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Abstract 

The cystic fibrosis transmembrane conductance regulator (CFTR) is an anion 

channel conducting both CI" and HCO3". It is expressed in epithelial cells of a wide 

variety of tissues. CFTR is also known to be expressed in human prostate, however, the 

physiological role of CFTR in the prostate and related diseases remains largely unknown 

This thesis explored the biological roles of CFTR m prostatitis and cancer development 

In the first part o f the study, the possible role and a bacterial k i l l ing mechanism 

involving CFTR-mediated bicarbonate secretion in prostatitis were investigated in a rat 

prostate model. CFTR was found to be expressed in the epithelium of rat ventral prostate 

Experiments using cultured rat primary prostate epithelial cells demonstrated that CFTR 

was involved m mediating bicarbonate extrusion across the prostate epithelium. The 

expiession of CFTR and carbonic anhydrase I I (CAII), a key enzyme involved m 

cellular HCO3 production, along with several pro-inflammatory cytokines including IL-

6，IL-1 p, TNF-a, was significantly up-regulated in the primary culture of rat prostate 

epithelial cells upon E co/z-LPS challenge. Inhibition of CFTR function in vitro or in 

vivo resulted in reduced bacterial k i l l ing by prostate epithelial cells or the prostate High 

H C O ( content (>50mM), rather than alkaline pH，was found to be responsible for 

bacterial kil l ing. The direct action of HCO3" on bacterial ki l l ing was confirmed by its 

ability to suppress bacterial initiation factors in E coli. The relevance of the CFTR-

mediated HCO3" secretion in human was demonstrated by the upregulated expression of 

CFTR and CA I I in human prostatitis tissues. The present results have demonstrated that 

CFTR plays a previously undefined role in prostatitis and could be up-regulated during 

the inflammation m prostate as a host defense mechanism to increase bicarbonate 



secretion for bacterial kill ing. 

In the second part of the study, the possible role of CFTR in prostate cancer 

development and the underlying mechanisms were investigated. Our results showed that 

the expression of CFTR and CAI I in prostate was remarkably decreased in aged rat 

prostate. We observed that testosterone could up-regulate the expression of CFTR and 

CAI I in vitro and in vivo, indicating that the declined male hormones during aging may 

be responsible for the observed age-dependent expression of CFTR. In the present study, 

we found that inhibition of CFTR enhanced cell proliferation/anti-apoptosis in the 

prostate primary epithelial cells. CFTR was detected in all examined prostate cell lines, 

but with relatively higher expression levels in immortalized cell lines (PZ-HPV-7, 

PNT1A, PNT2C2) than in cancer cell lines (PC-3, DU-145, LNCaP). 

Immunohistological studies showed that the expression of CFTR was dramatically 

reduced in prostate cancer specimens as compared to that in normal prostate tissues. 

Furthermore, our gain and loss of function studies showed that knockdown of CFTR 

profoundly enhanced cell proliferation, cell adhesion, invasion and migration, while 

inhibited ap opto sis in prostate cancer cell lines, overexpression of CFTR dramatically 

suppressed tumorigenic phenotype of cancer cells. Soft agar anchorage-independent 

growth assay showed that knockdown of CFTR in prostate cancer cells increased the 

number of colonies formed in soft agar. More importantly, we demonstrated that CFTR 

knockdown promoted the tumor growth in vivo and forced overexpression of CFTR in 

prostate cancer cells and ultrasound-mediated gene transfer of CFTR inhibited xenograft 

tumor growth in vivo. Mechanistically, multiple mechanisms were identified to 

contribute to the CFTR- mediated tumor suppressive effects. Firstly, CFTR chloride 
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channel function was implicated in the regulation of apoptosis in prostate cancer cells. 

Secondly, CFTR up-regulated the transcription level of miR-34a and miR-193b, both of 

which have been indicated as tumor suppressors in multiple cancers. Thirdly, 11 cancer-

related genes were found to be up- or down-regulated by CFTR using PCR-array. These 

data demonstrated that CFTR may play an important role in prostate cancer development 

by acting as a tumor suppressor. 

In summary, the present findings have demonstrated the important roles of CFTR in 

prostatitis and cancer development, which may provide new insight into the 

understanding of the prostate in health and disease. The present findings may also have 

potential application in diagnosis and prognosis of cancer. 

iv 



中文摘要 

囊性纖維變性跨膜電導調節器（CFTR)是一種轉運氯離子和碳酸氫根離子的 

陰離子通道，廣泛表達在機體不同組織的上皮細胞上。据報道人前列腺上也具有 

CFTR的表達，然而，CFTR在前列腺以及前列腺相關疾病的生理學意義並不清楚。 

本論文硏究了 CFTR在前列腺炎和前列腺癌發展中發揮的生物學作用。 

實驗的第一部分用大鼠前列腺模型硏究了 CFTR在前列腺炎中發揮的作用及其 

介導的碳酸氫根離子分泌在前列腺炎中的殺菌機理。CFTO在培養的大鼠原代上皮 

細胞以及大鼠腹側前列腺上都有表達，並介導前列腺上皮細胞碳酸氫根離子的分 

泌。在大腸杆菌LPS的刺激下，大鼠前列腺上皮細胞上CFTR和碳酸酐酶II (CAII), 

•禪參與細胞内碳酸氫根产生的酶，以及多種炎性細胞因子包括IL-6, IL-lp, TNF-

a的表達都有明顯上調。在體內體外實驗中抑制CFTR的功能可導致前列腺上皮細 

胞或前列腺的殺菌能力降低。高濃度碳酸氫根離子(〉50mM)本身，而不是鹼性pH 

具有殺菌能力。碳酸氫根離子是通過抑制大腸杆菌起始因子起到直接殺菌的作用。 

在人前列腺上CFTR介導的碳酸氫根離子分泌的作用通過CFTR和CAII在前列腺炎 

病人前列腺上表達的上調得到驗證。目前結果闡明了CFTR在前列腺炎中以前未曾 

闡明的作用以及它在前列腺炎中的上調從而引起碳酸氫根離子分泌的增加在宿主 

防禦中的殺菌機理。 

實驗的第二部分硏究了CFTR在前列腺癌發展中可能發揮的作用和機理。結果 

顯示CFTR和CAII在老齡老鼠的前列腺上表達明顯降低。在體內和體外實驗中，我 

們觀察到睾九激素能够上調CFTR^ICAII的表達，表明了隨著年齡的增加男性激素 
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的减少可能會導致觀察到的CFTR年齢依賴性表達。目前的實驗我們發現如果抑制 

大鼠前列腺上皮細胞CFTR的功能，細胞增殖/抗凋亡能力將會增加。CFTR在所檢 

測的幾株前列腺細胞上都有表達，但在前列腺正常永生細胞株(PZ-HPV-7, PNT1A, 

PNT2C2)的表達要比前列腺腫瘤細胞株(PC-3, DU-145, LNCaP)的表達高。免疫組 

化實驗表明前列癌病理標本中CFTR的表達要比正常前列腺組織有明顯降低。進一 

步通過対腫瘤細胞CFTR功能獲得或丟失，顯示在前列腺腫瘤細胞株上敲减CFTR 

可以顎著增加細胞增殖，粘附，侵襲和遷移能力並抑制細胞凋亡。而超表達CFTR 

可以頌著抑制腫瘤細胞致瘤性的表型。軟膠（soft agar)非錨定生長實驗表明在前 

列腺腫瘤細胞株上敲减CFTR可以增加細胞在軟膠上克隆形成的數量。更重要的是， 

我們證明了敲减CFTR可以促進體內腫瘤的生長，而超表達CFTR以及利用超聲介 

導CFTR基因的轉入可以抑制體內腫瘤的生長。機理硏究表明，CFTR介導的腫瘤 

抑制作用是通過多種機理途徑完成的。首先，CFTR作爲氯離子通道參與調節前列 

腺腫瘤細胞的調亡。其次，CFTR可以上調miR-34a和miR-193b轉錄水平的表達， 

這兩種miRNAs在多種腫瘤中可以作爲抑癌基因。第三，利用PCR army的方法， 

CFTR可以上調或下調11個与腫瘤相關的基因。以上結果表明了CFTR作爲抑癌基 

因在前列腺癌發展過程中發揮重要作用。 

綜上所述，本論文的發現證明了CFTR在前列腺炎和前列腺癌上的重要作用， 

対坪解CFTR在前列腺健康和疾病中的作用提供了新的認識。同時目前的發現対癌 

症診斷和預後也提供了潜在應用。 
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Chapter 1 

Introduction 

1. 1 Structure and functions of the prostate 

The prostate is a small, but important organ (or gland) found only in the male 

reproductive system. It lies below the bladder in front of the rectum. In general, the 

developed prostate could be divided into the peripheral, central and transitional zones 

(McNeal JE, 1981) (Figure 1.1). The peripheral zone represents about 70% of the 

prostate in volume and is the most common site of prostatic intraepithelial neoplasia 

(PIN) and carcinoma. The central zone comprises about 25% of the volume of the 

prostate. The ratio of epithelium to stroma is higher in the central zone than the rest of 

the prostate. The transitional zone represents the smallest region in the whole prostate 

gland-about 5% in volume. With the increasing age, the transitional zones increase in 

size due to benign prostatic hyperplasia (BPH) whilst the centra! zone atrophies and the 

peripheral zone remains static. (Grant M. Baxter). 

The prostate is an exocrine gland which secrete through ducts to the outside of the 

body. The main function o f the prostate is to store and secrete slightly acidic fluid (pH 

6,2-6.6) that constitutes 30% of the volume of the seminal fluid (Blacklock NJ, 1974). 

The prostate also contains some smooth muscles that help expel semen during 

ejaculation. The gland is also responsible for liquefying sperm immediately after 

ejaculation by prostate specific antigen (PSA). In addition, the prostate also plays a role 



in controlling the f low of urine. Acute urinary retention is one of the long-term 

outcomes resulting from BPH. 

1.1.2 Features of the rat prostate 

It is necessary to describe a few features of the rat prostate here as a background 

since the rat is the most often used animal model in the study of prostate physiology. 

Generally, the rat prostate is divided into ventral, dorsal, lateral and anterior lobes 

(Figure 1.2). In our present study, we used the rat ventral prostate lobe since this lobe is 

representative of the entire prostate gland. The ventral prostate is known to be the most 

androgen-dependent part of the prostate gland in rodents, so the lobe is generally used to 

elucidate how hormone such as testosterone or estrogen influence prostate proliferation 

and cell death (Kurita T, 2001). Of note, the apoptotic cell death is specific to the ventral 

lobe in prostate after castration (Banerjee PP, 1995). Except for the structure, the 

functional roles and the underlying mechanisms of rat prostate are similar to that in 

humans. 
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Figure 1.1 Anatomical depiction of the zonal anatomy of the human prostate gland. 
(Adoptedfrom De Marzo AM，2007) 

Figure 1-2 Diagram of rat prostate. (Drawing by Oliver Putz, University of Illinois at 
Chicago) 



1.1.3 Compartments of Prostate 

The prostate epithelium in the prostate is composed mainly of two major cell types, 

the epithelial cells and stromal cells. The interaction between these two cells plays an 

important role in maintaining the homeostasis of the normal prostate. 

1.1.3.1 Epithelial compartment 

The prostate epithelial compartment consists of luminal secretory epithelial cells, 

basal epithelial cells, neuroendocrine cells, stem cell and transit-amplifying cells. 

Luminal secretory cells are the most common cell types in the prostate epithelium. 

They are terminally differentiated and have a low proliferative index. They express 

cytokeratins 8 and 18 as well as high level of androgen receptor (AR) (Wernert N, 1987). 

The growth and survival of these cells are androgen dependent. Interspaced among these 

secretory epithelial cells are neuroendocrine cells and transit-amplifying cells. In 

comparison to the secretory epithelial cells, the basal cells are the main proliferating 

population. They express a distinct cytokeratins 5, 14 and 15 (Xue Y, 1998) and they are 

origins of various disease process and target of neoplastic agents. In prostate, the basal 

cells are the likely source of the epithelial stem cells (Foster CS, 2002). 

1.1.3.2 Stromal cells 

The noncellular stroma and connective tissue of the prostate make up what is termed 

the ground substance and the extracellular matrix. Smooth muscle cells, fibroblasts and 

endothelial are basic cell types which make up the stromal compartment of the prostate, 

all embedded within an extracellular matrix. Many peptide growth factors in the prostate 

are synthesized by the smooth muscle cells, some of which have been implicated in the 
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regulation o f the growth and differentiation of the prostate epithelial cells. (Wong YC, 

2000). 

The smooth muscle cells and the fibroblasts are in close approximation to the 

basement membrane (BM). The B M is composed of laminins, collagen type V and IV 

and other molecules. The layer forms an interface to the stomal compartment that 

provides structural support for the secretory epithelium, basal cells, stem cells and 

transit-amplifying cells. It consists of an extracellular matrix, ground substance and a 

variety of stromal cells. 

1.1.4 Prostate secretion 

The prostate secretes various substances including PSA, prostatic acid phosphatase 

(PAP), citrate acid and zinc etc. The prostate has the highest concentration of citrate of 

any tissue in the human body. The relationship between prostatic inflammatory disease 

and citric acid has been investigated. (Chen J, 2007). Zinc is also found in the prostate at 

high concentrations. Zinc levels are elevated or stable in BPH, whereas there is a marked 

decrease in zinc content associated with prostate adenocarcinoma. The important role for 

zinc in prostate secretion has been studied which suggest the direct role of zinc as a 

prostatic antibacterial factor (Fair WR1, 1976), Human PSA has been proved to be a 

clinically important marker for diagnosis and prognosis of prostate cancer; however PSA 

is an organ-specific but not a cancer-specific marker. The elevated PSA levels could be 

found in benign prostatic hyperplasia (BPH) and prostatitis patients (Stamey TA, 1987). 

A limitation of PSA as a tumor marker is demonstrated in the substantial overlap in 



values between benign and malignant prostate diseases (Partin AW, 1990). The acid 

phosphatase activity is more than 200 times in the prostate than in any other tissues and 

is the source of the high levels of acid phosphatase in ejaculation. The biologic function 

of this enzyme in the prostate remains largely unclear. 

1.1.5 Control of prostate growth by endocrine and paracrine pathways 

1.1.5.1 Endocrine control of prostate growth 

Like other sex accessory tissues, the prostate is stimulated for its growth, 

maintenance and secretory function by certain hormones and growth factors. The major 

androgen in the serum of human is testosterone, which is synthesized in the Leydig cells 

of the testis. The testosterone is converted within the prostate into the more active 

androgen dihydrotestosterone (DHT) by 5a-reductase or converted into estrogens by 

aromatase. Both processes are irreversible. Testosterone appears to function as a 

prohormone in that the most active form of the androgen in the prostate is not 

testosterone but rather DHT (Bruchovsky N, 1968) which is 1.5 to 2.5 times more active 

than testosterone. DHT or testosterone bind to androgen receptors in the cytoplasma and 

activated the receptors to regulate a variety of cellular processes and it is the major 

androgen regulating the cellular events of growth, differentiation and other biological 

function in the prostate. 

In the plasma of young human males, estrogens are derived from the peripheral 

conversion o f androstenedione and testosterone to estrone and estradiol through the 

aromatase reaction. Up to 75% to 90% of the estrogen is derived in this fashion. The fact 
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that the age-related decrease in the plasma free testosterone level whiles the free 

estradiol level is maintained produces about 40% increase in the ratio of free 

estradiol/free testosterone. Estrogen is known to have two opposite effects on prostate 

growth, one is positive and the other one is negative. The physiologic levels of estrogens 

do not block androgen-induced growth of the prostate cells but rather synergize 

androgen effect and the latter result comes from the inhibition of LH secretion. 

Nevertheless, how estrogen exerts its various effects on prostatic growth remains to be 

further clarified. 

1.1.5.2 Paracrine control of prostate growth 

Stroma cells in the prostate could produce different kinds of growth factors and 

regulatory peptide such as KGF, EGF, TGF-|3, IGF-1, which have been suggested to 

play an important role in stromal-epithelia丨 interactions. These growth factors have been 

implicated in the regulation of the growth and differentiation of the prostate. 

1.1.6 Prostate related diseases 

There are three main prostate related diseases including benign prostate hyperplasia 

(BPH), prostatitis and prostate cancer. BPH is the non-cancerous enlargement of the 

prostate gland in middle-aged and elderly men. I f the prostate becomes enlarged, it can 

place pressure on the bladder and urethra which would cause symptoms that affect 

urination. Prostatitis is referring to the inflammation or infection of the prostate gland. 

Prostate cancer is the second leading cause of cancer death in men, exceeded only by 



lung cancer. In this study, we focused on two major diseases of prostate, namely 

prostatitis and prostate cancer. 

1.2 Prostatitis 

Prostatitis is defined as an increased number of inflammatory cells within the 

prostatic parenchyma (Figure 1.3). The most common pattern of inflammation is a 

lymphocytic infiltration in the stroma immediately adjacent to the prostatic acini 

(Kohnen PW, 1979). Prostatitis is the most common urologic diagnosis in men younger 

than 50 years and the third most common urologic diagnosis in men older than 50 years 

(McNaughton-Collins M，1998). Prostatitis affects men of ail ages, unlike BPH and 

prostate cancer, which are predominant diseases of older men. 

1.2.1 Classification of prostatitis syndromes 

Category I: Acute Bacterial Prostatitis 

Acute bacterial prostatitis is an acute bacterial infection of the prostate gland which 

is a generalized infection o f the prostate. Approximately 5% of patients with acute 

bacterial prostatitis may progress to chronic bacterial prostatitis. 

Category II: Chronic bacterial prostatitis 

Chronic bacterial prostatitis is a recurrent infection of the prostate which is 

associated with recurrent lower UTIs (i.e., cystitis). The prevalence of bacterial 

prostatitis ranges from 5% to 15% of prostatitis cases. 

Category III: Chronic nonbacterial Prostatitis/Chronic Pelvic Pain Syndrome 

(CP/CPPS) 
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Chronic nonbacterial Prostatitis/Chronic Pelvic Pain Syndrome (CP/CPPS), 

accounting for 90%-95% of prostatitis diagnoses when there is no demonstrable 

infection. 

I I IA CPPS: inflammatory 

I I IB CPPS: non-inflammatory 

Category IV: Asymptomatic inflammatory prostatitis 

Asymptomatic inflammatory prostatitis when there are no subjective symptoms, but 

leukocytosis is found in the prostate secretions. The patients present with BPH, an 

elevated PSA level, prostate cancer, or infertility. 
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Acute prostatitis 

Chronic prostatitis 

Figure 1.3 H&E staining for prostatitis. (Adoptedfrom Nickel JC, 2003) 
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1.2.2 Causes of prostatic inflammation 

1.2.2.1 Infectious agents 

1.2.2.1.1 Gram-Negative and Gram-Positive bacteria 

A wide range of pathogenic organisms have been observed to induce an 

inflammatory response in the prostate. The most common cause of bacterial prostatitis is 

gram-negative bacteria such as Escherichia coll (E.coli), which is responsible for 

approximately 50% to 80% of infection cases in human (Mitsumori K, 1999). 

Pseudomonas aeruginosa, Klebsiella species, Serratia species, and Enterobacter 

aerogenes are identified in a further 10% to 15%. Among the gram-positive bacteria, 

Enterococci are believed to account for 5% to 10% of documented prostate infections. 

1.2.2.1.2 Other microbiologic and viruses infections 

Anaerobic bacteria, corynebacterium infection, chlamydia infection, ureaplasma 

infection and other microorganisms are also responsible for some cases of the 

'nonbacterial' form. Viruses such as human papillomavirus (HPV), human herpes 

simplex virus type 2 (HSV2), cytomegalovirus (CMV) and human herpes virus type 8 

(HHV8) can also infect the prostate (De Marzo AM, 2007). 

1.2.2.2 Altered composition of prostate secretion 

Secretory dysfunction of the prostate characterized by an alteration in the 

composition of prostatic secretions can be diagnostic of patients with prostatitis. In 

prostatitis, the levels of fructose; citric acid; acid phosphatase; the cations zinc, calcium 

and magnesium; and the zinc-containing prostatic antibacterial factor are decreased, 
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whereas pH, inflammatory proteins such as ceruloplasmin are increased (Anderson RU, 

1976). Normal human prostatic secretions are remarkably rich in citrate, which is 

considered the most useful marker for determining prostate secretory function. The 

alterations in the prostate secretory function wi l l impair the normal antibacterial capacity. 

It is not known whether these compositional changes are a cause or a consequence of 

inflammation. 

1.2.2.3 Other possible causes of prostate inflammation 

Hormonal alterations, dysfunctional voiding, intraprostatic ductal reflux, 

immunologic alterations, chemically induced inflammation, neural dysregulation, 

interstitial cystitis-like cause, psychological cause and dietary factors have been 

postulated as the possible causes involved in the pathogenesis of chronic bacterial and 

nonbacterial prostatic inflammation (Figure 1,4). 
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Figure 1.4 Possible causes of prostate inflammation, a | Infection. Chronic bacterial 
prostatitis is a rare recurring infection in which pathogenic bacteria are cultured from 
prostatic fluid. Viruses, fungi, mycobacteria and parasites can also infect the prostate 
and incite inflammation. The figure represents two prostate cells infected either by 
bacteria or viruses, b | Hormones, Hormonal alterations such as oestrogen exposure at 
crucial developmental junctures can result in architectural alterations in the prostate that 
produce an inflammatory response, c | Physical trauma. Corpora amylacea can 
traumatize the prostate on a microscopic level. The figure shows a corpora within a 
prostatic acinus in which its edges appear to be eroding the epithelium, resulting in an 
increase in expression of the stress enzyme cyclooxygenase 2 (PTGS2). d | Urine reflux. 
Urine that travels up back towards the bladder ('retrograde' movement) can penetrate 
the ducts and acini of the prostate. Some compounds, such as crystalline uric acid, can 
directly activate innate inflammatory cells. Although these compounds would not be 
expected to traverse the prostate epithelium, i f the epithelium was already damaged this 
would facilitate the leakage of these compounds into the stromal space where they 
would readily activate inflammatory cells, e | Dietary habits. Ingested carcinogens (for 
example 2-amino-l-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP), which derives from 
charred meat) can reach the prostate through the bloodstream or by urine reflux and 
cause DNA damage and mutations, and result in an influx of inflammatory cells. 
(Adoptedfrom De Marzo AM, 2007) 
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1.2.3 The association of prostatitis with pH increase and possible reasons behind 

It was shown that in humans, normal human prostatic fluid has a pH value between 

6.2-6.6, the pH would increase in inflammation which often rises to above 8.0. The pH 

change appears to accompany with the inflammatory response of the prostate whether 

this be bacterial or not (Pfau A, 1978; Blacklock NJ, 1974; Weidner W, 1992; White 

MA, 1975), however, the pH of expressed prostate secretion (EPS) in bacterial 

prostatitis is significantly higher than the nonbacterial prostatitis (Chandiok S, 1992). 

The pH varies according to the intensity of the inflammation reaction and in general the 

greater this reaction, the more elevated the pH (White MA, 1975). 

Under the circumstances of inflammation, the secretory function of the prostate is 

impaired to different degrees and the level of citric acid, which is thought to maintain 

the osmotic pressure and pH of the prostate fluid, has been reported to decrease 

correspondingly (Chen J, 2007). However, whether the increase in pH of the expressed 

prostatic secretion seen with bacterial infection is simply due to a decrease in the relative 

level of citric acid is not clear. 

1.2.4 The diagnostic and therapeutic implications of the characteristic pH increase 

in prostatitis 

Prostate epithelium appears to be a barrier to the passage of antibiotics and 

antibacterial agents from the plasma to the prostatic fluid. Antibiotics therapy is the most 

commonly prescribed for the prostatitis syndromes. The diffusion of an antibiotic into 

the prostate site of inflammation is an important factor in determining its effectiveness in 
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treatment (Heinert G, 1993), In general, the pH of fluid in the prostate acini and ducts 

was lower than in the plasma. In order to diffuse into the site of prostatic infection, an 

antibiotic must nonionized in plasma and be able to ionize in the relatively acidic 

environment of the prostatic fluid (Bjerklund Johansen TE, 1998). However, it was 

shown that in inflammation, whether this is of bacterial origin or not, the pH of the 

prostate fluid would be higher than plasma (White MA, 1975). The increased alkalinity 

of the pH o f expressed prostatic secretions is one of the reasons for poor results of 

antibiotic therapy (Weidner W, 1992). The pH of the prostatic fluid is not only 

significant to the antibiotic concentration in the prostate but also is important for its 

influence on the biological activity of the antibiotic; slight variation in pH may 

considerably alter its therapeutic effect. 

The pH of expressed prostate secretion (EPS) could both serve as an indicator for 

diagnosis of the presence of prostatitis and have significance in antibiotic treatment of 

prostatitis. 

1.3 Prostate cancer 

1.3.1 Risk factors for prostate cancer 

For men in the United States, the incidence of prostate cancer has recently 

undergone dramatic changes. The strongest risk factors for prostate cancer are age, race 

and family history, among which age is the most significant risk factor for prostate 

cancer development. It has been reported that about 85% of prostate cancer patients are 

diagnosed at the age of 65 (Boyle, P, 1996). The African American men have the highest 
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incidence o f prostate cancer in the world, while the lowest is found in Japanese and 

Chinese. Studies on the familial linkage in prostate cancer revealed that the risk for the 

cancer elevated in brothers or sons of prostate cancer patient (Narod, SA, 1995). 

Hormone profiles and diet are other potential risk factors. 

1.3.2 Pathology of prostate neoplasia 

1.3.2.1 Prostatic intraepithelial neoplasia 

Prostatic intraepithelial neoplasia (PIN) is a premalignant proliferation arising 

within the prostate. It is a collection o f irregular, atypical epithelial cells and is classified 

into low grade and high grade. The architecture o f the glands and ducts remains normal. 

The epithelial cells proliferate and crowd, resulting in a pseudo-multilayer appearance. It 

tends to occur in the peripheral zone o f the prostate. In prostate cancer, the abnormal 

cells spread beyond the boundaries o f the acinus and form clusters without basal cells. In 

PIN，the basal cell layer is disrupted but present. The high-grade PIN is a precursor to 

some prostate carcinomas. 

1.3.2.2 Prostate adenocarinoma 

There are numerous grading systems to evaluate the prostatic adenocarcinoma, 

among which Gleason grading system is the most widely accepted. The Gleason system 

is based on the glandular pattern o f the tumor. The tumor patterns were divided into 

grade 1 to 5，with 1 being the most differentiated and 5 being the least differentiated 

(Figure 1.5). It is important to recognize Gleason pattern 4 tumor because tumors with 

this pattern have a significantly worse prognosis than those with pure Gleason pattern 3. 
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Figure 1.5 The Gleason grading system. B-F represents Gleason patterns from 1 to 5. 
(Adoptedfrom Campbell- Walsh Urology, Ninth edition) 
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1.3.3 Ion channel and prostate cancer 

Enhanced proliferation, aberrant differentiation and resistance to death are the main 

reasons for abnormal tissue growth, which eventually develop into uncontrolled 

expansion and invasion. These transformations often go together with changes in ion 

channel expression. Prostate cancer cells express a variety of plasma membrane ion 

channels. Some ions in the prostate cancer epithelial cells play a key role in apoptosis 

and differentiation-related events (Prevarskaya N , 2007). 

1.3.3.1 Potassium channels 

Potassium channels are involved in the maintenance of resting potential and 

regulation o f ceil volume. Androgen sensitivity prostate cancer epithelial cells display 

relatively weak metastatic potential and are generally characterized by higher voltage-

gated K+ current (Ik) compared wi th the highly metastatic, androgen-insensitive cells. 

The high Ik would promote proliferation but more prone to apoptosis. The decrease in Ik 

could make the cell shift to a ‘more excitable' phenotype of their plasma membrane. The 

lower Ik and K+-channel expression in androgen-insensitive cells contribute to their 

apoptotic resistance although reducing the proliferative activity (Prevarskaya N，2007, 

Rybalchenko V，2001; Laniado ME, 2001). 

1.3.3.2 Chloride channels 

Maintaining relative volume constancy in cells is a major prerequisite for cell 

survival. The disordered or altered cell volume regulation is associated with apoptosis. 

One o f the mechanisms for cells to restore their volume fol lowing hypo-osmotic stress is 

to activate the chloride current by specialized volume-reguiated anion channels (VRACs) 



in response to cell swelling (Iei’sweii). It has been shown that the endowed powerful Ici，sweii 

in LNcap cells provide an effective regulatory volume decrease (RVD) under hypo-

osmotic stress wi th cell transition to androgen-independence and increased survival 

(Lemonnier L, 2004). 

The chloride channel also has the ability to regulate the intracellular pH. Calcium-

sensitive chloride channel 2 (mCLCA2) in the mammary epithelial cells could promote 

either apoptosis or senescence by reducing intracellular pH (Elble RC, 2001). 

1.3.3.3 Voltage-gated sodium channels, store-operated calcium entry and TRP 

channels 

In several prostate cancer cells, the voltage-gated Na+ channels (VGSCs) activity can 

enhance the metastatic behavior o f cells including the proliferation characters. Ca 

signaling is involved in the appearance of cell proliferation, differentiation, apoptosis 

and cellular activities. In prostate cancer ceils, Ca2+ entry from extracellular space is 

mainly supported by 'store-operated calcium entry' (SOCE) (Parekh AB, 2005). It is 

very important to identify the activation or regulation of SOC in these cells because the 

SOC activity seems to play a major role in the establishment of androgen-independent 

apoptosis-resistant phenotype of prostate cancer. 

TRPM8 is one of the transient receptor potential (TRP) members. It has recently 

been considered as an important player in normal and pathological development of the 

prostate. It is expressed not only in the plasma membrane, but also in the ER membrane 

to operate as an ER Ca2+ release channel (Thebault S, 2005). Due to its different 

expression pattern in malignant tissue specimens，TRPM8 has been proposed as a 



potential competitor in prostate cancer diagnosis and staging comparable to the currently 

used marker PSA (Fuessel S, 2003), Some other TRP channels such as TRPC1, TRPC4, 

and TRPV6 are also involved in the controlling prostate cancer cells proliferation, 

1.3.4 Etiology and molecular genetics of prostate cancer 

1.3.4.1 The influence of hormones 

Many studies have suggested that androgen might be associated with prostate cancer 

development. Absence of androgen to the prostate appears to cause prostate cancer to 

regress. In normal prostate cells, epithelial cell growth by androgen stimulation is 

indirect which is mediated by a paracrine influence from the stroma. However in 

prostate cancer, androgens play a direct autocrine role in supporting epithelial c i l l 

proliferation. In addition to androgen, estrogen has been shown to play positive role in 

prostate cancer development (Noble RL, 1980). The age-related prostatic disease 

parallels increases in serum estrogen levels (Zumoff B, 1982). 

1.3.4.2 Inflammation in prostate carcinogenesis 

About 20% of all human cancers in adults result from chronic inflammatory. Most 

regions that contain acute or chronic inflammatory infiltration in the prostate are 

associated with atrophic epithelium and there is an increased fraction of epithelial cells. 

The term of proliferative inflammatory atrophy (PIA) is described for these highly 

proliferative lesions. Some findings support the association between prostatitis and 

prostate cancer (De Marzo A M , 1999). Several key genes involved in prostate cancer 



were showed to be altered in PIA. For example three tumor-suppressor genes NKX3.1, 

CDKN1B and PTEN are all downregulated in atrophy lesion. Some genes involved in 

inflammatory pathways are also candidates for determinants of prostate cancer risk such 

as RNASEL, MSR1, Toll-l ike receptor, MIC1 and IL1RN (De Marzo A M , 2007). 

1.3.4.3 Somatic gene alterations in prostate cancer 

1.3.4.3.1 Oncogenes 

Oncogenes are originated from proto-oncogenes by means of genetic changes 

including mutation, amplification, overexpression or translocation. They have been 

implicated in the carcinogenic development o f diverse types of human malignancies. 

Some oncogenes play roles in the development of prostate cancer such as Ras, c-myc， 

Bcl-2, c-met, HER2, Id-1 et al. Among them, alterations in c-myc, HER2 and Bcl-2 have 

been observed in advanced and hormone-refractory prostate cancer but not commonly in 

lower state cancers (Gurumurthy S，2001). 

1.3.4.3.2 Tumor suppressor genes 

Tumor suppressor genes are the protective genes that normally l imit the growth of 

tumors. The function of tumor suppressor genes is to suppress the proliferation of tumor 

cells by inhibiting cell cycling, activation o f apoptosis. Inactivation of them by mutation 

or methylation or chromosomal deletion is an important step in the development of most 

cancers. Mutation or loss o f NKX3.1, p53, RB, PTEN and pI6 genes has been detected 

in prostate cancer (Gonzalgo M L , 2003) which could contribute to the progression of 

prostate cancer. 



1.3.4.4 Epigenetic changes in prostate cancer 

1.3.4.4.1 DNA methylation and histone modifications 

Epigenetic changes, defined as heritable changes in gene expression that occur 

without altering the sequence of DNA, appear to contribute to the malignant 

transformation and progression of prostate cancer. DNA methylation and histone 

modifications are two important mechanisms in the area of epigenetics (Gonzalgo ML, 

2003). A variety of genes implicated in prostate cancer initiation and progression are 

affected by these processes (Table 1.1). 

Table 1.1 A list of genes affected by epigenetic aberrations in prostate cancer 

(The data was from Li LC, 2005. A l l gene symbols are official gene symbols (or names) 
from HUGO Gene Nomenclature Committee.) 

1.3.4.4.2 MicroRNA (miRNA) and prostate cancer 

miRNAs are a class of naturally occurring, small non-coding RNAs that negatively 

regulate expression of protein-coding genes at the post-transcriptional level. The 

procedure for biogenesis of miRNA is described in Figure 1.6，miRNAs regulate gene 

DNA hypermethylation 
Hormonal response 
Cell cycle control 
Tumor cell invasion/tumor 
architecture 
Repair of DNA damage 
Signal transduction 
Inflammatory response 
Others 

AR, ESRI,ESR2, RARB, RARRES1 
CCND2, CDKN2A 
APC, CAV1, CD44, CDH1, CDH13, 
LAMA3, LAMB3, LAMC2 
GSTP1, MGMT 
DAB2IP, DAPK1, EDNRB, RASSF1 
PTGS2 
HIC1, MDR1, PXMP4 
CAGE, HPSE, PLAU 
CAR, CPA3, RARB, VDR 
GSTPLPSA 

DNA hypomethylation 
Histone hypoacetylation 
Histone methylation 
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expression by resulting in direct cleavage of the targeted mRNAs or inhibiting 

translation through perfect complementarity to the 3，untranslated regions (UTRs) of the 

target transcripts (De Moor CH, 2005). 

Aberrant expression of several miRNAs has been found in prostate cancer cells. It 

was reported that three miRNAs (miR-184, miR-361 and miR-424) were significantly 

upregulated and eight miRNAs (miR-19b, miR-29b, miR146b, miR-146a, miR-221, 

miR-222 and miR-663) were down-regulated in androgen independent cell lines 

compared with androgen dependent cell lines (Lin SL, 2008). Most prostate cancer cell 

lines had increased expression of miR-125b, miR-191, miR-92, miR-106a, miR-21 and 

miR-145 than the normal prostate ceils. The miRNAs expression profile is different 

among the human prostate cancer tissues, benign prostatic hyperplasia tissues using 

global miRNA microarray profiling technology (Porkka KP, 2007). 

The formation or development of cancer is the combined interaction of both cancer 

inducers and tumor suppressors. Recent studies suggest that miRNAs are involved in 

human tumourigenes as oncogenes or tumor suppressors as described in Table 1.2. 

Table 1.2 Targets of prostate cancer-related miRNAs and their function 

™ 一 一 丨 丨 丨 

；miR-20a oncomiRNA E2Fl-3:cell cycle regulator, pro-apoptosis 

I miR-125b oncomiRNA Bakl: pro-apoptotic regulator 

I miR-126 ts-miRNA SLC45A3: related to prostate malignancy 

：miR-146a ts-miRNA ROCKhmyosin phosphorylation; iPI3K activatin 

1 miR-221/222 oncomiRNA P27Kipl: inhibition of cell cycle 

oncomiRNA, oncogenic miRNA; ts-miRNA, tumor-suppressor miRNA (Shi XB，2008) 
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Limited information is available about the regulation of the expression of miRNAs. 

It has been reported that epigenetic silencing such as DNA methylation and histone 

modifications serves as one of the mechanisms to regulate miRNA in cancer cells (Saito 

Y，2006). The transcription factors involved in mRNA transcription also contribute to 

miRNA transcriptional regulation (Raver-Shapira N, 2007). The enzymes including 

RNA Pol I I and two nuclear RNases (Dorsha and Dicer) could regulate the expression of 

miRNAs (Lee Y, 2004). In addition, several lines of evidence suggest that the androgen-

androgen receptor (AR) signaling may be involved in the regulation of the expression of 

miRNAs in LNcap cells (Shi XB, 2007). 

Therefore, prostate cancer related miRNAs might be the potential novel biomarkers 

for clinical prostate cancer. 

1.3.5 pH and carbonic anhydrases (CAs) in cancers 

Tumor growth involves complex interactions between cells and their unique 

microenviroment which is characterized by low acidic pH and altered hydrostatic and 

oxygen delivery (Helmlinger G, 1997). Hypoxia and acidosis in the tumor 

microenviroment are critical in driving tumor growth and metastasis. The hypoxia-

inducible factor - l (HIF- l ) is active under hypoxia conditions and regulates pH 

homeostasis by enhancing expression of membrane located transporters, exchangers, 

pumps and ecto-enzymes (Brahimi-Horn MC, 2007). Carbonic anhydrase (CA) are zinc 

metalloenzymes that convert CO2 and H2O in to H + and HC03" which is widely 

expressed in a variety o f tissues. CAs participates in a variety of physiological processes, 

including ureagenesis, gluconeogenesis, lipogenesis and brain metabolism (Chegwidden 

24 



WR, 2000). The possible relationship between the expression of CAs and cancer has 

also been reported. CAIX and CAXI I are membrane-associated carbonic anhydrase. 

Both of them are overexpressed in a large number of solid tumors including breast 

cancer, colon cancer, lung cancer and other malignancies (Chia SK, 2001; Kivela A‘, 

2000; Vermylen P, 1999) which could be a biomarker for cancers. Recently it was 

shown that cancer-associated carbonic anhydrases (CA IX and CAXII) are key 

regulatory molecules for countering acidosis during hypoxia and maintain extracellular 

acidity in tumors (Chiche J, 2009). The net effect of CA IX/XI I is to trap acid 

extracellularly, lowering extracellular pH (pHe) (-6.9-7.0) and maintaining normal 

intracellular pH (pHi) (-7.2) with HC03" recycled back into the cell (Swietach P, 2009). 

Among the various CA isozymes, CAI and CAI I are located in cytosol of cells. It was 

reported that the cytosolic CAI and CAI I are significantly less expressed in non-small 

cell lung cancer (NSCLC) (Chiang WL, 2002) and colorectal tumors (Mori M, 1993), 

but overexpressed in nervous system tumors (Parkkila AK, 1995) and pancreatic tumors 

(Parkkila S, 1995). Therefore, the clear-cut relationship between the expressions of CA 

isozymes in normal and malignant cells needs to be further investigated. 
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Figure 1.6 Current model of miRNA biogenesis and post-transcriptional silencing. 
Nascent transcripts of microRNA (miRNA) genes are processed by microprocessor into 
a stem-loop precursor, which is further processed by Dicer into a mature miRNA duplex, 
which often displays imperfect base-pairing. One strand of the miRNA duplex gets 
incorporated into the effector complex RISC (RNA-induced silencing complex), which 
recognizes specific targets through imperfect base-pairing and induces post-
transcriptional gene silencing. Several mechanisms have been proposed for this mode of 
regulation: miRNAs can induce the repression of translation initiation, mark target 
mRNAs for degradation by deadenylation, or sequester targets into the cytoplasmic P-
body. 
(Adoptedfrom He L. 2007) 
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1.4 Structure and functions of CFTR 

1.4.1 The structure of CFTR 

Cystic fibrosis transmembrane conductance regulator (CFTR) is a member of the 

ATP-binding cassette (ABC) transporter family. CFTR is expressed in a wide variety of 

epithelial tissues including the lung, liver, pancreas, intestine, reproductive tracts and 

sweet glands (Chan HC, 2006; Hug MJ, 2003; Strong TV, 1994; Cohn JA, 1991). 

CFTR mutations lead to cystic fibrosis (CF), the No. l lethal genetic disease found 

among Caucasian (Boat TF, 1989). CFTR gene encodes a 1480 amino acid protein, 

functioning as a cAMP-dependent CI" ion channel, and is composed of two structurally 

homologus halves: the membrane-spanning domain (MSD-1 and -2) and the nucleotide 

binding domain (NBD1 and 2), both of which are linked together by a regulatory (R) 

domain. The MSDs contribute to the formation of the anion pore, while the NBDs bind 

and hydro!yse ATP to regulate channel gating, and the R domain can be phosphorylated 

by PKA and PKC to control channel activity. About 70% of this common lethal geneac 

disease, cystic fibrosis (CF), is caused by a mutation in a single gene deletion of 

phenylalanine amino acid (AF508) at NBD1. AF508 gene mutation gives rise to 

defective protein trafficking and defective channel regulation of CFTR (Figure 1.7). 
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Figure 1.7 Schematic representation of proposed CFTR structure. CFTR is made up 
of five domains: two membrane-spanning domains that form the chloride ion channel, 
two nucleotide-binding domains that bind and hydrolyze ATP and a regulatory domain. 
From www.cfgenetherapy.org.uk/cvsticfibrosismore.htm 

http://www.cfgenetherapy.org.uk/cvsticfibrosismore.htm


1.4.2 Functions of CFTR 

CFTR is a channel that regulates the secretion of CI" ions on apical surfaces of most 

epithelia (Crawford I., 1991; Welsh MJ, 1993). CFTR chloride channel activation 

depends on phosphorylation by cAMP-dependent protein kinase, PKA, and ATP binding 

and hydrolysis. A variety of cAMP-evoking hormones and neurotransmitters, such as 

adrenalin, prostaglandin E2 and F2a are known to activate CFTR (Scheckenbach KL, 

2010). 

Besides CI" ions, CFTR also conducts HC03" (Poulsen JH, 1994). Although CFTR in 

a number of tissues including the airway, pancreas and intestine has been shown to 

conduct HC03" (Hug MJ, 2003), the seemingly low permeability of CFTR to HC03" 

raises doubt in its ability to secrete sufficient amount of HCO3" to be considered 

physiologically significant. However, a recent study has demonstrated that the anion 

selectivity o f glutamate-activated CFTR in the human sweat duct could undergo a 

dynamic shift from primarily CI" conducting to primarily HCO3" conducting by a process 

involving ATP hydrolysis (Reddy MM, 2003). The duct cells from patients with AF508 

mutant CFTR showed no glutamate/ATP activated CI" or HCO3" conductance, 

suggesting that the loss of this uniquely regulated HCO3" conductance may be most 

probably responsible for the more severe forms of CF pathology. 

1.4.3 Interaction between CFTR and other proteins 

CFTR is also known to function as a regulatory protein interacting with a wide array 

of proteins including ion channels and transporters, such as ENaC, inwardly rectifying 

K+ channel and water channel (Guggino WB, 2004). 
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In fact, structural study indicates that CFTR contains one PDZ-interacting domain in 

the C terminus. PDZ domains are one of the most common modules that are found in 

mammalian proteins. Previous studies have shown that they mediate protein-protein 

interactions, cluster and colocalize transporters, channels and signalling proteins in 

specific subcellular domains, determine the polarized localization of many proteins, 

control channel and transporter function and regulate endocytic trafficking. 

Recent studies have also demonstrated a molecular mechanism for interaction 

between CFTR and other HCO3" transporters and this interaction has been shown to be 

defective due to mutations o f CFTR (Choi JY，2001; Ko SB., 2002; Ko SB., 2004). It 

was reported that CFTR could interact with SLC26 transporters such as SLC26A6 and 

SLC26A3, both o f which are electrogenic C17 HCO3" exchangers. The studies showed 

that SLC26A6 functions as a lC172HCOf- exchanger, while SLC26A3 functions as a 

2C17HC03" exchanger. Another significant feature of these two SLC26 transporters is 

the mutual activation o f the SLC26 transporters and CFTR, which is mediated by the 

CFTR R domain and the SLC26 transporters STAS domain (Ko SB，2004), suggesting 

that the SLC26 transporters participate in and regulate epithelia CI" absorption and 

HCOs'secretion. 

Taken together, the evidences suggest that CFTR may be directly or indirectly 

involved in mediating HCO3" transport, aberrance of which may contribute to CF 

pathogenesis. 

30 



1.4.4 CFTR gene mutation types 

About 70% of CF is caused by a mutation in a single amino acid deletion (AF508) at 

NBD1. Since the discovery o f CFTR, more than 1500 additional mutations have been 

detected (The Cystic Fibrosis Genetic Analysis Consortium; http://www.genet. 

sickkids.on.ca/cftr). In general, according to their functional properties, CFTR mutations 

can be divided into five classes (Zielenski J，1995). Class 1 ('no synthesis') mutations 

abolish the synthesis o f ful l length, normal CFTR polypeptide. About half o f the known 

CFTR mutations belong to this class o f non-sense, frameshift or aberrant splicing 

mutations. Class 2 ('block in processing') mutations affect protein maturation. The most 

common mutation AF508 belongs to this class. Because of improper folding, the AF508 

protein is mislocalized in the epithelial cell and fails to gain a protease-resistant, mature 

conformation in the endoplasmic reticulum. Class 3 ('block in regulation') mutations 

affect CI" channel regulation and represent the third class o f typical 'severe' CF 

mutations. Both classes 4 ('altered conductance') mutations, affecting CI" chanrel 

conductance or gating, and 5 ('reduced synthesis') mutations, reducing normal, 

functional CFTR protein, are often seen in patients with 'mi ld ' or atypical forms of CF. 

1.4.5 Regulation of CFTR 

The expression o f CFTR gene appears to be under hormonal regulation in both males 

and females (McCarthy VA , 2005). In reproductive system, expression of CFTR in 

rodents occurs in round spermatids (spermatogenic stages V-X), and may be necessary 

for a reduction in cytoplasmic volume and subsequent correct elongation of these cells. 

In the female uterine, CFTR expression is correlated with the estrous cycle, with the 
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highest level seen in the grandular epithelium during proestrous (Trezise AE, 1993). 

This cyclic expression pattern is proposed to attribute to the estrogen level changes. The 

up-regulation o f CFTR levels could be seen in uterine epithelium and the oviductal 

mucosa o f immature females and ovariectomized mature females after treatment with 

estrogen (Ajonuma LC, 2005). 

The studies showed that CREB (cAMP response element binding protein) binds to 

the CRE element in the CFTR gene with high affinity in vitro. When placed upstream of 

a heterologous basal promoter, this element was capable o f driving cAMP mediated 

expression, suggesting that CFTR expression is also regulated by intracellular cAMP 

levels (Matthews RP, 1996). 

The CFTR gene promoter is clearly important for maintaining levels of CFTR gene 

expression. Cytokines such as interleukin 1 beta ( I L - i p ) are potent modulators of CFTR 

(Cafferata EG, 2000). I L - l p could activated the NF-KB protein, enabling it to enter the 

nucleus and bind to the KB-like response element at position -1103 to -1093 in the CFTR 

5'-regulatory region and a subsequent increase in CFTR promoter activity, resulting in 

increased CFTR mRNA(Broui l lard F, 2001). 

Mult iple CFTR transcription start sites have been reported and variation in the 

transcription start site could provide a level o f tissue-specific regulation of CFTR 

expression, while the use o f alternative 5' exons may provide developmental regulation 

of CFTR in the lung (McCarthy V A , 2005). Removal o f an inverted CCAAT element (Y 

box) located between nucleotide positions -132 to 119 upstream of the translational start 

sites has been reported to reduce CFTR transcript levels (Pittman N, 1995). 
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1.5 Hypotheses and aims of study 

CFTR has been reported to be expressed in human prostate, however, the 

physiological role of CFTR in the prostate related diseases such as prostatitis and 

prostate cancer remains largely unknown. 

Therefore, two hypotheses were made: 

I. CFTR may play a key role in host defense of the prostate by mediating bicarbonate 

secretion, which may be enhanced in prostatitis for bacterial killing. 

II. CFTR may play an important role in prostate cancer development. 

For hypotheses I，four objectives were proposed: 

1. To examine the expression of CFTR in rat prostate and its involvement in mediating 

bicarbonate extrusion in prostate epithelial cells. 

2. To study the expression of CFTR and CAII in prostate epithelial cells challenged by 

LPS and in clinical human prostate samples with prostatitis. 

3. To investigate the involvement of CFTR on the bacterial kil l ing activities in the 

prostate in vitro and in vivo. 

4. To investigate the physiological significance of the HCO3" secretion on anti-bacterial 

activities and the possible underlying mechanism. 
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For hypotheses II，four objectives were proposed: 

1. To study the expression pattern of CFTR in rat prostate at different developmental 

stages. 

2. To study the expression profile of CFTR in prostate cancer cells and human prostate 

cancer specimen. 

3. To investigate the biological functions of CFTR in prostate cancer cells, including cell 

cycle regulation, apoptosis, adhesion, motility, invasion and tumor growth. 

4. To investigate the potential mechanisms underlying tumor suppressive effects of 

CFTR in cancer development. 
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Chapter 2 

General Methods 

2.1 Materials 

2.1.1 Cell culture materials 

Dulbecco's Modified Eagle's Medium with nutrient mixture F-12 (DMEM/F12), 

RPMI-1640, McCoy's 5A, antibiotics penicillin-streptomycin, trypsin, collagenase I 

(catalog no: CO 130)，Insulin(catalog no: 16634), EGF (catalog no: E4127), transferring 

(catalog no: T8158), cholera toxin (catalog no: C8052) were purchased from Sigma-

Aldrich Co. (St. Louis, MO, USA); while phosphate-buffered solution (PBS), Hanks' 

Balanced Salt Solution (HBSS), fetal bovine serum (FBS) were purchased from Gibco 

Invitrogen (Grand Island, New York, USA). Transwell-Col Permeable Supports (24mm 

diameter, 0.45(am pore) were from Corning Incorporated (Corning, NY, USA). Bovine 

pituitary extract (catalog no: 354123), Matrigel basement membrane matrix, 100-jim 

mesh cell strainer (catalog no: 352360) and transwell-Col Permeable Supports (6.5mm 

diameter, 8jam pore) were from BD biosciences (Franklin Lakes, NJ, USA). 

2.1.2 Chemicals and reagents 

D-(+) glucose anhydrous, Sodium gluconate (2,3,4,5,6-pentahydroxycaproic acid), 

Calcium gluconate (2,3,4,5,6-pentahydroxycapproic acid), Potassium gluconate 

(2,3,4,5,6-pentahydroxycaproic acid), Disodium hydrogen phosphate (Na2HP04), 

Sodium dihydrogen phosphate (NaH2P04), Sodium azide (NaN3), Acetic acid (glacial), 

Agar, Ammonium Bromophenol blue, Chloroform, Citric acid, Deoxyribonulease I 

(DNase I), Diethyl pyrocarbonate (DEPC), 4',6-diamidino-2-phenylindole (DAPI), 4-
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Dimethylaminoazobenzene (DAB), A^A^-dimethyl sulfoxide (DMSO), Dithiothreitol 

(DTT), Eosin Y, Ethidium bromide, Formaldehyde, Formamide，Glycerol, Glycine, 

Hematoxylin, Chlortetracycline, L-cysteine, Hydrochloric acid, Hydrogen peroxide, 

Isopropyl alcohol, Poly-L-lysine, Luria broth, 2-mercaptoethanol, Nonidet-40 (NP-40), 

Pepstatin A, Ethylenediaminetetraacetic acid (EDTA), N-2-hydroxyethylpiperazine-N'-

2-ethanesulfonic acid (HEPES), Tris base, Bovine serum albumin (BSA), Triton X-100, 

Polyoxyethylene sorbitan monolaurate (Tween-20), N’N，N'’N'-

Tetramethylethylenediamine (TEMED), Phenylmethyl sulfonyl fluoride (PMSF), 

Sodium diodecyl sulfate (SDS), Ammonium persulfate (APS), Triton X-100, 

Propidium iodide (PI), Proteinase K, Rubidium chloride, Sodium Acetate, Sodium azide, 

2-mercaptoethanol, Dimethyl sulfoxide (DMSO), Formaldehyde and Accustain Harris 

hematoxylin/eosin solution sets were purchased from Sigma-Aldrich Co. (St. Louis, MO, 

USA). 

Agarose, DNA marker, Lipofectamine 2000, Opti-MEMR I Reduced Serum 

Medium, Prestained protein marker, RNase inhibitor, Tris base, TRIZOL Reagent were 

purchase from GIBCO BRL/ Invitrogen (USA). 

Sodium chloride (NaCl), Magnesium chloride (MgCb), Potassium chloride (KC1), 

Calcium chloride dehydrate (CaCl2.2H2〇)，Magnesium sulphate heptahydrate (MgSC>4)， 

Potassium dihydrogen phosphate (KH2PO4) and Sodium hydrogen carbonate (NaHC03), 

Ethanol, Methanol and Xylene were purchased from Merck & Co.，Inc (Whitehouse 

station, NJ，USA). 

Biotinylated secondary antibody and Streptavidin-HRP antibody were purchased 

from Vector Labs (USA). Bicinchoninic acid (BCA) protein assay system was obtained 
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from Pierce (USA). Super RX x-ray fi lm was purchased from Fuji (Japan). Ampicill in, 

Karnamycin, dNTPs, ECL Western Blot Detection Reagent, Hybond-ECL nitrocellulose 

membranes were from Amersham Biosciences. M M L V reverse transcriptase and RNase 

Inhibitor were purchased from Promega (USA). Acrylamide, Bis N-N'-methylene-bis-

acrylamide, Coomassie blue R250 were obtained from Bio-Rad laboratories (USA). 

Primers used for all polymerase chain reactions in the present study were purchased 

from Invitrogen (USA). FITC labeled goat anti-rabbit secondary antibody, QIAquick 

Gel Extraction Kit, were purchased from Qiagen (Germany). Forskolin , 

acetazolamide , CFTRinh-172, 5-Nitro-2-(3-phenylpropylamino) benzoic acid (NPPB) 

and LPS from Escherichia coli 055:B5 were purchased from Sigma-Aldrich Co. (St. 

Louis, MO, USA). For luminal surface pH measurements, the pH-sensitive fluorescent 

dye 2\ 7'-bis-2(2-carbosyethyl)-5-(and-6)-carboxyfluorescence, acetoxymethyl ester 

(BCECF) was purchased from Molecular Probes (Eugene, OR, USA). 

Anesthetic ketamine (10%) and xylazine (2%) were purchased from Alfasan 

International BV (Woerden, Holland). 

2.1.3 Antibodies 

Antibodies used for immunoblotting (Western blot) in the present study are listed in 

Appendix A. 

2.1.4 Animals 

Male 4-week-old and 12-week-old SD rats and female 4-6-week-old nude mice were 

provided by Laboratory Animal Service Center of the faculty of medicine, the Chinese 

University of Hong Kong (CUHK). The animals handling protocol was approved by the 
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Animal Research Ethics Committee of the university. Animals were maintained in an 

air-conditioned room with controlled temperature of 24 ± 2 °C and humidity of 55 ± 

15%, on a 12-h light/dark cycle. Animals were housed singly in polycarbonate cages 

with a bedding of pine shavings, and they had free access to food and water. 

2.2 Cell culture 

2.2.1 Culture medium preparation 

2.2.1.1 DMEM/F12 medium 

Dulbecco's modified Eagle's medium with nutrient mixture F-12 (DMEM/F12) in 

power form was kept stirring in a 1L beaker with 800 ml Nano-pure water inside. Then 

1.2 g NaHC03 was added into the solution. The pH value was adjusted to 7.2, a little bit 

lower than the desired value 7.4 because there wi l l be a 0.2〜0.3 rise in pH value after 

filtering. The solution was made up to IL. The medium was filtered into two 500 ml 

bottles through the sterilized filter unit. Each 500 ml growth medium was supplemented 

with 100 IU/ml penicillin and 100 昭 /ml streptomycin, and 10% FBS. The completed 

growth medium was kept refrigerated. 

2.2.1.2 RPMI-1640 medium 

RPMI-1640 in powder form was dissolved as described above and 2 g NaHC〇3 was 

added into the solution. After filter sterilization, 100 IU/ml penicillin, 100 jig/ml 

streptomycin and 10% FBS was added. 

2.2.1.3 McCoy，5A medium 

McCoy's 5A (Sigma, catalog no: M4892) medium containing 5% FBS, lOug/mL 

Insulin, lOug/mL EGF, 5ug/ml transferring, lOng/ml cholera toxin, 25ug/mL Bovine 
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pituitary extract, 100 U/ml penicillin and 100 ^g/ml streptomycin was prepared for 

further study. 

2.2.2 Maintenance of cells 

Cells were grown in culture medium in a humidified incubator at 37°C, in 5% C02. 

The cells were routinely sub-cultured upon reaching 80 — 90% confluence and washed 

with Hanks' (GibcoBRL, USA) and trypsinized with 1 ml of trypsin-EDTA for 2 

minutes. The Balanced Salt Solution (HBSS) digestion was neutralized by DMEM/F12 

medium. The cell suspension was transferred to a 15-ml centrifuge tube and centrifuged 

at 1000 rpm in a CR412 desktop centrifuge (Jouan, USA) at room temperature for 5 

minutes. The cell pellet was resuspended with fresh medium and transferred to new 

culture flasks. The subcultivation ratio of 1:3 to 1:5 was commonly adopted. 

2.2.3 Preparation of cell stock 

Semi-confluent cells on a 75cm3 culture flask were washed with HBSS solution and 

trypsinized as described above. After centrifugation, the cell pellet was resuspended in 

lm l o f D M E M /FJ2 supplemented with 10% v/v FBS and 5% DMSO. The resuspended 

cells were transferred to a cryotubes™ vial (Nuncbrand Demark). The vial was put in a 

freezing pot (Stratagene，CA) and the pot was put into a -80°C freezer so that the cell 

stock was frozen at a constant rate of about l°C/min. Cell stocks were stored at liquid 

nitrogen. 

2.2.4 Revival of cells from liquid nitrogen 
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The required cell stock was taken out from the liquid nitrogen tank and thawed 

rapidly in a water bath at 37°C. Once thawed, the outside of the cryotube was cleaned 

thoroughly with a sterile swab. To remove the DMSO, the cell stock was diluted into 10 

ml of pre-warmed D M E M /F12 medium with 10% v/v FBS. The cell suspension was 

centrifuged as described above and the supernatant was discarded. The cell pellet was 

then resuspended in 10 ml culture medium and placed into a fresh 25cm tissue culture 

flask and incubated as above. Medium was changed one day after recovery of the cells. 

Cells were used for experiments after one or two passages. 

2.3 Molecular biological studies 

2.3.1Total RNA extraction 

For tissue sample, tissue samples were homogenized in I ml of TRIZOL Reagent 

(Invitrogen USA) per 50-100 mg of sample using Tissue-Tearor™ (BioSpec Products, 

USA). For cultured cells, cells were lysed directly in a culture dish using TRIZOL 

Reagent (1 ml per 10 cm2). To complete dissociate nucleoprotein complex, the samples 

were incubate at room temperature for 5 minutes. 0.2 ml per 1 ml of TRIZOL Reagent 

of chloroform was added to lysates and tubes were shaken vigorously by hand for 15 

seconds. After centrifuged at 12,000 rpm for 10 minutes at 4°C, the upper aqueous phase 

was transferred to a 1.5-ml microcentrifuge. To precipitate the RNA, 0.5 ml per 1 ml of 

TRIZOL Reagent of isopropyl alcohol was added to the aqueous phase and the samples 

were incubated at room temperature for 10 minutes. The RNA was pelleted by 

centrifuging at 12,000 rpm for 10 minutes at 4°C and washed once with lml 75% 

ethanol. The RNA was dissolved in DEPC-treated dH^O after air-dried at room 
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temperature for 10 minutes. DEPC water was used in RNA isolation to reduce the 

effects of any RNases that may be present. DEPC is a histidine specific alkylating agent 

and inhibits the action o f RNases which rely on histidine active sites for their activity. 

by NanoVue UV/Vis Spectrophotometer (GE The RNA concentration was measured 

healthcare) at a ratio of A260 and A280. 

than a month for RT-PCR analysis. 

RNA sample was stored at -70°C for no more 

2.3.2 RT-PCR 

2.3.2.1 Reverse transcription 

In a 0.2-ml PCR tube, 5 jxg of total RNA were mixed with 1 fj.1 of oligo (dT) primers 

(0,5 fxg/fil) and final volume was adjusted to 12u! with DEPC treated water. The 

secondary structure o f RNA was denatured by heat at 70°C for 5 minutes and chilled on 

ice. The RT mix was prepared by combining the follows: 1 xPCR buffer, 2mM MgC^, 

8mM DTT，0.25 m M deoxynucleoside 5'-triphosphate (dNTP) solution, the reaction 

mixture was then added to the RNA/primer mixture and incubated at 42°C for 5 min. 

After this, 1 \i\ M M L V reverse transcriptase (200 U/|i l) was added and incubated at 

42°C for 50 min and 70°C for 15 min. Finally, any contamination of sample with 

RNAase was removed by incubating the sample with 1 (il RNAase H at 370C for 20 min. 

The resulting first strand cDNA sample was used for polymerase chain reaction (PCR). 

2.3.2.2 Polymerase chain reaction 

The Taq DNA polymerase (Amersham Biosciences, USA) was used for common 

DNA amplification. The template cDNA (1 ^1) was mixed with PCR mix [ lxPCR buffer; 
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0.25 ( iM Forward primer; 0.25 \ iM Forward primer ； 0.20 \ iM dNTP solution, 2.5-3 

units of Taq polymerase]; then the volume was brought to 25 |j,l by autoclaved DEPC-

treated water. Thermal cyclic reactions were done by the GeneAmp PCR System 2700 

(Perkin Elmer, USA). The reaction profile was 94°C for 5 minutes, 26-35 cycles (cycles 

varied for different primers) of 94°C for 30 seconds, 55°C for 30 seconds (annealing 

temperature varied for different primers), 720C for 1 minute (elongation time varied 

depending on the size of DNA to be amplified), followed by 72°C for 7 minutes and 4°C 

for infinity. 

2.3.2.3 Gel electrophoresis 

DNA gel (1.5%) was prepared by mixing 0.75 g agarose with 50 ml l x TAE and 

boiling to dissolve agarose. About 15jil ethidium bromide (1 mg/ml) was added to the 

mixture before the solidification of the gel. The gel was set in a 12 well setter. Then it 

was put in a gel tank containing sufficient 1 x TAE running buffer. Total 25 jtil DNA 

samples were mixed with 5 dye and at least 10 mixtures were added to gel wells. 1 

of DNA ladder (100 bp) were used as a molecular weight marker. The gel tank was 

connected to the power supply. DNA nucleotide, like RNA nucleotide, carried negative 

charges would migrate to the anode in the presence of electrical field. When two bands 

of dye were separated by a reasonable distance, the power was turned off. The bands 

were visualized under an ultraviolet transilluminator (Alphalnnotech). 

2.3.3 Western blot analysis 

2.3.3.1 Protein extraction 
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For tissue samples, prostates of rats were cut into very small pieces and diced by 

razor blade in radioimmunoprecipitation assay (RIPA) lysis buffer to lyse the cells. For 

cell samples, the cells were harvested at 90% confluence from the plate and resuspended 

in l m l PBS. The suspension was transferred into a microcentrifuge tube and centrifuged 

at 13,000 rpm in a desktop centrifuge (Eppendorf, Germany) for 30 seconds. The 

supernatant was discarded. The cell pellet was resuspended with three pellet-volumes of 

RIPA lysis buffer containing 50 (ig/ml PMSF and proteinase inhibitors or other buffers 

as indicated. The lysates were incubated on ice for 30 minutes. To get rid of the cell 

debris, the resuspension was centrifuged at 13,000 rpm for 30 minutes at 4°C. The 

supernatant was collected and transferred to a new microcentrifuge tube. The protein 

concentration of the lysate was measured as described below. For confirmation of 

expression of expected proteins, the lysate was analyzed by SDS-PAGE followed by 

immunoblotting. 

2.3.3.2 Protein concentration determination 

Bradford protein assay system (Bio-Rad, USA) was used to determine the protein 

concentration of cell lysates. To measure protein concentration, protein sample (1 (j.1) 

was mixed with the mixture o f 200 p.1 diluted dye reagent (1:5 dilution with distilled 

water) and incubated at room temperature for at least 5 minutes. Color development was 

measured at OD595. The readings of the serially diluted BSA standards were plotted 

with linear regression as a reference，and the concentration of the sample was deduced 

by referring the reading of the protein sample to the BSA reference. 

2.3.3.3 SDS-PAGE gel electrophoresis 
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Proteins in SDS-sample buffer were separated, typically on 5%, 8%, 10% or 12% 

polyacrylamide gels. The pre mixed separating gel mix (5 ml) was mixed with 25 jxl of 

10% w/v Ammonium persulfate (APS) and 2.5 |xl of TEMED, and allowed to 

polymerize at room temperature for about 30min. To set up the stacking gel, 2 ml of 

stacker solution was mixed with 20 ji l of 10% w/v APS and 2 jxl o f TEMED. The 

stacking gel mixture was then loaded on top of the polymerized separating gel, and a 

comb of 10 wells was inserted into the stacking gel. The comb was removed after the 

stacker was polymerized. 

2.3.3.4 Immunoblotting (Western blot) 

Trans-Blot® SD Semi-Dry Electrophoretic Transfer Cell (BioRad, USA) was used 

to transfer proteins from polyacrylamide gels to Hybond-ECL nitrocellulose membranes 

(Amersham Biosciences, USA). Proteins were separated by 5%, 8%, 10% or 12% SDS-

PAGE. Protein samples were mixed in SDS loading buffer and heat denatured at 95 °C 

for 5 min. Rainbow Marker (Invitrogen) was used as size standard marker. A stack of six 

pieces of 3 M M paper (Whatman, UK) was soaked in protein transfer buffer and placed 

into the bottom part o f the apparatus. A nitrocellulose membrane of the same size as the 

polyacrylamide gel was soaked with protein transfer buffer and placed on top of the 

3 M M paper stack. This was followed by the polyacrylamide gel and another stack of six 

pieces of 3 M M paper soaked with protein transfer buffer, respectively. The upper part of 

I I J 2 t c* 1 

the apparatus was assembled and 0.8 mA/cm current was applied for 1 to 1.5 hours. 

After the transfer, the membrane was incubated in 4% milk in Tris Buffered Saline-

Tween 20 (TBST) for 1 hour for blocking of non-specific protein-binding sites. The 

membrane was then incubated in 2% milk in TBST containing the primary antibody at 

44 



the appropriate dilution. After incubation at 4°C with shaking overnight, the membrane 

was washed four to five times with TBST for 5 minutes each. The membrane was then 

incubated in 2% milk in TBST containing the secondary antibody conjugated with horse 

reddish peroxidase (Amersham Biosciences, USA) at the appropriate concentration at 

room temperature for 2 hours. The membrane was then washed five to six times with 

TBST for 5 minutes each, incubated in lm l ECL Western Blot Detection Reagent 

(Amersham Biosciences, USA) for 1 minute or Enhanced Chemiluminescence (ECL) 

system plus (Amersham, UK) reagent for 5 minutes, wrap with cling wrap, and exposed 

to light sensitive films (Fuji, Japan). The exact exposure time varied depending on the 

intensity of the signals. For all Western blots, representative examples of at least three 

independent experiments are shown. 

2.4 Histological and morphological studies 

2.4.1 Tissue section 

Paraffin section: The rat prostates were fixed in 4% paraformaldehyde (PFA) at 4 °C 

overnight, and then wash with tap water to eliminate the residue of PFA. The blocks of 

tissue were dehydrated by transferring sequentially to 30%, 50%, 70%, 80%, 90%, 95%, 

and 100% alcohols for about two hours each in Shandon Pathcentre® Tissue Processor 

(Thermo, USA). After dehydration, the tissues were embedded in paraffin. Then the 

blocks were cut at 5 microns on a microtome and float on a 40°C water bath containing 

distilled water. The sections were transferred onto a Superfrost Plus slides and dried 

overnight. 
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2.4.2 Hematoxylin and eosin staining 

The paraffin sections were deparaffinized in xylene (2><3 minutes) and rehydrated by 

transferring sequentially to 100% ethanol (2x3 minutes), 95% ethanol (1x3 minute), 80% 

ethanol (1x3 minute) and deionized water (1x3 minute). After rehydrated, the sections 

were stained in hematoxylin solution for 1 minute and developed in Tap water for 5 

minutes. Then the sections were stained in eosin solution for 30 seconds. After passed 

through 95% ethanol (2x3 minute), 100% ethanol (2x3 minutes) and xylene (2x3 

minutes), the sections were mounted using Permount (Fisher, USA). 

2.4.3 Immunohistochemistry 

After deparaffining and rehydrating, endogenous peroxidase activity was quenched 

using 3% hydrogen peroxide incubation for 30 min and then rinsed with PBS (3^5 

minutes). Then the slides were placed in lOmM sodium citrate buffer (pH 6) by boiling 

for antigen retrieval. The sections were rinsed with PBS (3x5 minutes), and then 

incubated in 10% normal goat serum blocking solution in a humidified box at room 

temperature for 1 hour. After blocking, the primary antibody at appropriate dilution in 

PBS-T solution was added and the sections were incubated in a humidified box at 4°C 

overnight. The sections were rinsed with PBS (3x5 minutes) to wash the primary 

antibody. The universal biotinylated secondary antibody in UltraVision One HRP 

Polymer detection kit (Thermo Fisher Scientific) was applied to the sections, arid 

incubated at room temperature for 1 hour in dark room according to the manufacture's 

instructions. After rinsed with PBS (3><5 minutes), the staining was visualized using 

DAB Plus Chromogen, followed by counterstained with hematoxylin. The sections were 
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rinsed in tap water to stop the reaction. After dehydrated with 95% and 100% ethanol 

and cleared in xylene, the sections were covered with permanent mounting medium and 

observed in light microscope. 

2.4.4 Immunofluorescence staining 

For adherent cells, the cells were seeded in cover slip, and the density was about 50-

80% confluent at the time of stain. After washed with PBS (2x5 minutes), the cells were 

fixed in 4% paraformaldehyde (PFA) for 10 minutes. The sections were rinsed with PBS 

(3x5 minutes) and then ceils were permeabilized in PBS containing 0.5% Triton X-100 

for 10 min. After washing three times with PBS for 15 min, cells were blocked by 10% 

normal goat serum for 30min at room temperature to block non-specific binding sites, 

followed by appropriate diluted primary antibody in a humidified box at 4°C overnight. 

Cells were washed with PBS three times and incubated with secondary antibody (1:500， 

Alex 488-conjugated IgG (Molecular Probes) in dark room for 30 minutes at room 

temperature. Unbounded antibody was removed by washing with PBS three times for 5 

min each and then counterstained with DAPI (Sigma) for 5 min. Finally, cells were 

washed and the slides were mounted to observe under Nikon eclipse 80i microscope 

with Nikon intensilight C-HGF1 Fluorenscence transmitter. Negative controls were 

performed by omission o f primary antibodies and replacing it with PBS. 

2.5 Functional studies 

2.5.1 Measurement of intracellular pH in prostate epithelial celts 
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The technology of measurement of pH, for many kinds of cells has been described 

previously (Wang et al., 2002). The measurement of pH, was achieved by an inverted 

fluorescent microscope IX-70 (Nikon Eclipse Ti) equipped with a CCD camera (Figure 

1)，together with a specially designed miniature Ussing chamber (Zoophysioloical 

Laboratory A, August Krogh Institute, University of Copenhagen, Denmark), which 

allows bathing solutions to perfuse in apical and basolateral compartment separately. 

The bottom of chamber was water-sealed by adhering a 29mm diameter glass coverslip 

onto it with melted dental sticky wax. 

The cells were seeded onto each filter membrane, which was made of Matrigsl 

basement membrane matrix (1:8 in PBS) pre-coated clear Transwell-Col membranes 

with pores of 0.45fim as described in Figure 2.1 through the metal ring. After 24 hours, 

the metal rings and glass supports were removed from the wells and culture medium 

were replaced. Due to the transparent properties of the filter, the confluence of cells 

could be monitored under a conventional inverted microscope. After incubation at 37°C 

in 5% CO2 for about 5-6 days, the epithelial cells would form a confluent monolayer. 

For intracellular pH (pHi) measurement, 5 j iM 2，’ 7'-bis-2(2-carbosyethyI)-5-(and-6)-

carboxyfluorescence, acetoxymethyl ester (BCECF) was added for 30 min at 37°C. The 

sample was then mounted into the miniature Ussing chamber attached to the stage of the 

inverted fluorescence microscope IX-70 (Nikon Eclipse Ti) (Figure 2.2). Samples were 

superfused with preheated experimental solutions. The fluorescence changes were 

recorded on a CCD camera used in continuous acquisition mode. Using an excitation 

wavelength of 490/440 nm and an emission of 530 nm, a radiometric analysis of 
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fluorescence data was performed using Metafluor software. The ratio (490:440) of two 

signals is directly proportional to the pH. 

The calibration curve for pHi was made according to the method of Thomas et al 

(Thomas JA, 1979). In brief, cells were exposed to Hepes-buffered solution containing 

140 m M K+and 20 J4.M nigericin, and solution pH was adjusted at the different levels 

(from 6.0 to 8.0) with KOH. The calibration buffer is as followed Table 2.4. 

2.5.2 Solutions 

The normal Krebs-Henseleit (KH) solution, HC03" free K - H solution and HCO3" 

&C1- -free K - H solution were used as bathing solutions in the intracellular pH 

measurement. Tables 2.1, 2.2 and 2.3 show the compositions and final concentrations of 

these solutions. The pH of the bathing solutions was maintained at 7.4 when gassed with 

5% C02 /95% 0 2 . 

2.6 Statistical analysis 

In pH measurement, the rate o f pH recovery was expressed as ApH/min, which was 

obtained from the ratio o f two wavelengths (490/440) in the initial 100-200 sec of pH 

change. 

Results were expressed as means 土 S.E.M，and Student's unpaired /-test was used for 

2 groups of statistical analysis. Statistical analyses were performed by Prizm 5.0 

software. A p value < 0.05 was considered statistically significant. 
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Table 2.1 Compositions and concentrations of normal Krebs-Henseleit (K-H) 

solution 

Chemicals Final concentration (mM) 

NaCl 117.0 

NaHC03 24.8 

KC1 4.7 

MgCl2 1.2 

CaCl2 2.56 

KH2P04 1.2 

Glucose 11.1 

The pH value of the normal K - H solution was maintained at 7.4 when gassed 

with 5% C02 /95% 0 2 . 

50 



Table 2.2 Compositions and concentrations of HCO3" free solution 

Chemicals Final concentration (mM) 

NaCl 141.8 

KC1 5.9 

MgS04 1.2 

HEPES 10.0 

Tris 5.6 

CaCl2 2.56 

Glucose 11.1 

The pH value of the HCO3" free solution was maintained at 7.4 with 1 M Tris 

when gassed with 100% O2. 
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Table 2.3 Compositions and concentrations of HCO3" & CI" free solution 

Chemicals Final concentration (mM) 

Na-gluconate 117.0 

K-gluconate 4.7 

MgS04-7H20 1.2 

KH2PO4 1.2 

HEPES 10.0 

Tris 5.6 

D-mannitol 25.0 

Ca-gluconate 2.56 

Glucose 11.1 

The pH value of the HCO3" free solution was maintained at 7.4 with 1 M Tris 

when gassed with 100% O2. 
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Table 2.4 High K+ solution (for calibration) 

Chemicals Final concentration (mM) 

KC1 140.0 

MgS04 .7H20 1.2 

KH2P04 1.2 

CaCl2.2H20 1.3 

Glucose 11.7 

HEPES 10.0 

The pH value of the KCl-calibration solution was titrated to different 

extracellular pH between 6.0 and 8.0 with HCl or KOH. 
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A) 

Wafer 

Filter coated with diiuted 
Matrigel and sterltized by 
UV radiation for 30 mins 

Transwell-COL 

aliquot of 10Opi cell suspension 

Figure 2.1 Diagrammatic illustration of preparation of permeable support for 
intracellular pH measurement. A) Transwells-Col membrane was cut into four smaller 
pieces and carefully stuck onto a wafer. The assembled wafers were then coated with 
Matrigel and irradiated under UV light for sterilization. B) V-shaped glass rod was used 
to support the wafer in the culture medium, with metal ring to confine the area for 
seeding. Cell suspension was added onto each wafer. The metal ring and glass rod were 
removed and culture media were replaced in each well after 24 hrs. 
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A) 
<XOPP£R 

CONTRO-UR 
SHUTTER 

COKTROXEFT 

VA CLAMP COMPUTER 
AMJ»UFIER COHTROLLEFL 

OUAT 
WAVEUEHGTM 

tUUMWATOfl KSNITEfl 

CHART 
RECOROTR 

B) 

Figure 2.2 Setup of microspectrofluorimetry for luminal surface pH measurement. 
A) Schematic diagram showing experimental setup of microspectrofluorimetry for 
intracellular pH measurement B) A picture showing perfusing chamber on the stage of 
the inverted microscope. 
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Appendix B 

PCR reaction 

Template 1… 

Primer F (2.5^iM) 2.5 

Primer R (2.5^iM) 2.5 fil 

dNTPs (10 _ 0.5 j i l 

Go Taq 0.2 |ul 

10 X PCR buffer 2.5 |ul 

ddH20 15.8 卩 1 

Buffer recipe 

RIPA buffer 

NaCl 150 m M 

Tris-Cl，pH8.0 50 m M 

NP-40 1% 

Deoxycholic acid 0.5% 

SDS 0.1% 

PI mix I X 

PMSF 0.5 m M 
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Sample buffer 

Tris-Cl, pH 6.8 0.35 M 

Glycerol 30% 

SDS 10.3% 

DTT 0.6 M 

Bromophenol Blue 0.05%-0.1% 

Protein transfer buffer 

Tris base 25 mM 

Glycine 0.192 M 

SDS 0.1% 

Methanol 20% 

Running buffer 

Tris base 25 mM 

Glycine 0.192 M 

SDS 0.1% 

Tris-Cl, pH8.0 10 mM 

NaCl 150 mM 

Tween 20 0.5% 
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SDS-PAGE stacking gel 

30% polycarylamide 0.375ml 

ddH20 2.2 ml 

Tris-Cl 1.0M pH 6.8 0.375 ml 

10% SDS 15 \i\ 

10% APS 15 \ii 

TEMED 3 (J 

Separating gel (example 12.5%) 

30% polycarylamide 3.2 m! 

ddH20 1.5 ml 

Tris-Cl 1.0M pH 8.8 2.8 ml 

10% SDS 37.5 [i\ 

10% APS 37.5 [i\ 

TEMED 7.5 

NaCl 137 m M 

KC1 2.7 m M 

Na2HP04 4.3 m M 

KH2P04 1.4 m M 
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Chapter 3 

A bacterial killing mechanism involving CFTR-
mediated bicarbonate secretion in prostatitis 

3.1 Summary 

Prostatitis is one the most common urological disorders in men, which is associated 

with a characteristic increase in prostatic fluid pH; however, the cellular mechanism 

underlying this pH increase and its physiological significance have not been elucidated. 

Here we report the involvement of CFTR, a cAMP-activated anion channel conducting 

both CI" and HCO3", in mediating prostate HCO3" secretion and its possible role in 

bacterial killing. Upon Escherichia coli (E coli) LPS challenge, the expression of CFTR 

and carbonic anhydrase I I (CA II), a key enzyme involved in cellular HCO3" production, 

along with several pro-inflammatory cytokines including IL-6, IL- lp , TNF-a, was 

upregulated in the primary culture of rat prostate epithelial cells. Inhibiting CFTR 

function in vitro or in vivo resulted in reduced bacterial kil l ing by prostate epithelial 

cells or the prostate. High HCO3" content (>50 mM), rather than alkaline pH, was found 

to be responsible for bacterial killing. The direct action of HCO3" on bacterial killing was 

confirmed by its ability to increase cAMP production and suppress bacterial initiation 

factors in E coli. The relevance of the CFTR-mediated HCO3" secretion in humans was 

demonstrated by the upregulated expression of CFTR and CAII in human prostatitis 

tissues. The present results have revealed a previously undefined role of CFTR in 

prostatitis and in host defense against bacterial infection in the prostate. 
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3.2 Introduction 

Prostatitis is one the most common urological disorders in men and up to half of the 

male population may suffer from prostatitis at some time in their lives (Snow DC, 2010). 

Prostatitis usually presents with irritative or obstructive voiding symptoms, 

genitourinary, pelvic or rectal pain, and is sometimes associated with sexual dysfunction 

and infertility (Lipsky BA, 2010; Giamarellou H, 1984; Wol f f H, 1991; Leib Z, 1994; 

Cunningham KA，2008). According to the recent consensus definition by the National 

Institute of Health (NIH), prostatitis can be classified into 4 categories. The first 2 

categories include prostatitis with bacterial infection, acute bacterial prostatitis 

(Category I) and chronic bacterial prostatitis (Category II). Chronic nonbacterial 

prostatitis/chronic pelvic pain syndrome belongs to category I I I and asymptomatic 

inflammatory prostatitis belongs to category IV. Clinically, only 5-10% of the prostatitis 

cases are diagnosed with bacterial infection (category I and II), of which 50-80% is 

caused by E coli (Mitsumori K, 1999)，while nonbacterial prostatitis accounts for more 

than 90-95% of the clinical cases (Snow DC, 2010; De la Rosette JJ, 1993). Irregardless 

the types of prostatitis, with bacterial infection or not, the common feature in most cases 

is the inflammation of the prostate gland with the presence of white blood cells or 

elevated levels of cytokines, especially I L - l p and TNF-a, in the expressed prostate 

secretion (EPS) or post-prostate-message urine (Alexander RB, 1998; Jang TL, 2003; He 

L, 2010). 

Another hallmark of prostatitis is an alkaline shift in pH consistently found in the 

expressed prostate secretion (EPS), which appears to accompany with the inflammatory 

response of the prostate with or without bacterial infection (Fair WR, 1978, Pfau A, 
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1978; Blacklock NJ, 1974; Weidner W, 1992; White MA, 1975; Chen J’ 2007’ Lipsky 

BA, 2010). The pH value of the prostate fluid appears to reflect the intensity of 

inflammation reaction and in general, the more serious inflammation as reflected by 

larger number of white blood cells, the more alkaline of the pH value (White MA, 1975, 

Thin RN, 1991). It has also been reported that the pH of EPS in bacterial prostatitis is 

significantly higher than that in nonbacterial prostatitis (Chandiok S, 1992). While the 

marked increase in the pH of EPS has been considered of diagnostic value (Blacklock 

NJ, 1974; White M A 1975; Chen J, 2007), it is also thought to be one of the reasons for 

poor results of antibiotic therapy (Weidner W, 1992). Normal human prostatic fluid has 

a pH value between 6.2-6.6, which is significantly lower than that of the plasma value of 

7.4 (Blacklock NJ, 1974; Chen J, 2007). This pH gradient allows electrically neutral 

molecules, e.g. drugs and antibiotics, to penetrate into the prostate, become ionized and 

be trapped or concentrated in the prostate fluid (Winnigham DG, 1968; Bjerklund 

Johansen TE, 1998; Lipsky BA, 2010). However, upon inflammation, the prostate fluid 

may become markedly alkaline (> pH 8,0)，which may affect the concentration of drugs 

or antibiotics in the prostate (Blacklock NJ, 1974; Lipsky BA, 2010). The variation in 

pH in prostatitis may also considerably alter the therapeutic efficacy of antibiotics, apart 

from their reduced concentrations in the prostate (lipsky BA, 2010). 

Despite the diagnostic and therapeutic implications of the pH in the EPS, the 

molecular mechanism governing the pH regulation of the prostate fluid in normal and 

inflammatory state remains large unknown. The glandular epithelium of the prostate is 

known to secrete citric acid, which is thought to maintain the osmotic pressure and pH 

of the prostate fluid. The pH increase observed in prostatitis has been proposed to be due 
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to impaired secretory function o f the prostate (i.e. reduction in citric acid level) upon 

inflammation (Chen J, 2007). However, whether the increase in pH seen in prostatitis is 

simply due to a decrease in the relative level o f citric acid, or an increase in the secretion 

o f alkaline substances or ions, such as bicarbonate, is not clear. More importantly, the 

question as to whether the characteristic increase in prostatic f luid pH in prostatitis is o f 

any physiological significance has not been addressed. 

The cystic fibrosis transmembrane conductance regulator (CFTR) is a cAMP-

activated ion channel which is found in a wide variety of epithelial tissues including the 

lung, liver, pancreas, intestine, reproductive tracts and sweet glands (Chan HC,2006; 

Hug MJ,2003; Strong TV, 1994; Cohn JA,1991 ). Mutations in the CFTR gene are 

known to cause cystic fibrosis (CF), a lethal genetic disease found among Caucasian, 

which is characterized by defective CI" and HCO3" secretion (Kopelman H 1988; Devor 

DC, 1999). CFTR may conduct HC03* directly as an anion channel with measured 

HCO3" permeability (Poulsen JH, 1994) or indirectly as a CI" channel working in parallel 

with C17 HCO3" exchangers to provide a recycling pathway (Lee, M G,，1999; Ishiguro 

H, 2007; Chen WY, 2009). In fact, our previous studies have demonstrated the 

involvement o f CFTR in mediating uterine and oviductal HCO3' secretion, which are 

vital to the ferti l izing capacity of sperm and emebryo development (Wang XF, 2003; 

Chan HC, 2009; Chen M H , 2010)‘ Since CFTR is also known to be expressed in the 

human prostate (Walker J, 1995; Hihnala S, 2006; Qiao D, 2008), it may also play a role 

in prostatic HCO3" secretion as well although the physiological role o f CFTR in the 

prostate has not been elucidated. 
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It has been reported that under the circumstances of inflammation, or upon bacterial 

infection，the increased release o f inflammatory cytokines such as I L - l p and TNF-a 

have potent effect on up-regulation of CFTR in epithelial cells (Cafferate EG, 2000; 

Ajonuma LC, 2008). Since increased levels of inflammatory cytokines including I L - l p 

and TNF-a are also found in prostatitis, with or without bacterial infection, they may 

also up regulate CFTR in the prostate, thereby enhancing HCO3" secretion and leading to 

the characteristic pH increase in prostatitis. Interestingly, recent studies have indicated 

the possible involvement of defective CFTR-mediated HCO3" secretion in the 

pathogenesis of CF (Choi JY, 2001. Quinton PM，2001; Wang XF, 2003). There seems 

to be a l ink between defective HCO3* secretion and higher risk of infection in CF. Most 

CF patients, about 95%，die from lung infection with airway acidification found (Tate S, 

2002). It has been reported that the acidity in CF airways may be due to defective HCO3" 

ion transport (Coakley RD, 2003), although the exactly role of HCO3" in CF 

pathogenesis is still not ful ly understood. O f note, HCO3* has been implicated in 

bacterial ki l l ing, however whether its action is direct or indirect remains unclear (Corral 

LG, 1988; Thompson, KD, 1993; Drake, DR ,1995; Craig, SB，1999; Jarvis GN , 2001). 

Recently it has been reported that in the presence of carbonate, the susceptibility of 

bacteria to antimicrobial peptides may be increased since carbonate may induce global 

changes in the structure and gene expression of bacteria (Dorschner RA, 2006). Thus, 

the increased pH observed in prostatitis would be of physiological significance for host 

defense against bacterial infection and the pH increase should be due to enhanced 

prostatic HCO3" secretion. 
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Taken together, we hypothesized that CFTR might be involved in prostatic HCO3" 

secretion, its upregulation by inflammatory cytokines and thus enhanced HC03" 

secretion might be responsible for the hallmark increase in pH observed in prostatitis. 

We further hypothesized that the enhanced CFTR-mediated HCO3" secretion in 

prostatitis might be an important host defense mechanism of the prostate against 

bacterial infection. We undertook the present study to test these hypotheses using a 

primary culture o f rat prostatic epithelial cells and a rat prostatitis model. We 

demonstrated the expression of CFTR in rat prostatic epithelium and its involvement in 

prostatic bicarbonate secretion. The results showed that CFTR as well as carbonic 

anhydrase II (CAII)，which is a key enzyme responsible for conversion of HCO3" from 

CO2, could be up-regulated during prostate inflammation in the animal model and 

human prostatic tissues with inflammation. The role of CFTR in host defense of the 

prostate was demonstrated by impaired bacterial kil l ing activity upon interfering with 

CFTR function in vitro and in vivo. The direct effect of HCO3" on bacterial killing and 

possible underlying mechanism were also investigated. The present results have 

provided the molecular mechanism underlying the long observed pH increase in 

prostatitis and demonstrated a previously unsuspected role of CFTR in the host defense 

of the prostate. 

3.3 Materials and Methods 

3.3.1 Animals 

Male 4-week-old and 12-week-old SD rats were kept in the Laboratory Animal 

Service Center o f the Chinese University of Hong Kong. Ethics committee approval was 
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obtained prior to the study and the animal experiment was conducted in accordance with 

the Laboratory Animals Service Center's guidelines. 

3.3.2 Primary culture of prostate epithelial cells from immature SD rats 

The 4-week-old SD rats were killed by placing them in a C02-gassed chamber for 

about 3 minutes. The prostate epithelial cells were enzymatically isolated from the rat 

prostate according to the method described by Shigeo Taketa (Shigeo Taketa et al, 1990) 

with some modifications. In brief, the ventral prostates of 4-week-old rats were removed 

and placed into a Petri dish containing sterile HBSS. After washing with HBSS and the 

prostates were sliced into small pieces. The sliced tissue were placed in RIPM 1640 

medium containing 0.1% collagenase I (Sigma) and incubated at 35°C for 45min with 

constant shaking. After enzyme digestion, the supernatant fraction was passed through a 

100-^im mesh cell strainer (BD Falcon™). The filtrate was centrifuged at lOOOrpm for 5 

min. The tissue pieces remaining in the tube were subjected to digest twice as before and 

the final supernatant was pooled with the first fraction after sieving. The combined cells 

were collected by centrifugation at lOOOrpm for 5min and then washed twice with RIPM 

1640 medium. The cells were finally suspended in 10ml RIPM 1640 medium containing 

10% FBS and incubated at 37°C in a humidified atmosphere containing 5% CO2 

overnight to remove fibroblasts. The cell supernatant was collected and cultured in a 

new culture flask with McCoy's 5A (Sigma) medium containing 5% FBS, 1 Oug/mL 

Insulin(Sigma), 1 Oug/mL EGF (Sigma), 5ug/ml transferring (Sigma), 1 Ong/ml cholera 

toxin (Sigma), 25ug/mL Bovine pituitary extract (BD), 100 U/ml penicillin, 100 jig/ml 

streptomycin for further study (Taketa S, 1990). 
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3.3.3 RT-PCR 

RT-PCR for cultured prostate epithelial cells was performed as described in chapter 

2 section 2.3.2. 

The RNA of E.coli DH5a in different concentration of bicarbonate and pH were 

extracted using Trizol Bacterial isolation kit (Invitrogen). The reverse transcription and 

PCR was performed as described in chapter 2 section 2.3.2. 

3.3.4 Western blot 

Western blot for cultured prostate epithelial cells were performed as described in 

chapter 2 section 2,3.3. 

3.3.5 Immunohistochemistry and Immunofluorescent Staining 

Immunohistochemistry staining for rat and human prostate and immunofluorescent 

staining for cultured prostate epithelial cells were performed as described in chapter 2 

section 2.4.3 and 2.4.4. 

3.3.6 Measurement of intracellular pH in primary prostate epithelial cells 

To establish a cell culture system of polarized prostate primary epithelial cells with 

both apical and basolateral compartment, the isolated cells were seeded at a density o f 

about 2x 105cells/ml onto each filter membrane，which was made of Matrigel basement 

membrane matrix (1:8 in PBS) pre-coated clear Transwell-Col membranes with pores of 

0.45pm, After incubation at 37°C in 5% CO2 for about 5-6 days, the epithelial cells 

would form a confluent monolayer. The method to measurement of intracellular pH in 

primary prostate epithelial cells was described in chapter 2 section 2.5.1. 
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3.3.7 In vitro Escherichia coli 055:B5 LPS stimulation 

The stimulation experiment was performed in cultured epithelial cells. LPS from 

E.coli 055:B5 (Sigma) was used. Primary prostate epithelial cells were stimulated with 1 

Hg/ml LPS for 24h. RT-PCR was performed to detect the expression of CFTR, CAII , 

and pro-inflammatory cytokines in LPS stimulated or control cells. 

3.3.8 Antibacterial assay in vitro 

The isolated cells were plated onto Transwell-Col membranes (0.45 cm ) coated 

with Matrigel and cultured like before. For infection, a total of 1 x 105colony-forming 

units (CFU) of E.coli DH5a were added to the apical compartment of the epithelial cells. 

For blocking o f CFTR or carbonic anhydrase, the E coli treated epithelial cells were 

preincubated with 10 CFTRinh-172 (Sigma), a specific CFTR channel blocker 

(Muanprasat C, 2004) or anti-CFTR antibody (1:500，Alomone labs) or 50 ^ M 

Acetazolamide (Sigma), a carbonic anhydrase inhibitor for 24h before the addition of 

bacteria. Same concentration o f DMSO or control IgG was added as control. After 18h, 

the apical medium was collected for CFU counting on a Luria broth agar plate after 

overnight incubation. 

3.3.9 Bacterial prostatitis model 

The adult 12-week-old male SD rats weighed between 250 and 350 g were used in 

the present study. A strain of E.coli DH5a was grown overnight in a Luria broth in a 

shaker at 37°C. The bacterial cells were pelleted, washed three times in sterile PBS and 

resuspended to 1 x 108 cells /ml. The rats were divided into two groups. Each group was 

anesthetized with ketamine (50 mg/kg) and xylazine (12 mg/kg) and subjected to 
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laparotomy to expose the ventral prostate. One group was injected 200ul of the E.coli 

suspension with a lml/lOOU insulin syringe and 30-G needle directly beneath the 

capsules of two sides of ventral lobes. The other group was injected the same amount of 

E.coli combined with IOJIM CFTRinh-172. We excluded two rats from the study which 

died of sepsis. The animals were killed 48h after surgery and the ventral prostates from 

each rat were weighted, sliced into pieces and sonicated for 30 min in 10 ml PBS. The 

sonicated tissue was cultured quantitatively using the pour plate technique; the dilutions 

of the homogenates were plated on a LB plate and incubated overnight at 37°C. The 

number of colonies was then counted. The bacterial counts were expressed as the log of 

CFU per gram of prostate. 

3.3.10 Antibacterial assays in different concentration of bicarbonate and pH 

E.coli DH5a was grown in a Luria broth at 37°C in a shaker to grow to log phase. 

Assay solutions were prepared as the Table 2 using NaCl to keep the same concentration 

of sodium in the solutions. The solutions were made without fixing the pH and allow the 

change of HCO3" to alter its pH. The osmolarity of each solution is the same. A 

concentration of l x 10 9 cells/ml of E.coli was incubated at 37°C in the absence or 

presence of different concentration of NaHCC>3 for 2 h and then OD6oo was read. 

Another set of experiments was to examine the bactericidal activities of pH. We 

maintained the HCO3" concentration at 25 m M (physiological concentration), and a 

range of different pH values (7.35, 7.95’ 

different concentration of bicarbonate 

incubated for 2 h and OD600 was read. 

8.14 and 8.24) which was corresponding with 

was achieved by using HCL. E.coli was 
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3.3.11 Intracellular cAMP measurement 

E.coli cells were exposed to different concentrations of HCO3" in LB broth for 2h 

and the cultures were harvested by centrifugation at 3,000 x g for 10 min. The pelleted 

cells were treated with 0.1M HC1 provided with the cAMP enzyme immunoassay system 

(Assay Designs, Ann Arbor, MI). After incubating for 30 min and centrifugation at 

3,000 x g and 4°C for 10 min, the cAMP concentrations in supernatants were determined 

by using the kit according to the manufacturer's instructions. The average intracellular 

cAMP concentration (determined in triplicate) was expressed in picomoles per milliliter 

(pmol/ml). 

3.3.12 Human prostate sample collection 

Seven human prostate samples were obtained by transurethral resection from the 

suspected benign hyperplasia patients. Four samples from the patients with prostatitis 

showed evidence of lymphocytes infiltrates that were primarily centered in the peri-

acinar region and stroma around acini and ducts. Tissue samples were obtained 

immediately after surgery and fixed in 4% paraformaldehyde (PFA) for paraffin section. 

The Ethics Committee of Peking University Shenzhen Hospital granted approval for the 

study prior to sample collection. 

3.3.13 Statistical analysis 

Statistical analyses were performed by Prizm 4.0 software. Results were presented 

by mean 土 S.E.M. Groups of data were compared by student's /-test, p value < 0.05 was 

considered statistically significant. 
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3.4 Results 

3.4.1 CFTR expression in the epithelial cells of rat ventral prostate 

In order to use a rat prostate model to investigate the role of CFTR in prostatitis, we 

first examined its expression in rat prostate since CFTR expression in the prostate has 

not been demonstrated in any species other than the human. Immunohistochemistry 

revealed that CFTR immunoreactivity was detected in the apical surface of the epithelial 

cells of the rat ventral prostate (Figure 3.1). 

3.4.2 CFTR expression in cultured rat primary epithelial cells 

Epithelial cells were separated from the stromal cells by taking advantage of the fact 

that stromal cells attach faster than epithelial cells. The purity of epithelial cells culture 

was assessed by light microscopy. From the Figure 3.2A we can see that the prostate 

epithelial cells in culture showed polyhedral shapes that apposed to each other, forming 

discrete colonies. The separately cultured prostate stromal cells exhibited an elongated 

spindle-shaped morphology that is typical of cultured fibroblast (Figure 3.2B). Secretory 

cells expressed cytokeratins 8 and 18, whereas basal cells expressed cytokeratins 5 and 

14. The results of immunofluorescent staining showed that the cultured cells expressed 

the cytokeratin 5&8 which is specific for epithelial cells (Figure 3.3). 

We further confirmed CFTR expression in a primary culture of rat prostate epithelial 

cells. RT-PCR results revealed a PCR product with expected size of rat CFTR (481 bp) 

(Figure 3.4A). Western blot also showed a band of 160 KD as expected of CFTR (Figure 

3.4B). Immunofluorescent staining also localized CFTR protein to the plasma membrane 

of the culture epithelial cells (Figure 3.4C), 
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3.4.3 Involvement of CFTR in mediating prostatic bicarbonate secretion 

To investigate the role of CFTR in prostatic HCO3" secretion, we measured the 

intracellular pH (pHi) in the established culture of prostate epithelial cells. Cellular 

alkalization was induced by removing HCO3 /CO2 from the perfusate (Figure 3.5A), and 

the rate of pHi recovery, which reflects HCO3" extrusion, was measured. When 

extracellular CI" was removed from the apical perfusion solution, the rate of pHi 

recovery was greatly attenuated in comparison with that in the Cl'-containing solution 

(Figure 3.5B), indicating the operation of a Cl'-dependent HCO3" extrusion process, 

probably involving an anion exchanger. However, the rate of pHi recovery, in the 

absence of CI" or inactivation of the C17 HC03" exchanger, could be increased by an 

adenylyl cyclase activator, forskolin, indicating a cAMP-dependent HCO3" extrusion 

pathway (Figure 3.5C). The forskolin-induced pHi recovery could be blocked by NPPB 

(100 JJ,M) (Figure 3.5D), a blocker known to inhibit CFTR, suggesting that CFTR may 

be responsible for the HCO3* secretion in the cultured prostate epithelial cells. These 

results indicate a direct role of CFTR in mediating prostate HCO3" secretion and an 

indirect role, possibly working in parallel with a C17 HCO3" exchanger for HCO3" 

extrution. 

3.4.4 Rat prostate epithelial cells respond to E coli-LPS with up>regulated cytokines, 

CFTR and CAII expression 

To mimic bacteria-induced inflammation in prostatitis, Ecoh-LPS’ an endotoxin 

present in the outer membrane of the bacteria was used. We challenged the cultured 

prostatic epithelial cells with lug/ml E.co/i-LPS for 24h and performed RT-PCR to 
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examine the expression of pro-inflammatory cytokine IL-6 (414bp)，IL-lp (313bp) and 

TNF-a (292bp), with GAPDH (340bp) as the internal marker. The primers and 

annealing temperature used in the RT-PCR are shown in Table 3.1. We observed that 

IL-6, I L - l p and TNF-a mRNA expression were upregulated by E.coIi-L?S (Figure 

3.6A). We also examined the effect of E.coli-L?S on CFTR and CAII expression in 

cultured prostate epithelial cells. As shown in Figure 3.6C, E, CFTR and CAI I mRNA 

and protein expression were significantly up-regulated upon stimulation of E.coli-LPS, 

as demonstrated by semi-quantitative RT-PCR and western blot analysis, respectively. 

These results suggest that CFTR and its mediated HCO3" secretion may be up regulated 

by inflammatory cytokines upon bacterial infection/inflammation, resulting in the 

alkaline shift in pH observed in prostatitis. 

3.4.5 Bactericidal capacity of prostatic epithelial cells in vitro and involvement of 

CFTR 

What is the physiological significance of the upregulation of CFTR and therefore 

enhanced CFTR-mediated prostatic HCO3" secretion during prostatitis? Since HCO3" has 

been implicated in bacterial killing, the enhanced CFTR-mediated HCO3" secretion in 

prostatitis may serve as a host defense mechanism. To test this, we inoculated IxlO4 

colony-forming units (CFU) of the gram-negative bacteria E.coli, which are responsible 

for up to 80% of the bacterial prostatitis in humans (Mitsumori K, 1999), to the primary 

culture of rat prostate epithelial cells and found no bacterial colony growth in the 

collected medium, indicating bactericidal capacity of the epithelial cells. When IxlO5 

CFU E.coli were added to the cells in the absence or presence of CFTR inhibitor, 

CFTRinh-172 (10 jxM) or CFTR antibody, we observed significantly larger number of 
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bacterial colonies in the medium collected from the CFTR,nh-172 and CFTR antibody 

treatment groups as compared to the non-treated control group (Figure 3.7A, B). To test 

whether this bactericidal activity was due to HC03", the cells were pretreated with 

carbonic anhydrase inhibitor, acetazolamide (50 (iM), and it was found that the 

bactericidal capacity of the culture was greatly attenuated (Figure 3.7C). As controls, 

direct addition of CFTR inhibitor /antibody or acetazolamide to the bacterial culture 

( lx lO5 CFU) at the concentrations used did not affect the growth of E.coli (Figure 3.7D)， 

excluding direct effect of the inhibitors/antibody on the bacteria. 

3.4.6 Involvement of CFTR in bacterial killing in vivo 

To further confirm the involvement of CFTR-mediated HCO3" secretion in bacterial 

kill ing in a physiological context, we established an in vivo prostatic bacterial infection 

model. Following bacterial inoculation (2><107 CFU) to the prostate, all samples 

collected from the bacterial prostatitis groups showed acute inflammation with severe 

infiltration of polymorphonuclear cells (PMNs) into bacteria-containing space. Injecting 

E.coli combined with 10(iM CFTRinh-172 resulted in a significantly higher number of 

bacteria isolated from the prostates, as compared to the control, 6.422 ± 0.168 logio 

CFU/g vs. 5.224 土 0.102 log10CFU/g, respectively (Figure 3.8A). We further examined 

the expression of CFTR, CAII, IL - ip and TNF-a and they were all up regulated in 

bacteria-infected prostates (Figure 3.8B, C). These results suggest that the CFTR-

mediated HCO3" secretion may be upregulated upon bacterial infection and involved in 

bacterial kil l ing in vivo. 
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3.4.7 Bicarbonate itself but not alkaline pH is mainly responsible for bacterial 

killing 

Since HCO3" is weak base and the bactericidal effect we observed in vitro and in vivo 

could be due to its buffering effect on the pH rather than HCO3" itself. To distinguish the 

two, we tested the bactericidal capacity of solutions with different concentrations of 

HCO3" (Table 3.2).Our results showed that the bacterial count o f E.coli was significantly 

reduced by 80mM HCO3" with a significantly lower absorbance ratio (0.540 土 0.012) as 

compared to HC03" concentration at 0 m M (0.677 土 0.015), 25 m M (0.723 土 0.018) and 

50 m M (0.623 土 0.013) (Figure 3.9A). To exclude possible involvement of pH in the 

bacterial ki l l ing, we made up solutions with different pH (7.35-8.24) while keeping a 

constant HCO3" concentration at 25mM. The results showed that there was no significant 

difference in the bacterial ki l l ing capacity between groups with different pH values, at 

7.35 (0.743 士 0.033), 7.95 (0.700 土 0.032)，8.14 (0.670 士 0.031) and 8.24 (0.647土0.015) 

(Figure 3.9B). These results suggested that the antibacterial activities observed with 80 

m M or 50 m M HCO3" were mainly due to HCO3" itself but not alkaline pH. 

3.4.8 Bicarbonate suppresses the expression of initiation factors IF1, IF2 and IF3 in 

E.coli 

What might be the molecular mechanism underlying the bacterial ki l l ing effect o f 

HCO3"? Previous study in our lab demonstrated that when E.coli was exposed to 

different concentrations of HCO3', their intracellular cAMP levels were elevated in a 

HCO3- concentration-dependent manner. Since elevated cAMP levels in bacteria are 

known to suppress protein synthesis (Bhattacharya, 1977; Kaul R, 1990)，therefore, the 
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effect of HC03" on suppressing the genes of bacterial initiation factors which are known 

to particitate in the process of protein biosynthesis in E.coli was examined. As shown in 

Figure 3.10, RT-PCR analysis of E.coli cultured in the absence or different 

concentrations ofNaHCO〗 showed that the expression of IF1, IF2 and IF3 genes was 

significantly inhibited by HCO3" at the concentration of 80mM as compared to HCO3" at 

OmM. However, alkaline pH with a constant HCO3" of 25 m M did not suppress these 

genes expression, excluding significant involvement of pH in bacterial killing. 

3.4.9 The expression of CFTR and CAII is up-regulated in human prostatitis 

While both in vitro and in vivo experiments on rat prostate epithelial cells strongly 

indicate that the CFTR-mediated HCO3" secretion is enhanced in prostatitis, which has 

bactericidal capacity, it remains to be confirmed that this host defense mechanism is also 

present in human prostate. We thus examined CFTR and CAI I expression in human 

prostate hyperplasia samples with inflammation. Immunohistochemical results showed 

CFTR immunoractive signal at the apical border of the human prostatic epithelium 

(Figure 3.11A). Compared to the tissue without inflammation, the expression of CFTR 

in the prostate glands evident of lymphocytes infiltration (Figure 3.1 IB) was much 

stronger, indicating that the expression of CFTR is up-regulated in human prostatitis. 

The expression of CAI I was detected in the cytoplasm of human prostate epithelial cells 

(Figure 3.11C), which was also up-regulated in the inflamed area of the clinical prostate 

hyperplasia samples (Figure 3.1 ID). The upregulation of both CFTR and CAI I in the 

inflamed human prostate tissues indicate that the CFTR-mediated HC03" secretion may 

also be enhanced upon inflammation, which may be responsible for the high pH 

observed in human prostatitis. 
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Figure 3.1 Expression of CFTR in rat prostate. (A) Immunohistochemical staining of 
CFTR in SD rat prostate. CFTR was expressed at the apical surface of rat ventral 
prostate epithelium. (B) Negative control in the absence of primary antibody. Scale bar: 
50jxm. 
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Figure 3.2 Phase contrast morphology of cultured cells in vitro. (A) The morphology 
of cultured rat prostatic epithelial cell. (B) The morphology of cultured stromal cells. 
Magnification 40x. Scale bar: 200 (am. 

Cytokeratin 5&8 DAPI Merge 

Figure 3.3 Immunofluorescence staining for the expression of cytokeratin 5&8 in 
cultured rat prostate epithelial cells. The cultured prostate epithelial cells were stained 
with cytokeratin 5&8 (left, green). Cell nuclei were counterstained with DAPI (middle, 
blue). Merged image was shown in the right panel. Magnification 200x, Scale bar: 20 
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� Marker CFTR 
B) 

481bp 

C) 

Figure 3.4 Expression of CFTR in cultured rat prostate epithelial cells. (A) CFTR 
transcript was detected by RT-PCR in cultured rat prostate epithelial cells with predicted 
amplification products at 481 bp. (B) CFTR protein was detected in rat prostate epithelial 
cells by Western blotting using polyclonal CFTR antibody (1:500) which recognizes a 
band at MW 160 kDa. (C) Immunofluorescence staining for the expression of CFTR 
(left, green) in cultured cells .Cell nuclei was counterstained with DAPI (middle, blue). 
Merged images are shown in the right panel. Magnification 200x. 
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Figure 3.5 Involvement of CFTR in mediating cAMP-stimuIated bicarbonate 
secretion by rat prostate epithelial cells. (A) The pHi recovered quickly after cellular 
alkalinization induced by removing bicarbonate/CC>2 from perfusate in the presence of 
CI". (B) The rate of pHi recovery was markedly attenuated when extracellular CI" was 
removed from the perfusate. (C) In the absence of Ci", forskolin (forsk., 10 ^iM) 
stimulated pHi recovery. (D) The forskolin-induced pHi recovery could be blocked by 
NPPB (100(iM). The scales in A-D are the same. (E) Summary of pHi recovery rates 
under different conditions after cellular alkalinization induced by removing 
bicarbonate/C02 from perfusate. (*P < 0.05) (F) The image of cells loaded with ECBCF. 
(G) Calibration of florescence ratio into intracellular pH value. 
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A) Basal LPS (lug/ml) 

LPS (lMg ml) 

CFTR 

CAII 

Con t ro l 

•p<0 05 

'.wmihiiilnml. ^gmmmmrnrn GAPDH 340bp P-tiibulin 

D) 

IL-6 414bp 

IL-l(3313bp 

TNF-a 292bp 

GAPDH 340bp 

B) 

Figure 3.6 LPS-induced upregulation of cytokines, CFTR and CAII expression in 
rat prostate epithelial cells. Primary rat prostate epithelial cells were treated with 
l^ig/ml LPS for 24h. (A, C) The expression levels of IL-6, IL- lp, TNF-a, CFTR and 
CAII were evaluated by RT-PCR. GAPDH was used as control. (B, D) Quantification of 
the ratio of transcript to GAPDH. (E) LPS upregulates the protein expression of CFTR 
and CAII as detected by western blot, with B-tubulin used as the internal control. 

侧

7

5

-

5

0

-

.

2

5

-

0

0

-

1

0
 
0

0

.

0
 

i
H
C
W
V
D
/
^
J
l
一
 v
i
 

81 



M
ed

ium
 

M
ed

iui
w-

CF
TR

-in
h 

17
2 

(n
=6

) 
(n

=6
) 

p>
0 

05
 

m
ed

ium
 

m
ed

iur
m

Ab
(C

FT
R)

 
(n

=5
) 

(n=
5)

 
p>

0 
05

 

Me
dium

 
(n
=6
) 

p>0
 OS

 
Me

dium
f-SO

uM
 Ac

e 
(n

=6
) 

C
FT

R
 a

nt
ib

od
y 

tr
ea

tm
en

t 
C

) 
C

AI
I i

nh
ib

ito
r 

tr
ea

tm
en

t 

4n
 

£ 
3 

LL
 

r 
2 

O
 

O
 

名
1 

E.
CO

li 
(1

x1
0s

) 
E.

CO
li(

1>
«1

0s
)+

Ab
{C

FT
R)

 

**
p<

0.
01

 

E.c
oli(

1*1
05)

 
E 

co
h(1

*10
5)+

 Ac
eU

zol
am

idc
 

"p
<0

.01
 

in
hi

bi
to

r 
tre

at
m

en
t 

*p
<0

 00
01

 

Fi
gu

re
 3

.7
 I

nv
ol

ve
m

en
t 

of
 C

F
T

R
 a

nd
 C

A
II 

in
 b

ac
te

ri
al

 k
ill

in
g 

in
 v

itr
o,

 
C

FT
R

 i
nh

ib
ito

r 
(A

), 
C

FT
R

 a
nt

ib
od

y 
(B

) 
or

 
ac

et
az

ol
am

id
e 

(C
) w

er
e 

ad
de

d 
w

ith
 I

^I
O

5 
C

FU
 o

f E
.c

ol
i 

to
 b

lo
ck

 C
FT

R
 o

r 
C

A
II 

ac
tiv

ity
 a

nd
 th

ei
r 

ef
fe

ct
 o

n 
ba

ct
er

ia
l a

ct
iv

ity
 

18
 h

ou
rs

 a
fte

r 
in

oc
ub

at
io

n 
w

as
 s

ho
w

n.
 W

he
n 

lx
lO

4 
C

FU
 o

f  
E 

co
li 

w
as

 i
no

cu
la

te
d 

to
 t

he
 a

pi
ca

l 
co

m
pa

rtm
en

t 
of

 t
he

 r
at

 
pr

os
ta

te
 e

pi
th

el
ia

l c
el

ls
 f

or
 1

8h
, t

he
re

 w
as

 n
o 

ba
ct

er
ia

l a
ct

iv
ity

 d
et

ec
te

d 
in

 th
e 

cu
ltu

re
 m

ed
iu

m
 (

A
). 

D
ire

ct
 a

dd
iti

on
 o

f 
C

FT
R

-
in

h-
17

2 
or

 C
FT

R
 a

nt
ib

od
y 

or
 a

ce
ta

zo
la

m
id

e 
in

to
 t

he
 b

ac
te

ria
l c

ul
tu

re
 (

lx
l(

f 
C

FU
) 

di
d 

no
t 

af
fe

ct
 th

e 
gr

ow
th

 o
f E

.c
ol

i 
(D

). 
(*

*P
<0

.0
1,

 *
**

P
<0

.0
01

) 

B
) 

8  6  4  2  

( 8 2 * )  s d o >  J i o u ！ O O U J  

8- 7
- 6- 5
-

c l . * H 2 u >  

u l n o u  - l o o m  

o  5  o  5  o  

1 0 7  5  2  o  

C o s  ( 2 0 》 苌 n s  - - S  m  

I  _  1  1  1  

5  o  5  o  5  <  

2  2  1  1  o  •  

{ - 0 S S U . 0 }  ̂ = 3 0 0  l o u U J  

A
) 

D
) 

82
 



A) B) 
Nonnai E coh 

Bacterial killing in vivo 

Control CFTR-inh172 
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Figure 3.8 Bacterial killing effect of CFTR in vivo and upregulation of cytokines, 
CFTR and CAII in E c^//-infected rat prostate. (A) Comparison of E coli bacterial 
activities recovered from rat prostatitis models without or with CFTR-inh 172 (10 pM ). 
E.coli bacterial prostatitis in SD rats was established as described in Materials and 
Methods. Each point indicates the bacterial CFU per gram of prostate tissue weight 
(***P<0.001). (B) E.coli up-regulated the expression of cytokine genes, CFTR and CAII 
in rat prostate as determined by RT-PCR. (C) Expression of CFTR and CAII protein was 
significantly up-regulated in E.coli -infected rat prostate as determined by western blot. 
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Table 3.1 Primers and RT-PCR conditions 

Primer 
name Sequence(5'-> 3') 

Length 

(bp) 

Annealing 
temperature(°C) 

GAPDH 
Forward 

Reverse 

GACCACAGTCCATGCCATCACTGC 

GCTGTTGAAGTCGCAGGAGACAAC 
340 55 

CFTR 
Forward 

Reverse 

AACTGAGACCTTACGCAG 

AGAAGCTCTGGTCCTCTG 
481 55 

CAII 
Forward 

Reverse 

ATGACCCTTCCCTACAGC 

GGTCACACATTCCAGCAG 
503 56 

IL-lp 
Forward 

Reverse 

CAACAAAAATGCCTCGTGC 

TGCTGATGTACCAGTTGGG 
313 58 

IL-6 
Forward 

Reverse 

AAATCTGCTCTGGTCTTCTGG 

TTAGATACCCATCGACAGG 
414 55 

TNF-a 
Forward 

Reverse 

TACTGAACTTCGGGGTGATCG 

CCT TGTCCCTTGAAGAGAACC 
292 58 

E. coli 
16S 

Forward 

Reverse 

CTCCTACGGGAGGCAGCAG 

GWATTACCGCGGCKGCTG 
162 55 

E.coli 
IF1 

Forward 

Reverse 

ATGGCCAAAGAAGACAATATTG 

AGCGACTACGGAAGACAATG 
216 55 

E.coli 
IF2 

Forward 

Reverse 

TTTCCGCTTCAATCACTTTAC 

CCTTGCTGAAACTGTCTACTG 
165 55 

E.coli 
IF3 

Forward 

Reverse 

AAAGGCGGAAAACGAGTTC 

CCTTACTGTTTCTTCTTAGGAGCG 
541 55 
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Table 3.2 Solutions for different concentration of HCO3 

HCO3' 
conc.(mM) 

NaCl(mM) NaHC03(mM) KH2P04(mM) Na2HP04(mM) KCl(mM) PH 
value 

0 137 0 

1.47 7.81 2.68 

7.35 

25 112 25 
1.47 7.81 2.68 

7.95 

50 87 50 
1.47 7.81 2.68 

8.14 

80 57 80 

1.47 7.81 2.68 

8.24 
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A) Antibacterial activity of HC03" 
�Unfixed pH) " 

OmM 25mM 50mM 80mM 

HC03" Concentrations (mM) 

B) Antibacterial activity of pH 

Figure 3.9 HCO3" but not pH exhibited bactericidal capacity in vitro. (A) E. coli 
activities remained after incubation with different concentrations of HCO3". The activity 
of E.coli was inhibited by 80 m M HC03" and 50 m M HC03", but not 25mM HC03". (B) 
Insignificant effect on bacterial activities of varied pH (at constant 25 m M HCO3") at 
7.35, 7.95, 8.14 and 8.24. (**P<0.01vs 0 m M HC03" , ##P<0.01vs 50 mM HC03", 
&P<0.05 vs 25 m M HC03") 
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Figure 3.11 Expression of CFTR and CAII in human hyperplasia prostate with 
inflammation. CFTR (A, B) and CAII (C, D) was detected in human hyperplasia 
tissue .There was lymphocytes infiltration (Yellow arrow, B, D) in the inflamed area of 
the clinical prostate hyperplasia samples. Note that the expression of CFTR and CAII 
was stronger in the area with lymphocytes infiltration (Red arrow, B, D) than those 
without infiltration (Red arrow, A, C) (E) Negative control. Scale bar 50(xm. 
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3.5 Discussion 

Almost all cases o f prostatitis, whether it is bacterial or non-bacterial, exhibit a 

characteristic alkaline shift in pH (Fair WR, 1978，Pfau A, 1978; Blacklock NJ, 1974; 

Weidner W, 1992; White M A , 1975); however, the question as to how this change in pH 

is brought about in prostatitis has not been addressed to any significant extent. The 

present study has investigated the possible mechanism underlying this pH change and 

demonstrated for the first time the involvement of CFTR in mediating prostatic HCO3" 

secretion, which may be enhanced upon bacterial infection or inflammation. Apart from 

demonstrating CFTR expression in rat prostatic epithelium, which is consistent with that 

previously found in human prostate (Walker J, 1995; S.Hihnala,2006; Qiao D,2008), we 

have also elucidated the functional roles o f CFTR in the prostate in health and disease. 

By measuring the rate o f pHi recovery from cellular alkalization, in the presence or 

absence of extracellular CI" in conjunction with the use of the cAMP agonist and CFTR 

inhibitor, we have demonstrated that prostatic epithelium can extrude HCO3" under 

unstimulated condition through a C17 HCO3" exchanger since removal of extracellular 

CI" greatly attenuated the pHi recovery rate. Under this condition, when the anion 

exchanger is inactivated, prostatic epithelium can be stimulated to secrete HCO3" 

through a cAMP-dependent pathway which can be blocked by CFTR inhibitor. 

Therefore, similar to what we previously found in the uterus (Wang XF, 2003) and 

oviduct (Chen M H , 2010), CFTR in the prostate appears to be involved in HCO3" 

secretion either directly or indirectly as a recycling pathway for CI" to facilitate the 

operation o f the anion exchanger, although the identity of the exchanger remains to be 

elucidated. O f note, the expression of SLC26A3 in the human prostate has been reported 

(Hoglund P, 1996) and we have also detected SLC26A6 in rat prostate (Xie C 
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unpublished data), both of which are known to be able to transport HCO3" across the 

apical membrane o f many epithelia (Shcheynikov N, 2006) and work in concert with 

CFTR. The CFTR-mediated prostatic HCO3" secretion may be important for sperm 

motility upon ejaculation since prostate secretion is known to contribute to the semen 

volume and HCO3" is the key factor triggering sperm motility (Tajima Y, 1987; Zhou 

CX，2005). The physiological role of the CFTR-mediated HCO3" secretion under normal 

condition warrants further studies. 

One important observation made in this study is the upregulation of CFTR and CAII, 

along with several important inflammatory cytokines, upon E. coli-L?S challenge in 

vitro or E. coli infection in vivo. This suggests that a physiological consequence to 

bacterial infection or LPS challenge in the prostate would be the enhancement of the 

CFTR-mediated HCO3" secretion, which may be responsible for the increase in pH 

observed in prostatitis. Cytokines, such as I L - l p and TNF-a, have been reported to 

upregulate CFTR expression (Cafferate EG, 2000, Ajunoma, LC, 2008; He Q, 2010). 

I L - l p could activate the NF-KB protein, enabling it to enter the nucleus and bind to the 

KB-like response element at position -1103 to -1093 in the CFTR 5'-regulatiory element 

with a subsequent increase in CFTR promoter activity, resulting in increased CFTR 

mRNA (Brouillard F, 2001). The observed upregulation of CFTR and CAI I upon 

bacterial infection or LPS challenge could be due to the elevated levels of cytokines 

induced by the pathogens. Since both bacterial and non-bacterial prostatitis have 

elevated levels of cytokines, including I L - l p and TNF-a (Alexander RB, 1998; Jang TL, 

2003), these cytokines may enhance HCO3" production and HCO3" transport by 

upregulating CAI I and CFTR, respectively. This may explain the characteristic alkaline 
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shift in pH in almost all categories of prostatitis. Of clinical interest, it has long been 

observed in prostatitis the more severe the inflammation (e.g. the larger number of 

infiltrated PMNs), the greater the alkaline shift in pH found (White MA, 1975). 

Interestingly, the present study also found enhanced CFTR and CAI I expression in 

human hyperplasia tissues where inflammation was more prominent. Taken together, the 

present study has provided a molecular mechanism underlying prostatic HCO3" secretion 

and its upregulation in bacterial infection or upon inflammation, which may explain the 

long observed pH increase associated with prostatitis. 

More importantly, the present study has also demonstrated the physiological 

significance of the CFTR-mediated prostatic HCO3" secretion in the host defense against 

bacterial infection. While the characteristic increase in pH in prostatitis has been 

considered of diagnostic value (Thin RN, 1991)，its physiological role has not been 

explored. In this study, both in vitro and in vivo experiments have demonstrated that 

prostatic epithelial cells have bactericidal activities, which are largely dependent on 

CFTR-mediated HCO3" secretion since inhibitor of either CFTR or CAI I greatly 

attenuates bacterial ki l l ing by both the primary prostatic epithelial culture and rat 

prostate. Since CFTR is involved in prostatic HCO3" secretion, the CFTR-dependent 

bacterial ki l l ing capacity of the prostate could be due to a direct effect of HCO3" or 

indirect effect through altered pH. We have demonstrated that the HCO3", rather than 

alkaline pH, is mainly responsible for bacterial kil l ing since varying pH at a constant 

HCO3- concentration does not produce significant bactericidal effect, whereas, 

significant bacterial ki l l ing can be observed at a HCO3' concentration greater than 50 

mM. One immediate question that follows is whether the prostate can secrete such high 
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concentrations o f HCO3". The answer is yes since the mean pH often observed in 

prostatitis is 8-8.3 (Meares EM, 1990; Wagenlehner FM, 2005), which, according to 

Henderon-Hasselbalch equation, is equivalent to over 90 m M HCO3". This high 

concentration o f HCO3", as demonstrated in the present study, is able to significantly 

reduce bacterial activity. The previous experiment by Tang X X in our lab demonstrated 

that HCO3 does so by elevating bacterial cAMP levels, presumably through its well-

established sensor soluble adenylyl cyclase (Chen Y, 2000), thereby suppressing the 

bacterial initiation factors genes, which are known to participate in the process of protein 

biosynthesis in 五.coli (Gualerzi. C. 0，1990; Gri l l S, 2001). IF1 could stimulate IF2 and 

IF3 activities and act as a protein factor for the stabilization of the initiation complex 

that is essentia! for cell viability (Cummings, H.S., 1994). The observed suppressing 

effect o f HCO3" on these initiation factors is consistent with its bactericidal activity. 

The bactericidal effect o f HCO3" could be explained by its presently demonstrated 

ability to induce an increase in cAMP in the bacteria since activation of cAMP has been 

reported to suppresse protein synthesis in bacteria (Kaul R, 1990). Of note, the 

expression o f sAC, a distinctive form of adenylyl cyclase, in bacteria is well documented 

(Beeler JA, 2004; Jeroen Roelofs, 2002) and its role as a HCO3" sensor has been reported 

to induce cAMP increase in a number of cell types including lung, sperm (Xie F, 2006; 

Sayner SL，2006). Taken together, HCO3" may exert its bactericidal effect by acting on 

sAC to induce increase in cAMP production, which in turn suppresses protein synthesis 

and thus reduces the viability o f bacteria. While most previous studies have implicated 

HCO3" in bacterial ki l l ing either by altering pH (Corral L.G, 1988) or increase the 

susceptibility o f bacteria to antimicrobial peptides (Dorschner RA, 2006). In the present 
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study, we have demonstrated a direct bacterial ki l l ing effect of HCO3" through cAMP 

dependent pathway. Together with the demonstrated CFTR and CAI I upregulation, 

therefore enhanced prostatic HCO3" secretion, upon bacterial infection, the present 

finding suggests a host defense mechanism against bacterial infection in the prostate. 

The long observed alkaline shift in pH in prostatitis turns out to be physiologically 

important. Of note, it has been reported that the pH in bacterial prostatitis is significantly 

higher than the nonbacterial prostatitis (Chandiok S, 1992). In fact, this could be the 

reason why a surprisingly low prevalence of bacterial prostatitis, only 5-10%, is found 

among all cases of prostatitis (Schaeffer AJ, 1981). We suspect that considerable 

number of cases of bacterial infection would be gone unnoticed because of the enhanced 

CFTR-mediated HCO3" secretion upon bacterial infection. Consistent with this notion, 

the present study found that when low CFU of E coli was inoculated to the prostatic cell 

culture, no bacterial activity was found after 18 hours incubation, indicating the 

bactericidal capacity o f the prostatic epithelial cells. However, this bactericidal capacity 

is greatly attenuated by treatment with CFTR inhibitor or antibody. Taken together, the 

present finding has revealed a previously undefined role of CFTR and its mediated 

prostatic HCO3" secretion in the host defense against bacterial infection. The present 

findings may have implications beyond prostatitis since CFTR is expressed in a wide 

variety of tissues where bacterial infections are readily contracted. For example, patients 

with cystic fibrosis, a genetic disease caused by CFTR mutations, frequently present 

with chronic lung infection but the exact cause remains obscure. In light of the present 

finding, this may now be explained by possible defect in the secretion of bacterial kil l ing 

HCO3" due to CFTR mutations. 
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Although the present findings provide an explanation to the characteristic increase in 

pH in both bacterial and non-bacterial prostatitis, we have only elucidated its importance 

in bacterial prostatitis. It remains unclear whether the elevated HCO3" content or alkaline 

pH would be of any physiological significance in non-bacterial prostatitis, the most 

common and least understood form of prostatitis. Of note, it has been reported that 

cAMP is a key intracellular second messenger, which at increased levels has been shown 

to have anti-inflammatory and tissue-protective effects (Erdogan S, 2008). An increase 

in cAMP level during inflammation has been shown to inhibit the proinflammatory and 

tissue-destructive properties of leukocytes (Houslay M.D, 2003). It is therefore tempting 

to speculate that the enhanced CFTR-mediated prostatic HCO3" secretion is not only 

important for bacterial ki l l ing in bacterial prostatitis, but may also play a key role in 

non-bacterial prostatitis by increasing the cAMP level of immune cells to suppress their 

inflammatory responses. Interestingly, extracellular pH has also been suggested to play a 

role in modulating inflammation. For example, neutrophils have been reported to be less 

active at a pH of 7.4 than at a lower pH (Trevani AS, 1999). Therefore, both elevated 

HCO3" content or alkaline pH (as compared to a normal pH of 6.3 in the prostate 

observed in non-bacterial prostatitis may be important for suppressing inflammation. 

Further work is required to investigate these possibilities. 

In summary, the present study has elucidated the molecular mechanism underlying 

the long observed but unexplained characteristic alkaline shift in pH in prostatitis and 

revealed a previously undefined role of CFTR in host defense against bacterial infection 

in the prostate. The present findings also point to the possible role of the CFTR-

mediated HCO3" secretion in anti-inflammatory process. Further work along this line 
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wi l l not only confirm the diagnostic value of the characteristic pH increase in prostatitis 

but may also provide new strategies for the treatment of prostatitis. 
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Chapter 4 

CFTR as a tumor suppressor in prostate cancer 
development 

4.1 Summary 

Apart from its well-established ion channel function, CFTR has been proposed to 

either directly or indirectly impact various cellular functions including cell proliferation, 

apoptosis and differentiation. On the other hand, while the relationship between the 

CFTR gene and cancer risk has been investigated, the conclusion is still controversial. 

Moreover, the biological significance of CFTR in tumorigenicity is completely unknown. 

Therefore, functional characterization of CFTR with respect to its abilities to mediate a 

gain of oncogenic activity or loss of tumor suppressor function is urgently needed. 

In this part of study, we found that CFTR was down-regulated in aged rat prostate, 

and human prostate cancer cell lines and carcinoma specimen. Our gain and loss of 

function studies showed that knockdown of CFTR profoundly enhanced cell 

proliferation, cell adhesion, invasion and migration, while inhibited apoptosis in prostate 

cancer cell lines, overexpression of CFTR dramatically suppressed tumorigenic 

phenotype of cancer cells. More importantly, we demonstrated that forced 

overexpression of CFTR in prostate cancer cells and ultrasound-mediated gene transfer 

of CFTR inhibited xenograft tumor growth in vivo. 

Mechanistically, multiple mechanisms were identified to contribute to CFTR-

mediated tumor suppressive effects. Firstly, CFTR chloride channel function was 

implicated in the regulation of apoptosis in prostate cancer cells. Secondly, CFTR up-
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regulated the transcription level of miR-34a and miR-193b, both of which have been 

indicated as tumor suppressors in multiple cancers. Thirdly, 11 cancer-related genes 

were found to be up- or down-regulated by CFTR using PCR-array. A l l together, we 

propose that CFTR acts as a tumor suppressor, mutations or down-regulation of which 

may play an important role in prostate cancer through multiple underlying mechanisms. 

4.2 Introduction 

Prostate cancer is the most frequently diagnosed malignancy and the second leading 

cause of cancer deaths in men of USA and UK (Jemal A, 2007). One of the most 

troubling aspects of prostate cancer is that, after androgen ablation therapy, androgen-

dependent prostate cancer inevitably progresses to an androgen independent state, for 

which no effective treatment has been developed (Santos AF, 2004). Although several 

molecular pathways have been proposed to explain the pathogenesis of this disease, to 

date the mechanisms for the development and progression of prostate cancer remain 

largely unknown. 

Recently, ion channels have been implicated in cancer development including 

prostate cancer (Mariot P, 2002; Vanden Abeele F, 2003; Prevarskaya N, 2007). By 

providing the fluxes of essential signaling ions, perturbing intracellular ion 

concentrations, regulating cell volume and maintaining cellular pH, plasma membrane 

ion channels play important role in influencing cell fate decision (Prevarskaya N, 2007; 

Lang F, 2005). Prostate cancer cells are also known to express a variety of plasma 

membrane ion channels which are known to be critically involved in proliferation, 

differentiation, and apoptosis (Prevarskaya N, 2007). However, the role of anion 
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channels in prostate cancer development and progression has not been studied to any 

significant extent. 

The cystic fibrosis transmembrane conductance regulator (CFTR) is a cAMP-

regulated anion channel capable of conducting both CI" and HCO3", which is expressed 

in epithelial cells of a wide variety of tissues including the prostate. Mutations in CFTR 

gene cause cystic fibrosis (CF), a common autosomal recessive disease with a wide 

range o f severity and manifestation (Rowe SM, 2005; Riordan JR，2008). In addition to 

its well-established ion channel function, CFTR has been proposed to play a key role in 

the maintenance of epithelial cells homeostasis that either directly or indirectly impact 

various cellular functions, including cell proliferation (Gallagher AM，2001)，apoptosis 

(Barriere H, 2001) and differentiation (Skowron-zwarg M, 2007). Disruption of these 

processes may result in abnormal tissue growth or even cancer. 

Interestingly, improved life expectancy among patients with CF has unmasked a 

significant increase in the incidence of malignancies. For example, a 30 year follow-up 

study showed that the risk o f malignancies amongst CF patients clearly increased with 

age and peaked after the third decade of life (Sheldon CD, 1993). It has even been 

suggested that defective CFTR should be added to the growing list of genes conferring 

an increased susceptibility to cancer. Despite all these observations and predictions, the 

physiological significance o f CFTR and possible underlying mechanisms in 

tumorigenicity are completely unknown. 

In chapter 3，we demonstrated the role o f CFTR as a well-known anion channel in 

the host defense of the prostate. Here the functional role of CFTR in prostate cancer was 

investigated. Our preliminary results showed that CFTR expression in rat prostate 
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decreased remarkably during aging and it negatively regulated cell growth in prostatic 

epithelial cells. These results promoted us to speculate on its possible involvement in the 

pathogenesis of diseases associated with the aging prostate such as prostate hyperplasia 

or prostate cancer. We hypothesized that CFTR may play an important role in prostate 

cancer development. To test this hypothesis, we first examined the expression of CFTR 

in human prostate adenocarcinoma lesions as well as human prostatic cell lines. Then we 

examined the biological functions of CFTR in prostate cancer development by gain and 

loss of function studies in prostate cancer cell lines. To confirm the observation in vitro, 

we performed the tumorigenicity in vivo model to assess the role of CFTR in prostate 

cancer development. In addition, the mechanisms underlying the tumor suppressor effect 

of CFTR were further elucidated. 

4.3 Materials and Methods 

4.3.1 Testosterone treatment in castrated rat 

The adult 12-week-old male SD rats weighed between 250 and 350 g were used in 

the present study. In brief, the male rats were castrated under anesthesia and kept under 

stable condition for one week. From the seventh day, testosterone diluted by sesame oil 

was subcutaneously injected into the back of rats at 10 mg/kg body weight for 10 days 

and the rats o f control group were injected with sesame oil only. The rats were killed by 

CO2 and the ventral lobes of prostate obtained from each rat were weighted. The tissue 

was then frozen in liquid nitrogen and subjected to the gene expression study. 

4.3.2 Testosterone treatment in prostate epithelial cells in vitro 
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Rat prostate epithelial cells were cultured in 35mm culture dishes as described in 

chapter 3 section 3.3.2. Stock solutions of testosterone were prepared freshly in 100% 

ethanol and, added to the medium at a final concentration of 1 f iM with a final ethanol 

concentration not exceeding 0.02% (v/v). Control cell cultures were treated with 

medium containing 0.02% ethanol. In these experiments culture media were changed 

daily. 

4.3.3 Prostate cancer cell line culture 

The PC-3, DU-145, LNCaP cell lines were obtained from the American type culture 

collection (ATCC, Rockville, Maryland, USA). The prostate cell lines are briefly 

outlined below: 

The PC-3 cell line is derived from a bone metastasis of a grade IV prostatic 

adenocarcinoma from a 62 year old male. PC-3 cells are adherent and epithelial like in 

morphology. The cell line is androgen insensitive and is highly tumorigenic. 

The DU-145 cell line is derived from a brain lesion of a patient with metastatic 

prostate carcinoma and a history of lymphocytic leukaemia. DU-145 is an adherent cell 

line with an epithelial morphology. The cell line is tumorigenic in nude mice where it 

forms tumors consistent with the primary prostate cancer originally described. The DU-

145 cell line is androgen insensitive. 

The LNCap cell line is an androgen sensitive cell line. It is originated from a prostate 

carcinoma and is derived from the left supraclavicular lymph node metastatic site. It is 

an epithelial cell line that is adherent in nature. 
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PC-3 and Du-145 cell line were grown in Dulbecco's modified Eagle's medium 

(DMEM)/F12 supplemented with 50 unit/ml penicillin-streptomycin and 10% v/v fetal 

bovine serum (FBS). LNCap cell line was grown in RPIM-1640 medium supplemented 

with 50 unit/ml penicillin-streptomycin and 10% v/v FBS. The cells were incubated in a 

humidified incubator at 37°C, in 5% C02 . 

4.3.4 In vitro transaction 

4.3.4.1 Knockdown of CFTR using ribozyme transgenes 

The hammerhead ribozyme was first discovered as a self-cleaving domain in the 

RNA genome of different plant viroids and virusoids (Forster and Symons, 1987). Soon 

thereafter, it was demonstrated that the hammerhead motif could be incorporated into 

short synthetic oligonucleotides and transformed into a true, multiple turnover catalyst, 

suitable for cleaving in trans a variety of RNA targets (Uhlenbeck, 1987; Haseloff and 

Gerlach, 1988). A l l hammerhead motifs share a typical secondary structure consisting of 

three helical stems (I, I I and III) that enclose a junction characterized by several 

invariant nucleotides (i.e., the 'catalytic core'). In most trans-acting hammerhead 

ribozymes, helix I I is formed intramolecularly by the catalyst, whereas helices I and I I I 

are formed by hybridization of the ribozyme with complementary sequences on the 

substrate. The best triplets in terms of cleavage rates were found to be AUC, GUC and 

UUC (Figure 4.1). 

For the CFTR knockdown system, hammerhead ribozymes were designed based on 

the secondary structure of CFTR (Figure 4.2) using the Zuker RNA mFold program 

(Zuker, 2003), targeting at a specific GUC or AUC site. Three separate designs were 
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used. The ribozymes were generated by touch-down PCR with the primers as in Table 

4.2. The ribozymes were then cloned into the pEF6/V5-His vector (Invitrogen™) 

(Figure 4.3A). Plasmids DNA were prepared using Mini Plus or Midi Pus Plasmid DNA 

Extraction Ki t (Viogene). For knock down experiments, 1 fig DNA was transfected into 

cells by Easyjet Plus electroporator (EquiBio, Kent, United Kingdom). 

4.3.4.2 Overexpression of CFTR in vitro 

For overexpression experiments, pEGFP-C3 vector system (BD Biosciences, 

Clontech) was used (Figure 4.3B). The GeneBank Accession was # U57607.The 

pEGFPC3 plasmid expressing wild-type CFTR was kindly provided by Professor Tzyh-

Chang Hwang (University of Missouri-Columbia). For pEGFP-CFTR vector, the CFTR 

was cloned into Ava I sites (Figure 4.3C). To transform the constructs into bacteria for 

large scale DNA production, we transform DH5a E.coli and plate transformants on LB-

kanamycin plates. The cells were transfected with 2 DNA and 7^1 Lipofectamine 

2000 reagent (Invitrogen). In order to obtain the maximum transaction efficiency, cells 

were seeded onto culture dish with DNA: liposome complex pre-loaded in medium. 

4.3.4.3 Establishment of Stable clones 

For pEF6/V5-His clones, the prostate cells PC-3 and DU145 were selected in full 

medium containing 5jxg/ml Blasticidin S for 2-3 weeks and then later were routinely 

cultured in a maintenance medium containing 0.5p.g/ml Blasticidin S. Cell lysates were 

collected for RT-PCR or western blot to check for the expression of CFTR. 
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For pEGFP-C3 clones in prostate cancer cells, the transfected cells were selected in 

full medium containing G418 (Calbiochem, Schwalbach, Germany) at 800 |iig/ml for 

LNCap cells and 500 (4.g/ml for PC-3 cells. Fresh medium containing G418 was changed 

every three days. After 2-3 weeks of selection, G418 resistant cells growing in single 

colony were isolated. Cells raised from a single colony were then transferred to a 12-

well plate for expansion. Confluent cell in 12-well plate was transferred to 6-well plates 

and allowed to grow until confluence. Cell lysates from every single clone were 

collected for western blotting to check for the expression of the transfected gene. The 

expression of gene cloned in the pEGFP-C3 vector was confirmed by RT-PCR or 

western blotting using anti-CFTR antibody. Stable cell lines were then maintained in 

500|ag/ml G418 for LNCap cells and 300 jig/ml for PC-3 cells for subsequent study. 
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4.3.5 Western blot 

Western blot was performed as described in chapter 2 section 2.3.3. Antibodies used 

were listed in chapter 2 Appendix A. 

4.3.6 MTS proliferation assay 

The growth rate of cells was measured using the CellTiter 96 MTS Aqueous One 

solution cell Proliferation assay (Promega) at the indicated time points. This assay is 

based on the bio-reduction of 3-(4,5-dimethylthiazol-2-yl)-5- (3-carboxymetho 

xyphenyl)-2-(4-sulfop henyl)-2H-tetrazolium by metabolically active cells to form a 

product, in the presence of phenazine methosulfate, that is soluble in tissue culture 

medium and can be measured by spectrophotometry. The quantity of the formazan 

product is directly proportional to the number of living cells in culture. In brief, 3,000 

cells in 200|il o f normal medium were seeded into each well of a 96-well plate. 

Following the appropriate incubation period, the medium was removed and lOOul of full 

medium and 20 of MTS reagents was added and the plate was incubated for 2 hours 

at 37°C. Intensity at 490 nm was measured. For MTS proliferation assay, each time 

point was set up with at least three wells and each experiment was duplicated. 

Cell growth was presented as percentage increase and calculated by comparing the 

absorbance obtained for each incubation period using the following equation: 

Percentage increase = (day 3 or 5 absorbance) — day 0 absorbance / day 0 absorbance 

Within each experiment at least four duplicate wells were set up and the entire 

experiment protocol was repeated three times. 
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4.3.7 Induction of apoptosis by UV and H2O2 

Prostate epithelial cells were plated on 35mm culture dishes for one week. The cells 

were exposed to a range of UV dose (0, 1,5, 10 mJ/cm2) using CL-1000 ultraviolet 

crosslinker (UVP). Twenty-four hours later, the cells were harvested. Cleaved caspase-3 

antibody was used for in vitro caspase-3 activation assay. 

Prostate cancer cells were seeded at a density of lx lO 5 cells in culture flask (for flow 

cytometry) or over-slips in culture dishes (for TUNEL assay) and treated with the H 2 0 2 

for 2h. Morphological changes were observed using a phase-contrast microscope. 

Estimation of the percentage of apoptotic cells by flow cytometry analysis was carried 

out as described as section 4.3.9.2. DNA fragmentation was evaluated by TUNEL using 

in situ cell death fluorescein kit (Roche Diagnostics). 

4.3.8 TUNEL and Hoechst staining 

Chromatin fragmentation was assessed by using a fluorescent TUNEL technique 

(terminal deoxy-transferase-mediated dUTP FITC nick-end labeling; In Situ Cell Death 

Detection Kit , Roche, Indianapolis, IN, USA). Briefly, cells were fixed with 4% 

paraformaldehyde, rinsed with phosphate-buffered saline (PBS), and incubated with 

terminal deoxy-terminal transferase and FITC-dUTP. Cells were then counterstained 

with DAPI and incorporated fluorescein and DAPI staining visualized by fluorescence 

microscopy. 

4.3.9 Flow Cytometry 

4.3.9.1 Cell cycle analysis 
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For cell cycle analysis, cells were seeded in culture flask and grown for 24 hours. 

The cells were washed twice with ice-cold PBS and then harvested. The cells were then 

resuspended in 1 ml lxPBS. Ethanol fixation was then performed by adding 3 ml of cold 

absolute ethanol to the cell suspension gently. The cells were fixed at 4°C for 1 hour. 

After fixation，the cells were washed twice with lxPBS and stained with 1 ml of 

Propidium Iodide (PI) (20 p,g/ml) staining solution with RNase A (lO^g/ml) at 370C for 

20 min. Flow cytometry was then performed by using BD FACSCalibur System (BD 

Biosciences). 

4.3.9.2 Apoptotic flow cytometry 

Annexin-V conjugated with fluoresceine isothiocyanate (Annexin V-FITC) and PI 

staining kit (BD Biosciences) was used to detect living and apoptotic cells using flow 

cytometry. The cells were seeded in culture flask and grown for 24 hours. The cells were 

then cultured in 0.8 m M H2O2 for 2 hours and then harvested and washed twice with 

lxPBS. The cells were then resuspended in lm l l x binding buffer and stained with FITC 

Annexin V (BD Biosciences) and PI according to manufacturing protocol. Living cells 

were negative for Annexin VFITC and PI. Early apoptotic cells were detected after 

binding with Annexin V-FITC. Flow cytometry was then performed using BD the 

FACSCalibur System (BD Biosciences). A l l experiments were performed at least in 

triplicates. 

4.3.10 Measurement of intracellular pH in PC-3 cells 

The method o f intracelluar pH measurement in PC-3 cells was performed as 

described in chapter 2 section 2.5.1. In pH measurement, the rate of pH recovery was 
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expressed as ApH/min, which was obtained from the ratio of two wavelengths (490/440) 

in the initial 100-200 sec of pH change. 

4.3.11 In vitro tumor cell Matrigel adhesion assay 

The ability of tumor cells to adhere to an artificial Matrigel basement membrane was 

examined using an in vitro Matrigel adhesion assay. The 96-well plate had been pre-

coated with Matrigel (5fig/well, BD Matrigel™ Basement Membrane Matrix) and air 

dried in an oven to form an artificial basement membrane. This membrane was then 

rehydrated in 100^1 o f serum free medium for 40 minutes before cell seeding. After 

rehydration, 4x 104 cells were seeded in 200JJ.I o f normal medium and incubated for 40 

minutes. Following incubation, non adherent or loosely attached cells were washed o f f 

using 150^1 PBS. Adherent cells were then fixed in 4% formaldehyde (v/v) for 5 

minutes before being stained in 0.5% crystal violet solution (w/v) in distilled water. The 

remaining adhered cells were then visualized under the microscope and random fields 

counted. A t least 4 random fields per well were counted and a minimum of 4 duplicate 

wells were set up per sample, the experimental procedure was repeated three 

independent times. 

4.3.12 In vitro tumor cell motility assay 

Cellular moti l i ty was assessed using a cytodex-2 bead motility assay. Cells ( l x lO 6 ) 

for each cell type were incubated with growth medium containing lOO^il of cytodex-2 

beads(Pharmacia, Piscataway, New Jersey) for 4 hours to allow the cells to adhere to 

the beads. The beads were washed twice in 5ml of normal growth medium to remove 
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non-adherent or dead cells. After the second wash the beads were resuspended in lm l of 

growth medium. Two hundred microlitres of this solution was then added to a 24 well 

plate containing a further 800|_il of normal medium and incubated overnight. Following 

incubation, any cells that had migrated from the cytodex-2 beads and adhered to the base 

of the well were fixed in 4% formaldehyde (v/v) for 5 minutes, stained with 0.5% crystal 

violet (w/v) and counted, fol lowing removal o f cytodex-2 beads through several 

extensive washes with PBS. A t least 4 random fields were counted per well and 4 

duplicate wells were set up per sample. The entire experimental procedure was repeated 

three independent times. 

4.3.13 In vitro tumor cell migration (wound healing) assay 

A wounding/migration assay was also used to assess the migratory properties of the 

prostate cancer cells. Cells were grown in a 24 well plate to reach confluence and the 

monolayer o f cells was scraped with a fine gauge needle. After wounding the cells were 

given 15 minutes to recover. The 24 well plates were placed on a heated plate (Lecia 

GmbH, Bristol, UK) to maintain a constant temperature of 37°C. The closure of the 

wound via the migration of cells into the wound was tracked and recorded using a CCD 

camera attached to a Lecia D M IRB microscope (Lecia GmbH, Bristol, UK) and a time-

lapsed video system (Panasonic, Japan) over a 90 minute period. The tape was played 

back and images saved at 0，15, 30，45，60，75 and 90 minute time points. Cell migration 

was measured using Optimus 6 motion analysis software. The distance that the wound 

fronts had migrated into the wound at each time point could then be determined by 

subtracting the distance between the two fronts at any given time point from that at the 
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initial 0 minute experimental start point. The experimental procedure was repeated for 

three independent times. 

4.3.14 In vitro tumor cell Matrigel invasion assay 

The invasive capacity of the cells used in this study was determined using an in 

vitro Matrigel invasion assay. This assay measures the cells ability to degrade and 

invade through an artificial basement membrane and migrate through 8fj.m pores. The 

major components of matrigel includes laminin, collagen type IV, proteoglycans, matrix 

degrading enzymes and several growth factors. At room temperature, Matrigel 

polymerizes to produce biologically active matrix materials resembling the basement 

membrane which provides a suitable ECM environment for studies of cancer cell 

invasion in vitro. 

The working Matrigel solution was made up in serum free medium to a 

concentration of 50jag per lOOjil, added to the inserts and allowed to set in a drying oven. 

Once dried, these inserts were placed into sterile 24 well plates to rehydrate for 

approximately 40 minutes. Once rehydrated, the serum free medium was removed and 

lm l of normal medium was added to the well containing the insert in order to sustain 

any cells that may have invaded through the insert. A total of twenty thousand cells 

were added to the transwell inserts over the top of the artificial basement membrane. 

The plate was then incubated for 72 hours at 37°C, 5% CO2 and 95% humidity. After 72 

hours, the inserts were removed from the plate and the inside of the insert was cleaned 

thoroughly with tissue paper. Any cells which had invaded through the membrane and 

passed to the underside of the insert were fixed in 4% formaldehyde (v/v) in PBS for 5 
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minutes before being stained in 0.5% crystal violet solution (w/v) in distilled water. 

These cells could then be visualised under the microscope and random fields counted. 

At least 4 random fields per insert were counted and duplicate inserts were set up for 

each test sample. The experimental procedure was repeated for a minimum of three 

times. 

4.3.15 Soft agar anchored independent assay 

Cells (2 x 104) were mixed with 0.3% soft agar in DMEM/F12 medium 

supplemented with 10% FBS at around 37°C to 40oC, and immediately seeded on a 

layer of 0.7% agarose layer in 6-well plates. After 14-21 days incubation at 37°C and 5% 

CO2 for 2—3 weeks, colonies were stained with 0.01% crystal violet and colony 

formation was evaluated by counting the number/frequency of colonies containing more 

than 20 cells. Assays were performed in triplicates. 

4.3.16 Xenograft experiment in nude mice 

Tumorigenicity of CFTR knockdown cells were investigated by tumor xenograft 

experiments. The athymic female nude mice of 4-6 weeks old were provided by the 

Laboratory Animal Service Center (LASEC), the Chinese University of Hong Kong and 

maintained in filter-topped units. A l l experimental procedures were under ethical 

approval by Animal Research Ethics Committee of the university. Approximately 100 |iil 

suspension of CFTR knockdown or overexpressed cells and the same amount of vector 

control cells (about 2 x 106 in 2.0 mg/ml Matrigel) was injected subcutaneously. 5 mice 

were injected with saline as a sham control. The mice were monitored by measuring 
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tumor growth and body weight. The mice with tumor size larger than lcm in any 

dimension were terminated. Tumor formation in nude mice was monitored over about 4 

week period. Tumor weight to body weight ratios was measured. 

4.3.17 Ultrasound-mediated gene transfer of CFTR gene-loaded microbubbles into 

the tumor 

Nude mice were used in the experiment. Under anaesthesia, about 2 x 106 prostate 

cancer cells PC-3 were subcutaneously injected into the animals. The tumors were 

allowed to grow to less than 0.5 cm in any dimension before following CFTR gene 

transfer mediated by ultrasound-microbubble technique. The plasmid peGFPC3 and 

peGFP-CFTR for injection were prepared using the EndoFree plasmid kit (Qiagen Inc., 

Valencia, CA) according to the manufacturer's instructions. To achieve CFTR transgene 

expression in tumor, the ultrasound-microbubble-mediated system was applied. Briefly, 

after mixing peGFPC3 or peGFP-CFTR with sulphur hexafluoride microbubbles 

(Bracco Imaging B.V., Switzerland) at a ratio of 1:1 (v/v), the mixed solution containing 

200 ^g o f plasmid in 200 \i\ was injected into the vein of tail. Immediately after 

injection, the ultrasound transducer was directly applied to the tumor site and a 

continuous-wave output was applied for a total 5 minutes. The same procedure would be 

repeated once a week for about 2-3 weeks. At the end of the experiment, the animals 

were sacrificed and the tumor tissues were collected for further analysis. 

4.3.18 RT-PCR 
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RT-PCR was performed as described in chapter 2 section 2.3.2. Primers used were 

listed in Table 4.2. 

4.3.19 Real-time PCR 

Total RNA was extracted using Trizol and 400 ng total RNA was further transcribed 

to cDNA with I X PCR buffer, 0.5 m M dNTP, 0.5 \ iM random hexamers (Applied 

Biosystems), 5 m M MgCl2，0.02 \ iM DTT and 3 units M - M L V reverse transcriptase 

(Life Technologies, Cergy Pontoise). Dilutions of the cDNA were used for real-time 

quantitative PCR (5' fluorogenic nuclease assay) using Perkin-Elmer's ABI Prism 7700 

Sequence Detector System. Reaction mixtures are I X Taqman Universal PCR Master 

Mix, 50 nM Forward primer, 50 nM Reverse primer, 200 nM RNA probe (VIC™). A 

SI8 rRNA probe and primers were used as an endogenous control gene (SI8 control kit, 

Ferkin-Elmer). PCR conditions were: 2 min 50°C, 10 min 95°C and 40 cycles of 15 sec 

950C, 1 min 60°C. The PCR assays were performed in separate tubes and relative 

quantitation of the mRNAs was performed using the standard curve method according to 

the manufacturer's instructions (PE Applied Biosystems, User Bulletin 2: AB I PRISM 

7700 Sequence Detection System). Primers for the qPCR used in the present study were 

not provided by AB I Company. 

4.3.20 TaqMan real-time PCR for Micro RNA 

RNA was isolated from the cells using the TRIZOL reagent. The expression of 

mature microRNAs was assayed using TagMan MicroRNA Assays (Applied Biosysterns, 

Foster City, CA, USA) specific for has-miR-34a and has-miR-193b and RUN48. Real-
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time PCR was performed using the TaqMan Gene Expression Master Mix (Applied 

Biosystems) and the A B I 7500 Fast real-time PCR machine. RUN48 was used as an 

endogenous control. A l l TaqMan PCRs were performed in triplicates. 

RNA from stable transfectant was extracted using TRIzoI reagent (Invitrogen). RNA 

was dissolved in DNase/RNase free ddH20. RNA concentrations were measured by 

Nanovue Spectrophotometer (GE Healthcare). 

RNA was converted into PCR template with RT2 First Strand Kit and then combined 

the template with RT2 SYBR Green qPCR Master Mix. Add equal aliquots of the 

mixture to each well o f Human Cancer PathwayFinder PCR array plate (SABiosciences, 

QIAGEN) containing the predispensed gene-specific primer sets, and perform PCR. 

4.3.22 Statistical analysis 

Statistical analyses were performed by Prizm 5.0 software. Results were expressed 

as means ± S.E.M, and Student's unpaired r-test was used for 2 groups of statistical 

analysis. P value <0.05 was considered statistically significant. 

4.4 Results 

4.4.1 Age-dependent CFTR and CAII expression in rat ventral prostate 

Many changes, both morphological and biochemical would take place during aging 

or prostate development process. We examined rat prostates of different ages from 10 

days to 210 days. RT-PCR and real-time PCR were used to detect the mRNA expression 
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of CFTR and carbonic anhydrase I I (CAII) in rat ventral prostate of different ages. In 

chapter 3，we reported the expression of CFTR was upregulated along with CAII in the 

inflammation o f prostate, so here in addition to CFTR, we also examined the expression 

of CAI I during aging. Figure 4.4 showed that the mRNA and protein expression of 

both CFTR and CAI I was decreased remarkably with increase in the age. 

Immunohistochemical studies showed that CFTR was localized in the apical plasma 

membrane of rat prostate epithelial cells while CAI I was localized in the cytoplasm of 

epithelial cells (Figure 4.5). The expression of both CFTR and CAI I was dramatically 

decreased in prostate tissues of older rats. The findings provide us a hint to study the 

possible involvement of CFTR in age-related processes, i.e. the loss of CFTR 

physiological function could cause some diseases which are associated with advancing 

age such as BPH and prostate cancer (Sampson N, 2007). 

Circulating androgens, particularly testosterone, are known to play important roles in 

prostate growth. During aging, the testosterone levels were decreased. To mimic the 

process of aging, we manipulated testosterone level by castration to study how androgen 

regulates prostate growth and gene expression of CFTR and CAII. In the present study, 

the castration-induced regression and testosterone stimulated re-growth of the rat ventral 

prostate and corresponding CFTR and CAI I expression were studied. Two weeks after 

castration, the total prostate weight was markedly decreased. Within 7 days after 

subcutaneous (s.c.) injection with lOmg/kg testosterone, the total weight of prostate was 

normalized (Figure 4.6A). The mean ratio of wet weight of the ventral prostate to body 

weight was listed in Figure 4.6B. It showed that following castration, there was a 

significant decrease in the expression of CFTR and CAII at mRNA level as assessed by 
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RT-PCR; however the subsequent administration of testosterone restored the expression 

of CFTR and CAI I to a normal level (Figure 4.6C). We then investigated whether 

addition of testosterone to the culture medium could also up-regulate the expression of 

CFTR and CAI I in vitro. The results showed that the transcription level of CFTR and 

CAI I was up-regulated remarkably after adding 2 |aM testosterone to the medium 

(Figure 4.6D) for 24h in the cultured prostate epithelial cells. These data indicated that 

the expression of CFTR and CAI I could be up-regulated by androgen in vivo and in vitro. 

4.4.2 Inhibition of CFTR promotes cell growth and suppressed apoptosis in rat 

primary prostate epithelial cells 

In an attempt to explore the physiological significance of CFTR in prostate epithelial 

cell behavior, we first used rat primary culture of prostate epithelial cells to investigate 

whether CFTR is involved in cell growth, determined by MTS cell proliferation assay. 

The results showed that when treated with 10 CFTRinh-172, the survival rate of 

prostate epithelial cells was significantly higher than that of control cells on day 3 and 

day 4 (Figure 4.7). Proliferating Cell Nuclear Antigen, commonly known as PCNA is a 

marker of cell proliferation in early G1 phase and S phase of the cell cycle and a nuclear 

protein involved in DNA synthesis and repair. Immunofluorescence detection of PCNA 

was evaluated in prostate primary epithelial cells with and without CFTRinh-172. The 

results showed that there were a significantly higher number of cells expressing PCNA 

after CFTRinh-172 treatment (Figure 4.8), These results indicated that blocking CFTR 

promoted cell proliferation in vitro in prostate primary epithelial cells 

117 



Then, we induced cell apoptosis by UV radiation and compared the expression level 

of activated caspase-3 in cells with or without CFTRinh-172. UV radiation has multiple 

cellular targets that trigger different signaling cascades leading to apoptosis. We 

determined the UV dose to be 1 mJ/cm2 to stimulate the cell apoptosis response. 

Caspase-3 has been identified as a key mediator of apoptosis in mammalian cells. It was 

reported that U V radiation could trigger activation of caspase-3 (Zhan Q, 2002), which 

was verified in rat prostate epithelial cells by western blot (Figure 4.9). Interestingly, 

pretreating cells with CFTRinh-172 could block UV-induced activation of caspase-3 in 

rat prostate epithelial cells. 

4.4.3 Reduced CFTR expression in human prostate cancer samples 

The reduced expression of CFTR in aged prostate and the inhibitory role of CFTR in 

cell growth prompted us to speculate that CFTR might be involved in the development 

of age related diseases such as prostatitis and prostate cancer. Thus, we set up to 

determine the expression of CFTR in human prostate cancer samples. Due to the fact 

that clinical samples used for RNA and protein extraction were a result of 

homogenisation of biopsied tissues, it is difficult to distinguish the source (normal 

epithelial, cancer) o f the CFTR mRNA transcript and protein level, so we conducted 

immunohistochemical staining in normal and malignant prostate tissues which could 

clearly indicate the localization of CFTR protein in human prostate tissue. The results 

showed that CFTR was strongly expressed in the normal prostate tissue and its 

localization was mainly confined to the ductal epithelium. In tumor tissue，however, 

CFTR protein levels were dramatically reduced or absent in the prostate cancer cells, 
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particularly in specimens with higher Gleason scores (Figure 4.10) indicating its role in 

the development and progression of prostate cancer. 

4.4.4 The expression of CFTR in prostate cell lines 

The expression o f CFTR was examined in six prostate cell lines using conventional 

RT-PCR. PC-3, DU-145, LNCaP were cancer cell lines, whereas PZHPV-7, PNT-1A 

and PNT2-C2 were immortalized prostatic epithelial cell lines. CFTR presented at 

relatively low levels in prostate tumor cells, compared with normal prostate epithelial 

cells. This would indicate that in solid human tumors, CFTR exists at lower levels 

(Figure 4.11). 

4.4.5 Functional studies of CFTR using prostate cancer cell lines 

4.4.5.1 Generation of CFTR stable knock-down and overexpression cells 

Functional genomic studies rely on gain-of function or ioss-of -function models. To 

prepare for the functional studies of CFTR, knockdown and overexpression clones of 

CFTR were made. 

As shown by RT-PCR, western blot and immunofluorescent staining, PC-3 and 

DU145 cells transfected with the CFTR ribozyme transgene exhibited markedly reduced 

level of CFTR expression compared with wild-type or vector control cells (Figure 4.12). 

In addition, RT-PCR, real-time PCR and western blot confirmed the significantly 

increased expression level of CFTR in LNCap and PC-3 CFTR over-expressed cell lines 

using peGFPC3 vector system (Figure 4.13). 
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4.4.5.2 The effect of CFTR on tumorigenic phenotype of prostate cancer cells 

4.4.5.2.1 CFTR suppresses cell growth in prostate cancer cells in vitro 

To assess whether knockdown or overexpression of CFTR would influence the cell 

growth in prostate cancer cells. Our results showed that CFTR knockdown significantly 

increased the growth of PC-3 and DU145 cells in vitro. The cell growth rate of PC-

3CFTRrib2 and DU145CFTRr,b2 after a 3 or 5 day incubation period is much faster than wild-

type and vector control transfected cells (Figure 4.14A，B). Meantime, CFTR over-

expression significantly decreased the growth of LNCap and PC-3 cells in vitro from 

day 3 and 5 onwards (Figure 4.14C, D). Taken together, these results indicated that 

CFTR could inhibit cell growth in prostate cancer cells in vitro. 

4.4.5.2.2 Effect of CFTR on cell cycle progression and apoptosis 

To investigate the underlying mechanisms of how CFTR influences ceil growth, we 

studied cell cycle progression and apoptosis in CFTR over-expressed cells and CFTR 

knockdown cells using flow cytometry. 

Overexpression of CFTR causes G2/M arrest in LNCap cells 

Decrease in proliferation could be resulted from cell cycle arrest. To further 

elucidate the results from cell growth, the cell cycle profiles of CFTR overexpressed 

cells were analyzed by flow cytometry (Figure 4.15 A, B，E). The results showed that 

LNCappeGFP"CFTR cells showed a significant G2 arrest (23.5 士 0.3% G2) when compared 

to LNCappeGFPC3 control (18.0 士 0.4 % G2) (p<0.0001). Meanwhile, the population of S 

phrase of LNCappeGFP"CFTR cells was 17.5 土 0.6 % which was significantly lower than 

that in LNCappeGFPC3 cells (27.6 士 1.6 % S) (p<0.01). These results demonstrated that a 
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greater percentage of CFTR-overexpressing LNCap cells accumulated in G2/M, but with 

reduced number in S phase compared to the control; however there were no significant 

changes in the Gl /S progression or the G2/M phases of PC-3CFTRrib2 cells when 

compared to its vector controls (Figure 4.15C, D, F). 

CFTR promotes both basal and hydrogen peroxide (H202)-induced apoptosis 

To investigate whether the inhibitory effect of CFTR on the growth of prostate 

cancer cells involves apoptosis, we determined the proportion of apoptotic cells in CFTR 

knock-down and overexpressed cells on basal and H202-induced condition, respectively. 

The propidium iodine (PI) staining and Annexin-V binding were used in cell apoptotic 

flow cytometry. Staining cells simultaneously with FITC-Annexin V (green 

fluorescence) and the non-vital dye propidium iodide (red fluorescence) allows the 

discrimination of intact cells (FITC-PI-), early apoptotic (FITC+PI-) and late apoptotic 

or necrotic cells (FITC+PI+). 

Results showed that the percentage of apoptotic cells of PC-3 1 cells was less 

than its vector control PC-3pEF/Hls cells 

in normal condition (Figure 4.16A), but there was 

no statistic significance which was due to the relatively large standard deviation. I f the 

cells were treated with 0.8mM H2O2 for 2 hrs, PC-3 CFTR knockdown group showed 

lower percentage of apoptotic cells than that of control group, with 9.9% in PC-3CFTRrib2 

group compared to 4.2 % in control group (Figure 4.16B). The data are summarized in 

Figure 13C .These data indicate that knockdown of CFTR has potent anti-apoptotic 

effect in PC-3 cells. In the CFTR over-expression cell line system, CFTR induced a 

significant increase in apoptotic cells. As shown in Figure 4.17A and 4.18A, in normal 

condition, the percentage of apoptotic cells of PC-3peGFP"CFTR and LNCappeGFP'CFTR group 
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was 32.7 士 0.4 % and 6.6 士 0.5 % which is much higher than PC-3peGFPC3 group (13.9 ± 

0.3 %) and LNCappeGFPC3 group (0.1 ± 0.01 %) Moreover, PC-3 and LNCap CFTR over-

expression group showed higher percentage of apoptotic cells compared with their 

control after 0.8 m M H202-treatment, respectively, i.e, 48.6 士 0.2 % Vs. 21.7 ± 1.2 %in 

PC-3 (Figure 4.17B) and 3.9 ± 0.1 % Vs. 1.1 ± 0.1 % in LNCap cells (Figure 4.18B). 

The data are summarized in Figure 4.17C and 4.18C. Taken together, these observations 

indicate that knockdown of CFTR protects cells against apoptosis while overexpression 

of CFTR promotes apoptosis in basal and hydrogen peroxide (H202)-induced condition. 

The TUNEL method is another common method to identify apoptotic cells in situ. 

Cleavage of genomic DNA during apoptosis may yield double stranded as well as single 

strand breaks (“nicks”)，which can be identified by labeling free 3'-OH terminal. In 

TUNEL analysis, fluorescently conjugated dUTPs are added to the 3 - O H groups of the 

DNA fragments, making the apoptotic cells visible by fluorescent microscopy. Results 

showed that in basal condition, there was almost no TUNEL positive cells in CFTR 

knockdown cells and their control cells, however after treated with 0.8 mM H2O2, PC-3 

and DU145 CFTR knockdown cells had a lower percentage of TUNEL positive cells, 

with 18.5% and 15.6% apoptotic cells compared to 82.5 % and 62 % apoptotic cells in 

control group, respectively (Figure 4.19). These data further indicate that knockdown 

CFTR has potent anti-apoptotic effect in both PC-3 and DU145 cell lines. 

4.4.5.2.3 CFTR impairs the adhesion ability of prostate cancer cells 

Cell adhesion is essential in all aspects of cell growth, cell migration and cell 
differentiation. The relationship between tumor cell adhesion to the extracellular matrix 
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(ECM) and metastasis formation is very intimate. In order to survive in the adverse 

extracellular-matrix microenvironment, the tumor cells would activate anti-apoptotic 

mechanisms. The enhanced cell-matrix interaction is critical in approaching tumor ceils 

to migrate in epithelial-mesenchymal transition (EMT). To investigate the effect of 

CFTR on the ability o f prostate cancer cells to adhere to the extracellular matrix, we 

used the in vitro cell-matrix adhesion assay. Knockdown of CFTR exhibited a 

significant promotion effect on cell-matrix adhesion of the cells. The number of 

adhesion cells for PC-3CFTRr,b2 and DU145CFTRrib2 was 197.0 士 7.5 and 227.2 ± 19.2 

respectively, compared with wi ld type and vector control cells which was 114.2 士 13.8 

for P C - 3 w t , 81.2 土 8.2 for PC-3pEF/Hls, 125.8 士 12.3 for DU145WT and 131.4 士 15.0 for 

d u 1 4 5 P H F / H , s ( F i g u r e 4 20 A, B ) . 

As CFTR appeared to promote apoptotic effect, we would like to investigate the 

cell-matrix interactions in CFTR over-expressing cells. It showed that LNCap CFTR 

over-expression group had much lower number of attached cells, with 6.6 ± 1.2 in 

LNCappeGFP"CFTR group compared to 21,2 士 3.4 in peGFPC3 control group (Figure 

4.20C). Moreover, the number of attached cells lnPC-3peGFP"CFTR group was 45.6 士 7.0, 

which is much lower than PC-3peGFPC3 (96.2 士 8.8) (Figure 4.20D). The results 

demonstrated that CFTR significantly impaired the adhesion ability o f prostate cancer 

cells, possibly through inhibition of cell-matrix interaction. 

4.4.5.2.4 CFTR impairs the motility of prostate cancer cells 

During invasion and metastasis, cancer cells move within tissues by their motility. 

Coupled with proteolysis, cell motil ity provides a basis of tumor cell invasion and 
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endothelial cell formation o f capillary generation during angiogenesis. Cell migration 

involves multiple processes that are regulated by various signalling molecules (Ridley 

AJ, 2003) .We also examined the effect o f CFTR on cellular motility using the 

cytocarrier based cell moti l i ty assay and in vitro migration/wounding assay. In CFTR 

knockdown cells, cell moti l i ty was significantly increased in PC-3GFTRrlb2 and 

DU145CFTRrib2 cells (Figure 4.21 A, B). The number of migrating PC-3CFTRr,b2 cells was 

468.0 士 44.8 compared wi th 274.2 士 37.9 for PC-3WT cells and 277.2 士 53.6 for PC-

3PEF/H1s c e l I g (p<o.05). The number o f migrating DU145CFTRr,b2 was 260.0 士 14.7 

compared wi th 150.3 土 15.8 for DU145W T and 146,0 土 10.1 for DU145pEF/H,s (p<0.01). 

Furthermore, the number o f migrating cells o f LNCappeGFp-CFTR cells and PC-3peGFP'CFTR 

cells was 17.7 ± 1 . 8 and 49.7 土 6.9. It was significantly lower than control vector 

LNCappeGFPC3 cells (44.7 士 4.3) and PC-3peGFPC3 cells (137.0 士 16.8), p<0.01 (Figure 

4.21C, D). 

In the wounding assay, we also found that the motil i ty was increased significantly in 

PC-3 wi th CFTR knockdown. CFTR knockdown cells showed a significantly increased 

cellular migration compared with control. There was a significantly increase in migrated 

distance for PC-3CFTRrib2 cells 60 minutes after wounding (Figure 4.22). The average 

distance migrated over 90 minutes for P C-3C F T R r ! b 2 cells was 29.5 士 5.4jxm versus both 

P C - 3 w t (12.0 士 4 .4牌)and PC-3pEF/Hls (18.7 士 1.1脾)，p<0.05. These data demonstrated 

that knockdown o f CFTR could increase the motil ity o f prostate cancer cells. 

4.4.5.2.5 CFTR inhibits prostate cancer cell invasion in vitro 
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To examine possible role of CFTR in suppressing cancer invasion, an in vitro 

matrigel invasion assay was performed. The results revealed that there were significant 

changes in the invasion potential of the CFTR knockdown or over-expressed cells. 

Invasion was increased significantly after knockdown of CFTR and the number of 

invading cells for PC-3CFTRnb2 was 213.0 士 20.8 compared to 117.7 士 8.8 for PC-3pEF/Hls 

(p<0.05) (Figure 4.23). In contrast, forced expression of CFTR in the prostate cancer cell 

line resulted in a dramatic reduction in the degree of invasion. The number of invading 

cells for LNCappeGFp-CFTR and PC-3peGFP'CFTR was 6.7 士 1.8 and 77.3 士 9.2 compared to 

47.3 士 6.2 for LNCappeGFPa cells (p<0.01) and 188.3 士 11.9 (p<0.01) for PC-3peGFPC3 

cells (Figure 4.24), respectively. The data suggested that the presence of CFTR 

suppresses or limits the invasive nature of prostate cancer cells. 

4.4.5.2.6 Knockdown of CFTR enhances anchorage independent growth 

Anchorage-independent growth is a hallmark of transformed cells which lose their 

contact inhibition, while most normal epithelial cells are anchorage dependent. The 

process of anchorage-independent growth of cancer cells in vitro is considered a key 

feature of tumor phenotype, particularly with respect to metastatic potential (Gupta OP, 

2006). A soft agar anchorage-independent growth assay was used to study the effect of 

CFTR in tumor transformation in vitro. Cells were seeded in soft agar to mimic 

anchorage-independent growth conditions. Results showed that knockdown CFTR in 

PC-3 cells could increase the number of colonies formed in soft agar when compared to 

its corresponding control, with an average 80 colonies/well in PC-3 CFTRrib2 cells while 5 

colonies/well in PC-3pEF/H,s group (Figure 4.25). These data have shown that CFTR 
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impaired the ability of anchorage independent growth and knockdown of CFTR may 

contribute to increase tumor transforming properties. 

CFTR inhibits tumor growth in vivo 

To further evaluate the tumorigenic effect o f CFTR knockdown in vivo, PC-3CFTRr,b2 

cells and vector control cells were subcutaneously (s.c.) inoculated into athymic nude 

mice. Four mice were included in each group. The growth rate of tumors was monitored 

and tumor sizes were measured 4 weeks after inoculation. As shown in Figure 4.26A, 

the tumor-to-body ratios o f tumors after injecting PC-3CFTRnb2 cells were 0.88 士 0.08 % 

compared with 0.50 士 0.13 % for that o f PC-3pEF/His (p<0.05). The CFTR knockdown 

group demonstrated higher tumor-to-body ratio, suggesting that knockdown CFTR in 

prostate cancer cells promoted the tumor growth in vivo. 

The effect o f CFTR in tumorigenicity was further investigated using CFTR 

overexpression cells. PC-3peGFPC3-CFTRand vector control cells were subcutaneously (s.c) 

inoculated into athymic nude mice. The tumor-to-body ratios o f tumors after injecting 

p c_3peGFPC3-cFTR ⑶ ^ w e r e Q 53 士 0 Q 9 % c o m p a r e d with 1.40 士 0.33 % for that of PC-

3peGFPC3 (p<0.05) (Figure 4.26B). The CFTR overexpression group demonstrated 

significantly slower tumor growth than the vector control group. In contrast, using 

immunohistological staining of CFTR and a proliferation marker PCNA in paraffin-

fixed tumor sections，we found a strong staining for CFTR and a significantly lower 

proliferation rate in pc-3peGFPC3"CFTR mice compared to those of PC-3peGFPC3 mice. 

Ultrasound-mediated gene transfer of CFTR attenuated the tumor growth in vivo 
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Next, we investigated whether forced overexpression of CFTR in prostate tumor in 

vivo would result in reduced tumor formation, we directly transfer CFTR containing 

plasmids to the tumor of athymic nude mice mediated by ultrasound-microbubble 

technique. The results of the pilot experiments suggested that CFTR can be effectively 

transfected into the tumor in vivo by this technology. As shown in Figure 4.27, the size 

of tumor treated with peGFP-CFTR DNA was remarkably smaller than that of tumor 

treated with control DNA. The results indicated that gene transfer of CFTR could 

attenuate the tumor growth in vivo. 

4.4.6 Possible mechanisms underlying tumor suppressive effects of CFTR 

The current functional results indicate CFTR as a tumor suppressor gene in prostate 

cancer; however the possible mechanisms by which these processes occur are still 

unclear. In the following study, we aimed to elucidate the underlying mechanisms of 

CFTR in the regulation of tumorgenic phenotype in prostate cancer cell lines. 

4.4.6.1 CFTR as an ion channel to modulate apoptotic activity 

CI" channel has been suggested to potentiate cell apoptosis by mediating 

intracellular acidification (Lagadic-Gossmann D, 2004; Kumar S, 2007). To further 

identify the potential influence of CFTR as a CI channel, we first determined the 

channel function of CFTR in pH, regulation in prostate cancer cell lines. We treated the 

PC-3 cells with CFTRinh-172 and evaluated the change of pH, by BCECF loading. The 

PC-3 calibration curve was shown in Figure 4.28A. As shown in Figure 4.28B, C, the 

pH, was increased when the cells were treated with CFTRinh-172 for 24 h. The pH, of 

cells after adding CFTRinh-172 was 7.72 士 0.13 which was higher than that in basal 
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condition (7.56 士 0,12). Although there was no statistic significance between these two 

groups, the slight change of pHj indicates CFTR function is required for maintaining 

adequate intracellular acidification in prostate cancer cell lines, which has been 

implicated in mediating apoptosis in various cellular systems. 

On the other hand, CI" channels have also been suggested to correlate closely with the 

onset of apoptosis, through interaction with Bcl-2 family of proteins, both in vitro and in 

vivo (Poulsen, K. A., 2010; Elble, R. C. 2001). To investigate whether CFTR is involved 

in mediating the changes in ion fluxes such as CI" that ultimately lead to apoptosis, we 

observed the effect of extracellular CI" on apoptotic responses in the presence or absence 

of CFTR. Western blot analysis of anti-apoptotic protein Bcl-2 was used to identify the 

changes in apoptotic activities. It seemed that in normal condition, the expression level 

of Bcl-2 in PC-3pEF/Hls and PC-3CFTRrib2 cells was almost the same (Figure 4.29A). 

However, when the PC-3pEF/H,s cells were treated with 0.8mM H2O2，chloride depletion 

in the media strikingly enhanced apoptotic response as demonstrated by a marked 

decrease o f Bcl-2. On the contrary, chloride depletion did not have significant effect on 

H202-induced apoptosis in PC-3CFTRrib2 cells (Figure 4.29B). These results showed that 

the changes in apoptotic activities in response to changes in extracellular CI" were 

abolished when CFTR is inhibited or down-regulated. The observed enhanced apoptosis 

and down-regulation of Bcl-2 in the CFTR-expressing cells on H 2 0 2 treatment promoted 

us to speculate that the chloride-transporting function of CFTR might contribute to its 

proapoptotic effect, similar to that of other reported chloride channels. 
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4.4.6.2 CFTR regulates the transcription level of miRNA-34a and miRNA-193b in 

prostate cells 

Recently miRNAs have been implicated in the regulation of various biological 

processes which are deregulated in cancer cells such as proliferation, apoptosis and 

differentiation (Kloosterman WP，2006; Hermeking H, 2010). Specifically, both miR34a 

and miR193b have been characterized as tumor suppressor in various human cancers. In 

this part o f the studies, we determined the expression of miR34a and miR193b in both 

normal and malignant prostate epithelial cells. We first compared the expression of miR-

34a and miR-193b after blocking the function of CFTR in the cultured rat prostate 

epithelial cells. Our results showed that when the cells were pretreated with 10 j iM 

CFTRinh-172 for 24 h, the expression of miR-34a was significantly reduced (Figure 

4.30A). Next we compared the transcription level of miR-34a and miR-193b in CFTR 

knock-down or overexpression cells. As showed in Figure 4.30B, a significantly higher 

amount o f miR-34a was observed in LNCaP cells expressing wild-type p53 compared 

with p53-null PC3 cells and p53-mutated DU145 cells. The expression of miR-34a and 

miR-193b was greatly reduced in PC-3CFTRrib2 cells and remarkably increased in 

LNCappeGFP"CFrR cells compared with their respective vector controls (Figure 4.30C, D). 

These results indicate that CFTR regulates both miRNA-34a and miRNA-193b 

expression in prostate cancer cell lines. 

4.4.6.3 Overexpression of CFTR Tumor suppressive signaling in CFTR 

overexpressed cells 
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Apart from its well-established ion channel function, CFTR has been implicated in 

modulating various cellular functions through multiple downstream pathways. In an 

effort to further elucidate the underlying molecular pathways through which CFTR 

regulates tumorigenic phenotype both in vitro and in vivo, we undertook Human Cancer 

PathwayFinder PCR array (SABiosciences，QIAGEN) to screen for the candidate genes 

that have been indicated in cancer development. Totally, 84 cancer pathway-related gene 

transcripts were profiled and compared in CFTR overexpressing or vector control 

LNCap cells 

As shown in Figure 4.31，we found there were 11 genes differentially expressed in 

CFTR overexpressing cells. Among the 11 genes, 9 genes were down-regulated while 2 

genes were up-regulated after overexpression of CFTR (Table 4.1). O f particular interest, 

8 out of the 9 genes that were down regulated by CFTR overexpression were related to 

cell invasion and metastasis in cancer，indicating that CFTR might play a critical role in 

the cancer progression. 
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Figure 4.4 The expression of CFTR and carbonic anhydrase II (CAII) in rat 
ventral prostate with different ages. RT-PCR (A), real-time PCR (B), and western blot 
(C) showed the age-dependent expression of CFTR and CAII in rat prostate. 
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Figure 4.5 Immunolocahzation of CFTR and CAII in rat ventral prostate with 
different ages. (A). Immunostaining for the CFTR (b) was detected in the apical 
surface of the epithelial cells of the rat ventral prostate. The negative control is showed 
in (a). (B). Immunostaining for the CAII (d) was detected in the apical surface of the 
epithelial cells of the rat ventral prostate. The negative control is showed in (c). 
Manification: x400 Bar= 20um 
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Figure 4.6 The effect of Testosterone on the expression of CFTR and CAII in 
prostate in vivo and in vitro. (A) The samples of rat ventral prostate in normal, 
castration and testosterone treated group. (B) Summarized data for the mean ratio of wet 
weight of the ventral prostate to body weight. (C) RT-PCR for the expression of CFTR 
and CAII in different groups in rats. (D) RT-PCR for the expression of CFTR and CAII 
in the cultured prostate epithelial cells after testosterone treatment. 
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Figure 4.7 The effect of C F T R i n h i b i t o r - 1 7 2 on the proliferation of prostate primary 
epithelial cells measured by MTS cell proliferation assay. The growth rate of prostate 
epithelial cells was significantly higher than control cells on day 3 and day 4 after 
pretreated with CFTRinhibitorl72. Data were presented by mean 士 S.E.M. Significance 
were calculated by t-test *p<0.05 and **p<0.01. 
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*P<0.05 

Figure 4.8 Immunofluorescence staining for proliferating cell nuclear antigen 
(PCNA) in prostate primary epithelial cells with and without CFTRjnhibitor-172. (A) 
Immunofluorescence detection of PCNA was evaluated in prostate primary epithelial 
cells with and without CFTRinhibitor-172 (><400 Bar= 20[xm). (B) A higher number of 
prostate primary epithelial cells treated with CFTRjnhibitorl72 were immunoreactive for 
PCNA. Data were presented by mean 土 S.E.M. Significance were calculated by t-test 
*p<0.05. 
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Figure 4.9 Expression of cleaved caspase-3 in prostate primary epithelial cells with 
and without CFTRj„hibitor-172 after UV radiation. UV radiation increased the 
expression of cleaved caspase-3 in prostate epithelial cells; however CFTRmh,bitor-172 
could block the UV-induced activation of caspase-3. 
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Figure 4.10 Immunohistochemical staining of human prostate specimens. Lett, 
normal prostate tissue 1 he CFTR protein was found to be stained in the normal prostate 
epithelial cells Right, prostate cancer tissue Staining of prostate cancer cells for CFTR 
was weakl} positive in the prostate tumor specimens when compared with the intense 
epithelial staining of the normal prostate tissues 
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Figure 4.11 Conventional RT-PCR for the mRNA levels of CFTR in 6 prostate cell 
lines. Relatively lower CFTR expression was revealed in prostate cancer cell lines 
compared to prostate epithelial cell lines. 
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Figure 4.13 Overexpression CFTR in LNCap and PC-3 cells. Overexpression of 
CFTR in LNCap and PC-3 cells. (A) Phase contrast image of LNcap cells 
overexpressing CFTR compared to vector control. Note the CFTR expressing cells 
displa\ed an elongated morphology with extended processes. The expression of CFTR 
in LNCap was analyzed hv real-time PCR (B, C) and western blot (D, E). For western 
blot, the whole cell lysate were probed with anti-C「rR (ACL-006) antibod>. P* tubulin 
was used as loadinu control 
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Figure 4.14 Proliferation studies of CFTR knock down and overexpression cells. (A, 
B) Knotkdow n of CFTR promotes the cell growth of PC-3 and Dnl45 cells (C, D) 
Oveie\piesMon of CFTR inhibits the cell growth of LNcap and PC-3 tells The growth 
rate was calculated as a percentage using the absorbance of da\ i as a baseline Error 
bars represent the S F M (n=6) Three independent experiments were done Significance 
were calculated b} t-test *p<0 05, **p<0 01 and ***p<0 00l versus empty plasmid 
control cells 
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Figure 4.15 Cell cycle profiles of CFTR overexpression and knock-down cells. Cells 
were seeded in culture flask before FACs analysis. DNA profiles were shown in Figure 
A-D. The cell population in G2 phase o f LNCappcCjl P"C1 IR cells significantly increased 
when compared to LNCapp山1 PCj control. Meanwhile, the population of S phase of 
LNCappLG1P"u IR cells was significantly lower than that in LNCap , x0hPC3 cells. No 
significant differences \\ere observed in PC-3 CFTR knockdown cells. The data were 
summarized in Figure F. F. (Data were presented b\ mean 士 S.E.M.. Significance were 
calculated b\ t-test **p<0 01; * " p < 0 . 0 0 0 l ) 
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Figure 4.16 knock-don n of CFTR inhibited both basal and H202 induced apoptosis 
in PC-3 cells using flow cytometry. Cells were seeded in culture flask before FACs 
analysis. Knock-down of CFTR inhibited the apoptosis in PC-3 cells on basal condition 
and H2〇2-induced condition (A, B). Summarized data was shown in Figure C. (Data 
were presented by mean 土 S.E.M.; Significance were calculated bv t-test *p<0.05) 
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Figure 4.17 Overexpression of CFTR enhances apoptosis in PC-3 cells using flow 
cytometry. Cells were seeded in culture flask before FACs anal>sis Overexpression ot 
CFTR sigmilcantK promoted the apoptosis in PC-3 cells on basal condition and H，0，-

lnduced condition (A, B) Summarized data was shown in higurt C (Data were 
presented b\ mean 土 S F M，Significance were calculated by t-tcst *p<0 05) 
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Figure 4.18 Overexpression of CFTR enhances apoptosis in LNCap cells using flow 
cytometry. Cells were seeded in culture flask before FACs analysis. (A) Overexpression 
of CFTR significantly promoted the apoptosis in LNCap cells on basal condition. (B) 
After treated by 0.8 mM Ĥ O：, there were more apoptotic cells in CFTR-overexpression 
cells.Summarized data was shown in Figure C. (Data were presented by mean 士 S.E.M.; 
Significance were calculated by t-test ***p<0.0001) 
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Figure 4.20 Adhesion assay of CFTR knock-down and overexpression cells. (A, B): 
Knockdown of CFTR increased adhesion of PC-3 and DU145 cells. (C, D): 
Overexpression of CFTR significantly decreased adhesion of LNCap and PC-3 cells 
using in vitro cell-matrix adhesion assa>. Experiments were performed in 6 wells per 
cell line. Error bars represent the S.E.M. Significance were calculated b\ t-test **p<0.01; 
***p<0.0001. 

I

 i

 1

 I
 

0
 o

 o

 o
 

5
 o

 5
 

1
 
1
 

J
d
^
u
l
n
u
 s
=
①
o
p
<
y
J

 ①
工

 p
<
 

\
l
/
 

o
 o

 o

 o
 

3
 2

 1
 

J
d
q
t
u
3
u
 s
l
l
a
o
T
3
0
」
3
q
p
^
 

i
a
q
i
u
 s
f
i
a
s

 p
*
J
M
t
p
<
 

4 7 



*p<0 05vsPC3cffH' 

0 U 1 4 S W T D U 1 4 5 p E F / H i s D u 1 4 5 C F T R n b 2 

**p<0 01 vs Du145 p E F / H , s 

pc-3peF/m» 

L N C a p p e G F P C 3 L N C a p p e G F P C F T R 

* * p < 0 0 1 " P < 0 D1 

PC-3 W T PC-3 pHF HIK PC-3 C'FTRiil)2 

Figure 4.21 In vitro motility assay of CFTR knock-down and overexpression cells. 
The effect of CFTR on cell migration was determined using a cytode\-2 bead motility 
assay. (A, B): The motility of PC-3U IRr,b2 and DU145CMR"W was markedly increased 
compared with plasmid control cells. (C, D): The motility of LNCappLt,rp"CFrR and PC-
3|X'Grp-ci Ir w a s mai"kedl> decreased compared with plasmid control cells. Experiments 
were done in 6 wells per cell Al l experiments were repeated 4 times. Error bars 
represent the S.E M. Significance were calculated by t-test *p<0.05; **p<0.0i. 
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B) 

0 15 30 45 60 75 90 
TaneOialinite) 

Figure 4.22 Migration assay of CFTR knock-down PC-3 cells. Knockdown of CFTR 
enhanced the migration of PC-3 cells using scratch wounding assa\ Migration was 
recorded b\ Time Lapse Imaging and migrated distances were measured 
Photomicrography of the front line of cells on 0 mm and 90 mm were shown in Figure A. 
Al l experiments were repeated 3 times. The movement abilitv was increased 
significantly in PC-3Cf lkNb2 cells compared with \vild-t>pe and empt\ plasmid control 
cells (B) Error bars represent the S.E.M. Significance was calculated b\ t-test, *p<0.05. 
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Transwell tumor cell invasion assay 

PC-3 pEF/His PC-3 CFTRrib2 

*P<0 05 

Figure 4.23 Invasion assay of CFTR knock-down PC-3 cells. The influence of CFTR 
knockdown on the invasiveness of PC-3 cells was determined b> using the in vitro 
invasion assay. The invasiveness of PC-3cf 1 k,,b2 cells did not show any significant 
difference from that control vector transfected cells. (Data were presented by mean 土 

S.E.M.; Significance were calculated by t-test *p<0.05) 
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l j P' “ “ f � \ i i| 旧 rr? 

聊 jFK i } I « JFP ( FTF 

PC 3 peGFPC3 PC 3 peGFP CFTR 

**p<0 01 

LNCap peGFPC3 LNCap peGFP CFTR 

” p < 0 01 

Figure 4.24 Invasion assay of CFTR overexpression LNCap and PC-3 cells. CFTR 
overexpression markedl) reduced the invasiveness of LNCap and PC -3 as compared to 
vector control after 72h incubation (A, B) (Data were presented b\ mean 土 S E M， 

Significance were calculated by t-test **p<0 01) 
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PC-3 pEF/His PC-3 CFTRrib2 

"p<0 01 

Figure 4.25 Colony formation assay of CFTR knock-down FC-3 cells. Cells were 
seeded in soft agar and the number of colonies was counted after 3 weeks. 
Representative images for formed colonies are shown in A. Knock-down of CFTR in 
PC-3 cells resulted in increase of colony formation when compared to PC- control 
(B). (Data were presented by mean 土 S.E.M.: Significance were calculated by t-test 
**p<0.0l) 
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pcGFPCB CFTR 

1 在 
厶 CFTR 

,J ( ； PCNA 
PC-3 peGFPC3 PC-3 peGFPCFTR 

(n=6) (n=7) 
*p<0 05 

P C - S p m i K s PC-3CFTRrt>a 
(np=4) (m4) 

Figure 4.26 Tumorigenicity of CFTR in vivo. Cells were intrasubcutaneously injected 
into nude mice Tumor weight to body weight ratios was calculated (A) Knockdown of 
CFTR significantly increased the tumorigenicity of PC-3 cells when compared to PC-
3p H H|S control (B) Overexpression of CFTR significantly decreased the tumorigenicity 
of PC-3 cells when compared to PC-3pa)l PC3 control The results from 
immunohisological staining showed that the decreased PCNA-positivc cells in paraffin-
fi\ed tumor sections of PC-3peG,"PCI IK compared to PC-3pLGrr'Cj groups (Data were 
presented by mean 士 S E M , Significance were calculated by t-test *p<0 05) 
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peGFPC3 

PC-3 tumor 

peGFPC3 peGFP-CFTR 

***p<0.001 

Figure 4.27 Ultrasound-mediated gene transfer of CFTR inhibited tumor growth. 
The size of tumor transfected with peGFP-CFTR plasmid was remarkably smaller than 
that tranfected with vector control. Data were presented by mean 士 S.[.M.: Significance 
was calculated by t-test ***p<0.001. 
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B) 
100129c-PC3-Ctl 

r 
1UUM tFTRinh 172 

u igo 細 aou 40a _ 6po wo BOO 

Time (sec) 

pH 
7 56 ±0 12 

PH 
7 72 ±0 13 

PC-3 basal 
(n=4) 

PC-3+CFTRinh-172 
(n=4) 

乂 y=1^422x-8.549 

R2^ 0.9917 

pH 

A) 
|)H c»Ubi atitm cui ve of PC-3 

Figure 4.28 Effect of CFTR i l lhlbi„H--172 on the intracellular pH in PC-3 cells. (A) The 
calibration curve with different pH of calibration solution converted to fluorescence 
changes. (B) Effect of C F T R m h , b i t o r - l 72 on the pHi in PC-3 cells. (C) The statistics of 
the calibrated pHi changes for basal control and C F T R — r - 1 7 2 treatment. Blocking 
CFTR using CF丁Rin|llbltor-l 72 could increase the pHi of PC-3 cells. Data were presented 
by mean 士 S.E.M. 
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A ) PC-3 pEF/His PC-3 CFTRnb2 

BCL-2 

p-tubulin 

.... .. . , 、'， -'、‘、- o 、 - 、 

- 、 - V ,： 、 
I • 歸 入 參 “ 
v#- j 二''、、：： ；:r - i、: . . ” 
_、： .. A 

Figure 4.29 Western blot analysis of the effect of H2O2 and extracellular CI on the 
expression of BCL-2 in the presence or absence of CFTR in PC-3 cells. (A) PC-
3pbF ll,s and PC-3 ”，一 cells expressed the same protein level of Bcl-2 in chloride-
containing solution. (B) After treated with H2O2, Bcl-2 expression was more 
significantly decreased in chloride-free solution compared to that in chloride-containing 
solution in vector control cells, whereas this difference was abrogated in CFTR 
knockdown cells. 
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PC-3 LNcap DU145 

國 LNcap peGFPC3 (ctl) 
B LNCap peGFP-CFTR 

miR193b miR34a 

…p<0 0001 

oo-
Control CFTRinh-172 

*p<0 05 
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• PC-3CFTRrib2 
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rmR193b mi34a 

* * *p<0 0001 

Figure 4.30 The expression of miR-34a and miR-193b in different prostate 
epithelial cells. (A) The expression of miR-34a was significantly reduced in cultured rat 
prostate epithelial cells after treating with 10 ]uM CFTRinh-172. (B) MiR34a was 
differentially expressed in PC-3, LNcap and DU145 cells depending on the p53 status. 
(C) The expression level of miR-34a and miR-193b transcript in pc_3CFrRnb2 was 
significantl> lower than PC-3pbl l l ls. (D) The expression level of miR-34a and miR-193b 
transcript in LNCappU P"CI IR cells was remarkably higher than LNCappo(,fpC3 cells. Data 
were presented by mean 士 S.E.M.; Significance was calculated b\ t-test, *p<0.05, 
* * * p < 0 . 0 0 1 
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Figure 4.31 Real-time PCR tor selected differentially expressed genes in CFTR 
overexpression LNcap cells. Gene expressions were compared by comparative AAct 
method and data were presented by fold change. Differentially expressed transcripts 
with p<0.05 and fold changc >1.5 were reported. Data were presented by mean 土 S.E.M. 
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Table 4.2 Primers for RT-PCR 

Primer name Sequence(5'^ 3') 

GAPDH 
Forward 

Reverse 

GAC CAC AGT CCA TGC CAT CAC TGC 

GCT GTT GAA GTC GCA GGA GAC AAC 

p-actin 
Forward 

Reverse 

ATG ATA TCG CCG CGC TCG 

CGC TCG GTG AGG ATC TTC A 

CFTR(rat) 
Forward 

Reverse 

AAC TGA GAC CTT ACG CAG 

AGA AGC TCT GGT CCT CTG 

CAI I 
Forward 

Reverse 

ATG ACC CTT CCC TAC AGC 

GGT CAC ACA TTC CAG CAG 

CFTR(human) 
Forward 

Reverse 

A A A ACT TGG ATC CCT ATG AAC 

GTG GGG A A A GAG CTT CAC 

CFTR 

(ribozyme2) 

Forward 

Reverse 

CTG CAG AGA AGG CAT A A G CCT ATG CCT ACT 
GAT GAG TCC GTG AGG A 

ACT AGT ACC CGG ATA ACA AGG AGG AAC GCT 
CTA TCG CGA TTT ATT TCG TCC TCA CGG ACT 
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4.5 Discussion 

In addition to its well-established ion channel function, CFTR has been proposed to 

either directly or indirectly impact various cellular functions, including cell proliferation, 

apoptosis and differentiation. Disruption of these processes may result in abnormal 

tissue growth or even cancer. In fact, improved life expectancy among patients with CF 

has unmasked a significant increase in the incidence of malignancies. A large cohort 

study in North American and European patients with CF found that although the overall 

risk o f cancer was similar to that o f the general population, there was a marked increase 

in risk of malignancies affecting the gastrointestinal tract, pancreas and hepatobiliary 

system (Neglia JP, 1995; Maisonneuve P, 2003; Wilschanski M, 2007), Moreover, 

individuals who were CFTR mutation carriers were found to be at an increased risk for 

young onset o f pancreatic cancer (McWill iams R, 2005). On the contrary, an inverse 

association between CF gene mutations and incidence of several cancers, such as 

melanoma (Warren N, 1991), breast cancer (Abraham EH, 1996), colon cancer (Padua 

RA, 1997), prostate cancer (Qiao D, 2008) and lung cancer (Li Y, 2010) has also been 

reported. The seemingly ambiguous results from these clinical correlation studies may 

be attributed to the differences in sample size, study design and various CFTR mutations 

included among individual studies. Thus, the issue o f CFTR variations in the etiology of 

cancer is still highly controversial. On the other hand, hypermethylation of CFTR 

promoter has been reported in both cancer cell lines and primary tumor samples (Ding S, 

2004; Bibikova M, 2006; Mishra DK，2010), indicating DNA methylation mediated 

transcription silencing o f CFTR may promote carcinogenesis. Taken together, functional 

characterization of CFTR with respect to its abilities to mediate a gain of oncogenic 
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activity or loss of tumor suppressor function is urgently needed to clarify the biological 

significance of CFTR in tumorigenicity. 

In the present studies, we found age dependent downregulation of CFTR in rat 

prostate which may be due to the decreased testosterone levels during aging. Moreover, 

inhibition of its channel function in primary cultures of prostatic epithelial cells 

enhanced cell proliferation and resistance to UV induced apoptosis, indicating CFTR-

mediated channel function is critical for maintaining normal cellular function in prostate 

epithelial cells, and therefore reduced expression of CFTR during aging should 

contributes to age-associated diseases, such as prostate cancer. This hypothesis was 

further supported by our finding that CFTR is downregualted in both prostate cancer cell 

lines and human prostate cancer specimen. Prostate cancer cell lines, which are 

commonly used as in vitro models，as well as for in vivo assessment of cancer 

progression, for both androgen-dependent (LNCap) and androgen-independent (PC-3 

and DU145) prostate cancer cells, were genetically modified and used to study the role 

of CFTR in prostate cancer development and progression. In the present study, we 

employed methods to genetically alter the expression of CFTR in prostate cancer cells, 

namely the ribozyme transgenes approach and overexpression approach, respectively. 

The results demonstrated that CFTR could inhibit cell growth and promote apoptosis in 

prostate cancer cells. The enhanced cell survival rate by knockdown of CFTR was 

through both promoting proliferation and anti-apoptosis mechanism. Moreover, CFTR 

could impair the adhesion, motility and invasion ability of prostate cancer cells which 

indicates that CFTR may play a key role in the control of the aggressiveness of prostate 

cancer, via the mechanisms yet to be identified. These results prompted us to propose 
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that CFTR acts as a putative tumor suppressor in prostate cancer. This notion is further 

supported by our in vivo results, in which prostate cancer cells overexpressing CFTR 

grew much slower while CFTR knockdown cells grew remarkably faster than their 

corresponding control cells. Furthermore the ultrasound -mediated gene transfer of 

CFTR in prostate tumors attenuated the tumor growth in vivo which indicated that CFTR 

gene transfection has a therapeutical potential effect for treatment o f prostate cancer. 

Although the precise molecular mechanisms responsible for the function of CFTR in 

prostate carcinogenesis are unclear, our studies have indicated that several distinctive 

pathways may be responsible for the biological function of CFTR protein. Firstly, CFTR 

modulates apoptotic response through its ion channel function in prostate cancer cells. 

The process o f apoptosis can be regulated by changes in extracellular and intracellular 

microenviornment, such as fluctuations in Cl_ concentrations and pH. Several CI" 

channels have been implicated in the regulation of apoptosis in a variety of cell types 

(Gottlieb RA, 1996; Hume, JR, 2010; Okada Y，2006). Among the proposed 

mechanisms accounting for the proapoptotic effect o f anion channels, cellular 

acidification have been demonstrated to trigger mitochondria apoptotic cascade 

involving Bcl-2 (Poulsen JH, 1994; Shen MR, 2002). We observed that the alteration in 

intracellular pH upon CFTR inhibition. We also investigated the effect of extracellular 

CI" on apoptotic responses in the presence and absence of CFTR. The H2C>2-mediated 

apoptosis is associated with a decrease in antiapoptotic protein Bcl-2. This phenomenon 

can be abrogated when chloride was removed from the extracellular media, indicating 

the H202-mediated apoptosis depends on chloride transport by CFTR, similar to other 

reported CI" channels. Meantime, as an ion channel, CFTR has another potential role in 
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regulating apoptosis through HCO3" dependent pathway, which could activate sAC as 

secondary responses to the primary changes in the ion fluxes (Kumar S, 2009). sAC has 

been suggested to control mitochondria-dependent apoptosis through cAMP-PKA 

pathway. In our present study, we did not investigate CFTR mediated HCO3 -dependent 

apoptotic activities，but its possible involvement warrants further studies. 

Secondly, CFTR upregulates miR34a and miR193b, both of which are tumor 

suppressors. We report for the first time that CFTR could regulate miR-34a and miR-

193b expression. Aberrant expression of miRNAs in cancer has been well documented 

and miRNA may function as oncogenes and tumor suppressors. p53 is a well known 

tumor suppressor that regulates various physiological process including cell growth, cell 

cycle arrest, DNA repair and apoptosis. miR-34 is a direct transcriptional target of p53 

and miR-34 activation can promote growth arrest and cell apoptosis in response to 

cancer related stress and loss of miR-34 impairs p53-mediated cell death (He L, 2007). 

We found that the expression levels of miR-34a were remarkably decreased in 

androgen-independent PC-3 (null p53) and DU145 (mutated p53) cells compared to 

androgen-dependent LNCap (wild-type p53) cells which suggested that miR-34a 

expression is dependent on the p53 activity in prostate cancer cell lines. In our study, the 

expression of miR-34a was remarkably increased in LNCappeGFP"CFTR cells which 

suggested that CFTR regulates cell growth or apoptosis through a p53-dependent 

pathway in LNcap cells; however the fact that down-regulation of CFTR in PC-3 cells 

which contain nonfunctional p53 pathway also led to down-regulated expression of miR-

34a suggests that CFTR can regulate miR34a expression through a p53-independent 

pathway. Besides miR-34a, we found that the expression of miR-193b was also 
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correlated wi th CFTR expression in prostate cancer cell lines. Knockdown of CFTR 

could significantly reduce the expression o f miR-193b, while overexpression o f CFTR 

up-regulated miR 193b. MiR-193b has been reported to repress cell proliferation and 

regulate cyclin D1 in melanoma (Chen J, 2010). In addition, it was reported recently that 

miR-193b functioned as a suppressor in breast cancer by targeting urokinase-type 

plasminogen activator (uPA) expression and inhibition o f miR-193b led to increased 

uPA expression (L i XF，2009). uPA is a serine protease which is responsible for 

catalyzing the conversion of the inactive zymogen plasminogen into the active plasmin 

proteinases. The enhanced activity o f uPA has been associated with regulating cancer 

cell moti l i ty, adhesion, invasion and metastasis by degrading the extracellular matrix 

proteins (Dass K，2008; Chapman HA, 1997; Gohji K, 1997). The effect o f CFTR on the 

transcription level o f miR-193b in prostate cancer cells and the reported relationship 

between miR-193b and uPA suggest that CFTR may regulate the development o f 

prostate cancer through uPA system. Although the exactly mechanism by which CFTR 

regulates the transcription level o f miR-193b and miR-34a requires further studies, the 

presently demonstrated potent effects of CFTR as a tumor suppressor indicate its 

therapeutic potentials for suppressing cancer invasion/ metastasis. 

Thirdly, CFTR regulates multiple cancer associated genes. We used Human Cancer 

PathwayFinder PCR array to elucidate the possible pathways involved in CFTR-

mediated tumor-suppressive function. Gene expression profi l ing provides novel insights 

into cancer-related traits. The results showed that among 11 differentially expressed 

genes, TWIST 1 showed the most significant change at transcriptional level after over-

expression CFTR. TWIST1, which belongs to the family o f basic helix-loop-helix 
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transcription factors, is suggested as an oncogene ( Maestro R, 1999). It was reported 

that TWIST 1 expression was found to be highly expressed in the majority of prostate 

cancers but only in a small percentage o f benign prostate hyperplasia (Wai Kei Kwok, 

2005). The increased TWIST 1 protein was positively correlated with Gleason grading. 

Moreover, it was reported that high levels of TWIST were associated with increased 

invasion ability in prostate and breast cancer cells and was identified to be essential for 

the metastatic process (Yang J, 2004). Hypoxia is a microenviromental factor which 

plays an important role in tumor progression. It was reported that TWIST could be 

activated by hypoxia inducible factor-1 (HIF-1) (Yang MH, 2008) and epithelial 

hypoxia could attenuates CFTR protein and function (Zheng W, 2009). In our study, 

overexpression of CFTR remarkably down-regulated the transcription level of TWIST 1 

up to 11.2 fold indicting that CFTR,，may regulate tumor progression through TWIST1 

signaling pathway. Besides TWIST 1，a number of genes have been identified to 

participate in the CFTR signaling pathway in prostate cancer cells such as CDKN1A, 

FGFR2, HTATIP2, IL8, ITGA1, MTSS1, THBS1, TNF, HPDR1 and VEGFA. Together, 

we have identified differentially expressed genes in CFTR over-expressing cells which 

might participate in controlling prostate tumorigenesis, further supporting our hypothesis 

that CFTR functions as a suppressor of prostate tumor by multiple mechanisms. 

Interestingly, in chapter 3, we reported the expression of CFTR was upregulated 

along with CA I I in the inflammation of prostate. The efflux of intracellular HCO3" 

catalyzed by CA I I was likely through prostate apical anion channel CFTR. In this part o f 

study, we found that in addition to CFTR, the expression of CAI I in rat prostate was also 

age dependent. Hypoxia and acidosis in the tumor microenviroment are critical in 
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driving tumor growth and metastasis. CAI I is the key intracellular pH regulators which 

may control tumor growth. It was reported that CAI I are significantly less expressed in 

non-small cell lung cancer (NSCLC) (Chiang WL, 2002) and colorectal tumors (Mori M, 

1993) but overexpressed in nervous system tumors (Parkkila AK, 1995) and pancreatic 

tumors (Parkkila S, 1995). Therefore the clear-cut relationship between the expressions 

of CAI I in normal and malignant cells and the possible interaction between CFTR and 

CAI I in prostate cancer development need to be further investigated. 

Taken together, the present study has for the first time, demonstrated a role of CFTR 

as a putative tumor suppressor in prostate cancer by both in vitro and in vivo functional 

studies. The newly identified tumor suppressive effects of CFTR may help to explain 

both the genetic and epigenic defects observed in multiple cancers. The potential usage 

of CFTR as a target for diagnosis, prognosis and treatment of prostate cancer warrants 

further investigation. 
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Chapter 5 General discussion 

In this study, the biological functions of CFTR in prostatitis and prostate cancer were 

investigated. The results showed that CFTR is involved in prostate HCO3" secretion and 

that enhancement o f CFTR-mediated HCO3" secretion in prostatitis has a direct role in 

host defense against bacterial infection. Furthermore, the present study also indicates 

that CFTR functions as a tumor suppressor in the development and progression of 

prostate cancer. 

The functions of CFTR in prostate health (pH modulation/Host defense/ human 

reproduction) 

CFTR is expressed in the prostate, however, the physiological role of CFTR in the 

prostate remains largely unknown. Normal human prostatic f luid has a pH value 

between 6.2-6.6 (Blacklock，1974). Citrate acid, acid phosphatase and some alkaline 

substances or ions such as HCO3" in the prostate are responsible for maintaining the pH 

of prostatic fluid (Kavanagh JP, 1982; Hassan MI , 2010). Apart from its well known 

conductivity for CI", CFTR has been shown to transport HCO3" across the membrane in 

response to cAMP in various systems (Collins FS, 1992). On the other hand, a variety of 

cAMP-evoking hormones and neurotransmitters such as adrenalin, prostaglandin E2 

have been shown to activate CFTR (Scheckenbach KL, 2010). In our study, we have 

demonstrated that CFTR can regulate HCO3" secretion, which neutralizes prostate fluid 

and provides an optimal pH environment in the prostate in physiological condition. In 

addition, HC03* is also important for the solubilization of macromolecules to prevent the 

aggregation of digestive enzymes and mucin (Quinton PM, 2008； Garcia MA, 2009). In 
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line with this notion, aberrant HCO3" secretion has been associated with the obstructive 

types of pancreatic diseases such as cystic fibrosis and chronic pancrititis (Cohn J A, 

1998). The main function of the prostate is to store and secrete prostate fluid that 

constitutes part of the seminal fluid. Usually after ejaculation the semen should liquefy, 

allowing the sperm to acquire motility. Therefore we speculate that in normal condition 

the physiological amount of HCO3" secreted by CFTR in prostate may participate in the 

process of liquefaction. Taken together, we speculate that in physiological condition, 

CFTR is responsive to cAMP activating hormones and factors，which subsequently 

mediates prostate HCO3" secretion and contributes to maintaining the homeostasis and 

function of the prostate. 

In chapter 3 we have demonstrated during bacterial infection, the increased levels of 

inflammatory cytokines could up-regulate the expression of CFTR and CAII in the 

prostate, thereby enhancing HCO3" secretion and leading to the characteristic pH 

increase in prostatitis. Inhibition of CFTR function results in reduced bacterial kill ing 

both in vitro and in vivo. Moreover, we have elucidated that the CFTR-mediated HCO3" 

secretion has a direct role in bacteria kill ing. Therefore, in this study, we have revealed a 

previously undefined role of CFTR in host defense against bacterial infection in the 

prostate. Importantly, the present findings also suggest the possible role of the CFTR-

mediated HCO3" secretion in anti-inflammatory process in nonbacterial prostatitis. 

In addition to the role of CFTR in host defense in the prostate, CFTR and its 

mediated HCO3" secretion in the prostate may also be vital to the fertilizing capacity of 

sperm. Clinically, infertility has been associated with prostate diseases, such as 

prostatitis, indicating the abnormality in prostate fluid could account for male infertility 
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(Giamarellou H,1984; Leib Z, 1994; Cunningham KA,2008). Extracellular pH is an 

important factor in the regulation of sperm physiology. An acidic pH (Parrish JJ, 1989) 

and low concentration of bicarbonate (Visconti PE, 1999) favor a non-capacitated state 

preventing premature acrosomal reaction. On the contrary, high concentration of HCO3* 

in the prostatitis could result in premature acrosomal reaction in sperm which eventually 

leads to abnormal sperm function. In the present study, we demonstrate that during 

prostate infection, HCO3" secretion is enhanced due to upregulation of CFTR, which 

might be responsible for the hallmark increase in pH observed in prostatitis. Therefore, 

while the normal concentration of HCO3" is very important to the fertilizing capacity of 

sperm, the abnormal increased HCO3" secretion mediated by CFTR during prostate 

inflammation may play a role in infection-induced male infertility. 

The function of CFTR in prostate diseases (prostate hyperplasia/ prostate cancer) 

The present study shows that during aging, the expression of CFTR in the prostate is 

decreased. Our finding in chapter 4 indicates that loss of physiologic function of CFTR 

could be associated with certain diseases related to advancing age such as prostate 

hyperplasia and prostate cancer. The results presented here have demonstrated for the 

first time that CFTR functions as a tumor suppressor in the prostate cancer development. 

Our claim is based on the following findings. (1) The expression of CFTR is reduced in 

both prostate cancer cell lines and primary prostate cancer samples. (2) Our gain and 

loss of function studies demonstrates that inhibition of CFTR function leads to enhanced 

tumorigenic phenotype, whereas overexpression of CFTR inhibits the tumorigenic 
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phenotype both in vitro and in vivo. (3) Mechanistically, CFTR modulates apoptotic 

response through its ion channel function in prostate cancer cells and both genetic and 

epigenetic mechanisms, which have been implicated in cancer development, have been 

identified as CFTR targets. 

Since CFTR mutations or hypermethylations have been reported in multiple cancers, 

we speculate a more general role of CFTR as a tumor suppressor in cancer. Therefore, 

besides prostate cancer, which is the main focus of this thesis, we have also studied the 

biological significance o f CFTR in breast cancer (data not shown). Interestingly, our 

results reveal that CFTR also functions as a tumor suppressor in breast cancer. More 

importantly, the expression of CFTR transcript in breast tumor tissues is inversely 

correlated with prognosis (according to the 10 years follow up cohort study done by our 

project collaborator -The research group of Professor Jiang WG in Cardiff University). 

Of note, the issue of correlation between CFTR mutation and incidence of breast cancer 

is highly controversial. One previous study claimed that deregulated CFTR was 

responsible for elevated blood ATP concentrations, which inhibited breast cancer growth 

(Abraham EH, 1996). However, another contradictory study reported the unexpected 

data showing that breast cancers bearing AF508 CFTR mutation were poorly 

differentiated tumors (Southey MC, 1998). Our cell line study and clinical data support 

the notion that CFTR acts as a tumor suppressor in prostate cancer and breast cancer. 

Of particular interest, in our study, we have demonstrated that overexpression of 

CFTR has therapeutic effects on prostate cancer, indicating the potential treatment 

strategy by manipulating CFTR expression and function. Genistein, one of the major 

soy isoflavone has been shown to suppress cancer through mediating Akt, NF-KB, 

171 



MMPs and Bax/Bcl-2 signaling which fulfi l ls its promise as a chemopreventive and 

therapeutic agent against human cancers (Banerjee S, 2008). Interestingly, it was 

reported that genistein could also activate CFTR by a direct interaction, probably at a 

nucleotide binding site which lead to a higher open probability (Weinreich F, 1997) and 

it may be used as a potential drug in treatment of CF (Wegrzyn G, 2010), this led us to 

speculate that genistein could exert its antitumor effects by upregulation of CFTR. 

Currently, we are testing this hypothesis in the lab. I f it is true, then it can further verify 

our finding about the role of CFTR in cancer development. 

Therefore, from the present results, we have demonstrated that in addition to its well-

established ion channel function, CFTR is predicted to be a tumor suppressor in cancer 

development. The insights provided by these studies wi l l not only advance our 

understanding of the role of CFTR and its possible signaling pathways involved in 

human prostate cells and prostate cancer progression but may also shed light into the 

molecular mechanism underlying cancer development involving ion channels in general. 

The findings of the current studies may also provide grounds for possible development 

of clinically useful diagnosis and treatment targets for prostate cancer, and for other 

cancers as well since CFTR is expressed in a wide range of epithelial tissues. 

Future studies: 

The present findings have provided a framework of the study on different biological 

functions of CFTR in prostatitis and prostate cancer development. However, more in-
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depth investigations on the underlying mechanisms leading to the observed phenotypes 

are required. There are several important questions remained to be answered. 

Firstly, it seemed that some cytokines were also elevated in non-bacterial prostatitis, 

the most common form of prostatitis. Since cytokines can up regulate CFTR, which can 

subsequently increase HCO3" secretion, what is the physiological function of the 

increased CFTR-mediated HCO3" secretion then? Apart from the role of HCO3" in 

bacterial prostatitis, it remains unclear whether the elevated HCO3" content or alkaline 

pH would be of any physiological significance in non-bacterial prostatitis. 

Secondly, how does loss or mutations of CFTR trigger its downstream signaling 

pathway in cancer cells? The results in chapter 4 suggested that CFTR could regulate the 

expression of miRNAs, however, the exact mechanisms by which CFTR regulates the 

transcription level of miR-34a and miR-193b and whether rescue the expression of these 

miRNAs in CFTR knockdown or overexpressed cells could reverse the biological 

phenotype in these cells require further studies. Moreover, It is still possible CFTR may 

communicate with other proteins or oncogene/tumor suppressor genes by other 

mechanisms. It would be interesting to study the molecular mechanisms leading to 

activation of CFTR-related signaling pathways. 

Thirdly, we found that CFTR was down-regulated in most prostate carcinoma 

specimen. However, we noticed that in a few cases, CFTR is only mildly downregulated 

in some tumor cells. The question of whether the CFTR expression is associated with 

cancer cell differentiation state needs to be further investigated. 
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Finally, our data showed that overexpression of CFTR could remarkably down-

regulate the transcription level of TWIST1 which had been shown to induce EMT and 

implicate in the regulation of metastasis. Further investigation of the relationship 

between CFTR and the well-known EMT signaling pathway such as TGF-|3 may provide 

some hints on the role of CFTR in cancer metastasis. It would also be interesting to 

know i f CFTR is involved in more early steps of tumor formation, such as 

immortalization and transformation. 

Conclusion: 

To conclude, the present studies have demonstrated the biological functions of CFTR in 

prostate health and disease. The results suggest that CFTR participates in host defense 

against bacterial infection in prostatitis and acts as a tumor suppressor in prostate cancer 

development which may have clinical implications in the treatment of prostatitis and 

potential application in diagnosis and prognosis of cancer. 
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