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Abstract

Although the rate of breast cancer differs between women in Asian and Western countries, molecular genetics=
genomics basis of this epidemiological observation remains elusive. Moreover, the intake of phytoestrogens is
associated with a lower incidence of breast cancer. Genistein and daidzein are the primary soy isoflavones with a
chemical structure similar to estrogens. Conceivably, the actions of phytoestrogens on gene expression signa-
tures might mediate their postulated effects on breast cancer pathogenesis. The present study evaluated the
transcriptional responsiveness of breast cancer cells to soy phytoestrogens using a whole-genome microarray-
based approach. Human breast cancer cell lines and a fibrocystic breast cell line were treated with genistein or
daidzein. We identified 278 and 334 differentially expressed genes after genistein or daidzein treatment, re-
spectively, in estrogen-positive (MCF-7) and estrogen-negative (MDA-MB-231, MCF-10a) cells. Hierarchical
clustering of this finding revealed a significant modulation, respectively, of 246 or 169 genes after genistein or
daidzein exposures. Importantly, the molecular pathways for the differentially expressed genes included those
that relate to cell communication, biodegradation of xenobiotics, lipid metabolism, signal transduction, and cell
growth=death. These molecular observations collectively contribute to a growing knowledgebase on the putative
mechanism(s) of action of phytoestrogens in breast cancer pathogenesis and chemoprevention.

Introduction

Breast cancer is an important public health problem
worldwide. It represents the second leading cause of

cancer-related deaths among women in most industrialized
countries. In France, there are 42,000 new cases of breast
cancer annually. Notably, this number has doubled during
the years 1980 to 2000 (Remontet et al., 2003). Conversely, the
breast cancer incidence is lower in Asian women who are in
general high soy product consumers (45 mg=day) compared
to those who reside in Western countries consuming low
amounts (<1 mg=day). However, in Western countries, intake
of isoflavones through diet is highly variable. For example,
the daily intake remains very low in people who consume a
regular Western diet (0.01 to 1 mg=day), but it could reach 70
to 120 mg=day in people who consume specific soy food and
food supplements, for example, on a vegetarian diet. Because

isoflavones from soy have been shown to exert an agonist or
antagonist effect on breast tumor cell proliferation, they have
been suggested as a factor that modulates the risk for breast
cancer (Wu et al., 2008).

Isoflavones belong to the phytoestrogen family, which are a
class of plant-derived compounds that are structurally similar
to estrogens (Sirtori et al., 2005), and act as estrogen-like
compounds having various biological effects (Trock et al.,
2006). Genistein and daidzein are the primary isoflavones of
soy that can bind and activate both estrogen receptors (a and
b) that subsequently induce the transcription of estrogen-
responsive target genes in a dose-dependent manner (Kuiper
et al., 1998; Maggiolini et al., 2001; Satih et al., 2008). These
isoflavones therefore compete with the physiological estro-
gens. Indeed, from a clinical standpoint, phytoestrogens from
soy have unpredictable effects on breast cancer. Hence, de-
spite the previously observed epidemiological differences in
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breast cancer prevalence among populations with variable
dietary habits for soy product consumption, molecular
genetics=genomics mechanisms of phytoestrogens in breast
cancer pathogenesis remained elusive thus far. On the other
hand, increasing technical feasibility to survey the global
gene expression responses to phytoestrogen exposure might
offer newer mechanistic insights in relation to their (patho)
physiological effects.

The present study aimed to survey the genes that are dif-
ferentially modulated after exposure to soy phytoestrogens.
To this end, we examined the whole-genome expression using
pangenomic microarrays in two different human breast can-
cer cell lines (MCF-7 and MDA-MB-231) and a human fibro-
cystic breast cell line (MCF-10a), after treatment with either
genistein or daidzein for a period of 72 h. Subsequent analysis
was performed according to the estrogen receptor (ER) status
or the malignancy status of cell lines. That is, to assess the
estrogen-like effects of phytoestrogens on the ER, we em-
ployed two types of cell lines: ERþ cell lines (MCF-7) and
ER� cell lines (MCF-10a and MDA-MB-231). Moreover, these
cell lines were also studied with microarrays according to the
malignancy status: tumor cells (MCF-7 and MDA-MB-231)
and fibrocystic cells (MCF-10a).

Methods

Cell culture, phytoestrogen treatments,
and RNA extraction

MCF-7 and MDA-MB-231 breast tumor cell lines were es-
tablished from a pleural effusion of patients with invasive
breast carcinoma (Cailleau et al., 1974; Soule et al., 1973). The
MCF-10a cell line came from breast tissue of a patient with
fibrocystic breast disease (Soule et al., 1990). The three human
cell lines were obtained from the American Type Culture
Collection (ATCC, Rockville, MD, USA) (Table 1). MCF-7, an
ERþ cell line, was grown in RPMI 1640 media and supple-
mented with 2 mM L-glutamine (Invitrogen, Carlsbad, CA,
USA), 20mg=mL gentamycin (Panpharma, Fougères, France),
10% fetal bovine serum (FBS) (Invitrogen), 0.04 IU=mL insulin
(Novo Nordisk, Princeton, NJ, USA) in a humidified atmo-
sphere at 378C containing 5% CO2. MCF-10a, an ER� cell line,
was maintained in DMEM-F12 (Invitrogen) containing 10%
horse serum (Invitrogen), 2 mM L-glutamine, 20 mg=mL gen-
tamycin (Panpharma), 20 ng=mL epidermal growth factor
(Sigma, St. Louis, MO, USA), 100 ng=mL cholera toxin (Sig-
ma), 0,25 IU=mL insulin (Novo Nordisk), and 0.5 mg=mL hy-
drocortisone (Sigma) at 378C with 5% CO2. Growth medium
for MDA-MB-231, an ER� cell line, was Leibovitch L-15
media with 15% FBS, 20mg=mL gentamycin (Panpharma),
2 mM L-glutamine in a 378C humidified atmosphere without
CO2. Isoflavone supplementations were carried out for 72 h
with 18.5 mM genistein or 78.5 mM daidzein dissolved in
DMSO (Sigma). Notably, these selected concentrations were
previously determined to correspond to the 50% inhibition of
the proliferation (IC50) (Vissac-Sabatier et al., 2003). As con-
trols, cell lines were also reseeded in medium without iso-
flavone treatments. After 72-h treatments, cells were washed
three times with phosphate-buffered saline (PBS) and lysed in
5 mL of RNA-PLUS (MP Biomedicals, Solon, OH, USA) ac-
cording to the manufacturer’s protocol. Recovered RNA was
quantified using a Nanodrop 6000 spectrophotometer (Nano-
drop Technology�, Cambridge, UK), and RNA integrity was

assessed using a 2100 Bioanalyser (Agilent, Palo Alto, CA,
USA). RNA samples with an RNA integrity number (RIN)
greater than 9 were used for further analysis. We used an
equimolar-pooled mixture of each test RNA sample for the
reference RNA for two-color microarray technology.

cDNA synthesis, labeling, and hybridization

Pangenomic microarrays (G4112A) were provided by
Agilent�. Hybridization was performed on 44K Human
Whole-Genome 60-mer oligo-chips (G4112A, Agilent Tech-
nologies, Santa Clara, CA, USA) in a rotary oven (4,000 rpm,
608C, 16 h). One microgram of total RNA was amplified and
labeled using Low RNA Input Fluorescent Linear Amplifi-
cation Kit PLUS two-color (5188-5340, Agilent�), in accor-
dance with the manufacturer’s instructions. Each amplified
cDNA was fluorescently labeled with Cy5-CTP for treated
samples and Cy3-CTP for control samples. Both Cy3- and
Cy5-labeled probes were mixed and hybridized to pange-
nomic arrays in a competitive reaction. Slides were washed
using a wash buffer kit (5188-5327, Agilent�) and a stabili-
zation solution (5185-5979, Agilent�). These experiments
were performed in triplicate. The fluorescent intensities were
scanned with a 418 GMS scanner (Affymetrix�) and quanti-
tative values for the signals were calculated using GenePix
Pro 6 (Axon�) software. Expression ratios between treated
and untreated cells were obtained for each spot in a GenePix
file.

Analysis of gene expression

For each gene, the ratio of Cy3 to Cy5 signal intensities
(Cy3=Cy5) was calculated and log2-converted using Limma-
GUI 1.7.0 software through the R 2.2.0 software (Wettenhall
and Smyth, 2004). Then, a background correction was per-
formed by an Edwards’s correction. Normalizations were
performed within and between arrays by a global lowess
method (Edwards, 2003), based on the local estimation of
intensities and a regression calculation weighted toward
similar spots (Fig. 1). The gene probes used as negative con-
trols were removed from the data set using a differential ex-
pression cutoff of twofold and hierarchical clusters were
performed with TIGR MeV version 4.0.0 software using the
complete-linkage Pearson correlation clustering method (Fig.
2). Clusters were color coded: red for upregulation and green
for downregulation compared to the control group. Expres-
sion was scheduled with a volcano-plot (Fig. 3), which dem-
onstrated the amount of overexpressed and underexpressed
genes. Significant genes were clustered by the t-test using the
method by Tusher and colleagues (2001) with a K-nearest
neighbors imputer of 10 neighbors. (Chalabi et al., 2006, 2007).
Therefore, significantly expressed genes were classified ac-
cording to implicated biological pathways by using EASE
version 2.0 software (Hosack et al., 2003) and Gene Ontology
(GO) database using Bonferroni correction and False Dis-
covery Rate controls (Hosack et al., 2003).

Results

Hierarchical clusters and differentially
expressed genes

Using a differential expression cutoff of twofold (TIGR
MeV), differentially expressed genes were identified between
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ERþ cells (MCF-7) and ER� cells (MDA-MB-231 and MCF-
10a). Hierarchical clustering showed 278 and 334 differen-
tially expressed genes after genistein or daidzein 72-h
treatments (Fig. 2).

Differential gene expressions were also examined based on
the tumor (MCF-7 and MDA-MB-231) and nontumor (MCF-
10a) status. Hierarchical clustering revealed a significant
modulation of 246 genes after genistein 72-h treatment and a
significant modulation of 169 genes after daidzein exposure.

Molecular pathways modulated

The different gene lists determined to be significantly
modulated were subjected to EASE version 2.0. software.
EASE, developed by Hosack et al. (2003), is a software ap-
plication that facilitates the biological interpretation of gene
lists derived from the results of microarray analyses. EASE
provides statistical methods for discovering enriched biolo-
gical themes within gene lists, generates gene annotation
tables, and enables automated linking to online analysis tools.
Subsequently, the genes were related to molecular pathways
via KEGG database (Table 2). Two types of contrasts, ERþ
versus ER�, and tumor versus nontumor status were used to
compare the effects of genistein and daidzein on genomic
pathways. After genistein exposure, 24 total pathways were
dysregulated, 17 pathways common to both ER� status and
tumor status. After daidzein exposure, 22 total pathways
were dysregulated, 13 common to both ER� status and tumor
status. The major functional categories for these gene lists
included various molecular pathways such as cell growth and
death, biodegradation of xenobiotics, as well as cell commu-
nication, lipid metabolism, and signal transduction.

After genistein treatment, the apoptosis related genes ASK
and GADD45B were downregulated, whereas CYCS and IkB

were upregulated. The differentially expressed genes related
to xenobiotic biodegradation were CYP4B1 (downregulated
with genistein) CYP2A6, CYP1B1 (upregulated with daid-
zein), and CYP3A5 (downregulated with daidzein). The genes
involved in cell communication were RAC2 and VASP
(downregulated with genistein). One gene involved in lipid
metabolism was AKR1C3 (downregulated with genistein).
Finally, one gene related with signal transduction pathway
was CDKN3 (downregulated with genistein and daidzein)
(Table 3).

Discussion

Breast cancer has become the most common malignancy
among Western women (Rice and Whitehead, 2006), whereas
its incidence in Asian countries such as in Japan is only about
one-third of that in Western populations. This marked dif-
ference has often been attributed to a much higher dietary
intake of soy phytoestrogens. However, despite the large
number of epidemiologic studies conducted, the attendant
mechanisms warrant further molecular insights (Martinez
et al., 2006; McCarty, 2006; Messina et al., 2006).

Breast cancer is a steroid hormone responsive tumor type
that is particularly estrogen-responsive. Investigations have
been carried out on the gene expression profiles in response to
phytoestrogens and their putative involvement in breast
cancer pathogenesis. Ise et al. (2005) examined a panel of
phytoestrogens and their effects on expression of a total of
172 estrogen responsive genes, using a customized DNA
microarray on the MCF-7 cell line. Those expression profiles
were then compared with that for 17b-estradiol (E2) using
correlation coefficients. In another study, Dip et al. (2008) in-
vestigated the gene expression induced by soy products
such zas deconjugated phytoestrogens using a whole genome

Table 1. Features of the Breast Cell Lines Used in Genome-Wide Analyses

Tumor status ER status References

MCF-7 Breast carcinoma ERaþ=ERbþ Cailleau et al., 1974
MDA-MB-231 Breast carcinoma ERa�=ERbþ Soule et al., 1973
MCF-10a Fibrocystic Breast Disease ERa�=ERb� Soule et al., 1990

FIG. 1. M Box Plot for all slides (A), with no normalization, and (B), with normalization within and between arrays.
Example of daidzein exposure in corresponding arrays with normalization using a global lowess method, based on the local
estimation of intensities and a regression calculation weighted towards similar spots.

PHYTOESTROGEN ACTION ON GLOBAL GENE EXPRESSION 233



FIG. 2. Hierarchical clustering of the gene expression profiles of (A), daidzein and (B), genistein exposures according to the
ER status discrimination between MCF-7, MDA-MB-231 breast cancer cell lines, and MCF-10a fibrocystic breast cell line,
performed with TIGR MeV version 4.0.0 using a complete-linkage Pearson correlation method.
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microarray approach on T47D and MCF-7 cell lines. These
two comparative studies concluded that there was a partial
overlap between the gene expression patterns elicited by E2

and phytoestrogens for the first one, and a stereotyped ex-
pression fingerprint in breast cancer cells containing ERa for
the last one. Our study consisted of a global gene expression
profiling by DNA microarray analysis using specifically gen-
istein (18.5 mM) and daidzein (78.5 mM) on two breast cancer
(MCF-7 and MDA-MB-231) cell lines and a fibrocystic (MCF-
10a) cell line. The breast cell lines used herein exhibit different
ER status. Hence, we compared the observed gene expression
changes in relation to the ER status and malignancy status. In
the first case, genistein treatment modified expression of 278
genes, and 246 genes in the second. Daidzein exposure
modified the expression, respectively, of 334 and 169 genes
with ER and tumor status discriminations. The different genes
that were significantly modulated were subjected to the EASE
version 2.0 software and related to the molecular pathways
via the KEGG database. This highlighted important func-
tional categories such as cell growth and apoptosis, biodeg-
radation of xenobiotic and cell communication, as well as
lipid metabolism and signal transduction.

We observed modulation of the apoptosis-related genes:
ASK, GADD45b, IkB, and CYCS. ASK and GADD45b were
downregulated after genistein treatment, whereas CYCS was
upregulated, suggesting a pro-apoptotic effect also observed
with IkB after the daidzein exposure. Divya and Pillai (2006)
have shown that curcumin blocked IkB phosphorylation and
degradation, leading to abrogation of NFkB activation. Our
data suggested that daidzein could act in the same way as an
anti-inflammatory and pro-apoptotic nutrient agent.

In a recent study, Lerebours et al. (2008) have shown that
GADD45b expression was upregulated in inflammatory
breast cancer using real-time quantitative RT-PCR. En-
gelmann et al. (2008) found an upregulation of GADD45b in
NIH3T3 cells and showed that it could confer a resistance
against death stimuli. After genistein treatment, we found a

downregulation of GADD45b, suggesting a possible apopto-
tic property of this phytochemical. We also found an upre-
gulation of the apoptosis-inducing gene CYCS expression
after genistein treatment.

In our study, we reported a downregulation of CYP4B1 and
CYP3A5 after genistein and daidzein exposures, respectively.
Recent studies have associated CYP4B1 expression with in-
flammatory response and angiogenic activity (Mastyugin
et al., 1999; Seta et al., 2007). However, Iscan et al. (2001) was
the first to report that CYP4B1 is expressed in tumors and
normal breast tissue. Our data may support the hypothesis
that genistein could act as an anti-inflammatory agent.

In another study, Volak et al. (2008), demonstrated that
curcumin inhibited CYP3A5 expression. Our data were con-
sistent with the curcumin effects observed on CYP3A5 ex-
pression, and suggested that daidzein could act as an
antigenotoxic molecule.

CYP1B1 expression was found upregulated after a 72-h
treatment of daidzein. However, in a recent study, Wagner
et al. (2008) examined the influence of E2, genistein, and
daidzein on CYP1A1=1B1, COMT, and QR expression in
MCF-7 cells by reverse- transcription polymerase chain reac-
tion (PCR). They showed an insignificant change in CYP1B1
mRNA levels. Moreover, Nakajima (2007) reported that
isoflavones could inhibit CYP2A6 catalysis. In our study,
we observed an inhibition of CYP2A6 expression only in
the MCF-7 cell line, thus suggesting an ER implication in the
regulation of this gene. Higashi et al. (2007) examined the
regulation of CYP2A6 gene by estrogen. Luciferase assays
using MCF-7 cells revealed that the transcriptional activity of
the CYP2A6 promoter was significantly activated by estradiol
in an ER-dependent manner wherein ERE was responsible for
the activation. Chromatin immunoprecipitation assays fur-
ther verified the in vivo association of ER with the ERE on the
CYP2A6 gene. They demonstrated that CYP2A6 is directly
induced by estrogen in an ER-dependent manner, implying a
biological role of CYP2A6 in estrogen-responsive tissues.

FIG. 3. Volcano-plot of gene expression profile using a differential expression cutoff of twofold. Example of genistein
exposure according to the ER status discrimination between the MCF-7, MDA-MB-231 breast cancer cell lines, and MCF-10a
fibrocystic breast cell line, performed with TIGR MeV version 4.0.0 using a t-test method. Genes represented over the cutoff
line were considered modulated as overexpressed on the right and underexpressed on the left.
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RAC2 has been implicated in cancer progression by pro-
moting invasion and metastasis through its regulation of cell
migration and actin spelling check. Mutations of RAC genes in
cancers are rare, but upregulation has been identified in a
range of human cancers such as breast cancer (Fritz et al.,
1999). A recent study, showed that resveratrol, an estrogen-
like phytosterol from grapes, acts in an antiestrogenic manner
in MDA-MB-231 breast cancer cells to reduce cell migration
(Azios et al., 2007). In our study, we found a lower expression
of RAC2 in genistein-treated cells versus untreated cells, thus

suggesting an anti-invasive effect of this phytochemical by
migration modulations.

Recent studies have shown that an increased expression of
VASP (vasodilator stimulated protein) is involved in the
progression and invasion of adenocarcinomas and associated
with tumor progression (Dertsiz et al., 2005; Turner et al.,
2008). It has been demonstrated in vitro that upregulation of
VASP resulted in neoplastic transformation of cell lines, and
that normal cell growth may require the maintenance of VASP
expression. After a 72-h treatment of genistein, we observed a

Table 2. Molecular Pathways Related to the Genes Differentially Expressed

after Genistein and Daidzein 72-h Treatments

Genistein Daidzein

Gene category Gene symbol

1. Amino acid metabolism ENO1; LAP3; LDHA; MAOA; P4HA2;
AARS; BCAT2; CYP4B1; GLUL; GSS;
HDC; PISD; SHMT2

CYP2A6; CYP3A5; DARS; LDHA; AH-
CYL1; CYP1B1; SRM

2. Apoptosis CYCS IKB
3. Biosynthesis of secondary

metabolites
HK; PGM1

4. Biodegradation of xenobiotics ALPL; CYP4B1 CYP2A6; CYP3A5; ALPPL2; CYP1B1
5. Carbohydrate metabolism ENO1; HK2; LDHA; PCK2; PGM1;

PKM2; ACAS2; GLB1; MTHFD2
ACO2; LDHA; PGLS; PKM2; PRPS1;
PCK2; SORD; TALDO1

6. Cell communication PIK3R1; RAC2; VASP CAPN2; RHO
7. Cell growth and death ASK; CCNB3; GADD45B; ORC1L;

BUB3; CYCS; PTTG3
CCND3; IKB

8. Citrate cycle PCK2 ACO2; PCK2
9. Complement and coagulation BF; C6

10. Energy metabolism ATP5A1; ATP5B; BPNT1; PKM2;
ACAS2; GLUL; NDUFA3; NDUFS8;
SHMT2

ACO2; ATP5L; ATP6V1F; COX7A2L;
PKM2; UQCR; UQCRB

11. Glycerolipid metabolism PLA2G2D; YWHAZ; ALPL; GLB1;
GPD1; PISD; YWHAZ

ALPL; GLB1; GPD1; PISD; YWHAZ

12. Lipid metabolism DCI; CYP4A11; CYP4B1; DCI; SC5DL ACOX1; CYP2A6; CYP3A5; IDI1;
SOAT1; CYP1B1; IDI1; IDI2

13. MAPK signaling pathway JUN
14. Metabolism of cofactors and

vitamins
BLVRB; ALPL; BCAT2; DHFR;
MTHFD2; NT5E; SHMT2

ALPPL2; NT5E; PTS

15. Metabolism of complex
carbohydrates

HK2; IDS; PGM1; GLB1; GLUL RPN1; MGAT4B

16. Metabolism of complex lipids PIGS; PIP5K2B; PLA2G2D; YWHAZ;
AKR1C3; ALPL; GLB1; GPD1; PIGT;
PISD; YWHAZ

ALPPL2; PPAP2B; PTGS1

17. Metabolism of other amino acids GSTM3; GSS; SHMT2 AHCYL1; SRM
18. Neurodegenerative disorders APBB2; BDNF; GNG10; PPP3CA; CLTB;

CYCS
GNG13; GNGT1; IL1A; LAMB1; SERPI-
NA3; UBB; CLTA; MAPT

19. Nucleotide metabolism ADCY9; ENTPD3; PKM2; POLK;
DGUOK; DUT; NT5E; RRM2

DTYMK; PKM2; POLR1B; PRPS1;
GUK1; NT5E; PDE3B

20. Oxidative phosphorylation ATP5A1; ATP5B; NDUFA3; NDUFS8 ATP5L; ATP6V1F; COX7A2L; UQCR;
UQCRB; UQCRH

21. Phospholipid degradation PLA2G2D; YWHAZ; YWHAZ
22. Signal transduction DUSP12; PIP5K2B; CDKN3; JUN;

PTPRR
CDKN3; PRKCBP1

23. Sorting and degradation PSMB6; PSMC6; UBE2C; PSMB2 PSMB1; PSMB5; PSMD7
24. Transcription POLR3K; TAF5L TAF11
25. Translation RPL18A; RPL5; RPS27L; AARS; RPL21;

RPL35; RPS26
DARS; FAU; RPL21; RPL24; RPL28;
RPL36A; RPL9; RPL0; RPL2; RPL13;
RPS15; RPS21; RPS27A; UBA52;
RPL23; RPL26L1; RPS19

These data were obtained using EASE version 2.0software and related to molecular pathways via KEGG database. The differentially
expressed genes through ER discrimination are shown in black, and those through tumor discrimination in gray.
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downregulation of VASP, thus suggesting a possible anti-
tumorigenesis potential of genistein.

We also observed modulation of signal transduction-
related genes such as CDKN3 (or KAP), which is down-
regulated after a 72-h treatment of either genistein or
daidzein. Lee et al. (2000) reported that breast and prostate
malignancies are associated with high levels of CDKN3
expression.

AKR1C3, involved in complex lipid metabolism, was
downregulated after a 72-h genistein exposure. Recent studies
strongly associate the AKR1C3 elevated expression with pro-
state carcinomas and especially with biological aggressive-
ness (Fung et al., 2006; Lin et al., 2004). Thus, a repressive
effect due to genistein might presumably be anticipated.

In conclusion, using pangenomic microarray technology,
we showed that genistein and daidzein exposure differen-
tially modulated a number of molecular pathways with
considerable biological significance in the context of carcino-
genesis. These pathways included, for example, apoptosis,
xenobiotic metabolism, and cell communication as well as
lipid metabolism and signal transduction. Moreover, these
regulated pathways were found to be influenced according to
the tumor status in breast cell lines, thereby lending evidence
for the hypothesis that soy phytoestrogens could have a
chemopreventive effect during the first phase of tumor de-
velopment, that is, in the initiation phase. The molecular ge-
nomics data reported herein complement the previous clinical
epidemiology studies on breast cancer prevalence and expo-
sure to soy products in the diet. These observations need
replication and evaluation in further translational clinical
studies.
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