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ABSTRACT: This review explores the pivotal role of circadian rhythm regulators, particularly the PER genes, in
Oral Squamous Cell Carcinoma (OSCC). As key constituents of the biological clock, PERs exhibit a downregulated
expression pattern in OSCC, and the expression levels of PERs in OSCC patients are correlated with a favorable
prognosis. PERs impact the occurrence and development of OSCC through multiple pathways. In the regulation of cell
proliferation, they can function not only through cell cycle regulation but also via metabolic pathways. For example,
PER1 can interact with receptors for activated C kinase 1 (RACK1) and phosphatidylinositol 3-kinase (PI3K) through
its PAS domain to inhibit glycolysis and thereby reduce cell proliferation. Regarding the regulation of cell death, PERs
mediate various types of cell death in OSCC cells, such as p53-dependent apoptosis, protein kinase B (AKT)/mammalian
target of rapamycin (mTOR) dependent autophagy, or hypoxia-inducible factor 1-alpha (HIF-1α) mediated ferroptosis.
In regulating epithelial-mesenchymal transition (EMT), PERs can lead to the downregulation of EMT-related genes,
such as zinc finger E-box binding homeobox 1/2 (ZEB1/2), twist family BHLH transcription factor 1/2 (TWIST1/2),
and Vimentin, thereby influencing the migration and invasion capabilities of OSCC cells. In tumor angiogenesis, PERs
exert regulatory effects on related factors, such as methionyl aminopeptidase 2 (MetAP2) and vascular endothelial
growth factor (VEGF). In the tumor immune microenvironment, PERs can inhibit the inhibitor of kappa B kinase
(IKK)/nuclear factor kappa-B (NF-κB) pathway and programmed cell death ligand 1 (PD-L1) expression, thereby
enhancing the cytotoxic effect of CD8+ T cells on OSCC cells. In-depth studies focusing on elucidating the precise
regulatory mechanisms of PERs can facilitate the development of therapeutic strategies targeting PERs, including
restoration of PERs expression/activity, targeting PERs-regulated pathways, combination therapies, and chronotherapy.
These furnish a theoretical foundation for formulating individualized treatment plans to achieve precise treatment for
patients with OSCC.

KEYWORDS: Circadian rhythm; clock genes; period circadian regulators (PERs); oral squamous cell carcinoma
(OSCC); tumor suppressor; targeting PERs

1 Introduction
Oral squamous cell carcinoma (OSCC) is the most common type of head and neck cancer, accounting

for approximately 90% of oral malignancies. It markedly compromises facial aesthetics, speech articulation,
mastication capacity, and gustatory function in affected individuals. [1]. In 2022, there were 389,485
OSCC cases reported globally, with a majority occurring in Asia [2]. The oncogenesis process of OSCC is
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complex and multifactorial, involving genetic alterations, epigenetic modifications, and a dysregulated tumor
microenvironment [1].

More than 60% of patients with OSCC may be in the advanced clinical stage at the initial presentation,
with a 5-year survival rate of less than 50% [3–6]. Although traditional cancer treatments include surgery,
chemoradiotherapy, and, in recent years, molecular targeted therapies and immune checkpoint inhibitors
have made some progress, the lack of significant improvement in patient survival and quality of life remains a
major challenge in cancer treatment [7]. With the birth of high-throughput sequencing technology, patients
can be sequenced on the genome, proteome, metabolome, etc., which also marks the development of
personalized precision medicine, and through further exploration of the molecular mechanism of cancer,
it is expected to discover novel druggable targets and prognostic biomarkers [8,9]. Interestingly, a growing
body of systematic research and accumulating evidence have indicated that disruptions in circadian rhythms
are associated with various types of cancers, including OSCC [10]. The elucidation of specific molecular
mechanisms through which circadian rhythm disruptions influence OSCC progression could offer critical
insights for developing targeted therapies and prognostic strategies.

The biological clock, i.e., the circadian clock, generally functions on a near-24-hour cycle. Many life
activities and physiological phenomena also follow a roughly 24-hour rhythm, referred to as the circadian
rhythm. The components of the biological clock comprise the central tissue (hypothalamic suprachiasmatic
nucleus-SCN) and the genetic and molecular network structure in peripheral tissues [11]. Currently, at least
ten clock genes have been identified in mammals, such as BMAL1 (Basic Helix-Loop-Helix ARNT Like
1), PERs (period circadian regulators, including PER1, PER2, PER3, respectively), CLOCK (clock circadian
regulator), CRY (cryptochrome 1, 2), NPAS2 (neuronal PAS domain protein 2), nuclear receptor subfamily
REV-ERBs/NR1D, RORs (retinoid-related orphan receptors) [12,13]. On one hand, core circadian clock genes
generate their own circadian rhythms through TTFLs (negative transcription-translation feedback loops),
and on the other hand, they can regulate the expression of clock-controlled genes within the genome [12,14].
Therefore, clock genes may significantly influence the process of oncogenesis [10,15–18]. Research has
demonstrated that the expression of core circadian clock genes PERs is deregulated in OSCC tissues [10,19].
The uniqueness of the PERs resides in the fact that it is not only a transcriptional regulatory factor but also
the regulatory target of its mRNA expression. This duality enables them to control the circadian rhythm
precisely through dynamic TTFLs, highlighting their potential therapeutic value in the treatment of OSCC.
Although recent reviews have disclosed that PERs are frequently downregulated in OSCC, and their loss is
associated with poor prognosis [10,20], the elaborate molecular mechanisms governing PERs in OSCC and
their therapeutic potential have not been well recapitulated. For instance, PER1 and PER2 have been shown
to suppress tumor growth by regulating cell proliferation, apoptosis, and epithelial-mesenchymal transition
(EMT) [21,22]. Despite these findings, the precise mechanisms by which PERs influence OSCC progression
and their potential as therapeutic targets remain poorly understood.

This review seeks to bridge current knowledge deficiencies through an in-depth overview of PERs’
functional contributions to oral squamous cell carcinoma (OSCC). Specifically, we will explore the molecular
mechanisms through which PERs regulate key oncogenic processes, including cancer cell proliferation, cell
death, EMT, angiogenesis, and tumor immune microenvironment. Additionally, we will discuss the potential
of targeting PERs for OSCC treatment, highlighting recent advances in chronotherapy and the development
of clock-modulating drugs. By synthesizing current evidence and identifying unanswered questions, this
review seeks to provide a theoretical foundation for future research and the development of novel diagnostic
and therapeutic strategies for OSCC.
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2 Brief Overview of the PERs

2.1 First Discovery
In 1971, Konopka et al. demonstrated that mutations in specific genes in Drosophila resulted in altered

circadian rhythms [23]. Subsequently, the first biogenic gene, known as the Periodicity gene (Per), was
isolated [24,25]. PER genes similar to those found in Drosophila have since been identified in mice and
humans, with three genotypes: PER1, PER2, and PER3.

The human PER1 gene was initially cloned by Takumi et al. in 1997 [26]. It is located at 17p13.1p12 and
consists of 23 exons encoding a protein approximately 1290 amino acids long with a molecular mass of about
136 kDa. The human PER2 gene is situated on chromosome 2 and encodes an approximately 1255 amino
acid-long protein. On chromosome 1p36 lies the human PER3 gene, which spans a length of about 60,475
bp with an mRNA length of 6203 bp encompassing 21 exons encoding a protein consisting of 1201 amino
acids [27]. Exon18 contains four or five copies of an undirected repeat sequence measuring 54 bp, a tandem
repeat polymorphism (variable number tandem repeat, VNTR). These proteins encoded by the PER genes
primarily localize within the nucleus and exhibit expression across various tissues and organs of the human
body [28,29].

2.2 Protein Domains
The human PER1/2/3 proteins all contain: I. Three NES (Nuclear export signal) and one NLS (Nuclear

localization signal) motifs. II. Two PAS (1-2) (PER-ARNT-SIM) and one PAC (C-terminal to PAS) domains.
III. CRY binding domain; Phosphorylated region by CK1δ/ε; Interaction region with BTRC (β-TrCP),
although the region to which it binds PER3 is still undefined. Both PER1 and PER2 contain the “LXXLL”
motif, except for PER3. While PER3 contains a distinctive domain, namely the 5 × 18 AA tandem repeats of
S-[HP]-[AP]-T-[AT]-[GST]-[ATV]-L-S-[MT]-G-[LS]-P-P-[MRS]-[EKR]-[NST]-P (Fig. 1).

Figure 1: (Continued)
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Figure 1: Schematic structure of human PER1/2/3 proteins. Different motifs and domains of the PER1-3 proteins are
marked with squares of distinct colors, while the binding regions of the CRY, CK1δ/ε, and BTRC proteins are indicated
by horizontal and dashed lines. Arabic numerals display the specific positions of the peptide segments. NES, Nuclear
export signal motif; NLS, Nuclear localization signal motif; PAS, PER-ARNT-SIM domain; PAC, C-terminal to PAS
domains; CRY, cryptochrome 1, 2; CK1δ/ε, casein kinase 1 delta/epsilon; BTRC, β-TrCP. This picture is drawn by IBS
v1.0.3 software [30]

The PAS domain of human PER3 exhibits 30%, 52%, and 51% homology, respectively, with the PAS
regions of Drosophila Per, hPER1, and hPER2 [26]. Beyond the PAS region, hPER3 shares several identical
amino acids with hPER1 and hPER2. Nevertheless, there seem to be more shared amino acid regions between
hPER1 and hPER2 than those between hPER3 and the other two hPER proteins [31,32] (Fig. 2). The structural
characteristics of these hPER proteins determine their similar and distinct roles in signal transduction. For
example, hPER proteins primarily transmit downstream signals via the PAS domain [33,34].

Figure 2: Homology of human PER1/2/3 proteins. Comparison of Human PER Proteins. Alignments of the complete
amino acid sequences among the human PER family. The amino acid sequence of the hPER1/2/3 gene was obtained
from the database Uniprot (https://www.uniprot.org/) (accessed on 27 March 2025), and the amino acid sequence file
of the PER1/2/3 gene was imported into the database using the MEGA software(version 11; Tamura et al. [35], Arizona
State University, USA) for sequence comparison and the results were adjusted using the Gene Doc software (version
2.7; Nicholas [36], Pennsylvania State University, USA). To maximize homologies, gaps (indicated by dots) have been
introduced into the sequences. The underlined region denotes the PAS, PAC domains, and NES motifs. Red indicates
consensus among all three proteins; blue indicates consensus among two of the three proteins

https://www.uniprot.org/
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2.3 The Crucial Role of PERs in the Molecular Regulatory Network of the Circadian Clock
Mammalian circadian rhythms are regulated by three interconnected transcription-translation feedback

loops. In the core feedback loop, CLOCK and BMAL1 form heterodimers that activate the PER and CRY
genes by directly interacting with the E-Box element (CACGTA). The translated PER and CRY proteins
form a hetero-poly complex in the cytoplasm (interact via the domain located at the C-terminal of PER
proteins), which inhibits the CLOCK-BMAL1 heterodimer (interact via the PAS and PAC domains of
PERs) upon entering the nucleus, thereby suppressing the transcription of PER and CRY genes [37,38]
(Fig. 3). The stability, nuclear translocation, and degradation of PER proteins are tightly regulated by post-
translational modifications, particularly phosphorylation. Casein kinase 1 delta and epsilon (CK1δ/ε) are
well-known kinases that phosphorylate PER proteins, marking them for ubiquitination and subsequent
proteasomal degradation [39]. However, recent studies have highlighted the involvement of additional
kinases and phosphatases in the regulation of PER proteins. For instance, casein kinase 2 (CK2) has been
shown to phosphorylate PER2 at specific residues, enhancing its stability and nuclear accumulation [40,41].
Similarly, glycogen synthase kinase-3β (GSK-3β) phosphorylates PER proteins, influencing their subcellular
localization and degradation dynamics [42,43]. These phosphorylation events are counterbalanced by the
action of protein phosphatases, such as protein phosphatase 1 (PP1) and protein phosphatase 2A (PP2A),
which dephosphorylate PER proteins to modulate their stability and activity [44,45].

Figure 3: The molecular mechanism of the PER proteins in the normal oscillation of the Circadian Clock and its
phosphorylation regulation. The core of repressor factor complexes is composed of at least PERs, CRYs, and CK1δ/ε.
The positive transcription factors mainly consist of CLOCK and BMAL1. This picture is drawn by Figdraw

In addition to phosphorylation, other post-translational modifications, such as ubiquitination and
acetylation, have been implicated in the regulation of PER proteins. For ubiquitination, phosphorylation
could serve as a “molecular switch” for ubiquitination. In the Drosophila circadian clock model, CK1δ/ε
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kinase-mediated phosphorylation at specific sites (e.g., S47, S661) induces conformational changes in the
PER proteins, exposing the underlying Degron degradation signaling motif (LXXXL) and facilitating the
specific recognition by the SCF (FBXL3) complex [46]. In the mammalian model, CK1δ/ε phosphorylates
PERs, facilitating their binding to β-TrCP and ubiquitination, demonstrating the high conservation of
phosphorylation-dependent ubiquitination in the regulation of the biological clock [31,47]. For acetylation,
a specific example is that the acetylation of PER2 by the acetyltransferase p300 enhances its transcriptional
repressor activity [48]. These modifications add another layer of complexity to the regulation of PER proteins,
highlighting the intricate interplay between different signaling pathways in the circadian clock.

The regulation of PER proteins is further influenced by their interactions with other clock components
and regulatory proteins. For instance, PER proteins interact with CRY proteins to form repressor complexes
that inhibit CLOCK-BMAL1 activity [49]. Additionally, PER proteins can interact with transcriptional co-
repressors, such as histone deacetylases (HDACs), to modulate the expression of clock-controlled genes [50].
These interactions not only regulate the core circadian clock but also link the clock to other cellular processes,
such as metabolism, DNA repair, and cell cycle progression [17,51].

Despite significant advances in our understanding of PER protein regulation, several unanswered ques-
tions remain. For example, the precise mechanisms by which different kinases and phosphatases coordinate
to regulate PER protein dynamics are still not fully understood. Additionally, the role of PER proteins in
integrating circadian rhythms with other cellular signaling pathways, particularly in the context of cancer,
warrants further investigation. Addressing these questions will provide deeper insights into the molecular
mechanisms underlying circadian clock regulation and its implications for disease, including OSCC.

3 The Regulatory Function of PERs in Oral Squamous Cell Carcinoma

3.1 PERs Are Downregulated in OSCC, and PERs MIGHT Function as Tumor Suppressors
The expression of PERs has been verified to be correlated with the emergence, advancement, and

prognosis of cancer. In colorectal cancer (CRC), non-small cell lung cancer (NSCLC), head and neck
squamous cell carcinoma (HNSCC), hepatocellular carcinoma, and other malignancies, there is a notable
down-regulation of PERs expression [52]. Indeed, research has disclosed distinct variations in the expression
of the PERs at different stages of OSCC. Advanced patients demonstrate decreased levels of PER1 and
PER2 gene expression, along with a significantly augmented risk of lymph node metastasis. Moreover, the
downregulation of PER3 expression is associated with tumor size and deeper tumor invasion [53,54].

PERs not only regulate downstream genes but also sustain the synergistic equilibrium of multiple clock
genes within the clock gene network, thereby contributing to its role in OSCC [21]. Studies have manifested
that the expression level of PER1 and PER2 in the OSCC cell lines is reduced by approximately more than 50%
compared to that in normal cells through qPCR and western blot analyses [54–56]. The overexpression of
PER1 represses proliferation and promotes apoptosis of OSCC [22]. Several studies have also shown that the
knockout of the PER1/2 genes significantly boosts the proliferation, migration, and invasion capabilities of
cancer cells while reducing the apoptotic capacity [54,57,58]. Additionally, the downregulation of the PER1/2
genes results in elevated mRNA expression levels of Ki-67, murine double minute 2 (MDM2), c-Myc, B-
cell lymphoma-2 (Bcl-2), matrix metallopeptidase 2 (MMP2), and VEGF, but decreased expression levels
of p53, BCL-2-associated X protein (Bax), and Tissue Inhibitor of Metalloproteinase (TIMP-2) mRNA. The
expression of PER3 in OSCC tissues is about 60% lower than that in adjacent noncancerous tissues through
immunohistochemical analyses, and PER3 downregulation in OSCC is associated with increased expression
of HIF-1α, a key factor in tumor metastasis [59].
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In other cancers, similar patterns of PERs downregulation have been observed. For instance, in
colorectal cancer, increased PER3 expression is associated with increased expression of p53, cell cycle protein
B1, cell division cycle 2 (CDC2), Bcl-2 homology 3 interacting domain death agonist (Bid), and cleaved
cysteine asparaginase 3/8, and reduced Bcl-2 expression, leading to the induction of apoptosis and constrains
invasion and metastatic potential in CRC cells [60].

These well-conducted studies demonstrate the downregulation of PERs in various cancers, and the
reduced expression levels are closely related to cancer progression and poor prognosis. Further exploration
of the underlying molecular mechanisms may open up new avenues for cancer diagnosis, treatment, and
prognosis prediction.

3.2 The Function and Mechanism of PERs in OSCC
The occurrence and development of OSCC are modulated by PERs through their impact on cancer cell

proliferation, cell death, epithelial-mesenchymal transition (EMT), tumor angiogenesis, and tumor immune
microenvironment (Fig. 4).

Figure 4: The potential molecular mechanism modulated by PER proteins underlying the occurrence and development
of OSCC. The PER proteins exert influences on cancer cell proliferation, cell death, epithelial-mesenchymal transition
(EMT), tumor angiogenesis, and the tumor immune microenvironment through a broad spectrum of signal pathways
and regulatory factors. This picture is drawn by Figdraw
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3.2.1 Cell Proliferation
The cellular level encompasses a diverse array of activities, encompassing the cell cycle, DNA synthesis,

and repair, all of which are governed by a biological clock. The biological clock and cell cycle are closely
linked, and disruptions in their shared regulatory network, which involves common molecular elements,
significantly impact tumor growth and cancer cell proliferation [10]. The cell cycle genes, such as cyclin D1
(CCND1) (G1/S), WEE1 (G2/M), MYC (G0/G1), and cyclin dependent kinase inhibitor 1a (CDKN1a), display
periodic expression patterns. Among them, PER2 directly regulates the expression of WEE1, CCND1, and
CDKN1a [61]. In the regenerated liver of mice, the biological clock governs the expression of cell cycle-related
genes and subsequently regulates B1-Cdc2 kinase, a crucial regulator of mitosis. Notably, the oscillation of the
circadian rhythm is independent of the cell cycle mechanism. Thus, the intracellular circadian rhythm can
directly and unidirectionally control the cell division cycle in proliferating cells [62]. Besides, the expression
levels of cyclin A2, B1, D1, cyclin dependent kinase 4 (CDK4), CDK6, and E2F transcription factor 1 (E2F1)
mRNA were significantly elevated after the transfection of PER2 shRNA into OSCC cells and tumor-bearing
golden hamsters [63–65]. Conversely, the expression levels of p53, p16, and p21 mRNA manifested a marked
decline. It is noteworthy that since PERs can stabilize p53 and facilitate its nuclear translocation [60,66],
in OSCC, the regulatory role of PERs on p53 may be highly dependent on the mutation status of p53.
Patients with wild-type p53 may potentially benefit from enhancing the PERs-p53 pathway, whereas patients
with mut-p53 need to avoid treatment strategies relying on this pathway. The precise discrimination of p53
mutation types is crucial for formulating individualized therapeutic approaches. Overall, by maintaining
a balanced regulation of the cell cycle, PERs contribute to normal cellular growth; however, disruption
in the function of clock genes can lead to aberrant cell cycle progression, promoting cancer initiation
and development.

Loss of PER1 could also facilitate OSCC advancement by augmenting cell proliferation in an
AKT/mTOR pathway-dependent manner [55]. Furthermore, PER1 could restrain glycolysis by interacting
with RACK1 and PI3K to form the PER1/RACK1/PI3K complex through the PAS domain, thereby mod-
ulating the PI3K/AKT pathway and subsequently influencing OSCC cells’ proliferation [67]. This implies
that PERs can also have an impact on the fate of tumor cells via metabolic pathways, which is to previous
reports [20]; the metabolic aberrations of tumors might be elicited by the dysregulation of biological rhythms.

The above studies indicate that PERs regulate the proliferation of OSCC cells in a cell cycle-dependent
or -independent fashion, which might be contingent upon the partners of PERs. Additionally, whether there
exist disparities in biological rhythms that modulate proliferation signals in normal cells and OSCC cells
merits further investigations for exploration.

3.2.2 Cell Death
It was noted that PERs form a complex with p53, resulting in its stabilization and subsequent p53-

dependent apoptotic cell death [61,68]. Indeed, when the expression of PERs diminished in OSCC cells, the
expression of p53 subsequently declined as well [65,69]. In mouse models with an E-box promoter for the
c-MYC oncogene, the increased expression of this oncogene was correlated with higher cancer incidence
rates, It has been reported that the overexpression of PER1 is demonstrated to sensitize human cancer cells to
radiation-induced apoptosis through the activation of MYC-mediated apoptotic pathways [68,70]. Besides,
PER1 could regulate cell proliferation and autophagy-mediated cell apoptosis in an AKT/mTOR pathway-
dependent manner in OSCC [55]. These discoveries emphasize the critical role played by PERs proteins in
maintaining a balance between cell proliferation and apoptosis and suggest their potential as novel targets
for future cancer therapies.
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Additionally, ferroptosis is a recently identified form of cell death characterized by the excessive
accumulation of iron-dependent lipid peroxides, which is distinct from apoptosis [71]. Ferroptosis also exerts
a significant role in the development and progression of OSCC [72], while it has been discovered that PER1
binds with HIF-1α to form PER1/HIF-1α negative feedback loop, subsequently promoting ferroptosis and
inhibiting tumor occurrence and development [73]. The above findings imply that PERs may be capable of
regulating multiple types of cell death and have the potential to serve as therapeutic targets in cancer therapy.
However, the prerequisites for PERs-mediated OSCC cell death, as well as the specific types of cell death
(e.g., apoptosis, ferroptosis or autophagy) and their differential sensitivity to PERs regulation, remain to be
fully elucidated. Future studies are required to elucidate the mechanistic interplay between PERs and tumor
cell death pathways, including investigating whether PERs exert cell death selectivity through transcriptional
control of pro-death genes, metabolic reprogramming, or interactions with core apoptotic machinery (e.g.,
Bcl-2 family proteins). Additionally, the heterogeneity of PERs’ effects across OSCC subtypes harboring
distinct genetic backgrounds (e.g., p53 mutation status) warrants systematic exploration.

3.2.3 Epithelial-Mesenchymal Transition
Epithelial-mesenchymal transition (EMT) plays a crucial role in tumor proliferation, invasion, and

migration [74,75]. It has been demonstrated that in oral squamous cell carcinoma cells, such as SCC15,
SCC25, and CAL27, PER2 knockdown led to a reduction in TP53 and an up-regulation in the expression of
the EMT-related genes MMP1, ZEB1, ZEB2, TWIST1, and TWIST2 [69]. HIF-1α is a transcription factor that
is upregulated under hypoxic conditions, regulates the expression of EMT transcription factors, activates the
EMT process, and promotes tumor metastasis. PER3 could bind directly to HIF-1α through its PAS1 domain,
promoting ubiquitination degradation of HIF-1α and reducing HIF-1α protein levels without affecting its
mRNA expression levels. When the PER3 gene is silenced, HIF-1α protein expression is up-regulated, cell
migration and invasion ability are enhanced, and EMT-related protein expression is increased. Treatment
of PER3-overexpressing cells with the HIF-1α activator dimethyloxallyl Glycine (DMOG) or PER3 gene-
silenced cells with the HIF-1α inhibitor LW6 reversed the above-mentioned changes in cell migration,
invasion, and EMT-related protein expression caused by the alteration of PER3 expression, suggesting that
PER3 regulates the migration, invasion, and EMT processes of OSCC cells through a HIF-1α-dependent
pathway [59]. Recent studies have also revealed that tumor cells are governed by the circadian rhythm, which
can potentiate the interaction between cancer stem cells (CSCs) and the tumor microenvironment (TME),
and modulate distant metastasis of tumors through EMT [76]. Despite the limited research, there is an urgent
imperative to address issues such as how PERs regulates EMT and whether EMT-related genes are also “clock-
controlled genes”. Thereby, we could obtain a more in-depth comprehension of the molecular mechanism
through which the circadian rhythm governs tumor metastasis.

3.2.4 Tumor Angiogenesis
Methionine aminopeptidase 2 (MetAP2) exerts a crucial role in endothelial cell growth during tumor

angiogenesis. The rhythmic expression of MetAP2 within a 24-hour period was examined in tumor-bearing
mice. It was noted that the transcription of the MetAP2 promoter was augmented by the CLOCK-BMAL1
heterodimer and repressed by PER2 or CRY1 [77]. Similarly, in the cancer tissues of esophageal squamous
cell carcinoma (ESCC) patients, the activity of PER1/PER2 was significantly negatively correlated with
the expression of VEGF, indicating that the decreased levels of PER1/PER2 might influence the levels of
VEGF [78]. These suggest the significant role of PERs in modulating tumor angiogenesis, if further studies
confirm that OSCC angiogenesis exhibits circadian rhythmicity and is regulated by PERs, this would help
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determine the optimal time window for anti-angiogenic therapy, providing a theoretical basis for optimizing
clinical efficacy.

3.2.5 Tumor Immune Microenvironment
The tumor microenvironment encompasses multiple types of immune cells. Comprehensive analyses of

pan-carcinomas have disclosed that clock genes are associated with pathways such as the mitogen-activated
protein kinase (MAPK) signaling pathway, the NF-κB signaling pathway, the transforming growth factor-β
signaling pathway, the PD-L1 expression and programmed cell death protein 1 (PD-1) checkpoint pathway,
the T-cell receptor signaling pathway, the tumor necrosis factor signaling pathway, the RIG-I-like receptor
signaling pathway, and the janus kinase (JAK)-signal transducer and activator of transcription (STAT)
signaling pathway. The upregulation of immunosuppressive molecules like PD-L1, PD-L2, and cytotoxic T
lymphocyte associate protein-4 (CTLA-4) is correlated with the downregulation of the PER genes, which
subsequently leads to T-cell incompetence and immune escape [79]. Indeed, Zhang et al. have, for the first
time, revealed at the mechanistic level that PER2 promotes the ubiquitination and degradation of IKKα/β and
the nuclear translocation of p65 by binding with heat shock protein 90 (HSP90) through the PAS1 domain,
inhibits the IKK/NF-κB pathway and the expression of PD-L1, thereby enhancing the killing effect of CD8+
T cells on OSCC cells mediated by them [80]. TIMER2.0 database analysis also indicated that PER genes
expression are positively correlated with immune infiltration in patients with head and neck squamous cell
carcinoma (HNSCC) (Fig. 5), thereby further confirming their significant role in tumor immunity. However,
the underlying mechanism remains to be elucidated and warrants further investigation.

Recent studies have also disclosed that human immunity fluctuates along with the circadian rhythm,
and the circadian rhythm impacts the anti-cancer efficiency of the immune system and even the time when
T cells invade tumors [81–83]. Therefore, further studies should not only concern how PERs affect tumor
cells’ evasion of immune surveillance, but also simultaneously focus on whether the cycles of functional
activation and exhaustion of various cell subpopulations (such as T cells, B cells, etc.) in the tumor immune
microenvironment are regulated by PERs.

Figure 5: (Continued)
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Figure 5: Relationship between PER genes expression and tumor immune infiltration by TIMER 2.0 database. TIMER
2.0 database analysis visualizes the correlation between the mRNA expression levels of PERs in head and neck squamous
cell carcinoma (HNSCC). The analysis demonstrates the statistical significance of the correlations between the mRNA
expression levels of PER1, PER2, and PER3 and the extent of immune cell infiltration in HNSCC (p < 0.05). The scatter
plots depict the relationship between PER1/2/3 expression and the estimated values of infiltration of diverse immune
cells (http://timer.cistrome.org/) (accessed on 27 March 2025) [84]

4 The Role of PERs in the Therapy of OSCC
The dysregulation of PER genes (PER1, PER2, and PER3) in OSCC have highlighted their potential

as therapeutic targets. Recent advances in understanding the molecular mechanisms of PERs in OSCC
have opened new avenues for developing targeted therapies, including chronotherapy, which leverages the
circadian timing of drug administration to enhance efficacy and reduce toxicity [51]. However, targeting
PERs in OSCC therapy presents both opportunities and challenges, which need to be carefully addressed.

4.1 Potential Therapeutic Strategies Targeting PERs
4.1.1 Restoration of PERs Expression/Activity

One promising strategy is the restoration of PERs expressions in OSCC cells. For example, small
molecules such as 2-ethoxypropanoic acid KS15, a CRY inhibitor, an E-box transcription agonist, and a
shortening period, have been shown to indirectly enhance PER2 activity by stabilizing the PER2-CRY
complex [85–87]. Similarly, Han et al. revealed that miR-34a targeted PER1, thereby reducing its expression.
Inhibiting the expression of miR-34a could serve as an indirect targeting approach to attain the therapeutic
effect on tumors (reducing proliferation, apoptosis, and invasion of cancer cells) by restoring the expression
level of PER1 [88]. Future biochemical/structural biological studies on PERs and their formed transcriptional
complexes, along with predictions by AI models (such as AlphaGo 3), are likely to contribute to the synthesis
or discovery of more compounds for facilitating the reconstitution of PERs expression/activity. Meanwhile,
since the abnormal molecular events upstream that lead to the inhibition of PERs expression are complex
and have not yet been fully clarified, high-throughput omics studies (such as RNA sequencing or methylation
profiling) might be required to address this issue.

4.1.2 Targeting PERs-Regulated Pathways
PERs regulate multiple oncogenic pathways, including the PI3K/AKT and NF-κB pathways, which are

frequently dysregulated in OSCC. For instance, PER1 inhibits the PI3K/AKT pathway by forming a complex
with RACK1, and targeting this interaction with small molecules has shown promise in preclinical studies. In
one study, a PER1/RACK1 interaction inhibitor reduced OSCC cell proliferation by 50%–60% and suppressed
tumor growth in xenograft models [67]. Similarly, PER2 has been shown to inhibit the NF-κB pathway
by promoting the degradation of IKKα/β, and compounds that enhance PER2 activity have demonstrated
significant anti-tumor effects in OSCC [80]. These indicate that, given the heterogeneity of OSCC, after

http://timer.cistrome.org/
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identifying the signaling pathways mediated by PERs, it is feasible to adopt a therapeutic strategy that targets
this pathway alone or in combination.

4.1.3 Combination Therapies
Combining PERs-targeting agents with existing therapies, such as chemotherapy and immunother-

apy, may enhance treatment efficacy. For example, oxaliplatin, a chemotherapy drug, has been shown to
synergize with PER2-mediated suppression of DNA repair, resulting in a 2-fold increase in apoptosis in
OSCC cells [89]. Recent studies have shown that PER2 binds to 3-phosphoinositide-dependent protein
kinase-1 (PDK1) through its C-terminal domain, reducing PDK1 stability and promoting its degradation.
PDK1 degradation reduces multidrug resistance-1 (MDR1) and multidrug resistance proteins 1 (MRP1)
expression by inhibiting the AKT/mTOR pathway, ultimately enhancing the sensitivity of OSCC cells to
cisplatin [90]. Additionally, PER2 has been shown to enhance the efficacy of immune checkpoint inhibitors
by suppressing PD-L1 expression, leading to a 30%–40% increase in CD8+ T cell-mediated tumor killing
in preclinical models [80]. These also indicate that the expression of PERs might act as a biomarker for
predicting the responses to chemotherapy and immunotherapy.

In addition to the above-mentioned treatment strategies, natural products have shown certain potential
in the regulation of the circadian rhythm. Recent research indicates that natural products can serve as a new
approach for regulating the circadian rhythm and are of great significance for the prevention and treatment
of various diseases [91]. Despite the limited number of studies on the regulation of the circadian rhythm
by natural products in the treatment of OSCC at present, research findings from other disease areas offer
valuable insights and potential directions for exploration.

Some natural products may exert their effects by regulating PERs-related pathways. For example, the
active ingredients in certain plant extracts might be able to influence the expression or activity of PERs,
thereby regulating processes such as the proliferation and apoptosis of tumor cells. However, natural products
have complex components. The specific mechanisms of action, the screening of effective ingredients, and
the safety and efficacy in the treatment of OSCC still require further in-depth research. In the future,
investigating the synergistic application of natural products with existing therapeutic approaches may
uncover novel avenues for the treatment of OSCC.

4.2 Chronotherapy: Timing Matters
Chronotherapy, which involves the timed administration of drugs according to the circadian rhythm,

has emerged as a promising approach to enhance the efficacy and reduce the toxicity of cancer treatments.
The circadian clock regulates the expression of drug-metabolizing enzymes, DNA repair mechanisms, and
cell cycle checkpoints, all of which influence the response to therapy [92]. For example, the expression of
PER2 peaks during the early active phase (morning in humans), and administering chemotherapy during
this time has been shown to enhance drug efficacy by 20%–30% in OSCC models [89]. Similarly, the timed
administration of immune checkpoint inhibitors to coincide with peak PER2 expression has been shown
to improve anti-tumor immune responses by 40%–50% [83]. To fulfill the potential of this approach in
the treatment of OSCC, it is of primary necessity to undertake further studies to elucidate the molecular
mechanisms through which PERs regulate the progression of OSCC, and whether they can orchestrate the
optimal circadian rhythms of specific drug targets (e.g., broad-spectrum radiotherapy and chemotherapy,
anti-cell cycle drugs, anti-angiogenic drugs, PD-1/PD-L1 immunotherapy drugs, etc.), drug efficacy and
metabolism, as well as drug toxicity. Secondly, for clinical application, aside from considering the circadian
repair patterns of the normal tissue genome, it is requisite to clarify the circadian rhythm relationship
between the tumors and normal tissues of different OSCC patients to determine the optimal timing for
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killing cancer cells. This is of paramount importance for the development of individualized and precise tumor
therapeutic regimens.

4.3 Challenges and Limitations of Targeting PERs
Despite the potential of PER-targeting therapies, several challenges remain. First, the redundancy and

compensatory mechanisms within the circadian clock network may limit the efficacy of targeting individual
PER genes. For example, the knockdown of PER1 or PER2 often leads to the upregulation of other clock
genes, such as CRY1 or BMAL1, which may compensate for the loss of PERs function. Second, the tissue-
specific roles of PERs may complicate the development of systemic therapies. For instance, while PER1 acts
as a tumor suppressor in OSCC, it may have oncogenic roles in other cancers, such as gastric cancer, raising
concerns about off-target effects [93]. Finally, the delivery of PER-targeting agents to tumor tissues while
sparing normal tissues remains a significant challenge, particularly for epigenetic modulators, which may
have widespread effects on gene expression [21]. At present, most studies are based on cell and animal models,
and more clinical validations are required. The differences in individual biological clocks may have an impact
on treatment effects, and personalized strategies are also necessary.

5 Future Prospects and Conclusions
This review highlights the critical role of PER genes (PER1, PER2, and PER3) in the regulation of OSCC

progression and their potential as therapeutic targets. Key findings from recent studies demonstrate that
PERs function as tumor suppressors by regulating essential cellular processes, including cell proliferation, cell
death, EMT, angiogenesis, and the tumor immune microenvironment [55,80]. The downregulation of PERs
in OSCC is associated with advanced tumor stages, increased metastasis, and poor prognosis, underscoring
their importance in cancer biology [54].

For instance, PER1 and PER2 have been shown to inhibit tumor growth by suppressing oncogenic
pathways like PI3K/AKT and IKK/NF-κB. PER1 overexpression reduces OSCC cell proliferation by 40%–
50% and enhances apoptosis, while PER2 inhibits EMT and metastasis by downregulating ZEB1 and TWIST1
expression [67,69]. These findings suggest that restoring PERs expression could be a viable therapeutic
strategy for OSCC.

Additionally, the circadian regulation of drug metabolism and tumor biology offers a unique oppor-
tunity to optimize cancer treatment through chronotherapy. The timed administration of chemotherapy
and immunotherapy to coincide with peak PER2 expression has been shown to enhance treatment efficacy
by 20%–30% and reduce toxicity in OSCC models [83,89]. Furthermore, PER2 enhances anti-tumor
immunity by suppressing PD-L1 expression and promoting CD8+ T cell-mediated tumor killing, suggesting
that combining PER-targeting agents with immune checkpoint inhibitors could improve immunotherapy
responses in OSCC patients [80,92].

Despite these promising advances, several challenges remain. The redundancy and compensatory
mechanisms within the circadian clock network may limit the efficacy of targeting individual PER genes.
Additionally, the tissue-specific roles of PERs and their potential off-target effects require careful consid-
eration in therapeutic development. The lack of reliable biomarkers for circadian phase and individual
variability in circadian rhythms also pose significant hurdles for the implementation of chronotherapy in
clinical practice [51,94]. To address these challenges, future research should focus on developing combination
therapies that integrate PERs-targeting agents with existing treatments, optimizing chronotherapy through
wearable technology and machine learning algorithms, exploring novel targets within the circadian clock
network, and conducting well-designed clinical trials to evaluate the safety and efficacy of these approaches
in OSCC patients.
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The integration of circadian biology into cancer therapy represents a paradigm shift in the treatment of
OSCC. By targeting PERs and optimizing treatment timing, we can enhance the efficacy of existing therapies,
reduce toxicity, and improve patient outcomes. The development of PERs-targeting agents, combined
with advances in chronotherapy and personalized medicine, holds great promise for transforming the
management of OSCC. As we continue to unravel the complexities of the circadian clock and its role in
cancer, PER-targeted therapies may become a cornerstone of precision oncology, offering new hope for
patients with this devastating disease.
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PERs Period circadian regulators
OSCC Oral squamous cell carcinoma
RACK1 Receptor for activated C kinase 1
PI3K Phosphatidylinositol 3-kinase
AKT Protein kinase B
mTOR Mammalian target of rapamycin
HIF-1α Hypoxia-inducible factor 1-alpha
EMT Epithelial-mesenchymal transition
ZEB 1/2 Zinc finger E-box binding homeobox 1/2
TWIST 1/2 Twist Family BHLH Transcription Factor 1/2
MetAP2 Methionyl aminopeptidase 2
VEGF Vascular endothelial growth factor
IKK Inhibitor of kappa B kinase
NF-κB Nuclear factor kappa-B
PD-L1 Programmed cell death ligand 1
BMAL1 Basic Helix-Loop-Helix ARNT Like 1
CLOCK Clock circadian regulator
CRY Cryptochrome
NPAS2 Neuronal PAS domain protein 2
RORs Retinoid-related orphan receptors
TTFLs Negative transcription-translation feedback loops
NES Nuclear export signal
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NLS Nuclear localization signal
CK1δ/ε Casein kinase 1 delta and epsilon
CK2 Casein kinase 2
GSK-3β Glycogen synthase kinase-3β
PP1 Protein phosphatase 1
PP2A Protein phosphatase 2A
HDACs Histone deacetylases
CRC Colorectal cancer
NSCLC Non-small cell lung cancer
HNSCC Head and neck squamous cell carcinoma
MDM2 Murine double minute 2
Bcl-2 B-cell lymphoma-2
MMP2 Matrix Metallopeptidase 2
Bax BCL-2-associated X protein
TIMP-2 Tissue Inhibitor of Metalloproteinase 2
CDC2 Cell division cycle 2
Bid Bcl-2 homology 3 interacting domain death agonist
CCD1 Cyclin D1
CDKN1a Cyclin-dependent kinase inhibitor 1a
CDK4 Cyclin-dependent kinase 4
E2F1 E2F transcription factor 1
DMOG Dimethyloxallyl Glycine
CSCs Cancer stem cells
TME The tumor microenvironment
ESCC Esophageal squamous cell carcinoma
MAPK Mitogen-activated protein kinase
PD1 Programmed cell death protein 1
JAK Janus kinase
STAT Signal transducer and activator of transcription
CTLA-4 Cytotoxic T lymphocyte associate protein-4
HSP90 Heat shock protein 90
PDK1 3-phosphoinositide-dependent protein kinase-1
MDR1 Multidrug resistance-1
MRP1 Multidrug resistance proteins 1
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