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Per3, a circadian gene, is required for Chk2 activation in human cells
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a b s t r a c t

PER3 is a member of the PERIOD genes, but does not play essential roles in the circadian clock.
Depletion of Per3 by siRNA almost completely abolished activation of checkpoint kinase 2 (Chk2)
after inducing DNA damage in human cells. In addition, Per3 physically interacted with ATM and
Chk2. Per3 overexpression induced Chk2 activation in the absence of exogenous DNA damage,
and this activation depended on ATM. Per3 overexpression also led to the inhibition of cell prolifer-
ation and apoptotic cell death. These combined results suggest that Per3 is a checkpoint protein that
plays important roles in checkpoint activation, cell proliferation and apoptosis.

Structured summary:
MINT-8052850: Chk2 (uniprotkb:O96017) physically interacts (MI:0915) with Per3 (uniprotkb:P56645) by
anti bait coimmunoprecipitation (MI:0006)
MINT-8052875: Per3 (uniprotkb:P56645) physically interacts (MI:0914) with Chk2 (uniprotkb:O96017)
and ATM (uniprotkb:Q13315) by anti tag coimmunoprecipitation (MI:0007)
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1. Introduction mutant mice resembled the rhythms of mutant mice with disrup-
The circadian clock is responsible for multiple physiological and
behavioral rhythms in many organisms [1,2]. In mammalian cells,
the circadian clock is organized through a complex network of
feedback loops that drive rhythmic expression patterns of core
clock components. The members of the basic helix-loop-helix tran-
scription factor, Bmal1 and Clock form heterodimers, and initiate
expression of several target genes containing E-box enhancer ele-
ment, including PERIOD (PER) and CRYPTOCHROME (CRY1 and
CRY2). Per and Cry proteins act as negative regulators of circadian
target gene expression by directly interacting with and inhibiting
transcriptional activity of Clock:Bmal1 [3].

In mammals, three PER genes, PER1, PER2, and PER3, have been
identified [4,5]. Of these three genes, PER1 and PER2 have been
shown to play essential roles in circadian clock. Although the clock
continues to oscillate when a single PER gene is mutated [6–8], dis-
ruption of both PER1 and PER2 genes results in immediate loss of
behavioral and molecular rhythmicity [7]. In contrast, the behav-
ioral and molecular rhythms of PER1/PER3 and PER2/PER3 double
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tion of PER1 or PER2 alone [9]. These results suggest that PER3 is
not involved in regulating normal circadian clock function.

Recently, a growing number of studies have suggested that the
circadian clock components such as Clock:Bmal1, Tim, Per1, and
Per2 are also involved in controlling the cell cycle and cellular
response to genotoxic stresses [10,11]. Despite the similarity
between Per3 and Per1 or Per2 proteins, the function of Per3 in cell
cycle regulation or DNA damage response has not yet been reported.

In this study, we showed that Per3 plays an important role in
the cellular responses to genotoxic stresses. The depletion of Per3
by siRNA treatment resulted in the abrogation of the ATM/Check-
point kinase 2 (Chk2) checkpoint pathway after inducing DNA
damage. Per3 was also shown to physically interact with ATM
and Chk2, and the overexpression of Per3 induced the activation
of Chk2 in the absence of treatment with DNA damaging agents.
Our results suggested that Per3 might be an essential component
of checkpoint pathway, which plays a distinct role in the check-
point activation process.

2. Materials and methods

2.1. Cell culture, plasmid construction and transient transfection

HeLa cells were cultured in Dulbecco’s modified Eagle’s med-
ium, supplemented with 10% FBS and antibiotics. All cell culture
lsevier B.V. All rights reserved.
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reagents were purchased from Welgene Inc (Seoul, Korea).
Hydroxyurea and caffeine were purchased from Sigma–
Aldrich (USA). Per3 siRNAs were chemically synthesized by Samc-
hully Pharm (Daejon, Korea). The sense strand sequences of siRNAs
used in this study were as follows: GL2, 50-AACGUACGCGGAAUA-
CUUCGA-30; Per3-1, 50-GGUGUAUAAUUGGAUUCAA-30; Per3-2, 50-
GCAUCCUCCCUUUGAACAU-30; ATM, 50-UAUAUCACCUGUUUGUU-
AGUU-30. Transfections of siRNAs (120 nM) and plasmid DNA were
performed using oligofectamine and lipofectamine-plus (Invitro-
gen), respectively, following the manufacturer’s instruction.

2.2. Immunoblotting and immunoprecipitation

For immunoblotting, cell lysates were prepared with lysis buffer
containing 50 mM Tris–HCl, pH 7.5, 150 mM NaCl, 0.1% NP-40,
5 mM EDTA, 50 mM NaF, 1 mM sodium vanadate, and protease
inhibitors. For immunoprecipitation, total cell extracts were pre-
pared using immunoprecipitation buffer (20 mM Tris–HCl, pH8.0,
100 mM NaCl, 1% NP-40, 1 mM EDTA, 1 mM EGTA, 1 mM ATP,
5 mM sodium fluoride, 1 mM sodium vanadate, and protease
inhibitors). Immunoprecipitations were performed using anti-
FLAG M2 agarose beads (Sigma–Aldrich) or anti-Chk2 antibody
(Santa-cruz) at 4 �C. The primary antibodies against FLAG, p-Chk1
(Ser317), p-Chk2 (Thr68), p-ATM (Ser1981), Caspase3 and PARP
were purchased from Cell Signaling Technology (USA); antibodies
against Chk1 and Chk2 were from Abcam (UK); actin and Cdc25A
antibodies were from Santa Cruz Biotechnology (USA).

2.3. Colony formation assay

Cells were plated in 100 mm dishes and transfected with 4 lg of
plasmid. After the cells were incubated for 24 h, the culture med-
ium was changed with fresh medium. The cells were cultured for
14 days, fixed and stained with coomassie brilliant blue.

2.4. Flow cytometry analysis

Cells were collected after treatment with trypsin, washed with
phosphate-buffered saline (PBS), and fixed with 70% ethanol in
PBS. The cells, resuspended in PBS containing RNase A (2 lg/ml),
were incubated at 37 �C for 30 min. After incubation with 10 lg/
ml propidium iodide for 10 min at 37 �C, the DNA content in the
samples was analyzed using a FACScalibur flow cytometer (Becton
Dickinson).

2.5. Bromodeoxyuridine (BrdU) incorporation assay

The BrdU incorporation assay was conducted using a BrdU-
Labeling and Detection Kit (Roche) according to the manufacturer’s
instruction. The nuclei of cells were stained with 0.1 lg/ml DAPI in
PBS for 3 min in the dark. The stained cells were imaged by fluores-
cent microscopy (NIKON, TE2000).
Fig. 1. Per3 is required for the activation of the checkpoint pathway after inducing
DNA damage. (A and B) HeLa cells were transfected with 120nM siRNA; firefly
luciferase (GL2) and Per3 (P3-1 or P3-2). The transfected cells were cultured for 48 h
and treated with 20 lM etoposide (ETO) or 5 mM HU for 18 h, and cellular levels of
proteins were detected by immunoblotting. Actin was used as a loading control. (C
and D) Cells transfected with pCDNA-FLAG-Per3 plasmid were incubated in the
absence or presence of 20 lM etoposide for 18 h. Total cell lysates of about 500 lg
was used for immunoprecipitation with anti-FLAG M2 agarose beads (C) or anti-
Chk2 antibodies (D). FLAG and IgG indicates that the immunoprecipitation was
carried out in the presence of 0.2 mg/ml FLAG peptides and using non-specific IgG,
respectively. Input represents 10% (C) or 5% (D) of the lysates used for
immunoprecipitation.
3. Results

3.1. Downregulation of Per3 abolishes the activation of ATM-Chk2
pathway after DNA damages

To examine the possible role of PER3 in the checkpoint re-
sponses, activation of checkpoint pathways in PER3 depleted cells
were examined. As shown in Fig. 1A and B, transfection of two dif-
ferent PER3 siRNAs, respectively, significantly reduced the level of
Per3 in HeLa cells. Treatment with etoposide, an inducer of double
strand breaks or hydroxyurea, an inhibitor of DNA replication, re-
sulted in the activation of both Chk1 and Chk2 in control siRNA
treated cells. However, while activation of Chk1 by etoposide or
hydroxyurea was not significantly affected by the depletion of
Per3 proteins, Chk2 activation was impaired in Per3 depleted HeLa
cells. On the other hand, the phosphorylational activation of ATM,
an upstream checkpoint kinase of Chk2, was still observed in Per3
depleted cells (Fig. 1A and B), suggesting that Per3 is required for
the ATM dependent activation of Chk2 after DNA damage.

To explore the possibility that Per3 is directly involved in the
checkpoint activation process, the physical interaction between
Per3 and checkpoint proteins was examined. Immunoprecipitation
of Per3 using an anti-FLAG antibody resulted in the co-precipita-
tion of ATM and Chk2 proteins (Fig. 1C), and reciprocal immuno-
precipitation with an anti-Chk2 antibody also pulled down Per3
proteins (Fig. 1D). In addition, the physical interactions between
those proteins were not dependent on DNA damage, because co-
precipitations were observed both in the absence and in the pres-
ence of DNA damage. These results suggested that the Per3 protein
might play a direct role in the activation of Chk2 by physically
interacting with checkpoint proteins.

3.2. Ectopic expression of Per3 results in the activation of Chk2 without
exogenous DNA damage

Since Per3 interacted with checkpoint proteins, the effect of
overexpressing Per3 on the checkpoint pathway was assessed.
Interestingly, ectopic expression of Per3 stimulated Chk2 phos-
phorylation in the absence of exogenous DNA damage while
Chk1 phosphorylation was not significantly affected. To test
whether the increase in Chk2 phosphorylation led to the activation
of effective checkpoint responses, the cellular level of Cdc25A
phosphatase, a major target of checkpoint pathway, was examined.



Fig. 2. Per3 overexpression induces Chk2 activation in the absence of DNA damage.
(A and B) HeLa cells were transfected with 4 lg plasmid; empty vector (EV) or
pCDNA3-FLAG-Per3 (Per3). The transfected cells were incubated for 48 h. The
activated forms of Chk1, Chk2 and ATM were detected by Ser317-phospho specific
Chk1, Thr68-phospho-Chk2 or Ser1981-phospho-ATM antibodies, respectively. Actin
was used as a loading control. (C and D) HeLa cells were transfected in the same
manner as (A) and simultaneously treated with 5 mM caffeine (C) or ATM siRNA
(D). After 48 h, total cell lysates were prepared and immunoblotting was carried out
using the indicated antibodies. Actin was used as a loading control.

Fig. 3. Per3 overexpression leads to the inhibition of cell proliferation and apoptotic cell
Per3 (Per3), and cell proliferation and DNA synthesis were measured using the colony
indicate the standard error from three independent experiments. (C) Cell cycle profiles
empty vector or pCDNA3-FLAG-Per3. (D) The induction of apoptotic cell death was dete
were cleaved products of caspase 3. The 116 kDa band represents the full length PARP,
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Indeed, a decrease in Cdc25A was observed in Per3 expressing cells
and the level of decrease was comparable to that in hydroxyurea
treated cells (Fig. 2A). Phosphorylation of ATM was also observed
in Per3 overexpressed cells (Fig. 2B), and depletion of ATM with
siRNA or treatment with caffeine, which is an inhibitor of upstream
ATM kinase, completely reversed the effects of Per3 overexpression
on Chk2 activation (Fig. 2C and D). Taken together, these results
suggest that overexpression of Per3 leads to the activation of the
ATM-Chk2 pathway by increasing the phosphorylation of Chk2 in
the absence of exogenous DNA damage.

3.3. Per3 overexpression leads to the inhibition of cell proliferation and
apoptotic cell death

Since Chk2 was activated by ectopic expression of Per3, the
effect of Per3 overexpression on the proliferation of HeLa cells
was examined. Using the colony formation assay, cell proliferation
was found to be significantly decreased in cells transfected with
Per3 (Fig. 3A). Per3 overexpressing cells also showed a decrease
of BrdU incorporation, which suggests that DNA replication was
inhibited in those cells (Fig. 3B). Flow cytometry analysis also con-
firmed that DNA synthesis was inhibited in those cells, which was
determined by the complete loss of the G2 peaks in Per3 express-
ing cells. In addition, the number of sub-G1 cells, which represent
cell death, was dramatically increased by Per3 overexpression
(Fig. 3C). Furthermore, the products of apoptosis, such as the
cleaved forms of caspase 3 and poly (ADP-ribose) polymerase, were
detected in Per3 overexpressing cells (Fig. 3D). Taken together,
death. HeLa cells were transfected with 4 lg of empty vector (EV) or pCDNA3-FLAG-
formation assay (A) and the BrdU incorporation assay (B), respectively. Error bars
were examined by Flow cytometry analysis 24 or 48 h after transfection with the

cted using the immunoblotting assay. The visualized 19- and 17-kDa protein bands
while the 89 kDa band represents the cleaved PARP product.
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Per3 overexpression leads to the inhibition of cell proliferation and
apoptotic cell death in HeLa cells in the absence of exogenous DNA
damage.

4. Discussion

PER3 is a member of the circadian clock gene family, Period, but
dose not play important roles in circadian clock rhythmicity. Here,
PER3 was shown to be involved in the checkpoint pathway after
inducing DNA damage. Participation of circadian genes in cell cycle
regulation is not a unique property of Per3. There are a large num-
ber of studies that have demonstrated a functional link between
the circadian clock and cell cycle control [10,11]. Especially, Per1,
Per2 and Tim were known to be involved in checkpoint responses
to DNA damage. While Tim is involved in the activation of the ATR-
Chk1 pathway in mammalian cells [12], Per1 [13] and Per3 are re-
quired for the activation of the ATM-Chk2 pathway. In Drosophila,
Timeless and Period both play critical roles in controlling the circa-
dian clock. On the other hand, neither Tim nor Per3 in mammalian
cells appear to play important roles in the circadian clock. Per1 was
shown to play a role in both the circadian clock and checkpoint
pathway.

All core circadian clock proteins have the potential to play
important roles in controlling the cell cycle because expression
of cell cycle related genes such as Wee1, c-Myc, Cyclin D1, and
p21 is regulated by the circadian clock [10]. However, the role of
Per3 in the checkpoint activation process appears to be more di-
rect. First, Per3 physically interacts with both ATM and Chk2. If
the activation of the checkpoint pathway is mediated by the
expression of other circadian target genes, the physical interac-
tions between those proteins would not be necessary. Second,
Per3 does not affect the expression of circadian clock proteins.
Therefore, expression of cell cycle related circadian target genes
was not changed by the depletion of Per3 in our study.

Since Per1 and Per3 form a dimer and nuclear localization of
those proteins depends on dimerization [14], it is possible that
the depletion of Per3 inhibited checkpoint activation by preventing
the nuclear import of Per1 proteins or vice versa. There are several
contradictory reports regarding the nuclear import of Per1 and
Per3 proteins. While a few reports suggested that the nuclear im-
port of Per1 requires dimerization with Per3, other reports have
suggested that Per1 is required for the nuclear import of Per3
[14–16]. Thus, the protein that is more critical for the nuclear im-
port and checkpoint activation is still largely controversial and re-
mains to be solved. It is also possible that the dimer of Per1 and
Per3 acts together to activate checkpoint pathway.

In this study, we also showed that overexpression of Per3 led to
the inhibition of cell proliferation and apoptotic cell death in HeLa
cells. Overexpression of Per1 was shown to sensitize human cancer
cells to DNA damage induced apoptosis [13], and overexpression of
Per2 was also reported to induce apoptosis in mouse cancer cell
lines [17]. De-regulation of the expression of many cell cycle and
apoptosis related genes was also reported in these studies. Since
many of these genes are clock controlled genes [18,19], de-regu-
lated expression of clock-controlled genes by Per overexpression
might have been the reason for apoptotic cell death. This explana-
tion is reasonable because overexpression of Per1 or Per2 signifi-
cantly alters molecular rhythmicity and Bmal1/Clock activity.
However, the molecular mechanism of apoptotic cell death by
Per3 overexpression might be different from those induced by
Per1 or Per2 overexpression. Per3 did not play any significant roles
in the circadian clock. Therefore, expression of circadian clock con-
trolled genes would not be affected by Per3 expression. However,
we could not rule out the possibility that the defects in expression
of a few important factors in the control of the cell cycle and apop-
tosis were responsible for the apoptotic cell death of Per3 over-
expressing cells.
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