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Abstract Estrogen plays an important role in the growth
and progression of human breast cancer. Understanding
the whole picture of estrogen signaling is a very impor-
tant goal towards clarifying the biology of this disease.
On the other hand, hormonal therapy for breast cancer
has been progressing rapidly with the advent of drugs
such as selective estrogen receptor (ER) modulators and
aromatase inhibitors. Prediction of individual response
to these hormonal therapies is becoming important for
the management of breast cancer patients. To help ad-
dress these basic and clinical issues, we are developing
several new tools such as the focused microarray and the
green fluorescent protein-reporter cell system. We first
carried out expression profiling of approximately 10,000
genes in ER-positive breast cancer cells. Based on the
results, estrogen-responsive genes (ERG) were selected
and a custom-made cDNA microarray consisting of 200
genes from a narrowed-down subset was produced.
Using this microarray, we investigated various aspects of
estrogen signaling such as the effect of estrogen-antag-
onists on ERG expression profile and functional analysis
of ERP and novel estrogen responsive gene EGR3.
Furthermore, expression levels of several candidate
genes selected from the custom-array contents were
analyzed by real-time RT-PCR and immunohistochem-
istry using breast cancer tissues to determine novel
predictive factors for responsiveness to hormone therapy
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in primary breast cancer patients. Expression of several
genes, such as HDACS®6, significantly correlated with
disease-free and overall survival of patients treated with
adjuvant tamoxifen therapy. We are currently develop-
ing a new tool for analyzing the effects of novel aro-
matase inhibitors in individual breast cancer patients
using estrogen-responsive element-green fluorescent
protein-indicator cells. We hope that these approaches
may provide not only new clues for elucidation of
estrogen-dependent growth mechanisms of cancer, but
also clinical benefits to patients by assessment of indi-
vidual responses to endocrine therapy.
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Introduction

In recent years, endocrine therapy for breast cancer has
been extensively developing in the settings of advanced
disease, adjuvant therapy after surgery and primary
systemic therapy. Since effectiveness of endocrine ther-
apy for hormonal cancers is closely associated with the
biological disposition of malignant cells, e.g., hormone-
dependent cell growth, this therapy is extremely valid in
hormone-responsive but not in unresponsive cases. Thus
it is important to be able to predict the efficacy of this
therapy in each patient before commencing treatment.
In breast cancer, the presence of the estrogen receptor
(ER)a has been widely used as a predictive marker for
endocrine therapy together with clinicopathological
factors. However, it is known that approximately 30—
40% of ERa-positive patients do not respond to endo-
crine therapy, while some ERa-negative patients are
responsive to this therapy (Fig. 1). The former patients
might be well advised to choose some treatment other
than antihormone therapy, and the latter group may
benefit from antiestrogen drugs. Hence, a readily reliable
diagnostic technique for sensitivity evaluation of anti-
hormone among individual patients is warranted.
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As a comprehensive analytical technique of gene
expression, DNA microarray has been rapidly developed
and widely applied to various basic and clinical studies.
This technique might be useful not only for finding genes
that significantly impact clinical outcomes, but also as a
new diagnostic tool for cancers. Several laboratories
have carried out cDNA microarray analyses of breast
cancers [2, 13, 16, 17], and a novel gene whose expres-
sion status is highly correlated with prognosis of patients
was identified. Nonetheless, there is little information on
how many markers are sufficient and which markers are
suitable for accurate prognosis and diagnosis of breast
cancer, especially regarding sensitivity to antihormone
therapy. The microarray system used in previous reports
consisted of several thousand clones and therefore is
obviously powerful for basic cancer research, but is too
complicated and too expensive for clinical application; it
would be prohibitive to use such a microarray glass slide
for the diagnosis of each patient. On the other hand, a
focused microarray of limited numbers of genes has
several advantages for further specific studies of estrogen
signaling in terms of both basic and clinical research. We
first analyzed the expression profiles of genes in human
breast cancer cells in response to estrogen. Based on the
results, we are currently developing custom-made
microarray systems consisting of the selected genes, and
attempting to apply them to basic and clinical research
on breast cancer.

DNA microarray analysis of estrogen-responsive genes
(ERG)

Some years ago, we analyzed estrogen-responsive genes
(ERG) expression profiles among ER-positive cancer
cell lines using DNA microarray consisting of 9182 hu-
man cDNA clones [6, 8]. The vast majority of the
transcripts did not reveal substantial changes on treat-
ment with 17B-estradiol: 96% of genes revealed only

small (<2 fold) differences between the cells with and
without 17B-estradiol. Nevertheless, 240 and 126 genes
were found clearly to be induced or repressed by 17p-
estradiol treatment, with relative expression levels of >2
and < -2, respectively.

According to the information obtained from the
large-scale DNA microarray analysis, approximately
200 genes were selected for custom microarray to study
estrogen responsiveness [8]. The time-course of expres-
sion of ERG in MCF-7 cells clearly distinguished them
into early and late response types, whereas genes
showing reduced expression by estrogen treatment did
not show apparent subgroups. Expression of many
functionally interesting genes was strongly repressed by
estrogen stimulation. Using this microarray consisting
of a narrowed-down subset, we studied several aspects
of estrogen signaling such as the effect of estrogen
antagonists and endocrine disruptors on ERG expres-
sion profile [8, 15] and functional analysis of ERP [10]
and novel estrogen responsive gene EGR3. We found
that transcription factor EGR3 is the bona fide target
gene for ERa and is involved in the estrogen-signaling
pathway in breast cancer cells [9]. We are currently
applying this microarray to various studies such as basic
research on estrogen signaling and clinical application
for diagnosis of estrogen-dependent cancer (summarized
in Fig. 2). We are also focusing particular attention on
the development of a predictive microarray for endo-
crine therapy. We are analyzing paired biopsy samples
from primary breast cancer patients before and after
administration of aromatase inhibitor, which is used as
neoadjuvant primary systemic therapy. The laser cap-
ture microdissection technique has been applied for
carefully collecting cancer cells, and the TALPAT
method [1] is used for the quantitative amplification of
mRNA. These approaches have enabled us to investi-
gate correlations between the expression profiles of ERG
in breast cancer tissues and efficacy of endocrine thera-
peutic agents such as aromatase inhibitors.
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Fig. 2 Development of custom-made estrogen-responsive cDNA
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According to the results obtained from the microarray
analysis, we selected 11 genes as candidate factors for
predicting efficacy of endocrine therapy. Their expres-
sion levels in breast cancer tissues were assessed by real-
time RT-PCR, and the results analyzed by cluster
analysis. ER-positive patients were clearly divided into
two subgroups that were expected to represent different
estrogen responsiveness [18]. The same subgroups were
almost reproducible with a few representative genes in
this 11-gene subset. Therefore, we examined the
expression of these genes by immunohistochemical
analysis in patients treated with adjuvant tamoxifen
therapy so as to assess the impact on prediction of the
effect of this endocrine therapy. Expression of HDAC6
significantly correlated with disease-free survival rate in
tamoxifen-treated patients [12, 18, 20]. Further analysis
revealed that the estrogen-inducible HDAC6 in ER-
positive breast cancer cells caused deacetylation of a-
tubulin and induced cell motility [12].

Green fluorescent protein (GFP) reporter cell system
for assessment of cancer estrogen-microenvironment

In postmenopausal breast cancers, aromatase, a key en-
zyme of estrogen synthesis, is highly expressed in the
adipose stromal cells adjacent to tumors. These stromal
cells provide intratumoral estrogen signals and affect the
efficacy of hormone therapy. To analyze the estrogen
signals and detect the ER-activating ability of adipose
stromal cells for individual human breast cancers, we
developed a new reporter cell system. To visualize ER
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activation, we first established a stable transformant,
named E10, of human breast cancer MCF-7 cells by
transfection with the estrogen-responsive element (ERE)-
GFP gene [5]. E10 cells specifically express GFP when ER
is activated by estrogen or by coculture with adipose
stromal cells isolated from breast tumor tissues in the
presence of testosterone, an aromatase substrate. Treat-
ment of adipose stromal cells with dexamethasone, a
stimulator of aromatase gene expression, resulted in in-
creased expression of GFP in E10 cells in the coculture.
Using this system, we characterized the adipose stromal
cells of 67 human breast cancers and found that GFP
expression levels vary among cases (Fig. 3), suggesting
that the ability of adipose stromal cells to activate ER
depends on individual breast cancers. Aromatase inhibi-
tors, which have been approved as a first-line treatment
for hormone-dependent advanced breast cancer, inhib-
ited induction of GFP expression in the coculture, but
sensitivities to these drugs also varied among individual
cases. Aromatase gene expression levels in adipose stro-
mal cells did not always correlate with their ability to
induce GFP. These results suggest that this system to
detect total ER activation based on the interaction with
adipose stromal cells is a useful tool for analyzing local
estrogen signals and tumor—stromal interactions, and for
predicting the efficacy of aromatase inhibitors.

Conclusion

So far, we have studied the molecular mechanisms of
estrogen-dependent breast carcinogenesis [7] specifi-
cally from the viewpoints of ERa gene expression [3,
14, 19] and functional modulation of ERa in breast
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cancer [4, 11]. We have recently studied the function
of ERP in ERa-positive breast cancer cells using our
custom-made cDNA microarray, and found that this
microarray is a valuable tool for analyzing estrogen
signaling in ERa-expressing breast cancer cells [10].

This downsized microarray may also be especially
useful for predicting the efficacy of endocrine therapy in
individual breast cancer patients. Several candidate genes
selected from the contents of our custom-made micro-
array exhibited clinical impact to survival of breast cancer
patients, indicating factors that could distinguish between
patients who may and may not be responsive to tamoxifen
therapy among ER-positive populations. Although, fur-
ther study is needed, the microarray technique and other
related methods could provide not only new clues for the
elucidation of the mechanisms of estrogen-dependent
carcinogenesis and development of breast cancer, but also
clinical benefits to patients by assessment of their indi-
vidual responses to endocrine therapy.

References

1. Aoyagi K, Tatsuta T, Nishigaki M, Akimoto S, Tanabe C,
Omoto Y, Hayashi S, Sakamoto H, Sakamoto M, Yoshida T,
Terada M, Sasaki H (2003) A faithful method for PCR-medi-
ated global mRNA amplification and its integration into
microarray analysis on laser-captured cells. Biochem Biophys
Res Commun 300:915-920

2. Gruvberger S, Ringnér M, Chen Y, Panavally S, Lao HS, Borg
A, Ferno M, Peterson C, Meltzer PS (2001) Estrogen receptor
status in breast cancer is associated with remarkably distinct
gene expression patterns. Cancer Res 61:5979-5984

3. Hayashi S, Imai K, Suga K, Kurihara T, Higashi Y, Nakachi K
(1997) Two promoters in expression of estrogen receptor mes-
senger RNA in human breast cancer. Carcinogenesis 18:459—
464

4. Hayashi S, Hajiro-Nakanishi K, Makino Y, Eguchi H, Yodoi
J, Tanaka H (1997) Functional modulation of estrogen recep-
tor by redox state with reference to thioredoxin as a mediator.
Nucleic Acids Res 25:4035-4045

5. Hayashi S, Sakamoto T, Inoue A, Yoshida N, Omoto Y,
Yamaguchi Y (2003) Estrogen and growth factor signaling
pathway: basic approaches for clinical application. J Steroid
Biochem Mol Biol 86:433-442

6. Hayashi S (2004) Prediction of hormone sensitivity by DNA
microarray. Biomed Pharmacother 58:1-9

Character of
cancer cells

GFP Character of
+ - micro-environment
(32) (35)
ERa + (51) 24 27
ERa - (16) 8 8

ERa+ & GFP+ =) Al

ERa+ & GFP- =) SERM

ERa- & GFP+ =) Al or Kinase inhibitor?
ERa-

& GFP- =) Chemotherapy

. Hayashi S, Eguchi H, Tanimoto K, Yoshida T, Omoto Y,

Inoue A, Yosida N, Yamaguchi Y (2003) The expression and
function of ERa and B in human breast cancer and its clinical
application. Endocr Relat Cancer 10:193-202

. Inoue A, Yoshida N, Omoto Y, Oguchi S, Yamori T, Kiyama

R, Hayashi S (2002) Development of cDNA microarray for
expression profiling of estrogen-responsive genes. J Mol
Endocrinol 29:175-192

. Inoue A, Omoto Y, Yamaguchi Y, Kiyama R, Hayashi S

(2004) Transcription factor EGR3 is involved in the estrogen-
signaling pathway in breast cancer cells. J Mol Endocrinol
32:649-661

. Omoto Y, Eguchi H, Yamamoto-Yamaguchi Y, Hayashi S

(2003) Estrogen receptor (ER) Bl and ERBcx/B2 inhibit ERa
-function differently in breast cancer cell line MCF7. Oncogene
22:5011-5020

. Saji S, Okumura N, Eguchi H, Nakashima S, Suzuki A, Toi M,

Nozawa Y, Saji S, Hayashi S (2001) MDM2 enhances the
function of estrogen receptor o in human breast cancer cells.
Biochem Biophys Res Commun 281:259-265

. Saji S, Hayashi S, Yoshida N, Inoue A, Hirose M, Horiguchi S,

Funada N, Toi M (2005) Therapeutic utility of histone de-
acetylase 6 regulation via estrogen signaling in human breast
cancer MCF-7. Oncogene (in press)

. Serlie T, Perou CM, Tibshirani R, Aas T, Geisler S, Johnsen H,

Hastie T, Eisen MB, van de Rijn M, Jeffrey SS, Thorsen T,
Quist H, Matese JC, Brown PO, Botstein D, Leonning PE,
Borresen-Dale A-L (2001) Gene expression patterns of breast
carcinomas distinguish tumor subclasses with clinical implica-
tions. Proc Natl Acad Sci USA 98:10869-10874

. Tanimoto K, Eguchi H, Yoshida T, Hajiro-Nakanishi K,

Hayashi S (1999) Regulation of estrogen receptor o gene
mediated by promoter B responsible for its enhanced
expression in human breast cancer. Nucleic Acids Res 27:903—
909

. Terasaka S, Aita Y, Inoue A, Hayashi S, Nishigaki M, Aoyagi

K, Sasaki H, Wada-Kiyama Y, Sakuma Y, Akaba S, Tanaka J,
Sone H, Yonemoto J, Tanji M, Kiyama R (2004) Using a
customized DNA microarray for expression profiling of the
estrogen-responsive genes to evaluate estrogen activity among
natural estrogens and industrial chemicals. Environ Health
Perspect 112:773-781

. van’t Veer LJ, Dai H, van de Vijver MJ, He YD, Hart AA,

Mao M, Peterse HL,, van der Kooy K, Marton MJ, Witteveen
AT, Schreiber GJ, Kerkhoven RM, Roberts C, Linsley PS,
Bernards R, Friend SH (2002) Gene expression profiling pre-
dicts clinical outcome of breast cancer. Nature 415:530-536

. West M, Blanchette C, Dressman H, Huang E, Ishida S,

Spang R, Zuzan H, Olson JA, Marks JR, Nevins JR (2001)
Predicting the clinical status of human breast cancer by using
gene expression profiles. Proc Natl Acad Sci USA 98:11462—
11467



18.

19.

Yoshida N, Omoto Y, Inoue A, Eguchi H, Kobayashi Y,
Kurosumi M, Suemasu K, Higashi Y, Okazaki T, Kiyama R,
Nakachi K, Fujita T, Hayashi S (2004) Prediction of prognosis
of estrogen receptor-positive breast cancer with combination of
selected estrogen-regulated genes. Cancer Sci 95:496-502

Yoshida T, Eguchi H, Nakachi K, Tanimoto K, Higashi Y,
Suemasu K, Iino Y, Morishita Y, Hayashi S (2000) Distinct

20.

s31

mechanisms of loss of estrogen receptor o gene expression in
human breast cancer: methylation of the gene and alteration of
trans-acting factors. Carcinogenesis 21:2193-2201

Zhang Z, Yamashita H, Toyama T, Sugiura H, Omoto Y,
Ando Y, Mita K, Hamaguchi M, Hayashi S, Iwase H (2004)
HDACG6 expression is correlated with better prognosis in breast
cancer. Clin Cancer Res 10:6962-6968



	Sec1
	Sec2
	Fig1
	Sec3
	Sec4
	Sec5
	Fig2
	Bib
	CR1
	CR2
	CR3
	CR4
	CR5
	CR6
	CR7
	CR8
	CR9
	CR10
	CR11
	CR12
	CR13
	CR14
	CR15
	CR16
	CR17
	Fig3
	CR18
	CR19
	CR20

