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Background: Circadian clock genes play a crucial role in physiological and pathological 
processes, and their aberrant expressions were involved in various human cancers. The 
objective of this study was to investigate the expression level of Period circadian regulator 
1 (PER1), an important circadian clock gene, and its biological roles in the development and 
progression of breast cancer.
Methods: The expression level of PER1 in breast cancer samples was analyzed using the 
Oncomine database, and the correlation between PER1 expression and clinicopathologic para-
meters was assessed by bc-GenExMiner v4.5. In addition, Kaplan–Meier plotter database was 
used to determine the prognostic significance of PER1 expression for breast cancer patients. The 
expressions of PER1 in breast cancer tissues and cells were validated by Western blot. The loss- 
or-gain assay of PER1 was conducted to investigate the effects of its expression on cell 
proliferation, migration and invasion of breast cancer. The relationship between PER1 expres-
sion and epigenetic modifications was further explored by Western blot.
Results: The results of the bioinformatics analysis revealed that the expression level of 
PER1 was markedly reduced in breast cancer tissues (P<0.001), and patients with high 
expression of PER1 had a better overall survival (HR:0.78, 95% CI:0.63–0.97, P=0.026) 
and recurrence-free survival (HR:0.83, 95% CI:0.75–0.93, P=0.001) than those with low 
expression. The assay of gene loss-or-gain indicated that downregulation of PER1 expression 
markedly promoted cell proliferation, migration and invasion (P<0.05), whereas these 
malignant phenotypes of breast cancer cells were inhibited by PER1 overexpression 
(P<0.05). Further studies showed that trichostatin A (TSA), a histone deacetylase inhibitor, 
induced the expression of PER1 protein in breast cancer cells (P<0.05).
Conclusion: PER1 functions as a tumor suppressor in the development and progression of 
breast cancer, and its expression silencing might be regulated by epigenetic modifications.
Keywords: breast cancer, circadian clock gene, Period circadian regulator 1, PER1, tumor 
suppressor

Introduction
Breast cancer is one of the most common malignancies in women, with a high 
mortality rate around the world.1,2 Although multidisciplinary therapeutic strate-
gies, including surgical resection, chemoradiotherapy, endocrine and anti-HER2 
therapy, have made substantial progress over the past decade, there are still 
a considerable proportion of breast cancer patients who develop loco-regional 
recurrence and distant metastasis and die of this malignancy.3,4 Thus, identifying 
novel and effective biomarkers is helpful for early diagnosis, prognostic assessment 
and individualized treatment of breast cancer patients.
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It has been well established that major cellular activ-
ities of human beings, such as growth, metabolism and 
hormone secretion, are controlled by circadian rhythm.5 

As an important circadian clock gene, period circadian 
regulator 1 (PER1) was reported to be mainly responsible 
for circadian rhythms and coordinated the basic activities 
of life.6,7 Recently, emerging evidence has shown that 
PER1 is abnormally expressed in several human cancers 
and involved in tumorigenesis and progression.8–10 

Several studies reported that the expression level of 
PER1 was markedly downregulated in oral squamous 
cell carcinoma (OSCC) and cholangiocarcinoma 
tissues,11,12 and PER1 overexpression suppressed prolif-
eration, migration and invasion and promoted autophagy 
and apoptosis of cancer cells.11,12 These findings sug-
gested that PER1 might function as a tumor suppressor 
in the development and progression of human cancers. 
However, whether PER1 played a similar role in the 
pathogenesis of breast cancer remains unclear. 
Microarray and RNA-sequencing technologies have made 
comprehensive analysis of specific genes possible. In the 
present study, we mainly focused on the biological roles of 
PER1 in the development and progression of breast cancer. 
For this purpose, the expression level of PER1 and its 
relationship to clinicopathological features and prognosis 
of breast cancer patients were analyzed using the public 
database. Next, a loss-or-gain function assay was con-
ducted to investigate the effects of PER1 expression on 
cell proliferation, migration and invasion of breast cancer. 
We believed that these findings provided novel insights 
into the pathogenesis of breast cancer and therapeutic 
targets.

Materials and Methods
Bioinformatics Analysis
The expression levels of PER1 mRNA in human cancers 
were analyzed using the Oncomine microarray database 
(http://www.oncomine.com).13 The correlation between 
the expression of PER1 and the clinicopathologic para-
meters of breast cancer was evaluated by Breast cancer 
gene expression miner (bc-GenExMiner) v4.5, which was 
an online mining tool for transcriptome data of breast 
cancer (http://bcgenex.centregauducheau.fr/BC-GEM 
/GEM-Accueil.php).14 To further investigate the prognos-
tic significance of PER1 expression for breast cancer 
patients, Kaplan–Meier plotter (https://kmplot.com/ 
analysis/),15 an online database involving gene expression 

and survival data from The Cancer Genome Atlas (TCGA) 
and Gene Expression Omnibus (GEO), was used. The 
primary outcomes of survival analysis were overall survi-
val (OS) and recurrence-free survival (RFS). All patients 
were divided into high and low-expression group based on 
the median of PER1 expression. The Kaplan–Meier curves 
of the two groups were shown, and the results were 
expressed as hazard ratio (HR) and its 95% confidence 
intervals (CI).

Cell Culture and Tissue Samples
Five human breast cancer cell lines (including MCF-7, 
MDA-MB-453, MDA-MB-231, SKBR3 and BT-549) and 
normal breast epithelial cell-line MCF-10A were obtained 
from the Cell Bank of Chinese Academy of Sciences 
(Shanghai, China). All the cell lines were cultured with 
DMEM (Invitrogen, USA) containing 10% fetal bovine 
serum (GIBCO, USA) and penicillin–streptomycin (100 
U/mL), and were maintained at 37°C with 5% CO2.

Four paired breast cancer samples were collected from 
patients who were treated with surgical resection, and no 
patients underwent neoadjuvant chemoradiotherapy and 
anti-HER2 therapy before surgery. The written informed 
consent was signed by each patient in order to notify the 
applying purpose of tissue sample. The study was 
approved by the medical ethics committee of the Fourth 
Hospital of Hebei Medical University (No. 2020KY113), 
and all experiments were conducted in accordance with the 
Declaration of Helsinki.

Plasmid Construction and Transfection
The short hairpin RNA (shRNA) targeted to PER1 (5ʹ- 
CCAGCACCACTAAGCGTAAAT-3ʹ) were designed 
and synthesized, and the specific sequence was cloned 
into the pGenesil-1 vector (pGenesil1-PER1) (Wuhan 
Genesil Biotechnology, China). The pGenesil-1 vector 
with the expression of green fluorescent protein (GFP) 
was used as negative control (pGenesil1-KB). On the 
other hand, pCDNA3.1 vector expressing PER1 
(pCDNA3.1-PER1) was used for transfecting with 
breast cancer cells. To establish a stable cell line with 
PER1 overexpression, we also used the recombinant 
lentiviral plasmids with PER1 sequence (Lenti-blast- 
PER1) to transfect into MDA-MB-231 cells according 
to the manufacturer’s protocol. The cells were inocu-
lated in a six-well plate at a density of 5*105 cells/well. 
After transfection for 24 h, cells were further screened 
by treatment with blasticidin for 2 weeks. Cells in the 
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control group were transfected with empty lentiviral 
plasmid (Lenti-blast-KB). The efficiency of transfection 
was assessed under a fluorescence microscope (NIKON, 
Japan).

Western Blotting
Briefly, total proteins from breast cancer tissues and 
cells were isolated using radio-immunoprecipitation 
assay (RIPA) lysis buffer with PMSF and protease 
inhibitor. BCA Protein Assay Kit was used to quantify 
the concentration of total proteins, and then they were 
separated by 10–15% sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis (SDS-PAGE) gel 
and transferred onto polyvinylidene difluoride (PVDF) 
membranes. Next, PVDF membranes were blocked by 
5% non-fat milk and were incubated with primary 
antibodies against PER1 (1:1000, GTX128974, 
GENETEX, USA) and β-actin (1:10,000, AC026, 
Abclonnal, China) at 4°C overnight and secondary 
antibody (1:5000, SA00001-2, Proteintech, China) for 
2 h at room temperature. The protein bands were 
washed three times by PBS and then were visualized 
by enhanced chemiluminescence (ECL).

Colony Formation Assay
Breast cancer cells were collected during the logarith-
mic growth phase and were seeded into six-well plates 
with 700 cells per well after transfection. Then, cells 
were fixed with methanol and stained with 0.1% crystal 
violet after 14 days. The amount of cloned cells was 
counted under a light microscope (Olympus, Japan), 
and the rate of colony formation was calculated as 
the ratio of colonies to inoculated cells.

5-Ethynyl-2ʹ-Deoxyuridine (EdU) Assay
EdU assay was conducted to further evaluate the effects of 
PER1 expression on the proliferation of breast cancer 
cells. In brief, transfected cells were seeded into 24-well 
plates at a density of 5000 cells/well. After that, cells were 
incubated in medium with EdU solution (RiboBio, China) 
for 2 h, and then were fixed with 4% paraformaldehyde 
and stained by DAPI. The percentage of EdU-positive 
cells was counted under a fluorescence microscope 
(Olympus, Japan).

Cell Migration and Transwell Invasion
The migration and invasion ability of breast cancer cells 
in vitro was evaluated in transwell chamber. Briefly, the 

transfected cells were suspended in a serum-free medium 
and were seeded into the upper transwell chambers with 
5×104 cells per well.

In contrast, the lower transwell chambers were filled 
with 600 μL cell medium containing 10% fetal bovine 
serum. For the Transwell invasion assay, the upper cham-
bers were additionally coated with 30 μg Matrigel 
(Corning, USA), and other procedures were performed 
the same as the cell migration assay. After 24 
h incubation, the infiltrating cells into the bottom surface 
were fixed with 4% formaldehyde and stained with 0.1% 
crystal violet. Then, the amount of these cells were 
counted under 5 random fields using a laser confocal 
microscope.

Wound Healing Assay
For wound healing assay, breast cancer cells were trans-
fected and cultured in six-well plates (5 × 104 cells per 
well) for 24 h. Next, these cells were scratched by 
a 200μL pipette tip and washed three times with PBS. 
The images of the migrating cells were captured at 0 
and 24 h under a light microscope (Olympus, Japan), 
respectively.

Treatment of Epigenetic Modifications 
and Proteasome Inhibition
Breast cancer cells were treated with DNA methyltrans-
ferase inhibitor 5-Aza-2ʹ-deoxycytidine (5-AzaC) 
(Sigma-Aldrich, USA), histone deacetylase inhibitor tri-
chostatin A (TSA) (Sigma-Aldrich, USA), MA2 
(Shanghai Institiute of Materia Medica, China) or pro-
teasome inhibitor MG132 (Sigma-Aldrich, USA). After 
that, the cells were harvested to detect the expression of 
PER1 using Western blotting.

Immunofluorescence Assay
The expression of PER1 in breast cancer cells was 
further detected by immunofluorescence staining. 
Briefly, cells were treated with TSA and then were 
fixed with 4% paraformaldehyde for 15 min, permeabi-
lized by 0.5% Triton X-100 and blocked with 5% 
Bovine serum for 1 h at room temperature. 
Subsequently, cells were incubated with rabbit polyclo-
nal anti-PER1 antibody (1:100, 13463-1-AP, 
Proteintech, China) at 4°C overnight. After washing 
with PBS for three times, the cells were incubated 
with fluorescent-labeled secondary antibody (1:200, 
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RS23320, Immunoway, USA) in the dark for 1 h. The 
nuclei were stained with DAPI, and the images were 
photographed under a fluorescent microscope (Olympus, 
Japan).

Statistical Analysis
The differential expression between breast cancer tis-
sues and adjacent normal tissues was analyzed by 
Wilcoxon test. Student’s t-test and/or Kruskal-Wallis 
H-test were used to evaluate the relationship between 
the expression of PER1 and clinicopathologic features 
of breast cancer. The survival difference between high 
and low PER1 expression groups was compared by the 
Log rank test. Univariate and multivariate Cox regres-
sion analysis was conducted to determine independent 
prognostic factors for breast cancer patients. All 
experiments were conducted at least 3 times, and the 
data were expressed as mean ± standard deviation 
(SD). The comparison between the study groups was 
carried out using Student’s t-test. All data were ana-
lyzed using the SPSS 21.0 version of the software 
package (IBM Corp, Chicago, USA). A p-value <0.05 
was considered to be a statistically significant 
difference.

Results
PER1 Expression Was Downregulated in 
Breast Cancer Tissues
Using the Oncomine online database, we first detected 
the alteration of PER1 mRNA expression in various 
human cancers (Figure 1A). We found that the expres-
sion level of PER1 was significantly downregulated in 
most human cancers (Figure 1B). Moreover, the expres-
sion of PER1 mRNA was significantly lower in breast 
cancer tissues than in adjacent non-cancer tissues 
(P<0.001) (Figure 1C). Similar findings were observed 
in paired breast cancer samples (P<0.001) (Figure 1D). 
Next, we investigated the correlations between PER1 
mRNA expression and clinicopathological features of 
breast cancer using the bc-GenExMiner v4.5 database. 
Our results indicated that low expression of PER1 was 
significantly related to estrogen receptor (ER)-negative 
status (P<0.001), progesterone receptor (PR)-negative 
status (P<0.001), human epidermal growth factor recep-
tor 2 (HER2)-positive status (P<0.001), basal-like status 
(P<0.001) and triple-negative status (P<0.001) of breast 
cancer samples (Figure 2). Of note, Luminal B type had 
the lowest expression level of PER1 mRNA compared 
with other molecular subtypes of breast cancer 

A B

C D

Figure 1 (A) The alteration of PER1 mRNA expression in various human cancers was analyzed using the Oncomine database. (B) The expression level of PER1 was 
downregulated in most of human cancers. (C) The expression of PER1 mRNA was significantly lower in breast cancer tissues than in adjacent non-cancer tissues. (D) The 
expression of PER1 was decreased in paired breast cancer samples. *P<0.05, **P<0.01, and ***P<0.001.
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(P<0.001). Based on the Nottingham prognostic index 
(NPI), we found that the expression of PER1 was 

markedly down-regulated in NPI grade 2 and grade 3 
(P<0.001). In terms of Scarff Bloom Richardson (SBR) 

Figure 2 The correlations between PER1 mRNA expression and clinicopathological features of breast cancer were analyzed by the bc-GenExMiner v4.5 database.

Figure 3 (A) Kaplan–Meier curves showed that high expression of PER1 was significantly correlated to better overall survival (OS) and recurrence-free survival (RFS). (B) 
The multivariate Cox regression analysis revealed that low expression of PER1 was an independent predictor of poor survival for breast cancer patients.
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grading system, the results showed that low expression 
of PER1 was significantly associated with higher SBR 
grade (P<0.001) (Figure 2).

Low Expression of PER1 Was Associated 
with Poor Survival in Breast Cancer 
Patients
Based on the above findings, we further evaluated the 
prognostic significance of PER1 mRNA expression for 
breast cancer patients using the Kaplan–Meier plotter data-
base. As shown in Figure 3A, Kaplan–Meier curves 
revealed that breast cancer patients with high PER1 
expression had a better overall survival (OS) [HR:0.78, 
95% CI:0.63–0.97, P=0.026] and recurrence-free survival 
(RFS) [HR:0.83, 95% CI:0.75–0.93, P=0.001] than those 
with low PER1 expression (Figure 3A). In addition, sub-
group analysis based on different clinicopathological fea-
tures further revealed the prognostic value of PER1 for 
breast cancer patients (Figure 3B).

PER1 Expression Regulated Cell 
Proliferation, Migration and Invasion of 
Breast Cancer
To further validate the results of the bioinformatic analy-
sis, we also detected the expression level of PER1 in four 
paired samples of breast cancer using Western blot. The 
results showed that the expression of PER1 was markedly 
lower in breast cancer tissues than that in adjacent normal 
tissues (P<0.05) (Figure 4A). On the other hand, PER1 
expression was significantly decreased in five breast can-
cer cell lines (MCF-7, MDA-MB-231, MDA-MB-453, 
SKBR3 and BT-549) compared with normal breast epithe-
lial cell-line MCF-10A (P<0.05) (Figure 4B).

Among the five breast cancer cell lines, MDA-MB-231 
had the lowest expression level, BT-549 had the highest 
expression level, and MCF-7 had an intermediate expres-
sion. Thus, three cell lines were further used to conduct the 
function assay of loss-or-gain expression. Figure 4C shows 
the transfected efficiency of PER1 overexpression and/or 
knockdown in breast cancer cells. The expression levels of 
PER1 in MCF-7 and BT-549 cells were significantly 
down-regulated by transfecting with pGenesil1-PER1 
(P<0.05). In contrast, the plasmids with 
pCDNA3.1-PER1 or Lenti-blast-PER1 significantly up- 
regulated the expression of PER1 in MCF-7 or MDA- 
MB-231 cells (P<0.05) (Figure 4C).

The results of the colony formation assay demonstrated 
that PER1 knockdown markedly increased the number of 
cloned cells (P<0.05), while PER1 overexpression inhib-
ited breast cancer cell growth compared with the control 
group (P<0.05) (Figure 5A). On the other hand, EDU 
assay also indicated that PER1 knockdown evidently pro-
moted the cell proliferation of breast cancer (P<0.05). By 
comparison, the proliferative ability of MCF-7 and MDA- 
MB-231 cells could be suppressed by the upregulation of 
PER1 expression (P<0.05) (Figure 5B).

We next explored the effects of PER1 expression on the 
cell migration and invasion of breast cancer. As shown in 
Figure 5C, the scratched area was evidently reduced by 
PER1 knockdown (P<0.05), but opposite findings were 
observed in PER1-overexpressed cells (P<0.05) 
(Figure 5C). Similarly, pGenesil1-PER1 group had a larger 
number of migratory and invasive MCF-7 and BT-549 cells 
than pGenesil1-KB group (P<0.05). In contrast, PER1 over-
expression had an inhibitory effect on the migration and 
invasion ability of breast cancer cells (P<0.05) (Figure 5D).

TSA and MA2 Induced the Expression of 
PER1 in Breast Cancer Cells
To further determine whether the expression of PER1 was 
regulated by epigenetic modifications, MDA-MB-231 and 
BT-549 cells were treated with 5-Aza-2ʹ-deoxycytidine 
(5-AzaC), trichostatin A (TSA) and MA2, respectively. The 
results showed that the expression levels of PER1 protein (130 
KD) and ubiquitinated PER1 protein (180 KD) in breast 
cancer cells were increased by TSA and MA2 (P<0.05) 
(Figure 6A). Moreover, TSA markedly enhanced the fluores-
cence intensity of PER1 expression in both MDA-MB-231 
and BT-549 cells (Figure 6B). However, there was no signifi-
cant increase in PER1 expression for breast cancer cells treated 
with 5-AzaC. Interestingly, proteasome inhibitor MG132 
further increased the expression of ubiquitinated PER1 protein 
induced by TSA in MDA-MB-231 cells (Figure 6C). These 
findings suggested that the increased expression of PER1 
protein induced by TSA might be mediated by inhibiting 
degradation of the proteasome.

Discussion
Previous studies have reported that circadian clock genes are 
involved in physiological and pathological processes and 
play a crucial role in human health.16–18 Recently, emerging 
evidence has shown that aberrant expression of PER1, 
a known clock gene, is associated with carcinogenesis and 
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Figure 4 (A) Western blot analysis validated a low level of PER1 expression in 4 paired breast cancer samples. (B) Compared with normal breast epithelial cell line MCF- 
10A, PER1 expression was significantly decreased in five breast cancer cell lines (MCF-7, MDA-MB-231, MDA-MB-453, SKBR3 and BT-549). (C) The expression levels of 
PER1 in breast cancer cells were significantly downregulated by transfecting with pGenesil1-PER1 and upregulated by transfecting with pCDNA3.1-PER1 or Lenti-blast-PER1. 
*P<0.05.
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A

B

D

C

Figure 5 (A) PER1 knockdown increased the number of cloned MCF-7 and BT-549 cells, while PER1 overexpression inhibited their growth in vitro. (B) EDU assay indicated 
that the proliferative ability of breast cancer cells was promoted by PER1 knockdown, while was markedly suppressed by PER1 overexpression. (C) Wound healing assay 
showed that the scratched area was evidently decreased in PER1-knockdown cells and increased in PER1-overexpressed cells. (D) PER1 knockdown increased the number 
of migratory and invasive cells, while PER1 overexpression had an inhibitory effect on the migration and invasion ability of breast cancer cells. *P<0.05.
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progression of various human cancers.9,10,12 Yang et al 
reported that PER1 expression was markedly downregulated 
in OSCC tissues in comparison to adjacent normal tissues, 
and its low expression was significantly related to lymph 
node metastasis, TNM stage and poor survival of OSCC 
patients.11 In the present study, we mainly focused on the 
role of PER1 expression in the development and progression 
of breast cancer. Consistent with previous findings, this study 
demonstrated that the expression level of PER1 in breast 
cancer tissues was lower than that in adjacent noncancerous 
tissue. By conducting bioinformatics analysis, we found that 
there were significant relationships between low expression 
of PER1 and unfavorable biological features of breast cancer 
such as triple-negative status and high grade of NPI and SBR. 
Kaplan–Meier curves showed that low expression of PER1 
had a negative impact on the prognosis of breast cancer 
patients. These findings suggested that dysregulation of 
PER1 expression might contribute to tumorigenesis and pro-
gression of breast cancer.

To further validate this hypothesis, the biological func-
tion of PER1 in the development and progression of breast 
cancer was investigated. The results demonstrated that 
downregulation of PER1 expression markedly promoted 

the proliferation, migration and invasion of breast cancer 
cells, whereas these malignant phenotypes were inhibited 
by PER1 overexpression. Our findings supported that 
PER1 might play a role as a tumor suppressor in the 
pathogenesis of breast cancer. Similarly, a few previous 
studies reported the inhibitory effects of PER1 expression 
on carcinogenesis and tumor progression, and the effects 
were mainly dependent on the regulation of cell 
cycle.12,19,20 The study of Yang et al revealed that the 
expression levels of CyclinD1 and CyclinE were markedly 
decreased by PER1 overexpression, inhibiting cell prolif-
eration and promoting autophagy and apoptosis of breast 
cancer.11 Fu et al reported that PER1 mediated S phase 
arrest and suppressed cell proliferation of OSCC by reg-
ulating cyclin- and CDK-related proteins such as CDC25, 
CDK1, P53 and P21.21

The silencing of circadian-clock genes might be regu-
lated by epigenetic modifications during carcinogenesis. 
A previous study reported that DNA methyltransferase 
inhibitor 5-AzaC and histone deacetylase inhibitor TSA 
induced the expression of PER3 mRNA in myeloid leuke-
mia cells.22 Recently, Hernández-Rosas et al have shown 
that the expression of PER1 and PER2 in human gastric 

A

B

C

Figure 6 (A) The expression levels of PER1 in breast cancer cells were increased by trichostatin A (TSA) and MA2 treatment. (B) Immunofluorescence staining showed that 
TSA treatment markedly enhanced fluorescence intensity of PER1 expression in both MDA-MB-231 and BT-549 cells. (C) The expression of PER1 protein induced by TSA 
was further elevated by proteasome inhibitor MG132. 
Abbreviation: Ub-PER1, Ubiquitinated PER1.
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cancer cells was increased by TSA or sodium butyrate 
(NaB) in a dose-dependent manner.23 These findings sug-
gested that the epigenetic changes might result in tran-
scriptional silencing of circadian-clock genes. In our 
study, the expression of PER1 in breast cancer cells was 
reversed by TSA and MA2, but there was no response to 
5-AzaC. Therefore, histone acetylation at the PER1 pro-
moter of breast cancer cells might be involved in the 
silencing of this tumor suppressor. However, further stu-
dies are warranted to fully understand the role of epige-
netic modifications in transcriptional regulation of PER1.

Conclusions
In conclusion, the expression level of PER1 was markedly 
reduced in breast cancer tissues and cells, and its low 
expression was significantly correlated with specific bio-
logical characteristics and poor prognosis of breast cancer. 
The upregulation of PER1 expression promoted cell pro-
liferation, migration and invasion, suggesting that it func-
tions as a tumor suppressor in the development and 
progression of breast cancer. Epigenetic modifications 
might play a key role in the silencing of PER1 expression 
during carcinogenesis. These findings could provide 
a potential target for anti-cancer therapy.
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