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Abstract
The mineralocorticoid receptor (MR) with its ligand aldosterone (aldo) physio-
logically regulates electrolyte homeostasis and blood pressure but it can also lead 
to pathophysiological effects in the cardiovascular system. Previous results show 
that posttranslational modifications (PTM) can influence MR signaling and func-
tion. Based on in silico and in vitro data, casein kinase 1 (CK1) was predicted as 
a candidate for MR phosphorylation. To gain a deeper mechanistic insight into 
MR activation, we investigated the influence of CK1 on MR function in HEK 
cells. Co-immunoprecipitation experiments indicated that the MR is located in a 
protein–protein complex with CK1α and CK1ε. Reporter gene assays with phar-
macological inhibitors and MR constructs demonstrated that especially CK1ε acts 
as a positive modulator of GRE activity via the C-terminal MR domains CDEF. 
CK1 enhanced the binding affinity of aldosterone to the MR, facilitated nuclear 
translocation and DNA interaction of the MR, and led to expression changes of 
pathophysiologically relevant genes like Per-1 and Phlda1. By peptide microar-
ray and site-directed mutagenesis experiments, we identified the highly conserved 
T800 as a direct CK1 phosphorylation site of the MR, which modulates the nuclear 
import and genomic activity of the receptor. Direct phosphorylation of the MR 
was unable to fully account for all of the CK1 effects on MR signaling, suggesting 
additional phosphorylation of MR co-regulators. By LC/MS/MS, we identified the 
MR-associated proteins NOLC1 and TCOF1 as candidates for such CK1-regulated 
co-factors. Overall, we found that CK1 acts as a co-activator of MR GRE activity 
through direct and indirect phosphorylation, which accelerates cytosolic-nuclear 
trafficking, facilitates nuclear accumulation and DNA binding of the MR, and in-
creases the expression of pathologically relevant MR-target genes.
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1   |   INTRODUCTION

The mineralocorticoid receptor (MR) is a ligand-
dependent transcription factor that belongs to the nuclear 
receptor (NR) subfamily 3, which also includes another 
corticosteroid receptor, the glucocorticoid receptor (GR) 
and sex hormone receptors like the estrogen, progester-
one, and androgen receptor. Besides regulating electrolyte 
homeostasis and blood pressure, the MR can mediate in-
flammatory, fibrotic, and hypertrophic processes in the 
renocardiovascular system.1–3 Thereby, it is involved in 
aging-associated disorders and diseases of the cardiovas-
cular system. Upon aldosterone (aldo) binding, the MR 
translocates HSP90-dependently into the nucleus, binds 
to transcriptional co-factors, and interacts with target 
gene promoters.4 Classical hormone response elements 
shared by MR and GR are glucocorticoid response ele-
ments (GRE). Transcriptional specificity and control by 
MR are achieved by the coordinated recruitment of co-
activators and co-repressors and can be modulated by 
posttranslational modifications (PTM) (e.g., sumoylation, 
acetylation, oxidation, ubiquitylation).3,5 In this context, 
phosphorylation is an important PTM that regulates the 
activity of the MR.2,6–8 For example, phosphorylation of 
MR-S459 by casein kinase 2 (CK2) leads to increased ge-
nomic MR activity.7 In contrast, cyclin-dependent kinase 
5 (CDK5) interacts with the C-terminal ligand-binding do-
main (LBD) and leads to phosphorylation of S128, S250, 
and T159, resulting in reduced genomic activity.9 Shibata 
et al. showed that phosphorylation at S843 in the LBD 
prevents aldo binding and activation of MR and thereby 
regulates the renal response to hyperkalemia and volume 
depletion.10 These studies show how the phosphorylation 
of individual amino acids of MR can affect its functionality.

The ubiquitously expressed serine/threonine-casein 
kinase 1 (CK1) isoforms are permissive drug targets that 
play a role in aging-associated neurodegenerative diseases 
and cancer11 and are also candidates for phosphorylating 
and modulating steroid receptors including the MR. CK1 
family members are monomeric, constitutively active ki-
nases, consisting of six human isoforms (α, γ1-γ3, δ and 
ε).12 CK1 recognizes mainly acidic or pre-phosphorylated 
amino acid residues with the canonical consensus se-
quence represented by the motif D/E-X-X-(X)-Ser/Thr 
or pSer/pThr-X-X-(X)-Ser/Thr.13 CK1  modulates numer-
ous cellular processes, including the circadian rhythm by 
phosphorylating the central clock genes period circadian 
protein homolog 1-3 (Per1-3).12–14 Per-1 is a MR-induced 

gene that is influenced in its function by CK1δ/ε, leading 
to fine-tuning of αENaC expression and sodium reabsorp-
tion in the kidney.15,16 Sodium reabsorption modulates 
volume and blood pressure and ENaC is an important 
player for MR-induced volume and blood pressure reg-
ulation. A perturbed circadian rhythm also facilitates 
aging, learning disabilities, and cardiovascular diseases. 
CK1 is also involved in the regulation of nuclear traffick-
ing of different transcription factors. For example, CK1α-
induced phosphorylation of NFAT leads to masking of the 
nuclear localization sequence and prevents import and 
activity of NFAT.17 Furthermore, the genomic activity of 
the estrogen receptor α (ERα), a family member of the 
MR, is increased CK1δ-dependently by phosphorylation 
of ERα and the steroid receptor co-activator 3 (SRC-3).18 
Currently, the influence of CK1 isoforms on MR function-
ality has not been explored. Therefore, we investigated the 
possible crosstalk between CK1 and MR and analyzed the 
impact of CK1 isoforms on MR activity. The mechanisms 
of altered genomic MR activity were studied, including (i) 
relevant MR domains and DNA response elements, (ii) cy-
tosolic nuclear shuttling of the MR, (iii) altered subcellu-
lar distribution of the MR, (iv) MR-DNA interaction, and 
(v) direct phosphorylation of MR residues versus indirect 
effects of CK1. Finally, the functional relevance of the 
MR-CK1 interaction for transcriptional processes was an-
alyzed using the genes Per-1 and Phlda1 as marker genes.

2   |   MATERIALS AND METHODS

2.1  |  Cell culture

HEK cells, from American Type Culture Collection 
(Rockville, MD), were cultivated in DMEM/Ham's 
F-12  medium supplemented with 10% fetal calf serum 
(FCS) at 37°C with 5% CO2 as described previously and 
sub-cultivated once a week. After serum-starvation 
(24 h), cells were treated with vehicle (DMSO 0.1%), aldo, 
respective CK1 inhibitors, or a combination of aldo and 
CK1 inhibitors for different time points. The following 
CK1 inhibitors were used: D4476 (4-[4-(2.3-dihydro-1, 
4-benzodioxin-6-yl)-5-(2-pyridinyl)1H-imidazol-2-yl]-b
enzamide), PF-670462 (4-[1-Cyclohexyl-4-(4-fluorophe
nyl)-1H-imidazol-5-yl]-2-pyrimidinamine dihydrochlo-
ride) and PF-4800567 (3-[(3-Chlorophenoxy)methyl]-
1-(tetrahydro-2H-pyran-4-yl)-1H-pyrazolo[3,4-d]
pyrimidin-4-amine hydrochloride).

K E Y W O R D S
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The T-Rex System (Thermo Fisher Scientific, Waltham, 
MA, USA) was used to create a tetracyclin- inducible 
MR overexpressing HEK cell clone that was cultivated 
in DMEM medium supplemented with 25  mM glucose, 
10% FCS, blasticidin S (Gibco; Thermo Fisher Scientific, 
Karlsruhe, Germany) and zeocin (Invitrogen, Thermo 
Fisher Scientific, Karlsruhe, Germany). For the exper-
iments presented, Tet-inducible MR HEK cells were 
serum-starved for 6 h followed by MR induction with tet-
racycline (0.25 µg/ml) for 18 h. Tet-induced MR cells were 
stimulated with vehicle, aldo, D4476 or aldo + D4476 for 
the indicated time points. EA.hy926 cells (ATCC) were 
cultivated in DMEM with 2 g/L NaHCO3.

2.2  |  Transfection

Transfection of HEK cells was performed with Polyfect 
reagent (Qiagen, Hilden, Germany), according to the 
manufacturer's instructions. HEK cells were transfected 
with the MR expression vector pEGFP-C1-hMR (kind 
gift of N. Farman, Paris), with pEGFP-hMRCDEF Ref. 
[19]: pEGFP-C1 (Clontech), the GR expression vector 
pEGFP-C1-hGR or pcDNA3.1-His-LacZ (control vector, 
Invitrogen).

2.3  |  Quantitative PCR

Total RNA was isolated using the InviTrap Spin Tissue 
RNA Mini Kit (STRATEC Molecular GmbH, Berlin, 
Germany) with an additional DNase I digestion. RNA was 
subjected to reverse transcription with SuperScript II re-
verse transcriptase (Thermo Fisher Scientific, Waltham, 
MA, USA) and random primers. Real time PCR (7900HT 
Fast Real-time PCR system, Applied Biosystems, via 
Thermo Fisher Scientific, Karlsruhe, Germany) was per-
formed utilizing Platinum SYBER Green Quantitative 
PCR Supermix (Thermo Fisher Scientific, Waltham, MA, 
USA). Fold changes in expression levels were calculated 
by the 2ΔΔCq method, using the 18S rRNA signal for nor-
malization. Table S1 shows the utilized primers.

2.4  |  Droplet digital PCR

For analyzing the absolute RNA amount of each of the 
CK1 isoforms droplet digital PCR™ was conducted using 
the QX200 system (Biorad, Munich, Germany). cDNA was 
prepared as described above and used in droplet digital 
PCR (ddPCR) under the following conditions: 95°C for 
10 min followed by 40 cycles of 95°C for 30 s and 60°C for 

1 min, with ramp rates of 2°C·s−1. Table S1 shows utilized 
primers.

2.5  |  Protein determination

Protein content was determined using the bicinchoninic 
acid assay (Thermo Scientific, Schwerte, Germany) with 
bovine serum albumin as standard.

2.6  |  Coimmunoprecipitation

Cells were transfected with pEGFP-C1 or pEGFP-hMR 
and incubated with vehicle or aldo (10  nM) for 1  h. 
Coimmunoprecipitation (CoIP) experiments were per-
formed with anti-GFP-coupled magnetic beads and μ 
columns (Miltenyi, Bergisch Gladbach, Germany) as rec-
ommended by the manufacturer followed by Western blot 
analysis as described earlier.7

2.7  |  Western blot

Western blot was performed according to standard proto-
col. Cells were lysed with RIPA buffer (in mM: NaCl 150, 
Tris (base) 10, pH 7.4, Na-orthovanadate 1, EDTA 1, Triton 
X-100 1%, Nonidet P-40 1%, SDS 0.1%, Na-deoxycholate 
1%, protease inhibitor cocktail). 25–50  μg protein/lane 
was separated by 8%–12% SDS-PAGE, transferred to ni-
trocellulose membrane, and incubated with the following 
primary antibodies: anti-rMR1-18 1D5 (DSHB, University 
of Iowa, USA), anti-HSP90 (Cell Signaling, USA), anti-
GAPDH (Cell Signaling, USA), anti-CK1α (abcam, Berlin, 
Germany), anti-CK1δ (Cell Signaling, USA), anti-CK1ε 
(R&D systems, Minneapolis, Canada), and anti-β-actin 
(Cell Signaling, USA). The effective binding of the pri-
mary antibody (anti-MR, anti CK1ε) was visualized using 
horseradish peroxidase (HRP)-conjugated IgG second-
ary antibodies (Cell signaling, USA) and the Clarity™ 
Western ECL substrate (Biorad, Munich, Germany) with 
the Molecular Imager ChemiDoc XRS System (Biorad, 
Munich, Germany). Densitometry analyses were per-
formed with Quantity One® (Biorad, Munich, Germany). 
The effective binding of the primary antibody (anti-CK1α, 
anti-CK1δ, anti-HSP90, anti-β actin, anti-GAPDH) was 
visualized using fluorescence dye-conjugated (IRdye 
680RD or IRdye 800CW) secondary antibodies (Li-cor, 
Bad Homburg, Germany) with the Odyssey® Imaging 
system, version 3.0 (Li-cor, Bad Homburg, Germany). 
Quantitative analysis was performed with the Image 
Studio Lite Version 5.2 (Li-cor, Bad Homburg, Germany).
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2.8  |  Secreted alkaline phosphatase 
(SEAP) reporter gene assay

Reporter gene assays with secretory alkaline phos-
phatase as a reporter were performed by using the 
Mercury Pathway Profiling reporter gene assay sys-
tem (Clontech) as described previously.19 SEAP activ-
ity was measured by fluorescence measurements with 
the AttoPhos System (Promega, Mannheim, Germany). 
Beta-galactosidase encoded by pcDNA3.1Hislacz 
(Invitrogen, Darmstadt, Germany) was co-transfected 
as an internal control. The beta-galactosidase activ-
ity was measured by a colorimetric assay with ortho-
nitrophenyl-β-galactoside as substrate and photometric 
measurement at 405 nm. The SEAP activity was normal-
ized to the transfection control β-galactosidase or the 
protein content determined by the BCA assay (see also 
supplemental methods).

2.9  |  Time-lapse experiments

To determine cytosolic-nuclear MR shuttling during dif-
ferent treatment conditions, we performed time-lapse 
experiments using a digital BZ-8000 fluorescence micro-
scope with an integrated camera and corresponding soft-
ware from Keyence (Osaka, Japan) with an incubation 
chamber preheated to 37°C. HEK cells were seeded in 
cell culture μ-dishes (ibidi, Martinsried, Germany), trans-
fected with pEGFP-hMR or pEGFP-MR mutants for 6 h 
in medium without serum or supplements. During the 
experiment, the cells were incubated in Hepes buffer (in 
mM: NaCl 122.5, KCl 5.4, MgCl·6H2O 0.8, CaCl2·2H2O 
1.2, NaH2PO4·H2O 1, Hepes 10, pH 7.4, at 37°C) contain-
ing glucose (5.5  mM) and incubated with vehicle, aldo 
(10  nM), D4476 (10  µM), or D4476 + aldo. Basal EGFP 
fluorescence was subtracted and maximal EGFP fluores-
cence of the cell was normalized to 1. The normalized 
fluorescence intensity was plotted over time and the half 
life time and the maximum translocation velocity index, 
which corresponds to the slope of the curve, were deter-
mined using Sigma Plot software.

2.10  |  Electrophoretic mobility shift 
assays (EMSAs)

Electrophoretic mobility shift assays were performed with 
the LightShift Chemiluminescence EMSA Kit (Thermo 
Fisher Scientific, Waltham, MA, USA). HEK cells were 
transiently transfected with the EGFP-MR (0.035 ng/cm²) 
for 24 h followed by the generation of cell lysates using 
non-denaturating RIPA buffer (mM: Tris (base) 50, pH7.4.; 

NaCl 150, ETDA 1, Nonidet P-40 1%, Na-deoxycholate 
0.25%, protease inhibitor cocktail). Cell lysates were 
then incubated for 1 h on ice with vehicle, aldo (10 nM), 
D4476 (10 µM) or aldo + D4476. Biotinylated DNA probes 
(GRE) were produced by oligo hybridization: (GRE sense: 
CTAGCGGTACATTTTGTTCTAGAAC; GRE antisense: 
GTTCTAGAACAAAATGTACCGCTAG). Binding reac-
tions were carried out for 30 min at room temperature in the 
presence of 10 mM Tris, 50 mM KCl, 5 mM MgCl2, 1 mM 
DTT, 5% glycerol, and 1 μg/μl poly (dI-dC). Biotinylated 
GRE probe was used in a concentration of 2ng per reac-
tion and incubated with 12 µg EGFP-MR overexpressing 
cell lysate. Electrophoresis of the DNA–protein complexes 
was carried out with a 5% to 10% non-denaturing gradient 
polyacrylamide gel. Samples were transferred to a nylon 
membrane at 300 mA for 37 min and cross-linked on the 
membrane at 120 mJ/cm2 for 1 min. For visualization, the 
Chemiluminescent Nucleic Acid Detection Module was 
applied (Thermo Fisher Scientific, Waltham, MA, USA) 
with extended washing steps.

2.11  |  Site-directed mutagenesis

The EGFP-MR mutants T800A, S936A were prepared 
using the MR expression vector pEGFP-C1-hMR and the 
QuikChange II XL Site-Directed Mutagenesis Kit (Agilent 
Technologies, Santa Clara, USA) as recommended by 
the manufacturer. Cloning results were confirmed by se-
quencing (Microsynth Seqlab, Göttingen).

2.12  |  Peptide microarrays

Peptide microarrays were performed as described earlier.7 
In general, the peptide microarrays were produced by JPT 
Peptide Technologies GmbH (Berlin, Germany). Every 
MR peptide was composed of 15 aa with 12 aa overlap 
resulting in 341 peptides. Each peptide was spotted three 
times in triplicates resulting in a ninefold presentation of 
each individual peptide. Microarrays were incubated with 
recombinant CK1 (500 U) (New England Biolabs, USA) in 
a kinase buffer (in mM: Tris-HCl 20, pH 7.5, MgCl2 10, KCl 
50, ATP 0.25 μM, 0.36 MBq γ-33P-ATP) for 2 h at 25°C in 
a humid chamber as described by Ref. [7]. After rigorous 
washing, the incorporated radioactivity was detected by 
26 h lasting exposure of the peptide microarrays to imag-
ing plates (Fuji BAS-MS, Fuji Photo Film Co.) followed by 
readout with a FLA 3000 phosphor imager (Fuji). Control 
experiments with radioisotopically labeled ATP in buffer 
without kinase did not yield any signal after phosphor im-
aging. The peptide microarrays were analyzed according 
to the described criteria7: (i) nine spots of the peptide on 
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the peptide microarray had to be phosphorylated; (ii) clear 
signal intensity; (iii) a phosphorylation trend i.e., serine/
threonine of interest was phosphorylated in more than 
one overlapping peptide.

2.13  |  Protein Isolation and TMT labeling

HEK cells were transiently transfected with EGFP as a 
negative control or with EGFP-MR in four separate exper-
iments. After 24 h serum starvation and DMSO treatment 
(24  h) an EGFP pulldown was performed utilizing anti-
GFP-coupled magnetic beads and μ columns (Miltenyi, 
Bergisch Gladbach, Germany) as recommended by the 
manufacturer. The Co-IP eluates were precipitated with 
a fourfold volume of ice-cold acetone and incubated over-
night at −80°C. The further preparation of the samples 
was carried out as described in the supplemental methods 
and by Ihling et al.20

2.14  |  Liquid chromatography-mass 
spectrometry/mass spectrometry (LC/MS/
MS analysis)

A total of 2 µg protein was injected on an Ultimate 3000 
RSLC nano-HPLC system (Thermo Fisher Scientific, 
Bremen, Germany) and separated using reversed-phase 
C18 columns (trapping column: Acclaim PepMap C18, 
100 µm × 20 mm, 3 µm, 100 Å, separation column: EASY-
Spray column, Acclaim PepMap C18, 75 µm × 500 mm, 
2  µm, 100  Å, Thermo Fisher Scientific, Bremen, 
Germany). After washing the peptides on the trapping 
column for 15 min with 0.1% TFA at a flow rate of 20 µl/
min, peptides were eluted and separated using 270-min 
gradients from 1% to 35% solvent B (solvent A: 0.1% for-
mic acid in water, solvent B: 0.08% formic acid in acetoni-
trile) at a flow rate of 270 nl/min. The nano-HPLC system 
was directly coupled to the nano-ESI source (EASY-Spray 
source, Thermo Fisher Scientific, Bremen, Germany) of 
an Orbitrap Fusion Tribrid mass spectrometer (Thermo 
Fisher Scientific, Bremen, Germany). Samples were ana-
lyzed with a combined CID/HCD (collision-induced dis-
sociation/higher-energy collision-induced dissociation) 
MS/MS strategy for peptide identification and reporter 
ion quantification. FTMS survey scans were acquired over 
the m/z range 300–1500 every 5 s (R = 120 000 at m/z 200, 
AGC (automated gain control) target value 4 × 105, max. 
injection time 50  ms). CID fragment ion spectra of the 
most abundant signals of the survey scans were acquired 
in the linear ion trap (LTQ; quadrupole isolation window 
2 Th, 35% normalized collision energy (NCE), AGC target 
1 × 104, max. injection time 100 ms). The same precursor 

ions were selected for stepped HCD experiments (quadru-
pole isolation window 1.3 Th, 30, 35, 40% NCE, AGC target 
5 × 104, max. injection time 150 ms); HCD fragment ion 
spectra were acquired in the orbitrap analyzer (R = 60 000 
at m/z 200) to resolve reporter ions with the same nomi-
nal mass. Dynamic exclusion was enabled (exclusion time 
45 s). MS data analysis was performed as described in the 
supplemental methods.

2.15  |  Statistics

Data are presented as mean  ±  standard error mean 
(SEM). The computer program used to create the figures 
was Sigma Plot 12. Significance of difference was tested by 
paired or unpaired Student's t test with p ≤ .05 considered 
statistically significant. N represents the number of indi-
vidual experiments and n is the number of wells or culture 
dishes investigated per experiment.

3   |   RESULTS

3.1  |  CK1α and ε isoforms interact with 
the MR in a protein-protein complex

In silico analysis predicted CK1 and CK2 as candidates 
for direct MR phosphorylation. CK2 was already inves-
tigated previously.7 To explore the impact of CK1, we 
analyzed the mRNA expression of the different CK1 iso-
forms in HEK cells by ddPCR and found CK1α and CK1ε 
to be abundantly expressed in contrast to the other iso-
forms (Figure 1A). CK1α and CK1ε could be specifically 
co-immunoprecipitated with EGFP-MR under basal as 
well as aldo-stimulated conditions (Figure  1B,C), sug-
gesting that stimulated and unstimulated MR assembles 
with CK1α and CK1ε in a protein–protein complex. CK1δ 
was only detectable in the nuclear cellular fraction and 
showed no association with the MR under basal or aldo-
treated conditions (Figure S1).

3.2  |  CK1 influences GRE activity of 
corticosteroid receptors

Subsequently, we investigated the influence of CK1 
on genomic MR activity in a GRE reporter gene assay. 
Pharmacological CK1 inhibition with the general CK1 in-
hibitor D4476 (Figure  2A), the CK1δ and CK1ε specific 
inhibitor PF-670462 (Figure 2B), and the CK1ε specific in-
hibitor PF-4800567 (Figure 2C) was measured. We detected 
a concentration-dependent reduction of basal and aldo-
induced genomic MR activity after 24 h of incubation with 
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F I G U R E  1   MR-CK1 interaction in HEK cells. (A) Expression of different CK1 isoforms was quantified by ddPCR (N = 3, n = 7–8).  
(B+C) CoIP experiments of EGFP-/EGFP-MR-transfected HEK cells were performed after aldo (10 nM) stimulation for 1 h. 
Immunoprecipitation was performed with an anti-EGFP antibody and CK1 isoforms were then detected by Western blot in the eluates 
(N = 4–5; n = 4–9; *p ≤ .05 EGFP vs. the respective EGFP-MR)
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all of the respective inhibitors. To compare their suppressive 
effects over time, we compared the inhibition achieved after 
24 and 48  h (Figure  2D). There was no significant differ-
ence in the inhibition between the two time points. A toxic 
effect of the CK1 inhibitors could be excluded because the 
cell protein content remained largely unchanged (Figure S2). 
Western blot analyses showed that pharmacological CK1 in-
hibition did not alter MR protein expression or PTM pattern 
after 24 h compared to respective controls (Figure 2E). As 
expected, samples with aldo led to an increase in MR deg-
radation and PTM but D4476 had no additional effect. An 
unspecific effect of CK1 on our reporter assay system seems 
unlikely because forskolin-induced CRE-SEAP activity was 
concentration-dependently increased by D4476 co-treatment 
(Figure 2F), whereas aldo-induced NFκB-SEAP activity was 
not affected by incubation with D4476 (Figure 2G). Another 
approach to clarify the influence of CK1 on genomic MR ac-
tivity was the use of siRNA against CK1α and CK1ε but un-
fortunately, CK1α/CK1ε downregulation by siRNA was not 
sufficient to verify the pharmacological results (Figure S3). 
The closest relative of the MR, the GR, also induces GRE ac-
tivity and possesses a high sequence homology to the MR in 
the DNA- and ligand-binding domain. D4476 caused a com-
parable inhibition of the corticosteroid-induced genomic 
GRE activity in EGFP-MR or EGFP-GR transfected HEK 
cells or in HEK cell with endogenous GR. When endogenous 
GR activity was inhibited by mifepristone in untransfected 
HEK cells that also possess no functionally active MR, D4476 
exerted no effect on corticosteroid-induced GRE-SEAP activ-
ity, demonstrating that the CK1 effect dependents on corti-
costeroid receptors (Figure 2H). Corticosteroid-induced GR 
transcriptional activity was reduced by D4476 after 24 and 
48 h to nearly the same extent as the respective MR activ-
ity (Figure  S4A). SEAP-GRE activity after incubation with 
aldo or aldo and D4476 was comparable after transfection 
with EGFP-MR and MR without EGFP-tag in HEK cells 
(Figure S4B). Transactivation activity of a truncated version 
of the MR lacking the modulatory N-terminal A/B domain 
and containing only the CDEF domains, which comprise 
the DNA-binding domain, the hinge region, and the ligand-
binding domain, could be inhibited by D4476, PF670464, or 
PF4800567 to a similar extent as full-length MR after 24 and 
48 h of incubation (Figures 2I and S5), indicating that the 
CDEF domains are sufficient for CK1-induced regulation of 
genomic MR activity.

3.3  |  Several mechanisms lead to CK1-
induced altered genomic MR activity

To analyze the mechanism of reduced genomic MR ac-
tivity in more detail, we investigated nuclear transloca-
tion, the cellular distribution of the MR and MR-DNA 

binding. Time-lapse experiments showed that pharma-
cological CK1 inhibition by D4476 (10  µM) resulted in 
a significantly slower aldo-induced nuclear transloca-
tion of EGFP-MR (T1/2  =  9.0  ±  0.7  min) compared to 
aldo treatment alone (T1/2 = 6.6 ± 0.2 min) (Figure 3A). 
Additionally, the maximum translocation velocity index 
increased from 3.4 ± 0.2 min−1 to 5.1 ± 0.7 min−1 by D4476 
treatment (Figure 3B). Cell fractionation studies showed 
that in the presence of vehicle or D4476, MR resided 
almost exclusively in the cytosol. Aldo led to a nuclear 
enrichment of the MR, an effect attenuated by D4476. 
The fraction of nuclear (15%) and chromatin-associated 
MR (9%) decreased accordingly (Figure 3C). Finally, we 
analyzed the MR-DNA interaction after D4476 exposure 
by EMSA and observed a significant ligand-independent 
reduction in binding of MR to GRE probes (Figure 3D), 
indicating that CK1 facilitates MR-DNA binding.

3.4  |  CK1-MR interaction influences 
gene expression

To investigate the functional impact of the CK1-MR inter-
action, we determined the mRNA expression of the well-
known aldo-induced gene Per-1 and a newly identified 
aldo-induced gene pleckstrin homology-like domain, fam-
ily A, member 1 (Phlda1) in a tetracyclin-inducible hMR 
HEK cell clone. MR overexpressing cells incubated with 
aldo showed a 12.4 fold induction of Per-1 mRNA expres-
sion, which was reduced by D4476 (Figure 3E). The aldo-
induced sixfold upregulated Phlda1 expression was also 
reduced significantly by D4476 (Figure 3F). Overexpression 
of MR in the stable HEK clone was approximately eight-
fold (Figure S6). As further indication that the inhibition 
of MR signaling by CK1 inhibitors is also relevant in other 
cell types, D4476 also inhibited MR transcriptional activity 
in EA.hy926 cells that possess endothelial characteristics 
(Figure  S7A). Aldo-induced genes TSC22D3 (GILZ) and 
PDK4 could be inhibited by 10  µM D4476 in EA.hy926 
cells expressing endogenous MR (Figure S7B,C).

3.5  |  CK1 can directly phosphorylate 
serine and threonine residues of the MR 
in vitro

We performed peptide microarrays experiments to iden-
tify directly CK1 phosphorylated MR residues as de-
scribed previously.7 Ten CK1-induced phosphorylation 
sites containing a CK1 consensus site were detected by 
peptide microarray according to our selection criteria 
(see Material and Methods), two of which were located in 
the functionally relevant CDEF domain for the MR-CK1 
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interaction (Figure 4A). MR-T800 and MR-S936 with the 
canonical consensus sequences D/E-X-X-S*/T* were then 
investigated further with respect to their influence on the 
genomic MR activity by mutating the serine and threo-
nine residue T800 and S936 into non-phosphorylatable 
alanine (phospho-deficient mutants).

3.6  |  CK1-phosphorylated amino acids 
T800 and S936 influence genomic MR 
activity and nuclear translocation

Both MR mutants showed an approximately fourfold 
reduced expression compared to MR-WT (Figure  4B). 
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When increasing the transfected plasmid concentration 
fourfold compared to MR-WT, the protein expression of 
the T800A mutant was slightly higher whereas the protein 
expression of the S936A mutant was comparable to MR-
WT (Figure 4C). These conditions were then used to test 
the transcriptional activity of the MR mutants by GRE-
SEAP reporter assays. Aldo (1 nM)-induced genomic MR 
activity was reduced by 46% for MR-T800A, whereas the 
genomic activity of MR-S936A was unchanged compared 
to MR-WT (Figure  4D,E). Analysis of the EC50  values 
showed that the apparent affinity of MR T800A is reduced 
compared to WT-MR (Figure  4F). Furthermore, T800 is 
conserved among orthologues from reptiles to mammals 
in contrast to S936 (Figure 5A,B). Time-lapse experiments 
showed that ligand-induced cytosolic nuclear shuttling of 
MR-T800A (8.5 min ± 1.0) and MR-S936A (8.6 min ± 0.8) 
was slower compared to MR-WT (6.4 min ± 0.3/6.6 min 
± 0.2—Figure 5C,D). As before, D4476 increased the half 
life time of MR-WT but it exerted no additional effect on 
nuclear shuttling of MR-T800A (8.7 min ± 1) or MR-S936A 
(8.7 min ± 1) (Figure 5C,D). The maximum translocation 
velocity indices were not altered neither for MR-T800A 
(4.1 min ± 0.5) nor for MR-S936A (3.9 min ± 0.5) com-
pared to MR-WT (3.5 min ± 0.3) (Figure 5E,F). Cell frac-
tionation experiments showed that the amount of mutated 
MR-T800A in the individual cell fractions did not differ 
from MR-WT (Figure 5G) indicating that the single amino 
acid T800 is not sufficient to lead to a decreased steady-
state MR accumulation in the nucleus as is the case with 
the pharmacological inhibition of CK1 (Figure 3C).

3.7  |  MR-associated proteins are 
predicted to be influenced by CK1

MR pull-down experiments followed by TMT labeling and 
quantitative mass spectrometric analyses were performed 

in search for MR-associated co-factors. 104 MR-associated 
proteins were identified on the basis of the quantifica-
tion criteria described in the Materials and Methods 
section and are summarized in Table S2. Among the MR-
associated proteins, several known MR interaction part-
ners like HSP90 and p23 as well as NOLC1 (nucleolar and 
coiled-body phosphoprotein 1) and TCOF1 (treacle pro-
tein) were detected (Figure 6A). We further investigated 
whether these MR-associated proteins can be phosphoryl-
ated by CK1 by in silico prediction using Netphos3.1. As 
depicted in Figure 6B, 79 MR-associating proteins possess 
a least one putative CK1 phosphorylation site, 30 at least 
five, and 7  more than 10 possible CK1 phosphorylation 
sites. For TCOF1 and NOLC1, 45 respective 21 putative 
CK1 phosphorylation sites were predicted. The potential 
influence of these two MR-associated proteins on genomic 
MR activity will be analyzed in future studies.

4   |   DISCUSSION

Previously, no evidence existed for CK1-induced modu-
lation of MR function. Pharmacological CK1 inhibitors 
are currently used as therapeutics for neurodegenerative 
diseases and tumors and extending these applications to 
other disorders, like, for example, cardiovascular diseases, 
is an attractive possibility.12,13,21 We now demonstrate that 
MR interacts with CK1α and CK1ε in a protein-protein 
complex and that pharmacological CK1 inhibition modu-
lates genomic MR activity, indicating that CK1 facilitates 
MR actions. To identify the CK1 isoform responsible for 
the described effects we utilized different isoform-specific 
CK1 inhibitors since a sufficient knock-down of the highly 
abundant CK1 isoforms by siRNA could not be achieved. 
D4476, a CK1 inhibitor which inhibits all isoforms ap-
proximately equally,22 led to a 50% reduction of MR activ-
ity. PF670462, as well as PF-4800567, belong to the late 

F I G U R E  2   Influence of pharmacological CK1 inhibition on hormone response element activity and protein expression of corticosteroid 
receptors. (A–C) Pharmacological CK1 inhibitors (D4476, PF-670462, PF-4800567) diminished aldo (10 nM)-induced genomic MR activity in 
MR-transfected HEK cells after 24 h as determined by GRE-SEAP reporter gene assay (N = 3–7; n = 6–21; *p ≤ .05 vs. MR vehicle; #p ≤ .05 MR 
aldo vs. MR aldo + respective inhibitor). (D) Comparison of the inhibitory effects of pharmacological CK1 inhibitors (10 µm D4476, 1 µM 
PF670462, 10 µM PF4800567) on genomic MR activity after 24 h and 48 h treatment (N = 3–7; n = 6–21; *p ≤ .05 MR aldo (10 nM) vs. MR 
aldo + respective inhibitor). (E) Aldo stimulation (10 nM) of MR-transfected HEK cells led to PTM and degradation of the receptor, which was 
unaffected by D4476 (10 µM) co-treatment after 24 h as analyzed by Western blot (N = 3; n = 5–6; *p ≤ .05 vs. MR vehicle/D4476). (F) D4476 
increased forskolin (3 µM)-induced CRE-SEAP activity concentration-dependently in untransfected HEK cells after 24 h (N = 3; n = 6–9; *p ≤ .05 
vs. vehicle; #p ≤ .05 forskolin vs. forskolin + respective D4476 concentration). (G) Aldo (10 nM)-induced MR activation increased NF-κB reporter 
gene activity, which was unaffected by D4476 (10 µM) co-treatment after 24 h (N = 3; n = 9; *p ≤ .05 MR vehicle/D4476 vs. MR aldo/MR aldo 
+ D4476). (H) GRE-SEAP activity of aldo (10 nM)-stimulated MR, dexa (10 nM)-stimulated EGFP-GR and endogenous GR were determined by 
D4476 (10 µM) co-treatment for 24 h. Δ inhibition of GRE-SEAP activity by D4476 co-treatment was calculated and compared with the inhibitory 
effect of D4476 when the endogenous GR was blocked by mifepristone (1 µM) (N = 3–6; n = 6–18; *p ≤ .05 MR vs. without CR; #p ≤ .05 GR vs. 
without CR; §p ≤ .05 endogenous GR vs. without CR). (I) inhibition of aldo (10 nM)-induced genomic MR activity by D4476 (10 µM), PF-670462 
(5 µM) or PF-4800567 (10 µM) was analyzed for EGFP-MR-WT and truncated EGFP-MR-CDEF by GRE-SEAP reporter gene assay after 48 h 
(N = 3; n = 6–9; *p ≤ .05 MRfull length aldo/MRCDEFaldo vs. MRfull length aldo + respective inhibitor/MRCDEFaldo + respective inhibitor)
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F I G U R E  3   Mechanism of diminished 
genomic MR activity by pharmacological 
CK1 inhibition and consequences for 
gene expression. (A) Half life time and 
(B) maximum translocation velocity 
index of aldo (10 nM)-induced nuclear 
MR translocation were determined 
by time-lapse experiments utilizing 
MR-transfected HEK with or without 
1 h preincubation with 10 µM D4476 
(N = 16–18; n = 16–18; *p ≤ .05 as 
indicated). (C) EGFP-MR transfected 
HEK cells were treated with vehicle, 
aldo (10 nM) ± D4476 (10 µM) for 1 h 
followed by cell fractionation and Western 
blot analysis. (N = 3; n = 8–9; *p ≤ .05 
vs. vehicle; #p ≤ .05 as indicated). (D) 
MR-GRE binding was analyzed by EMSA 
using EGFP-MR transfected HEK cell 
lysates, which were treated with ± aldo 
(10 nM) ± D4476 (10 µM) for 1 h.  
(N = 3–4; n = 3–4; *p ≤ .05 MR vehicle 
vs. MR D4476; *p ≤ .05 MR aldo vs. MR 
aldo + D4476). (E+F) Quantification of 
Per-1 and Phlda1 mRNA expression after 
treatment of tetracyclin-inducible MR 
HEK cells with vehicle, aldo (10 nM), 
D4476 (10 µM) or aldo + D4476 for 6 h 
(N = 3; n = 8–9; *p ≤ .05 vs. vehicle; 
#p ≤ .05 as indicated)

F I G U R E  4   Identification and characterization of direct CK1-induced phosphorylation residues of the MR. (A) In silico predicted CK1 
phosphorylation sites of the MR and their CK1 consensus sequences are shown in the table (left panel), together with their localization in 
the MR domains. Ten CK1-induced phosphorylation sites of the MR were detected (chip-related: yes) by peptide microarray (right panel). 
Four of these CK1 phosphorylation sites were located in the relevant CDEF domain of the MR and only two T800 (*) and S936 (#) met the 
defined criteria and were analyzed further. (B) MR protein expression of MR-WT-transfected HEK cells in comparison to MR-T800A- and 
MR-S936A- transfected HEK cells was analyzed by Western blot (N = 4; n = 5–7; *p ≤ .05 respective MR mutant vs. MR-WT). (C) HEK 
cells were transiently transfected with 4-fold increased amounts of plasmid for MR-T800A and MR-S936A (1 µg/cm²) compared to MR WT 
(0.25 µg/cm²), and protein expression was quantified by Western blot (N = 3; n = 6–9; *p ≤ .05 MR-T800A vs. MR-WT). (D) Aldo (1 nM)-
induced genomic activity of MR-T800A and MR-S936A was analyzed in comparison to MR-WT by GRE-SEAP reporter gene assay after 24 h. 
(N = 3; n = 6–9, §p ≤ .05 MR-T800A vehicle vs. MR-WT vehicle; *p ≤ .05 aldo vs. vehicle as indicated, #p ≤ .05 aldo-induction of MR-T800A 
vs. MR-WT). (E) Genomic MR activities of MR-WT and MR-T800A were determined by GRE-SEAP reporter gene assay after concentration-
dependent aldo stimulation for 24 h. (N = 3; n = 6–9; *p ≤ .05 as indicated). (F) EC50 values were determined from (E) for MR-WT and MR-
T800A (N = 3–6; n = 3–6; *p ≤ .05)
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state CK1 inhibitors.12 PF-670462 is described as a specific 
CK1δ/ε inhibitor and reduced transcriptional MR activ-
ity by 44%. Finally, we tested a CK1ε specific inhibitor 
PF4800567, which also reduced genomic MR activity up 
to 38%. Considering that the MR is associated with CK1α 

and CK1ε in a protein–protein complex, it suggests that 
CK1ε is the most relevant MR co-activator in our HEK cell 
model. Non-specific toxic or inhibitory transcriptional ef-
fects of D4476 were excluded by showing that basal GRE-
SEAP activity in the absence of corticosteroid receptors 
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F I G U R E  5   Characteristics of CK1-phospho-deficient MR mutants. (A+B) Conservation of T800 and S936 among MR orthologous. S.s., 
Saimiri sciureus (common squirrel monkey); R.n., Rattus norvegicus (brown rat); M.m., Mus musculus (house mouse); G.g., Gallus gallus (red 
junglefowl); A.c., Anolis carolinensis (green anole); X.t., Xenopus tropicalis (western clawed frog). (C–F) Half life time (C+D) and maximum 
translocation velocity index (E+F) of aldo (10 nM)-induced nuclear MR translocation were determined by time-lapse experiments utilizing 
EGFP-MR-WT-, EGFP-MR-T800A- and EGFP-MR-S936A-transfected HEK cells ±1 h pretreatment with D4476 (10 µM). (N = 5–12; n = 5–
12; *p ≤ .05 MR WT aldo vs. MR aldo + D4476; #p ≤ .05 MR-WT aldo vs. MR T800A aldo/MR S936A). (G) Cell fractionation was performed 
using EGFP-MR and EGFP-MR-T800A transfected HEK cells, which were treated ± aldo (10 nM) for 1 h followed by Western blot analysis 
(N = 3; n = 8–9)
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was not affected and that forskolin-induced CRE-SEAP 
activity was even enhanced by D4476. Horiuchi et al. and 
Shanware et al. already described that CK1 isoforms act 
as co-repressors of CREB function. CK1 and CK2 phos-
phorylation sites are conserved in Drosophila CREB and 
have been shown to inhibit its DNA binding activity.23 
CK1-mediated phosphorylation of CREB is a prerequisite 
for ATM-protein kinase–dependent phosphorylation on 
Ser-121 during genotoxic stress, switching CREB into a 
low CBP-binding state with reduced transcriptional CREB 
activity.24 No influence of CK1 on NF-κB-activity of the 
MR was found, suggesting that only transcriptional activ-
ity at GRE sites is affected. Inhibitor studies showed that 
the NTD of the MR is not required for D4476/PF670462/
PF4800567-induced repression of MR transactivation ac-
tivity, indicating that the MR-CK1 interaction takes place 
in the CDEF domains of the receptor. The MR's ligand 
and DNA binding domain in this region is highly homolo-
gous to that of the GR, and only the short hinge region 
in between is poorly conserved. Accordingly, CK1 inhibi-
tion by D4476 also reduced genomic GR activity. An in-
fluence of CK1 on the genomic activity of other nuclear 
receptors has been shown for ERα, which is phosphoryl-
ated and stimulated by CK1δ.18 Known MR co-regulators 
bind either to the NTD via an “unidentified” motif25 or to 
the AF-2 region in the LBD of the MR (which is part of 
the CDEF construct) via one or more L-XX-LL motifs.26,27 
None of the CK1 isoforms contains a L-XX-LL motif 
with which it could bind to MR. However, it is known 
that CK1 can also associate with proteins that lack such 

a motif (e.g., axin), which indicates that other unknown 
CK1-binding motifs exist.14 An interaction of MR and CK1 
in a cytosolic multi-protein complex seems likely, as de-
scribed for β-catenin and the circadian regulatory protein 
cryptochrome.14,28 Thereby, a change in MR functionality 
could occur caused by direct CK1-induced phosphoryla-
tion of MR residues as shown by peptide microarrays and/
or indirectly via the CK1-induced phosphorylation of MR 
co-regulatory proteins. For ERα it was shown that CK1δ 
can interact and phosphorylate ERα as well as the ERα co-
regulator SRC-3 in a protein-protein complex, resulting in 
an increased ERα transcriptional activity accompanied by 
elevated ERα protein degradation.18

The importance of single MR residues as CK1 phos-
phorylation sites was investigated with phospho-deficient 
MR mutants. Treatment of MR-WT with D4476 as well 
as the mutants MR-T800A and S936A showed a delayed 
nuclear translocation of the MR. These data suggest that 
the direct CK1-induced phosphorylation of MR at T800 
and S936 promotes the nuclear translocation of the MR. 
When testing the MR phospho-deficient mutants, D4476 
no longer had an additional effect on trafficking of the 
MR. Nuclear MR import is a mechanism that depends 
on the nuclear localization signal (NLS). MR possesses a 
NLS1, which is a core of basic acids that extends beyond 
the C-terminal end of the DBD, a second NLS2 within the 
LBD, which is dependent on the LBD conformation,4 and 
a third NLS0 located in the NTD.29 Piwien Pilipuk et al. 
showed that the exposure of typical NLSs is not suffi-
cient to guarantee efficient nuclear MR translocation and 

F I G U R E  6   Analysis of MR-associated co-factors. (A) LC/MS/MS analysis identified 104 MR-interacting proteins including HSP40,-90, 
p23, but also novel MR-binding partners, such as NOLC1 and TCOF1, which contain a high number of putative CK1 phosphorylation 
sites (N = 4; n = 4; *p ≤ .05 EGFP-MR vs. EGFP). (B) Classification of MR interacting proteins with respect to their ability to be directly 
phosphorylated by CK1 utilizing Netphos 3.1
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that alternative import mechanism exists that is clearly 
HSP90- and NLS1-independent.29 The CK1-induced phos-
phorylation of T800 and S936 could be part of such a 
mechanism occurring in the NLS2, which is crucial for the 
import of MR into the nucleus. Yang and Sale showed that 
CK1-induced phosphorylation of dynein is involved in 
retrograde cellular transport, providing a possible molec-
ular explanation.30 Inhibition of CK1 with D4476, on the 
contrary, resulted in a reduced accumulation of MR in the 
nucleus upon aldo stimulation, but this effect could not be 
reproduced with the MR-T800A mutant. The overall rele-
vance of the change in the nuclear-cytoplasmic shuttling 
of the mutant, therefore, remains unclear.

Our results indicate that CK1 needs to either phos-
phorylate several MR phosphorylation sites simulta-
neously and/or additional MR co-regulators to support 
nuclear accumulation. In addition, our inhibitory CK1 
experiments suggest that CK1-induced phosphorylation 
of the MR or MR co-regulators leads to an increased bind-
ing of the MR to DNA as shown by EMSA experiments. 
Using the mutants, we show that the highly conserved 
CK1 phosphorylation site T800 modulates genomic MR 
activity positively, whereas the little conserved S936A site 
is not involved in the regulation of transcriptional activ-
ity. T800 is conserved from mammals to fish and is also 
conserved for GR and progesterone receptors. Based on 
the published crystal structures, both amino acids ap-
pear to be outwardly facing and therefore accessible to 
a protein complex for phosphorylation. Although ligand 
binding was not directly studied for MR-T800A, the dose-
response to ligand in the transactivation assay concurs 
with a decrease in ligand affinity. The additional change 
in MR stability could be the result of an altered interac-
tion with the HSP90 chaperone complex, which keeps 
the MR in a conformation capable of ligand binding and 
prevents degradation or it could be the result of struc-
tural changes induced by the exchange in amino acid. 
The inhibitory effect of pharmacological CK1 inhibition 
on aldo-induced MR activity can only be partly explained 
by the CK1 induced phosphorylation of T800 but again 
other mechanisms such as CK1-induced phosphorylation 
of MR co-regulators and multiple CK1-induced MR phos-
phorylation may be also involved as described for ERα.18

Two interesting potential MR co-regulatory proteins 
determined by LC/MS/MS are NOLC1 and TCOF1, which 
are paralogs.31 Both proteins have a high content of acidic 
amino acids and are predicted to be phosphorylated by 
CK1. NOLC1, a phosphoprotein, was first identified as a 
nuclear localization signal protein, which rapidly shut-
tles as a chaperone into the nucleus32,33 and can therefore 
probably facilitate MR translocation into the nucleus. For 
TCOF1 a similar shuttling between cytosol and nucleus 
was described.34 Furthermore, PKA-phosphorylated 

NOLC1 also associates with the general transcription fac-
tor TFIIB and furthers gene transcription.35 The exact in-
fluence of CK1 on the function of MR co-regulators needs 
to be explored. CK1-induced phosphorylation of MR resi-
dues and/or MR co-regulators culminates in an enhanced 
transcriptional MR activity demonstrated by the robust 
aldo-induced mRNA expression of Per-1 and Phlda1 after 
6 h. Per-1 is a circadian clock gene and represents a typical 
early aldo-induced MR target gene, which has an impact 

F I G U R E  7   Working model: Influence of CK1 as a positive 
regulator of genomic MR activity: (1) Under basal and ligand-
stimulated conditions, CK1 and MR are associated in a protein-
protein complex. CK1 directly phosphorylates the MR at residue 
T800 and S936 and also phosphorylates MR co-regulatory proteins. 
(2) CK1-induced phosphorylation of MR-T800 and -S936 facilitates 
nuclear translocation of the MR. (3) CK1-induced phosphorylation 
of MR co-regulatory proteins elevates the amount of nuclear MR 
in the nucleus, augments MR-DNA interactions, and increases the 
expression of MR target genes like PER-1 and PHLDA1. NTD, N-
terminal domain; LBD, ligand binding domain; DBD, DNA binding 
domain
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on the regulation of many physiological functions such 
as blood pressure and renal functions through regulat-
ing αENaC expression.15,16,36 Aldo-induced Per-1 mRNA 
expression was also observed in different kidney cells 
e.g., the inner medullary collecting duct cells (IMCD-3), 
renal epithelial cells (mIMCD-K2), cortical collecting 
duct cells (mpkCCD), and HK-GFP MR cells.15,36 We hy-
pothesize that the nuclear import of the MR mediated 
by CK1 supports Per1 mRNA expression since inhibition 
of enzymatic CK1 activity by D4476  leads to a 33% re-
duction in Per1  mRNA expression. We also identified a 
new aldo-induced MR target gene, Phlda1, whose mRNA 
expression is also CK1-dependent. Increased expression 
of PHLDA1 has been described in cardiomyocytes under 
oxidative stress conditions, resulting in increased radical 
production and apoptosis rate of cardiomyocytes.37 In ad-
dition, Han et al. showed that the expression of PHLDA1 
is enhanced by inflammatory stimuli in microglia cells 
and aggravates the inflammatory situation.38

Overall, in the present study, we identified a novel 
role of CK1 as a direct (e.g., T800; S936) and/or indirect 
regulator of MR (and GR) transcriptional activity as in-
dicated in our working model (Figure  7). CK1-induced 
phosphorylation of the MR (i) fosters nuclear MR trans-
location, (ii) increases nuclear MR levels, and (iii) aug-
ments MR-DNA interaction. Functionally, this leads to 
an increased expression of aldo-induced MR target genes 
via CK1-dependent mechanisms, which can lead to alter-
ations in the circadian rhythm (Per-1) and cellular stress 
level (Phlda1). Future investigations are necessary to in-
vestigate the effect of the different CK1 isoforms on MR 
signaling in more physiologic settings and to clarify the 
circumstances under which this interaction plays a role. 
Overall, CK1 activity and or expression has been shown 
to be regulated by posttranslational modifications, post-
transcriptional regulation (alternative splicing and micro-
RNAs), subcellular compartmentalization, and allosteric 
mechanisms. Stress but also signaling pathways have been 
implicated in the regulation of CK1.39–42 Consequently, 
we hypothesize that changes in micromilieu or signaling 
intermediates may lead to changes in CK1 activity, which 
then affects the intensity with which the MR responds to 
ligand in different tissues. A similar regulation also seems 
feasible for the GR., which is derived from a common an-
cestral receptor and shares some ligands and hormone-
response elements with the MR.
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