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ABSTRACT 

Membrane type-1 matrix metalloproteinase (MT1-MMP) is a metalloproteinase which 

becomes upregulated in prostate cancer and has been implicated in processes of prostate 

cancer metastasis.  Here, we show that MT1-MMP is minimally expressed in 

nonmalignant primary prostate cells, moderately expressed in DU-145 cells, and highly 

expressed in invasive PC-3 and PC-3N cells. Using MT1-MMP promoter reporters and 

mobility shift assays, we show that Sp1 regulates MT1-MMP expression in DU-145, PC-

3, and PC-3N cells and in PC3-N cells using chromatin immunoprecipitation analysis and 

silencing RNA.  Investigation of signaling pathways in these cells showed that DU-145 

cells express constitutively phosphorylated extracellular stress-regulated kinase (ERK), 

whereas PC-3 and PC-3N cells express constitutively phosphorylated AKT/PKB and c-

Jun NH2 terminal kinase (JNK). We show that MT1-MMP and Sp1 levels are decreased 

in PC-3 and PC-3N cells when PI-3K and JNK are inhibited, and that MT1-MMP levels 

are decreased in DU-145 cells when MEK is inhibited. Transient transfection of PC-3 and 

PC-3N cells with a dominant-negative JNK or p85, and DU-145 cells with a dominant 

negative ERK, reduced MT1-MMP promoter activity. We also identified the insulin-like 

growth factor (IGF-1R) as an upstream regulatory component of MT1-MMP in PC-3N 

and LNCaP cells, which express high and low levels of the enzyme, respectively. 

Treatment of PC-3N cells with an IGF-1R specific inhibitor decreased MT1-MMP 

promoter activity, RNA and protein levels. Additionally, treatment of LNCaP cells with a 

synthetic androgen to increase IGF-1R levels and subsequent treatment with IGF-I 

increased MT1-MMP promoter activity, RNA and protein levels. Analysis of MT1-MMP 
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and IGF-1R expression in human prostate cancer tissues demonstrated that MT1-MMP 

expression was high in the apical cytoplasmic regions of PIN and prostate cancer and less 

intense in the basalateral cytoplasmic membrane regions of benign glands. IGF-1R was 

expressed in normal glands and highly expressed in prostate cancer.  In conclusion, we 

have identified several novel mechanisms regulating MT1-MMP expression in prostate 

cancer cell lines as well as differential localization of the enzyme in human prostate 

cancer tissues. These results provide insight into the complex mechanisms of prostate 

cancer metastasis and may be useful for developing future diagnostic procedures or 

therapies.  
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I. INTRODUCTION 

 

Prostate Cancer 

 Prostate cancer is the most commonly diagnosed non-cutaneous neoplasm and 

second leading cause of cancer related death in men in the U.S. [1]. According to the 

American Cancer Society, in the year 2007 there will be an estimated 218, 890 new 

prostate cancer cases and 27,050 deaths in America [1].  Interestingly, five-year survival 

rates established by the American Cancer Society indicate a 100% survival rate for 

disease localized to the prostate gland.  This percentage drops to 33.3% when the disease 

has metastasized [1].  Part of the clinical problem reflected in prostate cancer mortality 

rates and five-year survival involves the developmental nature of the disease and methods 

of detection and treatment. Therefore, improvements in the current methods used for 

early detection and treatment modalities for advanced disease are needed.   

Established risk factors associated with prostate cancer include age, race, heredity 

and dietary habits. The strongest risk factor associated with prostate cancer is age. Men 

under the age of 50 have a relatively low risk for developing prostate cancer and more 

than 65% of all cases occur in men aged 65 years or older [1].  Race is also a major risk 

factor, with individuals of African American decent having the highest incidence of 

prostate cancer in the world [1]. For reasons that are yet to be established, African 

American men have twice the incidence rates and a 120% higher mortality rate from 

prostate cancer than white American men [2,3]. While prostate cancer is a prominent 

disease in Western countries, Asian populations such as those in Japan have the lowest 

incidence and mortality. This lower risk has been attributed to both a diet low in saturated 
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fat as well as the probability of less rigorous screening techniques. This has been made 

apparent by the recent rise in incidence as screening procedures and Western diets have 

become more readily available [4]. A multitude of epidemiological studies have 

identified the Western diet, defined as being high in saturated fat and low in vegetables, 

as a promoting factor in the development of prostate cancer (as reviewed in [5]).   

Linkage mapping studies focused on identifying the genetic risks associated with 

prostate cancer have revealed single-locus high-penetrance susceptibility genes that 

predispose men to develop prostate cancer. Several candidate regions have been 

identified, but these susceptibility genes only explain 10% of all prostate cancer cases and 

confirmation of these high-penetrance genes is still required [6].  Additionally, low-

penetrance susceptibility genes in prostate cancer in at least 50 genes involved with the 

steroid hormone receptor and the insulin-like growth factor pathways have also been 

identified [7]. 

The prostate gland is situated beneath the bladder and surrounding the urethra. It 

has regions defined by concentric zones including the anterior fibromuscular stroma, the 

central zone, the peripheral zone, and the transition zone. Although the transition zone is 

the predominant region for development of benign prostatic hyperplasia (BPH), almost 

all prostate cancers arise in the peripheral zone [8].  The cellular components of the 

prostate include epithelial cells that formulate the glandular structures and stromal 

smooth muscle which comprises the surrounding tissues.  Prostate cancer arises from 

epithelial transformation of benign tissues in the peripheral zone and often is preluded by 

the intermediary condition called prostatic intraepithelial neoplasia (PIN).  High-grade 
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PIN (HGPIN) lesions are phenotypically similar to cancer and are thought to be direct 

precursors to prostate carcinoma. It has been noted that most patients who present with 

HGPIN will develop prostate cancer within 10 years [9,10]. 

In general, prostate cancer is multifocal and heterogeneous, and is considered to 

be an indolent or slow growing solid tumor.  Studies have reported that most prostate 

tumors will have an indolent growth pattern for the first 10-15 years from the initiation of 

the malignancy [11,12].   However, there is substantial individual variation for tumor 

growth rate; in that some men will continue harboring latent and slow growing 

malignancies while others will quickly develop aggressive, metastatic disease.  Early 

detection is complicated due to the absence of specific symptoms associated with 

premature disease. Oftentimes an individual will not be diagnosed with prostate 

carcinoma until advanced stages, in which the patient experiences symptoms associated 

with metastatic disease.  This is the clinical problem associated with prostate tumor 

progression; in that current diagnostic procedures do not provide accurate early detection 

or delineate the subpopulations that will go on to develop aggressive disease.  

 Currently in the U.S., the accepted screening procedures include a combination 

of the digital rectal examination (DRE) and assessment of serum prostate specific antigen 

(PSA).  The American Cancer Society and the American Urological Association 

recommend annual screening at age 50 for all men and age 45 for those considered to be 

at high risk for developing prostate cancer [1].  The drawbacks affiliated with using the 

DRE include low sensitivity and the subjective nature of the test; however, these factors 

are reduced when the screen is used in conjunction with serum PSA testing [13].  PSA is 
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a prostate specific secreted protease which is identified through serum screening. A 

sequential rise in PSA levels over time is often indicative of escalating prostate 

carcinoma development, however,  research has also identified heightened PSA levels in 

individuals presenting with BPH [14].  This exemplifies the reality that PSA screening 

lacks the specificity and sensitivity to identify prostate cancer. Although detecting 

alterations in PSA levels and identifying prostate abnormalities through DREs are the 

currently accepted screening measures for determining if an individual will go on to 

develop prostate cancer, the mortality rate exemplifies the need for advancements in 

screening techniques that are sensitive and specific for detecting prostate cancer over 

benign disease.  

In addition to expanding the available screening procedures that will identify 

individuals who harbor aggressive malignancies, the need for advanced stage therapies is 

essential for decreasing the mortality rate of this disease.  Currently, the only curative 

therapy for localized prostate cancer is surgical resection through a radical prostatectomy 

procedure [15]. Additional therapies including brachytherapy (implantation of radioactive 

seeds) and hormone ablation are also employed depending on the status of the patient and 

are generally associated with disseminated disease [16,17].   

 

Matrix Metalloproteinases  

Metastasis of solid tumor malignancies is defined as the growth of a secondary 

tumor foci to a distant a site other than the primary tumor lesion [18]. The most common 

sites for disseminated prostate carcinoma include bone tissues and local lymph nodes 
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[19,20] and morbidity from prostate cancer results from metastases to these sites rather 

than localized tumor.  The process of metastasis is a complex cascade involving a 

multitude of components.  Following vascularization, a primary, localized tumor makes 

the transition to a metastatic tumor once it begins local invasion of the surrounding 

tissues. This is followed by intravasation into the circulatory system (blood or lymphatic) 

and transport and survival within the circulatory system until the tumor arrives at a site 

distant from the primary tumor. Here, the tumor will extravastate the circulatory system 

into the surrounding parenchyma and organs and establish new tumor growth [21].   

Matrix metalloproteinases (MMPs) are a family of 24 multifunctional enzymes 

which play a role in the developmental and pathological proteolysis of numerous 

extracellular matrix (ECM) components including collagen I through IV, laminin, and 

fibronectin [22].  Although MMP functions are required for normal processes of 

development [23], this family of enzymes have largely been correlated with the 

pathogenesis of diseases characterized by tissue destruction such as tumor growth and 

metastasis, periodontal disease, arthritis and macular degeneration [24-28].  MMPs have 

been regarded as critical molecules in assisting tumor cell metastasis through their 

enzymatic functions involved with ECM degradation [29]. Although the MMPs were 

originally described as matrix degrading enzymes, MMPs have also been shown to 

activate latent growth factors, cell surface receptors, and adhesion molecules [30].    

Historically, the MMPs were divided into groups based on structural homology 

and their substrate specificity for ECM components [31].  The categories of MMPs 

include the collagenases, comprised of (MMPs-1, -8 and -13), the stromelysins (MMPs-3, 



  

 

   

  19 

   

-7, 10, and -11), the gelatinases (MMPs-2, and -9), and the membrane bound 

metalloproteinases (MT1, -2, -3, -4, -5 and -6 MMP).   The MMPs are synthesized as 

latent zymogens that require proteolytic cleavage of the N-terminal domain to expose the 

zinc coordinating active site. MMPs are regulated through several different 

transcriptional and post-transcriptional mechanisms. Predominantly, MMP expression 

levels in tissues are regulated by cell surface receptors through transcriptional induction 

[32] while their activities are directly inhibited through their interactions with natural 

endogenous inhibitors of metalloproteinases, termed tissue inhibitors of 

metalloproteinases (TIMPs).  Four TIMPs have been characterized thus far, and are 

designated as TIMPs-1, -2, -3 and -4 [33].  The balance between expression levels of 

TIMPs and MMPs is critical during pathological development of diseases, and the TIMP 

affinities for MMPs vary depending on the structures of the metalloproteinases.  

MMPs have been correlated with processes of metastases and are frequently 

overexpressed in various human malignancies. There are reports of heightened MMP 

expression in cancers such as prostate, breast, ovarian, and gastric to name a few [34-36].  

The tumor associated metalloproteinases as depicted in Figure 1 are grouped according to 

their domain structures (adapted from [37]). Importantly, all MMPs contain a signal 

sequence and a pro-peptide that is cleaved for activation of the enzyme. Additional 

important regulatory domains include the hemopexin domain, and the membrane 

anchoring and cytoplasmic domains of the MT-MMPs.  The hemopexin domain is the 

binding region for TIMPs and is present in all MMPs except the matrilysins (MMP-7 and 

-26). The membrane anchoring and cytoplasmic domains located in the MT-MMPs are 
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responsible for localizing and anchoring the proteins to the plasma membrane and for 

executing signaling, scaffolding and endocytic functions, respectively [38].    
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Figure 1.  Domain structures of cancer related matrix metalloproteinases.  

Categories of MMPs are illustrated based on domain homology within each subgroup.  

S= signal peptide, P= pro-domain, F= furin cleavage sequence, C= catalytic zinc-

coordinating domain, FII= fibronectin type II repeats, H= hinge region, HP= hemopexin 

domain, T= transmembrane domain, CT= cytoplasmic domain. (Adapted from [37]) 
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Membrane-Type 1 Matrix Metalloproteinase 

Membrane-type 1 matrix metalloproteinase (MT1-MMP; MMP-14) is a 

membrane bound matrix metalloproteinase that was originally characterized as the 

activator of MMP-2 [39,40].   Additional research has demonstrated that MT1-MMP is 

also the major metalloproteinase directly involved with cell motility through its 

enzymatic cleavage of ECM components including, collagen I, II and III, fibronectin, 

vitronectin, elastin, and laminin (as reviewed in [38]).  MT1-MMP has also been 

associated with cell locomotion through its interaction with and activation of the αvβ3 

and α2β1 integrins [41,42] and cleavage of the cell surface receptor CD44 [43].  Studies 

have identified increased expression of MT1-MMP in numerous human malignancies 

including breast, prostate, ovarian, and gastric cancers [44-47] and have demonstrated 

that MT1-MMP plays a critical role in tumor cell invasion and metastasis [36,48,49].   

Interestingly, the phenotype of MT1-MMP deficient mice has provided insight to 

specific functions of MT1-MMP in processes of development and disease.  The MT1-

MMP null mouse has the most severe phenotype of all MMP deficient mice.  MT1-MMP 

does not appear to play a role in embryonic development, although a deficiency in the 

enzyme leads to severe impairment in postnatal growth. This impairment affects the 

development and growth of both the skeleton and soft connective tissues through the loss 

of collagenolytic activity of mesenchymal cells [50].  Considering the role of MT1-MMP 

in skeletal growth and development, it is intriquing that there are multiple reports of 

MT1-MMP expression and activity in skeletal mestastasis [51-53].      
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MT1-MMP is regulated through transcriptional and post-transcriptional 

mechanisms, with transcriptional control being a key factor in the cellular expression of 

the enzyme.  The MT1-MMP promoter region is unique from other secreted MMP family 

members in that the promoter does not contain a TATA box and instead harbors a 

putative specificity protein-1 (Sp1) transcription factor binding site [54] as exhibited in 

Figure 2 (modified from [49]).  In addition to Sp1 mediated transcriptional regulation, 

there are also reports of additional transcription factors mediating expression of MT1-

MMP in various systems. For example, early growth response factor–1 (Egr1) was found 

to modulate MT1-MMP expression in ovarian carcinoma cells [55] while the beta-

catenin/Tcf transcription factor complex has been identified as influencing MT1-MMP 

expression in human colorectal carcinoma cell lines [56,57].    

In addition to transcriptional regulation, there are multiple coordinated 

mechanisms of posttranscriptional regulation that are important for complete function of 

MT1-MMP.  MT1-MMP is synthesized as an inactive zymogen and is activated 

intracellularly by furin pro-protein convertase through proteolysis of the furin domain 

[58] as well as through self-proteolytic activation [59].   Additionally, MT1-MMP is 

inhibited by the endogenous inhibitor TIMP-2, but also binds TIMP-2 as a means of 

activating MMP-2 [33,39,40].  MT1-MMP is also regulated through endocytic trafficking 

which is dependent on the presence of the cytoplasmic tail of the enzyme [60,61].   
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Figure 2. Matrix metalloproteinase promoter regulatory elements.                                

Putative transcription factor binding sites located within 1 kb of the transcriptional start 

sites (depicted by a right facing arrow) of the MMP gene promoter regions. This 

schematic of characterized MMP promoter regions signifies the dissimilarity among 

secreted MMP family members when compared to MT1-MMP.  Note the absence of a 

TATA-box and presence of an Sp1 site proximal to the start site in the MT1-MMP 

promoter (highlighted in red).  The MT1-MMP gene proximal promoter also contains 

TGF-beta inhibitory binding sites (TIE) and four CCAAT boxes (adapted from [49]). 
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MT1-MMP and Prostate Cancer 

In prostate cancer tissues and cell lines, it has been determined that MT1-MMP 

expression is altered during the progression from normal prostate epithelium to prostate 

intraepithelial neoplasia (PIN) and prostate cancer.  Upadhyay et al. conducted the 

earliest investigation of MT1-MMP expression in frozen tissues, in which they 

determined high expression of the enzyme in the basal cells of benign glands and the 

secretory cells of high grade PIN. However, they also reported that MT1-MMP 

expression was heterogeneous in prostate cancer with some cases having high expression 

while others were negative [62]. Cardillo et al. also performed analysis of MT1-MMP 

expression using formalin-fixed, paraffin-embedded prostate tissues and observed that 

MT1-MMP was expressed in the secretory cells of benign glands and was highly 

expressed in prostate cancer compared to PIN [63]. We also previously observed that 

MT1-MMP expression in frozen tissue was heightened in PIN and prostate cancer when 

compared to normal glands [46].  Based on these studies, the trend of MT1-MMP 

expression in prostate cancer is such that the enzyme becomes overexpressed in PIN and 

prostate cancer, but there is a slight discrepancy in the literature as to the localization of 

the enzyme as prostate cancer develops from benign epithelium to PIN and prostate 

cancer.   

In relation to increased MT1-MMP expression in prostate cancer tumor tissue, 

there is also evidence of elevated expression in highly invasive prostate tumor cell lines 

when compared to cell lines derived from normal prostate.  We and other investigators 

have previously shown that MT1-MMP becomes highly expressed in invasive prostate 
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cell lines including PC-3, PC-3N and DU-145 when compared to normal prostate cells 

grown in culture [46,64,65].  In addition to heightened expression in prostate cancer 

tissues and cell lines, MT1-MMP has also been shown to play a substantial role in 

prostate cancer cell migration and invasion through cleavage of basement membrane 

proteins laminin-311 and laminin-511 [46,66]. Additionally, a seminal study conducted 

by Bonfil et al. exemplified the role of MT1-MMP in bone metastasis through its 

enzymatic cleavage of collagen I during bone remodeling events [67]. Other groups have 

also established the role of MT1-MMP in prostate tumor cell invasion following 

overexpression of the enzyme in non-invasive prostate cancer cell lines [68,69].  

 

Specificity Protein-1  

Sp1 is a zinc finger transcription factor of the Sp/Kruppel-like factor family which 

regulates the transcription of genes involved in various physiological processes including 

cell growth, apoptosis, angiogenesis, and the cell cycle (as reviewed in [70]).  Sp1 was 

the first mammalian transcription factor cloned [71] and it belongs to a family of four Sp 

protein family members comprised of Sp1, Sp2, Sp3 and Sp4.  Sp1 binds predominantly 

GC/GT-rich sequences in the promoter regions of its target genes [72].  These putative 

Sp1-sites were originally characterized in the promoters of housekeeping genes and it 

was thought that Sp1 executed only basal transcription functions and did not play a role 

in the pathogenesis of disease.  However, recent evidence has supported Sp1 as a 

prominent regulatory component in human malignancies.  Indeed, Sp1 dependent 

transcription is involved in numerous pathways linked to cancer.  Furthermore, the 
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transcription factor has been identified as being overexpressed in gastric [73] and 

pancreatic cancers [74].  Sp1 plays a prominent role in regulating genes involved with 

angiogenesis such as vascular endothelial growth factor (VEGF) [75,76] as well as with 

genes involved with prostate cancer metastasis, including urokinase plasminogen 

activator (uPA), prostate specific antigen (PSA) and the α6 integrin subunit [77-79].   

Sp1 functions in both normal and pathological processes are dependent on the 

domain structures of the protein and their allotted functions.  Sp1 contains three zinc 

fingers located close to the C-terminus which mediate DNA binding. The transcription 

factor also harbors two major glutamine-rich transactivation domains that are essential 

for transcriptional activation. The glutamine-rich transactivation domains provide Sp1 

with the ability to interact with both basal transcriptional machinery including TATA 

binding protein (TBP) [80] and the cofactor required for Sp1 activation (CRSP) [81] as 

well as general transcription factors including nuclear factor kappa B (NF-κB) [82] and 

E2F-1 [83]. Adjacent to the glutamine rich domains are serine/threonine-rich sequences 

that are often the target for posttranslational modifications including phosphorylation [75-

77,84-88], aceytlation [89], and glycosylation [90,91].    

Sp1 modification through phosphorylation has been identified as the prominent 

mechanism in which the transcription factor mediates downstream effects as a 

transcriptional activator (as reviewed in [85]).  Phosphorylation of Sp1 on serine and 

threonine residues located throughout the entire length of the protein results in functional 

alterations that either increase or decrease DNA binding or transactivation activities.  The 

precise Sp1 residues phosphorylated including Ser 59, Ser 131, Thre 453, Thr 739 have 
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been mapped for several kinases including DNA protein kinase (DNA-PK), cyclin 

dependent kinase (CDK), casein kinase-II (CK-II) and extracellular-signal regulated 

kinase (ERK 1/2) [88,92-95].  In addition to identification of residues directly 

phosphorylated by specific kinases, several studies indicate additional pathways have 

been shown to play a role in Sp1 regulation.  Kinase pathways including the c-Jun NH2-

terminal kinase (JNK) pathway and the phosphatidylinositol-3 kinase (PI-3K) pathway 

through AKT, have been shown to increase Sp1 phosphorylation and transactivation of 

target genes [75-77].   

 

PI-3 Kinase Pathway in Prostate Cancer 

 

The phosphatidylinositol 3-kinase (PI-3K) pathway is one of the most frequently 

deregulated signaling pathways associated with human malignancies.  The PI-3K 

pathway has implications in a multitude of cellular mechanisms including cell-cycle 

regulation, cell-survival, proliferation, migration, adhesion, invasion, and angiogenesis 

(as reviewed in [96,97]).  PI-3K  is a heterodimeric protein consisting of two subunits, 

including the p85 regulatory and the p110 catalytic subunits.  PI-3K mediates activation 

of downstream signaling cascades following recruitment of the p85 and p110 subunits to 

the cell membrane. The p110 subunit of PI-3K mediates initiation of signaling through 

the phosphorylation of phospholipids within the cell membrane to generate the second 

messenger, phosphotidylinositol (3, 4, 5) triphosphate (PIP3).  Once phosphorylated, PIP3 

will recruit AKT (protein kinase B (PKB)) to the membrane where it will be activated 

through a series of phosphorylation events [98].  AKT is a crucial intermediary between 

PI-3K and downstream substrates as AKT orchestrates signaling events by 
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phosphorylating its respective substrates to execute cellular functions such as 

proliferation and cell survival [99,100].  

The aberrant activity of the PI-3K cascade in prostate cancer is largely affected by 

components at the cell membrane.  The initiation of the PI-3K cascade is dependent on 

various stimuli of which transmembrane kinase receptors such as the epidermal growth 

factor receptor (EGFR) and the insulin-like growth factor 1 receptor (IGF-1R) play an 

important role [101-105].  More importantly in terms of prostate cancer however, is the 

relationship between PI-3K and its negative regulator, the phosphatase and tensin 

homologue deleted on chromosome 10 (PTEN) tumor suppressor. The PTEN tumor 

suppressor is a phosphatase which dephosphorylates PIP3 rendering it unable to interact 

with AKT.  PTEN undergoes frequent somatic mutations in several human malignancies 

including endometrial, gliobastoma multiforme and prostate cancer [106,107]. The loss 

of PTEN expression leads to constitutive activation of downstream components of the PI-

3K pathway and increased cellular functions associated with tumor progression.  

Mutations including both point mutations and deletions of the PTEN tumor suppressor 

have been identified in prostate cancer cell lines, xenografts and in primary and 

metastatic carcinoma lesions [108-115].  

 There have been numerous reports of the functional role PI-3K plays in prostate 

cancer invasion and metastasis. Investigators have recently identified a role for the PI-3K 

pathway during bone environment recruitment of prostate tumor cells [116]. Other groups 

have identified activation of the PI-3K pathway through EGFR and the IGF-1R leading to 

prostate cancer cell invasion [117,118].  Futhermore, αvβ3 integrin mediated prostate 
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metastasis to bone requires activity of the PI-3K pathway [119].   The PI-3K pathway has 

also been implicated in MMP mediated invasion in prostate cancer. Shukla et al. 

identified PI-3K regulation of MMP-9  [120] and Zeng et al. have reported PI-3K 

mediated regulation of MMP-1 through the α5β1 integrin in prostate cancer cell lines 

[121].   

 

MAP Kinase Pathways  

 The mitogen-activated protein kinase (MAPK) cascades are key signaling 

pathways involved in the physiological and pathological processes of cell proliferation, 

survival, apoptosis,  differentiation, and migration [122].  Although there are numerous 

MAPK signaling cascades, there are currently three well characterized MAP kinase 

cascades in mammals. These cascades encompass a set of three kinases which include a 

MAP kinase kinase kinase (MAPKKK) a MAP kinase kinase (MAPKK) and a MAPK 

which exerts immediate effects on the downstream effectors for each MAPK cascade 

(Figure 3) [123].  The MAPK signaling cascades play a role in coordinating incoming 

information from extracellular stimuli or parallel signaling pathways to target effectors to 

alter cellular processes.  The cascade requires that each MAPK component be activated 

by a specific upstream MAPK member (as modeled in Figure 3).  The MAPKs of the 

three well characterized MAP kinase pathways include the extracellular signal-regulated 

kinases (ERK)1/2, the c-Jun NH2- terminal kinases -1,-2, and -3 and the p38 kinases 

α,β,γ, and δ (as reviewed in [124]). As modeled in Figure 3, The ERK MAPK pathway is 

generally activated through mitogenic or ligand induced activation of cell surface 
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receptors while the JNK and p38 pathways are activated through stress and growth 

factors [122,125,126].  

 

Extracellular Signal-Regulated Kinase MAPK Pathway and Prostate Cancer 

The ERK pathway is a well characterized MAPK pathway which is aberrantly 

activated in one third of human cancers [124]. The deregulation of the ERK pathway in 

tumor development predominantly results from the constitutive activation or 

overexpression of growth factor receptors and mutations in activating kinases within the 

pathway.  Figure 3 depicts the ERK signaling cascade following stimulation by growth 

factors or mitogens.  This activation following stimulation of cell surface receptors leads 

to loading of quanosine triphosphate (GTP) to activate the Ras GTPases.  The activated 

Ras will recruit the Raf kinases (Raf-1, Raf A, and Raf B) to the membrane for activation 

through a series of complex protein-protein interactions and phosphorylation events [127-

129].  Activated Raf kinases then phosphorylate MEK1/2 which in turn will 

phosphorylate and turn on ERK1/2.  ERK activation and subsequent targeting of 

downstream substrates such as transcription factors directly mediates cellular processes 

involved with tumorigenesis including proliferation, cell survival and migration [130].  

Mutations in the components of the ERK pathway are not common in prostate 

cancer, although there are several reports of activating somatic mutations in the Ras 

family members in sporadic prostate cancer in Japanese populations [131,132].  

However, there are also reports of increased ERK activity in prostate cancer cell lines in 

which ERK mediated increased proliferation following growth factor stimulation [133-
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137] as well as increased cell invasion [138,139].  However,  there are also reports that a 

loss of ERK activity is involved with progression of prostate cancer [140].   Increased 

ERK expression in prostate cancer tissues has been reported, although the results are 

somewhat controversial as other investigators have found decreased ERK expression as 

prostate cancer progresses. Gioeli et al. concluded that ERK is increased in advanced 

prostate cancer [141], whereas Malik et al. determined that ERK expression is increased 

in PIN lesions but is decreased in advanced disease [142].  The differences in results 

reported for ERK activity and expression in prostate cancer cell lines and tissues may 

correlate with the nature of prostate cancer development and associated signaling 

pathways.  For example, it has been reported that tissues and cell lines with increased PI-

3K/AKT signaling due to the loss of the PTEN tumor suppressor have a decrease in ERK 

activity. This may be due to negative regulation of Raf kinase family members by 

phosphorylation of AKT [143-145]. Although there are slight discrepancies in studies 

exemplifying the role of ERK in prostate cancer, and the possibility of cross-talk between 

the AKT and ERK pathway which may decrease ERK activity in a subset of cancers, 

evidence suggests that ERK does indeed play a role in prostate cancer development and 

metastasis.  

 

c-Jun NH2-terminal kinase  MAPK Pathway in Prostate Cancer 

The c-Jun NH2-terminal kinase MAPK pathway has been characterized mainly in 

terms of cell inflammation and apoptosis [126,146].  As with the ERK cascade, JNK -1,-2 

and -3 MAP kinases are activated following phosphorylation from an upstream MAPKK 
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regulatory protein, namely MEK4 or MEK7 [147] which are in turn activated following 

phosphorylation of MAPKKK proteins including MEKK1-4 [148], TAK1 [149], and 

ASK1 [150]  (Figure 3). The JNK cascade is initiated following stress induction through 

UV radiation, growth factor deprivation and cytokines [126] .  Generally, the effect of 

stress induced MAP kinase pathways is anti-proliferative and proapoptotic [151-153], but 

depending on the cellular context, these pathways may also contribute to tumorigenesis.  

Indeed, JNK activation has been shown to be required for the transformation of model 

cell systems activated by various oncogenes including Ha-ras [154,155] , and c-fos [156].  

Additionally, JNK activity has been correlated with increased proliferation through the 

EGFR in the case of human A549 human non-small cell lung cancer cells [157,158].   

JNK activity and expression has been marginally studied in prostate cancer.  Thus 

far, reports have established increased expression of JNK in prostate cancer tissues 

[77,159-161], and JNK regulatory proteins MKK4 and MKK7 are also increased in 

prostate cancer [162].   Although there is substantial evidence of JNK expression in 

prostate cancer tissues, the biological outcome of this expression is unclear.  Several 

studies have identified the role of JNK in apoptosis in prostate cancer cell culture model 

systems [163,164], however the kinase activity has been correlated with increased 

proliferation when studied in prostate cancer cell culture and xenograft model systems 

[161,165].   Additionally, JNK activation has been correlated with prostate cancer growth 

and angiogenesis [166] and constitiutive JNK in PC-3 cells was demonstrated to increase 

uPA activity through the Sp1 transcription factor [77].   Finally, recent evidence suggests 

that the loss of PTEN is associated with increased JNK activity in prostate cancer [167]. 
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Combining this evidence of JNK activity and expression, it is apparent that the direct role 

of JNK in prostate cancer is undoubtedly context specific.  However, substantial evidence 

suggests that JNK expression and activity are indeed associated with prostate 

tumorigenesis and uncovering additional mechanisms associated with this pathway will 

be useful in understanding the disease.  
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Figure 3. MAP Kinase Pathways.  The MAPK cascades are initiated upon extracellular 

stimuli and activation of GTPase proteins.  Once activated the GTPase family members 

will recruit the MAPKKK proteins (RAF, MEKKs, TAK, ASK, MLK) to the membrane 

to become activated through protein-protein interactions and phosphorylation events. 

Once activated, the MAPKKK proteins will initiate a cascade of phosphorylation events 

to activate the MAPKK (MEK1/2, MEK4, MEK7) and subsequently the MAPK proteins 

(ERK1/2, JNK-1,-2 and -3 and the p38 isoforms).  Once activated, the MAPK proteins 

will target a multitude of substrates to execute cellular functions including proliferation, 

differentiation, apoptosis, inflammation or migration. The outcome of each signaling 

cascade is highly dependent on the nature of the stimulatory event as well as the cellular 

localization of the MAPK proteins and their respective substrates (Adapted from [128]). 



  

 

   

  36 

   

Insulin-like growth factor 1 receptor 

The insulin-like growth factor 1 receptor (IGF-1R) is a tetrameric tyrosine kinase 

receptor which has been implicated in both developmental and pathological processes. 

The receptor consists of two identical external α-subunits required for ligand binding and 

two identical transmembrane β-subunits which conduct the kinase activity of the receptor. 

IGF-1R kinase activity and initiation of cell signaling events requires ligand binding and 

subsequent autophosphorylation of the β-subunits to recruit downstream signaling 

effectors.  The putative ligands for the IGF-1R receptor are the insulin-like growth 

factors-I and II (IGF-I and II), but the receptor has also been reported to bind insulin. 

However, the respective affinities of the IGF-1R for IGF-I, IGF-II and insulin is 

1000:10:1, respectively [168].   The IGF axis, which consists of IGF-1R and its 

respective ligands IGF-1 and IGF-II, has been closely associated with the establishment 

and maintenance of the transformed phenotype of numerous solid tumors.  Indeed, 

overexpression of IGF-1R has been documented in solid cancers including lung, colon, 

breast, renal, thyroid, adrenal, and retinoblastoma [169].   Additionally, numerous studies 

have documented that overexpression of IGF-1R induces growth, malignant 

transformation, increased tumor cell invasion and metastasis as well as evasion of 

apoptosis (as reviewed in [170,171]).   

 IGF-1R kinase activity effects cellular functions through regulation of 

downstream signaling cascades including the PI-3K/AKT and MAP kinase (ERK) 

pathways [172].  The IGF-1R receptor becomes activated following ligand binding within 

the α-subunits and autophosphorylation of the β-subunits.  For activation of the MAP 
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kinase cascades, the activated receptor recruits the Shc protein which then activates the 

Ras GTPases for activation of the MAP kinase pathway and subsequent recruitment of 

transcription factors to mediate cell proliferation [173,174].  To activate the PI-3K/AKT 

pathway, the insulin receptor substrate-1 (IRS-1) is released subsequent to ligand binding 

to activate PI-3K for activation of AKT and recruitment of factors involved with cell 

proliferation, invasion and apoptosis [168].   

 

Insulin-like growth factor 1 receptor and Prostate Cancer 

 The role of IGF-1R and the IGF-1 axis in prostate cancer has been extensively 

studied.  Various groups have focused on identifying the putative roles of the receptor 

and its associated ligand, IGF-1, in prostate cancer.  Numerous studies have related the 

serum levels of IGF-1 with an increased risk for prostate cancer [175-177].  

Unfortunately there are substantial discrepancies in the reported expression levels of the 

IGF-1R as prostate cancer progresses from benign epithelium to localized prostate cancer 

and metastatic disease.  Tennant and colleagues reported that IGF-1R expression is 

significantly lowered at the protein and RNA level in malignant versus benign human 

prostate tissue [178].  In addition, other groups identified decreased IGF-1R expression in 

metastatic lesions and androgen-independent disease in human tissues and lymph node 

metastases in the transgenic adenocarcinoma mouse prostate (TRAMP) model [179,180].  

However, there are also reports of IGF-1R overexpression in human prostate carcinoma 

[181,182] and tissues from the TRAMP model [183] and one study which identified 

increased IGF-1R expression in prostate cancer metastases to bone [184].  
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 IGF-1R expression has been identified in prostate cancer cell lines, with 

androgen-independent cell lines expressing the highest levels of the receptor [185].  It has 

also been established that prostate epithelial cells are highly sensitive to IGF-1 through 

both autocrine [186] and paracrine mechanisms [180].  Studies have identified that IGF-

1R stimulation in prostate cancer cells leads to increased cell proliferation and evasion of 

apoptosis [187,188].  Interest in IGF-1R mediated prostate tumor invasion has also led to 

seminal discoveries in identification of mechanisms in which the receptor mediates 

increased prostate cell migration.   For example, Marelli et al. identified that cross-talk 

between the αvβ3 integrin and IGF-1R in androgen-independent prostate cells leads to a 

migratory phenotype [189] and Grzmil et al. identified IGF-1R mediated regulation of 

MMP-2 and cell invasion in highly invasive androgen-independent prostate cells [181].  

Interestingly, it has also been established that prostate tumor cells metastasized to bone 

have an upregulated IGF-1 axis [190].  

 

Statement of the problem 

Morbidity and mortality from prostate cancer directly results from prostate tumor 

cell metastasis to regions such as the local lymph nodes and bone.  MT1-MMP has been 

implicated in the mechanism of prostate cancer cell invasion and metastasis, and our 

laboratory has shown this specifically results from MT1-MMP mediated cleavage of 

laminin proteins which comprise the basement membrane.  Additionally, we and others 

have shown that MT1-MMP expression is increased during the progression of normal 
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epithelium to prostatic intraepithelial neoplasia (PIN) and prostate carcinoma. However, 

the mechanisms mediating this increase in expression have not been elucidated. 

 The primary goal of these studies was to determine the mechanisms modulating 

MT1-MMP expression in prostate cancer cell lines.  It has been established that MT1-

MMP expression levels are predominantly regulated through transcription in numerous 

cell systems.  Our first goal of these studies was to identify these transcriptional 

mechanisms mediating an increase in MT1-MMP expression in human prostate cancer.  

This included elucidating the role of the Sp1 transcription factor in transcriptional 

regulation of MT1-MMP in prostate cancer cell lines expressing differing levels of the 

enzyme.  Given that posttranslational modifications alter Sp1 DNA binding and 

transactivation capabilities, the second goal of these studies was to determine the role of 

constitutively active PI-3K/AKT and MAP kinase (ERK) pathways in mediating 

differential regulation of Sp1 and MT1-MMP in human prostate cell lines.   The third 

goal of our studies was to identify an upstream regulator of MT1-MMP expression in 

prostate cancer.  We hypothesized that IGF-1R mediates activation of the constitutively 

active signaling pathways regulating MT1-MMP expression in prostate cancer cell lines. 

Furthermore, we also delineated the expression levels of IGF-1R and MT1-MMP in 

human prostate cancer tissues to enhance the physiological relevance of evidence 

procured from tissue culture experiments.  
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II. MATERIALS AND METHODS 

Cell Culture 

The human prostate cell lines, PrEC, LNCaP, PC-3 and DU-145, were obtained from 

American Type Tissue Culture Collection (Rockville, MD).  PC-3N cells were derived 

from PC-3 cells and have been described previously [191]. The DU-145, PC-3 and PC-

3N cells were maintained in Iscove’s Modified Dulbecco’s Medium (IMDM) and the 

LNCaP cells were grown in RPMI (Invitrogen Life Technologies, Carlsbad CA) 

supplemented with 100 µg/ml penicillin and 100 µg/ml streptomyocin (Invitrogen Life 

Technolgies) and 10% fetal bovine serum (FBS) (Gemini Bioproducts, Woodland CA).  

Human prostate primary epithelial PrEC cells were obtained from Clonetics and were 

maintained in Clonetics recommended PreGM medium (Cambrex, East Rutherford, NJ).  

All cells were maintained at 37°C in a humidified 5% CO2 incubator and were passaged 

with trypsin/EDTA (Invitrogen Life Technologies).  The LNCaP cells were also grown in 

phenol red free RPMI for experiments involving treatment with the synthetic androgen 

R1881.  

 

Antibodies and Reagents 

The Western analysis antibody against MT1-MMP (AB815 polyclonal) was from 

Millipore (Billerica, MA) and the Sp1 polyclonal was from Santa Cruz Biotechnologies 

(Santa Cruz, CA).  Western analysis antibodies against phosphorylated and total ERK, 

AKT, and JNK, phosphorylated IGF-1R β and total IGF-1R β were from Cell Signaling 

Technologies (Danvers, MA) and the α-tubulin monoclonal antibody was from 
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Calbiochem (San Diego, CA).  Antibodies used for mobility shift assays and chromatin 

immunoprecipitation assay include an Sp1 polyclonal and rabbit IgG from Santa Cruz 

Biotechnologies and an Sp3 polyclonal from Geneka (Montreal, Canada).  The MT1-

MMP antibody used for immunohistochemistry was a polyclonal antibody (#E4864) from 

Spring Bioscience (Fremont, CA) and the IGF-1R monoclonal antibody used for 

immunohistochemistry was Clone 24-31 Lot #22259-555 and was from Biosource 

(Nivelles, Belgium).  Secondary antibodies used for immunofluorescence were from 

Molecular Probes and were the Alexa Fluor 568 goat anit-rat or anti-mouse and the Alexa 

Fluor 488 goat anti-rabbit or anti-mouse (Molecular Probes, Eugene, OR).  The 

secondary horseradish peroxidase anti-mouse and anti-rabbit antibodies were from Pierce 

(Rockford, IL).  The specific inhibitor for PI-3K (LY294002) was obtained from LC 

Laboratories (Woburn, MA).  The specific inhibitors for JNK (SP600125) and MEK 

(PD98059) and the IGF-1R (PPP) were obtained from Calbiochem (San Diego, CA). The 

human recombinant IGF-1 was obtained from R and D Systems (Minneapolis, MN) and 

the synthetic androgen, R1881, was obtained from Perkin Elmer (Waltham, MA). 

 

Western Analysis 

Cells were lysed in 50 mM Tris-Cl (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1% sodium 

deoxycholate, 1% Triton X-100, 1 µg/ml aprotinin, 1 µg/ml leupeptin, 3 mM β-glycerol 

phosphate, 1 mM Na3VO4, 10 mM NaF, and 10 mM sodium pyrophosphate.  Cells were 

scraped and centrifuged at 14000 rpm for 10 minutes at 4°C. Bio-Rad Dc reagent (Bio-

Rad, Hercules, CA) was used to determine protein concentration.  For Western analysis, 
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30 µg of protein were resolved on a 10% sodium dodecyl sulfate (SDS)-polyacrylamide 

gel.  The protein was then transferred to a polyvinylidene difluoride (PVDF) membrane 

(Millipore, Billerica, MA) for 1.5 hours using the Invitrogen Small Cell Transblot 

Apparatus (Invitrogen Life Technologies).  Following transfer, the membranes were 

blocked in 5% non-fat milk in TBST at room temperature for 1 hour.  The primary 

antibodies for MT1-MMP (Millipore) and Sp1 (Santa Cruz Biotechnologies) were used at 

1:2000 and the primary antibodies for phosphorylated IGF-1Rβ, AKT, ERK and JNK and 

total IGF-1Rβ, AKT, ERK and JNK (Cell Signaling) were used at 1:1000 and were also 

incubated overnight at 4°C  in 5% non-fat dry milk/TBST.  Membranes were incubated 

with the appropriate horseradish peroxidase secondary antibody in 5% milk in Tris-

buffered saline Tween-20 (TBST) for 1 hour at room temperature.  The primary antibody 

for α-tubulin (Calbiochem), used as a loading control, was used at 1:5000 and incubated 

at room temperature for 2 hours.  Goat anti-mouse-HRP secondary (Transduction 

Laboratories, Greenland, NH) was used at 1:2000 for the α-tubulin antibody and anti-

rabbit-HRP (Cell Signaling) was used at 1:2000 dilution for all other antibodies 

mentioned previously.  Membranes were washed three times for 10 minutes each in 

TBST between antibody incubations and were detected using ECL Western blotting 

detection reagents (Amersham Biosciences, Buckinghamshire, England). 

 

mRNA Extraction and Real-Time RT-PCR 

Total RNA was isolated using the TRIZOL method (Invitrogen Technologies) and 1µg of 

isolated RNA was reverse transcribed using the High Capacity cDNA Kit (Applied 
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Biosystems, Foster City, CA).  The Taqman Gene Expression Assay probes were 

purchased for MT1-MMP, Sp1, IGF-1R, and GAPDH (Applied Biosystems) and real-

time PCR was performed using the Taqman Universal PCR Master Mix and the ABI 

PRISM 7700 Sequence Detection System (Applied Biosystems, Foster City, CA).  The 

PCR conditions were as follows: 50°C for 20 min, 95°C for 10 min, followed by 40 

cycles of 95°C for 15s and 60°C for 1 min.  The relative CT method was used to calculate 

mRNA levels of each gene of interest normalized to GAPDH in each sample as described 

by User Bulletin 2, ABI PRISM 7700 Sequence Detection system.   

 

Nuclear Extraction 

PC-3, PC-3N and DU-145 prostate cancer cells were grown to 80% confluency in 100 

mm dishes, were lysed in 1 ml of ice-cold Buffer A (10 mM HEPES, pH 7.9; 1.5 mM 

MgCl2; 10 mM KCl; 0.5 mM fresh dithiothreitol (DTT), and 0.1% Nonidet P-40 (NP-

40)) and transferred to 1.5 ml Eppendorf tubes. Samples were rocked on an inversion 

rocker for 1 hr at 4°C before centrifugation at 14000 rpm for 15 minutes at 4°C.  The 

supernatant was removed and the nuclear pellet resuspended in 10 µL of Buffer C (20 

mM HEPES; pH 7.9; 25% glycerol; 420 mM NaCl; 1.5 mM MgCl2; 0.2 mM 

ethylenediamine tetraacetic acid (EDTA); 0.5 mM DTT and 0.5 mM 

phenylmethylsulphonyl fluoride (PMSF)).  Samples were incubated at 4°C on an 

inversion rocker, centrifuged at 14000 rpm for 15 minutes.  Supernatants were diluted 1:5 

with Buffer D (20 mM HEPES; pH 7.9; 20% glycerol; 1.5 mM MgCl2; 100 mM KCl; 0.2 
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mM EDTA; 0.5 mM DTT and 0.5 mM PMSF) before protein quantitation using the Bio-

Rad Protein Assay (Bio-Rad Laboratories). 

 

Electrophoretic Mobility Shift Assay 

The oligonucleotide corresponding to sequence derived from the human MT1-MMP 

promoter containing a putative Sp1 site (5’- GGCACTGGGGCGGGGACGGAGG-3’ 

and 3’-CGTGACCCCGCCCCTGCCT-5’) was overhang labeled with 
32

P.  5 µg of 

nuclear extracts isolated from prostate cancer cell lines were incubated on ice with 5x 

binding buffer (50 mM HEPES, pH 7.9; 250 mM KCl; 0.5 mM EDTA; 12.5 mM DTT; 

50% glycerol; and 0.25% NP-40) and 50x or 100x wild type non-labeled competitor or 

mutant non-labeled competitor (5’- GGCACTGGTTCGGGGACGGAGG-3’ and 3’-

CGTGACCTTGCCCCTGCCT-5’) were incubated for 1 hour on ice.  Samples 

containing nuclear extract and 5x binding buffer for super-shift analysis were incubated 

with anti-Sp1 polyclonal antibody (Santa Cruz) or anti-Sp3 polyclonal antibody (Geneka) 

for 1 hour on ice.  Following 1 hour incubation on ice, 50,000 cpm of labeled wild type 

probe (1µL) was added to each reaction and incubated for 20 minutes at 25°C.  Samples 

were resolved on a non-denaturing 4% polyacrylamide gel in 0.25x Tris-Borate-EDTA 

(TBE), dried, and visualized by phosphorimaging (Molecular Dynamics, Sunnyvale, 

CA). 
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Chromatin Immunoprecipitation Assay 

The chromatin immunoprecipitation assay (ChIP) was performed using the Upstate 

Biotechnology EZCHIP Kit (Lake Placid, NY) with slight modifications.  PC-3N cells   

(2 x 10
7
) were cross-linked with 1% formaldehyde in 10 mls of serum free medium for 10 

minutes at room temperature followed by addition of 1 ml of 10x glycine to quench 

unreacted formaldehyde.  Cells were washed twice with ice-cold phosphate-buffered 

saline (PBS) containing Protease Inhibitor Cocktail II (Millipore) and then scraped and 

centrifuged at 700x g at 4°C for 5 minutes.  Pelleted cells were lysed with 1 ml SDS 

Lysis Buffer (1% SDS, 10 mM EDTA, 50 mM Tris, pH 8.1) supplemented with protease 

inhibitor cocktail and incubated on ice for 10 minutes.  After sonication to produce 

genomic DNA of 0.2-1 kb lengths (optimized at 10 x 15 second pulses) samples were 

centrifuged at 13000x g for 10 minutes to remove insoluble material. Lysates were 

diluted in ChIP dilution buffer (0.01 % SDS, 1.1 % Triton X-100, 2 mM EDTA, 20 mM 

Tris-HCL, pH 8.1, 500 mM NaCl) and protease inhibitor cocktail.  Dilutions of 

chromatin preparations were reserved as input and were stored at -80°C.  The chromatin 

solution was pre-cleared with 100 µl of salmon sperm DNA/protein A agarose for 2 

hours at 4°C with rotation. Anti-Sp1 polyclonal (Santa Cruz Biotechnology) antibody 

was added to the pre-cleared supernatant and incubated overnight at 4°C with rotation.  

The following day, 60 µL of salmon sperm DNA/protein A agarose slurry were added to 

the chromatin solution for 1 hour with rotation at 4°C.  Negative controls included a 

sample incubated without antibody and one incubated with rabbit IgG (Santa Cruz 

Biotechnology) to determine that interactions were not due to non-specific IgG 
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interactions.  The bead complexes were washed first with low salt immune complex wash 

buffer, followed by high salt immune complex wash buffer and a final LiCl immune 

complex wash buffer for 5 minutes each on a rotating platform followed by brief 

centrifugation.  Two final washes in 1x Tris-EDTA (TE) buffer were performed for 5 

minutes each.  After the final wash, the DNA was extracted by incubating the beads two 

times for 15 minutes with 250 µL of freshly made elution buffer (1% SDS, 50 mM 

NaHCO3).  Samples were then uncrosslinked in a 65°C water bath overnight and the 

DNA was purified using the Qiagen Nucleotide Removal Kit.  PCR primers used to 

amplify the MT1-MMP promoter region flanking the Sp1 binding site were as follows: 

forward, CTGCGATCTAAGTAAGCTTGGC; reverse, 

GTTTGCTCTTCTCCTCTTTTCCG.   

 

Plasmids 

The MT1-MMP luciferase reporter constructs (MT-LUC) utilized to study MT1-MMP 

expression have been described previously and were a kind gift from Dr. Jorma Keski-

Oja (Department of Virology and Pathology, Haartman Institute of Helsinki, Finland).  

The parent vector for the MT-LUC expression vectors, pGL3 basic, and the control 

Renilla pSV-40 and pRL-TK Renilla were obtained from Promega (Fitchburg, 

Wisconsin).  The dominant negative ERK and JNK constructs were kind gifts from Dr. Z. 

Dong (Hormel Institute, University of Minnesota, Austin, Minnesota) and the dominant 

negative p85 and SR alpha control vector were a kind gift from Dr. Q. Chen (Department 

of Pharmacology, College of Medicine, University of Arizona) and were originally 
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described by Dr. M. Kasuga (Kobe University School of Medicine, Kobe, Japan).  The 

control vectors for the dominant negative ERK and JNK vectors were obtained from 

Invitrogen and were the pcEP4 and pCMV5 vectors, respectively.   

 

Transfection and luciferase analysis 

PC-3N, PC-3 and DU-145 cells were grown to log phase by splitting 24 hours before 

trypsinization, counted using a Coulter Counter (Beckman Coulter, Fullerton, CA) and 

plated in varying densities in 0.5 ml of IMDM medium supplemented with 10% FBS in 

24 well plates.  The following day, the cells were transfected with FUGENE 6 Reagent 

(Roche Applied Science, Indianapolis, IN) according to the manufacturer’s instructions 

using equimolar concentrations of all MT-LUC constructs (300 ng/well of the 7.2 kB 

construct and approximately 100 ng/well of 0.1 kB, 0.4 kB, 1.2 kB and pGL3 basic) and 

1µl of FUGENE 6 per 0.5 ml medium in each well of the 24 well plates.  The Renilla 

luciferase vector pRL-SV-40 (Promega) was used as a transfection control and was used 

at 1 ng/well.  For studies utilizing dominant negative vectors, equimolar concentrations of 

the dominant negative JNK (DN-JNK) and a dominant negative of the PI-3 Kinase p85 

subunit (DN-p85) and a 1:2 molar ratio of the MT-LUC to the dominant negative ERK 

(DN-ERK) and pcEP4 vectors were added to the FUGENE 6.  Cells transfected with the 

DN-p85 and DN-ERK vectors were co-transfected with 10 ng/well of pRK-TK Renilla 

control vector and cells transfected with the DN-JNK vectors were co-transfected with 

1ng/well of pRL-SV-40 Renilla (Promega).  All transfection experiments in DU-145, PC-

3 and PC-3N cells were performed overnight in serum free medium, which was replaced 
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with 10% FBS medium for an additional 24 hours.  LNCaP cells were grown to log phase 

by splitting 48 hours prior to trypsinization, counted using a Coulter Counter and plated 

in T-25 flasks in 3 ml of RPMI medium supplemented with 10% FBS.   The following 

day, the LNCaP cells were transfected with FUGENE 6 Reagent using 4 µg/flask of the 

400 base pair proximal promoter of MT1-MMP or with an equimolar concentration of the 

pGL3 basic empty vector control. The Renilla luciferase vector pRL-SV-40 (Promega) 

was used as a transfection control and was used at 3 ng/flask.  The LNCaP transfections 

were performed overnight in phenol red free, serum free RPMI medium (Invitrogen 

Technologies).  Following each transfection experiment the prostate cells were then lysed 

and analyzed using the Dual Luciferase Reporter Assay System (Promega) according to 

manufacturer’s instructions.  For each experiment, the firefly luciferase activity was 

normalized to the activity of Renilla luciferase as an internal control.  The results were 

expressed as fold induction determined by normalizing each firefly luciferase value to the 

Renilla luciferase internal control and by dividing these normalized values with the mean 

normalized value of the corresponding reporter construct transfected with the empty 

expression vectors or the respective control drug treatment.  Values represent three 

independent experiments performed in triplicate and data are expressed as mean ± SD.  

Statistical analysis was performed using the Student’s t-test. 

 

Silencing RNA 

The siGENOME silencing RNA smart pool targeting Sp1 and siCON non-targeting smart 

pool were purchased from Dharmacon Research (Lafayette, CO). The transfection was 
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done as suggested by Dharmacon with slight modifications.  Briefly, PC-3N cells were 

plated at 1 x 10
6
 cells per T75 flask (BD/Falcon, Mississauga, Ontario, Canada) and then 

transfected the following day with Sp1 siRNA or control (siCON) oligonucleotide siRNA 

pools using Dharmafect reagent 2 (Dharmacon) for 24 hours in serum containing 

medium.  The following day, the medium was replaced with fresh serum containing 

medium and cells were harvested for examining the expression of Sp1 protein and MT1-

MMP protein and mRNA levels. 

 

Prostate Tissue Array 

Human prostate tissues obtained for the tissue microarray were archival formalin fixed 

paraffin embedded tissues from radical prostatectomies performed at the University 

Medical Center at the University of Arizona College of Medicine.  To formulate the 

array, desired regions were selected using routine hemotoxylin and eosin  (H & E) 

staining.  Marked areas were harvested using a 1 mm Beecher punch (Beecher 

Instruments, Sun Prairie, WI) and a total of 47 cores from 33 cases were chosen for the 

tissue array based on the presence of normal, PIN or cancer.  From the cores analyzed, 26 

cores had areas of normal tissue, 10 with PIN and 22 contained carcinomas with Gleason 

sum scores ranging from 6 through 10.   

 

Immunohistochemistry 

Paraffin-embedded tissue array blocks were sectioned at 3 µm.  Deparaffinization, 

antigen retrieval (borate-EDTA) and immunohistochemistry were performed using the 
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Discovery XT Automated immunohistochemstry system (Ventana Medical Systems, 

Tucson, AZ). Primary antibody staining, detection and amplification, 

3,3’Diamnobenzidine (DAB), and hemotoxylin counterstaining were performed using a 

multimer based detection system (UltraMap) using Ventana Medical Systems validated 

reagents.  Immunohistochemistry was performed using a polyclonal antibody to MT1-

MMP (Spring BioScience) diluted to 1:100 and a monoclonal antibody to IGF-1R 

(Biosource) diluted to 1:100.   Following staining on the instrument, slides were 

dehydrated through graded alcohols to xylene and coverslipped with Pro-Texx mounting 

medium (Thermo Scientific, Waltham, MA).  Images were captured using a Pax Cam 3 

Camera and the Pax-it imaging and analysis program (Midwest Information Systems, 

Inc., Villa Park, IL).  Images were standardized for light intensity and no automated 

analysis of the data was performed. The intensity of staining was determined by a 

certified pathologist and was graded from 0 (negative staining) to 3+ (intense staining).  

If the tissue in a core had multiple intensity scores, the highest intensity was recorded. 

 

Confocal Laser Scanning Microscopy 

Frozen tissues were isolated from radical prostatectomies performed at the previously 

described institution and with appropriate human subjects approval.  A total of 9 cases 

were serially sectioned (3-4 µm) on a cryostat and were placed on sequentially labeled, 

charged glass slides.  The sections were then fixed in –20°C acetone fro a 10 minutes and 

then briefly air-dried. One section was stained with routine H & E for diagnosis and 

grading of carcinoma lesions.  From the tissues analyzed, some contained benign glands 
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and all had cancerous glands with Gleason sum scores ranging from 6 to 8.  For confocal 

laser scanning microscopy, the sections were incubated with primary antibodies for 30 

minutes followed by three 5-minute washes in phosphate buffered saline (PBS). 

Secondary antibodies, the Alexa Fluor 568 goat anit-rat or anti-mouse and the Alexa 

Fluor 488 goat anti-rabbit or anti-mouse (Molecular Probes, Eugene, OR) were incubated 

for 30 minutes followed by three 5-minute washes in PBS. The sections were rinsed in 

water and then postfixed in 100% ethanol for 3 minutes prior to mounting. 

Immunofluorescence was observed with a confocal laser scanning immunofluorescence 

microscope (LSM 410; Carl Zeiss, Jena, Germany).  For viewing simultaneous double-

label fluorescence, an argon/krypton ion laser operating at 488 and 568 nm was used with 

a long-pass filter of 590 for visualization of Alexa 568 and a band-pass filter of 515 to 

540 for Alexa 488 fluorescence.  RGB images were taken in high-resolution mode using 

1024 x 1024 image points (pixels) and 8-second scan time. Noise levels were reduced by 

line averaging of scans.  
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III. SP1 MEDIATED REGULATION OF MEMBRANE-TYPE 1 MATRIX 

METALLOPROTEINASE IN HUMAN PROSTATE                                                      

CANCER CELL LINES 

 

Introduction 

Membrane-Type 1 Matrix Metalloproteinase (MT1-MMP; MMP-14) is a 

membrane bound matrix metalloproteinase that was originally characterized as the 

activator of MMP-2 [39,40].   Additional research has demonstrated that MT1-MMP is 

also the major metalloproteinase directly involved with cell motility through its 

enzymatic cleavage of ECM components including, collagen I, II and III, fibronectin, 

vitronectin, elastin and laminin (as reviewed in [38]). Studies have identified increased 

expression of MT1-MMP in numerous human malignancies including breast, prostate, 

ovarian, and gastric cancers [44-47] and have demonstrated that MT1-MMP plays a 

critical role in tumor invasion and metastasis [36,48,49].   

 We and others have previously shown that MT1-MMP becomes highly expressed 

in invasive prostate cell lines compared to normal prostate cells grown in culture 

[46,64,65].  However, other investigators have reported that MT1-MMP mRNA 

expression is not increased in prostate tumor cell lines [192].   In this study, we provide 

evidence that MT1-MMP expression is indeed constitutively elevated in invasive prostate 

tumor cell lines and identify the mechanisms of this increased expression. 

MT1-MMP is regulated through transcriptional and posttranscriptional 

mechanisms with transcriptional control being a key factor in the cellular expression of 

the enzyme.  Unlike most MMP family members, MT1-MMP lacks the typical TATA 
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box and contains a GC-rich sequence immediately upstream of four transcriptional start 

sites. Lohi et al. identified this GC-rich region as the putative binding sequence for the 

specificity protein-1 (Sp1) transcription factor [54]. Constitutive MT1-MMP regulation 

through Sp1 binding to the human promoter of MT1-MMP has been identified in the 

context of HT-1080 fibrosarcoma cells [54] and with the murine MT1-MMP promoter in 

microvascular endothelial and rat glomerular mesangial cells [193,194].  In addition to 

Sp1 mediated transcriptional regulation, there are also reports of other transcription 

factors mediating expression of MT1-MMP in various systems.  For example, early 

growth response factor–1 (Egr1) was found to modulate MT1-MMP expression in 

ovarian carcinoma cells [55] while the beta-catenin/Tcf transcription factor complex has 

been identified as influencing MT1-MMP expression in human colorectal carcinoma cell 

lines [56,57].    

 Sp1 is a zinc finger transcription factor of the Sp/Kruppel-like factor family, 

which regulates constitutive levels of genes involved in various physiological processes, 

including apoptosis resistance, angiogenesis, and cell cycle regulation in both normal and 

malignant tissues [70].  Sp1 is overexpressed in gastric [73] and pancreatic cancers [74], 

and has a prominent role in regulating genes involved in angiogenesis such as vascular 

endothelial growth factor (VEGF) [75,76].  Additionally, Sp1 has been identified as a 

transcriptional regulator of the VEGFR2 receptor in pancreatic cell lines [195],  the 

epidermal growth factor receptor (EGFR) [196], and the IGF-1R gene in breast cancer 

cell lines [197-201].  Interestingly, Sp1 has also been shown to regulate genes involved in 

prostate cancer metastasis, including the hepatocyte growth factor receptor (c-Met), 
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urokinase plasminogen activator (uPA), prostate-specific antigen (PSA), and the alpha 6 

integrin subunit [77-79,202]. 

 In this aim, we demonstrate for the first time that Sp1 transcriptionally regulates 

MT1-MMP in prostate cancer cell lines. Interestingly, although MT1-MMP expression is 

variable in prostate cancer cells depending on their invasive phenotypes, Sp1 

transcriptional control was required for MT1-MMP expression irrespective of the levels 

of the enzyme in each cell line.   

 

Results 

MT1-MMP expression in prostate cell lines. 

Previous studies in our laboratory have shown that MT1-MMP expression is increased in 

highly invasive prostate tumor cell lines [46].  However, there has also been a report that 

MT1-MMP is not expressed in the prostate tumor cell lines used in this study [192]. To 

demonstrate that MT1-MMP expression is indeed increased in human prostate tumor cell 

lines, the normal human prostate cell strain PrEC and the human prostate tumor cell lines 

DU-145, PC-3, and PC-3N were grown to 80% confluency, and total RNA and protein 

were collected and analyzed by quantitative real-time RT-PCR or Western blot analysis, 

respectively. The results in Figure 4 A and B, indicate increased MT1-MMP mRNA and 

protein in DU-145, PC-3, and PC-3N cells compared to the PrEC. The results indicate 

that PC-3N cells express the highest levels of MT1-MMP mRNA and protein. 
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Figure 4.  MT1-MMP Expression in Prostate Cell Lines. (A) Quantitative real-time 

RT-PCR analysis of MT1-MMP mRNA in PrEC p2 (passage 2), DU-145, PC-3, and PC-

3N cells. Values represent the average of MT1-MMP normalized to GAPDH and fold 

induction over the PrEC for three independent experiments. Columns, means; bars, SD. P 

< .05 for all cell lines compared to PrEC. (B) Western blot analysis of MT1-MMP 

expression was performed on three human tumor cell lines (DU-145, PC-3, and PC-3N) 

and one normal human prostate cell line (PrEC) at two separate passages (p2 and p3). 

Western blot analysis results are representative of at least three experiments, which are 

depicted graphically as fold induction over PrEC passage 2, and α-tubulin is shown as a 

loading control. Columns, mean; bars, SD. P < .05 for all cell lines compared to PrEC. 
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Sp1 regulates the MT1-MMP promoter in prostate cancer cell lines. 

 

Previous studies have identified a GC-rich Sp1 binding region in the proximal promoter 

of MT1-MMP, and Sp1 binding to this putative site is a prominent mechanism of the 

transcriptional regulation of MT1-MMP expression in multiple cell lines [54,193,194]. 

To determine whether Sp1 transcriptionally regulates MT1-MMP in human prostate cells, 

DU-145, PC-3, and PC-3N cells were transiently transfected with a series of previously 

described firefly luciferase reporter plasmids containing 94, 385, 1246 bp, or 

approximately 7.2 kb of the 5′-flanking region and the entire 5′ untranslated sequence up 

to nucleotide +200 relative to the 3′ most major transcription start site. The results in 

Figure 5 A, B, and C indicate that the 94 bp 5′-flanking region (0.1 WT), which does not 

contain the putative Sp1 site (located -92 bp from the first transcriptional start site), 

shows slightly enhanced promoter activity compared to pGL3 basic. However, 

transfection with 385 bp (0.4 WT), 1246 bp (1.2 WT), and 7.2 kb (7.2 WT) constructs, 

which each contain the Sp1 site, significantly increased promoter activity for DU-145, 

PC-3, and PC-3N cell lines compared to pGL3 basic. The reduction in MT1-MMP 

promoter activity in the 1246 bp (1.2 WT) construct compared to the 385 bp construct has 

also been previously reported to occur in HT-1080 cells [54] and is suggestive of a 

negative regulatory element. To determine the role of Sp1 in regulating MT1-MMP, a 

series of constructs with the Sp1 site deleted (Sp1-MUT) was transfected into each cell 

line. Activity for each construct was significantly reduced when comparing wild-type 

vectors with mutant vectors of the same size. These results indicate that the putative Sp1 
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site in the proximal promoter of MT1-MMP plays a significant role in regulating the 

transcription of the enzyme in the three human prostate cell lines. 
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Figure 5. Sp1 regulates MT1-MMP promoter expression in prostate cancer cells. 

Three prostate tumor cell lines (A) DU-145, (B) PC-3 and (C) PC-3N, were transiently 

transfected with MT1-MMP promoter constructs of variable length (94, 385, 1246 bp, 

and ~ 7.2 kb upstream of the closest transcription start site, including the entire 5′ 

untranslated region of MT1-MMP linked to firefly luciferase in pGL3 basic; 0.1, 0.4, 1.2, 

and 7.2, respectively). Both wild-type (WT) and Sp1 mutants (MUT) were transfected 

into all three cell lines. Values represent luciferase activity normalized to the activity of 

pSV-40 Renilla control and are represented as fold over control (pGL3 basic) for each 

cell line in three independent experiments. Columns, mean; bars, SD. *P < .05 for each 

wild-type construct versus the Sp1 mutant construct for each cell line. Statistical analyses 

were performed using Student’s t test. 

 

Sp1 binds to the MT1-MMP promoter in human prostate cancer cell lines 

To determine the ability of endogenous nuclear Sp1 to bind to the putative Sp1 site in the 

proximal promoter of MT1-MMP, nuclear extracts from PC-3N, PC-3, and DU-145 cells 

were used in an EMSA, as shown in Figure 6. One distinct DNA-protein complex (lanes 

2, 7, and 12) was formed from nuclear extracts of all three cell lines, as well as from 

multiple smaller bands due to nonspecific binding. The addition of excess unlabeled 

wild-type Sp1 oligonucleotides efficiently competed for DNA-protein complex formation 

in each cell line (lanes 3, 8, and 13), whereas mutant oligonucleotides did not inhibit 

complex formation (lanes 4, 9, and 14). To define Sp1 as the nuclear protein associating 

with putative Sp1 sequence, Sp1 antibody was added to binding reactions, which resulted 

in clearing of a specific band and a supershifted DNA-protein band (lanes 5, 10, and 15). 

It has previously been shown that the Sp1 family member Sp3 binds to the putative Sp1 

sequence with similar affinity, but has negative regulatory functions on its target genes 
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[70].  An anti-Sp3 antibody was added to the binding reactions to ensure that endogenous 

Sp3 was not formulating a shifted DNA-protein complex (lanes 6, 11, and 16). To ensure 

the specificity of supershift antibodies, a nontargeting antibody (anti-α-tubulin) was 

added to the binding reactions and did not result in a shift of the Sp1 DNA-protein 

complex (data not shown). These results indicate that endogenous Sp1 in DU-145, PC-3, 

and PC-3N cells binds to the putative Sp1 sequence in the proximal promoter of MT1-

MMP in a cell-free system.  
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Figure 6. Sp1 binds to the MT1-MMP promoter in vitro in prostate cancer cells. 

Electrophoretic mobility shift assay analysis with oligonucleotides corresponding to the 

Sp1 sequence in the proximal MT1-MMP promoter and nuclear extracts from PC-3N 

cells (lanes 2–6), PC-3 cells (lanes 7–11), and DU-145 cells (lanes 12–16). Lane 1: Free 

probe only. Lanes 2, 7, and 12: Prostate cell line nuclear lysates (NL) and probe only. 

Lanes 3, 8, and 13: 50× wild-type (WT) competitor. Lanes 4, 9, and 14: 50× mutant 

competitor (MUT). Lanes 5, 10, and 15: Supershift with anti-Sp1 antibody. Lanes 6, 11, 

and 16: No supershift with anti-Sp3 antibody. 
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Sp1 binds to the MT1-MMP promoter in live PC-3N cells. 

To define Sp1 as the nuclear protein binding to the putative Sp1 site in the MT1-MMP 

promoter in live cells, PC-3N cells were used to perform a chromatin 

immunoprecipitation assay (ChIP) because they express the highest levels of MT1-MMP. 

Results from the ChIP assay in Figure 7 indicate that Sp1 does indeed bind to the MT1-

MMP promoter in live cells, as shown by the 249 bp amplicon produced when an anti-

Sp1 antibody was added to the immunoprecipitation reaction (lane 2). Lane 1 depicts a 

positive control and is a PCR amplicon from chromatin isolated before 

immunoprecipitation. Important negative controls to ensure the specificity of the anti-Sp1 

antibody include rabbit IgG (lane 3), no antibody (lane 4), and no DNA control for PCR 

(lane 5). These results indicate that Sp1 binds to the MT1-MMP promoter in PC-3N cells. 
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Figure 7. Sp1 binds to the MT1-MMP promoter in live PC-3N cells 

PC-3N cells were processed by ChIP assay followed by PCR to produce a 249 bp 

amplicon. Lane 1: Input DNA amplified from chromatin before immunoprecipitation. 

Lane 2: Amplicon produced from chromatin isolated using an anti-Sp1 antibody during 

immunoprecipitation: Lanes 3 to 5: Negative controls indicating no amplicon produced 

when using control IgG antibody (lane 3), no antibody (lane 4), and absence of DNA as a 

PCR control (lane 5). Results shown are representative of at least three independent 

experiments. 
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Silencing RNA targeting Sp1 decreases MT1-MMP expression in PC-3N cells. 

To evaluate the Sp1 regulation of MT1-MMP expression in vivo, we used silencing RNA 

targeting Sp1 in PC-3N cells. Transfection of PC-3N cells with siRNA targeting Sp1 for 

48 and 72 hours (data not shown) depleted the protein from the cells, as shown by real-

time RT-PCR (Figure 8A) and Western blot analysis (Figure 8B). Depletion of Sp1 from 

PC-3N cells at 48 hours significantly reduced MT1-MMP mRNA levels detected by 

quantitative real-time RT-PCR (Figure 9A) and MT1-MMP protein levels were reduced 

at 48 hours (data not shown) and depleted at 72 hours as assessed by Western blot 

analysis (Figure 9B). These data indicate that Sp1 is required for MT1-MMP expression 

in PC-3N cells. 
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Figure 8.  Silencing RNA targeting Sp1 inhibits Sp1 mRNA and protein levels in 

PC-3N cells.  PC-3N cells were transfected with either siCON (nonspecific targeting 

siRNA pool) or an Sp1 siRNA pool (Dharmacon) at 25 nM. (A) Quantitative real-time 

RT-PCR of Sp1 mRNA expression following PC-3N transfection for 48 hours. Values 

represent the average of Sp1 normalized to GAPDH for three independent experiments. 

Columns, mean; bars, SD. *P < .05. Statistical analyses were performed using Student’s t 

test. (B) Western blot analysis of Sp1 in PC-3N cells transfected for 48 hours, with α-

tubulin shown as a loading control.  
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Figure 9. Silencing RNA targeting Sp1 inhibits MT1-MMP mRNA and protein 

levels.  PC-3N cells were transfected with either siCON (nonspecific targeting siRNA 

pool) or a Sp1 siRNA pool (Dharmacon Research) at 25 nM. (A) Quantitative real-time 

RT-PCR of MT1-MMP mRNA expression following PC-3N transfection for 48 hours. 

Values represent the average of Sp1 normalized to GAPDH for three independent 

experiments. Columns, mean; bars, SD. *P < .05. Statistical analyses were performed 

using Student’s test. (B) Western blot analysis of MT1-MMP in PC-3N cells transfected 

for 72 hours, with α-tubulin shown as a loading control.  
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Discussion 

This study was designed to characterize endogenous mechanisms regulating constitutive 

levels of MT1-MMP in prostate cancer cell lines. Previously, we have reported that MT1-

MMP is highly expressed in the invasive prostate PC-3N cell line (a variant of PC-3 

cells) and is slightly increased in the less invasive PC-3 and DU-145 cells [46].  Tran et 

al. have characterized the invasive characteristics of these cell lines and have established 

that PC-3N cells displayed an invasive phenotype in intraperitoneal injections into SCID 

mice, whereas DU-145 cells did not exhibit invasive characteristics [191].  In contrast to 

our previous results depicting increased MT1-MMP expression in invasive prostate cell 

lines, it has been reported that there is no increased MT1-MMP expression in DU-145 or 

PC-3 cells [192]. In this study, we demonstrate that MT1-MMP is indeed significantly 

overexpressed in PC-3N cells, marginally overexpressed in PC-3 and DU-145 cells, and 

absent in the PrEC primary prostate cell strain.  

Our group has published that fibroblast growth factor-1 induced MT1-MMP in 

LNCaP cells through transcriptional activation by STAT-3 [203].  In this study, we 

focused on constitutive Sp1 regulation of MT1-MMP based on evidence from reports 

implicating the transcription factor in regulating MT1-MMP in other cell systems.  Lohi 

et al. have previously characterized the MT1-MMP promoter and implicated Sp1 as the 

prominent transcriptional regulator of MT1-MMP in human fibroscarcoma HT-1080 cells 

[54].  Additional groups also identified the constitutive Sp1 regulation of the murine 

MT1-MMP promoter in various cell lines [54,193,194]. Furthermore, Sp1 is a zinc finger 

transcription factor that regulates genes involved with angiogenesis and metastasis, 
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including VEGF, uPA, PSA, and the α6 integrin subunit [75-79]. Therefore, we sought to 

determine whether Sp1 played a role in regulating MT1-MMP in prostate tumor cells. 

Here, we show for the first time that MT1-MMP expression in three prostate cell lines is 

dependent on Sp1 transcriptional control. Our results indicate that Sp1 regulates the 

MT1-MMP promoter in cultured cells, as shown by transient transfection experiments. 

Additionally, nuclear Sp1 from all three prostate tumor cell lines bound to the MT1-

MMP promoter in a cell-free system and in PC-3N cells through mobility shift assays and 

ChIP, respectively. Depletion of Sp1 from PC-3N cells by silencing RNA inhibited MT1-

MMP expression, indicating the important role of the Sp1 transcriptional activity of the 

enzyme in PC-3N cells.  

Interestingly, the expression level of Sp1 and both cellular and nuclear 

localization do not vary significantly between the prostate cell lines (data not shown).  

Additionally, we also stained a human prostate tissue array for Sp1 expression. The 

results from the array demonstrated that Sp1 expression levels do not differ in normal, 

PIN or cancerous glands (data not shown). These results suggest the possibility of post-

translational modifications of the Sp1 protein to influence its DNA binding and 

transactivation capabilities leading to increased expression of MT1-MMP in the PC-3N 

and PC-3 cell lines when compared to DU-145 cells. These modifications can include 

phosphorylation [75-77,84-88], glycosylation [90,91] and acetylation [89] of which the 

effects can either increase or decrease Sp1 activity in modulating expression of its target 

genes.  Although glycosylation and acetylation play a prominent role in Sp1 mediated 

transactivation of target genes, the predominant posttranslational mechanism influencing 
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Sp1 activity has been identified as phosphorylation [85].  Specific Aim 2 identifies the 

role of constitutive kinase activity in regulating Sp1 transcactivation of MT1-MMP in 

PC-3N, PC-3 and DU-145 prostate cancer cell lines.  
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IV. SIGNALING PATHWAY REGULATION OF MT1-MMP AND SP1 IN 

PROSTATE CANCER CELL LINES 

Introduction 

Prostate cancer is the most commonly diagnosed non-cutaneous neoplasm and 

second leading cause of cancer related death in men in the U.S. [1]. According to the 

American Cancer Society, in the year 2007 there will be an estimated 218, 890 new 

prostate cancer cases and 27,050 deaths in American men [1].  Morbidity due to prostate 

cancer is a direct result from metastatic disease rather than localized, primary tumor 

[19,20].  

Membrane type-1 matrix metalloproteinase (MT1-MMP) is a member of the zinc 

binding metalloproteinase (MMP) family. The MMPs have implications in cancer 

metastasis through their enzymatic cleavage of extracellular matrix substrates to enhance 

cell migration and invasion [48].  MT1-MMP has specifically been shown to play a 

substantial role in prostate cancer cell migration and invasion through cleavage of 

basement membrane proteins laminin-311 and laminin-511 [46,66] as well as with 

mechanisms associated with bone metastasis [67].  Additional groups have also 

established the role of MT1-MMP in prostate tumor cell invasion following 

overexpression of the enzyme in non-invasive prostate cancer cell lines [68,69].  

Although MT1-MMP activity in prostate cancer metastasis has been established, the 

mechanisms mediating MT1-MMP expression in prostate cancer have not been 

identified.  

In Specific Aim 1, we identified the role of the Sp1 transcription factor in 

regulating MT1-MMP expression in PC-3N, PC-3 and DU-145 cell lines.  Interestingly, 
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although there were varying levels of MT1-MMP in these cell lines, with the most 

invasive cell lines expressing the highest levels of MT1-MMP, the relative levels or 

cellular localization of the Sp1 were not different in these cell lines.  Therefore, we 

hypothesized that post-translational modifications of Sp1 were affecting the regulatory 

functions of the transcription factor in mediating varied expression levels of MT1-MMP.  

Indeed, there have been numerous reports on post-translational modifications of Sp1 and 

the role that these modifications have in mediating either increased or decreased activity 

of the transcription factor.  These modifications can include phosphorylation [75-77,84-

88], glycosylation [90,91] and acetylation [89], with phosphorylation being the most well 

characterized posttranslational mechanism influencing Sp1 activity [85].   

Phosphorylation of Sp1 on serine and threonine residues located throughout the 

entire length of the protein results in functional alterations that increase either DNA 

binding or transactivation activities.  The precise Sp1 residues phosphorylated including 

Ser 59, Ser 131, Thre 453, Thr 739 have been mapped for several kinases including DNA 

protein kinase (DNA-PK), cyclin dependent kinase (CDK), casein kinase-II (CK-II) and 

extracellular signal regulated kinase (ERK ½) [88,92-95].  In addition to identification of 

residues directly phosphorylated by specific kinases, several studies indicate additional 

JNK pathway and the PI-3K pathway through AKT, have been shown to increase Sp1 

phosphorylation and transactivation of target genes [75-77].  Interestingly, the ERK MAP 

kinase, PI-3K/AKT and JNK pathways have all been implicated in processes of prostate 

cancer progression.  Various investigators have noted the expression levels of these 

pathways in human prostate cancer tissues [141,160,161,204] as well as their functional 
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activities in prostate cancer cell lines in processes such as cell proliferation, survival and 

migration [120,121,133,134,138,139,159].   

Notably, the AKT, JNK, and ERK pathways have also been implicated in 

regulating MT1-MMP independently of Sp1 in various cell systems.  AKT signaling has 

been shown to increase MT1-MMP expression through various stimuli in human 

pancreatic cancer and in a Lewis lung carcinoma cell line [205,206].  Additionally, JNK 

has been specifically implicated in increasing MT1-MMP expression in endothelial cells 

[207].  Activated ERK signaling was also shown to regulate MT1-MMP in HT1080 [208] 

and in cervical cancer cells [209], and downregulation of constitutive ERK was shown to 

inhibit MT1-MMP in various types of tumor cell lines [210].  However, constitutive 

regulation of MT1-MMP through these pathways has not been investigated in prostate 

cancer cell lines.    

In this study, we document for the first time that MT1-MMP expression in 

prostate cancer cell lines is dependent on the differential expression of constitutive kinase 

signaling pathways in each cell line.  Interestingly, cells expressing the highest levels of 

MT1-MMP express constitutive AKT and JNK, whereas cells expressing moderate levels 

of MT1-MMP express constitutive ERK. We show for the first time that inhibition of 

these pathways in prostate cancer cell lines decreases MT1-MMP expression. These 

results indicate that MT1-MMP regulation in prostate cancer cell lines is a complex 

process dependent on the constitutive activity of signaling pathways involved with tumor 

progression. 
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Results 

Constitutive activation of AKT, ERK and JNK signaling pathways in prostate cancer cell  

lines. 

The AKT and JNK pathways influence Sp1 phosphorylation [76,77] and ERK directly 

phosphorylates Sp1 to increase its transcriptional activity [77,87,88,211,212]  and these 

pathways become overexpressed in prostate cancer [115,142,161,213]. Western blot 

analysis was performed to investigate possible constitutive signaling mechanisms 

involved in the differential expression of MT1-MMP in DU-145, PC-3, and PC-3N 

human prostate tumor cell lines grown in a medium supplemented with 10% FBS. 

Western blot analysis in Figure 10 indicates blots probed for phosphorylated AKT, ERK, 

and JNK, with total protein used as a loading control. The results show that PC-3 and PC-

3N cells express constitutively phosphorylated AKT on serine 473 and phosphorylated 

JNK, whereas DU-145 cells do not express constitutive AKT or JNK. Additionally, the 

results in Figure 10 also show that DU-145 cells express constitutively phosphorylated 

ERK, whereas PC-3 and PC-3N cells do not. These data indicate differential constitutive 

signaling in DU-145, PC-3, and PC-3N prostate cell lines. 
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Figure 10.  Constitutive signaling pathways in prostate cancer cell lines. 

DU-145, PC-3, and PC-3N cells were grown in 10% FBS and IMDM until approximately 

80% confluent. Cells were lysed and analyzed by Western blot analysis using the 

indicated antibodies against phosphorylated AKT, ERK, and JNK. To verify equal 

loading, the blots were stripped once and reprobed with antibodies against total protein. 

Results are representative of at least three independent experiments. 
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Pharmacological inhibition of the PI-3K and JNK pathways decreases MT1-MMP and 

Sp1 expression in PC-3 and PC-3N cells.                                                                           

To investigate the possible role of constitutively active signaling pathways in the 

regulation of MT1-MMP, PC-3N and PC-3 cells were treated with the PI-3K small 

molecule inhibitor (LY294002) and the JNK small molecule inhibitor (SP600125) at 30 

µM for 48 hours. Western blot analysis for AKT phosphorylation in cells treated with 

LY294002 and for JNK phosphorylation in cells treated with SP600125 indicated a 

decrease in the phosphorylation of both kinases (data not shown). Western blot analysis 

was performed for MT1-MMP and Sp1 expression (Figure 11) and the results indicate 

that treatment of PC-3N and PC-3 cells (data not shown) resulted in a decrease in both 

Sp1 and MT1-MMP protein levels. Using quantitative real-time RT-PCR, it was also 

determined that treatment with LY294002 and SP600125 decreased MT1-MMP mRNA 

levels at 48 hours in PC-3N and PC-3 cells (Figure 12). 
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Figure 11.  Pharmacological inhibition of the PI-3K and JNK pathways in PC-3N    

    cells decreases MT1-MMP and Sp1 protein expression.   

PC-3N cells were plated and allowed to adhere overnight. On the following day, the cells 

were treated with a specific inhibitor for PI-3K (LY294002) or JNK (SP600125) at 30 

µM in 10% serum medium for 48 hours. Cells were lysed and analyzed by Western blot 

analysis. (A) Western blot analysis of MT1-MMP expression. (B) Western blot analysis 

of Sp1 expression.  Results are representative of at least three independent experiments 

and α-tubulin is shown as a loading control. 
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Figure 12. Pharmacological inhibition of PI-3K and JNK pathways in PC-3 and PC-  

    3N cells decreases MT1-MMP mRNA levels 

PC-3N (A) and PC-3 (B) cells were plated and allowed to adhere overnight. On the 

following day, the cells were treated with a specific inhibitor for PI-3K (LY294002) or 

JNK (SP600125) at 30 µM in 10% serum medium for 48 hours and MT1-MMP mRNA 

expression was analyzed by quantitative real-time RT-PCR. Values represent the average 

of MT1-MMP normalized to GAPDH for three independent experiments. Columns, 

mean; bars, SD. *P < 0.05 for treatment with inhibitors versus DMSO control. 
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Genetic inhibition of the PI-3K and JNK pathways decreases MT1-MMP promoter 

activity in PC-3 and PC-3N cells. 

To ensure specificity in inhibiting the PI-3K and JNK pathways in PC-3N and PC-3 cells, 

transient cotransfection with a dominant-negative p85 or JNK with the 385 bp MT1-

MMP luciferase promoter construct was performed. The results in Figure 13A (PC-3N) 

and Figure 13B (PC-3) indicate a significant decrease in MT1-MMP promoter expression 

in cells transfected with either the dominant-negative p85 or dominant-negative JNK1 

compared to empty parent vector. 
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Figure 13. Genetic inhibition of PI-3K and JNK pathways in PC-3 and PC-3N cells  

    decreases MT1-MMP promoter activity. 

Dominant negative-p85 (DN p85) and the pCMV5 empty vector or dominant negative 

JNK ( DN JNK) and the SRα parent vector were cotransfected with the 385 bp MT1-

MMP promoter luciferase construct using equimolar ratios into PC-3N and PC-3 cells (A 

and B, repectively).  Luciferase activity was normalized to the activity of pSV-40 Renilla 

control for samples transfected with the DN JNK vector, and samples transfected with 

DN p85 were normalized to the activity of pRL-TK Renilla. Values represent results for 

three independent experiments and are represented as fold over empty vector control in 

three independent experiments *P < 0.05 for each dominant negative cotransfection 

compared to empty vector control. 
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Proposed model of PI-3K and JNK pathway regulation of MT1-MMP in PC-3N and  

PC-3 prostate cancer cells. 

As modeled in Figure 14, our results signify that the invasive prostate cancer PC-3N and 

PC-3 cell lines express high levels of MT1-MMP which is dependent on Sp1 

transcriptional regulation. The PC-3 and PC-3N cells also harbor constitutive JNK and 

PI-3K pathways.  The activation of the PI-3K pathway occurs in cell lines lacking the 

PTEN tumor suppressor. The constitutive activity of the JNK pathway in these cells is 

currently not known, but may also occur from loss of PTEN [167].  Our model indicates 

that inhibition of constitutively active PI-3K or JNK pathways, both pharmacologically 

and genetically, decreases MT1-MMP and Sp1 expression.  However, the exact 

mechanisms of these pathways in regulating Sp1 are not known. 
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Figure 14. Proposed model for PI-3K and JNK pathway regulation of Sp1 and  

    MT1-MMP in PC-3 and PC-3N cells.  

Inhibition of constitutively active PI-3K and JNK pathways using pharmacological 

inhibitors and dominant negative mutants decreases MT1-MMP and Sp1 expression.  
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Pharmacological and genetic inhibition of the ERK pathway decreases MT1-MMP 

expression in DU-145 cells. 

To investigate the possible role of constitutive ERK activity in regulating MT1-MMP in 

DU-145 cells, the cells were treated with the MEK small molecule inhibitor (PD98059) 

to inhibit ERK phosphorylation (data not shown) at 10 and 20 µM for 48 hours. MT1-

MMP expression was determined by Western blot analysis (Figure 15A) and the results 

indicate decreased MT1-MMP levels with increased drug concentration at 48 hours. 

Western blot analysis of Sp1 indicated no change in total protein levels following 

treatment with PD98059 (data not shown). Additionally, transient cotransfection of 

dominant negative ERK with the 385 bp MT1-MMP luciferase reporter vector 

significantly reduced MT1-MMP promoter activity compared to the empty parent vector 

control, as depicted in Figure 15B. These results indicate that inhibition of the 

constitutive ERK pathway in DU-145 cells decreases MT1-MMP expression. 
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Figure 15. Pharmacological and genetic inhibition of the ERK pathway decreases  

    MT1-MMP expression in DU-145 cells 

DU-145 cells were plated and allowed to adhere overnight. On the following day, cells 

were treated with the MEK inhibitor (PD98059) at 10 and 20 µM in 10% serum medium 

for 48 hours. Cells were lysed and analyzed by Western blot analysis. (A) MT1-MMP 

expression assessed by Western blot.  Results are representative of at least three 

independent experiments, and α-tubulin is shown as a loading control.  (B) DN ERK was 

cotransfected with the 385 bp MT1-MMP promoter luciferase construct at a ratio of 1:2. 

Values represent firefly luciferase activity for three independent experiments normalized 

to the activity of pSV-40 Renilla control and are represented as fold under cells 

transfected with the pcEP4 empty vector. *P < 0.05 for dominant-negative construct 

compared to empty vector.  
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Proposed model of ERK pathway regulation of MT1-MMP in DU-145 prostate cancer 

cells. 

As modeled in Figure 16, our results signify that the less invasive DU-145 prostate 

cancer cell line expresses moderate levels of MT1-MMP which is dependent on Sp1 

transcriptional regulation. The DU-145 cells harbor a constitutively active ERK pathway 

as opposed to the constitutively active PI-3K pathway observed in PC-3 and PC-3N cells.  

Our model indicates that inhibition of constitutively active ERK, both pharmacologically 

and genetically, decreases MT1-MMP expression in DU-145 cells. The exact 

mechanisms mediating ERK regulation of Sp1 and MT1-MMP are not known. Although 

it has been well documented that ERK directly phosphorylates Sp1 to increase its 

transcactivation capabilities [77,87,88,211,212], we did not observe direct alterations in 

Sp1 phosphorylation by ERK in this system (data not shown).   
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Figure 16. Proposed model for ERK pathway regulation of MT1-MMP in DU-145  

    cells. 

Inhibition of the constitutively active ERK pathway in DU-145 cells either 

pharmacologically or by using a dominant negative approach decreases MT1-MMP 

expression.  
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Discussion 

In Specific Aim 1 of these studies, we identified Sp1 mediated transcriptional regulation 

of MT1-MMP in human prostate cancer cell lines. Interestingly, levels of Sp1 (both total 

cell lysate and nuclear lysate) did not vary significantly between the prostate cell lines 

(data not shown) although there were variations in the level of MT1-MMP expressed in 

each cell line. This suggests that posttranslational regulation of Sp1 alters its 

transcriptional activity on the MT1-MMP promoter in the three prostate cell lines. 

Increased Sp1 activity due to altered phosphorylation has been associated with direct 

phosphorylation by ERK and has been correlated with the PI3K and JNK pathways [75-

77,85].  The PI3K pathway has been implicated in prostate cancer progression through 

loss of the PTEN tumor suppressor [114,142,213], and additional investigators have 

established a role for increased JNK in advanced prostate cancer [77,161].  However, 

reports of ERK activation in prostate cancer have been somewhat controversial. Gioeli et 

al. [141] concluded that ERK is increased in advanced prostate cancer, whereas Malik et 

al. concluded that ERK expression is increased in prostatic intraepithelial neoplasia but is 

decreased in advanced disease [142].  Our results indicate that the invasive PC-3N and 

PC-3 prostate cancer cell lines express constitutive AKT and JNK, whereas DU-145 cells 

are less invasive and express constitutive ERK.  It has been shown that JNK activity has a 

negative effect on ERK activity [214], which suggests that in DU-145 cells, ERK activity 

prevails due to inactivity of JNK.  It is important to note that PC-3 cells have levels of 

MT1-MMP and an invasive phenotype that fall in between DU-145 and PC-3N cells, but 

they also express constitutive AKT and JNK.  This suggests that invasive cells are more 
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dependent on PTEN mutations, and we hypothesize that there is a switch in signaling 

mechanisms from active ERK to active AKT and JNK as cells become invasive.  PC-3N 

cells have significantly higher levels of MT1-MMP and are highly invasive compared to 

PC-3 cells, and we speculate that PC-3N may have unique regulatory factors that 

influence or interact with Sp1 to enhance MT1-MMP expression, in addition to 

constitutive AKT and JNK.  

Our results and Figures 14 and 16 indicate that pharmacological inhibition of PI-

3K and JNK decreases MT1-MMP and Sp1 levels in PC-3 and PC-3N cells.  Although 

several studies have correlated the AKT-mediated and JNK-mediated phosphorylation of 

Sp1 with increased transcriptional activity, those studies have not definitively identified 

direct sites phosphorylated on Sp1 by these kinases.  Evidence from this study 

demonstrates a novel finding in that constitutively active PI-3K and JNK modulate Sp1 

protein levels in two prostate cancer cell lines. This finding indicates alternative 

mechanisms of Sp1 regulation through the PI-3K and JNK pathways than what has been 

previously reported. Based on our results, we speculate that the PI-3K and JNK pathways 

could alter the transcription of the Sp1 gene through posttranslational modification of 

Sp1, as it has recently been shown that Sp1 regulates its own promoter [215]. We 

hypothesize that inhibition of PI-3K and JNK may alter Sp1 activity in binding to its own 

promoter, therefore decreasing total Sp1 levels in the cell.  In addition to transcriptional 

regulation, we also speculate that PI-3K and JNK may be modulating Sp1 protein levels 

through mechanisms of protein degradation.  It has been recently reported by Abdelrahim 

and Safe that COX-2 inhibitors in colon cancer cell lines decreased total Sp1 levels but 
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did not affect Sp1 mRNA levels. The authors concluded that COX-2 inhibition enhanced 

proteosomal degradation of Sp1 [216].  This report did not delineate the exact 

mechanisms mediating Sp1 degradation, but it established proteosomal degradation of 

Sp1 as a possible regulatory mechanism for Sp1 expression.  Treatment of DU-145 cells 

with the MEK inhibitor PD98059 resulted in a decrease in MT1-MMP levels but did not 

result in a decrease in Sp1 protein (data not shown).  This suggests that ERK regulation 

of Sp1 may not influence its transcriptional activities for its own promoter or protein 

degradation but does influence the transcriptional regulation of MT1-MMP.  In contrast 

to the lack of evidence of direct phosphorylation mediated by AKT and JNK, previous 

studies have determined the exact sites on Sp1 phosphorylated by ERK [87,88,212].  

Additionally, these studies determined that ERK phosphorylation of Sp1 increases its 

transactivation activities. To investigate the role of ERK in directly phosphorylating Sp1 

in DU-145 cells, we performed transient transfections using a previously described 

dominant-negative Sp1 [88] with mutated ERK phosphorylation residues and the wild-

type MT1-MMP promoter in DU-145 cells. The results indicated that a mutant Sp1 

harboring mutated threonine residues directly phosphorylated by ERK did not reduce the 

transcription of the MT1-MMP promoter in these cells (data not shown).  Additionally, 

Western blot analysis of DU-145 cells treated with the MEK inhibitor PD98059 to inhibit 

ERK activity did not alter Sp1 phosphorylation (data not shown).  Considering this 

evidence, we speculate that inhibiting ERK activity, as shown in DU-145 cells, decreases 

Sp1-mediated MT1-MMP transcription in an indirect manner. Results from Specific Aim 

1 of these studies indicates the prominent role of Sp1 in regulating the transcription of 
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MT1-MMP in DU-145 cells. We hypothesize that constitutive ERK in these cells may 

regulate a downstream kinase or cofactor involved with Sp1 mediated transcription. 

In addition to the pharmacological treatment of the prostate cells, we performed 

transient transfections to ensure specificity in the inhibition of constitutive signaling 

pathways. Transient transfection of PC-3 and PC-3N cells with either dominant negative 

JNK or p85 significantly decreased MT1-MMP promoter activity.  Furthermore, transient 

transfection of DU-145 cells with dominant-negative ERK significantly decreased MT1-

MMP promoter activity. Notably, PC-3N and PC-3 cells cotransfected with dominant 

negative ERK, the MT1-MMP promoter and DU-145 cells cotransfected with dominant-

negative p85 or JNK, and the MT1-MMP promoter did not reduce MT1-MMP promoter 

activity in these cells (data not shown).  These experiments indicate that in PC-3 and PC-

3N cells, PI-3K and JNK play a role in regulating MT1-MMP, and in DU-145 cells, the 

ERK pathway plays a role in regulating MT1-MMP. 

We speculate that multiple regulatory mechanisms mediated by these pathways 

could be occurring in PC-3 and PC-3N cells, as modeled in Figure 14. First, the pathways 

could converge on a downstream regulator, and inhibition of either pathway could 

negatively affect this unidentified regulator, therefore decreasing Sp1 activity. Second, 

each pathway may be required to phosphorylate Sp1 directly to achieve transcriptional 

control of MT1-MMP, and the absence of one pathway completely abrogates Sp1 

activity. Third, there is a possibility of direct crosstalk between the PI-3K and JNK 

signaling pathways, as shown by Logan et al. [217] in a study that indicated PI-3K 

regulation of JNK activity. This hypothesis implies that JNK could be the dominant direct 
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regulator of Sp1 in PC-3 and PC-3N cells, but its activity could be dependent on the 

constitutive signaling of PI3K. This hypothesis is also supported by a study indicating 

that in PC-3 cells, JNK activity was constitutive and regulated Sp1-mediated 

transcriptional control of uPA [77]. 

In conclusion, we have identified several novel findings. We show for the first 

time that constitutive signaling pathways in PC-3 and PC-3N cells, namely, the PI-3K 

and JNK pathways, play significant roles in regulating MT1-MMP and Sp1 levels. 

Additionally, we show that constitutive ERK in DU-145 cells plays a significant role in 

regulating MT1-MMP levels, although the levels are lower than in PC-3 and PC-3N cells. 

This study exemplifies the heterogeneity in prostate cancer cell line signaling 

mechanisms and the differential effects these pathways have on the transcriptional 

control of MT1-MMP. Evidence presented here suggests that constitutive PI3K and JNK 

activities in prostate cancer cells influence an invasive phenotype through increased 

transcription of MT1-MMP. This study also indicates that ERK plays a minor role in this 

process in a cell line that does not express PI-3K and JNK pathways. This study enhances 

our understanding of complex regulatory mechanisms involved with MT1-MMP 

expression in prostate cancer. 
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V. INSULIN-LIKE GROWTH FACTOR RECEPTOR-1 REGULATES MT1-MMP 

EXPRESSION IN PROSTATE CANCER CELL LINES 

Introduction 

The process of prostate cancer metastasis involves the proteolysis of extracellular 

matrix (ECM) proteins through the enzymatic activities of matrix metalloproteinases.  

The matrix metalloproteinase (MMP) gene family is implicated in both physiological and 

pathological tissue remodeling through their ability to degrade ECM proteins [28,36,49].  

This remodeling capability has established their role in both processes of development 

and tumor metastasis [49,218].  Membrane type matrix metalloproteinases are a 

subfamily of MMPs and consist of MT1, MT2, MT3, MT4, MT5 and MT6-MMP. The 

MT-MMPs differ from other metalloproteinases in that they are not secreted and instead 

contain a transmembrane domain which anchors them in the plasma membrane.  

Membrane-type 1 matrix metalloproteinase (MT1-MMP; MMP-14) plays a prominent 

role in cell migration and cancer metastasis through the enzymatic breakdown of ECM 

molecules [28,36,219,220] as well as through activation of pro-MMP-2 on the cell 

surface [221].  In prostate cancer, we have established that MT1-MMP enzymatic 

activities leading to cell migration and metastasis include cleavage of the basement 

membrane proteins laminin-511 and laminin-311 [46,66].  

 In prostate cancer tissues and cell lines, it has been determined that MT1-MMP 

expression is altered during the progression from normal prostate epithelium to prostate 

intraepithelial neoplasia (PIN) and prostate cancer.  Upadhyay et al. investigated MT1-

MMP expression in frozen tissues, in which they determined high expression of the 

enzyme in the basal cells of benign glands and the secretory cells of high grade PIN. 



  

 

   

  92 

   

However, they also reported that MT1-MMP expression was heterogeneous in prostate 

cancer with some cases having high expression while others were negative [62].  Cardillo 

et al. also performed analysis of MT1-MMP expression using formalin-fixed, paraffin-

embedded prostate tissues and observed that MT1-MMP was expressed in the secretory 

cells of benign glands and was highly expressed in prostate cancer compared to PIN [63]. 

We also previously observed that MT1-MMP expression in frozen tissue was increased in 

PIN and prostate cancer when compared to normal glands  [46].  Based on these studies, 

MT1-MMP is overexpressed in PIN and prostate cancer, but there are discrepancies in 

the localization of the enzyme as prostate cancer develops from benign epithelium to PIN 

and prostate cancer.   

Our previous studies of MT1-MMP regulation in prostate cancer cells have 

supported the role of FGFR-1 in inducing MT1-MMP expression in LNCaP cells through 

STAT3 transcriptional control [203].  In Specific Aims 1 and 2, we showed that 

constitutive regulation of MT1-MMP in cell lines expressing high levels of MT1-MMP is 

dependent on transcriptional control of the Sp1 transcription factor through the PI-3K and 

JNK pathways in PC-3 and PC-3N cells and the ERK pathway in DU-145 cells [222].  

Although we have determined the signaling pathways involved with MT1-MMP 

regulation in prostate cancer cell lines, identifying the regulatory elements mediating 

these signals may provide insight for establishing future therapies or diagnostic markers.  

The insulin-like growth factor –1 receptor (IGF-1R) is a tetrameric glycoprotein 

composed of 2 extracellular ligand binding α-subunits and two β-subunits that have 

ligand induced kinase activity.  IGF-1R tyrosine kinase signaling induced through its 
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ligands IGF-1 and IGF-II is involved in the proliferation and differentiation of normal 

cells during development and wound healing [173,223]. Importantly, IGF-1R also 

regulates multiple cellular functions impacting the metastatic phenotype of tumor cells 

through the initiation of signaling cascades including the PI-3 kinase and ERK MAP 

kinase  pathways which lead to cell survival, growth, invasion and metastasis [224,225].  

Of interest to prostate cancer, numerous studies have related the serum levels of insulin-

like growth factor-1 (IGF-1), (the predominant IGF-1R ligand) with an increased risk for 

prostate cancer [175-177,226] and several investigators have reported IGF-1R 

overexpression in human prostate cancer tissues. Kruekl et al. identified IGF-1R 

overexpression in human tissues of advanced androgen independent disease [227] and 

Hellawell et al. determined heightened IGF-1R expression in primary prostate carcinoma 

and bone metastasis compared to benign epithelium [184].  Interestingly, this 

overexpression of IGF-1R in prostate cancer bone metastases correlates with research 

identifying increased MT1-MMP expression and activity in bone metastases [67]. 

However, IGF-1R expression in prostate cancer is somewhat controversial as there are 

also reports of decreased expression of IGF-1R in prostate cancer [178,228].     

Although studies have been conflicting as to the expression levels of IGF-1R in 

prostate tissues, it is significant that the IGF-1R has been associated with prostate cancer 

metastasis. IGF-1R has been reported to be a key regulator of matrix metalloproteinases 

in other human malignancies. Several investigators have established IGF-1R regulation 

of MMP-2 and MT1-MMP in human lung cancer cell lines [206,229-231] and it is of 

interest that IGF-1R induced MT1-MMP synthesis and invasion in H-59 Lewis lung 
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carcinoma cells was dependent on PI-3K signaling [206]. Constitutive activity of the PI-

3K pathway is associated with prostate cancer progression through the loss of the 

phosphatase and tensin homologue deleted on chromosome 10 (PTEN) tumor suppressor 

[232] and we have shown that the PI-3K pathway regulates MT1-MMP in prostate cancer 

cells derived from bone metastasis [222].  However, the role of IGF-1R as a regulator of 

MT1-MMP in prostate cancer has not been studied.  

In this study, we document differential expression and localization of MT1-MMP 

in human prostate tissues during the progression of benign prostate epithelium to PIN and 

prostate cancer.  We show for the first time that MT1-MMP is highly expressed in the 

apical cytoplasmic regions of luminal cells in PIN and prostate cancer glands when 

compared to a less intense, predominantly basalateral cytoplasmic membrane staining in 

the luminal cells of benign glands on a prostate tissue array. Additionally, we provide 

evidence that IGF-1R is expressed in frozen human prostate cancer tissues. We also 

demonstrate for the first time that IGF-1R plays a role in regulating MT1-MMP 

expression in two separate prostate cancer cell lines.  Inhibition of IGF-1R in a cell line 

expressing high levels of MT1-MMP reduces expression of the enzyme while induction 

of IGF-1R and stimulation with IGF-1 in a cell line expressing low levels of MT1-MMP 

increases expression of the enzyme.  These results indicate that MT1-MMP expression in 

human prostate cancer tissues may differentiate individuals predisposed to developing 

aggressive disease from those with indolent disease. Additionally, we have demonstrated 

that a prominent receptor involved with tumor progression and metastasis, the IGF-1R, is 
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expressed in prostate cancer and plays a role in regulating MT1-MMP in prostate cancer 

cell lines.  

Results 

MT1-MMP expression in a human prostate tissue array 

To examine MT1-MMP expression and distribution in prostate tissue, we performed 

immunohistochemical analysis on a tissue array of human prostate tissues which had 

been formalin-fixed and paraffin-embedded. We examined expression in 47 cores 

obtained from 33 cases.  The intensity of staining varied between cases (between 1+ and 

3+) and the means were as follows: normal (1.1), stroma (1.3), PIN (1.7) and carcinoma 

(1.7).  MT1-MMP staining in benign glands was present in 26 of the cases and was of 

low intensity and uniformly basalateral cytoplasmic distribution in 23 of the 26 (88%) 

cases.  Additionally, 22 of the 26 (84%) normal cases stained with low intensity and 

uniformly in the cytoplasm of basal cells Figure 17 A and Table 1.  One normal case had 

low intensity (<1+) granular apical staining.   In PIN and cancer, the staining was of 

higher intensity compared to benign glands and had a distinctly different pattern that was 

granular and apical cytoplasmic in 10 out of 10 (100%) PIN cases and 21 out of 22 (95%) 

carcinoma cases of all Gleason grades Figure 17 C, D, and E.  One carcinoma case of the 

total number of cases with cancer had diffuse non-granular staining. 
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Figure 17. Immunostaining of MT1-MMP in Prostate Tissues. 

Samples were subjected to immunohistochemistry using a polyclonal antibody to MT1-

MMP.  Photographs were taken at a magnification of x40 unless indicated. (A) Normal 

gland showing 1+ staining of MT1-MMP along the basalateral region of the gland at 

magnification x20  (B) Normal gland showing 1+ staining of MT1-MMP along the 

basalateral region of the gland. (C) PIN lesion with 2+ granular apical staining of MT1-

MMP. (D) Cancer with Gleason grade (3+3) depicts 2+ granular apical staining. (E) 

Cancer with Gleason grade (5+5) depicts 3+ granular apical staining of MT1-MMP.  (F) 

Stromal smooth muscle region showing 2+ staining of the enzyme. Note again the weaker 

transmembrane basalateral staining in benign glands compared to the intense granular 

apical staining in PIN and cancer. 
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Table 1.  Localization of MT1-MMP in human prostate tissue array. 
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IGF-1R and MT1-MMP expression in frozen human prostate tissue 

To examine IGF-1R and MT1-MMP expression in human prostate tissues, we performed 

double-label immunofluorescence staining and confocal laser scanning microscopy on 8 

serially sectioned cases of frozen prostate tissue ranging in Gleason grades from 6 to 8.  

MT1-MMP was expressed in cancerous glands in 8 out 8 of the cases analyzed and the 

IGF-1R was expressed in cancerous regions in 7 out of the 8 cases analyzed. The 

localization of MT1-MMP in basalateral cytoplasmic membrane regions of normal and 

within granular cytoplasmic apical regions in malignant glands of the frozen tissues 

confirmed the prostate tissue array data using formalin-fixed, paraffin-embedded tissues.  

Previously, our group has identified alterations in integrin α6 expression throughout 

prostate cancer progression, such that there is a loss of expression and polarity of α6 in 

cancer when compared to normal [233]. Therefore, we utilized α6 as a marker for benign 

glands when observing tissues composed of normal and cancerous regions. Figure 18 A-

C depicts MT1-MMP and α6 expression in prostate tissues. The results  indicate 

heightened MT1-MMP expression in cancer of Gleason sum score  4+3 when compared 

to the adjacent normal gland. Figure 17 D-F exemplifies IGF-1R expression in prostate 

carcinoma. The results depict IGF-1R expression in normal glands and increased 

expression in a carcinoma of Gleason sum score 3+3. Figure 17 G-I indicate MT1-MMP 

and IGF-1R localization in cancer. These results demonstrate MT1-MMP and IGF-1R 

expression in cancer of Gleason sum score 3+3. These results demonstrate that MT1-

MMP and IGF-1R have increased expression in cancer when compared to normal glands.   

 



  

 

   

  99 

   

 

Figure 18. Immunofluorescence of MT1-MMP and IGF-1R in human frozen  

    prostate tissue. 

Human frozen prostate tissue sections were subjected to double-label 

immunofluorescence staining and confocal laser scanning microscopy to determine IGF-

1R and MT1-MMP expression in benign and cancerous glands. (A-C) MT1-MMP and 

alpha 6 integrin staining in normal and cancer. (A) MT1-MMP expression is increased in 

carcinoma (arrow) of Gleason grade 4+3. (B) α6 integrin expression delineates the 

presence of normal gland. (C) Overlay of  MT1-MMP (green) and α6 (red). (D-F) IGF-

1R and α6 integrin expression in normal and cancer. (D) IGF-1R is expressed in a normal 

gland and is increased in carcinoma (arrow) of Gleason grade 3+3. (E) α6 integrin 

expression delineates the presence of a normal gland. (F) Overlay of IGF-1R (green) and 

α6 (red).  (G-I) MT1-MMP and IGF-1R localized in cancer glands. (G) MT1-MMP 

expression is amplified in carcinoma of Gleason grade 3+3.  (H) IGF-1R expression is 

amplified in carcinoma of Gleason grade 3+3. (I) Overlay of MT1-MMP (green) and 

IGF-1R (red).  
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MT1-MMP expression in PC-3N and LNCaP prostate cancer cells 

We and other investigators have previously shown that MT1-MMP is highly expressed in 

the invasive prostate cancer cell lines, DU-145, PC-3 and PC-3N when compared to the 

less invasive androgen-sensitive LNCaP cells [46,65,222].  In order to identify the 

possible role of IGF-1R in mediating MT1-MMP expression in prostate cancer, we 

utilized a cell line expressing low levels of MT1-MMP (LNCaP) and a cell line 

expressing high levels of MT1-MMP (PC-3N) as shown in Figure 19. The LNCaP and 

PC-3N cells were grown to 80% confluency and mRNA and protein were extracted as 

described in the Materials and Methods section.  Figure 19A depicts the mRNA levels of 

MT1-MMP in LNCaP and PC-3N cells following quantitative real-time RT-PCR 

analysis. The results indicate that PC-3N cells have significantly higher levels of MT1-

MMP mRNA when compared to LNCaP cells. Western blot analysis also indicates a 

significantly higher level of MT1-MMP in PC-3N cells when compared to LNCaP cells 

(Figure 19 B).  
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Figure 19.  MT1-MMP expression in PC-3N and LNCaP prostate cancer cells. 

(A) Quantitative real-time RT-PCR analysis of MT1-MMP mRNA from LNCaP and PC-

3N cells grown to 80% confluency in serum containing medium. Values represent the 

average of MT1-MMP normalized to GAPDH and PC-3N level fold induction over 

LNCaP cell mRNA for three independent experiments. Columns, means; bars, SD 

*P<0.005. (B) Western blot analysis of MT1-MMP from LNCaP and PC-3N cells.  

Western blot analysis results are representative of at least three experiments and α-

tubulin is shown as a loading control.  
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Pharmacological inhibition of the IGF-1R decreases MT1-MMP expression in                 

PC-3N cells 

 

To determine the role of IGF-1R in mediating heightened expression of MT1-MMP in 

prostate cancer, PC-3N cells were treated with PPP, a previously characterized IGF-1R 

specific inhibitor [234-241].  The PC-3N cells were treated for 24 or 48 hours with 

DMSO, 100 nM or 250 nM PPP in serum containing medium.  We established that PPP 

treatment reduced IGF-1R phosphorylation in PC-3N cells as indicated by Western blot 

analysis in Figure 20.   PC-3N cells transiently transfected with a 385 base pair proximal 

promoter region of MT1-MMP linked to firefly luciferase were treated for 24 hours with 

the indicated doses of PPP (Figure 21). The results indicate that IGF-1R inhibition 

significantly reduced MT1-MMP promoter expression in a dose-dependent manner. 

Similarly, PC-3N cells treated with DMSO, 100 nM or 250 nM PPP for 24 hours also 

reduced MT1-MMP mRNA expression as assessed by quantitative real-time RT-PCR as 

shown in Figure 22 A.  MT1-MMP protein expression following 48 hours of PPP 

treatment was determined using Western blot analysis as shown in Figure 22 B. These 

results indicate reduced MT1-MMP expression following IGF-1R inhibition.  
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Figure 20.  Pharmacological inhibition of IGF-1R decreases phosphorylated IGF-1R  

    in PC-3N cells  

Western blot analysis of the phosphorylation status of the IGF-1R β-subunit. PC-3N cells 

were plated and allowed to adhere overnight. On the following day, the cells were treated 

with DMSO (0 nM), 100 nM or 250 nM of the IGF-1R inhibitor PPP for 24 hours. Cells 

were lysed and proteins were analyzed. Results are representative of at least three 

independent experiments and total IGF-1R β-subunit is shown as a loading control. 
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Figure 21. Pharmacological inhibition of IGF-1R decreases MT1-MMP promoter       

    activity. 

PC-3N cells were transiently transfected with a 385 base pair proximal promoter of MT1-

MMP linked to firefly luciferase and a Renilla SV-40 control vector for 24 hours and 

then treated with DMSO (0 nM), 100 nM or 250 nM of PPP for 24 hours in serum 

containing medium. Values represent luciferase activity normalized to the activity of 

pSV40-Renilla control and are represented as fold under control treatment (0 nM PPP) in 

three independent experiments.  Columns, mean; bars, SD. *P < 0.05 for 100 nM and 250 

nM treatment versus DMSO (0 nM). 
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Figure 22. Pharmacological inhibition of IGF-1R decreases MT1-MMP  

       mRNA and protein expression in PC-3N cells. 

(A) Quantitative real-time RT-PCR analysis of MT1-MMP expression in PC-3N cells 

following treatment of PPP at 100 nM and 250 nM for 24 hours in serum containing 

medium. Values represent the average MT1-MMP normalized to GAPDH and fold under 

DMSO (0 nM) treatment of at least three independent experiments. Columns, mean; bars, 

SD. *P< 0.05 for 100 nM and 250 nM. (B) Western blot analysis of MT1-MMP 

expression in PC-3N cells following treatment with PPP for 48 hours. Image is 

representative of at least three independent experiments, which are depicted graphically 

as fold reduction from DMSO (0 nM) treatment and α-tubulin was used as a loading 

control.  Statistical analyses were performed using the Student’s t test. 
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Treatment of LNCaP cells with androgen increases IGF-1R expression.  

It has been previously established that androgen responsive LNCaP cells express a 

mutant androgen receptor. The mutant receptor harbors a mutation in its ligand-binding 

domain which causes the receptor to act promiscuous in nature [242]. Additionally, it has 

been established that LNCaP cells express low levels of the IGF-1R and that treatment 

with androgen increases the expression of the receptor at the mRNA and protein levels 

[227,243].  In order to determine if inducing IGF-1R expression and activity increase 

MT1-MMP expression, we treated LNCaP cells with the synthetic androgen, R1881, to 

induce IGF-1R expression followed by treatment with IGF-1.  LNCaP cells were grown 

according to conditions described in the Materials and Methods section and were serum 

starved overnight with phenol red free medium. The cells were treated with 10 nM R1881 

for 24 hours in phenol red free, serum free medium and mRNA and protein were 

extracted.  As shown in Figure 23 A, treatment of LNCaP cells with R1881 for 24 hours 

increases IGF-1R protein levels as well as mRNA levels (data not shown).  Although 

R1881 increased IGF-1R levels, it did not increase MT1-MMP protein levels as shown in 

Figure 23 B or mRNA levels (data not shown).  These results indicate that R1881 does 

increase IGF-1R expression but does not increase MT1-MMP expression in LNCaP cells. 
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Figure 23.  LNCaP cell treatment with the synthetic androgen R1881 increases  

       IGF-1R expression. 

(A) Western blot analysis of total IGF-1R β expression. LNCaP cells were allowed to 

adhere overnight and were serum starved in phenol red free medium. Following serum 

starvation the cells were treated with 10 nM R1881 for 24 hours and then proteins were 

analyzed by Western blot. (B) Western blot analysis of MT1-MMP expression in LNCaP 

cells following treatment with R1881 as described in part A. All results are representative 

of at least three independent experiments and α-tubulin was used as a loading control.   
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Treatment of LNCaP cells with R1881 and IGF-1 increases MT1-MMP expression 

To determine if inducing IGF-1R activity in LNCaP cells alters MT1-MMP expression, 

cells treated with R1881 in phenol red free, serum free medium were treated with IGF-1.  

In Figure 24 A, LNCaP cells were transiently transfected with the 385 base pair promoter 

while undergoing serum starvation in serum free, phenol red free medium. Luciferase 

activity was assessed following treatment with 10 nM R1881 for 24 hours and 50 ng/ml 

IGF-1 for an additional 24 hours. The results indicate that treatment with R1881 and IGF-

1 increased MT1-MMP expression. The drug treatments did not alter expression of pGL3 

basic control and R1881 or IGF-1 treatment alone did not alter luciferase expression from 

the MT1-MMP promoter (data not shown).  Quantitative real-time RT-PCR and Western 

blot analysis of serum starved LNCaP cells treated with 10 nM R1881 for 24 hours and 

50 ng/ml IGF-1 for an additional 24 hours increased MT1-MMP mRNA (Figure 25 A) 

and protein (Figure 25 B).   R1881 did not increase MT1-MMP (Figure 23 A) and IGF-1 

alone did not exhibit an effect on MT1-MMP expression in LNCaP cells (data not 

shown). These results indicate that LNCaP cells treated with R1881 to induce IGF-1R 

and the IGF-1, leads to an increase in MT1-MMP expression.  
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Figure 24.  Treatment of LNCaP cells with the synthetic androgen R1881 and IGF-1  

    increases MT1-MMP promoter activity. 

Luciferase analysis of LNCaP cells transiently transfected with a 385 base pair proximal 

promoter of MT1-MMP treated with R1881 and IGF-1. LNCaP cells were transiently 

transfected with the MT1-MMP promoter linked to luciferase and Renilla SV-40 in 

serum free phenol red free medium for 24 hours. The cells were then treated with 10 nM 

R1881 for 24 hours followed by an additional 24 hour treatment with 50 ng/ml IGF-1. 

Values represent luciferase activity normalized to the activity of SV-40 Renilla control 

and are represented as fold over PBS treatment only (0 ng/ml) in three independent 

experiments. Columns, means; bars, SD. *P< 0.05 for 50 ng/ml IGF-1 versus PBS 

control (0 ng/ml). 
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Figure 25.  Treatment of LNCaP cells with the synthetic androgen R1881 and IGF- 

        increases MT1-MMP mRNA and protein expression. 

(A) Quantitative real-time RT-PCR analysis of MT1-MMP expression in LNCaP cells 

treated with 10 nM R1881 and 50 ng/ml IGF-1. LNCaP cells were allowed to adhere 

overnight and were serum starved in phenol red free medium. The cells were then treated 

for 24 hours with 10 nM R1881 and then subsequently with 50 ng/ml IGF-1 for an 

additional 24 hours. Values represent the average of MT1-MMP normalized to GAPDH 

for three independent experiments. Columns, means; bars, SD. *P <0.05 for 50 ng/ml 

IGF-1 versus PBS control (0 ng/ml). (B) Western blot analysis of MT1-MMP expression 

of LNCaP cells treated with the protocol described in part A.  Image represents at least 

three independent experiments and α-tubulin was used as a loading control.   
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Discussion 

Previous studies have identified MT1-MMP overexpression in human PIN and prostate 

cancer tissues [46,62,63].  However, the localization of MT1-MMP in human tissues 

throughout the progression from benign prostate epithelium to PIN and prostate 

carcinoma requires further analysis due to differences among the reported results.  In this 

study, we investigated the distribution of MT1-MMP in normal, PIN and cancerous 

human prostate tissues on a formalin-fixed, paraffin-embedded tissue array and in frozen 

tissues.  Increased expression of MT1-MMP was identified in PIN lesions and prostate 

carcinoma when compared to normal tissues.  Interestingly, the distribution of MT1-

MMP in normal glands was predominantly in the basalateral cytoplasmic membrane or in 

the cytoplasm of basal cells while PIN and cancerous glands exhibited intense staining 

that was granular and in the apical cytoplasm.  This correlates with results published by 

Upadhyay et al. in which they found MT1-MMP highly expressed in the secretory cells 

of high grade PIN lesions compared to expression in the basal cells of normal glands 

[62].  However, their group did not identify uniformly heightened expression of MT1-

MMP in prostate cancer tissues.  The homogenous staining observed in prostate cancer 

glands in this study correlates with previous work performed in our laboratory and by 

Cardillo et al. However, these studies did not report the distribution of MT1-MMP in 

apical regions of carcinomas as we have identified here [46,63].  It is plausible that 

technical factors could explain why our results differ from other studies and our previous 

study. Variations in the types of tissues analyzed (formalin-fixed, paraffin-embedded 
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versus frozen), the usage of antigen retrieval or the amount and type of antibody could all 

mediate altered staining patterns.   

 The distribution of MT1-MMP in benign glands versus PIN and prostate cancer 

infers a change in the mechanisms of MT1-MMP activity associated with prostate cancer 

progression.  Previously, our laboratory has identified MT1-MMP as the major 

metalloproteinase mediating increased prostate cancer cell migration and invasion 

through cleavage of the basement membrane proteins laminin-311 and laminin-511 

[46,66]. The expression pattern of laminin-311 has also been studied in normal, PIN and 

cancer glands, and it was found that the protein is expressed in normal glands and PIN 

lesions, but is lost in prostate cancer [244,245].  This suggests that MT1-MMP remains 

on the basalateral membrane while in close proximity to the available laminin substrate, 

but localizes to the apical membrane to execute functions associated with secretory 

processes as the malignancy progresses.  MT1-MMP is the major activator of the secreted 

metalloproteinase MMP-2 [221], which is also associated with tumor invasion and 

metastasis in various human cancers [37,221].  Interestingly, several investigators have 

identified heightened MMP-2 expression in prostate cancer tissues [246-250] and others 

have correlated MMP-2 plasma levels with overall disease progression and metastasis 

[251,252].  This evidence coincides with the hypothesis that MT1-MMP relocation to the 

apical regions of prostate epithelium would be necessary for the activation and secretion 

of MMP-2.   

 Our group has previously published that FGFR1 induced MT1-MMP in LNCaP 

cells through transcriptional activation of STAT3 [203]. We have also shown that the PI-
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3K, JNK and ERK pathways play a role in the constitutive expression of MT1-MMP in 

prostate cancer cells through transcriptional regulation of the Sp1 transcription factor 

[222].  In this study, we sought to identify an upstream regulator of these pathways which 

affects MT1-MMP expression and is relevant to prostate cancer.  There is considerable 

evidence from population and laboratory studies that the IGF axis is relevant to prostate 

cancer. For example, IGF levels in the serum of prostate cancer patients was shown to 

correlate with prostate cancer progression [175-177,226] and Burfeind et al. reported that 

inhibition of the IGF-1R decreased prostate tumor cell growth and invasion [253].  

However, the direct correlation between IGF-1R expression and prostate cancer 

progression and metastasis is not as well defined.  Several studies have observed the 

presence of IGF-1R in normal epithelium of the prostate, but have identified decreased 

expression in localized prostate cancer [178,228].  Furthermore, IGF-1R levels have been 

reported to decline in lymph node metastases in the transgenic adenocarcinoma mouse 

prostate (TRAMP) model [180].  Conversely, there are also several studies which report 

significant overexpression of the receptor in localized prostate cancer and one report of 

high expression in regions of bone metastases [26,181,184].   

We stained the tissue array used to analyze MT1-MMP expression with an IGF-

1R specific monoclonal antibody and detected IGF-1R expression in the basal cells of 

normal glands which co-localized with MT1-MMP. The expression of IGF-1R in PIN 

and prostate cancer on the array was heterogeneous, with some cases having increased 

expression of the receptor while others were negative (data not shown). These findings 

correlate with studies indicating the presence of IGF-1R in normal prostate and decreased 
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expression in localized prostate cancer [178,228].  However, our observations also 

correlate with studies that report significant overexpression of the receptor in localized 

prostate cancer [26,181], being that some cases on the array had high expression of the 

IGF1-R (data not shown).  The tissue array results differed substantially from 

immunofluorescence staining of frozen prostate tissues in that 7 out of 8 (88%) cases 

probed for IGF-1R demonstrated remarkable expression in prostate carcinomas with 

Gleason sum scores ranging from 6 to 8.  This evidence suggests technical disparities 

between immunohistochemical techniques as well as the nature of tissues utilized. 

Indeed, there have been reports of the difficulties in attaining accurate IGF-1R staining in 

formalin-fixed, paraffin-embedded tissues, largely from the loss of membrane integrity 

during the fixation process [178,184,254].  Furthermore, although there are discrepancies 

between studies reporting IGF-1R expression in localized prostate cancer, it is of interest 

that IGF-1R expression is high in regions of bone metastases [184].  This observation 

coincides with reports of MT1-MMP expression and activity in areas of bone metastases 

[67].  Additionally, it is intriguing that PC-3N cells (derived from PC-3 cells isolated 

from bone metastases) and LNCaP cells (isolated from a lymph node metastases) express 

high and low levels of IGF-1R, respectively (data not shown).   

The IGF-1R has been shown to regulate MT1-MMP expression in lung carcinoma 

cell lines through a PI-3K dependent mechanism [206], but IGF-1R regulation of the 

enzyme has not been studied in prostate cancer cell lines prior to this study.  In view of 

our results depicting substantial expression of the IGF-1R in prostate cancer frozen 

tissues, we sought to determine the role of IGF-1R in regulating MT1-MMP in prostate 
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cancer cell lines. Here, we demonstrate that treatment of PC-3N cells with the IGF-1R 

specific inhibitor picropodophyllin (PPP) decreased MT1-MMP expression at the 

promoter, mRNA and protein levels.  We observed that this reduction was not complete 

inhibition, which suggests alternate mechanisms of regulation working in concert with 

IGF-1R.  There have been several reports of the epidermal growth factor receptor 

(EGFR) mediated regulation of MT1-MMP in other systems [255,256]. However, we 

analyzed EGFR regulation of MT1-MMP in PC-3N, DU-145 and LNCaP cells but did 

not discover any link between EGFR and MT1-MMP expression (data not shown).  

Fujiuchi et al. had shown that the hepatocyte growth factor plays a role in regulating 

MT1-MMP in prostate cancer cell lines [257].  It would be interesting to perform dual 

inhibition studies of the hepatocyte growth factor receptor (MET) and IGF-1R in PC-3N 

cells and determine the effects on MT1-MMP expression.  

 In order to study IGF-1R mediated effects on MT1-MMP expression in 

additional prostate cell lines, we chose a malignant cell line that expresses low amounts 

of the enzyme.  Previous investigators had established that LNCaP cells express low 

levels of the IGF-1R receptor and that stimulation with androgen increases the expression 

of the receptor [227,243].  Although the mechanisms of this regulation are beyond the 

scope of this paper and can be reviewed in [258], it is important to note that treatment of 

LNCaP cells with R1881 did not increase MT1-MMP levels. However, treating the cells 

with R1881 to induce expression of the IGF-1R followed by IGF-1 to stimulate receptor 

activity increased MT1-MMP promoter activity, mRNA and protein expression.   
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We hypothesize that the IGF-1R mediates MT1-MMP expression through 

influencing the Sp1 transcription factor in the cell lines studied here [222] . Indeed, 

various reports have identified a link between IGF-1R and Sp1 transcriptional regulation 

of cancer-associated genes.  Maor et al. recently identified IGF-1 regulation of the 

BRCA-1 gene through Sp1 transcriptional activity [259] and Jiang et al. identified a 

correlation between high expression of the IGF-1R and Sp1 in localized and metastatic 

human gastric cancer [260].  Furthermore, we have previously identified the PI-3K 

pathway as a dominant, constitutively active pathway involved with  MT1-MMP 

expression in PC-3N prostate cancer cells [222] and Zhang et al. observed that IGF-1R 

regulation of MT1-MMP was dependent on PI-3 kinase signaling in a human lung 

carcinoma cell line [206]. We speculate that IGF-1R may also signal through the PI-3 

kinase pathway to regulate MT1-MMP in PC-3N prostate cancer cells. The signaling 

mechanisms mediating IGF-1R induced MT1-MMP expression in LNCaP cells may not 

require PI-3 kinase signaling as we hypothesize to occur in PC-3N cells. This results 

from the notion that LNCaP and PC-3N cells both harbor a mutant PTEN tumor 

suppressor and therefore have constitutive AKT pathways [188,222]. Therefore, is it 

interesting that LNCaP and PC-3N cells express low and high levels of MT1-MMP, 

respectively. We hypothesize that LNCaP cells utilize alternative signaling mechanisms 

to regulate MT1-MMP through the IGF-1R. We have previously demonstrated ERK 

mediated regulation of MT1-MMP and it has been reported that LNCaP cells treated with 

siRNA targeting IGF-1R have a decrease in IGF-1 induced ERK activation [188,222].  

Future studies to dissect the respective signaling mechanisms mediating effects on MT1-
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MMP expression in LNCaP and PC-3N cells will be needed to provide evidence for these 

hypotheses.  

In conclusion we have identified several novel findings. Our observations indicate 

that MT1-MMP becomes highly expressed in human PIN and prostate carcinoma tissues 

and we demonstrate that the localization of MT1-MMP in PIN and cancer is altered 

compared to normal glands. Our results display predominantly basalateral cytoplasmic 

membrane and basal cell expression of MT1-MMP in benign glands and granular apical 

cytoplasmic staining in PIN and cancerous glands.   This change in expression pattern 

may be indicative of significant alterations in the enzymatic functions of MT1-MMP as 

prostate cancer progresses. We also demonstrate that the IGF-1R is consistently highly 

expressed in prostate cancer when analyzed in frozen human prostate tissues.  

Additionally, we also show novel regulation of MT1-MMP through the IGF-1R in two 

prostate cancer cell lines.  Taken together, this study enhances our understanding of 

MT1-MMP expression and regulation in prostate cancer and is a significant contribution 

to understanding the mechanisms of prostate cancer progression and metastasis.  
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VI. CONCLUDING REMARKS 

Prostate cancer is a major health problem in the U.S. The predicted incidence and 

mortality rates for the year 2007 exemplify the ineffectiveness of current screening 

procedures at isolating individuals who will develop aggressive metastatic disease over 

those who harbor indolent disease.  For those individuals who go on to develop 

metastases to areas such as bone and local lymph nodes, there are limited available 

treatment options for treating the disease, and completely curative options are not 

available.  Therefore, understanding the complex mechanisms of prostate cancer 

metastasis is essential for the development of improved screening techniques or treatment 

options for individuals with disseminated disease.    

Prostate cancer metastasis is a complex process reliant on a myriad of factors 

involving both tumor cells and surrounding stromal tissues.  In order for a prostate tumor 

cell to escape the primary tumor and extravasate the prostate gland, it must assume a pro-

migratory phenotype and invade the surrounding tissues.  This process is largely 

mediated through the activities of the matrix metalloproteinase family of zinc binding 

proteolytic enzymes. One member of the membrane bound type of metalloproteinases, 

membrane-type 1 matrix metalloproteinase (MMP-14), is an enzyme which has been 

shown to cleave both extracellular matrix and basement membrane proteins enabling 

prostate tumor cells to invade and migrate.  

Considering the prominent role that MT1-MMP has in processes of prostate 

cancer metastasis, one could assume that the best method of intervention would be to 

inhibit the activity of the protease directly.  Unfortunately, clinical trials with MMP 
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inhibitors have proven to be unsuccessful in human malignancies [37,261,262].  There 

are multiple reasons for the failure of MMP inhibitors such as Marimastat in clinical 

trials.  For example, there were significant side effects and problems associated with the 

timing of administration of the inhibitors in clinical trials compared to pre-clinical 

studies. Many of the clinical trials were designed such that the MMP inhibitors were 

administered to patients with late stage disease while recent evidence suggests that 

MMPs may play a role in earlier stages of disease.  Additional problems included the lack 

of specificity of the inhibitors and knowledge concerning the tissue specific functions of 

MMPs and MMP anti-targets [263].  Although investigators are working on a third 

generation of MMP inhibitors that will provide specificity against the 24 member MMP 

family, there needs to be further investigation and an in depth understanding of the 

pleiotropic roles each respective family member plays in vivo. This will reduce the 

undesirable effects of inhibiting anti-targets, or MMP family members that actually play 

a beneficial role in preventing processes of tumorigenesis.  Until the field of MMP 

inhibitors advances to this point of understanding, elucidation of alternative mechanisms 

affecting MMP expression may provide additional targets to reduce the effects of MMPs 

in cancer progression. 

In the studies which comprise this dissertation, we have identified the molecular 

pathways mediating expression levels of MT1-MMP in human prostate cancer cell lines. 

Additionally, we have identified that the insulin-like growth factor receptor is expressed 

in prostate cancer and is a prominent factor which regulates MT1-MMP expression.  In 

the first study, we demonstrate the role of the Sp1 transcription factor in transcriptional 
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regulation of MT1-MMP in three prostate cancer cell lines. Interestingly, Sp1 was the 

major factor mediating expression of MT1-MMP in each cell line although the overall 

expression levels of the enzyme were different within each cell line. We hypothesize that 

posttranslational modifications of Sp1 are mediating the differences in the transcriptional 

control of MT1-MMP in these cell lines.  Importantly, phosphorylation of Sp1 is 

mediated by a plethora of kinases, including the indirect action of PI-3K, JNK kinases 

and the direct effect of ERK kinase.  

 Interestingly, we demonstrate that PC-3N, PC-3 and DU-145 cells harbor 

differential activation of these pathways.  The invasive PC-3N and PC-3 cells express the 

highest levels of MT1-MMP and have constitutive PI-3K and JNK, which most likely 

results from the loss of the PTEN tumor suppressor [167,264].  The DU-145 cells have a 

wild type PTEN tumor suppressor and do not have activated PI-3K /AKT or JNK and 

instead contain an activated ERK MAPK pathway.  In this study, when the PI-3K or JNK 

pathways are inhibited, MT1-MMP and Sp1 expression are abrogated. This suggests that 

these pathways regulate Sp1, and subsequently MT1-MMP expression levels are also 

affected.   It is interesting that inhibition of either the JNK or PI-3K pathway alone 

produces the same inhibitory effect on the expression levels of MT1-MMP and Sp1.  We 

have hypothesized several possible explanations for this outcome.  One suggested 

mechanism is such that the kinases converge on a common downstream effector which 

then alters Sp1 expression. This could result from posttranslational modifications of Sp1 

mediated by this effector which then decreases Sp1 affinity for its own promoter, as it has 

been shown that Sp1 transcriptionally regulates its own promoter [215].  An additional 
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hypothesis could be that the PI-3K and JNK pathways regulate an additional transcription 

factor which alters Sp1 levels (which in turn leads to a decrease in MT1-MMP). A third 

hypothesis is that the PI-3K kinase regulates the JNK pathway, as previously determined 

by  Logan et al. [217], and that inhibition of PI-3K pathway decreases JNK mediated 

effects.  Further analysis to dissect these hypotheses will be needed in order to determine 

the true mechanisms of PI-3K and JNK regulation of Sp1 and MT1-MMP in prostate 

cancer. 

Inhibition of the ERK pathway in DU-145 cells led to a decrease in MT1-MMP 

expression, but did not affect Sp1 expression.  This inferred a different mechanism of Sp1 

mediated regulation of MT1-MMP rather than relative levels of the transcription factor.  

Our initial hypothesis was that ERK directly phosphorylated Sp1 to increase its 

transactivation activities on the MT1-MMP promoter.  However, experiments targeting 

this hypothesis did not indicate any alterations in Sp1 phosphorylation mediated by ERK, 

therefore suggesting alternative mechanisms of regulation. We hypothesize that the ERK 

MAPK pathway may be affecting an intermediary factor which then regulates Sp1 

activity. This could either be another kinase which phosphorylates Sp1 at different sites 

or additional transcription factors which work in concert with Sp1.    

In the final study described in this dissertation, we delineated the role of IGF-1R 

in regulating MT1-MMP in the PC-3N and LNCaP prostate cancer cell lines.  We 

originally embarked on this study due to curiosity in identifying putative upstream 

regulators of the constitutive signaling pathways identified in Specific Aim 2.  Previous 

investigation by multiple groups had implicated the IGF-axis in prostate cancer 
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progression as well as the role of IGF-1R in regulating MMPs through the PI-3K pathway 

in other human malignancies. Therefore, we conducted experiments to identify the 

possible role of IGF-1R in regulating MT1-MMP in human prostate cancer.  In addition 

to cell culture work, where we established that inhibition of IGF-1R in PC-3N cells 

decreased MT1-MMP expression and that induction of the IGF-1R and subsequent 

treatment with IGF-1 in LNCaP cells increased MT1-MMP expression, we were able to 

discover IGF-1R expression in human prostate cancer tissue.  There is currently 

substantial inconsistency in reports of IGF-1R expression in human prostate tissues.  As 

mentioned previously in this dissertation, some groups have indentified IGF-1R 

expression in normal tissue but not in cancer, while other groups have identified IGF-1R 

expression in primary prostate cancer and in metastatic disease.  Interestingly, our results 

from staining a prostate tissue array formulated from formalin-fixed, paraffin-embedded 

tissues and through double-label immunofluorescence on frozen prostate tissues 

confirmed many of the inconsistencies reported in the literature.  For example, we found 

that IGF-1R expression was very heterogeneous in both benign and cancerous glands 

when observed on the prostate tissue array.  However, the results from frozen tissue 

analysis indicated that a majority of the cancers analyzed harbored the receptor.  These 

results demonstrate differences in IGF-1R staining patterns when using fixed versus 

frozen tissues.  Indeed, the inability to obtain accurate results for IGF-1R staining in 

formalin-fixed and paraffin-embedded tissues has been reported by other groups [184] .  

In addition to analysis of IGF-1R in human prostate tissues, we probed both the 

prostate tissue array and the frozen cases with an antibody against MT1-MMP.  Although 
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upregulation of the enzyme has previously been established by other groups and by our 

group, we were able to identify a novel expression pattern of the enzyme within the 

formalin-fixed and the frozen tissues.  It was intriguing to discover that MT1-MMP is 

expressed in the basal cells and basalateral cytoplasmic membrane sections of normal 

prostate glands, but in PIN lesions and prostate carcinoma, MT1-MMP becomes 

expressed in the apical cytoplasm. This was a seminal finding and suggests alterations in 

the mechanisms of MT1-MMP activity during prostate cancer development.  The apical 

distribution infers enhanced functions associated with secretory processes, such as the 

activation of the secreted protease MMP-2 and possibly cleavage of other cell surface 

receptors.  It would be interesting to study varying mechanisms of MT1-MMP activity in 

prostate cell lines in addition to the reported role MT1-MMP has in directing cell motility 

through extracellular matrix degradation.  

In conclusion, we have identified several novel findings. We have shown that 

MT1-MMP expression is regulated through the Sp1 transcription factor and constitutive 

kinase activities in human prostate cancer cell lines. Additionally, we have shown that 

IGF-1R and MT1-MMP are expressed in human prostate cancer tissue and that IGF-1R 

regulates MT1-MMP expression in human prostate cancer cell lines. These results 

provide us with an understanding of regulatory mechanisms mediating increased MT1-

MMP expression in prostate cancer.  The identification and analysis of molecular 

pathways responsible for the activation of cancer metastasis genes such as MT1-MMP 

provides us with a series of targetable avenues to treat and prevent prostate cancer 

metastasis.   
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The reality of targeting cancer associated kinase pathways such as the PI-3K, JNK 

and ERK pathways as well as receptors mediating activation of these pathways such as 

IGF-1R is already in motion.  There are currently clinical trials focused on monoclonal 

antibody inhibition and small molecule inhibition of IGF-1R in human malignancies. 

Furthermore, preclinical studies are exploring antisense oligonucleotides and small 

interfering RNA to target the receptor, although these methods require further analysis 

and optimization before clinical use (as reviewed in [168,224,265]).  Inhibitors of 

components of the PI-3K/AKT pathway such as the mammalian target of rapamycin 

(mTOR) inhibitor, rapamycin (RAD001), is in an ongoing clinical trial in patients with 

androgen independent metastatic disease [266].  Inhibitors of the JNK pathway have 

shown efficacy in preclinical and phase I/II trials for Parkinson’s and Alzheimer’s disease 

[122,267], but have yet to undergo cancer related trials. Additionally, there are a 

multitude of inhibitors targeting various upstream components of the ERK MAP kinase 

pathway currently in clinical trials for cancers including melanoma, non-small cell lung 

cancer, breast and pancreatic cancer [122].  We hypothesize that future treatment 

modalities for prostate cancer patients can be individualized by identifying which 

signaling pathways are constitutively turned on for each patient. For example, loss of 

PTEN can be correlated with an increase in the PI3K and JNK pathways, while the 

presence of PTEN may infer constitutively active ERK.  

 Although the efficacy of these targeted therapies may be in their infancy for 

prostate cancer patients, results from the work presented here may provide insight for 

future development of therapies that may provide prostate cancer patients with new hope.  
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