy by deprivation
of specific amino acids [121, 123]. Clinical support for approaches
based on amino acid restriction comes from the well-established
use of asparaginases for the treatment of paediatric ALL (Table 1).
In addition, promising data emerging from phase 2/3 clinical trials
in mesothelioma patients has recently been shared for pegargi-
minase, a PEGylated arginine deiminase, which acts therapeuti-
cally by depleting arginine [124].
Metabolic plasticity of cancer, and cancer-associated cells can

lead to the emergence of resistance to single agents that target
metabolic processes. Combination strategies, have the potential to
induce cellular dependency on specific metabolic processes and
reduce the occurrence of intrinsic and acquired resistance. For
example, inhibition of downstream components of the KRAS
pathway in KRAS mutant cancers result in metabolic dysregulation
and increased autophagic flux. Dual targeting of KRAS down-
stream pathway members and autophagy has proved successful
in the pre-clinical setting [125, 126] and is currently being
investigated in the clinic (NCT04892017). Combination approaches
should therefore be considered early in the drug discovery
process to both highlight specific metabolic dependencies that
could be an opportunity for therapeutic intervention and mitigate
the risk of resistance.

PERSPECTIVES
Although the first anti-metabolite drug, aminopterin, was
approved in 1948, the modern cancer metabolism field is
relatively young. The first wave of modern therapeutic agents
has resulted in clinical success, with the approval of IDH mutant
inhibitors, but also high-profile clinical trial failures. Consideration
should be given to re-visiting existing agents to determine
whether a different approach to identify defined clinical position-
ing offers fresh opportunities to evaluate efficacy. This involves
learning from previous trial failures and designing future trials that
offer the best chance of success, as modelled by the discussion on
the clinical future of IDO1 inhibitors [127]. The recent develop-
ment in technologies offer exciting opportunities to better
understand cancer metabolism, supporting the identification
and validation of novel targets and design of optimal clinical
positioning strategies to expedite the delivery of patient benefit.
Researchers should consider targeting not only cancer cell intrinsic
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metabolism but also the metabolism of immune and other non-
cancer cells, that may offer unexplored therapeutic opportunities.
We believe that keys to clinical success for novel metabolic
interventions include biomarker-led patient selection, incorpora-
tion of metabolic targeting agents into combinatorial strategies to
delay the occurrence of resistance, and utilisation of novel
therapeutic modalities that expand the druggable genome (Fig. 1).
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