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Although the suprachiasmatic nucleus (SCN) is the ma-
jor pacemaker in mammals, the peripheral cells or im-
mortalized cells also contain a circadian clock. The SCN
and the periphery may use different entraining signals—
light and some humoral factors, respectively. We show
that induction of the circadian oscillation of gene expres-
sion is triggered by TPA treatment of NIH-3T3 fibro-
blasts, which is inhibited by a MEK inhibitor, and that
prolonged activation of the MAPK cascade is sufficient
to trigger circadian gene expression. Therefore, such pro-
longed activation of MAPK by entraining cues may be
involved in the resetting of the circadian clock.
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Daily rhythms of biological activity are driven by self-
sustaining, endogenous oscillators called circadian
clocks, which typically run with an intrinsic period that
is close to, but not exactly, 24 hr. Under natural condi-
tions, circadian clocks become precisely entrained to the
24-hr light/dark cycle because exposure to light at cer-
tain times induces a phase shift of the clock. Entrain-
ment to light/dark cycles ensures that the clock adopts a
specific and stable phase relation to the natural day, set-
ting the clock to local time. The molecular mechanisms
of entrainment are not well understood, but photic in-
duction of immediate-early genes, such as c-fos, FosB,
JunB, and Per (a homolog of the Drosophila clock gene
period), in the suprachiasmatic nucleus (SCN) is thought
to have a role (Rusak et al. 1990; Kornhauser et al. 1996;
Albrecht et al. 1997; Shigeyoshi et al. 1997; Morris et al.
1998; Takumi et al. 1998). Although the SCN is the ma-
jor pacemaker in mammals (Rusak and Zucker 1979),
recent studies have indicated that the peripheral cells or
immortalized cells also contain a circadian clock (Plautz
et al. 1997; Balsalobre et al. 1998; Rosbash 1998; Saka-
moto et al. 1998; Whitmore et al. 1998; Zylka et al. 1998;
Dunlap 1999; Ishida et al. 1999; Krishnan et al. 1999) and
suggested that the SCN and the periphery use different
entraining signals: light for the former and some hu-
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moral factors for the latter (Silver et al. 1996; Balsalobre
et al. 1998; Oishi et al. 1998; Rosbash 1998; Sakamoto et
al. 1998; Zylka et al. 1998; Dunlap 1999; Ishida et al.
1999). The serum shock of rat fibroblasts, which induces
the circadian expression of various genes whose tran-
scription also oscillates in living animals, also results in
transient stimulation of c-fos and rPer (rat homolog of
period) expression and thus mimics light-induced imme-
diate-early gene expression in the SCN (Balsalobre et al.
1998). Although the circadian time-keeping properties of
the SCN require gene expression, little is known about
the signal transduction pathways that initiate transcrip-
tion. It has been reported that a brief exposure to light
during the subjective night, but not during the subjective
day, activates the p44/42 mitogen-activated protein ki-
nase (MAPK) signaling cascade in the SCN (Obrietan et
al. 1998). In addition, the stimulation of MAPK activates
CREB (cAMP response element binding protein), sug-
gesting that potential downstream transcription factors
are stimulated by the MAPK pathway in the SCN (Obri-
etan et al. 1998). Here, we show first that induction of
the circadian oscillation of expression of various clock
and clock-related genes is triggered by treatment of NIH-
3T3 cells with TPA, and that this triggering of the in-
duction is inhibited by a MEK (MAPKK) inhibitor,
U0126. We then show evidence that sustained activation
of the MAPK cascade alone is sufficient to trigger the
induction of circadian gene expression. These results
strongly suggest that the MAPK cascade is involved in
the resetting of circadian gene expression.

Results and Discussion

The light-induced entrainment of the circadian clock is
accompanied by the induction of some immediate-early
genes in the SCN (Rusak et al. 1990; Kornhauser et al.
1996; Albrecht et al. 1997; Shigeyoshi et al. 1997; Morris
et al. 1998; Takumi et al. 1998), and the serum shock,
which triggers the induction of the circadian gene ex-
pression in cultured cells (Balsalobre et al. 1998), also
results in a transient and immediate induction of some
genes such as mPer1, a mammalian homolog of the Dro-
sophila clock gene period (Sun et al. 1997; Tei et al.
1997). The acute induction of mPer] mRNA in the SCN
after light exposure is thought to be involved in light-
induced phase shifting of the overt thythm (Akiyama et
al. 1999). Then, we searched for stimuli that could in-
duce the transient expression of mPerI in mouse fibro-
blast NIH-3T3 cells and found that TPA treatment as
well as a serum shock (50% serum) is able to induce the
transient and strong expression of mPerl (Fig. 1A); as
little as 10 nm TPA was effective. We then monitored the
mRNA expression levels of mPerl and mPer2, which is
also a period homolog (Albrecht et al. 1997; Shearman et
al. 1997; Takumi et al. 1998) whose homozygous muta-
tion in a PAS domain results in a shorter circadian period
followed by a loss of circadian rhythmicity in constant
darkness (Zheng et al. 1999), and albumin site D-binding
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Figure 1. TPA-triggered induction of circadian gene expression
in NIH-3T3 fibroblasts. (A) Cells were shifted to medium con-
taining 50% serum or 50 nm TPA (t = 0). The levels of mPer1
mRNA were determined by RNase protection assays. G6PDH is
a loading control. Cells were shifted to medium containing 50%
serum (B) or 50 nm TPA (C) (t = 0), and incubated for 2 hr, after
which the medium was replaced with serum-free medium.
Whole-cell RNA was prepared at the indicated times, and the
relative levels of the mRNAs were determined by RNase pro-
tection assays. Yeast RNA (Y) was used as negative control.
Three independent experiments gave similar results. (D) The
signals obtained the RNase protection assays in B and C for
mPer2(O) and DBP(M) mRNAs were quantified and normalized
to signals obtained for G6PDH mRNA. The maximum value
was set to 1.0. (E,F) Bisindolylmaleimide I (BM, 5 uM final con-
centration), a PKC inhibitor, was added 30 min before the ad-
dition of TPA (E) or 8 hr after the addition of TPA (F).

meers

protein (DBP), which is a clock-related gene encoding
transcription factor (Lopez-Molina et al. 1997) during 2
days by RNase protection assays. As demonstrated pre-
viously for Rat-1 fibroblasts (Balsalobre et al. 1998), after
the transient exposure to 50% serum expression levels of
all the three mRNAs oscillated with an approximate pe-
riod length of 24 hr in confluently grown NIH-3T3 cells
in the absence of serum (Fig. 1B,D). A control gene, glu-
cose-6-phosphate dehydrogenase (G6PDH) did not oscil-
late in the serum-shocked cells (Fig. 1B). Thus, the serum
shock is able to trigger the induction of a circadian os-
cillation of expression of clock and clock-related genes in
NIH-3T3 cells as well as in Rat-1 cells. Remarkably,
TPA treatment (50 nm for 2 hr) without serum also trig-
gered the induction of a circadian oscillation of expres-
sion of the three genes, mPerl, mPer2, and DBP, with
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essentially the same period length as seen in serum-
shocked cells (Fig. 1C,D). The TPA treatment was as
effective as the serum shock in triggering the induction
of circadian gene expression (Fig. 1D). Pretreatment with
a specific inhibitor of protein kinase C (PKC), bisindolyl-
maleimide I (BM), abolished the TPA-induced circadian
oscillation of gene expressions (Fig. 1E), confirming that
TPA exerted its effect through activation of PKC. In con-
trast, the addition of the PKC inhibitor after TPA treat-
ment failed to inhibit the triggering of the induction of
circadian gene expression (Fig. 1F), suggesting that the
inhibitor does not have a toxic effect. These results sug-
gest that PKC activation is able to entrain the circadian
rhythm of the gene expression.

Both serum stimulation and TPA treatment (PKC ac-
tivation) induce the activation of the classical MAPK
cascade (the MEK/ERK cascade) (Cobb et al. 1991;
Nishida and Gotoh 1993), which is known to result in
the induction of immediate-early genes (Treisman 1996).
Then we hypothesized that the MAPK cascade might be
involved in triggering the induction of the circadian os-
cillation of gene expression. To test this idea, we used
U0126, a specific inhibitor of MEK (Favata et al. 1998).
Pretreatment with U0126 significantly inhibited both
the TPA-induced immediate expression of mPer] (Fig.
2A,E) and the TPA-triggered induction of a circadian os-
cillation of expression of the three genes (mPerl, mPer?2,
and DBP) (Fig. 2A,C). U0124, an inactive derivative of
U0126, had no effect on them (data not shown). There-
fore, activation of the MAPK cascade is required for TPA
treatment to trigger the induction of circadian gene ex-
pression. In SCN, the activity of ERK/MAPK is shown to
oscillate in a circadian manner (Obrietan et al. 1998,
1999). In TPA-treated NIH-3T3 cells, however, the ac-
tivity of ERK/MAPK (both ERK1 and ERK2) was only
transiently activated and did not oscillate (data not
shown). Moreover, the addition of U0126 8 hr after TPA
treatment did not inhibit the circadian oscillation of
gene expression (Fig. 2B,C), indicating that although ac-
tivation of the MAPK cascade is required for triggering
the induction of circadian gene expression, it is not re-
quired for a run of circadian oscillation itself. The serum
shock-triggered induction of circadian gene expression
was also significantly inhibited by pretreatment with
U0126 (Fig. 2D). Thus, it is likely that activation of the
MAPK cascade is required for entraining the circadian
oscillation of gene expression.

We then examined whether the activation of the
MAPK cascade is able to trigger the induction of circa-
dian gene expression. We made use of the AB-Raf:ER (es-
trogen receptor) NIH-3T3 cells in which AB-Raf-conju-
gated with ER is stably transfected (Pritchard et al. 1995).
B-Raf is known to function as a specific and direct acti-
vator of MEK; in AB-Raf:ER cells the addition of estrogen
results in immediate activation of ERK/MAPK and the
removal of estrogen induces gradual inactivation of
ERK/MAPK (Pritchard et al. 1995, Fig. 3D; data not
shown). As a control, we treated AB-Raf:ER NIH-3T3
cells with TPA (50 nm for 2 hr). This treatment induced
immediate expression of mPerl and triggered the induc-
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Figure 2. Inhibition of TPA-triggered induction of circadian
gene expression by pretreatment with MEK inhibitor U0126. (A)
10 um U0126 was added 30 min before the addition of 50 nm
TPA (A) or 8 hr after the addition of TPA (B). Three independent
experiments gave similar results. (C) The signals obtained in the
RNase protection assays shown in A (@, U + TPA) and B (O,
TPA + U) for mPer2 and DBP mRNAs were quantified and nor-
malized as in Fig. 1D. (D) Inhibition of serum shock-triggered
induction of circadian gene expression by pretreatment with
UO0126. The signals obtained in the RNase protection assays for
mPer2 mRNA were quantified and normalized. (®); 20 um
U0126 before 50% serum treatment; (1) 50% serum treatment.
(E) Relative levels of mPer] mRNA induction at ¢t =70 min
(means + s.D.; n = 3).

tion of circadian oscillation of expression of the three
genes (Fig. 3A,E), the pattern of which was slightly ir-
regular and incomplete, as compared with the oscillation
in TPA-treated parental NIH-3T3 cells (Fig. 1C,D). This
incompleteness may be intrinsic to the AB-Raf:ER cell
line. Exposure of the AB-Raf:ER cells to estrogen for 1 hr
resulted in both the immediate induction of mPerl and
the triggering of the induction of circadian oscillation of
the three genes (Fig. 3B,E). The extent of the induction
and the pattern of the oscillation were almost identical
to those in TPA-treated cells (Fig. 3A,B,E). Pretreatment
with the MEK inhibitor U0126 almost completely abol-
ished the estrogen-induced expression of mPerl and os-
cillation of the three genes (Fig. 3C,E). It was confirmed
that pretreatment with U0126 inhibited the activation of
ERK MAPKs (Fig. 3D). These results therefore suggest
that activation of the MAPK cascade is sufficient for trig-
gering the induction of the circadian oscillation of gene
expression in cultured cells.

ERK MAPKs are activated in response to various ex-
tracellular stimuli including growth factors (Cobb et al.
1991; Nishida and Gotoh 1993; Treisman 1996). Then,
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we finally tested whether these extracellular stimuli are
able to trigger the induction of circadian gene expression.
It was reported that treatment of SCN with nerve growth
factor (NGF) induced phase shift of circadian rhythm
(Bina and Rusak 1996). The ability of several stimuli to
induce immediate expression of mPerl was first exam-
ined. Although fibroblast growth factor (FGF) and plate-
let-derived growth factor (PDGF), in addition to serum
(50% serum shock) and TPA, induced the immediate ex-
pression of mPerl strongly, epidermal growth factor
(EGF) and membrane-permeable diacylglycerol analogs
such as OAG and DOG induced very weakly (Fig. 4A).
We then examined their ability to activate ERK MAPKs.
Interestingly, serum, TPA, FGF, and PDGF induced pro-
longed activation of both ERK1 and ERK2, whereas
OAG, DOG, and EGF induced their transient and shorter
activation; Both ERK1 and ERK2 remained strongly ac-
tivated 60 min after the treatment in the case of the
former, whereas both were mostly inactivated 60 min
after in the case of the latter (Fig. 4B). We then examined
the expression pattern of the three genes, mPerl, mPer2,
and DBP, after treatment with FGF or EGF. The result
showed that FGF, but not EGF, triggered the induction of
the circadian oscillation of gene expressions (Fig. 4C, D,
E). Thus, both the immediate induction of mPerI and the
triggering of the induction of the circadian expression of
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Figure 3. Induction of circadian gene expression triggered by
activation of the Raf/MEK/ERK cascade in AB-Raf:ER NIH-3T3
cells. TPA (A, 50 nMm) or estradiol-17p (E2) (B, 1 um) was added to
the medium (¢ = 0) and incubated for 2 hr (TPA) or 1 hr (E2), as
described. Thirty minutes before the addition of 1 um E2 (C) 10
M U0126 was added. The relative levels of the mRNAs were
determined by RNase protection assays. Three independent ex-
periments gave similar results. (D) Cells were pretreated with or
without 10 pum U0126 for 30 min prior to E2 treatment, and the
protein extracts prepared at the indicated times were subjected
to immunoblotting with anti-ERK/MAPK antibody. The elec-
trophoretically retarded bands represent active forms. (E) Sig-
nals obtained in the RNase protection assays shown in A (OJ), B
(@), and C (A) for mPer2 mRNAs were quantified and normal-
ized.
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Figure 4. Prolonged activation of ERK MAPK is able to trigger
the induction of robust circadian gene expression. NIH-3T3
cells were treated with 50% serum, 50 nm TPA, 200 um OAG,
200 pm DOG, 30 nm EGF, 25 ng/ml FGF, or 30 ng/ml PDGF. (A)
Whole-cell RNA was prepared at 70 min after treatment, and
the relative levels of the mRNAs were determined by RNase
protection assays. (B) Protein extracts prepared at the indicated
times were subjected to immunoblotting with anti-ERK/MAPK
antibody. EGF (C, 30 nMm) or FGF (D, 25 ng/ml) was added to the
medium (t =0) and incubated for 2 hr as described. Relative
levels of the mRNAs were determined by RNase protection
assays. Three independent experiments gave similar results. (E)
Signals obtained in the RNase protection assays shown in C and
D (O, EGF; @, FGF) for mPer2 and DBP mRNAs were quantified
and normalized.

the three genes correlate well with the prolonged activa-
tion of ERK MAPKs.

The serum-, TPA- or FGF-triggered induction of the
circadian oscillation of gene expression observed here is
independent of the cell cycle. Balsalobre et al. (1998) also
demonstrated clearly that the circadian oscillation of
gene expression after serum shock is independent of the
cell cycle. The oscillation of circadian gene expression
proceeded for 2 days under serum-free conditions after
the treatment, whereas the number of the cells did not
increase at all (data not shown). Moreover, an increase of
cyclin A, which is associated with the progression of the
cell cycle, was not detected in the cells (data not shown).

Our results indicate that prolonged activation of the
classic MAPK cascade (MEK/ERK) is able to induce im-
mediate expression of mPer1 and trigger the induction of
the circadian oscillation of expression of clock and
clock-related genes in mammalian cultured cells and
therefore suggest that the MAPK cascade has a key role
in entrainment of the circadian rhythm in cultured cells.
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Previous studies have suggested that not only the SCN
but also the periphery has a circadian clock (Balsalobre et
al. 1998; Rosbash 1998; Sakamoto et al. 1998; Zylka et al.
1998; Dunlap 1999; Ishida et al. 1999), and light and
some humoral factor(s) may act as an entraining cue in
the SCN and the periphery, respectively (Silver et al.
1996; Oishi et al. 1998; Sakamoto et al. 1998; Dunlap
1999; Ishida et al. 1999); transcriptional activation is an
essential event linking the cue and the circadian entrain-
ment as well (Rusak et al. 1990; Kornhauser et al. 1996;
Albrecht et al. 1997; Shigeyoshi et al. 1997; Morris et al.
1998; Reppert 1998; Takumi et al. 1998; Dunlap 1999). In
the SCN, light induces both ERK activation and imme-
diate-early gene expression (Rusak et al. 1990; Korn-
hauser et al. 1996; Albrecht et al. 1997; Shigeyoshi et al.
1997; Morris et al. 1998; Obrietan et al. 1998, 1999; Ta-
kumi et al. 1998), which in general is mediated by the
ERK pathway (Treisman 1996). It has also been reported
that PKC activation in the SCN may have a role in ro-
dent circadian rhythm (Biello et al. 1997; McArthur et al.
1997; Schak and Harrington 1999) and that treatment of
the SCN with NGF induced the phase shift of circadian
rhythm (Bina and Rusak 1996). Taken together, these
results suggest that the MAPK cascade may function as
a key mediator in common in the signal transduction
pathways for entrainment of circadian rhythm in the
SCN, the periphery, and immortalized cultured cells and
that circadian entrainment by light and humoral factors
may employ similar signal transduction mechanisms.
Our results also suggest that an unidentified humoral
factor(s) that functions as an entraining cue in the pe-
riphery may induce the prolonged activation of the
MAPK cascade in peripheral cells.

Materials and methods

Cell culture and preparation of RNA samples

NIH-3T3 fibroblasts were grown in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% FCS. NIH-3T3 cells stably transfected
with AB-Raf:ER were grown in DMEM supplemented with 10% FCS.
Under these conditions, the cells reached confluence after (¥ days and
were kept for 2 days in medium containing 1% serum. At t = 0, reagents
were added to the medium, which was replaced with serum-free DMEM
after 2 hr. At the indicated times, total RNA was extracted using an
RNeasy mini kit according to the manufacturer’s instructions (Qiagen).

Cloning cDNA fragments

Whole-cell RNA from NIH-3T3 cells was reverse-transcribed into cDNA
using random hexamers. Fragments of mPer1 (position 412-631 of mPer1
c¢DNA), mPer2 (position 455-779 of mPer2 cDNA), DBP (position 606~
780 of DBP ¢DNA), and G6PDH (position 309-428 of G6PDH ¢cDNA)
were amplified by PCR cloned into pCR2.1-TOPO vector (Invitrogen),
and sequenced to verify their identity and orientation.

RNase protection assay

RNase protection assays were performed using a Hybspeed RPA kit ac-
cording to the manufacturer’s instructions (Ambion). The probes were
produced from the cDNA fragments described above. The plasmids were
linearized with a suitable restriction enzyme, and antisense RNA probes
were prepared by in vitro transcription of the linearized templates with
T7 RNA polymerase using [**PJUTP. The signals were quantified using a
Bio-Rad Phosphorlmager. Data were analyzed using Molecular Analyst
software (Bio-Rad).

Immunoblotting analysis
After cell lysates were subjected to SDS-PAGE (12%), proteins were
transferred to PVDF membrane (Immobilon P, Millipore). Membranes



were incubated with anti-ERK2 polyclonal antibody (Santa Cruz Biotech-
nology) in Tris-buffered saline (20 mm Tris-Cl at pH 7.5, 500 mm NaCl)
containing 3% BSA and, subsequently, with HRP-conjugated anti-goat
IgG (Santa Cruz Biotechnology). Immunoreactive bands were detected by
the ECL Western blotting detection system (Amersham Corp.).
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