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Abstract: The results of several epidemiological studies have suggested that  
a soybean-based diet is associated with a lower risk of prostate cancer. We 
investigated the effect of the soy isoflavone genistein on the proliferation and 
contact-stimulated migration of rat prostatic carcinoma MAT-LyLu and AT-2 
cell lines. Genistein almost completely inhibited the growth of both MAT-LyLu 
and AT-2 cells in the concentration range from 25 to 100 μM, but the addition of 
1 μM genistein to the medium significantly stimulated the proliferation of both 
cell lines. Additionally, at concentrations above 25 μM, genistein showed  
a potent cytotoxic effect. However, the central finding of this study is that at 
physiologically relevant concentrations (1 μM and 10 μM), genistein inhibits the 
motility of prostate cancer cells stimulated by homo- and heterotypic contacts. 
These results show that at physiological concentrations, genistein exerts an 
inhibitory effect on the migration of prostate cancer cells and suggest that it may 
be one of the factors responsible for the anti-metastatic activity of plant 
isoflavonoids 
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INTRODUCTION 
 
The results of several epidemiological studies have suggested that a soybean-
based diet is associated with a lower risk of prostate cancer [1]. Moreover, 
experimental investigations have demonstrated that soybean isoflavones inhibit 
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chemically induced prostate cancer formation in rats [2]. Genistein is the main 
soy isoflavone, and it is suggested to be an anticancer component of the soy diet.  
The suggested preventive and/or chemotherapeutic effect of genistein is the 
consequence of its multiple biological activities. Genistein displays several 
properties that inhibit tumour cell proliferation, including the suppression of 
topoisomerases, protein tyrosine kinases, oncogene product activity and growth-
factor action, and the induction of apoptosis [3]. Apart from its postulated 
antiproliferative properties, genistein was also suggested to have anti-metastatic 
activity. Demographic data implies that genistein consumption is associated with 
a lower incidence of clinical prostate cancer metastasis [4] and the potential 
effect of genistein on the metastatic activity of tumour cells was confirmed in 
several experimental studies [5-8]. However, the molecular and cellular 
mechanism of genistein-mediated suppression of metastasis has yet to be 
completely elucidated.  
Tumour cell metastasis is a multistep process which is a major cause of death 
amongst cancer patients. The origin and development of metastasis includes the 
release of cancer cells from the original site, followed by their entry into 
circulation, arrest in the blood vessels of the target tissue, extravasation, and 
subsequent growth in that tissue [9]. It is postulated that the induction of tumour 
cell migration is a key step in tumour metastasis, and numerous studies 
demonstrated a correlation between the motility of tumour cells and their 
metastatic potential [10, 11]. Tumour cell migration can be stimulated by several 
physiological factors, including chemoattractants, growth factors, cytokines, 
extracellular matrix components, substrate anisotropy and electric fields [12-14]. 
In addition, the migration of cancer cells is affected by physical contact with 
both normal and tumour cells, and the motility of some tumour cells can be 
increased due to cell-to-cell contacts [13, 15, 16]. In our previous reports  
[15, 17], we showed that heterotypic contacts between migrating prostatic cancer 
cells and normal fibroblasts, and homotypic contacts between prostatic cancer 
cells strongly stimulate their motile activity. The investigated cancer cells 
showed only limited motile activity when moving as single cells without 
contacts with neighbouring ones. When the cells migrated at higher cell 
densities, homotypic collisions between prostatic cancer cells strongly 
stimulated the speed of their migration. They moved above, below and around 
each other, to a final migration distance several times greater than in sparse 
cultures [15]. Moreover, we reported that both MAT-LyLu and AT-2 prostatic 
cancer cell lines plated onto the surface of aligned fibroblasts showed contact 
guidance, migrating along the long axes of fibroblasts, leading to more effective 
tumour cell displacement than without contact with normal or cancer cells  
(i.e. migration stimulated by heterotypic contacts) [17]. The contact-stimulated 
migration of cancer cells was also observed in the case of sarcoma XC [13, 16], 
melanoma B-16 [16] and Walker carcinosarcoma cells [18].  
As metastatic cancer cells often migrate in physical contact with neighbouring 
cells, the inhibition of contact-stimulated migration of prostate cancer cells could 
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be a promising target for the suppression of invasion and metastasis. Therefore, 
the specific aim of this study was to characterize the effect of genistein on the 
contact-stimulated migration of rat prostate MAT-LyLu and AT-2 cells. Our 
results suggest that at physiologically relevant concentrations (1-10 μM), 
genistein inhibits the motility of prostate cancer cells, stimulated both by homo- 
and heterotypic contacts.  
 
MATERIALS AND METHODS 
 

Cell culture 
Experiments were performed on two rat prostate cell lines, MAT-LyLu and  
AT-2 (Dunning rat model), which have markedly different metastatic abilities. 
The cells were cultured in Roswell Park Memorial Institute (RPMI) 1640 
(Sigma, St. Louis, MO, USA), as described earlier [15], supplemented with 100 
I.U./ml penicillin and 100 µg/ml streptomycin (Polfa, Tarchomin, Poland) in the 
presence of 1% heat-inactivated fetal calf serum (FCS; Gibco Lab., NY, USA). 
In the experiments on cell motility, proliferation and viability, the concentration 
of FCS was increased to 5% to facilitate cell attachment and movement. Human 
skin fibroblasts were cultured in Eagle’s Minimal Essential Medium (MEM) 
(Sigma, St. Louis, MO, USA), supplemented with 100 I.U./ml penicillin and 100 
µg/ml streptomycin in the presence of 10% fetal calf serum. 
  
Assessment of cell viability and proliferation  
The MAT-LyLu and AT-2 cells were seeded at a density of 15 x 103/well in  
12-well plates. Twenty-four hours after the cells were subcultured, the original 
medium was removed and the cells were incubated in the same fresh medium 
(RPMI containing 5% FCS) with genistein (Sigma, St. Louis, MO, USA) in the 
concentration range from 1-100 μM. The cells were counted in a hemocytometer 
24, 48, 72 and 96 h after genistein treatment. To evaluate cell viability, the cells 
were stained with ethidium bromide (Sigma, St. Louis, MO, USA) and 
fluorescein diacetate (Sigma, St. Louis, MO, USA), as described previously [19].  
 

Time-lapse monitoring of movement of individual cells 
The cells were examined with an inverted Olympus IMT-2 microscope. The 
cells growing on plastic in Corning flasks were observed using phase contrast 
optics, while those growing on glass (in Rose’s perfusion chambers) were 
studied using Nomarski differential interference contrast. All the experiments 
were carried out at 37ºC. 
MAT-LyLu and AT-2 cells were plated in culture dishes at density of 1080 
cells/mm2. Co-cultures of rat prostate cancer cells and human skin fibroblasts 
were initiated by plating the MAT-LyLu or AT-2 cells (80 cells/mm2) onto  
a confluent monolayer of aligned fibroblasts. After 24 hours, the medium was 
changed and the movement of cells was recorded for 4 hours at 5-minute time 
intervals. After this time, genistein was added at the desired concentrations, and 
the cell movements were recorded for a further 4 hours. As a result, we could 
compare the behaviour of the same cells before and after genistein treatment. 



CELLULAR & MOLECULAR BIOLOGY LETTERS 
 

351 
 

However, as the results of the analysis of the motility of the control cells in all 
the separate experiments revealed similar values for the parameters describing 
motility, we decided to sum up all the control trajectories as one control 
population. Cell images were recorded with a Hitachi CCD camera, and 
digitized and processed as previously described [13]. In the co-culture 
experiments, the AT-2 and MAT-LyLu cells were stained with DiI to be 
distinguishable from the underlying fibroblasts [17].  
The tracks of individual cells were determined from the series of changes in the 
cell centroid positions, as previously described [13, 16, 20], and the trajectories 
of cells from no less than three independent experiments were pooled (for cells 
migrating on fibroblasts, from no less than five experiments). “Mathematica” 
(Wolfram Research Inc, Champaign, IL, USA) was used to calculate the 
following parameters of cell movement:  
(i) the total length of the cell trajectory (μm), i.e. the sum of a sequence of ‘n’ 
straight-line segments, each corresponding to the cell centroid translocation in  
a given time interval;  
(ii) the total length of cell displacement (μm), i.e. the direct distance from the 
starting point to the final position of the cell;  
(iii) the average speed of cell movement, i.e. the total length of the cell 
trajectory/time of recording (4 h);  
(iv) the average speed of cell displacement, i.e. the distance from the starting 
point directly to the cell’s final position/time of recording (4 h);  
(v) the coefficient of movement efficiency (CME), corresponding to the ratio of 
cell displacement to cell trajectory length (the CME would equal 1 for cells 
moving persistently along a single straight line in a given direction and 0 for 
random movement);  
(vi) the average directional cosine (∑n cos2θ/n) - θ, defined as the directional 
angle between the OX axis (parallel to the long axes of the fibroblasts) and the 
vector AB, where A and B are the first and subsequent positions of the cell, 
respectively (the parameter would equal 1 for cells moving parallel to the OX 
axes and 0 for random movement); and 
(vii) the average directional cosine (∑n cos2θ/n) of the final position, where θ is 
defined as the directional angle between the OX axis (parallel to the long axes of 
fibroblasts) and the vector AB, where A and B are the first and final positions of 
the cell, respectively (the parameter would equal 1 for cells moving parallel to 
the OX axes and 0 for random movement). 
Cell locomotion was also characterized using the persistent random walk 
analysis and the augmented diffusion constant (D*), computed from the plot of 
the mean square displacement against time, given by the equation: 

<L2> = 4D*{t –t*[1 – exp[-t/t*)]}, 
where D* and t* are constants, L is the length of cell displacement from the 
starting point to its subsequent position, and t is time. 
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Statistical analysis 
Each parameter was calculated as the mean and standard error of the mean 
(SEM). The statistical significance was determined by the non-parametric Mann-
Whitney test. Values of p < 0.05 were considered to be significant. The 
significance of orientation of cell locomotion against random movement was 
calculated using Rayleigh’s distribution. The probability that the cell locomotion 
is random is given by:                P = e-(L2n)(10-4); 
where L = [(∑nsin2θ)2 + (∑ncos2θ)2]1/2/n (0.01), where n is the total number of 
cells [13]. The statistical significance tests for evaluating changes in D* were 
determined as described earlier [19].  
 
RESULTS 
 
Genistein inhibits proliferation and induces cytotoxicity in MAT-LyLu and 
AT-2 cells  
Several in vitro studies indicate that genistein inhibits the proliferation of a wide 
range of cancer [21-23] and several normal cells including fibroblasts [24], 
smooth muscle [25] and osteoblastic cells [26]. However, the inhibitory effect of 
genistein is often reported to be at concentrations exceeding its physiological 
level. Moreover, the estimation of inhibition of cell growth by genistein is 

Fig. 1. The effects of genistein on the proliferation (A, B) and viability (C, D) of AT-2 (A, 
C) and MAT-LyLu (B, D) cells. The cells were treated with genistein at the indicated 
concentrations. After 24, 48, 72 and 96 h, the number of cells and their viability was 
determined as described in the Material and methods section. Each experiment was 
repeated at least three times. Every experimental point represents the mean (± SEM) of all 
the experiments. 
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frequently, at least in part, affected by the induction of cell death by a high 
concentration of genistein. As shown in Fig. 1, genistein almost completely 
inhibited the growth of both MAT-LyLu and AT-2 cells in the concentration 
range from 25 to 100 μM. Interestingly, the addition of 1 μM genistein to the 
medium significantly stimulated the proliferation of both cell lines. Additionally 
to the effect on cell proliferation, at concentrations above 25 μM, genistein 
showed a potent cytotoxic effect (Fig. 1C, D). Since the aim of our study was to 
characterise the effect of genistein on cell motility in physiologically relevant 
and non-toxic concentrations, in subsequent experiments, genistein was used at 
concentrations of 1 μM and 10 μM.  
 
Genistein inhibits the migration of MAT-LyLu and AT-2 cells stimulated by 
homotypic contacts 
In our earlier report, we demonstrated that MAT-LyLu and AT-2 cells cultured 
at low cell densities in the presence of 5% serum showed only limited motile 
activity. However, at higher densities, as a result of homotypic cell-to-cell 
contacts, the motility of the investigated cells significantly increased [15]. In 
subsequent experiments, we examined, by analysis of single cell motility, the 
effect of genistein on the migration of MAT-LyLu and AT-2 cells stimulated by 
homotypic contacts. The typical morphology of both cell lines moving at high 
cell density (with physical contact with neighbouring cells) is shown in Fig. 2 A 
and D. The trajectories of cells moving under control conditions and in the 
presence of 1 μM and 10 μM genistein are illustrated as circular diagrams in Fig. 
2 C and F. An analysis of the individual trajectories of the two cell lines showed 
that both the speed of movement and the cell displacement decreased as the cell 
moved in the presence of genistein (Tab. 1). The results of the whole trajectory 
analysis were confirmed by the persistent random walk model study (Fig. 2 B, 
E). The value of the augmented diffusion constant D* (the parameter describing 
motile activity) was significantly decreased after genistein treatment (Tab. 1). 
 
Tab. 1. Summary of quantitative data showing the effect of genistein on the migration of 
MAT-LyLu and AT-2 cells stimulated by homotypic contacts.  
 

AT-2  MAT-LyLu 
Parameters (± SEM) 

Control 1 μM 10 μΜ Control 1 μM 10 μΜ 

L [μm] 1 110.1 ± 1.9 89.2 ± 3.2 * 86.6 ± 2.8* 134.6 ± 2.3 117 ± 2.6 * 84.8 ± 3.1 * 

V1 [μm/h] 2 27.5 ± 0.5 22.3 ± 0.8 * 21.6 ± 0.7 * 33.6 ± 0.6 29.2 ± 0.6 * 21.2 ± 0.7 * 

D [μm] 3 40.0 ± 1.7 30 ± 3.1 * 30.5 ± 3.4 * 42.2 ± 1.7 37.9 ± 3.3 27.5 ± 2.9 * 

Vd [μm/h] 4 10.0 ± 0.4 7.5 ± 0.8 * 7.6 ± 0.8 * 10.5 ± 0.4 9.5 ± 0.8 6.9 ± 0.7 * 

CME 5 0.3 ± 0.01 0.31 ± 0.03 0.33 ± 0.03 0.3 ± 0.01 0.32 ± 0.03 0.32 ± 0.03 

D* [μm2/h] 6 152.9 ± 3.4 92.4 ± 2.3 103.1 ± 1.4 156.1 ± 3.1 134.1 ± 5.9 88.0 ± 4.7 
 

1L – total length of cell trajectory, 2V1 – average speed of cell movement, 3D – total length of cell 
displacement, 4Vd – average rate of cell displacement, 5CME – coefficient of movement efficiency, 
6D* – augmented diffusion constant. 
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Fig. 2. The effects of genistein on the migration of MAT-LyLu and AT-2 cells stimulated 
by homotypic contacts. A, D – morphology of AT-2 (A) and MAT-LyLu (D) cells moving 
on the surface of a culture dish. The movement of cells was recorded for 4 hours at  
5-minute intervals, and after this period of time, genistein was added and the cell 
movements were recorded for the next 4 hours. Scale bar = 50 μm. C, F – composite 
trajectories of the AT-2 (C) and MAT-LyLu (F) cells migrating on the isotropic surfaces of 
culture dishes under control conditions and after genistein treatment, displayed in circular 
diagrams drawn with the initial point of each trajectory placed at the origin of the plot. The 
panels show the trajectories of 50 (genistein) or 200 (control) individual cells. Axis scale in 
µm. B, E – persistent random walk analysis of AT-2 (B) and MAT-LyLu (E) cells. The 
mean square displacements are shown as a function of time. The experimental points are 
defined in the insets; the best fits were obtained according to equation given in the 
Materials and methods section. 
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Fig. 3. The effects of genistein on the migration of MAT-LyLu and AT-2 cells stimulated by 
heterotypic contacts. A, D – morphology of AT-2 (A) and MAT-LyLu (D) cells moving on the 
surfaces of the underlying contact-inhibited human skin fibroblasts. AT-2 and MAT-LyLu cells 
were plated onto a confluent monolayer of aligned fibroblasts, and the cell movement was 
recorded for 4 hours at 5-minute intervals. After this period, genistein was added and the cell 
movements were recorded for the next 4 hours. The AT-2 and MAT-LyLu cells were stained 
with DiI to be distinguishable from the underlying fibroblasts. The cancer cells are shown in red 
(A, D). Scale bar = 100 μm. C, F – composite trajectories of the AT-2 (C) and MAT-LyLu (F) 
cells migrating on the surface of the underlying contact-inhibited human skin fibroblasts under 
control conditions and after genistein treatment, displayed in circular diagrams drawn with the 
initial point of each trajectory placed at the origin of the plot. The panels show the trajectories of 
50 (genistein) or 200 (control) individual cells. Axis scale in µm. B, E – persistent random walk 
analysis of AT-2 (B) and MAT-LyLu (E) cells. The mean square displacements are shown for 
cells moving on the surfaces of the underlying contact-inhibited human skin fibroblasts as  
a function of time. The experimental points are defined in the insets; the best fits were obtained 
according to the equation given in the Materials and methods section. 
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Genistein inhibits the migration of MAT-LyLu and AT-2 cells stimulated by 
heterotypic contacts 
During metastasis, tumour cells interact with various host cells, often having to 
migrate on the surfaces of normal cells. As we reported earlier [17], MAT-LyLu 
and AT-2 cells displayed significantly greater cell displacement moving on the 
surface of fibroblasts than on plastic substrata thanks to contact guidance and 
increased speed. Since the direct contact of cancer cells with normal cells may 
facilitate their migration during invasion, we examined the effect of genistein on 
the migration of prostate cancer cells on the surfaces of normal fibroblasts. For 
the estimation of tumour cell motility, MAT-LyLu and AT-2 cells were 
fluorescently stained to distinguish them from fibroblasts (Fig. 3 A, D), and 
computer-aided time lap analyses of cell migration were carried out. The 
trajectories of the Mat-LyLu and AT-2 cells were oriented along the OX axis as 
a result of the migration of cancer cells primarily along the long axis of the 
fibroblasts (Fig. 3 C, F). 
 
Tab. 2. Summary of the quantitative data showing the effect of genistein on the migration 
of MAT-LyLu and AT-2 cells stimulated by heterotypic contacts.  
 

AT-2   MAT-LyLu Parameters 
(± SEM) Control 1 μM 10 μΜ Control 1 μM 10 μΜ 

L [μm] 1 68.6 ± 1.5 47.4 ± 1.9* 45.2 ± 2.1* 95.8 ± 2.1 59.4 ± 2.2 * 69.3 ± 4.1 * 

V1 [μm/h] 2 17.1 ± 0.4 11.8 ± 0.5 * 11.3 ± 0.5 * 23.9 ± 0.5 14.8 ± 0.4 * 17.3 ± 1.0 * 

D [μm] 3 35.3 ± 2.0 18.1 ± 2 * 12.9 ± 1.6 * 36.9 ± 2.3 18.9 ± 2.6 * 23.8 ± 3.7 * 

Vd [μm/h] 4 8.8 ± 0.5 4.5 ± 0.5 * 3.2 ± 0.4 * 9.2 ± 0.6 4.7 ± 0.6 * 5.9 ± 0.9 * 

CME 5 0.5 ± 0.02 0.4 ± 0.04 0.3 ± 0.03 * 0.4 ± 0.02 0.3 ± 0.03 0.31 ± 0.03 

D* [μm2/h] 6 140.5 ± 6.7 34.7 ± 2.2 21.8 ± 3.3 147.9 ± 6.0 46.2 ± 3.3 82.7 ± 3.3 

C 7 0.83 ± 0.004 0.78 ± 0.01 0.83 ± 0.008 0.79 ± 0.004 0.83 ± 0.008 0.65 ± 0.01 

Cf 
8 0.82 ± 0.002 0.72 ± 0.07 0.72 ± 0.05 0.76 ± 0.03 0.72 ± 0.07 0.5 ± 0.08 * 

F 9 1.1 x 10-51 3.4 x 10-12 1.6 x 10-6 7.1 x 10-60 3 x 10-12 5.2 x 10-12 
 

1L – total length of cell trajectory, 2V1 – average speed of cell movement, 3D – total length of cell 
displacement, 4Vd – average rate of cell displacement, 5CME – coefficient of movement efficiency, 
6D* – augmented diffusion constant, 7C – average directional cosine (∑ncos2θ/n), 8Cf – average 
directional cosine for final position (∑ncos2θ/n), 9F – probability of random final distribution, 
*significant at p < 0.05 (control cells vs cells with genistein).  
    
Genistein treatment (1 μM and 10 μM) resulted in significant inhibition of the 
velocity of cell movement and the average cell displacement (Tab. 2). Similar 
results were obtained with the persistant random walk analysis (Fig. 3 B, E,  
Tab. 2). On the other hand, genistein treatment only had a marginal effect on the 
directionality of movement (c.f. directional cosine, Tab. 2). Interestingly, 1 μM 
genistein had a more prominent inhibitory effect on the migration of prostate 
cancer cells on the surfaces of fibroblasts than on the surface of a plastic culture 
dish (Tab. 1 and 2).  
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DISCUSSION 
 
Numerous reports show that genistein inhibits the proliferation and induces the 
cell death of prostate cancer cells in vitro [3, 22, 23, 27]. The results of our studies 
confirm the inhibitory effect of genistein on the proliferation of prostate cancer 
cells. Moreover, the observation that a low concentration of genistein  
(1 μM) stimulates the proliferation of cancer cells is also consistent with the 
results of earlier studies [28]. However, the central finding of this study is that at 
physiologically relevant concentrations, genistein inhibits the motility of prostate 
cancer cells stimulated by homo- and heterotypic contacts. Apart from providing 
protection against cancer, epidemiological studies suggest that genistein has anti-
metastatic activity [4]. The hypothesis that genistein consumption reduces the 
incidence of cancer metastasis is supported by experimental data. Schleicher  
et al. [5] reported on the inhibitory effect of genistein on the metastasis of  
a transplantable rat accessory sex gland carcinoma. Genistein treatment also 
reduced the experimental metastasis of melanoma [29] and intestinal 
adenocarcinoma [8] in vivo. Moreover, genistein significantly reduced the invasive 
properties of cancer cells in vitro [30]. Genistein can protect against cancer 
metastasis via several different mechanisms. The postulated anti-metastatic 
activity of genistein may be, at least in part, a function of the inhibition of 
tumour growth. However, much experimental data suggests that genistein 
directly interferes with the metastatic process. It was suggested that its anti-
metastatic activity may be the result of genistein-induced down-regulation of 
matrix metalloproteinases [31] and its antiangiogenic potential [32, 33]. 
Additionally, Li and Sarkar [34] reported that genistein down-regulates invasion 
and angiogensesis-related genes in PC3 prostate cancer cells. It was further 
demonstrated that genistein increases cell adhesion, thereby antagonizing the 
first stages of metastasis, wherein cells detach [6].  
Nevertheless, genistein may also exert its anti-metastatic activity in vivo by the 
inhibition of cancer cell motility. The migration of tumour cells is one of the key 
factors responsible for cancer metastasis. Therefore, the inhibition of invasive 
cancer migration can decrease the metastatic spread of tumour cells. 
Valachovicova et al. [7] showed that genistein inhibits the adhesion and motility 
of highly invasive MDA-MB-231 breast cancer cells through NF-κB- and AP-1-
dependent mechanisms. In our earlier report [35], we demonstrated that 
flavonoid apigenin inhibits the motility and invasiveness of carcinoma cells in 
vitro. However, to the best of our knowledge, this is the first demonstration that 
genistein may inhibit the contact-stimulated migration of prostate cancer cells.  
Unlike the majority of normal cells, invasive tumour cells are able to crawl over 
the dorsal surface of normal cells and do not show contact inhibition of 
locomotion [36]. It was reported that heterotypic contacts between cancer and 
normal cells and homotypic contacts between cancer cells increase the motility 
of some tumour cells [13, 15, 16]. During invasion in vivo, tumour cells very 
often migrate in physical contact with other cells; therefore, contact-stimulated 
migration seems to be important for their metastatic activity. Our results suggest 
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that the anti-metastatic effect of genistein may be due to the inhibition of this 
characteristic. Moreover, we showed that migration of prostate cancer cells on 
the surfaces of normal fibroblasts was significantly inhibited by the relatively 
low (1 μM) and physiologically relevant concentration of genistein. Plasma 
concentrations of genistein in heavy soy consumers are lower than usually 
required to reduce cancer cell proliferation [22, 23]. Adlercreutz et al. [37] 
reported that the average plasma concentration of genistein in Japanese people 
consuming a soy-rich diet was 0.276 μmol/L, and the maximal observed 
concentration was 2.4 μmol/L. Even if isoflavones are concentrated several-fold 
in the prostatic fluid relative to plasma concentrations [38], the physiologically 
relevant concentration of genistein does not exceed the micromolar level. Our 
results suggest that genistein can induce the inhibition of cancer cell migration at 
concentrations that are attained with dietary consumption, which may be 
responsible for its anti-metastatic effects observed in vivo.  
Interestingly, we observed no significant difference between the high and the 
low metastastic cell line with regard to their inhibition by genistein. However, it 
should be noted that both cell lines show similar contact-stimulated motility and 
growth rates. It suggests that these two characteristics are similar in MAT-LyLu 
and AT-2 cells and as a result similarly inhibited by genistein. Moreover, we 
investigated only the in vitro effects of genistein on the motility, proliferation 
and viability of the two cell lines; the in vivo effects of genistein on metastasis 
formation may be more complex. The molecular mechanism of genistein action 
with regard to the inhibition of contact-stimulated migration is not understood, 
and due to the broad biological activity of genistein, it is difficult to conclude 
about the specific regulatory pathways involved in the inhibition of cell 
migration under genistein stress. However, it is known that, as an inhibitor of 
tyrosine kinases, genistein interferes with several signalling pathways involved 
in the regulation of cell motility [3]. Moreover, cell migration is modulated by 
matrix metalloproteinases which may be down-regulated by genistein [31]. As it 
was suggested that sex steroids control cell movement [39], estrogen receptor 
signalling, which is affected by genistein, may be involved in the regulation of 
cell migration. However, further experiments elucidating the mechanism of 
inhibition of cellular movement by genistein are required to gain some insight 
into the underlying signalling and regulatory pathways. 
In conclusion, although several reports suggest the association between  
a genistein-rich diet and prostate cancer risk, the mechanisms of this 
phenomenon have not been fully elucidated. Our results demonstrate that at 
physiological concentrations, genistein exerts an inhibitory effect on the 
migration of prostate cancer cells, and we postulate that this may be one of the 
factors responsible for the anti-metastatic activity of plant isoflavonoids.  
 
Acknowledgments. The authors would like to thank Professor Wlodzimierz 
Korohoda for his continuous support and helpful discussions and Professor 
Mustafa Djamgoz for kindly providing the rat prostate cancer MAT-LyLu and  
 



CELLULAR & MOLECULAR BIOLOGY LETTERS 
 

359 
 

AT-2 cells. This study was supported by grants PB 2P04C 008 28 and PB 2P04C 
125 29 from the Polish Ministry of Scientific Research and Information 
Technology.  
 
REFERENCES 
 
1. Messina, M.J., Persky, V., Setchell, K.D. and Barnes, S. Soy intake and 

cancer risk: a review of the in vitro and in vivo data. Nutr. Cancer 21 
(1994) 113-131. 

2. Pollard, M. and Luckert, P.H. Influence of isoflavones in soy protein isolates 
on development of induced prostate-related cancers in L-W rats. Nutr. 
Cancer 28 (1997) 41-45. 

3. Shen, J.C., Klein, R.D., Wei, Q., Guan, Y., Contois, J.H., Wang, T.T., 
Chang, S. and Hursting, S.D. Low-dose genistein induces cyclin-dependent 
kinase inhibitors and G(1) cell-cycle arrest in human prostate cancer cells. 
Mol. Carcinog. 29 (2000) 92-102. 

4. Severson, R.K., Nomura, A.M., Grove, J.S. and Stemmermann, G.N. A 
prospective study of demographics, diet, and prostate cancer among men of 
Japanese ancestry in Hawaii. Cancer Res. 49 (1989) 1857-1860. 

5. Schleicher, R.L., Lamartiniere, C.A., Zheng, M. and Zhang, M. The 
inhibitory effect of genistein on the growth and metastasis of a 
transplantable rat accessory sex gland carcinoma. Cancer Lett. 136 (1999) 
195-201. 

6. Liu, Y., Kyle, E., Lieberman, R., Crowell, J., Kellof, G. and Bergan, R.C. 
Focal adhesion kinase (FAK) phosphorylation is not required for genistein-
induced FAK-beta-1-integrin complex formation. Clin. Exp. Metastasis 18 
(2000) 203-212. 

7. Valachovicova, T., Slivova, V., Bergman, H., Shuherk, J. and Sliva, D. Soy 
isoflavones suppress invasiveness of breast cancer cells by the inhibition of 
NF-kappaB/AP-1-dependent and -independent pathways. Int. J. Oncol. 25 
(2004)1389-1395. 

8. Iishi, H., Tatsuta, M., Baba, M., Yano, H., Sakai, N. and Akedo, H. 
Genistein attenuates peritoneal metastasis of azoxymethane-induced 
intestinal adenocarcinomas in Wistar rats. Int. J. Cancer 86 (2000) 416-420. 

9. Chambers, A.F. The metastatic process: basic research and clinical 
implications. Oncology Res. 11 (1999) 161-168. 

10. Grimstad, I.A. Direct evidence that cancer cell locomotion contributes 
importantly to invasion. Exp. Cell. Res. 173 (1987) 515-523. 

11. Stracke, M.L., Aznavoorian, S.A., Beckner, M.E., Liotta, L.A. and 
Schiffmann, E. Cell motility, a principal requirement for metastasis. in: Cell 
Motility Factors, (Goldberg, I.D., Ed.), Birkhauser Verlag, Basel, 1991, 
147-162. 

12. Aznavoorian, S., Stracke, M.L., Krutzsch, H., Schiffmann, E. and Liotta, 
L.A. Signal transduction for chemotaxis and haptotaxis by matrix molecules 
in tumor cells. J. Cell Biol. 110 (1990) 1427-1438. 



Vol. 12. No. 3. 2007         CELL. MOL. BIOL. LETT.         
 

360 

13. Korohoda, W. and Madeja, Z. Contact of sarcoma cells with aligned fibroblasts 
accelerates their displacement: computer-assisted analysis of tumour cell 
locomotion in co-culture. Biochem. Cell Biol. 75 (1997) 263-276. 

14. Djamgoz, M.B.A., Mycielska, M., Madeja, Z., Fraser, S.P. and Korohoda, W. 
Directional movement of rat prostate cancer cells in electric field: Control by 
voltage-gated Na+ channel activity. J. Cell Sci. 114 (2000) 12697-12705. 

15. Madeja, Z., Miękus, K., Sroka, J., Djamgoz, M.B.A. and Korohoda, W. 
Homotypic cell-cell contacts stimulate the motile activity of rat prostate cancer 
cells. Br. J. Urol. Int. 88 (2001a) 776-786. 

16. Madeja, Z., Szymkiewicz, I., Żaczek, A., Sroka, J., Miękus, K. and Korohoda, 
W. Contact-activated migration of melanoma B16 and sarcoma XC cells. 
Biochem. Cell Biol. 79 (2001b) 425-440. 

17. Miekus, K., Czernik, M., Sroka, J., Czyz, J. and Madeja, Z. Contact stimulation 
of prostate cancer cell migration: the role of gap junctional coupling and 
migration stimulated by heterotypic cell-to-cell contacts in determination of the 
metastatic phenotype of Dunning rat prostate cancer cells. Biol. Cell 97 (2005) 
893-903. 

18. Madeja, Z. and Sroka, J. Contact guidance of Walker carcinosarcoma cells by 
the underlying normal fibroblasts is inhibited by RGD-containing synthetic 
peptides. Folia Histochem. Cytobiol. 40 (2002) 251-260. 

19. Madeja, Z., Sroka, J., Nystrom, C., Bjorkhem-Bergman, L., Nordman, T., 
Damdimopoulos, A., Nalvarte, I., Eriksson, L.C., Spyrou, G., Olsson, J.M. and 
Bjornstedt, M. The role of thioredoxin reductase activity in selenium-induced 
cytotoxicity. Biochem. Pharmacol. 69 (2005) 1765-1772.  

20. Sroka, J., Kaminski, R., Michalik, M., Madeja, Z., Przestalski, S. and Korohoda, 
W. The effect of triethyllead on the motile activity of Walker 256 
carcinosarcoma cells. Cell. Mol. Biol. Lett. 9 (2004) 15-30. 

21. Hempstock, J., Kavanagh, J.P. and George, N.J. Growth inhibition of prostate cell 
lines in vitro by phyto-oestrogens. Br. J. Urol. 82 (1998) 560-563. 

22. Lin, X., Switzer, B.R. and Demark-Wahnefried, W. Effect of mammalian 
lignans on the growth of prostate cancer cell lines. Anticancer Res. 21 (2001) 
3995-3999. 

23. Bhatia, N. and Agarwal, R. Detrimental effect of cancer preventive 
phytochemicals silymarin, genistein and epigallocatechin 3-gallate on epigenetic 
events in human prostate carcinoma DU145 cells. Prostate 46 (2001) 98-107. 

24. Papazisis, K.T., Kalemi, T.G., Zambouli, D., Geromichalos, G.D., 
Lambropoulos, A.F., Kotsis, A., Boutis, L.L. and Kortsaris, A.H. Synergistic 
effects of protein tyrosine kinase inhibitor genistein with camptothecins against 
three cell lines in vitro. Cancer Lett. 233 (2006) 255-264.  

25. Pan, W., Ikeda, K., Takebe, M. and Yamori, Y. Genistein, daidzein and 
glycitein inhibit growth and DNA synthesis of aortic smooth muscle cells from 
stroke-prone spontaneously hypertensive rats. J. Nutr. 131 (2001) 1154-1158.  

26. Rickard, D.J., Monroe, D.G., Ruesink, T.J., Khosla, S., Riggs, B.L. and 
Spelsberg, T.C. Phytoestrogen genistein acts as an estrogen agonist on human 
osteoblastic cells through estrogen receptors alpha and beta. J. Cell Biochem. 
89 (2003) 633-646. 



CELLULAR & MOLECULAR BIOLOGY LETTERS 
 

361 
 

27. Kumi-Diaka, J., Saddler-Shawnette, S., Aller, A. and Brown, J. Potential 
mechanism of phytochemical-induced apoptosis in human prostate 
adenocarcinoma cells: Therapeutic synergy in genistein and β-lapachone 
combination treatment. Cancer Cell Int. 5 (2004) 1-9.  

28. de Lemos, M.L. Effects of soy phytoestrogens genistein and daidzein on breast 
cancer growth. Ann. Pharmacother. 35 (2001) 1118-1121. 

29. Wietrzyk, J., Opolski, A., Madej, J. and Radzikowski, C. Antitumour and 
antimetastatic effect of genistein alone or combined with cyclophosphamide in 
mice transplanted with various tumours depends on the route of tumour 
transplantation. In Vivo 14 (2000) 357-362. 

30. Magee, P.J., McGlynn, H. and Rowland, I.R. Differential effects of isoflavones 
and lignans on invasiveness of MDA-MB-231 breast cancer cells in vitro. 
Cancer Lett. 208 (2004) 35-41.  

31. Alhasan, S.A., Aranha, O. and Sarkar, F.H. Genistein elicits pleiotropic 
molecular effects on head and neck cancer cells. Clin. Cancer Res. 7 (2001) 
4174-4181.  

32. Fotsis, T., Pepper, M., Adlercreutz, H., Fleischmann, G., Hase, T., Montesano, 
R. and Schweigerer, L. Genistein, a dietary-derived inhibitor of in vitro 
angiogenesis. Proc. Natl. Acad. Sci. USA 90 (1993) 2690-2694. 

33. Wietrzyk, J., Boratynski, J., Grynkiewicz, G., Ryczynski, A., Radzikowski, C. 
and Opolski, A. Antiangiogenic and antitumour effects in vivo of genistein 
applied alone or combined with cyclophosphamide. Anticancer Res. 21 (2001) 
3893-3896. 

34. Li, Y. and Sarkar, F.H. Down-regulation of invasion and angiogenesis-related 
genes identified by cDNA microarray analysis of PC3 prostate cancer cells 
treated with genistein. Cancer Lett. 186 (2002) 157-164.  

35. Czyz, J., Madeja, Z., Irmer, U., Korohoda, W. and Hulser, D.F. Flavonoid 
apigenin inhibits motility and invasiveness of carcinoma cells in vitro. Int. J. 
Cancer 114(1) (2005) 12-18.  

36. Abercrombie, M. Contact inhibition and malignancy. Nature 281 (1979) 259-
262. 

37. Adlercreutz, H., Markkanen, H. and Watanabe, S. Plasma concentrations of 
phyto-oestrogens in Japanese men. Lancet 342 (1993) 1209-1210.  

38. Morton, M.S., Matos-Ferreira, A., Abranches-Monteiro, L., Correia, R., 
Blacklock, N., Chan, P.S., Cheng, C., Lloyd, S., Chieh-ping, W. and Griffiths, 
K. Measurement and metabolism of isoflavonoids and lignans in the human 
male. Cancer Lett. 114 (1997) 145-151.  

39. Simoncini, T., Scorticati, C., Mannella, P., Fadiel, A., Giretti, M.S., Fu, X.D., 
Baldacci, C., Garibaldi, S., Caruso, A., Fornari, L., Naftolin, F. and Genazzani, 
A.R. Estrogen receptor alpha interacts with Galpha13 to drive actin remodeling 
and endothelial cell migration via the RhoA/Rho kinase/moesin pathway. Mol. 
Endocrinol. 20 (2006) 1756-1771.  

 
 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /DEU <>
    /ENU <>
    /POL ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


