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Abstract. Squamous cell carcinoma (SCC) comprises a
heterogeneous group of malignancies with distinct molecular
characteristics, clinical behavior and therapeutic responses,
highlighting the need for personalized treatment strate-
gies. Circadian rhythms regulate fundamental physiological
processes, including cell proliferation, metabolism, DNA
repair and immune function, and emerging evidence suggests
that circadian regulation may influence pathways relevant to
SCC biology and treatment response. This review summa-
rizes current knowledge on the role of circadian regulation
in SCC, with particular emphasis on lung SCC, focusing
on core clock genes, their interactions with oncogenic and
immune-related pathways, and their therapeutic implications.
We discuss current evidence supporting chronotherapy as a
potential component of personalized SCC treatment while
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addressing important limitations, including the predominance
of preclinical studies, limited SCC-specific clinical evidence
and extrapolation from other tumor types. Finally, we outline
key research priorities for translating circadian biology into
clinical SCC management.
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1. Introduction

Squamous cell carcinoma (SCC) is a prevalent and clinically
distinguished form of cancer that arises from the squamous
epithelial cells lining multiple organ systems, including the
skin, respiratory tract, upper aerodigestive tract and the gastro-
intestinal tract (1,2). Particularly, cutaneous SCC (cSCC), SCC
of the lung (LSCC), of head and neck (HNSCC), of esophagus
(ESCC) and of cervix (cerSCC) belong to the most prevalent
SCC subtypes and occur more frequently in older people with
along history of smoking, alcohol consumption, and ultraviolet
(UV) exposure (3). Infections with one of the 13 carcinogenic
human papillomavirus (HPV) genotypes can lead to HNSCC
and cerSCC development at an early age (4,5).

Squamous cell carcinoma represents approximately 20%
of all diagnosed skin cancers, with an observed increase in
incidence rates over the last decades, especially among indi-
viduals of European descent in North America, Europe and
Asia (6). Notably, cSCC carcinogenesis is strongly influenced
by factors like ultraviolet radiation (UVR), epidermal homeo-
stasis and local neuroimmune and endocrine signaling (7-10)
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that represent unique and distinctive features from all other
SCC types. Although, it is the most common SCC subtype,
its mortality rate is lower than SCCs of other organs, such as
the lungs. To this day, lung cancer remains the most lethal
cancer worldwide (11). LSCC constitutes 30-35% of non-small
cell lung cancers (NSCLC) and is associated with chronic
smoking. Also it is characterized by a late onset of symptoms
frequently resulting in late diagnosis in stage IV with distant
metastasis (12,13). In HNSCC, which comprises about 4.5%
of cancer diagnoses and deaths per year (4), alcohol consump-
tion and tobacco use increase the risk of developing HNSCC
by up to 40-fold compared to non-users. The overall 5-year
survival rate is 83% however, it decreases by approximately
50% upon metastasis, marking a shift in prognosis (14). Over
90% of cervical cancer cases are cerSCC, with HPV infection
as a primary etiological factor. Similarly, ESCC accounts for
roughly 90% of esophageal cancer cases and demonstrates a
marked geographic prevalence in Eastern and Central Asia, as
well as Eastern and Southern Africa (14,15).

In recent years, advances in high-throughput sequencing
and meta-analyses have highlighted a variety of genes and
signaling pathways that are central to the initiation and progres-
sion of SCC. The main driver genes aberrantly regulated in
SCC pathogenesis are TP53, TP63 (1,16,17), FN1 (18,19),
TGFB1/TGFBR (18,20), NOTCHI (1,20), CDKN2A,NFE2L.2,
PTEN, FGFR (21), CASP8 (22), SOX2 (1), HRAS (20),
PIK3CA (1), WEEI (17) and FOS/FOSL1/FOSL2 (23).
Thus, pathways of Mitogen-Activated Protein Kinase and
Extracellular Signal-Regulated Kinase (MEK-ERK) and Janus
Kinase and Signal Transducer and Activator of Transcription
3 (JAK-STAT3), Phosphoinositide 3-Kinase, Mammalian
Target of Rapamycin, and Mitogen-Activated Protein Kinase
(PI3K-mTOR/MAPK) and signaling cascades of Notch
receptor family (NOTCH) pathways offer potential target for
drug development and may serve as prognostic markers.

Past and current therapies involve combinations of surgery,
radiotherapy, and chemotherapy, which are primarily used to
eradicate local tumors. Metastatic SCC, relapsed SCC, or SCC
with initial or acquired resistance to the first-line treatment
likely need targeted therapy approaches to overcome the poor
prognosis (24,25). The development and increased availability
of immune checkpoint inhibitors (ICIs) improved the SCC
therapy survival outcome (26). Thus, ICIs are now stan-
dard-of-care in a first-line treatment in advanced ¢cSCC (27),
LSCC (28), HNSCC (29), ESCC (30), and cerSCC (31)
subtypes that are not eligible for curative surgery.

Several factors control the response to immunotherapy,
such as tumor type and progression, genetic variations, and
the immune status of the patient. More recently, the circadian
clock-an internal biochemical oscillator that regulates 24-h
cycles of biological, physiological, and behavioral processes in
living organisms-has also emerged as an important determi-
nant of response to immunotherapy.

The melanoma outcomes following immunotherapy
(MEMOIR) trial demonstrated that those melanoma patients
who received at least 20% of infusions with ipilimumab,
nivolumab, or pembrolizumab, or a combination thereof after
4:30 pm had significantly worse overall survival (OS) (32).
Similarly, in the instance of NSCLC patients who received
chemotherapy and the programmed death-ligand 1 (PD-L1)

inhibitor durvalumab, late-day infusions were found to be
correlated with poorer progression-free survival (PFS) and
OS (33). Furthermore, preclinical evidence demonstrates that
immune cells infiltrating tumors, especially CD8+ T cells,
follow circadian rhythms, indicating the possibility of an
immunotherapy treatment time dependence. These observa-
tions support the idea that therapeutic timing may be optimized
to improve treatment response (34).

SCC represents therefore a biologically related family of
cancers that share molecular and pathological features despite
arising in different anatomical sites. In addition, SCC remains
amajor global cancer burden and current therapeutic outcomes
require further optimization potentially related daily timing
of therapy administration. Circadian rhythms have emerged
as important regulators of cancer-related processes across
multiple cancer types (35-37), including pathways governing
proliferation, apoptosis, metabolism, DNA repair and immune
responses. However, despite this growing interest in circadian
regulation in cancer, it is important to acknowledge the gap of
substantial evidence in SCC. Existing evidence remains frag-
mented and limited with relatively few high-impact primary
studies and reviews in HNSCC (38-40). Accordingly, this
review critically evaluates the evidence to date on circadian
regulation in SCC, with a particular focus on lung cancer, and
identifies areas that require further investigation.

2. System of the circadian clock

The circadian clock is an internal timekeeping system present
in nearly every cell of the body, orchestrating various physi-
ological and behavioral processes in alignment with the 24-h
day-night cycle (41-43). This includes regulating the timing
of sleep, eating, and physiological functions such as hormone
release, metabolism, immune response, and cell cycle regula-
tion, in response to external signals like light, temperature,
and diet (Fig. 1). These rhythms are driven by an internal
biochemical oscillator-the clock complex-which operates
autonomously, with tissue specific clocks also known as
peripheral clocks (41,44), but synchronizes with the central
clock in the nucleus suprachiasmaticus (SCN) (45), a small
region in the hypothalamus known as the master regulator of
the circadian rhythm, or central clock, in mammals.

The core of this system consists of a series of protein pairs
that work through transcriptional and translational feedback
loops. The clock complex, which includes CLOCK/NPAS2
and BMALLI as a dimer activates the CRY and PER expres-
sion that then suppresses the activity of the dimer by several
mechanisms (Fig. 1). Notably, it was shown that BMALI1
forms a complex with CLOCK in the SCN but is also able to
dimerize with NPAS2, a paralog of CLOCK. This happens
predominantly in peripheral tissues where NPAS2 is known
to be able to compensate for CLOCK loss (45,46). In detail,
CRY appears to regulate BMALIL::CLOCK by reducing the
phosphorylation levels of CLOCK, which leads to its degra-
dation (47,48). Notably, CLOCK hereby does not directly
activate the transcription; rather, it creates a chromatin
landscape by rhythmic binding to e-boxes that are located in
the core clock genes' promoter regions. This, facilitates the
acetylation of histone 3 lysin 9/27 (H3K9, H3K27), thereby
enabling the binding of additional transcription factors like
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Figure 1. Molecular circadian clock and its systemic influence. The BMAL1::CLOCK/NPAS2 complex activates transcription of fundamental circadian clock
genes such as PER, CRY, DBP and NR1DI. Oscillating expression of circadian clock genes is known to be regulated by ATXN2 and ATXN2L. Negative feed-
back loops involving REV-ERB, ROR and NFIL3 fine-tune circadian oscillations by binding to the corresponding E-BOX, called RRE. Environmental factors
such as light, metabolism, temperature and immune signals modulate the clock, which influences cellular processes, mitochondrial activity, immune homeo-
stasis and tumor biology. Disruptions of the clock are linked to metabolic disorders, immune dysfunction and cancer progression Created in BioRender. Meder,
L. (2026) https://BioRender.com/fagddmn. BMAL, basic helix-loop-helix ARNT-like 1; CLOCK, clock circadian regulator; ATXN2, ataxin-2; ATXN2L,
ataxin-2-like; PER, period circadian regulator; CRY, cryptochrome circadian regulator; DBP, D-box binding PAR bZIP transcription factor; NR1D1, nuclear
receptor subfamily 1 group D member 1; NFIL3, nuclear factor, interleukin 3 regulated; REV-ERB, nuclear receptor subfamily 1 group D member, NR1D;

ROR, Retinoic related orphan receptor; RRE, ROR response element.

Hepatocyte Nuclear Factor 6 and 4 alpha (HNF6, HNF4A),
B-cell Lymphoma 6 (Bcl6) and the induction of oscillating
expression (49,50). The competition between transcription
factors acting as activators and repressors is important to
create oscillation patterns of circadian clock genes. For
example, daytime expression of CLOCK genes is generated
by morning activation (E-box controlled) and night-time
repression (RRE controlled) whereas night-time expression
of CLOCK genes is generated by daytime activation (D-box
controlled) and morning repression (E-box controlled) (51).
These complex matters of E/D box activation and repres-
sion processes mentioned before transcriptionally regulate
circadian rhythms. Moreover, circadian regulation is tailored
to individual tissues (52), enabling a certain degree of
circadian autonomy. This autonomy is illustrated by studies
using the BMALI/ mouse model. Even after BMALI loss,
circadian rhythms are maintained in liver cells and fibro-
blasts, suggesting that BMALI is relevant for behavioral
circadian rhythms but not required for molecular oscilla-
tions. Possible mechanisms that sustain the oscillation are
the enrichment of ETF transcription factor binding sites
and the redox state of peroxiredoxins show a self-sustained

oscillation in tissues (53). A recent study has demonstrated
that the translational level of oscillation is regulated by
spatiotemporal condensation of ataxin-2/ataxin-2 like
(ATXN2/ATXN2L) (54). Importantly, studies in other clock
entity knockout (KO) model like PER1 -/- show their impact
on the circadian rhythm by disrupting the expression of
PER2, CRY1 and BMALI1 and dysregulating the peripheral
clock genes (55). In PER -/- fibroblasts it was recently shown
that PER2 facilitates H2A.Z incorporation which influences
chromatin structure and thereby the transcriptional feedback
loop and BMALL stability (56). Another part of the circadian
clock regulation network is REV-ERBs (encoded by NR1D1
and NR1D?2) that repress BMALI1 and NPAS2 transcription
whereas RORs activate BMALI expression (Fig. 1) (57-59).
Lastly, D-site binding protein (DBP) and nuclear factor inter-
leukin-3 regulated (NFIL3) are key regulators of circadian
gene expression. DBP is known to activate mPerl transcrip-
tion (60), whereas the transcriptional regulator NFIL3 links
circadian rhythms to metabolic and immune functions (61).
Subsequently, circadian rhythms play a pivotal role in
maintaining cellular homeostasis, enabling cells and organs
to anticipate and adapt to changes in their environment.
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Disruptions to this clock either genetically through genetic
mutations or physiologically through lifestyle factors like
shift work, or chronic jet lag, have been linked to an increased
risk of cancer and promotion of tumorigenesis (62-64). In the
context of cancer, circadian dysregulation can lead to altered
cell proliferation, impaired DNA repair mechanisms, and
immune suppression, creating an environment conducive to
tumorigenesis (65).

Mouse models were well established in this field of research
and serve as a main experimental model so far. There are four
main types: SCN disruption, genetically engineered mice
mainly interrupting the circadian genes BMALIL, CLOCK,
PER1-3 and CRY1-2, external interruption by light, diet or
exercise and models of sleep deprivation (66). These models
were integrated into cancer research with results with results
verifying that these circadian genes and external factors are
involved in tumor development (67-69).

As research continues to uncover links between circadian
rhythms and cancer biology, it is becoming increasingly clear
that the circadian clock serves as a regulator for maintaining
cellular homeostasis and regulating processes critical for
cancer development.

3. Role of BMALI in cancer

BMALI is part of the BMALI1:CLOCK core complex of the
circadian clock system and therefore the most studied gene
in circadian regulation in SCC and other cancer entities. In
general, it is described as a tumor suppressor, but evidence
shows that this role is tissue and context dependent.

In NSCLC, including LSCC, BMALI expression is signifi-
cantly reduced in patients with poorer diagnosis and shorter
survival. In vitro and in vivo experiments linked BMALI to
the well-established oncogenic driver PTEN, confirming that
BMALL is an upstream regulator of the tumor-suppressive
circular RNA circGUCY1A2, which inhibits the PI3K/AKT
pathway via PTEN (Fig. 2) (70). Simultaneously, circadian
gene regulators have been identified in NSCLC. One example
is the regulator gene Y (REGy) proteasome activator, which
promotes BMALI degradation through a ubiquitin-indepen-
dent mechanism, thereby supporting tumor progression (71).
BMALI hasalsobeenobservedin ESCC (72) and in OSCC cells
as a tumor-suppressor (73,74). In these SCC, increased BMAL
expression leads to the upregulation of pro-apoptotic factors
such as Bcl-associated protein X (BAX) and Caspase 3, and the
downregulation of the anti-apoptotic factors (Bcl-2) (72-74).
This is proposed to be due to BMAL modulating dual speci-
ficity phosphatase 1 (DUSPI1) expression, a regulator of cell
cycle and apoptosis, which is also suggested to inhibit ERK
phosphorylation within the MAPK pathway (72). Besides the
involvement of the PI3K/AKT pathway and MAPK pathway,
BMAL-mediated tumor suppression is autophagy-dependent
via the AKT/mTOR pathway (Fig. 2) (73,74). Murine xeno-
graft models support these findings, showing reduced tumor
volume, weight, and proliferation upon BMALI overexpres-
sion (72,73).

Aforementioned studies describe BMALI as a
tumor suppressor however its role alone and within the
BMALI:CLOCK complex, the key regulator of the circadian
rhythm, is highly dependent on tissue and type of cancer. This

is supported by findings in non-SCC cancers which broaden the
BMAL-I1 regulated pathways that have not yet been described
in SCC. BMALI::CLOCK studies in hepatocellular carcinoma
cell lines, both in vitro and in vivo, report that loss of the clock
leads to downregulation of WEE], leading to apoptosis and
G2/M cell cycle arrest induced by upregulation of p21 (75).
Controversially, in pancreatic cancer BMALI is significantly
downregulated in tumor tissue, correlating with worse survival
outcome. BMALI murine KO models demonstrated acceler-
ated tumor growth and upregulation of oncogenic pathways
like PI3K-AKT and MAPK signaling (76). Beyond its influ-
ence on oncogenic pathways, BMALI is also a regulator of
the oncogene c-MYC. BMALI KO in mice leads to increased
c-MYC expression whereas a CRY1/2 double KO reduces
c-MYC levels. This describes another link between circadian
disruption and oncogenic regulation with BMALL as the
positive arm repressing c-MYC via interaction with [3-catenin
(Fig. 2) and CRY1/2 as the negative arm promoting c-MYC
occurring via the transcriptional control of B-catenin (67).
Studies in murine melanoma cell lines revealed that BMALLI
plays a complex role and has context-dependent properties.
Loss of BMALLI in murine and human melanoma cells reduced
tumorigenesis, likely due to the downregulation of HIFla
and SOXO9. This was confirmed in vivo, where the BMALI
KO reduced tumor growth. However, BMALI overexpression
did not restore normal function but instead promotes immune
resistance, increases tumor growth, and drives a mesen-
chymal-like, drug-resistant phenotype. This occurs through
BMALI interaction with myosin heavy chain 9 (Myh9), which
enables BMALLI activate MAL/myocardin-related transcrip-
tion factor-serum response factor (MRTF-SRF) signaling, a
regulation of gene expression linked to cytoskeletal dynamics,
cell migration, and differentiation. These findings suggest that
BMALI may either suppress or promote melanoma progres-
sion (77). Another melanoma study revealed that resistance to
ferroptosis is linked to fatty-acid binding protein 7 (Fabp7)
promoted BMALI1 expression, which in turn suppresses
ferroptosis-inducing genes like lysophosphatidylcholine
acyltransferase 3 (LPCAT?3). Interestingly, cancer cells also
induce Fabp7 expression in CD8+ cells, which disrupts
their cell-autonomous circadian rhythm, promoting immune
exhaustion and apoptosis via p53 stabilization (78).

As the previous study already indicated, not only dysregu-
lation of BMALI1 within the tumor cells but also in immune
cells of the tumor microenvironment (TME) influences the
tumor progression. A BMALI KO in mouse lung alveolar
epithelial cells demonstrated that circadian disruption contrib-
utes to pulmonary homeostasis disturbances by increased
pulmonary neutrophil infiltration. RNA data suggests altered
metabolism, extracellular matrix (ECM) remodeling, and
rhythmic transcriptome expression alterations (79). In a macro-
phage-specific BMAL1 KO mouse model of a melanoma, the
loss of BMALI leads to increased tumor burden, accompanied
by mitochondrial dysfunction, elevated oxidative stress, and
metabolic reprogramming towards aerobic glycolysis causing
succinate accumulation, which in turn stabilizes HIF1a and
thereby promotes an immunosuppressive macrophage pheno-
type. BMALLI induction in tumor-associated macrophages is
driven by inflammatory stimuli and tumor-released factors,
highlighting the importance of a functional circadian rhythm
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Figure 2. Roles of BMALL::CLOCK in tumor biology. Described are recently discussed molecular pathways for BMALLI in cancer regulation. BMAL::CLOCK
influences apoptosis and cell cycle, controls tumor growth, tumor resistance and progression, autophagy and oncogenicity through the WNT/b-catenin,
PI3K/AKT/mTOR, Myh9/MRTF/SRF and ERK signaling pathways. Created in BioRender. Meder, L. (2026) https://BioRender.com/3r5w6kw. BMAL, basic
helix-loop-helix ARNT-like 1; CLOCK, clock circadian regulator; EMT, Epithelial-to-mesenchymal transition; WEEL, nuclear kinase belonging to the
Ser/Thr family of protein kinases; CDK1, Cyclin-dependent kinase 1; Myh9, Myosin-9, non-muscle myosin heavy chain IIa; SRF, serum response factor;
MRTF, myocardin-related transcription factor; AP-1, activator protein-1; HIF 1o, hypoxia-inducible factor 1-subunit alpha; SOX9, SRY-box transcription
factor 9; PI3K, phosphoinositide 3-kinases; Akt, serine/threonine kinases, central hubs in the PI3K/AKT signaling pathway; mTORC1/2, mechanistic target of
rapamycin complex 1/2; PTEN, phosphatase and tensin homolog; circGUCY1A2, circular RNA of guanylate cyclase 1 soluble subunit alpha-2 (GUCY1A2);
GSK-38, glycogen synthase kinase-3 beta; Axin, critical scaffold proteins that function as negative regulators of the Wnt/p-catenin signaling pathway; APC,
adenomatous polyposis coli; CKla, casein kinase 1 alpha; c-MYC, MYC proto-oncogene, bHLH transcription factor; ERK, extracellular signal-regulated
kinases; DUSP1, dual-specificity phosphatase 1; p38, p38 mitogen-activated protein kinase; BAX, BCL2-associated X, apoptosis regulator.

and tumor progression (81). A similar effect is observed
when investigating the upregulation of NPAS2 in cancer
patient samples, associated with tumor progression and poor
prognosis (82-85). In lung adenocarcinoma (LUAD) cells,
NPAS2 was found to enhance DNA damage repair by stabi-
lizing H2AX messenger RNA (mRNA). This mechanism was

in immune cells for tumor defense (80). Mice with disrupted
circadian rhythm, either through BMALI1 or PER1/PER2
KO, are more susceptible to gut inflammation and colorectal
cancer. BMALI normally regulates IL-33, a cytokine critical
for PD-L1+ Breg function, and its dysregulation leads to
impaired immune response, increased CD4+T cell apoptosis,


https://www.spandidos-publications.com/10.3892/mmr.2026.14011

6 EICHHORN et al: CIRCADIAN MECHANISMS AND CHRONOTHERAPY IN SQUAMOUS CELL CARCINOMA

further explored in a NPAS2-deficient tumor xenograft mouse
model (84). Additionally, beta-arrestin 1 (ARRBI) was identi-
fied in LUAD as a transcription factor of NPAS, facilitating
malignant properties and promoting glycolysis, thereby estab-
lishing a therapeutic target beyond NPAS itself (86). In vitro
and in vivo studies of prostate cancer and hepatocellular
carcinoma have demonstrated that NPAS2 promotes tumor
growth by enhancing cell proliferation, inhibiting apoptosis,
and driving glycolysis through upregulation of HIF1A and key
glycolytic genes (HK2, PKM2, GLUTI, and MCT4) (83,85).

Together, BMALI1, CLOCK, and NPAS2 display
context-dependent functions in cancer hallmarks. BMALI1
is mainly an oncogenic suppressor in squamous cell
carcinoma, where it regulates apoptosis, autophagy, and
oncogenic pathways like PI3K/AKT and MAPK. However,
looking into non-SCC cancer studies, it can also contribute
to immune resistance through mechanisms such as Myh9 and
HIFla-dependent actin remodeling, as well as polarization
of immunosuppressive macrophages. NPAS2, which is often
overexpressed in tumors, promotes tumor cell proliferation
and glycolytic activity.

4. Role of PER1-3 in cancer

PER1, PER2 and PER3 are described equally in SCC and
other cancer entities. Consistently, these studies describe the
PER family as tumor suppressors with individual functions
in cellular processes and tumor intrinsic immune response.
In NSCLC, the expression levels of PER1, PER2, and PER3
are positively correlated and have been reported to be down-
regulated in tumor tissue compared to normal lung tissue,
just like for BMALI (87,88). One described mechanism for
the downregulation of the PER gene family is described as
the hypermethylation of its/their promotor region (89). The
loss of PER genes has been associated with aggressive tumor
behavior (87,89). In NSCLC, PER expression can restore
circadian rhythm through glucose restriction, which activates
AMP-activated protein kinase and sirtuin 1 (AMPK-SIRT1)
(Fig. 3) (88).

Further analysis of diverse carcinoma patient supports the
above findings revealing that PER1 expression was lower in
SCC (90) and breast cancer tissues (91). This reduction was
associated with decreased survival rate and more advanced
tumor stages. In vitro and in vivo experiments confirmed that
PER1 overexpression led to reduced tumor growth through
apoptosis and autophagy induction, and by suppressing prolif-
eration and invasiveness (90,91). These effects were linked
to the AKT/mTOR pathway (90). A further study identified
PERI, like BMALLI, to interact with HIF1a in a feedback loop
that promotes ferroptosis (Fig. 3) and thereby inhibits OSCC
progression (92).

Similarly, in glioblastoma, PER2 is significantly down-
regulated in glioma stem cells compared to non-stem glioma
cells. PER2 overexpression suppresses tumor stemness and
invasion by inducing GO/G1 cell cycle arrest and reduces
glioblastoma tumor growth in vivo. Its tumor suppressive role
may be explained by PER2 suppressing the Wnt/B-catenin
pathway, leading to reduced expression of oncogenic factors
like c-MYC, MMP2 and MMP9 (93). Additionally, in
OSCC and lung adenocarcinoma cells, PER2 expression was

negatively correlated with AKT/mTOR signaling, upstream
PIK3CA/AKT pathway activity (Fig. 3) (94-96), and multi
drug resistance (associated) protein 1 (MDR1, MRP1).
Upregulation of PER2 in mice increased effectiveness of
chemotherapy (94). Whereas in OSCC upregulation of PER2
seems to enhance the immune system's capacity to combat
the tumor and increase its susceptibility to chemotherapy and
immunotherapy (94,97,98), the low levels of PER2 expres-
sion in ESCC appear to make tumor more vulnerable to
DNA-damage and apoptosis, enhancing the effectiveness of
cisplatin chemotherapy (99).

To complete the findings for the PER family, PER3 appears
to function similarly to PER2. In this study, PER3 mRNA
expression was found to be downregulated by hypermethylation
in NSCLC, SCC, and other cancer tissues. This downregula-
tion correlated with tumor progression and poor prognosis
but could potentially be reversed through demethylation (89).
The overexpression of PER3 leads to decreased proliferation
and migration while increasing apoptosis (89,39,100-102).
Additionally, other cancer entities like prostate cancer show
that, downregulated PER3 levels increase BMALI expression,
which regulates Wnt/B-catenin signaling, promoting cancer
stemness and tumor growth (103).

These studies highlight the distinct overlapping roles of
PER1-3 tumor suppression. PER1 primarily regulates apop-
tosis and autophagy, PER2 influences stemness, immune
response, and PER3 acts similarly to PER2 but also interacts
with BMALI and modulates Wnt/f-catenin signaling.

5. Role of REV-ERBo/p in cancer

The nuclear receptors REV-ERBa (NR1DI) and REV-ERBf
(NR1D2) are closely related circadian transcriptional repres-
sors that function as integral components of the molecular
clock, regulating metabolism, inflammation, and cell prolif-
eration in a largely overlapping yet tissue-specific manner.
Generally, REV-ERBa (encoded by NR1D1) shows the
same trend as the other circadian genes, showing reduced
expression in lung cancer in over 80% of LUAD tumor samples.
These studies support the finding that reduced expression is
associated with cancer by showing that the knockdown of
REV-ERBa led to an accumulation of cells in the G2 phase,
consequently increased invasion, and upregulation in NFkB
signaling (Fig. 4) (104). On a transcriptional level, NR1DI
deficient mice showed increased lung tumor growth, associ-
ated with activation of the NLRP3 inflammasome, which
promotes tumor growth and epithelial-mesenchymal transition
(EMT) (105). In a similar NR1D1 KO mouse model of breast
cancer, larger tumors and increased lung metastasis were
attributed to reduced cytoplasmic DNA accumulation. This,
in turn, was connected to immune infiltration processes, by
suppression of cyclic GMP-AMP synthase (cGAS)-stimulator
of interferon genes (STING) pathway signaling which leads
to reduced type I interferon (IFN) production and decreased
infiltration of CD8+ T cells and NK cells into the tumors
(Fig.4) (106). Similarly, a study of osteoblastoma cells reported
involvement of both isoforms, NR1DI1 and NR1D2, in inflam-
matory responses where both mostly redundantly regulate
the same target genes. Though upon NR1D1 KO the NFkB
pathway (Fig. 4) was upregulated on the one hand, and upon
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vated receptor gamma coactivator 1-alpha.

NR1D2 deletion on the other hand, genes relevant to ECM
components showed downregulation (107). Supporting studies
of cervical and esophageal cancer cells report REV-ERBs to be
downregulated in patient samples. Activation of REV-ERBa
and RORa induced apoptosis in cancer cells, while normal
cells were less sensitive highlighting the therapeutic potential
of REV-ERBa and RORa agonists in apoptosis (108). This
therapeutic role of REV-ERBa was addressed in a recent
in vivo study of a REV-ERBa and autophagy inhibitor in
mouse melanoma xenograft demonstrated a reduction in tumor
volume and weight. Although the effects of the drug were

confirmed by increased expression of BMALI and reduced
autophagy (Fig. 4), the authors acknowledges that these effects
are likely driven by autophagy (109), only possibly involving
REV-ERB (110).

The already mentioned circadian gene RORA was identi-
fied in SCC and melanoma as a tumor suppressor (111-113).
Under hypoxic conditions, DNMT1-mediated methylation
suppresses RORA expression, which in turn increases GLUT3
levels to promote glycolysis and tumor progression (112). In
agreement, RORA activation or overexpression was shown to
markedly reduce tumor growth and invasiveness in melanoma
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and OSCC in vivo models (113). As a result, higher RORA
expression in melanoma was correlated with improved
prognosis due to the fact that RORA suppresses PD-L1 tran-
scription by forming an inhibitory complex with HDAC3. On
the other hand, RORA loss leads to increased PD-L1 levels.
Pharmacological activation was used to rescue low RORA
expression, resulting in reduced tumor growth, enhanced T
cell infiltration, and increased CD8+ T cell cytotoxicity (111).

In summary, while the roles of REV-ERBa/p and RORs
in circadian rhythm and cancer are less evident compared

to the other described circadian genes, evidence points to
tumor-suppressive functions mediated through immune
signaling, apoptosis, and autophagy, underscoring their poten-
tial as therapeutic targets.

The combined findings from SCC and other cancer types
highlight how crucial circadian rhythm genes are for immune
modulation and tumor growth. Despite context-dependent
effects, several circadian genes, including BMALI, PER1-3,
RORA, and REV-ERBs, display tumor-suppressive roles
through regulation of apoptosis, immune modulation, and
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metabolic control. The biochemical pathways, such as
PI3K/AKT, MAPK, Wnt/B-catenin, and HIFla signaling
connect circadian disturbance to carcinogenesis, providing
rising targets for therapeutic intervention. Given the obser-
vation of overlapping circadian gene dysregulations across
multiple tumor entities, findings from non-SCC cancers may
provide a foundation for further research of SCC pathophysi-
ology and treatment. However, current evidence addressing
circadian mechanisms in SCC remains fragmented across
SCC subtypes. Therefore, findings from non-SCC tumors were
introduced to identify candidate targets and pathways that may
warrant investigation in SCC. Nevertheless, the interpretation
of these studies requires caution since SCC represents geneti-
cally, anatomically and functionally a distinct tumor type
which characteristics may influence circadian gene function.
Finally, finding in this non-SCC cancer should be regarded as
hypothesis-generating and not as directly transferable to SCC.

6. Circadian clock in SCC

Several studies on diverse tumor entities have documented
a dysregulation of circadian rhythm components and have
put forward several of these as prognostic markers for
tumor progression and outcome, focusing on the following
genes discussed beforehand: BMAL1 (ARNTL), PER1-3,
NRI1D1/2, CRY1-2 (76,108,114,115) and CLOCK, NPAS2,
RORA-C (100,116,117). Importantly, evidence from pan-cancer
and multi-omics studies suggests that the circadian system
should not be interpreted as a collection of isolated genes
but rather as an interconnected transcriptional-translational
regulatory network whose coordinated disruption may influ-
ence tumor progression, immune modulation and patient
outcome (64,118-120). In ¢SCC, this network is described
in environmental factors such as UV and endocrine
mediators having direct mechanistic relevance to circadian
regulation through skin neuroendocrine pathways (9,10,121).
Aforementioned factors are described as very skin specific
and applicability to other SCC entities is reduced to hormonal
influences such as estrogen levels in women which are
described as controversial in HNSCC (122,123). Therefore
the current evidence in non-cutaneous SCC, addressing this
network-level organization research remains scarce (124),
with current studies predominantly focusing on individual
clock genes and their associations with clinical-, cancer- or
immune-related parameters. Consequently, cited studies in
this review summarize the available SCC evidence at the level
of the individual circadian genes BMALI1, CLOCK, PERI-3,
RORA, REV-ERBa/p, while acknowledging that these
observations likely represent elements of a broader circadian
regulatory architecture that remains to be characterized in
SCC.

Even though evidence is limited, there is equal distribu-
tion between genetic focused and immune based studies. SCC
studies show increased connection of the circadian clock to
immune regulation and infiltration into local tumors. Related
studies show circadian genes as markers in lung cancer,
where the main players BMALI1, CLOCK, PER1-3, RORA,
REV-ERBa/p have been described in LSCC (100,117,119). This
validates that these genes can act as prognostic indicators and
can be validated through analysis of immune cell infiltrates.
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For example, a positive correlation was found between CRY2,
PERI1 and CD4+ T cell infiltration (119). Additionally, PER3
expression in HNSCC has been observed to have a positive
correlation with Tregs, CD4+, CD8+, PDCDI, and follicular
helper cell infiltration (39). Accordingly, in small cell lung
cancer, NR1D2 has been included in an immune-related prog-
nostic model, based on which it has been possible to identify
elevated CD56 bright NK cell levels, reduced CD8+ T cell
levels, mast cell infiltration, helper T cell infiltration, and
increased TGFb signaling associated with EMT (125).

Research linking circadian genes to the involvement
in immune recruitment suggests that future studies should
interconnect the functionality of circadian genes within the
broad network to identify whether general dysregulation
of the circadian rhythm is linked to one or multiple joined
downstream pathways. To address this, studies should inte-
grate multi-omics with multi-gene circadian gene testing in
time-resolved sampling.

7. Circadian clock in cancer therapy

Current SCC treatment guidelines reflect a shift toward
novel molecular targets and immunotherapeutic approaches,
including ICIs and chimeric antigen receptor-T therapy
(CAR-T) (34), in LSCC, ESCC, and HNSCC. All LSCC
tumors at stage IV were tested for mutations or fusions of
EGFR (exon 18-21), BRAF, ALK, ROS1, RET and NTRK1-3
fusions. These markers were primarily described in NSCLC,
where they were most relevant to LUAD and were rarely
found in LSCC (126-128). However, since these markers
were potentially therapeutically targetable and occasionally
altered in some cases of SCC, they remain part of routine
testing. These genes are not core circadian genes but may be
involved in circadian rhythm regulation. Treatment is adjusted
according to the test results and in therapy-naive SCC patients,
PD-L1 expression testing is recommended to guide treatment
selection (127). For example, patients with LSCC eligible for
EGFR-targeted therapy may receive with EGFR inhibitors
such as afatinib or erlotinib. A randomized trial in patients
with advanced LSCC directly compared the two inhibitors as
a second-line treatment, showing that afatinib significantly
improved PFS and OS while maintaining a manageable safety
profile (129). Patients who are negative for several mutations
or display PD-L1 expression exceeding 50% may receive
first line treatment with either PD-1/PD-L1 monotherapy
(atezolizumab/cemiplimab/pembrolizumab) or combination
immuno-chemotherapy regimens, such as pembrolizumab
or nivolumab with ipilimumab. If the score indicates <50%
PD-L1 tissue expression, a platin-based chemotherapy with
pembrolizumab is suggested (130). To date, randomized trials
in LSCC focused on treatment with anti-PD-L1 compound
atezolizumab and pembrolizumab, docetaxel, nivolumab
targeting anti-PD-1. A clinical trial involving 723 patients with
stage IV LSCC without ALK or EGFR mutations compared
first-line treatment with Atezolizumab plus chemotherapy
vs. chemotherapy alone, demonstrating that the addition of
Atezolizumab significantly improved OS (131). First-line
chemotherapy combined with Pembrolizumab in metastatic
LSCC improved overall survival, progression-free survival,
and objective response rates, while maintaining a safety
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profile comparable to chemotherapy alone (132). In a cohort of
272 patients with advanced LSCC receiving either nivolumab
or docetaxel, nivolumab demonstrated superior overall
survival, response rates, and safety; in contrast, treatment
strategies in ESCC and HNSCC include radio-chemotherapy
and adjuvant or monotherapy with nivolumab, ipilimumab, or
cetuximab (133).

HNSCC is classified into oral cavity and laryngeal cancers.
In oral cavity cancer, etiological factors such as HPV16, pl16,
alcohol consumption, and smoking should be considered when
planning therapy, whereas in laryngeal cancer these factors
are generally not used to guide treatment. Following PD-L1
testing in SCC, pembrolizumab may be used as a monotherapy.
In PD-L1-negative cases, EGFR inhibitor cetuximab is admin-
istered as a first-line treatment (134-136). Other targets such
as mTOR, PI3K, c-MET, RET are also being tested in clinical
trials for HNSCC (137). However, in LSCC, targets such as
EGFR, ERBB, FGFR, DDR?2 demonstrated limited clinical
efficacy, with poor response rates in trials. The attempt to
target RAS-RAF-MEK, PI3K, AKT with downstream onco-
genic potential failed due to cross-reactive toxicity. Therefore,
drug development efforts have increasingly targeted dysregu-
lated pathways and molecular alterations beyond the genome.
SOX2 amplification in 60-80% of the LSCC is considered
undruggable, therefore, the focus lies on its epigenetic chro-
matin regulators LSD1 and EZH?2 which are currently tested
in clinical trials (138). The role of circadian rhythm in modu-
lating therapeutic responses has gained increasing attention, as
the timing of ICI administration has been linked to treatment
efficacy. For instance, in Nivolumab-treated NSCLC patients,
the OS was found to be fourfold higher in the patients receiving
treatment in the mornings (139). Morning administration
similarly improved treatment outcomes with durvalumab
(anti-PD-L1) infusions (33).

Additionally, the link between circadian rhythm and ICI
modulation was observed at the molecular level. For instance,
circadian gene PER2 has been shown to influence the expres-
sion of PD-L1. In OSCC, studies have shown that PER2
suppresses PD-L1 expression by binding to the heat shock
protein 90, thereby modulating the IKK/NFkB pathway. These
in vitro studies were further supported by a humanized mouse
model, where PER2 upregulation in combination with PD-L1
targeting increased CD8+ cell infiltration and immune defense
against the tumor (97). In ovarian tumors patients with a
disrupted circadian rhythm (140) and in NSCLC patients (141),
low PER2 expression was correlated with increased
PD-1/PD-L1 expression and enhanced PI3K/Akt signaling.
These alterations may facilitate immune evasion (140) and
reduce effectiveness of immunotherapy in vivo (141). In vivo
experiments in NSCLC bearing mice receiving anti-PD-L1
therapy demonstrated smaller tumors were associated with
higher BMALI and PER2 expression and simultaneously
lower PD-1 levels (142). Besides PER2, the circadian gene
RORA was found to suppress PD-L1 expression in melanoma
by binding to its promoter and forming an inhibitory complex
with Histone Deacetylase 3. In contrast, dead-box helicase 3
X-linked (DDX3X) disrupts this inhibitory complex, leading
to increased PD-L1 expression and immune evasion (111).

PD-L1 expression is influenced not only by circadian
genes at the molecular level but also in a broader immune

microenvironment. This study revealed that PD-L1 expres-
sion in colorectal cancer cells is regulated by the circadian
clock through the influence of Myeloid-suppressor cells
(MDSCs). These cells were shown to accumulate in the TME
in a rhythmic manner, with a peak in the late afternoon where
they exhibit high PD-L1 expression, suppressing CD8+ T cells
and thereby reducing anti-tumor immunity (143). Circadian
dysregulation increased the recruitment of MDSCs (143) and
upregulated the expression of immune checkpoint molecules
PD-LI, PD-1, and cytotoxic T-lymphocyte antigen 4 (CTLA4)
promoting the immunosuppressive environment (144).

A link between EGFR signaling and circadian rhythm is
described in breast cancer where loss of PER3 is associated
with increased p-MEK and p-ERK1/2 levels which are part
of the downstream cascade activated by EGFR and thereby
enhance oncogenesis (145). VEGFR on the other hand was
linked to rhythmic expression in vivo BMAL KO mice where
the VEGFR expression was dampened (146).

While the expression of PD-1, PD-L1, and other immune
checkpoints in the TME and therapy resistance is well studied,
little is known about the involvement of the circadian rhythm
in EGFR and VEGFR signaling. It remains unclear if this
gap is crucial to new improvements in SCC treatment since
the current focus of therapy has shifted to cell-based therapy,
immunotherapy, and chronotherapy.

8. Chronotherapy in cancer treatment

Recent studies have explored usage of the circadian rhythm
for therapy. Chronotherapy times drug administration to the
patient's internal clock to enhance anti-tumor effects. Such
approaches were already researched in clinical trial with
radio- and chemotherapy with success. Cis-platin chrono-
therapy in NSCLC showed less leukopenia and neutropenia
with reduced toxicity when the drug was administered early
in the morning (120). Same effect was observed in esophageal
cancer (147). Clinical trials in HNSCC treatment showed
a reduction in severe inflammation and ulceration of the
mucous membranes and the reduced toxicity of radiotherapy
administered in the morning compared to the evening (148).
All these studies suggest that chronotherapy may not always
increase the efficacy but it can reduce side effects and
toxicity (149). Additionally, several studies support the direct
monitoring of circadian rhythm-related gene signatures
for diagnostic purposes and prediction of chemotherapy
outcomes (99,150,151).

Besides time-dependent chemotherapy, a recent trial evalu-
ated the benefits of timing EGFR tyrosine kinase inhibitors
administration (gefitinib, erlotinib, and afatinib) in patients
with advanced LSCC has been published. The prospective
cohort study concluded that night-time administration reduced
side effects, including acne and dry skin, alleviated symptoms
such as cough and pain, and lowered the risk of all-cause
mortality in patients. However, the pronounced survival benefit
was seen only in younger patients (<65 years) (152).

The pioneering trials discussed above, which were recently
published, examine the timing of ICI therapy, among other
treatment parameters (33,139,153). In the MEMOIR study
patients with stage IV diagnosed melanoma were monitored
longitudinally during treatment with ipilimumab, nivolumab,
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or pembrolizumab, or a combination thereof. Among patients
who received more than four infusions, those receiving at least
20% of their treatments after 4:30 pm showed significantly
shorter overall survival compared with patients whose infu-
sions were predominantly administered before 3:00 pm (32). A
similar observation was made in a single-center retrospective
cohort of 82 patients with locally advanced NSCLC treated
with second-line durvalumab after chemoradiotherapy. The
proportion of durvalumab infusions administered after 3 pm
was used to define early versus late treatment. A total of 70
patients received <20% of their infusions after 3 pm and 12
patients received >20% of their infusions after 3 pm. Patients
who received =20% of their infusions after 3 pm had a signifi-
cantly shorter PFS and a non-significant trend toward worse
OS compared with those who received <20% after 3 pm (33).
A 2020 clinical trial enrolled 95 patients with metastatic
stage IV NSCLC found that administration of nivolumab
before 12:45 pm improved outcomes. The patients were
randomly divided into two groups: one receiving nivolumab
before 12:45 pm and the other after 12:55 pm. The study
found that patients administered nivolumab before 12:45 pm
exhibited significantly higher rates of PFS and OS compared
to those treated after 12:55 pm, with an 11.3-month increase
in PFS and a 34.2-month increase in OS. Additionally, the
objective response rate was more than doubled in the morning
group. The study's findings, which were observed independent
of sex, age, tumor histology, prior treatments, or PD-L1 status,
suggest that the circadian clock plays a role in regulating T-cell
activity and immune activation (139).

The role of the circadian rhythm in immune activation
and effector cell activity was investigated in a mouse model.
Tumor-infiltrating immune cells, particularly CD8+ T cells
and other innate immune cells, showed circadian oscillations
in both number and phenotype, indicating a time-of-day
dependency. This finding lent support to the notion that precise
timing of CAR-T and ICI therapy holds promise for cancer
treatment and reveals the underlying molecular mechanism
behind this cancer therapy adjustment (34).

Based on this and other studies linking circadian
rhythm with PD-L1 expression (97,140,141,143) and
immune processes-including immune cell activation,
infiltration, and macrophage-mediated immune suppres-
sion (119,125,143,154,155)-the advantage of morning
administration likely reflects the clock-dependent activity of
immune cells. While the circadian rhythm plays a crucial role
in immune cell function and its impact on the TME is increas-
ingly understood, many aspects of its influence on cancer
outcomes remain unclear.

Few circadian rhythm-based clinical trials in cancer
are registered, and even fewer have published results so far
(Table I). Some trials focus on adjusting PD-1 and PD-L1
immunotherapy, predominantly in combination with chemo-
therapy or radiotherapy. Although OS remains the main
outcome, analysis of T-cell infiltration and circadian gene
expression are rarely conducted (Table I), despite strong
evidence that these factors affect chronotherapy outcomes.
Multicentered randomized trials and standardized protocols
of treatment timing would strongly support the optimization
of cancer treatment and understanding of circadian regulation
in the tumor and its microenvironment.
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9. Limitations and research strategies

Despite the considerable progress in in vitro studies, murine
models, and clinical trials performed so far, limitations currently
still restrict the interpretation and clinical application of circadian
rhythm in SCC. Limitations include for example methodological
differences in measuring circadian oscillation in vivo and
in vitro, the understanding between local and peripheral clock
in vitro and the limited randomized validation in clinical trials.

A present gap in knowledge resides in how the circadian
rhythm contributes to SCCinitiation and progression. As already
known, individuals exposed to chronic circadian disruption
(e.g. shift work, jet lag, light pollution) (62-64) are more prone
to SCC. The exact mechanisms by which the circadian genes
BMALIL, CLOCK, PER1-3, CRY1/2 and REV-ERBs within
their framework drive SCC remain mostly unclear. Disruption
have been associated with multiple oncogenic pathways, e.g.
MEK-ERK and AKT/mTOR (19,51,74,94,97,137,146), yet, their
precise interactions remain unclear. This raises the question
of whether circadian clock genes are either tumor suppressors
or oncogenes in SCC, or whether their role varies by tissue
type (77,89,91). Additionally, the interaction between the circa-
dian rhythm and known SCC mutational drivers (1,16-19,21,23)
remains poorly understood while additional insight into
alterations in metabolism are increasingly recognized in SCC
progression. In this metabolic context, the circadian clock is
also emerging as a key focus of research (58,80,85), however
research is still at early stages, understanding how the circadian
clock interacts with main drivers of SCC and how metabolic
changes will contribute to understanding the framework of the
circadian clock in SCC progression.

Secondly, the role of circadian rhythmicity in SCC
therapy is beginning to be explored in cancer clinical trials.
Chemotherapy, radiotherapy, and immunotherapy show
time-dependent variations in efficacy (32,34,148,153,156).
However, randomized clinical trials are needed to clarify how
therapy timing affects SCC outcomes and to uncover other
variables that modulate treatment response and resistance in a
circadian-dependent manner. So far, the clinical trials lack suffi-
cient time sampling that goes beyond timepoints of morning
and afternoon treatment and no standardized biomarkers that
determine patient 's and potential tumor circadian phase. The
integration of such biomarkers into clinical trial design and
therapeutic decision-making will be essential for the implemen-
tation of personalized chronotherapy and the optimization of
circadian-based immunotherapy. Notably, current and further
planned chronotherapy trials aim to improve efficacy, reduce
side effects and develop personalized treatment schedules.

Thirdly, the connection between central and peripheral clock
systems remains poorly understood. The central clock is set by
sun light and day-night schedules whereas the peripheral clock
in the tissues is independent (Fig. 1). Key questions arising here
include whether peripheral clock disruption, independent of
the SCN, accelerates SCC progression, and whether epigenetic
modifications in clock genes within both the central and periph-
eral clocks contribute to this progress? Moreover, how do the
tumor-intrinsic circadian disruptions affect the peripheral clocks
and the TME including all the immune cells? Finding answers
to these questions may provide insight on tissue-dependent SCC
progression and its connection to the central clock. Additionally,


https://www.spandidos-publications.com/10.3892/mmr.2026.14011

EICHHORN et al: CIRCADIAN MECHANISMS AND CHRONOTHERAPY IN SQUAMOUS CELL CARCINOMA

12

paystiqnd

QINSUT YOIBasay

[000301d Surun

10N VN [endsoy emenQ Junmioar jok JoN 0S 9SOpP ZJALL 01 90UIYPY OpIIO[0ZOW], BUIOID) 99/0S890.LON
KJISIQATUN)
paystqnd [eJIPIJA BIXSUIN
1ON VN Jo [e1dsoy [e1ouan SunImay 08 oum [eATAINS Aderoyporpey BUIOID 6€6SELYOLON
uorssaxdxe swisiydiowAjod
soua3 Yo0[D Jo
JUSWIAINSEBIA {UONBIUIOUOD
QouRIL] ‘Q[BOIPIN UTUOJR[oWAX0)BJ[NS-9
paystqnd QUOIAYOY B[ 9P I NUBS PUE [0ST}I0D ‘SIPISOI[ONU I9OUBD [B}ORI0[0D
JON VN B[ Op [eUONEN INNSU] pajordwo) 91 POYIPOW JO JUSWIAINSBIA Kdezoyjoway) )R 198€69T0LDN
paystqnd [endsoy SIse)sejoll JoAT] SIZ8TO00ONIINN
JON VN ANsioarun A1) eweyoyox SunIMIoNY 8T Koeoyyg uorsnjut onedoy JI0UED [810I0[0)) -NXdf
Adezaypounurwr
1o Aderoyjowayd I0ued IsealIq
paystqnd sured op xneyrdoyq jueAn(peoou aane3ou-o[din
JON VN -anbriiqng ooue)sIsSy SunNImIdal 3oK JoN oSt uapIng I0Ued [BNpISAY ul QRUINZI[OIqQUIdJ  O1BISBIdW-UON 6€1ST#90LDON
AImnsuy Syoam 71 e AI[IqeIs[o)
(991) Al 9seyd YoIeasay [endsoy emenQo parerdwo) L¥T pue K)I9IX0} SULIDOpUH JuUSW)BAI) AULIOOPUH IooueDd Jsearg SOTY98T0LON
KJISIQAIUN Aderoyiowayd BWIOUIDIBD
[BIIPSIA nOYZIng Jo SAd ‘Aderoygorpeiowayd  [ea3ukreydoseu
(S9D) 111 2seyqd [endsoy Iooue) pajel[yjy Suniniodarjok 10N ey ‘SO “YS-eoudLndar 1Lk-¢  “uneldsi) ‘duIqelowan PIdUBAPY  T€098000VCALIMUD
AYISIOATUL) TEIIPIIA IYIIY
paystqnd ‘A1031ng [eIoRJO[[IXBIN eruadonnau 1oy3Iy €1.900000NTIAN
10N VN  pue [e1Q jo juounreda parerdwo) 0S 10 ¢ 9peID) JO OUIPIOU] unedsio ‘[axelesoq 2DSO -N¥df
Adezayjorper
pue Aderoyjowrayo
juean(pe + Aderoyyowayd
q1el1 Gq ‘orer nodoi(g jueAn(peoou
paystqnd Qouraoxd uenyorg SUOTUIAINUI SUINPIAYDS ¢Aderoyjorper pue 0L1Y00%1
JON JoyIRW-1S0d Jo reudsoy 10ue) SunIMIoNY % oy) woIiy uoneiAdq  Aderoypowayd jueanlpy DTDOSN O LALDOMUD
paystjqnd eleq[y
1ON 11 °seud [o1u0D) 120uE) SHY Suninidar ok 10N 86 9Z1s IJowmng, qewunzijoiquod OTOSN YLTZ8890LON
paystqnd qewnzIjoIquiog
1ON [l °seyd  °ymnsu] Iodued) [eucneN PADY 009 SO ‘paxanouwied ‘unerdogre) OTOSN 6L1€6LE0LON
('sjoy) aseyq IojeIoqe[[oo/1osuodg snels syuedronieq QWI0dINO ATRWIIq SUOTJUSAIU] Amus 190U8)) Al reuL

“JUAWIIEAI} JOOUERD U S[BLI} [BOTUI[D PAJRIO0SSe AdBISUIouoIyd JO MAIAIOAQ ‘T S[qBL



B2l SPANDIDOS

Table I. Continued.

) PUBLICATIONS

(Refs.)

Phase

Sponsor/collaborator

Status

Participants

Primary outcome

Interventions

Cancer entity

Trial ID

(167)

Phase 11

Washington University
School of Medicine

Completed

42

Duration of response;

High grade Temozolomide

glioma

NCT02781792

patient treatment compliance
as measured by at least 80%

compliance with assigned

administration time
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Search was conducted on clinicaltrials.gov and trialsearch.who.int using keywords ‘chronotherapy’ and ‘squamous cell carcinoma’. NSCLC, non-small cell lung cancer; OSCC, oral squamous cell

carcinoma; OS, overall survival; PFS, progression-free survival; NA, not available.

it may uncover how tumor-intrinsic circadian rhythms reshape
the peripheral clock and TME, including cellular functions,
potentially opening new avenues for targeted therapies.

To answer these questions, research employs molecular
and genetic approaches, preclinical murine models, as well
as translational and clinical research. Bulk and single cell
RNA (scRNA) sequencing have been performed in some SCC
cancer entities, revealing that circadian gene expression oscil-
lation are disrupted in cancer tissue compared with normal
tissue (18,39,125,157). The cancer genome atlas (TCGA)
datasets are publicly available for RNA Sequencing, providing
a great opportunity for a first in-depth analysis. However, one
time sampling in studies of the circadian clock is not suffi-
cient to find pattern of dysregulation or oscillation shifts in
circadian gene expression. Since SCC tumors are highly heter-
ogenous compared to other cancer types (17,138,158), scRNA
sequencing with time-course sampling would allow the detec-
tion of gene expression patterns that are more cell-specific and
time-sensitive. Such studies would provide a foundation for
target identification in upcoming in vitro and in vivo studies.

CRISPR/Cas9 knockout, overexpression studies, and gene
editing studies are common approaches to investigate the
function roles of core circadian genes. Such studies can be
conducted in mouse models (53,55,57,146) or different cell
types (46,68,78,80). The limitation of CRISPR/Cas9 KO is
that knockout gene can affect multiple pathways, making it
challenging to attribute observed effects to a specific pathway.
Additionally, these studies are not accounting for protein level
feedback loops which requires further translational studies to
evaluate the circadian framework. CRISPR/Cas9 KO applied
in vitro settings have the advantage of studying multiple genes
at once where mouse models mostly exist as one gene knockout
models. Still, in vivo models carry the advantage of including
the central clock and the SCN which is impossible to re-create
in in vitro models. In mouse models, day-night cycles are
controlled by the light exposure, and further circadian factors
can be introduced (Fig. 1) by temperature exposure and food
schedules. When studying in vitro one is limited to mimicking
circadian rhythms through starvation of cells and introduce arti-
ficial synchronization where the onset of the circadian rhythm is
estimated as soon as fetal bone serum is added to the culture after
starvation. Followingly, circadian tumor xenografts models are
used to study core circadian oscillations, their effects on cancer
progression, and the influence of time-of-day on SCC tumor
growth and therapy response (66). Whereas organoid models
and SCC cell lines provide in vitro systems to study metabolism,
proliferation, and drug response in SCC (98,113,159). Analyzing
data of any circadian study requires careful selection of house-
keeping genes as references (160,161). Interestingly, while
oscillation of circadian genes is already present in standard cell
culture, organoid cultures appear to maintain the circadian clock
even more effectively. Organoids derived from ex vivo tissue
maintain circadian rhythms for up to three days, with oscilla-
tion patterns still detectable even after passaging and in primary
structures (162-164). However, questions remain regarding
how accurately these in vitro models reflect in vivo circadian
dynamics, particularly within the TME. While organoid cultures
offer a more physiologically relevant system than monolayer cell
cultures, they still lack systemic cues from the central clock,
immune cells, and vascular networks. Additionally, the extent to
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which tumor-intrinsic circadian rhythms interact with external
signals in these models remains poorly understood. Further
research is required to assess how accurately organoid-based
circadian studies reflect in vivo conditions and whether these
models can be optimized to better replicate the complex interac-
tions between central and peripheral clocks in SCC.

Altogether, studying the circadian clock comes with
limitations in each given model of research. In vitro models
enable mechanistical and pathway studies of the circadian
genes whereas mouse models benefit from a full framework
with central clock system and adaptable external factors that
influence the circadian rhythm individually. Clinical trials
represent the primary avenue for translating circadian clock
research into effective cancer therapies. Early clinical data
suggest that the timing of therapy substantially influences SCC
progression and patient survival (32,33,148). Still, standardized
protocols, consistent timing definitions and sampling and large
multicenter randomized clinical trials are needed to provide
the necessary therapy validation in SCC (Table I). Most
studies evaluate the overall treatment effect rather than the
optimization of timing, and few follow-up studies have been
conducted. Without follow-up, it is difficult to determine the
impact of circadian rhythms on persistent treatment responses
at the molecular level, or how patient-specific factors, such as
chronotype and lifestyle, influence outcomes.

10. Conclusion

This review highlights the role of circadian disruption on SCC
with a focus on LSCC, particularly in immune evasion and
treatment response. Current evidence suggests that circadian
regulators influence multiple hallmarks of SCC biology and
communication within the tumor microenvironment. However,
available mechanistic evidence remains fragmented across
SCC subtypes and is still largely supported by preclinical
studies and selected extrapolation from non-SCC malignan-
cies. With cancer therapy increasingly focused on engaging
the patient's immune system, evidence supports that circadian
genes regulate key oncogenic pathways in SCC, including
immune checkpoint activity and cell-cell interactions within
the tumor microenvironment. Rather than representing an
isolated therapeutic target, circadian biology may provide a
broader framework for understanding temporal variation in
treatment susceptibility and immune responsiveness across
SCC subtypes. Therefore, chronotherapy may enhance the
efficacy of established treatments and supports the develop-
ment of circadian-directed therapeutic strategies aimed at
maximizing patient well-being and survival.
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