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Abstract

Nuclear receptors represent a very good family of protein targets for the prevention and treatment of diverse
diseases. In this study, we screened natural compounds and their derivatives, and discovered ligands for the retinoic
acid receptors (RARs) and the farnesoid X receptor (FXR). In the reporter assay systems of nuclear receptors
presented here, two fluorescent proteins, enhanced yellow fluorescent protein (EYFP) and enhanced cyan fluorescent
protein (ECFP), were used for detection of a ligand-based induction and as an internal control, respectively. By
optimizing the conditions (e.g., of hormone response elements and promoter genes for reporter plasmids), we
established a battery of assay systems for ligands of RARs, retinoid X receptor (RXR) and FXR. The screening using
the reporter assay system can be carried out without the addition of co-factors or substrates. As a result of screening of
more than 140 compounds, several compounds were detected which activate RARs and/or FXR. Caffeic acid
phenylethyl ester (CAPE), known as a component of propolis from honeybee hives, and other derivatives of caffeic
acid up-regulated the expression of reporter gene for RARs. Grifolin and ginkgolic acids, which are non-steroidal
skeleton compounds purified from mushroom or ginkgo leaves, up-regulated the expression of the reporter gene for
FXR.
© 2005 Elsevier GmbH. All rights reserved.
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Introduction cesses. The nuclear hormone receptor superfamily
includes receptors for thyroid and steroid hormones,

Nuclear hormone receptors are ligand-activated retinoids and vitamin D, as well as receptors for
transcription factors that are involved in a variety of unknown ligands. These receptors share a highly
physiological, developmental, and toxicological pro- conserved DNA-binding domain and a discrete ligand-

binding domain, and bind to hormone response
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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: RARx, RARf and RARy) are receptors
for retinoids such as all-trans-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
hyperlipidemnia. 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 Dj
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.2CO; (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;O (200 ml x 2), was washed with brine
(300 ml), dried (MgSO,) and evaporated under reduced
pressure to an oil (6.75 g). The oil was chromatographed
on silica gel (200 g) 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,4H1,04 requires 384.2300; anal. caled. for
C24H3:04: 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) Amax nm (loge):
333 (4.15), 303 (4.00), 248 (3.90), 220 (4.03); '"H NMR
(acetone-dg): 61.56 (3H, s, CH,), 1.62 (3H, s, CH3), 1.65
(3H, s, CHa), 1.76 (3H, 5, CH,), 4.68 (1H, d, J = 7.0Hz,
H-19, 5.12 (2H, m, H-6' and H-10"), 541 (1H, ¢
J = 70Hz, H-2), 6.26 (1H, d, J = 15.9Hz, H-f), 6.87
(1H, 4, J = 8.2Hz, H-5), 7.03 (1H, dd, J = 1.8, 8.2 Hz,
H-6), 7.15 (1H, d, J=1.8Hz, H-2), 7.53 (IH, 4,
J=159Hz, H-x), 8.26 (IH, br.s, —OH), 8.49 (1H,
br.s,~OH); '*C NMR ((acetone-dg): 616.1 (g, CH3), 16.4
(g, CH3), 17.7 (g, CH,), 25.8 (g, CH3), 26.8 (¢, CH>),
27.4 (1, CH,), 40.1 (¢, CH,), 40.4 (1, CH,), 61.3 (¢, CHJ),
1151 (&, CH), 115.7 (d, CH), 116.3 (4, 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 (s, C), 142.1 (s, C), 145.6 (d,
CH), 146.3 (5, C), 148.7 (s, C), 167.3 (s, -COQ)).

Synthesis of geranyl caffeate

Twenty-five percent NaOH (2.1 ml) was added to a
solution of caffeic acid (2.00 g) in HMPA (150ml), 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
(1.48¢g; 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,
CoH140, requires 316.1674; anal. caled. for C,gH404:
C, 72.12; H, 7.65. Found: €, 72.01; H, 7.68; FI:IR
(KBr)cm™': 3483 (OH), 3295 (OH), 1678 (C=0), 1599,
1278, 1183; UV (EtOH) Ayax nm (loge): 334 (4.16), 302
(4.03), 249 (3.93), 222 (4.01); '"H NMR (acetone-dg):
81.60 (3H, s, CH3), 1.66 (3H, s, CH3), 1.75 (3H, 5, CH3),
4.68 (1H, 4, J = 7.0Hz, H-1"), 5.12 (1H, t, J = 7.0Hz,
H-6), 540 (1H, 1, J=70Hz, H-2), 6.27 (IH, 4,

J = 15.9Hz, H-p), 6.87 (1H, d, J = 8.2 Hz, H-5), 7.03
(1H, dd, J = 2.0, 8.2 Hz, H-6), 7.16 (1H, d, J = 2.0 Hz,
H-2), 7.55 (1H, d, J = 15.9Hz, H-a), 8.28 (1H, br.s,
~OH), 8.50 (1H, br.s, -OH); *C NMR ((acetone-dg):
516.4 (g, CHs), 17.7(g, CH3), 25.8 (g, CHa3), 27.0 (1,
CH,), 40.1 (1, CH,), 61.3 (t, CHy), 115.1 (d, 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 (5, C),
145.6 (d, CH), 146.3 (s, C), 148.7 (s, C), 167.3 (s,
-CO0)).

Plasmid construction

Plasmids were constructed for the expression of
RXRa, FXR and RARs. The ORF regions of human
RXRa, human FXR, mouse RAR«1, mouse RARf2,
and mouse RARyl (accession numbers X52773,
U68233, X 57528, 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-NI (Clontech, Palo Alto, CA, USA) using Ncol
and Xbal sites. Subsequently, the simian virus 40 (SV40)
early promoter was cut out with Bg/ll and HindlIII, 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'-ggagatctggeeccgeccagegtettgte-3' and 5'-
ggaagcttgeggeacgetgttgacgetgttaagegggtegetgecaggg-3'
(3’ region of the TK promoter);
S'-ccagatcttagttattaatagtaatcaattacggggte-3' and 5'-
ccaagettgatctgacggttcactaaaccage-3' (CMV promoter);
5'-ccagatcttaggcgtgtacggtgggage-3' and 5'-
ccaagcttaggetggateggteceggtg-3' (minimal CMV
promoter);

5'-ccagatcttgggagtttgttttggcace-3' and reverse primer of
CMV promoter (CMV 201); and
§'-ccagatcttcaatgggegtggatagege-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 MMl 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 RARx (a) and FXR
(b) are shown. The transfected cells were treated with ligands (black bar), I pM of ATRA for the RAR reporter assay or 100 uM 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 RARx and RXRu 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 fluorescence 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
DR3 (direct repeat with 5bp of spacing) and four copies
of DR1 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 (201 bp of the CMV promoter) promoter for
use in the experiments below, since the response of
CMV201 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 CMV20! 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 RXRa in the screening system. For
screening of RAR ligands, three subtypes of RARs
(RARal, RARS2, RARyl) 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« and 0.1-1 nM for RARS and RARY
(only the result of RAR« is shown in Fig. 2B). On the
other hand, activation of FXR was seen in 3-10 pM
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 30puM (Fig. 3, Nos.
1-26). Compound Nos. 27, 28, and 29 were 3uM
ATRA, 30uM 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 p-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 ptM was comparable to maximum activa-
tion by ATRA. As shown in Fig. 4B, CAPE activated
RARS to a greater degree than RARa 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,

d
4

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«x
ligand, the reporter plasmid containing RARE, the expression
plasmids of RAR« and RXRa 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, 1 uM of 9CRA, or 100uM 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-r-
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 uM 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. I,
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,] 8-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 uM. 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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o
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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
RARa, RARf 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 FXR. (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 RXRx and the internal control plasmid. The transfected cells were treated with each
compound. Data are shown as the means+ SD derived from four experiments.

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. Considering 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) + 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 caspase activation cascade and mitochondrial changes are major biochemical

reactions in the apoptotic cell death machinery. We attempted to clarify the temporal relationship
between caspase activation, cytochrome ¢ release, mitochondrial depolarization, and morpho-
logical changes that take place during tumor necrosis factor (TNF)-a-induced cell death in HeLa
cells. These reactions were analyzed at the single-cell level with 0.5 — 1 min resolution by using
green fluorescent protein (GFP)-variant-derived probes and chemical probes. Cytochrome ¢
release, caspase activation, and cellular shrinkage were always observed in this order within
10 min in all dying cells. This sequence of events was thus considered a critical pathway of cell
death. Mitochondrial depolarization was also observed in all dying cells observed, but frequently
occurred after caspase activation and cellular shrinkage. Mitochondrial depolarization is therefore
likely to be a reaction that does not induce caspase activation and subsequent cellular shrinkage.
Mitochondrial changes are important for apoptotic cell death; moreover, cytochrome ¢ release,
and not depolarization, is a key reaction related to cell death. In addition, we also found that the
apoptotic pathway proceeds only when cells are exposed to TNF-a. These findings suggest that

the entire cell death process proceeds rapidly during TNF-a exposure.

Keywords: tumor necrosis factor (TNF)-a, cytochrome ¢, mitochondrial depolarization, caspase,

real-time imaging

Introduction

Apoptosis is a mechanism of cell death that is
mediated by various intracellular reactions. A family of
cysteine proteases, the caspases, forms the activation
cascade, and these proteases play a central role in the
apoptotic cell death machinery (1, 2). The caspases
usually exist as pro-proteins in living cells and are
activated by cleavage at the time when cell death is
induced. In an early phase of the cell death process,
initiator caspases are activated, which in tumn activate
effector caspases (3 —7). Activated effector caspases
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cleave a number of different target proteins, and this
cleavage leads ultimately to apoptotic cell death (8, 9).
Mitochondria also play an important role in the cell
death process (10-13). Cellular stresses induce
mitochondrial changes, including an increase in outer
mitochondrial membrane permeability; various mito-
chondrial proteins such as cytochromec (cyt.c) and
second mitochondrial activator of caspases (Smac) are
released into the cytosol. Released proteins directly or
indirectly regulate caspase activation and/or other
reactions, which eventually induce cell death.

Various factors in the cell death process have been
identified, but correlation among these factors remains
unclear. Cell death events such as caspase activation and
mitochondrial changes are rapid processes, and the onset
of these events varies between individual cells (14 — 17).
So, it is difficult to determine how and when such
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reactions occur in cells as based on analyses of cell
populations, which can only be used to detect an average
value for a large number of individual cells. In order to
gain a better understanding of the cell death mechanism,
simultaneous multi-events analyses should be conducted
at the single-cell level and with high spatial and temporal
resolution. Real-time imaging with confocal microscopy
is a powerful method of detecting the manner in which
such rapid intracellular reactions take place (18, 19).
Fluorescence resonance energy transfer (FRET) is
useful for imaging analyses. Variants of green fluores-
cent protein (GFP) are currently widely employed;
several families of fluorescent proteins have recently
been reported to be useful for FRET analysis (19 - 22).
Previously, we developed genetically-encoded sensors
for caspase activation that consist of two fluorescent
proteins linked by a small peptide (23, 24). Cyan-,
green-, yellow-, and red-fluorescent proteins (CFP,
GFP, YFP, DsRed) were used in combination as the

fluorescent proteins. The small peptide was derived from -

a substrate of caspase, poly(ADP-ribose)polymerase;
this fusion protein was primarily cleaved by caspase 3
(23). The sensor protein exhibits FRET in its intact form.
However, in the presence of active caspase, the peptide
is cleaved, and the two fluorescent proteins are rendered
far apart; in this case, the sensor protein no longer
exhibits any FRET. Caspase activation is detected as a
reduction in FRET. We have previously reported that the
use of various color combinations facilitates real-time
imaging analysis. In particular, GFP-DsRed and YFP-
DsRed have been shown to be as sensitive as CFP-YFP,
which is commonly used as the FRET pair. FRET probes
that consist of such color variations may be useful for
simultaneous multi-event imaging (24).

In this study, we used the YFP-DsRed version of the
effector-caspase sensor (YRec), CFP-tagged cytc
(cyt.c-CFP), and tetramethylrhodamine methyl ester
(TMRM) in order to detect caspase activation, cyt.c
release from the mitochondria, and mitochondrial
depolarization, respectively. By applying two of these
probes simultaneously, two events could be monitored
in the same cell, and the temporal relationships between
caspase activation and mitochondrial changes could be
examined at the single-cell level. In addition, we also
analyzed the interval from tumor necrosis factor (TNF)-
a exposure to cellular shrinkage by analyzing the cell
population in order to investigate time course of the
whole cell death process.

Materials and Methods

Plasmid construction
A plasmid encoding YRec, YFP-peptide-DsRed, was

generated as previously reported (24). The sequence
encoding the 11 amino acids at the C-terminus of YFP
was eliminated in this construct. The C-terminal-
truncated forms of the YFP gene were generated by
PCR with primers containing the Nhel site or the
BspEl site and pEYFP-C1 (Clontech, Palo Alto, CA,
USA) as a template, and the restricted fragment was
inserted into the Nhel/BspEl sites of pEYFP-C1 in order
to generate a plasmid carrying truncated YFP. The
oligonucleotides encoding the caspase’s substrate
sequence was inserted into the BspEI — Agel site of the
p(truncated YFP)-C1 vector to generate pYFP-PARP.
The substrate sequence was derived from PARP
(KRKGDEVDGVDE, 5-CCGGAAAGAGAAAAGG
CGATGAGGTGGATGGAGTGGATGAA-3' and 5'-
CCGGTTCATCCACTCCATCCACCTCATCGCCTTT
TCTCTTT-3"). DsRed was generated from pDsRed2-
C1(Clontech) by PCR, at the Agel/Notl sites, and the
restricted fragment was inserted into the Agel — Notl
sites of pYFP-PARP to generate a plasmid carrying
YFP-PARP-DsRed2 (YRec). YRec was cleaved by
caspase-3 (23, 24).

Cyt.c was cloned from HeLa cells by RT-PCR with a
primer pair (5'-TCGCTAGCGCTCCGGAGAATTAAA
TATGGGTATG-3' and 5'-CGAGGATCCCTCATTAG
TAGCTTTTTTGAG-3"), and the restricted fragment
was inserted into the Nhel-BamHI sites of the
pECFP-N1 vector to generate a plasmid carrying cyt.c-
CFP. All cloned sequences were verified by sequencing.

Cell culture and transfection

HeLa cells were cultured in DMEM (Sigma-Aldrich,
St. Louis, MO, USA) supplemented with 100 units/ml
of penicillin G, 100 ug/ml of streptomycin, and 10%
fetal calf serum (GIBCO). The plasmid encoding the
fluorescent probes was transfected into HeLa cells
using Effectene Transfection Reagent (QIAGEN,
Hilden, Germany) according to the manufacturer’s
instructions. After being incubated for 12-24h with
the transfection reagent, the cells were washed with
PBS and cultivated on dishes suitable for an assay in
medium containing 500 ug/ml of G418 for an additional
1 — 3 days until the assay was performed. We found that
the cultivation period had no effect on cell death events
after TNF-a treatment.

Bioimaging with fluorescence microscopy

Transfected cells were cultured on a cover glass (25-
mm diameter, 0.15-0.18-mm thickness) for 1-3
days. Cells were treated with TNF-a (100 ng/ml,
dissolved in PBS) and cycloheximide (10 ug/ml,
dissolved in DMSO) and then were incubated under the
usual culture conditions for 1 — 2 h prior to the analysis.
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Table 1. Measurement conditions for real-time analysis by LSM510

Probe Excitation (nm) Beam splitter (nm) Emission (nm)

Cyt.c-CFP 458 515 467.5-497.5

YRec 488 545 505 - 530 (donor)’
560-615 (acceptor)*

TMRM 543 545 560 -

*Emitted fluorescence was separated by a 545 dichroic mirror, and the fluorescence of the donor
(YFP) and that of the acceptor (DsRed) was obtained via a band-pass emission filter, A long-

pass filter (LP560) was used.

Tetramethylrhodamine methyl ester (TMRM; 50 nM,
dissolved in DMSO) was added to each sample 20 - 30
min prior to the analysis, when the mitochondrial
membrane potential was to be measured (23, 25).
Analyses were carried out by confocal laser scanning
fluorescent microscopy using a Carl Zeiss LSM510
system (Carl Zeiss, Jena, Germany). During the observa-
tions, the media were buffered with 10 mM HEPES
buffer (pH 7.4), and the cells were maintained at 35°C -
37°C. DIC images and grayscale images for fluores-
cence channels were obtained in 0.5- or 1-min intervals.
Excitation lights for the cyt.c-CFP (458 nm) and YRec
(488 nm) were provided by an Ar laser with a 458 or a
488 dichroic mirror, respectively. Excitation lights for
the TMRM (543 nm) were provided by a HeNe laser
with a 543 dichroic mirror. Images of the probes were
obtained separately using a dichroic mirror and band-
pass or long-pass emission filters, as indicated in
Table 1. Contamination of the fluorescence between
channels was negligible under these conditions (data
not shown). For analyses involving YRec or TMRM,
images were processed and quantified using MetaFluor
software as follows: The average pixel intensity of the
fluorescence of the entire cell region was determined for
each channel. In the case of YRec, the ratio value was
calculated as the average pixel value of the fluorescence
ratio, (fluorescent intensity for the acceptor channel)
/(fluorescent intensity for the donor channel), in the
entire cell region. As the cells changed morphologically
during the observation, the entire cell region was
assessed separately for each image.

Simultaneous measurement of two probes was per-
formed according to the multi-track scanning mode, in
which two sets of excitation-detection conditions were
used in alternation. For cyt.c-CFP and YRec, CFP
fluorescence induced by excitation at 458 nm was
measured in the first track, and YFP and DsRed
fluorescence induced by excitation at 488 nm was
measured in the second track. For cyt.c-CFP and
TMRM, CFP fluorescence induced by excitation at
458 nm was measured in the first track, and TMRM

fluorescence induced by excitation at 543 nm was
measured in the second track. The scanning time
difference between tracks was ca. 3 — 8 s, which was not
significant in the temporal analysis.

Analysis of cell survival rate

HeLa cells were cultured in 96-well plastic plates to
80% — 90% confluency and were then treated with TNF-
a. After the indicated culture durations, the cells were
treated with Alamar Blue (Dainippon Pharmaceutical,
Osaka) according to the manufacturer’s instructions.
Cell survival was measured as fluorescence at 590 nm
induced by excitation at 540 nm. Fluorescence was
measured using FlexStation (Molecular Devices,
Sunnyvale, CA, USA).

Results

Simultaneous imaging of cyt.c-CFP and caspase sensor

HelLa cells expressing both cyt.c-CFP and YRec were
treated with TNF-a, and changes in fluorescence were
observed. Figure 1A shows DIC images, fluorescent
images of CFP, and fluorescence ratio (DsRed/YFP)
images of YRec during cell death. Images were obtained
every 30 s; therefore, we were able to identify the time
points of these events at a resolution period of 30 s. The
CFP fluorescence indicated cyt.c-CFP localization, and
the fluorescence ratio (DsRed/YFP) indicated caspase
activation. CFP fluorescence was localized in the
mitochondria at 280.5 min, and it was delocalized at
281.0 min, indicating that cyt.c-CFP was released during
this period. The images shown in Fig. 1A indicate that
this cell started to shrink at 286.5 — 287.0 min.

When the caspase was activated in a cell, the YRec
was cleaved, which led to a reduction in the FRET from
YFP to DsRed. Thus, a reduction in the fluorescence
ratio (DsRed/YFP) reflected caspase activation. As
shown in Fig. 1B, the fluorescence ratio decreased
dramatically at 283.5 min in the cell shown here, thus
indicating the initiation of caspase activation at this
point in time. The increase in DsRed fluorescence
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Fig. 1. CylLc-CFP release and caspase acti-
vation were monitored simullaneously in the
same cells. A: DIC (upper), images showing
the fluorescence of CFP (middle) and the {luo-
rescence ratio of DsRed and YFP (DsRed
YFP. lower) during cell death are shown in
pseudocolor. CFP and DsRed/YFP indicate
the localization of cyt.-CFP and caspase
activation, respectively. B: Changes in YRec
fluorescence in the cell shown in panel A
were plotted. YFP and DsRed are shown with
their Mluorescence ratios. The asterisks indicate
time points at which cyt.c-CFP were released
and cell shrinkage was observed. The horizon-
tal axis represents the point in time after the
addition of TNF-a.

Fig.2. Cyvl.c-CFP release and mitochondrial depolari-
zation were monitored simultaneously in the same
cell. A: DIC (upper), images showing the fluorescence
of CFP (middle) and the fluorescence of TMRM
(lower) during cell death are shown in pseudocolor.
CFP and TMRM fluorescence indicate the localization
of cyl.e-CFP and the mitochondrial membrane poten-
tial. respectively. B: Changes in TMRM fluorescence
of the cells in panel A during cell death were plotted.
The asterisks indicate time points at which cyt.e-CFP
were released and cell shrinkage was observed. The
horizontal axis represents the point in time afier the
addition of TNF-a
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observed after this time point was unexpected, but is
thought to have been the result of cellular shrinkage.
Because the cell volume was reduced, the DsRed
became concentrated, and the fluorescence increased.
The reduction in the fluorescence ratio clearly indicated
a reduction in FRET, which indicated both the cleavage
of YRec as well as caspase activation. The asterisks
indicate the time point of cyt.c-CFP release and cellular
shrinkage, as determined based on the results shown in
Fig. 1A. In this cell, cyt.c-CFP was released 280.5 min
after the addition of TNF-a, and caspase activation was
initiated 3 min after cyt.c-CFP release; the cell then
started to shrink 3 min after caspase activation. Cyt.c-
CFP release, caspase activation, and cellular shrinkage
were observed in this order in all of the dying cells
examined.

Simultaneous imaging of cyt.c-CFP and TMRM

Hela cells expressing cyt.c-CFP were treated with
TMRM and TNF-a. Delocalization of cyt.c-CFP and
mitochondrial depolarization were observed with a
resolution period of 1 min. All dying cells exhibited
cyt.c-CFP release, mitochondrial depolarization, and
shrinkage of the cell body. Figure 2A shows a typical
fluorescent image of a dying cell. In this cell, cyt.c-CFP

was released at 161 min, and cell shrinkage began at
167 min after the addition of TNF-a. Changes in TMRM
fluorescence are plotted in Fig. 2B. TMRM fluorescence
started to decrease at 164 min, thus indicating that the
mitochondria started to depolarize at this point in time.
In a comparison of the starting points of these three
events, it was found that the release of cyt.c-CFP always
preceded mitochondrial depolarization and cellular
shrinkage. Mitochondrial depolarization was observed
earlier than cellular shrinkage in this particular cell, but
was observed later in other cells. The temporal order of
the timing of the initiation of mitochondrial depolariza-
tion and cellular shrinkage was not consistent. Mito-
chondrial depolarization preceded cellular shrinkage in 4
of the 10 cells, and cellular shrinkage preceded mito-
chondrial depolarization in 6 of the cells observed here.

Temporal relationships between mitochondrial changes,
caspase activation, and cellular shrinkage

We observed 10-22 cells in each of these experi-
ments, the results of which are shown in Figs. 1 and 2.
We then determined the timing of cyt.c release, cellular
shrinkage, and mitochondrial depolarization, or caspase
activation in each cell. To clarify the temporal relation-
ships between these cellular events, relative timing was

TNF-a addition -253.4 &£ 92.5
cyt.c release 0

caspase activation 1.9 £ 0.4
cellular shrinkage 51+ 1.5

} mit. depolarization (24.2 £ 34.2)

400 -300 -200 -100 0

time after cyt.c relcase (min)
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L 3

o @

(B)
| ]
-
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10 0
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Fig. 3. Temporal relationship between mitochondrial changes and caspase activation. A: Relative uming of TNF-a addition
(open square), cyl.c release (closed square), caspase activation (closed circle), cellular shrinkage (closed triangle), and mitochon-
drial depolarization (closed and open diamond) is shown with respect to lime after cyt.c release. B: Shows a magnification of

panel A.
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determined as follows: the time point of cyt.c release
was considered as time 0 in each of the individual cells.
We calculated the relative timing of each of the observed
events for each cell, and the results are plotted in Fig. 3.
TNF-a treatment, cyt.c release, caspase activation, and
cellular shrinkage are indicated as the mean + 5.D. Since
mitochondrial depolarization did not give a normal
distribution, all data for mitochondrial depolarization
were plotted. Each plot represents the results from a
single cell. Figure 3B shows magnification at around
time 0.

The relative timing of TNF-a treatment and mito-
chondrial depolarization was found to deviate sub-
stantially, whereas the relative timing of caspase acti-
vation and cellular shrinkage gave only a small devia-
tion. A substantial amount of time was required for the
initiation of cyt.c release, and the duration varied
between cells; however, after cyt.c release, the sub-
sequent reactions occurred rapidly. After cyt.c release,
cells are unable to stop or delay the cell death process.

Mitochondrial depolarization occurred before both
caspase activation and cellular shrinkage in some of the
cells (n=4), but mitochondrial depolarization occurred
after caspase activation and cellular shrinkage in other
cells (n=6). This finding suggests that mitochondrial
depolarization is not necessary for either caspase acti-
vation or cellular shrinkage. Mitochondrial depolariza-
tion has been consistently reported as being associated
with cell death, but it is not thought to be a critical step
in the induction of apoptotic cell death.

Effects of the duration of TNF-a treatment

At the first step of TNF-a-induced cell death, TNF-a
binds with its receptor on the cell surface, and an extra-
cellular signal is transferred into the cell. After this step,
Bid transfers the signal to the mitochondria, and then
cyt.c is released from the mitochondria to the cytosol.
Our results shown in Fig. 3 indicate that these processes
took about 4 h. In order to analyze the timing of the onset
of the earliest steps, we attempted to determine the point
in time at which the first step started. To this end, we
changed the duration of TNF-a exposure and measured
the resulting cell survival rate. Cells were divided to two
groups, as shown in Fig. 4A, and the cells were exposed
to TNF-a for 0 - 12 h. In group A, the survival rate was
measured immediately after TNF-a exposure. In
group B, TNF-a was washed off after the indicated
exposure time, and the cells were cultured in fresh
medium without TNF-a for an additional 6 — 11 h, and
the survival rate was then measured. If the cell death
process proceeded after the removal of TNF-a, the
survival rate would be expected to be reduced due to the
additional culture period after the removal of TNF-a. In

other words, more cells would be expected to have died
in group B than in group A with the same amount of
TNF-a exposure time.

The results showed that the survival rate decreased
with increasing TNF-a exposure time (Fig.4B).
However, the survival rate did not decrease after TNF-a
removal. This result suggests that the dead cells in
group B had died during the period of TNF-a exposure,
and that those cells that had survived during TNF-a
exposure did not die after the removal of TNF-a. Thus,
the cell death process is likely to proceed only when the
cells were exposed to TNF-a. The survival rate in
group B increased when cells were exposed TNF-a
for 6 h. The biological meaning of this increase was
unknown; however, this result did not disturb our
conclusion.
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Fig. 4. Cell survival rate after TNF-a exposure. Panel A: Experi-
mental design of the TNF-a exposure analysis. Thick lines represent
the incubation in the presence of TNF-g, and thin line represents the
incubation in the absence of TNF-a. In group A, cells were exposed
to TNF-a for the indicated amount of time, and the cell survival rate
was measured immediately. In group B, cells were exposed in the
same manner as that used for group A. Then, the TNF-a was washed
out, and the cells were cultured in fresh media for 6 — 11 h. Then, the
cell survival rate was measured. The total duration of the culture
period after the onset of TNF-a exposure was 12h in groupB.
Panel B: The cells in groups A and B were exposed to TNF-a for 1, 2,
3, 6, or 12 h, and the cell survival rates were determined. Each bar
represents a mean + S.D. (n=6). **P<0.01 vs time 0, according to
Dunnett’s test. "P<0.05 between groups A and B, according to
Student’s r-test.
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Discussion

This is the first report to reveal the precise temporal
relationships between four reactions (mitochondrial
depolarization, cyt.c release, caspase activation, and
cellular shrinkage) in TNF-a-induced cell death.
Because the onset of these reactions varied among
individual cells, real-time single-cell imaging is the
only currently available method to reveal temporal
relationships between these reactions. We described our
three-color real-time imaging technique in this report.
Rehmetal. has reported the simultaneous real-time
imaging of caspase activation and Smac release by using
CFP/YFP-FRET sensor and YFP-tagged protein (26).
They used the same color, YFP, for the observation
of both reactions. It is possible to identify two reactions
as they discussed, but it may be difficult to identify
small changes occurring in the cell by their method.
Previously, we revealed that DsRed was useful for
FRET analysis of caspase activation (24). In this report,
we observed caspase activation and cyt.c release with
YFP/DsRed-FRET sensor and CFP-tagged protein. By
using fluorescent probes in different colors, each
reaction could be easily and precisely identified in a
single cell.

We observed cell death at the single-cell level with a
resolution period of 0.5 — 1 min, and we revealed that the
relative timing between cyt.c release, caspase activation,
and cellular shrinkage remained constant in all of the
dying cells observed; however, the timing of mito-
chondrial depolarization showed a large deviation
(Fig. 3). After cyt.c release, apoptosome formation,
caspase-9 activation, caspase-3 activation, and the
cleavage of various substrates that lead to apoptotic cell
death are initiated. Our results revealed that this series of
reactions takes place within 10 min and that the time
course of this process was identical among all of the
dying Hel a cells.

Mitochondrial depolarization was observed in all
dying cells, but we considered that mitochondnal
depolarization was not the cause of cyt.c release, caspase
activation, and cellular shrinkage. Mitochondrial depo-
larization was found to occur at any time after cyt.c
release. Mitochondrial depolarization was observed after
caspase activation and cellular shrinkage in 60% of the
observed cells. These results exclude the possibility that
mitochondrial depolarization is a cause of cyt.c release,
caspase activation, and/or cellular shrinkage. This is
consistent with previous findings that cell death
occurred without mitochondrial depolarization. Li et al.
have shown that caspases are activated independently of
mitochondrial depolarization in TNF-a-induced cell
death (27). Krohn etal. have shown that cyt.c release

and caspase activation occurred in the absence of
mitochondrial depolarization in cell death of hippo-
campal neurons (28). Several studies suggested that
mitochondrial depolarization is a critical step for cell
death (29), but our results support the idea that mito-
chondrial depolarization is not crucial to the cell death
process.

Cyt.c release may be a key step in two independent
series of events, that is, the cell death process and
mitochondrial depolarization. We speculate that cells
might try to maintain cellular homeostasis by keeping
membrane potential after cyt.c release. While maintain-
ing the membrane potential, the released cyt.c immedi-
ately initiated the cell death process in the cytosol, and
thus caspase activation and cellular shrinkage always
took place within a short period of time. The timing of
mitochondrial depolarization did not appear to be
relevant to this process.

A number of imaging analyses have demonstrated that
each cell death event is a rapid process. Initiator- and
effector-caspase activation both proceed rapidly (23, 24,
30 -32). Cyt.c is also released rapidly in a single step
(33 —35). Likewise, Smac/DIABLO is released rapidly,
although the duration of Smac/DIABLO release is
greater than that of cyt.c (26). Several multi-event
imaging studies have suggested that cell death events
occur almost simultaneously. Initiator caspase activa-
tion/effector caspase activation, effector caspase activa-
tion/mitochondrial depolarization, cyt.c/smac, and
effector caspase activation/smac release had been
analyzed simultaneously at the single-cell level and were
found to occur almost simultaneously (24, 26). These
findings, taken together with our present results, suggest
that the cell death cascade proceeds rapidly after
mitochondrial changes take place.

Once cyt.c was released, the following reactions
proceed in a rapid manner. However, it did take
253.4 £ 92.5 min from TNF-a treatment to cyt.c release,
and this duration varied from cell to cell (Figs. 3 and 4).
We observed some cells that had died within 1h in
imaging analysis, indicating that cells have the ability to
induce cell death within 1 h, and suggesting that certain
factors may delay signal transduction and the timing of
cell death. The results shown in Fig. 4 indicate that these
factors were active only when the cells were exposed to
TNF-a. We considered two possible explanations for
these findings. 1: Each TNF-a molecule changed the cell
slightly, and the changes induced by one molecule were
not sufficient to induce the cell death cascade on their
own. However, many TNF-a molecules attacked the
cell, and intracellular changes thus accumulated. When
the accumulated changes exceeded the threshold level,
the cell death cascade would be expected to have



166 H Kawai et al

proceeded rapidly. 2: TNF-a could induce intracellular
changes by chance. According to this explanation, TNF-
a molecules would bind with the TNF receptor, but only
some of them would be able to induce intracellular
change. If some TNF-a molecules successfully induce
intracellular changes, then the cell death cascade would
proceed rapidly. The more TNF-a molecules that are
present around the cell, and/or the longer these TNF-a
molecules attack the cell, the higher the probability of a
successful attack, and it can be expected that more cells
will die. According to both of these models, the cell
death process would not proceed in the absence of TNF-
a exposure; therefore, those cells that survived during
TNF-a exposure would not be expected to die after the
removal of TNF-a.

One of the Bel-2 family proteins, Bid, was cleaved to
tBid due to the cell death signal, and the tBid transferred
the signal from the cytosol to the mitochondria (36).
Exogenous treatment with tBid is known to induce cell
death immediately (37), and thus reactions that delay
signal transduction may occur at an earlier step than
either Bid cleavage or mitochondrial changes.

As cell death reactions often occur in a rapid manner
and because the timing of the onset of intracellular
reactions varies among cells, precise temporal relation-
ships between cellular events during cell death should
be further analyzed at the single-cell level with high
temporal resolution. Single-cell imaging analyses of
early stages (e.g., receptor oligomerization and the
recruitment of adaptor proteins) will help to elucidate
the mechanism of the entire cell death process.
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