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Breast cancer (BC) is one of the most common and fatal malignancies among

women worldwide. Circadian rhythms have emerged in recent studies as being

involved in the pathogenesis of breast cancer. In this paper, we reviewed the

molecular mechanisms by which the dysregulation of the circadian genes impacts

the development of BC, focusing on the critical clock genes, brain and muscle

ARNT-like protein 1 (BMAL1) and circadian locomotor output cycles kaput (CLOCK).

We discussed how the circadian rhythm disruption (CRD) changes the tumor

microenvironment (TME), immune responses, inflammation, and angiogenesis.

The CRD compromises immune surveillance and features and activities of

immune effectors, including CD8+ T cells and tumor-associated macrophages,

that are important in an effective anti-tumor response. Meanwhile, in this review, we

discuss bidirectional interactions: age and circadian rhythms, aging further increases

the risk of breast cancer through reduced vasoactive intestinal polypeptide (VIP),

affecting suprachiasmatic nucleus (SCN) synchronization, reduced ability to repair

damaged DNA, and weakened immunity. These complex interplays open new

avenues toward targeted therapies by the combination of clock drugs with

chronotherapy to potentiate the immune response while reducing tumor

progression for better breast cancer outcomes. This review tries to cover the

broad area of emerging knowledge on the tumor-immune nexus affected by the

circadian rhythm in breast cancer.
KEYWORDS

circadian rhythm, breast cancer, therapeutic targets in immunotherapy, aging, tumor
microenvironment, clockwork therapy, tumor-immune interactions
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1 Introduction

From gene expression and cellular metabolism to intricate

biological behaviors, endogenous oscillations in organisms over

approximately 24 hours are known as circadian rhythms.

Disruptions in these rhythms increase the risk of various cancers

(1, 2). In the breast, altered circadian gene expression affects breast

biology, potentially promoting cancer (3). The coordination of

intrinsic molecular clock networks between central and peripheral

tissues maintains circadian rhythms. Core genes such as BMAL1

and CLOCK are positive transcription factors in circadian rhythms,

which are involved in the regulation of immune cell function (4),

and their overexpression promotes cancer cell proliferation and

invasion (5, 6). Circadian rhythms also adjust the TME with tumor

initiation and influence (7), and the tumor microenvironment is

closely related to multiple stages of tumor initiation, progression,

invasion, metastatic spread and growth (8). In this, proliferative and

invasive behaviors are crucial processes.

Peripheral tissue rhythms are coordinated by the central clock

in the SCN (9). Aging impairs SCN function, promoting age-related

diseases (10). Breast cancer, an age-related disease, illustrates the

complex interplay between circadian disruption, aging, and cancer
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risk. Circadian rhythm-related studies propose strategies for

combining clock drugs and therapies to treat breast cancer.

This review outlines the role of circadian genes in breast cancer

development, the impact of CRD on the TME, and the relationship

between circadian rhythms, aging, and cancer risk. By synthesizing

these findings, we aim to reveal the significant role of circadian

rhythms in breast cancer pathogenesis and provide new

treatment perspectives.
2 Exploring the relationship between
circadian rhythms and breast cancer

2.1 Basis of circadian rhythms

The mammalian circadian system is multileveled and includes a

central clock located in the hypothalamic SCN along with

distributed peripheral clocks in the various tissues (11).

(Figure 1A) The SCN nuclei maintain circadian rhythms, with a

significant input pathway from environmental light signals (12).

Light information is conveyed from the retina to the SCN via the

retinal-hypothalamic pathway (13). Although peripheral clocks can
A

B

FIGURE 1

(A) Circadian Molecular Mechanism in Mammary Tissue. Main Loop (black lines): CLOCK-BMAL1 induces the expression of PER and CRY proteins.
The main pathway for the production and maintenance of circadian rhythm. Secondary Loop (red lines): ROR and REV-ERB respectively promote
and inhibit the production of BMAL1, thereby maintaining the stability of the main loop. (B) Impact of the tumor microenvironment on breast cancer
under conditions of circadian rhythm disruption.
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autonomously generate rhythms, synchronization with the central

clock is essential for coherence (14). This synchronization occurs

through neural and humoral pathways, maintaining consistent

phase relationships within the circadian system (11).

At the molecular level, a complex network of transcription factors

forms at the heart of the mammalian circadian clock, interacting

through various transcriptional and translational feedback loops

(TTFLs) that autoregulate activation and inhibition, thereby

imposing the 24-hour cyclic rhythm on this process (15) (Figure 1A).

Within the primary loop of the circadian cycle, the positive

regulators are heterodimers composed of BMAL1 and CLOCK

transcription factors. During daylight hours, the CLOCK-BMAL1

complex binds to E-box regions in target genes, promoting their

expression. These genes include negative regulators such as Period

(PER) and Cryptochrome (CRY), which modulate the circadian

rhythm. At night, PER and CRY form heterodimers, translocate to

the nucleus, and inhibit CLOCK-BMAL1 activity, halting

transcription (16, 17). Post-translational modifications then lead

to PER and CRY degradation (18), allowing the cycle to restart once

their levels are sufficiently reduced.

In addition to PER and CRY, the CLOCK-BMAL1 complex

targets orphan nuclear receptors REV-ERBa and REV-ERBb (19).

These receptors are integral to forming a secondary feedback loop

with RORa, RORb, and RORg (20). REV-ERB and ROR proteins

compete for binding to the RRE elements in target gene promoters

and enhancers, modulating transcription and ensuring the

rhythmic expression of BMAL1 (21).

Other TTFLs include key transcription factors like DBP, which

contribute to the stability of the circadian clock, maintaining

oscillations even in constant conditions (22).
2.2 Circadian rhythm genes involved in
breast cancer development

Circadian rhythms are regulated by a series of clock genes,

which are strongly associated with the progression of breast cancer.

BMAL1 and CLOCK, as key transcription factors, are integral to

breast cancer progression. Their overexpression correlates with

increased tumor cell proliferation and invasion (5, 6). Notably

BMAL1 regulates the involvement of Nrf2 in carcinogenesis, for

example, its deletion downregulates the Nrf2-mediated antioxidant

pathway and significantly increases the amount of IL-1b, which
promotes cancer (5). Whereas, Nrf2 has both oncogenic and

carcinogenic effects in breast cancer, and its oncogenic effects are

achieved by binding to keap-1 to reduce Reactive Oxygen Species

(ROS) and inhibit the pro-cancer effects of high levels of ROS (23).

Furthermore, c-Myc can regulate cell proliferation (24), and is a key

mediator between breast cancer cells and TME (25). And the target E-

box sequence of CLOCK-NPAS2 (neuronal PAS domain protein 2)-

BMAL1 complex is also a c-Myc cross site. Therefore, the core clock

gene may regulate c-Myc expression to regulate cell proliferation (26).

Conversely, the PER and CRY genes act as negative regulator of

circadian rhythms. Deletion of PER2 enhances breast cancer cell

proliferation, likely due to decreased p53, increased c-Myc and
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increased CyclinD1 expression (18). PER2 is considered to be a

tumor suppressor by inhibiting Epithelial-Mesenchymal Transition

(EMT) and controlling cell proliferation; however, the ZnF704/

SIN3A complex inhibits PER2 transcription, disrupts circadian

rhythms, and exacerbates cancer cell invasion and metastasis (27).

Recent studies have shown that CRY1 inhibits the growth of triple-

negative breast cancer (TNBC) cells, which is associated with its

inhibition of Pyruvate Dehydrogenase Kinase 1 (Pdk1) expression,

Pyruvate Dehydrogenase (PDH) phosphorylation, and glucose

depletion (28). In addition to this, CRY1 is involved in cellular

DNA damage repair, and its depletion enhances DNA damage in

cancer cells, whereas CRY1 expression is reduced in the presence of

Yes-associated protein (YAP) silencing or TEA domain

transcription factor (TEAD) inhibition (29). As for CRY2, it can

exert an anti-proliferative effect on breast cancer cells because it

may bind and inhibit the p65/p50 complex, thus inhibiting the

nuclear factor-kB (NF-kB) pathway, but its acetylation in breast

cancer impairs this function (30), the exact mechanism has yet to be

studied. These findings underscore the complex relationship

between circadian genes and breast cancer development.

Moreover, other circadian components are crucial. For instance,

elevated expression of nuclear factor, interleukin 3 regulated

(NFIL3) enhances TNBC cell proliferation and metastasis by

inhibiting Nuclear Factor kappa B Inhibitor Alpha (NFkBIA)
transcription and boosting NF-kB signaling (31). Similarly, TIM

(TIMLESS) facilitates immune evasion by upregulating PD-1,

which suppresses CD8+ T cell immunoreactivity (32). And

hypomethylation of the TIM promoter correlates with advanced

breast cancer (33). Overall, TIM is significantly associated with

clinical prognosis across various cancers (34, 35) (Table 1).
2.3 TME in the context of CRD

CD8+ T cells, M1 macrophages, and neutrophils perform

immune surveillance in the process of irruption through the

stages of breast cancer. Meanwhile, suppressive cells, such as M2

macrophages, myeloid-derived suppressor cells, and regulatory T

cells, have indispensable roles in the tumor microenvironment,

creating a complex network of immune responses in the tumor (36).

Cancer cells often have increased stemness, while T cells

predominantly exhibit a regulatory or exhausted phenotype, and

the macrophages a type M2 phenotype (37, 38).

Circadian clocks regulate the tumor microenvironment of

breast cancer through complex mechanisms of immune cell type

and activity, inflammation, angiogenesis, and tumor cell migration

and invasion, all constituting central features of the breast cancer

microenvironment (Figure 1B).

M2-type tumor-associated macrophages (TAMs) promote

immune tolerance by producing anti-inflammatory cytokines,

such as CCL22 and IL10 (39). Under conditions of CRD, both

M1-type macrophages and M1/M2 ratios were reduced in the

tumor, the proportion of regulatory T cells was increased, and

myeloid cell infiltration (7, 40, 41). Shift in cytokine production

balance from Th1-cytokines to Th2 cytokines (including IL-10)
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(42). And dysregulated clock gene expression was positively

correlated with the levels of T-cell incompetence markers such as

programmed cell death protein 1, all of which promoted immune

escape (15).

Inflammation is a crucial driver of tumor progression,

promoting the upregulation of pro-inflammatory cytokines under

chronic jet lag, such as TNF-a and IL-6, which modulate the

disruption of circadian rhythms (43). CRD can worsen

neutrophil-driven inflammation, further degrading the tumor

microenvironment (44). Circadian rhythm genes also regulate

angiogenesis. Endothelial cell formation, the starting point for

angiogenesis, is affected by circadian genes like BMAL1 (45)

which regulate the endothelial cell cycle and thus impact

angiogenesis and tumor progression (46). In a spontaneous

mouse model of breast cancer, circadian rhythm disruption

promotes cancer cell spread and metastasis (47). This may be due

to elevated expression of EMT-related genes under CRD conditions,

making cancer cells more motile and invasive (48, 49). CRD-

associated chronic stress releases glucocorticoids, forming

neutrophil extracellular traps (NETs) that foster a metastasis-

promoting environment (50, 51). Breast cancer frequently

metastasizes to the bone and lungs (52, 53). Circulating tumor

cell (CTC) exudation predominantly occurs during sleep (54),

influenced by circadian-regulated hormone receptors, which

increases CTC activity and impacts breast cancer progression (55,

56). An in-depth study of the finer and more specific mechanisms

by which CRD regulates TME can help provide a clearer direction

for research.
Frontiers in Immunology 04
3 Exploring aging, circadian rhythms,
and breast cancer risk

Circadian rhythms are crucial for regulating immune cell

activity, immune responses, and inflammation (15). Breast cancer

is an age-related disease, which significantly contributes to its risk

factors. Evidence demonstrates that this relationship is bidirectional

(57); in other words, aging through disruption of the circadian

rhythm is accelerated, and vice versa (58). These interactions are

closely linked to breast cancer progression.

Aging disrupts circadian rhythms in several ways. First, it weakens

light signal entrainment and diminishes neuronal electrical activity

and communication. Light transmission through the lens and pupil

can decrease by up to 90% (59), leading to desynchronization within

the central clock and peripheral clocks (60). Additionally, SCN

neuronal activity declines with age, reducing the rhythmic amplitude

and coherence of firing patterns, causing phase desynchronization

(61). Disruption of the biological clock in aging mammals has been

linked to significantly impaired interneuronal communication in the

SCN. Although the total number of neurons within the SCN remains

relatively constant during aging, there is a marked decrease in the

subpopulation that secretes the neurotransmitter VIP (62). VIP is an

important mediator of interneuronal coupling in the SCN, and their

decrease leads to a reduction in cell-to-cell coupling and thus affects the

synchronization of the SCN network (60). On the other hand, aging

also affects the peripheral clock, but the exact mechanism of action

remains unclear, one reason being that different tissues and organs

change differently during aging (63).
TABLE 1 Circadian rhythm genes in breast cancer.

Character Genes Mechanism
Effect on

breast cancer
reference

Positive

CLOCK-NPAS2-BMAL1 Control the expression of oncogene c-Myc
Regulates cell
proliferation in
breast cancer

(26)

BMAL1 Direct regulation of Nrf2
Regulation of the Dual
Role of Nrf2 in
Breast Cancer

(5)

Negative

PER2
When deficient, p53 expression decreases, while the
expression of c-Myc and its target cell Cyclin
D1 increases

Promote proliferation of
breast cancer cells

(18)

CRY1
Inhibition of Pdk1 expression, PDH phosphorylation, and
glucose consumption

Inhibition of TNBC
cell growth

(28)

CRY1
Overactivation of YAP and enhanced DNA
damage response

Altered cell growth in
breast cancer

(29)

CRY2 Acetylation
The antiproliferative
effect is diminished in
breast cancer

(30)

Other

NFIL3
Inhibit the transcription of NEkBIA and enhance NF-
kB signaling.

Promote TNBC cell
proliferation
and metastasis

(31)

TIMELESS
Up-regulated the expression of PD-L1 and inhibited the
immune activity of CD8T cells

Promotes immune
evasion in breast cancer

(32)
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Similarly, the circadian system influences aging. In drosophila

and mice, system-wide knockouts of CLOCK genes (including

BMAL1, clock, PER, etc.) produce an “accelerated aging”

phenotype, suggesting that central and peripheral molecular clocks

play an important role in aging (64). Alterations independent of the

loss of circadian rhythms in behavior. It has also been proposed that

Bmal1 also interacts with the nuclear factor-activated k-light chain-
enhanced (NF-kB) signaling system in B cells, and that knockdown of

this gene leads to a chronic inflammatory state, which accelerates the

senescence phenotype (58).

Aging is a significant risk factor for breast cancer development

(65). The combination of increased endogenous and exogenous

DNA damage (66) and reduced DNA repair capacity in aging cells

raises the likelihood of mutations in critical mammary cell genes

(67). For instance, mutations in BRCA1 and BRCA2 during aging

can increase tumor development risk by 80% (68). Aging also

weakens the immune system, reducing its ability to detect and

eliminate cancerous cells, leading to tumorigenesis (69). This

decline in immune function causes chronic inflammation (70),

associated with various cancers, including breast cancer (71) and

prostate cancer (72). Additionally, aging affects estrogen levels,

crucial for breast growth and cancer progression (73). As

individuals age, the proportion of adipocytes producing estrogen

rises, leading to sustained high levels of estradiol. This, in turn,

affects the expression of estrogen receptors and the behavior of

cancer cells (74).
4 Conclusion and prospect

From the preceding discussion, it is evident that disruptions in

circadian rhythms are strongly linked to the initiation and

advancement of breast cancer. Consequently, we are proposing a

pioneering therapeutic approach for breast cancer that leverages

circadian rhythms. It is well-recognized that conventional breast

cancer treatments primarily impede disease progression through

various strategies: adjusting estrogen receptor levels, disrupting

DNA and RNA synthesis in cancer cells, inhibiting cyclins, and

specifically targeting the HER2 receptor. This novel method focuses

on circadian rhythms, aiming to achieve therapeutic outcomes by

correcting disrupted circadian rhythms at the cellular or molecular

level. Moreover, this treatment offers significant advantages over

traditional methods, including enhanced drug effectiveness, fewer

side effects, and improved immune response (75). This emerging

focus has garnered significant interest. There are two significant

strategies being followed at present for the treatment of breast

cancer based on circadian rhythm: 1) the administration of drugs

either directly or indirectly acting on components of biological

clocks, and 2) scheduling drug administration according to the

circadian host’s endogenous clock.

Clock drugs exert their anticancer effects both by the direct

modulation of the circadian rhythm, such as through the biological

clock by core circadian genes, and indirectly by the rhythm gene

regulators. The latter method focuses on proteins that are involved

in the phosphorylation or degradation of clock components, such as

REV-ERB, ROAR, CRY1/2, CRA, and the casein kinase (CK) family
Frontiers in Immunology 05
(18), which is more straightforward and potent. For instance, CRY

protein modulators inhibit breast cancer cell proliferation without

affecting normal breast epithelial cells (76). These pharmaceutical

interventions have brought new hope for breast cancer

management (77). However, challenges remain due to limited

human research on circadian gene expression in breast cancer

(78) and the low specificity of clock drugs (1), affecting their

clinical application.

Chronotherapy, which involves administering treatment at

specific times aligned with circadian rhythms, enhances efficacy

and reduces side effects, especially in cancer therapy by lowering

toxicity and increasing drug effectiveness (79, 80). Experiments in

rodents have shown that the timing of anticancer drugs can result in

2- to 10-fold differences in tolerance (81). Clinical trials, such as

those using azithromycin and cisplatin in advanced ovarian cancer,

have demonstrated increased survival rates (82). However, a study

in rectal cancer found no significant benefit from clock-based drug

administration (83). Thus, the evidence for routine clinical use of

chronotherapy in cancer treatment remains inconclusive.

Additionally, breast cancer chronotherapy faces challenges like

the unclear oscillation mechanisms in breast tissues and the

absence of effective methods to detect breast clock gene

expression patterns (84). Future strategies must carefully consider

drug timing design (26).

In addition, regarding the diagnosis and prognosis assessment of

breast cancer, conducting research from the perspective of circadian

rhythms, developing biomarkers related to circadian rhythms, and

establishing a prognosis assessment system based on circadian

rhythms … are all worthwhile research areas to explore.
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14. Acosta-Rodrıǵuez VA, Rijo-Ferreira F, Green CB, Takahashi JS. Importance of
circadian timing for aging and longevity. Nat Commun. (2021) 12:2862. doi: 10.1038/
s41467-021-22922-6

15. Wang C, Lutes LK, Barnoud C, Scheiermann C. The circadian immune system.
Sci Immunol. (2022) 7:eabm2465. doi: 10.1126/sciimmunol.abm2465

16. Ruan W, Yuan X, Eltzschig HK. Circadian rhythm as a therapeutic target. Nat
Rev Drug Discovery. (2021) 20:287–307. doi: 10.1038/s41573-020-00109-w

17. Damato AR, Herzog ED. Circadian clock synchrony and chronotherapy
opportunities in cancer treatment. Semin Cell Dev Biol. (2022) 126:27–36.
doi: 10.1016/j.semcdb.2021.07.017

18. Miro C, Docimo A, Barrea L, Verde L, Cernea S, Sojat AS, et al. Time” for
obesity-related cancer: The role of the circadian rhythm in cancer pathogenesis and
treatment. Semin Cancer Biol. (2023) 91:99–109. doi: 10.1016/j.semcancer.2023.03.003

19. Xiang S, Coffelt SB, Mao L, Yuan L, Cheng Q, Hill SM. Period-2: a tumor
suppressor gene in breast cancer. J Circadian Rhythms. (2008) 6:4. doi: 10.1186/1740-
3391-6-4

20. Honma S. The mammalian circadian system: a hierarchical multi-oscillator
structure for generating circadian rhythm. J Physiol Sci. (2018) 68:207–19. doi: 10.1007/
s12576-018-0597-5

21. Patke A, Young MW, Axelrod S. Molecular mechanisms and physiological
importance of circadian rhythms. Nat Rev Mol Cell Biol. (2020) 21:67–84. doi: 10.1038/
s41580-019-0179-2

22. Lin Y, He L, Cai Y, Wang X, Wang S, Li F. The role of circadian clock in
regulating cell functions: implications for diseases. MedComm (2020). (2024) 5:e504.
doi: 10.1002/mco2.504

23. Ghareghomi S, Habibi-Rezaei M, Arese M, Saso L, Moosavi-Movahedi AA. Nrf2
modulation in breast cancer. Biomedicines. (2022) 10:2688. doi: 10.3390/
biomedicines10102668
24. Llombart V, Mansour MR. Therapeutic targeting of “undruggable” MYC.
EBioMedicine. (2022) 75:103756. doi: 10.1016/j.ebiom.2021.103756

25. Gao FY, Li XT, Xu K, Wang RT, Guan XX. c-MYC mediates the crosstalk
between breast cancer cells and tumor microenvironment. Cell Commun Signal. (2023)
21:28. doi: 10.1186/s12964-023-01043-1

26. Sancar A, Van Gelder RN. Clocks, cancer, and chronochemotherapy. Science.
(2021) 371:eabb0738. doi: 10.1126/science.abb0738

27. Yang C, Wu J, Liu X, Wang Y, Liu B, Chen X, et al. Circadian rhythm is
disrupted by ZNF704 in breast carcinogenesis. Cancer Res. (2020) 80:4114–28.
doi: 10.1158/0008-5472.CAN-20-0493

28. Chiou YY, Lee CY, Yang HW, Cheng WC, Ji KD. Circadian modulation of
glucose utilization via CRY1-mediated repression of Pdk1 expression. J Biol Chem.
(2024) 300:105637. doi: 10.1016/j.jbc.2024.105637

29. Azzi A, Tao Z, Sun Y, Erb H, Guarino C, Wu X. The circadian clock protein
Cryptochrome 1 is a direct target and feedback regulator of the Hippo pathway.
iScience. (2023) 26:107449. doi: 10.1016/j.isci.2023.107449

30. Xia K, Li S, Yang Y, Shi X, Zhao B, Lv L, et al. Cryptochrome 2 acetylation
attenuates its antiproliferative effect in breast cancer. Cell Death Dis. (2023) 14:250.
doi: 10.1038/s41419-023-05762-8

31. YangW, Li J, Zhang M, Yu H, Zhuang Y, Zhao L, et al. Elevated expression of the
rhythm gene NFIL3 promotes the progression of TNBC by activating NF-kB signaling
through suppression of NFKBIA transcription. J Exp Clin Cancer Res. (2022) 41:67.
doi: 10.1186/s13046-022-02260-1

32. Dong X, Dai H, Lin Y, Sheng X, Li Y, Wang Y, et al. TIMELESS upregulates PD-
L1 expression and exerts an immunosuppressive role in breast cancer. J Transl Med.
(2023) 21:400. doi: 10.1186/s12967-023-04257-6

33. Nelson N, Lombardo J, Matlack L, Smith A, Hines K, Shi W, et al.
Chronoradiobiology of breast cancer: the time is now to link circadian rhythm and
radiation biology. Int J Mol Sci. (2022) 23:1331. doi: 10.3390/ijms23031331

34. Yang Y, Tang X, Lin Z, Zheng T, Zhang S, Liu T, et al. An integrative evaluation
of circadian gene TIMELESS as a pan-cancer immunological and predictive biomarker.
Eur J Med Res. (2023) 28:563. doi: 10.1186/s40001-023-01519-3

35. Vipat S, Moiseeva TN. The TIMELESS roles in genome stability and beyond. J
Mol Biol. (2024) 436:168206. doi: 10.1016/j.jmb.2023.168206

36. Baxevanis CN, Fortis SP, Perez SA. The balance between breast cancer and the
immune system: Challenges for prognosis and clinical benefit from immunotherapies.
Semin Cancer Biol. (2021) 72:76–89. doi: 10.1016/j.semcancer.2019.12.018

37. Chung W, Eum HH, Lee HO, Lee KM, Lee HB, Kim KT, et al. Single-cell RNA-
seq enables comprehensive tumour and immune cell profiling in primary breast cancer.
Nat Commun. (2017) 8:15081. doi: 10.1038/ncomms15081

38. Pilipow K, Darwich A, Losurdo A. T-cell-based breast cancer immunotherapy.
Semin Cancer Biol. (2021) 72:90–101. doi: 10.1016/j.semcancer.2020.05.019

39. Mehta AK, Kadel S, Townsend MG, Oliwa M, Guerriero JL. Macrophage biology
and mechanisms of immune suppression in breast cancer. Front Immunol. (2021)
12:643771. doi: 10.3389/fimmu.2021.643771

40. Aiello I, Fedele MLM, Román F, Marpegan L, Caldart C, Chiesa JJ, et al.
Circadian disruption promotes tumor-immune microenvironment remodeling
favoring tumor cell proliferation. Sci Adv. (2020) 6. doi: 10.1126/sciadv.aaz4530

41. Tian R, Li Y, ShuM. Circadian regulation patterns with distinct immune landscapes
in gliomas aid in the development of a risk model to predict prognosis and therapeutic
response. Front Immunol. (2021) 12:797450. doi: 10.3389/fimmu.2021.797450

42. Samuelsson LB, Bovbjerg DH, Roecklein KA, Hall MH. Sleep and circadian
disruption and incident breast cancer risk: An evidence-based and theoretical review.
Neurosci Biobehav Rev. (2018) 84:35–48. doi: 10.1016/j.neubiorev.2017.10.011

43. Castanon-Cervantes O, Wu M, Ehlen JC, Paul K, Gamble KL, Johnson RL, et al.
Dysregulation of inflammatory responses by chronic circadian disruption. J Immunol.
(2010) 185:5796–805. doi: 10.4049/jimmunol.1001026

44. Hadadi E, Acloque H. Role of circadian rhythm disorders on EMT and tumour-
immune interactions in endocrine-related cancers. Endocr Relat Cancer. (2021) 28:
R67–r80. doi: 10.1530/ERC-20-0390

45. Astone M, Oberkersch RE, Tosi G, Biscontin A, Santoro MM. The circadian
protein BMAL1 supports endothelial cell cycle during angiogenesis. Cardiovasc Res.
(2023) 119:1952–68. doi: 10.1093/cvr/cvad057
frontiersin.org

https://doi.org/10.1186/s13045-022-01238-y
https://doi.org/10.1038/s12276-021-00681-0
https://doi.org/10.1186/s13058-016-0743-z
https://doi.org/10.1038/s41420-024-01960-1
https://doi.org/10.3389/fphar.2021.719631
https://doi.org/10.1016/j.heliyon.2024.e27356
https://doi.org/10.1016/j.tcb.2021.06.008
https://doi.org/10.1016/j.ccell.2023.02.016
https://doi.org/10.1016/j.ccell.2023.02.016
https://doi.org/10.1210/endocr/bqad086
https://doi.org/10.1111/jnc.15286
https://doi.org/10.1111/jnc.15286
https://doi.org/10.1371/journal.pbio.3001567
https://doi.org/10.3390/ijms24043392
https://doi.org/10.3390/ijerph18031294
https://doi.org/10.1038/s41467-021-22922-6
https://doi.org/10.1038/s41467-021-22922-6
https://doi.org/10.1126/sciimmunol.abm2465
https://doi.org/10.1038/s41573-020-00109-w
https://doi.org/10.1016/j.semcdb.2021.07.017
https://doi.org/10.1016/j.semcancer.2023.03.003
https://doi.org/10.1186/1740-3391-6-4
https://doi.org/10.1186/1740-3391-6-4
https://doi.org/10.1007/s12576-018-0597-5
https://doi.org/10.1007/s12576-018-0597-5
https://doi.org/10.1038/s41580-019-0179-2
https://doi.org/10.1038/s41580-019-0179-2
https://doi.org/10.1002/mco2.504
https://doi.org/10.3390/biomedicines10102668
https://doi.org/10.3390/biomedicines10102668
https://doi.org/10.1016/j.ebiom.2021.103756
https://doi.org/10.1186/s12964-023-01043-1
https://doi.org/10.1126/science.abb0738
https://doi.org/10.1158/0008-5472.CAN-20-0493
https://doi.org/10.1016/j.jbc.2024.105637
https://doi.org/10.1016/j.isci.2023.107449
https://doi.org/10.1038/s41419-023-05762-8
https://doi.org/10.1186/s13046-022-02260-1
https://doi.org/10.1186/s12967-023-04257-6
https://doi.org/10.3390/ijms23031331
https://doi.org/10.1186/s40001-023-01519-3
https://doi.org/10.1016/j.jmb.2023.168206
https://doi.org/10.1016/j.semcancer.2019.12.018
https://doi.org/10.1038/ncomms15081
https://doi.org/10.1016/j.semcancer.2020.05.019
https://doi.org/10.3389/fimmu.2021.643771
https://doi.org/10.1126/sciadv.aaz4530
https://doi.org/10.3389/fimmu.2021.797450
https://doi.org/10.1016/j.neubiorev.2017.10.011
https://doi.org/10.4049/jimmunol.1001026
https://doi.org/10.1530/ERC-20-0390
https://doi.org/10.1093/cvr/cvad057
https://doi.org/10.3389/fimmu.2024.1444426
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Yan et al. 10.3389/fimmu.2024.1444426
46. Li D, Yu Q, Wu R, Tuo Z, Zhu W, Wang J, et al. Chronobiology of the tumor
microenvironment: implications for therapeutic strategies and circadian-based
interventions. Aging Dis. (2024) Online ahead of print. doi: 10.14336/AD.2024.0327

47. Riaz F, Zhang J, Pan F. Forces at play: exploring factors affecting the cancer
metastasis. Front Immunol. (2024) 15:1274474. doi: 10.3389/fimmu.2024.1274474

48. Hadadi E, Taylor W, Li XM, Aslan Y, Villote M, Rivière J, et al. Chronic circadian
disruption modulates breast cancer stemness and immune microenvironment to drive
metastasis in mice. Nat Commun. (2020) 11:3193. doi: 10.1038/s41467-020-16890-6

49. Lee Y, TanggonoAS. Potential role of the circadian clock in the regulation of cancer
stem cells and cancer therapy. Int J Mol Sci. (2022) 23:14181. doi: 10.3390/ijms232214181

50. Agorastos A, Olff M. Sleep, circadian system and traumatic stress. Eur J
Psychotraumatol. (2021) 12:1956746. doi: 10.1080/20008198.2021.1956746

51. He XY, Gao Y, Ng D, Michalopoulou E, George S, Adrover JM, et al. Chronic
stress increases metastasis via neutrophil-mediated changes to the microenvironment.
Cancer Cell. (2024) 42:474–86.e12. doi: 10.1016/j.ccell.2024.01.013

52. Liang Y, Zhang H, Song X, Yang Q. Metastatic heterogeneity of breast cancer:
Molecular mechanism and potential therapeutic targets. Semin Cancer Biol. (2020)
60:14–27. doi: 10.1016/j.semcancer.2019.08.012

53. Medeiros B, Allan AL. Molecular mechanisms of breast cancer metastasis to the
lung: clinical and experimental perspectives. Int J Mol Sci. (2019) 20:2272. doi: 10.3390/
ijms20092272

54. Diamantopoulou Z, Castro-Giner F, Schwab FD, Foerster C, Saini M, Budinjas S,
et al. The metastatic spread of breast cancer accelerates during sleep. Nature. (2022)
607:156–62. doi: 10.1038/s41586-022-04875-y

55. Ball H, Nagrath S. Cancer cells spread aggressively during sleep. Nature. (2022)
607:33–4. doi: 10.1038/d41586-022-01639-6

56. Liu C, Guo L, Fu C. Circadian-rhythm-regulating hormones: Key factors to
regulate breast cancer metastasis via circulating tumor cells. MedComm (2020). (2022)
3:e189. doi: 10.1002/mco2.189

57. Miyano M, LaBarge MA. ELF5: A molecular clock for breast aging and cancer
susceptibility. Cancers (Basel). (2024) 16:431. doi: 10.3390/cancers16020431

58. Popa-Wagner A, Buga AM, Dumitrascu DI, Uzoni A, Thome J, Coogan AN.
How does healthy aging impact on the circadian clock? J Neural Transm (Vienna).
(2017) 124:89–97. doi: 10.1007/s00702-015-1424-2

59. Farajnia S,Deboer T, Rohling JH,Meijer JH,Michel S. Aging of the suprachiasmatic
clock. Neuroscientist. (2014) 20:44–55. doi: 10.1177/1073858413498936

60. Welz PS, Benitah SA. Molecular connections between circadian clocks and aging.
J Mol Biol. (2020) 432:3661–79. doi: 10.1016/j.jmb.2019.12.036

61. Mattis J, Sehgal A. Circadian rhythms, sleep, and disorders of aging. Trends
Endocrinol Metab. (2016) 27:192–203. doi: 10.1016/j.tem.2016.02.003

62. Panagiotou M, Michel S, Meijer JH, Deboer T. The aging brain: sleep, the
circadian clock and exercise. Biochem Pharmacol. (2021) 191:114563. doi: 10.1016/
j.bcp.2021.114563

63. Zhao J, Warman GR, Cheeseman JF. The functional changes of the circadian
system organization in aging. Ageing Res Rev. (2019) 52:64–71. doi: 10.1016/
j.arr.2019.04.006

64. Hood S, Amir S. The aging clock: circadian rhythms and later life. J Clin Invest.
(2017) 127:437–46. doi: 10.1172/JCI90328

65. Mak JKL, McMurran CE, Kuja-Halkola R, Hall P, Czene K, Jylhävä J, et al.
Clinical biomarker-based biological aging and risk of cancer in the UK Biobank. Br J
Cancer. (2023) 129:94–103. doi: 10.1038/s41416-023-02288-w

66. Patel J, Baptiste BA, Kim E, Hussain M, Croteau DL, Bohr VA. DNA damage
and mitochondria in cancer and aging. Carcinogenesis. (2020) 41:1625–34.
doi: 10.1093/carcin/bgaa114
Frontiers in Immunology 07
67. Huang R, Zhou PK. DNA damage repair: historical perspectives, mechanistic
pathways and clinical translation for targeted cancer therapy. Signal Transduct Target
Ther. (2021) 6:254. doi: 10.1038/s41392-021-00648-7

68. Patidar K, Panwar U, Vuree S, Sweta J, Sandhu MK, Nayarisseri A, et al. An In
silico Approach to Identify High Affinity Small Molecule Targeting m-TOR Inhibitors
for the Clinical Treatment of Breast Cancer. Asian Pac J Cancer Prev. (2019) 20:1229–
41. doi: 10.31557/APJCP.2019.20.4.1229

69. Hong H, Ji M, Lai D. Chronic stress effects on tumor: pathway and mechanism.
Front Oncol. (2021) 11:738252. doi: 10.3389/fonc.2021.738252

70. Ray D, Yung R. Immune senescence, epigenetics and autoimmunity. Clin
Immunol. (2018) 196:59–63. doi: 10.1016/j.clim.2018.04.002

71. Bahiraee A, Ebrahimi R, Halabian R, Aghabozorgi AS, Amani J. The role of
inflammation and its related microRNAs in breast cancer: A narrative review. J Cell
Physiol. (2019) 234:19480–93. doi: 10.1002/jcp.28742
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