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The osmotic response element-binding protein (OREBP),
also known as tonicity enhancer-binding protein (TonEBP) or
NFAT5, is the only known osmo-sensitive transcription factor
that mediates cellular adaptations to extracellular hypertonic
stress. Although it is well documented that the subcellular local-
ization and transactivation activity of OREBP/TonEBP are
tightly regulated by extracellular tonicity, the molecular mech-
anisms involved remain elusive. Here we show that nucleocyto-
plasmic trafficking of OREBP/TonEBP is regulated by the dual
phosphorylation of Ser-155 and Ser-158. Alanine scanning
mutagenesis revealed that Ser-155 is an essential residue that
regulates OREBP/TonEBP nucleocytoplasmic trafficking. Tan-
dem mass spectrometry revealed that Ser-155 and Ser-158 of
OREBP/TonEBP are both phosphorylated in living cells under
hypotonic conditions. In vitro phosphorylation assays further
suggest that phosphorylation of the two serine residues pro-
ceeds in a hierarchical manner with phosphorylation of Ser-155
priming the phosphorylation of Ser-158 and that these phos-
phorylations are essential for nucleocytoplasmic trafficking of
the transcription factor. Finally, we have shown that the phar-
macological inhibition of casein kinase 1 (CK1) abolishes the
phosphorylation of Ser-158 and impedes OREBP/TonEBP
nuclear export and that recombinant CK1 phosphorylates
Ser-158. Knockdown of CK1�1L, a novel isoform of CK1,
inhibits hypotonicity-induced OREBP/TonEBP nuclear
export. Together these data highlight the importance of Ser-
155 and Ser-158 in the nucleocytoplasmic trafficking of
OREBP/TonEBP and indicate that CK1 plays a major role in
regulating this process.

The osmotic response element-binding protein (OREBP),3
also known as TonEBP, belongs to the Rel family of transcrip-
tion factors that includes NF�B and nuclear factor of activated
T cells (NFAT).Members of this family contain a Rel homology
domain for DNA binding (1, 2). Because the Rel homology
domain ofOREBP/TonEBP shares significant homology to that
of other NFAT isoforms (NFAT1–4), it was independently
identified by homology screening and namedNFAT5 (3). How-
ever, unlike NFAT1–4, OREBP/TonEBP lacks the calcineurin
binding domain that plays a critical role in regulating the sub-
cellular localization and activity of the NFATs (4). Although
NFAT-1, -2, and -4 regulate the immune response as well as the
development of heart, bone, thymus, and the nervous system (5,
6), OREBP/TonEBP plays a pivotal role in activating adaptive
cellular responses to extracellular hypertonic stress (2, 7).
OREBP/TonEBP is the only known osmo-sensitive

transcription factor in mammalian cells. Upon activation by
hypertonic stress, it induces the expression of a battery of
osmoprotective genes, including aldose reductase, the betaine/
�-aminobutyric acid transporter, and the Na�-dependent
myoinositol transporter, through binding to a cognate cis-act-
ing element known as the osmotic response element or the
tonicity-responsive enhancer (8–11) in the promoter region of
these genes. Consequently, there is an increase in the level of
intracellular organic osmolytes, including sorbitol, betaine, and
myoinositol (12), that are required for the preservation of cell
volume and osmolality without perturbing macromolecular
structure and function (13, 14). Consistentwith its putative role
in osmoprotection, OREBP/TonEBP-deficient mice or trans-
genic mice ectopically expressing dominant-negative OREBP/
TonEBP in epithelial cells of collecting tubules develop renal
atrophy (15, 16). More recently, OREBP/TonEBP has also been
implicated in lymphoid (17) and lens (18) development, myo-
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blast migration and differentiation (19), and in cancer metasta-
sis (20).
Earlier studies have established that extracellular tonicity

regulates OREBP/TonEBP through altering its subcellular dis-
tribution and transcriptional activity. Hypertonic stress pro-
motes nuclear translocation and activates its enhancer activity.
In contrast, hypotonicity induces OREBP/TonEBP nuclear
export (1, 21–25). These studies have suggested that OREBP/
TonEBP is subjected to bi-directional regulation in response to
changes in tonicity. Furthermore, a number of kinases have
been implicated in this process. Nevertheless, the molecular
mechanisms that control the subcellular localization and activ-
ity of OREBP/TonEBP remain largely unknown. Previously, we
have identified and characterized three domains of OREBP/
TonEBP that regulate its subcellular localization (26). These
domains include a nuclear localization signal (NLS), a canonical
nuclear export sequence (NES), and a novel auxiliary export
domain (AED). The NES, in conjunction NLS, regulates nucle-
ocytoplasmic shuttling of OREBP/TonEBP under isotonic con-
ditions, whereas the AED is indispensable for its nuclear export
under both isotonic and hypotonic conditions. Herewe identify
the mechanism underlying the AED-mediated nuclear export
of OREBP/TonEBP. We show that Ser-155 in the AED,
togetherwith Ser-158, plays a critical role in regulatingOREBP/
TonEBP nuclear export. Ser-155 and Ser-158 are both phos-
phorylated in response to hypotonicity. Our data further reveal
that phosphorylation proceeds in a hierarchical manner with
Ser-155 phosphorylation priming the phosphorylation of Ser-
158. Furthermore, we show that casein kinase 1 (CK1) directs
the phosphorylation of Ser-158. Our findings thus provide an
important insight into the mechanism of the nucleocytoplas-
mic trafficking of OREBP/TonEBP in response to extracellular
tonicity.

EXPERIMENTAL PROCEDURES

Plasmid Constructs and Chemicals—The original OREBP
cDNA clone KIAA0827 was a gift from Dr. Takahiro Nagase
(Kazusa DNA Research Institute, Japan). FLAG-OREBP-(1–
581)-�1–131 was constructed as described previously (26).
GST-OREBP-(146–167) was derived by in-frame insertion of
double-stranded oligonucleotides corresponding to amino acid
residues 146–167 of OREBP between the BamHI and XhoI
restriction sites of pGEX4T-1 (GE Healthcare). Point mutants
of FLAG-OREBP-(1–581)-�1–131 and GST-OREBP-(146–
167) were made using the QuikChange site-directed mutagen-
esis kit (Stratagene, La Jolla, CA) using the corresponding
parental constructs as templates. All the constructs were veri-
fied by sequencing. CKI-7 was obtained from United States
Biological.
Cell Culture and Transfection—HeLa cells (American Type

CultureCollection,Manassas, VA)weremaintained inminimal
essential medium supplementedwith 10% fetal bovine serum, 1
mM sodiumpyruvate, 2mM L-glutamine (300mosmol/kgH2O).
For subcellular localization studies, cells grown in 6-well plates
to 50% confluence were transfected with 0.6 �g of the plasmids
expressing the proteins using GeneJuice (Novagen) according
to themanufacturer’s instructions. Transfected cells were incu-
bated for 16–24 h in complete growth medium before switch-

ing to medium with different osmolality. Hypotonic (260
mosmol/kg H2O), isotonic (300 mosmol/kg H2O), or hyper-
tonic (500 mosmol/kg H2O) medium was prepared by supple-
menting 10% fetal bovine serum, 1 mM sodium pyruvate, 2 mM
L-glutamine and different amounts of NaCl to NaCl-deficient
minimal essential medium (Invitrogen) to the desired osmola-
lity. Medium osmolality was measured by the Vapro� vapor
pressure osmometer (Wescor).
Immunoaffinity Purification, Multidimensional Protein

Identification Technology (MudPIT), Mass Spectrometry, and
Data Base Searching—20 � 106 HeLa cells were transfected
with FLAG-OREBP-(1–581)-�1–131. Twenty four hours after
transfection, cells were treated with hypotonic medium (260
mosmol/kg H2O) for 90min and lysed with SDS lysis buffer (50
mM Tris-Cl, pH 6.8, 2% SDS, 5% glycerol). Cell lysates were
diluted 20-fold by dilution buffer (20 mM Tris-Cl, pH 7.6, 150
mM NaCl, 1 mM EDTA, 1 mM Na3VO4, 1 mM �-glycerol phos-
phate, 1% Triton X-100, 1 mM dithiothreitol, 1 mM phenyl-
methylsulfonyl fluoride, and protease inhibitors) and concen-
trated by ultrafiltration. The recombinant protein was purified
by affinity chromatography using anti-FLAG affinity resin
(Sigma).
The purified protein was precipitated by 20% trichloroacetic

acid. The precipitate was washed twice with acetone, dried, and
resuspended in 8 M urea and 100 mM Tris-HCl, pH 8.5. The
solubilized protein was reduced by the addition of tris(2-car-
boxyethyl)phosphine to 5 mM, followed by the carboxy-
amidomethylation of cysteines using 10 mM iodoacetamide.
The concentration of urea was then diluted 2-fold (to 4 M) by
the addition of an equal volume of 100 mM Tris-HCl, pH 8.5.
Sequencing grade endoproteinase Lys-C (Roche Diagnostics)
andmodified trypsin (Promega) was added at �1:50 enzyme to
substrate ratio (w/w) and incubated at 37 °C for 4 and 12–16 h,
respectively. The resulting peptideswere extractedwith 5% for-
mic acid and re-dissolved into buffer A (5% acetonitrile with
0.1% formic acid) prior to the liquid chromatography-MS/MS
analysis.
Peptidemixtureswere enriched by theTiO2method (27) and

pressure-loaded onto a biphasal column, which consists of a
strong cation exchange material back-to-back with reversed
phasematerial inside fused silica capillaries (collectively known
as multidimensional protein identification technology, Mud-
PIT) (28–30), andwere eluted onto an analytical reversed phase
column in the front with a salt gradient of ammonium acetate
(5–100%). Data-dependent tandem mass spectrometry (MS/
MS) analysis was performed in an LTQ mass spectrometer
(ThermoFisher, San Jose, CA). One full MS spectrum was
acquired followed by five MS/MS events, sequentially gener-
ated on the first to the fifth most intense ions selected from the
full MS spectrum. MS scan functions and high pressure liquid
chromatography solvent gradients were controlled by the
Xcalibur data system (ThermoFisher). Tandem mass spectra
were searched against the NCBI human data base on Decem-
ber 12, 2006, with the sequence of OREBP/TonEBP added,
using the SEQUEST (29) algorithm, where phosphorylation
at serine, threonine, and tyrosine were differentially consid-
ered. The validity of peptide/spectrummatches was assessed
using the SEQUEST-defined parameters, cross-correlation
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score (XCorr), and normalized difference in cross-correlation
scores (DeltaCn). Spectra/peptide matches were only retained
if they had aDeltaCn of at least 0.08 andminimumXCorr of 1.8
for �1, 2.5 for �2, and 3.5 for �3 spectra. DTASelect (31) with
phosphorylated modification as described (29) was used to
select and sort peptide/spectrum matches passing this criteria
set. Proteins were considered detected if theywere identified by
at least three spectra passing all of the selection criteria or with
at least 10% sequence coverage.
Immunofluorescence Microscopy—Cells were washed three

times with PBS and fixed with 4% w/v paraformaldehyde for 15
min at 4 °C. The cells were permeabilized with absolute meth-
anol for 2min at room temperature. Primary antibodies against
FLAG (Sigma) were used. The fluorescein isothiocyanate
(FITC)-conjugated anti-rabbit antibody (Chemicon Interna-
tional, Temecula, CA) was used as secondary antibodies. To
visualize the nuclei, the cells were stained with 4,6-diamidino-
2-phenylindole (DAPI) (Sigma). The fluorescence images were
viewed with a Zeiss Axiovert 200 M fluorescence microscope
and analyzed with AxioVision software. Quantification of fluo-
rescence signal in different subcellular compartment was con-
ducted as we have described (26).
Live Cell Microscopy and Time-lapse Imaging—HeLa cells

transiently expressedGFP reporter fusion proteinswere viewed
with an inverted Zeiss Axiovert 200 M fluorescence micro-
scope. A heated chamber perfused with CO2 was used to incu-
bate the cells at 37 °C. After 30 min, original growth medium
was removed and replaced with pre-warmed hypotonic growth
medium. Time-lapse monitoring was initiated within 5 min.
Images were taken at 30-min intervals and were analyzed using
AxioVision software.
Preparation of Cytoplasmic and Nuclear Fractions—Cyto-

plasmic and nuclear fractions were purified as described (8).
Briefly, 1 � 106 subconfluent HeLa cells were treated with
hypotonic (260 mosmol/kgH2O), isotonic (300 mosmol/kg
H2O), or hypertonic (500mosmol/kgH2O) growthmedium for
the indicated time and then scraped into hypotonic, isotonic, or
hypertonic PBS, respectively. Cells were centrifuged for 1 min
at 4 °C, and the pellet was resuspended in 1 ml of cold buffer B
(10 mM HEPES-KOH, pH 7.9, at 4 °C, 1.5 mM MgCl2, 10 mM
KCl, 0.05% Nonidet P-40, 0.5 mM DTT, and 0.5 mM PMSF).
Cells were disrupted using a Dounce homogenizer and were
centrifuged for 10min at 4000 rpmat 4 °C.The supernatantwas
collected as the cytoplasmic fraction. The pellet was washed
with buffer B, resuspended in 100 �l of cold buffer C (20 mM
HEPES-KOH, pH 7.9, 25% glycerol, 420 mM NaCl, 1.5 mM
MgCl2, 0.2 mM EDTA, 0.5 mM DTT, and 0.5 mM PMSF), and
incubated for 15 min on ice. Cellular debris was removed by
centrifugation for 30 min at 13,000 rpm, at 4 °C, and the super-
natant was collected as the nuclear extract. The extract was
dilutedwith 200�l ofmodified bufferD (20mMHEPES, pH7.9,
0.05MKCl, 0.2mMEDTA, 0.5mMDTT, 0.5mMPMSF, and 20%
glycerol). The quality of nuclear and cytoplasmic fractions
preparations was verified by analysis of�-tubulin (cytoplasmic)
and TFIIB (nucleus), respectively.
Expression of GST-tagged Fusion Proteins in Escherichia

coli—The GST-OREBP-(146–167) and its point mutants were
transformed into E. coli BL21(DE3) bacteria (Invitrogen) to

produce GST fusion proteins. Expression was induced with 1
mM isopropyl �-D-1-thiogalactopyroanoside for 2 h at 37 °C.
Bacteria were harvested, lysed in lysis buffer (PBS with 5% glyc-
erol, 100 mM MgCl2, 1 mM PMSF, 1 mM DTT, 1 mg/ml
lysozyme, 0.2 units/ml DNase I, and Complete protease inhib-
itors), and centrifuged to remove debris. GST fusion proteins
were purified from lysates with glutathione-Sepharose 4 Beads
(GE Healthcare). The size and purity of the protein prepara-
tions were verified by SDS-PAGE and Coomassie Blue staining.
In Vitro Phosphorylation Assay—Whole cell, nuclear, or

cytoplasm extracts (15�g) obtained fromHeLa cells, or recom-
binant CK1�1 (Invitrogen), were incubated with GST proteins
(10 �g) in a kinase buffer containing 20 mM HEPES KOH, pH
7.5, 100 �M ATP, 10 mM �-glycerol phosphate, 30 mM magne-
sium chloride, 1mMDTT, and 2�Ci of [�-32P]ATP. After incu-
bation for 20min at 30 °C, the reactions were terminated by the
addition of SDS sample buffer, and the proteins were separated
by SDS-PAGE. Substrate phosphorylation was analyzed by
autoradiography. For experiments involving CKI-7, 150 �M
CKI-7 (United States Biological) or the same volume of ethanol
(solvent) was added to the reaction mixture 10 min before the
addition of ATP and [�-32P]ATP.
RNA Interference-mediated Knockdown of CK1s—HeLa cells

were transfected with 100 nM CK1 isoform-specific (CK1�1L,
CK1�1, CK1-�3, CK1-�, and CK1-�) or nontargeting control
siRNAs (Qiagen) by DharmaFECT1 (Dharmacon). After 48 h,
cells were transfected with FLAG-OREBP-(1–581)-�1–131.
After another 24 h, cells were subjected to total RNA isolation
or immunofluorescence microscopy.
Quantitative Real Time Reverse Transcription-PCR—Total

RNA was prepared using TRIzol (Invitrogen) according to the
manufacturer’s instructions. cDNA synthesis and reverse tran-
scription-PCR were carried out using SuperScriptTM III Plati-
num CellsDirect two-step quantitative reverse transcription-
PCR kit with SYBR� Green (Invitrogen). Each RNA sample
was amplified in triplicate for the genes of interest and �-ac-
tin for normalization on a Mx3000P� quantitative PCR sys-
tem. The primers for detecting CK1�1L (CSNK1A1L),
CK1�1 (CSNK1A1), CK1-�3, CK1-�, and CK1-� were
obtained from Qiagen.

RESULTS

Ser-155 Located in the AED of OREBP/TonEBP Plays a Crit-
ical Role in Hypotonicity-induced Nuclear Export—Our earlier
study showed that the transactivation domain of OREBP/
TonEBP is not required for nucleocytoplasmic trafficking,
whereas the NES (amino acids 5–15) and AED (amino acids
132–156) are involved in this process (Fig. 1A). The NES is
mainly responsible for the nucleocytoplasmic shuttling of
OREBP/TonEBP under isotonic conditions, and the AED plays
an indispensable role in the nuclear export of the transcription
factor under both isotonic and hypotonic conditions (26). To
identify the critical amino acid residues responsible for hypo-
tonicity-induced nuclear export in this domain, we carried out
alanine scanning mutagenesis on selected residues in the AED,
using the FLAG-OREBP-(1–581)-�1–131 plasmid as template.
This plasmid contains a mutant OREBP/TonEBP protein
devoid of NES that is preferentially localized to the nucleus
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under isotonic conditions but remains responsive for hypoto-
nicity-induced nuclear export signaling (26). All the amino acid
residues in the AED that were potential candidates for post-
translational modifications, including serine (Ser-134, Ser-145,
and Ser-155), threonine (Thr-135 and Thr-140), tyrosine (Tyr-
143), lysine (Lys-137), and arginine (Arg-138 and Arg-156),
were evaluated (Fig. 1A). The FLAG-tagged OREBP mutant
constructs were transiently expressed in HeLa cells, and their
subcellular localization in response to hypotonic conditions
was determined. In agreement with our previous findings (26),
indirect immunofluorescence analysis using anti-FLAG anti-
bodies revealed that wild-type FLAG-OREBP-(1–581)-�1–131
resided in the nucleus under isotonic conditions and was local-
ized to the cytoplasm in response to hypotonic challenge (Fig.
1B). All the alanine mutants remained responsive to hypotonic
challenge except for the alanine substitution at Ser-155 (S155A)
(Fig. 1B), indicating that this amino acid plays an important role
in nuclear exclusion of OREBP/TonEBP. Western blotting
analysis showed that all the protein mutants were correctly
expressed (Fig. 1C). In addition, all the mutants were expressed
at levels similar to theWT protein, suggesting that alanine sub-
stitution did not result in protein misfolding, which may have
targeted the protein for proteasome degradation.
Mapping the AED Phosphorylation Sites—The above data

suggested that the hypotonicity-induced nuclear export of
OREBP/TonEBPmay be associated with Ser-155 phosphoryla-
tion. To identify the potential phosphorylated residue(s),
recombinant OREBP/TonEBP was purified from HeLa cells
using affinity chromatography using the anti-FLAG antibody

and was analyzed by mass spec-
trometry. Purified protein was dou-
bly digested with trypsin and Lys-C,
and the resultant peptides were
subjected toMudPIT (28–32) sepa-
ration and analysis via mass
spectrometry. Fig. 2 shows a rep-
resentative MS/MS spectrum cor-
responding to the fragment ions
derived from a peptide parent ion
dually phosphorylated at Ser-155
and Ser-158. The MS/MS spectrum
was consistent with serine sites
modified by its dominated y-ions
series. The observed y5-(pSCQDG)
ion (m/z 646.3) and y8-(pSRMp-
SCQDG) (m/z 1100.4) and their
corresponding neutral loss of water
peaks y5-H2O and y8-H2O con-
firmed the location of phosphoryla-
ted modified serine residues. The
identity of the modified peptide was
subsequently validated by perform-
ing a SEQUEST (29) andDTASelect
(31) search with a predefined differ-
ential mass shift of �80 for serine.
This approach led to the unambigu-
ous identification of the FLAG-
tagged OREBP with a sequence cov-

erage of 56% and demonstrated phosphorylation on Ser-155 and
Ser-158. The identified phosphorylated sites were further vali-
dated using theDeBunker algorithm (33), a software tool for auto-
matic validation of phosphopeptide identifications from tandem
mass spectrometry.
Ser-155 Phosphorylation “Primes” Ser-158 Phosphorylation—

We next sought to determine whether Ser-155 and Ser-158
could be phosphorylated in vitro. Protein substrates were pre-
pared by bacterial expression of cDNA constructs encoding
amino acid residues 146–167 of OREBP, which encompasses
Ser-155 and Ser-158 (there is no other serine or threonine res-
idue in this fragment), in-framewith theGST tag epitope (GST-
OREBP-(146–167)). In vitro kinase assays were carried out by
incubating this substrate, in the presence of [�-32P]ATP, with
protein extracts obtained from HeLa cells maintained under
isotonic conditions or induced with hypotonic or hypertonic
conditions, respectively. We found that GST-OREBP-(146–
167) was phosphorylated to the highest level in whole cell
extracts obtained from cells treated with hypotonic medium as
determined by 32P incorporation (Fig. 3A,W), whereas the level
of phosphorylation was reduced when extracts were obtained
from cells maintained in isotonic medium or hypertonic
medium. The observed phosphorylation was specific to the
expressed fragment, because phosphorylation signals were not
detected when GST was used as substrate (Fig. 3A). Collec-
tively, our data suggested that GST-OREBP-(146–167) is phos-
phorylated, presumably at Ser-155 and Ser-158, in response to
hypotonic conditions.

FIGURE 1. Subcellular localization of OREBP/TonEBP mutants. A, schematic illustration of OREBP/TonEBP.
AD1 and AD2, putative transcriptional activation domains; DBD, DNA-binding domain. The amino acid
sequence of the AED has been boxed. Residues that were subjected to alanine-scanning mutagenesis are in
boldface. B, representative fluorescence images of fixed HeLa cells expressing recombinant OREBP/TonEBP.
Cells were transfected with plasmids containing the indicated alanine substitution. Subsequently, cells were
either treated with isotonic or hypotonic medium for 90 min, respectively. FLAG-tagged recombinant protein
was visualized after fixation with a FLAG antibody and a FITC-labeled secondary antibody, counterstained with
DAPI, and analyzed by fluorescence microscopy. Images were examined using a �63 objective lens. Scale bar,
20 �m. Data shown are representative of at least three independent transfections for each construct. C, expres-
sion of FLAG-tagged OREBP proteins as determined by Western blot analysis. Protein expression was detected
using anti-FLAG and anti-�-actin antibodies.
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Todetermine the subcellular location of the putative kinases,
cytoplasmic and nuclear extracts were prepared and were sub-
jected to phosphorylation assays. The majority of the kinase
activity was detected in the nuclear extracts; however, kinase
activity could also be detected using cytoplasmic extracts, albeit
at a lower level (Fig. 3A, N and C). In addition, the putative
kinase(s) appeared to be activated rapidly in response to hypo-
tonicity, as the highest level of phosphorylation was detected
when nuclear extracts obtained from cells subjected to hypo-
tonic conditions for 20 min were used (Fig. 3B). Furthermore,
to confirmwhether only Ser-155 and Ser-158were phosphoryl-
ated in vitro, and to explore the possible interaction of the two
sites, we repeated the phosphorylation assay with substrates
where either one or both serine residues were substituted by
alanine. As shown in Fig. 3C, compared with theWT substrate,
phosphorylation levels were reduced by approximately one-
half when Ser-158 was mutated to alanine (S158A), suggesting
that this amino acid was phosphorylated in vitro. On the other
hand, mutation of Ser-155 to alanine (S155A) completely abol-
ished phosphorylation of the substrate, suggesting that
phosphorylation of Ser-158 was dependent on prior phospho-
rylation at Ser-155. To confirm this, we generated a phospho-
mimetic mutant in which Ser-155 was substituted to aspartate
(S155D). The S155D mutant was highly phosphorylated (Fig.

3C), suggesting that the phosphorylation of Ser-155 and Ser-
158 proceeds in a hierarchical manner, where Ser-155 phos-
phorylation primes phosphorylation at Ser-158. No phospho-
rylation signals were detected when both Ser-155 and Ser-158
were mutated to alanine (S155A/S158A) (Fig. 3C), suggesting
that phosphorylation is specific to these two amino acids.
We further determined whether Ser-155 and Ser-158 were

phosphorylated by hypotonicity in vivo. HeLa cells expressing
FLAG-OREBP-(1–581)-�1–131 was treated with hypertonic
and hypotonic medium, respectively. Western blots of protein
extracts from these cells were examined. Under hypertonic
conditions, a single band corresponding to the size of FLAG-
OREBP-(1–581)-�1–131 was observed, whereas an additional
species of recombinant protein with retarded electrophoretic
mobility was detected fromhypotonicity-treated cells (Fig. 3D),
consistent with our hypothesis that hypotonicity induces phos-
phorylation of OREBP. Similarly, a bandwith retardedmobility
was observed when mutant S158A was expressed and induced
with hypotonicity. Nevertheless, only one protein species was
detected in cells expressing mutants S155A/S158A or S155A
(Fig. 3D). Taken together, these findings agreed with our find-
ings from in vitro phosphorylation assays and suggested that
hypotonicity induces Ser-155 and Ser-158 phosphorylation
in vivo.

FIGURE 2. Mass spectrometric analysis of recombinant OREBP. MS/MS spectrum of the modified Ser-155 and Ser-158 quadruple charged peptide,
AAAYPSTPKRHTVLYISPPPEDLLDNS*RMS*CQDG (precursor ion m/z 989.72, S* corresponds to a phosphorylated serine, with a �80 mass shift). The y ions, which
are at the specific modified sites, and their corresponding water loss peaks, are in red.
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The Role of Ser-155 and Ser-158 Phosphorylation in Nuclear
Export of OREBP/TonEBP—To determine the role of Ser-155
and Ser-158 phosphorylation in OREBP/TonEBP nuclear
export, we determined the subcellular localization of FLAG-
OREBP-(1–581)-�1–131 (WT) and its mutants (S155A,
S158A, and S155A/S158A) in transfected HeLa cells in isotonic
and hypotonic medium (Fig. 4A). Representative pictures of
these recombinant proteins are shown in Fig. 4B. When main-
tained in isotonic medium, both the WT and OREBP mutants
were predominantly localized to the nuclear compartment. As
expected, the WT protein was exported to the cytoplasm in
response to hypotonic treatment (11% nuclear and 77% cyto-
plasmic). In agreement with the data above (Fig. 1B), alanine
substitution of Ser-155 (S155A) inhibited the hypotonic
nuclear export of OREBP/TonEBP (65% nuclear and 17% cyto-

plasmic). Alanine substitution of
Ser-158 (S158A) also inhibited
nuclear export, although to a
slightly lesser extent when com-
pared with mutant S155A (54%
nuclear and 24% cytoplasmic).
These data suggested that both
Ser-155 and Ser-158 play a role in
the nuclear export process. Simi-
larly, alanine substitution of both
Ser-155 and Ser-158 (S155A/
S158A) resulted in nuclear export
inhibition (65% nuclear and 16%
cytoplasmic). To investigate the role
of phosphorylation of these amino
acids in nuclear export, we deter-
mined the subcellular locations of
phospho-mimetic mutants S155D,
S158D, and S155D/S158D, in which
Ser-155, Ser-158, or both residues
were substituted with aspartate,
respectively. The results are sum-
marized in Fig. 4, C and D. Under
isotonic conditions, allmutants pre-
dominantly localized to the nucleus.
Under hypotonic conditions, the
S155D mutant was exported to
the cytoplasm (14% nuclear and
58% cytoplasmic). Conversely, the
majority of the cells expressing the
S158D mutant did not respond to
hypotonic conditions, although
cytoplasmic localization could be
detected in a small percentage of
cells (44%nuclear and 24% cytoplas-
mic). Unexpectedly, hypotonicity-
induced nuclear export of the
S155D/S158D double mutant was
completely abolished (68% nuclear
and 9% cytoplasmic). Western blot-
ting analysis showed that the
expression levels of the S155D,
S158D, and S155D/S158D protein

mutants were similar to those of the WT protein (Fig. 4E).
These results are further discussed below.
The results obtained thus far involved the use of the FLAG-

OREBP-(1–581)-�1–131 reporter protein, where the absence
of the NES restricts the protein to the nucleus under isotonic
conditions (compared with pan-cellular distribution and the
ability to undergo nucleocytoplasmic shuttling) (26). To further
confirm the role of Ser-155 and Ser-158 in the nucleocytoplas-
mic trafficking of OREBP/TonEBP, we introduced the same
mutations into the OREBP-(1–158)-GFP plasmid, which con-
tains an intact NES and AED. We have previously shown that
this reporter protein is responsive to tonicity-induced subcel-
lular redistribution similar to the endogenousOREBP/TonEBP
(26). The subcellular trafficking of the fusion proteins in
response to hypotonic challenge was analyzed using time-lapse

FIGURE 3. In vitro and in vivo phosphorylation of OREBP Ser-155 and Ser-158. A, phosphorylation of GST-
OREBP-(146 –167) fusion protein. HeLa cells were maintained in isotonic (Iso), hypotonic (Hypo), and hyper-
tonic (Hyper) medium, respectively, for 30 min. Subsequently, whole cell (W), cytoplasmic (C), and nuclear (N)
extracts were prepared. Fusion proteins were incubated in vitro with [�-32P]ATP and different cellular extracts
(W, C, and N) for 20 min at 30 °C. The proteins were then separated by electrophoresis, stained with Coomassie
Blue (lower panel), and submitted to autoradiography (upper panel). The purity of cytoplasmic and nuclear
extracts was confirmed by Western blots using antibodies against �-tubulin and TFIIB, respectively. B, treat-
ment with hypotonic conditions induces a time-dependent increase in GST-OREBP-(146 –167) phosphoryla-
tion. GST-OREBP-(146 –167) fusion protein was incubated as in A with nuclear extracts prepared from HeLa cells
that were treated with hypotonicity for the indicated time. C, mutant GST-OREBP-(146 –167) proteins contain-
ing the alanine substitution at the indicated residues were incubated as in A with nuclear extracts prepared
from HeLa cells treated with hypotonicity for 30 min. D, Western blotting analysis of FLAG-tagged recombinant
OREBP and its mutants. Cells expressing the indicated recombinant proteins were treated with hypertonic
(hyper) or hypotonic (hypo) medium, respectively, for 90 min. Proteins were resolved in 7.5% SDS gel and
analyzed by Western blotting using anti-FLAG antibody.
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fluorescence photography at 30-min intervals for 90 min. As
shown in Fig. 4F, as expected, OREBP-(1–158)-GFP was
exported from the nucleus under hypotonic conditions,
whereas S155A-GFP (Ser-155 to alanine) or S158A-GFP (Ser-
158 to alanine) was not. Similar to the results using FLAG-
OREBP-(1–158)-�1–131, hypotonic conditions induced the
nuclear export of S155D-GFP (Ser-155 to aspartate), whereas
S158D-GFP (Ser-158 to aspartate) and S155D/S158D-GFP
(Ser-155 and Ser-158 to aspartate) were constitutively localized

to the nucleus despite hypotonic
challenge. Collectively, these data
suggest that the phosphorylation of
Ser-155 and Ser-158 plays a critical
role of in the regulation of OREBP/
TonEBP trafficking.
TheRole ofCK1�1 (CSNK1A1)and

CK1�1L (CSNK1A1L) Kinases in
OREBP/TonEBP Nuclear Export—
Ser-155 and Ser-158 in OREBP/
TonEBP, as well as their neighbor-
ing residues, are highly conserved
among the human, mouse, and
zebrafish homologues (Fig. 5A),
suggesting that this domain may
play an important regulatory role. In
silico analysis of the OREBP/
TonEBP sequence (PhosphoMotif
Finder) (34) suggested that CK1,
which phosphorylates a “primed”
phosphorylation motif ((pS/T)
XX(S/T)) or an (E/D)XX(S/T)
motif (35, 36), was a potential Ser-
158 kinase. To confirm this predic-
tion, we first determined whether
CKI-7 (37), a known CK1 inhibitor,
inhibited the in vitro phosphoryla-
tion of GST-OREBP-(146–167).
Consistent with our prediction,
CKI-7 reduced GST-OREBP-(146–
167) phosphorylation by approxi-
mately one-half in nuclear extracts,
in vitro (Fig. 5B). This reductionwas
primarily because of the inhibition
of Ser-158 phosphorylation, be-
cause the inhibitor did not reduce
the phosphorylation of the GST-
OREBP-(146–167) mutant where
Ser-158 was replaced by alanine
(GST-S158A), but potently re-
duced the phosphorylation of
GST-S155D, where Ser-155 was
replaced with aspartate, mimick-
ing the recognition motif for CK1
(Fig. 5B). To confirm that GST-
OREBP-(146–167) was the direct
substrate of CK1, we performed an
in vitro phosphorylation of GST-
OREBP-(146–167) using recombi-

nant CK1�1 (CSNK1A1). As shown in Fig. 5C, consistent with
the results obtained above, recombinant CSNK1A1 did not
phosphorylate thewild-typeGST-OREBP-(146–167) substrate
but efficiently phosphorylated S155D. Although CSNK1A1
efficiently phosphorylated S155D, it failed to phosphorylate
S155D/S158A, suggesting that Ser-158 was specifically phos-
phorylated when the substrate was primed by Ser-155 phos-
phorylation. To further determine whether CK1 regulated the
nuclear export of OREBP/TonEBP under hypotonic condi-

FIGURE 4. Role of Ser-155 and Ser-158 in OREBP nuclear export. A and C, quantification of the subcellular
localization of various OREBP mutants treated with hypotonic and hypertonic medium for 90 min, respectively.
For each condition �100 cells were counted. The data represented are the average of three independent
experiments. I, isotonic; H, hypotonic. B and D, representative fluorescence images of fixed HeLa cells express-
ing OREBP mutants. Cells were treated with isotonic and hypotonic medium, respectively. Recombinant pro-
tein was visualized with a FLAG antibody and a FITC-labeled secondary antibody, counterstained with DAPI,
and analyzed by fluorescence microscopy. E, expression of FLAG-tagged OREBP proteins as determined by
Western blot analysis. F, live cell images of OREBP-GFP and mutant fusion proteins. Cells were moved to
hypotonic medium at T � 0. Images were examined with �63 objective. Scale bar, 20 �m.
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FIGURE 5. CK1 phosphorylates GST-OREBP-(146 –167) in vitro and regulates OREBP nuclear export in vivo. A, sequence alignment of relevant OREBP
regions from human, mouse, and zebrafish (containing residues equivalent to Ser-155 and Ser-158 of human OREBP). Conserved residues have been boxed.
B, CKI-7 inhibits in vitro phosphorylation of Ser-158. Nuclear extracts were obtained from HeLa cells treated with hypotonic growth medium for 30 min.
GST-OREBP-(146 –167) and its mutants were incubated with the nuclear extracts in the presence of [�-32P]ATP and CKI-7 or ethanol (solvent) for 20 min at 30 °C.
The proteins were separated by electrophoresis, stained with Coomassie Blue (lower panel), and submitted to autoradiography (upper panel). C, recombinant
CK1� phosphorylates the GST-OREBP-(146 –167) mutant containing a phosphomimetic mutation at Ser-155 (S155D). CK1�1 (40 ng) was incubated with
GST-OREBP-(146 –167) or its mutants in the presence of [�-32P]ATP for 20 min at 30 °C. The proteins were separated by electrophoresis, stained with Coomassie
Blue (lower panel), and submitted to autoradiography (upper panel). D, left, CKI-7 inhibits nuclear export of OREBP in vivo. HeLa cells transfected with FLAG-
OREBP-(1–581)-�1–131 were pretreated with CKI-7 (100 or 200 �M) or ethanol (�) for 4 h in growth medium (Isotonic). The cells were moved to hypotonic
medium supplemented with the same amount of the inhibitor or solvent for another 90 min (Hypotonic). FLAG-tagged recombinant protein was visualized
after fixation with a FLAG antibody and a FITC-labeled secondary antibody; right, quantification of the subcellular localization of OREBP in the presence of CKI-7.
For each condition �100 cells were counted. The data shown are the average of three independent experiments. E, real time quantitative PCR of different CK1
isoforms after siRNA knockdown. HeLa cells were transfected with the indicated siRNAs, respectively. After 72 h, mRNA was harvested from the cells and
reverse-transcribed and quantified by primers specific to the isoform. Data were expressed as percentage relative to cells that were not transfected (Untreated
control). Cells transfected with scramble siRNA (Nontargeting control) were also included to demonstrate the specificity of siRNA knockdown. F, left, effect of CK1
knockdown on nuclear export of OREBP. HeLa cells transfected with FLAG-OREBP-(1–581)-�1–131 and the indicated siRNA were treated with hypotonic
medium for 90 min. FLAG-tagged recombinant protein was visualized after fixation with a FLAG antibody and a FITC-labeled secondary antibody and
counterstained with DAPI; right, quantification of the subcellular localization of OREBP. For each condition �100 cells were counted. The data represented are
the average of three independent experiments.
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tions, we examined the effects of CKI-7 on the subcellular local-
ization of OREBP/TonEBP. HeLa cells were transfected with
the FLAG-OREBP-(1–581)-�1–131 plasmid and then treated
with CKI-7 (100 and 200 �M). As may be seen in Fig. 5D, the
addition of CKI-7 did not alter the nuclear localization of the
recombinant protein under isotonic conditions but signifi-
cantly inhibited the translocation of the FLAG-tagged protein
to the cytoplasm under hypotonic conditions. These data sug-
gest that CK1 regulates OREBP/TonEBP nuclear export via the
phosphorylation of Ser-158. On the other hand, the hypotonic-
ity-induced cytoplasmic translocation of OREBP/TonEBP was
not affected by the addition of IC261, a CK1�- and CK1�-spe-
cific inhibitor (38), suggesting that these twoCK1 isoformsmay
not be responsible for the nucleocytoplasmic trafficking of this
transcription factor (data not shown).
Humans contain a number of CK1 isoforms, including

CK1�1, CK1-�, CK1�, and CK1-�. In addition, a novel CK1
transcript, designated as CK1�1L (CSNK1A1L, GenBankTM
accession number NM_145203), has been recently assigned to
chromosomal location 13q13.3. Because CK1 isoforms are
known to exhibit distinct biochemical properties and subcellu-
lar compartmentalization (39), we sought to determine which
isoform(s) acted on the OREBP/TonEBP protein. Conse-
quently, we used small interfering RNAs (siRNAs) to reduce the
expression of the endogenous CK1 isoforms (CK1�1, CK1�1L,
CK1-�3, CK1-�, and CK1-�). RNA knockdown resulted in an
approximately �60% reduction in the mRNA levels of each of
the CK1 isoforms, as determined by quantitative real time PCR
(Fig. 5E). Genetic “knockdown” of CK1�1, CK1-�, CK1-�, or
CK1-�3 did not appreciably alter the hypotonicity-induced
cytoplasmic translocation of OREBP/TonEBP (Fig. 5F). How-
ever, the siRNA knockdown of CK1�1L significantly reduced
the nuclear export of OREBP/TonEBP under hypotonic condi-
tions (Fig. 5F). Taken together, these data suggest that CK1�1L
is the kinase that phosphorylates Ser-158 in the regulation of
OREBP/TonEBP export.

DISCUSSION

OREBP/TonEBP plays a central role in orchestrating a gene
transcription program that is essential for cellular adaptation to
hypertonic stress (40). The activity of OREBP/TonEBP can be
regulated by its subcellular redistribution in response to
changes in extracellular tonicities, where hypertonicity and
hypotonicity induce its nuclear translocation and nuclear
exclusion, respectively (21, 26). In addition, the transactiva-
tional activity of this transcription factor is also elevated under
conditions of increased extracellular tonicity via the actions of
p38, Fyn, cAMP-dependent protein kinase, and ataxia telangi-
ectasia mutated (23–25, 41). Nevertheless, the precise regula-
tory mechanism underlying the subcellular localization and
activation of OREBP/TonEBP remains poorly defined.
The spatial distribution of a given protein within the cell is

important for its proper function. For proteins that are shuttled
in and out of the nucleus, the subcellular localization can be
modulated via the phosphorylation of specific amino acid resi-
dues close to the NLS or NES (42–46). Phosphorylation may
lead to a “masking” of the NLS (47, 48) or an inhibition of the
interaction between the CRM1 andNES (46). Alternatively, the

phosphorylation of a nuclear factor may create a novel recog-
nition site for a cytoplasmic protein, resulting in the cytosolic
sequestration of the nuclear factor (49). Previously, we have
identified additional protein motifs that control the subcellular
localization of OREBP/TonEBP in response to various degrees
of extracellular tonicity. We have shown that the AED (amino
acids 132–156) plays a critical role in the regulation of its
nuclear export. Deletion of the AED led to the constitutive
nuclear localization of OREBP/TonEBP despite the presence of
the NES (26). Here, we demonstrate that Ser-155 within the
AED, and Ser-158 located adjacent to this domain, are phos-
phorylated under hypotonic conditions, as evidenced by mass
spectrometric analysis and in vitro phosphorylation assays.
Furthermore, the phosphorylation of both Ser-155 and Ser-158
is required for the nuclear export of OREBP/TonEBP in
response to hypotonic challenge, because nonphosphorylatable
mutation of these two residues, either alone or in combination,
inhibits the nuclear exclusion of OREBP/TonEBP. Interest-
ingly, a reporter protein containing a Ser-155 to aspartate
mutation (S155D) within the AED was not constitutively local-
ized throughout the cytoplasm but was only translocated to the
cytoplasmunder hypotonic treatment. This suggests that phos-
phorylation of this serine alone is not sufficient to induce this
protein to exit the nucleus. On the other hand, when Ser-158
was replaced by aspartate (S158D), hypotonicity-induced
nuclear export of the protein was inhibited. More intriguingly,
nuclear export was completely abolished when both Ser-155
and Ser-158 were replaced by the phosphomimetic aspartate
residue. One possible explanation is that phosphomimetic sub-
stitutions lead to the misfolding of the nascent protein and
hence disrupt the formation of the conformation required for
nuclear export. If this was the case, then these proteins would
be directed to the proteasome for degradation. However, all the
mutant proteins were expressed to levels comparable with
those of the WT, suggesting that the mutations did not lead
to any major conformational changes. A more likely expla-
nation is that phosphorylated Ser-155 and Ser-158 residues
play distinct roles within different cellular compartments.
The phosphorylation of Ser-155 in the nucleus may be
required for the interaction with the nuclear export recep-
tor, whereas phosphorylation at Ser-158 by CK1 may be
important for its cytoplasmic retention. The phosphomi-
metic substitution of Ser-158 (with aspartate) may destroy
the peptide motif required for efficient Ser-155 phosphoryl-
ation. Furthermore, a double phosphomimetic mutation of
the two closely spaced serine residues may obliterate the
recognition site for the nuclear export receptor, resulting in
OREBP/TonEBP being constitutively localized throughout
the cytoplasm. The development of phospho-specific anti-
bodies against phosphorylated Ser-155 and phosphorylated
Ser-155 and Ser-158 would help to clarify this disparity.
It is not clear exactly how this dual phosphorylation regulates

the subcellular localization of OREBP/TonEBP. Nucleocyto-
plasmic trafficking of transcription factors such as FOXO1A
(50), PERs (51), NFATs (52, 53), and Pho4 (54) is also regulated
by phosphorylation at multiple sites. It has been suggested that
multisite phosphorylation may induce conformational
changes, resulting in themasking of the NLS or the exposure of
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the NES favoring cytoplasmic localization (50, 53, 55). In addi-
tion, the phosphorylation levels within the different domains
may determine the rate of nuclear import or export (53). We
speculate that NLS masking may be one of the critical steps in
OREBP/TonEBP nuclear export, as Ser-155 and Ser-158 are in
close proximity to theNLS, and their phosphorylationmay pro-
mote interdomain interactions, resulting in the masking of the
NLS. Notably, the stretch of amino acids between the AED and
NLS (amino acid residues 159–197) contains a total of 11 serine
and threonine residues. It is therefore important to examine
whether additional phosphorylation events within this region
play a role in OREBP/TonEBP nuclear export. Another salient
feature of OREBP/TonEBP localization is that although it con-
tains a canonical NES, this domain is dispensable for nuclear
export, and the export does not involve CRM1 (26). We there-
fore postulate that phosphoserines and nearby residues may
form “recognition motifs” for an as-yet unidentified export
receptor. Alternatively, multiple phosphorylations may induce
a conformational changewithin other foldedmotifs, whichmay
be recognized by the receptor. Irrespective of the mechanism,
the identity of the novel nuclear export receptor remains to be
determined.
Members of the CK1 family phosphorylate a wide spectrum

of substrates ranging from cytoskeletal proteins to transcrip-
tion factors (36). As a result, CK1 regulates numerous cellular
process such as cell cycle progression and cytokinesis (56),
chromosome and microtubule dynamics (57, 58), circadian
rhythm (51), and apoptosis (59, 60). CK1 is also known to reg-
ulate the subcellular localization of transcription factors. For
example, the phosphorylation of Ser-322 and Ser-325 of
FOXO1A by CK1 is directed by a “priming” phosphorylation at
Ser-319 by another kinase, PKB (50), whereas the cytoplasmic
retention of NFAT1 and NFAT4 requires CK1�1 phosphoryl-
ation at multiple sites (52, 55). Here we have demonstrated that
CK1 is involved in the phosphorylation of Ser-158. Given the
diverse functions of CK1, it has been proposed that the speci-
ficity of this family of kinases is because of the existence of
different isoforms, each of which exhibits different substrate
specificity as well as subcellular localization (39). Consistent
with this notion, our data show that the CK1�1L isoform of
CK1 is the major physiological kinase of OREBP/TonEBP. To
our knowledge, the function of CK1�1L has not been previ-
ously characterized, and therefore our data identify the first
known physiological substrate of CK1�1L. Interestingly,
although CK1�1L and CK1�1 are encoded by two separate
genes located on chromosome 13q13.3 and 5q32, respectively,
their amino acid sequences are highly homologous to each
other (85% identity) except that CK1�1 contains an extra 28
amino acid residues within the catalytic domain (Fig. 6). How
such subtle differences lead to differential activity toward
OREBP/TonEBP remains to be deciphered. One possibility is
that the isoforms may have distinct subcellular localizations. It
has been shown that CK1�1 follows a cell cycle-dependent sub-
cellular redistribution, varying its association with cytosolic
vesicles, the centrosome, and microtubules (57). Determining
the precise subcellular localization of CK1�1L will greatly
enhance our understanding of how this kinase is regulated by
changes in tonicity.

Our data also suggest that the CK1-mediated phosphoryla-
tion of OREBP/TonEBP at Ser-158 requires a priming phos-
phorylation at Ser-155. This implies that CK1 can only phos-
phorylate OREBP/TonEBP in conjunction with another, as-yet
unidentified kinase. This unidentified kinase may play a major
role regulating the subcellular distribution of OREBP/TonEBP
through the phosphorylation of Ser-155. To the best of our
knowledge, the sequence of amino acids flanking Ser-155
shares no significant homology with any previously described
kinase substrate motifs. Therefore, the identification of the
kinase that phosphorylates Ser-155 will be important toward a
complete understanding the mechanism of nucleocytoplasmic
trafficking of OREBP/TonEBP.
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