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Na™/H™" Exchanger 1 Directly Binds to Calcineurin A and Activates
Downstream NFAT Signaling, Leading to Cardiomyocyte Hypertrophy

Takashi Hisamitsu, Tomoe Y. Nakamura, and Shigeo Wakabayashi

Department of Molecular Physiology, National Cerebral and Cardiovascular Center Research Institute, Suita, Osaka, Japan

The calcineurin A (CaNA) subunit was identified as a novel binding partner of plasma membrane Na*/H* exchanger 1 (NHE1).
CaN is a Ca’* -dependent phosphatase involved in many cellular functions, including cardiac hypertrophy. Direct binding of
CaN to the 7’PVITID”*° sequence of NHEI, which resembles the consensus CaN-binding motif (PXIXIT), was observed. Over-
expression of NHE1 promoted serum-induced CaN/nuclear factor of activated T cells (NFAT) signaling in fibroblasts, as indi-
cated by enhancement of NFAT promoter activity and nuclear translocation, which was attenuated by NHE1 inhibitor. In neona-
tal rat cardiomyocytes, NHE1 stimulated hypertrophic gene expression and the NFAT pathway, which were inhibited by a CaN
inhibitor, FK506. Importantly, CaN activity was strongly enhanced with increasing pH, so NHE1 may promote CaN/NFAT sig-
naling via increased intracellular pH. Indeed, Na*/H™* exchange activity was required for NHE1-dependent NFAT signaling.
Moreover, interaction of CaN with NHE1 and clustering of NHE] to lipid rafts were also required for this response. Based on
these results, we propose that NHE1 activity may generate a localized membrane microdomain with higher pH, thereby sensitiz-
ing CaN to activation and promoting NFAT signaling. In cardiomyocytes, such signaling can be a pathway of NHE1-dependent

hypertrophy.

,VI aintenance of intracellular pH (pH,) is critical for the func-
tion of most enzymes, membrane proteins, and organic and
inorganic molecules. The pH; is strictly regulated by a combina-
tion of various acid and base transporters, including the acid-
extruding transporter Na™/H" exchanger 1 (NHEI), a ubiqui-
tously expressed isoform of the NHE family of countertransport
proteins (38, 44, 56). NHEI is a dimer that consists of 2 hetero-
complexes of the transporter protein with a cytosolic subunit,
calcineurin B (CaNB) homologous protein (CHP), an essential
cofactor preserving the structure and function of NHEL1 (1, 17, 34,
36). The NHE1 molecule is comprised of 2 major domains—an
N-terminal ion transport domain with transmembrane helices
and a regulatory C-terminal cytoplasmic domain that associates
with signaling molecules (50). NHELI is activated in response to
various stimuli, including hormones, growth factors, and me-
chanical stress (50), which often lead to increased disease patho-
genesis, e.g., heart failure and cancer (6, 22).

Since the initial identification and cloning of NHE1 (43), many
studies have focused on the molecular mechanism underlying its
regulation, and several regulatory proteins and bioactive lipids
that interact with the C-terminal domain of NHE1 have been
identified. For example, we recently reported that hormonal acti-
vation of NHE1 may be mediated by the direct interaction of
diacylglycerol with the lipid-interacting domain of NHE1 (48).
Activation of NHE1 results in elevations of pH; and the Na™ con-
centration, which regulates a variety of physiological and patho-
logical processes. However, how activation of NHE1 promotes
downstream signaling via specific NHE1-interacting molecules is
poorly understood.

To provide insight into the NHE1-dependent signaling path-
way, we first aimed to identify novel binding partners of NHE1 by
using a combination of affinity purification and mass spectrome-
try (MS). As a result, we identified calcineurin (CaN) as a novel
NHE1-binding protein. CaN is a Ca**-dependent serine/threo-
nine protein phosphatase, which is a heterodimeric complex of a
58- to 64-kDa catalytic A subunit and a 19-kDa regulatory B sub-
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unit (7, 27). In mammals, the A subunit has 3 isoforms («, 3, and
v), and the B subunit has 2 isoforms (CaNB1 and -B2). Unlike
CaNAvy, CaNA«a and CaNAR are widely expressed in various tis-
sues and regulate a variety of cellular processes, including the im-
mune response, neurotransmitter release in the brain, and muscle
hypertrophy (42). Upon elevation of intracellular Ca** levels, the
binding of Ca**-calmodulin (CaM) complex to the CaM-binding
domain in the CaNA subunit increases its enzymatic activity by
releasing the autoinhibitory domain blocking the active site (7,
27). Nuclear factors of activated T cells (NFAT) transcription fac-
tors are the best-characterized substrates of CaN (7, 19, 27, 33).
After dephosphorylation by CaN, cytosolic NFAT subunits
(NFATcl to NFATc4) are translocated into the nucleus, where
they increase the transcription of many genes. Some CaN is
known to be associated with the plasma membrane which may
then interact with multiple membrane proteins (26, 54). In fact,
several reports suggest CaN-dependent regulation of membrane
proteins, such as ligand-gated or voltage-gated ion channels (54).
Conversely, it is not well understood how CaN is activated at the
plasma membrane of cells through specific target molecules.

In cardiomyocytes, activation of CaN-NFAT signaling is one of
the major Ca®"-dependent prohypertrophic pathways (15, 35).
Activation of NHE1 is also involved in cardiac hypertrophy and
heart failure, as shown by studies in animal models and isolated
cardiomyocytes (10, 12,21, 37, 53). The expression level of NHE1
was reported to be elevated in various hypertrophic animal mod-
els (12, 24). Furthermore, we recently reported that, based on
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results using transgenic mice with activated NHEI, activation of
NHE! is sufficient for increasing prohypertrophic Ca>" signals,
leading to cardiac hypertrophy and heart failure (37). Therefore,
the identification of CaN as an NHE1-binding partner prompted
us to investigate whether the NHE1-CaN interaction plays a path-
ological role in the genesis of cardiomyocyte hypertrophy.

In the present study, we demonstrate that CaN directly inter-
acts with the specific site of the NHE1 cytoplasmic domain and
amplifies downstream NFAT signaling, thereby enhancing gene
expression and leading to cardiomyocyte hypertrophy.

MATERIALS AND METHODS

Reagents. Thrombin, methyl-B-cyclodextrin (MBCD), and FK506 were
purchased from Sigma. lonomycin was obtained from Calbiochem. The
following antibodies were used: rabbit anti-NHEI (3), mouse anti-NHE1
(BD Transduction Laboratory), rat antihemagglutinin (anti-HA)
(Roche), rabbit anti-pan-CaNA (Cell Signaling Technology), rabbit anti-
CaNB (Santa Cruz Biotechnology), rabbit anti-phospho-protein kinase A
RII (anti-phospho-PKA RII) monoclonal antibody (Epitomics), mouse
anti-flottilin-1 (BD Biosciences), mouse anti-a-actinin (Sigma), mouse
anti-glyceraldehyde-3-phosphate dehydrogenase (anti-GAPDH) (Milli-
pore), rabbit anti-atrial natriuretic factor (anti-ANF) (Abcam PLC), and
mouse anti-RCAN1 (ABNOVA). The anti-CaNA and -CaNB antibodies
used in this study did not cross-react with CHP1. A peptide (14-mer)
corresponding to residues ' 'KEDLPVITIDPASP”** of NHE1 and control
peptides GPHPVIVITGPHEE and GPHPVIAVNGPHEE were synthe-
sized to >95% purity (Invitrogen). All other chemicals employed were of
the highest available purity.

Molecular biology. The plasmid carrying the cDNA for human NHE1
contained some unique restriction sites, which were cloned into the pECE
mammalian expression vector as described previously (49). A PCR-based
strategy was performed to construct insertion or deletion mutant cDNA,
as previously reported (49), by using a template plasmid encoding NHE1
tagged with hemagglutinin (HA; amino acid sequence, PYDVPDYA) at its
C terminus, which was designated NHE1-HA (18). For construction of
NHEI incorporating extracellular HA tags, 2 tandem HA tags and glycine
linkers consisting of 25 amino acids (GGYPYDVPDYAGGGYPYDVPDY
AGG) were inserted between amino acids (aa) 281 and 282 of NHEI,
which was designated NHE1-2HA. To construct NHE1 tagged with a
peptide derived from the CaN-specific substrate RII (designated NHE1*-
RlIpep-HA), NHEI was truncated after aa 760 by using a PCR-based
strategy and then connected to aa 85 to 103 of human RIlo (GenBank
accession no. NP_004148). The PCR fragments were sequenced with a
Perkin-Elmer ABI model 3130 autosequencer. To generate an expression
vector for the human CaNA«, CaNA, and CaNB1 subunits, each cDNA
was purchased from Invitrogen and cloned into pcDNA3.1(—) or
pcDNA3.1/Hygro(—) (Invitrogen) mammalian expression vectors. Hu-
man NFATcl and mouse NFATc4 clones were purchased from Open
Biosystems and cloned into the pEGFP-N1 vector to generate green fluo-
rescent protein (GFP) fusion proteins.

Adenovirus production. PCR fragments were produced from NHE1-
2HA, the NHE1 mutant (A715-720), or NFATc4-GFP and cloned into
the entry vector (p)DONR221) by Gateway technology (Invitrogen). Sub-
sequently, inserts in the resulting vectors were transferred into the desti-
nation vector (pAd/CMV/V5-DEST) according to the manufacturer’s
protocol (Invitrogen). These adenovirus expression vectors were trans-
fected into HEK293A cells, and adenovirus carrying the genes of interest
was produced for about 10 days according to the manufacturer’s protocol
(Invitrogen). The titer of adenoviruses was measured with an adenovirus
titer immunoassay kit (Cell Biolabs, Inc.). Titers ranged from 5 X 10® to
5 X 10° PFU/ml.

Cell culture, DNA transfection, and adenovirus infection. An
Na*/H" exchanger-deficient cell line (PS120) (40) and its transfectants
were maintained in Dulbecco’s modified Eagle’s medium (DMEM; Sig-
ma-Aldrich) supplemented with 25 mM NaHCO;, 7.5% (vol/vol) fetal
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calf serum, penicillin (50 U - ml '), and streptomycin (50 pg - ml~ ') at
37°C in the presence of 5% CO,. PS120 cells (5.0 X 10’ cells per 100-mm
dish) were transfected with each NHE1 plasmid construct (10 pg) by
using a calcium phosphate coprecipitation technique. Cells that stably
expressed mutant NHE1 were selected using the “H™ -killing” technique
(47). Transfection with plasmids carrying CaNA« plus CaNB1 or CaNAB
plus CaNB1 was performed using Lipofectamine 2000 (Invitrogen), and
the resultant stable cell lines were selected with 1 mg - ml~! G418 plus 0.2
mg - ml~ ! hygromycin. The transport-deficient mutant E2621 was trans-
fected into PS120 cells, and stable cell lines were selected with G418.

Primary culture of neonatal rat ventricular myocytes from 1- to 3-day-
old Sprague-Dawley rats was essentially carried out as described previ-
ously (37). Cardiomyocytes were plated on laminin-coated glass-bottom
dishes and maintained in DMEM supplemented with 10% fetal calf se-
rum, L-glutamine, and penicillin-streptomycin. Two days later, myocytes
were transfected overnight with plasmids carrying NHE1-2HA or the
NHE1 A715-720-2HA deletion mutant by using Lipofectamine 2000 un-
der serum-free conditions. Subsequently, myocytes were infected at a
multiplicity of infection (MOI) of ~100 with adenovirus carrying
NFATc4-GFP, and FK506 (1 wM) was added to some dishes. For experi-
ments examining the hypertrophic response, myocytes were similarly in-
fected with adenovirus carrying NHE1-2HA or the A715-720-2HA dele-
tion mutant. As a control experiment, some cells were stimulated with
phenylephrine (PE; 10 uM). Two days later, cells were subjected to im-
munoblotting or confocal microscopy.

Identification of NHE1-binding proteins by LC-MS/MS analysis.
PS120 cells that stably expressed HA-tagged or untagged wild-type NHE1
were plated onto 20 500-cm? dishes and grown to confluence (a total of
4.0 X 10 cells). Cells were solubilized for 20 min on ice with 200 ml of
lysis buffer (150 mM NaCl, 0.1 mM CaCl,, 20 mM HEPES [pH 7.2]), 1%
Triton X-100, and Complete EDTA-free protease inhibitor cocktail
(Roche) and were then centrifuged at 27,000 X ¢ for 20 min. Subse-
quently, the supernatant was incubated for 1 h at 4°C with Sepharose
CL-4B (GE Healthcare UK, Ltd.) to remove proteins that bound nonspe-
cifically to the resin. The adsorbed supernatant was incubated with 1 ml
anti-HA affinity matrix (Roche) at 4°C for 2 h. The beads were washed
twice with 10 ml lysis buffer, twice with 10 ml high-salt lysis buffer (lysis
buffer with 500 mM NaCl), and once with 10 ml low-detergent lysis buffer
(lysis buffer with 0.1% Triton X-100). Proteins that specifically bound to
the anti-HA beads were eluted in 1 ml sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) sample buffer (Invitrogen). SDS-
PAGE was performed on a 4 to 12% NuPAGE gradient gel (Invitrogen),
and the protein bands were visualized using a silver stain mass spectrom-
etry (MS) kit (Wako Pure Chemical Industries, Ltd.).

For liquid chromatography-tandem mass spectrometry (LC-MS/MS)
analysis, the bands of interest were excised and then trypsinized in the gel
at 35°C for 20 h. The sample was separated by high-performance liquid
chromatography (Magic 2002; Michrom BioResources, Inc.) on a Magic
C,4 column (Michrom BioResources, Inc.). MS data were obtained using
a Q-TOF II system (Waters Micromass), and the isolated proteins were
identified by searching the National Center for Biotechnology Informa-
tion nonredundant sequence database with the Mascot search engine
(Matrix Science). LC-MS/MS analyses were performed by the APRO Life
Science Institute, Inc. (Tokushima, Japan).

Expression and purification of constitutively activated CaN. Consti-
tutively activated CaN (CA-CaN) was expressed as a complex of a gluta-
thione S-transferase (GST)-fused human CaNAa mutant (aa 1 to 398)
lacking the CaM-binding and autoinhibitory domains with full-length
human CaNBI1 (aa 1 to 170) in Escherichia coli BL21 Star(DE3) cells (In-
vitrogen), as described previously (41). The protein complex was induced
with isopropyl-B-p-thiogalactopyranoside (IPTG) and purified with glu-
tathione-Sepharose (GE Healthcare), and the GST tag was removed by
digestion with PreScission protease (GE Healthcare) according to the
manufacturer’s protocol. The digested protein complex was further puri-
fied by gel filtration using prep-grade HiLoad 16/60 Superdex 200 (GE
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Healthcare). The final eluate was concentrated to 1.1 mg - ml~ ' and ana-
lyzed by SDS-PAGE and Coomassie staining.

Pulldown assay. cDNA encoding the C-terminal domain (aa 503 to
815) of human NHE1 was cloned into the pMal-c vector (New England
BioLabs, Inc.). Recombinant proteins fused with maltose binding protein
(MBP) were expressed in BL21 Star(DE3) cells. Bacterial cells from 500 ml
of culture were sonicated and centrifuged, and the supernatant was ap-
plied to an amylose resin column equilibrated with phosphate-buffered
saline (PBS) and incubated for 30 min at room temperature. The resin was
washed 3 times with PBS, and a mixture of recombinant human CaN (A
and B complex; 5.8 pg) (Biomol), 500 pg bovine testes CaM (Sigma), and
0.2 mM CaCl, was added to the resin. In one experimental series, protein
extract from bacteria expressing CaNB without CaNA was subjected to a
pulldown assay. To examine the competitive effect of CaN-binding pep-
tides, CA-CaN (7.8 pg) was incubated with the indicated concentration of
14-mer synthesized peptides, and the mixture of CA-CaN and each pep-
tide was applied to the protein-bound amylose resin. After incubation for
1 h at 4°C, the resin was washed 4 times with PBS, and bound proteins
were eluted with PBS containing 10 mM maltose and analyzed by SDS-
PAGE.

Measurement of >*Na™* uptake and pH,. The *Na™ uptake activity
and its dependence on pH; were measured by using the pH; clamp method
(20). Briefly, cells in 24-well plates were depleted of serum for more than
5hand preincubated for 30 min at 37°C in Na™ -free choline chloride-KCl
medium containing 20 mM HEPES-Tris (pH 7.4), 1.2 to 140 mM KCl, 2
mM CaCl,, 1 mM MgCl,, 5 mM glucose, and 5 pM nigericin. Subse-
quently, **Na* uptake was initiated by the addition of choline chloride-
KClI solution containing **NaCl (37 kBq - ml™'; 1 mM final concentra-
tion), 1 mM ouabain, and 100 uM bumetanide. In some wells, the uptake
solution contained 0.1 mM 5-(N-ethyl-N-isopropyl)amiloride (EIPA;
Molecular Probes). After 1 min of Na* uptake, the cells were rapidly
washed 4 times with ice-cold PBS to terminate the reaction. The pH; was
calculated on the basis of the imposed [K™] gradient by assuming the
equilibrium intracellular [K*]/extracellular [K*] ([K*]/[K"],) =
[H"]/[H"], and a [K¥]; of 120 mM. The data were normalized with
respect to the protein concentration, which was measured using a bicin-
choninic assay kit (Pierce Chemicals) and bovine serum albumin (BSA) as
a standard.

The change in pH; induced by various extracellular agents was mea-
sured by using the [**C]benzoic acid equilibration method in serum-
deprived cells (47). The pH; was also measured using the dual-excitation
ratiometric pH indicator BCECF-AM (Invitrogen), as previously de-
scribed (17). Briefly, the fluorescence was measured at 510 to 530 nm with
alternating excitations at 440 and 490 nm through a 505-nm dichroic
reflector. Images were collected every 5 s using a cooled charge-coupled
device (CCD) camera (ORCA-ER; Hamamatsu Photonics K.K., Japan)
mounted on an inverted microscope (IX 71; Olympus) with a 20X objec-
tive (UAPO/340; Olympus) and processed with AQUACOSMOS soft-
ware (Hamamatsu Photonics). The pH; was calibrated using a high-[K™]
solution containing 140 mM KCl, 2 mM CaCl,, 1 mM MgCl,, and 5 uM
nigericin and adjusted to pH values of between 6.0 and 8.0 with a mixture
of MES (morpholineethanesulfonic acid) and HEPES.

Measurement of CaN activity in vitro. The phosphatase activity of
CaN was determined using a CaN assay kit (Biomol) with slight modifi-
cation of the manufacturer’s instructions. Briefly, recombinant human
CaN (Biomol) was incubated with the CaN substrate protein kinase A
(PKA) regulatory subunit phospho-RII peptide in 20 mM HEPES, 20 mM
MES (adjusted to pH 6.3 to 9.1 with Tris), 100 mM NaCl, 6 mM MgCl,,
0.5 mM dithiothreitol (DTT), 0.025% NP-40, 0.5 mM CaCl,, and 0.25
pM CaM for 30 min at room temperature, and the amount of released
phosphate was measured. To determine the Ca®>" dependency of CaN
activity, the solution contained a constant concentration (0.1 mM) of
CaCl, and various concentrations of EGTA, which was added to produce
various free Ca®" concentrations (10~° to 10~> M) at different pH values
calculated by the Cabuf program (G. Droogmans, KU Leuven, Leuven,
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Belgium). The data were fitted to a Hill equation with the aid of a simu-
lation program (Graph Pad Prism).

Promoter assay. The transcriptional activity of NFAT was measured
using the Dual-Glo luciferase assay system (Promega). Cells that ex-
pressed wild-type and mutant NHEI were plated on a 96-well plate (2.0 X
10* cells - well 1), After 24 h, the cells were transfected with 90 ng of
pGL4.30[luc2P/NFAT-RE/Hygro] and 10 ng of pGL4.75[hRluc/CMV]
vectors per well under serum-free conditions for 24 h. The former plasmid
contains the firefly luciferase gene and the NFAT response element, which
is the promoter region of the interleukin-2 gene, while the latter is an
expression control vector. The cells were stimulated with 10% serum with
or without 3 mM MBCD or 1 wM FK506 for 17 h, and the luminescence
was measured using a Luminous CT-9000D (Dia-Iatron) luminometer.
The luminescence of luc2P, which indicated promoter activity, was nor-
malized to that of hRluc.

Coimmunoprecipitation and immunoblotting. For coimmunopre-
cipitation, cells were washed with ice-cold PBS and solubilized in lysis
buffer for 20 min on ice. After centrifugation for 5 min at 16,000 X g, the
supernatant was incubated with protein A-Sepharose beads (Pierce) sup-
plemented with the indicated antibodies for 2 h at 4°C. Subsequently, the
beads were washed 5 times with ice-cold lysis buffer and proteins were
eluted with SDS-PAGE sample buffer (Invitrogen) containing 50 mM
dithiothreitol. After SDS-PAGE on 4 to 12% NuPAGE gradient gels (In-
vitrogen), the proteins were transferred electrophoretically onto polyvi-
nylidene fluoride membranes and subjected to immunoblotting with the
indicated antibodies. The immunoblotted proteins were visualized using
an enhanced chemiluminescence detection system (Nacalai Tesque, Ja-
pan).

Sucrose density gradient centrifugation. Cells grown on 100-mm
dishes were treated for 17 h with 3 mM MBCD. Control or MBCD-treated
cells were homogenized in 1.1 ml of ice-cold lysis buffer containing 0.1%
Triton X-100, 50 mM NaCl, 0.1 mM CaCl,, and 50 mM Tris-HCI (pH 7.6)
with protease inhibitors. The lysate was sonicated 5 times for 5 s with 30-s
intervals on ice and then incubated for 60 min at 4°C. The sucrose con-
centration of the lysate was adjusted to 45% by mixing with concentrated
sucrose solution, and the resulting solution (2.5 ml) was placed at the
bottom of the tubes. Subsequently, 2.5 ml and 2 ml of a 35% sucrose
solution and 5% sucrose solution, respectively, containing 50 mM NaCl,
0.1 mM CaCl,, and 50 mM Tris-HCI (pH 7.6) were layered to produce a
discontinuous sucrose gradient with a total volume of 7 ml, and sample
tubes were centrifuged by the Hitachi ultracentrifuge (himac;
CS150GXII) at 196,000 X g for 17 h at 4°C with a swing rotor (Hitachi;
S50ST). The fractions were divided into 10 samples (700 pl each). Samples
were analyzed by SDS-PAGE and immunoblotting.

Confocal microscopy. Fibroblastic cells on glass-bottom dishes were
washed twice with PBS, fixed with Mildform fixative (Wako, Japan) for 10
min, and permeabilized with PBS containing 0.1% Triton X-100 for 3
min. The cells were then treated for 60 min with rat anti-HA (1:100),
rabbit anti-RII (pSer96) (1:100), or rabbit anti-pan-CaNA antibodies (1:
100) in PBS with 5% BSA. In some experiments (see Fig. 7A and 9A), cells
were stained after fixation (without permeabilization) with anti-HA anti-
body. Subsequently, cells were fluorescently stained with Alexa Fluor 488-
or Alexa Fluor 546-labeled secondary antibodies (1:400). The fluores-
cence of double-labeled cells was analyzed with a laser scanning confocal
attachment (FluoView FV1000; Olympus Corp.) on an inverted micro-
scope (IX81; Olympus) equipped with an oil immersion objective (60X,
1.42 numerical aperture; PlanApoN [Olympus]). Immunostaining and
confocal microscopy of cardiomyocytes were performed by essentially the
same method used for fibroblasts. Following immunostaining, cardiomy-
ocytes were incubated for 2 min with DAPI (4',6-diamidino-2-phenylin-
dole) for nuclear staining.

The localization of ganglioside GM1, a marker of lipid rafts, was ob-
served in cells that expressed NHE1-HA by using a Vybrant lipid raft
labeling kit (Invitrogen). Briefly, cells were labeled at 4°C with Alexa Fluor
488-conjugated cholera toxin subunit B, which binds to GM1. The cells
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FIG 1 Identification of CaN as a novel binding partner of NHEL. (A) Affinity purification of lysates from cells expressing HA-tagged or untagged NHE1 was
performed as described in Materials and Methods. In addition to the known NHEI binding partners, CHP1 and 14-3-3, we demonstrated that the B subunit of
CaN (CaNB) copurifies with NHE1. mNHEI, mature (fully glycosylated) NHE1; imNHE1, immature (core-glycosylated) NHE1. (B) Coimmunoprecipitation
of cells expressing NHE1-HA or untagged NHE1 with the indicated antibodies, which were used for immunoprecipitation (IP) and immunoblotting (IB). CaNA
and CaNB were coprecipitated with NHE1-HA. (C) Pulldown assay with MBP or MBP fusion proteins containing the C-terminal domain of NHEI (aa 503 to
815). MBP or fusion proteins were visualized by Coomassie brilliant blue (CBB) staining (upper panel). Recombinant CaNA/CaNB complex (middle panels) or
cell lysates of E. coli expressing CaNB without CaNA (lower panel) was applied to the resin, and the gel was analyzed by IB with the indicated antibodies.

were then fixed, permeabilized, and stained with rat anti-HA (1:100) and
Alexa Fluor 546-conjugated secondary antibodies (1:400) at 4°C. Finally,
the cells were analyzed by confocal microscopy.

For observation of the subcellular localization of NFAT in fibroblasts,
cells were transfected with enhanced GFP (EGFP)-labeled human
NFATcl (hNFATc1-GFP) in medium supplemented with 10% serum.
One day later, the medium was depleted of serum for 3 to 10 h. In some
experiments (for nuclear export), cells were continuously incubated in
serum-supplemented medium. Fields (8 to 20 positions) that include cells
showing nuclear or extranuclear localization of NFAT were selected on
the microscope equipped with a stage controller. Cells were stimulated
with various agents in the presence or absence of inhibitors. Fifteen to 60
min later, the same fields before addition of agents were again observed
with the confocal microscope. For analysis of overall subcellular localiza-
tion of NFAT, cells were fixed and the fluorescence intensity of GFP in the
nucleus and cytosolic regions was measured using a confocal system
equipped with imaging software, and the nucleus/cytosol ratio was calcu-
lated to indicate the nuclear translocation of NFAT. For observation of the
subcellular localization of NFAT in cardiomyocytes, cells were transfected
with plasmids carrying extracellular HA-tagged NHE1 variants and sub-
sequently infected with adenovirus carrying hNFATc4-GFP under serum-
free conditions. Two days later, myocytes were fixed and immunostained
with anti-HA antibody, followed by Alexa Fluor 546-labeled secondary
antibody for detection of sarcolemmal expression of NHE1 variants. Nu-
clear localization of NFAT in cardiomyocytes was analyzed similarly as in
fibroblasts.

Statistical analysis. Data were expressed as the means * standard
deviations (SD) of at least 3 determinations. We used the unpaired Stu-
dent’s t test for comparison between 2 groups and one-way analysis of
variance followed by the Dunnett’s test for comparison of more than 2
groups. P values of <0.05 were considered statistically significant.

RESULTS

CaN is a novel binding partner of NHEL1. To identify novel pro-
teins that interact with NHE1, we performed large-scale affinity
purification of HA-tagged NHE1 and analyzed proteins that co-
precipitated with NHEI by using LC-MS/MS. We isolated the
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NHEI1-HA protein complex (~100 ng) and identified candidate
binding partners that were only present in the lysate from
NHE1-HA transfectants and not in that from untagged NHE1
transfectants (Fig. 1A). In addition to CHP1 (31) and 14-3-3 (29),
we found that calcineurin B (CaNB) copurifies with NHE1
(Fig. 1A). As CaN is a heterodimer that is comprised of the
CaNA/B complex, we predicted that CaNA would also interact
with NHEL. While this interaction could not be detected in a
silver-stained gel since the CaNA band overlaps that of other pro-
teins (data not shown), both CaNA and CaNB subunits coprecipi-
tated with NHE1-HA and vice versa (Fig. 1B), suggesting that the
CaNA/B complex interacts with NHE1. Furthermore, both CaNA
and CaNB were pulled down by the cytosolic C-terminal domain
of NHEI (aa 503 to 815) fused with MBP, but not by MBP alone
(Fig. 1C). Next, we addressed which subunits of CaN would di-
rectly interact with NHE1. A similar pulldown assay using only
CaNB (without CaNA) and the NHE1 C terminus resulted in no
detection of CaNB in the pulldown eluent (Fig. 1C, bottom panel),
indicating that CaNB is not directly bound to NHE1. However,
CaNA could not be tested alone because CaNB is required for its
structural stability. Thus, these data suggest that CaNA directly
interacts with the C-terminal domain of NHE1, while CaNB indi-
rectly associates with NHE1 through CaNA.

CaN directly binds to the 7'>PVITID”? sequence in the C-
terminal domain of NHEI1. To identify the CaN-binding site in
the C-terminal domain of NHE1, we performed coimmunopre-
cipitation assays using cells that expressed HA-tagged NHE1 C-
terminal domain deletion mutants (Fig. 2A). Deletions of the
NHEI1 C terminus before residue 709 abolished its coprecipitation
with CaN, while deletion of the C-terminal 65 residues (A750-
HA) preserved its interaction with CaN (Fig. 2A), suggesting that
aa 709 to 750 of NHEL1 are necessary for the interaction of NHE1
with CaN. Sequence analysis of this region revealed a 6-residue
motif ("**PVITID”*°) that is similar to the CaNA-binding motif
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FIG 2 Identification and characterization of the CaN-binding site in the NHEI C terminus. (A) Schematic representation of C-terminal deletion mutants of
HA-tagged NHE1 (upper panel). Lysates from cells that expressed each mutant were immunoprecipitated with an anti-HA antibody and then immunoblotted
with anti-pan-CaNA or anti-HA antibodies (lower panel). The upper and lower bands in the HA immunoblot correspond to the fully glycosylated mature and
the core-glycosylated immature forms of NHE1-HA, respectively. (B) Effect of peptides on the interaction between CaN and NHEI. A pulldown assay of CaN was
performed in the presence of an NHE1-derived peptide (0 to 1 mM) containing PVITID or 2 other control sequences (PVIVIT, model CaN-binding motif;
PVIAVN, weakly interacting control sequence) (30). Relative band density (% of control [lane C]) was plotted against the peptide concentrations. Data (n = 3)
are shown as means = SD (lower panel). For this experiment, a recombinant constitutively active form of CaN (CA-CaN) was used. (C) Both CaNAa and CaNA
interact with NHEI. Untransfected (PS) or NHE1-transfected cells were transiently transfected with CaNB1 and HA-CaNA«a or HA-CaNAR, and the cell lysates
were coimmunoprecipitated with the indicated antibodies (Ab). The cell lysate input (sup) is also shown. The rightmost lane shows the negative control using the
antibody alone (1 pg). rab, rabbit; poly, polyclonal antibody; mono, monoclonal antibody. (D) Similar experiments were also performed in PS120 cells (PS) or
NHE] transfectants that expressed HA-tagged CA-CaNAa or CA-CaNABR. (E) Effect of pH; for NHE1-CaN interaction. Cells expressing HA-tagged NHE1 were
placed for 30 min in the buffer containing 140 mM KCl and 5 wM nigericin to clamp the pH; at various values. CaNA and NHE1-HA proteins were detected by
immunoblotting after immunoprecipitation with anti-HA antibody. (F) The amount of coprecipitated CaNA was represented after normalization with that of
NHE1-HA. Data (n = 3) are shown as means = SD.

(PXIXIT, where X is any amino acid) present in the NFAT tran-
scription factor and other known CaN-interacting proteins (see
Fig. 11B) (2). Indeed, deletion of these 6 residues (A715-720)
prevented the coprecipitation of both CaNA and CaNB with
NHE1-HA (Fig. 2A), indicating that the interaction between CaN
and NHEI is mediated by this motif but not other regions of

August 2012 Volume 32 Number 16

NHEL. To confirm that this region represents the CaN-binding
site of NHE1, we synthesized a short 14-mer peptide containing
the PVITID sequence and examined whether it could inhibit the
pulldown of CaN by the C-terminal domain of NHE1. Incubation
with the NHE1-derived peptide (PVITIDpep) markedly inhibited
the pulldown of CaN (50% inhibitory concentration [ICs,], ~10
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uM) (Fig. 2B). Moreover, another peptide containing the PVIVIT
sequence, reported as a high-affinity CaN-binding peptide (30),
inhibited the pulldown even more effectively (IC5,, =10 pM). In
contrast, a peptide containing the PVIAVN sequence, reported to
weakly interact with CaN (30), had a marginal effect on the pull-
down (Fig. 2B). These data suggest that the PVITID sequence of
NHE1 is the binding site for the A subunit of CaN.

We also examined the isoform specificity of the interaction of
CaNA with NHE1. Both HA-tagged CaNAa and CaNAR sub-
units, cotransfected with CaNB in NHE1-expressing cells, were
coprecipitated with NHE1 (Fig. 2C). Moreover, the constitutively
active (CA)-CaNA subunits—lacking the CaM-binding and auto-
inhibitory domains—also bound to NHE1 (Fig. 2D), indicating
that these regulatory domains are not required for the interaction
of CaNA with NHEI. These results are consistent with the previ-
ous finding that peptides containing the PXIXIT consensus se-
quence interact with the catalytic domain of CaNA (30).

We next addressed the pH; dependence of the interaction be-
tween NHE1 and CaNA in cells. Cells expressing HA-tagged
NHE! were incubated with high K* and nigericin buffer at vari-
ous pHs to clamp pH;, and then NHE1-HA was immunnoprecipi-
tated with anti-HA antibody (Fig. 2E). The amount of coprecipi-
tated CaNA was normalized to that of NHEI (Fig. 2F). These data
indicate that CaNA can bind to NHEI at a wide range of pH;
values, although the interaction appears to be slightly reduced at
acidic and alkaline pH; values.

NHETI activates the CaN/NFAT signaling pathway. CaN de-
phosphorylates NFAT, which promotes the nuclear translocation
of NFAT and stimulates transcription of various genes driven by
an NFAT-specific promoter (7). Therefore, we examined whether
the interaction of NHE1 with CaN modulates the CaN/NFAT
pathway. A control experiment was first conducted to confirm
that the expression of either CA-CaNAa or CA-CaNA (together
with CaNB) resulted in a 4- to 5-fold increase in NFAT transcrip-
tional activity (shown by an increase in luciferase reporter activity
versus untransfected cells), an activation that was completely in-
hibited by a CaN inhibitor, FK506 (Fig. 3A). Interestingly, over-
expression of wild-type NHE1 in PS120 cells lacking endogenous
NHEI also significantly increased luciferase activity in the pres-
ence of serum (Fig. 3B). Enhanced luciferase activity was also ob-
served in CCL39 cells (parental cell line of PS120) expressing the
endogenous NHE1 (Fig. 3B). These data indicate that NHE1 am-
plifies the CaN/NFAT signaling pathway. However, the effect of
NHE1 was marginal when cells were maintained under serum-
free conditions (Fig. 3C), suggesting that activation of NHE1 in
response to serum may potentiate NHE1-induced NFAT signal
activation.

Next, we addressed whether NHE1 potentiates nuclear trans-
location of NFAT. NHEI transfectants were transiently trans-
fected with GFP-tagged NFATc1 and then serum deprived. Cells
showing extranuclear localization of NFAT were initially selected,
exposed to various agents, and then observed on a confocal mi-
croscope (Fig. 4A). Treatment with the Ca®" ionophore ionomy-
cin, which is expected to maximally activate cellular CaN, resulted
in nuclear translocation of NFAT in all cells observed (Fig. 4A and
B). Incubation (1 h) in serum-supplemented medium promoted
nuclear translocation of NFAT in 11 out 0f 41 cells in NHEI trans-
fectants, but not in untransfected PS120 cells (Fig. 4B). Such
translocation was inhibited by the CaN inhibitor FK506 and the
NHEI! inhibitor EIPA (Fig. 4B). These results suggest that the
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FIG 3 Effect of the expression of NHEI variants on NFAT promoter activity.
(A) Effect of CA-CaNA«a or CA-CaNAR expression on NFAT-induced lucif-
erase activity in the presence or absence of 1 pM FK506. The luciferase activity
was normalized to that of the nontransfected control PS120 cells. Results (n =
4) are shown as means * SD. (B and C) Effects of the expression of wild-type
and mutant NHE1 on NFAT promoter activity in the presence or absence of
serum, respectively. PS120 cells that expressed each NHE1 variant or CCL39
cells expressing endogenous NHE1 were transfected with luciferase reporter
plasmids and then incubated for 17 h in serum-depleted or supplemented
growth media, respectively, and the luminescence was measured. The lucifer-
ase activity was normalized to that of nontransfected PS120 cells. Results (n =
4) are shown as means * SD. *, P < 0.05 versus nontransfected PS120 cells; 1,
P < 0.05 versus NHE1 wild type. (D) The diagram illustrates the properties of
NHE1 mutants.

NHE] activity potentiates serum-induced nuclear translocation
of NFAT via activation of CaN. To quantify the results, cells were
fixed under various conditions, and the nucleus/cytosol fluores-
cence ratio was analyzed and represented in histograms (Fig. 4C to
E). These data indicate that (i) serum promoted nuclear translo-
cation of NFAT, as evidenced by serum-induced increase in the
median value in NHE1-transfectants (compare Fig. 4C to E), and
(i) the Na*’H" exchange activity is required to potentiate the
serum-induced nuclear translocation, because the median values
were reduced by the presence of EIPA or the absence of NHE1
(untransfected PS120 cells) (Fig. 4D and E). To further verify the
involvement of NHE1, we also examined the effect of EIPA on
nuclear export of NFAT in cells that initially showed nuclear lo-
calization of NFAT in the presence of serum. FK506 induced nu-
clear export of NFAT in all 10 cells (Fig. 4F and G), indicating that
NFAT export depends on termination of CaN signal. Treatment
(1 h) with EIPA resulted in nuclear export of NFAT in 13 out of 19
cells (Fig. 4F and G). Such EIPA-induced nuclear export was also
observed in CCL39 cells (7 out of 20 cells). These data suggest that
inhibition of NHEI activity resulted in a reduction of CaN signal
in the subpopulation of cells with nuclear NFAT.

To determine whether CaN binding is required for NHE1-
induced NFAT activation, we examined the effect of expression of
the A715-720 NHE1 mutant (Fig. 5A) on the NFAT pathway.
Similar to the wild-type NHE]L, this deletion mutant retained high
exchange activity (Fig. 5B) and was activated in response to extra-

Molecular and Cellular Biology


http://mcb.asm.org

Regulation of Calcineurin by NHE1

serum-free

A

NHE1

before I PS120 (93)
NHE1 (88
treatment — (68)
after
treatment P TP O (SO0 N, T,D 6,0,0,4,9,0,0.0
) : . S g‘b‘QP"Q% Q?"Qﬂ\'gi”'ﬁ‘?‘ RN RO R
lonomycin 10% serum serum serum Intensity ratio (nucleus/cytosol)

+EIPA +FK506

B NHE1 D

— 90 -

8/8 10% serum ‘1'
NHE1-transfectants

§ E M control (107)

- T M EIPA (114)

> 20 + M ionomycin (124)

o

10 -

translocation of NFAT (%)

Cells showing nuclear

I E2621 (110)

= ©

g 555e8 S

2T

s o o+ oL 0 -

o o

= S
E 10% serum Il control (130)
= 20 I NHE1 (89)

o

> AT715-720 (93)
T

(&}

F G NHE1
] 10/10
K
iy
=
before £ '3_'
treatment _g’ <
4
% )
after ot
treatment 32
x
O o

control  EIPA FK506 EIPA s £ & ® ¢
E o 2 £ o
o X o
3] w o
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min for ionomycin), localization of NFAT in the same cells as before treatment. Scale bar, 10 pm. (B) Percentage of cells showing nuclear translocation
(fluorescence ratio of >1.0). The numbers indicate cells with a ratio of >1.0 among total selected cells. (C to E) The ratio of the GFP fluorescence intensity
between the nucleus and cytosol is shown as a histogram. Cells were fixed, observed by confocal microscopy, and analyzed by imaging software. Arrows indicate
the columns in which the medians are included, while numbers in parentheses show the number of cells analyzed. (C) Data for PS120 or NHEI1 transfectants
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numbers indicate cells with a ratio of <1.0 among total selected cells.
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cellular stimuli (serum or thrombin), as shown by cytosolic alka-
linization (Fig. 5C). However, the CaN-binding-deficient A715—
720 NHE1 mutant was unable to induce transcriptional activation
(Fig. 3B) and reduced the NHE1-induced nuclear translocation of
NFAT (Fig. 4E), suggesting that the interaction between CaN and
NHE1 is required for NHE1-induced activation of the CaN/NFAT
pathway. Similarly, the E262I NHE1 mutant, possessing the CaN-
binding site (Fig. 2A) but lacking Na*/H™ exchange activity (Fig.
5B), had little effect on NHE1-induced transcriptional activation
(Fig. 3B) and nuclear translocation of NFAT (Fig. 4E), indicating
that Na™/H™ exchange activity is also required for NHE1-induced
activation of NFAT signaling (Fig. 3D).

CaN activity is pH dependent. Based on the above findings, we
predicted that the pH; increase produced by NHE1 may be impor-
tant for the further activation of CaN bound to NHE1 upon stim-
ulation of cells with Ca**-mobilizing agonists. To test this hy-
pothesis, we first examined whether CaN activity is pH dependent
in vitro. In the presence of Ca** (0.5 mM) and CaM (0.25 pM),
CaN activity was greatly increased upon elevation of the pH from
6.3 to 8.6 and slightly decreased at more alkaline pH values (Fig.
6A). Interestingly, increasing the pH also increased the Ca®* sen-
sitivity of CaN (Fig. 6B) by elevating its dissociation constant
(pK,) value for Ca®" and the Hill coefficient (Fig. 6C). Therefore,
these findings indicate that CaN activity is modulated by both pH
and [Ca®"] in a mutually related fashion.

In order to examine whether binding to NHEL itself is required
to activate CaN, we measured the CaN activity in the presence or
absence of NHE1-derived peptide. Inclusion of an excess amount
of NHEL1 peptide did not affect the CaN activity at various pH
levels (Fig. 6D), suggesting that interaction with NHE1 by itself
does not modulate the CaN activity. We also examined the effect
of monovalent cations on CaN activity, as Na*/H™ exchange re-
sultsin increased intracellular [Na™], which may affect the activity
of CaN. However, CaN activity was not influenced by the substi-
tution of Na™ with equimolar concentrations of other monova-
lent cations (e.g., K* or choline™) (Fig. 6E). These results suggest
that an increase in pH, but not in [Na™], can activate CaN in cells
at physiologically relevant Ca>™ concentrations (0.1 to 1 pM).

Because CaN activity is pH dependent, we next addressed
whether pH; affects the CaN/NFAT pathway. We examined the
effect of extracellular pH (pH,) on luciferase activity because an
alkaline pH,, stimulates Na™/H™" exchange activity and elevates
the pH; (Fig. 6F) (28). Elevation of the pH, from 7.0 to 7.8 in-
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creased pH; and stimulated luciferase activity in cells that ex-
pressed wild-type NHEI1, while the same treatment stimulated
activity only slightly in cells expressing the A715-720 mutant; ac-
tivation did not occur in untransfected PS120 cells or E2621 trans-
fectants (Fig. 6F). These results indicate that an increase in cyto-
solic pH can activate downstream CaN, especially when bound to
NHEL.

Effect of lipid rafts on NHE1-induced NFAT signaling. The
pH-dependent activation of CaN may occur in a restricted mi-
crodomain produced by NHE1 because CaN bound to NHE1 may
be more activated by pH elevation driven by Na*/H™ exchange in
the vicinity of clustered NHEIL. Therefore, we addressed whether
NHE] exists in microdomains like lipid rafts, and if so, whether
disruption of lipid rafts inhibits NHE1-induced NFAT activation.
First, we examined the subcellular localization of CaN in the ab-
sence or presence of NHEI expression. Endogenous CaN was dif-
fusely localized in the cytosol and the plasma membrane (Fig. 7A).
With expression of NHEI, a portion of CaN was clearly colocal-
ized with NHE1 (Fig. 7A; see yellow color in cells), suggesting that
these 2 proteins closely exist in the plasma membranes. Observa-
tion of the top of the cell surface by confocal microscopy revealed
the presence of NHE1 as punctated spots (~200 nm) in the
plasma membrane (Fig. 7B), although such spots of CaN were
difficult to detect because of high background staining. Similarly,
the lipid raft marker ganglioside GM1, which displayed the typical
punctate staining pattern of lipid rafts, was partially (~50%) co-
localized with NHEL. Furthermore, sucrose density gradient cen-
trifugation revealed that a considerable amount of NHE1 was re-
covered in the detergent-resistant light fraction (fractions 4 and
5), in which another lipid raft marker (flotillin-1) cosedimented
with NHE1 (Fig. 7C). These data suggest that a portion of NHE1
exists in lipid rafts. While over 90% of CaN was recovered in the
nonraft heavy fraction, a small amount of CaN was also detected
in the flotillin-1-rich light fraction. Treatment of cells with an
agent that disrupts lipid rafts (MBCD) inhibited the colocaliza-
tion of NHE1 with GM1 (Fig. 7B) and also reduced the amounts of
NHE], flotilin-1, and CaN in the light fraction (Fig. 7C). Under
similar conditions, MBCD significantly reduced NHE1-induced
transcriptional activity (Fig. 7D), although it did not affect the
exchange activity itself, since the **Na™ uptake activities at pH, 5.4
were 19.8 + 0.33and 21.9 * 0.21 nmol - mg~ ' - min~' [n = 3] for
the control and MBCD treatment arm, respectively. These data
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means = SD.

suggest that the NHE1-induced amplification of CaN/NFAT sig-
naling at least partly depends on NHE1 clustering in lipid rafts.
CaN bound to NHE1 can dephosphorylate the nearby sub-
strate. An important question is how CaN bound to NHE1 pro-
motes NFAT dephosphorylation in cells. Since we do not have the
appropriate methodology to selectively measure the activity of the
CaN bound to NHEL1 in cells, we designed a model experiment
using an NHE1-conjugated CaN substrate and examined whether
this substrate is actually dephosphorylated by CaN. We con-
structed C-terminally truncated NHE1 (designed to optimize the
distance between the CaN-binding site and RII tag) tagged with
the CaN substrate peptide RlIpep and HA (designated NHE1*-
RlIpep-HA) (Fig. 8A). NHE1*-RlIpep-HA was expressed in
PS120 cells and immunostained with anti-HA and anti-phospho
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RII antibodies to detect the phosphorylation state of RIIL. In un-
transfected control cells, endogenous phosphorylated RII was
mainly detected in the cytosol (Fig. 8B, upper panels), whereas
phosphorylated RlIpep fused to NHE1 was mainly detected in the
plasma membrane (Fig. 8B, lower panels). Interestingly, treat-
ment with ionomycin resulted in significant dephosphorylation of
RlIpep fused to NHE1 possessing a CaN-binding site, but not in
the A715-720 NHE1 mutant (Fig. 8C and D). We examined the
time courses of dephosphorylation of Rllpep after stimulation of
cells with 2 Ca*>"-mobilizing agents, ionomycin and thrombin.
Based on the previous findings, ionomycin and thrombin were
expected to activate NHE1 (46) and CaN via Ca®" mobilization.
These agents resulted in transient dephosphorylation of the RII
tag, which was inhibited by FK506 (Fig. 8E and F). Thus, these
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and partial colocalization of CaN and NHE1 (yellow regions in the merged photograph). (B) Subcellular localization pattern of NHEL1 in the presence or absence
of a lipid raft destabilizer, MBCD. Cells that expressed NHE1 were treated for 17 h with or without MBCD and fluorescently labeled for ganglioside GM1 (a lipid
raft marker; green) and NHE1 (red). Cells were analyzed with a confocal microscope by adjusting the focal plane to near the top of the cells. In the absence of
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findings suggest that Ca>* mobilization activates CaN bound to
NHEI, which results in dephosphorylation of nearby substrates.
NHE1 promotes hypertrophic signaling in cardiomyocytes,
partly through binding to CaN. In order to examine the patho-
logical relevance of the NHE1-CaN interaction, we addressed
whether CaN binding plays a role in NHE1-induced activation of
hypertrophic signaling in neonatal rat ventricular myocytes.
Overexpression of HA-tagged NHE1 (NHE1-2HA) significantly
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promoted the nuclear translocation of NFAT (Fig. 9A and B).
However, NFAT translocation induced by the A715-720 NHE1
mutant was less efficient than that of wild-type NHEI. FK506
inhibited NHE1-induced translocation of NFAT (Fig. 9B). These
data demonstrate that CaN binding is involved in NHE1-depen-
dent nuclear translocation of NFAT in cardiomyocytes.
Adenovirus expression of NHE1-2HA in cardiomyocytes (Fig.
10A and B) resulted in significant upregulation of a hypertrophic
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In one experiment, the CaN-inhibitor FK506 (1 uM) was added simultaneously to the cells with IM.

marker protein, atrial natriuretic factor (ANF), as shown by im-
munoblot analysis (Fig. 10A and C). Overexpression of NHE1-
2HA also produced an increase in the number of myocytes ex-
pressing ANF, which was observed by intense perinuclear
immunostaining (Fig. 10D and E). In addition, overexpression of
NHEI1-2HA resulted in an increase in the expression of CaN-de-
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pendent hypertrophic marker RCAN1 (Fig. 10F and G). Further-
more, overexpression of NHE1-2HA resulted in enlargement of
cardiomyocyte size (Fig. 10H). Thus, NHE1 stimulated hypertro-
phic signal transduction in cardiomyocytes, albeit to a lesser ex-
tent than treatment with a known hypertrophic stimulant, phen-
ylephrine (PE), as a positive control. The NHE1 A715-720
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plasmids carrying the extracellular HA-tagged wild-type NHE1 or A715-720 mutant NHE1, followed by infection with adenovirus carrying NFATc4-GFP. Cells
were subsequently fixed and immunostained with anti-HA antibody to detect the sarcolemmal expression of NHEI. (B) The ratio of GFP fluorescence intensity
between the nucleus and cytosol is shown as a histogram. Arrows indicate the columns in which the medians are included, while the numbers in parentheses show

the number of cells analyzed.

mutant, however, was much less efficient than the wild-type
NHEI at activating hypertrophic signaling (Fig. 10A to H). FK506
inhibited NHE1-induced hypertrophic signaling. Thus, the CaN-
NHEI interaction is important for activation of the downstream
NFAT pathway, serving as a major route for NHE1-induced hy-
pertrophic responses in cardiomyocytes.

DISCUSSION

In the present study, we demonstrated that the CaNA subunit
directly binds to the cytoplasmic domain of NHE1 via the latter’s
PVITID sequence. Expression of NHEI in fibroblasts further pro-
moted serum-induced nuclear translocation of NFAT and en-
hanced gene transcription driven by the NFAT response element.
Subcellular localization of NFAT depends on the balance between
phosphorylation and CaN-dependent dephosphorylation (19).
The NHEI inhibitor EIPA inhibited serum-induced nuclear im-
port of NFAT and potentiated nuclear export of NFAT, suggesting
a link between Na™/H™ exchange activity and the CaN/NFAT
pathway. In neonatal rat ventricular myocytes, overexpression of
NHE] activated hypertrophic gene expression and stimulated the
nuclear translocation of NFAT—responses that were inhibited by
a CaN inhibitor, FK506. Thus, we propose that NHE1 functions as
a positive regulator of the CaN-mediated signaling pathway, lead-
ing to cardiomyocyte hypertrophy.

We demonstrated that both CaN binding and Na*/H" ex-
change activity are required for NHE1-induced amplification of
NFAT signaling. Since NHE1 mediates a powerful H" -extrusion
pathway across the plasma membrane, we hypothesized that un-
der Ca>* mobilization, CaN is further activated by its recruitment
to a high-pH microenvironment, which is produced by clustered
NHEI! (Fig. 11A). Indeed, CaN activity was highly pH dependent
and was stimulated as the pH increased in the physiological range
from 7.0 to 8.0 in the presence of Ca®"-CaM complex (Fig. 6A).
However, the optimal pH of CaN activity measured in our study
(pH 8.5) differs from those reported in earlier studies (~ pH 7.0)
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(39, 52), which is likely to result from the different experimental
conditions employed. CaN activator CaM contains 4 EF-hand
motifs that each bind to Ca®>*. Therefore, the highly cooperative
activation of CaN by Ca®" (Fig. 6B) is partly due to the coopera-
tive binding of Ca®" to the 4 EF-hand domains of CaM (8, 13, 25).
CaN is also activated in response to increasing pH, which increases
the affinity of CaN for Ca®" (Fig. 6B) and the Hill coefficient for
Ca®" activation (Fig. 6C). These data suggest that augmentation
of the pH activates CaN, even at low intracellular Ca®>" concen-
trations (~10~7 M). Thus, NHEI-mediated activation of CaN
may occur via increased binding of Ca** to CaM and accelerated
catalytic activity of the CaNA subunit at high pH.

The strong pH sensitivity of CaN raises the interesting possi-
bility that NHE1 provides a spatially restricted platform for CaN
activation by producing a high-pH microenvironment. Indeed,
using an NHE1-bound pH probe that we recently designed, we
obtained evidence that NHE1 can produce a high local pH in the
vicinity of NHE1 (unpublished data). NHE1 accumulated in re-
stricted patches (~200 nm) in the plasma membrane, observed by
confocal microscopy. We observed colocalization of NHEI with
GM1 and cosedimentation of NHE1 with flotillin-1, suggesting
that a substantial portion of NHE1 is localized in lipid rafts, con-
sistent with earlier studies (5, 55). Lipid rafts are dynamic assem-
blies enriched in sphingolipid, cholesterol, and glycosylphos-
phatidylinositol (GPI)-anchored proteins, and clustered lipid
rafts may serve as heterogeneous platforms that facilitate efficient
signaling (32). Interestingly, disruption of lipid rafts with MBCD
markedly inhibited NHE1-induced NFAT promoter activity, sug-
gesting that accumulation of NHEI in lipid rafts is at least partly
required for NHE1-induced CaN/NFAT signal amplification.

Cellular endogenous CaN was diffusely distributed in fibro-
blasts (Fig. 7A) and in cardiomyocytes (data not shown). Partial
localization of CaN in plasma membranes suggests that some CaN
is targeted to multiple membranes or membrane-anchored pro-
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FIG 10 CaN-binding is required for NHE1-induced cardiomyocyte hypertrophy. (A, B, and C) The hypertrophic marker ANF is upregulated by overexpression
of wild-type NHE1, but not by a CaN-free NHEI mutant. Cardiomyocytes were infected with adenovirus carrying HA-tagged wild-type NHE1 or the A715-720
mutant and then treated with or without FK506 (1 uM). As a control experiment, myocytes were treated with 10 uM phenylephrine (PE). The expression levels
of HA-tagged NHE1 and ANF were examined by immunoblotting and are represented as a ratio of GAPDH (internal control). Results (n = 4) are shown as means
+ SD. *, P < 0.05 versus control. (D) The expression level of ANF in cardiomyocytes was analyzed by immunofluorescence. Myocytes were treated as indicated
and subsequently immunostained with anti-ANF (green) and anti-a-actinin (cardiomyocyte marker; red) antibodies. Nuclei were labeled with DAPI (blue). In
some cells (arrows), strong staining of ANF around the nucleus was detected. (E) The expression of ANF was analyzed in >3 different microscopic fields. Results
are shown as means = SD, and the number of myocytes analyzed is indicated. (F and G) Expression of CaN-dependent hypertrophic marker RCAN1 in
cardiomyocytes treated as described above (A). (H) Histogram showing the effect of several treatments on cardiomyocyte size. Myocytes were treated as indicated
and immunostained with anti-a-actinin antibody for the detection of myocytes, followed by DAPI staining for the detection of nuclei. The area of myocytes
(wm?) was measured by an FV1000 confocal microscope (Olympus) equipped with imaging software. The expression of NHEI or treatment with 10 uM PE
resulted in the enlargement of a greater number of myocytes than that observed for expression of the A715-720 deletion mutant. FK506 (1 wM) inhibited
NHE1-induced myocyte hypertrophy. Arrows show columns in which the medians are included.
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teins. Our present study indicated that NHEL1 is one of several
membrane targets for CaN. The basal NFAT promoter activity in
NHE1-deficient PS120 cells was inhibited slightly (20%) by FK506
(Fig. 3A). Furthermore, in most of the PS120 cells, NFAT was
localized in the cytosol even after addition of serum (Fig. 4B, C,
And E). Therefore, a large fraction of CaN does not appear to exist
in the active form under serum-free or serum-supplemental cul-
ture medium in PS120 cells. Activation of the CaN/NFAT pathway
by NHE1 suggests that NHE1 can sensitize CaN to activation in
the plasma membrane. Activation or inhibition of CaN/NFAT
signaling has been suggested to occur in plasma membrane mi-
crodomains due to changes in the local Ca’?" concentration,
which are caused by Ca®"-transport proteins—e.g., channels and
pumps (4, 11, 16, 45). These studies support the hypothesis that
CaN is efficiently regulated at more restricted membrane regions
rather than in the cytoplasmic bulk space.

How is CaN binding required for NHE1-dependent NFAT ac-
tivation? We hypothesize a possible role for NHE1 as a spatial and
transient platform for CaN activation. Ca>*-mobilizing stimuli
activate NHE1 and result in elevation of pH;, particularly at the
submembranous region close to clustered NHE1 (Fig. 11A). We
observed that interaction with NHEI itself does not affect the CaN
activity, which was similarly enhanced by increasing pH (Fig. 6D).
Indeed, a model experiment suggested that CaN bound to NHE1
can be activated in response to stimulation in cells (Fig. 8). There-
fore, external stimuli would lead to more efficient activation of
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CaN bound to NHE1 compared to bulk CaN through a pH-de-
pendent increase in the catalytic activity and Ca**sensitivity of
CaN (Fig. 6A to C). In addition, CaM, which directly binds to
NHEI (3), may also contribute to activation of CaN bound in
close proximity to NHE1. We showed that CaN is released from
NHE!I by competitive peptides (Fig. 2B). Thus, activated CaN
could be released from NHE1 by the competitive binding of other
CaN-binding proteins, such as NFAT, with higher affinity to CaN.
Furthermore, this process may be accelerated by an increase in pH
(Fig. 2F). After binding to nearby NFAT, CaN would dephosphor-
ylate NFAT, leading to downstream signaling (Fig. 11A). Addi-
tional studies will be required to ascertain such a hypothesis.

The CaN-binding site is located within the distal cytoplasmic
region of NHE1 (aa 698 to 815), which has little effect on the basal
exchange activity or its activation by intracellular H and various
extracellular stimuli (20, 47). Therefore, this distal region may
function as a platform to transmit the ionic signals produced by
NHEI to downstream pH-sensitive enzymes. Adenylyl cyclase
(51) also represents a possible downstream target of NHE1. The
PXIXIT-like motif, which is only present in the ubiquitously ex-
pressed NHE1 isoform (Fig. 11B), is conserved in species from
amphibians to mammals, but not in fish (Fig. 11C), suggesting the
importance of the NHE1-CaN interaction in many tissues. The
low homology in the distal C-terminal regions of NHEI to -5
suggests a role in tissue-specific signal transduction from each
NHE isoform to downstream targets bound to this region.
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Pathological cardiac hypertrophy is an adaptive response that
is partly triggered by the CaN/NFAT pathway (15). Recently, we
demonstrated that transgenic expression of an activated form of
NHEI causes cardiac hypertrophy and heart failure due to activa-
tion of Ca®"-dependent prohypertrophic factors (e.g., CaN and
Ca**/CaM-dependent protein kinase II) via increased cytosolic
[Ca**] and [Na™] (37). Indeed, there are many reports demon-
strating that the expression level of NHEL is elevated in various
hypertrophic animal models (12, 23, 24). In the present study, we
demonstrated that overexpression of NHE1 resulted in cardiomy-
ocyte enlargement and augmented hypertrophic gene (ANF and
RCANT1) expression. This NHE1-mediated hypertrophic response
is, at least in part, mediated by activation of the CaN/NFAT path-
way, since (i) overexpression of a CaN-free NHEI mutant pro-
duced only a small effect and (ii) NHE1-promoted nuclear trans-
location of NFAT, ANF expression, and cardiomyocyte
hypertrophy were all inhibited by FK506. These findings imply
that pH signals from NHE1 act synergistically with Ca®" signals to
promote the progression of cardiomyocyte hypertrophy via am-
plification of the CaN/NFAT pathway. In this study, we did not
analyze whether the NHE1/CaN/NFAT pathway is also involved
in hormone-induced cardiac hypertrophy. However, NHEI has
been reported to be involved in this process. For example, the
NHE] inhibitor cariporide prevented -adrenergic receptor-me-
diated cardiac hypertrophy, where NHEI is upregulated (12).
Therefore, NHE1-CaN signal relay may also be a possible pathway
leading to hormone-induced cardiac hypertrophy. To our knowl-
edge, this is the first report to describe activation of the CaN/
NFAT signaling pathway by a pH-regulating membrane trans-
porter.
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