
Positive Autoregulation Delays the Expression Phase of
Mammalian Clock Gene Per2
Yukino Ogawa1,2,3, Nobuya Koike3,4, Gen Kurosawa5, Tomoyoshi Soga1, Masaru Tomita1, Hajime Tei6*

1 Institute for Advanced Biosciences, Keio University, Tsuruoka, Yamagata, Japan, 2 Systems Biology Program, Graduate School of Media and Governance, Keio University,

Fujisawa, Kanagawa, Japan, 3 Mitsubishikagaku Institute of Life Science, Machida, Tokyo, Japan, 4 Department of Neuroscience, University of Texas Southwestern Medical

Center, Dallas, Texas, United States of America, 5 Theoretical Biology Laboratory, RIKEN Advanced Science Institute, Wako, Saitama, Japan, 6 Graduate School of Natural

Science and Technology, Kanazawa University, Kanazawa, Ishikawa, Japan

Abstract

In mammals, cellular circadian rhythms are generated by a transcriptional-translational autoregulatory network that consists
of clock genes that encode transcriptional regulators. Of these clock genes, Period1 (Per1) and Period2 (Per2) are essential for
sustainable circadian rhythmicity and photic entrainment. Intriguingly, Per1 and Per2 mRNAs exhibit circadian oscillations
with a 4-hour phase difference, but they are similarly transactivated by CLOCK-BMAL1. In this study, we investigated the
mechanism underlying the phase difference between Per1 and Per2 through a combination of mathematical simulations
and molecular experiments. Mathematical analyses of a model for the mammalian circadian oscillator demonstrated that
the slow synthesis and fast degradation of mRNA tend to advance the oscillation phase of mRNA expression. However, the
phase difference between Per1 and Per2 was not reproduced by the model, which implemented a 1.1-fold difference in
degradation rates and a 3-fold difference in CLOCK-BMAL1 mediated inductions of Per1 and Per2 as estimated in cultured
mammalian cells. Thus, we hypothesized the existence of a novel transcriptional activation of Per2 by PER1/2 such that the
Per2 oscillation phase was delayed. Indeed, only the Per2 promoter, but not Per1, was strongly induced by both PER1 and
PER2 in the presence of CLOCK-BMAL1 in a luciferase reporter assay. Moreover, a 3-hour advance was observed in the
transcriptional oscillation of the delta-Per2 reporter gene lacking cis-elements required for the induction by PER1/2. These
results indicate that the Per2 positive feedback regulation is a significant factor responsible for generating the phase
difference between Per1 and Per2 gene expression.
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Introduction

The circadian clock controls daily rhythms of biological

activities such as the sleep/wake pattern in many organisms.

The cellular mechanism of the mammalian clock has been

characterized as a transcriptional-translational autoregulatory

network that consists of clock genes encoding transcriptional

regulators [1]. In this network, the circadian expressions of clock

genes peak one after another, and their expression phases may

determine the timing of internal events such as metabolism [2].

Both the Per1 and Per2 genes are rhythmically transactivated by

the CLOCK-BMAL1 heterodimer, which binds to the E/E9-box

motifs in their promoter regions [3–6], as well as Cryptochrome1

(Cry1) [7,8] and Rev-erba [9,10], which are components of negative

feedback loops in the mammalian circadian clock. The transcrip-

tional activation of Per1 and Per2 by CLOCK-BMAL1 is repressed

by CRY1 and CRY2 [5–8], whereas REV-ERBa represses Bmal1

transcription via the transcription factor binding site RORE

[9,10]. These negative feedback regulations guarantee sustainable

circadian oscillations.

The Per1 and Per2 genes are essential to sustain the circadian

rhythm, and the behaviors of Per12/2/Per22/2 double mutant

mice are arrhythmic [11,12]. Intriguingly, the oscillation phase of

Per2 mRNA lags behind that of Per1 by approximately 4 hours in

the suprachiasmatic nucleus (SCN), which is the master circadian

regulator in the brain, and other peripheral tissues [13–17],

though the oscillatory expressions of both Per1 and Per2 are

assumed to be evoked by CLOCK-BMAL1 transactivity. The

functions of PER1 and PER2 proteins (PER1/2) are partially

redundant because both Per1 and Per2 single mutant mice are

rhythmic under both light-dark (LD) and constant dark conditions

[11,12,18–20]. However, the differing roles of PER1 and PER2

have also been documented in the different behaviors of Per1Brdm1

and Per2Brdm1 single mutant mice, which show abnormal responses

to photic stimuli under light-dark conditions [20]. In this study, we

investigated the mechanisms underlying the phase difference

between Per1 and Per2 expression by a combination of mathemat-

ical simulations and molecular experiments. The elucidation of the

regulatory mechanism of Per1 and Per2 expression should provide

important clues about the robust self-sustainable oscillation and

photic entrainment of the circadian clock.

Because the circadian regulatory network is a self-sustainable

oscillatory circuit, it is of interest not only for cellular biology but

also for computational biology. Thus, many mathematical models
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have been developed through the accumulation of biological

knowledge [21]. Mathematical approaches enable us to test

whether our current knowledge about the regulation of Per1 and

Per2 expression is sufficient for explaining the phase difference of

Per1 and Per2. If the current knowledge is not sufficient, studies

that incorporate mathematical models can yield predicted

mechanisms that regulate gene expression to generate the phase

difference, and these predictions can then be tested experimen-

tally. By combining mathematical and experimental approaches,

we report here that a new transcriptional regulation mechanism is

needed to explain the phase difference in the expression of Per1

and Per2 mRNAs.

Results

In silico analysis of an mRNA expression phase in a
current circadian oscillatory network model

To analyze the mechanism that generates the oscillation phase

difference between Per1 and Per2, we employed a mathematical

model of the circadian clock that included Per, Cry, Bmal1, and Rev-

erba, as proposed by Leloup and Goldbeter with following

modifications [22]. We introduced the Per1 and Per2 genes instead

of Per to compare their oscillation phases because Per1 and Per2

were not distinguished and the Per gene represented both of Per1

and Per2 in the original model (Figure 1A). The kinetics equations

and parameters of Per1 and Per2 were the same as those of original

Per except for the translation rate coefficient, which was divided in

half because the PER protein represented the sum of the

translational products of both genes. All kinetic parameters and

reaction rate equations for the 20 variables are indicated in Table

S1 (Model1) and Text S1.

As long as the transcriptional regulation of Per1 and Per2 is the

same as hypothesized in the model, the observed phase difference

between Per1 and Per2 mRNA oscillations is not likely to occur.

However, possible difference in synthesis and/or degradation rates

may cause the phase difference between Per1 and Per2. We

computationally estimated the dependency of oscillation phases on

the transcription rate by varying the proportion of the Per1

transcription rate coefficient (vsP1) to the Per2 transcription rate

coefficient (vsP2; Figure 1B). Similarly, the proportion of the Per1

degradation rate coefficient (vmP1) to the Per2 degradation rate

coefficient (vmP2) was varied (Figure 1C). As shown in Figure 1B
and C, slow synthesis or fast degradation of mRNA advanced the

phase of oscillation. Indeed, the 4-hour phase lag of Per2 mRNA

behind Per1 mRNA could be reproduced when the Per1 transcription

was 0.8-fold lower than that of Per2 or when the Per1 mRNA

degradation was 2-fold more than that of Per2. If the transcription of

Per1 was much faster than that of Per2 (i.e., vsP1/vsP2$1.2 in

Figure 1B) or the degradation of Per1 was much slower than that of

Per2 (i.e., vmP1/vmP2#0.7 in Figure 1C), oscillations did not occur,

Figure 1. Effects of mRNA transcription and degradation rates on the Per mRNA expression phase. (A) Schematic representation of the
circadian oscillatory network model used to compare the expression phases of Per1 and Per2 mRNAs, which was based on the Leloup and Goldbeter
model [22]. The Per2 gene transcription and translation are additionally introduced in the shaded region. A square, wave line, and circle indicate a
gene, mRNA, and protein, respectively. Details are described in Text S1. (B, C) Variation in the phase difference between the Per1 and Per2 mRNA
oscillations with varied (B) the proportion of the Per1 transcription rate coefficient to the Per2 transcription rate coefficient (vsP1/vsP2) and (C) the
proportion of the Per1 degradation rate coefficient to the Per2 degradation rate coefficient (vmP1/vmP2). The rate coefficient of transcription and
degradation of Per2 were fixed to 2.4 nM/h and 2.2 nM/h, respectively. The phase difference of Per1 from Per2 is indicated in circadian time (CT).
doi:10.1371/journal.pone.0018663.g001

Positive Autoregulation of Per2 Transcription
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and the orbit converged to the steady state. From the numerical

results, we conjectured that the transcriptional activity of Per2 is

higher than that of Per1 or that the rate of Per1 mRNA degradation is

faster than that of Per2, which causes the observed phase difference

between Per1 and Per2 mRNA oscillations.

In addition to the model proposed by Leloup and Goldbeter,

other computational models for mammalian circadian clock, which

reproduce the time-series data of clock gene mRNA and protein

expression, have been also proposed [23,24]. One of these models

developed by Forger and Peskin including different kinetic

parameters of Per1 and Per2 transcription did not reproduce the

expression phase difference between Per1 and Per2. Another model

developed by Mirsky et al. reproduced the phase difference between

Per1 and Per2 mRNA. Actually, the phase difference was generated

by the different kinetic rates such as Hill coefficient and Michaelis

constant of Per1 and Per2 transcription. However, the kinetic rates

assumed in this model were not measured experimentally.

Therefore tested the hypothesis that difference in kinetic rates

between Per1 and Per2 dynamics can account for the phase

difference by using the experimentally measured parameters.

Synthesis and degradation rates of Per1 and Per2 mRNAs
in vitro

To evaluate our mathematical estimation, we next measured the

promoter activities of Per1 and Per2 as well as the degradation rates of

these mRNAs in vitro. The promoter activities of Per1 and Per2 were

measured by using two reporter genes Per1::luc and Per2::luc, in which

the Per1 [25] and Per2 [5] promoters, respectively, were fused to the

luciferase gene (Figure 2A). Both reporter genes were induced by

Clock and Bmal1 co-transfection; however, a 3-fold higher induction

was observed in cells transfected with Per1::luc compared to Per2::luc

(Figure 2B). The higher transcriptional activity of Per1 did not

produce the 4-hour phase advance in Per1 expression compared to

Per2 because the increase in promoter activity should have delayed

the oscillation phase as estimated by the previous mathematical

analysis (Figure 1B). Subsequently, we examined the degradation

rates of Per1 and Per2 mRNA in a cell line derived from the rat SCN

(Figure 2C) [26]. Although the faster degradation of Per1 satisfies a

requirement for the advanced Per1 oscillation phase compared to

Per2 in this model, neither the 1.1-fold faster rate of Per1 degradation

nor the 0.9-fold slower rate of Per2 degradation estimated in vitro

reproduced the 4-hour phase difference (Figure 1C).

Then, the combined effect of the transcription and degradation

rate ratios on the phase difference was examined using our

mathematical model. However, the oscillation phase of Per2, but

not of Per1, was advanced by +5.4 hours (Figure 3). The

differences observed in the promoter activities induced by

CLOCK-BMAL1 and mRNA degradation rates could not

reproduce the 4-hour phase difference between Per1 and Per2.

A new model including an additional feedback
regulation to reproduce the phase delay of Per2

As described above, our modified model (Text S1, Eqs. S1–S20)

with measured parameters could not reproduce the phase

difference between Per1 and Per2 mRNA oscillations. Therefore,

we hypothesized several models, including an additional tran-

scriptional regulation that may account for the phase difference.

The basic idea underlying our modeling was that a feedback

regulation of Per1 or Per2 transcription by PER1/2 could be the

basis for the observed phase difference between Per1 and Per2. To

express this idea, we studied i) positive feedback regulation of Per2

transcription, ii) negative feedback regulation of Per1 transcription,

iii) positive feedback regulation of Per1 transcription, and iv)

negative feedback regulation of Per2 transcription by PER1/2. We

examined whether any of these mechanisms could potentially

explain the observed phase difference.

To elucidate the molecular functions of nuclear PER1/2, ten

reactions were additionally assumed on the basis of the model

described previously: dissociation/association of the nuclear PER-

CRY complex, phosphorylation/dephosphorylation/degradation

of nuclear PER and CRY, and association/dissociation of the

nuclear CRY with CLOCK-BMAL1 (Figure 4A). All kinetic

parameters and reaction rate equations, including five additional

variables (nuclear PER (PN), phosphorylated nuclear PER (PNP),

nuclear CRY (CN), phosphorylated nuclear CRY (CNP), CRY-

BMAL1 heterodimer (CBN)) and the modified reaction rate

equation of nuclear PER-CRY complex are available in Table S1

(Model2) and Text S1.

When PER1/2 proteins (PN) positively regulated Per2 transcrip-

tion, the dynamics of Per1 and Per2 mRNA were calculated by

following equations:

dPer1

dt
~vsP1

Bn
N

Kn
APzBn

N

{vmP1
Per1

KmPzPer1
{kdmpPer1 ð1Þ

dPer2

dt
~vsP2

Bn
N

Kn
APzBn

N

zkAP2PN{

vmP2
Per2

KmPzPer2
{kdmpPer2

ð2Þ

where vsP1 and vsP2 denote the transcription rates, vmP1 and

vmP2 are the degradation rates, KmP is a Michaelis-Menten

coefficient, kdmp is a natural degradation rate, and kAP2 is a rate

coefficient of positive feedback regulation by PER1/2. The second

term of Eq. 2 is the elementary form, which expresses an

additional transcriptional induction of Per2 depending on the

concentration of nuclear PER1/2 proteins. The full model is

governed by Eq. 1, Eq. 2 and Eqs. S3–S25 in Text S1. The

model, which includes no positive feedback regulation of Per2 by

PER1/2 (i.e., kAP2 = 0 h21), reproduced 23.5-hour period oscil-

lations corresponding to the observed period length, but it did not

reproduce the phase difference between Per1 and Per2 with the

parameters obtained experimentally (Figure 4B). Once a

feedback induction of Per2 transcription was introduced, the

model reproduced the 4-hour phase difference (i.e.,

kAP2 = 2.4 h21; Figure 4C). This result suggested that the

positive feedback regulation of Per2 transcription by nuclear

PER1/2 contributed the phase delay of Per2 in silico.

We also simulated the Per1 transcriptional repression by PER1/

2, which was one of the alternative ways to differentiate the

promoter activity pattern of Per1 from that of Per2. The oscillation

phase of Per1 expression was advanced with the increase of

repression intensity; however, it did not occur ahead of Per2

expression (Figure S1 and Text S1; see discussion). Moreover,

when the positive feedback regulation of Per1 or the negative

feedback regulation of Per2 was assumed, the phase of Per1 mRNA

always lagged behind that of Per2 mRNA within a range of

feedback strength that can yield sustainable oscillations (see details

in Text S1). In short, these three alternative models were unable to

reproduce the observed phase difference between Per1 and Per2.

Positive feedback regulation by PER1/2 contributes the
expression phase delay of Per2

The positive feedback regulation by PER1/2 suggested by the

simulations was examined experimentally by co-expressing the

Positive Autoregulation of Per2 Transcription
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Per1::luc or Per2::luc reporters with CLOCK, BMAL1, PER1 and

PER2 (Figure 5A). In fact, Per1::luc reporter activity was not

affected by the presence of either PER1 or PER2, except that

PER2 had a small effect on CLOCK-BMAL1 transactivation

(Figure 5B, left panel). However, the co-expression of CLOCK

and BMAL1 with either PER1 or PER2 resulted in an extensive

induction of Per2::luc, while subtle inductions by PER1 and PER2

were observed (Figure 5B, middle panel). A further 3-fold increase

of the CLOCK-BMAL1 transactivation of Per2::luc was induced by

the presence of PER1 or PER2, indicating that Per2 transcription

was positively regulated by PER1/2.

To determine the significance of the positive feedback in the

Per2 oscillatory phase, we constructed a Per2::luc reporter that

lacked the sequences required for the positive feedback regulation

(delta-Per2::luc; Figure 5A). The region was located between two

E-box-like elements in the Per2 promoter and determined by

Koike et al. (in preparation). As expected, delta-Per2::luc reporter

activity was induced by CLOCK-BMAL1, and the induction was

not intensified by either PER1 or PER2 (Figure 5B, right panel).

Then, we estimated the periods and phases of bioluminescence

oscillations of these reporter genes (Per1::luc, Per2::luc, delta-Per2::luc)

when they were transfected into Rat-1 cells using a cosine fitting

method (Figure 5C, Table 1). The 4-hour delay observed in

Per2::luc compared to Per1::luc almost disappeared in the case of the

delta-Per2::luc reporter in the absence of the positive feedback

regulation of Per2 transcription by PER1 and PER2 proteins.

Taken together, the positive feedback regulation by PER1 and

Figure 2. Quantitation and simulation of transcription intensities and degradation velocities of Per1 and Per2 mRNA. (A) Schematic
representation of the Per1::luc and Per2::luc reporters. The Per1 promoter driving the luciferase reporter (Per1::luc) contains the 6.7-kb region upstream
of the translation-initiation codon and includes five E-boxes (CACGTG), and the Per2 promoter driving the luciferase reporter (Per2::luc) contains 0.2-
kb upstream of the first exon and includes two E-box like elements, E9 (CACGTT) and E* (CAGGTG). Filled boxes represent exons, and ellipses are E-
boxes and E-box like elements. (B) Promoter activities of Per1::luc and Per2::luc. Per1::luc was activated 6.8660.38 times and Per2::luc was activated
2.5260.08 times by co-expression of CLOCK-BMAL1 with respect to their basal promoter activities, respectively. V indicates vector control and C/B
indicates CLOCK and BMAL1 co-expression. Error bars indicate SEM determined from independent experiments in triplicate. (C) Initial velocities of
Per1 and Per2 mRNA degradation in rat SCN-derived cultured cells. Cellular abundances of Per1 and Per2 mRNA were measured after actinomycin D
treatment. The degradation slope of Per1 mRNA was 20.68 and the mRNA half-life was 44.1 min, whereas the degradation slope of Per2 mRNA was
20.60 and the mRNA half-life was 50.0 min. Error bars indicate SEM determined from independent experiments in quadruplicate, with the exception
of the experiment for Per1 1 hour after treatment, which was performed in duplicate. See materials and methods for a detailed description of the
experimental procedure.
doi:10.1371/journal.pone.0018663.g002

Figure 3. Measured synthesis and degradation rates do not
reproduce the phase relationship between Per1 and Per2. A
simulation result of Per1 and Per2 mRNA expressions calculated by the
model schematized in Figure 1A with the ratio of both transcription
and degradation rates measured experimentally and applied as
parameters. This model simulated the circadian oscillations in 33.8-
hour period. After 1000 hours simulation, the first peak of Per1 mRNA
was set to simulation time 6. The Per2 expression level was almost 25
times lower than that of Per1 even though its corresponding
transcriptional rate was just one-third of the original value, and the
Per2 phase was advanced by 5.4 hours, which was inconsistent with the
experimentally observed results. Arrows indicate expression peaks.
doi:10.1371/journal.pone.0018663.g003

Positive Autoregulation of Per2 Transcription
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PER2 is indispensable for the phase delay of Per2 mRNA

oscillation.

Discussion

Several transcriptome analyses have revealed the circadian

transcriptions of many genes with various phases [27–30]. The

transcriptions of the mammalian clock genes Per1 and Per2 exhibit

circadian oscillations with a phase difference of 4 hours.

Jacobshagen et al. pointed out that extremely slow degradation

of mRNA could reproduce a transcriptional phase delay [31]. In

addition to the degradation rate of mRNA, our simulation

analyses found that the transcription rate was also an important

factor in determining the oscillatory phase. The significance of the

difference in transcription was supported by the fact that the 4-

hour phase difference was observed experimentally through

bioluminescence oscillations of Per1::luc and Per2::luc (Figure 5C);

the different promoters could produce the same transcriptional

and translational products of the luciferase gene. Using the

synthesis and degradation rates of their mRNAs, which were

measured in vitro, we showed that the current mathematical model

is not sufficient to reproduce the phase difference between Per1

and Per2. Therefore, we predicted that an additional feedback

regulation contributed to the phase difference.

In the model that included positive feedback regulation of Per2,

newly synthesized PER1/2 enhanced Per2 transcription following

transactivation by CLOCK-BMAL1 and caused the delay of the

transcriptional peak. More importantly, this model produced the

phase lag with a slight alteration in the oscillation period, and the

extent of the phase delay of Per2 was dependent on factors that

affected the intensity of positive feedback regulation, such as the

abundance of PER1/2 (Figure S2). In addition, the circadian

expressions of all genes involved in our model could be entrained

to 12 h:12 h LD cycles in which Per1 and Per2 transcription rate

coefficients were varied in a 24-hour period square-wave manner.

Significantly, the phase of Per2 transcription also lagged behind

that of Per1 in this condition. In contrast, one of three alternative

models, which included Per1 transcriptional repression by PER1/

2, could simulate the phase advance of Per1 (Figure S1 and Text

S1), but this advance was not ahead of the Per2 oscillation phase.

The Per2 oscillation was almost in phase with nuclear BMAL1

oscillation in the model, which implemented the synthesis and

degradation rates as estimated in vitro, so Per1 oscillation needed to

be ahead of BMAL1 oscillation to be ahead of Per2 oscillation. If

Figure 4. A novel model to reproduce the expression phase difference between Per1 and Per2. (A) A new model hypothesized Per2
positive feedback regulation. Nuclear PER1/2 acts as a positive regulator of Per2 mRNA transcription. Details are described in Text S1 and parameters
are indicated in Table S1. (B) A simulation result of the model without the positive feedback regulation (kAP2 = 0 h21). This model simulated the
circadian oscillations in 23.5-hour periods but did not reproduce the oscillation phase of Per1 preceding that of Per2 when applying the measured
ratios of the synthesis and degradation rates of Per1 and Per2. The oscillation phase of Per1 lagged behind than that of Per2 by 6.1 hours (6.25 hours
in CT). (C) A simulation result of the model with the rate coefficient of positive feedback regulation kAP2 = 2.4 h21. This model simulated the circadian
oscillations in 22.8-hour period and the expression phase of Per2 mRNA was delayed from that of Per1 by 4.0 hours. Arrows indicate expression peaks.
After 1000 hours simulation, the first peak of Per1 mRNA was set to simulation time 6.
doi:10.1371/journal.pone.0018663.g004

Positive Autoregulation of Per2 Transcription
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Figure 5. Per2 positive feedback regulation and its contribution to oscillatory phase delay in vitro. (A) Schematics of Per1::luc, Per2::luc
and delta-Per2 promoter driving luciferase reporter (delta-Per2::luc). Delta-Per2::luc does not contain the region between two E-box like elements (115-
35 bp upstream from transcription start site [5] ) that contributes to positive feedback regulation. (B) PER1 and PER2 co-transfection with CLOCK and
BMAL1 induced only Per2 promoter activity. Left: Per1::luc, middle: Per2::luc, and right: delta-Per2::luc. Induction intensities of Per1::luc by CLOCK-
BMAL1 were 6.8660.38 without PER1/2, 6.7860.44 with PER1, and 4.6460.31 with PER2 in reference to the basal promoter activity. Induction
intensities of Per2::luc by CLOCK-BMAL1 were 2.5260.08 without PER1/2, 6.5760.47 with PER1, and 7.5360.39 with PER2 in reference to the basal
promoter activity. Both PER1 and PER2 proteins significantly induced the Per2 promoter in the presence of CLOCK-BMAL1, but not Per1 promoter
(Student’s t-test, P,0.01). Induction intensities of delta-Per2::luc by CLOCK-BMAL1 were 6.3260.19 without PER1/2, 5.2760.14 with PER1, and
5.7660.03 with PER2 in reference to the basal promoter activity, and there were no significant differences. Normalization was conducted with a
pCIneo vector co-expression. Error bars indicate SEM determined from independent experiments in triplicate. (C) Representative bioluminescence
oscillations of Per1::luc (square), Per2::luc (filled circle), and deleted-Per2::luc (open circle). The time difference from the Per1::luc to the Per2::luc
expression peaks was 3.8860.14 hours (Student’s t-test, P,0.005). The phase of delta-Per2::luc was advanced by 2.8660.39 hours (Student’s t-test,
P,0.01) compared with wild-type Per2::luc. Statistical data for the period and phase are described in the text and Table 1.
doi:10.1371/journal.pone.0018663.g005

Positive Autoregulation of Per2 Transcription
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transcriptional repression by PER1/2 surpasses CLOCK-BMAL1

transactivity at the midpoint or later within its phase, the

oscillation phase of Per1 is advanced over the peak phase of

CLOCK-BMAL1. However, an increase of negative feedback

strength of Per1 transcription led to a decrease of PER1 protein

expression, and our model did not simulate the expression pattern

of nuclear PER1/2 that meets the requirement. Besides, the

observed Per1 mRNA oscillation is not ahead of BMAL1 protein

expression peak [32]. Thus, Per2 should be delayed to reproduce

the phase difference between Per1 and Per2. From these simulation

results, we predicted that the positive feedback regulation of Per2

transcription by PER1/2 could be the basis for the observed phase

difference between Per1 and Per2.

The hypothesis was validated by reporter analyses using Per1::luc

and Per2:luc; only the Per2 promoter, but not Per1, was activated by

PER1/2. The significance of the positive regulation was verified

further by the fact that the Per2::luc reporter gene that could not be

transactivated by PER1/2 (delta-Per2::luc) lost the phase delay

observed in wild-type Per2::luc. A recent report indicated that E*-

box in Per2 promoter contributes to 1.5-hour phase delay of Per2

expression [33], and this might cause a residual 1-hour delay

detected in delta-Per2::luc. However, the residual delay was not

statistically significant (Student’s t-test, n = 3, P.0.05). Our results

strongly demonstrated that the positive feedback regulation is a

major reason for the phase delay of the Per2 mRNA oscillation.

Feedback regulation has been found in many biological systems,

such as gene expression regulation and signal cascades. A recent

study revealed that the positive feedback regulation slows down the

kinetics of gene expression in a synthetic gene circuit and

contributes to the response delay [34], indicating that the positive

feedback regulation of Per2 slows down the accumulation of PER2

protein and may affect the phase of the circadian clock.

Additionally, a theoretical analysis previously demonstrated that

positive feedback buffers a propagated noise without a loss of

sensitivity to input signal [35]; thus, the positive feedback

regulation of Per2 could contribute to the improvement of the

sensitivity to the photic signal that induces the expressions of Per1

and Per2 [15,36,37]. Although the functions of PER1 and PER2

proteins are still unclear, the positive feedback regulation of Per2

might be involved in photoreception and the entrainment of the

circadian clock.

Materials and Methods

Simulation experiment
The Original Leloup and Goldbeter model [22], written in

Systems biology markup Language (SBML), was retrieved from

BioModels Database (http://www.ebi.ac.uk/biomodels-main/

BIOMD0000000074) [38]. All simulation experiments and

mathematical analyses were performed in the E-Cell Simulation

Environment version 3.1.106 [39]. The mathematical model

consisted of simultaneous differential equations and was solved by

Euler’s method.

Cell culture and measurement of mRNA half-life using
real-time PCR

Total RNA was extracted from rat SCN-derived cultured cells,

named RS182 [26]. A total of 1.06105 cells per 35-mm cell culture

polystyrene dish (IWAKI) were proliferated in Dulbecco’s modified

Eagle’s medium (DMEM) supplemented with 10% FBS and 1%

penicillin-streptomycin at 33uC. After a 4-day proliferation period,

the cells were differentiated in Neurobasal medium (Gibco)

supplemented with 2% B27 supplement (Invitrogen) and 1%

antibiotics (insulin-streptomycin, Invitrogen) at 39uC. Half of the

dishes were treated with 10 mM actinomycin D (an mRNA synthetic

inhibitor), whereas the remaining dishes were treated with DMSO

(vehicle control). Total RNA was extracted at 0, 0.5, 1.0, and

2.0 hours after treatment using an RNeasy Mini Kit (Qiagen) and

an RNase-Free DNase Set (Qiagen). Extracted total RNA (500 ng)

was reverse-transcribed for stability with 500 mg oligo(dT)12–18

(Invitrogen) using SuperScript III Reverse Transcriptase (Invitro-

gen) according to the manufacturer’s protocol. Quantification of

Per1 and Per2 mRNAs was performed using the ABI PRISM

7900HT, SYBR Green PCR Master Mix (Applied Biosystems), and

200 nM forward/reverse primers. The primer sequences were as

follows; Per1 forward 59- cctgg ccaat aaggc agaga -39and reverse 59-

gcttc ttgtc tccca catgg acgat gg -39 and Per2 forward 59- ggtgt ggcag

ctttt gcttc -39 and reverse 59- cggca cagaa acgta cagtg tg -39.

Dual-luciferase reporter gene assay
COS-7 cells [40] were cultured in DMEM supplemented with

10% FBS, 50 mg/ml penicillin, and 50 U/ml streptomycin at

37uC. Cells were seeded the day before transfection at 4.06104

cells per well in 24-well plates and transfected with a total of

200 ng of plasmid using 1 ml of FuGENE6 (Roche). At 48 hours

after transfection, cells were lysed, and luminescence was

measured using the Dual-LuciferaseH Reporter Assay System

(Promega) and a Luminescencer-JRN II AB-2300 (ATTO BIO-

INSTRUMENT) according to the manufacturer’s instructions.

Real-time monitoring of luciferase expression in cultured
cells

Rat-1 cells were cultured in DMEM supplemented with 10%

FBS and penicillin-streptomycin at 37uC. Cells were seeded

48 hours before transfection at 4.06105 cells per dish with 2 ml of

medium in 35-mm dishes and transfected with 1.6 mg of plasmid

using 8 ml of FuGENE6 (Roche). After 24 hours, the medium was

replaced with culture medium supplemented with 100 mM

luciferin. At 45 hours after transfection, cells were treated with

100 nM dexamethasone for 3 hours, and then the medium was

replaced with culture medium containing 100 mM luciferin.

Bioluminescence was measured with photomultiplier tube detector

assemblies (LM2420; Hamamatsu). The time series biolumines-

cent data of triplicate samples, which were measured from 0.5 to

3.8 days after the medium change, were fitted to a cosine curve

using R version 2.9.1.

Table 1. Oscillatory period, phase, and phase difference of promoter driving luciferase reporter.

Period (hour) First peak (hour) Relative phase (CT) Phase difference (CT)

Per1::luc 22.3660.08 31.7260.39 8.2860.39 -

Per2::luc 22.9960.04 35.6560.16 12.1660.14 3.8860.14

Delta-Per2::luc 22.3860.11 32.6760.42 9.3060.40 1.0260.40

doi:10.1371/journal.pone.0018663.t001
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Supporting Information

Figure S1 Analysis of the effect of PER1/2 negative
feedback regulation on expression period and phase.
The Per1 mRNA expression phase variation that depended on the

intensity of additional PER1/2 negative feedback regulation, was

mathematically simulated using the negative feedback regulation

model (see Text S1). (A) Schematic representation of a model

hypothesized Per1 negative feedback regulation. (B) The oscillation

period of Per1 was increased by 12 hours, while the phase difference

between Per1 and Per2 varied by 6 hours. (C) The Per1 expression

phase advanced as the negative feedback strength became larger.

However, the phase advance was saturated when the expression

phase of Per1 was close to that of Per2. X-axis: strength of the

negative feedback regulation, namely the rate coefficient, kRP1, of

the transcriptional equation (Text S1, Eq. S1b, the first term).

(TIF)

Figure S2 Analysis of the effect of PER positive feedback
regulation on expression period and phase. The Per2

mRNA expression phase variation that depended on the intensity

of additional PER1/2 positive feedback regulation was mathe-

matically simulated using the positive feedback regulation model

(see Text S1). X-axis: strength of the positive feedback regulation,

namely the rate coefficient, kAP2, of the transcriptional equation

(Text S1, Eq. S2a, the second term). (A) The oscillation period of

Per2 varied within 61 hour, while the phase difference between

Per1 and Per2 varied 66 hours. (B) The Per2 expression phase

lagged behind the Per1 expression phase when the strength of

positive feedback regulation caused kAP2 to be greater than or

equal to 0.8 h21, and stronger positive feedback regulation

increased the phase difference.

(TIF)

Text S1

(DOC)

Table S1

(DOC)

Author Contributions

Conceived and designed the experiments: YO NK GK TS MT HT.

Performed the experiments: YO. Analyzed the data: YO. Contributed

reagents/materials/analysis tools: NK. Wrote the paper: YO NK GK HT.

References

1. Ko CH, Takahashi JS (2006) Molecular components of the mammalian
circadian clock. Human Molecular Genetics 15: R271–277.

2. Hastings M, Reddy A, Maywood E (2003) A clockwork web: circadian timing in
brain and periphery, in health and disease. Nat Rev Neurosci 4: 649–61.

3. Gekakis N, Staknis D, Nguyen HB, Davis FC, Wilsbacher LD, et al. (1998) Role

of the CLOCK protein in the mammalian circadian mechanism. Science 280:

1564–1569.

4. Hogenesch JB, Gu YZ, Jain S, Bradfield C (1998) The basic-helix-loop-helix-
PAS orphan MOP3 forms transcriptionally active complexes with circadian and

hypoxia factors. Proc Natl Acad Sci USA 95: 5474–5479.

5. Yoo S-H, Ko CH, Lowrey PL, Buhr ED, Song E-j, et al. (2005) A noncanonical

E-box enhancer drives mouse Period2 circadian oscillations in vivo. Proc Natl
Acad Sci USA 102: 2608–2613.

6. Ueda HR, Hayashi S, Chen W, Sano M, Machida M, et al. (2005) System-level

identification of transcriptional circuits underlying mammalian circadian clocks.

Nat Genet 37: 187–192.

7. Kume K, Zylka MJ, Sriram S, Shearman LP, Weaver DR, et al. (1999) mCRY1
and mCRY2 are essential components of the negative limb of the circadian clock

feedback loop. Cell 98: 193–205.

8. Griffin EA, et al. (1999) Light-independent Role of CRY1 and CRY2 in the

Mammalian circadian clock. Science 286: 768–771.

9. Triqueneaux G, Thenot S, Kakizawa T, Antoch MP, Safi R, et al. (2004) The
orphan receptor Rev-erb alpha gene is a target of the circadian clock pacemaker.

J Mol Endocrinol 33: 585–608.

10. Preitner N, Damiola F, Lopez-Molina L, Zakany J, Duboule D, et al. (2002) The

orphan nuclear receptor REV-ERBalpha controls circadian transcription
within the positive limb of the mammalian circadian oscillator. Cell 110:

251–260f.

11. Bae K, Jin X, Maywood ES, Hastings MH, Reppert SM, et al. (2001)

Differential Functions of mPer1, mPer2, and mPer3 in the SCN Circadian
Clock. Neuron 30: 525–536.

12. Zheng B, Albrecht U, Kaasik K, Sage M, Lu W, et al. (2001) Nonredundant
roles of the mPer1 and mPer2 genes in the mammalian circadian clock. Cell 105:

83–694.

13. Shearman LP, Zylka MJ, Weaver DR, Kolakowski LF, Jr., Reppert SM (1997)
Two period homologs: circadian expression and photic regulation in the

suprachiasmatic nuclei. Neuron 19: 1261–1269.

14. Takumi T, Matsubara C, Shigeyoshi Y, Taguchi K, Yagita K, et al. (1998) A

new mammalian period gene predominantly expressed in the suprachiasmatic
nucleus. Genes Cells 3: 167–176.

15. Zylka MJ, Shearman LP, Weaver DR, Reppert SM (1998) Three period
homologs in mammals: differential light responses in the suprachiasmatic

circadian clock and oscillating transcripts outside of brain. Neuron 20:
1103–1110.

16. Field MD, Maywood ES, O’Brien JA, Weaver DR, Reppert SM, et al. (2000)
Analysis of clock protein in mouse SCN demonstrates phylogenetic divergence of

the circadian clockwork and resetting mechanisms. Neuron 25: 437–447.

17. Jin X, Shearman LP, Weaver DR, Zylka MJ, de Vries GJ, et al. (1999) A
molecular mechanism regulating rhythmic output from the suprachiasmatic

circadian clock. Cell 96: 57–68.

18. Cermakian N, Monaco L, Pando MP, Dierich A, Sassone-Corsi P (2001) Altered

behavioral rhythms and clock gene expression in mice with a targeted mutation
in the Period1 gene. EMBO J 20: 3967–3974.

19. Zheng B, Larkin DW, Albrecht U, Sun ZS, Sage M, et al. (1999) The mPer2
gene encodes a functional component of the mammalian circadian clock. Nature

400: 169–173.

20. Albrecht U, Zheng B, Larkin DW, Sun ZS, Lee CC (2001) mPer1 and mPer2

are essential for normal resetting of the circadian clock. J Biol Rhythms 16:
100–104.

21. Roenneberg T, Chua EJ, Bernardo R, Mendoza E (2008) Modelling biological

rhythms. Curr Biol 18: R826–R835.

22. Leloup JC, Goldbeter A (2003) Toward a detailed computational model for the
mammalian circadian clock. Proc Natl Acad Sci USA 100: 7051–7056.

23. Forger DB, Peskin CS (2003) A detailed predictive model of the mammalian

circadian clock. Proc Natl Acad Sci USA 100: 14806–14811.

24. Mirsky HP, Liu AC, Welsh DK, Kay SA, Doyle FJ (2009) A model of the cell-

autonomous mammalian circadian clock. Proc Natl Acad Sci USA 106:
11107–11112.

25. Hida A, Koike N, Hirose M, Hattori MA, Sakaki Y, et al. (2000) The human

and mouse Period1 genes: five well-conserved E-boxes additively contribute to
the enhancement of mPer1 transcription. Genomics 65: 224–233.

26. Kawaguchi S, Shinozaki A, Obinata M, Saigo K, Sakaki Y, et al. (2007)

Establishment of cell lines derived from the rat suprachiasmatic nucleus.

Biochem Biophys Res Commun 355: 555–561.

27. Akhtar RA, Reddy AB, Maywood ES, Clayton JD, King VM, et al. (2002)
Circadian cycling of the mouse liver transcriptome, as revealed by cDNA

microarray, is driven by the suprachiasmatic nucleus. Curr Biol 12: 540–
550.

28. Panda S, Antoch MP, Miller BH, Su AI, Schook AB, et al. (2002) Coordinated

transcription of key pathways in the mouse by the circadian clock. Cell 109:

307–320.

29. Storch K-F, Lipan O, Leykin I, Viswanathan N, Davis FC, et al. (2002)
Extensive and divergent circadian gene expression in liver and heart. Nature

417: 78–83.

30. Ueda HR, Chen W, Adachi A, Wakamatsu H, Hayashi S, et al. (2002) A

transcription factor response element for gene expression during circadian night.
Nature 418: 534–539.

31. Jacobshagen S, Kessler B, Rinehart CA (2008) At least four distinct circadian

regulatory mechanisms are required for all phases of rhythms in mRNA amount.
J Biol Rhythms 23: 511–524.

32. Maywood ES, O’Brien JA, Hastings MH (2003) Expression of mCLOCK and

other circadian clock-relevant proteins in the mouse suprachiasmatic nuclei.

J Neuroendocrinol 15: 329–334.

33. Yamajuku D, Shibata Y, Kitazawa M, Katakura T, Urata H, et al. (2010)
Identification of functional clock-controlled elements involved in differential

timing of Per1 and Per2 transcription. Nucleic Acids Res 38: 7964–73.

34. Maeda YT, Sano M (2006) Regulatory dynamics of synthetic gene networks
with positive feedback. J Mol Biol 359: 1107–1124.

35. Hornung G, Barkai N (2008) Noise propagation and signaling sensitivity in

biological networks: a role for positive feedback. PLoS Comput Biol 4: e8.

36. Albrecht U, Sun ZS, Eichele G, Lee CC (1997) A differential response of two

putative mammalian circadian regulators mper1 and mper2 to light. Cell 91:
1055–1064.

37. Shigeyoshi Y, Taguchi K, Yamamoto S, Takekida S, Yan L, et al. (1997) Light-

induced resetting of a mammalian circadian clock is associated with rapid
induction of the mPer1 transcript. Cell 91: 1043–1053.

Positive Autoregulation of Per2 Transcription

PLoS ONE | www.plosone.org 8 April 2011 | Volume 6 | Issue 4 | e18663



38. Le Novère N, Bornstein B, Broicher A, Courtot M, Donizelli M, et al. (2006)

BioModels Database: A Free, Centralized Database of Curated, Published,
Quantitative Kinetic Models of Biochemical and Cellular Systems. Nucleic

Acids Res 34: D689–D691.

39. Takahashi K, Kaizu K, Hu B, Tomita M (2004) A multi-algorithm multi-

timescale method for cell simulation. Bioinformatics 20: 538–546.
40. Gluzman Y (1981) SV40-transformed simian cells support the replication of

early SV40 mutants. Cell 23: 175–182.

Positive Autoregulation of Per2 Transcription

PLoS ONE | www.plosone.org 9 April 2011 | Volume 6 | Issue 4 | e18663


