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ABSTRACT 

Insulin-like growth factors have weil characterized mitogenic and antiapoptotic effects in 

a number of normal and transformed ce11 types that are mediated through binding to the 

IGF-1 receptor. IGF activity is modulated by at least six insulin-like growth factor 

binding proteins (IGFBPs) that bind IGFs with high f i n i t y .  Recently, it has been 

proposed that IGFBPs may play an important role in regulating apoptosis. This thesis 

provides evidence that IGFBPs induce apoptosis in v i ~ o ,  and are associated with 

involution of ventral prostate and with regression of androgen-dependent and estrogen- 

dependent Rimors in vivo. We show here that IGFBP-3 induces apoptosis in MCF7 breast 

cancer cells, and that apoptosis induced by the antiestrogen ICI 182,780 is rnediated in 

part by increased IGFBP-3 accumulation. In the normal rat prostate, increased expression 

of genes encoding IGFBPs 2,3.4 and 5 is observed during apoptosis induced by 

castration, the antiandrogen bicalutarnide, or the vitarnin D3 analogue EB 1089. A 

dramatic increase in IGFBP-5 gene expression is observed during castration-induced 

apoptosis in androgen-dependent Shionogi turnors. Inhibition of apoptosis in Shionogi 

tumors with calcium channel blockers attenuates castration-induced IGFBP-5 expression. 

These results indicate that IGFBPd gene expression is related to apoptosis, rather than 

being strictly under hormonal regulation. lncreased expression of IGFBPs 2,3,4 and 5 is 

observed in regression of DMBA-induced rat marnrnary tumors induced by estmgen- 

ablation. Rapid induction of IGFBPs can lirnit access of IGFs to the IGF-1 receptor and 

rnay therefore initiate induction of apoptosis. Taken together, these results demonstrate 

that IGFBPs play a role in apoptosis and suggest that stmtegies which target IGF 



pathways may augment the actions of hormone-targeting thetapies for breast and prostate 

cancer prevention and treatment by enhancing apoptosis in hunoa. 



Les facteurs de croissance de type insuline ont un effet mitogénique et antiapoptique bien 

défini, affectant une multitude de diffbent types de cellules nomiales et transformées, 

lors de leurs attachement au récepteur IGF-1. L'activité de la molécule IGF est modulée 

par au moins six protéines d'attachement aux facteurs de croissance de type insuline 

(IGFBP) dont I'affhité A se fixer aux molécuies IGF est élevée. On a propose récemment 

que les molécules IGFBP pouvaient avoir un rôle important dans la régulation de 

l'apoptose. Cette thèse démontre que les IGFBP induisent I'apoptose in vitro et que ces 

molécuies sont associées a l'involution de la prostate ventrale et a la régression des 

tumeurs de type androgène dépendente et de type œstrogène dependente in vivo. Nous 

démontrons ainsi que I'IGFBPJ induit I'apoptose des cellules cancéreuses du sein 

MCF7, et que l'apoptose induite par les anti-œstrogène ICI 182,780 est effectuée en 

partie par une augmentation de l'accumulation des molécules IGFBP-3. Dans la prostate 

normale du rat, une augmentation de l'expression des génes codant pour les IGFBP 2,3,4, 

et 5 sont observés durant I'apoptose induite par castration, par l'anti-androgène 

bicaiutamide et par les analogues de la vitamine Di EB1089. Une augmentation 

dramatique de I'expression du gène de I'IGFBP-5 est observée durant I'apoptose induite 

par castration des tumeurs androgène dépendante Shionogi. De plus, l'inhibition de 

I'apoptose des tumeurs Shionogi en utilisant des substances bloquant les canaux de ca2' 
atténuent l'induction par castration de I'expression du gène IGFBP-5. Ces résultats 

indiquent que l'expression du gène IGFBP-5 est reliée a l'apoptose plutôt que d'être 

strictement sous contrôle hormonal. L'augmentation de l'expression des gènes IGFBP 

2'3'4 et 5 est aussi observée lors de la régression, par ablation de l'œstrogène, des 

tumeurs mammaires du rat induites par DMBA. L'induction rapide des IGFBP limiterait 

l'accks des molécules IGF au récepteur IGF-1 et par conséquent pourrait provoquer 

l'apoptose. En résumé, ces résultats démontrent que les molécules IGFBP participent a 

l'apoptose et suggtrent que des stratégies visant le mécanisme des IGF pourrait 

augmenter l'efficacité des thérapies hormonales spécifiques a la prévention des cancers 

du sein et de la prostate et aux traitements de ces tumeurs en augmentant leurs apoptose. 
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INTRODUCTION 

This thesis focuses on insulin-like growth factor physiology in apoptosis. More 

speci ficall y, it addresses the question of whether insulin-like growth factor binding 

proteins play a role in apoptosis. Insulin-like growth factors have mitogenic and 

antiapoptotic effects on a number of normal and transformed ce11 types which are 

mediated through binding the IGF-1 receptor. tnsulin-like growth factor binding proteins 

modulate IGF activity by associating with IGF ligands outside the cell, or may have 

direct effects on ce11 proli feration. 

The observation that IGFBP expression in the breast increases during post-lactational 

involution and evidence that the tumor suppressor p53 can increase IGFBPJ secretion 

led us to hypothesite that IGFBPs play a role in apoptosis. The fact that many 

compounds used for treatrnent or prevention of breast and/or prostate cancer induce 

apoptotic regression of tumon provides a strong rationaie for investigating this 

hypothesis, as strategies that target IGF pathways may augment the action of such 

therapies. 

The main objectives of the thesis were to determine if we could define an experimental 

system where IGFBPs can induce apoptosis in vim and to attempt to provide evidence 

that expression of IGFBP genes are associated with apoptotic regression in a nurnber of 

systems in vivo. Severai models, including both in vitro and in vivo models, of apoptosis 

were used here to establish a role for IGFBPs in apoptosis: 



1 ) MCF7 breast cancer cells 

2) Involuting normal ventral prostate of: 

* castrated rats 

+ rats administered the antiandrogen bicalutamide 

+ rats administered the vitamin D3 analogue EB 1089 

3) Regressing androgen-de pendent S hionogi tumon in castrated mice 

4) Regressing DMBA-induced mammary tumors of ovariectomized rats 

The thesis is divided into 8 parts. The fmt part is a detailed review of literature pertainùrg 

to IGFs and IGFBP physiology. Parts 2 to 7 are manuscripts which describe the 

experiments performed to address our hypothesis and interpret the results obtained. 

Comecting texts that provide a bridge between the different papers is presented as a 

preface to each section. Part 8 is a general discussion of our findings, including severai 

models for the mechanism of IGFBP action in apoptosis and future directions for this 

area of research, 



Part 1 : LITERATURE REVIEW 

1.1 The Early Days of IGF Research 

The somatomedin hypothesis was proposed in the 1950's to explain the high potency of 

GH when injected into rats to increase "s-sulfate uptake into cartilage in contrast to its 

ineffectiveness when administered in vilro (1). It was proposed that these effects of GH 

were mediated by an intermediary sulfarion factor that is found in the serum. AAer the 

isolation of sulfation factor fiom plasma of acromegaiic patients (2), it was observed that 

purified fractions stimulated both sulfate uptake and DNA synthesis (3,4). Following this 

discovery, sulfation factor was renarned somatomedin to reflect the range of actions of 

this GH dependent senun factor (5). 

Concurrent studies of insulin action revealed an insuiin-like activity in serum that could 

not be neutralized with insulin antibodies and was called "non-suppressible insulin-like 

activity (NSILA)" (6). When purified NSILA extracts were found to stimulate both 3 S ~ -  

sulfate uptake into cartilage and glucose uptake by fat, somatomedin was suspected as 

being responsible for these actions (7). The purification of NSILAs resulted in the 

isolation of two peptides whose arnino acid sequences shared 50% homology with that of 

proinsulin and thus were narned "insulin-like growth factor I" and "insulin-like growth 

factor II" (8, 9). Eventually, cornparison of the sequences of sornatomedin-C, the major 

bioactive constituent of somatomedin, and sulfation factor revealed their identity as IGF-1 

(10). A second bioactive molecule with insulin-like activity, somatomedin-A, was found 

to have 70% homology with IGF-1 in its arnino acid sequence and was designated as IGF- 



II (8, 9). While IGF-1 and IGF-II are the principal somatomedins of human serum, a 

number of variant f o m  with insulin-like activity have been reported (reviewed in (1 1)). 

As IGF-1 proved to be the most GH dependent, the somatomedin hypothesis was restated 

to indicate that "GH acts on the liver to stimulate synthesis and secretion of IGF-1 which 

acts on its targets in a true endocrine fashion" (12). Later, the demonstration that many 

tissues produce IGF-I locally provided evidence for the autocnne andlor paracrine actions 

of IGF-I(13). 

1.2 The Insulin-Like Growtb Frictom 

The insulin-like growth factors (IGF-1 and IGF-II) are single-chah polypeptides with 

structural homology to proinsulin. IGF-II is expressed early during development while 

IGF-1 is expressed at a later stage and is responsible for mediating the growth-promoting 

effects of growth hormone (14). Mice with nuil mutations of the IGF-1 or IGF-II genes 

exhibit marked deficiencies in growth and development and combined deficiency of both 

genes has a greater impact than lack of either (15). IGFs exert their effects on 

proli feration, differentiation and ce11 survival b y interacting with the type 1 IGF receptor 

and can be regulated by binding the type 11 IGF receptor as well as by interacting with a 

number of IGF binding proteins (16). IGFs circulate in senun, exerting their effects 

throughout the body in a true endocrine fashion. In addition, IGFs are produced by most 

tissues of the body where they act in a paracrine d o r  autocnne manner. 



1.2.1 Saudure of IGF-I 

Human IGF-1 is a single CM polypeptide with 70 amino acids and a molecular weight 

of 7649 ma. The secreted IGF-1 polypeptide has 4 domains (A to D) containing three 

intrachain disulnde brides with a tertiary structure almost identical to that of proinsulin 

and IGF-II (16). IGF-1 is highly conserved arnong rnammalian species. Bovine and 

porcine IGF-1 are identical to human IGF-1 (17. 18) while rat and mouse IGF-I peptides 

differ fiom human IGF-1 by three and four amino acids respectively (19,20). 

Analysis of IGF-1 protein structure and function using site-directed mutagenesis (2 1) and 

a number of monoclonal antibodies (22) indicates an overlap between binding sites for 

the IGF-IR and IGFBPs. A large area of IGF-1 seems to be involved in its binding to the 

IGF-IR, providing an explanation for the inability to obtain IGFBPAGF-I/IGF-IR tertiary 

complexes (23). 

1.2.2 Structure of IGF-II 

The human IGF-II peptide has 67 amino acids with a molecular weight of 7471 and is 

stnicturally very similar to IGF-1. The Igf-2 gene is subject to genomic impnnting such 

that only the patemal allele of Id2 is expressed in mice (24) as well as in humans (25). 

1.3 The IGF Receptors 

IGFs bind to two known recepton: The type 1 IGF receptor (IGF-IR) has the highest 

afEnity for IGF-1, although it mediates the mitogenic effects of IGF-II and insulin as 

well. The biological response nsulting fiorn ligand binâing to the IGF-IR involves a 



number of intracellular signalhg pathways which are activated by the intrinsic tyrosine 

kinase activity of this receptor. The type II IGF receptor (IGF-DR) binds primarily IGF-II 

at the ce11 surface. This receptor, which also hinctions in the trafficking of lysosomal 

enzymes, is not believed to transmit an intracellular signal but rather controls IGF-iI 

bioactivity by internalishg exûacellular IGF-II for lysosomal degradation. In this regard. 

the IGF-IIR acts as a "sink" for IGF-LI. reducing the bioactivity of IGF-II by competing 

with the IGF-IR for IGF-II. Observations that overexpression of the IGF-IIR decreases 

proliferation while reduced expression of the IGF-IIR increases proliferation supports this 

view. The importance of the respective IGF receptors may Vary depending on the ce11 

type and stage of development, but they are each essential for normal growth (26). 

1.3.1 The Vpe I IGF receptor: Structure and Function 

Most of the cellular effects of the IGFs are mediated by binding of the peptides to the 

IGF-IR. The IGF-1 receptor is synthesized as a single polypeptide chah that undergoes 

post-translationai modification to yield a and P subunits linked by disulfide bridges. At 

the ce11 surface, these half-receptors dimerize to fom a functional a2P2 IGF-I receptor 

that is structurally similar to the insulin receptor (Figure 1). Ligand binding specificity is 

conferred by the cysteine-rich regions of the a-subunit extracellular domain while 

tyrosine kinase activity resides in the cytoplasmic p-âomain (27). The IGF-IR binds IGF- 

1 and IGF-II with high d i t y  (Ko= InM and 3nM respectively), and also binds insulin 

with approximately 100-fold lower afTinity (1 4). 
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Figure 1. Structural characteristics of the receptors for insulio and the I G h .  
(Adapted fiom (14,45)) 



Ligand binding to the cysteine-rich domain in the a-subunit of the IGF-IR transmits a 

signal through the ce11 membrane to the P-subunit, which undergoes conformational 

changes resulting in activation of the tyrosine kinase activity of the receptor (27). 

Autophosphorylation of a cluster of three critical tyrosine residues m e r  activates the 

intrinsic tyrosine kinase activity of the IGF-IR towarâs phosphorylation of other sites in 

the receptor and in cytoplasmic substrate proteins. Autophosphorylation ori tyrosine 

residues occurs in trans, with one P-subunit phosphorylating the other member of the 

dimerized half-receptors (28). 

Activation of the receptor and propagation of subsequent cytoplasmic signaling is very 

similar for the IGF-IR and the IR, although the signal transduction pathways diverge 

eventually. The major substrates phosphorylated by IGF-IR and IR upon ligand binding 

are IRS-1 and IRS-2 (Figure 2). These proteins contain tyrosines which occur in the 

YMXM sequence, a recognition motif for the binding of several SH2-containing proteins 

thus, phosphorylated IRS proteins serve as docking sites for a variety of signal 

transduction modulators. Many of the mitogenic effects of IGFs are transmitted through 

the PI3K pathway. Binding of the p85 regulatory subunit of PI3K to YMXM motifs in 

IRS activates the intrinsic lipid kinase activity of the associated pl 10 catalytic subunit 

and leads to downstream phosphorylation and activation of the serine-threonine kinase 

p70s6K , ultimately leading to a gene regulation in the nucleus which elicits a biological 

response (14). Another signaling pathway activated by P13K involves Akt (also known as 

PKB or RAC-PIC), a serine-threonine kinase that is proposed to mediate the antiapoptotic 

effects of the IGF-IR (29), although there is controversy regarding the role of Akt in 



Figure 2. Sipaüng pathways for the IGF-I receptor. 
(Adapted from (14,30,263)) 



protecting cells fiom apoptosis. Akt may also be activated by a PDK-independent 

pathway involving p38/HOG and MAPKAP kinase 2 (30). 

The second major signaling pathway for the IGF-IR is the MAPK pathway (Figure 2). 

Tyrosine phosphorylation of IRS results in the formation of a complex involving IRS, 

Grb2 and the guanine nucleotide exchange factor SOS. This complex is necessary for the 

activation of Ras which in tum activates Raf and leads to the sequential activation of 

MEKK, ERK-1 and ERK-2 (MAP kinases), p70RSK and finally of transcription factors 

that regulate gene expression (27). The MAPK pathway is also believed to contribute to 

the antiapoptotic effects of IGF-1 (3 1 ). 

IRS proteins also phosphorylate a nurnber of other SH2-containing proteins such as SHC, 

the phosphotyrosine phosphatase Syp, the cytosolic tyrosine kinase Fyn, the Ras activator 

Vav, and the adaptor proteins Nck and Crk. IGF-IR aiso phosphorylates and/or interacts 

with other signaling proteins independently of IRS including the p85 subunit of PI3K, 

S hc, Syp, and Grb 1 O, an adaptor protein whose function remains unknown (27). 

3 2  The Wpe II IGF r e c e p ~  Stcucture and Funetion 

The IGF-II receptor is identical to the cation-independent mannosebphosphate (Man-6- 

P) (32). The receptor is a 275 kDa single transmembrane polypeptide chah consisting of 

a large extracellular domain containing binding sites for IGF-II and Man-6-P, and a shon 

cytoplasmic region (Figure 1 ) (3 3). Cell surface IGF-Uhlan-6-P receptors bind IGF-II 

with high a.fEnity (KD= 0.7n.M). The receptor also binds IGF-1, although the affinity is 



approximately 500-fold lower, and does not bind insulin (14). In mice, the Ig12r and Igf2 

genes are oppositely imprinted, so only the maternai allele of 1 ,  and only the patemal 

allele of Ig12 are expressed (24,34). In humans, IgJIr is not imprinted (35). 

The classical physiologicai functions of the Mao-6-PAGF-IIR include tramfer of Man-6- 

phosphorylated lysosomal enzymes fiom the Golgi to lysosomes (36) and activation of 

man-6-phosphorylated pro-TGFP (37). The h c t i o n  of the IGF-IIR with respect to IGF- 

II activity is not cornpletely clear. The majority of the mitogenic effects of IGF-II are 

mediated through the IGF-IR or the IR (38, 39). It is generally agreed that the IGF-IR 

acts as an IGF-II antagonist. When IGF-II binds to the IGF-[IR, it is intemalized and 

degraded, making it unavailable to activate the IGF-IR (40). IGF-IIR -1- mice have 

elevated serum levels of IGF-II compared to wild-type, and a larger body size which 

could be rescued by homozygous deletions of either IGF-IR or IGF-II genes. These 

anirnals die shortly afier birth, possibly due in part to hyperactive IGF-IR signaling (41). 

While it has been reported that IGF-II induces cellular signaling mediated by the IGF-IIR 

coupling with G proteins (42, 43), other studies fail to demonstrate an interaction 

between IGF-IIR and G proteins (44). Evidence that Man-6-P/IGFZR loss of function 

mutations may be involved in the pathogenesis of a wide spectrum of malignancies has 

led to its consideration as a candidate tumor suppressor gene (45). 



1.4 IGFs and IGFlBPs in Serum 

The main source of circulating IGF-1 is the liver where production is stimulated by 

growth hormone. Growth hormone secretion fiom the pituitary is stimulated by GHRH 

and inhibited by somatostatin (Figure 3). IGFs exhibit typical negative feedback effects 

on GH, including both direct effects on GH secretion fiom pituitary and indirect effects 

via stimulation of the release of somatostatin from the hypothalamus. In addition to its 

classic action as an upreguiator of hepatic IGF synthesis and circulating levels, GH also 

has a stimulatory effect on local expression of IGF-1 in extra-hepatic tissues. For 

example, GH administration leads to the appearaace of both immunoreactive IGF-I and 

IGF-1 mRNA in the epiphyseal growth plate (46). 

In mammals, IGF-II is present at much higher levels than IGF-1 before birth and is 

thought to play an important role in fetal growth. M e r  birth, IGF-U levels fa11 in many 

tissues except for the brain. In contrast, IGF-I levels rise after birth in parallel with the 

progressive rise in growtki hormone (47). The mean semm concentration of IGF-1 in the 

normal adult is approximately 18Ong/rnl, but it is important to emphasize that there is 

considerable variation between individuals. The response of IGF-1 to GH o c c m  mainly 

through modulation of gene expression as shown by the increase in hepatic IGF-1 mRNA 

levels in litllit GH-deficient mice treated with GH (48). Other factors influencing serum 

IGF-1 levels include age and nutritional stanis. There is a dramatic increase of IGF-1 

during puberty then an age-dependent downward trend in aduits. Poor nutritional status 

with respect to severe protein-cdorie restriction is correlated with low IGF-1 levels. In 
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Figure 3. The growth hormone-IGF axis. 
(Adapted from (293)) 



adults, concentration of IGF-II in seMa is higher than IGF-1 but is not as responsive to 

hormonal and nutritional changes (49). 

The majority of circulating IGFs in smun are bound as part of a 150 kDa complex with 

IGFBP-3 and a non-IGF binding component temed acid-labile subunit. Approximately 

75% of the IGF-1 and IGF-II in plasma is carried in this temary cornplex, which extends 

the -10 min half-life of fke IGFs and -90min half-life of IGFBP-3 to over 12 h (50). 

There is a close relationship between circulating IGF-1 and IGFBP-3 which are present at 

equimolar concentrations (-1 20- 150 nM) (5 1). Synthesis of circulating IGFBP-3 occurs 

mainly in the liver and is regulated by the same variables which control IGF-1 synthesis, 

namely hormone secretion, nutritional status and age (47). In addition, administration of 

IGF-1 to hypophysectomized animals increases hepatic IGFBP-3 production and 

subsequently raises circulating levels of IGFBP-3 (52). The IGFflGFBP-3/ALS complex 

functions as a storage pool for circulating IGFs and does not leave the vascular 

cornpartment. A number of IGFBP-3 proteases have been identified in serurn, some of 

which are activated during stress, which may allow for the rapid release of IGF from the 

complex thus enabling it to leave the vascular space (14). 

Other IGFBPs fond in the circulation, including IGFBP-1, -2 and 4, can cross 

endothelial barrien and thus may aid transport of IGFs from the circulation to peripheral 

tissues (53). Plasma levels of IGFBP-I are pnmarily under the control of insulin, which 

suppresses hepatic IGFBP- 1 mRNA synthesis. In addition, GH suppresses IGFBP- 1 

synthesis while glucocorticoids have the opposite effect (54). IGFBP-2 is the second 



most abundant 

and increased 

form of IGFBP in senim. IGFBP-2 plasma levels are suppressed by GH 

in response to IGF-1 at the level of hepatic mRNA synthesis (55). 

Circulating IGFBP-2 is unsatunited and may therefore act as a reservoir for fiee IGF-1 

following acute IGF-1 administration. S e m  concentrations of IGFBP-4 are low and may 

be linked to the control of the trophic effects of IGF-1 on bone metabolism. IGFBP-5 and 

-6 are present in human serum at extremely low levels and thus are unlikely to be 

physiologically significant with respect to transport of IGFs (14). 

1.4.1 Disease associations with serum IGF and IGFBP leveh 

Measurement of senim IGF-1 concentrations by RIA or ELISA can be an important tool 

for identieing a number of diseases which are associated with altered serurn IGF-1 levels. 

Recent evidence indicates that serum IGFBP levels also change in certain conditions, and 

that the IGF-VIGFBP ratio in senun may be an important determinant of overall IGF 

bioactivity. 

Serum IGF-1 concentrations are low in patients with GH deficiency (56) and r e tm  to a 

normal range during gmwth hormone therapy. IGF-1 levels are elevated in the serurn of 

patients with acromegaly (57) and are useful in assessing severity of the disease and in 

monitoring the response to therapy with sornatosbtin analogues (58). 

In view of evidence that ce11 proliferation rate is positively correlated with the risk of 

transformation of ceriain epithelial cells (59, 60), rnitogenic IGFs might be expected to 

promote carcinogenesis in these ceil types. To address this hypothesis, Dr. Pollak's 



laboratory carried out several prospective snidies of cancer risk in people with high 

circulating IGF-1 levels. A strong positive association was observed between plasma IGF- 

1 levels and prostate cancer risk (61). Similady, a positive relation between circulating 

IGF-1 and risk of breast cancer was found among premenopausal women (62). In clinical 

trials, administration of a variety of antiestrogens for treatment of breast cancer results in 

significantly reduced serum IGF-1 levels (63,64). A study of s e m  IGF-1 and/or IGFBP- 

3 levels and risk of colorectal cancer in men revealed a positive correlation between 

circulating IGF-1 and risk, and a strong inverse relationship between IGFBP-3 levels and 

nsk of colorectal cancer (65). These fuidings may have important implications for 

prevention, detection and treatment of various types of cancer. 

1.5 The IGF Binding Proteins 

The nomenclature of the IGFBPs was developed as a resdt of the histoncal order in 

which these sequences were identified. Although a number of proteins have recently been 

added to the so called "IGFBP superfarnily" (66), only IGFBPs 1 to 6 bind IGFs with 

high affinity. The IGFBPs share cysteine-rich regions thought to be important for 

disulfide bond formation and preservation of tertiary structure, but differ widely in other 

regions. The homology among the IGFBPs suggests that they are derived fiorn a comrnon 

amestor gene and, over the coune of evolution, have acquired the ability to regulate ce11 

growth (67). interaction of IGFBPs with IGFs has k e n  shown to either inhibit or 



potentiate IGF action (Table l), depending on the mode1 used and the physiological 

context. 

IGFBPs dso  have direct effects on ce11 growth that are IGF-independent, although the 

mechanisms underlying these effects are not clear and remain controversial. Al1 cells and 

tissues synthesize at least one form of IGFBP and, in general, multiple IGFBPs are 

expressed in different combinations in any given cell type (68). This complicates efforts 

to understand the physiological role of the IGFBPs and makes it dificult to discem 

whether their fUnctions are redundant or diverse. 

1 . 1  IGFBP-I 

IGFBP-I was the first IGF binding protein to be purified and sequenced because of its 

abundance in amniotic fluid. 

Inhibition of IGF actions: IGFBP-1 inhibits the effects of IGF-1 or IGF-II when added 

in molar excess of at least 4: 1, or when the form added is highly phosphorylated. Excess 

IGFBP-1 attenuates IGF-I stimulated glucose incorporation into Balbk3T3 fibroblasts 

(69) and phosphorylated IGFBP- 1 inhibits DNA synthesis in chick embryo fibroblasts 

(70). The Uihibitory effects of IGFBP-1 on IGF actions have been demonstrated in 

several in vivo models using transgenic rnice. Retardation of brain growtb or somatic 

growth is observed when high molar excesses of IGFBP-1 are achieved in the brain or 

s e m  respectively (7 1, 72). 

Stimulation of IGF action: Non-phosphorylated IGFBP-1 can potentiate the effects of 

IGF-1 in vitro when added in normal physiologicd ratios of IGF-1 to IGFBP-1 . Under 



Table 1. Biological Actions of the IGFBPs. (adapted from (68)) 

IGFBP-I IGFBP-2 1 CFBP-3 IGFBP-4 IGFBP-5 ICFBP-6 

inhibition of IGF actions + + + + + + 
1 Potcntiation of IGF actions + + + + ? I 

IGF-independent actions + - + ? 



these conditions, IGFBP-1 enhances the mitogenic effects of IGF-1 -5-fold in human 

fibroblasts (73). Non-phosphorylated IGFBP-1 has also been shown to enhance the 

wound healing effects of IGF-1 in vivo by -40% (74). 

IGF-independent effects: Transfection of IGFBP-1 cDNA into CHO cells or addition of 

rhIGFBP-1 to normal CHO cells increases the rate of ce11 migration and these effects are 

independent of IGF-1. IGFBP-I has an Arg-Gly-Asp @GD) sequence (Table 2) through 

which it binds the a5P1 integrin receptor, and this interaction is required for the effects 

of IGFBP-1 on ce11 migration (75). 

1.5.2 IGFBP-2 

IGFBP-2 hm a four-fold higher affinity for IGF-II than for IGF-I and is expressed in 

tissues when IGF-II is present. For example, IGFBP-2 is abundant in the CNS and is the 

principal IGFBP in cerebral spinal fluid. Its expression is also hi& in the fetus, then 

declines after birth (49). 

Inhibition of IGF actions: IGFBP-2 bas been shown to inhibit DNA synthesis in chick 

embryo fibroblasts (76) and attenuates IGF-II stimuiated DNA synthesis in lung 

carcinoma cells (77). Experiments using des-IGF-1, an IGF-1 analogue that does not bind 

IGFBPs, demonstrated that des-IGF-1 is a more potent stimulator of MDBK cells than 

IGF-II, suggesting that IGFBP-2 secreted by these cells attenuates the mitogenic effects 

of IGFs (78). 

Stimulation of IGF actions: IGFBP-2 has been reported to be a weak potentiator of IGF 

effects. Bovine IGFBP-2 was shown to potentiate the response of smooth muscle cells to 

IGF-1 by 80% (79). IGFBP-2 knockout anllnals have very smdl spleens compared to 



Table 2. Cbaracteristics of IGFBPs. (adapted from (68)) 

Structural Cbinettristic or IGFBP-1 ICFBP-2 IGFBP-3 ICFBP4 1GFBP-5 IGFBP-6 
Pd-Tmnslitionil Modification 

Glycosy lation - - N N O O 

Phosphorylation + - + + ? 

Protcoly3is - + + + + ? .  

Heparin binding - +* + + ? 

Ce11 surface ECM association - + + - + ? 

RGD scquence 4- + - - - - 
Wa) 25 36 46 24 28-32 30 

IGF binding prefertncc both IGF-II both both IGF-II IGF-II 

N = N-linked glycosylation 

O = O-linked glycosylation 

= only when bound to IGF-1 or IGF-II 



control animais for which IGF-1 is known to be responsible for enlargement of this organ, 

suggesting that IGFBP-2 enhances this effkct of IGF-I(80). 

1.5.3 IGFBP-3 

Inhibition of IGF action: Addition of excess IGFBP-3 has been shown to attenuate the 

insulin-like effects of [GF-1 in Balblc3T3 cells (81) and IGF-I stimulated DNA synthesis 

in human skin fibroblasts (82). Transfection of BalbIc3T3 cells with IGFBP-3 sirnilady 

decreased the rate of ceIl proliferation, and this inhibition could not be overcome with 

insulin which has mitogenic activity in these cells but does not bind IGFBP-3 (83). 

IGFBP-3 also inhibits the mitogenic effects of IGF-1 in chick fibroblasts and IGF-1 

sthulated steroidogenesis in grandosa cells (68). Increased accumulation of IGFBP -3 is 

associated with the antiproliferative actions of antiestrogens (84), TGFP (85), retinoids 

(86), TNFa (87) and p53 (88). IGFBP-3 in solution has a significantly higher affmity for 

IGF-1 and IGF-II than does the IGF-IR, and thus is capable of preventing interaction of 

IGFs with the receptor (14). It has recently been proposed that IGFBP-3 may interact 

directly with the IGF-IR based on observations that IGFBP-3 is able to displace des(l- 

3)IGF-1, an IGF analogue with reduced afinity for IGFBPs, fiom the IGF-1 receptor (89). 

Stimulation of IGF action: It was originally reported that pre-incubation of fibroblasts 

with IGFBP-3 prior to addition of IGF-i stimulates ce11 proliferation (90). It was later 

observed that CO-incubation of cells with IGFBP-3 and increasing concentrations of IGF-I 

results in a dose-dependent increase in DNA synthesis (91). Evidence that pre-incubation 

of cells with IGFBP -3 prevents down-regulation of the IGF-IR provides one explanation 

for the enhancement of IGF-1 actions by IGFBP -3. Another possibility is that association 



of IGFBP-3 with ce11 suface proteins (92), which lowers the affinity of IGFBPJ for 

IGFs (93), increases the availability of IGFs for binding the IGF-IR (94). 

IGF-indenendent effcets: IGFBP-3 inhibits the growth of fibroblast ce11 lines which 

have a targeted disruption of the IGF-IR gene (95). More recently it has been reported 

that an IGFBP-3 fragment which does not bind the IGFs ha9 antiproliferative effects on 

these cells (96). demonstratiae that the growth inhibition by IGFBPJ is independent of 

IGFs, although there is a possibility that the fragment may interact with insulin (97). 

IGFBPJ inhibits the growth of HS578T human breast cancer cells independently of IGF 

action (98). It was further demonstrated in HS578T celis that IGFBP-3 binds to specific 

ce11 surface proteins that were proposed to mediate the direct growth inhibitory effects of 

IGFBPJ (99). The inhibitory effect of IGFBP-3 can be partially overcome by co- 

incubation with IGF-1 but not by co-incubation with IGF analogs which do not bind 

IGFBPs, suggesting that the IGFBP-3/IGF-1 complex does not interact with the IGFBP -3- 

specific binding sites nor with the IGF-IR (100). Although a partial sequence for a so 

cdled "IGFBP-3 receptor" was reported (101), at present there is insufficient evidence 

that these IGFBP -3-binding sites transduce IGFBP-3-mediated effects (1 02). However, it 

has recently been reported that IOFBP-3 binds competitively to the type V TGFP 

receptor (1 03). Interestingly, IGFBP-3 is known to mediate the antiproliferative effects of 

TGFP in breast and prosuite cancer cells (85, 104). Although the type V receptor has not 

yet been cloned it appears to play an important role in TGFP-induced growth inhibition 

(105) and for now may be considered a putative IGFBP -3 receptor. 



Direct growth-inhibitory effects of IGFBP-3 may also be mediated by interaction of 

IGFBP-3 with nuclear proteins (106). A nuclear localization signal has been identified in 

the sequence of human IGFBP-3 (107) and localization of the protein in the nucleus has 

been observed in lung and breast cancer cells (108, 109). 

1.5.4 IGFBP-4 

IGFBP-4 was originally isolated fiom conditioned media of a human osteosarcoma ce11 

line (1 10). It is unique among the IGFBPs in that it is the only member that has been 

shown to consistently inhibit IGF action. 

Inhibition of IGF action: IGFBP-4 has been shown to inhibit IGF-1 stimulated growth 

of chick pelvic cartilage (1 IO), colon carcinoma cells (1 11) and smooth muscle cells 

(1 12). Furthemore, transfection of prostate epitheliai cells with IGFBP-4 delays omet of 

tumor formation when these cells are injected into nude mice (1 13). The secretion of 

IGFBP-4 proteases by a number of ceIl types is correlated with an increased rate of ce11 

proliferation. In general, IGFBP-4 seems to huiftion as an inhibitor of IGF action and 

may protect cells fiom over-stimulation by lGFs (68). 

1. Sa5 IGFBP-5 

Inhibition of IGF action: IGFBPd generally nsults in inhibition of IGF actions when 

added in molar excess to ce11 lines that do not secrete IGFBP-5 proteases (14). IGFBP-5 

has been shown to inhibit IGF stimulated DNA synthesis in osteosarcoma cells (1 14) and 

IGF dependent steroidogenesis in grandosa cells (1 15). Experiments using IGFBP-5 

antisense oligonucleotides have demonstrated that IGFBP -5 is nsponsible, at least in 



part, for the antiproliferative effects of the antiestrogen ICI and vitamin D3 on MCF7 

cells (1 16, 1 1 7). 

Stimulation of IGF action: IGFBP-5 binds to proteoglycans of extracellular matrix. 

Association of IGFBP-5 with glycosaminoglycans, such as heparin, requires a number of 

critical amino acids in a highly basic region of the IGFBP-5 peptide (1 18). IGFBP-5 also 

binds to extracellular matrix by binding plasminogen activator inhibitor4 and vitronecth 

(1 19). When associated with extracellular matrix, IGFBP-5 potentiates the mitogenic 

effect of IGF-I(120) and IGF-II (121). The affïnity of IGFBP-5 for IGF-1 is lowered -8- 

fold when associated with extracellular matrix, and thus may increase the availability of 

IGF-1 for IGF-1 recepton (68). Then have been reports that association of IGFBP-5 with 

extracellular matrix protects it fiom proteolysis, which may be important for potentiation 

of IGF-1 effects (122). The effects of proteolysis on IGFBP function will be discussed in 

greater detail below. 

1.5.6 IGFBP-6 

IGFBP-6, like IGFBP-2, is abundant in cerebral spinal fluid and has a preference for 

binding IGF-II. Although studies of IGFBP-6 are limited, gene expression has been 

detected in almost d l  human tissues, osteosarcornas, and many other transformed ce11 

types (49). 

Inhibition of IGF action: IGFBP-6 inhibits effects of gonadotropins in the ovaries 

during IGF-1-induced steroidogenesis. Evidence also suggests that IGFBP-6 may be 

important for modulating the effects of IGF-II in bone (68). 



2. S. 7 IGFBP-dted proteims 

The newest members of the IGFBP superfamily (Table 3) are the recently identified 

IGFBP-nlated proteins (IGFBP-rPs 1 to 4). These proteins bind IGFs with low afinity 

and are structurally related to the IGFBPs, especiaily in the amino-temiinal region which 

is highly conserved among IGFBPs (66). The predicted protein sequence of the mac25 

cDNA was found to have homology with IGFBPs and was accordingiy named IGFBP-7 

(123). This protein was later found to be identical to previously described tumor-derived 

adhesion factor (1 24) and prostacyclin-simulating factor (1 25) and is know referred to as 

IGFBP-rP1 (66). Comective tissue growth factor (IGFBP-rP2) is fiom a family of 

closely related genes (CCN) and has been found to bind IGF-1 and IGF-II with low 

affinity (126). Other genes from this family, nov and cyr, have been provisionally 

classified as IGFBP-rP3 and IGFBP-rP4 respectively on the basis of their structural 

homology to CTGF (126). The physiological relevaace of the IGFBP-rPs has not yet 

been established. 

1.6 Modulation of IGFBP Action 

The afEnity of lGFBPs for IGF-I and IGF-II is estimated to range from 2 to 50-fold 

greater than the afinity of IGF-IR for these ligands, with IGFBP-3 and 5 having the 

highest afinity (68). Post-translational modifications modulate the bioavailability of 

IGFs by regulating the binding activity of IGFBPs. in situations where the affinhies of 

IGFBPs for IGFs is significantly lowered, IGFBPs can provide a reservoir of IGF that is 

in a more favorable equilibrium with receptors. The importance of such modifications 

should be taken into consideration when cornparhg the activity of recombinant IGFBPs 



Table 3. The IGFBP Superfamily. (adapted fmm (14,66)) 

Bigh-Aninity IGFBPs Previous Names Reference 

IGFBP- 1 

IGFBP-2 

IGFBP-3 

lGFBP-4 

IGFBP-5 

1GFBP-6 

IGFBP-rela ted proteins 

Mac25, TAF, PST, IGFBP-7 

CTGF, IGFBP-8 

nov, IGFBP-9 

cyrdl, IGFBP-IO 



dded to in vitro ce11 culture models versus the physiological role of endogenous IGFBPs 

in in vivo animal models. 

1.6. I Phosplioryfation 

Phosphorylation of IGFBP-I enhances its affuiity for IGF-I approximately 5-fold. As 

discussed previously, ody the non-phosphorylated f o m  of IGFBP-1 can potentiate the 

effects of IGFs. Thus Uicreased f i t .  of IGFBP-I for IGF-1 resulting fiom 

phosphorylation enhances the inhibitory effect of this IGFBP on IGF action (127). 

IGFBP-3 and IGFBP-5 also undergo phosphorylation. This modification may prolong the 

half-life of these IGFBPs but there is no direct evidence that phosphorylation affects their 

&nity for lGFs (128). 

1 . 6 2 GIycosylation 

IGFBP-3 and 4 undergo N-linked glycosylation, while IGFBPJ and -6 are subjected to 

O-linked glycosylation (1 06). Despite one report that glycosylation of IGFBP-3 affects its 

afinity for IGF-1, (129) it is generally not believed to affect IGF binding. Glycosylation 

of IGFBP-5 may protect the protein from proteolysis (1 30). 

1.6.3 Proteo&sSrS 

This is possibly the most important mechanism by which IGFBP activity is regulated. 

Cleavage of IGFBPs results in fiagrnents with much lower affinity for IGFs. This can 

result in a sudden release of IGFs locally, increasing availability for binding to IGF 

receptors. IGFBP proteases are important for reguiating al1 of the IGFBPs, with the 



exception of IGFBP-1. The growing numkr of pmteolytic enzymes which have been 

shown to cleave IGFBPs fa11 into three basic categories: (1) kallikreins (such as PSA and 

urokinase); (2) cathepsins (such as cathepsins B and D); and (3) matrix 

metalloproteinases (such as MMP- 1 ,-2 and -9) (1 3 1). IGFBP -3 proteases have been 

detected in a variety of clinical conditions including pregnancy, wound healing and 

prostate cancer (1 32-134). IGFBP-2 proteases are increased in the serum during 

starvation, and appear to result in rapid clearance of IGFBP-2 fiom the circulation, 

therefore decreasing the half-life of IGF-1 (135). Proteolysis of IGFBP-4 and -5 are 

thought to be important in the regdation of bone formation (136). Many of the IGFBP 

proteases are also known to act on ECM components, such as cleavage of fibronectin by 

PSA and urokinase or cleavage of collagen by MMPs. This may have implications for the 

potentiation of IGF actions by IGFBPs, which often requires association with ECM. The 

IGFBP proteases cleave the various IGFBPs in a selective marner, for example, PSA 

cleaves only IGFBP-3 and -5 while cathepsin D degrades IGFBPs 2 to 5. Activity of 

these proteases is regulated at the level of production and ais0 by a number of specific 

protease inhibitors. PSA is inhibited by al-antinypsin, cathepsin D by BBI, and MMPs 

are inhibited by TIMPs (1 3 1 ). 

1.7 IGF pbysiology : organ-specific aspects 

Recent research has revealed some interesting organ-specific aspects of IGF physiology 

which may have important therapeutic applications. For example, IGF-1 treatment 

protects the brain fiom ischemic injury by minimizing neuronal death (137). 

Paradoxically, levels of both IGFs and IGFBPs increase in brain following injury, 



providing a reservou of IGF without increasing IGF-IR activation. Displacement of IGFs 

fiom their IGFBPs, which wodd increase local IGF bioactivity, has k e n  proposed as a 

potential treatment for stroke (138). IGFs may also have important cardiovascular effects, 

as acute administration of IGF-1 has been found to be beneficid in patients with chronic 

heart failure (139). Preclinical snidies of the activity of rhIGF-VIGFBP-3 on bone and 

muscle mass provides a strong rationale for its use as a therapeutic agent to treat 

osteoporosis (140). It is beyond the scope of this thesis to review al1 of the organ-specific 

aspects of IGF physiology in detail, but we will review data conceming breast and 

prostate which is related to our experimental work. 

1.7.1 IGF physiolugy in breust 

IGF-1 and IGF-II are potent mitogens for many normal and neoplastic ce11 types, 

including normal and transformed breast epithelial cells. IGF-I plays an important role in 

mediating the actions of GH on normal marnmary gland development (141) and this 

process is enhanced by estrogens which potentiate the stimulatory effects of IGF-I(142). 

It appears that IGFs exert predominantly endocrine and paracrine rather than autocrine 

effects on breast epithelial cells, as these cells ubiquitously express IGF-IRs (143) while 

IGF transcnpts originate within stroma1 fibroblasts sunounding the breast epithelium 

(144, 145). 

Evidence that IGF-1 promotes proliferation of human breast cancer includes the 

mitogenic response of breast cancer cells to IGF-1 in vitro (143). the presence of IGF-IRs 

in both breast cancer cell lines and primary human breast cancers (146), inhibition of 



human breast cancer ce11 growth in vitro and in vivo by a blocking antibody agahst the 

IGF-IR (147, 148) and reduced growth of human breast cancer xenografts in IGF-1- 

deficient lit/lit mice (149). In addition to stimulating the proliferation of breast cancer 

cells, the IGFs play a role in breast turnor invasion by promoting degradation of 

extracellular matrix, chernotaxis and angiogenesis (1 5 0). 

Antiestrogens are used widely in the treatment of breast cancer. It has been proposed that 

the effect of these compounds on IGF activity contributes to their antiproliferative actions 

on breast cancer cells (reviewed in (1 5 1)). A positive correlation between estrogen 

receptor level and IGF-IR expression has been observed in primary breast cancers (152). 

In ER +ve breast cancer ce11 lines, the mitogenic effects of IGFs are enhanced in the 

presence of estrogens (153) and are attenuated by antiestrogens, even in the absence of 

estrogens (1 54). Both estrogens and antiestrogens have effects on IGF-I binding and IGF- 

IR gene expression (1 53, 1 55). Inhibition of MCF7 ceIl proliferation by tamoxifen or ICI 

182,780 is associated with increased IGFBP-3 accumulation, while the growth 

stimulatory effect of estradiol is associated with opposite effects (84, 156). Furthemore, 

tamoxifen inhibits IGF-1 gene expression in liver and lung, two target tissues for breast 

cancer metastasis (1  57). 

1.7.2 IGF pi.ysioIogy irr prostate 

There are a number of peptide growth factors involved in the normal development and 

function of the prostate, and which may be important in BPH and prostate cancer. These 

include memben of the EGF, FGF, IGF and TGFP families (158). Of these, al1 have a 



stimulatory effect on prostate epithelial cells with the exception of TGFP which is an 

important inhibitor of prostate ce11 growth. 

IGF-I plays an essential role in normal prostate physiology (1 59). Prostatic stroma1 cells 

produce IGF-1 mRNA, but do not express IGF-IRs. Prostate epithelial cells on the other 

hanci, have IGF-IRs which are activated by IGF-1 from the stroma1 cells in a paracrine 

manner (160). The rnitogenic effects of IGFs on normal prostate epithelial cells have 

been demonstrated in primary cultures in vitro (161). Following castration there is a 

decrease in IGF production and an increase in expression of IGF recepton. This may 

allow the lower levels of IGFs to maintain cellular proliferation (162). 

In view of the inability of prostate epithelial cells to produce IGF-1, the mechanism by 

w hich neopl astic prostate cells maintain uncontrolled ce11 growth ofien involves 

upregulation of IGF-iRs or production of IGF-II to form a stimulatory autocrine loop. 

This is has been observed in PC-3 and DU1 45 prostate cancer ce11 iines (163). Normal 

and neoplastic prostate cells also secrete a number of IGFBPs which regulate the 

response to IGFs. 

1.8 Apoptosis 

Most, if not ail animal cells have the ability to self-destruct by activation of an intrinsic 

ce11 suicide program when they are no longer needed or have become seriously damaged. 

The execution of this death program is oflen associated with characteristic morphological 

and biochemical changes and this fom of ce11 death has k e n  temed apoptosis 



(programmed ceii death) (164). Duting apoptosis, the nucieus and the cytoplasm 

condense and nucleases are activated tha? degrade the chromosomd DNA into 

nucleosome sized bgments. The dyhg cell often hgments into membrane-bound 

apoptotic bodies that are rapidly phagocytosed by macrophages or neighbouring cells. In 

contrast, during necrosis, a pathological form of ceil death that results from acute cellular 

injury, cells swell and lyse, thereby releasing cytoplasmic material which often triggers 

an infiammatory response (1 65). 

Apoptosis is implicated in the pathogenesis and treatment of a variety of diseases. 

Increased apoptotic ce11 death has been obsewed in AIDS, ischemic injuries and a 

number of neurodegenerative disorders. There are also a number of diseases associated 

with the inhibition of apoptosis including various autoimmune disorders, idections fiom 

herpes- and adenoviruses, and cancer (166). Apoptosis has become a major focus of 

cancer research based on findings that many âherapeutic agents induce apoptotic ce11 

death in tumors. 

1.8.1 Hornional Control of Apoptosis 

Steroid hormones have a major role in the regulation of ce11 growth, homeostasis and 

apoptosis. Regulation of apoptosis by steroid hormones is observed in thyroid, testis, 

ovary, uterus, breast and prostate. In normal organs, the rate of apoptosis is low and is 

balanced by an equal rate of mitosis. Hormone ablation strategies, which are commoniy 

used in the management of hormone-dependent breast and prostate cancers, bnng about 

tumor regression as a result of apoptotic death of tumor cells (167). Involution of 



mammary and prostate gland o c c m  in response to withdrawal of estrogens and 

androgens respectively, and are both associated with increased expression of genes 

encoding TWM-2, TGFP, p53 and cathepsin D in epithelial cells (1 68, 169). 

1. R I  -1 The Rat Prostate Gland as a Modei System 

in the normal rat prostate, a continuous supply of androgens maintains normal growth 

and function of the gland. The rat prostate is divided into three lobes: dorsal, lateral and 

ventral. The ventrai lobe is commonly used as a mode1 for apoptosis as it is the most 

prominent lobe and shows the greatest sensitivity to androgen withdrawal. The ventral 

lobe is mostly comprised of differentiated ta11 colurnnar secretory epithelial cells (-80- 

85% of ce11 population), which are highly dependent on androgens for swival (170). 

The baseline rate of apoptosis in the ventral prostate is very low, occurring in ~ 2 %  of 

cells, and is balanced by ce11 proliferation (171). Castration results in a rapid decrease in 

serum testosterone levels and a gradua1 depletion of 5aDHT in prostate tissue (168). 

Within 6 hours after castration, senun testosterone levels decrease by -98%. Prostatic 

5aDHT levels drop by -35% within 6 hours after castration, and decrease -95% over 4 

days. 

Castration-induced androgen deprivation triggen a sequence of events which activates 

apoptosis of the androgen-dependent epithelial cells within 1 day and ultimately results in 

involution of the gland with >80% of cells king lost within 10 days (168). The regressed 

prostate can be stimulated by androgen replacement to undergo rapid regrowth until it 

reaches normal size ( 170). Furthemore, calcium channel blockers, which prevent the rise 



in intracellular ca2+ required for apoptotic ce11 death, are able suppnss castration-induced 

regression of the rat ventral prostate (172.174). As previously mentioned, castration- 

induced ventral prostate regression is associated with increased expression of a number of 

genes including TRPM-2, TGFP , glutathione S-tram ferase, plasminogen ac tivato r, 

transglutaminase and c-myc (reviewed in (170)). In addition, PCR-based cDNA 

subtniction methods have identified a number of novel genes with altered expression 

during ventral prostate regression (1 75, 176). 

The large proportion of cells that undergo apoptosis with predictable timing in the rat 

ventral prostate subsequent to androgen deprivation, makes this an ideal mode1 system in 

which to study apoptosis in vivo. 

1.8.2 Protective Role of the IGF-IR in ApoptosLr 

The IGF-IR which is found in most ce11 types, is crucial in the control of ce11 

proliferation. It is important in development, normal growth, establishment and 

maintenance of the transfonned phenotype, and in protection from apoptosis (177). 

Demonstration that targeting of the IGF-IR is an effective way to induce apoptosis of 

tumor cells in vivo and to inhibit tumorigenesis and metastases, makes it a suitable target 

for therapeutic interventions( 1 78). 

In addition to its well characterized mitogenic effects, IGF-1 has been shown to inhibit 

apoptosis in many experirnentaî systems, including that induced by IL-3 withdrawal in 

hematopoietic cells (179), by cyclohexamide in MCF7 cells (1 go), by TGFP (Ml), by 



TNF (182). or by overexpression of c-myc (183). It was later demonstrated that these 

anti-apoptotic effects are dependent on activation of the IGF-IR. Balbk3T3 cells that 

constitutively overexpress the IGF-IR undergo apoptosis when treated with etoposide. 

Addition of IGF-1 to these cells inhibits etoposide-induced apoptosis in a dose-àependent 

manner (184). In contrast, IGF-1 was unable to prevent etoposide-induced apoptosis of 

mouse embryo fibroblasts that have a targeted disniption of the iGF-IR (R- ceiis). 

Increased rates of apoptotic ce11 death are observed in C6 rat glioblastoma cells 

expressing an antiseme RNA to the IGF-IR (185). These cells undergo massive apoptosis 

in vivo when grown in biodiffision chambers implanted subcutaneously in rats (186). 

Furthemiore, the relationship between IGF-IR levels and the extent of apoptosis in vivo is 

quantitative (187). Conversely, overexpression of the IGF-IR protects cells from 

apoptosis in this model. Expression of a soluble IGF-IR, which acts as a dominant 

negative of the IGF-IR, induces massive apoptosis of tumor cells in vivo (1 88). 

The anti-apoptotic effects of the IGF-IR were show to be independent of its mitogenic 

effects, and this has been confhed by mutational analysis of the receptor (1 89). Given 

that the mitogenic and transforming domains are spatially separated nom the domain 

confemng protection from apoptosis on the IGF-iR, it is reasonable ro hypothesize that 

these three functions are transduced through distinct signaling pathways. However, this 

has been difficult to prove and the pathway(s) activated by the IGF-IR responsible for 

protecting cells h m  apoptosis remain controversial. Overexpression of IRS-1 is not able 

to protect cells nom apoptosis caused by IL-3 withdrawal(190). Furthemore. blocking 



the PUIS pathway with the inhibitor wortmannin or blocking the MAPK pathway with 

PD098059 inhibits the anti-apoptotic effect of IGF-I (31). Others have reported that the 

ras-MAPK pathway is w t  critical for prevention of apoptosis by IGF-I and that Akt, 

which is activated by PDK, regulates celi survival by IGF-1 (29). However, p70S6K is 

apparently not important in mediating this effect since rapamycin fails to inhibit the anti- 

apoptotic action of IGF-I (191). Recent evidence indicates that while PI3K-Akt signalhg 

is suflicient for prevention of apoptosis by IGF-1, that there exists novel IGF-1-activated 

s w i v d  pathways independent of Akt (192). 

1.9 IGFBPa and Apoptosis 

1.9.1 In Vitro Evidence 

Increased accumulation of IGFBPs are associated with the antiproliferative actions of 

antiestrogens (84, 1 16, 1 56), transfonning growth factor P (85, 86), retinoids (86, 1 93), 

vitamin D3 (1 17, 194), nimor necrosis factor a (87, 195), and the tumor suppressor gene 

p53 (88) on human cancer cells. 

Interestingly, al1 of these compounds are known to induce apoptotic ce11 death. Estrogen 

withdrawal(l96) or treatrnent with the antiestrogens ICI 182,780 (1 97), tamoxifen (1 98), 

or toremifene (199) have been s h o w  to promote apoptosis of MCF7 breast cancer cells. 

induction of apoptosis by vitamin D3 or its synthetic analogues has ken  observed in 

breast cancer cells (200). Recentîy it was reported that the vitamin D3 d o g u e  EB1089 

induces apoptotic regression of MCF7 xenografts in vivo (201). TGFB has been known 



for some time as a marker of apoptosis in breast and prostate cancer cells, but is now also 

recognized as a mediator of apoptotic effccts in these cells (1 8 1,202). Inhibition of breast 

and prostate cancer cells by retinoic acid involves induction of apoptosis (203-205). 

M a  is a potent apoptotic agent for breast and prostate cancer cells in vitro (206, 207). 

It is well established that the tumor suppressor activity of p53 involves activation of 

apoptotic pathways in many different ce11 types (reviewed in (208)). 

Despite this wealth of information regarding the mechanisms of action of these 

antiproliferative agents, the link between their apoptotic actions and effects on IGFBP 

production have on1 y been recentl y examined. The discovery that p5 3 regulates IGFBP-3 

in EBl colon carcinoma cells helped bridge this gap in knowledge and generated interest 

in uncovering a potential role for IGFBPs in apoptosis. Buckbinder et al. demonstrated 

that IGFBPJ transcnpts are rapidly induced in EBI cells in response to p53 activation, 

concomitant with a significant accumulation of IGFBP-3 in the emaceilular medium 

(88). Regulation of IGFBPJ was attributed to activation of a p53-responsive element 

found in the IGFBP-3 gene. It is now believed that this sequence-specific transactivation 

function of p53 is important for its role in apoptosis. It is hypothesized that p53 may 

sensitize cells to apoptosis by intedering with the survival function of IGFs via induction 

of IGFBP -3 (209). 

1.9.2 In V"rvo Evidence 

The first physiological evidence that IGFBPs may play a role in apoptosis was that the 

pattern of IGFBP expression differs in granulosa cells of aeaic follicles compared to 



those in luteinized follicles in the rat ovary (2 10-2 1 2). In keeping with this observation, it 

was later s h o w  that IGFBP expression was aitered during rat thyroid involution (21 3). A 

short time later, Tonner et ai, put forward the hypothesis that IGFBPs regdate apoptosis 

in the marnmary gland based on their observations in an in vivo mode1 of mamrnary gland 

involution (214). involution of the mamxnary gland was induced in a lactating rat by 

removal of the suckling young. Apoptosis of mammary epithelial cells following litter 

removal was identified by the DNA laddering technique. Milk synthesis ends abruptly 

after cessation of suckling and an accumulation of miik occurs in the mamrnary duct 

lumen. This milk was found to have increased binding capacity for 1 2 5 ~ - 1 ~ ~ - ~  which was 

displaceable by IGF-1 or IGF-II, but not by Long R) IGF-1, an analogue with reduced 

affiinity for IGFBPs. Northem blot analysis indicated a drarnatic increase in IGFBP-5 

expression, and a srnaller increase in IGFBP-4 mRNA levels. Although they were unable 

to demonstrate a causal relationship between IGFBP production and apoptosis, Flint's 

group proposed that production of inhibitory IGFBPs would promote apoptosis by 

inhibiting IGF-1 mediated ce11 swival. 

Further evidence that IGFs and IGFBPs were important for apoptosis in mammary gland 

following lactation was provided by transgenic mice simultaneously expressing rat IGF-I 

and human IGFBP-3 specifically in the lactating mammary gland under control of the 

whey acidic protein (WAP) gene promoter (21 5). In these mice, the extent of apoptosis in 

mammary epithelial cells was reduced and involution of the gland delayed. An 

independent shidy canied out around the same time demonstrated that targeted 

expression of WAP-des(1-3) IGF-1, an IGF-1 analogue that does not interact with 



IGFBPs, to the lactating mammary gland results in incomplete marnmary involution 

(21 6). 

1.10 Introduction to Experimental Work 

At the tirne that the work presented in this thesis began there were many clues that 

lGFBPs may be involved in apoptosis of mammary epithelial cells, as evident fiom this 

review. However, there had been no direct demonsûation that IGFBPs regulate apoptosis. 

Recognizing the gap in knowledge, 1 was interested in establishing a link between 

IGFBPs and apoptosis, and canied out experiments to address this issue. The first goal 

was to test the hypothesis in a simple in vitro model of apoptosis in breast cancer cells. 

Although the hypothesis that IGFBPs may regulate apoptosis had also been put forward 

in a review paper by researchers studying involution of the prostate following castration 

(217), there was no published data available to substantiate this proposal. Afier our 

demonstration that IGFBP-3 induces apoptosis in MCF7 cells, the rat ventral prostate 

presented itself as an ideal model in which to M e r  investigate these ideas. 

Finally, after discovering that IGFBPs were associated with apoptosis in several different 

models of normal prostate regression, I canied out experiments using andmgen- 

dependent Shionogi carcinoma and DMBA-induced mamrnary carcinoma to extend these 

results to models of tumor regression. 



Part 2 

Induction of apoptosis in MCF7 breast cancer cells by IGFBP-3 

This section is based on the followina oublished manuscript (see amendix): 

Nickerson T.. Huynh H., Pollak M. Insulin-like gmwth factor 
binding protein-3 induces apoptosis in MCF7 breast cancer cells. 

Biochem. Biophys. Res. Comrn. 237:690-693,1997 



2 1  Preface 

As evident fiom the literature review, IGFBP-3 has inhibitory effects, which may be IGF- 

dependent or IGF-independent, on many ce11 types. Increased accumulation of IGFBP-3 

is associated with the antiproliferative effects of a number of compounds, hcluding 

antiestrogens, on MCF7 human breast cancer cells. Dr. Pollak's laboratory has descnbed 

the regdation of IGFBP-3 by estrogen and the antiestrogen ICI 182,780 in these cells. 

Experirnents using IGFBP-3 antisense oligoaucleotides have demolimated that inhibition 

of MCF7 ce11 growth by ICI c m  be contributed, at least in part, to increased IGFBP-3 

production. It has also k e n  reported that ICI induces apoptosis of MCF7 cells, so we 

hypothesized that IGFBPJ may play a role in induction of apoptosis. In the study 

descnbed in this chapter, we address this question using a simple in vitro mode1 in which 

apoptosis of MCF7 cells is quantitated using a ce11 death ELISA. 



2.2 Abstract 

Insulin-like growth factors (IGFs) are known to have potent antiapoptotic activity. The 

antiestrogen ICI 182,780 (ICI) is a potent inhibitor of MCF7 hurnan breast cancer ce11 

growth and has recently been reported to act as an antiproliferative agent in part via 

upregulation of expression of insulin-like growth factor binding proteins (1GFBP)-3 and 

-5, which attenuate the bioactivity of IGFs in many experimental systems. We show here 

that ICI and IGFBP-3 induce apoptosis in MCF7 cells. Treatment of MCF7 cells with 10 

nM ICI or 36 nM recombinant human IGFBP-3 for 72 hours increased apoptosis -3.5- 

fold relative to control as quantitated by a ce11 death ELISA which measures DNA 

fiagrnentation. Long R) IGF-1, an IGF-1 analogue with greatly reduced affinity for 

IGFBPs yet similar finity for IGF-1 receptors, was a more potent inhibitor of IGFBP-3- 

induced and ICI-induced apoptosis than IGF-1. These results demonstrate that IGFBP-3 

enhances apoptosis by reducing bioavailabiiity of ligands for the IGF-I nceptor and 

suggest that modulation of IGFBP-3 expression by ICI contributes to apoptosis induced 

by this compound. More generaily, the data suggest that IGFBPs are regdators of 

apoptosis. 



2.3 introduction 

Apoptosis is a physiological phenomenon involved in morphogenesis and tissue nnewal 

(218). Transformed cells have been s h o w  to have defects in activation of the apoptotic 

pathway, suggesting that derangements of apoptosis are involved in the pathophysiology 

of cancer. Many antineoplastic compounds induce tumor regression through their ability 

to activate apoptotic pathways (219, 220). Recent studies ((1 84, 186) reviewed in (1 78)) 

have demonstrated that activation of the IGF-IR by IGF-1 or IGF-II protects cells fiom 

apoptosis, and have implicated the serine-threonine kinase Akt as a key regulator of the 

antiapoptotic effect of IGF-IR agonists (29). However, little attention has been given to 

date to the role of IGFBPs (1 4, 123) in regulating apoptosis. 

The pure antiestrogen ICI is a potent inhibitor of breast cancer ce11 growth (221). We 

have previously reported that the antiproliferative effects of ICI on MCF7 cells are 

associated with increased expression and secretion of IGFBP-3 (84). 

2.4 Materials and Methods 

Cell Culture and Growth fiperiments. MCF7 cells are routinely maintained in 10% 

FCS aMEM supplemented with 5 p g / d  insulin. They were plated in 5% FCS PF- 

aMEM at a density of 25,000 cells/well in 24-well plates. Following attachent for 24 

hours, cells were washed twice in 0.5% FCS PF-aMEM and incubated in this media for 3 



hours. Exposure to compounds under study was for 72 hours in 0.5% FCS PF-aMEM. 

Pmliferation of cells was quantitated by [3~]-thymidine incorporation as previously 

described (1 56). 

Quuiititation of Apoptosk Apoptotic ce11 dcath was rneasured using a ce11 death ELISA 

(Boehringer Mannheim) which measures cytoplasmic histone-bound DNA generated 

during apoptotic DNA fhgmentation and not k e  histone or DNA that could be released 

during nonapoptotic cell death. This method has been shown to be diable for 

quantitation of apoptotic ce11 death in MCF7 cells (222, 223). MCF7 cells plated at a 

density of 25,000 cellshvell and mated for 72 houn exactly as described for growth 

experiments were harvested by scraping in cold PBS. Parallel plates treated idmtically 

were used for thymidine incorporation and for detennination of ce11 number. Cytoplasmic 

ce11 extracts were prepared according to the manufacturer's protocol and were equalized 

on the basis of ce11 number. Samples fiom triplicate wells were run in duplicate on the 

ELISA. 

2.5 Resalts and Discussion 

It has previously been show that the antiestrogen ICI 182,780 induces apoptosis in 

MCF7 ceils as demonstrated by cleavage of DNA to 300 and 50 kbp ftagrnents (197), 

although there is controveny surrounding the use of DNA l a d d e ~ g  to detect apoptosis 

in MCF7 cells in response to antiestrogens (196, 199). The ce11 death ELISA used to 

quantitate apoptosis in our experiments has been show to detect apoptosis in MCF7 cells 

in response to the antiestrogm tamoxifen and toremifene (199, 222) as well as other 



agents (223, 224). Our results support the view that antiestrogens induce apoptosis in 

MCF7 cells. We observed a dose-dependent increase in apoptosis following exposure of 

MCF7 cells to ICI for 72 hours (Figure 1A). A 3.2-fold increase in apoptosis was 

observed in cells treated with lOnM ICI comparec! to vehicle-treated controls. This is 

correlated with the well known potent inhibitory effects of ICI on MCF7 DNA synthesis 

(Figure 18). Under the same experimental conditions, treatrnent of MCF7 cells with 

rhIGFBP-3 for 72 hours increased apoptotic ce11 death in a dose-dependent mamer 

(Figure 1C) and Uihibited [~~l - th~rnid ine  incorporation (Figure 1 D). Apoptosis increased 

3.5-fold in the presence of 36 nM rhIGFBP-3 relative to control. 

We have previously shown that the potent inhibitory efiects of ICI on MCF7 ce11 growth 

are associated with increased secretion of IGFBP-3 by the cells (84). It is therefore 

possible that induction of apoptosis by ICI may be related to secretion of IGFBP-3. In 

order to determine if ICI-induced IGFBP accumulation is functionally related to its 

apoptosis inducing actions, we carried out experiments with long R) IGF-1 (Gropep, 

Adelaide, Australia), an IGF-I analogue with greatly reduced afinity for IGF binding 

proteins, yet similar for IGF-1 receptoa (225). Experiments were carried out in 

the presence of 0.5% FCS, as preliminary studies showed that this condition was 

associated with a level of apoptosis in the detection range of our assay. As shown in 

figure 2, baseline levels of apoptosis in the absence of either IGF-1 or long R' IGF-1 are 

more than doubled in the presence of 1On.M ICI. The relatively low levels of apoptosis 

seen in the absence of ICI are minirnally effected by addition of either IGF-I or long R~ 

IGF-1 to the media. Autocrine expression of IGF-1 and IGF-II by MCF7 cells could not 



be detected in this system (data not shown). Furthemore, the similar results obtained 

with IGF-1 or long RI IGF-1 under these conditions indicate that the IGFBPs present in 

the media (fiom senun or autocrine production) have a negligible effect on apoptosis in 

our experimental system in the absence of the antiestrogen. 

On the other hand. long R-' IGF-I was a more potent inhibitor of ICEinduced apoptosis 

than IGF-1. 1.4 nM IGF-1 reduced the apoptosis induced by lOnM ICI by 40%, while the 

same concentration of long R~ IGF-1 abolished ICI-induced apoptosis (Figure 2). The 

antiapoptotic activity of IGF-1 in our system extends prior work (1 82, 184) showing 

attenuation of apoptosis induced by agents such as etoposide and TNF, to antiestrogen- 

induced apoptosis. Furthemore, the differences between the antiapoptotic effect of IGF-1 

and long R~ IGF-1 in our experimental system suggests that the recently described 

induction of IGFBP-3 expression by ICI (84) contributes to the apoptotic action of the 

antiestrogen. The data are consistent with the view that the apoptotic action of ICI is 

related to cornpetition between ICI-induced IGFBP-3 and the IGF-IR for IGF-1. 

In CO-incubation experiments, both 36 nM rhIGFBP-3 and lOnM ICI significantly 

increased the levels of apoptosis seen in the presence of 1.4 nM IGF-I (Mann Whitney U- 

test, ~ ~ 0 . 0 1 )  (Figure 3). However, in the presence of 1.4 nM long R~ IGF-1, ICI and 

rhIGFBP-3 had no influence on apoptosis. These results suggest a functional role for 

IGFBPs in the induction of apoptosis by ICI. 



The IGF-IR plays a key role in regulating programmed ceIl death and has been suggested 

to prornote ce11 survival by directly inhibiting apoptosis (184, 186). We previously 

reported that ICI d o m g d a t e s  IGF-IR number in MCF7 cells (155). Although this 

raises the possibility that induction of apoptosis in MCF7 cells by ICI may be related in 

part to reduction of IGF-IR levels, the magnitude of changes in IGFBP-3 and IGFBP-5 

expression in response to ICI are much greater than ICI-induced changes in IGF-IR 

expression (84, 1 16). 

Recent evidence has emerged that IGFBP-3 has direct growth inhibitory effects that are 

independent of its capacity to bind IGF-1, which are mediated by a putative IGFBP-3 

receptor (98, 99). In view of these observations, it is possible that IGFBP-3 can influence 

apoptotic pathways through mechanisms other than modulation of IGF bioactivity. 

However, the fact that rhiGFBP-3 attenuates the antiapoptotic effects of IGF-1 but not of 

long R~ IGF-I strongly suggests that in our experimental system IGFBP-3 enhances 

apoptosis indirectly by reducing binding of IGFs to the IGF-IR. 

The observation that induction of apoptosis in the rat mammary gland during post- 

lactational involution is correlated with greatly increased IGFBP production (214) 

suggests that IGFBPs may be important physiological regdators of apoptosis in the 

breast. The fmding that IGFBPJ is upregulated by p53 in EBI colon carcinoma cells 

(88) has led to speculation that IGFBP-3 regulates apoptosis by reduction of IGF 

bioactivity (208). Our data provide the first direct demonstration that IGFBP-3 induces 

apoptosis in MCF7 cells, and suggest that the apoptotic action of ICI is mediated, at least 



in part, by ICI-induced IGFBP expression. Our results are consistent with the hypothesis 

that in general, IGFBPs regdate apoptosis by rnodulating IGF bioactivity. IGFBP-3 has 

recentiy been reporteci to mediate TGFB-induced apoptosis in PC-3 prostate carcinoma 

cells ( 1  04). Our observations that IGFBPs contribute to antiestrogen-induced apoptosis in 

breast cancer cells provide m e r  evidence for a role of IGFBPs as regdators of 

apoptosis. 

Acknowledgements 

This work was supported in part by a gant fiom the National Cancer Institute of Canada 

to MP. We thank Dr. Alan Wakeling for his generous gifi of ICI 182,780 and Celtrix 

Phannaceuticals (Santa Clara, CA) for providing human recombinant IGFBP-3. 



Figure 1. Induction of apoptosis in MCF7 cells in response to the antiestrogen ICI 

182,780 and IGFBP-3. MCF7 cells plated at a density of 25,000 cellslwell were treated 

for 72 hours in 0.5% FCS. Apoptosis induced by various doses of ICI (A) and rhIGFBP-3 

(C) was quantitated by ce11 death ELISA where absorbante at 405 nm is a direct measure 

of DNA fragmentation. Plates treated in padlel were used to measure [3~]-thymidine 

incorporation (B and D). Al1 expenments were repeated at Least three times. The results 

fiom one representative experiment are s h o w  expressed as mean f SE of triplicate wells. 
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Figure 2. Effects of IGF-I and Long R~ ICF-1 on apoptosis induced by ICI. MCF7 

cells were plated as described in the Iegend to figure 1 and treated for 72 hours in 0.5% 

FCS with various doses of IGF-1 (open squares) or Long R.' IGF-1 (open triangles) alone 

or in the presence of lOnM ICI (filled squares and filled triangles respectively). 

Cytoplasmic extracts equalized on the basis of ceil number were run on the ELISA as 

described in Materials and Methods. The experiment was repeated three t h e s  and the 

results fiom one experiment are shown expressed as mean f SE. 
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Figure 3. Eff'ects of IGF-I and Long R' IGF-1 on proteethg MCF7 cells from 

apoptosis iaduced by ICI and IGFBP-3. Cells plated at 25,000 cells/well were cultured 

for 72 hours in 0.5% FCS with or without 10 nM ICI or 36 nM rhIGFBP-3 in the 

presence of either 1.4 nM IGF-I or Long R.' IGF-1. Cytoplasmic extracts fiom cells were 

run on the ce11 death ELISA and was rneasured. Data are expressed as mean f SE 

fiom triplicate wells. 



Part 3 

IGFBP expression in the rat ventral prostate after castration 

This section is based on the following ~ublished manuscri~t (see a~~endix):  

Nickerson T., Pollak M., Huynh H. Castration-induced apoptosis in the rat ventral 
prostate is associated with increased expression of genes encoding insulin-like growth 

factor binding proteins 2,3,4 and 5. Endocrinology, l39:807-8 10, 1998 



3.1 Preface 

Our demonstration that IGFBP-3 indl ices apoptosis in MCF7 cells is consistent with 

observations that post-lactational involution of the rat mammary gland is associated with 

increased expression of IGFBPs by rnammary epithelial cells. Taken together, these 

results suggest IGFBPs may regulate apoptosis of mammary epithelial cells d h g  

involution of the gland. 

Around the time that our laboratory described induction of apoptosis by IGFBP-3 in 

MCF7 breast cancer cells. others reported the same phenornenon in PC-3 prostate cancer 

cells. In view of these in vitro observations, we hypothesized that IGFBPs may play a 

role in apoptosis of prostate epithelial cells in vivo. As pnviously described in the 

literature review, the rat ventral prostate after castration is an ideal mode1 in which to 

study changes in gene expression related to apoptosis in vivo. This chapter describes 

experiments we carried out using this system to investigate whether IGFBPs are related 

to castration-induced apoptosis during prostate regression. 



Insulin-like growth factor binding proteins (IGFBPs) have recently been demonstrated to 

act as regulatoa of apoptosis in vitru in both prostate and breast cancer ceIl lines. We 

show here that gene expression of IGFBP-2,-3,-4 and -5 increase rapidly in the rat ventral 

prostate following castration. Increases in IGFBP mRNA levels were detectable by 

Northem blotting by 6 hours and reached 5 to 10 fold of control levels at 72 hours after 

castration. Apoptosis in the ventral prostate, as detected in situ by the TUNEL method, 

was also induced as early as 6 hours after castration. TRPM-Z/clusterin, a gene known to 

be associated with involution of the prostate, was not detected in sham castrated controls 

but was expressed by 24 hours following androgen ablation. IGF-I mRNA levels 

increased to 160% of control values within 6 hours following castration, then decreased 

gradually over the next 72 hours to 35% of control. Affinity labelling experiments 

demonstrated that IGF-1 receptor levels increased initially after castration with peak 

binding at 24 hours, then declined to levels lower than control. These results suggest that 

rapid induction of lGFBPs in the rat ventral prostate following androgen ablation may 

play a role in initiation of apoptosis and involution of the prostate gland. 



3.3 Introduction 

Androgens are required for normal prostate growth and fùnction (226) and androgenic 

iduences are involved in both benign prostate hyperplasia and prostate cancer (160, 

227). Although androgen deprivation is commonly used in the management of prostate 

cancer and is currently being evaluated as a strategy for prostate cancer chemoprevention 

(228), the molecular mechanisms underlying androgen effects are incornpletely 

ciescribed. 

Castration-induced androgen deprivation tnggers a sequence of events which activates 

apoptotic cell death of the androgen-dependent epithelial cells within the rat ventral 

prostate ultimately resulting in the involution of the gland (168). Regression of the 

prostate begins within a day afier castration and corresponds with a rapid decrease in 

s e m  testosterone, and more importantly, a gradua1 depletion of 5 -dihydrotestosterone 

in prostate tissue (168). This system is therefore suitable to study molecular mechanisms 

responsible for apoptosis induced by androgen-deprivation. 

Insulin-like growth factor 1 (IGF-1), which has been shown to protect cells frorn apoptosis 

(1 78), plays an essential role in normal prostate physiology (1 59). IGF-1 is rnitogenic for 

human prostate epithelial cells in vitro and its action is mediated through binding to the 

IGF-1 receptor (161). Observations that IGF binding protein-3 (IGFBP-3) inhibits IGF- 

induced proliferation of normal prostate epitheliai cells and that senun levels of certain 

IGFBPs are changed in patients with prostate cancer (229, 230), suggest that IGFBPs 



(reviewed in (68)) are important modulators of IGF activity in the human prostate. More 

ment observations (102, 104) suggest that IGFBPs may also play direct roles in 

regdation of proliferation and apoptosis. 

While IGFs have been recognized as antiapoptotic factors for some time, it has only 

recently been demonstrated that IGFBPs can regulate apoptosis in vitro (1 04, 23 1). We 

undertook these experiments to study the gene expression of IGFBPs during involution of 

the rat ventral prostate after castration. 

3.4 Materials and Metbods 

Animals. Al1 animal studies were conducted in accordance with local humane animal 

care standards. Male Sprague-Dawley rats weighuig 350-400g (Charles River, Quebec) 

were anaesthetized with pentobarbital (45 mgkg body weight) and either castrated or 

"sham" castrated (scrotal incision only). Animals were sacrificed after 6 h and then every 

24 h for 4 days. The venual prostate was collected. Part was fixed in 10% buffered 

formalin for paraffin embedding and the remainder was ihediately fiozen in liquid 

nitrogen for isolation of RNA and membrane hctions. 

Norîhern Blot Anarjtsis. Total RNA was isolated fiom ventral prostate using the 

RNAzol B method (Tel-Test). Total RNA (50pg) was hctionated on 1% agmse gels 



and transferred ont0 Zeta-Probe membrane (Bio-Rad) in 50 m M  NaOH. The cDNAs for 

TRPM-2/clusterin (232), IGF-I (233) and IGFBP-2,3,4 and 5 (234) were labelled with 

[ U ~ ~ P I - ~ C T P  using T7 Quick-Prime kit (Phannacia). Prehybridization, hybridization and 

washing were performed as previousiy described (235). Blots were subjected to 

autoradiography with intensifyhg screen at -80°C. Northern blotting was repeated on 

RNA fiom three sets of individual rats. Results were similar and al1 blots show are fiom 

one representative filter which was stripped and rehybndized with the various probes. 

Quantitative analysis of gene expression was accomplished by dnisitomeûic scanning of 

three autoradiograms per gene and results were corrected for rninor loading di fferences 

by normalizing to 28s rRNA. 

IGF-I Receptor Binding Assuy. Ce11 membrane extracts were prepared from ventral 

prostate tissue as described (155). Membrane extracts containhg 100pg of membrane 

protein were incubated with [ l Z S ~ ~ ~ ~ - ~  (800,000 cpm) in PBS containing 1% BSA for 1 

h at room temperature. Ligand was then crosslinked to receptors by incubation with 

0.3mM disuccinimidyl suberate for 1 h at 4'C followed by quenching with 0.5M Tris, pH 

6.8. The membrane was pelleted by centrifuging for 45 min at 4OC. Proteins were 

separated by SDS-PAGE in reducing conditions followed by transfer to nitrocellulose 

membrane and autoradiography . 

Quantitution of Apoptosh. Apoptosis was detected in formalin- fixed, paraffin embedded 

tissue sections using the ApoAlert DNA fhgmentation assay (Clontech) which is based 

on the terminal deoxynucleotidyl tramferase-mediated dUTP nick end labelling 



(TUNEL) method. Spm sections were prepared and treated according to the 

manufacturer's instructions. Apoptosis was visualised and photographed under a 

fluorescent microscope equipped with an FITC filter. Labelling indices were obtained by 

counting the number of labelled cells among at least 1000 epithelial cells per region and 

expressed as percentage values. 

Apoptosis in the veiltraf prostate induced by castration 

It has been known for some time that programmed ce11 death is activated in the rat ventral 

prostate after castration (168). TUNEL assays were performed on ventral prostate 

sections in order to make cornparisons between the extent of apoptosis and changes in 

gene expression at the various time points. The lack of signal in prostate fiom sham 

castrated controls confirms minimal apoptosis in the gland pnor to castration (Figure 

IA). At 6h following castration, -65% of cells are apoptotic and fluoresce with an 

intensity related to their degree of DNA fragmentation (Figure 1B). By 24 h, -80% of 

cells are apoptotic (Figure 1C) and the number of apoptotic cells in the ventral prostate 

reaches -95% by 72 h following castration (Figure 1 D,E). 

Northern blot analysis was used to confirm the expression of TRPM-2/clusterin, a gene 

known to be associated with involution of the prostate (232). TRPM-2 mRNA was not 

detected in sham castrated controls, but was strongly expressed at 24 h following 



castration, with mRNA levels increasing up to 72 h (Figure 2A). At 6 h f i e r  castration, 

TRPM-2 rnRNA is absent in the ventral prostate although, as shown in Figure 1, 

extensive apoptosis is already seen at this tirne. This suggests that TRPM-2 is induced 

during prostate involution, but does not initiate apoptosis in the gland following 

castration. 

Effects of castration on IGFBP tqwession in the ventral prostate 

Castration resulted in increased expression of IGFBP-2,-3,-4 and -5 in the ventral 

prostate. IGFBP-2 mRNA is abundant in the normal prostate of sham castrated controls, 

increases 3-fold by 6 h and reaches 9-fold by 72 h in the prostate of castrated rats (Figure 

3A). IGFBP-3 mRNA is expressed at a very low level in control animals and is increased 

1.3-fold and 1 0-fold 6 h and 72 h respective1 y after castration (Figure 3 A). IGFBP-4 and 

-5 rnRNAs are both expressed in the normal prostate and increase 1.5-fold and 1 -3-fold 

respectively by 6 h, and 8-fold and 5-fold respectively by 72 h following castration 

(Figure 3B). 

Effects of castr~t io~~ on IGF-I gene expression and on binding of ' 2 5 ~ - ~ ~ ~ - ~  to the 

IGF-I receptor 

IGF-1 gene expression increases 6 h after castration (Figure 4A). However, this is 

followed by a rapid decrease in IGF-I mRNA levels in the ventral prostate of castrated 

animals which by 72 h is 35% of that seen in sham castrated controls. Similady, IGF-IR 

binding capacity, as determined by affinity labelling experiments, increases Uiitially after 



castration, but then fdls to below control levels (Figure 48). Expression of IGF-II was 

aot detected in either control or castrated animals (data not shown). 

3.6 Discussioa 

It had previously been hypothesized that IGFBPJ serves to trigger apoptosis in the 

prostate following anârogen ablation (2 17). Our data support this hypothesis by 

demonstrating that induction of IGFBPs in the rat ventral prostate after castration is 

rapidly and closely associated with induction of apoptosis in the gland. These 

observations provide the first demonstration that expression of IGFBP-2,-3,-4 and -5 

increase rapidly in the ventral prostate following castration, and suggest that IGFBPs may 

play a role in apoptosis during involution of the prostate. This may involve reduction of 

IGF binding to IGF receptors a d o r  direct apoptotic inducing mechaaisms. Although we 

observe increased expression of lGFBPs -2,-3,4 and -5 in the prostate after castration, 

IGFBP-2 is unlikely to be important for apoptosis of the prostate gland based on its 

constitutive high expression in intact animals, but may facilitate the actions of other 

IGFBPs (2 17). IGFBPd expression has previously k e n  s h o w  to be dramatically 

increased during post-lactational involution of the rat maMnary gland (214). Our 

observation that IGFBP-5 mRNA increases in the ventral prostate 2-fold by 24 h and 5- 

fold by 72 h after castration is in keeping with the hypothesis that IGFBP-5 may be 

involved in apoptosis resulting fiom steroid hormone deprivation. 



IGFBPJ is also likely to be important for apoptosis of the prostate during involution. 

The expression of IGFBPJ mRNA in the normal prostate of sham castrated controls is 

very low and IGFBP-3 mRNA levels increase 1.3-fold by 6 h and 10-fold by 72 h ps t -  

castration. Furthemore, it has recently k e n  demonstrated that IGFBP-3 induces 

apoptosis in PC-3 prostate carcinoma cells (104) as well as in MCF7 breast cancer cells 

(23 1). 

IGFBP -3 has been reported to rnediate the growth uihibitory effects of TGF-P 1 in various 

ce11 types (85, 86) and to mediate apoptosis induced by TGF-Pl in PC-3 cells (104). We 

found that castration raised IGFBP-3 mRNA abundance prior to appearance of TGF-fi1 

mRNA, which is only detected at 24 h (data not show). This is consistent with a 

previous report that TGF-Pl is under negative androgenic regulation in the rat ventral 

prostate and is expressed 24 h after castration (236), but supports the hypothesis that 

IGFBP-3 plays a role in castration-induced apoptosis in the rat prostate. 

Rapid induction of IGFBPs following castration may sequester IGF-1 away fkom the IGF- 

1 receptor (2 17). This might be expected to result in compensatory upregulation of IGF-1 

expression andor IGF-1 receptor leveis. Indeed, we obsexved an initial increase in IGF-1 

gene expression together with a slightly delayed increase in IGF-IR binding, followed by 

declines in both. 

Our previous fmdings on IGFBP-3 induced apoptosis in vitro (23 1) were consistent with 

the hypothesis that IGFBPs regulate apoptosis by modulating IGF bioavailability. There 



is growing evidence that IGFBPJ has effects on ce11 growth and swival that occur via 

IGF-independent mechaaisms which are rnediated by a putative IGFBPJ receptor ((98, 

99) reviewed in (68)). Ligand blotting of the membrane fiaction isolated h m  rat prostate 

tissue with l Z 5 1 - 1 ~ ~ ~ ~ - 3  revealed discrete bands at 18, 45 and 87 kDa which bind 

IGFBP-3 (data not shown), although the molecular weights are not identical to bands 

reported by Rajah et al (104) fiom PC-3 cells which bind IGFBP-3 with high affinity. In 

view of this evidence that the rat ventrai prostate exhibits potential binding sites for 

IGFBP-3 on ce11 membranes, we CM not exclude the possibility that IGFBPJ exerts 

direct regulatory effects in this tissue. 

We have shown that increased expression of IGFBP mRNA is temporally related to 

induction of apoptosis in the ventral prostate following castration. However, our 

experimental system does not allow us to prove whether IGFBPs cause apoptosis in the 

ventral prostate or are upregulated as a result of apoptosis. To m e r  elucidate the role of 

IGFBPs in apoptosis induced by hormone deprivation it will be necessary to examine 

interactions at the protein level, but such studies mut await availability of suitable 

antibodies against rat IGF binding proteins. Formal demonstration using IGFBP knockout 

models that induction of IGFBPs is required for castration-induced prostate gland 

apoptosis to occur may be challenging, as our data indifate that multiple IGFBPs are 

involved. It rnay be necessary to simultaneously disrupt multiple IGFBP genes to 

determine to what extent effects of castration on the prostate gland are a consequence of 

induction of expression of IGFBPs. 
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Figure 1. Apoptosis in the rat ventrd prostate foïioning eutration. The TUNEL 

method was w d  to detect apoptosis in situ in formalin-fixed, paraffin embcdded sections 

of ventrai prostate tissue. The sections were photographed ushg an FITC filter in a 

fluorescence microscope at a magnifïcation of 32OX or 200X (B). The nuclei of apoptotic 

celis contain fluorescein-labelled DNA and appcar bright. Assays wcrc performed on at 

least time independent tissue sections. Rcsults h m  a rqresentativt assay including 

ventral prostate tissue h m  sham castrateci rats (A) and 6 (B), 24 (C), 48 @) and 72 (E) h 

afler castration are shown. 



Figure 2. Effceri of castration on TRPM-2/cluste~ gent expression in the ventral 

prontate. The 2.3 kb TRPM-Zcl- transaipt detected by Northcni analysis is 

uidicated (A). Northem blotthg was repeated on RNA fiom thne sets of individual rats. 

Al1 blots show are fiam one representative filter which was stripped and re-hybridized 

with the various probes and for which eùiidiurn bromide staiaing of the agarose gel is 

show (B). 



Figure 3. Expremion of IGFBPs in the rat ventral prostate foliowing castration. 

The 2.6 kb and 1.4 kb mRNAs for IGFBP-3 and -2 respcctively were detected by 

Nortbern blor anaiysis as described in Mataiais and Methods and are iadicated (A). The 

nIter was stripped and re-probed to dctect the 6.0 kb IGFBP-5 mRNA and 2.4 kb IGFBP- 

4 mRNA (B). Expression of IGFBP gaies wa9 quantitatcd by dcmitomctric scanning of 

the aUt0radiogram.s. 



Figure 4. Effects of castration on IGF-1 gene expression and IGF-1 receptor binding 

in the rat ventral prostate following castration. IGF-1 mRNA transcripts were 

detected by Northem blot analysis (A). For each lane, the surn of the density bands 

correspondhg to IGF-1 transcripts was caicuiated. Membrane extracts prepared fiom rat 

ventral prostate were used for IGF-IR affinity labelling as descnbed in Materials and 

Methods (B). 



Part 4 

IGFBP expression during EB1089-induced prostate regression 

This section is based on the followina ~ublished manuscri~t (see ao~endix): 

Nickerson T., Huynh H. Vitamin D analogue EB0189-induced prostate regression is 
associated with increased gene expression of insulin-like growth factor binding proteins. 

Journal of Endocrinology, I60:223-229, 1998 



Certain vitamin D analogues, which have reduced effects on calcium homeostasis, are 

considered as dmg candidates for prevention d o r  treatment of cancer. Our laboratory 

has s h o w  that increased expression of IGFBP-5 by 1,25(OH)2D3 and its analogue 

EB1089 contributes to th& antiproliferative effects on MCF7 cells. In addition, 

increased expression of IGFBP-3 is associated with inhibition of PC-3 prostate cancer 

ce11 growth by these compounds. 

Although antiproliferative and apoptotic effects of vitamin D analogues have been 

described in tissue culture models, there has been no report of their effects on prostate 

regression in vivo. We were interested in determining whether EB1089 could induce 

apoptotic regression in the rat ventral prostate. In view of our demonstration that 

castration-induced regression of rat ventral prostate is associated with increased 

expression of IGFBPs and the known effects of vitamin D analogues on IGF physiology 

in vitro, we m e r  hypothesized that changes in IGFBP expression may be nlated to 

EB 1 089-induced prostate regression. This chapter descnbes the experiments we carried 

out to test these hypotheses. 



4.2 Abstract 

Vitamin D analogues have an antiproliferative effect on prostate cancer cells N, vitro and 

thus have k e n  proposed as candidates for chemoprevention of prostate cancer. Insulin- 

like growth factor (IGF) 1 has k e n  s h o w  to protect cells from apoptosis and plays an 

essential role in normal prostate physiology. We have studied the effects of the 1.25- 

dihydroxyvitamin D3 analogue EB1089 on the IGF system in the prostate in vivo. 

Treatment of rats with EB1089 for 14 days caused a 25% decrease in ventral prostate 

weight. Apoptosis was detected in prostate sections of EB1089 treated rats by TUNEL 

assay and histological examination of hematoxylideosin stained tissue sections indicated 

that secretory epithelial cells were flattened, a chanicteristic of cells undergoing pressure- 

induced atrophy. Ventral prostate regression was associated with 15 to 25-fold increases 

in gene expression of IGF binding proteins 2,3,4 and S. We also observed a 40-foid 

increase in prostatic IGF-1 mRNA levels in response to EBIO89. Although we have 

previously show that castration of rats leads to upregulation of IGFBPs in the ventral 

prostate, EBI O89 treatment had no effect on serum levels of dihydrotestosterone or free 

testosterone. These results suggest that prostate regression induced by EB 1089 may be 

related to alterations in availability of IGF-1 as a result of increased production of 

IGFBPs. 



4.3 Introduction 

Prostate cancer is the most common malignancy in men (237). In North America, nearly 

ail men develop histological benign prostate hyperplasia and at least 10% will be 

diagnosed with prostate cancer (238). There is evidence that restricted exposure to 

sunlight, which is necessary for vitamin D production in the body, is correlated with 

increased mortality from prostate cancer, suggesting a role for vitamin D in the 

prevention of prostate cancer (239,240). 

The biologicaily active fom of vitamin D, 1,25-dihydroxyvitamin D3 (1 ,25(OH)2D3 or 

calcitriol), has antiproliferative and differentiating effects on both normal and prostate 

cancer cells which have been demonstrated in vitro and in vivo (241, 242). The effects of 

1 .25(OH)zD3 are rnediated by the vitamin D receptor, which is a member of the nuclear 

steroid hormone receptor f'ily (243). Vitamin D receptors are found in normal and 

cancerous prostate tissue and ce11 lines (244). The use of 1,25(OH)2D3 clinically as an 

antiproli ferative agent is Iimited by the hypercalcemia associated with high dose 

administration. Calcitriol analogues have ken developed that mimic the antiproliferative 

effects of 1,25(OH)2Di but have little effect on calcium homeostasis (245). These 

compounds are cunently considered as candidates for prevention and/or treatment of 

ben@ prostate hyperplasia and prostate cancer (246). 

Insulin-like growth factor I (IGF-1) is required for the survival of hurnan prostate 

epithelial cells in vitro and plays an essential role in normal prostate physiology (1 59). A 



recent prospective study revealed a stroag positive association between serum IGF-1 

levels and prostate cancer risk (61). The well recognized mitogenic and antiapoptotic 

effects of IGF-1 are mediated through binding to the MjF-1 receptor (178). Observations 

that insulin like growth factor binding protein (1GFBP)-3 inhibits IGF-induced 

proliferation of normal prostate epithelial cells (161) and that semm levels of certain 

IGFBPs are changed in patients with prostate cancer (229, 230), suggest that IGFBPs 

(reviewed in (68)) are important modulaton of IGF activity in the human prostate. 

Previous studies have demonstrated the efficacy of synthetic calcitriol analogue EB 1 O89 

(Leo Pharmaceuticals) in reducing growth of prostate cancer cells (247, 248). We have 

show that the growth inhibitory effects of EB1089 are associated with increased IGFBP 

expression in both MCF7 breast cancer cells (1 17) and PC-3 prostate cancer cells (194). 

While IGFs have been recognized as antiapoptotic factors for some time, it has only 

recently been demonstrated that IGFBPs can regulate apoptosis in vitro (104, 23 1) and 

are associated with prostate regression induced by castration (249). We undertook these 

experiments to study the effects of EB1089 on IGFBP gene expression in the normal 

prostate in vivo. 

4.4 Materials and Metbods 

Animals. Al1 animal studies were conducted in accordance with local humane animal 

care standards. EB 1 O89 (Leo Phannaceuticals, Ballerup. Denmark) was supplied at a 



concentration of 0-lmgM in propylene glycol with O.OSM Na2HP04. Male Sprague- 

Dawley rats (n=9 pet gmup) weigbing 4 7 5 g  (Charles River, Quebec) received i.p. 

injections of O, 1, 2 or 3pg EB1089 per kg BW, which was prepared fresh by diluting 

stock solution in propylene glycol, every second day for 2 weeks. Animais were 

sacrificed on &y 14 and the ventral prostate was collected and weighed. Part of the tissue 

tvas fixed in 10% buffered formalin, embedded in paraffin and cut into 5pm sections. 

Sections were s h e d  with hematoxylin/eosin for histological examination. The 

remaining prostate tissue was immediately frozen in liquid nitrogen for RNA extraction. 

Serum was collected fiom animals prior to sacrifice and radioimmunoassay (RIA) was 

perfomed to measure levels of fiee testosterone (T) (Diagnostic Product Corporation) 

and dihydrotestosterone (DHT) (Diagnostic Biochern Canada) according to the 

manufacturer's directions. The intra- and inter-assay variabilities of these assays are 7% 

and 8.1 % respective1 y. 

Northern Bfot Analysis. Total RNA was isolated fiom tissue using the RNAzol B 

method (Teltest). Total RNA (SOpg) was fractionated on 1% agarose gels and transferred 

ont0 Zeta-Probe membrane (Bio-Rad) in 50 mM NaOH. The cDNAs for IGFBPs -2,3,4 

and 5 (234) and IGF-I (233) were labelled with [ a - Z ~ ] d ~ T P  using T7 Quick-Prime kit 

(Phmacia). Prehybndization, hybridization and washing were perfonned as previously 

described (249). Blots were subjected to autoradiography with intensifying screen at - 
80°C. Quantitative analysis of gene expression was accomplished by averaging 

densitometric scanning of three autoradiograrns per gene and results were corrected for 

minor loading differences by normalizing to 28s rRNA. 



Quantitation of Apoptosk Apoptosis was detected in formalin-fixed, paraffin embedded 

tissue sections using the ApoAlert DNA hgmentation assay (Clontech) which is based 

on the terminal deoxynucleotidyl transferase-mediated dUTP nick end labelling 

(TUNEL) method. 5 jm sections were prepared and treated according to the 

manufacturer's instructions. Apoptosis was visualised and photographed under a 

fluorescent microscope equipped with an FITC filter. Labelling indices were obtained by 

counting the number of labelled cells among at least 100 epithelial cells per region and 

expressed as percentage values. 

4 3  Results 

Ventral prostate regressim induced by EBlO89. 

We observed a 25% decrease in ventral prostate weight in rats treated daily with EB1089 

compared to control animals (Figure IA). The reduction in ventral prostate weight at 2 

weeks was similar in rats receiving 1, 2, or 3 pg EB 1089 per kg BW and was not related 

to changes in mean body weight, which for dl treatrnent groups was <4% of total body 

weight (data not show). Ventral prostate regression most cornmonly occurs as a result of 

androgen deprivation. To determine whether the mechanism of EB 1089-induced prostate 

regression involves alteration of androgen effects, we measured androgen levels in the 

senim of EB1 O89 treated rats. EB 1089 had no effect on senim levels of fiee T or DHT in 

rats treated for 2 weeks (figure 18). 



Eflect of EBlO89 on morpho log^ and apoptosis of rat venirolprostute. 

Ventral prostate sections fiom rats treated with 2pg EB 1089 per kg B W every second day 

for two weeks were stained with hematoxylin and eosin for assessrnent of general 

morphology. In the normal rat prostate (Figure 2A), a thick layer of ta11 columnar 

xcretory epithelid cells lines the lumen of the prostate. In rats treated with 2pg EB 1089, 

the epithelial layer is flattened (Figure ZB), consistent with cytoplasmic condensation 

characteristic during prostate regression (250). Also, as can be seen in Figure 2, we 

observed a large accumulation of materiai in the lumen of EB IO89 treated prostates. We 

performed TUNEL assays on ventral prostate sections to detect apoptotic ce11 death. In 

the normal rat prostate, the rate of apoptosis is very low (Figure ZC), in keeping with 

prior reports that apoptosis occurs in -2% of cells in the rat ventral prostate and is 

balanced by ce11 proliferation (1 7 1). In rats treated with 2 pg EB1089, -80% of epithelial 

cells are apoptotic (Figure 2D). The rates of apoptosis for rats treated with 1 and 3 pg 

EB 1 089 were -50% and -70% respectively. 

E a c t  of EBl O89 on IGFBP and I GF4 gene apression in the ventral prostate. 

We have previously shown that castration-induced apoptosis in the rat ventral prostate is 

associated with increased expression of IGFBPs (249). Therefore, we used Northern 

anaiysis to determine if EB 1089 induced prostate regression is associated with changes in 

IGF physiology. Administration of EB 1089 resulted in dose-dependent increases in 

expression of IGFBP 2,3,4 and 5 in the ventral prostate. IGFBP-4 mRNA levels increased 

3-fold in prostate of rats receiving 1 pg EB1089 and 25-fold in animals receiving 2pg 



EB1089 compared to control animais (Figure 3A). Similady, IGFBP-5 mRNA levels 

increased 2-fold and 20-fold respectively in the 1 pg and 2 pg EB1089 groups compared 

to control (Figure 3A). Treatment with 1 pg EB1089 caused a 5-fold increase in IGFBP-2 

mRNA levels and 2 pg El31089 resulted in a 17-fold increase compared to control 

(Figure 3B). Prostatic IGFBP-3 gene expression increased 2-fold and 15-fold in rats 

treated with 1 pg and 2 pg EB1089 respectively (Figure 3B). IGF-I gene expression in 

ventral prostate is IO-fold higher than control in rats treated with 1 pg EB 1 O89 and 40- 

fold higher than control in rats treated with 2 pg EB1089 (Figure 4B). All increases in 

IGF-1 and IGFBP gene expression in treatment groups compared to control groups were 

statisticaily significant ( p 4  .O5) as determined by Mann- Whitney U-test. 

4.6 Discussion 

In this in vivo snidy we have demonstrated that the calcitriol analogue EB1089 

significantly reduces ventral prostate weight in normal rats. Prostate regression was 

associated with apoptotic ce11 death and gene expression of IGFBPs. Minimal body 

weight loss was observed (<20g of 475% total BW) in animals treated with various doses 

of EB 1089, in keeping with previous studies which reported no hypercalcemia or weight 

loss in rats administered comparable doses of EB 1089 (25 1). Vitamin D receptor levels in 

the rat ventral prostate did not change significantly in response to treatment with EB1089, 

as measured by western blot anaiysis (data not shown). Histological examination 

indicated a reduction in the epithelial component of the prostate, and TUNEL analysis 



c o n h e d  apoptotic death of prostate epithelial celis. Others have reported 

antiproliferative effects of l,2S(OH)2Di on both normal prostate epithelial and stromal 

cells in vim, although in vivo evidence suggests that inhibitory effects of 1,25(OH)2D3 

may be Limited to epithelial cells (252, 253). In our system, net reduction of prostate 

weight can be contributeci to selective loss of epithelial cells, even if EB 1089 has little or 

no effect on the stromal component. Although prostate weight was significantly reduced 

by treatment with EB1089, there was no comlation between dose of EB1089 and total 

weight reduction. The accumulation of secretory materials, which was found in prostates 

fiom al1 EBOl89 treated animals, may account for the absence of differences in prostate 

weight between the various EB 1089 groups. 

The mechanism by which 1,25(OH)2D3 inhibits growth of cancer cells is largely 

unknown. In this study we have shown that reduction of ventral prostate weight by 

EB1089 is associated with changes in IGF physiology. This is not surprising, as it has 

been recognized for some time that IGFs have a central role in regulating proliferation 

and apoptosis of prostate epithelial cells (1 61, 178). However, more attention has been 

given recently to the apoptotic effects of IGFBPs. It has been hypothesised that IGFBPs 

trigger apoptosis in the prostate following androgen ablation (217). In keeping with this 

hypothesis, we have recently reported that castration-induced apoptosis in the rat ventral 

prostate involves increased expression of IGFBPs (249). Furthemore, there is evidence 

that IGFBP-3 induces apoptosis in PC-3 prostate cancer cells (104) and that the 

antiproliferative effects of EB1089 on PC-3 cells are mediated at least in part by 

increased expression of IGFBP -3 (1 94). We demonstrate here that prostate regression in 



vivo induced by EB1089 is associated with increased expression of genes encoding 

IGFBPs and IGF-1. Castration causes a rapid decrease in serum testosterone levels and a 

corresponding decrease in prostate dihydrotestosterone concentration which leads to the 

death of androgen-dependent cells within the prostate and results in involution of the 

gland (168). However, no changes were observed in senun levels of fiee T or DHT in rats 

treated with EB1089, indicating that prostate regession and induction of IGFBPs in the 

prostate are independent of androgen effects. These results emphasize the potential 

significance of IGFBPs during prostate involution and raise the possibility that IGFBPs, 

rather than being strictly under androgen control, are more generaily expressed during 

physiological situations which trigger apoptosis. 

In rat ventral prostate, IGF-1 is secreted by stromal cells while epithelial cells which 

respond to IGF-1 express IGF-1 receptors. IGFBPs which mediate the interaction between 

IGF-1 and its receptor are mainly produced by epithelial cells, although some are 

expressed by stromal cells as well(158). Rapid induction of IGFBPs may sequester IGF-1 

away fiom the IGF-I receptor (2 17). In support of this view, we observed upregulation of 

IGF-1 gene expression in prostates of EB 1089 treated animals which may result fiom loss 

of IGF-1 feedback inhibition on its own gene as reported previously (254). Altematively, 

there is evidence that IGFBPJ has IGF-independent effects on ce11 growth and survival 

that rw mediated by a putative IGFBP-3 receptor (99, 104). These mechanisms are not 

mutually exclusive however, as direct IGFBP-3 effects and reduction of IGF-I resulting 

fiom interactions between IGF-1 a d  IGFBPs 2,4 or 5 could occur simultaneously. The 

net effect, regardless of which mechanism is involved, seems to be loss of survival 



signais and activation of programmed ce11 de&. To M e t  elucidate the role of IGFBPs 

in apoptosis it will be necessary to examine interactions at the protein level, but such 

studies must await the availability of suitable antibodies against rat IGF binding proteins. 

Androgen deprivation is the strategy most commonly employed in the management of 

prostate cancer. Initially, primuy prostate cancer and metastatic sites will respond to 

androgen ablation therapy, however in most cases the disease progresses within 3-5 years 

when populations of hormone-refractory cells emerge (238). EB 1089 has antiproliferative 

effects in both androgen-responsive LNCaP prostate cancer cells and androgen- 

independent PC-3 cells (241, 255). Vitamin D analogues, or other novel approaches that 

target IGF bioactivity, may provide a "second-line" therapeutic strategy for targeting 

IGF-stimulated prostate cancer proliferation when androgen deprivation fails. It will be of 

interest in this respect to compare the effects of EB1089 on growth of androgen 

responsive vs. independent prostate tumon in vivo. 

Our observation that EB 1089 results in accumulation of material in the prostate lumen, as 

well as compression of the epithelial ce11 layer, raises the possibility that increased 

pressure in the lumen contributes to the mechanism of EBlO89-induced prostate 

regression. There may be parallels between this phenornenon in the prostate and the 

pressure-induced atrophy of mammary gland epithelial cells during post-lactational 

involution (256). Accumulation of milk in the rat mammary gland activates gene 

expression of IGFBPs 4 and 5,  and has been shown to contribute to apoptosis of 

mammary epithelial cells and involution of the gland (214). It will be of interest in future 



studies to search for other compounds which have a similar effcct on the prostate in order 

to m e r  understand the nature of the accumuiated material in the lumen and its role, if 

any, in prostate regression. 

In summary, we show here that reduction of ventral prostate weight by EB 1089 involves 

changes in IGF physiology. Based on these in vivo results, together with in vitro fmdings, 

we hypothesise that the mechanism of EB 1089 induced prostate regression may involve 

pressure atrophy and hcreased expression of IGFBPs. 
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Figure 1. Ventral prostate ngression and senim androgen levels in r a t s  treated 

with vitamin D analope EB1089. Rats were treated with 0,1,2 or 3 pg EBlO89 per kg 

BW every second day for two weeks as descnbed in Materials and Methods. The ventral 

prostate was excised, carefully tnmmed to remove al1 connective tissue and weighed. 

Ventral prostate weights are plotted as mean weight (mg) f SEM (A). ïhe ventral 

prostate weights of rats treated with EB1089 were statistically different from those of 

control animals (pc0.05) as determincd by Mann-Whitney U-test. Senun levels of fiee T 

and DHT were measured by RIA and plotted as mean concentration I: SEM (B). 



Figure 2. Effects of EB1089 on morpbolw and rpoptoob of mt ventrai prostate. 

Fonnalitl-fixed, paraffh embedded ventral prostate tissue sections were stained with 

hernatoxylin and eosin for histological examinstion. Shown are the ventrai prostates of 

rats treated for two weeh with vehicle done (A) or 2pg EB1089 (B). The TUNEL 

mahod was used to detect ventral prostate apoptosis in situ. The sections w m  

photographed using an RTC fltcr in a fluorescence microscope at a magnification of 

320X. The nuclei of apoptotic cells contain fluomcein-labelled DNA and appear bright 

Shown are prostate sections of rats treateù with either vehicle alone (C) or 2pg EB1089 

@)a 



Figure 3. Expression of IGFBPs in the rat ventral proatitc durhg treatment with 

vitamin D analogue EB1089. The 2.4kb and 6.0kb mRNAs for IGFBP-4 and -5 

respectively were detected by Northern blot anaiysis in ventrai prostate of rats treated 

with the Uidicated doses of EB1089 (A). The filter was stripped and re-probed to detect 

the 2.6kb IGFBP -3 and 1.4kb IGFBP-2 mRNA (B). Earrh lane contains RNA poolcd fiom 

three individual animals. Expression of IGFBP genes was quantitated by densitometric 

scanning of three autoradiograms and lanes from each trratment p u p  were averaged and 

are expressed as mean arbitrary density uni& (ADU) î SEM (CD). 



Figure 4. Effects of EB1089 on IGF-1 gene expression in the rat ventral prostate. 

One reptesentative filter was used for al1 Northem blots shown, and ethidium bromide 

staining of the agarose gel is shown (A). IGF-1 mRNA transcnpts were detected by 

Northem blot analysis (B). For each Iaae, the sum of the density bands corresponding to 

IGF-1 transcnpts was calcuiated. These sums were averaged for al1 lanes comsponding 

to each treatment group fiom k e e  autoradiograms and are expressed as mean arbitrary 

density units (ADU) f SEM (C). 
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5.1 Preface 

Antiandrogens are commonly used in the management of prostate cancer. Initially, 

primary prostate cancer and metastatic sites will respond to antiandrogen therapy, 

however in most cases the disease progresses within 3-5 years when hormone- 

independent populations of cells emerge. in view of our results related to changes in 

prostatic IGFBP expression duMg castration-induced apoptosis, investigation of the 

influence of antiandrogens on IGF physiology in the prostate may have clinical 

relevance. Approaches that target IGFs may augment the efficacy of antiandrogens used 

to treat prostate cancer, or may even prove useful as a "second-line" strategy for 

treatment of androgen-independent disease. 

In this chapter we describe expenments carricd out to investigate the effects of the 

antiandrogen Casodex (bicalutamide) on apoptosis and IGFBP expression in rat ventral 

prostate. 



5.2 Abstract 

We have previously reported that castration-induced apoptosis in the rat ventral prostate 

is associated with increased expression of IGFBPs 2,3,4 and 5 (Nickerson et al, 

Endocrindogy 139:807,1998). Here we examine the effects of bicalutamide (Casodex, 

Zeneca Phamiaceuîicds), a pure antiandrogen wivith high specificity and afinity for the 

androgen receptor, on IGFBP expression and apoptotic regession of the rat ventral 

prostate. In rats treated daily with 10 mgkg BW bicalutamide, increases in mRNA levels 

of IGFBPs 2,3,4 and 5 were detectable by Northem btoning by 6 hours and reached 6 to 

10 fold of control levels afLer 5 days of treatment. The time course of induction of 

apoptosis in the ventral prostate by bicalutamide, as detected in situ by the TUNEL 

method. corresponded to the time course of induction of IGFBP expression. Rapid 

induction of IGFBPs, which cm limit access of IGFs to the IGF-1 receptor, may therefore 

play a role in the induction of apoptosis by antiandrogens, particularly in view of 

increasing evidence that IGF-1 inhibits apoptosis. These results document a previously 

unrecognised effect of antiandrogens, and extend our previous studies relating IGF 

physiology to prostate biology. Together with evidence that a strong positive correlation 

exists between plasma IGF-I levels and prostate cancer risk (Chan et al, Science 

279:563,1998), our data suggest that IGF physiology may play a key d e  in prostate 

cancer biology, and is strongly influenced by androgen-targeting therapies. 



5.3 Introduction 

Prostate cancer is the most commoa malignancy arnong males in North America, and 

approximately one in every nine will k diagnosed with prostate cancer during th& 

lifetime (257). The standard therapy for prostate cancer involves elimination of 

androgens by orchiectomy or medical castration with L W  agonists. While these 

methods drarnatically lower serum testosterone concentrations, the intraprostatic 

concentration of dihydrotestosterone is only reduced by 50 to 60% (258). The use of 

antiandrogens, which block the interaction of testosterone and dihydrotestosterone with 

the androgen receptor, is the most effective method of intedering with the action of 

androgens produced locally in the prostate (259). 

Bicalutamide (Casodex, Zeneca Pharmaceuticals) is an antiandrogen with high specificity 

and afinity for the androgen receptor but without additional hormonal or antihomonal 

activity (260). In early clinical studies a 50 mg daily dose of bicalutamide was chosen 

based on the finding that this antiandrogen is 5 to 10 times more potent than flutamide in 

the intact rat (260). Although this dose proved to have low efficacy in humans, it was 

later demonstrated that 150 mg daily bicalutamide adrninistered for an increasing PSA 

level &es= a flutarnide wiihdrawal response produced another PSA decrease of >50% 

(26 1). These clhical findings suggest that in humans, the optimal dose of bicalutamide is 

>50 mg daily and that bicalutamide may be beneficial in patients following failure of 

another antiandrogen (25 8). 



There is increasing evidence that the effects of androgens on growth and maintenance of 

the prostate are mediated by a nmber of growth factors (1 58). Insulin-like growth factor 

I (IGF-1) is required for the survival of human prostate epithelial cells in vitro and plays 

an essential mle in normal prostate physiology (159). A recent prospective study revealed 

a strong positive correlation between senim IGF-I levels and prostate cancer risk (61). 

The well recognised mitogenic and antiapoptotic effects of IGF-1 are mediated through 

binding to the IGF-1 receptor (178). IGF activity is modulated by members of the 

proposed IGFBP super fmily which includes 6 IGFBPs (IGFBPs 1-6) that bind IGFs 

with high afinity and several other IGFBP related proteins (126). Observations that 

IGFBP-3 inhibits IGF-induced proliferation of normal prostate epithelial cells (1 61) and 

that serum levels of certain IGFBPs are changed in patients with prostate cancer (229), 

suggest that IGFBPs (reviewed in (68)) are important modulators of IGF activity in the 

human prostate. 

IGFBPs have been demonstrated to regulate apoptosis in vitro (104, 23 1) and are 

associated with apoptosis during castration-induced regression of the rat ventral prostate 

(249). We undertook these experiments to test whether regression of the ventrai prostate 

by the antiandrogen bicdutarnide involves changes in local IGF physioiogy. 



5.4 Materials and Methods 

AnimalS. Ai1 animai studies were conducted in accordance with local humane animal 

care standards. Bicalutamide (Zeneca Phamiafeuticals, Macclesfield, England) was 

dissolved in 100% ethaaol at a concentration of 25 mg/ml. Male Sprague-Dawley rats 

(n=3 per group) weighing 400g (Charles River, Quebec) received daily oral doses of 

bicalutamide (IOmgkg BW in 0.5% Tween-80 PBS) by gavage for up to 7 days. Control 

rats were given 0.5% Tween-80 PBS containhg 16% ethanol. bals were sacrificed 6 

hours following treatment and then every 24 hours for 7 days. The ventral prostate was 

collected. Part of the tissue was fixed in 10% buffered formalin, embedded in p d n  

and cut into 5 p n  sections. The remaining tissue was imrnediately fiozen in liquid 

nitrogen for RNA extraction. 

Northern Blor Analysis. Total RNA was isolated from tissue using the RNAzol B 

method (Teltest). Total RNA (50pg) was fiactionated on 1 % agarose gels and transferred 

ont0 Zeta-Probe membrane (Bio-Rad) in 50mM NaOH. The cDNAs for rat TRPM-2 

(232) and IGFBPs -2,3,4 and 5 (234) were labelled with [ a - 3 2 ~ ] d ~ ~ ~  using T7 Quick- 

Prime kit (Pharmacia). Prehybridization, hybridization and washing were performed as 

previously described (249). Blots were subjected to autoradiography with intensifjing 

screen at -80°C. Quantitative analysis of gene expression was accomplished by 

densitornetric scanning of autoradiograms and results were corrected for minor loading 

differences by nonnalizing to 28s rRNA. 



Quantifation of ApoptaFLr. Apptosis was detected in formalin-fixed, paraffin embedded 

tissue sections using the ApoAlert DNA hgmentation assay (Clontech) which is based 

on the M L  method. 5 p  sections were prepared and treated according to the 

manufacnirer' s instructions. Apoptosis was visualized and photograp hed under a 

fluorescent microscope equipped with an FITC filter. Labelling indices were obtained by 

counting the number of labelled cells among at least 100 epithelial cells per region and 

expressed as percentage values. 

5.5 Results 

Rats were treated with a single dose of bicalutamide IOmg/kg BW, which is known to 

cause a reduction in prostate weight over two weeks. Animals were sacrificed at various 

time points beginning at 6 hours following treatment in order to detect early changes in 

gene expression. Northern blot analysis was used to confimi the expression of TRPM- 

Z/clusterin, an androgen-repressed gene known to be associated with involution of the 

prostate (232). TRPM-2 mRNA levels were low in control rats receiving vehicle only, 

and increased 5-fold by 6 hours of bicalutamide treatment (Figure 1). TRPM-2 gene 

expression increased 16-fold by 48 hours and reached 25-fold by 120 hours in the 

prostate of bicalutamide treated rats (Figure 1). 

TUNEL assays were performed on ventral prostate sections to determine the extent of 

bicalutamide-induced apoptosis. In the prostates of control nits, the rate of apoptosis is 



very low (Figure ZA), in keeping with prior reports that apoptosis occurs in -2% of cells 

in the rat ventral prostate and is balanced by ce11 proliferation (171). AAcr 6 hours of 

bicalutamide treatment, -45% of prostate epithelial celis are apoptotic and fluoresce with 

an intensity related to their degree of DNA hpentat ion (Figure 2B). By 48 houn of 

bicalutamide treatment, -65% of cells are apoptotic (Figure 2C) and the number of 

apoptotic cells in the ventral prostate reaches -85% by 96 houn of treatment (Figure 2D). 

Northem blot analysis was used to determine whether bicalutamide-induced prostate 

regression involves changes in IGF physiology. Administration of bicalutamide resulted 

in time-dependent increases in expression of IGFBPs 2,3,4 and 5 in the ventral prostate. 

1GFBP-î mRNA levels increase 3-fold by 6 hours and reach -15-fold by 120 hours in 

bicalutamide treated rats (Figure 3A). IGFBP-3 mRNA is expmsed at a very low level in 

control animals and is increased 2-fold and 10-fold at 6 hours and 120 hours respectively 

of bicalutamide treatment (Figure 3A). IGFBP-4 and -5 mRNAs are both expressed in 

the normal prostate and increase 6-fold and 5-fold respectively by 6 hours, and 15-fold 

and 10-fold respectively by 120 hours of treatment (Figure 3B). Ail differences were 

statistically signifiant @<O.OS) as detennined by Mann-Whitney U-test. 

5.6 Discussion 

In this in vivo study we demonstrate that apoptotic regression of the ventral prostate 

duruig bicalutamide treatment is associated with increased expression of IGFBPs 2,3,4 



and 5. Bicalutamide is a pure antiandrogen in widespread use clinically. We presmt here 

evidence that apoptosis in the prostate induced by bicalutamide is correlated with changes 

in IGF physiology. 

It has been recognised for some tirne that IGFs have a central role in regulating 

proliferation and apoptosis of prostate epithelial cells (1 61). However. more attention has 

been given recently to the apoptotic effects of IGFBPs. IGFBP-5 expression increases 

during post-lactational involution of the rat mammary gland (2 14). We and others have 

shown that IGFBP-3 induces apoptosis in vitro in MCF7 breast cancer cells and PC-3 

prostate cancer cells (104, 23 1). In keeping with the hypothesis that IGFBPs trigger 

apoptosis in the prostate following androgen ablation (217), we have reported that 

castration-induced apoptosis in the rat ventral prostate involves increased expression of 

IGFBPs (249). Our observation that IGFBP gene expression increases during 

bicalutarnide-induced prostate regression are consistent with these previous fmdings. 

Taken together, these results extend our previous studies relating IGF physiology to risk 

of prostate cancer by demonstrating the effects of androgen-targeting therapies on local 

IGF physiology in prostate tissue. 

Within 6 hours of bicalutamide treatment, we observed apoptotic cell death of ventral 

prostate epithelial cells as well as increased gene expression of IGFBPs. We hypothesise 

that rapid induction of IGFBPs may sequester IGF-1, thereby preventing activation of the 

IGF-1 receptor and prornoting apoptosis. Although the individuai IGFBP mRNA levels 



were increased fiom between 2 to 5 fold by 6 hours, the magaitude of increase in total 

IGF binding capacity is potentially much greater. Our previous findings on IGFBP-3 

induced apoptosis in vitro (23 1) were consistent with the hypothesis that IGFBPs regulate 

apoptosis by modulating IGF bioavailability. We can not exclude the possibility that 

IGFBPs regulate apoptosis directly, as there is growing evidence that IGFBP-3 has IGF- 

independent effects on ce11 growth and swival (98, 262). To establish that IGFBP 

induction is necessary for bicalutamide induced apoptosis, an experimental strategy based 

on IGFBP knockout mice would be necessary. However, given the redundancy we have 

observed with induction of multiple IGFBPs it would be necessary to disrupt multiple 

IGFBP genes simultaneously. 

We are currently examining the impact of androgen-ablation on IGF physiology in 

prostate tumor models in vivo that are responsive or non-responsive to anârogen 

de privation. 
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Figure 1. Effects of bicalutamide on TRPM-2/cluate~ gent expression h the 

ventral prostate. The 2.3 kb TRPM-Uclusterh mRNA detected by Northern Analysis in 

the ventrd prostate of rats treated with bicalutamide for up to 120 hours is indicated (A). 

Each lane contains RNA pooled h m  thmi! individual animais. One representative filter 

was w d  for al1 Northern blots shown and ethidium bmrnide staining of the agarose gel is 

shown (B). 



Figure 2. Apoptosis in the rat ventral proatatt during bicdutimide hutment. The 

TUNEL method was used to detect ventral prostate apoptosis in sim. The sections wem 

photomphed at a magoification of 320X under a fluorescence microscope. The nuclei of 

apoptotic celis contain flwresceia-labelled DNA and appear bnght. Rtsults h m  a 

representative assay includirig ventral prostate tissue h m  rats trcated with vehicle aione 

(A) or 1 Omg/kg BW bicalutamide daüy for 6 (B),' 48 (C) and 96 (D) hours are show. 
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Figure 3. Espressioa of IGFBPs in the rat ventral prostate durhy treatment with 

the antiandrogen bicalutamide. The 1.4 kb and 2.6 kb rnRNAs for IGFBP-2 and -3 

respectively were detected by Northem blot analysis in v e n d  prostate of rats treated 

with IOmg/kg BW bicalutamide for up to 120 hours and are indicated (A). The filter was 

sûipped and re-probed to detect the 2.4 kb IGFBP-4 mRNA and 6.0 kb IGFBP-5 mRNA 

(B). Expression of IGFBP genes was quantitated by densitometric scanning of the 

autoradiognuns. 



Part 6 

IGFBP expression and apoptosis in Shionogi 

tumors after castration 

This section is based on the followina manuscri~t: 

Nickerson T., Mi yake H., Gleave M.E.. Pollak M. Castration-induced apoptosis of 

androgen-dependent Shionogi carcinoma is associated with incnased expression of genes 

encoding insulin-like growth factor binding proteins. Submitted, 1999 



6.1 Preface 

We have descnbed increased gene expression of IGFBPs in the normal prostate during 

regression induced by androgen-targeting therapies for prostate cancer. These results, 

together with reports that IGFBP-3 induces apoptosis in PC-3 prostate cancer cells, 

provided a strong rationale to investigate involvement of IGFBPs in prostate tumor 

regression in vivo. The Shionogi tumor model originates from a moue mamrnary 

carcinoma, but is androgen-dependent and is cornmonly used for studies of prostate 

cancer. In the experiments outlined in this chapter, we make use of calcium channel 

blockers. These compounds are able to prevent castration-induced apoptosis of androgen- 

dependent cells. 

The results described in this chapter provide in vivo evidence for a role of lGFBPs in a 

model of androgen-dependent neoplasia that are consistent with prior results obtained in 

tissue culture systems and when we studied the normal prostate gland in vivo. 



6.2 Abstract 

Insulin-like growth factor (IGF) 1 has well charactenzed mitogenic and anti-apoptotic 

effects that are essentid for maintenance of the normal prostate and which may be 

important during regression of the normal prostate a d o r  prostate tumon induced by 

androgen-targeting therapies for prostate cancer. IGF-1 activity is modulated by insulin- 

like growth factor binding proteins (IGFBPs). Here we examine IGFBP expression 

during regression of androgen-dependent Shionogi carcinoma tumors following 

castration. In this niodel, we observe a 90% reduction in Shionogi tumors by 10 days 

post-castration. Northem bloning of RNA from tumors collected at various times after 

castration indicates a rapid induction of IGFBPd concomitant with apoptotic regression 

of tumors as detected by Apotag staining of tumor sections following castration. IGFBP- 

5 mRNA was not detectable in tumors fiom control animals, but levels increased 120- 

fold in tumors 3-days following castration. The mRNAs for IGFBPs 3 and 4 were 

abundant in Shionogi tumors fiom intact mice and decreased to -33% and -20% of 

control respectively. Castration had no significant effect on IGFBP-2 expression. 

Treatment with calcium channel blockers inhibited castration-induced apoptosis and 

tumor regression and also significantly inhibited upregulation of IGFBP-5 after 

castration. These data provide strong evidence for a bctional role of IGFBP-5 

expression in mediating the apoptosis induced by androgen-deprivation in androgen- 

dependent neoplasia. 



63 Introduction 

Standard therapy for prostate cancer involves targeting andxogens by blocking androgen 

production (by castration or the administration of LHRH agonists), or activity by 

administration of antiandrogens. Androgen ablation therapy generally leads to significant 

involution of prostate tumors, but the molecular mechanisms underlying this regression 

are incompletely descnbed. 

IGF-I has an important influence on the growih and survival of both normal and 

neoplastic prostate epithelial cells (1 59, 161). We have recently demonstrated in a 

prospective study that a strong positive correlation exists between senun IGF-1 levels and 

prostate cancer risk (61). The well recognized mitogenic and anti-apoptotic effects of 

IGF-I (reviewed in (178, 263)) are modulated by a farnily of high afinity IGF binding 

proteins (IGFBPs 1-6) (reviewed in (68, 13 1 )). 

IGFBPs have been s h o w  to have apoptotic effects on both PC-3 prostate cancer cells 

and MCF7 breast cancer cells in vitro (104, 231). We have previously reported that 

castration-induced apoptosis in the normal rat prostate gland is associated with increased 

expression of IGFBPs (249). The Shionogi carcinoma is a wellsharacterized mode1 of 

androgen-dependent neoplasia (264). W e undertoo k these experiments to detemine if 

regression of androgen-dependent Shionogi carcinoma f01lowi.n~ castration involves 

changes in local IGF physiology. 



6.4 Materials And Methods 

Shionogi tumor growth. Animal studies were conducted in accordance with local 

humane animal care standards. The Toronto subline of the transplantable SC-1 15 AD 

mouse mammary carcinoma (265) was used in al1 experiments. Shionogi tumor cells 

were maintained in Dulbecco's modified Eagle medium (Life Technologies, Inc., 

Gaithersburg, MD) supplemented with 5% heat-inactivated fetal calf serum. For in vivo 

study, approximately 5 X 106 cells of the Shionogi carcinoma were injected 

subcutaneously into adult male DD/S strain mice, which were bred within our own 

facilities. When Shionogi turnors became 1 to 2 cm in diameter, usually 2 to 3 weeks 

after injection, castration was performed through an abdominal incision under 

methoxyfiurane anesthesia. Details of the maintenance of mice, tumor stock and 

operative procedures are described in a previous publication (266) Tumors were 

measured each day and Rimor volume was calculated as LxWxH x 0.5236 (267). Animals 

were sacrificed at various times d e r  castration and tumors were excised and fixed in 

10% buffered neutral buffered formalin for paraffin embedding and the remainder was 

immediately frozen in liquid nitrogen for isolation of RNA. 

Inhibition of apoptosis &y caalcium channel blockers. To determine whether changes in 

IGFBPs afier castration are regulated by androgen or associated with apoptosis, calcium 

channel blockers (600 pg Nifedepine and 100 pg Norvasc) were given three times per 

day by oral administration to mice bearing Shionogi tumors' 1 day prior to castration to 

inhibit castration induced apoptosis. Tumor tissues were harvested 3, 8 and 10 days after 

castration. 



Quantiroiion of Apoptosir Following Castration. To characterize changes in apoptotic 

rates &et castration, the number of apoptotic bodies per high power field were counted 

and compared in parent tumors prior to castration, regressing tumors 3, 5, and 10 days 

d e r  castration, and recurrent tumors 21 days after castration. Tumon were harvested at 

various times post-castration and fixed in 10% neutral buffered formalin and embedded 

in p d i n .  Five-micron fixed sections were cut fiom each specimen and stained with 

digoxigenin-dUTP antibodies (Apoptag, Oncor, Iac. Gaithenburg MD). The number of 

Apotag-positive ce11 per high power field in 5 random fields were counted and averaged. 

Northern AnaQsk. Total RNA was isolated fiom tissue using the RNAzol B method 

(Teltest). Total RNA (40pg) was fiactionated on 1% agarose gels and transfened ont0 

Zeta-Probe membrane (Bio-Rad) in 50mM NaOH. The cDNAs for rat TRPM-2 (232), 

IGFBPs -2,3,4 and 5 (234), IGF-1 (ATCC) and IGF-IR (ATCC) were labelled with [a- 

3 2 ~ ] d ~ ~ ~  using T7 Quick-Prime kit (Pharmacia). Prehybndization, hybcidization and 

washing were performed as previously described (249). Blots were subjected to 

autoradiography with intensifying screen at -80°C. Quantitative analysis of gene 

expression was accomplished by densitometric scanning of autoradiograms and results 

were corrected for minor ioading differences by nonnalizing to 28s rRNA. 

6.5 Results 

Apoptotic regression of Sllionogi tumors follo wing castration 



Androgen-dependent Shionogi tumors develop rapidly in intact mice, reaching a volume 

of -1000 mm3 by 4 weeks. In this model, we observe a 90% reduction in tumor volume 

by 10 days post-castration (Figure 1). The extent of apoptosis in Shionogi tumors was 

determined by Apotag s w g  of tumor sections. We observed minimal apoptosis in 

tumors from intact mice (Figure 2 A, C). The nurnber of cells undergoing apoptosis 

increased 5-fold by 3 days following castration and peaked around 5 days (Figure 2 B, 

C). Northem blot analysis was used to confirm the expression of TRPM-2/clusterin 

(Figure ZD), an androgen-repressed gene known to be associated with involution of 

Shionogi tumors (265). 

Effects of castration on IGFBP expression in Shionogi tumom 

Castration resulted in a dramatic increase in IGFBP-5 expression, decreased expression 

of IGFBPs 3 and 4, and had no effect on IGFBP-2 expression as determined by Northern 

blot analysis. IGFBP-2 mRNA is expressed at a low level in control tumors and does not 

undergo significant change in response to castration (Figure 3A). IGFBP-3 mRNA is 

abundant in control himors, and decreases to -33% of control 3 and 10 days after 

castration (Figure 3B). IGFBP-4 mRNA is also strongly expressed in Shionogi tumors 

frorn intact mice and decreases to -20% of control3 days afler castration (Figure 3C). By 

10 days post-castration IGFBP-4 levels increase slightly, reaching -40% of control. 

. IGFBP-5 mRNA is very low in turnoa Grom control mice, but increases 120-fold in 

tumors 3 days after castration (Figure 3D). By IO-days pst-castration, IGFBP-5 mRNA 

levels declined slightly, but remained 100-fold of control levels. In relation to the tirne 



course of nimor regression, this dramatic increase in IGFPB -5 expression occurs early on, 

prior to the peak of apoptotic ce11 death. 

Apoptosis in many ce11 types requires a rise in intracellular caf2 levels. Use of calcium 

channel blockers in vivo prevents apoptosis in a nurnber of ce11 types (268-270). In 

particular, treatment with calcium chamel blockers prevents apoptosis of androgen- 

dependent prostate cells and delays prostate regression following castration (1 72-1 74). 

We cofirmed that administration of calcium channel blockers to mice bearing Shionogi 

tumors inhibits castration-induced apoptosis in tumors as detected by Apotag 

irnmunostaining, and tumor regression (data not shown). ïmportantly, the upregulation of 

IGFBP-5 in tumors by castration was significantly inhibited by calcium channel blocker 

treatment (Figure 3D) while the expression of other IGFBPs after calcium channel 

blocker treatment was not significantly altered (Figure 3 A, B. C). 

Effects of castration on IGF-IR and IGF-f gene expression 

\ 
IGF-IR rnRNA levels decreased by -50% 3 days &er castration, then partially recovered 

by 8 days (Figure 4A). IGF-I gene expression increased slightly as a result of castration, 

reaching 1.3-fold of control by 8 days (Figure 48). Expression of IGF-II was not detected 

in tumors fiom either intact or castrated animais (data not shown). 



6.6 Discussion 

We demonstrate that apoptotic regression of androgen-dependent Shionogi twnoa is 

associated with major changes in IGFBP gene expression within the neoplasms. While 

IGFBP 3 and 4 expression decrease slightly following castration, the magnitude of 

increase in expression of IGFBPs 2 and 5 is remarkable. Furthermore, gene expression of 

IGFBPs 3 and 4 is strong in control tumors in contrast to IGFBPs 2 and 5, which are 

barely detectable. The effects of castration on gene expression of IGF-1 and IGF-IR in 

Shionogi nimors were minimai compared to the changes in expression of IGFBPs. In 

view of the large increases in IGFBP-5 and IGFBP-2 gene expression in Shionogi tumon 

following androgen ablation, it is possible that the overall increase in IGF binding 

capacity in the tumor microenvironment results in lower IGF bioactivity. Altematively, 

there is evidence that IGFBPs have direct effects on ce11 growth and survival that are 

independent of IGF-I(98,27 1). These mec hanisms are not mutually exclusive. 

It has been recognized for some time that IGFs have a central role in regulating 

proliferation and apoptosis of prostate epithelial cells (1 61, 186). However, more 

attention has been given recently to the apoptosis-inducing effects of IGFBPs. It has 

previously been hypothesized that IGFBP-5 serves to trigger apoptosis in the prostate 

following androgen ablation (217). Our observation that castration is followed by 

h a t i c  increases in IGFBP-5 expression in Shionogi turnon which precede the thne of 

maximum apoptosis provides strong support for this hypothesis. 



It is well established that during the process of apoptotic execution, intracellular fiee 

calcium concentration increases and consequently endonucleases, that can degraàe 

nucleosomal DNA, are activated. Based on these findings, we treated mice bearing 

Shionogi turnon with calcium channel blockers prior to castration in order to prevent 

castration-induced apoptosis. As expected, calcium channel blocker treatment inhibited 

regression of Shionogi tumors afler castration through the inhibition of apoptotic ce11 

death precipitated by androgen ablation. Furthemore, upregulation of IGFBP-5 after 

castration was significantly reduced by calcium channel blocker treatment. Although 

functional analysis of IGFBP-5 is required to determine the specific role d e r  castration, 

these finding suggest that IGFBP-5 is an apoptosis-related gene rather than an androgen- 

repressed gene. 

We have previously reported that increases in IGFBP gene expression are associated witb 

apoptotic regression of the normal rat prostate induced by either castration (249) or the 

antiandrogen bicalutarnide (272). IGFBP expression has also been shown to increase 

during post-lactational involution of the rat mammary gland (273) and following 

treatment of breast cancer cells with antiestrogens (84). Thus, there is accurnulating 

evidence that apoptosis associated with steroid hormone deprivation involves 

upregulation of IGFBP expression. 

Our results represent the first report documenting upregulation of IGFBP-5 following 

castration in a mode1 of androgen-dependent neoplasia. Study of the functionai role of 

IGFBP-5 in castration-induced apoptosis is now justified. 
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Figure 1. Shioaogi tumor regression foliowing castration. Shionogi cells were injected 

into mice on Day O as described in Material and Methods. Tumor volume was measured 

every severai days and castration of mice bearing large tumors was performed after 28 

days as indicated. 



Figure 2. Castration-induceci apoptoais in Shionogi tumon. The Apotag method was 

used to detect apoptosis of Shionogi tumors in situ. Sections of p m - e m b e d d e d  

Shionogi tumon harvested from mice prior to and 3, 5, 10, and 21 days after castration 

were stained with digoxigenindUTP antibodies (Apoptag) to identify apoptotic bodies. 

A) Parent Shionogi tumor prior to castration. B) Shionogi ~ m o r  5 days pst-castration. 

C) The apoptotic rate increases 10 fold within 5 days after castration before decreasing 

back towards baseline after 10 days. Northem blot analysis was used to detect the 2.3 kb 

TRPM-Z/clusierh ttaascript @). 



Figure 3. IGFBP expression in Shionogi tumors foiiowing castration. Northem blot 

andysis was used to detect mRNA levels of IGFBPs -2 (A), -3 (B), 4 (C), and -5 (D) in 

Shionogi tumors at vaxious times following castration and in tumors fiom animals treated 

with calcium channel blockers 1 day prior to castration. IGFBP gene expression was 

quantitated by densitometric scaaniag of the autoradiograms and is shown on the right. 

One representative filter was used for ail Northem blots and G3PDl levels are shown (E). 



Figure 4. Expression of IGF-IR a d  IGF-1 in Shionogi tumors foUowing castration. 

IGF-IR mRNA (A) and IGF-I mRNA (B) expression was cietected in Shionogi tumors at 

various times following castration by Norihem blot analysis. Densitometxic scanning of 

autoradiograms is show on the right. The densities of the two lanes for each group were 

averaged. For IGF-1, the sum of density bands comsponding to IGF-1 transcripts was 

calculateci for each lane. 



Part 7 

IGFBP expression in DMBA-induced breast carcinoma 

following ovariectomy 

This section is based on the followinn manuscri~t: 

Nickerson T., Zhang J., Pollak M. Regression of DMBA-induced breast carcinoma 
following ovariectomy involves increased expression of genes encoding insulin-like 

growth factor binding proteins. Submitted, 1999 



'Ihere have been many examples presented throughout this thesis of common 

characteristics of breast and prostate cancer. For exarnple, IGFBP-3 induces apoptosis in 

both breast and prostate cancer cells in vitro. Furthemore, involution of mammary and 

prostate glands induced by hormone-ablation share striking similarities. including 

apoptotic death of epithelial cells and increased expression of common genes. Having 

started our investigation of a role for IGFBPs in apoptosis with a simple in vifro breast 

cancer rnodel, it seemed appropriate to corne Ml circle and look for evidence that 

IGFBPs might be related to regression in a breast tumor model. 



7.2 Abstract 

Insulin-like growth factor 1 (IGF-I) has well characterized mitogenic and antiapoptotic 

effects in both normal and neoplastic mammary epithelial cells which are mediated 

through the IGF-1 receptor. IGF activity is modulated by a farnily of high affinity IGF 

binding proteins (IGFBPs 1-6). Here we show that gene expression of IGFBP-2,-3,4 and 

-5 increases rapidl y in DMB A-induced rat marnmary tumors fol10 wing ovariectomy . We 

observed a 90% reduction in volume of DMBA-induced rat mammary tumors by 14 days 

post-ovariectomy. The tune course of maximal tumor regression was associated with 

increased gene expression of IGFBPs, as detected by Northem blot analysis. IGFBP-2,- 

3,-4 and -5 rnRNA levels increased fkom between 2 to 16 fold of control by 14 days of 

estrogen-ablation. These results are compatible with the hypothesis that response of 

DMBA-induced mammary tumors to estrogen deprivation therapies involves reduction of 

IGF bioactivity secondary to upregulation of expression of IGF binding proteins. 



7.3 Introduction 

The well characterized mitogenic and anti-apoptotic effects of insulin-like growth factors 

1 and II (IGF-1 and IGF-II) are mediated through binding to the IGF-1 receptor (reviewed 

in (27, 178)). IGF activity is modulated by a family of high affinity IGF binding proteins 

(IGFBPs 1-6) (reviewed in (68)). Increased accumulation of IGFBPs are associated with 

the antiproliferative actions of antiestrogens (84, 1 16, 1 56), transforrning growth factor P 

(85), retinoids (86), vitamin Di (1 17), and tumor necrosis factor a (87) on human breast 

cancer cells. 

Breast cancer is the most common malignancy in non-smoking women in North Amenca 

and Europe, and its incidence is increasing in the developing world (257). The oldest 

systemic therapy for this disease was surgical ovariectomy, and many usehl current 

therapies for breast cancer, including LHRH agonists, antiestrogens, and aromatase 

inhibiton, target estrogens. However, the molecular mechanisms by which estrogen 

deprivation therapies cause tumor regression remain incompletely described. 

In view of the evidence that (1) induction of apoptosis in the rat mammary gland during 

post-lactational involution is correlated with greatly increased IGFBP production (214, 

273) (11) IGFBPs can replate apoptosis in prostate and breast cancer cells in vitro (104, 

231) and (III) IGFBPs are associated with prostate regression induced by castration 

(249), we hypothesized that estrogen-targeting therapies may act in part by changing 

expression of genes that determine local IGF bioactivity. We undertook this study to 



determine if regression of DMB A-induced mammary himors following ovariec tom y 

involves changes in local IGFBP gene expression. 

7.4 Materials and Methods 

Mammary Tumor Induction. A11 animal studies were conducted in accordance with 

local humane animal care standards. 7,12-dimeth y l benz(a)anthracene (DMB A) was 

dissolved in peanut oil at a concentration of lOrng/ml. A single 20 mg dose of DMBA 

was admiistered by gavage to female Sprague-Dawley rats (Charles River, Quebec, 

Canada) ages 44-51 days. Marnmary tumors appeared &er -8 weeks. Ovariectomy by 

abdominal incision or a 'sharn' procedure was performed on rats bearing tumors 

-1000mm3. Tumor dimensions were measured prior to surgery and at the time of 

sacrifice, and tumor volume calculated as volume=(length x width x height x 0.52). Rats 

were sacrificed at various times following ovariectomy (n=3 per group) and tumors were 

excised and immediately frozen in Iiquid nitrogen for isolation of RNA. 

Norrkern Anafysis. Total RNA was isolated from tumors using the RNAzol B method 

(Teltest). Total RNA (50pg) was fractionated on 1% agarose gels and transferred ont0 

Zeta-Probe membrane (Bio-Rad) in 50mM NaOH. The cDNAs for lGFBPs -2,3,4 and 5 

(234) were labelled with [~-"P]~cTP using T7 Quick-Prime kit (Pharmacia). 

Prehybridization, hybridization and washuig were perfonned as previously described 

(249). Blots were subjected to autoradiography with intensifjing screen at -80°C. 



Quantitative analysis of gene expression was accomplished by densitometric scanning of 

autoradiograms and nsults were conected for minor loading differences by normalizing 

to 28s rRNA. 

7.5 Results and Discussion 

Estrogen deprivation induces apoptosis in MCF7 breast cancer cells in vitro as well as in 

MCF7 tumor xenografts in nude mice (196, 197, 199). Estrogen c m  inhibit apoptosis by 

increased production of Bcl-2, an antiapoptotic protein (222). It has previously been 

shown that regression of DMBA-induced rat mamrnary tumoa following estrogen- 

ablation involves increased expression of TRPM-2, a gene known to be associated with 

rnammary gland involution (1 69, 274). While spontaneous apoptosis balanced by mitosis 

is observed in growing DMBA-induced rat mammary tumors, ovariectomy results in 

massive apoptotic ce11 death and regression of the tumors (275). 

In our study, DMBA-induced tumor volumes were reduced by 20% within 1 day of 

ovariectomy (Figure 1). We observed a clramatic decrease in tumor size over 7 days post- 

ovariectomy, with a 90% reduction in tumor volume by 14 days, consistent with other 

reports (276). This was followed by a gradua1 regression of turnors over the next 3 weeks. 

Two tumors regressed completely and had not reappeared by 70 days. 



Northern blot analysis was used to shidy the expression of genes encoding IGFBPs in 

tumors following estrogen-ablation. Ovariectomy resulted in increased gene expression 

of IGFBP-2,3,4 and -5 in DMBA-induced rat mammary tumon (Figure 2). IGFBP-5 

mRNA levels in mammary tumors increase 10-fold by 14 days following ovariectorny 

compared to tumors of control animals which underwent a sham operation. IGFBP-4 

mRNA is expressed at a very low level in control tumors and increases 16-fold by 14 

day s fo llowing estrogen ablation. Mammary turnor IGFBP-3 mRNA levels increase 1 5 - 
fold by 7 days post-ovariectomy, but then decline by 14 days. IGFBP-2 rnRNA is 

abundant in tumors of sham ovariectomized rats, increases 2-fold by 7 days, and then 

declines. The observed increases in local IGFBP gene expression are temporally related 

to the reduction in turnor volume &et estrogen withdrawal. 

IGFBP-5 expression increases during post-lactational involution of the rat mammary 

gland (273). We show here that increased IGFBP expression is also associated with 

ovariectomy-induced regression of marnmary tumors. Rapid induction of IGFBPs 

following hormone ablation may sequester IGF-1, thereby preventing activation of the 

IGF-1 receptor and promoting apoptosis. Although the individual IGFBP mRNA levels in 

DMBA-induced mammary tumon were increased fiom between 2 to 16 fold by 14 days 

afier ovariectomy, the magnitude of increase in total IGF binding capacity is potentially 

much greater. Our previous findings conceming IGFBP-3 induced apoptosis in MCF7 

breast cancer cells (231) were consistent with the hypothesis that IGFBPs regulate 

apoptosis by modulating IGF bioavailability. We can not exclude the possibility that 



IGFBPs regulate apoptosis directly, as there is increasing evidence that IGFBP-3 has 

IGF-independent effects on ce11 growth and survival(98,99). 

Our data are compatible with the hypothesis that the involution of estrogen-dependent 

tumors involves reduction of IGF bioactivity due to increased expression of IGFBPs. 

However, the correlation of upregulation of IGFBP expression with tumor response we 

observed does not formally establish a cause-and-effect relationship. Direct evidence that 

the induction of IGFBPs is one of the molecular mechanisms that underlies twnor 

regression in the DMBA mode1 following estrogen deprivation would be provided by the 

demonstration that tumors o c c h n g  in animals with multiple IGFBP gene knock-outs 

fail to show the expected response to estrogen deprivation. Such experiments must await 

the availability of such animals. 

In view of our recent findings relating the risk of breast and prostate cancer to serum 

IGF-1 levels (61, 62). strategies such as growth hormone antagonists (277), growth 

hormone releasing hormone antagonists (278) or somatostatin analogues (279) that target 

IGF pathways deserve investigation as interventions that may augment the actions of 

estrogen-targeting therapies for breast cancer prevention and treatment. 
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Figure 1. Regression of DMBA-iaduced rat mammary tumon following 

ovariectomy. Rats bearing DMBA-induced marnmary tumors > I cm3 were 

ovariectomized at day 0. Rats were sacrificed at various times following ovariectorny 

(n=3 per group). Turnor volumes at sacrifice are expressed as a percentage of pre-surgery 

volume and are plotted as mean k SD. 



Figure 2. Effects of ovariectomy on IGFBP gene expression in mammary tumors. 

The mRNAs for IGFBPs -5 (6.0kb), -4 (2.4kb). -3 (2.6kb), and -2 ( 1.4kb) were detected 

by Northem blot anaiysis as described in Materials and Methods and are indicated. Each 

lane contains pooled RNA from himors of  three individual animals sacrificed at various 

times following surgery. One npresentative filter was stripped and re-probed to detect 

the various genes, and ethidiurn bromide staining of the agarose gel is show at the 

bottom. 



Part 8: GENERAL DISCUSSION 

8.1 Summary of findiags 

The fmdings presented in this thesis have provided evidence for a roie for IGFBPs in 

apoptosis. Based on the in vitro demonstration that IGFBP-3 induces apoptosis in MCF7 

cells, in vivo models were used to show that apoptosis is associated with altered local 

expression of IGFBPs. In the normal rat prostate, increased expression of genes encoding 

IGFBPs 2,3,4 and 5 is observed during apoptosis induced by castration, bicalutamide, or 

EB 1089. A dramatic increase in IGFBP-5 gene expression is observed during castration- 

induced apoptosis in androgen-dependent Shionogi turnoa and can be inhibited with 

calcium channel blocken. Increased expression of IGFBPs 2,3,4 and 5 is observed during 

regression of DMBA-induced rat marnmary carcinoma induced by ovariectorny. 

8.2 Recent evidence implicating IGFBPs in apoptosis 

While the study of IGFBP-3 induction of apoptosis in MCF7 cells was being carried out 

in our laboratory, Cohen's group was simultaneously investigating induction of apoptosis 

by IGFBP-3 in PC-3 prostate cancer cells (104). Rajah et al. demonstrated that rhIGFBP- 

3 induces apoptosis in PC-3 cells. They also showed that induction of apoptosis in PC-3 

cells by TGFP could be inhibited by IGFBP-3 antisense oligonucleotides. Addition of 

rhiGFBP-3 to IGF-IR-negative R cells, or transfection of these cells with IGFBP-3, 

induces apoptosis which could be partially inhibited by IGF-1 but not by Long R~ IGF-1. 

Taken together, these results suggest an IGF-independent mechanism for this effect. 



It has recently been reported that IGFBP-3 enhances ceramide-induced apoptosis in 

HS578T cells in an IGF-independent manner (280). IGFBPJ has ody a small direct 

antiproliferative effect in these cells, however, preincubation with rhIGFBP-3 greatly 

increased the amount of apoptosis following ceramide treatment. IGF-1 or analogues were 

unable to prevent ceramide-induced apoptosis. 

Our finding that IGFBPJ gene expression is upregulated in the rat ventrai prostate 

following androgen ablation has recently ken  confhned at the protein level by 

immunostaining, although in this study an anti-human IGFBP-5 antibody was used to 

detect rat IGFBP3 (281). Serial sections fiom the prostate of rats treated with finasteride 

or castrated rats were compared for IGFBP-5 staining and DNA fragmentation. It was 

demonstrateci that a significant increase in IGFBP-5 occurred during prostate regression. 

IGFBP-5 staining peaked several days after the peak of apoptosis and IGFBP-5 and 

TUNEL staining were not usually observed in the same cells. 

8.3 Fuaction of IGFBPs in apoptosis: Hypotheses 

While the data presented in this thesis demonstrate strong evidence that IGFBPs play a 

role in apoptosis, it remains to be detennined exactly what that role is. nKre are a 

number of hypotheses which may be proposed based on the known actions of IGFBPs: 



1) IGFBPs induce apoptosb by sequestering local IGFs 

An increase in IGFBPs can inhibit IGF-mediated ce11 d v a i  by reducing bioavailability 

of ligands for the IGF-IR (Figure 1). This is the simplest hypothesis to explain the 

apoptotic effects of IGFBPs, and is in keeping with the copious evidence for inhibition of 

IGF actions by IGFBPs. The demonstration that Long R~ IGF-I is a more potent inhibitor 

of IGFBP-3-induced apoptosis than IGF-1 is in keeping with this hypothesis. The fact that 

multiple IGFBPs, ail of which have known inhibitory effects on IGF action, are 

upregulated in the prostate following castration supports this view. 

2) IGFBPs regulate apoptosis via direct effecb 

There is increasing evidence for direct effects of IGFBPs, although the mechanisms 

underlying these effects remain largely unknown. It has been postulated that IGFBP-3 

binds to its own ce11 surface receptor, or even that IGFBP-3 may interact directly with the 

IGF-IR (Figure 1). Increased apoptosis in R- cells that had been stably transfected with 

IGFBP-3 cDNA (104) indicates that a functional IGF-1 receptor is not required for the 

induction of apoptosis. In addition, "'1-IGFBP-3 binds with high aflinity to specific 

proteins in PC-3 plasma membranes suggesting that the apoptotic effects of IGFBP-3 on 

these cells may be mediated by a specific receptor. It has recently been reported that 

IGFBP-3 binds competitively to the type V TGFP receptor (103). In view of evidence 

that IGFBP-3 mediates the antiproliferative effects of TGFP in breast and prostate cancer 

cells (85, 104) and that the type V receptor is important for TGFP-induced growth 

inhibition (1 OS), this receptor is currently considered a putative IGFBP-3 receptor. 
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Figure 1. Proposed mechaniams for IGF-dependent and IGF-independent 
regulation of apoptosis. (Adapted from (1  04)) 



3) IGFBPs are exprcssed to attempt to enhance ceU sirvival during conditions 

where ceIl death is imminent 

There is currently no evidence available to substantiate this hypothesis. However, in view 

of evidence that IGFBPs can potentiate IGF actions in certain physiological contexts, it is 

a possible explanation for the observed increase in IGFBP expression associated with 

apoptosis. Potentiation of IGF action by IGFBP-5 has been reported in many systems and 

seems to involve association of IGFBPJ with extracellular matrix. This may either 

prolong the haif-life of IGFs and/or provide a storage pool of IGFs which are readily 

available for binding the [CF-IR. While IGFBPs 2,3,4 and 5 increased during regression 

of normal prostate, the drarnatic increase in IGFBP-5 expression in Shionogi tumors 

following castration suggests that this IGFBP in particular may be important in apoptosis. 

In the Shionogi model, castration-induced IGFBP-5 expression peaked pnor to the time 

of maximal apoptosis and others have reported that IGFBP-5 protein levels are maximal 

several days afier peak apoptosis in normal rat prostate after castration (281). Taken 

together, these results leave open the possibility that androgen-ablation causes apoptosis 

by mechanisms that have nothing to do with IGF physiology, and IGFBP-5 production 

increases in response to conditions which ûigger apoptosis as an attempt to promote ce11 

survival by increasing bioavailability of IGFs. If this hypothesized scenario is valid, it 

must be pointed out that the inc rea~  in IGFBP production in an attempt to prevent 

apoptotic ce11 death is futile, as apoptosis does of course follow. 



8.4 Androgen regulation of IGFBP gene expression 

Emerging data conceming androgen-regdation of IGFBP gene expression an not al1 

consistent, and it will be important to understand the different physiological contexts of 

different mode1 systems. Guenette & Tenniswood hypothesized that, in the prostate, the 

IGFBP-5 gene is repressed by androgen and then expressed de now following androgen- 

ablation (2 17). Our results in normal prostate and androgen-dependent neoplasms are 

consistent with this hypothesis. 

In contrast, it has recently been reported that IGFBP-5 gene expression is increased by 

androgen in androgen-dependent CWR22 prostate tumor xenografts, and disappears in 

response to androgen-ablation (282). 

Another study which used a PCR-based cDNA subtraction method to screen for genes 

which are either upregulated or repressed by androgen in the rat ventral prostate 

identi fied a nurnber of genes known io be androgen-regulated including PSA, TRPM-2 

and TGFP, as well as several novel genes, but did not detect the gene for IGFBP-5 (1 75). 

This result is not consistent with ours (249). and may be related to technical factors. 

The process of evolution of prostate cancer fkom an androgen-dependent to aaârogen- 

independent phenotype is of considerable importance clinically, but there is a lack of 

understanding of the molecular basis for the phenotypic change. The opposite effects of 

androgens on IGFBP-5 expression in anârogendependent and andmgen-independent 



models therefore deserves m e r  shidy. Follow-up of parailel issues related to the 

neoplastic progression of breast cancer fiom estrogen-dependent to estrogen-independent 

phenotypes deserves study as well. 

8.5 Tberapeutic impücations 

As demonstrated in this thesis, changes in IGF physiology are associated with apoptosis 

in both normal and neoplastic models. Strategies such as growth hormone antagonists 

(277), growth hormone releasing hormone antagonists (278) or sornatostatin analogues 

(279) that target IGF pathways deserve investigation as interventions that may augment 

the actions of hormone-targeting therapies for breast and prostate cancer. Vitamin D 

analogues are also dnig candidates for cancer treatment and prevention and our data 

suggest that their mechanism of action may be related to IGF physiology. 

The data presented in this thesis, together with our recent findings relating the risk of 

breast and prostate cancer to senvn IGF-1 levels (61, 62), suggest that IGF-targeting 

strategies may also be useful for prevention of these cancers. Mammary hunorigenesis is 

influenced by the developmental history of the mammary gland, with nulliparity 

representing a significant risk factor while pregnancy and lactation are associated with 

reduced risk for development of breast cancer (283-286). Normal development and 

maintenance of the mammary gland results fkom a balance between ce11 proliferation and 

ce11 death, and perturbation in this balance contributes to the development of neoplasia 

(287, 288). Conditions that increase the rate of apoptosis, such as ovariectomy and 



cessation of lactation, are comlated with reduced risk for developing breast cancer. In 

contrast, inhibition of apoptosis has been associated with increased risk for breast cancer 

in humaas (289). It follows then that attenuating IGF activity by increasing local 

concentrations of inhibitory IGFBPs could lower the risk of breast cancer. This rationale 

similarly applies to prostate cancer, which shares many common features with breast 

cancer (257). Vitamin D3 analogues are currentl y being considered as candidates for 

prevention of breast and prostate cancer (246). In view of our fmdings that EB1089 

causes a reduction in weight of the normal rat prostate that is associated with an increased 

rate of apoptosis as well as increased IGFBP gene expression, investigation into IGF- 

targeting strategies for cancer chernoprevention is justified. 

8.6 Future directions 

The next logical step in this field of study will be to determine if increased expression of 

IGFBPs is necessary for apoptosis induced by steroid deprivation to occur. Knockout 

mice which are deficient for the various IGFBPs should be useful for investigating how 

IGFBPs modulate apoptosis in physiological situations. However, it may be necessary to 

disrupt several IGFBPs simultaneously as there is evidence for redundancy in function 

among IGFBPs. 

Initially, primary prostate cancer responds to androgen ablation therapy, however in most 

cases the disease progresses within 3-5 years when populations of hormone-refiactory 

cells emerge. The data presented in this thesis relating to IGFBP expression during 

regression of androgen-dependent tumors induced by castration raises questions about a 



possible mle for IGFBPs in androgen-independent progression of prostate tumots. Bone, 

which is the most common site for prostate cancer metastasis, contains IGFs as well as 

high concentrations of IGFBPJ (120, 290). It has recently been reported that bone- 

associated IGFs increase proliferation and chernotaxis of prostate carcinoma cells, 

however the role of IGFBP-5 was not examined (291). In view of evidence that IGFBP-5 

potentiates IGF activity, the IGFBP-5 present in bone rnay provide a favorable 

environment for the growth of androgen-independent prostate tumor metastases. A mode1 

of prostate cancer metastasis in IGFBP-5 deficient knockout mice may be usefid for 

addressing this hypothesis. Further elucidation of the involvement of IGFBPs in 

metastasis may lead to enhanced therapies for androgen-independent metastatic prostate 

cancer. 



CONCLUSIONS 

The results presented in this thesis indicate a role for IGFBPs in apoptosis. We 

demonstrate that IGFBPJ induces apoptosis in MCF7 cells in vitro, and provide 

evidence that the apoptotic effects of the antiestrogen ICI 182,780 in these cells are at 

teast partially mediated by IGFSP-3. We dso show that apoptotic regression is associated 

with increased IGFBP gene expression in a number of in vivo models. Involution of the 

normal rat ventral prostate induced by castration, the antiandrogen bicalutamide or the 

vitamin D3 analogue EB 1 O8 is associated with increased expression of IGFBPs 2,3,4 and 

5. In addition, we demonstrate that IGFBP-5 gene expression increases dramatically in 

androgen-dependent Shionogi tumors following castration and can be inhibited by 

calcium channel blockers which prevent apoptosis. These data provide strong evidence 

for a functional role of IGFBP-5 expression in rnediating the apoptosis induced by 

castration in androgen-dependent neoplasia. Finally, we present evidence that IGFBP 

expression is upregulated in DMBA-induced rat mammary turnors during regression 

induced by estrogen-ablation. A number of compounds with growth inhibitory effects on 

breast a d o r  prostate cancer cells in vitro increase accumulation of IGFBPs in the 

conditioned media. Many of these antiproliferative agents are also know to induce 

apoptosis. The data presented in this thesis may have relevance to current and future 

strategies for hormonal approaches to cancer treamient and prevention. 



ORIGINAL CONTRIBUTIONS TO KNOWLEDGE 

The work presented in this thesis has provided several original contributions to the 

existing body of scientific knowledge: 

IGFBP-3 induces apoptosis in MCF7 human breast cancer cells in vitro. 

The apoptosis inducing effects of ICI on MCF7 cells is correlated with increased 

production of IGFBPs. 

Castration-induced apoptosis in the rat ventrai prostate is associated with increased 

gene expression of IGFBPs 2,3,4 and S. 

Vitamin D analogue EB1089 decreases prostate weight in normal rats without 

affecting serum androgen levels. 

EB 1 089-induced prostate regression involves apoptotic ce11 death. 

6) Increased expression of IGFBPs 2,3,4 and 5 is associated with EBlO89-induced 

apoptosis in rat ventral prostate. 

7) Induction of apoptosis in rat ventral prostate by the antiandrogen bicalutamide is 

associated with increased expression of IGFBPs 2,3,4 and 5.  

8) Regression of androgen-dependent Shionogi carcinoma following castration is 

associated with a drarnatic increase in IGFBPJ gene expression. Induction of 

IGFBP-5 gene expression in Shionogi tumors following castration is blocked by 

calcium channel blockers, which are known to inhibit apoptosis. 



9) Regression of DMBA-induced mammary tumors following estrogen-ablation is 

associated with h a s e d  expression of IGFBPs î,3,4 and 5 .  
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Xnsulfn-lilre growth factors (IGFs) are known to 
have potent antiapoptotic activity. The antierkogen 
ICI 182,780 (ICI) ù a potent inhibitor of MCF7 human 
breast cancer ceii growth and haa recently been re- 
ported to act as an antiproliferative agent in part via 
uprequlation of erpression of inaulia-like growth fac- 
tor binding proteins (IGFBPs) -3 and -5, which attenu- 
ate the bioactivity of IGFs in many erperimental sys- 
tems. We show here that ICI and IGFBP-3 induce 
apoptoris in MCF7 ceiir. Treatment of MCF7 c e b  
with 10 nM ICI or 36 nM recombinant human IGFBP- 
3 for 72 hours increased apoptosis -3.5-fold relative 
to coatrol as quantitated by a c d  death ELISA which 
measures DNA fragmentation. Long RJ IGF-1, an IGF- 
I analogue with greatly reduced a fh i t y  for IGFBPs 
yet similar a t y  for IGF-1 receptors, was a more 
po tent inhibit or  of IGFBP-3-induced and ICI-induced 
apoptosis thaa IGF-1. These results suggest that 
IGFBP-3 enhances apoptosis by reducing bioavail- 
ability of ligands for the fGF-1 receptor and suggest 
that modulation of IGFBP-3 expression by ICI contri- 
butes to apoptosis induced by t&is compound. More 
generally, the data suggest that IGFBPs are regule- 
tors of apoptosis. c 1997 ~ ~ . d e a i l c ~ ~ ~  

Apoptosis is a physiological phenornenon involved in 
morphogenesis and tissue renewal ( 1). Transformed 
cells have been shown to have defects in activation of 
the apoptotic pathway, suggesting that derangements 
of apoptosis are involved in the pathophysiology of can- 
cer. Many antineoplastic compounds induce tumor re- 
gression through their ability to activate apoptotic 
pathways (2,3). Recent studies W , 5 )  reviewed in (6)) 
have demonstrated that activation of the insulin-like 
growth factor 1 (IGF-f! receptor by IGF-I or IGF-II pro- 

: Corresponding author. Lady Dans Research Instirute. 3755 Care 
Ste Catherine Road, hfontreal, Quebec, Canada H3T IE2. Fax: (514) 
340-7502. E-mail: md.r9~wica.mcgill.ca. 

tecta celis fiom apoptosis, and have implicated the set- 
uie-threonule kinase Akt as a key donmstream regda- 
tor of the antiapoptotic effect of IGF-IR agonists (7). 
However, littie attention has been given to date ta the 
role of insulin-iike growth factor binding proteins 
(TGFBPs) (8,9) in regulating apoptosis. 

The pure antiestrogen ICI 182,780 (ICI) is a patent 
inhibitor of breast cancer cell growth (10). We have 
previoudy reported that the antiproliferative effects of 
ICI on MCF7 ceus are associated with increased ex- 
pression and secretion of IGF8P-3 (11). 

MATERIALS AND MtrHODS 

Cell culture and grouth ezperimcnts. MCF7 cells are  mutbe!y 
maintained in 10% fetal caif serum (FCS) alpha modified minimai 
essentiai media ES AMEN) supplemented with 5 p g / d  insukn. They 
were plated in 5% FCS phenol red free (PF)aMEW at a dendry o f  
25,000 ceUs/well in 24-weU plate. FoUowing attachment for 24 
hours, ceUs were washed twice in 0.5% FCS PF-aMEN and incuba& 
in this media for 3 haun. Expasure to compaunds under study mas 
for 72 hours in 0.5% FCS PFs.MEM. Rolifemion of cells w u  quanti- 
tated by PHI-thymidine incorporation as pnviously describtd (121. 

Quantitation ofapoptosis. Apoptotic celi death was measured us- 
ing a ceii death ELISA (Bochriager Manuheiml which measuns cyt+ 
plasmic histone-bound DNA gentrami aunrrg apoptotic DNA h g -  
mentation and not fiet histone or DNA that could be rtleased during 
nonapoptoric ce11 death. This method bas ken shown to be reliable 
for quantitation of apoptotic ce11 death in 3KF7 cells (13,141. MCFi  
cells ptated rt a density of 25,000 celIr/well and treated for 72 h0u.c~ 
exactly as describtd for growrh cxperiments were hanrested by 
scraping in coId phosphate buffcred saline. Parallel plates tnattd 
identically wetc wtd for thymidine incorporation and for determina- 
tion of et11 number. Cytoplasmic ce11 extncts were prepared ac- 
cording to the manufacturefs pmtocol and were equalized on &e 
b u i s  of ce11 numkr. Samples from triplicate wells were naxa in dupii- 
cate on the ELISA 

RESULTS AND DISCUSSION 

It has previously been shown that the antiestrogen 
ICI 162,760 induces apoptosis in MCF7 cells as demon- 
strated by cleavage of DKA to 300 and 50 kbp frag- 
ments (151, although there is controversy smounding 
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FIG. 1. Induction of  apoptosis in MCF7 ceils in respoase ta the antiestrogtn ICI 182,780 and IGFBP-3. MCET mils plahd at a density 
of 25,000 ceWweU were tnated for 72 houn in 0.5% PCS. Apoptoria induad by varioui doses of ICI (A) and rhIGFBP3 (C) wrs quantiutcd 
by ce11 death ELISA when absorbante at 405 am ir a direct memuta of DNA Fragmentation. Plates treated in parailel were wed to meusure 
['Hl-th-vmidine incorporation (B and Di. W experimenb wcra repeated at least three tirnts. The resdts h m  ont representative expriment 

the use of DNA laddering to detect apoptosis in MCF7 
cells in response to antiestrogens (16,171. The ceD 
death ELISA used to quantitate apoptosis in our exper- 
irnents has been shown to detect apoptosis in MCF7 
ceUs in response to the antiestrogens tamoden and 
toremifene (13) as well as other agents (14). Oui. re- 
sults support the view that antiestrogens induce 
apoptosis in MCF7 cells: We observed a dose-depen- 
dent increase in apoptosis following exposure of MCF7 
cells to ICI for 72 hours (Figure Li). A 3.2-fold increase 
in apoptosis was observed in ceUs treated with lOnM 
ICI compared to vehicle-treated control s. This is corre- 
lated with the well known potent inhibitory eEects of 
ICI on MCF7 DNA spthesis (Figure 1B). Under the 
same experimental conditions, treatment of MCF7 
cells with recombinant human IGFBP-3 (rhIGFBP-3) 
for 71 hours increased apoptotic ce11 death in a dose- 
dependent mariner (Figure 1C) azd inhibited [Hq-thy- 
midine incorporation (Figure ID). Apoptosis increased 
3.5-fold in the presence of 36 n M  rhIGFBP-3 relative 
to eontrol. 

We have previ~rillly shown that the potent inhibitory 
eFectc cf fri on MCF7 cet1 growth are âssociated with 

increased secretion of IGFBP-3 by the cells (11). It is 
therefore possible that induction of apoptosis by ICI 
may be related to secretion of IGE'BP-3. In order to 
determine if ICI-induced IGFBP accumuiation is fhc-  
tiondy related to its apoptosis-inducuig actions, we 
carried out experiments with long Rs IGF-I (Gmpep, 
Adelaide, Australia), an IGF-I analogue with greatIg 
reduced aninity for IGF binding proteins, yet similar 
affinity for IGF-1 receptors (181. Experiments were car- 
ried out in the presence of 0.5% FCS, as preliminary 
studies showed that this condition was associated with 
a level of apoptosis in the detection range of our assay. 
As shown in figure 2, baseline levels of apoptosis in the 
absence of either IGF-1 or long RS IGF-1 are more than 
doubled in the presence of 1OnM ICI. The relatively 
low leveis of apoptosis seen in the absence of ICI are 
minimally effected by addition of either IGF-I or long 
R3 IGF-1 to the media. Autocrine expression of' IGF-1 
and IGF-II by MCF7 cells could not be detected in 
system (data not shown). Furthemore, the similar re- 
sui& obtained with IGF-1 or long R3 IGF-I under thew 
conditions indicate that the IGFBPs present in the me- 
dia (from semm or autocrine production) have a negh- 



gible efkt on apoptosis in our experimental system 
the absence of the antiestrogen. 

On the other hand, long R3 IGF-I vas a more potent 
inhibiror of ICI-induced apoptosis than IGF-1. 1.4 nM 
IGF-1 reduced the apoptosis induced by l O n M  ICI by 
404  f Mann Wlitney Gtest ,  p <O.OS), while the same 
concentration of long R3 IGF-1 completely abolished 
ICI-induced apoptosis (Figure 2). The antiapoptotic ac- 
tivïty of IGF-1 in our system extends prior work (4,191 
shomng attenuation of apoptosis induced by agents 
such as etoposide and tumor necrosis factor to anties- 
trogen-induced apoptosis. Furthermore, the differ- 
ences between the antiapoptotic effect of IGF-I and 
long R3 IGF-I in Our experimental system suggests 
that the recently described induction of IGFBP-3 ex- 
pression by ICI (11) contributes to the apoptotic action 
of the antiestrogen. The data are consistent with the 
view that the apoptotic action of ICI is related to corn- 
petition between ICI-induced IGFBP-3 and the IGF- 
IR for IGF-1. 
In CO-incubation experiments, both 36 nM rhIGFBP- 

3 and IOnM ICI significantly increased the levels of 
apoptosis seen in the presence of 1.4 nM IGF-1 (Mann 
Whitney U-test, pc0.01) (Figure 3). However, in the 
presence of 1.4 nM long R3 IGF-1, ICI and rhIGFBP-3 
had no influence on apoptosis. These results auggeat 
a functional role for IGFBPs in the induction of 
apoptosis by ICI. 
The IGF-IR plays a key role in regulating pro- 

grammed celi death and has been suggested to promote 
ce11 srnival by directly inhibithg apoptosis (4,s). We 
prei;iously reported that ICI downregulates IGF-IR 

[IGF-I or ton5 R' IGF-I] (nu) 

FIG. 2. EfTects of IGF-1 and Lang Ra IGF-I on apoptosis inductd 
by ICI. SICF7 cetls were plated as desafbed in the legend ta figure 
1 and treated for 7 1  hours in 0.55 FCS with vanous doaes of IGF-1 
:open squares\ or 1or.g Rs IGF-1 (open triangles 1 alone or in the pres- 
ence of 10 n3d ICI (fiilcd squares and filltd triangles. nspectivtly). 
Cytoplasmic e x t n c s  equalizcd on the basis of cc11 number w e n  
run on the EUSA as described under Macerials and Mtthods. The 
expennenr was mpeated t h  tirnts and the results h m  one expet- 
iment are shown expresscd as mean I: SE. 

- ICI 89-3 
IGF-1 Long ~ ~ ~ - 1  

PIG. S. E B i  of IGF-I and bng Ra IGF-1 on pmtectbg MCPl 
ceh h m  ipoptoris induccd by ICI md IGFBP-3. C a b  plated at 
25,000 œUhU wem culhued for 72 ho- in 0.5% FCS wîth or 
without 10 ICI o r  36 nM rMGFBP-3 in the presence of either 
1.4 nM IGFd or long Ra fGP-1. Cytoplasrnic extracts h m  nIIs w t n  
run on the ce11 death ELISA and & was measund. Data are ex- 
pressed as mean L SE from tripiicate wells. 

number in MCF? ceils (20). Although this raises the 
possibility that induction of apoptosis in MCF7 ceils by 
ICI may be related in part to reduction of IGF-IR levels, 
the magnitude of changes in IGFBP-3 and IGFBP-5 
expression in response to ICI are much greater than 
ICI-induced changes in IGF-IR expression (1 1,2 1). 

Recent evidence has emerged that IGFBP-3 has di- 
rect growth inhibitory effects that are independent' of 
its capacity to bind IGF-1, which are mediated by a 
putative IGFBP-3 receptor (22). In view of these obser- 
vationa, it is possible that IGFBP-3 can influence apop 
totic pathways through mechanisms other than modu- 
lation of IGF bioactivity. However, .the fact that 
rhIGFBP-3 attenuates the antiapoptotic effects of IGF- 
1 but not of long R3 IGF-I strongly suggests that in 
our experimenral system IGFBP-3 enhances apoptosis 
indUectly by reducing binding of IGFs to the IGF-IR. 
The observation that induction of apoptosis in the 

rat mammary gland during post-lactational involution 
is conelated with greatly increased IGFBP production 
(23) suggests that IGFBPs may be important physiolog- 
ical regdatorr of apoptosis in the breast. The finding 
that IGFBP-3 is upregdated by p53 in EBl colon carci- 
noma cells (24) has led to  speculation that IGFBP-3 
regulates apoptosis by reduction of IGF bioactivity (25 1. 
Our data protide the first direct demonstration that 
IGFBP-3 induces apoptosis in MCF7 cells. and suggest 
that the apoptotic action of ICI is mediated, at least in 
p&, by ICI-induced IGFBP expression. Our results are 
consistent with the h-ypothesis that in general. IGFBPs 
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Castration-induced apopiosis in the rat ventral prostate is associated with increased 
espression of genes encoding insulin-like growth factor binding proteins 2,3.4 and 5 

TM.4 SICKERSON, 51ICHXL POLLXK, XI;D HUNG W Y N H "  

L~tciy I)rulis Rcsmrch Irisriritrc of rlrc Iewisli Gsrreral Hospitid iind Dejwrtnlcrirs of Medicirie (TcV,r\-lP,tw, 
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.4 1istr:ict 
!n~uCI!-tk~. p w t h  fxrur bUiJinp prnrciiis [GFBPv have rtccritly been ~Lmiinsir.irci1 in x t  3s fcyulrirors of ; tp~p i i~s is  Ni virro in hiih priiji;rtc ~ n l i  
tmswcurccrsrii l ines We show htre that ;enc cxprusmn of IGFBP-2,-3,4 snd -5 u i c t c i ~ e  n p d l y  in the mt vcnm;it prosrnrt lollowuig c;rsuüriun. 
inc.reujes !il IGFBP mRNA lcvcb wcrc clctecrabk by Norifieni bbiting by 6 boucs ud rcxhed 5 to 10 SOM of conml kvcb rit 72 houn aiter 
castmbn. ApopioJis m the v a a d  p r o a c ,  ;icr ctctccicd in siru b y h c  TUNEL mcihod wm aise inducd os carly m 6 houn afitr cymhn. TRPhI- 
'IIu,tcnn. agme known ro lx astxbktl with uivolufhn of the pmst~tc. w u  not ~kuc tcd  in sh.un w a t c d  conmls but was expruscd by 24 houri 
5 4 1 ~  in; ; u i h g e n  abhtkn. ICiF-1 mRNA lcveb incrcrued to 160% of conml vrilucs wiihin 6 hnun fo l lowm~ c;ismrinn. ihen tic.crmscf ~ncltld!y 
o m  the acx; 72 houn to 35% of conuoL Affmity hklling expuiments dtmomoared that IGFI refepior levtls h d  iaitlilIy aftcr ~ ~ ~ t r a M o  
with m k  hindino or 24 hnum. ihen declincd io lcvcls lnwcr rhnn mnml.  Th- rmtilt* atzgmt thai npid indtictbn nf ~GFBPI in the rnt :.enr?lr! 
prostac bihwing 3ndrogen abiiition m y  play a mle in apopiosis and involution of the prostate ghd. 

.4nJrùgens are quirc'd fcr w r m l  grùsicitc grc~wth and 
Fuaction (1) and androgenic influences are involwd in both 
knipn prasute hml& and prostate cancer (2.3). Alrhough 
aadrogen deprivdon is cormonly used in the mapagemat of 
yrcsuie m c e r  3nd is cunently bcing emlunted as a suûtegy for 
prostate mcer chemoprwention (4). the molecular rnechai~ism.~ 
underlying androgen effects are ii~completeIy described. 

C~su;iiiuu-induced riridroycn deprii~iion uisgcrs n 
j+!qüC!iCC 3f ÇVCI!S !ihk> 2i:i';2:~b d p ~ ~ : ~ : k  CL!! .!:,cl 3f  th^ 
4rooen-dependent epithrlial i:!!s v. it!m ;[:c r ~ i  \ ct:tr;il 
prostate ultimately rcsutting iii tht invol~tiùn cf the gImd (5). 
Regression oi the prostate begins within a dsiy after casuation 
md scrresponds with a npid dccreve in semm testosterone, and 
more imponantly. a gndual depletion of 5a-dih~drotestosterone 
in prostate tissue (5). This system is therefore suitable to smdy 
;;loIecuId mechritrisnu rr.spousibirt Nr ~pcp[ssi> iduced by 
nnJru:en-deprivatiua. 

Insiilin-like growh factor 1 (IGF-0, which has been show 
ti, prlsrrcr crlls hum apoptusis (6). pla}s m cssen[i.il role tii 
nurrn;il prostate physiology (7). IGF-I is mirogrnic t'a humin 
prosntç epithrliat celis in virro and its action is mediated through 
binding to the IGF-1 receptùr (8). Observations rhat IGF binding 
protein-3 (IGFBP-3) inhibits IGF-induccd proliferation of 
normal prostate epitheliat cells and that senim levels dcertriin 
IGFBPs are chmgai in patients with prostate cancer (9.10), 
nrggttsr th31 IGFBPs (reviewed in ( 1 i 1) are important mdiilator$ 
ùr'IGFmivity in rhe human prustnte. More recent ~bservations 
t I Z L 3 )  suggest thut IGFBPs my also play direct roles in 
regulation of prolifention and apoptosis. 

bl i le  IGFs have been rrcoguizd as nntiiipoptiluc hctors 
for s m e  tirne. it bas only r~ent ly  hrrn demotisrrsted tfiat 
IGFBPs cm regdate apoptosis in virro ( 1 2.14). We undertook 
hx txprimn~s !o r ~ d y  rhr -nt. crxprrth.i~ii $35 IGFB Pb diring 
!nvt~Liir t~~ti  d the rrit v e n d  prostate iiitttr i r i s t n t i ~ i i .  

"TG 1hk.m C a r a & n c r  ShoulJ Be h~~ 
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Ahterials Aiid Xlctliods 
Aninrah .Ail mimi snidies were condiicted in accordance wilh 
local humane aainial m e  struidarâs. Male Sprague-Dawley rats 
wcighhg 35MOOg (Charles River, Quebec) m e  anaaiheW 
wiili pentobiubitol (45 rn& body wcight) and ttitlrrr S ; I S U ; ~ L ~  
or "cham" cncrnted (scratal incision oaly}. Animais were 
sacrificed aftcr 6 h and then every 24 h for 4 dap. Tî~c v e n d  
prostntr: was collectai. Put oi tlie tissue rias iixed in 10% 
buifc.:d fdrnu!!:; L:;s.Lir',ii ciiibcJJiiig ~ i i d  Lic. ;c;i~iiiiJc.r ~ i w  

inri;:diritely bozen in :iqi;iU ;iii:ugrtii Lr i>c;,i;ui, LX.+ .LU; 

rncnibnnc hctious. 

Nortlrcrn Bfot Analysis. Total RNA was isolatcd from v e n d  
prosmte using the RNAzol B methcû (Tel-Testl. Total RNA 
(50pg) wris tk l ioaaird on 1% agaruse gel and umskrred onro 
Zen-Rcik mrnrinne IBio-Radid) in O mM S2OH. The cDS.4s 
for TRPM-?,/clusterin f 151. f G W (  16) and IGFBP-2.3.4 and 5 
(17) werc hbelled with [a-'=P]dCTP using l7 Qiiick-Ptimc kit 
(Phrrnnxiri). Prctliybriilizritiou. hybridizntion LA nashing were 
perforrd as previmly dacribed (1 3). Blols w e  subjccted to 
aiirur3xliognphy wirii intensiiying scrern at -80°C. Narthern 
btutting wns repentcd on RNA knrn three sets of individuai rats. 
Resiilts were sirnilx and ail blou show are tiom one 
reprwentative ti!ter which w u  scripprd aod ren)bridizrd with 
the various probes. Qwititative nnd}sis of gens expression wris 

riccumplishrd by avenging densitomeuic scnnning of threc 
a u t o n d i u ~  psr grne and results were corrtcted for minor 
loadiog differrncrs by normrilizing ta 23s rRX.4. 

IGF-f Réczpror Binding Assa'-, Cd1 membrane cxtncts were 
prepttred h m  ventrd prosute tissue as descriheci (19). 
Skmbmt. exrncts mnraining IWg cf mcmbnne protein wcre 
inaihated with ['"TIIGF-1 fSOO.(MO cpm) in PBS connining 1% 
BS.\ fur ! h 41 r ù m  tcnipmturc. Ligand wu: :kc:i cr~ssliiiked 
to rcrz.ptorï hy inciihation widi 0.3mAI di~uçciiiimidgl iubente 
for lh ;if 4°C !i~llowd by qurnching with 0.31 Tris, pH 6.3. 
ïix memhnnr: wxs pcftsted by centrifigin; fdr 45 min at PC. 
Proiein.\ wrrc scp;r.itcJ ty SDS-PAGE in rdi:c:i~g iondiiiiw 
i l !  ty : 9 ?i::., L-.- . +".-' -.-.:Sc ::c!:lk.lct! x:t! 
; i i i tm Jiugr~p h y. 



@uantirurion of Apoptosis. Apoptosis was de tcctcd in formalin- 
fixed, parafin tmbeddcd tissue sections using hc ApoAlcrt 
DNA ~r;t~mcniation assay (Clontcch) which is based on the 
taminal dcoxynuclcoiidyl transfcrase-mcdiarcd dUTP tiick end 
labtlling (TUNEL) mcthod. 5pm sccrions wcrc preparcd and 
ucaicd occording to the manufaciiuer's insmiciions. Apopiosis 
u a  visudiscd .mi phaographcd urider a flusrcsccut inicroscopc 
quippcd wih an FITC film. L;ibellinp indices wcrc obiaincd by 
countiiig rhe ~iumbcr of labcllcd cclls omotig at Icast 1OOO 
epitheilial cclls pcr region and cxprcsscd ns pcrcciitagc v;iliics. 

apoptosis in the gland folluwing cxuaiion. 

Effech ojcosûutinn on fCFBP expression in the venfral 
pros&& 
Castration rcsultcd in increscd cxprasion of 1GFBP-2~3.4  
and -5 in iht vsnual prosuie. IGFBP-2 n W A  is abundoiir in 
ihe nornti prostate of shnm cilsrratcd conuols, incrcasci 3-fold 
by fi h and rucl= Pfold by 72 ti in Ihc prostate of cismtcd rats 
(Figiire 3A). IGFBP-3 mRNA is cxpresscrl a[ n vcry low ltvel 
in  conuol ;uiimls and is incrcascd 1.3-fold and IO-lold 6 h and 
72 ti rcspeciiuely niicr castritrion (Figure 3A). IGFBP-4 and -5 

Ir ha* b c ~ o  k w t v ?  fer sccx timc thai F~P<~~z?I'K! :c!! (i;.::? :S 

activaid in dic rat vcnval prostate arrcr cmr;i~ion ( 5 ) .  TUSEL 
assays wcrc pcriormd on vcnual prostate scctioiis in ordcr to 
niak? cornparisons bctwctn Ltx C X ~ C ' N  c'i;iy~ptosis ;iiid chiiiigcs 
in gcncexpression at the variuub timc PWKL Thr: Iiicti ,ti signal 
in prostate hom sham crismicd conunls con(irnis minimal 
apoptosis in the gland prior to castration (Figure IA). Ar 6 h 
r-:kt\ing a m h m .  - 055 u i  d i a  2rc . ; p p ~ t i c  i l w r c ~ x  
with an intcnsiiy relatcd to ll~cir Jegrcr û i  DKA Irngmc.nt;iiion 
'.F$L.c I B!. By 24 fi, - 9 E  af cc!!: rrr r; :;:~:i; :Egu:c I Ci 
and iIG numkr of apoprotic cclls in chc vcnual prostate rcaches 
- 9 5 8  by 72 h following casvation  figure 1D.E). 

S~r lhc rn  bloc malysis was liscd io cunfirrn thc cxprcssion 
of TRPM-UcIttstcrin, a gcnc known io k associatd with 
involuuon of thc prostaie (15). W M - 2  r W . 4  was iiot deiccrcd 
in shrtm crrwried conuols. but was strongly exprcstcd at 24 h 



rc~pcrciiucly hp 72 11 Ldlawiiig c;isir:iiiaii (Figirrc 3B). At! 
diircrcnccu wcrc strttistic;dl y sigiiii7c;uit (pc0.05) ;LX deicriiiiiicd 
Sy ~?~LI~I.!!'>~:~c~ U-~CS:.  

EJfccrs uJ castratirrrt on IGF-l p r t r  c.rprcsi~~rr arid nrt 
birtdirtg rr/'"I-ICI.'-1 tu I ~ C  IC'I-=l rcceptî~r 
IGF-1 gent cxprcssion inmases 6 h aficr ciisiniion (Figure 4A). 
Howzvcr, ~iits 1s id lowd 0y ri~pd ~ C L ' S ~ ; L S C  JIJ IGF-1 nrlLU.4 
Icvcls'in the vcnu;il prostate of casir;itcd anirnnls which by 72 h 
is 35% tuf ha w n  in sharn ~x~~a;ticd cùiiuolr. Siiiiilnrly, IGF-IR 
bindiiig capnciiy. as dttcnnkicd by üfiriity I:ihclliiig cxpcrirnciiis, 
incmses iniudiy aftcr casuaiion, but then frills io below convol 
lcvcls (Fiyuc JB). Exprcssioit of IGF-II was not dticcted in 
eilhcr conircl Cr csisuaied animals (dm noi shown). 

D kcussion 
Ii kx! prnicusly keri  h?yoihcsired iliat TGFBP-5 wvcs i~ 

irigger npcpioiis in thc Frostate fidlowinp iitidrrizcn iihlation 
(701. Our data support dlis hj~atlicfia ty dcinoiistr;tiiii~ dini 
indiicuon of IGFBPs in ihc rnt ventral pro~triic: dicr crisiniion is 
npidly ad closely assciciatcd with indiiciioii of apaptosis in the 
gland. Thcsc obscrwtions providc thc first demonsuiiiion thai 
cxprcssioii of TGFEIP-2.-3.4 and -5 incrcase mpidly in the 
vcninl prostaic following c;isvarion. aiid stiggcst that IGFBPs 
mriy play ;i rolc in apaptosis duriiiy itivultitioii oT ilic prostriic. 
This may irivolvc rcduction a l  TGF hiirdiiig io IGF rcccptorh 
andlor Jirrct apopiiittc indiiciiig nirr.lirriiisms. Alilioiigli wc 
obtcrvr iricrsnrcd cxprcwon of IGFBPs -3,-3.4 and -5 iii tlic 
prariic ~ticrcxiniion, IGFBP-? is iiiilikdy to hc iniparriiiii 1Qr 
apoptosis u l  tlic prnsriitc glrriid haml oii ils consiiiiitivc higli 
cxprcssioii in i t i i x t  animrils. but inay fnciliiaic dic nctioiis of 
othcr IGFBPs (20). IGFBP-5 cxprcssioii h a  prcviously bcca 
shùwn io bc dramriiicaily incrawd diiriiig posi-lûcracionril 
invuluiioii of ihc rat m a m m y  gland (21). Our obscrvriiioii iIirtt 
tGFBP-5 &VA incrcascs in the venual prostaic 2-fold by 24 h 
and 5-fold by 72 h ufter cnstniion is in kccping with the 
hypohis ûtat IGFBP-5 may bc iiivolved in iipoptasis rcsulting 
From stcroid hormone deprivation. 

IGFBP-3 is dso likdy to hc inpartrint for apopiosis of the 
prost;iic hirittg involution. Thc expression of IGFBP-3 mRNA 
in thc r r m J  prartritc of sham cnsintd cotiirols is vcry Iow anLi 
IGFBP-3 niRNA 1 ~ ~ 1 s  ii:c:cnsc 1.3-iold by 6 Ii iiiid IO-hlrl  hy 
72 h post-ciirtr,iriori. Furtlicrmiirs, ir  hns rccciiiiy hetn 
demonsinicd ihni IGFBP-3 indiiccs iipoptosis in PC-3 prostate 
m i n o m  cclls ( 12) as wcll as in MCFI bmasist cancer cdls ( 1 4 .  

1GFûP-3 k n  rcpt-ined to &ilrie the growih inhibitary 
cfkcts ùTTGF-P in vnriws ceIl t>gcs (22.23) and to mcdintc 

i i pp i a i~  indiictx! hy TGF-9 1 iii PC-3 cclls ( 12). We ftwnd thal 
cicwatioii miscd [GFBP-3 iiiRNA uhuiidniicc priar io 
:ipl'r.:ir;inçc oITGF-PI niRNA, wlricli iq niily rlciccictl :ri 24 II 
(data iioi sbowii). This is cutisisicni with a prcvioi~s rcpori thai 
TGF-Pl is iiiidcr iicpitivc aiirlrogctiic rcgtiliiiioti iri ilic riii 
vciiiriil PrOSiiiiC iitid is cxprcssed 24 11 afisr c.;atr;itic~ii (24). bui 
si~pparc~ Ilie hypoihesis ihat IGFBP-3 plays n rolc in a~ini' ion- 
iiidiicrcl apopiusis iii rhc rat pïosiitic. 

Riipid inditctioii a l  IGFBPs follùwiiig casmuon may 
scqucstcr IGF-1 away ïrum ihc IGF-1 rcccpiur (20). This mi&[ 
bc cxpcctcd tu rcsult iii compensatory upregiilation of IGF-1 
expsion W o r  IGPl reccpior Icvcls. Indecd, we obscrvcd an 
ùriurrl incrmc iti IGF-1 gcnr cnprtssiun togcthcr with 3 sliglitly 
deliiycd iiicrciisc iii IGF-IR binding, followcd by dcclines iii 

botfi. 
Our prcviow frndings on IGFBP-3 induced apoptosis in 

vitro (14) wrt consistent widi ihc hyporhcsis tliai IGFBPs 
rcgii1;itc ripuptosis hy iiiixlii1;iiiiig LGF hioavailiihiliiy. T i iw  ii; 
growiiig cvidcncc hi IGFBP-3 lias diws on cell griwtli and 
siuvivid th( x c i r  v ia  IGF-iidcpciidci~t i~ac~.lariims which arc 
niadiaicd by ;i putative IGFBP-3 rcccptor ((25,26) rcvicwd in 
(L 1)). Ligand blaiuiig ddic mcnhniic hction isolatcd koni r ~ t  
prosiaic tissirc with ''JI-IGFBP-3 rcvcalcd discrcte baiidr ai 18, 
45 ~IICI 37 D a  which hind IGFBP-3 ( d m  liot qhown). nlihaugh 
thc mtilccitlar wcigliu arc not idcnrical to bands rcpriricd by 
Rajah ci id ( 12) Goni PC-3 cclls wliicli hiiid IGFBP-3 with liigli 
affiiiity. Iii vicw uliliis cviclcticc Uiai ilic nt vcnirnl prost:iic 
exhibits potcniinl hiridiiig siits li1r IGFBP-3 on cd1 niciiihmiics, 
WC ciiti riot exçludc ihc possihility tliiit IGFBP-3 cxrrts Jircct 
rcgiilatoryeffects in ihis tisstic. 

Wc hüvt shown bru incrcrisd cxprcssion ÙI IGFBP mBNA 
is temponlly relaicd io indiictioii of apopiosis in Lhe vcntrd 
prostate following casmuon. Howcver. ow expcrimcniril sytcm 
does not 31ow us to provc whelhcr IGFBPs cause apoptasis in 
the vcnrnl prastarc or YC uprcgularcd as a rcsult of apoprosis. 
To bhcx ducidaic the rolc of IGFBPs in apopiosis induced hy 
honnonc deprivation it will bt nr~essuy  to cxaniinc intcr~ctions 
al ihc proiein Ievcl. but such studics muqt await availability a l  
suitriblt mihoclics qpinst mt IGF biiiding proicins. Forml 
dernonstniion iaing [GFBP knockoiit modcls thrit indticiion oi 
IGFBPs is nqtiircd for casmion-induccd prostntc giaiid 
appiosis IO ùccur m y  he ch;ill~ngiiig,;is oiir &iiu iiidicate thirt 
miiliiplc fGFBPs arc itivolvtd. 11 imy he ncccssary to 
simttlinncously disrupt rniiliiplc IGFBP gncs to determinc to 
whnt cxient cffccts of cnsuaiion on thc prosiûic gland arc a 
coiisrrqur.rict a l  iiidiictioti nf cspre..sion of IGFBPs. ' 
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Abstract 

Vitamin D ui;Jogues havc an antiproiifierative effect on 
prosate cancer celis in vitro and thus have been proposed 
as candidates for chemoprcvcntion of prostate cancer. 
Insulin-iike growth fictor (1GF)-1 has becn shown to 
prottct c& from apoptosis and plays an essenciai rde in 
normai prostate physiology. We have snidicd the effeco of 
the 1,25-dihydroxyvimrnin Dg analogie El31089 on the 
IGF system in the prostatc in vivo. Treaunent of na with 
EB1089 for 14 days caused a 25% decrcase in ventral 
prosute weight. Apoptosis was dctected in prostate 
sections of EB 1089-neated no by terminai deoxynuclco- 
adyl aznsfcrase-mcdiated dUTP Nck end Iabeling 
(TUNEL) assay and histdogic examination of hematoxylin/ 
tosin stained tissue sections indicated chat sccretory cpi- 

thelial celis were flattcncd, a characteristic of ceh undcr- 
going pressure-induced acrophy. Ventral prostate regrcssion 
was wociatcd with 15- to 25-fold incrcaes in gene expres- 
sion of IGF-binding protcins (1GFBPs)-2,-3,4 and -5. We 
&O observed a 40-€id inacase in prosuac IGF-1 mRNA 
leveis in response to EB1089. Although we havc previously 
shown that castration of rats leads to upregulation of IGFBPs 
in the v e n d  prostate, ml089 treatmcnt had no eKect on 
serum levels of dihydrotcstosterone or 6ee testostcrone. 
These results suggcst chat prosute regrcssion induced by 
El3 1 O89 may be rclated to altentions in availabiiity of IGF-1 
as a result ofincrcased production of IGFBPs. 
journal of Endouinology (1999) 160, 223-229 

introduction 

Prosatc cancer is the most common malignancy in men 
(Gamway & Alexander 1997). In North Amtrica, nearly 
di men devclop histdogic benign prostate hyperplasia and 
at Ieast 1Oah wdi be diîgnoscd with prostate cancer 
(Drollcr 1997). Therc is evidence chat restricted exposure 
to sunlight, which is necenary for viurnin D production in 
the body, is correiaced with increased m o d t y  from 
prosate cancer, suggcsting a rdc for vitamin D in the 
prcvtntion of prostate cancer (Schwartz & Hulka 1990, 
Hanchette & Schwam 1992). 

The bidogically active form of vinmin D, 1,25- 
dihydraUcyviamin D3 (1,25(0H)=D3 or calcitrial), hu 
anripralifentivc and dincrcntiating effects on b a h  n o d  
and prosute cancer cclls which have becn de rno~mted  in 
vitro and in vivo (Schwartz ct al. 1995, Skowromki et al. 
1995). The effccts of 1,25(OH),D3 are mediated by the 
vitamin D rcceptor, which is a mcmbcr of the nucleu 
steroid hormone reccptor funily (Baker et al. 1988). 
Vimrnin D recepton arc found in nomial and canccrous 
prostate tissue and cell lina (Feldman et al. 1995). The use 
of 1 ,X (OW2D3 clinicaüy as an antiprali fenave agent is 
limiced by the hypcrcalcemia associated with high dose 

adminisarion. Cdciuiol analogues have becln developcd 
thit miMc the anaprdiferative effeco of 1,25(OH)2D3. 
but havc Lide effect on calcium homeostasis (Schwartz 
et al. 1994). These compounds are currently considcrcd as 
candidates for prcvention and/or treanent of benign 
prostate hyperplasia and prosnce cancer (Campbell & 
Kocffler 1997). 

Insuiin-iike growth hctor 1 (IGF-1) is rcq'uired fol the 
s u ~ v a l  of human prostate epithcliai c e h  in vitro and play 
an usenaai role in normai prostate physiology (Peehl et al. 
1996). A rccent prospective study rcvcded a saong 
posiave association becween serum IGF-1 levek and pros- 
tate cancer risk (Chan et al. 1998). The weli rccognized 
mitogcnic and antiapoptocic efectr of IGF-I arc mediatcd 
through binding to the IGF-1 rcceptor (Baserga 1995). 
Observations thit IGF-binding praein (IGFB P)-3 inhibia 
IGF-induccd pralifention of normal prostate epitheliai 
cek  (Cohen n al. 1991) and that serurn lcvcls of certain 
IGFBPs are changcd in patients with prostate cancer 
(Cohen et al. 1993, Kanety et al. 1993), su-t chat 
IGFBPs (revicwed in Clcmmons 1997) are important 
modulators of IGF activity in the human prostate. 

Previous studies have demonsmted the efficacy of 
the synthctic calcitriol analogue, El31089 (Leo 
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Pharrnaceuticah, Ballerup, Denmark) in rcducing 
growth of prostate cancer ceUs (deVos ct al. 1997, Wang 
et al. 1997). W e  have shown chat the growth inhibitory 
effeca of EB1089 are associated with increased IGFBP 
e-upression in boch MCF7 brcast cancer ceils (Rozen 
et al. 1997) and PC-3 prostate cancer c c k  (Huynh et al. 
1998). While IGb have been recognized as antiapop- 
roac factors for some cime, it has only rccently been 
demonstrated thac IGFBPs c m  regdate apoptosis in vitro 
(Nickenon ct al. 1997, Rajah et al. 1997) and are 
associated with prostate regression induced by castration 
(Nicktnon cr al. 1998). We undtrtook these exper- 
imena CO smdy chr effecrs of El31089 on IGFBP gene 
expression in the normal prostate in vivo. 

Materials and Methods 

Anirnals 

AU a n i d  studia werc conducted in accordance 
with local humane animai care standards. EB1089 (Leo 
Pharmaceuàcais) was suppiied at a concentration of 
0- 1 m g / d  in propylene glycol with 0.05 M Na2HP0,. 
Male SpngurDawIey nu  (n-9 per group) weighing - 475 g (Charles River, Montréai, Québec) received i.p. 
injections of O, 1, 2 or 3 pg EBI089 per kg body wcight, 
which was prepared fiesh by dduting stock sdution in 
propylene glycol, cvcry second &y for 3 wecks. Anirnals 
werc killed on day 14 and the ventral prostate was 
cdccted and weighed. Part of the tissue wss furcd in 10% 
buffered f o d n ,  embcddcd in panfin and cut into 5 p 
sections. Sections wcre smined wich hcmataxylin/eosin for 
histologie cxaminaaon. The remaining prostate rissuc was 
immtdiately fiozen in liquid nitrogen for RNA emction. 
S e m  was collected Gom animals prior to killing and 
ndioimmunoluay (RIA) wu performed to mesure levels 
of fke tcstosteronc (Diagnostic Products Corporation, 
Los Angeles, CA, USA) and dihydrocestosterane (DHT) 
(Diagnostic Biachcm Canada, London, Ontario, Canada) 
according to the manufictuter's dirccaons. The inm- and 
incensay variabilicies of these assays arc 7 and 8.1% 
rcspecnvely. 

Norrhem blot analysis 

Totai RNA was isolated 6om tissue using the RNAzol B 
method (Teltest, Friendswd, TX, USA). T d  RNA 
(50 pg) wu hcaonaced on 1% agarose gel< and w f e m d  
ont0 Zen-Probe membrane (Bio-Rad, Mississauga, 
Ontlrio, Cana&) in 50 m M  NÎOH. The cDNAs for 
IGFBPs -2,-3.4 and -5 (Shirrusaki & Ling 1991) and 
IGF-I (Murphy et al. 1987) were Lbeled with 
[ a - 3 2 ~ ] d ~ T P  using 'l7 Quick-Prime kit (Pharmacia. Baie 
D'Urfe, Quebec, Canada). Prehybridization, hybridiz- 
ation and washing were perfonned as previously described 

(Nickerson et al ,  1998). Blon were subjected CO autondi- 
ography wich intensifjnng scrren at - 80 'C. Quantitative 
d y s i s  of gcne expression was accomplished by averaging 
densitomecric scanning of thret autoradiognrns per genc 
and resulcs were corrected for rninor loading differences by 
n o r d r i n g  to 28s rRNA. 

Quanritation of apoptosis 

Apoptosis was dececced in formalin-fixed, paraffin 
embeddcd tissue sections using the ApaAlcrt DNA h g -  
menation sssay (Clontech, Palo Alto, CA, USA), which 
is based on the terminai deoxynucleoùdyl transfense- 
mediated dUTP nick end labeling (TUNEL) method. 
Five micromccer sections werc prepared and trcated 
according to the manufacturer's insauctions. Apoptosis 
was visualized and photographed undcr a fluorescent 
microscope equipped with an FITC fiiter. Labcling indi- 
ces were obtained by counang the number oflabcled cells 
among at least 100 epichelial c t k  per region and expresscd 
as pcrcencage vaiucs. 

Ventral prostate regression irtdtrctd b y  EB 1089 

We obscrvcd a 25% dccrcrrise in ventral prosate wcight in 
rats treated daily with EB1089 compared with conud 
animds (Fig. 1A). Thc rcduction in v e n d  prostate 
wcight rrt 2 weeks was sirnilar in nts rcceiving 1, 2 or 3 pg 
EB1089 pcr kg body weight and w u  noc rclated to 
changes in mean body wcight, which for all creatmenc 
groups was <4% of total body weight (dam noc shown). 
Ventral prostate regrasion most commonly occurs as a 
resuic of andrcgcn deprivation. To determine whcchcr 
the mechanism of EB 1089-induccd prostate regression 
invdves altention of androgtn effeca, we mcasured 
androgen Ieveis in the serurn of EB1089-ueated nts. 
El31089 had no effect on serurn levcls of fice T or DHT 
in nts treated for 2 weeks (Fig. 1B). 

Eflect of EB 1 O89 on morphology and apoptosis 4 rat 
ventral plostate 

V e n d  prosucc sections fiorn na crcated wich 2 pg 
EB1089 per kg body wcighr evcry second day for 2 weeks 
were stained with hematoxylin and cosin for assesment of 
genenl morphoiogy. In the normal rat prostate (Fig. 2A), 
a thick layer of d columnar secretoty cpithelial cdls lines 
the lumen of the prostate. In rats neated with 2 pg 
EB1089, the cpithelial layer is flanened (Fig. 2B), consist- 
ent with cytoplasmic condensation characteristic during 
prosute tegression (Tenniswood 1997). b o ,  as can be 
seen in Fig. 2, we observed a large accumulation of 
mteriai in the lumen of EB1089-trated prostates. We 
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Figure 1 Ventral prostate regression and serum androgen levels in 
rats treated with the vitarnin O analogue, €61089. Rats were 
ireated with O, 1, 2 or 3 pg EB1089 per kg body weight every 
second day for 2 weeks as described in Materials and Methods. 
The ventral prostate was excised, carefully trirnrned to rernove al1 
connective tissue and weighed. Ventral prostate weights are 
plotted as rnean weight (mg) f sut. (A). The ventral prostate 
weights of rats treated with EB 1089 were statistically different from 
those of control animals (PCO.05) as deterrnined by Mann- 
Whitney U-test. Serum levels of free T and DHT were measured 
by RIA and plotted as rnean concentration & s w  (BI. 

pe~orrned TUNEL assays on ventral prostate sections CO 

dctea apoptotic ccli dnth. In the nomai n t  prostate. the 
rate of apoptosis is very low (Fig. ZC), in kceping with 
prior r e p m  that apoptosis occun in - 2% of cciis in the 
rat v e n d  prostate and is balanced by ceil prdiferation 
(Isaacs 1984). In nu matcd wich 2 pg EB1089, -80% 
of epithclid ceiis arc apoptocic (Fig. 2D). ï h e  rates of 
apoptosl for rats neattd widi 1 and 3 pg ml089 were - 50 and - 70% rcspcctively. 

Effecr 4 EB 1 O89 on IGFBP and IGF-l *ne expression in 
the vetrtral prostate 

We have previauly shown that castration-induced 
apoptosis in the n t  v e n d  prostate is alociatcd with 
increucd expression of IGFBPs (Nickenon et af. 1998). 
Therefore, we used Northrrn analysis to determine if 
EB 1089-inducrd prostate rcgrerrim is ssociated wich 
changes in IGF physidogy. Administration of EB1089 

resulced in dose-dcpendent incrcases in expression of 
IGFBPs-2, -3, -4 and -5 in the ventrd prostate. ICFBP-4 
mRNA leveis increased 3-fdd in prostate of rats recciving 
f pg EB1089 and 25-fold in a n i d  recciving 2 pg 
EB1089 comparcd wich connd animais (Fig. 3A). Sirni- 
hrly, IGFBP-5 mRNA leveis increvcd 2- and 20-fold 
respectivcly in the 1- and 2-pg EB1 O89 groups cornparcd 
with c o n d  (Fig. 3A). Treatment with 1 pg EB1089 
caused a 5-fdd uicrese in IGFBP-2 mRNA leveis and 
2 pg E31089 rcsultcd in a 17-fdd incrcase cornparcd with 
conud (Fig. 3B). Prostatic IGFBP-3 gene expression 
incrcjscd 2- and 15-fold in nts matcd wirh 1 and 2 pg 
EB1089 respectively (Fig. 3B). IGF-1 gene expression in 
v e n d  prostate is 10-fdd hgher chan control in rao 
treated wich 1 pg El31089 and 40-fold higher than control 
in raa trcated wich 2 pg EB 1 O89 (Fig. 4B). Al1 incrt;iircs in 
IGF-1 and IGFBP gene expression in creatment groups 
comparcd with con& groups were saasticdy significant 
(P<O.OS) as detennined by Mann-Whimey U-test. 

Discussion 

In dus in vivo study, we havc dcmonsuated chu the 
cdcicriol analogue, El3 1089, sigruficantly rcduccs ventrai 
prostate weight in n o d  rats. Prostaa regression was 
wociatcd with ipoptocic cc11 death and gcne expression of 
IGFBPs. Mininul body weight 105s was observed (<30 g 
of 475 g cotai body wcight) in anirnals ucatcd with various 
doses of EBlO89, in kecping with ptcvious studies which 
reportcd no hypercdcemia or wcight loss in nu adminis- 
tcrcd comparable doses of EB1089 (Colston cr al. 1992). 
Viurnin D receptot b e l s  in the rat ventral prostate did 
not change significancly in response to crcaanenc with 
EB1089, ris mcasured by watem bloc anaiysis (dam not 
shown). Histologie examimaon indicatcd a reduction in 
the cpithelial componcnr of the prostate, and TUNU 
analysis confumed apoptocic death of prosute epitheiiai 
ceiis. Othcn havc rcported antipralifcracive eReco of 
1,25(OH)@, on both n o d  proscatc epithehl and 
strond cciis in vitro, aithough in vivo cvidence suggests that 
inhibitory effcca of 1,25(OH),D3 may be iimited CO 

epitheiiai cclis (Peehi et al. 1994. Konety et al. 1996). In 
Our syscem, net reduction of prostate weighc can be 
conmbuttd CO selcctive Ioss of epithelid cch. cven if 
EB1089 has iittle or no c@ct on the stroma1 componcnt 
Although prosote weighr wu significandy reduced by 
veaunent with EBlO89, thcrc w u  no correiation beniveen 
dose of EB 1 O89 and total weight reduction. The accurnu- 
lation ofsecretory materiais, which was found in prosnta 
h m  al EBO189-treated i n i d ,  mîy account for the 
absence d ciifferences in prostate wcight bccwccn the 
various EB 1 O89 groups. 

The mechankm by which l,25(OH),D3 inhibits 
growth of cancer cciis is Iirgely unluiown. In this study we 
have shown rhat reduction of ventral prostate weight by 
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Figure 2 Effects of EB1089 on morphology and apoptosis of rat ventral prostate. Formalin-fixed, parafin-embedded ventral prostate tissue 
sections were stained with hematoxylin and eosin for histologie examination. Shown are the ventral prostates of rats treated for 2 weeb  
with vehicle alone (A) or 2 pg EB1089 (8). The TUNEL method was used to detect ventral prostate apoptosis in situ. The sections were 
photographed using an FlTC filter in a fluorescence microscope at a magnification of 320X. The nuclei of apoptotic cells contain 
iluorescein-labeted DNA and appear bright. Shown are prostate sections o i  rats treated with eiiher vehicle alone (Cl or 2 pg €61089 ID). 

Ei3 1089 is associated with changes in IGF physiology. This 
is not surprising, as it hss becn recogniztd for some tirne 
that IGFs have 3 c c n d  role in reguiaung prolifcration and 
apoptosis of prostate epithelid cclls (Cohen et al. 1991, 
Baserp 1995). However, more attention has bcen givcn 
recendy to the apoptohc effecu of IGFBPs. It has been 
hypothesized that IGFBPs mgger apoptosis in the proscite 
fdowing androgen ablation (Guenette & Tenniswood 
1994). In keeping with chis hypothesis, we have recendy 
reported that castration-induced apoptosis in the nt 
ventral prostatc invdves increased expression of IGFBPs 
(Nickerson et al. 1998). Funhermore, there is evidcnce 
chat ICFBP-3 induces apoptosis in PC-3 prostate cancer 
ceus (Rajah et al. 1997) and chat the antiprolifentive 
etfcco o f  EB1089 on PC-3 cells are mediaced at lest  in 
pan by increased expression of IGFBP-3 (Huynh et al. 
1998). We demonstnte here that prostate regession 
irt vivo induced by EBlO89 is associatcd with increased 
espression of genes encoding IGFBPs and ICF-1. 
Castration causes a mpid decrease in serum T levels and ri 

corresponding dccrease in prostate DHT concenmtion 
tvhich leds to the dcath of androgen-dependent c e h  
t\-ichin che prosate and results in involution of the @and 

(Kypririnou &. Isam 1988). However. no changes were 
obscnted in semm levels of fret T or DHT in no u e m d  
with Ei31089, indicaung chat prostate regcuion and 
induction of IGFBPs in the prostate arc indeptndcnt of 
androgen efects. Thesc resulu crnphsize the potenaal 
significance of IGFBPs during prostate involution and raisc 
the possibility that IGFEIPs, nther than being suictly 
under mdrogcn control. are more genedy  expresscd 
during physiologie situations which mgger apoptosis. 

In n t  v e n d  prosntc, IGF-1 is secretcd by stromd ceils, 
whilr epithclid cciis which rcspond to IGF-I express 
IGF-1 recepton. IGFBPs which mediace the interacaon 
benvecn [CF-1 and its receptor are rnainly produced by 
epithclid ceiis, dthough sonic: are also expressed by 
snomd criis (Steiner f 995). Rapid induction of IGFBPs 
niay srquester IGF-I m"3.y corn the IGF-1 receptor 
(Guenette 8i Tenniswood 1994). In support ofthis view, 
we observed upregulacion of ICF-1 gent expression in 
prostates of EB1089-ueated anirnds which rnay rcsult 
fiom lors of ICF-I feedback inhibition on ik own pne as 
reported previoudy (Conovcr et al. 1389). Akernativcly, 
chrre is cvidencr thac IGFi3P-3 h a  IGF-independent 
efiects on crll gowth and sun.ivd that are mcdiated by a 
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Figure 3 Expression of lCFBPs in the rat ventral prostate during treatment with the vitamin D analogue €81089. The 2.4 and 6.0 kb 
rnRNAs for ICFBPs-4 and -5 respectively were detected by Northem blot analysis in ventral prostate of rats treated with the 
indicated doses of EB1089 (A). The filter was stripped and te-probed to detect the 2.6 kb ICFBP-3 and 1.4 kb ICFBP-2 mRNA (0). 
Each lane contains RNA pooled ftom three individual animais. Expression of ICFBP genes was quantitated by densitornetric 
scanning of three autoradiograms and lanes from each treatrnent group were averaged and are expressed as mean arbitrary density 
units [ADU) f s.m (C,D). 

puutive ICFBP-3 reccpcor (Oh er al. 1993, Rajah et al. 
1997). Thae  mechanisrns are n a  rnucuaiiy cxclusivc 
however, as direct IGFBP-3 cffeca and rcduction of IGF-1 
rcsulting h m  interactions bctwecn IGF-1 and IGFBPs-2, 
-4 or -5 cwld occur simultaneously. The net cffcct, 
regardes of which rnechanisrn is invdvcd, secms to bt 
los  of suxvid  s i p i s  and activation of prognmmed cell 
delth. To hrthcr elucidate the rde of IGFBPs in apop- 
tosis, it will bc nccessary to examine intenctiom at the 
procein Icvcl, but such studies m u t  await the avuiability of 
suitable ancibodies agaimt n t  IGFBPs, 

Androgen deprivation is the sategy most comrnonly 
cmployed in the management of prostate cancer. Initidy, 
primary prostate cancer and mecastatic sites will rapond to 
mdrogen abhaon therapy; howcver, in most cases the 
diselse progresses w i t h  3-5 ycars when populations of 
hormone-rchctory c d k  emergc (Drder 1997). EB 1089 
h3s antiprdifenave cffeco in both mdrogen-rcsponsive 
LNCaP prostate cancer ce& and anârogen-independent 
PC-3 ceiis (Skowronski et al. 1995, Blutt et al. 1997). 
Vicamin D d o g u e s ,  or d e r  novei approaches chat target 
ICF biooctivity, rnay provide a second-iine cherapcuac 

proiifention when androgcn deprivation U s .  It wdi be 
of intercst in this respect to compare the effcca ofEBlO89 
on g r o d  of androgcn responsivc versus indcpendcnt 
prostate nimm in vivo. 

Our observation that El31089 resulu in accumulation of 
matcrial in the prosute lumcn, as wcU as compression of 
the epitheiid ce1 hycr, raisa the poaibility thît increascd 
pressure in the lumen concributes to the mechanism of 
EB 1089-induced prostate regtession. Thcrc m y  be 
paraiiels becween this phenornenon in the prostate and the 
pressure-induced atrophy of mammary giand epithdiai 
cek  dunng post-hcational invalution (Li cr al. 1997). 
Accumuhtioïi of milk in the nt mammary gland activates 
gcne expression of tGFBPs-4 and -5, and h a  bccn shown 
to conmbute to apoptosis of m;unmîry epithelid celis and 
invducion of the gland (Tonner et al. 2995). It will be of 
intercst in future snidics to search for other compounb 
which have a simiiar eEect on the prostate in d e r  to 
further undcnnnd the mmre of the accumulated matcriai 
in the lumen and ia d e ,  ifany, in prostate rtgmsion. 

In sumrnary, we show here that reductian of v e n d  
prostate weight by EB1089 involvcs changes in IGF 
physiology. Bsed on these in vivo results, togcther with 
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Figure 4 Effects of €61089 on ICF-I gene expression in the rat 
ventral prostate. One reprerentative filter was used for al1 
Northern blob shown, and ethidium bromide staining of the 
agarose gel is shown (A). ICF4 mRNA transcripu were detected 
by Northern blot analysis (6). Fot each lane, the sum of the 
density bands corresponding to ICF-1 transcripts was calculated. 
These sums were averaged for al1 lanes corresponding to each 
treatrnent group frorn three autoradiograms and are expressed as 
mean arbitrary density units (ADUI I S.EM. (Cl. 

in vitro findings. wc hypochesize that the rnechanism of 
EB1089-induccd prostate regression may invdvc pressure 
auoph y and increased cxprcssion of ICFBPs. 
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