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ABSTRACT 
 

PERLECAN Regulation of SONIC HEDGEHOG Signaling in Advanced Prostate 

Cancer: From Drosophila to Humans. 

(May 2008) 

Ana Maria Hernandez Cotes, B.S., Universidad de Los Andes 

Chair of Advisory Committee: Dr. Sumana Datta 

 

Prostate cancer is the second leading cause of death from cancer in men in the United 

States. Most men will die of the advanced, metastatic form of the disease. Thus, 

treatment strategies targeting the metastatic form of the disease are especially needed. 

Emerging research on metastatic cancer highlights the importance of the 

microenvironment in cancer progression and metastasis, with an emphasis on 

deregulated developmental signaling in cancer progression. Research in model 

organisms has shown that developmental signaling pathways are regulated by various 

components of the extracellular matrix, including heparan sulfate proteoglycans. In the 

model system Drosophila, the heparan sulfate proteoglycan Trol is needed for Hh-

dependent proliferation in quiescent neural stem cells. In collaboration with others, I 

have shown that the human homolog of Trol, PERLECAN, regulates SONIC 

HEDGEHOG-dependent proliferation in advanced prostate cancer by two different 

mechanisms. This makes PERLECAN a potential drug target and biomarker for prostate 

cancer screening and treatment. My results also validate the discoveries made in 

Drosophila in the context of human disease. With this validation, I propose and describe 

the Drosophila Ejaculatory Bulb (EjB) as model for prostate cancer and prostate aging. 
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CHAPTER I 

INTRODUCTION  

 

 

The mechanistic analysis of complex diseases such as cancer requires the integration of 

multiple approaches and paradigms. It has been known for several years that the 

accumulation of genetic mutations resulting in the activation of oncogenes and the 

inactivation of tumor suppressors is the most probable cause of cancer initiation. We 

now suspect that these mutations accumulate in a unique population of cells called stem 

cells and result in unrestrained proliferation. Yet uncontrolled proliferation and 

decreased apoptosis alone do not lead to the massive tissue rearrangements, 

neovascularization and metastasis that characterize cancer. These traits of malignant 

neoplasia arise when the environment surrounding the precancerous lesion is altered, and 

its precise signaling cues go awry. Recent investigations have uncovered the role of 

misregulated developmental signaling in promoting metastatic behavior in a number of 

cancers. Many of these signaling pathways (such as Sonic Hedgehog or Fibroblast 

Growth Factor) rely heavily on the extracellular matrix (ECM), a dynamic three-

dimensional network of fibrous proteins and proteoglycans such as Perlecan and 

Syndecan, to relay their messages to the receiving cells. The extracellular matrix is a 

dynamic environment and changes in its composition have a great impact on 

developmental signaling. Thus the study of ECM alterations during aging or the 

development of malignancy will help us to better understand the mechanisms needed for 

progression to metastasis, as well as provide us with a better basis for the development 

of treatment strategies. 

 

 

 

 

                                                
  This dissertation follows the style and format of Developmental Biology. 
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Emerging paradigms in cancer biology 

 

The analysis of the mechanisms underlying the onset of advanced cancer is often 

obscured by the heterogeneous nature of the disease; morphology, inmunophenotype, 

and genotype vary enormously between patients (Shah et al., 2004). Thus, the disease we 

commonly call “cancer” comprises an enormous number of different pathologies, with 

different causes and mechanisms of development. This increases the already difficult 

task of targeting cancer cells and preventing them from multiplying and metastasizing 

while keeping normal cells functional. 

 

The classical approach to understanding cancer biology involves the study of cancer 

cells both at the genetic level and at the level of cell behavior, to determine the 

characteristics in which they differ from their normal counterparts. Thus, studying cells 

from tumors with different degrees of malignity provides clues as to which events came 

earlier in the progression of cancer. Another part of this approach includes genetic 

studies of families with a history of recurring cancer, in an effort to discover mutations 

in specific genes that can be linked to a higher risk of developing a specific type of 

cancer.  

 

Initially the genes linked with cancer were classified as oncogenes or tumor suppressors, 

based on the phenotype they related to. The term oncogene initially referred to a viral 

gene capable of generating neoplastic proliferation in cultured cells (Collier and 

Largaespada, 2006). Later, the term proto-oncogene would be coined for a human gene 

in which misactivating mutations would cause neoplastic transformation, or that caused 

a dominant cancer phenotype in a familial cancer syndrome. Following this scheme, 

tumor suppressor genes were defined as genes in which inactivating mutations would 

cause neoplastic transformation, or that caused a recessive cancer phenotype in 

syndromes of familial neoplasia. Thus proto-oncogenes such as Ras and c-myc, as well 

as the important tumor suppressors Rb and p53 were identified (Collier and 
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Largaespada, 2006). Further studies identified many of these genes as key components 

of intracellular signaling pathways that controlled processes such as cell cycle arrest and 

apoptosis (reviewed in (Kopnin, 2000)), thus providing the first mechanistic clues to the 

nature of the disease.  

 

While this paradigm has been crucial in identifying many of the principal mutations that 

lead to cancer and tumorigenesis, some questions remain. For example, Transfrormigng 

Growth Factor-β (TGF-β) has been shown to have tumor suppressor effects in early 

carcinogenesis, yet its upregulation in advanced cancer correlates with poor prognosis 

(Wakefield and Roberts, 2002). In order to reconcile this apparently conflicting data we 

can use approaches that take into account the broader context in which these genes 

interact. Instead as thinking about cancer cells as independent entities, we can look at the 

tumor as an integrated system in which communication between cells and their 

microenvironment is as necessary for tumor progression as oncogenic mutations in 

individual cells.  In this context it becomes important to understand and elucidate how 

these genes act together in signaling pathways, how these pathways are regulated by the 

extracellular matrix components, and how different pathways can act in a combinatorial 

manner to affect cancer progression in ways that are tissue-specific, and context-

dependent.   

 

Currently, we have a detailed picture of how the accumulation of mutations throughout a 

cell’s lifetime leads to genomic instability, misregulated intracellular signal transduction, 

and ultimately a cancer phenotype. However, we do not know very much about the way 

the tumor coordinates its own development as a whole, as well as the interactions with 

the surrounding tissue that ultimately result in angiogenesis and metastasis. 

Understanding these processes is essential in developing treatments that target more 

aggressive forms of cancer, which currently have the poorest prognoses. 
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The cancer stem cell theory  

 

One of the more pressing problems in cancer treatment is that complete tumor 

eradication seems to be needed in order to have tumor remission. If a few cells are 

missed during surgery, or become insensitive to radio/chemotherapy, the tumor can 

reappear, frequently with a more aggressive phenotype and reduced sensitivity to 

treatment agents (Pardal et al., 2003). Finding out how a whole tumor originates from a 

single cancer cell has been a subject of study for several years.  

 

Analysis of different types of carcinomas, especially cancers of the hematopoietic 

system, has unveiled certain characteristics that gave rise to the idea that cancer cells 

shared common characteristics with stem cells, namely proliferative potential and 

multipotency.  This has lead to the application of the principles and paradigms used in 

stem cell and developmental biology as a way of understanding cancer progression.  

 

The discovery that a single hematopoietic stem cell could reconstitute bone marrow in an 

X-ray irradiated mouse (reviewed in (Huntly and Gilliland, 2005)) launched the field of 

stem cell biology, over 50 years ago. A stem cell is now defined as a cell capable of self-

renewal and pluripotency. Since the discovery of hematopoietic stem cells, stem cells 

have been identified in other organs of the adult human, including neural stem cells and 

breast stem cells (Huntly and Gilliland, 2005).  

 

Parallel to the discovery and further characterization of stem cells, it was shown that 

cancer cells originating from one tumor differed in their potential to form new growths; 

only a small percentage of the cells present in a tumor could actually give rise to a new 

tumor in vitro (Park et al., 1971), or when transplanted into a different host. This low 

clonogenic potential of cancer cells could be explained in two ways: 1) different 

populations of cells within a tumor may have different proliferation potentials, Or 2) all 

cells have the same proliferation potential, but only a few would find appropriate 
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environmental conditions to proliferate and form new growth. While these hypotheses 

do not necessarily exclude each other, formal demonstration of different populations of 

cells within a cancer with different proliferative potentials came in the form of 

experiments by Dick (Bonnet and Dick, 1997) and Kornblum (Hemmati et al., 2003).  

 

In his studies of Acute Myeloid Leukemia, Dick isolated cell types based on 

immunological cell surface marker expression, and showed that only cells with a specific 

surface marker expression pattern had the ability to recapitulate the original disease 

when transplanted into host mice. Kornblum’s experiments in pediatric brain tumors 

showed that cells isolated based on their capacity to form neurospheres could proliferate 

and differentiate into glial and neuronal lineages. These tumor-derived cells were more 

long-lived, and showed abnormal phenotypes consistent with the original tumor.  

 

While the existence of stem cell-like populations in some cancers has now been 

clarified, the events that lead to cancer stem cell (trans)formation remain obscure; 

normal stem cells can acquire mutations resulting in transformation, or transformed 

precancerous cells may later acquire stem cell–like characteristics (Huntly et al., 

2004)(Figure 1.1). These two events could even lead to different populations of cancer 

stem cells in the same disease. Further study of the chronological events taking place in 

the development of cancer stem cells is needed to distinguish between these two models. 

It is also necessary to investigate the events and pathways that regulate cancer stem cell 

self-renewal. To this end, previous studies normal stem cell biology to discover 

regulators of stem cell proliferation will prove of great value. 

 

Thus, a paradigm emerges in which, within a specific tumor, only a small percentage of 

cells with stem cell-like characteristics are capable of reinitiating tumor growth (Figure 

1.2). Since metastasis requires tumor initiation in a different part of the body, by 

definition, metastases have to be caused by dissemination of cancer stem cells. This  
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makes identification and study of cancer stem cells crucial in the treatment of metastatic 

neoplasia, and underlines the importance of understanding the mechanisms involved in 

normal stem cell proliferation and maintenance.  In this work, I show that mechanisms 

that regulate neural stem cell proliferation in the fruit fly Drosophila also regulate cancer 

cell proliferation in advanced prostate cancer. 

 

Development and cancer 

 

The fundamental question of developmental biology is how a whole organism arises 

from a single fertilized egg. This is very like the problem of a single cancer cell escaping 

treatment and giving rise to new tumor. Likewise, the development of an organism 

requires processes like cell migration, proliferation, and angiogenesis, all of which are 

present in solid tumor growth and metastasis. For this reason, understanding the 

principles involved in developmental biology, as well as the mechanism by which cells 

communicate is extremely important. Several signaling molecules have been shown to 

coordinate development in a number of model organisms. Surprisingly, these 

developmental signaling pathways are evolutionarily conserved from invertebrates to 

humans (Echelard et al., 1993) (Kumar et al., 1996) . This has made research in the field 

of developmental biology in model systems especially relevant to human development 

and disease. 

 

The first developmental decisions are determined by asymmetrical location of 

maternally positioned transcription factors and signaling molecules (Braat et al., 2004; 

Ephrussi and Lehmann, 1992). But as the organism becomes multicellular and begins to 

rely on embryonic gene products, the importance of extracellular signaling becomes 

apparent both in the context of cell-to-cell signaling, and in the context of long-range 

signaling. The major extracellular signaling pathways involved in development include 

the Delta-Notch pathway, the Wingless-int (Wnt)-βcatenin pathway, the Bone 

Morphogenetic Protein (BMP)-TGFβ pathway, the Fibroblast Growth Factor-2 (FGF-2) 
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pathway, and the Sonic Hedgehog pathway. These signaling pathways regulate 

processes such as axis formation (Akam, 1987; Marcelle et al., 1997; Zeng et al., 2001), 

embryonic patterning (Nusslein-Volhard and Wieschaus, 1980; Zhang and Kalderon, 

2000) and cell fate (Blaess et al., 2006) in the embryo. 

 

Some of these pathways, such as the Delta-Notch pathway, rely on direct cell-to cell 

communication (Artavanis-Tsakonas et al., 1999). Alternatively, the SHH and Wnt 

ligands can exert their effects several cell diameters away from the sending cell (Zeng et 

al., 2001). As sending cells secrete signaling molecules that travel through the 

extracellular matrix, a concentration gradient is created. Cells receiving different 

concentrations of ligand will adopt different fates (Figure 1.3). This suggests that 

different levels of signaling intensity are needed for the transcription of different genes 

(Lander, 2007). In fact, there are instances where the gene expression pattern, and 

therefore, the cell fate adopted may depend on two or more signaling pathways working 

together in spatial (Zhu et al., 1999) or temporal combination (Flores et al., 2000).  

 

Cell-cell signaling regulates both proliferation and cell migration, and coordinates the 

(Lander, 2007)development of the organism as a whole. In the adult, communication 

between epithelial cells and stromal cells ensures homeostasis (Potter, 2007), and plays a 

role in the maintenance of stem cell niches (Palma et al., 2005; Parisi and Lin, 1998). 

Although much less is known about the mechanisms by which developmental signaling 

helps maintain a normal context in the adult epithelial tissue, a growing body of research 

points to dysregulation of developmental signaling pathways as a common feature of 

different types of cancer, including skin, pancreatic, brain, breast, and prostate 

carcinomas (Bale and Yu, 2001; Cronauer et al., 2003; Li et al., 2003). Alterations in 

developmental signaling might include abnormal activation of receptors and downstream 

effectors, or it can consist of overexpression of ligand that results in abnormally high 

levels of signaling. The latter case points to intercellular communication as a key step in 

the process of cancer progression, as it implies that cancer cells can abnormally signal to  
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one another and therefore escape normal regulation cues, as well as utilize the same 

signaling strategies used in development to aid in proliferation and metastasis. In chapter 

III, we show that the Sonic Hedgehog pathway plays a crucial role in proliferation of 

advanced prostate cancer, and that in this context, Sonic Hedgehog is regulated by the 

extracellular matrix proteoglycan Perlecan. 

 

Cancer and microenvironment  

 

Disruption of tissue microarchitecture is a defining feature of all solid tumors, and in fact 

the degree of disruption is often used (in addition to other characteristics) to classify the 

stage of the disease (Humphrey, 2007). Events that lead to rearrangements in tissue 

organization include loss of apical-basal polarity in epithelial cells, loss of adhesion 

molecules such as E-cadherin and expression of abnormal adhesion molecules, surface 

proteoglycans and matrix metalloproteinases (Huber et al., 2005). Taken together, these 

events show that in neoplasia there is a highly abnormal interaction of the tissue cells 

with their adjoining surroundings, and underlines the importance of understanding the 

normal interactions between cells and the extracellular matrix (ECM). 

 

The ECM is a three-dimensional structure comprised of large macromolecules, including 

collagen, integrins, and heparan sulfate proteoglycans (HSPGs). Research performed on 

a variety of model systems has shown that apart from providing architectural scaffolding 

and contextual information (Bissell and Radisky, 2001), components of the ECM are 

required for facilitation of intercellular signaling by directly participating in ligand-

receptor interactions (Rapraeger et al., 1991) and by aiding in the transport of long-range 

signaling molecules (Nybakken and Perrimon, 2002b) (Figure 1.4).  During 

development, cells use the ECM to gather positional information through both 

“absolute” gradients of morphogen concentration, as well as relative concentrations of 

different molecules in adjacent cells (Lander, 2007) . Cells interpret information 

obtained through the ECM, as well as direct cell-cell interactions in order to assess their  
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tissue orientation, mediated by a system of asymmetrically localized components that 

provide apical-basal polarity. In adult epithelial tissues, the ECM is produced by the 

interaction between epithelial cells and the adjacent stroma, and is crucial to ensure 

appropriate cell fate and homeostasis. Alterations in ECM structure and composition can 

be observed in various physiological situations, as is the case of tissue repair after injury 

or infection. Conditions in which ECM alterations are sustained, as in chronic 

inflammation, often are precursors of cancerous lesions as is the case with chronic 

pancreatitis (Kayed et al., 2003). This leads to the hypothesis that alterations in the ECM 

can lead to the progression of preexisting precancerous lesions by modifying the way 

cells signal to one another. This has been shown to happen in case of small lung cancer 

(Watkins et al., 2003). It is also known that in a number of cancers such as 

hepatocellular, breast, and ovarian cancer, tumor cells alter the composition of surface 

HSPGs in a manner that allows for increased binding of growth factors ((Lai et al., 

2003a) reviewed in (Fuster and Esko, 2005)). 

 

Further study of the mechanisms by which the normal ECM helps suppress progression 

of tumorigenesis is needed. We can see that the ECM emerges as a new component of 

the cancer process, and it could be a potential target in the treatment of the disease. In 

this work, I show that the HSPG Perlecan, an integral component of the ECM, regulates 

signaling by the growth factor SHH in advanced prostate cancer.  Furthermore, in 

Chapter IV I will describe my development of a new model of prostate cancer that 

allows investigation of the effect of changes in the ECM on carcinogenesis and cancer 

progression. 

 

Model systems of disease 

 

Observations in human physiology lead to hypotheses that attempt to explain the initial 

phenomena. However, when studying human disease most of the data available is 

correlative, due to the difficulty of obtaining samples, specially appropriate matching 
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controls. Furthermore, strong correlations, while indicative of a relationship, do not 

always describe a causal relationship, and there are inherent ethical concerns and 

environmental factors that prevent manipulation of the system. Model systems allow for 

a tight level of control both in terms of the environment surrounding the organism, and 

for precise genetic or biochemical manipulation while being relatively easy to handle 

and maintain. The relevance of research in model systems for human disease has been 

extensively shown (Brumby and Richardson, 2005). We now know that many 

evolutionarily distant organisms share conserved molecular and functional mechanisms. 

For example, the fundamental signaling pathways necessary for development are 

conserved from invertebrates such as Drosophila to humans. Emerging research on the 

process of aging also shows the same trend, with signaling pathways involved in aging 

also showing conservation across the evolutionary ladder. 

 

Different model systems provide different advantages and disadvantages for research: in 

vitro systems such as cell lines provide the researcher with a wonderful opportunity to 

manipulate the system in very precise ways, while eliminating genetic background 

differences and environmental conditions as variables. This allows for a very clear 

observation of the effects of a certain treatment in terms of gene expression/ biochemical 

interactions, and for an accurate view of possible mechanisms. However, care must be 

exerted when extrapolating the conclusions drawn from in vitro systems to a whole 

organism due to the fact that possible interactions with other cell types, as well as the 

complicated processes involved in development and homeostasis may result in a 

different outcome in vivo. 

 

Whole organism approaches to modeling disease have the advantage of providing valid 

results in the context of   a whole organism, while still allowing the researcher to control 

for genetic background and environmental factors. Still, because of the evolutionary 

distance between model organisms and humans, results from a model organism still need 

to be validated with the aid of clinical data. And, as we mentioned before, the researcher 
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has to take into account developmental and homeostatic processes that may modify the 

conclusions drawn from the observed result.  

 

From all this we can conclude that model systems are extremely useful in testing initial 

hypotheses based on observation of physiological data, especially in terms of causal 

relationships and mechanisms. The researcher can then validate the working hypothesis 

in the context of human disease with the aid of correlative data from clinical studies. 

Initial validation of results then provides a framework where the model system can be 

further used to test additional hypothesis, or discover additional components and/or 

levels of regulation that may influence the disease of interest.  

 

The Drosophila model system 

 

The fruit fly Drosophila melanogaster is one of the leading model systems for the study 

of developmental signaling pathways and their effects on cell proliferation. It has a 

relatively small genome, a short life cycle, and can be easily and affordably maintained 

in a laboratory. The extensive knowledge of Drosophila biology, genetics, development, 

and the availability of sophisticated genetic and molecular tools allow for extensive and 

detailed analysis of genetic and molecular interactions between signaling pathway 

components. Drosophila development has been studied extensively, and systems such as 

the Drosophila embryo and imaginal discs have been used in characterizing the 

regulation of proliferation throughout development by extracellular signaling pathways. 

More recently, Drosophila has become a fruitful model for stem cell studies.  Most in 

vitro analyses use dividing stem cells. However, in a living organism stem cells are 

frequently mitotically quiescent and must be reactivated only when stem cell progeny 

are required. The control of stem cell proliferation in vivo requires careful control of cell 

cycle arrest and subsequent reactivation of proliferation by developmental cues. An ideal 

model to study reactivation of proliferation in stem cells is provided by the Drosophila 
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Central Nervous System  (CNS), which undergoes two phases of neurogenesis separated 

by a period of quiescence.  

 

Development of the Drosophila central nervous system (CNS) 

 

 The development of the CNS in Drosophila involves two phases of neurogenesis. The 

first phase occurs during embryogenesis, and involves the delamination of neural stem 

cells, or neuroblasts, from the neuroectodem following specification of neural fate by 

lateral inhibition (Urbach et al., 2003), a process that involves Delta-Notch signaling 

(Artavanis-Tsakonas and Simpson, 1991). After delamination, the neuroblast divides 

asymmetrically to generate another neuroblast and a ganglion mother cell; this process 

will continue throughout embryogenesis. At the end of embryogenesis, distinct 

populations of neuroblasts enter a period of quiescence, where they exit the cell cycle at 

the G1-S transition. 

 

The postembryonic phase of neuroblast proliferation involves the reactivation of 

previously quiescent neuroblasts in the first and second instars of larval development. 

During the late 1st instar, the central brain and optic lobe neuroblasts resume asymmetric 

division, and in the early second instar, thoracic neuroblasts reactivate proliferation 

(Figure 1.5). This makes the postembryonic phase of neuroblast proliferation an ideal 

model in which to study the signaling cues that instruct stem cells to resume 

proliferation. 

 

Earlier studies (Datta, 1995) had shown that the terribly reduced optic lobes (trol) locus 

is necessary for activation of proliferation in quiescent neuroblasts of the Drosophila 

larval brain. The trol loss-of-function mutants fail to resume normal neuroblast 

proliferation, resulting in significantly lower numbers of actively dividing neuroblasts. 

trol encodes the homolog of mammalian Perlecan, and was shown to exert its effect by  
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Fig.1.5. Specific subsets of neuroblasts reactivate proliferation at 
developmentally regulated times. Neuroblasts (NBs) in the larval brain 
can be divided into three main populations: The mushroom body (MB) 
and ventral lateral neuroblasts (VL) divide throughout embryogenesis and 
larval life. Optic lobe (OL) neuroblasts enter quiescence at the end of 
embryogenesis and reactivate proliferation at mid-first instar; Thoracic 
neuroblasts (Th) reactivate proliferation at late first instar. 
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interaction with Hedgehog (Hh), homologous of the Hh family of proteins in humans, 

and Branchless (Bnl), homologous to human FGF-2 (Park et al., 2003). These signaling 

pathways play a crucial role in development and differentiation, and are conserved from 

Drosophila to mammals. 

 

The Hedgehog signaling pathway 

 

The Hedgehog signaling pathway is highly conserved among invertebrates and 

vertebrates. It plays crucial roles in the development of segmental polarity, 

anteroposterior patterning of the wing, and neuroblast reactivation after quiescence in 

flies, as well as neural tube development and patterning of limbs in vertebrates (Lum and 

Beachy, 2004). Although the basic signaling process has been extensively studied and is 

now well understood, new pathway components and recently discovered interactions 

expose the need for further exploration of the unique mechanisms involved in Hh signal 

transduction. 

 

In the fruit fly, Hh signal transduction results in the transcriptional activation or 

inhibition of Hh response genes (Figure.1.6). In the absence of Hh, the 12-

transmembrane domain receptor patched (Ptc) is able to inhibit the 7-transmembrane 

protein Smoothened (Smo).  This results in the association of Smo with the scaffolding 

protein Costal-2 (Cos-2), the transcription factor Cubitus interruptus (Ci), and the 

kinases Fused, Protein Kinase A (PKA), Glycogen synthase kinase 3 (GSK-3) and 

Casein Kinase1 (CK1) (Hooper and Scott, 2005). This complex, termed complex I, 

promotes the phosphorylation of Ci, and its subsequent processing into an N- terminal 

fragment termed CiR. CiR can then enter the nucleus, where it acts as a transcriptional 

repressor. A large fraction of the existing unprocessed Ci in cells is associated with 

Suppressor of Fused (Su(Fu)), which in the absence of Hh signaling retains unprocessed 

Ci in the cytoplasm. 
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Fig.2. Hh signaling 
pathway. Taken from 
Hooper and Scott, 2005. 
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Fig.1.6. The Hedgehog signaling pathway. In the absence of the ligand Hedgehog (Hh), 
the receptor Patched represses smoothened. This allows for binding of the transcription 
factor Ci to bind complex I. This causes cleavage of Ci into a repressor form, CiR, which 
represses transcription. When hedgehog binds Patched, the repression on smoothened is 
relieved, inhibiting cleavage of Ci. Thus, Ci can enter the nucleus in its activator form, 
CiA. 
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When the Hh ligand binds to Ptc, the inhibition of Ptc on Smo is relieved. This in turn 

caused phosphorylation of Smo, and dissociation of complex I. Fu and Ci then associate 

with Su(Fu), causing release of the full length Ci (CiA), which can then enter the nucleus  

and function as a transcriptional activator of  Hh response genes including its receptor 

ptc. Genetic interaction studies have shown that the proteoglycan Trol is requires for 

full-strength Hh signaling in the Drosophila CNS (Park et al., 2003), athough the 

mechanism of this modulation is still unclear. 

 

This pathway is essentially conserved in vertebrates, although gene families exist for 

each of the Drosophila components; thus, in vertebrates there are three Hedgehog 

proteins (Sonic Hedgehog, Desert Hedgehog and Indian Hedgehog), two Ptc 

homologues (PTCH1 and PTCH2), and 3 Ci homologues, (GLI1, GLI2 and GLI3) with 

partially redundant functions. 

 

Importance of postranslational modifications of Hh proteins 

 

It has been shown that the Hedgehog protein acts as a morphogen (Roelink et al 1995), 

and that it is capable of both short range and long range signaling. This is thought to be 

dependent on postranslational modifications of Hh, as unmodified Hh does not have the 

same effects as the fully processed one (Mann and Beachy, 2004). The Hh protein is 

produced as a precursor, which then undergoes autocatalytic cleavage on its C-terminus. 

At the same time a cholesterol moiety is added. Hh is further modified by the addition of 

a palmitoyl group on its N-terminus (Chamoun et al, 2001) (Figure.1.7.)  

 

Recent findings point to the existence of soluble multimeric forms of Hh and to the 

association of cholesterol modified Hh with lipoproteins (Panakova et al, 2005). Studies 

aiming to characterize the role of cholesterol and palmitoyl modifications of Hh in 

signaling have yielded diverse results. Early studies (Porter et al, 1995) showed that a  
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Fig.1.7. Postranslational modifications of Hedgehog proteins. Hedgehog is 
translated as a precursor protein (A), which undergoes autocatalytic processing 
mediated by its C-terminal portion C-terminus. At this time a cholesterol 
group is added (C). Hh is further modified by addition of a palmitate group 
(D). Many studies have used a truncated form of the protein without any 
modifications, termed HhN (B).    
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truncated, unmodified form of Hh, HhN, retained signaling ability in the Drosophila 

embryo. These results were emulated in vertebrates. However, further studies (Zeng et 

al, 2001, Chen et al, 2004) indicated that in vertebrates the processed form of Hh forms a 

soluble multimer that is capable of stronger signaling for a longer distance, whereas the 

unprocessed form remains monomeric. In the fly wing disc, cholesterol-modified Hh has 

differential requirements for long-range signaling, compared to unmodified HhN. Thus 

there are significant differences in the form and function of Hh depending on the 

presence or absence of the C-terminal cholesterol modification, raising the question of 

how well unmodified HhN mimics Hh (or ShhN mimics Shh) in experimental situations 

and how the effects of HhN differ from signaling by endogenous Hh. I will explore this 

question further in Chapter II.  

 

It has been shown that a cholesterol-rich diet correlates with a higher risk of prostate 

cancer (Bravi et al., 2006); recent reports point to a causal relationship, as the use of 

cholesterol-lowering drugs such as statins correlates with lower risk of prostate cancer 

(Platz et al., 2005). Furthermore, statins induce cell cycle arrest and apoptosis in prostate 

cancer cell lines (Hoque et al., 2008). Since cholesterol levels regulate certain secretion 

processes such as the release of prostasomes (a specialized type of secretory vesicles) 

from prostate epithelial cells (Llorente et al., 2007), it is possible that alterations in the 

levels of cholesterol may be important for Shh processing, or may regulate its 

association with liposomes, thereby modifying its signaling range. 

 

Heparan sulfate proteoglycans as modulators of growth factor signaling 

 

One of the fundamental questions that remain to be solved is how Hh, a highly 

hydrophobic molecule, is capable of both short range and long range signaling. One of 

the proposed explanations involves the movement of Hh molecules along basement 

membranes (Gallet et al., 2003). Basal membranes are composed of a rich array of 

molecules that maintain the structure and shape of tissues, as well as having an important 
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function in cell- to-cell and long- range signaling. Among these molecules, the Heparan 

Sulfate Proteoglycans (HSPGs) have been identified as integral components of basement 

membranes in numerous tissues. These particular types of glycoproteins consist of a 

protein core and Heparan Sulfate chains; the three main types of  HSPGs are Syndecans,  

Glypicans, and Perlecans (Figure 1.8). The earliest clues about HSPG function come 

from the studies of Fibroblast Growth Factor 2 (FGF-2) and its specific interaction with 

Syndecan; it is now known that Syndecan is necessary for the formation of a ternary  

complex with FGF-2 and the FGF receptor and elicits signal transduction (Rapraeger et 

al, 1991). Genetic interaction studies have highlighted the importance of HSPGs in Hh 

signaling (Bellaiche et al, 1998; Borneman et al, 2004; Desbordes et al, 2003). 

Biochemical studies have shown that heparan sulfate proteoglycans in the extracellular 

matrix, such as Trol, are able to bind Hh (Park et al, 2003). Murine Perlecan is also able 

to bind Shh, suggesting that these interactions are evolutionarily conserved. 

 

From Drosophila brain stem cells to prostate cancer 

 

The Hh signaling pathway was initially characterized in Drosophila (Nusslein-Volhard 

and Wieschaus, 1980), and homologs for the main pathway components were found to 

function in the same fashion in organisms ranging from zebrafish to humans. 

Conversely, the Drosophila homologs of known pathways (such as the FGF-2 homolog, 

bnl) have also been extensively studied, and found to signal in the same manner in flies 

and humans. Furthermore, genes involved in processes that are hallmarks of cancer, such 

as the process of epithelial to mesenchymal transition (EMT) have been found to cause 

metastasis in Drosophila, acting in the same coordinated fashion to control apical-basal 

polarity (Pagliarini and Xu, 2003).  Studies in Drosophila to discover additional 

regulators of signaling pathways have revealed the existence of other Hh pathway 

components that include Trol, the homolog of mammalian Perlecan, and Ihog, homolog 

of the mammalian protein CDO.  In Drosophila, Trol is necessary for full strength Hh 

signaling in larval neural stem cells (Park et al., 2003). Thus, neural stem cell  
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Fig.1.8.  The main classes of heparan sulfate proteoglycans. HSPGs consist of a 
protein core with attached heparan sulfate chains. (A) Syndecans are attached to 
the cell surface by a transmembrane domain.(B) Glypicans are covalently 
attached by a glycosyl-phosphatidylinositol link. (C) Perlecan can be secreted to 
the exterior or remain cell-surface associated. 
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proliferation in the Drosophila larval brain depends partly on a signaling module 

constituted by the Hh pathway regulated by Trol.  Interestingly, the mammalian 

homolog of trol, PERLECAN, is upregulated in a prostate cancer cell line (Iozzo et al., 

1994), and the single human PERLECAN gene has been mapped to 1.p.36. This 

corresponds to the CABP locus, a locus linked to increased risk of both prostate cancer 

and Glioblastoma multiforme, a brain cancer of astrocytic origin (Gibbbs et al, 

1999).Human genetic studies have thus provided initial correlative data about the 

possible involvement of Perlecan in both brain and prostate cancer, and earlier studies in 

Drosophila show that Perlecan is needed for Hh signaling to proceed properly in neural 

stem cells. This raises the question of whether the signaling module functioning in the 

Drosophila larval CNS might be also functioning in prostate cancer. I therefore 

hypothesize that Perlecan is the CABP locus gene, and that it regulates SHH signaling in 

prostate cancer. This hypothesis is addressed in Chapter III. 

 

Clinical relevance of prostate cancer  

 

Prostate cancer is the second leading cause of death from cancer, and the most 

commonly diagnosed form of cancer in men. According to the American Cancer 

Society, prostate cancer has accounted for about 10% of deaths in US males in 2007 

with 218,000 new cases and 27,000 deaths in 2007 alone (SEER registry Database 

2008). Old age is the major risk factor for prostate cancer—as the graying of America 

increases, we expect prostate cancer incidence to increase. Men have a 1 in 6 possibility 

of developing PCa (ACS, 2007). Initial treatment consists of prostatectomy or radiation, 

with a fairly good prognosis if the tumor is detected at an early stage, and has a slow 

growth. However, many tumors are detected at later stages, and recurrence of tumors 

after surgery may be observed (Feldman and Feldman, 2001). Initially, tumor growth is 

androgen-dependent, which makes androgen–ablation therapy the treatment of choice, 

yet the median length of response to the treatment is 10-24 months (So et al, 2005). 

Tumors progress from androgen dependence to androgen independence. Androgen-



 26 

Independent Prostate Cancer (AIPC) is lethal, invasive and metastatic, and no current 

treatments can help extend lifespan. A better understanding of the mechanisms 

underlying the onset of advanced PCa is needed in order to develop better diagnostic 

tools and new treatment strategies. 

 

Age as a risk factor for prostate cancer 

 

Studies show that two out of three prostate cancers are diagnosed in men over 65 years 

of age. The most recent statistics from the SEER registry show that the peak incidence of 

prostate cancer happens in men 70-74 years old. Not all cancers share this trend: for 

example the peak incidence of testicular cancer happens at a much younger age 

according to the Surveillance epidemiology and End results (SEER) registry of the 

National Cancer Institute. It has been thought that the reason most cancers reach their 

peak prevalence in old ages is because it takes a long time for cells to accumulate the set 

of mutations needed for the cancerous lesion to form. While the latter is true, little 

consideration has been given to the fact that the actual aging process may alter 

conditions that influence the behavior of a preexisting cancer lesion. When we couple 

this to the emerging paradigms on cancer research, we can see that there is a clear trend 

towards evaluation of the impact of aging in the signaling and microenvironmental 

changes that might affect the outcome of an initial precancerous lesion. 

 

For a long time, aging has been thought of as a progressive decline of the systems that 

have to function to sustain life. However, it is becoming clear that aging is a tightly 

controlled process, and that there are a number of signaling pathways that affect both the 

onset and the rate of aging (Kenyon, 2001).  The fact that aging is a complex biological 

process, akin to development or behavior in which many regulating systems cooperate to 

produce results, has obscured and complicated the definition and study of aging. But in 

the last two decades, our understanding of the aging process has been greatly increased, 

and this has led to emerging paradigms and approaches to the further understanding of 
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the mechanisms underlying aging. These approaches focus on the study of mutations that 

increase lifespan (the best characterized measure of aging) in model organisms, as well 

as studying age-related diseases in humans. 

 

Researchers have approached the study of aging by studying syndromes like 

Hutchinson-Gilford progeria or Werner syndrome, which are characterized by 

accelerated aging. These have revealed mutations in the WRN gene, which encodes a 

recQ helicase, or the LMNA gene, which encodes lamin A (Kipling et al., 2004). These 

discoveries highlight an important role of maintenance of DNA and nuclear structure in 

tissue homeostasis and aging. But it is likely that these proteins represent the endpoint of 

more complex mechanisms that may be in place to regulate the onset and development 

of aging. For this reason, model systems are being used to elucidate the mechanisms that 

regulate aging and result in destabilization of genome integrity. 

 

For a long time, it has been known that there are a variety of means to manipulate 

lifespan in different organisms. The most studied of these is calorie restriction, which 

increases lifespan in yeast, invertebrates, and mammals (Haigis and Guarente, 2006). 

Physiological responses to calorie restriction include a slower metabolism, increases in 

stress resistance, and a decrease in reproduction. Research on the molecular basis for the 

effects of calorie restriction has uncovered the importance of sirtuins (a family of NAD-

dependent histone deacetylases), IGF signaling, and Foxo transcription factors as 

important regulators of lifespan.  

 

Initial investigations using yeast revealed that mutations in the SIR complex result in an 

increase of replicative lifespan, and showed that Sir2 (the first sirtuin described) has a 

significant impact in lifespan (Haigis and Guarente, 2006). The requirement of NAD for 

proper Sir2 function suggests a link between metabolism and Sir2 activity, as does the 

fact that calorie restriction cannot rescue the short lifespan of Sir2 mutants. Sir2 
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homologs have been shown to regulate lifespan in C.elegans, and Drosophila. Further 

investigation on the role of Sirtuins in vertebrate and mammalian aging is still needed. 

 

Perhaps the most significant discoveries on regulation of lifespan have been discovered 

using the nematode C.elegans. In this system, calorie restriction induces a diapause state, 

characterized by lower metabolic rate and developmental and reproductive arrest, which 

enables the nematodes to survive for long periods of time until adequate food supplies 

become available. Studies on diapause mutants uncovered a role for the Insulin/Insulin 

Growth Factor  (IIS) signaling pathway in restoring the animals to a full reproductive 

state. Further studies showed that weak mutations in the IIS pathway produced strains 

that retained their normal metabolism and reproductive potential while conferring an 

longer lifespan, thus uncovering an important role of IIS in lifespan regulation. In 

C.elegans, IIS acts by downregulating the FOXO transcription factor DAF-16 (Berman 

and Kenyon, 2006). DAF-16 homologs in yeast and Drosophila also play a significant 

role in regulating lifespan in these systems. From these studies, a paradigm emerges 

where aging is a tightly regulated process that may influence the progression of other 

events in the organism. While the links between aging and cancer are still the focus of 

much investigation and controversy, it has been shown that age affects the interactions 

between cancer cells and their host tissue. Reports that senescence, a cellular condition 

associated with aging has a significant impact on cancer cell proliferation (Krtolica et al., 

2001) also suggest that these two processes may interact and affect each other.  

 

The prostate: brief anatomical and physiological overview 

 

The prostate is a male accessory reproductive gland that produces a complex proteolytic 

solution aiding the survival of sperm. It is located directly beneath the bladder, and 

completely surrounds the urethra. The prostate predominantly consists of acini that 

empty into ductules streaming into the ejaculatory ducts, which enter the base of the 

gland and extend anteriorly to the urethra (Figure 1.9). The prostate is subdivided into 3  
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Fig.1.9. The prostate. (A) location of the prostate in the male reproductive system. 
(B) The prostate zones. Modified from (De Marzo et al., 2007), and (SEER Registry 
Database, 2008) 
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distinctive zones:  peripheral, central, and transitional. Seventy percent of all prostatic 

carcinomas arise in the peripheral zone (Abel, 2001). The prostate epithelium is 

composed of epithelialal, luminal secretory, and neuroendocrine cells.  The stroma is 

composed of fibroblasts, smooth muscle cells, endothelial and dendritic cells, and 

infiltrating cells from the immune system (Feldman and Feldman, 2001). 

 

Normal prostate development  

 

           Development of the prostate begins approximately at the seventh week of gestation, and 

is heavily dependant on androgen signaling. At this time, the male and female 

reproductive tracts are identical, and testosterone signaling from the male testes directs 

differentiation of the early prostate and male urogenital tract. At the end of the third 

trimester, the gland enters a developmentally quiescent state. During puberty, the 

prostate experiences another growth period, and the full secretory phenotype is 

established. Later in life, as testosterone levels drop again the prostate undergoes 

involution and atrophy; it is at this stage where deregulation of known processes may 

play a role in bringing about the onset of prostate cancer.  

 

While androgen signaling in prostate development has been well characterized, there are 

a number of additional signaling pathways that are critical for prostate development. The 

requirement for Fibroblast Growth Factor (FGF), Bone Morphogenetic Protein (BMP), 

Sonic Hedgehog (Shh), and Wingless-int (Wnt) signaling in prostate development has 

been demonstrated (Yardy and Brewster 2005, Settle et al 2001, Kwabi-Addo et al 

2004). For example, Shh signaling is necessary for ductal branching morphogenesis and 

epithelial differentiation of the prostate, although there are conflicting reports about its 

requirement in prostatic growth induction from the early urogenital tract (Berman et al 

2004, Freestone et al 2003). It is thought that complex interplay between Shh signaling 

and other signals such as FGF and BMP direct branching and differentiation of the 

prostate in a carefully controlled manner. 
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Prostate cancer models 

 

In order to gain insight into the mechanisms underlying prostate cancer onset, there have 

been a number of model systems developed for this purpose. Prostate and prostate 

cancer cell lines, derived from a variety of sources, provide a system in which genetic 

homogeneity is assured, and environmental conditions can be carefully controlled. These 

cell lines have been extensively used to identify cellular characteristics that correlate 

with androgen dependence/independence, invasiveness, and metastatic potential. They 

have also been used to study the effects of various signaling molecules and their 

inhibitors on cell growth and proliferation. Nevertheless, one has to consider that this is 

an inherently artificial system, and in vivo responses may be different. Other prostate 

cancer models include the Lobund-Wistar rat, a specific strain with an inherent 

predisposition to develop spontaneous metastatic, hormone-influenced prostate tumors. 

The Lobund-Wistar rat model has been useful to study in vivo tumorigenesis at the levels 

of spontaneous and induced tumors, and to identify genes that confer susceptibility to 

prostate cancer (Pollard, 1998). However, the rat model system is costly and time 

consuming, spontaneous tumors take years (~25% incidence at 25 months )(Pugh et al., 

1994) to develop, and specific molecular interventions cannot be easily manipulated. 

Mouse models have used different approaches; the development of transgenic mouse 

models that incorporate tissue–specific control of the genome has allowed the study of 

the effects of different genes in vivo (Jin et al, 2003, Jin et al, 2003a). Another strategy 

used a prostate-specific promoter and the SV40 inactivators of the tumor suppressors 

p53 and RB (retinoblastoma) to create the Transgenic Adenocarcinoma of the Mouse 

Prostate (TRAMP) mouse. TRAMP mice develop spontaneous invasive and metastatic 

prostate cancers that are heterogeneous, and have been extremely useful in screening for 

therapeutic chemicals (Burman et al, 2004). However, the cost and time involved in 

making transgenic mice, and the pleiotropic effects of many mutations limit its potential 

uses. A model organism complex enough to allow investigation on the effects and 
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mechanisms of signaling pathway activation on the onset of prostate cancer in vivo, but 

without the problems of genetic redundancy, long developmental times and inherent 

complexity that higher vertebrates have will be a highly useful tool in the elucidation of 

cancer progression mechanisms.  

 

Developing an improved prostate cancer model in Drosophila 

 

As age is the single most important risk factor in prostate cancer, incorporating changes 

in signaling and proliferation as the organism ages will provide crucial insight on the 

mechanisms of disease. Obtaining clinical correlative data proves to be even more 

difficult in this instance, because the subjects have to be monitored during an extremely 

long periods of time (as is the case with cohort studies), and initially appropriate controls 

may become unusable as individuals age. The main concern in developing mammalian 

models for aging is precisely the fact that it takes long periods of time to obtain results 

from aging organisms. In this instance, invertebrate organisms are very well suited for 

studies on aging, because they allow the researcher to obtain results in a reasonable 

period of time. For example, initial discoveries on the impact of the IGF pathway on 

aging were initially characterized in the nematode Caenorhabditis elegans (Kenyon, 

2001). Drosophila has also been used extensively as an aging model, and research in this 

organism has provided insights into aspects of aging such as regulation of lifespan by 

IGF signaling and sirtuins as well as further demonstrating the evolutionary conservation 

of known aging pathways (Helfand and Rogina, 2003). Drosophila is also emerging as a 

useful model for the study of cancer, since it provides information on genes affecting the 

behaviors observed in cancer cells while providing an organismal context: four of the six 

hallmarks of cancer can be modeled in the fly (the exceptions are telomerase activity and 

angiogenesis).  

 

As we have said above, a useful approach to understanding prostate cancer transition to 

metastasis will take into account emerging paradigms in cancer biology, such as the 



 33 

contribution of developmental signaling pathways and the concept of HSPGs as integral 

parts of the microenvironment that play a crucial role in cancer progression. It will also 

incorporate the effects of aging in the processes mentioned above. However, since the 

possibility of pleiotropic effects is still a concern, utilizing a simple model in which 

precise genetic changes can be easily monitored will greatly help in clarifying the 

observations obtained. To this end, we must reconcile the fact that most simple model 

organisms do not have a classic prostate organ; however, even if evolutionary homology 

does not exist, the functional, developmental and molecular correlations that will make 

the organism usable for testing initial hypotheses about prostate aging and cancer may 

still be present. I will explore the functional and molecular correlations between the 

human prostate and the Drosophila prostate analog in chapter IV.  

 

In summary, our understanding of complex human diseases such as prostate cancer have 

benefited greatly from the insights provided by model systems.  I hypothesize that the 

molecular signaling mechanisms uncovered in studies of the model system Drosophila 

are conserved in prostate cancer and are critical for prostate cancer progression. In 

addition, the Drosophila brain model can be utilized to study the importance of 

cholesterol modifications that affect Hh signaling in development, and may also affect 

SHH signaling in prostate cancer. Finally, the development of a prostate model in 

Drosophila, a short-lived, simple organism will be useful for studying specific aspects of 

signaling and aging that are relevant to prostate cancer onset and progression.  
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CHAPTER II 

INHIBITION OF Hh SIGNALING AND ENDOGENOUS hh EXPRESSION IN 

THE Drosophila NERVOUS SYSTEM BY HhN 

 

 

Introduction 

 

Emerging research highlights the significance of developmental signaling in cancer 

progression across many different types of cancer (Cronauer et al., 2003; Ruiz i Altaba 

et al., 2004; Wakefield and Roberts, 2002). These findings emphasize the need to 

examine more closely the mechanisms that affect signaling intensity, strength and range 

in normal and deregulated conditions. One important process that affects signaling 

strength is ligand processing and modification.  In signaling pathways such as Sonic 

Hedgehog (SHH) and Wnt, protein ligands may be modified through a series of lipid 

modifications that affect signaling intensity and ligand transport. In this context, the 

importance of cholesterol modifications in SHH signaling has been extensively 

described (Gallet et al., 2006; Nybakken and Perrimon, 2002a; Porter et al., 1996b) 

 

It is well-known that the risk for prostate cancer increases with a diet rich in saturated fat 

and cholesterol. Recent reports have shown a positive correlation between high 

cholesterol levels (hypercholesterolemia) and prostate cancer (Bravi et al., 2006). 

Cholesterol has also has been shown to augment cell survival in prostate cancer models 

(Zhuang et al, 2005). Since cholesterol levels can influence the rlelase of specialized 

secretory vesicles from prostate epithelial cells (Llorente et al., 2007), it is possible that 

nutritionally supplied levels of cholesterol may impact the formation of cholesterol-

modified SHH ligand, and thus have an effect on signaling strength and range, and an 

impact on cell survival.  
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Cholesterol modification is an important step in the processing of mature SHH ligand 

(Zeng et al., 2001). SHH is initially translated as a precursor protein. It undergoes and 

autocatalytic processing reaction involving internal cleavage between conserved Gly-

Cys residues. The reaction involves two secuantial nucleophilic displacements; the 

firstone replaces the Gly-Cys peptide bond with a thioester bond; the second displaces 

the sulphur and severs the link between the N and C- termini of the protein. During this 

second displacement, a cholesterol moiety is added (Mann and Beachy, 2000). The 

autoprocessing reaction is mediated by the carboxy-terminal domain of the precursor 

protein, which has no additional function. After cleavage, SHH undergoes further 

modification with the addition of a palmitoyl group (Pepinsky et al., 1998). The role of 

lipid modifications in Hh signaling was the subject of much controversy; initial studies 

suggested that the unmodified N-terminus of the protein (HhN) retained full signaling 

ability. However, this interpretation was challenged with various studies that reported 

the importance of C-terminal cholesterol modification in the strength and range of 

signaling (Cooper et al., 2003; Gallet et al., 2006; Zeng et al., 2001). Currently, it is 

thought that cholesterol modification plays a fundamental role in the assembly of Hh 

multimers and their transport through tissues. The manner of Hh transport has also been 

a subject of extensive study, given the apparently contradictory notion of a cholesterol- 

modified molecule that has to travel though many cell diameters to exert some of its 

functions. Some of the proposed mechanisms for this long-range transport include 

cytonemes, soluble multimers, lipoproteins, and transport through Heparan Sulfate 

Proteoglycans (HSPGs).(Eaton, 2006; Han et al., 2004; Panakova et al., 2005) 

 

The Hedgehog (Hh) pathway was initially characterized in the model organism 

Drosophila, where it plays an important role in developmental processes, such as 

embryo and imaginal disc patterning (Porter et al., 1996a) (Tabata and Kornberg, 1994) 

(Capdevila and Johnson, 2000). Hh also plays a role in stem cell proliferation in various 

tissues (Parisi and Lin, 1998; Park et al., 2003). The requirements for proper Hh function 

have been shown to be context dependent: for example, the proteoglycans involved in 
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Hh signaling in the Drosophila wing disc are the Glypicans Dally and Dally-like 

(Desbordes and Sanson, 2003; Han et al., 2004; Lum et al., 2003), while the 

proteoglycan modulating Hh signaling in the Drosophila larval brain and Sonic 

Hedgehog signaling in human prostate cancer is Trol/Perlecan (Datta, 1995) (Datta, 

1999; Park et al., 2003). Since many aspects of Hh signaling have proved to be tissue-

specific, I set out to examine the contribution of cholesterol modifications to Hh 

signaling in the context of neural stem cell proliferation in the Drosophila larval brain. 

In our system, unmodified Hh (HhN) had a dominant negative effect in neural stem cell 

proliferation. This effect was shown to be dose-dependent (Datta, 2007). To further 

examine the mechanisms involved in HhN inhibition of neural stem cell proliferation, I 

evaluated the levels of endogenous hh signaling in HhN overexpressing larvae. My 

results show that levels of both Hh signaling and endogenous hh expression are 

downregulated when HhN is overexpressed. This raises the possibility that a negative 

feedback loop is in place to accurately monitor and maintain the levels of Hh signaling. 

 

Materials and methods 

 
Fly stocks and genetics 

 

The stocks w ; UAS-hh and w ; UAS-HhN were obtained from Dr. Phil Beachy.  The 

homozygous viable y w ; hs-GAL4 line was a kind gift of Dr. Bruce Baker. 

 

Developmental staging 

 

Developmental synchronization was carried out as previously described (Caldwell and 

Datta, 1998; Datta, 1995; Park et al., 2001; Park et al., 2003).  Flies were allowed to lay 

eggs on apple juice agar plates with fresh yeast overnight or for about 24 hours.  For 

staging of synchronized first instar larvae, the plate was first cleared of any larvae and 

newly hatched larvae were collected in one hour windows and placed on new apple juice 

plates with yeast at the experimental temperature (25°C unless otherwise specified). 
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Quantitative real-time PCR 

 

Whole first instar brains were used for RNA isolation. Total RNA was isolated using the 

RNeasy RNA isolation kit (Qiagen) following manufacturer’s directions.  Samples were 

DNAsed and reverse transcribed using oligo dT primers and the Taqman Reverse 

transcription kit (Applied Biosystems). cDNA was used to perform quantitative Real 

Time PCR in a ABI PRYSM 7700 cycler using  SYBR Green Master Mix (Applied 

biosystems). All qRT-PCR reactions were carried out in triplicate at three different 

template concentrations to ensure that we were within linear template range. Primer 

sequences are available upon request. Expresssion of ß-actin was used as an internal 

control.  Data were analyzed using the delta-delta calculation method to yield fold 

change compared to controls. 

 

Results  

 

Our previous data that HhN inhibits neuroblast proliferation in a dose-dependent manner 

(Datta, 2007, (Figure 2.1A) raised the possibility that HhN decreased neuroblast 

proliferation by inhibiting endogenous Hh signaling. To test this hypothesis, I sought to 

evaluate the levels of Hh signaling in first instar larval brains overexpressing HhN and in 

control larvae. Figure 2.1B shows that expression levels of the response gene ptc are 

significantly decreased in HhN overexpressing larval brains in comparison with wild 

type brains. I also wanted to monitor the expression of the endogenous hh gene.  Since 

the HhN transgene was constructed using a truncated hh cDNA, I was able to design 

primers that would amplify only the endogenous hh message. These primers are located 

at positions 1481 and 1538 of the hh gene, well after the natural hh cleavege site (Figure 

2.1B). Interestingly, levels of endogenous hh expression were also significantly 

decreased, suggesting that the decrease in Hh signaling was at least  
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Fig.2.1.HhN overexpression decreases Hh signaling and endogenous hh expression. 
(A) HhN overexpression phenotype: Immunohistochemistry against BrdU shows 
fewer BrdU-incorporating cells in HhN overexpression brains. (B) qPCR showing 
endogenous hh and ptc expression in HhN overexpression brains vs wild–type.  
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partially due to a decrease in the levels of endogenous Hh ligand. This is consistent with 

the possibility that a negative feedback loop is in place to regulate levels of Hh signaling 

in the Drosophila larval brain.  

 

Discussion  

 

Previous studies (Datta, 2007) showed that HhN acts as an inhibitor of neuroblast 

proliferation in a dose-dependent manner in the first instar larval brain. Since Hh is an 

activator of neuroblast proliferation, this would suggest that HhN overexpression causes 

a decrease in the amount of active Hh signaling in the brain. However, this result does 

not address how the decrease of Hh signaling in the brain affects the specific cells 

implicated in neuroblast proliferation. Further elucidation of this mechanism is needed, 

yet further exploration of the HhN phenotype in the brain has been impaired by the 

instability of the GAL4 driver used to overexpress HhN in the first instar larval brain 

(Barrett and Datta, 2007). The decrease in neuroblast proliferation is a departure from 

common HhN overexpression phenotypes, which evidence lower levels/reduced range of 

Hh signaling but never show the opposite phenotype to cholesterol modified Hh 

expression. Given that the range and activity of the Hh ligand is regulated by HSPGs, I 

hypothesized that HhN might be acting as a competitive inhibitor of cholesterol-

modified Hh for HSPG modulation in the larval brain. To test this hypothesis, I first set 

out to evaluate the levels of Hh signaling when HhN is overexpressed. My results show 

that when HhN is overexpressed, there is a significant decrease in the levels of 

expression of the response gene ptc, indicating decreased Hh signaling activity. Given 

that our qPCR technique allowed me to differentiate between transgenic and endogenous 

hh expression, I was able to specifically evaluate levels of endogenous hh expression. 

My results showed that HhN overexpression also results in the decrease of endogenous 

hh message levels. Together with the decrease in ptc expression, and the decreased 

neuroblast proliferation phenotype, these results suggest a negative feedback loop in Hh 

signaling, where hh is expressed in accordance to the levels of Hh signaling present. My  
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Fig.2.2. hedgehog expression is controlled by a negative feedback loop in the 
Drosophila larval brain. Mechanisms underlying this feedback loop are still under study. 

hh 
expression 

Hh signaling 
Hh ligand 

Output 

? 

? 



 41 

studies imply the presence of negative regulation of hh expression by Hh signaling (Fig. 

2.2), a novel mechanism of regulation for the Hh pathway. 

 

Extensive investigation in the field of Hh signaling has shown differences between the 

activity of unmodified and cholesterol-modified Hh signaling, where the unmodified 

form has lower activity levels than the cholesterol-modified form (Dawber et al., 2005; 

Su et al., 2007).  However, most of these studies were executed in genetic backgrounds 

where there was some contribution to Hh signaling by the endogenous gene. This raises 

the possibility that the observed phenotype of lower signaling was not due to decreased 

activity of the hhN ligand, but due to a decrease in the levels of endogenous Hh 

signaling caused by hhN. This would imply that HhN has little to no signaling activity. 

Clonal analysis with flip-out hh null clones overexpressing HhN (Gallet et al., 2006) 

suggest HhN is able to signal, but at lesser intensity than cholesterol- modified Hh in the 

wing disc. The difference in signaling intensity have been attributed to the inability of 

unmodified Hh to multimerize, or associate with HSPGs for proper transport and 

gradient formation (Porter et al., 1996b) (Guerrero and Chiang, 2007; Su et al., 2007; 

Wendler et al., 2006). These studies rely on differential response gene expression to 

assay levels of Hh signaling activity. Alternatively, transgenic expression of tagged Hh 

is followed through tissues such as the wing disc to evaluate transport. These approaches 

cannot differentiate between exogenous and endogenous Hh signaling since target gene 

activation cannot be used to distinguish between transgenic and endogenous levels of 

signaling. Similarly, evaluation of Hh signaling with the use of tagged Hh ligand does 

not take into account the contribution of the endogenous Hh present in the tissues.  

Furthermore, strong Hh (or HhN) overexpression could mask the negative feedback 

phenotype. In this context, HhN overexpression phenotypes would depend on the 

endogenous Hh backgound, as well as on HhN over expression. This raises the 

possibility that part of the HhN phenotype observed in some of these studies may 

actually be caused by the decrease in endogenous hh signaling. 
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My preliminary results suggest endogenous hh expression is regulated by the overall 

amount of Hh ligand present. These issues raise the possibility that in the larval brain, 

overexpression of an unmodified Hh form with less signaling efficiency, coupled with 

downregulation of endogenous Hh signaling, results in a strong decrease of Hh 

signaling. The resulting low levels of Hh signaling cannot sustain activation of 

neuroblast proliferation. The differential response to HhN in Drosophila neural stem 

cells compared to other systems such as the wing disc allowed us to uncover a potential 

novel mechanism of Hh regulation. This emphasizes the need to use different 

developmental systems in order to obtain an integrated picture of signaling function and 

mechanisms. If HhN overexpression causes a decrease in neuroblast proliferation by 

negatively regulating levels of endogenous Hh ligand and Hh signaling, HhN could be 

used as a therapeutic agent to decrease abnormal Hh signaling in specific tissues.  Future 

directions aim to elucidate the mechanisms underlying the negative regulation of hh 

expression by Hh signaling, and the nature of the Hh/HhN competition. Possible 

mechanisms include differences in the assembly of Hh multimers, association of Hh with 

HSPGs for correct transportation and gradient formation through the affected tissues, or 

binding of Hh to components required for detection of Hh signaling particles by 

responding cells.   
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CHAPTER III 

PERLECAN INHIBITION OF SHH- DEPENDENT PROLIFERATION IN 

PROSTATE CANCER* 

 

 

Prostate cancer is the most commonly diagnosed cancer in men. According to the ACS, 

there were more than 27,000 deaths from prostate cancer in 2007 alone. Most men that 

die of prostate cancer succumb to Advanced Prostate Cancer, a highly aggressive and 

metastatic form of the disease that is refractory to androgen ablation therapy, the most 

common treatment for recurrent prostate cancer. A need to develop treatment strategies 

that focus on the metastatic aspect of the disease highlights the need to understand the 

mechanisms that underlie prostate cancer progression.  

 

The emerging paradigms of cancer biology focus on the need to integrate our knowledge 

of many complex biological processes in our understanding of prostate cancer. A 

growing body of research points to abnormal regulation of developmental signaling 

pathways as a major factor in cancer progression (Feng et al., 1997; Li et al., 2003; Ruiz 

i Altaba et al., 2004; Sancho et al., 2004; Wakefield and Roberts, 2002). One of these 

pathways is the Sonic Hedgehog pathway (SHH), which has been implicated in both 

prostate development and numerous types of cancer. SHH signaling is conserved 

through evolution, allowing study of this pathway in model systems such as the fruit fly 

Drosophila. For example, our studies in the Drosophila CNS have identified the 

proteoglycan Trol, homolog of human PERLECAN, as a major regulator of the 

Hedgehog (Hh) pathway in neural stem cells. 

 
                                                
* Portions of this chapter reprinted with permission from Sanchez, P., Hernandez A. 
M.,Stecca B.,Kahler,A.J., DeGueme,A.M., Barret,A., Beyna, M., Datta,M.W., Datta,S., 
and Ruiz I Altaba A. (2004). Inhibition of prostate cancer proliferation by interference 
with SONIC HEDGEHOG-GLI1 signaling. Proc.Natl.Acad.Sci USA 101 (34), 12561-
12566. 
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Parallel studies in human genetics highlight potential loci linked to increased risk of 

prostate cancer; one of these sites is the CABP locus, located at 1.p.36, which is linked 

to increased risk of both prostate cancer and Glioblastoma Multiforme, a brain cancer of 

presumptive neural stem cell origin (Gibbs et al, 1999) The single human PERLECAN 

Gene also maps to 1.p.36. In addition, several mutations in genes of the SHH pathway 

have been linked to increased risk of prostate cancer (Datta and Datta, 2006). This raises 

the possibility that the signaling module already described in Drosophila also controls 

prostate cancer cell proliferation. We hypothesize that PERLECAN modulates SHH 

signaling and is required for SHH-dependent cell proliferation in advanced prostate 

cancer.   

 

In a collaborative study, we have shown that PERLECAN is necessary for regulation of 

SHH- dependent proliferation in advanced prostate cancer, and propose a mechanism for 

how this regulation is achieved using a prostate cancer cell line model (Datta et al., 

2006a; Sanchez et al., 2004). In addition, I have evidence supporting a second 

mechanism for PERLECAN regulation of SHH in an alternative cell line model. 

 

Inhibition of prostate cancer proliferation by interference with SONIC 

HEDGEHOG-GLI1 signaling 

 
Prostate cancer is the most common solid tumor in men, and it shares with all cancers 

the hallmark of elevated, nonhomeostatic cell proliferation. Here we have tested the 

hypothesis that the SONIC HEDGEHOG (SHH)-GLI signaling pathway is implicated in 

prostate cancer. We report expression of SHH-GLI pathway components in adult human 

prostate cancer, often with enhanced levels in tumors versus normal prostatic epithelia. 

Blocking the pathway with cyclopamine or anti SHH antibodies inhibits the proliferation 

of GLI1+/PSA+ primary prostate tumor cultures. Inversely, SHH can potentiate tumor 

cell proliferation, suggesting that autocrine signaling may often sustain tumor growth. In 

addition, pathway blockade in three metastatic prostate cancer cell lines with 

cyclopamine or through GLI1 RNA interference leads to inhibition of cell proliferation, 
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suggesting cell autonomous pathway activation at different levels and showing an 

essential role for GLI1 in human cells. Our data demonstrate the dependence of prostate 

cancer on SHH-GLI function and suggest a novel therapeutic approach. 

 

Introduction 

 

SONIC HEDGEHOG (SHH) signaling has been implicated in different aspects of 

animal development, acting through several components, including the transmembrane 

proteins PATCHED1 (PTCH1) and SMOOTHENED (SMOH), to activate the GLI zinc-

finger transcription factors (Ingham and McMahon, 2001; Ruiz i Altaba et al., 2002). In 

addition, we and others have shown that SHH signaling is implicated in a number of 

tumors (Pasca di Magliano and Hebrok, 2003; Ruiz i Altaba et al., 2002), such as basal 

cell carcinomas (Dahmane et al., 1997; Hahn et al., 1996; Johnson et al., 1996), 

medulloblastomas (Berman et al., 2002; Dahmane et al., 2001), gliomas (Dahmane et al., 

2001), sarcomas (Hahn et al., 1996; Stein et al., 1999), tumors of the digestive tract 

(Berman et al., 2003), small cell lung cancers (Watkins et al., 2003), and pancreatic 

carcinomas (Thayer et al., 2003). To date there is no direct evidence linking SHH 

signaling to prostate cancer, the most common solid cancer in men (Nelson et al., 2003), 

although we have found that sporadic prostate tumors express GLI1 (Dahmane et al., 

2001), a reliable marker of SHH signaling (Hynes et al., 1997; Lee et al., 1997). This 

observation allowed us to propose the hypothesis that the SHH-GLI pathway participates 

in prostate cancer (Dahmane et al., 2001). Consistently, Shh signaling has been found to 

be essential for prostate patterning and development (Barnett et al., 2002; Berman et al., 

2004; Freestone et al., 2003; Lamm et al., 2002; Podlasek et al., 1999; Wang et al., 

2003), and genetic mapping data has revealed that at least two key components of the 

SHH-GLI pathway [SMOH and SUPPRESSOR OF FUSED (SUFUH)] are located in 

chromosomal regions implicated in familial human prostate cancer (Easton et al., 2003; 

Xu et al., 2003). Here we have tested the involvement of SHH-GLI signaling in prostate 

cancer. 
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Methods 

 

Cell lines and primary cultures. The PC3, LNCaP, and DU145 cell lines (Horoszewicz et 

al., 1980; Kaighn et al., 1978; Stone et al., 1978) were purchased from American Type 

Culture Collection and grown as specified. All primary prostate tumors were obtained 

following approved protocols. Tumors in PBS were chopped with a razor blade and 

incubated with Papain for 1 h at 37°C, they were then dissociated by passing them 

through a fire-polished pipette and washed several times in serum containing media. All 

dissociated primary tumors were plated in polyornithin and laminin-treated p16 plates in 

DMEM-F12 with 10% FBS at ~30,000 cells per p16 well. Primary cultures were used 2-

4 days after plating, when the cells reached 60-70% confluence. 

 

In situ hybridization and immunocytochemistry. Immunocytochemistry was performed 

with anti-BrdUrd (Beckton Dickinson), anti- SHH (Santa Cruz Biotechnology), and anti-

Ki-67 (DAKO), using FITC- or horseradish peroxidase (HRP)-conjugated secondary 

antibodies (Boehringer Mannheim) as described (Dahmane et al., 2001). For tissue 

arrays, slides were baked and deparaffinized before blocking of endogenous peroxides. 

They were then developed with HRPconjugated secondary antibodies and 

diaminobenzidine (DAB). In situ hybridizations on frozen sections with digoxygenin-

labeled antisense RNA probes for GLI1, PTCH1, and SHH and a sense control GLI1 

were as described (Dahmane et al., 2001). 

 

Prostate tissue microarrays and microdissection. After institutional review board 

approval, tissue microarrays (Matysiak et al., 2003) were prepared from archived 

paraffin blocks from 288 radical prostatectomy cases from the Medical College of 

Wisconsin. For each case, 0.6-mm cores of tumor were isolated and placed in the array 

blocks, and 5-µm slides were prepared for immunohistochemistry. Slides were reviewed 

by a trained urologic pathologist (M.W.D.) and scored for the presence of benign 
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prostate glands, high-grade prostatic intraepithelial neoplasia, or invasive tumor. The 

presence of tumor or high-grade prostatic intraepithelial neoplasia was confirmed by 

immunohistochemical staining for high molecular mass cytokeratin (CK903 Ab, 

DAKO). Individual cores were examined as duplicates, and staining was correlated to a 

set of anonymous deidentified pathologic and outcomes data with χ2 and Fisher’s exact 

or two-tailed ANOVA analyses. 

 

Normal and tumor tissue from the same patients for real-time PCR analyses were 

microdissected from sections with a laser capture microscope after pathological 

assessment. 

 

SHH, anti-SHH antibody, cyclopamine, and tomatidine treatments. Commercial N-SHH 

(R & D Systems) was used at 100 nM because we have found that this commercial 

protein is ~20 times less active than the octyl-modified SHH-N we had previously used 

from Curis in the C3H10T1/2 induction assay (data not shown). 5E1 anti-SHH blocking 

antibody (Ericson et al., 1996) was purchased from the Hybridoma Bank at the 

University of Iowa and was used at 8 µg/ml. Cyclopamine (Toronto Research 

Chemicals) and Tomatidine (Sigma) were used at 10 µM unless otherwise noted; for 

cells in culture, they were dissolved in ethanol, and ethanol alone was used as control. 

Treated cells were in 2.5% serum for 48 h instead of the usual 10% routinely used for 

standard growth. 

 

Proliferation assays. BrdU (Sigma) was given at 4 µg/ml before fixation. The time of the 

BrdU pulse depended on the growth rate of the cells tested. Cell lines were given a 2-h 

pulse, whereas primary tumor cultures, which grow less rapidly, were given 16-h pulses. 

Proliferation in tissue arrays was measured by the level of Ki-67 antigen expression. 

 

PCRs. For RT-PCRs, the following primers were used (all 5´ to 3´). GLI1s, 

GGGATGATCCCACATCCTCAGTC, and GLI1a, CTGGAGCAGCCCCCCCAGT at 
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60°C; PSAs, CTTGTAGCCTCTCGTGGCAG, and PSAa, 

GACCTTCATAGCATCCGTGAG at 56°C. Primers for PTCH1 and GAPDH were as 

described (Dahmane et al., 2001; Palma and Ruiz i Altaba, 2004). 

  

For real-time PCR, total RNA was DNase treated (Invitrogen) and reverse transcribed 

with TaqMan (Applied Biosystems) using oligo(dT) primers as described by the 

manufacturer. Reactions were run by using SYBR Green (Applied Biosystems) on an 

ABI Prism 7700 machine. Each sample was run minimally at three concentrations in 

triplicate. All primer sets amplified 75- to 300-bp fragments. Sequences are available 

upon request. The raw data are available upon request from S.Datta. 

 

RNA interference. Double-stranded small interference RNAs (siRNAs, 21 nt long) were 

purchased from Dahrmacon, purified, and desalted. The sequences for the GLI1 siRNAs 

used was: AACUCCACAGGCAUACAGGAU; control siRNA was: 

AACGUACGCGGAAUACAACGA. This siRNA was also used FITC tagged. siRNA 

transfections (0.2 µM) were with Oligofectamine (Invitrogen) as described by the 

manufacturer. Cells were treated for 60 h before fixation. 

 

Results 

 

To begin to analyze the role of SHH-GLI signaling in prostate cancer, we first tested for 

the expression of SHH-GLI pathway components in prostate cancer resections and 

normal tissue from the same patients. In situ hybridization showed that GLI1, PTCH1, 

and SHH are normally coexpressed in epithelial cells and not in the surrounding stroma 

(Figure 3.1 A, C, E, G, I, L, and O). Prostate tumors were uniformly 

SHH+/GLI1+/PTCH1+ (Figure 3.1 B, D, F, H, J, K, M, N, P, and Q), although variable 

levels of expression were detected visually in the tumors. Coexpression of these markers 

in tumor cells is consistent with their derivation from the normal prostatic epithelium.  
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Fig.3.1. Expression of SHH–GLI pathway components in normal prostate tissue and 
prostate tumors. Sections of normal prostate tissue (A, C, E, G, I, L, and O) and prostate 
tumors (B, D, F, H, J, K, M, N, P, and Q) show hematoxylin and eosin (H & E) staining 
(A and B) or the expression of SHH (C, D, and I-K), PTCH1 (E, F, and L-N), and GLI1 
(G,H, and O-Q). (GInset) Sense GLI1 probe control showing no background. Prostate 
tumors havemanysmall epithelial glandular structures. Black arrows point to expressing 
cells. White arrows point to nonexpressing cells. (R-T) Sections from the tissue 
microarrays of normal prostate tissue (R) and prostate tumors (S and T) showing 
expression of SHH protein with an anti-SHH antibody (αSHH Ab) (R-T) and a no 
primary antibody control (T Inset). All sections were counterstained with hematoxylin to 
visualize nuclei and tissue structure. Arrow in T points to localization of SHH protein in 
the cytoplasm of epithelial cells. e, epithelium; l, lumen; s, stroma; t, tumor. (Scale bar in 
T is 150 µm in A-H, R, and S, 20 µm in J, M, P, and T, and 10 µm in I-L, N, O, and Q.) 
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Table 3.1 
SHH, GLI1, GLI2, GLI3, and PTCH1 expression in human prostate cancer 
Fold increase in tumors versus matched normal tissue determined by real-time RT-PCR 
analyses as calculated by the ΔCT method. Range indicates1standard deviation. Gene 
expression levels were normalized to β-actin. Increases of 2fold or more are shown in 
bold. 
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More sensitive real-time PCR analyses of six of the same microdissected matched pairs 

showed up-regulation of the expression of SHH, PTCH1, GLI1, GLI2, and GLI3 

(between 1.5- and ~300- fold) in many tumor cases compared to normal tissue after 

normalization to the ubiquitous similar expression of β-actin (Table 3.1). Levels of 

expression within tumors were variable. Such differences could be related to the known 

heterogeneity of prostate cancer, because this is a general diagnosis that encompasses a 

broad range of histological phenotypes (Bostwick et al., 2004; DeMarzo et al., 2003; 

Kaplan-Lefko et al., 2003). Whereas varying levels have also been observed in other 

tumors (Ingham and McMahon, 2001; Ruiz i Altaba et al., 2002), the meaning of such 

differences is not known, although they have been proposed to correlate in a direct or 

inverse manner with tumor type or grade (Grachtchouk et al., 2003; Katayam et al., 

2002; Pomeroy et al., 2002). What is important is that the loyal markers of an active 

SHH-GLI pathway, GLI1 and PTCH1 (Goodrich et al., 1996; Lee et al., 1997; Podlasek 

et al., 1999), are consistently transcribed in the examined tumor cells, showing the 

presence of an active pathway. 

 

To extend these findings, we performed immunohistochemistry for SHH, as a secreted 

and potentially useful systemic marker for prostate cancer, on tissue microarrays 

representing 239 prostate carcinomas, 15 precancerous lesion high-grade prostatic 

intraepithelial neoplasia (HGPIN), and 135 benign prostate tissues from 297 patients. 

SHH expression was increased in tumors and was present as a secreted protein in the 

glandular lumens made by tumor cells (Figure 3.1 R-T), likely reflecting the origin of 

tumors from the SHH+ prostatic epithelia. Higher SHH levels, determined visually, were 

found in 33% of tumors compared to <1% of cases of normal adjacent tissue, indicating 

a significant correlation between high SHH levels and tumor presence. High SHH 

levelswere also correlated with higher Ki-67+ cell proliferation (Table 3.2). The level of 

SHH expression was not correlated with Gleason score or other clinical parameters 

(Table 3.2). This finding may indicate that inappropriately maintained or elevated SHH 

expression is an early and general event in prostate cancer, reflecting the origin of  
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Table 3.2 
Correlation of elevated SHH expression with tumorigenesis and clinical 
features of prostate cancer. 
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tumors from the SHH+ prostatic epithelia. 

 

The difficulty of growing human prostate cancer cells in vitro translates into a dearth of 

available cancer cells to test. Here we have chosen the three most widely used prostate 

cancer cell lines, LNCaP, an androgen sensitive cell line derived from a prostate cancer 

lymph node metastasis; and PC3 and DU145, androgen insensitive cell lines derived 

from prostate cancer bone metastases, to assay for the expression of SHH-GLI pathway 

components. All of the cells expressed GLI1 and PTCH1 (Figure 3.2A), consistent with 

our expression studies and indicating that they harbor an active pathway. Of these cell 

lines, only DU145 and PC3 cells expressed GLI2, and only LNCaP and PC3 cells 

expressed GLI3 and SHH at detectable levels (Figure 3.2A). GLI1 is thus the only GLI 

gene consistently expressed at detectable levels in all of these cells, and thus, we have 

focused on GLI1. 

 

To interfere with SHH-GLI signaling, we first used cyclopamine, a selective inhibitor of 

SMOH (Chen et al., 2002). Effects of cyclopamine treatment after 48 h were tested by 

BrdUrd incorporation as a sensitive measure of cell proliferation. Such treatment led to a 

large (>80%) decrease in BrdUrd incorporation in LNCaP cells, and a significant 

decrease (≈30%) in PC3 cells but had no effect in DU145 cells (Figure 3.2B). Treatment 

with tomatidine (Chen et al., 2002)served as control and had little or no effect on BrdUrd 

incorporation (Figure 3.2B). The lack of effects of cyclopamine on DU145 cells shows 

that this drug is not nonspecific. Because we used short-term assays to focus on early, 

direct effects on cell proliferation, the changes in total cell number were consequently 

relatively conservative. For instance, cyclopamine reduced total 4′, 6-diamidino-2-

phenylindole-positive LNCaP cell number by 22.1±1.1% (P=0.0001) after 48 h. No 

cytotoxic effects or significant cell death were observed during these experiments. 

Cyclopamine treatment also led to a decrease in GLI1 expression, consistent with the 

expected down-regulation of the SHH-GLI pathway (Figure 3.2C). 
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Fig. 3.2. Response of prostate tumor cell lines to alterations in the SHH-GLI1 pathway. 
(A) PCR analyses for the expression of SHH-GLI pathway components in three cell lines 
as indicated. In this and all other PCR assays, the expression of the ubiquitous gene 
GAPDH is measured as quantitative control. (B) Inhibition of prostate cell line 
proliferation as measured by BrdUrd incorporation in the three prostate cell lines used 
with cyclopamine. Tomatidine is used as control. (C and D) PCR analyses of the 
suppression of GLI1 expression in LNCaP cells by cyclopamine treatment at 36 h (C) or 
of the expression of prostate specific antigen (PSA), GLI1, SHH, and PTCH1 expression 
in whole prostate tumor tissue (T), primary culture (C), the glioblastoma cell line U87 
(U), and LNCaP (L) cells (D). PSA is expressed in prostate but not in brain cells. All 
samples express GLI1 and SHH. The whole tissue and primary culture correspond to 
PT6.  
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Fig. 3.2. Continued. (E) Histogram of the inhibition of BrdUrd incorporation in primary 
cultures of prostate tumor (PT3-PT8) by cyclopamine treatment. (F-I) 
Immunocytochemistry for BrdUrd incorporation with secondary FITC antibodies 
showing BrdUrd+ nuclei (green) in a field of primary prostate cells (PT6) in control cells 
(treated with ethanol as the carrier for cyclopamine, F), cyclopamine (G), SHH protein 
(H), or anti-SHH antibody (αSHH Ab, I). All nuclei are stained with 4′, 6-diamidino-2-
phenylindole (blue). (J and K) Histograms of the increase in (J) or inhibition of (K) 
BrdUrd incorporation of primary prostate tumors after treatment with SHH (J) or anti-
SHH antibody (αSHH Ab, K) for 48 h. Histogram error bars represent SEM in all 
panels.  
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Analyses of primary prostate tumors is complicated by the difficulty of growing primary 

human prostate cancer cultures (Rhim, 2000). Nevertheless, we were able to dissociate 

and plate six of eight primary prostate tumors, although stable cultures were not 

obtained. Primary cells that remained attached after 2 days had a uniformcuboidal 

morphology, formed small clusters and expressed prostate-specific antigen (PSA), as 

well as SHH, PTCH1, and GLI1 (Figure 3.2D), proving their prostatic epithelial origin. 

Cyclopamine treatment led to a major (>70%) decrease in BrdUrd incorporation in all 

primary cultures as compared with carrier-treated samples (Figure 3.2E-G), mimicking 

the results obtained in LNCaP cells. Here again, the insensitivity of DU145 to 

cyclopamine provides a control for the action of the drug. Indeed, although we have not 

tested the response of normal human prostate cells to cyclopamine, we expect that it 

would also inhibit the proliferation of normal SHH+/ PTCH1+/GLI1+ prostate epithelial 

cells (Figure 3.1). As with the cell lines, the total number of 4′, 6-diamidino-2-

phenylindole-positive primary tumor cells was similarly reduced by cyclopamine 

treatment [e.g., 26.7 ± 1.1% decrease in primary tumor 6 (PT6), P = 0.001] after 48 h. 

Although stromal cells are likely to be present in our primary cultures, their numbers 

appear to be small because >90% of the cells examined microscopically had a similar 

cuboidal morphology. Moreover, the high inhibition levels by cyclopamine would be 

inconsistent with effects only in contaminating stromal cells, which do not appreciably 

express PTCH1 or GLI1 (Figure 3.1). 

 

We then tested for the ability of exogenous SHH to stimulate prostate cancer cell 

proliferation and for the possible existence of autocrine signaling. Addition of 

recombinant SHH protein led to an increase in BrdUrd incorporation in two of four 

primary cultures after 48 h (Figure 3.2 F, H, and J). In contrast, addition of the standard 

blocking antibody against SHH (5E1; (Ericson et al., 1996)) resulted in an inhibition of 

BrdUrd incorporation by 15-40% for three of four tumors (Figure 3.2 F, I, and K), 

suggesting that several tumors display autocrine signaling. Interestingly, the only 
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primary culture that was insensitive to Shh Ab blockade, PT7, being sensitive to 

cyclopamine [which targets SMOH (Chen et al., 2002), Figure 3.2 E], was also the more 

sensitive to the addition of exogenous Shh. This might indicate that although the 

pathway is activated downstream of the site of ligand action in PT7, possibly affecting 

PTCH1 or SMOH, exogenous Shh can still increase the levels of signaling. Taken 

together, the functional heterogeneity that we detect parallels that found for GLI and 

SHH expression described above and may reflect independent activating events as well 

as the well known heterogeneity of prostate cancers. 

 

Treatment of LNCaP, PC3 or DU145 cells with either blocking antibody or recombinant 

Shh protein did not result in significant changes in BrdUrd incorporation (data not 

shown). LNCaP and PC3 cells could thus display an activated pathway at the membrane 

level (being sensitive to cyclopamine inhibition) that has lost responsiveness to ligand. 

Cyclopamine-insensitive DU145 cells may have an activated pathway downstream of 

SMOH (or at the level of SMOH affecting its inhibition by cyclopamine), having lost 

also the ability to respond to SHH. It remains possible that the different behavior of 

primary cultures versus established cell lines also reflects unrelated transformation or 

immortalization events.  

 

The GLI zinc-finger transcription factors have been suggested to be essential for the 

mediation of HH signals (Ingham and McMahon, 2001; Ruiz i Altaba et al., 2002; Ruiz i 

Altaba et al., 2004). However, Gli1 is apparently redundant in mouse development and 

tumorigenesis (Park et al., 2000; Weiner et al., 2002), and there is to date no data on the 

requirement for GLI1 in human cells. Here, we tested the function of GLI1, the only GLI 

gene consistently expressed in all primary tumors and cell lines, by RNA interference to 

knockdown its function with a specific 21-nt-long small RNA. (This siRNA inhibits the 

effect of SHH on multipotent C3H10T1/2 cells; P.S. and A.R.A., unpublished data). 

Lipofection of primary cultures resulted in a negligible number of transfected cells, 

making it impractical to use siRNAs in such cultures. In contrast, lipofection of FITC-
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siRNA proved efficient (≈50-80%) in the LNCaP, PC3, and DU145 cell lines (Figure 

3.3A-C). It is important to note that, because transfection efficiencies are <100%, the 

results of cell pool assays necessarily underestimate the effects of RNA interference. 

Transfection of a control siRNA at the same concentration served as control in all tests. 

The specificity of the GLI1 siRNA was further tested in LNCaP cells. Reduction of GLI1 

mRNA levels by the GLI1 siRNA was detected as early as 3 h after transfection and at 8 

and 24 h, but not at 48 h (Figure 3.3 D and F and data not shown), suggesting 

upregulation of GLI1 after its inhibition, possibly because of the action of a rapid 

positive feedback loop (Dahmane et al., 2001; Regl et al., 2002). GLI1 siRNA also 

robustly repressed PTCH1, a result most clearly seen at 48 h, but not the housekeeping 

gene GAPDH (Figure 3.3D and data not shown). Because PTCH1 is a SHH target 

(Goodrich et al., 1996), and in particular of GLI1 (Agren et al., 2004), this result 

indicates that interference with GLI1 function by RNAi is selective and effective in 

prostate cancer cells. GLI1 siRNA also decreased GLI1 mRNA levels in DU145 and 

PC3 cells after 8 h (Figure 3.3F). 

 

Inhibition of GLI1 by RNA interference led to a variable reduction in BrdUrd 

incorporation in all three cell lines, with strongest effects (≈60%) in LNCaP cells (Figure 

3.3E). These cells are thus very sensitive to inhibition by cyclopamine and 

GLI1interference, suggesting the presence of a fully active canonical pathway activated 

at the level of SMOH or upstream, but downstream of SHH, because treatment with the 

blocking anti-SHH Ab had no effect. DU145 cells are not sensitive to cyclopamine, but 

are sensitive to GLI1 interference, suggesting activation downstream of SMOH and 

upstream or at the level of GLI1 function. In contrast, PC3 cells are sensitive to 

cyclopamine and less so to GLI1 interference, perhaps suggesting compensation by the 

other GLI proteins because PC3 cells express GLI2 [and this GLI gene mediates SHH 

signals (Roessler et al., 2003) and can behave like Gli1 in mice (Bai and Joyner, 2001)] 

or the presence of alternate pathways for tumor cell proliferation. We note, however, that 

lipofection efficiencies in PC3 cells (Figure 3.3C) are the lowest (≈50%) of the three 
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Fig.3.3.  Response of prostate cell lines to GLI1 RNA interference.  (A-C) 
Immunocytochemisty of the three prostate cell lines indicated showing the efficiency of 
lipofection of an FITC-tagged control siRNA (green). Note the lower efficiency in PC3 
cells. (D) Effect of GLI1 siRNA on gene expression. RNA interference reduces GLI1 
and PTCH1 mRNA levels as seen at 24 and 48 h, respectively (E) Histogram of the 
inhibition of BrdU incorporation in prostate tumor cell lines by GLI1 siRNA. (F) 
Specificity of the effects of GLI1 siRNA on GLI1 mRNA levels in the three prostate cell 
lines, compared with those of a control unrelated siRNA, 8 h after transfection. The 
levels of GAPDH are shown below as controls. 
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cells tested, indicating that the real effects of GLI1 interference may be higher. Taken 

together, our results show the requirement of GLI1 in human prostate tumor cells. 

 

Discussion 

 

Here we demonstrate the dependence of prostate cancer cell proliferation on SHH-GLI 

pathway activity. The data suggest activation of the pathway at different levels in 

primary prostate tumors and cell lines derived from metastatic lesions. These findings, 

together with the involvement of this pathway in normal prostate development and 

growth (Barnett et al., 2002; Berman et al., 2004; Freestone et al., 2003; Lamm et al., 

2002; Podlasek et al., 1999; Wang et al., 2003), indicate that the normal patterning role 

of SHH-GLI signaling is deregulated in cancer. This idea is consistent with the proposed 

events in other tissues, including brain, lung, stomach, muscle, pancreas, and skin, in 

which the SHH-GLI pathway regulates patterned growth and when deregulated can give 

rise to SHH-GLI dependent tumors (Barnett et al., 2002; Berman et al., 2004; Freestone 

et al., 2003; Lamm et al., 2002; Pasca di Magliano and Hebrok, 2003; Podlasek et al., 

1999; Ruiz i Altaba et al., 2002; Wang et al., 2003). Thus, there is a surprising and 

unexpected parallel in the requirement of SHH-GLI signaling of prostate tumors with 

those in organs of very different origin, function, and location. 

 

The deduction that prostate tumors display activation at different levels is consistent 

with findings in brain ((Dahmane et al., 2001)and P.S. and A.R.A., unpublished data) 

and pancreatic (Nelson et al., 2003) tumors, even though the entire set of activating 

events or mutations have not been described in any case. Indeed, our data suggest that 

the regulation of the SHH-GLI pathway in the normal prostatic epithelium is altered 

away from homeostasis in the tumors by epigenetic events or mutations in components 

such as PTCH1, SMOH, or SUFUH, similar to those already found in other tumors (e.g., 

(Dong et al., 2000; Pietsch et al., 1997; Raffel et al., 1997; Reifenberger et al., 1998; 

Taylor et al., 2002; Wolter et al., 1997; Zurawel et al., 2000)). However, the finding that 
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the pathway is active as assessed by the expression of GLI1 and PTCH1 [as in the case 

of basal cell carcinomas (Dahmane et al., 1997), medulloblastomas (Dahmane et al., 

2001) and gliomas (Dahmane et al., 2001)] allows us to bypass the identification of the 

likely myriad of activating events to discern that tumor cells harbor an active pathway. 

Indeed, the finding that SHH expression levels are not correlated with Gleason score, but 

that all prostate tumor samples tested require continued pathway activity for 

proliferation, allows us to propose that this pathway is a critical and essential component 

of prostate cancer. 

 

Specifically, we show the requirement for SHH, SMOH, and/or GLI1 for the 

proliferation of prostate cancer cells. The fact that all primary tumors tested are sensitive 

to cyclopamine indicates that SMOH, or upstream elements from it, are common targets 

leading to the activation of downstream mediators. Several primary cultures are also 

sensitive to inhibition by blocking anti-SHH Ab, suggesting that, like in stomach tumors 

(Berman et al., 2003), autocrine signaling is a frequent cause of pathway activation in 

prostate cancer. The consistent expression of GLI1 in tumor cell lines and in primary 

tumors together with the effects of RNA interference indicate that this GLI gene plays a 

central and general role in prostate tumor cell proliferation, and demonstrate its 

requirement in human tumorigenesis. In contrast, GLI2 and GLI3 do not appear to be 

consistently expressed in prostate cancer cells. When expressed, they could have 

complementary or compensatory roles in some cases, although their roles remain to be 

determined. 

 

Prostate cancer is thought to develop from a lesion in the epithelial layer to become an 

invasive tumor that spreads within the prostate and subsequently acquires the potential to 

metastasize to distant sites, most often the lymph nodes and bone (Abate-Shen and Shen, 

2000). Inhibition of testosterone-dependent tumor growth is the common treatment for 

advanced disease, but subsequent hormone-independent cell proliferation and metastasis 

often leads to patient death (Martel et al., 2003). Our data on the behavior of the three 
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prostate cancer cell lines derived from metastatic lesions suggest that such tumors could 

harbor additional changes that may make them ligand-independent, albeit still being 

SHH-GLI pathway dependent, and explain their differential behavior in comparison with 

the primary cultures. Perhaps the gain of intracellular, cell-autonomous activation of the 

SHH-GLI pathway represents an advantage for metastatic cells, allowing efficient 

proliferation far from the prostatic epithelium, where SHH appears to be continually and 

abundantly produced. 

 

The high inhibition of proliferation by SHH-GLI pathway blockade of the presumed 

androgen-sensitive primary tumors used in this study, which derive from patients that 

did not receive hormone treatments, and of the androgen sensitive LNCaP cell line might 

be related to the proposed requirement of Shh signaling for normal androgen function, 

because defects derived from loss of Shh signaling in mice can be rescued by exogenous 

androgens (Berman et al., 2004). Prostate cancer could therefore initiate through 

inappropriate maintenance or enhanced activity of SHH-GLI signaling, and more 

aggressive (androgen insensitive) states may require additional alterations. Nevertheless, 

the inhibition of the androgen-insensitive DU145 cell line by RNA interference suggests 

that even highly aggressive tumors may be sensitive, albeit to different degrees, to GLI1 

inhibition. 

 

Prostate stem cells may play a critical role in the epithelial development and homeostasis 

(Bonkhoff, 1996; De Marzo et al., 1998). Because cancer may be a disease of stem cell 

lineages (discussed in (Pasca di Magliano and Hebrok, 2003; Reya et al., 2001; Ruiz i 

Altaba et al., 2002; Ruiz i Altaba et al., 2004)) and SHH-GLI signaling controls the 

behavior of precursors and of cells with stem cell properties in the mammalian brain 

(e.g., (Lai et al., 2003b; Machold et al., 2003; Palma and Ruiz i Altaba, 2004)and V. 

Palma, D. Lim, N. Dahmane, N., P.S., Y. Gitton, A. Alvarez-Buylla, A., and A.R.A., 

unpublished data) and in other tissues and species (Park et al., 2003; Zhang and 

Kalderon, 2001)), prostate cancer might derive from inappropriate expansion of prostatic 
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epithelial stem cell lineages caused by abnormal SHH-GLI function. 

 

Finally, our data suggest that SHH and GLI1 may not only be useful markers for prostate 

cancer but also good targets for anticancer therapies, with emphasis on GLI function as 

the last and essential step of the pathway, the inhibition of which will likely block 

signaling by upstream events at any level. SHH-GLI pathway blocking agents should 

thus provide attractive therapeutic strategies to combat prostate cancer of any grade. 

 

PERLECAN, a candidate gene for the CAPB locus, regulates prostate cancer cell 

growth via the SONIC HEDGEHOG pathway *. 

 

Genetic studies associated the CAPB locus with familial risk of brain and prostate 

cancers. We have identified HSPG2 (PERLECAN) as a candidate gene for CAPB. 

Previously we have linked PERLECAN to Hedgehog signaling in Drosophila. More 

recently, we have demonstrated the importance of Hedgehog signaling in humans for 

advanced prostate cancer. Here we demonstrate PERLECAN expression in prostate 

cancer, and its function in prostate cancer cell growth through interaction and 

modulation of Sonic Hedgehog (SHH) signaling. PERLECAN expression in prostate 

cancer tissues correlates with a high Gleason score and rapid cell proliferation. 

PERLECAN is highly expressed in prostate cancer cell lines, including androgen 

insensitive cell lines and cell lines selected for metastatic properties. Inhibition of 

PERLECAN expression in these cell lines decreases cell growth. Simultaneous blockade 

of PERLECAN expression and androgen signaling in the androgen-sensitive cell line 

LNCaP was additive, indicating the independence of these two pathways. PERLECAN 

expression correlates with SHH in tumor tissue microarrays and increased tumor cell 

                                                
* Reprinted with permission from Datta, M.W., Hernandez, A.M., Schlicht, M.J., Kahler, 
A.J., DeGueme, A.M., Dhir, R., Shah, R.B., Farach-Carson, C., Barrett, A., and Datta, S. 
2006. PERLECAN, a candidate gene for the CAPB locus, regulates prostate cancer cell 
growth via the Sonic Hedgehog pathway.  Mol Cancer 5, 9.  Copyright 2006 © by 
BioMed Central Ltd 
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proliferation based on Ki-67 immunohistochemistry. Inhibition of PERLECAN 

expression by siRNA in prostate cancer cell lines decreases SHH signaling while 

expression of the downstream SHH effector GLI1 rescues the proliferation defect. 

PERLECAN forms complexes with increasing amounts of SHH that correlate with 

increasing metastatic potential of the prostate cancer cell line. SHH signaling also 

increases in the more metastatic cell lines. Metastatic prostate cancer cell lines grown 

under serum-starved conditions (low androgen and growth factors) resulted in 

maintenance of PERLECAN expression. Under low androgen, low growth factor 

conditions, PERLECAN expression level correlates with the ability of the cells to 

maintain SHH signaling. We have demonstrated that PERLECAN, a candidate gene for 

the CAPB locus, is a new component of the SHH pathway in prostate tumors and works 

independently of androgen signaling. In metastatic tumor cells increased SHH signaling 

correlates with the maintenance of PERLECAN expression and more PERLECAN-SHH 

complexes. PERLECAN is a proteoglycan that regulates extracellular and stromal 

accessibility to growth factors such as SHH, thus allowing for the maintenance of SHH 

signaling under growth factor limiting conditions. This proteoglycan represents an 

important central regulator of SHH activity and presents an ideal drug target for blocking 

SHH effects. 

 

Background 

 

Genetic mapping studies for familial prostate cancer have identified numerous 

chromosomal regions linked to prostate cancer susceptibility. On chromosome one a 

genetic association has been demonstrated between clinically significant prostate cancer 

and the brain tumor glioblastoma multiforme at 1p36 (CArcinoma Prostate Brain, 

CAPB), suggesting the presence of a common oncogene for these tumors (Conlon et al., 

2003; Gibbs et al., 1999; Janer et al., 2003; Park et al., 2003; Zhang and Kalderon, 

2001). Using bioinformatics based analysis of text mining and gene expression data we 

have identified candidate genes within the CAPB locus. One of these genes is HSPG2 
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(PERLECAN). PERLECAN is a heparan sulfate proteoglycan that is secreted into the 

extracellular matrix and can bind growth factors (Iozzo et al., 1994). Thus PERLECAN 

can act as a reservoir or modulator of growth factor function.  One growth factor 

associated with PERLECAN is Hedgehog (Park et al., 2003). SHH signaling has 

recently been shown to be critical for cancer growth and metastasis in multiple tumor 

types (Datta and Datta, 2006)In a large proportion of prostate cancers high levels of SHH 

expression is observed along with expression of multiple members of the Hedgehog 

signaling pathway such as its receptor Patched1, downstream transcription factor Gli1, 

and intracellular modulator Hedgehog Interacting Protein (Sanchez et al., 2004; Sheng 

et al., 2004). Activation of the Hedgehog pathway has been detected in metastatic 

prostate tumors (Karhadkar et al., 2004; Sheng et al., 2004), and higher levels of 

pathway activity are associated with the metastatic phenotype (Karhadkar et al., 2004). 

Blocking the SHH pathway with cyclopamine inhibits proliferation of prostate cancer 

cell lines (Karhadkar et al., 2004; Sanchez et al., 2004; Sheng et al., 2004) and primary 

prostate tumor cell cultures (Sanchez et al., 2004). Treatment of mice with cyclopamine 

results in the inhibition of tumor xenograft growth in multiple tumor types, including 

prostate tumors (Berman et al., 2003; Sanchez et al., 2004). Our bioinformatics analyses 

(Datta and Datta, 2006; Sanchez et al., 2004) suggested that genes encoding two 

components of the SHH pathway, Suppressor of Fused (Su(fu)) and Smoothened, the 

target of cyclopamine, lie in chromosomal regions implicated in familial prostate cancer 

(Easton et al., 2003; Xu et al., 2003). Su(fu) is a negative regulator of pathway activity, 

thus loss of Su(fu) function would increase SHH activity. Molecular analyses of prostate 

tumors revealed that Su(fu) protein is absent in most highly aggressive tumors and 

somatic truncation mutations in the Su(fu) gene have been identified (Sheng et al., 2004) 

consistent with the hypothesis that Su(fu) would act as a prostate tumor suppressor gene 

by inhibiting SHH signaling. These studies demonstrate the critical nature of SHH 

signaling in tumorigenesis and metastasis. Thus identification of additional mechanisms 

for the regulation of SHH signaling in cancer takes on added importance. Here we 

demonstrate that expression of the candidate CAPB gene HSPG2 (PERLECAN) is 
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present in prostate cancers, up-regulated in aggressive prostate cancers and under poor 

cell growth conditions, and regulates prostate cancer cell proliferation. In addition, we 

demonstrate that PERLECAN's effects on cell growth are independent of androgen 

signaling and occur through the binding of SHH, resulting in modulation of the SHH-

Patched-Gli signaling pathway. This data, along with data linking PERLECAN to 

metastatic tumor environments such a bone matrix (Savore et al., 2005), presents a 

general model in which PERLECAN expression by tumor cells under poor growth 

conditions enhances their ability to utilize growth factors until their spread to suitable 

metastatic tumor microenvironments for accelerated growth. 

 

Results 

 

PERLECAN is expressed in and associated with aggressive prostate cancers. After 

identification of PERLECAN as a candidate gene for the CAPB locus we sought to 

confirm the presence of PERLECAN in primary prostate cancers. Immunohistochemical 

analysis for PERLECAN in prostate cancer tissue microarrays with 600 patient samples 

demonstrated that PERLECAN, a secreted proteoglycan, is present in the lumens of 54% 

of malignant prostate cancer glands, but not in normal glands (Figure 3.4A–D, Table 

3.3). There was a significant increase in PERLECAN levels in invasive tumors 

compared to either benign prostate tissue or the precancerous lesion high grade prostatic 

intraepithelial neoplasia (HGPIN). In particular PERLECAN expression was associated 

with more aggressive tumors, as evidenced by their higher Gleason score (Gleason score 

7,8,9 versus Gleason score 5 and 6 tumors). PERLECAN expression was also 

significantly associated with increased prostate cancer cell proliferation, as demonstrated 

by Ki-67 (PCNA) Immunohistochemical staining (Table 3.3). To extend the evaluation 

of PERLECAN we examined PERLECAN RNA (Figure 3.4G) and/or protein (Figure 

3.4H) levels in matched benign and tumor samples from 10 individual patients. At the 

RNA level PERLECAN was significantly increased in four out of six matched patient 

tumor and benign prostate samples. PERLECAN protein was upregulated in two of four  
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Fig.3.4.  PERLECAN protein levels in human prostate tumors.  Immunohistochemistry 
of PERLECAN protein in prostate cancer (A) and normal prostate (B). PERLECAN is 
present as a secreted protein in the tumor gland lumens (C) but not in the lumens of 
benign glands or benign corpora amylacea secretions (D). Staining is also seen in 
metastatic prostate cancer specimens (E). Secondary antibody alone control fails to 
demonstrate staining (F). All images originally photographed at 400 X magnification. 
Quantitation of PERLECAN mRNA expression by Real Time PCR (G) or protein by 
digitized dot blot (H) in normal prostate and tumor samples from individual patients 
presented as fold change in tumor versus normal. Gleason scores for the tumors are 
listed. Red numbers or columns indicate patients previously shown to have increased 
expression of SHH, PTCH1 and GLI1 (Dahmane et al., 2001). 
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Table 3.3. 
Immunohistochemical staining for PERLECAN and colocalization with Ki-67. 
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additional patient samples where protein was examined. An examination of the Gleason 

score for the primary tumor samples revealed that the only Gleason score 8 tumor 

upregulated PERLECAN. These findings correlate with the results from the tissue 

microarrays (Table 3.3). PERLECAN Ki-67 staining was also evaluated in five of the 

patient samples, two with low PERLECAN, and three with increased PERLECAN 

expression. Immunoblotting demonstrated a direct correlation between increased 

PERLECAN expression and increased Ki- 67 levels. These findings matched the 

Immunohistochemical staining results from the tissue microarrays (Table 3.4). We also 

examined PERLECAN protein expression on tissue microarray samples from patients 

with primary and metastatic prostate cancer identified at autopsy. In these samples 

PERLECAN expression was upregulated in the primary prostate tumor and metastatic 

prostate cancer that had spread to the lungs and liver (Figure 3.4E, Table 3.4). 

PERLECAN expression was lower in tumor present in lymph nodes or soft tissue 

metastasis, indicating site-specific differences in PERLECAN expression in metastatic 

prostate cancer. 

 

Basal PERLECAN expression is highest in an androgen sensitive tumor cell line. 

Baseline expression of PERLECAN was examined in the metastatic prostate cancer cell 

lines LNCaP, DU-145, and PC3. Using analysis of spotted cDNA microarray expression 

data (Schlicht et al., 2004) quantitative Real Time PCR and immunoblotting, 

PERLECAN expression was found in all three cell lines with the highest levels present in 

the androgen sensitive LNCaP cell line (Figure 3.5A). We extended these findings by 

examining PERLECAN expression with respect to tumor cell invasion and metastasis in 

an LNCaP tumor progression model. The LNCaP-derived cell line series (LNCaP, C4, 

C4-2, C4-2B) were derived from serial passage through nude mice (Thalmann et al., 

2000; Wu et al., 1994). The androgen sensitive parental LNCaP line is incapable of 

forming tumors in nude mice without stromal cell support. The C4 subline will form 

tumors when injected into castrated males, indicating that it is androgen insensitive, but 

will not metastasize. C4-2 is an androgen insensitive line that will metastasize, and the 
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C4-2B subline is an androgen insensitive line that rapidly forms bone metastases. When 

PERLECAN expression was assayed in the LNCaP series (Figure 3.5A) PERLECAN 

RNA and protein was present in all the prostate cancer cell lines at levels lower than the 

androgen sensitive LNCaP cells. Thus all the androgen insensitive prostate cancer cell 

lines expressed lower levels of PERLECAN RNA than he androgen sensitive cell line. 

 

Inhibition of PERLECAN decreases prostate cancer cell proliferation in androgen 

sensitive and androgen insensitive tumor cells. To examine the direct effect of 

PERLECAN on cancer cell growth we examined the ability of small interference RNA 

(siRNA) directed at PERLECAN message to inhibit cell growth in the increasingly 

metastatic LNCaP cell line series LNCaP, C4, C4-2 and C4-2B. Proliferation assays 

demonstrated approximately equal decreases in BrdU incorporation for each cell line 

(Figure 3.5B). To evaluate the relationship between PERLECAN and androgens on 

cancer cell growth we performed BrdU incorporation studies on the androgen sensitive 

LNCaP cells utilizing androgen blockade with bicalutimide (Casodex) with PERLECAN 

siRNA or a scrambled siRNA control (Figure 3.5C). Independent application of 

PERLECAN siRNA or androgen blockade resulted in 28% and 45% decreases in BrdU 

incorporation respectively. When combined, PERLECAN siRNA and androgen 

blockade resulted in an additive effect with a 62% reduction. 

 

PERLECAN correlates with SHH expression. Since androgen signaling and 

PERLECAN effects on tumor cell proliferation are independent, we asked what other 

signaling pathway PERLECAN might be modulating to support prostate cancer cell 

growth. Others and we have recently shown that SHH regulates prostate cancer cell 

growth (Datta and Datta, 2006; Fan et al., 2004; Karhadkar et al., 2004; Sanchez et al., 

2004; Sheng et al., 2004). Since PERLECAN has been implicated in Hedgehog signaling 

in Drosophila (Park et al., 2003), we examined the correlation and interaction of 

PERLECAN with SHH in prostate cancer samples. 
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Fig. 3.5.  PERLECAN expression and functional analysis in cell lines.(A) Relative 
PERLECAN mRNA levels from Realtime PCR (LNCaP series) and spotted cDNA 
microarray data (LNCaP, DU145, PC3). All samples presented normalized to LNCaP at 
100%. Androgen sensitive: LNCaP. Androgen insensitive: C4, C4-2, C4-2B, PC3, 
DU145.(B) Inhibition by PERLECAN siRNA decreases prostate cancer cell 
proliferation. BrdU incorporation in the LNCaP, C4, C4-2 and C4-2B cell lines. All 
samples were normalized to control (scrambled siRNA treated) cells at 100%. Black bars 
represent control samples transfected with scrambled siRNA. Grey bars represent 
samples transfected with PERLECAN siRNA. Error bars represent n = 3 independent 
samples.  
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Fig.3.5. Continued. (C) Additive effect of PERLECAN siRNA and androgen 
blockade on cell proliferation. BrdU incorporation in LNCaP cells after 
PERLECAN siRNA and/or bicalutimide (Casodex) treatment. Control and 
Casodex alone samples were treated with a scrambled siRNA. p < 0.0001 for 
comparisons between groups. Error bars represent n = 6 for independent 
transfections. 
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Using sequential slides from tissue microarrays we compared the staining patterns for 

PERLECAN and SHH (Figures 3.6 A–C). Colocalization of PERLECAN and SHH 

staining was noted in a significant number of tumors, while luminal SHH was not 

observed in normal prostate controls. In addition, colocalization of both PERLECAN 

and SHH correlated with increased tumor cell proliferation as shown by Ki-67 (PCNA) 

staining (Figure 3.4D). Our previous studies (Sanchez et al., 2004) had examined 

expression of SHH pathway genes in six matched benign and tumor patient samples 

where we have also examined PERLECAN mRNA or protein expression (Figure 3.6G, 

3.6H). In four common samples where we observe up-regulation of PERLECAN in 

tumor tissue, we previously detected up-regulation of SHH, PTCH1 and GLI1 (patients 

945, 1854, 921 and 1866) suggesting a complete functional pathway in these tumors. In 

two common samples where we observe decreased PERLECAN mRNA levels, we 

previously saw decreased SHH expression (patients 829 and 887). Thus in individual 

patients, tumor expression of PERLECAN and SHH are correlated, in agreement with the 

colocalization of PERLECAN and SHH in tissue microarrays. 

 

Inhibition of PERLECAN blocks SONIC HEDGEHOG signaling in cancer cells. To 

investigate whether PERLECAN is directly involved in modulating SHH signaling we 

examined the effect of PERLECAN siRNA on expression of PTCH1 and GLI1, 

transcriptional targets of the SHH-GLI pathway (Lee et al., 1997) in LNCaP cells. Real-

Time PCR analysis of PERLECAN siRNA treated cells revealed the expected 80% 

decrease in PERLECAN RNA, along with an 80% decrease in the level of PTCH1 

expression and a 90% decrease in GLI1expression compared to controls (Figure 3.7A). 

A similar decrease in PERLECAN protein levels in PERLECAN siRNA treated LNCaP 

cells compared to control siRNA was noted (data not shown). These results demonstrate 

that PERLECAN is required in androgen sensitive prostate cancer cells to achieve 

maximal SHH signaling activity. Given that PERLECAN has been shown to modulate 

the signaling of multiple growth factors including FGF2, FGF10 and VEGF, we asked if  
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Fig.3.6 Colocalization of SHH and PERLECAN, and correlation with Ki-67 
staining. Immunohistochemistry for Sonic Hedgehog (A), demonstrating both 
weak cytoplasmic staining in prostate cancer epithelial cells and stronger 
intraluminal staining of secreted SHH. Colocalization of PERLECAN (B) and 
Sonic Hedgehog (C) in consecutive sections of prostate carcinoma. Examples 
of colocalization of the secreted proteins in gland lumens are highlighted (red 
asterisks). All histologic images originally photographed at 400 X 
magnification. Significant colocalization of PERLECAN and SHH staining 
was associated with higher cellular proliferation rates as indicated by Ki-67 
nuclear staining by immunohistochemistry (D). 
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Fig.3.7.  PERLECAN and the SHH-GLI1 pathway. (A) Decreased PERLECAN and SHH 
signaling in PERLECAN RNAi treated LNCaP cells. Expression of PERLECAN, and the 
SHH signaling molecules PTCH1 and GLI1 as determined by Real Time PCR. Black 
columns represent control samples, Grey columns represent PERLECAN RNAi treated 
cells. All expression normalized to β-actin levels. Real Time PCR studies were run with 
an n = 9. Error bars indicate standard deviation. (B) Gli-1 transfection restores BrdU 
Proliferation in PERLECAN RNAi treated cells. Percent BrdU incorporation normalized 
to levels of BrdU incorporation in control (scrambled RNAi treated) cells. BrdU analysis 
was done with n = 6. Error bars indicate standard deviation.  
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Fig.3.7. Continued. (C) Immunoprecipitation with anti-PERLECAN antibody 
pulls down SHH. Co-immunoprecipitation of SHH and PERLECAN from 
equal amounts of medium conditioned by 80% confluent cells. Size marker is 
indicated. Due to modifications, mature SHH runs as an approximately 22 kD 
band. Note the increased amount of bound SHH in the C4-2 and C4-2B cell 
lines. (D) Relative expression of the SHH pathway components in LNCaP 
series cells. Black columns represent SHH mRNA, grey columns represent 
PTCH mRNA, with expression presented as ratios with respect to expression 
in LNCaP cells. While SHH is lower, PTCH is higher in the androgen 
insensitive metastatic cell lines C4-2 and C4-2B compared to LNCaP. All 
mRNAs by QRT-PCR were normalized to Beta-actin. 
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the reduction of prostate cancer cell growth in PERLECAN siRNA treated cells was a 

result of decreased SHH signaling. If the decreased BrdU incorporation was due to 

inhibition of SHH signaling, then expression of the SHH downstream effector GLI1 

should rescue the effects of PERLECAN siRNA treatment. LNCaP cells were 

simultaneously transfected with PERLECAN siRNA and an expression vector for GLI1 

and their proliferation compared to that of controls transfected only with PERLECAN 

siRNA (Figure 3.7B). As we observed earlier, transfection of PERLECAN siRNA alone 

resulted in a drop in BrdU incorporation compared to controls. When PERLECAN 

RNAi and the GLI1 expression vector were co-transfected, the percentage of BrdU 

labeling returned to control levels. Transfection of the GLI1 expression vector alone did 

not appreciably change LNCaP cell proliferation. This demonstrates that the major role 

of PERLECAN in LNCaP cells is to maintain levels of SHH signaling. 

 

PERLECAN forms a complex with SHH. Finally, we asked how PERLECAN might 

affect signaling by SHH. Previously, we had demonstrated that PERLECAN from flies 

or mice forms a complex with Hedgehog(Park et al., 2003). To test for a tumor cell 

complex containing both PERLECAN and SHH we performed co immunoprecipitation 

studies from the LNCaP series (Figure 3.7C). PERLECAN-SHH complexes were 

detected in the conditioned medium of all cell lines under normal growth conditions. The 

mature SHH protein was identified by Western blotting in all protein extracts 

precipitated with anti-PERLECAN antibodies but not from extracts precipitated with 

control antibodies. Increased amounts of SHH-PERLECAN complexes were detected in 

C4-2 and C4-2B, the two metastatic cell lines. The level of PERLECAN protein does not 

change appreciably in the LNCaP series (Figure 3.8B), while the levels of SHH mRNA 

decrease across the series with increasing metastatic potential (Figure 3.7D). The 

presence of higher levels of SHH bound to PERLECAN in the C4-2 and C4-2B cells 

when the levels of PERLECAN protein are similar across the cell lines suggests 

increased binding of SHH to the available PERLECAN. The increased amount of bound 

SHH is apparently functional, as Real-Time PCR studies indicate a relative increase in 
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PTCH1 expression with respect to SHH in C4-2 and C4-2B when compared to LNCaP 

(Figure 3.7D). Taken together, the results of our expression, inhibition, and biochemical 

studies link PERLECAN expression and function to SHH-GLI pathway activity in 

advanced prostate cancer cells. 

 

Tumor cells maintain PERLECAN under poor androgen/growth factor conditions. The 

LNCaP series showed a decrease in BrdU incorporation in response to PERLECAN 

siRNA, indicating PERLECAN based growth dependence under normal conditions 

regardless of their tumorigenic or metastatic potential. Our tissue microarray studies 

showed a correlation between PERLECAN/SHH colocalization and both higher Gleason 

grade and stronger Ki-67 staining, suggesting that more aggressive or metastatic cells are 

more likely to use PERLECAN-mediated SHH signaling. Since rapidly growing tumors 

tend to create microenvironments depleted of growth factors we asked if growth 

factor/androgen depletion via serum starvation would trigger the upregulation of 

PERLECAN in an effort to more effectively use limiting growth factors such as SHH. In 

the parental LNCaP cell line, PERLECAN mRNA levels decreased upon serum 

starvation (Figure 3.8A). Androgen insensitive C4, C4-2 and C4-2B lines maintained or 

increased their levels PERLECAN expression upon serum starvation. Immunoblotting 

for PERLECAN protein confirms these results under normal and serum starvation 

conditions (Figure 3.8B). We then asked if the expression of PERLECAN in more 

metastatic lines under poor growth conditions correlated with SHH signaling activity. 

Real-Time PCR analysis for mRNA expression of SHH and GLI1 upon starvation 

(Figure 3.8C) demonstrated that expression of both genes increased in the more 

tumorigenic and metastatic cell lines. Thus the level of GLI1 expression correlates with 

changes in PERLECAN expression upon serum starvation in the LNCaP series (Figure 

3.8A). This suggests that tumor cells such as C4, C4- 2 and C4-2B that are capable of 

forming tumors and/or metastasizing without stromal support maintain a high level of 

SHH signaling under adverse growth conditions by maintaining high levels of 

PERLECAN and SHH expression. 
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Fig.3.8.  PERLECAN function under androgen and growth factor limitation. (A) Minimal 
changes in PERLECAN mRNA levels in LNCaP-derived cell lines upon serum starvation. 
RealTime PCR analysis of PERLECAN mRNA levels presented as fold increase in 
PERLECAN under normal (black bars) or starved (grey bars) growth conditions. While 
PERLECAN mRNA is decreased in LNCaP, all other cell lines demonstrate no change in 
PERLECAN mRNA levels.(B) Top Panel: No change in PERLECAN protein levels upon 
serum starvation. Agarose based western blots from protein extracts derived from 
exponentially growing or serum starved LNCaP, C4, C4-2, and C4-2B cells. No 
significant differences are noted in protein levels between the cell lines or under the 
differing conditions. Bottom Panel: Equivalent amounts of the same samples loaded on 
traditional SDS PAGE and probed for GAPDH as a loading control. C. Increases in 
expression of SHH and Gli-1 mRNA upon serum starvation. Real-Time PCR analysis of 
SHH (black bars) and GLI1 (grey bars) as increased fold change compared to normal 
growth conditions. Gene expression determined by All Real Time PCR with an n = 9 and 
normalized to Beta-actin. Error bars indicate standard deviation. 
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Discussion 

 

PERLECAN, a candidate oncogene for the CAPB locus. Using a bioinformatics based 

approach we identified PERLECAN as a candidate oncogene involved in both prostate 

cancer and glioblastoma multiforme based on its genetic association with the CAPB 

locus at 1p36. Here we demonstrate PERLECAN's expression and functional role in 

prostate cancer, and link it to the SHH pathway known to be involved in glial 

tumorigenesis (Dahmane et al., 2001). Thus from genetic mapping, physiological, and 

expression data there is evidence to suggest that PERLECAN is a strong candidate for 

the CAPB oncogene. The results of interference with PERLECAN function demonstrate 

that this proteoglycan is required for the growth of prostate cancer cells, extending its 

previously described roles in melanoma, colon, and lung cancer (Cohen et al., 1994; 

Nackaerts et al., 1997; Sharma et al., 1998) and emphasizing PERLECAN's role in 

multiple tumor types. Of note, genetic mapping studies have also identified a link 

between familial melanoma and 1p36, providing another link between PERLECAN and 

tumorigenesis (Greene, 1999). 

 

PERLECAN's regulation of growth factors and the link to SONIC HEDGEHOG. As 

PERLECAN has been shown to bind a variety of growth factors in different tumors, the 

question as to which growth factor is being modulated in prostate cancer arose. Sonic 

Hedgehog has been associated with brain tumors and melanomas, two tumors with 

known genetic links to 1p36, where PERLECAN is located (Greene, 1999; Janer et al., 

2003). Sonic Hedgehog has recently been linked to prostate cancer through a variety of 

studies (Datta and Datta, 2006). We have demonstrated an increased frequency of SHH 

positivity in prostate cancer tissue microarrays, and that SHH signaling regulates tumor 

cell growth in both primary prostate tumor samples and prostate cancer cell lines 

(Sanchez et al., 2004). High levels of SHH activity, as monitored by PTCH1, GLI1 or 

HIP expression, are present in all metastatic prostate cancer samples that have been 

tested (Karhadkar et al., 2004; Sheng et al., 2004). In fact, high levels of PTCH1 and 
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HIP expression correlate with high (8–10) Gleason scores (Sheng et al., 2004)where we 

have observed PERLECAN expression. Furthermore, activation of the SHH pathway by 

expression of Gli in the low metastatic potential rat AT2.1 cell line produced highly 

metastatic behavior, suggesting that high-level activation of the Sonic Hedgehog 

pathway determines metastatic behavior (Karhadkar et al., 2004). Finally, Sonic 

Hedgehog promotes the growth of LNCaP derived xenograft tumors in mice (Fan et al., 

2004). We examined the potential of PERLECAN to regulate Sonic Hedgehog signaling 

in tumors. The importance of heparan sulfate proteoglycans for SHH signaling has been 

demonstrated in neural development, as mutations in the heparan sulfate binding site on 

SHH causes decreased SHH-driven proliferation (Rubin et al., 2002). In Drosophila, 

mutations in either PERLECAN, or heparan sulfate synthesis or modification genes, 

greatly perturb Hedgehog signaling efficiency by affecting Hedgehog transport and 

binding (Bellaiche et al., 1998; Bornemann et al., 2004; Datta, 1995; Datta et al., 

2006b)]. Here we extend these findings in development to neoplasia by demonstrating 

that SHH both colocalizes and directly binds to PERLECAN in tumors, and that SHH 

signaling occurs through PERLECAN. This links PERLECAN to the SHH-Patched-Gli 

signaling pathway involved in prostate cancer (Datta and Datta, 2006), where 

PERLECAN acts to modulate the effects of SHH. As the SHH signaling pathway has 

been linked to multiple tumor types including prostate, stomach, brain, and skin tumors 

(Datta and Datta, 2006) this evidence suggests a more general role for PERLECAN in 

tumor regulation and tumorigenesis. We have surveyed a variety of tumor types and 

found SHH and PERLECAN colocalization in a number of these, such as squamous cell 

carcinomas and adenocarcinomas of various origins along with tumors deriving from 

areas of normal PERLECAN expression such as chondrosarcomas and osteosarcomas 

(data not shown). 

 

PERLECAN in familial versus sporadic prostate cancers. We have demonstrated a 

positive correlation between PERLECAN immunostaining and prostate tumors, in 

particular for high Gleason score tumors (Table 3.4). While genetic mapping studies 
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make PERLECAN an excellent candidate for the CAPB oncogene, our clinical 

validation has been performed on prostate samples without information regarding their 

familial prostate cancer history. Due to the rarity of families with familial brain and 

prostate tumors, it is most likely that the tumors studied do not represent CAPB 

kindreds. The suggested role of PERLECAN in up-regulating SHH signaling in sporadic 

prostate tumors, combined with its association with a prostate cancer genetic 

susceptibility locus, places PERLECAN among a small group of genes with links to both 

familial and sporadic prostate cancers. This dual placement implies that PERLECAN is 

part of a common oncogenesis pathway that both familial and sporadic tumors may 

traverse during oncogenesis. Of note, other members of the SHH pathway, na namely 

SU(FU), GLI1 and SMOH also map to areas implicated in familial genetic studies (Datta 

and Datta, 2006)and are up-regulated in studies of sporadic prostate cancer tumors 

(Karhadkar et al., 2004; Sanchez et al., 2004; Sheng et al., 2004). Thus combining 

genetic analyses with evaluation of spontaneous tumors may allow us to identify the 

common pathways for carcinogenesis. 

 

PERLECAN's role in prostate tumor growth: selective growth advantage for aggressive 

tumor cells under low androgen and/or growth factor conditions. High levels of 

PERLECAN protein correlate significantly with aggressive, highly proliferating prostate 

tumors in our tissue microarrays and are also up-regulated in aggressive tumors from 

individual patients. Yet PERLECAN is not present or overexpressed in every tumor or 

even in every metastatic site of tumor spread. While this result is not surprising 

considering the heterogeneity of neoplasia, it does suggest that subsets of tumors may 

utilize PERLECAN signaling in specific situations. This correlation is demonstrated in 

the varied responses of the LNCaP-derived prostate cancer cell lines under poor growth 

conditions. In these situations PERLECAN expression is maintained in the C4, C4-2, and 

C4-2B cell lines capable of forming stromaindependent tumors while the LNCaP 

parental line requires stromal support to form tumors and cannot maintain the 

PERLECAN specific growth advantage (Wu et al., 1994). This trait suggests a survival 
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benefit to the more tumorigenic and metastatic tumor cells. Under poor growth 

conditions where low androgen and growth factor concentrations are present, the 

increased presence of PERLECAN and its ability to concentrate growth factors would 

provide a survival advantage for tumor cells until a more suitable microenvironment can 

be found. In fact, our studies show that relative up-regulation of PERLECAN expression 

by the more metastatic lines during serum starvation allowed them to maintain their 

levels of SHH stimulation, while the relative down-regulation of PERLECAN 

expression in LNCaP resulted in decreased SHH signaling activity. Even under normal 

growth conditions, the more metastatic cell lines were able to form more PERLECAN-

SHH complexes and obtain greater SHH stimulation. Thus in the changing tumor 

microenvironment the more metastatic tumor cells have a choice of pathways (androgen, 

PERLECAN-SHH) that can be modified or modulated to maintain tumor growth. 

Heparan sulfate proteoglycans such as PERLECAN have been shown to bind growth 

factors and may act as reservoirs or co-receptors for many growth factors (Wu et al., 

1994). Thus increasing PERLECAN levels under growth factor limiting conditions such 

as within an inadequately vascularized tumor would be beneficial to a tumor cell. We 

propose that PERLECAN may sustain the growth of nutrient starved prostate cancer 

cells in rapidly spreading tumors by amplifying their sensitivity and response to SHH 

signaling. These findings are summarized in a model of PERLECAN action (Figure 3.9); 

in microenvironments with decreased growth factors and androgen, such as those 

encountered by rapidly growing tumors, PERLECAN provides a secondary pathway for 

growth through SHH. This is used in both the androgen responsive and androgen 

insensitive aggressive tumor cells. Based on this model, one would hypothesize that 

chemotherapeutic treatments that simultaneously target both the androgen and the 

PERLECAN-mediated SHH pathways would provide the best control of  
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Figure 3.9.  Modulation of androgen and PERLECAN regulated SHH signaling.  As 
changes occur to the tumor microenvironment, prostate cancer cells modulate their use 
of both androgen and PERLECAN mediated SHH signaling. The use of androgen (T) 
occurs via the androgen receptor (AR). PERLECAN (P) is produced, binds SHH (S) and 
signals through the Gli (G) proteins. The heaviness of each arrow indicates relative 
signaling strength (gene expression, complex formation). Androgen sensitive cells 
(LNCaP) utilize both androgen and PERLECAN-SHH signaling under normal 
conditions, but decrease PERLECAN-SHH signaling under poor growth conditions. In 
contrast aggressive androgen insensitive cells (C4, C4-2, C4-2B) utilize both pathways, 
and upregulate the PERLECAN-SHH signaling under poor growth conditions. This may 
occur through increased SHH binding affinity to PERLECAN. 
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androgen sensitive aggressive prostate cancer. 

 

PERLECAN as a global regulator of growth factor action. While we have demonstrated 

that SHH is critical to PERLECAN-dependent cancer cell growth, other growth factors 

may also be regulated through PERLECAN at different times or in different clinical 

stages. Recent results (Savore et al., 2005) suggest that PERLECAN may regulate the 

activity of different growth factors during metastasis to bone. Thus the true role of 

PERLECAN may not be regulating a single growth factor, but its ability to allow the 

tumor cell to adapt to differing tumor microenvironments by facilitating the signaling of 

different growth factors. If this is shown to be true, PERLECAN may be an excellent 

target for drug targeting, with tumor specific targeting achieved through the selective 

blocking of specific growth factor binding sites on PERLECAN. 

 

PERLECAN function in metastasis, a role in the bony matrix. PERLECAN is secreted 

by tumor cells, but is also present in specific stromal microenvironments in the body. 

This may affect a tumor's propensity to spread to specific sites. We have shown here that 

prostate cancer maintains PERLECAN expression when it spreads to the lung or liver, 

but is less likely to do this in the soft tissue or lymph nodes. Maintaining or finding 

"PERLECAN rich" sites may explain the propensity of tumors to home to specific sites 

during metastatic spread. A specific example of a PERLECAN rich site would be the 

bone extracellular matrix, a major site for prostate cancer metastasis. In these sites 

PERLECAN plays a role in normal bone formation and regulation through the 

modulation of growth factors utilized by osteoblasts (Hassell et al., 2002; Hecht et al., 

2002; van der Horst et al., 2003). Recent studies using the bone-targeted prostate cancer 

line C4-2B show that PERLECAN is required for development of metastases through 

the modulation of growth factors, and leads to efficient tumor growth and 

vascularization (Savore et al., 2005). Thus it appears that the presence of PERLECAN in 
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the bony matrix may help explain the tropism of prostate cancer to the bony matrix. Use 

of PERLECAN as a drug target may prove advantageous by blocking bone metastasis 

and its associated morbidity. Lastly, PERLECAN, as a secreted protein, may prove to be 

a useful biomarker for metastatic prostate cancer as well as a marker of either the risk or 

detection of tumor metastasis to bone since it can be easily detected in urine or serum 

samples, respectively. 

 

Methods 

 

Bioinformatics based analysis for candidate genes in the CAPB region. The 1p36 region, 

as defined by the chromosomal basepair data present in the human genome build 16 

from the UCSC Genome Browser datasets, was searched for defined genes as identified 

in the NCBI LocusLink database. This search identified 5,108 expressed exons 

comprising 659 identified transcripts and 619 defined genes. Using text mining we 

searched a dataset of 3,737 prostate cancer genes as defined by co localization of the 

gene name based on a hand annotated list from LocusLink and the words "prostate 

cancer" in MEDLINE. From this dataset 14 genes in the 1p36 region had been described 

in prostate cancer studies. A second text-mining search we identified 15 genes in the 

CAPB region that also had been described in studies of the brain. None of the genes in 

the brain or prostate cancer text mining datasets were common. We then focused our 

examination on CAPB region genes with associated data in brain studies, and prostate 

and prostate cancer expression data from the Cancer Genome Anatomy Project (CGAP) 

along with cDNA microarray expression data generated in our laboratory for the prostate 

cancer cell lines LNCaP, DU-145, and PC3. A comparison of these datasets revealed 

three genes, EPHA2, HSGP2, and CAP2B, with data in both brain research studies and 

expression in the prostate cancer or the precancerous change high grade prostatic 

intraepithelial neoplasia. Of these three genes, HSPG2 also was contained within our 

prostate cancer cell line cDNA expression datasets, with increased levels of expression 

in the derived invasive sublines of PC3 when compared to a derived non-invasive 
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subline. 

 

Prostate samples and tissue culture. LNCaP, PC3 and DU-145 cell lines were obtained 

from ATCC and grown under standard conditions. The LNCaP series LNCaP, C4, C4-2 

and C4-2B were obtained from Dr. L. Chung. All primary prostate tumors were obtained 

by MWD using approved protocols with informed consent on the part of the subjects. 

 

Real-time PCR on cell line RNA samples. Total RNA isolated from cell lines using 

Trizol and then further purified using the RiboPure kit (Ambion). Purified RNA was 

digested with DNAse (Invitrogen), and analyzed using the SYBER Green system 

according to manufacturers protocols (Applied Biosystems) on an ABI Prism 7700 

machine. Each sample was run in triplicate at three different concentrations. Primers 

were designed using Primer Express software and are available upon request. Fold 

increase/decrease comparisons were calculated using the delta-delta Ct method. 

 

Tissue microarray and immunohistochemistry. Upon institutional review board approval, 

a tissue microarray was prepared from 288 radical prostatectomy cases present at the 

Medical College of Wisconsin. A second tissue microarray was prepared from samples 

collected under approved protocols at the University of Pittsburgh Medical Center. 0.6 

mm cores were arrayed and 5 um sections processed. Benign tissue, high-grade prostatic 

intraepithelial neoplasia, or invasive tumor tissue were identified by MWD or RD by 

high molecular weight cytokeratin staining (CK903 Ab, DAKO). A third tissue 

microarray was prepared from samples collected under approved protocols as part of the 

rapid autopsy program at the University of Michigan. For microarray samples, a 

common antigen retrieval procedure was carried out. Slides were processed for 

PERLECAN or SHH and developed with HRP conjugated secondary antibodies and 

DAB substrate. For a portion of the tissue microarray anonymous de-identified 

pathologic and outcomes data were available. Individual cores were examined as 

duplicates and staining correlated using Chi-squared, Fisher's Exact or two-tailed 
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ANOVA analyses. 

 

Transfection and proliferation assays. Purified and desalted siRNAs were purchased 

from Ambion as a proprietary non-validated PERLECAN siRNA and a scrambled siRNA 

control. SiRNA and GLI1 expression vector transfections were carried out with 

Lipofectamine 2000 (Invitrogen) as described by the manufacturer and effects measured 

after 72 hours. Casodex was used in cell cultures as described previously. 

Immunocytochemistry on cell lines was carried out using with anti-BrdU (Research 

Diagnostics or Becton-Dickinson) and HRP-conjugated secondary antibodies 

(Boehringer Mannheim) using standard techniques. 

 

Protein extracts, Western blotting and immunoprecipitations. Normal and tumor tissue 

from the same patients were obtained as described below following approved protocols. 

Sections were assessed pathologically by a urologic pathologist (MWD) to determine 

areas of normal and tumor tissue. Samples were microdissected and total protein 

isolated. Proteins were also isolated from cultured medium from cell lines grown under 

normal or serum starved conditions. Proteins were run on a 1.6% agarose gel, blotted 

and probed for PERLECAN (Chemicon). Equal samples were loaded onto a standard 

SDS-PAGE gel, blotted and probed for GAPDH (Santa Cruz) as a loading control. Equal 

amounts of conditioned medium from equivalently confluent cell lines were 

immunoprecipitated with an anti- PERLECAN or unrelated control antibody, the 

resulting complex run on denaturing SDS-PAGE, and the presence of SHH verified by 

immunoblotting (Santa Cruz). 

 

Contributions 

 

My contribution to the work in (Sanchez et al, 2004) et al involved analysis of the SHH 

signaling pathway in prostate tumors and matched normal tissue samples taken from six 

patients. This included processing of RNA extracts from prostate tissue, Primer design 
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and development of Real-time qPCR (define) analysis, and Real-time qPCR in matched 

tumor and normal samples to determine the expression levels of SHH, PTCH1, and 

GLI1/2/3/ (Table 2.) My data analysis shows that all tumor samples have increased 

expression levels of all pathway components compared to normal tissue from the same 

patient.  These results suggest that pathway activation correlates positively with prostate 

tumors. There is some notable variability between tumor samples, which could be 

attributed to the known heterogeneity of prostate cancer  

 

My contribution to the work of (Datta et al, 2006) involved analysis of the levels of 

PERLECAN expression and PERLECAN protein in matched normal and tumor samples. 

This included primer design, development of a qPCR assay, and data analysis for 

PERLECAN expression levels in normal and tumor samples. Protein analyses included 

Dot Blot of protein extracts from matched tumor and normal samples to assay 

PERLECAN levels (Fig.3.8). Results of these experiments showed that 4 out of the 6 

matched samples that had previously shown an increase in SHH signaling also showed 

an increase in PERLECAN expression. This suggests that a subset of tumors upregulate 

PERLECAN expression. In addition, 2 other matched samples showed an increase in 

PERLECAN protein. Together, the results of these and other experiments show a 

significant positive correlation between prostate tumors and PERLECAN upregulation. 

 

The positive correlation between tumors and PERLECAN and SHH signaling, as well as 

the colocalization of these two elements in prostate tumors gave rise to the hypothesis 

that PERLECAN may be regulating SHH signaling in prostate cancer. To test this, I 

evaluated the effects of PERLECAN on SHH signaling in the prostate cancer cell line 

LNCaP. This included qPCR of PERLECAN RNAi treated LNCaP cells for 

PERLECAN, PTCH1 and GLI1 expression levels. Evaluation of PTCH1 and GLI1 

expression levels in PERLECAN knockdown cells shows a decrease in the expression of 

PTCH1 and GLI1 (80% and 90%) respectively with PERLECAN RNAi. PERLECAN 

RNAi also causes a decrease in cell proliferation of about 40%. These results show that 
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PERLECAN is necessary for SHH signaling and proliferation in LNCaP cells. 

PERLECAN upregulation in prostate tumors also correlated with the site of secondary 

metastasis:  primary tumors with high levels of PERLECAN are associated with 

metastases to the lungs and liver rather than soft tissue or lymph nodes. This raises the 

possibility of differential PERLECAN expression in prostate cancer cells. To test this 

hypothesis, we used the LnCaP cell model of prostate cancer progression (Thalmann et 

al., 2000; Wu et al., 1994). Initially I evaluated the levels of PERLECAN expression and 

SHH in LnCaP, C4, C4-2, and C4-2B cell lines. My determination of PERLECAN 

expression and SHH signaling in the LNCaP series shows that the androgen-insensitive 

prostate cancer cell lines showed lower baseline levels of PERLECAN expression than 

the androgen-sensitive LNCaP cell line. This result confirms differential expression of 

PERLECAN in prostate cancer cell lines, and raises the possibility that different types of 

cancer cells may differ in their ability to utilize PERLECAN upregulation as a means to 

sustain SHH signaling. To test this hypothesis, I evaluated both PERLECAN expression 

levels and SHH signaling in the LNCaP cell line model under serum starvation 

conditions, which mimic the low levels of nutrients and growth factors found in a rapidly 

growing tumor.  I observed no significant increase in PERLECAN expression or protein 

when the LNCaP series lines were subject to serum starvation. However, I did observe 

an increase in the levels of SHH signaling that correlates with the more aggressive cell 

lines in the model. These results raised the possibility that PERLECAN in the LNCaP 

cell line model is not acting in a dose-dependent manner, but rather that PERLECAN 

from more aggressive cell lines is better able to bind SHH and therefore facilitate SHH 

signaling. This hypothesis was confirmed by co-immnunoprecipitation studies that 

showed higher levels of SHH binding in PERLECAN from C4-2 and C4-2B cell lines 

compared with LNCaP and C4 cell lines. Altogether, these results point to a model in 

which prostate cancer cells with invasive or metastatic potential are able to maintain 

growth in low androgen conditions using alterations in PERLECAN to sustain SHH 

signaling–dependent proliferation. 
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Alternate mechanism for PERLECAN regulation of SHH signaling in advanced 

prostate cancer 

 

My published research, along with our collaborators’ studies, has shown that SHH 

signaling is required for cell proliferation in advanced prostate cancer. Also my studies 

in cell lines have shown that PERLECAN regulates SHH–dependent proliferation and 

suggests a mechanism by which prostate cancer cells can switch from androgen 

signaling to SHH signaling in order to support growth under low androgen conditions. 

This mechanism includes changes in PERLECAN structure or composition that allow 

for better binding of the SHH ligand in order to support stronger SHH signaling. 

However, my data on matched tumor and normal samples from the same patients, as 

well as the tissue microarray data suggest that there is upregulation of PERLECAN 

expression and protein in a subset of prostate tumors. This would suggest an alternate 

mechanism of PERLECAN function in SHH signaling, where PERLECAN acts in a 

dose-dependent manner to control SHH signaling. In order to further evaluate this 

hypothesis, we used the PC3 prostate cancer cell line model (Kaighn et al., 1978; 

Pettaway et al., 1996). Here, I show that cells with invasive or metastatic potential are 

able to upregulate their levels of PERLECAN expression in starvation conditions that 

mimic the environment of a rapidly growing tumor. We also observe an increase in the 

amount of SHH signaling in a cell line with metastatic potential. Together, these results 

show that upregulation of PERLECAN levels is a second mechanism of increasing SHH 

signaling under stress conditions. 

 

Materials and methods 

 

Cell lines and prostate tissue. The PC3-NI, PC3-I, Pro4 and LN4 cell lines (Pettaway et 

al., 1996) were obtained from Drs. Balla, Lindholm and Pettaway, and grown as 

specified. Normal and tumor prostate tissues from the same patients were microdissected 
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from sections with a laser capture microscope after pathological assessment. All primary 

tumors were obtained by Dr. M.Datta using approved protocols with informed consent 

by the subjects. 

 

RNA isolation and qRT-PCR. RNA was isolated using the Trizol reagent (Invitrogen), 

treated with DNAseI (Invitrogen), and reverse transcribed using the TaqMan Reverse 

transcription  (Applied Biosystems) kit, using oligodT primers as described by the 

manufacturer. qPCR reactions were run on an ABI PRISM 7700 using  SYBR green 

Master mix (Applied Bioystems). Primer sequences were designed using Primer Express 

software (Applied Biosystems) and are available upon request. 

 

Results 

 

PERLECAN is upregulated in cell lines with invasive and metastatic potential. We 

observed an increase in PERLECAN expression and protein in a subset of matched tumor 

samples compared to normal prostate. In addition, our tissue microarray data shows that 

PERLECAN upregulation correlates positively with higher proliferation levels and a 

higher Gleason Grade. This raises the possibility that cancer cells with aggressive 

behavior are able to upregulate PERLECAN. We hypothesize that more aggressive types 

of prostate cancer cells might have higher levels of PERLECAN expression compared to 

less aggressive cells.  To investigate this hypothesis, we used two PC3 cell line models 

(Lindholm et al., 2000; Pettaway et al., 1996). The metastatic parental PC3 cell line was 

used for in vitro selection in the matrigel assay to yield the PC3-I line. In vivo selection 

using serial passage through nude mice resulted in the Pro4 line, with no metastatic 

potential, and the LN4 line, which can metastasize to the lymph node. 

 

Earlier studies by our collaborator M. Datta (Schlicht et al., 2004) have shown that in a 

cDNA microarray study shows that PC3-I cells showed a 1.43 fold increase in 

PERLECAN expression with respect from PC3 NI cells, and LN4 showed a 1.40 fold 
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increase in PERLECAN levels compared to Pro4. We further evaluated PERLECAN 

expression levels in confluent cells using qRT-PCR. Fig 3.10 A shows that both the 

PC3-I line and the LN4 line have a higher PERLECAN expression than the PC3-NI and 

the Pro4 line. This suggests that cells with invasive or metastatic potential express higher 

baseline levels of PERLECAN.  

 

Rapidly growing tumors can create low levels of growth factor conditions. Invasive and 

metastatic cells have to be able to utilize very efficiently the low levels of growth factors 

in order to be able to proliferate and grow in this type of environment. We used serum 

starvation to evaluate if there are any changes in PERLECAN expression upon stress 

conditions, and evaluated PERLECAN expression levels in starved cells. Figure 3.10 B 

shows that the PC3-I and the LN4 lines show a dramatic increase in their PERLECAN 

expression compared to the PC3-NI and the Pro4 lines under starvation conditions. If 

PERLECAN acts in a dose-dependent manner to upregulate SHH signaling in aggressive 

prostate cancer, we would expect an increase in SHH signaling under starvation 

conditions in the more aggressive cell lines. Fig 3.11 shows an increase in the expression 

levels of SHH and its response gene PTCH1 in LN4 compared to Pro4 levels. 

Altogether, these results suggest that PERLECAN acts in a dose-dependent manner to 

regulate SHH signaling in the PC3 series of prostate cancer cells. 

 

I have shown a second mechanism for PERLECAN regulation of growth factor 

signaling. This mechanism relies on upregulation of PERLECAN expression under stress 

conditions, which enables cells to better respond to growth factor signaling. I have also 

observed a concomitant upregulation of SHH in the metastatic LN4 cell lines, in contrast 

with non-invasive, non-metastatic cell lines of the same origin. This suggests that 

PERLECAN upregulation enables stronger SHH signaling in a dose-dependent manner.  
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Fig. 3.10.  Invasive and metastatic cell lines have increased PERLECAN expression.  
(A) Baseline PERLECAN expression. (B) PERLECAN expression in starved culture 
conditions compared to normal growth conditions. 
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Fig. 3.12 shows a model of the proposed mechanism. Together with our previously 

published results, this work highlights the important role of PERLECAN, a heparan 

sulfate proteoglycan in the extracellular matrix, in regulating SHH signaling in advanced 

prostate cancer.  

  

Discussion 

 

Prostate cancer is one of the most clinically relevant significant neoplasias, and attempts 

to describe significant biomarkers and mechanisms of progression have been obscured 

by the heterogeneous nature of the disease. We have shown that upregulation of 

PERLECAN expression and SHH signaling correlates with tumors. Based on this 

positive correlation, we have manipulated the system using primary cultures and prostate 

cancer cell lines, and have revealed that prostate cancer proliferation can be inhibited by 

blockage of SHH signaling. This blockage can be achieved by inhibition of the SHH 

pathway at the level of Smoothened (as is the case with cyclopamine), at the level of the 

SHH ligand itself (with SHH blocking antibodies), and by altering the extracellular 

microenvironment (with PERLECAN RNAi).  Although SHH signaling has been shown 

to play a role in other types of cancer, ours was the first report that directly implicated 

SHH signaling in advanced prostate cancer proliferation. Our results highlight the 

importance of the deregulation of developmental signaling in neoplasia. Other studies 

have addressed the role of SHH in prostate cancer metastasis, and found that it plays a 

crucial role in this process (Karhadkar et al., 2004; Sheng et al., 2004) while others have 

established a strong correlation between higher Gleason Grade prostate cancer and 

mutations in components of the SHH signaling pathway (Sheng et al., 2004). There have 

been a variety of mechanisms proposed for the deregulation of SHH in prostate cancer. It 

has been observed that SHH is produced in epithelial cells but is active in the underlying 

mesenchyme during normal prostate development. In other systems, such as  
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 Fig. 3.12. Dose-dependent action of PERLECAN on SHH signaling. Under low 
growth factor conditions, PERLECAN allows for greater binding of SHH in a 
dose-dependent manner.  
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signaling. However, recent reports (Zhang et al., 2007) have shown that some prostate 

cancer cell lines are not able to respond to SHH signaling present in the media. 

conflicting reports may be due to different sensitivity between qPCR assays versus the 

GLI luciferase assay used in (Zhang et al., 2007). However, the possibility of differential 

response to SHH signaling gives rise to the question of whether SHH signaling 

activation is context dependent.  In this case, the microenvironment will play a 

fundamental role in the deregulation of SHH signaling, and possibly other signaling 

pathways as well. In developmental processes. The ability of SHH to signal as well as 

the range of activity have been shown to be dependent on heparan sulfate proteoglycan 

function (Nybakken and Perrimon, 2002b). Here, we extend these findings into the field 

of cancer progression, where we show that PERLECAN regulates SHH signaling in a 

number of prostate cancer cell lines, and it has a significant effect on proliferation in 

LNCaP cells. We also show that more aggressive cell lines are able to either upregulate 

levels of PERLECAN, or produce PERLECAN with different SHH binding abilities. 

Given that PERLECAN upregulation correlates significantly with highly proliferative 

prostate tumors, and that it is colocalized with SHH in the prostate, PERLECAN is 

likely to be necessary for SHH to stimulate proliferation of advanced prostate cancer. 

Furthermore, because PERLECAN has also been shown to regulate signaling by a 

number of different growth factors, including FGF-2 and VEGF-A (Savore et al., 2005), 

It may act as a regulating center in the microenvironment, and stimulate cancer cell 

growth by modulating signaling by different growth factors. This makes PERLECAN an 

atracive drug target for treatment strategies. Furthermore, the correlation between 

PERLECAN and high levels of proliferation in advanced prostate cancer makes it a 

possible biomarker in preventive strategies.  

 

The initial characterization of PERLECAN requirement for full-strength SHH signaling 

was initially described in the model organism Drosophila (Park et al., 2003).  

Conservation of this mechanism of SHH regulation from flies to human prostate cancer 

highlights the importance of research in lower organisms as relevant in human disease. 
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This raises the possibility that the fruit fly Drosophila could be a productive model in 

which to formulate and test initial hypotheses about other risk factors affecting prostate 

cancer progression. In the next chapter, I will explore the feasibility of a prostate cancer 

and prostate aging model in Drosophila. 
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CHAPTER IV 

THE DROSOPHILA EJACULATORY BULB AS A MODEL FOR PROSTATE 

CANCER AND PROSTATE AGING  

 

 

Introduction 

 

Prostate cancer is a complex heterogeneous multifactorial disease. Most deaths from 

prostate cancer are due to advanced prostate cancer, a form of the disease that is highly 

invasive, metastatic, and androgen–insensitive (Feldman and Feldman, 2001). Of the 

risk factors for prostate cancer, age is the most important: according to the latestdata 

from the SEER registry, almost 2 thirds of prostate cancer occurs in men over 65 years 

of age (SEER registry Database, 2008).  There are also reports of old age correlating 

with a more aggressive phenotype (Alexander et al., 1989).  Some attempts at explaining 

the correlation between aging and aggressive cancer include difficulties with diagnosing 

early stages of disease in older patients, which will cause a bias towards diagnosis at a 

later stage. An alternate explanation involves the fact that it takes a long time to 

accumulate the set of mutations in oncogenes and tumor suppressors that will lead to the 

disease.  However, emerging research in both the aging and cancer fields suggests that 

there are aspects of the aging process that actively influence tumorigenesis and cancer 

progression. Apart from evidence that aging influences initial steps in tumorigenesis, 

such as genomic instability and telomere integrity (Blasco, 2007), reports from the 

Campisi lab describe the secretion of numerous growth promoting factors such as FGF 

into the extracellular matrix by senescent fibroblasts (Krtolica et al., 2001). Taken 

together with the fact that cancer cells behave differently in young compared to older 

hosts (Hirayama et al., 1993; McCullough et al., 1997) we can see that aging has a 

crucial impact on cancer progression, both at the cellular and microenvironment levels. 
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Until very recently, aging was simply thought of as the progressive breakdown of the 

systems that maintain cell and tissue homeostasis, resulting in a progressive decay in 

normal cellular and tissue function. However, emerging research has shown that there 

are a number of signaling pathways and conditions that influence the rate and onset of 

aging. One of the first fundamental observations was the fact that calorie restriction led 

to an increase in lifespan that was conserved in evolution (Haigis and Guarente, 2006). 

In organisms like yeast or nematodes, extreme calorie restriction was accompanied by a 

quiescent state, such as sporulation or diapause, in which metabolism was reduced and 

reproduction was prevented. However, when elucidating the molecular mechanisms that 

underline responses to calorie restriction, it was found that longevity could be uncoupled 

from diapause. This revealed the first molecular insights into the nature of longevity, 

which highlighted the important role of histone deacetylaces (such as Sir2) and Foxo 

transcription factors (such as DAF-16) (Haigis and Guarente, 2006) (Kenyon, 2001). 

Further work revealed that for the most part, calorie restriction works by inhibiting the 

Insulin/Insulin-like growth factor (IGF) pathway, which in turn elicits a response that 

involves the nuclear recruitment of the Foxo transcription factors and results in increased 

longevity. Elements of this pathway are conserved from nematodes and Drosophila to 

mammalian models. Drosophila has lent itself to the study of aging in part because of its 

short lifespan (80 days), and also because of the availability of long-lived mutants, such 

as indy or chico (Helfand and Rogina, 2003). Work on these systems has revealed that 

both of these mutations compromise the fly’s metabolism in a way that mimics calorie 

restriction. Recent work from the Pletcher lab (Libert et al, 2007) has revealed that there 

is a neurological component to the increased longevity of calorie restriction: just the 

perception of food by olfactory receptors, even in the absence of uptake, will have a 

significant impact on lifespan. 

 

Parallel with organismal aging, studies have been undertaken to better understand the 

mechanisms of cellular aging, as well as the physiological behaviors of the aging cell. 

One process that has attracted a great deal of attention and research is cellular 
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senescence, which is a state of arrested growth and altered behavior which correlates 

with aging, although it can be observed in response to stress conditions. The role of 

senescent cells in altering the tissue microenvironment and stimulating cell proliferation 

is documented (Nelson and Bissell, 2006), although little is known about the effects of 

senescent cells in vivo. Currently, it is thought that senescent cells present in the stroma 

of various organs can contribute to the changes in microenvironment that stimulate the 

growth of precancerous lesions. Current approaches to understanding the 

invasive/metastatic process take into account the impact of the microenvironment, both 

in terms of extracellular signaling molecules secreted by cancer cells, and ECM 

proteoglycans that aid in the transport and signaling process. It is now clear that aging 

has an impact on these processes that will therefore influence the progression of the 

disease. 

 

Research on the aging microenvironment and its impact on cancer has been undertaken 

by two different approaches: the first involves culturing cells in vitro, the second 

implantation of cells in senescent hosts.  In the first approach, cells are cultured with 

media from senescent cells, or co-cultured with senescent fibroblasts. However, as the 

effects and significance of senescent cells in vivo have not been well documented, there 

may be other factors in the microenvironment that this model cannot recapitulate. The 

second approach involves implantation of cancer cells into host mice or rat models, and 

evaluation of the age-dependent change in the rate of tumorigenesis/ metastasis. This 

approach, albeit useful, is costly and time-consuming, and the average lifespan of mouse 

and rat models, in the order of years, is especially cumbersome for aging studies. A 

simple model system such as Drosophila will be a strong tool in the study of the aging 

microenvironment and its role in cancer. It provides a simple organism in which changes 

in microenvironment with age can be modeled and their impact on cancer progression 

can then be evaluated,  
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Drosophila is an established model in aging studies. The short lifespan of the fruit fly 

(80 days) and the vast array of genetic and molecular tools available to the Drosophila 

biologist enable a variety of manipulations in vivo to address aging. In addition 

Drosophila provides specific aging interventions such as temperature shifts and calorie 

restriction, as well as defined genetic mutations that increase lifespan, such as indy or 

chico (Rogina et al., 2000). Altogether, these tools make the fruit fly a suitable model to 

elucidate complex biological questions, such as the impact of the aging 

microenvironment on cancer. In recent years the significance of Drosophila for 

modeling cancer has also been established; four of the six hallmarks of cancer can be 

studied in the fly (the exceptions being telomerase activation and angiogenesis), and 

successful screens for the identification of genes important in metastasis have been 

implemented (Pagliarini and Xu, 2003; Woodhouse et al., 2003).  

  

Drosophila is also an established model to study the involvement of heparan sulfate 

proteoglycans in signaling pathways (Lin, 2004; Lin et al., 1999) (Desbordes and 

Sanson, 2003) from a developmental context. We have already shown that Perlecan 

regulation of the growth factor Hedgehog, initially characterized in Drosophila neural 

stem cells (Park et al., 2003), is crucial for advanced prostate cancer proliferation (Datta 

et al., 2006a), thus validating the relevance of discoveries made in Drosophila in human 

prostate cancer. This makes Drosophila an ideal model in which to formulate testable 

hypotheses about the role of aging in the dynamics of tissue microenvironment 

composition and growth factor signaling, both factors that influence prostate cancer 

progression and outcome.  

 

We have successfully shown that our studies on cell proliferation in the Drosophila CNS 

can translate to significant discoveries about signaling in prostate cancer. However, we 

still want to mimic as much as possible the context and microenvironment that occur in 

the prostate, a secretory gland in the male reproductive system. The use of an analog 

prostate organ in Drosophila is an attractive option to model age-dependent alterations 
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in microenvironment, specifically heparan sulfate proteoglycan function on signaling 

and proliferation.  

 

Here, we present the Ejaculatory Bulb (EjB) as a potential prostate analog in Drosophila, 

which can be used as a model that incorporates aging, cancer, signaling, and 

microenvironment. I will discuss similarities in the function of the prostate and the EjB, 

as well as underlying correlations in the molecular blueprint of these two evolutionarily 

distant organs. I will also explore the dynamics of the microenvironment in the aging 

EjB, both in terms of HSPG and signaling pathway activity.  Finally, we will discuss 

engineered overgrowth phenotypes and spontaneous overgrowth of the EjB, as well as 

possible strategies for modeling metastasis in this organ.  

 

Materials and methods 

 

Genetic strains and transgenes 

 

Flies were grown in standard medium at 25°C unless otherwise stated. Markers and 

transgenes are described in Flybase. 

 

Aging studies 

 

All strains were allowed to develop at 25°C. Newly eclosed males were collected daily 

and placed in vials containing standard medium and supplemented with live yeast. Flies 

were then kept at 25°C or 18°C degrees and transferred every 3 days.  

 

BrdU incorporation 

 

Newly eclosed males raised at 25°C were starved for 2 hours by transferring them to 

empty vials. After 2 hours, flies were placed in tissue paper with 10% sucrose solution 
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containing 100mg/ml BrdU for 8h or 24h pulses. EjBs were then dissected and fixed as 

described (Park et al., 2003). BrdU incorporation was visualized with a mouse primary 

antibody (BD Biosciences) and a peroxidase conjugated secondary antibody (Jackson 

Immunoresearch). Diaminobenzidine (DAB) was used to developm the secondary 

antibody. EjBs were mounted on slides for visualizing with a Zeiss Axiophot compound 

microscope. 

 

β-galactosidase enzymatic staining  

 

Newly eclosed Ejaculatory bulbs were stained and fixed with 1X ET fix (1X Buffer B, 

20% formaldehyde) for 10 minutes at RT. Tissues were washed with PBST and 

incubated with X-Gal stain for 2 hours at 37°C. 

 

RNA isolation and RT-PCR 

 

RNA was isolated using the RiboPure kit (Applied Biosystems), treated with DNAseI 

(Invitrogen), and reverse transcribed with oligo dT using the Superscript first strand 

reverse transcription kit (Invitrogen).  

 

RNA amplification and real-time PCR 

 

RNA was isolated using the RiboPure kit (Applied Biosystems) according to the 

manufacturer’s instructions. For qRT-PCR, RNA was treated with DNAseI (Invitrogen), 

cleaned with the DNA-Free RNA kit (Zymo Research) and utilized in RNA 

amplification as previously published (Klebes et al., 2002). qPCR reactions were run on 

an iCycler (BioRad) using  SYBR green Master mix (Applied bioystems). Primer 

sequences are available upon request. 
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Results   

 

The Drosophila ejaculatory bulb anatomy and function mirrors that of the human 

prostate 

 

In developing an analog organ model for the human prostate in Drosophila, we took into 

account the basic structure and function of the prostate. We then evaluated the male 

reproductive system of the fly for possible organs that have a similar structure and 

function. The human prostate is a male accessory reproductive gland that produces a 

complex proteolytic solution essential for sperm survival. It is located beneath the 

bladder, and completely surrounds the prostatic urethra (Figure 4.1A). The prostate is 

subdivided into 3 distinctive zones:  peripheral, central, and transitional (Figure 4.1C). 

70% of all prostatic carcinomas arise in the peripheral zone (Abel and Lanani, 2003). It 

is made up of epithelial glands and a fibromuscular stroma. The glandular epithelium 

(which gives rise to prostate adenocarcinoma) has 3 types of cells: basal, luminal 

secretory, and neuroendocrine. The stroma is composed of fibroblasts, smooth muscle 

cells, endothelial and dendritic cells, and infiltrating cells from the immune system 

(Feldman and Feldman, 2001). 

 

The ejaculatory bulb (EjB) is a small organ in the Drosophila male reproductive system 

(Figure 4.1B), located in the male abdomen. It receives sperm from the testes, along with 

proteins from the accessory glands and aids in the pumping of seminal fluid through the 

ejaculatory duct, similar to the gross anatomy and function of the human prostate gland. 

The EjB also produces PEB-me, a protein that forms part of seminal fluid. The EjB is 

comprised of both muscle and secretory cells reflecting its dual function. While the 

prostate and EjB do not descend from a common ancestor organ, the correlation between 

their physiological functions and their specific anatomical connections in the male 

reproductive system suggest that there are might be significant similarity between these  
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Fig.4.1. Anatomical and physiological connections of the prostate and 
ejaculatory bulb. (A,B). Location of (A) the prostate and (B) the Ejeaculatory 
bulb in the male reproductive system. (C). Differentiation of the three prostate 
zones and histology of the prostate.(D) detailed description of Ejaculatory bulb 
anatomy. Modified from and (Abel, 2001) the SEER training program (SEER 
Registry Database, 2008). 
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two systems. If this is so, then homologs of human or mammalian prostate-specific 

genes should be expressed in the Drosophila EjB 

 

The EjB expresses prostate biomarkers 

 

In order to assess the prostatic origin of cells, a number of genes are used in clinical and 

research studies as prostate-specific marker genes. These include transcription factors, 

such as NKX.3 and Pax2, as well as the prostate-specific alkaline phosphatase gene PAP 

(Liu and True, 2002). In addition, several other genes have been proposed as biomarkers 

for prostate cancer. These genes are normally present in the prostate, but are abnormally 

upregulated during prostate cancer. These include Alpha-Methylacyl CoA Racemase 

(AMACR) and Sprouty-1, an inhibitor of FGF-2 signaling (Kuefer et al., 2002).We set 

out to identify putative Drosophila homologs using the Homologene database (Apatoff 

et al., 2006; Wheeler et al., 2001). Table 4.1 shows the prostate- specific and prostate 

cancer biomarkers, along with the Drosophila homologs. We evaluated expression of 

these genes in the EjB by RT-PCR. Figure 4.2 shows that the Drosophila EjB expresses 

the Drosophila homologs of human prostate-specific markers, as well as putative 

prostate cancer biomarkers. This finding strengthens the concept of a common molecular 

blueprint shared between these two organs, even in the absence of evolutionary 

homology. It also strengthens the possibility that signaling pathways relevant for 

prostate development and cancer are also active in the EjB. 

 

Signaling pathways crucial for prostate development and cancer are present in the EjB 

 

While androgen signaling in prostate development has been well characterized, there are 

a number of signaling pathways important for prostate development. The effects of 

Sonic Hedgehog (SHH), Fibroblast Growth Factor (FGF), Bone Morphogenetic Protein  
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Human prostate Function Drosophila 
homolog 

NKX.3 Prostate Biomarker Bagpipe 

Pax 2 Prostate Biomarker Shaven 
Prostate specific alkaline 
phosphatase 

Prostate Biomarker acph-1 

AMACR Prostate cancer biomarker Amacr 
Sprouty-1 Prostate cancer biomarker Sprouty 

Table 4.1.  
Drosophila homologs of human prostate-specific and prostate cancer 
biomarker genes. 
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Fig. 4.2. The EjB expresses prostate-specific and prostate cancer biomarkers. (-) 
denotes no template controls and (+) denotes cDNA from Ejaculatory Bulbs. 
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(BMP), and Wingless-Int (Wnt) signaling pathways in normal or abnormal prostate 

development have been demonstrated (Yardy and Brewster 2005, Settle et al 2001, 

Kwabi-Addo et al 2004). Furthermore, the role of the SHH and FGF-2 signaling 

pathways in prostate development and cancer has been widely documented. These 

pathways are conserved in Drosophila, where Hh is homologous to SHH and Bnl is 

homologous to FGF-2 (Brook, 2000; Dawber et al., 2005; Lum et al., 2003; Sutherland 

et al., 1996). I first set out to evaluate the presence of active Hh, and Bnl signaling in the 

EjB by using transgenic lines expressing the lacZ gene in a pattern similar to hh or bnl 

expression. β-galactosidase activity staining revealed the presence of both the Hh and 

Bnl ligands in newly eclosed EjBs, as well as their respective response genes, patched 

and pointed (Figure 4.2). These results strongly suggest that there is active signaling by 

these growth factors in the EjB and raises the possibility that other components of the 

microenvironment known to regulate these two pathways are also present in the EjB. 

 

Heparan sulfate proteoglycans (HSPGs) are an integral component of the extracellular 

matrix. It has been shown that the proteoglycans Syndecan and Perlecan play an 

important role in regulating both SHH and FGF-2 signaling both in embryonic 

development and in prostate development and cancer (Park et al., 2003; Spring et al., 

1994; Tkachenko et al., 2005; Volk et al., 1999; Wu et al., 2001). In Drosophila there 

are 4 HSPGs; trol, syndecan, dally, and dally-like; which are homologs of human 

perlecan, syndecan, and glypicans respectively. We used RT-PCR to evaluate the 

expression of Drosophila HSPGs in the EjB. Our results (Fig 4.3) show that trol, the 

Drosophila perlecan homolog, and sdc, the Drosophila syndecan, are expressed in the 

EjB. Together with the presence of active Hh and Bnl signaling, the presence of HSPGs 

strongly suggests that major components of the prostate microenvironment relevant for 

prostate development and cancer are expressed in the EjB. It also raises the possibility  
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Fig. 4.3. The EjB presents active Hh and Bnl signaling, as well as trol and sdc 
expression. β-galactosidase staining of  A. hh-lacZ, B. bnl-LacZ, C. ptc-lacZ, and 
D. pnt-lacZ Ejaculatory bulbs. E. EjB cDNA amplified with primers for trol (lane 
1) and sdc (lane 2). 
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that HSPGs modulate growth factor signaling in the EjB like they do in the human 

prostate. 

 

 Age-dependent regulation of Hh signaling  

 

SHH and FGF-2 signaling are normally downregulated in the adult prostate compared to 

developmental stages. We asked if a similar downregulation of Hh and Bnl signaling 

occurs in the adult Drosophila EjB as males age. Flies were aged at 25°C, and Hh and 

bnl expression and signaling activity was measured by qRT-PCR of ligands and 

response genes. Figure 4.4 shows that following eclosion, Hh signaling shows a steady 

decrease with time, as shown by the steady decrease in ptc expression, while Bnl 

signaling does not show significant changes with time, as shown by the levels of the 

response gene pnt. Moreover, for both Hh and Bnl, ligand expression does not mirror the 

level of response gene expression in aging flies, suggesting that regulation of growth 

factor signaling is not solely a factor of ligand concentration. From these results, we can 

conclude that Hh signaling in the EjB shows time-dependent decrease, whereas Bnl 

signaling does not. 

 

Aging is measured in two different ways: chronological aging refers to the absolute time 

that has passed since the beginning of an event. Physiological aging refer to the changes 

in physiology that are normally associated with aging, and therefore is a more 

representative measure of the biological changes that we are investigating. To confirm 

that the changes in signaling are dependent on physiological aging, as opposed to 

chronological aging or time passed we carried out a separate aging scheme where flies 

were aged at 18°C. At this temperature lifespan is doubled without loss of normal 

metabolic rate or reproductive potential (Miquel et al., 1976).  If changes in signaling are  
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Fig. 4.4. Hedgehog signaling depends on physiological aging, while Branchless 
signaling does  not.  (A) Fold increase in expression of hh, ptc, bnl and pnt at 
25°C. (B). Superimposed expression curves for hh and pat expression at 25°C 
and 18°C. (C) superimposed expression curves for bnl and pnt expression at 
25°C and 18°C. 
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truly age dependent, changes in signaling will take twice as many days to become 

apparent in this second cohort. Figure 4.4 shows that at 18 degrees both hh and ptc 

expression decrease at approximately half the rate they do at 25°C. We see a strong 

standard deviation on our 40d data point, which is being reassayed. The overall pattern is 

consistent with Hh signaling being dependent on physiological aging. In contrast, the 

expression of bnl and pnt at 18°C does not appear to depend on physiological aging. We 

note that the decrease in Hh signaling with increasing age in the EjB does not parallel 

the decrease in expression of the Hh ligand.  Other studies have also suggested that aged 

tissue is not as sensitive to growth factor signaling. We also know that Hh signaling is 

modulated by HSPGs. We therefore hypothesize that the downregulation in Hh signaling 

observed in the aged EjB is due to changes in the HSPG composition of the ECM. To 

evaluate changes in HSPG level in aging males, we used qRT-PCR.  Figure.4.5 shows 

that following eclosion, the expression of trol (the mammalian Perlecan homolog) is 

strongly downregulated with time, while the expression of sdc (homolog of mammalian 

Syndecan) shows an initial strong decrease, followed by later upregulation.  The 

expression of both dally and dally-like (homologs of mammalian glypicans) show a 

moderate decrease at 20 days following eclosion, a stronger decrease at 40 days, and 

upregulation towards the end of the adult life. These results show HSPG expression is 

dynamically regulated by time and that different proteoglycans show specific patterns of 

expression. It should be noted that the only proteoglycan that is strongly downregulated 

throughout the life span is trol, the homolog of human Perlecan.  

 

We used flies aged at 18°C to determine if the changes in HSPG expression are 

dependent on physiological aging rather than time. Figure 4.5 shows that while trol and 

dally expression is age-dependent, syndecan and dally-like expression is not. It is 

important to note that both trol and dally have been implicated in Hh signaling in 

different systems. If misregulation of signaling results from changes in HSPG expression  
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Fig. 4.5.  Expression of trol and dally depends on physiological aging. (A) 
expression of  HSPG at 25°C. (B) superimposed expression curves for trol 
expression at 25°C and 18°C. A similar trend was observed with dally expression. 
(C) superimposed expression curves for syn expression at 25°C and 18°C. A 
similar trend was observed for dally-like expression. 
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or composition, then age–related changes in HSPG should correlate with age- related 

changes in signaling activity. Our results have shown that the HSPGs Trol and Dally are 

regulated in an age-dependent manner, and that this correlates with Hh signaling in EjB, 

which is also age-dependent. Together with the fact that Perlecan regulates SHH 

signaling in prostate cancer, these results raise the possibility that Trol regulates Hh 

signaling in the aging EjB. Direct demonstration of this hypothesis requires 

manipulation of HSPG expression in the EjB and evaluation of any changes in signaling 

that may result. 

 

Overgrowth of the EjB spontaneously with age and in response to expression of 

activated Ras 

 

A key feature to the feasibility of the EjB as a model for prostate aging and cancer is the 

ability to recapitulate hyperproliferation, tumor formation and metastasis. As a first step,  

I decided to model hyperproliferation in the EjB by overexpressing a constitutively 

active form of the oncogene Ras. To this end, we used a heat-shock GAL4 driver crossed 

to a UAS-Rasv12 transgenic line. In order to minimize confounding developmental 

effects of Ras overexpression, the flies were raised at 18°C degrees, and transferred to 

25°C upon eclosion. Figure 4.6 A shows the overgrowth phenotype obtained with 24h 

Rasv12 overexpression upon adult eclosion. The size of Rasv12 –overexpressing EjBs is 2-

3 times larger than controls subjected to the same treatment. In order to test if the 

overgrowth phenotype is due to overproliferation of cells in the EjB, we assayed the 

levels of BrdU incorporation in the EjB.  Surprisingly, we did found BrdU- 

incorporating cells in the adult EjB. This suggests that, although the vast majority of 

cells in Drosophila adult (with the exception of the germline) are postmitotic, there are a 

few cells in the EJB capable of proliferation. Whether these are the cells that produce the 

EjB overgrowth in response to Ras overexpression remains to be seen. Because our 

initial  BrdU incorporation assay depended on food intake, the results can be obscured 

by differential feeding rates in different fly strains. To clarify the results obtained, we  
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Figure 4.6. Overgrowth and proliferation in the EjB.  A-C. Overgrowth on EjB  
with overexpression of Rasv12 (A) compared to controls (B,C). D,E. Spontaneous 
overgrowth observed in an 120d  EjB aged at 18°C (D), compared to wild type 
(E).(F) BrdU incorporation in a newly eclosed  EjB. Arrow indicates BrdU-
incorporating cells. 
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have also developed a topical BrdU incorporation assay, as well as a cyclinE qPCR 

assay. These assays have yet to be tested. 

 

In addition to the engineered transgenic overgrowth model, we have also seen 

spontaneous overgrowth of the EjB in one aged CS 120d adult raised at 18°C degrees. 

Figure 4.6C shows the spontaneous overgrowth phenotype. This sample raises the 

possibility of an age-dependent increase in spontaneous overgrowth, since we have 

never observed this phenotype in flies younger than 120d raised at 18°C degrees, or 

fliesyounger than 60 days raised at 25°C. I am currently pursuing the study of this 

spontaneous overgrowth phenotype to determine its frequency, statistical significance, 

and age dependency. 

 

Progress toward understanding tumorigenesis in the EB 

 

While the ability to engineer overgrowth phenotypes allows us to effectively model 

overproliferation in the EjB, our engineered Ras- overexpressing strain has a very short 

lifespan, probably owing to residual activity of the hs-GAL4 driver during all 

development stages. Also, because effects of hs-GAL4 are systemic, there may be 

confounding effects from Rasv12 overexpression in other organs that affect viability or 

EjB development and growth.  This will impair the study of age-dependent changes in 

this strain. A possible solution involves driving overexpression specifically in the EjB of 

male flies. To this end, we have identified the protein PEB-me (Lung and Wolfner, 

2001), which is specifically expressed in the EjB. We can then use the PEB-me promoter 

to construct a GAL4 driver that will only be active in the adult EjB alone. The GAL4 

drive can then be coupled with the Tubulin-GAL80 construct, which will repress all 

GAL4 expression at the restrictive temperature. This will allow overexpression of Rasv12 

exclusively at specific timepoints in the adult. We will also be able to use this system to 
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overexpress different HSPGs and directly evaluate the effects of altered 

microenvironment on signaling and proliferation in the aging EjB.  

  

Discussion 

 

Emerging research in the fields of aging and cancer has established a link between these 

two complex biological processes. The cellular microenvironment has been shown to 

play a fundamental role in cancer progression, as well as undergo dramatic changes with 

aging. Age is the most important risk factor for prostate cancer; however, opportunities 

to study this important risk factor in vivo are limited by the long lifespan and high cost of  

currently used models. These findings highlight the need for simple models in which to 

study the effects of the aging microenvironment on extracellular signaling, cell 

proliferation, and cancer progression. Here, we present the Drosophila Ejaculatory Bulb 

as a prostate analog organ that incorporates all these aspects in a simple model organism. 

We have shown that the EjB, a secretory organ of the Drosophila male reproductive 

system, exhibits functional similarity to the human prostate. An exciting discovery is 

that the EjB expresses prostate-specific biomarker genes and recapitulates components 

of the microenvironment found in the human prostate. This emphasizes the possibility 

that these two organs share a molecular blueprint, or deep homology, despite not being 

evolutionarily related. 

 

We have shown that the EjB expresses signaling pathways present in the human 

prostate, as well as microenvironment HSPGs that regulate these pathways. We 

hypothesize that age-dependent alterations in HSPGs affect signaling strength and 

proliferation. My results show that the EjB undergoes age-dependent changes both in the 

strength of Hh signaling and in the expression of the HSPGs trol and dally. This 

suggests that both Hh signaling and trol and dally expression are regulated by 

physiological aging. This also raises the possibility that Trol regulates Hh signaling in 

the aging EjB, in a way similar to the mechanism of Hh signaling in the Drosophila 
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larval CNS and in prostate cancer. Further study is needed for direct demonstration of 

this hypothesis.  

 

My studies of Bnl signaling suggest that there is no decrease of signaling strength with 

aging. However, our real-time PCR studies have been done on whole dissected EjBs. 

This means that there could be localized changes in signaling that we would not detect 

with this system. A way to refine this study would include immunohistochmistry for 

response proteins or in situ hybridization of response gene expression to reveal spatial 

and temporal patterns of change. Another possible explanation for the lack of 

downregulation in pnt expression is that this response gene may also receive input from 

other RTK signaling pathways such as EGFR. We can also use qPCR to determine the 

levels of other RTK ligands. 

 

By overexpressing Rasv12 I have been able to engineer an overgrowth phenotype in the 

EjB. A potential spontaneous age-dependent overgrowth phenotype is also under study. I 

have also found BrdU-incorporating cells in the adult EjB, and have developed assays to 

effectively measure proliferation in the EjB. These findings show our ability to 

recapitulate overgrowth in the EjB, and give strength to the idea that the EjB can be used 

to model cancer progression. However, an effective model for cancer progression also 

needs to recapitulate tumor formation and metastasis. Drosophila metastasis screens 

have made use of Rasv12 overexpression to identify other genes important for 

tumorigenesis and metastasis. This approach has identified genes in the apico-basal 

polarity pathway, such as scribble or discs large, as a cause of metastasis in Drosophila 

larvae. Remarkably, the human homologs of these genes are fundamental in the 

epithelial to mesenchymal transition (EMT), a hallmark of cancer progression. EjB–

specific over proliferation of Rasv12 can be a starting point to test if overexpression of 

different HSPG in the EjB results in overproliferation and tumor formation and thus 

recapitulate the formation of metastatic tumors. We can use Rasv12 overexpression, as 

well as mutations in scribble, in conjunction with HSPG overexpression to determine if 
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HSPG act as cooperating oncogenes. We can also use this approach to identify new 

potential cooperating oncogenes in the EjB.  

 

My studies on the Drosophila Ejaculatory Bulb have uncovered deep homology with the 

human prostate, making it a feasible prostate analog organ. I have also tested the 

hypothesis that age-dependent changes in the microenvironment affect signaling, and 

found that Hedgehog signaling is regulated by age, My data suggests a correlation 

bwtween age-dependent changes in trol and dally expression and the age regulation of 

Hh signaling This raises the possibility that Hedgehog signaling in the aging Ejaculatory 

bulb is regulated by the heparan sulfate proteoglycans Trol and Dally, although direct 

demonstration of this regulation is still needed. My progress towards modeling 

tumorigenesis and metastasis in this model includes the engineering of an overgrowth 

phenotype by overexpressing the oncogene Ras, and development of methods for 

measuring rates of proliferation in the Ejaculatory Bulb. I have also observed a possible 

spontaneous overgrowth phenotype raising the posiibility of studying age-dependency of 

overgrowth. Altogether, these results show that the drosophila Ejaculatory bulb emerges 

as a promising model to study the effects of aging on microenvironment, signaling, 

overproliferation, and cancer progression. 
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CHAPTER V 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

 

The general theme of my research is the importance of model organisms in 

understanding and elucidating complex biological processes of clinical relevance. I have 

focused my research on the mechanisms underlying the proliferation and metastasis of 

advanced prostate cancer. Based on a model of proliferation previously characterized in 

the fruit fly Drosophila, I hoped to gain insight about the role of the microenvironment 

in prostate cancer. Specifically I have focused on the role of the heparan sulfate 

proteoglycan PERLECAN in regulating the growth factor Sonic Hedgehog (SHH) to 

ultimately control proliferation in advanced prostate cancer. This knowledge would not 

only signify a greater understanding in a previously obscure mechanism for prostate 

cancer proliferation; it would also highlight the relevance of emerging areas of research 

with either proven importance or high correlation with cancer progression. Research in 

these areas is bringing about the discovery of new biomarkers and drug targets, as well 

as refining our current paradigm on prostate cancer. Just as importantly, my studies 

validate the use of the fruit fly Drosophila to formulate and test initial hypotheses about 

mechanisms of clinical relevance that can then be validated in human disease. 

 

 

The management of disease consists of several important steps, which include 

prevention, accurate monitoring and diagnosis of the disease as well as accurate 

prognosis of the outcome/development of the disease. An integrated analysis of the 

disease will produce the most useful approach in choosing/ developing treatment 

strategies. An initial step of crucial importance is the development of biomarkers for 

large-scale screening. Implementation of routine testing for currently available 

biomarkers, such as Prostate-specific Antigen (PSA) (Brawer et al., 1992) has greatly 

increased the diagnosis of prostate cancer. However, a significant fraction of PSA 
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screening-detected prostate cancer would not develop into clinical symptomatic prostate 

cancer, and therefore it would not have an impact on mortality (Gelmann, 2008). This 

fact highlights the need to find strategies that will target aggressive forms of prostate 

cancer, as opposed to slow-progressing prostate cancer. Emerging biomarkers include 

SPROUTY-1, which shows downregulation in 40% of prostate tumors (Kwabi-Addo et 

al., 2004), and Alpha methylacyl CoA racemace (AMACR) which has been successfully 

utilized as a biomarker for colon cancer and correlates with clinically localized prostate 

cancer (Kuefer et al., 2002). SROUTY-1 is an inhibitor of the FGF pathway, and 

AMACR expression has been shown to correlate with androgen signaling. This 

highlights the importance of studying the clinical implications of extracellular signaling 

pathway function and deregulation. The need remains for a biomarker that correlates 

positively with aggressive behavior, and can be used to screen specifically for aggressive 

prostate cancers. 

 

Current treatment strategies for prostate cancer include surgery and radiation. However, 

in the event of invasive prostate cancer, or presence of metastasis, these treatments are 

not effective. Androgen ablation therapy is then used as a treatment; reducing the supply 

of androgens to the tumor causes it to slow growth, but it also has significant side 

effects. The value of this treatment is only partial, since prostate cancer cells inevitably 

become refractory to this treatment, and patients die from androgen-independent prostate 

cancer metastases. This raises the possibility that other types of growth factor signaling 

can maintain and support cancer growth and proliferation in the absence of androgen 

signaling. In this case, targeting growth factor signaling alone or in combination with 

androgen ablation therapy might reduce the chances of androgen-independent tumor 

regrowth, and reduce mortality rates. 

 

The process of metastasis includes the regrowth of an entire tumor in a location removed 

from the original tumor site. This implies that a single cell or a small group of cells have 

the capacity to regenerate the original tumor phenotype. In this context, a tumor- 
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regenerating cell can be considered as a stem cell, and development of treatment 

strategies will benefit from knowledge of stem cell biology. Stem cell proliferation is 

tightly controlled and regulated by a combination of environmental factors, the stem cell 

niche. These niches are rich in growth factors and other signaling molecules, and in their 

absence stem cells might differentiate or arrest growth. This raises the possibility that 

targeting regulators of stem cell proliferation will be a useful strategy against metastatic 

tumors, since it will prevent or inhibit tumor regrowth. 

 

The cancer stem cell theory underlines the importance of considering cancer as an 

integrated system, one that considers not only deregulation within the cell but also 

alterations in the extracellular microenvironment. Stem cell proliferation is a complex 

biological process, where the stem cell has specific characteristics that may depend on 

the extracellular niche. Another example of integrative biology is looking at cancer from 

a developmental point of view. In development, different cells interact to produce 

specific cell fates, and many extracellular signals have to be precisely coordinated to 

result in organized proliferation, cell migration, and differentiation. All of these 

approaches emphasize the important and contextual role of the extracellular 

microenvironment in cancer.  

 

Our main goal was to focus our studies on processes that not only provide mechanistic 

understanding of prostate cancer progression, but that can be translated into discoveries 

with clinical consequence. Therefore I focused on the study of the microenvironment’s 

role in advanced prostate cancer. A better understanding of the microenvironment 

contribution in the progression to advanced disease would highlight the importance of 

the extracellular context in the proliferation of cancer cells. It will also provide us with 

promising new drug targets or biomarkers that specifically target the more aggressive 

forms of prostate cancer. 
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Prostate cancer is the leading cause of death from cancer in American men. Last year 

there were approximately twenty-seven thousand men killed by this disease. Due to its 

extensive incidence and mortality, prostate cancer has been studied extensively. 

Identified risk factors for prostate cancer include age, race, and family history (Zheng et 

al., 2008). The contribution of environmental factors, while acknowledged, is less clear 

(Kristal et al., 2006). Human genetics studies have linked many loci to increased risk of 

prostate cancer. Among these is the CABP locus, located in 1p36, which correlates with 

increased risk of both prostate and brain cancer (Gibbs et al, 1999). One of the genes that 

map to this locus is PERLECAN, which encodes a heparan sulfate proteoglycan on the 

extracellular matrix. PERLECAN is expressed abnormally in other types of cancer, such 

as melanoma (Cohen et al., 1994; Sharma et al., 1998) and is upregulated in the prostate 

cancer cell line PC3 (Iozzo et al., 1994). In the model system Drosophila, PERLECAN 

has been shown to be required for growth factor-dependent proliferation of quiescent 

neural stem cells. These findings raise the possibility that heparan sulfate proteoglycans 

and developmental growth factor signaling regulate proliferation in advanced prostate 

cancer. 

 

Several risk factors for prostate cancer have been studied successfully in different model 

systems, such as prostate cell lines, human tissue, and mouse models of tumorigenesis. 

Lower model organisms such as the fruit fly Drosophila offer a useful balance between 

that simplicity that permits straightforward analysis and the complexity that allows 

investigation of multifaceted phenomena. The genetic simplicity and sophisticated 

genetic and molecular tools available in Drosophila permit a clear interpretation of the 

results, while the fact that analysis is carried out in a living organism allows complex 

biological processes to be elucidated.  The evolutionary distance between flies and 

humans is a factor that may be overcome because of deep homology, and its short 

lifespan and easy cost- effective handling is a distinct advantage over mouse models of 

carcinogenesis. Therefore I have chosen to elucidate basic mechanisms of carcinogenesis 

in flies and validate those findings in human samples. 
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I hoped to use the knowledge gained from previous studies in Drosophila to further 

understand the role of the microenvironment in advanced prostate cancer. This would 

elucidate potential mechanisms of disease progression, as well as uncover potential drug 

targets.  If knowledge from Drosophila can be validated in the context of human prostate 

cancer, then Drosophila can also be used as a system in which to study different risks 

factor for prostate cancer, and ultimately elucidate their predictive, causative, and 

diagnostic value. 

 

For example, previous studies in the Drosophila central nervous system uncovered a role 

for the HSPG Trol, homolog to human PERLECAN in neural stem cell proliferation 

(Datta, 1995). Further studies showed that Trol modulates neural stem cell proliferation 

by modulating signaling by the growth factors Hh and Bnl (Park et al., 2003). The 

human homologs of Hh and Bnl, SHH and FGF-2 respectively, have been widely 

implicated in cancer in a number of tissues. Furthermore, both SHH and FGF-2 play a 

role in human prostate development (Berman et al., 2004). I hypothesized that 

PERLECAN functions in a similar manner in the prostate, and that it regulates growth 

factor signaling to ultimately control prostate cancer proliferation.  

 

Our results show that human PERLECAN regulates SHH-dependent proliferation in 

advanced prostate cancer. We showed that there is a positive correlation between 

prostate tumors and upregulation of both PERLECAN and SHH. Also, we have shown 

that these two components colocalize in prostate tumors. We then manipulated the 

system using either primary tumor cultures, or prostate cancer cell lines. Our results 

show that PERLECAN–dependent SHH signaling has a significant effect on 

proliferation.   
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Perspectives 

 

Based on the observed genetic link between increased risk for both prostate and brain 

cancer at the CABP locus, and the fact that the human PERLECAN gene maps to the 

same location, we hypothesized that PERLECAN might be the CAPB locus gene, and 

play a significant role in prostate cancer. Based on our previous knowledge about 

PERLECAN mode of action in Drosophila, we proposed that the mechanism for 

PERLECAN action in advanced prostate cancer involved regulation of the SHH 

signaling pathway in prostate tumors. As part of a collaborative study, I have shown that 

Sonic Hedgehog (SHH) signaling is necessary for tumor proliferation in advanced 

prostate cancer, and that PERLECAN regulates SHH- dependent proliferation in 

advanced prostate cancer. I have uncovered two mechanisms for PERLECAN regulation 

of SHH signaling in prostate cancer cells: The first one depends on upregulation of 

PERLECAN expression, and the other involves alterations in PERLECAN 

composition/structure that allow for better binding of SHH. My studies have uncovered a 

significant role for deregulation of developmental signaling as well as an important 

contribution of the microenvironment in advanced prostate cancer.  

 

It has been proposed that the normal direction of SHH signaling, from epithelial cells to 

the mesenchyme is altered in prostate cancer. In this case, epithelial cells would 

themselves be able to respond to SHH, and activate uncontrolled proliferation. There are 

conflicting results concerning this hypothesis. A possible explanation for these 

conflicting results involves taking a closer look at the microenvironment, in which case 

an examination of PERLECAN levels in the cells/media might shed some light on the 

mechanisms involved.  

 

My results have emphasized the important role of the microenvironment in prostate 

cancer in terms of SHH and PERLECAN, uncovering two potential drug targets and 
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biomarkers. My work on an androgen dependence to androgen- independence cell line 

model also raises the possibility that cancer cells may be switching from androgen 

signaling to signaling by SHH and possibly other growth factors, as a means to sustain 

growth and proliferation (Figure 5.1). In this case, PERLECAN plays a role as a 

regulator of extracellular signals present in the microenvironment (Figure 5.2). In this 

context, the ability of cells to respond to the low concentrations of growth factors present 

in the epithelium will be greatly influenced by the levels/composition of PERLECAN 

present. In this context, inhibition of PERLECAN function could be an effective target 

for treatment strategies of metastatic prostate cancer.  

 

As I pointed out earlier, the inherent heterogeneity of prostate cancer creates a necessity 

to tailor screening and treatment strategies for subsets of tumors. The greatest priority 

would be the highly invasive and metastatic tumors. The most commonly used 

biomarker used for early detection is PSA, yet it has shown no benefits from early 

detection in patients with a Gleason Grade of 7 or higher (D'Amico et al., 2001). 

Therefore, establishment of molecular markers that correlate with high Gleason score 

would be a useful. PERLECAN correlates positively with a Gleason score of 6 or higher 

(Datta et al., 2006a), suggesting a potential to be developed as a marker for aggressive 

prostate tumors.  

  

SHH signaling has been shown to play a role in other types of cancer, including small 

lung (Watkins et al., 2003), brain tumors, pancreatic cancer (Thayer et al., 2003) and 

gastric adenocarcinoma (Ma et al., 2005). Notably SHH signaling plays an important 

role in the normal development these organs. In some of these cases, such as glioma, the 

transcription factor GLI1 is altered which causes active SHH signaling even in the 

absence of the SHH ligand. But in many other cases, the activity of the SHH pathway 

depends on the presence of SHH ligand (Ma et al., 2006). This raises the possibility that 

PERLECAN might also be present in these tumors, and that it is regulating the 

aggressiveness of the phenotype. A closer study of the microenvironment in these types 
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Fig. 5.1. From androgen signaling to growth factor signaling. 
Schematic diagram representing the role of perlecan in swithching to 
growth factor signaling. 
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Fig. 5.2 model of PERLECAN regulation in the microenvironment for 
maintained signaling and proliferation. 
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of cancer will give us insight into whether PERLECAN regulation of SHH signaling is a 

common feature of these types of aggressive cancer. This raises the possibility that 

deregulation of developmental signaling in cancer, a common feature of all these types 

of tumors, is being mediated by the cellular microenvironment, notably by heparan 

sulfate proteoglycans such as PERLECAN. 

 

The fact that PERLECAN regulation of SHH–dependent proliferation is conserved from 

Drosophila to humans highlights the role of conserved signaling mechanisms in 

processes of clinical relevance. This type of result is a strong validation of the use of a 

lower organism such as Drosophila as a starting point for formulating and testing 

hypotheses about other risk factors that might be relevant to human prostate cancer 

(Figure 5.3).  

 

 Among the risk factors for prostate cancer is a diet rich in cholesterol. Prostate cancer 

incidence has been rising steadily since the 1950’s according to the American Cancer 

Society, and this increment is partly due to environmental factors. It has been shown that 

populations with traditional low incidences of prostate cancer (such as the Japanese and 

Chinese) experience a sharp increase in incidence upon migration to sites where prostate 

cancer incidence is high (Abel and Lanani, 2003), indicating that external factors play a 

role. It is thought that one of these external influences is diet; the western diet is rich in 

saturated fat and cholesterol. Recent reports have shown a positive correlation between 

high cholesterol levels (hypercholesterolemia) and prostate cancer (Bravi et al., 2006). 

Cholesterol has also has been shown to augment cell survival in prostate cancer models 

(Zhuang et al, 2005). Interestingly, cholesterol is an important modifier of a variety of 

signaling molecules, such as SHH and Wnt, which are connected to prostate cancer. This 

raises the possibility that nutritionally supplied cholesterol levels may have an effect on  
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Fig. 5.3 From humans to Drosophila. Summary of how model organisms can be 
used to gain  mechanistic insights, and validate them in human systems in order to 
dicover new drug targets/biomarkers. 
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prostate cancer cell survival due to an increase in the formation of cholesterol-modified 

SHH signaling. Cholesterol modification is an important step in the processing of mature 

SHH ligand (Zeng et al., 2001). All Hh proteins are produced as preproteins, which 

undergo autocatalytic cleavage. At this time, a cholesterol adduct is added to the N-

terminus, which forms the active signaling portion. The fully processed form of SHH 

also undergoes palmitoylation after cholesterol modification. The importance of 

cholesterol and palmitoyl modifications is conserved from Drosophila to humans, and 

initial inferences about the role of cholesterol modifications have been characterized in 

Drosophila. Initially, it was thought that the unmodified N-terminal portion of Hh, 

termed HhN, retained full signaling activity (Porter et al., 1995). Further studies have 

identified a role for cholesterol modification in modulating SHH signaling strength 

(Porter et al., 1996b) (Karpen et al., 2001) and range (Zeng et al., 2001) (Wendler et al., 

2006) (Dawber et al., 2005). The precise mechanism for lipid-modified Hedgehog 

remains a subject of controversy. There is also strong evidence for the important role of 

heparan sulfate proteoglycans (HSPG) in the adequate relay of the Hh signal (The et al., 

1999).  

 

In the Drosophila CNS, Hh acts as an activator of neural stem cell proliferation. To 

elucidate the importance of cholesterol modification for Hh signaling in this system, we 

overexpressed HhN in the first instar larval brain. To our surprise, HhN acted as an 

inhibitor of neuroblast proliferation in a dose-dependent manner. We hypothesized that 

HhN might be acting as a competitive inhibitor of cholesterol-modified Hh. To test this 

hypothesis, we first set out to evaluate the levels of Hh signaling in the event of HhN 

overexpression. My results show a negative feedback loop in Hh signaling, where hh is 

expressed in accordance to the levels of Hh signaling present. In this context, HhN acts 

as a Hh analog, and causes a decrease in the levels of endogenous Hh signal. This 

preliminary results need to be further evaluated in terms of the mechanism for the 

proposed Hh negative feedback loop as discussed in Chapter II. 
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We have shown that unmodified and cholesterol- modified forms of Hh have different 

effects in Drosophila neural stem cell proliferation. My results suggest a possible 

mechanism for this difference, and have uncovered a negative feedback loop that 

appears to regulate levels of Hh signaling in the Drosophila brain. These results raise the 

possibility that a similar mechanism might be in place in prostate cancer cells. While this 

avenue of research will provide mechanistic insight in terms of disease progression, in 

terms of clinical significance the effect might be of lesser impact. One reason for this is 

that high levels of cholesterol are a risk factor for a variety of other diseases, notably 

cardiovascular disease, the number one cause of mortality in men and women in the 

United States (Mehra, 2007). Given the clinical importance of cardiovascular disease, a 

significant number of the population already undergoes preventive screening for high 

cholesterol levels. Management of cholesterol levels is also extensive with dietary 

restrictions and treatment with statins, which lower cholesterol levels. Since prostate 

cancer is a disease of older men, and risk for cardiovascular disease presents at a 

younger age, clinical factors associated with risk for cardiovascular disease cause 

potential patients to be on treatment for high cholesterolemia by the time it might 

become relevant for prostate cancer. 

 

Age is the principal risk factor for prostate cancer (Bostwick et al., 2004). A number of 

factors render the aging prostate more susceptible for cancer; these include an increase in 

genomic stability, oxidative and inflammatory stress, and alterations in the prostate 

microenvironment (Bavik et al., 2006). It is important to gain understanding of the 

mechanisms that cause the aging prostate microenvironment to have increased 

susceptibility to prostate cancer. This may uncover potential signaling mechanisms or 

microenvironment components that play a significant role in this process. These could 

have potential as clinical biomarkers, or drug targets. Recent studies in model organisms 

suggest that restoring normal aging-related signaling in adult animals has a significant 
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effect on lifespan (Dillin et al., 2002). This raises the possibility that the aging prostate 

microenvironment can be manipulated to restore maintenance. 

 

Recent research in both the fields of aging and cancer has uncovered a possible link 

between these two processes. Although research in this new field has emerged only 

recently, there have already been reports of the contribution of the microenvironment to 

both aging and cancer progression (Krtolica et al., 2001). Elucidating the mechanisms 

underlying aging, and the impact of this factor on the processes such as cancer presents 

special requirements in a model. Cell lines have been successfully used to study the 

effects of senescent components in proliferation and growth. Yet this in vitro system is 

not well suited for recapitulating the complex process of aging, and its impact on 

tumorigenesis/ metastasis.  

 

Mammalian models for prostate cancer include rat models that have been successfully 

used to study spontaneous tumorigenesis, as well as transgenic mouse models that have 

specific mutations in oncogenes or tumor suppressors. This allows for the elucidation of 

the function of these specific genes in vivo in the process of tumorigenesis. A 

disadvantage of mammalian models when studying the contribution of aging in 

tumorigenesis is the long lifespan of mice and rats, in the order of years, This makes the 

study of mutations affecting the lifespan and aging in mammalian systems, and their role 

on cancer development and progression costly and time- consuming. Lower organisms, 

such as C.elegans and Drosophila have been extensively studied in terms of 

development, and are established models for aging. Drosophila has also been used to 

model carcinogenesis and metastasis. This makes Drosophila an ideal system for 

studying the aging microenvironment and its impact in cancer progression. In the 

specific case of prostate cancer, it would be useful to have an organ analogous to the 

human prostate to model the impact of different factors in an organ-specific manner. 
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I have proposed a system to model prostate cancer in Drosophila. I have shown that the 

Drosophila Ejaculatory Bulb (EjB), an organ of the male Drosophila reproductive 

system, shows deep homology with the human prostate, and recapitulates 

microenvironment components and growth factor signaling that have been shown to be 

important in prostate cancer. I have also shown that expression of trol (the Drosophila 

Perlecan homolog) and Hedgehog signaling are regulated by physiological aging in the 

EjB. My progress towards modeling tumorigenesis in the EjB includes the engineering 

of an overgrowth model using overexpression of the oncogene Ras, as well as a possible 

spontaneous overgrowth phenotype in aged flies. 

 

 An important validation of this model is the ability to recapitulate tumorigenesis, 

invasion, and metastasis. In other Drosophila models of metastasis, this has been 

achieved by using a double-mutation screening strategy (Pagliarini and Xu, 2003). The 

system is sensitized by overexpression of an oncogene such as Ras, and then screened 

for secondary mutations that will result in a metastatic phenotype. This approach has 

uncovered genes in the apico-basal polarity pathway that lead to metastatic behavior. 

With this previous knowledge, a double mutant strategy can be used to test if 

tumorigenesis and metastasis can be modeled in an EjB-specific manner. To this end, an 

EjB-specific promoter has been engineered, which can be utilized to drive expression of 

different genes specifically in the EjB. Future directions of this project include testing 

the double mutant strategy and its effectness at modeling tumorigenesis and metastasis.  

 

 In summary, my studies have offered insight into application of the emerging paradigms 

in cancer to obtain clinically relevant results and integrating them into a new model for 

prostate cancer. The contribution of heparan sulfate proteoglycans in regulation of 

growth factor signaling might be a common mechanism in cancer progression, and it 

highlights the importance of the microenvironment as a drug target. My studies also 

validate the use of Drosophila as a system in which to formulate initial hypotheses about 

mechanisms that affect processes of clinical relevance.  
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