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ABSTRACT 
 
 

Genistein, the most abundant isoflavonoid found in soy and other leguminous 

plants such as lentils, has cancer growth modulating effects that vary based on its 

concentration.  It is unclear which particular concentrations of genistein have a cancer 

promoting or cancer inhibiting effect.  The mechanism for enhanced cancer cell 

proliferation by genistein is also unknown.  One molecular target of genistein is 

telomerase.  Telomerase imparts endless replicative potential to cancer cells by 

facilitating proliferation and survival through the alteration of growth factors and 

apoptotic proteins.  Having previously determined that pharmacological concentrations 

of genistein repress telomerase activity and prostate cancer cell growth, we examined the 

effect of physiologically achievable concentrations of genistein on telomerase activity 

and cancer cell proliferation.  We found that physiologically achievable concentrations of 

genistein enhance telomerase activity and human prostate cancer cell growth.  Signal 

transducers and activators of transcription 3 (STAT3) activation and increased STAT3 

binding to the telomerase reverse transcriptase (TERT) promoter by physiological 
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concentrations of genistein were identified as the mechanism for enhanced telomerase 

activity in human prostate cancer cells.   

The mechanism for genistein-induced activation of STAT3 was then determined.  

A physiological concentration of genistein activated signaling proteins upstream of 

STAT3 including JAK2, Akt, Src, and MAPK p44/42 in human prostate cancer cells.  

Specific shRNA inhibition of these signaling proteins in stable STAT3 reporter prostate 

cancer cells reduced STAT3 reporter activity and cancer cell proliferation.  Genistein 

treatment of cells with the signaling proteins inhibited did not increase STAT3 reporter 

activity and cancer cell proliferation to the level observed in genistein treated control 

cells, indicating that JAK2, Akt, Src, and MAPK p44/42 are necessary for genistein-

induced activation of STAT3.  The data collectively suggests that physiologically 

achievable concentrations of genistein enhance cancer cell proliferation by increasing 

telomerase activity via STAT3 activation mediated by upstream signaling proteins.  The 

result that physiological concentrations of genistein promote prostate cancer cell growth 

indicates that prudence should be exercised when genistein is considered for 

chemotherapeutic purposes as unfavorable effects in individuals with prostate cancer is 

possible.   
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INTRODUCTION  

 
1.1  The Human Prostate & Prostate Cancer 
 
1.1.1  Prostate Development & Normal Function   

 The human prostate gland is a male reproductive organ that produces and stores 

seminal fluid [1].  The prostate develops from the endodermal urogenital sinus (UGS) 

which is derived from the cloaca or the caudal end of the hindgut [2].  Connective tissue 

called the mesenchyme surrounds the UGS and induces prostate development upon 

stimulation from fetal testicular androgens [2].  The prostate matures from epithelial buds 

formed from the epithelium of the UGS which then invade the surrounding mesencyme 

[2].  The epithelial buds subsequently elongate and bifurcate to produce epithelial ducts 

[2].  In rodents, the epithelial buds grow in specific ductal branching patterns to give rise 

to the different lobes of the rodent prostate which includes the anterior, ventral, and 

dorsolateral lobes (Figure 1.6.1) [2].  Testosterone, the main androgen secreted by the 

testes, regulates prostate development, growth, and function (secretory activity) by 

binding to androgen receptors (ARs), a steroid receptor family transcription factor [3,4].  

Testosterone is converted to 5α-dihydrotesterone (DHT) by 5α-reductase in the prostate 

and DHT is more effective in stimulating prostate growth and function even though the 

two hormones bind to the same AR [3,4].   

 Reciprocal interactions between the epithelium and mesenchyme of the prostate 

are also established during embryogenesis [5].  In response to testosterone, the 

mesenchyme, which develops into the stroma, stimulates the epithelium to 
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morphogenetically differentiate into secretory epithelial cells [2,5].  The epithelium 

regulates the differentiation and organization of the smooth muscles in the mesenchyme 

to form the stroma [5].  A complete and stable stroma is required for the maintenance of 

normal glandular structure and function in addition to the continuous presence of 

testosterone in the normal adult prostate [5].   

 

1.1.2  Anatomy of the Prostate  

The prostate is divided into three distinct anatomical zones (the peripheral zone, 

the central zone, and the transitional zone) with the urethra as a central anatomical 

reference point (Figure 1.6.2) [6,7].  Over 70% of the total glandular mass of the prostate 

is attributed to the peripheral zone and the majority of prostatic carcinomas arise in this 

location [7].  The central zone accounts for approximately 25% of the total prostate mass 

and only a small percentage of prostate cancers develop in this zone [7].  The remaining 

glandular mass of the prostate is the transitional zone.  Despite the small mass of this 

zone, about 25% of prostate cancer and nearly all benign prostatic hyperplasia (BPH) 

cases arise in the transitional zone [7].  Each zone differs histologically and biologically; 

however, the epithelial ducts and glandular acini in all three zones are lined by secretory 

epithelium [6].  Basal cells and scattered endocrine-paracine cells lie beneath the 

secretory epithelium [6].  The fourth anatomical region of the prostate, the anterior 

fibromuscular stroma, is fused to the complete anterior surface of the three glandular 

zones [7].  Smooth muscles cells, collagen fibers, and fibroblasts comprise the stroma [8]. 
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1.1.3  Benign Prostatic Hyperplasia 

 Benign Prostatic Hyperplasia (BPH) is a distinct disease from prostate cancer 

where is there is an increase in cell number, resulting in an enlarged prostate with no 

carcinogenesis [9,10].  However, similar to prostate cancer, the incidence of BPH 

increases with age [9].  BPH is characterized as a nodular growth comprised of 

heterogeneous stromal and glandular tissues with stromal tissues being the major 

constituent [8].  There are five types of BPH nodules:  stromal, muscular, fibromuscular, 

fibromyoadenoma, and fibroadenoma [10].  Obstruction of the urinary passage by BPH 

nodules and the subsequently enlarged prostate may result in morbidity [9].  Surgical 

treatment is necessary in 25% of men with clinically significant BPH [9]. 

 

1.1.4  Prostate Cancer 

Cancer of the prostate is the second most prevalent cause of cancer mortality in 

American men.  The American Cancer Society estimates that there will be approximately 

186,320 new diagnosed cases of prostate cancer in the United States in 2008, constituting 

25% of all cancer cases for men.  About 1 out of 6 men will be diagnosed with prostate 

cancer during his lifetime, but only 1 out of 35 will die from it, amounting to roughly 

28,660 deaths which accounts for 10% of cancer-related deaths in men.  The relative 5-

year survival rate for men with prostate cancer is 100%, the relative 10-year survival rate 

is 91%, and the 15-year relative survival rate is 76% [11].  These high survival rates may 
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possibly be attributed to increased early detection and to the fact that prostate cancer is 

slow growing which may not metastasize for several years.  Prostate cancer commonly 

metastasizes to the bone, brain, and lymph nodes.  Symptoms of prostate cancer include 

difficulty starting urine flow, pain during urination, blood in urine, and weight loss [12].   

The prostate is regulated by testosterone for normal sexual function as well as 

bladder control since the urethra passes through the prostate.  However, testosterone has 

also been associated with the development and growth of cancer [1].  In addition, 

testosterone levels decline while estrogen levels elevate in men as age and the incidence 

of cancer increases [13].  The peripheral conversion of testosterone to estrogen accounts 

for the majority of estrogen in men [14].  Estrogen has been shown to induce 

carcinogenesis of the prostate in an animal model [15].  Likewise, a compound with 

estrogenic characteristics in man-made materials was linked to neoplastic transformation 

in the same animal model [15].  Estrogen and the environmental estrogen were 

demonstrated to promote prostate cancer by altering gene expression via methylation 

[15].  Other possible mechanisms for the development of prostate cancer include 

oxidative stress that causes free radical based DNA damage, germ-line mutations, and 

high dietary fat intake [16-18]. 

 

1.1.5  Pathology of Prostate Cancer 

 Prostate cancer may initiate from a precancerous abnormality of epithelial cells in 

the glandular acini and ducts [19].  Prostatic intraepithelial neoplasia (PIN) is one 
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potential premalignant condition where secretory epithelial cells in the glandular acini 

and ducts, predominantly in the peripheral zone, proliferate into the lumen [20,21].  The 

cells have nuclear enlargement, nucleolar prominence, hyperchromatism, and are 

stratified [20].  The distinguishing feature between PIN and carcinoma is that the basal 

layer is still partially intact with PIN [22].  PIN is categorized as low or high grade based 

on the extent of the cytologic changes observed [19].  High grade PIN is strongly 

associated with the progression to prostate cancer [23].  However, the onset of cancer 

from PIN can take more than six years [24]. 

After the diagnosis of prostate cancer, the histologic grade of the tumor is 

determined to assess the aggressiveness of the tumor.  The histologic grade is designated 

by the level of differentiation of the prostate glands and tumor cells.  The Gleason 

Grading System is the most commonly used grading system for prostate cancer (Figure 

1.6.3).  There are five grades in the Gleason Grading System.  Grade 1 describes well-

differentiated, slow growing cancer where a round mass of evenly spaced uniform glands 

closely resemble normal prostate glands.  Cancer glands in Grade 2 do not form a round 

mass and vary minimally in shape, size, and spacing.  Grade 3 is the predominant pattern 

where there is substantial variation in spacing, size, and shape of the glands.  The glands 

also infiltrate the surrounding stroma in an irregular configuration.  The cancer glands 

fuse together in Grade 4, forming a connected network interspersed with glandular 

lumens and stromal invasion is more prominent.  Grade 5 is poorly differentiated, rapid 

growing cancer.  The cancer cells form solid masses with no perceptible glands and 
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necrosis may be present.  To account for the heterogeneity of prostate cancer, a primary 

grade is assigned to the most recurrent pattern observed and a secondary grade is given to 

the next most common pattern.  The addition of these two grades yields the Gleason 

score.  Of note, the Gleason score compared between needle biopsies and prostatectomy 

specimens is undergraded in 30% to 45% of cases since the small sample from a needle 

biopsy may not be reflective of the overall tumor [25].   

 In addition to the grading systems for prostate cancer, there are staging systems to 

assess metastasis.  The most widely accepted staging system is the tumor, nodes, 

metastasis (TNM) system.  There are four stages (I-IV) in the TNM system that are 

designated according to the subcategories for the primary tumor (T), regional lymph 

nodes (N), distant metastasis (M), and histopathologic grade (G) stages.  The T stage 

subcategories (T0, T1, T2, T3, and T4) describe the presence of a tumor and the extent of 

tumor growth.  The N and M stage subcategories (N0, N1, M0, and M1) indicate the 

absence or presence of lymph node or distant metastases.  The G stage subcategories (G1, 

G2, G3-4) assess the degree of tumor differentiation based on Gleason scores [26,27].   

 

1.1.6  Treatment of Prostate Cancer 

 Traditional treatment for prostate cancer includes radical prostatectomy, definitive 

radiation therapy, watchful waiting, and hormone therapy.  Surgery is usually elective 

and reserved for patients in otherwise good health with tumors confined to the prostate 

[28].  Survival rates after radical prostatectomy have been reported to be as high as 93% 
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[29].  Radiation therapy is designated for patients with tumors restricted to the prostate 

and/or surrounding tissues and who were not ideal candidates for surgery [30,31].  The 

survival rate after radiation therapy is dependent on the stage of the cancer with the early 

stages (T1-T2) being more successfully treated [30,31].  Older patients or patients with a 

coexisting illness and who are asymptomatic are advised careful observation with no 

immediate treatment [32,33].  Survival rates in watchful waiting patients with localized 

tumors have been reported to be near 85% [34].  There are numerous hormonal therapies 

to treat prostate cancer, all with the intent to eliminate testosterone levels as testosterone 

has been shown to aide in prostate cancer growth.  Hormonal therapies include bilateral 

orchidectomy, antiandrogens such as flutamide, luteinizing hormone-releasing hormone 

(LHRH) agonists such as leuprolide, nonsteroidal aromatase inhibitors such as 

aminoglutethimide, and the antifungal ketoconazole [35,36].  However, all prostate 

cancers eventually become hormone independent [37].  Docetaxel, a mitotic inhibitor, is 

the most prescribed drug that is used in combination with vitamin D analogs for the 

treatment of hormone independent prostate cancer [37]. 

Although surgery and radiation therapy for prostate cancer result in high survival 

rates, the treatments have many complications and side effects.  The most common are 

impotence, urinary incontinence, and acute cystitis [38].  There are several side effects 

from hormonal therapy as well which includes loss of libido, hot flashes, osteoporosis, 

and liver toxicity [36,39].  Therefore, much research has been focused on the 

identification of chemopreventative agents with no side effects as an additional approach 
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for the management of prostate cancer.  Epidemiological studies have suggested that diet 

is a significant factor in carcinogenesis and integrating naturally occurring cancer 

chemopreventative agents in the diet can prevent cancer [40,41].  Such natural 

compounds are flavonoids, coumarins, indoles, and polyphenols [42-44].  Genistein 

(isoflavonoid), epigallocatechin gallate (EGCG; flavanol), and curcumin (polyphenol) are 

some well-known examples of natural chemopreventative agents [44,45].  Other 

relatively new chemopreventative compounds currently being investigated include 

apigenin (flavanol), acacetin (flavone), silibinin (flavonoid), decursin (coumarin), and 

grape seed extract (polyphenol) [46].  All of the agents have been demonstrated to inhibit 

prostate cancer growth either in vitro and/or in vivo [47-49].  The chemopreventative 

agents target proteins involved in metastasis, angiogenesis, cell survival, apoptosis, cell 

signaling, and cell cycle [46].  In addition, the compounds have antioxidant activity [46].  

Presently, there are no effective therapies for metastatic prostate cancer [50].  However, 

genistein has been shown to inhibit prostate cancer bone metastasis in animal models, 

offering a possible therapeutic option [51,52]. 

 

1.1.7  Prostate Cancer Cell Lines 

There are numerous human prostate cancer cell lines currently utilized as models 

of prostate cancer to investigate the prevention and treatment of prostate cancer.  Two of 

these cell lines were used in this thesis:  DU-145 and LNCaP.  DU-145 cells are epithelial 

cells derived from a metastatic brain lesion in a 69 year old Caucasian male [53].  DU-
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145 cells are hormone refractory and do not express prostate specific antigen [54].  

LNCaP cells are epithelial cells isolated from a metastatic lymph node tumor in a 50 year 

old Caucasian male [55].  LNCaP cells are androgen dependent and express prostate 

specific antigen [54].  The expression of estrogen receptors (ERs) in these two prostate 

cancer cell lines has been inconsistently reported.  One study demonstrated that DU-145 

and LNCaP cells express ERβ but not ERα [56].  Another study confirmed that DU-145 

cells only express ERβ but also stated that LNCaP cells express both ERβ and ERα [57].  

Nonetheless, the expression of ERβ mRNA in these prostate cancer cells validates that 

estrogen has an effect on prostate cancer growth and anti-estrogens could be used as a 

prostate cancer therapy. 

 

1.2  Genistein & Its Anti-Cancer Potential 

1.2.1  Similarity to Estrogen & Biological Effects 

 Genistein (4,5,7-trihydroxyisoflavone) is a phytoestrogen present in soybeans and 

lentils as well as some fruits and vegetables [58].  The diphenolic chemical structure of 

genistein has similarities to the structure of estrogen and so it competes with 17β-

estradiol to bind to estrogen receptors (ERs) (Figure 1.6.4) [59].  The binding of genistein 

to ERs prevents the binding of estrogen and consequently, the growth inducing effect of 

estrogen [60].  It was elucidated from ligand binding competition studies that 17β-

estradiol has a relative binding affinity of 100% for ERα and ERβ whereas genistein has 

a relative binding affinity of 4% for ERα and 87% for ERβ [61].  Therefore, genistein 
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has a 21-fold greater binding affinity for ERβ over ERα, which makes genistein a 

potential anti-cancer agent since prostate cancer cells express ERβ.   

Genistein has a variety of biological effects through both ER and non-ER 

dependent mechanisms.  It has been reported to have beneficial effects for health issues 

ranging from cancer, cardiovascular diseases, menopause, and osteoporosis.  Genistein 

has been demonstrated to inhibit cancer cell proliferation, decrease the incidence of 

cardiovascular diseases, diminish menopausal symptoms, and prevent osteoporosis 

[62,63].  Genistein intake has also been shown to induce metabolic effects such as 

reduced fat tissue, body mass, and appetite.  Changes in the level of hormones like leptin, 

insulin, cortisol, and thyroid hormones by genistein have been speculated to attribute to 

these metabolic effects.  Alterations in the expression of genes involved in lipid 

metabolism and decreased glucose transport further contribute the metabolic changes 

induced by genistein [64].   

   

1.2.2  Molecular Targets of Genistein 

 Although genistein seems to be a promising agent for the prevention and 

treatment of a multitude of health concerns, much research has been focused on the anti-

cancer effects of genistein at pharmacological concentrations.  Genistein has been shown 

to suppress the growth of numerous cancers including prostate cancer, breast cancer, 

lymphoma, and leukemia [65-68].  Extensive studies in vitro and in vivo have established 

that genistein inhibits tumorigenesis through diverse and independent mechanisms.  The 



 12

most well known anti-cancer effect of genistein is that genistein is a tyrosine kinase 

inhibitor and by inhibiting tyrosine kinase signaling pathways, cancer cell growth is 

attenuated [69].  In addition, genistein has been demonstrated to induce apoptosis [70].  

Genistein exerts its apoptotic effects by inhibiting two cell survival proteins: Akt and NF-

κB [71] and two anti-apoptotic proteins: Bcl-2 and Bcl-XL [72,73] as well upregulating 

two pro-apoptotic proteins: Bax and Bad [74,75].  Telomerase activity has also been 

shown to be inhibited by genistein, resulting in decreased cancer cell growth [76].   

Additionally, genistein has been shown to inhibit angiogenesis [77,78], metastasis 

[79], and DNA synthesis [80].  Blood vessel endothelial cell growth as well as the 

expression of angiogenesis associated genes including hypoxia inducible factor-1α (HIF-

1α), vascular endothelial growth factor (VEGF), transforming growth factor-β (TGF-β) 

have been documented to be inhibited by genistein [78,81,82].  The expression of 

metastasis related genes such as matrix metalloproteinase-9 (MMP-9), MMP-2, and 

urokinase Plasminogen Activator Receptor (uPAR) have been reported to be decreased 

by genistein [83-85].  Cell motility for the migration of cancer cells has been reported to 

be inhibited by genistein as well [86] and kangai-1 (KAI-1), a metastatic suppressor, has 

been established to be activated by genistein [87].  DNA synthesis is impaired by 

genistein via the inhibition of DNA topoisomerase I and II and ribosomal S6 kinase 

which may result in tumor cell growth arrest, protein-linked DNA strand breaks in tumor 

cells, and the differentiation of cancer cell lines into a benign phenotype [58,80].  
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Genistein may also regulate gene expression by altering epigenetic events such as DNA 

methylation and histone acetylation [88]. 

 Moreover, a number of studies have reported that genistein suppresses cancer cell 

proliferation by affecting cell cycle proteins.  The modulation of cell cycle proteins such 

as cyclin B1, p21WAF1, Myt-1, and Wee-1 by genistein leads to cell cycle arrest [89-91].  

Genistein induces a G2/M cell cycle arrest in different cancer cell lines including prostate 

cancer, breast cancer, melanoma, and non-small cell lung cancer [89,90,92,93].  The 

antioxidant property of genistein has been shown to inhibit tumor promoter-induced 

hydrogen peroxide formation in vitro and in vivo [94].  Genistein is also a free radical 

scavenger and it suppresses the expression of stress response associated genes [95,96].  In 

addition, genistein has been demonstrated to inhibit 5α-reductase activity [97] and 

androgen receptor (AR) protein expression [98].  The decrease in the conversion of 

testosterone to 5α-dihydrotesterone and reduced androgen receptor signaling would lead 

to decreased prostate cancer growth.  Furthermore, genistein has been demonstrated to 

enhance radiation therapy and potentiate the activity of chemotherapeutic compounds like 

cisplatin in a variety of cancers, purporting genistein as an adjunct to conventional cancer 

therapies [99-102].  A summary of the anti-cancer molecular targets of genistein is 

compiled in Table 1.7.1, demonstrating the pleiotropic effects of genistein.  A review of 

genistein effects in cancer cell lines and animal models specific to prostate cancer is 

detailed in Table 1.7.2. 
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1.2.3  Clinical Data on Genistein 

As a result of the anti-proliferative effects of genistein at pharmacological 

concentrations, it is being investigated as a chemotherapeutic compound for the treatment 

of prostate cancer.  Epidemiological studies that report a low incidence of prostate cancer 

in Asian populations which consume a phytoestrogen rich diet also supports the use of 

genistein as a possible chemopreventative agent [103-105].  There are currently two 

active Phase II National Cancer Institute supported clinical trials involving genistein.  

One clinical trial is assessing the safety and degree of pain relief from the administration 

of vitamin D (cholecalciferol) and genistein with radiotherapy in patients with bone 

metastases from prostate cancer, breast cancer, lung cancer, kidney cancer, and 

melanoma [106].  The second clinical trial is evaluating the effect of vitamin D 

(cholecalciferol) and soy isoflavone supplements on recurrent prostate cancer that was 

non-responsive to definitive local therapy [107].  Synthetic analogs of genistein have also 

been investigated in clinical studies such as phenoxodiol.  Phase I and II clinical trials 

showed that phenoxodiol re-established the sensitivity of ovarian cancer cells to 

docetaxel without significant toxicity [108], providing further evidence for the use of 

genistein as combinational treatment with conventional chemotherapeutic agents.   

 

1.2.4  Metabolism & Bioavailability of Genistein 

 The plant precursor for genistein, biochanin A, is inactive as a glycoside.  The 

removal of the sugar residue (D-glucose) by hydrolysis of the ester bond activates the 
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compound.  Fermentation of biochanin A by intestinal microflora produces the 

metabolite, genistein.  Both the metabolite and unfermented parent compound (aglycone) 

can be absorbed by the body.  However, the parent compound is reconjugated to 

glucuronides in the body and is excreted in urine.  Aside from urine, genistein has also 

been detected in prostatic fluid, breast aspartate, plasma, and feces [109].  Within the 

intestinal microflora, genistein is further metabolized to p-ethyl phenol, dihydrogenistein, 

and 6’-hydroxy-O-desmethylangolensin in humans [109,110].    

Different crops, harvest years, and varieties of soybeans vary considerably in 

isoflavone content [111].  Likewise, different soy products such as tofu and soy flour 

vary substantially in isoflavone content and various processing steps may account for the 

difference [112].  Most soy food products contain 1-2 mg/g protein of genistein.  

Genistein consumption in the United States is roughly 1-3 mg/day, whereas the dietary 

intake of genistein in Asian populations with low rates of prostate cancer is 20-80 mg/day 

[113]. 

The bioavailability of isoflavones as assessed by urinary isoflavone recovery is 

influenced by many factors once it is ingested.  Fermented soybean products like tempeh 

yield a higher urinary isoflavone recovery than unfermented soybean products [114].  

Dietary fiber can also increase the bioavailability of isoflavones [58].  The most 

influential factor is the individual variability of intestinal microflora which affects the 

metabolism, absorption, and degradation of isoflavones [114-116].  The plasma half-life 

of genistein is about 10.1 hours [117].  However, it has been reported that genistein can 
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be absorbed by cells before being biologically active (no cleavage of the sugar residue) 

due to its hydrophobic nature and inhibit cancer cell proliferation [118].   

 

1.3  Human Telomerase 

1.3.1  Telomeric Functions of Telomerase 

As stated earlier, a molecular target of genistein that can contribute to its anti-

proliferative effects when inhibited is telomerase.  Telomeres at the 3' end of human 

chromosomes consist of tandem DNA sequence repeats, TTAGGG, bound by proteins.  

During DNA replication in somatic cells, the 3’ end of the lagging strand of DNA cannot 

be replicated and is lost, resulting in progressively shortened telomeres with each cell 

division.  Telomerase is an enzyme that adds the TTAGGG repeats to the telomeres of 

chromosomes.  Therefore, telomerase can maintain telomere length, preventing the 

shortening of chromosomes with progressive cell division and allowing cells to have 

indefinite replicative potential [119].  However, telomerase is inactive in normal somatic 

cells after embryonic differentiation [120].  Telomerase only remains active in stem cells, 

activated lymphyocytes, and germline cells [121].  The homozygous deletion of 

telomerase RNA in mice (mTR-/-) validates these findings.  The mice were able to mate 

up to the 5th generation where it was observed that germline cells were depleted.  Male 

mice from the 6th generation displayed decreased proliferation and increased apoptosis in 

the testes, defective spermatogenesis, and significantly reduced (80%) testicular size and 

weight.  Female mice from the 6th generation had altered structural changes in the uterine 
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horns and the ovaries were decreased in size by 2-fold.  In addition, all mice exhibited 

decreased proliferation in haematopoietic bone marrow cells (stem cells) and stimulated 

splenocytes (lymphocytes) as well as reduced telomere length [122], verifying the critical 

role telomerase has in cell survival through the maintenance of telomere length.  

Moreover, telomerase has also been shown to be activated in immortalized cells 

in vitro and over 90% of cancer cells [121].  Yet, the overexpression of telomerase in 

normal cells is not oncogenic.  The cells still show contact inhibition, the cells do not 

grow into tumors when injected in SCID mice, they do not grow on simple media that 

supports cancer cells, and they have a normal karyotype [123,124].  Telomerase does 

collaborate with oncogenes or genes that inactivate tumor suppressors to induce 

carcinogenesis in normal cells by providing unrestricted replicative potential [119].   

 

1.3.2  Telomerase Components 

Telomerase is a ribonucleoprotein that acts as a reverse transcriptase by using a 

small region of its RNA subunit, which is referred to as human telomerase RNA or 

telomerase RNA component (hTR or TERC), as a template for the synthesis of telomeric 

DNA [125,126].  Reverse transcription is catalyzed by the telomerase protein subunit, 

human telomerase reverse transcriptase (hTERT) [127].  hTR is expressed in all normal 

tissues irrespective of telomerase activity [128].  Conversely, the mRNA expression of 

hTERT is minimally expressed in normal cells but it is upregulated in tumor cells, 

suggesting a close association with telomerase activity [129].   
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In vivo, telomerase exists as a high molecular weight complex with an estimated 

molecular mass of 1000 KDa.  Two hTERT and hTR subunits and several telomerase-

associated proteins comprise the telomerase complex.  The proteins that stably associate 

with hTERT are Hsp90 and p23.  The proteins that associate with hTR include dyskerin, 

hGAR1, hNHP2, hNop10, hStau, L22, La, and heterogeneous nuclear ribonucleoproteins 

(hnRNPs).  The RNA-binding subunit, human telomerase-associated protein 1 (hTEP1), 

associates with both hTERT and hTR [130,131].  Similar to hTR, hTEP1 expression is 

detected in a majority of tissues regardless of telomerase activity.  These telomerase-

associated proteins may play an important role in telomerase biogenesis, regulation, and 

stability or they may modulate the interaction with telomeres in vivo.  However, they are 

not considered to exert a direct function in catalysis of reverse transcription [132]. 

 

1.3.3  Telomerase Regulation 

Telomerase activity is regulated at many levels such as hTERT mRNA splicing, 

hTERT transcription, posttranslational modifications of hTERT, and accessibility of 

telomerase to telomeres [119].  The hTERT gene is approximately 41 kb and it is 

alternatively spliced into six transcripts [127].  All transcripts are differentially expressed 

in tissues and by age during embryonic differentiation [133].  The various transcripts may 

function as dominant negative inhibitors of telomerase activity [134,135].  Only the full 

length hTERT transcript is associated with complete telomerase activity [136]. 
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Transcriptional regulation of hTERT is the predominant mechanism of telomerase 

activity modulation as hTERT mRNA expression is tightly correlated to telomerase 

activity [137].  The hTERT promoter is GC abundant but it contains no CAAT or TATA 

boxes [137].  The promoter also has binding sites for several transcription factors that can 

upregulate or downregulate hTERT promoter activity and by association, telomerase 

activity.  hTERT promoter activity can be upregulated by c-Myc, Ets, SP1, and human 

papillomavirus 16 E6 [138-141].  Transcription factors that can repress hTERT promoter 

activity include Mad1, p53, NFkB, MZF2, E2F-1, and AP1 [142-145].  Moreover, a 

recent study demonstrated that the hTERT promoter has STAT3 binding sites and STAT3 

can bind to the hTERT promoter to regulate hTERT transcription in normal and cancer 

cells [146].  Activated STAT3 was shown to increase hTERT expression and the siRNA 

suppression of STAT3 decreased hTERT expression [146].   

Telomerase activity can also be regulated by steroid hormones, transforming 

growth factor β (TGF-β), the cytokine, Interferon-α (IFN-α), and the differentiation 

inducer, retinoic acid.  The hTERT promoter contains two estrogen response elements 

and estrogen can activate telomerase by increasing the transcription of hTERT [147].  

The activation of telomerase by estrogen can be inhibited by progesterone.  Progesterone 

has a biphasic effect on hTERT expression that is time dependent.  hTERT mRNA 

expression is increased within 3 hours of progesterone administration but it is decreased 

after 12 hours [148].  The effect of androgens on telomerase activity in human prostate 

cancer is cell line dependent.  The elimination of androgen in androgen-sensitive LNCaP 
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cells reduced telomerase activity but the addition of testosterone reactivated telomerase 

[149].  Telomerase activity is unaffected by androgens in the androgen-insensitive DU-

145 cells [149].  Furthermore, TGF-β, IFN-α, and retinoic acid all inhibit hTERT 

transcription and telomerase activity [119]. 

In addition to transcriptional and hormonal regulation, telomerase activity can be 

modulated by post-translational events.  It has been shown that 14-3-3 proteins and NFkB 

can act as post-translational modifiers of telomerase by increasing the nuclear 

localization of hTERT, which increases telomerase activity [150,151].  The N-terminus 

of hTERT contains a nuclear export signal near the 14-3-3 binding site.  It is likely that 

the binding of 14-3-3 to hTERT conceals the nuclear export signal, thereby preventing 

the nuclear export of hTERT [150].  Protein kinase B (Akt) and protein kinase C 

α (PKCα) can also enhance telomerase activity by phosphorylating hTERT [152,153].  

There are two Akt phosphorylation sites on the hTERT protein and different PKC 

isoforms can phosphorylate hTERT [152,153].  In contrast, the tyrosine kinase, c-Abl, 

inhibits telomerase activity by phosphorylating hTERT [154].   

The accessibility of telomerase to telomeres is of utmost importance to its 

function.  Telomere synthesis by telomerase requires an accessible 3’ overhang.  

However, the 3’ overhang can be sequestered into the telomeric DNA duplex to form a T-

loop (Figure 1.6.5).  The T-loop concurrently protects chromosome ends from 

degradation and prevents telomerase from accessing telomeres [119].  The telomeric 

proteins, TTAGGG repeat binding factors 1 and 2 (TRF1 and TRF2), bind to duplex 
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telomeric DNA and aide in T-loop formation, thus inhibiting telomere elongation [155].  

The TRF1 associated proteins, TIN2 and tankyrase, are also necessary for T-loop 

formation and telomere length regulation [156].  Additionally, the hTR associated 

proteins, hnRNPs, may have a role in the recruitment of telomerase to telomeres [157].  

Therefore, proteins that are involved in the regulation of telomerase activity play a 

pivotal role in the understanding and treatment of cancer.   

 

1.3.4  Non-Canonical Functions of Telomerase 

Telomerase was initially discovered in Tetrahymena thermoplia in 1985 [125].  

Nearly twenty years later, telomerase was reported to have non-telomeric functions [158-

160].  Telomerase can stimulate the transcription of growth promoting genes such as 

epidermal growth factor receptor (EGFR) and fibroblast growth factor (FGF), resulting in 

increased cell proliferation [158,161].  It has also been shown by our lab that hTERT can 

modulate the expression of a key cell cycle regulator, cyclin D1 [160].  Conversely, 

telomerase can decrease the expression of growth suppressing genes like parathyroid 

hormone related peptide and endogenous interleukin 1 receptor (IL-1R) antagonist [158].  

Telomerase can also abate apoptosis by downregulating the TNF-related apoptosis-

inducing ligand (TRAIL) and facilitate DNA repair [159,162].  These new growth 

enhancing, cell cycle regulating, and survival functions of telomerase further validate the 

reverse transcriptase as an important anti-cancer target.   
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1.4  Signal Transducers and Activators of Transcription 3 (STAT3) 

1.4.1  Functions and Protein Structure of STAT3 

Another critical protein for anti-tumorigenesis is signal transducers and activators 

of transcription 3 (STAT3).  STATs are a class of transcription factors that are comprised 

of seven proteins:  STAT1, 2, 3, 4, 5a, 5b, and 6 [163].  STATs are involved in diverse 

physiological functions such as immune response, inflammation, differentiation, 

proliferation, apoptosis, and cell survival in normal cells [164,165].  The ablation of 

STAT3 in mice is embryonically lethal at day E6-7, demonstrating the importance of 

STAT3 [166].   

STAT3 is composed of about 800 amino acids that are divided into several 

domains.  The coiled-coil domain allows protein-protein interactions.  The DNA binding 

domain binds STAT3 to the promoter of its target genes.  The linker domain is highly 

conserved but the function of this domain is unknown.  The Src Homology-2 (SH-2) 

domain mediates STAT3 dimerization and docks STAT3 to the cytoplasmic tail of 

tyrosine kinase receptors.  The carboxy terminal contains the transactivation domain 

where tyrosine at the 705th residue is phosphorylated to activate the protein.  The 

phosphorylation of tyrosine 705 induces STAT3 dimerization, nuclear translocation, and 

DNA binding to STAT3 response elements.  Serine at the 727th residue in the same 

domain must also be phosphorylated for complete transcriptional activity.  STAT3 has 
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two isoforms: α and β.  Stat3β has a shorter transactivation domain in the carboxy 

terminal and it functions as a dominant negative form of the protein [167].   

 

1.4.2  STAT3 Activation & Inactivation 

STAT3 can be activated by cytokines such as interleukin-6 (IL-6) or interferons 

(Figure 1.6.6).  IL-6 binds to cell surface receptor tyrosine kinases that are coupled with 

and activate Janus kinases (JAKs).  Upon ligand binding, the receptor dimerizes which 

induces the tyrosine phosphorylation of the associated JAKs.  The JAKs then 

phosphorylate the tyrosine 705 residue in the transactivation domain of the STAT3 

protein [168].  The phosphorylated STAT3 homodimerizes or heterodimerizes with 

STAT1 and then the dimer translocates to the nucleus [163].  Following phoshorylation at 

the serine 727 residue by mitogen-activated protein kinase (MAPK p44/42, ERK1/2), 

mammalian target of rapamycin (mTOR), p70 S6 kinase, or JNK, the STAT3 dimers bind 

to specific DNA response elements in the promoter region of target genes to activate gene 

expression.  Target genes include proliferative proteins such as c-Myc and cyclin D1.  

Anti-apoptotic proteins like Bcl-XL, Mcl-1, Pim-1, and survivin are other target genes of 

STAT3 [167].  An angiogenic gene, VEGF, and genes associated with tumor invasion 

and metastasis such as zinc transporter, LIV-1, MMP-1, and MMP-10 are also 

downstream targets of STAT3 [168-170].  In addition to the activation of STAT3 by 

JAKs, IL-6 can activate STAT3 via the PI3K/Akt and MAPK p44/42 pathways [168].  

Likewise, growth factors such as epidermal growth factor (EGF) and platelet derived 
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growth factor (PDGF) can also activate STAT3 via the JAK, PI3K/Akt, or MAPK p44/42 

pathways [167,171].  Src is a nonreceptor tyrosine kinase that can directly activate 

STAT3 [172].  Furthermore, PKCα, a serine/threonine kinase, has been reported to 

activate STAT3 via the MAPK p44/42 pathway [173]. 

On the other hand, cytokines can also inhibit STAT3 signaling.  Cytokine 

inducible genes constituting the suppressors of cytokine signaling (SOCS) protein family 

can repress STAT3 activation by binding to and inhibiting JAKs, [174].  Another set of 

proteins, the protein inhibitors of activated STATs (PIAS), can prevent STAT3 DNA 

binding activity and thus decrease STAT3 signaling [175].  PIAS-3 has also been shown 

to function in androgen and estrogen signaling [176,177].  Additionally, chemical 

inhibitors of JAK and STAT3 have been shown to reduce STAT3 activation and the 

survival of various cancer cells [176,178].  AG490 is a chemical inhibitor of JAK2 and it 

can suppress STAT3 signaling by inhibiting STAT3 DNA binding [179,180].  

Cucurbitacin I (JSI-124) is an inhibitor of both JAK2 and STAT3.  Cucurbitacin I inhibits 

the tyrosine phosphorylation of JAK2 and STAT3, thereby preventing the DNA binding 

activity of STAT3 and STAT3 mediated gene transcription [181,182].  Therefore, 

positive and negative modulators of STAT3 signaling play a pivotal role in controlling 

tumor initiation and progression. 
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1.4.3  STAT3 & Prostate Cancer 

 STAT3 is constitutively activated in several cancers including prostate cancer, 

breast cancer, head and neck cancer, lung cancer, and leukemias-lymphomas [176,183].  

Increased phosho-STAT3 levels were observed in prostate tumor specimens from patients 

with a Gleason score of greater than or equal to 7 [184].  The constitutive activation of 

STAT3 may be caused by genetic mutations such as the overexpression of human 

epidermal growth factor receptor 2 (EGFR2/HER2) or EGFR1/HER1 [185,186].  STAT3 

contributes to tumor growth by preventing apoptosis, initiating the cell cycle, and 

upregulating oncogenes such as c-Myc and Bcl-XL (Figure 1.6.7) [168].  It has been 

shown that inhibition of constitutively active STAT3 with dominant negative constructs 

and tyrosine kinase inhibitors suppresses prostate cancer growth and promotes apoptosis 

in vitro and in vivo [183,187].  However, the inhibition of STAT3 in normal cells results 

in growth arrest and not cell death, indicating that STAT3 may be a preferential cancer 

cell target [188,189]. 

 STAT3 has recently been demonstrated to contribute to prostate cancer metastasis 

by promoting prostate cancer cell migration.  STAT3 induced lamellipodia formation and 

caused the rearrangement of microtubules and actin fibers in DU-145 and PC-3 human 

prostate cancer cells.  In a xenograft model, DU-145 cells transfected with wild type 

STAT3 were injected into athymic nude mice and lung metastases increased by 33-fold.  

Clinically, STAT3 was activated in approximately 70% of bone and lymph node 

metastases of prostate cancers [50]. 
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1.5  Statement of Purpose 

Genistein inhibits cancer proliferation via numerous mechanisms at 

pharmacological concentrations.  We previously showed that telomerase activity and 

prostate cancer cell growth is inhibited by pharmacological concentrations of genistein.  

However, pharmacological concentrations of genistein cannot be achieved by consuming 

a genistein/soy based diet.  Therefore, the effect of physiologically achievable 

concentrations of genistein on the regulation of telomerase activity was examined in 

human prostate cancer cells.  It was suspected that genistein may be modulating some 

transcription factor(s) to affect telomerase activity since the transcriptional activity of the 

hTERT promoter was demonstrated to be decreased with pharmacological concentrations 

of genistein.  The identification of STAT3 binding sites in the hTERT promoter prompted 

us to investigate the effect of genistein on the expression of STAT3 in human prostate 

cancer cells.   

The hypothesis to be tested is that the activation of STAT3 by physiologically 

achievable concentrations of genistein increases telomerase activity in human prostate 

cancer cells, which enhances the ability of cancer cells to survive and proliferate.  The 

first aim is to determine if physiological concentrations of genistein enhance telomerase 

activity via STAT3.  The second aim is to identify the signaling pathway(s) that is 

involved in genistein-induced activation of STAT3.  Genistein may activate the JAK2, 

PI3K/Akt, Src, Raf1/MAPK p44/42, or PKCα pathways to activate STAT3.  To 

accomplish the second aim, a stable STAT3 reporter prostate cancer cell line will be 
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developed and characterized.  The results of this study will aid in the clarification of the 

dose-dependent effects and anti-cancer potential of the pleiotropic phytoestrogen, 

genistein.  Furthermore, elucidating the mechanisms for enhanced prostate cancer 

proliferation leads to the identification of new drug targets or combined treatment 

approaches to inhibit the progression of prostate cancer. 
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1.6  Figure Legends & Figures 

Figure 1.6.1  Prostate development in mice.  (A)  Lateral view diagram of the adult 

mouse genitourinary tract.  The anterior, ventral, dorsal, and lateral prostates are 

illustrated in dark gray [190].  (B)   Postnatal branching morphogenesis in the mouse 

ventral prostate.  A thick mesenchyme and the main epithelial ducts are observed at Day 

1.  Ductal branching occurs over time with most of the branching present by Day 30.  The 

prostate continues to enlarge until adulthood via elongation of the pre-existing ducts.  The 

mesenchyme is visible up to 15 days after birth and the right and left lobes of the ventral 

prostate originates from 1 to 3 of the main ducts initiating at the urethra [191].  (C)  

Distinct histology of the prostate gland in mice and humans arise from differences in 

branching morphogenesis between the two species.  Epithelial branching morphogenesis 

of the human prostate occurs within a solid mass of mesenchyme/stroma producing a 

compact organ with no discernible lobes.  Hematoxylin and eosin (H & E) staining of the 

human prostate demonstrates branched epithelial ducts that are embedded in a dense mass 

of fibromuscular stroma.  H & E staining of the mouse prostate shows that the branched 

ducts are comprised of both epithelium and smooth muscle with loose connective tissue 

coalescing the individual ducts [192].   
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Figure 1.6.1  Prostate development in mice. 

Source:  (A)  Abbott, D.E., Pritchard, C., Clegg, N.J., Ferguson, C., Dumpit, R., Sikes, 

R.A. and Nelson, P.S. (2003) Expressed sequence tag profiling identifies developmental 

and anatomic partitioning of gene expression in the mouse prostate. Genome Biol, 4, R79.  

[190]  (B)  Sugimura, Y., Cunha, G.R. and Donjacour, A.A. (1986) Morphogenesis of 

ductal networks in the mouse prostate. Biol Reprod, 34, 961-71.  [191]  (C)  Thomson, 

A.A. and Marker, P.C. (2006) Branching morphogenesis in the prostate gland and 

seminal vesicles. Differentiation, 74, 382-92.  [192]   
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Figure 1.6.2  Diagram of human prostate gland anatomical zones.   Sagittal and 

coronal views of the prostate depicting the three anatomical zones of the prostate.  The 

peripheral zone (PZ) covers the apical, lateral, and posterior portions of the prostate.  The 

central zone (CZ) is located superiorly and posteriorly between the proximal urethra and 

peripheral zone.  The transition zone (TZ) is located laterally and anteriorly to the 

proximal urethra.  The vas deferens and seminal vesicles are situated just above the base 

of the prostate and behind the urinary bladder.  Ducts from the vas deferens and seminal 

vesicles unite to form the ejaculatory ducts, which open into the urethra at the 

verumontanum (an elevation in the wall of the urethra where the seminal ducts enter).  

Not pictured is the anterior fibromuscular stroma.  [193] 
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Figure 1.6.2  Diagram of human prostate gland anatomical zones.    

Source:  Curran, S., Akin, O., Agildere, A.M., Zhang, J., Hricak, H. and Rademaker, J.  

(2007) Endorectal MRI of prostatic and periprostatic cystic lesions and their mimics.  

AJR Am J Roentgenol, 188, 1373-9.  [193] 
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Figure 1.6.3  Schematic of the Gleason grading system.   The Gleason grading system 

is used to determine the aggressiveness of a prostate tumor based on the level of 

differentiation in the gland and tumor.  The spectrum ranges from well-differentiated, 

slowly growing cancer (Grade 1) to poorly differentiated, rapidly growing cancer (Grade 

5).  Because of the heterogeneity of prostate cancer, a primary grade is assigned to the 

most common pattern observed and a secondary grade is given to the next most frequent 

pattern.  The sum of these two grades is the Gleason score.  [194] 
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Figure 1.6.3  Schematic of the Gleason grading system.    

Source:  NVRO (2003) Gleason Grading System. Northern Virginia Radiation Oncology  

Group, http://nvro.com/Gleason%20Grading%20Graph.htm.  [194] 
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Figure 1.6.4  Chemical structures of genistein and 17ββββ-estradiol.   Genistein has the 

basic structure of an isoflavone which consists of 2 benzene rings connected by a 

heterocyclic pyrane ring.  The structural similarity of genistein to 17β-estradiol facilitates 

competition between the two compounds for binding to ERs.  [195] 
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Figure 1.6.4  Chemical structures of genistein and 17ββββ-estradiol.    

Source:  Hopert, A.C., Beyer, A., Frank, K., Strunck, E., Wunsche, W.  and Vollmer, G.  

(1998) Characterization of estrogenicity of phytoestrogens in an endometrial-derived 

experimental model.  Environ Health Perspect, 106, 581-6.  [195] 
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Figure 1.6.5  Telomerase and telomere structure.   Telomerase is a ribonucleoprotein 

reverse transcriptase that adds single-stranded telomeric repeats to 3′ chromosomal ends, 

preventing the shortening of telomeres.  Telomerase consists of TR (telomerase RNA, the 

RNA template) and TERT (telomerase reverse transcriptase, the protein catalytic 

subunit).  Telomeres end in a 3′ single strand overhang.  The telomere doubles back on 

itself, forming a T-loop, to protect the 3′ overhang from being recognized as DNA 

damage and to prevent telomerase access to the telomere.  The single stranded DNA 

invades and binds with a region of the double stranded telomere repeat.  The displaced 

DNA forms the D-loop.  TTAGGG repeat binding factors 1 and 2 (TRF1 and TRF2) bind 

to double stranded telomeric DNA and aide in T-loop formation.  [196] 
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Figure 1.6.5  Telomerase and telomere structure.    

Source:  Mathon, N.F.  and Lloyd, A.C.  (2001) Cell senescence and cancer.  Nat Rev 

Cancer, 1, 203-13.  [196] 
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Figure 1.6.6  Activation of the STAT3 signaling pathway.   STAT3 activation is  

induced by growth factors and cytokines binding to their cognate receptors (R) on the cell  

surface.  Tyrosine kinases (RTKs) or non-receptor tyrosine kinases (NRTKs), such as Src 

or Abelson (Abl) kinase, then phosphorylate the tyrosine 705 residue of STAT3.  NRTKs 

can also directly phosphorylate STAT3 in the absence of growth factors or cytokines 

binding to receptors.  The phosphorylated and activated STAT3 dimerizes and translocate 

to the nucleus to stimulate the transcription of target genes by binding to specific STAT3 

response elements in the promoter.  [197] 
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Figure 1.6.6  Activation of the STAT3 signaling pathway.    

Source:  Al Zaid Siddiquee, K.  and Turkson, J.  (2008) STAT3 as a target for inducing  

apoptosis in solid and hematological tumors.  Cell Res, 18, 254-67.  [197] 
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Figure 1.6.7  Paradigm of constitutive activation of STAT3 and its role in 

carcinogenesis.   Abnormal signals from upstream growth factors binding to tyrosine 

kinases (RTKs), cytokines binding to their receptors (R), or activated non-receptor 

tyrosine kinases (NRTKs) produce continual tyrosine kinase signals that induce 

constitutive activation of STAT3.  Constitutively active STAT3 dysregulates genes 

involved in cell cycle control, apoptosis, invasion, metastasis, angiogenesis, and immune 

suppression.  These molecular changes collectively contribute to carcinogenesis.  [197] 
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Figure 1.6.7  Paradigm of constitutive activation of STAT3 and its role in 

carcinogenesis.    

Source:  Al Zaid Siddiquee, K.  and Turkson, J.  (2008) STAT3 as a target for inducing  

apoptosis in solid and hematological tumors.  Cell Res, 18, 254-67.  [197] 
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1.7 Table Legends & Tables 

Table 1.7.1  Molecular targets of genistein.   A list of numerous proteins involved in 

apoptosis, transcription, cell cycle, and metastasis that are upregulated or downregulated 

by pharmacological concentrations of genistein to produce an anti-proliferative effect.  

[109] 
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Table 1.7.1  Molecular targets of genistein.    

Source:  Banerjee, S., Li, Y., Wang, Z.  and Sarkar, F.H.  (2008) Multi-targeted therapy  

of cancer by genistein.  Cancer Lett, 269, 226-42.  [109] 

 

 

 

Table 1 
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Table 1.7.2  In vitro and in vivo effects of genistein in prostate cancer cells.   The 

effects of pharmacological concentrations of genistein have been studied in a variety of 

prostate cancer cell culture and animal systems.  Genistein inhibits tumor proliferation by 

many mechanisms including inducing apoptosis and inhibiting survival proteins.  [198]
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Table 1.7.2  In vitro and in vivo effects of genistein in prostate cancer cells.    

Source:  Perabo, F.G., Von Low, E.C., Ellinger, J., von Rucker, A., Muller, S.C.  and  

Bastian, P.J.  (2008) Soy isoflavone genistein in prevention and treatment of prostate  

cancer.  Prostate Cancer Prostatic Dis, 11, 6-12.  [198] 

 

 

Table 2 



 46

 

 

 

 

 

 

 

 

 

CHAPTER 2 

 

 



 47

The research presented in Chapter 2 was published as follows: 

Chau, M.N., El Touny, L.H., Jagadeesh, S.  and Banerjee, P.P.  (2007) Physiologically 
achievable concentrations of genistein enhance telomerase activity in prostate cancer 

cells via the activation of STAT3.  Carcinogenesis, 28, 2282-90. 
 

 

Physiologically Achievable Concentrations of Genistein Enhance Telomerase 

Activity in Prostate Cancer Cells via the Activation of STAT3 

 

2.1  Abstract 

 Telomerase contributes to the infinite replicative potential of cancer cells by 

conferring proliferation and survival through the regulation of growth factors and 

apoptotic proteins.  Although it is generally known that the phytoestrogen, genistein, has 

telomerase-repressing and anti-proliferative effects on various cancer cells at 

pharmacological concentrations, we report here that physiologically achievable 

concentrations of genistein enhance telomerase activity and the proliferation of human 

prostate cancer cells.  In determining the mechanism for enhanced telomerase activity, we 

observed that physiological concentrations of genistein activated signal transducers and 

activators of transcription 3 (STAT3) and increased STAT3 binding to the telomerase 

reverse transcriptase (TERT) promoter in human prostate cancer cells.  These results 

demonstrate for the first time that physiologically achievable concentrations of genistein 

enhance TERT transcriptional activity in prostate cancer cells via the activation of 

STAT3.  Consequently, these concentrations of genistein will augment the growth of 
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prostate cancer cells which could be detrimental to individuals with prostate cancer and 

therefore, caution should be exercised when genistein is considered for chemotherapeutic 

purposes. 
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2.2  Introduction 

 Prostate cancer is the second leading cause of cancer mortality in men in the 

United States [199].  Epidemiological studies have suggested that phytoestrogens in 

soybeans can reduce the risk for the acquisition of hormone-dependent cancers [104,200].  

Genistein (4,5,7-trihydroxyisoflavone), the most abundant isoflavonoid of soybeans, has 

been proposed as one of the compounds underlying the reputed anti-cancer effect of soy 

[201].  Several studies have reported that genistein suppresses prostate cancer cell 

proliferation in vitro and in vivo [201-203] possibly by inhibiting angiogenesis, tyrosine 

kinases, topoisomerase II, and telomerase activity [69,76,78,80].  However, all these 

studies used pharmacological concentrations of genistein (>10 µM).  The effect of 

physiological concentrations of genistein (<2 µM) in prostate cancer cells and, in 

particular, on telomerase activity has not been reported.   

Telomerase is a complexed ribonucleoprotein enzyme with reverse transcriptase 

(RT) activity that is responsible for the extension of telomeric DNA [125,126].  The 

telomerase complex is composed of telomerase reverse transcriptase (TERT), telomerase 

RNA (TERC), telomerase associated protein (TEP1), and chaperone proteins (p23, 

Hsp90) [119].  Telomerase is present in germ line cells, cancer-derived cell lines, and 

spontaneously immortalized cells in culture [121], but the enzyme is usually not 

expressed in normal somatic cells which results in the progressive loss of telomeres with 

each cell division [121].  Recent literature indicates that telomerase has additional 

functions to stabilizing chromosome ends [158].  Telomerase can enhance cancer cell 
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proliferation by increasing the transcription of growth controlling genes and promote 

survival by abating apoptosis and facilitating DNA repair [158,159,162]. 

Telomerase activity is highly correlated to the expression of human telomerase 

reverse transcriptase (hTERT) messenger RNA (mRNA) [204] and numerous 

transcription factors regulate hTERT promoter activity which includes c-Myc, SP1, 

NFkB, MZF2, E2F-1, Ets, and AP1 [139,143-145].  In addition, a recent study 

demonstrated that the hTERT promoter has signal transducers and activators of 

transcription 3 (STAT3) binding sites and STAT3 can bind to the hTERT promoter [146].  

STATs are a class of transcription factors composed of STAT 1, 2, 3, 4, 5a, 5b, and 6 

[168].  These proteins are involved in proliferation, differentiation, apoptosis, cell 

survival, inflammation, and immune response in normal cells [164,165].  STAT3 is 

overexpressed in prostate, breast, head and neck, and blood cancers [183].  It has been 

shown that the inhibition of STAT3 with dominant negative (DN) constructs and small 

interfering RNA (siRNA) suppresses prostate cancer growth in vitro and in vivo, which 

implicates STAT3 as an important anti-cancer target [183,187].   

We recently demonstrated that pharmacological concentrations of genistein (10-

100 µM) inhibited telomerase activity and the proliferation of DU-145 and PC3 human 

prostate cancer cells [76].  However, the effect of physiologically achievable 

concentrations of genistein on telomerase activity has not been investigated.  In this 

study, we demonstrate that physiologically achievable concentrations of genistein (~0.5-1 

µM) enhance telomerase activity and the proliferation of human prostate cancer cells.  
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The activation of STAT3 is one of the possible mechanisms for enhanced telomerase 

activity by genistein.   

 

2.3  Materials and Methods 

2.3.1  Cell culture 

 DU-145 and LNCaP prostate cancer cells, MCF-7 breast cancer cells, and SKOV-

3 ovarian cancer cells were purchased from the American Type Cell Culture Collection 

(Manassas, VA).  Cells were grown in complete growth medium (Improved Minimum 

Essential Medium (IMEM) without phenol red; Invitrogen, Carlsbad, CA) supplemented 

with 10% fetal bovine serum (Quality Biologicals, Gaithersburg, MD), 2 mM glutamine, 

100 units/ml penicillin G sodium, and 100 µg/ml streptomycin sulfate (Sigma Chemicals, 

St.  Louis, MO) in the presence of 5% CO2 at 37oC.  The media of cells treated with 

genistein (Sigma Chemicals) were replenished every 24 hours. 

 

2.3.2  Western blot analysis and immunoprecipitation 

 Protein lysates were prepared from prostate cancer cell lines that were treated 

with various concentrations of genistein (0-50 µM) for 1-7 days according to our 

previous published methods [205].  The lysates (50 µg) were resolved on 12% sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to 

nitrocellulose membranes.  The membranes were probed with antibodies for total 

STAT3, pSTAT3 Y705, pSTAT3 S727 (1:1000; Cell Signaling Technology, Danvers, 
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MA), cyclin D1 (1:200; Santa Cruz Biotechnology, Santa Cruz, CA), c-Myc (1:200; 

Santa Cruz Biotechnology), Hsp90 (1:1000; Santa Cruz Biotechnology), hTERT (1:500; 

Rockland, Gilbertsville, PA), phosphoserine (1:1000; Zymed Laboratories, San 

Francisco, CA), and β-actin (1:10,000; Sigma Chemicals) separately.  Images of the 

membranes were captured using a Fuji LAS-1000 Imager (Tokyo, Japan) and imported 

into Adobe Photoshop.  Band intensities were quantified by utilizing ImageJ software 

(National Institutes of Health (NIH), Bethesda, MD).  The preparation of nuclear extracts 

and immunoprecipitations were performed according to our previously published 

methods [76].   

 

2.3.3  Reverse transcriptase polymerase chain reaction 

 RNA was extracted from DU-145 cells with TRIzol solution as suggested by the 

manufacturer (Invitrogen).  Total RNA (500 ng) was reverse transcribed to cDNA using a 

Superscript II kit (Invitrogen) with random hexamers.  Human specific primers were 

designed using the Primer Quest program and purchased from Integrated DNA 

Technologies (Coralville, IA).  hTERT, TEP1, and glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) primer sequences have been previously published [76].  The 

primer sequences and polymerase chain reaction (PCR) conditions for TERC (140 bp) 

have been described by Yokoi et al [206].  The primer sequences for STAT3 are forward 

5’-TGC CTG GAG ACA GTT GAT GTG TCA-3’ and reverse 5’-TGG AAT TTG AAT 

GCA GTG GCC AGG-3’ (414 bp).  PCRs for STAT3 were initiated at 94oC for 2 min, 
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followed by 28 cycles of 94oC for 1 min, 60oC for 1 min, 72oC for 1min, and final 

extension at 72oC for 5 min.  After amplification, PCR products were separated on 1.5% 

agarose gels and visualized by ethidium bromide fluorescence using the Fuji LAS-1000 

Imager.  Images were imported to Adobe Photoshop.  Band intensities were quantified by 

using ImageJ software. 

 

2.3.4  hTERT promoter activity and STAT3 luciferase reporter assays 

 DU-145 cells were transfected with a full length STAT3 promoter-luciferase 

construct [207] or a STAT3 luciferase reporter construct (Clontech, Mountain View, CA) 

(200 ng of plasmid DNA) using GeneJammer transfection reagent (Stratagene, LaJolla, 

CA).  DU-145 cells were also co-transfected with a 3.3kb hTERT promoter-luciferase 

plasmid [139] and either wild type (WT)-STAT3 [208], constitutively active (CA)-

STAT3 [209], or DN-STAT3 [210] constructs.  MCF-7 and SKOV-3 cells were 

transfected with the 3.3kb hTERT promoter plasmid or STAT3 luciferase reporter 

construct.  Two days after the transfection, the cells were treated with 1 and 50 µM of 

genistein for another 2 days.  Luciferase activity was measured in cell lysates by a 

microplate luminometer using the Dual Luciferase Assay kit (Promega, Madison, WI) 

according to the manufacturer’s protocol.  Luciferase activity was normalized to Renilla 

luciferase activity by co-transfection of pRL-TK plasmid (20 ng).   
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2.3.5  Telomeric repeat amplification protocol assay 

 Protein lysates from DU-145 and LNCaP cells that were treated with 0-50 µM of 

genistein for 3 days were extracted as described by Banerjee et al [205] and the telomeric 

repeat amplification protocol (TRAP) assay was performed according to the method of 

Kim et al [121] with some modifications that are detailed in Jagadeesh et al [76].  A 

linear range of protein concentrations were used to determine the optimal amount of 

protein (1 µg) for the TRAP assays.  Additional TRAP assays were performed after 

transfecting DU-145 cells with 100 nM of STAT3 siRNA or scrambled siRNA 

(Dharmacon, Lafayette, CO) for 3 days.   

 

2.3.6  Chromatin immunoprecipitation assay 

 Chromatin immunoprecipitation (ChIP) assays were performed according to the 

manufacturer’s protocol (Active Motif, Carlsbad, CA).  Briefly, DU-145 cells treated 

with 0, 1, and 50 µM of genistein for 1 day from three confluent 100 mm plates were 

fixed and then lysed.  The nuclear fractions were isolated, enzymatically sheared, and 

then incubated with pSTAT3 Y705 antibody (1:50).  Eluted DNA was analyzed by PCR 

using primers previously published by Konnikova et al [146].  PCRs were initiated at 

94oC for 3 min, followed by 32 cycles of 94oC for 20 sec, 58 oC for 30 sec, 72oC for 30 

sec, and final extension at 72oC for 5 min. 
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2.3.7  Cell growth assay 

 DU-145 and prostate epithelial cells (PrECs) were seeded in 24-well plates 

(1x104cells/well) in triplicate.  The cells were treated with 0, 0.05, 0.5, 1, and 50 µΜ 

genistein for 3 days.  Then the cells were washed with 1X phosphate-buffered saline, 

trypsinized, and re-suspended in IMEM.  Trypan blue (0.4%, Sigma Chemicals) was 

added to the suspended cells.  Both living and dead cells were counted using a 

hemocytometer.   

 

2.3.8  Statistical analysis 

All data was derived from at least three independent experiments and statistical 

analyses were conducted using Prism 3 GraphPad software.  Values were presented as 

mean ± SEM.  Significance level was calculated using the one-way Analysis of Variance 

(ANOVA) followed by the Dunnett post-test with an assigned confidence interval of 

95%.  P-value < 0.05 was considered significant.   

 

2.4  Results 

2.4.1  Physiological concentrations of genistein enhance telomerase activity  

Pharmacological concentrations (10-100 µM) of genistein repress telomerase 

activity in human prostate cancer cells [76]; therefore, 50 µM of genistein was used to 

compare the effects of physiologically achievable concentrations of genistein (0.5 – 1 

µM) on telomerase activity.  Genistein at 0.5 and 1 µM significantly (p<0.01) enhanced 
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telomerase activity in DU-145 cells as measured by TRAP assays (Figure 2.6.1A).  The 

genistein induced increase in telomerase activity was not cell line specific because a 

similar effect was observed in another human prostate cancer cell line, LNCaP (Figure 

2.6.1B).  Quantitatively, 0.5 and 1 µM of genistein increased telomerase activity 

approximately 1.5-fold in both cell lines.  However, 50 µM of genistein repressed 

telomerase activity by approximately 2-fold (Figure 2.6.1).  Although telomerase activity 

was increased with 0.5 and 1 µM of genistein, telomere length in DU-145 cells did not 

change with 1 µM of genistein treatment for 3 days compared to control DU-145 cells.  

Telomere length was unchanged with 50 µM of genistein as well (Figure 2.6.2), 

suggesting that telomere length was unaffected by both physiological and 

pharmacological concentrations of genistein within this experimental time frame. 

 Since telomerase activity is tightly correlated with the level of hTERT message, 

we examined the levels of hTERT, TERC, and TEP1 mRNA in DU-145 cells by RT-

PCR.  The expression of hTERT was increased by 1.7 to 2-fold with 0.5 and 1 µM of 

genistein, whereas 50 µM of genistein decreased hTERT message by nearly 2-fold 

(Figure 2.6.3A).  The levels of TERC and TEP1 mRNA were unchanged with genistein 

treatment, suggesting that the effects of genistein were hTERT specific.  To ensure that 

the increased hTERT message translated to increased hTERT protein, hTERT protein 

levels were examined by Western blot analysis.  A dose-dependent increase in hTERT 

protein levels was observed and 1 µM of genistein increased hTERT levels 

approximately 1.5-fold.  Moreover, phosphorylation of hTERT at serine residues was 
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also increased significantly (p<0.01) with 0.5 and 1 µM of genistein.  As expected, 50 

µM of genistein induced the down-regulation of hTERT and phospho-hTERT (Figure 

2.6.3B).  Therefore, the increase in telomerase activity with 0.5 and 1 µM of genistein 

was substantiated by an increase in hTERT mRNA and protein expression. 

 To confirm the results of the TRAP assays and hTERT RT-PCRs, hTERT 

transcriptional activity was assessed by transfecting DU-145 cells with a full-length 

(3.3kb) hTERT promoter-luciferase construct [139].  We observed that both 0.5 and 1 

µM of genistein increased hTERT promoter activity significantly (p<0.01) and in a time-

dependent manner (~4-fold increase by 3 days with 1 µM genistein).  The 

pharmacological concentration of 50 µM genistein decreased hTERT promoter activity to 

50% of the control level (Figure 2.6.4).  Similar results were observed in MCF-7 breast 

cancer cells and SKOV-3 ovarian cancer cells (Figure 2.6.5).  Collectively, these results 

show that genistein has a biphasic effect on the regulation of telomerase activity.  

Physiologically achievable concentrations of genistein (0.5–1 µM) enhance telomerase 

activity, whereas a pharmacological concentration (50 µM) represses telomerase activity 

in human prostate as well as in breast and ovarian cancer cells. 

  

2.4.2  Physiologically achievable concentrations of genistein increase the 

phosphorylation of STAT3 

In search of various transcription factors that interact with the hTERT promoter, 

we chose STAT3 as a possible transcription factor because it regulates c-Myc expression 
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and c-Myc positively regulates hTERT promoter activity.  Moreover, we found several 

STAT binding sites on the hTERT promoter using Genomatix software.  While we were 

thinking that STAT3 could be a possible regulator of the hTERT promoter, an excellent 

study by Konnikova and associates [146] demonstrated that the hTERT promoter has 

three STAT3 binding sites and STAT3 regulates hTERT expression in human 

glioblastoma cells.  This prompted us to investigate whether physiological concentrations 

of genistein activate STAT3 to modulate hTERT transcriptional activity.  Therefore, the 

effect of genistein on total and phosphorylated (activated) STAT3 was examined.  We 

observed that 0.1 to 1 µM of genistein treatment for 3 days significantly (p<0.01) 

increased total STAT3 protein levels 1.5 to 2-fold in DU-145 cells (Figure 2.6.6A) and 

increased the phosphorylation of STAT3 on Y705 and S727 residues 1.5-fold above 

control levels (Figure 2.6.6B-C).  This activation of STAT3 was not a transient event 

since the increased expression of both pSTAT3 Y705 and pSTAT3 S727 was sustained 

up to 7 days with 1 µM of genistein treatment (Figure 2.6.7B-C).  In contrast, a 

pharmacological concentration of genistein (50 µM) decreased the total and 

phosphorylated STAT3 levels significantly (p<0.01) (Figure 2.6.6A-C).  Since 0.5 and 1 

µM of genistein induced the most significant activation of STAT3, all subsequent 

experiments were performed using these two doses.   

 To verify that the effect of genistein was not cell line specific, the activation of 

STAT3 by physiologically achievable concentrations of genistein was investigated in 

another prostate cancer cell line.  Similar to DU-145 cells, 1 µM of genistein treatment 
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also increased total STAT3 and pSTAT3 S727 in LNCaP cells (Figure 2.6.8A-B).  

Furthermore, the activation of STAT3 by physiologically achievable concentrations of 

genistein was also observed in breast and ovarian cancer cells (Figure 2.6.9).  These 

results show that physiologically achievable doses of genistein increased the activation of 

STAT3, and this activation is not prostate cancer cell line specific.   

The increased phosphorylation of STAT3 observed by Western blot analyses 

indicates that more active STAT3 should be present in the nucleus and therefore, we 

performed immunofluorescence stainings of total STAT3 and pSTAT3 Y705 in DU-145 

cells treated with or without genistein for 1 day.  Total STAT3 is localized predominantly 

in the nucleus in control DU-145 cells with some STAT3 in the cytoplasm.  The nuclear 

localization of total STAT3 and pSTAT3 Y705 increased with 0.5 µM of genistein 

treatment, whereas 50 µM of genistein completely abolished nuclear staining and 

minimal STAT3 staining was present in the cytoplasm (Figure 2.6.10).  These results 

demonstrate that physiologically achievable concentrations of genistein increased 

activated STAT3 in the nuclei of prostate cancer cells. 

 

2.4.3  Physiological concentrations of genistein increase STAT3 transcriptional 

activity and STAT3 responsive proteins in human prostate cancer cells  

The level of STAT3 message was examined since total STAT3 protein expression 

increased with physiological concentrations of genistein.  The STAT3 mRNA level in 

DU-145 cells was significantly (p<0.01) increased by 1.4-fold with 1 µM of genistein and 
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decreased by 2-fold with 50 µM of genistein (Figure 2.6.11A).  To verify the increase in 

STAT3 transcription, STAT3 promoter activity assays were performed.  The activity of 

the STAT3 promoter was increased 2-fold with 1 µM of genistein treatment, whereas 50 

µM of genistein decreased STAT3 transcriptional activity significantly (p<0.01) (Figure 

2.6.11B).  Similarly, STAT3 reporter activity increased more than 2-fold with 0.5 and 1 

µM of genistein treatment in DU-145 cells and 50 µM of genistein decreased STAT3 

transcriptional activity by approximately 2-fold (Figure 2.6.12A).  Comparable results 

were observed with MCF-7 and SKOV-3 cells (Figure 2.6.13).   

 To confirm that the genistein-induced increase in STAT3 transcriptional activity 

was functional, various STAT3 responsive proteins (cyclin D1, c-Myc, and Hsp90) were 

examined by Western blot analyses.  Cyclin D1, c-Myc, and Hsp90 protein levels were 

increased as early as 1 day after 1 µM of genistein treatment and sustained up to 7 days 

(end of our experiment) (Figure 2.6.12B).  Similarly, cyclin D1 expression was increased 

by 1.4-fold with 1 µM and decreased with 50 µM of genistein in LNCaP cells (Figure 

2.6.8C).  These results show that in addition to the phosphorylation of STAT3, 

physiologically achievable concentrations of genistein enhance the transcriptional activity 

of STAT3. 

 

2.4.4  STAT3 regulates telomerase activity in human prostate cancer cells  

Since physiological concentrations of genistein enhanced the activation of STAT3 

and telomerase activity, we were interested in examining the modulation of hTERT 
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transcriptional activity by STAT3.  Transfection of DU-145 cells with WT-STAT3 and 

CA-STAT3 produced a 1.5 to 3-fold increase in the transcriptional activity of the hTERT 

promoter (Figure 2.6.14A).  Conversely, the inactivation of STAT3 by DN-STAT3 

decreased hTERT promoter activity by 8-fold.  Consistent with the results of the hTERT 

promoter assays, hTERT mRNA levels were increased by 1.3 and 1.8-fold with WT-

STAT3 or CA-STAT3, respectively, and decreased by 3-fold with DN-STAT3 (Figure 

2.6.14B).  Similarly, transfection of STAT3 siRNA in DU-145 cells decreased telomerase 

activity by 3-fold (Figure 2.6.15B).  The mRNA levels of STAT3 and hTERT were also 

decreased by 2-fold after STAT3 siRNA transfection (Figure 2.6.15A).  These results 

demonstrate that STAT3 regulates telomerase expression and activity in human prostate 

cancer cells.   

 

2.4.5  Genistein enhances STAT3 binding to the hTERT promoter and STAT3 is 

required for the genistein–induced increase in telomerase activity in human prostate 

cancer cells  

Although we demonstrated that STAT3 can regulate hTERT transcriptional 

activity and another laboratory reported that STAT3 can bind to the hTERT promoter 

[146], we have not elucidated whether physiological concentrations of genistein can 

increase STAT3 binding to the hTERT promoter in order to enhance hTERT promoter 

activity.  Therefore, utilizing a ChIP assay with hTERT primers flanking the first STAT3 

binding site located at -3308 bp, the physical interaction of STAT3 with the hTERT 
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promoter was confirmed and 1 µM of genistein treatment for 1 day increased this binding 

1.8-fold.  In contrast, 50 µM of genistein decreased STAT3 binding to the hTERT 

promoter by 2-fold (Figure 2.6.16A).  These results show that a physiologically 

achievable concentration of genistein enhanced the interaction of STAT3 with the 

hTERT promoter.   

To determine if STAT3 activity is necessary for the increase in hTERT 

transcriptional activity by physiological concentrations of genistein, DU-145 cells were 

transiently transfected with a full-length hTERT promoter luciferase construct along with 

or without DN-STAT3.  The transfected cells were then treated with 0 or 1 µM of 

genistein for 2 days.  As seen in Figure 2.6.16B, transfection of hTERT promoter alone 

gave an approximately 50-fold induction of luciferase activity.  hTERT promoter activity 

increased another 2-fold with 1 µM of genistein.  However, DN-STAT3 almost 

completely repressed hTERT promoter activity and 1 µM of genistein could not reverse 

this repression (Figure 2.6.16B).  These results demonstrate that STAT3 activity is 

required for the genistein-induced enhancement of hTERT transcriptional activity. 

 

2.4.6  Physiologically achievable concentrations of genistein increase the growth of 

cancer cells 

Since physiologically achievable concentrations of genistein enhanced telomerase 

activity and activated STAT3, the question arose whether these concentrations of 

genistein enhance cell growth.  We observed that 0.5 and 1 µM of genistein increased the 
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number of DU-145 cells significantly (p<0.01) compared to the vehicle-treated control 

cells.  As expected, 50 µM of genistein inhibited DU-145 cell growth completely (Figure 

2.6.17A).  An increase in cell growth was also observed in MCF-7 and SKOV-3 cells 

(Figure 2.6.18).  These results suggest that certain physiological concentrations of 

genistein enhance the growth of prostate as well as breast and ovarian cancer cells.   

 To evaluate whether genistein-induced cell growth only affects cancer cells that 

express hTERT and possess telomerase activity, normal prostate epithelial cells (PrECs) 

that lack hTERT and telomerase activity were treated with varying concentrations of 

genistein and then cell growth was assessed.  Physiologically achievable concentrations 

of genistein (0.5 and 1 µM) did not enhance the growth of PrEC cells (Figure 2.6.17B), 

suggesting that the presence of hTERT may be necessary for the growth enhancing 

effects of genistein. 

 

2.5  Discussion 

 It is generally believed that the phytoestrogen, genistein, has anti-proliferative 

effects.  Recently, we and others have demonstrated that genistein has telomerase-

repressing activity in human prostate cancer cells [76,211], which could be one 

mechanism for the anti-proliferative effects of genistein.  However, the concentration of 

genistein required for achieving an anti-proliferative effect is pharmacological and cannot 

be obtained by consuming a phytoestrogen-containing diet.  Previous studies have 

established that a plasma concentration of approximately 0.28 to 2.4 µM of genistein can 
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be achieved in humans consuming a soy-based diet [212,213].  Therefore, we were 

interested in evaluating the effects of physiologically achievable concentrations of 

genistein on telomerase activity.  To our surprise, we observed that physiologically 

achievable concentrations of genistein (0.5-1 µM) enhanced telomerase activity in human 

prostate cancer cells (DU-145 and LNCaP).  It was suspected that genistein may be 

regulating some transcription factor(s) to enhance telomerase activity since the 

transcriptional activity of the hTERT promoter was increased.  The identification of 

STAT3 binding sites in the hTERT promoter led us to examine the effect of genistein on 

the expression of STAT3 in prostate cancer cells.  The levels of total and phosphorylated 

STAT3 were up-regulated by physiological concentrations of genistein.  To our 

knowledge, this is the first report to demonstrate that physiologically achievable 

concentrations of genistein activate STAT3 in prostate cancer cells.   

The mechanism(s) by which STAT3 is activated by physiological concentrations 

of genistein is presently unknown.  Several studies have confirmed that a variety of 

growth factors and cytokines, via the JAK and PI3K pathways, can activate STAT3 by 

phosphorylating tyrosine and serine residues [167].  The hyperphosphorylation of STAT3 

raises the possibility that physiologically achievable concentrations of genistein can alter 

the levels of some growth factors and/or cytokines and dysregulate ligand-receptor 

interactions and/or protein kinase activities to activate STAT3.  As evidence that 

genistein affects kinases upstream of STAT3, we observed an increase in the expression 

of phosphorylated Akt (S473) with 1 µM of genistein treatment for 2 days and a decrease 
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in the level of phosphorylated Akt (S473) with 10-100 µM of genistein treatment for 3 

days in DU-145 cells [76].  These results suggest that genistein inhibits kinases at 

pharmacological concentrations and activates kinases at physiological concentrations, 

which may explain the biphasic effect of genistein.  Nonetheless, further experiments are 

necessary to fully validate the activation of STAT3 by Akt and to determine if there are 

other mechanisms for STAT3 activation by physiologically achievable concentrations of 

genistein.   

 To confirm the regulation of telomerase activity by STAT3, we examined the role 

of STAT3 on hTERT mRNA expression and transcriptional activity by over-expressing 

DN-STAT3.  Our results are in agreement with Konnikova and colleagues [146] that the 

inhibition of STAT3 in prostate cancer cells decreases telomerase activity.  Most 

interestingly, we observed that 1 µM of genistein increased STAT3 binding to the 

hTERT promoter and the inhibition of STAT3 repressed the genistein-induced increase in 

hTERT transcriptional activity.  These results show for the first time that physiologically 

achievable concentrations of genistein enhanced the binding of activated STAT3 to the 

hTERT promoter and that STAT3 is necessary for the enhancement of hTERT 

transcriptional activity by genistein.  Furthermore, it is possible that in addition to the 

direct regulation of the hTERT promoter, STAT3 may indirectly modulate telomerase 

activity via c-Myc as the regulation of telomerase activity by c-Myc has already been 

demonstrated [76].      
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 In addition to increased hTERT transcriptional activity, the increased activation 

of STAT3 by genistein could modulate prostate cancer cell growth since STAT3 can 

regulate growth promoting genes (cyclin D1 and c-Myc), anti-apoptotic genes (survivin, 

Bcl-2, Bcl-XL, Mcl-1, and Pim-1), an angiogenic gene (VEGF), and a gene associated 

with tumor invasion (LIV-1) [167-169].  In this investigation, we observed that the 

protein levels of cyclin D1 and c-Myc were increased upon genistein treatment in DU-

145 cells.  These proteins can enhance the cell cycle, cell proliferation, and hTERT 

transcriptional activity.  Accordingly, we observed enhanced telomerase activity, cancer 

cell proliferation, and tumor growth with physiological concentrations of genistein.  

Moreover, we recently reported that hTERT modulates the expression of cyclin D1 [160].  

Therefore, the simultaneous increase in cyclin D1 by genistein-induced activation of 

STAT3 directly (genistein → ↑STAT3 → ↑cyclin D1) and by hTERT indirectly 

(genistein → ↑STAT3 → ↑hTERT → ↑cyclin D1) could additively accelerate cancer 

growth. 

 In conclusion, this study shows for the first time that physiologically achievable 

concentrations of genistein enhance growth in telomerase positive human prostate cancer 

cells and a mouse model of prostate cancer but not in telomerase negative normal human 

PrECs.  Genistein enhances telomerase activity and hTERT transcriptional activity by 

activating STAT3 and increasing STAT3 binding to the hTERT promoter.  These results 

are particularly alarming because there is a growing trend of consuming unknown 

amounts of phytoestrogen containing dietary products and/or supplements for the 
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prevention and/or treatment of cancer.  This study raises a serious concern that instead of 

beneficial effects, certain physiologically achievable concentrations of genistein could 

have detrimental effects to individuals with prostate cancer. 
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2.6  Figure Legends & Figures 

Figure 2.6.1  Physiological concentrations of genistein enhance telomerase activity in 

human prostate cancer cells.  Assessment of telomerase activity in DU-145 (A) and 

LNCaP (B) cells.  Cell pellets were collected and lysates were used for TRAP assays.  

NC: negative control using lysis buffer only.  Columns, mean of three independent 

experiments; bars, standard error (SE).  *, p<0.01, significantly different from control. 
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Figure 2.6.1  Physiological concentrations of genistein enhance telomerase activity in 

human prostate cancer cells. 
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Figure 2.6.2  The effect of genistein on telomere length.  DU-145 cells were treated 

with 0, 1, and 50 µM of genistein for 3 days.  DNA was isolated from the cells using 

phenol/chloroform extraction and the telomere length of the cells was determined using a 

kit according to the manufacturer’s protocol (Roche Diagnostics).  Briefly, the DNA was 

digested and then the DNA fragments were separated by gel electrophoresis.  After 

Southern transfer, the telomere repeat fragments (TRFs) are visualized by hybridization 

with labeled oligonucleotides complementary to the telomeric repeat sequence.  The 

mean TRF length for 0 & 1 µM of genistein is 3.9 kb and 3.6 kb for 50 µM, which was 

estimated by visually comparing the mean size of the smear to the molecular weight 

marker. 
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Figure 2.6.2  The effect of genistein on telomere length. 
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Figure 2.6.3  Physiological concentrations of genistein increase hTERT expression in 

prostate cancer cells.  (A) RNA was extracted from DU-145 cells and RT-PCR assays 

were performed to detect the levels of hTERT, TERC, TEP1, and GAPDH mRNA.  (B) 

Western blot analysis of hTERT and phospho-hTERT protein levels in DU-145 cells.  

For the detection of phospho-hTERT, nuclear extracts were immunoprecipitated with 

hTERT antibody and immunoblotted with phosphoserine antibody.  For all of the 

experiments above, DU-145 cells were treated with 0, 0.5, 1, and 50 µM of genistein for 

3 days.  Columns, mean of three experiments; bars, standard error (SE).  *, p<0.01, 

significantly different from control. 
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Figure 2.6.3  Physiological concentrations of genistein increase hTERT expression in 

prostate cancer cells.   
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Figure 2.6.4  hTERT transcription is enhanced by physiological concentrations of 

genistein in human prostate cancer cells.  DU-145 cells were transfected with full-

length hTERT promoter luciferase plasmid (pGL3-3328-Luc) and Renilla luciferase 

(pRL-TK-Luc) plasmid for 2 days in normal growth media and then exposed to various 

concentrations of genistein (0, 0.05, 0.5, 1, and 50 µM) for 1 (A), 2 (B), and 3 (C) days.  

Cells were harvested and then hTERT promoter activity was determined.  hTERT 

promoter activity was normalized to Renilla luciferase activity.  Promoter activity in 

control samples was considered as 1.0.  Columns, mean of three experiments; bars, 

standard error (SE).  *, p<0.01, significantly different from control. 
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Figure 2.6.4  hTERT transcription is enhanced by physiological concentrations of 

genistein in human prostate cancer cells. 
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Figure 2.6.5  A physiological concentration of genistein enhances hTERT promoter 

activity in other cancer cell lines.   Data for MCF-7 cells are on the left and data for 

SKOV-3 cells are on the right.  (A, B) MCF-7 and SKOV-3 cells were transfected with 

full-length hTERT promoter luciferase plasmid (pGL3-3328-Luc) and Renilla luciferase 

(pRL-TK-Luc) plasmid and then treated with 0, 1, and 50 µM of genistein for 2 days.  

Cells were harvested and promoter assays were performed.  hTERT promoter activity 

was normalized to Renilla luciferase activity.  Promoter activity in control samples (with 

pGL3-basic) was considered as 1.0.  Columns, mean of three experiments; bars, SE.  *, 

p<0.01, significantly different from control. 
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Figure 2.6.5  A physiological concentration of genistein enhances hTERT promoter 

activity in other cancer cell lines. 
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Figure 2.6.6  Physiological concentrations of genistein increase the phosphorylation 

of STAT3.  Protein lysates (50 µg) from DU-145 cells treated with a range of genistein 

concentrations (0, 0.05, 0.1, 0.5, 1, 10, and 50 µM) for 3 days were resolved on 12% 

SDS-PAGE and immunoblots were probed with antibodies to total STAT3 (A), pSTAT3 

Y705 (B), and pSTAT3 S727 (C).  All immunoblots were reprobed with β-actin antibody 

to ensure equal loading.  Representative photographs from an experiment that was 

repeated thrice.  Quantitative analyses of relative levels of total and pSTAT3 (Y705 and 

S727) are shown on the right panels.  Columns, mean; bars, SE.  *, p<0.01, significantly 

different from control. 
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Figure 2.6.6  Physiological concentrations of genistein increase the phosphorylation 

of STAT3. 
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Figure 2.6.7  Sustained activation of STAT3 in DU-145 cells by a physiologically 

achievable concentration of genistein.  (A-C) Protein lysates (50 µg) from DU-145 

cells treated with 1 µM of genistein for  various time points (0, 1, 2, 3, and 7 days) were 

resolved on 12% SDS-PAGE and immunoblots were probed with antibodies to total 

STAT3 (A), pSTAT3 Y705 (B), and pSTAT3 S727 (C).  All immunoblots were reprobed 

with β-actin antibody to ensure equal loading.  Representative photographs from an 

experiment that was repeated thrice.  Quantitative analyses of relative levels of total 

STAT3 and pSTAT3 (Y705 and S727) are shown on the right panels.  Columns, mean; 

bars, SE.  *, p<0.01, significantly different from control. 
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Figure 2.6.7  Sustained activation of STAT3 in DU-145 cells by a physiologically 

achievable concentration of genistein.   
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Figure 2.6.8  Genistein-induced activation of STAT3 is not cell line specific.  (A-C) 

Protein lysates (50 µg) from LNCaP cells treated with 0, 1, and 50 µM of genistein for 3 

days were resolved on 12% SDS-PAGE and immunoblots were probed with antibodies to 

total STAT3 (A), pSTAT3 S727 (B), and cyclin D1 (C).  All immunoblots were reprobed 

with β-actin antibody to ensure equal loading.  Representative photographs from an 

experiment that was repeated thrice.  Quantitative analyses of relative levels of total 

STAT3, pSTAT3 S727, and cyclin D1 are shown on the right panels.  Columns, mean of 

three independent experiments; bars, SE.  *, p<0.01, significantly different from control. 
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Figure 2.6.8  Genistein-induced activation of STAT3 is not cell line specific.   
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Figure 2.6.9  A physiological concentration of genistein enhances total and 

phosphorylated STAT3 protein expression in breast and ovarian cancer cells.  (A, 

B) Protein lysates (50 µg) from MCF-7 and SKOV3 cells treated with 1 and 50 µM of 

genistein for 3 days were resolved on 12% SDS-PAGE and immunoblots were probed 

with antibodies to total STAT3 and pSTAT3 Y705.  Immunoblots were reprobed with β-

actin antibody to ensure equal loading.  Representative photographs from an experiment 

that was repeated twice.   
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Figure 2.6.9  A physiological concentration of genistein enhances total and 

phosphorylated STAT3 protein expression in breast and ovarian cancer cells. 
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Figure 2.6.10  Genistein increases the nuclear localization of total and activated 

STAT3.  DU-145 cells were plated on chamber slides and exposed to 0, 0.5, and 50 µM 

of genistein for 1 day.  Then the cells were fixed in methanol, incubated with total 

STAT3 (A) or pSTAT3 Y705 (B) antibodies, and counterstained with propidium iodide 

(PI).  Slides were mounted and examined using a fluorescence microscope.  Photographs 

were taken at the same magnification (20x) and then imported to Adobe Photoshop.   
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Figure 2.6.10  Genistein increases the nuclear localization of total and activated 

STAT3.   

 

 

 

 

 

 

 

 



 88

Figure 2.6.11  Physiologically achievable concentrations of genistein increase the 

transcriptional activity of STAT3.  (A) DU-145 cells were exposed to 0, 1, and 50 µM 

of genistein for 3 days.  RNA was extracted and RT-PCR assays were performed to 

assess the levels of STAT3 and GAPDH mRNA.  Representative photographs from an 

experiment that was repeated thrice.  Quantitative estimations of STAT3 mRNA were 

determined by densitometric measurements of RT-PCR product bands after 

normalization with GAPDH.  (B) DU-145 cells were transfected with full-length STAT3 

promoter luciferase plasmid and Renilla luciferase (pRL-TK-Luc) plasmid and then 

exposed to 0, 1, and 50 µM of genistein for 2 days.  Cells were harvested and promoter 

assays were performed.  STAT3 promoter activity was normalized to Renilla luciferase 

activity.  Promoter activity in control samples (with pGL3-basic) was considered as 1.0.  

Columns, mean of three experiments; bars, SE.  *, p<0.01, significantly different from 

control. 
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Figure 2.6.11  Physiologically achievable concentrations of genistein increase the 

transcriptional activity of STAT3.   
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Figure 2.6.12  The expression of STAT3 target proteins is increased by 

physiologically achievable concentrations of genistein.  (A) DU-145 cells were 

transfected with STAT3-TA luciferase plasmid and Renilla luciferase (pRL-TK-Luc) 

plasmid and then treated with different concentrations of genistein (0, 0.5, 1, and 50 µM) 

for 2 days.  Cells were harvested and reporter assays were performed.  STAT3 reporter 

activity was normalized to Renilla luciferase activity.  Reporter activity in control 

samples (with TA-Luc) was considered as 1.0.  (B) Protein lysates (50 µg) from DU-145 

cells treated with 0 and 1 µM  of genistein for 1 and 7 days were resolved on 12% SDS-

PAGE and immunoblots were probed with antibodies to cyclin D1, c-Myc, and Hsp90.  

All immunoblots were reprobed with β-actin antibody to ensure equal loading.  Columns, 

mean of three experiments; bars, SE.  *, p<0.01, significantly different from control. 
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Figure 2.6.12  The expression of STAT3 target proteins is increased by 

physiologically achievable concentrations of genistein 
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Figure 2.6.13  Physiological concentrations of genistein enhance STAT3 reporter 

activity in other hormone-dependent cancer cell lines.   Data for MCF-7 cells are on 

the left and data for SKOV-3 cells are on the right.  (A, B)  MCF-7 and SKOV-3 cells 

were transfected with STAT3-TA luciferase plasmid and Renilla luciferase (pRL-TK-

Luc) plasmid and then exposed to 0, 1, and 50 µM of genistein for 2 days.  Cells were 

harvested and reporter assays were performed.  STAT3 reporter activity was normalized 

to Renilla luciferase activity.  Reporter activity in control samples (with TA-Luc) was 

considered as 1.0.  Columns, mean of three experiments; bars, SE.  *, p<0.01, 

significantly different from control. 
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Figure 2.6.13  Physiological concentrations of genistein enhance STAT3 reporter 

activity in other hormone-dependent cancer cell lines.    
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Figure 2.6.14  STAT3 modulates the transcriptional activity of hTERT.  (A) DU-145 

cells were transfected with a full-length hTERT promoter luciferase plasmid (pGL3-

3328-Luc), Renilla luciferase (pRL-TK-Luc) plasmid and either WT-STAT3, CA-

STAT3, or DN-STAT3 constructs.  Cells were then harvested and promoter assays were 

performed.  hTERT promoter activity was normalized to Renilla luciferase activity.  

Promoter activity in control samples (with pGL3-basic) was considered as 1.0.  (B) DU-

145 cells were transfected with empty vector (EV), WT-STAT3, CA-STAT3, or DN-

STAT3 plasmids.  RNA was extracted and RT-PCR assays were performed to measure 

the mRNA expression of hTERT and GAPDH.  Representative photographs from an 

experiment that was repeated thrice.  Quantitative estimations of hTERT mRNA were 

determined by densitometric measurements of RT-PCR product bands after 

normalization with GAPDH.  Columns, mean; bars, SE.  *, p<0.01, significantly different 

from control. 
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Figure 2.6.14  STAT3 modulates the transcriptional activity of hTERT. 
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Figure 2.6.15  Telomerase expression and activity is regulated by STAT3.  (A) DU-

145 cells were transfected with 100 nM of STAT3 siRNA (+) or scrambled siRNA (SC) 

plasmids for 3 days.  RNA was isolated and RT-PCR assays were performed to detect the 

mRNA levels of STAT3, hTERT, and GAPDH.  Quantitative estimations of STAT3 and 

hTERT mRNA were determined by densitometric measurements of RT-PCR product 

bands from three experiments after normalization with GAPDH.  (B) DU-145 cells were 

transfected with STAT3 siRNA or scrambled siRNA plasmids as mentioned above.  Cell 

pellets were collected and lysates were used for TRAP assays.  Quantitative estimations 

of telomerase activity were determined by densitometric measurements of TRAP 

products from three independent experiments.  Columns, mean; bars, SE.  *, p<0.01, 

significantly different from control. 
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Figure 2.6.15  Telomerase expression and activity is regulated by STAT3.   
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Figure 2.6.16  Genistein regulates telomerase activity in human prostate cancer cells 

via STAT3.  (A) ChIP assay showing the interaction of STAT3 with the hTERT 

promoter.  Input DNA samples (5%) are from cell lysates prior to immunoprecipitation.  

Quantitative estimations are from three independent experiments.  (B) DU-145 cells were 

transfected with full-length hTERT promoter luciferase plasmid (pGL3-3328-Luc), 

Renilla luciferase (pRL-TK-Luc) plasmid, and DN-STAT3 plasmid for 2 days in normal 

growth media and then treated with 0 and 1 µM of genistein for 2 days.  Cells were 

harvested and promoter assays were performed.  hTERT promoter activity was 

normalized to Renilla luciferase activity.  Promoter activity in control samples (with 

pGL3-basic) was considered as 1.0.  Columns, mean of three experiments; bars, SE.  *, 

p<0.01, significantly different from control. 
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Figure 2.6.16  Genistein regulates telomerase activity in human prostate cancer cells 

via STAT3. 
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Figure 2.6.17  An increase in telomerase activity by genistein is associated with 

enhanced cell proliferation.  DU-145 (A) and PrECs (B) were treated with various 

concentrations of genistein (0, 0.5 1, and 50 µM) for 3 days and then viable cells (as 

assessed by trypan blue exclusion) were counted using a hemocytometer.  Columns, 

mean of three independent experiments; bars, SE.  *, p<0.01, significantly different from 

control. 
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Figure 2.6.17  An increase in telomerase activity by genistein is associated with 

enhanced cell proliferation.   
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Figure 2.6.18  Cell proliferation is increased by physiological concentrations of 

genistein in breast and ovarian cancer cells.  MCF-7 (A) and SKOV-3 (B) cells were 

treated with various concentrations of genistein (0, 0.5, 1, and 50 µM) for 3 days and then 

viable cells (as assessed by trypan blue exclusion) were counted using a hemocytometer.  

Columns, mean of three experiments; bars, SE.  *, p<0.01, significantly different from 

control. 
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Figure 2.6.18  Cell proliferation is increased by physiological concentrations of 

genistein in breast and ovarian cancer cells.   
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The research included in Chapter 3 was published as follows: 

Chau, M.N.  and Banerjee, P.P.  (2008) Development of a STAT3 reporter prostate 
cancer cell line for high throughput screening of STAT3 activators and inhibitors.  

Biochem Biophys Res Commun, 377, 627-31. 
 

 

Development of a STAT3 Reporter Prostate Cancer Cell Line for High Throughput 

Screening of STAT3 Activators and Inhibitors 

 

3.1  Abstract 

 STAT3 is constitutively activated in several cancers, including prostate cancer, 

and is therefore, a potential target for cancer therapy.  DU-145 prostate cancer cells were 

stably co-transfected with STAT3 reporter and puromycin resistant plasmids to create a 

stable STAT3 reporter cell line that can be used for high throughput screening of STAT3 

modulators.  The applicability of this cell line was tested with two known activators and 

inhibitors of STAT3.  As expected, EGF and IL-6 increased STAT3 reporter activity and 

enhanced the nuclear localization of phosphorylated STAT3 (pSTAT3); whereas 

Cucurbitacin I and AG490 decreased STAT3 reporter activity dose and time-dependently 

and reduced the localization of pSTAT3 in the nuclei of prostate cancer cells.  Given the 

importance of STAT3 in cancer initiation and progression, the development of a stable 

STAT3 reporter cell line in prostate cancer cells provides a rapid, sensitive, and cost 

effective method for the screening of potential STAT3 modulators. 
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3.2  Introduction 

 Signal transducers and activators of transcription (STATs) are a seven member 

family class of transcription factors that are involved in physiological functions such as 

immune response, proliferation, apoptosis, and cell survival in normal cells 

[165,181,208].  Some of the STAT proteins are upregulated in cancer cells.  In particular, 

STAT3 is constitutively activated in several cancers such as breast, lung, leukemias-

lymphomas, and prostate [176,183].  The constitutive activation of STAT3 may be 

caused by genetic mutations such as the overexpression of human epidermal growth 

factor receptor 2 (EGFR2/HER2) or EGFR1/HER1 [185,186].  STAT3 can contribute to 

tumor growth by initiating the cell cycle, preventing apoptosis, and upregulating 

oncogenes such as c-Myc and Bcl-X [168].  Furthermore, STAT3 has recently been 

demonstrated to augment prostate cancer metastasis by promoting prostate cancer cell 

migration [50].   

STAT3 can be activated by cytokines such as interleukin-6 (IL-6) or interferons.  

IL-6 binds to cell surface receptor tyrosine kinases that are coupled with and activate 

Janus kinases (JAKs).  The JAKs then phosphorylate the tyrosine 705 residue in the 

transactivation domain of the STAT3 protein [168].  The phosphorylation of tyrosine 705 

induces STAT3 dimerization, nuclear translocation, and DNA binding to STAT3 

response elements.  Serine at the 727th residue in the same domain must also be 

phosphorylated for complete transcriptional activity [167].  IL-6 activation of STAT3 has 

been implicated in prostate cancer progression [176,214].  In addition to cytokines, 
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growth factors such as epidermal growth factor (EGF) and platelet derived growth factor 

(PDGF) can also activate STAT3 [167,172].   

Conversely, cytokines can inhibit STAT3 signaling.  Cytokine inducible genes 

constituting the suppressors of cytokine signaling (SOCS) protein family can bind to and 

inhibit JAKs, thus repressing STAT3 activation [174].  The protein inhibitors of activated 

STATs (PIAS) are a second group of proteins that decrease STAT3 signaling by 

preventing STAT3 DNA binding activity [175].  Chemical inhibitors of JAK and STAT3 

have also been shown to reduce STAT3 activation and the survival of different cancer 

cells [176,178].  AG490 is a chemical inhibitor of JAK2 and it can suppress STAT3 

signaling by inhibiting the DNA binding activity of STAT3 [179,180,215].  Cucurbitacin 

I is another inhibitor of both JAK2 and STAT3.  Cucurbitacin I inhibits the tyrosine 

phosphorylation of JAK2 and STAT3, thereby preventing STAT3 DNA binding and 

STAT3 mediated gene transcription [182]. 

Since STAT3 is associated with various cancers, positive and negative regulators 

of STAT3 signaling could play a pivotal role in controlling tumorigenesis.  Positive 

regulators of STAT3 could provide valuable information about the activation of STAT3, 

which could identify new targets for the design of new inhibitors.  For example, 

inhibitors for tyrosine or serine kinases that activate STAT3 can be produced.  The search 

for negative regulators of STAT3 activation is imperative since STAT3 has been 

confirmed as a valid target for the treatment of cancers [167,171,179].  The inhibition of 

constitutively active STAT3 by protein inhibitors has been demonstrated to decrease 
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tumor cell proliferation and promote apoptosis both in vitro and in vivo [183,187,216].  

However, the inhibition of STAT3 in normal cells results in growth arrest but not 

apoptosis, indicating that STAT3 may be targeted for preferential cancer cell eradication 

[188,189].  The discovery of STAT3 modulators can be greatly advanced with high 

throughput screening of accessible and multiple compound libraries.  Using a 

chemiluminescent reporter activity assay as the method of choice for high throughput 

screening would provide an efficient and quick turnaround of screening data.  To this 

end, we have developed a stable STAT3 reporter prostate cancer cell line for the 

screening of potential STAT3 activators and inhibitors which could eventually identify 

new STAT3 inhibitors for future clinical use.   

 

3.3  Materials and Methods 

3.3.1  Cell culture 

DU-145 human prostate cancer cells were purchased from the American Type 

Cell Culture Collection (Manassas, VA).  The cells were grown in complete growth 

medium (Improved Minimum Essential Medium (IMEM) without phenol red; Invitrogen; 

Carlsbad, CA) supplemented with 10% fetal bovine serum (Quality Biological; 

Gaithersburg, MD), 100 units/ml penicillin G sodium, 100 µg/ml streptomycin sulfate,  

and 2 mM glutamine (Sigma Chemicals; St.  Louis, MO) in the presence of 5% CO2 at 

37oC.   
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3.3.2  Development of stable STAT3 reporter cell line 

DU-145 cells were co-transfected with 200 ng of plasmid DNA containing three 

STAT3 response elements upstream of a thymidine kinase promoter and a luciferase 

reporter (Clontech; Mountain View, CA) and 20 ng of plasmid DNA containing a 

puromycin resistant gene (Clontech) using GeneJammer transfection reagent (Stratagene; 

La Jolla, CA).  Two days after the transfection, the cells were replated and continually 

grown in the presence of 1 µg/ml of puromycin.  After four weeks, 12 puromycin 

resistant colonies were isolated using cell cloning cylinders and cultured in puromycin 

containing media.  The STAT3 luciferase activity of each colony was measured to verify 

the stable transfection and to re-establish that the clonal population arose from a single 

cell. 

 

3.3.3  STAT3 reporter activity assays 

DU-145 STAT3 reporter cells were seeded in 96-well plates (2x103 cells/well) in 

triplicate.  The following day, the cells were treated with Cucurbitacin I and AG490 (NIH 

Open Chemical Repository Collection, Bethesda, MD) at varying concentrations and 

times.  The cells treated with EGF and IL-6 (R & D Systems, Minneapolis, MN) were 

serum starved for three days prior to treatment.  Luciferase activity was measured in cell 

lysates by a microplate luminometer (Harta Instruments, Inc.; Gaithersburg, MD) using 

the Firefly Luciferase Assay kit (Biotium, Inc.; Hayward, CA) according to the 

manufacturer’s protocol.   
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3.3.4  Immunofluorescence staining  

DU-145 cells stably expressing the STAT3 reporter construct were plated onto 

ECL-coated chamber slides.  The cells were fixed in methanol, air-dried, and re-hydrated 

with phosphate buffered saline (PBS).  The cells were blocked with 0.2% crystalline 

grade BSA and subsequently incubated with the primary antibody (pSTAT3 Y705, 1:100 

dilution, Cell Signaling Technology; Danvers, MA) overnight at 4oC.  After three washes 

with PBS, the cells were incubated with Alexa Fluor 488 (4 µg/ml) conjugated secondary 

antibody (Molecular Probes, Invitrogen; Carlsbad, CA) for one hour.  The cells were 

washed three more times with PBS and subsequently incubated with 250 ng/ml of 

propidium iodide (PI) (Biotium, Inc.) for 5 min.  The cells were washed once more with 

PBS, mounted with 50% glycerol, and viewed under a fluorescent microscope (ZEISS 

AxioPlan2 Imaging System, Jena, Germany).  Images were captured at the same 

magnification (20x) and then imported into Adobe Photoshop. 

 

3.3.5  Statistical analysis 

Statistical analyses on all data derived from at least three independent 

experiments were conducted using Prism 3 GraphPad software.  Data values were 

presented as means ± SEM.  The significance level was calculated using the one-way 

Analysis of Variance (ANOVA) followed by the Dunnett post-test with an assigned 

confidence interval of 95%.  A p-value < 0.05 was considered significant.   
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3.4  Results 

3.4.1  Development and selection of stable STAT3 Reporter DU-145 cells 

 There is an urgent need for the development of high throughput screening for 

inhibitors of various oncogenic factors.  We are in an era when hundreds of thousands of 

small molecule libraries are available to screen possible inhibitors for numerous targets.  

These small molecule libraries cannot be screened without the development of 

appropriate high throughput screening of cell lines with various cancer backgrounds.  

Keeping that in mind, we developed a stable STAT3 reporter cell line where DU-145 

human prostate cancer cells were stably co-transfected with a puromycin resistant 

plasmid and a STAT3 plasmid containing three STAT3 response elements upstream of a 

thymidine kinase promoter and a luciferase reporter.  The stable transfection protocol is 

outlined in Figure 3.6.1A.  Information pertaining to the clones is detailed in Figure 

3.6.1B.  Out of the 12 clones, clone number 7 had the highest STAT3 reporter activity 

and was consequently retained as the stable STAT3 reporter cell line.  The STAT3 

reporter activity in clone number 7 remained stable through 100 cell passages (Figure 

3.6.1C).  Clones number 1, 2, 5, 6, 8 and 10 had minimal or no STAT3 reporter activity 

indicating that very few copies of the STAT3 reporter plasmid or only the puromycin 

resistant plasmid were integrated into the cells’ genome.  All subsequent experiments 

were performed with STAT3 reporter cells from clone number 7 between passages 45 to 

60. 
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3.4.2  STAT3 reporter activity is increased in the stable reporter cells by known 

activators of STAT3  

 To confirm that the stably transfected cells are functionally active, the DU-145 

STAT3 reporter cells were treated with two established STAT3 activators, EGF and IL-6.  

First, dose curves with various concentrations were performed (Figure 3.6.2A and C).  

Both activators increased STAT3 reporter activity at least 2-fold or higher and then 

plateaued.  The maximum increases in STAT3 reporter activity for EGF and IL-6 were 

observed with 0.5 ng/ml and 1 ng/ml, respectively.  These concentrations are at least 10-

fold less than the concentrations used in previously published studies using Western blot 

and EMSA analyses [184,217].  This result suggests that the STAT3 reporter activity 

assay is more sensitive compared to other assays.  However, different cell lines and 

experimental conditions could account for the concentration differences.   

 Next, using 0.5 ng/ml of EGF and 1 ng/ml of IL-6, we examined the time course 

of STAT3 reporter activation.  As observed in Figures 3.6.2B and 3.6.2D, a significant 

increase in STAT3 reporter activity was detected within 5 minutes and 30 minutes for IL-

6 and EGF, respectively, with a maximum increase of 3.2-fold observed at 12 and 24 

hours for EGF and IL-6, respectively.  The dose curves and time courses for the 

activators follow the expected effects for growth factors and cytokines, as there is a dose-

dependent increase in STAT3 reporter activity and then saturation.  Over a longer period 

of treatment, STAT3 reporter activity declined after reaching a peak, which could be as a 
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result of EGF and IL-6 receptor desensitization and degradation.  Since DU-145 cells 

synthesize IL-6 [179], we observed a high level of STAT3 reporter activity in normal 

growth medium without any addition of STAT3 activators, conferring an advantage for 

the identification of STAT3 inhibitors with high throughput screening because it will not 

be necessary to induce STAT3 activation in these cells prior to the addition of STAT3 

inhibitors.   

 

3.4.3  Inhibition of STAT3 reporter activity in stable reporter cells by STAT3 

inhibitors 

 To confirm that our STAT3 reporter cell line can be used to detect STAT3 

inhibitors, we used two known STAT3 inhibitors, Cucurbitacin I and AG490, in our 

assays.  As shown in Figures 3.6.3A and 3.6.3C, there was a dose-dependent decrease in 

STAT3 reporter activity with both Cucurbitacin I and AG490.  Approximately 50% of 

STAT3 reporter activity was decreased with 50 nM of Cucurbitacin I and 25 µM of 

AG490.  A time course assay utilizing the lowest effective concentrations, 500 nM of 

Cuc I and 50 µM of AG490, showed a time-dependent decrease for both inhibitors with 

the maximum decrease (~80%) in STAT3 reporter activity at 24 hours (Figure 3.6.3B and 

D).  A treatment time beyond 24 hours with Cucurbitacin I and AG490 resulted in cell 

death as assessed visually.  However, there was no toxicity (cell death) with either 

Cucurbitacin I or AG490 with 24 hours of treatment, implicating that the inhibition of 

STAT3 reporter activity was not associated with cell death.  The concentrations and 
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length of treatment for Cucurbitacin I and AG490 are consistent with previously 

published studies [218,219], suggesting that our newly established STAT3 reporter cell 

line can be used for high throughput screening of STAT3 inhibitors.   

 

3.4.4  The nuclear localization of STAT3 in the stable reporter cell line is altered by 

STAT3 modulators 

Although we demonstrated that STAT3 activators and inhibitors can modulate 

STAT3 reporter activity in prostate cancer cells, we have not examined whether STAT3 

activators and inhibitors phosphorylate STAT3 and localize phosphorylated STAT3 in 

the nuclei of the STAT3 reporter cells.  To this end, we performed immunofluorescence 

staining of phosphorylated STAT3 Y705 (pSTAT3 Y705) in stable STAT3 reporter DU-

145 cells.  pSTAT3 Y705 is generally localized in the nuclei of the cells with minimal 

pSTAT3 in the cytoplasm.  The nuclear localization of pSTAT3 Y705 increased with 

EGF (0.5 ng/ml) and IL-6 (1 ng/ml) treatment for 24 hours (Figure 3.6.4A).  In contrast, 

the STAT3 inhibitors, Cucurbitacin I (500 nM) and AG490 (50 µM) reduced nuclear 

pSTAT3 Y705 staining within 24 hours (Figure 3.6.4B).  These results demonstrate that 

EGF and IL-6 increased activated STAT3 in the nuclei of prostate cancer cells and the 

inhibitors had the opposite effect.  Thus, the immunofluorescence data corroborates with 

the STAT3 reporter activity of the stable STAT3 reporter prostate cancer cell line.   
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3.5  Discussion 

The development of STAT3 inhibitors is an area of intense interest due to the 

important role STAT3 has in carcinogenesis.  Currently, another analog of Cucurbitacin, 

Cucurbitacin Q, is the only selective STAT3 signaling inhibitor available [181].  Small 

molecule inhibitors of STAT3 without their full elucidated effects have been developed 

in the last few years and more research in peptidomimetics is necessary [220,221].  

Activators of STAT3 are also of importance as all activators of STAT3 have yet to be 

elucidated.  The urgency to identify STAT3 regulators facilitates the necessity for a quick 

and efficient method of analyzing potential STAT3 activators and inhibitors.  Luciferase 

reporter assays are a reliable, fast, sensitive, quantitative, and cost effective approach to 

determining the level of STAT3 activation by modulators and should be used as the first 

method to screen potential STAT3 activators and inhibitors.  The development of a stable 

STAT3 reporter cell line streamlines the screening process, eliminating the transient 

transfection step, and can be used for any scale of screening from low to high throughput. 
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3.6  Figure Legends & Figures 

Figure 3.6.1  The establishment of a stable STAT3 reporter prostate cancer cell line.  

(A) Schematic of the stable transfection protocol.  DU-145 cells were co-transfected with 

plasmids containing a STAT3 reporter and a puromycin resistant gene (purR).  The 

transfected cells were continually grown in selective media containing puromycin (1 

µg/ml).  Four weeks later, colonies were isolated to determine the STAT3 reporter 

activity of the stable transfection.  (B) Selection of STAT3 reporter cell line.  STAT3 

reporter activity of twelve clones was assessed at passage number 5.  The clone with the 

highest STAT3 reporter activity (number 7) was designated as the stable STAT3 reporter 

cell line.  (C)  Graph showing STAT3 reporter activity is stabilized in clone number 7 

through 100 cell passages. 
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Figure 3.6.1  The establishment of a stable STAT3 reporter prostate cancer cell line.   
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Figure 3.6.2  The stable STAT3 reporter prostate cancer cell line is functionally 

active.  (A,C) The evaluation of STAT3 reporter activity with various concentrations of 

EGF and IL-6.  STAT3 reporter cells were treated with varying concentrations of EGF 

and IL-6 for 30 minutes and then STAT3 reporter activity was measured.  All 

concentrations of EGF and IL-6 increased STAT3 reporter activity significantly (p<0.01).  

(B,D) The assessment of treatment time for STAT3 reporter activity with STAT3 

activators.  The STAT3 reporter cells were treated with 0.5 ng/ml of EGF and 1 ng/ml of 

IL-6 for 5 minutes to 24 hours.  A significant (p<0.05 or p<0.01) increase in STAT3 

reporter activity was observed with both EGF and IL-6 treatment.  Reporter activity in 

control samples was considered as 1.0.  Columns, mean of three independent 

experiments; bars, standard error (SE).  **, p<0.05, *, p<0.01, significantly different 

from control.   
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Figure 3.6.2  The stable STAT3 reporter prostate cancer cell line is functionally 

active.   
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Figure 3.6.3  STAT3 inhibitors decrease STAT3 reporter activity in the stable cell 

line.  (A,C) The evaluation of STAT3 reporter activity with various concentrations of 

STAT3 inhibitors, Cucurbitacin I (Cuc I) and AG490.  STAT3 reporter cells were treated 

with various concentrations of Cuc I and AG490 for 24 hours and then STAT3 reporter 

activity was assessed.  A dose-dependent decrease in STAT3 reporter activity was 

observed with both Cucurbitacin I (Cuc I) and AG490.  (B,D) The assessment of 

treatment time for STAT3 reporter activity with STAT3 inhibitors.  The cells were 

treated with the 500 nM of Cuc I and 50 µM of AG490 from 5 minutes to 24 hours.  

There is a significant (p<0.05 or p<0.01) decrease in STAT3 reporter activity that was 

observed as early as 1 hour and maintained up to 24 hours in both Cuc I and AG490 

treatment.  Reporter activity in control samples was considered as 1.0.  Columns, mean; 

bars, SE.  **, p<0.05, *, p<0.01, significantly different from control. 
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Figure 3.6.3  STAT3 inhibitors decrease STAT3 reporter activity in the stable cell 

line. 
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Figure 3.6.4  The activation of phosphorylated STAT3 Y705 (pSTAT3 Y705) is 

altered by STAT3 activators and inhibitors.  (A)  Immunofluorescence staining of 

pSTAT3 Y705 in DU-145 cells stably expressing the STAT3 reporter construct after 

treatment with EGF and IL-6.  Both activators of STAT3 increased pSTAT3 Y705 in the 

nuclei of stable STAT3 reporter DU-145 cells.  (B) Immunofluorescence of pSTAT3 

Y705 in STAT3 reporter cells treated with Cuc I and AG490.  STAT3 inhibitors 

decreased the activation and nuclear localization of pSTAT3 Y705. 
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Figure 3.6.4  The activation of phosphorylated STAT3 Y705 (pSTAT3 Y705) is 

altered by STAT3 activators and inhibitors. 
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The research included in Chapter 4 is ready to be submitted  
for publication as follows: 
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Multiple Signaling Pathways are Involved in Genistein-Induced 

Activation of STAT3 in Human Prostate Cancer Cells 

 

4.1  Abstract 

 Genistein is a multi-mechanistic phytoestrogen with biphasic effects.  At 

pharmacological concentrations, genistein is most widely known as a tyrosine kinase 

inhibitor with anti-cancer activity.  We previously demonstrated that physiologically 

achievable concentrations of genistein enhanced human prostate cancer cell growth via 

increased telomerase activity and STAT3 activation.  In the present study, we 

demonstrate that a physiological concentration of genistein activates STAT3 via tyrosine 

kinase, serine/threonine kinase, and non-receptor tyrosine kinase pathways.  Genistein 

activated JAK2, Akt, Src, and MAPK p44/42 in two human prostate cancer cell lines, 

DU-145 and LNCaP.  The inhibition of these signaling proteins with shRNAs decreased 

STAT3 reporter activity.  As a consequence of STAT3 deactivation, cell proliferation 

(BrdU incorporation) was also decreased.  Genistein treatment of cells with the individual 

signaling proteins inhibited did not increase STAT3 reporter activity and cell 
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proliferation to the level observed in genistein treated control cells, suggesting that the 

signaling proteins are necessary for genistein-induced activation of STAT3.  However, 

blocking one of these pathways was not sufficient to inhibit the activation of STAT3 by 

genistein completely, indicating significant cross-talk among these four signaling 

pathways. These results suggest that physiologically achievable concentration of 

genistein can activate multiple pathways (JAK2, Akt, Src, and MAPK p44/42 pathways) 

to activate STAT3.  It is possible that all four signaling pathways may have to be 

inhibited concurrently to eliminate cross-talk and effectively decrease cancer 

proliferation, resulting in a potential prostate cancer treatment strategy. 
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4.2  Introduction 

Genistein (4,5,7-trihydroxyisoflavone), the most prevalent isoflavonoid of 

soybeans, is attributed as an anti-cancer compound [201].  It has been demonstrated to be 

effective in hormone dependent cancers such as prostate cancer.  Several studies have 

shown that genistein suppresses prostate cancer cell proliferation in cell culture and in 

animal models [201-203] possibly by inhibiting tyrosine kinases, angiogenesis, and 

telomerase activity [69,76,78].  However, the concentration of genistein essential for 

attaining an anti-proliferative effect is pharmacological (>10µM) and cannot be obtained 

by consuming a phytoestrogen-containing diet.  A plasma concentration of approximately 

0.28 to 2.4 µM of genistein has been reported in humans consuming a soy-based diet 

[212,213].  Physiologically achievable concentrations of genistein have been described to 

have the opposite effect of pharmacological concentrations, which is a cancer promoting 

effect.  One mechanism for this mitogenic effect of genistein at physiological 

concentrations may be the activation of signal transducers and activators of transcription 

3 (STAT3) [222]. 

STAT3 belongs to a class of transcription factors that has a role in normal cellular 

differentiation, proliferation, survival, and immune response [164,165].  STAT3 is 

constitutively activated in a number of cancers including prostate, breast, and lung cancer 

[176,183].  STAT3 may contribute to cancer cell proliferation by inhibiting apoptosis, 

initiating mitosis, and upregulating oncogenes such as c-Myc [168].  The inhibition of 

constitutively active STAT3 by protein inhibitors has been demonstrated to reduce tumor 
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growth by promoting apoptosis in vitro and in vivo [183,187,216] with only growth arrest 

and no cell death occurring in normal cells, indicating that STAT3 may be a desirable 

cancer cell target [188,189].   

Under normal and aberrant conditions, STAT3 can be activated by cytokines such 

as interleukin-6 (IL-6) or interferons and growth factors such as epidermal growth factor 

(EGF) and platelet derived growth factor (PDGF) [167,171] through many signaling 

pathways.  The cytokine or growth factor binds to cell surface receptor tyrosine kinases 

that are coupled with and activate Janus kinases (JAKs) by inducing receptor 

dimerization and tyrosine phosphorylation of the associated JAKs.  The activated JAKs 

then phosphorylate the tyrosine 705 residue in the transactivation domain of the STAT3 

protein [168].  The phosphorylation of tyrosine 705 leads to STAT3 dimerization and 

nuclear translocation.  Following phoshorylation at the serine 727 residue by MAPK 

p44/42, which is necessary for full transcriptional activity, the STAT3 dimers bind to 

specific DNA response elements in the promoter region of target genes to activate gene 

expression [167].  STAT3 can also be activated via the PI3K/Akt pathway [218] and 

directly by Src, a nonreceptor tyrosine kinase [172].  Furthermore, PKCα, a 

serine/threonine kinase, has been reported to activate STAT3 via the MAPK p44/42 

pathway [173]. 

We previously demonstrated that physiologically achievable concentrations of 

genistein (0.5-1 µM) increase telomerase activity and the cell growth of human prostate 

cancer cells via the activation of STAT3 [222].  However, the molecular mechanism for 



 129

STAT3 activation by genistein has not been elucidated yet.  In this present study, we 

demonstrate that the JAK2, Akt, Src, and MAPK p44/42 signaling pathways are involved 

in genistein-dependent activation of STAT3 in human prostate cancer cells. 

 

4.3  Materials and Methods 

4.3.1  Cell culture 

DU-145 and LNCaP human prostate cancer cells were purchased from the 

American Type Cell Culture Collection (Manassas, VA).  The development of the stable 

STAT3 Reporter DU-145 cells has been previously described [223].  All cells were 

grown in complete growth medium (Improved Minimum Essential Medium (IMEM) 

without phenol red; Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine 

serum (Quality Biologicals, Gaithersburg, MD), 100 µg/ml streptomycin sulfate, 100 

units/ml penicillin G sodium, and 2 mM glutamine (Sigma Chemicals, St.  Louis, MO) in 

the presence of 5% CO2 at 37oC.  The media for the stable STAT3 Reporter DU-145 cells 

was additionally supplemented with 1 µg/ml puromycin.   

 

4.3.2  Western blot analysis 

Protein lysates were prepared from prostate cancer cell lines that were treated 

with 0 or 1 µM of genistein for 1 day according to our previously published methods 

[205].  The lysates (50 µg) were resolved on 10% sodium dodecyl sulfate-polyacrylamide 

gel electrophoresis (SDS-PAGE) and then transferred to nitrocellulose membranes.  The 
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membranes were probed with antibodies for JAK and phospho-JAK2 Y1007/1008 

(1:1000 and 1:500, respectively; Chemicon International/Millipore, Billerica, MA), Akt 

and phospho-Akt S473 (1:1000; Cell Signaling Technology, Danvers, MA), Src and 

phospho-Src Y416 (1:1000; Cell Signaling Technology, 1:500: Upstate/Millipore), 

MAPK p44/42 and phospho-MAPK p44/42 (1:1000; Cell Signaling Technology), PKCα 

and phospho-PKCα (1:500; Santa Cruz Biotechnology, Santa Cruz, CA, 1:333; 

Upstate/Millipore), pSTAT3 Y705 (1:1000; Cell Signaling Technology), and β-actin 

(1:10,000; Sigma Chemicals) separately.  Some membranes were stripped with Re-Blot 

Plus (Chemicon International/Millipore) and reprobed with another antibody.  Images of 

the membranes were captured using a Fuji LAS-1000 Imager (Tokyo, Japan) and 

imported into Adobe Photoshop.  Band intensities were quantified by utilizing ImageJ 

software (National Institutes of Health (NIH), Bethesda, MD).   

 

4.3.3  Reverse transcriptase polymerase chain reaction 

RNA was extracted from DU-145 cells with TRIzol solution as recommended by 

the manufacturer (Invitrogen).  Total RNA (500 ng) was reverse transcribed to cDNA 

using a Superscript II kit (Invitrogen) with random hexamers.  Human specific primers 

were designed using the Primer Quest program and purchased from Integrated DNA 

Technologies (Coralville, IA).  The primer sequences and product band sizes are: JAK2 

forward 5’-TCA GGC CTT CTT TCA GAG CCA TCA-3’, JAK2 reverse 5’-TTA GAT 

TAC GCC GAC CAG CAC TGT-3’ (396 bp), Akt forward 5’-ATG ACG GAC GTG 
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GCT AAT GTG AAG-3’, Akt reverse 5’-GAG GCC GTC AGC CAC AGT CTG GAT 

G-3’ (383 bp), Src forward 5’-CTG TTC GGA GGC TTC AAC TC-3’, Src reverse 5’-

TGA GAG GCA GTA GGC ACC TT-3’ (384 bp), Raf1 forward 5’-ATT CCA GGC 

CTT CAG GAA TGA GGT-3’, Raf1 reverse 5’-TTC AAC CTG CTG AGA ACC ACT 

CCA-3’ (352 bp), glyceraldehyde-3-phosphate dehydrogenase (GAPDH) forward 5’-

CCA CCC ATG GCA AAT TCC ATG GCA-3’, and GAPDH reverse 5’-TCT AGA 

CGG CAG GTC AGG TCC ACC-3’ (598bp).  Polymerase chain reactions (PCRs) for 

JAK, Akt, Src, Raf1, and GAPDH were initiated at 94oC for 2 min, followed by a certain 

number of cycles of 94oC for 45 sec, a specific annealing temperature for 45 sec, 72oC for 

45 sec, and final extension at 72oC for 5 min.  The number of PCR cycles for JAK2, Akt, 

Src, Raf1, and GAPDH are 26, 33, 30, 26, and 28, respectively.  The annealing 

temperature for JAK2, Akt, Src, Raf1, and GAPDH are 60oC, 61oC, 56oC, 60oC, and 

60oC, respectively.  After amplification, PCR products were separated on 1.5% agarose 

gels and visualized by ethidium bromide fluorescence using the Fuji LAS-1000 Imager.  

Images were imported to Adobe Photoshop and band intensities were quantified by using 

ImageJ software. 

 

4.3.4  STAT3 reporter activity assays 

Stable STAT3 Reporter DU-145 cells were seeded in 96-well plates (2.5x103 

cells/well) in triplicate.  The cells were transfected with either JAK, Akt, Src, or Raf1 

shRNA (200 ng of plasmid DNA; Origene Technologies, Rockville, MD) using 
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GeneJammer transfection reagent (Stratagene, LaJolla, CA).  Two days after the transient 

transfection of the shRNAs, the cells were treated with 1 µM of genistein for 1 day.  

Luciferase activity was then measured in cell lysates by a microplate luminometer (Harta 

Instruments, Inc.; Gaithersburg, MD) using the Firefly Luciferase Assay kit (Biotium, 

Inc.; Hayward, CA) according to the manufacturer’s protocol.   

 

4.3.5  BrdU Assays 

For the proliferation studies,  stable STAT3 Reporter DU-145 cells were seeded 

in 96-well plates (2.5x103 cells/well) in triplicate, treated with 1 µM of genistein for 3 

days, and assayed for BrdU incorporation using the Cell Proliferation ELISA BrdU 

Chemiluminescence kit (Roche Diagnostics GmbH, Indianapolis, IN) according to the 

manufacturer’s instructions.  Briefly, BrdU labeling solution (final concentration: 10 µM) 

was added to the cultured cells and incubated for 1 hour at 37oC.  After fixation, the cells 

were incubated with anti-BrdU conjugated to peroxidase (1:500) for 1 hour at room 

temperature.  Following three washes, the cells were incubated with 100 µl of substrate 

solution for 3 minutes.  Light emission was then measured using a microplate 

luminometer (Harta Instruments). 

 

4.3.6  Statistical analysis 

Western blot band intensities were captured by the Fuji LAS-1000 imager from 

three independent experiments and quantified by the ImageJ software (NIH, Bethesda, 
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MD).  The values were then analyzed using the Prism 3 GraphPad software and presented 

as mean ± SEM.  The significance level was calculated using the one-way Analysis of 

Variance (ANOVA) test followed by the Bonferroni post-test, with an assigned 

confidence interval of 95%.  A P-value < 0.05 was considered significant.  Data from the 

STAT3 reporter activity and BrdU assays were derived from at least three independent 

experiments and statistical analyses were conducted using the Prism 3 GraphPad software 

with values presented as mean ± SEM.  The significance level was calculated using the 

one-way Analysis of Variance (ANOVA) test followed by the Dunnett post-test, with an 

assigned confidence interval of 95%.  A P-value < 0.05 was considered significant.   

 

4.4  Results 

4.4.1  The activation of upstream STAT3 signaling proteins by genistein 

We previously ascertained that physiologically achievable concentrations of 

genistein upregulated the activation of STAT3 [222].  To determine the mechanism for 

STAT3 activation by genistein, we examined the phosphorylation level of several 

signaling proteins upstream of STAT3 that are known to activate STAT3.   In our prior 

study, DU-145 and LNCaP prostate cancer cells treated with 1 µM of genistein for 1 day 

significantly (p<0.01) increased phosphorylated STAT3 [222].  The same parameters 

were utilized in this investigation.  In Figure 4.6.1, the level of total and phosphorylated 

JAK2, Akt, Src, MAPK p44/42, and PKCα in DU-145 cells were assessed by Western 

blot analysis after 1 day of 1 µM of genistein treatment.  There was no change in the 
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protein expression of total JAK2, Akt, Src, MAPK p44/42, and PKCα; however, the 

phosphorylated levels of JAK2, Akt, Src, and MAPK p44/42 were significantly increased 

by approximately 1.8 to 2-fold (p<0.01).  Phosphorylated PKCα was not increased with 

genistein treatment suggesting that the PKCα pathway is not involved in genistein-

induced activation of STAT3 but the JAK2, Akt, Src, and MAPK p44/42 pathways 

possibly are.  Similar results were observed in another prostate cancer cell line, LNCaP 

cells (Figure 4.6.2), where phosphorylated JAK2, Akt, Src, and MAPK p44/42 were 

significantly increased by approximately 1.8 to 1.94-fold (p<0.01), indicating that the 

genistein-dependent activation of STAT3 by JAK2, Akt, Src, and MAPK p44/42 is not 

cell line specific.   

A time course assay showed varying levels of total and phosphorylated protein 

expression for JAK2, Akt, Src, and MAPK p44/42 over 24 hours of 1 µM of genistein 

treatment (Figure 4.6.3).  The level of the total signaling proteins corresponded to the 

level of the phosphorylated proteins such that where there was an increase in total protein 

expression, there was a corresponding decrease in phosphorylated protein expression and 

vice versa.  In addition, the activation of JAK2, Akt, Src, and MAPK p44/42 by genistein 

occurred at different time points and not simultaneously.  JAK2 was 

phosphorylated/activated by genistein treatment as early as 30 minutes and the activation 

was sustained up to 24 hours (Figure 4.6.3A).  Akt was activated with 5 and 30 minutes 

of genistein treatment and again after 12 and 24 hours (Figure 4.6.3B).  Src was activated 

by 24 hours of genistein treatment with minimal increases at 5 minutes and 12 hours 
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(Figure 4.6.3C).  MAPK p44/42 was activated after 4 hours of genistein treatment and up 

through 24 hours (Figure 4.6.3D).  The data suggests that the JAK2 signaling pathway is 

activated first by genistein, followed by the MAPK p44/42 signaling pathway and then 

the Akt and Src signaling pathways.  The activation time of the signaling proteins by 

genistein is consistent with the sequential activation of STAT3.  Collectively, the results 

imply that JAK2, Akt, Src, and MAPK p44/42 are involved in genistein-induced 

activation of STAT3 in DU-145 and LNCaP prostate cancer cells and PKCα is not. 

 

4.4.2  STAT3 reporter activity is decreased with the inhibition of multiple signaling 

proteins 

To confirm that JAK2, Akt, Src, and MAPK p44/42 are involved in genistein-

dependent STAT3 activation, the modulation of STAT3 reporter activity was assessed 

after inhibiting JAK2, Akt, Src, and Raf1 with shRNAs.  Preceding this, the ability of 

shRNAs for JAK2, Akt, Src, and Raf1 to decrease the mRNA and protein expression of 

these proteins was determined.  Raf1 shRNA was chosen to inhibit the MAPK p44/42 

signaling pathway since it is upstream of MAPK with the ability to inhibit both the p44 

and p42 isoforms of MAPK.  DU-145 cells were transfected for 2 days with an empty 

vector (negative control) and two shRNA constructs specific for each signaling protein 

and then RT-PCRs and Western blots were performed.  As shown in Figure 4.6.4, the 

mRNA expression for JAK2, Akt, Src, and Raf1 are decreased with two of their 

respective shRNAs.  The protein expression for JAK2, Akt, Src, and MAPK p44/42 are 
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decreased as well.  Therefore, the shRNAs specific for JAK2, Akt, Src, and Raf1 were 

effective in decreasing the mRNA and protein expression of the signaling proteins. 

For the STAT3 reporter activity assays, stable STAT3 Reporter DU-145 cells 

were utilized.  The cells were individually transfected with two of the shRNAs specific 

for JAK2, Akt, Src, and Raf1.  Two days later, the cells were treated with 1 µM of 

genistein for 1 day.  There was no difference in the STAT3 reporter activity between 

control and empty vector transfected cells (negative control) for all experiments (Figure 

4.6.5).  Genistein treatment to control and negative control cells significantly (p<0.01) 

increased STAT3 reporter activity by 1.84 (control) to 1.71 (negative control)-fold, 1.82 

to 1.63-fold, 2.28 to 2.14-fold, and 2.15 to 2.04-fold for the JAK2, Akt, Src, and Raf1 

experiments, respectively.  The two shRNAs for JAK2, Akt, Src, and Raf1 significantly 

(p<0.01) decreased STAT3 reporter activity by 83.6 to 84.3%, 84.5 to 93.3%, 86.2 to 

85.4%, and 82.4 to 77.5%, respectively.  Genistein treatment of cells transfected with the 

shRNAs increased STAT3 reporter activity by 1.27 to 1.35-fold, 1.51 to 1.49-fold, 1.46 

to 1.71-fold, and 1.55 to 1.68-fold for JAK2, Akt, Src, and Raf1, respectively, compared 

to their respective shRNAs alone (p<0.05).  The increase in STAT3 reporter activity after 

shRNA inhibition of JAK2, Akt, Src, or Raf1 individually with genistein treatment 

indicates that genistein is activating other signaling pathways besides the particular 

signaling pathway suppressed by shRNAs to activate STAT3.  However, these increases 

in STAT3 reporter activity were significantly (p<0.05) less than the increases seen with 

control cells treated with genistein, suggesting that the particular protein that was 
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inhibited by shRNAs is necessary for STAT3 activation by genistein.  Furthermore, 

Western blot analysis with the same experimental arrangements yielded comparable 

results as the STAT3 reporter activity assays (Figure 4.6.5).  Therefore, the data 

corroborates that JAK2, Akt, Src, and MAPK p44/42 pathways are all involved in 

genistein-dependent STAT3 activation. 

 

4.4.3  The inhibition of multiple signaling proteins decreases cell proliferation 

To determine whether the inhibition of JAK2, Akt, Src, and MAPK p44/42 

resulted in functional differences in STAT3 activation, BrdU assays were performed 

using the same parameters as the STAT3 reporter activity assays with the exception that 

the cells were treated with 1 µM of genistein for 3 days.  BrdU assays are not as sensitive 

and quick responding as reporter activity assays so longer genistein treatment was 

necessary for genomic changes to occur.  Cell proliferation in control and empty vector 

transfected cells (negative control) were similar for all experiments (Figure 4.6.6).  

Genistein treatment to control and negative control cells significantly (p<0.01) increased 

cell proliferation by 1.61 (control) to 1.58 (negative control)-fold, 1.57 to 1.52-fold, 1.48 

to 1.51-fold, and 1.52 to 1.49-fold for the JAK2, Akt, Src, and Raf1 experiments, 

respectively.  The two shRNAs for JAK2, Akt, Src, and Raf1 significantly (p<0.01) 

decreased cell proliferation by 76.9 to 79.8%, 75.1 to 77%, 77.7 to 75.8%, and 76.8 to 

73.9%, respectively.  Genistein treatment of cells transfected with the shRNAs increased 

cell proliferation by 1.36 to 1.27-fold, 1.28 to 1.2-fold, 1.16 to 1.18-fold, and 1.13 to 
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1.22-fold for JAK2, Akt, Src, and Raf1, respectively, compared to their respective 

shRNAs alone (p<0.05).  However, similar to the STAT3 reporter activity assays, these 

increases in cell proliferation were significantly (p<0.05) less than the increases observed 

with control cells treated with genistein, confirming that the specific proteins that were 

inhibited by shRNAs are required for STAT3 activation by genistein.  Thus, the BrdU 

assay data suggests that JAK2, Akt, Src, and MAPK p44/42 are all implicated in 

genistein-induced activation of STAT3. 

 

4.5  Discussion 

The mechanism by which STAT3 is activated by a physiological concentration of 

genistein was determined in this study.  Previous reports have established that a range of 

cytokines and growth factors via the JAK2, Akt, Src, MAPK p44/42 and PKCα pathways 

can activate STAT3 by tyrosine and serine phosphorylation [167,171,173].  The 

enhanced phosphorylation of STAT3 by physiologically achievable concentrations of 

genistein observed in our prior study [222] raised the possibility that physiological 

concentrations of genistein may modulate the levels of some cytokines and/or growth 

factors, protein kinase activities, or ligand-receptor interactions to activate STAT3.   

We currently show that a physiological concentration of genistein activates 

STAT3 by being a tyrosine kinase, serine/threonine kinase, and non-receptor tyrosine 

kinase activator.  The phosphorylated protein levels of JAK2, Akt, Src, and MAPK 

p44/42 were increased by 1 µM of genistein.  PKCα was not activated by genistein, 
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indicating specific protein kinases were activated by genistein and widespread kinase 

activation by genistein did not occur, which was plausible due to cross-talk between 

signaling pathways.  However, it is possible that other pathways that are known to 

activate STAT3 may be involved in genistein-induced activation of STAT3 such as PKCε 

and c-Jun N-terminal kinase (JNK) and this remains to be determined.   

In addition, our collective data demonstrates that genistein-induced activation of 

STAT3 occurs through non-genomic and genomic events.  Our previous study 

established that STAT3 is upregulated transcriptionally and translationally by genistein 

[222].  In this study, we show that quick protein-protein interactions (phosphorylation) 

between genistein and JAK2, Akt, Src, and MAPK p44/42 lead to STAT3 activation.  

This also provides evidence for how STAT3 transcription is increased by genistein as 

STAT3 may positively feedback and increase its own transcription after being 

phosphorylated by the signaling proteins. 

Furthermore, we observed that JAK2 may be the initial signaling pathway that 

activates STAT3 as the early genistein-induced activation of JAK2 was sustained up to 

24 hours.  The early activation of JAK2 as well as Akt and Src by genistein leads to the 

tyrosine phosphorylation of STAT3 and then the later activation of MAPK p44/42 by 

genistein leads to the serine phosphorylation of STAT3, corresponding to the sequential 

activation of STAT3.  Additionally, it is possible that the activation time for the signaling 

proteins may be different with longer genistein treatment.  Perhaps Akt or Src may be the 

more predominant pathway that is activated by 2, 3, or more days of genistein treatment.  
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Both Akt and Src were activated early but then activation waned until 24 hours of 

genistein treatment.  The probability that Akt and/or Src may be persistently activated in 

addition to or instead of JAK2 with extended genistein treatment exists and further 

experiments are necessary to explore this possibility.   

 This study shows that protein kinase modulation by genistein was responsible for 

genistein-dependent activation of STAT3.  Genistein increased the phosphorylated levels 

of JAK2, Akt, Src, and MAPK p44/42 to activate STAT3 in DU-145 and LNCaP human 

prostate cancer cells.  The inhibition of these signaling proteins with shRNAs reduced 

STAT3 reporter activity and cell proliferation as assessed by BrdU assays.  Genistein 

treatment of cells with the signaling proteins inhibited did not enhance STAT3 reporter 

activity and cell proliferation to the level observed in genistein treated control cells, 

implicating that the signaling proteins are essential for genistein-induced activation of 

STAT3.   Most importantly, the results showed that multiple signaling pathways were 

activated by genistein to induce STAT3 activation, signifying that these multiple 

signaling pathways may have to be inhibited concomitantly to effectively decrease cancer 

proliferation which provides another prostate cancer treatment strategy. 
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4.6  Figure Legends & Figures 

Figure 4.6.1  Activation of upstream STAT3 signaling proteins in DU-145 cells by a 

physiological concentration of genistein.  (A-E) Western blot analyses of total and 

phosphorylated protein expression of JAK2, Akt, Src, MAPK p44/42, and PKCα with 1 

µM of genistein for 1 day in DU-145 human prostate cancer cells.  Immunoblots were 

reprobed with β-actin antibody to verify equal loading.  The phosphorylated levels of the 

signaling proteins are significantly increased (p<0.01) as the quantitation in (F) 

illustrates, but there is no change in total protein expression for all signaling proteins.  

Quantitative estimations of the phosphorylated signaling proteins were determined by 

densitometric measurements from three independent experiments after normalization 

with β-actin.  Columns, mean of three independent experiments; bars, standard error 

(SE).  *, p<0.01, significantly different from control. 
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Figure 4.6.1  Activation of upstream STAT3 signaling proteins in DU-145 cells by a 

physiological concentration of genistein. 
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Figure 4.6.2  Genistein activation of upstream STAT3 signaling proteins in LNCaP 

cells.  Protein lysates (50 µg) from LNCaP cells treated with 1 µM of genistein for 1 day 

were resolved on 12% SDS-PAGE and immunoblots were probed with antibodies to total 

and phosphorylated JAK2 (A), Akt (B), Src (C), MAPK p44/42 (D), and PKCα (E).  All 

immunoblots were reprobed with β-actin antibody to ensure equal loading.  

Representative photographs from experiments that were repeated thrice are shown.  

Quantitative analyses of the fold change in protein expression of the phosphorylated 

signaling proteins are depicted in (F).  The increases in protein expression of the 

phosphorylated signaling proteins in LNCaP cells are similar to those observed in DU-

145 cells.  Columns, mean; bars, SE.  *, p<0.01, significantly different from control. 
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Figure 4.6.2  Genistein activation of upstream STAT3 signaling proteins in LNCaP 

cells. 
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Figure 4.6.3  Activation of the signaling proteins by genistein varies over time.  

Protein lysates (50 µg) from DU-145 cells treated with 1 µM of genistein for various time 

points (0 minutes, 5 minutes, 15 minutes, 30 minutes, 1 hour, 4 hours, 8 hours, 12 hours, 

and 24 days) were resolved on 12% SDS-PAGE and immunoblots were probed with 

antibodies to total and phosphorylated JAK2 (A), Akt (B), Src (C), and MAPK p44/42 

(D).   Immunoblots were reprobed with β-actin antibody to confirm equal loading.  

JAK2, Akt, and Src are activated at early time points by genistein, followed by a later 

activation of MAPK. 
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Figure 4.6.3  Activation of the signaling proteins by genistein varies over time.   
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Figure 4.6.4  Validation assay of JAK2, Akt, Src, and Raf1 specific shRNAs.  DU-

145 cells were transfected with an empty vector (negative control) and two shRNA 

constructs for each signaling protein for 2 days.  RNA was extracted and RT-PCR assays 

were performed to measure the levels of JAK2, Akt, Src, and Raf1 mRNA (A-D).  Equal 

loading was assessed by measuring GAPDH mRNA expression.  Protein lysates from the 

transfected cells were also analyzed by Western blot to determine the protein expression 

of JAK2, Akt, Src, and MAPK p44/42 (A-D).  Immunoblots were reprobed with β-actin 

antibody to verify equal loading.  Representative photographs from experiments that were 

repeated thrice are shown.  The signaling protein specific shRNAs decreased the mRNA 

and protein expression of all 4 signaling proteins. 
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Figure 4.6.4  Validation assay of JAK2, Akt, Src, and Raf1 specific shRNAs.
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Figure 4.6.5  Specific shRNAs for the signaling proteins reduce STAT3 reporter 

activity.  Stable STAT3 Reporter DU-145 cells were transfected with an empty vector 

(negative control) and two shRNAs specific for JAK2, Akt, Src, and Raf1 for 2 days in 

normal growth media and then treated with 1 µM of genistein for 1 day.  Cells were 

harvested and reporter assays were performed.  Reporter activity in control samples was 

considered as 1.0.  STAT3 reporter activity in genistein treated and negative control cells 

were compared to control.  The decreases in STAT3 reporter activity by the shRNAs 

alone were compared to control.  The increases in STAT3 reporter activity in genistein 

treated and shRNA transfected cells were compared to the increases observed in genistein 

treated control cells.  STAT3 reporter activity in genistein treated negative control cells 

were compared to negative control cells.  (A-D)  The shRNAs for JAK2, Akt, Src, and 

Raf1 decreased STAT3 reporter activity and genistein treatment did not increase STAT3 

reporter activity in these cells to the level observed with genistein treated control cells.  

Western blot analyses of protein lysates from the transfected cells corroborate the STAT3 

reporter activity results (A-D).  Columns, mean of three independent experiments; bars, 

SE.  *, p<0.01, significantly different from control. 
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Figure 4.6.5  Specific shRNAs for the signaling proteins reduce STAT3 reporter 

activity. 
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Figure 4.6.6  DU-145 cell proliferation is decreased by inhibiting the JAK2, Akt, Src, 

and MAPK p44/42 pathways.  Stable STAT3 Reporter DU-145 cells were transfected 

with an empty vector (negative control) and two shRNAs specific for JAK2, Akt, Src, 

and Raf1 for 2 days and then treated with 1 µM of genistein for 1 day.  BrdU assays were 

subsequently performed to assess cell proliferation.  Relative light units in control 

samples were considered as 1.0.  BrdU incorporation in genistein treated and negative 

control cells were compared to control.  The decreases in BrdU incorporation by the 

shRNAs alone were compared to control.  The increases in BrdU incorporation in 

genistein treated and shRNA transfected cells were compared to the increases observed in 

genistein treated control cells.  BrdU incorporation in genistein treated negative control 

cells were compared to negative control cells.  (A-D).  The inhibition of JAK2, Akt, Src, 

and Raf1 decreased DU-145 cell proliferation and genistein treatment did not increase 

cell proliferation in these cells to the level observed with genistein treated control cells.  

Columns, mean of three independent experiments; bars, SE.  *, p<0.01, significantly 

different from control. 
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Figure 4.6.6  DU-145 cell proliferation is decreased by inhibiting the JAK2, Akt, Src, 

and MAPK p44/42 pathways. 
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CONCLUSIONS & FUTURE DIRECTIONS 

 

5.1  Summary of Results and Future Directions 

Early stages of prostate cancer treated by surgery or radiation therapy results in a 

high survival rate [29].  In contrast, advanced hormone refractory prostate cancer has a 

poor prognosis due to limited effective therapeutic options [37].  Therefore, much 

research has been focused on the identification of new chemopreventative and 

chemotherapeutic agents for use as individual or combinatorial approaches for the 

treatment of prostate cancer.  Epidemiological studies suggest that populations that 

consume a phytoestrogen rich diet have a lower incidence of prostate cancer [104,200].  

This has lead to extensive research about the anti-cancer potential of genistein, the 

predominant isoflavonoid present in soybeans.   

Genistein has been shown to inhibit prostate cancer growth through a variety of 

mechanisms.  However, these anti-proliferative effects of genistein were observed with 

pharmacological concentrations (>10 µM) that do not recapitulate the concentrations 

achieved through the diet.  A plasma concentration of approximately 0.28 to 2.4 µM of 

genistein has been reported to be achieved in humans consuming a soy-based diet 

[212,213].  Having previously determined that pharmacological concentrations of 

genistein repress telomerase activity and prostate cancer cell growth [76], we were 

interested in examining the effect of physiologically achievable concentrations of 

genistein on telomerase activity and prostate cancer cell proliferation.   
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To our surprise, we found that physiologically achievable concentrations of 

genistein (0.5 - 1 µM) increased telomerase activity and the proliferation of human 

prostate cancer cells.  This is the opposite effect that was observed with pharmacological 

concentrations of genistein, demonstrating that genistein has biphasic effects.  STAT3 

activation and increased STAT3 binding to the hTERT promoter to increase hTERT 

transcription by physiological concentrations of genistein was identified as the 

mechanism for enhanced telomerase activity in human prostate cancer cells.  The 

increase in telomerase activity and activation of STAT3 by genistein could both modulate 

prostate cancer cell proliferation since STAT3 and telomerase can regulate growth 

promoting genes (cyclin D1, c-Myc, EGFR, FGF) and apoptosis related genes (survivin, 

Bcl-2, Bcl-XL, Mcl-1, Pim-1, and TRAIL) [158,167,168].  In this study, we observed that 

the protein expression of cyclin D1 and c-Myc were increased upon genistein treatment 

in prostate cancer cells, suggesting that perhaps these growth promoting proteins were 

activated by STAT3 and telomerase to enhance cancer cell proliferation.   

Yet, we did not directly assess whether these downstream targets of STAT3 and 

telomerase/TERT: cyclin D1, c-Myc, EGFR, and FGF contribute to the observed increase 

in prostate cancer cell growth by genistein.  To elucidate the involvement of the 

downstream targets in increased cancer cell proliferation by genistein, cell proliferation 

after genistein treatment with these proteins inhibited would have to be evaluated.  It is 

very likely that STAT3 and telomerase activate cyclin D1, c-Myc, EGFR, and FGF which 

leads to enhanced cancer cell proliferation, but future studies are required.  The induction 
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or suppression of apoptosis associated genes by STAT3 and telomerase such as Bcl-2, 

Bcl-XL, Mcl-1, Pim-1, and TRAIL also needs to be assessed for their involvement in 

enhanced cancer cell proliferation by genistein. 

After establishing that the activation of STAT3 by genistein increases telomerase 

activity, the mechanism for genistein-induced activation of STAT3 was then determined.  

A physiological concentration of genistein activated the major signaling proteins 

upstream of STAT3 that are known to activate STAT3 including JAK2, Akt, Src, and 

MAPK p44/42 in human prostate cancer cells.  PKCα was not activated with genistein 

treatment, indicating the specificity of genistein in activating STAT3.  Yet, it is possible 

that other signaling pathways known to activate STAT3 such as PKCε and c-Jun N-

terminal kinase (JNK) may be involved in genistein-induced STAT3 activation and 

experiments to explore these possibilities are necessary.   

A stable STAT3 reporter prostate cancer cell line was developed and 

characterized to be utilized in confirming that JAK2, Akt, Src, and MAPK p44/42 are 

involved in STAT3 activation by genistein.  The use of a stable STAT3 reporter prostate 

cancer cell line eliminated the difficulty of co-transfection as well as transfection to 

transfection variability, only the shRNA constructs were transfected in the cells since the 

cells already stably express a STAT3 reporter construct.  Specific shRNA inhibition of 

the 4 signaling proteins in stable STAT3 reporter prostate cancer cells decreased STAT3 

reporter activity and prostate cancer cell proliferation.  Genistein treatment in cells with 

the signaling proteins inhibited did not enhance STAT3 reporter activity and cancer cell 



 157

proliferation to the level observed in genistein treated control cells, suggesting that JAK2, 

Akt, Src, and MAPK p44/42 are involved in genistein-induced activation of STAT3.   

The data from this study proposes that physiologically achievable concentrations 

of genistein (0.5 - 1 µM) activate JAK2, Akt, Src, and MAPK p44/42 to induce STAT3 

activation.  STAT3 then enhances telomerase activity by binding to the hTERT promoter 

to increase hTERT transcription.  The increase in telomerase activity and STAT3 

activation by genistein may both contribute to enhanced cancer cell proliferation by 

increasing the protein expression of growth promoting genes such as cyclin D1 and c-

Myc.  The modulation of apoptosis related genes by STAT3 and telomerase may also be 

involved in genistein-induced cancer cell proliferation (Figure 5.3.1).  

One important question from this study is whether physiological concentrations of 

genistein would have a similar effect in vivo as it did in vitro.  This was investigated in 

the transgenic adenocarcinoma mouse prostate (TRAMP) model by another member of 

the laboratory.  Twelve-week old TRAMP mice with prostatic intraepithelial neoplasia 

(PIN) were placed on AIN-76A diet regimens supplemented with 0, 250, and 1000 mg/kg 

of genistein until 20 weeks of age, resulting in approximate serum genistein levels of 

0.004, 0.35, and 3 µM, respectively [222].  The 0.35 µM serum concentration of mice fed 

a 250 mg/kg genistein supplemented diet is in the range of the previously published 

physiological concentrations of genistein, 0.28 to 2.4 µM.  We observed a 3-fold increase 

in telomerase activity in the dorsolateral prostates (DLPs) of TRAMP mice consuming 

the 250 mg/kg genistein supplemented diet compared to TRAMP mice on the control and 
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1000 mg/kg diets [222].  In addition, the DLPs showed an upregulation of total STAT3 

(2-fold) and phospho-STAT3 Y705 (1.5-fold) by Western blot analysis, demonstrating 

the concurrent genistein-induced activation of STAT3 and increase in telomerase activity 

in the DLPs of TRAMP mice [222].  We also observed more than a 3-fold increase in the 

prostate weights of TRAMP mice consuming the 250 mg/kg genistein supplemented diet 

when compared to the prostate weights of TRAMP mice in both the 0 and 1000 mg/kg 

genistein diet regimens, suggesting a biphasic effect of genistein on TRAMP prostate 

tumor growth [222].  Thus, the increase in telomerase activity, activation of STAT3, and 

prostate tumor proliferation observed with physiological concentrations of genistein in 

vitro were corroborated in vivo.   What remains to be elucidated is whether STAT3 

activation via JAK2, Akt, Src, and MAPK p44/42 by physiological concentrations of 

genistein also occurs in vivo. 

Our results provide some interesting findings about STAT3 activation by 

genistein.  The activation of STAT3 by genistein is persistent and not cell line specific.  

However, the activation of STAT3 in LNCaP cells is different from the activation of 

STAT3 in DU-145 cells.  Both Y705 and S727 are phosphorylated in DU-145 cells, but 

only S727 is phosphorylated in LNCaP cells and this appears to be sufficient for STAT3 

activation.  Our data and previous literature suggests that serine phosphorylation of 

STATs has complex effects, which counters the generally accepted notion that serine 

phosphorylation of STAT3 is only necessary for full transcriptional activity of the protein 

[167].  Many studies have reported that serine phosphorylation of STATs can prevent 
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tyrosine phosphorylation of STATs and inhibit STAT signaling [177,224,225].  The 

absence of tyrosine phosphorylation in LNCaP cells may be explained by the possibility 

that serine phosphorylation prevented tyrosine phosphorylation, but we still observed an 

activation of STAT3.  Other studies have demonstrated that unphosphorylated STAT 

proteins can dimerize, but tyrosine phosphorylation is essential for STAT3 activity [226-

228].  Further research is necessary to determine the mechanisms for STAT3 activation 

by only serine phosphorylation.  The elucidation of the mechanisms for STAT3 

activation will facilitate the design of better small molecules to inhibit STAT3 signaling 

and tumor progression.  Moreover, it is not known whether STAT3 activation via serine 

phosphorylation is a specific effect only induced by genistein in particular cell lines.  

Genistein may activate a kinase that specifically phosphorylates serine and not tyrosine in 

some cell lines.  A time course assay of JAK2, Akt, Src, and MAPK p44/42 activation in 

LNCaP cells was not performed.  It would be interesting to see if only MAPK p44/42 

was activated by genistein in LNCaP cells, accounting for the serine phosphorylation of 

STAT3. 

We have established that genistein has cancer growth modulating effects that vary 

based on its concentration.  This biphasic effect of genistein provokes important queries 

about which particular concentrations of genistein have a cancer inhibiting effect or a 

cancer promoting effect.  The results of this study aided in the clarification of the dose-

dependent effects of genistein and determined that at physiological concentrations, 

genistein stimulates cancer proliferation and at pharmacological concentrations, genistein 
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inhibits cancer growth.  Furthermore, we showed that this biphasic effect of genistein is 

not prostate cancer cell specific, but also occurs in breast and ovarian cancer cells.  

Moreover, elucidating the mechanisms for enhanced prostate cancer proliferation 

contributed to the identification of novel drug targets or combined treatment strategies to 

inhibit the progression of prostate cancer.  The stable STAT3 reporter prostate cancer cell 

line developed in this study can be utilized to screen for potential STAT3 activators and 

inhibitors which could then lead to the development of new therapeutic compounds for 

prostate cancer.  In addition, the results demonstrated that multiple signaling pathways 

were activated by genistein to induce STAT3 activation, indicating that these multiple 

signaling pathways may have to be inhibited concurrently to affect cancer growth.  

Similarly, the results suggest that STAT3 and telomerase could be inhibited 

concomitantly as another prostate cancer treatment approach.   

 

5.2  Concluding Statement 

The most important finding of the study that physiological concentrations of 

genistein enhance cancer growth goes against the accepted notion that genistein is an 

anti-cancer agent.  Our study as well as recent studies in breast cancer cell lines and 

animal models [229,230] which show a cancer promoting effect of genistein is alarming 

but pertinent in determining the complete effects of genistein at different concentrations 

and evaluating the anti-cancer potential of genistein.  The research on genistein is full of 

contradicting and controversial data, most likely due to the fact that there is no consensus 
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on what is considered a physiological or pharmacological concentration of genistein and 

the unknown biphasic effect of genistein.  Further evidence to challenge the credibility of 

genistein as a chemotherapeutic agent comes from clinical trials.  Past clinical data on the 

efficacy of genistein as an anti-cancer agent for prostate cancer has resulted in no 

definitive indications that genistein is effective in treating prostate cancer as there was 

variability in study designs and no long term results on disease progression [198].  It is 

premature to completely dismiss the anti-cancer potential of genistein as it has been 

shown to be effective as an adjunct therapy to conventional therapies [99,108], but more 

research on the effects of genistein at physiological concentrations in vivo is necessary to 

validate the anti-cancer capability of genistein.  Until more data is available, caution 

should be exercised when considering genistein for prostate cancer treatment as adverse 

effects in individuals with prostate cancer who are taking genistein/soy supplements for 

chemotherapeutic purposes can occur.     
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5.3  Figure Legend & Figure 

Figure 5.3.1  Proposed mechanism for enhanced prostate cancer cell proliferation 

by physiological concentrations of genistein.  STAT3 is activated by physiological 

concentrations of genistein via the activation of JAK2, Akt, Src, and MAPK p44/42.  

STAT3 then binds to the hTERT promoter to stimulate hTERT transcription, thereby 

increasing telomerase activity.  The increase in telomerase activity and STAT3 activation 

by genistein may both lead to the increase in the protein expression of growth promoting 

genes such as cyclin D1 and c-Myc to enhance cancer cell proliferation.  Apoptosis 

related genes like Bcl-XL and Pim-1 modulated by STAT3 and telomerase may also be 

involved in genistein-induced cancer cell proliferation. 
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Figure 5.3.1  Proposed mechanism for enhanced prostate cancer cell proliferation 

by physiological concentrations of genistein.   
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