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Abstract
The epithelial sodium channel (ENaC) mediates the fine-tuned regulation of external sodium (Na)
balance. The circadian clock protein Period 1 (Per1) is an aldosterone-induced gene that regulates
mRNA expression of the rate-limiting alpha subunit of ENaC (αENaC). In the present study, we
examined the effect of Per1 on αENaC in the cortex, the site of greatest ENaC activity in the
collecting duct, and examined the mechanism of Per1 action on αENaC. Compared to wild type
mice, Per1 knockout mice exhibited a 50% reduction of steady state αENaC mRNA levels in the
cortex. Importantly, siRNA-mediated knockdown of Per1 decreased total αENaC protein levels in
mpkCCDc14 cells, a widely used model of the murine cortical collecting duct (CCD). Per1
regulated basal αENaC expression and participated in the aldosterone-mediated regulation of
αENaC in mpkCCDc14 cells. Because circadian clock proteins mediate their effects as part of
multi-protein complexes at E-box response elements in the promoters of target genes, the ability of
Per1 to interact with these sequences from the αENaC promoter was tested. For the first time, we
show that Per1 and Clock are present at an E-box response element found in the αENaC promoter.
Together these data support an important role for the circadian clock protein Per1 in the direct
regulation of αENaC transcription and have important implications for understanding the role of
the circadian clock in the regulation of renal function.
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1. Introduction
Rapidly accumulating evidence supports a link between the circadian clock and pathologies
such as obesity [1] and hypertension [2]. Many physiological processes such as renal blood
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flow, body temperature, heart rate, and blood pressure exhibit circadian patterns [3,4]. The
molecular mechanism driving these circadian fluctuations has been the focus of recent
investigation. The circadian clock consists of positive and negative feedback loops each of
which have distinct effects. In the positive loop, Bmal/Clock heterodimers drive
transcription of the Per genes (Per1, Per2 and Per3) and that of the Per binding partners,
Cryptochrome (Cry1 and Cry2). In the negative feedback loop, Per/Cry inhibit Bmal/Clock
action, thereby repressing their own transcription [3]. In addition to these feedback loops,
the core clock proteins regulate output genes that contribute to physiological functions
governed by the circadian clock. Studies in Bmal knockout mice suggest that Bmal/Clock
can activate or repress transcription of target genes [5,6]. Since Per1 appears to positively
regulate clock targets [7,8], it is likely that Per/Cry may antagonize Bmal/Clock action in a
gene and tissue specific manner.

Circadian clock proteins mediate their transcriptional effects as part of multi-protein
complexes present at E-box response elements in the promoters of target genes.
Transcriptional profiling studies in a wide range of tissues have revealed that a significant
portion of genes are expressed in a circadian fashion [9]. Anea et al. characterized the
cardiovascular phenotype of mice lacking functional Bmal1 or Clock [10]. These mice
exhibited increased pathological remodeling and vascular injury as well as endothelial
dysfunction, underscoring the importance of the circadian clock in the vasculature. Martino
et al. showed that heterozygous tau mutant hamsters, lacking the circadian clock regulator
casein kinase-1ε, exhibited a cardiorenal phenotype [11]. Early death, cardiomyopathy,
extensive fibrosis, and severely impaired contractility were observed in the tau mutant
animals. The renal phenotype consisted of proteinuria, tubular dilation, and cellular
apoptosis.

Another report emphasized the importance of circadian clock genes in the regulation of fluid
and electrolyte balance and blood pressure homeostasis. Zuber et al. recently reported
altered expression of aquaporins 2 and 4, the alpha subunit of the epithelial sodium channel
(αENaC) and the vasopressin V2 receptor in two different strains of circadian clock mutant
mice [12]. In this elegant study, microarray analysis demonstrated circadian rhythmicity in
the expression of many genes involved in renal function. Interestingly, Clock knockout mice
displayed a mild diabetes insipidus, aberrant Na excretion, and had lower blood pressure
than wild-type animals.

ENaC is critical to the reabsorption of Na by the distal nephron and collecting duct and is
important in the control of blood pressure. The importance of ENaC to Na homeostasis and
blood pressure is underscored by gain of function mutations in ENaC subunits that lead to
hypertension in Liddle's Syndrome [13]. Conversely, loss of function mutations in ENaC
subunits results in severe hypotension that occurs in Pseudohypoaldosteronism type 1a.
ENaC is a heteromeric channel consisting of α, β and γ subunits. ENaC is tightly regulated
at the level of transcription, intracellular trafficking and plasma membrane recycling. In the
kidney, αENaC is the rate limiting subunit for channel assembly [14,15]. Recently we
showed that the circadian clock protein Per1 regulates αENaC mRNA levels in the kidney
[8]. Loss of Per1 resulted in decreased αENaC mRNA levels both in vitro and in vivo.
siRNA-mediated knockdown of Per1 led to inhibition of αENaC mRNA expression and
these effects occurred in the presence or absence of aldosterone. Moreover, Per1 knockout
mice appeared to excrete more urinary Na than wild type mice, indicating a possible role for
Per1 in regulating Na excretion.

We first identified Per1 as an early aldosterone target and a regulator of αENaC in a model
of the murine inner medullary collecting duct, mIMCD-3 cells [8,16]. To determine the
downstream role of the aldosterone-regulated circadian clock gene Per1 in mediating
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aldosterone action, the effect of Per1 knockdown on the well known aldosterone target gene
αENaC was examined [8]. This report demonstrated that siRNA-mediated knockdown of
Per1 resulted in decreased αENaC mRNA expression in mIMCD-3, the outer medullary CD
cell line OMCD-1 and the cortical CD cell line, mpkCCDc14. Importantly, these effects were
observed in the presence or absence of aldosterone, suggesting that Per1 likely modulated
basal αENaC mRNA expression independent of aldosterone. Analysis of heterogeneous
RNA (hnRNA) levels in mIMCD-3 cells showed that Per1 knockdown decreased αENaC
transcription and overexpression of Per1 led to an increase in αENaC promoter activity.
Together these data suggest a direct role for Per1 in the regulation of αENaC mRNA
expression but the mechanism of this effect remained to be defined.

The CCD is the site of the most robust ENaC activity in the CD and as such, the regulation
of ENaC in this segment is critical to maintaining Na homeostasis (reviewed in [17]). The
mpkCCDc14 cell line is a well characterized model of the cortical collecting duct [18] and
these cells have been used extensively to study regulation of ENaC as well as aldosterone
signaling [19–28]. In the present study, we extended the study of Per1 and αENaC to the
cortex and investigated the mechanism by which Per1 regulates αENaC expression. We
show for the first time that Per1 knockdown results in decreased αENaC protein levels in
mpkCCDc14 cells. Importantly, αENaC appears to be a clock-controlled gene as evidenced
by the presence of Per1 and Clock at an E-box response element from the αENaC promoter.

2. Materials and Methods
Animals

Kidneys from Per1 deficient mice and wild type controls (isogenic 129/sv) were the kind
gift of Dr. David Weaver (University of Massachusetts Medical School). These animals
have been described previously [29].

Cell culture
Dr. Alain Vandewalle provided the mpkCCDc14 cells (INSERM, Paris, France [18]). Cells
were maintained in DMEM-F12 plus 10% FBS and 50 μg/ml gentamicin. For aldosterone
treatments, 600,000 cells were plated in each well of a 6 well Corning Costar Transwell
dish. Twenty-four hours after cells reached 100% confluency, the medium was changed to
phenol-red free DMEM-F12 (Invitrogen) plus 10% charcoal-dextran treated FBS to deprive
the cells of steroid hormones. An additional 24 hrs later, cells were treated with vehicle
(ethanol) or 1 μM aldosterone for varying time intervals. Final ethanol concentration in both
vehicle and aldosterone-treated cells was 0.1%.

RNA Silencing
For siRNA experiments, mpkCCDc14 cells were plated at a density of 75,000 cells / cm2 in
transwell dishes in DMEM-F12 media containing 10% FBS and 50 μg/ml gentamicin. At the
time of transfection, media were changed to DMEM-F12 without phenol red containing 10%
charcoal-stripped FBS and no antibiotic. Cells were transfected for 24 hr with siRNA
directed against Per1 (SMARTpool® siRNA, Dharmacon) using 2 μM siRNA in 6 μL of
Dharmafect Reagent 4. Twenty-four hours after transfection, cells were treated with vehicle
or aldosterone for 2, 4 or 6 hr.

RNA isolation and QPCR
Total RNA was isolated using Trizol (Invitrogen) according to the manufacturer's
instructions. RNA samples (10 μg) were treated with DNA-free DNaseI (Ambion). DNaseI-
treated RNA (2 μg) samples were used as template for reverse transcription with Superscript
III (Invitrogen). The resulting cDNAs (20 ng) were then used as templates in duplicate
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QPCR reactions (Applied Biosystems) to evaluate changes in expression of several
transcripts. Cycle threshold (Ct) values were normalized against actin mRNA and relative
quantification was performed using the ΔΔCt method [30]. Fold change values were
calculated as the change in mRNA expression levels relative to the vehicle treated control.
Primer/probe sets were purchased from Applied Biosystems.

Western blot analysis
Total cell lysates were collected in 1× passive lysis buffer (Promega). Concentrations were
determined using the BCA (bicinchoninic acid) assay (Pierce). Lysates were separated on a
10–20% Tris-HCl ready gel (BioRad). Proteins were transferred to PVDF membrane. The
membrane was blocked in 2% Rodeo™ Blocker in TBS-S (TBS plus 0.05% Rodeo™
Saddle Soap) (USB) and then incubated overnight at 4°C with the anti-Per1 primary
antibody (Affinity BioReagents) or anti-αENaC antibody (kind gift of Dr. Carolyn
Ecelbarger, Georgetown University) in 2% Rodeo™ Blocker in TBS-S. The horseradish
peroxidase conjugated anti-rabbit secondary antibody (USB) incubation was performed in
2% Rodeo™ Blocker in TBS-S for 1 hr at room temperature. Following the primary and
secondary antibody incubations, the blot was washed in TBS-S three times for at least ten
minutes. Detection was performed using Rodeo™ Sensitive detection reagents (USB).

Analysis of heterogeneous nuclear RNA (hnRNA)
Analysis of the short lived hnRNA can be used as a measure of transcriptional activity
[31,32]. The αENaC hnRNA primer sequences were designed to amplify a 238 bp product
spanning exon 6/intron 6 of the Scnn1a gene. The forward primer sequence was: 5'-
ggaggcaactacggagactg-3'. The reverse primer sequence was 5'-gagaagcaagaggcttcagg-3'.
GAPDH primers were used as a control for aldosterone treatment and were designed to
amplify an 874 bp cDNA fragment. The forward primer sequence was 5'-
agacacgatggtgaaggtcggagtgaac-3'. The reverse primer sequence was 5'-
gtggcactgttgaagtcgcaggag-3'. Total RNA was isolated from vehicle and aldosterone treated
cells and DNase I treated as described above. DNase I treated RNA samples were incubated
with master mix containing reverse transcription and PCR components for 30 min at 50°C.
PCR reactions were performed using 40 ng of cDNA as template and the following cycling
paramaters: Reactions were heated to 95°C for 15 min to activate the Taq polymerase.
Thirty-five (αENaC) amplification cycles were performed using the following parameters:
95°C for 30 sec, 55°C for 30 sec, 72°C for 1 min followed by a final 10 min extension at
72°C.

Plasmids and Luciferase Assays
mpkCCDc14 cells were transfected with pGL3 (Promega) or an αENaC promoter-luciferase
construct (gift of Dr. Christie Thomas, University of Iowa) using lipofectamine (Invitrogen)
according to the manufacturer's instructions. Co-transfection was performed with empty
vector or a mutant Per1 construct, pCS2-mPer1-K835A,R838A (gift of Dr. David Virshup,
Duke University). Transfection efficiency was normalized to Renilla luciferase levels as all
cells were co-transfected with identical amounts of the plasmid pRL-TK. Dual luciferase
assays (Promega) were performed according to the manufacturer's instructions.

DNA Affinity Purification Assay (DAPA)
DAPA experiments were performed as described previously [20]. Nuclear extracts were
isolated from mpkCCDc14 cells using the NePer kit (Pierce) according to the manufacturer's
instructions. Single stranded biotinylated probes were ordered from GenoSys. Once
annealed, the double stranded DAPA probe was incubated with 175 μg of nuclear extract in
the presence of Streptavidin agarose beads (Sigma). The sequences of the DAPA probes
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were (E-box elements are underlined): E-box 1 5' gcattctgtctacaacagctgctggtccgctttgtg; E-
box 2 5' aagttcagagggaaggggatg; E-box 3 5' tggtgggggccagcaggtgcttcccagttt;. E-box 4 5'
gccaggcactgcacctgtcaggtgagagggtggag. These putative E-box elements were identified using
a combination of TF Search (http://www.cbrc.jp/research/db/TFSEARCH.html) and TESS
(http://www.cbil.upenn.edu/cgibin/tess/tess) to analyze the αENaC promoter.

Statistical Analysis
Student's unpaired t-test (Microsoft Excel) was used to compare two data sets. A two-way
analysis of variance was used to evaluate the four groups of luciferase data in Figure 5
(Origin 8.0). Data are presented as the mean, ± standard error of the mean (SEM). P values
less than 0.05 were considered significant.

3. Results
3.1 αENaC expression is reduced in the renal cortex of Per1-deficient mice

ENaC is the rate-limiting step for Na entry in the collecting duct and ENaC levels are the
highest in the cortex. We previously demonstrated that αENaC mRNA levels were reduced
in the inner and outer medulla of Per1 knockout mice compared to wild type [8]. To extend
the investigation of Per1 and αENaC to the cortex, αENaC mRNA levels were analyzed in
the renal cortex of Per1 knockout mice. Figure 1 demonstrates that αENaC steady state
mRNA levels were reduced by approximately 50% in the cortex of mice lacking Per1
compared to wild type control mice. Consistent with our previous report of reduced αENaC
expression in the medulla of Per1 deficient mice [8], the results clearly indicated a role for
Per1 in the regulation of αENaC in the renal cortex in vivo.

3.2 Aldosterone treatment induces Per1 expression in mpkCCDc14 cells
In order to demonstrate that mpkCCDc14 cells [18] were a valid model for studying the
action of Per1, it was first necessary to determine if aldosterone induced Per1 expression in
this model of the cortical collecting duct. Serum-depleted mpkCCDc14 cells were treated
with vehicle (ethanol) or aldosterone for 24 hr. Quantitative real time PCR (QPCR) was
used to evaluate Per1 mRNA levels in response to aldosterone treatment. Steady state Per1
mRNA increased approximately four-fold following aldosterone treatment (Figure 2A).
Western blot analysis of total cell lysates from mpkCCDc14 cells treated with vehicle or
aldosterone for 24 hr was performed (Figure 2B). The increase in Per1 mRNA resulted in a
readily observable increase in Per1 protein.

3.3 Per1 knockdown inhibits αENaC protein and mRNA expression in mpkCCDc14 cells
Since the mpkCCDc14 cells appeared to be fully responsive to aldosterone, siRNA-mediated
knockdown experiments were performed to assess the effect of Per1 removal on αENaC
expression in the presence of aldosterone. To evaluate the effect of Per1 knockdown on
αENaC protein levels, mpkCCDc14 cells were transfected with a non-target control siRNA
or Per1 specific siRNA (Per1-8), and then exposed to aldosterone for 24 hr. Per1 mRNA
expression decreased by 80% ±10 under these conditions. Per1 knockdown resulted in a
marked decrease in total αENaC protein (Figure 3A). Densitometry analysis revealed that
Per1 knockdown resulted in an approximate 60% reduction in total αENaC protein levels
(Figure 3B).

Increases in αENaC mRNA can be seen as early as 4 hr after hormone treatment of
mpkCCDc14 cells, reflecting activation of gene transcription. Therefore, it was important to
determine whether Per1 knockdown could inhibit the response of αENaC during the early
period of the aldosterone response. Expression of αENaC was evaluated following 4 hr of
aldosterone treatment in serum-depleted mpkCCDc14 cells transfected with a non-target or
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Per1-8 siRNA (Figure 4). A significant increase in αENaC mRNA was observed in control
cells following 4 hr of hormone treatment. However, Per1 knockdown effectively blocked
the early increase in αENaC expression in response to aldosterone. Therefore, the
aldosterone-dependent effect of Per1 on αENaC gene expression occurred early in the
hormone response, suggesting a direct role for Per1 in the regulation of αENaC expression
in this model of the CCD.

3.4 Per1 knockdown decreases αENaC transcription
Loss of Per1 led to decreased αENaC mRNA expression in vivo and ENaC mRNA and
protein in vitro. To determine the mechanism of this regulation, αENaC promoter activity
was evaluated in the presence of a dominant negative Per1 (dnPer1). The dnPer1 construct
contains a mutated nuclear localization signal (NLS) (Per1 K835E, R838D) and the protein
product cannot enter the nucleus [33]. In addition to a functional NLS, Per1 requires
interaction with its binding partner Cry to enter the nucleus. Over-expression of the dnPer1
presumably inhibits endogenous Per1 activity by binding and sequestering Cry in the
cytoplasm, thus blocking endogenous Per1 from entering the nucleus with its binding
partner. The dnPer1 was cotransfected into mpkCCDc14 cells with the αENaC promoter
luciferase vector in the presence of vehicle or aldosterone (Figure 5). In vehicle treated cells,
αENaC promoter activity decreased dramatically in the presence of dnPer1 compared to
cells transfected with an empty control vector. Likewise, the presence of dnPer1 inhibited
the effect of aldosterone on αENaC promoter luciferase activity by approximately 50%.
Two-way ANOVA analysis of the data gave a statistically significant interaction term
(p<0.05) for the effects of Per1 and aldosterone, indicating that Per1 activity influences the
response of αENaC to aldosterone. Thus, Per1 appears to have aldosterone-dependent as
well as aldosterone-independent effects on αENaC expression.

To further investigate the mechanism of the Per1-mediated regulation of αENaC mRNA
expression, the effect of Per1 knockdown on transcription from the αENaC gene was
evaluated. Heterogeneous nuclear RNA (hnRNA) levels can be used as a measure of
transcriptional activity [31]. αENaC hnRNA levels were evaluated in mpkCCDc14 cells
following transfection with a non target siRNA or the Per1-8 siRNA (Figure 6A). Basal
αENaC mRNA levels appeared to differ between individual samples. However, the results
of three independent experiments clearly showed that αENaC hnRNA levels were reduced in
every sample set following Per1 knockdown (see boxed samples). Densitometry analysis of
Figure 6A demonstrated that Per1 knockdown resulted in a greater than 60% reduction in
αENaC hnRNA levels (Figure 6B). Thus, Per1 appears to regulate the basal expression of
αENaC at the level of transcription in mpkCCDc14 cells.

The effect of Per1 knockdown on αENaC hnRNA levels was next evaluated in mpkCCDc14
cells treated with vehicle or aldosterone (Figure 6C). αENaC hnRNA levels in control
samples (non-target siRNA transfected, vehicle treated) again differed between independent
samples. Nevertheless, as expected, aldosterone treatment in the presence of a non-target
control siRNA led to a clear increase in αENaC transcription. Aldosterone treatment in the
presence of the Per1–8 siRNA however, resulted in inhibition of αENaC transcription. These
effects are illustrated in Figure 6D; densitometry analysis indicates that αENaC hnRNA
levels more than doubled in response to aldosterone. Per1 knockdown led to a significant
reduction in αENaC hnRNA to a level that was not significantly different from control.
These results are consistent with the hypothesis that Per1 regulates αENaC mRNA
expression and influences the response of αENaC to aldosterone.
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3.5 Per1 Interacts with an E-box response element found in the αENaC Promoter
Several lines of evidence supported the hypothesis that Per1 directly regulates αENaC and
has aldosterone-dependent and –independent effects on αENaC expression. Therefore, the
next step was to attempt to identify the circadian response elements in the αENaC promoter.
Transcription factors of the circadian clock mediate their effects through binding of E-box
elements in the promoters of target genes [34]. In addition to the TF Search analysis
performed previously [8], a more sophisticated computer analysis of the αENaC promoter
was conducted using TESS (Transcription Element Search System). The 5' regulatory region
of the murine αENaC promoter contained four predicted E-box elements (Figure 7A). To
experimentally test the hypothesis that Per1 regulates αENaC as part of a protein complex
that interacts with E-box response elements in the αENaC promoter, DNA affinity
purification assays (DAPA) were performed. Nuclear extracts from mpkCCDc14 cells were
incubated with biotinylated DAPA probes. Because Per1 lacks a DNA binding domain, any
interaction with a promoter element would require the presence of Bmal/Clock. Thus, DNA/
protein complexes bound to the probes containing putative E-box elements were analyzed
by Western blot analysis with anti-Clock or anti-Per1 antibodies (Figure 7B). The Clock
protein was detected at all four E-box response elements. Per1 was detected at a molecular
weight of approximately 45 kDa; nuclear Per1 has previously been detected at this
molecular weight in the kidney [35]. A very faint signal for Per1 was observed in duplicate
samples at E-boxes 1, 2 and 4. The strongest signal for Per1 was clearly detected at E-box 3.

To test the specificity of this interaction, DAPA was performed using nuclear extracts from
non-target siRNA or Per1–8 siRNA-transfected mpkCCDc14 cells (Figure 7C). These
nuclear extracts were incubated with the biotinylated E-box 3 probe. Binding of the Clock
protein to E-box 3 was detectable in the presence or absence of Per1, though the signal was
reduced in the absence of Per1. Importantly, Per1 was undetectable at E-box 3 following
Per1 knockdown.

4. Discussion
The goal of the present study was to characterize the role of Per1 in the regulation of αENaC
expression in the renal cortex, the site of the most robust ENaC activity. The data presented
here demonstrate a role for the circadian clock protein Per1 in direct transcriptional
regulation of the αENaC gene. αENaC mRNA levels were reduced in the cortex of Per1
knockout mice compared to wild type, confirming that loss of Per1 leads to inhibition of
αENaC expression in this region in vivo. Per1 was shown to be an aldosterone-induced gene
in mpkCCDc14 cells. Several lines of evidence suggested that Per1 mediates the regulation
of αENaC through a transcriptional mechanism. αENaC promoter luciferase assays and
analysis of hnRNA levels indicated that Per1 mediates the basal regulation of αENaC and
contributes to the aldosterone-dependent regulation of αENaC gene expression. Finally,
DAPA was used to test whether a Per1-containing complex interacted with any of several E-
box elements in the αENaC promoter. Per1 protein was far more readily detected at E-box 3
as opposed to the other putative E-box elements. To our knowledge, this is the first
demonstration of direct interaction of an endogenously expressed circadian clock protein to
a response element of a renal transport gene in a model of the mammalian CCD.

A working model has been developed to summarize these data and speculate on the action of
Per1 at the αENaC promoter (Figure 8). In the absence of Per1, low levels of αENaC
expression can be detected (Figure 8A). In the basal state, Per1 is present at the E-box at
position −689 via interaction with Clock and presumably Bmal. This interaction yields an
increase in transcription (Figure 8B). This prediction is based on data from the present report
that Per1 interacts with the αENaC promoter and contributes to the basal regulation of
αENaC in the absence of hormone. The two-fold increase in αENaC mRNA in the presence
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of Per1 (Figure 8B) relative to its absence (Figure 8A) is consistent with the 50% reduction
in αENaC mRNA observed in the cortex of Per1 deficient mice compared to wild type mice
[8]. Given the demonstrated circadian variation in αENaC mRNA [8], it is hypothesized that
the presence of Per1 at the αENaC promoter E-box varies with the circadian cycle and thus
αENaC mRNA expression fluctuates between the states depicted in Figures 8 A and B. Our
demonstration of a role for Per1 as a positive regulator of gene expression is consistent with
a recent study concerning the circadian regulation of prolactin gene expression in pituitary
cells [7]). Similar to the present report of Per1 siRNA-mediated inhibition of αENaC
expression, Bose and Boockfor showed that Per1 knockdown resulted in decreased prolactin
expression. MR and the glucocorticoid receptor mediate aldosterone action via binding of
hormone response elements (HRE) in the promoters of target genes. The HRE in the αENaC
promoter at position −800 was previously characterized by Kohler et al. [36]. It is proposed
that αENaC transcription is most highly activated when both Per1 and MR are present at the
promoter (Figure 8C). It remains to be determined if a direct interaction between Per1 and
MR occurs at the αENaC promoter. However, a connection between a nuclear receptor and a
circadian clock protein is not without precedent. Direct interactions have been observed
between the Clock protein and RARα and RXRα, with implications for resetting of the
peripheral clock in the vasculature [37]. Per2 was recently shown to interact with nuclear
receptors PPARα and RevERBα [38]). Indeed, Teboul et al. suggest that in light of recent
evidence, it appears that nuclear receptor signaling “is a pivotal interface between the
molecular clock and physiology [39].” Further investigation is needed to explore the
possibility of direct interactions between nuclear hormone receptors and circadian clock
proteins.

The present observation that Per1 and Clock are present at an E-box element from the
αENaC promoter is consistent with the known action of circadian clock proteins. It has
previously been demonstrated that circadian clock proteins mediate their effects through
transcriptional mechanisms and specifically through the binding of E-box elements in
promoter regions [40]; the consensus E-box sequence is CAXXTG [41]. In the kidney,
Saifur Rohman et al. showed that the Na/H exchanger NHE3 appears to be a circadian clock
controlled gene [42]. Consistent with an in vivo role for the circadian clock in the regulation
of NHE3, the circadian pattern of NHE3 mRNA expression was blunted in Cry deficient
mice. Using an opossum kidney cell model, it was shown that this regulation was mediated
through binding of Bmal/Clock to the E-box element CACGTG in the NHE3 promoter. The
NHE3 promoter E-box differs by only one nucleotide from the αENaC promoter E-box 3
(CAGGTG) element identified in the present report (Figure 7).

Recently, aquaporin 2 was also identified as an apparent circadian clock controlled gene
[12]. An in silico analysis of the mouse aquaporin 2 promoter was performed using TF
Search (data not shown). Three putative E-box elements were identified at positions −449,
−1259, and −1319, relative to the transcription start site. The E-box element with the
strongest score was located at position −1259 with the sequence CATCTG. Confirmation of
E-box elements in the promoters of αENaC and NHE3, together with identification of
putative E-box elements in the aquaporin 2 promoter, suggests that future investigation into
the role of the circadian clock in the kidney will likely identify many more genes regulated
by this transcriptional mechanism.

Circadian patterns in renal function are well established [43,44]. Likewise, there is a known
diurnal variation in blood pressure, with values falling at relative night compared to the day.
Clinical data convincingly show that when this dipping pattern is lost, so-called “non-
dipper” patients are at a greater risk for end organ damage, heart attack and stroke [45].
Whereas the circadian patterns to physiological processes are well established, the
underlying molecular mechanisms of these effects are the focus of current investigation. The
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results presented here support a transcriptional mechanism by which Per1, as part of a multi-
protein complex containing Clock, exerts its effects on αENaC expression. Consistent with
the present report is the work of other investigators demonstrating regulation of NHE3 [42]
and other genes involved in renal transport such as aquaporin 2 [12] by the circadian clock.
Clearly, the circadian clock is a critical regulator of gene expression in the kidney and this
has implications for the circadian control of blood pressure and renal function. Further study
of the mechanisms involved in circadian clock function in the kidney and the pathologies
associated with loss of these mechanisms will be important for a complete understanding of
the circadian clock in normal physiology as well as disease states.
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Figure 1. αENaC mRNA expression is reduced in the renal cortex of Per1 knockout mice
Total RNA was isolated from the renal cortex of wild type (129/sv) or Per1 knockout mice.
QPCR was used to analyze changes in gene expression of αENaC in Per1 deficient animals.
Fold change values were normalized against actin and relative to wild type control mice.
Data are presented as the mean ± standard error, n=5 *p<0.05
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Figure 2. Per1 is induced by aldosterone in mpkCCDc14 cells
A. mpkCCDc14 cells were treated with vehicle (ethanol) or aldosterone (1 μM) for 24 hr.
Quantitative real time RT-PCR (QPCR) was used to measure changes in gene expression.
Fold change values were calculated relative to actin and compared to vehicle treated control
cells. Data are presented as the mean, ± standard error, n=at least five independent
experiments. *p<0.05 versus vehicle. B. mpkCCDc14 cells were treated with vehicle or 1
μM aldosterone for 24 hr. Total cell lysates were collected and analyzed via Western blot
using an anti-Per1 antibody (Affinity Bioreagents). An anti-actin antibody (Sigma) was used
for a loading control. Data are representative of three independent experiments.
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Figure 3. Per1 knockdown inhibits αENaC protein expression
A. mpkCCDc14 cells were transfected with a non-target control siRNA or a Per1 specific
siRNA (Per1–8). Twenty four hours later, cells were treated with 1 μM aldosterone (aldo).
Total cell lysates were collected 24 hr later and Western blot analysis was performed using
an anti-αENaC antibody (gift of Dr. Carolyn Ecelbarger). An anti-actin antibody (Sigma)
was used for a loading control. B. Densitometry analysis (Kodak Imaging) was performed
on Western blots to determine the % decrease in αENaC protein following Per1 knockdown.
Signal intensities were normalized against actin. *p<0.05 versus Non-target + aldo, n=4 in
two independent experiments.
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Figure 4. Per1 knockdown inhibits αENaC expression early in the aldosterone response in
mpkCCDc14 Cells
mpkCCDc14 cells were transfected with a non-target siRNA or Per1–8 siRNA for 24 hr and
then treated with vehicle (veh) or 1 μM aldosterone (aldo) for 4 hr. QPCR was used to
analyze changes in gene expression of αENaC following Per1 knockdown in the presence of
aldosterone compared to non-target siRNA transfected control samples. Fold change values
were normalized against actin relative to the non-target siRNA-transfected, vehicle-treated
control. Data are presented as the mean ± standard error, n=3. *p<0.05
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Figure 5. Dominant negative Per1 inhibits αENaC promoter activity
mpkCCDc14 cells were transfected with pRL renilla luciferase and a plasmid containing the
αENaC promoter cloned in front of the firefly luciferase cDNA. Cells were co-transfected
with empty vector or dominant negative Per1 (dnPer1) expression vector and then treated
with vehicle or 1 μM aldosterone for 24 hr. Data are presented as the mean ± standard error,
n=3, *p<0.05 versus αENaC/luc + vector + vehicle; † p<0.05 versus αENaC/luc + vector +
aldosterone
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Figure 6. Per1 knockdown Inhibits αENaC transcription in mpkCCDc14 cells
A. Top panel: Primers were designed to amplify a 238 bp region of the αENaC gene
between exon 8 and intron 8 in order to measure heterogeneous nuclear RNA as an indicator
of transcriptional activity. Templates from non-target siRNA or Per1–8 siRNA transfected
mpkCCDc14 cells were used in PCR reactions, n=3. L: ladder, NT: non-target siRNA, P:
Per1–8 siRNA. Bottom panel: An 874 bp GAPDH product was amplified as a PCR control.
Boxed samples represent independent experiments. B. Densitometry analysis was performed
on the gel images in panel A and is presented as signal intensity relative to GAPDH. *
p<0.05 versus non-target siRNA. C. The same experiment was performed as described for
(A) but mpkCCDc14 cells were treated with vehicle or aldosterone for 24 hr following
siRNA transfection. L: ladder, V: non-target siRNA +vehicle, A: non-target siRNA
+aldosterone, P*: Per1–8 siRNA plus aldosterone. N=3 D. Densitometry analysis was
performed as described for Panel B. * p<0.05 versus non-target siRNA + vehicle; † p<0.05
versus non-target siRNA +aldosterone.
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Figure 7. Per1 interacts with an E-box response element in the αENaC promoter
A. Circadian clock proteins typically bind E-box elements. The αENaC promoter was
analyzed for E-box elements using TFSEARCH and TESS. Four putative elements were
found and are designated by the vertical gray lines. The position of each E-box element
relative to the transcription start site is indicated. Complete DAPA probe sequences are
listed in Methods. The consensus E-box sequence contained within each probe is: E-box 1,
CAGCTG; E-box 2, CAGAGG; E-box 3, CAGGTG; E-box 4, CAGGTG. B. DNA affinity
purification assays (DAPA) were performed using nuclear extract from duplicate
mpkCCDc14 cell samples. Biotinylated probes representing each putative E-box from the
αENaC promoter were incubated with nuclear extract samples and pulled down using
streptavidin agarose beads. Samples were analyzed using Western blot analysis with an anti-
Per1 antibody (Affinity BioReagents) or an anti-Clock antibody (Thermo Fisher Scientific).
Data are representative of three independent experiments. In the lower panel, separate
Western blot analysis for actin was performed on 20 μg of the input nuclear extract samples
used in the DAPA experiment. C. DAPA experiments were performed as described for
Panel B, but using only E-box 3 incubated with nuclear extract from non-target or Per1–8
siRNA transfected mpkCCDc14 cells. In the bottom panel, separate Western blot analysis for
actin was performed on 20 μg of the input nuclear extract samples used in the DAPA
experiment.
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Figure 8. Model for Per1 action on αENaC gene expression
The work described in the present study, together with previous reports on the regulation of
αENaC by Per1 [8] and corticosteroids [36] have led to a proposed model for a
transcriptional mechanism of gene regulation. A. In the absence of Per1, the Bmal/Clock
heterodimer is bound to the promoter and αENaC mRNA levels are low. B. Per1 and its
binding partner Cry are present at the promoter via interaction with Bmal/Clock to drive
αENaC transcription under basal conditions. C. In the presence of aldosterone (A) the
mineralocorticoid receptor (MR) heterodimerizes and translocates to the nucleus to increase
transcription of αENaC. When Per1 is present, αENaC transcription is highly induced
through the action of Per1 and MR.
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