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Introduction

Circadian genes are widespread in living organisms. 
Circadian genes, such as TIMELESS, were discovered in 
Drosophila by Michael W. Young et al. Subsequently, 
approximately 20 circadian genes have been found to be 
interrelated and coordinated, forming the circadian gene 
system.1 This system is made up of 2 parts: a core circadian 
system found in the suprachiasmatic nucleus and a periph-
eral circadian system found in nearly all peripheral tissues. 
As a master pacemaker, the circadian clock system syn-
chronizes or drives the peripheral circadian systems dis-
tributed throughout the body, which are closely linked to 
regulating circadian rhythms.2 Simultaneously, the circa-
dian clock genetic system controls nearly all physiological 
and pathological functions, including basal metabolism, 
body temperature, blood pressure, hormone secretion, and 
immunity, enabling organisms to anticipate environmental 
changes and modify their behavior and physiological func-
tions efficiently.3

Circadian genes have powerful regulatory functions on 
circadian rhythms and physiological metabolism and are 

closely associated with tumor progression. Numerous stud-
ies have presented that circadian genes such as PER, 
CLOCK, BMAL1, and TIMELESS are closely related to the 
progression and prognosis of breast, pancreatic, colon, and 
kidney cancers.4-14 In breast cancer, patients with a high 
expression of circadian genes CLOCK, PER1, PER2, 
PER3, CRY2, NPAS2, and RORγ have longer metastasis-
free survival (MFS), those with a high expression of PER3 
and RORγ have longer disease-free survival (DFS).8 
Additionally, the downregulation of PER2 gene expression 
in vitro promotes the level of cyclin D and cyclin E as well 
as the proliferation of breast cancer cells.9 Low BMAL1 
expression is related to pancreatic cancer progression and 
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poor prognosis.13 In vitro, overexpression of BMAL1 sig-
nificantly inhibits pancreatic cancer cell proliferation and 
invasion by activating the P53 pathway, which is consistent 
with the clinical findings.15 In colon cancer, high CLOCK 
expression is associated with better overall survival (OS)12; 
however, it promotes tumor cell proliferation by regulating 
iron metabolism in colon cancer cells.10 Furthermore, high 
CLOCK expression inhibits the apoptosis of colon cancer 
cells in vitro.16 It is common to find such inconsistencies 
between in vitro experiments and clinical observations in 
studies of circadian genes, suggesting that they may have a 
complex action mechanism in tumor progression.

The relationship between circadian genes and lung can-
cer progression and associated mechanisms has rarely been 
studied in lung cancers. Lung cancer has the highest mor-
bidity and mortality rates among malignant tumors, and has 
increased significantly over the last 40 years.17 In 2015, 
lung cancer caused 25% of all cancer deaths in the United 
States and 30% of deaths in China. Lung cancer ranks 
second in the United States and first in China in terms of 
morbidity.18,19 Smoking and environmental pollution are 
high-risk factors for lung cancer, while circadian rhythm 
disorders might also be closely connected with lung can-
cer progression. Although circadian rhythm changes and 
alterations in circadian genes have been extensively stud-
ied in the field of oncology, their roles in lung cancer are 
poorly studied. Hence, we searched the published literature 

and summarized 15 genes in the circadian gene family, 
including PER1, PER2, PER3, TIMELESS, CRY1, CRY2, 
CLOCK, BMAL1/ARNTL-1, ARNTL2, NPAS2, NR1D1 
(REV-ERB), DEC1, DEC2, RORα, and RORγ. We also 
observed the current status of their research in lung cancer 
to provide directions and ideas for future studies.

Circadian clock genes interact with each other forming a 
circadian gene network, and the circadian system is based 
on an autonomous transcriptional autoregulatory feedback 
loop within an activating unit (CLOCK, NPAS2, and ARNTL 
[BMAL1]) and a repressing unit (PER and CRY) (Figure 1).

Relationships Between Circadian 
Genes and the Clinicopathological 
Features of Lung Cancer Patients

Circadian genes might be closely related to clinicopatho-
logical features, tumor-node-metastasis (TNM) staging, and 
lung cancer patients’ prognosis. TIMELESS, PER1, PER2, 
PER3, DEC1, and ARNTL-2 are associated with the degree 
of differentiation in non-small cell lung cancer (NSCLC). 
Zhang et al25 compared the clinical data of 72 NSCLC 
patients and revealed that lung cancer patients with high 
TIMELESS expression had a low degree of differentiation. 
Liu et al26 discovered that PER1, PER2, and PER3-deficient 
NSCLC patients had a low degree of differentiation. 

Figure 1. Hypothesized models of circadian rhythm genes in mammals. The CLOCK and NPAS2 form heterodimers with BMAL1. 
These heterodimers act as enhancer e-box elements upstream of transcription factors binding target genes to activate transcription 
of other core circadian genes like the PER family (PER1, PER2, PER3) and CRY family (CRY1, CRY2).20,21 CLOCK and NPAS2 can also 
trans-activate the expression of other pathway components, such as NR1D1, NR1D2 (also known as Rev-ERB), RORA, RORB, and RORC. 
RORA/RORB activates transcription of ARNTL, whereas NR1D1 and NR1D2 repress it, which further increases the regulatory level of 
CLOCK/NPAS2 activity.22,23 Heterodimers of PER and CRY proteins activate a negative feedback loop that acts directly on CLOCK and 
NPAS222,24
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Giatromanolaki et al27 collected data from 115 NSCLC 
patients and presented that patients with low DEC1 expres-
sion had a low degree of differentiation. In the same way, 
Brady et al28 found that in lung adenocarcinoma, ARNTL-2 
expression was higher in poorly differentiated lung cancer 
tissues. The associations between circadian genes and the 
degree of differentiation of lung cancer tissues are presented 
in Table 1.

Circadian genes are also closely related to TNM staging in 
lung cancer patients. Patients with TNM stage III NSCLC 
express significantly more TIMELESS than those with TNM 
stage I and II. Additionally, TIMELESS expression in lung 
adenocarcinoma tissues with more than 3 cm tumor size was 
significantly higher than that in lung cancer tissue sizes 
smaller than 3 cm.25 However, it has also been shown that 
TIMELESS does not correlate with the TNM stage signifi-
cantly.29,30 A clinical study of 130 NSCLC cases reported that 
PER1, PER2, and PER3 were less prevalent in lung cancer 
tissues than in the adjacent normal lung tissues, and the TNM 
staging was relatively late in patients with PER1, PER2, and 
PER3 deletion.26 Furthermore, Liu et al31 found that DEC1-
deficient NSCLC patients had later TNM staging. However, 
some studies show that the circadian clock genes have no 
association with the TNM staging of NSCLC.27,30 The asso-
ciations between circadian genes and the TNM staging of 
NSCLC patients are presented in Table 1.

Prognostically, there is also a relation between circa-
dian genes and lung cancer. It has been established that 
TIMELESS, PER1, PER2, PER3, DEC1, BMAL1, ARNTL-
2, NPAS2, CRY2, RORα, and RORγ are associated with 
patient prognosis.25-33 Patients with high TIMELESS 
expression have a considerably shorter OS and poorer 
prognosis,29,30 and patients with PER1, PER2, and PER3 
deletion also show lower OS.26 However, it has been 
revealed that the expression of PER family does not corre-
late with lung cancer patients’ prognosis significantly.30 A 
database-based study presented that high DEC1 expression 
corresponded with a poor prognosis in NSCLC patients.30 
However, it has also been shown that the expression of the 
DEC family does not correlate with lung cancer prognosis 
significantly.27 Thus, whether the PER family proteins and 
DEC1 can predict NSCLC prognosis must be investigated 
further. Another study discovered that OS was significantly 
longer in lung adenocarcinoma patients with a high expres-
sion of BMAL1, RORα, and NPAS2.30 The relationships 
between each circadian gene and the prognosis of NSCLC 
patients are presented in Table 1.

Abnormal Circadian Gene Expression 
Is Closely Associated With Lung 
Cancer Progression

Several studies have shown that the abnormal expression of 
circadian genes might be closely related to the progression 

lung cancer. The role of the aberrant expression of 15 circa-
dian genes, including TIMELESS and BMAL-1, in lung can-
cer progression and the underlying mechanisms, has been 
summarized below (Figure 2).

TIMELESS

TIMELESS (TIM) gene is located on 12q13.3. Several retro-
spective clinical analyses have reported that high TIMELESS 
expression in lung cancer suggests hypodifferentiation, 
late-stage, and poor prognosis.25,29,30 In cellular experi-
ments, however, TIM deletion may promote the cytogenesis 
and progression of lung cancer by significantly accelerating 
the proliferation of lung cancer cells and by inhibiting their 
apoptosis.29 The underlying mechanism by which TIM dele-
tion increases the proliferative capacity of lung cancer cells 
remains unclear.

Smith et al.34 discovered that the complex makeup of 
TIMELESS and TIMELESS interacting protein Tipin (Tim-
Tipin) played an important role in DNA replication and 
genome stabilization; Tim-Tipin deletion can result in the 
abnormal aggregation of single-stranded DNA at replica-
tion forks and affect normal DNA replication. At this time, 
the cell can maintain the DNA replication process only via 
the activation of the ATR-Chk1 signaling pathway. When 
both Tim-Tipin and ATR are absent, phosphorylation of his-
tone (H2AX) phosphorylation increases, resulting in DNA 
double-strand breaks, thus blocking DNA replication in the 
S-phase. TIM and Tipin can inhibit DNA replication by 
suppressing excessive fork rotation and also prevent DNA 
damage during DNA replication by inhibiting excessive 
fork rotation and DNA precatenation, thus sustaining the 
stability of DNA replication.35 Simultaneously, TIM dele-
tion can also increase the sister chromatid exchange by 3- to 
4-fold during DNA synthesis, signifying the role of TIM in 
maintaining genomic stability during DNA replication.36 
Hence, we hypothesized that TIM deletion might result in a 
higher probability of damage and sister chromatid exchange 
during DNA replication and lower stability, promoting 
carcinogenesis.

TIMELESS is required to ligate the CMG helicase 
complex (CDC45/MCM2–7/GINS helicase complex) to 
DNA polymerase, and TIMELESS deletion can lead to 
the aggregation of abnormal CMG helicase complexes, 
affecting DNA synthesis.37,38 TIMELESS deletion inhibits 
the stable chromatin binding.38 Tipin was identified as a 
substrate for cyclin E/cytosolic protein-dependent kinase 
2 in African clawed toads.38 Additionally, poly(ADP-
ribose)polymerase1 (PARP1) binding to certain substrates 
and its complementation of DNA damage is impaired by 
TIMELESS knockdown, and TIMELESS silencing signifi-
cantly impairs DNA double-strand break repair. The dele-
tion of TIMELESS genes might affect DNA synthesis, 
stimulating tumorigenesis.39
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Conversely, increased levels of TIMELESS expression 
can protect lung cancer cells from oncogene-directed 
replicative stress and inhibit their intrinsic negative feed-
back mechanisms, thus promoting cancer progression.40 
TIMELESS knockdown reduces the cancer cell proliferation 
rate significantly and may lead to apoptosis caused by 
impaired intra-S checkpoints as well as induced apoptosis, 
which inhibits the proliferation and clonal growth of H157 
and H460 cells.29 The TIMELESS expression shows contra-
dictory effects on lung cancer, suggesting more precise 
research to determine the relationship between their abnor-
mal alterations and lung carcinogenesis and the underlying 
mechanisms.

BMAL1

BMAL1 is also recognized as brain and muscle ARNT-like 
protein 1 (BMAL1/ARNTL-1), and its gene is located at 
11p15.3. The protein BMAL1 always forms heterodimers 
with CLOCK and NPAS2 (CLOCK-BMAL1, NPAS2-
CLOCK), working as 1 heterodimer. A controlled study of 
409 lung cancer patients and 417 normal subjects in a north-
eastern Chinese population reported that BMAL1 single-
nucleotide polymorphisms were strongly related to lung 
cancer. The rs3816360 heterozygous CT genotype and 

variant pure CC genotype in BMAL1 are connected with a 
significantly increased risk of lung cancer versus the wild-
type pure TT genotype. For rs2290035, an increased risk of 
lung adenocarcinoma was associated with those carrying 
the AA genotype, considering the TT genotype as the refer-
ence group.41 Meanwhile, intracellular studies have sug-
gested that BMAL1 may inhibit the ability of the Bcl-w 
oncogene to activate the PI3K-Akt-MMP-2 pathway and 
attenuate the ability of Bcl-w to promote MMP-2 aggrega-
tion and A549 cell invasion, thereby inhibiting lung cancer 
cell growth and invasion.42 BMAL1/PER2 can synergize 
with KRAS and P53 mutations, promoting lung carcinogen-
esis. For simultaneous mutations in KRAS and P53, a sim-
ple alteration of the photoperiod to physiologically disrupt 
circadian rhythms can accelerate lung cancer development. 
The numbers of tumor cells are significantly increased in 
animals with BMAL1 knockdown. In KrasLA2/+ lung cancer 
cells, BMAL1 mutations increase the number of lung cancer 
cells and decrease survival. Furthermore, the loss of BMAL1 
in K-rasLSL–G12D+ tumor cells accelerates lung cancer cell 
proliferation. In KP (K-rasLSL–G12D/+ and p53fl°x/fl°x) tumor 
cells, that is, cells with KRAS mutation and P53 deletion, 
tumor load is not increased after BMAL1 knockdown, signi-
fying a possible P53-dependent role of BMAL1 deletion in 
promoting lung cancer.43 BMAL1 deletion can also increase 

Figure 2. The association between circadian genes and lung cancer.
Abbreviations: (–), gene downregulation or gene deletion; PI3K-Akt-mTOR, phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt)/mechanistic target 
of rapamycin (mTOR) signaling pathway; PI3K-Akt-MMP-2, phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt)/matrix metalloproteinase-2 (MMP-2) 
signaling pathway; VEGF, vascular endothelial growth factor; VEGF-C, vascular endothelial growth factor-c; PARP1, poly (ADP-ribose) polymerase 1; 
CGM, CDC45/MCM2-7/GINS; RHOA-ROCK-CFL, Ras homolog family member A (ROHA)-Rho-associated coiled-coil containing kinase(ROCK)-
Actin-depolymerizing factor (CFL); GSK3β, glycogen synthase kinase 3β; FBXW7, F-box and WD40 repeat domain-containing 7.
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c-myc transcriptional output, thus promoting lung cancer 
cell proliferation.43 Therefore, BMAL1 deletion may affect 
or synergize with KRAS and cancer regulatory genes such 
as P53, c-myc, and Bcl-w to promote lung carcinogenesis.

PERIOD Family

The PERIOD (PER) family comprises 3 genes, PER1, PER2, 
and PER3, located at 17p13.1, 2q37.3, and 1p36.22. The 
PER2 gene is positively correlated.26 PER1 inhibits the 
growth of NSCLC cells and their clonal proliferation ability, 
and DNA hypermethylation and histone H3 acetylation.44 
Deletion of PER2 function, an anti-oncogene, accelerates 
tumor progression and reduces tumor DNA damage repair.45 
c-myc expression in tumor cells increases after PER2 
knockdown, enhancing lung cancer proliferation.43 PER2 
also decreased the activity of PI3K/AKT/mTOR signaling 
pathway, promoting apoptosis in lung adenocarcinoma 
cells.46 Overexpression of PER3 inhibits the proliferation 
of NSCLC, induces apoptosis, and suppresses the migra-
tion and invasion abilities of cells.47 Furthermore, PER3 
single nucleotide polymorphisms are strongly related to 
lung cancer, and the risk of lung cancer is higher in T/T 
pure individuals with single nucleotide polymorphism 
(SNP) (rs228729).48 Hence, deletion of the PER family 
genes may increase the proliferation and invasion abilities 
of lung cancer cells and inhibit their apoptosis. Single-
nucleotide polymorphisms in the PER gene may be associ-
ated with a high risk of lung cancer.

CLOCK

The Circadian locomotor output cycles kaput (CLOCK) 
encoding gene is located at 4q12. The CLOCK forms het-
erodimers with BMAL1, and CLOCK-BMAL1 heterodi-
mers drive the positive component of transcriptional 
oscillations.20 The deletion of CLOCK may hinder the pro-
liferation, migration, and invasion abilities of lung cancer 
cells. Jiang et al. found that after CLOCK knockdown in 
A549 and H1299 spherical cells, the Wnt/β-catenin pro-
tein pathway was significantly inactivated, and the expres-
sion levels of the proteins β-catenin and GSK-3β reduced, 
thereby inhibiting the proliferation of lung cancer cells. 
Meanwhile, the number of lung tumor stem cells was 
reduced significantly, and the sphere-forming ability of 
lung cancer A549 and H1299 cell lines was also decreased.49 
CLOCK-BMAL1 also medicates the downregulation of 
RHOA-ROCK-CFL pathway expression, alters F-actin/G-
actin conversion, causes F-actin aggregation, and pro-
motes cancer cell proliferation, migration, and invasion.50 
The specific mechanisms by which CLOCK might influ-
ence lung cancer cell proliferation and invasion remain 
unclear.

ARNTL-2

Brain and muscle ARNT-like protein 2 (ARNTL-2) encod-
ing gene is located on 12p11.23 and is likely related to the 
metastatic capacity of lung cancer. Brady et al23 reported 
that ARNTL-2 was highly expressed in metastatic lymph 
nodes and distant metastatic lung cancer tissues, and those 
ARNTL-2-regulated secretory factors like Wnt5a, IL-11, 
and Cxcl5 were more highly expressed in the cell lines of 
metastatic origin. For that reason, ARNTL-2 might be 
closely associated with metastasis in lung cancer. This study 
also knocked down ARNTL-2 in lung adenocarcinoma 
H1792 cells and discovered that it could significantly 
reduce their ability to form colonies. Meanwhile, Smoc2, a 
member of the secreted protein acidic and rich in cysteine 
family, is a potential regulator of metastatic capacity pro-
moting lung cancer cell metastasis in vivo. In cells with 
ARNTL-2 knockdown, its transcript levels are significantly 
downregulated. Additionally, it is found in animal experi-
ments that lung and liver metastases were significantly 
reduced in ARNTL-2-deficient homozygous immunoreac-
tive receptor mice. Hence, it was hypothesized that ARNTL-
2 aberrant expression might promote the distant metastasis 
of lung cancer. ARNTL-2 could also synergize with CLOCK 
to stimulate the distant metastasis of lung cancer. CLOCK 
knockdown resulted in a significant decrease in the mRNA 
transcription of ARNTL-2, thereby decreasing the protein 
expression in cells. Lung cancer cell colonies are signifi-
cantly reduced after simultaneous knockdown of CLOCK 
and ARNTL-2, suggesting that the 2 may act synergistically 
to promote the distant metastasis of lung cancer.28

NPAS2

The gene encoding neuronal PAS domain protein 2 
(NPAS2)—also identified as MOP4—is located on 2q11.2. 
NPAS2 and BMAL1 polypeptides also form heterodimeric 
transcription factor to regulate positively clock gene expres-
sion. The role of NPAS2 in lung cancer is still not clear. 
NPAS2 expression and BAML-1-related signaling pathways 
are significantly controlled by indole-3-carbinol (I3C) and/
or silibinin (Sil)  + I3C. Contrary to NNK 4-(methylnitro-
samino)-1-(3-pyridyl)-1-butanone-induced lung cancer 
cells, inflammation-driven lung adenocarcinoma cells show 
a significantly low expression of NPAS2.51 This might play 
a role in promoting inflammation-driven lung tumorigene-
sis; however, its role and mechanism remain unclear. 
Studies with breast cancer cell line MCF-7 and colon cancer 
cell line HCT-15 have reported that reduced NPAS2 expres-
sion can affect DNA repair capacity, cell cycle checkpoints, 
and inhibit the DNA damage response to cell proliferation, 
making it easier to enter the next cycle to promote tumor 
proliferation.52 Therefore, NPAS2 deletion might promote 
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tumor cell proliferation via its effect on the cell cycle. 
Conversely, NSCLC patients with low NPAS2 expression 
had a better prognosis in clinical studies.30,32 Such contra-
dictory outcomes indicate that the role of NPAS2 in lung 
cancer is unclear, and the mechanisms behind it require fur-
ther exploration.

DEC Family

The differentiated embryo-chondrocyte expressed gene 
(DEC) family contains genes expressed by differentiated 
embryonic chondrocyte cells, with DEC1 located on 3p26.1 
and DEC2 on 12p12.1. DEC1, a negative transcriptional reg-
ulator of DEC2, mainly binds via the E-box of DEC2 proxi-
mal promoter to negatively regulate DEC2 expression.53 
DEC2 displays low expression in lung cancer, whereas DEC1 
expression is significantly increased in cancer.53 DEC1 may 
downregulate hypoxia-inducible factor-1α (HIF1α) in A549 
in response to hypoxia. In lung cancer cells, the gene and 
protein levels of HIF1α in A549 might be downregulated 
during hypoxia and act as an inhibitor of apoptosis.27,54 
However, Liu et al31 and Giatromanolaki et al27 showed con-
tradictory results with DEC1 showing low expression in lung 
cancer. After DEC1 knockdown, the proliferation of lung 
cancer cells was reduced, significantly increasing after over-
expression. Loss of DEC1 can lead to the upregulation of 
cyclin D1, while upregulating cyclin D1 can stimulate tumor-
igenesis progression in NSCLC.31,55,56

CRY Family

The cryptochrome (CRY) family genes include CRY1 
and CRY2 at 12q23.3 and 11p11.2, respectively. CRY2 
stimulates c-myc degradation and synergizes with F-box 
and leucine-rich repeat protein 3 to co-promote c-myc deg-
radation.57 Downregulation of CRY2 increases c-myc 
expression to promote lung cancer cell growth.58 However, 
the underlying mechanism is still not clear. As a result of 
CRY2 knockdown in osteosarcoma, the S-phase cell popu-
lation increases, the G1-phase cell population decreases, 
P53 expression decreases, c-myc and cyclin D1 expression 
increases, and the phosphorylation of extracellular signal-
regulated kinase (ERK) 1/2 increases without altering the 
phosphorylation of c-Jun N-terminal kinase (JNK) and P38. 
CRY2 knockdown enhances the expression of matrix metal-
loproteinase (MMP)-2 and β-catenin and increases the pro-
liferation and migration of osteosarcoma cells by promoting 
cell cycle progression and inducing mitogen-activated 
protein kinase (MAPK) and Wnt/β-catenin signaling 
pathways.59 CRY2 deletion might reduce the degradation of 
c-myc and accordingly promote tumor cell proliferation by 
inducing cell cycle progression, which may be a potential 
mechanism for its deletion to promote lung cancer cell 
proliferation.

RORα/RORγ
ROR family genes encode the retinoic acid receptor-related 
orphan receptors, with RORα (RORA) located on 15q22.2 
and RORγ (RORC) located on 1q21.2–22. In lung cancer, 
RORγ2 expression is increased and is positively correlated 
with IL-17 expression. Its relation with lung cancer pro-
gression might be associated with the upregulation of Th17 
cells,33,60 which secrete IL-17A that activates tumor-associ-
ated macrophages in NSCLC and drives tumor progression 
by inducing angiogenesis and lymphangiogenesis and 
directly inducing tumor cell growth. The Th17 effector 
cytokine IL-22 might also directly stimulate the prolifera-
tion of NSCLC cells.61 Studies on the role of RORα in lung 
cancer are limited, with some indicating that RORα may 
induce apoptosis in lung epithelial cells,62 and its high 
expression may offer a better prognosis.30

Other Genes

The role of other circadian genes in lung cancer is not well 
understood. Some genes, such as CSNK1D (CK1δ) (encod-
ing casein kinase 1δ), located on 17q25.3, have defective 
low CK1δ-mediated phosphorylation, leading to the disrup-
tion of the associated CK1δ/GSK3β/FBXW7α axis-regu-
lated ZNF322A oncoprotein, which can result in ZNF322A 
overexpression and stimulate lung cancer progression.63

Conclusions and Future Directions

Circadian genes are essential components of the multi-feed-
back loop of the regulatory system of organisms and are 
associated with the clinicopathological features of NSCLC, 
playing an important role in its growth, invasion, and metas-
tasis. Circadian genes can promote lung carcinogenesis via 
numerous pathways, comprising the c-myc and regulation 
of metastatic factors, immune cells, and cell cycle proteins. 
Thus, they may serve as potential biomarkers and therapeu-
tic targets for lung cancer. Targeting of circadian genes has 
also been reported in relation to other tumors; for example, 
inhibitors to suppress RORγ can hinder tumor growth and 
improve the survival of pancreatic cancer patients.64 There 
is still a need for further study in order to determine whether 
targeting circadian genes in lung cancer can improve the 
therapeutic effect.

As a consequence of irregular circadian gene expression 
and circadian rhythm disorders, there is a higher incidence 
of lung cancer among smokers who have circadian rhythm 
disorders. Further studies using a larger sample size and 
more detailed stratified analysis are required to validate 
whether circadian rhythm disorders and circadian genetic 
abnormalities increase the risk of lung cancer, find specific 
pathways of biological clock genes acting on lung cancer, 
as well as for the exploration of the underlying mechanisms 
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to provide effective theoretical support for the primary pre-
vention of lung cancer.

In conclusion, circadian genes are closely connected to 
physiological functions like sleep and metabolism in 
humans, and their abnormal expression might promote lung 
cancer progression. Circadian rhythm disorders and abnor-
mal circadian genes could contribute to lung development 
in a population. Further research on circadian clock genes 
will result in new targets for lung cancer treatment and theo-
retical support for the primary prevention of lung cancer.

Author Contributions

Hao Zhang: conceptualization, data selection, project adminis-
tration, writing—original draft, writing—review and editing. 
Renwang Liu: conceptualization, data selection, writing—original 
draft. Bo Zhang: conceptualization. Huandong Huo: conceptual-
ization. Zuoqing Song: writing—review and editing, supervision.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with respect 
to the research, authorship, and/or publication of this article.

Funding

The author(s) disclosed receipt of the following financial support 
for the research, authorship, and/or publication of this article: This 
work was supported by the Tianjin Key Project of Natural Science 
Foundation (No. 17JCZDJC36200), and Tianjin Science and 
Technology Plan Project (19ZXDBSY00060).

ORCID iD

Hao Zhang  https://orcid.org/0000-0003-4732-8049

References

 1. Ukai H, Ueda HR. Systems biology of mammalian circadian 
clocks. Annu Rev Physiol. 2010;72:579-603.

 2. Takahashi JS. Molecular components of the circadian clock in 
mammals. Diabetes Obes Metab. 2015;17:6-11.

 3. Partch CL, Green CB, Takahashi JS. Molecular architec-
ture of the mammalian circadian clock. Trends Cell Biol. 
2014;24:90-99.

 4. Relles D, Sendecki J, Chipitsyna G, Hyslop T, Yeo CJ, Arafat 
HA. Circadian gene expression and clinicopathologic cor-
relates in pancreatic cancer. J Gastrointest Surg. 2013;17: 
443-450.

 5. Reszka E, Przybek M, Muurlink O, Pepłonska B. Circadian 
gene variants and breast cancer. Cancer Lett. 2017;390: 
137-145.

 6. Momma T, Okayama H, Saitou M, et al. Expression of cir-
cadian clock genes in human colorectal adenoma and carci-
noma. Oncol Lett. 2017;14:5319-5325.

 7. Blakeman V, Williams JL, Meng QJ, Streuli CH. Circadian 
clocks and breast cancer. Breast Cancer Res. 2016;18:89.

 8. Cadenas C, van de Sandt L, Edlund K, et al. Loss of circadian 
clock gene expression is associated with tumor progression in 
breast cancer. Cell Cycle. 2014;13:3282-3291.

 9. Yang X, Wood PA, Oh EY, Du-Quiton J, Ansell CM, 
Hrushesky WJ. Down regulation of circadian clock gene 
period 2 accelerates breast cancer growth by altering its daily 
growth rhythm. Breast Cancer Res Treat. 2009;117:423-431.

 10. Okazaki F, Matsunaga N, Okazaki H, et al. Circadian clock 
in a mouse colon tumor regulates intracellular iron levels 
to promote tumor progression. J Biol Chem. 2016;291: 
7017-7028.

 11. Wang Y, Hua L, Lu C, Chen Z. Expression of circadian clock 
gene human period2 (hPer2) in human colorectal carcinoma. 
World J Surg Oncol. 2011;9:166.

 12. Qiu MJ, Liu LP, Jin S, et al. Research on circadian clock 
genes in common abdominal malignant tumors. Chronobiol 
Int. 2019;36:906-918.

 13. Li W, Liu L, Liu D, et al. Decreased circadian component 
Bmal1 predicts tumor progression and poor prognosis in 
human pancreatic ductal adenocarcinoma. Biochem Biophys 
Res Commun. 2016;472:156-162.

 14. Mazzoccoli G, Piepoli A, Carella M, et al. Altered expres-
sion of the clock gene machinery in kidney cancer patients. 
Biomed Pharmacother. 2012;66:175-179.

 15. Jiang W, Zhao S, Jiang X, et al. The circadian clock gene 
Bmal1 acts as a potential anti-oncogene in pancreatic cancer 
by activating the p53 tumor suppressor pathway. Cancer Lett. 
2016;371:314-325.

 16. Wang Y, Qian R, Sun N, Lu C, Chen Z, Hua L. Circadian 
gene hClock enhances proliferation and inhibits apoptosis of 
human colorectal carcinoma cells in vitro and in vivo. Mol 
Med Rep. 2015;11:4204-4210.

 17. Torre LA, Bray F, Siegel RL, Ferlay J, Lortet-Tieulent J, 
Jemal A. Global cancer statistics, 2012. CA Cancer J Clin. 
2015;65:87-108.

 18. Chen W, Zheng R, Baade PD, et al. Cancer statistics in China, 
2015. CA Cancer J Clin. 2016;66:115-132.

 19. Siegel RL, Fedewa SA, Miller KD, et al. Cancer statistics 
for Hispanics/Latinos, 2015. CA Cancer J Clin. 2015;65(6): 
457-480. doi:10.3322/caac.21314

 20. Gekakis N, Staknis D, Nguyen HB, et al. Role of the CLOCK 
protein in the mammalian circadian mechanism. Science. 
1998;280:1564-1569.

 21. Kume K, Zylka MJ, Sriram S, et al. mCRY1 and mCRY2 
are essential components of the negative limb of the circadian 
clock feedback loop. Cell. 1999;98:193-205.

 22. Mocellin S, Tropea S, Benna C, Rossi CR. Circadian pathway 
genetic variation and cancer risk: evidence from genome-
wide association studies. BMC Med. 2018;16:20. Published 
2018 Feb 19.

 23. Guillaumond F, Dardente H, Giguère V, Cermakian N. 
Differential control of Bmal1 circadian transcription by 
REV-ERB and ROR nuclear receptors. J Biol Rhythms. 2005; 
20:391-403.

 24. Merbitz-Zahradnik T, Wolf E. How is the inner circadian 
clock controlled by interactive clock proteins? Structural 
analysis of clock proteins elucidates their physiological role. 
FEBS Lett. 2015;589:1516-1529.

 25. Zhang Y, Peng X, Yang H, Zhao H, Xia B, You Y. The 
expression of the circadian gene TIMELESS in non-small-
cell lung cancer and its clinical significance. Int J Clin Exp 
Pathol. 2020;13:2297-2304.

https://orcid.org/0000-0003-4732-8049


Zhang et al 9

 26. Liu B, Xu K, Jiang Y, Li X. Aberrant expression of Per1, Per2 
and Per3 and their prognostic relevance in non-small cell lung 
cancer. Int J Clin Exp Pathol. 2014;7:7863-7871.

 27. Giatromanolaki A, Koukourakis MI, Sivridis E, et al. DEC1 
(STRA13) protein expression relates to hypoxia- inducible 
factor 1-alpha and carbonic anhydrase-9 overexpression in 
non-small cell lung cancer. J Pathol. 2003;200:222-228.

 28. Brady JJ, Chuang CH, Greenside PG, et al. An Arntl2-driven 
secretome enables lung adenocarcinoma metastatic self-
sufficiency. Cancer Cell. 2016;29:697-710.

 29. Yoshida K, Sato M, Hase T, et al. TIMELESS is overex-
pressed in lung cancer and its expression correlates with poor 
patient survival. Cancer Sci. 2013;104:171-177.

 30. Qiu M, Chen YB, Jin S, et al. Research on circadian clock 
genes in non-small-cell lung carcinoma. Chronobiol Int. 
2019;36:739-750.

 31. Liu Y, Wang L, Lin XY, et al. The transcription factor DEC1 
(BHLHE40/STRA13/SHARP-2) is negatively associated 
with TNM stage in non-small-cell lung cancer and inhibits 
the proliferation through cyclin D1 in A549 and BE1 cells. 
Tumour Biol. 2013;34:1641-1650.

 32. Gao LW, Wang GL. Comprehensive bioinformatics analysis 
identifies several potential diagnostic markers and potential 
roles of cyclin family members in lung adenocarcinoma. 
Onco Targets Ther. 2018;11:7407-7415. Published 2018 
Oct 24.

 33. Huang Q, Fan J, Qian X, et al. Retinoic acid-related orphan 
receptor C isoform 2 expression and its prognostic signifi-
cance for non-small cell lung cancer. J Cancer Res Clin 
Oncol. 2016;142:263-272.

 34. Smith KD, Fu MA, Brown EJ. Tim-Tipin dysfunction creates 
an indispensible reliance on the ATR-Chk1 pathway for con-
tinued DNA synthesis. J Cell Biol. 2009;187:15-23.

 35. Schalbetter SA, Mansoubi S, Chambers AL, Downs JA, 
Baxter J. Fork rotation and DNA precatenation are restricted 
during DNA replication to prevent chromosomal instability. 
Proc Natl Acad Sci USA. 2015;112:E4565-E4570.

 36. Urtishak KA, Smith KD, Chanoux RA, Greenberg RA, 
Johnson FB, Brown EJ. Timeless maintains genomic stability 
and suppresses sister chromatid exchange during unperturbed 
DNA replication. J Biol Chem. 2009;284:8777-8785.

 37. Xu X, Wang JT, Li M, Liu Y. TIMELESS suppresses the 
accumulation of aberrant CDC45·MCM2-7·GINS replica-
tive helicase complexes on human chromatin. J Biol Chem. 
2016;291:22544-22558.

 38. Errico A, Costanzo V, Hunt T. Tipin is required for stalled 
replication forks to resume DNA replication after removal of 
aphidicolin in Xenopus egg extracts. Proc Natl Acad Sci USA. 
2007;104:14929-14934.

 39. Young LM, Marzio A, Perez-Duran P, et al. TIMELESS 
forms a complex with PARP1 distinct from its complex with 
TIPIN and plays a role in the DNA damage response. Cell 
Rep. 2015;13:451-459.

 40. Bianco JN, Bergoglio V, Lin YL, et al. Overexpression of 
claspin and timeless protects cancer cells from replication 
stress in a checkpoint-independent manner. Nat Commun. 
2019;10:910. Published 2019 Feb 22.

 41. Liu F, Li X, Liu P, Quan X, Zheng C, Zhou B. Association 
between three polymorphisms in BMAL1 genes and risk of 
lung cancer in a northeast Chinese population. DNA Cell Biol. 
2019;38:1437-1443.

 42. Jung CH, Kim EM, Park JK, et al. Bmal1 suppresses cancer 
cell invasion by blocking the phosphoinositide 3-kinase-Akt-
MMP-2 signaling pathway. Oncol Rep. 2013;29:2109-2113.

 43. Papagiannakopoulos T, Bauer MR, Davidson SM, et al. 
Circadian rhythm disruption promotes lung tumorigenesis. 
Cell Metab. 2016;24:324-331.

 44. Gery S, Komatsu N, Kawamata N, et al. Epigenetic silencing 
of the candidate tumor suppressor gene Per1 in non-small cell 
lung cancer. Clin Cancer Res. 2007;13:1399-1404.

 45. Fu L, Pelicano H, Liu J, Huang P, Lee CC. The circadian 
gene Period2 plays an important role in tumor suppression 
and DNA damage response in vivo. Cell. 2002;111:41-50.

 46. Chen B, Tan Y, Liang Y, et al. Per2 participates in AKT-
mediated drug resistance in A549/DDP lung adenocarcinoma 
cells. Oncol Lett. 2017;13:423-428.

 47. Tang W, Peng W, Zhang H, Zhang Y, Li B, Duan C. Period 3, 
a tumor suppressor in non-small cell lung cancer, is silenced 
by hypermethylation. Int J Clin Exp Pathol. 2018;11:120-128.

 48. Couto P, Miranda D, Vieira R, Vilhena A, De Marco L, 
Bastos-Rodrigues L. Association between CLOCK, PER3 
and CCRN4L with non-small cell lung cancer in Brazilian 
patients. Mol Med Rep. 2014;10:435-440.

 49. Jiang P, Xu C, Zhang P, et al. Epigallocatechin-3-gallate 
inhibits self-renewal ability of lung cancer stem-like cells 
through inhibition of CLOCK. Int J Mol Med. 2020;46: 
2216-2224.

 50. Ma TJ, Zhang ZW, Lu YL, et al. CLOCK and BMAL1 stabi-
lize and activate RHOA to promote F-actin formation in can-
cer cells. Exp Mol Med. 2018;50:1-15. Published 2018 Oct 4.

 51. Qian X, Khammanivong A, Song JM, et al. RNA-sequencing 
studies identify genes differentially regulated during inflam-
mation-driven lung tumorigenesis and targeted by chemopre-
ventive agents. Inflamm Res. 2015;64:343-361.

 52. Hoffman AE, Zheng T, Ba Y, Zhu Y. The circadian gene 
NPAS2, a putative tumor suppressor, is involved in DNA 
damage response. Mol Cancer Res. 2008;6:1461-1468.

 53. Li Y, Xie M, Song X, et al. DEC1 negatively regulates the 
expression of DEC2 through binding to the E-box in the prox-
imal promoter. J Biol Chem. 2003;278:16899-16907.

 54. Zhang L, Li QQ. Embryo-chondrocyte expressed gene 1, 
downregulating hypoxia-inducible factor 1alpha, is another 
marker of lung tumor hypoxia. Acta Pharmacol Sin. 2007;28: 
549-558.

 55. Malumbres M, Barbacid M. Cell cycle, CDKs and cancer: a 
changing paradigm. Nat Rev Cancer. 2009;9:153-166.

 56. Blain SW. Switching cyclin D-Cdk4 kinase activity on and 
off. Cell Cycle. 2008;7:892-898.

 57. Huber AL, Papp SJ, Chan AB, et al. CRY2 and FBXL3 coop-
eratively degrade c-MYC. Mol Cell. 2016;64:774-789.

 58. Chen Z, Chen X, Lei T, et al. Integrative analysis of NSCLC 
identifies LINC01234 as an oncogenic lncRNA that interacts 
with HNRNPA2B1 and regulates miR-106b biogenesis. 
Mol Ther. 2020;28:1479-1493.



10 Integrative Cancer Therapies 

 59. Yu Y, Li Y, Zhou L, Yang G, Wang M, Hong Y. 
Cryptochrome 2 (CRY2) suppresses proliferation and migra-
tion and regulates clock gene network in osteosarcoma cells. 
Med Sci Monit. 2018;24:3856-3862.

 60. Balabko L, Andreev K, Burmann N, et al. Increased expres-
sion of the Th17-IL-6R/pSTAT3/BATF/RorγT-axis in the 
tumoural region of adenocarcinoma as compared to squamous 
cell carcinoma of the lung. Sci Rep. 2014;4:7396.

 61. Neurath MF, Finotto S. The emerging role of T cell cytokines 
in non-small cell lung cancer. Cytokine Growth Factor Rev. 
2012;23:315-322.

 62. Shi Y, Cao J, Gao J, et al. Retinoic acid-related orphan 
receptor-α is induced in the setting of DNA damage and pro-
motes pulmonary emphysema. Am J Respir Crit Care Med. 
2012;186:412-419.

 63. Liao SY, Chiang CW, Hsu CH, et al. CK1δ/GSK3β/FBXW7α 
axis promotes degradation of the ZNF322A oncoprotein 
to suppress lung cancer progression. Oncogene. 2017;36: 
5722-5733.

 64. Lytle NK, Ferguson LP, Rajbhandari N, et al. A multiscale 
map of the stem cell state in pancreatic adenocarcinoma. Cell. 
2019;177:572-586.e22.


