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Abstract 

Several physiological activities of organisms are coordinated based on periodic variations of ~24 h, 
which is called a circadian rhythm. Circadian rhythms, driven by circadian clock genes, play an 
important role in the regulation of various complex life activities of organisms, in an orderly and 
coordinated manner. Period (Per)1/2/3 genes are important core clock genes and part of the Per 
gene family. Current research has demonstrated that the abnormal expression of Per genes and 
disruption of circadian rhythms can lead to the occurrence and development of cancer; however, 
the exact mechanism has not yet been elucidated. Further study on this mechanism may lead to the 
discovery of new, effective therapies for the prevention and treatment of cancer. The present 
review summarizes the status of current research with regards to the association between the 
abnormal expression and rhythmic variation of the Per gene family, and carcinogenesis and 
progression of cancer. 
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1. Introduction 
The Earth's rotation results in a 24-h cycle of light 

and darkness, and of temperature. In order to adapt to 
this kind of periodic environmental change, several 
physiological processes in organisms also exhibit a 
periodic fluctuation of ~24 h, known as a circadian 
rhythm [1]. Circadian rhythms are the result of 
long-term evolution of organisms that has helped 
them adapt to environmental changes and to regulate 
physiological activities [2]. Circadian rhythms are 
driven by endogenous timing systems, known as 
circadian clocks, which can be found in almost every 
living organism on earth, from simple single-cellular 
cyanobacteria to mammals and humans [3]. Circadian 
clocks consist of the central and peripheral clocks [4]. 
The central clock is located in the hypothalamic 
suprachiasmatic nucleus (SCN). As a central 
pacemaker, SCN receives, converts and integrates the 
light-dark cycle signal from the retina-hypothalamus 

pathway and issues synchronization instructions that, 
in addition to regulating its own tissue rhythm, 
synchronize peripheral clocks to regulate the rhythm 
of peripheral effectors via endocrine hormones and 
autonomic nervous systems pathways [5]. The 
peripheral clock regulated by the rhythmic 
oscillations of the central clock is present in almost the 
entirety of peripheral tissues and organs, including 
the liver, heart, lung and kidney. As a result, many 
important physiological factors, such as blood 
pressure, body temperature, metabolism and 
immunity, exhibit robust circadian oscillations and 
rhythmic variations [3]. Mammalian peripheral clocks 
with autonomic rhythms can be independent of the 
central clock [6,7]. Circadian rhythms in organisms 
enable various complex life activities to be carried out 
in an orderly and synergistic manner, and play a 
crucial role in their regulation [2,3]. The disruption of 
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circadian rhythms can lead to a number of diseases, 
including cancer. Women with long-term night shifts 
reportedly exhibit a significantly higher incidence of 
breast cancer than those with normal working habits 
[8], while men on night shifts have been associated 
with a significantly higher incidence of prostate 
cancer [9]. Of note, Junghynes et al found that 
resynchronizing a dysregulated circadian rhythm 
using melatonin can reduce the incidence of tumors 
[10]. Recently, Mocellin S and Benna C et al reported 
that genetic variation of clock genes was significantly 
associated with the predisposition to various types of 
cancer [11,12]. These results indicate that further 
study on the regulatory mechanism of circadian 
rhythm disruption in tumorigenesis may lead to new 
ideas and methods for the prevention and treatment 
of cancer. 

2. Molecular mechanisms of circadian 
rhythms 

At the molecular level, the mechanism of 
circadian rhythms produced by the central and 
peripheral circadian clocks are practically the same: A 
series of circadian clock genes and their protein 
products form several positive and negative feedback 
loops at the transcription and translation levels and 
generate circadian oscillations [3,7]. Core clock genes 
reported to date include Period (Per)1/2/3, circadian 
locomotor output cycles kaput (Clock), Brain and 
muscle Arnt-like protein 1 (Bmal1), cryptochrome 
(Cry) 1/2, timeless (Tim), casein kinase 1 (CK1) ε/δ, 
neuronal PAS domain protein 2 (NPAS2), nuclear 
receptor subfamilies (REV-ERBs), retinoid-related 
orphan receptors (RORs), and differentiated 
embryo-chondrocyte expressed gene (Dec) 1/2 [1,13]. 

These clock genes are located in the SCN and almost 
the entirety of peripheral tissue cells [1,4,14]. In 
mammals, rhythm generation is mainly regulated by 
two interactive transcription-translation feedback 
loops (Figure 1) [2]. In the first major loop, Bmal1 and 
Clock (which can be replaced by NPAS2) in the 
cytoplasm form Bmal1/Clock (NPAS2) heterodimers 
through their common PAS domain, and then enter 
the nucleus, bind and activate the transcription of 
Per1/2/3 and Cry1/2 genes via E-boxes in gene 
promoters, thus forming a positive feedback loop. The 
translated Per and Cry proteins in the cytoplasm form 
hetero-multimeric complexes and then transfer to the 
nucleus and inactivate Bmal1/Clock (NPAS2) 
heterodimers, thus inhibiting the transcription of Per 
and Cry genes and forming a negative feedback loop 
[15]. In the above process, CK1ε/δ and adenosine 
monophosphate-activated protein kinase (AMPK) 
also accelerate or slow down the degradation of Per 
and Cry proteins to regulate the circadian rhythm 
length through phosphorylation [15,16]. In the second 
major loop, Bmal1/Clock heterodimers enter the 
nucleus and activate the transcription of REV-ERBs 
and RORs gene via E-boxes in gene promoters. ROR 
proteins act as a transcription factor and activate the 
transcription of Bmal1, thus forming a positive 
feedback loop, whereas REV-ERB proteins inhibit the 
transcription of Bmal1, thus forming a negative 
feedback loop [17]. There are other ways to regulate 
circadian rhythms. Sirtuin1 can bind to Bmal1/Clock 
heterodimers and promote Per2 protein deacetylation 
and degradation [18,19]. Dec1/2 inhibit their own 
expression by competitively binding to Bmal1/Clock 
heterodimers [20]. 

 
 

 
Figure 1. The molecular network of circadian clock produced by the interactive transcription-translation feedback loops (TTFL). 
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Table 1. Period Genes and Cancer  

Genetic changes Possible mechanism Cancer phenotype Reference 
Per1 overexpression Up-regulated Wee1, CRE-BP1, CDK1 and GADD45A Increased G0/G1 phase, inhibites cholangiocarcinoma cells 

growth 
42 

 Interacts with androgen receptor  Growth inhibition and apoptosis in prostate cancer  29 
 Dependence of p53, downregulation of cyclin B1 and Cdc2  Growth inhibition of human cancer cells 38 
Per1 silence  Interacts with cell cycle checkpoint proteins ATM and Chk2 Increased proliferation 38 
Per1 knockdown Disruptes Cyclin-CDK-CKI network, affects clock gene 

network, increased Ki-67,MDM2, Bcl-2, MMP2 and MMP9, 
decreased Bax 

Increases proliferation and decreases apoptosis in oral 
cancer cells 

13,43, 46 

Per2 overexpression Up-regulated p53, down-regulated c-Myc and CyclinB1 Increases cell apoptosis in K562 leukemia cells 44 
 Increased G0/G1 phase Promotes cells apoptosis in MG63 osteosarcoma cells 45 
 Down-regulated PI3K and PKB Inhibities ovarian cancer 48 
 Inhibities OCT1-mediated EMT genes Reduces the invasion ability of breast cancer cells 35 
Per2 knockdown  Increased β-catenin and CyclinD  Promotes the proliferation of colon cancer cells 49  
 Increased phosphorylation of AKT and mTOR  Decreases cell apoptosis in A549/cisplatin lung 

adenocarcinoma cells 
47 

 Activates MDM2-p53 pathway  Regulates apoptosis in glioma cells  50 
Per2S662G mutation Affects cell cycle  Increased cancer risk  63 
Per3 overexpression  Increased p53, CyclinB1, CDC2, Bid and cleaved-caspase3/8, 

decreased Bcl2 
Inhibition of cell proliferation and metastasis in colorectal 
cancer 

51 

 
On the one hand, clock genes generate their own 

circadian rhythm, on the other hand, they could 
regulate the expression of several other important 
genes in the genomes. Current studies have shown 
that clock genes can regulate ~43% of protein-coding 
genes in the genomes of mammals, suggesting that 
multiple important and complex physiological 
functions in the body can be regulated in a highly 
orderly way through the rhythmic expression of clock 
genes [21]. The abnormal expression of clock genes 
and disruption of circadian rhythms can markedly 
affect the development of several diseases, including 
cancer, cardiovascular disease, diabetes and 
depression [8,9,22,23]. 

3. Per gene expression variations in 
tumorigenesis 

The Per gene family, which consists of the 
Per1/2/3 genes, is the core member of the circadian 
clock genes. Alterations in Per gene expression have 
been shown to be associated with the occurrence, 
development and prognosis of cancer (Table 1) 
[13,14]. Per1/2 expression levels have been found 
significantly downregulated in gastric, colorectal, 
pancreatic, prostate and breast cancer, head and neck 
squamous cell carcinoma (HNSCC), non-small cell 
lung cancer (NSCLC), chronic lymphocytic leukemia, 
melanoma and hepatocellular carcinoma [24-33]. Per3 
expression has been found to be significantly 
downregulated in colorectal cancer [25], HNSCC [26], 
NSCLC [27], pancreatic cancer [28] and hepatocellular 
carcinoma [32]. 

Zhao et al reported that Per1 expression was 
negatively correlated with clinical stage and 
pathological differentiation in gastric cancer; 
moreover, low Per2 expression was found to be 
significantly correlated with clinical stage and 

invasion depth; the survival time of patients 
exhibiting low Per1/2 expression was shorter than 
that of patients exhibiting high expression [24]. Xiong 
et al showed that low Per2 expression was closely 
associated with clinical stage and cervical lymph node 
metastasis in oral SCC. Patients exhibiting low Per2 
expression had a shorter survival time than those 
exhibiting high expression [34]. Hus et al reported that 
the low Per3 expression in HNSCC was closely 
associated with tumor size and invasion depth. In 
addition, the low expression of Per1/3 was found to 
be associated with a shorter survival time [26]. Liu et 
al verified that the decrease in Per1/2/3 expression in 
NSCLC was associated with poor differentiation, 
tumor size, high TNM stage and lymph node 
metastasis. In addition, patients exhibiting low 
Per1/2/3 expression had a shorter survival time than 
those exhibiting high Per1/2/3 expression [27]. 
Hwang-verslues et al reported that Per2 expression 
was negatively correlated with tumor size, clinical 
stage and histological grade in breast cancer. Patients 
exhibiting low Per2 expression had a worse survival 
rate [35]. Cadenas et al found that high Per1/2/3 
expression in breast cancer was associated with 
histological grade and metastasis, and high Per2/3 
expression with improved metastasis-free survival 
[36]. Tavano et al reported that patients with 
pancreatic cancer exhibiting high Per2 expression had 
a longer survival time than those exhibiting low 
expression [28]. Wang et al found that patients with 
colorectal cancer exhibiting high Per1/3 expression 
had a longer survival time than those exhibiting low 
expression [25]. However, Oshima et al demonstrated 
that high Per2 expression was associated with 
improved survival rates in colorectal cancer [37]. 
Recently, based on genome-wide association studies 
(GWASs), Mocellin S et al showed that genetic 
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variation of Per1 and Per2 were significantly 
associated with the susceptibility to breast and lung 
cancer, respectively, while Per3 genetic variation was 
significantly associated with the susceptibility to 
prostate and lung cancer [11].  

3.1. Role of Per genes in DNA damage 
response and cell cycle 

Altered Per expression may be responsible for 
the development of tumors through the regulation of 
DNA damage response and cell cycle. Gery et al 
performed coimmunoprecipitation experiments and 
proved that Per1 could bind to phosphorylated 
checkpoint kinase 2 (Chk2). However, the 
phosphorylation of the Chk2 Thr-68 site was blocked 
following ionizing radiation in the Per1 
siRNA-transfected HCT116 cells, suggesting that Per1 
can regulate the critical DNA damage activation 
control point and thus participate in DNA damage 
response by binding to Chk2 [38]. Yang et al reported 
that the downregulation of Per2 in HCT116 colon 
cancer cells resulted in a higher level of 
phosphorylated Akt at the T308 site. Following the 
induction of DNA double-strand breaks by a low dose 
of doxorubicin in Per2 knockdown cells, the 
phosphorylation of Chk2 T68 was delayed, with the 
delay being dependent on Akt activity [39]. Per2 can 
also regulate the p53 signaling pathway in response to 
DNA damage [40]. Im et al showed that the DNA 
damage-induced Chk2 activation in Per3 knockout 
HeLa cells was abolished. Of note, the overexpression 
of Per3 stimulated the phosphorylation of Chk2 and 
activated the ATM-Chk2 pathway without DNA 
damage [41]. Therefore, Per expression can markedly 
influence DNA damage repair. 

Per genes plays an important role in cell cycle 
regulation. Han et al reported that the overexpression 
of Per1 in cholangiocarcinoma cells significantly 
upregulated the expression of the cell cycle-associated 
molecules Wee1, CRE-BP1, CDK1 and GADD45A. In 
addition, the number of cells in the G0/G1 phase was 
shown to increase, whereas that in the G2/M phase to 
decrease [42]. Fu et al found that the expression of 
cyclin D1 and E were significantly increased following 
the silencing of the Per1 gene in SCC15 cells. 
Therefore, the ability to initiate transition through G1 
phase was accelerated, and the transition from the G1 
to the S phase was enhanced, resulting in the 
shortening of the cell cycle and the increase of cell 
proliferation [43]. Sun et al showed that the 
overexpression of Per2 in leukemia cells upregulated 
p53 and downregulated c-Myc and cyclin B1, 
resulting in cell cycle arrest in the G2/M phase, which 
inhibited cell proliferation and increased cell 
apoptosis [44]. Cheng et al found that the 

overexpression of Per2 in MG63 osteosarcoma cells 
increased the cell population in G0/G1 phase and 
promoted cell apoptosis [45]. The above results 
suggested that Per1/2 expression may be involved in 
tumor progression through the regulation of cell 
cycle-related genes. 

3.2. Role of Per genes in cell proliferation, 
apoptosis and metastasis 

Per genes have a significant effect on cell 
proliferation, apoptosis and metastasis-related genes, 
which can lead to the promotion of cancer occurrence 
and development. Li et al found the expression levels 
of Ki-67, MDM2, Bcl-2 and MMP2/9 increased and 
those of Bax decreased following Per1 knockdown in 
SCC15 cells, which led to a decreased apoptosis and 
increased cell proliferation [46]. The overexpression of 
Per1 has been shown to inhibit proliferation, 
epithelial-mesenchymal transition (EMT), 
angiogenesis and metastasis in cholangiocarcinoma 
cells [42]. Gery et al suggested that c-Myc and p53 
downregulation following Per1 silencing results in 
cell proliferation [38]. Chen et al showed that Per2 
knockdown increased the phosphorylation of Akt 
protein and mTOR and decreased cell apoptosis in 
A549/cisplatin lung adenocarcinoma cells [47]. Wang 
et al reported that Per2 overexpression downregulated 
PI3K and PKB, inhibiting tumor growth in nude mice 
xenografts of ovarian cancer [48]. Per2 acted as a 
transcriptional corepressor, which could recruit 
EZH2, SUZ12 and HDAC2 to the OCT1 binding sites 
of EMT gene (including TWIST1 and SLUG) 
promoters in order to inhibit the expression of these 
genes, thus reducing the invasion ability of tumor 
cells [35]. Wood et al have demonstrated that the 
downregulation of Per2 increases β-catenin and cyclin 
D, thus promoting the proliferation of colon cancer 
cells [49]. Per2 downregulation decreases the activity 
of Bmal1/Clock heterodimers through a negative 
feedback loop, induces the expression of oncogene 
c-Myc and deregulates cyclin D1, thus promoting 
cancer cell proliferation [14]. A recent study showed 
that Per2 knockdown in glioma cells led to a decrease 
in ATM and p53 and an increase in c-Myc and MDM2, 
suggesting that Per2 regulates apoptosis through the 
MDM2-p53 pathway [50]. Of note, Hong et al found 
that Per3 was downregulated in human colorectal 
cancer. The overexpression of Per3 increased the 
expression of p53, cyclin B1, CDC2, Bid and 
cleaved-caspases 3/8, and decreased the expression of 
Bcl-2, inhibiting cell proliferation and metastasis [51]. 

3.3. Role of Per genes in tumor cells 
metabolism 

Per gene involvement in tumor development 
may be achieved through its altering of the 
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metabolism of tumor cells [52]. Papagiannakopoulos 
et al showed that, compared with Per2+/+ mouse lung 
cancer cells, Per2 mutant cells significantly increased 
the glucose and glutamine consumption and lactate 
excretion level, indicating that Per2 mutations may 
lead to changes in cancer cell glucose metabolism [53]. 
Per genes may affect tumor progression through 
hormone level regulation. In breast cancer cells, Per2 
inhibited the transcriptional activation of estrogen 
receptor α (ERα). Furthermore, Per2 overexpression 
inhibited cell growth through the degradation of ERα 
[54]. Kuo et al proved that Per1 promoter methylation 
was negatively correlated with estrogen receptor 
positivity in breast cancer, suggesting that the 
methylation of the Per1 gene may affect estrogen 
receptor expression [55]. Cao et al showed that Per1 
inhibited the transcriptional activation of androgen 
receptor (AR), and the activated AR promoted the 
transcription of Per1 through binding to androgen 
response elements of the Per1 promoter, thus forming 
a feedback loop. This feedback loop may play an 
important role in the development of prostate cancer 
[29]. 

3.4. Role of Per genes in tumor immune and 
inflammatory responses 

Immune function and inflammatory reaction 
balance in tumor cells may be disrupted by altered 
Per gene expression. Arjona et al reported that the 
RNAi-mediated Per2 knockdown in the natural killer 
(NK) cell line RNK16 decreased the expression of 
granzyme B and perforin, impairing the function of 
NK cells [56]. Miyazaki et al showed that the 
cytotoxicity of CLT/NK cells to sarcoma cells was 
enhanced following the overexpression of Per2 that 
caused tumor growth inhibition [57]. Of note, 
Mteyrek et al demonstrated that the inflammatory 
mediators IL-6 and TNF-α in the Per2m/m group were 
significantly higher than those in the wild type (WT) 
group in the liver cancer initiation phase, which 
further accelerated the process of liver carcinogenesis 
[58]. 

4. Per gene rhythm variations in 
tumorigenesis 

Per gene expression exhibits a periodic rhythm 
of ~24 h in mammalian cells. Changes in the Per 
expression and rhythm are closely associated with the 
occurrence and progression of cancer. Lee et al 
showed that mice displayed early senescence and 
increased neoplastic and hyperplastic phenotypes 
following the loss of the Per1/2 circadian rhythm [59]. 
Zhanfeng et al showed that the expression of Per1/2 in 
gliomas still exhibited a periodic rhythm, but the 
period was shortened to ~12 h [60]. Ye H and Tan XM 

et al reported that the acrophase of Per1/2 mRNA in 
the precancerous lesion stage occurred 9.66 and 2.94 h 
earlier than that of normal buccal mucosa in golden 
hamsters, respectively. The mesor and amplitude of 
Per1/2 mRNA in the cancer stage were significantly 
lower than those in the precancerous lesion stage 
[61,62]. In cholangiocarcinoma cells, the Per1 
expression level was markedly decreased and the 
daily rhythmicity in the Per1 expression was lost. 
Further studies showed that miR-34a binding to Per1 
3'UTR led to a decrease in the Per1 expression and a 
circadian rhythm disorder in cholangiocarcinoma 
cells; however, the inhibition of miR-34a can restore 
the Per1 24-h circadian rhythm, thus reducing cell 
proliferation and infiltration [42]. Compared to the 
WT in mouse livers treated with diethylnitrosamine, 
the circadian rhythm phase of Bmal1, Clock, Cry1/2 
and REV-ERBα in Per2m/m was advanced, and that the 
circadian amplitudes of these Clock genes were 
decreased, apart from that of Cry2. In addition, the 
rhythmic expression of ATM, Wee1 and Ccnb1 was 
lost, the 24-h mean mRNA expression of c-Myc was 
increased and the p53 rhythmic expression was 
deregulated in Per2m/m. These events further 
promoted the initiation and progression of liver 
tumors [58]. Gu et al reported that the acrophase and 
valley phase of p21 and cyclin D in Per2 mutant mice 
changed compared with the WT, which may be the 
potential carcinogenic mechanism of mice [63]. The 
above studies suggested that the rhythmic variations 
in Per expression are associated with tumor 
progression, but the specific mechanism needs to be 
explored in depth. 

5. Conclusion and perspective 
The circadian clock exists in the majority of 

living organisms, including human beings, and helps 
them adapt to the circadian variations of the earth's 
environment. The circadian clock is a result of the 
long-term evolution of these organisms and it plays a 
key role in regulating life activities. The Per gene 
family is a key clock gene family, which has a major 
involvement in circadian rhythm maintenance and 
regulation, cell proliferation, apoptosis, migration, 
metabolism, cell cycle, and immune and 
inflammatory responses in cancer. The abnormal 
expression and rhythm of Per genes is closely 
associated with the occurrence and development of 
cancer, but the underlying mechanism remains 
unclear. The main issues that need to be explored in 
depth include: i) The specific pathways through 
which the Per gene family regulates cell proliferation, 
apoptosis, metabolism and cell cycle in cancer; ii) The 
specific mechanisms that cause changes in Per gene 
expression and rhythm in cancer; iii) The way in 
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which the disruption of the circadian rhythm of Per 
gene expression can lead to tumorigenesis. In 
conclusion, a further and in-depth exploration of the 
association between Per genes and tumorigenesis may 
provide new strategies and effective targets for cancer 
prevention and treatment. 
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