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Abstract
Genistein, a natural isoflavone found in soybean products, has been reported to down-regulate
telomerase activity and that this prevents cancer and contributes to the apoptosis of cancer cells.
However, the precise molecular mechanism by which genistein represses telomerase is not clear.
Here, we show that genistein inhibits the transcription of hTERT (human telomerase reverse
transcriptase), the catalytic subunit of the human telomerase enzyme, in breast MCF10AT benign
cells and MCF-7 cancer cells in a time- and dose-dependent manner. Three major DNA
methyltransferases (DNMT1, 3a and 3b) were also decreased in genistein-treated breast cancer
cells suggesting that genistein may repress hTERT by impacting epigenetic pathways. Sequential
depletion of the hTERT promoter revealed that the hTERT core promoter region is responsible for
the genistein-induced repression of hTERT transcription. Using a newly developed technique of
chromatin immunoprecipitation (ChIP)-related bifulfite sequencing analysis, we found an
increased binding of E2F-1 to the hTERT promoter is due to the site-specific hypomethylation of
the E2F-1 recognition site. In addition, we found that genistein can remodel chromatin structures
of the hTERT promoter by increasing trimethyl-H3K9 but decreasing dimethyl-H3K4 in the
hTERT promoter. The repression of hTERT was enhanced by combination with genistein and the
DNMT inhibitor, 5-aza-2′-deoxycytidine (5-aza-dCyd). These findings collectively show that
genistein is working, at least in part, through epigenetic mechanisms of telomerase inhibition in
breast benign and cancer cells and may facilitate approaches to breast cancer prevention and
treatment using an epigenetic modulator combined with genistein.
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Breast cancer accounts for ~30% of all cancers diagnosed in the United States and leads to
the second cause of cancer death in women.1 Risk factors proposed for breast cancer include
individual genetic background and lifestyle elements, such as diet.2 Epidemiological studies
show that Asian immigrants who consume soybean products as their traditional diet in the
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United States have a much lower susceptibility to breast cancer, suggesting that the
development of breast cancer is partly attributable to environmental differences (especially
diet) rather than genetic differences.3,4

Genistein, the most abundant isoflavone found in soybean, is a potential chemopreventive
element against various types of cancers, including breast cancer.5 Possible mechanisms for
the anticancer property of genistein include: prevention of DNA mutation, reduction in
cancer cell proliferation, inhibition of angiogenesis, and induction of differentiation.6–9 The
effects of genistein on various cancer cell lines have been extensively investigated. Studies
have reported that genistein represents mixed estrogen agonist and antagonist properties that
can regulate signal transduction by inhibiting protein tyrosine kinases,10 cellular oxidative
stress11 and angiogenesis.6 It has been reported that genistein can inhibit cancer cell growth
and induce apoptotic cell death accompanied by cell cycle arrest at G2-M phase.12 The
precise molecular mechanisms responsible for these activities, however, are not clearly
understood. One potential mechanism that has recently received considerable attention is
that genistein may regulate gene transcription by modulating epigenetic events such as DNA
methylation and/or histone acetylation.13,14 This hypothesis is supported by studies
showing that dietary genistein causes epigenetic changes in mouse prostate.15,16 Genistein
can also up-regulate mRNA expression of the BRCA1 tumor suppressor gene during
mammary tumorigenesis, which is frequently inactivated by epigenetic events in breast
cancer.17

Recently, extensive interest has been focused on the aberrant regulation of telomerase
activity in tumorigenesis. Telomeres comprise the nucleoprotein complexes that cap the
ends of eukaryotic chromosomes and are maintained by a specialized reverse transcriptase,
telomerase.18 Human telomerase is composed of an RNA subunit known as hTER (human
telomerase RNA) and a protein subunit termed hTERT (human telomerase reverse
transcriptase), which is the key determinant of the enzymatic activity of human telomerase.
19 Activated expression of hTERT is present in stem cells, cancer-derived cell lines, and
spontaneously immortalized cells and is detectable in up to 90% of malignant tumors but is
usually not detectable in normal somatic cells.20,21 Recently identified loci at the hTERT
gene region have been proved to associate with lung cancer incidence indicating that
aberrant genetic or epigenetic regulation of hTERT could trigger cancer development.22
Multiple mechanisms that regulate hTERT gene transcription have been elucidated recently
which include a variety of cellular and viral oncogene mechanisms.23 Furthermore,
epigenetic pathways such as DNA methylation and chromatin modification also play an
important role in modulating hTERT transcription.24 Hypermethylation of CpG islands in
gene promoters is generally associated with gene silencing.25 Paradoxically, the hTERT
promoter is highly methylated in most tumor cell types, rendering hTERT active.26,27 The
tumor-specific differences in methylation status of the hTERT promoter and telomerase
activity may be due to the selection of cells with site-specific changes in transcriptional
factor binding characteristics. Furthermore, histone acetylation/methylation has also been
implicated in modulating hTERT transcription in normal and malignant human cells.28,29
However, key aspects of chromatin modifications and DNA methylation patterns, and their
association with gene expression have not been thoroughly studied for hTERT, especially
with regard to the effects of dietary compounds on hTERT gene regulation that may have
significant potential in cancer prevention and treatment.

Previous studies have indicated that genistein can repress telomerase activity in human
prostate cancer cells through transcriptional control of hTERT.30 Our studies were aimed to
address the mechanisms of hTERT transcription by genistein both in breast benign-derived
cells and breast cancer cells. In the present studies, we analyzed the epigenetic and genetic
mechanisms of hTERT transcriptional inhibition both in breast precancerous MCF10AT
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cells and cancer MCF-7 cells treated with genistein. We found that genistein leads to site-
specific hypomethylation at the E2F-1 recognition site in the hTERT promoter. Moreover,
genistein increased the inactive chromatin marker trimethyl-H3K9 and decreased the active
marker dimethyl-H3K4 to the hTERT promoter. Our findings not only reveal the
mechanisms of genistein on breast cancer suppression, but more importantly, also provide
new insights into the regulatory mechanisms of hTERT.

Material and methods
Cell culture and cell treatment

The MCF-7 cell line was obtained from American Type Culture Collection and grown in
DMEM medium (Mediatech, Herndon, VA) supplemented with 10% fetal bovine serum
(Atlanta Biologicals, Lawrenceville, GA) and 1% penicillin/streptomycin (Mediatech).
MCF10AT human fibrocystic ER(+) breast cells31 were kindly provided by Dr. Andra R.
Frost, which were derived from benign MCF10A cells transformed with T24 Ha-ras.
MCF10AT cells were cultured in DMEM/F-12 medium (Mediatech) supplemented with 10
μg/ml of human insulin (Sigma, St. Louis, MO), 20 ng/ml of epidermal growth factor
(Sigma), 100 ng/ml of cholera toxin (Sigma), 0.5 μg/ml of hydrocortisone (Sigma), 10%
horse serum (Mediatech) and 1% penicillin/streptomycin (Mediatech). Cells were
maintained in a humidified environment of 5% CO2 and 95% air at 37°C. After 24 hr
seeding, attached MCF-7 and MCF10AT cells were treated with 0, 10, 25, 50 and 100 μM
genistein (Sigma) for 1, 2 and 3 days, respectively. The medium with genistein was replaced
every 24 hr for the duration of the experiment. Control cells received equal amounts of
DMSO (Sigma) in the medium. For the combination study, MCF-7 cells were treated with
50 μM genistein or 2 μM 5-aza-dCyd (Sigma) alone or together for 3 days. For cell growth
analyses, cells were trypsinized and resuspended in growth medium. Trypan Blue (0.4%)
was added to the cell suspension, and both live and dead cells were counted using a
hemacytometer. Cells were then used for apoptosis analysis with the Vybrant Apoptosis
Assay kit #2 (Invitrogen, Carlsbad, CA). After fixation with the annexin-binding buffer,
cells were stained both with Alexa Fluor Annexin V and propidium iodide (PI) according to
the manufacturer's instructions. Flow cytometry was performed on a Becton Dickinson
FACSCalibur flow cytometer (Becton Dickinson, Franklin Lakes, NJ). The fluorescence
intensity of the viable cells was analyzed using CellQuest software.

Reporter gene assay of hTERT promoter activity
The PGL2-enhancer luciferase vectors containing 3 hTERT promoter constructs, P-330,
P-1009, P-3996, were kindly provided by Dr. Silvia Bacchetti.32 Before transfection,
MCF-7 cells were grown in 24-well culture plates with or without various concentrations of
genistein treatment for 3 days. MCF-7 cells were transiently transfected with 3 hTERT
promoter-luciferase constructs along with PGL2-enhancer vector (Promega, Madison, WI)
as a basic control for 24 hr, respectively. Luciferase activity was measured in cell lysates by
a microplate luminometer using the Dual Luciferase assay kit (Promega) according to the
manufacturer's protocol. Luciferase activity was normalized by Renilla luciferase activity
through co-transfection with the pRL-SV40 plasmid (Promega). Each experiment was
repeated in triplicate.

Quantitative real-time PCR
Both MCF-7 and MCF10AT cells were cultured and treated as described above. Total RNA
was extracted using the RNeasy kit (Qiagen, Valencia, CA) according to the manufacturer's
instructions. Genes of interest were amplified using 5 μg of total RNA reverse transcribed to
cDNA using the Superscript II kit (Invitrogen) with oligo-dT primer. In the real-time PCR
step, PCR reactions were performed in triplicate with 1 μg cDNA per reaction and primers
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specific for hTERT (Hs00162669_ml) and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (Hs99999905_ml) provided by Inventoried Gene Assay Products (Applied
Biosystems, Foster City, CA) using the Platinum Quantitative PCR Supermix-UDG
(Invitrogen) in a Roche LC480 thermocycler. Thermal cycling was initiated at 94°C for 4
min followed by 35 cycles of PCR (94°C, 15 sec; 60°C, 30 sec). GAPDH was used as an
endogenous control, and vehicle control was used as a calibrator. The relative changes of
gene expression were calculated using the following formula: fold change in gene
expression, 2−ΔΔCt = 2−{ΔCt (genistein-treated samples)−ΔCt (untreated control samples)},
where ΔCt = Ct (hTERT)−Ct (GAPDH) and Ct represents threshold cycle number.

Western blot analysis
For regular Western blot analysis, protein extracts were prepared by TRAPeze 1 × CHAPS
cell lysis buffer (Chemicon International, Temecula, CA) from MCF-7 cells treated with or
without genistein according to the manufacturer's protocol. Proteins (50 μg) were
electrophoresed on a 10% SDS-polyacrylamide gel and transferred to nitrocellulose
membranes. Membranes were probed with antibodies to hTERT (Epitomics, Burlingame,
CA), DNMTs (Abcam, Cambridge, MA), c-MYC (N-262; Santa Cruz Biotechnology, Santa
Cruz, CA) and E2F-1 (H-137, Santa Cruz Biotechnology), respectively, then each
membrane was stripped and reprobed with GAPDH antibody (V-18, Santa Cruz
Biotechnology) as loading control. Molecular weight markers were run on each gel to
confirm the molecular size of the immunoreactive proteins. Immunoreactive bands were
visualized using the enhanced chemiluminescence detection system (Santa Cruz
Biotechnology) following the protocol of the manufacturer.

Telomeric repeat amplification protocol assay
MCF-7 and MCF10AT cells with or without genistein treatments were harvested on days 0,
1, 2 and 3 for telomerase activity analysis. The telomeric repeat amplification protocol
(TRAP) assay was performed with the TRAPEZE Telomerase Detection kit (Chemicon
International) as reported previously.33 All samples were incubated at 94°C for 10 min to
serve as a heat inactivation control. After incubating at 30°C for 30 min, the samples were
amplified by PCR (94°C for 30 sec, 59°C for 30 sec, and 72°C for 1 min) for a total of 36
cycles. The reaction was finished at 55°C for a 25 min extension step. The PCR products
were electrophoresed on a 10% non-denaturing polyacrylamide gel and stained with SYBR
Green (Molecular Probes, Eugene, OR).

Chromatin immunoprecipitation assay
MCF-7 and MCF10AT cells were treated with 100 μM genistein and an equal volume of
DMSO as the untreated control for 3 days. Approximately 2 × 106 cells were cross-linked,
with a 1% final concentration of formaldehyde (37%, Fisher Chemicals, Fairlawn, NJ) for
10 min at 37°C. ChIP assays were performed with the EZ Chromatin Immunoprecipitation
(EZ ChIP™) assay kit according to the manufacturer's protocol (Upstate Biotechnology,
Charlottesville, VA) as described previously.34 ChIP-purified DNA was amplified by
standard PCR using primers specific for the hTERT promoter containing the 236 bp
fragment: sense, 5′-CAGGACCGCGCTTCCCACG-3′ and anti-sense, 5′-
GGCTTCCCACGTGCGCAGC-3′. PCR amplification was performed using the 2 × PCR
Master Mix (Promega) and the reaction was initiated at 94°C for 4 min followed by 30
cycles of PCR (94°C, 30 sec; 56°C, 30 sec; 72°C, 1 min), and extended at 72°C for 5 min.
After amplification, PCR products were separated on 1.5% agarose gels and visualized by
ethidium bromide fluorescence using Kodak 1D 3.6.1 image software (Eastman Kodak
Company, Rochester, NY). Quantitative data were analyzed using the Sequence Detection
System software version 2.1 (PE Applied Bio-systems, Foster City, CA).
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ChIP-bisulfite sequencing analysis
To assess the methylation status changes in the hTERT promoter of the ChIP products,
sodium bisulfite methylation sequencing was performed. Approximately 50 μl of ChIP
product was treated with bisulfite following the manufacture's protocol (Human Genetic
Signatures, Macquarie Park, Australia). Bisulfite-modified DNA was analyzed using two
primer sets spanning a region from −2ε288 to −231 of the hTERT promoter, which
contained the distal E-box and E2F-1 recognition site. PCR amplifications were performed
with primers BF 5′-GGTTTTTAGTGGATT-3′, BR 5′-AAAACCAAAACTTCCCAC-3′.
PCR products were purified using a gel extraction kit (Qiagen) and were directly sequenced
with primer BF on an automated DNA sequencer. Each sample was sequenced 3 times to
determine the site-specific methylation changes in the amplified regions.

Statistical analyses
Data from Real-time PCR and luciferase assays were derived from at least 3 independent
experiments. For quantification of ChIP products, Kodak 1D 3.6.1 image software was used.
The protein levels were quantified by optical densitometry using ImageJ Software version
1.36b (http://rsb.info.nih.gov/ij/). Statistical significance between treatment and control
groups was evaluated using Student's t-test, and values were presented as mean ± SE. p <
0.05 was considered significant.

Results
Transcription suppression of hTERT by genistein treatment occurred in a time- and dose-
dependent manner

Several studies have shown previously that genistein has anti-proliferative effects on breast
cancer cells, however, few investigations have examined hTERT transcriptional regulation
by genistein. We initiated our study to first determine the optimal dose of genistein that will
induce hTERT repression to the breast MCF10AT benign fibrocystic cells and MCF-7
cancer cells. As shown in Figure 1a, we observed a dose-dependent cell growth inhibition
with genistein treatment both in MCF10AT and MCF-7 cells. In addition, the cell growth
was completely inhibited at 50 μM and 100 μM of genistein after 3 days treatment without
induction of cell death in MCF10AT and MCF-7 cells, respectively. In MCF10AT cells, 100
μM of genistein treatment caused a slight but non-significant increase in cell growth
inhibition compared with 50 μM, indicating that the concentration of 50 μM has a more
efficient effect in MCF10AT cells for studying the mechanisms of hTERT expression
regulation. We have also performed the apoptosis assay (Supporting information) and found
that genistein could not induce apoptosis under the aforementioned concentrations both in
MCF10AT and MCF-7 cells. These results suggest that applying genistein under the
aforementioned concentrations is capable of completely inhibiting cell growth without
inducing apoptosis within the 3 days examined.

We also observed that genistein decreased hTERT transcription both in MCF10AT and
MCF-7 cells in a dose- (left) and time-dependent (right) manner, as shown in the Figures 1b
and 1c. In MCF10AT cells, similar significant hTERT suppression effects were observed
both at 50 μM and 100 μM (Fig. 1b), which is consistent with our previous studies of cell
growth inhibition. In addition, we found that the dose of 100 μM(p < 0.001) has a more
effective impact on hTERT inhibition in MCF-7 cells (Fig. 1c). Furthermore, we observed
overwhelming hTERT suppression that occurred on the third day of treatment both in
MCF10AT and MCF-7 cells at the genistein concentration of 50 μM and 100 μM,
respectively. These results indicate that genstein-induced growth inhibition of breast cancer
cell is not through the apoptosis pathway, but rather, involved in regulating gene expression
such as that of the hTERT gene, which is consistent with the previous studies.30
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It is well known that high activity of telomerase is present in the majority of cancer cells,
which allows the cells to survive and proliferate. The genistein-induced repression of
hTERT, the key enzymatic component of telomerase, prompted us to investigate the
alteration of telomerase activity with genistein treatment in benign and malignant breast
cancer cells. Hence, we conducted our subsequent experiments to investigate whether
genistein elicits any effect on telomerase activity.

Genistein repressed telomerase activity in MCF-7 cells
To address whether genistein could repress telomerase activity in breast cancer cells, we
performed TRAP assays on MCF10AT and MCF-7 cells at the aforementioned days and
various genistein concentrations. As illustrated in Figures 1d and 1e, the presence of
telomerase activity was shown by the 6-bp ladder banding pattern that started at 61 bp. A
56-bp internal control band to monitor the PCR efficiency was visible in every sample. We
observed that genistein repressed telomerase activity both in MCF10AT and MCF-7 cells
dose- (left) and time-dependently (right). Up to 50% reduction in telomerase activity was
observed on the third day of genistein treatment compared with untreated control cells,
which revealed a delay in repression of telomerase activity relative to its mRNA product that
is due to a ~24 hr half-life of the telomerase enzyme.35 These findings are consistent with
our previous results showing that genistein induced hTERT suppression, which strongly
suggest that repression of telomerase activity both in benign and cancer-derived cells by
genistein is due to down-regulation of hTERT expression.

The hTERT core promoter is responsible for genistein-induced repression of hTERT
expression

To explore the molecular mechanism of genistein-induced repression of telomerase activity,
we examined hTERT promoter activity using the luciferase reporter system in breast cancer
cells. Luciferase reporter plasmids contain either the full-length (3.9 kb) hTERT 5′
regulatory region (pGL2-3996) or deleted constructs of hTERT promoter elements including
pGL2-1009 and pGL2-330 (Fig. 2a). As indicated in Figure 2b, the inhibition of pGL2-330,
pGL2-1009 and pGL2-3396 transfected cells induced hTERT promoter activity between the
genistein-treated and untreated MCF-7 cells at 12.6-, 7.9- and 8.6-fold compared with the
basic vector. Further investigations on the hTERT promoter covered in the pGL2-330
construct revealed several transcription factor recognition sites in this region including
E2F-1 and E-box (c-MYC) binding sties (Fig. 2c), which indicate that this particular region
in the hTERT promoter may be associated with hTERT transcription regulation by genistein.
We therefore used the pGL2-330 construct to examine the effect of genistein on hTERT
promoter activity in MCF-7 cells. We observed that genistein treatment significantly
decreased hTERT transcription activity in a dose- and time-dependent manner in MCF-7
cells as shown in Figure 2d, which is highly consistent with our former results of genistein-
induced repression both of hTERT expression and telomerase activities. These results
collectively suggest that the minimal hTERT promoter contains the core element that is
responsible for genistein-dependent repression of hTERT transcription activity.

Genistein down-regulated the expression of DNA methyltransferases
Our previous studies have shown EGCG, the major polyphenol from green tea, inhibits the
activity of DNMT1 and this can lead to hypomethylation of the hTERT promoter.34 To
determine whether genistein as a key polyphenolic compound in soybean has similar
activities, we explored the effects of genistein on the expression of the DNMTs. Cellular
proteins were extracted from MCF10AT and MCF-7 cells after 3 days of treatment with 50
μM and 100 μM genistein, respectively. Western-blot analysis revealed that genistein
treatment significantly decreased the expression of DNMT1, DNMT3a and DNMT3b, the 3
main DNMTs, at 2 and 3 days of treatment with time-dependent manner in MCF-7 cells
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(Figs. 3a and 3b, left). In MCF10AT cells, a similar trend in DNMT1 expression was
observed, however, no signals of DNMT3a and DNMT3b were found in western-blot
analysis (data not shown). These results indicate that genistein may play an important role in
epigenetic gene regulation via modulating DNMTs activities.

Genistein down-regulated the expression of c-MYC, but up-regulated E2F-1
To identify the direct mechanism of genistein on hTERT transcription regulation, we
performed western-blotting to examine E2F-1 and c-MYC expression with genistein
treatment. We started with E2F-1 and c-MYC because they are the most important repressor
and activator of hTERT, respectively, whose binding depends on the methylation status of
the hTERT promoter.36,37 As shown in Figures 3a and 3b right, the protein level of E2F-1
was increased significantly at 2 and 3 days of treatment, whereas c-MYC was decreased
prominently in response to genistein during the same time interval both in MCF10AT (data
not shown) and MCF-7 cells. These results indicate that expression alterations of key
transcription factors caused by genistein may be a potential factor in hTERT transcription
regulation. It may not be the only reason, however, since the methylation-sensitive behavior
of E2F-1 and c-MYC also affects the binding of these transcription factors to the hTERT
promoter depending on methylation status of the recognition sites. This is experimentally
relevant in light of our results showing the inducible changes of DNMTs expression in
response to genistein. We therefore performed ChIP assay and bisulfite sequencing to
analyze the binding alterations of transcription factors and methylation status of the hTERT
promoter in the following studies.

Genistein treatment altered the binding of E2F-1 and c-MYC to the hTERT promoter
Since we had shown that the expressions of hTERT as well as DNMTs were markedly
decreased in response to genistein, we therefore sought to explore the impact that this could
have on the binding of transcription factors to the hTERT promoter. Using chromatin
immunoprecipitation (ChIP) techniques, we observed that the binding of E2F-1 to the
hTERT promoter was increased by 2.8- and 10-fold, whereas binding of c-MYC was
decreased to 0.54- and 0.08-fold compared with the untreated samples in the MCF10AT and
MCF-7 cells, respectively (Figs. 4a and 4b). The results suggest that the binding alterations
of these transcription factors likely contributed to the suppression or down-regulation of
hTERT due to genistein treatment.

The binding of E2F-1 to the hTERT promoter was increased due to hypomethylation of the
E2F-1 recognition site in response to genistein

Since genistein was more effective on the transcription factor binding to the hTERT
promoter in MCF-7 cells than MCF10AT cells according to the ChIP results, we therefore
used MCF-7 cells to perform the bisulfite sequencing analysis. To elucidate the effects of
methylation on transcription factor binding to the hTERT promoter, we developed a novel
ChIP-bisulfite sequencing approach by using ChIP purified DNA as a template for bisulfite
treatment. By using this novel technique, we analyzed the methylation status of the hTERT
promoter in the region −298 to −31 which contains many CpG dinucleotides and
overlapping transcription factor binding sties. We found that the CpG dinucleotides of the
E2F-1 binding site close to the start point switched to hypomethylation in response to
genistein (Figs. 4c and 4d). However, there was no methylation change in both the proximal
and distal c-MYC binding sites (E-box) in the hTERT promoter (data not shown). Because
E2F-1 cannot bind to hypermethylated recognition sites,38 these results suggest that
genistein-induced hypomethylation of the E2F-1 recognition site allows for the E2F-1
binding to the hTERT promoter which in turn led to the repression of hTERT expression.
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Genistein caused chromatin remodeling at the hTERT promoter
In addition to DNA methylation as the primary mechanism of epigenetic control, histone
acetylation and methylation also play important roles in hTERT gene regulation.
Hyperacetylated histones and histone H3 methylated at lysine 4 are common markers of
active chromatin, whereas, hypoacetylated histones and methylation of histone H3 at lysine
9 and 27 are generally associated with inactive genes. Therefore, to explore whether these
chromatin makers affect hTERT gene expression in response to genistein, we performed
ChIP assays in MCF10AT and MCF-7 cells with and without genistein treatment. We
analyzed the hTERT promoter by using antibodies for both transcriptionally active (acetyl-
H3K9 and dimethyl-H3K4) and inactive (trimethyl-H3K9) markers of chromatin. The
results indicated that genistein increased trimethyl-H3K9, the inactive chromatin marker, to
the hTERT promoter by 2.1- and 7.5-fold, whereas it decreased dimethyl-H3K4, the active
chromatin marker, to 0.4- and 0.28-fold compared with the DMSO controls in the
MCF10AT and MCF-7 cells, respectively (Fig. 5). However, no obvious change was found
in acetyl-H3 between the genistein-treated and -untreated MCF10AT and MCF-7 cells (data
not shown). Collectively, these results suggest that genistein may influence hTERT
transcription regulation through chromatin remodeling primarily through alterations of
methylation in specific histone residues within the hTERT promoter.

The effects of combination of genistein and 5-aza-dCyd on the suppression of hTERT
In our previous studies, we found that genistein could down-regulate the expression levels of
DNMTs (Fig. 3a). We next explored the combined treatments of genistein with an important
DNMTs inhibitor, 5-aza-dCyd, to analyze hTERT expression and telomerase activities.
MCF-7 cells were treated with 50 μM genistein for 3 days alone, followed by a treatment
with 2 μM 5-aza-dCyd for two additional days as combination samples. As indicated in
Figure 6, both genistein and 5-aza-dCyd caused a reduction in hTERT expression and
telomerase activity, however, genistein alone induced a more pronounced hTERT inhibition
than 5-aza-dCyd alone. More importantly, the effect of combination treatment with genistein
and 5-aza-dCyd was higher with 82% hTERT inhibition than that of each agent alone,
suggesting an additive action on hTERTM gene regulation.

Discussion
Various molecular mechanisms for the inhibitory effects of the soybean product, genistein,
on many types of cancers have been proposed. In the present study, we focused on the
molecular mechanism of genistein-induced repression of telomerase activity both in breast
precancerous cells and breast cancer cells. Our results clearly show that genistein can
repress hTERT expression via epigenetic mechanisms that involved both DNA
hypomethylation and chromatin remodeling in the hTERT promoter. These mechanisms in
turn repress telomerase activity both in breast precancerous cells and breast cancer cells,
although the effects were more pronounced in breast cancer cells. Therefore, our results
indicate that genistein, a multifunctional dietary component, can not only prevent breast
cancer development, but also more importantly could be applied as a potential anti-cancer
drug administrated in future breast cancer therapy.

An increasing number of findings have defined the hTERT gene as an important target of
cancer therapy.39 In our studies with genistein, a dietary component involved in breast
cancer prevention, we observed a dose- and time-dependent decrease of hTERT mRNA and
protein, as well as telomerase activity in MCF10AT and MCF-7 cells. These studies are
consistent with a recent report showing the suppression of hTERT transcription by genistein
in prostate cancer cells30 and provide a key mechanism for this effect.
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Aberrant regulation of the hTERT gene always results in over-expression of hTERT product
and leads to telomerase activation which in turn triggers cancer development including lung,
renal and breast tumors.20–22 Multiple mechanisms involved in hTERT gene transcription
regulation have been proposed, which include cellular and viral oncogenic factors, as well as
the epigenetic pathways.40 Furthermore, the presence of dense CpG sites and abundant
transcription factor binding sites in the hTERT core promoter allow the accessibility of
epigenetic modulators and/or transcription factors to regulate hTERT expression.23,41
However, unlike most human gene promoters in which CpG island hypermethylation leads
to gene silencing, the hTERT promoter is highly methylated in most cancer cell lines,
rendering hTERT transcriptionally active.27 In our present studies, we found that genistein
can regulate hTERT transcription not only by modulating the expression of essential
transcription factors, such as E2F-1 and c-MYC, but also by altering the methylation status
that leads to hTERT gene silencing. Further studies clearly demonstrated that genistein
treatment decreased the capacity of DNMTs to maintain methylation, leading to site-specific
demethylation of the proximal E2F-1 binding site in the hTERT promoter, thus allowing the
methylation-sensitive repressor to bind and block transcription as we have shown in Figure
4. However, not all the CpGs of the hTERT promoter are affected, including the E-box, the
c-MYC binding site, which suggests that the decreased recruitment of c-MYC to the hTERT
promoter may be due to the direct effect of genistein on c-MYC expression. Another
explanation may be that the DNMTs preferentially methylate the CpGs contained in the
E2F-1 sites and that disruption of DNMTs activity initially causes a loss of methylation in
that area. Consistent with our previous studies on the green tea polyphenol, EGCG, showing
that EGCG could impact epigenetic regulation by inducing hypomethylation of the E2F-1
binding site in the hTERT promoter,34 our current studies indicate that genistein may also
modulate hTERT gene regulation and telomerase activity through a similar mechanism.

Epigenetic modification may affect the accessibility of hTERT by a specific transcription
factor. Alternatively, excess amounts of a particular transcription factor in a specific cell
type or aberrant recruitment of that transcription factor to the hTERT promoter may interfere
with the epigenetic stability of the hTERT promoter that may affect telomerase activity. The
interactions between genetic and epigenetic factors will form a permissive or inhibitive
condition for hTERT transcription depending on the specific cellular context. To elucidate
these interactions, a new technique, ChIP-Bisulfite Sequencing Analysis (ChIP-BSA) was
introduced in our studies for the first time, which is believed to resolve the technical
problem by combining ChIP bound with the transcription factor and bisulfite sequencing
analysis of the complex methylation pattern of hTERT. Our current findings presented here
strongly suggest that genistein may play an important role in the epigenetic control of
hTERT through hypomethylation at specific recognition sites for certain transcription factors
within the hTERT promoter, indicating a cross-talk between genetic and epigenetic
regulation in controlling hTERT transcription in response to genistein.

Epigenetic processes involving chromatin modification, such as histone acetylation,
methylation and phosphorylation, are believed to play important roles in controlling hTERT
gene transcription.28,29 Recent studies have proved that genistein can also influence the
epigenetic regulation in prostate cancer cells.14 Chromatin analysis of the hTERT promoter
in breast cancer cells provides another explanation for the complicated hTERT gene
regulation in response to genistein. In terms of the chromatin histone methylation markers,
we found that the inactive marker, trimethyl-H3K9, was enriched; whereas the active marker
dimethyl-H3K4 was depleted throughout the hTERT promoter in response to genistein.
However, there is no difference in the acetylated active marker of chromatin, H3, between
the genistein-treated and -untreated breast cancer cells in the hTERT promoter region. This
is consistent with a weak inhibitory effect of genistein on histone deacetylase (HDAC)
activity as suggested by Fang et al.13 On the other hand, our results suggest that, at least for
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hTERT, genistein may be more effective in influencing the chromatin histone methylation
pattern in determining hTERT expression.

Genistein, the soybean component, has been shown to inhibit tumorigenesis in different
organs and cells. In our present studies, mechanisms of genistein-induced hTERT repression
involving in DNA methylation regulation were proposed. Therefore, the inhibitory effects of
genistein on DNA methyltransferases may have intrinsic synergistic effects on hTERT
combined with other DNA methyltransferase inhibitors, such as 5-aza-dCyd.42 Indeed, our
results (Fig. 6) show that genistein, at 50 μM, enhanced the activity of lower concentrations
of 5-aza-dCyd (2 μM) to suppress hTERT and telomerase activity, which indicates that the
additive effects between genistein and other epigenetic modulators could facilitate the
availability of breast cancer prevention and therapy.

Geinistein bioavailability and concentrations that are used in this study are ongoing
important issues and consuming dietary soybean could be potentially favorable in breast
cancer prevention and therapy. First, our results in Figure 1a and supporting information
show that the genistein concentration in this study can lead to cell growth arrest without
induction of cell death, indicating that genstein could exert its anti-cancer effects through
gene regulation such as we have shown for hTERT rather than inducing cell apoptosis.
Secondly, genistein could be selectively concentrated in breast tissue with high distributions
of estrogen receptors (ERα and ERβ) in this tissue because of the higher binding affinity of
genistein for these receptors.43–45 Therefore the consumption of modest amounts of
isolated isoflavone can exert potentially important biological effects such as epigenetic
changes in human breast tissue. Thirdly, in vivo studies have consistently shown that
effective genistein levels were lower than those of in vitro models46 indicating that
genistein could act as prodrug-like molecules that undergo structural changes that favor
potency against telomerase through impacting epigenetic regulation. On the basis of these
observations, we therefore believe that dietary genistein could be applied in breast cancer
prevention and therapy and its mechanism of action is likely through targeting the
expression of the hTERT component of telomerase by affecting epigenetic regulation.

In summary, the findings from this study illustrate the multi-factorial mechanisms by which
genistein induces repression of telomerase activity in both breast precancerous and cancer
cells. Both the direct regulation of key transcription factors and epigenetic modulations are
involved in genistein-induced repression of telomerase activity. More importantly, for the
first time we found genistein treatment leads to site-specific hypomethylation of the hTERT
promoter including E2F-1 binding sites resulting in an increase in binding of this repressor.
We have also shown for the first time that genistein treatment can regulate the methylation
status of histones in the hTERT promoter, further contributing to hTERT down-regulation.
Genistein also shows an additive effect on hTERT repression in combination with another
DNA methyltransferase inhibitor, such as 5-aza-dCyd. These findings have important
implications for the application of genistein in breast cancer chemoprevention and therapy.
Future efforts aimed at determining the appropriate administration of genistein and
elucidating the further anti-cancer mechanisms are needed in vivo.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Dose- and time-dependent inhibition of hTERT expression and telomerase activity in
MCF10AT and MCF-7 cells treated with genistein. a, Genistein-induced cell growth
inhibition in breast tumor cells without induction of cell death. MCF10AT (left) and MCF-7
(right) cells were plated in triplicate wells and exposed to various concentrations of genistein
(0, 10, 25, 50 and 100 μM) for 3 days. Viable cells were counted by Trypan Blue staining
using a hemacytometer. b and c, Dose- (left) and time-dependent (right) alterations of
hTERT mRNA expression in MCF10AT and MCF-7 cells, respectively. Left, 24 hr after
plating, cells were exposed to various concentrations of genistein. Right, the MCF10AT and
MCF-7 cells were treated with genistein at a concentration of 50 μM and 100 μM for 3 days,
respectively. Cell pellets were collected and subjected to real-time PCR and TRAP assay
analysis. Relative quantification was performed by quantitative real-time PCR. Data are in
triplicate from 3 independent experiments and were normalized to GAPDH and calibrated to
levels in untreated samples. Bars, SE; *p < 0.05; **p < 0.001, significantly different from
control. d and e, Dose- (left) and time-dependent (right) effect of genistein on telomerase
activity in MCF10AT and MCF-7 cells. The internal control was evaluated for equal
loading. Representative photograph from an experiment was repeated 3 times.
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Figure 2.
Genistein represses hTERT transcription in breast cancer cells. a, Deletion constructs of the
hTERT promoter. The A of the translation start codon (ATG) is designated as +1, and the
name of each deletion construct was assigned according to the length of sequences upstream
of the hTERT ATG. b, MCF-7 cells were transiently transfected with each of these luciferase
plasmids together with Renilla luciferase (pRL-SV40) plasmids as the internal controls for
24 hr in normal growth media and then treated with or without 100 μM genistein for another
48 hr, after which luciferase activities assays were performed. Relative luciferase activity
was normalized by Renilla luciferase activity. Luciferase activity in genistein-untreated
samples was normalized to 1.0. C, The location of E2F-1, E-box and Sp1 binding sites in the
hTERT proximal promoter. d, Dose- and time-dependent inhibition of hTERT promoter
activity in response to genistein. MCF-7 cells were transiently transfected with P-330 with
various concentrations (left) or 100 μM (right) of genistein for 72 hr. Relative luciferase
activity was determined as mentioned above. Luciferase activity in control samples
transfected with basic plasmid (pGL2-enh) was normalized to 1.0. Values are the means of 3
independent experiments. Bars, SE; *p < 0.05; **p < 0.001, significantly different from
control.
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Figure 3.
Expressions of DNMTs and the main transcription factors of hTERT, E2F-1 and c-MYC, in
response to genistein. a, the protein levels of DNMTs (left) and transcription factors, E2F-1
and c-MYC (right) were determined by western-blot analysis. MCF-7 cells proteins were
extracted after exposure to 100 μM genistein for 3 days. Protein lysates (50 μg) were
resolved on 12% SDS-PAGE, transferred onto nitro-cellulose membrane, and probed with
antibody to DNMT1, DNMT3a, DNMT3b, E2F-1 and c-MYC. Membranes were reprobed
with anti-GAPDH antibody to ensure for equal loading. Representative photograph from an
experiment was repeated 3 times. b, Densitometry values for relative protein expressions of
DNMTs (left) and transcription factors (right) were quantified and normalized to GAPDH
internal controls. Bars, SE; *p < 0.05; **p < 0.001, significantly different from zero day
control.
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Figure 4.
Genistein alters the recruitment of transcriptional factors to the hTERT promoter. a,
Chromatin DNA from MCF10AT and MCF-7 cells was immunoprecipitated with antibodies
against E2F-1 and c-MYC together with no antibody controls. MCF10AT (left) and MCF-7
cells (right) were treated with 50 μM and 100 μM of genistein, respectively, for 3 days and
analyzed by ChIP assay together with untreated control cells. The purified DNA was
amplified by PCR with the use of hTERT promoter primers. Inputs came from the total DNA
and served as the same ChIP PCR conditions. Representative photograph from an
experiment was repeated in triplicate. b, ChIP data were calculated from the corresponding
DNA fragments amplified by PCR; columns, mean; bars, SD. Enrichment was calculated as
the ratio between the net intensity of each bound sample divided by the input and the
untreated control sample divided by the input (bound/input)/(control/input). c, DNA
methylation patterns of E2F-1 binding site in the hTERT promoter in response to genistein.
ChIP-Bisulfite sequencing shows that genistein-treated DNA is associated with
hypomethylated CpG dinucleotides of the E2F-1 binding site, whereas untreated DNA is
associated with heterogenerous CpG. d, Schematic presentation of E2F-1 preferentially
binding to the unmethylated E2F-1 binding site in the hTERT promoter in response to
genistein. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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Figure 5.
Genistein modulates the histone status of hTERT in breast cancer cells. α, Genistein treated
and untreated MCF10AT and MCF-7 cells were analyzed by ChIP assay using the
chromatin markers, dimethyl-H3K4 (active), trimethyl-H3K9 (inactive) and no antibody
controls. The PCR primers and conditions were used as described above. Representative
photograph from an experiment was repeated in triplicate. b, Histone modification
enrichment were calculated from the corresponding DNA fragments amplified by PCR as
described previously; columns, mean; bars, SD.
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Figure 6.
Effects of a combination of genistein and 5-aza-dCyd (5-aza) on the repression of hTERT
and telomerase activity. a, Genistein enhances the repression of hTERT expression
combined with 5-aza. MCF-7 cells were treated with or without either 50 μM genistein or 2
μM5-aza alone or together for 3 days and cultured for an additional day in fresh medium.
Quantitative real-time PCR (upper) and western-blot (bottom) were performed. b, Genistein
in combination with 5-aza enhances the repression of telomerase activity in an additive
manner. TRAP assays were performed after the treatment described above. Representative
photograph from an experiment was repeated in triplicate.
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