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The mechanisms underlying the circadian control of gene expression in peripheral tissues and influencing
many biological pathways are poorly defined. Factor VII (FVII), the protease triggering blood coagulation,
represents a valuable model to address this issue in liver since its plasma levels oscillate in a circadian manner
and its promoter contains E-boxes, which are putative DNA-binding sites for CLOCK-BMALI1 and NPAS2-
BMALI1 heterodimers and hallmarks of circadian regulation. The peaks of FVII mRNA levels in livers of
wild-type mice preceded those in plasma, indicating a transcriptional regulation, and were abolished in
Clock™~; Npas2~'~ mice, thus demonstrating a role for CLOCK and NPAS2 circadian transcription factors.
The investigation of Npas2~'~ and Clock*'*’*"® mice, which express functionally defective heterodimers,
revealed robust rhythms of FVII expression in both animal models, suggesting a redundant role for NPAS2 and
CLOCK. The molecular bases of these observations were established through reporter gene assays. FVII
transactivation activities of the NPAS2-BMAL1 and CLOCK-BMALI1 heterodimers were (i) comparable (a
fourfold increase), (ii) dampened by the negative circadian regulators PER2 and CRY1, and (iii) abolished
upon E-box mutagenesis. Our data provide the first evidence in peripheral oscillators for an overlapping role

of CLOCK and NPAS2 in the regulation of circadianly controlled genes.

Circadian clocks are endogenous oscillators that drive bio-
chemical, physiological, and behavioral processes in organisms
(36), and the alteration of which is associated with human
diseases (17, 26, 42). It is well documented that the circadian
rhythms of mammals are controlled by a master circadian
pacemaker located in the suprachiasmatic nucleus (SCN) of
the anterior hypothalamus (38) as well as by peripheral oscil-
lators located in most tissues (43).

The basic circadian molecular clockworks consist of inter-
acting positive and negative transcriptional/translational feed-
back loops (11). The positive loop involves CLOCK-BMALI1
and NPAS2-BMALL1 heterodimers, three basic helix-loop-he-
lix transcriptional activators that bind to E-box elements (CA
CGTQG) located in the regulatory regions of the Period (Perl,
Per2, and Per3) and Cryptochrome (Cryl and Cry2) genes (3, 13,
16, 24). CRY and PER proteins form oligomers that, once
transported into the nucleus, repress their own transcription by
inhibiting CLOCK-BMALI or NPAS2-BMALI (25). Further-
more, other transcription factors (CIPC, DEC1, DEC2, and
Fbx13) play important roles in the negative-feedback loop (15,
19, 44). The positive and negative limbs are interlaced:
CLOCK-BMALLI heterodimers indirectly regulate a rhythm in
Bmall transcription; the nuclear orphan receptor genes Rev-
erba. and Rora are coordinately activated by CLOCK-BMALL
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to produce proteins that compete for the same promoter ele-
ment but have opposing actions on Bmall transcription (1, 32).
Oscillations in gene expression resulting from this feedback
loop have period lengths of approximately 24 h, thus giving rise
to overt circadian rhythms (36).

Very recently, the role of CLOCK and NPAS2 has been
elegantly investigated in the central and peripheral oscillators.
Genetic and behavioral evidences in mice indicate that
CLOCK and NPAS?2 have partially redundant functions within
the SCN (7). Whether this compensatory mechanism controls
the gene expression in cells of peripheral oscillators is strongly
debated (8, 9), particularly for circadian gene outputs. To
address this issue, we took advantage of the key protease
synthesized by hepatocytes that triggers blood coagulation
(33), factor VII (FVII), whose levels in plasma oscillate in a
circadian manner (6, 31). Through studies with transgenic mice
and cellular and molecular models, we investigated the role of
cardinal clock components in circadian transcription in liver
oscillators.

MATERIALS AND METHODS

Animal and experimental design. Experiments were performed with C57BL/6J
wild-type (n = 48; Charles River Laboratory, Milano, Ttaly), Clock*?”/* (n = 8;
Jackson Laboratory, Bar Harbor, ME), Npas2~/~ (n = 20), Clock™'~; Npas2~/~
(n = 14) mice and littermate controls (wild type; n = 7 to 16 for each mutant).
Food and water were supplied ad libitum. Mice were kept in a 12-h-light-12-h-
dark cycle (LD 12:12; lights-on at 0600) or in total darkness (DD). It is conven-
tional to divide the 24-hour LD cycle into 24-hour Zeitgeber time (ZT) units and
indicate the time of lights-on as ZT0 and the time of lights-off as ZT12. Sampling
was performed at ZT0, -4, -6, -8, -12, -16, -18, and -20. The 24-hour circadian
cycle is divided into 24-hour circadian time (CT) units. As a reference point, in
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DD, the phase that would normally (i.e., in LD 12:12) coincide with the onset of
darkness, which is called CT12, is conventionally used. The part of the cycle
covering CTO to CT12 is then called subjective day, and the part covering CT12
to CT24 is called subjective night. Because the free-running period of circadian
rhythms in mice does not change from 24 h during the first days in DD, ZTs and
CTs mark the same phases and can be used to identify the same time points of
sampling between the LD and DD tests. Sampling was performed in DD at
projected CTO, -2, -4, -6, -8, -10, -12, -14, -16, -18, and -20. In DD, a weak red
light (<0.1 Ix) was used during the sampling. Blood samples were collected in
0.38% trisodium citrate. After centrifugation at 2,500 X g for 10 min, the plasma
was separated and stored at —80°C. The livers were quickly removed, frozen on
dry ice, and stored at —80°C until processing.

All treatments were conducted under the guidelines established by the Italian
Ministry of Health and by the Institutional Animal Care and Use Committee of
the Morehouse School of Medicine, the University of Texas Southwestern Med-
ical Center, and the University of Massachusetts Medical School.

Real-time quantitative reverse transcription (RT)-PCR analysis. Total RNA
was isolated from mouse liver using Trizol reagent (Invitrogen, Carlsbad, CA)
according to the manufacturer’s instructions.

For quantitative real-time RT-PCR, the fluorogenic forward primer and the
corresponding unlabeled reverse primer were designed using LUX Designer
software online. The target sequence was based on mouse coagulation FVII
mRNA (GenBank accession no. NM_010172). Oligonucleotide sequences were
as follows: 5'-cacagttGACTTTGAGGGTCGGAACTGtGFAM-3' (forward;
lowercase letters indicate complementary bases for hairpin formation with the 3’
end and FAM is 6-carboxyfluorescein) and 5'-GCGGCTGCTGGAGTTTCTT
T-3' (reverse). The PCR product size is 225 bp. As an internal control, the mouse
GAPDH (glyceraldehyde 3-phosphate dehydrogenase)-certified LUX JOE-la-
beled primers (Invitrogen, Carlsbad, CA) were used (PCR product size, 200 bp).

The real-time RT-PCRs were carried out using the Platinum quantitative
RT-PCR ThermoScript one-step system (Invitrogen, Carlsbad, CA). Reactions
were set up in accordance with the manufacturers’ instructions and performed on
an ABI PRISM 7700 sequence detection system (Applied Biosystems, War-
rington, United Kingdom). Briefly, target and internal control mRNA sequences
were independently amplified. The reaction was carried out in 25 pl in a single
tube containing 3 mM MgSO,, 0.2 mM of each deoxynucleoside triphosphate,
140 nM of each primer, 20 U of RNaseOUT RNase inhibitor (Invitrogen,
Carlsbad, CA), 1 pl ROX reference dye, 0.5 wl ThermoScript Plus-Platinum Tag
enzyme mix, and 500 ng RNA template. Cycling parameters were 50°C for 30
min and 95°C for 5 min to activate 7ag DNA polymerase, followed by 40 cycles
of 95°C for 15 s, 60°C for 45 s, and 72°C for 30 s.

The comparable amplification efficiencies of FVII and GAPDH transcripts
prompted us to exploit the comparative threshold cycle method (Cy; the frac-
tional cycle number at which the amount of amplified copies reaches a fixed
threshold). Normalized AC; values from each time point were then subtracted
from the calibrator sample AC; value (AAC;) to determine the relative abun-
dance values (2744CT),

Time-series data were analyzed by one-way analysis of variance (ANOVA) or
by Kruskal-Wallis one-way ANOVA to determine significant differences. Differ-
ences between mouse strains were tested by two-way ANOVA. A comparison of
<0.05 was considered statistically significant.

Evaluation of FVII activity in plasma. The activity of FVII was tested by
activated factor X (FXa) generation assays measuring the ability of FVII to
activate its physiologic substrate FX. As previously described (31), FXa gener-
ation was measured in mouse plasma diluted (1:20) in human FVII-depleted
plasma (Dade Behring, Marburg, Germany) to selectively assess the contribution
of mouse FVII. Upon the triggering of coagulation by an excess of tissue factor
(Innovin; Dade Behring, Marburg, Germany), the generation of FXa was eval-
uated by measuring its activity toward a specific fluorogenic substrate (methyl-
sulfonyl-p-cyclohexylalanyl-Gly-Arg-7-amino-4-methylcoumarin acetate; Ameri-
can Diagnostica Inc., Stamford, CT) over time.

The initial rate of activity was expressed as relative fluorescence units (RFU)
per second. One-way and two-way ANOVAs were used to determine significant
differences (P < 0.05). Bonferroni’s test was applied for post hoc comparisons.

Expression vectors. To create the pFVII-Luc vector, the 1,087-bp sequence
preceding the translation ATG initiation codon of mouse FVII gene was cloned
upstream of the firefly luciferase coding sequence (Luc®) in the pGL3 basic
vector (Promega, Madison, WI). The region was amplified from mouse liver
DNA obtained through phenol chloroform extraction. To permit cloning in the
pGL3 polylinker, the HindIII sites (in bold) were introduced within primers
(forward, 5'-CGCGTAAGCTTACGCAGGAGCCAGCCAAG-3'; reverse, 5'-A
TGCCAAGCTTGATGAGACTGGCTTCTGGC-3"). PCRs were subjected to
35 cycles of the following: 94°C for 30 s, 57°C for 30 s, and 72°C for 40 s. After
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cloning, the putative promoter sequence was validated by DNA sequencing.
Cloning provided us with a vector containing the 1,087-bp sequence oriented in
the opposite direction (pFVII-Luc-inv), which was exploited as an additional
negative control in the experiments.

E-boxes of the FVII promoter were mutated at bp —1055 to —1050 (E1
mutation, CACGTG to TCGCTC) and at bp —484 to —479 (E2 mutation,
CACGTG to GCTAGT) using the QuickChange site-directed mutagenesis kit
(Stratagene, La Jolla, CA). Constructs were validated by direct sequencing.

Expression vectors for the mouse circadian transcription factors Clock
(pcDNA3-mClock), Bmall (pcDNA3-mBmall), Npas2 (pcDNA3-mNpas?2), Per2
(pcDNA3-mPer2), and Cryl (pcDNA3-mCryl) have been previously described
(24, 35). The pSV-B-galactosidase (Promega, Madison, WI), driving the expres-
sion of the galactosidase, was used as the control plasmid (P BKCMVLgal).

Cell culture, transfection, and reporter assays. Experiments were conducted
for mouse hepatoma cell lines (Hepal-6) grown in Dulbecco’s modified Eagle
medium (Invitrogen, Carlsbad, CA) supplemented with 10% inactivated fetal
bovine serum (Invitrogen, Carlsbad, CA). The day before transfection, cells were
split and seeded in 35-mm tissue culture dishes.

Cells at approximately 70% confluence were cotransfected with 200 ng of
pFVII-Luc (or of each mutagenized vector), 2 ng of plasmids encoding circadian
transcription factors (CLOCK, BMALL, NPAS2, PER2, and CRY1), and 350 ng
of pPBKCMVLgal to normalize transfection efficiency. To keep constant the
amount of transfected DNA, a gutted pcDNA3 vector was used.

After a 54-h incubation, cells were lysed and luciferase activity was measured
using a luciferase assay system (Promega, Madison, WI). Cell lysates were also
assessed for L-galactosidase activity. Luciferase activity was normalized against
the L-galactosidase activity.

Each experiment was performed at least four times. One-way ANOVA was
used to determine significant differences (P < 0.05) and Bonferroni’s test was
used in post hoc analyses.

RESULTS

Liver mRNA FVII expression and plasma FVII levels. To
investigate whether the circadian oscillations of FVII levels
previously observed in mouse plasma correlate with cyclic tran-
scription of the FVII gene, we evaluated by using quantitative
real-time RT-PCR the FVII mRNA levels in the livers from a
group of 48 wild-type C57BL/6J mice. The hepatic expression
of FVII mRNA showed a statistically significant rhythmicity
bothin LD (n = 24) and DD (n = 24) [one-way ANOVA; LD,
F 520, = 3.2, P <0.05; DD, F 5 5y = 6.9, P < 0.003] (Fig. 1A).
FVII mRNA levels peaked at ZT6 and CT12 in LD and DD,
respectively (Fig. 1A). Differences in the patterns between LD
and DD conditions were not significant (two-way ANOVA;
F(i40) = 0.75, P > 0.3).

The parallel analysis of plasma samples from the same ani-
mals revealed a significant rhythmicity of FVII activity levels in
both LD and DD (one-way ANOVA; LD, F; 5, = 20.1, P <
0.0001; DD, F 559 = 10.8, P < 0.001) (Fig. 1B), with peaks
approximately 6 h later than those of the mRNA levels.

FVII expression in circadian rhythm mutant mice. The
mouse FVII promoter contains two perfect E-box elements
(CACGTG) at positions —1055 and —484 (see Fig. 5A), pu-
tative DNA-binding sites for CLOCK-BMAL1 and NPAS2-
BMALLI heterodimers. These sequence features, together with
the circadian nature of FVII mRNA level variations, prompted
us to evaluate in vivo the role of the cardinal clock components
CLOCK and NPAS?2 in the generation of FVII rhythms.

The Clock™'~; Npas2~'~ double mutant mice, kept under
DD conditions to avoid direct-light effects, provided us with a
valuable model to address this issue. Differently from wild-type
mice, which displayed robust rhythms of FVII mRNA levels in
liver (n = 16; one-way ANOVA; F(, 59, = 7.91, P < 0.0002)
(Fig. 2), the Clock™'~; Npas2~'~ mice did not show apprecia-
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FIG. 1. Temporal variations of liver FVII mRNA expression
(A) and of plasma FVII activity (B) levels in mice. Mice (n = 6 for
each time point) exposed to LD or DD conditions were sampled at the
indicated ZT/CT. Values were normalized with respect to the maxi-
mum value (100%) measured for each condition. The mean * the
standard error of the mean (SEM) at each time point is shown. Sta-
tistical analysis was carried out using one-way and two-way ANOVAs.
Gray areas indicate dark phases. LD, filled circles; DD, empty squares.

ble temporal variations in FVII expression (n = 14; one-way
ANOVA; Fiy59 = 0.18, P > 0.9) (Fig. 2). However, daily
mean FVII expression levels in Clock™~; Npas2~'~ mice were
not significantly different from those detected in wild-type mice
(two-way ANOVA; F(, 59, = 1.48, P > 0.2), highlighting the
importance of the other cis/frans elements responsible for the
constitutive expression of mouse FVII gene (39).

Relative
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FIG. 2. Liver FVII mRNA expression levels in Clock™'~; Npas2~/~
mice. Clock™'~; Npas2~'~ (empty squares) and wild-type (filled circles)
mice (n = 14 to 16 for each genotype) were sampled at the indicated
CT on the first day in DD. FVII expression levels were normalized with
respect to the maximum value (100%) measured for each strain. The
mean * SEM at each time point is shown. Statistical analysis was
carried out using one-way and two-way ANOVAs. The gray area in-
dicates the dark phase.
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FIG. 3. Liver FVII mRNA expression levels in Npas2~/~ mice.
Npas2~'~ (empty squares) and wild-type (filled circles) mice (n = 10
for each genotype) under LD (A) and DD (B) conditions were sam-
pled at the indicated ZT/CT. FVII expression levels were normalized
with respect to the maximum value (100%) measured for each geno-
type/condition. The mean = SEM at each time point is shown. Statis-
tical analysis was carried out using the Kruskal-Wallis one-way
ANOVA. Gray areas indicate dark phases.

Results in Clock™~; Npas2~'~ mice prompted us to exam-
ine the specific contribution of CLOCK and NPAS?2 to circa-
dian FVII rhythms in Npas2~'~ and Clock®’?’*’® mutant mice,
respectively.

Npas2~'~ mice express an inactive NPAS2 variant lacking
the basic helix-loop-helix domain (12, 35). The expression of
FVII mRNA in the livers of Npas2~/~ mice kept under LD and
DD conditions showed a statistically significant rhythmicity
with peaks at ZT-/CT12 (n = 10 for each lighting condition;
Kruskal-Wallis one-way ANOVA; LD, P < 0.005; DD, P <
0.003) (Fig. 3). As expected, liver FVII mRNA expressions in
wild-type mice were rhythmic under both lighting conditions
(n = 10 for each condition; Kruskal-Wallis one-way ANOVA,;
P < 0.0001) (Fig. 3).

Clock®"*!? mice express a CLOCK protein variant devoid
of the residues encoded by exon 19, which renders CLOCK-
BMALI1 heterodimers functionally defective (22, 41). Plasma
FVII levels in these mice (n = 8) were robustly rhythmic in
both LD and DD (one-way ANOVA; LD, F(5,,, = 9.5, P <
0.001; DD, F 35,y = 4.6, P < 0.01), with peaks delayed by 6 h
compared to those observed in wild-type mice (n = 7; one-way
ANOVA; LD, F5 15, = 15.1, P < 0.0001; DD, F(5 15, = 7.3,
P < 0.003) (Fig. 4). Differences in daily levels between
genotypes were not significant for either LD or DD (two-
way ANOVA; LD, F(, 45, = 3.6, P> 0.1; DD, F(; 45, = 0.2,
P > 0.6).
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FIG. 4. FVII activity levels in Clock®’”*?° mice. Clock®’?'A"?
(empty squares) and wild-type (filled circles) mice (n = 8 for each time
point) exposed to LD (A) and DD (B) conditions were sampled at
different ZT/CT. Each point represents the mean = SEM of the
logarithm of FVII activity expressed as RFU per second. FVII levels
were normalized with respect to the maximum value (100%) measured
for each genotype/condition. Statistical analysis was carried out using
one-way and two-way ANOVAs. The gray areas indicate dark phases.

Transactivation of mouse FVII promoter by circadian clock
components. To investigate the molecular mechanisms under-
lying our observations in mutant mice, we performed reporter
gene assays. This approach was also aimed at corroborating
findings in Clock®’*’*!? mice, in which a residual activity of
CLOCK-BMALI could be present (22, 41). For these studies,
we created a luciferase reporter construct that contains the 5’
regulatory region of mouse FVII gene (1,087 bp) including the
E-box elements (Fig. 5A) and that was previously shown to
possess promoter activity (39). Because of the liver-specific
expression of FVII, the mouse hepatoma cell line Hepal-6 was
used for reporter expression analysis.

Normalized luciferase activity measured in lysates from cells
transfected with the pFVII-Luc was approximately sixfold
higher (F(, 36, = 8.3, P < 0.001) than that in cells transfected
with the gutted vector (pGL3basic) or pFVII-Luc-inv, which
were used as negative controls (Fig. 5B).

The cotransfection of pFVII-Luc with each single pcDNA3-
mBmall, pcDNA3-mClock, or pcDNA3-mNpas2 vector did
not result in a significant transactivation (F 3o, = 0.71, P >
0.2) (Fig. 5B). In contrast, the cotransfection of pFVII-Luc
with the combination of pcDNA3-mClock—pcDNA3-mBmall
or of pcDNA3-mNpas2-pcDNA3-mBmall resulted in an ap-
proximately fourfold increase in FVII promoter activity, which
was significantly higher than that in the absence of transacti-
vators (F (5 .4y = 8.71, P < 0.001) (Fig. 5B). The transactivation
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FIG. 5. Transcriptional regulation of mouse FVII promoter by cir-
cadian factors. (A) Schematic representation of the reporter gene
construct. E-box elements (E1 and E2) in the 5’ regulatory region
(1,087 bp) of the mouse FVII gene are represented by ellipses. The
numbering refers to the translation start site (arrow). (B) Relative
luciferase activity in Hepal-6 cells transfected with pFVII-Luc and
different combinations of circadian transcription factors (BMALL,
CLOCK, NPAS2, PER2, and CRY1). The abscissa displays mean
(£SEM) induction levels of luciferase activity over that of the negative
control (pGL3basic).

activities of pcDNA3-mClock—pcDNA3-mBmall or of pcDNA3-
mNpas2-pcDNA3-mBmall were not significantly different
(Bonferroni’s post hoc test, P > 0.05).

The expression of PER2 or CRY1, the key components of
the negative feedback loop, was also investigated. The cotrans-
fection of either pcDNA3-mPer2 or pcDNA3-mCryl strongly
inhibited CLOCK-BMALI-dependent (F,,,) = 18.57, P <
0.0001) or NPAS2:BMALI1-dependent (F,,5, = 24.78, P <
0.0001) transactivation (Fig. 5B), in accordance with the circa-
dian nature of FVII gene expression.

To unequivocally demonstrate the role of E-boxes in the
circadian regulation of mouse FVII transcription, the sequence
elements were abrogated in the pFVII-Luc vector by site-
directed mutagenesis. The mutation of both E-boxes abolished
both CLOCK-BMALL- and NPAS2-BMALI1-dependent trans-
activation (F3,,) = 28.6, P < 0.0001; F5,4) = 304, P <
0.0001, respectively) (Fig. 6). The effect of the abolition of each
single E-box was also sought. The mutation of the proximal
E-box element (E2 in Fig. 5A) had no significant effects on
CLOCK-BMALI1- or NPAS2-BMALIl-mediated transcription
(F330) = 0.57, P > 0.6) (Fig. 6). Differently, the mutation of
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FIG. 6. Functional role of E-boxes in the transcriptional regulation
of mouse FVII promoter. The relative luciferase activity in Hepal-6
cells transfected with pFVII-Luc variants (E1, E2, or E1/E2 mutation
[mut]) and different combinations of circadian transcription factors
(CLOCK, BMALLI, and NPAS2). The abscissa displays mean (£xSEM)
induction levels of luciferase activity over that of pGL3basic.

the distal enhancer (E1 in Fig. SA) drastically reduced FVII
transactivation by both heterodimers (F(;3,, = 14.8, P <
0.0001) (Fig. 6). This observation might indicate the interac-
tion of CLOCK-BMALI1 or NPAS2-BMALI with other com-
ponents involved in FVII promoter transcription.

DISCUSSION

Hepatocytes synthesize, process, and secrete an impressive
number of molecules whose levels are regulated by transcrip-
tional, posttranscriptional, and posttranslational mechanisms
(2, 34). The circadian control of expression plays a role—with
potential implications in pathophysiology (17, 26, 42)—for a
number of genes, among them the FVII gene, chosen as the
output gene model for liver. FVII level variations in humans
are associated with a bleeding tendency (27) or an increased
risk for cardiovascular disease (4, 14, 28).

Our investigations with liver mRNA demonstrated that
rhythms of FVII observed in mouse plasma are due to control
at the transcriptional level. This finding together with the pres-
ence of two functional E-boxes in the FVII promoter, shown
through site-directed mutagenesis, provided us with a valuable
experimental tool to investigate the role of CLOCK and
NPAS?2 circadian transcription factors, paralog proteins that
form transcriptionally active complexes with BMALI1 on E-
boxes (13, 18, 25, 35). Their contribution to variations of FVII
expression levels in vivo was clearly demonstrated in Clock™/~;
Npas2~'~ mutant mice, in which the rhythms of FVII mRNA
in liver were abolished, even in the first day under DD condi-
tions. Overall, this observation indicates that FVII gene tran-
scription is strongly influenced by the molecular circadian
machinery, which is known to be disrupted in Clock™'~; Npas2~'~
mice (7).

Npas2~'~ and Clock®'?’*’ mutant mice, expressing func-
tionally defective heterodimers (22, 35, 41), were exploited to
dissect in vivo the contribution of the single transcription fac-
tors to the generation of FVII rhythms.

The impairment of NPAS?2 function in Npas2~'~ mice has
profound physiologic consequences and results in sleep distur-
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bance (10, 12). NPAS2 is required for the circadian expression
of mPer2 mRNA in the forebrain (35), and it is expressed in a
circadian manner in peripheral oscillators such as the liver (9,
20). Interestingly, we detected normal circadian FVII rhythms
in the livers of Npas2~'~ mice, thus indicating that NPAS2 is
not crucial for the circadian expression of the FVII gene.

Robust circadian FVII rhythms were also observed in
Clock®'?’2"? mice. Although not mimicking a completely
CLOCK-null condition, these mice show arrhythmicity (21, 30,
41) and markedly blunted molecular rhythms in the SCN (5,
37), thus indicating a major impairment of CLOCK functions.
Therefore, our findings in Clock®'?’*’? mice support the hy-
pothesis that CLOCK is also dispensable for the circadian
control of FVII levels. The changes in peaks observed in this
mouse strain could depend on the altered expression of other
clock genes (29) or on alterations in metabolism (40). Partic-
ularly, Clock®’”*'° mice show attenuated diurnal feeding
rhythms and develop metabolic syndromes, and we previously
demonstrated that feeding is a major determinant of temporal
FVII level variations (31).

The overlapping roles of CLOCK and NPAS2 in the circa-
dian control of mouse FVII expression in vivo were further
corroborated by reporter gene assays with the mouse FVII
promoter, revealing comparable transactivation efficiencies for
CLOCK-BMALL1 and NPAS2-BMALL.

The redundant roles of CLOCK and NPAS2 in vivo have
recently been shown in the SCN as well as in the liver for clock
genes such as Per] and Per2 (7, 9). It must be mentioned that
the rhythmicity of mPer2 expression in liver explants from
Clock™'~; mPer2"“<#¢rs¢ mijce is abolished, suggesting the in-
ability of NPAS2 alone to maintain circadian rhythm variations
in cultured cells (8). This observation might indicate that the
circadian expression of liver genes in Clock™'~ mice is most
likely being driven by oscillating systemic cues, such as hor-
mones and metabolites, which are directly or indirectly con-
trolled by the SCN. However, investigations using mice with a
conditionally active liver clock demonstrated that the circadian
transcription of most liver genes, including the FVII gene (data
available at http://www.ebi.ac.uk/arrayexpress; accession num-
ber E-MEXP-842), depend exclusively on functional hepato-
cyte clocks (23).

Taken together, our in vivo, cellular, and molecular obser-
vations of the components underlying the circadian rhythm
control of FVII expression provide the first evidence in periph-
eral oscillators of overlapping roles of CLOCK and NPAS2 in
the regulation of a circadianly controlled gene.
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