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INTRODUCTION

Circadian rhythms enable organisms to adapt to environ-
mental changes such as light, temperature and social com-
munication, and serve to synchronize multiple molecular, bio-
chemical, physiological and behavioral processes (Panda et 
al., 2002; Delaunay and Laudet, 2002; Storch et al., 2002), 
which are daily oscillations regulated by an endogenous clock 
(Czeisler et al., 1999; Morse and Sassone-Corsi, 2002; Rep-
pert and Weaver, 2002). The mechanisms of circadian rhythms 
are based on autoregulatory transcription and translation feed-
back loops of these circadian genes including Clock, Bmai1, 
Cry1, Cry2, Per1 and Per2, in which Per genes occupy a cen-
tral position (Ebisawa et al., 2001; Fu et al., 2002; Reppert 
and Weaver, 2002). It has been shown that circadian genes 
not only play an important role on circadian rhythms, but also 
participate in other physiological and pathological activities, 
such as drug dependence (Andretic et al., 1999; Abarca et 
al., 2002; Liu et al., 2005), cancer development (Filipski et al., 
2002), radiation injury (Haus, 2002), and DNA damage reac-
tion (Fu et al., 2002). 

There are photosensitive molecules receiving photons in ul-
traviolet (UV) radiation in cells, which lift electrons to a higher 
energy state. A chromophore may pass its excited energy to 
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Abstract

another molecule (Tyrrell, 1994). The main cellular chromo-
phores for UV radiation are DNA and reactive oxygen-gen-
erating chromophores. Due to the aromatic ring structures of 
its bases, DNA absorbs shortwave length UV very effi ciently 
and is the main chromophore for UVC, but absorbs also a 
signifi cant amount of energy from UVB (de Gruijl et al., 2001; 
Ravanat et al, 2001). The most apparent types of UV radi-
ation-induced DNA damage are cyclobutane-type pyrimidine 
dimers (CPDs) and (6-4)-photoproducts (6-4PPs), which 
cross-link adjacent DNA bases (Ravanat et al., 2001). These 
UV induced distortions in the DNA helix halt RNA polymerase 
(RNAP) elongation along DNA, thus inhibiting gene expres-
sion (Tornaletti and Hanawalt, 1999). 

Transcriptional responses to different wavelengths and 
doses of UV radiation have been studied in different cell types 
of skin, including keratinocytes (Sesto et al., 2002; Takao et 
al., 2002; Dazard et al., 2003; He et al., 2004), melanocytes 
(Valery et al., 2001), and fi broblasts (Gentile et al., 2003; McK-
ay et al., 2004), which have similar transcriptional targets that 
involve DNA damage repair, cell cycle arrest, and/or apoptotic 
machinery. UV doses causing either cell cycle arrest or apop-
tosis provoke transcriptionally highly divergent responses 
(Gentile et al., 2003). These are translated to responses of 
replicative arrest, damage repair, and apoptosis aimed at cel-
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lular recovery from the damage. 
p53 plays an important role in the context of ionizing ra-

diation, other double strand break (DSB)-inducing agents and 
UV (Fei and El-Deiry, 2003; Meek, 2004; Leena and Marikki, 
2005). Following UV damage, p53 levels and activity are sub-
sequently increased and lead to transcriptional activation of its 
target genes responsible for cell cycle arrest. The multiple pro-
tein-protein interactions and modifi cations of p53, like phos-
phorylation and sumoylation, are additional denominators for 
the p53 action.

Overexpression of mPER2 results in reduced cellular pro-
liferation and rapid apoptosis in tumor cells, but not in NIH3T3 
cells and alters the expression of apoptosis-related genes, es-
pecial p53, and regulates the expression of proteins involved 
directly or indirectly in apoptosis (Hui et al., 2006). 

So, we suspect that mPer2 may infl uence cells damaged 
by UVC. In the present study, we applied mPER2-upregulated 
NIH3T3 cells to reveal the relationship of mPer2 and the cells 
damaged by UVC.

MATERIALS AND METHODS

Plasmid
The eukaryotic expression vector pcDNA3.1(+)-mPer2 con-

taining a cDNA copy of mPer2 (GenBank number NM-011066) 
was used in this study. The mPer2 was confi rmed as being in 
frame with no mutations by DNA sequencing.

Antibodies
Mouse antibodies against mPER2, p53 and Actin were 

purchased from Sigma (Sigma, St Louis, MO). Rabbit anti-
goat IgG and horseradish peroxidase-conjugated secondary 
antibodies were purchased from Santa Cruz Biotechnology 
(Santa Cruz, CA).

Phorbol 12-myristate 13-acetate (PMA) inducing period 
genes

NIH3T3 cells were maintained with Dulbecco's modiced 
Eagle medium (DMEM) from Invitrogen Corporation (Carls-
bad, CA) containing 10% fetal calf serum, 100 mg/ml penicillin 
and 100 U/ml streptomycin. Before all experiments, cells were 
re-suspended in serum-free DMEM medium, seeded to the 
plates. To induce circadian genes, cells were treated with PMA 
(0.5 μmol).

Transfection
NIH3T3 cells were maintained in Dulbecco’s modifi ed 

Eagle’s medium (Hyclone, Logan, UT) supplemented with 
antibiotics and 10% fetal calf serum (Hyclone, Logan, UT) in 
an atmosphere of humidifi ed 95% air and 5% CO2 at 37oC. 
The cells were transfected with the plasmids indicated using 
Lipofectamine transfection reagent (Invitrogen Corporation, 
Carlsbad, CA). Cell lysates were prepared 48 h later for the 
examination of protein expression.

UV irradiation
NIH3T3 cells were cultured under a humidifi ed atmosphere 

of 5% CO2 at 37oC in RPMI 1640 medium (Sigma, St. Louis, 
MO) supplemented with 10% fetal bovine serum. Cells were 
exposed to UVC (30 J/m2) with UVC 500 Ultraviolet Cross-
linker (Amersham Pharmacia Biotech, Piscataway, NJ) (Ma-

sato et al., 2007). During irradiation, cells were incubated in 
PBS and maintained on a 37oC water bath (Brenneisen et al., 
1998). Following irradiation, PBS was replaced again by fresh 
medium.

Cell growth and proliferation
Cell growth and proliferation was assessed using the cell 

colony-forming assay, cell growth curves and the MTT assay 
according to the standard protocol (Mosmann, 1983). Each 
assay was repeated three times.

Flow cytometry
The cells were harvested, washed with phosphate-buffered 

saline and fi xed in 70% ethanol for 30 min at 4oC, then treated 
with 50 μg/ml of RNase A (Sigma, St. Louis, MO), stained with 
50 μg/ml propidium iodide for 20 min at 4oC without light, and 
analyzed by fl ow cytometry for DNA synthesis and cell cycle 
status (Beckman Coulter Elite, Miami Lakes, FL, USA).

To analyze the expression of apoptosis-related proteins, the 
cells were harvested, fi xed in 70% ethanol for 30 min at 4oC 
and incubated with 0.1% saponin for 20 min. They were then 
incubated with primary antibodies (Sigma, St. Louis, MO) at 
a dilution of 1:100 for 30 min and incubated with fl uorescein-
isothiocyanate-conjugated secondary antibodies (Chemicon, 
Temecula, CA) at a dilution of 1:100 for 30 min. The cells were 
then analyzed by fl ow cytometry.

Western blot analysis
Cells were lysed with cold RIPA lysis buffer containing pro-

tease inhibitors (AppliChem Inc., St. Louis, MO), and proteins 
were collected by centrifugation. Protein concentrations were 
determined using the bicinchoninic acid (BCA) protein assay 
(Pierce, Rockford, IL) and transferred electro-phoretically to 
polyvinylidene difl uoride (PVDF) membrane (Pierce). Detec-
tion was carried out using an enhanced chemiluminescence 
reagent (Pierce, Rockford, IL).

Comet assay
The alkaline version of the comet assay was carried out as 

described in a previous report (Lehmann et al., 1998). In short, 
3.5 h after UV irradiation, cells were trypsinized, embedded in 
1% Agarose on glass slides, and lysed for 1 h in alkaline TBS 
buffer including 1% Triton-X100 and 1% N-laurylsarcosinate at 
pH 12-13. After neutralization in 0.4 M Tris, pH 7.5, cells were 
stained with ethidium bromide and subjected to electropho-
resis at 25 V for 1 h. All steps were performed at 48oC. DNA 
migration lengths were determined by computer-aided analy-
sis (Comet software 3.0, Kinetic Imaging, Liverpool, UK). The 
mean value of 50 cells per treatment group was calculated.

RT-PCR
Total RNA was isolated with Trizol reagent (Invitrogen). RT-

PCR for mPer1 and mPer2 and GAPDH mRNA was carried 
out. Details of the primers and the GenBank accession num-
bers are given in Table 1.

Statistical analysis
Data were presented as the mean ± SD, and the Student’s 

t-test or one-way ANOVA was used for comparisons among 
different groups. p-values of less than 0.05 were considered 
statistically signifi cant.



310

Biomol  Ther 19(3), 308-314 (2011)

DOI: 10.4062/biomolther.2011.19.3.308

RESULTS

The express of mPer1 and mPer2 in diff erent group of 
NIH3T3 cells

Parental NIH3T3 cells normally produce very low and bare-
ly detectable levels of mPer1 and mPer2. Stimulation of the 
NIH3T3 cells with PMA strongly induced mPer1 and mPer2 
mRNA expression. The level of PMA-induced mPer1 and 
mPer2 mRNA reached a peak within 1-4 h and declined to 
basal levels at 8h after inducing with PMA, and then the ex-
pression of mPer1 and mPer2 demonstrated circadian pattern 
(Fig. 1), whose nadirs and peaks were at 8 h and 20 h after 
inducing with PMA, respectively.

We established mPER2-overexpressing cells by transfect-
ing mPER2 cDNA in a sense orientation into NIH3T3 cells. 
The cells transfected with empty vector served as controls. 
Successful transfer of the mPer2 gene using Lipofectamine 
2000 was confi rmed by RT-PCR and western blotting (Fig. 2). 

Cell growth and proliferation
NIH3T3 cells were irradiated by UVC at 12 h or 24 h after 

inducing with PMA, 4h after the nadir and the peak of the ex-
pression of the circadian genes (mPer1 and mPer2), which 
were almost the nadir and the peak of the expression of their 
proteins. The colony formation assays, cell growth curves and 
the MTT assay were carried out to evaluate the effect of UVC 
on NIH3T3 cell growth and proliferation. 

PMA induced the circadian expression of mPer1 and 
mPer2 accompanied the different effect of UVC on the growth 
and proliferation of NIH3T3 cell at different time after induc-
ing with PMA. Fig. 3 demonstrated the growth and prolifera-
tion of NIH3T3 cells treated with UVC at 12 h (PMA-12) or 24 
h (PMA-12) after PMA treatment and without PMA treatment 
(Non-PMA). One-way ANOVA displayed signifi cant difference 
of the colony-forming effi ciency of NIH3T3 cells in non-PMA 
treatment (Non-PMA), 12 h after PMA treatment (PMA-12 h) 
and 24 h after PMA treatment (PMA-24 h), and revealed sig-
nifi cant difference in PMA-24 h to PMA-12 h and PMA-24 h to 
Non-PMA, and non-signifi cant difference in PMA-12h to Non-
PMA (Fig. 3A). Cell growth curves and MTT assay indicated 
revealed the same pattern of cell growth and proliferation in 
NIH3T3 cells induced by PMA (Fig. 3B and Fig. 3C).

The colony-forming effi ciency of mPER2 overexpressing 
cells irradiated with UVC was signifi cantly higher than that in 
control cells (Fig. 4A). Cell growth curves and the MTT assay 
indicated a signifi cant difference in cell growth speed between 
the two groups (Fig. 4B and 4C). 

Cell death and apoptosis
Different NIH3T3 cells were irradiated at 12 h and 24 h af-

ter inducing with PMA, respectively. Cell apoptosis was de-
termined by fl ow cytometry. The result displayed signifi cant 
difference of the apoptotic peaks of NIH3T3 cells in 12 h af-
ter PMA treatment (PMA-12 h) and 24 h after PMA treatment 
(PMA-24 h) (Fig. 5). The NIH3T3 cells overexpressing mPER2 
had much higher apoptotic peaks than the vector control cells 
(Fig. 6). 

DNA damage
DNA-damaging effects of UV-B were analyzed using the 

alkaline comet assay which, under the applied experimental 
conditions, indicates the level of nucleotide excision repair of 
UV-B-induced DNA lesions. 

Short tails of migrating DNA are visible in NIH3T3 cells at 

Table 1. Gene nomenclature, GenBank accession code, primer sequences, and predicted sizes of the amplifi ed products for the different genes studied

Gene
Accession

number
Forward primer Reverse primer

Size 
(bp)

Per1

Per2
P53
GAPDH

GI:7416849

NM_011066
AF161020 
M88354

CCCTGCTACCTTCCCTTCT

GCAACGAGCCCTCAGACA
ATGGAGGATTCACAGTCGGA
TCACTGCCACCCAGAAGA

TGATTG
GACGACTCAGTAACCT
GGACCCACGGATGAACCTA
TCAGTCTGAGTCAGGCCCC
AAGTCGCAGGAGACAACC

381

495
323
318

Fig. 1. PMA-induced circadian expression of mPer1 and mPer2 
mRNA in NIH3T3. NIH3T3 cells were treated with PMA (0.5 μmol) 
for 60 min. Total RNA was isolated from cells and mRNA was ana-
lyzed by RT-PCR controlled by GAPDH at 0h, 2 h, 4 h, 8 h, 12, 
16 h, 20 h, 24 h, 28 h and 32 h after PMA treatment. The test was 
repeated 4 times.

Fig. 2. Detection of mPer2 expression by western blot. The 
pcDNA3.1(+)-mPer2 transfected NIH3T3 cells (Overexpression) 
obviously expressed mPER2 protein. 



311

Liu et al.   Circadian Gene Per2 and Cell Damaged by Ultraviolet C

www.biomolther.org

24 h after PMA treatment (PMA-24 h) (Fig. 7A) and mPER2-
overexpression NIH3T3 cells (Fig. 7B, 8), which demonstrated 
that mPer2 play an protective role in NIH3T3 cells damaged 
by UVC.

The expression of p53
The housekeeping gene GAPDH was used to ensure the 

integrity of the RNA and equality of loading. RT-PCR analy-
sis showed that the expression of p53 was upregulated in 
mPER2-overexpressing NIH3T3 cells compared with vector 
control cells. After protein normalization to Actin levels, west-
ern blot analysis also demonstrated the same pattern of the 
level of p53 in different group (Fig. 9). 

Fig. 3. The influence of PMA on cell growth and proliferation in 
NIH3T3 cells irradiated by UVC. The growth and proliferation of 
NIH3T3 cells were treated with UVC at 12 h (PMA-12) or 24 h 
(PMA-12) after PMA treatment and without PMA treatment (Non-
PMA). Non-PMA, PMA-12 and PMA-24 indicate NIH3T3 cells un-
treated with PMA, NIH3T3 cells 12 h after PMA treated with PMA 
and NIH3T3 cells 24 h after PMA treated with PMA. (A) The colony 
formation assays. One-way ANOVA reveals signifi cant difference 
(F(2,6)=39.32, p<0.001) in the three groups. The colony-forming 
efficiency of PMA-24 is significantly higher than that of PMA-12 
(p<0.001) and Non-PMA (p<0.001). (B) Cell growth curves. The 
numbers under the horizontal axis indicate the days for cell culture. 
The results at 6 days indicate a signifi cant difference in cell growth 
speed among the three groups (One-way ANOVA, F(2,6)=20.89, 
p=0.002), and the cell growth speed in PMA-24 was higher than 
that of the other two groups (PMA-24 to Non-PMA, p=0.001; PMA-
24 to PMA-12, p=0.004). (C) The MTT assay. Absorbance at 490 
nm showed a signifi cant difference in the three groups (One-way 
ANOVA, F(2,6)=12.59, p=0.007) and PMA-24 was different from 
Non-PMA (P=0.004) and PMA-12 (p=0.007). *p<0.05.

Fig. 4. The protective effect of mPER2 overexpression on NIH3T3 
cells damaged by UVC. (A) The colony formation assays. mPER2 
increased colony formation dramatically. The colony-forming ef-
fi ciency of mPER2 overexpression NIH3T3 cells (Overexpression) 
was signifi cantly higher than that of Control group (Student’s t-test, 
t=4.419, p=0.012). (B) Cell growth curves. The results indicate that 
the cell growth speed in Overexpression was higher than that of 
Control group (Student’s t-test, t=4.143, p=0.014). (C) The MTT 
assay. Absorbance at 490 nm showed a significant increase in 
Overexpression compared with the other groups (Student’s t-test, t 
=5.169, p=0.007). *p<0.05.
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DISCUSSION

The mechanism of circadian oscillation based on the mo-
lecular feedback loops consists of several circadian genes and 
their protein products. Up to now, many core circadian clock 
genes have been identifi ed in mammals and humans (Dunlap, 
1999; Morse and Sassone-Corsi, 2002), and the Per2 gene 
is regarded as an indispensable component of the circadian 
clock (Zheng et al., 2001). Gene targeting studies have dem-
onstrated that the deletion of mPer2 induces arrhythmicity at 
both the behavioral and molecular levels (Bae et al., 2001). 
Mice without mPER2 function have a transient rhythm with a 
shortened period length of 22 h. A majority of mutant mice 
lose the persistence of circadian rhythm when placed in free-
running conditions (Lee, 2005). 

Several studies have reported that circadian genes are ex-
pressed in both SCN and peripheral tissue. Using peripheral 
cells and cell lines, several stimuli such as high concentrations 
of serum, forskolin, or phorbol 12-myristate 13-acetate (PMA) 
were reported to induce period genes. In the present study, 
PMA was used to stimulated NIH3T3 cells. The results dem-
onstrated that the expression of circadian genes, including 
mPer1 and mPer2, in NIH3T3 cell treated with PMA revealed 

Fig. 5. Flow cytometric analysis of apoptosis in NIH3T3 cells ir-
radiated with UVC treated with PMA. Horizontal and vertical axes 
represent DNA content and cell number, respectively. (A) Non-
PMA, (B) PMA-12 h, (C) PMA-24 h. The percentage of sub-G1 
cells undergoing apoptosis is indicated (bar). The NIH3T3 at 24 h 
after PMA treatment (C) had a much lower apoptotic peak than the 
other two groups (A, B).

Fig. 6. Flow cytometric analysis of apoptosis in mPER2-overex-
pression NIH3T3 cells irradiated with UVC. The mPER2-overex-
pression NIH3T3 had a much lower apoptotic peak than the vector 
control cells.

Fig. 7. Comet assay of UVC-irradiated cells. (A) NIH3T3 cells 
treated with PMA. One-way ANOVA revealed signifi cant difference 
(F(2,6)=13.77, p=0.006). PMA-24 h was significant to PMA-12 h 
(p=0.002) and Non-PMA (p=0.022), but others were non-signifi cant 
difference. (B) mPER2-overexpression NIH3T3 cells. Student’s 
t-Tests demonstrated the tails of migrating DNA in Overexpression 
was shorter than that of Control (t=3.567, p=0.023). *p<0.05.
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circadian pattern, similar to the former report (Kentaro et al., 
2002), whose nadirs and peaks were at 12 h and 24 h after 
PMA treatment, respectively.

UV radiation from sunlight exposure induces DNA damage 
that is potentially lethal to cells and is carcinogenic to animals. 
Studies in fi ssion and budding yeasts have demonstrated that 
genes that promote survival in UV light encode both DNA re-
pair factors and checkpoint proteins that regulate the cell cy-
cle in response to DNA damage. These genes are conserved 
among eukaryotes, so diverse model systems may be used to 
address questions of molecular mechanism. The pyrimidine 
dimer is the most abundant form of DNA damage known to be 
induced by UV (Cadet et al., 2005). 

It is now documented that alterations in circadian rhythm 
can be associated with cancers in both animal and human 
tumors (Filipski et al., 2002; Chen et al., 2005). The mice de-
fi cient in the mPer2 gene were cancer-prone. After radiation, 
these mice showed a marked increase in tumor development 
and reduced apoptosis in thymocytes (Fu et al., 2002). Over-
expression of mPER2 in the mouse Lewis lung carcinoma cell 
line (LLC) and mammary carcinoma cell line (EMT6) results 
in reduced cellular proliferation and rapid apoptosis, but not 
in NIH3T3 cells (Hui et al., 2006). In the present study, the re-
sults demonstrated that mPer2 exhibited a signifi cant protec-
tive effect on NIH3T3 cells damaged by UVC, as evaluated by 
MTT assay, cell growth curves and cell colony-forming assay, 
which suggest that mPER2 may attenuate DNA damage in 
cells induced by UVC.

Overexpressed mPER2 also altered the expression of 
apoptosis-related genes. The mRNA and protein levels of 
c-Myc, Bcl-XL and Bcl-2 were downregulated, whereas the 
expression of p53 and bax was upregulated in mPER2-over-
expressing cells compared with control cells transferred with 

empty plasmid (Hui et al., 2006), which was consistent with 
the present result that the p53 was upregulated in mPER2-
overexpressing NIH3T3 cells.

p53, a central factor in cellular stress responses, governs 
the protective and adaptive responses following several types 
of damage, such as DNA damage, hypoxia, nucleotide imbal-
ance, and oxidative stress (Levine, 1997). p53, determining 
the fate of the cell based on the severity of the damage, can 
halt cell cycle progression and direct damage repair. In case of 
extensive and unrepairable damage, p53 induces apoptosis. 
p53 regulates genes contributing to the cell cycle, DNA repair, 
and apoptosis. p53 was found to be stabilized by UV radiation 
already in 1984 (Maltzman and Czyzyk, 1984). Since then, it 
has become apparent that p53 plays a central role in the cellu-
lar responses provoked by UV radiation, amongst other stress 
inducers (Prives and Hall, 1999; Vousden and Lu, 2002). p53 
is essential for the protective UV responses in skin, and loss of 
its function promotes UV-induced skin tumorigenesis (Ziegler 
et al., 1994; de Gruijl et al., 2001). Consistent with Hui Hua’s 
study (Hui et al, 2006), the expression of p53 was upregulated 
in mPER-overexpression NIH3T3 cells. So, the protective ef-
fect of mPER2 on cell damaged by UVC may be result from 
the upregulated p53.

In summary, NIH3T3 cells at the peak of the expression of 
mPer2 induced by PMA demonstrated little damage with UVC 
evaluated by MTT assay, cell growth curves and cell colony-
forming assay, compared with that at the nadir of the expres-
sion of mPer2. Overexpression of mPER2, accompanied p53 
upregulated, also demonstrated protective effect on NIH3T3 
cells damaged by UVC. These results suggest that mPer2 
plays a protective effect on cells damaged by UVC, whose 
mechanism may be involved in upregulated p53.
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