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Abstract

While agents targeting estrogen receptors are most effective in adjuvant therapy for human breast cancers expressing estrogen
receptors after surgery, breast cancers lacking estrogen receptor are clinically serious, because they are highly malignant and exhibit
resistance to the usual anti-cancer drugs, including estrogen receptor-antagonists and DNA breaking agents. Here, we found that
MX-1, a human breast cancer cell line lacking estrogen receptors, exhibited higher AP-1 activity and expressed higher levels of c-
Jun, ¢-Fos, and Fra-1 when compared with conventional estrogen receptor-positive human breast cancer cell lines. The prenylphenol
antibiotic ascochlorin suppressed the AP-1 activity of MX-1 cells, and selectively killed MX-1 cells, partly due to induction of apop-
tosis. Our results suggest that AP-1 is an effective clinical target molecule for the treatment of estrogen receptor-negative human

breast cancer.
© 2005 Elsevier Inc. All rights reserved.
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Although systemic treatments for breast cancer
including the combination of surgery, hormone therapy,
chemotherapy, and irradiation are commonly believed
to be effective in prolonging patient survival, despite
the different genomic backgrounds of each breast can-
cer, the most important factors for prognosis are estro-
gen receptor (ER) expression and HER-2 gene
expression [1,2]. It is now particularly clear that patients
with ER-positive tumors benefit substantially from hor-
mone therapy [3]. For patients with ER-negative tu-
mors, on the other hand, no effective therapy regimens
have been established and prognosis is generally poor.
It is therefore important to find new agents that are
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selectively effective against ER-negative breast cancer
cells.

Ascochlorin is a prenylphenol antibiotic, originally
isolated as an anti-virus agent produced by an incom-
plete fungus, Ascochyta visiae [4,5]. Ascochlorin and
its derivatives exhibit a large variety of physiological
activities including hypolipidemic activity [6,7], suppres-
sion of hypertension [§], amelioration of type I and II
diabetes [9,10], immunomodulation [11,12], and anti-tu-
mor activity [12,13]. Ascochlorin and ascofuranone, one
of its derivatives, inhibit oxidative phosphorylation by
inhibiting ubiquinone-dependent electron transport in
isolated mitochondria [14-16], and it is suggested that
the anti-viral activity of ascochlorin and the macro-
phage activation by ascofuranone are caused by this
inhibitory activity on mitochondria respiration
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[14,15,17]. They also modulate activity of nuclear hor-
mone receptors, and ascochlorin activates transcription
of human ER [18,19], thus suggesting that mechanisms
other than those involving the respiratory chain contrib-
ute to their physiological activities. We recently found
that ascochlorin selectively suppressed the AP-1 activity
of human renal carcinoma cells, and its downstream tar-
gets such as matrix metalloproteinase-9 promoter
(Chang et al., unpublished results).

AP-1 is a family of homodimeric or heterodimeric
transcription factors composed of basic region-leucine
zipper proteins that belong to the Jun, Fos, and Jun
dimerization partners and closely related transcription
activating partners [20,21]. AP-1 has been implicated
in transcriptional regulation of a wide range of genes
participating in cell survival, proliferation, oncogenesis,
and apoptosis [21,22].

In this study, we found that AP-1 activity and expres-
sion of components of AP-1 significantly increased in
ER-negative breast cancer cell lines, and that inhibition
of AP-1 activity by ascochlorin selectively reduced their
survival. Our results suggest that AP-1 is an effective tar-
get for chemotherapy in ER-negative breast cancers.

Materials and methods

Cell culture. Human breast cancer cell lines, MX-1, MDA231, and
ZR-75-1, were purchased from American Type Culture Collection
(MD, USA) and KPL-1, KPL-4 were kindly provided by Dr. J.
Kurebayashi (Kawasaki Medical College, Okayama, Japan) [23,24].
MCF-7 was purchased from Human Cell Science (Osaka, Japan). The
human osteosarcoma cell line U20S was obtained from Nicholas H.
Heintz (University of Vermont, Burlington, VT, USA). All cells were
cultured and maintained in DMEM supplemented with 5% fetal bo-
vine serum.

Plasmids and antibodies. A luciferase reporter plasmid for AP-1
(pTRE-luc), which contains the AP-1-binding region of the collagenase
promoter, was a kind gift from Yvonne M.W. Janssen-Heininger
(University of Vermont, Burlington, VT, USA). An expression plasmid
for B-galactosidase (pCMV-B-gal) was provided by Nicholas H. Heintz.
Antibodies for c-Jun were purchased from Pharmingen (Transduction
Laboratories, Lexington, KY, USA), those for ERa, c-Fos, Fra-1,
JunB, JunD, caspase-3, and cytochrome ¢ were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA), those for poly(ADP-ri-
bose)polymerase were purchased from Oncogene Science (Boston, MA,
USA), and those for B-actin were purchased from Abcam (Cam-
bridgeshire, UK).

Western blotting. Exponentially growing cells (2 x 10%) were tryp-
sinized and suspended in 50 ul SDS sample buffer (120 mM Tris, 4%
SDS, 20% glycerol, 0.1 mg/ml BPB, and 100 mM dithiothreitol, pH
6.8). For cytochrome ¢, the cytoplasmic fraction prepared as described
previously [25] was dissolved in SDS sample buffer. After SDS-PAGE,
Western blotting of all samples was performed as described previously
[26] using first antibodies and the corresponding second antibodies for
whole immunoglobulins from mouse or rabbit (Amersham Biosci-
ences, Buckinghamshire, UK). Protein signals were visualized by
fluorescence emission using a commercial kit (Roche Diagnosis,
Mannheim, Germany).

Reporter assay. Cells were transfected with the plasmids using
Fugene transfection reagents (Roche Diagnosis) according to the
manufacturer’s instructions. One microgram of luciferase reporter

plasmids and 100 ng of pCMV-B-gal per 30-mm diameter dish were
used for transfection. Luciferase activity (Promega, Madison, WI,
USA) and B-galactosidase activity (Promega) were measured using
commercial kits as described previously [18,19].

MTT-dye reduction assay. Cell viability of drug-exposed breast
cancer cells was determined by dimethylthiazol diphenyltetrazolium
(MTT) dye reduction assay, which is based on the measurement of
mitochondrial respiratory function [27,28]. Briefly, breast cancer cells
(5% 10* cells/well) were plated in 96-well flat-bottomed plates (Nunc,
Roskilde, Denmark), allowed to adhere for 24 h. After incubation,
cells were exposed to various concentrations of ascochlorin for 48 h
and were then incubated with MTT dye (Roche Diagnosis, 100 pg/
well) for 2 h. The resultant formazan deposits were solubilized with
20 ul of 10% SDS, and the absorbance at 590 nm was measured. All
data were calculated and expressed as percent AS90 of control cells
(without treatment, set at 100%).

Nuclear staining. Cells (2 x 10° cells) cultured on a coverslip were
fixed with 4% paraformaldehyde in PBS for 15 min, permeabilized with
0.1% Triton X-100 in PBS for 15 min, and stained with 3 pg/ml
Hoechst 33342 (Sigma, St. Louis, MO, USA) for 15 min. Nuclear
morphology of the stained cells was observed using a fluorescence
microscope.

Results and discussion

Expression of AP-1 proteins in human breast cancer
cell lines was examined by Western blotting (Fig. 1).
MX-1 is an ER-negative human breast cancer cell line,
while MCF-7 and ZR75-1 are cell lines that express
ERa. MX-1 expressed higher levels of c-Fos, Fra-1,
and c-Jun when compared with MCF-7 and ZR75-1.
However, amounts of JunB and JunD were not signifi-
cantly different among the cell lines. Although a human
osteosarcoma cell line (U20S) also expressed c-Jun at
comparable levels as MX-1, expression of c-Fos and
Fra-1 was as low as that in MCF-7 and ZR75-1. This
suggests that the high-level expression of Fos-family
proteins is one of the features distinguishing ER-nega-
tive and ER-positive breast cancer cell lines.
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Fig. 1. Selective expression of AP-1 proteins in ER-negative or
positive human breast cancer cell lines. Exponentially growing cells
(5% 10° cells) were lysed in 50 pul SDS sample buffer and subjected to
Western blotting.
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Cellular AP-1 activity was assessed by a reporter
plasmid containing AP-1 responsive elements in the col-
lagenase promoter region (Fig. 2). Consistent with the
expression level of AP-1 proteins, AP-1 was highly ac-
tive in MX-1 cells and the activity was enhanced by
stimulation with phorbol myristate acetate (PMA), a
known activator of AP-1. On the other hand, relative
luciferase activity, i.e., luciferase activity normalized
against B-galactosidase activity as an internal control,
induced by the collagenase promoter in ZR75-1 lysate
was less than 1/100 of that seen in MX-1, and stimula-
tion by PMA did not increase the activity. These results
suggest that AP-1 is highly and selectively active in ER-
negative breast cancer cells. It should be noted that
B-galactosidase induced by the CMV-promoter was also
enhanced by PMA in MX-1 but not in ZR75-1. This
enhancement might be mediated by activation of
AP-1, because PMA had no effect on B-galactosidase
activity in ZR75-1.

We previously observed that a prenylphenol antibi-
otic, ascochlorin, selectively suppressed AP-1 activity,
and expression of its downstream targets in a human
renal carcinoma cell line (Chang et al., unpublished re-
sults). This observation prompted us to use ascochlorin
for suppression of AP-1 activity in MX-1. Ascochlorin
was added 30 min before PMA-stimulation of MX-1
cells transfected with the AP-1 reporter. Treatment with
ascochlorin at 1 uM significantly suppressed the basal
luciferase activity detected in the absence of PMA, and
completely inhibited the PMA-mediated stimulation of
luciferase activity in MX-1 (Fig. 2). Although B-galacto-
sidase activity was significantly suppressed by ascochlo-
rin because transcription activity of the CMV-promoter
was also increased by AP-1 activation as described
above, the inhibitory effect on luciferase induction was
much stronger, as was evidenced by relative luciferase

PMA ascochlorin
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activity. These results suggest that ascochlorin selec-
tively inhibits the active elevation of AP-1 in ER-nega-
tive human breast cancer cells.

The growth of breast cancer cells is assumed to be
dependent on estrogen, and antagonists of estrogen
effectively suppress the growth and expansion of breast
cancer cells expressing ER. Because a signal from ER
receptor is necessary for the growth and survival of
breast cancer cells with ER, other signals are likely to
compensate for these signals in ER-negative breast
cancer cells. AP-1 is one of the candidates for such sig-
nals, because the transcription factor is involved in pro-
liferation and oncogenesis in various mammalian cell
systems. To confirm this possibility, we compared the
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Fig. 3. Selective cytotoxic effect of ascochlorin on ER-negative human
breast cancer cell lines. Cells (5% 104/we11) were cultured in the
presence of ascochlorin for 48 h. MTT reagent was added 2 h prior to
the termination of cultures. Formazan deposits were quantified by
measuring the absorbance at 590 nm. Each point represents the
average of triplicate independent cultures. Symbols: open circles,
ZR75-1; open triangles, KPL-1; closed circles, MDA231; closed
triangles, KPL-4; and close squares, MX-1.
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Fig. 2. Suppression of AP-1 activity elevated in ER-negative human breast cancer cells by ascochlorin. Cells (1 x 10°/ml) cultured overnight were
transfected with TRE-luc and pCMV-B-gal, and further incubated for 20 h. Ascochlorin was added 30 min before the addition of PMA and cells were
cultured for additional 20 h before harvesting. Relative luciferase units are defined as luciferase cpm/B-galactosidase cpm. Values are averages of
triplicate independent cultures. Bars are standard deviations. *p < 0.05 (double-sided ¢ test), as compared with controls cultured without ascochlorin.
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Fig. 4. Induction of apoptosis in ER-negative human breast cancer cells by ascochlorin. (A) MX-1 cells (1 x 10° cells) were treated with 500 nM
ascochlorin for 4 h, and the resultant cell lysate, or cytoplasm fraction for cytochrome ¢, was subjected to Western blotting. (B) MX-1 cells cultured
on a coverslip were treated with or without 500 nM ascochlorin for 48 h and were stained with Hoechst 33342. Nuclear morphology was observed

under a fluorescent microscope.

growth of ER-negative and ER-positive cell lines iso-
lated from human breast cancers. Cells were incubated
with ascochlorin for 48 h and further cultured for 2 h
in the presence of MTT reagent in order to assess the
cytotoxic activity of ascochlorin (Fig. 3). We found an
80% reduction in formazan deposits by 48-h treatment
with 1 uM ascochlorin in an ER-negative breast cancer
cell line, MX-1, while ascochlorin only partially sup-
pressed formazan deposits in ZR-75-1, a cell line
expressing ER (less than 40% at 1 uM ascochlorin).
We also tested the cytotoxic effects of ascochlorin in
an additional ER-positive cell line, KPL-1, and two
ER-negative cell lines, KPL-4 and MDA231, derived
from human breast cancers, and observed similar cyto-
toxic activity in the ER-negative cell lines.

We observed segmentation of some MX-1 cells trea-
ted with ascochlorin in culture wells, a characteristic
morphological feature of apoptosis. To confirm this,
we determined the biochemical features of apoptosis
by Western blotting of MX-1 cells treated with
500 nM ascochlorin for 24 h. This treatment degraded
116 kDa poly(ADP ribose)polymerase, a major sub-
strate for caspase-3 [29], to 85 kDa (Fig. 4A). Consistent
with the degradation of poly(ADP ribose)polymerase,
processing of 32-kDa procaspase-3 was also detected,
generating a 17-kDa active form. Furthermore, cytoch-
rome ¢ in mitochondria was released into the cytoplasm.
Morphologically, we observed DNA-condensation and
DNA-fragmentation in nuclei of ascochlorin-treated
MX-1 cells stained with Hoechst 33342 (Fig. 4). These
results suggest that ascochlorin selectively kills ER-nega-
tive breast cancer cells, at least in part, through the
induction of apoptosis.

The consequences of activating AP-1 are dependent
on cell type and other environmental factors. While it
may promote apoptosis in some cell types, it is re-
quired for the survival of others. For instance, inhibi-

tion of c-Jun activity by dominant negative mutants
or neutralizing antibodies can protect neuronal cells
from apoptosis [30,31]. Ectopic expression of c-Jun or
c-Fos can induce apoptosis in some types of neurons
and fibroblasts [32,33]. JNK activation, on the other
hand, protects cells from apoptosis induced by tumor
necrosis factor-oo or Fas-stimulation [34,35]. These
observations indicate the homeostatic function of AP-
1, which reacts to changes in growth and environmen-
tal conditions to adjust the gene expression profile and
allows the cells to adapt to the new environment [22].
Ascochlorin may interrupt the homeostatic function
of ¢-Jun required for ER-negative breast cancer cells
to survive in an environment deficient of ER-mediated
signals.

In conclusion, our results suggest that suppression of
AP-1 is an effective strategy for chemotherapy in ER-
negative breast cancers, and ascochlorin is a promising
candidate for such chemotherapy.
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