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Abstract

Time is an essential but often underappreciated determinant of 
human physiology and disease. The circadian clock, a genetic timing 
system, orchestrates transcriptional and signalling networks across 
tissues to maintain homeostasis. Recent discoveries have refined our 
understanding of this system, from a linear transcription–translation 
feedback loop to a distributed, dynamically coupled network that 
integrates environmental cues and physiological processes. Genetic 
variation in core circadian genes and circadian misalignment are 
now recognized as key modifiers of disease risk, progression and 
therapeutic response. As precision medicine begins to embrace 
temporal biology, defining how the circadian clock operates in 
health and disease has become increasingly important. This Review 
synthesizes recent advances in circadian genetics and molecular 
mechanisms, emphasizing their physiological, pathological and 
therapeutic implications, and outlines future priorities: resolving 
the composition of the molecular clock, developing disease-specific 
models, and expanding the chemical toolbox to modulate and 
interrogate circadian pathways.
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In this Review, we examine recent advances defining the molecu-
lar architecture of the mammalian circadian clock and its integration 
with gene regulation, metabolism and physiology. We then explore 
how circadian genetics intersects with human disease, from genetic 
variants that influence disease risk to the emerging principles of 
circadian-informed therapy. Finally, we outline three key directions 
for future research: resolving the molecular composition of the 
clock, developing disease-specific models of circadian regulation, 
and expanding the chemical toolbox for targeting clock components. 
Together, these efforts will deepen our understanding of temporal 
biology and guide the rational application of circadian principles to 
human health and disease.

The architecture of the circadian system
The mammalian circadian system is a complex and dynamic network 
of timekeeping mechanisms. Across levels of biological organization, 
from whole-body physiology to individual cells, this system continu-
ously integrates external cues and coordinates downstream outputs 
through diverse pathways. This cyclical flow of information is repeated 
each day and underlies the temporal organization of behaviour, 
physiology and cellular function.

The hierarchy of clocks
The mammalian circadian clock is organized as a hierarchical network 
comprising a central pacemaker and peripheral clocks1,2. Early models 
emphasized the primacy of the SCN in maintaining circadian rhythms, 
but the discovery of clock gene expression in peripheral tissues and in 
isolated cells9,32–35 redefined the system as a multi-oscillator network. 
Environmental light serves as the principal Zeitgeber (time giver), 
resetting the SCN to align the circadian hierarchy, with the extent of 
phase shifts in humans dictated by light intensity, duration and spectral 
composition36–39.

The SCN, located in the anterior hypothalamus, serves as the 
central pacemaker by receiving photic input from the retina via the 
retinohypothalamic tract40 (Fig. 1). Through neural and endocrine path-
ways, the central pacemaker synchronizes peripheral clocks through-
out the body, thereby maintaining systemic temporal alignment41. 
Although peripheral clocks can also be entrained by non-photic sig-
nals, such as food intake, ambient temperature and physical activ-
ity, SCN entrainment ensures phase coherence across tissues9–11. For 
example, the SCN regulates rhythmic glucocorticoid secretion via the 
hypothalamic–pituitary–adrenal axis; circulating glucocorticoids 
subsequently reset clock gene expression in peripheral tissues such as 
the liver and kidney34 (Fig. 1). Conversely, metabolic cues arising from 
peripheral tissues, such as feeding-induced insulin and nutrient signal-
ling, can feedback to SCN neuronal activity and behavioural rhythms, 
demonstrating bidirectional coupling within the circadian system9,42. 
Within the SCN itself, circadian gene expression is highly organized in 
space and time, with distinct subregions displaying phase differences 
that produce coordinated waves of cellular activation19,43.

Recent single-cell sequencing studies of the SCN have identified 
distinct neuronal subpopulations interconnected through neuro-
peptidergic signalling networks that exhibit temporal plasticity, with 
signalling peaking during the circadian day20–22. Within this network, 
prokineticin 2 (PROK2) signalling via its receptor PROKR2 was shown to 
be a key modulator of SCN period and overall network rhythmicity20,44, 
supporting robust intercellular synchronization. Complementing 
neurons, astrocytes in the SCN possess cell-autonomous TTFLs 
capable of driving molecular oscillations and circadian behaviour 

Introduction
Life on Earth evolved under light–dark cycles, and most organisms have 
internalized this environmental rhythm into a molecular timekeeping 
system: the circadian clock1,2 (Box 1). In mammals, this clock governs 
oscillations in physiology and behaviour with a period of roughly 24 h, 
aligning cellular, metabolic and systemic processes with the external 
day. The circadian clock thus serves as a fundamental layer of biological 
organization, coordinating when genes are expressed, when enzymes 
act and when cells divide or repair. Disruption of this temporal order, 
through genetic and environmental perturbation or behavioural mis-
alignment, has profound consequences for human health, predisposing 
individuals to disease3–7.

The circadian system functions as a hierarchical and distributed 
network1,2. The suprachiasmatic nucleus (SCN), the master pacemaker 
located in the hypothalamus, is entrained by the ambient light signal 
through direct retinal input via the retinohypothalamic tract8. It propa-
gates this signal to synchronize peripheral clocks in nearly all tissues 
through neuronal and hormonal cues. Nevertheless, these peripheral 
clocks retain substantial autonomy and can be entrained by other 
stimuli such as feeding, exercising and ambient temperature9–11.

At the molecular level, circadian rhythms emerge from a core 
transcription–translation feedback loop (TTFL) in which the transcrip-
tional activators CLOCK and BMAL1 drive the rhythmic expression of 
their own repressors, the PER and CRY proteins. An interlocking ancil-
lary TTFL containing additional positive regulators (RORs) and negative 
regulators (REV-ERBs) integrates with the core TTFL to control BMAL1 
levels12,13. Over the past two decades, this framework has been expanded 
by structural, proteomic and imaging studies that have revealed a 
dynamic and multilayered network of feedback. Advances in single-cell 
sequencing and imaging approaches have revealed that circadian timing 
modulates chromatin accessibility, enhancer–promoter interactions 
and three-dimensional genome topology, positioning the clock as a cen-
tral regulator of transcriptional networks and cellular homeostasis14–18. 
Recent findings suggest that even in the SCN, the molecular logic of the 
TTFL is more flexible than previously assumed and is shaped by spati-
otemporal heterogeneity rather than a simple cyclical relay of transcrip-
tional events19–22. This evolving view of clock architecture highlights 
the need to resolve its precise molecular composition across cell types  
and contexts, a challenge at the frontier of circadian biology.

These mechanistic insights have reshaped how we understand 
the role of the clock in disease. Once considered a passive background 
rhythm, the circadian clock is now recognized as an active participant in 
pathophysiology, influencing disease onset, progression and treatment 
response. In cancer, some clock proteins act as tumour suppressors 
whereas others act as oncogenic facilitators depending on the type 
of cancer6. In metabolic and neurodegenerative disorders, circadian 
misalignment exacerbates oxidative stress, inflammation and protein 
misfolding23. Large-scale human transcriptomic studies have further 
revealed that most protein-coding genes and more than 80% of drug 
targets exhibit circadian rhythmicity, positioning biological time as 
a pertinent dimension of precision medicine24. Conversely, genetic 
alterations and metabolic dysregulation can remodel the clock25–31, 
altering the oscillatory amplitude or phase, thereby reshaping the 
temporal landscape of gene expression and disrupting homeostasis. 
This bidirectionality underscores a central question for the field: to 
what extent does circadian disruption drive disease, and when is it 
a consequence? Addressing this question requires disease-specific 
modelling that integrates circadian genetics with molecular pathology, 
pharmacokinetics and environmental timing.
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independently of neurons45. How these heterogeneous cellular SCN 
oscillators are integrated into coherent synchronized rhythmic con-
trol remains a key question in the field. Recent insights into molecular 
regulatory pathways within the SCN provide a partial explanation for 
this synchronization. The transcription factor ZFHX3 has emerged as 

an essential regulator of many neuropeptides, including vasoactive 
intestinal peptide (VIP) and PROK2, which underly SCN development 
and adult circadian behaviour in mice46,47. Recent work demonstrated 
that ZFHX3 co-localizes with activating histone marks and partners 
with CLOCK and BMAL1 to regulate clock-controlled transcription48. 

Box 1 | Circadian systems from primordial hourglasses to oscillators
 

The rotation of the Earth generates periodic 
changes in the environment such as light and 
temperature. Life, from bacteria to animals, 
has evolved to anticipate and respond to these 
environmental cycles. This adaptation has 
given rise to circadian rhythms (circa diem, 
about a day), endogenous biological clocks 
that regulate physiology and behaviours 
such as metabolic and feeding–fasting 
cycles. A robust circadian clock provides 
a clear fitness advantage across a range of 
organisms from Synechococcus sp. PCC7942 
(cyanobacteria) to Arabidopsis thaliana (thale 
cress)288–290, and to humans, illustrating the 
evolutionary value of temporal alignment 
between internal physiology and the external 
environment (Box 2).

Circadian clocks can be broadly 
categorized into two conceptual models: an 
‘hourglass’ system characteristic of some 
primitive prokaryotes, and an ‘oscillator’ 
system found in other prokaryotes and 
all eukaryotes291 (see the figure, part a, 
adapted from ref. 291, CC BY 4.0 (https://
creativecommons.org/licenses/by/4.0/)). In 
the hourglass model, temporal organization 
is driven directly by recurring environmental 
cues rather than by an intrinsic, self-sustaining 
rhythm291–294. For example, the purple 
bacterium Cereibacter sphaeroides uses an 
hourglass mechanism centred on the clock 
proteins KaiB and KaiC, in which cycles 
of KaiC phosphorylation define temporal 
progression and KaiB modulates KaiC activity 
in response to external signals291. Structural 
analyses revealed that the KaiB/C system of 
C. sphaeroides adopts an unexpected dodecameric KaiC assembly, 
formed by 2 hexamers linked through a 12-helix coiled-coil bundle 
(day/unphosphorylated, 8DBA; night/phosphorylated, 8FWI).

By contrast, oscillator-based clocks operate as autonomous 
regulatory networks, typically composed of interlocked 
transcription–translation feedback loops (TTFLs) whose molecular 
constituents vary across taxa295 (see the figure, part b, adapted with 
permission from ref. 295, Sage). The Synechococcus sp. PCC7942 
(cyanobacteria) oscillator, however, is a protein-based oscillator 
that incorporates KaiA in addition to KaiB and KaiC; KaiA promotes 
KaiC phosphorylation, which is subsequently curtailed through 
inhibition by phosphorylated KaiB/C complexes, generating a 
self-sustained rhythm (see the figure, part a). In eukaryotes, four 

canonical oscillator architectures have been defined. In Neurospora 
crassa, the White Collar-containing complex (composed of WC-1 and 
WC-2) activates frq, and the FRQ protein feeds back to inhibit WCC 
activity. In A. thaliana, the regulators CCA1 and LHY repress evening 
genes, including TOC1, which reciprocally promotes CCA1 and 
LHY expression. In Drosophila melanogaster, the activator complex 
Clk–Cyc induces per and tim, with light-dependent degradation of 
Tim resetting the clock. In mammals, the BMAL1–CLOCK complex 
drives PER and CRY transcription, and the resulting PER–CRY complex 
inhibits BMAL1–CLOCK activity (see the figure, part b). The recent 
identification of RUVBL2 as a component of the mammalian TTFL 
provides a potential evolutionary bridge connecting primordial 
hourglass systems with both prokaryotic and eukaryotic oscillators72.
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Conditional loss of ZFHX3 in adult mice profoundly remodels the 
SCN transcriptome, disrupting neuropeptide signalling pathways 
and dampening Bmal1 oscillation. These findings establish ZFHX3 as 
a pivotal genomic integrator that couples clock function with neuro-
peptidergic signalling to sustain circadian coherence in the mammalian 
central pacemaker.

The hierarchical organization of the circadian system extends 
beyond the SCN to other hypothalamic nuclei and peripheral tissues. 
In the paraventricular nucleus (PVN), the major hypothalamic output 
nucleus that converts clock signals from the SCN into neuroendocrine 
rhythms, loss of the core clock factor BMAL1 disrupted diurnal rhythms 
of energy balance and hormone secretion, particularly oxytocin49. 
Restoring oxytocin rhythmicity rescued behavioural oscillations in 
daily home cage locomotion patterns, illustrating how hypothalamic 
subcircuits convert circadian signals into systemic endocrine outputs. 
Transcriptomic profiling further revealed that neurons and glia within 

the PVN exhibit distinct temporal gene expression patterns; neurons 
modulate morphogenesis, whereas astrocytes and oligodendrocytes 
regulate cytoskeletal and oxidative pathways, demonstrating cell 
type-specific contributions to circadian coordination. The dorsome-
dial hypothalamic nucleus, which integrates SCN signals to regulate 
behaviours such as locomotor activity50, contains a subset of neurons 
enriched for CRY1 but depleted of PER2. These cells were recently 
identified as phase-leading51, suggesting specialized roles in initiating 
and coordinating network oscillations.

Clock genes and feedback loops
The circadian clock is governed by cell-autonomous TTFLs (Fig. 2). The 
fundamental components of the core TTFL form two opposing arms, 
the positive arm (transcription activators) and the negative arm (tran-
scription repressors), driving three transcriptional phases: activation, 
repression and poised12,13. Precise timing of the cellular clock is regulated 
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Fig. 1 | The SCN and circadian hierarchy. A, The daily oscillation in blue light 
exposure entrains circadian rhythms by acting on the central pacemaker, the 
suprachiasmatic nucleus (SCN), which is located in the hypothalamus. The SCN, 
in turn, synchronizes peripheral clocks throughout the body through hormonal 
and neural pathways. Non-photic cues such as ambient temperature, food intake 
and physical activity can entrain peripheral clocks as well. B, In light, the SCN 
inhibits the paraventricular nucleus (PVN) and its downstream signalling.  
Ba, The PVN stimulates the pituitary gland and the release of adrenocorticotropic 
hormone (ACTH) into the bloodstream. When ACTH reaches the adrenal cortex, 
the production of glucocorticoid increases. Bb, The PVN also controls the 
synthesis and release of melatonin by the pineal gland to facilitate sleep. The PVN 
communicates with the superior cervical ganglion (SCG), located in the higher 

thoracic segments of the spinal column. The SCG transmits the signal to the 
pineal gland through sympathetic postsynaptic fibres by releasing noradrenaline 
(also known as norepinephrine). Noradrenaline then triggers the production 
of melatonin by the pinealocytes. Bc, Within the SCN, diverse neuronal 
subpopulations work together through tightly organized, phase-shifted patterns 
of activity, creating coordinated waves of signalling that integrate environmental 
cues and maintain the body’s internal clock. Bd, These diverse neuronal 
subpopulations communicate through neuropeptidergic signals that vary across 
the day. Among these cues, prokineticin 2 (PROK2) signalling has a central role 
in shaping the overall period and stability of SCN rhythmicity, ensuring coherent 
timekeeping across the system. PROKR2, PROK2 receptor.
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not only transcriptionally but also through post-transcriptional and 
post-translational mechanisms52–54.

The activation phase is regulated by CLOCK and BMAL1, members 
of the basic helix–loop–helix PAS (bHLH-PAS) transcription factor 
family. CLOCK and BMAL1 dimerize, bind to E-box DNA motifs, recruit 
additional co-activators CBP and/or P300, and drive transcription 
of clock-controlled genes, including components of the negative 
arm: CRY and PER genes55–58. Accumulation and interaction of CRYs 
and PERs in the cytoplasm facilitate the nuclear translocation of the 
CRY–PER–CK1 complex56,59,60. Through CRY1, this early repression com-
plex displaces the CLOCK–BMAL1 heterodimer from E-box elements, 
triggering subsequent CK1δ-mediated phosphorylation of CLOCK60,61. 
Following displacement and disassociation from CLOCK–BMAL1, 
PERs are hyperphosphorylated and targeted for ubiquitin-mediated 
proteasomal degradation62,63, thereby releasing CRY1 (ref. 64). As 
free CLOCK–BMAL1 reassociates with E-box elements, CRY1 binds 
and represses transcription activity by blocking the recruitment of 
transcription coactivators65,66, initiating and sustaining the poised 
phase67. Studies identified CK1δ as a key determinant of the circadian 
period, showing that active CK1δ promotes cytoplasmic localization 
of the CRY1–PER2 complex and triggers CRY1 dissociation, enabling 
its nuclear accumulation independent of PER2 (ref. 68), a mecha-
nism that likely contributes to the formation of the late repression 
complex. As CRY1 levels decline via proteasomal degradation69,70, 
CLOCK–BMAL1-driven transcription resumes, renewing the core 
TTFL. Interlocked with this core TTFL are two secondary loops: one 
regulated by the nuclear hormone receptors REV-ERBα/β (encoded 
by NR1D1 and NR1D2) and RORα/β/γ through RORE elements; and 
another mediated by the bZIP transcription factors, DBP and NFIL3, 
through D-box elements12.

The recent discovery of RuvB-like AAA ATPase 2 (RUVBL2) as a 
core circadian component further expands this framework71,72 (Fig. 2). 
RUVBL2, a P-loop ATPase with unusually slow ATPase activity, modu-
lates circadian period in a manner reminiscent of the KaiC oscillator 
in cyanobacteria (Box 1). Functional screening of RUVBL2 variants 
revealed arrhythmic, short-period and long-period mutants, with 
behavioural rhythms correlated to ATPase activity72. This finding high-
lights a previously unrecognized layer of regulation, suggesting that 
ancient RUVBL-type ATPases may have provided an evolutionary foun-
dation for modern eukaryotic circadian clocks. This discovery sheds 
light on the long-held debate concerning whether prokaryotic and 
eukaryotic circadian systems shared common ancestral elements73,74.

In addition to the transcriptional rhythm, oxidation and reduction 
states of peroxiredoxin (PRX) also exhibit a conserved approximately 
24-h oscillation, driven by rhythmic cycles of cysteine oxidation during 
peroxide detoxification and subsequent enzymatic reduction74. This 
non-transcriptional redox rhythm persists independently of the core 
TTFL and reflects intrinsic metabolic timing mechanisms. Functionally, 
PRX cycling helps coordinate antioxidant capacity and redox signal-
ling with daily fluctuations in cellular metabolism, thereby contribut-
ing to metabolic homeostasis75,76. Although mechanistically distinct, 
PRX rhythms interact bidirectionally with the TTFL, as cellular redox 
states can modulate clock protein activity whereas the TTFL regulates 
metabolic pathways that influence intracellular redox balance.

Genomic regulation and clock-controlled networks
Several landmark studies defined the genomic and systems-level archi-
tecture of circadian transcription. Koike et al. mapped genome-wide 
organization of the circadian regulatory loop in mouse liver, revealing 

coordinated, time-dependent changes in transcription factor bind-
ing, RNA polymerase II recruitment, RNA expression and chromatin 
states67. They identified three transcriptional phases (activation, 
repression and poised) and found that only around 22% of rhythmic 
mRNAs were driven by de novo transcription, implicating extensive 
post-transcriptional control. Genome-wide profiling uncovered a lim-
ited set of 1,444 loci co-occupied by BMAL1, CLOCK, PER1/2 and CRY1/2, 
alongside hundreds to thousands of exclusive binding sites for CRY1, 
CRY2 and PER2 enriched for nuclear receptor motifs rather than E-box 
motifs. Rhythmic histone methylation and acetylation modifications — 
such as histone H3 trimethylated at Lys4 (H3K4me3), H3 acetylated at 
Lys9 (H3K9ac) and H3K27ac at promoters, and H3 methylated at Lys4 
(H3K4me1) at enhancers — highlighted widespread circadian cycling 
of the epigenome. Building on this molecular framework, Zhang et al.77 
performed a comprehensive transcriptomic analysis across 12 murine 
tissues, showing that around 40% of protein-coding genes exhibit cir-
cadian transcription, largely in an organ-specific manner. Oscillating 
genes tended to cluster, were longer and had more splice variants than 
non-rhythmic genes. Systems-level analyses revealed coordinated 
temporal regulation of gene pathways across tissues, with more than 
1,000 non-coding RNAs also oscillating.

Expanding on these findings, Mure et al.78 analysed 64 tissues 
from the diurnal primate, Papio anubis, and found that around 80% 
of protein-coding genes showed daily rhythmic expression, with peak 
expression clustering around dawn and dusk. Clock genes displayed 
tissue-specific heterogeneity in amplitude and phase, with paral-
ogues such as Cry1 and Cry2 or Nr1d1 and Nr1d2 showing complemen-
tary expression patterns. Pathway enrichment confirmed circadian 
rhythmicity as the most over-represented process, alongside DNA 
maintenance, protein ubiquitination, mTOR signalling and energy 
metabolism. Despite this extensive rhythmic transcription, most rhyth-
mic proteins lack corresponding mRNA rhythms, often more than 
50% and up to 90% depending on the tissue, highlighting a striking 
tissue-specific discrepancy between the circadian transcriptome and 
proteome79. Together, these studies provide foundational insights into 
circadian gene regulation across tissues and species.

Mechanistic studies have revealed that circadian timing is encoded 
through dynamic chromatin architecture and genome topology.  
A set of studies revealed that the core transcriptional heterodimer 
BMAL1–CLOCK can rhythmically access normally inaccessible E-box 
motif from heterochromatin at nucleosome entry and exit sites, resem-
bling properties of pioneering transcriptional factors14,15. Hi-C and 4C 
sequencing analyses showed that core clock genes undergo rhythmic 
switching between active and inactive compartments, accompanied 
by oscillating promoter–enhancer contacts that peak prior to tran-
scription, whereas many clock-controlled output genes maintain 
relatively stable interactions, forming temporally co-transcribed 
chromatin hubs16,17. In addition, PER2 contributes to these architec-
tural rhythms by mediating H2A.Z deposition at promoters and CTCF 
sites and compacting CLOCK–BMAL1 binding regions to regulate the 
circadian period18.

Metabolic integration and cellular timekeeping
Circadian timekeeping and metabolism are tightly interdependent 
systems engaged in continuous bidirectional regulation: the clock pro-
grammes daily metabolic rhythms, whereas the metabolic state feeds 
back to adjust clock function. This reciprocal circuitry enables cells to 
align energy production, nutrient utilization and biosynthetic pathways 
with the temporal structure of the environment80.
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One important way in which the circadian clock regulates cellular 
metabolism is through rhythmic transcription of clock-controlled 
genes. One such gene, Nampt, the rate-limiting enzyme in the NAD⁺ 
salvage pathway, is regulated by CLOCK–BMAL1, thereby producing 
daily oscillations in cellular NAD⁺ levels81,82. These redox rhythms coor-
dinate mitochondrial respiration and oxidative metabolism through 
SIRT3-dependent deacetylation, aligning energy production with 
feeding–fasting cycles, underscoring the central role of the clock in 
redox homeostasis83. In parallel with this NAD⁺–SIRT axis, the CRYs 
and REV-ERBs integrate endocrine and metabolic cues to modulate 
hepatic glucose metabolism and systemic nutrient homeostasis84,85. 
CRYs inhibit gluconeogenesis by attenuating GPCR–adenylyl cyclase 
signalling, thereby lowering cAMP and CREB phosphorylation84. They 
also repress glucocorticoid receptor targets through ligand-dependent 
recruitment of the receptor to chromatin, coupling hepatic glucose 
output to hormonal rhythms85. REV-ERBs provide further temporal con-
trol by recruiting the NCOR–HDAC3 complex to repress gluconeogenic 
genes in a haem-dependent manner86,87.

REV-ERBα coordinates rhythmic lipid metabolism by regulat-
ing SREBP activity and downstream targets involved in cholesterol 
and fatty acid homeostasis through Insig2 (ref. 88). Loss of REV-ERBα 
has been shown to disrupt rhythmic HDAC3 recruitment and lipid 
metabolism, resulting in hepatic steatosis89. In other tissues, REV-ERBα 
deficiency reduces mitochondrial content and oxidative capacity in 
skeletal muscle and mediates gut microbiota-dependent regulation of 
intestinal lipid absorption through STAT3–NFIL3 signalling and HDAC3-
dependent deacetylation90–92. The RORs, activated by cholesterol, 
oxysterols or retinoic acid93–96, counterbalance REV-ERB repression 
and antagonize PPARγ-driven lipogenic transcription97.

Although the circadian clock drives daily metabolic rhythms, 
the metabolic state of a cell can also reciprocally adjust clock func-
tion. SIRT1, an NAD⁺-dependent protein deacetylase, rhythmically 
binds CLOCK–BMAL1 to promote the deacetylation and degradation 
of PER2 (ref. 98). The NAD co-factors NADH and NADPH have been 
shown to enhance CLOCK–BMAL1 DNA binding in vitro99, forming 
the bidirectional regulation between the cellular clock and metab-
olism. AMPK, a major cellular energy sensor, phosphorylates and 

promotes CRY1 degradation100, whereas CK1-mediated phosphoryla-
tion of PERs fine-tunes protein stability and the circadian clock62,101–103. 
Lastly, BMAL1 transcription activity is regulated by TIP60-mediated 
acetylation104, a metabolically sensitive acetyltransferase that uses 
acetyl-CoA and participates in nutrient and lipid-driven signalling.

Beyond these intracellular circuits, metabolic and microbial inputs 
reinforce rhythmic transcription. The gut-derived metabolite uro-
lithin A enhances clock gene oscillations through the Nrf2–SIRT1 axis, 
bolstering transcriptional amplitude and metabolic robustness105,106. 
Similarly, the S-adenosylhomocysteine-hydrolysing enzyme AHCY 
rhythmically associates with CLOCK–BMAL1 to sustain levels of 
S-adenosylmethionine, an l-methionine-derived metabolite that serves 
as the principal methyl-group donor for nucleic acid synthesis and 
other methylation reactions, and thereby supports circadian transcrip-
tional programmes; in vivo, inhibition of AHCY disrupts these tran-
scriptional rhythms and alters locomotor behaviour, underscoring the 
metabolic regulation and surveillance of the core clock machinery107.

The circadian clock in disease
Disruption of the circadian clock through genetic, environmental or 
behavioural perturbations has emerged as a critical contributor to a 
wide range of human diseases, including sleep, metabolic and oncologi-
cal disorders. Growing evidence indicates that circadian mechanisms 
can be leveraged to optimize treatment strategies, as both the efficacy 
and toxicity of interventions often vary according to the time of day, 
whereas core clock proteins themselves are emerging as tractable 
therapeutic targets, introducing the concepts of ‘clocking the drug’ 
and ‘drugging the clock’.

Genetic variation and disease risk
Genetic variation in clock genes contributes to a broad spectrum of 
human pathologies, including sleep disorders, psychiatric conditions, 
cancer, metabolic, autoimmune and neurodegenerative diseases3 
(Fig. 3). Sleep disorders such as familial advanced sleep phase syn-
drome and delayed sleep phase disorder are among the most geneti-
cally characterized phenotypes linked to clock gene variants. Familial 
advanced sleep phase-associated variants often shorten the circadian 

Fig. 2 | The molecular and structural basis of the TTFL. a, Mammalian 
circadian transcription–translation feedback loops (TTFLs). CLOCK and BMAL1 
form a transcriptional heterodimer that activates E-box-containing clock-
controlled genes, including CRY, PER, NR1D (REV-ERB) and ROR. CRY and PER 
proteins assemble with CK1 to form repressive complexes that inhibit CLOCK–
BMAL1 through phosphorylation-dependent dissociation and proteasomal 
degradation, with CRYs providing prolonged repression before FBXL-mediated 
turnover resets the cycle. The AAA+ ATPase RUVBL2 supports coupling of 
transcriptional and phosphorylation cycles to ensure robust rhythms. In a 
secondary loop, REV-ERBs and RORs rhythmically repress or activate BMAL1 
transcription, reinforcing core clock oscillations. b, Structural basis of key 
interactions in the core TTFL. CLOCK–BMAL1 heterodimer (PDB code: 4F3L)58 
(panel 1). CLOCK (green) and BMAL1 (blue) form a transcriptional heterodimer 
through three distinct dimerization interfaces within the basic helix–loop–
helix (bHLH) and PAS-A/B domains. These interfaces stabilize the complex, 
orient the bHLH domains for E-box DNA recognition and recruit co-activators 
to initiate downstream gene expression. Domain schematics below highlight 
the bHLH, PAS-A, PAS-B, BMAL1 transactivation domain (TAD) and CLOCK 
exon 19 region, which is crucial for its regulatory functions. Adapted with 
permission from ref. 58, AAAS. CLOCK–BMAL1 on a nucleosome (light grey) 
at the superhelical location (SHL) +5.8 position (PDB code: 8OSK)15 (panel 2). 

The CLOCK–BMAL1 heterodimer also serves as pioneering transcriptional 
machinery capable of engaging E-boxes positioned at nucleosomal entry 
and exit sites, where DNA is typically inaccessible to most transcriptional 
factors. The PAS-B domains, particularly the CLOCK HI loop, form an extensive 
interface with the histone H2A–H2B acidic patch, and the CLOCK and BMAL1 
bHLH domains are positioned for DNA recognition. Adapted with from ref. 15, 
CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). CRY1–PER2 complex 
(PDB code: 4CT0)271 (panel 3). In the repressive complex, the PER2 CRY-binding 
domain (CBD) (red) wraps around the CRY1 photolyase homology region 
(PHR) (orange) to engage the CRY coiled-coil (CC) helix and adjacent surfaces, 
creating a multivalent interaction. These interactions are also mediated by Zn2+. 
The domain schematics of CRY1 highlight its PHR and the carboxy-terminal 
tail, and that of PER2 highlight its Degron 1 (D1), PAS-A, PAS-B, Degron 2 (D2), 
casein kinase binding domain (CKBD) and CBD. Adapted with permission from 
ref. 271, Elsevier. CK1δ–PER2 complex (PDB code: 8D7M)103 (panel 4). The familial 
advanced sleep phase-region phosphorylation sites embedded in the PER2 
CK1-binding domain (CKBD) (red) bind to the CK1δ (dark grey) catalytic domain 
(CD), positioning CK1δ for hierarchical phosphorylation that targets PER for 
degradation and closes the feedback loop. Domain schematic highlights the  
CD and the regulatory C terminus of CK1δ. Adapted with permission from 
ref. 103, Elsevier.
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period by enhancing protein turnover or reducing phosphorylation, 
as seen, for example, with CRY2 Ala260Thr (rs201220841)108, CK1δ 
Thr44Ala (rs104894561)109, PER2 Ser662Gly (rs121908635)103,110,111 and 

PER3 Pro415Ala/His417Arg (rs150812083/rs139315125)112. By contrast, 
delayed sleep phase disorder-associated variants lengthen the circa-
dian period by stabilizing inhibitory complexes or impairing PER–CRY 
interactions. These variants include CRY1Δ11 (rs184039278)113, PER2 
Val1205Met (rs76355956; odds ratio (OR) = 2.32, 95% confidence interval 
(CI): 1.18–4.53, P = 0.026)114 and PER3 Val647Gly (rs10462020; OR = 7.79, 
95% CI: 1.59–38.3, P = 0.037)115.

In addition, genetic variation in clock genes has been repeatedly 
associated with susceptibility to depression, obesity and cancer (Fig. 3), 
reflecting the tight coupling between circadian regulation and general 
health. CLOCK, CRY1, CRY2 and PER3 polymorphisms are linked to 
various types of depression, sometimes with conflicting directional 
effects116–119. Furthermore, as the clock has a pivotal role in metabolism 
and energy homeostasis, genetic alterations in clock genes are linked 
to susceptibility to metabolic disorders. BMAL1 variants rs7950226 
and rs11022775 in combination are moderately associated with type 
2 diabetes (genotypic risk ratio = 1.54, 95% CI: 1.22–1.97, P = 0.002)120, 
and several CLOCK, CRY1 and PER3 variants correlate with obesity121–123. 
In cancer, BMAL1 and CLOCK polymorphisms generally associate with 
susceptibility to breast, lung and prostate cancers, whereas variants in 
the CRY and PER genes have also been associated with liver and gastric 
cancer risk124–137.

Although fewer circadian gene variants have been reported for 
autoimmune and neurodegenerative disorders, available evidence 
highlights broader physiological relevance. PER2 rs2304674 is asso-
ciated with increased rheumatoid arthritis risk (OR = 2.02, 95% CI: 
1.55–2.63, P < 0.001)138 and PER3 rs2797685 with higher susceptibility 
to Graves’ disease (OR = 1.9, 95% CI: 1.00–3.61, P = 0.05)139, implicating 
clock disruption in immune dysregulation. In neurodegeneration 
and cognition, PER1 rs3027178 confers reduced Alzheimer’s disease 
risk (OR = 0.803, 95% CI: 0.647–0.996, P = 0.046)140, whereas PER2 
rs2304672 is linked to extreme morning preference and correlates 
with lower cognitive performance141–143.

Circadian misalignment and chronic diseases
Circadian misalignment driven by artificial light exposure, irregular 
sleep and non-standard work schedules has emerged as a growing 
public health concern. Environmental disruption of daily rhythms, 
including shiftwork, (social) jet lag and sleep deprivation, com-
promise both physical and mental health4–7 (Fig. 4). Conversely, 
reinforcing circadian alignment through behavioural interven-
tions such as time-restricted feeding improves metabolic fitness in 
mammals144–149 (Box 2).

Modern lifestyles have extended activity deep into the night, with 
most individuals in industrialized nations using electronic devices 
within an hour of sleep150,151. Exposure to artificial light after dusk, 
whether from screens, indoor lighting or the rotating schedules of 
shiftwork, disrupts the internal clock of the body. Even low-intensity 
light at night can suppress melatonin, impair sleep quality and 
shift hunger cues, leading to widespread endocrine and metabolic 
dysregulation152–155. These behavioural and physiological distur-
bances resonate with epidemiological findings showing that indi-
viduals exposed to chronic circadian disruption face heightened risks 
of metabolic, cardiovascular and cancer-related disorders156–163. For 
example, shift workers have been reported to have elevated glucose, 
insulin and triacylglyceride levels and inflammatory markers as well as 
impaired glucose tolerance and are prone to weight gain, with greater 
vulnerability observed in women, Asian workers and individuals with 
obesity160,162,164–167.
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Fig. 3 | Associations between circadian clock gene variants and disease 
susceptibility across organ systems. Primary disease categories are grouped by 
the affected organ or system and include psychiatric, metabolic and oncological 
conditions. Within each disease category, associated circadian clock genes 
are listed alongside reported SNPs (rsIDs). The corresponding references for 
the original studies are stated. Depression: CLOCK118; CRY1117; CRY2116,119; and 
PER3118. Obesity: CLOCK121,123; CRY1121; and PER3122. Breast cancer: ARNTL131,137; 
CLOCK127,129,131,135; CRY1129; CRY2128,131,137; PER1135,137; PER2137; RORA135; and RORB131,135. 
Non-Hodgkin lymphoma: CRY2125. Lung cancer: ARNTL136. Liver cancer: CRY1132; 
and PER3130,132. Gastric cancer: CRY1134; PER1134; and PER3134. Prostate cancer: 
ARNTL126,133; CLOCK126; CRY1126,133; CRY2124,126; PER1126,133; PER2126,133; and PER3126.
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Experimental models reinforce these findings. In mice, restrict-
ing feeding to the active phase instead of the rest phase or ad libi-
tum prevents weight gain and inflammation despite identical caloric 
intake144,145. Moreover, combining caloric restriction with nighttime 
(active phase) feeding extends the lifespan by up to 25%147. Translational 
studies in humans parallel these outcomes: early time-restricted feed-
ing improves insulin sensitivity, blood pressure and oxidative stress in 
men who are prediabetic168. Daytime eating in night workers prevents 
circadian misalignment and glucose intolerance169, demonstrating that 
meal timing can realign internal clocks and improve metabolic health.

Recently, day-restricted feeding was found to drive diurnal rhythms 
in the mitochondrial proteome, lipidome and nutrient-sensing path-
ways of white adipose tissue170. Loss of adipocyte AMPKα2 disrupted 
lipid rhythmicity, altered serum metabolites and impaired endurance, 
partly through effects on muscle clock genes. Pharmacological activa-
tion of AMPK restored time of day-dependent muscle performance, 
identifying adipocyte AMPKα2 as a key regulator of circadian metabolic 
coordination between fat and muscle. Notably, although rhythmic clock 
genes in liver and white adipose tissue shift with feeding schedules, 
brown adipose tissue maintains its intrinsic rhythmicity, suggesting 
tissue-specific resistance to feeding-induced desynchrony171.

Beyond metabolic outcomes, circadian disruption has been associ-
ated with increased cancer risk. A meta-analysis of more than 170,000 
individuals revealed that high exposure to artificial light at night was 

associated with increased breast cancer incidence, particularly among 
premenopausal women and those with oestrogen receptor-positive 
tumours (risk ratio = 1.16, 95% CI: 1.04–1.28)172, as well as with greater 
thyroid cancer risk in women (hazard ratio = 1.81, 95% CI: 1.26–2.60, 
Ptrend = 0.001)173. Meal timing, specifically late-night eating, also cor-
related with higher breast cancer risk (OR = 1.50, 95% CI: 1.06–2.12, 
P = 0.02) and prostate cancer risk (hazard ratio = 2.20, 95% CI: 1.28–3.78, 
P = 0.004)174,175, whereas earlier dinners and longer nightly fasting 
intervals were associated with reduced breast and prostate cancer 
risks (OR = 0.76, 95% CI: 0.57–1.0)176,177. Of note, although these studies 
support a link between circadian disruption and cancer risk, several 
recent meta-analyses have reported little to no significant associa-
tion between night shiftwork and cancer risk178–180. Lastly, prolonged 
shiftwork or night work increases the risk of developing dementia and 
contributes to depression, especially among healthcare workers181,182.

Clock components in cancer aetiology and progression
The circadian clock regulates fundamental cellular processes includ-
ing cell-cycle progression, DNA damage repair, apoptosis, metabo-
lism and immune response (Box 3) that are frequently co-opted in 
cancer12,67,78,183. Dysregulation of circadian clock components is increas-
ingly recognized as a driver of tumour initiation and progression6,184. 
Pan-cancer transcriptomic analyses reveal widespread loss of coordi-
nated core clock gene expression in tumours, which often correlates 

Immune (rheumatoid arthritis)
• REV-ERBα regulates TH17 cell functions through RORγt 
• Clock-targeting compounds modulate inflammation
• PER2 (rs2304674) is a risk factor for rheumatoid arthritis

Metabolic (type 2 diabetes)
• The circadian clock modulates glucose uptake 
• CLOCK and BMAL1 mutants disrupt insulin secretion
• Several clock gene SNPs are associated with disease risk

Metabolic (non-alcoholic fatty liver)
• REV-ERBα coordinates rhythmic lipid metabolism
• Loss of REV-ERBα results in hepatic steatosis
• Several CLOCK SNPs are associated with disease risk

Nervous (Alzheimer's disease)
• The circadian clock regulates microglial phagocytosis
• Sleep disruption decreases Aβ clearance
• PER1 (rs3027178) reduces the risk of Alzheimer's disease

Cardiovascular
• The circadian clock regulates vaso-constriction and dilation
• Circadian misalignment increases cardiovascular disease risk
• PER2 (rs10462023) is a risk factor for ischaemic stroke

Metabolic (sarcopenia)
• REV-ERBα promotes mitochondrial biogenesis and function 
• Bmal1 knockout worsens age-related muscle deterioration
• Day-restricted feeding coordinates fat–muscle metabolism

Fig. 4 | Circadian clock regulation of chronic disease. Multiple, converging 
lines of molecular, in vivo, genetic and clinical evidence link circadian clock 
dysfunction to chronic disease across organ systems. Clock disruption influences 
neurodegeneration through altered central clock function, sleep-dependent 
proteostasis, microglial rhythmicity and genetic risk modification140,272–274. In 
the vasculature, circadian control of metabolic and redox enzymes regulates 
vascular tone and cardiovascular risk, with chronic circadian misalignment and 
clock gene variation conferring susceptibility to ischaemic events24,163,275–277. 
Hepatic clocks regulate lipid homeostasis, and their disruption promotes 
steatosis through clock-controlled transcriptional and chromatin mechanisms, 
with CLOCK variants associated with non-alcoholic fatty liver disease risk 

and severity88,89,278,279. Tissue-specific clocks regulate glucose metabolism, 
with pancreatic and skeletal muscle clock dysfunction impairing insulin 
secretion and glucose tolerance, human genetic associations linking core 
clock genes to type 2 diabetes risk, and time of day-dependent therapeutic 
responses162,241,280–285. Circadian regulation of immune differentiation and effector 
function constrains inflammatory disease, with clock-targeting pharmacology, 
human genetic associations and chronotherapy demonstrating disease 
relevance138,144,145,215–218,221,240,286. In skeletal muscle, loss of core clock function 
accelerates ageing-associated degeneration, whereas REV-ERBα preserves 
mitochondrial function and muscle integrity90,287.
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with poorer patient outcomes184,185. Although many studies support 
tumour-suppressive roles for individual clock components, oth-
ers describe clear oncogenic functions, highlighting the need to 
define context-specific, TTFL-dependent as well as TTFL-independent 
mechanisms in each cancer setting.

A substantial body of evidence supports tumour-suppressive 
functions of the core clock in several malignancies, including colo-
rectal, tongue, lung and liver cancers. BMAL1 overexpression restrains 
tumour cell proliferation and enhances oxaliplatin or paclitaxel sen-
sitivity in models of colorectal and tongue cancer, respectively186,187. 
In colorectal cancer, Bmal1 loss accelerates disease progression via 
Apc loss of heterozygosity and activation of Wnt188 and Hippo189 path-
ways, and both Apcmin/– and Per2m/m mutant mice develop significantly 
increased intestinal polyp burdens190. Similar protective roles have 
been observed in other tissues: deletion of Bmal1 or Per2 speeds 
KRAS-driven lung adenocarcinoma191; HNF4α-mediated repression 
of BMAL1 promotes hepatocellular carcinoma growth, whereas BMAL1 
overexpression inhibits it192; and CRY2–FBXL3-mediated turnover of 
MYC suppresses MYC-driven transcriptional programmes and tumour 
progression in lung, colorectal and lymphoma models193.

By contrast, core TTFL components can also acquire oncogenic 
functions in specific malignancies, including tumours of the skin, 
blood, brain and adrenal cortex. Loss of Bmal1 reduces tumour burden 
in a mouse model of cutaneous squamous cell carcinoma194, and BMAL1 

silencing in acute myeloid leukaemia halts cell-cycle progression and 
promotes ferroptosis195. CLOCK and BMAL1 are required for acute 
myeloid leukaemia cell proliferation, maintenance of stem-like prop-
erties and disease propagation in vivo196. In glioblastoma stem cells, 
CLOCK and BMAL1 sustain stemness and metabolic fitness, whereas 
the pharmacological repression of the heterodimer through CRY2 sta-
bilization or REV-ERB activation reduces viability and extends survival 
in glioblastoma stem cell-like tumour models196–198. Beyond transcrip-
tional control, TTFL components modulate DNA repair and therapeutic 
resistance: CLOCK–BMAL1 promotes homologous recombination 
and chemoresistance in adrenocortical carcinoma199, whereas CRY1 
enhances homologous recombination-mediated survival in prostate 
cancer cells200.

Together, these observations underscore that core TTFL com-
ponents can serve as tumour suppressors or oncogenic drivers 
depending on the tissue, genetic context and tumour evolutionary 
state. More broadly, advancing the field requires dissecting not only 
the cell-autonomous effects of clocks within cancer cells but also how 
circadian programmes in the tumour microenvironment shape tumour 
behaviour and the therapeutic response.

Circadian-informed treatment strategies
Core circadian components influence diverse chronic diseases, 
inspiring strategies such as ‘training the clock’, ‘drugging the clock’ 

Box 2 | Molecular links between the circadian clock and longevity
 

Ageing, although not formally classified as a disease, is a major risk 
factor for numerous chronic conditions and reflects a progressive 
loss of homeostatic capacity. The hallmarks of ageing include 
genomic instability, telomere attrition, epigenetic alterations, loss of 
proteostasis, disabled macroautophagy, deregulated nutrient sensing, 
mitochondrial dysfunction, cellular senescence, stem cell exhaustion, 
altered intercellular communication, chronic inflammation and 
dysbiosis296–298. Although many of these hallmarks both regulate and 
are regulated by the circadian clock, most ageing studies have largely 
overlooked this essential temporal dimension. The circadian clock 
promotes organismal resilience by aligning internal physiology and 
the external environment (Box 1). With age, this temporal regulation 
weakens and correlates with frailty, diminished physiological 
robustness and faster accumulation of molecular damage299–301. 
Consistent with this decline, older animals re-entrain more slowly 
to changes in light–dark cycles and show increased mortality when 
subjected to repeated jet-lag challenges302–304.

Ageing perturbs the circadian clock at multiple levels, beginning 
with the central pacemaker in the suprachiasmatic nucleus (SCN) 
and extending to peripheral, clock-controlled networks. In the SCN, 
ageing reduces the rhythmic firing amplitude, weakens neuronal 
synchrony, dampens neuropeptide signalling and impairs photic 
entrainment25,26, collectively diminishing the precision of the 
master clock that coordinates systemic rhythms. These central 
deficits propagate downstream, where ageing induces extensive 
reprogramming of circadian transcriptional output across tissues. 
Although core clock gene oscillations remain largely intact under 
light–dark conditions, the rhythmic transcriptome becomes 
markedly remodelled with age25,27,28. In mice, the liver29, skin 
and muscle stem cells30, and in humans, the prefrontal cortex31 

all exhibit shifts in rhythmic gene expression, with multi-tissue 
studies revealing tissue-specific alterations, fewer rhythmically 
expressed genes and greater temporal variability28. Genetic evidence 
further supports the functional importance of these networks: 
loss of Bmal1 causes arrhythmicity, premature ageing and muscle 
degeneration, and restoring Bmal1 in both brain and skeletal muscle 
is required to prevent these defects; and time-restricted feeding 
can partially compensate for central clock loss, underscoring the 
interdependence of central and peripheral oscillators in maintaining 
tissue resilience287. Together, these observations position circadian 
deterioration not as a passive consequence of ageing but as an active 
mediator of age-related vulnerability.

These interactions are especially consequential in the ageing 
brain. Both experimental and clinical evidence indicate that circadian 
disruption contributes to neurodegenerative progression (Fig. 4): in 
non-human primates, amyloid-β oligomers drive increased plaque 
deposition and tau pathology305, whereas in older adults, circadian 
disruption is associated with elevated amyloid-β and tau burden 
and reduced cognitive function306. Glial circadian translatomes are 
highly cell type-specific and undergo pronounced reprogramming 
with age and amyloid pathology. Transcripts governing glial 
activation, immunometabolism and proteostasis, including nearly 
half of the known Alzheimer’s disease risk genes, exhibit circadian 
oscillations that are frequently altered in disease23. Microglial 
oxidative stress responses and amyloid phagocytosis also vary 
across the day at both transcriptional and functional levels. Overall, 
ageing disrupts circadian regulation at multiple levels, promoting 
functional decline and elevating neurodegenerative risk. Integrating 
temporal biology into ageing research will be key to identifying new 
mechanisms and therapeutic avenues.
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and ‘clocking the drug’4. Whereas ‘training the clock’ uses behavioural 
interventions to restore rhythmicity, ‘drugging the clock’ targets core 
circadian machinery and ‘clocking the drug’ optimizes treatment timing 
to improve efficacy and reduce toxicity. Despite translational chal-
lenges, growing preclinical evidence supports these approaches. Here, 
we focus on ‘drugging the clock’ and ‘clocking the drug’.

Drugging the clock to modulate disease-relevant pathways. ‘Drug-
ging the clock’ refers to pharmacological strategies that directly 
target components of the circadian TTFL. Although CK inhibitors 
such as PF-670462 and GO289 are often included in the circadian 
pharmacology toolkit201,202, CKs act on numerous substrates beyond 
the core clock, and their inhibition can produce broad, clock- 
independent effects. Accordingly, this section focuses on compounds 
that more selectively and directly modulate core circadian clock 
components.

Given the duality of many circadian proteins, bidirectional manip-
ulation is desired to explore therapeutic opportunities across different 
cancer types. However, our current chemical toolbox for modulating 
the circadian clock remains lacking. A limited number of synthetic small 
molecules directly target the core activators CLOCK and BMAL1. CLK8, 
predicted to bind at the interface between the bHLH and PAS-A domains 
of CLOCK, disrupts CLOCK–BMAL1 heterodimerization and subse-
quent transcription activation203. Core Circadian Modulator (CCM) 
binds to the BMAL1 PAS-B domain to decrease BMAL1 transcription 
activity, downregulating inflammatory and phagocytic pathways in 
macrophages204.

KL001, the first-in-class CRY stabilizer, stabilizes CRYs by compet-
ing with FBXL3 and preventing ubiquitin-mediated degradation205,206. 
KL001 has been reported to inhibit glucagon-induced gluconeogenesis 
in primary hepatocytes and suppresses glioma stem-like cell prolifera-
tion, highlighting CRYs as a therapeutic target205,207. Several derivatives 
with improved potency and selectivity have been developed207–209. 
SHP1705, the first clock-targeting compound to reach phase I safety 
clinical trials, regulates glioblastoma stem cell viability, prolongs sur-
vival of glioblastoma animal models and synergizes with the REV-ERB 
agonist SR29065 (ref. 198).

REV-ERBs and RORs possess ligand-binding domains and are 
attractive therapeutic targets. Building on the GSK4112 scaffold210, 
potent REV-ERB agonists, SR9009 and SR9011, were developed with 
improved plasma and brain exposure211. In mice, these compounds 
markedly altered peripheral metabolic gene expression, resulting 
in weight loss, increased energy expenditure and protection against 
diet-induced metabolic disorders, with minimal effects on hypotha-
lamic rhythms. Beyond metabolism, SR9009 was reported to inhibit 
fibrotic gene expression and attenuate liver fibrosis progression 
in vivo212. Later, SR9009 and SR9011 were shown to induce apoptosis in 
several cancer cell lines213. However, subsequent genetic studies have 
shown that SR9009 exerts many of its metabolic and cytotoxic effects 
even in the complete absence of REV-ERBα/β, indicating that its activity 
cannot be assumed to reflect specific REV-ERB engagement214. Since 
then, new and improved synthetic REV-ERB agonists such as SR12418, 
STL1267 and SR29065 have been developed with promising application 
in modulating inflammation and autoimmunity215–218.

Box 3 | Circadian control of tumour immunity and immunotherapy response
 

Human immune cell populations display robust circadian rhythms, 
with the circadian clock regulating innate and adaptive immunity 
through control of immune cell trafficking, activation and effector 
function307–309. Circulating dendritic cells and T cells show robust 
daily oscillations under normal sleep–wake cycles but become 
blunted by prolonged wakefulness, whereas sleep enhances IL-12 
production and monocytic dendritic cell accumulation310. Individuals 
with blunted rest–activity rhythms exhibit elevated leukocytes, 
neutrophils and systemic inflammation311, underscoring the role 
of circadian gating in immune cell release and tissue infiltration. 
Notably, earlier dinners or longer nightly fasting intervals are 
associated with reduced cancer risk176,177.

These temporal programmes extend to tumour immunity. 
In glioblastoma, CLOCK–BMAL1 induces legumain (LGMN) 
and promotes microglial polarization through OLFML3–HIF1α 
signalling; inhibiting this axis enhances CD8+ T cell infiltration and 
potentiates anti-PD1 therapy312. Circadian disruption reshapes 
immunosuppressive populations, including rhythmically oscillating 
PDL1+ myeloid-derived suppressor cells that create daily windows 
of immunosuppression, during which timed checkpoint blockade 
is more effective313. Leukocyte-intrinsic clocks and endothelial 
gating further orchestrate time of day-dependent T cell trafficking 
and transcriptional programmes that predict the immunotherapy 
response314. In parallel, timed cytokine administration (IL-2 or IFNγ) in 
mice enhances antitumour efficacy and reduces toxicity compared 
with constant infusion315–317. Emerging clinical data align with these 

mechanistic insights. Timed IFNα infusion reduced toxicity and 
increased tolerated doses in early trials318,319, and retrospective 
and prospective studies showed that morning dosing of immune 
checkpoint inhibitors improves survival and reduces adverse events 
across multiple cancers, whereas evening dosing is associated with 
poorer outcomes320–323. The timing of the initial immune checkpoint 
inhibitor doses seems particularly critical for long-term benefit324.

Recently, a mathematical model of the cancer-immunity cycle 
was reported, complemented by a systems-level mathematical 
framework that treats the cancer-immunity cycle as a non-transitive 
evolutionary game among cancer cells, normal cells and T cells325. 
The model shows that the timing and sequence of chemotherapy and 
immunotherapy pulses critically shape outcomes. Immunotherapy is 
most effective when delivered over half of the cancer-immunity cycle 
and administered before chemotherapy, whereas chemotherapy 
performs best over one-quarter of the cycle. Because the two 
modalities do not commute, synchronizing treatment schedules to 
the intrinsic cycle period can improve efficacy even at lower total 
doses. Measuring these cycle periods across patient populations 
will be essential for clinical application. Collectively, these studies 
demonstrate that tumour immunity and immunotherapy responses 
are strongly time-dependent. Aligning treatment with endogenous 
circadian programmes enhances efficacy and reduces toxicity, 
whereas mistimed therapy fosters immune escape. Incorporating 
temporal biology into cancer care therefore offers a powerful route to 
optimize treatment timing and improve outcomes.
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The first synthetic RORα/γ agonist and inverse agonist reported 
were SR1078 and T1317 (refs. 219,220). Since then, a highly selective 
inverse agonist, SR1001, has been developed and shown to suppress 
IL-17A transcription and T helper 17 (TH17) cell differentiation, miti-
gating autoimmune inflammation in mice221. A natural ROR ligand, 
nobiletin, enhances metabolic gene expression to increase energy 
expenditure, improve glucose tolerance and promote mitochondrial 
function222,223. Nobiletin has also been shown to possess antitumour 
effects as well as improve pathological and cognitive hallmarks of 
Alzheimer’s disease224–233, underscoring the therapeutic potential of 
RORs in metabolic, neurodegenerative disorders and malignancies.

Clocking the drug to optimize therapy efficacy. Timing the adminis-
tration of therapeutics to align with an individual’s circadian rhythms 
has demonstrated clinical benefit, especially in oncology. Cancer chron-
otherapy improves chemotherapy efficacy and tolerability, as seen in 
patients with colorectal or nasopharyngeal cancer234,235. The EORTC 
05011 trial confirmed that a 5-day chronoIFLO5 regimen — chrono-
modulated irinotecan (180 mg per m2), oxaliplatin (80 mg per m2) and 
fluorouracil–leucovorin (2,800 and 1,200 mg per m2, respectively) —  
enhanced survival while reducing toxicity in patients with colorec-
tal cancer236. Anthracycline cardiotoxicity, a severe adverse effect of 
chemotherapy, may be reduced by chronomodulated anthracycline 
administration237. Moreover, recent findings show that the pharma-
cokinetics of everolimus, an approved mTOR inhibitor used to treat 
various cancer types and organ transplant rejection, varies with the 
dosing time in mice238, indicating that a chronomodulated regimen 
could further improve therapeutic efficacy and safety. However, not 
all agents improve with chronomodulated schedules. S-1, an oral fluo-
ropyrimidine prodrug, maintained consistent 5-fluorouracil (5-FU) 
exposure across dosing times239. Beyond oncology, timed dosing has 
been shown to improve outcomes in diseases with rhythmic physiol-
ogy. In rheumatoid arthritis, corticosteroids administered at bedtime 
more effectively relieve morning symptoms240. In type 2 diabetes, 
evening SGLT2 inhibitor dosing improves glucose control241, and met-
formin pharmacokinetics vary with renal transporter activity and 
chronotype242, the intrinsic circadian timing shaped by biological, 
environmental and social factors243.

Building on the principle of optimizing therapy efficacy by har-
nessing circadian timing, sex emerges as a crucial determinant of 
pharmacological and immunological responses244. Sex is an important 
biological variable in circadian biology, as sex hormones and their 
receptors can influence the circadian rhythm amplitude, phase and 
clock gene expression, potentially affecting time (of day)-dependent 
therapeutic responses. Indeed, preclinical studies reveal pronounced 
sexually dimorphic effects, such as male mice being nearly threefold 
more susceptible to everolimus-induced immunosuppression, with 
toxicity minimized at specific times of day245,246. Clinical experience 
with 5-FU and oxaliplatin in colorectal cancer demonstrates that tim-
ing improves efficacy and tolerability247–249, suggesting that integrating 
sex-specific schedules could further enhance therapeutic benefit while 
reducing adverse effects.

Future perspectives
Moving forward, three key priorities emerge for advancing circadian 
biology: first, resolving the precise composition, stoichiometry and 
dynamics of the molecular clock to fully understand its regulatory 
logic; second, developing disease-specific models that capture how 
clock mechanisms are reprogrammed in diverse pathological contexts; 

and third, expanding the chemical toolbox to selectively modulate 
clock components and functions. In this final section, we discuss these 
future directions and their potential to transform our understanding of 
circadian regulation and its translation into human health and disease.

Resolving the composition(s) of the molecular clock
A recent study provides striking evidence that even in the archetypal 
SCN, the molecular logic of the TTFL remains an evolving framework 
rather than a resolved mechanism51. Using advanced live imaging in 
knock-in reporter mice, the authors tracked endogenous BMAL1, CRY1 
and PER2 within SCN neurons, identifying unexpected spatiotemporal 
heterogeneity. Rather than acting as a unified complex, PER2 and CRY1 
were shown to function partly independently, with their individual 
stabilities critically shaping oscillatory dynamics. These observations 
compel a re-examination of the TTFL as a flexible, multifactorial sys-
tem shaped by protein turnover, localization and post-translational 
regulation, rather than a simple, cyclical relay of transcriptional feed-
back. Although the core proteins forming the molecular ‘cogs’ of the 
clock are well established, how these components dynamically interact 
and recruit additional co-factors to generate and sustain rhythmicity 
remains poorly understood250. The precise composition, structural 
assembly and temporal sequence of TTFL complexes are still elusive, 
as are the mechanisms that govern turnover of core components. For 
example, PER proteins have been shown to have a pivotal role in circa-
dian regulation, but their structural incorporation in a complex with 
BMAL1, CLOCK and CRYs remains unclear, representing a key gap in our 
understanding of the core TTFL. Structural studies further revealed that 
CRY1 binds the PAS domain core of CLOCK–BMAL1 with higher affin-
ity than CRY2 (ref. 251). However, PER2 remodels CRY2 and increases 
the affinity of CRY2 for CLOCK–BMAL1, underscoring the complexity 
of CRY-based repression dynamics. Additionally, where and how the 
recently uncovered new clock component, RUVBL2, fits into the canoni-
cal clock needs to be further elucidated. Recent studies implicate UBR5, 
STUB1 and p62 (encoded by SQSTM1) in BMAL1 turnover252–254, yet the 
fate of CLOCK remains unresolved.

Beyond the SCN, how TTFL stoichiometry and composition 
vary across tissues remains to be determined. Clock proteins occupy 
thousands of distinct genomic sites in the mouse liver67, revealing 
tissue-specific interaction landscapes that link circadian rhythms to 
local physiology. Recent machine learning analyses of BMAL1 bind-
ing across tissues identified histone modifications, local DNA shape 
and the flanking sequence context as key determinants of E-box 
recognition255. These findings underscore the feasibility of construct-
ing a tissue-specific ‘binding atlas’ of clock proteins to systematically 
compare circadian regulatory networks across organs and disease 
states, offering a framework to interpret circadian dysregulation in 
pathology.

Disease-specific modelling of the circadian clock
The relationship between the circadian clock and disease is highly 
context-dependent, defying early assumptions that clock disrup-
tion uniformly promotes pathology184. Individual clock genes exert 
distinct, sometimes opposing, effects across tissues, reflecting their 
integration with disease-specific molecular networks. These bidirec-
tional interactions, where the clock shapes disease biology and dis-
ease states remodel the clock, underscore the need for mechanistic, 
disease-focused circadian models.

Large-scale human and primate transcriptomic studies have 
revealed that most protein-coding genes and more than 80% of US 
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Food and Drug Administration (FDA)-approved drug targets exhibit 
circadian rhythmicity24,78. Furthermore, many rhythmic genes encode 
cardiovascular drug targets24. These data establish biological time as 
a critical determinant of drug efficacy and safety. For example, com-
putational models have recently been developed to understand how 
circadian fluctuations in dihydropyrimidine dehydrogenase (DPD), 
the main enzyme that breaks down 5-FU, affect how the drug works in 
the body256. Using data from previous studies, these pharmacokinetic 
models simulate 5-FU metabolism over the day, accounting for each 
person’s unique DPD chronotype. The results suggest that personal-
izing 5-FU dosing schedules based on an individual’s DPD rhythm 
could help maintain stable drug levels, reduce toxicity and improve 
treatment efficacy.

Despite the pervasive influence of circadian rhythms, as well as 
sex, on metabolic, endocrine and disease-relevant processes, includ-
ing immune responses, cell renewal and proliferation, most basic and 
translational research does not incorporate time (of day) and sex as 
variables. This omission represents a major obstacle to understand-
ing temporal, sex-specific regulation and limits the development 
of accurate clock-disease models. Without temporal or sex-specific 
information, datasets may obscure oscillatory patterns, misrepre-
sent interactions among genes, proteins and metabolites, and reduce 
translational relevance244,257. Accounting for biological, environmen-
tal and experimental factors that influence circadian rhythms and 
shape experimental outcomes will be essential for the development 
of accurate disease modelling.

Clock proteins interact with partners from diverse protein classes, 
highlighting roles in rhythmic processes that extend beyond transcrip-
tional regulation. These spatiotemporal interactions introduce layers 
of complexity to the canonical TTFL that are overlooked in simplified 
or cell type-agnostic models. Yet our mechanistic understanding of how 
clock gene variants or dynamic expression patterns influence disease 
phenotypes remains limited. Most reported links between circadian 
polymorphisms or gene expression changes and disease are correlative, 
emphasizing the need for studies that establish causal relationships 
and clarify how molecular circadian networks contribute to health and 
pathology. Addressing this gap will require integrative approaches, 
including comparative interactome analyses in healthy versus disease 
states to identify functionally relevant clock protein interactions, 
coupled with CRISPR-based perturbation of clock gene variants in 
tissue-specific models and downstream multi-omic profiling.

Circadian regulation also shapes physiological resilience and 
recovery. Fibroblast clocks modulate cytoskeletal dynamics and wound 
repair, with injuries during the active phase healing faster than those 
during rest258. Such findings suggest that aligning surgery, nutrition 
or drug administration with biological time could optimize patient 
outcomes. Moreover, diseases with strong circadian symptom patterns, 
such as asthma, neurodegenerative and psychiatric disorders259–262, 
offer particularly compelling models for integrating circadian timing 
into therapeutic design.

Expanding the chemical toolbox for targeting  
clock components
Biochemical and structural insights into the circadian oscillator and 
its control over key disease-relevant pathways have spurred growing 
interest in small molecules that can modulate the circadian clock80. 
Most circadian-modulating compounds act indirectly through CK1s 
or nuclear hormone receptors, and direct (synthetic) ligands for many 
clock proteins remain largely absent or scarce. Only two small molecules 

targeting the co-activators CLOCK or BMAL1 have been reported203,204, 
whereas none exist for the PER proteins. CLOCK, BMAL1 and PERs con-
tain PAS domains that mediate essential dimerization events sustain-
ing circadian function250. The CLOCK PAS-B domain is structurally 
analogous to the ligand-binding pocket in HIF2α (refs. 263,264), rep-
resenting a plausible druggable site. PER PAS domains are critical for 
oscillatory stability and disease susceptibility265–267, highlighting the 
value of a PER PAS-targeting ligand for circadian studies. In addition, 
isoform-selective small molecules for the paralogues CRYs, REV-ERBs 
and RORs remain unidirectional or controversial268–270. These structural 
features highlight untapped opportunities to develop synthetic ligands 
that modulate the molecular clock.

Recent advances in high-throughput screening platforms and 
computational approaches have identified new opportunities to 
explore larger chemical spaces. However, circadian protein targets 
pose unique challenges. First, the structures of many circadian pro-
teins, such as PER, remain unresolved. Second, circadian proteins 
often contain functionally important yet disordered regions, and 
their pockets are often small and with undesired biophysical proper-
ties, posing challenges for robust assay development and/or accu-
rate computational screening. Third, chemical probes are typically 
screened using circadian reporter assays, even though clock proteins 
interact with diverse proteins and participate in functions extending 
far beyond the canonical TTFL. These challenges raise fundamental 
questions: how do we distinguish core clock regulation from broader, 
context-dependent roles, and how can we identify compounds that 
modulate disease-relevant interactions rather than only rhythmic 
outputs? Addressing these gaps will shape the next decade of circadian 
chemical biology and expand our capacity to modulate biological time 
pharmacologically.

Conclusions
Circadian clocks are molecular oscillators that coordinate daily 
rhythms within an organism, integrating inputs from the external 
environment to output biological processes to maintain homeostasis. 
In this multiscale circadian system, environmental cues entrain the 
SCN, the SCN synchronizes peripheral oscillators, and transcriptional, 
metabolic and epigenomic mechanisms generate coherent temporal 
programmes across tissues. The clock emerges as a metabolically tuned 
and genetically variable network whose disruption acts as a systemic 
stressor, shaping disease risk across metabolic, cardiovascular, onco-
logical and neuropsychiatric domains. Context-dependent roles of 
circadian regulators underscore the need to integrate temporal biology 
into precision medicine. Advances in clock-targeted compounds and 
time-optimized therapies highlight the growing translational potential 
of this field. Looking forward, major opportunities lie in resolving the 
full composition and dynamics of molecular clock complexes, devel-
oping disease-specific models that capture context-dependent clock 
behaviour, and expanding the chemical toolbox needed to directly 
probe and pharmacologically modulate circadian components. These 
efforts will be critical for the translation of mechanistic insights into 
time-based precision therapies that improve human health.

Published online: xx xx xxxx
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