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Abstract: Lung cancer is one of the most preventable forms of cancer, which is the second leading cause of cancer-
related death. Emerging evidence has suggested a possible link between the endogenous circadian clock and cell 
growth, and even cancer development. However, the role of important clock gene period 3 (PER3) in lung cancer 
remains fully understand, especially its regulatory mechanism. In this study, we investigated the biological role of 
PER3 in non-small cell lung cancer (NSCLC), and also demonstrated the possible mechanism that induces dysfunc-
tion of PER3 in lung cancer. QPCR was performed to measure the expression of PER3 in NSCLC tissues and cell 
lines. Bisulfite genomic sequencing PCR (BSP) and methylation specific PCR (MSP) were used to determine the 
methylation status of PER3. And a battery of cell biology assays was used to measure the effects of PER3 on cell 
proliferation, apoptosis, migration and invasion. We found that PER3 was downregulated in NSCLC tissues and cell 
lines compared with the adjacent or normal cells control. The promoter of PER3 was hypermethylated, which could 
be restored by demethylation drug 5-Aza. And overexpression of PER3 suppressed NSCLC cell proliferation, induced 
apoptosis and inhibited the ability of migration and invasion. These findings reveal that PER3 is a tumor suppressor 
in NSCLC and provide a promising target and a novel strategy to control cancer progression. 
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Introduction

Lung cancer is one of the most preventable 
forms of cancer, which is the second leading 
cause of cancer-related death [1]. Non-small 
cell lung cancer (NSCLC) is the major type of 
lung cancer with about 90% of lung cancer 
cases. Identification of the biomarkers and 
potential mechanisms for NSCLC would help to 
overcome this malignant. 

Lung cancer is closely related to the environ-
ment changes and individuals’ habits [2]. 
Biological circadian rhythms are intrinsic time-
keeping systems that control a variety of bio-
logical processes and physiological functions in 
animals and human beings [3]. Emerging evi-
dence has suggested a possible link between 
the endogenous circadian clock and cell 
growth, and even cancer development [4]. 
Dysregulation of circadian rhythm is associated 
with greater risk for cancer development and 
poor prognosis [5]. An important circadian 

pathway regulatory gene, Nuclear receptor sub-
family 1, group D member 1 (Nr1d1), is down-
regulated by both whole smoke and filtered 
smoke that may play a complementary role in 
CS-induced lung tumorigenesis [6]. Recent 
study demonstrates that disruption of central 
circadian clock components, such as PER2 and 
Bmal1 by physiologic perturbation or genetic 
mutation significantly decreased survival and 
promoted lung tumor growth and progression, 
which was associated with increased c-Myc 
expression [7]. 

There is closed association between circadian 
clock genes and precocious lesions, cancer 
growth and cancer metastasis. For example, 
genetic ablation of the clock gene Bmal1 in 
bronchiolar cells disrupts rhythmic CXCL5 
expression, resulting in exaggerated inflamma-
tory responses to lipopolysaccharide [8]. Pu- 
lmonary fibrosis is an important step for lung 
cancer development. Pekovic-Vaughan V et al 
show that an E-box-mediated circadian rhythm 
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of NRF2 protein is essential in regulating the 
rhythmic expression of antioxidant genes 
involved in glutathione redox homeostasis lung 
[9]. Logan RW et al suggest that chronic circa-
dian disruption promotes tumor growth by 
altering the circadian rhythms of NK cell func-
tion [10]. Single nucleotide polymorphisms 
(SNP) within the circadian clock genes have 
been found to confer excess cancer risk or pro-
tection from cancer. Two central clock genes, 
PER1 and PER2, are tumor suppressors be- 
cause decreasing their expression in cancer 
cells enhances cancer growth rate, while their 
overexpression decreases cancer growth rate 
and diminishes tumor numbers. In addition, 
clinical circadian disruption in patients with 
advanced lung cancer is associated with higher 
cancer incidence and shorter cancer patient 
survival [11]. 

Previous studies have reveal the key clock mol-
ecules such as PER1 and PER2 play critical role 
in lung cancer and other type cancers, however, 
the role of another important clock gene PER3 
in lung cancer remains fully understand, es- 
pecially its regulatory mechanism. The SNP 
(rs228729) of PER3 is significantly correlated 
with genotype and allele frequency in NSCLC, 
suggesting that dysfunction of PER3 repre-
sents a risk factor in the occurrence and devel-
opment of NSCLC [12]. In this study, we investi-
gated the biological role of PER3 in NSCLC, and 
also demonstrated the possible mechanism 
that induces dysfunction of PER3 in lung can- 
cer.

Materials and methods

Tissue samples 

Eight paired non-small cell lung cancer tissues 
and the matched adjacent normal tissues used 
in the study were collected during 2015 in 
Xiangya hospital. All the patients signed the 
informed consents. This work was approved by 
the Independent Ethical Committee of Central 
South University. All samples were stored at 
-80°C until tissue analysis.

Cells culture 

Lung cancer cell lines, A549 and H1650, and 
human bronchial epithelial cells (HBE) were 
obtained from American type culture collection 

(ATCC). All the cells are cultured in RPMI1640 
(Gibco) basic medium supplemented with 10% 
FBS at the conditions: 95% air and 5% CO2 at 
37°C.

Lentivirus infection 

In order to investigate the role of PER3 in lung 
cancer cells, A549 and H1650 cells were 
infected with negative control lentivirus (NC) or 
PER3 lentivirus (PER3) for 48 h. QPCR and 
western blot were used to detect the expres-
sion of PER3. 

Real time quantitative PCR (qPCR) analysis

Trizol reagent (Invitrogen, USA) was used to 
extract total RNA from the indicated cells 
according to the manufacturer’s instructi- 
ons. FastLane Cell SYBR® Green Kit (Qiagen, 
Valencia, CA) was used for real time PCR to 
detect the expression of PER3. The primers of 
PER3 and β-actin are as follow: PER3, sense, 
GCAGGTCTATGCCAGTGTGA, antisense, TGCCTT- 
GTGGTTCTGTTTGT; β-actin, sense, AGGGGCCG- 
GACTCGTCATACT, antisense, GGCGGCACCACC- 
ATGTACCCT. PER3 expression was normalized 
by β-actin. All the qPCR data were processed 
using 2-ΔΔCT method.

Western blot

RIPA lysis buffer (Boster, Wuhan, China) was 
used to extract the total protein was extracted 
from the tissues or cells. BCA Protein Assay Kit 
(Thermo, Waltham, MA) was used to measure 
the protein concentration. Sixty μg of total pro-
tein was then separated with 10% SDS-PAGE 
and transferred to a nitrocellulose membrane. 
The membranes were blocked and incubated 
with indicated primary antibody (mouse mono-
clonal, anti-PER3 from Abcam, 1:1000; mouse 
monoclonal, anti-cleaved caspase 3 from Ab- 
cam, 1:500; mouse monoclonal, anti- cleaved 
caspase 8 from Santa Cruze, 1:2000; Rabbit 
polyclonal, anti-Bcl-2 from Abcam, 1:500; mo- 
use monoclonal, anti-GAPDH from Santa Cruze, 
1:3000) overnight at 4°C. The membrane was 
washed and incubated with secondary anti-
body for 90 min at 37°C. The signals on the 
membrane were detected by enhanced chemi-
luminescence reagent. Data was analyzed by 
densitometry using Image-Pro plus software 
6.0 and normalized to GAPDH expression.
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CCK-8 cell proliferation assay

Cell growth was measured by CCK-8 assay. 
2000 indicated cells were seeded in each 
96-well plate for 12 h, and further incubated 
for 0 h, 24 h, 48 h and 72 h respectively. 1 hour 
before the ending of incubation, 10 μl CCK-8 
reagents (Boster, Wuhan, China) were added to 
each well. OD 570 nm value in each well was 
determined by an enzyme immunoassay an- 
alyzer.

Colonal formation

For the colony formation assay, following treat-
ment, adherent cells were trypsinised and 
1000 viable cells were subcultured in six-well 
plates (in triplicate). Cells were allowed to 
adhere and colonise for two weeks. To visualise 
colonies, media were removed and cells were 
fixed in 96% ethanol for 10 min, and then 
stained with crystal violet staining solution. The 
colonies were captured and counted. The 
colonal formation rate was calculated as the 
number of colonies/1000. 

Scratch assay

Cells in each group were collected and resus-
pended in completed medium containing 10% 
FBS. Then, each well of a 6-well plate was seed-
ed with 5×105 cells. When the cells were cul-
tured into about 100% confluence, and were 
scratched with the head of a 200 μl tip, and 
washed these cells with serum-free medium. 
Then, these cells were further cultured for 24 h 
in serum-free medium. After that, serum-free 
medium were replaced with H-DMEM medium 
containing 10% FBS and continued to culture 
for 72 h, then these cells in each group were 
photographed for analysis.

Transwell assay

The indicated cells were starved in serum-free 
medium for 24 h. The cells were collected and 
then resuspended in serum-free medium. The 
cells were added to the upper chamber, while 
the lower chamber was filled with completed 
medium containing 10% FBS. After 24 hours 
incubation, cells attached to the bottom of 
upper chamber were fixed and stained with 
crystal violet for 30 min at 37°C, and dried in 
air. Acetic acid was used to dissolve the crystal 
violet. The optical density (OD) at 570 nm was 
detected by an enzyme immunoassay analy- 
zer.

Flow cytometric analysis of apoptosis 

Cells from each group were trypsinizated and 
washed with cold PBS, and then stained by 
Annexin V-FITC/PI Apoptosis Detection Kit (BD 
Biosciences) according to the manufacturer’s 
instructions. The cell apoptosis was analyzed 
by flow cytometry (Beckman Coulter, USA). The 
experiments were independently performed in 
triplicate.

Measurement of PER3 promoter CpG island 
methylation status by bisulfite genomic se-
quencing PCR (BSP) and methylation specific 
PCR (MSP)

TaKaRa Genomic DNA Extraction Kit (TaKaRa 
Co., China) was used to extract Genomic DNA. 
Total 1 μg of Genomic DNA was modified with 
bisulfite using the Epitect Bisulfite Kit Protocol 
(Qiagen) according to the manufacturer’s in- 
structions. The primers of PER3 used to amplify 
were as following: forward, TTTTTATTAGGGTT- 
GTTTTATGGTT, and reverse, ATCCTAAAATTTAT- 
AAATAACTCCC. The PCR products were gel ex- 
tracted (Qiagen) to confirm that a single band 
had been obtained and were then sequenced 
by Beijing Genomics Institute (Wuhan, China). 

Methylation-specific PCR (MS-PCR) was per-
formed on bisulfate-treated DNA. The prim- 
ers used were Un-methylated PER3 forward, 
AAAATTGTGGGAATTTAGAAAGATG, and reverse, 
AAAAAAAACAAAAACTAAAAACAAA; and methyl-
ated PER3 forward: AAAATCGTGGGAATTTAGA- 
AAGAC, and reverse, AAAAAAAACGAAAACTAAA- 
AACGAA. The annealing temperature was 58°C 
for Methylated-PCR, and Un-methylated-PCR, 
with 35 cycles used for each.

Statistical analysis

Student t-tests or one-way ANOVA were used to 
analyze statistical data by Graphpad prism5 
software, depending on the experimental con-
ditions. Statistical significance was considered 
when P values of <0.05.

Results

Hypermethylation induces downregulation of 
PER3 in NSCLC 

To investigate the role of PER3 in lung cancer, 
we examined the expression of PER3 in the 
paired NSCLC tissues and adjacent tissues by 
real time q-PCR. And we found that PER3 
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expression was significantly lower in NSCLC tis-
sues than in the adjacent tissues (Figure 1A). 
Similar results also appear in cell lines. The 
expression of PER3 was significantly dec- 

PER3 significantly reduced cell viability (Figure 
3B and 3C). And colonal formation assay fur-
ther confirmed that upregulation of PER3 sig-
nificantly suppressed the ability of colonal for-

Figure 1. The expression of PER3 in NSCLC tissues and cells. A: QPCR 
was used to measure the expression of PER3 in NSCLC tissues and their 
matched adjacent tissues. B: QPCR was used to measure the expression 
of PER3 in normal human bronchial epithelial cells (HBE), and cancer cells 
(A549 and H1650). *P<0.05, **P<0.01. 

Figure 2. PER3 is hypermethylated in NSCLC tissues and cells. A: MSP was 
used to measure the hypermethylation status of PER3 in NSCLC tissues and 
their matched adjacent tissues. M, methylation; U, unmethylation. B: BSP 
was used to measure the hypermethylation status of PER3 in HBE, A549 
and H1650 cells. C, D: QPCR was used to measure the expression of PER3 
in A549 and H1650 cells after 5-Aza treatment for 24 or 48 h. *P<0.05, 
**P<0.01.

reased in the NSCLC cell lines 
(A549 and H1650) compared 
with HEB cells (Figure 1B). We 
further investigated the under-
lying mechanisms of PER3 
silence. We performed MSP to 
examine the promoter meth- 
ylation status of PER3 in 8 
NSCLC and paired adjacent 
tissues. The results showed 
that PER3 exhibited unmethyl-
ation status in adjacent tis-
sues, while the methylation of 
PER3 promoter was observed 
in 62.5% cancer tissues (5/8) 
(Figure 2A). In addition, a sig-
nificantly higher level of meth-
ylation was also observed in 
A549 (86.2%) and H1650 
cells (80%) compared with in 
the HBE cells (20%) evaluated 
by BSP assay (Figure 2B). 
Furthermore, The A549 and 
H1650 cells were treated with 
demethylation agents Aza. We 
found that PER3 expression 
was significantly increased in 
a time-dependent manner in 
A549 and H1650 cells after 
Aza treatment (Figure 2C, 2D). 
These results indicate that 
downregulation of PER3 in 
NSCLC tissues and cells is 
induced by hypermethylation 
of its promoter.

Overexpression of PER3 re-
presses cell proliferation and 
induces apoptosis in A549 
and H1650 cells

In order to investigate the bio-
logical function of PER3 in 
lung cancer cells, we infected 
the A549 and H1650 cells 
with lentivirus to overexpress 
PER3 (Figure 3A). CCK-8 was 
used to detect the A549 and 
H1650 cells viability. We 
found that upregulation of 
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mation in A549 and H1650 cells (Figure 3D). In 
addition, flow cytometric analysis was used to 
analyze cell apoptosis alterations. The results 
revealed that upregulation of PER3 increased 
the apoptosis rate compared with negative 
control (Figure 4A). And the increased apopto-
sis was accompanied with upregulated cleaved 
caspase 3/8 and decreased Bcl-2 expression 
(Figure 4B).

Overexpression of PER3 inhibits cell migration 
and invasion in A549 and H1650 cells

Scratch assay was used to measure the migra-
tion ability of A549 and H1650 cells after PER3 
overexpression. The results indicated that over-
expression of PER3 dramatically decreased the 
migration ability compared with negative con-
trol (Figure 5). The results of transwell assay 
showed that the invasive ability was significant-

ly reduced by PER3 compared with negative 
control (Figure 6).

Discussion

In this study, we find that PER3 is downregulat-
ed in NSCLC tissues and cell lines, which is 
induced by hypermethylation. And overexpres-
sion of PER3 suppresses NSCLC cell prolifera-
tion, induces apoptosis and inhibits the ability 
of migration and invasion. These findings reveal 
that PER3 is a tumor suppressor in NSCLC. 

Disruption of the circadian rhythm has been 
demonstrated to be one of the endogenous fac-
tors contributing to tumorigenesis of various 
human malignancies, including breast cancer, 
colorectal cancer [13, 14]. It was shown that 
circadian clock genes (PER1 and PER2) could 
control the expression of multidrug resistance-

Figure 3. Overexpression of PER3 inhibits A549 and H1650 cells growth. A: Western blot was used to measure 
the expression of PER3 in A549 and H1650 cells after transfection with PER3 lentivirus, and quantification of the 
bands. B, C: CCK-8 was used to measure the cell viability of HBE, A549 and H1650 cells after overexpression of 
PER3. D: Colonal formation was used to measure the ability of colonal formation in HBE, A549 and H1650 cells 
after overexpression of PER3. *P<0.05, **P<0.01 vs. negative control (NC).
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Figure 4. Overexpression of PER3 induces apoptosis in A549 and H1650 cells. A: Flow cytometry was used to mea-
sure the cell apoptosis of A549 and H1650 cells after overexpression of PER3. B: Western blot was used to measure 
the expression of cleaved caspase 3, cleaved caspase 8 and Bcl2 in A549 and H1650 cells after transfection with 
PER3 lentivirus. GAPDH was used a loading control. **P<0.01 vs. negative control (NC).

Figure 5. Overexpression of PER3 inhibits cell migration in A549 and H1650 cells. Scratch assay was used to mea-
sure the cell migration of A549 and H1650 cells after overexpression of PER3. *P<0.05 vs. negative control (NC).
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associated protein 2 (Mrp2) in mouse liver, 
which might be associated with drug resistance 
in cancer [15]. Kiessling S et al found that clock 
genes were suppressed in melanoma cells and 
tumors. A stimulating circadian rhythmicity by 
dexamethasone, forskolin and heat shock 
could trigger rhythmic clock and cell cycle gene 
expression, resulting inhibition of cell prolifera-
tion in vitro and tumor growth in vivo [16].    

PER3 is an important member of clock genes. It 
functions as tumor suppressor in various can-
cers. PER3 was decreased in primary colorec-
tal cancer (CRC), colorectal liver metastases 
(CRLM) with a significant correlation with the 
number of CRLM [17, 18]. Up-regulation of 
PER3 is correlated with a better clinical out-
come in patients with acute leukemia [19]. 
PER3 was also found to be associated with sur-
vival outcome independent of established clini-
copathological parameters in breast cancer 
[20]. Downregulated PER3 correlated with larg-
er tumor size and lower expression of PER3 cor-
related with deeper tumor invasion [21]. Some 
observations supporting the tumor suppressor 
role of PER3 in NSCLC were found by Liu B et al. 
They found that the positive rate of Per3 was 
reduced in human lung cancer samples as 
measured by immunohistochemical staining. 
Loss of PER3 was correlated with poor differen-
tiation, tumor status, high p-TNM stage and 

lymph node metastasis. In addition, patients 
with lower expression of PER3 had a shorter 
survival time than those with higher expres-
sion, indicating that PER3 may serve as a novel 
prognostic biomarker of NSCLC [22]. Zhang F et 
al found that overexpression of PER3 inhibits 
self-renewal capability and chemoresistance of 
colorectal cancer stem-like cells via inhibition 
of notch and β-catenin signaling [23]. PER3 
knockdown had an inhibitory effect on the 
apoptosis of human gingival cancer cells in- 
duced by cisplatin treatment, suggesting that 
PER3 has pro-apoptotic effects in human gingi-
val cancer [24]. The disruption of PER3 in va- 
rious cancers is involved in genetic polymor-
phisms. Qu F et al found that SNP (rs228729) 
from PER3 was significantly associated with 
overall survival of gastric cancer in the training 
set, and verified in the validation set and pooled 
analysis [25]. And PER3 rs10462020 variant 
showed significant difference in overall survival 
between patients containing mutated geno-
types and those with non-mutated genotypes 
[26].

PER3 is also regulated by transcript factor, non-
coding RNA or epigenetic modifications. Hong Z 
et al found that PER3 was negatively regulated 
by miR-103 [27]. Epigenetic regulation on PER3 
also frequently observed. Twenty-one loci locat-
ed in the circadian genes such as PER3 were 

Figure 6. Overexpression of PER3 inhibits cell invasion in A549 and H1650 cells. Scratch assay was used to mea-
sure the ability of cell invasion of A549 and H1650 cells after overexpression of PER3. **P<0.01 vs. negative 
control (NC).
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found to be significantly hypomethylated among 
nightshift workers, most of which were located 
in a CpG island and near the transcription start 
site of the gene. Methylation changes in PER3 
may lead to altered expression of genes that 
were associated with cancer [28]. By genome-
wide methylation profiling and vertical integra-
tion with array-based comparative genomic 
hybridization, as well as expression data from a 
cohort of well-characterized human hepatocel-
lular carcinomas (HCCs), Neumann O et al 
revealed 537 CpG sites were hypermethylated 
in the tumor DNA, including PER3. And they 
confirmed that PER3 was down-regulated in 
human HCCs, while 5-Aza treatment restored 
PER3 expression in HCC cell lines, indicating 
that promoter hypermethylation was indeed 
responsible for gene silencing [29]. These 
results strongly supports our findings that PER3 
is hypermethylated in NSCLC, which is reversed 
by 5-Aza. Similar results were also found in 
chronic myeloid leukemia (CML) that downregu-
lated PER3 expression in CML was correlated 
with the inactivation of PER3 by methylation 
[30].

Summary, recent study demonstrates that 
PER3 functions as a tumor suppressor in lung 
cancer, and the decrease of PER3 induced by 
promoter hypermethylation can be restored by 
demethylation drug 5-Aza. These findings pro-
vide a promising target and a novel strategy to 
control cancer progression. 
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