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Abstract

Glioblastoma (GBM) is an aggressive brain cancer in adults. Circadian rhythms regulate
the sleep—wake cycle, which influences the body’s physiological functions. Disruption of
circadian rhythms is associated with certain neurological diseases, including GBM. The
present narrative review highlights the relationship between circadian rhythm and GBM,
the related mechanisms, and the therapeutic approaches against GBM. It also discusses how
alterations in the expression of core circadian genes contribute to glioma genesis, especially
GBM, and how restoring normal circadian gene function may suppress GBM progression.
Additionally, chronotherapy could be considered a potential therapeutic approach for
GBM. Aligning chemotherapy and radiotherapy with the internal clock of each patient
may have the potential to increase the efficacy of treatments. A better understanding of
the potential mechanisms underlying the association between circadian rhythm and GBM
pathogenesis may help guide future circadian-based therapeutic approaches; however,
further investigation is required.

Keywords: circadian rhythm; glioblastoma; molecular mechanisms; therapeutic approaches

1. Introduction

Circadian rhythm in mammals is an approximately 24 h internal clock in the suprachi-
asmatic nucleus (SCN) of the brain, which regulates the sleep-wake cycle. The sleep-wake
cycle influences various physiological functions, including eating habits, body temperature,
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and hormone secretion [1]. Circadian rhythm disturbances (CRDs) are associated with
metabolic, psychiatric, and cardiovascular disorders [1]. CRDs have also been linked to
cancer [2]. The association between disturbance in the rhythmic expression of core-clock
genes and glioblastoma (GBM) has been suggested [3].

GBM is the most common malignant primary central nervous system (CNS) tumor in
adults, with an incidence of approximately 3.19 cases per 100,000 population [4]. GBM ex-
pansion occurs through various genetic and molecular aberrations, which lead to significant
alterations in signaling pathways [5].

According to the 2021 World Health Organization (WHO) classification of tumors of
the CNS, GBM is defined as an isocitrate dehydrogenase (IDH)-wildtype diffuse astrocytic
glioma, WHO grade 4, lacking mutations in IDH1 and IDH?2 genes [6]. It is histologi-
cally characterized by microvascular proliferation or necrosis and is molecularly defined
by the presence of telomerase reverse transcriptase (T’ERT) promoter mutation, epider-
mal growth factor receptor (EGFR) gene amplification, or the combined chromosome
7 gain/chromosome 10 loss (+7/—10 copy number changes) [6]. It has been suggested that
neural stem cells (NSCs) may give rise to GBM [7]. Additionally, GBM may arise from
more differentiated glial populations, such as astrocytes or oligodendrocyte precursor cells
(OPCs) [7,8].

Patients with malignant gliomas experience symptoms, including headache, seizures,
memory loss, focal neurologic deficits, confusion, and personality changes [9]. GBM
symptoms are more severe than those of other gliomas.

The standard treatment for glioblastoma relies on combining surgical tumor resection,
radiotherapy, and chemotherapy in various combinations; yet, technological advances,
especially in biotechnology, are enabling the development of newer and more precise
therapies [10].

It is important to distinguish sleep disturbances (SDs) in patients with GBM [11] from
tumor-related CRD. SD may be a result of tumors or the effect of medications [12]. In
contrast, tumor-related CRD may be associated with altered expression of circadian genes
and disruption in circadian signaling within GBM cells that can impact proliferation [13],
stemness [14], angiogenesis [15], and deoxyribonucleic acid (DNA) repair [16]. Although
these processes may influence each other, they should not be considered equivalent.

GBM remains one of the most lethal human malignancies. Its highly aggressive be-
havior and resistance to chemotherapy and radiotherapy have limited the effectiveness of
current therapeutic approaches. There are no curative treatments for GBM, and despite
numerous therapeutic advances, the survival of patients with GBM remains poor [17].
Compared with many other primary brain tumors, GBM represents a more urgent thera-
peutic need because of its highly aggressive nature and persistently poor prognosis [18].
Circadian-based interventions may be a promising compensatory approach to improve
treatment efficacy. The present narrative review discusses the relationship between cir-
cadian rhythm and GBM and highlights the underlying mechanisms and the therapeutic
potential for GBM.

2. Literature Search Strategy

In this narrative review, PubMed and Google Scholar were used through keywords
such as glioblastoma, brain cancer, circadian rhythm, clock genes, chronotherapy, time of
day, radiotherapy, and temozolomide (TMZ) to identify literature. No time limitation was
applied during the literature search. Afterward, publications were selected based on their
relevance and contribution to the overall narrative of this review.
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3. Molecular Architecture of the Circadian Clock

The pacemaker of the circadian rhythm is the SCN of the hypothalamus. The circadian
system comprises the central and peripheral clocks. While the SCN serves as the central
circadian pacemaker, functional molecular clock machinery is also widely expressed in
most peripheral organs and tissues [19], generating local circadian rhythms and regulating
tissue-specific physiological processes [20]. The central clock in the SCN can work indepen-
dently, but the peripheral clock in the tissues is synchronized through various signaling
molecules [2].

The molecular basis of circadian rhythms in mammals is the transcription—translation
feedback loop (TTFL). TTFL consists of two activators, circadian locomotor output cycles
kaput (CLOCK) and basic helix-loop-helix ARNT-like 1 (BMALI), and two inhibitors,
cryptochromes (CRYs) and period circadian regulators (PERs) [2,21,22]. The circadian
proteins CLOCK and BMALI heterodimerize in the cytoplasm and are then transferred to
the nucleus. CLOCK/BMALL1 complex interacts with enhancer box (E-box) elements in the
promoters of target genes, including CRY and PER. PER and CRY proteins form a complex
in the cytoplasm. This complex is transferred to the nucleus and inhibits the transcriptional
activity of the CLOCK/BMALI1 complex [23]. Additionally, the CLOCK/BMAL1 complex
activates the transcription of nuclear receptor subfamily 1 group D members (NR1D or
REV-ERBoa/3) and retinoic acid receptor-related orphan receptors (ROR«/f3 /). On the
other hand, REV-ERBs inhibit transcription of BMALI by blocking the ROR element (RORE)
binding site of the BMAL1 promoter. Conversely, RORs promote the transcription of
BMALI1 [24-26].

4. The Role of the Circadian Clock in Cell Cycle and DNA Damage

The circadian clock participates in the cell cycle, DNA repair, and DNA damage
response [27]. The circadian clock affects the DNA damage checkpoint response by con-
trolling the transcription of the checkpoint proteins [28]. In addition, the core clock system
regulates genes involved in generating, sensing, and transducing the checkpoint signals and
cell-cycle arrest [27]. PER1 has been implicated in cell-cycle control [29]. Overexpression
of PER1 led to sensitization of human cancer cells to programmed cell death (apoptosis)
induced by DNA damage, whereas inhibition of PER1 reduced apoptosis in similarly
treated cells [29]. Even samples of patients with cancer showed a general reduction in PER1
levels [29]. PER2 binds directly to p53, a crucial tumor suppressor protein, and controls
p53-mediated transcriptional activity [30]. PER2 binds to p53 and forms a stable complex
with murine double minute 2 (Mdm?2), a negative regulator of p53, thereby preventing
Mdm2-mediated p53 degradation and promoting p53 expression [30]. Transcription of the
Mdm?2 gene is activated by p53 [31,32]. Stimulation of p53 degradation by MDM2 protein
inhibits MDM2 production [31,32]. Per2 expression was shown to be regulated by binding
of p53 to its response element in the Per2 promoter [33]. The p53 response element in the
Per2 promoter overlaps with the E-box element for BMAL1/CLOCK binding [33]. It was
shown that p53 suppresses Per2 expression by blocking BMAL1/CLOCK binding to the
Per2 promoter [33].

Sun et al. [34] indicated that the overexpression of PER2 in human K562 leukemia cells
results in cell-cycle arrest at the G2/M phase. They also observed an increase in apoptosis,
confirmed by characteristic morphological changes and DNA fragmentation. Similarly,
transfection of Per2 in mice with leukemia suppressed cellular proliferation and accelerated
apoptosis of K562 cells [34].

Astone et al. [35] found that impairing the endothelial cell-specific function of Bmall
leads to angiogenic defects in neonatal mouse vascular tissues and in adult tumor an-
giogenic settings. Downregulation of Bmall or Clock in hepatocellular carcinoma cells
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xenografted into mice induced apoptosis and cell-cycle arrest at the G2/M phase [36]. Also,
overexpression of Bmall suppressed the proliferation of nasopharyngeal carcinoma cells,
whereas its knockdown had the reverse effects [37]. Interestingly, overexpression of Bmall
suppresses tumor growth in xenografted mice, whereas Bmall knockdown promotes tumor
growth [37]. Bmall overexpression also promotes expression of p53 and p21, while its
knockdown suppresses p53 and p21 expression [37].

A study investigated the relationship between cellular response to DNA damage and
endogenous PER2 protein expression levels in human normal fibroblasts (CCD-34Lu) [38].
CCD-34Lu received serum shock to induce circadian oscillations of the PER2 protein. The
cells were then irradiated with y-rays (dose rate of 2.8 Gy/min) at times related to the
trough and peak expression of the PER2 protein. The results showed effects on clonogenic
cell survival, double-strand break (DSB) repair kinetics, and TP53 protein levels in cells
irradiated at the trough rather than in those irradiated at peak expression of the PER2
protein [38].

Overall, it may be implied that circadian clock components influence different aspects
of biological processes, including cell-cycle progression, apoptosis, DNA repair, and angio-

genesis. Variation in the role of individual clock genes suggests complementary functions
of these genes and highlights the complexity of their regulation in different tissues.

Figure 1 summarizes the association between circadian genes and cancer at the
molecular level.

Figure 1. The association between circadian genes and cancer at the molecular level. The molecular
basis of circadian rhythms in the SCN of mammals is TTFL, which consists of two activators, CLOCK
and BMALLI, and two inhibitors, CRY and PER. The proteins CLOCK and BMAL1 heterodimerize in
the cytoplasm and are then transferred to the nucleus. CLOCK/BMAL1 complex interacts with E-box
elements on the promoters of target genes, including CRYs, PERs, REV-ERBs, and RORs. PER and
CRY proteins form a complex in the cytoplasm, which is then transferred to the nucleus and inhibits
the transcriptional activity of the CLOCK/BMAL1 complex. Furthermore, RORs and REV-ERBs
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promote and inhibit the transcription of the BMALI gene by activating and blocking the RORE
binding site of the BMALI promoter, respectively. Additionally, p53 suppresses Per2 expression
by blocking BMAL1/CLOCK binding to the Per2 promoter. Furthermore, PER2 binds to p53 and
prevents Mdm?2-mediated p53 degradation. On the other hand, overexpression of PERI1 leads to
apoptosis in cancer cells. Abbreviations: BMALIL, basic helix-loop-helix ARNT-like 1; CLOCK,
circadian locomotor output cycles kaput; CRY, cryptochrome; E-box, enhancer box; Mdm2, murine
double minute 2; PER, period circadian regulator; REV-ERBs, nuclear receptor subfamily 1 group
D members; RORE, ROR element; RORs, retinoic acid receptor-related orphan receptors; SCN,
suprachiasmatic nucleus; TTFL, transcription—translation feedback loop.

5. Circadian Dysregulation in Cancer

In mammals, the circadian clock regulates numerous biological processes. There
is evidence that circadian clock genes act as tumor suppressors, which play a role in
retarding cancer development. Circadian clocks are thought to influence the pathways
involved in cancer development, including cell-cycle control, apoptosis, and DNA-damage
response [39].

Single-nucleotide polymorphisms (SNPs) in CLOCK, BMAL1, PER1, PER2, PER3,
CRY1, and CRY2 genes are proposed to be associated with increased susceptibility to
prostate [40], breast, ovarian [41], and pancreatic cancers [42].

6. Circadian Rhythm Disturbances in Brain Cancers

There is clinical and experimental evidence regarding CRD in brain cancers. A cross-
sectional study explored the prevalence of SD in a population of patients with primary
brain tumors [43]. In this study, 424 patients with a mean age of 49 years and 58% with
high-grade gliomas (HGGs) were included. In 19% of the patients, moderate-to-severe SD
was reported, which was associated with younger age, poor Karnofsky performance status,
and tumor progression on magnetic resonance imaging (MRI) [43]. Miaskowski et al. [44]
evaluated the association between sleep parameters and fatigue in patients with various
cancers, including brain cancer, at the initiation of radiation therapy. Nocturnal sleep/rest,
daytime wake/activity, and circadian activity rhythm parameters were measured using
actigraphy, the Pittsburgh Sleep Quality Index, the General Sleep Disturbance Scale, and
the Lee Fatigue Scale. Between 30% and 50% of patients experienced SD in sleep-wake
circadian activity rhythms at the initiation of radiation therapy [44].

It has been suggested that CRD and SD are common in patients with brain tumors and
may affect their neurological function and quality of life.

7. Circadian Genes in Glioblastoma

The evidence shows an association between chronic CRD and the risk of glioma [45].
Trebucq et al. [46] investigated the role of Bmall in a nude mouse model of human GBM.
The tumors were generated from LN229 cells with knocked-down Bmall, which were
orthotopically xenografted into the dorsal striatum. Disruption of Bmall in the tumor
resulted in reduced survival, increased tumor growth and CD44 expression, worsened
motor performance, and increased glial fibrillary acidic protein (GFAP) expression in
astrocytes within the tumor microenvironment [46].

Dong et al. [47] reported that downregulation of BMALI or CLOCK in glioma stem
cells (GSCs) induces cell-cycle arrest and apoptosis. Also, downregulation of Bmall or Clock
in GSCs before implantation into the frontal lobes of immunocompromised mice led to an
approximately twofold increase in the lifespan of tumor-bearing mice [47]. In addition,
SR9011 and SR9009, which are small-molecule agonists of nuclear receptors REV-ERBx/ 3,
and KLO0O01, a stabilizer of CRY, were shown to downregulate the stem cell factors and
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reduce GSC growth. A combination of SR9011 and KLO001 further induced synergistic anti-
tumor efficacy. Also, KLO01 reduced the expression of PER1 and PER?2 and elevated BMAL1
protein levels in GSCs [47]. Additionally, a mouse model of GBM was used to determine
the efficacy of SHP656, a potential CRY stabilizer [47]. SHP656 was well-tolerated, with no
weight loss or behavioral changes in mice [47].

Ma et al. [14] suggested that PER2 mRNA expression and PER2 protein levels are
downregulated in GSCs. Following in vitro and in vivo overexpression of PER2, they
also reported a GSC arrest at the Gy/G; phase, suppressing cell proliferation, stemness
potential, and invasion ability via the Wnt/{3-catenin signaling pathway. Hence, they
proposed that PER2 plays a role in the malignant process of glioma and may serve as a
target in therapeutic approaches [14].

A previous study revealed that the CLOCK-BMAL1 complex may regulate the in-
teraction between GSCs and endothelial cells in the GBM mouse model and in tumor
samples from patients with GBM [48]. In this study, periostin (POSTN) was suggested
as a pro-angiogenic factor that promotes tumor angiogenesis in endothelial cells through
the activation of TANK-binding kinase 1 (TBK1). CLOCK-olfactomedin-like 3 (OLFML3)-
hypoxia-inducible factor 1-alpha (HIF1«x) axis was shown to regulate this process [48].

Another study indicated that circadian clock genes are dysregulated in glioma and
are associated with glioma prognosis and tumor progression [49]. Silencing the timeless
circadian regulator (TIMELESS) disrupted circadian clock gene expression and induced
cell-cycle arrest at the GO/G1 phase [49]. These findings suggest that disruption in circadian
signaling may contribute to glioma progression [49].

To assess the anti-glioma role of retinoic acid receptor-related orphan receptor A
(RORA), in a study, Jiang et al. [13] utilized several methods: a cell viability assay, an EAU
assay, a neurosphere formation assay, and xenograft experiments. The results showed
that RORA was expressed at low levels in glioma. Also, an overexpression of RORA
inhibited the proliferation and tumorigenesis of glioma cell lines and GSCs. It seems
that this process occurs through the inhibition of the tumor necrosis factor alpha (TNF)-
mediated nuclear factor kappa B (NF-kB) signaling pathway [13]. Kaplan—-Meier survival
was used to measure the median survival time of clinical samples from glioma patients.
The survival time of patients with high RORA expression was greater than that of patients
with low RORA expression. Micro ribonucleic acid (RNA)-18a (miR-18a) promoted glioma
growth through the degradation of the RORA gene [13]. The authors suggested that the
overexpression of miR-18a may be the cause of low expression of RORA in glioma [13].

Circadian clocks exert complementary functions rather than identical functions in
GBM biology. On the other hand, variation in approaches used to manipulate circadian
genes may explain variability in the reported underlying signaling pathways.

8. Chronotherapy in Glioblastoma

Chronotherapy refers to the optimum time of drug administration based on the body’s
circadian rhythms. Chronotherapy is performed in two different ways: first, alteration in
the sleep—wake cycle of patients aiming to improve pathologies; and second, considering
the circadian rhythms of a patient to enhance therapeutics [50].

Slat et al. [51] examined the variation in the efficacy of TMZ on human and mouse
GBM cells based on the time of its administration. They found that circadian treatment
time affects the sensitivity of murine GBM tumor cells to TMZ in vitro. In addition, it was
observed that near the daily peak of Bmall expression, the most TMZ-induced DNA damage
response, activation of apoptosis, and growth inhibition occur [51]. The authors indicated
that tailoring TMZ administration to the peak of Brmall expression in tumor cells increases
TMZ efficacy. Moreover, Bmall deletion led to the elimination of the circadian rhythm in
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gene expression, activation of apoptosis, and growth inhibition induced by TMZ [51]. In
another study, it was hypothesized that the efficacy of TMZ may depend on the time of
day, DNA repair enzymes, and O°-methylguanine-DNA methyltransferase (MGMT), a
critical DNA repair protein, activity in murine and human models of GBM [52]. In vitro
recordings showed an intrinsic circadian rhythm in the expression of Bmall, Per2, and Mgmt
in GBM cells. These GBM cells were more susceptible to TMZ at the daily peak of Bmall
transcription [52]. Gonzalez-Aponte et al. [53] assessed daily rhythms in MGMT promoter
methylation in GBM in vitro and MGMT methylation in human GBM biopsies, which were
collected at different times of day. Additionally, MGMT and BMAL1 protein levels were
measured in GBM cells collected at four-hour intervals. MGMT protein levels were highest
at the time of maximal TMZ efficacy in vitro [53]. Using GBM cell lines and pharmacological
manipulation of BMAL1, NR1D1 (REV-ERBg), and PER2, Nelson et al. [54] indicated that
TMZ sensitivity depends on the time of day. Disruption of clock genes decreased TMZ
efficacy [54]. The study mentioned that there is a strong relationship between circadian
phenotypes and TMZ pharmacodynamics in GBM [54].

Taken together, these preclinical studies indicate that the efficacy of TMZ not only
depends on drug administration but is also influenced by the molecular circadian state
of GBM cells. Oscillations in core circadian clock components seem to regulate DNA
damage response, apoptosis, and MGMT-mediated repair pathways. These findings may
suggest chronotherapy in TMZ administration as a biological determinant in the efficacy
of chemotherapy.

In addition, in vivo administration of TMZ in the morning reduced tumor size and
increased body weight compared to its administration in the evening. Damato et al. [55], in
their retrospective study, reviewed the records of patients with newly diagnosed GBM who
had surgery and chemoradiation and received TMZ in the morning or evening. One of the
characteristics studied between the morning and evening groups was baseline steroid use,
which did not differ significantly. The patients receiving TMZ in the morning experienced
longer overall survival than those receiving it in the evening [55]. A recent study used
wearable-based actigraphy data from glioma patients and mathematical models of the
human circadian clock for quantifying the optimal time of TMZ administration based on
external clock time and internal circadian time of the patients [56]. The results indicated
that differences in daily rhythms within and between patients caused dosing times to differ
more in their internal circadian time than in external clock time.

In a retrospective study, 121 high-grade glioma patients who underwent standard
radiotherapy alongside TMZ chemotherapy in the morning or afternoon were selected [57].
The afternoon-radiotherapy group exhibited improved overall and progression-free sur-
vival compared to the morning group. In addition, following radiotherapy, the levels of
lymphocyte expression in the afternoon-radiation group were higher than in the morning-
radiation group [57].

In Neves et al.’s study, PER2 and BMAL1 expression were analyzed in U87 glioma
cells every 4 h for 24 h [58]. The time point immediately following cell synchronization
was considered the first time point (T0). Using two different computational models, it was
observed that BMALI and PER2 have the highest circadian activity at T16 and T8 time
points, respectively. Further analysis showed that T7 and T8 are the key time points for
transferrin receptor expression. Interestingly, using a confocal microscopy study in U87
glioma cells, the highest intracellular uptake of complexes and p53 protein expression
was detected at the T8 time point [58]. Furthermore, assessment of p53 mRNA levels,
confirming the transcriptional changes at the protein level, indicated that T16 seems to
be an optimum time point for increasing therapeutic efficacy in U87 GBM cells. It was
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concluded that aligning the treatment with the biological clock of GBM cells may improve
GBM therapy approaches [58].

A study reported that U343 glioma cell lines expressing low levels of PER1 exhibit
minor DNA damage when exposed to 12.4 Gy/min X-ray irradiation [59]. Moreover,
downregulation of PER1 is associated with a reduction in apoptosis of the U343 cell
population following exposure to X-ray radiation [59]. Administration of radiation leads to
a higher death rate in cells expressing high levels of PER1 compared with other cells [59].

Yassine et al. [60] investigated the effect of the time of administration of radiotherapy
on the expression of pro-inflammatory cytokines, clock genes, markers for glial activation,
oxidative stress, neuronal activity, and proliferation in the hippocampal neurogenic niche
of mice with hepatocellular carcinoma. The results showed that radiotherapy affects the
mentioned factors in the hippocampus when administered during the light/inactive phase
of mice. The authors concluded that radiotherapy during the active phase of mice may
have the highest efficacy on tumor tissue and the fewest side effects on liver tissue and the
hippocampus [60].

In contrast, some studies have shown no difference in the therapeutic effects of TMZ,
considering various times of administration. In a prospective randomized trial, patients
with gliomas were randomized to receive TMZ in the morning before 10 a.m. or in the
evening after 8 p.m. [61]. No significant differences in adverse events, quality of life, or
overall survival were observed between patients. Geurts et al. [62] evaluated toxicity
and survival data in patients with GBM who received TMZ in the morning, afternoon,
or evening. No difference was observed in patients’ outcomes. Sapienza et al. [63] also
assessed the hypothesis that the time of day in radiotherapy treatment influences outcomes
or toxic events in HGG. Yet, they could not see any differences in overall or progression-free
survival between patients treated in the morning or the afternoon.

These findings suggest that the benefit of chronotherapy in GBM may be more than
selecting an appropriate administration time. The available studies indicate that the
response to TMZ may be influenced by the circadian state of GBM cells rather than time of
administration alone.

The inconsistent findings likely reflect the complexity of the effect of chronotherapy in
GBM. Various parameters, including differences in the chronotype of the patient, tumor
characteristics, and treatment schedules, may contribute to the variety in reported out-
comes. These observations suggest that the external clock time alone may be insufficient
for optimizing treatment scheduling. Moreover, these observations highlight the impor-
tance of considering the various characteristics of GBM cells and the internal circadian
rhythm of each patient to personalize the treatment and potentially increase the efficacy of
chemotherapy and radiotherapy.

Interestingly, an association between circadian rhythms and the integrity of the
blood-brain barrier (BBB) has been suggested [64]. Chronotherapeutic approaches consid-
ering the timing of drug administration in line with the BBB rhythms can lead to improved
drug penetration into the brain and increase the efficacy of treatments of various disorders,
including GBM [65]. Furthermore, circadian rhythms affect the pharmacokinetics and
pharmacodynamics of chemotherapy and radiotherapy [66]. The distribution of drug
transporters across biological membranes is affected by circadian rhythms [67]. The timing
of drug administration may influence its absorption, distribution, metabolism, and excre-
tion (ADME) [68]. Clinical findings of chronotherapy in GBM, as indicated in multiple
studies [55,61-63], appear to be heterogeneous despite their biological rationale.

Overall, the evidence suggests that chronotherapy should not be considered only as
administering treatment in the morning or evening. Rather, its effectiveness may depend
on aligning the treatment with the internal circadian rhythm of both the patient and the
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tumor. On the other hand, clock time should not be considered equivalent to biological
time. There is variation in individuals” endogenous circadian phase due to differences in
their chronotype, sleep—wake schedules, and light exposure.

Future studies should therefore move beyond simple morning-versus-evening com-
parisons. Prospective designs incorporating actigraphy [44], sleep-related measures [44],
and molecular stratification, including MGMT-related profiles [52], may help identify
subgroups with time-dependent differences in treatment response.

Figure 2 shows the schematic representation of the association between chronotherapy
and GBM.

Activation of GBM Inhibition of
programmed cell death GBM growth

Radiotherapy administration TMZ administration
based on chronotherapy based on chronotherapy

— TMZ

Potential improvement
in overall survival

Figure 2. The association between chronotherapy and GBM. The circadian genes contribute to cancer-
related biological pathways, including cell growth and programmed cell death (apoptosis). It has
been shown that TMZ and radiotherapy administration based on chronotherapy may activate GBM
programmed cell death, inhibit GBM growth, and could potentially improve patient overall survival.
Abbreviations: GBM, glioblastoma; TMZ, temozolomide.

9. Discussion

It should be noted that some of the cited clinical studies evaluated sleep quality and
fatigue in patients rather than directly assessing circadian rhythm or molecular clock func-
tion. Nevertheless, these studies can be relevant because SD and fatigue in patients with
GBM are common manifestations of CRD [44,69]. In patients with GBM, neurological
dysfunctions, medications [12], and radiochemotherapy [70] may contribute to disrup-
tion in the sleep—-wake cycle. Therefore, although these clinical studies do not directly
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investigate circadian mechanisms, they indicate indirect evidence of CRD in GBM and
other malignancies.

A contradiction exists in the literature regarding the role of BMALI in GBM. Several
studies support a tumor-suppressive function of BMALI. It was suggested that disruption
in BMAL1 expression may increase tumor growth [46] and that its deletion abolishes the
circadian rhythm in TMZ-induced apoptosis and growth inhibition [51]. In contrast, BMAL1
was shown to be required for the maintenance of GSCs, and silencing BMALI or CLOCK
induces cell-cycle arrest and apoptosis [47]. This apparent inconsistency may be due to
the context-dependent function of BMALI in GBM. BMALI may exert tumor-suppressive
effects in differentiated tumor cells while supporting the survival of GSCs.

In contrast to BMALI, the evidence regarding PER? is generally consistent with its
tumor-suppressive role in GBM. PER2 overexpression inhibits proliferation, stemness, and
invasion of G5Cs and promotes cell-cycle arrest [14]. However, most of the current evidence
is derived from in vitro experiments and preclinical studies.

The conflicting findings of different studies may be due to variations in study design
and methodology. Differences in factors such as experimental models, patient populations,
circadian assessment methods, and treatment protocols may influence the therapeutic out-
comes. Moreover, variation in the expression of core clock genes, their different functions,
and the molecular characteristics of GBM may contribute to inconsistent results. These
factors should be considered when comparing the evidence and may explain the contradic-
tion in the reported beneficial effects of chronotherapy in GBM. In addition, several factors
associated with the tumor and the patient, such as MGMT promoter methylation status,
chronotype, steroid use, and treatment protocols, may affect therapeutic outcomes.

Future chronotherapy strategies may benefit from using personalized circadian assess-
ment through wearable devices [71]. Since the circadian phase varies among individuals,
non-invasive approaches such as actigraphy [56] may help to assess the sleep-wake cycle
and circadian components to optimize treatment timing for each patient. Such personalized
approaches may be relevant in patients with GBM who experience CRD. Nevertheless,
prospective clinical studies are required to determine whether personalized chronotherapy
improves treatment efficacy compared with common treatment protocols.

There are caveats to be noted. Although clinical evidence is expanding, a sizeable share
of current findings still originates from preclinical studies. In addition, many studies report
treatment timing based on clock time rather than biological time, which may contribute to
inconsistent findings. Therefore, the current evidence should be interpreted with caution
until validated by additional clinical studies.

10. Conclusions

The role of circadian rhythms in maintaining physiological processes and molecular
mechanisms, including the cell cycle and DNA repair, has been well documented in the
literature. The association between CRD and malignancies, including GBM, has also
been reported. Alterations in the expression of core circadian genes may contribute to
gliomagenesis. Additionally, restoring normal circadian gene function has been shown
in preclinical studies to partially suppress GBM progression. In addition, chronotherapy
has been proposed as a potentially promising future strategy in GBM treatment. Although
it is not reproduced by all studies, aligning chemotherapy and radiotherapy with the
internal clock of each patient may represent a potential approach to optimize the efficacy of
treatments. Understanding the potential mechanisms underlying the association between
circadian rhythm and GBM pathogenesis can facilitate the development of circadian-based
therapeutic strategies.
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11. Future Directions

There is growing evidence regarding the relationship between CRD and GBM. Further
experimental and prospective clinical studies are needed to understand the mechanisms
underlying how circadian rhythm alterations may lead to tumorigenesis and therapeutic
resistance. Assessing CRD in GBM patients using objective circadian measurements rather
than relying solely on clock time could be a valuable strategy for personalizing treatment
approaches. In addition, the circadian phase of each patient can be assessed using indi-
vidual parameters such as actigraphy. Furthermore, therapy administration, including
chemotherapy and radiotherapy, based on the individual circadian phase of each patient
may be beneficial.

Author Contributions: Conceptualization, S.A.; writing—original draft preparation, S.G.S.;
writing—review and editing, EK., PEH.-C., M.B., A.A., ER.P, M.-ERR.,, AM.Pd.S. and S.A; visual-
ization, EX. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Reddy, S.; Reddy, V.; Sharma, S. Physiology, Circadian Rhythm. In StatPearls [Internet]; [Updated 1 May 2023]; StatPearls
Publishing: Treasure Island, FL, USA, 2026.

2. Huang, C; Zhang, C.; Cao, Y,; Li, J.; Bi, F. Major roles of the circadian clock in cancer. Cancer Biol. Med. 2023, 20, 1-24. [CrossRef]
[PubMed]

3. Vogt, A.T.; Mohite, V.S.; Chandler, C.W.; Afrin, S.; Geusz, M.E. Differences in the expression of genes used in circadian rhythm
generation in adult and pediatric gliomas. Gene Protein Dis. 2025, 4, 4112. [CrossRef]

4. Ostrom, Q.T.; Gittleman, H.; Fulop, J.; Liu, M.; Blanda, R.; Kromer, C.; Wolinsky, Y.; Kruchko, C.; Barnholtz-Sloan, ].5. CBTRUS
Statistical Report: Primary Brain and Central Nervous System Tumors Diagnosed in the United States in 2008-2012. Neuro Oncol.
2015, 17, ivl-iv62. [CrossRef] [PubMed]

5. Lombardi, M.Y.; Assem, M. Glioblastoma Genomics: A Very Complicated Story. In Glioblastoma; De Vleeschouwer, S., Ed.; Codon
Publications Copyright: Brisbane, Australia, 2017.

6. Guo, X,; Shi, Y;; Liu, D.; Li, Y.; Chen, W.; Wang, Y.; Wang, Y,; Xing, H.; Xia, Y.; Li, J.; et al. Clinical updates on gliomas and
implications of the 5th edition of the WHO classification of central nervous system tumors. Front. Oncol. 2023, 13, 1131642.
[CrossRef] [PubMed]

7. Bakhshinyan, D.; Savage, N.; Salim, S.K.; Venugopal, C.; Singh, S.K. The Strange Case of Jekyll and Hyde: Parallels Between
Neural Stem Cells and Glioblastoma-Initiating Cells. Front. Oncol. 2020, 10, 603738. [CrossRef] [PubMed]

8.  Fawzy, M.; ElTayebi, H.M.; Samir, A. Exploring neural stem cell therapies as innovative treatments for glioblastoma. Cell. Mol.
Neurobiol. 2025, 45, 108. [CrossRef] [PubMed]

9.  Wen, PY,; Kesari, S. Malignant gliomas in adults. N. Engl. . Med. 2008, 359, 492-507. Erratum in N. Engl. ]. Med. 2008, 359, 877.
[CrossRef] [PubMed]

10. Sadowski, K.; Jazdzewska, A.; Kozlowski, J.; Zacny, A.; Lorenc, T.; Olejarz, W. Revolutionizing Glioblastoma Treatment:
A Comprehensive Overview of Modern Therapeutic Approaches. Int. J. Mol. Sci. 2024, 25, 5774. [CrossRef] [PubMed]

11.  Sekely, A.; Bernstein, L.J.; Campbell, K.L.; Mason, W.P,; Laperriere, N.; Kalidindi, N.; Or, R.; Ramos, R.; Climans, S.A.; Pond,
G.R;; et al. Neurocognitive impairment, neurobehavioral symptoms, fatigue, sleep disturbance, and depressive symptoms in
patients with newly diagnosed glioblastoma. Neuro-Oncol. Pract. 2023, 10, 89-96. [CrossRef] [PubMed]

12.  Bishir, M.; Bhat, A.; Essa, M.M.; Ekpo, O.; Inunwo, A.O.; Veeraraghavan, V.P.; Mohan, S.K.; Mahalakshmi, A.M.; Ray, B.; Tuladhar,
S.; et al. Sleep Deprivation and Neurological Disorders. BioMed. Res. Int. 2020, 2020, 5764017. [CrossRef] [PubMed]

13. Jiang, Y.; Zhou, ].; Zhao, ].; Hou, D.; Zhang, H.; Li, L.; Zou, D.; Hu, ]J.; Zhang, Y.; Jing, Z. MiR-18a-downregulated RORA inhibits
the proliferation and tumorigenesis of glioma using the TNF-x-mediated NF-«B signaling pathway. eBioMedicine 2020, 52, 102651.
[CrossRef] [PubMed]

14. Ma, D.; Hou, L; Xia, H.; Li, H.; Fan, H,; Jia, X.; Niu, Z. PER2 inhibits proliferation and stemness of glioma stem cells via the

Wnt/ 3-catenin signaling pathway. Oncol. Rep. 2020, 44, 533-542. [CrossRef] [PubMed]

https://doi.org/10.3390/ clockssleep8040059


https://doi.org/10.20892/j.issn.2095-3941.2022.0474
https://www.ncbi.nlm.nih.gov/pubmed/36647780
https://doi.org/10.36922/gpd.4112
https://doi.org/10.1093/neuonc/nov189
https://www.ncbi.nlm.nih.gov/pubmed/26511214
https://doi.org/10.3389/fonc.2023.1131642
https://www.ncbi.nlm.nih.gov/pubmed/36998447
https://doi.org/10.3389/fonc.2020.603738
https://www.ncbi.nlm.nih.gov/pubmed/33489908
https://doi.org/10.1007/s10571-025-01619-0
https://www.ncbi.nlm.nih.gov/pubmed/41264121
https://doi.org/10.1056/nejmra0708126
https://www.ncbi.nlm.nih.gov/pubmed/18669428
https://doi.org/10.3390/ijms25115774
https://www.ncbi.nlm.nih.gov/pubmed/38891962
https://doi.org/10.1093/nop/npac068
https://www.ncbi.nlm.nih.gov/pubmed/36659968
https://doi.org/10.1155/2020/5764017
https://www.ncbi.nlm.nih.gov/pubmed/33381558
https://doi.org/10.1016/j.ebiom.2020.102651
https://www.ncbi.nlm.nih.gov/pubmed/32062354
https://doi.org/10.3892/or.2020.7624
https://www.ncbi.nlm.nih.gov/pubmed/32468039
https://doi.org/10.3390/clockssleep8040059

Clocks&Sleep 2026, 8, 59 12 of 14

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Wang, F; Li, C.; Han, E; Chen, L.; Zhu, L. BMAL1 may be involved in angiogenesis and peritumoral cerebral edema of human
glioma by regulating VEGF and ANG2. Aging 2021, 13, 24675-24685. [CrossRef] [PubMed]

Zhanfeng, N.; Chengquan, W.; Hechun, X.; Jun, W.; Lijian, Z.; Dede, M.; Wenbin, L.; Lei, Y. Period2 downregulation inhibits
glioma cell apoptosis by activating the MDM2-TP53 pathway. Oncotarget 2016, 7, 27350-27362. [CrossRef] [PubMed]

Shergalis, A.; Bankhead, A., III; Luesakul, U.; Muangsin, N.; Neamati, N. Current Challenges and Opportunities in Treating
Glioblastoma. Pharmacol. Rev. 2018, 70, 412-445. [CrossRef] [PubMed]

Sipos, D.; Raposa, B.L.; Freihat, O.; Simon, M.; Mekis, N.; Cornacchione, P.; Kovécs, A. Glioblastoma: Clinical Presentation,
Multidisciplinary Management, and Long-Term Outcomes. Cancers 2025, 17, 146. [CrossRef] [PubMed]

Dibner, C.; Schibler, U.; Albrecht, U. The Mammalian Circadian Timing System: Organization and Coordination of Central and
Peripheral Clocks. Annu. Rev. Physiol. 2010, 72, 517-549. [CrossRef] [PubMed]

Mohawk, J.A.; Green, C.B.; Takahashi, J.S. Central and peripheral circadian clocks in mammals. Annu. Rev. Neurosci. 2012, 35,
445-462. [CrossRef] [PubMed]

Griffin, E.A., Jr.; Staknis, D.; Weitz, C.J. Light-independent role of CRY1 and CRY?2 in the mammalian circadian clock. Science 1999,
286,768-771. [CrossRef] [PubMed]

Kume, K; Zylka, M.].; Sriram, S.; Shearman, L.P.; Weaver, D.R;; Jin, X.; Maywood, E.S.; Hastings, M.H.; Reppert, 5.M. mCRY1 and
mCRY2 are essential components of the negative limb of the circadian clock feedback loop. Cell 1999, 98, 193-205. [CrossRef]
[PubMed]

Richards, J.; Gumz, M.L. Mechanism of the circadian clock in physiology. Am. |. Physiol.-Regul. Integr. Comp. Physiol. 2013, 304,
R1053-R1064. [CrossRef] [PubMed]

Petkovi¢, M.; Henis, M.; Heese, O.; Relégio, A. Chronotherapy in Glioblastoma: State of the art and future perspectives.
eBioMedicine 2023, 89, 104470. [CrossRef] [PubMed]

Sato, TK.; Panda, S.; Miraglia, L.].; Reyes, T.M.; Rudic, R.D.; McNamara, P.; Naik, K.A ; FitzGerald, G.A ; Kay, S.A.; Hogenesch,
J.B. A functional genomics strategy reveals Rora as a component of the mammalian circadian clock. Neuron 2004, 43, 527-537.
[CrossRef] [PubMed]

Cho, H.; Zhao, X.; Hatori, M.; Yu, R.T,; Barish, G.D.; Lam, M.T.; Chong, L.-W.; DiTacchio, L.; Atkins, A.R.; Glass, C.K.; et al.
Regulation of circadian behaviour and metabolism by REV-ERB-« and REV-ERB-3. Nature 2012, 485, 123-127. [CrossRef]
[PubMed]

Sancar, A.; Lindsey-Boltz, L.A.; Kang, T.-H.; Reardon, ].T.; Lee, ].H.; Ozturk, N. Circadian clock control of the cellular response to
DNA damage. FEBS Lett. 2010, 584, 2618-2625. [CrossRef] [PubMed]

Unsal-Kagmaz, K.; Mullen, T.E.; Kaufmann, W.K.; Sancar, A. Coupling of human circadian and cell cycles by the timeless protein.
Mol. Cell. Biol. 2005, 25, 3109-3116. [CrossRef] [PubMed]

Gery, S.; Komatsu, N.; Baldjyan, L.; Yu, A.; Koo, D.; Koeffler, H.P. The circadian gene per1 plays an important role in cell growth
and DNA damage control in human cancer cells. Mol. Cell 2006, 22, 375-382. [CrossRef] [PubMed]

Gotoh, T.; Vila-Caballer, M.; Santos, C.S.; Liu, J.; Yang, J.; Finkielstein, C.V. The circadian factor Period 2 modulates p53 stability
and transcriptional activity in unstressed cells. Mol. Biol. Cell 2014, 25, 3081-3093. [CrossRef] [PubMed]

Barak, Y.; Gottlieb, E.; Juven-Gershon, T.; Oren, M. Regulation of mdm2 expression by p53: Alternative promoters produce
transcripts with nonidentical translation potential. Genes Dev. 1994, 8, 1739-1749. [CrossRef] [PubMed]

Wang, C.; Liu, H.; Miao, Z.; Zhou, J. Circadian Rhythm Regulated by Tumor Suppressor p53 and Time Delay in Unstressed Cells.
IEEE/ACM Trans. Comput. Biol. Bioinform. 2022, 19, 1523-1530. [CrossRef] [PubMed]

Miki, T.; Matsumoto, T.; Zhao, Z.; Lee, C.C. p53 regulates Period2 expression and the circadian clock. Nat. Commun. 2013, 4, 2444.
[CrossRef] [PubMed]

Sun, C.M.; Huang, S.F; Zeng, ] M.; Liu, D.B.; Xiao, Q.; Tian, W.]J.; Zhu, X.D.; Huang, Z.G.; Feng, W.L. Per2 inhibits k562 leukemia
cell growth in vitro and in vivo through cell cycle arrest and apoptosis induction. Pathol. Oncol. Res. 2010, 16, 403—411. [CrossRef]
[PubMed]

Astone, M.; Oberkersch, R.E.; Tosi, G.; Biscontin, A.; Santoro, M.M. The circadian protein BMAL1 supports endothelial cell cycle
during angiogenesis. Cardiovasc. Res. 2023, 119, 1952-1968. [CrossRef] [PubMed]

Qu, M.; Zhang, G.; Qu, H.; Vu, A.; Wu, R; Tsukamoto, H.; Jia, Z.; Huang, W.; Lenz, H.J.; Rich, ].N.; et al. Circadian regulator
BMALI1::CLOCK promotes cell proliferation in hepatocellular carcinoma by controlling apoptosis and cell cycle. Proc. Natl. Acad.
Sci. USA 2023, 120, €2214829120. [CrossRef] [PubMed]

Zhao, C.; Meng, X.; Li, Y.; Liu, L.; He, Q.; Jiang, J.; Chen, Y; Li, X; Li, Y,; Tang, Y.; et al. Circadian clock gene BMALL1 inhibits
the proliferation and tumor-formation ability of nasopharyngeal carcinoma cells and increases the sensitivity of radiotherapy.
Chronobiol. Int. 2022, 39, 1340-1351. [CrossRef] [PubMed]

Corra, S.; Salvadori, R.; Bee, L.; Barbieri, V.; Mognato, M. Analysis of DNA-damage response to ionizing radiation in serum-shock
synchronized human fibroblasts. Cell Biol. Toxicol. 2017, 33, 373-388. [CrossRef] [PubMed]

Shafi, A.A.; Knudsen, K.E. Cancer and the Circadian Clock. Cancer Res. 2019, 79, 3806-3814. [CrossRef] [PubMed]

https://doi.org/10.3390/clockssleep8040059


https://doi.org/10.18632/aging.203708
https://www.ncbi.nlm.nih.gov/pubmed/34815366
https://doi.org/10.18632/oncotarget.8439
https://www.ncbi.nlm.nih.gov/pubmed/27036047
https://doi.org/10.1124/pr.117.014944
https://www.ncbi.nlm.nih.gov/pubmed/29669750
https://doi.org/10.3390/cancers17010146
https://www.ncbi.nlm.nih.gov/pubmed/39796773
https://doi.org/10.1146/annurev-physiol-021909-135821
https://www.ncbi.nlm.nih.gov/pubmed/20148687
https://doi.org/10.1146/annurev-neuro-060909-153128
https://www.ncbi.nlm.nih.gov/pubmed/22483041
https://doi.org/10.1126/science.286.5440.768
https://www.ncbi.nlm.nih.gov/pubmed/10531061
https://doi.org/10.1016/s0092-8674(00)81014-4
https://www.ncbi.nlm.nih.gov/pubmed/10428031
https://doi.org/10.1152/ajpregu.00066.2013
https://www.ncbi.nlm.nih.gov/pubmed/23576606
https://doi.org/10.1016/j.ebiom.2023.104470
https://www.ncbi.nlm.nih.gov/pubmed/36796229
https://doi.org/10.1016/j.neuron.2004.07.018
https://www.ncbi.nlm.nih.gov/pubmed/15312651
https://doi.org/10.1038/nature11048
https://www.ncbi.nlm.nih.gov/pubmed/22460952
https://doi.org/10.1016/j.febslet.2010.03.017
https://www.ncbi.nlm.nih.gov/pubmed/20227409
https://doi.org/10.1128/mcb.25.8.3109-3116.2005
https://www.ncbi.nlm.nih.gov/pubmed/15798197
https://doi.org/10.1016/j.molcel.2006.03.038
https://www.ncbi.nlm.nih.gov/pubmed/16678109
https://doi.org/10.1091/mbc.E14-05-0993
https://www.ncbi.nlm.nih.gov/pubmed/25103245
https://doi.org/10.1101/gad.8.15.1739
https://www.ncbi.nlm.nih.gov/pubmed/7958853
https://doi.org/10.1109/tcbb.2020.3040368
https://www.ncbi.nlm.nih.gov/pubmed/33232245
https://doi.org/10.1038/ncomms3444
https://www.ncbi.nlm.nih.gov/pubmed/24051492
https://doi.org/10.1007/s12253-009-9227-0
https://www.ncbi.nlm.nih.gov/pubmed/19957060
https://doi.org/10.1093/cvr/cvad057
https://www.ncbi.nlm.nih.gov/pubmed/37052172
https://doi.org/10.1073/pnas.2214829120
https://www.ncbi.nlm.nih.gov/pubmed/36595671
https://doi.org/10.1080/07420528.2022.2105708
https://www.ncbi.nlm.nih.gov/pubmed/35903031
https://doi.org/10.1007/s10565-017-9394-9
https://www.ncbi.nlm.nih.gov/pubmed/28466226
https://doi.org/10.1158/0008-5472.Can-19-0566
https://www.ncbi.nlm.nih.gov/pubmed/31300477
https://doi.org/10.3390/clockssleep8040059

Clocks&Sleep 2026, 8, 59 13 of 14

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Zhu, Y.; Stevens, R.G.; Hoffman, A E.; Fitzgerald, L.M.; Kwon, E.M.; Ostrander, E.A.; Davis, S.; Zheng, T.; Stanford, J.L. Testing the
circadian gene hypothesis in prostate cancer: A population-based case-control study. Cancer Res. 2009, 69, 9315-9322. [CrossRef]
[PubMed]

Tokunaga, H.; Takebayashi, Y.; Utsunomiya, H.; Akahira, J.; Higashimoto, M.; Mashiko, M.; Ito, K.; Niikura, H.; Takenoshita,
S.; Yaegashi, N. Clinicopathological significance of circadian rhythm-related gene expression levels in patients with epithelial
ovarian cancer. Acta Obstet. Gynecol. Scand. 2008, 87, 1060-1070. [CrossRef] [PubMed]

Relles, D.; Sendecki, J.; Chipitsyna, G.; Hyslop, T.; Yeo, C.J.; Arafat, H.A. Circadian gene expression and clinicopathologic
correlates in pancreatic cancer. J. Gastrointest. Surg. 2013, 17, 443-450. [CrossRef] [PubMed]

King, A.L.; Shuboni-Mulligan, D.D.; Vera, E.; Crandon, S.; Acquaye, A.A.; Boris, L.; Burton, E.; Choi, A.; Christ, A.; Grajkowska,
E.; et al. Exploring the prevalence and burden of sleep disturbance in primary brain tumor patients. Neuro-Oncol. Pract. 2022, 9,
526-535. [CrossRef] [PubMed]

Miaskowski, C.; Lee, K.; Dunn, L.; Dodd, M.; Aouizerat, B.E.; West, C.; Paul, S.M.; Cooper, B.; Wara, W.; Swift, P. Sleep-wake
circadian activity rhythm parameters and fatigue in oncology patients before the initiation of radiation therapy. Cancer Nurs.
2011, 34, 255-268. [CrossRef] [PubMed]

Zhang, Y.; Zheng, W.; Dai, R;; Ma, T.; Li, Z; Li, J.; Shen, ]. Jet lag-induced circadian disruption elevates glioma risk by
altering molecular profiles in distinct brain regions. Discov. Oncol. 2025, 16, 1410. Erratum in Discov. Oncol. 2026, 17, 1228.
https:/ /doi.org/10.1007 /s12672-025-03333-1. [CrossRef] [PubMed]

Trebucq, L.L.; Salvatore, N.; Wagner, PM.; Golombek, D.A.; Chiesa, ].J. Circadian Clock Gene bmall Acts as a Tumor Suppressor
Gene in a Mice Model of Human Glioblastoma. Mol. Neurobiol. 2024, 61, 5216-5229. [CrossRef] [PubMed]

Dong, Z.; Zhang, G.; Qu, M.; Gimple, R.C.; Wu, Q.; Qiu, Z; Prager, B.C.; Wang, X.; Kim, L.J.; Morton, A.R,; et al. Targeting
glioblastoma stem cells through disruption of the circadian clock. Cancer Discov. 2019, 9, 1556-1573. [CrossRef] [PubMed]

Pang, L.; Dunterman, M.; Xuan, W.; Gonzalez, A.; Lin, Y,; Hsu, W.-H.; Khan, F.; Hagan, R.S.; Muller, W.A.; Heimberger, A.B.; et al.
Circadian regulator CLOCK promotes tumor angiogenesis in glioblastoma. Cell Rep. 2023, 42, 112127. [CrossRef] [PubMed]
Wang, Z.; Su, G.; Dai, Z.; Meng, M.; Zhang, H.; Fan, F;; Liu, Z.; Zhang, L.; Weygant, N.; He, F; et al. Circadian clock genes promote
glioma progression by affecting tumour immune infiltration and tumour cell proliferation. Cell Prolif. 2021, 54, €12988. [CrossRef]
[PubMed]

Cardinali, D.P.; Brown, G.M.; Pandi-Perumal, S.R. Chronotherapy. In Handbook of Clinical Neurology; Elsevier: Amsterdam, The
Netherlands, 2021; Volume 179, pp. 357-370. [CrossRef] [PubMed]

Slat, E.A.; Sponagel, ].; Marpegan, L.; Simon, T.; Kfoury, N.; Kim, A.; Binz, A.; Herzog, E.D.; Rubin, J.B. Cell-intrinsic, Bmall-
dependent circadian regulation of temozolomide sensitivity in glioblastoma. J. Biol. Rhythm. 2017, 32, 121-129. [CrossRef]
[PubMed]

Gonzalez-Aponte, M.E; Damato, A.R.; Trebucg, L.L.; Simon, T.; Cardenas-Garcia, S.P.; Cho, K.; Patti, G.J.; Golombek, D.A.; Chiesa,
J.J.; Rubin, J.B; et al. Circadian regulation of MGMT expression and promoter methylation underlies daily rhythms in TMZ
sensitivity in glioblastoma. J. Neuro-Oncol. 2024, 166, 419-430. [CrossRef] [PubMed]

Gonzalez-Aponte, M.E; Huang, Y.; Leidig, W.A.; Simon, T.; Butt, O.H.; Ruben, M.D.; Kim, A.H.; Rubin, J.B.; Herzog, E.D.; Walch,
O.J. Circadian variation in MGMT promoter methylation and expression predicts sensitivity to temozolomide in glioblastoma.
J. Neuro-Oncol. 2025, 176, 36. [CrossRef] [PubMed]

Nelson, N.; Zimmer, O.; Relégio, A. Personalized chronotherapy in glioblastoma: Integrating circadian profiling and PK-PD
modelling to optimize temozolomide timing. npj Precis. Oncol. 2025, 10, 17. [CrossRef] [PubMed]

Damato, A.R; Luo, J.; Katumba, R.G.N.; Talcott, G.R.; Rubin, J.B.; Herzog, E.D.; Campian, J.L. Temozolomide chronotherapy in
patients with glioblastoma: A retrospective single-institute study. Neuro-Oncol. Adv. 2021, 3, vdab041. [CrossRef] [PubMed]
Gonzalez-Aponte, M.F,; Damato, A.R.; Katumba, R.G.N.; Talcott, G.R.; Campian, J.L.; Butt, O.H.; Ruben, M.D.; Rubin, ].B.; Herzog,
E.D.; Walch, O.]. Tracking Daily Variations in Rest-Wake to Guide Personalized Timing of Temozolomide for High-Grade Glioma
Patients. . Biol. Rhythm. 2025, 40, 320-329. [CrossRef] [PubMed]

Niu, Z.; Yang, Z.; Sun, S.; Zeng, Z.; Han, Q.; Wu, L.; Bai, J.; Li, H.; Xia, H. Clinical analysis of the efficacy of radiation therapy for
primary high-grade gliomas guided by biological rhythms. Transl. Oncol. 2024, 45, 101973. [CrossRef] [PubMed]

Neves, A.R; Vives, E.; Boisguérin, P.; Quintela, T.; Costa, D. Circadian-Tuned Peptide Drug/Gene Co-Delivery Nanocomplexes to
Enhance Glioblastoma Targeting and Transfection. Int. J. Mol. Sci. 2025, 26, 6130. [CrossRef] [PubMed]

Zhu, L.; Wang, Q.; Hu, Y.; Wang, F. The Circadian Gene Per1 Plays an Important Role in Radiation-Induced Apoptosis and DNA
Damage in Glioma. Asian Pac. ]. Cancer Prev. 2019, 20, 2195-2201. [CrossRef] [PubMed]

Yassine, M.; Hassan, S.A.; Sommer, S.; Yiicel, L.A.; Bellert, H.; Hallenberger, ]J.; Sohn, D.; Korf, H.-W.; von Gall, C.; Ali, A.A.
Radiotherapy of the Hepatocellular Carcinoma in Mice Has a Time-of-Day-Dependent Impact on the Mouse Hippocampus. Cells
2022, 12, 61. [CrossRef] [PubMed]

https://doi.org/10.3390/clockssleep8040059


https://doi.org/10.1158/0008-5472.CAN-09-0648
https://www.ncbi.nlm.nih.gov/pubmed/19934327
https://doi.org/10.1080/00016340802348286
https://www.ncbi.nlm.nih.gov/pubmed/18720043
https://doi.org/10.1007/s11605-012-2112-2
https://www.ncbi.nlm.nih.gov/pubmed/23254314
https://doi.org/10.1093/nop/npac049
https://www.ncbi.nlm.nih.gov/pubmed/36388423
https://doi.org/10.1097/NCC.0b013e3181f65d9b
https://www.ncbi.nlm.nih.gov/pubmed/21252646
https://doi.org/10.1007/s12672-025-03333-1
https://doi.org/10.1007/s12672-025-03253-0
https://www.ncbi.nlm.nih.gov/pubmed/40715886
https://doi.org/10.1007/s12035-023-03895-7
https://www.ncbi.nlm.nih.gov/pubmed/38180613
https://doi.org/10.1158/2159-8290.CD-19-0215
https://www.ncbi.nlm.nih.gov/pubmed/31455674
https://doi.org/10.1016/j.celrep.2023.112127
https://www.ncbi.nlm.nih.gov/pubmed/36795563
https://doi.org/10.1111/cpr.12988
https://www.ncbi.nlm.nih.gov/pubmed/33442944
https://doi.org/10.1016/B978-0-12-819975-6.00023-6
https://www.ncbi.nlm.nih.gov/pubmed/34225975
https://doi.org/10.1177/0748730417696788
https://www.ncbi.nlm.nih.gov/pubmed/28470120
https://doi.org/10.1007/s11060-023-04535-9
https://www.ncbi.nlm.nih.gov/pubmed/38277015
https://doi.org/10.1007/s11060-025-05242-3
https://www.ncbi.nlm.nih.gov/pubmed/41123669
https://doi.org/10.1038/s41698-025-01205-z
https://www.ncbi.nlm.nih.gov/pubmed/41387951
https://doi.org/10.1093/noajnl/vdab041
https://www.ncbi.nlm.nih.gov/pubmed/33959716
https://doi.org/10.1177/07487304251336826
https://www.ncbi.nlm.nih.gov/pubmed/40432273
https://doi.org/10.1016/j.tranon.2024.101973
https://www.ncbi.nlm.nih.gov/pubmed/38705052
https://doi.org/10.3390/ijms26136130
https://www.ncbi.nlm.nih.gov/pubmed/40649908
https://doi.org/10.31557/apjcp.2019.20.7.2195
https://www.ncbi.nlm.nih.gov/pubmed/31350984
https://doi.org/10.3390/cells12010061
https://www.ncbi.nlm.nih.gov/pubmed/36611854
https://doi.org/10.3390/clockssleep8040059

Clocks&Sleep 2026, 8, 59 14 of 14

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Damato, A.R.; Katumba, R.G.N.; Luo, J.; Atluri, H.; Talcott, G.R.; Govindan, A.; Slat, E.A.; Weilbaecher, K.N.; Tao, Y.; Huang,
J.; et al. A randomized feasibility study evaluating temozolomide circadian medicine in patients with glioma. Neuro-Oncol. Pract.
2022, 9, 193-200. [CrossRef] [PubMed]

Geurts, M.; Berchtold, L.; Koenig, F.; Nabors, B.; Reardon, D.A.; Tonn, ].C.; Stupp, R.; Gorlia, T.; Weller, M.; Preusser, M.; et al.
Temozolomide chemotherapy for patients with newly diagnosed glioblastoma in the CENTRIC EORTC 26071-22072 and CORE
trials: Does time of administration matter? Neuro-Oncol. Pract. 2025, 12, 291-300. [CrossRef] [PubMed]

Sapienza, L.G.; Nasra, K.; Berry, R.; Danesh, L.; Little, T.; Abu-Isa, E. Clinical effects of morning and afternoon radiotherapy on
high-grade gliomas. Chronobiol. Int. 2021, 38, 732-741. [CrossRef] [PubMed]

Carver, K.A,; Lourim, D.; Tryba, A.K.; Harder, D.R. Rhythmic expression of cytochrome P450 epoxygenases CYP4x1 and CYP2c11
in the rat brain and vasculature. Am. J. Physiol.-Cell Physiol. 2014, 307, C989—-C998. [CrossRef] [PubMed]

Kim, M.; Keep, R.F,; Zhang, S.L. Circadian Rhythms of the Blood-Brain Barrier and Drug Delivery. Circ. Res. 2024, 134, 727-747.
Erratum in Circ. Res. 2024, 134, €92. https://doi.org/10.1161/RES.0000000000000668. [CrossRef] [PubMed]

El-Tanani, M.; Rabbani, S.A.; Ali, A.A.; Alfaouri, .G.A.; Al Nsairat, H.; Al-Ani, LH.; Aljabali, A.A.; Rizzo, M.; Patoulias, D.; Khan,
M.A; et al. Circadian rhythms and cancer: Implications for timing in therapy. Discov. Oncol. 2024, 15, 767. [CrossRef] [PubMed]
Bicker, J.; Alves, G.; Falcao, A.; Fortuna, A. Timing in drug absorption and disposition: The past, present, and future of
chronopharmacokinetics. Br. . Pharmacol. 2020, 177,2215-2239. [CrossRef] [PubMed]

Okyar, A.; Dressler, C.; Hanafy, A.; Baktir, G.; Lemmer, B.; Spahn-Langguth, H. Circadian variations in exsorptive transport: In
situ intestinal perfusion data and in vivo relevance. Chronobiol. Int. 2012, 29, 443-453. [CrossRef] [PubMed]

Jeon, M.S.; Dhillon, HM.; Agar, M.R. Sleep disturbance of adults with a brain tumor and their family caregivers: A systematic
review. Neuro-Oncol. 2017, 19, 1035-1046. [CrossRef] [PubMed]

Kopelke, S.; Kjaer, TW.; Tvilsted, S.; Schild, S.E.; Bartscht, T.; Rades, D. Risk factors for sleep problems prior to radiochemotherapy
for malignant gliomas. In Vivo 2022, 36, 325-329. [CrossRef] [PubMed]

Banson, M.; Lear, G.; Darko, K.; Moor, R.S.F; Patel, ].A.; Rahman, M. Leveraging biometric data for meaningful outcome
assessments in the care of patients with brain tumors: A systematic review. J. Neuro-Oncol. 2026, 177, 66. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ clockssleep8040059


https://doi.org/10.1093/nop/npac003
https://www.ncbi.nlm.nih.gov/pubmed/35601970
https://doi.org/10.1093/nop/npaf006
https://www.ncbi.nlm.nih.gov/pubmed/40110070
https://doi.org/10.1080/07420528.2021.1880426
https://www.ncbi.nlm.nih.gov/pubmed/33557650
https://doi.org/10.1152/ajpcell.00401.2013
https://www.ncbi.nlm.nih.gov/pubmed/25055826
https://doi.org/10.1161/RES.0000000000000668
https://doi.org/10.1161/circresaha.123.323521
https://www.ncbi.nlm.nih.gov/pubmed/38484027
https://doi.org/10.1007/s12672-024-01643-4
https://www.ncbi.nlm.nih.gov/pubmed/39692981
https://doi.org/10.1111/bph.15017
https://www.ncbi.nlm.nih.gov/pubmed/32056195
https://doi.org/10.3109/07420528.2012.668996
https://www.ncbi.nlm.nih.gov/pubmed/22489638
https://doi.org/10.1093/neuonc/nox019
https://www.ncbi.nlm.nih.gov/pubmed/28340256
https://doi.org/10.21873/invivo.12705
https://www.ncbi.nlm.nih.gov/pubmed/34972729
https://doi.org/10.1007/s11060-026-05543-1
https://www.ncbi.nlm.nih.gov/pubmed/41870686
https://doi.org/10.3390/clockssleep8040059

	Introduction 
	Literature Search Strategy 
	Molecular Architecture of the Circadian Clock 
	The Role of the Circadian Clock in Cell Cycle and DNA Damage 
	Circadian Dysregulation in Cancer 
	Circadian Rhythm Disturbances in Brain Cancers 
	Circadian Genes in Glioblastoma 
	Chronotherapy in Glioblastoma 
	Discussion 
	Conclusions 
	Future Directions 
	References

