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To explore the role of mPer2 in the circadian oscillation in the mammalian cellular clock, we established
fibroblast cell lines in which expression of mPer2 is controlled through a tetracycline-regulatable promoter. We
revealed that constitutive expression and overexpression of mPer2 mRNA severely impair serum shock-induced
cyclic circadian clock gene expression. Moreover, under conditions of lower mPer2 mRNA expression, mPER2
protein accumulation in these cells showed clear circadian oscillation even in constitutive mPer2 mRNA
expression, suggesting that the protein cycling of mPER2 was required for oscillation of the circadian feedback
loop. Since the rhythms of gene expression driven by the intrinsic clock oscillation system dampen rapidly in
the absence of cyclic expression of mPer2, the transcriptional rhythm helps to sustain the clock oscillation.

Circadian rhythmicity is observed in many aspects of basic
cellular functions such as membrane excitation and energy
metabolism as well as behavioral events such as sleep-waking
cycles. In mammals, all these circadian rhythms are generated
at the cellular level by the circadian core oscillator composed
of an autoregulatory transcription-(post)translation-based
feedback loop involving a set of clock genes. In the past several
years, molecular understanding of the mammalian circadian
system has progressed considerably. Indeed, genetic dissection
of mammalian genes has revealed that mPer2 (4, 33), mCry
(24), Clock (25), and Bmal1 (7) genes were indispensable com-
ponents of the clock. The transcription-(post)translation feed-
back loop, which is supposed to exist in mammals as in other
organisms, is understood mainly from the scheme of Drosoph-
ila melanogaster (3, 10, 20, 31), since many of the components
are common in mammals and in Drosophila (10, 32).

However, there is a considerable difference in the roles of
molecules in Drosophila and in mammals; e.g., Drosophila cry
and mammalian mCry1/mCry2 (32). Particularly, the central role
of per in the negative feedback loop is established in Drosophila
(13, 32), but the role of its mammalian homologue mPer genes
was not determined yet. The negative effects of mPer gene prod-
ucts were detected by luciferase reporter gene assay in mamma-
lian cell lines, but the suppression ability of mPER1, mPER2, and
mPER3 on BMAL1/CLOCK was far weaker than those of
mCRY1 and mCRY2 (15). This was completely different from
the suppression ability of Drosophila per, which shows a very
strong suppressive effect at the transcription level (31). No further
data suggesting that the mPer genes were negative components in
mammals were reported, although considerable evidence was ac-
cumulated for Drosophila (32).

As in Drosophila, mPer genes are speculated to be crucial for

the generation of rhythms. Among mPer genes, mPer2 is con-
sidered to be the most important gene since gene targeting
studies have demonstrated that the deletion of mPer2 induced
arrhythmicity at both the behavioral and molecular levels, al-
though the deletion of mPer1 only shortened the period length,
and the deletion of mPer3 yielded almost normal locomotor
activity (4, 33). Furthermore, the introduction of the mPer2
gene as well as the mPer1 gene into the arrhythmic per01 mu-
tant of Drosophila, which are otherwise arrhythmic due to a
lack of endogenous PER protein, restored rhythm (22). Thus,
mPer2 is thought to be a counterpart of Drosophila per among
mammalian mPer genes. Unfortunately, despite a number of
studies, no data showing that mPer2 is the crucial molecule for
determining the state of circadian rhythms are available.

To prove that mPer2 is the central molecule which deter-
mines the state of the rhythms, the handling of the level of
expression of this gene is crucial. As reported previously, se-
rum shock can induce circadian gene expression of a variety of
genes in cultured fibroblasts (1, 6, 18, 27). Since it has been
demonstrated that the oscillation in this in vitro system occurs
from the basically common core circadian feedback loop as in
vivo (27), this culture system can be used as a model to address
mPer2 function at a cellular level.

For this purpose, we established subsets of fibroblast cell
lines in which expression of mPer2 is controlled through a
tetracycline-regulatable (Tet-Off) transcription factor with the
application of a high concentration of horse serum to generate
clock gene oscillation (1, 6, 18, 27). In these cell lines, exog-
enously expressed mPer2 is driven by a tetracycline response
element (TRE)-containing constitutive promoter which is not
under the control of circadian molecular feedback loops. To
establish this Tet-Off system as a mammalian model system of
circadian rhythm in the present study, we evaluated the effect
of induced mPer2 expression in NIH 3T3 fibroblast cells with
the identical genetic background before and after exposure to
doxycycline, a derivative of tetracycline.

MATERIALS AND METHODS
Cell culture and generation of cell lines. To obtain mPer2-expressing cell lines

regulated by tetracycline, we used the Tet-Off system (BD Biosciences Clontech,
Palo Alto, Calif.). Before transfection, 4 � 105 NIH 3T3 cells were plated onto
a 6-cm-diameter dish. NIH 3T3 cells were cultured in Dulbecco’s modified

* Corresponding author. Mailing address: Division of Molecular
Brain Science, Department of Brain Sciences, Kobe University Grad-
uate School of Medicine, 7-5-1 Kusunoki-cho, Chuo-ku, Kobe 650-
0017, Japan. Phone: 81 78 382 5340. Fax: 81 78 382 5341. E-mail:
okamurah@kobe-u.ac.jp.

† Y.Y. and K.Y. contributed equally to this work.
‡ Present address: Department of Biological Science, Nagoya Uni-

versity Graduate School of Science, Nagoya 464-8602, Japan.

1912



Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS), and pTet-Off
vector was transfected. After 2 days, we started selection for 2 weeks with 1 mg
of G418 (GIBCO)/ml. We picked up colonies and transfected pTRE2hyg-Luc
into cloned cells transiently. A colony that has low background with doxycycline
(�Dox) and that has high luciferase activity without doxycycline (�Dox) was
selected. Secondly, mPer2 pTRE2 and pTK-Hyg were cotransfected into cloned
NIH 3T3 cells that contained pTet-Off, and cells were selected for 2 weeks with
400 �g of hygromycin B (Invivogen)/ml and 200 �g of G418/ml. Colonies were
picked up and cultured for �4 to 5 days with 2 �g of doxycycline/ml or without
doxycycline. Induction of mPER2 protein was detected by Western blotting
assay, and some cell lines were generated. The serum shock was done as follows.
A total of 5 � 105 NIH 3T3 cells were plated onto a 6-cm-diameter dish 3 days
before the experiment. Cells were cultured in DMEM–10% FBS supplemented
with 100 �g of hygromycin B/ml and 200 �g of G418/ml and with 2 �g of
doxycycline/ml or without doxycycline, respectively. Twelve hours before serum
shock, the medium was exchanged with DMEM–5% FBS with or without doxy-
cycline. At time zero, the medium was exchanged with DMEM and 50% horse
serum (GIBCO), and after 1 h, this medium was replaced with serum-free
DMEM with or without doxycycline. At time zero, cells were harvested before
serum shock, and at the indicated times, the whole-cell RNA or protein was
collected from cultured cells.

Northern blot analysis. Cultured cells were washed three times with ice-cold
phosphate-buffered saline (PBS) and harvested in 1 ml of TRIzol reagent (In-
vitrogen). These samples were frozen and stored at �70°C until whole-cell RNA
was extracted. Ten micrograms of total RNA was electrophoresed in a 1.2%
agarose gel containing 2% formaldehyde. RNAs were transferred to Byodyne
membrane (PALL BioSupport, New York, N.Y.) and hybridized with probes. To
compare between Dox� and Dox� conditions, RNAs obtained under each
culture condition were applied onto the same gel and transferred as one mem-
brane. For mPer2, we used 1 to 878 bp (GenBank accession number
NM_011066) of mPer2 cDNA for the 5� probe. To detect endogenous mPer2,
3,939 to 5,816 bp (GenBank accession number NM_011066) of the 3� noncoding
region of mPer2 cDNA were used for probes. For dbp, the total coding region of
mouse dbp (GenBank accession number U29762) was cloned by reverse tran-
scription-PCR and ligated into the pCR2.1 TOPO vector (Invitrogen). GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) (Clontech) was used as a control.
Probes were labeled with [32P]dCTP using a TaKaRa (Tokyo, Japan) random
primer labeling kit. Hybridization was performed at 42°C for 16 h, and mem-
branes were washed twice in 0.2� SSC (1� SSC is 0.15 M NaCl plus 0.015 M
sodium citrate)–0.1% sodium dodecyl sulfate (SDS) at 60°C for 30 min. Mem-
branes were exposed to an imaging plate and analyzed by BAS 5000 (Fuji Film,
Tokyo, Japan). For rehybridization purposes, probes were stripped in water at
95°C for 3 min.

Western blot analysis. At the indicated times, cells were washed three times
with ice-cold PBS and harvested in 50 �l of SDS sample buffer (125 mM
Tris-HCl [pH 6.8], 2% SDS, 10% glycerol, 0.05% bromophenol blue, 1 �M
phenylmethylsulfonyl fluoride, 50 mM NaF, 100 �M NaVO3, 40 mM dithiothre-
itol). After these samples were boiled for 3 min, 20 �l of these samples was
separated by 6.5% SDS–polyacrylamide gel electrophoresis (PAGE) and trans-
ferred to polyvinylidene difluoride membrane (Immunoblot-P membrane; Atto,
Tokyo, Japan). As primary antibodies, rabbit anti-mPER2 (affinity purified,
1:500; Alpha Diagnostic International, San Antonio, Tex.) and anti-ACTINE
(1:1,000; Santa Cruz) antibodies were used. Cy3 anti-rabbit immunoglobulin G
antibody (1:2,000; Jackson Immuno Research Laboratories) was used as a sec-
ondary antibody. Chemiluminescence was performed by using Western Blotting
Luminol reagent (Santa Cruz) and analyzed by LAS 1000 (Fuji Film).

Immunoprecipitation. Immunoprecipitation was performed 3 days after the
cell culture without doxycycline by use of whole-cell lysates harvested with 0.2 ml
of lysis buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1% NP-40, 50 mM NaF,
100 �M NaVO3, and Complete Mini Protease Inhibitor [Roche, Mannheim,
Germany]). Total cell lysate was centrifuged at top speed for 10 min at 4°C. The
supernatant was transferred to a fresh microtube, and anti-FLAG M2 antibodies
(Sigma) were added and incubated for 2 h at 4°C with mild agitation. After adding
30 �l of protein G-agarose equilibrated with lysis buffer, beads were collected and
washed twice with wash buffer (20 mM Tris-HCl [pH 7.5], 500 mM NaCl, 0.1%
NP-40, 0.05% sodium deoxycholate). After removing the supernatant completely, 8
�l of 3� SDS sample buffer was added, and samples were boiled for 5 min.

Pulse-chase. P2-#19 cells were cultured in doxycycline-free DMEM–10% FBS
for 3 days. Cells were then cultured in methionine- and cysteine-free medium
with [35S]methionine and cysteine (250 mCi/ml) for 1 h and then chased for the
indicated times. Cells were lysed and immunoprecipitated with anti-mPER2
antibody, and the mPER2 protein was resolved by 6.5% SDS–PAGE. Radiola-
beled signals were analyzed by BAS5000.

Comparative immunofluorescence. A total of 106 Per2-#19 cells were plated
onto a 10-cm-diameter dish and cultured in DMEM–10% FBS with 2 �g of
doxycycline/ml or without doxycycline. After 12 h, 400 �l of bead solution
(Polybeads, 0.7-�m latex microsphere; Polyscience, Inc., Warrington, Pa.) was
added to medium and cultured for 2 days. Cells were washed with PBS,
trypsinized, and centrifuged at 1,200 � g for 3 min. The Per2-#19 cells labeled
with beads and NIH 3T3 cells without labeling were mixed, and 2.5 � 105 cells
were plated onto coverslips and cultured overnight in serum-free DMEM with or
without 2 �g of doxycycline/ml. Serum shock was performed, and cells were fixed
with 4% paraformaldehyde at the indicated times. mPER2 protein was detected
by using an anti-mPER2 antibody (affinity purified, 1:500) followed by a Cy3
anti-rabbit immunoglobulin G antibody (1:2,000). We used DAPI (4�,6�-di-
amidino-phenylindole) for staining of the nuclei.

Transcriptional assay. Luciferase reporter gene assays were performed with
NIH 3T3 cells. Cells (2 � 105) were seeded onto a 6-well plate and transfected
the following day. In this study, we used the Dual Luciferase Reporter assay
system (Promega). Each transfection reaction mixture contained a pGL3 pro-
moter vector subcloned into the DNA fragment of E-box enhancer elements.
Human Clock and human Bmal1 were used at 750 ng per transfection. One
hundred nanograms of pTet-Off vector and 400 ng of pTRE2-mPer2 were used
per transfection. The total amount of DNA per dish was adjusted to 2 �g by
adding pcDNA3 vector as carrier. Forty-eight hours after transfection, cells were
harvested to determine luciferase activity by illuminometer.

RESULTS

Establishment of doxycycline-regulatable mPer2 stable cell
lines. We first established subsets of NIH 3T3 lines in which
expression of mPer2 is controlled through the Tet-Off pro-
moter (Fig. 1). We chose Tet-Off-regulated mPer2 double stable
cell lines showing various types of induction levels. The P2-#8 line
exhibited almost no basal expression of exogenous mPer2 mRNA
in the presence of doxycycline (Dox�), but after removal of
doxycycline (Dox�), a moderate level of mPer2 mRNA was in-
duced (Fig. 1B). On the other hand, other cell lines (P2-#19,
P2-#21, and P2-#22) exhibited weak basal expression of mPer2
mRNA under Dox� conditions, and the removal of doxycycline
induced a high level of mPer2 (Fig. 1B). Among these lines,
P2-#19 lines showed the highest level of mPer2 mRNA under
Dox� conditions. By using these various cell lines, we address the
dose effect of constitutively expressed mPer2 in the circadian
feedback loop in the same genetic backgrounds.

pTet-Off-induced mPER2 suppresses CLOCK/BMAL1-me-
diated transcription. Before analyzing the effect of pTet-Off
on circadian rhythms, we first confirmed whether our mPER2
produced by the pTet-Off vector is a functionally active nega-
tive regulator to inhibit the BMAL1/CLOCK-mediated tran-
scriptional activity in the luciferase reporter gene assay (Fig.
2). We cotransfected pTet-Off- and mPer2-subcloned pTRE2
vectors in this assay because we used these constructs to gen-
erate Tet-Off/mPer2 NIH 3T3 stable cell lines. To eliminate
the possibility of some unexpected effects by the pTet-Off vec-
tor, we checked the effect of expression of the Tet-Off vector-
derived product with and without doxycycline. Since CLOCK/
BMAL1 dramatically increased the luciferase activity in pTet-
Off-transfected cells as described in previous reports (15), the
coexistence of the pTet-Off vector does not interfere with the
increase of transcription by CLOCK/BMAL1 (Fig. 2). During
cotransfection of both pTet-Off and mPer2-pTRE2, luciferase
activity was suppressed under Dox� conditions, whereas much
less inhibitory effect was observed under Dox� conditions
(Fig. 2). Thus, pTet-Off-induced mPER2 is functionally active
for suppressing E-box-mediated CLOCK/BMAL1 transcrip-
tional activation.

VOL. 25, 2005 CYCLIC mPer2 IN THE CELLULAR CLOCK 1913



Impairment of cyclic expression of endogenous mPer2 by
Tet-Off-induced overexpressed mPer2. We then analyzed the
effect of constitutively expressed mPer2 on the core oscillation of
the circadian feedback loop itself and its outputs. After the serum
shock, we examined the expression profile of the 3� noncoding
region of mPer2 as a state marker of core clock oscillator and dbp
as a representative of the clock-controlled gene directly regulated
by the circadian feedback loops (21, 29).

In the P2-#8 line under DOX� conditions, dbp and endog-
enous mPer2 mRNA (Fig. 3A) showed robust circadian rhythm as
expected (Fig. 2A). Under Dox� conditions, moderate levels of
Tet-Off system-driven mPer2 were expressed without showing cir-
cadian change throughout the experiments (Fig. 3A). Even under
this constitutive (at least noncircadian in Northern blot analysis)
mPer2 expression condition, dbp mRNA and endogenous mPer2
mRNA (Fig. 3A) showed clear circadian rhythms (Fig. 3A, right
diagram). We then analyzed the P2-#19 line, which exhibited
constitutive but weaker basal exogenous mPer2 expression even

under Dox� conditions and much stronger mPer2 induction un-
der Dox� conditions (Fig. 3B). Under Dox� conditions, molec-
ular rhythms of dbp and endogenous mPer2 mRNA are still ob-
vious until the second cycle. On the other hand, Dox� conditions
induced constitutive high levels of mPer2 expression which se-
verely impaired the circadian rhythm of both dbp and endogenous
mPer2 mRNA (Fig. 3B). Under these conditions, peaks of dbp
and endogenous mPer2 expression are suppressed, suggesting
that overexpressed products of the mPer2 gene inhibited the rise
of their expression. Suppression of endogenous mPer2 and dbp
peaks at high levels of constitutive mPer2 expression under Dox�
conditions was also observed in P2-#21 and P2-#22 Tet-Off/
mPer2 cell lines (data not shown). Thus, the inhibition of cyclicity
of internal circadian clock oscillation by the mPer2 overexpression
induced under Dox� conditions is the first demonstration which
suggests that mammalian circadian oscillation is generated
through the cyclically regulated mPer2 gene products.

FIG. 1. Conditional expression of mPer2 in NIH 3T3 fibroblasts using the Tet-Off system. (A) Schematic drawing of the tetracycline-regulatable
mPer2 expression system. Dox represents doxycycline, which is a derivative of tetracycline. In this Tet-Off system (BD Biosciences Clontech), the
tetracycline-controlled transactivator (tTA), which is composed of tetracycline repressor protein (tetR) and the VP16 activation domain of herpes
simplex virus, is expressed from the constitutive cytomegalovirus promoter (CMV pro). When Dox is absent (Dox�), tTa binds to TetO
(tetracycline operator) and Pmin (CMV minimum promoter) activates mPer2 expression. In the presence of Dox (Dox�), mPer2 expression is not
activated (B) Expression of exogenous mPer2 mRNA in pTet-Off and pTRE2-mPer2 double stable NIH 3T3 cell lines. The P2-#8 cell line shows
almost no expression of mPer2 under Dox� conditions, whereas apparent induction of mPer2 is seen under Dox� conditions. P2-#19, P2-#21,
and P2-#22 cell lines represent weak basal expression under Dox� conditions and strong induction of mPer2 under Dox� conditions.
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Accumulation profile of mPER2 protein in Tet-Off/mPer2
cells. Next, we analyzed the fate of the forced expression of
mPER2 protein in Tet-Off/mPer2 cells. We first characterized
mPER2 protein induced under Dox� conditions in various
Tet-Off/mPer2 cell lines (Fig. 4A). The P2-#19 cell line
strongly induced mPER2 protein under Dox� conditions,
whereas only faint signals of mPER2 were detected under
Dox� conditions. It has been known that the progressive phos-
phorylation following degradation of mPER2 protein is an
important process within the circadian feedback loop (17, 23).
Thus, we characterized the induced mPER2 protein by the
pulse-chase method, where cells cultured in Dox� medium
were pulse-labeled for 1 h with [35S]methionine and then
chased. The 35S-labeled mPER2 band was sharp, and no
shifted band was seen at the time point just after the chase
(Fig. 4B, left panel). The shifted band appeared after 2 h and
developed over time (Fig. 4B, left panel). The shifted band is
thought to be phosphorylated mPER2 because it disappeared
after incubation with calf intestinal phosphatase (data not
shown) (8). Total 35S-labeled mPER2 signals weakened over
time as quantified in right panel of Fig. 4B, which indicated
that expressed mPER2 not only phosphorylated but also de-
graded. Thus, the present Tet-Off cell lines undergo progres-
sive phosphorylation and degradation of mPER2, similar to
what is seen in vivo (16, 19).

Cyclic mPER2 protein expression is essential for cycling of
circadian feedback loops. Since the pulse-chase study has dem-
onstrated that mPER2 proteins induced by the Tet-Off cell
lines receive modifications similar to what is seen in vivo, we
then analyzed the effect of overexpression of mPER2 protein
on serum shock-induced circadian rhythms. Figure 4C shows
the data obtained from the P2-#19 cell line (Fig. 4C). Inter-
estingly, Western blot analysis revealed that accumulation of
mPER2 protein clearly oscillated in a circadian manner under
Dox� conditions, where mPer2 mRNA is expressed constitu-
tively, at least as determined by Northern blot analysis (Fig. 3B
and 4C and D, left panels). On the other hand, under Dox�
conditions, the accumulation of mPER2 was extremely strong at
every time point after the serum shock and lacked circadian os-
cillation (Fig. 3B and 4C and D, right panels). Since dbp and
endogenous mPer2 showed clear circadian rhythms, it is specu-
lated that core clock itself oscillates and its effective outputs are
conducted under these conditions. These results indicate that
cyclic expression of mPER2 at the protein level but not necessar-
ily at the transcription level is essential for cycling circadian feed-
back loops once or twice in cultured fibroblasts cells.

Since the ubiquitylation-proteasome system is known to be
the important step for the mPER2 degradation (2, 28), we
examined the involvement of this system in the mechanism
generating the mPER2 protein cycle in the absence of the
apparent mRNA accumulation cycle. For this purpose, we
used the P2-#32 line, which carries FLAG-tagged mPer2. The
P2-#32 cell line exhibited constitutive expression of exogenous
FLAG-tagged mPer2 expression under Dox� conditions and
faint expression of FLAG-tagged mPer2 mRNA under Dox�
conditions after the serum shock (Fig. 5A). Even though mPer2
mRNAs were constitutively expressed under Dox� conditions
in this cell line, similar to what is found with the P2-#19 cell
line under Dox� conditions, dbp mRNA exhibited clear circa-
dian oscillation. This result suggests that core clock oscillation
of the P2-#32 cell line under Dox� conditions was still main-
tained for at least two cycles. By the immunoprecipitation
assay using anti-FLAG antibodies, we detected strong accu-
mulation of mPER2 at 6 h and very weak accumulation at 18 h
after serum shock, which is compatible with results from West-
ern blot analysis using another cell line (see Fig. 4C). Interest-
ingly, the application of proteasome inhibitor MG132 showed
the attenuation of the reduction of mPER2 at 18 h (Fig. 5B
and C). This result suggests that the proteasome-mediated
proteolysis plays a role in the generation of the mPER2 protein
cycle in the absence of apparent mRNA accumulation.

To examine the dynamics of the mPER2 protein at the
cellular level, we then performed comparative immunofluores-
cence experiments using anti-mPER2 antibody in mixed cul-
ture of microspheric bead-incorporated P2-#19 cells and non-
labeled wild-type NIH 3T3 cells (Fig. 6). Under Dox�
conditions, expression of mPER2 in bead-labeled P2-#19 cells
was slightly higher than that found with nonlabeled wild-type
NIH 3T3 fibroblasts at 4 h after serum shock. However, at 16 h,
cellular staining of mPER2 was weakened in both P2-#19 cells
and NIH 3T3 cells (Fig. 6A and B, left panels). These results
confirmed at the cellular level that the protein oscillation of
mPER2 in Dox� P2-#19 cells constitutively expressing mPer2
mRNA a at moderate level is similar to that seen in wild-type
NIH 3T3 cells (Fig. 3B). On the other hand, under Dox�

FIG. 2. Doxycycline-dependent suppression of CLOCK/BMAL1-
mediated transcription by Tet system-driven mPER2. NIH 3T3 cells
were transfected with human Clock (hClock), hBmal1, pTet-Off, and
pTRE2-mPer2 expression vectors. E-box-mediated transcriptional ac-
tivity was measured in the absence (�) or presence (�) of doxycycline
(Dox) treatment using E-box luciferase reporter plasmid (E-box
pGL3-luc). In the absence of doxycycline, relative luciferase activity
was suppressed under both pTRE2-mPer2- and pTet-Off-cotrans-
fected conditions. CLOCK/BMAL1-mediated transcriptional activity
was not suppressed only under pTet-Off-transfected conditions. In the
presence of 1,000 ng of doxycycline/ml, the transcriptional activity rose
again. Each value is the mean � standard error of the mean of data
from three replicate experiments.
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FIG. 3. Constitutive expression and overexpression of mPer2 mRNA severely impair serum shock-induced circadian gene expression in NIH
3T3 fibroblast cells. (A) Serum shock-induced circadian gene expression in the P2-#8 cell line. Clear circadian gene expression of endogenous
mPer2 and dbp mRNAs are observed under both Dox� and Dox� conditions. Quantitative results are shown on the right graphs. en indicates
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FIG. 4. Rhythmicity of gene expression depends on cyclic mPER2 accumulation in Tet-Off/mPer2 cells that constitutively express mPer2
mRNA. (A) P2-#19 and P2-#22 Tet-Off/mPer2 cell lines exhibit doxycycline-dependent mPER2 protein expression. mPER2 cont represent control
sample extracted from mPer2-pcDNA3-transfected COS7 cells. (B) Pulse-chase labeling of mPER2. P2-#19 cells without doxycycline were
pulse-labeled with [35S]methionine and cysteine (250 mCi/ml) for 1 h and then chased for the times (hours) indicated at the top of each lane. Cells
were lysed and immunoprecipitated (IP) with anti-mPER2 antibody and resolved on 5.5% SDS–PAGE. The right graph represents quantitative
results of immunoprecipitated 35S-labeled mPER2 levels. (C) Western blot analysis of temporal mPER2 accumulation patterns in whole-cell lysates
of the P2-#19 cell line with (�) or without (�) doxycycline (Dox) after the serum shock. Whole-cell lysates were obtained from P2-#19 cells
cultured with or without doxycycline at the indicated times after serum shock. Western blot with anti-actin antibody was done as a control. Under
Dox� conditions, robust circadian mPER2 accumulation rhythm was observed, whereas mPER2 accumulation under Dox� conditions was
constitutively high. (D) Quantitative results of mPER2 protein accumulation and total mPer2 mRNA accumulation patterns. Total mPER2
accumulation represents the sum of endogenous and exogenous mPer2 mRNA signal intensity obtained from Northern blot analysis (n � 3).
Relative densitometric units of mPER2/actin at 6 h after the serum shock under Dox� conditions were set to 10.

endogenous mPer2 mRNA; ex indicates moderate levels of Tet-Off system-driven mPer2 expressed without showing circadian change throughout
the experiments. (B) Serum shock-induced circadian gene expressions in the P2-#19 cell line. Apparent circadian cycles of endogenous mPer2 and
dbp mRNA expression were seen under Dox� conditions. However, circadian gene expression is severely impaired under Dox� conditions.
Quantitative results are shown in the right graph.
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conditions, the expression of mPER2 protein in bead-labeled
P2-#19 cells was much stronger than that found with nonla-
beled wild-type NIH 3T3 cells not only at 4 h but also at 16 h
after the serum shock (Fig. 6A and B, right panels). In the
same mixed culture, nonlabeled wild-type NIH 3T3 cells
showed an apparent decrease of mPER2 at 16 h compared to
that at 4 h. Thus, mPer2-overexpressing cells lost their mPER2
protein oscillation, in contrast to the apparent cycling of
mPER2 accumulation in wild-type NIH 3T3 cells, even when
cocultured on the same coverslips (Fig. 6A and B right panels).
These results revealed that under Dox� conditions, P2-#19

cells behaved in a manner similar to that of wild-type NIH 3T3
cells, whereas under Dox� conditions, these Tet-Off/mPer2
cells constitutively expressed high levels of mPER2 protein in
their nuclei. This result demonstrates that the level of mPer2
gene expression influences the state of oscillation of the circa-
dian feedback loop at the cellular level.

Rapid dampening of the cellular rhythm in constitutively
overexpressed mPer2 mRNA. As shown in Fig. 3B, our data
indicate that the cycle of mPer2 mRNA expression is not in-
dispensable for the oscillation of the circadian feedback loop
for at least two cycles, as shown in the Dox� P2-#19 line.

FIG. 5. Cyclic mPER2 protein accumulation accompanies the ubiquitin-proteasome-mediated degradation. (A) Serum shock-induced circadian
gene expressions in the FLAG-tagged mPer2 P2-#32 cell line using the Tet-Off system. Under Dox� conditions, expression of mPer2 mRNA was
very faint at all points examined. Under Dox� conditions, higher levels of mPer2 mRNA were constitutively expressed without showing circadian
change. Under both conditions, the expression of dbp mRNA exhibited clear circadian oscillation. en, endogenous mPer2 mRNA; ex, exogenous
mPer2 mRNA. (B) FLAG-mPER2 was immunoprecipitated (IP) with anti-FLAG antibodies, and precipitates were examined by Western blot
(WB) analysis using anti-mPER2 antibodies in the P2-#32 cell line without doxycycline after serum shock. The dense mPER2 accumulation found
at 6 h became faint at 18 h after serum shock. Application of MG132 inhibited the reduction of mPER2 protein at 18 h. (C) Quantitative analysis
of the expression of FLAG-mPER2 described above (B). IgG, immunoglobulin G.
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What, then, is the role of cyclic transcription of mPer2? To
answer this question, we compared the endogenous mPer2 and
dbp mRNA accumulation rhythms in the Tet-Off single stable
transfected NIH 3T3 cell line (NIH 3T3/Tet-Off) and in the
P2-#19 Tet-Off/mPer2 double stable cell line under Dox�
conditions for 3 days after the serum shock. In NIH 3T3/Tet-
Off cells, the robust rhythm of mPer2 and dbp mRNA accu-
mulation persisted for 3 days after the serum shock without
dampening (Fig. 7A). On the other hand, with a doxycycline-
treated P2-#19 line, the circadian endogenous mPer2 and dbp
mRNA accumulation rhythm was observed until the second

day, as shown in Fig. 3B, but no apparent rhythm was detected
on the third day (Fig. 7B). These results support the hypothesis
that cyclic transcriptional regulation of mPer2 is essential to
sustain the oscillation of the circadian clock in mammalian
cultured fibroblasts.

DISCUSSION

Although a considerable number of studies about the mPer
genes have been done, the role of mPer genes in circadian
rhythms has not been addressed. In the present study, we
address the role of the mPer2 gene, the indispensable compo-

FIG. 6. Comparative immunofluorescence between P2-#19 cells and wild-type NIH 3T3 cells. (A) P2-#19 cells were labeled with latex
microspheres and then mixed with nonlabeled wild-type NIH 3T3 cells. P2-#19 and NIH 3T3 cell mixtures were cultured on coverslips for 24 h.
Fifty percent of horse serum was treated in these cells after culture for 12 additional hours in 5% fetal bovine serum-containing medium. Cells
were fixed at the indicated times after serum shock, and immunofluorescence with anti-mPER2 antibody was performed. Lower panels represent
merged pictures of DAPI stain and differential interference contrast (DIC). Arrowheads represent latex microspheres containing P2-#19 cells, and
small arrows represent nuclei of wild-type NIH 3T3 cells. (B) Cell counts classified into four categories (strong, moderate, weak, and none [�])
from the intensity of nuclear staining of mPER2 under each experimental condition in each cell line. Data from the sum of triplicate experiments
are exhibited.
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nent of mammalian circadian rhythms, and its products in the
mammalian circadian oscillatory loop by establishing doxycy-
cline-regulatable mPer2 expression in NIH 3T3 cell lines as the
model of mammalian circadian system. The Tet-Off-induced

mPER proteins are functionally active for suppressing
CLOCK/BMAL1-mediated transcription and metabolized and
phosphorylated in cell lines similar to that seen in vivo. In this
cell line, the Tet-Off-induced constitutive high levels, but not
low levels, of overexpression of mPer2 mRNA and mPER2
proteins severely impair serum shock-induced cyclic circadian
clock gene expression, which indicates that mPer2 is the crucial
molecule for determining the state of the circadian rhythms.
The impairment of circadian clock oscillation in Tet-Off-in-
duced mPer2 overexpression in cells is the first demonstration
that the cyclicity of mPer2 gene product may involve regulating
the mammalian circadian clock.

Using this model of constitutive expression of mPer2 genes
under some adequate conditions, we found that mPER2 pro-
tein accumulation in these cells showed clear circadian oscil-
lation, even in the presence of constitutive mPer2 mRNA ex-
pression. This finding suggests that posttranscriptional
regulation of mPer2 plays an important role in generating the
mPER2 accumulation cycle and following cycling of circadian
feedback loops in mammals. This is similar to the role of
Drosophila per, since cycling at the protein level without ac-
companying mRNA cycling was also reported (9, 11, 26, 30).
Although the mechanism that generates the mPER2 protein
cycle in the absence of the apparent mRNA accumulation cycle
is still unclear at present, our finding using MG132 suggests
that the proteasome-mediated proteolysis step has an impor-
tant role in the generation. Ubiquitin-proteasome-mediated
degradation is speculated to be important in Drosophila, in
which the mutation of Drosophila slimb, an F-box ubiquitin
ligase of the PER protein, is known to induce the constant
accumulation of PER protein and behavioral arrhythmicity
(12, 14). Alternatively, it has been known that phosphorylation
of mPER proteins contributes to the protein instability, al-
though the expression of casein kinase I 	 and/or casein kinase
I 
 is constant throughout the day (17, 23).

Theoretically, all processes from synthesis to degradation of
mPER2 proteins probably underly their cyclic turnover. The
regulation of protein synthesis possibly contributes to genera-
tion of the protein rhythms, since all processes from synthesis
to degradation of mPER2 proteins can theoretically underly
their cyclic turnover. Recently, it was reported that Nocturnin
regulates polyadenylation length of mRNA (5). Although Noc-
turnin is likely to contribute to the mRNA stability, the poly-
adenylation tail of mRNA was closely related to the regulation
of translation because the polyadenylation tail is essential for
activation of the translation initiation factors as well as mRNA
stability. To regulate translation initiation, the cytoplasmic
polyadenylation element sequence in the 3� untranslated re-
gion of mRNA plays an important role, and the consensus
sequence is interestingly conserved in mPer1 and mPer2. More-
over, the �-globin 3� untranslated region used in our mPer2
expression construct to make Tet-Off/mPer2 cell lines also in-
cludes cytoplasmic polyadenylation element consensus se-
quence (data not shown). Therefore, this kind of translational
regulation may also contribute to the generation of the
mPER2 cycle of the Tet-Off/mPer2 cell lines.

The above-mentioned data strongly suggest that the protein
cycle of mPER2 is essential for oscillation of the circadian
feedback loops in mammalian cells. This is not to say that
mRNA oscillations do not play a role under normal circum-

FIG. 7. Constitutive mPer2 mRNA expression results in rapid
dampening of circadian dbp and endogenous mPer2 mRNA expression
rhythm. (A) The pTet-Off vector single stably transfected NIH 3T3 cell
line exhibited robust circadian oscillation of mPer2 and dbp mRNA
expression without apparent dampening for 3 days. (B) The P2-#19
Tet-Off/mPer2 double stable cell line cultured with doxycycline
[Dox(�)] also showed circadian endogenous mPer2 (represented as 3�
noncoding) and dbp mRNA expression after serum shock for 2 days.
However, amplitude was rapidly dampened, and no apparent rhythm
was observed during the third day. (C and D) Expression profiles of
dbp (C) and endogenous mPer2 (D) quantified from panels A and B.
Open squares with broken lines represent pTet-Off single stably trans-
fected NIH 3T3 cells, and solid circles with solid lines represent the
P2-#19 cell line under Dox� conditions. Error bars represent means
� standard errors of the mean. (n � 3).
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stances, but they may be indispensable for maintaining the
rhythms since there is a severe dampening of amplitude of
clock outputs without mRNA cycling.
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