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change of these receptors and the recruitment of
coactivator complexes, resulting in transcriptional acti-
vation (Khorasanizadeh and Rastinejad, 2001). Their
ligand-dependent activity makes nuclear receptors good
pharmacological targets.

Nuclear receptors form a superfamily of phylogeneti-
cally related proteins encoded by 48 genes in the human
genome. Three isotypes of retinoic acid receptors
(RARs: RARa, RARS and RARy) are receptors
for retinoids such as all-frams-retinoic acid (ATRA)
(Petkovich et al., 1987; Brand et al., 1988; Krust et al.,,
1989). RAR« is associated with differentiation therapy
for human acute promyelocytic leukemia (Hansen et al.,
2000). RARS plays a central role in limiting the growth
of different cell types (reviewed in Hansen et al., 2000),
and is thus a possible target for the treatment of breast
and other cancers. RARy is also primarily expressed in
the skin and is involved in skin photoaging and
carcinogenesis, and in skin diseases such as psoriasis
and acne (Fisher et al., 1996).

The farnesoid X receptor (FXR) is a receptor for bile
acids such as chenodeoxycholic acid (CDCA), deoxy-
cholic acid, cholic acid, and their conjugates. Bile acids
are synthesized in the liver and secreted into the
intestine, where their physical properties facilitate the
absorption of fats and vitamins through micelle forma-
tion. Cholesterol disposal from the liver is also
dependent on the bile acid composition of the secreted
bile. Bile acids bind to FXR to activate and regulate the
transcription of FXR target genes. FXR controls the
expression of critical genes in bile acid and cholesterol
homeostasis (Makishima et al., 1999; Parks et al., 1999;
Wang et al., 1999). FXR-null mice show elevated serum
cholesterol and triglyceride levels (Sinal et al., 2000), and
an FXR agonist has been shown to reduce serum
triglyceride levels (Maloney et al., 2000). FXR is thus an
attractive pharmacological target for the treatment of
hyperlipidemia. Moreover, an FXR agonist has been
reported to confer hepatoprotection in a rat model of
cholestasis (Liu et al., 2003).

The retinoid X receptor (RXR) is a common
heterodimeric partner for many receptors, including
thyroid hormone receptor (TR), RAR, vitamin Ds
receptor (VDR), peroxisome proliferator-activated re-
ceptor (PPAR), liver X receptor (LXR), and FXR, in
addition to functioning as a receptor for 9-cis-retinoic
acid (9CRA) during formation of a homodimer.

To determine ligands for these nuclear receptors, we
developed a reporter assay system using GFP deriva-
tives. To study the promoter and enhancer control of
gene expression, firefly luciferase is widely used as a
reporter protein because it has high sensitivity and a
broad linear range. In the commonly used reporter
assay, f-galactosidase, a well-characterized bacterial
enzyme, or renilla luciferase is usually used in conjunc-
tion with firefly luciferase to normalize the transfection

efficiency of the reporter gene (Sherf et al., 1996; Martin
et al, 1996). In such cases, the activity of the two
reporter proteins must be measured in different ways
(e.g., absorptiometry and luminescence photometry) or
by using two substrates. In the reporter assay presented
here, we used two species derived from green fluorescent
protein (GFP), one (enhanced yellow fluorescent pro-
tein, (EYFP)) to measure the promotion and enhance-
ment of gene expression, and the other (enhanced cyan
fluorescent protein, (ECFP)) to normalize the transfec-
tion, and were thus able to measure the fluorescent
protein signals simultaneously without any co-factor or
substrates. As a result of screening of more than 140
compounds, it was found that several compounds
activate RARs and/or FXR.

Materials and methods
Chemicals

Chenodeoxycholic acid was purchased from Sigma-
Aldrich (St. Louis, MI, USA), and ATRA and 9CRA
were from Wako (Osaka, Japan). Ginkgolic acid 17:1,
15:0, and 13:0 were purchased from Nagara Science
(Gifu, Japan).

Purification and synthesis of test compounds

Ginkgolic acid 15:1 was purified from Ginkgo biloba
L. var. diptera according to Morimoto et al. (1968). 2-
Methyl ginkgolic acid methyl ester was prepared by
methylation of the ginkgolic acid with methyl iodide and
K;CO; (Paul and Yeddanapalli, 1956; Begum et al.,
2002). Grifolin was purified from Albatrellus confluens
and Albatrellus ovinus (Ishii et al., 1988; Nukata et al.,
2002). We isolated bazzanenyl caffeate from the liver-
wort Bazzania fauriana (Toyota and Asakawa, 1988).
We synthesized caffeic acid phenethyl ester (CAPE),
farnesyl caffeate and geranyl caffeate for acquirement in
quantity. The synthesis of CAPE by coupling reactions
of caffeic acid and f§-phenylethyl bromide was reported
by Hashimoto et al. (1988), and the details of the
synthesis of farnesyl and geranyl caffeates are described
below. The purity of the compounds for the bioactiva-
tion test was shown to be over 95% by 'H and *C
NMR spectra.

Synthesis of farnesyl caffeate ;
Twenty-five percent NaOH (2.5ml) was added to a
solution of caffeic acid (3,4-dihydroxycinnamic acid)
(2.10g) in HMPA (hexamethylphosphoric triamide)
(150 ml), and the mixture was stirred for 1h under N,
at room temperature. A solution of farnesyl bromide
(4.98g) in HMPA (20ml) was added dropwise for
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10min to the reaction mixture. The reaction mixture
was stirred for 24 h at room temperature, and poured in
ice cold H,O (300ml). The organic layer, which was
extracted with Et,0 (200 ml x 2), was washed with brine
(300ml), dried (MgSOy) and evaporated under reduced
pressure to an oil (6.75 g). The oil was chromatographed
on silica gel (200g) with a gradient solvent system of
CHCIl;-EtOAc, increasing the amount of 2% portions
EtOAc stepwise to give 32 fractions. Farnesyl caffeate
(1.435g; Y. 43.2%) was obtained from 10% EtOAc-n-
hexane eluate (Fr. 12-18) as a pure white powder.
Caffeic acid (1.025g; Y. 48.8%), the starting material,
was recovered from 20% EtOAc-n-hexane eluate (Fr.
25-31).

Farnesyl caffeate: EI-MS: m/z 384 (M™,5%), 315,
204, 180, 163 (100%), 135, 93, 69; HR-MS: m/z
384.2307, C,4H5,0,4 requires 384.2300; anal. calcd. for
C,4H;,04: C, 74.97; H, 8.39. Found: C, 74.85; H, 8.30;
FT-IR (KBr)em™': 3480 (OH), 3301 (OH), 1678
(C==0), 1600, 1278, 1183; UV (EtOH) Ayn.x nm (loge):
333 (4.15), 303 (4.00), 248 (3.90), 220 (4.03); 'H NMR
(acetone-dg): 61.56 (3H, s, CHa), 1.62 (3H, s, CH3), 1.65
(3H, s, CHs), 1.76 (3H, s, CH3), 4.68 (1H, 4, / = 7.0Hz,
H-1), 5.12 (2H, m, H-¢' and H-10'), 541 (1H, ¢,
J = 7.0Hz, H-2), 6.26 (1H, d, J = 15.9Hz, H-f), 6.87
(1H, d, J = 8.2Hz, H-5), 7.03 (1H, dd, J = 1.8, 8.2 Hz,
H-6), 7.15 (1H, 4, J=1.8Hz, H-2), 7.53 (IH, 4,
J =159Hz, H-a), 8.26 (1H, br.s, -OH), 849 (1H,
br.s,—~OH); 3C NMR ((acetone-d¢): 616.1 (g, CHs), 16.4
(g, CH3), 17.7 (g, CH3), 25.8 (g, CHz), 26.8 (z, CHy),
27.4 (¢, CH,), 40.1 (2, CHy), 40.4 (2, CHy), 61.3 (¢, CHa),
115.1 (4, CH), 115.7 (d, CH), 116.3 (d, CH), 120.1 (4,
CH), 122.4 (d, CH), 124.6 (d; CH), 125.1 (d, CH), 127.6
(s, C), 131.6 (s, C), 135.9 (5, C), 142.1 (s, C), 145.6 (4,
CH), 146.3 (s, C), 148.7 (s, C), 167.3 (s, ~COQ)).

Synthesis of geranyl caffeate

Twenty-five percent NaOH (2.1ml) was added to a
solution of caffeic acid (2.00 g) in HMPA (150 ml), and
the mixture was stirred for 1h under N, at room
temperature. A solution of geranyl bromide (3.10g) in
HMPA (20ml) was added dropwise for 10min to the
reaction mixture. The reaction mixture was treated
further as described above to afford geranyl caffeate
(1.48g; Y. 61.4%) as a white powder, and caffeic acid
(0.56g; Y. 28.0%).

Geranyl caffeate: EI-MS: m/z 316 (M™, 10%), 247,
180, 163 (100%), 136, 69; HR-MS: m/z 316.1682,
C,oH240, requires 316.1674; anal. caled. for Cy9H3404:
C, 72.12; H, 7.65. Found: C, 72.01; H, 7.68; FT-IR
(KBr)cm™': 3483 (OH), 3295 (OH), 1678 (C=0), 1599,
1278, 1183; UV (EtOH) Apax nm (loge): 334 (4.16), 302
(4.05), 249 (3.93), 222 (4.01); '"H NMR (acetone-dg):
81.60 (3H, s, CH3), 1.66 (3H, s, CH3), 1.75 (3H, s, CHa),
4.68 (1H, d, J = 7.0Hz, H-1"), 5.12 (1H, ¢, J = 7.0Hz,
H-6"), 540 (1H, ¢, J=7.0Hz, H-2), 627 (1H, 4,

J = 15.9Hz, H-p), 6.87 (1H, d, J = 8.2Hz, H-5), 7.03
(1H, dd, J = 2.0, 8.2Hz, H-6), 7.16 (1H, d, J = 2.0Hz,
H-2), 7.55 (1H, d, J = 15.9Hz, H-v), 828 (1H, brs,
—OH), 8.50 (1H, br.s, -OH); >*C NMR ((acetone-de):
§16.4 (g, CHs), 17.7(g, CHa), 25.8 (g, CHs), 27.0 (s,
CH,), 40.1 (r, CH,), 61.3 (¢, CHy), 115.1 (4, CH), 115.6
(d, CH), 116.3 (d, CH), 120.0 (d, CH), 122.4 (d, CH),
124.6 (d, CH), 127.6 (s, C), 132.0 (s, C), 142.1 (s, O),
145.6 (d, CH), 1463 (s, C), 148.7 (s, C), 167.3 (s,
~-C00)).

Plasmid construction

Plasmids were constructed for the expression of
RXRa, FXR and RARs. The ORF regions of human
RXRa, human FXR, mouse RAR«l, mouse RARS2,
and mouse RARyl (accession numbers X52773,
U68233, X57528, S56660, X15848) were amplified by
PCR and inserted into pcDNA3.1 (Invitrogen, Carls-
bad, CA, USA), respectively. For reporter plasmids, the
luciferase region of the pGL3-Control Vector (Promega,
Madison, WI, USA) was replaced with the EYFP
fragment of pEYFP-N1 or the ECFP fragment of
pECFP-N1 (Clontech, Palo Alto, CA, USA) using Ncol
and Xbal sites. Subsequently, the simian virus 40 (SV40)
early promoter was cut out with Bg/Il and HindIIl, and
replaced with the thymidine kinase (TK) promoter of
the pRL-TK vector (Promega) or one of several other
promoters (the 3’ region of the TK promoter, the
cytomegalovirus (CMV) promoter, or the minimal
CMYV promoter and the 3’ region of the CMV promoter
(201 and 265bp)) amplified using the following PCR
primers:

5'-ggagatctggeeecgeccagegtettgte-3’ and 5'-
ggaagcttgcggcacgctgttgacgctgttaagcgggtcgctgcaggg—3’
(3’ region of the TK promoter);
5'-ccagatcttagttattaatagtaatcaattacggggtc-3’ and 5'-
ccaagcttgatctgacggttcactaaaccage-3' (CMV promoter);
5'-ccagatcttaggegtgtacggtgggage-3' and 5'-
ccaagcttaggctggateggteceggte-3' (minimal CMV
promoter);

5'-ccagatcttgggagtttgtittggcacc-3’ and reverse primer of
CMYV promoter (CMV 201); and .
5'-ccagatcttcaatgggcgtggatagegg-3’ and reverse primer
of CMV promoter (CMV265).

Double-stranded oligonucleotides containing HREs
(RXRE, RARE and FXRE; shown in Fig. 1B) were
ligated into the upstream region of these promoters
using MIul and Bglll sites. The sequences of the
constructed plasmids were confirmed by sequencing
using an ABI PRISM 310 Genetic Analyzer (Applied
Biosystems, Foster City, CA, USA).
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Fig. 1. Reporter plasmids for the assay of nuclear receptors. (A) Model of the constructed reporter plasmids. (B) The sequences for
HREs of RAR, RXR and FXR (RARE, RXRE, and FXRE). (C) Effect of different promoters on the reporter assay. Seven species
of promoter were employed in the reporter plasmid containing the HRE and EYFP genes. The activations of RAR« (a) and FXR
(b) are shown. The transfected cells were treated with ligands (black bar), I uM of ATRA for the RAR reporter assay or 100 M of
CDCA for FXR, or DMSO as a vehicle (white bar). The vertical axis indicates the ratio of fluorescence of EYFP (signal) to ECFP
(internal control). The fold response relative to vehicle-treated cells is shown above the bars. Data are shown as the means+ SD

derived from six experiments.

Cotransfection and reporter assay

A monkey kidney cell line, COS-7, was kept in
DMEM with 10% FBS. Transfections were performed
using an Effectene transfection reagent (Qiagen, Valen-
cia, CA) according to the manufacturer’s instructions.
The ratio of the reporter plasmid, receptor expression
plasmids (for example, the RAR« and RXRo expression
plasmids for assay of RAR« ligands) and the internal
control plasmid was 4:1:1:1. The culture medium was
replaced with DMEM without phenol red (Gibco BRL,
Gaithersburg, MD) supplemented with 10% charcoal-
treated FBS (Hyclone, Logan, UT) when the transfec-
tions were performed. At 15h after transfections, the
cells were treated with trypsin/penicillin reagent and
divided among wells of a black, 96-well plate with 100 ul
of the culture medium. At 6 h after division among wells,
the cells were treated with chemicals. After a 40-h
incubation, the medium was eliminated by decantation,
the cells were washed twice with PBS, and the wells were
filled with 200 pl PBS. Fluorescence was detected using a

microplate reader (ARVO; Perkin Elmer, Fremont, CA,
USA). The fluorescenice of EYFP was detected with an
excitation filter of 485nm and an emission filter of
545nm, and that of ECFP was detected with filters of
420 and 486 nm (Perkin Elmer), respectively. The auto-
fluorescence in COS-7 cells was subtracted from each of
the detected fluorescences, and the EYFP/ECFP ratio
was calculated using the resulting values.

Results
Reporter assay system

In the present reporter assay, EYFP and ECFP were
selected as a reporter protein and an internal control for
normalization of transfection, respectively. These two
fluorescent proteins were chosen, because the peaks
of their excitation and emission wavelengths are
sufficiently different (a difference of 80 and 50nm,
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respectively) so that they can be detected simultaneously
without cross-detection. The considerable cross-detec-
tion between EYFP and ECFP could be prevented using
a set of optical filters (see Materials and methods). The
EYFP/ECFP ratio was calculated after the autofluores-
cence of COS-7 cells was subtracted from the fluores-
cence intensities of EYFP and ECFP, because the
autofluorescence was not negligible.

The reporter plasmids were constructed as shown in
Fig. 1A. As HREs for FXR (FXR-RXR heterodimer),
RAR (RAR-RXR heterodimer) and RXR (RXR
homodimer), the fragments shown in Fig. 1B were used.
In order to amplify signals, we employed three copies of
DRS5 (direct repeat with 5bp of spacing) and four copies
of DRI as RAR and RXR response elements (RARE
and RXRE). For the FXR response element (FXRE),
four copies of the response element (inverted repeat)
existing in the upstream region of the phospholipid
transfer protein (PLTP) gene were employed. The
tandem repeats in HREs elevated the response to a
sufficient degree to detect the chemicals that activated
the receptor. Then, an appropriate promoter for
enhancing the fluorescent signal while retaining the
response to the chemicals was selected from among
seven promoters (Fig. 1C). Since the SV40 or CMV
promoter caused a high fluorescence intensity with or
without ligands, the responses to the ligands were not
strong. The response of the RAR reporter plasmid with
the SV40 promoter was about ten-fold. However, the
apparent rate of the response was enhanced by
interference of the expression of ECFP by the expression
of EYFP, because the same promoter was employed for
the reporter plasmid and the internal control plasmid.
Therefore, the rate did not reflect a real response, and
had a large SD. The TK promoter, the 3’ region of the
TK promoter and the minimal CMV promoter caused
strong responses, but the expression in the control
plasmid was too low for quantitative measurement. The
expression of reporter proteins with the 3’ region of
the CMV promoter was higher than that with TK or the
minimal CMV promoter, maintaining the induction rate
by the ligands. Based on a comparison between the 3’
regions of the CMV promoters, we selected the
CMV201 (201bp of the CMV promoter) promoter for
use in the experiments below, since the response of
CMV?201 was stronger than that of CMV265.

In addition to the promoter for reporter plasmids, the
promoter for the internal control plasmid and the
expression plasmids of nuclear receptors were examined
in order to establish an appropriate assay system of the
nuclear receptor ligands. When the SV40 promoter was
employed for the expression of ECFP in the internal
control plasmid, the SV40 promoter for nuclear receptor
expression interfered with the expression of ECFP (data
not shown). Therefore, the CMV promoter was
employed for nuclear receptor expression plasmids.

Finally, we established the following plasmid set as the
reporter assay system: a reporter plasmid containing
the EYFP gene, whose expression was regulated by the
HRE and CMV201 promoter; an internal control
plasmid containing the ECFP gene expressed by the
SV40 promoter; and the expression plasmid of the
nuclear receptor containing each nuclear receptor gene
expressed by the CMV promoter.

Fig. 2A shows the response to typical agonists for
FXR, RARs and RXRu in the screening system. For
screening of RAR ligands, three subtypes of RARs
(RAR«1, RARS2, RARy1) were expressed in the cells
independently. Although endogenous RARs co-exists in
the cell, the preference for the subtype of compounds
could be detected. Fig. 2B and C show the dose-
dependence of the assay system of FXR and RAR
ligands, respectively. RARs were activated by 100 pM of
ATRA. EDs, values were estimated to be about
1-10nM for RAR«x and 0.1-1 nM for RARfS and RARy
(only the result of RARw is shown in Fig. 2B). On the
other hand, activation of FXR was seen in 3-10uM
CDCA and greater activation was observed at 100 uM
CDCA (Fig. 2C). These dose-dependent response
patterns were comparable to those reported previously
(Brand et al., 1988; Parks et al., 1999), indicating that
these assays could be used for quantitative measurement -
of the activation by ligands. The established method of
the reporter assay was described in Materials and
methods.

Screening of a novel ligand for nuclear receptors

Using the established screening system, we found
some natural compounds and their derivatives which
acted as agonists for RARs and FXR. In the screening,
there was a possibility that unexpected factors may have
changed the signal responses (in the present assay
system, the transcriptional efficiency may be changed
irrespective of the nuclear receptor, the tested chemicals
may have their own fluorescence, and so forth). There-
fore, another reporter plasmid without HRE was also
constructed to eliminate these unexpected factors. As
this plasmid was used in place of the reporter plasmid,
the compounds that regulated the expression of EYFP
without HRE were eliminated. Some results of the
response for each nuclear receptor are shown in Fig. 3
(RAR, upper panel; FXR, middle panel; control, lower
panel). The results for RARS are presented as repre-
sentative of those for RARs. Ten millimolar of each
compound referring to the stock solution in DMSO was
added to the culture medium of the transfected COS-7
cells at a final concentration of 30pM (Fig. 3, Nos.
1-26). Compound Nos. 27, 28, and 29 were 3uM
ATRA, 30 uM CDCA, and vehicle, respectively. ATRA
also slightly activated the FXR-RXR heterodimer, due
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to the activation of RXR. Although, for example, Nos.
16, 18, 19, and 25 enhanced the relative EYFP/ECFP
ratio, these compounds also enhanced the control that
was used with the reporter plasmid without HRE. Thus
it was concluded that these compounds were not ligands
for the nuclear receptors.

As a result of screening more than 140 compounds (a
part of the results is shown in Fig. 3), five compounds
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were found as ligands for the nuclear receptors. CAPE
(compound No. 20 in Fig. 3), geranyl caffeate (No. 21),
and farnesyl caffeate (not shown in Fig. 3) were found to
be RAR agonists. Ginkgolic acid 15:1 (No. 12), geranyl
caffeate (No. 21), and grifolin (No. 26) were found to be
FXR agonists.

The structures of the caffeic acid derivatives tested in
the screening are shown in Fig. 4A. CAPE, known as an
active compound of propolis from honeybee hives, was
synthesized from caffeic acid and S-phenylethyl bromide
and other caffeic acids were purified and synthesized as
described in Materials and methods. Three of these
compounds (i.e., all of those tested except for bazzane-
nyl caffeate) activated RARs (Fig. 4B). The cells treated
with over 30uM of these compounds were removed
from wells by washing of the reporter assay, because
these compounds were toxic to the cell. Therefore, the
results shown are for a reporter assay conducted using
lower concentrations. Although the activation of RARs
could be hardly detected by a low concentration of
caffeic acid-derivatives, the activation by the com-
pounds 10-30 uM was comparable to maximum activa-
tion by ATRA. As shown in Fig. 4B, CAPE activated
RARS to a greater degree than RARx or RARy.

As FXR agonists, geranyl caffeate, ginkgolic acid 15:1
and grifolin were found. Geranyl caffeate, the RAR
agonist, highly activated FXR (Fig. 3, No. 21), but the
activation of the RXR homodimer was not detected
(data not shown). It could not be determined whether or
not farnesyl caffeate, a compound similar to geranyl
caffeate, activated FXR, because 30uM of these
compounds showed toxicity for cells. The structures of
ginkgolic acids and grifolin are shown in Fig. 5A. It has
been reported that ginkgolic acid 15:1 was present in
ginkgolic leaves (Ahlemeyer et al., 2001), and grifolin in
mushrooms (Hirata and Nakanishi, 1949; Sugiyama et
al., 1992). The activations of FXR by ginkgolic acid 15:1
and geranyl caffeate were comparable to that by CDCA,

4
N

Fig. 2. Response in the reporter expression. (A) The responses
in the reporter assay system by typical agonists for RAR,
RXR, and FXR. COS-7 cells were transfected with an
appropriate set of the plasmids (e.g. for assay of RAR«
ligand, the reporter plasmid containing RARE, the expression
plasmids of RARa and RXR« and the internal control
plasmid; for assay of RXRa ligand, the reporter plasmid
containing RXRE, the RXRu« expression plasmid, and the
internal control plasmid). The transfected cells were treated
with 1 uM of ATRA, 1M of 9CRA, or 100 uM of CDCA as
ligands (black bar), or DMSO as a vehicle (white bar). The
response rate is shown above the bars. Data are shown as the
means + SD derived from three experiments. (B), (C) Dose-1-
esponse analyses of ATRA and CDCA on the reporter assay
of RAR and FXR. Data are shown as the means-+ SD derived
from four experiments.
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Fig. 3. Screening of ligands for RAR and FXR. COS-7 cells
were transfected with the reporter plasmid, the receptor
expression plasmid, and the internal control plasmid as shown
in Fig. 2. The cells were treated with 30 1M of each compound.
The results of the screening for RAR are shown in the upper
panel, those for FXR in the middle panel, and those for the
control (no HRE) in the lower panel. The results for RARS are
presented as representative of those for RARs (No. 1,
hydrangeic acid; No. 2, ethyl 4'-ethylhydrangenate; No. 3,
hydrangenol; No. 4, 8,3'-dimethoxyphylodulcin; No. 5, macro-
phyllaside A; No. 6, yashabashiletodiol A; No. 7, lycogarbin
C; No. 8, lycogarbin A; No. 9, polygodial; No. 10, sacculatal;
No. 11, ptychantin A; No. 12, ginkgolic acid 15:1; No. 13, 2-
methyl ginkgolic acid methyl ester; No. 14, bilobal dimethyl
ether; No. 15, 3-tridecanyl-m-cresol; No. 16, [11]-cytochalasa-
6(12),13-diene-1,21-dione-7,18-dihydroxy-16,18-dimethyl-19-
methoxy-10-phenyl-(75%,13E,165%,185*,19R*); No. 17, hispi-
din; No. 18, costunolide, No. 19, beta-cyclocostanolide; No.
20, caffeic acid phenethyl ester; No. 21, geranyl caffeate; No.
22, atroctylon).

the most potent endogenous bile acid. Ginkgolic acids
17:1, 15:0 and 13:0 (described in Fig. 5A) were also
investigated as the other ginkgolic acids of ginkgo leaves
(Fig. 5B). Ginkgolic acid 17:1 activated FXR more
strongly than did 15:1, and ginkgolic acids with an alkyl
chain (13:0, 15:0) activated FXR at concentrations of
more than 20 pM. It seemed that the double bond and
length of the carbon chain had an influence on FXR
activation. Moreover, the structures except for the
carbon chain were also important for FXR activation,
because the methylated compound of ginkgolic acid 15:1
(2-methyl ginkgolic acid methyl ester, Fig. 5A) had no
potency for FXR activation (Fig. 3, No. 13).
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Fig. 4. Ligands for RARs. (A) The structures of caffeic acid
derivatives tested in the screening. (B) Response in the RAR
reporter assay. The responses in the COS-7 cells expressing
RARz, RARB or RARy are indicated by black, gray, and
white bars, respectively. Data are expressed as the fold
response relative to vehicle (0.1% DMSO)-treated cells and
are shown as the means+ SD derived from four experiments.

Discussion

To discover ligands for the nuclear receptors,
we developed a battery of reporter assay systems
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Fig. 5. Ligands for EXR. (A) The structure of candidates for FXR agonists and their related compounds (2-methyl ginkgolic acid
methyl ester). (B) The activation of FXR by ginkgolic acids. COS-7 cells were transfected with the reporter plasmid containing
FXRE, the expression plasmids of FXR and RXRa« and the internal control plasmid. The transfected cells were treated with each
compound. Data are shown as the means+ SD derived from four éxperiments.

incorporating the advantages of fluorescent proteins.
The disadvantage of GFP (low sensitivity) could be
overcome by modifications. The present screening
system using fluorescent proteins has clear merits of a
high efficiency, convenience and low cost, because the
two fluorescent signals can be measured simultaneously
without addition of any co-factors. Moreover, the
fluorescent signal was stable for more than 2h after
the wash. Corisidering these merits, this reporter assay

system with fluorescent proteins might be advantageous
for automatic high-throughput screening. If the expres-
sion of the fluorescent protein can be increased, the
measurement of fluorescence can be carried out in
culture medium, and the signal can be measured by
time-course without any treatment. Moreover, the use of
three fluorescent proteins (for example, DsRed with
EYFP and ECFP) would enable us to carry out more
efficient measurement.
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Using this assay system, several compounds that
induce expression of the reporter gene for RARs and/or
FXR were identified. These compounds were described
as ligands in this report, although there is a possibility
that these compounds are metabolized and their
metabolites bind to the receptors as ligands.

Three new ligands for RARs were identified: CAPE,
geranyl caffeate, and farnesyl caffeate. The whole
structure of these compounds may be needed for
RAR-activation, because caffeic acid, a constituent
compound of the compounds, did not activate RARs
(data not shown). CAPE has been reported to have
antioxidant, antiviral, anti-inflammatory and immuno-
modulatory activities (Grunberger et al., 1988), and has
also been shown to inhibit the growth of different types
of oncogene-transformed cells and to induce apoptosis
(Grunberger et al., 1988; Burke et al., 1995; Su et al.,
1994; Watabe et al., 2004). Since RARs have been
reported to mediate many biological processes, it is
possible that some of the diverse activities are due to
their binding to RARs. Since geranyl and farnesyl
caffeate have also been reported to exert antioxidant
effects and to inhibit the growth of cancer cells (Inoue et
al.,, 2004), the three compounds may suppress the
growth of cancer by at least two pathways: induction
of RAR and antioxidant effects. Considering its
preferential activation of RARS (Fig. 4B), CAPE may
inhibit cancer (e.g., lung cancer) growth more selectively
without substantial toxicity, such as the triglyceride
elevation associated with RARe, and the skin, bone and
teratogenic toxicity associated with RARy Thus, espe-
cially CAPE could be assumed to be a seed for the
development of an anti-cancer drug.

We also found that two natural compounds, ginkgolic
acids and grifolin, activated FXR. Grifolin was first
isolated as an antibiotic constituent of a mushroom,
Grifola confluens (Hirata and Nakanishi, 1949). In 1992,
it was reported that grifolin decreased liver cholesterol
content, plasma total cholesterol levels, and plasma
(very low-density lipoprotein (VLDL)4-low-density
lipoprotein (LDL)) cholesterol levels, and increased
plasma high-density lipoprotein (HDL) cholesterol and
plasma triglyceride levels (Sugiyama et al., 1992). It has
been suggested that the effect of grifolin might be
elicited, at least in part, by the augmented excretion of
cholesterol into the faces (Sugiyama et al., 1994). On the
other hand, FXR controls the expression of critical
genes in bile acid and cholesterol homeostasis. In fact,
FXR-null mice show elevated serum cholesterol and
triglyceride levels (Sinal et al., 2000), and an FXR
agonist has been shown to reduce serum triglyceride
levels (Maloney et al., 2000). Moreover, FXR induces
the expression of the gene of PLTP, which plays a role in
HDL metabolism (Urizar et al., 2000). It seems that the
cholesterol-lowering and HDL-cholesterol-increasing
effects of grifolin are related to FXR activation,

although grifolin’s enhancement of triglyceride produc-
tion was not consistent with its down-regulation of FXR
agonists.

The FXR agonists found in this study are all non-
steroidal compounds, whereas the well-known ligand of
FXR, bile acid, is a steroidal one. The common
characteristic of the structure of the ligands is their
long carbon chains (i.e., geranyl, farnesyl and pentade-
cenyl), and farnesol has been shown to be a FXR ligand
(Forman et al., 1995). However, aspects of the structures
other than the carbon chains also appear to be
important for FXR activation, because geraniol, a
constituent compound of geranyl caffeate, has been
reported not to activate FXR (Forman et al., 1995), and
the methylated compound of ginkgolic acid 15:1 had no
potency for FXR activation in the present study.

Several compounds, such as TTNPB, GW4064,
Farnesoid, Forskolin, Fexaramine, AGN29 and
AGN31, have been reported as non-steroidal agonists
(Maloney et al.,, 2000; Howard et al., 2000; Downes
et al., 2003; Dussault et al., 2003). The non-steroidal
ligands may be important tools for studying the
pharmacology of the receptor, because they may not
have the property of bile acids and are not metabolized
to form harmful lithocholic acid (Fischer et al., 1996;
Javitt, 1966). In the present study, ginkgolic acids and
geranyl caffeate strongly activated FXR, and both had
structures quite different from bile acids, so that they
could be good tools in this sense. Moreover, the
importance of identifying gene-selective modulators that
regulate a subset of FXR-specific genes as therapeutic
agents has been recognized (Cui et al., 2003; Dussault et
al., 2003). The gene-selective modulators of estrogen
receptor, selective estrogen receptor modulators
(SERMs), have been well studied (reviewed in McDon-
nell et al., 2002), and some compounds with a structure
divergent from that of estrogen have been identified and
applied to therapies of breast cancer and osteoporosis.
The non-steroidal compounds could also be good tools
for studying the selective response of FXR target genes.

In this report, we developed a new method for
screening novel nuclear receptor agonists, and used it
to identify new candidate ligands for FXR and RARs.
We expect that these new ligands will be good
pharmacological tools. Since the compound whose
structure is much different from bile acids is expected
to possess a specific effect as a ligand, we continue to
screen various ligands from natural compounds with a
wide variety of structures.
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ABSTRACT

The P2X, receptor is a subtype of ionotropic ATP receptor and
plays a significant role in regulating fast synaptic transmission
in the nervous system. Because the expression level of the
P2X, receptor is known to determine its channel properties and
functional interactions with other neurotransmitter channels,
elucidating the mechanisms underlying the regulation of P2X,
receptor expression in neuronal cells is important. Here, we
identified three motifs that correspond to the retinoic acid re-
sponse element in the 5’-flanking region of the rat P2X, gene.
In rat pheochromocytoma PC-12 cells, treatment with S-cis-
retinoic acid as well as all-trans-retinoic acid significantly in-
creased the mRNA and protein level of P2X, receptor. In addi-
tion, in PC-12 cells transiently transfected with a luciferase

reporter gene driven by the promoter region of the rat P2X,
gene, both 9-cis-retinoic acid and all-trans-retinoic acid in-
creased the luciferase activity, whereas their effects were di-
minished by truncation of the retinoic acid response elements
in the promoter. Furthermore, 9-cis-retinoic acid enhanced the
ATP-evoked whole cell currents and intraceliular Ca®*- and
ATP-evoked dopamine release, indicating the up-regulation of
functional P2X, receptors on the plasma membrane. These
results provide the molecular mechanism underlying the tran-
scriptional regulation of P2X, receptors and suggest that reti-
noid is an important factor in regulating P2X, receptors in the
nervous system.

P2X receptors, of which seven subtypes (P2X,-P2X;) have
so far been cloned, are a family of ligand-gated cation chan-
nels activated by extracellular ATP and are widely expressed
in the peripheral and central nervous system (North, 2002;
Illes and Alexandre Ribeiro, 2004). A growing body of evi-
dence indicates that P2X receptors expressed in neurons play
important roles in mediating (Galligan and Bertrand, 1994),
facilitating presynaptically (Khakh et al., 2003; Shigetomi
and Kato, 2004), and modulating postsynaptically fast exci-
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tatory and inhibitory synaptic transmission (Wang et al.,
2004). It remains unclear which P2X receptor subtypes are
the main targets for ATP at synapses, but several lines of
evidence have suggested the P2X, receptor as a candidate. In
several regions of the nervous system, neurons express func-
tional P2X, receptors (North, 2002; Illes and Alexandre Ri-
beiro, 2004) as well as both the mRNA and protein of P2X,
receptors (Kanjhan et al., 1999). An electron microscopic
study has shown that P2X, receptors are localized at the
postsynaptic membrane in the cerebellum and the CA1 re-
gion of the hippocampus (Rubio and Soto, 2001). In addition,
it has been reported that P2X, receptors are abundant in the
biochemically fractionated presynaptic active zone in the hip-
pocampus (Rodrigues et al., 2005). A recent study has shown
that ATP facilitates excitatory glutamate transmission onto
stratum radiatum interneurons, a population of the ATP-

ABBREVIATIONS: RARE, retinoic acid response element; RAR, retinoic acid receptor; RXR, retinoid X receptor; DA, dopamine; VDCC,
voltage-dependent calcium channel; RA, retinoic acid; RT-PCR, reverse transcriptase polymerase chain reaction; bp, base pair(s); PCR,
polymerase chain reaction; TESS, transcription element search system; RACE, rapid amplification of cDNA ends; P2X,R, P2X, receptor; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; GFP, green fluorescent protein; BSS, balanced salt solution; PCA, perchioric acid; AP, adaptor
protein; atRA, all-trans-retinoic acid; PPADS, pyridoxal phosphate-6-azophenyl-2'4'-disulfonic acid; U-73122, 1-[6-[[17 3-methoxyestra-1,3,5(10)-
trien-17-yllaminolhexyl}-1H-pyrrole-2,5-dione; DR, direct repeat; ANOVA, analysis of variance.
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responding neurons that is markedly reduced in hippocam-
pus slices from P2X,-deficient mice (Khakh et al., 2003).
These results indicate that in several regions P2X, receptors
localized at pre- and/or postsynapses regulate fast synaptic
transmission. Furthermore, P2X, receptors are associated
directly with other neurotransmitter channels such as nico-
tinic acetylcholine receptors, 5-hydroxytryptamine receptors
or GABA, receptors, and activation of both receptors pro-
duces nonadditive cross-inhibitory responses (Khakh et al.,
2000; Boue-Grabot et al., 2003). It is noteworthy that the
functional interaction of P2X, receptors with other channels
is decreased at lower densities of channel expression (Khakh
et al., 2000), suggesting that their expression levels affect
cellular events resulting from activation of P2X, receptors at
synapses. In addition, the expression level of P2X, receptors
also changes their channel properties (Fujiwara and Kubo,
2004). Moreover, an increase in the expression of P2X, re-
ceptors in neuronal cells has been implicated in the develop-
ment of several pathological states such as brain ischemia
and chronic pain (Xu and Huang, 2002; Cavaliere et al.,
2003). Therefore, to understand the physiological and patho-
logical roles of P2X, receptors in the functioning of the ner-
vous system, it is of particular importance to determine how
the expression of P2X, receptors is regulated in neuronal
cells.

In the present study, we cloned the 5'-flanking region of
the rat P2X, gene (P2rx2) and identified three sites corre-
sponding to a motif of retinoic acid response element (RARE).
RARE is a binding site of nuclear receptors, including reti-
noic acid receptor (RAR) and retinoid X receptor (RXR), and
is required for the gene expression induced by retinoids
(Chambon, 1996). We further found that retinoids increase
both the mRNA and protein expression of the P2X, receptor
and enhance release of the neurotransmitter dopamine (DA)
evoked by ATP through activating P2X, receptors from rat
pheochromocytoma PC-12 cells, a neuronal model (Shafer
and Atchison, 1991). Therefore, these results suggest that
retinoids are regulators of the expression of P2X,, receptors in
neuronal cells in the nervous system.

Materials and Methods

PC-12 Cells. PC-12 cells (passage 55-70) were cultured according
to Inoue and Kenimer (1988), and undifferentiated cells were used.
Cells were cultured in Dulbecco’s modified eagle’s medium supple-
mented with 7.5% fetal bovine serum, 7.5% horse serum, and 4 mM
L-glutamine. For reverse transcription-polymerase chain reaction
(RT-PCR) and Western blot experiments, cells were plated on 60-mm
collagen (Virtogen-100)-coated dishes for 2 days. For whole cell
patch-clamp recording and intracellular calcium imaging, cells were
plated on collagen-coated coverslips placed on the bottom of 35-mm
polystyrene dishes. For the measurement of DA release, cells were
plated on collagen-coated 35-mm polystyrene dishes.

Cloning of the P2X, Upstream Region. Sequences for the
5'-flanking region of P2rx2 were obtained from National Center for
Biotechnology Information Rat Genome Resources. The genomic
2.5-kb upstream sequence of the putative Wistar rat P2rx2 transcrip-
tion starting site was targeted as P2X, mRNA (GenBank accession
number NM_053656) upstream sequence. The following primers
were designed for amplification of the 5'-flanking region of P2rx2:
forward primer, GAACCTCGAGTGAGCCACAACCAGAACACT; re-
verse primer, GACAAGATCTATGGCCCAAGGAGCTCGGT. Geno-
mic DNA extracted from the tail of a female Wistar rat was used for
the polymerase chain reaction. Four individual reactions were

carried out, and amplicons were inserted in a pGEM-T vector (Pro-
mega, Madison, WI) for sequencing. Each insert was sequenced, and
the exact sequence was estimated by comparing the four sequences.
The relative location of the cloned sequence is confirmed to be just
upstream of the first exon of P2rx2 without any intervening inserts.
Using primers specific to the third exon of P2rx2 and ~164 position
of the cloned sequence, approximately 750-bp single-band amplifica-
tion was obtained by PCR. This amplicon included the sequence
comprising the 5’ site of P2X, mRNA (RefSeq sequence NM_0536586)
exactly as published, and the sequence was determined to be the
5'-flanking region without any additional intervening sequence. The
sequence data from the 5'-flanking region of P2rx2 has been depos-
ited in GenBank with the accession number AY749416. Putative
sites for the transcription element were analyzed using Transcrip-
tion Element Search System (TESS) site (http://www.cbil.upenn.edw/
tess).

“Oligo-Capping” 5’ Rapid Amplification of ¢cDNA Ends of
P2X, mRNA. Modified rapid amplification of 5’ ¢cDNA ends (5'
RACE) was performed according to cligo-capping method developed
by Maruyama and Sugano (1994). Total RNA (5 ug) extracted from
PC-12 cells was treated with 1 unit of bacterial alkaline phosphatase
(Takara, Kyoto, Japan) in supplied buffer with 100 units of RNase
inhibitor (Toyobo, Osaka, Japan) at 37°C for 30 min to hydrolyze the
phosphate of truncated mRNA 5’ ends. After extraction with phenol/
chloroform (1:1) twice, chloroform once, and ethanol precipitation,
tobacco acid pyrophosphatase (20 units; Wako Pure Chemicals,
Osaka, Japan) was reacted (37°C; 15 min) in kit supplied buffer with
RNase inhibitor to remove the cap structure of complete mRNAs.
After phenol/chloroform extraction and ethanol precipitation, liga-
tion reaction was carried with T4 RNA ligase (Takara) and 0.5 pg of
5'-adapter RNA oligonucleotide to obtain the oligonucleotide com-
posed by mRNAs attached with 5'-adapter RNA oligonucleotide at 5’
ends that originally had the cap structure. After unligated 5'-
adapter oligonucleotide was removed by repeating ethanol precipi-
tation with high salt concentration, reverse transcription reaction
was performed using ReverTra Ace (Toyobo) with antisense primer
of P2X, mRNA, which was designed from +531 of NM_053656, and
PCR was carried out with obtained ¢cDNAs and primers for adapter
and P2X, mRNA sequence, which were designed to cross the border
of exons 1 and 2. The reaction mixture was electrophoresed in aga-
rose gel, and all of amplicon was gel extracted and restricted by Xhol,
whose restriction site was designed in adapter sequence. The frag-
ments were cloned into pcDNAS vector which restricted by Xhol and
EcoRV and sequenced. The adapter and primers sequences are as
follows. The 5'-adapter RNA oligonucleotide was 5'-GUCUGAGCU-
CUCGAGAUAGA-3'; the primer for reverse transcription, 5'-GTT-
GTCAGAAGTTCCATCCTCCAC-3’; the primer for 5'-adapter, 5'-
GTCTGAGCTCTCGAGATAGA-3'; and the reverse primer for target
amplification, 5'-CGATGAAGACGTACCACACGAA-3'.

Real-Time Quantitative RT-PCR (TagMan RT-PCR). Retin-
oids were dissolved in ethanol and added to the culture medium so
that the ethanol represented 0.1% of the v/v concentration. Total
cellular RNA was prepared using the RNeasy method from QIAGEN
(Valencia, CA) according to the manufacturer’s instructions and
included an on-column DNase I digestion to minimize genomic DNA
contamination. The TagMan One-Step RT-PCR Master Mix Reagent
kit (Applied Biosystems, Foster City, CA) was used with each custom
designed, gene-specific primer/probe set to amplify and quantify
each transcript of interest. Reactions (25 ul) contained 50 ng of total
RNA, 200 nM forward and reverse primers, 100 nM TagMan probe,
and RNase Inhibitor Mix in the Master Mix solution. RT-PCR am-
plification and real-time detection were performed using an ABI
PRISM 7700 sequence detection system (Applied Biosystems) for 80
min at 48°C (reverse transcription), 10 min at 95°C (AmpliTaq Gold
activation), 38 cycles of denaturation (15 s at 95°C), and annealing/
extension (60 s at 60°C). Data were analyzed using ABI Prism
Sequence Detection Software, version 1.1. The following primers and
probes were used. The TagMan probe for P2X,R was 5'-5-carboxy-



fluorescein-CACTACTCCCAGGATCAGCCACCCA-5-carboxytetra-
methylrhodamine-3’; the forward primer for P2X,R, 5'-CATATCC-
CTCCCCCACCTA-3'; and the reverse primer, 5'-GTTGGTCCTTC-
ACCTGATGGA-3'. Sense and antisense primers and probes for
GAPDH were obtained from Rodent GAPDH Control Reagents
(Applied Biosystems).

Plasmids. The 5'-flanking region of P2rx2 (described above) was
inserted into multicloning sites of the pGL3-basic vector (termed
pP2X2luc; Promega). The sequence between two Kpnl sites (one site
is in the multicloning site and other site is at the —1923 position) in
the vector was restricted by Kpnl (Takara) and ligated to construct
a deletion mutant which lacks 501 bp of the 5’ end in the pP2X2luc
insert (Del-pP2X2luc). The P2X2-GFP vector was a kind gift from Dr.
Murrell-Lagnado (Department of Pharmacology, Cambridge Univer-
sity, Cambridge, UK).

Transient Transfections and Luciferase Assays. Transient
transfection was carried out with Superfect (QIAGEN) according to
the manufacturer’s protocol. Fifty percent confluent cells seeded on
48-well plates were transfected with reporter plasmid (pP2X2luc,
Del-pP2X2luc, P2X2-GFP). The phRL-TK vector (Promega) was co-
transfected to monitor the transfection efficiency. After 48 h incuba-
tion, the cells were lysed. Firefly and Renilla reniformis luciferase
activity were measured by 1420 ARVOsx multilabel counter
(PerkinElmer Wallac, Turku, Finland) using a dual-luciferase re-
porter assay system (Promega). The transfection efficiency was cor-
rected by normalizing the firefly luciferase activity to the R. renifor-
mis luciferase activity.

Western Blot of P2X, Receptor Protein. After treatment of the
cells with 9-cis-retinoic acid (9-cis-RA) for 1 day, the cells were
washed with phosphate-buffered saline(—) twice and lysed in buffer
containing 10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 10 mM EDTA, 5
mM EGTA, 0.5% mM Nonidet P-40, and 0.5% deoxycholate. The
protein concentration was measured by bicinchoninic acid protein
assay (Pierce Chemical, Rockford, IL). Proteins (10-30 pg/lane) were
mixed with SDS sample buffer, loaded onto a 10% polyacrylamide
gel, electrophoresed, and transferred onte a nitrocellulose mem-
brane. The membrane was then blocked in 5% nonfat dry milk in
Tris-buffered saline containing 0.1% Tween 20. The membrane was
incubated with the anti-rabbit P2X, polyclonal antibody (1:200; Cal-
biochem, San Diego, CA) or B-actin (1:5000; Sigma-Aldrich, St.
Louis, MO) overnight at 4°C, followed by incubation with the horse-
radish peroxidase-conjugated anti-rabbit antibody (1:2000; GE
Healthcare, Little Chalfont, Buckinghamshire, UK). The blots were
probed with an ECL Western blot detection system (GE Healthcare).
Quantification of immunoreactive bands was performed by scanned
image analysis on a computer.

Whole Cell Patch-Clamp Recording. The cells were placedin a
recording chamber and continuously superfused at room tempera-
ture (22-24°C) in an extracellular solution containing 140 mM NaCl,
5.4 mM KCl, 1.8 mM CaCl,, 1.0 mM MgCl,, 11.1 mM D-glucose, and
10 mM HEPES; pH adjusted to 7.4 with NaOH. Patch pipettes were
filled with an intracellular solution containing 150 mM CsCl, 10 mM
HEPES, and 5 mM EGTA; pH adjusted to 7.3 with CsOH. With this
solution, patch electrode resistances ranged between 5 and 8 M.
The whole cell patch-clamp was made, and cells were voltage-
clamped at —60 mV. ATP was diluted with extracellular solution and
applied to the patched cell by gravity from a tube (300-um inner
diameter) attached to an electrically controlled valve. Currents were
recorded with an Axopatch 200-B amplifier (Molecular Devices,
Sunnyvale, CA) and analyzed using pClamp5 software (Molecular
Devices).

Measurement of DA Released from PC-12 Cells. Cells were
plated on 35-mm dishes and washed twice with 1 ml of balanced salt
solution (BSS) containing 150 mM NaCl, 5 mM KCl, 1.2 mM CaCl,,
1.2 mM MgCl,, 25 mM HEPES, and 10 mM D-glucose and then
incubated for 1 h with 1 ml of BSS at room temperature. The cells
were again washed with BSS and then stimulated by BSS with or
without 30 uM ATP for 1 min. BSS was collected in 1.5-ml tubes
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loaded with 250 ul of 1 N perchloric acid (PCA), and 1 ml of 0.2 N
PCA was added to the dishes and incubated for 2 h on ice. Both the
collected PCA solutions were centrifuged, and then the supernatants
were used for DA measurement. The amount of DA in the solution
was measured using high-performance liquid chromatography com-
bined with electrochemical detection.

Intracellular Calcium Imaging. The increase in [Ca®*]; in sin-
gle cells was measured by the fura-2 method with minor modifica-
tions. Cells were washed with BSS and incubated with 10 uM fura-2
acetoxymethyl ester at 37°C in BSS for 45 min. The coverslips were
mounted on an inverted epiflucrescence microscope (TMD-300; Ni-
kon, Tokyo, Japan) equipped with a 75-W xenon lamp and band-pass
filters of 340-nm wavelength for measurement of the Ca®*-depen-
dent signal (Fg,,) and 360-nm wavelength for measurement of the
Ca®*-independent signal (Fgg0).

Results

Homology Search for Transcription Factor Binding
Sites in the 5'-Flanking Region of P2rx2. The P2rx2 is
located at rat chromosome 12 and has 11 exons between 5'-
and 3'-untranslated region (National Center for Biotechnol-
ogy Information Entrez GenelD 114115). P2X, mRNA se-
quence has been first determined by Brake et al. (1994). Of
11 splicing variants registered in GenBank database, only
two variants are reported to express functional channel
(P2rx2, NM_053656; P2X 2b, Y10473). The information of the
5'-flanking region of the rat P2rx2 was obtained from Na-
tional Center for Biotechnology Information Rat Genome Re-
sources. In the Rattus norvegicus (Norway rat) chromosome
12 genomic contig from whole genome shotgun sequence
(NW_047378), putative transcription start site of P2rx2 is
predicted by searching the sequence location of rat P2X,
mRNA (NM_053656) using BLAST. Then, a 2524-bp frag-
ment upstream of the Wistar rat P2rx2 was cloned in the
pGL3 vector. Whether the cloned sequence is located in the
5'flanking region of P2rx2 is confirmed by sequencing
the 743-bp amplicon obtained by genome PCR using specific
primers for the third exon of P2rx2 and our cloned sequence.
The homology between database sequence and the cloned
sequence was more than 99.8% match. In the cloned se-
quence, we found three putative RAREs that conformed with
a general canonical sequence in which two directly repeated
hexanucleotide motifs [consensus (A/G)G(G/T)TCA] are sep-
arated by one (DR1: —2309/-2321), four (DR4: —2299/
—~2314), and five nucleotides (DR5: —2408/-2424) (Fig. 1).
We used TESS to verify these sites and confirmed that they
were predicted as RAREs. The sequence analysis using TESS
also predicted the presence of many consensus sequences for
various transcription factors in the cloned fragment such as
simian virus 40 protein 1 (Sp-1), AP-1, AP-2, GATA-1, nu-
clear factor-«B, and cAMP response element-binding protein
binding motifs. Sequence data from the 5'-flanking region of
the Wistar rat P2rx2 have been deposited in GenBank with
the accession number AY749416. Furthermore using oligo-
capping 5' RACE, we could obtain single sequence that en-
codes 5' region of P2X, mRNA, suggesting that transcription
starting site of P2rx2 in PC-12 cells is located in 27 bases
upstream of RefSeq sequence (NM_053656). Consensus se-
quences of GC-box (GGGCGG) and initiator (YYANWYY),
which are expected to form core promoter region, were found
in —67 and —52 bp upstream of transcription starting site
determined with oligo-capping 5 RACE.
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P2X, mRNA Level Is Increased by Retinoids Treat-
ment in PC-12 Cells. The presence of putative RAREs in
the 5'-flanking region of the P2rx2 indicated the possibility
that retinoids may change the expression of P2X, receptors.
We examined the level of the P2X, mRNA expression in
PC-12 cells that had been treated with or without 9-cis-RA,
an active form of an endogenous vitamin A derivative, using
real-time quantitative RT-PCR analysis. We found that the
P2X, mRNA in 9-cis-RA (100 nM)-treated PC-12 cells was
markedly increased and the highest level was observed as
early as 3 h later (n = 4; *++, p < 0.001), and the increase
persisted for at least 12 h after the treatment with 9-cis-RA
(n = 4; ==+, p < 0.001) (Fig. 2A). The increase in the level
of P2X, mRNA by 9-cis-RA was dose-dependent, and a sig-
nificant increase was seen at 100 and 1000 nM 9-cis-RA

9-cis-RA is known to be an activator of the nuclear recep-
tors RXR and RAR (Aranda and Pascual, 2001). RXR can
form as homodimers and as heterodimers with a number of
other nuclear receptors such as RAR (Aranda and Pascual,
2001). To clarify the nuclear receptors involved in the in-
crease in the level of P2X, mRNA, we used two ligands,
all-trans-retinoic acid (atRA) (Aranda and Pascual, 2001) and
PA024 (Takahashi et al., 2002), agonists preferentially of
RAR and RXR, respectively. In this experiment, PC-12 cells
were cultured in serum-free medium to detect only the effects
of RAR and RXR agonists because serum contains large
amounts of retinoids and binding protein (Mori, 1978). In this
condition, a dose-dependent increase in the level of P2X,
mRNA was also observed in cells treated with 9-cis-RA
(Fig. 3) as in cells grown in medium with serum (Fig. 2). We
treated PC-12 cells with atRA and found that the level of

(Fig. 2B).
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Fig. 1. Nucleotide sequence of the 5'-flanking region of the Wistar rat P2rx2. A 2524-base pair genomic sequence of 5'-flanking region of P2rx2 was
cloned and sequenced (GenBank accession no. AY749416) and analyzed to search for consensus motifs interacting with transcription factors using
TESS. Predicted RAREs, sequences are underlined and indicated in bold. Other potential transcription binding sites predicted by TESS are indicated
in bold. Arrows represent the location of P2X, mRNA sequences indicated by RefSeq sequence and 5’ RACE analysis.



P2X, mRNA was markedly increased. The increase was in a
dose-dependent manner, and a significant increase was seen
at the range of 10 to 1000 nM atRA (Fig. 3). By contrast, the
preferential agonist of RXR, PA024 (1-100 nM), did not in-
crease the level of P2X, mRNA. Because PC-12 cells undergo
apoptotic cell death by serum deprivation (Batistatou and
Greene, 1993), we maintained cells in serum-containing me-
dium for other experiments.
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real-time RT-PCR analysis of P2X, and GAPDH mRNAs. P2X, mRNA
levels were normalized by GAPDH mRNA levels, and each set of data
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Fig. 3. Effects of selective RAR and RXR agonists on the level of P2X,
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0.01; *, p < 0.05, multiple comparisons versus control group using Bon-
ferroni ¢ test after one-way ANOVA).
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Retinoids Stimulate the Promoter Activity Driven
by the 5'-Flanking Region of P2rx2. To determine
whether 9-cis-RA increases P2X, mRNA at the transcrip-
tional level, we examined the transcriptional activity of the
5'-flanking region of P2rx2 (Fig. 4) using a dual-luciferase
reporter assay method. The 5'-flanking region of P2rx2 (a
2524-bp fragment upstream of the putative transcription
start site) was inserted into the multicloning site of the
pGL3-basic firefly luciferase assay vector (termed pP2X2luc)
(Fig. 4A), which was transiently transfected into PC-12 cells.
The cloned sequence increased basal luciferase activity by
25-fold. This confirmed that the sequence can promote down-
stream transcription. When stimulated with 1 pM 9-cis-RA,
pP2X2luc exhibited higher luciferase activity (from 25.7 =
2.1to 42 * 2.0, 65% increase; n = 8; **x, p < 0.001) (Fig. 4B).
A similar increase in the luciferase activity was also observed
with atRA (from 25.7 + 2.1 to 34.8 + 2.9., 35% increase; n =
8; =#x, p < 0.001). These results indicate that 9-cis-RA and
atRA increase the promoter activity of the cloned 5’-flanking
region of P2rx2. Furthermore, the increases in luciferase
activity by 9-cis-RA and atRA were lost in cells transfected
with a vector lacking the fragment from —2524 to —1924
(Del-pP2X2luc) where three putative RAREs are located (Fig.
4A). In addition, the pGL3-basic vector without the 5’-flank-
ing region of P2rx2 showed no transcriptional activity, the
RAR agonists caused no change, and basal activity of Del-
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Fig. 4. Transcriptional activity of the 5'-flanking region of P2rx2 by retinoic
acids. The two constructed vectors (pP2X2luc and Del-pP2X2luc) and the
empty vector (pGL3-basic) used in the experiment, as described under Ma-
terials and Methods, are schematically illustrated. Each construct was
transfected into PC-12 cells, and the firefly luciferase activity, normalized to
the R. reniformis luciferase activity driven by the cotransfected phRL-TK,
was determined 24 h afier the transfection in the presence or absence of 1
uM 9-cis-RA or 1 uM atRA (pGL3-basic, open columns; pP2X2luc, closed
columns; and Del-pP2X2luc, gray columns). Each value represents the
mean + S.E.M. of the relative light activities to the control treated pGL3-
basic vector activity (n = 8; *++, p < 0.001 by Student-Newman-Keuls
method after two-way ANOVA, compared with the value of control group).
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pP2X2luc was decreased to 19-fold greater than pGL3, com-
pared with 25-fold grater than pGL3 for pP2X2luc. These
results indicate that the RAREs mediate the transcriptional
activity of the 5'-flanking region of the P2rx2 by retinoids.

The Protein Level of P2X,, in PC-12 Cells Is Increased
by 9-cis-RA Treatment. To investigate whether 9-cis-RA
increases the level of P2X, protein as a consequence of an
increase in the mRNA level, we performed Western blot
analyses to detect P2X, protein by using a specific antibody
for the P2X, receptor. The specificity of antibody was con-
firmed by comparing protein blots of 1321N1cells transfected
or untransfected with rP2X2-GFP. In cells transfected with
rP2X2-GFP, a single band is detected at approximately 90
kDa, consistent with the molecular mass sum of P2X, and
GFP, whereas no band was detected in untransfected cells. In
PC-12 cells, the antibody detected an intense band at approx-
imately 70 kDa with a weak smear ranging from 60 to 80 kDa
that was postulated to be glycosylated P2X, protein. In
PC-12 cells that had been treated with 9-cis-RA (1-1000 nM)
for 24 h, the P2X, protein was significantly increased in a
concentration-dependent manner up to approximately 65%
(n = 4-14; =, p < 0.05, #x, p < 0.01) (Fig. 5) in comparison
with the level expressed in control. The increase in the P2X,,
receptor protein by 9-cis-RA was consistent with that in P2X,
mRNA.

9-cis-RA Increased the Amplitude of ATP-Evoked
Whole-Cell Current in PC-12 Cells. P2X, receptors form
nonselective cation channels, and ATP evokes an inward
current (North, 2002). Thus, to investigate whether 9-cis-RA

9cisRA (nM)
100

1321N1
rP2X2-GFP

1321N1

control 1 10 1000

118 ~
92~

p2xz {_

52 -

AR

36 -
29 (kDa)-
B-actin |

200 skk

150} *

1001 T

P2X2 protein level (% of control)

(4]
Q

cont 1 10 100
9cisRA (nM)

Fig. 5. Increase in P2X, protein expression by 9-cis-RA. Total protein
from PC-12 cells treated with or without 9-cis-RA (range 1-1000 nM) for
24 h was subjected to Western blot analysis. The proteins of P2X, recep-
tor and B-actin were detected by their specific antibodies. The intensities
of the bands were quantified, and the relative values of P2X, protein were
normalized by the values of the B-actin protein levels for the loading
control. The anti-P2X, antibody was tested on the lysate of 1321N1 cells
with or without transfection of P2X2-GFP expression vector. Each set of
data represents the mean * S.E.M. of the percentage over the control
(n = 4-14; *, p < 0.05; =+, p < 0.01 by multiple comparisons versus
control group using Bonferroni ¢ test after one-way ANOVA).

1000

increases the level of P2X, receptors in PC-12 cells as func-
tional channels, we performed whole-cell patch-clamp record-
ings to examine the ATP-activated inward current. Treat-
ment of cells with 100 nM 9-cis-RA for 24 h significantly
increased the amplitude of the ATP-evoked inward current
(%, p < 0.01; Fig. 6, A and B). The concentration-response
curves for the ATP-activated currents in control and 9-cis-
RA-treated cells showed that 9-cis-RA did not change the Hill
coefficient (control cells, 1.9; 9-cis-RA-treated cells, 2.1) and
EC;, value (control cells, 33; 9-cis-RA-treated cells, 30) but
enhanced the maximal response (Fig. 6B). Furthermore, 20
nM PPADS almost completely blocked ATP-induced current,
which means PPADS-insensitive P2X, expression is too low
to evoke the whole cell current, even though mRNA expres-
sion is detectable by RT-PCR. The membrane capacitance,
reversal potential, inward rectification property (data not
shown), and activation kinetics estimated from the current
trace were not significantly changed in the 9-cis-RA-treated
cells, compared with untreated controls. These results indi-
cate that the expression of functional P2X, receptors is in-
creased on the plasma membrane of 9-cis-RA-treated PC-12
cells.

9-cis-RA Facilitates P2X-Mediated [Ca®* ], Elevation.
P2X,, receptors are reported to be highly permeable to Ca®*
(Virginio et al., 1998). We monitored the level of [Ca®*], in
individual PC-12 cells using the Ca®*-sensitive fluorescent
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Fig. 6. Effect of 9-cis-RA on ATP-induced whole cell current in PC-12
cells. A, representatives traces were the currents evoked by 100 uM ATP
in PC-12 cells with or without 100 nM 9-cis-RA for 24 h. Cells were
voltage-clamped at —60 mV. B, concentration-dependent curves were
made by measuring currents elicited by a series of ATP concentrations
with or without 20 uM PPADS. Each point represents the mean values *
S.E.M. of the maximum amplitude of the ATP-evoked currents (n =
10-13; #+, p < 0.01 by ¢ test, compared with the value of the correspond-
ing control group) and was fitted to a sigmoidal curve to calculate Hill
coefficient and the EC;, values.



dye fura-2 and examined the effects of 9-cis-RA on the ATP-
evoked [Ca?*], elevation. Applying 100 uM ATP produced an
increase in the 340/360 emission ratio for fura-2 (n = 21
cells), indicating that ATP caused an increase in [Ca®"]; in
the PC-12 cells (Fig. 7A), as shown previously (Fasolato et al.,
1990). Treatment of the cells with 100 nM 9-cis-RA for 24 h
significantly enhanced the ATP-evoked increase in [Ca®*] by
approximately 30% (+*, p < 0.01) (Fig. 7, A and B). PC-12
cells express not only P2X, but also P2Y (presumably P2Y,)
receptors (Raha et al., 1993), both of which increase [Ca®"];
after their activation. It has been shown that the P2X and
P2Y receptor-mediated [Ca®*]; elevations can be distin-
guished by using an extracellular recording solution (BSS)
without Ca?* to remove P2X component and by treating cells
with the phospholipase Cj inhibitor U-73122 to remove the
P2Y component. When Ca®* was not added to the extracel-
lular solution, the increase in [Ca**); evoked by ATP was
markedly reduced by ~55% (n = 24 cells) (Fig. 7B). On the
other hand, U-73122 (5 uM) reduced the ATP-evoked in-
crease in [Ca®"]; by approximately 40%. PC-12 cells that had
been treated with 9-cis-RA did not show any enhancement of

A.
30r1
25

207

15¢

A F340/380

=« coOntrol

1.0} - gcisRA

o5F

L 1 L i 1 J
20 40 60 80 100 120 140 160 180
Time (sec)

160 ** [ control

B 9cisRA
sk

80}

2]
o
T

a0}
20t

0 Normal BSS Ca-free PPADS
ATP 100 uM 80 mM K*

Fig. 7. Effect of 9-cis-RA on ATP-induced [Ca®*]; elevation in PC-12 cells.
A, traces showing the records of the fura-2 emission ratios from PC-12
cells onto which 100 uM ATP was applied with or without 100 nM
9-cis-RA for 24 h. B, ATP-induced [Ca**]; elevations were measured in
several different conditions (from left: normal BSS, n = 9; Ca®*-free BSS,
n = 5; 20 uM PPADS, n = 3; and 5 uM U-73122, n = 6). To measure the
{Ca?*], elevation by the depolarizing stimulation, BSS containing a high
concentration of potassium (80 mM; n = 5) was applied. Each set of data
represents the mean * S.E.M. of the maximum responses of the ratio-
metric fura-2 fluorescence (AF;,0/AFsq0), which were normalized by the
value obtained from control PC-12 cells (++, p < 0.01 by Student-New-
man-Keuls method after two-way ANOVA, compared with the value of
control group).
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the ATP-evoked [Ca®"]; elevation in the extracellular record-
ing solution without Ca®* but did after treatment with
U-73122 (Fig. 7B). Furthermore, inhibition of P2X, but not
P2X, by 20 uM PPADS reduced ATP-evoked [Ca®']; eleva-
tion to the level in Ca**-free BSS both in 9-cis-RA-treated or
untreated PC-12 cells (Fig. 7B). This result suggests ATP-
evoked Ca®" influx through P2X receptors does not include a
P2X, response. Application of 80 mM K™ evoked the release
of DA presumably via activating voltage-dependent Ca?*
channels (VDCCs) (Waterman, 2000), but the [Ca®*]; eleva-
tion evoked by 80 mM K™ was not altered by the treatment
with 9-cis-RA (Fig. TB). Together, these results indicate that
9-cis-RA up-regulates the expression of P2X, receptors in
PC-12 cells, and activating them by ATP increases Ca?*
influx, which contributes to enhancing the neurotransmitter
release.

ATP-Induced DA Release from PC-12 Cells Is En-
hanced by 9-cis-RA Treatment. PC-12 cells are known as
a model of neuronal cells (Shafer and Atchison, 1991) and are
able to release neurotransmitters such as catecholamines by
various extracellular stimuli, including ATP (Nakazawa and
Inoue, 1992). The ATP-evoked DA release requires Ca®*
influx into cells mediated through opening P2X, receptor
channels but not VDCCs (Inoue et al., 1989). Thus, we inves-
tigated whether the ATP-evoked release of DA from PC-12
cells is modulated by 9-cis-RA. Stimulation of PC-12 cells
with 30 uM ATP for 1 min caused the release of DA as shown
previously (Nakazawa and Inoue, 1992). By contrast, in
PC-12 cells treated with 100 nM 9-cis-RA for 24 h, the ATP-
evoked DA release was significantly enhanced by 35.7 = 7.3%
(n = 9; =%, p < 0.001; Fig. 8A) without significant change in
the total DA content in the cells (94.4 = 2.4%; p = 0.07; Fig.
8B). 9-cis-RA did not affect the spontaneous release of DA
from PC-12 cells (control cells, 7.7 = 2.5%; 9-cis-RA-treated
cells, 12.8 = 3.1%; p = 0.23; Fig. 8A).
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Fig. 8. Enhancement of ATP-evoked dopamine release from PC-12 cells
by 9-cis-RA. PC-12 cells were incubated with or without 9-cis-RA for 24 h.
A, the extracellular contents of DA after the application of 30 uM ATP for
1 min were measured with the high-performance liquid chromatography
combined with electrochemical detection system. B, measured amount of
extracellular and intracellular DA was compared as percentage of
9-cis-RA untreated cells. Amount of DA released by ATP was calculated
by dividing supernatant values by the sum of supernatant and pellet
values and shown as the mean * S.E.M. of the percentage of the ATP-
evoked DA release in 9-cis-RA-untreated control cells (n = 9; *»*, p <
0.001 by £ test).
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Discussion

In the present study, we first identified three motifs that
are canonical consensus sequences of RAREs in the cloned
5'-flanking region of the Wistar rat P2rx2 and found that
9-cis-RA, an endogenous vitamin A derivative, increases the
expression of the P2X, receptor at the transcriptional level in
the neuronal model PC-12 cells. The transcriptional effects of
9-cis-RA are primarily mediated by activating two families of
nuclear receptors, RARs and RXRs (Chambon, 1996). RXRs
can form as homodimers and as heterodimers with a number
of other nuclear receptors such as thyroid hormone receptor,
vitamin D receptor, and RAR (Aranda and Pascual, 2001).
Among them, the RXR/RAR heterodimer is known to respond
specifically to the RAR activator atRA (Kurokawa et al.,
1994). The present study did not show direct binding of RAR
and RXR with 5’-flanking region of P2rx2 but did demon-
strate that atRA-treated PC-12 cells also show an increase in
the level of P2X, mRNA expression, suggesting the involve-
ment of RAR in regulating the P2X, receptor expression in
PC-12 cells. PA024 did not increase the level of P2X, mRNA.
A slight, but not significant, increase in P2X, mRNA was
seen. This finding corresponds with the fact that a low activ-
ity of PAO24 alone was observed in an experiment of retinoid-
induced HL-60 differentiation (Ishida et al., 2003). That
PAO024 scarcely increased the P2X, mRNA expression is con-
sistent with the findings of previous studies showing that a
single application of RXR-selective agonists does not induce
gene transcription (Minucci et al., 1997; Ishida et al., 2003)
and is supported by the notion that the RXR ligand induces
homodimerization of RXR and inhibits heterodimerization
without dimerization partner ligands; moreover, a partner
ligand is sufficient for heterodimerization (Dong and Noy,
1998). The RXR/RAR heterodimer generally binds to the DR5
RARE (Kurokawa et al., 1994) and also binds to DR1 (Kuro-
kawa et al., 1994). We determined the P2X, mRNA transcrip-
tion start site by 5 RACE, which is located near the site
supposed by RefSeq entry (NM_053656). We also had the
predictions for some transcription factor binding sites in the
5'-flanking region of the rat P2rx2 cloned in the current
study, which include the DR5 and DR1 sequences located at
—~2381/-2397 and —2292/~2294 from the transcription start
site. It includes other factors such as simian virus 40 protein
1, activator protein-2, nuclear factor-«B, GATA-1, cAMP re-
sponse element binding protein, GC-box, and initiator se-
quence as well. Consensus sequences for GC-box and initia-
tor found in our cloned sequence imply that core promoter
region would exist near the 5’ end of our cloned sequence.
Although the factors we showed here were just the candi-
dates estimated by the electrical search system, we con-
firmed that the cloned fragment has sensitivity to retinoid
treatment and deletion of a fragment containing DR ele-
ments lead to abolishing the 9-cis-RA- and atRA-mediated
and parts of basal transcriptional activities. On the other
hand, the deleted fragment also contains DR4, but this is
known as a binding site of RXR heterodimerized with nuclear
receptors other than RARs (Aranda and Pascual, 2001). Be-
cause RAR/RAR homodimerization has not been reported,
our series of results could suggest that retinoic acids activate
RAR/RXR heterodimers that bind to RAREs (DR5 and/or to
DR1-responsive elements) located at the distant place from
transcription start site in the promoter region of the P2rx2,

which in turn work as activators of basal transcription ma-
chinery and lead to an increase in the transcription of P2X,
receptors in PC-12 cells.

The biochemical analysis in the present study indicated
that the increase in P2X, transcription resulted in an in-
crease in the level of P2X, protein. Furthermore, we found
that the maximal responses of ATP-evoked currents were
enhanced in 9-cis-RA-treated PC-12 cells. The inward cur-
rents evoked by ATP in PC-12 cells have been demonstrated
to be inhibited by suramin, PPADS, and reactive blue 2
(Inoue et al., 1991a,b), a pharmacological profile that fits rat
P2X,, receptors, thus suggesting an increase in the level of
functional P2X, protein. This view is strongly supported by
the finding that the Ca®" response evoked by ATP in 9-cis-
RA-treated PC-12 cells was enhanced in the presence of a
phospholipase CB inhibitor, which abolishes P2Y-mediated
Ca®* responses. It could be possible that ATP produces an
inward current via activating another P2X subtype. Indeed,
in addition to P2X, receptors P2X, transcript was also de-
tected in PC-12 cells by our RT-PCR analysis (our unpub-
lished observation). However, 20 uM PPADS almost com-
pletely blocked ATP-induced inward currents and [Ca®*];
elevation, and 9-cis-RA did not alter the EC,, and Hill coef-
ficient value of the ATP-evoked currents in the PC-12 cells. Tt
is suggested that functional P2X, receptor is not expressed
on the cell membrane. In addition, the mRNA level of the
P2X, receptor in the PC-12 cells was not changed by treat-
ment with 9-cis-RA (our unpublished observation). In human
cervical epithelial cells, however, the expression of P2X,
mRNA has been reported to be increased by atRA (Gorodeski,
2002). This discrepancy may be due to differences in the
species, the basal expression levels of P2X, receptors, and the
expression of RAR and RXR isoforms or the large numbers of
coregulators.

In the nervous system, a key function of P2X, receptors is
to increase release of neurotransmitters (Khakh et al., 2003).
PC-12 cells are frequently used in studies investigating stim-
ulus-induced vesicular transmitter release (Shafer and
Atchison, 1991). We have observed that retinoid significantly
enhanced the ATP-evoked release of DA from PC-12 cells.
Because retinoid treatment might lead to the changes in
many gene transcriptions involved in [Ca®*]; elevation, exo-
cytotic machinery, or packaging in vesicles, the enhancement
of DA release seen in the present study might include mul-
tiple interpretations. However, we found that enhancement
by 9-cis-RA of the P2X,, receptor protein expression level and
ATP-activated Ca®" entry was almost identical to that of the
ATP-evoked DA release. In addition, 9-cis-RA did not affect
basal release or the total content of DA in PC-12 cells, sug-
gesting the 9-cis-RA affects neither DA biosynthesis nor exo-
cytotic machinery itself. Calcium is one of the most important
factors to regulate exocytosis, and we previously showed that
the ATP-evoked DA release from PC-12 cells is induced by
Ca®* influx directly via P2X, channels but not via VDCCs
(Nakazawa and Inoue, 1992). Together with this, the most
probable interpretation of the results could be that 9-cis-RA
up-regulates P2X, receptor mRNAs and proteins, thereby
leading to enhancement of P2X,, receptor-mediated Ca®* en-
try and DA release in PC-12 cells.

In native neurons, activating P2X receptors on the presyn-
apses facilitates the release of neurotransmitters by direct-
ing Ca®" influx through P2X receptors (Shigetomi and Kato,



2004). This raises the possibility that retinoids may increase
the synaptic effects of ATP in modulating neurotransmitter
release in native neurons by up-regulating P2X, receptors. In
the adult brain, relatively high levels of retinoic acid are
detected (Werner and Deluca, 2002). In particular, in the
hippocampal region it has been shown that molecules re-
quired for retinoid signaling pathways are expressed (Mac-
Donald et al., 1990; Werner and Deluca, 2002). These include
cellular retinol binding proteins that facilitate retinol uptake
into cells; retinal dehydrogenases, which are enzymes for the
synthesis of retinoids; and cellular retinoic acid binding pro-
teins, which are thought to deliver atRA to RAR in cell nuclei,
as well as RARs and RXRs (Dong et al., 1999). The hippocam-
pus is one of the areas where the roles of P2X, receptors in
facilitating neurotransmitter release have been investigated
(Khakh et al., 2003; Shigetomi and Kato, 2004). One can
question that retinoid effect on the PC-12 cells is the conse-
quence of the differentiation of PC-12 into neurons. However,
morphological differentiation of PC-12 cells by retinoic acid
requires a period of greater than 3 weeks, and retinoic acid
treatment increased differentiation of nerve growth factor-
stimulated PC-12 cells (Boniece and Wagner, 1995). Thus,
retinoic acid-induced differentiation of PC-12 cells was sug-
gested to be the consequence of complicated molecular mod-
ulations. In fact, we observed up-regulation of P2X, mRNA
within 8 h after retinoids treatment. Hence, the effect of
retinoids on P2X, expression could be a notable factor for the
differentiation, but it might be distinguished from differen-
tiation of PC-12 cells. The up-regulation of P2X, receptors by
retinoids may be involved in some of the biological effects of
retinoids in neuronal function and synaptic plasticity in the
nervous system (Wang et al., 2004).

In the present study, we found that the P2X, receptor is
up-regulated by retinoids as a result of increased tran-
scription most likely mediated by the retinoid-activated
RAR heterodimerized with RXR acting on RAREs (presum-
ably DR5- and DR1-responsive elements) in the promoter
region of P2rx2 in neuronal cells. An increase in the ex-
pression of P2X, receptors in neuronal cells has recently
been implicated in the development of several pathological
states, such as brain ischemia (Cavaliere et al., 2003) and
chronic pain (Xu and Huang, 2002), and P2X, receptor
might thus be a target for their treatment. It is noteworthy
that in an analysis of the human genomic sequence using
TESS, we also found a putative DR5-responsive element in
the 5'-flanking region of the human P2X, gene. Together,
the present results provide the molecular mechanism un-
derlying the expression of P2X, receptors and may help in
understanding the roles of P2X, receptors in the regula-
tion of neuronal function, synaptic plasticity, and patho-
physiology in the nervous system.
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