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Abstract

We previously reported that dietary genistein inhibits mammary tumor growth and metastasis of 

the highly metastatic MDA-MB-435 cancer cells in immunocompromised mice. The purpose 

herein was to characterize the role of the novel oncogenic microRNA (miRNA) miR-155 in the 

anticancer effects of genistein in metastatic breast cancer. The effect of genistein was determined 

on breast cancer cell viability, apoptosis, and expression of miR-155 and its targets. At low 

physiologically relevant concentrations, genistein inhibits cell viability and induces apoptosis in 

metastatic MDA-MB-435 and Hs578t breast cancer cells, without affecting the viability of 

nonmetastatic MCF-7 breast cancer cells. In parallel with reduced cell viability, miR-155 is 

downregulated, whereas proapoptotic and anticell proliferative miR-155 targets FOXO3, PTEN, 

casein kinase, and p27 are upregulated in MDA-MB-435 and Hs578t cells in response to genistein 

treatment. However, miR-155 levels remain unchanged in response to genistein in the MCF-7 

cells. Ectopic expression of miR-155 in MDA-MB-435 and Hs578t cells decreases the effects of 

genistein on cell viability and abrogates the effects of genistein on apoptosis and expression of 

proapoptotic genes. Therefore, genistein-mediated downregulation of miR-155 contributes to the 

anticancer effects of genistein in metastatic breast cancer.
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 Introduction

Isoflavones are found in nutritionally relevant amounts in soybeans and comprise ~3.5 mg/g 

soy protein in traditional soy foods. Soy is one of the major cash crops in the United States, 

and consumption of soy products is increasing due to the heightened awareness of the health 

benefits of plant-based diets. Moreover, ~50% of Americans use dietary supplements that 

contain various plant products, including soy isoflavones, without adequate knowledge of 

their mechanism of action. Thus, it is critical to understand the risks and benefits of 

consuming soy for cancer patients, survivors, and those at risk. However, most studies on 

soy and cancer have focused on cancer prevention (1–4), whereas the effects of soy foods in 

established cancers, or as substitutes for hormone replacement therapies, remain 

controversial (5). A more comprehensive understanding of the effects of individual soy 

isoflavones, their effective concentrations, and effects and molecular mechanisms on 

different stages of breast cancer is important for rational recommendations on soy isoflavone 

supplementation.

Of the soy isoflavones, genistein has been specifically associated with reduced breast cancer 

risk (2,6). Genistein is the major isoflavone in soy foods comprising ~50% of the isoflavone 

content. The commonly found glycosidic forms of soy isoflavones are rapidly absorbed and 

converted to the biologically active aglycone forms (7). Following consumption of soy 

foods, ~1–10 μM concentrations of genistein may accumulate in the circulation (8–10), thus 

regulating a number of physiological activities in target tissues. Because of its estrogenic 

and antiestrogenic activities, genistein has been shown to be both cancer preventive and 

promoting, especially in estrogen receptor (ER) positive (+) breast cancers (11). For 

example, a number of studies with ER (+) human breast cancer cell lines demonstrated that 

genistein induced cell and mammary tumor growth, increased breast cancer-associated 

aromatase expression, and elevated estrogen levels in mouse models and consequently 

abrogated the effect of anti-estrogen therapy (12,13). Even though genistein may have 

estrogenic properties in ER (+) breast cancers, our studies with ER negative (−), human 

epidermal growth factor receptor 2 (HER2) (++) mammary tumors in nude mice 

demonstrated decreased tumor growth and metastasis in response to genistein, whereas 

daidzein (the other abundant isoflavone in soy) or combined soy isoflavones increased tumor 

growth and metastasis (14). Others have also reported that genistein inhibits tumor growth, 

cell proliferation, and invasion and induces apoptosis in ER (+) and ER (−) breast cancer 

cells (15–18). Some of these discrepancies in the responses of breast cancers to genistein 

may be due to estrogen-independent mechanisms of genistein, as well as the high 

concentrations (>50 μM) of genistein used in these reports.

The molecular basis of the anticancer effects of genistein have been attributed to a number 

of signaling pathways (19). Genistein has been implicated in cell cycle arrest and apoptosis 

in different cancers, including aggressive breast cancer cells, by the following: inhibition of 

phosphoinositide 3-kinase (PI3-K)/Akt pathway; regulation of tumor suppressors and cell 

cycle check point proteins such as phosphatase and tensin homolog deleted in chromosome 

10 (PTEN), ataxia telangiectasia mutated (ATM), p53, p21, p16, p27; upregulation of pro-

death transcription factors such as forkhead box O3 (FOXO3), as well as through the 

inhibition of β-catenin-mediated Wnt and nuclear factor κB signaling to reduce cyclins and 
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antiapoptotic proteins (Bcl-2, Bcl-XL) (20–28). Moreover, genistein has been implicated in 

epigenetic control, including regulation of DNA methylation, histone acetylation, and 

miRNA expression (28–30).

Noncoding RNAs (ncRNAs), such as microRNAs (miRNAs), are major regulators of cancer 

initiation and progression that act as oncogenes and tumor suppressors in many types of 

cancer, including breast cancer (31, 32). The anticancer properties of genistein have been 

recently implicated in the regulation of miRNA expression (33). Genistein has been shown 

to regulate differential expression of miRNAs in prostate cancer (34–36), ovarian cancer (33, 

37), renal cancer (38), melanoma (39), and pancreatic cancer (40). In prostate cancer cells, 

genistein was shown to downregulate a number of mRNAs that include miR-221/222, 

miR-1260b, miR-151, miR-574-3p, miR-223, mir-34a, and the long ncRNA HOTAIR 

(35,36,41–44). In addition, studies have implicated genistein’s anticancer activities through 

regulation of miR-27 in pancreatic and ovarian cancer (37, 45).

However, scarce information exists on the role of genistein in breast cancer miRNA 

regulation. Therefore, we performed quantitative reverse transcription polymerase chain 

reaction (RT-qPCR) on known breast cancer oncomiRs, in breast cancer cells following 

genistein treatment. Similar to the reports with prostate cancer (35), genistein also decreased 

miR-221/222 expression in breast cancer cells; however, this decrease was not statistically 

significant (Supplemental Fig. S1). The present report investigates the effect of genistein on 

miR-155 regulation in ER (−) breast cancer cells.

MiR-155 is a designated oncomiR and a potential therapeutic target in breast cancer (46–

49). MiR-155 has also been correlated with poor prognosis via ER/PR expression, breast 

cancer stage, triple negative breast cancer (47,50–52). Moreover, genomic and proteomic 

studies have identified miR-155 as a prioritized cancer target, due to the predicted and 

confirmed regulation of over 100 cell cycle regulatory and cancer pathway molecules 

(49,53,54). Therefore, there is an urgent need to design therapeutic interventions against 

miR-155 in cancer. However, the use of anti-miRs as therapeutic agents for miR-155 

overexpressing cancers has been hindered by the instability of anti-miRs and issues with 

targeting nano-delivery systems (47,50–52). Naturopathic remedies offer an attractive 

nontoxic and stable alternative, as has been demonstrated for the grape polyphenol 

resveratrol, which was shown to reduce miR-155 in colon cancer cells via modulation of 

miR-663 (55). In addition, pomegranate polyphenolics were also shown to target miR-155 in 

breast cancer.

Herein, we add to this body of increasing evidence that common dietary polyphenols may be 

an alternative for anti-miR-155 therapy in cancer by investigating a role for the soy 

isoflavone genistein in reducing miR-155 expression and thus breast cancer malignancy. 

Results are presented to show that in metastatic breast cancer cells, in parallel with 

decreased cell viability and increased apoptosis, genistein decreases miR-155 and increases 

its proapoptotic targets, in a statistically significant manner. Therefore, the anticancer 

properties of genistein in breast cancer, can at least partially, be attributed to the 

downregulation of miR-155.
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 Materials and methods

 Cell stimulation

Quiescent (24 h serum-starved) MDA-MB-435, Hs578t, and MCF-7 breast cancer cells were 

treated with vehicle (0.1% DMSO) or 99% pure genistein at various concentrations (LKT 

Laboratories, Inc., St. Paul, MN) in 5% serum plus media for 12, 24, or 48 h.

The origin of the MDA-MB-435 cell line has been questioned. However, recent karyotype 

and comparative genomic hybridization studies have supported the idea that the current 

stocks of MDA-MB-435 cells and M14 melanoma cells are identical but of breast cancer 

origin (56). Since the MDA-MB-435 variant that was used in this study consistently 

produces mammary fatpad tumors and metastases and responds to gensitein treatment by 

reduced tumor growth and metastases (14), we have selected to use this cell line as a model 

system for metastatic breast cancer.

 Cell viability assays

As described in Ref. 57, cell viability was determined using the CellTiter 96 Non-

Radioactive Cell Proliferation Kit according to manufacturer’s instructions (Promega, 

Madison, WI). Briefly, quiescent MCF-7, MDA-MB-435, and Hs578t cells were treated 

with genistein (0–50 μM) for 48 h. Next, 150 μL/well of MTT [3-(4,5-dimethyl thiazol-2-

yl)-2,5-diphenyl tetrazolium bromide] reagent was added and the cells were incubated at 

37°C for 4 h, prior to measuring absorbance at 570 nm. Results are the means ± SEM for 3 

biological replicates with 4 technical replicates each.

 Apoptosis assays

Apoptosis was measured by relative caspase 3/7 activity, using a Caspase-Glo3/7 

Luminescence Assay Kit as per manufacturer’s instructions (Promega, Madison, WI). 

Following treatment with genistein (0–25 μM), 100 μL of Caspase-3/7 Glo reagent was 

added and incubated at room temperature for 60 min. The caspase-3/7 activities were 

determined by quantifying luminescence. Results are the means ± SEM for 3 biological 

replicates with 4 technical replicates each.

 RT-qPCR

MicroRNA extraction was performed using the miR-Neasy Mini Kit (Qiagen, Valencia, 

CA). MiRNA expression was measured with the TaqMan miRNA RT-qPCR method 

(Applied Biosystems, Houston, TX), using a CFX96 real-time PCR detection system (Bio-

Rad, Hercules, CA). Ten ng of total RNA was used per reverse transcription reaction. 

Appropriate negative controls were used. Primers for RT and probes for quantitative PCR 

(Hsa-miR-155, U6, and U48) were from Applied Biosystems by Life Technologies and used 

as directed. U6 and U48 snRNA were used as internal controls, and the fold change in 

response to genistein was calculated by the 2ΔΔCT method. Results are the means ± SEM for 

3 biological replicates with 4 technical replicates each.
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 Western blotting

Cell lysates were Western blotted using routine laboratory procedures, as previously 

described (58). Primary antibodies to FOXO3a, CK1α, PTEN, p27, β-catenin, and actin 

(Cell Signaling, Danvers, MA, and Sigma-Aldrich Comp., St Louis, MO) were used at a 

1:1000 concentration. The integrated density of positive bands was quantified using Image J 

software. Results are the means ± SEM for 3 biological replicates.

 Ectopic expression of miR-155

MDA-MB-435 and Hs578t cells were infected with control or miR-155 lentiviral vectors, as 

per manufacturer’s instructions (Biosettia, CA). Stable cell lines were selected by red 

fluorescence and puromycin resistance.

 Statistical analysis

Data are expressed as the mean ± SEM for a minimum of 3 biological replicates. Statistical 

analyses were done using Microsoft Excel and GraphPad Prism®. Differences between 

groups were considered to be statistically significant at P≤0.05. Students t-test and 1-way 

analysis of variance using Turkey’s multiple comparison tests were performed for data 

comparisons from cells expressing miR-155 vector, with those expressing control vector for 

all concentrations of genistein tested.

 Results

The following effects of genistein on breast cancer cells were determined at physiological 1–

5 μM range (10) and pharmacological concentrations (10, 25, and 50 μM). These 

concentrations were selected to fall within the 1–10 μM concentrations of soy isoflavones in 

the circulation following consumption of soy products (18). Moreover, these concentrations 

have been used to demonstrate epigenetic effects and inhibition of cancer cell growth by 

genistein (59,60).

 Genistein reduces er (−) breast cancer cell viability

We previously reported that dietary genistein reduced MDA-MB-435 mammary tumor 

growth (by 30%) and metastasis to lung and bone (by 100%) in a nude mouse model of 

experimental metastasis (14). To investigate the molecular mechanisms by which genistein 

reduces mammary tumor growth and metastasis, we determined the effect of genistein on the 

viability of MCF-7 (non-metastatic luminal A type), MDA-MB-435 (HER2 type), and 

Hs578t (basal-like) breast cancer cell lines. Genistein, starting at 1 μM, significantly 

decreased the viability of the MDA-MB-435 and Hs578t cells (P < 0.05), with a ~50–60% 

decrease in viability at 10–25 μM. The effect of genistein on MDA-MB-435 cell viability 

plateaued at 10 μM, whereas the decrease in Hs578t cell viability in response to genistein 

remained linear up to 50 μM (Fig. 1). This higher sensitivity of Hs578t cells to genistein 

may be attributed to the higher expression levels of miR-155 in this cell line compared to 

MDA-MB-435 (61) (Table 1). Alternatively, this difference could be due to the less 

metastatic but triple negative features of the Hs578t cell line compared to the highly 

metastatic HER2++ MDA-MB-435 cells, which may express alternate pathways of 

malignancy.
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When the effect of genistein was tested on the viability of MCF-7 cell line, which expresses 

negligible levels of miR-155 (Table 1) (61), we found that genistein had no significant 

effects on the growth of this cell line (Fig. 1). Therefore the null effect of genistein on 

growth may also be attributed to the relatively low miR-155 expression in this cell line, 

which may not be dependent on miR-155 for increased growth but on alternative pathways.

 Genistein downregulates mir-155 and upregulates miR-155 targets in breast cancer cells

As shown in Fig. 2, we determined the potential of the oncomir miR-155 as a regulator of 

the effects of genistein on breast cancer cells. MiR-155 was selected due to its novelty and 

importance in breast cancer, as well as the reported regulation of pro-apoptotic tumor 

suppressors such as FOXO3, a target of genistein (27). RT-qPCR assays for miR-155 

demonstrate that, similar to the inhibitory effects on cell viability, 1–5 μM genistein 

significantly reduced miR-155 expression in MDA-MB-435 cells by ~1.8-fold. A similar 

statistically significant downregulation of miR-155 by genistein in Hs578t cells remained 

constant at 1, 5, and 25 μM concentrations. The 25 μM concentration of genistein failed to 

reduce miR-155 levels in the MDA-MB-435 cell line, which may be due to additional effects 

of genistein at high concentrations. In contrast to the ER (−) cells, the MCF-7 ER (+) breast 

cancer cell line did not demonstrate significant changes in miR-155 levels in response to 

genistein (Fig. 2A). Moreover, the inhibitory effect of genistein on miR-155 expression was 

observed at 12 h following 5 μM genistein and remained constant up to 48 h suggesting a 

stable response to genistein treatment (Fig. 2B).

Next, we determined the effect of genistein on the expression of known miR-155 targets. Of 

the ~149 potential miR-155 targets, the expression of selected pro-apoptotic molecules that 

are also known to be regulated by genistein (27, 39) was determined by Western blot. The 

proapoptotic forkhead family transcription factor FOXO3 has been shown to be 

downregulated in breast cancer via PI3-K/Akt signaling and miR-155 regulation (61). The 

FOXO downstream target p27/kip cyclin dependent kinase inhibitor is also downregulated 

by miR-155 (49,61,62). Our results show that, in a statistically significant manner, in 

response to 1–5 μM genistein, FOXO3 is upregulated by ~1.3-fold in MDA-MB-435 cells 

and by 1.4-fold in HS578t cells. Similarly, the FOXO3 target p27 is upregulated by ~2.0-

fold at 1 and 5 μM and by 1.3-fold at 25 μM genistein in MDA-MB-435 cells. Genistein 

effects could not be ascertained for p27 in the Hs578t cell line, which did not express 

sufficient levels of p27 for detection by Western blot. However, unlike the PTEN null cell 

line MDA-MB-435, the Hs578t cells expressed PTEN, an anticell survival tumor suppressor, 

which is also a miR-155 target (63). PTEN was upregulated by 1.2-fold in response to 1 μM 

genistein in the Hs578t cell line (Fig. 3). Consistent with the results where 25 μM genistein 

did not affect miR-155 levels in the MDA-MB-435 cell line, miR-155 targets did not 

demonstrate statistically significant changes in response to 25 μM genistein treatment. These 

results suggest that miR-155 independent pleiotrophic effects of gensitein, such as direct 

inhibition of survival signaling, may be occurring at these high genistein concentrations 

(64).

Another direct target of miR-155, casein kinase 1α (CK1α) (65) was not expressed in the 

Hs578t cell line but was expressed in sufficient levels for detection by Western blot in the 
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MDA-MB-435 cell line. CK1α was upregulated ~1.3-fold in the MDA-MB-435 cells in a 

statistically significant manner by 1 and 5 μM genistein. Because CK1α can phosphorylate 

and target β-catenin for degradation (65), we also tested for β-catenin stability in response to 

genistein, and found a −1.4-fold reduction in β-catenin protein levels at all concentrations of 

genistein tested (Fig. 3).

To demonstrate a direct role for the observed effects of genistein on cell viability and 

expression of pro-apoptotic molecules, we created stable MDA-MB-435 and HS578t cell 

lines expressing miR-155 or a control miRNA via lentiviral vectors. These stable cell lines, 

ectopically expressing miR-155 vector, demonstrated an eightfold increase in miR-155 

expression compared to the cells expressing the scrambled control in the MDA-MB-435 cell 

line and a sixfold increase in expression in the Hs578t cells (Supplemental Fig. S2). As 

expected the cells expressing a control vector responded to gensitein treatment by a −1.62-

fold reduction in miR-155 levels, whereas the cells expressing the miR-155 vector were 

insensitive to gensitein treatment. Interestingly, the cells expressing miR-155 via a 

constitutive promoter were less sensitive to the effects of genistein on cell viability and 

insensitive to genistein-mediated induction of apoptosis. Similar to the results in Fig. 2, both 

MDA-MB-435 and Hs578t cells expressing the scrambled control miRNA demonstrated 

decreased cell viability in response to genistein (Fig. 4A). Control cells demonstrated a 

statistically significant ~45% decrease in cell viability at 25 μM genistein, whereas the cells 

ectopically expressing miR-155 demonstrated only a 20% decrease in cell viability. The 

effect of ectopic expression of miR-155 was more pronounced in the Hs578t cell line where 

genistein at 50 μM caused a ~60% decrease in cell viability in the control cells, whereas the 

decrease in cell viability in cells expressing miR-155 plateaued at 20%. Therefore, even 

though genistein exerts miR-155 independent effects on cell viability, the effects of genistein 

on cell viability may be exerted mainly via decreased expression of miR-155.

The role of genistein-mediated downregulation of miR-155 appears to be more relevant for 

apoptosis induction by genistein. In Fig. 4B, 1 and 5 μM genistein significantly induced 

apoptosis in the MDA-MB-435 cell line expressing control miRNA by ~1.4-fold with 

increased effects (1.6- and 1.8-fold increases) at 25 and 50 μM. However, cells ectopically 

expressing miR-155 were unresponsive to apoptosis induction by genistein at all 

concentrations tested. Therefore, this result indicates that genistein may regulate cell 

viability and apoptosis of ER (−) breast cancer cells via transcriptional regulation of 

miR-155.

To determine whether the observed changes in miR-155 targets in response to genistein (Fig. 

3) were dependent on downregulation of miR-155 by genistein, the expression of these 

targets were monitored from lysates of MDA-MB-435 and Hs578t cells expressing control 

miRNA or miR-155. As shown in Fig. 5A–5C, FOXO3a and its target p27 were both 

significantly upregulated (P < 0.05) in response to physiological genistein concentrations in 

both MDA-MB-435 and Hs578t cells expressing control miRNA but not in miR-155 

expressing cells. Similarly, CK1α, which was only upregulated in the MDA-MB-435 cells in 

response to genistein (Fig. 3), was significantly upregulated by ~1.3-fold by genistein in the 

control miRNA cells but not in the miR-155 expressing cells. In parallel, the CK1α target β-

catenin, which is expected to be phosphorylated and degraded by the excess CK1α, was 
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decreased by 30% in genistein-treated MDA-MB-435 cells, while the β-catenin levels 

remained constant in the cells expressing miR-155. In the PTEN positive Hs578t cells, 

PTEN levels were increased in control miRNA expressing cells in response to genistein but 

not in the miR-155 expressing cells, in a statistically significant manner. As expected, 

expression of miR-155 driven by a viral promoter demonstrated reduced levels of the 

miR-155 targets in both MDA-MB-435 and Hs578t cell lines. These low levels of expression 

may indicate that both endogenous and ectopically expressed miR-155 levels are not 

sufficient to saturate all of the transcripts of the target genes examined. Taken together, these 

results indicate that the observed upregulation of the proapoptotic proteins FOXO3a, p27, 

PTEN, and CK1α, a negative regulator of β-catenin, in response to gensitein, may at least 

partially be under miR-155 control.

 Discussion

The anticancer effects of genistein on tumor growth and metastasis have been attributed to 

cancer cell cycle arrest and apoptosis via upregulation of a number of pro-apoptotic and cell 

cycle checkpoint proteins (16,22,64,66). Confirming the published data for MDA-MB-435 

cells that show reduced cell viability and induction of apoptosis by genistein (67), we found 

that genistein inhibits cell growth and induces apoptosis in HER2-type MDA-MB-435, as 

well as the basal-type Hs578t cancer cells but not in the luminal A MCF-7 cells. Even 

though gensitein has been shown to decrease viability and induce apoptosis in MCF-7 cells 

by some reports, most of these studies were conducted at pharmacological concentrations of 

>50 μM, which are too high to be achieved via dietary consumption of gensitein (68–70). 

Moreover, others have shown that the anticancer effect of gensitein is dependent on the ERα/

ERβ ratio, where gensitein is estrogenic at high ERα concentrations, as may be the case with 

the MCF-7 cell line (71,72). Genistein has also been shown to inhibit the growth of cancer 

cells using a 3-D gel culture system, which is more physiologically relevant than the 2-D 

culture approach of the present study (73,74).

To identify novel mechanism for the anticancer effects of genistein, we investigated the role 

of miR-155, a well-established oncomiR in breast cancer. Our results reveal a functional role 

for genistein as a potential antibreast cancer agent via downregulation of miR-155, one of 

the most significantly altered miRNAs in breast cancer (46–49,75). The regulation of a 

single miRNA, such as miR-155, is predicted to exert a considerable impact on cancer 

progression by altering the plethora of cancer regulatory molecules under miR-155 control. 

Accordingly, we found genistein to upregulate a number of miR-155 targets with 

proapoptotic and tumor suppressor functions. Consumption of foods rich in soy products has 

been shown to yield ~1–10 μM concentrations of genistein in the circulation (8–10). 

Therefore, the observed consistent response of both metastatic (ER/PR negative) breast 

cancer cell lines, but not the non-metastatic ER/PR (+) MCF-7 cells to genistein by 

decreased miR-155 expression and increased upregulation of miR-155 targets may 

demonstrate an ER-independent response at physiologically relevant concentrations of 

gensitein.

Because genistein has been shown to regulate cell growth via a plethora of effectors (6,76), 

downregulation of miR-155 is not expected to be the only mechanism by which genistein 

de la Parra et al. Page 8

Nutr Cancer. Author manuscript; available in PMC 2016 July 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



regulates cancer cell and tumor growth. However, our results, where stable ectopic 

expression of miR155 in MDA-MB-435 and Hs578t cells reduced the effects of genistein on 

cell viability and abrogated the effects of genistein on apoptosis and expression of 

proapoptotic proteins, implicates miR-155 as a central regulator of the anticancer effects of 

genistein.

Our data show that genistein-mediated downregulation of miR-155 resulted in increased 

FOXO3a levels; thus, providing a potential mechanism for the reported upregulation of 

FOXO3 in response to genistein (27). We also report that genistein downregulates β-catenin, 

an established cancer promoting transcriptional enhancer of the Wnt signaling pathway, in a 

miR-155 dependent manner. Direct miR-155 knockdown has been shown to reduce cancer 

cell and tumor growth and induce cell-cycle arrest via upregulation of CK1α, which 

consequently degraded β-catenin and reduced expression of the β-catenin target, cyclin D1 

(65). Therefore, our data that demonstrate enhanced CK1α in response to genistein may, at 

least partially, be responsible for the reported anticancer inhibitory effects of genistein on 

Wnt/β-catenin signaling (77).

In conclusion, we report a novel anticancer mechanism for genistein: downregulation of 

miR-155, a potent oncogene in breast cancer. This study suggests that decreased miR-155 in 

response to genistein may in parallel upregulate a large number of anticancer molecules, 

thus reducing breast cancer cell survival and proliferation, and inducing apoptosis. This 

mechanism is presumably the molecular basis for our previously reported reduced tumor 

growth and metastasis in response to dietary genistein, using the same MDA-MB-435 model 

(14). Therefore, genistein holds promise as a natural nontoxic miR-155 targeted anticancer 

therapeutic. Moreover, this study augments the body of knowledge on the role of dietary soy 

isoflavones in established breast cancer and has the potential to impact dietary and 

therapeutic decisions for breast cancer patients, survivors, and those at risk for breast cancer.

 Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Effect of genistein on cancer cell viability. MCF-7, MDA-MB-435, or Hs578t cells were 

treated with genistein at 0–50 μM for 48 h and tested for cell viability using a MTT assay. 

Percentage (%) cell number is shown for N = 3 ± SEM. *P < 0.05.
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Figure 2. 
Expression of miR-155 in response to genistein. Quiescent MDA-MB-435, Hs578t, or 

MCF-7 cells were treated with vehicle or genistein, followed by RT-qPCR for miR-155. The 

comparative Ct method was used to calculate the relative abundance of miR-155 with respect 

to U6 RNA expression. Fold changes from vehicle are shown (N = 3 ± SD, *P < 0.05). A: 

Average fold change in miR-155 levels at 48 h following 0–25 μM genistein in MDA-

MB-435, Hs578t, and MCF-7 cells. B: miR-155 expression in the MDA-MB-435 cell line in 

response to 5 μM genistein, as a function of time.
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Figure 3. 
Expression of miR-155 targets in response to genistein. MDA-MB-435 or Hs578t cells were 

treated with vehicle or genistein for 48 h. Lysates were western blotted for the indicated 

proteins. A: Representative Western blots. B: Fold changes in protein expression compared 

to vehicle as calculated from the integrated density of positive bands normalized for actin 

expression. Values shown are the mean ± SEM for N = 3. *P < 0.05.
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Figure 4. 
Effect of genistein on cell viability and apoptosis in breast cancer cells expressing control or 

miR-155 vector. MDA-MB-435 or Hs578t cells stably expressing control or miR-155 vector 

were treated with vehicle or genistein for 48 h. Left, MDA-MB-435; right, Hs578t. A: Cell 

viability as a percentage of vehicle (100%). B: Apoptosis. Fold changes in caspase 3/7 

activity from vehicle are shown (N = 3 ± SEM, *P < 0.05). Genistein treatments compared 

to vehicle. #P < 0.05, cells ectopically expressing miR-155 compared with cells expressing 

control vector.
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Figure 5. 
Expression of miR-155 targets in response to genistein in breast cancer cells expressing 

control or miR-155 vector. MDA-MB-435 or Hs578t cells expressing control or miR-155 

vector were treated with vehicle or genistein (1 or 5μM) for 48 h. Lysates were western 

blotted for miR-155 targets. A: Representative western blots are shown for MDA-MB-435 

(left) or Hs578t (right) cell lysates. B–F: The fold changes in protein expression from N = 3 

± SEM are indicated for (B) FOXO3a, (C) p27, (D) casein kinase 1α, (E) PTEN, or (F) β-
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catenin. *P < 0.05, genistein treatments compared to vehicle; #P < 0.05, cells ectopically 

expressing miR-155 compared with cells expressing control vector.
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Table 1

miR-155 expression in human breast cancer cell lines.

Cell line Ct miR-155

MDA-MB-435.Parental 27.32

MDA-MB-435.Control 27.58

MDA-MB-435.miR-155 24.33

Hs578t. Parental 25.47

Hs578t.Control 25.01

Hs578t.miR-155 22.20

MCF-7 34.75

RT-qPCR was conducted for miR-155 in parental MDA-MB-435, Hs578t, and MCF-7 cells, and MDA-MB-435 and Hs578t cells stably expressing 

control or miR-155 expression vectors. Mean cycle threshold (Ct), N = 3.
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