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Circadian regulation of gene expression plays a major role in health and disease. The precise role of the
circadian system remains to be clarified, but it is known that circadian proteins generate physiological rhythms
in organisms by regulating clock-controlled target genes. The estrogen receptor beta (ER) is, together with
ERa, a member of the nuclear receptor superfamily and a key mediator of estrogen action. Interestingly, recent
studies show that disturbed circadian rhythmicity in humans can increase the risk of reproductive malfunc-
tions, suggesting a link between the circadian system and ER-mediated transcription pathways. Here, we
identify a novel level of regulation of estrogen signaling where ER(3, but not ERa, is controlled by circadian
clock proteins. We show that ERB mRNA levels fluctuate in different peripheral tissues following a robust
circadian pattern, with a peak at the light-dark transition, which is maintained under free-running conditions.
Interestingly, this oscillation is abolished in clock-deficient BMAL1 knockout mice. Circadian control of ER(3
expression is exerted through a conserved E-box element in the ER3 promoter region that recruits circadian
regulatory factors. Furthermore, using small interfering RNA-mediated knockdown assays, we show that the
expression levels of the circadian regulatory factors directly influence estrogen signaling by regulating the

intracellular levels of endogenous ERf3.

Circadian rhythms of physiology and behavior are observed
in almost all living organisms, ranging from bacteria to eu-
karyotes. These rhythms are driven by autonomous self-sus-
tained cellular clocks and have a period of about 24 h (26, 29,
43). In mammals, the main circadian pacemaker is localized in
the suprachiasmatic nucleus of the ventral hypothalamus (13).
This master clock in the suprachiasmatic nucleus is entrained
primarily by light but can be reset by exposure to other stimuli,
for example, melatonin and certain steroid hormones (28, 40);
the master clock coordinates the rhythms of multiple local
clocks in peripheral tissues and cells through both neural and
hormonal signals (19, 38). On the other hand, apart from being
governed by the master clock, the peripheral clocks are also
adjusted by nonphotic time cues, for example, feeding time,
hormones, growth factors, and metabolites such as glucose and
others (41). Moreover, circadian rhythms have been identified
even in cells in culture, which can be synchronized by treat-
ment with high concentrations of serum (2), hormones, and
growth factors (3).

The core molecular oscillator of the circadian clock consists
of an evolutionarily conserved feedback loop that includes
both a positive and a negative set of components. The positive
loop of the feedback system includes the CLOCK and BMALL1
transcription factors. These proteins are members of the basic
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helix-loop-helix (bHLH)-Per-ARNT-Sim (PAS; ARNT is aryl
hydrocarbon receptor [AHR]nuclear translocator) family of
transcription factors which includes key regulatory proteins
like the hypoxia-inducible factor HIF-1 and endothelial PAS,
which regulate the cellular response to low oxygen tension, as
well as the master regulator of the cellular response to xeno-
biotic insult, the AHR. In addition, the bHLH-PAS family of
transcription factors includes the members of the ARNT sub-
family which are key heterodimeric partners to bHLH-PAS
transcription factors such as AHR, HIF-1, and CLOCK. In
fact, previous studies have shown that CLOCK needs to form
heterodimeric complexes with BMAL1 (also known as
ARNT-3) to acquire DNA binding activity and thus the ability
to induce the transcription of clock target genes by binding to
E-box motifs (CACGTG) in their promoters. Among these
CLOCK-BMALI target genes, there are the negative circadian
regulators PERIOD (PER1 and PER2) and CRY (CRY1 and
CRY2). PER and CRY form multimeric complexes, translo-
cate to the nucleus, and inhibit transcription of their own and
other clock-controlled genes (CCGs) by interacting with
CLOCK-BMALI heterodimers, thereby inhibiting their activ-
ity. In addition, during this process, posttranslational modifi-
cations such as phosphorylation, ubiquitination, and sumoyla-
tion are involved in regulating the subcellular location,
stability, and activity of circadian proteins. Therefore, this tran-
scriptional/translational feedback system generates and main-
tains circadian rhythms (1, 13, 25, 42). Other factors such as the
nuclear orphan receptors Rev-erbs and retinoid orphan recep-
tors as well as DEC (differentially expressed in chondrocytes)
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factors are also playing an important role in the rhythmic
activity of the molecular pacemaker (10, 20).

Many autonomic body functions are known to be regulated
by this internal clock system, such as the sleep-wake cycle, core
body temperature, hormonal secretion rhythms, feeding time,
and heart rate (12). Importantly, disturbances of normal cir-
cadian rhythms (e.g., shift work) can lead to increased risk of
illnesses (9) such as breast cancer (18, 34) and various other
health disorders (8). There is growing evidence that disturbed
circadian rhythmicity is also associated with reproductive mal-
functions (5), such as increased risks of spontaneous abortion
and irregular menstruation, which have been observed in fe-
male shift workers (23). However, the mechanisms by which
the circadian system influences these processes are still un-
clear. One possibility is dysregulation of certain CCGs, which
are under the direct regulation of clock-regulatory proteins.

Estrogen receptor B (ERB) (NR3A2) was discovered in
1996 and belongs to the nuclear receptor (NR) superfamily, a
large family of structurally related ligand-inducible transcrip-
tion factors (15, 24, 39). Together with the ERa (NR3Al)
isoform, ERB mediates the biological action of estrogens and
plays important roles in many biological processes in both
females and males, including not only growth, differentiation,
and functioning of reproductive system but also many other
functions in several tissues including the respiratory system,
the central nervous system, immune system, and skeletal mus-
cle (32) (16).

Ligand binding is an essential regulatory step in the activa-
tion process of ERs. Upon the binding of ligand, activated ERs
interact with estrogen-responsive elements (EREs) located in
regulatory regions of estrogen target genes and initiate tran-
scription (33, 39). Furthermore, as for other NRs, ER-medi-
ated gene transcription involves recruitment of auxiliary co-
regulatory proteins, namely, corepressors mediating the
repression of unliganded receptors, as well as coactivators po-
tentiating NR activity either in a ligand-independent or a li-
gand-dependent manner (44). Although both ER isoforms are
widely distributed throughout the body, they have distinct ex-
pression patterns and levels in different tissues and cell types
(27). This suggests that the intracellular levels of ER isoforms
are significant factors in ER-mediated transcription, and
mechanisms controlling the expression of the ERs are key to
understanding estradiol (E2) signaling. A number of studies
have addressed molecular mechanisms regulating the tran-
scription of the ERa gene, involving participation of several
distinct promoters (14, 45, 48). However, the mechanisms reg-
ulating the expression of the ERB gene are currently unclear.

In this study, we identify an evolutionarily conserved E box
in the 5’ promoter region of ERB. This E box recruits circa-
dian-regulatory proteins to the ERB promoter, leading to a
circadian oscillation of ERB expression in both mouse tissues
and synchronized cultured cells. Furthermore, our experiments
using small interfering RNA (siRNA) suggest that the expres-
sion levels of circadian proteins influence ERE transactivation
in HC11 cells. Taken together, our studies demonstrate that
expression of ERB is under circadian regulation and that this
regulation is important in determining the cellular response to
estrogens.

THE ERB GENE IS UNDER CIRCADIAN REGULATION 785

MATERIALS AND METHODS

Plasmids. A fragment of the mouse ERB (mERB) promoter from —1652 to
+281 was obtained by PCR amplification from genomic DNA using Taq Poly-
merase (Roche Diagnostics, Indianapolis, IN) with primers 5'-CGACGCGTTT
CTATCTCACAAATGGAGAGAACC —3' and 5'-CGCTCGAGCTAAATGC
AGACACGTACTTTCCTC -3’ incorporating Mlul and XholI restriction sites
(underlined), respectively. The cleaved PCR product was cloned into the pGL3
vector. The sequence of the promoter fragment was verified by DNA sequencing.
The pGL3 human ERB (hERP) construct was kindly provided by Silke Kietz.
The mutations in E-box sites were created using a Quikchange site-directed
mutagenesis kit (Qiagen); the E box (CACGTG) was mutated to GGATCC (22).
pCMV CLOCK (where CMYV is cytomegalovirus) and pPCDNA BMALI were
gifts from Y. Fujii-Kuriyama (Tohuko University, Sendai, Japan). pHSG396
PER1 and pBCIISK+ PER2 were gifts from Hajime Tei (Institute of Medical
Science, University of Tokyo).

Transient transfection and luciferase assays. HeLa cells were cultured in
Dulbecco’s modified Eagle’s medium (Invitrogen) containing 10% fetal bovine
serum (FBS; Invitrogen) in 12-well plates 24 h before transfection and main-
tained at 37°C. All transient transfection assays were performed using Lipo-
fectamine (Invitrogen) according to the manufacturer’s instructions. Cells were
transfected with 200 ng of ERB-luciferase reporter, 50 ng of pCMV5-B-galac-
tosidase, 50 ng of pPCMV CLOCK, 50 ng of pPCDNA BMALL, and 250 ng or 500
ng of pHSG396 PER1 or pBCIISK+ PER?2 expression plasmids as indicated in
Fig. 4. After 48 h, cells were harvested, and luciferase and B-galactosidase
activities were determined using a luciferase assay kit (BioThema, Dalar6, Swe-
den) and a Galacto Light Plus kit (Tropix), respectively.

Real-time PCR. Total RNA was purified using TRIzol reagent (Invitrogen,
Carlsbad, CA). Two micrograms of total RNA from each sample was reverse
transcribed into cDNA with a SuperScript First-Strand Synthesis System (In-
vitrogen) according to manufacturer’s instructions. mRNA transcripts were
quantified by a Sybr green reverse transcription-PCR kit (Applied Biosystems).
The sequences of the primers are as follows: ERB, 5'-TCAGGCACATCAGTA
ACAAGG-3' (forward) and 5'-CTCTGTCGAGCAGCACTCAG-3' (reverse);
PER1, 5'-GAAAGAAACCTCTGGCTGTTCCT-3" (forward) and 5'-GGAAT
GTTGCAGCTCTCCAAA-3' (reverse); ERa, 5'-GTGCCTGGCTGGAGATT
CTG-3' (forward) and 5'-GAGCTTCCCCGGGTGTTC-3' (reverse); Rev-erba,
5'-CATGGTGCTACTGTGTAAGGTGTGT-3' (forward) and 5'-CACAGGC
GTGCACTCCATAG-3' (reverse); 36B4, 5'-ACCTCCTTCTTCCAGGCTT
T-3' (forward) and 5'-CCCACCTTGTCTCCAGTCTTT-3’ (reverse).

Real-time PCR assays were conducted using an Applied Biosystems 7500 fast
real-time PCR system. The two-step amplification protocol consisted of a 2-min
incubation step at 50°C and 10 min at 95°C, followed by target amplification via
40 cycles of 15 s at 95°C and 1 min at 60°C. All real-time PCRs were performed
in duplicate, and results were normalized to the expression level of the 36B4 gene
(21). In a time course study, the gene expression level at time zero was set to be
1, and results from other time points were related to it. In the RNA interference
(RNAI) study, gene expression in the CLOCK siRNA-treated group was related
to that in the scrambled siRNA-treated group.

Chromatin immunoprecipitation (ChIP) assay. HC11 cells were maintained
in RPMI 1640 medium with 10% FBS until 80% confluence. Cells were then
fixed in 1% formaldehyde for 15 min at room temperature and quenched for 5
min by adding glycine to a final concentration of 0.125 M. The cells were washed
twice with phosphate-buffered saline and harvested by centrifugation at 200 X g
for 5 min.

The cell pellets were suspended in 600 pl of lysis buffer (50 mM Tris [pH 8.0],
1 mM EDTA, 0.5 mM EGTA, 1% Triton X-100, 0.1% Na-deoxycholate, 150 mM
NaCl, and protease inhibitor). ChIP assays were performed essentially following
the protocol described in Brunnberg et al. (6). Immunoprecipitation was done
with the following antibodies: anti-mouse immunoglobulin G (Sigma), anti-
CLOCK, anti-BMALI (Abcam), anti-PER1 (Alpha Diagnostic), and anti-acetyl
histone H3 (Ac-H3) and anti-Ac-H4 (Upstate Biotechnology). Indicated frag-
ments (see Fig. SA) were amplified by PCR, and PCR products were separated
on 2% agarose gel, purified, and verified by sequencing. The putative CLOCK-
BMALL target region in the ERP promoter was amplified with following primer
set: forward, 5'-TGACTGTGAAGTGGCTGGAG-3'; reverse, 5'-GCTGGAG
AAGCTGCAAAGAC-3'. For the positive control, the promoter region of
PERI1 containing the proximal E-box enhancer was amplified with the following
primer set: forward, 5'-ATCCTCCCTGAAAAGGGGTA-3’; reverse, 5'-GGA
TCTCTTCCTGGCATCTG-3'. For negative control, the —1997 to —1763 region
of the ERB promoter was amplified with the primer set 5'-AAATCCTTCCAC
CTCCTTGG-3' (forward) and 5'-CCCTGTGTCCTTTCCTGTGT-3" (reverse).
For real-time PCR amplification, the primer set 5'-ACATCCAGTGGATCTG
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GTTGC-3’" and 5'-CAAACCGGGAGCCAGAGA-3' was used for detecting the
CLOCK-BMALLI target region of the ERB promoter. Results were normalized
to input and to the time zero sample.

Serum shock. HCI11 cells were maintained in RPMI 1640 medium supple-
mented with 10% FBS until confluent and kept in serum-free medium for 2 h
before synchronization. At time point zero, the medium was changed to 50%
horse serum (Invitrogen)-rich medium, and after 2 h, the medium was replaced
with serum-free RPMI 1640 medium. At indicated time points (see Fig. 5C), cells
were fixed with formaldehyde for ChIP assays or harvested in TRIzol reagent
(Gibco-BRL) for RNA preparation.

RNAI. The sequences of the CLOCK siRNA oligonucleotides were GGGAU
GUAGCACUAAUAAAATIT and UUUAUUAGUGCCUACAUCCCATdT
(where dT is deoxyribosylthymine); the sequences of the PER1 siRNA oligonu-
cleotides were CGCUCGCCCUGGCCAAUAAJTAT and UUAUUGGCCAG
GGCGAGCGAdGAG (synthesized by Qiagen). The sequences of the scrambled
siRNA oligonucleotides were GGACAAUAGUAACAGUGUAJTAT and UA
CACUGUUACUAUUGUCCATAT (synthesized by DNA Technology A/S). At
about 50% confluence, HC11 cells or HC11 cells with a stably transfected
3XERE-TATA-luciferase reporter construct (HC11-3XERE) were transfected
with Lipofectamine and plus reagent (Invitrogen) in phenol red-free, serum-free
RPMI 1640 medium. Four hours after transfection, the medium was exchanged
with phenol red-free medium supplemented with 5% dextran-coated, charcoal-
treated FBS. After 24 h, for real-time PCR and Western blotting, cells were
harvested, and RNA and whole-cell extracts were prepared; for reporter assays,
cells were treated with indicated ligands (see Fig. 8) for another 24 h before
luciferase activity was determined.

Western blot analysis. The protein lysate of HC11 cells was prepared in
radioimmunoprecipitation assay buffer (20 mM Tris-HCI [pH 7.5], 150 mM
NaCl, 1 mM EDTA, 1% Nonidet P-40, 0.5% deoxycholate, 0.1% sodium dodecyl
sulfate, 0.1 mg/ml phenylmethylsulfonyl fluoride) including 1X protease inhibitor
cocktail (Roche Diagnostics, Mannheim, Germany). About 20 g of protein was
separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
transferred to nitrocellulose transfer membranes (Whatman GmbH, Germany).
Blots were probed with phosphate-buffered saline containing 5% milk and the
following antibodies and dilutions: anti-CLOCK antibody (Abcam Inc., Cam-
bridge, MA) at 1:2,000, anti-PER1 antibody (Alpha Diagnostic) at 1:1,000, anti-
B-actin antibody (Sigma-Aldrich, Stockholm, Sweden) at 1:20,000, anti-ERB
antibody (Abcam Inc., Cambridge, MA) at 1:1,000, and anti-ERa antibody
(Santa Cruz Biotechnology) at 1:1,000. Protein-antibody complexes were de-
tected by an ECL chemiluminescence system (Amersham Biosciences, Bucking-
hamshire, United Kingdom).

Animals. All animal experiments were conducted in compliance with CNRS
ethical guidelines on animal handling or the Rhone-Alpes Ethical Committee for
Animal Experiments. Male wild-type (WT) mice and BMAL1 knockout (KO)
mice (kindly provided by C. A. Bradfield, Wisconsin) in the C57BL/6j back-
ground were used at 8 to 12 weeks of age, before they developed arthropathy (7).
Heterozygous animals were crossed to generate KO mice and WT littermates.
Animals were exposed to a light-dark (LD) cycle of 12 h of light and 12 h of dark
(12 h:12 h), housed in a temperature- and humidity-controlled environment, and
fed ad libitum; under these conditions zeitgeber time zero (ZTO0) is light-on time.
For the constant darkness (dark-dark [DD] cycle) experiment, lights were kept
off from ZTO0 for 24 h. For the experiment shown in Fig. 2, male WT mice were
housed under LD conditions with 12 h:12 h cycles for 15 days and then exposed
to either LD conditions or DD conditions for 3 days(see Fig. 2A). Lung and
quadriceps muscle were dissected at the indicated time points and snap frozen in
liquid N, and stored at —80°C until use.

Statistical analysis. The relative ERB expression levels among different time
groups were compared by one-way analysis of variance (ANOVA). Transfection
experiments shown in Fig. 3 were assessed by two-way ANOVA. Other experi-
ments were assessed by a Student’s ¢ test. The statistical analysis was performed
using R (www.r-project.org), and P values are indicated in figure legends.

RESULTS

ERP mRNA levels oscillate with a circadian pattern in
mouse lung. It is well known that E2 signaling pathways can be
regulated at multiple levels, such as the intracellular concen-
tration of either ER isoform. Considerable information is
available regarding the promoter organization of ERa. How-
ever, little is known about the regulation of ERB expression.
Therefore, we decided to screen the 5’ region of the ERB
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promoter from different species to identify evolutionarily con-
served regulatory elements. We found a conserved E-box motif
and flanking sequences in the proximal promoter region of
ERB (Fig. 1A). Interestingly, this region has considerable se-
quence identity to regulatory sequences of genes that are un-
der circadian regulation (Fig. 1B). Therefore, we decided to
test if ERB expression is also under circadian control. For this
purpose, we analyzed the expression of ERB in mouse lung,
since ERB is the predominant ER isoform in this tissue. In the
first 24 h when mice were kept in constant darkness, quantita-
tive real-time PCR analysis of ERB mRNA showed a circadian
oscillation pattern, with a robust peak at circadian time CT12
(CT prefixes are used for DD times) (Fig. 1C). At the same
time, we assessed the expression patterns of two well-known
clock genes, Rev-erba. (Fig. 1D) and the negative circadian
regulator PER1 gene (Fig. 1E). Taken together, these exper-
iments suggest that ERB can display a circadian oscillatory
expression pattern and perhaps a circadian output. If ERB
expression is under the control of an endogenous oscillator,
then the oscillation should remain in the absence of external
synchronizer. To test this hypothesis, we kept the mice for 3
days in either LD or DD (Fig. 2A) conditions and measured
ERP expression at different circadian time points. Interest-
ingly, we observed a rhythmic expression of ERB under LD
conditions with a peak at ZT12 (Fig. 2B), and this oscillation
was maintained after 3 days in constant darkness (Fig. 2C).
These experiments demonstrate that ERB is a CCG in lung
and suggest that ER might be, as Rev-erba and PER1 (49), a
direct target of the CLOCK-BMALI heterodimer in lung.
CLOCK-BMALI activates ER(3 transcription via E-box en-
hancer. Important gene regulatory sequences are usually con-
served across different species. Alignment of the human,
chimp, macaque, and mouse ERP gene sequences revealed a
highly conserved E-box (CACGTG) motif in the proximal pro-
moter region (Fig. 1A). Since an E-box motif is the identified
binding site for the circadian regulator CLOCK-BMALL het-
erodimer, we decided to determine whether the CLOCK-
BMALI heterodimer could regulate the activity of ERB pro-
moter. To test this possibility we performed transient
cotransfection assays in HeLa cells. We cotransfected a lucif-
erase reporter gene fused to the human or mouse ER( pro-
moter including the E-box element (Fig. 3A) together with
expression plasmids for CLOCK and BMALIL. Following
transfection, cells were grown for 48 h and lysed, and luciferase
activity was determined as described in Materials and Meth-
ods. Interestingly, while CLOCK or BMALI alone induced
only a weak luciferase signal from the ERB promoter (Fig. 3A,
bars 2 and 3), coexpression of both CLOCK and BMALIL
strongly increased the luciferase signal from both hERB and
mERR promoters 11- or 5-fold, respectively (Fig. 3A, bars 4,
respectively), suggesting that the CLOCK-BMALI het-
erodimer is involved in the regulation of ERB expression.
Moreover, similar results were observed in HCI11 cells (data
not shown). To verify that the E-box motif in the ERB pro-
moter is necessary to mediate the effects of the CLOCK-
BMALLI heterodimer, we constructed a reporter plasmid car-
rying two copies of the ERB-E box (2XERB-E box) (Fig. 3B)
as well as E-box mutants of the ERB promoter reporter plas-
mid (Fig. 3C) and transfected them together with CLOCK and
BMALLI into HeLa cells. The transcription of 2XERB-E box
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FIG. 1. Conserved CLOCK-BMALI1 binding site of the E box in the ERB promoter and the circadian expression of ERB in mouse lung.
(A) Sequence comparison of the proximal ERB promoter regions from human, mouse, chimp and macaque. The E-box element is framed.
(B) Alignment of the E boxes found in hERB and mER promoters with E boxes found in various circadian promoters. The E-box element is
framed. (C to E) mRNA levels of ERB, Rev-erba, and PER1 in WT male mouse lung were quantified by real-time PCR at six circadian times (CTO,
CT4, CT8, CT12, CT16, and CT20). The expression level at CT0 was arbitrarily set to be 1. Results are shown as the means = standard deviations
of four animals at each time point. ANOVA analyses were used to compare each set of data; variations were significant at a P value of <0.05.

was dramatically activated (12-fold) in the presence of both
CLOCK and BMALI (Fig. 3B), whereas the mutated version
of the E-box motif, where CACGTG was mutated to GG
ATCC in the context of the natural promoter, failed to mediate
transcriptional activation by CLOCK-BMALI1 (Fig. 3C,
ERBmut). As shown previously, the original E-box motif of the
ERp gene efficiently mediated the CLOCK-BMALI transcrip-
tional response (Fig. 3C, ERBwt). These experiments show that
the ERB promoter contains a functional element conferring re-
sponsiveness to the CLOCK and BMALI1 core clock-positive
components.

PER represses the CLOCK-BMALI-induced ERf tran-
scription. Previous studies have shown that the circadian feed-
back mechanism is composed of two limbs: the positive drivers
of circadian expression are bHLH-PAS proteins BMALI and
CLOCK while the repressors of CLOCK-BMALI transcrip-
tional activity are PER and CRY (25). Inhibition by PER
represents a negative feedback since PER itself is regulated
by the CLOCK-BMALI1 complex. We therefore tested if
CLOCK-BMALI1-dependent transactivation of the ERB pro-
moter could be antagonized by the negative limb components.
For this purpose we introduced expression plasmids of

CLOCK and BMALL together with PER into HeLa cells. ER3
promoter-regulated transcription of the luciferase reporter
construct was strongly repressed by both PER1 (Fig. 4A) and
PER?2 (Fig. 4B). Similar results were observed in HC11 cells
(data not shown). This suggests that ER expression is regu-
lated by both the positive and negative circadian regulators
through the E-box motif. In addition, introduction by transient
transfection of PER1 into HC11 cells, a mouse mammary
epithelial cell line that expresses endogenous circadian pro-
teins (data not shown) and ERs (11, 30), reduced the basal
expression of the ERB promoter-regulated luciferase reporter
construct in a dose-dependent manner (Fig. 4C). Moreover,
the negative effect of PER1 on ER transcription in HC11
cells was abolished in the presence of siRNA against CLOCK
(Fig. 4C), suggesting that the repression by PER1 is CLOCK-
BMALI dependent.

Endogenous circadian proteins are recruited to the ER(
promoter and drive the rhythmic expression of ERf3 in mam-
mary epithelial HC11 cells. The transient transfection experi-
ments presented above suggest that the circadian system reg-
ulates ERB expression through the conserved E-box region of
the ERB promoter. We first evaluated HC11 cells as a suitable
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FIG. 2. Circadian expression of ERB in mouse lung. (A) Schematic
presentation of the experimental setup. WT male mice were subjected
to a LD 12 h:12 h cycle for 15 days and then exposed to either to LD
or DD conditions for 3 days. (B) mRNA levels of ERB and PER1 in
lung under LD conditions were then quantified by real-time PCR at
nine circadian times (ZT0, ZT3, ZT6, ZT9, ZT12, ZT15, ZT18, ZT21,
7T124). (C) mRNA levels of ERB and PERI in lung for DD were
quantified by real-time PCR at nine circadian times (CT0, CT3, CT6,
CT9, CT12, CT15, CT18, CT21, and CT24). The expression level at
ZTO0 or CTO was arbitrarily set to be 1. Results are shown as the
means *+ standard deviations of values for four animals at each time
point. ANOVA analyses were used to compare each set of data; vari-
ations were significant at a P of <0.05.

system to assess circadian rhythms and tested the presence of
the circadian regulators CLOCK, BMALI1, CRY1, and PERI.
Using Western blot experiments (data not shown), we could
show that all these factors are present in HC11 cells, suggesting
that they represent a suitable cellular system to study circadian
cycling. Using ChIP assays, we then used ERB-expressing
HCI11 cells as a model system to test whether the circadian
regulators accomplish this through direct interaction with the
promoter. We utilized antibodies against CLOCK, BMALI,
and PER1 for immunoprecipitation; we also included antibod-
ies against Ac-H3 and Ac-H4 to detect transcriptionally active
open chromatin and mouse immunoglobulin G as a negative
control. In addition, the promoter region of PER1 was in-
cluded as a positive control since PERI is a key core gene (13),
and the —1997 to —1763 promoter region of ERB was included
as a negative control (Fig. 5A). Interestingly, both the positive
circadian proteins CLOCK (Fig. 5B, lane 3) and BMALL1 (Fig.
5B, lane 4) and the negative circadian protein PER1 (Fig. 5B,
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by the ERB promoter region of human and mouse in HeLa cells.
(B) The minimal 2XERB E box (schematically presented) luciferase
construct (pGL3 luc) is transcriptionally activated in the presence of
both CLOCK and BMALLI in HeLa cells. (C) Mutation of the ERB
E-box promoter construct impairs the ability of CLOCK and BMALI1
to activate transcription of the luciferase reporter gene construct. All
results presented here are compared to reporter luciferase activity of
controls (pGL3-hERB, pGL3-mERR, pGL3-2XERR E box, or pGL3-
ERPmut alone), which was arbitrarily set to be 1, and expressed as
means * standard deviations of three independent experiments per-
formed in triplicate. Data were analyzed by using two-way ANOVA. *,
the contribution of CLOCK or BMALL is significant with a P value of
<0.01; =*=*, statistically significant interaction between CLOCK and
BMALL1 with a P value of <0.01.

lane 5) were efficiently recruited to the ERB promoter in
nonsynchronized HC11 cells. Ac-H3 and Ac-H4 (Fig. 5B, lanes
6 and 7) showed strong association with this promoter region
as well, indicating ongoing transcription. Furthermore, these
recruitments were also observed on the PER1 promoter (Fig.
5B), whereas no obvious recruitment was observed to the
—1997 to —1763 region of the ERB promoter, demonstrating
the specificity of the analysis (Fig. 5B, ERB neg). In summary,
these experiments together with our transient transfection
studies indicate that ERB expression is under circadian control
and is modulated by both the positive and the negative limbs of
the circadian clock pacemaker. In addition, we show that the
target sequence necessary to impose circadian control of ERB
overlaps with the conserved E-box element present in the ERB
promoter.

Previous studies have shown that exposure of cultured cells
to a serum shock synchronizes their clocks (2). We applied this
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expression levels in HC11 cells were assessed by Western blotting.
Results were compared to basic luciferase activity of pGL3-ERp alone,
which was arbitrarily set to be 1, and expressed as means * standard
deviations of three independent experiments performed in triplicate.*,
P < 0.05 (Student’s ¢ test).

treatment in combination with ChIP assays to analyze if the
recruitment of the circadian transcription factors to the ERB
promoter in HC11 cells would follow a circadian rhythmic
pattern. In addition, we monitored ERB gene expression to
assess if ERB mRNA levels oscillate in consonance with the
presence of different circadian factors. For this purpose ERB
expression was monitored by real-time PCR analysis. Conflu-
ent HCI11 cells were treated with medium containing 50%
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FIG. 5. Endogenous circadian proteins are recruited to ERf pro-
moter and drive the rhythmic expression of ERB in HCI11 cells.
(A) Schematic illustration of the promoter of mERB and mouse PER1
(mPER1). Regions amplified by PCR after ChIP assay are indicated.
(B) ChIP assay in HC11 cells performed with CLOCK, BMALI, and
PERI1 antibodies. Specific regions of the ERB promoter or PER1
promoter are amplified. The accuracy of ERB sequence was verified by
sequencing as described in Materials and Methods. Presence of Ac-H3
and Ac-H4 on the ERB promoter was monitored with H3/H4 antibod-
ies. Aliquots of chromatin obtained before immunoprecipitation were
analyzed as input. Data are representative of at least three indepen-
dent experiments. ERB neg, negative control (—1997 to —1763 region
of the ERB promoter). (C) HC11 cells were synchronized by treatment
with 50% horse serum and collected at different time points as shown.
ChIP assays and real-time PCR analysis were performed with PER1
and CLOCK antibodies to monitor recruitment at different circadian
time points. Relative ERB mRNA levels at corresponding time points
were monitored to compare mRNA expression at different circadian
time points in synchronized HC11 cells. Results were compared with
the activity of controls (samples at time point 0), which was arbitrarily
set to be 1, and are means = standard errors of the mean (n = 3).
ANOVA analyses were used to compare each data set; variations were
significant with a P of <0.001.

horse serum for 2 h (time points 0 to 2 h) and were subse-
quently cultured in serum-free medium. Samples were col-
lected at different time points, as indicated on Fig. 5C, and
ChIP assays were performed. In parallel experiments, cells
were collected, the mRNA was prepared, and real-time PCR
analysis was performed. Interestingly, the binding of PERI1 in
the ERB promoter (Fig. 5C, middle panel) fluctuated in par-
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allel with the rhythmic expression of ERB mRNA (Fig. 5C,
bottom panel), with the peak at 24 h after serum shock; how-
ever, we observed no obvious rhythm in the recruitment of
CLOCK (Fig. 5C, top panel). Thus, these observations suggest
that recruitments of both positive and negative circadian reg-
ulators are important in ERB regulation; however, these reg-
ulators confer different effects on the circadian expression
of ERB.

ERp expression is increased by siRNA-mediated depletion
of CLOCK or PERI. The experiments presented above pro-
vide clear evidence that expression of the ERB gene is under
circadian control. However, these experiments do not provide
insights as to which component of the circadian clock is the
main driver of ERB cycling expression. In an effort to study the
functional consequences of this regulation on E2 transcrip-
tional signaling and to identify the main regulator of ER(
cycling, we used RNAI technology to target individual compo-
nents of the circadian clock and to assess the effects on the
intracellular levels of ERB. Following introduction of the
siRNA against CLOCK or scrambled siRNA as a negative
control into HC11 cells, we measured the intracellular concen-
trations of CLOCK, PERI1, and actin (Fig. 6A) and ERB (Fig.
6B) and ERa (Fig. 6C). Western blotting experiments showed
that cells treated with CLOCK siRNA showed a reduced level
of PERI1 (Fig. 6A), as expected. Remarkably, real-time PCR
and Western blotting experiments demonstrated that ERB ex-
pression was dramatically increased both at the mRNA (Fig.
6B, graph) and protein (Fig. 6B, blot) levels, whereas, in con-
trast, the expression of ERa did not change significantly (Fig.
6C). Furthermore, when we knocked down PERT1 in this cell
line (Fig. 6D, top panel), ERB expression was also upregulated
(Fig. 6D), whereas no change was observed for ERa expres-
sion (Fig. 6D). These experiments show that only ERB and not
ERa is under the control of the circadian system in HC11 cells.
Furthermore, the observations suggest that the negative circa-
dian regulator PER could be the main driver of the circadian
expression of ERR.

Cycling of ER{3 expression is abolished in BMAL1 KO mice.
To test genetically that ERp is a circadian clock target gene in
vivo, we compared the ERB expression profile in skeletal mus-
cles (where ERa and ERB are coexpressed) from WT and
BMALI1 KO mice. In the WT mouse muscle, the expression of
ERB mRNA showed a peak at ZT12 (Fig. 7A), corresponding
to the ERPB expression pattern in lung presented in Fig. 1C.
The ERp expression pattern differed significantly between WT
and KO animals; in KO animals, the ZT12 ERp expression
peak was missing. Interestingly, ERB expression in KO mice
was higher than in WT mice (Fig. 7A). Therefore, this exper-
iment again confirmed that the rhythmic expression of ER{ in
vivo is driven by the circadian system, mainly by the negative
proteins, just as in HC11 cells, and suggested that the inacti-
vation of BMALL1 blocks the access of the negative limb pro-
teins to the ERB promoter.

In control experiments, the expression of ERa, which is
coexpressed with ERP in skeletal muscle (4), was monitored.
ERa expression in both WT and KO mouse muscle remained
at stable levels throughout the whole experiment without sig-
nificant changes at any time point (Fig. 7B). This result pro-
vides genetic evidence that ER is specifically regulated by the
circadian clock in vivo.
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CLOCK modulates E2 signaling through ERp. Since both
experiments with HC11 cells and BMAL1 KO animals suggest
a subtype-specific circadian regulation of ER expression, diur-
nal variation of ER-controlled transcriptional activity could
also be subtype specific. To test this possibility, we studied the
effect of the circadian system on ERE-dependent transcrip-
tion, using an HC11 cell line with a stably transfected 3 X ERE-
TATA-luciferase reporter construct (11). Cells were trans-
fected with CLOCK siRNA and treated with different ER
subtype-specific ligands, i.e., the ERa agonist propyl pyrazole
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FIG. 7. ER expression in WT and KO mouse muscle. (A) mRNA
levels of ERB in WT and KO male mouse muscle were quantified by
real-time PCR at five circadian times (ZT4, ZTS8, ZT12, ZT16, and
7T120). ERB expression level in WT muscle at ZT4 was arbitrarily set
to be 1. Results are shown as the means = standard deviations of data
for three animals at each time point. ANOVA analyses were used to
compare each set of data. For WT mice, P = 0.015; for KO mice, P =
0.76. (B) mRNA levels of ERa in WT and KO male mouse muscle
were quantified by real-time PCR at five circadian times (ZT4, ZTS,
ZT12, ZT16, and ZT20). The ERa expression level at ZT4 was
arbitrarily set to be 1. Results are shown as the means = standard
deviations of three animals at each time point. ANOVA analyses
were used to compare each set of data. For WT mice, P = 0.24; for
KO mice, P = 0.44.

triol (PPT) (47) and the ERP agonist diarylpropionitrile
(DPN) (31) or the panagonist E2. Following CLOCK deple-
tion, no significant difference in luciferase activity levels com-
pared to the control was observed in PPT-treated cells (Fig.
8A), supporting the previous observation that ERa is not un-
der circadian control. On the other hand, the luciferase activity
was increased 1.8-fold in E2-treated cells (Fig. 8B) and 2.8-fold
in DPN-treated cells (Fig. 8C) following CLOCK depletion,
supporting the notion that ERB is under circadian control.
Moreover, this observation demonstrates that E2 signaling is
modulated by CLOCK protein intracellular levels through spe-
cific clock regulation of ERR.

DISCUSSION

Previous studies on circadian rhythms have linked the en-
dogenous clock system to various biological functions and dis-
eases. For instance, ERB-mediated and circadian-controlled
physiological processes and diseases have been identified in
both reproductive disorders and nonreproductive systems. Ex-
amples are mood disorders, which might arise following un-
coupled phase of sleep and other biological rhythms (46).
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periments performed in triplicate (¥, P < 0.05; Student’s ¢ test).

Interestingly, ERf appears to be important in both the
pathogenesis and therapy of depression (37). This finding,
among others, suggests connections between the circadian
system and ERB-mediated physiological processes. Circa-
dian proteins may affect these physiological functions by
regulating the expression of ERB. Therefore, when the nor-
mal circadian rhythm in the organism is disrupted, this
would lead to alterations in the ERB-dependent transcrip-
tion pathway, which might increase the risk of the develop-
ment of various diseases. However, more studies are needed
to fully understand the precise mechanisms involved.

Our study shows that circadian proteins are strongly re-
cruited to the E-box-containing region in the ERB promoter,
and from this element the circadian factors drive the rhythmic
expression of ERB in HC11 cells. In transient transfections we
show that the CLOCK-BMALL complex binds to an E-box
element in the ERB promoter. The CLOCK-BMALI1 complex
can subsequently serve as a platform for PER and CRY, which
repress transcription. Maintaining circadian oscillation is thus
a complex interplay between positive and negative regulatory
steps. To identify which of the positive or the negative com-
ponents of the circadian cycle are the critical components
regulating ERP expression, siRNA was used. Our experiments
show that knocking down either CLOCK or PER1 expression
leads to elevated expression of ERB. This result suggests that
ERB circadian cycling is primarily maintained through PER1
and that CLOCK-BMALI1 serves as a docking point for PER1.
Positive regulation of ERR is likely to be maintained by addi-
tional transcription factors not necessarily involved in the cy-
cling behavior of ERB. In addition, our in vivo results demon-
strate that expression of ERB displays a circadian oscillation
pattern in both lung and skeletal muscle of WT mice, and this
oscillation is abolished in BMAL1 KO mice, indicating that
ERp is a direct target of the circadian system. Previous studies
have identified clock-regulated NRs including Rev-erba (49),
ERRa (21) and peroxisome proliferator-activated receptor o
(36). Here, our finding that another important NR, ERp, is
under circadian control again indicates a robust cross talk
between bHLH-PAS circadian transcription factors and nu-
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clear hormone receptors. Our experiments with HC11-
3XERE-luciferase cells show that depleting endogenous
CLOCK using an siRNA approach induces the intracellular
level of ERP. Furthermore, ER-regulated transcription is
modulated upon CLOCK depletion. The ERE transcriptional
response is not affected when CLOCK-depleted HC11 cells
are treated with the ERa-specific agonist PPT, in consonance
with our finding that ERa is not under circadian regulation.
In sharp contrast, however, 3XERE-luciferase activity in
CLOCK-depleted HC11 cells is significantly increased in the
presence of the ERP-specific agonist DPN. Moreover,
CLOCK depletion leads to an increased ERE-dependent tran-
scription upon E2 treatment. These results provide evidence of
a novel regulatory pathway through which the circadian tran-
scription factors influence estrogen signaling. Therefore, in
living organisms, by regulating ERB expression, the circadian
clock may influence expression of ER( target genes, a process
which could have significant impact in various physiological
contexts.

Although both ERs are expressed in the body, there are
considerable differences in their tissue distribution. For exam-
ple, ERB is primarily expressed in lung, ovary, prostate, gas-
trointestinal tract, bladder, and central nervous system,
whereas ERa is mainly expressed in liver, uterus, and kidney
(27). In this study, we observed a robust cyclic expression of
ERp but not of ERe mRNA in mouse skeletal muscle, where
both ERs are present (4, 50), in line with our finding that the
circadian regulation of ER is subtype specific. Moreover, our
RNAI experiments with HC11 cells indicate that this selective
regulation may affect estrogen signaling, depending on the
expression ratio of ERa to ERB, which varies from tissue to
tissue. In ERB-dominant tissues, estrogen responses might
fluctuate between day and night whereas estrogen actions in
ERa-dominant tissues would be expected to show little or no
diurnal variation. In tissues where the two receptors are
present at comparable levels, more complicated estrogen re-
sponse scenarios might be expected. The effect of estrogen on
these tissues might differ from day to night due to the changed
expression ratio of ERa to ERB. Therefore, administration of
compounds or drugs that have estrogenic or antiestrogenic
function could lead to distinct effects, depending on the tissue
type and time point selected for administering the drug. Fur-
thermore, this suggests that circadian variations need to be
taken into account when biological responses to compounds
that affect estrogenic signaling are considered.

A number of previous studies have revealed that many cir-
cadian-regulated genes are strongly repressed in the absence of
positive circadian regulators (17, 21, 35, 36). In our experi-
ments we observed that in transient transfection experiments,
the activity of the ERB promoter-luciferase reporter construct
is regulated by overexpressed CLOCK-BMALI1 and PER. This
observation suggests that both positive and negative circadian
transcription factors are involved in regulation of ERB expres-
sion, raising the possibility that ERB expression could be con-
trolled by CLOCK-BMALIl-mediated transcriptional activa-
tion or, alternatively, by PER-dependent transcriptional
repression. These two possibilities were tested in HC11 cells.
ERp is expressed in HC11 cells, and our experiments show that
the main driver of the ER circadian rhythm is not recruitment
of the positive CLOCK-BMALI1 complex; rather, the ERB
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FIG. 9. Schematic model of circadian regulation of ERP expres-
sion. CLOCK-BMALI heterodimer mediates the circadian regulation
of ERB by binding to the E-box enhancer in the ERB promoter, but
the negative regulators work as the main driver of the rhythmic ex-
pression of ERB. (A) In WT mice and cells, recruitment of negative
circadian regulator PER-CRY causes an inhibition of ERB expression,
and the release of PER-CRY results in an up-regulation of ERB
expression induced by CLOCK-BMALL1 and other unknown activating
transcription factors. (B) In BMAL1 KO mice or CLOCK-deficient
cells, where CLOCK-BMALLI heterodimer is not formed, the negative
regulators are not recruited to the E-box enhancer, and the expression
of ERB is induced by unknown activating transcription factors (X) and
kept at a constant, high level.

rhythm is maintained by recruitment of the circadian repressor
PER. In addition, we addressed these possibilities using an in
vivo strategy. In this study we show that depletion of CLOCK
or BMALI results in up-regulation of ERB expression in both
cells and animal models. One of the possible mechanisms
could be that the CLOCK-BMALI heterodimer, binding con-
stantly to the ERB promoter (as shown in Fig. 5C), would
function as a binding platform for the negative circadian reg-
ulator PERI1. Circadian recruitment and release of the nega-
tive regulator PER1 likely drives the rhythmic expression of
ERB (Fig. 9A). In the absence of CLOCK-BMALLI, negative
circadian regulators cannot be recruited, and the ER promoter
displays high basal activity with no circadian expression pattern
(Fig. 9B). However, further studies are required to clarify the
details of the mechanism.

In summary, in this study we have demonstrated that ERB is
under circadian regulation. This is likely to have significant
consequences for estrogen action in a large number of tissues,
particularly in those where ERB is the dominating ER subtype.
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