3228 T. Nishiva et al. | FEBS Letters 581 (2007} 3223-3229

Q.
o N
A 24~ C Q%Q}é
T &, K
g S
o kDa) PP &
T 181 75— -
T -
5 124 50— ¢z NI
£ 37—
m
% 64 25— @ ’
L l‘ 20— =~
Z
01 vector + - -
TLR4 - - -+ + o+ D
Woss - ¢ - -3l MyD88-HA - + -
TRIFTIR - - + - - + TRIFTIR-HA - -+
TIRAP-FLAG + + +
IP: aHA prng vy
B B:aFLAG e g .
& & & -
@'\ /\QS \é) «QB . : . ‘
é\ é\ é\ é& é\ é\ IP: aHA
IB: aFLAG @ j ‘
lysates ,,’~ ' ”
vector TIRAP-FLAG 1B: o LAG i i

Fig. 6. The specific interaction of MyD88 with TIRAP is independent of the conformational characteristics of the TIR domain. (A) HEK293TCM
cells [17] were co-transfected with 10 ng of NF-kB reporter construct and the expression plasmids for the indicated combinations of empty vector (0.7
or 0.8 pg), MyD88 (0.1 pg), TRIFTIR (0.1 ug), and TLR4-YFP (2 ng). After 24 h, NF-kB-dependent luciferase activity was measured. Results are
shown as the means * standard deviation of three independent experiments. (B) GST pull-down assay. GST fusion proteins were incubated with
lysates prepared from HEK293T cells transfected with empty vector or TIRAP-FLAG. The interaction of TIRAP with GST fusion proteins was
detected by immunoblotting with anti-FLAG antibody. (C) Coomassie blue staining to detect GST-MyD88, GST-TRIFTIR, and GST proteins
purified from bacteria. (D) Lysates from 293TCM-TLR4-YFP cells transfected with the indicated expression plasmids were subjected to co-
immunoprecipitation analysis as described in Fig. 5. The asterisks next to the upper and the middle panels show the immunoglobulin light chain of

anti-HA antibody used in the immunoprecipitation.

(14.1 + 2.4-fold increase). These results suggest that the TRIF- -

TIR mutant mediates TLR4 signaling. To test whether the
TRIFTIR mutant is required to physically interact with TIR-
AP to mediate TLR4 signaling, we performed a GST pull-
down assay. TIRAP interacted with the GST-TRIFTIR mu-
tant more efficiently than with the GST-MyD88 proteins
(Fig. 6B). Coomassie blue staining confirmed that the same
amounts of GST-fusion proteins were used in the assay
(Fig. 6C). Furthermore, we investigated the interaction of
TIRAP and the TRIFTIR mutant using co-immunoprecipita-
tion analysis. Consistent with the results from the GST pull-
down assay, TIRAP co-immunoprecipitated more efficiently
with the TRIFTIR mutant than with wild-type MyD88 in
HEK293TCM-TLR4-YFP cells (Fig. 6D). These results sug-
gest that the affinity of the TIR domain of TRIF for TIRAP
" may be stronger than that for MyD88. It is likely that the
MyD88-TIRAP interaction required for TLR4 signaling is
independent of the conformational characteristics of the TIR
domain.

Although our results showed a physical interaction between
the TRIFTIR mutant and TIRAP, TRIF itself does not
interact with TIRAP. Similar to TLRs, the TIR adaptors
exhibit a notably diverse subcellular distribution. TRIF is dif-
fusely expressed in the cytoplasm [12], whereas TIRAP and
TRAM are localized on or proximal to the plasma membrane
owing to their targeting motifs, which include phosphatidylin-
ositol 4,5-bisphosphate (PIP2)-binding domains and myris-
toylation sites {11,29]. Because the TRIFTIR mutant was co-
localized with MyD88 (Fig. 3C), TRIF might interact with
TIRAP if TRIF is targeted to a location in which MyD?88 is
enriched. '

3.7. Concluding remarks

MyD88 is present in condensed, morphologically diverse
forms in the cytoplasm. Our results demonstrate that the entire
non-TIR region is sufficient for targeting MyD88 to as yet
uncharacterized locations within the cell, where it interacts
with signaling molecules and induces host defense responses.
Furthermore, the interaction between MyD88 and specific
TLRs is likely determined by the conformational characteris-
tics of each TIR domain, whereas the specific interaction of
MyD88 and TIRAP required for TLR4 signaling is likely
determined by other spatiotemporal factors. These distinctive
properties of the TIR and non-TIR regions are important
for inducing effective immune responses via targeting MyD88
to the correct cellular location and by preventing MyD88 from
associating with inappropriate partners.
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Abstract

A novel organic cation transporter OCTN2 is indispensable for camitine transport across plasma membrane and subsequent fatty acid
metabolism in the mitochondria. Here, we report a novel splice variant of OCTN2 (OCTN2VT), in which a 72-base-pair sequence located in the
first intron of OCTN?2 gene was spliced between exons 1 and 2 of OCTN2, causing the insertion of 24 amino acids in the first extracellular loop of
OCTN2. Despite the similarity between OCTN2 and OCTN2VT regarding primary structure and tissue distribution, their biochemical
characteristics were significantly different. OCTN2 was expressed on the plasma membrane with robust N-glycosylation, whereas OCTN2VT was
retained in the endoplasmic reticulum (ER) with poor N-glycosylation. In addition, the retention in the ER caused no camitine uptake into the
cells. These results demonstrate that the biochemical and functional characteristics of OCTN2VT are distinct from OCTN2 due to the insertion of

24 amino acids in the first extracellular loop.
© 2007 Elsevier B.V. All rights reserved.

Keywords: OCTN2; OCTN2VT; Splicing; Camitine: N-glycosylation; Endoplasmic reticulum

1. Introduction

Carnitine (B-hydroxy-y-trimethylamino butyrate) is essential
for transfer of long chain fatty acids from the cytosol to the
mitochondrial matrix for subsequent p-oxidation to generate
cellular energy [1]. The carnitine transport across the plasma
membrane is mediated by novel organic cation transporter
(OCTN) family proteins [2]. Three different OCTNs (OCTNI,
OCTN2, and OCTN?3) have been identified in humans and mice
[3.4]. Among the OCTN family, OCTN2 has been shown to
transport carnitine most efficiently, and malfunction of OCTN2
causes the primary systemic carnitine deficiency characterized by
progressive cardiomyophathy, skeletal muscle myopathy, and
hypoglycemia in humans [S]. The mice having a point mutation in

* Corresponding author. Tel.: +81 11 706 6919; fax: +81 11 706 7824.
E-mail address: smiwa(@med.hokudai.ac.jp (S. Miwa).
' These authors contributed equally to this work.

0167-4889/S — see front matter ¢ 2007 Elsevier B.V. All rights reserved.
doi:10.1016¢5.bbamcr.2007.04.005

OCTN?2 have severe disturbance of energy generation, causing
serious symptoms in the heart and skeletal muscles, in which fatty
acids are a primary source for energy [6]. Therefore, OCTN2 is
indispensable for energy homeostasis in the body.

The biochemical properties and physiological functions of
OCTN2 have been well established. OCTN2 transports carnitine
in a Na'-dependent manner [7]. OCTN2 is a twelve membrane-
spanning protein with three putative N-glycosylation sites
(Asn-57, -64, and -91) within the first extracellular loop [2].
Those sites are conserved in all members of an OCTN family
[8], suggesting that OCTN2 enters the secretory pathway
including endoplasmic reticulum (ER) and Golgi apparatus to
be expressed on the plasma membrane.

Recently, we identified a novel up-regulator of OCTN2, cartre-
gulin, in the rat brain [9]. Cartregulin is homologous to OCTN2,
and upregulates the expression level of OCTN2 by stabilizing the
mRNA of OCTN2. We also found a novel gene homologous to
OCTN2 by searching the human genome database “the Assembled
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EST (AssEST)". This gene encodes a full-length OCTN2 with the
insertion of 24 amino acids (QDSGAYNAMKNRMGKKPALCL-
PAQ) between Glu-131 and Tip-132 in the first extracellular loop
of OCTN2. This vaniant type of OCTN2 (designated as OCT
N2VT) was expected to possess the biochemical and physiological
characteristics similar to the OCTN2, because of the similarity
between OCTN2 and OCTN2VT regarding the primary structure.
However, the actual characteristics of OCTN2VT and the mecha-
nism by which OCTN2VT is produced are unknown.

In the present study, we attempted to elucidate these issues by
using HeLa cells stably expressing the yellow fluorescent pro-
tein (YFP)-tagged OCTN2VT. We found that despite the similar
expression profiles in the human tissues between OCTN2 and
OCTN2VT, their biochemical characteristics were significantly
different. That is, (1) OCTN2 was highly N-glycosylated and
expressed on the cell surface, whereas OCTN2VT was retained
in the ER without N-glycosylation; (2) OCTN2VT-expressed
HeLa cells could not take up carnitine due to the absence of
OCTN2VT on the plasma membrane; (3) the DNA sequence
encoding the 24 amino acids inserted in the OCTN2VT was
located in the first intron of OCTN2 genome with being inter-
posed between the GU-AG intron termini, suggesting the mech-
anism of the splicing to generate the OCTN2VT protein. Taken
together., these results demonstrate that OCTN2VT, a novel

A
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splice variant of OCTN2, is biochemically and functionally
distinct from OCTN2 and other OCTN family proteins.

2. Materials and methods

2.1. Reagents and cell culture

Anti-GFP antibody (A.v. monoclonal antibody: clone JL-8} and anti-KDEL
antibody were purchased from Clontech (Mountain View, CA) and Stressgen
(Ann Arbor, MI), respectively. Peptide N-Glycosidase F (PNGase F) was pur-
chased from New England Biolabs (Beverly. MA). 1.-[methyl-*H]Carnitine HCI
was purchased from Amersham Biosciences (Sydney, Australia). HeLa cells
were grown in Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum.

2.2. PCR analysis

PCR was carried out by using human kidney cDNA library (Stratagene. La
Jolla, CA)as a template for 35 cycles (94 °C for 155,55 °C for 30's,and 72 °C for
2 min). Four types of primer designated primer a. b, ¢, and d were used (Fig. 1C).
Primer a (5-CATGCGGGAGTACGACGAGGTGACC-3") and primer d (5'-
TCTTTCCTCTTCAGTTTCTCCCTTA-3') correspond to 5'- and 3'-ends of
OCTN2, respectively. Primer b (5'-GGCTTCTTTCCCATCCTGTTTTTCA-3')
and primer ¢ (5-TACAATGCTATGAAAAACAGGATGG-3') are reverse and
forward priiners, respectively, cotresponding to 3’- and 5'-ends of the insert
specific for OCTN2VT. The PCR products were subjected to gel electrophoresis
to detenmine the sizes of the products.

B intron1  Intron2
asee aEew
c D _ o
434 bp So 4 ¢ > g2
a~___«b o € D =

e, §EsisEEcssEliey

— - - -2
| ™1 1,360 bp G23E83E 88355228

- - GGCCTGAACCCCACTGAGCGAGGGTGCCCTGCCTCTTCCACAGCCCTGGGCTCCG  tntron 1
CTCAGATTT TTAGGAGCAAGCGT TAGAGGCCT TGCTTTCTCCAGGGTCAGCATGTGGACA (8,022 bp)
GAACACTTACTCTCTGCCTGTCTCTCCTCCTCAAAATGRARGCAAGACAGTGGGGCCTAC .
AATGCTATGAAAAACAGGATGGGAAAGAAGCCTGCTCTCTGCCTTCCT GCCCAGRTGAGS
CATCACCTGACTAAGTGAGTTCACACTCAGAGCGTGTGGGGATBGCAGGATGTTCTGACT
TCATTTTCCAGGATGCCTTTGCTTTAAAACCT T TTAAAMAGAAGTGAATGATACACCCCG
TTTGCTGATCTTGCABTGGAACCTGGTGTGTGAGGACGACTGGAAGGCCCCACTCACAAT - Exon 2
CTCCTTGTTCTTCGTGGCTGTGCTGT TGGGCTCCTTCAT TTCAGGGCAGCTGTCAGACAG
BTAAGGTGTCTGYCTTCTGGAGCACCAGGGGACCTCAGCACTGAGGAAGAAGCGTGTGCC  Intron 2
TGGCCCTTGATTTCAGTTGGTAGTATTCTYTCAGCGCAGGGCCCTGTATTTTAAA - - - -+ (5.668 bp)

(kbp)

20 -
15 -
10 -
0.75~

05 -

Fig. 1. Identification ofa splicc variant of OCTN2. (A) Alignment of OCTN2 and OCTN2VT proteins. The inscrtion of 24 amina acids in the OCTN2VT is shown in red
in both amino acid sequence and the predicted secondary structure. The protein encoded by exon 2 is shown in blue. The three putative N-glycosylation sites are
indicated by asterisks. The putative transmembrane domains (TM1. TM2, and TM3) are shown in boxes. (B) OCTN2VT generated from splicing of OCTN2 genc is
illustrated. The genome sequence corresponding to the illustration is shown below. The DNA sequences of the spliced region and exon 2 are shown in red and blue,
respectively. The GT-AG intron termini are shown in orange box. (C) Expression of OCTN2ZVT mRNA in the human kidney. Primers used for RT-PCR are shown by
arrows. Primers b and ¢ are specific for OCTN2VT ¢cDNA. (R) Tissue distribution of OCTN2VT mRNA detected by northern blot analysis. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.) -
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2.3. Nurthern blot analysis

Northern blot analysis was donc using MTN Multiple Tissuc Northern Blot
(Human 12-Lane, Clontech, Mountain View, CA) as described previously [9]. A
72-bp fragment specific for OCTN2VT was uscd as a probe.

2.4. DNA constructs

The cDNAs encoding human OCTN2 and OCTN2VT were amplified by
PCR from the human kidney cDNA library. The N91Q mutation was introduced
by PCR-based site directed mutagenesis. Primers used here were 5’-CCACCA-
TCGCCCAGTTCTCGGCGCT-3' and 5’-AGCGCCGAGAACTGGGC-
GATGGTGG-3'). The retroviral vectors for YFP-tagged OCTN2, OCTN2VT,
and OCTN2(N91Q) were constructed as described previously [10].

2.5. Analysis of expression level by flow cvtomelry and immunoblotting

Introduction of OCTN2Y'T. OCTN2VT"*", and OCTN2(N91Q)"*™ into HeLa
cells was carried out by retroviral gene transfer as described previously {11). The
cells stably expressing OCTN2Y'", OCTN2VTY™. or OCTN2(N91Q)™" were
selected by 2 pg/ml puromycin for 3 days. The expression levels of OCTN2Y',
OCTN2VTY™® and OCTN2(N9I Q)™ were determined by flow cytometric
analysis as described previously [11]. More than 95% of the cells expressed those
proteins. The whole cell lysates were prepared as described previously [12]. All
samples were loaded on gels without being boiled, because OCTN2 and OCTN2VT
were highly aggregated by the sample-boiling step. The membrane fractions were
prepared as described in Takaesu et al. [13). The protein concentration of each
fraction was measured with the Bio-Rad Protein Assay kit (Bio-Rad, Hercules, CA).
Equal amounts of protein were loaded in each lane and separated by SDS-
polyacrylamide gel electrophoresis. Gels were transferred onto Tmmobilon-P
membranes (Millipore, Bedford, MA), and blotted with anti-GFP antibody. In the
case of PNGase F treatiment, 3 pg of OCTN2 membrane fraction and 50 pg of
OCTN2VT membrane fraction were treated with PNGase F for 1 h at 37 °C. Then,
the whole proteins were loaded and separated by SDS-PAGE. In the case of MG132
treaunent, Hela cells retrovirally expressing OCTN2VT were treated with 10 uM
MG132 for indicated periods, and then the whole cell lysates were prepared.

2.6. Microscopy

HelLa cells expressing OCTN2Y"" or OCTN2VTY™ were plated onto a glass
bottom dish (IWAKI, Japan). Next day, the cells were fixed and permeabilized
with Cytofix/Cytoperm solution (BD Pharmingen, San Dicgo, CA). Then, the
cells were treated with anti-KDEL antibody followed by Alexa Fluor 594-
conjugated anti-mouse IgG antibody. Afier washes, subceltular distributions of
OCTN2Y*" and OCTN2VTY'" were analyzed by Bio-Rad MRC1024 laser
scanning confocal microscope.

2.7. Transport studv in Hela cells

The transport activity of OCTN2, OCTN2VT, or OCTN2(N91Q) was measured
as described previously [9). In bricf, HeLa cells stably cxpressing YFP (vector
alone), OCTN2"™, OCTN2VT™™, OCTN2(N91Q)"™" in a 24-well plate were pre-
incubated in 0.2 ml of transport buffer (TB) [125 mM NaCl. 4.8 mM KCl, 5.6 mM
n-glucose, 1.2 mM CaCl,, 1.2 mM KH,POj, 1.2 mM MgSO,, and 25 mM HEPES
(pH 7.4)] for 10 min at 37 °C, and transport reaction was started by addition of 0.2 ml
of TB containing 4 nM [*H]carnitine (81 Ci/mmol). After 7 min, the reaction was
terminated by aspiration of TB followed by five washes with | m of ice-cold TB.
The amount of [*H]camitine transported into the cells was counted with a liquid-
scintillation counter after solubilization of the cells with 0.5 ml of 1% SDS in 0.2 N
NaOH. Data were presented as means+SEM. A pair of means was compared with
Student’s -test. Groups of data were subjected 10 a two-way analysis of variance
(ANOVA), and when a significant F value was encountered, Newman—Keuls’
multiple-range test was used to test for significant differences between treatment
means. A probability level of P<0.05 was considered statistically significant,

2.8. Genbank accession number

The accession number for human OCTN2VT is AB291606.

3. Results and discussion
3.1. Isolation and tissue distribution of OCTN2VT

We have recently found a ¢cDNA sequence encoding a
variant type of OCTN2 (OCTN2VT) in the database “AssEST”,
which is a clustered sequence database containing expressed
sequence tags and mRNA sequences in the public domain for
human, mouse, rat, and chicken. The putative open reading
frame of OCTN2VT was composed of DNA sequence encoding
the full-length OCTN2 protein with a DNA-insertion for 24-
amino acids (QDSGAYNAMKNRMGKKPALCLPAQ). The
insertion was located between Glu-131 and Trp-132 in the first
extracellular loop of OCTN2 (Fig. 1A). We searched for the
location of the DNA sequence encoding the 24 amino acids in
the human genome and found that it was located in the first
intron of OCTN2 gene at the chromosome 5 (Fig. 1B). Inter-
estingly, this DNA sequence was interposed between AG and
GT (GU in mRNA) dinucleotides, both of which are conserved
sequences for splicing of mRNA precursors [14]. Because AG
and GU dinucleotides of mRNA precursors are recognized by
a spliceosome as a 3'- and 5’-ends of intron, respectively, it is
likely that in some case, a spliceosome might recognize the
DNA sequence encoding 24 amino acids as an additional exon,
leading to an insertion of its DNA sequence between exon 1 and
exon 2 to generate OCTN2VT mRNA.

To examine whether mRNA for OCTN2VT is actually ex-
pressed in human tissues, we performed PCR using human kidney
cDNA library as a template and primers specific for OCTN2VT
cDNA. We used two sets of primers: one set corresponds to 5'-end
of OCTN2 cDNA and 3'-end of the insert (primers a and b), while
the other set corresponds to 5'-end of the insert and 3’-end of
OCTN2 cDNA (primers ¢ and d). When these sets of primers
were used, PCR products with the expected size were obtained,
indicating that mRNA for OCTN2VT is actually expressed.
Therefore, we isolated the full-length OCTN2VT c¢DNA from
human kidney cDNA library with PCR. The sequence of the
PCR product was completely the same as that of the putative
OCTN2VT obtained from the AssEST database. The tissue
distribution of OCTN2VT mRNA studied by northem blotting
was similar to that of OCTN2 [2] except lower expression in the
kidney, indicating that OCTN2VT mRNA is actually expressed in
human tissues, and that its gene expression may be regulated in a
similar manner to OCTN2.

3.2. OCTN2VT is not an N-glycosylated protein

The first extracellular loop of the OCTN2 is extremely large
compared to other extracellular loops (Fig. 1B), and the putative
N-glycosylation sites (Asn-57, -64, and -91) are present in this
loop {2], suggesting that the first extracellular loop may be
critical for the regulation of functionat or biochemical properties
of OCTN2. Therefore, these properties of OCTN2VT may be
altered by the insertion of unique 24 amino acid sequence. First,
we investigated the biochemical properties of the OCTN2VT
in HeLa cells stably expressing OCTN2YF" or OCTN2VTYF".
Interestingly, the expression level of OCTN2VT, which was
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analyzed by fluorescent-activated cell sorter (FACS) using
fluorescent intensity of YFP as an index, was approximately
10% of the level for OCTN2, despite using the same retroviral
expression vector, pMXrmv5 [10] (Fig. 2A and B). The similar
result was observed in the immunoblotting (Fig. 2C). Notably,
detection of the OCTN2VT protein required a longer exposure
time than that of OCTN2. Because degradation of many pro-
teins 1s regulated by a ubiquitin-proteasome pathway, we exam-
ined whether the OCTN2VT was rapidly degraded by this
pathway. As shown in Fig. 2D, MG132, a selective 26S pro-
teasome inhibitor, had no effect on the protein level of the
OCTN2VT up to 12 h after its addition, suggesting that the
lower level of the OCTN2VT is not due to rapid degradation via
the ubiquitin-proteasome pathway.

OCTN2VT was detected as a smaller protein (75 kDa) than
OCTN2 (90 kDa) on SDS-PAGE (Fig. 2C), although the
molecular weight of OCTN2VT calculated from its amino acid
sequence is apparently larger than that of OCTN2 because of the
insertion of 24 amino acids (Fig. 1A). Because OCTN2 pos-
sesses potential N-glycosylation sites on the first extracellular
loop, its larger molecular weight on SDS-PAGE seems to be due
to glycosylation of OCTN2. Thus, smaller molecular size of
OCTN2VT in comparison with OCTN2 might be due to less or
absent N-glycosylation of OCTN2VT.

To verify this point, we compared the apparent molecular
weights of OCTN2 and OCTN2VT after treatment of protein
extracts with PNGase F, an amidase that cleaves nearly all types
of oligosaccharides from glycoproteins. As shown in a right
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Fig. 2. Comparison of biochemical properties of OCTN2, OCTN2VT, and OCTN2(N91Q). (A) and (B} Expression levels of OCTN2 and OCTN2VT in HeLa cells
following transfection of cDNA. OCTN2 and OCTN2VT tagged with YFP (designated OCTN2Y"" and OCTN2VT' PPy were expressed in HeLa cells using retroviral
vectors: in control cells, no transfection (designated HeLa). Fluorescent intensity of YFP in each cell was analyzed by FACS, and represented as a plot of fluorescent intensity
in each cell (ordinate) against FSC (abscissa) (A) or mean fluorescent intensity (MFI) (B). (C) Immunoblot analysis of membrane fraction prepared from HeLa cells
expressing OC TN2YF" (WT) or OCTNZVTY (VT) by anti-GFP antibody. Left and right panels represent the results with a short or long exposure time, respectively.
(D) Immunoblot analysis for changes of cxpression level of OCTN2VTY!T in Hela cells following 4-h, 8-h, and 12-h treatment with 10 uM MG132, a protcasome
inhibitor. (E) Immunoblot analysis as in panel C. Unlike panel C, membrane fractions prepared from HeLa cells expressing OCTN2Y™™ (WT) and OCTN2VTY™ (VT)
were incubated with PNGase F for | h at 37 °C and subacquentlv subjected to SDS-PAGE. (F) and (G) Expression levels ot O( TNZ‘"’ and OCTN2(N91Q)"™" in HéLa

cells following transfection of cDNA werc anatyzed by FACS.
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panel of Fig. 2E, the apparent molecular weight of OCTN2
became markedly smaller after treatment with PNGase F (from
90 kDa to 75 kDa), whereas the change in the apparent
molecular weight of OCTN2VT was very little. Consequently,
after treatment with PNGase F, the apparent molecular weight of
OCTN2 became nearly equal to that of OCTN2VT. These
results taken together indicate that the different apparent
molecular weights of OCTN2 and OCTN2VT reflect abundant
glycosylation of OCTN2 and poor glycosylation of OCTN2VT,
Because the insertion of 24 amino acids unique to OCTN2VT
was located in the same loop as N-glycosylation sites, this
insertion might block N-glycosylation in some way. To get
insights into the relationship between N-glycosylation and
expression level of OCTN2, we examined a mutant OCTN2
with one of the three potential N-glycosylation sites (Asn-91)
being replaced by glutamine (OCTN2(N91Q)): this site was
selected because it was the closest to the insertion of 24 amino
acids. The expression level of this mutant was found to be
reduced to about 50% of a wild type OCTN2 (Fig. 2F and G).
These results taken together suggest that N-glycosylation may
affect the expression level of OCTN2.

3.3. OCTN2VT is retained in the ER

During membrane trafficking for targeting to the plasma
membrane, most proteins enter the secretory pathway, i.e. ER and
Golgi apparatus, where the proteins are N-glycosylated [15].
Because OCTN2VT was minimally N-glycosylated (Fig. 2D),

there is the possibility that OCTN2VT cannot enter the secretory
pathway and hence it cannot reach the plasma membrane. To test
this possibility, we examined the subcellular localization of
OCTN2 and OCTN2VT in HeLa cells stably expressing these
molecules tagged with YFP. As shown in Fig. 3A, most of
OCTN2 proteins were present on the cell surface, indicating that
OCTN2 is expressed exclusively on the plasma membrane. In
contrast, OCTN2VT proteins were present mainly in the cyto-
plasm, and its subcellular localization was found to be consistent
with that of ER stained with anti-KDEL antibody, which specif-
ically recognizes proteins localized to ER (Fig. 3B), suggesting
that OCTN2VT is retained in ER. Since unglycosylated im-
mature proteins are known to remain in ER to be subjected to
proteolysis by the ER quality control system [16], it is likely that
OCTN2VT which is lacking N-glycosylation is degraded rapidly
because of its localization in ER.

3.4. OCTN2VT is a non-functional transporter for carnitine

To transport camitine across the plasma membrane, OCTN
family proteins must be expressed on the cell surface. However,
since OCTN2VT was retained in the ER and not expressed on
the cell surface (Fig. 3), it is assumed that OCTN2VT is non-
functional as a transporter for carnitine. To test this, we measured
the activity of camitine transport in HeLa cells stably expressing -
OCTN2 and OCTN2VT. In comparison with the cells expressing
OCTN2, the cells expressing OCTN2VT showed a very low but
statistically significant level of camitine transport activity: the

A..

overlap

Fig. 3. Subccllular localization of OCTN2Y'" (A) and OCTN2VTYF? (B). For staining of cndoplasmic reticulum, HeLa cells expressing OCTN2YP and
OCTN2VTY*T were first incubated with anti-K DEL antibody after fixation and permeabilization of the cells, and subsequently, they were incubated with Alexa Fluor
546-conjugated anti-mouse IgG for anti-KDEL antibody. A fter treatments, fluorescent images of the cells derived from YFP (left panels) and Alexa Fluor 546 (middle
pancls) were obtained using a2 Bio-Rad MRC1024 lascr scanning confocal microscopy. Right pancls arc merged images.
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uptake into the cells expressing OCTN2VT and vector alone
were 658+9 and 6036 dpm/3 x 10° cells, respectively (#=3,
P<0.05) (Fig. 4A). The difference of these two values is a net
uptake via OCTN2VT, which is about 0.20% of the uptake via
OCTN?2. After normalization of expression levels of OCTN2VT
by MFI, the uptake by OCTN2VT is still far lower than the uptake
by OCTN2. Considering that the MFI value obtained by FACS
Calibur reflects expression levels of OCTN2VT in whole areas of
individual cells but not on cell surface alone, and also that
OCTN2VT is localized mainly in cytosol, the transport activity of
each OCTN2VT molecule is estimated to be far higher than this
estimated value. Since it is at present difficult to estimate the
precise proportion of OCTN2VT expressed on the cell surface to
total OCTN2VT expressed in the whole cell, the actual transport
activity of each OCTN2VT molecule is unknown. Taken together,
these results indicate that a minute amount of OCTN2VT with a
carnitine transport activity is expressed, although it is unknown
whether the activity of each OCTN2VT molecule is normal or
reduced in comparison with that of wild type OCTN2.

1005

To examine the relationship among N-glycosylation, expres-
sion level, and transport activity of OCTN2, we also analyzed
the camitine transport activity of OCTN2(N91Q): its expression
level was about half of OCTN2 (Fig. 2F and G) and most of it
was present on the cell surface (Fig. 4A, inset). The camitine
uptake into the cells expressing OCTN2(N91Q) was about half
of OCTN2 (Fig. 4A). However, after normalization of its
expression level by MFI, the transport activity was found to be
not significantly different from the cells expressing OCTN2
(OCTN2(N91Q), 33.6+£2.1x10*> dpm/3x 10” cells; OCTN2,
26.7+1.3x 10 dpm/3 x 107 cells: P>0.05). These results imply
that the reduction of glycosylation affects the expression level
but not the transport activity of OCTN2.

A variety of mutations for OCTN2 have been reported in the
systemic carnitine deficiency (SCD) of humans [5.17-20]. The
Phe-17 to Leu mutation of OCTN?2 identified in the SCD patient
showed a reduction of V,,,, with no effect on X, for carnitine
transport due to its failure to be expressed on the cell surface [21}].
Furthermore, Amat di San Filippo et al. have studied eight
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Fiz. 4. Carnitinc transport activity of OCTN2Y'T OCTN2VT ' and OCTN2(N91Q)¥*™. (A) HeLa cells stably transtected with cxpression vectors containing cDNAs
for cither YFP (vector), OCTN2T OCTN2VTYFF, and OCTN2(N91Q)"F" were incubated with a saturating concentration (4 nM) of {*H]camitine (81 Ci/mmol) for

7 min at 37 °C. [*H]carnitine uptake into these cells were shown as mean+SEM (n=3). Inset: the subcellular distribution of OCTN2(N91Q)

present study.

YFT (B) Summary of the
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families with SCD and found several point mutations at sites other
than glycosylation sites, which caused significant retention of the
mutant OCTN2 in the cytoplasm [22]. Our results and these
reports suggest that the subcellular localization of the OCTN
family proteins is a critical factor for the pathogenesis of SCD.

Although it is not clear whether OCTN2VT transports
camnitine if expressed on the plasma membrane, its actual
function might transport organic cations across the ER mem-
brane. It would provide new insights into the physiological
functions of the OCTN family proteins to identify the substrate
molecules transported by OCTN2VT.

3.5. Concluding remarks
Although the OCTN family proteins have been thought to be

well conserved with respect to the biochemical and functional
characteristics, the OCTN2VT protein isolated in this study

showed unique characteristics, which are totally distinct from.

the OCTN2 and other OCTN family proteins. Our results dem-
onstrate that OCTN2VT did not have the typical characteristics
of OCTN family proteins, such as an N-glycosylation and cell
surface expression, due to the insertion of 24 amino acids in the
first extracellular loop of OCTN2. Furthermore, the HeLa cells
expressing OCTN2VT proteins could not take up camitine due
to the retention of OCTN2VT proteins in the ER. The insertion
of 24 amino acids may be made by the alternative splicing
because the DNA sequence encoding the 24 amino acids was
interposed between the conserved splice sites. Further investi-
gation into the physiological functions of OCTN2VT in the ER
may reveal the novel transport activity of OCTN family proteins
across the ER membrane as well as the plasma membrane.
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Abstract

Endothelm ETa receptor couples to- Gy protein that transduces a variety of receptor signals to modulate diverse cellular responses mcludmg
Ca®" mobilization. Stimulation of endothelin ET, receptor with endothelin-1 is generally believed to induce an increase in intracellular Ca**
concentration ([Ca>'];) via Gg11 protein. Here we provide the first convincing evidence that endothelin-1 elicited Gg/;y protein-dependent and
-independent ‘decrease’ in [Ca®"); via Na*/Ca* exchanger (NCX) in Chinese hamster ovary (CHO) cells stably expressing human endothelin ET,
receptor. In the cells treated with 1 uM thapsigargin, an inhibitor of endoplasmic Ca>* pump, that induces an increase in [Ca™); via capacitative
Ca™ entry, endothelin-1 induced a decrease in [Ca®"]; which was partially inhibited by YM-254890, a specific inhibitor of G, indicating that
Gy11-dependent and independent pathways are involved in the decrease. The endothelin-1-induced decrease in [Ca**]; was markedly suppressed
by 3’,4'-dichlorobenzamil hydrochloride, a potent NCX inhibitor, and also by a replacement of extracellular Na* with Li*, which was not
transported by NCX, indicating a major role of NCX operating in the forward mode in the endothelin-1-induced decrease in [Ca®");. Molecular
approach with RT-PCR demonstrated the expression of mRNA for NCX1, NCX2 and NCX3. These results suggest that stimulation of endothelm
ET, receptor with endothelin-1 activates the forward mode NCX through Gg1,-dependent and -independent mechanisms: the NCX exports Ca**

out of the cell depending on Na* gradient across the cell membrane, resulting in the decrease in [Ca

© 2007 Elsevier B.V. All rights reserved.

2+]

Keywords: Endothclin-1; Endothelin receptor; Gy protein; Na*/Ca™* exchanger; Intracellular free Ca®” concentration

1. Introduction

Endothelin ET, receptor is a well studied member of the seven
membrane spanning receptors that exert their intracellular effects
through G protein activation (Kawanabe et al., 2002a,b; Miwa
et al, 2005). Stimulation of endothelin ET, receptor with
endothelin-1 leads to Ggy, protein-mediated activation of phos-
pholipase C (PLC), resulting in the production of inositol 1,4,5-
trisphosphate (1P5) that binds to the IP; receptor in the endoplasmic
reticulum (ER) membrane to initiate Ca®* release into the cytosol
(Kawanabe et al., 2002a; Miwa et al., 2005). This signal
transduction pathway is associated with diverse subcellular
mechanisms underlying an increase in intracellular free Ca®*
concentration ([Ca®*];) induced by endothelin-1 such as activation
of Ca™*-permeable nonselective cation channel and store-operated
Ca®" channel (Miwa et al., 2005).

* Corresponding author. Tel.: 481 11 706 6921; fax: +81 11 706 7824.
E-mail address: smiwa@tned.hokudai.ac.jp (S. Miwa).

0014-2999/8 - scc tront matter © 2007 Elsevier B.V. All rightg reserved.
doi:10.1016/j.cjphar.2007.03.019

Recently, several studies demonstrated that endothelin-1
activated Na*/H" exchanger (NHE), which increases intracellular
Na* concentration ([Na*])), leading to activation of Na*/Ca**
exchanger (NCX) operating in the reverse mode to increase [Ca®*);
(Aiello et al., 2005; Fujita and Endoh, 1999; Yang et al., 1999). In
addition, it has been reported that, after endothelin-1 stimulation,
the NCX protein was phosphorylated by protein kinase C (PKC)
which is a downstream signaling molecule activated by endothelin
ET, receptor (Iwamoto et al., 1996). A study with whole-cell patch
clamp technique also showed that endothelin-1 induced a direct
PKC-dependent increase in NCX-mediated outward ionic current
which is reverse mode Na*/Ca®" exchange (Zhang et al., 2001).
These results suggested that endothelin-1 induced Ca®* influx is
mediated by both mechanisms, the increase in [Na®); via NHE,
which drives the NCX in the reverse mode, and a direct [Na 1-
independent activation of the NCX.

The NCX plays an important physiological role in maintain-
ing Ca®* homeostasis in many mammalian tissues (for review
see, Blaustein and Lederer, 1999). The NCX can trigger the
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electrogenic exchange of one Ca®" for three Na™ either into or
out of the cells, depending on the prevailing electrochemical
driving force on the exchanger. In other words, excessive
increase in [Ca®*]; can lead to activation of NCX operating in the
forward mode to transport Ca®* out of cells. Therefore, we
hypothesized that under high [Ca®*); conditions, endothelin-1
induces the decrease but not increase in [Ca”"); via the forward
mode NCX driven by endothelin ET, receptor activation, if
endothelin-1 could directly activate NCX as described above.

To test this hypothesis, the present study examined the effects
of endothelin-1 on the increase in [Ca’"); generated by
thapsigargin, a sarcoplasmic and endoplasmic Ca®"-ATPase
inhibitor, in Chinese hamster ovary (CHO) cells stably expressing
human endothelin ET, receptor. The mechanisms underlying the
Ca”" mobilization activated by endothelin-1 were also studied
using YM-254890, a novel and specific G, protein inhibitor
(Takasaki et al., 2004; Taniguchi et al., 2003), and 3'4/-
dichlorobenzamil hydrochloride (3’,4’-DCB), a potent forward
and reverse mode NCX inhibitor (Teubl et al., 1999).

2. Materials and methods
2.1. Materials

YM-254890 (Fig. 1, molecular weight=959, Taniguchi et al.,
2003) was kindly provided by the Astellas Pharma Inc. (Tokyo,
Japan). Other chemicals were obtained commercially from the
following sources: synthetic human endothelin-1 from Peptide
Institute (Osaka, Japan); 3’,4’-dichlorobenzamil hydrochloride
(3',4’-DCB), probenecid and thapsigargin from Sigma-Aldrich
Co. (St. Louis, Mo., U.S.A)); U-73122 (1-[6-((173-3-methox-
yestra-1,3,5(10)-trien-17-yl)amino)hexyl]-1 H-pyrrole-2,5-dione)
from Calbiochem (San Diego, CA, U.S.A.); fura-2/acetoxymethyl
ester (fura-2/AM), fluo-3/acetoxymethyl ester (fluo-3/AM) and
Pluronic F-127 from Dojindo Laboratories (Kumamoto, Japan).

2.2. Cell culture
CHO cells were cultured in Ham’s F-12 medium supple-

mented with 10% fetal calf serum and penicillin—streptomycin
at 37 °C in humidified air with 5% CO,.

Eﬁiﬁ%ﬁ
pedasy:
58

Fig. 1. Chemical structure of YM-254890.

2.3. Stable expression of human endothelin ET, receptor in
CHO cells

To generate CHO cells stably expressing endothelin ET,
receptor, human endothelin ET, receptor gene was introduced
into CHO cells by retroviral gene transfer. Briefly, retroviruses
were produced by triple transfection of HEK293T cells with
retroviral constructs along with gag-pol and vesicular stomatitis
virus G glycoprotein expression constructs (Yee et al., 1994).
The supernatants containing virus were collected 24 h after
transfection and added to CHO cells. The CHO cells were then
centrifuged at 900 xg for 45 min at room temperature followed
by incubation for 6 h at 37 °C in 5% CO,—-95% air. Then, the
supernatants were replaced with fresh culture media. Endothelin
ET,4 receptor-positive cells were selected for growth in medium
containing 5 pug/ml puromycin for a week.

2.4. Measurement of [Ca™"];

CHO cells grown to confluence in 10-cm dishes were
incubated in the culture medium with 4 pM fura-2/AM or
10 pM fluo-3/AM admixed with 2.5 mM probenecid and
0.04% Pluronic F-127, a detergent, at 37 °C for 45 min under
reduced light. Cells were then collected and washed once with
Ca**-free Krebs-HEPES solution (in mM: 140 NaCl, 3 KC|, 1
MgCl--6H,0O, 11 D-(+)-glucose, 10 HEPES; adjusted to
pH 7.3 with LiOH). The resulting cell pellets were resuspended
in Ca®*-free Krebs-HEPES solution at 4 x 10° cells/ml and kept
on ice under reduced light until Ca** measurement.

In some experiments, cells were resuspended in low Na*
Krebs-HEPES solutions (0, 10 and 70 mM Na™) prepared by
replacing NaCl with equimolar LiCl. Before each experiment,
CaCl, was added to 0.5-ml aliquot of the cell suspension at the
final concentration of | mM.

Changes of [Ca®*]; in cells were measured at 25 °C using CAF-
110 spectrophotometer (JASCO, Tokyo, Japan) with the
following wavelengths: fura-2 excitation=340 and 380 nm,
emission =500 nm; fluo-3 excitation=490 nm, emission=>540 nm.
At the end of each experiment, Triton X-100 was added to the cells
at the final concentration of 0.2% to determine the maximal
fluorescence intensity (Fp.x) and/or ratio (R340/380,,,.,). This was
followed by an addition of EGTA at the final concentration of
30 mM to determine the minimal fluorescence intensity (F,y;,) and/
or ratio (R340/380,n). [Ca®*); was calculated as previously
described (Grynkiewicz et al., 1985; Minta et al., 1989).

In the experiments with 3’,4’-DCB, [Ca"); was measured
using fluo-3 instead of fura-2, because 3',4’-DCB over 10 uM
used in the present study was found to interfere with fluorescence
signals of fura-2 (data not shown).

2.5. Detection of mRNA by reverse transcription-polymerase
chain reaction (RT-PCR)

mRNA was extracted and purified using the mRNA
purification kit (GE Healthcare UK Ltd., Buckinghamshire,
UK) following the instructions of the manufacturer. cDNA was
synthesized by using both Omniscript™ RT Kit (QIAGEN,
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Tokyo, Japan) for reverse transcription (RT) and HotStarTaq™
Master Mix Kit (QIAGEN, Tokyo, Japan) for polymerase chain
reaction (PCR). Briefly, cDNA was synthesized by RT of 2.0 pug
of each mRNA using oligo (dT),s (Promega, Madison, U.S.A.)
as a primer, and the RT reaction mixture was incubated at 37 °C
for 60 min, then at 95 °C for 5 min before being placed on ice. A
negative control without reverse transcriptase was run in
parallel to verify that amplification did not proceed from
- residual genomic DNA.

PCR amplification was carried out on cDNA equivalent to
100 ng of starting mRNA, using specific oligonucleotide primers
for NCX1 (forward, 5'-AATGGAGAGACCACCAAGAC-3’
and reverse, 5'-CCTTCCCAGACCTCCAC-3"), NCX2 (forward,
5'-GAGATCACCATCACCAAGGC-3' and reverse, 5'-ATGA-
GATAAAGCCAGACATAGGC-3’) and NCX3 (forward, 5'-
TCTCACCTCTGCCTTCCTCCATTT-3’ and reverse, 5'-
TCAGGTTGGAGACAGTTTCATTCCA-3'), synthesized at
Hokkaido System Science Co., Ltd. (Sapporo, Japan). cDNA
was heated for 15 min at 95 °C, then amplified by 35 cycles (95 °C
for 30 s, 55 °C for 30 s, 72 °C for 30 s) followed by 5 min of
extension at 72 °C. The PCR products were confirmed by a single
band on electrophoresis with 2.0% ethidium bromide stained
agarose gels. Because the sequences for NCX1, NCX2 and NCX3
of Chinese hamster were unknown, the primer sets were designed
using conserved sequences for NCX mRNA among human, rat
and mouse. To confirm the sequences of these PCR products, the
direct sequencing was carried out. Briefly, the PCR products of
NCX1, NCX2 and NCX3 were purified using QIAquick™ PCR
Purification Kit (QIAGEN, Tokyo, Japan) according to the
manufacturer’s instructions. The purified PCR products were
labeled using BigDye™ Terminator v3.1 Cycle Sequencing Kit
(Applied Biosystem, CA, U.S.A.) and the aforementioned primers.
DNA sequencing was performed on the ABI PRISM™3100
Genetic Analyzer (Applied Biosystem, CA, U.S.A.).

2.6. Data analysis

The percentage of decrease in [Ca®"]; induced by endothelin-
| was calculated by considering the [Ca®"]; level obtained just
before administration of endothelin-1 as 0% decrease, and the
basal [Ca®"); level before application of thapsigargin as 100%
decrease. Data are presented as means+S.E.M. where n refers
to the number of experiments. The significance of the difference
between mean values was evaluated with GraphPad PRISM™
(version 3.00) by one-way analysis of variance (ANOVA)
followed by Tukey’s multiple comparison test. A P value less
than 0.05 was considered to indicate significant differences.

3. Resuits
3.1. Dual effects of endothelin-1 in the regulation of [Ca**];

Figs. 2A and 3A show representative traces for the opposite
effects of 0.3 nM endothelin-1 on [Ca®"}; in CHO cells stably
expressing endothelin ET, receptor. In untreated cells,
endothelin-1 induced transient and subsequent sustained
increases in [Ca®"); (Fig. 2A, left trace), which were
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Fig. 2. Charactcrization of endothelin-1-induced increase in intracellular free ca’'
concentration ([Ca®])) in CHO cclls stably cxpressing human cndothelin ET,
receptor. (A) Endothelin-1 induced transicnt and sustained increascs in [Ca®7; (left
trace). Both phases were completely abolished by YM-254890 (0.3 nM), a specific
Gya, protein inhibitor (right tracc). The traces shown are representative of 5 similar
individual cxperiments. (B and C) Effects of YM-254890 and U-73122, a PLC
inhibitor, on the transicnt and sustaincd increascs in [Ca>); induced by endothelin-
1. The transicnt and sustained [Ca®']; increases werc inhibited by the pretreatment
with YM-254890 and U-73122. Thus the Ca®' rcsponscs to endothelin-1 are
mediated by G1/PLC pathway. The ordinate is the change in [Ca®™); measured
using a Ca”* indicator fura-2. Results arc presented as means S.E.M of the results
obtained from 4-6 scparate experiments. **P<0.01.

submaximal responses. Both phases were completely abolished
by pretreatment with 0.3 pM YM-254890, a specific and potent
Gy11 protein inhibitor (Fig. 24, right trace). In addition, U-
73122, an inhibitor of PLC,_ag a: concentration of 3 uM
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Fig. 3. Endothclin-1 can inducc a decrease in [Ca®"]; in CHO cells stably
cxpressing human cndothelin ETA receptor. (A) Thapsigargin (I pM) also
cvoked transicnt and sustaincd increascs in [Ca®*);. Stimulation of ET, receptors
with cndothelin-1 inhibited the sustained phase gencrated by thapsigargin (left
tracc). Endothelin-1-induced decrease in [Ca®*]; was partly inhibited by the
pretreatment with the high concentration (1 uM) of YM-254890 (right tracc).
The ordinate is the change in [Ca?*); measured using a Ca?* indicator fura-2. The
traces shown arc representative of 5 similar individual experiments. (B and C)
YM-254890 and U-73122 could partially inhibit endothelin-1-induced decrease
in [Ca®*];. Thus the Ca®" response to endothelin-1 is mediated by Gg/PLC-
dependent and -independent pathways. (D) 3'.4’-DCB. a potent Na'/Ca®*
cxchanger inhibitor, significantly suppresscd endothelin-1-induced decreasce in
[Ca™].. (E) A reduction of cxtraccllular Na™ concentration by replacement of
Na® with Li" in bathing medium resulted in marked inhibition of endothelin-1-
induced decrease in [Ca™];. The [Ca®*); level of sustained phase generated by
thapsigargin before administration of endothelin-1 and the basal {Ca™]; level
beforc administration of thapsigargin were sct at 0% and 100%, respectively.
Results are presented as means+S.E.M of the results obtained from 4—6 scparate
cxperiments. *P<0.05, **P<0.01.

depressed the transient and sustained [Ca®*); increases in
response to 0.3 nM endothelin-1 (Fig. 2B, C). The result is in
accord with our previous report (Sugawara et al., 1996). As
shown in Fig. 3A, the treatment of CHO cells with 1 uM
thapsigargin, a sarcoplasmic and endoplasmic Ca®*-ATPase
inhibitor, elicited transient and sustained increases in [Ca®*);.
Surprisingly, endothelin-1 at 0.3 nM caused a significant

reduction of [Ca®*]; (32.2+2.8% of thapsigargin-induced
sustained increase in [Ca>*];, n=5; Fig. 3B), after the sustained
increase in [Ca™"]; induced by thapsigargin reached a plateau
level (Fig. 3A, left trace). The decrease in [Ca>*]; induced by
endothelin-1 was partly but significantly inhibited by 1 pM
YM-254890 (17.4%£2.6%, n=5; Fig. 3B). However, a higher
concentration (10 pM) of YM-254890 did not show further
inhibition of [CaZ+],- reduction (16.2+2.5%, n=35; Fig. 3B),
indicating that the inhibitory effect of YM-254890 was maximal
at 1 uM. Similarly, U-73122 inhibited the endothelin-1-induced
[Ca®*); decrease (Fig. 3C). These results suggested that the
decrease in [Ca®]; induced by endothelin-1 was mediated
through Gg;,-dependent and -independent pathways.

3.2. Functional role of NCX in the decrease in [Ca’"]; induced
by endothelin-1

To clarify the mechanisms involving the decrease in [Ca®*];
induced by endothelin-1, the effects of 3’,4’-dichlorobenzamil
hydrochloride (3',4’-DCB), a forward and reverse mode NCX
inhibitor (Teubl et al., 1999), were investigated using a Ca®"
indicator fluo-3 instead of fura-2 (see Materials and methods).
As shown in Fig. 3D, 3/,4’-DCB at concentrations over 30 uM
depressed the decrease in [Ca*"); induced by endothelin-1 in a
concentration-dependent manner (control, 41.3+£2.3%; 10 uM
3',4’-DCB, 41.8+3.0%; 30 pM, 29.6+4.1%; 100 uM, 6.5+
2.2%; n=5 for each).

In addition, the YM-254890-insensitive (Gg/11-independent)
decrease was markedly inhibited by 100 uM 3,4’-DCB (in the
presence of 1 pM YM-254890, 23.2+0.9%; the combination of
1 uM YM-254890 and 100 uM 3',4’-DCB, 2.4+0.6%; n=6).
These results indicate that the forward mode NCX transporting
Ca™" out of cells plays an important role in both Gg/11-dependent
and -independent decreases in [Ca®*]; triggered by endothelin-1.

To further confirm the possible involvement of NCX
operating in the forward mode, where its driving force is
generated by the concentration gradient of Na™ across the
membrane, we attempted to examine the decreasing concentra-
tions of extracellular Na* on the activity of NCX associated
with the endothelin-1-induced decrease in [Ca®")..

For this purpose, we reduced the extracellular Na* concentra-
tion by replacing Na™ with Li", which was not transported by
NCX (Blaustein and Lederer, 1999). As expected, the endothelin-
1-induced decrease in [Ca™"]; became smaller depending on the
decreasing concentrations of extracellular Na* (Fig. 3E). Taken
together, these results suggest that stimulation of endothelin ET,
receptor with endothelin-1 activates the forward mode NCX to
drive Ca®" efflux and Na® influx in Ggn1-dependent and
-independent manner, resulting in the decrease in [Ca’"];.

3.3. Expression of mRNA for NCX1, NCX2 and NCX3 in
CHO cells

To validate the pharmacological and physiological evidence
for the presence of functional NCX in CHO cells stably
expressing endothelin ET, receptor, RT-PCR experiments were
carried out. As shown in Fig. 4, PCR products were detected by
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Fig. 4. Detection by RT-PCR of NCX1, NCX2 and NCX3 mRNA in CHO cclls
stably cxpressing human cndothelin ET, receptor. RT-PCR cxpceriments were
carried out using mRNA prepared from 3 individual cell populations. Expected
size of PCR products for NCX1, NCX2 and NCX3 were 350, 329 and 386 bp,
respectively. Left lanc shows 100 bp DNA ladder (Promega).

agarose gel electrophoresis at positions of approximately 350,
330 and 390 bp, which correspond to the expected size for PCR
products of NCX1 (350 bp), NCX2 (329 bp) and NCX3
(386 bp), respectively. The absence of PCR products without
reverse transcription provided evidence that there is no non-
specific amplification and these bands are derived from mRNA
but not contaminating genomic DNA (data not shown). Finally,
the PCR products were purified, sequenced and identified as
NCX1, NCX2 and NCX3. The degree of sequence homology
for NCX1, NCX2 and NCX3 between Chinese hamster and the
three species (human, rat and mouse) was approximately 90%.

4, Discussion

In the present study, we have provided the first evidence that
stimulation of endothelin ET, receptor with endothelin-1
induces Gg/; protein-dependent and -independent decreases
in [Ca>"]; via NCX operating in the forward mode in CHO cells
stably expressing human endothelin ET, receptor. In addition,
we were able to detect all three types of NCX (NCX1, NCX2
and NCX3) by using RT-PCR.

4.1. Involvement of G,/ protein-dependent and -independent
f Gy P 74 4
pathways in endothelin ET 4 receptor signaling

To characterize endothelin ET, receptor signaling, we
examined the effects of YM-254890, a novel and specific Gy,
protein inhibitor, on endothelin-1-mediated Ca*" mobilization.
Initial studies confirmed that YM-254890 blocked Ca®" mobili-
zation mediated by several G,/ ,-coupled receptors but not by G;-
or Gqs-coupled receptors (Takasaki et al., 2004). In the present
study, in CHO cells expressing human endothelin ET, receptor,
YM-254890 (0.3 uM) completely inhibited endothelin-1-induced
transient and sustained increases in [Ca>"]; (Fig. 2A). Similar
results were obtained for a PLC inhibitor, U-73122. These results
indicate the activation of Gg;, and its downstream signaling
pathways by endothelin-1.

Interestingly, in CHO cells pretreated with thapsigargin which
induces an increase in [Ca>*}; mediated by capacitative Ca>*
entry, endothelin-1 induced a marked decrease in [Ca2+],-, as
shown in Fig. 3A. The decrease consisted of two components,
which were sensitive and insensitive to YM-254890 at pharma-
cologically relevant concentrations. This result indicﬁi’ites that the

endothelin-1-induced decrease in [Ca™"); is mediated via both Gy
11-dependent and -independent pathways. We have recently
shown that endothelin ET4 receptor is functionally coupled with
G; and G in addition to Gg/y; in CHO cells (Kawanabe et al.,
2002a; Takagi et al., 1995). G; protein is a possible candidate for
Gg/i-independent mechanisms involving the endothelin-1-in-
duced [Ca™*); decrease, because the activation of {3-adrenocep-
tors, a member of G, protein-coupled receptors, is reported to
induce the reduction of [Ca®*]; via NCX in the porcine coronary
arterial smooth muscle (Yamanaka et al., 2003). However, G,-
adenylyl cyclase pathway(s) might be ruled out, since an inhibitor
of adenylyl cyclase (2’,5'-dideoxyadenosine, 50 uM) had no
effect on the endothelin-1-induced decrease in [Ca®*); (data not
shown). Therefore, G, and/or other unidentified G protein(s)
may be responsible for G, -independent pathway(s).

4.2. Identification of molecules involved in the endothelin-1-
induced decrease in [Ca®"];

Although the mechanisms for endothelin-1-induced increase
in [Ca®"]; have so far been reported repeatedly, there was no
report for the endothelin-1-induced decrease in [Ca™"];. We
therefore attempted to clarify possible mechanisms underlying
this response. For this purpose, we focused on the physiological
role of NCX that can transport Ca** either into or out of cells
depending on transmembrane ion gradient and membrane
potential, since stimulation of G,/ protein-coupled receptors
with endothelin-1, phenylephrine and angiotensin I activated
cardiac NCX operating in the forward mode (Ballard and
Schaffer, 1996; Philipson and Nicoll, 2000). Endothelin-1-
induced decrease in [Ca']; was, as expected, significantly
depressed by 3',4’-DCB, a forward and reverse mode NCX
inhibitor (Teubl et al., 1999), in a concentration-dependent
manner. In addition, the response to endothelin-1 was also
inhibited by the reduction of extracellular Na* concentration
which is expected to decrease NCX driving force in the forward
mode. These results strongly indicate that the forward mode
NCX transporting Ca®" out of cells plays a significant role in
Gy 1-dependent and -independent Ca®" export activated by
endothelin-1. However, the removal of Na* from the medium to
block ion transport via NCX did not completely prevent
endothelin-1-induced decrease in [Ca®"]. This raises the
possibility that endothelin-1-induced [Ca®*]; decrease is
mediated through NCX-dependent and -independent pathways.
Unlike the NCX-dependent pathway, the NCX-independent
mechanism involving Ca™" export is still unclear.

4.3. Molecular evidence for the presence of NCX in CHO cells

Previous molecular studies have identified NCX 1, NCX2 and
NCX3 that are encoded by distinct genes in mammalian cells (Li
et al., 1994; Nicoll et al., 1990, 1996). To determine whether
either the NCX member is present in CHO cells, we perforined
RT-PCR using specific primers for each of these NCX genes.
The RT-PCR studies demonstrated that all three members of
NCX were expressed in CHO cells stfibly expressing endothelin
ET, receptor. That is, the seque'nc“’g of PCR products was highly
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homologous (approximately 90%) to that of the corresponding
NCX member reported in human, rat and mouse, and hence, the
mRNAs containing these sequences were identified as NCX1,
NCX2 and NCX3. This is the first report of mRNA expression
and function of NCX in CHO cells. However, it remains to be
determined which of the NCX members plays a major role after
stimulation of endothelin ET4 receptor, because NCX1, NCX2
and NCX3 cannot be functionally differentiated (Iwamoto and
Shigekawa, 1998; Linck et al., 1998). Therefore, the pharma-
cological and molecular identity should be determined by using
RNA interference method for specific NCX gene silencing in
future.

In summary, the present study demonstrated that the function-
ally tight coupling of endothelin ET4 receptor with NCX induced
the decrease in [Ca®*}; in CHO cells. This association would play a
regulatory role in Ca®" homeostasis.
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Abstract.

The. mechanism for noradrenaline (NA)-induced increases in intracellular Ca®

concentration ([Ca®];) and physiological significance of Na* influx through receptor-operated
channels (ROCs) and store-operated channels (SOCs) were studied in Chinese hamster ovary
(CHO) cells stably expressing human ais-adrenoceptor (a;a-AR). [Ca**]); was measured using the
Ca” indicator fura-2. NA (1 uM) elicited transient and subsequent sustained [Ca’']; increases,
which were inhibited by YM-254890 (Guq/ 1 inhibitor), U-73122 (phospholipase C (PLC)
inhibitor), and bisindolylmaleimide I (protein kinase C (PKC) inhibitor), suggesting their depen-
dence on Ggi/PLC/PKC. Both phases were suppressed by extracellular Ca** removal,
SK&F 96365 (inhibitor of SOC and nonselective cation channel type-2 (NSCC-2)), LOE 908
(inhibitor of NSCC-1 and NSCC-2), and La* (inhibitor of transient receptor potential canonical
(TRPC) channel). Reduction of extracellular Na* and pretreatment with KB-R7943, a Na'/Ca®
exchanger (NCX) inhibitor, inhibited both phases of [Ca®']; increases. These results suggest that
1) stimulation of a;a-AR with NA elicits the transient and sustained increases in [Ca®*]; mediated
through NSCC-2 that belongs to a TRPC family; 2) Na® influx through these channels drives
NCX in the reverse mode, causing Ca® influx in exchange for Na* efflux; and 3) the
Guag/1/PLC/PKC-dependent pathway plays an important role in the increases in [Ca®']..

Keywords: a,a-adrenoceptor, store-operated channel, nonselective cation channel,
Na'/Ca* exchanger, intracellular free Ca** concentration

Introduction

The a;a-adrenoceptor (a1a-AR) belongs to the super-
family of G protein-coupled receptors (GPCRs) that
transduce the binding of their agonists such as the
neurotransmitter noradrenaline (NA) into activation of
G protein-regulated effectors and elevation of corre-
sponding second messengers. In general, stimulation of
aia-ARs with NA activates Gg/y protein-coupled
phospholipase C§ (PLCp) to increase the second mes-
sengers, inositol 1,4,5-trisphosphate (IP;) and diacyl-
glycerol (DAG), thereby causing an initial transient in-
crease and a subsequent sustained increase in [Ca*]; (1).

*Corresponding author. smiwa@med.hokudai.ac.jp
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In most nonexcitable cells including Chinese hamster
ovary (CHO) cells, this interdependent mobilization of
Ca?¥ is considered to be attributed to rapid, transient
release of Ca” stored in the endoplasmic reticulum
(ER), followed by slowly developing Ca® entry through
store-operated channels (SOCs) and/or receptor-
operated channels (ROCs) such as Ca**-permeable non-
selective cation channels (NSCCs) (2 — 5). Our previous
studies have demonstrated that NA-induced sustained
Ca™ influx through NSCCs plays an essential role in cell
proliferation and arachidonic acid release following
stimulation of aia-AR expressed in CHO cells (1, 6).
Interestingly, Mori and colleagues (7) have demon-
strated that the essential component of NA-activated
NSCC is the transient receptor potential canonical
(TRPC) channel homologue TRPC6 since heterologous
expression of murine TRPC6 in human embryonic
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kidney (HEK293) cells reproduced the biophysical and
pharmacological properties of NA-activated NSCC.
These findings suggest that voltage-independent (non-
voltage-gated) cation channels (SOCs, ROCs, NSCCs,
and TRPC channels) are involved in NA-induced Ca®*
influx.

Ca® signal plays a key role in controlling diverse
cellular functions such as contraction, proliferation, and
transcription (8). GPCR mediating Ca®* influx across
the plasma membrane, therefore, is strictly regulated by
complicated mechanisms involving cation channels such
as SOCs and ROCs (2, 9). On the other hand, many
studies have shown that most of these channels allow
the entry of Na* in addition to Ca®* and the permeability
to Na* varies from one channel to another (9 — 11). This
implies that stimulation of GPCR can increase intra-
cellular Na* concentration ([Na'];)) via cation channels
possessing properties of NSCCs. In this regard, recent
evidence suggests that Na' influx plays an important
role in GPCR-mediated increase in [Ca®'].. In isolated
cardiac cells, stimulation of Gy, protein-coupled endo-
thelin type A receptor (ETaR) with its agonist endo-
thelin-1 (ET-1) activates the Na'/H* exchanger (NHE)
via a PKC-dependent pathway, causing an increase in
[Na']; that in turn drives the Na*/Ca?" exchanger (NCX)
operating in the reverse mode to transport Ca®* into cells
in exchange for Na’ efflux, leading to an increase in
[Ca™]; (12— 14). Moreover, activation of NHE by NA
was observed in CHO cells expressing a;a-AR (15),
where mRNA expression for three members (NCX1,
NCX2, and NCX3) of NCX was detected by RT-PCR
(16). These raise the possibility that a;,-AR modulates
Na'/Ca®* exchange via increased Na* influx through
NSCCs or NHE, resulting in an increase in [Ca*']..

The present study attempted to elucidate the mecha-
nisms for NA-induced increase of [Ca®']; in CHO cells
expressing human a;a-AR using inhibitors for Gg/
protein-regulated signaling molecules, cation channels,
and transporters. In addition, the functional significance
of Na* entry and NCX in the NA-induced [Ca®']; eleva-
tion were also examined using reduction of extracellular
Na' concentrations and KB-R7943, an inhibitor of NCX,
respectively.

Materials and Methods

Materials :

The pCR3 mammalian expression vector containing
human a;a-AR ¢DNA was kindly provided by Dr.
Ikunobu Muramatsu (Fukui University, Japan).

YM-254890 and LOE 908 ((R,S)-(3.4-dihydro-6,7-
dimethoxy-isoquinoline- 1-y1)-2-phenyl-N,N-di-[2-(2,3,4-
trimethoxyphenyl)ethyl]-acetamide) were kindly pro-

vided by Astellas Pharma, Inc. (Tokyo) and Nippon
Boehringer Ingelheim Co., Ltd. (Hyogo), respectively.

(—)-Noradrenaline (+)-bitartrate, 5-(N-ethyl-N-iso-
propyl)amiloride (EIPA), amiloride, lanthanum (III)
chloride, G418, and probenecid were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Bisindolylmalei-
mide I (BIS I, 2-[1-(3-dimethylaminopropyl)-1 H-indol-
3-yl]-3-(1 H-indol-3-yl)-maleimide), U-73122 (1-[6-
((178-3-methoxyestra-1,3,5(10)-trien-17-yl)amino)
hexyl]-1H-pyrrole-2,5-dione), SK&F 96365 (1-[8-[3-
(4-methoxyphenyl) propoxy]-4-methoxyphenethyl]-1H-
imidazole), and KB-R7943 (2-(2-(4-(4-nitrobenzyloxy)
phenyl)ethyl)isothiourea) were from Calbiochem (San
Diego, CA, USA). Fura-2/acetoxymethyl ester (fura-
2/AM), fluo-3/AM, and Pluronic F-127 were from
Dojindo Laboratories (Kumamoto). The other regents
used were of the highest grade in purity.

Cell culture

CHO cells were cultured in Ham’s F-12 medium
supplemented with 10% fetal calf serum, penicillin, and
streptomycin and maintained at 37°C in humidified air
with 5% CO..

Stable expression of human a;4~-AR in CHO cells

The pCR3 mammalian expression vector containing
human a;5-AR ¢cDNA was transfected into CHO cells
using a TransIT™-CHO transfection kit (Mirus Bio
Corporation, Madison, WI, USA) according to the
manufacturer’s instructions. Transfected cells were
selected using resistance to 800 ug-ml™' G418.

Measurement of [Ca®*];

[Ca™]; was measured as described previously (16).
Briefly, CHO cells were incubated with 4 4uM fura-
2/AM or 10uM fluo-3/AM admixed with 2.5 mM
probenecid and 0.04% Pluronic F-127 at 37°C for
45 min under reduced light. After collecting and wash-
ing cells, the cells were suspended in Ca**-free Krebs-
HEPES solution (140 mM NaCl, 3mM KCl, | mM
MgCl,-6H,0, 11 mM D-(+)-glucose, 10 mM HEPES;
adjusted to pH 7.3 with LiOH) at 4 x 10° cells/ml. CaCl,
was added to 0.5-ml aliquot of the cell suspension at the
final concentration of 1 mM, when necessary. Changes
of [Ca¥]; in cells were measured at 25°C using a CAF-
110 spectrophotometer (JASCO, Tokyo) with the excita-
tion wavelengths of 340 and 380nm and emission
wavelength of 500 nm for fura-2 and the emission
wavelength of 540 nm and the excitation wavelength of
490 nm for fluo-3.

In the experiments with EIPA and amiloride, [Ca®"];
was measured using fluo-3 instead of fura-2 because
these drugs at the concentrations used in the present
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study was found to interfere with the fluorescence
signals of fura-2 (data not shown).

Data analyses

Data were collected and analyzed using a MacLab/8s
and Chart (v. 3.5) software (ADInstruments Japan,
Tokyo). The concentration-response curves for NA were
constructed to evaluate its ECsp value, which is the
effective NA concentration eliciting a half-maximal
response, using GraphPad PRISM™ (version 3.00;
GraphPad Software, San Diego, CA, USA). The concen-
tration-inhibition curves were also obtained with
GraphPad PRISM™ in order to estimate the ICso values,
which are the concentrations producing 50% inhibition
of the control response. The ECso and ICsq values were
converted to logarithmic values (pECso and pICso) for
analysis. Data are presented as means + S.E.M., where n
refers to the number of experiments. The significance of
the difference between mean values was evaluated with
GraphPad PRISM™ b)} one-way analysis of variance
(ANOVA) followed by Tukey’s multiple comparison
test. A P value less than 0.05 was considered to indicate
significant differences.

Results

Characterization of NA-induced transient and sustained
increases in [Ca’* ]

Figure 1A shows a representative trace illustrating
NA (1 uM)-induced increase in [Ca*]; in CHO cells
stably expressing human aa-AR. NA elicited concentra-
tion-dependent increases in [Ca*]; that consist of an
initial transient phase and a subsequent sustained phase

(Fig. 1B). The maximum increases in [Ca®*]; by NA and
its pECso values were 149.1 £ 5.1 nM and 7.56 £ 0.05 for
the transient phase and 108.1 £ 1.5 nM and 7.39 £ 0.05
for the sustained phase, respectively (n=6 for each).
The NA (1 uM)-induced transient and sustained [Ca*"];
increases were markedly reduced by removal of Ca®
from the medium (the residual component of transient
phase, 27.3 + 3.4%; sustained phase, 170+ 1.3%,n=6
for each; Fig. 1C).

Pharmacological  identification of Ca’' channels
involved in the transient and sustained increases in
[Cd’']; in response to NA

To pharmacologically identify Ca** channels involved
in the NA-induced increases in [Ca®'];, we examined the
effects of several Ca** channe! blockers on the NA-
induced transient and sustained increases in [Ca®}:.
Nifedipine, an inhibitor of L-type voltage-operated Ca™
channel (VOCC), at concentrations up to 30 #uM had no
effect on the NA-induced Ca® responses (Fig.2A).
However, the NA-induced transient and sustained
increases in [Ca”™]; were concentration-dependently
inhibited by SK&F 96365, an inhibitor of SOC and
NSCC-2 (17), and LOE 908, an inhibitor of NSCC-1 and
NSCC-2 (17) (Fig. 2: B and C). The inhibitory effects of
these compounds at 30 #M on the transient and sustained
phases were 79.41+4.5% and 1002%1.7% for
SK&F 96365 (n=5) and 92.0+1.1% and 91.3 £0.9%
for LOE 908 (n = 5), respectively. Moreover, the tran-
sient and sustained increases in {Ca®"]; triggered by NA
were ‘sensitive to La>* (Fig. 2D), which is reported to
inhibit certain members of the TRPC subfamily (3);
and the inhibitory effects at 100 uM were 61.9 +4.4%
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Fig. 1. Characterization of the NA-induced increase in [Ca™]; in the CHO cells stably expressing human aia-AR. [Ca®™); was
measured using the Ca® indicator fura-2. A: A typical trace illustrating the [Ca*™]; increases induced by NA (1 uM) in the
presence of 1 mM Ca™. B: Concentration-response curves for the NA-induced transient and sustained [Ca®"); increases (n = 6).
C: Effects of removal of extracellular Ca® on the transient and sustained phases generated by 1 uM NA (n=6). The maximum
[Ca™]; level induced by 1 uM NA for each phase in the presence of 1 mM Ca® was set to 100% as a control. Data are presented
as means + S.E.M. of the results obtained from n separate experiments.
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Fig. 2, Effects of pretreatment or post-treatment with cation channel blockers (nifedipine (A), SK&F 96365 (B, E), LOE 908
(C, E) and La* (D, E)) on the transient and sustained increases in [Ca®]; induced by I uM NA. These drugs were added 5 min
before stimulation with NA (A - D) or during the sustained phase after stimulation with NA (E). The maximum [Ca®>'}; level
induced by 1 uM NA for each phase in the presence of I mM Ca®™ was set to 100% as a control. Data are presented as
means *+ S.E.M. of the results obtained from 5 separate experiments.

and 87.8+1.9%, respectively (n=5). To further [Ca™); in normal Krebs-HEPES solution was unaffected

characterize the NA-induced sustained [Ca®']; increase,
SK&F 96365, LOE 908, and La** were added after
NA treatment. Figure 2E shows that the sustained phase
was concentration-dependently suppressed by these
inhibitors after NA treatment.

Importance of Na' influx in the NA-induced increases
in [C02+],

It is generally accepted that ROCs and SOCs allow the
entry of Na” in addition to Ca”, resulting in an increase
in [Na']; (9). However, the functional significance of
Na* influx through these channels in the NA-induced
increase in [Ca?"]; is not well-known. To determine the
role of Na” influx in the Ca?* response to NA, the effects
of reduction of extracellular Na* concentrations ([Na*].)
were tested. For this purpose, the [Na']. (140 mM) in
normal Krebs-HEPES solution was reduced by replacing
NaCl with equimolar LiCl. As shown in Fig.3: A and
B, the NA-induced transient and sustained increases in

by reducing [Na']. to 70 mM, but significantly sup-
pressed by further reduction to either 10 or 0 mM. The
inhibitory effects of reducing [Na‘]e to 0 mM on the
transient and sustained phases were about 40% and 60%,
respectively (n = 5), when compared with the responses
in normal Krebs-HEPES solution containing 140 mM
Na'. These results suggest that Na* influx plays an
important role in the transient and sustained [Ca®');
increases in response to NA.

In cardiac cells, stimulation of ETAR with ET-1 acti-
vates the Na*/H"* exchanger (NHE), causing an increase
in [Na']; as well as intracellular alkalinization (18). In
addition, amiloride-sensitive Na* channel is reported to
participate in extracellular Na* influx (19). To determine
whether these Na® entry pathways are involved in the
NA-induced increases in [Ca?'];, the effects of EIPA, an
inhibitor of NHE (13), and amiloride, an inhibitor of
amiloride-sensitive Na* channel (20), were examined.
However, the transient and sustained [Ca®']; increases in
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