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ABSTRACT 
 

p75 neurotrophin receptor (p75NTR), a tumor necrosis factor receptor (TNFR) superfamily 

member, is a pro-apoptotic protein that functions as a tumor suppressor and metastasis 

suppressor in the human prostate. Expression of the p75NTR protein in the prostate decreases as 

prostate cancer progresses. Exogenous expression of p75NTR in established prostate cancer cell 

lines results in increased apoptosis, decreased growth, and decreased metastatic ability. This 

points to a therapeutic potential for drugs that are able to induce reexpression of p75NTR. Non-

steroidal anti-inflammatory drugs (NSAIDs), particularly the aryl propionic class, induce p75NTR 

through activation of the p38 mitogen-activated protein kinase (MAPK) pathway, with a 

concomitant decrease in cell survival. These same drugs also induce expression of the NSAID 

activated gene-1 (Nag-1) protein, a divergent member of the transforming growth factor beta 

(TGF-β) family, which has been reported to act in a pro-apoptotic and anti-survival capacity in 

prostate cancer cells. 

 This study explored the possibility of a shared mechanism of induction of p75NTR and Nag-1 

by the NSAIDs ibuprofen and R-flurbiprofen in the PC-3 prostate cancer cell line. The functional 

role of Nag-1 induction in prostate cancer cells was also investigated. It was observed that Nag-1 
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induction following NSAID treatment is mediated by the p38 MAPK pathway and this induction 

is downstream of p75NTR induction. Further, it was demonstrated that decreased survival of 

NSAID-treated cells is dependent on induction of p75NTR, but not Nag-1. Investigation of 

NSAID inhibition of cell migration revealed that the decrease in cell migration upon treatment 

with these drugs is mediated by Nag-1 downstream of p75NTR. Collectively, these results 

demonstrate a role for Nag-1 in NSAID inhibition of prostate cancer cell migration, but not cell 

survival. 
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Introduction 

The lifetime risk of men developing prostate cancer is 1 in 6 according to the National 

Cancer Institute [1]. The National Cancer Institute estimates that 217,730 were diagnosed with, 

and 32,050 men died of prostate cancer in 2010 [1]. These figures make prostate cancer the most 

commonly diagnosed malignancy in men in the United States, and the second leading cause of 

cancer related death in men. Contributing factors include genetics, diet and other environmental 

factors, while age and race are the major risk factors in the development of the disease. 

Treatment options range from surgical removal and radiation for the organ-confined disease, to 

androgen deprivation therapy (either through surgical or pharmacological castration) for the 

metastatic or recurrent form of the disease. Since prostate growth is androgen dependent, 

androgen deprivation therapy results in a regression of the tumor. However, androgen 

deprivation invariably leads to the hormone-refractory prostate cancer (HRPC). Current 

treatment options for this form of the cancer are limited. The most successful drug has been 

Docetaxel, which extends the life of the patient an average of two to three months. In April 2010, 

the FDA approved Sipuleucel-T, an immunotherapy drug which extends the life of the patient an 

average of four months. Thus, therapeutic options for HRPC remain an area of urgency. An in 

depth characterization of the mechanisms of growth and metastasis of prostate cancer is 

necessary to identify novel targets for therapy. 

  



3 
 

1.1. The Prostate 

1.1.1. Anatomy and Histology 

The prostate is a male reproductive organ located directly below the bladder, surrounding the 

urethra. It is a walnut-sized exocrine gland, and its main function is to secrete and store seminal 

fluid, an alkaline fluid constituting 20–30 percent of the semen. The prostate gland develops 

during the third month of gestation from epithelial invaginations of the posterior urogenital sinus. 

Fetal testicular androgens, particularly 5α-dihydrotestosterone is required for the normal 

formation of the prostate. With the onset of puberty, the prostate undergoes morphological 

changes, and the gland enlarges in size up to the age of 25–30 years to reach the adult weight of 

approximately 20 g.  

The prostate is best described as a compound acinar gland with two distinct cell layers, the 

luminal secretory columnar cell layer and the underlying basal cell layer lining the acini. The 

stroma is predominantly composed of smooth muscle cells and fibroblasts. The prostate consists 

of distinct anatomical regions, divided into zones (Figure 1.1, Zonal Anatomy by McNeal) based 

on the location and proximity to the bladder and urethra [2]. The transition zone (TZ) consists of 

two portions of glandular tissue surrounding the urethra, and is the region associated with the 

development of benign prostatic hyperplasia (BPH). The central zone (CZ) is a cone-shaped area 

situated at the site of convergence of the prostatic urethra and the ejaculatory ducts. The 

peripheral zone (PZ) surrounds both the TZ and CZ. It consists of glandular tissue and around 

70% of prostatic adenocarcinomas develop in this region [3]. The anterior external surface of the 

prostate is formed by the anterior fibromuscular stroma (AFMS), rich in striated muscle in the 

apical half, and smooth muscles in the basal half. The AFMS controls voluntary and involuntary 

sphincture functions.  
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1.1.2. Prostate Cancer 

Epidemiology and Pathophysiology 

Normal prostate growth depends upon androgens, particularly the testosterone derivative 

dihydrotestosterone (DHT) [4]. During puberty, an increase in testosterone levels leads to 

proliferation of prostate epithelia and results in the formation of the full secretory phenotype of 

the prostate gland. Growth factors also play a role in the development of the normal prostate, 

with a balance between growth factor and androgen signaling determining the normal formation 

of the organ. Progression to prostate cancer normally results from an accumulation of genetic 

changes in the cells, conferring a growth advantage for the tumor cells. Altered expression of 

growth factors and their receptors, as well as loss of expression of tumor suppressors such as the 

p75 neurotrophin receptor may all contribute to tumorigenesis [4-7]. Specifically, epidermal 

growth factor (EGF), its homolog transforming growth factor α (TGFα) and heparin-binding 

EGF exhibit increased autocrine expression in prostate cancer cells, and therefore induce 

proliferation and stimulate invasiveness of tumor cells [8]. Other growth factors and receptors 

that exhibit modified expression in prostate cancer include fibroblast growth factors (FGFs) and 

their tyrosine kinase receptors; insulin-like growth factors (IGFs) and their receptors and binding 

proteins; nerve growth factors and their receptors, and transforming growth factor-β (TGF-β) 

homologs and receptors [9]. Deregulation of cell cycle and apoptotic pathways is also reported to 

contribute to prostate tumorigenesis [10, 11].  

Prostate cancer incidence increases with age. Nearly 36 percent of all cases are diagnosed 

in men aged 65–74 years, and 22 percent are diagnosed in men aged 75–84 years [1]. As the 

median age of the population increases, a large increase in incidence of prostate cancer is 

expected. The incidence also differs by race, with African American men approximately 1.6 
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times more likely to develop the disease in comparison to Caucasian men [1]. Asian men have 

the lowest rate of prostate cancer; however this incidence rate is reportedly on the rise (Figure 

1.2, Graph of incidence by race). Environmental factors such as diet have been reported to play a 

role, with a positive correlation between consumption of saturated fat and the incidence of 

prostate cancer [12]. Lycopene, an antioxidant found in tomatoes, is reported to decrease the risk 

of prostate cancer according to a study [13]. Similarly, long term consumption of cruciferous 

vegetables and non-steroidal anti-inflammatory drugs has also been shown to reduce the risk for 

prostate cancer. 

Since prostate cancer cells require androgens to grow, treatment of the disease initially 

involves androgen deprivation, achieved by chemical means or by castration. However, 

“androgen escape” invariably occurs by 18–24 months, whereby prostate cancer cells acquire the 

ability to survive even in the absence of androgens, rendering androgen ablation ineffective [14]. 

Several mechanisms contribute to androgen escape including increased synthesis of testosterone 

and DHT by the tumor cells; activation of the androgen receptor (AR) in a ligand independent 

manner by non-hormonal growth factors; or AR bypass pathways maintaining survival and 

growth independent of the AR [15, 16].  

More than 95% of prostate neoplasms are classified as adenocarcinomas arising from 

epithelial cells [17]. Premalignant lesions are thought to precede the onset of cancer by several 

years, reportedly by as much as 10 years [18]. These lesions are heterogeneous and are all 

defined under the term prostatic intraepithelial neoplasia (PIN) as the occurrence of increased 

proliferation within existing acini, and the presence of dysplastic epithelial cells within 

seemingly benign glands [11]. PIN cells also show nuclear and nucleolar enlargement, 

cytological features characteristic of cancerous cells [9]. PIN is classified by grade, with grade 1 
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and 2 deemed low-grade PIN and grade 3 deemed high-grade PIN, based on the presence or 

absence of an intact basal cell layer and abnormality of DNA content [19]. Increased 

proliferation, dedifferentiation and loss of glandular structure accompany the progression from 

PIN to adenocarcinoma [9] (Figure 1.3, Prostate histology).   

Prostate cancer is characterized by stage and grade, referring to the degree of spreading 

and aggression of the disease, respectively. The staging system most commonly used is the TNM 

staging system. There are four broad categories, from T1 to T4. These represent the progression 

of the disease from a non-palpable, organ confined stage (T1) to one that can be felt by a digital 

rectal exam (T2), to one that has spread outside of the prostate (T3), and finally invaded into 

surrounding tissue (T4). The presence of lymph node metastasis and distant site metastasis are 

characterized by designation as NO-3 and MO-1, respectively.  

The Gleason grading system – based on the pathology of the tumor – is the most 

commonly used grading system, and reportedly the most helpful in determining prognosis of the 

disease [20]. This system takes into account the pathology in terms of size, architecture and 

appearance of the glands [21]. Based on the predominant morphology of the tumor specimen and 

its departure from normal appearance, the tumor is assigned a Gleason grade of 1 to 5. Typically, 

the next most common pattern in the tumor is also scored, and the grades are combined for a 

total Gleason sum on a scale from 2 to 10, signifying a range from well differentiated and 

nonaggressive to poorly differentiated and malignant (Figure 1.4, Gleason grading).  

The prostate is also susceptible to benign prostatic hyperplasia (BPH); another age related 

disease characterized by increase in size of the stromal compartment and altered cellular 

composition in the transition zone of the prostate. The pathological stages in the development of 
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BPH include nodal formation, transition zone enlargement and nodule enlargement [22, 23]. 

Although both prostate cancer and BPH show a prevalence with age and androgen requirement 

for development, BPH is not considered a precursor to PIN or prostate cancer, and is not life 

threatening. 

Treatment 

Treatment for prostate cancer depends on many factors, including the grade of the cancer 

and age of the patient. For older patients with slow growing cancers, watchful waiting is a viable 

option, to avoid the side effects of treatment. This means regular monitoring of the cancer 

through digital rectal exams and testing of serum prostate specific antigen (PSA) levels. PSA is a 

protein secreted by the prostate, which may enter the serum upon disruption of the gland by 

cancer growth. In prostate cancer, serum PSA levels are higher than usual; however, a high PSA 

blood level is not proof of cancer. Changing PSA levels, therefore, would be of interest to 

patients on watchful waiting. 

 For more aggressively growing cancers and younger patients, the standard treatment 

includes surgical removal of the prostate and some surrounding tissue, known as radical 

prostatectomy, which may or may not be followed by radiation therapy. The potential side 

effects of the surgery include urinary continence and impotence. Radiation therapy involves use 

of a radiation source outside the body directed onto the prostate (external beam radiation therapy 

or EBRT), or small radioactive pellets placed into the prostate (Brachytherapy or internal 

radiation therapy). Brachytherapy is associated with decreased risk of side effects – such as 

incontinence and impotence – in comparison to EBRT.  
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Androgen deprivation therapy (ADT) is the treatment of choice if the cancer has spread 

outside of the prostate gland, or has metastasized. Since androgens stimulate the growth of 

prostate cells, deprivation of androgens (called androgen ablation) can shrink tumors or slow the 

growth of the cancer. Androgen ablation is achieved by surgical removal of the testicles, or by 

gonadotropin-releasing hormone (GnRH) analogs. GnRH stimulates the synthesis and release of 

luteinizing hormone (LH), which in turn stimulates the production and release of testosterone. 

Thus, analogs of GnRH in excess will downregulate LH and inhibit the formation of androgens 

[24]. Androgen ablation can also be achieved by administering anti-androgens such as flutamide 

or bicalutamide [25]. The side effects of ADT include hot flashes, depression, osteoporosis and 

often loss of libido and impotence. After an average of 18–36 months, almost all patients begin 

to fail the treatment and show the emergence of hormone-refractory prostate cancer (HRPC), 

also known as castration resistant prostate cancer.  

Before 2010, only three drugs were approved by the FDA for treatment of prostate cancer 

at the HRPC stage, namely estramustine, approved in 1981; mitoxantrone, approved in 1996; and 

docetaxel, approved in 2004 [26-30]. Of these, docetaxel is the only chemotherapeutic drug that 

was shown to significantly improve survival. Two different clinical trials established the ability 

of docetaxel to improve survival when used in conjunction with prednisone or estramustine, in 

comparison to mitoxantrone with prednisone. The first trial TAX 327 showed a 2.4 month 

increase in survival in patients being treated with docetaxel plus prednisone [30]. The second 

trial, SWOG 99-16 showed a 2 month increase in survival time upon treatment with docetaxel 

plus estramustine [31, 32].  
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In 2010, the FDA approved the first immunotherapeutic drug for prostate cancer 

treatment, Sipuleucel-T [33]. The mechanism of action of this drug involves harnessing tumor-

specific CD8+ T cells. The patient’s antigen presenting cells are loaded with prostatic acid 

phosphatase (PAP), which is expressed in nearly 95 per cent of the prostate cancer cells. PAP 

expression is restricted to the prostate, which makes it an attractive candidate for developing a 

prostate specific vaccine. The activated lymphocytes are reintroduced into the patient, and an 

immune reaction is triggered against cancer cells which express the PAP antigen [34]. 

Sipuleucel-T showed a 4 month overall survival benefit to patients in three double-blind 

randomized phase III clinical trials, D9901, D9902a, and IMPA. Successful therapy for HRPC 

still remains elusive, and the minimal survival improvement offered by the handful of treatment 

options underscores the need for identifying drug targets and the importance of drug 

development for this stage of prostate cancer. 
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1.2.  Non-steroidal Anti-Inflammatory Drugs (NSAIDs) 

1.2.1. Overview and Mechanism of Action 

The traditional role of NSAIDs is in the treatment of inflammation, and as antipyretics and 

analgesics. NSAIDs target the cyclooxygenase (COX) pathway, particularly the COX enzymes 

which catalyze the conversion of arachadonic acid (AA) to various prostaglandins or 

prostanoids. Two isoforms of COX exist, namely COX-1 and COX-2. COX-1 is a house keeping 

gene, ubiquitously expressed at low levels, whereas COX-2 is a stress response gene [35, 36]. 

Induction of COX-2 in response to cytokines and hormones is well established, and is mostly due 

to an increase in the transcriptional activity of the COX-2 promoter region. The synthesis 

products of COX enzyme-catalyzed reactions include prostaglandin E2, prostaglandin F2α, 

prostaglandin D2 and thromboxane [37]. The prostaglandins are involved in various biological 

processes, mainly in the pain and inflammation response. Therefore, by inhibiting COX 

enzymes, NSAIDs mitigate the pain and inflammation response [38].  

Several classes of NSAIDs exist, but broadly they are classified into carboxylic acids, enolic 

acids and COX-2 inhibitors which are selective inhibitors of COX-2. Use of non-selective 

NSAIDs can lead to gastrointestinal toxicity and, to a lesser degree, renal toxicity [39, 40]. COX-

2 selective inhibitors exhibit reduced gastrointestinal side effects, but their cardiovascular 

toxicity remains an area of concern [41].  

1.2.2. Anticancer Activity 

Several cancer types exhibit overexpression of COX-2, and Prostaglandin E2, a molecule 

whose formation is catalyzed by COX-2, is known to activate several signaling pathways. 

Increased COX-2 levels contribute to promotion of angiogenesis, increased inflammation, 

increased invasion and migration and inhibition of apoptosis [42].  Aberrant expression of COX-
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2 leads to activation of multiple tumorigenic pathways, for example transactivation of epidermal 

growth factor receptor (EGFR) or activation of the transcription factor c-myc [43]. Prostaglandin 

E2 has been shown to promote metastasis of lung cancer cells [44]. It is therefore not surprising 

that long term use of NSAIDs, which target COX enzymes, has been linked to a decreased risk 

of several cancers. Notably, a recent study has found that use of several different selective COX-

2 inhibitors was associated with 71% reduced risk of breast and colon cancer, 60% reduced risk 

of prostate cancer, and 79% reduced risk of lung cancer [45, 46]. NSAIDs have also been shown 

to induce apoptosis and to inhibit growth of tumor cells. Treatment of mice mammary tumors 

with Celecoxib, a COX-2 specific NSAID, showed an increase in apoptosis, and a decrease in 

tumor volume and lung metastasis [47]. Treatment with sulindac sulfide and SC-236 induced 

apoptosis of colorectal cancer cells [48].  

While COX inhibition might account for some of the anticancer effects of NSAIDs, there 

is substantial evidence pointing towards the presence of COX-independent mechanisms. 

Notably, treatment of the COX-deficient human colon cancer cell line HCT-116 with ibuprofen 

resulted in significantly reduced cell survival and led to the induction of a cell cycle block [49]. 

Similarly, apoptosis of human colon cancer cell lines after treatment with sulindac sulfide 

occurred through an upregulation of the tumor necrosis factor receptor superfamily member 

DR5, independent of COX inhibiton [50]. Ibuprofen was also shown to inhibit the survival of 

bladder cancer cells through induction of the p75NTR tumor suppressor protein [51]. Further 

evidence of COX-independent anticancer activity comes from the use of R-flurbiprofen, the 

enantionmer of flurbiprofen which lacks COX-inhibitory activity. Intraperitoneal treatment of 

rats with R-flurbiprofen resulted in a significantly reduced incidence of colon tumors as 
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compared to the control group of rats, in addition to exhibiting a reduced number of distal tumors 

[52].  

 Specifically in prostate cancer, long term use of ibuprofen is associated with a decreased 

risk of prostate cancer [53]. R-flurbiprofen slowed the progression of prostate cancer in the 

transgenic adenocarcinoma of the mouse prostate [54]. Treatment with R-flurbiprofen and 

ibuprofen has demonstrated reduced survival in PC-3, DU-145 and LNCaP prostate cancer cells, 

which was mediated by induction of the p75NTR tumor suppressor protein [55, 56]. In the PC-3 

prostate cancer cell line, the housekeeping isoform COX-1, was expressed at negligible levels, 

and was not induced by R-flurbiprofen or ibuprofen [55]. Additionally, ibuprofen treatment was 

shown not to decrease COX-2 levels. Hence it was concluded that the anticancer activity of these 

drugs in prostate cancer cell lines was COX-independent [55]. Furthermore, it was shown that 

the induction of the p75NTR tumor suppressor protein by NSAIDs was mediated by the p38 

MAPK pathway [57].   

 Given that NSAIDs have demonstrated anti-survival effects in the androgen independent 

metastatic prostate cancer cell lines DU-145 and PC-3, these drugs could potentially be useful 

for treatment of advanced, hormone refractory prostate cancer. Further understanding of the 

mechanism of anticancer activity of NSAIDs is therefore an area of importance.  
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1.3. p38 Mitogen Activated Protein Kinase (MAPK) 

1.3.1. Overview and Classification 

Mitogen-activated protein kinases (MAPKs) are serine-threonine kinases that mediate 

cellular signaling and execute several important cellular behaviors, such as cell proliferation, 

differentiation, survival, death, and transformation. There are three main groups of the MAPK 

superfamily, namely extracellular signal-related kinases (ERKs), c-jun N-terminal kinases (JNK, 

also known as stress-activated or SAPKs), and the p38 MAPK group of protein kinases [58]. 

Each of these enzymes exists in several isoforms: ERK1 to ERK8; p38-α, -β, -γ, and -δ; and 

JNK1 to JNK3 [59]. Each MAPK signaling pathway contains at least three components: a 

MAPK kinase kinase (MAPKKK), a MAPK kinase (MAPKK), and a MAPK. MAPKKKs 

phosphorylate and activate MAPKKs, which in turn phosphorylate and activate MAPKs (Figure 

1.5 MAPK classification) [60]. MAPKs phosphorylate and activate various substrates, most 

notably transcription factors such as p53, c-Jun and ATF2 [61-63]. Studies in mammals have 

revealed 4 isoforms of p38 MAPK; α, β, γ, and δ with a TGY dual phosphorylation motif in the 

activation loop and 60% homology within the group. Of these α and β are ubiquitously expressed 

[60].  

1.3.2. Function 

The p38 MAPK pathway mediates several key cellular functions. Studies have elucidated a 

key role for this pathway in inflammation. p38 MAPK activation plays an important role in 

inflammatory diseases such as Alzheimer’s and Rheumatoid arthritis, since it is essential for the 

production of cytokines that are pro-inflammatory and for the cyclooxygenase (COX) enzymes 

[64]. Studies have also revealed a role for p38α MAPK in cell cycle, specifically in G1 cell cycle 
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control and G2/M cell cycle arrest. It is therefore not surprising that this pathway is also 

implicated in cell differentiation (in some reports in conjunction with the phospho-inositide-3 

(PI3) kinase/Akt pathway), and also in development, proliferation and senescence and tumor 

suppression. Another diverse field of study relating to p38 MAPK is that of cardiomyocyte 

hypertrophy [65]. In addition, there is also strong evidence for a role for p38 MAPK in mRNA 

stability through HuR or (Tristapolin) TTP [66, 67]. Thus p38 MAPK is an important signal 

transduction mediator and has significance in many biological pathways, one of which is 

apoptosis. p38 MAPK activation during stress can lead to the initiation of homeostatic events in 

the cell, leading to either cell survival or to apoptosis. Particularly in prostate cancer, activation 

of  p38 MAPK has been shown to be involved in caspase mediated apoptosis, decreased cell 

survival, and cell cycle arrest [57, 68].  

The variety of functions of the p38 MAPK pathway shows that this pathway is diverse and 

complex. The complexity is further elucidated by the fact that in most cases, activation of this 

cascade depends on the type and duration of the stimulus and also on the cell type. 
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1.4.  p75 Neurotrophin Receptor 

1.4.1. Structure and Function 

The p75 neurotrophin receptor (p75NTR) is a transmembrane cell surface receptor . It is a 399 

amino acid protein, classified as a member of the tumor necrosis factor receptor (TNFR) 

superfamily  based on the presence of cysteine rich modules and an intracellular death domain 

capable of inducing apoptosis (Figure 1.6 p75 structure) [69]. However, p75NTR differs from 

other members of the TNFR superfamily in a number of ways. Significantly, p75NTR mediated 

apoptosis can be ligand independent [70, 71]. Indeed, addition of ligand has been reported to 

rescue cells from apoptosis [72]. Another unique characteristic is that p75NTR dimerizes upon 

ligand binding, while other TNFR receptors trimerize [73, 74]. The structure of the death domain 

also differs, in that the arrangement of the alpha helices in this region is different from that of 

other TNFR superfamily members [75, 76]. Moreover, apoptosis through p75NTR is mediated by 

caspase-9, in comparison with caspase-8 for other TNFR family members. p75NTR is also the 

only TNFR capable of binding neurotrophin ligands. These consist of nerve growth factor 

(NGF), brain derived neurotrophic factor (BDNF), neurotrophin-3 and -4/5 (NT-3, NT-4/5) [77]. 

These ligands are bound by p75NTR with equally low affinity and act in a pro-survival capacity 

[72]. In addition, there are reports that Sortilin, a type I transmembrane glycoprotein which is a 

member of the mammalian vacuolar protein sorting 10p domain (Vps10p-D) family of sorting 

receptors, is cross-linked with p75NTR in the presence of pro-NGF and this promotes the 

proapoptotic activity of p75NTR [78, 79]. 

p75NTR plays a role in regulation of cell survival and apoptosis [80]. The mechanism of 

apoptosis by p75NTR is not fully understood, but in contrast with the other TNFR family 

members, it does not involve recruitment of adaptor proteins like FADD. p75NTR activates 
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sphingomyelinases, enzymes responsible for the generation of ceramide by sphingomyelin 

cleavage. Thus, p75NTR is implicated in activation of ceramide dependent apoptosis, with reports 

showing a positive correlation between p75NTR levels and ceramide production [69, 81]. 

Conversely, p75NTR also plays an important role in cell survival, dependent upon the presence of 

tropomyosin-related tyrosine kinase (Trk) receptors, which also bind neurotrophin ligands. Trk 

receptors are growth stimulatory in nature, and co-expression of p75NTR and TrkA can sensitize 

the cells to low levels of the NGF ligands, thus promoting cell survival [82, 83]. However, at 

high levels of expression, p75NTR
 has been shown to sequester ligands from TrkA and inhibit the 

pro-survival effects of TrkA signaling [84, 85]. The effects of p75NTR, therefore, depend on the 

balance between TrkA and p75NTR levels and the availability of neurotrophin ligands. 

1.4.2. Role in Prostate Cancer 

p75NTR is expressed at high levels in normal prostate epithelial cells, with a loss of expression 

as prostate cancer progresses [86]. The expression of this protein is very low in metastatic 

prostate cancer cell lines PC-3, DU-145, and LNCaP [87]. Exogenous reexpression of p75NTR in 

PC-3 cells leads to a decreased ability of cells to form tumors in nude mice, as demonstrated by 

injecting SCID mice with PC-3 cells that express p75NTR at various levels, and by subcutaneous 

administration of the p75NTR gene into PC-3 xenografts [88]. Additionally, reexpression of 

p75NTR causes decreased proliferation and an increase in apoptosis in prostate cancer cells, 

showing that p75NTR acts as a tumor suppressor in the prostate [89]. This increased apoptosis and 

reduced proliferation was shown to be dependent upon the intracellular death domain of p75NTR 

[55]. It has also been reported that p75NTR is induced by non-steroidal anti-inflammatory drugs 

(NSAIDs) via sustained activation of the p38 MAPK pathway, leading to a p75NTR-mediated 

increase in apoptosis [57]. The increased expression of p75NTR in response to NSAID treatment 
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was shown to be a result of increased mRNA stability, and partially dependent on the binding of 

3’ UTR of the p75NTR transcript by the HuR RNA binding protein [57].  

p75NTR has been also been shown to contribute to prostate cancer metastasis suppression, as 

demonstrated by a decrease in matrix metalloproteases -2 and -9 (MMP-2 and MMP-9) and 

urokinase plasminogen activator (uPA) activity in response to an overexpression of p75NTR in 

PC-3 prostate cancer cells [90]. Subcutaneous injection of p75NTR overexpressing cells into 

SCID mice demonstrated a dose-dependent decreased ability of nerve growth factor stimulated 

satellite tumor formation, showing a role for p75NTR in metastasis suppression of prostate cancer 

cells [91]. 
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1.5. Non-steroidal Anti-inflammatory Drug Activated Gene (Nag) -1  

1.5.1. Structure and function 

Nag-1 is a novel, divergent member of the transforming growth factor-β (TGF-β) 

superfamily, a set of related growth and differentiation factors, and characterized as such because 

of structural similarity with other members of this superfamily [92-94]. Nag-1 contains seven 

cysteine residues forming a cysteine knot, which is highly conserved among TGF-β superfamily 

members [95]. Between 1997 and 2006 several groups independently characterized this protein, 

so it is also known as prostate-derived factor (PDF), macrophage inhibitory cytokine-1 (MIC-1), 

placental TGF-β (PTGF-β), placental bone morphogenetic protein (PLAB), and its murine 

ortholog is known as growth/differentiation factor-15 (GDF-15) [96-99].  Nag-1 is thought to 

participate in regulation of the expression of specific target genes in response to tissue damage 

and other external stimuli [97, 100-103].  

The Nag-1 gene maps to chromosome 19 in the region p13.1-13.2 in humans, and 

consists of a 2,746 base pair long DNA sequence. Nag-1 is synthesized as a 308-amino acid 

precursor, with a 29 amino acid signal peptide, a 167 amino acid pro-peptide, and a 112 amino 

acid mature region [95, 104]. The N-terminal hydrophobic signal peptide sequence is removed 

from the precursor pro-peptide during proteolytic processing. The pro-peptide then undergoes 

dimerization and proper folding in the endoplasmic reticulum, and after further post translational 

modifications, an N-terminal pro-peptide and a C-terminal polypeptide fragment is secreted into 

the extracellular medium [104] (Figure 1.7, Nag-1 processing). Unlike other TGF-β superfamily 

members, the pro-peptide is not necessary for proper folding and secretion of the active Nag-1 

dimer [95, 105]. Unprocessed pro-Nag-1 precursor may also be secreted along with the mature 

form of the peptide. Association of unprocessed pro-Nag-1 with the extracellular matrix has been 
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proposed to contribute to its latent storage in stroma, and therefore to affect the bioavailability 

and serum concentration of this protein [105-107].  

The functional role of Nag-1 is not fully characterized. Nag-1 potentially mediates 

numerous physiological processes, including hematopoietic development and embryo 

implantation [96, 108]. Nag-1 also plays a role in cellular stress response and in cartilage and 

bone formation [96]. It is potentially involved in the inflammatory response through the 

inhibition of macrophage activation. Nag-1 participates in the repair of brain, bone, heart, liver, 

lung, kidney, and other tissues after severe injuries [98, 104, 109, 110]. Additionally, Nag-1 has 

been shown to play a pro-survival and anti-apoptotic role during fetal development [108]. Nag-1 

is highly expressed in the placenta and, to a lesser degree, in epithelial cells of mammary and 

prostate glands, kidney, liver, lung and pancreas [111-113]. Increase in human Nag-1 

concentration in the serum has also been found in pregnant women as well as in individuals with 

increased stroke and myocardial infarction risk, as compared to the basal serum levels [108]. 

Interestingly, low Nag-1 serum concentration has been detected before miscarriage, suggesting a 

potential therapeutic effect of Nag-1 up-regulation for miscarriage prevention [114]. Nag-1 

mRNA is highly expressed in human prostate epithelium, suggesting a role for Nag-1 in prostate 

homeostasis [115]. 

1.5.2. Role in Cancer 

Nag-1 has been implicated in both the inhibition and promotion of cancer progression, 

and has been reported to both negatively and positively modulate cell proliferation, apoptosis and 

metastasis [116-118]. It has been shown to act as a tumor suppressor by inhibiting tumor growth 

and inducing apoptosis, and, conversely to promote the proliferation of cancer cells [119-123]. 

Specifically, Nag-1 overexpression in HCT-116 colon cancer cells and MCF-7 breast cancer 
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cells showed a decreased cell viability in vitro and exhibited a growth inhibitory effect on 

xenografts derived from HCT-116 cells in vivo [117, 124]. Moreover, it has been demonstrated 

that the ectopic overexpression of Nag-1 in the LN-Z308 glioblastoma cell line inhibits the 

tumorigenic capacity of these cells [121].  

Conversely, Nag-1 has been reported to contribute to an enhanced malignant behavior 

and metastatic ability of cancer cells. It has been shown that Nag-1 down-regulation by short 

hairpin RNA (shRNA) in melanoma cell lines inhibits tumor growth in an in vivo mouse model 

[122]. Recombinant Nag-1 was shown to induce the activation of basal and estrogen-stimulated 

extracellular signal-regulated kinase-1 (ERK-1) phosphorylation in MCF-7 breast cancer cells 

[125]. Finally, treatment with purified recombinant Nag-1 significantly increased the in vitro 

invasive ability of gastric cancer cell lines through activation of ERK-1/2 [126]. 

Specifically in prostate cancer cells, Nag-1 is expressed in the androgen responsive 

LNCaP cells, but not in the androgen unresponsive DU-145 and PC-3 prostate cancer cells. 

Forced expression of Nag-1 inhibits the proliferation of PC-3 human prostate carcinoma cells as 

well as the growth of xenografted tumors [127]. Inhibition of Nag-1 expression blocked Vitamin 

E succinate induced apoptosis in PC-3 cells [128], and recombinant Nag-1 treatment of DU-145 

cells leads to induction of apoptosis [129]. However, adding to the complexity of understanding 

the role of this protein are studies showing increased serum levels of Nag-1 in patients with 

hormone-refractory prostate cancer after docetaxel treatment. This was significantly associated 

with cancer progression and shorter patient survival after chemotherapeutic treatment [130].  

Further characterization of this protein and understanding the signaling mechanisms that 

contribute to its expression are therefore necessary to determine its role in prostate cancer 
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progression, and might contribute to the identification of novel targets for treatment of prostate 

cancer.  
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1.6. Statement of Purpose 

The objective of this study is to investigate the mechanism of induction of p75NTR and Nag-1 

by NSAIDs, and to explore the effect of such induction on prostate cancer cells. Since both 

proteins are highly induced by NSAIDs and other chemotherapeutic agents, this study aims to 

demonstrate a correlation between the two proteins, and to examine the mechanism of induction 

of the two proteins. Previously, it has been demonstrated that p75NTR is induced by NSAIDs in a 

p38 MAPK dependent manner [57]. This study will determine whether the same pathway might 

also play a role in Nag-1 induction by NSAIDs.  

The critical need for effective therapies for prostate cancer, and the established role of 

p75NTR as a tumor suppressor of prostate cancer make this protein an attractive target for further 

exploration. Since the mechanism of induction of p75NTR has not been fully established, 

exploration into the tumor suppressor activities of p75NTR may lead to identification of novel 

drug targets. The role of Nag-1 in prostate cancer is also not fully established and remains an 

area of interest. Finally, a relationship between the two proteins might delineate new pathways, 

providing further insight into the mechanisms of prostate cancer cell growth.  

Hypothesis: NSAIDS mediate Nag-1 and p75NTR induction through the p38 MAPK 

pathway, and Nag-1 aids p75NTR in its tumor suppressor activity in prostate cancer cells. 

Specific Aims: 

I. To determine the signaling mechanism of NSAID mediated Nag-1 expression and  

the relationship between NSAID induction of p75NTR and Nag-1  

II. To determine the functional consequence of NSAID induction of Nag-1 
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Figure 1.1 Different zones of the prostate  
 
 
The prostate is divided into three distinct zones, namely the transition zone, the central zone and 

the peripheral zone. The peripheral zone surrounds both the transition and the central zones and 

nearly 70 percent of prostate cancers develop in this region of the prostate. 

Source: Crawford E. Urology 73 (Suppl 5A): 4-10, 2009. 
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Figure 1.2 Prostate cancer incidence rates by race 

 

From 2003-2007, the age-adjusted incidence rate for all races was 156.9 per 100,000 men per 

year. African American men have the highest incidence rate (234.6 per 100,000 men per year) 

amongst all races.  

Data Source: http://seer.cancer.gov/statfacts/html/prost.html 
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Figure 1.3 Prostate histology 
 
 
(A) Non-neoplastic prostatic tissue (NNT). (B) Benign prostatic hyperplasia, characterized by 

budding and branching of the glandular tissue. (C) High-grade prostatic intraepithelial neoplasia 

(PIN), characterized by increased proliferation of epithelial cells in existing ducts. (D) Prostatic 

adenocarcinoma (PCA) exhibiting further proliferation and dedifferentiation of the glandular 

structure. Immunohistochemical analysis using anti-p501s antibodies was performed, and slides 

were couterstained with hematoxylin.  

Source: http://www.diagnosticpathology.org/content/2/1/41/figure/F1 
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Figure 1.4 Gleason grading system 
 
 
(A) Prostate cancer cells ranked according to the Gleason Grade. (B) Cartoon representation of 

cell morphology with corresponding Gleason Grade. Grade 1 resembles the normal tissue. Grade 

2 shows some variation in gland size. Grade 3 is characterized by variation in size, shape and 

distance between glands. Grade 4 tumors show increased stromal invasion and loss of glandular 

structure. Grade 5 tumors lack glandular structure and may exhibit necrosis. 

Source: 

 http://www.upmccancercenters.com/cancer/prostate/gradingsystems.html (A)        

http://www.drugdevelopment-technology.com/projects/drug_abiateronecance1.html (B) 
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Figure 1.5 MAPK classification 
 

Each MAPK signaling pathway contains at least three components: a MAPK kinase kinase 

(MAPKKK), a MAPK kinase (MAPKK), and a MAPK. MAPKKKs phosphorylate and activate 

MAPKKs, which in turn phosphorylate and activate MAPKs. 

Source: Wada T, et al. Oncogene 23(16):2838-2849, 2004. 
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Figure 1.6 Structure of p75NTR 

 

 

p75NTR contains an extracellular domain ( p75ecd), and an intracellular death domain (p75icd). 

The transmembrane domain of p75NTR contains 6 alpha helices.  

Source: A. Blöchl, R. Blöchl. Journal of Neurochemistry 102, 2, p 289–305, 2007. 
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Figure 1.7 Cellular Processing and Secretion Mechanisms of Nag-1 
 
 
Processing of inactive pro-Nag-1 precursor via the formation of dimeric molecules is followed 

by their proteolytic cleavage at a furin-like site, catalyzed by a convertase in reticulum 

endoplasmic, resulting in the release of N-terminal propeptide and C-terminal fragment 

constituting the mature and active form. Mature Nag-1 potentially exhibits autocrine or paracrine 

actions. 

Source: http://onlinelibrary.wiley.com/doi/10.1002/jcp.22196/full 
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NSAID-inhibition of prostate cancer cell migration is mediated by Nag-1 induction via the 

p38 MAPK-p75NTR pathway  

2.1.  Abstract 

The NSAIDs R-flurbiprofen and ibuprofen have been shown to induce expression of 

p75NTR in prostate cancer cell lines. p75NTR, a tumor necrosis factor receptor (TNFR) 

superfamily member, is a pro-apoptotic protein that functions as a tumor suppressor in the 

human prostate. Expression of p75NTR is lost as prostate cancer progresses and is minimal in 

several metastatic prostate cancer cell lines. NSAIDs induce p75NTR through activation of the 

p38 mitogen-activated protein kinase (MAPK) pathway, with a concomitant decrease in cell 

survival. Here we show that treatment with R-flurbiprofen and ibuprofen induces expression of 

the NSAID activated gene-1 (Nag-1) protein, a divergent member of the transforming growth 

factor beta (TGF-β) family, in PC-3 cells. Using the selective pharmacological inhibitor of p38 

MAPK, SB202190, and p38 MAPK specific siRNA, we show that Nag-1 induction following 

NSAID treatment is mediated by the p38 MAPK pathway. p75NTR specific siRNA pretreatment 

shows that Nag-1 induction by NSAIDs is downstream of p75NTR induction. Decreased survival 

of NSAID-treated cells is rescued by p75NTR specific siRNA but not by Nag-1 siRNA. Transwell 

chamber and in vitro wound healing assays demonstrate decreased cell migration upon NSAID 

treatment. Pre-treatment of PC-3 cells with p75NTR and Nag-1 specific siRNA shows that NSAID 

inhibition of cell migration is mediated by Nag-1 and p75NTR. These results demonstrate a role 

for Nag-1 in NSAID inhibition of cell migration, but not survival. 
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2.2. Introduction 

p75NTR (neurotrophin receptor) is a member of the tumor necrosis factor receptor (TNFR) 

superfamily, capable of inducing apoptosis [131, 132]. It differs from other TNFR superfamily 

members in its ability to induce apoptosis in a ligand independent manner [133]. Normal prostate 

epithelial cells express high levels of p75NTR, with a loss of expression as prostate cancer 

progresses [5]. The expression of this protein is very low in metastatic prostate cancer cell lines 

PC-3, DU-145, and LNCaP [87]. Exogenous reexpression of p75NTR in PC-3 cells led to a 

decreased tumor formation in nude mice [91]. Additionally, reexpression of p75NTR caused 

decreased proliferation and an increased apoptosis in prostate cancer cells, showing that p75NTR 

acts as a tumor suppressor in the prostate [55, 72]. Recent studies demonstrated that p75NTR is 

induced by Non-Steroidal Anti-inflammatory drugs (NSAIDs) via sustained activation of the p38 

MAPK pathway, leading to a p75NTR-mediated increase in apoptosis [55, 57, 134]. Non-steroidal 

anti-inflammatory drug activated gene-1 (Nag-1) is a novel divergent member of the human 

transforming growth factor-β (TGF-β) superfamily [104]. It was reported by several groups, and 

given the names placental transforming growth factor beta (PTGF-β), placental bone 

morphogenetic protein (PLAB), growth differentiating factor 15 (GDF-15), prostate derived 

factor (PDF) and macrophage inhibitory cytokine 1 (MIC-1) [124, 127, 135-137].  Nag-1 mRNA 

is highly expressed in human prostate epithelium suggesting a role for Nag-1 in prostate 

homeostasis [138]. Nag-1 has been reported to exhibit both anti-tumorigenic and pro-apoptotic 

functions in several cancer cells, including prostate cancer cells [115, 138, 139].  

Non-steroidal anti-inflammatory drugs inhibit cyclooxygenase (COX) activity and thereby 

provide relief from inflammation [139]. Many of these drugs have been shown to possess 

anticancer activity, independent of their COX inhibitory activity [140]. Flurbiprofen and 
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ibuprofen, the two NSAIDs shown to be potent inducers of p75NTR, have exhibited anticancer 

activity in the prostate. Significantly, treatment with the enantiomer R-flurbiprofen, which lacks 

COX inhibitory activity, slowed the progression of prostate cancer in the TRansgenic 

Adenocarcinoma Mouse Prostate (TRAMP) model [54]. In the PC-3 prostate cancer cell line, the 

housekeeping isoform COX-1, was expressed at negligible levels, and was not induced by R-

flurbiprofen or ibuprofen [55]. Furthermore, ibuprofen treatment was shown not to decrease 

COX-2 levels [55]. Hence it was concluded that the anticancer activity of these drugs in prostate 

cancer cell lines was COX-independent. Significantly, long-term ibuprofen use has been 

associated with decreased prostate cancer risk, and treatment of prostate cancer cells with 

ibuprofen resulted in decreased cell survival [56]. Since both p75NTR and Nag-1 are induced by 

NSAIDs in prostate cancer cells, in the present study, we explored the possibility of a common 

signaling pathway in the NSAID induction of both these proteins. We described, for the first 

time, that the p38 MAPK pathway mediates induction of Nag-1 downstream of the p75NTR 

protein. We also described divergent effects of NSAIDs on the role of p75NTR and Nag-1 in 

decreased prostate cancer cell survival vs migration. 
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2.3. Materials and Methods 

2.3.1. Cell Culture, Treatment and Drug Preparation  

PC-3 cell line was obtained from the tissue culture core facility of Georgetown University 

Lombardi Comprehensive Cancer Center and maintained in DMEM (Mediatech Inc., Herndon, 

VA) containing 4.5 g/L glucose and L-glutamine supplemented with antibiotic/antimycotic [100 

units/ mL penicillion G, 100 µg/mL streptomycin, and 0.25 µg/mL amphotericin B (Mediatech 

Inc.)] and 10% heat inactivated fetal bovine serum (Omega Scientific, Tarzana, CA). The PC-3 

Nag-1cell line was a gift from Dr James Lambert, University of Colorado Denver, and were 

maintained in RPMI (Mediatech Inc.) containing 4.5 g/L glucose and L-glutamine supplemented 

with antibiotic/antimycotic [100 units/ mL penicillion G, 100 µg/mL streptomycin, and 0.25 

µg/mL amphotericin B (Mediatech Inc.)], 10% heat inactivated fetal bovine serum and 100 µg/ 

mL G418 (Sigma Chemicals Co., St. Louis, MO). Cells were incubated in the presence of 5% 

CO2 at 37°C. ibuprofen (Sigma) and R-flurbiprofen (Myriad Pharmaceuticals Inc., Salt Lake 

City, UT) stock solutions were prepared by dissolving in DMSO (Sigma) at a concentration of 

200 mM. Cells were seeded overnight at 80% to 85% confluency and were treated with drugs at 

concentrations of 0.25, 0.5, 1 and 2 mM for up to 48 h. Relative cell survival was measured by 

MTT assay (Roche Applied Science, Indianapolis, IN). 

2.3.2. Immunoblot Analysis 

Cells were treated with 1mM R-flurbiprofen or 2 mM ibuprofen for 48 h. Lysates were 

prepared using Nonidet lysis buffer [50mM Tris-Cl, 10mM NaCl, 3mM MgCl2, and 0.5%  

Nonidet P-40] for p75NTR and RiPa lysis buffer [50mM Tris-HCl, 150mM NaCl, 1% Triton X-

100, 0.5% Deoxycholic Acid, 0.1% Sodium dodecyl sulfate] for Nag-1 protein detection. Cells 



42 
 

were scraped in lysis buffer containing 1 µL/mL cocktail protease inhibitor (P8340; Sigma). The 

supernatant was retained, and protein concentration was determined by the BCA method 

according to the manufacturer's protocol (Bio-rad Laboratories, Hercules, CA). Fifty µg of 

protein were loaded onto 10% SDS-polyacrylamide gels for electrophoresis, followed by transfer 

to a nitrocellulose membrane (Amersham Pharmacia Biotech, Picataway, NJ). Membranes were 

blocked in 5% nonfat milk/TBST (Bio-Rad Laboratories) and then incubated in primary 

antibody: murine monoclonal anti- p75NTR (1:2000, Upstate Cell Signaling Solutions, Lake 

Placid, NY), rabbit polyclonal anti-Nag-1 (1:500, Upstate Cell Signaling Solutions), rabbit 

polyclonal anti-p38α (1:1000, Cell Signaling Technology), mouse monoclonal anti-p38β ( 

1:1000, Zymed Laboratories), overnight at 4 oC. Membranes were then washed and  incubated in 

the appropriate horseradish peroxidase-conjugated secondary antibody (1:3000, Bio-Rad 

Laboratories). Immunoreactivity was detected using the chemiluminescence detection reagent 

(Amersham Pharmacia Biotech). Membranes were stripped and reprobed with mouse 

monoclonal anti-β-actin (1:5000, Sigma) to ensure equal loading.  

2.3.3. Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR) 

RNA was isolated following treatment with 1mM R-flurbiprofen or 2mM ibuprofen at 2, 

4, 8, 12, 24 and 48 h post treatment using Trizol Reagent (Invitrogen, Carlabad, CA) accoring to 

the manufacturer's protocol. Reverse transcription-PCR (RT-PCR) was done using the 

SuperScript III One-Step RT-PCR System with Platinum Taq DNA Polymerase (Invitrogen) 

using 1 µg RNA for Nag-1 and 125 ng RNA for glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH). Primers were designed using Primer Quest, and their sequences are as follows: Nag-1 

forward 5'-CAA ACA TGC ACG CGC AGA TCA AGA-3',  Nag-1 reverse 5'-TGT CTC AGG 

AAC CTT GAG CCC ATT-3', GAPDH forward 5'-CCA CCC ATG GCA AAT TCC ACC-3', 
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GAPDH reverse 5'-TCT AGA CGG CAG GTC AGG TCC ACC-3' (Integrated DNA 

Technologies, Coralville, IA). cDNA synthesis was done at 47°C for 30 min followed by 

denaturation at 94°Cfor 2 min and then 32 cycles of PCR at 94°C for 1 min, 60°C for 1 min and 

72°C for 1 min, with final extension at 72°C for 5 min. PCR products were separated on 1.5% 

agarose gels and visualized by ethidium bromide fluorescence using the Fuji LAS-1000 imager 

(Tokyo, Japan). 

2.3.4. siRNA Transfection  

PC-3 cells were transfected for 72 h with non targeting small interfering RNA (siRNA) or 

siRNA specific for p38α (J-003512-20), p38β (J-003972-11), p75NTR (D-009340-03) or Nag-1 

(M-019875-01; Dharmacon RNA Technologies, Lafayette, CO) at a final concentration of 100 

nM according to the manufacturer's protocol using Dharmafect 2 transfection reagent 

(Dharmacon).  

2.3.5. In vitro Scratch Test and Transwell Chamber Migration Assay:  

Cells were allowed to grow to confluence in 6 well tissue culture plates (untreated or 

after pretreatment with siRNA for 72 h). A 200 µL tip was used to introduce a scratch in the 

monolayer. The wells were washed with PBS followed by addition of 1 mM ibuprofen or R-

flurbiprofen. The wells were imaged at 4X magnification at 0, 24 and 48 h post scratch and drug 

introduction. Scratch healing was determined by measuring the shortest distance between scratch 

edges in each field of view. At least 3 different fields were measured per scratch and 20 different 

measurements taken per field. For the transwell chamber migration assay, chambers were 

rehydrated overnight and a 0.1 mL suspension of cells (70,000 live cells; untreated or after 48 h 1 

mM drug treatment or after pretreatment with siRNA for 72 h followed by 48 h 1 mM drug 
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treatment) in serum free media were added to 6.5 mm Transwell ® 8 µm Polycarbonate 

Membrane Inserts (3422; Corning Life Sciences, Corning NY) placed in 24 wells containing 0.6 

mL of 10% FBS-containing media. The plates were incubated for 6 h at 37 °C. At the end of the 

incubation period, non migrating cells on the inside of the filter were removed with a cotton 

swab, and the filters were fixed with methanol and stained with Toliudine Blue. Following 

staining, filters were removed from inserts and mounted on slides for imaging and quantification. 

The number of migrating cells was determined by counting cells in five random fields from three 

filters for each treatment. 
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2.4. Results 

2.4.1. Nag-1 induction by NSAIDs correlates with induction of p75NTR and is dependent on 

the p38 MAPK pathway  

NSAID (R-flurbiprofen and ibuprofen) treatment showed a similar time course of p75NTR 

and Nag-1 protein expression. Both R-flurbiprofen (Figure 2.1A) and ibuprofen (Figure 2.1B) 

induced Nag-1 and p75NTR proteins by 24 h post treatment. Since NSAID induction of p75NTR is 

mediated by the p38 MAPK pathway [10], we examined whether this pathway might also be 

implicated in the induction of Nag-1. Pretreatment of PC-3 cells with the specific p38 MAPK 

inhibitor SB202190 followed by treatment with R-flurbiprofen or ibuprofen prevented induction 

of Nag-1, showing that the p38 MAPK pathway mediates NSAID induction of Nag-1 (Figure 

2.2A). To further confirm the role of this pathway, we used p38 MAPK specific siRNA to knock 

down the two ubiquitously expressed isoforms of p38 MAPK, p38α and p38β. The specificity of 

the siRNAs and the knockdown efficiency were confirmed by Western blot (Figure 2.2C). Cells 

transfected with p38α or a combination of p38α and p38β siRNAs prior to NSAID treatment 

prevented induction of Nag-1 in comparison to untransfected or nontargeting siRNA transfected 

cells, confirming the role of p38 MAPK pathway in NSAID induction of Nag-1 (Figure 2.2B). 

Transfection with p38β siRNA alone was not effective in preventing induction of Nag-1, 

consistent with the studies on p75NTR induction [10].  

  



46 
 

2.4.2. NSAID inhibition of cell survival is mediated by p75NTR but not by Nag-1 

Pretreatment of PC-3 cells with p75NTR siRNA rescued NSAID mediated decreased cell 

survival as previously described [7]. PC-3 cells treated with R-flurbiprofen showed a relative 

survival of 40%, as shown by the MTT cell survival assay, in comparison to the 80% relative 

survival upon treatment with p75NTR siRNA (p < 0.01) and 35% to 55% relative survival upon 

pretreatment with nontargeting siRNA (Figure 2.4A). Similarly, cell treated with ibuprofen 

showed a relative survival rate of 40%, in comparison to 80% survival upon pretreatment with 

p75NTR siRNA (p < 0.05) (Figure 2.4B). However, pretreatment of PC-3 cells with Nag-1 specific 

siRNA did not significantly rescue NSAID mediated decreased cell survival, in comparison to 

nontargeting siRNA or siRNA specific to p75NTR (Figure 2.4A and B).  

2.4.3. NSAID induction of Nag-1 is mediated by p75NTR 

Since NSAIDs induced Nag-1 and p75NTR in a p38 MAPK dependent manner (Figure 2.2), 

we further investigated any relationship between the two proteins. We used siRNA specific to 

p75NTR to knock down its expression. In comparison to nontargeting siRNA, transfection with 

p75NTR specific siRNA prior to R-flurbiprofen (Figure 2.3A, top) or ibuprofen treatment (Figure 

2.3A, bottom) prevented induction of Nag-1, suggesting Nag-1 induction is downstream of 

p75NTR. siRNA specificity and knock down efficiency was determined by Western blot (Figure 

2.3B). 
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2.4.4. NSAID suppression of cell migration is mediated by Nag-1 downstream of p75NTR 

In vitro scratch test of PC-3 cells showed a dose dependent decrease in cell migration in 

response to both ibuprofen and R-flurbiprofen treatment, as shown by up to 40% to 60% in 

wound closure at 48 h post treatment with R-flurbiprofen (Figure 2.5A) and ibuprofen (Figure 

2.5B). PC-3 cells transfected with p75NTR or Nag-1 siRNA before treatment with R-flurbiprofen 

(Figure 2.6A) or ibuprofen (Figure 2.6B) significantly rescued (p < 0.01) NSAID inhibition of 

cell migration, as shown by 20% to 30% wound closure for these treatments, in comparison to 

50% to 60% for nontargeting siRNA. Hence, NSAID induction of p75NTR and/or Nag-1 

mediates, at least in part, the decreased cell migration observed upon NSAID treatment.  

To reconfirm these results, migration of cells undergoing the afore-mentioned treatments 

were measured through the transwell chamber assay. Decreased cell migration upon NSAID 

treatment was dependent on the induction of Nag-1 by p75NTR, as shown by statistically 

significant rescue of relative cell migration across 8µm polycarbonate membrane pores towards 

10% FBS containing media, when cells were pretreated with Nag-1 or p75NTR siRNA but not 

nontargeting siRNA (p < 0.001). Approximately 50% to 60% of plated cells were shown to 

migrate when treated with Nag-1 siRNA or p75NTR siRNA, in comparison to 30% for 

nontargeting siRNA transfected cells (Figure 2.7A and B). siRNA specificity and knock down 

efficiency was determined by Western blot (Figure 2.7C).  

To further confirm that Nag-1 plays a significant role in suppression of cell migration, the 

relative migration of PC-3 cells stably expressing Nag-1 was measured in comparison to the 

parental cell line. Both in vitro scratch test and transwell chamber assay showed that Nag-1 over-

expression decreased the migratory potential of cells (Figure 2.8A–C). A 40% delay in wound 
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closure was observed for Nag-1 overexpressing cells in the in vitro scratch test (p < 0.01) and a 

60% decrease in migratory potential (p < 0.01) in the transwell chamber migration assay, in 

comparison to the parental cell line. Expression of Nag-1 in the cells was confirmed by Western 

blot (Figure 2.8C). 
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2.5. Discussion 

Nag-1, a TGF-β superfamily member, is induced by several chemopreventive agents, most 

notably by Resveratrol, Indole-3-Carbinol, Genistein, green tea, cruciferous vegetables, and 

NSAIDs [12, 18, 23]. Several of these agents also induce p75NTR, a surface receptor glycoprotein 

known to be a tumor suppressor, whose expression is lost in poorly differentiated prostate cancer 

tissue and cell lines [4, 7, 24]. In this study, we explored the possibility of a common signaling 

mechanism between induction of p75NTR and Nag-1 by NSAIDs in prostate cancer cells. The 

choice of drugs in this study was based on the efficacy of p75NTR induction in prostate cancer 

cell lines in previous work from this laboratory [7]. R-flurbiprofen, an enantiomer which lacks 

the COX-inhibitory activity, was shown to be the most effective NSAID in inducing p75NTR, 

followed by ibuprofen [7]. Significantly, induction of the p75NTR protein correlated with a 

similar time course of induction of the Nag-1 protein. NSAID induction of Nag-1 was prevented 

when cells were pretreated with either pharmacological inhibitors or siRNA specific to the p38 

MAPK. This was similar to previous studies on induction of p75NTR [10], establishing that both 

these proteins share, in part, a common pathway for protein expression. Experiments using 

siRNA specific to p75NTR showed that not only is NSAID induction of p75NTR and Nag-1 

mediated by the p38 MAPK, but that Nag-1 induction is downstream of p75NTR. 

To date, the functional role of Nag-1 is not fully characterized; however, both p75NTR and 

Nag-1 have been reported to play an anti-survival role in prostate and other cancer cells [8, 12, 

25, 26]. Pretreatment with p75NTR siRNA followed by treatment with NSAIDs, resulted in a 

statistically significant rescue of cell survival. Conversely, Nag-1 siRNA pretreatment did not 

significantly rescue NSAID mediated decreased cell survival. Therefore, unlike p75NTR, our 

study did not demonstrate a role for Nag-1 in the NSAID mediated decreased cell survival of 
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prostate cancer cells. This is consistent with an in vivo study, in which orthotopic implantation of 

PC-3 cells overexpressing Nag-1 showed no difference in tumor weight as compared to the 

parental cells [27]. In the absence of an effect on cell survival, we next examined whether Nag-1 

may affect cell migration. Interestingly, NSAIDs have been linked to metastasis suppression in a 

variety of cancers including prostate cancer [28-32]. p75NTR has been shown to contribute to 

prostate cancer metastasis suppression [6, 33]; therefore, a potential mechanism of NSAID 

mediated metastasis suppression may be through the induction of p75NTR and Nag-1. Cell 

migration experiments revealed a role for both p75NTR and Nag-1 in the NSAID mediated 

decreased cell migration. A statistically significant rescue of NSAID inhibited cell migration was 

observed upon pretreatment with siRNA specific to both p75NTR and Nag-1, confirming a cause-

and-effect relationship between the NSAID induction of p75NTR and Nag-1 proteins and p75NTR 

and Nag-1 mediated reduction in cell migration. In addition, PC-3 cells stably expressing Nag-1 

exhibited decreased migration relative to the parental cell line, thereby independently confirming 

a role for this protein in reduced prostate cancer cell migration. These results collectively show 

that NSAID mediated decreased cell migration is dependent on p75NTR induction and that Nag-1 

is necessary for this effect. The mechanism by which Nag-1 inhibits cell migration has not been 

elucidated, and remains an area of future investigation. 

Since cell migration is an important step during metastasis, we propose that Nag-1, a cell 

migration inhibitor, may also potentially contribute to metastasis suppression of prostate cancer 

cells. Conversely, a recent report showed that overexpression of Nag-1 induces metastasis of 

human prostate cancer cells [27]. However, this model was significantly different from ours, in 

that it compared cell lines already expressing high levels of Nag-1 to cell lines that do not, while 

our study focused on the NSAID mediated induction of Nag-1 by p75NTR through the p38 MAPK 
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pathway in cells that do not express Nag-1. Additionally, the afore-mentioned study showed 

induction of metastasis by Nag-1 depended on the activation of the Focal Adhesion Kinase-

RhoA signaling pathway. However, several studies have shown that NSAIDs inhibit Fak and 

RhoA signaling [36-38], so in an NSAID induction model of Nag-1, the effect on cell migration 

would differ. 

 In summary, we have presented evidence demonstrating that the TNFR superfamily member 

p75NTR and the TGF-β superfamily member Nag-1 are induced by NSAIDs through a common 

pathway by activation of the p38 MAPK. In addition, whereas p75NTR exhibits both tumor 

suppressor [5, 8] and metastasis suppressor [6, 33] activity, Nag-1 expression downstream of 

p75NTR only inhibits cell migration. 
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Figure 2.1 Time course of p75NTR and Nag-1 protein induction 

Immunoblot of time course of p75NTR and Nag-1 protein expression following treatment with R-

flurbiprofen (A) and ibuprofen (B). SDS-PAGE was performed using 50 µg of protein followed 

by immunoblot analysis with an antibody to p75NTR, Nag-1 or β-actin for the loading control. 
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Figure 2.2 Expression of Nag-1 induction following p38 MAPK inhibition 

 (A) Immunoblot of Nag-1 expression following inhibition of p38 MAPK pathway using a p38 

MAPK specific pharmacological inhibitor. PC-3 cells were pretreated with 20 µM SB202190 for 

1 h, followed by 24 h treatment with NSAIDs ibuprofen (Ibu) and R-flurbiprofen (Flu). (B) 

Immunoblot of Nag-1 expression following inhibition of p38 MAPK pathway using siRNA 

specific to two isoforms (α and β) of p38 MAPK. PC-3 cells were pretreated with 100 nM 

siRNA for 72 h, followed by 48 h treatment with R-Flurbiprofen (Flu, top) and ibuprofen (Ibu, 

bottom). (C) Validation assay for siRNA knockdown of p38 MAPK isoforms. SDS-PAGE was 

performed using 50 µg of protein followed by immunoblot analysis with an antibody to Nag-1 or 

p38 MAPK α and β. β-actin antibody was used for the loading control. 
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Figure 2.3 Nag-1 expression following pretreatment with p75NTR siRNA 

(A) Immunoblot of Nag-1 expression following p75NTR inhibition using specific siRNA. PC-3 

cells were pretreated with 100 nM siRNA for 72 h, followed by 48 hour treatment with R-

flurbiprofen (Flu, top) and ibuprofen (Ibu, bottom). (B) Similarly treated cells were subjected to 

immunoblot for p75NTR expression validating siRNA knockdown. SDS-PAGE was performed 

using 50 µg of protein followed by immunoblot analysis with an antibody to Nag-1 or p75NTR. β-

actin antibody was used for the loading control. 
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Figure 2.4 p75NTR rescue of NSAID mediated decreased cell survival 
 

Cell survival analysis by MTT assay following 48 h treatment with (A) R-flurbiprofen or (B) 

ibuprofen. Before treatment, cells were transfected with 100 nM nontargeting siRNA or Nag-1 

siRNA or p75NTR siRNA for 24 h. Columns, mean relative to the vehicle control (DMSO); bars, 

SE of three independent experiments. *, p < 0.05; **, p < 0.01 relative to drug treatment. 

 

  



59 
 

 

  



60 
 

Figure 2.5 NSAID inhibition of cell migration 

Cell migration measurement via the in vitro wound healing assay. PC-3 cells grown to confluent 

monolayers were wounded using a sterile tip. The wounded cells were treated with 0, 0.25, 0.5 

and 1 mM (A) R-flurbiprofen, or (B) ibuprofen. Wound healing was quantified by measuring the 

shortest distance between scratch edges at 0 and 48 h post introduction of scratch in three 

different fields per scratch. Columns, mean relative to the initial wound width (0 h); bars, SE of 

three independent experiments. *, p < 0.05 relative to vehicle (DMSO). 
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Figure 2.6 Nag-1 and p75NTR siRNA rescue of cell migration inhibition via wound healing   
assay 
 
 
Cell migration measurement via the in vitro wound healing assay. Cells were treated with 

nontargeting siRNA or siRNA specific to Nag-1 or p75NTR for 72 h prior to introduction of a 

scratch with a sterile tip and addition of R-flurbiprofen (A) or ibuprofen (B). Wound healing was 

quantified by measuring the shortest distance between scratch edges at 0 and 48 h post 

introduction of scratch in three different fields per scratch. Columns, mean relative to the initial 

wound width (0 h); bars, SE of three independent experiments. ψψψ, p < 0.001 relative to 

vehicle, **, p < 0.01 relative to drug treatment, ***, p < 0.001 relative to drug treatment. 
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Figure 2.7 Nag-1 and p75NTR siRNA rescue of cell migration inhibition via Transwell 
Chamber assay 
 
 
Cell migration measurement via the transwell chamber assay. Cells were treated with 

nontargeting siRNA or siRNA specific to Nag-1 or p75NTR for 72 h prior to treatment with R-

flurbiprofen (A) or ibuprofen (B) for 48 h. Equal number of live cells were plated into 

polycarbonate inserts and allowed to migrate for 5 h. Wound healing was quantified by 

measuring the shortest distance between scratch edges at 0 and 48 h post introduction of scratch 

in three different fields per scratch. Columns, mean relative to the initial wound width (0 h); 

bars, SE of three independent experiments. ψψψ, p < 0.001 relative to vehicle; *, p < 0.05 

relative to drug treatment; **, p < 0.01 relative to drug treatment; ***, p < 0.001 relative to drug 

treatment. (C) Validation assay of siRNA knockdown of Nag-1. SDS-PAGE was performed 

using 50 µg of protein followed by immunoblot analysis with an antibody to Nag-1. β-actin 

antibody was used for the loading control.  
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Figure 2.8 Effect of stable Nag-1 expression on cell migration 
 

Measurement of cell migration of PC-3 cells stably expressing Nag-1. (A) and (B) Cell migration 

measurement via the in vitro wound healing assay. Cells were grown to confluent monolayer and 

wounded using a sterile tip. Wound healing was quantified by measuring the shortest distance 

between scratch edges at 0 and 48 h post introduction of scratch in three different fields per 

scratch. Columns, mean relative to the initial wound width; bars, SE of three independent 

experiments. ** p < 0.01 relative to parent cell line. (C) Measurement of cell migration via the 

transwell chamber assay. Equal number of live cells were plated into polycarbonate inserts and 

allowed to migrate for 5 h. Columns, mean number of migrating cells relative to the parental cell 

line; bars, SE of three independent experiments. ** p < 0.01 relative to parental cell line. Nag-1 

expression was determined by immunoblot analysis with an antibody to Nag-1. β-actin antibody 

was used for the loading control. 
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69 
 

 
Conclusions and Future Directions  

Prostate cancer is the leading cause of cancer related deaths in men in the United States, 

and is only curable if detected before metastasis. There are limited treatment options for the 

advanced, metastatic form of the disease, with most available drugs increasing life expectancy by 

only a few months. Therefore, there is a critical need for effective therapies for this disease, 

especially at the advanced metastatic stage. 

Nag-1 is a TGF-β superfamily member reported to exhibit antitumorigenic activity in 

several cancers, including prostate cancer. It is induced by several chemopreventive agents that 

also induce p75NTR, a tumor and metastasis suppressor of the prostate, whose expression is lost in 

poorly differentiated prostate cancer tissue and cell lines [5, 55, 141]. Both these proteins have 

been reported to play an anti-survival role in prostate and other cancer cells [72, 124, 142, 143]. 

This study explored the possibility of a common signaling mechanism between induction of 

p75NTR and Nag-1 by the NSAIDs R-flurbiprofen and ibuprofen in PC-3 prostate cancer cells.  

The choice of drugs in this study was based on the efficacy of p75NTR induction in the 

established prostate cancer cell lines PC-3, DU-145 and LNCaP, shown in previous work from 

this laboratory [55]. R-flurbiprofen, an enantiomer which lacks the COX-inhibitory activity, was 

shown to be the most effective NSAID in inducing p75NTR, followed by ibuprofen [55]. The use 

of R-flurbiprofen is significant since it demonstrates COX-independent mechanisms of action for 

the effects seen.  

Nag-1 expression pattern differs in the androgen responsive and androgen independent 

cell lines [144]. Of the three prostate cancer cell lines shown to reexpress p75NTR upon treatment 

with NSAIDs, PC-3 and DU-145 cells are androgen independent, and show minimal to no 

expression of Nag-1 protein. Of these, only the PC-3 cells re-express Nag-1 upon treatment with 
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NSAIDs; the DU-145 cells do not express Nag-1. Therefore, all the experiments in this study 

were conducted using the PC-3 cell line. 

The experiments conducted demonstrated that induction of the p75NTR protein correlated 

with a similar temporal induction of the Nag-1 protein. Based on the knowledge of NSAID 

induction of p75NTR by the p38 MAPK pathway, we investigated the involvement of this pathway 

in Nag-1 induction. NSAID induction of Nag-1 was prevented when cells were pretreated with 

either the specific p38 MAPK pharmacological inhibitor SB202190, or siRNA specific to p38 

MAPK. Particularly, it was observed that Nag-1 induction was prevented when cells were 

pretreated with siRNA specific to the α isoform of p38 MAPK. This was similar to previous 

studies on induction of p75NTR [57], establishing that both these proteins share, in part, a 

common pathway for protein expression. The mechanism by which NSAIDs activate the p38 

MAPK pathway remains to be determined. It is possible that upstream kinases are activated by 

NSAIDs (Figure 1.5). Another possible mechanism could be the inactivation of Dual Specificity 

Phosphatases (DUSPs), enzymes known to inhibit activity of p38 MAPK by dephosphorylation 

[145, 146]. Inhibition of the DUSPs would lead to the sustained activation of the p38 MAPK 

pathway, and the subsequent induction of p75NTR and Nag-1.  

Since Nag-1 is known to be negatively regulated by the AKT pathway [147], and since 

NSAIDs have been known to inhibit the AKT pathway [148], the involvement of this pathway in 

the induction of Nag-1 by NSAIDs was also explored. R-flurbiprofen and ibuprofen treatment 

did not correspond to a downregulation of AKT phosphorylation. Further, inhibition of AKT 

using Wortmannin did not result in an induction of Nag-1, suggesting that in the system being 

explored in this investigation, the induction of Nag-1 is independent of the AKT pathway. 
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Experiments using siRNA specific to p75NTR showed that NSAID induction of Nag-1 is 

downstream of p75NTR, as Nag-1 induction by both R-flurbiprofen and ibuprofen was prevented 

in the absence of p75NTR. Since p75NTR induction is dependent on increased mRNA stability [57], 

it was investigated whether the induction of Nag-1 by NSAIDs might also be at the level of 

mRNA. RT-PCR following NSAID treatment showed no increase in Nag-1 mRNA.  

Immunoprecipitation with an antibody specific to Nag-1 and probing for p75NTR did not 

demonstrate a direct interaction between the two proteins (data not shown). Therefore, it is 

hypothesized that post translational mechanisms might play a role in the NSAID induction of 

Nag-1 downstream of p75NTR, but this hypothesis has not been tested.  

The results described so far are significant in that this is the first report of a link between 

the two proteins p75NTR and Nag-1. Since Nag-1 is a divergent member of the TGF-β 

superfamily, whose Type I and Type II receptors have still not been determined, further 

characterization of signaling pathways upstream and downstream of this protein is required for 

the determination of its biological function. The discovery of a link between this protein and the 

TNFR superfamily member p75NTR, therefore, provides some insight into the regulation of Nag-

1. Another implication of the results discussed so far, is that while several studies have 

established p75NTR as a tumor and metastasis suppressor, the exact mechanism of induction of 

apoptosis and suppression of metastasis by this protein is not known. Therefore, the discovery of 

a downstream protein (Nag-1) provides an area of investigation into the mechanism of action of 

p75NTR. 

Keeping the above observations in mind, the next part of the study was focused on 

determining the functional consequence of the NSAID induction of Nag-1. Pretreatment with 

p75NTR siRNA followed by treatment with NSAIDs resulted in a statistically significant rescue of 
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cell survival, as seen in previous studies [55]. Based on the knowledge of Nag-1 acting in a pro-

apoptotic capacity in prostate cancer cells, it was investigated whether Nag-1 induction 

downstream of p75NTR might be responsible, in part, for the NSAID mediated decreased cell 

survival. Contrary to this hypothesis, Nag-1 siRNA pretreatment did not significantly rescue 

NSAID mediated decreased cell survival. Therefore, unlike p75NTR, this study did not 

demonstrate a role for Nag-1 in the NSAID mediated decreased cell survival of prostate cancer 

cells. This is consistent with an in vivo study, in which orthotopic implantation of PC-3 cells 

overexpressing Nag-1 showed no difference in tumor weight as compared to the parental cells 

[119].  

Interestingly, NSAIDs have been linked to metastasis suppression in a variety of cancers 

including prostate cancer [149, 150]. p75NTR has been shown to contribute to prostate cancer 

metastasis suppression [90, 91]; therefore, it was hypothesized that a potential mechanism of 

NSAID mediated metastasis suppression may be through the induction of p75NTR and Nag-1. 

First, the effect of NSAID treatment on cell migration was investigated, and it was demonstrated 

that PC-3 cells exhibit a dose-dependent delay in wound healing upon treatment with both R-

flurbiprofen and ibuprofen. Cell migration experiments revealed a role for both p75NTR and Nag-

1 in the NSAID mediated decreased cell migration, for both R-flurbiprofen and ibuprofen. A 

statistically significant rescue of NSAID-inhibited cell migration was observed upon 

pretreatment with siRNA specific to both p75NTR and Nag-1, confirming the functional role of 

the NSAID induction of p75NTR and Nag-1 proteins in decreased cell migration. These results 

were confirmed by employing two different assays for measurement of cell migration, namely 

the wound healing assay and the transwell chamber migration assay, thereby providing 

redundancy for the veracity of the results.  
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PC-3 cells stably expressing Nag-1 exhibited decreased migration relative to the parental 

cell line, demonstrating a role for this protein in reduced prostate cancer cell migration 

independent of NSAID induction. These results show that NSAID mediated decreased cell 

migration is dependent on p75NTR induction and that Nag-1 is necessary for this effect. The 

mechanism by which Nag-1 inhibits cell migration has not been elucidated, and remains an area 

requiring further investigation.  

 While a number of tumor suppressor proteins have been reported in the literature, only a 

few of these proteins have been classified purely as metastasis suppressors that do not affect the 

growth of the primary tumor, such as Kangai 1 (KAI-1), mitogen-activated protein kinase kinase 

4 (MKK-4), Non-metastatic gene (NM-23), breast cancer metastasis-suppressor 1 (BRMS-1), 

Rho-GDP Dissociation Inhibitor 2 (RHOGDI-2), vitamin D3 up-regulated protein 1 (VDUP-1), 

cofactor required for SP1 activation (CRSP-3) and Metastin (KISS-1). Of these, MKK-4 and 

KISS-1 act by activation of the p38 MAPK pathway, directly or indirectly [151, 152]. Since cell 

migration is an important step during metastasis, it is hypothesized that Nag-1, a cell migration 

inhibitor, may also potentially contribute to metastasis suppression of prostate cancer cells. 

The results presented in this study are important in that they characterize a functional role 

for Nag-1, and could potentially delineate the metastasis suppression mechanism of p75NTR. 

Given that Nag-1 has been reported to inhibit osteoclast formation [153], and given the 

importance of osteoclasts in the establishment and progression of skeletal metastases of prostate 

cancer, the next step would be to explore the potential role of Nag-1 in metastasis suppression. 

This could be achieved by investigating whether this protein might be involved in the  inhibition 

of urokinase plasminogen activator (uPA) and the matrix metalloproteases MMP-2 and MMP-9, 
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similar to that which occurs for p75NTR [90], as well as other mechanisms that regulate cell 

migration, invasion and metastasis.  

 To summarize, this study provides evidence demonstrating that the TNFR superfamily 

member p75NTR and the TGF-β superfamily member Nag-1 are induced by NSAIDs through a 

common pathway by activation of the p38 MAPK. The first aim of this study brings to light a 

link between the p38 MAPK pathway, a TGF-beta protein and a TNFR superfamily receptor. 

One therapeutic implication of these findings is that drugs that result in reexpression of Nag-1 

and p75NTR have the potential for treatment of advanced prostate cancer. In addition, the second 

aim of this study further elucidated the mechanism of action of p75NTR, while also shedding light 

on a function of Nag-1; specifically showing that while p75NTR exhibits both tumor suppression 

[72, 87] and metastasis suppression [90, 91] activity, Nag-1 expression downstream of p75NTR 

only inhibits cell migration and not cell survival. These findings, summarized in Figure 3.1, 

provide novel insight into the possible cross-talk between the TGFβ and TNFR pathways, and 

may lead to identification of distinct targets for treatment of tumor suppression and metastasis 

suppression in prostate cancer.  
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Figure 3.1 Summary of Findings  
 

NSAID treatment of PC-3 prostate cancer cells activated the p38 MAPK pathway, which 

activates downstream kinases MK2 and MK3. This leads to an accumulation of p75NTR mRNA, 

with a corresponding increase in p75NTR protein expression, and subsequently an increase in 

Nag-1 protein. The expression of Nag-1 downstream of p75NTR leads to the inhibition of cell 

migration.  
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The research conducted during the completion of this dissertation appeared for publication 
as follows: 
 
Wynne S and Djakiew D. NSAID-inhibition of prostate cancer cell migration is mediated by 
Nag-1 induction via the p38 MAPK-p75NTR pathway. Molecular Cancer Research 
2010:8(12):1656-64 
 
Khwaja FS, Wynne S, Posey I and Djakiew D. 3,3'-diindolylmethane induction of p75NTR-
dependent cell death via the p38 mitogen-activated protein kinase pathway in prostate cancer 
cells. Cancer Prevention Research 2009;2(6):566-71. 
 
Khwaja FS, Quann EJ, Pattabiraman N, Wynne S, Djakiew D. Carprofen induction of p75NTR-
dependent apoptosis via the p38 mitogen-activated protein kinase pathway in prostate cancer 
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