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Dynamic control of nucleotide metabolism 
in physiology and disease
 

Dohun Kim     & Gerta Hoxhaj     

Nucleotides are essential for life, serving not only as the building blocks 
of the 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 
pools in response to fluctuating metabolic and environmental demands. 
Nucleotide metabolism is 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 function and 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 states1. In proliferating cells, 
nucleotide pools must be rapidly expanded with each division cycle, 
placing nucleotide synthesis under fluctuating demand2,3. Accord-
ingly, nucleotide metabolism is not a static assembly line, but a highly 
responsive system tuned to cellular state.

A growing body of work has illuminated the dynamic integration of 
nucleotide metabolism with cellular physiology1,4–6. Growth, nutrient 
and stress signalling pathways instruct nucleotide flux; higher-order 
enzyme assemblies spatially organize biosynthesis; and changes in 
nucleotide pool abundance and composition actively regulate signalling 
pathways, metabolism and cell fate1,7. 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 to nucleotide imbalance8–11. 
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 a metabolic 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 single-ring pyrimidines (cytosine, thymine and uracil). To maintain 
the continuous nucleotide pools required for cellular homeostasis and 
genome replication, cells employ two distinct but highly coordinated 
routes of nucleotide synthesis: de novo and salvage4,12.

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 
of the purine ring from small molecules; and a highly efficient salvage 
pathway that maintains nucleotide pools by recycling pre-existing 
bases and nucleosides1,4 (Fig. 1). In the de novo pathway, the purine 
ring is constructed stepwise directly onto a phosphoribosyl pyrophos-
phate (PRPP) scaffold. This process begins with the pentose phosphate 
pathway (PPP), where ribose-5-phosphate is converted to PRPP by the 
enzyme PRPP synthetase (PRPS)13.
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ribonucleotide formyltransferase/IMP cyclohydrolase. Together, these 
enzymes catalyse ten sequential reactions to yield inosine monophos-
phate (IMP), the first fully formed purine nucleotide. IMP then serves as 
the branch-point intermediate, 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 produced15. By contrast, the salvage pathway provides an 

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-tetrahydrofolate2,14.

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  

Ribose-5-
phosphate

Hypoxanthine

Purine biosynthesis

IMP

PRPS

Pyrimidine biosynthesis

CO2

UMP

UQ

UQH2

Formate

Cytosol

Dihydroorotate

Mitochondrion

Glucose

Oxaloacetate

Dihydroorotate

Orotate

Orotate

AMP

Adenine

GMP

Guanine

E1

UridineThymidine

CMP

Cytidine

CTP

E1

E1

E2

E2

E3

Glutamine
PRPP

Glycine

N10-formyl-THF

Glutamine

HCO3
–

Aspartate

N10-formyl-THF
N10-formyl-THF

AspartateAspartate

PRPP

HCO3
–

Glutamine

GlucoseHCO3
–

E2

E3

Hypoxanthine AdenineGuanineUridineThymidine Cytidine

E1

E2

E1

E2

PRPP PRPP PRPP

UTPdUMPdTMP GTPdGTP ATP dATP

GART

GART

PAICS

ADSL

CAD

DHODH

UMPS

TYMS CTPS1/2

TK UCK1/2 UCK1/2 APRT

PPAT

PFAS

ATIC

RNRRNR

HPRT1 HPRT1

GMPS IMPDH ADSS ADSL

Glutamine Aspartate

One-carbon
metabolism

TCA cycle

PPP

e–

ETC
GlutamineN5,10-methylene-THF

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 
1 and 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 CTPS1 and 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. IMP is 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; UQH2, ubiquinol. Figure created in BioRender; Hoxhaj, G. 
https://biorender.com/7trvt3h (2026).
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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 input16,17 (Fig. 1).

The de novo and salvage pathways are governed by regulatory 
mechanisms that favour metabolic economy. When salvage substrates 
are abundant, 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 pathway18,19.

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 (NUDT5) has emerged as a key regulator  
of this balance. During active purine salvage, NUDT5 physically inter-
acts with PPAT to promote its oligomerization, locking PPAT in an 
inactive state and effectively suppressing de novo purine synthesis20–22. 
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.

In vivo, the balance between de novo and salvage is 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 tissues12. 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 spleen12. 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 renewal12. These tissue-selective patterns probably arise from 
combined differences in circulating precursor availability, nucleoside 
and nucleobase transporter expression, salvage and catabolic enzyme 
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 pools12. 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 a compensatory reliance on salvage23–25. Ultimately, the ability to 
engage these metabolic routes is a fundamental requirement for main-
taining nucleotide homeostasis under various metabolic pressures.

Pyrimidine synthesis and spatial partitioning
Unlike purine synthesis, which is largely cytosolic, de novo pyrimidine 
synthesis is compartmentalized, shuttling intermediates between the 
cytosol and mitochondria26,27 (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)1. DHO is then 
transferred to the mitochondrial intermembrane space, where DHO 
dehydrogenase (DHODH) oxidizes it to orotate28. 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 chain29,30. 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 nucleotides31 (Fig. 1).

In contrast with purines, which are often salvaged from free 
bases, pyrimidines are primarily recycled via nucleoside kinases that 
phosphorylate preformed nucleosides32,33. Uridine–cytidine kinases 1  
and 2 (UCK1/UCK2) convert uridine and cytidine into uridine mono
phosphate and cytidine monophosphate34,35, respectively, whereas 
thymidine kinase (TK) phosphorylates thymidine to deoxythymi-
dine monophosphate36, 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 sufficient37,38. 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)6,7,39. Over  
the past decade, growth factor, nutrient and mitogenic signalling 
pathways have emerged as instructors of nucleotide metabolism  
by coordinating these two timescales7,40. 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 capacity7 (Fig. 2).

A central regulator of this rapid response is mechanistic target of 
rapamycin complex 1 (mTORC1), a nutrient-sensing kinase complex that 
couples nutrient sufficiency to anabolic growth and proliferation41,42. 
Upon growth factor stimulation, mTORC1 phosphorylates and acti-
vates ribosomal protein S6 kinase 1 (refs. 43,44), which in turn phos-
phorylates CAD to stimulate de novo pyrimidine synthesis45,46.

mTORC1 also acutely supports nucleotide production by securing 
limiting inorganic substrates47. 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 S6 kinase 1 (S6K1)- 
and eukaryotic translation initiation factor 4B (eIF4B)-dependent 
program47. 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 PFAS48. 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 signalling49.

AKT signalling also expands this regulation to precursor-generating 
pathways by stimulating PPP and ribose-5-phosphate availability 
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through phosphorylation of the PPP enzyme transketolase50. In par-
allel, AKT phosphorylates NAD kinase to expand NADP(H) pools, 
thereby supporting the redox and biosynthetic demands of PPP 
flux51,52. By contrast, the liver kinase B1 (LKB1)–AMP-activated protein  
kinase (AMPK) axis functions as a metabolic emergency brake dur-
ing energy stress53. AMPK-mediated phosphorylation of PRPS drives  
its conversion from active hexamers into inactive monomers, suppress-
ing PRPP production and rapidly limiting both purine and pyrimidine 
synthesis to conserve ATP54. Together, these mechanisms highlight  
how kinase signalling enables rapid and reversible control of nucleotide 
flux by reallocating existing metabolic resources in response to growth 
and stress cues. As additional direct modes of metabolic regulation 
continue to be 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-term regulation is the MYC oncogene, which functions as a master 
regulator of nucleotide metabolism55–57. MYC induces nearly all enzymes 
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 production55,58,59 (Fig. 2b).

Increased biosynthetic capacity also demands control of the 
inputs that fuel nucleotide assembly. MYC and mTORC1 coordinate 
this upstream input supply by reinforcing ribose sugars and one-carbon 
units, two recurrent bottlenecks in proliferating cells. MYC promotes 
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Fig. 2 | Acute and transcriptional control of nucleotide synthesis. a, Kinase 
signalling networks, including AMPK, phosphoinositide 3-kinase (PI3K)–AKT, 
mTORC1, 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 

(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 S6 kinase. Figure created in BioRender; Hoxhaj, G.  
https://biorender.com/hb9hh8d (2026).
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the non-oxidative PPP by inducing ribose-5-phosphate isomerase A 
(RPIA)60 and increasing PRPS2 expression, thereby sustaining PRPP 
availability56. In parallel, mTORC1 complements this program through 
induction of G6PD (dependent on SREBP), supporting ribose produc-
tion and redox balance61.

mTORC1 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 growth62. 
Notably, mTORC1 promotes this program through activating tran-
scription factor 4, independent of canonical stress-induced eukar
yotic initiation factor 2α signalling62–64. 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 proliferation65,66. 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 a metabolic checkpoint that links 
one-carbon-dependent purine supply to immune effector function67.

Signalling pathways in certain tumour contexts also regulate nucle-
otide biosynthetic capacity by rerouting nitrogen metabolism. For 
example, in KRAS and LKB1-driven lung cancers, loss of LKB1 via AMPK 
de-represses transcription of CPS1, enabling ammonia-derived carba-
moyl phosphate production that sustains pyrimidine pools and DNA 
synthesis68. Nitrogen rewiring is also evident in tumours with silenced 
argininosuccinate synthase 1 (ASS1), where diminished urea-cycle flux 
preserves aspartate for CAD-dependent pyrimidine biosynthesis69.

Balancing these growth-promoting programs, the tumour sup-
pressor p53 imposes a metabolic checkpoint under stress70. p53 down-
regulates PHGDH and represses genes in nucleotide synthesis, limiting 
serine-derived one-carbon flux and restricting nucleotide availability 
when genome integrity is compromised4,71,72. Thus, p53 helps to pre-
vent inappropriate DNA replication during genomic stress, coupling 
metabolic capacity to replication control73,74. 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 is incomplete. Many pathways are spatially organ-
ized and dynamically regulated through protein–protein interactions, 
producing higher-order enzyme assemblies that can tune flux, protect 
unstable intermediates and couple biosynthesis to organelle-derived 
inputs74–77. 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 
are insufficient78,79. 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 flux80.

A particularly compelling feature of the purinosome is its prefe
rential localization near mitochondria81, consistent with mitochon-
dria serving as a source of purine-building inputs, including glycine, 
aspartate and one-carbon units in the form of formate82,83. This spatial 

organization appears to be sensitive to mTORC1 signalling, as mTORC1 
inhibition disrupts purinosome–mitochondria association81. Through 
this spatial coupling, mTORC1 orchestrates a localized metabolic 
microenvironment, in which mitochondrial formate—whose produc-
tion is itself promoted by mTORC1 through MTHFD2 regulation—is 
captured directly by the purinosome62. 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
An analogous organization has been proposed for pyrimidine synthesis 
in the form of a pyrimidinosome, with de novo pyrimidine enzymes 
assembling near mitochondria27,84,85. 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-
drial membrane protein) is proposed to act as a molecular bridge linking 
cytosolic and mitochondrial enzymes84. Importantly, this organization 
remains less established than purinosome formation, and a key open 
question is whether the pyrimidinosome represents a stable, stoichio-
metric complex or a transient proximity network that emerges only in 
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 sensitivity74. This organizational mode is 
now recognized for several major control points, including IMPDH, 
cytidine triphosphate synthase (CTPS) and PRPS86–88. Filamentation 
is not merely a structural state, but a mechanism for tuning enzyme 
allostery. For example, IMPDH filamentation reduces sensitivity to 
GTP-mediated feedback inhibition89,90, enabling sustained guanine 
nucleotide production when demand is high91. Similarly, CTPS1 assem-
bles into hyperactive filaments87, and PRPS1 filamentation confers 
resistance to ADP inhibition86, stabilizing PRPP supply under conditions 
that would otherwise impose braking at pathway entry. Recently, UMPS 
was also reported to form inactive biomolecular condensates, further 
highlighting diverse regulatory roles for higher-order assemblies in 
nucleotide biosynthesis92.

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 
dynamic regulators 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 (dNTP) by 
controlling dNTP production, and its disruption can promote dNTP 
imbalance, mutagenesis and replication stress93.

Cells monitor not only total nucleotide abundance but also the 
relative stoichiometry of purine and pyrimidine nucleotide pools11. 
Disruption of nucleotide pool stoichiometry, for example, through 
exogenous adenine or guanine supplementation, induces S-phase 
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replication stress and activates ATR-dependent DNA damage response 
signalling11 (Fig. 3a). This checkpoint response slows cell cycle progres-
sion and suppresses proliferation, allowing cells to restore nucleotide 
homeostasis and preserve genomic integrity. Furthermore, an imbal-
ance in pyrimidine pools has been shown to 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)94.

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 relationship62,95,96. Whereas mTORC1 activation promotes  
de novo purine synthesis62, the depletion of purines, particularly ade-
nylates, suppresses mTORC1 ref. 95 (Fig. 3a). This inhibition occurs 
independent of AMPK activation and without defects in mTORC1 
recruitment to the lysosome95,97. 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 availability95,96. This creates a metabolic permis-
sion signal, wherein mTORC1-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 receptors98. ATP, normally con-
fined to the intracellular space at millimolar concentrations, becomes 
a potent extracellular signal when released into the extracellular milieu 
through pannexin 1 channels99,100, where its presence indicates tis-
sue stress or damage and promotes inflammatory responses101,102 
(Fig. 3b). Conversely, extracellular ATP is sequentially hydrolysed 
by the ectonucleotidases CD39 and CD73 to generate adenosine103, 
which signals predominantly through adenosine receptors (nota-
bly the adenosine A2A receptor) to dampen immune activation and 
enforce immune suppression104–106. This CD39–CD73–adenosine axis 
is now a well-established feature of the tumour microenvironment, 
where increased adenosine blunts antitumour immunity and supports 
immune evasion (Fig. 3b). Beyond immune regulation, purinergic 
signalling influences a broad range of physiological processes, includ-
ing synaptic transmission, vascular tone and tissue remodelling98,107. 
Furthermore, extracellular pyrimidines, such as UTP and UDP, also 
signal through the P2Y receptor family, where pyrimidine-responsive 
subtypes contribute to neuron–glia communication and neuroinflam-
matory responses in the central nervous system107.

Beyond their extracellular signalling roles, pyrimidine nucleotides 
regulate cell signalling by controlling protein glycosylation and mem-
brane biogenesis26. UTP availability governs flux through the hexosa-
mine biosynthetic pathway and the production of uridine diphosphate 
N-acetylglucosamine (UDP-GlcNAc)108, the obligate donor substrate 
for O-linked β-N-acetylglucosamine transferase (OGT). Accordingly, 
DHODH inhibition reduces pyrimidine synthesis and leads to a global 
reduction in protein O-GlcNAcylation in acute myeloid leukaemia109,110 
(Fig. 3a). This nutrient-sensitive modification modulates the stability 
and transcriptional activity of key signalling proteins (most notably 
MYC111), 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 phosphatidylethanolamine112,113, 
which together constitute the majority of eukaryotic membrane phos-
pholipids (Fig. 3a). By controlling phospholipid production, CTP avail-
ability can influence membrane composition, organelle architecture, 
secretion and membrane-proximal signalling, further linking pyrimi-
dine metabolism to cellular communication and growth113,114.

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 sources1. 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 availability115. Depletion of pyrimidine pools impairs 
pyruvate dehydrogenase (PDH) activity by limiting thiamine pyro
phosphate, an obligate PDH cofactor. This dependency arises from an 
unexpected biochemical preference, in which thiamine pyrophospho-
kinase 1 (TPK1) preferentially uses UTP rather than ATP as a phosphate 
donor for thiamine pyrophosphate synthesis115. 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 differentiation115. In parallel, purine availability 
can also impinge on adipogenic programs through transcriptional 
mechanisms, such as differentiation networks linked to peroxisome 
proliferator-activated receptor gamma116,117, 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 cells117,118. 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-
ways118. This metabolic rerouting reprograms cellular metabolism and 
has been shown to promote cell migration117–119.

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 demand120–123. 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 limited120. Similarly, thymidine 
phosphorylase-mediated thymidine catabolism provides glycolytic 
carbon and promotes cancer cell survival during nutrient stress122 
(Fig. 3a). In the immune compartment, effector T cells preferentially 
utilize inosine, whose ribose subunit enters central metabolism to 
support ATP generation123 (Fig. 3a). Consistent with this, inosine supple-
mentation enhances the efficacy of immune-checkpoint blockade123. 
Not all nucleosides can substitute for glucose. For example, adenosine 
fails to support effector T cell metabolism, indicating that nucleoside 
utilization depends on nucleoside-specific catabolic capacity, prob-
ably determined by the expression and regulation of metabolizing 
enzymes123. Collectively, these findings place nucleoside catabolism 
as a carbon 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 homeostasis124–127. 
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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of vulnerable 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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Fig. 3 | Nucleotides as regulators of cellular signalling and metabolism.  
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 

and feeds into glycolysis, supporting downstream energy production and 
biosynthetic metabolism. b, Extracellular purinergic signalling in the tumour 
microenvironment. ATP is released from cancer cells into the extracellular 
space through the pannexin 1 channel. ATP is sequentially hydrolysed by CD39 
and CD73 to generate adenosine, which signals through A2A receptors to induce 
anti-inflammatory responses. Extracellular ATP can stimulate P2X receptors 
to promote pro-inflammatory responses in immune cells. ALDO, fructose-
bisphosphate aldolase; fructose-1,6-BP, fructose-1,6-bisphosphate; GlcNAc-1P,  
N-acetylglucosamine-1-phosphate; O-GlcNAc, O-linked β-N-acetylglucosamine; 
-P, phosphate; PFK, phosphofructokinase; PGM2, phosphoglucomutase 2; 
TALDO, transaldolase; UDP-GlcNAc, UDP-N-acetylglucosamine. Figure created  
in BioRender; Hoxhaj, G. https://biorender.com/5vz9ret (2026).
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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 homeostasis127,128. 
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, defects in 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 can improve with uridine supplementation, indi-
cating that salvage alone is often insufficient unless substrate supply is 
therapeutically reinforced129,130. Similarly, UMPS deficiency (hereditary 

orotic aciduria) can present with developmental impairment and 
seizures in addition to its classic haematologic phenotype131, 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 pathway132.

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 signals125,128. ADSL 
deficiency is characterized by an accumulation of succinylpurines 
and commonly presents with developmental delay and epilepsy133. 
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, 
underscoring that the toxic or signalling consequences of accumulated 
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mtDNA depletion syndromes and multisystem disease. Clinical phenotypes 
for specific gene mutations are indicated. These diseases arise from impaired 
nucleotide supply, imbalance of nucleotide pools or accumulation of toxic 

metabolic intermediates. Mutations affecting purine synthesis are indicated 
in brown and mutations affecting pyrimidine synthesis are indicated in green. 
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are indicated in cyan and illustrate a dosage-sensitive Goldilocks principle, in 
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pathway intermediates can be as consequential as nucleotide shortage 
itself134,135. Parallel reports for other purine enzymes, such as PAICS,  
similarly support a shared neurodevelopmental liability when de novo 
flux is compromised136,137 (Fig. 4). These phenotypes suggest that 
impaired purine flux disrupts neural development through both  
nucleotide insufficiency and intermediate-mediated signalling or  
toxicity.

Third, in the mature brain, defects in purine salvage and clearance 
expose a distinct vulnerability138,139. In HPRT1 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-injury140,141. Likewise, perturbing adenosine metabolism can be 
epileptogenic. Loss of adenosine kinase impairs adenosine clearance 
and is linked to heightened seizure susceptibility and encephalopathy 
phenotypes142,143 (Fig. 4).

Finally, mutations affecting PRPS1 exemplify a Goldilocks principle 
of nucleotide control144. PRPS1 gain-of-function variants drive excessive 
purine synthesis and metabolite accumulation, producing neurological 
phenotypes, including hearing loss, ataxia and developmental delay, 
whereas PRPS1 loss-of-function variants cause a spectrum, includ-
ing Arts syndrome, DFN2 (X-linked deafness 2) and CMTX5 (X-linked  
Charcot–Marie–Tooth disease type 5), with neurodevelopmental 
impairment and neuropathy or hearing loss144–146. 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 system144 (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 supplementation147–149. 
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 cell abnormalities that are largely attributed to impaired adeno-
sine flux and altered cyclic-AMP-dependent transcriptional programs150 
(Fig. 4). Beyond steady-state erythropoiesis, nucleotide metabolism 
is emerging as a regulator of stress haematopoiesis and erythroid fate 
decisions. P38α-driven purine biosynthesis promotes stress-induced 
haematopoietic stem and progenitor cell cycling, whereas pertur-
bation of folate-dependent de novo purine synthesis promotes 
erythroid differentiation151,152.

Lymphocytes face a related 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 production153. Meeting this demand 
requires rapid induction of de novo nucleotide synthesis, particularly 
CTP production154. 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 to immune 
competence154 (Fig. 4).

In addition to their biosynthetic capacity, immune cells are highly 
sensitive to failures in nucleotide detoxification. In adenosine 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 deficiency155–157. These metabolites inhibit ribonucleotide 

reductase, disrupt balanced dNTP pools and impair DNA synthesis, 
triggering apoptosis in developing T cells. This vulnerability culminates 
in severe immunodeficiency, classically exemplified by ADA-associated 
severe combined immunodeficiency155,157. Together, these disorders 
demonstrate that immune competence depends not only on nucleotide 
abundance, but also 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 
uric acid is the terminal product of purine catabolism, a consequence of 
the evolutionary loss of functional uricase. In most mammals, uricase 
converts urate to the more soluble allantoin158,159. Consequently, human 
purine metabolism operates within a narrow solubility window.

When purine production exceeds renal clearance capacity, uric acid  
accumulates and crystallizes, leading to gout and nephrolithiasis 
(kidney stones)160. Distinct genetic lesions can drive this overflow 
from upstream. HPRT1 deficiency disrupts purine salvage and diverts 
hypoxanthine and guanine towards degradation, thus increasing uric 
acid load139. Conversely, hyperactive PRPS1 pushes de novo synthesis 
and uric acid overproduction, similarly overwhelming renal excretory 
capacity144 (Fig. 4). Importantly, xanthine dehydrogenase inhibitors 
such as allopurinol are first-line therapies for gout, as they lower uric 
acid levels161.

Additional renal pathologies arise from an accumulation of  
poorly soluble orphan purine metabolites. In adenine phosphoribosyl-
transferase deficiency, adenine is converted to 2,8-dihydroxyadenine, 
an extremely insoluble compound that precipitates within renal 
tubules, causing crystal nephropathy and chronic kidney disease162. 
In xanthinuria, loss of xanthine dehydrogenase leads to xanthine 
accumulation and kidney stone formation163 (Fig. 4). Together, these 
disorders demonstrate that in the 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-
nance164. Because mtDNA replication and repair require a continuous 
and balanced supply of deoxynucleotides, tissues with high mitochon-
drial demand 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 depletion165. Second, 
defects in mitochondrial nucleotide salvage enzymes, such as thymi-
dine kinase 2 (TK2) and deoxyguanosine kinase (DGUOK), similarly 
disrupt mitochondrial dNTP pools166,167. 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 principles illustrate 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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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 is still inferred 
from bulk measurements and enzyme expression. Emerging tech-
nologies, including spatial metabolomics or matrix-assisted laser 
desorption ionization (MALDI) imaging168, in vivo isotope tracing169, 
organelle-coupled metabolite profiling170 and genetically encoded 
biosensors171, 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 organization79. Although purinosomes and 
enzyme filaments have been characterized in cell culture, their for-
mation, regulation and functional consequences in 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, 

whereas nucleotide availability feeds back to shape signalling programs 
governing growth, replication stress responses, glycosylation and 
organellar biology1,11,62. 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 from imbalance and toxic intermediate accumulation, 
emphasizing that nucleotide composition and stoichiometry, rather 
than metabolic flux alone, govern cellular fitness11,125,172. 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 in Box 1 and Fig. 5, although targeting nucleotide 
metabolism has long been a cornerstone of cancer therapy173, pathway 
flexibility and metabolic compensation limit efficacy and contribute 
to resistance174,175. A more quantitative understanding of nucleotide 
dependencies, across de novo synthesis, salvage and transport, should 
enable more precise interventions and rational therapeutic combina-
tions12. Extending isotope tracing from preclinical models to patient 
settings, where feasible, will enable direct assessment of nucleotide 

BOX 1

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 synthesis181.

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 cytotoxicity182. 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 DNA183. 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 metabolism184. These agents remain 
central to cancer therapy, with cytarabine used in acute myeloid 
leukaemia and 5-fluorouracil and gemcitabine widely used for solid 
tumours185,186. Beyond cancer, nucleotide-targeted therapies are also 
used in inflammatory diseases, including methotrexate in rheumatoid 
arthritis and thiopurines in inflammatory bowel disease187,188 (Fig. 5).

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 tumours29,176,189,190. 
DHODH inhibitors are also used in autoimmune and inflammatory 
disorders, including leflunomide for rheumatoid arthritis and 
teriflunomide for multiple sclerosis191,192. 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 synthesis193,194. The 
bifunctional purine biosynthetic enzyme PAICS, frequently increased 
in solid tumours, has further motivated efforts to develop selective 
inhibitors73 (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 inhibitors195,196. The cytosolic one-carbon 
enzyme MTHFD1 has also emerged as a therapeutic node, as its 
inhibition can induce toxic folate trapping in cancer cells197.

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.
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pathway activity in human tumours and support metabolism-informed, 
patient-tailored therapies169,176,177. 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 
with immunotherapies178,179.

Together, these advances position nucleotide metabolism as a 
central determinant of cellular state and tissue physiology. Nucleotides 
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Fig. 5 | Therapeutic targeting of nucleotide metabolism in 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 in inflammatory 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 
are indicated 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); FADH2, flavin adenine dinucleotide (reduced); FdUMP, 
fluorodeoxyuridine monophosphate; FdUTP, 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).
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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 recycling in living 
cells to their foundational roles in prebiotic chemistry180, nucleotides 
thus provide a unifying molecular language through which metabolism 
is translated into function, fate and disease.
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