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Abstract

Genistein, a soy isoflavone, has been reported to inhibit the multiplication of numerous neoplastic cells, including those in the breast.
However, there is limited information on the effect of genistein on nonneoplastic human breast cells. In the present studies, genistein
inhibited proliferation of, and DNA synthesis in, the nonneoplastic human mammary epithelial cell line MCF-10F with anIC50 of ;19–22
mM, and caused a reversible G2/M block in cell cycle progression. Genistein treatment (45mM) increased the phosphorylation of Cdc2 by
3-fold, decreased the activity of Cdc2 by 70% after 8 hr, and by 24 hr reduced the expression of Cdc2 by 70%. In addition, genistein
enhanced the expression of the cell cycle inhibitor p21waf/cip1 by 10- to 15-fold, increased p21waf/cip1 association with Cdc2 by 2-fold, and
increased the expression of the tumor suppressor p53 by 2.8-fold. Genistein did not alter the expression of p27kip1 significantly. Furthermore,
genistein inhibited the expression of the cell cycle-associated phosphatase Cdc25C by 80%. From these results, we conclude that genistein
inhibits the growth of nonneoplastic MCF-10F human breast cells by preventing the G2/M phase transition, induces the expression of the
cell cycle inhibitor p21waf/cip1 as well as its interaction with Cdc2, and inhibits the activity of Cdc2 in a phosphorylation-related manner.
Down-regulation of the cell cycle-associated phosphatase Cdc25C combined with up-regulation of p21waf/cip1 expression appear to be
important mechanisms by which genistein decreases Cdc2 kinase activity and causes G2 cell cycle arrest. © 2001 Elsevier Science Inc. All
rights reserved.
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1. Introduction

Phytoestrogens present in legumes and other plants have
been the subject of considerable attention due to their re-
ported beneficial impact on chronic diseases including
breast cancer [1,2]. The phytoestrogen isoflavones present
in soybeans, in particular, have a broad range of properties
that may contribute to their cancer chemoprotective action.
The cancer protective actions of these compounds, of which
genistein is one of the most active, include antiestrogenicity,
inhibition of oxidative stress, suppression of cell prolifera-

tion, induction of differentiation, and modulation of apopto-
sis [3–5]. Genistein can inhibit multiplication of trans-
formed cells from numerous tissues and can retard
tumorigenesis in experimental cancer models [4–7]. The
biochemical mechanisms behind the effects of genistein
have been reported to include its interaction with the estro-
gen receptor, its action as an antioxidant, inhibition of
topoisomerase II, and inhibition of PTK activities [8–14].
These events generally are associated with a G2/M block in
cell cycle progression [15–18], although some cell types can
respond to genistein by a block at G1 [19,20]. For breast
cancer cells specifically, the antiproliferative action of
genistein is not dependent on ER expression or on a broad
inhibition of PTK activity [21–24]. Additionally, nontrans-
formed breast cells have been reported to be more sensitive
than transformed cells to the antiproliferative action of
genistein [25]. This difference in inhibitory action of
genistein is due, in part, to differences in isoflavone metab-
olism based on transformation status. The present studies
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were initiated in order to characterize the cell cycle-
associated antiproliferative effects of genistein on the
ER-negative nonneoplastic MCF-10F human breast epi-
thelial cell line [26]. In particular, we have chosen to
examine the impact of genistein on Cdc2-associated
events accompanying the transition of cells from the G2
to M stages of the cell cycle [27].

The progression of eukaryotic cells from the G2 to M
phase of the cell cycle depends on the activity of a func-
tional complex formed between cyclin B1 and the cdk Cdc2
[27]. Cyclin B1 expression is increased as cells enter the G2
phase of the cell cycle, with cyclin B1 immediately binding
to the cdk Cdc2 [28]. In addition to the content of cyclin B1,
progression to mitosis can be affected by the phosphoryla-
tion status of Cdc2. Mitotic entry can be delayed by phos-
phorylation of Cdc2 at Tyr-15 by Wee1 kinase in the ATP
binding domain [29]. On the other hand, dephosphorylation
of Tyr-15 by the phosphatase Cdc25C [30] increases the
kinase activity of the cyclin B1–Cdc2 complex in the M
phase. Cdc25C expression has been demonstrated to be
down-regulated by genistein in HN4 squamous carcinoma
cells and is an indicator of G2/M arrest and the anti-prolif-
eration effects of genistein [31]. As cells enter the M phase,
cyclin B1–Cdc2 complexes are translocated from the cyto-
plasm to the nucleus [32]. The activity of the complexes is
also affected by the content of cdk inhibitors [32]. In MDA-
MB-231 breast cancer cells, the inhibition of G2 progres-
sion is correlated with increased contents of total p21waf/cip1

and of p21waf/cip1–cyclin A complexes and with an inhibi-
tion of cyclin A- and B1-associated histone H1 kinase
activities [33]. In MCF-7 breast cancer cells, p21waf/cip1

induced G2/M cell cycle arrest independently of its G1
arrest [16]. In aphidicolin-synchronized MCF-7 cells, cell-
cycle arrest occurred in parallel with the inhibition of Cdc2
activity [34]. In addition, phorbol 12-myristate 13-acetate
(PMA)-induced protein kinase C enhanced the associations
between p21waf/cip1 and either cyclin B or Cdc2 [34]. Fur-
thermore, p21waf/cip1 was able to associate with the active
Tyr-15 dephosphorylated form of Cdc2. However, this com-
plex was devoid of kinase activity, indicating that p21waf/cip1

may play a role in the inhibition of Cdc2 and G2 arrest [34].
Although there has been much study of the action of genistein
in neoplastic human cells, there is far less known about its
actions in nonneoplastic tissue, particularly the breast. This is
important, since there is a growing interest in recommending
natural products, including genistein-enriched soy extracts, for
health promotion and cancer prevention among healthy
women. The aims of the present study, therefore, were to
characterize the antiproliferative action of genistein in nonneo-
plastic human breast epithelial cells and to examine the effec-
tiveness of genistein in modulating the activity and phosphor-
ylation status of Cdc2, the expression of the cdk inhibitors
p21waf/cip1 and p27kip1, and the expression of the phosphatase
Cdc25C.

2. Materials and methods

2.1. Materials

Horseradish peroxidase-conjugated secondary antibod-
ies, p21waf/cip1 (Cat. No. SC 397), p27kip1 (Cat. No. SC
528), Cdc25C (Cat. No. SC 327), non-phospho-specific
Cdc2 antibodies (Cat. No. SC 54), and protein A-Sepharose
were obtained from Santa Cruz Biotechnology. Phospho-
specific Cdc2 antibody (Cat. No. 9111) was obtained from
New England Biolabs. Anti-p53 sheep serum (Cat. No.
PC35) and rabbit anti-sheep biotinylated secondary antibod-
ies were obtained from Oncogene Research Products. His-
tone H1 was obtained from Calbiochem. Genistein was
purchased from the Indofine Chemical Co., Inc., and MTT
from the Sigma Chemical Co. MCF-10F cells were obtained
from the Michigan Cancer Foundation. Growth media and
serum were obtained from GIBCO BRL. [3H]Thymidine
and [g-32P]ATP (3000 Ci/mmol) were obtained from NEN,
and ECL reagents from Amersham.

2.2. Cell culture conditions

MCF-10F cells were grown in DMEM/F12 medium sup-
plemented with 5% horse serum, 0.5mg/mL of hydrocorti-
sone, 0.1mg/mL of cholera toxin, 10mg/mL of insulin, 0.02
mg/mL of epidermal growth factor (EGF) and 100 IU/mL of
penicillin-streptomycin in an atmosphere of 5% CO2/95%
air at 37°.

2.3. MTT assay and [3H]thymidine incorporation

The inhibition of cell proliferation by genistein was de-
termined by use of the MTT assay [35], which monitors the
numbers of cells based on the reduction of MTT by the
mitochondrial dehydrogenases present in viable cells, and
by the incorporation of [3H]thymidine into multiplying
cells. For the MTT assay, cells were plated into 96-well
tissue culture dishes at a density of 13 103 cells/well in 200
mL medium. After plating, the cells were allowed to attach
for 2 days. Genistein was added using DMSO as the vehicle,
with the maximum concentration of DMSO being 0.1%.
Incubation with genistein continued for 4 days, at which
time 50 mL of 2 mg/mL of MTT was added, and the
absorbance at 550 nm was determined by a microtiter plate
reader. The absorbance at 690 nm was also measured to
compensate for interfering effects of cell debris and the
microtiter plate. Experiments were conducted in triplicate.

For the measurement of [3H]thymidine incorporation,
MCF-10F cells were plated at 13 104 cells/cm2 in 24-well
dishes. Two days later, when the cells were in the exponen-
tial growth phase, the control medium was changed to
medium containing genistein or DMSO vehicle. Cells were
incubated with genistein or vehicle for 24 hr, and [3H]thy-
midine incorporation was determined as previously de-
scribed [36].
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2.4. Cell cycle analysis

Asynchronous cultures of MCF-10F cells were grown in
T-75 flasks to 20–30% confluency, at which time the cul-
ture medium was replaced and an aliquot of genistein in
DMSO added. After the allotted periods of exposure to
genistein, cells were harvested by trypsin release and resus-
pended in modified Vindelov’s DNA staining solution (10
mg/mL of RNase A, 0.1% NP-40, 8.5 mg/mL of propidium
iodide, in PBS) at a density of;106 cells/mL. Within 1–2
hr, the fluorescence of the cells was measured (at rates of
10,000/sec) with a Coulter® EPICS 750 series flow cytom-
eter. Data analysis was performed by Coulter® EPICS XL/
XL-MCL, System II (TM) software.

2.5. Western blotting

Asynchronous cultures of MCF-10F cells were plated in
control medium and 2 days later changed to medium con-
taining genistein or DMSO vehicle for 2–36 hr, at which
time cells were harvested as described previously [36–38].
Briefly, cells were lysed in lysis buffer (1% sodium deoxy-
cholate; 1% Triton X-100; 0.01% SDS; 150 mM NaCl; 50
mM Tris, pH 7.5; 0.5 mM EDTA; 50 mM NaF; 10 mM
NaPPi; 0.5 mM Na3VO4; 1 mM phenylmethylsulfonyl flu-
oride, and 20mg/mL of aprotinin, leupeptin, and pepstatin)
and sonicated for 10 sec. Cell lysates were centrifuged at
14,000g at 4° for 5 min. Supernatants were collected, and
total protein concentrations were determined. Equal
amounts of protein were separated by SDS–PAGE (7.5%
polyacrylamide) and transferred to nitrocellulose. The
Tyr-15 phospho-Cdc2 protein was detected by immunoblot-
ting the nitrocellulose membrane with a rabbit polyclonal
phospho-specific Cdc2 (1:1000 dilution) antibody, over-
night at 4°. All other primary antibodies were used at a
concentration of 1 mg/mL and incubated for 1 hr at 25°.
Membranes were then incubated with a rabbit IgG horse-
radish peroxidase conjugate for 1 hr at 25°. Proteins were
visualized by enhanced chemiluminescence.

2.6. In vitro Cdc2 histone H1 kinase assay

MCF-10F cells were plated as described for thymidine
incorporation and western blotting. Histone H1 kinase ac-
tivity was assayed in Cdc2 immune complexes isolated
from cells treated with genistein or DMSO vehicle for 8–24
hr. Cells were lysed in ice-cold lysis buffer (20 mM Tris, pH
7.5; 150 mM NaCl; 1 mM EDTA; 1 mM EGTA; 1% Triton
X-100; 2.5 mM sodium pyrophosphate; 1 mMb-glycerol-
phosphate; 1 mM Na3VO4; and 1mg/mL of leupeptin). Cell
lysates were sonicated for 10 sec and centrifuged at 14,000
g for 5 min. Supernatants were precleared by rotation with
protein A-Sepharose for 30 min at 4°. Total cell lysates (300
mg protein/sample) were rotated with 2mg anti-Cdc2 anti-
body for 1 hr at 4°. Immune complexes were collected on
protein A-Sepharose beads and washed two time with lysis

buffer and twice with kinase assay buffer (25 mM Tris, pH
7.5; 5 mM b-glycerol-phosphate; 2 mM dithiothreitol; 0.1
mM Na3VO4; 10 mM MgCl2), resuspended in 50mL of
kinase buffer containing ATP (5mM), histone H1 (5mg),
and [g-32P]ATP (5 mCi, 3000 Ci/mmol), and incubated for
30 min at 30°. Reactions were stopped by the addition of 50
mL of sample buffer. Samples were then boiled for 5 min
and analyzed on SDS–PAGE (7.5% polyacrylamide), and
transferred to nitrocellulose. Quantitation of radiolabeled
histone H1 was determined by autoradiography of gels and
nitrocellulose with densitometry.

2.7. Immunoprecipitation/immunoblot

For association of p21waf/cip1 with Cdc2, precleared cell
lysates (300mg) were incubated with 10mL anti-Cdc2 for
1 hr at 4°. Immunocomplexes were resolved by 7.5% SDS–
PAGE and were transferred to nitrocellulose. Association of
p21waf/cip1 with Cdc2 was detected by incubating the blots
with anti-p21waf/cip1 as described above.

2.8. Statistical methods

Data are expressed as means6 SD. Statistical differ-
ences were analyzed using Student’s pairedt-test. A value
of P , 0.05 was considered to indicate a statistically sig-
nificant difference.

3. Results

3.1. Effect of genistein on cell proliferation and cell cycle
progression

Previous reports have demonstrated that genistein is a
potent inhibitor of human breast cancer cell proliferation
[4,5,8,16]. However, the relationship between genistein in-
hibition of cell proliferation and Cdc2 activity has not been
examined in nonneoplastic human mammary epithelial
cells. Incubation of MCF-10F cells with 45mM genistein
resulted in inhibition of the growth of MCF-10F cells by
;90%, with anIC50 value of approximately 19–22mM (Fig.
1A). As determined by [3H]thymidine incorporation, DNA
synthesis at concentrations of genistein as low as 0.1, 0.5, 1,
5, and 10mM was (mean6 SD) 87.26 5.1, 82.36 10.3,
82.5 6 8.5, 78.96 2.1, and 71.96 5.5% of controls,
respectively (Fig. 1B). At a genistein concentration of 45
mM, DNA synthesis was inhibited by 90% (Fig. 1B). Phase
contrast microscopy did not reveal any morphological
changes or characteristics of apoptosis such as membrane
blebbing and formation of apoptotic bodies after treatment
with genistein (data not shown).

With regard to the effect of genistein on cell cycle pro-
gression, incubation with genistein (30mM) caused an in-
crease in the number of MCF-10F cells present in the G2/M
phase of the cell cycle (Fig. 2). A significant G2 block was
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evident after a 36-hr but not a 24-hr incubation of MCF-10F
cells with genistein at concentrations of 15 and 30mM (data
not shown).

To determine whether the inhibition by genistein of G2
to M progression in MCF-10F cells was transient or perma-
nent, cells were incubated with 45mM genistein for 48 hr
and then transferred to medium without genistein. Within
48 hr of removal of genistein from the medium, cell cycle
distribution returned to that characteristic of cells grown in
control medium (data not shown). Thus, the G2/M block
caused by genistein is reversible.

3.2. Effects of genistein on Cdc2 Tyr-15 phosphorylation,
Cdc2 protein expression, and Cdc2-associated histone H1
kinase activity

Previous research has indicated that Cdc2 Tyr-15 phos-
phorylation, expression, and Cdc2- associated kinase activ-
ity are important components regulating the transition of
cells from the G2 to the M phase [30]. Therefore, we
determined whether genistein treatment influenced the
Tyr-15 phosphorylation status of Cdc2, the expression of
Cdc2, or Cdc2 activity. In MCF-10F cells, exposure to
genistein for 4 and 8 hr resulted in a 2- to 3-fold increase in
Cdc2 Tyr-15 phosphorylation (Fig. 3A, top panel) with no
significant change in total expression levels (Fig. 3A, bot-
tom panel), indicating that the change in Tyr-15 Cdc2 phos-
phorylation was not due to differences in loading or expres-
sion of Cdc2. However, treatment of MCF-10F cells with
genistein for 24 hr markedly decreased the detectable
Tyr-15 phosphorylated form of Cdc2 (Fig. 3A, top panel).
This decrease in Tyr-15 phosphorylation after genistein
treatment for 24 hr was presumably due to a total decrease
in Cdc2 expression levels (Fig. 3A, bottom panel). In MCF-
10F cells, exposure to genistein resulted in a decrease in
Cdc2 activity (Fig. 3, B and C). Cdc2 activity decreased to
33% of controls within 8 hr of treatment and was main-

tained for 24 hr (P , 0.05). As a control, immunoprecipi-
tation with a non-specific mouse IgG resulted in no detect-
able Cdc2 histone H1 kinase activity. Thus, the genistein-
induced inhibition of MCF-10F cell proliferation and G2/M
cell cycle block is associated with an initial increase in
Tyr-15 phosphorylation of Cdc2, followed by a decrease in
the level of Cdc2 protein and a decrease in Cdc2 kinase
activity. We observed no change in the expression level of
Cdc2 after 8 hr of genistein treatment. Others have reported
that genistein causes a decrease in Cdc2 activity and no
change in expression of Cdc2 [19]. However, we observed
that the genistein-induced inhibition of Cdc2 kinase activ-
ity, after 24 hr, is associated with a decrease in the total
expression level of Cdc2.

3.3. Genistein up-regulation of p21waf/cip1 and p53
expression in MCF-10F human mammary epithelial cells

To determine the mechanism for the inhibition of Cdc2
activity by genistein in MCF-10F cells, we examined which
upstream regulators of Cdc2 might be affected by
genistein. The cdk inhibitor p21waf/cip1 is a universal cdk
inhibitor, which functions in both the G1 and G2 phases
of the cell cycle [34]. The kinetics for the effect of
genistein on total cellular levels of p21waf/cip1 in MCF-
10F cells were examined by western blot analysis, as
shown in Fig. 4, A and B. p21waf/cip1 increased up to 5-fold
above control levels after 4 hr of genistein treatment (P ,
0.05). At 12 hr after genistein addition, a maximum level of
p21waf/cip1 expression (15-fold above control levels) was at-
tained (P , 0.05). The expression levels of p21waf/cip1 re-
mained elevated above those of control cells 36 hr after
genistein addition.

Previous reports have indicated that the up-regulation of
p21waf/cip1 by genistein may occur through a p53-indepen-
dent mechanism [16]. To determine if genistein changed the

Fig. 1. Concentration-dependent effect of genistein on MCF-10F cell proliferation as determined by MTT assay (A) or [3H]thymidine incorporation (B). Data
points in (A) represent means of two experiments, and in (B) means6 SD (N 5 3). The 100% value in (B) represents 569 dpm.
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expression level of p53, we stripped the blots shown in Fig.
4A and reprobed them with antisera raised against p53. As
depicted in Fig. 4C, treatment of MCF-10F cells with
genistein for 12 hr resulted in a 2.8-fold increase (P , 0.05)
in p53 expression. This effect was not seen after 24 or 36 hr
of genistein treatment. These results indicate that the up-
regulation of p21waf/cip1may occur through a p53-dependent
mechanism.

3.4. Genistein-mediated increase in Cdc2-associated
p21waf/cip1

To determine if the genistein-mediated decrease in Cdc2
kinase activity was associated with an increase in Cdc2-
associated p21waf/cip1, we treated cells with genistein or
DMSO vehicle for different times. Cells were lysed and
Cdc2 was immunoprecipitated. Immunoprecipitates were col-

Fig. 2. Flow cytometric analyses of proliferating cultures of MCF-10F cells (;106) in the absence (A) or presence (B) of 30mM genistein for 48 hr. The
summary of cell cycle profiles in MCF-10F cells in the absence or presence of genistein is presented in panel C. The results shown in panels A and B are
summarized by bar graphs (bars, means; error bars, coefficient of variation). Results are representative of two experiments. Where no error bars are shown,
the differences in the means were too small for visualization.
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lected, and western blot analysis was performed for p21waf/cip1.
The data in Fig. 4D indicate that p21waf/cip1 association with
Cdc2 increased after 2 hr of genistein addition and was sus-
tained for up to 4 hr after genistein treatment. Thus, the
up-regulation of p21waf/cip1 expression by genistein par-
alleled the genistein- mediated increase in Cdc2 associ-
ation with p21waf/cip1. Further, the kinetics for these
effects may account, at least partially, for the decrease in
Cdc2 activity. Results from concentration-dependent
studies indicated that genistein induced the expression of
p21waf/cip1 in a concentration-dependent manner, with an
EC50 value of 29mM (Fig. 5).

3.5. Effect of genistein on p27kip1 expression in MCF-10F
human mammary epithelial cells

Another cdk inhibitor, p27kip1, primarily functions in the
G1 phase of the cell cycle by binding to cdk2–cyclin E/A

complexes to inhibit cdk2 kinase activity [39,40]. Thus, it
was of interest to examine the effects of genistein on total
cellular levels of p27kip1 in MCF-10F cells as well. We
stripped the same immunoblot that was probed with the
p21waf/cip1 antibody, and probed it with an anti-p27kip1 an-
tibody. As shown in Fig. 6, after 12–36 hr of genistein
treatment p27kip1 levels were not increased significantly
(P . 0.05), compared with the induction of p21waf/cip1.
Thus, the genistein-mediated inhibition of Cdc2 activity
appears to be related more to the ability of genistein to
increase p21waf/cip1 than p27kip1 levels.

3.6. Genistein down-regulation of Cdc25C protein
expression in MCF-10F human mammary epithelial cells

In eukaryotic cells, entry into mitosis is catalyzed by the
Cdc25C-dependent dephosphorylation of Tyr-15 in the

Fig. 3. Effect of genistein on p34cdc2 Tyr-15 phosphorylation (A) and p34cdc2 histone H1 kinase activity (B, C) in MCF-10F cells. (A) Kinetics for p34cdc2

Tyr-15 phosphorylation, as determined by phospho-specific immunoblotting. Key: (1) in the presence of genistein; (2) in the absence of genistein (DMSO
solvent control). (B) Kinetics forin vitro phosphorylation of histone H1 by p34cdc2 in MCF-10F cells treated with genistein (45mM) for the indicated times. No
detectable Cdc2 kinase activity was present when all lysates were incubated with nonspecific mouse IgG. Key: (1) in the presence of genistein; (2) in the absence
of genistein (DMSO solvent control). (C) Plot of densitometric scan results for histone H1 autoradiograph in panel B. Values are means6 SD (N 5 3).
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Cdc2 subunit of the cyclin B/Cdc2 complex, which acti-
vates its protein kinase activity [30]. Thus, it was of interest
to examine the effects of genistein on total cellular levels of
the phosphatase Cdc25C in MCF-10F cells. As shown in
Fig. 7, genistein treatment of MCF-10F cells resulted in a
time-dependent decrease in Cdc25C levels. Cdc25C expres-
sion decreased to 25% of controls by 12 hr after genistein
addition, and was inhibited by 80% within 24–36 hr of

treatment. Results from concentration-dependent studies in-
dicated that genistein down-regulated the expression of
Cdc25C in a concentration-dependent manner, with anIC50

value of 17.5mM (Fig. 8). Thus, these results suggest that
decreased Cdc25C expression may be involved in the
genistein-induced reduction in Cdc2 kinase activity in
MCF-10F cells.

4. Discussion

We have demonstrated in the present study that exposure
of nonneoplastic human mammary epithelial cells to
genistein results in a concentration-dependent inhibition of
proliferation and an accumulation of cells at G2/M. Others
[16] have observed a G2 block in the human breast cancer
cell cycle due to genistein, but at much higher concentra-

Fig. 4. Kinetics for the effect of genistein on p21waf/cip1 expression (A, B), p53 expression (C), and p34cdc2-associated p21waf/cip1 (D) in MCF-10F cells. (A)
Autoradiograph of p21waf/cip1 expression in MCF-10F cells treated with (1) or without (2) genistein (DMSO solvent control) for the indicated times. (B)
Plot of densitometric scan results for p21waf/cip1 autoradiograph in panel A. Values are means6 SD (N 5 3). (C) Western blot analysis of p53 expression
in MCF-10F cells treated with (1) or without (2) genistein (DMSO solvent control) for various times. (D) Total cell lysates were subjected to
immunoprecipitation with anti-p34cdc2 followed by SDS–PAGE and immunoblot analysis with anti-p21waf/cip1. Key: (1) in the presence of genistein; (2)
in the absence of genistein (DMSO solvent control).

Fig. 5. Concentration-dependent effects of genistein on the p21waf/cip1

expression in MCF-10F cells. Cells were incubated with various concen-
trations of genistein for 24 hr. This experiment was performed at least
twice.
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tions (74mM) than those examined in the present studies.
Our results are similar to those of McIntyre and Sylvester
[41] who, using primary human mammary epithelial cells,
reported that genistein inhibits cell proliferation by 50% at
a concentration of;25 mM. Comparing the effects of
genistein on normal mammary epithelial cells to those on
MCF-7 breast cancer cells, Petersonet al. [25] reported that
normal mammary epithelial cells are more responsive to
growth inhibition by genistein than are MCF-7 breast cancer
cells. This was presumably due to a change in the metabo-
lism of genistein. Thus, genistein may have less antiprolif-
erative efficacy toward human breast cancer cells than non-
neoplastic human breast cells. The G2 block induced by

genistein in MCF-10F cells and the magnitude of cell
growth inhibition that we observed in this nonneoplastic
breast cell line are similar to the action of genistein reported
by others for human breast and prostate cancer cell lines
[5,15–17,42]. Collectively, this suggests that genistein is not
a selective inhibitor of neoplastic human breast cells com-
pared with those that are nonneoplastic.

The observation that genistein increases the expression
of the tumor suppressor p53 in MCF-10F cells is consistent
with inhibition by genistein of cell proliferation. Previous
reports have indicated that the up-regulation of p21waf/cip1

can occur through a p53-independent pathway [16]. How-
ever, our p53 results are in contrast to other reports indicat-

Fig. 6. Kinetics for the effect of genistein on p27kip1 expression in MCF-10F cells. (A) Autoradiograph of p27kip1 expression in MCF-10F cells treated with
(1) or without (2) genistein (DMSO solvent control) for the indicated times. (B) Plot of densitometric scan results for p27kip1 autoradiograph in panel A.
Values are means6 SD (N 5 3).
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ing that genistein does not induce p21waf/cip1 through p53
[43–45]. These conflicting results may be due to differences
in transformation status or cell-type mutations in p53.

The increase in the number of cells present in the G2
phase of the cell cycle was preceded by genistein-mediated
up-regulation of p21waf/cip1 expression and reduced Cdc2
kinase activity. This is consistent with the fact that in eu-
karyotic cells movement through the G2/M transition is
negatively regulated by Cdc2 activity [46]. The results of
the present studies indicate that this decrease in Cdc2 kinase
activity may largely be explained by a sizable increase in
the expression of the cdk inhibitor p21waf/cip1, as well as in
enhanced association of p21waf/cip1 with Cdc2. Genistein
has also been reported to increase p21waf/cip1 expression in
MDA-MB-231 and MCF-7 breast cancer cells [16]. In ad-
dition, Choi et al. [47] have demonstrated an enhanced
association between p21waf/cip1 and Cdc2 in genistein-
treated MDA-MB-231 and MCF-7 breast cancer cells. Fur-
thermore, other growth inhibitors have been shown to in-
crease the association of other cdks with p21waf/cip1 [34,48].
Additionally, the observed genistein-induced decrease in
Cdc2 activity in MCF-10F cells in our studies may be due,

in part, to the action of Cdc25C phosphatase, the total
protein levels of which decreased substantially after
genistein treatment. It has been reported that the phosphor-
ylation status of Cdc2 is determined in large measure by the
relative activities of Cdc25C phosphatase and Wee1 kinase
[39]. It is possible that exposure of these MCF-10F cells to
genistein is altering the balance of phosphatase and kinase
activities of the above enzymes. Of additional interest is the
temporal effect of genistein treatment on phospho-Cdc2
levels and total expression of Cdc2. Initially, Cdc2 kinase
inhibition due to genistein exposure may be partly explained
by increased Cdc2 Tyr-15 phosphorylation and p21waf/cip1

up-regulation. However, subsequent inhibition of kinase
activity appears largely associated with a decrease in total
Cdc2 protein. Down-regulation of Cdc2 expression has
been reported to parallel decreased Cdc2 histone H1 kinase
activity in rat alveolar epithelial cells [49]. However, the
effect of genistein on down-regulation of Cdc2 protein ex-
pression has not been reported for transformed or nontrans-
formed breast epithelial cells [47,50] and merits further
investigation.

The data generated from the present experiments

Fig. 7. Kinetics for the effect of genistein on Cdc25C protein expression in MCF-10F cells. (A) Autoradiograph of Cdc25C protein expression in MCF-10F
cells treated with (1) or without (2) genistein (DMSO solvent control) for the indicated times. (B) Plot of densitometric scan results for Cdc25C
autoradiograph in panel A. Values are means6 SD (N 5 3).

Fig. 8. Concentration-dependent effects of genistein on Cdc25C expression in MCF-10F cells. Cells were incubated with various concentrations of genistein
for 24 hr. This experiment was performed at least twice.
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showing regulation of cell cycle progression, increased
p21waf/cip1 and p53 expression, and no detectable mor-
phological changes associated with apoptosis by
genistein in MCF-10F cells demonstrate the need for
future experiments designed to understand the role of
p53, p21waf/cip1, and growth regulation by phytochemi-
cals and other chemopreventive agents [51–54].

Data from the present studies add to an increasing body
of evidence that genistein can alter specific cell-signaling
events in a variety of cell lines. For example, genistein-
induced G2/M arrest of ER-positive and ER-negative hu-
man breast carcinoma cell lines was associated with in-
creased p21waf/cip1 expression due largely to greater mRNA
stability [16]. It also has been observed that genistein can
inhibit Cdc2 kinase activity in MDA-MB-468 human breast
cancer cells [50], Shc tyrosine phosphorylation and MAP
kinase activity in SKBR3 and MCF-7 breast cancer cell
lines [12], and 12-O-tetradecanoylphorbol-13-acetate-in-
duced mitogen-activated protein (MAP) kinase and p70S6

kinase activities in CV-1 cells [55]. Our report suggests
that nonneoplastic human breast cells also are sensitive to
genistein-induced growth inhibition, which is associated,
in part, with changes in Cdc2 Tyr-15 phosphorylation,
Cdc2 kinase activity and expression, and the expression
of p21waf/cip1 and Cdc25C.

Our findings of cell cycle arrest of nonneoplastic MCF-
10F cells by genistein should be considered in strategies of
breast cancer prevention, since genistein may be nonselec-
tive in causing growth inhibition in both neoplastic and
nonneoplastic human breast cells. Of additional interest is
that, although nonneoplastic, the MCF-10F cells are immor-
talized, which has been suggested to be an early event in the
neoplastic transformation of human mammary epithelial
cells [56–58]. Thus, genistein also may prove useful as an
inhibitor of cells undergoing early events in breast cell
transformation and progressive human proliferative breast
disease. This possible use of genistein warrants further in-
vestigation.
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