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ABSTRACT

Human prostate cell culture models for studies on prostate cancer

progression and chemoprevention

By

Salmaan Taher Abdul Quader

Prostate cancer is the leading cancer in men in the United States. Progress in

research on prostate cancer has been hindered due to a lack of well-

characterized human cell lines. This study presents characterization of five new

human prostatic epithelial cell lines that exhibit varying degrees of malignant

characteristics. These cell lines are unique because they are derived from the

same parent cell line RWPE-l. These cells were derived by stepwise

immortalization of normal prostatic epithelial cells followed by malignant

transformation. Characterization is based on morphology, cytoskeletal protein

expression, growth in monolayer, anchorage independent growth, response to

growth factors, invasive ability, and tumorigenicity. These cell lines display

different levels of malignancy with WPE-1-NA22 being the least malignant and

WPE1-N826 the most malignant. The other cell lines represent intermediate

stages in the process of malignant progression. This is the first prostate cell

culture model system where cell lines derived from the same parent cell line

display varying degrees of malignancy. The following sequence was determined

from the least to the most malignant: WPE-1-NA22, WPE-1-NBZ7, WPE-1-NB14,

WPE-1-NBI1, and WPE-1-N326. This family of cell lines can be used to



examine the molecular basis of the multi-step process of carcinogenesis and

tumor progression and has applications in the prevention and treatment of

prostate cancer.
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Introduction

Prostate cancer is the most common non-skin malignancy and the second

leading cause of cancer death among men in the United States (1). It is

estimated that 185,500 new cases were reported and 39,200 men died of the

disease in 1998 (1). Prostate cancer incidence increases with age and three-

fourths of all prostate carcinomas are diagnosed in men over the age of 65 (1).

Improved methods for detection, coupled with the large aging male population,

have contributed to increased prostate cancer incidence and heightened public

awareness of the disease in the United States (2). Approximately 11 million men

between ages 45 and 50 are believed to have latent, nonmetastatic carcinoma of

the prostate. It is predicted that this latent carcinoma will develop into metastatic

prostate cancer in one in ten men (3,4). The invasive potential of latent

carcinoma remains a mystery, as researchers and physicians are currently

unable to determine what causes latent carcinoma to develop into metastatic

disease and which cells are most likely to become malignant. This problem

makes prognosis of early stage prostate cancer difficult leaving physicians

unsure of how aggressively patients afflicted with the disease should be treated.

It is, thus, imperative to uncover information leading to the understanding of the

molecular events associated with prostate cancer progression. Such an

understanding at the molecular level would only be possible through in vitro



study. However, researchers currently lack the tools that would allow them to

explore this area of investigation.

In vitro research on prostate cancer progression has been made difficult

in the past due to a lack of suitable human cell models. The majority of human

prostate cancer cell models, currently in use, represent a highly metastatic state.

This is hardly surprising because most of them were derived from biopsy

specimens of metastasized prostate cancer (5). Therefore, these models provide

little information regarding the early events associated with prostate

carcinogenesis. Thus, it is imperative to establish cell models that more

accurately represent the early stages of prostate carcinogenesis and tumor

progression in order to gain a meaningful understanding of these processes.

Five such cell models have been developed in Dr. Mukta M. Webber’s

laboratory. The non-neoplastic human prostatic epithelial cell line, RWPE-1, was

treated with the chemical carcinogen, N—methyl-N-nitrosourea, giving rise to the

WPE—1-NA22, WPE-1-N827, WPE-1-NB14, WPE-1-NB11, and WPE-1-NBZ6 cell

lines. The primary objective of this study is the characterization of these cells to

establish their human prostatic epithelial origin.

These cell models may provide important clues for gaining a stronger

understanding of carcinogenesis at the molecular level. The understanding of

the molecular events associated with carcinogenesis will provide the knowledge

necessary for the discovery of chemical agents that will prevent cancer from

manifesting at an early stage. The application of chemical agents to this end is

termed chemoprevention. Chemoprevention, as defined by Sporn, “is the use of



pharmacological or natural agents that inhibit the development of invasive cancer

either by blocking the DNA damage that initiates carcinogenesis or by arresting

or reversing the progression of premalignant cells in which such damage has

already occurred " (6,7). The concept of chemoprevention, therefore, includes

the use of drugs to prevent development of preneoplastic lesions and their

progression to invasive cancer.
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Hypotheses

The main focus of this study is to develop and characterize tumorigenic,

human prostatic epithelial cell lines by transformation of the immortalized non-

tumorigenic cell line RWPE-1, with the chemical carcinogen, N-methyl-N-

nitrosourea (MNU). These cell lines are of varying degrees of malignancy and

mimic the early stages of cancer progression in vivo. The proposed hypotheses

are that:

1. The MNU-transformed cell lines are of prostatic epithelial origin.

2. The MNU-transformed cell lines exhibit characteristics of malignant epithelial

cells.

3. Although malignant, the MNU-transformed cell lines retain and express

differentiated functions of prostatic epithelial cells unlike currently used

malignant prostatic epithelial cell lines.

4. The MNU-transformed cell lines represent different stages of cancer

progression from early, non-invasive, latent carcinoma to late, metastatic

prostate cancer.



Part I

Literature Review



Chapter 1

The Normal Prostate



Abstract

The purpose of this chapter is to provide background knowledge of

structure, function and histology of the normal prostate. This will provide a frame

of reference when describing the changes that occur during carcinogenesis and

tumor progression and ultimately aid in the comparison of normal prostatic

epithelial cells with prostate cancer cells. In addition to providing information on

the development, structure and function of the prostate, this review will describe

the basal, secretory, and neuroendocrine epithelial cell types and the stem cell

population from which they are derived. The interactions that occur between the

epithelial and stromal compartments of the prostate will also be discussed. The

major growth factors associated with the human prostate, namely EGF, FGF, and

TGF-B will be described in the context of prostate growth regulation. The cellular

interactions and the balance between stimulatory and inhibitory growth factor

expression are of great importance in understanding the etiology of prostate

cancer.



Introduction

The etymology of the gland, known as the prostate, is from the Greek

word literally meaning “to stand in front of.” This designation was given over two

thousand years ago and is in reference to the location of the prostate in relation

to the bladder (1). Although the existence of the prostate has been known for

centuries, our understanding of the gland in regards to internal structure,

physiology and pathology has only recently been established.

Interest in the gland has been enhanced because of the high incidence of

prostate cancer during the last fifty years. This can be attributed to the

increasing population of aging males who are susceptible to diseases of the

prostate. In addition, introduction of new diagnostic and treatment options for

diseases of the prostate have also led to the recent interest in prostatic diseases.

Before embarking on a discussion regarding prostate cancer, it is

imperative to have a solid understanding of the development, structure and

function of the normal gland. This includes the zonal anatomy, the normal

histology, including the different cell types and their function, as well as growth

factors involved in the regulation of growth in human prostate epithelium.



Development, Anatomy and Function of the

Human Prostate

Development

The development of the prostate gland can be divided into four phases

from embryogenesis to adulthood: 1) during the early embryonic phase,

endodermally-derived epithelial cells from the urogenital sinus infiltrate and

proliferate within the surrounding mesenchymal tissue. Preprostatic epithelial

cells are divided into four subanatomic regions, each giving rise to a separate

and subanatomically defined component of the mature gland (2,3); 2) the late

embryonic/post natal phase is a period of morphogenesis and epithelial and

mesenchymal cell regression (2,3); 3) the infantile phase is often referred to as

the 'resting phase” lasting from the second post natal month to 10—12 years of

age. Although considered to be a resting period of relative inactivity, it is

hypothesized that molecular events that determine future phenotypes of

individual cell groups within the epithelium and stroma occur during this phase

(2.3) and 4) the period of pubertal maturation begins at about 12 years of age

and lasts until the age of 18. This phase is characterized by enhanced cellular

proliferation, differentiation and tissue morphogenesis (2,3). Following this

phase, the prostatic components are involved in a confinuous range of activities,

including cell proliferation, apoptosis, variable response to hormonal influences

and transdifferentiation, which persist through old age. The term

transdifferentiation denotes the process by which a cell type takes on

10



characteristics of cells of a different lineage. The next section explores the

structure of the adult human prostate.

Anatomy

The prostate is a walnut-sized gland that forms part of the male

reproductive system. It is located in front of the rectum and just below the

bladder and surrounds the urethra (Figure 1-1). The normal adult human

prostate weighs approximately 20 grams (5). The prostate is a compound

tubuloalveolar exocrine gland consisting of a large series of branching ducts that

enter the prostatic urethra (6). For many years the anatomy of the prostate was

described in terms of lobes in reference to its supposed lobular structure (5). In

recent years it has been demonstrated that this description arose from confusion

between the anatomy of the normal prostate and the prostate that has undergone

hyperplastic changes (5). Urologists often refer to midline and laterally projecting

nodules of benign prostatic hyperplasia (BPH) as middle and lateral lobes,

respectively (5). These “lobes,” however, exist only in BPH and are not

reference points of the normal prostate (5).

The most widely accepted concept, currently used to describe the

structure of the prostate, is expressed in terms of concentric zones as

established by McNeaI (7). McNeal, along with his collaborators, was the first to

systematically explore the entire adult prostate using serial sections through the

entire gland in multiple planes rather than transverse sections as was formerly

11



   
Seminal Vessicle

Figure 1-1: Diagram of the prostate gland in relation to the surrounding

organs. (From http://www.uro.comlprostate.htm, Copyright 1996,97,98,99

MedAtlantic Corporation/Intelligent Communications Corporation - All

Rights Reserved)



the common practice. Thus, in lieu of dividing the prostate into arbitrary lobes,

McNeaI identified zones that have morphologic, functional, and pathologic

significance (5). The prostatic urethra serves as an anatomic landmark defining

the zones since it makes contact with a specific portion of each zone (5). These

zones include the peripheral, central and transition zones (Figure 1-2) along with

the anterior fibromuscular stroma.

The peripheral zone in the normal prostate comprises the majority

(approximately 75%) of the glandular tissue. It extends around the postero-

lateral peripheral aspects of the gland from its apex to its base ( 1). It is a flat disk

of secretory tissue whose ducts branch out laterally on either side of the distal

urethra (5). Its histological appearance is characterized by small, simple, acinar

spaces lined by tall columnar secretory epithelial cells. The majority of prostatic

carcinomas arise in this zone (7).

The central zone comprises 25% of the glandular volume and is the

second largest component of the normal prostate. The ducts of the central zone

join the urethra at the bladder neck or verumontanum (5). The prostatic ducts

branch towards the base of the prostate and join their acinar Iobules. The central

zone surrounds the ejaculatory ducts and makes up the majority of the prostatic

base. Histologically the central zone is identified by the presence of relatively

large acini with irregular contours that are lined by cuboidal to low columnar

epithelium. Histological differences between the central and peripheral zones

suggest significant biological differences (7).

13



   
 

Figure 1-2: Schematic diagram of the zonal anatomy of the prostate. This

diagram displays the central, peripheral and transition zones of the prostate. The

preprostafic zone as described by McNeal would include the area designated by

the transition zone. The anterior fibromuscular stroma encompasses the entire

anterior surface of the gland (Kirby et al., 1996, Ref. #1).
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The preprostatic region is the smallest zone of the prostate comprising

only about 5-10% of the total volume. The term “preprostatic” is in reference to

the sphincteric function of this zone at the time of ejaculation to prevent the reflux

of seminal fluid into the bladder (5). The main component of this zone is a

cylindrical smooth muscle sphincter surrounding the entire preprostatic urethra.

This region includes the transition zone composed of a small group of ducts of

insignificant size and functional importance that make up less than 5% of the

normal glandular prostate. Although seemingly insignificant in size, this zone is

the exclusive site of origin of BPH (5).

The anterior fibromuscular stroma is nonglandular and of less importance

from functional and pathological perspectives, however, it makes up roughly one

third of the total tissue within the prostate capsule. It completely shields the

aforementioned zones from view and adheres tighfly to them and its fusion to

them makes gross dissection extremely difficult. This thick shield is considered

responsible for the delayed recognition of the anatomic features of the prostate

gland (7). The preceding sections have provided background on the

development and structure of the human prostate that is required before

examining the function of the gland.

Function

The main function of the prostate is to contribute to the fluid that helps

carry sperm produced by the testes. The fluid supplies nourishment to the sperm

and aids in making the vaginal canal less acidic, thus, allowing sperm to survive

15



in the environment. The physiological role of the prostate involves slow

accumulation and occasional rapid discharge of relatively small volumes of fluid.

A lesser-known function of the prostate is the transport of a variety of substances

initially from the blood transmurally (across epithelial basal cell membrane,

through the cell and out of the apical end) into the glandular lumen (6). This

secretion and transport occurs constantly and not only during ejaculation (6).

Studies by W.W. Scott proving the continuous output of basal prostatic fluid

without active ejaculation involved the collection of 24-hour urine samples of

young and old human males and females and the measurement of urinary acid

phosphatase (6). It was discovered that males past puberty displayed a threefold

increase in urinary acid phosphatase output compared to both same-aged

females and prepubertal males. This high urinary level was diminished to female

levels in males having undergone total prostactomies (6). Studies by Aumuller et

al. (2) proved that foreign compounds could also enter the prostatic fluid. This

study was done by injecting humans, intravenously, with the antibiotic rosamicin

and subsequently measuring the amount of the antibiotic in the prostatic tissue,

fluid, and blood serum (2). It was discovered that the ratio of the antibiotic in

prostatic tissue to blood serum was greater than one, thus indicating that the

prostate has the ability to concentrate rosamicin from the blood. Furthermore,

the ratio of the antibiotic in the prostatic fluid to blood was even more elevated

indicating that rosamicin was transported into the glandular fluid (6).

Comparative studies of basal prostatic fluid between populations of low and high

prostatic cancer incidence followed the studies described above with the hope of

16



identifying markers for the disease. These comparative studies gave rise to the

prostate specific antigen (PSA) screening method currently employed for the

early detection of prostatic disease. PSA is expressed by secretory epithelial

cells of the prostate, one of the cells types discussed in the following section.

Cell Types and Their Functions

The normal prostate is a highly complex tissue. Populations of epithelial

and stromal cells interact with one another under a constant state of proliferation,

differentiation, elimination and selective secondary replenishment so that

functional integrity and homeostasis in the tissue is maintained (3). Retention of

cells is necessary for the normal prostatic tissue to maintain its structure and

function. There are two primary mechanisms by which replacement of cells

occurs when lost: 1) mitosis within a population of undifferentiated or partially

differentiated cells, and 2) replacement by selective differentiation following

mitotic proliferation of a precursor stem cell population (3). Prostatic stem cells

give rise to three epithelial cell types that make up the prostatic epithelium:

secretory epithelial cells, basal cells, and neuroendocrine cells. Mesenchymal

stromal cells of the prostate interact with the epithelial cells aiding in epithelial

differentiation.

Typically, in glands with cell-regenerating populations, a steady-state flow

of cells exists from reserve, sedentary, stem cells to a more rapidly proliferating

transient population that eventually proceeds to the formation of mature,

nondividing, terminally differentiated secretory cells. These cells are then

17



programmed to undergo senescence and die. This generalized mechanism is

still poorly understood in the normal prostate (5).

Luminal Cells

Tall columnar secretory epithelial cells are the most common cell type in

the prostate gland. These cells are easily distinguished by their morphologic

structure, enzymes and secretory granules that stain for prostate-specific antigen

(PSA), prostate acid phosphatase (PAP), and other enzymes. These secretory

cells are arranged next to one another in rows, are connected by cell adhesion

molecules and are attached at their base to a basement membrane via integrin

receptors. Characteristics of these cells include a basal location of nuclei just

below a clear zone of abundant Golgi apparatus and an upper region that is rich

in secretory granules and enzymes. Microvilli are located at the apical plasma

membrane facing the lumen and secretions move out into the lumen of the acini

that drain into the ducts connecting to the urethra (5).

Basal Cells

Basal cells are far less abundant in number and much smaller than the

secretory cells. These cells are more round, have little cytoplasm, and possess

large nuclei. They form a layer separating the secretory cells from the basement

membrane and stroma. Basal cells are hardly noticeable in routine preperations,

however, immunohistochemical staining with basal cell-specific keratin shows

this layer to be continuous. Basal cells are more abundant in the central zone

18



than in the other regions of the prostate. They have been found to be the

proliferative compartment of the prostate epithelium, normally dividing and

maturing into secretory cells.

Neuroendocrine Cells

Neuroendocrine cells exist in all zones of the prostate and are randomly

scattered throughout. Three types of prostate neuroendocrine cells have been

identified to date. The major type produces both serotonin and thyroid-

stimulating hormone. The two minor types produce calcitonin and somatostatin

(8). The neuroendocrine cells rest on the basal cell layer between secretory cells

and often have dendritic processes. The specific role of these cells in prostate

physiology is unclear but they are believed to have paracrine function in

response to neural stimulation (9).

Stem Cells

Stem cells are located in the basal cell layer around the periphery of

prostatic terminal ducts, ductules and acini (3). These elongated cells contain

little cytoplasm and separate the underlying basement membrane from overlying

secretory epithelial cells (3). Upon androgenic stimulation of immature prostatic

epithelium during puberty, the stem cells give rise to basal cells. A schematic

diagram of the inter-relationship of the various prostatic epithelial cell-types can

be seen in Figure 1-3 (3). The prostatic stem cells (SS) within the basal cell layer

give rise to basal epithelial cells (BEC), neuroendocrine cells (NEC) and luminal

19



epithelial cells (LEC) or secretory epithelial cells (SEC). It is believed that some

BEC’s retain the ability to proliferate and to give rise to additional BEC’s or to

undergo further differentiation into LEC’s and NEC’s (3). The combined effects of

circulating steroid hormones along with a local nonsteroidal paracrine effect

regulate the differentiation processes within the prostate cell system in a

balanced manner. Figure 1-3 also makes reference to the two functional

compartments of the prostatic epithelium. The androgen-independent

proliferative compartment localized within the basal cell layer and the androgen-

dependent secretory compartment composed of secretory epithelial cells of

limited proliferative potential (3). The following section examines the interatction

of the prostatic epithelial cells with the surrounding stroma.

Stromal Epithelial Interactions

The role of epithelial cells of the prostate, involving synthesis and

secretion of marker proteins including PAP, PSA, as well as polyamines and

citrate, is well characterized while that of the stromal compartment is more

nebulous. The stroma is composed of mesenchymal cells and a supporting

scaffold known as the extracellular matrix (ECM). Along with providing a

supporting scaffolding for cells, the ECM has been shown to play an important

role in the development and control of cellular function (5). The stromal

compartment contains the majority of 5a—reductase activity, thus, allowing it to

metabolize the androgen 5a-dihydrotestosterone (Sa-DHT) (10). The normal

differentiation of the urogenital sinus in the male is dependent on the presence of
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Figure 1-3: Interrelationships of the Various Prostatic Epithelial Cell Types.

Schematic diagram indicating the inter-relationship of the various prostatic

epithelial cell-types in the fully differentiated normal adult gland. The prostatic

stem cells (SS) are shown to give rise to the neuroendocrine cells (NECs), basal

epithelial cells (BECs) and luminal epithelial cells (LEC) (secretory cells).

addition, the BECs are shown to be possible precursors of the LECs (Foster et

al., 1997, Ref. #3).
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androgens and, thus, on the stroma, as demonstrated in the prostate

reconstitution studies conducted by Cunha et al. (11). Androgen receptors are

detectable by autoradiography in the prostatic mesenchyme but not in the

epithelial cells of the urogenital sinus during development (10). Cell-cell and cell-

matrix interactions via cell adhesion molecules (CAMS) and integrins,

respectively, mediate stromal epithelial interactions (Figure 1-4). These

interactions form direct structural linkages and allow communication between the

stroma and epithelial cell DNA (5). Studies conducted by Isaacs et al. (6)

provided evidence that the prostatic stroma regulates epithelial cell growth.

Experiments, using canine prostatic epithelial cells, were conducted to compare

proliferation on plastic and a biomatrix of the stroma and tissue matrix. The cells

grew rapidly as primary outgrowth on plastic, but when plated on biomatrix,

growth was reduced and the cells maintained their morphology and secretory

ability closely resembling in vivo behavior. This observation indicates that the

stromal component of the prostate acts as a brake by keeping cell proliferation in

check, thus, allowing the maintenance of functional differentiation and secretion.

Removal of the cells from this normal state, in effect, removes the brake, thus,

allowing the epithelial cells to proliferate. The removal of the stromal brake in

BPH and cancer is currently an area of intense investigation. The stromal-

epithelial interaction is based largely on growth factors.
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Growth Factors Involved in Growth Regulation

One would not expect the adult prostate to contain many active growth

factors because of its slow rate of growth. Interestingly, however, many slow

growing adult tissues, including the prostate, have high levels of growth factors.

It is believed that components of the ECM may sequester many of the prostate

growth factors (5). This sequestering of growth factors can be regarded as the

suppressor element in the balance that exists in all types of growth between

growth stimulating elements and growth suppressing elements. This balance is

further demonstrated when considering the fact that androgens and growth

factors can stimulate the synthesis and degradation of the ECM components,

thus, altering the response of cells to steroids and growth factors. Although the

mechanism of the effect of growth factors on any cell tends to be complicated,

growth regulation for simplicity's sake may be generically described as having

four phases: synthesis, secretion, target cell interactions and effects (5) (Figure

1-5).

Environmental conditions typically trigger a signal that causes a cells to

produce a growth factor. Some growth factors, such as TGF-B, are usually in an

inactive, pro-form are and activated by proteolysis. The growth factor is secreted

extracellularly and either serves as a growth signal on the cell from which it was

produced (autocrine) or on a nearby cell (paracrine). Upon secretion the growth

factor may be sequestered by binding to the ECM or it may bind to specific

receptors that reside on the plasma membrane of target cells. The binding of a

growth-stimulating growth factor to its receptor triggers a cascade of events that
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ultimately induce the cellular machinery to initiate DNA synthesis and cell

replication. As mentioned above, there is a balance between the rate of cell

replication and cell death and growth factors affect this balance by either

stimulating or suppressing growth (5). The growth factors known to stimulate

prostatic growth include fibroblast growth factor (FGF) and epidermal growth

factor (EGF), while transforming growth factor-8 (TGF-B) is inhibitory to normal

prostatic epithelial cells. Other growth factors involved in the prostate include

insulin-like growth factor (IGF), and platelet-derived growth factor (PDGF),

however, EGF, FGF, and TGF-B have received more attention in scientific

literature and will, thus, be the focus of the following sections.

Fibroblast Growth Factors (FGFS)

The fibroblast growth factors are a family of growth factors that are

produced predominantly by cells of embryonic mesodenn or neuroectoden'n

origin and can be found in a variety of tissues. They are also found in the extracts

of a variety of tumors and are produced by many types of cells in culture. All

FGFS bind to heparin and are sometimes referred to as heparin-binding growth

factor (13). The binding of FGFS to heparin protects them from degradation by

proteases (13). The FGF family consists of at least 18 members of related

peptides which include acidic FGF (aFGF) and basic FGF (bFGF). bFGF is

thought to be the more important growth factor in the prostate. Studies have

shown that bFGF is the main growth factor produced by human fibroblasts

(14,15). It has been shown to be a mitogenic factor present in human prostatic
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extracts and it is capable of stimulating the growth of both epithelial and

mesenchymal cells. The inactive, pro-form of the protein is composed of 155

amino acid units while the active form contains 146 amino acids. bFGF is

regarded as a tumor angiogenesis factor due to its ability to stimulate capillary

growth (5). Among other growth factors having a growth stimulatory effect on

prostatic cells is EGF.

Epidermal Growth Factor (EGF)

Urogastrone was the term used to refer to the 53 amino acid peptide

isolated from human urine that inhibited gastric acid secretions (16). It is now

known to be similar to mouse epidermal growth factor. Both normal and

malignant cells secrete EGF. The EGF receptor is an integral, cell membrane

receptor. It consists of an extracellular binding domain, a trans-membrane

domain and a cytoplasmic domain that encodes a tyrosine kinase. Binding of

EGF to its receptor leads to phosphorylation of intracellular proteins and

activation of second messenger systems (17).

EGF has a mitogenic role in the prostate gland. Human prostatic

secretions were found to contain the highest EGF levels of all biological fluids

(18). It is a potent stimulator of proliferation in cultured epithelial and stromal

cells (19). EGF expression in the prostate is androgen regulated. Androgen

withdrawal by castration in mice leads to reduced prostatic EGF levels (20).

Characterization of the communication between the androgen receptor (AR) and

growth factor transduction cascades is an area of intense study in prostate
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cancer research. This communication is very important considering the

observation that in androgen-independent tumors AR is nevertheless expressed.

This suggests an androgen signaling cascade in advanced androgen-deprived

tumors (21,22).

EGF shares its receptor with a related peptide, transforming growth

factor-oi (TGF-a). TGF-a represents one of two families of TGFS described in the

following section.

Transforming Growth Factors (TGFS)

The two growth factor families, TGF-a and TGF-B, which although share

very similar names, are otherwise unrelated. They were named because of their

ability to promote cell colony formation in agar cultures (5). TGF—a contains 160

amino acid residues in its pro-form and 50 amino acids in the active form. It is

structurally similar to EGF and it exerts its effect by acting through the EGF

receptor. TGF-oi and EGF have several biological effects in common. TGF-oi

has not been detected in normal human prostatic tissue. Advanced prostatic

tumors display an increased expression of TGF—a leading to the hypothesis that

increased TGF-a expression is indicative of a more malignant phenotype (23,24).

TGF-B is expressed by two genes that give rise to two forms sharing 70%

homology (5). The pro-form of the protein is composed of 391 amino acids while

the cleaved active form contains 112 amino acids. There are a total of three

forms of TGF-B that can result when the two gene products combine with each

other forming a heterodimer or with themselves to form a homodimer. Both
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TGF-B. and TGF-Bz are expressed in prostate tissue, but TGF-Bz exhibits greater

expression in benign prostatic hyperplasia (BPH) while TGF—B, levels remain the

same in both normal prostate and BPH (25). TGF—B has different effects on

different types of cells. For example, while it negatively regulates epithelial cells

growth, it also has the ability to stimulate stromal cell proliferation (5). This

response may be altered in cancerous tissues in which epithelial cell growth may

be stimulated by TGF—B. This hypothesis is supported by studies of Dunning

tumor cell lines that express increased levels of the TGF-B1 isoforrn compared to

normal levels (26). Further support is provided by a study conducted by Merz et

al. (27) in which epithelial and mesenchymal tissues from the mouse urogenital

sinus were transfected with res and myc oncogenes. Recombination of both

components and grafting to the renal capsule resulted in poorly differentiated

adenocarcinoma with elevated TGF-B1 and TGF-Ba isoforrns. Together, these

results suggest a stimulatory role of TGFBs in advanced tumors.

The study of growth factors increases in complexity when considering the

fact that many growth factors affect the synthesis of other growth factors. For

example, TGF-ji, has been shown to stimulate production of IGF in bone and

PDGF has exhibited the ability to make cells more competent to respond to other

growth factors (5). When taking these elements into consideration one can gain

a better appreciation of the delicate balance maintained by growth factors.
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Intermediate Filaments

Intermediate filaments are major components of the cytoskeleton. They

are organized as a network surrounding the nucleus and spreading out into the

cytoplasm and terminating at the plasma membrane (28,29). Among the

functions of intermediate filaments is the maintenance of cell shape, intracellular

support and cell locomotion, receptor-mediated endocytosis and positioning of

cellular organelles (28,29). Intermediate filaments are divided into five classes:

cytokeratins, desmin, vimentin, neurofilaments, and glial filaments (28-29). Other

cytoskeletal components include micortubules and microfilaments. Microtubules

and microfilaments are present in all cell types while intermediate filaments are

expressed in a cell-type specific manner. The focus of this section will be on

cytokeratins and vimentin.

Cytokeratins (CKs)

Cytokeratins are expressed by epithelial cells. Screening for cytokeratin

expression is often performed in order to confirm the epithelial origin of cells.

They are commonly expressed as pairs composed of a basic and an acidic

cytokeratin protein (28). The acidic and basic combinations are expressed as

sets characteristic of a specific cell type. The combination expressed in the

human prostatic luminal, secretory cells, are cytokeratin 8 (basic) and

cytokeratin 18 (acidic) (29-33).

A reduction in cytokeratin 8 and 18 expression in prostate carcinomas,

compared to levels in normal and hyperplastic prostate, have been reported (33).
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This decrease in cytokeratin expression is postulated as being a consequence of

the dedifferentiation that occurs during transformation from a normal to a

malignant phenotype (34). Differentiation-inducing agents may reverse this

dedifferentiation process. Retinoids are a family of vitamin A derived agents

known to induce differentiation and have been reported to increase cytokeratin

expression in prostatic and breast epithelial cells (35,36). The decrease in

cytokeratin expression observed in cancer of the prostate is sometimes

associated with increased expression of the intermediate filament, vimentin.

Vimentin

Wmentin is a cytoskeletal component normally not expressed in epithelial

cells but is expressed by cells of mesenchymal origin (29). However, epithelial

cells that develop into carcinomas may co-expreSS both cytokeratins and

vimentin. This co-expression is occasionally observed when epithelial cells are

placed in cell culture. High levels of vimentin expression have been reported in

hormone-independent, highly metastatic tumors, while levels in normal and

benign prostatic epithelium are significant lower (37).

Conclusion

Prostate cancer is the leading cancer in men in the United States. A

fundamental understanding of the normal prostate structure and function is

imperative in order to gain a better understanding of the etiology of the disease.

This chapter provides information about the development and zonal anatomy of

31



the prostate along with the active function of the gland. The cell types and

growth factors involved in growth regulation were also described. Taken

together, this information facilitates a better understanding of the delicate

balance that exists between the normal and neoplastic state. For example, the

discussion of the progenitor stem cells, giving rise to the epithelial cells of the

prostate, helps to explain how genetic events that occur within embryonic stem

cells may predispose an individual to prostate cancer (3). In addition, this

chapter promotes a better understanding of how perturbation of the delicate

balance, existing between the stromal and epithelial compartments or expression

of growth factors or receptors, may lead to a malignant state. The stronger our

understanding of the normal prostate structure and function the better equipped

we will be to understand the events leading to prostate cancer.
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Chapter 2

Prostate Cancer In Man:

Incidence and Mortality
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Abstract

Prostate cancer is the most common non-skin malignancy and the second

leading cause of cancer-related death among men in the United States. It is

estimated that there were 184,500 new cases reported and 39,200 deaths due to

prostate (1). Several factors have been implicated in giving rise to and

exacerbation of the disease. The most salient of these factors are old age, race,

and diet. Other potential factors exhibiting a connection with the disease include

plasma testosterone levels, genetic predisposition, occupational hazards,

socioeconomic status, and marital status. Although the above factors are

believed to influence an individual’s risk for developing of prostate cancer, the

one reason for the apparent increase in incidence of the disease is the

increasingly sensitive methods of screening and detection of prostate cancer.
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Introduction

There has been a general increase in prostate cancer indicdence and

mortality during the past two decades. The purpose of this chapter is to explore

the factors that are suspected to lead to the increased incidence and mortality of

the disease. Among the main risk factors are old age, race, and diet. A sudden

increase in prostate cancer incidence occurred between the late 19805 and early

1990s. This increase in incidence was not accompanied by a proportional

increase in mortality. This disparity may be explained by improved, increasingly

sensitive methods for early detection of prostate cancer.

Risk Factors

Age

Several studies have confirmed that incidence and mortality of prostate

cancer increase with age (2-3). Each year over three-fourths of the new cases of

the disease occur in men above the age of sixty-five. Cancer of the prostate is

extremely rare in younger men with less than one case per 100,000 for men

under the age of forty (1) (Figure 2-1). The Slow-growing nature of prostate

cancer causes it to be an increasing concern for the male population with an

increasing life expectancy. Longer life spans allow the cancer more time to

manifest and metastasize leading to more prostate cancer-related deaths. Old

age also affects the ability to treat prostate cancer. Older patients are unable to

endure aggressive treatment and are. thus, more likely to succumb to cancer of

the prostate.
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Figure 2-1: Prostate Cancer, Age-Specific Incidence and Mortality Rates by

Race, US, 1990-1994. Per 100,000, age-adjusted to the 1970 US standard

population (American Cancer Society, Surveillance Research, 1998 Ref. #1).
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Race

Epidemiological studies indicate that African-American men in the United

States have a greater predisposition for developing prostate cancer than any

other ethnic group. At all ages, the incidence of disease in African-American

men is nearly double that of white men (234/100,000 vs. 135/100,000

respectively) ( 1). In addition, mortality rates in African-American men are at least

twice that of other racial and ethnic groups in the United States. The reason for

this disparity is currently an area of intense research. Recent studies, testing

prostate Specific antigen (PSA) levels in black and white men without prostate

cancer, found that black men tend to have higher PSA levels and greater PSA

densities than similarly aged white men (4.5). There is a strong correlation

between elevated PSA levels and the presence of prostate cancer. Thus, the

increased PSA in African-American males is indicative of the possibility that this

ethnic group may have a predisposition for the development of prostate cancer.

Conversely, prostate cancer incidence among Asian-American male

populations tends to be far less than that in white males in the United States.

Although there is a great deal of variation in incidence between the specific

Asian-American ethnicities (24.2, 88.0, 6.6, and 19.9 per 100,000 for Korean,

Japanese, Chinese and Hawaiian men, respectively), the incidence in each of

these groups is significantly less than that in white American males (1) (Figure 2-

2). It is believed that differences in diet may contribute to this disparity in

incidence between different ethnic groups.
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Figure 2-2: Prostate Cancer—Incidence and Mortality Rates by Race and

Ethnicity, US, 1988-1992. Per 100,000, age-adjusted to the 1970 US standard

population (American Cancer Society, Surveillance Research, 1998. Ref.# 1).
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Diet

Dietary habits may influence the possibility of development of prostate

cancer. Studies suggest that a diet high in fat may increase the risk of

developing prostate cancer (1). The differences in incidence of prostate cancer

between different racial groups strongly suggest a link between diet and disease.

Asian men traditionally consume a diet high in soy products. Such a diet has

been reported to retard the development of prostatic adenocarcinoma in animal

models (6). This potentially high consumption of soy products by Asian-

American men, compared to white and African-American males, may lead to the

observed reduced incidence rates.

Dietary supplementation of vitamin E and vitamin A are believed to

influence the development of prostate cancer (7). A study involving a form of

vitamin E, a-tocopherol, along with B-carotene, was carried out to examine the

effects of each agent alone and in combination on prostate cancer in male

smokers (7). Men on diets supplemented with a-tocopherol displayed a 32%

decrease in incidence and 41% decrease in mortality from prostate cancer.

Surprisingly, subjects receiving B—carotene had a 23% higher incidence and 15%

higher mortality rate (7).

It is believed that vitamin E exerts its effect as an antioxidant and prevents

the propagation of free radical damage to critical cellular structures including

DNA and proteins. Other potential mechanisms of the protective effect of

vitamin E may be through the enhancement of the immune functions and the
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reduction of activity of the cellular signal transducer protein kinase C which

regulates cell proliferation (7).

Beta-carotene is the major precursor of vitamin A and is believed to exert

its effect through modulation of gene expression leading to induction of

differentiation, inhibition of cell proliferation and apoptosis (8,9). Results of

studies involving treatment of prostate cancer with B-carotene have been

inconsistent in that it either has no effect or shows an increase in incidence of the

disease (7). The adverse effects of B—carotene may arise from its toxicity.

Synthetic vitamin A derivatives with decreased toxicity levels have been

developed and have shown great promise in in vitro and in vivo studies (10). The

application of these synthetic retinoids, as described by Heinonen et al. (7), may

prove that dietary supplement of these agents will effectively reduce prostate

cancer incidence and mortality.

Other Factors

Several factors, aside from those described above, are associated with

development of prostate cancer. The growth of the normal prostate is dependent

on androgens and, thus, men with high plasma testosterone levels are believed

to be at greater risk of developing prostate cancer (1). Studies have shown a two

to three-fold increase in the risk for developing prostate cancer in men with a

family history of prostate cancer indicating that there may be a genetic

predisposition (1). In addition, higher failure rates in the treatment of familial
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prostate cancer as well as greater relapse rates indicate that familial prostate

cancer may be biologically more aggressive (11).

Other factors that appear to have a weaker link with prostate cancer are

occupation, marital and socioeconomic status. Occupation-associated factors

involved in increased prostate cancer incidence and mortality are observed

through epidemiological studies. The conclusions drawn from such studies are

predicated primarily on the exposure of the worker to occupational hazards. For

example, farmers and agricultural workers in general are considered to be at

higher risk for the development of prostate cancer. This increased risk is more

likely linked to herbicides and pesticides to which the wonter may be exposed

rather than other day to day activities associated with the farming lifestyle (12).

Similarly, chemical workers may be at risk for development of prostate cancer

through exposure to chemicals in the workplace or environment that may

interfere with the endocrine system (13). These chemicals include acetic acid

and acetic anhydride, both of which are used in manufacturing plants for the

synthesis of cellulose triacetate (13).

In studies on marital status and prostate cancer mortality, it has been

reported that married men with prostate cancer had a longer median survival

time than divorced, single, separated, or widowed men (14). The investigators

attributed this finding to the beneficial psycho-neuroimmunological effects of

marriage on social support and/or mood (14). There are conflicting reports on

the association between marital status and prostate cancer incidence (15-16).

Previous studies assert that greater lifetime frequency of intercourse associated
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with married men decreases the risk of prostate cancer (16). It was discovered

in more recent studies that there is a 20% increase in incidence for ever-married

men, however, the same study reported that marriage has a favorable effect on

survival of men with prostate cancer (15).

Finally, studies on the effect of socioeconomic status in survival of

prostate cancer indicate that individuals of higher socioeconomic groups tend to

display better survival from prostate cancer. It is likely that this finding is closely

associated with differences in the access and quality of treatment between men

of different socioeconomic status (15). This fact may also partially explain the

geographic patterns of prostate cancer where advanced screening protocols and

quality of treatment affect the incidence and mortality rates due to prostate

cancer throughout the world.

Effects of Improved Detection on Incidence and Mortality

One must proceed with caution when considering statistics of prostate

cancer incidence over time and between geographic locations. According to

Figure 2-3 the incidence of the disease in the United States slowly increased

between the years 1974-1989 then suddenly doubled between the years 1989-

1992 and finally slightly decreased between 1992-1994. This graph suggests

that a prostate cancer epidemic occurred between 1989-1992, however, the

mortality rates remained steady during this period and have only slightly

increased during the twenty-year period. This observation is reflective of the

increased sensitivity of methods for the detection of prostate cancer (Figure 2-3).
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Transurethral resection of the Prostate (TURP)

TURP is a procedure using a small wire loop to remove the cancerous

section of the prostate gland by placing the loop in the prostate through the

urethra (1). This procedure is routinely employed for the treatment of benign

prostatic hyperplasia and early detection of prostate cancer. This procedure

may have contributed to the apparent increase in prostate cancer incidence rates

between 1973 and 1986 (17). The use of this procedure has declined in recent

years in favor of prostate needle biopsy as the primary surgical procedure

employed for detecting prostate cancer (17). But a serum prostate specific

antigen (PSA) test, that aids in the detection of asymptomatic disease, often

precedes the needle biopsy.

Prostate Specific Antigen (PSA)

Prostate specific antigen (PSA) is a protein secreted specifically by

prostate epithelial cells and its level can be measured in the blood. PSA blood

test levels of less than 4 nglml are considered normal while a result of over 10

nglml is considered high and a result between these two values is borderline.

The higher the PSA level the greater the likelihood of the presence of prostate

cancer. Although there is a strong correlation between high PSA and prostate

cancer, PSA screening does not represent a definitive method of detection of the
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disease. However, men with elevated PSA are strongly urged to undergo biopsy

while men with borderline PSA levels should have a percent-free PSA test

performed. PSA exists in one of two isoforms: one form is complexed to

al-antichymotrypsin while me other is uncomplexed, free PSA (18). A higher

level of the complexed PSA is found in patients with prostate cancer while

patients with BPH have less of the complexed antigen and, thus, a greater

percentage of free PSA (19). This innovation in PSA screening allows physicians

to fine-tune the procedure and make more confident conclusions based on the

results.

Conclusion

The use of PSA screening for detection of asymptomatic prostate cancer

may be the one reason that explains the sudden increase in incidence of the

disease after 1988. Heightened awareness of the potential presence of prostate

cancer has contributed to the widespread screening for PSA levels, thus, leading

to the apparent ever-increasing incidence rates over the next 4-5 years. This

sudden surge in incidence was followed by an inevitable decline. This marks the

point at which the majority of men, who were formerly scarcely aware of the

presence of the asymptomatic cancer in their prostate, were diagnosed with the

disease.

It is likely that the long-term effects of early detection of prostate cancer

through PSA screening will be reflected in decreased rates of mortality. Although

early detection of the disease increases the likelihood of catching the disease at
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an early stage, when it is still localized to the prostate gland, the effects of early

detection may not always be beneficial. More sensitive tests reveal a broader

spectrum of cases whose natural history and response to treatment are poorly

understood (17). The inability at present to alter the natural progression of

prostate cancer diminishes the significance of earlier detection of a tumor. A

stronger comprehension of the molecular events associated with carcinogenesis

and tumor progression is, thus, invaluable to the patient and society. In vitm cell

models are the means to obtain an understanding such molecular events. The

following chapter examines the commonly used cell models for the study of

prostate cancer and why they may not be adequate for the study of prostate

carcinogenesis. It is proposed that better cell models , such as those described

in the present study, will enhance our understanding of prostate carcinogenesis

and its prevention.
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Chapter 3

Commonly Used Human Prostate

Cancer Cell Culture Models
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Abstract

In vitro research of prostate cancer is made difficult by the lack of

available human prostate cancer cell models. The three most widely used

human prostate cancer cell models-DU-145, PC-3 and LNCaP-have contributed

significantly to our understanding of prostate cancer. However, upon careful

examination it is apparent that these cell lines represent advanced cancer and

yield little information about the early stages of the disease. The purpose of this

chapter is to provide a brief characterization of the commonly used human

prostate cancer cell culture models and why they are not well suited for the study

of prostate carcinogenesis.

59



Introduction

In vitro cell models provide invaluable information about the molecular

characteristics of an organism. In vitro systems allow investigators to study

cellular characteristics in a controlled environment. For example, one may wish

to study the effects of a particular growth factor on a particular cell type and this

would be possible using a well-characterized cell line. In essence, specific

characteristics may be isolated and studied in vitro whereas such studies would

be obscured by uncontrollable physiological variables in vivo.

The lack of welkcharacterized prostate cell models is a major obstacle for

in vitro prostate mncer research. Current prostate cancer cell models, including

DU-145, PC-3 and LNCaP, are often used to test different modes of treatment for

the disease. The establishment of a relationship between the behavior these cell

models and the in vivo prostatic tumor behavior can aid in predicting the

response of a tumor to a particular treatment (1). This chapter describes the

most widely used prostate cancer cell models (Table 3-1) and why it is imperative

that new models be established, especially for studying the process of

carcinogenesis in the prostate.

The DU-145 Human Prostate Cancer Cell Line

The DU-145 cell line was derived from a brain metastasis of a 69-year old

patient and introduced by Stone, Mickey et al. (2,3). The metastatic lesion, from

which DU-145 cells were derived, was composed of moderately differentiated

carcinoma with foci of poorly differentiated cells.
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DU-145 cells produce high levels of EGF and TGF-a as well as high levels

of EGF receptor, suggesting that these cells are subject to autocrine growth

stimulation. It was mentioned earlier that the expression of TGF-a is strongly

indicative of a more malignant phenotype. Therefore, TGF-a expression by

DU-145 cells provides evidence for the highly progressed nature of this cell line.

DU-145 cells express FGF receptor and respond to exogenous bFGF treatment

and also produce large amounts of bFGF (4). These cells exhibit little response

when exposed to androgens. This lack of androgen responsiveness may be

attributed to the increased production of endogenous growth factors by these

cells, thus, masking the effect of exogenous androgen treatment. Exposure of

DU-145 cells to TGF-B, in culture, results in monolayer growth inhibition (5).

Studies conducted by MacDonald et al. (6) indicate that DU-145 cells are not

very responsive to exogenous EGF stimulation. This suggests that DU-145 cells

endogenously produce EGF for maximal autocrine stimulation.

DU-145 cells express cytokeratins 8 and 18, which confirms their epithelial

origin (7). However, the expression of the specific prostatic markers, PSA and

AR, has not yet been definitively confirmed. This lack of expression of prostatic

markers diminishes the potential utility of this cell line for the study of prostate

cancer.

The DU-145 cells proliferate rapidly with a doubling time of ~34 hours (2).

These cells also show anchorage-independent growth and form tumors when

injected into nude mice (7). DU-145 cells are highly invasive and are used as a

100% positive control for invasion studies in our laboratory.
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The PC-3 Human Prostate Cancer Cell Line

The PC-3 cell line was developed by Kaighn et al. (8) from a metastatic

tumor from a lumbar vertebra of a 62-year old patient. This cell line is

tumorigenic and is considered to represent a poorly differentiated prostatic

carcinoma (7).

PC-3 cells express high levels of EGF receptor and TGF-a which

contribute to autocrine growth (9,10). Studies conducted by Jarrard et al. (11)

show that treatment of PC-3 cells with exogenous EGF stimulates the invasion

potential of the cell line by stimulating urokinase plasminogen activator

expression. This cell line has also been shown to express large amounts of

bFGF (4). This high endogenous bFGF expression explains why PC-3 cells

respond weakly to exogenous bFGF treatment. PC-3 cells are inhibited by

TGF-B and express TGF-B receptors (5).

PC-3 cells were initially shown not to express PSA (8), but more recent

studies have shown weak PSA staining (12). It has been proposed that certain

sub-populations of the PC-3 cell line are positive for AR and will express PSA (7).

PC-3 cells are very rapidly proliferating cells with a doubling time of 19.8

hours (13). This cell line has also been shown to grow in an anchorage-

independent manner and is tumorigenic when injected into nude mice (7).
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The LNCaP Human Prostate Cancer Cell Line

The LNCaP cell line was derived from a lymph node metastasis of a 50-

year old patient. The cell line was introduced by Horoszewicz et al. (14) as a

moderately differentiated prostate cancer.

LNCaP cells express EGF and TGF-a but not at the levels produced by

DU-145 cells (15,16). Exogenous supplementation of androgen or estrogen

leads to an increase in EGF receptor expression indicating that growth

stimulation by hormones may be mediated by growth factors (7). Growth of

LNCaP cells is not inhibited by TGF-B (17). There are conflicting reports as to

whether or not LNCaP cells express bFGF (4,18), however, it is generally

accepted that LNCaP cells do not produce endogenous bFGF but respond to

exogenous bFGF (4,18).

LNCaP cells, unlike the other widely used human prostate cancer cell

lines, unquestionably express both PSA and AR (19,20). However, the AR of

LNCaP cells is mutated, allowing it to bind estradiol and progesterone in addition

to androgens (17). The promiscuity of the LNCaP AR, however, severely

diminishes the usefulness of this cell line because this is the only one of the three

widely used human prostate cancer cell lines that is sensitive to androgen

exposure. A corresponding mutation of the AR in prostatic tumor cells in vivo

has not yet been reported in scientific literature.

The LNCaP cell line is the slowest growing of the three prostate cancer

cell models with a doubling time of 60 hours (21). LNCaP cells, like the 00-145
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and PC-3 cell lines, growth anchorage independently and form tumors when

injected into nude mice (21).



TABLE 3-1: Summary of Characteristics of DU-145, PC-3 and LNCaP Cells
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Conclusion

The DU-145, PC-3 and LNCaP cell lines have served as important tools

for the in vitro study of prostate cancer research for nearly two decades.

However, the significance of the discoveries these cell models have yielded is of

a limited scope. The characterization of the commonly used cell models are

summarized in Table 3-1. Each cell model has significant flaws which diminish

their applicability to the in vivo disease. For example, DU-145 cells do not

express PSA and their androgen receptor status and androgen responsiveness

is, at best, debatable. The autocrine growth and highly invasive nature of the

DU-145 cell line indicates that it represents a highly progressed, dedifferentiated

cancer. Similar conclusions can be drawn about the PC—3 cell line in that it too

represents a highly progressed cancerous state. Both DU-145 and PC-3 cell

lines express high levels of growth-inducing growth factors such that exogenous

growth factor exposure fails to significantly augment cell proliferation. Although

the LNCaP cells are more differentiated, their practical application is diminished

by the mutated AR. The applicability of these cell models resides in the

treatment of highly progressed prostate cancer. Unfortunately, metastasized

prostate wncer is currently extremely difficult to treat leaving patients with little

chance for survival of more than 5 years. The increasing sensitivity of screening

tests for the presence of prostate cancer has made it possible to detect the

disease at an earlier, localized stage. The cell models discussed in this chapter

are poor in vitro representatives of localized prostate cancer. Therefore, there is

a definite need of cell models representing earlier stages of cancer. Such
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models would allow investigators to elucidate the molecular events that occur

during carcinogenesis and cancer progression. The understanding of these

molecular events will further allow for the blocking and eventual prevention of

prostate cancer rather than the mere treatment of the disease, which is the

limitation of the current models. It is important to gain a fundamental

understanding of the multi-step process of carcinogenesis before embarking on a

quest to establish a cell model representing early-stage cancer. The following

chapter describes the multi-step process of carcinogenesis and the carcinogen

N-methyl-N-nitrosourea that is often used to induce in vitro malignant

transformation.
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Abstract

Carcinogenesis is the study of the development of cells from a normal to a

malignant state. Current studies in carcinogenesis focus on attempting to

understand the molecular events involved during this transformation and how

they may be blocked or reversed. While some means of prevention are quite

obvious, such as the cessation of smoking, others remain shrouded in mystery.

One of the most intense areas of study in cancer research is prevention through

chemical agents. Screening for potential chemicals or chemopreventive agents,

which may prevent cancer, are performed through in vivo and in vitro models.

This chapter describes the steps involved in carcinogenesis with the use of

N-methyI-N-nitrosourea (MNU) as a chemical carcinogen in studies on

carcinogenesis.
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Introduction

Malignant transformation results by the action of an agent, a carcinogen,

that alters the cellular machinery giving rise to a malignant phenotype. A

carcinogen most often interacts with the cellular DNA leading to mutations. The

process of carcinogenesis may be divided into two general steps, initiation and

promotion. These steps themselves may be further divided, however, for the

pupose of this review attention will be given to the general process. Certain

types of carcinogens will also be discussed with particular attention focused upon

MNU.

The Multi-Step Process of Carcinogenesis

Carcinogenesis is the multi-step process which describes the events that

occur during the transformation of normal cells to a cancerous state. It is

generally recognized that there are two main stages, initiation and promotion, in

the multi-step process. Each of these stages itself consists of multiple steps.

The first stage, initiation, involves the exposure of the normal cells to a

carcinogen. The carcinogen causes irreversible and permanent changes in a

cell’s genome (1). Although the DNA of the cell is permanently altered, this

altered genome may not necessarily survive. The natural defenses of the cell

may prevent it from further dividing and cause it to undergo apoptosis or the

initiated cell may merely remain latent and not proliferate. This leads to the

second stage, promotion, in which the initiated cell requires a promoter to induce

cell proliferation and clonal expansion (1). The promoter is essentially neither
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carcinogenic nor mutagenic (1). Once a cancer cell appears, further steps,

constituting tumor progression, occur during which the initiated cancer cell

evolves into a neoplasm (Figure 4-1).

Current research in carcinogenesis places emphasis on the process by

which carcinogens act, the steps in the process, the factors that enhance or

suppress the effect of the carcinogens and how chemical carcinogenesis relates

to biological factors in the target organism. The focus is not so much on the

animal or the cell line but on the actual molecular processes involved.

Initiation and promotion were first discovered through experiments done

on mouse skin carcinogenesis using polycyclic aromatic hydrocarbons (PAHs)

(2-4). The PAH (initiator) was applied at a dose that did not lead to the tumor

formation during the lifetime of the animal. The initiation was followed by the

periodic application of a solution of croton oil (promoter) which lead to the

formation of numerous tumors. Varying the time of application of the promoter

made no difference. In fact, application of croton oil following one year of PAH

treatment led to the same results as when the promoter was applied just one

week after carcinogen treatment (2-4). The active material in croton oil was

discovered to be tetradecanoylphorbol-13-acetate (TPA) which is now widely

used as a promoter in carcinogenesis studies. Several other naturally occurring

promoters have been identified including phenol, dodecane, and anthralin (5).
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Figure 4-1: Multi-step Process of Carcinogenesis and Progression
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The primary mode of action of the initiating wrcinogens is through

perturbation of gene function by mutation. These agents can be classified into

two classes: direct acting and indirect acting carinogens. Direct acting

carcinogens, as the name implies, directly interact with the genetic material of the

cell while the indirect acting carcinogens require metabolic activation (1). The

focus of this study will be on the direct acting carcinogen, N-methyI-N-nitrosourea

(MNU).

N-methyl-N-Nitrosourea (MNU)

The N-nitrosamide compound, MNU, is a direct-acting carcinogen that

does not require enzymatic activation (6). The direct-acting nature of MNU

makes it an attractive agent for the study of carcinogenesis both in vitro and in

vivo. Early molecular studies involving MNU demonstrated that this carcinogen

was capable of causing significant enhancement of sister-chromatid exchange, a

cytological manifestation of DNA damage (7). More recent studies have

implicated MNU in the activation of members of the res class of proto—oncogenes

(8—10). However, in a recent study conducted by Rhim et al., involving the in vitro

transformation of an immortalized human prostatic epithelial cell line, no ms or

p53 mutations were observed. The investigators instead discovered deletions

and translocations elsewhere in the genome (11). The effects of MNU described

above can be attributed to its ability to act as an alkylating agent (12-15). In

essence, MNU exposure results in the aberrant methylation patterns of DNA,

causing perturbed gene expression and disruption of normal cell-cycle control,
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resulting in altered regulation of cell proliferation (16). Some investigators claim

that the methylation patterns of MNU are random while others are convinced that

the patterns are nonrandom. Kanduc et al. (14) made the observation that

hyperrnethylation occurs in hepatic DNA of rats following partial hepatectomy in

the presence of MNU. This observation is indicative of the fact that proliferating

cells are more susceptible to the effects of MNU. In a study conducted by

Mironov et al. (13), treatment of rat liver DNA with MNU resulted the presence of

06-methylguanine in the H-ras gene. Miyamoto et al. (7) found that treatment of

mouse mammary epithelial cells with MNU caused a specific G-)A point

mutation resulting in mutation of c-Ki-ras proto-oncogenes. A study conducted

by Mathison et al. (15) reports the methylation of guanine at the N7 position by

MNU. This methylation was blocked by the presence of a neighboring

5-methylcytosine. 5’-CpG-3’ dinucleotides are frequent sites for 5-methylcytosine

modification and, thus, induction of 5—methylcytosine at such sites may prevent

the mutagenic effects of MNU.

Although the mechanism by which MNU exerts its mutagenic effects by

acting as an alkylating agent of DNA has been established, there is not enough

evidence at present to determine whether the damage induced by MNU is aimed

at specific sequences in the genome. However, this fact does not diminish the

potential usefulness of this agent for studies of carcinogenesis. MNU may also

be used for studies of cancer progression by applying it to malignant cells in

effort to enhance transformation.
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Enhancement of Transformation by MNU

Several studies, involving the both the in vitro and in vivo transformation of

cells by MNU, have been conducted with both the inclusion and exclusion of

promoting agents. Some recent studies have focused on the enhancement of

MNU transformation by promoters or other initiators.

A study by Okamoto et al. (17) explores the possibility of the enhancement

of MNU-induced transformation by cytokines. This study was based on the idea

that chronic inflammation, the subsequent inflammatory response and release of

cytokines. increases the possibility of developing bladder cancer. It was

discovered that amongst lL-1, lL-6, lL-8 and TNF, lL-6 was the most effective

cytokine in enhancing the transformation of rat urothelial cell line, MYP3 by MNU.

Treatment with lL-6 resulted in a 4-fold increase in colony formation in agar

compared to MNU treatment alone. Cells were treated with lL-6 in several

different ways. In one experiment the cells were treated with MNU for one hour

and after twenty-four hours they were plated in agar in the presence of the

cytokine. In another set of experiments MYP3 cells were treated with MNU as

described above but were then cultured for one week with or without lL-6 before

being grown in soft agar in the presence or absence of lL-6. Interestingly, the

colony formation, in the case of cells exposed to MNU followed by a week in

culture in the absence of lL-6 and plating in soft agar with lL—6 treatment, was

nearly twice that of when the cells were plated in agar with the cytokine one day

after carcinogen treatment. The experiment, in which cells were exposed to lL-6

for one week following MNU treatment and were plated in agar with lL-6, resulted
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in only a slightly higher number of colonies than in the experiment where lL-6

was absent for the week following MNU treatment but was present in sofl agar

(17). One would expect a greater enhancement in transformation through

immediate application of the cytokine in liquid medium in which it is allowed to

flow over and interact more freely with initiated cells. It is possible, however, that

the cells did not have enough time to undergo initiation immediately following

carcinogen treatment, thus, promotion would not be possible. However, initiated

cells have more than adequate time during the agar assay to undergo the

changes required for promotion to be possible and may then interact with the lL-6

rich, albeit rigid matrix giving rise to promotional events. It can be stated with

confidence that lL-6 acts as a promoter in this experiment due to the lack of

colony formation upon treatment of any kind with the cytokine in the absence of

MNU. It was discovered that lL—6 causes a dose-dependent increase in growth

of the MYP3 cells (17). During the transformation experiments this stimulation in

growth would aid in increasing the number of surviving initiated cells by

successfully moving them past their cell cycle check points. Another study,

which examined the effects of chronic inflammation by killed Escherichia coli on

enhancement of MNU transformation in vivo in rat urothelium, yielded similar

results (18).

In yet another investigation, involving the causative aspects of chronic

inflammation, the effect of hydrogen peroxide on transformation with and without

MNU was studied. Reactive oxygen species (ROS), including hydrogen

peroxide, are present at sites of chronic inflammation and are known to act as
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carcinogens, causing mutations, and inducing the expression of proto-oncogenes

( 19). Hydrogen peroxide (0.1 mM) alone successfully led to the transformation of

MYP3 cells and was, in fact, more effective in inducing transformation than MNU

(50 pglml) alone. When used in combination, the two carcinogens appear to

have an additive effect. Thus, ROS are thought to act at both initiation and

promotion levels (19).

The effect of TPA, as a promoter of carcinogenesis, was mentioned earlier

in this paper. Studies by Garrett et al. (20) and Parsa et al. (21) employed TPA

in combination with MNU and achieved significant enhancement of

transformation. In the study conducted by Garrett et al. (20), human

keratinocytes were treated with MNU alone but failed to form tumors upon

injection into mice, however, when both MNU and TPA were applied, all mice

injected with the combination displayed tumor formation (14). Parsa et al. (21)

applied a single treatment of MNU to pancreatic cells followed by TPA and

achieved results upon injection into mice similar to those when multiple

treatments of MNU alone were applied (21). TPA may exert its promotional

effect through several mechanisms. It is a known protein kinase C (PKC)

activator. PKC is a key enzyme in the intracellular signal transduction and

growth control. TPA also stimulates production of reactive oxygen species

(ROS) and possibly other free radicals by polymorphonuclear leukocytes. The

promotional effect of TPA, by stimulation of ROS, is further supported by the

observation that antioxidants are effective inhibitors of chemical carcinogenesis
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and skin tumor promotion (1). Inhibition of carcinogenesis will be examined

further in the following section.

The final study involving enhancement of transformation, is quite

interesting in that MNU was employed to improve on its own transformation. The

study conducted by Azuma et al. (9) involves the conversion of low—grade rat

urinary bladder carcinoma cells initially transformed by MNU to malignant, high-

grade carcinoma cells. Further exposure to MNU led to ras mutations, altered

cell morphology, increased invasive carcinomas upon injection into nude mice,

and elevated plasminogen activator activity (9).

Conclusion

Carcinogenesis is the multi-step process involving initiation by a

carcinogen and promotion by a promoting agent that leads to expression of the

genetic alterations caused during initiation. The important role of promoters is to

induce cell proliferation, which provides the environment for initiated cells to

undergo clonal expansion. MNU is a potent, direct-acting carcinogen that causes

significant damage to DNA. Often, in in vitro and in vivo studies, MNU is

administered at such high concentrations that it alone induces its own promotion

and gives rise to transformation. Although this is exciting in that this is a new

area in the study of cancer, it needs to be significantly improved if we are to learn

more about the cellular and molecular mechanisms involved in it. Systems

involving an initatior and a promoter, in which carcinogenesis is more subtle, are

required, thus, mirroring the actual mechanism by which this process acts in
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humans can be studied more closely. Carcinogenesis initiated by MNU, may be

enhanced at both the initiation and promotion stages. The in vitro and in vivo

models of transformation by MNU, described in the following chapter serve only

as the initial steps in understanding the complex multi-step process of

carcinogenesis. Future studies, to expand our knowledge of the actual

mechanisms involved in carcinogenesis along with establishing better models

and standardized methods for transformation, will aid in achieving a better

understanding of the process. The possibility that this process might be blocked,

reversed or inhibited before cells and tissues reach the cancer stage, has been

the driving force behind research on chemoprevention.
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Chapter 5

In Vivo and In Vitro Transformation of

Prostatic Epithelial Cells with

N-methyl-N-nitrosourea (MNU)
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Abstract

Human prostate carcinogenesis is a poorly understood phenomenon.

Model systems simulating the events that occur during carcinogenesis are

necessary for gaining insight into the etiology of prostate cancer. The direct

acting chemical carcinogen N-methyl-N-nitrosourea may be applied to cell culture

model systems to induce carcinogenesis. The standardization of such a model

would not only improve our understanding of the disease, but may also provide

the tools necessary for screening potential chemoprevention agents which block

carcinogenesis.

The purpose of this chapter is to examine the existing in vivo and in vitro

models of prostate carcinogenesis and to evaluate their respective advantages

and disadvantages. The models will also be assessed for potential use to study

prostate cancer prevention in humans.
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Introduction

The multiple steps in prostate carcinogenesis are poorly understood.

Epidemiological study of the disease is made difficult due to the old age of

prostate cancer patients. and the long latent period of the cancer (1). Several

causative factors are believed to influence the transition from normal prostatic

epithelium to invasive adenocarcinomas. Therefore, there is a need for model

systems that may provide a better insight into understanding the causative

factors as well as the potential preventive measures that may be taken. The

ultimate goal of any such model system is to mimic the true disease as closely as

possible. The majority of research in prostate carcinogenesis has involved in

vivo studies in which tumors are induced in experimental animal by exposing

them to chemical carcinogens. In vitro studies have been initiated only recently

in an effort to better understand prostate carcinogenesis at the molecular level.

While in vivo and in vitro studies have their respective advantages and

disadvantages, they share a common link in the carcinogen. N-methyl-N-

nitrosourea (MNU) that is often used to induce carcinogenesis.

The purpose of this chapter is to describe individual studies along with the

advantages and disadvantages of in vivo and in vitro transformation of prostatic

cells. The in vivo experiments examined will primarily involve rat and canine

models while the in vitro models will involve human prostatic epithelial cell lines.

Both types of models will be assessed for applicability in studying human

prostate carcinogenesis.
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In Vivo and In Vitro Models

The drawbacks one encounters when working with the in vivo models for

prostatic carcinogenesis may appear to be so daunting on the surface that one

may question whether such studies are required at all. For example, the studies

tend to be extremely time consuming with tumors requiring up to and often more

than a year to grow to a satisfactory size from which histologiwl sections may be

taken. In addition. such studies leave the investigator at the mercy of the normal

physiology of the test animal with little control over the animal’s metabolic

regulatory mechanisms. This often results in excessive inter-experimental

variability. In vitro studies of transformation, on the other hand, often require little

more than a month between treatment of cells with the carcinogen and detection

of transformed cell. Furthermore, in vitro assays allow for greater control over

the variables giving the investigator more flexibility when conducting

experiments. In vitro assays also allow the investigator to examine the molecular

events associated with transformation upon exposure of the cells to the

carcinogen. Such events include mutations. morphological alterations, increased

invasive ability, increased growth rate, and changes in protein expression. It

would, thus, appear that an investigator should not trouble him/herself with the

arduous task of conducting in vivo transformation experiments. However, the

indispensability of animal models may be illustrated by a simple fact: no in vitro

assay is fully predictive of a cell’s behavior in vivo (2). Although the phenotypes

of the transformed cells in vitro may be consistent with cancer, they are not

necessarily equivalent. Any correlation between in vitro transformed cells and
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cancer must be verified in vivo. For example, injection of in vitro MNU

transformed prostatic epithelial cells. that display cancerous behavior, into

animals is required to confirm the cancerous nature of the cells through tumor

formation.

A reproducible model of in vitro transformation of human prostatic

epithelial cells. whose malignancy is confirmed through injection and tumor

formation in animals, would prove invaluable in chemopreventive studies. Such

a model would allow investigators to rapidly assess the chemopreventive ability

of potential agents in a relatively short time frame, whereas, in vivo

chemopreventive studies may take several months before any results are

obtained. However, the value of in vivo data should not be underestimated.

A model for transformation would serve as a useful tool for

chemopreventive studies only if it is possible for the transformation to be blocked.

If the model overwhelmingly favors transformation, any potential effect of a

chemopreventive agent may be masked. An appropriate analogy would be to try

and stop a jet-propelled vehicle with hand brakes from a bicycle. In vivo

carcinogenesis studies may prove useful in this area by the ability of the

investigator to "fine tune” the level of transformation by adjusting the carcinogen

dose to a level where tumors may be present in some but not all subjects, for

example, a tumor incidence of 60-75% as opposed to 100%.

The following section begins the description of in vivo prostate

carcinogenesis models by MNU. The characteristics of what makes a good

model will be discussed followed by individual studies.
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In Vivo Models

It is important for in vivo models of prostate carcinogenesis to share as

many characteristics as possible with the disease in man. We must. therefore.

examine the requirements for appropriate animal models of prostate

carcinogenesis before describing specific examples.

Bosland. one of the leading investigators in the field of in vivo prostate

carcinogenesis, outlined (Table 5-1) the definitive list of requirements mentioned

above (1). It is highly unlikely that an animal model will satisfy all the

requirements listed in Table 5—1. however. the more requirements that are

satisfied, the more appropriate would be the model. All the requirements listed

above are obvious analogs of prostate cancer in man with the exception of the

description of embryological requirements. Bosland specifically mentions

rodents because these animals are the most widely utilized in studies of prostate

carcinogenesis. The human prostate consists of one fused unit while rodent

prostate is comprised of four paired lobes; the dorsal, lateral. anterior, and

ventral which have not merged into one anatomic structure. Of these four lobes

only the dorsal, lateral, and anterior lobes are homologous to zones in the human

prostate while the ventral rodent prostate lobes have has no apparent human

homologue. This lack of homology in the ventral prostate is extremely important

in light of the fact that several animal models display tumor formation selectively

in the ventral lobes which has little meaning in the context of human prostate

carcinogenesis.



Table 5-1. Requirements for Appropriate Animal Models ofProstatic Carcinogenesis

 

 

 

Histology: Adenocarcinoma

Biologic behavior Invasive and metastasizing, preferably to bone; Androgen-

sensitive, responding to hormonal therapy, ultimately

relapsing to hormone-insensitive state;

Slow growing, but not so slowly as to preclude feasible

experiments

Embryology In rodents, not developing from the ventral prostate, but

from the dorsal, lateral, and/or anterior prostate lobes

 

Natural History Mimic pathogenesis of human prostate cancer, with

identifiable precursor lesions and a “latent” carcinoma

stage
 

  
Genetic Alterations Similar molecular/genetic alterations to those found in

human prostatic carcinomas

Feasibility Simple yet relevant induction procedure; Predictable and adjustable incidence
 

(Modified from Bosland, 1992. Ref. #1)
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A striking characteristic of human prostate cancer is the slow growth of

tumors which do not occur with appreciable incidence until after the fifth decade

of life. Thus, although the length of time involved in animal studies of prostate

carcinogenesis was earlier labeled as a disadvantage in the context of

convenience, it may also be regarded as an advantage in the context of human

mimicry. A relatively long latent period and slow growth rate are desirable traits

of an animal model of prostate carcinogenesis. However. according to Bosland.

carcinoma latency exceeding 12 months is not practical (1). Based on the

guidelines provided in Table 5-1. we may proceed to examine examples of

transformation of animal prostatic epithelial cells in vivo by MNU.

Wistar Rat Model: Prostate carcinogenesis using the Wistar rat model has

been studied since 1983(3). This research focuses largely upon the theory that

prostatic cancer in man develops in atrophic areas of the gland. It is believed

that temporary atrophy, induced by chemical castration followed by exogenous

renewal of testosterone action on the prostate epithelium, is a prerequisite for the

development of prostatic carcinogenesis in rats upon treatment with MNU (3). In

order to enhance transformation with MNU, Bosland et al. (4) increased cell

proliferation in the prostate during treatment with the carcinogen by treatment

with androgen, thus, ensuring that DNA lesions leading to mutations are fixed in

the cell (4). Wistar rats, which have a known low incidence of spontaneous

cancer, served as the models in these studies. Bosland et al. performed several



similarly designed experiments which follow a general scheme in which the rats

are pretreated with cyproterone acetate (CPA) daily for three days to induce

chemical castration, which leads to prostatic atrophy. CPA (50mgIkg) treatment

was followed by prostatic epithelial cell growth stimulation achieved through daily

administration of testosterone propionate (TP) (100mglkg) for three consecutive

days. Finally, MNU (50 mglml in earlier studies and 10 mglml in more recent

investigations) was administered to the rats intravenously with no additional

treatments of androgen following the exposure of the animals to the carcinogen.

Initial experiments yielded exciting data where 25% of the Wistar rats

developed prostatic adenocarcinoma in the dorsolateral region of the prostate

after MNU treatment (3). Dorsolateral refers to the apparent fusion of the dorsal

and lateral lobes of the prostate. Further experiments involved essentially the

same design as described above, but were more refined with a greater number

of control groups (eg. no TP, recovery time between CPA treatment and MNU

injection). Once again, adenocarcinomas located in the dorsolateral region, were

found in several groups while the ventral lobes were always free of malignant

tumors (4). This rodent tumorigenesis model exhibits a strong relationship to

prostate carcinogenesis in man because the tumors are adenocarcinomas, they

are invasive, capable of metastasis, and they do not originate from the ventral

prostate. Curiously, control groups, with administration of MNU alone to assess

the unaided transformation ability of the carcinogen, were not included in the

study. Also, there were no groups that received only CPA and TP. Thus, it is

impossible to isolate the specific effects of the three agents (CPA, TP, and MNU)

97



individually, which may provide a greater understanding of the types of changes

that occur when they are administered in combination.

The Wistar rat model has been a valuable tool for studying prostate

carcinogenesis (3,4). Although these rats are currently commercially available,

at one time the general unavailability of these animals led investigators to

perform carcinogenesis experiments on more readily available rat models such

as the Sprague-Dawley, and Fisher F334 rats. Unfortunately, transformation by

CPA, TP and MNU resulted in proliferative lesions of the ventral prostate and

seminal vesicle rather than the dorsolateral region, thus, diminishing the

adequacy of these models (5). A more promising model is the Lobund-Wrstar rat

that is the focus of the carcinogenesis studies described below (6-8).

Lobund-Wistar Rat Model: The Lobund-Wistar (LW) rat is unusual in its

susceptibility to metastatic prostate adenocarcinoma (6). The incidence of

spontaneous development of prostate adenocarcinomas in LW rats is 26% over

an average of 26 months. This unusual behavior exhibited by these rats makes

them suitable candidates for induction of carcinogenesis by MNU.

The carcinogenesis studies conducted using Lobund-WIstar rats differ

from those of the Wistar rats described in the previous section in that

investigators have applied the former model for examining the multi-step process

of carcinogenesis in their experiments and in focusing on the initiation and

promotion events. The rats are not pretreated with castrating agents or
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hormones prior to exposure to MNU. the initiator. and are subsequently treated

with a promoting agent, testosterone propionate (TP) (6).

The first study involved four experimental groups of animals: 1) untreated

control, 2) MNU (30 mglkg) alone, 3) TP (50 mg) alone, and 4) TP (50 mg) and

MNU (30 mglkg) in combination. No prostate adenocarcinomas were observed

in the untreated group within 20 months. While MNU and TP individually did not

display a very high incidence of prostatic tumor formation (20% and 18%,

respectively), the combination of the two agents yielded an incidence of 65-80%

in 11 months (6). Although this experiment was nicely designed with proper

controls, there was no mention of which region of the prostate exhibited tumor

formation. Subsequent studies, however. explain that the large size of the

tumors had obscured the region where they originated. It was confirmed.

through further experimentation. that the MNU (30 mglkg) and TP treated LW

rats develop tumors primarily in the dorsolateral and anterior regions of the

prostate and to a lesser degree in the seminal vesicles (7). This confirmation

satisfies the homology requirement between human prostate carcinogenesis and

the rat model.

The final study, using the LW rat model, involves the latency period

between initiation and promotion of carcinogenesis. Pollard et al. attempted to

establish an experimental procedure for investigating dormancy of

adenocarcinomas in accessory sex organs that are initially not apparent upon

exposure to MNU but are activated by the promotional effects of testosterone (8).

The procedure involves detection of tumors arising in the prostate-seminal
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vesicle complex following exposure of LW rats to MNU (30 mglkg) followed by

activation of prostate-seminal vesicle tumor cells by TP. Animals were treated

with the androgen at intervals of 3, 6, or 12 months following MNU exposure.

The results proved very interesting with tumors detected in 100%, 89.5%. and

90% of LW rats respectively, prior to initiation of TP treatment. The longer the

time between MNU and TP, the shorter the subsequent latent period. The

average latency of tumor formation following TP treatments was 6.4, 4.7 and 2.1

months for the 3, 6. and 12-month intervals, respectively. The control group that

received MNU alone exhibited no tumor formation 12 months following initial

carcinogen exposure. These results suggest that the latent period following TP

was reduced in rats with longer MNU-TP intervals. The investigators stated that

the results suggest that the number of tumor cells had increased with time (8).

Although this is apparently true. it must not be forgotten that LW rats are

inherently susceptible to the formation of prostatic tumors. Therefore, it is

unclear whether the tumor cells that are activated by TP were initiated

spontaneously or by MNU. A more striking inconsistency of this study is the lack

of tumor formation following the test group exposed to MNU alone. Although this

result nicely illustrates the necessity of the promotional event that gives rise to

tumor formation, it contradicts the first study by Pollard in which 20% of LW rats

treated with MNU alone exhibit prostatic tumors after an average of 12.3 months

following exposure to the carcinogen (6). These details. however, are relatively

minor when juxtaposed with the possible applications of this model to study

prostate carcinogenesis and possible modes of prevention. The LW rat model
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satisfies many of the requirements outlined by Bosland et al. in Table 1 (1) and

further research may provide more evidence to support the correlation between

this model and prostate carcinogenesis in man.

The LW rat model may serve as a suitable model for screening potential

chemopreventive agents. The only modification in the protocol used by Pollard

et al. (8) would be the inclusion of the chemopreventive agent prior to, as well as

after exposure of the animal to MNU. The agent would ideally be included in the

diet of the animal rather than through injection thereby increasing its practical

application.

Other Potential Models: The studies described above are the only currently

reported investigations involving in vivo carcinogenesis with MNU. There are.

however, other model systems to which carcinogenesis induced by MNU may be

applied. The first system to be discussed involves a canine model. A system

involving a reconstituted mouse prostate will also be discussed.

The dog is the only nonhuman species in which spontaneous prostate

cancer occurs frequently (9). Prostate cancer in this animal frequently

metastasizes to the lymph nodes, lung, and bone bearing a striking similarity to

the disease in man. In addition, the canine and human prostates share greater

homology than that shared between rodents and humans. Recent findings by

Waters (9,10,11) report the occurrence of prostate intraepithelial neoplasia (PIN)

showing cytological features identical to the human counterpart including cell

crowding, loss of polarity, and nuclear and nucleolar enlargement. His study is
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the first of its kind to describe PIN in dogs without clinically apparent cancer.

This is an extremely important discovery suggesting that canine PIN, like human

PIN, represents a precancerous stage in the progression from benign epithelium

to carcinoma. There is an interesting correlation between prostate cancer in man

and dogs when considering geography. Prostate cancer primarily affects males

in the western world and dogs are perhaps the most ‘westemized' domesticated

animal exposed to many of the same environmental carcinogens and promoters

as humans. The dog, thus, represents the ultimate model for the study of

prostate carcinogenesis. The greatest impediments in the development of

canine models for carcinogenesis are likely to be availability. cost and time.

Rodent models are more readily available. are relatively inexpensive and can be

used within a relatively short time frame because the induction of carcinogenesis

can be initiated in rodents eight weeks of age which is unlikely to be possible in

canine models. Although canine models may not'be as feasible as rodent

models. they show the strongest correlation of a nonhuman species to prostate

carcinogenesis in man.

One of the greatest drawbacks of in vivo carcinogenesis studies is the

length of time required for transformation to occur and for subsequent detection

of tumors. Application of the prostate reconstitution system described for mice

(12) may alleviate this problem. The general procedure involves isolation of

urogenital sinus tissue from mouse fetuses and trimming the anterior and

posterior regions thereby separating the portion that gives rise to the prostate

gland. The urogenital sinus epithelium (UGE) is isolated from the urogenital
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sinus mesenchyme (UGM). Once isolated, the UGE may be exposed to MNU for

an hour. The cells are then mixed in a predetermined ratio (UGE:UGM=3:7) to

reconstitute the fetal urogenital sinus tissue. The mouse reconstituted prostates

(MRPs) are suspended in collagen, incubated overnight, and grafted under the

renal capsules of adult isogenic male hosts. Potential chemopreventive agents

may be incorporated into the diet of the host to block carcinogenesis. After

seven weeks of growth in the host, the MRPs are harvested and could be

sectioned or cultured and tested for malignancy. The time of MRP harvesting

may be varied to observe the progression of the cells from a normal to malignant

state. This in vitro-in vivo procedure would greatly decrease the time involved in

studying induction of prostate carcinogenesis in animals.

The above example underscores the importance of having characteristics

of both in vitro and in vivo protocols for constructing the ideal model of prostate

carcinogenesis. The isolation of the UGE gives the investigator control over the

transformation while the grafting of the MRP into hosts ensures that the cancer

will grow in a physiological environment and finally the harvesting of the MRP

allows the study of the cells at a molecular level. The next section focuses on in

vitro models for prostate carcinogenesis which would allow the investigator to

control and closely monitor the transformation at the molecular level.
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In Vitro Cell Models

Although there are several proposed in vitro models for carcinogenesis

induced by MNU, there are very few that involve the prostate. To date, there

have only been two studies involving in vitro transformation of human prostatic

epithelial cells. This section will evaluate the investigations and provide potential

applications of the in vitro models.

One study of chemical transformation of human prostatic epithelial cells

employed MNU as the carcinogen (13). The cell model used in the experiments

was the non- tumorigenic RWPE-1 human prostatic epithelial cell line

immortalized by human papillomavirus-18. The experimental design involves the

exposure of one day old RWPE-1 cell cultures to 50-250 pglml MNU for one

hour. The cells are then grown to confluency whereupon they are subcultured

and exposed to two additional rounds of MNU treatment. The cells are plated in

soft agar following the third round of exposure to MNU and colonies are counted

following 21 days of anchorage-independent growth. It is not mentioned whether

all three rounds of MNU treated cells were plated in agar or whether only the

third was grown in agar cultures. The control group was not exposed to MNU

and had a low colony forming efficiency (CFE) (0.01%) while cultures exposed to

50 pglml MNU exhibited a CFE of 0.40%. Although anchorage-independent

growth of cells in agar provides strong evidence of malignancy, the cells must

also be injected into animals to confirm that they are tumorigenic. Cells

transformed with 50 and 100 nglml MNU exhibited high tumor formation upon

injection into nude mice while no tumors were observed in the control and in the
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250 nglml MNU treated groups. It was not specified as to whether the cells used

for injection into mice were isolated from colonies in agar or monolayer cultures

after undergoing three rounds of treatment. The use of isolated colonies would

explain the high tumor incidence in the 50 and 100 pglml MNU groups.

The standardization of the experiment described above would serve as an

invaluable tool for the study of prostate carcinogenesis and the screening of

potential chemopreventive agents that may be applied to the model system.

First, it is necessary to prove that MNU transformation of human prostatic

epithelial cells can be repeated with consistency to show similar CFEs upon

plating the cells in soft agar. Once transformation is standardized. potential

chemopreventive agents may be included immediately following exposure of the

cells to MNU. Successful chemoprevention would exhibit fewer colonies in soft

agar than a control receiving MNU without the chemopreventive agent. The

molecular events associated with transformation may be described in

unprecedented detail by noting the changes following each round of MNU

treatment.

Okamoto et al. transformed the RWPE-1 and PWR-1E cell lines with

MNU (14). PWR-lE is also a non-tumorigenic. human prostate epithelial cell

line immortalized by infection with adenovirus-12Isimian virus-40 hybrid virus

(15). The experimental design is similar to that described above, but greater

detail is provided. One day-old cultures were exposed to 50 nglml MNU for one

hour and allowed to grow for 24 hours whereupon they were plated in soft agar

for anchorage-independent growth. Okamoto and his collaborators were
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interested in examining the effects of epidermal growth factor (EGF) in promoting

anchorage-independent growth and. therefore, did not include EGF in the culture

medium when plating the cells and during feeding. Some test groups received

EGF when plated in agar while others did not. An additional aim of this study

was to investigate the effects of interleukin-6 (IL-6) in anchorage-independent

growth of the cells and included the cytokine in some groups plated in agar as

well. The agar colonies were grown for 28 days and colonies were counted.

Addition of EGF and lL-6 significantly increased colony formation in soft agar of

both cell lines pretreated with MNU. Very few colonies were observed in the

untreated groups receiving no MNU. Groups pretreated with MNU without further

cytokine or growth factor treatment formed a modest number of colonies while

groups pretreated with a combination of MNU and EGF or MNU and lL-6

displayed a significantly higher CFE. It is likely that the study conducted by Rhim

et al. (13) included EGF when plating the cells in agar, thus. giving rise to a high

CFE. MNU transformants were isolated from the agar dishes and cultured.

Transforrnants isolated from agar cultures. treated with MNU alone, displayed a

higher growth potential than the parent cell lines. Although, anchorage-

independent growth and increased growth potential are characteristic of

malignant cells, it cannot be stated that these cells are, in fact. malignant until

tumor formation is observed upon injection of the cells into animals. However,

the purpose of this investigation was to establish the promoting effects of EGF

and lL-6 on anchorage-independent and anchorage-dependent growth of the

MNU treated cells. Although the transformation experiments conducted by Rhim
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et al. (13) need to be repeated. they have yielded some valuable information. In

view of these observations. the study described in this thesis was initiated and

includes transformation and characterization of human prostatic epithelial cells.

Cells transformed by exposure of RWPE-1 cells to MNU were injected into

nude mice. The tumors were removed and cells were isolated and cultured. The

cultured cells were again injected into nude mice and again cells from these

second generation tumors were cultured and expanded into several cell lines.

five of which are currently undergoing characterization. The characteristics of the

MNU-transformed cell lines vary considerably. The morphology and anchorage

dependent and independent growth rates differ from one cell line to another. A

spectrum of morphologies exists from an epithelial shape. resembling the parent

RWPE-1 cells. to an elongated fibroblast-like morphology. Interestingly, cells

with an epithelial morphology grow at a slower rate both in the anchorage-

dependent monolayer cultures. and in the anchorage-independent agar cultures,

as compared to the elongated cells. These observations imply that the MNU

transformed cell lines may represent varying degrees of malignancy from the

early stage carcinoma to the late stage carcinoma. Thus, these cell lines may

provide invaluable information regarding the molecular events associated with

the different stages of carcinogenesis. The characterization of these cell lines is

the focus of my research reported in this thesis.
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Conclusion

In vivo and in vitro models of prostate carcinogenesis are the key to

gaining a better understanding of the disease. The choice of model depends

largely on primary interests of the investigator. Simulating prostate

carcinogenesis as closely as possible requires the use of in vivo models which

show strong correlation with the human disease. If scrutinizing the molecular

events associated with carcinogenesis is the primary goal, in vitro models are

better suited for this task.

Currently, the Lobund-Wistar rat is the most promising in vivo model of

prostate carcinogenesis. Prostate tumors can be induced with relative ease by

treatment with MNU and the origin of the tumors appears to be homologous to

that in man. Although a very strong correlation between canine and human

prostate carcinogenesis is apparent. canine models lack in feasibility and are.

thus, not widely used.

The recent development of in vitro models in our laboratory, for the study

of prostate carcinogenesis by treatment with MNU, has provided a means of

gaining a better understanding of the molecular events associated with

carcinogenesis. The possibility of establishing cell models, representing different

stages in carcinogenesis, is very encouraging. A standardized model for in vitro

transformation of human prostatic epithelial cells by MNU would be immensely

useful in establishing a system for testing of chemopreventive agents. Both in

vitro and in vivo models of transformation of prostatic epithelial cells by MNU

provide valuable information for understanding the etiology of prostate
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carcinogenesis and may ultimately be applied to discovering agents for

chemoprevention. However, in order to establish the utility of any cell model, it is

necessary for it to undergo thorough characterization. In the case of malignant

cells, certain criteria must be established to determine whether these cells are, in

fact, transformed and to what degree. These criteria are the subject of the

following chapter.
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Chapter 6

Markers of Transformation
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Abstract

Carcinogenesis studies require the establishment of criteria for

determining whether transformation has occurred. Such criteria may also be

applied towards determining the degree to which cells are transformed allowing

investigators to distinguish between more malignant cells from those that are less

malignant. This chapter describes definitive markers for the assessment of in

vitro transformation. The markers examined include morphological alterations.

increased growth rate, anchorage-independent growth, invasive ability. and

tumorigenicity.
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Introduction

Once cells have been exposed to single or multiple treatments of MNU,

the next step is to investigate whether MNU has induced transformation. In

general, the primary characteristics, confirming malignant transformation of cells

are anchorage-independent growth and tumorigenicity when injected into nude

mice (1-3). Although these characteristics are adequate for confirming as to

whether transformation has occurred, additional tests of other characteristics of

transformed cells may be performed. thus, providing a more accurate description

of the extent of transformation. In addition, the use of several different

transformation markers is essential when comparing characteristics of different

cell lines. For example, testing five different cell models only for anchorage-

independent growth and tumorigenicity may not provide adequate data for

determining with confidence, whether one transformed cell type is more

malignant than another. Each additional test for transformation and malignancy

provides an increasing level of stratification allowing the investigator to delineate

the order of progression between cell lines. Among the definitive markers for cell

transformation are morphological alterations, enhanced growth. anchorage

independent growth, enhanced invasiveness and the ability of the transformed

cells to induce tumors in nude mice (4). Many other interesting methods for

testing malignant transformation were implemented in the investigations

reviewed here and will be examined in detail with focus on transformation by

MNU.
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Studies on Cell Morphology

There is a great deal of valuable information that may be obtained through

observing the morphology of cells. Many investigations examined in this chapter

paid close attention to the morphological and histological effects of MNU on the

cell model (4-12). Many investigators reported morphological alterations after the

cells were treated with MNU. These alterations vary from cell type to cell type

with the primary objective of identifying carcinogen-treated cells with morphology

different from that of the parent cells. Other characteristics that were studied

include abnormal growth, changes in cytokeratin expression and decreased

differentiation. Although morphological changes are not definifive markers for

transformation, they aid in the monitoring of the effects of MNU on the treated

cells. A study conducted by Russo et al. (7) involved a multinucleation assay on

the cells treated with MNU for which an increase in the number of nuclei per cell

strongly suggested that transformation took place. The premise behind this

assay is the ability of normal and neoplastic cells to respond to cytochalasin B

differently (13). Normal cells show control of nuclear division upon treatment with

cytochalasin B while neoplastic cells are highly multinucleated with continuous

nuclear division following cytochalasin 8 treatment. Cytoplasmic division is

prevented by cytochalasin B in both cases (13). A study was conducted by

Azuma et al. (8) in which rat bladder epithelial cells. exhibiting an altered

morphology following exposure to MNU, were isolated and cloned. These cells

of altered morphology proved to be much more tumorigenic than the parent cells

(8). The establishment of altered morphology of carcinogen-treated cells may be
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followed by comparing the doubling time of the transformed cells with that of the

parent cells.

Increased Growth Rate

Malignant transformed cells often exhibit and enhanced rate of growth.

Hyperplasia of transformed cells may eventually lead to a neoplasm. This

elevated growth rate may be monitored in a number of ways. A hyperplastic

state may be observed in histological sections of tumors that result after injection

of MNU-transformed cells into mice (10.11.14.15).

A simple and quantifiable method of comparing growth rate of cells before

and after treatment with MNU, that was not reported in the investigations

reviewed here, may be through a microplate growth assay. The same number of

MNU-treated and untreated parent cells are plated in separate wells and allowed

to grow for a fixed number of days, during which time they are fed at regular

intervals. Upon fixing and staining the plates, the growth curves for each cell

type may be established along with their doubling time. This allows the

investigator to elucidate the effect of MNU on the growth rate of the treated cells.

Although the exact procedure was not reported. the study conducted by Calaf et

al. (4) involved the comparison of the doubling times of MNU-treated and

untreated human breast epithelial cells. Although increased monolayer growth

rate and doubling time may suggest transformation, anchorage-independent

growth in soft agar bears a stronger correlation with malignant transformation.
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Anchorage-Independent Growth

Normal epithelial cells in vivo rest on a basement membrane that is

required for their polarization and growth. In cell culture, normal cells (except

lymphocytes) requires a substrate for attachment before they undergo DNA

synthesis and cell division. This phenomenon is called anchorage

independence. If normal cells are placed in suspension, such as in soft agar,

they do not proliferate. Upon malignant transformation, cells show varying

degrees of loss of anchorage dependence so that if placed in soft agar or

methylcellulose, they have the ability to proliferate and form colonies (16,17).

This ability of cancer cells to grow in soft agar is associated with autocrine

secretion of growth factors and secretion of proteases involved in invasion,

during the late stages of carcinogenesis. Soft agar assay provides an in vitro

method to identify and quantify the number of potentially transformed cells. A

strong correlation between increased cloning efficiency in agar and tumor

formation has been demonstrated. The assay for loss of anchorage dependence

is based on the ability of cells to form colonies in soft agar. These colonies may

be stained with a tetrazolium dye (18) as seen in Figure 6-1. thus. facilitating the

quantification of colony number. This assay was developed by MacPherson and

Motagnier (16). The varying ability to grow in soft agar may be correlated with

the degree of acquisition of malignant characteristics in a continuum/multistep

process of carcinogenesis. However, exhibition of anchorage-independent

growth is a relatively late marker and may be correlated with tumorigenicity (4).
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Figure 6-1: Anchorage-independent growth ofWPE-1-NB14 cells. Cells were

plated at a density of 12,500 in a 30 mm culture dish in an agar-medium

suspension and allowed to grow for 21 days and stained with INT.
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Several investigators employed the soft agar assay for anchorage

independent growth along with injection of MNU treated cells into nude mice.

Although it takes three to four weeks for the assay to run its course. it is

significantly shorter than the time required for the growth of tumors in mice, and it

may serve as a preview to the events that will be observed upon injection in vivo.

It should be noted, however, that just because cells are able to grow in soft agar

does not necessarily indicate that they will form tumors in vivo (7).

One very significant feature of the soft agar assay for anchorage-

independent growth is that it allows the investigator to purify the transformed cell

population. This may be done by removing colonies from the soft agar dish after

allowing time for the colony to form and then placing the colony in culture

medium. The resulting population will have a higher percentage of transformed

cells and will be a more pure population. It is surprising that none of the

investigations employed this method to increase transforming efficiency.

Although there is a strong conelation between the ability of a cell line to form

colonies in agar and its tumorigenicity. colony-fonning ability is not synonymous

with malignant transformation. Invasive ability has a stronger correlation with

malignancy than anchorage-independence.

Invasive Ability

A very good marker for the confirmation of transformation is the effect

MNU has on invasive ability of treated cells. Invasion and metastasis are the

processes by which malignant tumors spread throughout the body. The steps
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include: 1) attachment to the basement membrane, 2) degradation of the

basement membrane by induction and release of matrix degrading proteases, 3)

migration of tumor cells toward chemoattractants of the target tissue. and 4)

tumor cell proliferation forming a metastasis (19). These events may be

simulated in vitro through the blind well chamber assay. A schematic diagram of

the blind well is provided in figure 6-2. A nuclepore filter coated with the

reconstituted basement membrane, Matrigel, separates the two chambers of the

blind well. Cells are plated in the top chamber while the bottom chamber

contains a chemoattractant towards which the cells migrate. The cells must

degrade the Matrigel in order to pass to the underside of the filter and to migrate

to the lower chamber. The migrated cells are quantified after being allowed

appreciable time to invade and the greater the number of migrated cells, the

greater the invasive ability of the cell line.

It is surprising that only one investigator tested MNU treated cells for

enhanced invasive ability (4). The investigation conducted by Azuma et al. (8)

indirectly assayed for invasive ability by monitoring the activity of plasminogen

activator. The plasminogen activator plays an important role in the cascade of

events leading to the release of enzymes involved in the degradation of the

basement membrane. Treatment with MNU resulted in a 4 to 9-fold increase in

plasminogen activator activity as compared to the parent cells (8).
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Figure 6-2: Schematic Diagram of a Blind Well Chamber used to assess

Invasive Ability. The chamber consists of tow compartments separated by a

nucleopore filter coated with the reconstituted basement membrane, Matrigel.

Cells are plated in the top chamber and migrate towards the chemoattractant in

the bottom chamber. Normal cells are unable to penetrate the Matrigel layer

while invasive cells degrade the Matrigel, pass through the filter into the bottom

chamber. Cells in the bottom chamber are quantified.
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The in vitro methods for detection of transformation examined thus far

provide valuable information as to whether transformation has occurred and to

what degree. However. there is no substitute for the ultimate in vivo test to

determine whether malignant transformation has taken place. This involves

testing for tumorigenicity by injection of cells into nude mice.

Tumor Formation

The one feature shared by nearly every study in this chapter was the

injection of suspect transformed cells into mice. In some investigations this was

the primary marker among several and in other investigations it was the only

marker for malignant transformation. Laduca et al. (5) chose not to use mice

stating that there are too many problems associated with in vivo experiments.

These investigators favor an entirely in vitro system in which cells are

transformed and tumors are grown “in vitro”with the rationale that carcinogenesis

may be better understood when tumor formation is visualized in culture without

the use of any animal transplantation (5). The general procedure involves

subculturing and mixing the MNU-treated cell suspension with collagen in a

12- well plate and adding appropriate amounts of culture medium and changing

the medium every 3 days. The MNU treated cells soon began to form

“microtumors,” consisting either of clusters of cells when small, or spherical

bodies when larger (5). This may be true, however, it is unlikely that this in vitro

method can serve as a replacement for the in vivo observation of tumorigenicity.

In other words, an in vitro system. in which MNU treated cells form ‘tumors,’
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does not necessarily mean that the same result would be achieved in vivo. The in

vivo model involves injection of MNU treated cells into mice and waiting for either

a fixed time period or until palpable tumors may be harvested from the animal.

At this point the tumors are removed from the mice and placed back into culture.

Following injection into nude mice it is important to confirm the origin of the tumor

cells a) by screening for markers characteristic of the particular organ or gland

from which the cells were originally derived and b) by chromosome analysis to

ensure that the cells of the same species and type. which were originally

injected, are being taken out (6). This is especially important if a transformed cell

line is being established because it is possible that the injected cells may consist

of cells from the organ along with cells of the surrounding tissue. Although this in

vivo method is much more time consuming than the in vitro collagen gel matrix

model, it is a definitive method by which tumorigenicity is assayed. I applied the

aforementioned markers for transformation during the characterization of the

MNU-transformed human prostate cancer cell lines described in Chapter 7. The

following subsections describe additional transformation markers that may be

utilized.
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Other Markers

Cancer is a disease that arises from the disruption of gene function.

Changes in the expression of genes associated with growth regulation, such as,

oncogenes and suppresser genes are characteristic of malignant cells.

Comparison of gene expression may be accomplished by directly staining

MNU- treated and untreated cells with antibodies for specific proteins encoded by

oncogenes. More specific results may be obtained by detection of actual

mutations through examination of the gene sequence of MNU-treated and

untreated cells. The latter method was employed for the detection of res

mutations in a study conducted by Mangold et al. (20). An interesting finding in

this study was that K-ras mutations could be modified by the nature and dose of

MNU as well as the frequency and duration of exposure (20).

Examination of the karyotype, the array of chromosomes the cells

possess, is also a very useful tool for the assessment of transformation.

Chromosomal analysis of MNU-treated and untreated cells provides a map for

comparison of genetic mutations that may have taken place and the genes that

may have been altered. Garrett et al. (15) studied tumor suppressor genes and

discovered abnormalities in cells treated with MNU that were absent in untreated

cells.

Wrth respect to the transformation markers reviewed for this chapter, there

are a few markers that are not widely employed but proved interesting. Among

these markers are lectin reactivity. levels of 05-methyl guanine, and response to
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modulation by serum and growth factors in the medium with which the MNU cells

are nourished.

Lectins are sugar-binding proteins and in malignant cells there is deletion

of some terminal sugar residue causing the lectin receptor of subtenninal sugar

residues to be more unmasked than normal. Tumor cells have the ability to

agglutinate when mixed with certain lectins, including concanavalin A and wheat

germ agglutinin. whereas normal cells may not agglutinate with the same lectin

(21). In a study of human breast epithelial cells treated with carcinogens, the

lectins, concanavalin A and soybean agglutinin. had an increased intensity of

reaction upon treatment of cells with MNU (7).

Levels of 06-methyl guanine were monitored in the DNA of hamster

dermal fibroblasts in a study conducted by Shiner et al. (22). The increased level

of 05-methyl guanine found after treatment with MNU is significant because this

type of modified base has been implicated as a promutagenic and

procarcinogenic lesion (22). Treatment with MNU formed high levels of

06-methyl guanine. O-alkylation has been implicated in the induction of thymic

lymphomas in mice suggesting a positive correlation between the extent of

alkylation at the 06 position of guanine in DNA of the target tissue and the ability

of MNU to induce thymic lymphomas in mice (22).

In a study conducted by Mangold et al. (20), MNU-treated hamster

pancreatic duct cells were maintained in serum-free and EGF-free medium.

Initially the culture exhibited extensive cell death, however, after three passages,

cell death decreased leaving a population of isolated transformed cells.
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MNU-treated cells, grown in the serum and EGF deprived conditions, were highly

tumorigenic (tumors induced in 29I30 mice) when compared to MNU treated cells

which were grown in media containing serum and EGF (tumors induced in 8/30

mice) (22). Thus, selection of MNU-transformed cells by serum and EGF

deprivation is highly reproducible and effective (20). Studies conducted by

Guzman et al. (10) and Miyamoto et al. (11) did the exact opposite of this by

inducing MNU transformation of mammary epithelial cells by the addition of a

variety of growth factors and hormones. Transformation was achieved in both

cases.

Conclusion

Although there are many characteristics. associated with malignant

transformation. that could be examined through experimentation to confirm

whether cells have been transformed, investigators often examine only a few to

obtain just enough evidence to confirm that transformation has taken place. The

real challenge lies in elucidating how this transformation occurred. If

transformation is the primary goal then only a few experiments are necessary for

confirmation. However, in order to gain a better understanding of the cellular and

molecular events that take place during transformation, it becomes imperative to

examine most of the transformation markers described in this section. In this

manner, the investigator will not only be able to confirm whether transformation

has taken place, but can also report results on a host of other characteristics

including. morphology. monolayer growth rate and doubling time, colony forming
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efficiency in agar, invasive ability and tumorigenicity. I examined all of these

characteristics for the comparative study of five human prostate cancer cell lines

derived by transformation with MNU. A study of these characteristics made it

possible to discover that each cell line represents a different level of

transformation and cancer progression.
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Abstract

Prostate cancer is the leading cancer in men in the United States.

Research on prostate cancer has been difficult due to a lack of well-

characterized human cell lines. Current cell models share few characteristics

with the disease in vivo, thus, diminishing their use in the study of the disease.

This study presents characterization of five new human prostatic epithelial cell

lines (WPE-1-NA22, WPE-1-N827, WPE-1-NB14, WPE-1-NB11, and WPE-1-

NB26) that exhibit varying degrees of malignant characteristics. These cells

were derived by stepwise immortalization of normal prostatic epithelial cells

followed by malignant transformation. Characterization is based on morphology,

cytoskeletal protein expression, growth in monolayer, anchorage-independent

growth, response to growth factors, invasive ability. and tumorigenicity. These

cell lines display different levels of malignancy with WPE-l-NA22 being the least

malignant. and WPE1-NB26, the most malignant. The other cell lines represent

intermediate stages in the process of malignant progression. This is the first

prostate cell culture model system where cell lines derived from the same parent

cell line display varying degrees of malignancy. The following sequence was

determined from the least to the most malignant: WPE-1-NA22, WPE-l-NB27.

WPE—1-NB14, WPE-l-NB11, and WPE-1-N826. This unique model system can

be used to understand the molecular basis of the multi-step process of tumor

progression in prostate cancer and has important applications in the prevention

and treatment of prostate cancer.
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Introduction

Prostate cancer is the most common non-skin malignancy and the second

leading cause of cancer death among men in the United States (1). It is

estimated that 185,500 new cases were reported and 39,200 men died of the

disease in 1998 (1). Prostate cancer incidence increases with age and three-

fourths of all prostate carcinomas are diagnosed in men over the age of 65 (1).

Improved methods for detection, coupled with the large aging male population,

have contributed to increased prostate cancer incidence and heightened public

awareness of the disease in the United States (2). Approximately 11 million men

between ages 45 and 50 are believed to have latent carcinoma of the prostate. It

is predicted that this latent carcinoma will develop into metastatic prostate cancer

in one in ten men (3.4). The invasive potential of latent carcinoma remains a

mystery, as researchers and physicians are currently unable to determine what

causes latent carcinoma to progress to metastatic disease and which cells are

most likely to become malignant. This problem makes prognosis of early stage

prostate cancer difficult leaving physicians unsure of how aggressively the

patients, afflicted with the disease, should be treated. It is. thus, imperative to

uncover information leading to the understanding of the molecular events

associated with prostate cancer progression. Such an understanding at the

molecular level would only be possible through in vitro study. However,

researchers have lacked the tools that would allow them to explore this area of

invesfigation.
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In vitro research on prostate cancer progression has been made difficult

in the past due to a lack of suitable human cell models. The most widely used

human prostate cancer cell models, described in chapter 3, represent a highly

metastatic state. This is hardly surprising considering the fact that most of them

were derived from biopsy material of metastasized prostate cancer (5).

Therefore, these models provide little information regarding the early events

associated with prostate carcinogenesis. Thus, it is imperative to establish cell

models that more accurately represent the early stages of prostate

carcinogenesis and tumor progression in order to gain a meaningful

understanding of these processes.

Five such cell models have been developed in Dr. Mukta M. Webber’s

laboratory. The non-neoplastic, immortalized. human prostatic epithelial cell line.

RWPE-l (6), was treated with the chemical carcinogen, N-methyl-N-nitrosourea

(MNU), giving rise to the WPE-l-NA22, WPE—1-NB27, WPE—1-NB14, WPE-1-

N811, and WPE-1-NB26 cell lines. The primary objective of this study is to

characterize these cells to establish their human prostatic epithelial origin and to

rank them on a scale of malignancy by examining their malignant characteristics.

These cell models may provide important clues for gaining a better

understanding of carcinogenesis at the molecular level. The understanding of

the molecular events associated with carcinogenesis will provide the knowledge

necessary for the discovery of chemical agents that will prevent cancer from

manifesting at an early stage. The application of chemical agents to this end is

termed chemoprevention. Chemoprevention, as defined by Spom. “is the use of

pharmacological or natural agents that inhibit the development of invasive cancer
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either by blocking the DNA damage that initiates carcinogenesis or by arresting

or reversing the progression of premalignant cells in which such damage has

already occurred “ (7,8). The concept of chemoprevention, therefore, includes

the use of drugs to prevent development of preneoplastic lesions and their

progression to invasive cancer. The MNU-transformed cell lines provide in vitro

cell models for testing agents for cancer prevention.
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Hypotheses

The main focus of this study is to develop and characterize tumorigenic,

human prostatic epithelial cell lines by transformation of the immortalized non-

tumorigenic cell line RWPE-l, with the chemical carcinogen, N-methyI-N-

nitrosourea (MNU). These cell lines are of varying degrees of malignancy and

mimic the early stages of cancer progression in vivo. The proposed hypotheses

are that:

1. The MNU-transformed cell lines are of prostatic epithelial origin.

2. The MNU-transformed cell lines exhibit characteristics of malignant epithelial

cells.

3. Although malignant. the MNU-transformed cell lines retain and express

differentiated functions of prostatic epithelial cells unlike currently used

malignant prostatic epithelial cell lines.

4. The MNU-transformed cell lines represent different stages of cancer

progression from early, non-invasive, latent carcinoma to late, metastatic

prostate cancer.
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The Origin of Cell Lines

Transformation of human prostatic epithelial cells with the chemical

carcinogen, MNU, was recently reported (9). This investigation did not explore

questions beyond the malignant transformation of the cells. Well-characterized

cell lines of human prostatic epithelial origin, transformed with MNU, were

established in our laboratory by the following method as described. in general

terms, in the flow chart shown in Figure 7-1.

Normal human prostatic epithelial cells were isolated from a white male

and immortalized using a plasmid pSHPV-18 m containing a single copy of the

HPV-18 genome (6). Normal cells senesce within approximately five passages in

culture. After 6-7 weeks immortalized cell colonies appeared that were isolated.

propagated. and thoroughly characterized in our laboratory to establish their

prostatic epithelial origin (6.10). This characterization gave rise to the RWPE-1

cell line. RWPE-1 cells show growth response to androgens and express AR

and PSA upon exposure to the synthetic androgen mibolerone (6). RWPE-1

cells are not tumorigenic when injected into nude mice. show a positive growth

response when treated with exogenous EGF and bFGF and their growth is

inhibited by TGF-B(6). RWPE-1 cells were plated at a density of 100.000

cells/80-cm2 flask, and after 25 hours, were exposed to 50, 100 and 250 nglml

MNU for one hour. Following MNU treatment the cultures were grown to

confluence with medium being changed every 3 days. At confluence the cells

were passaged and treated for two additional rounds of MNU treatment as

described above. They were then subcultured and prepared for examination of
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in vivo tumorigenesis. Cells treated with 50 pglml MNU were injected into nude

mice with and without Matrigel by Dr. Hynda Kleinman. Ten weeks following

injection. several tumors were removed from the mice and passed on to Dr.

Mukta M. Webber. No tumors formed in the absence of Matrigel. Among the

tumors were three termed 2A, 28, 3A and 38 that were cultured by Dr. Webber.

Cells were injected similarly again into nude mice to obtain second generation

tumors. which were designated as 2A1, 2A2. 3B1, and 3B2. Cells from these

tumors were placed in culture and approximately three weeks later they were

plated in soft agar for isolation of pure colonies (soft agar assay described in

detail in the Methods section). Single colonies were excised from the agar

culture while viewing the colony through a microscope using a sterile razor blade.

The excised colony was isolated using sterile forceps and transferred to a well of

a 24-well plate containing 1.0 ml of medium. The cloned cell lines obtained

through this colony isolation were termed 2A22, 3B14, 3B11, 3B27, and 3B26.

The cell lines were subjected to a second round of isolation from soft agar to

attain a more pure cell population. Five MNU-transformed cell lines have been

designated WPE1-NA22, WPE1-N814, WPEl-NB11, WPE1-NB27, and

WPE1-NB26.

143



Materials and Methods

Materials

Keratinocyte-serum free medium (K-SFM) no 17005-042, antibiotic/antimycotic

mixture no. 15240-013, Gibco-BRL. Grand Island, NY; RPMl-1640 no. C0261,

Celox Laboratories. Hopkins, MN; Dulbecco’s phosphate buffered saline

Ca”lMgZ*-free (PBS) no. 28374, Pierce, Rockford, IL; fetal bovine serum (FBS)

no. 1020-75, lntergen, Purchase, NY; mibolerone no. W-300, BIOMOL

Biomolecular Research Laboratories. Plymouth Meeting, PA; epidermal growth

factors (EGF) no. 4001, transforming growth factor B (TGF-p) no. 40039,

Collaborative Research, Bedford, MA; recombinant basic fibroblastic growth

factor (bFGF) no. 234-FS, R 8 D Systems, Minneapolis, MN; monoclonal

antibody to prostate specific antigen no. M0750, DAKO, Carpinteria, CA;

polyclonal antibody to androgen receptor no. PA1-110, Affinity BioReagents,

Neshanic Station, NJ; monoclonal antibodies to: cytokeratin 8 no. C-5301,

cytokeratin 18 no. C-8541, and bovine serum albumin (BSA) no. A-2153,

p-iodonitrotetrazolium violet (INT) no. l-8377, 3-[4,5-dimethylthiazol-2-yl]-2,5-

diphenyltetrazolium bromide (MTT) no. M-2128; N—nitroso-N-methylurea (MNU)

no. N-1517, Sigma, St. Louis, MO; monoclonal antibody to p53 no. OP09,

Oncogene Science. Cambridge. MA; monoclonal antibody to pr no. 14001A,

Pharmingen, San Diego, CA; Vectastain Elite ABCPeroxidase Kit no. PK-6102

and 3,3'-diamino-benzadine (DAB) Substrate Kit no. SK-4100. Vector

Laboratories. Burlingame. CA; HEMA-3 Stain Set no. 67-56-1, Curtin-Matheson.

Wood Dale. IL; 24 well plates (Falcon) no. 08-7721; 12 mm circle coverslips no.
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12-545-80; Cell Strainers 40 pm (Falcon) no. 08-771-1, Fischer Scientific.

Ithasca, IL; Nucleopore membrane. 8 p pore size no. 1550446, 96 well plates

3596, Costar, Cambridge, MA; Bacto agar (0140-01), Difco, Detroit, MI; 35 mm

dishes no. 3001, Becton Dickinson, Lincoln Park, NJ; Matrigel was a kind gift

from Dr. H. K. Kleinman, NIH.

Cell Culture

All cell lines derived from RWPE-1 by transformation with MNU, were maintained

in complete K-SFM medium containing 50 pglml bovine pituitary extract (BPE),

5 nglml epidermal growth factor (EGF), and 1% antibiotic/antimycotic mixture

(Penicillin, 100 Ulml, Streptomycin 100 nglml and Fungizone, 25 jig/ml). Cells

were passaged upon confluence and seeded at 1-2x106 cellsI'l'-25 flask. The

human prostate carcinoma cell line. DU-145, was maintained in RPMI-1640

medium containing 5% fetal bovine serum (FBS).

Anchorage-dependent growth in vitro

Microplate growth assays were performed to assess the population growth rates

of the MNU-transformed cell lines. Cells were plated in 96-well plates at a

density of 5,000 cells/well in sextuplicate. Medium was changed every 48 hours.

Plates were stained on days 3, 6. and 9 with 3-[4,5-dimethylthiazol-2-yl]-2,5-

diphenyltetrazolium bromide (MTT). MTT was dissolved in PBS at a stock

concentration of 5 mglml and filtered with a 0.45 pm filter. The day the cultures

were ready to be stained, the MTT stock was diluted 1:5 in pre-warmed (37°C)
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culture medium. Staining involved the direct addition of 50 pl 5 mglml MTT to

each well of the plate to be fixed without removing any medium. The plates were

incubated for 4 h at 37°C. The MTT solution was also added to control wells that

contained no cells. The media and MTT were removed and the dye was

released by the addition of DMSO and absorbance was measured at 540 nm

with a Titertek microplate reader. This experiment was performed twice and the

average of the two experiments plotted.

Anchorage-independent growth in vitro

Soft agar assays were performed to test the anchorage-independent growth

ability of the MNU-transformed cell lines by colony formation. A solution of 0.5%

agar containing medium (40% KSFM, 40% 1.25% agar, 10% PBS, 10% PBS)

was made and kept in a 44°C water bath when not in use during the assay. A

volume of 2 ml of the 0.5% agar medium was added to 35 mm dishes evenly and

left for 30 minutes to solidify. Cells were subcultured, filtered through a 40 pm

cell strainer and counted. A 1.0 ml suspension containing 37,500 cells in KSFM

with 10% PBS was then made. Each tube containing the 1.0 ml cell suspension

received 2.0 ml of the 0.5% agar medium for a final agar percentage of 0.33% in

the medium. The suspension was mixed by triturating twice and 1.0 ml of the

suspension was added on top of the 0.5% bottom layer of agar in three 35 mm

dishes with each dish receiving 12,500 cells. Controls consisted of dishes

containing agar and no cells. The dishes were placed in a 37°C incubator for 21

days. Colonies were stained with the metabolizable INT dye. INT was dissolved

in deionized H20 at a concentration of 1.0 mglml and sterilized in an autoclave
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for 20 minutes. After 21 days in agar culture the colonies were stained with 1.0

ml of a 1.0 mglml solution of INT for 12 h. Plates were fixed with a 10% formalin

solution and colonies were counted immediately using a Biotran 2 Automated

Colony Counter or stored at 4°C. Colony forming efficiency was calculated by

dividing the total number of colonies formed by the total number of cells plated

and multiplying by 100 to obtain a percentage. The experiment was repeated

and the results of the two experiments were pooled and plotted.

Effects of Growth Factors on Growth of MNU-Transformed Cells

The response of the MNU-transformed cell lines to the effects of the growth

stimulatory growth factor, EGF, and growth inhibitory growth factor, TGF-B, was

examined. EGF was dissolved in sterile distilled water and TGF-B in 4 mM HCI

in D-PBS containing 1 mglml BSA. All growth factor stocks were aliquoted and

stored at -70°C. Growth factor dilutions were made in the final medium at

121000, thus, giving a final vehicle concentration of 0.1%, which did not affect

growth. The microplate assay was used with 5,000 cells/well plated for EGF

experiments and 10,000 cell/well plated for TGF-B experiments in triplicate in

complete KSFM. A greater cell number was used for TGF-B treatment because

this growth factor was expected to have an inhibitory effect on the cells that

would be more easily detected with a higher initial cell number. Conversely.

fewer cells were plated for EGF treatment as this growth factor was expected to

have a stimulatory effect on the growth of the MNU-transformed cells. After 48 h.

cells were switched to test media consisting of K-SFM with BPE only and
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supplemented with the vehicle or growth factor concentrations of 0.1, 1.0 or 10

nglml for EGF studies. The medium used for TGF-B treatments consisted of

complete K-SFM supplemented with the vehicle or growth factor concentrations

of 0.1, 1.0, or 10 nglml. The medium was changed every 48 h. Controls

consisted of untreated and vehicle-treated cells. Test plates were prepared for

absorbance readings five days after treatment as described earlier. Results were

plotted as percentages of the vehicle control.

Haematoxylin and eosin staining for cell morphology and

immunostaining for the expression of cytokeratins and vimentin

Cells grown on coverslips for each cell line were stained with haematoxylin and

eosin (H & E) to examine cell morphology. Protein expression was detected by a

modified avidin-biotin immunoperoxidase Vector protocol using monoclonal

antibodies. In 24-well plates, 20,000 cells/well were plated on coverslips. At 75%

confluency. cells were fixed in 50I50 methanol/acetone at room temperature and

processed the same day or stored at -20°C. Antibody dilutions were made in

normal horse serum. The following sequential steps were conducted at room

temperature and cells were rinsed twice with PBS between steps after

application of the primary Ab: cells were blocked with normal horse serum for 1h,

incubated with the appropriate antibody for 1h, followed by biotinylated

secondary Ab (1:200) for 30 min, treated with 3% H202 for three min to quench

endogenous peroxidase activity, incubated with the avidin-biotin-peroxidase

complex for 30 min, developed with DAB-nickel chloride for five min, dehydrated

and mounted on alcohol washed slides. Control coverslips lacked primary

148



antibody. Primary antibody dilutions were: for CK-8 1:200, CK-18 1:800 and

vimentin 1:40.

Immunostaining for PSA and AR expression

MNU-transformed cells were tested for PSA and AR expression to establish their

prostatic origin. Cells grown on coverslips for immunostaining were pretreated in

K-SFM medium containing 5 nM mibolerone, a non-metabolizable androgen. for

six days, beginning 48h after plating. Mibolerone was dissolved in absolute

ethanol and stored at -70°C. ContrOls consisted of ethanol treated cultures

where ethanol was diluted in the culture media at a ratio of 1:1000 giving a final

ethanol concentration of 0.1% in the medium. Cells on coverslips were fixed

alter reaching 75% confluency with 50l50 methanol/acetone at room temperature

and processed the same day or stored at -20°C. The primary Ab dilutions and

incubation temperature and times were: PSA 1:20, 4°C, 24h; and AR 1:100.

25°C. 2h.

Invasion Assay

The ability of the cell lines to invade through Matrigel, a reconstituted basement

membrane, was examined using a Blind-well chamber in vitro invasion assay

(11) modified in our laboratory (6). The prostate cancer cell line DU-145. which

has a high invasive ability, were used as controls for the invasion experiments.

The assay was conducted as follows: on the day prior to running the assay. cells

were plated at density of four million cells in T-75 flasks in eight ml of media.
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Matrigel was diluted 1:20 with cold (4°C), sterile distilled water on ice for a final

concentration of 500 nglml. Each Nuclepore filter was coated with 25 pg Matrigel

in 50 pl of distilled water and left to dry overnight at room temperature under

sterile conditions. Cells were rinsed with D-PBS 18 h after plating and incubated

in 3 ml of 0.53 mM EDTA for seven minutes, dislodged by tapping, suspended in

three ml K-SFM containing 0.1% BSA (RWPE-1 and MNU-transformed cell lines)

or serum-free RPMI containing 0.1% BSA (DU-145 cell line) and recovered by

centrifugation. Pellets were resuspended to obtain 1 million cells/ml in K-SFM or

RPMI containing 0.1% BSA. The bottom of the Boyden chamber contained 220

pl of NIH/3T3 cell conditioned medium that served as the chemoattractant. For

preparation of the conditioned medium. subconfluent NIH-3T3 cultures in

100 mm plates were fed with seven ml of serum-free DMEM containing 50 pglml

ascorbic acid. Conditioned medium was collected 24h later, centrfuged to

remove cell debris and stored at —20°C. A cell suspension containing 200,000

cells in 200 pl medium was added to the top chamber and allowed to remain

undisturbed for five min before overlaying with 650m of K-SFM containing 0.1%

BSA for the RWPE-I derived cell lines or serum-free RPMI medium for DU-145

cells containing 0.1% BSA. Controls consisted of K-SFM and RPMI serum-free

medium containing 0.1% BSA. Cells were allowed to invade for 24 h at 37°C at

which time the filters were stained and prepared for absorbance reading. The

filters were fixed, stained with HEMA-3 and allowed to hydrate in distilled water

for five min. Non-migrated cells on the Matrigel-coated side of the filter were

removed by wiping with a cotton swab. Stain was extracted by placing filters
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individually in wells of a 24-well plate containing 300 pl of 0.1 N HCI for 15 min

and 200 pl from each well was then placed in a 96-well plate and the absorbance

was measured at 620 nm using a Titertek microplate reader. In addition to

evaluating the number of migrated cells on the filter, cells that had migrated to

the bottom chamber were also counted. One hundred microliters were taken

from each of the triplicate chambers, pooled into cuvettes containing 10 ml

lsoton. triturated and counted. The percentages frOm the chamber counts and

filters were added to obtain total invasion. Percent absorbance and cell counts

for the cell lines were calculated using DU-145 as 100%. The invasion

experiments were conducted at least three times with the MNU-transformed cell

lines and the average of three experiments is depicted in the results.

Growth in Nude Mice

Experiments to determine the tumorigenicity of cell lines were conducted by Dr.

Hynda Kleinman at the National Institute of Dental Research (NIDR), National

nlstitutes of Health, Bethesda. MD. Cells were tested for tumorigenicity by

injecting 5x105 cells with Matrigel and 1x10° cells without Matrigel,

subcutaneously, into left and right flanks of nude mice. respectively, that were

maintained for about three months. Tumors were removed and placed in culture.

A portion of each tumor was fixed for histological examination. The tumor size

was measured and the tumors were photographed.
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Statistical Analysis

Results are expressed as means with standard error of the mean (sem). The

differences between means were considered significant if P<0.05. Data were

analyzed using one way analysis of variance (ANOVA) for growth factor effects.

Response to individual concentrations was compared to the control using the

Tukey-Kramer multiple comparison test or a paired t-test, as appropriate.

GraphPad InStat version 3 was used for these analyses.
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Results

Growth in Monolayer

The growth curves for the MNU-transformed cells are plotted in Figure 7-2. The

MNU-transformed cell lines have different proliferative capacities. The

WPE-1-NA22 cells are the slowest growing with a doubling time of ~ 96 h for this

cell population, followed by the WPE-l-NB27 (doubling time ~ 62 h) and WPE-1-

NB14 (doubling time ~ 45 h) cell lines which have similar growth rates. The

WPE-1-NBI1 (doubling time ~ 40 h) cells proliferate more rapidly as do the

WPE-1-NB26 cells (doubling time ~ 40 h) that have the greatest rate of growth.

The growth rate of WPE-1-N826 cells is nearly three times that of the parent

RPWE-1 cells (doubling time ~ 120 h). All five cell lines have a greater rate of

growth compared to the parent RPWE-1 cells. Not only do the MNU cell lines

show a more rapid growth rate than the parent cell line, but they also appear to

have different rates of growth compared to one another.

Anchorage-Independent Growth

The WPE-1-NA22, WPE—1-NB27, WPE—1-NB14, WPE-1-NB11, and

WPE-l-NB26 cell lines were plated in agar at a density of 12,500 cells/35 mm

dish to assess anchorage independent growth. The results for anchorage

independent growth of the MNU-transformed cell lines are plotted in Figure 7-3.

RWPE-1 cells were included in this experiment in order to compare the

anchorage independent growth of the MNU-transformed cell lines with that of the

parent cells. The RWPE-1 cells failed to show anchorage independent growth
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while the MNU-transformed cell lines exhibited varying degrees of colony forming

ability (Figure 7-3). All MNU-transformed cell lines displayed a statistically

significant enhanced colony forming efficiency compared to the RPWE-1 parent

cell line; WPE-1-NA22. p=0.0159; WPE-1-B14, p=0.0049; WPE-1-NB11,

p=0.023;WPE-1-N326, p=0.0174;WPE-1-NB27, p=0.001). The following order

from lowest to highest colony forming ability was established: WPE-l-NA22

(0.06%). WPE-1-NB14 (1.85%), WPE-1-NB11 (2.04%), WPE-1-NBZ6 (2.58%),

and WPE-1-NBZ7 (3.24%). The differences in anchorage-independent growth

ability between each cell line is statistically significant with the exception of

WPE-1-NB14 and WPE-1-N611, WPE-i-NB14 and WPE-1-NB26, and

WPE-1-NBZ6 and WPE-1-N827.
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Figure 7-2: Growth Curves for MNU-Transformed Cell Lines. Cells were

plated at a density of 5.000 per well in 96-well plates in complete KSFM.

Plates were fixed at 3, 6 and 9 days and absorbance was plotted against

time. The results plotted are an average of two experiments.
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Figure 7-3: Anchorage Independent Growth of MNU- Transformed

cell Lines. Cells were plated in agar at a density of 12.500 cells/dish in

triplicate. The agar media mixture contained 40% 1.25% agar, 40%

complete KSFM. 10% FBS, and 10% PBS. Colonies were stained

with INT after 21 days of growth and colonies larger than 0.2 mm were

counted. This Graph is an average of two experiments, +I- standard

error of the mean.
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Effect of Growth Factors

The effects of EGF and TGF-B on the growth of the five cell lines are

shown in Figures 7-4 and 7-5, respectively. EGF has a growth stimulating effect

on all the MNU-transformed cell lines. The difference in growth between the

lowest and highest concentration of EGF is significant for each cell line, WPE-l-

NA22. p<0.01; WPE-1-NB27, p<0.001; WPE-1-NB14. p<0.001; WPE-1-N811,

p<0.01; WPE-1-NB26, p<0.01. There appear to be some subtle differences in

the response to EGF amongst the cell lines. WPE-1-NA22 is the most sensitive

to EGF treatment exhibiting greater growth stimulation at the lower

concentrations of 0.1 and 1.0 nglml EGF than the other cell lines. All cell lines

appear to respond similarly at 10 nglml EGF with growth stimulation of about

130% of control. WPE-l-NBI4 cells are slightly more sensitive at this

concentration exhibiting 139% stimulation. Conversely, WPE-1-NBZ6 cells are

not as sensitive at 10 nglml EGF displaying only 122% growth stimulation.

An inverse relationship was established by measuring the growth rates of

the MNU-transformed cell lines treated with increasing concentrations of TGF-B

(Figure 7-5). The difference between dose response of the lowest and highest

concentration of TGF-B is significant for each cell line, WPE-1-NA22, p<0.001.

WPE-1-N827, p<0.001; WPE-1-NB14. p<0.01; WPE-1-NB11, p<0.0497, WPE-1-

NB26, p<0.05. Similar to EGF response, the cell lines did not exhibit an identical

response to TGF-B. WPE-1-NBll cells are much more sensitive to TGF—B than

the other cell lines having a similar inhibitory effect at 0.1 nglml as 10 nglml

TGF-B had on the rest of the cell lines (30-40% growth inhibition).
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Figure 7-4: Dose Response of MNU-Transformed Cell Lines Treated

with EGF. Cells were plated at a density of 5,000 cells/well in 96-well

plates in complete KSFM. EGF treatment was initiated 48 h after

plating. The EGF treatment medium contained only BPE. Cells were

fed fresh medium every 48 hours and plates were fixed with MTT after

five days of treatment. The absorbance was read at 540 nm and

plotted as percentages of the vehicle control. These results represent

at least two experiments for each cell line, +I- standard error of the

mean.
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Figure 7-5: Dose Response of MNU-Transformed Cell Lines Treated

with TGF-B. Cells were plated at a density of 10.000 cells/well in a

96-well plate in complete KSFM. TGF-B treatment was initiated

48 hours after plating. Cells were fed fresh medium every 48 hours and

plates were fixed with M'l'l' after five days of treatment. The

absorbance was read at 540 nm and plotted as percentages of the

vehicle control. These results represent at least two experiments or

three wells for each cell line, +I- standard error of the mean.
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Cell Morphology

The morphology of the MNU-transformed cell lines was compared by

H & E staining (Figure 7-6). The inclusion of the parent RWPE-1 cell line in

morphological studies is essential to determine the extent of morphological

diversion and abnormalities that may exist in the MNU-transformed cell lines.

The polygonal, epithelial morphology of the WPE-1-NA22 cells (Figure 7-6b)

closely resembles that of the RWPE-1 parent cells (Figure 7-6a). In the

WPE-1-NBZ7 cells (Figure 7-6c) there appears to be a mixed population of

epithelial and elongated cells. The WPE-1-NB14 cells (Figure 7-6d) appear to

have a morphology neither entirely epithelial nor elongated but intermediate

between the two. The WPE-1-NB11 (Figure 7-6e) and WPE—1-N326 cells

(Figure 7-6f) have the most abnormal morphology with the majority of cells being

elongated and fibroblast-like in appearance.

Expression of Cytokeratins and Vimentin

Epithelial origin of the MNU-transformed cell lines was established by

intermediate filament expression. All cell lines displayed cytoplasmic staining for

cytokeratins 8 (Figure 7-7e—7-11e) and 18 (Figure 7-7f—7-11f). Each MNU-

transforrned cell line also stained positive for the mesenchymal intermediate

filament protein vimentin (Figures 7-7g—7-11g).
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Expression of PSA and Androgen Receptor

Prostatic origin of the MNU-transformed cell lines was established by

immunostaining for PSA and Androgen Receptor (AR) expression. All cell lines

stained positive for PSA (Figures 7-7c—7-11c). Staining for AR varied between

cell lines with WPE-1-NA22 (Figure 7-7d) and WPE-1-NB14 (Figure 7-9d)

showing heterogeneous nuclear staining and WPE-I-NB11 cells (Figure 7-10d)

and WPE-1-N626 (7-11d) displaying homogeneous. strong nuclear staining for

AR. The WPE-1-NB27 (Figure 7-8d) showed intermediate staining for AR. Thus,

the prostatic origin of the MNU-transformed cell lines was established.
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Figure 7-6: Hemotoxylin and Eosin Staining of MNU-Transformed Cells. The

Cell morphology was studied by H&E staining of cells grown on coverslips.

a. RWPE-l parent cells; b. WPE-1-NA22; c. WPE-1-NB27; d. WPE—1-NB14;

e. WPE-1-NB11; f. WPE-1-NB26. Bar=20p.

162

 



163

 



Figure 7-7: Characterization of WPE1-NA22 Cells on the Basis of Cellular

proteins. Cellular proteins were detected by immunoperoxidase staining

a. haematoxylin and eosin staining; b. a control lacking primary antibody; Cells

for c and d were pretreated with 5 nM mibolerone for 6 days. c. positive staining

for PSA; d. positive heterogeneous staining for AR; e. positive weak staining for

cytokeratin 8 (CK-8); f. positive strong staining for cytokeratin 18 (CK-18).

9. positive staining for vimentin. Bar= 20p.
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Flgure 7-8: Characterization of WPE1-NB27 Cells on the Basis of Cellular

proteins. Cellular proteins were detected by immunoperoxidase staining

a. haematoxylin and eosin staining; b. a control lacking primary antibody; Cells

for c and d were pretreated with 5 nM mibolerone for 6 days. c. positive staining

for PSA; d. positive staining for AR; e. positive staining for cytokeratin 8 (CK-8);

f. positive staining for cytokeratin 18 (CK-18). 9. positive staining for vimentin.

Bar= 20p..
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Figure 7-9: Characterization of WPE1-NB14 Cells on the Basis of Cellular

proteins. Cellular proteins were detected by immunoperoxidase staining

a. haematoxylin and eosin staining; b. a control lacking primary antibody; Cells

for c and d were pretreated with 5 nM mibolerone for 6 days. c. positive staining

for PSA; d. positive heterogeneous staining for AR; e. positive weak staining for

cytokeratin 8 (CK-8); f. positive staining for cytokeratin 18 (CK-18). 9. positive

staining for vimentin. Bar= 20p.
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Figure 7-10: Characterization of WPE1-NB11 Cells on the Basis of Cellular

proteins. Cellular proteins were detected by immunoperoxidase staining

a. haematoxylin and eosin staining; b. a control lacking primary antibody; Cells

for c and d were pretreated with 5 nM mibolerone for 6 days. c. positive staining

for PSA; d. positive staining for AR;-e. positive staining for cytokeratin 8 (CK-8);

f. positive staining for cytokeratin 18 (CK-18). 9. positive staining for vimentin.

Bar= 20p.
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Figure 7-11: Characterization of WPE1-NB26 Cells on the Basis of Cellular

proteins. Cellular proteins were detected by immunoperoxidase staining

a. haematoxylin and eosin staining; b. a control lacking primary antibody; Cells

for c and d were pretreated with 5 nM mibolerone for 6 days. c. positive staining

for PSA; d. positive staining for AR; e. positive staining for cytokeratin 8 (CK-8);

f. positive staining for cytokeratin 18 (CK-18). 9. positive staining for vimentin.

Bar= 20p.
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Comparison of Invasive Ability

The blind-well chamber invasion assay was used to determine the invasive ability

of each MNU-transformed cell line by comparing it with that of DU-145 cells

where DU-145 invasion was set at 100%. RWPE-1 cells were included in this

experiment to determine what effect transformation with MNU had on the

invasive ability of the transformed cell lines. All the MNU-transformed cell lines

with the exception of WPE-1-NA22 have a statistically significant invasive ability

greater than that of the parent RWPE-1 parent cell line, WPE-1-N827, p=0.0346;

WPE-1-NB14. p=0.0442;WPE-1-NB11, p=0.007; WPE-1-N26, p=0.0275. Figure

7-12 shows that in comparison to the invasive DU-145 cell line, WPE-1-NBZ6

cells show 95% invasion, WPE—l-NB11 75%, WPE-l-NB14 36%, WPE—1-N827

30%.WPE-1-NA22 16%, and RWPE-1 9% invasion.
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Figure 7-12: Invasive Ability of MNU-Transformed Cell Lines. For the

invasion assay, 200,000 cells were added to the upper chamber of a Blind-

well chamber with a nuclepore filter coated with the reconstituted basement

membrane. Matrigel separating the top chamber from the bottom chamber

that contained the chemoattractant. Cells were allowed to invade for 24h

after which cells that had migrated to the lower chamber were quantified.

DU-145 cells were used as the 100% positive control to which the

MNU-transformed cell lines were compared. Results plotted above

represent an average of at least two experiments for each cell line, +I-

standard error of the mean.
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Discussion

It is a widely known fact that cancer cells of various origin have unique

characteristics and respond in unique ways to various stimuli. It is, therefore.

imperative to confirm the origin of cells before performing cell culture studies to

ensure that all discoveries can confidently be associated with the correct cell

type. Biopsy specimens may contain not only the cancer cells but also cells of

mesenchymal origin from the surrounding tissue. Thus. the initial objectives of

this study were to confirm the epithelial and prostatic origin of the MNU-

transformed cell lines.

The morphology of the MNU-transformed cell lines was studied by H 8 E

staining. There appears to be a distinct alteration in morphology in most of the

MNU cell lines as compared to the parent RWPE-1 cell line (Figure 7—6). The

WPE-1-NA22 cells have an epithelial morphology strongly resembling that of the

RWPE-1 parent cells while the WPE-1-NB27, WPE-1-NBl4, WPE-1-NB11 and

WPE-1-N826 cell lines display a progressive increasingly abnormal. elongated

morphology. These diflerences in morphology may manifest in different

characteristics for the cell lines. Increasing alterations from the original parent

cell morphology suggest increasing degrees of transformation and malignancy.

Cytokeratin expression is a characteristic of epithelial cells and secretory.

luminal prostatic epithelial cells are known to express cytokeratins 8 and 18 (12-

15). I observed the expression of the two cytokeratins, CK-8 and CK-18, in all

the MNU-transformed cell lines (Figures 7-7—7-11), thus. confirming their

epithelial origin. The MNU cell lines also expressed vimentin, a mesenchymal
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marker. This ostensibly anomalous phenomenon can be reconciled by the fact

that often when epithelial cells are placed in culture they display vimentin

expression (6,13).

Prostatic origin was established by examination of prostate-specific

characteristics of prostate specific antigen (PSA) and androgen receptor (AR)

expression. Expression of PSA is a function of normal, differentiated prostatic

epithelial cells. With the exception of LNCaP (16), ALVA (17), and RWPE-2 (6)

the MNU-transformed cell lines are the only immortalized, tumorigenic human

prostatic epithelial cell lines that have been shown to express PSA (Figures 7-

7—7-11). PSA expression was induced by pretreatment of the cells with the

synthetic androgen, mibolerone. Mibolerone was used in lieu of 5a-DHT

because of the short, ~2 hour, half-life of the natural androgen in culture medium,

whereas, mibolerone is not metabolized by the cells and is, thus, able to exert a

continuous hormonal effect (18). Similarly, androgen pretreatment of cells

allowed the detection of AR by immunostaining in each of the MNU cell lines

because androgens upregulate AR expression. With the prostatic. epithelial

origin established, l was able to pursue further characterization of these cell

lines.

The growth rates of the MNU cell lines were established by a 3, 6 and 9

day microplate growth assay where each cell line was initially plated at a density

of 5,000 cells per well in six wells of 96-well plates. Interestingly, cell populations

for each cell line displayed a unique rate of growth. All the MNU cell lines

proliferate more rapidly than the parent RWPE-1 cell line (Figure 7-2). The WPE-

1-NA22 cell line has the slowest mitotic rate (doubling time ~ 96h) of the MNU-
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transformed cell lines followed by WPE-1-NB27 (doubling time ~ 62h),

WPE-l-NB14 (doubling time ~ 45h). WPE-l-NB11 (doubling time ~ 40h), and

WPE-1-NB26 (doubling time ~ 40h) having the highest rate of growth. The

doubling times of the WPE-1-NBZ7 and WPE-1-N826 reported need to be further

examined. It is obvious that these two cell lines are the fastest growing of the

MNU-transformed cell lines, based on the high absorbance readings. between

days 3 and 6. By day 3 the two cell lines already exhibit a significantly higher

growth rate than the WPE-1-NA22. WPE-1-NB14 and WPE-1-NB11 cell lines.

Thus, the WPE-1-N827 and WPE-1-NB26 cell lines have an increased base line

from which doubling time must be measured. The plating of fewer cells or

decrease in the number of days of the study (for example fixing plates on days 2,

4, and 6) may yield doubling times that more closely represent the growth rates

of these two cell lines.

The different rates of growth amongst the MNU-transformed cell lines

sharing the common RPWE-1 ancestor have exciting implications. High

proliferative capacity is a characteristic of malignant cells and collection of cell

lines displaying a range of growth rates from slow to fast growing suggests that

these cells may represent varying degrees of malignancy. However, it is

necessary to confirm this assertion through further experimentation.

Normal epithelial cells in vivo rest on a basement membrane that is

required for their polarization and growth. In cell culture. normal cells (except

lymphocytes) require a substrate for attachment before they undergo DNA

synthesis and cell division. This phenomenon is called anchorage dependence.

If normal cells are placed in suspension, such as in soft agar, they do not
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proliferate. Upon malignant transformation, cells show varying degrees of loss of

anchorage dependence so that if placed in soft agar they have the ability to

proliferate and form colonies (19.20). This ability of cancer cells to grow in soft

agar is associated with autocrine secretion of growth factors and secretion of

proteases involved in invasion, during the promotional stage of carcinogenesis.

Soft agar assay provides an in vitro method to identify and quantify the number of

potentially transformed cells and to assess the efficacy of chemopreventive

agents that inhibit colony formation. A strong correlation between increased

cloning efficiency in agar and tumor formation has been demonstrated (21). Soft

agar assays were conducted to establish the ability of MNU-transformed cell

lines to grow in an anchorage-independent manner. Figure 7-3 shows that the

anchorage independent growth results closely mirror those of the monolayer

growth with the non-tumorigenic RWPE-1 cells unable to form colonies followed

by WPE-I-NA22 forming a very small number. A surge in colony forming

efficiency is seen with WPE-1-NB14 cells (1.85%). WPE-1-NB11 (2.04%). WPE-

1-NB26 (2.58%) and WPE-1-NB27 (3.24%). Thus. once again the MNU-

transfonned cell lines exhibit a wide range of results when comparing this marker

for transformation. The correlation between colony forming ability and

tumorigenicity suggests that the MNU cell lines represent increasing malignant

characteristics starting from the non-tumorigenic RWPE-1 parent cells at one end

of the spectrum and WPE-l-NB26 and WPE-I-NB27 cell lines on the other.

However, growth in soft agar is not a definitive test of malignancy and further

evidence is required to prove whether the above assertion holds true.
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A definitive test for malignancy is to examine the invasive potential of the

cells. Whereas normal, non-invasive epithelial cells typically rest upon the

basement membrane. transformed, malignant cells secrete proteolytic enzymes

degrade the basement membrane, thus, allowing the cells to invade and

metastasize (22). This invasive ability can be measured in vitro by the ability of

cells to invade a reconstituted basement membrane. using a blind-well chamber

assay (11). The highly invasive DU-145 cell line was used as a positive control

and the MNU cell lines were plotted as percentage of DU-145 invasion. The

invasion assay results were consistent with the above growth experiments

confirming the increasing malignant nature of the MNU-transformed cell lines

with the exception of WPE-1-NB27 (Figure 7-12). It is surprising that this cell line

is amongst the most rapidly proliferating in monolayer culture and displays the

greatest colony forming efficiency and yet it is amongst the least invasive (22%)

with the exception of WPE-l-NA22 (16%). The WPE—1-N826 cells are the most

invasive (97%) approaching the invasive ability of DU-145 cells. WPE-1-NB11

and WPE-1-NBI4 cells once again represent an intermediate degree of

malignancy with invasion assay percentages of 57% and 40% respectively. The

RWPE-l cells, as expected. were least invasive (9%). The inconsistency of the

WPE-1-NBZ7 cells cannot easily be explained. The morphology studies of

WPE-1-NB27 (Figure 7-6c) suggests the coexistence of two distinct cell types;

one having epithelial and the other elongated cell morphology. It is possible that

these cell types interact symbiotically as positive regulators for one another

under certain conditions and negative regulators in others. For example. in

monolayer and anchorage independent growth, the two cell types may stimulate
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one another through paracrine interaction supplying one another with growth

factors necessary to promote colony formation. In invasion studies. one cell type

may act as a negative regulator, thereby inhibiting release of proteases in the

other required for invasion occur. These explanations require further

investigation. The obvious approach would be to sub-clone the WPE-1-NBZ7

cell line in an attempt to separate the two cell types and proceed with

characterization of these populations.

Studies of tumorigenicity in nude mice using the MNU-transformed cell

lines were conducted by Dr. Kleinman. Injection of the MNU-transformed cell

lines into nude mice yielded tumors in all cases but of different size.

WPE-1-NB26 cells formed the largest tumors. WPE—1-NBII and WPE-1-NB14

formed tumors of similar, intermediate size while WPE-I-NA22 cells formed the

smallest tumors. WPE-1-NB27 cells formed tumors nearly the size of those

formed by WPE-1-NB26 cells but were not solid and contained fluid-filled

centers. These results strengthened my hypothesis that these cells represent

different degrees of malignancy. The cell lines listed from least to most

tumorigenic adhere to the following pattern: WPE-1-NA22. WPE-1-NB14,

WPE-1-NB11, WPE-l-NB27, WPE-1-NBZ6. However, it should be noted that the

WPE-1-NBZ7 tumors, although large, were not solid but hollow and fluid filled. It

is, thus, difficult to determine precisely where the WPE-1-NBZ7 cells fit within the

progression of malignancy.

Although the place of the WPE-1-NBZ7 cell line has yet to be determined

in the scope of this cell model system, the importance of these cell lines cannot

be overstated. They represent the first characterization of cell lines, where all of
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the cell lines are derived from a non-tumorigenic parent and are of varying

degrees of malignancy. However, this fact alone does not automatically imply

that these cell lines are the best models for the study of prostate cancer. A rarely

addressed but major flaw in most prostate cancer cell models is that some cell

lines may bear little resemblance to the in vivo disease. Investigators become

overly preoccupied with, and base important assertions on, such cell models

neglecting to realize that these cell models may be more dedifferentiated and

aggressive and would, thus, represent the more advanced prostate cancer. The

expression of PSA and AR, the primary markers of prostatic origin. has not been

established with certainty, in two of the most commonly used human prostate

cancer cell lines DU-145 and PC-3 (5). Although LNCaP cells express AR and

PSA. the AR of this cell line promiscuously responds to androgens. estrogens,

and progesterone, a phenomenon known not to occur in normal or cancerous

prostate. It is important to note that the MNU-transformed cell lines express both

of these prostatic epithelial markers.

Alteration in growth factor response is a well-established event that

occurs during transition from normal to malignant cells. The more aggressive

cells grow in an autocrine manner and exhibit diminished response to

exogenously added positive and negafive growth regulators (22). TGF—B is

known to have an inhibitory effect on normal human prostatic epithelial cells

(5,6,22,23). Studies involving treatment of DU-145, PC—3 and LNCaP cells with

TGF-B show that DU-145 and PC-3 cells are initally inhibited by the growth

factor, but growth eventually returns to control levels despite retreatrnent with

TGF-B while LNCaP cells were altogether unaffected by the growth factor (23).
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Dose response studies for TGF-B treatment of the MNU cell lines shows that all

cell lines are sensitive to this growth factor (Figure 7-5). This finding confirms

that the MNU-transformed cell lines have not progressed to as highly a malignant

state as the three commonly used prostate cancer cell lines. Similarly, the MNU-

transformed cell lines all appear to be sensitive to EGF treatment with the cell

line exhibiting the least malignant characteristics. WPE-1-NA22, being the most

sensitive while the most malignant cell line, WPE-l-NB26, appears least

sensitive (Figure 7-4). Taken together, these studies suggest that the MNU-

transformed cell lines may represent in vitro cell models that most closely

resemble in vivo prostate carcinogenesis and progression. Furthermore. the

value of these cell models is enhanced by the fact that they share a common

lineage. This common lineage of cells representing varying degrees of

progression will allow us to gain a better understanding of tumor progression and

will enable us to dissect the molecular events associated with carcinogenesis.

It is worth noting that the established prostate cancer cell lines, DU-145.

PC-3 and LNCaP. have been in culture of several years while the MNU-

transformed cells are relatively new. The longer the cells are in culture the

greater the likelihood that they will diverge further from their in vivo counterparts.

It is also extremely important to note that the three established prostate cancer

cell lines were derived from metastatic lesions. The difficulty of treating

metastasized prostate cancer is a widely accepted and unfortunate fact.

Therefore. the three prostate cancer cell lines currently in use may, at best, aid in

the treatment of metastatic prostatic carcinoma. Thus, these cell models are

extremely limited in their realistic applicability. The MNU-transformed cell lines,
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on the other hand, are a family of cell models sharing a common ancestor

representing early to late stage prostate cancer. These cell models do not

represent the highly progressed state of the DU-145. PC-3 and LNCaP cell lines,

but are stronger representatives of early stage, localized prostate cancer. The

common lineage of the MNU-transformed cell lines will provide invaluable

information regarding the molecular events associated with prostate

carcinogenesis and progression. The potential knowledge that may be derived

from the MNU-transformed cell lines may provide the understanding needed to

elucidate the etiology of prostate carcinogenesis and how it may be blocked.

Further studies to dissect the differences between the MNU-transformed cell

lines at the molecular level are, therefore, required.
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Overall Conclusions

Research on prostate cancer, using cell culture, has been difficult due to a

lack of well characterized cell models. The majority of the established prostate

cell models were derived from biopsy specimens of metastatic tumors, but the

resulting cell lines appear to bear little resemblance to the in vivo disease. The

initial purpose of this project was to provide additional cell models for the study of

prostate cancer by chemical transformation of nontumorigenic, human prostatic

epithelial cells with MNU. As many significant discoveries in science, this

undertaking proved serendipitous and resulted in five cell lines that exhibit an

array of morphology. suggesting phenotypes of varying malignancy. Following

the establishment of prostatic epithelial origin. differences in malignant

characteristics were confirmed by monolayer growth studies in which the more

morphologically abnormal cells exhibited greater proliferative capacity. The

pattern of anchorage-independent growth characteristics of the

MNU-transformed cell lines closely resembles that of their monolayer growth.

The WPE-1-NA22 cells have the slowest growth rate followed by WPE-1-NB14

and WPE-1-NB11 representing an intermediate rate, and WPE-l-NB27. and

WPE-1-N826 have the highest rate of growth. A similar pattern was established

through studies of the invasive ability of the MNU-transformed cell lines,

however. the WPE-1-B27 cells were among the least invasive. The reason for

this disparity can only be a matter of speculation at present, but further studies

on the heterogeneous nature of the WPE-1-BZ7 cell population may yield

answers. Finally, the sensitivity of these cell lines to the growth factors, EGF and
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TGF-B, confirms that the behavior of the MNU-transfo- cell lines resembles

early stage prostate cancer more closely than metastasized, late stage cancer.

Written in increasing degree of malignancy, I believe the following order holds

true: WPE-1-NA22, WPE-1-NB27, WPE-1-NB14, WPE-I-NB11, and

WPE-1-326. These cell models may, thus, serve to aid in our understanding of

the early events associated with prostate carcinogenesis.

A major problem often encountered by physicians treating patients for

prostate cancer is the inability to determine the malignant potential of the latent

form of the disease. Currently. there is no method by which one can determine

whether latent prostate cancer will develop into an invasive, metastatic form.

The MNU-transformed cell models, representing different levels of tumor

progression, may be applied to determine the molecular events associated with

carcinogenesis thereby aiding physicians in determining which molecular

abnormalities will most likely lead to an increasingly malignant state.

Furthermore, elucidating the molecular mechanisms associated with prostate

carcinogenesis will enable us to gain a better understanding of how the multiple

steps in prostate carcinogenesis and in tumor progression may be blocked by

chemoprevention. These cell lines also provide suitable cell models that can be

used to identify potential cancer prevention agents.
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