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Abstract

The antitumor activity of Anoectochilus formosanus
Hayata (Orchidaceae), a popularly used folk medicine in
the treatment of cancers in Asia, was investigated in
MCF-7 human mammary carcinoma cells. Plant extracts
of A. formosanus were observed to induce apoptosis
of MCF-7 cells as evidenced by cell-morphological
changes, an early redistribution of plasma membrane
phosphatidylserine, and DNA content distribution stud-
ies. Bioactivity-guided fractionation of A. formosanus
extracts produced a specific ethyl acetate (EA)-parti-
tioned fraction in which apoptotic activity was enriched.
The chemical profile and candidate index compounds of
the active EA fraction were obtained using HPLC and var-
ious spectral analyses. Western blot analysis showed
that upon treatment of MCF-7 cells with the EA fraction,
cleavage of pro-caspases-8, -9, and -7, and poly(ADP-
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ribose) polymerase as well as significant release of mito-
chondrial cytochrome ¢ into the cytosol were readily
observed. Flow cytometry showed that the Fas ligand
protein was overexpressed in EA-treated MCF-7 cells.
Functional genomic studies indicated that specific genes
related to cytoskeleton rearrangement, apoptotic signal
transduction, and various transcription factors were dif-
ferentially regulated in EA-treated MCF-7 cells. Putative
apoptotic signaling pathways of MCF-7 cells in response
to the EA extract of A. formosanus are proposed.

Copyright © 2004 National Science Council, ROC and S. Karger AG, Basel

Introduction

Apoptosis, a form of programmed cell death, is either
developmentally regulated or activated in response to spe-
cific extraceltular and intracellular stimuli or cell injury
[18]. In mammalian cells, apoptosis can be triggered by
members of the Fas and TNF receptor families [14].
Recent studies have shown that apoptosis often involves
disruption of mitochondrial membrane integrity, result-
ing in the release of cytochrome ¢ from mitochondria into
the cytosol, and this activity serves as a decisive factor for
the onset of the cell death process [27]. A number of other
cellular mechanisms are also known to be involved in the
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process of apoptosis, including the regulation of biochem-
ical activities of a family of aspartate-specific cysteine
proteases, known as caspases. Activated caspases can spe-
cifically cleave cellular death substrates and cause bio-
chemical and morphological changes leading to apoptosis
[6].

Recent advances in understanding the modes of action
of various anticancer agents indicate that regardless of the
diverse chemical nature of anticancer drugs, most of them
elicit apoptosis in test tumor cells [7, 25]. For example,
taxol has been demonstrated to induce tumor cell apop-
tosis via a mitochondrial-dependent pathway [9]. Also,
some potent chemopreventive agents, such as sulindac
and other nonsteroidal anti-inflammatory drugs, induce
apoptosis in colon tumors, leading to the prevention of
cancer [21]. Therefore, the discovery and use of apopto-
sis-inducing molecules and the evaluation of their mecha-
nisms of action should aid in the therapeutic manipula-
tion of cancers and also help to understand the intracellu-
lar pathways of apoptosis in cancerous cells.

Extracts of Anoectochilus formosanus are commonly
used in herbal therapies and drink supplements adminis-
tered to patients with cancer in Asian countries. However,
the pharmacological activities of this empirically used
medicinal herb remain to be scientifically elucidated.
Recently, we reported that plant extracts of A. formosanus
exhibit strong antioxidant activities, indicating the poten-
tial for its development into a chemopreventive agent
[24]. In this report, we observed that an enriched ethyl
acetate (EA) fraction from the hot water extract of 4. for-
mosanus conferred significant antiproliferative effects
and induced apoptosis in the human MCF-7 breast cancer
cellline. A phytochemical profile of the EA-bioactive frac-
tion was obtained using HPLC, IR, LC-mass, and one-
and two-dimensional NMR analyses.

Rapid analysis of differential gene expression on a
genome-wide scale became feasible with the development
of DNA microarray technology [8]. This strategy offers a
systematic approach to search for effective targets for
drug discovery and diagnostics [4]. Results of human
c¢DNA microarray analysis in this report revealed that a
specific set of apoptosis-related genes in MCF-7 cells was
highly responsive to treatment with the EA fraction of 4.
Jormosanus. Our findings indicate that the EA fraction of
A. formosanus induces apoptosis in MCF-7 cells via a Fas
ligand-mediated mechanism, in which the gene and pro-
tein expressions of cytochrome ¢ are dramatically in-
creased, and the apical and executive caspases (caspases-
8, -9, and -7) are activated.

Apoptosis of MCF-7 Cells Induced by
Anoectochilus formosanus

Materials and Methods

Chemicals

3-(4,5-Dimethylthiazol-2-yi)-2,5-diphenyl tetrazolium bromide,
MTT, N'-bis(2-ethanesulfonic acid, PIPES, 3-[(3-cholamidopropyl)-
dimethylammonio]-1-propane-sulfonate, CHAPS, N-(2-hydroxyeth-
yl) piperazine-N’-(2-ethanesulfonic acid), HEPES, and plumbagin
were purchased from Sigma (St. Louis, Mo., USA). Agarose was
obtained from Bio-Rad (Hercules, Calif., USA), curcumin was from
ACROS ORGANIES (Morris Plains, N.J., USA), and RPMI 1640
growth medium from GIBCO™ (Inviirogen, N.Y., USA). All other
chemicals and solvents used in this study were of reagent or HPL.C
grade.

Plant Materials

Fresh A. formosanus Hayata (Orchidaceae) plants in the flower-
ing stage were purchased from a reputable Anoectochilus Cultural
Station at Puli, Nantou County, central Taiwan, as officially recom-
mended by Dr. Hsin-Sheng Tsay of the Taiwan Agricultural Re-
search Institute, Taichung, Taiwan, ROC. The authenticity of these
A. formosanus plants was validated by the specific morphological
and anatomical features of the flowers [12]. Voucher specimens (No.
642008010) were deposited at the Herbarium, Institute of Botany,
Academia Sinica, Taipei, Taiwan, ROC.

Preparation and Fractionation of Plant Extracts

Fresh whole plants of A. formosanus (1 kg) were extracted twice,
by boiling for 2 h with 3 volumes of distilled water. The total crude
plant extract (AF-hot, ~49 g dry weight) was collected by centrifuga-
tion at 24,000 g for 20 min at 4 °C, and then lyophilized to dryness. A
stepwise ethanol fractionation procedure, using 50, 75, and 87.5%
(v/v) ethanol, respectively, was employed to obtain the subfractions
AH-I, AH-II, AH-III, and AH-sup from the AF-hot crude extract.
The AH-sup (19.3 g), i.e. the remaining soluble fraction of the AF-hot
extract treated with 87.5% ethanol, was then further subjected to dif-
ferential solvent partitioning using EA, followed by butanol (BuOH),
toyield the EA (= 1.2 g), BuOH (= 3.4 g), and water (= 14.4 g) subfrac-
tions, respectively.

Cell Culture

MCF-7 cells obtained from the American Type Culture Collec-
tion (ATCC, Manassas, Va., USA) were grown in RPMI 1640
medium supplemented with 10% fetal bovine serum, 100 U/ml peni-
cillin, and 100 pg/ml streptomycin. In initial comparative studies,
10% fetal bovine serum was tested for substitution with serum
replacement 2 (Sigma). H184B5F5/M10 (ATCC) cells, a non-can-
cerous human mammary epithelial cell line, were grown in 90%
MEM (GIBCO™) and 10% fetal bovine serum as suggested by the
instruction manual provided by ATCC. All experiments were carried
out at 37°C and 5% CO; on confluent cells in the medium.

Cell Viability Assay

MCF-7 cells (5 x 10310 1 x 10%) were incubated with or without
test plant extracts in medium in 96-well plates for 1-3 days. Cell via-
bility was assayed using the MTT colorimetric dye reduction meth-
od. Survival of MCF-7 cells after treatment with plant extracts was
calculated using the following formula: viable cell number (%) =
[ODs7g (treated cell cuiture)/ODsy (control, untreated cell culture)]
x 100. A 3H-thymidine incorporation assay was also employed to
determine the anti-cell proliferation activity in plant extracts of
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A. formosanus, following the experimental protocol described by
Seufferlein and Rozengurt {18].

Fluorescent Microscopy and Flow-Cytometric Analyses of Tumor

Cells

The Apoalert Annexin V Apoptosis kit (Clontech, Palo Alto, Cal-
if., USA) was used to analyze apoptotic activity in MCF-7 carcinoma
cells. Test cells were treated for 24 h with the EA fraction (1 mg/ml)
or the vehicle control (0.1% DMSO), washed with PBS buffer, resus-
pended in binding buffer, and then stained with Annexin V-EGFP
and/or propidium iodide (PI) for 15 min in the dark. Treated cells
(~2 x 10%) were cytospun at 800 rpm for 5 min and viewed using a
Nikon (Melville, N.Y., USA) ECLIPSE E800 phase-contrast fluores-
cent microscope.

MCF-7 cells (1 x 106 cells), treated with or without plant
extracts, were harvested and fixed with 1 ml ice-cold 70% ethanol at
4°C for 2 h. Total cetlular DNA was stained for 30 min in the dark
with 50 pg/ml of a PI solution containing 100 pg/ml RNase A in PBS
buffer. The number of cells with a sub-G1 DNA content divided by
the number of cells with the DNA content in the whole-cell cycle was
taken as a measure of the percentage of the apoptotic cell population,
using a Coulter EPICS XL flow cytometer (Beckman/Coulter, Dur-
ham, N.C., USA). Data were generated from samples with at least
10,000 cells per assay and analyzed with the DNA MultiCycle pro-
gram (Beckman/Coulter).

Western Blot Analysis

MCF-7 cells (2 x 10°) were washed with PBS once and lysed in
100 pl lysis buffer [20 mM PIPES (pH 7.0), 10 mM NaCl, | mM
EDTA, 0.1% CHAPS, 10% sucrose, 10 mM DTT, 5 mM HEPES,
0.05% (v/v) Triton X-100, 1 mM MgCl,, 2.5 mM EGTA, and 0.44%
(w/v) B-glycerol-phosphate] plus 2 pl protease inhibitor cocktail set
11T (Calbiochem, San Diego, Calif., USA) for 20 min on ice and
extensively vortex mixed every 5 min. After centrifugation, the pro-
tein concentration in the supernatant was determined using a dye-
binding assay (Bio-Rad). Protein samples (40 ug) were separated in a
5-20% gradient mini-SDS-polyacrylamide gel and transferred onto a
PVDF membrane (Millipore, Bedford, Mass., USA). Membranes
were first blocked with 3% (w/v) non-fat dry milk in TBS buffer
(10 mM Tris, pH 7.5, and 100 mM NaCl) for 30 min and then incu-
bated with specific primary antibodies at 4°C overnight with agita-
tion. Mouse anti-glyceraldehyde-3-phosphate  dehydrogenase
(GA3PDH; Biogenesis, Kingston, N.H., USA), rabbit anti-NF-xB
(Oncogene Research Products, Boston, Mass., USA), mouse anti-
poly(ADP-ribose) polymerase (PARP; Transduction Laboratories,
Lexington, Ky., USA), mouse anti-cytochrome ¢ (Pharmingen, San
Diego, Calif., USA), mouse anti-procaspases-2, -7, and -9 (Pharming-
en), and rabbit anti-procaspase-8 (BD Research Products, San Diego,
Calif., USA) antibodies were individually used as primary anti-
bodies. After washing with TBST buffer (0.1% Tween 20 in TBS
buffer), the blotting membrane was treated with alkaline-phospha-
tase-conjugated secondary antibodies at room temperature for 2 h.
Immunoreactive proteins were visualized by the enhanced chemilu-
minescence system according to the manufacture’s protocol (Amers-
ham Pharmacia Biotech, Amersham Place, UK).

mRNA Preparation and cDNA Probe Generation

Total cellular RNA samples of MCF-7 cells treated with plant
extracts or vehicle control {0.4% DMSO) for 3,6, 9, 12, 18,and 24 h
were prepared using the Trizol® reagent and further purified using
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the RNeasy® kit (QIAGEN, Cologne, Germany). Biotin-labeled
c¢DNA probes were generated using the RT-PCR method described
by Lau et al. [11].

Generation, Hybridization, and Colorimetric Signal Detection

of a cDNA Microarray

Candidate ¢cDNAs for generating cDNA microarrays were pre-
pared from IMAGE consortium gene pools or self-constructed cDNA
clones using PCR. The PCR reaction mixtures (100 pl) consisted of
10 U Taq polymerase (Merck, Darmstadt, Germany), 0.2 uM of the
desired primers, 200 pM dNTPs, and 10 ng of template DNA. PCR
was performed with a thermocycling program of 3 min at 95°C, fol-
lowed by 40cyclesof 1 minat 94°C, 1 minat 50°C,and 2minat 72°C
on a PrimusHT thermocycler (MWG-Biotech, High Point, N.C.,
USA). The PCR products were then precipitated by 70% EtOH
{Merck, Darmstadt, Germany), vacuum dried, and dissolved in steril-
ized water toa final concentration of 1.1 ug/ul DNA (=108 molecules of
DNA/spot), before being spotted onto a nylon membrane. Conversion
of coordinate and database constructions was established using Gene-
Trend™ software (U-Vision, Taipei, Taiwan, ROC). Probe hybridiza-
tion and color development were adapted from the colorimetric system
published elsewhere [11]. The PA5500™ arrayer and nanoliter quan-
titative aspirate-dispenser (nQUAD™) with microplate stacker Pega-
sys™ 150 (Cartesian Technologies, Research Triangle Park, N.C.,
USA) were the printing system for generating the DNA microarrays. A
3,000-dpi light scanner (Umax, Taipei, Taiwan, ROC) combined with
Imagene® (Biodiscovery, Boston, Mass., USA) and QuantArray® soft-
ware, and statistical programs developed at U-Vision Biotech, Taipei,
Taiwan, ROC (http://www.u-vision-biotech.com/) were used to per-
form image and microarray data analyses.

Chemical Fingerprint Analysis of the EA Fraction of

A. formosanus

Analytical HPLC was performed to analyze the chemical finger-
print of the EA fraction from the A. formosanus extract. A Waters
(Milford, Mass., USA) HPLC system equipped with a Waters 600 con-
troller, Waters delta 600 pump, and 2487 duel A absorbance detector
was used. A 5-um Si-60 column (250 x 10 mm, Merck) was employed
with two solvent systems: n-hexane (A) and ethyl acetate (B). The elu-
tion gradient profile was set as follows: 0-5 min, 70% A to B (isocrat-
ic); 5-15 min, 70-30% A to B (linear gradient); 15~ 20 min 30% A to B
(isocratic), and 20-30 min 30-0% A to B, while the flow rate was set at
1.5 ml/min and the detector wavelength was set to 254 nm. Six pure
compounds (1-6) eluted with retention times of 6.0 (1), 8.9 (2), 9.7 (3),
13.5 (4), 14.6 (5), and 18.0 (6) min, respectively, were collected for
structural determination using various spectroscopic analyses. UV
spectra of candidate index compounds were recorded with a Jasco
V-550 spectrometer and IR spectra obtained from a Bio-Rad FTS-40
spectrophotometer. Electron-impact mass spectrometric (EIMS) and
high-resolution EIMS data were collected with a Finnigan (Dreieich,
Germany) MAT-958 mass spectrometer; NMR spectra were recorded
with Bruker Avance (Bremen, Germany) 500 and 300 MHz FT-NMR
spectrometers at 500 (\H) and 75 MHz (*3C). Profiling and quantifica-
tion of index compounds in the EA fraction were performed by HPLC.
The peak areas corresponding to the contents of candidate index com-
pounds in the chromatogram of a known concentration of the EA frac-
tion were calculated based on a standard calibration curve of individu-
al index compounds. Standard calibration curves (peak areas vs. con-
centrations) of compounds 2 and 4, ranging from 0.05 to 1 mg/ml,
were first determined at OD;s4.
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Results

Cytotoxic Effects of A. formosanus Extracts on

MCF-7 Cells

The cytotoxic effects of plant extracts from A. formo-
sanus on the viability of MCF-7 cells were determined by
MTT assays. In setting up the test system, we observed a
very similar pattern of cytotoxic effects for the total crude
extract of the plant (AF-hot), regardless of whether the
culture medium was supplemented with fetal bovine
serum or serum substitute (data not shown), suggesting
that components of fetal bovine serum did not affect the
inhibition of MCF-7 cell proliferation conferred by the
phytocompounds in A. formosanus extracts. We then
observed that the AH-sup fraction showed the most sig-
nificant cytotoxic effect on MCF-7 cells relative to the
AF-hot, AH-I, AH-II, and AH-III fractions (data not
shown). Less than 45% of tested cells were detected as
being viable after treatment with 1.5 mg/ml AH-sup for
48 h. In contrast, more than 70% cell viability was
observed in MCF-7 cells treated with AF-hot, AH-I, AH-
I1, or AH-III using the same dosage. The AH-sup fraction
was therefore further fractionated using EA and butanol
partitions to obtain more enriched and more potent sub-
fractions. As shown in figure 1, the EA fraction conferred
the greatest cytotoxicity to MCF-7 cells, as compared to
the AF-hot, AH-sup, BuOH, and water subfractions. Dos-
ages of plant extract/fraction required to inhibit 50% of
MCEF-7 cell proliferation (ICsg) were found to be 0.86 mg/
ml for AH-sup, 0.08 mg/mi for EA, 1.5 mg/mli for BuOH,
and 2.7 mg/ml for the water fraction. Therefore, a 10-fold
lower ICsy value for anti-MCF-7 cell proliferation was
detected for the EA fraction as compared to that of AH-
sup. Similar results were obtained from the *H-thymidine
incorporation assays (data not shown). These results
strongly suggest that the cytotoxic effect of the 4. formo-
sanus extract on MCF-7 cells was effectively enriched in
the EA fraction. We obtained very similar cytotoxicity
results of EA fractions from different batch preparations
(data not shown). In this study, two well-known phyto-
compounds, namely curcumin and plumbagin, were em-
ployed as positive controls in the anti-MCF-7 cell prolifer-
ation assays, with data also shown in figure 1. Curcumin
has been reported to be involved in anti-cell proliferation
and induction of apoptosis in various types of tumor cells
including MCF-7 cells [23] and human renal carcinoma
Caki cells [26]. Plumbagin, a single-compound drug iso-
lated from Plumbago rosea, is a known plant naphthoqui-
none with demonstrated antitumor and antibacterial
properties [10]. ICsq values for anti-MCF-7 cell prolifera-

Apoptosis of MCF-7 Cells Induced by
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Fig. 1. Antiproliferative effect of AF-hot (¢), AH-sup (O), EA (W),
BuOH (A), and water (A) fractions of A. formosanus extract on
MCF-7 mammary carcinoma cells. Relative cell viability (%) was
measured 48 h after treatment of test cells with or without (control)
the indicated doses of plant extracts (0.075-1.5 mg/ml) or curcumin
(1-20 pg/ml, O), using MTT assays. Cell viability of plumbagin-
treated MCF-7 cells (@) was determined after 3 h of treatment at
doses ranging from 0.1 to 20 pg/ml. Curcumin and plumbagin were
used as positive controls in this experiment. Each data point repre-
sents the mean = SE of 3 independent experiments.

tion of curcumin and plumbagin were found to be 7.5 ug/
ml (48-hour treatment) and 5 pg/ml (3-hour treatment),
respectively.

H184BSF5/M10 cells, a non-cancerous human mam-
mary epithelial cell line, were employed to test the poten-
tial cytotoxicity of the EA extract and curcumin using the
MTT assay. We observed that the EA fraction exhibited
an approximately 15-fold higher ICso value (~ 1,200 pg/
ml) for the antiproliferative effect against H184B5F5/
M10 cells than that for anti-MCF-7 cell proliferation (80
ug/ml) after 48 h of treatment. The ICsg values of curcu-
min for anti-MCF-7 and anti-H184B35F5/M 10 cell prolif-
eration were both determined to be approximately 7.5 ug/
ml after 48 h of treatment. These results indicate that cur-
cumin conferred a lower specificity for discriminating
between tumor and normal cell types as compared to that
of the EA fraction of A. formosanus.

The EA Fraction of A. formosanus Extract Induces

Apoptosis in MCF-7 Cells

Light microscopy was employed to examine the cellu-
lar morphology of MCF-7 cells after treatment with A. for-
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Fig. 2. Microscopic examination of normal versus EA fraction-treated MCF-7 cells in culture, as stained with Annex-
in-VY and PI. log phase MCF-7 cells in culture were treated with the EA fraction (1 mg/ml) for 24 h and stained with PI
plus Annexin-V (A) or Annexin-V alone (B). €, D MCF-7 cells treated with 0.1 % DMSO (vehicle control), and stained
with PI plus Annexin-V. A, B, D Fluorescent photomicrographs taken with an Olympus PM-30 camera on a Nikon
ECLIPSE E800 microscope (magnification: x 200) using a B-2A filter (Ex 450-490). € Bright-field view of D.

mosanys extracts. In comparison to vehicle control-
treated cells, EA-treated MCF-7 cells showed cell shrink-
age, cytoplasmic blebbing, and the formation of apoptotic
bodies (data not shown). An early redistribution of plas-
ma membrane phosphatidylserine was also readily de-
tected in MCF-7 cells after treatment with the EA fraction
(1 mg/ml) for 24 h, as determined using Annexin V-GFP
and PI staining (fig. 2), suggesting that the EA fraction
effectively induced apoptosis in MCF-7 cells. We further
used Annexin V-GFP staining (Clontech Laboratories)
and flow cytometric analysis to examine the early events
of apoptosis in MCF-7 cells induced by the EA fraction.
We observed that the population of Annexin-V-stained
MCF-7 cells increased in a dose-dependent manner when
treated with the EA fraction for 24 h at concentrations
ranging from 50 to 1,000 pg/ml. Percentages of apoptotic

932 J Biomed Sci 2004;11:928-939

MCF-7 cells were determined to be 1.2, 2.9, 7, and 20%
when test cells were treated with 50, 150, 500, and
1,000 ug/ml EA, respectively. Figure 3 shows the typical
flow cytometric profiles of DNA content and cell cycle
behavior of MCF-7 cells with or without treatment with
the EA extract. After 48 h of treatment, approximately
25% of total MCF-7 cellular DNA was detected as apoptot-
ic (determined from the sub-G1 peak), and the level rose to
71% 72 h after treatment. Cell cycle arrest activity was not
detected in MCF-7 cells treated with the EA fraction.

The EA Extract Induces FasL. Expression in MCF-7

Cells

It is known that expression of the Fas ligand (FasL) can
effectively mediate apoptosis by its binding to the cognate
receptor, Fas [14]. In this study, results obtained from

Shyur/Chen/Lo/Wang/Kang/Sun/Chang/
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content in normal and apoptotic MCF-7
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Jformosanus extract, and later harvested at
the indicated time points. M1 denotes the
apoptotic peak.

flow cytometric analysis using the FITC-labeled anti-
human FasL IgG1 antibody demonstrated that the EA
extract of A. formosanus significantly induced the expres-
sion of FasL in MCF-7 cells. Upon treatment with EA for
5-16 h, FasL protein expression in MCF-7 cells drastical-
ly increased from 10 to 76%, relative to non-treated cells
(fig. 4A, B), in a time-dependent manner. The TNF-a-
and IFN-y-induced cell surface expressions of FasL in
MCF-7 cells [15] were employed as reference controls in
this experiment. Eighty percent FasL protein expression
was observed in MCF-7 cells treated with both cytokines
(fig. 4A, B).

Apoptosis of MCF-7 Cells Induced by
Anoectochilus formosanus

200 400 600 800
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Cellular Mechanisms of EA-Fraction-Induced

Apoptosis in MCF-7 Cells

The potential cellular mechanisms of apoptosis in
MCEF-7 cells induced by the EA plant extract of A. formo-
sanus were characterized using immunoblot analysis. Fig-
ure 5 shows that significant increases in the levels of cyto-
solic cytochrome ¢ and proteolytic cleavage of pro-cas-
pase-8 (~ 55 kDa) were detected within 16 h of MCF-7
cells being treated with the EA fraction (fig. 5A). Between
24 and 32 h after treatment, proteolytic processing of cas-
pase-7 and -9, known to be involved in the early activa-
tion cascade of apoptosis, was also effectively activated in
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Fig. 4. EA fraction of A. formosanus induces FasL expression in
MCEF-7 cells. MCF-7 cells were untreated (isotype control) or treated
with 1 mg/ml EA extract or 0.4% DMSO (vehicle control), for 5, 8, or
16 h. MCF-7 cells treated with 10 ng/ml TNF-¢ and 200 U/m] IFN-y
for 48 h were employed as a reference control of FasL expression.
FasL expression was quantified using flow cytometry, by staining
cells with mouse anti-human FasL IgG (clone NOK-1) or isotype
control mouse IgG (MOPC-21), followed by FITC-conjugated rat

MCEF-7 cells. Upon EA treatment, the level of Rel A, a
subunit (p65) of NF-xB known to be directly involved in
the inhibition of apoptosis [13], was only slightly sup-
pressed in MCFE-7 cells (fig. 5A). Time-dependent proteo-
lytic cleavage of PARP, another hallmark of apoptosis,
was observed with an accumulation of a 28-kDa prod-
uct and a concomitani disappearance of the full-size,
113-kDa enzyme molecule (fig. 5B). Bcl-2 and Bax pro-
teins in MCF-7 cells were not found to be responsive to
EA treatment (data not shown).
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anti-mouse IgG. A Fluorescent intensities obtained from isotype
control cells (black images), vehicle control cells (gray images), and
EA- or TNF-o+IFN-y-treated cells (white images), as analyzed using
a Coulter EPICS XL flow cytometer (Beckman Coulter) with Expo
XL 4 Cytometer software. B FasL protein expression (%) of vehicle
control cells (white bars) and EA- (black bars) or TNF-a+IFN-y-
treated cells (grey bar), relative to isotype control cells.

Gene Expression Profiles in MCF-7 Cells in Response

to EA Treatment

Broad-range, 9,800-dot, duplicate spot-formatted sets
of known human ¢cDNA microarrays were employed to
collect genomic information on the mechanisms of 4. for-
mosanus extract-induced apoptosis in MCF-7 cells. Re-
sults from two duplicate experiments showed that the
scatter plots derived from normalized signals at various
treatment time points with EA were well correlated and
reproducible. Along with statistical analysis of the annota-
tion of specific genes and gene clusters, a summary of dif-
ferentially expressed genes with at least 3-fold changes in

Shyur/Chen/Lo/Wang/Kang/Sun/Chang/
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Fig. 5. Western blot analyses of caspases-7,
-8, and -9, cytochrome ¢, NF-xB, GAPDH
(A), and PARP (B) in MCF-7 cells treated
with 0.4% DMSO (vehicle control) or with
the EA fraction of 4. formosanus. Aliquots of
cell lysates were subjected to 5-20% SDS
gradient gel electrophoresis. Detailed trans-
blotting and immunostaining procedures are
described in the Materials and Methods.
Specific protein contents in control or EA-
treated MCF-7 cells were quantified using
densitometry. Relative protein contents (%)
of EA-treated and control cells are presented
as the protein level detected at various time
points divided by the protein content at 4 h
in either EA-treated or control cells.
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Table 1. Overview of differentially
expressed genes in MCF-7 cells responsive x-fold change
to the EA fraction of 4. formosanus :
revealed by DNA microarray and Apoptosis
bioinformatic analyses c-Jun proto-oncogene (JUN) 11
14-3-3 epsilon 5
Cytochrome ¢ 5
ADP-ribosyltransferase (NAD+; PARP) 5
Protein kinase C# 4
FAST 3
Cell proliferation and growth arrest
Cyclin-dependent kinase inhibitor 2A 17
Protein phosphatase 2, regulatory subunit B (B56), y isoform? 12
DNIJ3/CPR3 mRNA 10
Regulator of mitotic spindle assembly 1 9
Cytoskeleton
Group-specific component (vitamin D binding protein) 4
Cell division cycle 42 (GTP binding protein, 25 kDa): CDC42 3
Actin-related protein 2/3 complex, subunit 2, 34 kDa: ARPC?2 3
Signal transduction
Protein phosphatase 2, regulatory subunit B (B56), vy isoform? 12
Phosphotyrosine-independent ligand p62 for the Lck SH2 10
Tight junction protein 1 (zona occludens 1) 10
Tyrosine kinase (Tnk1) 6
Galactokinase 1 6
Diacylglycerol kinase & 5
Protein tyrosine phosphatase, non-receptor type 12 5
ATP synthase lipid-binding protein P2 precursor 5
Phosphatidylinositol 4-kinase o (P14K-o) 5
Protein kinase C? 4
Phospholipase C8 1 3
Type 1 inositol 1,4,5-trisphosphate receptor (IP3R-1) 3
Stress-activated protein kinase JNK2? 3
Stress-responsive serine/threonine protein kinase Krs-12 5
Protein tyrosine phosphatase, receptor type, ¢ polypeptide 3

Genes denoted in italics represent those that were downregulated in MCF-7 cells.
2 Genes that can be subgrouped into more than 1 functional category.

MCEF-7 cells is shown in table 1. In total, 52 genes of
MCE-7 cells were found to exhibit more than a 3-fold
change in specific activity when treated with the EA frac-
tion, and 28 of them functionally relevant to apoptosis
and signal transduction are listed in table 1. For example,
the mRNA expression levels of cytochrome ¢, PARP, and
TGF-B superfamily proteins were upregulated, correlat-
ing well with the observed activity of apoptosis in test
cells. Gene expressions of caspases-2 and -8, however,
were not found to be responsive to EA treatment. It has
been demonstrated that activation of caspase-8 occurs
through autoproteolytic processing after formation of pro-

936 J Biomed Sci 2004;11:928-939

caspase-8 protein oligomers, leading to the initiation of
the caspase signaling cascade in apoptotic cells [5, 17, 29].
Our observations agree well with and are supported by the
model in which the autoprocessing of caspase-8, without
affecting its transcription level, initiates the proteolysis of
the downstream executive caspases, e.g. caspase-7 in our
case. The cell division cycle 42 (cdc42) gene was found to
be downregulated after 9 h of EA treatment. More than a
5-fold increase in gene expression levels were detected for
the regulator of mitotic spindle assembly 1, diacylglycerol
kinase 8, and c¢-Jun proteins, which were demonstrated to
be correlated to morphological changes in apoptotic cells,
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Absorbance
o

Fig. 6. Chemical fingerprints and candidate
index compounds of the EA fraction of 4.
Jormosanus. The chromatogram of the EA
fraction was obtained from a Si-60 HPLC
system. Six compounds are suggested in this
study as useful index or reference com-
pounds, including (1) a long-chain aliphatic —
acid; (2) a-amyrin trans-p-hydroxy cinamate;
(3) o-amyrin cis-p-hydroxy cinamate; (4)
isorhamnetin; (5) kinsenone, and (6) p-hy-
droxybenzyl alcohol.

as we suggested here for EA-treated MCF-7 cells. Fas-acti-
vated serine/threonine kinase (FAST) has been shown to
be activated during Fas-mediated apoptosis [22]. In our
experiments, a 3-fold increase in FAST gene expression,
as evaluated using the cDNA microarray as well as North-
ern blot analyses, was observed in EA-treated MCF-7 cells
(with 9 h of treatment).

Chemical Fingerprinting of the EA Fraction from

A. formosanus

Mass spectrometric and NMR analyses together with
spectral data published from our laboratory and others[1,
24] have led to the identification of six compounds in the
EA fraction of A. formosanus. These include a long-chain
aliphatic acid (1), a-amyrin trans-p-hydroxy cinamate (2),
a-amyrin cis-p-hydroxy cinamate (3), isorhamnetin (4),
kinsenone (5), and p-hydroxybenzyl alcohol (6), as indi-
cated by HPLC in figure 6. In this study, a-amyrin trans-
p-hydroxy cinamate (2) and isorhamnetin (4) were chosen
as candidate index compounds of A. formosanus, and
their contents were quantitatively determined in the
bioactive EA fraction using HPLC. One gram of EA
extract was quantitatively detected to contain 4.9 (0.49%)
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and 52.3 mg (5.23%) of a-amyrin trans-p-hydroxy cina-
mate and isorhamnetin, respectively. The spectral data of
g-amyrin frans-p-hydroxy cinamate and isorhamnetin are
summarized as follows.

a-Amyrin frans-p-hydroxy cinamate (2): white solid;
mp 105-106°C; EIMS for CyHsc03 found 3572.43;
THNMR (CDCl3): ¢ (ppm) 7.62 (d, J = 8.0), 7.45(d, J =
8.0), 6.85 (d, J = 18.2), 6.32 (d, J = 18.2), 5.22 (m), 4.70
(m), 1.17 (s), 1.01 (s), 1.00 (s), 0.96 (s), 0.90 (s), 0.89 (s),
0.86 (s).

Isorhamnetin (4): yellow amorphous powder; EIMS for
Ci6H 1207 found 312.6; 'THNMR (CDClL): ¢ (ppm) 7.96
(d, J=2.0),756(d,J=28.02.1),7.04(d, J=7.38), 6.39
(d,J=2.0),6.20(d, J=2.0).

Discussion

In the present study, we demonstrate that the EA
extract of A. formosanus inhibits proliferation of MCF-7
human mammary carcinoma cells through the induction
of cell apoptosis. Cellular, biochemical, and functional
genomic evidences indicate that treatment with the 4. for-
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mosanus extract may have caused transcriptional disor-
der of cytoskeletal biosynthesis, accompanied by both
FasL-~induced proteolytic cell death and a protein-kinase-
C-associated apoptotic process in MCF-7 cells.

FasL, a 40-kDa type II transmembrane protein, has
previously been shown to mediate apoptosis by binding to
its cognate receptor Fas (APO-1/CD95) [14], and FAST is
activated during Fas-mediated apoptosis [22]. In this
study, FasL protein levels were significantly increased
and the mRNA expression level of FAST was upregulated
upon EA treatment of MCF-7 cells (fig. 4, table 1). It is
generally believed that there are two distinct primary
apoptotic signaling pathways in mammalian systems: one
mediated by death receptors controlled by caspases-8 and
-10, and the other by release of cytochrome ¢ and activa-
tion of a capase-9/Apafl/cytochrome ¢ apoptosome [19].
We found that EA fraction-induced MCF-7 cell apoptosis
occurred concomitantly with activation of caspase-8 (16 h
after treatment), significant cytosolic cytochrome ¢ accu-
mulation (16-24 h after treatment), and the proteolytic
digestion of caspase-9 (32 h after treatment; fig. 5). In this
study, pro-caspase-7 was proteolytically cleaved in MCF-
7 cells (24-32 h after EA treatment) after significant accu-
mulation of cytochrome ¢ in the cytosol (fig. 5). It has
been reported that cytochrome c-triggered caspase activa-
tion can result in rapid cleavage of PARP [6]. In this
study, the results of cDNA microarray, Northern blot,
and Western blot analyses together demonstrated that in
response to EA treatment, PARP was cleaved, and this
cleavage, which was regulated at both the transcriptional
and post-translational levels in MCF-7 cells, may have
been due to the release of cytochrome ¢ into the cytosol
and activation of caspases. We, therefore, propose herein
a putative apoptotic pathway (mechanism 1) via FasL
expression and activation of apical and executive cas-
pases in MCF-7 cells upon treatment with the EA fraction
of A. formosanus.

On the basis of the results obtained from functional
genomic studies, we propose that another distinct apop-
totic signaling pathway may be active in EA-treated MCF-
7 cells. Mechanism II involves several proteins, including
phospholipase C, protein kinase C, the type 1 inositol
1,4,5-triphosphate receptor (IP3R-1), c-Jun N-terminal
kinase (JNK), and c-Jun, which have been reported to
play important roles in apoptosis [2, 6, 20]. We show here-
in that the expression of their encoded genes was sequen-
tially upregulated 9-24 h after MCF-7 cells were treated
with the EA fraction. Moreover, expression of the cyto-
skeleton-related gene, cdc42 [3], and actin-related protein
2 (ARPC2) [16] was suppressed during the early stage of
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EA treatment (3-6 h after treatment). These observations
may be correlated to alterations in shape and culture of
EA-treated MCF-7 cells. Further biochemical and cellu-
lar biological experiments are necessary to confirm oper-
ation of the mechanism II signaling pathway in these test
cells.

In conclusion, we demonstrate in this study that the
EA fraction of 4, formosanus extract triggers apoptosis in
MCE-7 cells. We also tested the anti-MCF-7 cell prolifera-
tion effect of six major compounds isolated from the EA
fraction, namely e-amyrin trans-p-hydroxy cinamate (2),
isorhamnetin (4), kinsenone (5), caffeic acid, quercetin,
and rutin. However, none of these constituent com-
pounds, alone or in combination, showed significant anti-
MCF-7 cell proliferation as compared to the EA fraction.
Obviously, we cannot rule out that untested minor com-
ponents might account for the observed effect. Alterna-
tively, the detected bioactivity of the EA fraction against
MCF-7 cells might be combinational or synergistic, mani-
fested by a group of cross-interacting phytocompounds
present in the EA fraction, resulting in a relatively com-
plex mode of action. This hypothesis is based on repeated
observations and experiences of many researchers work-
ing in phytochemistry and herbal medicine. They have
observed many cases of an isolated single major com-
pound from a herbal extract which does not possess bioac-
tivity similar to that detected in partially fractionated
plant extracts. Furthermore, synergistic or cross-talk ef-
fects are now quite familiar to molecular biologists, as
revealed by the large volume of findings from DNA
microarray gene expression profiling and proteomic stud-
ies. We recently reported a case relevant to the present
study in which a medicinal herb extract and a single-com-
pound drug conferred similar complex pharmacogenomic
activities in MCF-7 cells [28]. Therefore, many re-
searchers acknowledge that the bioactivity of a herbal
extract may not be solely dependent on the action of a
single compound. We show in this study that various
bioactivities detected from the partially purified (EA)
fraction of the medicinal plant 4. formosanus can in fact
be highly specific as demonstrated by a series of biochem-
ical and microarray analyses. The consistency and repro-
ducibility of the anti-MCF-7 cell bioactivity of the EA
fraction were repeatedly confirmed by qualitative and
quantitative determinations of the metabolite profile and
index compounds in the EA fraction. Therefore we sug-
gest that our results provide useful scientific evidence to
support that 4. formosanus extract, a folk medicine his-
torically used for cancer treatment, exhibits antitumor
cell activities, Previously, we have also reported that the
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EA fraction of A. formosanus exhibits significant antioxi-

dant activity [24]. Taken together, this study suggests that

the EA fraction of the A. formosanus extract merits fur-
ther investigation as a potential cancer chemopreventive

agent.
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