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Nucleotides are essential for life, serving not only as the building blocks
ofthe genome but also as cellular energy providers, metabolic cofactors
and signalling molecules. To sustain cellular function and proliferation,
cells must continuously generate, recycle and precisely balance nucleotide
poolsinresponse to fluctuating metabolic and environmental demands.
Nucleotide metabolismis therefore not a static biosynthetic pathway, but a
dynamic system tightly integrated with cell signalling and physiology. Here

we highlight the regulatory logic of nucleotide metabolism, from acute
post-translational regulation to transcriptional scaling, feedback control
and higher-order spatial organization into multi-enzyme assemblies and
filaments. Through the lens of human genetic disorders and cancer, we
examine how nucleotide depletion, pool imbalance or intermediate toxicity
produce striking tissue-selective pathologies. Together, these principles
position nucleotide metabolism as a central regulatory axis linking cellular
metabolism, signalling and fate in health and disease.

Beyond their role in nucleic acid synthesis, nucleotides integrate
cellular metabolism, signalling and energy state. To functionand thrive,
cells require a continuous supply of nucleotides. This demand is met
through the coordinated engagement of de novo synthesis, salvage
and/or recycling pathways and regulatory mechanisms that tune
nucleotide pools across physiological states'. In proliferating cells,
nucleotide pools must be rapidly expanded with each division cycle,
placing nucleotide synthesis under fluctuating demand?®*. Accord-
ingly, nucleotide metabolismis not astaticassembly line, but ahighly
responsive system tuned to cellular state.

Agrowingbody of work hasilluminated the dynamicintegration of
nucleotide metabolism with cellular physiology** ¢. Growth, nutrient
and stress signalling pathways instruct nucleotide flux; higher-order
enzyme assemblies spatially organize biosynthesis; and changes in
nucleotide poolabundance and compositionactively regulate signalling
pathways, metabolismand cell fate”. In parallel, human genetic disorders
and cancer have provided a powerful lens into these dynamics, reveal-
ing tissue-specific nucleotide operating limits shaped by biosynthetic
demand, genome maintenance and tolerance tonucleotideimbalance® ™.
These studies also reveal how the disruption of a universal metabolic pro-
cess gives rise to highly specific biological and pathological outcomes.

By integrating regulatory logic, spatial organization, signalling
crosstalk, disease contexts and therapeutic exploitation, in this Review

we highlight nucleotide metabolism as a dynamic regulatory axis in
health and disease.

Nucleotide synthesis as ametabolic strategy

Nucleotides—the fundamental units of nucleic acids and cellular
metabolism—comprise a nitrogenous base, a pentose sugar and a phos-
phate moiety. These molecules are classified by their heterocyclic archi-
tecture into two categories: two-ring purines (adenine and guanine)
and ssingle-ring pyrimidines (cytosine, thymine and uracil). To maintain
the continuous nucleotide pools required for cellular homeostasis and
genomereplication, cellsemploy two distinct but highly coordinated

routes of nucleotide synthesis: de novo and salvage*'*.

Coordination of de novo and salvage purine synthesis

Cells sustain purine nucleotide pools through two complementary
routes: an energy-intensive de novo pathway that involves assembly
ofthe purinering fromsmall molecules; and a highly efficient salvage
pathway that maintains nucleotide pools by recycling pre-existing
bases and nucleosides™* (Fig. 1). In the de novo pathway, the purine
ringis constructed stepwise directly onto aphosphoribosyl pyrophos-
phate (PRPP) scaffold. This process begins with the pentose phosphate
pathway (PPP), where ribose-5-phosphateis converted to PRPP by the
enzyme PRPP synthetase (PRPS)".
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Fig.1|Integrated de novo and salvage pathways of purine and pyrimidine
nucleotide biosynthesis. Purine and pyrimidine synthesis integrates
cytosolic reactions with mitochondrial precursor supply. De novo pyrimidine
synthesis (left; blue) is partitioned between cytosolic CAD and UMPS and
mitochondrial DHODH, generating uridine monophosphate (UMP). Pyrimidine
salvage (green) is catalysed by nucleoside kinases: uridine-cytidine kinases
land 2 (UCK1/2) phosphorylate uridine and cytidine to generate UMP and
cytidine monophosphate (CMP), respectively, whereas thymidine kinase (TK)
phosphorylates thymidine to generate deoxythymidine monophosphate
(dTMP). Enzymes shared between the de novo and salvage pathways (yellow)
include CTPS1and CTPS2, which convert UTP to CTP, and thymidylate
synthase (TYMS), which converts deoxyuridine monophosphate (dUMP)

to dTMP. De novo purine synthesis (right; blue) assembles IMP on a PRPP
scaffold through PPAT, glycinamide ribonucleotide transformylase (GART),
phosphoribosylformylglycinamidine synthase (PFAS), PAICS, ADSL and

5-aminoimidazole-4-carboxamide ribonucleotide formyltransferase/IMP
cyclohydrolase (ATIC) using mitochondria-derived metabolites, such as one-
carbon units. IMPis converted to AMP or GMP, and ribonucleotides are converted
to deoxynucleotides by ribonucleotide reductase (RNR). Purine salvage (green)
is mediated by adenine phosphoribosyltransferase (APRT), which converts
adenine to AMP, and HPRT1, which converts hypoxanthine and guanine into IMP
and GMP, respectively. Enzymes shared by the de novo and salvage pathways that
interconvert purine intermediates (ADSL, adenylosuccinate synthetase (ADSS),
IMPDH and GMP synthetase (GMPS)) are highlighted in yellow. Contributing
metabolic pathways, including the PPP, tricarboxylic acid (TCA) cycle, one-
carbon metabolism and electron transport chain (ETC), are shown in pink.

dATP, deoxyadenosine triphosphate; dGTP, deoxyguanosine triphosphate;

UQ, ubiquinone; UQH,, ubiquinol. Figure created in BioRender; Hoxhaj, G.
https://biorender.com/7trvt3h (2026).

Subsequent construction of the purine ring requires the coordi-
nated integration of multiple nutrient-derived inputs. Glutamine
and aspartate supply the key nitrogen inputs, whereas the carbon
backbone is provided by glycine, bicarbonate and folate-dependent
one-carbon units delivered as 10-formyl-tetrahydrofolate'.

This assembly is orchestrated by six multifunctional enzymes,
including PRPP amidotransferase (PPAT), GART, phosphoribosyl-
formylglycinamidine synthase, the bifunctional enzyme phosphoribo-
sylaminoimidazole carboxylase/phosphoribosylaminoimidazole
succinocarboxamide synthetase (PAICS), adenylosuccinate lyase
(ADSL) and the bifunctional enzyme 5-aminoimidazole-4-carboxamide

ribonucleotide formyltransferase/IMP cyclohydrolase. Together, these
enzymes catalyse ten sequential reactions toyield inosine monophos-
phate (IMP), thefirst fully formed purine nucleotide. IMP then serves as
thebranch-pointintermediate, from which the cell commits to either
arm of purine output: adenosine monophosphate (AMP) generation
mediated by adenylosuccinate synthetase and ADSL; or guanosine
monophosphate (GMP) production mediated by IMP dehydrogenase
(IMPDH) and GMP synthetase (Fig. 1).

This process is energetically demanding, requiring six to seven
adenosine triphosphate (ATP) equivalents for each purine nucleo-
tide produced®”. By contrast, the salvage pathway provides an
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energy-efficient bypass, typically requiring only one ATP equivalent.
Hypoxanthine-guanine phosphoribosyltransferase 1 (HPRT1) and
adenine phosphoribosyltransferase (APRT) directly conjugate free
purine bases to PRPP, enabling the recycling of bases derived from
nucleotide catabolism or dietary input'®” (Fig. 1).

The de novo and salvage pathways are governed by regulatory
mechanisms that favour metaboliceconomy. When salvage substrates
areabundant, the resulting accumulation of purine nucleotides exerts
allosteric feedback inhibition on the gatekeeper enzymes PRPS and
PPAT, thereby suppressing flux through the energetically costly
de novo pathway'™®".

Crucially, this switch is not governed by metabolites alone.
Cells also deploy protein-level control to impose a brake on de novo
initiation. Nudix hydrolase 5 (NUDTS5) has emerged as a key regulator
of this balance. During active purine salvage, NUDTS physically inter-
acts with PPAT to promote its oligomerization, locking PPAT in an
inactive state and effectively suppressing de novo purine synthesis® %,
Together, these multi-tiered regulatory mechanisms ensure
that de novo nucleotide synthesis occurs only when salvage
capacity is insufficient, thus maintaining adaptive control of
nucleotide homeostasis.

Invivo, the balance between de novo and salvageis dictated by the
systemic availability of nucleosides and nucleobases. A recent study
revealed that the salvage pathway is the predominant source of purines
across most differentiated tissues'. However, individual organs exhibit
distinct purine utilization profiles. For example, the kidney shows a
broad capacity to salvage nearly all purine precursors, whereas circu-
latory adenosine is preferentially utilized by the lung and spleen’. By
contrast, most tissues exhibit minimal de novo flux, whereas the small
intestine is a notable exception, where high cellular turnover necessi-
tates substantially increased de novo synthesis to maintain intestinal
epithelial renewal'. These tissue-selective patterns probably arise from
combined differencesin circulating precursor availability, nucleoside
and nucleobase transporter expression, salvage and catabolicenzyme
abundance, and local proliferative demand.

In contrast with these specialized profiles, tumours display greater
metabolic flexibility, simultaneously engaging de novo and salvage
pathways to sustain their nucleotide pools'. This flexibility allows
malignant cells to exploit environmental resources. For example,
dietary nucleotide supplementation accelerates tumour progres-
sion, indicating that tumour cells preferentially engage the energeti-
cally favourable salvage pathway when substrates are abundant. This
flexibility is further underscored during metabolic stress, such as
mitochondrial dysfunction, which impairs de novo synthesis and
drives acompensatory reliance on salvage® . Ultimately, the ability to
engage these metabolic routesis afundamental requirement for main-
taining nucleotide homeostasis under various metabolic pressures.

Pyrimidine synthesis and spatial partitioning

Unlike purine synthesis, whichis largely cytosolic, de novo pyrimidine
synthesis is compartmentalized, shuttling intermediates between the
cytosol and mitochondria*** (Fig. 1). The de novo pathway begins in
the cytosol with the trifunctional enzyme carbamoyl phosphate syn-
thetase 2/aspartate transcarbamoylase/dihydroorotase (CAD), which
catalyses the first three enzymatic steps, converting glutamine, bicar-
bonate, ATP and aspartate into dihydroorotate (DHO)'. DHO is then
transferred to the mitochondrial intermembrane space, where DHO
dehydrogenase (DHODH) oxidizes it to orotate*. The DHODH reaction
is a respiration-coupled control point that links pyrimidine synthe-
sis to mitochondrial respiration by transferring electrons directly to
the ubiquinone pool of the electron transport chain?**°. Orotate then
returns to the cytosol, where uridine monophosphate synthase (UMPS)
ligates it to PRPP and decarboxylates the resulting intermediate to
generate uridine monophosphate, the precursor for all downstream
pyrimidine nucleotides® (Fig.1).

In contrast with purines, which are often salvaged from free
bases, pyrimidines are primarily recycled via nucleoside kinases that
phosphorylate preformed nucleosides®?*. Uridine-cytidine kinases 1
and 2 (UCK1/UCK2) convert uridine and cytidine into uridine mono-
phosphate and cytidine monophosphate®**, respectively, whereas
thymidine kinase (TK) phosphorylates thymidine to deoxythymi-
dine monophosphate®, feeding the pyrimidine pool at low energetic
cost. Mirroring the economic logic of purine metabolism, pyrimi-
dine synthesis is self-regulating, with increased uridine triphosphate
(UTP) allosterically inhibiting CAD, thus gating pathway entry when
salvage-derived nucleosides are sufficient®**, This feedback loop
prevents unnecessary ATP and nitrogen expenditure, ensuring that
de novo synthesis is engaged primarily when nucleoside recycling
cannot match demand.

Instructional logic of nucleotide regulation

When a cell transitions from quiescence to proliferation, it must
solve two fundamental problems: how to immediately redirect exist-
ing metabolic flux into nucleotide synthesis (acute flux control);
and how to expand biosynthetic capacity to sustain pathway activ-
ity over time (long-term transcriptional reprogramming)®”*. Over
the past decade, growth factor, nutrient and mitogenic signalling
pathways have emerged as instructors of nucleotide metabolism
by coordinating these two timescales”*°. They do so by impos-
ing fast, post-translational control over enzymes and transporters
to reshape metabolic flux within minutes, while simultaneously
engaging longer-term transcriptional programs that increase enzyme
abundance and alter pathway infrastructure over days, ensuring
that nucleotide supply remains matched to sustained biosynthetic
demand (Fig. 2).

Acute flux control for rapid reallocation of resources
Activation of growth factor and mitogen signalling enables cells to
rapidly reallocate existing carbon and nitrogen towards nucleotide
synthesis. This acute control operates primarily through translational
and post-translational regulation of metabolic enzymes, allowing path-
way throughput to rise within minutes, well before transcriptional
remodelling expands biosynthetic capacity’ (Fig. 2).

A central regulator of this rapid response is mechanistic target of
rapamycin complex1(mTORC1), a nutrient-sensing kinase complex that
couples nutrient sufficiency to anabolic growth and proliferation**%,
Upon growth factor stimulation, mTORCI1 phosphorylates and acti-
vates ribosomal protein S6 kinase 1 (refs. 43,44), which in turn phos-
phorylates CAD to stimulate de novo pyrimidine synthesis**°.

mTORCl also acutely supports nucleotide production by securing
limiting inorganic substrates®’. More specifically, it enhances cellular
bicarbonate availability, a critical carbon donor for both purine and
pyrimidine biosynthesis. Mechanistically, this is achieved through
selective translation of solute carrier family 4 member 7 (SLC4A7; a
bicarbonate transporter) via a ribosomal protein Sé6 kinase 1 (S6K1)-
and eukaryotic translation initiation factor 4B (elF4B)-dependent
program®. This illustrates how mTORC1 synchronizes metabolic
flux with ion transport and cellular homeostasis to meet acute
nucleotide demand.

Parallel growth-signalling pathways reinforce this rapid repro-
gramming. MAPKERK kinase signalling enhances pyrimidine synthe-
sis through ERK-mediated phosphorylation of CAD and promotes
de novo purine synthesis through phosphorylation of PFAS*®, Recent
work extends this principle to nucleotide interconversion itself. In
fusion-driven lung cancers, oncogenic anaplastic lymphoma kinase
phosphorylates guanylate kinase 1, increasing GDP and guanosine
triphosphate (GTP) pools and enhancing RAS-GTP loading and
MAPK signalling®.

AKT signalling also expands thisregulation to precursor-generating
pathways by stimulating PPP and ribose-5-phosphate availability
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Fig. 2| Acute and transcriptional control of nucleotide synthesis. a, Kinase
signalling networks, including AMPK, phosphoinositide 3-kinase (PI3K)-AKT,
mTORCI, RAS-ERK and anaplastic lymphoma kinase (ALK), acutely regulate
nucleotide synthesis through phosphorylation-dependent control of metabolic
enzymes. Components of the signalling pathways are shown in blue, whereas
downstream metabolic enzymes are indicated in yellow. Phosphorylation events
activate enzymes, such as transketolase (TKT), CAD, PFAS and guanylate kinase
1(GUK1), whereas PRPS1 activity is inhibited under energetic stress through
AMPK-dependent regulation. b, Transcriptional programs that coordinate
nucleotide metabolism. Upstream kinase signalling pathways (blue) regulate
key transcription factors, including MYC, activating transcription factor 4

DNA damage
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RRM2B

(ATF4), sterol regulatory element-binding protein (SREBP) and p53 (orange),
that control gene expression programs supporting nucleotide production.
These transcriptional outputs encompass pathways for glucose metabolism

and the PPP, as well as de novo purine and pyrimidine biosynthesis. ATM, ataxia
telangiectasia mutated; EGFR, epidermal growth factor receptor; G6PD, glucose-
6-phosphate dehydrogenase; P, phosphorylation; PHGDH, phosphoglycerate
dehydrogenase; PTPN, protein tyrosine phosphatase non-receptor family;

RAS, rat sarcoma GTPase; RPIA, ribose-5-phosphate isomerase A; RRM2B, p53-
inducible ribonucleotide reductase small subunit; RTK, receptor tyrosine kinase;
S6K, ribosomal protein Sé6 kinase. Figure created in BioRender; Hoxhaj, G.
https://biorender.com/hb9hh8d (2026).

through phosphorylation of the PPP enzyme transketolase®. In par-
allel, AKT phosphorylates NAD kinase to expand NADP(H) pools,
thereby supporting the redox and biosynthetic demands of PPP
flux®*2. By contrast, the liver kinase B1 (LKB1)-AMP-activated protein
kinase (AMPK) axis functions as a metabolic emergency brake dur-
ing energy stress®. AMPK-mediated phosphorylation of PRPS drives
its conversion fromactive hexamersintoinactive monomers, suppress-
ing PRPP production and rapidly limiting both purine and pyrimidine
synthesis to conserve ATP**, Together, these mechanisms highlight
how kinase signalling enables rapid and reversible control of nucleotide
flux by reallocating existing metabolic resourcesin response to growth
and stress cues. As additional direct modes of metabolic regulation
continuetobe discovered, these principles will further illuminate how
nucleotide flux is tuned to cellular signalling (Fig. 2a).

Transcriptional regulation of nucleotide synthesis to set
biosynthetic capacity

Whereas acute signalling rapidly tunes nucleotide flux, transcriptional
programs establish the sustained biosynthetic capacity. Central to this
long-termregulationisthe MYC oncogene, which functions as a master
regulator of nucleotide metabolism® ¥, MYCinduces nearly allenzymes
required for de novo nucleotide synthesis, including core pyrimidine
enzymes (CAD, DHODH and UMPS) and purine biosynthetic enzymes
(PPAT, GART and PAICS), thereby expanding the cellular capacity
for nucleotide production®**** (Fig. 2b).

Increased biosynthetic capacity also demands control of the
inputs that fuel nucleotide assembly. MYC and mTORC1 coordinate
thisupstreaminput supply by reinforcing ribose sugars and one-carbon
units, two recurrent bottlenecks in proliferating cells. MYC promotes

Nature Cell Biology


http://www.nature.com/naturecellbiology
http://biorender.com/hb9hh8d

Review article

https://doi.org/10.1038/s41556-026-02004-9

the non-oxidative PPP by inducing ribose-5-phosphate isomerase A
(RPIA)®° and increasing PRPS2 expression, thereby sustaining PRPP
availability*°. In parallel, nTORC1 complements this program through
induction of G6PD (dependent on SREBP), supporting ribose produc-
tion and redox balance®.

mTORCI further drives long-term nucleotide support by enhanc-
ing expression of methylenetetrahydrofolate dehydrogenase 2
(MTHFD2), a mitochondrial folate cycle enzyme that supplies one-
carbon units that are critical for purine synthesis and cell growth®*.
Notably, mTORC1 promotes this program through activating tran-
scription factor 4, independent of canonical stress-induced eukar-
yotic initiation factor 2a signalling®®®*. In multiple cancer contexts,
including acute myeloid leukaemia and non-small-cell lung cancer,
MYC similarly upregulates MTHFD2, thereby enhancing one-carbon
metabolism to sustain proliferation®>*®, Importantly, this program
is not cancer restricted. Activated CD4" T cells strongly upregulate
and require MTHFD2 to support proliferation, survival and cytokine
production, positioning MTHFD2 as ametabolic checkpoint that links
one-carbon-dependent purine supply toimmune effector function®’.

Signalling pathwaysin certain tumour contexts alsoregulate nucle-
otide biosynthetic capacity by rerouting nitrogen metabolism. For
example, in KRAS and LKB1-driven lung cancers, loss of LKB1viaAMPK
de-represses transcription of CPS1, enabling ammonia-derived carba-
moyl phosphate production that sustains pyrimidine pools and DNA
synthesis®®. Nitrogen rewiring is also evident in tumours with silenced
argininosuccinate synthase 1(ASS1), where diminished urea-cycle flux
preserves aspartate for CAD-dependent pyrimidine biosynthesis®.

Balancing these growth-promoting programs, the tumour sup-
pressor p53imposes ametabolic checkpoint under stress”. p53 down-
regulates PHGDH and represses genes in nucleotide synthesis, limiting
serine-derived one-carbon flux and restricting nucleotide availability
when genome integrity is compromised*””2. Thus, p53 helps to pre-
vent inappropriate DNA replication during genomic stress, coupling
metabolic capacity to replication control”>”™. Collectively, these tran-
scriptional circuits define the long-term capacity of nucleotide bio-
synthesis, scaling production for sustained growth while preserving
genomic integrity.

Higher-order organization of nucleotide
metabolism

Cellular metabolism has long been viewed as a network of freely diffus-
ing enzymes and metabolites. However, a growing body of work now
argues that this view isincomplete. Many pathways are spatially organ-
ized and dynamically regulated through protein-proteininteractions,
producing higher-order enzyme assemblies that can tune flux, protect
unstableintermediates and couple biosynthesis to organelle-derived
inputs™ . Nucleotide metabolism exemplifies this mode of regulation
through enzymes that occupy a continuum of organizational states,
from multi-enzyme metabolons to filamentous polymers, enabling
fast and reversible control of pathway output.

The purinosome as a scarcity-induced metabolon for increased
de novo purine output

The best-characterized assembly is the purinosome, a metabolically
active hub formed by de novo purine biosynthetic enzymes under con-
ditions of purine limitation, such as when salvage-derived substrates
areinsufficient””’, Rather than a passive cluster, the purinosome is best
viewed as a flux-optimizing state. By co-localizing sequential enzymes,
the purinosome facilitates substrate channelling, limits the diffusion
of labile intermediates into the bulk cytosol and enhances effective
pathway flux®.

A particularly compelling feature of the purinosome is its prefe-
rential localization near mitochondria®, consistent with mitochon-
dria serving as a source of purine-building inputs, including glycine,
aspartate and one-carbon unitsin the form of formate®>®. This spatial

organization appearstobesensitive to mTORCl1 signalling, asmTORC1
inhibition disrupts purinosome-mitochondria association®. Through
this spatial coupling, mTORCI orchestrates a localized metabolic
microenvironment, in which mitochondrial formate—whose produc-
tion is itself promoted by mTORCI through MTHFD2 regulation—is
captured directly by the purinosome®. This minimizes the dilution
of mitochondrial formate into the bulk cytosolic pool and enhances
de novo purine synthesis flux.

Pyrimidinosome assembly at the cytosol-mitochondria
interface

Ananalogous organization hasbeen proposed for pyrimidine synthesis
in the form of a pyrimidinosome, with de novo pyrimidine enzymes
assembling near mitochondria®®*%, Because pyrimidine synthesis
is uniquely partitioned between the cytosol (where CAD and UMPS
operate) and the mitochondrial intermembrane space (where DHODH
oxidizes DHO), voltage-dependent anion channel 3 (an outer mitochon-
drialmembrane protein) is proposed to actasamolecular bridge linking
cytosolicand mitochondrial enzymes®*. Importantly, this organization
remains less established than purinosome formation, and a key open
questionis whether the pyrimidinosome represents astable, stoichio-
metric complex or atransient proximity network thatemergesonlyin
specific metabolic states or cell types.

Higher-order enzyme assemblies as regulatory states of
nucleotide metabolism

Beyond multi-enzyme assemblies, nucleotide metabolism is also
regulated through enzyme filamentation, where individual enzymes
self-associate into higher-order polymers that change catalytic
behaviour and feedback sensitivity’. This organizational mode is
now recognized for several major control points, including IMPDH,
cytidine triphosphate synthase (CTPS) and PRPS®*¢®, Filamentation
is not merely a structural state, but a mechanism for tuning enzyme
allostery. For example, IMPDH filamentation reduces sensitivity to
GTP-mediated feedback inhibition®*°, enabling sustained guanine
nucleotide production when demandis high?. Similarly, CTPS1assem-
bles into hyperactive filaments®, and PRPSI filamentation confers
resistance to ADP inhibition®, stabilizing PRPP supply under conditions
thatwould otherwiseimpose braking at pathway entry. Recently, UMPS
was also reported to forminactive biomolecular condensates, further
highlighting diverse regulatory roles for higher-order assemblies in
nucleotide biosynthesis®.

Overall, these supramolecular assemblies provide a rapid and
reversible regulatory layer that modulates nucleotide synthesis
beyond classical enzyme regulation. By switching enzymes and
pathways between distinct organizational states, cells can optimize
nucleotide output for conditions of scarcity, abundance or high
proliferative demand.

Nucleotide control of cell signalling

Nucleotides are not only building blocks of DNA and RNA but also
dynamicregulators of cell signalling, coordinating nutrient availability
with cell growth, proliferation and differentiation. Because nucleotide
pools fluctuate with nutrient availability, mitochondrial function and
cell cycle progression, shifts in their abundance or balance can rap-
idly recalibrate signalling pathways that decide whether a cell builds
biomass, pauses replication, differentiates or engages damage con-
trol. Ribonucleotide reductase helps to preserve the balance between
nucleoside triphosphate and deoxynucleoside triphosphate (ANTP) by
controlling dNTP production, and its disruption can promote dNTP
imbalance, mutagenesis and replication stress”.

Cells monitor not only total nucleotide abundance but also the
relative stoichiometry of purine and pyrimidine nucleotide pools".
Disruption of nucleotide pool stoichiometry, for example, through
exogenous adenine or guanine supplementation, induces S-phase
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replicationstress and activates ATR-dependent DNA damage response
signalling" (Fig. 3a). This checkpoint response slows cell cycle progres-
sionand suppresses proliferation, allowing cells to restore nucleotide
homeostasis and preserve genomic integrity. Furthermore, animbal-
anceinpyrimidine poolshasbeenshownto trigger mitochondrial DNA
(mtDNA)-dependent innate immunity through the cGAS-STING-TBK1
pathway, involving cyclic GMP-AMP synthase (cGAS), stimulator of
interferon genes (STING) and TANK-binding kinase 1 (TBK1)**.

Beyond these stress-response pathways, nucleotide availability
also feeds directly into growth control signalling. Purine nucleo-
tides are tightly coupled to mTORC1 signalling through a reciprocal
regulatory relationship®>*>°, Whereas mTORCI activation promotes
denovo purine synthesis®, the depletion of purines, particularly ade-
nylates, suppresses mTORCI1 ref. 95 (Fig. 3a). This inhibition occurs
independent of AMPK activation and without defects in mTORC1
recruitment to the lysosome”?’. Instead, this signalling suppression
requires the tuberous sclerosis complex (TSC). Cells lacking a TSC
become insensitive to purine scarcity, effectively uncoupling growth
signalling from purine availability®°°. This creates a metabolic permis-
sion signal, wherein mTORCI1-driven anabolism proceeds only when
intracellular purines can support the biosynthetic and energetic costs
of growth.

Beyond intracellular sensing, purines (most notably ATP and its
breakdown product adenosine) also function as extracellular signalling
molecules that act through purinergic receptors’®. ATP, normally con-
fined to theintracellular space at millimolar concentrations, becomes
apotentextracellular signal whenreleased into the extracellular milieu
through pannexin 1 channels®*'°°, where its presence indicates tis-
sue stress or damage and promotes inflammatory responses'*'%?
(Fig. 3b). Conversely, extracellular ATP is sequentially hydrolysed
by the ectonucleotidases CD39 and CD73 to generate adenosine'”?,
which signals predominantly through adenosine receptors (nota-
bly the adenosine A,, receptor) to dampen immune activation and
enforce immune suppression'®*%¢, This CD39-CD73-adenosine axis
is now a well-established feature of the tumour microenvironment,
where increased adenosine blunts antitumourimmunity and supports
immune evasion (Fig. 3b). Beyond immune regulation, purinergic
signalling influences abroad range of physiological processes, includ-
ing synaptic transmission, vascular tone and tissue remodelling”*'?’.
Furthermore, extracellular pyrimidines, such as UTP and UDP, also
signal through the P2Y receptor family, where pyrimidine-responsive
subtypes contribute to neuron-gliacommunication and neuroinflam-
matory responses in the central nervous system'””.

Beyond their extracellular signalling roles, pyrimidine nucleotides
regulate cell signalling by controlling protein glycosylation and mem-
brane biogenesis®®. UTP availability governs flux through the hexosa-
minebiosynthetic pathway and the production of uridine diphosphate
N-acetylglucosamine (UDP-GIcNAc)'*, the obligate donor substrate
for O-linked B-N-acetylglucosamine transferase (OGT). Accordingly,
DHODH inhibition reduces pyrimidine synthesis and leads to aglobal
reductionin protein O-GlcNAcylation in acute myeloid leukaemia'®®"'°
(Fig. 3a). This nutrient-sensitive modification modulates the stability
and transcriptional activity of key signalling proteins (most notably
MYC™), suggesting a feedback relationship in which pyrimidine avail-
ability influences MYC-driven gene expression programs that coordi-
nate nucleotide biosynthesis.

Finally, pyrimidine metabolism influences signalling by shap-
ing membrane biogenesis. Cytidine triphosphate (CTP) provides an
essential nucleotide substrate for the Kennedy pathway, enabling the
synthesis of phosphatidylcholine and phosphatidylethanolamine™*'?,
whichtogether constitute the majority of eukaryotic membrane phos-
pholipids (Fig. 3a). By controlling phospholipid production, CTP avail-
ability caninfluence membrane composition, organelle architecture,
secretion and membrane-proximal signalling, further linking pyrimi-
dine metabolism to cellular communication and growth'>!™,

Shaping metabolic plasticity through nucleotide
availability

Nucleotides sit at the intersection of signalling, bioenergetics and
biomass production, functioning as metabolic substrates, cofactors,
activated donors and carbon sources’. Fluctuations in nucleotide abun-
dance dynamically tune metabolic fluxes and can ultimately dictate
cell fate decisions and alter signalling pathways.

A notable example is the regulation of pyruvate oxidation by
pyrimidine availability'. Depletion of pyrimidine pools impairs
pyruvate dehydrogenase (PDH) activity by limiting thiamine pyro-
phosphate, anobligate PDH cofactor. This dependency arises from an
unexpected biochemical preference, in which thiamine pyrophospho-
kinase1(TPK1) preferentially uses UTP rather than ATP asa phosphate
donor for thiamine pyrophosphate synthesis™. By controlling PDH
flux, pyrimidine availability governs entry into the tricarboxylic acid
cycle, citrate generation and cytosolic acetyl-coenzyme A supply,
thereby tuning de novo lipogenesis and influencing fate decisions
such as adipocyte differentiation'. In parallel, purine availability
can also impinge on adipogenic programs through transcriptional
mechanisms, such as differentiation networks linked to peroxisome
proliferator-activated receptor gamma'*"”, supporting the broad
principle that nucleotide state can steer lineage decisions through
multiple mechanisms.

Cellular purine levels also modulate central carbon metabolism
and migratory behaviour in cancer cells"”""%, Inhibition of purine syn-
thesis suppresses pyruvate kinase M2 activity, probably by limiting
adenosine diphosphate availability, thereby diverting glycolytic carbon
into the de novo serine synthesis and one-carbon metabolic path-
ways"®, This metabolic rerouting reprograms cellular metabolism and
has been shown to promote cell migration” ",

Under conditions of nutrient deprivation, nucleosides can func-
tion as metabolic substrates that supply carbon to central meta-
bolic pathways. When glucose becomes limiting, cancer cells and
effector T cells engage nucleoside phosphorylases to liberate ribose
moieties from nucleosides, such as uridine, thymidine and inosine,
thereby sustaining energy production, redox balance and biosyn-
thetic demand'°'>, For example, in pancreatic ductal adenocar-
cinoma, KRAS-driven induction of uridine phosphorylase 1 (UPP1)
enables uridine catabolism to supply ribose and sustain central
carbon metabolism when glucose is limited'?°. Similarly, thymidine
phosphorylase-mediated thymidine catabolism provides glycolytic
carbon and promotes cancer cell survival during nutrient stress'>
(Fig. 3a). In the immune compartment, effector T cells preferentially
utilize inosine, whose ribose subunit enters central metabolism to
support ATP generation'” (Fig. 3a). Consistent with this, inosine supple-
mentation enhances the efficacy of immune-checkpoint blockade'®.
Notallnucleosides cansubstitute for glucose. For example, adenosine
fails to supporteffector T cell metabolism, indicating that nucleoside
utilization depends on nucleoside-specific catabolic capacity, prob-
ably determined by the expression and regulation of metabolizing
enzymes'?, Collectively, these findings place nucleoside catabolism
asacarbon source that supports metabolism under nutrient stress.

The extent to which physiological nucleoside availability sustains
metabolism in vivo across diverse physiological and pathological
contexts warrants further investigation.

Tissue-specific nucleotide vulnerability in disease

Despite the universal requirement for nucleotides, disruptions in
nucleotide metabolism give rise to pathologies that are strikingly
tissue specific. Human disease therefore provides a uniquely power-
ful lens into the principles governing nucleotide homeostasis>*'?.
Inherited defects in nucleotide synthesis, salvage or regulation often
present with highly selective phenotypes, affecting selective organs
and cell types, while sparing others. Across diverse developmental
and physiological contexts, these disorders converge on a limited set
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a, Roles of nucleotides in metabolic regulation and intracellular signalling. Top,
pyrimidine nucleotides, including CTP and UTP, support membrane biogenesis
and protein O-GlcNAcylation through the Kennedy and hexosamine pathways,
respectively. Adenylate levels are sensed by mTORC1 through the tuberous
sclerosis complex (TSC)-RAS homologue enriched in brain (RHEB) signalling
axis, coupling nucleotide availability to anabolic growth. Imbalances in purine or
pyrimidine nucleotide pools trigger replication stress and activate DNA damage
responses. Bottom, nucleoside catabolism of uridine, thymidine and inosine

via uridine phosphorylase 1 (UPP1), thymidine phosphorylase (TP) and purine
nucleoside phosphorylase (PNP), respectively, fuels cellular energy metabolism.
Ribose-1-phosphate generated from nucleoside degradation enters the PPP

DNA damage response

PPP

Ribose-5-P [TKT| sedoheptulose-_TALDO
7P

@ _Pannexin1

Adenylates
TSC
Nucleotide
imbalance J_
RHEB mTORC1
[ signalling

| |

Replication stress MTORCI

|

!
Nucleus A
Anabolic growth

Purine metabolism

Glucose

!

Glycolysis Fructose-6-P

‘J—| PFK
Fructose-6-P Fructose-1,6-BP

Glycerol-3-P Erythrose-4-P lALDO
E Glycerol-3-P
Energy M
«——— TCA cycle«———— Pyruvate

Biomolecules

Cancer cell
Intracellular

Extracellular

AMP  Adenosine

\ A, receptor

28

Immune cell
Intracellular

CD39 CD39 CcD73 l

Purinergic signalling
Anti-inflammatory
response
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biosynthetic metabolism. b, Extracellular purinergic signalling in the tumour
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space through the pannexin1channel. ATP is sequentially hydrolysed by CD39
and CD73 to generate adenosine, which signals through A,, receptors toinduce
anti-inflammatory responses. Extracellular ATP can stimulate P2X receptors
to promote pro-inflammatory responses inimmune cells. ALDO, fructose-
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ofvulnerable systems, including the nervous system, haematopoiesis
and immunity, kidneys and skeletal muscle (Fig. 4).

This recurring pattern suggests that nucleotide metabolism
is not uniform, but instead organized into pools with precise com-
positions, ratios and compartmental distributions. When any layer

of this regulatory architecture is perturbed, its effects propagate
across metabolism, development and tissue function. Mapping these
vulnerabilities reveals a tissue-specific topography of nucleotide
dependence, providing insight into why disruptions in nucleotide
regulation produce distinct biological and pathological outcomes.
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metabolic intermediates. Mutations affecting purine synthesis are indicated
inbrown and mutations affecting pyrimidine synthesis are indicated in green.
Mutations affecting PRPS1, which fuels both purine and pyrimidine biosynthesis,
areindicated in cyanand illustrate a dosage-sensitive Goldilocks principle, in
which both loss-of-function (LoF) and gain-of-function (GoF) variants result
indisease. ADK, adenosine kinase; CMTXS, X-linked Charcot-Marie-Tooth
disease type 5; DFN2, X-linked deafness 2; DGUOK, deoxyguanosine kinase;
ENT], equilibrative nucleoside transporter 1; RBC, red blood cell; XDH, xanthine
dehydrogenase. Figure created in BioRender; Hoxhaj, G. https://biorender.com/
hnhl91w (2026).

Nucleotide demand, balance and intermediate toxicity in the
central nervous system

During neurodevelopment, the brain sustains an exceptionally high
nucleotide demand to support transcriptional output, neurite out-
growth and synaptogenesis, rendering the central nervous system
acutely sensitive to perturbations in nucleotide homeostasis'*"'*%,
Human genetic disorders reveal that this vulnerability reflects three
converging constraints: the need to sustain high anabolic flux, maintain
precise pool balance, and prevent the accumulation of signalling-active
or toxic intermediates.

First, defectsin de novo pyrimidine synthesis illustrate the require-
ment for sustained nucleotide production during early brain develop-
ment. Biallelic loss-of-function mutations affecting CAD can cause
developmental delay and epileptic encephalopathy. Notably, these
neurologic features canimprove with uridine supplementation, indi-
cating that salvage alone is often insufficient unless substrate supply is
therapeutically reinforced'*"*°, Similarly, UMPS deficiency (hereditary

orotic aciduria) can present with developmental impairment and
seizures in addition to its classic haematologic phenotype', consist-
ent with a developmental dependence on de novo pyrimidine output
(Fig. 4). By contrast, DHODH loss-of-function variants cause Miller
syndrome, a craniofacial and limb malformation disorder, illustrat-
ing tissue-selective developmental vulnerabilities across the de novo
pyrimidine pathway'*.

Second, multiple disorders caused by mutations affecting de novo
purine synthesis enzymes converge on neurodevelopmental dysfunc-
tion while also revealing a second principle: stalled purine synthe-
sis can allow intermediates to become pathologic signals'**'?%, ADSL
deficiency is characterized by an accumulation of succinylpurines
and commonly presents with developmental delay and epilepsy’®.
ATIC deficiency, also known as AICA-ribosiduria, causes an accu-
mulation of AICA-riboside and/or AICAR-related metabolites and
produces a severe neurodevelopmental phenotype with seizures,
underscoringthat the toxic or signalling consequences of accumulated
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pathway intermediates canbe as consequential as nucleotide shortage
itself**'%, Parallel reports for other purine enzymes, such as PAICS,
similarly support ashared neurodevelopmental liability when de novo
flux is compromised™*"*’ (Fig. 4). These phenotypes suggest that
impaired purine flux disrupts neural development through both
nucleotide insufficiency and intermediate-mediated signalling or
toxicity.

Third, inthe mature brain, defects in purine salvage and clearance
exposeadistinct vulnerability*°, InHPRT1 deficiency (Lesch-Nyhan
disease), purines are diverted towards degradation, leading to chronic
depletion of recycled ATP and GTP in neural tissues, particularly the
basal ganglia, and resulting in severe motor dysfunction and compul-
sive self-injury*®, Likewise, perturbing adenosine metabolism can be
epileptogenic. Loss of adenosine kinase impairs adenosine clearance
andislinked to heightened seizure susceptibility and encephalopathy
phenotypes'*'** (Fig. 4).

Finally, mutations affecting PRPS1 exemplify a Goldilocks principle
of nucleotide control***. PRPS1gain-of-function variants drive excessive
purine synthesis and metabolite accumulation, producing neurological
phenotypes, including hearing loss, ataxia and developmental delay,
whereas PRPSI loss-of-function variants cause a spectrum, includ-
ing Arts syndrome, DFN2 (X-linked deafness 2) and CMTXS5 (X-linked
Charcot-Marie-Tooth disease type 5), with neurodevelopmental
impairment and neuropathy or hearing loss'**'*¢, Together, these
disorders demonstrate that both insufficient and excessive purine
synthesis compromise neural homeostasis, underscoring the require-
ment for precisely tuned nucleotide flux and pool balance in the central
nervous system'* (Fig. 4).

Proliferative stress and nucleotide toxicity in haematopoiesis
and immunity

The haematopoietic and immune systems represent the body’s
most extreme proliferative programmes, exposing vulnerabilities in
nucleotide homeostasis. Erythropoiesis is particularly sensitive to
perturbations in pyrimidine biosynthesis. Loss-of-function mutations
in CAD or UMPS genes impair de novo pyrimidine synthesis and result
in anaemia, which can be rescued by uridine supplementation™ %,
Beyond biosynthesis, nucleotide transport constitutes an addi-
tional regulatory layer. Loss of equilibrative nucleoside transporter
1(SLC29A1) disrupts purine and pyrimidine balance, producing red
blood cellabnormalities that are largely attributed to impaired adeno-
sine fluxand altered cyclic-AMP-dependent transcriptional programs'°
(Fig. 4). Beyond steady-state erythropoiesis, nucleotide metabolism
isemerging asaregulator of stress haematopoiesis and erythroid fate
decisions. P38a-driven purine biosynthesis promotes stress-induced
haematopoietic stem and progenitor cell cycling, whereas pertur-
bation of folate-dependent de novo purine synthesis promotes
erythroid differentiation™"*,

Lymphocytes face arelated but distinct constraint. Upon antigen
encounter, they transition from quiescence to rapid clonal expan-
sion, often doubling every 6-8 h, necessitating an immediate and
substantial increase in nucleotide production’. Meeting this demand
requires rapid induction of de novo nucleotide synthesis, particularly
CTP production™*. In CTPS1 deficiency, T cells and B cells respond
to antigen recognition but fail to proliferate, resulting in profound
susceptibility to viral infection, a defect that can be rescued by cyti-
dine supplementation, directly linking nucleotide supply toimmune
competence®™* (Fig. 4).

Inaddition to their biosynthetic capacity,immune cells are highly
sensitive to failures in nucleotide detoxification. Inadenosine deami-
nase (ADA) or purine nucleoside phosphorylase deficiency, impaired
purine processing leads to an accumulation of toxic deoxy-purine
metabolites, most notably deoxyadenosine triphosphate in ADA defi-
ciency and deoxyadenosine triphosphate in purine nucleoside phos-
phorylase deficiency™ ™. These metabolites inhibit ribonucleotide

reductase, disrupt balanced dNTP pools and impair DNA synthesis,
triggering apoptosisin developing T cells. This vulnerability culminates
insevereimmunodeficiency, classically exemplified by ADA-associated
severe combined immunodeficiency™"’. Together, these disorders
demonstrate thatimmune competence depends not only on nucleotide
abundance, butalso on precise control of nucleotide pool composition
and toxicity (Fig. 4).

Renal solubility constraints in purine metabolism

Whereas proliferative tissues often fail through insufficient nucleo-
tide supply or pool imbalance, the kidney reveals a distinct and
unusual constraint on nucleotide metabolism, namely the solubility
of purine-derived metabolites. As the major site for purine filtration,
salvage and excretion, the kidney is uniquely vulnerable to disrupted
purine turnover because many purine-derived metabolites exist near
their solubility limits. This vulnerability is amplified in humans because
uricacidis the terminal product of purine catabolism, aconsequence of
theevolutionary loss of functional uricase. In most mammals, uricase
converts urate to the more soluble allantoin***’, Consequently, human
purine metabolism operates within a narrow solubility window.

When purine production exceeds renal clearance capacity, uricacid
accumulates and crystallizes, leading to gout and nephrolithiasis
(kidney stones)™°. Distinct genetic lesions can drive this overflow
fromupstream. HPRT1deficiency disrupts purine salvage and diverts
hypoxanthine and guanine towards degradation, thusincreasing uric
acid load™. Conversely, hyperactive PRPS1 pushes de novo synthesis
and uric acid overproduction, similarly overwhelming renal excretory
capacity™* (Fig. 4). Importantly, xanthine dehydrogenase inhibitors
such as allopurinol are first-line therapies for gout, as they lower uric
acid levels''.

Additional renal pathologies arise from an accumulation of
poorlysoluble orphan purine metabolites. In adenine phosphoribosyl-
transferase deficiency, adenineis converted to 2,8-dihydroxyadenine,
an extremely insoluble compound that precipitates within renal
tubules, causing crystal nephropathy and chronic kidney disease'.
In xanthinuria, loss of xanthine dehydrogenase leads to xanthine
accumulation and kidney stone formation'® (Fig. 4). Together, these
disorders demonstrate thatinthe renal system nucleotide metabolism
is constrained not only by enzymatic flux, but by the physicochemical
limits of metabolite solubility.

Mitochondrial nucleotide balance and tissue vulnerability

In mitochondria-rich and metabolically active tissues, nucleotide
metabolism is redirected towards mitochondrial genome mainte-
nance'®*. Because mtDNA replication and repair require a continuous
and balanced supply of deoxynucleotides, tissues with high mitochon-
drialdemand are especially vulnerable to disruptions in mitochondrial
dNTP homeostasis.

Two nucleotide-supplying routes are particularly critical. First,
the p53-inducible ribonucleotide reductase subunit RRM2B (p53R2)
supports dNTP production in contexts where canonical S-phase ribo-
nucleotide reductase activity is limited, and its loss is associated with
impaired mtDNA maintenance and mtDNA depletion'®. Second,
defects in mitochondrial nucleotide salvage enzymes, such as thymi-
dine kinase 2 (TK2) and deoxyguanosine kinase (DGUOK), similarly
disrupt mitochondrial ANTP pools'®'*’. Clinically, mutations affect-
ing RRM2B, TK2 and DGUOK cause mtDNA depletion syndromes with
broad manifestations, including severe myopathy, as well as hepatic,
renal, neurological and gastrointestinal involvement (Fig. 4).

Collectively, these examples define a topography of nucleotide
vulnerability, in which tissue-specific pathologies arise from distinct
constraints on nucleotide homeostasis. These principlesillustrate that
nucleotide homeostasis is governed not by abundance alone, but by
tissue-specific thresholds shaped by demand, compartmentalization
and tolerance to metabolic stress.
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BOX1

Therapeutic exploitation of nucleotide vulnerabilities

The therapeutic value of targeting nucleotide metabolism stems from
a fundamental vulnerability of proliferating cells: their dependence
on sufficient and balanced nucleotide pools for genome replication,
RNA production, signalling and biomass accumulation. Many of these
cells operate near the limits of nucleotide homeostasis, rendering
them sensitive to nucleotide depletion, pool imbalance or pathway
dependencies that cannot be easily bypassed.

Antifolates and antimetabolites. The clinical success of antifolates
provided early proof that nucleotide supply could be therapeutically
constrained and helped to establish nucleotide metabolism as a
druggable vulnerability. Methotrexate, the prototypical antifolate,
inhibits dihydrofolate reductase, thereby depleting tetrahydrofolate
pools required for purine and thymidylate synthesis™'.
Antimetabolites exploit a related principle by mimicking
endogenous nucleobases or nucleosides and corrupting nucleotide
metabolism. Purine analogues, including 6-mercaptopurine
(6-MP) and 6-thioguanine (6-TG), are activated by HPRT1 to form
aberrant thiopurine nucleotides that induce replication stress
and cytotoxicity'®. Pyrimidine analogues act through distinct but
complementary mechanisms. Cytarabine (also known as Ara-C) and
gemcitabine (dFdC) require phosphorylation by deoxycytidine kinase
and impair genome duplication after incorporation into DNA', By
contrast, 5-fluorouracil is converted into fluorinated nucleotide
metabolites, including fluorodeoxyuridine monophosphate, which
inhibits thymidylate synthase, as well as additional metabolites
that disrupt RNA and DNA metabolism™. These agents remain
central to cancer therapy, with cytarabine used in acute myeloid
leukaemia and 5-fluorouracil and gemcitabine widely used for solid
tumours™>®, Beyond cancer, nucleotide-targeted therapies are also
used in inflammatory diseases, including methotrexate in rheumatoid
arthritis and thiopurines in inflammatory bowel disease’™"® (Fig. 5).

Conclusions and perspectives

In this Review, we present nucleotide metabolism as a system deeply
embedded within metabolic networks, organelle biology, cell signal-
ling, nutrient inputs, tissue physiology and genome maintenance.

Although advances in liquid chromatography-mass spectro-
metry have transformed the field, much of what we know s stillinferred
from bulk measurements and enzyme expression. Emerging tech-
nologies, including spatial metabolomics or matrix-assisted laser
desorption ionization (MALDI) imaging'®, in vivo isotope tracing'®’,
organelle-coupled metabolite profiling'”° and genetically encoded
biosensors'”, now provide the ability to quantify nucleotide pools
with spatial and temporal resolution, opening the door to mechanistic
questions that were previously inaccessible.

Similarly, discovery of the purinosome has spurred interest in
higher-order enzyme organization’. Although purinosomes and
enzyme filaments have been characterized in cell culture, their for-
mation, regulation and functional consequencesin vivo remain poorly
defined. Determining the physiological and pathological conditions
that trigger these assemblies will be critical for understanding how
spatial organization shapes pathway efficiency and regulation, and
whether these structures may be exploited therapeutically.

Another emerging theme is the bidirectional integration of
nucleotide metabolism with signalling pathways. Growth- and
stress-responsive hubs, such as mTORC1, MAPK, AMPK and MYC,
dynamically tune nucleotide synthesis to allow metabolic flexibility,

Selective targeting of nucleotide synthesis. Recent therapeutic
efforts have shifted from broad antimetabolites towards more
selective targeting of non-redundant biosynthetic nodes.

DHODH inhibitors block de novo pyrimidine synthesis at a
mitochondrial-respiration-coupled step and have shown activity

in acute myeloid leukaemia and selected brain tumours?*761891%0,
DHODH inhibitors are also used in autoimmune and inflammatory
disorders, including leflunomide for rheumatoid arthritis and
teriflunomide for multiple sclerosis'®'®2. De novo purine synthesis
provides another therapeutic entry point, with IMPDH inhibitors
already established as immunosuppressants and now being explored
in cancers that depend on guanine nucleotide synthesis'®*'**. The
bifunctional purine biosynthetic enzyme PAICS, frequently increased
in solid tumours, has further motivated efforts to develop selective
inhibitors” (Fig. 5).

One-carbon metabolism as an upstream bottleneck. Nucleotide
synthesis can also be targeted through upstream pathways that
supply one-carbon units. Mitochondrial one-carbon metabolism fuels
purine synthesis, and MTHFD2 is highly expressed in many cancers
but low in most adult differentiated tissues, supporting efforts to
develop selective MTHFD2 inhibitors'®>'*®, The cytosolic one-carbon
enzyme MTHFD1 has also emerged as a therapeutic node, as its

inhibition can induce toxic folate trapping in cancer cells'".

Outlook. Together, these examples show that nucleotide-targeted
therapies exploit three linked vulnerabilities: high biosynthetic
demand, limited pathway redundancy and sensitivity to nucleotide
imbalance. Defining when cells depend on de novo synthesis,
salvage, transport or one-carbon inputs will be key to matching
therapies to context-specific dependencies and designing
combinations that limit resistance.

whereasnucleotide availability feeds back to shape signalling programs
governing growth, replication stress responses, glycosylation and
organellar biology""“*. This two-way logic is critical for understanding
metabolic adaptation and explains why nucleotide pathways become
selectively essential in specific contexts.

Importantly, insights from human genetics and cancer further
support that pathology arises not only from insufficient nucleotide
supply but also fromimbalance and toxicintermediate accumulation,
emphasizing that nucleotide composition and stoichiometry, rather
than metabolic flux alone, govern cellular fitness'**72, Consistent
with this idea, different tissues and tumours probably operate under
distinct nucleotide constraints set by proliferative demand, salvage
and transport capacity, mitochondrial activity and environmental
access. Establishing a tissue- and disease-level nucleotide atlas that
integrates pool composition, pathway usage and transport dynamics
would provide a predictive framework for understanding both tissue-
and cancer-specific vulnerability.

Finally, as detailed inBox1andFig. 5, although targeting nucleotide
metabolism haslong beenacornerstone of cancer therapy'?, pathway
flexibility and metabolic compensation limit efficacy and contribute
to resistance'*°, A more quantitative understanding of nucleotide
dependencies, across de novo synthesis, salvage and transport, should
enable more precise interventions and rational therapeutic combina-
tions™. Extending isotope tracing from preclinical models to patient
settings, where feasible, will enable direct assessment of nucleotide
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Fig. 5| Therapeutic targeting of nucleotide metabolismin disease. Top,

US Food and Drug Administration (FDA)-approved antimetabolite therapies
targeting purine and pyrimidine metabolism. Depicted are key target enzymes,
therapeutic compounds, clinical indications and biochemical mechanisms of
action. Although these antimetabolites are cornerstones of chemotherapy for
various cancers (for example, leukaemia, breast and colorectal cancers), they
are also employed ininflammatory diseases, including rheumatoid arthritis
(methotrexate) and inflammatory bowel disease (thiopurines). Bottom, targeted
inhibitors of de novo nucleotide synthesis enzymes. FDA-approved DHODH
inhibitors (leflunomide and teriflunomide) are used to treat autoimmune
diseases such as rheumatoid arthritis and multiple sclerosis by blocking
pyrimidine synthesis. IMPDH inhibitors (mycophenolate mofetil (MMF) and
mycophenolic acid (MPA)) suppress guanylate synthesis and are used clinically

to prevent organ transplant rejection. Target enzymes in nucleotide synthesis
areindicated in purple boxes and pharmacological inhibitors are shown in
yellow boxes. 5-FU, 5-fluorouracil; Ara-CMP, cytarabine 5-monophosphate;
DCK, deoxycytidine kinase; dFdCMP, gemcitabine monophosphate;

DHF, dihydrofolate; DHFR, dihydrofolate reductase; FAD, flavin adenine
dinucleotide (oxidized); FADH,, flavin adenine dinucleotide (reduced); FAUMP,
fluorodeoxyuridine monophosphate; FAUTP, fluorodeoxyuridine triphosphate;
FUTP, fluorouridine triphosphate; NAD*, nicotinamide adenine dinucleotide
(oxidized); NADH, nicotinamide adenine dinucleotide (reduced); TGMP,
6-thioguanosine monophosphate; THF, tetrahydrofolate; TIMP, 6-thioinosine
monophosphate; XMP, xanthine monophosphate. Figure created in BioRender;
Hoxhaj, G. https://biorender.com/a476p75 (2026).

pathway activity inhuman tumours and support metabolism-informed,
patient-tailored therapies'®*"*'”’, In parallel, imaging based on MALDI
will advance spatial mapping of nucleotide metabolism across normal
and diseased human tissues, enabling patient-relevant metabolic
analysis at tissue resolution. These advances will enable more precise

targeting of nucleotide dependencies, limit metabolic adaptation
and support rational combinations of nucleotide-targeted therapies
withimmunotherapies”*"””.

Together, these advances position nucleotide metabolism as a
central determinant of cellular state and tissue physiology. Nucleotides
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are produced and balanced through tightly regulated networks and
in turn shape signalling, genome maintenance, stress responses and
cellular identity. From their continual synthesis and recyclinginliving

cellstotheir foundational rolesin prebiotic chemistry

80 nucleotides

thus provide a unifying molecular language through which metabolism
istranslated into function, fate and disease.

References

1.

10.

mn.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Ali, E. S. & Ben-Sahra, I. Regulation of nucleotide metabolism in
cancers and immune disorders. Trends Cell Biol. 33, 950-966
(2023).

Villa, E., Ali, E. S., Sahu, U. & Ben-Sahra, I. Cancer cells tune the
signaling pathways to empower de novo synthesis of nucleotides.
Cancers 1, 688 (2019).

Mullen, N. J. & Singh, P. K. Nucleotide metabolism: a pan-cancer
metabolic dependency. Nat. Rev. Cancer 23, 275-294 (2023).
Lane, A. N. & Fan, T. W. Regulation of mammalian nucleotide
metabolism and biosynthesis. Nucleic Acids Res. 43, 2466-2485
(2015).

Chandel, N. S. et al. Nucleotide metabolism. Cold Spring Harb.
Perspect. Biol. 13, a040592 (2021).

Vander Heiden, M. G. & DeBerardinis, R. J. Understanding the
intersections between metabolism and cancer biology. Cell 168,
657-669 (2017).

Hoxhaj, G. & Manning, B. D. The PISK-AKT network at the interface
of oncogenic signalling and cancer metabolism. Nat. Rev. Cancer
20, 74-88 (2020).

Nyhan, W. L. Disorders of purine and pyrimidine metabolism.

Mol. Genet. Metab. 86, 25-33 (2005).

Mizukoshi, T., Yamada, S. & Sakakibara, S. I. Spatiotemporal
regulation of de novo and salvage purine synthesis during brain
development. eNeuro https://doi.org/10.1523/ENEURO.0159-
23.2023 (2023).

Chen, J. et al. De novo nucleotide biosynthetic pathway and
cancer. Genes Dis. 10, 2331-2338 (2023).

Diehl, F. F. et al. Nucleotide imbalance decouples cell growth
from cell proliferation. Nat. Cell Biol. 24, 1252-1264 (2022).

Tran, D. H. et al. De novo and salvage purine synthesis pathways
across tissues and tumors. Cell 187, 3602-3618.e20 (2024).
Hove-Jensen, B. et al. Phosphoribosyl diphosphate (PRPP):
biosynthesis, enzymology, utilization, and metabolic significance.
Microbiol. Mol. Biol. Rev. 81, e00040-16 (2017).

Ducker, G. S. & Rabinowitz, J. D. One-carbon metabolism in health
and disease. Cell Metab. 25, 27-42 (2017).

Vander Heiden, M. G. et al. Metabolic pathway alterations that
support cell proliferation. Cold Spring Harb. Symp. Quant. Biol.
76, 325-334 (2011).

Craig, S. P. 3rd & Eakin, A. E. Purine phosphoribosyltransferases.
J. Biol. Chem. 275, 20231-20234 (2000).

Townsend, M. H., Robison, R. A. & O'Neill, K. L. A review of

HPRT and its emerging role in cancer. Med. Oncol. 35, 89
(2018).

Li, B. et al. Negative feedback-defective PRPST mutants drive
thiopurine resistance in relapsed childhood ALL. Nat. Med. 21,
563-571(2015).

Yamaoka, T. et al. Feedback inhibition of amidophosphoribosyl-
transferase regulates the rate of cell growth via purine nucleotide,
DNA, and protein syntheses. J. Biol. Chem. 276, 21285-21291
(2001).

Wu, Z. et al. NUDT5 regulates purine metabolism and thiopurine
sensitivity by interacting with PPAT. Science 390, 1134-1142
(2025).

Nguyen, T. A. et al. A non-enzymatic role of Nudix hydrolase 5

in repressing purine de novo synthesis. Science 390, 1143-1150
(2025).

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

a1.

42.

Strefeler, A. et al. Uridine-sensitized screening identifies
demethoxy-coenzyme Q and NUDT5 as regulators of nucleotide
synthesis. Nat. Metab. 7, 2221-2235 (2025).

Wu, Z. et al. Electron transport chain inhibition increases cellular
dependence on purine transport and salvage. Cell Metab. 36,
1504-1520.e9 (2024).

Nengroo, M. A. et al. Accumulation of succinate suppresses

de novo purine synthesis through succinylation-mediated control
of the mitochondrial folate cycle. Mol. Cell 85, 4215-4228.e9
(2025).

Wilde, B. R. et al. FH variant pathogenicity promotes purine
salvage pathway dependence in kidney cancer. Cancer Discov. 13,
2072-2089 (2023).

Evans, D. R. & Guy, H. l. Mammalian pyrimidine biosynthesis:
fresh insights into an ancient pathway. J. Biol. Chem. 279,
33035-33038 (2004).

Pareek, V. & Benkovic, S. Metabolic profiling reveals channeled
de novo pyrimidine and purine biosynthesis fueled by
mitochondrially generated aspartic acid in cancer cells.

Nat. Commun. 16, 8952 (2025).

Rawls, J., Knecht, W., Diekert, K., Lill, R. & Loffler, M. Requirements
for the mitochondrial import and localization of dihydroorotate
dehydrogenase. Eur. J. Biochem. 267, 2079-2087 (2000).
Boukalova, S. et al. Dihydroorotate dehydrogenase in oxidative
phosphorylation and cancer. Biochim. Biophys. Acta Mol. Basis Dis.
1866, 165759 (2020).

Fang, J. et al. Dihydro-orotate dehydrogenase is physically
associated with the respiratory complex and its loss leads to
mitochondrial dysfunction. Biosci. Rep. 33, 00021 (2013).
Wittmann, J. G. et al. Structures of the human orotidine-
5'-monophosphate decarboxylase support a covalent mechanism
and provide a framework for drug design. Structure 16, 82-92
(2008).

Walter, M. & Herr, P. Re-discovery of pyrimidine salvage as target
in cancer therapy. Cells 11, 739 (2022).

Loffler, M., Fairbanks, L. D., Zameitat, E., Marinaki, A. M. &
Simmonds, H. A. Pyrimidine pathways in health and disease.
Trends Mol. Med. 11, 430-437 (2005).

Van Rompay, A. R., Norda, A., Lindén, K., Johansson, M. &
Karlsson, A. Phosphorylation of uridine and cytidine nucleoside
analogs by two human uridine-cytidine kinases. Mol. Pharmacol.
59, 1181-1186 (2001).

Van Kuilenburg, A. B. & Meinsma, R. The pivotal role of uridine-
cytidine kinases in pyrimidine metabolism and activation of
cytotoxic nucleoside analogues in neuroblastoma. Biochim.
Biophys. Acta 1862, 1504-1512 (2016).

Eriksson, S., Munch-Petersen, B., Kierdaszuk, B. & Arnér, E.
Expression and substrate specificities of human thymidine
kinase 1, thymidine kinase 2 and deoxycytidine kinase. Adv. Exp.
Med. Biol. 309b, 239-243 (1991).

Carrey, E. A. Phosphorylation, allosteric effectors and inter-
domain contacts in CAD; their role in regulation of early steps of
pyrimidine biosynthesis. Biochem. Soc. Trans. 21, 191-195 (1993).
Shin, J. et al. Allosteric regulation of CAD modulates de novo
pyrimidine synthesis during the cell cycle. Nat. Metab. 5, 277-293
(2023).

Finley, L. W. S. What is cancer metabolism? Cell 186, 1670-1688
(2023).

Pavlova, N. N., Zhu, J. & Thompson, C. B. The hallmarks of cancer
metabolism: still emerging. Cell Metab. 34, 355-377 (2022).

Liu, G. Y. & Sabatini, D. M. mTOR at the nexus of nutrition, growth,
ageing and disease. Nat. Rev. Mol. Cell Biol. 21, 183-203 (2020).
Ben-Sahra, I. & Manning, B. D. mTORCI1 signaling and the
metabolic control of cell growth. Curr. Opin. Cell Biol. 45, 72-82
(2017).

Nature Cell Biology


http://www.nature.com/naturecellbiology
https://doi.org/10.1523/ENEURO.0159-23.2023
https://doi.org/10.1523/ENEURO.0159-23.2023

Review article

https://doi.org/10.1038/s41556-026-02004-9

43.

44,

45,

46.

47.

48.

49,

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Price, D. J., Grove, J. R., Calvo, V., Avruch, J. & Bierer, B. E.
Rapamycin-induced inhibition of the 70-kilodalton S6 protein
kinase. Science 257, 973-977 (1992).

Chung, J., Kuo, C. J., Crabtree, G. R. & Blenis, J. Rapamycin-FKBP
specifically blocks growth-dependent activation of and signaling
by the 70 kd S6 protein kinases. Cell 69, 1227-1236 (1992).
Ben-Sahra, I., Howell, J. J., Asara, J. M. & Manning, B. D.
Stimulation of de novo pyrimidine synthesis by growth signaling
through mTOR and S6K1. Science 339, 1323-1328 (2013).
Robitaille, A. M. et al. Quantitative phosphoproteomics reveal
mTORCT1 activates de novo pyrimidine synthesis. Science 339,
1320-1323 (2013).

Ali, E. S. et al. The mTORC1-SLC4A7 axis stimulates bicarbonate
import to enhance de novo nucleotide synthesis. Mol. Cell 82,
3284-3298.e7 (2022).

Ali, E. S. et al. ERK2 phosphorylates PFAS to mediate post-
translational control of de novo purine synthesis. Mol. Cell 78,
1178-1191.e6 (2020).

Schneider, J. L. et al. GUK1 activation is a metabolic liability in
lung cancer. Cell 188, 1248-1264.e23 (2025).

Saha, A. et al. Akt phosphorylation and regulation of transketolase
is a nodal point for amino acid control of purine synthesis.

Mol. Cell 55, 264-276 (2014).

Hoxhaj, G. et al. Direct stimulation of NADP* synthesis through
Akt-mediated phosphorylation of NAD kinase. Science 363,
1088-1092 (2019).

Praharaij, P. P. et al. Cryo-EM structure and regulation of human
NAD kinase. Sci. Adv. 11, eads2664 (2025).

Shackelford, D. B. & Shaw, R. J. The LKB1-AMPK pathway:
metabolism and growth control in tumour suppression. Nat. Rev.
Cancer 9, 563-575 (2009).

Qian, X. et al. Conversion of PRPS hexamer to monomer by
AMPK-mediated phosphorylation inhibits nucleotide synthesis in
response to energy stress. Cancer Discov. 8, 94-107 (2018).

Liu, Y. C. et al. Global regulation of nucleotide biosynthetic genes
by c-Myc. PLoS ONE 3, €2722 (2008).

Cunningham, J. T., Moreno, M. V., Lodi, A., Ronen, S. M. &
Ruggero, D. Protein and nucleotide biosynthesis are coupled by
a single rate-limiting enzyme, PRPS2, to drive cancer. Cell 157,
1088-1103 (2014).

Stine, Z. E., Walton, Z. E., Altman, B. J., Hsieh, A. L. & Dang, C. V.
MYC, metabolism, and cancer. Cancer Discov. 5, 1024-1039 (2015).
Mannava, S. et al. Direct role of nucleotide metabolism in
C-MYC-dependent proliferation of melanoma cells. Cell Cycle 7,
2392-2400 (2008).

Wang, X. et al. Purine synthesis promotes maintenance of brain
tumor initiating cells in glioma. Nat. Neurosci. 20, 661-673 (2017).
Santana-Codina, N. et al. Oncogenic KRAS supports pancreatic
cancer through regulation of nucleotide synthesis. Nat. Commun.
9, 4945 (2018).

Divel, K. et al. Activation of a metabolic gene regulatory network
downstream of mTOR complex 1. Mol. Cell 39, 171-183 (2010).
Ben-Sahra, I., Hoxhaj, G., Ricoult, S. J. H., Asara, J. M. & Manning, B. D.
mTORC1 induces purine synthesis through control of the
mitochondrial tetrahydrofolate cycle. Science 351, 728-733 (2016).
Byles, V. et al. Hepatic mTORCT1 signaling activates ATF4 as part
of its metabolic response to feeding and insulin. Mol. Metab. 53,
101309 (2021).

Park, Y., Reyna-Neyra, A., Philippe, L. & Thoreen, C. C. mTORC1
balances cellular amino acid supply with demand for protein
synthesis through post-transcriptional control of ATF4. Cell Rep.
19, 1083-1090 (2017).

Gao, Y., Feng, L., Zhang, L., Geng, J. & Zhang, E. ATF4/MYC
regulates MTHFD2 to promote NSCLC progression by mediating
redox homeostasis. Dis. Markers 2022, 7527996 (2022).

66.

67.

68.

69.

70.

7.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Pikman, Y. et al. Targeting MTHFD2 in acute myeloid leukemia.

J. Exp. Med. 213, 1285-1306 (2016).

Sugiura, A. et al. MTHFD2 is a metabolic checkpoint controlling
effector and regulatory T cell fate and function. Immunity 55,
65-81.9 (2022).

Kim, J. et al. CPS1 maintains pyrimidine pools and DNA synthesis
in KRAS/LKB1-mutant lung cancer cells. Nature 546, 168-172
(2017).

Rabinovich, S. et al. Diversion of aspartate in ASS1-deficient
tumours fosters de novo pyrimidine synthesis. Nature 527,
379-383 (2015).

Wang, M. & Attardi, L. D. A balancing act: p53 activity from
tumor suppression to pathology and therapeutic implications.
Annu. Rev. Pathol. 17, 205-226 (2022).

Kollareddy, M. et al. Regulation of nucleotide metabolism

by mutant p53 contributes to its gain-of-function activities.

Nat. Commun. 6, 7389 (2015).

Chernova, O. B, Chernov, M. V., Ishizaka, Y., Agarwal, M. L. &
Stark, G. R. MYC abrogates p53-mediated cell cycle arrest in
N-(phosphonacetyl)-L-aspartate-treated cells, permitting CAD
gene amplification. Mol. Cell Biol. 18, 536-545 (1998).

Agarwal, M. L. et al. A p53-dependent S-phase checkpoint helps
to protect cells from DNA damage in response to starvation for
pyrimidine nucleotides. Proc. Natl Acad. Sci USA 95, 14775-14780
(1998).

Lynch, E. M., Kollman, J. M. & Webb, B. A. Filament formation by
metabolic enzymes—a new twist on regulation. Curr. Opin. Cell
Biol. 66, 28-33 (2020).

Pedley, A. M. & Benkovic, S. J. A new view into the regulation of
purine metabolism: the purinosome. Trends Biochem. Sci. 42,
141-154 (2017).

Noree, C. et al. A quantitative screen for metabolic enzyme
structures reveals patterns of assembly across the yeast
metabolic network. Mol. Biol. Cell 30, 2721-2736 (2019).

Shen, Q. J. et al. Filamentation of metabolic enzymes in
Saccharomyces cerevisiae. J. Genet. Genom. 43, 393-404 (2016).
Pedley, A. M., Pareek, V. & Benkovic, S. J. The purinosome: a case
study for a mammalian metabolon. Annu. Rev. Biochem. 91,
89-106 (2022).

An, S., Kumar, R., Sheets, E. D. & Benkovic, S. J. Reversible
compartmentalization of de novo purine biosynthetic complexes
in living cells. Science 320, 103-106 (2008).

Pareek, V., Tian, H., Winograd, N. & Benkovic, S. J. Metabolomics
and mass spectrometry imaging reveal channeled de novo purine
synthesis in cells. Science 368, 283-290 (2020).

French, J. B. et al. Spatial colocalization and functional link of
purinosomes with mitochondria. Science 351, 733-737 (2016).
Spinelli, J. B. & Haigis, M. C. The multifaceted contributions of
mitochondria to cellular metabolism. Nat. Cell Biol. 20, 745-754
(2018).

DeBerardinis, R. J. & Chandel, N. S. Fundamentals of cancer
metabolism. Sci. Adv. 2, €1600200 (2016).

Yang, C. et al. De novo pyrimidine biosynthetic complexes
support cancer cell proliferation and ferroptosis defence. Nat.
Cell Biol. 25, 836-847 (2023).

Carrey, E. A. et al. Detection and location of the enzymes of

de novo pyrimidine biosynthesis in mammalian spermatozoa.
Reproduction 123, 757-768 (2002).

Hu, H. H. et al. Filamentation modulates allosteric regulation of
PRPS. eLife 11, €79552 (2022).

Lynch, E. M. et al. Human CTP synthase filament structure reveals
the active enzyme conformation. Nat. Struct. Mol. Biol. 24,
507-514 (2017).

Chang, C. C. et al. Cytoophidium assembly reflects upregulation
of IMPDH activity. J. Cell Sci. 128, 3550-3555 (2015).

Nature Cell Biology


http://www.nature.com/naturecellbiology

Review article

https://doi.org/10.1038/s41556-026-02004-9

80.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100. Furlow, P. W. et al. Mechanosensitive pannexin-1 channels mediate

101.

102.

103.

104.

106.

106.

107.

108.

109.

10.

m.

12.

Johnson, M. C. & Kollman, J. M. Cryo-EM structures demonstrate
human IMPDH2 filament assembly tunes allosteric regulation.
elLife 9, 53243 (2020).

Burrell, A. L. et al. IMPDHT1 retinal variants control filament
architecture to tune allosteric regulation. Nat. Struct. Mol. Biol.
29, 47-58 (2022).

Duong-Ly, K. C. et al. T cell activation triggers reversible inosine-
5'-monophosphate dehydrogenase assembly. J. Cell Sci. 131,
jcs223289 (2018).

Kim-Holzapfel, D. M. et al. Human uridine 5'-monophosphate
synthase stores metabolic potential in inactive biomolecular
condensates. J. Biol. Chem. 299, 102949 (2023).

Mathews, C. K. Deoxyribonucleotide metabolism, mutagenesis
and cancer. Nat. Rev. Cancer 15, 528-539 (2015).

Sprenger, H. G. et al. Cellular pyrimidine imbalance triggers
mitochondrial DNA-dependent innate immunity. Nat. Metab. 3,
636-650 (2021).

Hoxhaj, G. et al. The mTORC1 signaling network senses changes
in cellular purine nucleotide levels. Cell Rep. 21, 1331-1346 (2017).
Emmanuel, N. et al. Purine nucleotide availability regulates
mTORC1 activity through the Rheb GTPase. Cell Rep. 19,
2665-2680 (2017).

Perera, R. M. & Zoncu, R. The lysosome as a regulatory hub.
Annu. Rev. Cell Dev. Biol. 32, 223-253 (2016).

Burnstock, G. Pathophysiology and therapeutic potential of
purinergic signaling. Pharmacol. Rev. 58, 58-86 (2006).

Qu, Y. et al. Pannexin-1is required for ATP release during
apoptosis but not for inflammasome activation. J. Immunol. 186,
6553-6561(2011).

microvascular metastatic cell survival. Nat. Cell Biol. 17, 943-952
(2015).

Cauwels, A., Rogge, E., Vandendriessche, B., Shiva, S. &
Brouckaert, P. Extracellular ATP drives systemic inflammation,
tissue damage and mortality. Cell Death Dis. 5, €1102 (2014).
Trautmann, A. Extracellular ATP in the immune system: more than
just a “danger signal”. Sci. Signal. 2, pe6 (2009).

Deaglio, S. et al. Adenosine generation catalyzed by CD39

and CD73 expressed on regulatory T cells mediates immune
suppression. J. Exp. Med. 204, 1257-1265 (2007).

Sun, C., Wang, B. & Hao, S. Adenosine-A2A receptor pathway in
cancer immunotherapy. Front. Immunol. 13, 837230 (2022).
Palmer, T. M. & Trevethick, M. A. Suppression of inflammatory
and immune responses by the A,, adenosine receptor: an
introduction. Br. J. Pharmacol. 153, S27-S34 (2008).

Ye, H. et al. Role of adenosine A2a receptor in cancers and
autoimmune diseases. Immun. Inflamm. Dis. 11, €826 (2023).
Abbracchio, M. P, Burnstock, G., Verkhratsky, A. & Zimmermann,
H. Purinergic signalling in the nervous system: an overview.
Trends Neurosci. 32, 19-29 (2009).

Hardivillé, S. & Hart, G. W. Nutrient regulation of signaling,
transcription, and cell physiology by O-GlcNAcylation. Cell Metab.
20, 208-213 (2014).

Sykes, D. B. et al. Inhibition of dihydroorotate dehydrogenase
overcomes differentiation blockade in acute myeloid leukemia.
Cell167,171-186.e15 (2016).

So, J. et al. Inhibition of pyrimidine biosynthesis targets protein
translation in acute myeloid leukemia. EMBO Mol. Med. 14,
e15203 (2022).

Itkonen, H. M. et al. O-GlcNAc transferase integrates metabolic
pathways to regulate the stability of c-MYC in human prostate
cancer cells. Cancer Res. 73, 5277-5287 (2013).

Chang, Y. F. & Carman, G. M. CTP synthetase and its role in
phospholipid synthesis in the yeast Saccharomyces cerevisiae.
Prog. Lipid Res. 47, 333-339 (2008).

13.

14.

15.

6.

"7

18.

9.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

McMaster, C. R. From yeast to humans—roles of the Kennedy
pathway for phosphatidylcholine synthesis. FEBS Lett. 592,
1256-1272 (2018).

Tavasoli, M., Lahire, S., Reid, T., Brodovsky, M. & McMaster, C. R.
Genetic diseases of the Kennedy pathways for membrane
synthesis. J. Biol. Chem. 295, 17877-17886 (2020).

Sahu, U. et al. Pyrimidines maintain mitochondrial pyruvate
oxidation to support de novo lipogenesis. Science 383,
1484-1492 (2024).

Pinette, J. A. et al. Disruption of nucleotide biosynthesis
reprograms mitochondrial metabolism to inhibit adipogenesis.
J. Lipid Res. 65,100641(2024).

Kiweler, N. et al. Mitochondria preserve an autarkic one-carbon
cycle to confer growth-independent cancer cell migration and
metastasis. Nat. Commun. 13, 2699 (2022).

Soflaee, M. H. et al. Purine nucleotide depletion prompts cell
migration by stimulating the serine synthesis pathway. Nat.
Commun. 13, 2698 (2022).

Biyik-Sit, R. et al. Nuclear pyruvate kinase M2 (PKM2) contributes
to phosphoserine aminotransferase 1 (PSAT1)-mediated cell
migration in EGFR-activated lung cancer cells. Cancers 13, 3938
(2021).

Nwosu, Z. C. et al. Uridine-derived ribose fuels glucose-restricted
pancreatic cancer. Nature 618, 151-158 (2023).

Skinner, O. S. et al. Salvage of ribose from uridine or RNA supports
glycolysis in nutrient-limited conditions. Nat. Metab. 5, 765-776
(2023).

Tabata, S. et al. Thymidine catabolism as a metabolic strategy for
cancer survival. Cell Rep. 19, 1313-1321(2017).

Wang, T. et al. Inosine is an alternative carbon source for
CD8"-T-cell function under glucose restriction. Nat. Metab. 2,
635-647 (2020).

Jurecka, A. Inborn errors of purine and pyrimidine metabolism.

J. Inherit. Metab. Dis. 32, 247-263 (20009).

Balasubramaniam, S., Duley, J. A. & Christodoulou, J. Inborn errors
of purine metabolism: clinical update and therapies. J. Inherit.
Metab. Dis. 37, 669-686 (2014).

Dewulf, J. P.,, Marie, S. & Nassogne, M. C. Disorders of purine
biosynthesis metabolism. Mol. Genet. Metab. 136, 190-198 (2022).
Micheli, V. et al. Neurological disorders of purine and pyrimidine
metabolism. Curr. Top. Med. Chem. 11, 923-947 (2011).
Fumagalli, M., Lecca, D., Abbracchio, M. P. & Ceruti, S. Pathophysio-
logical role of purines and pyrimidines in neurodevelopment:
unveiling new pharmacological approaches to congenital brain
diseases. Front. Pharmacol. 8, 941 (2017).

Koch, J. et al. CAD mutations and uridine-responsive epileptic
encephalopathy. Brain 140, 279-286 (2017).

Rymen, D. et al. Expanding the clinical and genetic spectrum

of CAD deficiency: an epileptic encephalopathy treatable with
uridine supplementation. Genet. Med. 22, 1589-1597 (2020).
Wortmann, S. B. et al. Mild orotic aciduria in UMPS heterozygotes:
a metabolic finding without clinical consequences. J. Inherit.
Metab. Dis. 40, 423-431(2017).

Ng, S. B. et al. Exome sequencing identifies the cause of a
mendelian disorder. Nat. Genet. 42, 30-35 (2010).

Jurecka, A., Zikanova, M., Kmoch, S. & Tylki-Szymanska, A.
Adenylosuccinate lyase deficiency. J. Inherit. Metab. Dis. 38,
231-242 (2015).

Marie, S. et al. AICA-ribosiduria: a novel, neurologically
devastating inborn error of purine biosynthesis caused by
mutation of ATIC. Am. J. Hum. Genet. 74, 1276-1281 (2004).
Ramond, F. et al. AICA-ribosiduria due to ATIC deficiency:
delineation of the phenotype with three novel cases, and
long-term update on the first case. J. Inherit. Metab. Dis. 43,
1254-1264 (2020).

Nature Cell Biology


http://www.nature.com/naturecellbiology

Review article

https://doi.org/10.1038/s41556-026-02004-9

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

Pelet, A. et al. PAICS deficiency, a new defect of de novo purine
synthesis resulting in multiple congenital anomalies and fatal
outcome. Hum. Mol. Genet. 28, 3805-3814 (2019).

Weng, W. C. et al. Expanding clinical spectrum of PAICS
deficiency: comprehensive analysis of two sibling cases. Eur. J.
Hum. Genet. 33, 870-877 (2025).

Jinnah, H. A., Sabina, R. L. & Van Den Berghe, G. Metabolic
disorders of purine metabolism affecting the nervous system.
Handb. Clin. Neurol. 113, 1827-1836 (2013).

Torres, R. J. & Puig, J. G. Hypoxanthine-guanine phosopho-
ribosyltransferase (HPRT) deficiency: Lesch-Nyhan syndrome.
Orphanet. J. Rare Dis. 2, 48 (2007).

Visser, J. E., Béar, P.R. & Jinnah, H. A. Lesch-Nyhan disease and the
basal ganglia. Brain Res. Rev. 32, 449-475 (2000).

Jinnah, H. A. et al. Delineation of the motor disorder of Lesch-
Nyhan disease. Brain 129, 1201-1217 (20086).

Sandau, U. S. et al. Adenosine kinase deficiency in the brain
results in maladaptive synaptic plasticity. J. Neurosci. 36,
12117-12128 (2016).

Staufner, C. et al. Adenosine kinase deficiency: expanding the
clinical spectrum and evaluating therapeutic options. J. Inherit.
Metab. Dis. 39, 273-283 (2016).

De Brouwer, A. P. et al. PRPST mutations: four distinct syndromes
and potential treatment. Am. J. Hum. Genet. 86, 506-518 (2010).
Kim, H. J. et al. Mutations in PRPS1, which encodes the
phosphoribosyl pyrophosphate synthetase enzyme critical for
nucleotide biosynthesis, cause hereditary peripheral neuropathy
with hearing loss and optic neuropathy (CMTX5). Am. J. Hum.
Genet. 81, 552-558 (2007).

Moran, R. et al. Phosphoribosylpyrophosphate synthetase
superactivity and recurrent infections is caused by a p.Val142Leu
mutation in PRS-I. Am. J. Med. Genet. A158a, 455-460 (2012).
Girot, R. et al. Cellular immune deficiency in two siblings

with hereditary orotic aciduria. N. Engl. J. Med. 308, 700-704
(1983).

Suchi, M. et al. Molecular cloning of the human UMP synthase
gene and characterization of point mutations in two hereditary
orotic aciduria families. Am. J. Hum. Genet. 60, 525-539 (1997).
Zhou, L., Xu, H., Wang, T. & Wu, Y. A patient with CAD deficiency
responsive to uridine and literature review. Front. Neurol. 11, 64
(2020).

Mikdar, M. et al. The equilibrative nucleoside transporter ENT1 is
critical for nucleotide homeostasis and optimal erythropoiesis.
Blood 137, 3548-3562 (2021).

Maynard, A. G. et al. Folate depletion induces erythroid
differentiation through perturbation of de novo purine synthesis.
Sci. Adv. 10, eadj9479 (2024).

Karigane, D. et al. p38a activates purine metabolism to initiate

hematopoietic stem/progenitor cell cycling in response to stress.

Cell Stem Cell 19, 192-204 (2016).

Chi, H., Pepper, M. & Thomas, P. G. Principles and therapeutic
applications of adaptive immunity. Cell 187, 2052-2078 (2024).
Martin, E. et al. CTP synthase 1 deficiency in humans reveals its
central role in lymphocyte proliferation. Nature 510, 288-292
(2014).

Flinn, A. M. & Gennery, A. R. Adenosine deaminase deficiency:
a review. Orphanet J. Rare Dis. 13, 65 (2018).

Cohen, A., Gudas, L. J.,, Ammann, A. J., Staal, G. E. & Martin, D. W. Jr.

Deoxyguanosine triphosphate as a possible toxic metabolite

in the immunodeficiency associated with purine nucleoside
phosphorylase deficiency. J. Clin. Invest. 61, 1405-1409 (1978).
Markert, M. L. Purine nucleoside phosphorylase deficiency.
Immunodefic. Rev. 3, 45-81(1991).

Alvarez-Lario, B. & Macarrén-Vicente, J. Uric acid and evolution.
Rheumatology 49, 2010-2015 (2010).

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

7.

172.

173.

174.

175.

176.

177.

178.

179.

180.

Kratzer, J. T. et al. Evolutionary history and metabolic insights

of ancient mammalian uricases. Proc. Natl Acad. Sci. USA N,
3763-3768 (2014).

Wiederkehr, M. R. & Moe, O. W. Uric acid nephrolithiasis: a
systemic metabolic disorder. Clin. Rev. Bone Miner. Metab. 9,
207-217 (201M1).

O'Dell, J. R. et al. Comparative effectiveness of allopurinol and
febuxostat in gout management. NEJM Evid. https://doi.org/
10.1056/evidoa2100028 (2022).

Bollée, G. et al. Adenine phosphoribosyltransferase deficiency.
Clin. J. Am. Soc. Nephrol. 7,1521-1527 (2012).

Akinci, N., Cakil, A. & Oner, A. Classical xanthinuria: a rare cause
of pediatric urolithiasis. Turk. J. Urol. 39, 274-276 (2013).
Viscomi, C. & Zeviani, M. MtDNA-maintenance defects:
syndromes and genes. J. Inherit. Metab. Dis. 40, 587-599
(2017).

Bourdon, A. et al. Mutation of RRM2B, encoding p53-controlled
ribonucleotide reductase (p53R2), causes severe mitochondrial
DNA depletion. Nat. Genet. 39, 776-780 (2007).

Tulinius, M., Moslemi, A. R., Darin, N., Holme, E. & Oldfors, A.
Novel mutations in the thymidine kinase 2 gene (TK2) associated
with fatal mitochondrial myopathy and mitochondrial DNA
depletion. Neuromuscul. Disord. 15, 412-415 (2005).

Dimmock, D. P. et al. Clinical and molecular features

of mitochondrial DNA depletion due to mutations in
deoxyguanosine kinase. Hum. Mutat. 29, 330-331(2008).
Alexandrov, T. Spatial metabolomics: from a niche field

towards a driver of innovation. Nat. Metab. 5, 1443-1445

(2023).

Faubert, B., Tasdogan, A., Morrison, S. J., Mathews, T. P. &
DeBerardinis, R. J. Stable isotope tracing to assess tumor
metabolism in vivo. Nat. Protoc. 16, 5123-5145 (2021).

Chen, W. W., Freinkman, E., Wang, T., Birsoy, K. & Sabatini, D. M.
Absolute quantification of matrix metabolites reveals the
dynamics of mitochondrial metabolism. Cell 166, 1324-1337.e11
(2016).

Marvin, J. S. et al. IATPSnFR2: a high-dynamic-range fluorescent
sensor for monitoring intracellular ATP. Proc. Natl Acad. Sci. USA
121, 2314604121 (2024).

Doshi, M. B. et al. Disruption of sugar nucleotide clearanceis a
therapeutic vulnerability of cancer cells. Nature 623, 625-632
(2023).

Neradil, J., Pavlasova, G. & Veselska, R. New mechanisms for an
old drug; DHFR- and non-DHFR-mediated effects of methotrexate
in cancer cells. Klin. Onkol. 25, 2587-2592 (2012).

Halbrook, C. J. et al. Macrophage-released pyrimidines inhibit
gemcitabine therapy in pancreatic cancer. Cell Metab. 29,
1390-1399.€6 (2019).

Desbats, M. A., Giacomini, |., Prayer-Galetti, T. & Montopoli, M.
Metabolic plasticity in chemotherapy resistance. Front. Oncol. 10,
281(2020).

Shi, D. D. et al. De novo pyrimidine synthesis is a targetable
vulnerability in IDH mutant glioma. Cancer Cell 40, 939-956.e16
(2022).

Scott, A. J. et al. Rewiring of cortical glucose metabolism fuels
human brain cancer growth. Nature 646, 413-422 (2025).

Yang, R. et al. Methotrexate exerts antitumor immune activity
and improves the clinical efficacy of immunotherapy in
patients with solid tumors. Sci. Transl. Med. 17, eadn6921
(2025).

Mullen, N. J. et al. DHODH inhibition enhances the efficacy of
immune checkpoint blockade by increasing cancer cell antigen
presentation. eLife 12, RP87292 (2024).

Saito, H. The RNA world ‘hypothesis’. Nat. Rev. Mol. Cell Biol. 23,
582 (2022).

Nature Cell Biology


http://www.nature.com/naturecellbiology
https://doi.org/10.1056/evidoa2100028
https://doi.org/10.1056/evidoa2100028

Review article

https://doi.org/10.1038/s41556-026-02004-9

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

McGuire, J. J. Anticancer antifolates: current status and future
directions. Curr. Pharm. Des. 9, 2593-2613 (2003).

Karran, P. & Attard, N. Thiopurines in current medical practice:
molecular mechanisms and contributions to therapy-related
cancer. Nat. Rev. Cancer 8, 24-36 (2008).

Lamba, J. K. Genetic factors influencing cytarabine therapy.
Pharmacogenomics 10, 1657-1674 (2009).

Longley, D. B., Harkin, D. P. & Johnston, P. G. 5-fluorouracil:
mechanisms of action and clinical strategies. Nat. Rev. Cancer 3,
330-338 (2003).

Léwenberg, B. et al. Cytarabine dose for acute myeloid leukemia.
N. Engl. J. Med. 364, 1027-1036 (2011).

Ciccolini, J., Serdjebi, C., Peters, G. J. & Giovannetti, E. Pharmaco-
kinetics and pharmacogenetics of gemcitabine as a mainstay

in adult and pediatric oncology: an EORTC-PAMM perspective.
Cancer Chemother. Pharmacol. 78, 1-12 (2016).

Cronstein, B. N. & Aune, T. M. Methotrexate and its mechanisms of
action in inflammatory arthritis. Nat. Rev. Rheumatol. 16, 145-154
(2020).

Axelrad, J. E., Roy, A., Lawlor, G., Korelitz, B. & Lichtiger, S.
Thiopurines and inflammatory bowel disease: current evidence
and a historical perspective. World J. Gastroenterol. 22,
10103-10117 (2016).

Christian, S. et al. The novel dihydroorotate dehydrogenase
(DHODH) inhibitor BAY 2402234 triggers differentiation and is
effective in the treatment of myeloid malignancies. Leukemia 33,
2403-2415 (2019).

Pal, S. et al. A druggable addiction to de novo pyrimidine
biosynthesis in diffuse midline glioma. Cancer Cell 40, 957-972.
e10 (2022).

Osiri, M. et al. Leflunomide for the treatment of rheumatoid
arthritis: a systematic review and metaanalysis. J. Rheumatol. 30,
1182-1190 (2003).

Aly, L., Hemmer, B. & Korn, T. From leflunomide to teriflunomide:
drug development and immunosuppressive oral drugs in the
treatment of multiple sclerosis. Curr. Neuropharmacol. 15,
874-891(2017).

Naffouje, R. et al. Anti-tumor potential of IMP dehydrogenase
inhibitors: a century-long story. Cancers 1, 1346 (2019).

Kofuji, S. et al. IMP dehydrogenase-2 drives aberrant nucleolar
activity and promotes tumorigenesis in glioblastoma. Nat. Cell
Biol. 21,1003-1014 (2019).

Nilsson, R. et al. Metabolic enzyme expression highlights a key
role for MTHFD2 and the mitochondrial folate pathway in cancer.
Nat. Commun. 5, 3128 (2014).

196. Kawai, J. et al. Discovery of a potent, selective, and orally available
MTHFD2 inhibitor (DS18561882) with in vivo antitumor activity.
J. Med. Chem. 62,10204-10220 (2019).

197. Green, A. C. et al. Formate overflow drives toxic folate trapping in
MTHFD1 inhibited cancer cells. Nat. Metab. 5, 642-659 (2023).

Acknowledgements
We apologize to colleagues whose work could not be cited owing to
space limitations.

Author contributions
G.H. and D.K. conceived of the idea for the manuscript and discussed
and co-wrote the manuscript.

Funding

G.H. is supported by National Institutes of Health grants ROIGM143236
and RO1CA289251 and the American Cancer Society Scholar Award
(RSG-22-177-01-TBE) and is a recipient of the Pew-Stewart Scholar
Award. D.K. is supported by Cancer Prevention and Research Institute
of Texas Training Grant RP210041.

Competinginterests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to
Gerta Hoxhaj.

Peer review information Nature Cell Biology thanks
Abigaillee Alexandre, Alexis Jourdain and the other, anonymous,
reviewer(s) for their contribution to the peer review of this work.

Reprints and permissions information is available at
www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with
the author(s) or other rightsholder(s); author self-archiving of the
accepted manuscript version of this article is solely governed by the
terms of such publishing agreement and applicable law.

© Springer Nature Limited 2026

Nature Cell Biology


http://www.nature.com/naturecellbiology
http://www.nature.com/reprints

	Dynamic control of nucleotide metabolism in physiology and disease

	Nucleotide synthesis as a metabolic strategy

	Coordination of de novo and salvage purine synthesis

	Pyrimidine synthesis and spatial partitioning


	Instructional logic of nucleotide regulation

	Acute flux control for rapid reallocation of resources

	Transcriptional regulation of nucleotide synthesis to set biosynthetic capacity


	Higher-order organization of nucleotide metabolism

	The purinosome as a scarcity-induced metabolon for increased de novo purine output

	Pyrimidinosome assembly at the cytosol–mitochondria interface

	Higher-order enzyme assemblies as regulatory states of nucleotide metabolism


	Nucleotide control of cell signalling

	Shaping metabolic plasticity through nucleotide availability

	Tissue-specific nucleotide vulnerability in disease

	Nucleotide demand, balance and intermediate toxicity in the central nervous system

	Proliferative stress and nucleotide toxicity in haematopoiesis and immunity

	Renal solubility constraints in purine metabolism

	Mitochondrial nucleotide balance and tissue vulnerability


	Conclusions and perspectives

	Therapeutic exploitation of nucleotide vulnerabilities


	Acknowledgements

	Fig. 1 Integrated de novo and salvage pathways of purine and pyrimidine nucleotide biosynthesis.
	Fig. 2 Acute and transcriptional control of nucleotide synthesis.
	Fig. 3 Nucleotides as regulators of cellular signalling and metabolism.
	Fig. 4 Tissue-specific nucleotide vulnerabilities in human disease.
	Fig. 5 Therapeutic targeting of nucleotide metabolism in disease.




