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Abstract

Sections

Metabolic alterations are a key hallmark of cancer cells, and the
augmented synthesis and use of nucleotide triphosphatesis a critical
and universal metabolic dependency of cancer cells across different
cancer types and genetic backgrounds. Many of the aggressive
behaviours of cancer cells, including uncontrolled proliferation,
chemotherapy resistance, immune evasion and metastasis, rely heavily
onaugmented nucleotide metabolism. Furthermore, most of the
known oncogenic drivers upregulate nucleotide biosynthetic capacity,
suggesting that this phenotypeis a prerequisite for cancer initiation
and progression. Despite the wealth of data demonstrating the efficacy
of nucleotide synthesis inhibitors in preclinical cancer models and the
well-established clinical use of these drugs in certain cancer settings,
the full potential of these agents remains unrealized. In this Review,

we discuss recent studies that have generated mechanistic insights
into the diverse biological roles of hyperactive cancer cell nucleotide
metabolism. We explore opportunities for combination therapies that
are highlighted by these recent advances and detail key questions

that remain to be answered, with the goal of informing urgently
warranted future studies.
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Introduction

The hyperactive synthesis and use of nucleotide triphosphates (NTPs)
and their deoxy counterparts (INTPs) is a universal feature of cancer
cells that is highly druggable. The supraphysiological abundance of
intracellular nucleotides contributes to many aspects of cancer cell
behaviour, including uncontrolled proliferation, immune evasion,
metastasis and therapy resistance. Furthermore, many oncogenic driv-
ershavebeen shown to upregulate nucleotide biosynthesis, suggesting
that this phenotype is critical for cancer initiation and progression
downstream of oncogene activation. The reliance of cancer cells on
hyperactive nucleotide synthesis reflects the fact that (d)NTPs are
rate-limiting for several essential biological processes that are them-
selves hyperactivein cancer cells, including DNA replication and repair,
transcription, ribosome biogenesis and post-translational protein
glycosylation.

The synthesis of purine and pyrimidine nucleotides occurs by
two distinct pathways: the de novo pathway, whichinvolves theincor-
poration of small precursors into nucleotides in an energy-intensive,
multistep series of enzymaticreactions, and the nucleoside/nucleobase
salvage pathway, in which a nucleoside or nucleobase is converted to
its cognate nucleoside monophosphate (NMP) in asingle phosphoryla-
tion or phosphoribosyltransferase reaction, respectively. There are
major differencesin the de novo and salvage synthesis of pyrimidines
and purines, withimportantimplications regarding which substrates
can be salvaged to bypass the blockade of de novo synthesis (Fig. 1).

Nucleotide synthesis inhibitors were among the first antineo-
plastic agents discovered and are still the backbone of therapy for
many cancer indications. Recently, nucleotide synthesis has been
‘rediscovered’ many times over as a crucial cancer vulnerability in
various large-scale, unbiased functional genomic' and chemical*™®
screening approaches as well as in metabolomics-based investiga-
tions of particular cancers’ . This has renewed interest in the field and
sparked high-impact preclinical studies that have served as arationale
for several ongoing clinical trials and drug development campaigns.
Given the vital nature of (d{)NTPs, one might expect systemic treat-
ment with nucleotide synthesis inhibitors to be prohibitively toxic.
However, drugsin this class are generally clinically well tolerated with
amanageable toxicity profile, likely due to the existence of multiple
independent enzymatic pathways to generate (d)NTPs. Based on the
clinicaltoxicity profiles of inhibitors of de novo nucleotide synthesis, it
appearsthat cellsin most terminally differentiated tissues can generate
sufficient (dA)NTPs through salvage pathways to maintain homeostasis.
However, proliferating cells that must regenerate cell populations with
high turnover (such as haematopoietic cellsin the bone marrow, which
maintain adequate blood cell populations, and progenitor cellsinthe
gastrointestinal tract that maintain the gut epithelium) require the de
novo pathways to support continuous proliferation'> ™, In addition
to explaining how de novo pathway inhibitors are tolerated, salvage
pathways also provide a potential mechanism of adaptive resistance
to these drugs (discussed later).

There are several nucleotide metabolism enzymes for which clini-
cally approved or clinical-grade inhibitors are available (Fig. 1). In this
Review, we provide a brief overview of nucleotide metabolism and
discuss clinically relevant inhibitors of nucleotide synthesis enzymes,
focusing on several enzymes for which clinically approved inhibitors
exist: dihydroorotate dehydrogenase (DHODH), inosine monophos-
phate dehydrogenases1and 2 (IMPDH1/2), thymidylate synthase (TS),
dihydrofolate reductase (DHFR) and ribonucleotide reductase (RNR).
Inhibition of each of these enzymes causes adistinct profile of (d)NTP

depletion, leading to important differences in downstream conse-
quences for thecell. Inthe following sections, we discuss recent insights
into the cellular consequences of targeting nucleotide metabolism
enzymes, with afocus on emerging avenues for combination therapy
strategies (Table 1). We delineate how these agents disrupt vital cancer
cellactivities, including cellgrowth and proliferation, immune evasion,
metastasis and resistance to therapy. Finally, we explore how cancer
cells might have intrinsic or acquired resistance to these nucleotide
synthesis inhibitors as well as the potential for future preclinical and
clinical studies involving these agents.

Overview of nucleotide metabolism

Here, we briefly explain the biosynthetic pathways for pyrimidine and
purine nucleotides, discuss how nucleotide levels are regulated dur-
ing cell division and highlight common examples of oncogenic dys-
regulation of nucleotide metabolism. For further details on nucleotide
synthesis pathways, we refer readers to excellent reviews'* %,

Synthesis of pyrimidines and purines

The de novo and salvage pathways of pyrimidines versus purines occur
via fundamentally different logic (Fig. 1). The pyrimidine de novo
pathway first builds the aromatic base (orotate) and only then adds
aribose 5-phosphate moiety in a phosphoribosyl pyrophosphate
(PRPP)-dependent reaction, whereas the purine de novo pathway
begins with PRPP and builds the aromatic base onto the ribose skeleton
in a stepwise fashion. However, both de novo pathways require ATP,
glutamine-derived nitrogen and aspartate. The pyrimidine nucleo-
side salvage pathway proceeds by the phosphorylation of (deoxy)
nucleosides to form (d)NMPs in a single ATP-dependent step cata-
lysed by uridine-cytidine kinase 1 (UCK1) and UCK2, deoxycytidine
kinase (DCK) and thymidine kinase 1 (TK1) and TK2. In mammalian
cells, pyrimidine nucleobases — uracil, cytosine, thymine — cannot
be salvaged by PRPP-dependent phosphoribosyltransferase reac-
tions' or be converted to orotate to enter the de novo pathway, and
therefore free pyrimidine nucleobases are not efficiently salvaged®.
Purineribonucleosides —adenosine, guanosine and inosine — cannot
be converted to their cognate NMPs and must first be catabolized to
their cognate nucleobases (adenine, guanine and hypoxanthine) by
purine nucleoside phosphorylase (PNP) and then converted to NMPs
inaPRPP-dependent phosphoribosyltransferase reaction catalysed by
adenine phosphoribosyltransferase (APRT) or hypoxanthine-guanine
phosphoribosyltransferase (HGPRT). However, the purine deoxy-
nucleosides deoxyadenosine and deoxyguanosine can be phospho-
rylated by DCK to form dAMP and dGMP, respectively — this set of
reactions is considered the purine nucleoside-nucleobase salvage
pathway (Fig. 1).

Physiological control of nucleotide levels

Toundergo cell division, resting cells must dramatically increase their
dNTPand NTP pools by 5-10-fold (ref. 21) and by at least 10-fold (ref. 16),
respectively. Although de novo nucleotide synthesis is far more expen-
sive than nucleoside salvage interms of carbon and energy, itis required
torapidly expand nucleotide pools to meet these demands. NTP con-
centrations in proliferating cells are on the order of 100 pM to several
millimolar, whereas dNTP concentrations are typically on the order
0f10-100 pM, withrelative ANTP concentrations generally being bal-
anced within a given cell type?. De novo pathway activity is gener-
ally very low or absent in non-proliferating cells and must be induced
to generate sufficient (d)NTPs for proliferation (which is thought to
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largely explain the low toxicity of systemic inhibition of the de novo
pathway in most tissues, as discussed later)'. Many canonical drivers
of cell proliferation, such as mammalian target of rapamycin (mTOR)
signalling, increase the expression and activity of key de novo pathway
enzymes, including the carbamoyl phosphate synthetase 2 (CPSII),
aspartate transcarbamoylase (ATC) and dihydroorotase (DHOase)
complex (CAD)*. To ensure abalance in the relative abundance of vari-
ous (d)NTPs, key de novo pathway enzymes, such as RNR and the CAD
complex components, are allosterically downregulated by their (dA)NTP
end products in negative feedback loops'. Additionally, nucleotide
synthesis is balanced by nucleotide catabolism, which is initiated by
nucleotide phosphorylases®. This complex interplay allows cells to
dynamically fine-tune their nucleotide pools to meet the demands
of cell division.

Oncogenic activation of nucleotide synthesis

Although the precise intracellular concentrations of (A)NTPs vary
widely based on cell type, cellular context and culture conditions,
areview of over 600 published values estimates that cancer cells have,
onaverage, 6-11-fold greater dANTP and 1.25-5-fold greater NTP concen-
trations than non-malignant proliferating cells?>. Numerous well-known
oncogenes have been shownto enforce hyperactive (dA)NTP synthesis;
forexample, mutant KRAS®%, PI3K*® and MYC*"*3, which are all frequent
drivers of human cancer, promote the activity and expression of key de
novo pathway enzymes and indirectly support de novo pathway flux
byincreasing cellular uptake of glucose and other nutrients to provide
therequired ATP, ribose and amino acids. Conversely, loss-of-function
mutations or silencing of nucleotide catabolism enzymes, such as
SAM domain and HD domain-containing 1 (SAMDH1), which converts
dNTPstodeoxynucleosides, have beenreported toincrease nucleotide
pools by preventing nucleotide degradation®*°. Given the ubiquitous
upregulation of nucleotide levels inhuman cancer? and the crucial role
that this plays in various malignant cell behaviours (detailed below)
as well as the fact that de novo pathway activity is dispensable for the
homeostasis of most mammalian tissues'®, de novo pathway enzymes
are rational targets for cancer therapy.

Targeting nucleotide synthesis

Nucleotide synthesis enzymes have proven to be highly tractable
drug targets. In this section, we briefly discuss prominent clinically
druggable enzymes, their inhibitors and their mechanisms of action.
Arepresentative (but not exhaustive) description of clinically relevant
nucleotide synthesis inhibitors is provided in Table 2.

Inhibitors of DHFR

Following seminal observations by Farber and Diamond in the 1940s
describing the efficacy of antifolate compounds against childhood
leukaemia®, agents targeting folic acid metabolism and downstream
thymidine synthesis have become the backbone of therapies for many
cancers. Methotrexate (MTX), acompetitive inhibitor of DHFR, is com-
monly used for the treatment of various cancers and autoimmune
conditions®. DHFR inhibition causes depletion of folic acid cycle
intermediates, which are methyl and formyl donors for de novo thy-
midine and purine synthesis, respectively (Fig.1). Itisthought that the
anticancer efficacy of MTX s primarily mediated by indirect TS inhibi-
tion through the depletion of tetrahydrofolate and the subsequent
depletion of deoxythymidine triphosphate (dTTP), although other
mechanisms are likely to play important roles in MTX activity against
rheumatoid arthritis**** and in certain cancer contexts®~°.

Inhibitors of TS

Theimportance of dTTPisillustrated by the anticancer effectiveness of
direct TSinhibitors such as 5-fluorouracil (5-FU) and the folate analogue
pemetrexed. 5-FU is metabolized to 5-fluoro-deoxyuridine monophos-
phate and competitively inhibits TS by displacing its endogenous sub-
strate, deoxyuridine monophosphate (dUMP)*. One drawback of this
mechanism is that 5-FU induces dUMP accumulation, thereby reduc-
ing its own effectiveness as it must out-compete endogenous dUMP.
Pemetrexed avoids this drawback as it competitively inhibits TS atits
folate binding site and its inhibitory activity is therefore unaffected
by dUMP accumulation®, Although pemetrexed also inhibits DHFR
and multiple enzymes in the purine de novo synthesis pathway, it is
thought that dTTP depletion is its main mechanism of cytotoxicity®.
Regardless of their precise mechanisms, which remain incompletely
understood, MTX, 5-FU and pemetrexed have proven clinical efficacy
and have become staple treatments for many cancers.

Inhibitors of DHODH
DHODH isakey enzymein the pyrimidine de novo pathway thatis strictly
required for the synthesis of uridine monophosphate (UMP) from aspar-
tate, anditsinhibition causes depletion of all pyrimidine (d)NTPs asthey
are all derived from UMP (Fig. 1a). DHODH is the only mitochondrial
enzyme in the pyrimidine de novo pathway and resides on the outer
surface of the inner mitochondrial membrane; its activity is obligately
coupledtotheelectrontransport chainasit donates electrons fromthe
oxidation of dihydroorotate to coenzyme Q, whichinturnare passed to
complexIlland can fuel oxidative phosphorylation (OXPHOS).
Leflunomide and its active metabolite teriflunomide are the only
DHODH inhibitors to have gained FDA approval to date and are indi-
cated in certain autoimmune syndromes (discussed in detail below).
Owing to the relatively poor potency of leflunomide and its known
off-target interactions, more potent and selective DHODH inhibitors
havebeen developed and are currently inclinical trials; the most well-
characterized of these is brequinar. The precise mechanisms of the
various DHODH inhibitors are not completely defined, butit hasbeen
shown that brequinar and teriflunomide both bind the hydrophobic
ubiquinone-binding pocket of DHODH and are non-competitive with
dihydroorotate*°. Although DHODH inhibition has shown impres-
sive efficacy in many preclinical studies, it is still awaiting clinical
validation for the treatment of patients with cancer.

Inhibitors of IMPDH

Inosine monophosphate (IMP), an intermediate in the purine de novo
pathway, can be converted either to AMP or GMP (Fig.1b). The two-step
GMP-producing arm of this pathway is the target of several approved
drugs. Mycophenolic acid (MPA) is a non-competitive inhibitor of
IMPDH1 and IMPDH2, which convert IMP to XMP before GMP synthesis*.
Mizoribine, a nucleoside analogue that is converted to mizoribine
monophosphate, is a competitive inhibitor of IMPDH1, IMPDH2 and
GMPS, the enzyme that catalyses the conversion of XMP to GMP**. Both
MPA and mizoribine cause selective depletion of (d)GTP. Asis the case for
DHODH, inhibitors of (d)GTP synthesis have gained approval for autoim-
mune conditions but have not yet shown clinical efficacy in patients with
cancer despite robust preclinical activity in animal models of cancer®.

Inhibitors of RNR

RNRisrequired for the de novo synthesis of alldNTPs asit reduces the
2’ carbon of the ribose moiety of NDPs to generate dNDPs (Fig.1). RNR
playsacritical roleinbalancing the levels of ANTPs asitis allosterically
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Fig.1|Biosynthetic pathways for pyrimidine and purine nucleotides,
relevantinhibitors and oncogenic regulators. The biosynthetic pathways
leading to pyrimidine (parta) and purine (partb) nucleotides are shown. For both
pyrimidines and purines, de novo synthesis entails acomplex series of steps that
transform amino acids and phosphoribosyl pyrophosphate (PRPP) into uridine
monophosphate (UMP) or inosine monophosphate (IMP), respectively; salvage
pathways recycle nucleosides and nucleobases to form nucleoside monophos-
phates (NMPs) or deoxy NMPs in a single step using ATP or PRPP, respectively.
The de novo synthesis pathways are shown by red arrows and enzymes, and
nucleotide salvage pathways are shown by blue arrows and enzymes. Inhibitors
ofthese pathways are shown in purple boxes. Selected oncogenic regulators
thatinfluence these pathways are shown in yellow. In addition to the oncogenic
regulators shown, the pentose phosphate pathway (PPP) can also be upregulated
by the oncogenic factors hypoxia-inducible factor 1a (HIF1a), mucin1(MUC1),
MYC and SREBP1. Dashed inhibitory arrows in part bindicate that the inhibitors
pemetrexed (Pem) and methotrexate (MTX) inhibit GART and ATIC indirectly by
disruption of the folic acid cycle. 5,10-MTHF, 5,10-methylenetetrahydrofolate;
5-FU, 5-fluorouracil; ADA, adenosine deaminase; ADSL, adenylosuccinate lyase;
ADSS, adenylosuccinate synthetase; AICAR, 5-aminoimidazole-4-carboxamide-
1-B-D-ribofuranoside; AMPD, AMP deaminase; APRT, adenine phosphoribosyl-

transferase; BQ, brequinar; CAD, carbamoyl phosphate synthetase I,
aspartate transcarbamoylase and dihydroorotase; CDA, cytidine deaminase;
CMP, cytidine monophosphate; CTP, cytidine triphosphate; dA, deoxyadeno-
sine; dC, deoxycytidine; dCDP, deoxycytidine phosphate; DCK, deoxycyti-

dine kinase; dCMP, deoxycytidine monophosphate; DCTD, deoxycytidylate
deaminase; dCTP, deoxycytidine triphosphate; DHF, dihydrofolate; DHFR, DHF
reductase; DHO, dihydroorotate; DHODH, DHO dehydrogenase; dT, thymidine;
dTTP, deoxythymidine triphosphate; dU, deoxyuridine; dUMP, deoxyuridine
monophosphate; FGAR, phosphoribosyl-N-formylglycineamide; FAICAR,
5-formamidoimidazole-4-carboxamide ribotide; GAR, glycineamide ribonu-
cleotide; GMPS, GMP synthase; GOF-mut-p53, gain-of-function mutant p53;
HGPRT, hypoxanthine-guanine phosphoribosyltransferase; HU, hydroxyurea;
IMPDH1/2, IMP dehydrogenases 1and 2; Lef, leflunomide; MAPK, mitogen-
activated protein kinase; MPA, mycophenolic acid; mTOR, mammalian target
of rapamycin; PNP, purine nucleoside phosphorylase; RNR, ribonucleotide
reductase; THF, tetrahydrofolate; TK1/2, thymidine kinases 1and 2; TS,
thymidylate synthase; UCK1/2, uridine-cytidine kinases 1and 2; UDP, uridine
diphosphate; UMPS, UMP synthase; UTP, uridine triphosphate; XMP, xanthine
monophosphate.

regulated by negative feedback loops that ensure that no single ANTP
species is overabundant or deficient, and its expression and stability
are also regulated at several other levels***.
Hydroxyureaisanapproved RNRinhibitor thatisindicated for the
treatment of sickle-cell anaemia, myeloproliferative disorders and other
diseases. Hydroxyurea is converted to a nitroxide free radical, which
inturnquenchesatyrosylfree radicalin the active site of RR, resultingin
irreversible RNR inhibition*®. Gemcitabine is another RNR-targeting
agentused to treat various malignancies, competitively inhibiting the
RRM1 subunit of RNR***% in addition to other cytotoxic mechanisms*.

Effects of inhibiting (d)NTP synthesis on growth
and proliferation

Nucleotides and deoxynucleotides are essential substrates for many
anabolic processes that are critical for cell growth and proliferation.
Therefore, (d)NTP depletion using de novo pathway inhibitorsimpairs
several processes that promote tumour growth, including DNA replica-
tion/repair, ribosome biogenesis and protein translation, oncogenic
mRNA transcription, post-translational protein glycosylation and
maintenance of homeostatic cellular redox balance. In this section,
we discuss the cellular consequences of nucleotide depletion down-
stream of nucleotide synthesis inhibitors and the potential utility of
these agents as components of combination therapies.

Effects of (A)NTP synthesis inhibition on DNA replication

and repair

During DNA replication, the relative abundance of all four dNTPs is
tightly controlled by RNR and SAMDHI, and an imbalance in dNTP
pools causes misincorporation of bases, leading to mutation or DNA
damage. Inhibition of TSby 5-FU, pemetrexed or MTX resultsinalarge
excess of deoxyuridine triphosphate (dUTP) over dTTP (Fig. 2a). This
causes misincorporation of uracilinstead of thymineinto DNA, which
issensed by the cell and repaired by base excision repair mechanisms.
The massive accumulation of such DNA lesions ultimately results in
‘thymineless death”’; the precise mechanism of this process is not
completely understood but might involve FAS-FASL signalling® or the
cyclicfutile repair of uracil misincorporation, leading to progressively
widening single-stranded gaps in DNA®,

dNTPinsufficiency caused by de novo pathway inhibition results
in the accumulation of stalled DNA replication forks, which is known
as replication stress. Replication stress activates the DNA damage
checkpoint kinases ATM and ATR, which in turn pause cell cycle pro-
gression and promote replication stress resolution®. Failure of this
checkpoint system can result in catastrophic chromosomal damage
and celldeath. Thereplication stress response has emerged as a crucial
regulator of dNTP pools during pharmacological nucleotide depletion
aswellas during unperturbed DNA replication®. Inboth contexts, ATR
directly upregulates dNTP biosynthetic capacity by phosphorylating
and activating DCK*> and inducing the expression of the RNR subu-
nit RRM2 (ref. 56). Additionally, ATM has been shown to stabilize the
RNR subunit RRM2B (also known as p53R2) by phosphorylation”, and
fibroblastsisolated fromindividuals with germline homozygous loss-
of-function ATM mutations display reduced expression of all three RNR
subunits relative to the wild-type counterparts®. Thus, the replication
stressresponse is afundamental mechanism by which cells sense ANTP
deficiency and adaptively increase ANTP pools.

The combined inhibition of the replication stress response
and nucleotide synthesis has shown synthetic lethality against
p53-deficient solid tumours®, B cell acute lymphoblastic leukaemia
(B-ALL)®°, acute myeloid leukaemia (AML)® and phosphatase and
tensin homologue (PTEN)-deficient breast cancer™. It has also been
suggested that the enforced differentiation of AML blasts by DHODH
inhibition** is caused by ATR-CHK1 activation®. Future studies are
needed to further characterize the role of ATM-ATR in mediating
resistance to nucleotide starvation.

Effects of (d)NTP synthesis inhibition on ribosome biogenesis
and protein translation

While ribosomal RNA (rRNA) makes up the vast majority of RNA mass
inall cells, increased rRNA mass and nucleolar hypertrophy are fre-
quently observedin cancer cells, which facilitates hyperactive protein
translation. Whereas dNTPs are required for DNA synthesis, NTPs
are necessary for RNA transcription and their depletion using inhibi-
tors that block both dNTP and NTP formation, such as inhibitors of
DHODH or IMPDH, would be expected to limit rRNA transcription
and translational capacity (Fig. 2b). Indeed, Kofuji et al. recently
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Table 1| Proposed combination therapy strategies with nucleotide synthesis inhibitors

Combination agent (target) Mechanism Cancer type Validation level
Dihydroorotate dehydrogenase

Gemcitabine (ribonucleotide reductase Decreased molecular competition by endogenous dCTP PDAC" Animal models
inhibitor and DNA chain terminator)

Doxorubicin (topoisomerase Il inhibitor) Impaired DNA repair TNBC® Animal models
Floxuridine (5-FU prodrug, TS inhibitor) Unknown KRAS-mutant PDAC® Cell culture
Cisplatin/etoposide (alkylating agent/ Unknown SCLC? Animal models
topoisomerase Il inhibitor)

Azacytidine (DNMT1 inhibitor) Decreased molecular competition by endogenous dCTP MDS™ Animal models

Dipyridamole (ENT1/2 inhibitor)

Enhanced (d)NTP depletion

CRC", neuroblastoma'®, AML'*®

Cell culture,
animal models

ENT1 knockout Enhanced (d)NTP depletion PDAC'*® Animal models
GPX4 inhibitor (ferroptosis inducer) Increased mitochondrial lipid peroxidation Multiple™® Animal models
Deoxycytidylate deaminase knockout Combinatorial dUMP depletion and dTTP depletion SCLC? Cell culture
TRAIL (apoptosis inducer) Decreased mitochondrial membrane potential Multiple™ Cell culture
Buparlisib (PI3K inhibitor) Combinatorial de novo pathway blockade GBM with PTEN deletion’ Animal models

Lapatinib (EGFR inhibitor)

Combinatorial de novo pathway blockade

GBM with EGFR amplification’

Animal models

Prednisolone (glucocorticoid receptor Unknown KRAS-mutant PDAC® Cell culture

agonist)

Thapsigargin (ER stress inducer) Depleted deoxyuridine, leading to amplified ER stress PDAC’”® Cell culture
and ROS

TS

Carboplatin (alkylating agent) Unknown NSCLC™ FDA approved

Pembrolizumab (PD1 blockade) Immunogenic cell death, enhanced T cell OXPHOS NScLC™"™? FDA approved

Inosine monophosphate dehydrogenases 1and 2

Radiation therapy Inhibited radiation therapy-induced DNA double-strand GBM'"® Animal models
break repair

Temozolomide (alkylating agent) Increased salvage of methylated O6-MG nucleobases GBM'™* Animal models
leading to increased O6-MG incorporation into DNA

Anti-PD1 antibody Increased cancer cell presentation of immunogenic TNBC™ Animal models
antigens via MHC class |

Ribonucleotide reductase

DI-39/VE-822 (DCK inhibitor/ATR inhibitor) Combined dCTP depletion and replication stress B-ALL®%™® Animal models

5-FU, 5-fluorouracil; AML, acute myeloid leukaemia; B-ALL, B cell acute lymphoblastic leukaemia; CRC, colorectal cancer; DCK, deoxycytidine kinase; dCTP, deoxycytidine triphosphate; (d)NTP,
(deoxy)nucleotide triphosphate; dTTP, deoxythymidine triphosphate; dUMP, deoxyuridine monophosphate; ENT1/2, equilibrative nucleoside transporters 1and 2; ER, endoplasmic reticulum;
GBM, glioblastoma multiforme; MDS, myelodysplastic syndrome; NSCLC, non-small-cell lung cancer; 06-MG, O6-methylguanine; OXPHOS, oxidative phosphorylation; PDAC, pancreatic ductal
adenocarcinoma; ROS, reactive oxygen species; SCLC, small-cell lung cancer; TNBC, triple-negative breast cancer; TRAIL, TNF-related apoptosis-inducing ligand; TS, thymidylate synthase.

reported that the genetic deletion of both IMPDHI and IMPDH2 or
their pharmacological inhibition using MPA is needed to inhibit rRNA
and tRNA transcription enough to normalize nucleolar mass and mor-
phology and inhibit tumour growth in glioblastoma multiforme (GBM)
tumour xenografts®*. These findings demonstrate that inhibition of
multiple redundant enzymes (for example, IMPDH1 and IMPDH2)
can be required to deplete end product metabolites from cells. For-
tunately, MPA inhibits both enzymes. Similarly, DHODH inhibition
was recently reported to limit rRNA transcriptionin GBM models and
thereby inhibit ribosome biogenesis and GBM progression in vivo®.
Thus, it appears that either purine or pyrimidine NTPs can become
limiting for rRNA transcription. This has important implications for
combination therapy strategies as hyperactive protein translation is
a known mechanism of resistance to chemotherapy agents such as
cisplatin®® and paclitaxel®’.

Effects of (d)NTP synthesis inhibition on mRNA transcription
and control of cancer cell differentiation
Nucleotide starvation dramatically influences the transcriptomic
profile of cancer cells. In an elegant study using a zebrafish model of
melanoma initiation®, White et al. found that the effects of DHODH
inhibition were similar to those caused by the genetic deletion of Spt5,
anRNA polymerasell (Pol Il)-associated factor critical for the transition
of Pol Il from the promoter-proximal paused state to productive elonga-
tion®® (Fig. 2b). Depletion of pyrimidine nucleotides with leflunomide
globally disrupted Pol Il elongation and suppressed the expression of
key melanoma driver genes in vitro, and treatment of mice with leflu-
nomideinhibited the growth of melanoma xenograft tumours®. These
findings remain to be extended to other malignancies.

Interestingly, whereas DHODH inhibition suppresses neural
crest lineage formation inmelanoma®, Sykes et al. discovered that the
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Table 2 | Structure and mechanism of clinically approved or investigational nucleotide synthesis inhibitors

Target enzyme Compound Structure Mechanism
Dihydroorotate dehydrogenase Teriflunomide (active metabolite FsC Non-competitive with DHO, reversible
of leflunomide)*° | = o OH
g4 N Z
H
Il
N

Brequinar*®

Non-competitive with DHO, reversible

137

Thymidylate synthase 5-Fluorouraci 0 Competitive with dUMP, reversible
| NH
o
H
Pemetrexed®® fo) Competitive with 5,10-MTHF, reversible
NH
S 1,20
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=_, © OH
N
>\/NH OH
HoN
DHF reductase Methotrexate™ NH, Competitive with DHF, reversible
IMPDH1/2 Mycophenolic acid” Uncompetitive with IMP, reversible

IMPDH1/2 and GMP synthase

Mizoribine*? o

HO N

OH OH
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Ribonucleotide reductase

Hydroxyurea“® o

J om

HN” N
2 H

Non-competitive with NDPs, irreversible

Gemcitabine®*® NH,

SN
LK
HO N
olF

OH F

Competitive with NDPs, reversible

510-MTHF, 5,10-methylenetetrahydrofolate; DHF, dihydrofolate; DHO, dihydroorotate; dUMP, deoxyuridine monophosphate; IMP, inosine monophosphate; IMPDH1/2, inosine monophosphate
dehydrogenases 1and 2; NDP, ribonucleotide diphosphate.
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Fig. 2| Nucleotides fuel cancer cell growth and proliferation. a, Deoxythymidine
triphosphate (dTTP) is required for the synthesis of DNA. Depletion of dTTP

by the inhibition of thymidine synthase (TS) results in the accumulation of
deoxyuridine triphosphate (dUTP) and anincrease in the dUTP-to-dTTP

ratio. As DNA polymerases cannot distinguish dUTP from dTTP, this leads to
widespread misincorporation of uracil and amassive DNA damage response,
ultimately resulting in thymineless death. b, Nucleotide triphosphates

(NTPs) are required for the synthesis of RNA; inhibition of dihydroorotate
dehydrogenase (DHODH) or inosine monophosphate dehydrogenase (IMPDH)
depletes NTPs and disrupts RNA transcription. DHODH inhibition by brequinar
(BQ) or leflunomide (Lef) impairs the productive elongation of RNA polymerase I
(Pol 1) by an unknown mechanism and thereby inhibits oncogenic transcription.
Pol Il pause release is normally triggered by positive transcription elongation
factor B (P-TEFB), which phosphorylates DSIF and NELF; this causes DSIF to
promote elongation and results in the dissociation of NELF (left). Pyrimidine
depletion using BQ or Lef or purine depletion using mycophenolic acid (MPA)
disrupt ribosomal RNA (rRNA) synthesis by starving RNA Pol 1 of NTP substrates
and thereby hinder ribogenesis and the translation of oncogenic proteins (right).
¢, Uridine triphosphate (UTP) is required for the synthesis of uridine diphosphate
N-acetylglucosamine (UDP-GIcNAc), the substrate for O-GlcNAcylation of
proteins by O-GIcNAc transferase (OGT). O-GlcNAcylation of various proteins,

including MYC, hypoxia-inducible factor 1a (HIF1a) and phosphofructokinase 1
(PFK1), promotes cancer progression by diverse mechanisms. d, Generation
of mitochondrial reactive oxygen species (mitoROS) requires high-energy
electrons, either derived from a-ketoglutarate (aKG) via the TCA cycle or from
DHODH viareduced coenzyme Q. DHODH-dependent mitoROS generation
thus frees up aKG to produce cytosolic NADPH and reduced glutathione (GSH)
via a pathway involving malate dehydrogenase 1 (MDH1) and malic enzyme 1
(ME1), allowing for control of cytosolic oxidative stress. Deoxyuridine (dU)
produced downstream of DHODH serves as another cytosolic reactive oxygen
species (ROS) quenching agent. Blockade of dU synthesis by inhibition of
DHODH or cytidine deaminase (CDA) by the CDA inhibitor tetrahydrouridine
(THU) accentuates oxidative and endoplasmic reticulum (ER) stress upon
treatment with thapsigargin. 5,10-MTHF, 5,10-methylenetetrahydrofolate;
5-FU, 5-fluorouracil; ClII, complex I1I; CIV, complex IV; CTP, cytidine
triphosphate; dC, deoxycytidine; DHF, dihydrofolate; DHFR, dihydrofolate
reductase; DHO, dihydroorotate; dTMP, deoxythymidine monophosphate;
dUMP, deoxyuridine monophosphate; GSSG, oxidized glutathione; MTX,
methotrexate; MUC1, mucin 1; OAA, oxaloacetate; Pem, pemetrexed; PyrDNP,
pyrimidine de novo pathway; rC, cytidine; rU, uridine; THF, tetrahydrofolate;
UDP, uridine diphosphate; UGGP, UDP-glucose/galactose pyrophosphorylase;
UMP, uridine monophosphate.

DHODH inhibitor brequinar enforces the differentiation of leukaemic
blasts in various animal models of AML, resulting in disease control
and enhanced survival®. Longitudinal assessment of syngeneic AML
blastsinmice demonstrated that brequinar treatmentinducesatran-
scriptomic signature consistent with normal neutrophil differentiation.
Thus, the transcriptomic consequences of DHODH inhibition appear
to be highly dependent on the context. Regardless, ongoing clinical
trials are evaluating the efficacy of DHODH inhibitors against AML and
other haematological malignancies (NCT04609826, NCT02509052
and NCT05246384).

In addition to DHODH*%, targeting of IMPDH1 and IMPDH2
(ref.43), DHFR®, TS”° and RNR" have all been shown to promote cancer
cell differentiationin various contexts. It has been postulated that this
effect may result from the disruption of DNA replication, imbalance
in (d)NTP pools, downregulation of critical differentiation-opposing
transcription factors such asMYC, or some combination thereof. Inter-
estingly, pharmacological upregulation of RNR (using nelarabine) or
genetic knockdown of SAMDHI were recently shown to induce AML
differentiation, despite both perturbations increasing total (A)NTP
pools, demonstrating that nucleotide imbalance — rather than star-
vation —induces differentiation in this context”. The molecular links
between (d)NTP level perturbation and cellular differentiationinboth
cancer and normal physiology remain to be fully elucidated.

Effects of (d)NTP synthesis inhibition on post-translational
protein glycosylation

Uridine triphosphate or cytidine triphosphate (CTP) are required
for the activation of sugar moieties for glycosylation reactions. As a
result, the depletion of pyrimidine NTPs might impair glycosylation
reactions. Although the global effects on protein (and lipid) glycosyla-
tion downstream of pyrimidine depletion remainto be characterized,
this relationship has been validated for glycosylation with O-linked
N-acetylglucosamine (O-GIcNAc) (Fig. 2c). O-GIcNAc modification
occurs on serine and threonine residues, often in direct competition
with phosphorylation modifications, and has been shown to regulate
the function and stability of proteins that directly regulate cancer
progression such as MYC”. DHODH inhibition in AML blasts causes a

decrease in global protein O-GlcNAcylation* and MYC protein abun-
dance™; therefore, ithas been postulated that decreased MYC stability
resulting from impaired O-GlcNAcylation could be responsible for
DHODH inhibitor-mediated AML differentiation**>’*, Given the global
upregulation of O-GIcNAcylationin cancer and the resulting regulation
of key metabolic enzymes, transcription factors and epigenetic modi-
fiers”>”, impaired cancer cell O-GlcNAcylation downstream of pyrimi-
dine depletionlikely has pleiotropic consequences. Global proteomics
studies are needed to reveal novel oncogenic proteins whose activity
isenhanced by pyrimidine-dependent glycosylation and to delineate
the contribution of impaired glycosylation to the loss of cell viability
upon pyrimidine starvation.

Nucleotide metabolism alteration regulates ROS homeostasis
Cancer cells must manage oxidative stress by maintaining reactive
oxygen species (ROS) levels within a narrow range’®. Disruption of
cancer cell ROS homeostasis can occur downstream of many differ-
ent metabolic perturbations (such as hyperglycaemia)”” or genotoxic
perturbations (such as gemcitabine)’ or via changes in the microen-
vironment (such as acidosis)’’, commonly by depletion of the cellular
antioxidants NADPH and reduced glutathione (GSH). Interestingly, the
pyrimidine nucleosides uridine®* and deoxyuridine’® have emerged as
powerful relievers of oxidative stress. Indeed, it was recently shown that
the production of deoxyuridine by cytidine deaminase (CDA) attenu-
ates ROS accumulation and mitigates endoplasmic reticulum (ER)
stress in pancreatic ductal adenocarcinoma (PDAC) cells treated with
thapsigargin or gemcitabine’. Inhibition of CDA (by tetrahydrouridine)
or of DHODH (by leflunomide) depleted intracellular deoxyuridine
and accentuated thapsigargin-mediated cell death, whereas deoxyu-
ridine supplementation rescued cells from thapsigargin toxicity by
attenuating oxidative and ER stress” (Fig. 2d). These findings suggest
that the reprogramming of nucleoside poolsisanimportant adaptive
mechanism to survive therapy-induced oxidative and ER stress.
DHODH is unique among nucleotide synthesis enzymes in that it
localizes to the inner mitochondrial membrane and is obligately cou-
pledtotheelectrontransport chain. Accordingly, DHODH knockdown
has beenshownto disrupt complex Il activity, cause ROS accumulation
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Fig.3 | Altered nucleoside handling facilitates cancer cellimmune evasion.
a, Cancer cell-directed adenosine build-up in the tumour microenvironment
dampens anticancer immunity by signalling to various immune cell subsets.
Extracellular ATP, which is a powerfulimmunostimulatory molecule, is cleared
by CD39 and CD73, which are overexpressed in cancer cells. This process
yields adenosine, which isimmunosuppressive. Adenosine can also be directly
exported from cancer cells through equilibrative nucleoside transporters
land 2 (ENT1/2). Extracellular adenosine dampens the antitumour activity

of T cells, natural killer (NK) cells and dendritic cells (DCs); it also promotes
the immunosuppressive activity of tumour-associated macrophages (TAMs)
and myeloid-derived suppressor cells (MDSCs), thereby facilitating cancer
cellimmune evasion. b, The multifunctional purine catabolism enzyme

fatty acid metabolism-immunity nexus (FAMIN) serves as a biochemical

immune checkpoint by dampening DC-mediated T cell priming. Genetic
inactivation of FAMIN in DCs accelerates antigen presentation downstream of
cytosolic acidification resulting from increased NADH production by inosine
monophosphate (IMP) dehydrogenases1and 2 (IMPDH1/2). FAMIN inactivation
also abolishes DC secretion of inosine, which normally signals through
adenosine receptorson T cells to depress T cell activation during priming.

AR, adenosine A, receptor; ADSL, adenylosuccinate lyase; ADSS, adenylosuccinate
synthetase; AMPD, AMP deaminase; APRT, adenine phosphoribosyltransferase;
GMPR, GMP reductase; GMPS, GMP synthase; HGPRT, hypoxanthine-guanine
phosphoribosyltransferase; MHC I, MHC class I; PNP, purine nucleoside
phosphorylase; PRPP, phosphoribosyl pyrophosphate; PurDNP, purine de novo
pathway; XMP, xanthine monophosphate.

and decrease mitochondrial membrane potential®. KRAS-driven tumo-
rigenesis requires mitochondrial ROS to attenuate ERK activity and
maintain optimal ERK signalling intensity®*, while cytosolic regen-
eration of NADPH by malic enzyme 1 (ME1) is required to maintain
adequate cytosolic GSH levels to handle oxidative stress®*. Since both
of the aforementioned pathways require a-ketoglutarate, it has been
postulated® that DHODH-dependent mitochondrial ROS generation
frees up a-ketoglutarate to enter NADPH-producing pathways in the
cytosol and thereby facilitates redox homeostasis (Fig. 2d).

Altered nucleotide metabolism drives cancer cell
immune evasion

Mounting preclinical evidence has demonstrated that deranged cancer
cellmetabolism facilitates immune evasion by altering the metabolic
landscape of the tumour microenvironment (TME)®. For example,
enhanced cancer cell uptake of glucose and glutamine can deprive
immune effector cells of these nutrients and thereby inhibit their
anticancer activity®. Conversely, cancer cell secretion of lactate™ or
kynurenine® can directly suppress immune cell effector function.
Evidenceis emerging that altered nucleotide handling by cancer cells
facilitates theirimmune escape by various mechanisms.

Therole of purinergic signalling inimmunity and
autoimmunity

In the 1970s, it was discovered that germline loss-of-function muta-
tions in adenosine deaminase (ADA) and PNP cause severe combined
immunodeficiency syndrome, characterized by a complete absence
of T and B lymphocyte-mediated immunity and debilitating predis-
position to infection®**°, Paradoxically, loss of the protein fatty acid
metabolism-immunity nexus (FAMIN, also known as LACC1), which was
recently discovered to be amultifunctional enzyme with four distinct
purine metabolismactivities, including ADA and PNP activities”, causes
Still disease, a severe juvenile-onset autoimmune syndrome®” These
datashow that purine metabolism plays a crucial and complexrolein
humanimmunity, andsoit is perhaps unsurprising that cancer hijacks
these pathways to avoid immune destruction.

The purine nucleoside adenosine is a suppressor of anticancer
immunity. Adenosine signalling through cell surface adenosine recep-
torsdampens the anticancer activity of T cells?’, macrophages®, innate
immune cells” and dendritic cells’® in the TME (Fig. 3a). Adenosine pro-
ductionis an attractive therapeutic target as adenosine accumulation
in the TME is observed across various solid tumours and is correlated
with poor patient outcomes’”®, Accumulation of adenosine can occur
through the breakdown of extracellular ATP by the sequential action

of the 5’-ectonucleotidase enzymes CD39, which converts ATP or ADP
to AMP, and CD73, which converts AMP to adenosine’’; these enzymes
are frequently upregulated in human cancers and are correlated with
poor prognosis'®*'”", Anti-CD73 antibodies have been shown to enhance
anticancer immunity and restrain tumour growth in various preclini-
cal mouse models'®"'%?, leading to ongoing clinical trials involving
anti-CD73 antibodies (NCT05173792, NCT05143970, NCT05431270,
NCTO05174585,NCT04989387 and NCT04668300) and CD73 inhibitors
(NCTO05227144 and NCT04104672) for various cancer indications.
Extracellular ATPisitselfastrong pro-inflammatory signal'** that is
often present at extremely high levels in the TME'*>'°°, High concentra-
tions of extracellular ATP normally indicate cell lysis, as ATP can only
enter the extracellular milieuinlarge quantities upon necrosis or other
forms of immunogenic cell death. Apoptotic regulatory T cells have
been shown to release abundant amounts of ATP and then convert it
to adenosine through their own cell-surface CD39 and CD73, thereby
causingimmunosuppression by their own cell death'””. These findings
show that, inaddition to producing extracellular adenosine, CD39 and
CD73 suppress immunity by clearing ATP from the TME.
Aprovocativereport by Saveljevaetal. recently elucidatedacom-
plexmechanism by which FAMIN restrains antigen-specificimmunity
and prevents deleterious autoinflammation upon influenza infec-
tion'*®. Geneticinactivation of FAMIN in dendritic cells enhanced their
uptake, MHC class II-mediated presentation and MHC class I-mediated
cross-presentation of antigens, resulting in amplified T cell priming.
Mechanistically, FAMIN inactivation in dendritic cells had two main
effects:first, itincreased flux through IMPDH1and IMPDH2 (possibly by
limiting purine nucleobase salvage by preventing FAMIN-mediated PNP
activity), thereby increasing the cytosolic NADH-to-NAD" ratio; this,
inturn, caused cytoplasmic acidification that resulted in accelerated
vesicle trafficking. Second, it decreased the synthesis and secretion
ofinosine, which normally dampens T cell activation during dendritic
cell priming by signalling through the T celladenosine A,, receptorina
manner analogous to adenosine (Fig. 3b). Mice with germline dendritic
cell-specific FAMIN inactivation displayed enhanced anticancer immu-
nity relative to FAMIN-competent counterparts and rejected syngeneic
tumour grafts, establishing FAMIN as abona fide biochemicalimmune

checkpoint and target for cancer immunotherapy'®®.

Effects of (dA)NTP synthesis inhibition on the nucleoside
activation of TLRs

Theribonucleosides guanosine and uridine promote pro-inflammatory
signalling through binding to Toll-like receptor 7 (TLR7) and TLRS,
respectively'”°, TLRs activate innate immunity pathways upon
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binding pathogen-associated molecular patterns and damage-
associated molecular patterns. Several studies have shown that
TLR7 and TLRS, which recognize pathogen-associated molecular
patterns and damage-associated molecular patterns in the lysosomal
compartment, require guanosine or uridine binding for full activa-
tion'>"°, Although the effects of nucleotide synthesis inhibitors on
TLR7 and TLR8 signalling remain uncharacterized, it is possible that
depletion of uridine or guanosine might dampenthe activity of TLR7 and
TLR8 and suppress the pro-inflammatory responses of dendritic cells
or monocytes. This mechanism might partially underlie the immuno-
modulatory activity of DHODH inhibitors or IMPDH1/2 inhibitors, which
could potentially deplete lysosomal uridine or guanosine, respectively.

TS and IMPDH1/2 inhibitors improve response to
immune-checkpointblockade therapy

Some of the most widely used anticancer agents target TS, including
5-FU, pemetrexed and MTX.In 2018, pemetrexed, carboplatinand the
anti-PD1antibody pembrolizumab became the first combination of
chemotherapy and immunotherapy to gain FDA approval, based on
improved progression-free survival and overall response rate over
chemotherapy alone in patients with advanced non-small-cell lung
cancer™. Inanimal models, pemetrexed enhances anticancerimmunity
and anti-PDL1 antibody efficacy by inducing the immunogenic cell
death of cancer cells, promoting the infiltration of favourableimmune
subsets (such as activated CD8" T cells) into the tumour and increas-
ing the capacity of T cells to perform OXPHOS, thereby enhancing
their effector function" . The mechanistic underpinnings of these
observations remain to be fully characterized.

In a functional genomic screen for regulators of antigen presen-
tation in diffuse large B cell ymphoma cells, TS was implicated as a
potent negative regulator of MHC class I cell surface expression, and
pemetrexed was shown toincrease diffuse large B cell lymphoma MHC
class I cell surface abundance™. Inducing MHC class I expression in
cancer cells promotes anticancer immunity in several preclinical mod-
els™™8 but the in vivo relevance of this mechanism for TS inhibitors
remains to be validated.

The IMPDH and GMPS inhibitor mizoribine was recently shown
to enhance cancer cellimmunogenicity by increasing the expression
of immunoproteasome subunits and driving MHC class | presenta-
tion of cancer-associated neoantigens. In this study, pretreating 4T1
breast cancer cells with mizoribine before engraftment into syngeneic
murine hosts resulted in an improved response of mice to anti-PD1
antibody treatment compared to mice with non-pretreated grafts'™.
However, the study did not address the potentialimmunosuppressive
effects of mizoribine on the anti-PD1 response as mizoribine was not
administered to tumour-bearing mice. Therefore, itis unclear whether
systemic administration of GTP-depleting agents, such as MPA or
mizoribine, canenhanceimmunotherapy efficacy against pre-existing
tumours, and this warrants direct testing.

Dual effects of nucleotide synthesis inhibitors on
autoimmunity and cancer

The efficacy of nucleotide synthesis inhibitors in combination with
immune-checkpoint blockade appears paradoxical as these agents are
also commonly used to treat autoimmune syndromes. For example,
MTX, leflunomide and teriflunomide are each approved for the treat-
ment of rheumatoid arthritis and multiple sclerosis, while MTX and
MPA are used to prevent organ transplant rejection and graft versus
host disease. Inautoimmune indications, these therapies are thought

toworkatleastin part by inhibiting autoreactive T cell-mediated tissue
destruction, and thisis supported by in vitro mechanistic evidence as
well as animal and human studies™%*2,

The above dataraise an obvious question: if these drugs suppress
T cellattack on host tissues in autoimmune disease settings, why would
they not alsoimpair T cell attack on cancer cells? Although acomplete
answer to this questionis far from clear, multiple human studies have
providedinsight.Inarandomized, double-blind, placebo-controlled
study of healthy volunteers, daily teriflunomide treatment for a period
of30 days did not affect the delayed-type hypersensitivity response to
recallantigens from Myobacterium tuberculosis and Candida albicans
and, although teriflunomide did decrease antibody titre in response
tovaccination with arabies neoantigen, the antibody titre observedin
the treatment cohort was well above the minimum threshold required
for rabies seroprotection'?. This suggests that prolonged terifluno-
mide treatment does not meaningfully impair the adaptive immune
response against certain known pathogen-associated antigens. For
MTX, the data is more mixed and suggests that, while MTX does not
impair responsiveness to influenza vaccination, it might do so for
pneumococcal vaccines'”. However, the above data suggest that
T cell-dependent immunity is largely preserved during treatment
with antifolates or DHODH inhibitors. Further studies are needed to
determine if these observations hold true for patients with cancer,
who may have systemic immunosuppression from their disease or
concurrent therapies.

Therecent Teri-DYNAMIC trial (NCT01863888), which examined
T cell activity and clonal diversity in patients with multiple sclerosis
treated with teriflunomide, suggested that the degree of teriflunomide-
mediated T cell functional impairment depends on the affinity of
the T cellreceptor (TCR) toits cognate antigen-MHC complex for each
T cell clonal population'*, The authors argue that high-affinity T cell
clones, including those that drive autoimmune disease, are morereliant
onmitochondrial OXPHOS than their medium-affinity and low-affinity
counterparts and are therefore more markedly affected by OXPHOS
impairment upon teriflunomide treatment. This was supported by
animal models of T cell activation with known varying TCR-antigen
affinities, which confirmed that the effector function of T cells with a
high TCR-antigen affinity was more markedly inhibited by terifluno-
mide than that of T cells with lower TCR affinity for the same antigen.
Therefore, the metabolic requirements for effector T cell response
might vary depending on the T cell affinity for different antigens
associated with the host, the cancer or the pathogen.

For these reasons, when considering the addition of nucleotide
synthesis inhibitors to immunotherapy regimens, their ability to
promote cancer cell immunogenicity must be weighed against their
potential inhibitory effects on host immunity, which appear highly
context specific and antigen dependent. The clinical use of DHODH
and IMPDH inhibitors as therapies for autoimmune syndromes does
not preclude their inclusion in combination strategies withimmuno-
therapy, especially given clinical experience with pemetrexed, and the
effect of these agents on anticancer immunity and immunotherapy
efficacy must be directly tested inimmunocompetent animal models
to address this open question.

Nucleotide metabolism in metastasis

Metastasis is a key cause of most cancer-related deaths in patients
with solid tumors. Metastatic colonization is amultistep process that
requires cancer cells to escape from the primary tumour site, survive
harsh conditions in the systemic circulation and subsequently establish
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anew nicheinadistal organ. The transcriptional signatures associated
with metastasis have been well studied; however, the role of cancer
cell metabolism, and of nucleotide metabolism in particular, is still
emerging. We highlight recent advances in this area below.

GTP activates prometastatic GTPases

Monomeric GTPase proteins — most prominently RHO GTPase family
members —playacrucial role inseveral processes necessary for cancer
cell metastasis, including migration, invasion and extracellular matrix
degradation'. These proteins are active only in their GTP-bound ‘on’
state, so one might expect that their activation is dependent on suffi-
cient GTP poolsto power guanine nucleotide exchange factors. Indeed,
Wawrzyniak et al. showed that depleting GTP pools by overexpressing
GMP reductase (GMPR) or by inhibiting IMPDH impairs melanoma
migration and invasion in vitro and impairs metastasis in tumour
xenograft models by preventing the activation of RHO GTPase family
members RHO, RAC and CDC42 (ref. 126) (Fig. 4). Human metastatic
melanomalesions frequently show GMPR downregulationand IMPDH2
upregulation relative to primary tumour tissue, suggesting that GTP
poolaugmentation drives melanoma metastasis'*®. Concordantly, Kol-
lareddy et al. showed that oncogenic gain-of-function mutations of p53,
whichare frequently observed across several cancer types'”, promote
metastasis by upregulating the expression of de novo GTP synthesis
genes'”®. Mutant (but not wild-type) p53 binds the GMP synthase (GMPS)
promoter and drivesits transcription, resulting inincreased GTP pools.
Consistent with these findings, short hairpin RNA-mediated knockdown
of GMPS abolished brain metastasis of highly CNS-metastatic human
breast cancer xenografts, which correlated with areductionin the pro-
portion of GTP-bound RAS, RAC1and CDC42 upon GMPS knockdown
invitro®. These studies highlight the importance of augmented GTP
poolsin promoting metastasis across diverse cancer types, establishing
GTP synthesis as a druggable target to block metastasis.

DHODH as a metastatic driver

Inhibition of the pyrimidine de novo pathway was recently shown to
abolish liver metastasis in murine models of colorectal cancer”; in this
study, Yamaguchi et al. generated patient-derived xenografts (PDXs)
from patients with colorectal cancer and compared the metabolic
profile of PDX tissues that efficiently metastasized to the mouse liver
against those that did not. Pyrimidine de novo pathway intermediates
were heavily enriched in metastatic PDX tissues, and inhibition of
DHODH using leflunomide treatment consistently diminished liver
metastasis in this system, an effect the authors attributed to the disrup-
tion of proliferation of liver metastatic colonies. However, it is worth
noting that partial loss-of-function germline mutations in DHODH
are the cause of Miller syndrome, a genetic disorder characterized
by craniofacial malformations due to failure of normal pharyngeal
arch migration during embryonic development™’. Given its role in
cell migration during development, DHODH might have important
roles in cell migration during cancer metastasis, which warrants
further study.

Nucleotide metabolism and therapy resistance
Cancer therapy resistance, defined as the failure of medical interven-
tions to eradicate a tumour or control tumour growth, can be viewed
as the cause of most cancer deaths. Nucleotide metabolism has been
implicated in resistance to numerous cancer therapies, including
genotoxic chemotherapy, radiotherapy and targeted agents (as well
asimmunotherapy, as discussed above); we discuss this below.

Molecular competition of endogenous nucleotides with
nucleoside analogue chemotherapy drugs

Gemcitabine, or 2’,2’-difluorodeoxycytidine, is a deoxynucleoside
analogue prodrug that must pass through the pyrimidine nucleo-
side salvage pathway for activation. After uptake by nucleoside
transporters, gemcitabine is phosphorylated by DCK to form gem-
citabine monophosphate and then further phosphorylated to form
gemcitabine diphosphate and gemcitabine triphosphate, which exert
their toxicity by inhibiting RNR or incorporating into DNA and causing
chain termination, respectively®.

Gemcitabine metabolites compete with their endogenous deoxy-
cytidylate counterparts (Fig. 5a) and the toxicity of gemcitabine is
related to the ratio of gemcitabine-derived metabolites to endogenous
dNTPsin target cells. Shukla et al. showed that acquired resistance to
gemcitabine in PDAC cells is caused by increased deoxyCTP (dCTP)
pools downstream of mucin1(MUCI1) and hypoxia-inducible factor 1a
(HIF1at), which funnel glucose through the non-oxidative pentose
phosphate pathway to provide PRPP for de novo pyrimidine synthesis
and enhance CTP synthetase activity toincrease dCTP pools (Fig. 5a).
Inmurine models using gemcitabine-resistant PDAC cell lines or gem-
citabine-naive PDXs, inhibition of DHODH with leflunomide treatment
or inhibition of HIF1a by digoxin treatment restored gemcitabine
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Fig. 4 |Supraphysiological GTP abundance promotes metastasis through the
activation of RHO-family GTPases. Small GTPase proteins of the RHO family
support multiple behaviours necessary for metastasis, including extracellular
matrix (ECM) degradation, basement membrane invasion and cell migration.
These proteins are active in their GTP-bound state and inactivated by hydrolysis
of bound GTP to GDP. Reactivation is catalysed by guanine nucleotide exchange
factors (GEFs), which replace bound GDP with anew molecule of GTP. Depletion
of GTP by genetic or pharmacological inhibition of inosine monophosphate
(IMP) dehydrogenases 1and 2 (IMPDH1/2) or GMP synthase (GMPS), or by
overexpression of GMP reductase (GMPR), inhibits RHO-family GTPase activity
by decreasing the GTP-bound fraction and blocks cancer metastasis in various
animal models. GOF-mut-p53, gain-of-function mutant p53; MPA, mycophenolic
acid; PRPP, phosphoribosyl pyrophosphate; PurDNP, purine de novo pathway;
XMP, xanthine monophosphate.
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Fig. 5| Hyperactive nucleotide synthesis confers resistance to a range of
therapeuticinterventions. a, Gemcitabine, or 2’,2’-difluorodeoxycytidine
(dFdC), isin molecular competition with endogenous deoxycytidylate species at
every stage of its metabolism, from uptake to phosphorylation to incorporation
into elongating nascent DNA. The efficacy of gemcitabine can therefore be
enhanced by depleting cellular deoxycytidylate nucleotides through either
dihydroorotate dehydrogenase (DHODH) inhibition or disruption of oncogenic
signalling through mucin 1(MUC1) and hypoxia-inducible factor 1a (HIF1cx)

as thisincreases the proportion of gemcitabine-derived nucleotides relative to
their endogenous counterparts. b, Various cytotoxic anticancer therapies
operate by causing double-strand breaks (DSBs) in DNA. Adaptive resistance to
these therapies emerges downstream of hyperactive DSB repair, which requires
large amounts of deoxynucleotide triphosphates (ANTPs). Inhibition of ANTP
synthesis therefore enhances the efficacy of these therapies in many contexts.
¢, Aside from its role in pyrimidine synthesis, DHODH also opposes ferroptosis
by neutralizing mitochondrial lipid peroxide radicals through the generation

of reduced ubiquinol and opposes apoptosis by contributing to mitochondrial
membrane potential. DHODH inhibition therefore sensitizes cancer cells to

ferroptosis and apoptosis-inducing agents such as GPX4 inhibitors and TNF-
related apoptosis-inducing ligand (TRAIL), respectively. AW,,, mitochondrial
membrane potential; 5-FU, 5-fluorouracil; BQ, brequinar; CAD, carbamoyl
phosphate synthetase I, aspartate transcarbamoylase, dihydroorotase;

CAF, cancer-associated fibroblast; CMPK, cytidine monophosphate kinase;
CTPS, cytidine triphosphate synthase; dC, deoxycytidine; dCDP, deoxycytidine
phosphate; DCK, deoxycytidine kinase; dCMP, deoxycytidine monophosphate;
dCTP, deoxycytidine triphosphate; dFACDP, gemcitabine diphosphate;
dFdCMP, gemcitabine monophosphate; dFdCTP, gemcitabine triphosphate;
DHO, dihydroorotate; dTTP, deoxythymidine triphosphate; ENT1/2,
equilibrative nucleoside transporters 1and 2; G6P, glucose 6-phosphate;
GSH, reduced glutathione; GSSG, oxidized glutathione; IMM, inner
mitochondrial membrane; Lef, leflunomide; MPA, mycophenolic acid;

NDPK, nucleoside-diphosphate kinase; NonOx PPP, non-oxidative pentose
phosphate pathway; Pem, pemetrexed; PRPP, phosphoribosyl pyrophosphate;
RNR, ribonucleotide reductase; TAM, tumour-associated macrophage;

UMP, uridine monophosphate; UMPS, UMP synthase; UTP, uridine triphosphate.
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sensitivity in PDAC tumours by depleting dCTP in cancer cells". These
results have prompted a phase Il clinical trial testing the addition of
digoxin to standard-of-care chemotherapy in patients withresectable
PDAC (NCT04141995).

The same principle of molecular competition of endogenous
nucleotides with nucleoside analogue therapies was more recently
observed for decitabine (5-aza-2’-deoxycytidine) and azacytidine
(5-azacytidine), whichare used to treat AML and myelodysplastic syn-
drome. Like gemcitabine, decitabine and azacytidine require activation
by the pyrimidine nucleoside salvage pathway and ultimately compete
with endogenous dCTP for incorporation into DNA. Using primary
blood and bone marrow samples from patients with myelodysplastic
syndrome engrafted inimmunodeficient mice, Kayamori et al. showed
that combination treatment with decitabine and the DHODH inhibitor
PTC299 lowered disease burden and prolonged mouse survival com-
paredto treatment with either agent alone™'. A phase I trial testing the
combination of the DHODH inhibitor]JNJ-74856665 and azacytidine in
myeloid malignancies is ongoing (NCT04609826).

Gemcitabine competes with deoxycytidine for phosphorylation
by DCK. In orthotopic murine models of PDAC, cancer cells induce
tumour-associated macrophages to secrete deoxycytidine, which
diminishes cancer cell uptake and phosphorylation of gemcitabine
by direct competition, thus conferring resistance to gemcitabine'
(Fig. 5a). Similarly, in PDAC cell culture and organoid models, cancer-
associated fibroblasts have also been shown to secrete deoxycytidine
and promote gemcitabine resistance'®, and this mechanism likely
contributes togemcitabineresistancein human PDAC.InaPDAC mouse
model, systemic elimination of myeloid cells restored gemcitabine sen-
sitivity, implicating the exchange of deoxycytidine from myeloid cells
to cancer cellsin the TME as a key mediator of gemcitabine resistance
in PDAC™,

Thealkylating agent temozolomide is astandard-of-care chemo-
therapy agent for GBM that exerts its toxicity by alkylating guanine
residuesin DNA and RNA to form O6-methylguanine (06-MG). Follow-
ingthe catabolism of DNA and RNA, 06-MG canbe salvaged by HGPRT,
ultimately forming (d)O6-methylguanosine triphosphate that can be
reincorporated into DNA and RNA, causing further damage. Thus,
06-MG species are in molecular competition with their endogenous
guanylate counterparts for incorporation into DNA and RNA. Shire-
man et al. recently showed that, upon temozolomide treatment, GBM
cells increase their use of the purine de novo pathway and dampen
their use of the purine nucleobase salvage pathway by epigenetically
downregulating the expression of salvage pathway enzymes®*. This
causes decreased O6-MG salvage and thereby mitigates temozolomide-
mediated DNA damage. Consistent with this mechanism, combination
treatment with the IMPDH inhibitor MPA and temozolomide resulted
ingreater DNA damage in GBM cellsin vitro and prolonged survivalin
GBM PDX models compared to temozolomide monotherapy™*.

Pyrimidine dNTP depletion impairs DNA repair in response to
genotoxic chemotherapy

DHODH inhibition can improve cancer cell sensitivity to genotoxic
agents even if they are not nucleoside analogues that show direct
molecular competition with (d)NTPs. For example, triple-negative
breast cancer cells upregulate flux through the pyrimidine de novo
pathway in response to doxorubicin or cisplatin’ in vitro, resulting in
increaseddCTPand dTTP pools that facilitate DNA repair under geno-
toxic stress. Consistently, combination treatment with leflunomide
and doxorubicin outperformed either single agentinatriple-negative

breast cancer xenograft model’. Independent studies reported simi-
lar benefits for brequinar and doxorubicin treatment in a melanoma
xenograft model™. DHODH inhibitors have also been shown to improve
the efficacy of other genotoxic agents, including the combination of
cisplatin plus etoposide in murine models of small-cell lung cancer”
and oxaliplatinin cell culture models of PDAC’, suggesting that pyrimi-
dine dNTP upregulationis crucial for handling genotoxic stress across
multiple cancers.

(d)NTPs promote resistance to radiation therapy

Radiation therapy is an effective treatment for many cancers, although
for some aggressive cancers, suchas GBM, relapse and subsequent dis-
ease progression are common following treatment. Metabolic profiling
ofalarge panel of GBM cell lines showed that purine nucleotide abun-
dance, and particularly the abundance of (d)GTP, correlates strongly
with resistance to radiation therapy™°. Accordingly, depletion of (d)
GTPbyMPA sensitized resistant GBM cell lines to radiation therapy by
preventing therepair of radiation-induced DNA double-strand breaks
(DSBs); conversely, supplementation of purines conferred resistance
to radiation therapy by accelerating DSB repair. The radiosensitizing
activity of MPA was robustly observed across flank and orthotopic PDX
models of GBM"”¢; these results, along with other studies, have justified
anongoing phase I trial testing the addition of MPA to standard-of-care
radiation therapy (with optional addition of temozolomide) in patients
with GBM or gliosarcoma (NCT04477200).

Radiation therapy is also used for the treatment of borderline-
resectable PDAC tumours to make them resectable. In cultured pan-
creatic cancer cells, increased cellular nucleotide pools downstream
of MUC1 overexpression impart resistance to radiation, and supple-
menting exogenous nucleosides diminishes radiation-induced DNA
damage™.

Conceptually, the combination of nucleotide depletion with gen-
otoxic chemotherapy or radiation therapy differs from combining
multiple genotoxic agents or multiple genotoxic agents plus radiation
therapy, as nucleotide depletion deprives cells of the ANTPs necessary
for DNA repair (Fig. 5b). It might be more rational to combine DSB-
inducing agents with nucleotide synthesis inhibitors than with other
DSB-inducing agents as it appears that resistance to these interven-
tions is not caused by a lack of DSB formation but is instead due to

hyperactive DSB repair, which requires increased dNTP pools™®.

(d)NTP synthesis inhibitors synergise with inhibitors of
oncogenic signalling kinases
As mentioned above, flux through the pyrimidine de novo pathway is
increased downstream of various oncogenic signalling pathways®'$2%%,
Downstream of PI3K or MAPK pathway activation, CAD activity is
accelerated by its phosphorylation by S6K (on Ser1869)* or ERK
(on Thr456)"%, respectively. Accordingly, GBM tumours with PTEN
loss or EGFR amplification show increased CAD>*¢° or CAD™*¢ phospho-
rylation, respectively. Combination treatment with leflunomide and
eitheraPI3K or EGFRinhibitor (based on the genetic background) led
toenhanced pyrimidine depletionin vitro and prolonged survivalina
GBM xenograft model, showing that redundant targeting of pyrimidine
de novo synthesis (that is, inhibition of both DHODH and upstream
oncogenic signalling that upregulates flux through the pathway) is
efficaciousin certain settings’.

DHODH nhibitors have also shown synergy with kinase inhibitors,
such as everolimus and palbociclib, in KRAS-mutant solid tumours’,
although the precise mechanism for these results remains to be
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determined. It is likely that nucleotide depletion can cooperate with
disruption of oncogenic signalling in a variety of genetic contexts;
the full landscape of these relationships remains to be characterized.

(d)NTP synthesis inhibitors synergise with cell death inducers
Mao et al. recently reported that DHODH inhibitors sensitize cancer
cells to several ferroptosis-inducing agents through a mechanism
independent of pyrimidine nucleotide depletion, as restoration of
pyrimidine pools with uridine supplementation did not rescue sen-
sitization to ferroptosis™’. DHODH supplies reducing power to the
inner mitochondrial membrane in the form of reduced ubiquinol, an
obligate DHODH reaction product, and therefore limits the peroxi-
dation of lipids in the inner mitochondrial membrane — a key step in
ferroptosis (Fig. 5¢c). Consequently, acombination of GPX4 inhibitors
andbrequinar resulted in profound induction of cancer cell ferroptosis
invitro in amanner dependent on mitochondrial lipid peroxidation,
andacombination of brequinar and sulfasalazine (aclinically approved
drug with ferroptosis-inducing activity) synergistically limited tumour
growth in various tumour xenograft systems™,

TNF-related apoptosis-inducing ligand (TRAIL) has been inves-
tigated as an anticancer therapy based on its ability to induce cancer
cell apoptosis'®. Inhibition or knockdown of DHODH sensitizes
cancer cells to TRAIL-induced apoptosis in vitro in a manner that
is rescuable by uridine supplementation, suggesting a mechanism
dependent on pyrimidine nucleotide depletion'*. DHODH inhibitors
havebeen reported to decrease mitochondrial membrane potential®*?,
the maintenance of which plays a crucial role in opposing apoptosis'*.
Therefore, it is possible that DHODH inhibitors could cooperate
with apoptosis-inducing agents such as venetoclax and other BCL-2
antagonists (Fig. 5¢). A phase I trial investigating the combination
of the DHODH inhibitor JNJ-74856665 and venetoclax for myeloid
malignancies is ongoing (NCT04609826).

Resistance to nucleotide synthesis inhibitors

There are three possible mechanisms that could explain the resist-
ance of cancer cells to nucleotide synthesis inhibitors. First, cancer
cells might execute oncogenic growth despite severe (d)NTP shortage.
Second, cancer cells might acquire sufficient (d)NTPs to enable dis-
ease progression despite inhibition of key de novo pathway enzymes.
Finally, the degree and timing of nucleotide depletionin vivo might be
insufficient to cause cancer cell nucleotide starvation, either because
of insufficient target engagement or a suboptimal dose regimen. The
first possibility can be ruled out as there is no existing data to support
this hypothesis, and (d)NTPs are strictly required for the DNA and RNA
synthesis necessary for a cell to duplicate. The third possibility, for
which there are plausible examples (discussed below), represents a
problem of pharmacokinetics rather than cell-autonomous resist-
ance. Therefore, we first focus on the second possibility and highlight
evidence for this category of resistance mechanism.

Nucleoside salvage and resistance

Because nucleoside salvage pathways can supply nucleotides inde-
pendently of de novo synthesis pathways, salvage pathways might be
expected to confer resistance to de novo pathway inhibitors. Pyrimidine
nucleoside salvage requires far less ATP and no additional input of
aspartate or glutamine as compared to the de novo synthesis. There-
fore, it might be favourable for cancer cells to maximize their salvage
pathway utilization to conserve energy and biomass for other anabolic
processes. Indeed, isotopic labelling experiments have shown that

cancer cells preferentially rely on pyrimidine nucleoside salvage for
dNTP synthesis, as the contribution of nucleoside salvage to pyrimi-
dine residues in DNA is generally greater than 50% and can be as high
as 80% (ref. 143). Supplementation of cells with supraphysiological
uridine concentrations completely rescues the proliferation rate under
DHODH inhibition, even for cell lines with relatively low basal pyridine
nucleoside salvage activity'*’, showing that enforced flux through the
pyrimidine nucleoside salvage pathway by mass action canrescue cell
growth under ablation of the de novo pathway; however, the extent
to which this occurs under conditions of physiological extracellular
nucleoside abundance, especially in vivo, was not explored in this study.

The ability of nucleoside salvage to compensate for blockade of
de novo synthesis depends on which node is targeted. For example,
RNRinhibition canbe bypassed by DCK-mediated and TK1/2-mediated
salvage of deoxynucleosides but not by salvage of ribonucleosides or
nucleobases. TS inhibition can only be bypassed by TK1and TK2. The
bypass strategies for various metabolites under DHODH or IMPDH
inhibition are complex and can be inferred from Fig. 1.

Nucleoside uptake blockade can overcome resistance to de
novo pathway inhibitors

Many studies have reported in vitro synergism between brequinar and
dipyridamole, an inhibitor of equilibrative nucleoside transporter 1
(ENT1) and ENT2 (refs. 143-146), which are thought to be the main
mediators of nucleoside influx'”’. However, the preclinical in vivo
performance of this combination strategy has been mixed, with,
atbest, modestimprovement over brequinar alone, although this may
beinfluenced by the impressive efficacy of brequinar monotherapyin
these model systems'*'*5, The poor performance of dipyridamole could
be a pharmacokinetic problem as it is very rapidly cleared from the
plasma'*®. Because of this, ongoing clinical trials involving dipyridamole
for COVID-19 (NCT05166876 and NCT04391179) call for administra-
tion three or four times a day, whereas preclinical studies in cancer
thus far have used daily administration, which likely results in periods
when dipyridamole exposure is insufficient to effectively block ENT-
mediated nucleoside uptake. Tumour-specific ENTI knockout was
recently shown to dramatically enhance DHODH inhibitor efficacy
in an aggressive, brequinar-resistant mouse model of PDAC**’, sup-
porting the notion that the combined blockade of ENT1and DHODH
is efficacious and arguing that the short half-life of dipyridamole could
explain its mixed performance in other studies'****, Thus, the in vivo
potential of combined pharmacological inhibition of DHODH and
ENT-mediated nucleoside salvage remains to be rigorously evaluated
withalong-acting ENT inhibitor.

The importance of nucleoside salvage as a resistance mecha-
nism againstinhibition of de novo synthesisis further underscored by
studies demonstrating sufficient nucleoside and nucleobase levelsin
plasma®” and tumour interstitial fluid*° to support nucleoside salvage
in cancer cells. As previously mentioned, stromal cells in the TME,
including tumour-associated macrophages and cancer-associated
fibroblasts, can secrete abundant nucleosides and nucleobases™*"*,
and this might contribute to compensatory tumour nucleoside salvage
pathway flux under inhibition of de novo synthesis in vivo.

Targeting nucleoside salvage enzymes can overcome de novo
pathway inhibitor resistance

Nucleoside salvage pathway enzymes have beenimplicatedin DHODH
inhibitor resistance. Li et al. argue that low expression of the enzyme
deoxycytidine deaminase (DCTD), which converts deoxycytidine
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monophosphate (ACMP) to dUMP, explains the sensitivity of geneti-
cally engineered mouse models of small-cell lung cancer to brequinar
compared to genetically engineered mouse models of PDAC and lung
adenocarcinoma, which have relatively higher DCTD expression®. DCTD
produces dUMP, which otherwise becomes limiting upon DHODH
inhibition; accordingly, knockout of DCTD enhanced brequinar sensi-
tivity incell lines derived from PDAC and lung adenocarcinoma mouse
models’. Inasimilar example, DCK is required to maintain dCTP pools
uponinhibition of RNRin B-ALL cells*’; the combined inhibition of RNR
and DCK was shown to deplete dCTP in vitro and eradicate engrafted
B-ALL in vivo when combined with ATR inhibition by inducing lethal
replication stress®.

Nucleotide recycling by autophagy-mediated degradation
of RNA
Inaddition tothe de novo and salvage pathways, cells can obtain nucleo-
tides through autophagy — specifically, the degradation of cellular
nucleic acids in autophagosomes. This process yields (d)NMPs and
does not depend onthe uptake of extracellular nucleosides or on phos-
phorylation or phosphoribosylation of nucleosides or nucleobases by
nucleoside salvage enzymes. It was recently discovered that the deple-
tion of either purine or pyrimidine NTPsinduces autophagy in HEK-293T
cells”". Purine depletion activated autophagy by antagonizing mTOR
activation, whereas pyrimidine depletion did so through an apparently
mTOR-independent mechanism. These results suggest that NTP abun-
dance has divergent rolesin regulating autophagy™' and further work
isneeded to understand if these mechanisms are operative in cancer.
PDAC and other KRAS-driven malignancies are conditionally
dependent on autophagy, especially in hypoxic and nutrient-poor
regions of the TME"?, However, the specific autophagy-derived sub-
strates thatenable cancer cell survival under starvation conditions are
incompletely defined. Isotopic labelling pulse-chase experiments using
cell lines from KRAS-driven genetically engineered mouse models of
non-small-cell lung cancer have shown that autophagy-derived amino
acids and four carbon units can sustain de novo purine and pyrimidine
synthesis under nutrient starvation and that nucleoside supplemen-
tation rescues cell death of autophagy-incompetent cells under the
same conditions™’. In Caenorhabditis elegans, it has been shown that
autophagic degradation of rRNAinlysosomes (termed ‘ribophagy’) by
the T2 endonuclease rnst-2 (a homologue of humanribonuclease T2)
is required to prevent embryonic lethality in worm embryos with
loss-of-function mutations in de novo pyrimidine synthesis enzymes,
suggesting thatribophagy can preventlethal nucleotide starvationin
certain contexts"*. Therole of autophagy and ribophagy in maintaining
nucleotide pools in human cancer cells to confer resistance to purine
or pyrimidine de novo pathway inhibitors remains to be explored.

Evaluating nucleotide synthesis inhibitors
Doseregimen

Inhibitors of metabolic enzymes are fundamentally different from
alkylating chemotherapies such as platinum-based agents, cyclo-
phosphamide, temozolomide and busulfan. For alkylating agents,
the cumulative drug exposure over time (the area under the curve) is
proportional to anticancer efficacy and patient toxicity, reflecting the
factthat these drugs covalently bind DNA and other molecules and are
thus physically expended by exerting their toxicity. Clinical experience
has shown that infrequent administration of the maximum tolerated
dose (MTD), followed by a period of recovery, is generally optimal for
maximizing therapeutic effects and minimizing toxicity with these

compounds. However, for nucleotide synthesis inhibitors, this logic
does not apply, as there s likely a systemic exposure threshold above
which the target enzyme is effectively inhibited and below which the
target pathway is not blockaded at all. The cumulative time during
whichthe target pathway isinhibited, rather than the total drug expo-
sure per se, is likely to be the parameter that determines efficacy and
toxicity. Infrequent administration of the MTD for nucleotide synthesis
inhibitorslikely resultsin far higher drug exposure thanis necessary to
inhibit the target initially, increasing the chance of off-target toxicity,
followed by long periods during which the target pathway is uninhib-
ited. The duration of this period is dependent on the dosing schedule
and half-life of the drug.

In the early 1990s, the infrequent MTD dosing paradigm was
applied in clinical trials of brequinar monotherapy in several cancer
settings, which uniformly failed owing to alack of efficacy’ ™. Weekly
administration of brequinar, which has a half-life of around 10-12 hours
atclinically tested doses™, almost certainly resulted in subtherapeutic
drug levels for several days between doses. Thus, in hindsight, the
negative results of these trials must be interpreted with caution, and
future trials involving nucleotide synthesis inhibitors must carefully
consider pharmacokinetic parameters when designing their dosage
regimen to avoid similar potential pitfalls. Encouragingly, ongoing
and recently completed human trials of brequinar and other DHODH
inhibitors for haematological cancers (NCT04609826, NCT02509052
and NCT05246384) and COVID-19 (NCT04575038) have supported the
safety of adaily dose schedulein these settings and, as mentioned previ-
ously, prolonged daily administration of teriflunomide was shown to be
safe without clinically significantimmunosuppressioninarandomized

trial of healthy volunteers'.

Target engagement monitoring

Longitudinal quantification of plasma biomarkers for target enzyme
inhibition (for example, monitoring dihydroorotate or other upstream
metabolites for DHODH inhibitors) is a useful non-invasive means of
ensuring sustained pharmacodynamic target engagement in vivo.
When possible, a direct comparison of pre-treatment and on-treatment
levels of these biomarkers would provide a powerful corroboration of
target enzyme inhibition. This may be clinically possible for AML and
other haematological malignancies for which serial cancer cell sam-
pling fromthe peripheral blood is feasible insome patients. For preclini-
calanimal studies, metabolomic profiling of tumour tissue harvested
atnecropsyisasuitable alternative. Metabolicimaging modalities that
enable tissue localization of exogenous metabolites, such as PET trac-
ing of 8F-labelled metabolites and MRI tracing of *C-labelled metabo-
lites, represent another powerful tool to characterize the tumour and
systemic host response to nucleotide synthesis inhibitors™®',

Conclusion

Deranged nucleotide metabolism has a substantial footprint on virtu-
ally all malignant cell activities across diverse cancer types and thus
represents a pan-cancer metabolic dependency. In addition to their
canonicalrole as substrates for nucleic acid biogenesis, nucleotides fuel
awidearray of processes that are hyperactivein cancer cells. Therefore,
nucleotide synthesisinhibitors have tremendous potential as elements
of combination therapy strategies that has yet to be fully realized. This
Review has compiled anillustrative but by no means exhaustive set of
combination therapy concepts that have emerged from recent pre-
clinicaladvances and await further validation (Table 1). In conjunction
with hypothesis-driveninvestigations, the full landscape of nucleotide

Nature Reviews Cancer | Volume 23 | May 2023 | 275-294

291


http://www.nature.com/nrc

Review article

depletion-induced cancer cell dependencies cannow be elucidated with
the use of genome-wide functional genomic screening technologies,
and these urgently needed studies will undoubtedly uncover additional
cancer-essential functions of nucleotide metabolism reprogramming.

Ongoing and future clinical investigations involving nucleotide
synthesis inhibitors will benefit from the standardization of dose regi-
mens based on rigorous pharmacokinetic and pharmacodynamic
characterization of these agents. Drug development campaigns will
likely generate more potent and selective inhibitors of existing clini-
cal drug targets, such as DHODH, TS, RNR, CD73 and ENT1/2, and will
likely bring other key enzymes, such as DCK, UCK and CDA, under
clinical pharmacological control. The medicalimpact of these develop-
ments will reverberate beyond oncology and will open new avenues for
the treatment of infection, autoimmune disease, neurodegenerative
syndromes and other diseases.

Published online: 27 March 2023
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