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The serum and glucocorticoid-inducible kinase SGK1
increases the activity of Orail, the pore forming unit of store-
operated Ca”* entry, and thus influences Ca>*-dependent cel-
lular functions such as migration. SGK1 further regulates tran-
scription factor nuclear factor kB (NF-kB). This study explored
whether SGK1 influences transcription of Orail and/or STIM1,
the Orail-activating Ca®>" sensor. Orail and STIM1 transcript
levels were decreased in mast cells from SGK1 knock-out mice
and increased in HEK293 cells transfected with active
$422PGGK1 but not with inactive “'*”NSGKI1 or in $***PSGK1-
transfected cells treated with the NF-kB inhibitor Wogonin
(100 pm). Treatment with the stem cell factor enhanced tran-
script levels of STIM1 and Orail in sgkI*/* but not in sgk1 ™"~
mast cells and not in sgk1*/* cells treated with Wogonin. Orail
and STIMI transcript levels were further increased in sgk1*’*
and sgkl~’~ mast cells by transfection with active NF-kB sub-
unit p65 as well as in HEK293 cells by transfection with NF-«kB
subunits p65/p50 or p65/p52. They were decreased by silencing
of NF-kB subunits p65, p50, or p52 or by NF-«B inhibitor
Wogonin (100 um). Luciferase assay and chromatin immuno-
precipitation defined NF-kB-binding sites in promoter regions
accounting for NF-kB sensitive genomic regulation of STIM1
and Orail. Store-operated Ca>* entry was similarly increased by
overexpression of p65/p50 or p65/p52 and decreased by treat-
ment with Wogonin. Transfection of HEK293 cells with p65/
p50 or p65/p52 further augmented migration. The present
observations reveal powerful genomic regulation of Orail/
STIM1 by SGK1-dependent NF-kB signaling.

Alterations of cytosolic Ca®" activity participate in the regu-
lation of a wide variety of cellular functions including excita-
tion-contraction coupling, exocytosis, migration, cell prolifer-
ation, and cell death (1-4). Cytosolic Ca®*" is increased by
release of Ca®>" from intracellular stores and/or Ca®" entry
across the cell membrane (5). Ca®™ release from intracellular
stores results in the stimulation of Ca®" release-activated Ca"
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channel (CRAC)? (6, 7), which consists of the pore forming
units Orail, -2, and/or -3 (8 —10) and the endoplasmic reticu-
lum-located regulatory subunit STIM1 or -2 (11-13). The stim-
ulation of the channel leads to the inward current /- , - and the
store-operated Ca®* entry (SOCE).

Recent observations uncovered the powerful stimulation of
Icrac and SOCE by the serum and glucocorticoid-inducible
kinase SGK1 (14), a kinase stimulated by growth factors and
involved in stress response (15) and regulation of cell survival
(16). SGK1 is partially effective through phosphorylation of the
ubiquitin ligase Nedd4-2 (neuronal precursor cells expressed
developmentally down-regulated). Nedd4-2 ubiquitinates
Orail, thus preparing the channel protein for degradation (14).
The effect of Nedd4-2 on Orail parallels that of Nedd4-2 on the
epithelial Na™ channel ENaC (16, 17). The phosphorylation of
Nedd4-2 leads to binding of the ubiquitin ligase to the protein
14-3-3, which prevents the interaction with the channel protein
(18). Accordingly, SGK1 enhances Orail protein abundance in
the cell membrane (14). STIM is similarly regulated by ubiquiti-
nation (19). However, the effect of SGK1 on Orail protein
abundance is only in part explained by Nedd4-2-dependent
protein degradation. Therefore, further experiments were per-
formed to explore whether SGK1, in addition, stimulates Orail
and/or STIM1 expression. As a matter of fact, RT-PCR revealed
an increase of Orail and STIM1 transcript levels after expres-
sion of constitutively active SGK1. Thus, further experiments
were performed to uncover the transcription factor involved.
Previously, SGK1 has been shown to foster nuclear transloca-
tion and activation of nuclear factor kB (NF-«B) (20-22).
Accordingly, this study explored the putative involvement of
NF-«B subunits p65 (RELA), p50 (NFKB1), and p52 (NFKB2) in
the regulation of Orail and STIM1 expression.

EXPERIMENTAL PROCEDURES

Transfection of Cells and NF-kB Inhibition—HEK293 cells
were transfected with the constitutively active mutant
SGK15*2?P (hSGK1°P in pIRES-EGFP), the inactive mutant
SGK1¥127N (hSGK1XN in pIRES-EGEP) (23), or the NF-B sub-
units p65 (24), p50, and p52 (both obtained from imaGenes
GmbH) using FUGENE HD transfection reagent (Roche Diag-

2The abbreviations used are: CRAC, Ca™ release-activated channel; SOCE,
store-operated Ca" entry; BMMC, bone marrow-derived mast cell(s); SCF,
stem cell factor; ANOVA, analysis of variance.
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nostics) according to the manufacturer’s instructions. For lucif-
erase assay, pGL3-Luciferase Enhancer constructs were
cotransfected with 50 ng of pRL-TK (Promega) and p65 using
FuGENE HD transfection reagent. Where indicated, NF-«B
was inhibited by treatment of the cells for 24 h with 100 um
Wogonin (25, 26). Additionally, knockdown of NF-«B subunits
p65, p50, and p52 was performed with 10 nm siRNA (Life Tech-
nology Inc., Ambion) according to the manufacturer’s instruc-
tions using Polyplus Interferin (PeqLab, Germany). Mast cells
were transfected with 2 ug of *”°Pp65 according to the manu-
facturer’s instructions using solution V and an Amaxa nucleo-
fector device (Koln, Germany; set to program T-020).

Site-directed Mutagenesis—T o introduce an aspartic acid for
a serine at position 276, QuikChange II site-directed mutagen-
esis kit (Stratagene, Agilent Technologies) was utilized using
the following primer pair (5'-3" orientation, the mutation is
in bold): forward (CAGCTACGGCGGCCTGATGATCGC-
GAGCTCAGT) and reverse (ACTGAGCTCGCGATCAT-
CAGGCCGCCGTAGCTG). Sequencing was performed to
verify the mutation.

Real-time PCR Analysis—To determine STIM1/Orail
mRNA abundance in HEK293 cells, RNA was extracted using
Trifast reagent (Invitrogen) according to the manufacturer’s
instructions. Subsequently 2 ug of total RNA was reverse-tran-
scribed to ¢cDNA using random hexamer primers (0.1 mwm,
Roche Diagnostics), 1st strand buffer (Invitrogen), DTT (10
mw, Invitrogen), and SuperScript II reverse transcriptase (200
units, Invitrogen) for 1 h at 42 °C. For inactivation, the samples
were incubated for 10 min at 70 °C. Quantitative real-time PCR
was applied on the CFX96 Real-Time System® C1000 Thermal
Cycler (Bio-Rad) using the following primer pairs (5'-3" orien-
tation): STIMI forward (CCTGTGGAAGGCATGGAAGT),
STIMI reverse (CTGAGGCAGCTCCACATATGT), Orail
forward (CACCTGTTTGCGCTCATGAT), and Orail reverse
(GGGACTCCTTGACCGAGTTG). The transcript levels of
the housekeeping gene TBP were determined for each sample
using the following primers (5'-3" orientation): forward
(GCCCGAAACGCCGAATAT) and reverse (CCGTGGTT-
CGTGGCTCTCT). Amplification of the housekeeping gene
TBP was performed to standardize the amount of sample RNA.
Knockdown or up-regulation of NF-«B subunits after transfec-
tion was examined using the following primer pairs (5'-3" ori-
entation): p65 forward (ATACCACCAAGACCCACCCCQ), p65
reverse (TGAGGAGGGTCCTTGGTGAC), p50 forward
(ATAATGCCTTCCGGCTGAGTC), p50 reverse (TTGTCT-
CAGGGCCTCCACC), p52 forward (GAAGGGCCGAAAGA-
CCTATCC), and p52 reverse (GAGCACGAGGTGGGTC-
ACTG).

Bone marrow-derived mast cells from sgkI "~ and wild type
mice were analyzed as described above using the following
primer pairs (5'-3" orientation): STIM 1 forward (GGAAGGC-
GTGGAAGTCATCA), STIM1 reverse (TCATACTGTGGC-
AGCTCCACA), Orail forward (GCCAAGCTCAAAGCTTC-
CA), Orail reverse (CATGGTCTGTGTCCAGCTGG), SGKI
forward (GGCTATCTGCACTCCCTAAACA), SGKI reverse
(CCAAAGTCAGTGAGGACGATGT), TBP forward (CACT-
CCTGCCACACCAGCTT), and TBP reverse (TGGTCT-
TTAGGTCAAGTTTACAGCC).
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Primer pairs were designed binding to two different exons,
creating a product of about 90 bp. Relative quantification of
gene expression was performed using the 2724 method as
described earlier (27).

Identification of Putative kB-binding Sites—The genomic
sequences of STIM1 and Orail promoter were checked for
the 5'-GGGRNNYYCC-3’ kB-consensus sequence. DNA
sequence of the promoter region (3000 bp upstream of tran-
scription start) was used from ensemble.org, and each possible
consensus sequence was tested by self-made sequence
alignment.

Luciferase Assay—Sequences containing putative kB-bind-
ing sites in the STIM1 and Orail promoter region were ampli-
fied by PCR from genomic template DNA. PCR was performed
using Maxima™" Hot Start TagDNA polymerase (Fermentas,
Germany) with primers containing a Kpnl site 5 and a HindIII
site 3": O1 forward (GTAGGTACCGGAAACAAAGCCAG-
TAG), OI reverse (CGTAAGCTTTTCCAGACCAGCCTA),
02 forward (CGTAGGTACCCCAGAGACTTCTTGGG), O2
reverse (GCTAAGCTTCAGGACGGCGAGG), S1 forward
(CCTCGGTACCATCCATGTTGTAGCA), and SI reverse
(GCGAAAGCTTACGCTAAAATGGTGTCT). The separate
STIM1/Orail promoter fragments were cloned into the pGL3-
Luciferase Enhancer Vector (Promega). To ensure that the
fragments were inserted in the correct orientation and to con-
firm the correctness of the sequence control restrictions and
DNA sequencing was performed (Delphi Test).

Forty-eight hours after transfection, Dual-Luciferase
Reporter Assays (Promega) were performed according to the
manufacturer’s instructions. Firefly luciferase activity was nor-
malized to Renilla activity. Renilla luciferase was constitutively
expressed by the cotransfected vector pRL-TK and thus served
as an internal control for the transfection rate.

Animals—Bone marrow was obtained from 6—8-week-old
female and male SGK1 knock-out (sgkI ~/~) mice and their wild
type (sgkI™”™") littermates. Generation, breeding, and genotyp-
ing of the mice has been described earlier (28). Animal experi-
ments were conducted according to German law for the welfare
of animals and were approved by local authorities.

Culture of Bone Marrow-derived Mast Cells (BMMCs)—
Femoral bone marrow cells from 6 —8-week-old sgkl ™" and
sgkl~”~ mice were cultured for 4 weeks in RPMI 1640 contain-
ing 10% fetal calf serum (both from Invitrogen), 1% penicillin/
streptomycin, 20 ng/ml interleukin-3 (RD Systems), and 100
ng/ml concentrations of the c-kit ligand stem cell factor (SCF,
Peprotech, Tebu-bio). BMMC maturation was confirmed by
flow cytometry (FACSCalibur, BD Biosciences) (29).

Treatment of BMMCs—Mast cells were plated in 24-well
plates (1 X 10° cells/well). The cells were either treated with
Wogonin (100 um) for 24 h or incubated in the medium
deprived of growth factors (SCF, IL-3) in the presence or in the
absence of Wogonin (100 um) for 20 h and after that treated
with SCF (100 pg/ml) in the presence or in the absence of
Wogonin, respectively, for a further 4 h. Then the cells were
collected and washed with PBS.

Immunofluorescence—HEK293 cells transfected with p65/
p50 or p65/p52, respectively, were cultured in 24-well plates
with a coverslip inside, washed, and fixed with 4% paraformal-
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dehyde. For blocking, unspecific binding HEK293 cells were
incubated with 5% normal goat serum, 1X PBS, 0.1% Triton for
1 h at room temperature. Then the cells were exposed to rabbit
anti-Orail (1:100, Millipore) or rabbit anti-STIM1 (1:100,
Abnova) at 4 °C overnight. The cells were rinsed three times
with PBS and incubated with secondary FITC goat anti-rabbit
antibody (1:1000; Invitrogen) or with Alexa Fluor® 488-conju-
gated goat anti-mouse antibody (1:1000, Invitrogen) for 1.5 h at
room temperature. After three washing steps the nuclei were
stained with DRAQ-5 dye (1:1000; Biostatus) for 10 min at
room temperature. The slides and coverslips were mounted
with ProLong Gold antifade reagent (Invitrogen). Images were
taken on a LSM 5 EXCITER confocal laser scanning micro-
scope (Zeiss, Germany) with a water-immersion Plan-Neofluar
40X/1.3 NA differential interference contrast and analyzed
with the instrument’s software.

Nuclear translocation of p65 was analyzed by incubating
HEK293 cells transfected with either SGK15**?P or SGK1¥1*"N
or EGFP-containing empty vector or BMMCs derived from
sgkl™”~ and sgkI*”* mice with anti-p65 (1:200, Santa Cruz)
and Cy3 donkey anti-rabbit antibody (1:1000; Millipore). For a
positive control, the translocation of NF-«B subunit p65 in
BMMCs was induced by treatment of the HEK293 cells with
TNFa (100 ng/ml, 1h, R&D Systems).

Chromatin Immunoprecipitation—For chromatin immuno-
precipitation (ChIP), HEK293 cells (80-90% confluent) were
incubated at room temperature for 10 min with 1% paraformal-
dehyde and PBS. The reaction was stopped by adding 125 mm
glycine for 5 min. After washing 3 times the cells were incu-
bated with swelling buffer containing 25 m HEPES, pH 7.8, 1.5
mwm MgCl,, 10 mm KCl, 0.1% Nonidet P-40, 1 mm DTT, 0.5 mm
PMSEF, complete EDTA-free Protease Inhibitor Mixture tablets
(Roche Diagnostics) for 20 min at 4 °C. The cells were lysed with
1% SDS, 10 mm EDTA, 50 mm Tris-HCI, pH 7.8, and sonicated
3 times for 30 s at 30% (Sonifer 250, Branson) to shear DNA.
Preclearing was performed in 16.7 mm Tris-HCI, pH 8.1, 1.1%
Triton X-100, 1.2 mm EDTA, 0.01% SDS, 300 mm NaCl, com-
plete EDTA-free Protease Inhibitor Mixture tablets (Roche
Diagnostics) using salmon sperm DNA/protein G-agarose
slurry. After centrifugation, 20 ul (1%) of the supernatant were
removed and saved. Precleared cell lysates were incubated with
the following antibodies at 4 °C overnight; 2 ug of anti-p65
(C20, Santa Cruz) was used for pull down, and anti-rabbit IgG
antibody (1:1000, Abcam) was used as the negative control.
Immune complexes were recovered with salmon sperm DNA/
protein A-agarose slurry. After washing and elution in 1% SDS,
100 mm NaHCO; overnight at 65°C, genomic DNA was
extracted with phenol/chloroform, and PCR was performed
with the following primer pairs (5'-3" orientation): OI for-
ward (GTAGGTACCGGAAACAAAGCCAGTAG), Ol reverse
(CGTAAGCTTTTCCAGACCAGCCTA), O2 forward (CGTA-
GGTACCCCAGAGACTTCTTGGG), O2 reverse (GCTAAGC-
TTCAGGACGGCGAGG), STIMI forward (CCTCGGTACCA-
TCCATGTTGTAGCA), and STIMI reverse (GCGAAA-
GCTTACGCTAAAATGGTGTCT).

Whole Cell Lysates—For total protein analysis cells were har-
vested with lysis buffer (50 mm Tris, 150 mm NaCl, 1% Triton
X-100, 0.5% sodium deoxycholate, 0.4% [-mercaptoethanol,
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Proteinase-Inhibitor Mixture, Roche Diagnostics) 48—-72 h
after transfection. Clarified protein lysate was applied to a poly-
acrylamide gel and analyzed by Western blot.

Western Blot Analysis—100 ug of protein of whole cell lysates
were used for Western blot analysis and incubated with primary
antibody against Orail (1:500, ProteinTech Group), STIM1
(1:500, Abnova, Taiwan), NF-«kB p65 (1:1000, Cell Signaling),
NF-«B p50 (E-10, 1:500, Santa Cruz), NF-«B p100/p52 (1:1000,
Cell Signaling), or tubulin (1:1000, Cell Signaling). For detec-
tion, a secondary anti-rabbit IgG antibody conjugated with
horseradish peroxidase (HRP) (1:3000, Cell Signaling) or sec-
ondary anti-mouse IgG antibody conjugated with HRP (1:3000,
Amersham Biosciences) was used. The blots were stripped and
reprobed with tubulin to verify equal loading. Antibody binding
was detected with ECL detection reagent (Amersham Biosci-
ences). Bands were quantified with Image] Software.

Measurement of Intracellular Ca®" Concentration—Fura-
2/AM fluorescence was utilized to determine intracellular
Ca®" (29). Cells were excited alternately at 340 and 380 nm
through an objective (Fluar 40X/1.30 oil) built in an inverted
phase-contrast microscope (Axiovert 100, Zeiss, Oberkochen,
Germany). Emitted fluorescence intensity was recorded at 505
nm. Data were acquired using specialized computer software
(Metafluor, Universal Imaging). Cytosolic Ca®>" activity was
estimated from the 340/380-nm ratio. HEK293 cells were
loaded with Fura-2/AM (2.5 uM, Molecular Probes) for 30 min
at 37 °C. SOCE was determined by extracellular Ca®>" removal
and subsequent Ca®>* readdition in the presence of thapsigargin
(1 uMm) (30). For quantification of the Ca®>" entry, slope (A
ratio/s) and peak (A ratio) were calculated after readdition of
Ca**.

Experiments were performed with Ringer solution contain-
ing 125 mm NaCl, 5 mm KCl, 1.2 mm MgSO,, 2 mm CaCl,, 2 mm
Na,HPO,, 32 mm HEPES, 5 mMm glucose, pH 7.4. To reach nom-
inally Ca>" -free conditions, experiments were performed using
Ca®"-free Ringer solution containing 125 mm NaCl, 5 mm KCI,
1.2 mm MgSO,, 2 mm Na,HPO,, 32 mm HEPES, 0.5 mMm EGTA,
5 mMm glucose, pH 7.4.

Migration Assay—For migration assays, transwell inserts
(BD Falcon 353097) and BD BioCoat™ Matrigel™ Invasion
Chambers (BD Biosciences 354480) were used with a pore
diameter size of 8 um. The transwells were placed in a 24-well
cell culture plate containing cell culture medium (750 wl). The
upper chambers were filled with 500 ul of cell culture medium
containing HEK293 cells in a concentration of 5 X 10* cells/ml.
After an incubation time of 24 h at 37 °C, migrated cells were
analyzed by staining the cell nuclei with DAPI. Before that non-
migrated cells were removed by scrubbing with a cotton-tipped
swab two times and washing with PBS. After a 15 min fixation in
4% paraformaldehyde, the membrane was removed with a scal-
pel. After removal from the inserts, membranes were mounted
on slides with ProLong Gold antifade reagent (Invitrogen). To
determine the total number of migrated cells, the slides were
then viewed under the microscope, and the number of cells/
field in representative areas was counted. Experiments were
performed in triplicate.

Statistics—Data are provided as the mean * S.E.; n repre-
sents the number of independent experiments. All data were
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FIGURE 1. Effect of SGK1 on STIM1 and Orai1 transcript levels in HEK293 cells. Shown are the arithmetic means (*=S.E., n = 13) of the abundance of MRNA
encoding STIM1 (A) and Orai1 (B) in HEK293 cells after transfection with constitutively active SGK154?2° or inactive SGK1¥'2”N with or without treatment with
Wogonin (100 um). * (p < 0.05), ** (p < 0.01), and *** (p < 0.001) indicate statistically significant differences (ANOVA). C, confocal microscopy of p65 (red)
translocation in HEK293 cells transfected with active SGK1°#22P (green) or inactive SGK1X'2”N (green) or EGFP-empty vector (green) with or without treatment
with Wogonin (100 um) is shown. For a positive control of p65 translocation, HEK293 cells were incubated with TNFa (100 ng/ml, Th). Nuclei were stained with
DRAQS5 (blue). Arrows indicate transfected cells. The experiment was performed three times.

tested for significance using Student’s unpaired two-tailed £ test
or ANOVA (Tukey’s test or Dunnett’s test), where applicable.
Results with p < 0.05 were considered statistically significant.

RESULTS

As illustrated in Fig. 1, A and B, transfection of HEK293 with
the constitutively active mutant >***”SGK1 but not with the
inactive mutant **”NSGK1 was followed by a significant
increase of mRNA encoding STIM1 and Orail. Accordingly,
the transcript levels of both genes were enhanced by SGKI.
Previous studies revealed that SGK1 activates NF-«B (20 -22).
Thus, 5**?PSGK1-transfected and non-transfected HEK293
cells were treated with the NF-«kB inhibitor Wogonin (100 um).
The treatment significantly reduced the mRNA levels of STIM1
and Orail in both $***SGK1-overexpressing and non-trans-
fected HEK293 cells (Fig. 1, A and B). Transfection of HEK293
cells with ****PSGK1 but not with ***”NSGK1 led to nuclear
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translocation of the NF-«kB subunit p65 (Fig. 1C). Again, the
effect of ***PSGK could be reversed by treatment of the cells
with Wogonin. For the positive control for p65 translocation,
HEK293 cells were incubated with TNFa (100 ng/ml, 1 h). To
elucidate whether the stimulating effect of SGK1 is apparent
under endogenous levels of SGK1, the transcript levels of Orail
and STIM1 were determined in BMMCs isolated from gene
targeted mice lacking functional SGK1 (sgkI ) and their wild
type (sgkI*™") littermates. As shown in Fig. 2, the Orail and
STIM1 transcript levels were both significantly higher in
sgkl™”* BMMCs compared with sgk1 "~ BMMCs. Stimulation
of sgk1*/*, but not of sgkI "~ BMMCs, with SCF (20 ng/ml,
4 h) resulted in a translocation of the NF-«B subunit p65 to the
nucleus (Fig. 24) and accordingly led to significant increase of
the STIM1 and Orail transcript levels in sgkI*”* BMMCs but
not in sgkI "~ BMMCs (Fig. 2B), an effect abrogated by treat-
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FIGURE 2. Effect of SGK1 and NF-kB on STIM1 and Orai1 transcript levels in BMMCs. A, confocal microscopy of p65 (red) translocation in BMMCs from gene-
targeted mice lacking functional SGK1 (sgk7 /") and their wild type (sgk7 /") littermates with or without (control) exposure to SCF (100 ng/ml) is shown. Nuclei
were stained with DRAQ5 (blue). B, arithmetic means (=S.E., n = 14) of relative mRNA levels of STIM1 (left panel) and Orai1 (right panel) in sgk1™* and sgk1~/~
BMMCs with or without exposure to SCF (100 ng/ml) and with or without the presence of Wogonin (100 um) are shown. Knock out of SGK1 was determined
utilizing RT-PCR and agarose gel electrophoresis. ** (p < 0.01) and *** (p < 0.001) indicate statistically significant differences in one group, and # (p < 0.05) and
### (p < 0.001) indicate statistically significant differences between groups (ANOVA). C, arithmetic means (+S.E., n = 6) of relative mRNA levels for STIM1 (left
and middle left panel) and Orai (right and middle right panel) in BMMCs from sgk1~”~ and sgk1*/* mice without (control) or with transfection with a constitu-
tively active p65 mutant are shown. The success of transfection was determined utilizing RT-PCR and agarose gel electrophoresis. * (p < 0.05) and **(p < 0.01)
indicate statistically significant differences (Student’s unpaired t test).

ment of sgkI™"* cells with Wogonin (Fig. 2B). Treatment of
BMMCs with Wogonin alone tended to decrease Orail mRNA

tively active mutant of p65 (**7°”p65). As shown in Fig. 2C,
transfection with 527°Pp65 led to a significant increase in tran-

levels, an effect, however, not reaching statistical significance.
To further evaluate whether NF-«kB-sensitive transcription of
STIM1 and Orail was downstream of SGK1, BMMCs from
sgkl~”~ and sgkl™”" mice were transfected with a constitu-
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script levels of STIM1 and Orail in BMMCs from both sgk1™*/*
and sgk~”~ mice.

Further experiments explored whether transfection of
HEK293 cells with NF-«B influences the transcript levels of
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FIGURE 3. Effect of the NF-kB subunits p65, p50, and p52 on STIM1 and Orai1 transcript levels in HEK293 cells. Arithmetic means (+S.E., n = 14-17) of
the abundance of mRNA encoding STIM1 (A) and Orai1 (B) in HEK293 cells expressing the NF-«B subunits p65/p50 or p65/p52. C, the success of NF-kB subunit
transfection was determined utilizing RT-PCR and agarose gel electrophoresis. Upper left panel, shown is a representative agarose gel of cDNA after PCR
extracted from HEK293 cells transfected with p65/p50 or p65/p52. TBP was used as an internal control. Upper right and lower panel, shown are the arithmetic
means (*=S.E., n = 14-17) of the mRNA abundance encoding p65 (upper right panel), p50 (lower left panel), or p52 (lower right panel) in HEK293 expressing

p65/p50 or p65/p52 as analyzed by the 224" method (27). *
or ANOVA).

STIM1 and Orail. As shown in Fig. 3, transfection with the
NE-kB subunits p65/p50 or p65/p52 indeed significantly
increased the STIM1 (Fig. 34) and Orail (Fig. 3B) transcript
levels. The success of transfection was verified by specific
primer pairs for p65, p50, and p52 using RT-PCR (Fig. 3C). TBP
was used as an internal control for RT-PCR. Further experi-
ments explored whether STIM1 and Orail protein could also
be increased by transfection with the NF-«B subunits. As a
result, fluorescence imaging (Fig. 44) and Western blot analysis
(Fig. 4B) revealed significant increases in STIM1 and Orail pro-
tein after transfection with p65/p50 or p65/p52. Tubulin was
used as loading control for Western blot analysis. The success
of transfection was controlled with specific antibodies against
p65, p50, and p52, respectively.

In a next step, NF-«B was silenced with siRNA in HEK293
cells. As illustrated in Fig. 54, silencing of p65, p50, or p52 each
led to a significant decrease of both STIM1 and Orail transcript
levels. The success of the knockdown was verified by RT-PCR
(Fig. 5B) and Western blotting (Fig. 5C). Silencing of NF-«B
subunits also decreased protein levels of STIM1 and Orail (Fig.
5D).

Analysis of the STIM1 and Orail promoter revealed putative
NE-kB-binding sites in the region 2980 bp upstream of STIM1
and 2420 bp upstream of Orail transcription start (Fig. 6A).
We, therefore, explored the possibility of transcriptional
activation of STIMI and Orail by NF-«B utilizing ChIP and
luciferase assay. For STIM1 promoter (S1) and two regions
of Orail promoter (O1 and O2), putative «B-like binding
sites were subcloned into pGL3-vector cotransfected with
p65 and pRL-TK and analyzed for luciferase activity. For
control of basal luciferase activity cells were transfected with
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(p < 0.05) and ** (p < 0.01) indicate statistically significant differences (Student’s unpaired t test

a control plasmid (pcDNA3.1+) instead of p65. Firefly lucif-
erase activity was normalized to Renilla luciferase activity.
As shown in Fig. 6B, cotransfection of pGL3-S1 with the
integrated STIM1 promoter and p65 resulted in a 2.3 £ 0.2
(n = 14)-fold increase of luciferase activity. Cotransfection
with pGL3-0O2 (contains the promoter region O2 of Orail)
and p65 resulted in a 2.4 £ 0.2 (n = 21)-fold increase of
luciferase activity. In contrast, cotransfection with pGL3-O1
containing the promoter region O1 of Orail and p65 did not
activate luciferase activity. In ChIP experiments the binding
of p65 to putative NF-kB response elements was further
investigated. This was achieved using anti-p65 (2 pg, C20,
Santa Cruz) or anti-rabbit IgG (1:1000, Abcam) antibodies to
pull down p65-bound DNA extracted from HEK293 cells
transiently transfected with p65. For comparison, the cells
were transfected with a control plasmid. PCR indicated p65
binding to the STIM1 and Orail promoter sequence using
primer pairs flanking the putative binding sites. As illus-
trated in Fig. 6C, we could observe pulldown of one putative
binding site in the STIM1 promoter as well as in the Orail
promoter (O2). There was no pulldown detectable in a sec-
ond putative kB-binding site in Orail promoter (O1) and
when using rabbit IgG as negative control.

A further series of experiments explored whether NF-«B-
sensitive transcription of STIM1 and Orail influenced SOCE.
To this end, the fura-2 fluorescence-ratio was determined by
fluorescence spectrometry. SOCE was measured upon store
depletion by inhibition of the vesicular Ca**-ATPase with
thapsigargin in HEK293 cells in the presence and absence of
Wogonin (100 uMm). Stores were depleted by thapsigargin (1 um)
first added to the Ca*>*-free medium. Thapsigargin triggered
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FIGURE 4. Effect of NF-«B on STIM1 and Orai1 protein abundance in HEK293 cells. A, confocal microscopy of STIM1 and Orai1 protein abundance in HEK293
cells is shown. Shown are HEK293 cells transfected with control plasmid (control), p65 and p50, or p65 and p52. The nuclei were stained with DRAQ5 (blue),
Orail with a FITC-conjugated antibody (green, upper panel), and STIM1 with an Alexa Fluor® 546-conjugated antibody (green, lower panel). The experiment was
completed three times. B, shown is a Western blot analysis of whole cell lysate in p65/p50- or p65/p52-transfected HEK293 cells showing STIM1 and Orai1l
protein abundance. The blot was stripped and reprobed with tubulin to ensure equal loading and with p65, p50, and p52 to control transfection. Left,
representative blot; middle, arithmetic means of STIM1/tubulin ratio (+S.E., n = 6); right, arithmetic means of Orai1/tubulin ratio (+S.E.,n = 6).* (p < 0.05) and
** (p < 0.01) indicate statistically significant differences (Student’s unpaired t test).

release of Ca?" from intracellular stores, which was not modi-
fied by Wogonin treatment (Fig. 74). Re-addition of Ca** (1
mM) to the medium in the continued presence of thapsi-
gargin led to an entry of Ca>" through plasma membrane
Ca®" channels and to a subsequent increase of the fluores-
cence ratio (Fig. 7A). The fluorescence Aratio (peak) and the
slope of the ratio (Aratio/time) were analyzed upon Ca>"
re-addition. Both, peak, and slope values of SOCE were sig-
nificantly decreased by the NF-«B inhibitor Wogonin (Fig. 7,
A-C). Conversely, both peak and slope were significantly

JANUARY 20, 2012+VOLUME 287+-NUMBER 4

increased after transfecting the cells with NF-«B subunits
p65/p50 or p65/p52 (Fig. 7, D—F). When p65/p50- and p65/
p52-transfected cells were treated with Wogonin, the stim-
ulating effect of p65/p50 or p65/p52 overexpression was
abrogated (Fig. 7, E and F). Finally, the impact of NF-«B-
sensitive transcriptional regulation of STIM1 and Orail on
HEK293 cell migration was estimated in a transwell migra-
tion assay from translocation of cells from one chamber to
another across a membrane with a pore diameter size of 8
pm. As a result, migratory activity was significantly higher in
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FIGURE 5. Effect of NF-«B subunit silencing on STIM1 and Orai1 transcript levels. A, arithmetic means (+S.E., n = 4 - 8) of the abundance of MRNA encoding
STIM1 and Orai1 in HEK293 cells without and with silencing of p65, p50, and p52. * (p < 0.05), ** (p < 0.01), and *** (p < 0.001) indicate statistically significant
differences (ANOVA). B, left panel, shown is a representative agarose gel of cDNA after RT-PCR extracted from HEK293 cells silenced with siRNA for p65, p50, or
p52 to control the success of knock down. TBP was used as an internal control. Right panel, arithmetic means (£S.E., n = 3- 8) of the mRNA abundance encoding
p65 (black bar), p50 (light gray bar), or p52 (dark gray bar) in HEK293 cells compared with cells transfected with scramble siRNA (white bar) are shown. ** (p <
0.01) indicate statistically significant differences (ANOVA). C, Western blot analysis of whole cell lysate in HEK293 cells silenced with siRNA for p65, p50, or p52
is shown. As control, scrambled siRNA was utilized. The success of knockdown of p65, p50, or p52 was tested with specific antibodies. The blot was stripped and
reprobed with tubulin to control equal loading. The experiment was completed five times. D, Western blot analysis of whole cell lysate in HEK293 cells silenced
with siRNA for p65, p50, or p52 is shown. Upper left panel, shown is a representative blot of STIM1. Upper right panel, shown is a representative blot of Orai1.
Lower left panel, shown is the arithmetic means of STIM1/tubulin ratio (xS.E., n = 5). Lower right panel, shown is the arithmetic means of Orai1/tubulin (£S.E.,

n = 5).** (p < 0.01) indicate statistically significant differences (ANOVA).

p65/p50- and p65/p52-transfected HEK293 cells than in
cells transfected with an empty vector (Fig. 8).

DISCUSSION

This study uncovers a novel element in the regulation of
Orail and STIM1, the components that constitute the CRAC
and contribute to the SOCE. We demonstrate that transfection
of human embryonic kidney (HEK293) cells with constitutively
active 5**?PSGK1, but not with inactive “'*”NSGK1, enhances
the STIM1 and Orail transcript levels. SGK1 has previously
been shown to activate the transcription factor NF-«B (20 -22).
Accordingly, treatment of **?PSGK1-transfected HEK293
cells with the NF-«B inhibitor Wogonin strongly decreased
STIM1 or Orail transcript levels. Transfection with $***SGK1
but not with ¥**”NSGK1 or with $***?SGK1 in the presence of
Wogonin was further followed by nuclear translocation of p65
in HEK293 cells. STIM1 and Orail transcript levels were signif-
icantly lower in BMMCs from SGK1 knock-out (sgk ") mice
when compared with BMMCs from their corresponding wild
type (sgk1 /") littermates. Along those lines treatment with the
stem cell factor SCF, a strong activator of the PI3K pathway
(31), enhanced transcript levels of STIM1 and Orail in BMMCs
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from sgkI™*”" but not from sgkI /" mice. Consequently, active
SGK1 is required for up-regulation of STIM1 and Orail tran-
scription by growth factor stimulation of mast cells. Simultane-
ous treatment of sgkI*" BMMCs with SCF and the NF-«B
inhibitor Wogonin abolished the stimulating effect of SCF on
STIM1 and Orail transcription. In addition, transfection of
sgk1~"~ and sgkI*”" mast cells with a constitutively active p65
mutant (527°Pp65) strongly increased transcript levels of
STIM1 and Orail.

According to this study the SGK1-dependent up-regulation
of Orail and STIM1 transcription is mimicked in HEK293 cells
by overexpressing the NF-kB subunits p65/p50 or p65/p52 and
reversed by silencing of the NF-kB subunits p65, p50, and p52
and by treatment with the NF-«B inhibitor Wogonin. Subse-
quently, overexpression of p65/p50 or p65/p52 also enhanced,
whereas silencing of p65, p50, or p52 reduced, STIM1 and
Orail protein abundance. SOCE was similarly up-regulated by
overexpression of p65/p50 and p65/p52 and decreased by
Wogonin treatment.

Application of the luciferase reporter assay allowed identify-
ing putative binding regions of NF-«B in the region upstream of
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FIGURE 7. Effect of NF-kB on SOCE in HEK293 cells. A, shown are representative tracings of the fura-2 fluorescence ratio in fluorescence spectrometry during
and after Ca®* depletion and thapsigargin (1 um) addition in HEK293 cells with or without treatment with Wogonin (100 um). Arithmetic means (+S.E.,n = 3,
each experiment 14-21 cells) of peak (B) and slope (C) increase of the fura-2-fluorescence ratio in cells without (white bars) or with (black bars) treatment with
Wogonin. D, shown are representative tracings of the fura-2 fluorescence ratio in fluorescence spectrometry during and after Ca®" depletion and thapsigargin
(1 wm) addition in HEK293 cells transfected with control plasmid (upper panel), p65/p50 (middle panel), or p65/p52 (lower panel). E, shown are the arithmetic
means (*+S.E., n = 3,each experiment 14-33 cells) of peak (A ratio) and slope (A ratio/s) of fura-2 fluorescence increase after readmission of Ca®* in HEK293 cells
transfected with control plasmid or p65/p50 with or without treatment with Wogonin (100 um). F, shown are the arithmetic means (£S.E., n = 3, each
experiment 14-33 cells) of peak (A ratio) and slope (A ratio/s) of fura-2 fluorescence increase after readmission of Ca®" in HEK293 cells transfected with control
plasmid or p65/p52 with or without treatment with Wogonin (100 um). * (p < 0.05), ** (p < 0.001), *** (p < 0.001) indicate statistically significant differences
(ANOVA).

STIM1 and Orail. Two promoter regions, S1 and O2, were
activated by p65 transfection. To distinguish between direct
and indirect modes of binding, ChIP was performed to deter-
mine if any of these putative kB-like binding sites exhibit bona
fide p65 binding. Amplification of pulled down DNA with
primers flanking kB-like sites revealed binding of p65 to DNA
for regions S1 and O2. Region O1 showed no binding of p65.
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Thus, it appears safe to conclude that NF-«B participates in the
SGK1-dependent genomic regulation of STIM1 and Orail.
NF-«kB-dependent STIM1 and Orail expression may be rel-
evant for the regulation of migration (32), which can be stimu-
lated by expression of Orail, STIM1, and constitutively active
SGK1 but not by coexpression of inactive SGK1 (14). Migration
is stronger in HEK293 cells transfected with p65/p50 or p65/
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means * S.E. (n =) of the number of migrated HEK293 cells transfected with
empty vector (control) or with NF-kB subunits p65/p50 or p65/p52 are shown.
** (p < 0.01) indicate significant differences (ANOVA).

p52 than in nontransfected control cells. NF-«B-dependent
STIM1 and Orail expression may be also relevant for mast cell
degranulation. As shown earlier (33), antigen-induced Ca>"
entry, activation of Ca®*-sensitive K™ channels, and degranu-
lation were significantly decreased in BMMCs from sgkl ™/~
mice. The blunted Ca®>" entry into mast cells was paralleled by
a decreased anaphylactic reaction of sgkI~”~ mice (33). Fur-
thermore, mast cells lacking STIM1 had impaired Ca*" influx
after stimulation with the immunoglobulin E receptor FceRI as
well as decreased degranulation, cytokine production, and ana-
phylactic reaction (34). In addition, they showed decreased
activation of NF-«B after FceRI-mediated mast cell stimulation
(34). Similarly, mast cells derived from Orail-deficient mice are
defective in degranulation, cytokine secretion, and IgE-medi-
ated passive cutaneous anaphylaxis (35). It has been shown that
Ca®" entry mediated by I s stimulates several transcription
factors including NF-«B (36). According to the present obser-
vations, the NF-«B activation after Ca®>* entry enhances Orail
and STIM1 expression and is thus part of a positive feedback
further augmenting Ca>™ influx.

STIM1 and Orail are expressed in a wide variety of tissues (7,
37-39) and serve a multitude of functions. As SGK1 is stimu-
lated by growth factors (40, 41), the kinase links growth factor
receptor-mediated signaling with the store-operated Ca*”"
entry. Orail (42—45) and SGK1 (46, 47) have been shown to be
critically important in the regulation of cell proliferation. SOCE
has further been shown to participate in cytokine production
(48), migration of tumor (49), and mast cells (50). Also diseases
like muscle dystrophy (51) and non-progressive myopathy (52)
are associated with SOCE malfunction. NF-«B plays a pivotal
role in inflammation (53), immune cell differentiation and mat-
uration (53), secondary lymphoid organogenesis (53), fibrosis
(20, 22), autophagy (54), antioxidative defense (55), muscle dys-
trophy (56, 57), cell survival (58), tumor growth (59, 60), cancer
cachexia (61), insulin resistance (62), arteriosclerosis (63), and
bone formation (64, 65). It is tempting to speculate that over-
lapping (patho)physiological significance of SGK1, STIM1/
Orail, and NF-kB is at least partially due to NF-«kB-sensitive
regulation of STIM1/Orail expression.

Icgac activation is further controlled by Lyn and Syk kinases
(66), which, however, other than SGKI, are not effective
through regulation of STIM1 or Orail expression. In contrast
to Lyn and Syk kinases, SGK1 plays a dual role in Orail regula-
tion, i.e. inhibition of ubiquitination and stimulation of expres-
sion. Both effects increase Orail protein abundance. Unlike
Lyn and Syk kinases, those effects of SGK1 are slow, rendering
the respective cell more sensitive to immediate regulators of
Orail. In conclusion, NF-«B is a powerful regulator of STIM1
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and Orail expression and thus influences SOCE-dependent
functions, including migration.
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