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Although the adenosine Aj receptor (A3AR), which is a Gj,, protein-coupled receptor, has
attracted considerable interest as a potential target for drugs against asthma or inflamma-
tion, the in vivo evaluation of the antagonists using rodents in the first step of drug
development has been hampered by the lack of highly potent antagonists for the rodent
A3AR. To evaluate the pharmacological effects of human A3AR antagonists in mice, we
previously generated A3AR-humanized mice, in which the mouse A3AR gene was replaced
by its human counterpart. However, the human A3AR did not lead to the phosphoinositide
3-kinase (PI3K) y-signaling pathway such as IgE/antigen-dependent mast cell degranulation,
probably due to the uncoupling of the mouse G/, protein(s). To overcome the uncoupling, we
here generated A3AR functionally humanized mice by replacing the mouse A3AR gene with
a human/mouse chimeric A3AR sequence in which whole intracellular regions of the
human A3AR were substituted for the corresponding regions of the mouse A3AR. The
chimeric A3AR led to intracellular Ca®* elevation and activation of the PI3Ky-signaling
pathway, which are equivalent to the actions induced by A3AR in wild-type mice. The
human A3AR antagonist had the same binding affinities for the chimeric A3AR as the
human A3AR and completely antagonized this potentiation. This is the first direct evidence
that the uncoupling of mouse G protein(s) to the human A3AR is due to a sequence
difference in the intracellular regions of A3AR. The A3AR functionally humanized mice
can be widely employed for pharmacological evaluations of the human A3AR antagonists.
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ERK1/2, extracellular signal-
regulated kinase 1/2

ES cells, embryonic stem cells
GPCR, G protein-coupled

receptor

HAT, hypoxanthine/
aminopterin/thymidine

HPRT, hypoxanthine
phosphoribosyltransferase
[***]]AB-MECA, N°-(4-amino-3-
[***Iliodobenzyl)adenosine-5'-
N-methyluronamide

KF26777, 2-(4-bromophenyl)-7,
8dihydro-4-propyl-1H-
imidazo[2,1-i]purin-5(4H)-

one dihydrochloride

MAPK, mitogen-activated

protein kinase

PCR, polymerase chain reaction
PI3Ky, phosphoinositide 3-kinase y
PKB, protein kinase B

(R)-PIA, (R)-N°-
phenylisopropyladenosine
RT-PCR, reverse transcription-PCR
TNP, 2,4,6-trinitrophenyl
anti-TNP IgE, monoclonal IgE
antibody against 2,4,6-trinitrophenyl

1. Introduction

G protein-coupled receptors (GPCRs) play key roles in diverse
cellular processes, and these receptors are also known as
attractive targets of therapeutic agents against various human
diseases [1-4]. The GPCRs are the target of over 50% of the
modern therapeutic agents on the market, and large numbers
of novel compounds for GPCRs are continuously being
identified and developed [3]. In this process of drug discovery
and development, animal studies using rodents are important
steps for understanding the in vivo physiological roles of the
target GPCRs and evaluating the pharmacological effects of the
agents against the target diseases. However, the in vivo
studies for the human-selective agents are often hampered
severely by the low affinities for the rodent GPCRs, due to the
low homology between the human and rodent GPCRs [5]. This
is particularly true for adenosine Az receptor (A3AR), which
shows only 74% homology between humans and rodents
(other GPCRs usually show sequence homologies ranging from
85 to 95% between different species) [6,7].

The A3AR is one of the four GPCRs for adenosine; it is
expressed in a broad spectrum of tissues and couples to Gy,
proteins [8-10]. The ligand-stimulated A3AR leads to the
elevation of intracellular Ca* concentration ([Ca®*];) and the
activation of phosphoinositide 3-kinase (PI3K) vy [11,12]. The
activated PI3Ky leads to the phosphorylation of protein kinase
B (PKB) and members of the mitogen-activated protein kinase
(MAPK) family, including extracellular signal-regulated kinase
(ERK) 1/2 and p38 [11,13]. This A3AR-stimulated PI3Ky-

dependent signaling pathway is essential for the potentiation
of IgE/antigen-dependent mast cell degranulation [14] and the
A3AR internalization [15].

Many studies have reported that the A3AR plays arolein a
diverse range of diseases [7,16] by regulating apoptotic cell
death and the cell cycle [17-19] and by activating mast cells
[14,20-24], eosinophils [25,26], neutrophils [27], and natural
killer cells [28]. These reports suggest that the A3AR-selective
agents might be therapeutically useful for treatment of human
diseases. Indeed, recent studies using mast cell lines and
A3AR-deficient mice have shown that the A3AR antagonists
have potential as anti-asthmatic and anti-inflammatory drugs
[6,7,16,21-23,26]. Highly potent and selective antagonists for
the human A3AR have been screened and identified (K; values
in the 0.1 nM range) [6,7]. However, all of the A3AR antagonists
have 1000 times lower affinities for the rodent A3AR (K; values
in the 0.1 pM range) than for the human A3AR, because of the
low interspecies homology between the human and rodent
A3AR [6,7]. The lack of highly potent antagonists for the rodent
A3AR makes it very difficult to evaluate the pharmacological
potency of the A3AR antagonists in treatment for these
diseases in rodent models.

In our previous study, we generated A3AR-humanized mice
(A3AR™" mice), in which the A3AR gene was replaced by its
human counterpart, in order to evaluate pharmacological
effects of the human A3AR antagonists in mice [29]. The
human A3AR normally led to the mobilization of [Ca®*]; in
A3ARYM! mice. However, unexpectedly, the human A3AR did
not lead to the phosphorylation of PKB and ERK1/2, the
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potentiation of IgE/antigen-dependent mast cell degranula-
tion, or the A3AR internalization in A3AR™? mice, probably
due to the uncoupling of member(s) of the mouse G proteins
for the activation of PI3Ky. Although KF26777, a highly potent
and selective antagonist for the human A3AR [30], bound to
the human A3AR (K; value, 0.2nM) and completely antag-
onized the [Ca?*]; elevation in A3AR™" mice, the pharmaco-
logical effects of KF26777 as an anti-inflammatory agent could
not be evaluated because the mast cell degranulation was not
potentiated.

To overcome the uncoupling, we here generated A3AR
functionally humanized mice (A3ARY® mice) by replacing the
mouse A3AR gene with a human/mouse chimeric A3AR
sequence in which whole intracellular regions of the human
A3AR were substituted for the corresponding regions of the
mouse A3AR. In A3ARY® mice, the chimeric A3AR led to
intracellular Ca?* elevation and activation of the PI3Ky-
signaling pathway, including such actions as the phosphor-
ylation of ERK1/2 and PKB, the potentiation of IgE/antigen-
dependent mast cell degranulation, and the A3AR internaliza-
tion, all of which are equivalent to those induced by A3AR in
wild-type mice. The human A3AR antagonist had the same
binding affinities for the chimeric A3AR as the human A3AR
and completely antagonized this potentiation. These results
demonstrate that A3AR functionally humanized mice can be
widely employed for pharmacological evaluations of the
human A3AR antagonists. This is the first direct evidence
that the uncoupling of mouse G protein(s) to the human GPCR
A3ARis due to the sequence difference in intracellular regions
of the receptor, and should provide new insight into the
mechanism of G protein/GPCR coupling and its differences
among species.

2. Materials and methods
2.1. Animals

C57BL/6] mice, which were used as wild-type control, were
purchased from CLEA Japan (Tokyo, Japan). The human A3AR-
humanized mice (A3AR™" mice) were generated and geno-
typed as previously described [29]. All animals were main-
tained under a specific pathogen-free condition. This study
was conducted according to the Guidelines for the Care and
Use of Laboratory Animals of Kyowa Hakko Kogyo Co. Ltd., in
compliance with national laws and policies.

2.2. Materials

N°-(4-Amino-3-[**’IJiodobenzyl)adenosine-5'-N-methylurona-

mide ([***I]JAB-MECA, specific activity, 74 TBg/mmol) was
purchased from Amersham (Buckinghamshire, UK). Adenosine
deaminase and (R)-N°-phenylisopropyladenosine ((R)-PIA) were
from Sigma (St. Louis, MO). Rabbit anti-ERK1/2 antibody, rabbit
anti-phospho ERK1/2 (Thr202/Tyr204) antibody, rabbit anti-PKB
antibody, rabbit anti-phospho PKB (Ser473) antibody, and the
Phototope-HRP Western Blot Detection Kit were from Cell
Signals Technology (Beverly, MA). Fluo-3 AM and Fula-2 AM
was from Molecular Probes (Eugene, OR). 2-Chloro-N°-(3-
iodobenzyl)adenosine-5'-N-methyluronamide  (Cl-IB-MECA)

and 2-(4-bromophenyl)-7,8dihydro-4-propyl-1H-imidazo[2,1-
iJpurin-5(4H)-one dihydrochloride (KF26777) were synthesized
in our laboratories. 2,4,6-Trinitrophenyl bovine serum albumin
(TNP-BSA) was from LSL (Tokyo, Japan). Mouse monoclonal IgE
antibody against 2,4,6-trinitrophenyl (anti-TNP IgE) was pur-
ified from the culture supernatants of a TNP-immunized
mouse B lymphocyte cell line (American Type Culture Collec-
tion number; TIB-142).

2.3.  Construction of a targeting vector for
chimeric A3AR mice

The chimeric A3AR sequence (shown in Fig. 2B) was
synthesized by polymerase chain reaction (PCR) with over-
lapping oligonucleotides according to the method described
previously [31]. The targeting vector designed to replace the
open reading frame of the mouse A3AR gene by the chimeric
A3AR sequence was constructed by replacing the human A3AR
cDNA sequence with the chimeric A3AR sequence in the
targeting vector for A3AR™P mice [29]. Briefly, the targeting
vector consists of the diphtheria toxin A fragment (DT-A)
expression cassette as a negative selectable marker, a 6-kb
mouse genomic DNA region (from the Sma I site in the 5
external sequence to immediately upstream of the ATG
initiation codon in exon 1 of the A3AR gene), the chimeric
A3AR sequence, a 0.45-kb mouse genomic DNA region (from
immediately downstream of the TAG stop codon to the
polyadenylation site in exon 2 of the A3AR gene), the loxP
site-flanked hypoxanthine phosphoribosyltransferase (HPRT)
expression cassette as a positive selectable marker, and a 2.8-
kb mouse genomic DNA region (from the BamH I site in exon 2
to the Apa I site in the 3’ external sequence) (Fig. 3A).

2.4.  Homologous recombination in ES cells

The Sal I-linearized targeting vector was electroporated into
mouse embryonic stem (ES) cell line AB2.2 from the 129/SvEv
strain (Lexicon, The Woodlands, TX). Selected clones for
resistance to hypoxanthine/aminopterin/thymidine (HAT)
selection medium (Lexicon) were verified by Southern blot
analysis using two external probes derived from the 5’ external
sequence from the EcoR I site to the Sma I site and the 3’ external
sequence from the Apa Isite to the EcoR I site (Fig. 3A). Identified
homologous recombinant clones were transiently transfected
with Cre recombinase expression vector pBS185 (Invitrogen,
Carlsbad, CA) for the removal of the HPRT expression cassette
from the recombinant allele. Clones were screened in 6-
thioguanine (Sigma) and the deletion of the HPRT cassette
was verified by Southern blot analysis using the external probes.

2.5.  Generation of A3ARY* mice

The ES cell clones were injected into 3.5-day-old blastocysts
from C57BL/6] mice (CLEA, Japan) and were transferred into
the oviducts of pseudopregnant ICR females (CLEA, Japan).
The chimeric males were backcrossed to C57/BL6] mice and
germ-line transmission of the recombinant allele was
detected by Southern blot analysis of tail-biopsy DNA from
agouti offspring using the 5 or 3’ external probes. Hetero-
zygotes were intercrossed to produce homozygotes and their
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offspring were genotyped by Southern blot analysis using the
3" external probe (Fig. 3B).

2.6.  Generation of BMMCs

Bone marrow-derived mast cells (BMMCs) were generated
from the femoral bone marrow cells of 8- to 10-week-old wild-
type, A3AR™", and A3ARY® mice according to the method
described previously [29]. Briefly, the cells were grown in
BMMC medium consisting of RPMI 1640 (Invitrogen) supple-
mented with 10% (v/v) heat-inactivated fetal bovine serum
(JRH Biosciences, Lenexa, KS), 50 uM 2-mercaptoethanol
(Invitrogen), 10 mg/L gentamicin (Nacalai Tesque, Kyoto,
Japan), 100 uM non-essential amino acids (Invitrogen),
100 uM sodium pyruvate (Invitrogen), and 10% (v/v) pokeweed
mitogen-stimulated spleen-conditioned medium at 37 °Cin a
humidified atmosphere of 5% CO, in air. After 5 weeks, more
than 95% of the nonadherent cells were identifiable as BMMCs,
as determined by FACS analysis of the cell surface expression
of c-kit and high-affinity IgE receptor.

2.7.  Reverse transcription (RT)-PCR analysis

Total RNAs were isolated from mouse tissues and BMMCs using
an RNeasy kit (QIAGEN, Hilden, Germany) and incubated for 1 h
at 37 °C with 20 units of RNase-free DNase (Promega, Madison,
WI) to degrade genomic DNA. After DNA digestion, the total
RNAs were purified again usingan RNeasy kit. The single-strand
cDNAs were synthesized from 3 pg of each total RNA using a
Superscript first-strand synthesis system for RT-PCR (Invitro-
gen). The two-fold diluted reaction mixtures were used as
templates for the following PCR. The PCR was carried out by
heatingat94 °Cfor 5 min, followed by 22 cycles (for B-actin) or 30
cycles (for A3ARs) 0f 94 °C for 1 min and 68 °C for 2 minin 20 plof
reaction mixture containing 1 ul of the two-fold diluted single-
strand cDNA, 10 pmol of primers, 4 nmol of dNTP mixture, and
ExTaq polymerase (TaKaRa BIO, Shiga, Japan) using a GeneAmp
PCR System 9700 (Perkin-Elmer, Norwalk, CT). A 913-bp
fragment of chimeric A3AR cDNA was amplified using primers
5'-AACAGCACTGCTCTGTCATTGGCC-3' (designed as a sense
primer to specifically anneal to the 1st extracellular region of
human A3AR ¢DNA) and 5-AATCTGAGGTCTGACAGAGCCT-
GAG-3' (designed as a antisense primer to specifically anneal to
the 4th intracellular region of mouse A3AR c¢DNA), a 913-bp
fragment of mouse A3AR cDNA was amplified using primers 5'-
AACACCACGGAGACGGACTGGCTG-3' (designed as a sense
primer to specifically anneal to the 1st extracellular region of
mouse A3AR cDNA) and 5-AATCTGAGGTCTGACAGAGCCT-
GAG-3' (designed as a antisense primer to specifically anneal to
the 4th intracellular region of mouse A3AR cDNA), and a 793-bp
fragment of B-actin cDNA was amplified using primers 5'-
GATATCGCTGCGCTCGTCGTCGAC-3 and 5-CAGGAAGGAA-
GGCTGGAAGAGAGC-3'. The PCR products were subjected to
electrophoresis in 1.2% agarose gel for analysis.

2.8.  Receptor binding assay
The saturation binding assay with the A3AR agonist [***]]AB-

MECA was carried out according to a previous study [29].
Briefly, membranes of BMMCs (100 ng) were incubated for

120 min at 25 °C with 2 U/ml adenosine deaminase and 0.0625,
0.125, 0.25, 0.5, 1.0, or 2.0 nM [***I]JAB-MECA in a binding-assay
buffer (50 mM Tris-HCl buffer, pH 7.4, containing 10 mM
MgCl,). The assays were performed in the presence of 1% of
the final concentration of dimethyl sulfoxide and non-specific
binding was determined in the presence of 100 pM (R)-PIA.
After incubation, the binding reactions were terminated by
filtration of the membranes through MultiScreen GF/B filter
(Millipore, Bedford, MA). The filters were washed with ice-cold
binding assay buffer, and the radioactivity was determined by
COBRA vy-counter (Packard, Downers Grove, IL). The compe-
titive binding assays were carried out according to the method
described above (with the addition of 0.8 nM [**°I]AB-MECA
and 0.001, 0.01, 0.1, 1.0, 10, or 100 nM KF26777).

2.9.  Measurement of intracellular Ca®* concentration
The measurement of [Ca®*]; was carried out according to a
previous study [29]. Briefly, BMMCs were incubated in BMMC
medium with saturating concentrations of anti-TNP IgE (100 ng/
ml/10° cells) overnight and were incubated for 60 min at 37 °C
with 5 pM Fluo-3 AM or Fula-2 AM and 0.5% pluronic F-127 in the
Ca®* assay buffer (115 mM NaCl, 5.4 mM KCl, 0.8 mM MgCl,,
1.8 mM CaCl,, 13.8 mM glucose, 2.5 mM Probenecid, and 20 mM
HEPES, pH 7.4, and 0.2% (w/v) BSA). After washing twice in Ca®*
assay buffer, the 2.5 x 10* cells were transferred to each well of
96-well plates and incubated for 20 min. The fluorescence
intensity of Fluo-3 by the addition of 100 nM Cl-IB-MECA was
quantified using FDSS 6000 (Hamamatsu Photonics, Shizuoka,
Japan). The Fluo-3intensities were monitored every second and
were plotted as a ratio against the Fluo-3 intensity at the resting
calcium level. The measurement of [Ca?*]; mobilization using
Fula-2 was carried out as followings. The 5.0 x 10° cells loaded
with Fura-2 were transferred to each tubel and incubated for
30 min. The fluorescence intensity of Fura-2 by the addition of
100 nM CIl-IB-MECA was quantified using CAF-110 (Japan
Spectroscopic, Tokyo, Japan). The Fura-2 intensities were
monitored every second and were plotted as the fluorescence
ratio at 340 and 380 nm. The data presented are representative
of five independent experiments. For measurements of the
antagonist activity, the BMMCs were pre-incubated with
100 nM KF26777 for 5 min (Fluo-3) or 2 min (Fura-2) prior to
addition of 100 nM Cl-IB-MECA.

2.10.  Western blot analysis

The phosphorylation of PKB and ERK1/2 induced by the A3AR
was detected by the methods described previously [29]. Briefly,
BMMCs stimulated by 1 pM CI-IB-MECA at 37 °C for 0, 3, or
15 min were lysed in ice-cold lysis buffer (62.5 mM Tris-HCI,
PH 6.8, 2% (w/v) SDS, 10% (v/v) glycerol, 50 mM dithiothreitol,
0.1% (w/v) bromophenol blue) and boiled for 2 min. The boiled
samples were resolved by SDS-polyacrylamide gel electro-
phoresis using e-PAGEL 5-20% (w/v) polyacrylamide gels
(ATTO, Tokyo, Japan). After transfer of the proteins onto
polyvinylidene difluoride membranes, the protein phosphor-
ylation was detected with rabbit phospho-specific ERK1/2 and
phospho-specific PKB antibody using goat anti-rabbit horse-
radish peroxidase-coupled secondary antibody and a Photo-
tope HRP Western Blot Detection Kit. To confirm equal loading
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in each lane, parallel immunoblots were run in order to detect
the unphosphorylated ERK1/2 and PKB.

2.11.  Internalization assay

A3ARinternalization was quantified by the changingrate of the
receptor surface density after treatment of Cl-IB-MECA accord-
ing to the methods described previously [29]. Briefly, after the
stimulation of 1 uM CI-IB-MECA for 15 min at 37 °C, the cells
were washed twice with ice-cold PBS and the amounts of A3AR
on the cell surface were evaluated as described above by Receptor
binding assay (with the addition of 2nM [***IJAB-MECA. The
A3AR density was expressed as the percentage of total binding
versus control Cl-IB-MECA-untreated cells (100%).

2.12.  B-Hexosaminidase release assay

B-Hexosaminidase release from BMMCs was measured by the
methods described previously [29]. Briefly, 5 x 10° cells of anti-
TNPIgE-saturated BMMCs were pre-incubated in the presence or
absence of 10 nM KF26777 for 1 min prior to incubation with the
indicated concentration of Cl-IB-MECA for 1 min at 37°C in
Tyrode buffer (130 mM NaCl, 5 mMKCl, 0.6 mM KH,POy,, 0.6 mM
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MgCl,, 1 mMCaCl,, 0.1% (w/v) glucose, 10 mM HEPES, pH 7.4, and
0.1% (w/v) BSA). The cells were stimulated with 10 ng/ml TNP-
BSA for 30 min at 37 °C, and the amount of -hexosaminidase
released from BMMCsin the supernatantwasmeasured asthe -
hexosaminidase activity using p-nitrophenyl-N-acetyl-B-p-glu-
cosaminide. The results were expressed as a percentage of the
total TritonX-100-releasable B-hexosaminidase in whole cells.
2.13.  Data analysis

The binding parameters were calculated using Prism software
(GraphPAD, San Diego, CA). The ICso values obtained from the
competition curves were converted to K; values by using the
Cheng and Prusoff equation [32].

3. Results

3.1 Targeted replacement of the mouse A3AR gene by the
chimeric A3AR cDNA in mice

We previously reported that the human A3AR can normally
lead to the mobilization of [Ca®*]; but is unable to potentiate
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Fig. 1 - The human A3AR leads to the mobilization of [Ca?*]; in mice. BMMCs derived from wild-type (A and B) and A3AR™"
mice (C and D) were preloaded with Fura-2 AM and then were stimulated with 100 nM CI-IB-MECA in the absence (A and C)
or presence (B and D) of 100 nM KF26777. The [Ca®*]; mobilization by the addition of TNP-BSA via IgE receptor were
measured as positive control. The Fura-2 intensities were plotted as the fluorescence ratio at 340 and 380 nm.
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the mast cell degranulation in mice, probably due to the for the human A3AR in rodent models, we designed the
uncoupling of some mouse Gy, protein(s) to the human A3AR human/mouse chimeric A3AR sequence, in which whole
[29]. In this study, we first confirmed the human A3AR- intracellular loop regions of the human A3AR were sub-

induced [Ca®*]; mobilization (Fig. 1) without potentiation of stituted for the equivalent regions of the mouse A3AR (Fig. 2).
the mast cell degranulation by the human A3AR (as The replacement of the mouse A3AR gene by the chimeric
described below) in A3AR™® mice. To overcome the uncou- A3AR sequence was carried out in mouse ES cells using a
pling and evaluate highly potent and selective antagonists homologous recombination system according to the strategy
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Fig. 2 - The design of human/mouse chimeric A3AR. (A) Schematic drawing of the putative secondary structure of the
chimeric A3AR. The intracellular regions of the human A3AR were substituted for the corresponding regions of the mouse
A3AR (thick lines). (B) The nucleotide and amino acid sequences of the chimeric A3AR. The sequences derived from the
mouse A3AR are indicated by lines.
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Fig. 3 - Targeted replacement of the mouse A3AR gene by the chimeric A3AR sequence. (A) Schematic drawing of the
targeting vector and the recombinant alleles. Restriction sites Apa I (A), EcoR I (E), BamH I (B), Sma I (S), and the location of the
probe used for ES cell screening (two external probes derived from the 5’ external sequence from the EcoR I site to the Sma I
site, and the 3’ external sequence from the Apa I site to the EcoR I site) and genotyping are indicated. The two exons are
represented by open rectangles. The targeting vector contained a DT-A expression cassette as a negative selectable marker
and an HPRT expression cassette as a positive selectable marker, and this vector replaced the region (from the ATG
initiation codon to the TAA stop codon in the mouse A3AR gene) with the chimeric A3AR sequence (striped box) by
homologous recombination. The HPRT expression cassette was removed from the genomic DNA by a Cre/loxP
recombination system. (B) Genomic Southern analysis of A3ARY® mice. After EcoR I digestion of genomic DNA purified from
wild-type mice (m/m), A3ARY mice (c/c), and heterozygotes (m/c), the 3' external-probe detected a 6.5-kb band in the wild-

type allele and a 5.3-kb band in the targeted allele.

shown in Fig. 3A. After electroporation of the linearized
targeting vector into the mouse ES cells, HAT-resistant
clones were screened by Southern blot analysis. Eighteen of
the 288 HAT-resistant clones had bands of the expected size
for the targeted allele. Four of the 18 clones having the
recombinant allele transiently expressed Cre recombinase,
and removal of the HPRT expression cassette from the
recombinant allele by the Cre/loxP recombination system in
6-thioguanine-resistant clones was confirmed by Southern
blot analysis. Injection of the HPRT expression cassette-

deleted clones into C57BL/6] blastocysts produced 15
chimeric males exhibiting contributions from the ES cells
ranging from 50-100% as based on the amount of agouti
coloring in the animal’s coat. Six of these mice transmitted
the recombinant allele through the germ line. The male
chimeras were bred to C57BL/6] mice and heterozygous
offspring (A3AR™° mice) were born. Homozygous mice
(A3ARY® mice) were obtained in crosses between A3AR™°¢
mice. The phenotypes were detected by Southern blot
analysis of DNA obtained by tail biopsy (Fig. 3B).
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Fig. 4 - Expression of chimeric A3AR mRNA in A3ARY®
mice. The expression levels of mouse or chimeric A3AR
mRNA in wild-type (A) and A3ARY® mice (B) were assayed
using RT-PCR. The expression of g-actin mRNA was
detected as a control.

3.2.  Normal expression of chimeric A3AR mRNA in
A3ARY mice

We measured the mRNA expression levels of chimeric A3AR in
A3ARY® mice by RT-PCR analysis. The expression levels and
distribution of the chimeric A3AR mRNA in A3ARY® mice were
the same as those of the mouse A3AR mRNA in wild-type mice,
and expression of the mouse A3AR mRNA in A3ARY® mice was
not detected (Fig. 4).

3.3.  Characteristics of [*?*IJAB-MECA binding in BMMC
membranes from A3ARY® mice

In order to evaluate whether or not the chimeric A3AR was
functionally expressed on mouse BMMCs, the specificbinding of
the A3AR agonist [**°[]AB-MECA was measured using the BMMC
membranes (Fig. 5A). The chimeric ASAR on BMMCs from
A3ARY mice was expressed at the same level as the mouse
A3AR on BMMCs from wild-type mice (the Bpyax values for
BMM(Cs from wild-type and A3ARY® mice were 194.9 + 5.6 and
150.3 + 12.1 fmol/mg of protein, respectively). On BMMCs from
wild-type mice, the K4 value of [***[]JAB-MECA and the K; value of
KF26777,ahighly potent and selective antagonist for the human
A3AR, were 1.71+0.09nM and over 10,000 nM, respectively.
These values are at the same level as those for the rat A3AR
[30,33]. Compared with the low affinity of [**>[]AB-MECA for the
human A3AR on BMMCs from A3AR™™ mice, in which some of
the mouse G;,, proteins were probably uncoupled with the
human A3AR[29], the K, value of ['**I]JAB-MECA for the chimeric
A3AR on BMMCs from A3ARY® mice was a much higher
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Fig. 5 - Functional expression of chimeric A3AR in BMMCs
from A3ARY® mice. (A) Scatchard plot for the binding of
[**°I]AB-MECA. The K4 values were 1.71 + 0.09 nM (wild-
type mice, open circles) and 0.73 =+ 0.14 nM (A3ARY® mice,
closed circles). The By,.x Values were 194.9 + 5.6 and
150.3 + 12.1 fmol/mg of protein (wild-type and A3AR*®
mice, respectively). (B) Competition by KF26777 for the
binding of ['**I]AB-MECA (0.8 nM). The K; values were
>10,000 nM (wild-type mice, open circles) and

0.15 + 0.11 nM (A3AR® mice, closed circles). Values are
the means * S.D. of three experiments.

0.73 +0.14 nM (Fig. 5A), which was equivalent to that for the
human A3AR on human cells (0.67 nM [30]). Moreover, the K;
value of KF26777 for the chimeric A3AR on the BMMCs was
0.15 + 0.11 nM (Fig. 5B), which was also equivalent to that for the
human A3AR on human cells (0.20 nM [30]).

3.4. The chimeric A3AR leads to the mobilization
of [Ca®*]; in BMM(Cs from A3ARY® mice

In order to evaluate whether or not the chimeric A3AR functions
normally in mice, we measured the mobilization of [Ca**];
induced by the A3AR agonist Cl-IB-MECA in BMMCs from
A3ARY® mice using the fluorescent Ca®* indicator Fluo-3 AM.
The increase of [Ca**]; in BMMCs from both wild-type and
A3ARY® mice was rapidly induced by Cl-IB-MECA, and the
mobilization of [Ca?*]; in the BMMCs from A3AR®“ mice, but not
in those from wild-type mice, was completely antagonized by
KF26777 (Fig. 6). These [Ca®"]; increases, which were induced
in a dose-dependent manner with a saturated response of at
100 nM Cl-IB-MECA, were inhibited by the pre-treatment of
200 ng/ml pertussis toxin, an inhibitor of Gy, proteins (data not
shown). Similar results were also observed with the fluores-
cence indicator Fura-2.
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Fig. 6 - The A3AR agonist induces a [Ca®*]; increase in the
BMMCs from A3ARY“ mice. BMMCs derived from wild-type
(A) and A3AR“ mice (B) were preloaded with Fluo-3 AM
and then were stimulated with 100 nM CI-IB-MECA in the
absence or presence of 100 nM KF26777. Fluo-3
fluorescence images were registered using an FDSS 6000
system, and the relative fluorescence intensities were
plotted.

3.5.  The chimeric A3AR leads to the activation of the
PI3Ky-signaling pathway in BMMCs from A3ARY mice

We previously reported that the human A3AR did notlead to the
phosphorylation of ERK1/2 and PKB or the A3AR internalization
via PI3Ky in A3AR™" mice [29]. To determine whether or not the
chimeric A3AR can activate the PI3Ky-dependent signaling
pathway in A3ARY® mice, we first measured the phosphoryla-
tion of ERK1/2 and PKB induced by the chimeric A3AR. The CI-IB-
MECA-stimulated chimeric A3AR led to the phosphorylation of
ERK1/2 and PKB in A3ARY® mice, as it did in wild-type mice
(Fig. 7A). Cl-IB-MECA (1, 10, and 100 nM) thus induced the
phosphorylation of ERK1/2 and PKB in BMMCs from wild-type
and A3ARY® mice in a dose-dependent manner (Fig. 7B). Next,
we examined the rate of chimeric A3AR internalization on the
BMMCs induced by Cl-IB-MECA. The changing rate of the
chimeric A3AR surface density after treatment of the BMMCs
from A3ARY® mice with Cl-IB-MECA was also equivalent to that
from wild-type mice (Fig. 7C).

3.6.  The IgE/antigen-dependent degranulation in BMMCs
from A3ARY® mice is potentiated by the A3AR agonist and
completely inhibited by the human A3AR antagonist

To investigate whether or not the chimeric A3AR can
potentiate the mast cell degranulation, the amounts of B-
hexosaminidase released from the IgE/antigen-stimulated
BMMCs from wild-type, A3AR™?, or A3ARY® mice potentiated

by Cl-IB-MECA were measured as the B-hexosaminidase
activity in the supernatants. No differences in the amounts
of total B-hexosaminidase in BMMCs from all mice were
observed (data not shown). In contrast to BMMCs from
A3AR™P mice (Fig. 8B), Cl-IB-MACA caused a dose-dependent
increase in B-hexosaminidase release from BMMCs from both
wild-type (Fig. 8A) and A3ARY“ mice (Fig. 8C). The Cl-IB-MECA-
induced enhancement of the potentiation of mast cell
degranulation in BMMGs from A3ARY® mice was perfectly
antagonized by KF26777 (Fig. 9C), whereas those in BMMCs
from wild-type and A3AR™" mice were unaffected by KF26777
(Fig. 9A and B).

4, Discussion

Previously, we generated A3AR-humanized mice in which the
mouse A3AR gene was replaced by the human A3AR cDNA
sequence in order to evaluate in vivo pharmacological effects
of the highly potent and selective antagonists for the human
A3AR [29]. However, the human A3AR was unable to lead to
the potentiation of IgE/antigen-dependent mast cell degranu-
lation, even though the human A3AR-induced [Ca®*]; mobi-
lization was normal. This was thought to be due to the
uncoupling of mouse G protein(s) of the Gj,, family for the
activation of PI3Ky-dependent signal pathway, but not for the
[Ca®*]; mobilization, to the human A3AR, suggesting that
different G proteins of Gy, family stimulate these pathways
downstream of A3AR. Therefore, we generated A3AR func-
tionally humanized mice, in which the A3AR gene was
replaced with a human/mouse chimeric A3AR sequence
consisting of the intracellular loop regions from the mouse
A3AR as G protein-coupled regions and the extracellular loop
and intramembrane regions from the human A3AR as agonist-
and antagonist-binding regions (Fig. 2). The homologous
recombination method was employed according to the
strategy shown in Fig. 3A.

Many GPCRs, such as 5-hydroxytryptamine 1B (5HT;g)
receptor, neurokinin-1 (NK-1) receptor, muscarinic M2 recep-
tor, a2-adrenergic receptor, B2-adrenergic receptor, cholecys-
tokinin-B receptor, neurotensin receptor, and prostaglandin
D2 receptor, are known to have different binding affinities for
agonists and/or antagonists for the human and non-human
receptors due to the low interspecies homologies [S]. Some
human/non-human chimeric studies have been carried out to
investigate the mechanism of these interspecies differences.
Human/rodent chimeric studies of GPCRs 5HT;z and NK-1
receptors have made it clear that species differences in the
antagonist-binding affinities between humans and rodents
are due to the amino acid residue in the 7th intramembrane
region of these receptors [34-36]. In the «2-adrenergic
receptor, the species difference in antagonist-binding affinity
between humans and rodents is shown to be due to the amino
acid residue in the 5th intramembrane region [37]. Studies of
the human/frog or mouse chimeric gonadotropin-releasing
hormone receptor (GnRHR) show that the 2nd extracellular
loop region of the GnRHR is essential for ligand binding [38,39].
Although there have been no previous studies on chimeric
A3AR of humans and other species, site-directed mutagenesis
analyses of amino acid residues within the human A3AR have
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Fig. 7 - The A3AR agonist leads to the phosphorylation of ERK1/2 and PKB and the A3AR internalization in BMMCs from
A3AR® mice. (A) The phosphorylation of ERK1/2 and PKB by Cl-IB-MECA. BMMCs from wild-type (left panels) and A3ARY*
mice (right panels) were stimulated by 1 pM CI-IB-MECA for 0, 3, and 15 min. The phosphorylation of ERK1/2 and PKB was
detected by Western blot analysis with anti-phosphorylated ERK1/2 and PKB antibodies. Total ERK1/2 and PKB levels were
detected with anti-ERK1/2 and anti-PKB antibodies. (B) The concentration-dependent phosphorylation of ERK1/2 and PKB
by Cl-IB-MECA in BMMCs from wild-type (left panels) and A3AR® mice (right panels) treated with the indicated
concentration of Cl-IB-NECA for 3 min. (C) The A3AR internalization induced by Cl-IB-MECA. BMMCs were incubated with
1 pM Cl-IB-MECA at 37 °C for 15 min. After incubation, the A3AR density on the cell surface was evaluated by measuring the
extent of ['>°I]AB-MECA binding for 120 min. Data were expressed as a percentage of total binding versus control Cl-IB-
MECA-untreated cells (100%). Values are the means + S.E.M. of five different experiments.

demonstrated that several amino acid residues in the despite the fact that the intracellular regions of GPCRs are well
extracellular and intramembrane regions are critical for the known to be critical for intracellular signaling. Thus, we
antagonist-binding affinity [40-43]. All of these studies were decided to substitute whole intracellular loop sequences in the

focused on either the extracellular or intramembrane regions, human A3AR for the corresponding sequences of the mouse
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Fig. 8 - The A3AR agonist potentiates IgE/antigen-
dependent mast cell degranulation in BMMCs from A3ARY*
mice. BMMCs derived from wild-type (A), A3AR™" (B), and
A3ARY® mice (C) were pre-incubated overnight with anti-
TNP IgE and then were incubated in the absence (open
bars) or presence (closed bars) of antigen, 10 ng/ml TNP-
BSA, for 20 min. The cells were incubated with Cl-IB-MECA
(0, 0.1, 10, and 1000 nM) for 1 min prior to stimulation with
the antigen. B-Hexosaminidase released in the
supernatant was measured using p-nitrophenyl N-acetyl-
B-glucosaminide. Values are the means + S.E.M. of five
different experiments. 'p < 0.05 compared with the values
in the absence of Cl-IB-MECA.

A3AR to determine whether interspecies differences exist in
the mechanism of G protein/GPCR coupling.

We first examined the expression of the human/mouse
chimeric A3AR in A3ARY® mice we generated. The expression
levels of the chimeric A3AR in A3ARY® mice were equal to
those of the mouse A3AR in wild-type mice (Figs. 4 and 5).
Next, we evaluated whether or not the chimeric A3AR would
lead to the physiological responses in A3ARY® mice. The
agonist-mediated chimeric A3AR elevated the [Ca®']; in
BMMCs from A3ARY® mice, and this elevation was completely
antagonized by KF26777, the human A3AR-specific antagonist
(Fig. 6). Moreover, as expected, like the human A3AR in human
cells, the agonist-stimulated chimeric A3AR led to the
phosphorylation of ERK1/2 and PKB (Fig. 7A and B), followed
by the potentiation of IgE/antigen-dependent mast cell
degranulation (Fig. 8) and the A3AR internalization (Fig. 7C)
in BMMCs from A3ARY® mice, all of which activities are lacking
in the A3AR™" mice. These results clearly demonstrate that
the human/mouse chimeric A3AR is able to activate PI3Ky
through some of the mouse G protein couplings that are
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Fig. 9 - The potentiation of mast cell degranulation in
BMMCs from A3ARY mice was completely antagonized by
the human A3AR antagonist KF26777. BMMCs from wild-
type (A), A3AR™" (B), and A3ARY® mice (C) were pre-
incubated overnight with anti-TNP IgE and were incubated
with 0 or 10 nM KF26777 for 1 min. The cells were
incubated in absence (open bars) or presence (closed bars)
of 10 nM Cl-IB-MECA for 1 min prior to stimulation with
10 ng/ml TNP-BSA. After stimulation for 20 min, B-
hexosaminidase released in the supernatant was
measured using p-nitrophenyl N-acetyl-p-glucosaminide.
Values are the means + S.E.M. of five different
experiments. p < 0.05 compared with the values in the
absence of Cl-IB-MECA.

involved in the potentiation of mast cell degranulation in
mice. In addition, the potentiation was completely antag-
onized by KF26777, which is never observed in wild-type mice
(Fig. 9). These results demonstrate that the A3ARY® mice have
potential as A3AR functionally humanized mice, which is the
first rodent model for the pharmacological evaluation of
human A3AR antagonists. More detailed analysis of the
chimeric A3AR using the human A3AR antagonist in BMMCs
and other A3AR highly expressing tissues such as brain and
testis will help to further clarify the physiological function of
A3AR.

It is commonly assumed that the uncoupling of a G protein
form GPCR leads to a relative reduction in the binding affinity
of the ligand to the GPCR [44]. Actually, low binding affinities of
the A3AR agonist to the human and canine A3AR in the
transgenic mice have been observed [29,45]. The binding
affinity of A3AR agonist [*>*I]JAB-MECA to the human A3AR on
BMMCs from A3AR™" mice was 1.42 nM, which is two-fold
lower than that on human cell lines (the K4 value for the
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human A3AR on the human cell line is 0.67 + 0.03 nM [30]) [29].
In A3ARY® mice, the Kq value of [*?*IJAB-MECA to the human/
mouse chimeric A3AR on the BMMCs was 0.73 +0.14 nM,
equivalent to the human A3AR in human cells (Fig. 5A). Taken
together, the findings that chimeric A3AR activated the PI3Ky-
dependent signaling pathway, and that the A3AR agonist in
A3ARY“mice has the same binding affinity as the human A3AR
suggest that some of the mouse G proteins that can not be
coupled to the human A3AR can be coupled to the chimeric
A3AR. Our findings provide the first direct evidence that the
uncoupling of mouse G protein(s) to the human A3AR is due to
the sequence difference in the intracellular regions of A3AR
between humans and mice.

In general, signaling pathways of many human GPCRs,
including A3AR, are investigated using human receptor-over-
expressing cells derived from different species, such as Chinese
hamster ovary cell line. The results of these studies may reflect
interspecies differences, and if so, then these differences must
be taken into consideration to understand the native physio-
logical response in vivo. Studies on bovine rhodopsin, for which
the three-dimensional structure has been reported, indicate
that the contact surfaces for G protein-binding to GPCR include
allintracellularregions of the GPCR [46]. On the other hand, each
intracellular region of A3AR has different interspecies homol-
ogy between humans and rodents, and the homology of the 4th
intracellular region is much lower than that of other intracel-
lular regions (the 1st, 2nd, 3rd, and 4th intracellular region
homologies are 80, 85, 84, and 62%, respectively). Identification
of the intracellular region(s) for the coupling of G protein(s) is an
interesting issue and still remains to be solved.

In summary, we here succeeded in generating A3AR
functionally humanized mice by replacing the mouse A3AR
gene with the human/mouse chimeric A3AR, in which whole
intracellular regions of the human A3AR were substituted for
the corresponding regions of the mouse A3AR. The A3AR
functionally humanized mice can be widely employed for the
pharmacological evaluation of human A3AR antagonists and
further elucidation of the in vivo physiological roles of A3AR.
Our finding is the first direct evidence of the uncoupling of
mouse G protein(s) to the human GPCR A3AR, which should
provide new insight into the mechanism of G protein/GPCR
coupling and its differences among species.
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