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Role of Calcineurin B Homologous Protein in pH Regulation by the Na*/H*
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ABSTRACT: We studied the role of the interaction of calcineurin homologous protein 1 (CHP1) with the
Na*/Ht exchanger | (NHEL), particularly its EF-hand Ca?* binding motifs, in the intracellular pH (pH;)-
dependent regulation of NHEL. We found that “5Ca?* binds to two EF-hand motifs (EF3 and 4) of the
recombinant CHP1 proteins with high affinity (apparent K3 = ~90 nM). Complex formation between
CHPI and the CHP1 binding domain of NHE! resulted in a marked increase in the Ca?* binding affinity
(Ky = ~2 nM) by promoting a conformational change of the EF-hands toward the tightly Ca?+-bound
form. This suggests that CHP} always contains two Ca®* ions when associated with NHE] in cells.
Interestingly, overexpression of GFP-tagged CHP1 with mutations in EF3 or EF4 significantly reduced
the exchange activity in the neutral pH; range and partly impaired the activation of NHE] in response to
various stimuli, such as growth factors and osmotic stress. Furthermore, we found that, in addition to
reducing the activity (Vmax), a CHPL binding-defective NHE1 mutant had a marked reduction in pH;
sensitivity (~0.7 pH unit acidic shift), which consequently abolished various regulatory responses of
NHE!. These observations suggest that the association of NHE1 with CHP1 is crucial for maintenance
of the pH; sensitivity of NHE1 and that tightly bound Ca?* fons may serve as important structural elements

in the “pH; sensor” of NHEI.

The Na*/H* exchanger (NHEI!) proteins in the plasma
membrane and various organellar compartments of mam-
malian cells catalyze the electroneutral countertransport of
Na* for H*. Nine distinct isoforms of the Na*/H* exchanger
(NHE1 to NHE®) have been isolated to date, and these
molecules have been shown to exhibit similar membrane
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! Abbreviations: NHE, Na*/H* exchanger; CHP, calcineurin B
homologous protein: GFP, green fluorescent protein; CalN, calcineurin;
CaM, calmodulin; pH;, intracellular pH: EIPA, 5-(N-ethyl-N-isopropyl)-
amiloride; DMEM. Dulbecco's modified Eagle's medium: HEPES,
2-[4-(2-hydroxyethyl)-1-piperazinyl]ethansulfonic acid: Tris, Tris(hy-
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topologies with 12 predicted N-terminal membrane-spanning
helices and a large C-terminal cytoplasmic region (1—i8).
They show considerable differences in their tissue expression
patterns, membrane localization, and kinetic and pharmaco-
logical properties. The plasma membrane exchangers (NHEI—
5) are primarily involved in regulation of intracellular pH
and Na* concentration, but they also participate in a broad
range of physiclogical processes, such as cell volume
regulation, transepithelial transport of electrolytes, cell
proliferation, apoptosis, and differentiation (1—3).

Of the nine isoforms identified to date, NHE1 has been
characterized in the most detail. NHE1 is ubiquitously
expressed in essentially all tissues and cell types and plays
a major role in maintaining intracellular pH and cell volume
homoeostasis. The activity of NHE1 is controlled by various
extrinsic factors, including growth factors, hormones, and
mechanical stimuli (/—3). A variety of signaling molecules
regulate the NHE protein, such as calcinuerin B homologous
protein (CHP) (/1—13), Ca**/calmodulin (14, 15), the low
molecular weight GTPases Ras and Rho (/6), p42/44
mitogen-activated protein kinases (17), p90 ribosomal S6

kinase (18), 14-3-3 protein (/9), Nck-interacting kinase (20),

phosphatidylinositol 4,5-bisphosphate (21), and carbonic
anhydrase II (22). Recently, we have focused on the role of
CHP in regulation of the activities of the Na*/H* exchangers
(12, 13). )

CHP was initially discovered as a protein (p22) involved
in vesicular transport (23), as well as a molecule that
interacted with NHE (/). Since then, CHP has been reported

10.1021/bi0360004 CCC: $27.50 © 2004 American Chemical Society
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to exhibit multiple functions, including inhibition of cal-
cinuerin phosphatase activity (24), as well as interaction with
microtubules (25), DRAK2 (death-associated protein kinase
related apoptosis inducing protein kinase 2) (26) and
KIF1BA2 (kinesin-family 1BS2) (27). Previously, we re-
ported that the ubiquitous CHP isoform (designated as CHPI)
is an essential cofactor for the physiological activity of the
Na*/H* exchanger by interacting with the juxtamembrane
regicn in the C-terminal cytoplasmic domain of plasma
membrane exchanger isoforms (/2). Furthermore, we re-
ported that the second CHP isoform (CHP2) might be
involved in maintenance of the abnormally high pH; in
malignantly transformed cells (/3). CHP2 is expressed at a
relatively high level in the rat small intestine (28), suggesting
that it plays a specific role in this tissue. These CHP proteins
contain four EF-hand Ca** binding motifs and are myris-
toylated at the N-terminus (Gly?). In addition, CHPI is
phosphorylated in cells in a serum-dependent manner (/1).
However, the roles of these posttranslational modifications
of CHP proteins in the pHi-dependent regulation or acute
activation of NHE in response to extracellular stimuli are
largely unknown, although this protein family appears to be
essential for the physiological exchange activity of plasma
membrane NHEs.

In this study, we focused on the EF-hand Ca?* binding
motifs of CHP1. We found that the affinity of CHP1 for
Ca?* markedly (approximately 40-fold) increases upon
complex formation with NHEI, probably by promoting a
change in the conformation of the EF-hand motifs, The
extremely low Ca?* dissociation constant {~2 nM) of CHP1
suggests that Ca?* jons remain tightly bound to CHP1 when
it is complexed with NHEI in the plasma membrane. On
the basis of properties of various CHP! and NHE1 mutant
proteins in cells, we suggest that CHP1 is important for pH;-
dependent regulation of NHE] and that tightly bound Ca?*
ions play an important role in maintaining a structure that is
critical for this function of CHP1.

EXPERIMENTAL PROCEDURES

Materials. The amiloride derivative EIPA was a gift from
the New Drug Research Laboratories of Kanebo, Ltd. (Osaka,
Japan). #CaCl,, 2NaCl, and “C-benzoic acid were purchased
from Dupont-NEN (Boston, MA). The rabbit polyclonal
antibodies against CHPI and NHE1 were described previ-
ously (12, 14). All other chemicals were of the highest purity
available.

Cells, Culture Conditions, and Stable Expression. The
exchanger-deficient cell line PS120 (29) and corresponding
transfectants were maintained in DMEM (Life Technologies
Inc., Rockville, MD} containing 25 mM NaHCO; and
supplemented with 7.5% (v/v) fetal calf serum, penicillin
(50 units/mL), and streptomycin (50 gg/mL). Cells were
maintained at 37 °C in the presence of 5% CQ,. PS120 cells
(5 x 10° cells/100-mm dish) were transfected with each
plasmid construct (20 ug} by the calcium phosphate copre-
cipitation technique. Cell populations stably expressing wild-
type or mutant human NHE! were selected by the Ht-killing
procedure as described previously (30). Cells stably over-
expressing GEP-tagged CHP1 were first selected with G418,
and then single colonies were selected by monitoring GFP
fluorescence.
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Construction of Expression Vectors. All the constructs
were produced by means of a polymerase chain reaction
(PCR)-based strategy. For construction of GFP-tagged CHP!
or its mutant forms with mutations in Ca?* binding motifs
or in the myristoylated glycine (G2A), a ¢cDNA encoding
CHP|] was cloned into the mammalian expression vector
pEGFP-N1 (Clontech, Palo Alto, CA). The plasmids carrying
¢DNAs for the wild-type or mutant NHELs were all cloned
into the mammalian expression vector pECE. Constructs
were confirmed by sequencing plasmids with an ABI-PRISM
DNA sequencer model 3100 (Applied Biosystems, Foster
City, CA). , .

Purification of Recombinant Proteins. Recombinant his-
tidine-tagged CHP1 proteins were produced in Escherichia
coli (BL21-Star; Invitrogen, San Diego, CA) transformed
with pET11 carrying the cDNA encoding CHP! containing
the C-terminal six histidine residues as described previously
(12). Myristoylated CHP1 was produced using the same
bacteria except they also contained the vector pBB131, which
carries the yeast N-myristoyltransferase cDNA (kindly
provided by Dr. J. I. Gordon, Washington University).
Myristoylation of CHP1 (or p22} produced by this method
was previously confirmed (23). For production of the
complex of CHPI and the CHP1 binding region of NHE1,
the cytoplasmic region (aa 503—545) of NHE! was cloned
into the vector pET24 and coexpressed with His-tagged
CHP! in E. coli in the presence of ampicillin and kanamyein.
Myristoylated and nonmyristoylated CHP1 proteins and
CHPI/NHE1 (aa 503—545) complex proteins were all
recovered in the soluble fraction and partially purified by
passage through a Ni** affinity resin column (ProBond,
Invitrogen) according to the manufacturer’s protocol. Par-
tially purified CHP1 proteins were found to be ~70% pure.
We did not carry out further purification of CHP1 because
of aggregation during storage. The complexes consisting of
CHP1 or its mutant variants complexed with the NHE1
fragment were further purified to more than 95% by
diethylaminoethyl-Sepharose columna chromatography. All
the proteins were dialyzed overnight against 60 mM KCl
and 10 mM HEPES/Tris (pH 7.2).

Measurement of Equilibrium ¥ Ca** Binding. **Ca®* bind-
ing to the proteins was measured by a filtration method as
described previously (31). Purified proteins (0.1—0.2 mg/
mL) were incubated for 1 h at 25 °C in a solution containing
60 mM KCl, 5 mM MgCly, 50 uM CaCly, 0.02 xCi/mL
$CaCly, 10 mM HEPES/Tris (pH 7.2), and different con-
centrations of EGTA (0—58 mM), giving a free Ca®*
concentration of 0.1 nM to 50 4M. Aliquots (1 mL) of the
reaction mixture were transferred onto 0.22-um Millipore
filters (Millipore, Bedford, MA) and filtered under vacuum.
As controls, the same reaction mixtures without proteins were
filtered to measure the background binding of “°Ca by the
filters. More than 95% of the proteins were retained in the
filters. After the filters were dried, *3Ca radioactivity was
measured by scintillation counting,

Measurement of ¥Ca®* Reléase from Proteins. *5Ca?+
release from proteins was measured using a rapid filtration
apparatus as described previously (37). After preincubation
of proteins with a solution containing 50 xM ¥CaCl, for |
h, aliquots (1 mL) of reaction mixtures were filtered through
Millipore filters. Filters were washed at a constant rate
(0.2—2 mL/s) for the indicated periods (0.2—30 s) with
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0.4—6 mL of 60 mM KCl, 5 mM MgCl,, 10 mM HEPES/
Tris (pH 7.2), and 10 mM EGTA. After the filters were dried,
$Ca radioactivity was measured by scintilation counting.

Immunoprecipitation and Immunoblotting. Immunopre-
cipitation and immunoblotting were performed essentially
as described previously (/4). Briefly, cells were solubilized
with 1% Triton X-100 in a solution of 150 mM NaCl, 10
mM HEPES-Tris (pH 7.4), and protease inhibitors. Cell
lysates were incubated with respective antibodies and protein
A Sepharose. After centrifugation, precipitated materials were
separated on 7.5% or 12% polyacrylamide gels and electro-
phoretically transferred to Immobilon membranes (Millipore).
After blocking, incubation with antibodies and washing,
protein signals were visualized by enhanced chemilumines-
cence (Amersham, Buckinghamshire, UK.). The signal
intensity was measured using a photoric microscope system
(ARUGUS-100, Hamamatsu photonics).

Measurement of 2Na* Uptake, ®Na* uptake activity and
its pH; dependence were measured by the K*/nigericin pH;
clamp method essentially as described previously (32).
Serum-depleted cells in 24-well dishes were incubated for
30 min at 37 °C in Na*-free choline chloride/KC] medium
containing 20 mM HEPES/Tris (pH 7.4), 1.2—140 mM KCl,
2 mM CaCl;, 1 mM MgCl, 5 mM glucose (or 5 mM
2-deoxyglucose plus 2 pg/mL oligomycin under conditions
of ATP depletion), and 5 M nigericin. ?*Na* uptake was
started by adding the same choline chloride/KCl solution
containing ZNaCl (37 kBq/mL, final concentration = 1 mM),
1 mM ouabain, and 100 #M bumetanide. In some wells, 0.1
mM EIPA was added to the solution. After 1 min, cells were
washed four times with ice-cold PBS to terminate 2Na*
uptake. The pH; was calculated from the imposed K*
concentration gradient by assuming the equilibrium [K¥]y/
[K*), = [H*]/[H*]; and an intracellular K* concentration
of 120 mM. Data were normalized according to the protein
concentration as measured by the bicinchoninic assay (Pierce
Chemicat Co., IL) using bovine serum albumin as a standard.

Measurement of pH;. Changes in pH; were measured by
the ["*C)-benzoic acid equilibration method (30). For this
measurement, serum-depleted cells were incubated for 30
min in bicarbonate-free HEPES-buffered DMEM (pH 7.0)
and then incubated in the same medium containing ["C]-
benzoic acid (37 kBqg/mL) for 20 min at 37 °C. After the
cells were washed four times with ice-cold PBS, WC-
radioactivity taken up by cells was measured. Changes in
pH; were calculated as described previously (30).

Statistics. Data of the pH dependence of EIPA-sensitive
#Nat* uptake were simulated by fitting the values to the
sigmoidal dose-response equation, rate of EIPA-sensitive
ZNat uptake = Vi /(1 + 10720 = pHyny (pK = pH; giving
half-maximal 22Na* uptake; n = Hill coefficient), using the
simulation program included in Graphpad Prizm (Microsoft
Corp., Redmond, WA). Equilibrium *Ca** binding was fitted
to the dose—response equation, **Ca?* bound = maximal
45Ca™ bound/(1 + (Kz — {Ca +])") (K4 = apparent dissocia-
tion constant for Ca’*; n = Hill coefficient). Kinetic
parameters were expressed as [he best fit values with standard
errors, whereas other data were expressed as the means £
SD for at least three determinations.
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FiGure 1: Amino acid sequences of EF-hand motifs and purified
proteins of various CHPL mutants. Panel A shows amino acid
sequences of four EF-hand motifs present in CHP L. In four mutant
CHP1s (EF1m, EF3m, EFdm, and EF34m), Asp®, Glu'™, Glu!"5,
and both Glu*¥/Glu'’s were replaced by alanine. In panel B, the
purified complex of His-tagged CHP1 with the NHE! segment (aa
503—545) (10 ug) was separated by electrophoresis on a 4—15%
gradient (upper panel} or 12% SDS—PAGE gel (lower panel) and
then visualized by Coomassie Brilliant Blue staining.

RESULTS

Characterization of Ca®* Binding Motifs in CHPI. We
first analyzed *Ca®* binding to EF-hand motifs of CHP1
using recombinant CHP1 and its complex with the binding
domain in NHEL. CHPI interacts with NHEI at the
juxtamembrane region of the carboxyl-terminal cytoplasmic
domain of NHEL. Hydrophobic restdues of NHE!, such as
Phe®, Leu™’, Leu’®, and Leu™', were shown to be
important for the interaction of CHP1 with NHE1 (/2). CHP1
contains four potential EF-hand Ca®* binding motifs, of
which two ancestral sites (EF1 and -2) may not bind Ca**
due to substitution of critical acidic residues (Figure 1A).
The canonical EF-hand consists of 29 consecutive residues
with two flanking helices and a 12-residue loop (Figure 1A).
The chelating loop residues in positions 1 (+x}, 3 (+y), 5
(+2), 7 (—=y), 9 (~x), and 12 (—z) ligate Ca’* through seven
oxygen atoms arranged three-dimensionally on the axes of
a pentagonal bipyramid (33, 34). The —z position, providing
the only side chain oxygen atomis, is crucial for Ca** binding
(33—-35). To characterize these Ca®>* binding motifs, we
introduced mutations into EF1, -3, and -4 in which acidic
residues (aspartic acid or glutamic acid} at the —z position
were replaced by alanine (Figure 1B). We coexpressed the
wild-type or mutant CHP1s together with the juxtamembrane
region of NHEI (aa 503—545) in E. coli. We confirmed that
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FiGURE 2: Equilibrium 4°Ca?* binding to various CHP1 mutant
proteins. In panels A—C, CHPI or its various mutant proteins and
the complex of CHP1 variants with the NHE1 segment (aa 503~
545) (0.1-0.2 mg/ml) were incubated for ! h in solutions
containing 50 M 4CaCl, and various concentrations of EGTA.
which produce 0.2 nM to 50 #M free Ca®*, Symbeols corresponding
to each protein variant were indicated in figures. The solutions were
filtered through Millipore filters, and “Ca2* bound to the CHPI
proteins was measured.

the purified complex proteins (>95% pure) of the wild-type
CHPI, EFlm, EF3m, or EF4m with aa 503--545 of NHEI
were retained as a single peak on gel filtration chromatog-
raphy and contained the CHP1 variant and the NHE1 peptide
at a 1:1 molar ratio (data not shown). In addition, using
4—15% polyacrylamide gradient gels, we confirmed that the
purified samples mostly contained comparable molar amounts
of the CHP!] variant and the NHE1 fragment (Figure 1B,
upper panel). However, in EF34m with double mutations at
EF3 and -4, the amount of the NHEIl fragment was
significantly reduced, suggesting that this double mutation
impairs the interaction of CHP1 with NHEI. On 12% SDS—
PAGE, EF3m, EF4m, and EF34m proteins were found to
migrate more slowly than the wild-type or EFlm proteins
(Figure 1B, lower pane!), suggesting that a mutation-induced
conformational change occurred in these three mutant
proteins that had impaired Ca?* binding (see below).

We measured “Ca?* binding to various CHP1 mutant
proteins by a membrane filtration procedure. We found that
HCa™ bound to the partially purified CHP1 proteins with
an apparent Ky of ~90 nM (Figure 2A and Table 1). The
maximal amount of *Ca?* bound to CHPI corresponded to
~2 mol of Ca** bound/mol of CHP1, assuming that the
CHP1 sample was 70% pure. Myristoylation did not sig-
nificantly affect the apparent affinity for Ca?* nor the
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Table 1: Parameters for Equilibrium “Ca?* Binding

apparent Ky Hill coefficient -
proteins + SE (nMy + SE
CHP1 899493 0.77 £ 0.12
myr-CHFP1 864 + 8.9 0.94 +0.17
CHPI/NHEI 232£0.18 1.22 £ 0.15
EFIm/NHE! 217 £ 0.39 0.98 £0.14
EF3m/NHE] 289 +0.28 1.27 £ 055
EF4m/NHEL 224 £ 026 0.76 + 0.0¢

4 The data shown in Figure 2 were fitted to the equation for
equilibrium #Ca®* binding as described in Experimental Procedures.
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FIGURE 3: Time courses of **Ca®* release from CHPI proteins:
(A) ¥Ca’* release from CHP1 alone (@) or CHPI/NHE] complex
(O (B) 4°Ca?" release from EF3m/NHEI (A) or EF4m/NHE]
complex (). CHP1 proteins or the complex of CHP1 variants with
the NHET segment (aa 503—545) (0.1—0.2 mg/mL} were incubated
for 1 hiin a solution containing 50 4M **CaCl,. applied to Millipore
filters, and washed with a solution containing EGTA. 5Ca?*
remaining on the filters was measured.

maximal level of **Ca** binding (Figure 2A and Table 1).
Interestingly, when CHP1 formed a complex with the NHE]
fragment, the binding affinity for “*Ca®* increased markedly
(~40-fold, Figure 2A and Table 1). The extremely low
apparent dissociation constant (~2 nM) deviates substantially
from the physiological cytosolic Ca?* concentration of cells
{0.1—10 uM). The maximal level of Ca®* binding on the
complex again corresponded to ~2 mol of Ca?* bound/mol
of CHPI. Mutation of either of Ca?* binding motifs EF3 or
EF4, but not EF1, resulted in loss of approximately 1 mol
of ¥Ca?* bound to the complex (Figure 2C). On the other
hand, ¥Ca® binding was completely blocked when the
experiment was carried out using EF3m and EF4m proteins
but without the NHE!1 fragment (Figure 2B) or when two
sites were simultaneously mutated (EF34m) (Figure 2C).
Together, these results indicate that CHP1 binds two Ca?*
ions, one at EF3 and the other at EF4.

To determine how complex formation increases the Ca®t
binding affinity, we measured *'Ca?* release from CHPI
proteins by rapid filtration. As shown in Figure 3A, most of
the Ca®* bound to CHP1 without the NHEI fragment was
released rapidly (fin = ~2 s). In contrast, ¥*Ca’* release from
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expression level of GFP-tagged CHP1 and its variants (indicated
at the top of the figure). Cell lysates (50 ug) from stable
transfectants were subjected to SDS—PAGE, and expression of
endogenous and exogenous CHP1 proteins were detected by
immunoblotting (IB) with an anti-CHP1 antibody. A result for
untransfected PS120 cells is shown in the first lane. Panel B shows
coimmunoprecipitation of the wild-type or mutant (4Q and 4R)
exchangers with endogenous CHPI. Lysates from cells stably
expressing these exchangers were subjected to immunoprecipitation
with anti-CHP1 antibody followed by immuncblotting with anti-
NHEI antibody. Panel C shows the expression level of endogenous
CHPI in cells expressing the wild-type or mutant NHE!s: n.t., no
transfection. Panel D shows coimmunoprecipitation of CHP]
proteins with NHEL. Lysates from cells stably expressing various
proteins were subjected to immunoprecipitation with anti-NHEL
antibody followed by immunoblotting with anti-CHP1 antibedy.
Note that in lanes from cells not transfected with GFP-tagged CHPL
(left two lanes). IgG protein bands were visible at the same positions
as GFP-tagged CHPI.

CHPI complexed with the NHE1 fragment (¢, = ~7 s) was
much slower. A slow release of *Ca?* also occurred in two
mutant CHP1 proteins, EF3m and EF4m, complexed with
the NHE1 fragment (Figure 3B), suggesting that Ca’* binds
tightly to each EF hand.

Effects of CHPI Mutations on NHE1 Regulation. To study
the role of Ca®* binding in NHE1 regulation by CHP1, we
transfected GFP-tagged CHPI into cells expressing NHEL
and obtained cells stably coexpressing these proteins. The
results indicated that GFP-tagged CHPL and its mutant
derivatives were highly coexpressed in NHE! transfectants
(Figure 4A). Interestingly, expression of NHEI markedly
increased the level of expression of the endogenous CHP1
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Table 2: Relative Amounts of Expressed GFP-Tagged CHP1 and
Endogenous CHP1

relative amouant of
endogenous CHP?

relative amount of

transfected proteins GFP-tagged CHP17

untransfected 1.00 £ 0.08
NHEIL 3.63 +0.381°
NHE! + CHP1-GFP 1.00 £ 0.11 L11+0.13
NHE! + G2A-GFP 1.08 £ 0.11 1.03 £0.16
NHEI + EFIm-GFP 0.93 £ 0.00 1.07 £0.11
NHE! + EF3m-GFP 097+ 0.11 1.15 £0.16
NHE! + EF4m-GFP 1.06 £0.07 1.09 +0.10
NHE! + EF34m-GFP 0.94 £0.12 3.85 £ 0.45°
NHE1-4Q 1.02 +0.09
NHE1-4R 1.03 4+ 0.06

2 The density of visualized protein bands on immunoblots (cf. Figure
4, panels A and C) is represented as values normalized according to
the band density from cells expressing CHP[-GFP. Data are means +
SD (r = 3). * The band density is represented as values normalized
according that from untransfected PS120 cells. Data are means £ SD
{n =3). <P < 0.05 versus control.

(3.6-fold), while coexpression of various GFP-tagged CHP1
variants, with the exception of CHP1-EF34m-GFP, reduced
it (Table 2).

We further examined the effect of expression of CHP1
binding-defective NHE1 mutants 4Q and 4R on the amount
of endogenous CHP. These mutant exchangers do not bind
CHPI as shown by coimmunoprecipitation studies (Figure
4B). The level of expression of the endogenous CHP1 did
not increase on coexpression of these mutant exchangers
(Figure 4B,C, Table 2). Thus, the amount of endogenous
CHPI1 in cells is highly dependent on expression of NHE1
and GFP-tagged CHP!.

Figure 4D shows the results for coimmunoprecipitation
experiments using NHEI- and CHP1-specific antibodies to
determine interactions of the expressed CHP1—GFP with
NHEL1. Anti-NHE1 antibody immunoprecipitated endogenous
CHP1 from cells expressing NHEL. In cells coexpressing
GFP—CHPI and NHEI, the same antibody coimmunoprecip-
itated large quantities of GFP—CHPI or its derivatives, and
at the same time, the amount of immunoprecipitated endo-
genous CHP1 was markedly reduced. In cells coexpressing
EF34m—GFP and NHE], -anti-NHE! antibody coimmuno-
precipitated the endogenous CHP1 but not exogenous GFP-
tagged mutant CHPI, consistent with the findings of in vitro
binding studies indicating that double mutation at EF3 and
EF4 impairs the interaction of CHP1 with NHEI.

We next examined the subcellular localization of GFP-
tagged CHP1. As reported previously (/2), the GFP-tagged
CHP1 is localized in the plasma membrane in cells coex-
pressing NHE1 (Figure 5A). Consistent with the in vitro
binding data (Figure 1B), the GFP fluorescence was observed
in the plasma membrane in cells coexpressing GFP-tagged
CHPI1 mutants except EF34m with NHE! (Figure 5A; data
not shown for G2A and EFim). These results, together with
the data from coimmunoprecipitation experiments, indicate
that the endogenous CHP1 bound to NHE! was efficiently
replaced by expressed GFP-tdgged wild-type or CHPIL
mutants. However, the double mutant EF34m was not
localized at the plasma membrane (Figure 5A) because of
the weak interaction of this mutant protein with the jux-
tamembrane region of NHEL. We observed that GFP
fluorescence was still observed in the plasma membrane after
addition of phorbol ester, serum, thrombin, lysophosphatidic
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Figure 5: Subcellular localization of GFP-tagged CHPI: (A)
subcellular localization of GFP-tagged wild-type CHPI (a, b). EF3m
(¢). EF4m (d), and EF34m (e) expressed in PS120 cells (a) or in
their stable transfectants of the wild-type NHE! (b—e): (B) effect
of various agents on the subcellular localization of the wild-type
GFP-tagged CHPI in NHE! transfectants. Cells were placed in
serum-free Dulbecco’s modified Eagle’s medium without phenol
red for 5 h, and then { M PMA, 10% serum. or 2 units/ml
thrombin were added. GFP fluorescence was observed under a
fluorescent microscope equipped with a CoolSNAP imaging system
(RS Photometrics) before (control} and 20 min after addition of
the various agents.

acid, or PDGF-BB, which are all known to activate the
exchange activity (Figure 5B, data not shown for some
experiments). We also found that the plasma membrane
localization of GFP fluorescence did not change upon
addition of metabolic inhibitors (2-deoxyglucose plus oli-
gomycin) that cause cell ATP depletion, thus inhibiting
exchange activity (data not shown). Furthermore, we found
no changes in the plasma membrane localization of GEP-
tagged CHP1 mutants EF3m and EF4m after these various
treatments (data not shown). These observations suggest that
CHPI is tightly associated with NHEL in the plasma
membrane and that this interaction is not affected by various
stimuli.

All the cells expressing CHP1—-GFP or its mutant deriva-
tives exhibited high Na*/H* exchange activity. The ¥Nat
uptake activity in cells clamped at acidic pH; (5.6) by the
K*/nigericin technique was in the range of 20—50 nmol/
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FFiGurRe 6: Exchange activity and regulation of NHE! transfectants
expressing various CHP1 mutants. Panel A shows ratios of EIPA-
sensitive 22Na* uptake activities of cells coexpressing wild-type
NHE! and various CHP1 mutants at pH; 7.0 and 5.6. Numbers
(nmol/mg/min} in parentheses represent *?Na* uptake activity at
pH; = 5.6. Control cells were not transfected with CHP1 but stably
expressing NHEL. Data are means & SD (1 = 3; %, P < 0.05 versus
cells not expressing exogenous CHP1). Panel B shows changes in
pH; measured using the [“Clbenzoic acid equilibration method.
The cells coexpressing NHE1 and various CHP1 variants were
stimulated for 15 min at 37 °C with 10 ng/mL PDGF-BB, | uM
PMA, 10 ug/mL lysophosphatidic acid, or 200 mM sucrose
(hyperosmotic stress). Data are means & SD (z = 6; %, P < 0.05
versus cells expressing wild-type CHPL).

mg/min {(data not shown). We compared the 2Na* uptake
activities in cells expressing various CHP1 variants in the
physiological pH; range. As shown in Figure 6A, the ratio
of 2Na* uptake at pH; 7.2—5.6 was not significantly altered
by expression of wild-type CHP 1. Although a previous study
(1) indicated that overexpression of CHPI inhibits the
NHEI! activity in the presence of serum, we observed no
such CHP1-induced inhibition of the exchange activity. The
reason for this discrepancy is unknown. Unlike the wild-
type CHPI, the 2Na* uptake ratio was significantly reduced
by EF3 or EF4 mutants. Consistent with this finding, we
observed that mutations of EF3 or EF4 significantly reduced
the cytoplasmic alkalinization in response to PDGF-BB,
thrombin, phorbol ester, serum, or hyperosmotic stress
(sucrose) (Figure 6B). These observations suggest that
mutation of EF3 or EF4 partly impairs the regulation of
NHEl by reducing pH; sensitivity. In contrast, double
mutation (EF34m} of CHP1 at EF3 and EF4 did not reduce
the 22Na* uptake ratio or cytoplasmic alkalinization (Figure
6A,B). consistent with the finding that this mutant CHPI is
not able to replace the endogenous CHP1 because of its weak
interaction with NHE]. Finally, mutation of the myristoyl-
ation site (G2A) or EFl did not affect pHi-dependent
regulation of NHEI.
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Fiure 7: pH; dependence of exchange activity in cells expressing
some NHE variants. Panel A shows the pH; dependence of ZNa*
uptake in PS120 cells expressing wild-type NHE! or CHP1 binding-
defective mutants 4Q and 4R and CCL39 tibroblastic cells {the
parental cell line of PS120). pH; was clamped at various values
with K*t/igericin. The maximal EIPA-sensitive 2ZNa* uptake
activity measured at pH; = 5.4 was high in cells expressing wild-
type NHE1 (~50 nmol/mg/min), while it was lower but similar in
cells expressing 4Q or 4R or in CCL39 cells (4.2, 4.2, or 4.1 nmol/
mg/min, respectively). Data were normalized according to the
maximal activity at pH; = 5.4. Panel B shows the effects of ATP
depletion on pH; dependence of exchange activity in cells expressing
4Q or wild-type NHE1 (inset). Cells were depleted of ATP by
treatment with the metabolic inhibitors 2-deoxyglucose (5 mM) and
oligomycin (2 pg/mL). Data were normalized according to the
maximal activity at pH; = 5.4,

Properties of NHE1 Mutants Lacking CHP! Binding. As
described above, mutations of CHP1 partly impair pHi-
dependent regulation of NHEL. Therefore, it is of interest
to determine how CHPI binding affects the pH; sensitivity
of NHE{. Previously, we described two CHP1 binding-
defective mutant exchangers, 4Q or 4R, in which Phe’%,
Lew’?, Leus, and Leu®! of NHE1 were replaced by four
glutamine or arginine residues, respectively (/2) (see Figure
4B). In this study, by using extensive H*-killing selection,
we obtained cells overexpressing 4Q or 4R and exhibiting
refatively high activity (~4 nmol/mg/min at pH; 5.4), thus
allowing reliable measurement of the pH; dependence of
ZNat uptake. As shown in Figure 7A, these mutations caused
a marked acidic shift in the pH; dependence (Figure 7A).
As a control, we confirmed that CCL39 cells (the parental
cell line of PS120) that exhibit exchange activity (Vinax)
comparable to 4Q or 4R show a pH; dependence of exchange
similar to that of PS120 cells overexpressing NHEL. In cells
expressing these mutant exchangers, ATP depletion did not
change the pH; sensitivity of Na* uptake (Figure 7B). In
addition, cytoplasmic alkalinization in response to extracel-
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lular stimuli, such as thrombin, PDGF-BB, hyperosmolarity,
LPA, and PMA, was not observed in cells expressing 4Q or
4R (data not shown), consistent with the finding that these
mutants exhibit an acidic shift of pH; dependence.

DISCUSSION

In this study, we examined the role of CHP1, particularly
its EF-hand Ca?* binding motifs, in the pHi-dependent
regulation of NHEL. Our results indicated that a Ca?* ion
binds to each of EF3 and EF4 in CHP1 with an overali
apparent Ky of ~90 nM and a Hill coefficient of ~1.0 (Table
1). This Ca** binding affinity was close to that of another
family member, CaN-B (apparent Kg = 70 nM) (36),
although the apparent Ky values for Ca®* in other EF-hand
Ca®* binding proteins vary widely (0.01-10 uM) (36—39).
Although CHPI1 potentially has four Ca** binding motifs,
the two ancestral sites EF1 and EF2 do not bind Ca?*. This
is in sharp contrast to CaN-B in which all four EF-hand
motifs are able to bind Ca**, although the two N-terminal
sites, EF1 and EF2, have lower affinity for Ca*" than the
C-terminal sites, EF3 and EF4 (36). Intriguingly, the Ca%*
affinity of CHPI increased markedly upon complex forma-
tion with the NHE] fragment (aa 503—545). Consistent with
this finding, 4*Ca*" release from the complex was much
slower than that from CHP1 alone. The extraordinarily high
affinity of CHP1 for Ca** (~2 nM) suggests that the CHP1/
NHE! complex always contains two Ca* ions under
physiological conditions.

The high affinity for Ca®* was also observed in mutant
CHP1 proteins EF3m and EF4m, which have a single Ca**
binding site, complexed with the NHE1 fragment. Increases
in the affinity for Ca®* by interaction with target proteins
have also been reported for other Ca?* binding proteins. For
example, the Ca®* binding affinity for calmodulin was
increased 16- to 38-fold upon interaction with myosin light
chain kinase (40), 2.6-fold with myristoylated alanine-rich
protein kinase C substrate peptide (4/), and 75-fold with the
calmodulin binding peptide in CaN-A (36). CHP1 was
reported to interact with other proteins, such as microtubules
(25), CaN-A (24), DRAK2 (26), and KIF1Bj2 (27), as well
as members of the NHE1 family. Therefore, interaction with
these proteins may also modify the Ca** binding affinity of
CHPI.

Although mutation of CHP1 at either EF3 or EF4 impaired
binding of 1 mol of Ca?*, it did not appear to affect the
interaction of CHP1 with NHE1 as shown by in vitro binding
of these mutant proteins, coimmunoprecipitation, and the
plasma membrane locatization of GFP-tagged CHP1. There-
fore, these mutations do not appear to induce marked
structural distortions. However, double mutation (EF34m)
at both EF3 and EF4 impaired the interaction of CHP1 with
NHE1. Consistent with this finding, Ca?* removal by EGTA
from the wild-type CHPI reduced the interaction with NHE1
in a pull-down assay through the amyrose tesin column (data
not shown). Thus, the tight association of NHE1 with CHP1
requires binding of at least one Ca?* on either EF3 or EF4.
Furthermore, it should be noted that the effect of double
mutation (EF34m) on regulation of NHE1 cannot be properly
analyzed in cells that express endogenous CHP1.

We found that expression of NHEL, but not the CHP1
binding-deficient mutant derivatives 4Q and 4R, significantly

— 305 —



Role of CHP1 in NHE1 Regulation

increased the amount of endogenous CHPI. However,
coexpression of GFP-tagged CHPL proteins (wild-type,
EF3m, and EF4m) preserving the strong interaction with
NHE!] greatly reduced the amount of endogenous CHPL.
Thus, the amount of endogenous CHP1 in cells is strongly
dependent on the number of available CHP1 binding sites
provided from NHE]. Although the precise reason for this
is unknown, it is likely that interaction with target proteins
is required for stable expression of CHP1. That is, dissocia-
tion from the target proteins may promote CHP| degradation.

In this study, we found that CHP1 binding-defective
mutants of NHE (40 and 4R) caused a marked acidic shift
in the pH; dependence of Na*/H* exchange activity and
completely impaired ATP depletion-induced inhibition and
cytoplasmic alkalinization in response to various stimuli, As
we reported previously (32), not only mutation of the CHP1
binding region, but also deletions of different regions in the
amino-terminus (subdomain I, amino acids 515-—-595) of the
NHE| cytoplasmic domain also markedly reduced pH;
sensitivity. Thus, subdomain [ with bound CHP1 appears to
be a key structure that permits the putative “pH-sensor™ to
maintain a physiologically relevant conformation.

We found that mutation of EF3 or EF4 in CHPI
significantly reduced the Nat/H* exchange activity in the
physiological neutral pH; range and reduced the cytoplasmic
alkalinization in response to various extracellular signals by
decreasing the pH; sensitivity of NHEL. Thus, mutation of
each EF-hand in CHP] somehow affects the pHi-sensing of
NHE], although we could not evaluate the function of the
double mutant CHP1 (EF34m) because of its weak interac-
tion with NHEIl. We found that EF3m, EF4m, and EF34m
proteins migrated slowly on SDS~PAGE, suggesting that
significant conformational changes of CHP1 occur upon
mutation of each EF-hand. Such conformational changes
appear to be due to removal of Ca®* rather than the amino
acid substitution itself, because incubation with EGTA
resulted in similar slow migration of the wild-type CHP1
on SDS—PAGE (data not shown). Thus, the bound Ca?* may
play an important role in maintaining the CHP1 structure,
thereby preserving the physiological pH; sensitivity of NHE1.

According to the structural model of CHP1 deduced from
the three-dimensional structure of CaN-B (43), EF-hand Ca?*
binding motifs would be located on the surface opposite the
side where CHP! binds to NHEL. It is likely that the surface
of CHPI with tightly bound Ca®* controls the pH;-sensing
by interacting with other region(s) of NHE1. We observed
that the pH; sensitivity of NHE1 was markedly reduced by
insertion of one amino acid residue (alanine) just to the
N-terminal side (position aa 504 or 508) of the CHP1 binding
site of NHE1, while the CHP1 binding ability was preserved
(our unpublished observations). Therefore, the correct spatial
orientation of CHP1 would be important for regulation of
NHE. Recently, we reported that mutation of Arg*? in
intracellular loop 5 (IL35), which connects transmembrane
helices 10 and 11, markedly reduces the pH; sensitivity of
NHEL! (44). Thus, IL5 may interact with the CHP1 surface
with tightly bound Ca?t,

Many EF-hand Ca?* binding proteins are known to
regulate the functions of their target proteins in response to
cytosolic Ca®* mobilization. However, it is unlikely that
CHPI functions as such a Ca®* sensor in the regulation of
NHE! because the affinity for Ca** (K4 = ~2 nM) for the
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CHPI/NHE! complex differs substantially from the range
of intracellular Ca?* concentrations (0.1—10 x#M). Instead,
two EF-hand meotifs of CHP1 together with tightly bound
Ca®* would serve as structurally important elements for
preserving the normal function of NHEL, as discussed above.
Such a structural role has also been suggested in the
C-terminal EF-hand motifs in CaN-B (42) and in CaM (41).
On the other hand, we reported previously that CaM interacts
in a Ca**-dependent manner with the middle of the cyto-
plasmic domain of NHE], which in the unstipulated state
serves as an auto inhibitory domain decreasing the pH;
sensitivity of NHE1 (14, 15). The interaction of NHE! with
CaM is strictly Ca**-dependent, although it is much weaker
than that with CHP1 (/4). Previously, we proposed that
NHEI may be activated by Ca*-dependent interaction of
CaM in response to Ca’*-mobilizing signals (/5). Our
previous (/4, I5} and several recent repotts (45—48)
reinforced the idea that CaM serves as an important regula-
tory protein in activation of NHEI in response to hypero-
smotic stress or Ca?*-mobilizing agonists. NHEL thus
appears to be dually regulated by two Ca?* binding proteins,
CHP1 and CaM, similar to CaN-A. The former would
preserve the physiological pH; sensitivity of NHE1, whereas
the latter would play a role in sensing cytosolic Ca?*.

In summary, our current results suggest that the interaction
of CHP1 with NHE! is crucial for preserving the physi-
ological pH; sensitivity of NHE1 and that tightly bound Ca2*
serves as an important structural element that is required for
this role. The significant effects of mutations in EF-hands
on NHEI regulation prompted us to generate a more efficient
dominant negative mutant CHP1. In addition, the functional
difference between CHP1 and CHP2, which we reported
recently (13), provides imnportant information for identifica-
tion of the critical residues of CHP1. Further studies
including analyses of the functions of mutated or chimerical
CHP1 and determination of the crystal structure of CHP1/
NHE1 complex are required to elucidate the molecular
mechanism of CHP regulation of NHE] and other NHE
family members.
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Abstract

Functional roles of the 3-untranslated region (3“UTR) of the human Cyclooxygenase-2 (COX-2) gene were
evaluated by transient transfection using luciferase (Luc) reporter vectors into bovine arterial endothelial cells
(BAEC). Insertion of the 3“UTR into the downstream of a Luc coding region resulted in decreased reporter
activity (23%), although insertion into the upstream was no effect. The reporter activity of the downstream
insertion but not the upstream insertion was induced by bacterial lipopolysaccharide (ILPS). Moreover, LPS
selectively stabilized COX-2 mRNA. Next, to evaluate the role of the 3-UTR together with glucocorticoid receptor
(GR), a GR-expression vector was cotransfected with the reporter vector of the downstream insertion of the 3'-
UTR. As a result, the LPS-induced reporter activity was suppressed by dexamethasone in a dose-dependent
manner. These data suggest that the 3-UTR of the COX-2 gene is involved in not only the induction by LPS but
also the suppression by DEX of COX-2 expression at the post-transcriptional level.
© 2004 Elsevier Inc. All rights reserved, .

Keywords: Cyclooxygenase; mRNA stability; AUUUA motif, Post-transcriptional regulation; Dexamethasone

Introduction

Prostaglandin (PG) endoperoxide synthase (EC1.14.99.1) known as cyclooxygenase (COX) is the
rate-limiting enzyme in the biosynthesis of prostaglandins and thromboxane (Smith et al., 1996;

* Corresponding author. Tel.: +81-6-6833-5012x2588; fax: +81-6-6872-8090,
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Herschman, 1996). There exist two distinct isozymes, COX-1 and COX-2 (Kosaka et al., 1994; Appleby
et al., 1994). While COX-1 is constitutively expressed in most cells, the expression of COX-2 is low
under basal condition and induced by inflammatory mediators such as bacterial lipopolysaccharide
(LPS) and cytokines, suggesting that COX-2 plays a critical role in inflammation. However, growing
lines of evidence indicate that expression of COX-2 is differently and strictly regulated in various cell
types and plays key roles in tumorigenesis, development, and circulatory homeostasis (Vane et al., 1998;
DuBois et al., 1998; Oshima et al., 1996, Lim et al,, 1997). Importantly, nuclear receptors such as
glucocorticoid receptor (GR) and PPARy modulate COX-2 expression mediated through both their
ligands and expression patterns (Inoue et al,, 1999, 2000). Dexamethasone (DEX), a synthetic
glucocorticoid with a potent anti-inflammatory property, suppresses COX-2 expression in macro-
phage-like differentiated U937 cells, but not in vascular endothelial cells. This cell type-specific
regulation may be physiologically important because thromboxane A, produced by macrophages has
the opposite effect of prostacyclin produced by vascular endothelial cells. We have reported that this
different effect of DEX is due to the modulation of COX-2 promoter activity by GR (Inoue et al., 1999).
However, involvement of GR in the post-transcriptional regulation of COX-2 gene remains to be
elucidated.

Transcriptional regulation of the COX-1 and COX-2 genes has been reported in numerous cell types
using luciferase reporter vectors containing the 5'-flanking region of these genes. In bovine arterial
endothelial cells (BAEC), the human COX-2 gene ( — 1432/+ 59) showed promoter activity induced by
LPS and TPA, whereas the human COX-1 gene (— 1010/+69) showed constitutive promoter activity
(Inoue et al., 1995). However, the promoter activity of the human COX-2 gene ( — 1432/ +59) was 15-
fold higher than that of the COX-1 gene (— 1010/+69) in BAEC, which was in contrast to the result
that the amount of intrinsic COX-1 mRNA was greater than that of COX-2 mRNA (Inoue et al., 1995).
Interestingly, the entire 3'-UTR of the human COX-2 gene encoded by exon 10 contains 17 copies of
Shaw-Kamen sequence (AUUUA), which is found in many immediate-early genes and have been
shown to enhance mRNA degradation (Kosaka et al., 1994; Appleby et al., 1994). In fact, recent reports
showed that the 3-UTR is involved in regulated stabilization of COX-2 mRNA especially by inducers
of COX-2 expression (Newton et al., 1998; Gou et al,, 1998, Dean et al., 1999; Dixon et al., 2000).
However, there is no direct evidence that 3-UTR is involved in the DEX-mediated suppression of
COX-2 gene. On the other hand, we have found that the COX-2 promoter region acquires its
suppressive response to DEX by transfection of expression vector for the glucocorticoid receptor
(GR) into BAEC since BAEC express no detectable levels of GR (Inoue et al., 1999). In this study, we
investigated the relationship between the 3'-UTR of the COX-2 gene and the GR. We indicated that the
3-UTR is involved in suppression of COX-2 expression by DEX mediated through GR at the post-
transcriptional level.

Materials and methods
Cell culture and reagents
BAEC were grown in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal

calf serum (Flow Laboratories, Irvine, Scotland), 50 pM 2-mercaptoethanel, 100 units/mt penicillin, and
100 pg/ml streptomycin sulfate in a humidified atmosphere of 5% CO2 in air. DEX and LPS (from
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Escherichia coli serotype 055, B5) were obtained from Sigma (St. Louis, MO) and used at concen-
trations of 100 nM and 1 pg/ml, respectively.

RNA analysis

Total RNA was isolated using the acid guanidinium thiocyanate procedure. RNAs were then subjected
to electrophoresis. The ¢cDNA probes for COX-2 and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) were described previously (Inoue et al., 1999). The levels of mRNA were calculated on
the basis of hybridization signals by imaging analyzers Fujix BAS 2500.

Plasmid construction

pGV-C (pGL2-Control Vector), the luciferase vector under control of the constitutive SV40 promoter/
enhancer and pRShGRa, an expression vector for the human GR (Giguire et al., 1986) were described
previously (Inoue et al., 1999). Fig. 1 shows pGV-C and its derived reporter vectors containing the
¥-UTR of human COX-2 gene. This fragment contains a part of the coding region (57 bp) and the full-
length of the 3'-UTR, which contains 17 copies of the ATTTA motif followed by 3 copies of the
polyadenylation signal (AATAAA), and was obtained from the human COX-2 genomic clone
NhPESII9S (kindly supplied by Dr. T. Tanabe) as described previously (Inoue et al., 2002). A reporter
vector pG-3UCOX2 will express luciferase mRNA under controls of the SV40 enhancer/promoter and
of the 3-UTR (Inoue et al., 2002). This same fragment was ligated into Sma 1 site of pGV-C, which is
located in the upstream of the coding region, in a sense (pG-SF3UCOX-2) and anti-sense orientations
(pG-5R3UCOX-2), respectively. These clones are used as controls to evaluate the role of the 3-UTR as
enhancer/silencer for the SV40 promoter. DNA sequencing of relevant regions confirmed all of the
constructs.

,SV40 promoter poly(A) signal Relatlve Luciferase Actlvity

— PMI | P8 ) 1F
] Luciferase | ﬂ-A-IS\MO a.uTRl— pGV-C

COX-2 3-UTR pG-3UCOX2
poly(A) signals

Smal

S )
PG-5F3UCOX2
pG-5R3UCOX2

Fig. 1. Effect of the 3-UTR of the human COX-2 on luciferase expression in a heterologous reporter system driven by §V40
promoter/enhancer. A ¥-UTR. of the human COX-2 gene, which contains 17 copies of the AUUUA mRNA instability sequence
and several polyadenylation signals, was inserted into pGV-C, 2 luciferase vector under control of the SV40 promoter/enhancer.
A pG-3UCOX2 was constructed by insertion of the 3-UTR into the downstream of a luciferase coding region in a sense
orientation. pG-5F3UCOX2 and pG-5R3UCOX2 were constructed by insertion of the 3-UTR into the upstream in a sense and
anti-sense orientations, respectively. BAEC were transfected with each luciferase reporter together with pCMV-3-galactosidase
control vector. Forty-eight hours after transfection, the cells were harvested, lysed and assayed for both luciferase and -
galactosidase activities. The results are presented as luciferase activities relative to the normalized luciferase activity of pGV-C,
The data are presented as means + standard deviations of three separate wells.
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DNA transfections

Transfection of the reporter plasmids into BAEC was carried out as described previously (Inoue et al.,
1999). Forty-eight hours after transfection using Trans IT™-LT-1 (Mirus), the cells were treated with
LPS and/or DEX for 5 h. The cells were harvested, and their luciferase and B — galactosidase activities
were determined by a luminometer (Berthold) and a method using chlorophenol red B-D-galactopyrano-
side as a substrate, respectively.

Results and discussion
The 3-UTR of COX-2 destabilizes its mRNA, but does not suppress the transcriptional activity

The expression of COX-2 is tightly regulated at the levels of both post-transcription and transcription.
To determine if the 3-UTR of COX-2 mediates post-transcriptional regulation by changing mRNA
stability and modulates the transcriptional activity, we examined the decay of chimeric luciferase cDNA
constructs containing the 3'-UTR of COX-2 in three different positions. As shown in Fig. 1, transfection
of pG-3UCOX2, a reporter vector containing the 3-UTR at the downstream region of a luciferase coding
region resulted in 23% reporter activity relative to that of pGV-C control vector in BAEC. On the other
hand, pG-5F3UCOX2 and pG-5R3UCOX2, reporter vectors containing the 3-UTR at the upstream .
region in a sense and anti-sense orientation, respectively, resulted in similar reporter activities with that
of pGV-C. These results suggest that the 3'-UTR of COX-2 destabilizes its mRNA, but does not suppress
the transcriptional activity. This destabilization of COX-2 mRNA by its 3-UTR will explain the
differences between higher COX-2 promoter activity and lower amount of COX-2 mRNA compared
with those of COX-1 in BAEC (Inoue et al., 1995).

Transient stabilizationt of mRNA by LPS mediated through the 3-UTR in BAEC

We have shown that LPS induces the COX-2 promoter activity in BAEC using luciferase reporter
vectors of the human COX-2 gene (Inoue et al., 1995). Therefore, we next examined the involvement of
the 3-UTR of COX-2 in the induction of COX-2 mRNA by LPS. To eliminate the effect of the SV40
promoter activity of pG-3UCOX2, the luciferase activity of pG-3UCOX-2 was normalized by that of
pGV-C since both reporter vectors used an identical V40 promoter. As shown in Fig. 2A, normalized
luciferase activity of pG-3UCOX2 maximally induced in 2.7 fold at 5 h and then returned in 1.8 fold at 7.5
hand 1.5 fold at 10 h after LPS treatment, respectively. On the other hand, treatment of LPS for 5 h did not
induce the luciferase activity of pG-5F3UCOX2 or pG-5R3UCOX2 (data not shown). Next, to examine
whether LPS attenuates the COX-2 mRNA instability, we chased the decay of COX-2 mRNA after the
addition of actinomycin D, an inhibitor of transcription. As shown in Fig. 3, induced COX-2 mRNA by
LPS for 4 h was almost completely degraded 2 h after the addition of actinomycin D in the absence of
LPS. However, when the decay of COX-2 mRNA was significantly delayed in the presence of LPS. Taken
together, these results indicates that LPS attenuates the mRNA instability mediated through the 3'-UTR of
COX-2. Interestingly, the COX-2 promoter activity ( — 327/+ 59) was maximally induced notat 5 h but at
7.5 hafter LPS treatment (Fig. 2B), suggesting that the post-transcriptional regulation of COX-2 mRNA
will has a different time-dependency of the transcriptional regulation of COX-2 gene.
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Fig. 2. Effect of LPS on the post-transcriptional control of the 3-UTR of the human COX-2. BAEC were transfected with
pGV-C, pG-3UCCX2 or phPES2( — 327/+ 59) together with pCMV-B-gal as an internal control for the transfection. Forty-eight
hours after transfection, the cells were treated with or without LPS. At the indicated times, cells were harvested, lysed and
assayed for both luciferase and P-galactosidase activities. The results are presented as ratio of luciferase activities of
pG-3UCOX2 relative to that of pGV-C (A) or the luciferase activity of phPES2( - 327/+59) (B). The data are presented as
means + standard deviations of three separate wells. phPES2( — 327/+59) is a luciferase reporter vector driven by human
COX-2 promoter region between — 327 and +59 bp.
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Fig. 3. Effect of LPS on COX-2 mRNA stability. BAEC were exposed to LPS (1 pg/ml) for 4 hours and then treated with
actinomycin D (5 pg/ml} for a further 1 and 2 hours in the presence or absence of LPS. Extracted RNAs (10 pg/lane) were
analyzed by RNA blot analysis (A). Expression levels of COX-2 mRNAs were normalized with amounts of GAPDH mRNA,
and standardized to the value obtained at 4 hours of LPS-treatment. The data are presented as means + standard deviations of
three separate wells (B).
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Fig. 4. Effect of DEX on the post-transcriptional control of the 3-UTR of the human COX-2 in the presence or absence of GR.
pG-3UCOX2 (0.3 pg) was transfected into BAEC wiihout (A) or with pRShGRa (0.3 pg) (C), an expression veetor for the GR,
and with pCMV-pgal (0.05 pg) as an internal control for the transfection. For control experiments, pGV-C was used as a
reporter vector instead of pG-3UCOX2 without (B) or with (D) pRShGRa, pGV-B, a promoterless reporter vector, was used
instead of pRShGRa as a control and to maintain the total amount of plasmid equal (0.65 pgiwell) for each transfection. Forty-
eight hours after transfection, the cells were incubated for 5 k with or without 1 pg/ml LPS in the absence or presence of 100
nM DEX (A-D) or the indicated concentrations of DEX (E). The cells were then harvested, lysed and assayed for both
luciferase and B-galactosidase activities. The results are presented as luciferase activities relative to the normalized luciferase
activity in each control. The data are presented as means + standard deviations of three separate wells,
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DEX destabilizes the LPS-induced stabilization of mRNA by the 3-UTR of COX-2 in the presence of the
GR

To examine the effect of DEX on the 3'-UTR of COX-2, a reporter assay was performed using pG-
3UCOX2 and pGV-C (Fig. 4A and B). In both cases, DEX did not suppress the reporter activity. This
result is consistent with those reports by two groups (Newton et al., 1998; Gou et al., 1998), who
concluded that the 3-UTR of COX-2 is involved in the IL-1-induced stabilization of COX-2 mRNA, but
not the DEX-induced down-regulation. However, we have found that DEX-mediated suppression of the
promoter activity of the human COX-2 gene (— 327/+59) is modulated by expression of the GR in
BAEC (Inoue et al., 1999). Therefore, to examine the effect of DEX on the 3-UTR in the presence of the
GR, cotransfection of pRShGRa with the reporter vector pG-3UCOX2 into BAEC was performed, As
shown in Fig. 4C, DEX suppressed the LPS-induced reporter activity in BAEC, On the other hand, even
in the presence of the GR, DEX did not suppress the reporter activity in pGV-C (Fig. 4D), pG-
5F3UCOX2 or pG-5R3UCOX-2 (data not shown). Moreover, the suppressive effect of DEX on the
luciferase activity of pG-3UCOX-2 was dose-dependent (Fig. 4E), This dose-dependency is similar to
that of the COX-2 promoter activity (—327/+59) in the presence of the GR (Inoue et al., 1999),
indicating that the GR modulates the COX-2 expression at both the transcriptional and post-
transcriptional levels.

DEX-mediated inhibition of COX-2 expression has previously been reported by several laborato-
ries (Kujubu and Herschman, 1992; Xie et al., 1993; DeWitt and Meade, 1993; Masferrer et al.,
1994; Crofford et al., 1994; Smith et al., 1996). This regulation occurs at both transcriptional and
post-transcriptional levels. Concerning the transcriptional control, the NF-kB site (—223/—214) of
the human COX-2 promoter region is involved in both the LPS-induced expression and its
suppression by DEX in macrophage-like differentiated U937 cells (Inoue and Tanabe, 1998), and
other cis-acting elements are also involved in BAEC transfected with the GR (Inoue et al., 1999). As
for the post-transcriptional control, there are several reports indicating that DEX-mediated suppression
of COX-2 mRNA oc¢urs at the post-transcriptional level due to its destabilization (Newton et al,,
1998; Xie et al,, 1993; Ristimiki et al., 1996). Especially, the AUUUA sequence of the 3-UTR was
reported to be involved in the control of mRNA instability (Newton et al., 1998; Gou et al.,, 1998;
Dean et al, 1999; Dixon et al, 2000). However, there has been no reports that the 3-UTR is
involved in the DEX-mediated suppression since DEX did not suppress the luciferase activity of pG-
3UCOX2 (Fig. 4A) or similar constructs (Newton et al, 1998; Gou et al, 1998). This study
demonstrates, for the first time, that the 3-UTR is involved in the DEX-mediated suppression because
of sufficient supply of the GR to the reporter system (Fig. 3C). Thus, this assay system will provide a
suitable tool to analyze the molecular mechanism by which DEX interacts with the 3-UTR to control
the mRNA stability.
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Abstract. Iodine-123 labelled iomazenil ([122I}IMZ) has
been reported to be a useful marker of neuronal viability.
The brain distribution of [22[]JIMZ, however, has not
been correlated with the pathophysiological repponse in
detail after an ischaemic insult. To characterise FHI]IMZ
as a marker of neuronal viability, we compared its brain
distribution with cyclooxygenase-2 (COX-2) expression,
DNA fragmentation and cellular integrity. ['ZI{IMZ and
[1251]IMP were injected into rats with focal cerebral isch-
aemia for the purpose of dual-tracer autoradiography.
COX-2 and microtubule-associated protein-2 (MAP-2, a
marker of cellular integrity) were immunostaingd. In situ
DNA polymerase-I-dependent dUTP incorporation into
damaged DNA was used as an indicator of DNA frag-
mentation. Lesion to normal ratios (LNRs) for:[!2*[JIMP
and [125TJIMZ were calculated. [1Z3[JIMZ acchmulation
was preserved in several regions with impaired ['22[JIMP
accumulation. COX-2 expression was occasiqnally ob-
served, whereas neither DNA fragmentation nor MAP-2
denaturation was detected in these regions. DNA frag-
mentation and impaired MAP-2 immunostaining were
observed only in the regions with reduced LNI{S for both
tracers. The LNR for [1#3[)IMZ was significantly lower
in regions with impaired MAP-2 1mmunostam1ng
(0.120£0.152, P<0.0001), in regions positive ifor dUTP
incorporation (0.488+0.166, P<0.0001) and in regions
posmve for COX-2 expression (0.626=0.186,, P<0.001)
than in histologically normal regions (0. 7614+0 213).
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Thus, neuronal DNA is still intact and cellular integrity
is maintained in the ischaemic regions with preserved
[123])IMZ accumulation. The impairment of [12}[JIMZ
accumulation precedes DNA fragmentation and denatur-
ation of cellular integrity. These results provide the mo-
lecular basis of [13{]IMZ distribution.

Keywords: ['B1Jiomazenil — Cerebral ischaemia — Neu-
ronal wablhty — Cyclooxygenase-2 — DNA fragmenta-
tion
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Introduction

An ischaemic stroke is one of the most common neuro-
nal disorders, and the number of patients suffering from
the disease is increasing. For the clinical evaluation of
ischaemic stroke, it is very important to precisely detect
the ischaemic penumbra, which is an ischaemically af-
fected but still viable tissue, because the penumbral tis-
sue can be salvaged by pharmacological and/or surgical
interventions [1, 2, 3, 41.

Todine-123 iomazenil ([12IJIMZ) is a probe for cen-
tral-type benzodiazepine receptor (BZR) for single-pho-
ton emissicn tomography (SPET). Since GABA recep-
tors are abundant in the cortex and sensitive to ischaemic
damage, specific radioligands to their subunits, the cere-
bral BZRs existing in GABA-A receptors, can be used as
a marker of neuronal viability [5]. Thus, BZR imaging
with [1231]IMZ should be useful for detecting viable neu-
rons, which may help detect the penumbra after an isch-
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