
Biochem. J. (2005) 386, 575–581 (Printed in Great Britain) 575

CLOCK is involved in the circadian transactivation of
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PPARα (peroxisome-proliferator-activated receptor α) is a mem-
ber of the nuclear receptor superfamily of ligand-activated tran-
scription factors that regulate the expression of genes associated
with lipid metabolism. In the present study, we show that cir-
cadian expression of mouse PPARα mRNA requires the basic
helix–loop–helix PAS (Per-Arnt-Sim) protein CLOCK, a core
component of the negative-feedback loop that drives circadian os-
cillators in mammals. The circadian expression of PPARα mRNA
was abolished in the liver of homozygous Clock mutant mice.
Using wild-type and Clock-deficient fibroblasts derived from
homozygous Clock mutant mice, we showed that the circadian
expression of PPARα mRNA is regulated by the peripheral
oscillators in a CLOCK-dependent manner. Transient transfection
and EMSAs (electrophoretic mobility-shift assays) revealed that
the CLOCK–BMAL1 (brain and muscle Arnt-like protein 1)

heterodimer transactivates the PPARα gene via an E-box-rich
region located in the second intron. This region contained two
perfect E-boxes and four E-box-like motifs within 90 bases.
ChIP (chromatin immunoprecipitation) also showed that CLOCK
associates with this E-box-rich region in vivo. Circadian ex-
pression of PPARα mRNA was intact in the liver of insulin-
dependent diabetic and of adrenalectomized mice, suggesting that
endogenous insulin and glucocorticoids are not essential for the
rhythmic expression of the PPARα gene. These results suggested
that CLOCK plays an important role in lipid homoeostasis by
regulating the transcription of a key protein, PPARα.

Key words: circadian rhythm, CLOCK, E-box, liver, peroxi-
some-proliferator-activated receptor α (PPARα), transcription.

INTRODUCTION

The variety of physiological and behavioural circadian rhythms
of almost all life forms from bacteria to humans is controlled by
endogenous oscillators [1–3]. The SCN (suprachiasmatic nucleus)
is considered to be the master circadian pacemaker that controls
most of the physical circadian rhythms of mammals, including
behaviour [4,5]. Many studies at the molecular level have revealed
that the circadian oscillator in the SCN is driven by negative-feed-
back loops consisting of the periodic expression of clock genes
[4,5]. Clock was the first clock gene in vertebrates identified by
forward mutagenesis using N-ethyl-N-nitrosourea in a behav-
ioural screening [6]. The Clock gene encodes a bHLH (basic
helix–loop–helix)–PAS (Per-Arnt-Sim) transcription factor [4,5].
Like other bHLH transcription factors, CLOCK binds DNA and
modulates transcription after dimerization with BMAL1 (brain
and muscle Arnt-like protein 1; a bHLH–PAS transcription factor)
[4,5]. The CLOCK–BMAL1 heterodimer drives the rhythmic
transcription of other clock genes period (mPer1, mPer2 and
mPer3) and cryptochrome (mCry1 and mCry2) through E-box
(CACGTG) elements located in their promoters [4,5]. As the PER
and CRY proteins are translated, they form multimeric complexes
that are translocated to the nucleus. The CRY proteins are essential
for the negative-feedback loop that regulates the central clock
[7,8]. The primary function of the CRY proteins in mammals is to
inhibit CLOCK–BMAL1-mediated transactivation [4,5]. Studies
of clock genes have implied that oscillatory mechanisms function
in peripheral organs and isolated cells, and that they are entrained
to the SCN [4,5]. Although the peripheral oscillators seem to play

an important role in regulating various physiological functions,
the circadian oscillatory mechanism in peripheral tissues remains
vague. Hundreds of tissue-specific circadian-clock-controlled
genes that regulate an impressive diversity of biological processes
have been identified using DNA microarray technology [9–15].
We recently identified putative CLOCK target genes in the mouse
liver using microarray analyses [16]. The screened genes encoded
various key physiological molecules associated with the cell
cycle, immune functions and lipid metabolism, suggesting that,
in addition to being a core component of the circadian oscillator,
CLOCK is involved in diverse physiological functions in peri-
pheral tissues. Several direct transcriptional targets of CLOCK
have been identified. These include DBP (albumin D-site-binding
protein) [17,18], vasopressin [19], prokineticin 2 [20] and PAI-1
(plasminogen activator inhibitor 1) [21].

PPARα (peroxisome-proliferator-activated receptor α) is a
member of the steroid/nuclear receptor superfamily and it plays
a central role in the control of many genes in several pathways of
lipid metabolism, including fatty acid transport, cellular uptake,
intracellular binding and activation, as well as catabolism (mito-
chondrial β-oxidation) or storage [22]. Through binding as a het-
erodimer with the RXR (retinoid X receptor) to specific DNA se-
quences, PPREs (PPAR-response elements), PPARα regulates
gene expression, such as for ACS (acyl-CoA synthase), AOX
(acyl-CoA oxidase), CPTI (carnitine palmitoyl transferase I), apo-
lipoproteins and LPL (lipoprotein lipase). Physiological responses
to nuclear receptor ligands depend not only on the potency of the
ligand, but also on the expression levels of nuclear receptors in
specific tissues [23]. Hepatic PPARα is expressed in a circadian
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manner at the mRNA and protein levels in rats [24] and in mice
[25]. The circadian expression of PPARα was thought to be regu-
lated by hormonal factors, because insulin and glucocorticoids
negatively and positively regulate its mRNA expression respect-
ively [24,26].

The present study examines the expression profile of PPARα
in Clock mutant mice that are deficient for the circadian clock for
locomotor activity. The periodicity of homozygous Clock mutant
mouse behaviour [6,27] and body temperature [28] is abnormally
long. As the Clock allele is truncated and causes a deletion
of 51 amino acids, the mutation presumably would not have a
significant effect on the N-terminal bHLH and PAS domains,
leaving CLOCK dimerization and DNA binding intact [4,5]. The
mutant CLOCK protein can still form heterodimers with BMAL1
that bind to DNA, but these are deficient in transactivation [4,5].
We show that the circadian expression of PPARα is regulated
directly by CLOCK protein via the E-box-rich region in the second
intron in vivo and in vitro. Our results suggest that CLOCK plays
an important role in lipid metabolism by regulating the circadian
transactivation of PPARα in mice.

EXPERIMENTAL

Mice

Clock mutant mice were derived from animals supplied by Dr J. S.
Takahashi (Department of Neurobiology and Physiology, and
Center for Functional Genomics, Northwestern University,
Evanston, IL, U.S.A.) that originally had the Clock allele on
BALB/c and C57BL/6J backgrounds. A breeding colony was es-
tablished by backcrossing further with Jcl:ICR mice [27]. Insulin-
dependent diabetes was induced by a single intraperitoneal
injection of the β-cell toxin STZ (streptozotocin; 200 mg/kg), as
described in [29]. ADX (adrenalectomized) mice were obtained
from Japan SLC (Shizuoka, Japan), and were given 0.9% (w/v)
NaCl ad libitum. All male mice at 8–12 weeks of age were
maintained under a 12:12 h light–dark cycle (lights on at 00:00,
and lights off at 12:00) for at least 2 weeks before the day of the
experiment. Dissected tissues were quickly frozen and stored at
−80 ◦C.

Northern blotting

Total RNA extracted from frozen tissues using ISOGEN (Nippon
Gene Co., Tokyo, Japan) was Northern blotted as described in
[27]. Random primed 32P-labelled probes were generated from
cDNA fragments of mouse PPARα (bases 1121–1800; GenBank®

accession number BC016892), human PPARα (bases 61–884;
GenBank® accession number L07592), mPer2 (bases 1123–
1830; GenBank® accession number AF036893), DBP (bases
1138–1602; GenBank® accession number J03179) and GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) (bases 133–575;
GenBank® accession number M17701).

Cell culture and stimulation procedures

MEFs (mouse embryonic fibroblasts) [30] derived from wild-type
and homozygous Clock mutant mice, and human lung diploid cells
WI-38 [31] were maintained in DMEM (Dulbecco’s modified
Eagle’s medium) (Sigma) supplemented with 10 % (v/v) FBS
(foetal bovine serum) (Invitrogen) and antibiotics in a 5% CO2

atmosphere. Cells (1.0 × 106 per 60 mm dish) were cultured for 2–
3 days to reach confluence. At zero time, the cells were stimulated
with 30 nM ET-1 (endothelin-1) (Sigma) [32] or with 100 nM
Dex (dexamethasone) [33]. After 2 h, the medium was replaced
with DMEM supplemented with 5% (v/v) FBS. At the indicated

times, the cells were washed with ice-cold PBS, harvested in 1 ml
of ISOGEN (Nippon Gene Co.), and stored at −80 ◦C before total
RNA isolation.

Co-transfection and luciferase assay

Mouse NIH3T3 cells were cultured in DMEM supplemented with
10% (v/v) FBS and antibiotics in a 5 % CO2 atmosphere. Cells
(3.4 × 104 per well) were seeded in twelve-well plates 24 h before
transfection using PolyFect reagent (Qiagen) according to the
manufacturer’s instructions. After 24 h, the cells were washed
with PBS and harvested in 250 µl of passive lysis buffer
(Promega). Luciferase activities were assayed with the Dual-
Luciferase Reporter Assay System (Promega) using Turner
Designs Luminometer Model TD-20/20. Putative CLOCK–
BMAL1 target regions were isolated and cloned into the pGL3-
Basic Vector (Promega) from +39394 to +39633 (+1 is the
putative transcription start site), from +39394 to +39513, and
from +39514 to +39633, for E1/E2, E1 and E2 respectively.
Mouse CLOCK, BMAL1 and CRY1 expression plasmids were
provided by Dr T. Todo (Radiation Biology Center, Kyoto Univer-
sity, Kyoto, Japan) [34]. Renilla luciferase plasmid was co-trans-
fected to normalize transfection assays. The amount of DNA per
well was adjusted using the pGL3-Basic Vector (Promega).

EMSA (electrophoretic mobility-shift assay)

Nuclear extract was purified from adult male mouse liver by
using CelLytic NuCLEAR extraction kits (Sigma). The oligonu-
cleotides used were as follows: E1, 5′-GCATGCACGTGCCTG-
TA-3′; E2, 5′-TGCCTTTACACGTGTGCCCCATA-3′; E2mut,
5′-TGCCTTTAGCTAGTTGCCCCATA-3′; E-like1, 5′-CCTG-
TACATGTGTGCCT-3′; E-like2, 5′-TGCCTGTACATGTGTGA-
3′; E-like3, 5′-TGACAGATGTGCCTTTA-3′; E-like4, 5′-CCAT-
ACACATGCTTGTC-3′, and their corresponding complementary
sequences. Underlined sequences represent canonical or non-
canonical E-boxes. Double-stranded oligonucleotides were end-
labelled with [α-32P]dCTP using the Random Primer DNA Label-
ing Kit version 2.0 (Takara Bio, Otsu, Japan). The reaction
mixture (10 µl) for the EMSA containing 1 µg of nuclear extract,
1 ng of labelled probe and 50 µg/ml of poly(dI-dC) · (dI-dC), 4%
(v/v) glycerol, 1 mM MgCl2, 0.5 mM EDTA, 0.5 mM DTT
(dithiothreitol), 50 mM NaCl and 10 mM Tris/HCl (pH 7.5), was
incubated at room temperature (25 ◦C) for 30 min. Competition
experiments included a 500-fold excess of unlabelled double-
stranded oligonucleotides that were incubated with the extract
for 5 min before starting the reactions. Mouse CLOCK and
BMAL1 proteins were expressed in vitro from pcDNA3.1/HisC-
mCLOCK or pcDNA3.1/HisC-mBMAL1 plasmids provided by
Dr T. Todo (Kyoto University) [34]. In vitro transcription and
translation proceeded using the TNT Quick Coupled Transcrip-
tion/Translation System (Promega) according to the manufac-
turer’s instruction. Antibodies against the amino terminals of
mCLOCK (Santa Cruz Biotechnology) and against the internal re-
gion of human BMAL1 (Santa Cruz Biotechnology) were incub-
ated with the extract for 15 min before starting the absorption
experiments. The amount of antibodies per reaction was adjusted
using mouse IgG/M purified from pooled mouse sera. Samples
resolved by electrophoresis on 5% (w/v) non-denaturing poly-
acrylamide (acrylamide/bisacrylamide ratio 29:1)/0.5× Tris/
borate buffer gels were dried, and DNA–protein complexes were
detected using a BAS2500 (Fuji Photo Film Co.).

ChIP (chromatin immunoprecipitation)

NIH3T3 cells expressing FLAG-tagged CLOCK were cross-
linked by an incubation with formaldehyde for 10 min at 37 ◦C and
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the reaction was stopped by adding 125 mM glycine. The cells
were then washed twice with ice-cold PBS, scraped into lysis
buffer [5 mM Pipes (KOH), pH 8.0, 85 mM KCl and 0.5% (v/v)
Nonidet P40] containing CompleteTM protease inhibitor cocktail
(Roche), and incubated for 20 min on ice. Nuclei were pelleted
by centrifugation at 2400 g for 10 min at 4 ◦C, resuspended in
nuclear lysis buffer [50 mM Tris/HCl, pH 8.0, 10 mM EDTA, and
1% (w/v) SDS containing the same protease inhibitor cocktail
as in the lysis buffer], and incubated for 10 min on ice. Lysates
were sonicated to shear DNA into fragments of length 0.3–1.5 kb.
To reduce the non-specific background, samples were pre-cleared
by incubation with Protein A/G–agarose beads (Santa Cruz Bio-
technology) for 1 h at 4 ◦C, with agitation. The beads were pelleted
by a brief centrifugation at 2400 g for 5 min, and 20% of the total
supernatant fraction was collected as total input control. The
rest of the supernatant was incubated with anti-FLAG M2–agarose
beads (Santa Cruz Biotechnology) or mouse IgG-conjugated Pro-
tein A/G–agarose beads overnight at 4 ◦C. Immune complexes
were washed once consecutively for 3–5 min on a rotating
platform with 1 ml of each of the following buffers: low salt
[0.1% (w/v) SDS, 1% (v/v) Triton X-100, 2 mM EDTA, 20 mM
Tris/HCl, pH 8.0, and 150 mM NaCl], high salt [0.1% (w/v)
SDS, 1% (v/v) Triton X-100, 2 mM EDTA, 20 mM Tris/HCl,
pH 8.0, and 500 mM NaCl], LiCl [0.25 M LiCl, 1% (v/v) Nonidet
P40, 1% (w/v) deoxycholate, 1 mM EDTA and 10 mM Tris/HCl,
pH 8.0], and twice with TE (10 mM Tris/HCl, pH 8.0, and 1 mM
EDTA). Protein was detached from the agarose beads by adding
250 µl of elution buffer [1% (w/v) SDS, 0.1 M NaHCO3 and
10 mM DTT]. Cross-links were reversed by adding 20 µl of
5 M NaCl to all reactions, including input control, and heating
overnight at 65 ◦C. The DNA was ethanol-precipitated, digested
with proteinase K, phenol-extracted, and then resuspended in TE
before PCR analysis. The putative CLOCK–BMAL1 target region
from +39394 to +39633 of PPARα was PCR-amplified by using
the following primer set: forward primer, 5′-GTAAGCACAGG-
TTTCTTGCGT-3′; reverse primer, 5′-ACTCTATCTCAAAGA-
GTAAAG-3′. For the negative control, the 5′ flanking region of the
PPARα gene (from −636 to −207) was PCR-amplified using
the following primer set: forward, 5′-TGGCACCTTGGCCAC-
CTGTT-3′; reverse, 5′-TGTCTGATTGGCTGCTGCGG-3′. The
positive control consisted of the putative CLOCK–BMAL1 target
region in the first intron of DBP gene (from +543 to +800) [18]
was PCR-amplified using the following primer set: forward,
5′-TGACAGCTCAGTAATTCTCCC-3′; reverse, 5′-CTTGAGG-
ACAGAGTTTAGGTG-3′. PCR analysis was performed using
Platinum PCR SuperMix (Invitrogen) according to the manufac-
turer’s instructions.

RESULTS AND DISCUSSION

In the present study, we initially examined the expression profile
of PPARα mRNA in the liver of homozygous Clock mutant mice
(Figure 1A). The mutation damped the circadian expression of
the clock gene mPer2 and the clock-controlled output gene DBP
in the mouse liver, as we noted previously [17]. The expression
of PPARα mRNA in the liver of wild-type mice was robustly
circadian, and peaked at 08:00, as found in rats [24] and mice
[25]. In contrast, the rhythmic expression of PPARα mRNA was
eliminated from the liver of Clock mutant mice, and its mRNA
was continuously expressed at the lowest levels found in wild-
type mice. The acrophase (08:00) of PPARα mRNA expression
in wild-type mice coincided with that of DBP. The circadian
transactivation of DBP seems to be absolutely regulated by
CLOCK protein via E-box elements [16,18], while that of mPer2

Figure 1 CLOCK-dependent circadian expression of PPARα mRNA in vivo
and in vitro

(A) Expression of PPARα, mPer2 and DBP mRNAs in the liver of wild-type (�) and
homozygous Clock mutant (�) mice. mRNA levels of genes were quantified from Northern
blots. Maximal values of wild-type mice are expressed as 100 % in each gene. Open bar, lights
on; closed bar, lights off. Results are means +− S.E.M. (n = 3). Representative Northern blots are
shown in Supplementary Figure 1(A) at http://www.BiochemJ.org/bj/386/bj3860575add.htm.
(B) Circadian expression of PPARα mRNA in MEFs from wild-type (�) and homozygous
Clock mutant (�) mice. At zero time, cells were stimulated with ET-1. After 2 h, medium was
replaced with DMEM containing 5 % FBS. Results were normalized by comparison with amount
of GAPDH (glyceraldehyde-3-phosphate dehydrogenase). Initial value of wild-type MEFs is
expressed as 100 %. Results are means +− S.E.M. (n = 3). One-way ANOVA demonstrated a
significant rhythmicity of PPARα mRNA levels in wild-type MEFs (P < 0.05). Asterisks indicate
peaks of rhythmically expressed PPARα mRNA. Representative Northern blots are shown in
Supplementary Figure 1(B) at http://www.BiochemJ.org/bj/386/bj3860575add.htm.

seems to be transactivated not only via the E-box elements but
also via CREs (cAMP-responsive elements) that reside upstream
of this gene [35]. The circadian expression of PPARα mRNA
seemed to be regulated directly by CLOCK protein via the E-box
element(s), like that of DBP mRNA [18]. Thus the present findings
suggest that CLOCK is associated directly with the circadian
expression of PPARα in the mouse liver.

Cultured cells, such as rat-1 fibroblasts [36], NIH-3T3 [37],
vascular smooth muscle cells [38,39], MEFs [32], HeLa [40] and
WI-38 [31], have served as models for studies of the peripheral
clock system. Circadian gene expression in these cells is induced
not only by serum shock [36], but also by many chemicals that
activate various signal transduction pathways [32,33,39,41]. To
understand whether the circadian expression of PPARα mRNA
in vivo is an intrinsic property of peripheral clocks, we examined
the temporal expression of PPARα mRNA in MEFs isolated
from wild-type and homozygous Clock mutant mice (Figure 1B).
We triggered oscillations using the vasoconstricting peptide
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Figure 2 Location of intronic E-box-rich region in mouse PPARα gene

Closed and open boxes show protein-coding and 5′-untranslated regions respectively.
Nucleotide residues are numbered relative to transcription initiation (+1). Underlined bold
capitals, perfect E-box elements; underlined capitals, E-box-like elements.

ET-1 as described by Yagita et al. [32]. As in the mouse liver,
PPARα mRNA was expressed in a circadian manner in fibroblasts
obtained from wild-type mice, but was extremely suppressed in
the Clock-deficient fibroblasts, suggesting that CLOCK is in-
volved in the circadian transactivation of PPARα at the level of
peripheral oscillators in mice.

A database analysis showed that a perfect E-box (CACGTG)
does not exist within 8 kb of the 5′ flanking region of the PPARα
gene (results not shown). However, we discovered an E-box-rich
region in the second intron of the PPARα gene (Figure 2) that
contained two perfect E-boxes and four E-box-like motifs within
90 bases. The E-box elements located in the first and second
introns of DBP are critical for circadian transactivation by
CLOCK protein [18]. Recent convincing evidence indicates that
the region immediately outside the E-box element is also impor-
tant for circadian transactivation [42,43]. Such neighbouring
structures seem to augment circadian transactivation via E-boxes
[42,43]. Therefore we analysed the function of these sequences
using a fusion gene of this region to the luciferase reporter
plasmid. CLOCK and BMAL1 together, but neither of them alone,
produced a major increase (more than 25-fold) in transcriptional
activity of the intronic E-box-rich region (+39394 to +39633)
containing reporter plasmid (see Supplementary Figure 2A at
http://www.BiochemJ.org/bj/386/bj3860575add.htm). We also
found that CLOCK dose-dependently increased the reporter gene
activity (see Supplementary Figure 2B at http://www.BiochemJ.
org/bj/386/bj3860575add.htm). This CLOCK–BMAL1-depen-
dent transactivation of the fusion gene was severely inhibited
by co-expression with CRY1 (see Supplementary Figure 2A
at http://www.BiochemJ.org/bj/386/bj3860575add.htm), which is
the negative component of CLOCK–BMAL1-derived negative-
feedback loop of the circadian clock [7]. Actually, expression
levels of PPARα mRNA in the liver of Cry1/Cry2 double knockout
mice were elevated to the upper range of normal oscillation
throughout the day (results not shown), as shown in most of
the CLOCK-regulated output genes [16], suggesting that mCRY
proteins negatively regulate CLOCK-dependent transactivation of
the PPARα gene in vivo, as well as in vitro. The region that we used
in this reporter assay included two perfect E-box elements (named
from the 5′-side as E1 and E2), as described in Figure 2. Thus

we generated two reporter plasmids with either the E1 or the E2
element. CLOCK–BMAL1-induced transcriptional activation via
the E1 element was undetectable (see Supplementary Figure 2C at
http://www.BiochemJ.org/bj/386/bj3860575add.htm). However,
although some transcriptional activity of the E2 element (approx.
5-fold) was induced by the CLOCK–BMAL1 transcription fac-
tors, the levels were considerably lower than those generated using
the complete sequence that contains both E1 and E2 E-boxes (see
Supplementary Figure 2C at http://www.BiochemJ.org/bj/386/
bj3860575add.htm). These results suggested that the neighbour-
ing structure of these E-box elements is important for effective
transactivation of the PPARα gene.

Figure 2 shows the two perfect E-boxes (named from the 5′-side
as E1 and E2) and four non-canonical E-box-like elements (named
from the 5′-side as E-like1 to E-like4) in the region that we used
in the reporter assay (see Supplementary Figure 2 at http://www.
BiochemJ.org/bj/386/bj3860575add.htm). We also examined
DNA–protein binding using a nuclear extract of the mouse liver
in the presence of each oligonucleotide (Figure 3A). Only the
shifted band for the E2 oligonucleotide was specifically detected.
To ascertain the specificity of this E2 E-box, we prepared some
different sequences for the competition. Excess unlabelled E2
probe inhibited the band shift, whereas mutated unlabelled
E2 probe (6 bp mismatch) or unlabelled E1 specific probe did
not (Figure 3B), suggesting that the E2 element is a specific target
of the transcription factors. The shifted band for the E2 oligo-
nucleotide was weakened when the nuclear fraction was incubated
with BMAL1- or CLOCK-specific antibodies beforehand, and it
was almost totally removed by prior incubation of the extract with
both antibodies (Figure 3C). Antibodies targeting either BMAL1
or CLOCK could not completely remove the E2-specific band,
but they decreased the E2 band (Figure 3C). MOP4 (NPAS2)
and BMAL2 (CLIF) are paralogues of CLOCK and BMAL1
respectively, and behave similarly in cell and biochemical assays
[21,38,44–47]. Thus transcription of the PPARα gene via this E2
element might be regulated not only by the CLOCK–BMAL1
heterodimer, but also by MOP4–BMAL1, CLOCK–BMAL2 or
MOP4–BMAL2, as described for other target genes [21,45,47].
To confirm that the CLOCK–BMAL1 heterodimer binds to the
E2 element, we performed an EMSA with in vitro translated
CLOCK and BMAL1 proteins (Figure 3D). The presence of
either CLOCK or BMAL1 generated a weak shifted band, sugges-
ting that they can potentially bind to the E2 element as homo-
dimers at least in vitro. However, in the presence of both proteins,
DNA-binding activity was robust. These findings suggested that
the E2 element is a direct target of the CLOCK–BMAL1 hetero-
dimer. To examine the daily accumulation of nuclear proteins that
can bind to the E2 element, we extracted liver nuclear fractions at
day (08:00, the peak time of PPARα mRNA expression) and night
(20:00). Figure 3(E) shows that the abundance of this complex
was obviously (approx. 2-fold) higher with the nuclear extract at
08:00 than that observed with the extract at 20:00, suggesting
that the E2 E-box element is a target for circadian transactivation
of the PPARα gene in vivo.

To examine the association of CLOCK with the intronic E-box-
rich region of PPARα (from +39394 to +39633) in vivo, we
performed ChIP assays using NIH3T3 cells expressing FLAG-
tagged CLOCK or FLAG vector only (Figure 4). ChIP was
performed using anti-FLAG antibody and analysed by PCR
amplification of total DNA before immunoprecipitation (input),
non-specific immunoprecipitated DNA (IgG) or specifically
immunoprecipitated DNA (anti-FLAG). For the negative control,
the 5′ flanking region of the PPARα gene (from −636 to −207)
that contains no E-box (-like) element was PCR-amplified. For
the positive control, the putative CLOCK–BMAL1 target region
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Figure 3 E2 E-box is a direct target of the CLOCK–BMAL1 heterodimer in vitro

(A) EMSA was performed with 1 µg of mouse liver nuclear extract and E-box or non-canonical E-box-containing oligonucleotides as follows: E1, 5′-GCATGCACGTGCCTGTA-3′; E2, 5′-TGCCTT-
TACACGTGTGCCCCATA-3′; E-like1, 5′-CCTGTACATGTGTGCCT-3′; E-like2, 5′-TGCCTGTACATGTGTGA-3′; E-like3, 5′-TGACAGATGTGCCTTTA-3′; E-like4, 5′-CCATACACATGCTTGTC-3′ and their
corresponding complementary sequences. Underlined sequences represent canonical or non-canonical E-boxes. (B) The band for E2 oligonucleotide shifted when the nuclear fraction was incubated
with unlabelled mutated oligonucleotide (E2mut, 5′-TGCCTTTAGCTAGTTGCCCCATA-3′) or unlabelled E1 probe at 500-fold molar excess. (C) The shifted band for E2 oligonucleotide was weakened
when nuclear fraction was incubated with BMAL1- or CLOCK-specific antibodies. (D) The shifted band for E2 oligonucleotide was detectable when E2 probe was incubated with indicated in vitro
translated proteins. Open arrowhead indicates non-specific (NS) band. (E) Day/night difference of signal strength of E2-specific shifted band. Nuclear fractions were extracted from the liver of three
mice at day (08:00) and night (20:00). This experiment included 1 µg of pooled nuclear extract. Closed arrowhead indicates specific shifted band.

Figure 4 CLOCK associates with the E-box-rich region of the PPARα gene
in vivo

PCR proceeded using primer pairs that specifically detect the E-box-rich region of the PPARα

gene, the 5′ flanking region of the PPARα gene that contained no E-box or E-box-like elements,
and the putative CLOCK–BMAL1 target region in the first intron of DBP gene. DNA templates
were either subcloned total chromatin (Input) or immunoprecipitated chromatin (mouse IgG
or Anti-FLAG). Chromatin samples were prepared from NIH3T3 cells expressing FLAG-tagged
CLOCK or empty FLAG vector. PCR products were electrophoresed through a non-denaturing
2 % agarose gel containing ethidium bromide, and photographed. Arrowhead indicates specific
shifted band for intronic E-box-rich region. Lane M, molecular mass standards.

in the first intron of the DBP gene (from +543 to +800) [18]
was PCR-amplified. The intronic E-box-rich region of PPARα and
the putative CLOCK–BMAL1 target region in the first intron of
DBP were amplified in DNA recovered from a ChIP reaction per-
formed on chromatin lysates from the cells expressing FLAG-
tagged CLOCK protein, but not from control lysates. These data
support the view that CLOCK associates in vivo with the E-box-
rich region in the second intron of PPARα.

The circadian expression of PPARα was thought to be regu-
lated by hormonal factors, because insulin and glucocorticoid
negatively and positively regulate the mRNA expression respect-
ively [24,26]. Thus, to evaluate whether insulin is involved in
the circadian expression of PPARα, we examined the expression
profile of PPARα mRNA in the liver of STZ-induced diabetic mice
(Figure 5A). Serum insulin was undetectable at all time points
in all mice given STZ (results not shown) as described in [29,48].
The circadian expression of PPARα mRNA was not affected
in the diabetic mice like other clock or clock-controlled genes
that are regulated by CLOCK–BMAL1 transcription factors [29].
To evaluate whether glucocorticoid is involved in the circadian
expression of PPARα, we examined the expression profile of
PPARα mRNA in the liver of ADX mice (Figure 5B). Adren-
alectomy, however, did not affect the circadian expression of
PPARα mRNA in the liver, suggesting that endogenous gluco-
corticoids are not essential for the circadian expression of PPARα
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Figure 5 Insulin-dependent diabetes mellitus and adrenalectomy do not
affect circadian expression of PPARα mRNA in the mouse liver

(A) Insulin-dependent diabetes mellitus was induced by a single intraperitoneal injection of STZ
(200 mg/kg), which is toxic to β-cells. Control (�) and STZ-induced diabetic (�) mice did
not significantly differ. (B) ADX mice were maintained with 0.9 % NaCl supplements. Control
(�) and ADX (�) mice did not significantly differ. Open bar, lights on; closed bar, lights
off. The maximum value of control mice is expressed as 100 % in each graph. Results are
means +− S.E.M. (n = 3). Representative Northern blots are shown in Supplementary Figure 3
at http://www.BiochemJ.org/bj/386/bj3860575add.htm.

Figure 6 Circadian expression of human PPARα mRNA in WI-38 fibroblasts

At time 0 h, WI-38 fibroblasts were stimulated with Dex. After 2 h, medium was replaced with
DMEM containing 5 % FBS. Results were normalized by comparison with amount of GAPDH
(glyceraldehyde-3-phosphate dehydrogenase). The initial value of PPARα mRNA is shown
as 100 %. Results are means +− S.E.M. (n = 3). One-way ANOVA demonstrated significant
rhythmicity of PPARα mRNA levels (P < 0.05). Asterisks indicate peaks of rhythmically
expressed PPARα mRNA. Representative Northern blots of total RNA from fibroblasts after
Dex stimulation are shown in Supplementary Figure 4 at http://www.BiochemJ.org/bj/386/
bj3860575add.htm.

in mice. Taken together, these findings suggest that the circadian
expression of PPARα is governed by clock molecules, such as
CLOCK and BMAL1, in the mouse liver, although the mRNA
expression levels are affected by exogenous insulin or gluco-
corticoid in vitro [24,26] and in vivo [24].

To determine whether the circadian property of PPARα expres-
sion is conserved in human tissues, we performed the in vitro oscil-
lation experiment using the human embryonic lung diploid fibro-
blast line, WI-38 (Figure 6). We triggered the oscillation using
100 nM Dex [33]. The WI-38 fibroblasts expressed PPARα
mRNA in a circadian manner like clock genes, such as Per1,
Per2, Per3 and BMAL1 [31]. Although PPARα is expressed in
some rodent tissues in a circadian manner [24,25], the present
paper is the first report to describe the circadian expression of
PPARα in human tissue. Three E-boxes are positioned within
8 kb of the 5′ flanking region of the human PPARα gene and

15 (four in the first intron, four in the second, two in the third
and five in the sixth) are located within the gene. Some of these
E-box elements might be important for the circadian expression of
PPARα in human tissues, although the mouse E-box-rich region
in the second intron described in the present study is not con-
served in the human genome. Further investigation of the
circadian regulation of human PPARα expression should reveal
critical findings that will help to elucidate the circadian control
mechanisms of human lipid metabolism.

Evidence has emerged that PPARα regulates a variety of target
genes involved in cellular lipid catabolism and storage [49,50].
Since daily variations in lipogenic and cholesterogenic gene
expression are attenuated or abolished in PPARα-null mice [25],
PPARα seems to be an important mediator for the circadian
regulation of lipid metabolism. Thus CLOCK-regulated circadian
transactivation of the PPARα gene might play a key role in
circadian changes in the physiological responses of PPARα,
although the activity of this nuclear receptor seems to largely de-
pend on the potency of ligands in specific tissues [22].

The dimerization partner of PPARα, RXRα, interacts
with CLOCK protein in a ligand-dependent manner and in-
hibits CLOCK–BMAL1-dependent transactivation via the E-box
element [38]. Thus PPAR might also be associated with the tran-
scription/translation-based circadian clock mechanism in a li-
gand-specific manner by modifying CLOCK–BMAL1-dependent
transactivation via the E-box element in peripheral tissues. We
found that the specific ligands for PPARα affect the expression of
clock genes in vitro (H. Shirai, K. Oishi and N. Ishida, unpublished
work). Further elucidation of the molecular mechanism that
regulates the circadian expression of PPARα will provide new
insight into the daily processes involved in lipid metabolism.
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