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ABSTRACT 

NKX3.1 codes for a prostate-specific homeodomain protein and maps to 

chromosome 8p21.2, a region frequently deleted in prostate cancer. Nkx3.1 has been 

shown to suppress cell growth in culture and to inhibit tumor growth in gene-targeted 

animals. Expression array analysis identified an IGF binding protein, IGFBP-3, that was 

substantially up regulated in response to over expression of NKX3.1. Aberrant IGF-I 

signaling has been reported in a variety of human cancers and elevated serum IGF-I 

levels are a risk factor for prostate cancer development. IGFBP-3 stimulates apoptosis, 

inhibits DNA synthesis and decreases in vivo tumorigenicity of prostate cancer cell 

lines. An NKX3.1 polymorphism exists in 11% of the population, without regard to 

race. Variant NKX3.1 protein coded by the polymorphic allele has reduced 

phosphorylation and DNA binding in vitro. The NKX3.1 polymorphism has also been 

shown to be a minor risk factor for prostate cancer development and disease related-

mortality. In a case-control study the effect of high levels of serum IGF-I on prostate 

cancer risk was seen almost exclusively in men whom have at least one copy of the 

NKX3.1 polymorphic allele.   
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The data contained in this thesis shows that NKX3.1 up regulates IGFBP-3 mRNA and 

protein expression in prostate cancer cell lines. Stable NKX3.1 expression in PC-3 

prostate cancer cells leads to the deregulation of IGF-I signaling and decreases cell 

proliferation. Knock down of IGFBP-3 expression in the PC-3 cells engineered to 

expression NKX3.1 restored IGF-I signaling and increased proliferation rate, as 

compared to parental PC-3 cells. The polymorphic NKX3.1 protein, NKX3.1(R52C), 

and the functionally equivalent mutant  NKX3.1(S48A) are deficient in induction of 

IGFBP-3 expression. Stable expression of these variant proteins in PC-3 cells had no 

effect on cell proliferation and IGF-I signaling is not attenuated. We hypothesize that 

NKX3.1 confers local protection against IGF-I growth stimulation in prostatic 

epithelium by up regulating IGFBP-3. The polymorphic NKX3.1 gene has reduced 

capacity to induce IGFBP-3 and therefore has lost the capacity to modulate IGF-I 

stimulation of prostate epithelial cell proliferation, conferring increased risk of prostate 

cancer in men with higher levels of circulating IGF-I. 



 

 
v 

 

 
 
 
 
 
 
 
 
 
 
 

I would like to thank Dr. Edward Gelmann  
for his tireless dedication in making me a better scientist. 

 
Hierdie handskrif is aan my engel-koek, Jan B. Cornelius  

toegewyd. Sonder sy liefde, ondersteuning en geduld sou hierdie werk  
nie moontlik gewees nie. Jy het in die gelukkigste tye gedeel en lig  

aan die donkerste tye gebring.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 

 
vi 

ABBREVIATIONS  

 
IGF – Insulin-like Growth Factor 
IGFBP - Insulin-like Growth Factor Binding Protein 
IGFBP-3 – Insulin-like Growth Factor Binding Protein 3 
IGF-I - Insulin-like Growth Factor 1 
IGF-IR - Insulin-like Growth Factor Receptor Type 1 
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E – Embryonic day 
UTR – Untranslated Region 
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TN – Tinman 
NKE – NKX3.1 Element 
NMR – Nuclear Magnetic Resonance 
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CK2 – Casein Kinase 2 
PKC – Protein Kinase C 
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ALS – Acid Labile Subunit 
CR – Cysteine Rich 
ID – Insert Domain 
IRS-1 – Insulin Receptor Substrate 1 
SHC – Src-homology 2 domain-containing protein 
PI-3K – Phosphatidylinositol 3-kinase 
PIP2 - Phosphatidylinositol (3,4)-bisphosphate 
PIP3 - Phosphatidylinositol (3,4,5)-trisphosphoate 
PKB – Protein Kinase B 
PKA – Protein Kinase A 
PKC – Protein Kinase C 
IKK - I κB Kinase 
MAP – Mitogen Activated Protein 
NaB – Sodium Butyrate 
PSA – Prostate Specific Antigen 
TGF – Transforming Growth Factor 
NLS – Nuclear Localization Signal 
ATP – Adenosine Triphosphate 
GTP – Guanosine Triphosphate 



 

 
vii 

TNF – Tumor Necrosis Factor 
ECM – Extracellular Matrix 
RNA – Ribonucleic Acid 
Tag – T Antigen 
SMC – Smooth Muscle Cell 
TRAMP – Transgenic Adenocarcinoma Mouse Prostate 
FBS – Fetal Bovine Serum 
CCS – Charcoal-stripped Calf Serum 
RIPA – Radio-immunoprecipitation  
PTEN – Phosphatase and Tensin Homolog 
EDTA – Ethylenediaminetetraacetic acid 
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      Introduction 

Homeodomain proteins  

 Antennapedia (Antp)-like homeotic genes are an evolutionarily distinct class of 

transcription factors that contain a 60 amino acid homeobox DNA binding domain (1).  

Homeobox genes are organized on Drosophila chromosomes in clusters thereby 

enhancing the temporal and spatial patterning of gene expression during key 

developmental events of bilaterian embryogenesis (2).  Homeobox genes are divided into 

four subclasses or families; Hox, ParaHox, EHGbox, and NK clusters (3).    The NK 

cluster is a homeobox gene family whose members are expressed predominantly in the 

mesoderm during embryogenesis to mediate cell differentiation (4).  Through studies in 

Drosophila melanogaster, homeobox gene clustering has been postulated to be an 

evolutionary control mechanism for gene expression such that the genes located at the 3’ 

aspect of the cluster tend to control development of the most anterior aspects of the 

developing embryo, whereas genes on the 5’ aspect of the cluster control posterior body 

segmenting and development (5).  In D. melanogaster, there are four NK homeobox 

genes, NK-1 (slouch), NK-2 (ventral nervous system defective), NK-3 (bagpipe), and NK-

4 (tinman). NK3/bagpipe is located within the 93DE cluster on the right arm of the third 

chromosome and mediates the differentiation of the visceral mesoderm during the 

formation of the gut musculature (6). Other related homeobox NK genes are also 

involved in mesoderm differentiation but with a vastly different cell fate outcome.  For 

example, the NK-2 class of homeobox genes and their vertebrate homologues have been 

shown to mediate mesodermal differentiation into the hindbrain and forebrain of the 
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central nervous system as well as mediating the differentiation of myocardiogenic 

progenitor cells in heart formation (7).  Two homologs of NK3/bagpipe have been 

identified in the mouse, Nkx3.1 and Nkx3.2, and like their drosophila NK-3 homologues, 

have been shown to mediate gut mesoderm differentiation and axial skeleton 

development in the vertebrate (8) (9). 

 

NKX3.1 in embryogenesis and prostate development 

In 1996, Bieberich et al cloned one of the two mouse homologs of the Drosophila 

NK-3 homeobox gene, termed Nkx3.1 (9).  Nkx3.1 plays a significant role in murine 

prostate development, but is also expressed in other regions of the embryo throughout 

early embryonic development.  Nkx3.1 gene expression is initiated in the medial 

compartment of the somites at embryonic day 8 (E8) and expands to the cephalic 

mesenchyme at the junction between the forebrain and midbrain, the roof of the fourth 

ventricle, the junctions between branchial arches, and areas of the aorta wall by E11.5 

(10;11).  By E17.5, Nkx3.1 expression is seen in the epithelial buds of the ventral, 

anterior, and dorsolateral prostate, as well as in the bulbourethral gland and kidney (11) 

(12).   

Studies in Nkx3.1 gene targeted mice have elucidated the specific role Nkx3.1 

plays in prostate development.  Nkx3.1-/- males are viable and fertile although fertility 

decreases over time.  Homozygous males develop all three prostatic lobes but were 

shown to have a 60-75% reduction of the number of prostatic ducts within the lobes (13).  

Homozygous deletion also affects prostatic tissue architecture, but not total prostate size 
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and weight (13).  Moreover, the bulbourethral glands of Nkx3.1-/- male mice are reduced 

in size by about 44% and are composed primarily of ductal cells whereas wild type 

mouse bulbourethral glands are composed of mucin-producing cells (13).  Additionally, 

gene-targeted mice have an altered composition of prostatic and bulbourethral secretory 

proteins (13).  Nkx3.1 has also been shown to affect the salivary glands, also an exocrine 

gland, and the minor salivary glands of Nkx3.1-/- male mice have been shown to be 

significantly smaller and have altered histology compared to glands of wild type or 

heterozygous mice (14). The minor salivary glands of Nkx3.1-/- mice show irregularities 

in the branching ductal system, glandular narrowing, and a decrease in apical mucous 

end-pieces was noted in gene targeted mice (14). 

In the adult, Nkx3.1 expression is confined to the anterior, ventral, and 

dorsolateral lobes of the prostate and the seminal vesicles with low levels of expression in 

the bulbourethral gland, and to a lesser extent the urethra, tongue, and testis (11) (12) 

(15).  Nkx3.1 expression is focused in the epithelial cell compartment of the prostate and 

bulbourethral gland, although Nkx3.1 expression has also been observed in a 

subpopulation of basal epithelial cells in the prostate (11).  Androgens have been shown 

to regulate the growth and differentiation of prostate tissue and cell lines, suggesting that 

NKX3.1 expression is androgen regulated. Castration of adult mice causes a significant 

depletion of Nkx3.1 mRNA (15). Addition of the either of the synthetic androgens R1881 

or mibolerone to the androgen-responsive LNCaP cell line results in an up regulation of 

NKX3.1 mRNA and protein levels (16). The human NKX3.1 gene promoter has been 

shown to have androgen-response elements (AREs) upstream and downstream of the 
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transcriptional start site (17). This thesis work will focus on the activities of NKX3.1 in 

the human adult prostate.  

 

NKX3.1 gene organization 

The human NKX3.1 (NM006167) gene is located on chromosome 8p21.2 and 

contains two coding exons, separated by a noncoding exon region, flanked by 3’ and 5’ 

untranslated regions (UTR).  The promoter region contains a TATAA box at -30 and two 

CAAT boxes at -64 and -92bp, relative to the transcriptional start site. At the 3’ end are  

polyadenylation signals at nucleotides 3117 and 3259 (18).  The 5’ UTR has six potential 

AREs, positioned upstream of the transcriptional start site, at -844, -2609, -2633, -5303, -

7124, and -9951, relative to the transcriptional start site, while one potential ARE is 

located 4160 base pairs downstream of the gene (18). However, none of the putative 

AREs has been demonstrated to mediate androgen responsiveness in experimental 

systems thus far. Four splice variants (NKX3.1v1-4) have been identified that result from 

either an in-frame deletion of around 44-75 nucleotides in the N-terminus, or in the case 

of NKX3.1v4, a Q137R amino acid substitution in the homeodomain (18).  The activities 

of these splice variants in vitro and in vivo have not been determined.                      

 

NKX3.1 protein structure and function 

 Homeobox proteins bind DNA to regulate the transcription of proteins involved in 

embryogenesis, organogenesis, and cellular processes. The homeodomain (HD) is 

generally comprised of a 60 amino acid motif that is structurally conserved across nearly 
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all eukaryotes.  This motif contains 3 helical bundles and an amino terminal arm (19) 

(20).  Residues Ser50, Arg54, and Asn51of Helix 3 bind DNA in the major groove and 

Arg7 in the amino terminal arm is responsible for contacting DNA in the adjacent minor 

groove (21) (22).  Helices 1 and 2 are antiparallel and pack across the hydrophobic face 

of helix 3, although do not make any direct contact with DNA (23). The Nkx3.1 HD has a 

77% sequence identity to the corresponding sequence in NK-3 HD and contains 

conserved residues in helix 3 and the N-terminal arm that determine DNA binding 

sequence specificity (12). 

The human NKX3.1 is comprised of 234 amino acids, 60 of which comprise the 

homeodomain (HD), flanked by disordered N-terminal (1-123) and C- terminal (184-234) 

domains.  No crystal structure is available for the entire NKX3.1 protein.  However, Ju et 

al recently characterized the structure of the N-terminal and homeodomain regions of 

NKX3.1, bound to DNA and serum response factor (SRF).  The predicted consensus 

secondary structure of the N-terminus includes a helix at residues 27–38 and 84–92, a β-

strand at residues 101–105, and random coil in all other regions of the N-terminus (24).  

Other points of interest within the peptide include a TN (tinman) motif, within the first N-

terminal helix, a PE repeat region at amino acids 54-63, and a acidic domain at the 

second N-terminal helix (24).   

The core DNA-binding sequence of all HD proteins is 5’-NAAN-3’, with the 

prototypic 5’-TAAT-3’ and NK-specific 5’-CAAG-3’ core motifs being the most widely 

utilized (12) (25).  The amino acid at position 54 of the homeodomain, which is involved 

in the recognition of the nucleotide at the 3’ end of the DNA core motif, contributes to 
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the DNA sequence specificity of homeodomain proteins (25).  Like all NK homeodomain 

proteins, NKX3.1 contains a tyrosine at position 54 of the homeodomain, suggesting that 

NKX3.1 may bind to 5’-CAAG-3, which is also the putative NK-2 DNA binding site (12) 

(25).  Sciavolino et al showed that the Nkx3.1 HD preferentially binds “CAAG” DNA 

motifs, as was expected, but that the Nkx3.1 HD could also bind DNA sequences 

containing a “TAAT” core, albeit with lower affinity.  To elucidate the NKX3.1 binding 

site, Steadman et al performed a selection and amplification binding assay which 

indicated that the preferential binding sequence of NKX3.1 is 5’-TAAGTA-3’, which has 

not been reported for any other NK class homeoprotein (26). NKX3.1 was also shown to 

bind with less affinity, sequences containing both the “CAAG” and “TAAT” cores motifs 

(26).  The ability of NKX3.1 to bind NK2 consensus binding sites has allowed 

researchers to identify putative NKX3.1 binding sites on gene promoters, termed NKE 

(27).  A putative NKE that Nkx3.1 binds to activate the smooth muscle γ-actin (SMGA) 

has been identified, 5’-CACTTAG-3’ (28). Recently, this interaction has been 

extensively characterized by NMR spectroscopy and shows that the acidic domain of 

NKX3.1 (amino acids 88-96) may enhance the interaction of NKX3.1 with the SMGA 

NKE (24). The identification of putative NKEs may further elucidate NKX3.1 target 

genes.     

 

Post-translational modification affects NKX3.1 protein turnover 

  NKX3.1 undergoes phosphorylation in the N- and C-terminal domains.  A 

variety of phosphoacceptor sites have been proposed for NKX3.1 and two site-specific 
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kinases have been shown to phosphorylate NKX3.1 in vitro and in vivo.  NKX3.1 

contains three casein kinase 2 (CK2) consensus sequences (S/TXXD/E) and in vitro 

studies have shown that CK2 phosphorylates NKX3.1 at residues Thr89 and Thr93 (29).  

Inhibition of CK2 activity leads to a decrease in NKX3.1 steady-state protein levels and it 

is believed that CK2-mediated phosphorylation of NKX3.1 stabilizes the protein and 

protects it from 26S proteasomal degradation though the ubiquitination pathway (29).  

Steady state protein turnover is activated most strongly by phosphorylation at serine 185 

in the C-terminal domain (30).  Additionally, inflammatory cytokines have been shown to 

induce phosphorylation at serine 196 and thereby activated accelerated ubiquitination and 

degradation. This may explain loss of NKX3.1 expression in regions of prostatic 

inflammatory atrophy (31). Phosphorylation at serine 195 potentiates the effects of either 

phosphoserine 185 or phosphoserine 196 to augment ubiquitination and shorten protein 

half-life. NKX3.1 phosphorylation also regulates protein activity.  Protein kinase C 

(PKC) phosphorylates NKX3.1 on serine 48. Serine 48 phosphorylation reduces in vitro  

DNA binding activity of NKX3.1 (32).  

The NKX3.1 C154T polymorphism is present in 11% of the population, without 

regard to race, and encodes for a nonconservative arginine to cysteine amino acid change 

at residue 52 of the N-terminal region (32).  This site is adjacent to a phosphoacceptor 

site at serine 48 and the R52C amino acid change has been shown to reduce 

phosphorylation at serine 48 and inhibit in vitro DNA-binding activity of NKX3.1 (32). It 

is important to understand the functional implications of the polymorphic allele as its 

presence is a risk factor for advanced prostate cancer (32).  There is also an effect of 
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NKX3.1 C154T on prostate size. In a cohort of men from the Prostate, Lung, Colon, and 

Ovarian Cancer Screening Trial, men were selected for large and small prostate size 

determined by three consecutive annual digital rectal examinations by a single examiner 

and validated by ultrasonographic measurement. NKX3.1 C154T correlates with prostate 

size which supports the concept that the NKX3.1 C154T polymorphism may influence 

growth signals in prostate epithelial cells (33). 

 

NKX3.1 is a tumor suppressor protein 

NKX3.1 maps to human chromosome 8p21.2, a region frequently deleted in 

prostate cancer (15;34-37).  Loss of heterozygosity (LOH) on chromosome 8p occurs in 

up to 85% of prostate cancer specimens (36).  This LOH may contribute to a dosage-

sensitive effect of Nkx3.1 loss on tumor initiation, thus, unlike classical tumor suppressor 

proteins that require ‘two-hits’ to promote tumor growth, tumor formation is facilitated 

by disruption of a single Nkx3.1 allele indicating that the gene is haploinsufficient 

(38;39).  No somatic mutations in the NKX3.1 coding region have been identified in 

human tumors (40;41). NKX3.1 protein expression is down regulated in up to 70% of 

prostate carcinomas and complete loss of NKX3.1 expression is associated with prostate 

cancer progression to hormone-independence and metastases (42).  A family has been 

identified with an inactivating mutation of NKX3.1 that affects DNA binding, and 

cosegregates with early prostate carcinoma phenotype (43).  This provides further 

evidence that NKX3.1 is a prostate tumor suppressor protein.  

Nkx3.1 has been shown to have in vivo tumor suppressor properties.  The anterior 
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prostate of the Nkx3.1-/- mouse develops epithelial hyperplasia in as little as four weeks 

and by 12 weeks the anterior prostates undergo dysplastic changes, such as abnormal 

mitotic figures and decreased secretory function (13).  Anterior and dorsolateral prostate 

hyperplasia and dysplasia is maintained throughout the life of the Nkx3.1-/- mouse and 

has also been shown to occur in Nkx3.1+/-  mice (13).  Lesions reminiscent of human PIN 

have been observed in Nkx3.1 gene targeted mice.  The increase in the number of luminal 

epithelial cells leads to crowded, multilayered epithelium organized into a cribiform or 

papillary architecture, whose cells contain atypical and enlarged nucleoli (44).  No 

tumors have been shown to occur in these gene targeted mice however, suggesting that 

the Nkx3.1 knockout mouse models a solely preneoplastic condition and indicates that 

Nkx3.1 loss is likely to be an early event in prostate carcinogenesis (44;45).  Nkx3.1 loss 

has been shown to cooperate with the loss of other tumor suppressor genes, such as Pten 

and p27, to produce metastatic prostate adenocarcinoma (46-49).  

 

The insulin-like growth factors 

Insulin-like growth factors interact with specific receptors (type I insulin-like 

growth factor receptor) and/or binding proteins (IGFBP-1 through 6) to mediate effects 

on cell signaling and proliferation.  IGF-I binding to the IGF-IR, is followed by the 

activation of a cytoplasmic signaling cascade leading to the phosphorylation of a variety 

of cytoplasmic and nuclear proteins involved in cell cycling, motility, adhesion and 

survival (50).  Conversely, IGF ligands may form binary complexes with IGFBPs in the 

extracellular milieu and at the plasma membrane or ternary complexes with IGFBPs and 
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the acid-labile subunit (ALS) glycoprotein in the plasma (51).  This complex sequesters 

the IGF ligand, thus preventing receptor binding and subsequently altering cell signaling 

and gene expression.  Proteases mediate this protein-protein interaction by cleavage of 

the IGF/IGFBP complex, thereby releasing the IGF and permitting receptor binding (52).  

IGF-binding proteins regulate the bioavailability of IGF in circulation by binding ligand 

and inhibiting receptor binding.  In this way, the relative amounts of IGF-binding 

proteins and their subsequent binding complexes determine the strength of IGF signaling. 

 

Insulin-like growth factor-I activates the type I IGF receptor  

   The IGF-I gene is located on chromosome 12 and encodes a 70-amino acid 

peptide of 7.6kDa molecular weight (53).  The 29-amino acid NH2-terminus is 

homologous to the insulin B-chain and residues 42-62 show sequence homology to the 

insulin A-chain (54).  The connecting peptide of IGF-I, residues 30-41, shows no 

sequence homology to proinsulin (55).  Up to 80% of serum IGF-I is produced by the 

liver under the control of hypothalamic growth hormone-releasing hormone and pituitary 

growth hormone (56-58).   IGF-I mediates carbohydrate and lipid metabolism as well as 

regulating adult axial skeletal and cortical radial growth (57;58).  However, the disruption 

of hepatic production of IGF-I does not lead to stunted development suggesting that 

localized production of IGF-I plays an important role in the autocrine and paracrine 

regulation of organ development and cell growth (57;58). Indeed, IGF-I is synthesized by 

all tissues in the body, and is thus available to exert its effects on most cell types in an 

autocrine and paracrine manner (56).   
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 IGF-I mediates its mitogenic effects through binding to a family of 

transmembrane IGF receptors. Ligand binding to IGF-IR results in activation of 

downstream signals.  The 100kb IGF-IR gene is located on chromosome 15q-26.3 and 

contains 21 exons that encode a 1367 amino-acid preproreceptor.  The preproreceptor 

contains an N-terminal signal peptide and a furin protease cleavage site at residues 708-

711, that is the scission point for formation of the α- and β-chain subunits (59).  Further 

glycosylation, proteolytic cleavage, and dimerization result in a mature heterotetramer 

composed of two α and β chains held together by disulfide bonds.  The extracellular α-

chain subunit is composed of six domains, including the cysteine rich CR domain 

(Cys152-Cys298) flanked by homologous L1 and L2 domains, followed by three 

fibronectin type III domains (FnIII) and the insert domain (ID) (59). The β-chain contains 

3 extracellular FnIII domains, the ID domain, a juxtamembrane domain, followed by the 

intracellular tyrosine kinase domain and a C-terminal tail (59).  The kinase domain of the 

IGF-IR is responsible for receptor autophosphorylation upon ligand binding and the C-

terminal tail contains the phosphotyrosine anchor sites for downstream signaling 

molecules.  Residues Phe23-Tyr24 on IGF-I has been implicated as the specific residues 

responsible for ligand binding to the IGF-IR (60).  Additionally, IGF-I has been shown to 

contact residues between Phe692 and Val702 of the ID, as well as Arg240, Phe241, Glu242, 

Phe251 in the CR domain, and Trp79 in the L1 domain of the IGF-IR (61).  Mutational 

analysis of residues Phe241, Phe251, and Phe266 in the CR domain of the IGF-IR indicate 

that these residues are specific for IGF-I binding (62).  Upon ligand binding tyrosine 

residues in the tyrosine kinase domain and in the C-terminus of IGF-IR are 
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phosphorylated (63) (64) (65) (Figure 1 – Reprinted by permission from Macmillan 

Publishers Ltd: Oncogene 22: 6589-6597, Copyright 2003).  IGF-IR phosporylation is 

ATP-dependent and occurs within 3min. of the addition of IGF-I to cultured cells (66).  

IGF-IR tyrosine residues 1131, 1135, and 1136 located in the kinase domain are the 

initial sites of phosphorylation and mutation of these residues blocks further 

phosphorylation events on the β-subunit by 50-100% (67).  Additional phosphorylation 

sites on the IGF-IR β-subunit have also been determined and dictate a variety of 

responses to IGF-I stimulation.  Phosphorylation of tyrosine residues in the kinase 

domain and Y950 in the juxtamembrane domain stimulate an antiapoptotic signaling 

response (68).  Additionally, phosphorylation of serine residues (Ser1280-1283) in the C-

terminus of the IGF-IR mediates additional mitogenic and antiapoptotic responses 

(69;70). 

                        

Downstream signaling of the IGF-IR 

 Receptor phosphorylation leads 

to the activation of a variety of 

cytoplasmic signaling molecules, which 

in turn regulate diverse cellular 

responses including proliferation, 

growth, and apoptosis.  The activated β-

subunit of IGF-IR recruits and 

phosphorylates a number of proteins at 

Figure 1. Phosphorylation sites on the IGF-IR
Oncogene (2003) 22, 6589-6597
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the cell membrane including insulin receptor substrate-I (IRS-1), the SRC-homology 2 

domain-containing protein SHC, and the p85 subunit of phosphatidylinositol 3-kinase 

(PI-3K) (71-73).  IRS-1 is the initial phosphorylation substrate of IGF-IR with a binding 

affinity constant of 8.06±5.18 x 10-9 (74).   Cytoplasmic IRS-1 interacts with 

phosphorylated residues on the IGF-IR; the NPEY domain in the juxtamembrane region 

that encompasses residues 947-950 and Y1131, Y1135, Y1136 in the tyrosine kinase 

domain (73).  IRS-1 itself contains over 10 potential IGF-IR tyrosine phosphorylation 

sites with a majority of the sites corresponding to the motif Tyr-Met-X-Met (75).  Upon 

ligand binding to IGF-IR, Y612 and Y632 residues on IRS-1 become phosphorylated and 

are responsible for the activation of 

further downstream signaling 

proteins (76). IRS-1 serine 

phosphorylation has been shown to 

modulate IRS-1 levels by inducing 

IRS-1 degradation (77;78).  IRS-1 

phosphorylation stimulates IRS-1 

kinase activity, which in turn 

mediates the phosphorylation of 

phosphatidylinositol 3’-kinase (PI-3K), a phosphatidylinositol specific kinase composed 

of the p110 ctalytic subunit and the p85 regulatory subunit (Myers, Jr. et al. 28783-89).  

Activated PI-3K phosphorylates phosphatidylinositol (3,4)-bisphosphate (PIP2) at the 

plasma membrane, converting it is phosphatidylinositol (3,4,5)-trisphosphoate (PIP3) 

Figure 2. Akt activation is mediated by growth factor 
binding to trans-membrane growth factor receptors. 
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(79) (Figure 2 – From Dudek et al, Science 1997 Jan 31;275(5300):661-5. Reprinted with 

permission from AAAS).  Activated PIP3 then recruits the PIP3-dependent kinase PDK1 

to the plasma membrane, which in turn phosphorylates the plasma membrane-associated 

protein kinase B PKB/AKT on Thr308 and Ser473, sites important for AKT activation 

(80).   

 Activated AKT regulates the activity of a number of proteins directly involved in 

apoptotic signaling to induce cell survival.  For example, AKT has been shown to 

phosphorylate the proapoptotic BCL-2 family member BAD, on Ser136, thus directly 

inhibiting BAD-mediated cell death (81).  Additionally, AKT phosphorylates procaspase-

9, a cysteine aspartic acid-specific protease, on Ser196 thus inhibiting the APAF-1-

mediated cleavage of procaspase-9 to caspase-9, that in turn inhibits caspase-9-mediated 

proteolysis of downstream caspases that are the effectors of apoptosis (82). Caspase-9 

cleaves procaspase-3 and procaspase-7, which in turn cleave several cellular targets to 

induce apoptosis (83).  AKT phosphorylates the forkhead transcription factor FOXO3 on 

Ser256 which leads to the association of FOXO3 with 14-3-3ζ protein, sequestering 

FOXO3 in the cytoplasm (84).  In this way, FOXO3 cannot translocate to the nucleus to 

activate the transcription of a variety of proapoptotic effector proteins (84).  Finally AKT 

has been shown to mediate the cytoplasmic sequestration of NF-κB through interaction 

with its cytoplasmic binding partner, IκB (85;86).  AKT activates the IκB kinase (IKK) 

complex, which phosphorylates IκB and leads to its ubiquitination.  The freed NF-κB can 

then translocate to the nucleus where it induces the transcription of genes involved in cell 

survival (85;86).  
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The role of IGF signaling in normal prostate epithelium        

Postnatal proliferation of the epithelial and stromal compartments of the prostate 

gland is a physiologically normal occurrence, in response to hormonal and mechanical 

stimulation as well as in response to injury.  IGF-I is an important mediator of both 

glandular development and normal prostatic epithelial cell signaling and proliferation.  In 

fact, IGF-I has been shown to stimulate the development of the fibromuscular and 

glandular components of the mouse prostate (87).  In human tissue, locally produced  

IGF-I, by prostate stromal fibroblasts, binds to the IGF-IR located on prostatic epithelial 

cells and stimulates epithelial cell proliferation, by the up regulation of MAP kinase and 

AKT signaling (88).  The production of prostate stromal IGF-I is stimulated by androgens 

(89).  Additionally, IGF-I has also been shown to be produced by the seminal vesicles to 

stimulate the growth of cells in the peripheral zone of the prostate near the distal end of 

the seminal ducts (90).  Androgen-responsive and androgen-independent prostate cancer 

epithelial cell lines are stimulated by IGF-I that is secreted by both themselves and the 

cells of the stroma, suggesting that normal IGF-mediated proliferative signaling pathways 

in the prostate are co-opted by prostate cancer cells to enhance growth (91;92).  The IGF-

I-mediated stromal-epithelial interaction in the prostate may be more complex than 

previously characterized however.  IGFBP-3, an IGF binding protein that is secreted by 

prostate epithelial and stromal cells, has been shown to regulate the growth stimulatory 

effects of serum- and stromal-derived IGF-I on prostate epithelial cells (93).     
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Insulin-like growth factor binding protein-3 

The 8.9kb IGFBP-3 gene (NM_000598) is located on chromosome 7p14-p12 and 

contains five exons flanked by a 5’ and 3’ UTR.  The IGFBP-3 promoter contains a 

number of p53 consensus binding sequences and mutational analysis shows that the four 

p53 binding sites positioned between nucleotides -210 and -150, upstream of the 

transcriptional start site are required for IGFBP-3 transcription (94). Histone deacetylase 

inhibitors sodium butyrate (NaB) and trichostatin A have been shown to stimulate 

transcription of the IGFBP-3 gene in a variety of cell lines, including breast, colon, and 

prostatic epithelial cells (95-97).   The region of the IGFBP-3 promoter that controls 

response to NaB is located between nucleotides -251 to -206, in a region of the IGFBP-3 

promoter containing a Sp1/GC-rich site, two AP2 binding sites, and a GA-box   The 

transcriptional start site is located 25bp downstream of the TATAA box and yields two 

2.6kb mRNA isoforms; the mRNA variant 2 lacks 17 nucleotides between nucleotide 

537-554 while the mRNA variant 1 contains the full coding sequence (98).  The 

functional significance of IGFBP-3 mRNA variant 2 transcript is not known.   

The 264 amino acid mature IGFBP-3 peptide undergoes posttranslational 

modifications including phosphorylation, proteolytic cleavage, and glycosylation to yield 

mature, secreted forms of the protein.  There are a number of putative phosphorylation 

sites on the IGFBP-3 protein that correspond to consensus sequences for CK2, PKA, 

PKC, and MAP kinase-mediated phosphorylation (99)(100)(101). CK2-mediated 

phosphorylation of IGFBP-3 makes IGFBP-3 more resistant to proteolytic cleavage, 

inhibits acid labile subunit (ALS) binding and decreases IGFBP-3 association with the 
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cell membrane, without affecting binding to IGF-I (102).  A variety of proteases, such as 

plasmin, thrombin, MMP-1, -2, -3, cathepsin L, and prostate-specific antigen (PSA) 

influence IGFBP-3 activity through proteolytic cleavage (103). For example, IGFBP-3 

contains five proteolytic recognition sites for PSA (104).  Both purified urinary PSA and 

PSA in seminal plasma has been shown to have IGFBP-3 proteolytic activity and it has 

been suggested that PSA-specific proteolytic cleavage of IGFBP-3 may affect its IGF-I-

binding ability(105-107).  IGFBP-3 contains three potential N-linked glycosylation sites, 

characterized by an N-X-S-T-X sequence, where X can be any amino acid apart from 

proline (108).  It is thought that glycosylation may affect cellular binding and partitioning 

of IGFBP-3 in the extracellular environment (109)(110).   

 

IGFBP-3 protein structure  

The structures of IGF 

binding proteins is conserved 

among members of the family and 

has been  extensively characterized 

and reviewed (111-113).  IGFPB-3 

is organized into three distinct 

domains; the amino-terminal 

domain (aa1-89), the carboxyl-terminal domain (aa185-264), and the non-conserved 

central or L-domain (aa89-184) (114) (Figure 3 – Copyright 2002, The Endocrine 

Society).  The N-terminus contains six cysteine residues that have been shown to 

Figure 3. General structure of IGF binding proteins.
Endocrine Reviews, 2002, 23(6):824-854
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influence tertiary structure through intradomain disulfide bonds (115).  This domain also 

contains residues that mediate IGF-I binding (116).  Additionally, a functional domain 

made up of the first 95 amino acids of IGFBP-3 has been shown to have IGF-independent 

activities as evidenced by pro-apoptotic activities in a variety of cell lines despite 

diminished IGF-I binding capacity (117). The conserved, cysteine-rich C-terminal 

domain contains three intradomain disulfide bonds. The C-terminal domain also contains 

IGF-binding residues.     

Amino acids 201-218 of the carboxyl-terminal domain are involved in the binding 

of various proteins including the acid labile subunit, plasminogen activator inhibitor-1, 

and transferrin (118).  These amino acids have also been shown to be necessary for cell 

adhesion and nuclear import. The C-terminal domain of IGFBP-3 contains a nuclear 

localization signal (NLS) and a cell association residue suggesting a mechanism for 

cellular import and nuclear translocation (119)(120). IGFBP-3 has been shown to bind to 

cell surfaces which led to speculation that an IGFBP-3 cell surface receptor may exist  

(121;122).  IGFBP-3 contains a TGF-β active site motif WCVD in the C-terminus and 

has been shown to bind the Type V TGF-β receptor (TβR-V), also known as the low-

density lipoprotein receptor-related protein-1 (LRP-1), and directly competes with TGF-

β1 for receptor binding (123).  An interaction between IGFBP-3 and the type I IGF 

receptor has also been shown, although direct binding of IGFBP-3 to the type I receptor 

has not been demonstrated (124).  IGFBP-3 has been found in the nucleus in a variety of 

cell types (125-127).  The ß-importin nuclear transport protein has been implicated in the 

nuclear import of IGFBP-3; a reaction mediated by an NLS-dependent pathway that 
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requires ATP and GTP hydrolysis (128-130).  IGFBP-3 residues 215-232 are responsible 

for binding heparin and are collectively referred to as the heparin-binding domain, which 

is responsible for many of the contacts between the extracellular matrix and IGFBP-3.  

The nonconserved L-domain of IGFBP-3 contains three N-linked glycosylation sites, 

phosphoacceptor sites, proteolytic cleavage sites, and a cell-association site (131).  

 

IGFBP-3 binding partners  

 Circulating IGFBP-3 is most commonly found in a 140-150kDa complex with 

IGF-I and the 85kDa acid-labile subunit (ALS) (132)(133)(134)(135), and over 75 % of 

circulating IGF-I is bound to this complex (136).  IGFBP-3 can also directly associate 

with the ALS in the absence of IGF ligand, although IGF binding enhances this 

association (137)(135).  Proteolysis of IGFBP-3 in the ternary structure leads to IGF 

dissociation, thus providing a mechanism by which IGFBP-3 regulates the bioavailability 

of IGF (135).  ALS is N-linked glycosylated and sialylated, modifications that affect the 

interaction between ALS and IGFBP-3 (138)(139)(140).  ALS contains sialic acid 

residues on the N-linked polysaccharides that confer a negative charge to the protein and 

may facilitate the binding of ALS to the net positively charged C-terminal region of 

IGFBP-3 (141) (142).  When basic residues 228-232 of the C-terminus of IGFBP-3 are 

mutated to acidic residues, IGFBP-3/ALS binding is significantly decreased (143).  Since 

IGFs are homologs of insulin that bind to insulin receptors with low affinity and can 

exhibit insulin-like activity, ALS extends the half-life of IGFBP-3 and bound IGF ligand 

while neutralizing the hypoglycemic potential of circulating IGFs (144).   
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 Because over 75% of all 

circulating IGFs are bound in the 

complex with IGFBPs and ALS, the 

primary role of IGFBP-3 is as a mobile 

IGF reservoir that regulates the 

bioavailability of IGF-I at the cell 

surface (145) (Figure 4 – Copyright 

2002, The Endocrine Society). N- and C-terminal residues of IGFBP-3 have both been 

implicated in IGF-binding (146).  In the N-terminus of IGFBP-3, residues Arg69, Pro70, 

Leu71, Leu74, and Leu75 form a hydrophobic binding pocket that has been shown to be 

integral for IGF-I binding (147).  Leucine residues adjacent to this binding pocket may 

also play a role in IGF-I binding, although mutation of these leucine residues affected 

IGF-I binding only partially (148).  The C-terminus is vital for IGF binding and deletion 

analysis has indicated that the residues Lys253, Gly217, and Gln223 in the C-terminus are 

required for IGF binding (148-150).  An IGF binding pocket is formed when both the N- 

and C-termini of IGFBP-3 make contact with IGF ligand, and cysteine residues are 

responsible for maintaining the structure of this complex through disulfide bond 

formation (151). 

 

The physiologic role of IGFBP-3 in the prostate gland 

 IGFBP-3 is primarily synthesized by hepatocytes and Kupffer cells of the liver 

and the interstitial cells of the renal cortex, from which it is secreted into the circulation 

Figure 4. Proposed pathway of IGF-dependent
IGFBP action.  Endocrine Reviews, 2002, 
23(6):824-854
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(152).  Importantly, epithelial cells and stromal fibroblast cells of the prostate produce 

IGFBP-3 (153).  Stromal production and secretion is significantly greater than epithelial 

production and secretion although IGFBP-3 is mostly localized to the epithelial 

compartment (154-156).  The primary mechanism of action of IGFBP-3 is sequestering 

IGF-I away from the IGF-IR and inhibiting stimulatory cell signaling pathways, leading 

to the inhibition of cell proliferation and apoptosis (157).  IGFBP-3 may also act to 

regulate the concentrations of free IGF-I at the cell surface to inhibit IGF-I-induced IGF-

IR activity down regulation, in response to increasing local IGF-I levels (158).  In this 

way, IGFBP-3 regulates the amount of IGF-I that is present in the vicinity of the IGF-IR 

at the cell surface, thus regulating receptor activation.  IGFBP-3 activity in the prostate is 

regulated by proteases such as PSA, that cleave IGFBP-3 and increase local levels of free 

IGF-I in the prostate epithelium (156;159;160)  IGFBP-3 is a negative regulator of IGF-I-

mediated prostate epithelial cell growth stimulation, providing a control mechanism to 

inhibit hyperplastic growth of prostate epithelial cells.                

 

Proapoptotic effects of IGFBP-3 

 IGFBP-3 acts as a potent cell growth inhibitor by sequestering IGF-I in the 

extracellular space and inhibiting IGF receptor activation as well as by inhibiting other 

cell signaling pathways, ultimately leading to apoptosis.  IGFBP-3 has been shown to 

stimulate apoptosis in a variety of cell lines, including those from breast and prostate 

cancer, and to inhibit DNA synthesis (161-166).  Additionally, a variety of growth 

inhibitory proteins such as p53 (167), retinoic acid (161), 1α,25-Dihydroxyvitamin D3 
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(168), and TNF-α (169) have been shown to up regulate IGFBP-3 gene expression.  

Growth stimulation of breast cancer cell lines by estradiol has been shown to induce the 

down-regulation of IGFBP-3 (170) and antiestrogens stimulate IGFBP-3 expression 

(171).  The ability of IGFBP-3 to inhibit IGF-I signaling and induce apoptosis is of 

particular interest for the inhibition of cancer cell growth.  For example, the up regulation 

of IGFPB-3 and subsequent growth inhibition of cancer cells by dietary polyphenols 

provides an interesting model in utilizing the potent apoptotic ability of IGFBP-3 to treat 

cancer (172;173).   

Studies of the signaling pathways involved in IGFBP-3-mediated apoptosis have 

implicated a variety of mechanisms downstream from IGFBP-3.  For instance, the 

addition of a caspase inhibitor blocks IGFBP-3-mediated apoptosis in PC-3 prostate 

cancer cells (174).  IGFBP-3 has also been shown to regulate the expression of members 

of the Bcl-2 family of pro- and antiapoptotic factors, in favor of a higher ratio of 

proapoptotic factors in the cell.  In breast cancer cells, IGFBP-3 up regulates BAD and 

BAX protein levels while decreasing BCL-2 and BCL-XL protein levels (162).  In the 

PC-3 prostate cancer cell line, IGFBP-3 stimulates the serine phosphorylation of BCL-2, 

thus inhibiting antiapoptotic signaling (175).  IGFBP-3 has been shown to up regulate 

STAT-1 protein expression and STAT-1 nuclear translocation in chondrocytes (176) and 

STAT-1 tyrosine phosphorylation in M12 prostate cancer cells (177).  STAT-1 is a 

transcription factor that has been shown to induce apoptosis through the transcriptional 

up regulation of proapoptotic factors, by direct binding to DNA and other transcriptional 

coactivators such as p53 (178).  



 

 

23 

IGFBP-3 has potent antiproliferative effects in prostate cancer cells.  In the 

androgen-independent PC-3 prostate cancer cell line, treatment with recombinant IGFBP-

3 induces apoptosis (179).  Additionally, transfection of IGFBP-3 stimulates apoptosis, 

inhibits DNA synthesis and decreases tumorigenicity of PC-3 and other prostate cancer 

cell lines (117;180;181).  In the androgen-sensitive LNCaP prostate cancer cell line, 

growth stimulatory concentrations of androgens have been shown to down regulate 

IGFBP-3 (182;183).  Conversely, growth inhibitory concentrations of androgens have 

been shown to induce IGFBP-3 expression suggesting that IGFBP-3 may be an important 

mediator of androgen-dependent growth control (184;185). 

IGFBP-3 also functions independently of effects on the IGF-I signaling pathway. 

For example, IGFBP-3 has been shown to induce apoptosis in an IGF-IR-negative mouse 

fibroblast cell line (174).  Additionally, IGFBP-3 mutants, that do not bind IGF-I due to a 

mutation of six hydrophobic amino acids in the IGF-I binding domain, induced apoptosis 

in PC-3 cells and inhibited DNA synthesis in mink lung epithelial cells (180;186). N-

terminal fragments of IGFBP-3, derived from proteolysis of full length IGFBP-3 by 

plasmin and other proteases, have been shown to induce apoptosis in breast and prostate 

cancer cell lines (187-189). Also, IGFBP-3 binds to other proteins such as ECM proteins, 

the E7 oncoprotein, transferrin, and heparin, suggesting other functions for IGFBP-3 

outside of the IGF-I and II signaling axes (190). 

IGF signaling axis in prostate cancer  

 Autocrine and paracrine stimulation of the IGF-IR by IGF-I promotes cell 

proliferation and survival.  Prostate epithelial cells are exquisitely sensitive to the growth 
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stimulatory and antiapoptotic effects of IGF-I (191)(192)(193).  Aberrant expression of 

IGFs and their binding proteins, as well as deregulation of IGF-IR tyrosine kinase 

activity, have been implicated in the development and prognosis of a variety of cancers.  

Additionally, a diverse body of evidence derived from epidemiological data, genetic 

polymorphisms, and gene targeting studies in mice all highlight the significant role that 

the IGF-I signaling axis plays in prostate cancer development and progression.   

IGFBP-3 protein levels are decreased in prostate adenocarcinoma, as compared to 

normal tissue, and protein levels correlate inversely with Gleason grade (194) (195).  A 

meta-analysis of data from four separate microarray studies on human prostate tissue 

concluded that IGFBP-3 is commonly down regulated in prostate adenocarcinoma (193).  

Additional studies in human prostate tissue have also shown that IGFBP-3 mRNA is 

down regulated in prostate adenocarcinoma (196).  IGF-I levels are significantly higher 

in glands containing PIN lesions, in comparison to normal glands, although IGFBP-3 

levels have been shown to be increased suggesting that the down regulation of IGFBP-3 

expression may be a later occurrence in prostate cancer progression (197). 

 A role for IGF-IR has been implicated in tumor progression.  There is a 

significant increase in IGF-IR mRNA and protein levels in LNCaP cell xenograft tumors 

in mice fed a high fat diet suggesting that that the up regulation of the IGF-IR enhances 

cell proliferation and tumor growth (198).  Additionally, androgen stimulation of the 

LNCaP cell line has been shown to up regulate IGF-IR mRNA and protein levels, 

increase receptor autophosphorylation, and enhance the biological response to IGF-I 

(199).  IGF-IR protein and RNA levels are significantly increased in primary prostate 



 

 

25 

cancer specimens as compared to nonmalignant tissue (200).  Additionally, increases in 

IGF-IR levels have been shown to correlate with androgen-independent progression in 

the LNCaP and C4-2 cell models of androgen-independent progression of prostate 

carcinoma (201).  Finally IGF-IR inhibition in a variety of cancer cell lines has been 

shown to sensitize these cell lines to apoptotic signals (202;203).  However, Sutherland et 

al created a conditional prostate-specific Igf-Ir  knockout mouse model and show that 

while targeted inhibition of Igf-Ir expression initially leads to prostate epithelial 

proliferation and focal hyperplasia in which signaling by Erk1/2 activation can be seen, 

the hyperplastic lesions did not progress with age (204).  This may suggest that the Igf-Ir 

plays a role in enhancing cellular senescence by suppressing Erk1/2, and that a decrease 

in circulating Igf-I levels over time may provide a selective advantage to cells that can 

overcome the Igf-Ir-mediated senescence block. 

 

Molecular epidemiology of IGF-I and IGFBP-3 

Serum levels of IGF-I and IGFBP-3 have been analyzed in case-control studies 

with regard to prostate cancer risk.  Elevated serum IGF-I has been shown to be a risk 

factor for prostate cancer development and progression (205-209). Additionally, 

circulating levels of IGF-I are significantly higher in prostate cancer patients and may 

confer an increase in risk of aggressive and advanced stage prostate carcinoma 

(206;207;210).  The association of circulating levels of IGFBP-3 with prostate cancer risk 

is less clear.  Low plasma IGFBP-3 levels have been shown to be an indicator of risk for 

developing aggressive prostate cancer (211).  Likewise, studies have shown that high 
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plasma IGFBP-3 confers a decrease in prostate cancer risk (212;213).  However, a 

number of other studies have not found this relationship (206;214-216).   

The roles of Igf-I signaling in organogenesis, cell proliferation, and tumor 

progression in the prostate are highlighted by gene targeting studies in mice.  Global over 

expression of Igfbp-3 does not affect prostate size or weight (217)(218;219).  However 

when Igfbp-3 gene targeted mice are crossed with the LPB-Tag mouse model, Igfbp-3 

over expression attenuates prostatic tumor growth (219).  Targeted IGF-I over expression 

in mice leads to hyperplasia and tumor formation in a variety of tissues.  IGF-I over 

expression in smooth muscle cells of numerous organs, including the vascular wall, 

bladder, myometrium, gastrointestinal, and respiratory, and genitourinary tracts led to 

SMC hyperproliferation, organ remodeling, and organomegaly (220).  Over expression of 

IGF-I in the dermis of gene-targeted mice leads to epidermal hyperproliferation, 

spontaneous tumor formation, and sensitization to carcinogenic stimuli (221).  Mice 

engineered to over express Igf-I in the basal epithelial cell layer of the prostate develop 

hyperplasia at 2-3 months, PIN at 6-7 months, and carcinoma by 9 months of age (222).  

Other mouse models of Igf-I over expression in the prostatic epithelium have also been 

characterized, producing phenotypes such as prostate gland enlargement, epithelial 

hyperplasia and PIN (223)(224). Osseous human prostate cancer xenografts in 

NOD/SCID mice are suppressed with a neutralizing antibody to IGF-I (225).  However, 

targeted deletion of hepatic Igf-I in a TRAMP model of mouse prostate cancer does not 

significantly alter tumor progression in this mouse model suggesting that the local 

production of IGF-I by stromal cells may affect tumorigenesis (226).               
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Hypothesis 

My thesis will focus on the potential role of IGFBP-3 in NKX3.1-mediated tumor 

suppression.  Higher levels of circulating IGF-I have been shown to be a risk factor for 

prostate cancer development.  NKX3.1 has been shown to activate IGFBP-3, an inhibitor 

of IGF-I-mediated signaling.  In prostate epithelial cells that express NKX3.1, there may 

be a local protective effect from the growth stimulatory actions of IGF-I through IGFBP-

3 expression.  In a case-control study we found that levels of serum IGF-I influenced 

prostate cancer risk in men with the NKX3.1 C154T polymorphism, but had no effect in 

men homozygous for wild type NKX3.1.   Thus our hypothesis is that NKX3.1 expression 

modulates IGF-I activation of prostate epithelial cell growth and survival by increasing 

IGFBP-3 expression locally in prostate epithelial cells. Attenuated activation of IGFBP-3 

by the variant NKX3.1 R52C protein results in greater sensitivity of prostate epithelial 

cells to IGF-I signaling and a more profound effect of IGF-I on cell growth and survival. 

Thus, we propose that men with the NKX3.1 C154T genotype are sensitized to the effects 

of IGF-I on prostatic neoplasia.   
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Materials and Methods 

 
A. Cell Culture and Reagents  

The prostate cancer cell lines PC-3 and LNCaP, and the A172 human glioblastoma cell 

line were obtained from the American Type Culture Collection, Rockville, MD. PC-3 and 

A172 cell lines are grown in Modified IMEM (Invitrogen, Carlsbad, CA) containing 10% 

FBS and LNCaP cells are grown in Modified IMEM with phenol red (Invitrogen, 

Carlsbad, CA) containing 10% FBS.  The PC-3 cells stably expressing the pcDNA3.1 or 

NKX3.1 expression vectors are continuously grown in Modified IMEM (Invitrogen, 

Carlsbad, CA) containing 10% FBS and 1.2mg/ml G418 (Invitrogen, Carlsbad, CA).  

LNCaP cells were serum starved overnight in IMEM supplemented with 5% charcoal-

stripped calf serum (CCS) and treated with 10nM R1881 for 48hr before harvesting..   

 

B. Plasmids and Transfection  

Full length NKX3.1, NKX3.1(R52C) and NKX3.1(S48A) were cloned into the 

mammalian expression vector, pcDNA3.1 (Invitrogen, Carlsbad, CA) as previously 

described (26).  The PTEN expression vector, cloned into pcDNA3.1 was a kind gift 

from Dr. Charles Sawyers (227).  Transient and stable transfections were carried out in 

75 cm2 cell culture flasks (Corning Inc., Corning, NY).  Briefly, PC-3 and LNCaP 

prostate cancer cells were grown to 40-60% confluence and 4ug of plasmid DNA was 

transfected into the cell lines using Lipofectamine and Plus reagents (Invitrogen, 

Carlsbad, CA) in Opti-MEM (Invitrogen, Carlsbad, CA).  After a four hour incubation, 
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the media was replaced with IMEM containing 10% FBS for an additional 24 hours.   

The PC-3 cell clones that stably express NKX3.1 were derived by transient transfection 

as previously described with some modification.  After four hour incubation in 

transfection reagent, PC-3 cells were trypsinized and seeded at a 1:30 density in Falcon 

Integrid 20mm grid tissue culture dishes (Becton Dickinson, Franklin Lakes, NJ) in 

modified IMEM containing 10% FBS and 1.2mg/ml G418.  The media was replaced 

every 4 days until colonies derived from a single cell could be seen with a light 

microscope.  Single clone colonies were isolated with sterile cloning disks (Scienceware, 

Pequannock, NJ) soaked in 0.25% Trypsin-EDTA (Invitrogen, Carlsbad, CA) and grown 

to confluence in 6-well tissue culture dishes (Corning Inc., Corning, NY) for further 

study.  

 

C. Western Blot Analysis  

Cells were grown to 60-80% confluence and media was aspirated from the tissues culture 

dish. Immediately following media aspiration, lysis buffer was pipetted directly onto the 

cell monolayer and cells were scraped from the tissue culture flask. Cells were lysed with 

RIPA buffer containing complete mini protease inhibitors (Roche, Indianapolis, IN) 

and/or phosphatase inhibitors (Cell Signaling, Boston, MA) followed by brief sonication 

to complete cell lysis. To prepare the conditioned media, cell culture media was collected 

24-48 hours after an initial plating of PC-3 clones, protease inhibitors were added to the 

media, followed by a brief centrifugation to separate out any dead cells and other large 

debris. The conditioned media was then placed in a Centricon Ultracel YM30 centrifugal 
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filter device (Millipore, Billerica, MA) and centrifuged at 5000xg for up to two hours. 

For all western blot analysis, 60-90ug of total cell lysate was boiled in Novex® 2X Tris-

glycine SDS Sample buffer containing β-mercaptoethanol (Invitrogen, Carlsbad, CA) for 

six minutes and resolved on a 10-20% Tris-glycine SDS-PAGE gel (Invitrogen, Carlsbad, 

CA)  Protein was transferred onto a nitrocellulose membrane (Bio-Rad, Hercules, CA) 

and blocked for one hour at room temperature with 5% BSA (Indianapolis, IN) or 5% 

non-fat dry milk (Bio-Rad, Hercules, CA).  Blots were probed with primary antibody 

concentrations, as follows; β-Actin (Sigma, St. Louis, MO) 1:10,000; NKX3.1 (lab’s 

own) 1:2000; IGFBP-3 (sc-9028, Santa Cruz Biotechnology, Santa Cruz, CA) 1:8,000, 

AKT (#9272) 1:7500, phosphor-AKT Thr308 (#9275) (Cell Signaling, Boston, MA) 

1:7500, at 4°C overnight, followed by three washes in PBST.  HRP conjugated 

ImmunoPure® Goat-anti-Rabbit and Goat-anti-Mouse (Pierce, Rockford, IL) secondary 

antibodies in 1% milk or 1% BSA were applied for 1 hour at room temperature.  Signal 

detection was performed with Super-Signal West Pico Chemiluminescent Substrate 

(Pierce, Rockford, IL).  

 

D. Reverse Transcriptase PCR Analysis  

Total RNA was extracted using the RNeasy Mini Kit (Qiagen) and cells were 

homogenized using the Qiashredder (Qiagen) method.  250ng of RNA was added to the 

RT-PCR master mix from One-step RT-PCR kit (Qiagen) [includes 5x buffer, DNTPs, 

and Taq polymerase].  The following primers were used in the RT-PCR reactions: β-

Actin (Fwd 5’-GGC CAC GGC TGC TTC-3’ and Rev 5’-GTT GGC GTA CAG GTC 
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TTT GC-3’); NKX3.1 (Fwd 5’-GCC GCA CGA GCA GCC AGA GAC A-3’ and Rev 

5’-TTC AGG GCC GGC AAA GAG GAG TG-3’); IGFBP-3 (Fwd 5’-CGC CAG CTC 

CAG GAA ATG-3’ and Rev 5’-GCA TGC CCT TTC TTG ATG ATG-3’); IGFBP-4 

(Fwd 5’-TTA GCC CAA GAG GTC TGA GC-3’ and  Rev 5’-CTG TGC TTC AAG 

TCT TCC TTT G-3’); Lamin A/C (Fwd 5’-AAC TTC AGG ATG AGA TGC TGC G-3’  

and  Rev 5’-GTC CAG AAG CTC CTG GTA CTC GT-3’). RT-PCR was performed in a 

Techne Techgene PCR machine; 30 min. at 50°; 15 min. at 94°; 22-30 cycles of 30s-1 

min. at 94°, 30s-1 min. at Tm, and 30s-1 min. at 72°; followed by 15 min. at 72° and 

holding at 4°. Samples were then mixed with 10x Blue Juice gel loading buffer 

(Invitrogen) and run on a 1.5% agarose gel containing .1ug/ml ethidium bromide in TAE 

buffer (Promega). Gels were imaged on a luminometer and recorded using a Kodak 1D 

digital camera. 

 
 

E. Cell Proliferation Assay  

PC-3, PC-3(pcDNA3.1), PC-3(NKX3.1), PC-3(NKX3.1 S48A), and PC-3(NKX3.1 

R52C) cell clones were seeded in triplicate in 96-well plates at a concentration of 4000 

cells per well in IMEM containing 10% FBS (PC-3) or 10% FBS plus 1.2mg/ml G418 

and incubated for at least 24 hours at 37°C.  24, 48, 72, and 96 hours after seeding, wells 

were trypsinized, suspended in IMEM, and immediately counted in a Beckman Coulter 

Z1 cell counter (Beckman Coulter, Fullerton, CA). Doubling times were calculated from 

the slope of the log doubling time values at each time point as graphed using Microsoft 

Excel and p-values were assessed by ANOVA.  [* indicates p-value of <0.05, ** 
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indicates p-value of <0.005, *** indicates p-value of <0.001].   

 

F. Tumor Xenograft Growth Studies  

Animal studies were carried out under the approved protocol AAAA-7422 as per 

Columbia University’s Institutional animal care and use committee guidelines. Cell lines 

were grown to 80% confluence in IMEM + 10% FBS + 1.2mg/ml G418 in a hyperflask 

(Corning Inc., Corning, NY) and trypsinized with 0.25% Trypsin-EDTA (Invitrogen, 

Carlsbad, CA).  Cells were resuspended in IMEM containing 10% FBS to deactivate 

trypsin and washed twice with PBS.  Cells were then counted and resuspended in PBS at 

a concentration of 3x107 cells/ml and stored on ice until injections were performed.  

100ul of the cell suspension was injected into 5 week old female NCr-Nude mice 

(Taconic, Albany, NY) on their ventral surface and tumors were measured in two 

dimensions once a week.  All measurements were performed by one observer (E.M.).  

Once the tumors reached 500mm3 or if illness was observed, mice were sacrificed and 

tumors were dissected and stored in 10% buffered formalin for paraffin embedding or in 

RNAlater (Qiagen, Valencia, CA) at -80°C for western blot analysis.  

  

G. Immunohistochemistry  

Cells grown under tissue culture conditions were embedded in 1% agarose before 

sectioning and staining.  Paraffin-embedding and sectioning of the tumor xenografts and 

agarose cell plugs was performed by the immunohistochemistry core facility at Columbia 

University.  Slides were microwaved for 5 minutes and immersed in two washes of 
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xylene, followed by successive washes in 100%, 90%, and 70% ethanol and followed by 

a 5 minute wash in PBS.  Slides were immersed in 10mM citrate buffer at pH 6.0 and 

steamed in a Black and Decker vegetable steamer for 40min.  Slides were fully cooled to 

room temperature and washed once with PBS before the blocking step, horse serum in 

PBS (Pierce, Rockford, IL) for 30 min. at room temperature.  NKX3.1 primary antibody 

(1:500, Zymed, Carlsbad, CA) was applied for 1 hour at room temperature followed by 

Biotin-anti-Mouse secondary antibody application for 30 min. (1:200, Vector 

Laboratories, Burlingame, CA).  This was followed by application of Vectastain Elite 

ABC kit (Vector Laboratories, Burlingame, CA) and Vector VIP substrate kit (Vector 

Laboratories, Burlingame, CA).  Methyl Green (Vector Laboratories, Burlingame, CA) 

was used as a nuclear counterstain.  Photographs were obtained using a Zeiss Axioplan 2 

microscope and a Nikon Coolpix 5000 digital camera.    

   

H. IGF-IR Signaling  

Cell lines were plated in round 100mm tissue culture dishes and washed twice with 1x 

PBS before being serum starved for 14-16 hours in Modified IMEM containing 1.2mg/ml 

G418.  Cells were then washed once with PBS and treated for 3 minutes with 100pM 

IGF-I (from Dr. J. Toretsky, Georgetown University) or 100pM Long ® R3-IGF-I 

(GroPep, Adelaide, Australia) in IMEM at 37°C.  The media was immediately aspirated 

and cells were scraped from the flask and suspended in 2X Cell Lysis Buffer (Cell 

Signaling, Boston, MA) containing phosphatase inhibitors and protease inhibitors 

(Complete Mini tablets, Roche, Indianapolis, IN).  Western blot analysis was completed 
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as described above using primary antibodies; anti-IGF-I Receptor β (#3027, Cell 

Signaling, Boston, MA), anti-Phospho-IGF-I Receptor (Tyr1131) (#3021, Cell Signaling, 

Boston, MA), anti-IRS-1 (06-248, Upstate, Billerica, MA), anti-IRS-1[pY612] (44-816G, 

Biosource, Carlsbad, CA), anti-PI3K p85 (#4257, Cell Signaling, Boston, MA), and anti-

phospho-PI3K [pY458] (#4228, Cell Signaling, Boston, MA) primary antibodies.  Films 

from western blot analysis were scanned by a ScanJet 3c flat bed scanner and the 

densitometric analysis of the bands was performed by measurement of integrated density 

(band area x relative intensity to background), by Scion Image software (Scion 

Corporation, Frederick, MD). The integrated density for each lane of total IGF-IR/IRS-

1/PI-3K was then divided by the integrated density of each lane of β-actin in the 

corresponding western blot. This was also repeated for the corresponding phosphor-

specific western blots, to ensure that the values of total and phosphor-specific protein in 

each lane were normalized to a loading control. The normalized values of the integrated 

density of IGF-IR/IRS-1/PI-3K and pIGF-IR/pIRS-1/pPI-3K, respectively, were then 

divided to get the ratio of phoshpo-specific protein to total protein in each experimental 

condition. These values, from at least 3 separate experiments were graphed using 

Microsoft Excel. The p-values, which compare multiple western blot experiments, were 

calculated from triplicate experiments by t-test analysis using Prism Graphpad software. 

[* indicates p-value of <0.05, ** indicates p-value of <0.005, *** indicates p-value of 

<0.001].    

 

I. Immunofluorescence  
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PC-3 cells were transiently transfected with the NKX3.1 expression vector using Fugene 

HD transfection reagent, serum starved for 14-16 hours and treated with 100pM IGF-I as 

previously described.  The cells were immediately incubated with S.T.K. Tissue Fixative 

(Streck, Omaha, NE) for 30 min at room temperature. Cells were then washed with 

1xPBS, permeabilized with 0.5% Triton-X 100 for 15 minutes, and blocked for 30min. 

with 1:70 horse serum in PBS (Vector Laboratories, Burlingame, CA). Primary 

antibodies were applied overnight at the following concentrations; NKX3.1 1:500 (35-

9700, Zymed, Carlsbad, CA), IGFBP-3 1:1000 (sc-9028, Santa Cruz Biotechnology, 

Santa Cruz, CA), phospho-IRS-1 [pY612] 1:100 (44-816G, Biosource, Carlsbad CA).  

Secondary antibodies at a 1:200 concentration were used as follows; Fluorescein Anti-

Mouse (FL-2000),  Biotinylated Anti-Rabbit (BA-1000), Biotinylated Anti-Goat (BA-

9500), and Texas Red Avidin DCS (A-2016) (Vector Laboratories, Burlingame, CA).  

Cells were imaged using an Axiovert 200M deconvolution microscope and fluorescence 

was quantified using ImageJ software (n=20).  Statistical analysis was carried out using t-

test analysis using Prism Graphpad software. [* indicates p-value of <0.05, ** indicates 

p-value of <0.005, *** indicates p-value of <0.001].    

 

J. siRNA knockdown of IGFBP-3  

All siRNA oligos were purchased from Dharmacon (Lafayette, CO), from sequences 

published by Stewart et al (Stewart and Weigel 9-19); Specifically, an siRNA duplex 

directed against nucleotides 603-623 of IGFBP-3 mRNA (NM_000598) (5’- AAU CAU 

CAU CAA GAA AGG GCA -3’), a mismatch siRNA sequence that differs from the 
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IGFBP-3 siRNA oligonucleotide by one base pair (5’- AAU CAU CUA CAA GAA 

AGG GCA -3’), and the Lamin A/C positive control sequence from Dharmacon (5’- 

GGU GGU GAC GAU GUG GGC U -3’).  The experiment was carried out as follows.  

2x105 cells were plated, in triplicate, in a 6-well plate in IMEM + 10%FBS + 1.2mg/ml 

G418 the night before the oligofection.  In the morning, 20uM siRNA oligonucleotide 

was transfected into the cells using Lipofectamine in Opti-MEM (Invitrogen, Carlsbad, 

CA).  The media was changed back to IMEM + 10%FBS + 1.2mg/ml G418 3.5 hours 

post transfection and knockdown was assayed at 24 and 96 hours by RT-PCR analysis.  

In the cell proliferation assay, knockdown was allowed to proceed for 24 hours before the 

first cell count was taken. In the cell signaling experiment, 1x106 cells were plated in 

IMEM + 10%FBS + 1.2mg/ml G418 the night before the oligofection. In the morning, 

20uM of siRNA oligonucleotide was transfected into the cells using Lipofectamine in 

Opti-MEM. The media was changed back to IMEM + 10%FBS + 1.2mg/ml G418 3.5 

hours post transfection and the cells were incubated at 37°C for 96 hours.  The cells were 

then washed twice with PBS and serum starved for 14-16 hours. Cells were washed with 

PBS and treated with 100pM IGF-I for 3 minutes at 37°C. Western blot analysis was 

carried out as previously described. The following oligonucleotides were also used to 

knockdown IGFBP-3 but failed:   

ON-TARGET Plus SMART pool sequences (Cat. # L-004777-00-0005, Dharmacon, 

Lafayette, CO)  

GCUACAAAGUUGACUACGA – nt 686-704;  

GAAAUGCUAGUGAGUCGGA – nt 536-554;  
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GCACAGAUACCCAGAACUU – nt 713-731;  

GAAUAUGGUCCCUGCCGUA – nt 757-775.  

Six Oligos with sequences the lab determined using the software at the Dharmacon 

siDesign center (www.dharmacon.com):  

UAUCGAGAAUAGGAAAACC – nt 1427-1445;  

GCAGCCUCUCCCAGGCUACA – nt 940-958;  

GCAUAAGCUCUUUAAAGGCA – nt 1895-1913;  

UGCCUGGAUUCCACAGCUU – nt 44-62;  

AAGCAGCGTGCCCCGGUUG – nt 106-124;  

AAAGGCAAAGCUUUAUUUU – nt 1908-1926 
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 RESULTS 

Part I. Effect of NKX3.1 on IGFBP-3 gene expression in PC-3 prostate cancer cells   

Prior to my arrival in the lab, a hypothesis generating experiment was performed 

to identify genes whose expression is affected by NKX3.1. We initially generated 

independently transfected clones of PC-3 prostate cancer cells chosen because PC-3 cells 

express essentially no NKX3.1 protein and express NKX3.1 mRNA at about 1/250 the 

level seen in LNCaP cells (our unpublished data). Two derivative PC-3 cell lines 

transfected with the pcDNA3.1 empty expression vector and two derivative NKX3.1 

expressing clones were analyzed using the Affymetrix U-133 expression arrays. 

Approximately 99% of the signals obtained were regulated concordantly between the two 

control clones and the two NKX3.1-expressing clones. The cDNAs that were discordant 

between the two control clones or between the two NKX3.1-expressing clones were 

eliminated from the analysis and the concordant clone expression levels were averaged 

across the PC-3 control cells and the PC-3(NKX3.1) cells. Then the two mean expression 

levels were compared. Using a cut-off of 1.4-fold up- or down- regulation, 984 transcripts 

were identified. Two separate IGFBP-3 probes were activated 9.22- and 10.23-fold in 

PC-3 cells expressing NKX3.1 compared to PC-3 control transfectants (Muhlbradt et al, 

2009, Can Res).  

The Affymetrix expression array analysis showed that NKX3.1 expression 

stimulates a significant increase in IGFBP-3 mRNA levels in PC-3 cells. In order to 

determine if NKX3.1 also up regulates IGFBP-3 protein, I performed western blot 

analysis on the cell lines assayed in the initial expression array analysis using an antibody 
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specific for the 42-45 kDa species of full-length IGFBP-3. The antibody is specific for 

full length IGFBP-3 and not for shorter proteolic degradation fragments of IGFBP-3. 

IGFBP-3 expression was activated approximately 10-fold in the PC-3(NKX3.1)-1 cells 

compared to control transfected cells. The increase in IGFBP-3 protein expression was 

similar to the fold increase observed for IGFBP-3 mRNA in the expression array analysis 

(Figure 1). 
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Figure 1. Effect of NKX3.1 on IGFBP-3 protein expression in PC-3 cells derivates.  

Western blot analysis of 60µg total protein extracted from PC-3, PC-3(pcDNA3.1), and 

PC-3(NKX3.1)-1 cells grown in IMEM + 10% FBS + 1.2mg/ml G418. PC-3(pcDNA3.1) 

and PC-3(NKX3.1)-1 cells are the same cells analyzed in the preliminary expression 

array analysis. A172 glioblastoma cells are used as a positive control for IGFBP-3 protein 

expression. 
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NKX3.1 up regulates IGFBP-3 expression in multiple PC-3 cell clones. 

To ensure that clonal variation was not a factor in the initial microarray analysis, I 

assayed IGFBP-3 protein expression in multiple PC-3 cell clones that stably express 

NKX3.1. I isolated PC-3 clones that stably express NKX3.1 in a new transfection 

experiment to derive additional clones to those that had been analyzed by expression 

array. Three independently derived PC-3(NKX3.1) clones were shown to have increased 

IGFBP-3 protein expression by western blot analysis (Figure 2). This result suggests that 

clonal variation was not a factor in the initial expression array analysis. 
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Figure 2.  The effect of NKX3.1 on IGFBP-3 expression in independently derived 

PC-3 cell clones.  Western blot analysis of 60µg of total protein isolated from PC-

3(pcDNA3.1) and independently derived clones of PC-3(NKX3.1) cells grown in IMEM 

+ 10% FBS + 1.2mg/ml G418. 
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NKX3.1 up regulates IGFBP-3 mRNA expression in PC-3 cells. 

The initial expression array analysis shows that expression of exogenous NKX3.1 

up regulated IGFBP-3 mRNA levels in PC-3 cells. To ensure that clonal variation was 

not a factor in the expression array analysis, I wanted to determine whether IGFBP-3 

mRNA levels were also elevated across multiple PC-3(NKX3.1) cell clones.  I assayed 

IGFBP-3 mRNA by RT-PCR analysis in three independently derived PC-3(NKX3.1) 

clones and show that NKX3.1 markedly up regulates IGFBP-3 mRNA expression in 

three stable PC-3(NKX3.1) cell clones (Figure 3). It is important to note that IGFBP-3 

levels were inconsistently up regulated across multiple clones, independent of variation in 

NKX3.1 expression levels. The A172 cell line was used as a positive control for IGFBP-3 

expression and LNCaP cell line was used as a positive control for NKX3.1 expression in 

this assay. 
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Figure 3. Effect of NKX3.1 on IGFBP-3 mRNA expression in independently derived 

PC-3 cell clones. RT-PCR analysis of 250ng total RNA isolated from PC-3(pcDNA3.1) 

and independently derived PC-3(NKX3.1) stable cell clones grown in IMEM + 10% FBS 

+ 1.2mg/ml G418. A172 glioblastoma cell line was used as a positive control for IGFBP-

3 expression and LNCaP prostate cell line was used as a positive control for NKX3.1 

expression in this assay. 
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Transient NKX3.1 up regulates IGFBP-3 expression.  

I have shown that NKX3.1 up regulates IGFBP-3 mRNA and protein expression 

in PC-3 cells. To demonstrate that this apparent induction of IGFBP-3 expression by 

NKX3.1 is not an adaptation of the cells during clonal selection, I transiently transfected 

PC-3 cells with the NKX3.1 expression vector and assayed IGFBP-3 protein expression 

48 hours post-transfection. I performed western blot analysis on the PC-3 cells transiently 

transfected with the NKX3.1 expression vector and show that transient expression of 

NKX3.1 leads to an increase in IGFBP-3 expression (Figure 4). 
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Figure 4. Effect of transient NKX3.1 expression on IGFBP-3 levels in PC-3 cells.  

PC-3 cells were transiently transfected with 4ug of NKX3.1 expression vector or 

pcDNA3.1 empty vector and harvested 48 hours post-transfection. Western blot analysis 

was performed with 60µg of total protein extracts. 
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Transient NKX3.1 upregulates IGFBP-3 expression. 

As further evidence of the effect of NKX3.1 on IGFBP-3 expression I show the 

effect of transient NKX3.1 expression on IGFBP-3 by immunofluorescence.  Cells were 

fixed 24 hours post-transfection and NKX3.1 and IGFBP-3 levels were assayed by 

fluorescence microscopy using fluorescently conjugated secondary antibodies.  Relative 

fluorescence was analyzed by ImageJ software and t-tests were performed using Prism 

graph-pad software.  I show that IGFBP-3 expression in NKX3.1-positive PC-3 cells is 

significantly up regulated in comparison to NKX3.1-negative PC-3 cells (p-value <0.001, 

n=20) (Figure 5). 
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Figure 5. The effect of transient expression of NKX3.1 on IGFBP-3 levels in PC-3 

cells. Immunofluorescence analysis of PC-3 cells that were transiently transfected with 

4µg of NKX3.1 expression vector and grown in IMEM + 10% FBS + 1.2mg/ml G418 for 

36 hours before cells were immediately washed and fixed.    
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NKX3.1 regulates IGFBP-3 expression in LNCaP cell line. 

The relationship between NKX3.1 and IGFBP-3 expression was not exclusive to 

PC-3 cells. Transfection of an NKX3.1 expression vector in LNCaP cells also increased 

expression of IGFBP-3 (Figure 6). However, exposure to the synthetic androgen R1881, 

that has been shown to activate NKX3.1 expression, does not lead to a concomitant 

increase in IGFBP-3 expression (9;16). This may be due to proliferative signals of R1881 

that interfere with the activation of IGFBP-3 by NKX3.1. Alternatively, LNCaP cells 

may have down regulated expression of IGFBP-3 as an adaptation to growth with 

continuous expression of NKX3.1. However, it should be noted that differences in the 

culture media in which PC-3 and LNCaP cells were grown may also contribute to these 

disparate results. The increase in IGFBP-3 seen in lane 3 of the experiment is not due to 

the fact that β-actin is up regulated to a lesser degree, as specific induction of IGFBP-3 

was confirmed across multiple experiments. 
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Figure 6. Effect of NKX3.1 on IGFBP-3 expression in LNCaP cells.  Western blot 

analysis of 60µg total protein extracted from LNCaP cells transiently transfected with 

4ug of NKX3.1 expression vector or serum starved in 5% CCS supplemented IMEM 

overnight and treated with 10nM R1881 for 48 hours. This is a single result from one of 

three separate experiments with similar results. 
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IGFBP-4 is not significantly up regulated in PC-3(NKX3.1) clones. 

In the microarray analysis, a single probe set for IGFBP-4 was activated by 

NKX3.1 in the expression array ≤4-fold.  We show that while the PC-3(NKX3.1)-1 

clone, which was analyzed in the microarray analysis, shows a small increase in IGFBP-4 

mRNA expression by RT-PCR analysis, increased expression of IGFBP-4 mRNA was 

not seen in other PC-3 clones engineered to stably express NKX3.1 (Figure 7).  LNCaP 

cells were used as a negative control for IGFBP-4 expression while PC-3 cells were used 

as a positive control.  
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Figure 7. Effect of NKX3.1 on IGFBP-4 mRNA levels in independently derived PC-3 

cell clones.  RT-PCR analysis of 250ng total RNA extracted from LNCaP, PC-3, PC-

3(pcDNA3.1), and PC-3(NKX3.1) independently derived clones for IGFBP-4 expression.      
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II. The effect of NKX3.1 on IGF-I signaling 

  I have shown that NKX3.1 up regulates IGFBP-3, a known mediator of IGF-I 

activity.  I next wanted to determine whether NKX3.1 expression affected IGF-I 

signaling in this cell line.  Therefore, I examined the response of the IGF-IR to IGF-I in 

PC-3(NKX3.1) cell clones by western blot analysis. I looked at phosphorylation of 

tyrosine 1131 because it is one of the earliest events in the sequential steps of IGF-IR 

activation.  After serum starvation, IGF-I induced IGF-IR phosphorylation at Tyr1131 

within three minutes of exposure to IGF-I (228;229). However, phosphorylation of IGF-

IR was significantly diminished in cells expressing NKX3.1 (Figure 8).  A histogram of 

the results from three separate western blot analyses is shown (p-values = 0.0006, 0.0007; 

comparing lane 3 to lane 6 and lane 3 to lane 9, respectively). 
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Figure 8. NKX3.1 expression inhibits the IGF-I-mediated phosphorylation of the 

IGF-IR in PC-3 cells. Western blot analysis of 90µg of total protein extracted from PC-

3(pcDNA3.1) and PC-3(NKX3.1) stable cell clones that were serum starved for 16 hours 

and treated with 100pM IGF-I for three minutes.  The histogram of IGF-IR activation is 

based upon three separate experiments. 
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NKX3.1 attenuates IGF-I stimulated IRS-1 phosphorylation.  

The effect of NKX3.1 on IGF-IR activation could also be seen on downstream 

signaling targets. IRS-1 is the principal IGF-IR docking molecule and becomes activated 

rapidly following IGF-I receptor activation.  I looked at the effect of NKX3.1 on the IGF-

I-induced IRS-1 phosphorylation on tyrosine 612 of IRS-1 because this residue is 

important for IRS-1-associated PI-3K activation. The phosphorylation of IRS-1 was 

diminished in cells expressing NKX3.1 (Figure 9).  A histogram of the results from three 

separate western blot analyses is shown (p-values = 0.0289, 0.0154; comparing lane 3 to 

lane 6 and lane 3 to lane 9, respectively). 
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Figure 9. NKX3.1 expression inhibits the IGF-I-mediated phosphorylation of IRS-1 

in PC-3 cells. Western blot analysis of 90µg of total protein extracted from PC-

β-actin

NKX3.1

IRS-1

pIRS-1 Y612

Supplemented media

Serum-free

IGF-I (100pM)- -
- +
++

+
+

+

- -
- +
++

+
+

+

- -
- +
++

+
+

+

PC-3(pcDNA3.1) 

PC-3(NKX3.1)-1

PC-3(NKX3.1)-8

- -
- +
++

+
+

+

- -
- +
++

+
+

+

- -
- +
++

+
+

+ Supplemented media
Serum-free

IGF-1(100pm)

*
*



 

 

57 

3(pcDNA3.1) and PC-3(NKX3.1) stable cell clones that were serum starved for 16 hours 

and treated with 100pM IGF-I for 3 minutes.   

Transient expression of NKX3.1 attenuates IGF-IR signaling in PC-3 cells. 

To address the concern of clonal variation in this assay, I transiently transfected 

PC-3 cells with the NKX3.1 expression vector, serum starved the cells, and treated them 

with 100pM IGF-I for three minutes before fixing the cells.  NKX3.1 and phosphoIRS-1 

Y612 expression was assayed by immunofluorescence.  I used immunofluorescence 

microscopy to visualize the transfected versus nontransfected cells in the same tissue 

culture dish.  I show that the induction of IRS-1 phosphorylation is significantly 

attenuated by expression of NKX3.1 (p-value = <0.005, n=20) (Figure 10). 
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Figure 10. Effect of transient expression of NKX3.1 on IGF-I-mediated IRS-1 

activation. PC-3 cells were transiently transfected with NKX3.1 expression vector, 

incubated in IMEM + 10% FBS for 24 hours, washed and serum starved for 16 hours and 

finally treated with 100pM IGF-I for three minutes. The cells were immediately fixed 

before being stained with fluorescently-conjugated antibodies.    
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NKX3.1 attenuates PI3 kinase phosphorylation in PC-3 cells. 

I also examined the effect of NKX3.1 expression on the IGF-I-mediated 

phosphorylation of PI3 kinase, a downstream mediator of IGF-IR signaling.  PI3 kinase 

phosphorylation was diminished by about 40% in response to stable expression of 

NKX3.1 in two PC-3 clones (Figure 11). A graphical representation of the results from 

three separate western blot analyses is shown (p-value = 0.015, 0.005 respectively). 
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Figure 11. NKX3.1 expression inhibits the IGF-I-mediated phosphorylation of PI-

3K in PC-3 cells. Western blot analysis of 90µg of total protein extracted from PC-

3(pcDNA3.1) and PC-3(NKX3.1) stable cell clones that were serum starved for 16 hours 

and treated with 100pM IGF-I.  The histogram of PI-3K activation is based upon three 
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separate experiments.  

NKX3.1 inhibits AKT phosphorylation in PC-3 cells. 

I have shown that the IGF-I-mediated phosphorylation of the IGF-IR is attenuated 

in PC-3 cells that express NKX3.1.  I next wanted to determine if chronic NKX3.1 

expression attenuates AKT phosphorylation in the PTEN-negative PC-3 cell line.  

Phosphorylation of AKT was decreased by NKX3.1 expression in PC-3 cells growth in 

IMEM containing 10% FBS, which contains growth factors such as IGF-I (Figure 12).  

The analysis in Figure 12 is one of the resultant western blots of an experiment repeated 

three separate times with similar results.   
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Figure 12. The effect of NKX3.1 on AKT phosphorylation in PC-3 cell clones. 

Western blot analysis of 90µg of total protein extracted from PC-3(pcDNA3.1) and PC-

3(NKX3.1)-1 cells grown in IMEM + 10% FBS + 1.2mg/ml G418.    
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NKX3.1 inhibits AKT phosphorylation in PC-3 cells. 

I compared the effect of transient NKX3.1 expression to transient PTEN 

expression in PC-3 cells grown in IMEM + 10% FBS and saw comparable degrees of 

reduction in AKT phosphorylation on thr308 although in general we were able to achieve 

higher levels of NKX3.1 expression than PTEN expression in these experiments (Figure 

13). The analysis in Figure 13 is one of the resultant western blots of an experiment 

repeated three separate times with similar results. 
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Figure 13. The effect of transient NKX3.1 or PTEN expression on AKT 

phosphorylation in PC-3 cells.  Western blot analysis of 90µg of total protein extracted 

from PC-3 cells transiently transfected with a NKX3.1 or PTEN expression vector and 

grown in IMEM + 10% FBS for 24 hours post-transfection.    
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Long® R3-IGF-I activates IGF-IR in the presence of NKX3.1 expression in PC-3 cells. 

I next wanted to determine the direct effect, if any, of IGFBP-3 in PC-3(NKX3.1) 

clones on IGF-IR activation.  I first sought to determine whether an IGF-I variant peptide 

that cannot bind to IGFBP-3 but is still able to activate the IGF-IR, was able to restore 

IGF-I-induced IGF-IR activation in PC-3 clones that express NKX3.1.  PC-3 derivative 

clones were treated with the Long®-R3 IGF-I that has minimal binding to IGFBP-3 but 

whose ability to activate the IGF-IR is not attenuated (80;230).  Wild type IGF-I 

activation of the IGF-IR is significantly decreased in PC-3(NKX3.1) clones (p-value = 

0.0007, 0.0003 respectively). However, Long®-R3 IGF-I stimulates phosphorylation of 

the IGF-IR, and this activation is achieved equally well, in derivative PC-3 cells 

expressing NKX3.1 versus the parental PC-3(pcDNA3.1) cell line (Figure 14). A 

histogram of the results from three separate western blot analyses is shown.  This result is 

consistent with, but does conclusively prove the hypothesis that NKX3.1 mediates 

inhibition of IGF-I signaling via increased expression of IGFBP-3. 
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Figure 14. Effect of Long® R3-IGF-I on IGF-IR activation in PC-3 cell clones. 

Western blot analysis of 90µg of total protein extracted from PC-3(pcDNA3.1) and PC-

3(NKX3.1) cells that have been serum starved and treated with either 100pM of IGF-I or 

Long® R3-IGF-I. The histogram of IGF-IR activation is based upon three separate 

experiments. 
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IGFBP-3 knockdown in PC-3(NKX3.1) cells at 24 ad 96 hours post-oligofection. 

To provide further evidence for the role of IGFBP-3 in mediating growth 

inhibition by NKX3.1, I examined the effect of IGFBP-3 knockdown in PC-3(NKX3.1) 

cells on IGF-IR activation by IGF-I.  I first confirmed that an siRNA oligonucleotide 

specific for IGFBP-3 would knockdown IGFBP-3 mRNA expression at 24 and 96 hours 

after addition of oligonucleotide (Figure 15). A missense oligonucleotide that differs 

from the IGFBP-3 siRNA oligonucleotide by one base pair was used as a negative control 

in this assay. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 

 

68 

 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Figure 15. IGFBP-3 knockdown in PC-3(NKX3.1)-1 clones at 24 and 96 hours. RT-

PCR analysis of 250ng of total RNA extracted from PC-3(pcDNA3.1) and PC-

3(NKX3.1)-1 cells that were treated with transfection reagent alone, missense oligo, or 

the IGFBP-3 siRNA oligonucleotide, at 24 and 96 hours post-transfection. 
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IGFBP-3 mediates IGF-IR activation in PC-3(NKX3.1) cells. 

We are interested in the direct effect, if any, of IGFBP-3 on IGF-IR signaling in 

PC-3(NKX3.1) cells therefore, I looked at the effect of IGFBP-3 knockdown on IGF-IR 

signaling.  I show that when IGFBP-3 expression is knocked down in PC-3(NKX3.1) 

cells by treatment with IGFBP-3 siRNA oligonucleotide for 96 hours, IGF-I induces the 

phosphorylation of the IGF-IR on Y1131 and this effect is enhanced in comparison to 

PC-3(NKX3.1) cells that have been treated with transfection reagent alone or with the 

missense siRNA oligonucleotide (Figure 16).  This is western blot analysis from a single 

experiment that has been repeated at least three times with similar results. 
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Figure 16. The effect of IGFBP-3 knockdown on IGF-IR phosphorylation in PC-

3(NKX3.1) cells stimulated with IGF-I.  Western blot analysis of 90µg total protein 

extracted from PC-3(pcDNA3.1) and PC-3(NKX3.1) cells treated with transfection 

reagent alone, missense oligonucleotide, or the IGFBP-3 siRNA oligonucleotide for 96 

hours, after which they were serum starved for 16 hours and treated with 100pM IGF-I. 
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III Growth suppression by NKX3.1 is mediated by expression IGFBP-3 

Both NKX3.1 and IGFBP-3 have been shown to suppress cell growth in vitro and 

in vivo.  Therefore, I assayed growth in culture of the parental and derivative PC-3 cells 

by cell counting over 96 hours. NKX3.1 expression decreased cell proliferation in three 

independent PC-3 cell clones (p-value = 0.0037, 0.0002, 0.002) (Figure 17a). The 

doubling times for PC-3 cells expressing NKX3.1 ranged from 25-60% above the 

doubling times for control cells. Western blot analysis was performed on protein lysate 

from cells at the 96 hour time point to ensure that NKX3.1 transgene expression was 

maintained until the end of the experiment (Figure 17b). 
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Figure 17. The effect of NKX3.1 on PC-3 cell proliferation. A. PC-3 cell clones were 

plated in IMEM + 10% FBS + 1.2mg/ml G418 and counted at 24 to 96 hours post-

seeding.  Cell doubling time was calculated and p-values were assessed by ANOVA. 

Standard deviations represent data from at least five separate experiments done in 

triplicate. B. Western blot analysis of 60ug total protein harvested from cells at 96 hour 

time point.   
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NKX3.1 gene expression is lost in PC-3 cell xenografts. 

To look at the effect of NKX3.1 expression on in vivo growth of PC-3 cells, I 

performed xenograft experiments in which PC-3(NKX3.1) clones -1, -2, and -8 and PC-

3(pcDNA3.1) cells were inoculated onto the ventral surface of female NCr/nu mice and 

tumor growth was monitored twice weekly for a period of 8 weeks. For each derivative 

cell line I observed comparable tumor cell growth over this time period.  

Immunohistochemical (Figure 18a) and western blot analysis (Figure 18b) shows that this 

similarity in xenograft growth rates was due to the loss of expression of the NKX3.1 

transgene.  There was a favorable growth selection in xenograft-grown PC-3 cells for loss 

of NKX3.1 expression, preventing us from observing any growth effects in vivo. PC-3 

cells that do not express NKX3.1 divide faster than those that do, thus favoring revertant 

PC-3 cell numbers in a heterogeneous xenograft. Future experiments may attempt to use 

an inducible promoter system to drive NKX3.1 expression in a xenograft model. 
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Figure 18. NKX3.1 expression in PC-3 cells grown under cell culture conditions or 

as tumor xenografts. PC-3 cells grown under tissue culture conditions were embedded 

in 1% agarose before paraffin-embedding, sectioning and staining.  Xenograft tumors 

were dissected at 8 weeks post-inoculation and immediately immersed in 10% buffered 

formalin before paraffin embedding, sectioning and staining. Slides were microwaved for 

5 minutes and immersed in two washes of xylene, followed by successive washes in 

ethanol. Slides were steamed in 10mM citrate buffer before being incubated in blocking 

buffer and NKX3.1 primary antibody solution, followed by application of Biotin-anti-

mouse secondary antibody solution. The Vectastain Elite ABC and Vector VIP substrate 

kits.  Slides were visualized with a Zeiss Axioplan 2 microscope and photographs were 

taken with a Nikon Coolpix 5000 digital camera. B. Western blot analysis of 60ug of 

total protein extracted from PC-3 cell clone xenografts grown in NCr nude mice for 8 

weeks and stored in RNAlater at -80°C until protein extraction.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 



 

 

76 

IGFBP-3 mediates the effects of NKX3.1 on PC-3 cell growth. 

To determine whether the effect of NKX3.1 expression on cell proliferation in 

cell culture was due to IGFBP-3 expression, I performed growth experiments in the 

presence of a siRNA oligonucleotide and control oligonucleotides for IGFBP-3 

knockdown. The IGFBP-3 siRNA treatment decreased IGFBP-3 expression at both 24 

and 96 hours after cells were exposed to the oligonucleotide (Figure 19). Growth rates of 

control and NKX3.1-expressing PC-3 cells were calculated in the presence of transfection 

reagent, missense oligonucleotide, and IGFBP-3 siRNA. Only the IGFBP-3 siRNA 

restored PC-3 proliferation rate to the level of the controls (Table 1). Thus IGFBP-3 

mediates, at least in part, in vitro growth suppression by NKX3.1. For these experiments 

we used only one IGFBP-3 targeted IGFBP-3 siRNA oligo. We had tested ten alternative 

siRNA oligonucleotides to knock down IGFBP-3 expression, four from the Dharmacon 

database and six with sequences that had been determined by our lab using computer-

derived sequence analysis. However, we found that only the siRNA oligonucleotide 

sequence published by Stewart et al was effective (data not shown).  It is possible that the 

result observed with the single siRNA was due to off-target effects.  However, the siRNA 

sequence used in this experiment has no identifiable homologies with sequences in other 

genes, as confirmed by a BLAST search against the entire human genome sequence.  
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Figure 19. IGFBP-3 siRNA oligonucleotide knocks down IGFBP-3 expression in PC-

3(NKX3.1)-1 cells at 24 and 96 hours post-seeding.  RT-PCR analysis of 250ng mRNA 

extracted from PC-3(pcDNA3.1) and PC-3(NKX3.1)-1 cell clones from the cell count 

assay at 24 and 96 hours post-oligofection. 
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Cell Line Treatment Doubling Time 
(hr) 

p-value 

PC-3 None 25.34 ± 1.91  NS 
PC-3(control) None 24.26 ± 2.05 Reference 
PC-3(NKX3.1)-1 None 32.24 ± 5.91  0.0037 
PC-3(NKX3.1)-2 None 38.88 ± 7.82 0.0002 
PC-3(NKX3.1)-8 None 30.24 ± 2.55  0.002 
    
PC-3(control) None 23.6 ± 2.52 Reference 
PC-3(control) Mock 25.5 ± 1.23 NS 
PC-3(control) Missense oligo 24.4 ± 1.86 NS 
PC-3(control) IGFBP-3 siRNA oligo 26.4 ± 1.40 NS 
PC-3(NKX3.1)-1 None 32.9 ± 1.33 0.0092 
PC-3(NKX3.1)-1 Mock 31.7 ± 2.49 0.0013 
PC-3(NKX3.1)-1 Missense oligo 32.0 ± 3.12 0.0022 
PC-3(NKX3.1)-1 IGFBP-3 siRNA oligo 24.9 ± 2.56 NS 
 

Table 1 Proliferation in PC-3 clones.  

Upper portion:  The cell doubling time, in hours, of parental PC-3 cells, PC-

3(pcDNA3.1) cells, and PC-3(NKX3.1) cell clones was assayed by cell counting.  Cells 

were counted at 24, 48, 72, and 96 hours post-seeding and doubling times were calculated 

using Microsoft Excel.  P-values were calculated in comparison to the PC-3(pcDNA3.1) 

cell doubling time, using ANOVA.  Lower portion:  PC-3(control) and PC-3(NKX3.1)-1 

cells were treated with transfection reagent alone, the missense siRNA oligonucleotide, 

and the IGFBP-3 siRNA oligonucleotide for 24 hours before the first cell count was 

taken. 
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IV The effect of the C154T polymorphism on NKX3.1 activity 

In unpublished studies, serum IGF-I levels of patients from the Physician’s Health 

Study population were correlated with NKX3.1 genotype, to determine the risk of 

prostate carcinogenesis conferred by NKX3.1 and serum IGF-I levels (E.P.Gelmann and 

Jing Ma et al, unpublished).  There was essentially no effect of high IGF-I levels on those 

individuals with two copies of the wild type NKX3.1 allele.  However, among those 

individuals with at least one copy of the polymorphic allele C154T, there was a 7-fold 

increase in risk for prostate cancer in those patients with the highest levels of serum IGF-

I compared to the lowest.  Therefore we hypothesize that the presence of the NKX3.1 

polymorphism attenuates NKX3.1 suppresor activity, leading to significantly lower local 

levels of IGFBP-3 in the prostatic epithelium of polymorphic individuals, thus inhibiting 

the protective effect of IGFBP-3 from the IGF-I-stimulated growth of prostate 

epithelium. 

To determine the effect of the polymorphism and its functional derivate on 

NKX3.1 activity, I derived stable PC-3 cell clones that express the polymorphic 

NKX3.1(R52C) protein and its functional derivative, NKX3.1(S48A).  Western blot 

analysis confirms that neither NKX3.1(R52C) nor NKX3.1(S48A) can induce IGFBP-3 

protein expression, in comparison to wild type NKX3.1 in PC-3 cells (Figure 20). 

Expression of IGFBP-3 in A172 glioma cells is used as a positive control in these 

experiments.  I show that these two NKX3.1 variant proteins do not induce IGFBP-3 

protein expression. 
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Figure 20. The effect of NKX3.1 C154T polymorphism and its functional derivate on 

IGFBP-3 expression in PC-3 cell clones.  Western blot analysis of 60g whole cell 

lysate from PC-3(pcDNA3.1), PC-3(NKX3.1), PC-3(NKX3.1 R52C), and PC-3(NKX3.1 

S48A) cell clones grown in IMEM + 10% FBS + 1.2mg/ml G418. A172 cell line is used 

as a positive control for IGFBP-3 protein expression in this assay.     
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Effect of NKX3.1 R52C and S48A mutation on NKX3.1-mediated regulation of IGFBP-3 

mRNA expression in PC-3 cells. 

The polymorphic NKX3.1 protein and a functionally equivalent derivative do not 

up regulate IGFBP-3 protein expression in PC-3 cells.  I next looked at the induction of 

IGFBP-3 mRNA in PC-3 cell clones that stably express NKX3.1(R52C) and 

NKX3.1(S48A) to determine if the polymorphic NKX3.1 protein and its functional 

derivate affect the induction of IGFBP-3 mRNA.  I show that NKX3.1(R52C) (Figure 

21) and NKX3.1(S48A) (Figure 22) do not induce IGFBP-3 mRNA expression, in 

comparison to wild type NKX3.1.  
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Figure 21. The effect of NKX3.1 C154T polymorphism on IGFBP-3 mRNA 

expression in PC-3 cell clones. RT-PCR analysis of 250ng total mRNA isolated from 

PC-3 cell clones grown in IMEM +10% FBS + 1.2mg/ml G418.  A172 is a positive 

control for IGFBP-3 mRNA expression and LNCaP is a positive control for NKX3.1 

mRNA expression. 
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Figure 22. The effect of the S48A mutation on NKX3.1-mediated up regulation of 

IGFBP-3 mRNA. RT-PCR analysis of 250ng total mRNA isolated from PC-3 cell clones 

grown in IMEM +10% FBS + 1.2mg/ml G418.  A172 is a positive control for IGFBP-3 

mRNA expression and LNCaP is a positive control for NKX3.1 mRNA expression. 
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Effect of transient expression of NKX3.1(R52C) and NKX3.1(S48A) on IGFBP-3 levels in 

PC-3 cells. 

To ensure that clonal variation and the effect of G418 selection was not a factor in 

these results, I performed fluorescence immunomicroscopy on PC-3 cells that had been 

transiently transfected with wild type NKX3.1, NKX3.1(S48A), and NKX3.1(R52C) 

expression vectors.  Only those PC-3 cells that express wild type NKX3.1 showed a 

concomitant increase in IGFBP-3 levels  (n=20; p-value = <0.0001) (Figure 23). 
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Figure 23. Transient expression of NKX3.1(R52C) and NKX3.1(S48A) does not 

induce IGFBP-3 expression in PC-3 cells. Immunofluorescent analysis of IGFBP-3 

expression in PC-3 cells 24 hours post-transfection of NKX3.1, NKX3.1(R52C), and 

NKX3.1(S48A) expression constructs, grown in IMEM + 10% FBS.       
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NKX3.1(R52C) does not attenuate IGF-IR activation in PC-3 cells. 

I have shown that the NKX3.1 polymorphic protein and a funcationally equivalent 

NKX3.1(S48A) derivative have lost the inability to induce IGFBP-3 expression in PC-3 

cells.  I next wanted to look at the consequence of the polymorphism on IGF-I signaling 

in PC-3 cells.  PC-3(pcDNA3.1) and PC-3(NKX3.1 R52C) clones were serum starved 

and treated with 100pM IGF-I.  We noted no difference in IGF-I activation of the IGF-IR 

in PC-3 cells that express NKX3.1(R52C) (Figure 24). The R52C mutation attenuates the 

ability of NKX3.1 to inhibit IGF-I receptor phosphorylation upon IGF-I stimulation, as 

seen in PC-3 cells expressing wild type NKX3.1. 
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Figure 24. The effect of the NKX3.1 C154T polymorphism on IGF-IR activation in 

PC-3 cells. Western blot analysis of 90µg of total protein extracted from PC-

3(pcDNA3.1) and PC-3(NKX3.1 R52C) stable cell clones that were serum starved for 16 

hours and treated with 100pM IGF-I.  The histogram of IGF-IR activation is based upon 

three separate experiments.   
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NKX3.1(S48A) does not attenuate IGF-IR activation in PC-3 cells. 

I have shown that the polymorphic protein and its function derivative have lost 

the ability to induce IGFBP-3 expression in PC-3 cells.  I next wanted to look at the 

consequence of the NKX3.1(S48A) mutation on IGF-I signaling in PC-3 cells.  PC-

3(pcDNA3.1) and PC-3(NKX3.1 S48A) clones were serum starved and treated with 

100pM IGF-I.  We noted no effect of NKX3.1(R52C) on IGF-I activation of the IGF-IR 

in PC-3 cells (Figure 25). Like the R52C variant, the S48A mutation attenuates the ability 

of NKX3.1 to inhibit IGF-I receptor phosphorylation upon IGF-I stimulation as opposed 

to the effect seen in PC-3 cells expressing wild type NKX3.1. 
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Figure 25. The effect of NKX3.1(S48A) expression on IGF-IR activation in PC-3 

cells. Western blot analysis of 90ug of total protein extracted from PC-3(pcDNA3.1) and 

PC-3(NKX3.1 S48A) stable cell clones that were serum starved for 16 hours and treated 

with 100pM IGF-I.  The histogram of IGF-IR activation is based upon three separate 

experiments. 
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The polymorphic NKX3.1 protein and its functional derivate do not attenuate IRS-1 

phosphorylation in PC-3 cells. 

To examine further the effect of the C154T polymorphism on NKX3.l activity I 

determined the effect of the NKX3.1 C154T polymorphism and its functional derivate on 

IGF-IR activity, as assayed by IRS-1 phosphorylation after IGF-I stimulation.  I show 

that the NKX3.1 variant proteins have an attenuated ability, compared to wild-type 

NKX3.1, to inhibit IRS-1 activation when stimulated with IGF-I (Figure 26). 
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Figure 26. The effect of the NKX3.1 C154T polymorphism and its functional 

derivate on IRS-1 phosphorylation in PC-3 cells. Western blot analysis of 90ug of total 

protein extracted from PC-3(pcDNA3.1), PC-3(NKX3.1)-1, PC-3(NKX3.1 R52C)-1, PC-

3(NKX3.1 S48A)-28 stable cell clones that were serum starved for 16 hours and treated 

with 100pM IGF-I.  The histogram of IRS-1 activation is based upon three separate 
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experiments. 

Transient expression of the polymorphic NKX3.1 protein and its functional derivate does 

not attenuate IRS-1 phosphorylation in PC-3 cells. 

I performed fluorescence immunomicroscopy on PC-3 cells that had been 

transiently transfected with the wild type NKX3.1, NKX3.1(R52C), and NKX3.1(S48A) 

expression vectors and looked at the effect of transient NKX3.1 expression on IGF-IR 

signaling. .NKX3.1(R52C) and NKX3.1(S48A) do not significantly alter IRS-1 

activation after IGF-I stimulation in PC-3 cells, in comparison to the NKX3.1 inhibition 

of IRS-1 activation (p-value= <0.005, n=20) (Figure 27). 
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Figure 27. The effect of transient expression of NKX3.1, NKX3.1(R52C), and 

NKX3.1(S48A) upon IRS-1 

phosphorylation in PC-3 cells.  

A. Immunohistochemical analysis of 

PC-3 cells that were transiently 

transfected with NKX3.1 expression 

vectors, serum starved for 16 hours 

and treated with 100pM IGF-I for 

three minutes. The cells were 

immediately fixed before being 

stained with fluorescently-conjugated 

antibodies. B. Graphical 

representation of fluorescence 

analysis of PC-3 cells (n= 20).
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NKX3.1(R52C) and NKX3.1(S48A) do not increase PC-3 cell doubling time. 

Finally, I looked at the effect of expression of the NKX3.1 variant proteins on PC-

3 cell growth.  The cell counting assay confirmed that the polymorphic NKX3.1 and its 

function variant, NKX3.1(S48A), did not significantly effect PC-3 cell doubling time, 

suggesting that both the R52C and the S48A mutations affects the ability of NKX3.1 to 

inhibit PC-3 cell growth (Figure 28).  Western blot analysis of protein lysate from cells at 

the 96 hour time point confirmed that NKX3.1 expression was continuous during the cell 

counting assay (Figure 28 inset). 
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Figure 28. Expression of either NKX3.1(S48A) or NKX3.1(R52C) does not attenuate 

PC-3 cell growth in culture. The cell doubling times of PC-3(pcDNA3.1), PC-

3(NKX3.1), PC-3(NKX3.1 S48A), and PC-3(NKX3.1 R52C) stable cell clones, grown in 

IMEM + 10% FBS + 1.2mg/ml G418 was calculated from cell counts taken over four 

days. Error bars represent data from at least five separate experiments done in triplicate.     
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Discussion 
 

Part I: The role of NKX3.1 and IGFBP-3 on prostate growth and signaling. 

NKX3.1 codes for a prostate-specific homeodomain protein and maps to 

chromosome 8p21.2, a region frequently deleted in prostate cancer. Nkx3.1 has been 

shown to suppress cell growth in culture and to inhibit tumor growth in gene-targeted 

mice. Expression array analysis identified an IGF binding protein, IGFBP-3, that was 

substantially up regulated in response to exogenous expression of human NKX3.1 in 

cultured human prostate cancer cells. Aberrant IGF-I signaling has been reported in a 

variety of human cancers and elevated serum IGF-I levels have been shown to be a risk 

factor for prostate cancer development. We hypothesize that the local production of 

IGFBP-3 under control of NKX3.1 in the prostate epithelium modulates the effects of 

circulating IGF-I on prostate epithelial cell proliferation and survival. The data contained 

in this thesis shows that NKX3.1 up regulates IGFBP-3 mRNA and protein expression in 

PC-3 and LNCaP prostate cancer cell lines. Additionally, NKX3.1 expression decreases 

cell proliferation and IGFBP-3 knockdown restores PC-3 proliferation rate, suggesting 

that IGFBP-3, under control of NKX3.1, directly regulates PC-3 cell proliferation. 

Finally, we show that NKX3.1 expression in PC-3 prostate cancer cells leads to the 

deregulation of IGF-I signaling and knock down of IGFBP-3 expression in the PC-3 cells 

engineered to expression NKX3.1 partially restored IGF-I signaling, as compared to 

parental PC-3 cells. This suggests that NKX3.1 may mediate its growth inhibitory effects 

through the up regulation of IGFBP-3 and the subsequent inhibition  of IGF-I signaling.  
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NKX3.1 up regulates IGFBP-3 expression 

NKX3.1 is important for prostate epithelial cell development, growth control, and 

differentiation (13;45). Loss of a single murine Nkx3.1 allele results in prostate epithelial 

hyperplasia and dysplasia, a phenotype similar to homozygous deletion, but with longer 

latency (13). In early stage human prostate cancer we have found that NKX3.1 

expression levels are reduced over a broad range in tissue samples, suggesting a complex 

effect on the early development and phenotype of human prostate cancer (231). 

Preliminary data from a microarray experiment, where PC-3 cells were engineered to 

express NKX3.1, showed that two separate IGFBP-3 probes were activated 9.22- and 

10.23-fold in PC-3 cells expressing NKX3.1 compared to PC-3 control transfectants 

(Muhlbradt et al, 2009, Can Res). Additional experiments to validate this result and 

ensure that clonal variation was not a factor show that chronic expression of NKX3.1 in 

PC-3 cells leads to an increase in IGFBP-3 mRNA and the 42-45kDa IGFBP-3 protein, 

corresponding to the reported size of the full length protein, across multiple PC-

3(NKX3.1) clones. Transient expression of NKX3.1 in PC-3 cells also lead to an increase 

in IGFBP-3 protein showing that the adaptation of the cells during clonal selection in 

G418 was not a factor in the preliminary microarray analysis.         

Androgens have been shown to stimulate the expression of NKX3.1 (9;16) so we 

wanted to determine if the androgen-mediated up regulation of NKX3.1 stimulates 

IGFBP-3 expression in an androgen responsive cell line. We showed that over expression 

of NKX3.1 by transient transfection in LNCaP cells leads to the up regulation of IGFBP-
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3, in the absence of androgens. However, we found that the androgen stimulation of 

NKX3.1 was not accompanied by a concomitant increase in IGFBP-3 expression. We 

speculate that diminished IGFBP-3 activation was a partial adaptation of LNCaP cells to 

growth in culture despite the expression of NKX3.1. LNCaP cells are one of the few 

prostate cell lines to express NKX3.1 (15). Under certain circumstances in the presence 

of androgen receptor activation, NKX3.1 itself may play a growth stimulatory role, 

supporting the notion that LNCaP cells may be adapted to in vitro growth despite 

NKX3.1 expression (232).  Additionally, there may have been an effect on IGFBP-3 

levels by growth stimulatory concentrations of androgens, which promote LNCaP cell 

growth, through the up regulation of growth stimulatory factors and down regulation of 

growth inhibitory factors (233). Androgens have been shown to regulate IGFBP-3 

expression in a concentration dependent manner in LNCaP cells. High concentrations of 

androgens inhibit LNCaP proliferation and have been shown to induce IGFBP-3 

expression to mediate this growth inhibition (185;234). However low doses of androgens, 

that stimulate LNCaP cell proliferation, do not induce IGFBP-3 expression (234).  

Indeed, concentrations of androgens up to 10nM have been shown to decrease IGFBP-3 

expression in LNCaP cells (183). It should also be noted that differences in the treatment 

media in PC-3 and LNCaP cell cultures may contribute to these contrary results.      

Another IGF binding protein, IGFBP-4, was shown to be up regulated 4-fold by 

NKX3.1 in the initial expression array analysis of transfected PC-3 cells. Like IGFBP-3, 

IGFBP-4 sequesters IGF-I extracellularly, inhibiting IGF-I binding to IGF-IR (235). It 

was important to determine whether any purported IGFBP-3-specific effects could in fact 
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be a result of the increase of another IGF-I binding protein. Therefore, we wanted to first 

determine whether this modest up regulation of IGFBP-4 was found across multiple 

clones and negating the possibility that these results were due to clonal variation from 

enforced expression of NKX3.1. We performed RT-PCR analysis for IGFBP-4 message 

in PC-3(NKX3.1) derivative cell lines, using LNCaP cells as a negative control and PC-3 

cells as a positive control (91;92), and were unable to demonstrate that NKX3.1 

consistently up regulates IGFBP-4 expression across multiple individual PC-3(NKX3.1) 

clones. The RT-PCR analysis did show a two-fold increase in IGFBP-4 mRNA 

expression in the same clone that was used in the microarray experiment, however 

IGFBP-4 mRNA was not seen to be increased in other clones under the same 

experimental conditions. A role for IGFBP-4 in prostate cancer progression has not been 

established. There are no epidemiological data available for IGFBP-4 measurements in 

men with prostate cancer. Laboratory studies have not suggested that IGFBP-4 has a role 

in prostate tumor suppression (236;237).  Since the up regulation of IGFBP-4 by NKX3.1 

seen in the initial expression array was not confirmed by additional assays, any IGFBP-

specific effects are most likely due to IGFBP-3 and not another IGF binding protein, 

IGFBP-4, that was shown to be up regulated in the initial expression array analysis.  

 

The NKX3.1-mediated up regulation of IGFBP-3 inhibits IGF-I activation of IGF-IR 

  IGF-I is a peptide growth factor that binds to the IGF-IR to stimulate cell 

proliferation and survival (238). Over 75% of circulating IGF-I is bound to IGFBP-3 and 

the molar ratio of IGF-I to IGFBP-3 in the serum is normally about 1:10 (239;240). 
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IGFBP-3 can regulate the interaction of IGF-I with the IGF-IR by sequestering IGF-I 

away from its receptor (41). We have shown that NKX3.1 up regulates IGFBP-3. The 

specific mechanisms by which NKX3.1 affects prostate epithelial growth suppression 

have not been described in the literature. We are interested in the NKX3.1-mediated up 

regulation of IGFBP-3 because of the potent effect of IGFBP-3 on the regulation of IGF-I 

signaling and potential effect on prostate epithelial cell proliferation (174;180;241;242). 

We show that expression of exogenous NKX3.1 in PC-3 cells inhibits the IGF-I 

mediated phosphorylation and activation of the IGF-IR. Additionally, downstream 

signaling proteins of the IGF-IR, such as IRS-1, PI-3K, and Akt, were all shown to have 

attenuated phosphorylation levels in response to IGF-I stimulation in these PC-3 cell 

clones that express NKX3.1. We confirm, by siRNA targeted knock down of IGFBP-3, 

that the effect of NKX3.1 expression on IGF-IR activation is mediated by IGFBP-3.  We 

have not determined whether secreted IGFBP-3 in the media, cell surface-associated 

IGFBP-3, or both mediate the NKX3.1 effects on the IGF-IR activation.  To address this 

unanswered question we could have determined the effect of NKX3.1 on concentration of 

IGFBP-3 in the culture media and also performed western blotting on cells extensively 

washed after harvesting. Levels of IGFBP-3 in conditioned media could have been 

determined by ELISA or RIA techniques. Additionally, to determine whether serum 

IGFBP-3 or cell-surface associated IGFBP-3 is responsible for mediating the effect of 

NKX3.1 expression on IGF-IR activation in PC-3(NKX3.1) cells we could have treated 

PC-3(pcDNA3.1) cells with conditioned media from PC-3(NKX3.1) cells supplemented 

with IGF-I. Had we observed a “trans” effect on IGF-IR activation, we would have 
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concluded that there was sufficient IGF-I binding activity in the conditioned media to 

account for the effects we observed on IGF-IR signaling.     

The role of IGFBP-3 in mediating the effect of NKX3.1 on IGF-IR and cell 

proliferation was further demonstrated by two experimental approaches.  We treated PC-

3(pcDNA3.1) and PC-3(NKX3.1) clones with Long® R3-IGF-I, an IGF-I analog that 

does not bind IGFBP-3, while maintaining normal binding affinity for the other IGFBPs, 

but is able to activate the IGF-IR (243;244). When compared to IGF-I, Long® R3-IGF-I 

activated IGF-IR in the presence of NKX3.1 whereas IGF-I did not.  This result is 

suggestive that IGFBP-3 is indeed inhibiting the activation of the IGF-IR by wild type 

IGF-I in PC-3(NKX3.1) cells by directly binding and sequestering IGF-I (245).  

Furthermore, we knocked down IGFBP-3 expression in PC-3(NKX3.1) cells to 

demonstrate that NKX3.1 up regulation of IGFBP-3 mediates the inhibition of IGF-IR 

activation after exposure to IGF-I.  We used only one IGFBP-3 targeted IGFBP-3 siRNA 

oligo (246) because we had tested ten alternative siRNA oligonucleotides, four from the 

Dharmacon database and six with sequences that had been determined by our lab using 

computer-derived sequence analysis. However, we found that only the siRNA 

oligonucleotide sequence published by Stewart et al was effective. It is possible that the 

result observed with the single siRNA was due to off-target effects. However, the siRNA 

sequence used in this experiment has no identifiable homologies with sequences in other 

genes, as confirmed by a BLAST search against the entire human genome sequence.   

 

NKX3.1 regulates AKT activation 
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NKX3.1 has been shown to mediate the PI-3K/AKT signaling pathway, which is 

located downstream of the IGF-IR. The lipid phosphatase PTEN dephosphorylates PIP3 

and antagonizes PI-3K/Akt signaling by decreasing the availability of membrane 

anchoring sites for AKT (247;248) .  PTEN has been shown to be a tumor suppressor in a 

variety of cancers (249-251). Loss of PTEN expression in prostate cancer tissues 

correlates with high Gleason score and advanced stage (252). Additionally, PTEN loss is 

one of the most frequent genetic alteration seen in human prostate cancer tissue samples, 

with PTEN mutations noted in about 30% of primary prostate cancers and 63% of 

metastatic samples (253;254).  Nkx3.1 has been shown to act synergistically with Pten to 

down regulate Akt activation in mouse prostate epithelium. Both the  Nkx3.1-/- or Pten+/- 

genotype in mice leads to the development of lesions reminiscent of human PIN that do 

not  progress to invasive prostate cancer (255). In contrast, compound mutant Nkx3.1-/-

/Pten+/- or Nkx3.1+/-/Pten+/- mice develop HGPIN and later on, carcinoma that is preceded 

by a marked up regulation of Akt phosphorylation compared to either wild type mice or 

mice with the Nkx3.1 or Pten mutations alone (255;256).  Additionally, epithelial cells of 

Pten-negative mouse prostatic epithelium that are Nkx3.1-positive exhibit down-

regulation of phosphoAkt levels, suggesting that Nkx3.1 may prove to be a potent 

inhibitor of Akt activation (253).  In our experiments NKX3.1 expression in the PTEN-

negative prostate cancer cell line PC-3 (252) leads to decreased AKT phosphorylation.  

The effect of siRNA knockdown of IGFBP-3 on AKT phosphorylation in PC-3(NKX3.1) 

cells would strongly support the hypothesis that increased IGFBP-3 levels in PC-

3(NKX3.1) cells were responsible for mediating decreased AKT activation. 
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NKX3.1 inhibits PC-3 cell growth in vitro  

Both NKX3.1 and IGFBP-3 have been shown to be potent inhibitors of prostate 

cancer cell proliferation (44;45;174;242;255).  Likewise, we show that chronic NKX3.1 

expression in PC-3 cells affects PC-3 cell proliferation by prolonging cell doubling time. 

To determine the direct effect of the up regulation of IGFBP-3 by NKX3.1 on PC-3 cell 

proliferation, we knocked down IGFBP-3 mRNA by siRNA oligofection and assayed cell 

doubling time. We show that IGFBP-3 directly mediates the effect of NKX3.1 on PC-3 

cell proliferation as siRNA knockdown of IGFBP-3 in PC-3(NKX3.1) cells restores the 

cell doubling time of these clones to the parental PC-3 cell doubling time. We couldn’t 

repeat the experiment using a second siRNA oligo, owing to the fact that we could not 

achieve IGFBP-3 knockdown with any other of the ten additional siRNA sequences 

tested. It is possible that the result observed with the single siRNA oligo was due to off-

target effects. However, the siRNA sequence used in this experiment has no identifiable 

homologies with sequences in other genes, as confirmed by a BLAST search against the 

entire human genome sequence. 

 

Part II: The NKX3.1 C154T Polymorphism        

A NKX3.1 C154T polymorphism exists in 11% of the population that encodes for 

an arginine to cysteine amino acid change at residue 52 of the NKX3.1 N-terminal 

domain. The variant NKX3.1 R52C has been shown to reduce phosphorylation on serine 

48 and attenuates the in vitro DNA binding activities of NKX3.1. The NKX3.1 



 

 

104 

polymorphism has also been shown to be a minor risk factor for more aggressive forms 

of prostate cancer, disease related-mortality, and prostate cancer development. In a case-

control study the effect of high levels of serum IGF-I on prostate cancer risk was seen 

almost exclusively in men whom have at least one copy of the NKX3.1 polymorphic 

allele. We hypothesize that a relationship may exist between NKX3.1 genotype and the 

effect of circulating IGF-I on prostate tumorigenesis. We show that the polymorphic 

NKX3.1 protein, NKX3.1(R52C), and the functionally equivalent NKX3.1(S48A) are 

deficient in induction of IGFBP-3 expression. Stable expression of these two variant 

proteins in PC-3 cells had no effect on cell proliferation. Additionally, I show that IGF-I 

signaling is not attenuated in PC-3 cells expressing either NKX3.1(R52C) or 

NKX3.1(S48A) as compared to NKX3.1 cells engineered to stably express wild type 

NKX3.1. We previously hypothesized that NKX3.1 confers local protection against IGF-

I growth stimulation in prostatic epithelium by up regulating IGFBP-3. We further 

hypothesize that the polymorphic NKX3.1 gene has reduced capacity to induce IGFBP-3 

and therefore has lost the capacity to modulate IGF-I stimulation of prostate epithelial 

cell proliferation, conferring increased risk of prostate cancer in men with higher levels of 

circulating IGF-I. 

 
The effect of the C154T polymorphism on NKX3.1 activity                

IGFBP-3 serves as a IGF-I reservoir, stabilizing circulating IGF-I levels while 

inhibiting the interaction of IGF-I with its receptor (257). Serum levels of both proteins 

vary with age, nutrition, and hormonal status (258). The interaction of serum IGF-I and 
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IGFBP-3 and prostate cancer risk has been studied by a number of investigators (257). 

The majority of studies have found an association between high serum IGF-I levels and 

prostate cancer, although some studies do not confirm this relationship (206;215;259-

262).  Additionally, IGFBP-3 levels have been shown to be inversely correlated with 

prostate cancer risk in some, but not all, studies (213;215;216;263).  It has been 

suggested that racial and anthropometric differences between individuals may affect IGF-

I and IGFBP-3 levels, confounding the results of studies using multiethnic cohorts (264).  

Protein storage methods and varied assay techniques used in each study may also 

contribute to these contrary results (265;266).     

Our laboratory has previously identified a polymorphism that affects NKX3.1 

activity and prostatic epithelial growth in vitro (32;33).  The effect of this polymorphism 

on prostate cancer risk was examined in cases and controls divided based on differences 

in levels of serum IGF-I levels. We found that the effect of serum IGF-I was negligible in 

men homozygous for wild-type NKX3.1 and substantial for men carrying at least one 

variant allele. My thesis work examines the effect of the variant NKX3.1 protein on IGF-

I signaling and shows that the polymorphic NKX3.1 protein has reduced ability to up 

regulate IGFBP-3 expression in vitro.  IGF-I signaling pathways and cell growth rates are 

not attenuated in PC-3 cells that express the NKX3.1 polymorphic protein, in comparison 

to PC-3 cells that express wild type NKX3.1, suggesting that the polymorphic protein 

may have lost some tumor suppressor properties.  This result is consistent with the 

finding that men with the variant gene are more sensitive to serum IGF-I levels as a risk 

factor for prostate cancer (32;33).   
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Taking this observation one step further, our data may also explain why serum 

IGFBP-3 levels have not been consistently correlated with prostate cancer risk in 

epidemiological studies.  We suggest that NKX3.1 affects the local concentration of 

IGFBP-3 in the prostatic epithelium and thus interferes with circulating IGF-I to which 

the cells are exposed. Therefore, serum IGFBP-3 levels may not accurately reflect the 

critical concentration of IGFBP-3 at the epithelium of the prostate that regulates IGF-I 

effects.  

IGFBP-3 mRNA is commonly down regulated in human prostate adenocarcinoma 

tissue specimens, characterized by a concomitant decrease in IGFBP-3 protein as 

compared to normal tissue (193;267). IGFBP-3 protein levels have been shown to have 

an inverse correlation with Gleason grade (268).  Additionally gene targeted mice with a 

disruption in hepatic IGF-I expression, which accounts for 80% of total serum IGF-I, are 

not stunted developmentally, suggesting that localized production of IGF-I plays a critical 

role in the autocrine and paracrine regulation of organ development and cell growth 

(57;58).  Indeed, expression of a mutant IGF-I protein with decreased affinity for IGFBPs 

in the prostatic epithelium of mice leads to prostatic hyperplasia  (269).  Taken together, 

these data suggest that the local concentrations of, and not serum concentrations, as well 

as the ratio of IGF-I to IGFBP-3 in prostate epithelium is important in mediating prostate 

cancer pathogenesis.      

 

Future Directions 
 

NKX3.1 haploinsufficiency is likely manifest, at least in part, by down stream 
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effects on gene targets. NKX3.1 binds to DNA and stimulates or suppresses expression of 

genes downstream from cognate DNA binding sites (26). We have yet to identify a 

promoter that is transcriptionally activated by direct binding of NXK3.1. In fact, our 

experiments with reporter constructs containing NKX3.1 binding DNA suggested that 

NKX3.1 alone cannot initiate transcription (26). NKX3.1 is known to interact with other 

transcription factors such as serum response factor (SRF) and serves as a synergistic 

coactivator of promoters with serum response elements such as smooth muscle γ-actin 

(28). We do not know how NKX3.1 activates IGFBP-3 expression. Preliminary studies in 

our laboratory examining the effect of NKX3.1 expression on reporter gene constructs 

driven by the IGFBP-3 promoter (95) showed no evidence of activation by NKX3.1.  

Additional experiments will determine how NKX3.1 activates IGFBP-3 expression. 

Besides regulating transcription, NKX3.1 may affect IGFBP-3 mRNA stability, thus 

leading to increases in IGFBP-3 mRNA and protein levels as seen in our experimental 

results. A half-life study of IGFBP-3 mRNA using actinomycin D would exclude this 

possibility. 

Gene targeted mice that are engineered to over express Igf-I in prostatic 

epithelium have been extensively characterized, producing phenotypes such as prostate 

gland enlargement, epithelial hyperplasia, PIN-like lesions, and in one case, carcinoma 

by 9 months of age (270-272).  Nkx3.1 gene-targeted mice also show this PIN-like 

phenotype although do not progress to carcinoma (45;255).  However, Nkx3.1 loss has 

been shown to cooperate with the loss of other tumor suppressor genes, such as Pten and 

p27, to produce metastatic prostate adenocarcinoma (47;49).  Therefore, we are interested 
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in determining whether the global up regulation of Igf-I may act in a paracrine manner 

upon prostatic epithelial cells, which do not express Nkx3.1, to drive prostate cancer 

carcinogenesis.  Future studies in the laboratory may focus on crossing the Nkx3.1 

homozygous knockout mouse and the SMP8-IGF-I mouse with global over expression of 

IGF-I (220).  We have shown that Nkx3.1 gene copy affects Igfbp-3 expression in gene-

targeted mice and we hypothesize that IGF-I over expression in Nkx3.1-/- mice may lead 

to the earlier formation of PIN-like lesions or progression to prostate carcinoma due to 

decreased Igfbp-3 levels in the epithelium of Nkx3.1-/- mice. 

 IGFBP-3 has been shown to be an effector protein of TGF-β signaling.  TGF-β1 

and TGF-β2 have been shown to up regulate IGFBP-3 expression in a variety of cell 

lines, including PC-3 prostate cancer cells (174;273-275).  Both PC-3 and DU-145 

prostate cancer cells are sensitive to the inhibitory effects of TGF-β on cell proliferation 

(276).  IGFBP-3 has also been shown to affect cytoplasmic SMAD protein levels and 

SMAD phosphorylation.  Upon TGF-β receptor activation, SMAD2 and SMAD3 become 

phosphorylated and form complexes with SMAD4, which directs their nuclear import and 

potentiation of target gene transcription.  IGFBP-3 has been shown to stimulate SMAD2 

and SMAD3 phosphorylation in T47D breast cancer cells and enhance the effect of TGF-

β1 on cell proliferation (277). Additionally, IGFBP-3 decreases SMAD4/SMAD2 

complexes and SMAD4 protein levels in the T47D breast cancer cell line (278).  The 

effect of IGFBP-3 on SMAD signaling in prostate cancer cell lines is unknown however.  

It would be interesting to determine the effect of NKX3.1 expression on TGF-β signaling 

pathway in prostate cancer cell lines.  We hypothesize that another mechanism by which 
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the NKX3.1-mediated up regulation of IGFBP-3 contributes to the tumor suppressor 

activities of NKX3.1 may be through an interaction between IGFBP-3 and the TGF-β 

signaling pathway. 

The second part of this thesis project was focused on determining the effect of a 

polymorphism in the NKX3.1 gene on the activation of IGFBP-3.  The data contained in 

this thesis shows that the variant protein and a functionally related mutant, 

NKX3.1(S48A), reduce the ability of NKX3.1 to up regulate IGFBP-3 expression. 

Additional experiments would involve expression of IGFBP-3 in PC-3(NKX3.1 R52C) 

and PC-3(NKX3.1 S48A) derivate cell lines to determine the effect of exogenous IGFBP-

3 on IGF-I signaling and on cell proliferation in these cell lines.  

We would like to determine why the NKX3.1(R52C) variant protein does not up 

regulate IGFBP-3 expression. The R52C mutation has been shown to reduce 

phosphorylation at serine 48, as well as to affect the DNA binding activity of NKX3.1 

(32).  At the moment, it is unclear whether the DNA binding activity of NKX3.1 is 

required for the transcriptional regulation of IGFBP-3.  However, sequence variations in 

the coding region of the NKX3.1 gene have been shown to affect the DNA binding 

activity of the NKX3.1 protein, which in turn has been shown to be significant for 

prostate cancer risk (32;43).  This suggests that the DNA binding activity of NKX3.1 is 

an important modulator of normal NKX3.1 activity in the prostate. The phosphorylation 

state of the NKX3.1 protein may be an important factor in the NKX3.1-mediated up 

regulation of IGFBP-3.  Previous studies by our laboratory and others have demonstrated 

that phosphorylation on both N- and C-terminal residues of NKX3.1 mediates the 



 

 

110 

stability of NKX3.1 protein (29) (279).  For example, phosphorylation of C-terminal 

serine residues has been shown to enhance the TNF-alpha-induced degradation of 

NKX3.1, thereby negatively regulating steady-state protein half-life (280).  Conversely, 

the CK2-mediated phosphorylation of threonine residues in the N-terminus has been 

shown to increase NKX3.1 half-life (29).  It has not been determined whether 

phosphorylation of serine 48 somehow affects NKX3.1 protein turnover.   

Ongoing studies will examine the effect of the C154T polymorphism on IGFBP-3 

expression in the prostate epithelium of human prostate cancer specimens.   We want to 

determine whether tissue IGFBP-3 levels in prostate epithelium correlate with NKX3.1 

genotype. We hypothesize that IGFBP-3 levels will correlate with NKX3.1 expression in 

the prostatic epithelium of men with wild type NKX3.1 (231), whereas men genotyped 

for the NKX3.1 C154T polymorphism will display significantly lower levels of IGFBP-3, 

regardless of NKX3.1 levels.  

The confocal immunomicroscopy assay that has been previously developed and 

published by our lab will be utilized to determine the relationship between NKX3.1 

genotype and IGFBP-3 levels in human prostate cancer specimens (231).  NKX3.1 and 

IGFBP-3 levels will be assayed by immunofluorescent staining of histological slides 

from surgical prostatic specimens taken from the cohort of PHS patients previously 

described. This experiment will tie together my in vitro data in which the C154T 

polymorphism inhibits the NKX3.1-mediated up regulation of IGFBP-3, with the in vivo 

data that suggests that the C154T polymorphism confers a risk of prostate cancer in men 

with increased IGF-I levels.  We suggest that one way in which NKX3.1 affects prostate 



 

 

111 

cell proliferation is through the local up regulation of IGFBP-3 in prostate epithelium, 

and that in men with the C154T polymorphism, the reduced local levels of IGFBP-3 in 

the prostate confers a risk of prostate carcinogenesis through increased IGF-I levels in the 

epithelium.   

 

Clinical implications for the effect of NKX3.1 on IGFBP-3 expression 

 We have shown that NKX3.1 regulates IGFBP-3 expression in the prostate. This 

observation suggests one way that NKX3.1 regulates prostate epithelial cell growth and 

proliferation. As expected the IGF-IR/PI-3K/Akt pathway was regulated by NKX3.1-

mediated up regulation of IGFBP-3. We also showed a relationship between NKX3.1 

genotype and the risk of prostate cancer conferred by high serum IGF-I levels.             

 Hyperinsulinemia caused by metabolic disorders, such as type II diabetes and 

obesity, has been shown to be a risk factor for prostate cancer pathogenesis (281).  

Additionally, IGF-IR, insulin receptor (IR), and hybrid IGF-IR/IR receptor levels have 

been shown to be up regulated in malignant tissue, in comparison to normal prostate 

tissue, and is associated with a risk for a number of cancers (282;283).  Insulin is 

normally responsible for the regulation of glucose homeostasis.  Insulin may also interact 

with IGF receptors and may be a promoter of tumor growth by activating cell signaling 

pathways that stimulate cell proliferation and survival (284).  IGFBP-3 has been shown to 

inhibit insulin-induced IR phosphorylation suggesting that IGFBP-3 is a negative 

regulator of the IR (285).  The relationship between NKX3.1, hyperinsulinemia, and 

prostate cancer is not fully elucidated.  However, conditions that have been shown to 
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correlate with NKX3.1 loss, such as inflammatory atrophy, have also been characterized 

as hallmarks of hyperinsulinemic disorders such as obesity (286;287).  Therefore, the 

combination of NKX3.1 loss, and the concomitant decrease in IGFBP-3 expression, with 

increased IR and IGF-IR signaling in areas of low grade chronic inflammation seen in the 

prostates of obese patients may suggest a mechanism to favor the development of 

prostate cancer.  

High serum IGF-I levels have been shown to be a risk factor for multiple cancers 

including breast, colon, and prostate cancer (288;289).  The exploitation of aberrations in 

IGF-I signaling in cancer may be a valid mechanism by which many cancers can be 

successfully treated in a clinical setting (290).  The inhibition of IGF-IR activity has been 

shown to be a successful therapeutic target in the treatment of gastric, colorectal, 

pancreatic, and lung cancer (291).  Currently, there are at least eight human monoclonal 

antibodies against IGF-IR in phase I and II clinical trials for the treatment of lymphoma, 

prostate cancer, Ewing’s sarcoma, and ovarian cancer (292) [www.clinicaltrials.gov].  

AKT inhibitors, such as perifosine and GSK690693 are being used alone and in 

combination therapies in the treatment of a wide variety of cancers including prostate 

cancer (293).  Antioxidants, such as lycopene and silibinin, have chemopreventive and 

anti-neoplastic effects on prostate cancer cells in vitro and in vivo, and these effects have 

been shown to be mediated by the up regulation of IGFBP-3 by these compounds 

(294;295).  Additionally antagonism of effector proteins downstream of PI-3K such as 

the mammalian target of rapamycin, a promoter of cell cycle progression, has also been 

shown to be an effective mechanism by which the anti-neoplastic activities of existing 
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cancer therapies may be enhanced (296).  The further elucidation of deregulated signaling 

pathways in prostate carcinogenesis will have a significant impact on the development of 

novel targeted therapies that may be used alone or in combination, to successfully treat 

prostate cancer. 
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