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Abstract
The spatial heterogeneity of tumors has long been a subject of significant interest in oncology. Recent research has revealed 
that tumors and their microenvironments undergo dynamic changes over time, particularly in the form of periodic circadian 
rhythms. Disruptions to these rhythms have been recognized as a pivotal factor in the advancement of tumorigenesis. Such dis-
ruptions not only induce dysregulation of gene expression within tumor cells, influencing tumor growth, metabolism, the cell 
cycle, and vascular homeostasis but also facilitate metastasis. Furthermore, they mediate the remodeling of the tumor immune 
microenvironment, fostering the development of an immunosuppressive milieu. Additionally, the in vivo metabolism and 
therapeutic responsiveness of tumor treatments—including chemotherapy, targeted therapy, and immunotherapy—have been 
shown to be modulated by circadian rhythms. This suggests that time-specific drug administration may enhance treatment ef-
ficacy, offering novel insights for precision cancer therapy. In this review, we systematically update contemporary research on 
the impact of circadian rhythms on tumor biology, encompassing both tumor progression and the efficacy of drug therapies. 
Building upon these insights, we explore the potential for a synergistic approach that integrates the targeting of rhythmic genes 
with current tumor treatment modalities. We also discuss the feasibility of tailoring tumor therapy to the rhythmic alterations 
that define in vivo metabolism and the efficacy of specific therapeutic agents, highlighting the significance of rhythm-based 
strategies in the personalized treatment of tumors and the prevention of associated diseases.
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Introduction
The alternation of day and night in nature has driven living or-
ganisms to evolve strict time-maintenance mechanisms, known as 
circadian rhythms, to better adapt to external changes.1 In humans, 
circadian rhythms are complex processes mediated by a regulatory 
center located in the suprachiasmatic nuclei of the hypothalamus 
and are regulated by a variety of rhythm-associated genes, which 
play a role in regulating a wide range of life activities, such as 
sleep/wake cycles, feeding/fasting, endocrine function, immunity, 

and metabolism.2
With increasing understanding and research, it has become clear 

in recent years that circadian dysregulation is closely linked to the 
development of tumors. Although a variety of factors and path-
ways are involved, this effect is generally manifested in two main 
aspects: through the regulation of the tumor itself and through the 
modulation of the tumor immune microenvironment.

The effect of circadian rhythms on the biological function of 
tumors
The regulation of tumor biological characteristics by circadian 
rhythm disruption is an important mechanism promoting tumo-
rigenesis and progression, including tumor initiation, stemness, 
metabolic reprogramming, and immune microenvironment remod-
eling (Fig. 1). Enhanced fatty acid oxidation-mediated oncogenic 
metabolic signaling promoting tumorigenesis has been observed in 
sleep deprivation-induced circadian rhythm disorders. This effect 
is mainly mediated by the dysregulated CLOCK gene, which over-
activates long-chain fatty acyl coenzyme A synthetase 1, leading 
to increased production of palmitoyl coenzyme A. This, in turn, 
promotes CLOCK-Cys194 S-palmitoylation. This approach elimi-
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nates the CLOCK gene’s ubiquitination degradation, disrupting 
circadian rhythms and promoting cancer stemness.3 Abnormally 
expressed CLOCK genes can also alter the secretion patterns of 
tumor cell chemokines and cytokines, promoting tumor inflamma-
tion and angiogenesis. Dysregulation of rhythm-associated genes 
is both a cause and an effect, serving as a link between circadian 
rhythm disruption and tumor development. Rhythmic genes, such 
as BMAL1 and CLOCK, play crucial roles in regulating signal-
ing pathways and molecular expression related to various cellular 
processes, including the cell cycle, epithelial-mesenchymal tran-
sition, apoptosis, ferroptosis, cellular metabolism, and immunity. 
These genes exert their influence either individually or through the 
formation of complexes, impacting cellular vascularity, growth, 
metastasis, immune response, and other functions (Fig. 2). Es-
sentially, the coordinated expression of CLOCK genes regulates 
the timing and order of various cellular processes, while circadian 
rhythm disruption induces dysregulation of CLOCK gene expres-
sion, leading to a loss of normal cellular function regulation.

The impact of rhythm-related genes on tumors is broad and di-
rect, including tumor metastasis. Often, more attention is given to 
spatial variations in tumor metastasis to specify the affected tis-
sues and organs for more targeted therapeutic decisions. However, 
tumor metastasis also exhibits temporal heterogeneity, as dem-
onstrated by the significant influence of the sleep/wake cycle on 
tumor metastasis. Given that hematogenous dissemination due to 
circulating tumor cells (CTCs) is the primary mode of metastasis 
for most tumors, a study tracked the dynamics of CTCs and re-
vealed the significant impact of circadian rhythms on tumor metas-
tasis.4 Specifically, the production of CTCs in patients was found 
to be greatly disturbed by circadian rhythms, with the majority of 

CTCs (78.3%) found in samples obtained during resting periods. 
This finding was further validated in animal experiments, where 
mice in the resting phase showed a six- to eight-fold increase in 
CTCs compared to the active phase, with a maximum increase 
of 278-fold. By interfering with the sleep cycle and administer-
ing rhythm-related hormones (e.g., melatonin), it was found that 
CTCs produced during the rest phase were not only more numer-
ous but also exhibited a stronger metastatic capacity compared to 
those produced during the active phase. These results suggest that 
the production of CTCs is not constant but exhibits significant 
time-dependence and temporal heterogeneity, regulated by circa-
dian rhythms. This also implies that dynamic regulation of drug 
administration schedules could be feasible during tumor therapy, 
with intensive resting-phase-focused therapy potentially achieving 
promising therapeutic outcomes.

In addition to affecting tumor function, circadian rhythms also 
play a crucial regulatory role in the tumor-immune microenviron-
ment. On one hand, rhythm genes directly regulate the expression 
of immune checkpoints in tumor cells, indirectly affecting immune 
cell activation. For example, Period2 competitively binds to heat 
shock protein 90 via the PAS1 structural domain, reducing its in-
teraction with inhibitors of kappa B kinase (IKKs). This leads to 
increased ubiquitination degradation of IKK-α/β and facilitates 
nuclear translocation of p65, inhibiting the IKK/NF-κB pathway 
and reducing PD-L1 expression.5 On the other hand, the composi-
tion and percentage of immune cells fluctuate dynamically, and 
these fluctuations are regulated by circadian rhythms. Taking mac-
rophages as an example, M1 and M2 macrophages are the main 
types in the tumor immune microenvironment. These macrophag-
es not only play opposing roles but also exhibit opposite states 

Fig. 1. Impact of circadian rhythm disorder on tumor progression and immune microenvironment. On the one hand, circadian rhythm disorder contrib-
utes to tumor growth and metastasis by influencing the dysregulation of gene expression affecting the tumor itself. On the other hand, circadian rhythm 
disorder can also promote the formation of a suppressive immune microenvironment, reduce the number of natural killer (NK) cells and the M1/M2 ratio, 
and increase the CD4/CD8 ratio and the number of regulatory T (Treg) cells, thus indirectly promoting tumor progression. This figure was created using tools 
provided by Biorender (www.biorender.com). CD, cluster of differentiation; M1, pro-inflammatory; M2, anti-inflammatory.
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of change during circadian fluctuations. In the normal light-dark 
cycle, M1 macrophages predominate at night, while M2 mac-
rophages are more prevalent during the day, which is considered 
the normal macrophage daily pattern. However, circadian rhythm 
disruption disrupts the daily pattern of both, significantly reducing 
the M1/M2 ratio and resulting in the development of a suppres-
sive immune microenvironment.6 In addition to macrophages, a 
decrease in the number of CD8+ T cells, an increase in the CD4/
CD8 ratio, and an increase in FoxP3+ Treg cells, along with greater 
infiltration of immunosuppressive microglial cells in neurological 
tumors, also contribute to remodeling the tumor immune micro-
environment. These changes promote the formation of metastatic 
niches and tumor immune escape.7 These studies have deepened 
our understanding of the relationship between circadian rhythms 
and tumor immunity. More importantly, by identifying the major 
differential genes and their mechanisms of action, we can pinpoint 
target genes that can inhibit the adverse effects of rhythm disrup-
tion on tumor immunity, aiding in the development of new tumor 
immunomodulatory drugs targeting rhythm-related genes.

The effect of circadian rhythms on the efficacy of antitumor 
drug therapy
Given the important role that rhythm genes play in tumor progres-
sion, it is reasonable to believe that targeting these genes will pro-
vide new options for tumor therapy. Indeed, studies have already 
revealed the unique role of rhythm gene modulators in controlling 

circadian rhythm disorders and enhancing antitumor therapy. For 
example, CLK8 increases circadian rhythm amplitude by inhibit-
ing CLOCK dimerization with BMAL1.8 KL001 and its derivative 
SHP656 can inhibit the growth of glioblastoma stem cells through 
the simultaneous activation of CRY1 and CRY2.9 Retinoic acid-
related orphan receptor α agonists inhibit the growth of gastric 
cancer cells both in vitro and in vivo, making them promising anti-
tumor agents.10 However, current research on these rhythm gene-
modulating drugs is still mainly in the basic research phase, and 
clinical studies are needed to further confirm their effectiveness 
and potential for clinical application.

Moreover, the activity and antitumor effects of many antitumor 
agents, including chemotherapeutic agents, targeted therapies, and 
immunotherapies, are strongly influenced by circadian rhythms, 
particularly in terms of fluctuating pharmacokinetics, efficacy over 
time, and the mediation of drug resistance events. For example, 
one study evaluated the effect of circadian rhythms on the pharma-
cokinetics of linifanib, a novel tyrosine kinase inhibitor selective 
for vascular endothelial growth factor and platelet-derived growth 
factor receptors. The results showed that evening dosing signifi-
cantly affected the oral bioavailability of linifanib, with a dose-
normalized Cmax that was 64% of that observed after morning 
dosing.11 At specific times of the day, antitumor drugs can exert 
a tumor-killing effect, but their efficacy is greatly disturbed when 
the circadian clock is defective, suggesting that drug efficacy fluc-
tuates with the rhythm.12 Mechanistically, this rhythm-dependent 
feature is regulated by the cell cycle and is dependent on the cyclic 
expression of target proteins. Furthermore, given the serious chal-

Fig. 2. Pathways and molecular regulatory networks of circadian rhythm-related genes in tumor cells. Rhythmic genes such as BMAL1, CLOCK, and others, 
either individually or through the formation of complexes, regulate signaling pathways and molecular expression associated with various cellular processes 
such as the cell cycle, epithelial-mesenchymal transition (EMT), apoptosis, ferroptosis, cellular metabolism, and immunity. These genes influence cellular 
angiogenesis, growth, metastasis, immune responses, and other functions. This figure was created using tools provided by Biorender (www.biorender.com).
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lenge of drug tolerance in tumor therapy, new studies have found 
that the development of tolerance to some drugs is also influenced 
by circadian rhythms.13 Periodic circadian expression patterns of 
key genes are important contributors to this phenomenon.

Chronomodulated chemotherapy regimens targeting cytotoxic 
drugs have also demonstrated promising results.14 A systematic re-
view that included 18 randomized trials and 2,547 cancer patients 
found that the majority of studies (14/18) supported the ability of 
chronomodulated chemotherapy to improve outcomes while re-
ducing drug toxicity, with potential gender differences.15 Although 
a small number of studies suggested that chronomodulated chemo-
therapy could lead to a shift in toxicity response and one study 
reported a worse toxicity response, no study reported a clear reduc-
tion in efficacy. This provides new insights into how tumor drug 
resistance arises and demonstrates that temporal therapies target-
ing rhythmic regulation have great potential to overcome antitu-
mor drug resistance. Therefore, emphasizing the temporal dimen-
sion in the development of antitumor therapeutic strategies may 
enhance the precision and targeting of drugs while reducing the 
development of drug resistance, or even reversing drug resistance 
that has already occurred.

The strong circadian rhythmicity of the immune system also 
has a significant impact on the effectiveness of immunotherapy.16 
Studies have shown that circadian rhythm changes drive cyclic os-
cillations of T cells. At the highest abundance of suppressive im-
mune cells, CD8+ T cell function is severely suppressed. However, 
since the expression of immune checkpoints, such as PD-L1, peaks 
in immunosuppressive cells, administering anti-PD-L1 therapy at 
this time can be more effective.17 In addition, the rhythmic changes 
in CD8+ T cells were also reflected by dendritic cells, showing 
amplified efficacy by synchronizing tumor immunotherapy with 
dendritic cell function.18 Tumor immunotherapy targeting immune 
cells is benefiting cancer patients, but low sensitivity and high 
drug resistance still limit its clinical application. Immunotherapy 
that incorporates the circadian characteristics of immune cells may 
be a viable solution, whether for immune checkpoint inhibitors, 
tumor vaccines, or chimeric antigen receptor T-cell therapies.

In light of these findings, an increasing number of studies have 
focused on the impact of modulating circadian rhythms on tumor 
therapy. Evidence suggests that circadian rhythms significantly 
affect the sensitivity of tumor radiotherapy. Meanwhile, adjust-
ing the timing of drug administration has been shown to affect its 
bioavailability. Additionally, adjusting circadian rhythms through 
phototherapy and other means can improve symptoms such as 
tumor-related fatigue. Several ongoing studies are also evaluating 
the effects of circadian rhythm disruption on tumor progression as 
well as tumor-associated adverse effects, which will provide valu-
able insights for improving tumor therapy (Table S1).

Future directions
A thorough understanding of the dynamic alterations in tumor 
circadian rhythms is essential for refining precision cancer ther-
apy, shifting the focus from specific targets to a more nuanced 
appreciation of the therapeutic window. As research evolves, an 
increasing number of rhythm-associated tumor therapeutic targets 
are being elucidated, promising to diversify therapeutic strategies. 
Consequently, interventions aimed at circadian rhythm genes may 
emerge as a novel modality in cancer treatment, potentially syner-
gizing with established approaches such as chemotherapy, targeted 
therapies, and immunotherapies. However, current research in this 
domain remains limited and predominantly confined to the basic 

science stage; further studies are imperative to substantiate the vi-
ability of this concept.

Moreover, elucidating the cyclical expression patterns of tar-
get genes and the dynamic spatial and temporal interplay between 
tumor cells and immune cells is crucial for the development of 
more targeted cancer therapies. Tailoring drug dosing according to 
the metabolic and efficacy profiles of specific drugs can optimize 
therapeutic outcomes while minimizing adverse effects.

Given that circadian rhythm regulation is predominantly gov-
erned by central neural and hormonal mechanisms, therapies 
targeting these rhythms may be subject to variability among in-
dividual patients.19,20 Occupational and lifestyle factors that can 
induce circadian rhythm disorders or even inversions necessitate a 
more personalized approach to such treatments, requiring selection 
based on each patient’s unique rhythmic characteristics.21

Considering the influence of circadian fluctuations on tumor 
growth, metastasis, drug resistance, and immune microenviron-
ment formation, there is a pressing need to focus on the delete-
rious effects of circadian disruption on the organism, potentially 
exacerbating oncogenesis. This awareness is vital for prompting 
individuals to recognize the risks associated with unhealthy habits 
and to encourage behavioral changes. Future research should also 
consider disease prevention strategies for occupations that may 
contribute to circadian rhythm disruptions.

Conclusions
Disruptions in circadian rhythms have been implicated in the 
initiation and progression of tumorigenesis through a variety of 
molecular pathways. Targeting circadian rhythm-associated genes 
represents a potentially efficacious therapeutic strategy for cancer 
treatment, particularly when employed in conjunction with estab-
lished tumor therapies. However, further research is warranted to 
substantiate this hypothesis. A deeper understanding of the tempo-
ral metabolic profiles and efficacy fluctuations of tumor therapeu-
tics is essential for the enhancement of precision cancer therapy. 
This knowledge will facilitate the optimization of treatment timing 
and dosing, ultimately aiming to maximize therapeutic benefits 
while minimizing side effects.

While this review provides a comprehensive look at the effects 
of circadian rhythms on tumors, it still has some limitations. The 
findings presented are predominantly derived from the current sci-
entific literature and thus are subject to the constraints of the qual-
ity, scope, and depth of the published research. Furthermore, the 
practical application of our proposed rhythm-based strategies in 
personalized tumor therapy and disease prevention necessitates ad-
ditional empirical validation through experimental and clinical tri-
als to ascertain their efficacy and feasibility. Nevertheless, we have 
delineated critical issues and challenges that warrant attention, 
which will serve as a roadmap for future investigative endeavors.
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