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The functional role of anaplastic lymphoma kinase receptor in neuroendocrine 

prostate cancer 

 

 Neuroendocrine prostate cancer (NEPC) represents an aggressive subtype of prostate 

cancer, which may either manifest de novo or emerge because of anti-androgen receptor (AR) 

drug treatment. Unfortunately, there is currently no established effective treatment for NEPC. 

Alectinib and entrectinib are FDA-approved receptor tyrosine kinase inhibitors designed to 

target the anaplastic lymphoma kinase receptor (ALK) initially developed for NSCLC patients 

who developed resistance to the receptor tyrosine kinase (RTK) inhibitor crizotinib. In this study, 

we sought to assess the potential of alectinib and entrectinib as therapeutic agents for NEPC. 

We conducted experiments using various NEPC cell lines and castration-resistant prostate 

cancer (CRPC) cells, subjecting them to treatment with alectinib and entrectinib. Notably, 

treatment with these drugs, particularly in cell lines 42D, NCI-H660, C42B-entry, and LuCaP, 

significantly inhibited cell growth and proliferation. Further investigation revealed that alectinib 

and entrectinib exerted their effects by impacting the ALK signaling pathway. Specifically, 

downstream targets of ALK signaling, such as STAT3 and AKT phosphorylation, exhibited 

reductions in treated cells. Additionally, the expression of NEPC cellular markers, including 

enolase2, BRN2, and ASCL1, decreased upon alectinib treatment. Notably, NEPC tumors treated 

with alectinib or entrectinib in combination with CM 272, a G9a/DMNT1 inhibitor, exhibited a 

notable decrease in tumor volume. Both alectinib and entrectinib demonstrated their efficacy in 

inhibiting various cellular pathways, including the Neuroactive ligand-receptor and cytokine-to-
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cytokine receptor interaction pathways. The findings of our current study provide compelling 

evidence that alectinib and entrectinib have the potential to effectively inhibit NEPC cell and 

tumor growth. Consequently, these drugs hold promise as therapeutics for patients grappling 

with NEPC, offering a potential avenue for improved treatment outcomes. 
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Chapter 1: Prostate cancer and its major tumorigenic factors 

 

Chapter 1.1 Overview of prostate cancer and prostate cancer treatments 

         In 1853, J. Adams was the first to characterize prostate cancer as a "very rare disease” 

(Adams, 1853). Prostate cancer is the second most frequent disease in men worldwide, which is 

mostly caused by an aging population and the adoption of Western lifestyles (Baade et al., 

2009). Prostate cancer contributed to almost 33,000 fatalities in the US in 2020 and shows an 

increase in incidence and mortality globally (Siegel et al., 2020). Treatment for prostate cancer, 

which is primarily an androgen-dependent condition, involves endocrine medications that 

either directly inhibit the androgen receptor (AR) or target androgen depletion (Sartor and de 

Bono, 2018; Wilding, 1992). Androgens bind to AR, a ligand-dependent receptor that acts as a 

transcription factor. Androgens like testosterone and dihydrotestosterone (DHT) are essential 

for the expression of the masculine phenotype (Richmond and Rogol, 2007). Normal prostate 

cell physiology depends on AR signaling, whereas prostate cancer amplifies AR signaling, which 

encourages uncontrolled cellular migration and proliferation (Culig and Santer, 2014).  

 For advanced prostate cancer, the mainstay of care has been ADT, which is essentially 

castration either surgically or medically. 20-30 percent of cases develop resistance advance to 

CRPC despite being initially successful (Harris et al., 2009). Although AR signaling is not 

necessary for CRPC, new research has made it clear that AR is essential for the growth of CRPC 

tumors. Abiraterone and enzalutamide are two novel AR signaling inhibitors that were 

developed in response to this resistance (Sartor and de Bono, 2018). Although treatment 
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options have improved, patients develop resistance and transition to tumors with a 

neuroendocrine phenotype. Unlike other advanced prostate cancers, NEPC still poses a 

challenge. Treatment options for NEPC are fleeting, and life expectancy decreases to a year 

(Yamada and Beltran, 2021). This highlights the need to understand and develop novel 

therapeutics to treat primary and advanced prostate cancers.            

       

Chapter 1.2 Targeting the androgen receptor cellular signaling axis for treatment of 

prostate cancer  

In the 1960s there were major discoveries related to androgen receptor structure and 

ligand binding. Understanding the structure of AR paved the way, for developing first 

generation antiandrogens that work by binding to AR countering the effects of testosterone 

and DHT to halt the progression of prostate cancer driven by androgens (Anderson and Liao, 

1968; Bruchovsky and Wilson, 1968; Mainwaring, 1969). Our enhanced comprehension of ARs 

role in prostate cancer has led to the development of targeted therapies for treating this type 

of cancer.            

 Several methods have been developed to treat prostate cancer by targeting AR. As 

mentioned, prostate cancer cell growth at early stages is dependent on AR signaling. As the 

disease progresses researchers have found that AR expression increases. Furthermore, several 

point mutations in the ligand binding domain of AR change the activation properties of the 

receptor. Furthermore, even variants of AR have been reported. Several treatments have been 

developed that target AR which include inhibitors that target the N-terminal domain, initiate 
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degradation, and splice variants of AR.       

 Cyproterone was among the first antiandrogens developed. However, due to its side 

effects, research began on creating nonsteroidal anti-androgens as alternatives (Pavone-

Macaluso et al., 1986). Flutamide became the first nonsteroidal anti-androgen approved by the 

US Food and Drug Administration (FDA) in 1989. Flutamide inhibits AR signaling and decreased 

prostate cancer tumor growth. Nonsteroidal anti-androgens showed promising antitumor 

properties, but combination therapies were not as successful (Seidenfeld et al., 2000).  

 To treat prostate cancer researchers targeted androgen receptor. Ketoconazole, 

currently used as an antifungal, inhibits androgen receptor and glucocorticoid receptor. 

Treatment with ketoconazole decreases serum testosterone levels, but these levels elevate 

after 24 hours. Interestingly, patients treated with ketoconazole showed decreased tumor 

growth, but ketoconazole treatment did not extend survival (Alva and Hussain, 2013). 

 Newer technologies have led to the improvement of prostate cancer therapies that 

target AR. For instance, several inhibitors have been developed that target the AR-V7 splice 

variant. Niclosamide is an FDA-approved drug used to treat parasitic infections. Interestingly, 

researchers have shown that Niclosamide decreased AR-V7 activity by promoting protein 

degradation of both AR and AR-V7 (Liu et al., 2014). Thailstatins have been shown to target the 

pre-mRNA of AR-V7. Thailastatins function by targeting the U2AF65/SAP155 spicing complex 

that helps assemble the mRNA of the AR-V7 variant (Wang et al., 2017). Other drugs that have 

been shown to target the AR-V7 variant include Rutaecarpine, Indisulam, and Nobiletin.                                                                                

 Through genetic sequencing, researchers revealed that mutations in the N-terminal 

domain (NTD) of AR rarely occur, making it a prime target for therapeutic drug targets. One of 
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the first drugs developed targeting the NTD domain of AR was EPI-001. EPI-001 was effective at 

inhibiting prostate tumor growth without altering AR expression (Hirayama et al., 2020). Newer 

versions of EPI-001 have been shown to be effective at decreasing the expression of AR. 

Currently, EPI-7386 is undergoing clinical trials (Morris et al., 2023).    

 Interestingly, there are several other drugs that target AR folding and synthesis. Heat 

shock protein 90, a critical protein for AR structure, has had promising results. Interestingly, 

inhibition of Hsp90 by Herceptin decreased breast cancer tumor growth, but no benefits were 

seen in prostate cancer (Modi et al., 2007). Solubility with the compound remains an issue. 

Interestingly, targeting histone acetyltransferases (HAT) and histone deacetylases (HDACs) also 

has positive effects on prostate cancer treatment. Interestingly, the targeting of HDACs stops 

the expression of AR in both mCRPC and mCSPC. In addition, targeting HDACs decreased tumor 

growth in tumor models (Rokhlin et al., 2006).     

 Enzalutamide, a second-generation AR inhibitor, disrupts stages of the AR signaling 

cascade by hindering AR binding to DNA and impeding AR translocation to the nucleus (Tran et 

al., 2009). Various trials such as PREVAIL, AFFIRM, ENZAMET, ARCHES, and PROSPER have 

indicated improvements in overall survival, prostate specific antigen PFS, and radiographic 

survival in prostate cancer scenarios including mCRPC and mCSPC (Armstrong et al., 2019b; 

Beer et al., 2014; Davis et al., 2019; Scher et al., 2012). Apalutamide is another nonsteroidal 

second-generation AR antagonist that inhibits transcription, DNA binding, and nuclear 

translocation of AR (Chong et al., 2018). Following the SPARTAN and TITAN studies, it gained 

FDA approval for nmCRPC and mCSPC, presenting a treatment option in prostate cancer care 

evolution.            
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 Apalutamide is another nonsteroidal second generation AR antagonist that inhibits 

transcription, DNA binding, and nuclear translocation of AR (Chong et al., 2018). Following the 

SPARTAN and TITAN studies apalutamide gained FDA approval for nmCRPC and mCSPC, 

presenting a treatment option for prostate cancer. Compared to the placebo plus ADT group, in 

the SPARTAN study, administering 240 mg of apalutamide alongside ADT enhanced patients' OS 

and metastasis-free survival (MFS) in mCRPC patients (Small et al., 2019). In the TITAN study, 

individuals with mCSPC experienced notably better OS and PFS when treated with the same 

amount of apalutamide alongside ADT compared to receiving a placebo alongside ADT (Chi et 

al., 2021). Enzalutamide and apalutamide have documented side effects that individuals should 

consider before initiating therapy.        

 Darolutamide, an AR antagonist, consists of a 1;1 mixture of two diastereomers that 

exhibit activity. Both darolutamide and its primary active metabolite effectively inhibit 

testosterone induced AR translocation to the nucleus reducing AR gene activation (Fizazi et al., 

2018). The FDA has approved a dosage of 600 twice daily in combination with ADT for 

metastatic castration resistant prostate cancer based on positive findings from the phase 3 

ARAMIS study, which demonstrated significant enhancements in MFS and OS (Fizazi et al., 

2020). Notably, darolutamide had non-negative side effects on the central nervous system (CNS) 

when compared to enzalutamide and apulatimide (Crawford et al., 2020).  

 Therapeutic resistance can develop when anti-androgens bind with low affinity to AR. 

Overactivity of the androgen receptor or changes in its ligand binding domain can lead to drug 

resistance. Even more concerning is that current studies suggest these alterations may convert 

these drugs into agonists (Chen et al., 2004). As a result, newer drugs were developed to 
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address this issue and are now widely used in the treatment of prostate cancer and are the first 

line of defense.  

Chapter 1.3 Common treatments in Androgen deprivation therapy  

Currently the first line of defense to treat prostate cancer is ADT.  ADT’s goal patients 

receiving treatment is to suppress androgen hormones either with drugs or surgical castration. 

To get to this point researchers had to make to major break throughs. The first break through 

that ADT might be used to treat prostate cancer goes back a couple of centuries to the research 

done in 1786 by John Hunter on the effects of castration on animals (JF, 1837). J.W. White 

noted decreased prostate weight in dogs after castration in 1893(White, 1893). Charles Huggins 

and associates made another important discovery in 1941 when they proved that ADT was 

beneficial for metastatic prostate cancer (Huggins and Hodges, 1972). Huggins was awarded the 

Nobel Prize in 1966 for this work. Even though ADT was initially successful, it soon became 

apparent that more potent treatments were required. The effects of ADT are lessened by the 

adrenal glands' continued secretion of androgens (Huggins and Scott, 1945).  

 The second important breakthrough against prostate cancer came in 1971 when 

Andrew Schally described how the hypothalamus regulates pituitary activity (Matsuo et al., 

1971). Andrew Schally developed synthetic luteinizing hormone-releasing hormone (LHRH) 

agonists and provided an explanation of the structure LHRH. LHRH agonists cause a spike in 

serum testosterone levels at first, a phenomenon called testosterone flare (Matsuo et al., 1971; 

Schally et al., 2000). However, prolonged use of these agonists inhibits pituitary gonadotropin 

release by downregulating the LHRH receptor. This finding provided a fresh approach to the 
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treatment of prostate cancer by influencing the hypothalamic-pituitary axis.   

 Follicle-stimulating hormone (FSH) was one of these initial targets. Serum testosterone 

decreased because of FSH suppression, which was consistent with the outcomes of surgical 

castration (Sandow et al., 1978; Schally et al., 2000). While gonadotropin-releasing hormone 

analogs are preferred due to their non-surgical, reversible, and convenient nature, surgical 

castration remains a feasible and cost-effective option (Sun et al., 2016). The understanding of 

how androgens are produced, and that androgen suppression inhibits prostate cancer growth 

led to the development of drugs effective at inhibiting prostate cancer growth.   

 Cyproterone was among the first antiandrogens developed, with its efficacy compared 

to DES castration in medical practice. However, due to its effects, research began on creating 

nonsteroidal anti-androgens as alternatives (Pavone-Macaluso et al., 1986). Flutamide became 

the first nonsteroidal anti-androgen approved by the US Food and Drug Administration (FDA) in 

1989. Flutamide inhibits AR signaling and decreased prostate cancer tumor growth. 

Nonsteroidal anti-androgens showed promising antitumor properties, but combination 

therapies were not as successful (Seidenfeld et al., 2000). In prostate cancer cases nonsteroidal 

anti-androgens demonstrated reduced survival compared to castration methods like LHRH 

agonists or orchiectomy. Combining castration with a first-generation nonsteroidal anti-

androgen slightly improved overall survival, but studies indicate potential for more negative 

side effects, such as androgen surge at the beginning of treatment (Akaza et al., 2009; Schmitt 

et al., 2000).           

 Another drug developed to target androgen production was abiraterone. Abiraterone 

has emerged as a therapy for prostate cancer due to its potent inhibition of CYP17A1 (Rehman 
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and Rosenberg, 2012). 10% of testosterone in the bloodstream is generated by an enzyme 

known as 17α /C17,20 lyase found in the adrenal glands Studies have shown that abiraterone 

and its byproducts act as antagonists to the AR. Initially, most men with prostate cancer 

respond well to ADT. In some cases, men develop resistance and progress to metastatic 

castration resistant prostate cancer (mCRPC). Abiraterone leads to an increase in hormone 

(ACTH) production, necessitating supplementation. It also diminishes androgen synthesis along 

with serum levels of testosterone and other androgens (Rehman and Rosenberg, 2012). Various 

studies have shown  the benefits of abiraterone in advanced prostate cancer scenarios. For 

instance, in patients newly diagnosed with metastatic Castration Sensitive Prostate Cancer 

(mCSPC) the LATITUDE phase 3 study revealed that combining abiraterone and prednisone with 

ADT significantly prolonged Overall Survival (OS) and median radiographic progression free 

survival (PFS) (Fizazi et al., 2019). Similar positive outcomes were observed in the STAMPEDE 

trial where combining prednisolone and abiraterone with ADT extended OS at three years for 

patients with mCSPC or risk advanced CSPC (Hoyle et al., 2019; James et al., 2017). The trials 

COU AA 301 and COU AA 302 revealed that abiraterone notably boosts survival in patients who 

have previously undergone docetaxel therapy and those who have not received chemotherapy 

after ADT failure (Fizazi et al., 2012; Ryan et al., 2015). In a series of studies, other drugs like 

Enzalutamide and Apalutamide showed similar benefits.        

 Patients undergoing ADT suffer from the secondary effects of drug treatments. Relugolix 

is a medication designed to mitigate the effects associated with ADT. Common side effects of 

ADT include diabetes, metabolic issues, increased cardiovascular risks, cognitive impairments, 

and sexual dysfunction (Grossmann and Zajac, 2011). To minimize these effects, researchers 
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developed relugolix, an administered nonpeptide LHRH antagonist. It competes with the LHRH 

receptor, inhibiting LH secretion and reducing testosterone production (Kunath et al., 2015; van 

Poppel and Nilsson, 2008). In the HERO phase 3 trial relugolix showed testosterone suppression 

compared to leuprolide and significantly lowered the risk of cardiovascular issues (Shore et al., 

2020).   

Chapter 1.4 Resistance Mechanisms in Prostate Cancer 

 

Resistance, both primary and secondary, continues to be prevalent despite 

advancements and the introduction of medications that focus on the AR signaling pathway, 

which have improved outcomes for individuals with advanced prostate cancer. To effectively 

address the nature of prostate cancer, it is essential to develop innovative treatment strategies 

based on an understanding of the biological mechanisms that drive resistance. Several theories 

have been proposed in prostate cancer to elucidate the processes underlying primary and 

secondary resistance to therapies targeting the androgen receptor signaling pathway. These 

theories can be broadly categorized into those promoting AR independence, those triggering AR 

signaling reactivation, and those involving pathways that bypass AR. 

Therapies directed at the AR signaling pathway often face challenges in combating 

prostate cancer as they reignite AR activity through various mechanisms. These include boosting 

ligands that activate AR, mutations in AR heightened expression of AR, and alternative splicing 

of AR. The development of resistance is an issue with drugs focusing on the AR signaling 

pathway; overexpression of the androgen receptor frequently plays a significant role in this 
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phenomenon. Studies utilizing tissue samples have revealed a strong association between 

elevated levels of AR expression and castration resistant prostate cancer (CRPC). Amplification 

of the AR gene has been linked to increased levels of AR expression. The standard genetic 

change in CRPC tissues is found in about half of all cases (Robinson et al., 2015). It is believed 

that an increase in AR expression might be triggered by the body's response to castration (Cai et 

al., 2011; Shan et al., 1990). Androgens typically stop AR genes from being activated in prostate 

cells through a feedback mechanism. Studies have shown that high levels of AR allow prostate 

cancer cells to grow when androgen levels are low, leading to resistance against treatments 

targeting AR (Waltering et al., 2009). Increased AR levels or gains in cell DNA from CRPC patients 

have been linked to resistance against enzalutamide and abiraterone, supporting these findings 

(Romanel et al., 2015; Wyatt et al., 2016). 

Another way resistance can develop is through mutations in the androgen receptor. 

Mutations in the androgen receptor occur in 10% to 30% of cases of castration prostate cancer, 

with most changes happening later in the disease within the ligand binding domain (LBD) of the 

AR (Wallén et al., 1999). Initially, prostate cancer does not show any mutations in the AR, but 

the mutation rate increases to 21% in advanced prostate cancer (Marcelli et al., 2000). Only a 

small number of over a thousand identified AR mutations linked to prostate cancer are 

considered significant. Key mutations, like F877L, W742C, H875Y have been identified as 

pathogenic. The T878A mutation, often found in CRPC alters the residue in the AR ligand 

binding pocket to alanine. This change enlarges the pocket, allowing it to bind ligands like 

estrogen (Steketee et al., 2002). On the other hand, the H875Y mutation modifies a vital section 

of the receptor structure (helix 12) by replacing histidine with tyrosine. Consequently, this 
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alteration makes it easier for conventional ligands such as progesterone and estradiol to activate 

the receptor (Duff and McEwan, 2005). Moreover, by enhancing ARs interaction with 

coactivators, this mutation boosts ARs activity. In the presence of antiandrogens like 

enzalutamide, the F877L mutation triggers a conformational shift that activates AR through 

substitution of leucine for phenylalanine. The W742C mutation brings helix 12 to its active 

position. While this decreases AR LBD's affinity for androgens, it paradoxically triggers a 

response to antiandrogens like belicutamide. The clinical significance of W742C remains a topic 

of debate due to its rarity (Robinson et al., 2015). These mutations typically induce alterations in 

AR that allow a broader range of ligands to activate it. Mutations in the androgen receptor have 

been associated with responses to treatments like abiraterone or enzalutamide, particularly in 

patients with detectable mutations in circulating free DNA (cfDNA), although they are less 

common than AR gene amplification (Conteduca et al., 2017). Additionally, androgen receptor 

splice variants (AR SVs) can develop and lead to resistance in prostate cancer.  

Various forms of AR have been identified in tissues of patients with prostate cancer and 

in preclinical models due to alternative splicing mechanisms (Antonarakis et al., 2014; Efstathiou 

et al., 2015). These AR splice variants often produce versions of the receptor by lacking the LBD 

while retaining the N terminal domain (NTD) and DNA binding domain (DBD). Many of these 

variations exhibit activity that is not dependent on androgens, enabling prostate cancer cells to 

survive and resist treatments targeting the androgen receptor (Watson et al., 2010). Among 

these variants, AR V7 has received attention as it is frequently present in advanced prostate 

cancer cases. Resistance to therapies targeting AR has been associated with the presence of AR 

V7 protein and mRNA in circulating tumor cells (Antonarakis et al., 2017; Armstrong et al., 
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2019a; Scher et al., 2018). However, not all patients negative for AR V7 mRNA or protein 

respond well to treatments like enzalutamide or abiraterone, indicating that lack of AR V7 

expression may not reliably predict treatment success (Armstrong et al., 2019a; Dirix, 2019; 

Sharp et al., 2019). This suggests the presence of resistance mechanisms like mutations and 

amplification of AR. The creation of AR V7 has been associated with several enzymes, notably 

JMJD1A/KDM3A, KDM4B, and JMJD6, three members of the 2 oxoglutarate dependent JmjC 

domain containing oxygenase family (Duan et al., 2019; Fan et al., 2018; Paschalis et al., 2021). 

These enzymes could potentially serve as targets to combat the effects of AR V7 in advanced 

prostate cancer. 

Another way resistance may occur in prostate cancer is through increased availability of 

AR ligands, which could lead to restoration of AR signaling and subsequent resistance. Despite 

reductions in serum testosterone levels following surgical or medical castration, there remains a 

notable amount of androgen present (Titus et al., 2005). This ongoing presence of androgen is 

partly due to the glands' production of precursors like androstenedione (AD) and 

dehydroepiandrosterone (DHEA), which are then converted into active AR ligands—testosterone 

and dihydrotestosterone (DHT)—in the prostate. Even after abiraterone therapy, residual 

androgens persist in the form of sulfated DHEA—a commonly circulating form capable of 

replacing DHEA and countering abiraterone effects (Tamae et al., 2015). Moreover, changes in 

enzymes involved in synthesizing androgens may further contribute to resistance, for instance, a 

gain of function mutation in 3β hydroxysteroid dehydrogenase type 1. A change in this enzyme 

has been associated with increased conversion rates within the prostate and reduced 
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effectiveness of treatments like abiraterone and enzalutamide (Chang et al., 2013; Lu et al., 

2020). This enzyme plays a role in the initial stages of converting DHEA to DHT. 

In instances of prostate cancer, an AR bypass has been linked to AR independence, 

indicating a detachment from the AR signaling system. This differs from bypass signaling, which 

typically refers to the reactivation of downstream signaling pathways by an unregulated protein 

kinase in various cancer types. However, recent advancements in sequencing technologies 

suggest that bypass signaling may also play a role in prostate cancer, potentially suggesting a 

mechanism for AR resistance (Arora et al., 2013).      

 Significant overlap has been noted between the DNA segments regulated by the AR and 

those affected by the glucocorticoid receptor (GR) based on chromatin immunoprecipitation 

and sequencing (ChIP-seq) studies (Li et al., 2017a). Studies showing an increase in GR 

expression following enzalutamide treatment provide insight into its importance as elevated GR 

levels may continue to activate genes promoting cell growth even when AR is blocked, thus 

worsening enzalutamide resistance in CRPC (Li et al., 2017a). Recent research suggests that 

treatment with enzalutamide could impact levels of 11β hydroxysteroid dehydrogenase 2. 11β 

HSD2 is an enzyme that typically deactivates cortisol, leading to a decrease in its levels. This 

suggests that by maintaining cortisol levels within tumors, enzalutamide might indirectly boost 

the transcription of AR target genes mediated by GR (Li et al., 2017a). Furthermore, research 

has found that restoring 11β HSD2 in animal studies can reverse enzalutamide resistance. Apart 

from GR, resistance to AR targeted therapy has also been associated with AR bypass 

mechanisms involving nuclear receptors like the progesterone receptor (PR) and the 

mineralocorticoid receptor, which are steroid hormones. These receptors may influence a 
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subset of AR target genes due to their similarities with the AR (Lu et al., 2006). While there is a 

link between PR expression in primary prostate cancer and increased clinical recurrence, the 

evidence supporting this connection is not as robust as it is for GR (Grindstad et al., 2015). 

 The exploration of steroid hormone nuclear receptors in prostate cancer remains an 

ongoing area of investigation. RAR related orphan receptor gamma (RORγ) represents another 

nuclear receptor that that may aid in AR bypass signaling. RORs are nuclear receptors with 

varying tissue expression patterns, and ROR is found in the prostate among tissues (Stone, 

2016). An isoform of RORγ known as RORγt plays a role in T cell maturation (He et al., 2000). 

Upon investigation, researchers discovered that ROR was highly expressed in prostate cancer 

that had metastasized to other areas of the body. Inhibiting RORα resulted in cell death, 

reduced cell multiplication, and halted tumor growth (Wang et al., 2016a). 

Another critical factor contributing to treatment resistance is AR independence. AR 

negative tumors display a range of characteristics, including carcinomas, mixed prostatic 

adenocarcinomas with neuroendocrine traits, neuroendocrine prostate cancer, and small cell 

carcinomas (SCCs) (Beltran et al., 2014). These types do not rely on AR signaling for survival. 

They are thought to play a significant role in therapy resistance. Studies have shown that 

patients with CRPC mainly exhibit adenocarcinoma features with minimal neuroendocrine 

differentiation and a higher occurrence of SCC. There is debate about the origin of AR-negative 

phenotypes – whether they arise from the transformation of AR-positive adenocarcinomas or 

from pre-existing neuroendocrine cells within the prostate gland, especially after prolonged 

androgen deprivation therapy (Parimi et al., 2014). Understanding these subgroups is crucial as 

they are associated with more aggressive disease progression and poorer outcomes.  
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 An interesting discovery is that prostate cancer undergoes genetic changes as it 

progresses to CRPC. Mutations occurring simultaneously in p53 and retinoblastoma protein 1 

(RB1) are rare in tumors but are frequently observed in advanced CRPC, particularly in cases 

displaying neuroendocrine-like characteristics (Mu et al., 2017). The development of resistance 

to antiandrogen therapies like enzalutamide and the growth of cancer cells of androgen 

receptor activity have been linked to the loss of p53 and RB1 (Mu et al., 2017). These alterations 

also trigger lineage flexibility, prompting basal cells to proliferate over luminal cells that are 

dependent on androgen receptors. In addition, gene knockdown of p53 and RB1 increased 

neuroendocrine marker expression. From these results, it can be concluded that p53 and RB1 

loss contribute to ADT resistance. Understanding these complexities is crucial for advancing 

markers and novel treatment strategies to combat resistance to therapies targeting the 

androgen receptor in deadly prostate cancer. A detailed exploration of neuroendocrine prostate 

cancer will be addressed subsequently. 

 

Chapter 1.5 Neuroendocrine prostate cancer and tumor cell lineage plasticity 

   

The expression of certain genes essential for neuronal and neuroendocrine 

differentiation, the epithelial-mesenchymal transition, and pathways linked to stem-like traits 

and cell cycle progression characterize neuroendocrine prostate cancer (Abida et al., 2019). A 

decrease in the expression of a cellular marker linked to the prostate cell lineage and 

suppression of androgen receptor activity indicate the change from adenocarcinoma to NEPC. 

Cellular plasticity and the maintenance of the neuroendocrine phenotype are largely 
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dependent on the dysregulation of important oncogenic drivers and transcription factors, 

including SOX2, ASCL1, BRN2, MYCN, and ONECUT2 (Lee et al., 2006; Metz et al., 2020; Rotinen 

et al., 2018; Yamada and Beltran, 2021; Zhang et al., 2018).     

    Transcription factor N-Myc is known to be an oncogenic driver in several different 

neuroendocrine tumors and is elevated in NEPC. It supports lineage plasticity and acts as an 

inhibitor of AR signaling (Dardenne et al., 2016). In NEPC and several subtypes of castration-

resistant prostate cancer with adenocarcinoma, N-Myc is overexpressed (Beltran et al., 2011). 

Patients with CRPC-Adeno and NEPC have a worse overall survival rate when their N-Myc levels 

are high. Epigenetic modifications are known to be induced by N-Myc's interaction with 

AR, Enhancer of zeste homolog 2 (EZH2), and other members of the Polycomb Repressive 

Complex 2 (PRC2) (Dardenne et al., 2016). Mitotic protein Aurora kinase A (AURKA) further 

stabilizes N-Myc and stops it from degrading (Beltran et al., 2011). Alisertib, an AURKA inhibitor, 

has been investigated as a means of disabling the N-Myc-AURKA complex and preventing NEPC 

tumor growth (Beltran et al., 2019).  

In addition to being a primary neuronal transcription factor, BRN2 is a lineage-specific 

transcription factor and NEPC driver (Bishop et al., 2017). AR inhibits BRN2 expression, which in 

turn regulates the expression of the stem cell transcription factor SOX2. One possible role for 

SOX2, which is regulated by TP53 and RB1, is to restore cells to a more pluripotent or stem-like 

state, which is a prerequisite for neuroendocrine development (Metz et al., 2020). Histone H3 

hypomethylation has been linked to the suppression of SOX2, and lysine-specific demethylase 1 

is the step that starts it (Li et al., 2020). The neuroendocrine phenotype is supported by SPINK1 
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activation, which is another effect of elevated SOX2 expression (Tiwari et al., 

2020).                             

Several other biological variables are connected to the pathophysiology of NEPC. These 

include the increased expression of the RNA-splicing factor SRRM4, the decreased expression of 

REST, a crucial regulator of neural differentiation, and PEG10, which promotes cell cycle 

progression and plasticity (Akamatsu et al., 2015; Li et al., 2019b; Ooi and Wood, 2007). REST is 

partially controlled by SRRM4 and binds to gene regions necessary for a neuronal phenotype, 

blocking their transcription. MUC-1, which is highly expressed in NEPC, can also enhance 

lineage plasticity pathways (Yasumizu et al., 2020). It has been demonstrated that MUC-1 

inhibition suppresses BRN2 and cellular self-renewal in 

vivo.                                                                      

Additionally, NEPC has been linked to metabolic susceptibilities. It is discovered that 

NEPC has downregulated protein kinase C (PKC) λ/ι, a tumor suppressor that increases serine 

production through the mTORC1/ATF4 pathway (Reina-Campos et al., 2019). Increased 

intracellular S-adenosyl methionine (SAM) levels brought on by this metabolic change affect 

DNA methylation and may play a role in the formation of NEPCs (Reina-Campos et al., 2019). 

The transcription factor ONECUT2, which activates SMAD3, influences hypoxia signaling and 

promotes a neuroendocrine phenotype, is one of the factors that govern hypoxia inside NEPC 

tumors. As a master regulator in prostate cancer, ONECUT2 inhibits the AR network and 

activates genes involved in neural differentiation. It has been demonstrated that blocking 

ONECUT2 slows the growth and spread of tumors (Rotinen et al., 2018). 
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Chapter 1.6 Emergence of neuroendocrine prostate cancer 

 

The understanding of the complex biology of NEPC has advanced significantly, yet there 

remains a need for a more refined comprehension of the emergence and cooperative action of 

these factors in the context of resistance to AR-targeted therapies. As mentioned earlier, drug 

resistance is a problem in the treatment of advanced prostate cancer. Advanced prostate 

cancers change and adopt alternative growth and survival strategies to overcome therapeutics. 

Currently, 20-30 percent of prostate-resistant tumors morph into AR-independent tumors with 

neuroendocrine features, which leads to the formation of highly aggressive and fatal 

neuroendocrine prostate cancer. How NEPC arises is still under debate.    

 Lineage switching refers to the ability of cancer cells to evolve into different cell types 

after treatment. Like other cancer cells, prostate cancer has this capacity. Continued treatment 

with therapeutics like enzalutamide can lead to resistance. Prostate cancer to NEPC is 

supported by lab research showing an epithelial-mesenchymal transition (EMT) and 

neuroendocrine differentiation. In prostate cancer, this phenomenon is known as treatment-

induced lineage crisis. NEPC Tumors have low AR expression, stem cell-like properties, and 

enhanced cell cycle activity, which results in a more aggressive cancer. How NEPCs arise is still 

under investigation, but evidence suggests cellular linear plasticity of prostate cancer cells. 

 EMT involves epithelial cells transitioning from differentiated to a de-differentiated 

state and abandoning characteristics, such as cell-cell adhesion and apical-basal polarity, and 

reactivating mesenchymal cell features, like increased invasive and migratory capabilities and 

enhanced resistance to apoptosis. Prostate cancer cells exploit the EMT program to acquire 
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malignant traits like motility, invasiveness, and drug resistance. Clinically, EMT induction and 

mesenchymal trait acquisition correlate with more severe disease indicators.  

 Cellluar markers such as N-cadherin, a mesenchymal marker whose expression increases 

during EMT, are prevalent in CRPC cells and tumors, particularly those exhibiting low AR 

pathway activity (Tanaka et al., 2010). This expression is associated with enhanced invasion, 

metastasis capabilities, and castration resistance. Evidence linking cell plasticity with 

neuroendocrine differentiation includes the induction of EMT, cancer stem cell (CSC) 

population enrichment, and neuroendocrine differentiation following AR pathway inhibition in 

prostate cancer cell lines and clinical samples (Wang et al., 2016b). Further, there's a significant 

overlap between the molecular markers defining epithelial plasticity and a neuroendocrine 

phenotype. For instance, small-cell neuroendocrine prostate tumors share transcriptional 

programs with normal adult prostate basal stem cells, and forced expression of the EMT 

transcription factor SNAI1 in certain cell lines leads to the emergence of neuroendocrine 

characteristics (McKeithen et al., 2010). Preclinical data suggest that adenocarcinoma cells 

might undergo an incomplete EMT-like process to transdifferentiate into NEPC. The 

transcription factor SOX11, which is linked to both EMT and MET, has been identified as a driver 

of neuroendocrine differentiation in NEPC models (Ji et al., 2022).     

 In prostate cancer, the IL-6–signal transducer and activator of transcription 3 (STAT3) 

signaling pathway is a crucial nexus connecting the epithelial-mesenchymal transition program, 

the cancer stem-like cell phenotype, and neuroendocrine differentiation. Studies using in vitro 

prostate cancer cell line models have demonstrated that IL-6 activation of STAT3 signaling, after 

inhibition of AR, imparts cells with stem-like features, EMT characteristics, and neuroendocrine 



  20 

differentiation markers (Culig, 2014). Inhibition of IL-6–STAT3 signaling, such as through an IL-6 

cytokine trap, has been shown to reduce the CSC population in these models (Malinowska et al., 

2009). To support these results is the expression of STAT3, EMT transcription factor TWIST1, as 

well as stemness markers SOX2 and NANOG detected in human prostate tumors. Clinically, 

elevated IL-6 levels in the blood serum of patients with aggressive metastatic prostate cancer 

have been associated with poorer survival outcomes, aligning with the observed in vitro and in 

vivo links between IL-6–STAT3 signaling, EMT, CSC properties, and neuroendocrine 

differentiation in prostate cancer (Nakashima et al., 2000).     

 The WNT–β-catenin signaling pathway is active in castration-resistant prostate cancer, 

leading to increased resistance to androgen deprivation therapy and the development of a 

neuroendocrine phenotype (Chen et al., 2019; Yu et al., 2011). For instance, neuroendocrine 

differentiation has been observed in the prostates of transgenic mice expressing stabilized β-

catenin. The inhibition of β-catenin using a small-molecule inhibitor (C3) has been shown to 

reduce prostate tumor growth in vivo and prevent the rise of CSCs following antiandrogen 

therapy (Lee et al., 2013). In addition, studies in both mouse embryonic stem cells and prostate 

cancer mouse models have revealed interactions between the WNT–β-catenin and STAT3 

pathways, with β-catenin enhancing STAT3 transcription and WNT5A activation of the Frizzled 

receptor leading to STAT3 phosphorylation (Fragoso et al., 2012).     

 The role of cell surface markers like CD44 in lineage plasticity and neuroendocrine 

differentiation also underscores the complexity of these transitions. CD44 is a well-established 

marker for prostate CSCs and is associated with EMT and neuroendocrine differentiation traits 

(Shang et al., 2015). CD44 Silences the EMT transcription factor ZEB1 and interacts with CDH1, 
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which encodes E-cadherin and affects CD44 expression (Marín-Aguilera et al., 2014). CD44 is 

predominantly expressed in cells positive for the neuroendocrine marker Neuron-specific 

enolase (NSE), and the transplantation of CD44+ CD24- CSCs into mice leads to the 

development of tumors with mesenchymal and neuroendocrine characteristics (Li et al., 2016c). 

Clinical evidence further supports these connections, with immunohistochemical analysis of 

prostate tumors showing a high prevalence of CD44+ cells among neuroendocrine cells.  

 The molecular processes driving neuroendocrine transdifferentiation remain largely 

elusive. Despite extensive next-generation sequencing efforts, only a few genetic variances 

have been identified between prostate adenocarcinoma and neuroendocrine prostate cancer. 

These primarily involve alterations in pathways related to NMYC proto-oncogene protein 

(MYCN), RB1, and cellular tumor antigen p53 (TP53). These findings imply that neuroendocrine 

transdifferentiation may be predominantly governed by epigenetic modifications that dictate 

cellular identity — such as alterations in DNA methylation and dysregulation of the histone 

lysine methyltransferase EZH2 — rather than by a straightforward mutation and selection 

process. Furthermore, the tumor microenvironment may play a role in fostering and 

maintaining the neuroendocrine phenotype through signals from stroma cells and immune cells 

associated with the tumor. 

 

Chapter 1.7 An overview of epigenetics and prostate cancer 
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Epigenetic regulation is a crucial process for the normal development of a cell. 

Epigenetic regulation is the process that alters gene expression without altering DNA sequence 

and is inherited through cell division. Altering gene expression could lead to genes being on or 

off, affecting cell protein production. Epigenetic regulation involves several key processes, 

including DNA methylation, hormone modification, chromatin remodeling, non-coding RNA, 

and not strictly epigenetics RNA splicing. DNA methylation is the addition of a methyl group to 

DNA, usually in cytosine bases in CpG dinucleotides, which can prevent transcription factor 

binding or by recruiting proteins that condense chromatin, making DNA less accessible. 

Histones are proteins that wrap DNA, which can be methylated, acetylated, phosphorylated, or 

ubiquitinated, and can either condense(heterochromatin) or relax(euchromatin) chromatin 

structure affecting gene expression. Chromatin remodeling involves changing proteins involved 

in chromatin structure, which changes accessibility to DNA, hence changing gene expression. 

Non-coding RNA involves the expression of microRNA or long non-coding RNAs that can lead to 

gene silencing or activation. RNA splicing refers to changing how premature RNA is spliced, 

leading to different protein products and altering gene expression.  

 Epigenetic changes are critical for normal development and differentiation. This process 

allows cells with the same DNA to develop into different cell types such as muscle, skeletal, and 

neurons. However, changes in epigenetic regulation have been found to contribute to the 

development and onset of several diseases (Jia et al., 2015). Altered H3K4, a histone that 

promotes gene activation, methylation has been associated with neurodegenerative diseases. 

DNA hypomethylation, and hyperacetylation also contribute to other diseases like rheumatoid 

arthritis (Greer and McCombe, 2012). Even asthma seems to be passed on from mother to 



  23 

offspring through epigenetic modifications. Several changes in epigenetic regulation have been 

reported in cancer, such as Gastric, colorectal, melanoma, breast, lung, pancreatic, 

adenocarcinoma, and prostate cancer. Reported epigenetic changes include increased 

promoter methylation, histone modifications, and changes in miRNA expression.   

 DNA methylation and histone modifications are observed and reported to be critical in 

the progression of prostate cancer. Both hypermethylation and hypomethylation of genes 

contribute to tumor growth and metastasis. Several proteins have been reported to alter DNA 

methylation, such as the GSTP1 promoter and the promoter of the Androgen receptor. 

Hypermethylation of the GSTP1 promoter leads to gene silencing (Mahon et al., 2014). 

Androgen Receptor has been reported to be hypermethylated in castration-resistant prostate 

cancer, which leads to the loss of AR expression (Suzuki et al., 2003). Additionally, AR promoter 

hypermethylation often silences the PTEN and p16 tumor suppressor genes, contributing to 

carcinogenesis and disease progression (Jarrard et al., 1997; Li et al., 2017b). Hypomethylation 

of genes like heparanase and urokinase plasminogen activator (uPA) increases tumor invasion 

and metastasis (Pakneshan et al., 2003).        

 Lysine methyltransferases (KMTs) and demethylases (KDMs), histone modifiers, have 

also been implicated in prostate cancer. KMTs like SUV39H1 and SETDB1 are upregulated in 

prostate cancer, enhancing cell migration and invasion, and are proposed as therapeutic targets 

(Yu et al., 2017). SET and MYND domain-containing protein 3 (SMYD3) is also upregulated lysine 

methyltransferase that promotes cell proliferation and migration in prostate cancer (Huang and 

Xu, 2017). Arginine methyltransferase 5 (PRMT5) has been shown to drive tumor growth by 

silencing tumor suppressor genes and activating AR target genes (Stopa et al., 2015). 
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Demethylases like lysine-specific demethylase 1 (LSD1/KDM1A) are histone modifiers 

that have been associated with the progression of diseases, including cancer. LSD1/KDM1A are 

implicated as oncogenes in prostate and other cancers, promoting carcinogenesis through 

various mechanisms. One of these mechanisms includes the overexpression of LSD1, which 

correlates with prostate cancer recurrence and poor survival. LSD1 binds with AR, which 

changes the expression of AR target genes. LSD1's coactivator function is typically associated 

with demethylation of H3K9me1,2, leading to the transcriptional de-repression of AR target 

genes. The histone demethylase family, which includes KDM3A, KDM4A, KDM4B, KDM4C, 

KDM5B and KDM5C, have been reported to contribute to prostate cancer (Komura et al., 2016). 

KDM3A activation occurs in the presence of androgens, influencing AR activity and activating 

genes involved in the androgen response (Wilson et al., 2017). KDM4A and KDM4C have been 

shown to modulate AR transcriptional activity and contribute to prostate cancer pathogenesis 

(Shin and Janknecht, 2007). KDM4B acts as a coactivator for AR, regulating AR transcriptional 

activity by demethylation, preventing ubiquitination, and improving AR stability (Xiang et al., 

2007). KDM5B and KDM5C are upregulated in prostate cancer, while KDM5D is downregulated. 

Other lysine demethylases have been found to suppress tumor growth in prostate cancer, 

specifically KDM5D (Li et al., 2016b).        

 NSD2, a member of the histone methyltransferase NSD family, is overexpressed in 

prostate cancer. NSD2 contributes in several ways to the pathogenicity of prostate cancer. One 

of the ways that NSD2 contributes to prostate cancer pathogenicity is through the activation of 

the NF-kB signaling pathway. Activation of the NF-kB signaling pathway has been shown to 

contribute to the growth and survival of prostate cancer cells (Yang et al., 2012). Another 
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mechanism that NSD2 exploits is the activation of the AKT pathway. Activation of the AKT 

pathway by NSD2 activates downstream cellular pathways associated with survival and 

metastasis (Li et al., 2017b). It has been reported that NSD2 binds with the AR DNA-binding 

domain, specifically the PSA gene, enhancing AR transcriptional activity (Nalla et al., 2016). 

Lastly, NSD2 can potentially promote androgen receptor independence.  

 Another epigenetic regulator involved in prostate cancer is EZH2. EZH2 is a member of 

the Polycomb Repressive Complex 2, which regulates histone methylation(Di Croce and Helin, 

2013). Methylation of H3K27 is associated with gene silencing, specifically in silencing genes 

associated with cell lineage-specifying factors. The upregulation of EZH2 promotes cell 

stemness, epithelial-to-mesenchymal transition, and metastatic progression. EZH2 expression is 

upregulated in prostate cancer. As discussed earlier, EZH2 and SOX2 drive neuroendocrine 

differentiation, plus EZH2 functions with E2F1 in castration-resistant prostate cancer (Xu et al., 

2016).          

 Bromodomain-containing proteins are chromatin readers that are implicated in prostate 

cancer. BRDs function by recognizing mono-acetylated lysine histone residues and facilitate 

chromatin remodeling by opening chromatin structure and facilitating gene transcription. 

Currently, there are 42 known bromodomain proteins. Alterations in proteins with 

bromodomains are frequently observed in various cancers. Specifically, over half of primary and 

metastatic prostate cancers show genetic changes in these proteins. The prevalence of these 

alterations is even higher in neuroendocrine prostate cancers, where more than 70% of cases 

involve genomic changes in at least one of the bromodomain proteins. (Urbanucci and Mills, 

2018). Bromodomain-containing proteins act as transcription factors, cofactors, 
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methyltransferases, histone acetyltransferases (HATs), helicases, and ATP-dependent 

chromatin remodelers. The BET subgroup of bromodomain proteins, especially BRD4, has been 

extensively studied in prostate cancer. BETs work as enhancers/super-enhancers and recruit 

factors to initiate gene transcription (Jang et al., 2005). Specific single nucleotide 

polymorphisms (SNPs) in super-enhancer regions of DNA bound by BRD4 are significantly 

associated with increased prostate cancer risk. BRD4 interacts with the AR, promoting its 

nuclear translocation, recruitment to target loci, and overall activity, particularly in castration-

resistant prostate cancer (Asangani et al., 2014). The BET inhibition has been shown to disrupt 

BRD4 recruitment to AR enhancer regions (Faivre et al., 2017). BET proteins also play a role in 

resistance to antiandrogens. BRD4 can also bind the TMPRSS2-ERG fusion, which stimulates cell 

growth and invasion (Blee et al., 2016). Furthermore, BRD4 has been linked to the oxidative 

stress response in prostate cancer (Hussong et al., 2014). The Bromodomain-containing 

proteins TRIM24 and CHD1 have been associated with prostate cancer progression and 

aggressiveness. TRIM24, overexpressed in CRPC and linked to disease recurrence, enhances AR 

signaling and promotes tumor growth. CHD1, an H3K4me2-3 epigenetic reader, is frequently 

mutated in aggressive prostate cancers (Grasso et al., 2012; Rodrigues et al., 2015).  

 FOXA1 is a well-documented DNA binding protein implicated in prostate cancer. It 

interacts with and recruits the androgen receptor to chromatin sites, thereby defining and 

controlling the AR cistrome and resulting in context-dependent regulation of gene expression 

(Wang et al., 2007). FOXA1 increases DNA accessibility and AR binding, which leads to high 

FOXA1 expression (Zhao et al., 2016). This, in turn, leads to the upregulation of AR target genes, 

increasing tumor metastasis. 



  27 

GATA genes, especially GATA2, play a crucial role in prostate cancer. GATA 2 has been 

shown to contribute to prostate cancer cell growth by altering androgen receptor dynamics. It 

has been reported that GATA2 expression decreased AR expression without changing DNA AR 

accessibility, hence implying that these two proteins have a cofactor capacity. Interestingly, the 

activity of GATA2 in human prostate cancer is closely associated with androgen receptor levels. 

FOXA1, an androgen receptor recruiter, has been reported to alter the function of GATA2. 

FOXA1 binds to both AR and GATA2 in prostate cancer. This suggests that FOXA1 and GATA2 

play a crucial role in regulating AR gene expression in prostate cancer (Zhao et al., 2016).                           

 Lineage plasticity in prostate cancer stem cells is a crucial element of carcinogenesis. 

Several changes in the expression of Yamanaka factors (OCT4, SOX2, KLF4, and c-MYC), NANOG, 

and LIN28 have been reported to occur and contribute to the pathogenicity of prostate cancer. 

The elements are necessary for the triggering pluripotency but are also associated malignancies, 

including cancer.           

 SOX2 overexpression is linked to tumorigenesis in various cancers, including prostate 

cancer, with its expression correlating with tumor grade (Wong et al., 2010). SOX2, as an 

epigenetic reprogramming factor and oncogene. Altered SOX2 expression has been reported in 

advanced CRPC. SOX2 has been shown to promote androgen independence, evasion of 

apoptosis, and tumor metastasis (Li et al., 2013). It has been reported that SOX2 may interact 

with EGFR to promote cancer stem cell transition (Rybak and Tang, 2013). SOX2 has also been 

associated with neuroendocrine trans-differentiation (Esposito et al., 2015). SOX2 is 

transcriptionally regulated by the neural transcription factor BRN2, which is, in turn, suppressed 

by AR, revealing an AR-dependent suppression of cell differentiation toward a neuroendocrine, 
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AR-independent phenotype (Bishop et al., 2017).      

 Several different members of the MYC family of proteins have been associated with 

prostate cancer progression. The MYC family of proteins are oncogenes with several functions, 

including the regulation of the cell cycle, cell death, and DNA damage response. c-MYC is a well-

established oncogene associated with prostate cancer progression, recurrence, and poor 

prognosis. C-Myc functions with the loss of PTEN to drive cancer progression and metastasis in 

prostate cancer (Hubbard et al., 2016; Kim et al., 2012). MYCN upregulates the expression of 

EZH2 in prostate cancer, which activates NEPC trans differentiation (Dardenne et al., 2016). 

MYC also regulates the expression of histone modifiers such as PHF8. Histone demethylases 

PHF8 and KDMA3 is regulated by MYC in NEPC and CRPC (Maina et al., 2016). Normally, AR 

signaling represses MYC expression in normal prostate, but recent reports suggest that MYC 

overexpression deregulates the AR signaling of prostate cancer.    

 Several pathways have been reported to be altered in the prostate. Interestingly, 

several oncogenic pathways are altered in prostate cancer. The RB, PI3K/AKT, and Ras/Raf are 

pivotal due to mutations in several members and reported to be altered in prostate cancer 

(Taylor et al., 2010). The Ras/Raf pathway contributes to cancer aggressiveness by activating 

epithelial-mesenchymal transition transcriptional programs. One model suggests that secreted 

extracellular protein Hsp90 initiates ERK signaling, leading to the recruitment of EZH2 to the E-

cadherin promoter, driving EMT and invasion (Nolan et al., 2015). DAB2IP, a tumor suppressor 

Ras-GAP, modulates various pathways. In prostate cancer DABP2IP, this leads to the activation 

of programs associated with tumor aggressiveness such as the Ras and NF-kappa B pathways 

(Chen et al., 2005). Activation of bothPI3K and MAPK pathways results in aggressive and fully 
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metastatic tumors resistant to castration (Aytes et al., 2013).   

 Retinoblastoma is a tumor suppressor gene that has been implicated in several cancers. 

The loss of RB1 is common in advanced prostate cancers such as mCRPC and NEPC. RB1 loss 

leads to increased EZH2 and SOX2 expression, which, in turn, changes several epigenetic 

programs. As mentioned earlier, EZH2 and SOX2 changes are reported with transitions to a 

stem cell-like state, facilitating metastasis, neuroendocrine trans-differentiation, and 

acquisition of ADT resistance (Ku et al., 2017). TP53 and RB1 mutations can promote a cellular 

plasticity state mediated by increased SOX2 expression, leading to resistance through lineage 

switching when combined with antiandrogen therapy (Mu et al., 2017).   

 The PTEN/PI3K/AKT pathway alterations are hallmarks of prostate cancer. Loss of PTEN 

and activation of this pathway contribute to a switch from global H3K27 acetylation to 

trimethylation, increasing EZH2 expression and decreasing tumor suppressor genes. A 

downstream target of AKT phosphorylation is NSD2. Phosphorylation of NSD2 prevents its 

degradation, which in turn enhances AKT signaling. Loss of PTEN functions with c-MYC to 

contribute to cancer pathogenicity.        

 The tumor TGF-β signaling activation is a recognized mechanism for inducing EMT and 

metastasis. TGF-β1-induced EMT is mediated by histone methyltransferase RbBP5, modulated 

by SMAD2/3 binding to the Snail promoter (Li et al., 2016a). Snail activates EMT by inhibiting E-

cadherin transcription through the recruitment of repressive histone modification enzymes. 

ERG signaling regulation of SOX4 suggests cooperation in TGF-β1-induced EMT in prostate 

cancer cells. SOX4, a key component of the PI3K/AKT pathway, regulates EZH2 expression and 

chromatin remodeling. Inhibition of SOX4 reduces AKT and β-catenin pathways activation, 
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decreasing cancer invasiveness (Bilir et al., 2016).      

 Ack1 is a tyrosine kinase involved in cellular proliferation and survival. Interestingly, 

there is a link between ACK1 oncogenic signaling and epigenetic regulation. ACK1 has been 

found to be upregulated in primary and advanced prostate cancers. It has been reported that 

ACK1 interacts with AR to promote the onset of ARI resistance and CRPC growth (Mahajan et al., 

2007). ACK1 phosphorylates histone H4, recruiting the WRD5/MLL2 complex, mediating H3K4 

trimethylation and AR transcriptional activation. Inhibition of ACK1 confirms that this epigenetic 

activity maintains AR transcription and CRPC tumor growth. 

 

Chapter 1.8 An overview Receptor Tyrosine Kinases (RTKs) 

           

Receptor tyrosine kinases are a group of tyrosine kinases that play a role in cell communication 

and the regulation of various complex biological processes such as cell growth, movement, 

differentiation, and metabolism. There are two categories of tyrosine kinases: receptor tyrosine 

kinases and non-receptor tyrosine kinases (non-RTKs). Out of the 90 identified tyrosine kinases, 

58 fall under RTKs across 20 subfamilies, while 32 are classified as non-RTKs within ten 

subfamilies. There is an extracellular domain at the amino terminus that binds ligands, a single 

transmembrane α helix, an intracellular domain that acts as a tyrosine kinase, and areas that 

are high in tyrosine at the carboxy terminus and juxtamembrane regions (Lemmon and 

Schlessinger, 2010). 

Receptor tyrosine kinase activation typically involves four ways of dimerization that 

affect the tyrosine kinase domain. The first method is set off by the ligand, which makes two 
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receptors join together without any interaction between their parts, as seen in TrkA (Wehrman 

et al., 2007). The second method uses receptor interactions to drive dimerization in which the 

ligands do not physically interact, as seen in members of the ErbB family (EGFR, HER2/ErbB2, 

HER3/ErbB3, and HER4/ErbB4) (Zhang et al., 2006). This method forms dimers when 

homodimers of ligands bind to two receptor units and interact at the dimer interface. This is 

similar to what happens in the KIT receptor (Manning et al., 2002). The fourth method 

combines ligand attachment with interactions between receptors and additional molecules like 

heparin or heparan sulfate to assist in dimerization within the FGFR family of RTKs (Yayon et al., 

1991).            

 Upon activation and autophosphorylation, RTKs act as points for gathering downstream 

signaling molecules. Most of these autophosphorylation sites serve as points for signaling 

proteins containing SH2 or PTB domains. Proteins with SH2 domains can be directly recruited to 

the receptor or through docking proteins connected to RTKs via their PTB domains. These 

docking proteins function as "assembly platforms," facilitating the recruitment of molecules 

with SH2 or other functional domains (Brummer et al., 2010). Docking proteins enable activated 

RTKs to interact with and regulate a variety of signaling pathways, which include the PI3K/AKT 

and JAK/STAT pathways. As a result, RTKs play roles in interpreting external signals related to cell 

growth and movement. 

Among RTKs, EGFR/HER receptors like EGFR, HER3, and HER4 have been extensively 

studied. All the RTKs mentioned bind to multiple ligands. In contrast, HER2 doesn't have a 

known ligand. EGFR interacts with ligands such as EGF and TGFα; these ligands are believed to 

be monomeric in solution and engage with receptors through their slightly diverse EGF-like 
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domains. These ligands can trigger EGFR signaling in ways leading to a range of cellular 

reactions, such as growth, division, and movement. For example, TGFα and heparin-binding EGF 

are more efficient at stimulating DNA replication in rat liver cells compared to EGF despite 

having binding strengths. Additionally, amphiregulin promotes increased mobility. Invasiveness 

in breast cells compared to EGF (Herbst, 2004).                                                                             

The rise of technology has underscored the significance of RTKs in cancer research. 

Several studies using next-generation sequencing (NGS) have revealed alterations in genes for 

receptor tyrosine kinases. The recurring presence of these changes in RTKs raises questions 

about their impact on cancer development and the effective treatment approaches for tumors 

with specific RTK mutations.   

Under physiological conditions, the activity of RTKs is carefully controlled by protein 

kinases and tyrosine phosphatases. Through several mechanisms, RTKs can acquire oncogenic 

properties that disrupt the balance between cell growth, proliferation, and cell death. The 

deregulation of RTK signaling in terms of timing and location adds a layer of complexity to 

understanding how these processes work. Prolonged RTK activation transforms cells and gives 

them oncogenic properties. These changes in RTK activation contribute to the pathogenicity of 

the cancer and lead to increased survival and proliferation.   

Four distinct mechanisms of RTK activation have been described in cancer: gain-of-

function mutations, amplification at the genetic level, rearrangements within chromosomes, 

and self-stimulation through autocrine pathways.   

The Epidermal Growth Factor Receptor (EGFR) stands out as an RTK studied extensively 

within the context of lung cancer research. Researched changes often focus on EGFR-activating 
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mutations, which in NSCLC are typically found in exons 18–21 of the TKD gene. Most of these 

mutations consist of exon 19 deletions and the L858R point mutation, which trigger EGFR 

activation of ligand binding (Shigematsu and Gazdar, 2006). This process boosts kinase activity 

by shifting the balance between the inactive states of the receptor. Additionally, cancers such as 

lung, brain, and colon tumors display mutations in the domain (ECD) of EGFR. Some of these 

mutations lead to activation without ligands of EGFR and hinder the binding of EGFR 

monoclonal antibodies (Gazdar, 2009).                                                   

EGFR amplification is another outcome of these mutations. EGFR mutations are 

observed across various cancer types like breast, lung, ovarian, and prostate cancers (Sudhesh 

Dev et al., 2021). This amplification increases receptor abundance on cell surfaces, promoting 

receptor dimerization and subsequent kinase activation. In lung cancer cases, common EGFR 

gene fusions like EGFR RAD51 involve interactions between EGFR TKD and the DNA damage 

response protein RAD51. These interactions activate pathways such as MAPK and PI3K/Akt, 

encouraging cell proliferation of cytokines (Konduri et al., 2016). Various EGFR fusions can occur 

in NSCLC, such as those involving PURB, SEPTIN14, and KIF5B (Konduri et al., 2016; Zhu et al., 

2019). Activation of EGFR can also happen through kinase domain duplications (KDDs), which 

involve tandem duplications of EGFR exons 18–25, leading to increased signaling via 

intramolecular dimers. The first reported case of an EGFR KDD was in a patient with cell 

carcinoma potentially associated with aggressive disease progression (Wang et al., 2020). 

Furthermore, EGFR activation can occur in an autocrine manner, supporting cancer stem cells 

and activating EGFR in tumor cells.                                                                                        
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Vascular Endothelial Growth Factor Receptor (VEGFR) VEGFR1, VEGFR2, and VEGFR3, 

along with five VEGF ligands (VEGFA VEGFB, VEGFC, VEGFD, and PIGF) and neuropilin 

coreceptors play roles in regulating angiogenesis and lymphangiogenesis processes (Rapisarda 

and Melillo, 2012). These receptors and ligands are expressed in cancers like lung, breast, and 

colorectal prostate cancers, among others. Increased levels of VEGFR1 and VEGF expression in 

cancer cells activate the MAPK pathway to enhance cell growth (Itakura et al., 2000). In cancer 

cases, levels of VEGFR2 expression have been linked to poor overall survival rates along with 

increased cellular proliferation and invasiveness. Additionally, overexpression of Vascular 

Endothelial Growth Factor Receptor 2 (VEGFR2) has been associated with the epithelial-

mesenchymal transition in breast cancer as with other types of cancer; however, varying roles 

for this receptor have been observed across different types of cancer based on findings from a 

human carcinoid cell line. (Longatto Filho et al., 2005; Tanno et al., 2004). The levels of VEGFR 

expression can differ depending on the stage of cancer, with VEGFR3 being more pronounced in 

stages. In liver and gastric cancer, autocrine VEGF signaling influences the effectiveness of 

molecule inhibitors, where higher levels of VEGFR1/2 in the autocrine circuit lead to inhibition 

of cell growth from drug treatment and slower tumor development (Peng et al., 2014).   

Fibroblast Growth Factor Receptor (FGFR) genes FGFR1, FGFR2, FGFR3, and FGFR4 play 

roles in both development and adult functions. Among these genes, FGFR1 shows the frequency 

of mutations in cancer, followed by FGFR3, FGFR2, and then FGFR4 (Liu et al., 2021). 

Amplifications of FGFRs have been associated with increased signaling through MAPK and PI3K 

pathways, as well as elevated stem cell marker expression in lung, breast, and gastric cancers. 

Various cancers show around 200 mutations across all four FGFRs. The fusion gene FGGR3-
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TACC3 is the first known FGFR fusion associated with a gene found in glioblastoma and other 

cancers; this fusion promotes cell proliferation and activates MAPK and ERK signaling pathways. 

Other fusion genes involving domains that promote receptor activation without ligands have 

also been identified (Nelson et al., 2016; Singh et al., 2012).                                

Platelet-derived growth factor receptors (PDGFRs), including PDGFAα and PDGFBβ, are 

activated by five PDFG ligands. Changes in genes within the PDGF family are frequently 

observed in lung, colon, and glioblastoma (Farooqi and Siddik, 2015). Mutations in PDGFRA in 

stromal tumors (GISTs) are commonly associated with heightened phosphorylation of ERK and 

STAT5, leading to continuous activation of the receptor (Velghe et al., 2014). 

 

Chapter 1.9 Anaplastic Lymphoma Kinase receptor (ALK) 

 

The anaplastic lymphoma kinase receptor was initially discovered in 1994. Researchers 

recorded a chromosomal rearrangement, which resulted in an NPM1-ALK (Shiota et al., 1994). 

Further research led to the discovery of the full wild-type receptor in 1997 (Iwahara et al., 1997). 

ALK is a highly conserved receptor tyrosine kinase part of the insulin receptor superfamily. In 

adult humans, ALK expression is localized to the central nervous system, testes, and small 

intestine (Vernersson et al., 2006). ALK activation requires ligand binding of either Augmentor a 

or b (FAM150), which triggers receptor dimerization and autophosphorylation. Unfortunately, 

there is limited information on the function of ALK in humans (Guan et al., 2015). Humans do 

express two variants of ALK, which differ in size: the 220 kDa full-size variant and the 140 kDa 

variant. 
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Potential functions of ALK have been discovered using fruit flies and mice. In Drosophila 

melanogaster, ALK is activated by the ligand Jelly Belly (Jeb). The binding of ALK to Jeb initiates 

several signaling cascades that help regulate the development of the gut musculature and visual 

nervous system (Vernersson et al., 2006). In mice, ALK is expressed in the nervous system during 

the embryonic and neonatal stages. In adult mice, the expression of ALK is significantly 

decreased. It has been reported that ALK knockout in mice is not lethal but knock mice do 

exhibit abnormalities (Lasek et al., 2011; Witek et al., 2015). 

ALK possesses structure features typical of all RTKs, but it also possesses unique features. 

Like all RTKs, ALK possesses a ligand binding domain, a transmembrane domain, and an 

intracellular domain. In the extracellular domain, ALK has a low-density lipoprotein class A 

domain (LDL) surrounded by two mephrin/A5 protein/PTPmu domains (MAM)(Alexander et al., 

2011). In addition, the extracellular domain contains an N-terminal signal peptide and a glycine-

rich region. Having two extracellular MAM domains is unique to ALK; even more interesting, 

having two MAM domains connected to a low-density lipoprotein is also unique to ALK 

receptors. The biological function of the LDL in ALK is not fully understood, but recent evidence 

suggests that the MAM domains serve for cell-to-cell interactions through homophilic binding 

(Alexander et al., 2011). 

The whole structure of ALK has yet to be fully elucidated, and most research has focused 

on the ALK kinase domain. The ALK kinase domain contains an amino-terminal lobe and a 

carboxy-terminal lobe. The amino-terminal lobe is composed of several beta-strands that form 

antiparallel strands, loop regions including a glycine-rich loop, and one helix (aC helix). The 

carboxy-terminal contains a-helices, two b-strands, and multiple loop regions (Bossi et al., 2010). 
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The catalytic activity of the kinase domain is affected by several regions that include a catalytic 

loop, an activation loop, an aC-helix, and a glycine-rich loop. Crucial residues of the catalytic 

loop include K1150, H1247, R1248, D1249, K1150, and K1267(Huang, 2018). Crucial residues of 

the aC-helix include E1167, D1270, F1271, and G1272 (Knighton et al., 1991). 

The activation of ALK has yet to be fully understood, but it is believed that it follows the 

canonical RTK activation mechanism. The canonical RTK activation mechanism is ligand-induced 

activation. Once the ligand is bound to the extracellular region of the receptor, this triggers 

receptor homodimerization or heterodimerization. Receptor dimerization triggers trans-

phosphorylation of specific tyrosine residues, which may lead to the phosphorylation of more 

tyrosine residues. Phosphorylation of the tyrosine residues leads to the activation of the 

catalytic activity of the RTK. The activated RTK can phosphorylate neighboring proteins, allowing 

for signal transduction of the RTK. Several mechanisms exist to inhibit RTK signaling, including 

either dephosphorylation through tyrosine phosphatases or degradation after endocytosis. 

Numerous possible human ALK ligands have been identified, but further research is 

needed to understand the details of human ALK ligands fully. Recent studies have confirmed 

that anaplastic lymphoma kinase and leukocyte tyrosine kinase activating ligands (ALKALs) serve 

as ALK ligands. These findings indicate that ALKALs (FAM150A and FAM150B), or ALKAL1 and 

ALKAL2, which also bind to the leukocyte tyrosine kinase receptor (LTK), interact with the ALK 

extracellular domain (ECD) to activate it (Guan et al., 2015). Laboratory experiments 

demonstrate that ALKALs stimulate ALK's kinase activity. Moreover, mediums containing ALKALs 

have activated ALK in various ALK-expressing cell lines. 
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In other model organisms, introducing ALKALs has had a similar effect. ALKALs triggered 

the activation of normal ALK in a Drosophila model. In addition, in vivo research using zebrafish 

has further validated ALKALs as ligands for the ALK/LTK receptor family. Another study identified 

heparin as a potential ligand for mammalian ALK. A specific heparin-binding motif was located 

in the N-terminal region of the ALK ECD (Murray et al., 2015). Furthermore, a study on canine 

ALK revealed that the normal ALK ECD, but not a mutant version, could be isolated using 

heparin-sepharose chromatography. Longer-chain heparins can physically bind and activate ALK. 

In Drosophila melanogaster, jelly belly (Jeb) has been established as a biological ligand of ALK. 

ALK and Jeb are also vital in the development of the visual system. Without a functional AlLK 

gene, the gut development in the fruit fly is impaired (Lorén et al., 2003). 

A pivotal attribute of ALK is its classification as a dependence receptor. In the absence of 

ligand-mediated kinase activation, ALK undergoes caspase-3-mediated cleavage during 

apoptosis (Mourali et al., 2006). Specifically, a caspase-3 cleavage site is located within the 

juxtamembrane region of ALK (amino acids 1160–1163: DELD), where increased caspase-3 

activity facilitates the release of an intracellular ALK fragment (~60 kDa) into the cytoplasm. This 

process accentuates apoptosis via the revelation of a pro-apoptotic segment within the same 

region of ALK (Mourali et al., 2006). Notably, the ALK D1160N mutation impedes caspase-3 

cleavage at this site, thereby mitigating the receptor's pro-apoptotic function. Additionally, 

synthesized peptides that emulate the pro-apoptotic domain of ALK have been observed to 

induce cytotoxicity through caspase-dependent apoptosis in ALK-positive anaplastic large cell 

lymphoma (ALCL) and neuroblastoma cell lines (Aubry et al., 2015).  
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N-glycosylation represents a pivotal post-translational modification of ALK, with 16 

distinct N-glycosylation sites identified within its extracellular domain (ECD). This modification 

substantially augments the molecular mass of the full-length wild-type ALK: unglycosylated, it 

stands at approximately 180 kDa, whereas post-glycosylation, it manifests as roughly 220 kDa 

when analyzed via SDS-PAGE. Generally, N-glycosylation plays a crucial role in the folding, 

quality control, and membrane trafficking of membrane glycoproteins. Specifically, for ALK, N-

glycosylation may be instrumental in its protein folding, quality control processes, and 

membrane anchoring. Empirical evidence suggests that the inhibition of ALK's N-glycosylation 

adversely impacts its phosphorylation and consequent downstream signaling, underscoring the 

significance of this modification in ALK's functional regulation (Del Grosso et al., 2011). 

 

 Chapter 1.9 ALK and Cancer 

 

Several types of cancer have been found to have different changes in ALK expression. 

These changes in expression have been reported either through ALK amplification, ALK gain-of-

function mutations, or ALK fusion mutations. 

ALK fusion proteins are important oncogenic drivers in cancer. Several ALK fusions have 

been described in distinct cancers such as ALC, and NSCLC (Choi et al., 2008; Soda et al., 2007). 

These fusions involve an ALK fragment, through chromosomal translocation, joined with a 

fusion partner. The most well studied ALK fusions include NPM–ALK in ALCL and EML4–ALK in 

NSCLC. In ALCL alone, nine distinct fusions have been documented. The most prevalent ALCL is 

the NPM–ALK fusion (Roskoski, 2013). It is known that these fusion proteins stimulate 
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downstream signaling pathways that play a role in the development of cancer. The current 

understanding of ALK activation was elucidated by studying ALK activation in cancer. 

Constitutive activation of ALK is achieved by having ALK fusion proteins that are active even 

though ligand binding is absent. ALK fusion proteins induce dimerization (or oligomerization) 

irrespective of ligand contact. Furthermore, the fusion partner affects the resulting ALK fusion 

protein's subcellular location. Since the fusion protein's N-terminal domain is generated from 

the ALK fusion partner, the promoter of the partner protein usually regulates the fusion 

protein's transcription. Breakpoints for translocations of the ALK gene are typically located in 

exons 19–20 or 20–21 (Huang, 2018). The ALK kinase domain, whose activation triggers 

downstream signaling cascades, most notably the RAS/MAPK and JAK/STAT pathways, is 

typically included in these fusion proteins.  

In neuroblastoma, ALK activation mutations and amplifications were identified years ago 

(Carén et al., 2008). Multiple ALK activation mutations, including hotspot residues in the kinase 

domain like R1275, F1174, and F1245, have been reported. Both germline and somatic 

activating mutations contribute to oncogenesis (Carén et al., 2008; Chen et al., 2008; Janoueix-

Lerosey et al., 2008). Additionally, truncated activated ALK mutants, including various deletions, 

have been found in cell lines and tumor samples. These truncations result from genomic 

rearrangements and play a significant role in driving neuroblastoma pathogenesis, often 

synergizing with other proteins like MYCN. Using transgenic mice, researchers have shown that 

MYCN and ALK signaling lead to the onset of neuroblastoma (Berry et al., 2012). Beyond 

neuroblastoma, ALK amplifications and copy number gains have been observed in other cancers, 

including rhabdomyosarcomas (Corao et al., 2009). Since the discovery of ALK fusions in 1994, 
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several other fusions of ALK have been discovered. In 2008, discoveries of ALK mutations in 

pediatric neuroblastoma introduced another pathway for oncogenic activation of ALK, 

predominantly through point mutations in the intact receptor tyrosine kinase. While ALK 

overexpression has been observed in various human tumors and cell lines its role in initiating or 

progressing tumors remains largely unverified.                                                                  

 There are 30 different partners identified in ALK fusion proteins. Although several fusion 

proteins have been studied experimentally, only a handful have been studied, including NPM-

ALK in ALCL and EML4-ALK in NSCLC. It is noteworthy that transgenic models driven by NPM-

ALK in ALCL and EML4-ALK in NSCLC have been created. ALK fusions are found in only 

approximately 5% of NSCLC cases, but the sheer number of patients with NSCLC makes EML4-

ALK the most common type of ALK gene rearrangement, accounting for 40,000 new cases 

annually (Huang, 2018).                                                                                                

Studies on ALK fusion proteins have highlighted several fundamental ideas, one of which 

is the importance of oligomerization, which is made possible by ALK's fusion partners. Different 

ALK fusion proteins react differently to ALK tyrosine kinase inhibitors (TKIs), exhibiting different 

stabilities and sensitivities. The finding of several variants for certain ALK fusions (e.g., over 15 

variants have been documented for EML4-ALK in NSCLC adds to the complexity. Different ALK 

fusions can occur; however, within tumor subtypes, some fusions might be more common than 

others. Adenocarcinoma-type NSCLC patients who are younger and do not smoke have higher 

levels of ALK fusion proteins. Most ALK-positive cases in NSCLC are caused by the primary 

fusion EML4-ALK, while other fusions like KIF5B-ALK, TFG-ALK, and others have also been 
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documented. On the other hand, NPM-ALK is the major characteristic of ALCL in more than 50% 

of cases, however, other variations have also been reported (Huang, 2018).   

 

Chapter 1.10 ALK inhibitors 

           

In 2007, Soda et al. discovered the EML4-ALK fusion oncogene in a non-small-cell lung 

cancer patient. This fusion of EML4-ALK promotes the growth and survival of cancer cells. The 

fusion protein locks ALK in an activated state and upregulates its kinase activity. Several forms of 

abnormal ALK activity have been observed in different cancers. ALK inhibitors were developed 

to treat patients with abnormal ALK activity and ALK fusions. 

One of the first ALK inhibitors to be developed was crizotinib. Crizotinib was initially 

developed as a c-Met inhibitor, but it also targets ALK, ROS1, and MET. It was fast-tracked by the 

FDA in 2011 based on promising early trial results, showing substantial response rates and 

median progression-free survival improvements in ALK-positive patients. Subsequent phase III 

trials comparing crizotinib with standard chemotherapy solidified its position as the first-line 

treatment for ALK-positive NSCLC (Kwak et al., 2010). 

Resistance posed a challenge to ALK inhibitors. Ceritinib and alectinib were developed to 

combat the problem of resistance. Both inhibitors effectively decreased the activity of ALK and 

could easily access the central nervous system. Prolonged improvements were observed in 

patients treated sequentially with crizotinib and a second-generation inhibitor. Comparisons 

between ceritinib and crizotinib showed that the second-generation inhibitor was more 

effective than crizotinib (Friboulet et al., 2014). In addition, ceritinib was effective in patients 
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who had developed crizotinib resistance (NCT01283516). Ceritinib was approved for the 

treatment of ALK-positive NSCLC because of its effectiveness in both patient groups, including 

those with brain metastases. 

The other second-generation inhibitor, Alectinib, like ceritinib, showed promising results 

in treating NSCLC that had become resistant to crizotinib. Alectinib is a strong tyrosine kinase 

inhibitor that inhibits both ALK (IC50 = 1.9 nM) and RET (IC50 = 4.8 nM), and its main metabolite 

M4 has a similar profile (Kinoshita et al., 2012). Alectinib suppresses ALK autophosphorylation, 

phosphorylation of STAT3 and ALK, and growth inhibition of cell lines expressing activating 

mutations, fusions, or amplifications of ALK. In addition, alectinib suppresses tumor cell growth 

of NSCLC cell lines, including those with the ALK L1196M gatekeeper mutation (Sakamoto et al., 

2011). Alectinib cannot bind the efflux transporters P-glycoprotein (P-gp) or breast cancer 

resistance protein (BCRP). Being unable to bind P-gp or BCRP allows for alectinib to cross the 

blood brain barrier to treat central nervous system ALK-positive tumors (Hu et al., 2016). Like 

ceritinib, Alectinib exhibits activity against crizotinib-resistant mutations and has unique CNS 

penetration due to its transport properties. Although initially effective, treatment with Alectinib 

can still lead to the onset of resistance mechanisms. 

Despite the emergence of resistance, alectinib's CNS penetration, potency against ALK 

and RET, and safety profile allow for alectinib to be a valuable therapeutic for treating ALK-

positive NSCLC. The pharmacokinetic profile of alectinib was established by using patients with 

ALK-positive NSCLC and healthy individuals. When taken orally, alectinib is rapidly absorbed and 

reaches peak plasma concentrations in individuals in 4-6 hours. Seven days of continuous 

dosage are required to reach steady-state concentrations. Alectinib should be given with meals 
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because a high-fat, high-calorie meal can quadruple exposure to the drug as compared to 

fasting settings. A significant volume of distribution indicates that alectinib and its primary 

metabolite, M4, have strong plasma protein binding and widespread tissue distribution. 

Alectinib enters the central nervous system but not M4. Plus, the pharmacokinetics of alectinib 

are unaffected by age, race, sex, body weight, or mild to moderate renal impairment (Agency, 

2018).                       

Alectinib was found to be an effective first-line treatment for ALK-positive non-small cell 

lung cancer. The phase III J-ALEX research conducted in Japan demonstrated that patients who 

received alectinib 300 mg twice daily had a significantly greater PFS than those who received 

crizotinib 250 mg twice daily (Hida et al., 2017). The ALEX trial conducted in the EU and USA for 

patients with advanced ALK-positive NSCLC compared the efficacy of alectinib with crizotinib. 

Alectinib dramatically shortened the time to CNS progression, decreased the probability of 

disease progression or mortality, and increased PFS when compared to crizotinib. In addition, 

the 12-month cumulative incidence rate of CNS development was considerably reduced in the 

alectinib treated groups. While stable illness was more prevalent in the crizotinib group, there 

was no meaningful difference in ORR between the alectinib and crizotinib groups in the intent-

to-treat population (Camidge et al., 2019).                  

Among the next-generation ALK inhibitors with significant preclinical efficacy in 

overcoming ALK resistance mutations are brigatinib and lorlatinib. Both have shown significant 

intracranial efficacy and clinically significant activity, which suggests they may be useful in 

treating patients who become resistant to conventional ALK inhibitors. Brigatinib targets ALK, 

ROS1, and EGFR and has shown promising crizotinib resistant mutations (Zhang et al., 2016). In 
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phase I/II clinical trial (NCT01449461) with participants with advanced cancer types, brigatinib 

demonstrated notable efficacy and a tolerable safety profile for both patients previously treated 

with crizotinib and those who had not received any ALK inhibitors (Gettinger et al., 2016). Of 

these, a significant majority (58%) were diagnosed with ALK-positive NSCLC. According to the 

study, patients who had previously had crizotinib treatment had a verified objective response 

rate of 62%, while individuals who had not received crizotinib treatment had an ORR of 100%. 

Furthermore, the group that had previously gotten crizotinib had a median PFS of 13.4 months, 

whereas the group that had not received crizotinib showed an undefinable PFS (Gettinger et al., 

2016). Similar results were also seen for patients with NSCLC and positive for the oncogene 

ROS1 treated with lorlatinib. In phases I and II, patients were given twice-daily dosages of 

lorlatinib, and doses were increased for 21-day cycles. In phase II, lorlatinib treatment was 

continuous for 21-day cycles at a starting dose of 100 mg once daily. In both phases, researchers 

were able to see that lorlatinib was able to cross the blood brain barrier. In addition, lorlatinib 

was effective against crizotinib resistant cancers (Chen et al., 2021).             

Entrectinib is effective in inhibiting several RTKs through its metabolite. Entrectinib 

inhibits ALK, ROS1, and nTRKs, but M5, the main active circulating metabolite of entrectinib, has 

potency and activity against several targets that are like entrectinib. Entrectinib was found to be 

substantially more effective than crizotinib against ROS1-dependent cells in preclinical 

assessments. It also effectively inhibited the proliferation of human tumor cell lines driven by 

nTRK1 or ALK fusions (Information, 2019). Additionally, it showed anticancer action and caused 

tumor regression in a variety of xenograft models containing fusions of nTRK, ROS1, or ALK, as 

well as in cell lines that had mutations in the nTRK1 kinase domain that made them resistant to 



  46 

other TRK inhibitors (Drilon et al., 2017). Entrectinib's ability to bind to P-glycoprotein (P-gp) 

weakly makes it a valuable tool for prolonged central nervous system exposure. Entrectinib 

consistently showed a better ratio of unbound concentrations in the CSF to plasma, suggesting 

that it may penetrate the CNS efficiently (Fischer et al., 2020). This ability was subsequently 

shown in vivo when human tumor cell lines driven by nTRK or ALK fusions were intracranially 

injected into mouse models, and entrectinib suppressed tumor development and increased 

survival (Fischer et al., 2020). Entrectinib is mostly metabolized by CYP3A4, which forms M5. 

Uridine 5′-diphosphate-glucuronosyltransferase 1A4 then conjugates the drug to generate its N-

glucuronide conjugate (M-11) (Drilon et al., 2017). The pharmacokinetic characteristics of 

entrectinib are mostly unchanged with respect to age, gender, body mass, ethnicity, mild to 

severe renal impairment, or mild hepatic impairment (Drilon et al., 2017). 

Entrectinib has shown promising results in adult patients with inoperable or metastatic 

nTRK-positive solid tumors and ROS1-positive non-small cell lung cancers. Furthermore, 

entrectinib has been shown to work in tumors that have migrated to the central nervous system. 

These results were shown in several studies, including the one Phase II global basket trial 

(STARTRK-2) and the two Phase I trials (ALKA-372-001 and STARTRK-1) (Doebele et al., 2020). 

The phase I/II trials (ALKA-372-001, STARTRK-1, -2, and -NG) showed that entrectinib was 

generally well tolerated in patients with minimal side effects, and almost all patients showed a 

similar safety profile. In total, 504 individuals, including 475 adults, received entrectinib at least 

once and were exposed for a median of 5.5 months to test the safety profile of entrectinib. In 

summary, Entrectinib was effective at inhibiting tumor growth and crossing the blood brain 
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barrier, with minimal off-target side effects. Unfortunately, the onset of resistance mechanisms 

to entrectinib has been recently reported. 

 

Chapter 2: Methods and materials used to determine the function of ALK receptor and 

its inhibitors in NEPC 

 

Chapter 2.1 Current understanding of ALK in Neuroendocrine prostate cancer 

 

 Multiple variants of anaplastic lymphoma kinase receptors have been identified in 

various types of cancer, including breast, lung, and brain. However, knowledge about the role of 

ALK in NEPC is limited. Until now, only three studies have been conducted on this topic. The first 

study, published in 2018, suggested that ALK may have a role in NEPC treatment. The study 

found that a patient with small cell carcinoma of the prostate responded positively to ALK 

inhibitor treatment and expressed a specific mutant of ALK known as F1174C (Carneiro et al., 

2018). The second study conducted by the same group of researchers followed up on the first 

study and demonstrated that the F1174C mutant of ALK functions with N-Myc to induce 

transdifferentiation of a mouse basal stem cell into an aggressive prostate cancer cell with 

neuroendocrine differentiation (Unno et al., 2021). The last study expanded on the 

understanding of ALK and NEPC by exploring current published RNA seq data of NEPC patient 

samples. The RNA seq data analyzed demonstrated that changes in ALK expression are rare in 

primary prostate cancer, but changes in ALK expression become more common in metastatic 

prostate cancer with neuroendocrine prostate differentiation (Patel et al., 2022).  
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 For this thesis project, the current understanding of ALK and NEPC is expanded. To 

expand the understanding of ALK and NEPC, several NEPC cells were collected and treated with 

ALK inhibitors and assayed for cell viability and colony formation. De novo NEPC Tumor was 

implanted in mice and treated with ALK inhibitors, and then RNA samples were collected from 

cells and tumors for RNA sequencing. Cells treated with ALK inhibitors showed decreased cell 

growth and proliferation. Tumor treatment with ALK inhibitors also reduced tumor growth and 

mass. RNA sequencing of NEPC tumors and cells revealed that several pathways involved in 

cellular migration and proliferation are inhibited with ALK inhibitor treatment. 

 

Chapter 2.2 Methods and materials 

 

Cell culture 

 C4-2B, C4-2Benzer, and 42D prostate cancer cells were cultured in RPMI1640 with 10% FBS and 

10mM enzalutamide and 20mM enzalutamide for 42D and C4-2Benzr respectively; NCI-H660 

cells were cultured in HITES medium (RPMI1640 medium plus 0.005mg/ml Insulin, 0.01mg/ml 

Transferrin, 30nM Sodium selenite, 10nM Hydrocortisone, 10nM beta-estradiol and 2mM L-

glutamine) with 5% FBS. Cells were grown at 37 °C in 5% CO2 incubators. C4-2B was from 

UroCor Inc. C4-2Benzr was generated in the lab. Cell lines were regularly tested to ensure 

negativity for mycoplasma. 

 

Chemicals 
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Sources for chemicals are as follows: Alectinib (Cat: HY-13011) and entrectinib (Cat: HY-

12678) were obtained from Med Chem Express (MCE); CM 272 (Cat: HY-101925) was obtained 

from Med Chem Express. Other chemicals are from Sigma-Aldrich, unless indicated otherwise. 

 

qRT-PCR and immunoblotting analysis 

Total RNA was isolated from cells six-well or 10-cm plates or from xenograft tumors, and 

cDNA was prepared, amplified, and measured in the presence of SYBR, as previously described. 

Briefly, the fluorescence values were collected, and a melting-curve analysis was performed. 

The fold difference was calculated as described previously. ± s.d. Cell lysates were analyzed by 

immunoblotting with antibodies specifically recognizing ALK (Cat: 3633), STAT3 (Cat: 12640), 

pSTAT3 (Cat: 9145), ERK1/2 (Cat: 9102), pERK1/2 (Cat: 4370), SYP (Cat: 36406), NSE (Cat: 24330), 

and BRN2 (Cat: 12137), and the indicated proteins.  All antibodies used were obtained from Cell 

signaling technologies. 

 

Cell viability, apoptosis and growth assays, and colony formation 

For cell viability, cells were seeded in 96-well plates at 1,500–2,500 cells per well 

(optimum density for growth) in a total volume of 100 μl of media. Serially diluted compounds 

in 100 μl of media were added to the cells 24 h later. After 4-5 days of incubation, Cell-Titer 

GLO reagents (Promega) were added, and luminescence was measured on a GLOMAX 

microplate luminometer (Promega), according to the manufacturer's instructions. All 

experimental points were set up as sextuplicates as biological replication, and the entire 

experiment was repeated three times. The data are presented as a percentage of viable cells, 
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with vehicle-treated cells set at 100. The estimated in vitro half-maximal inhibitory 

concentration (IC50) values were calculated using GraphPad Prism 10 software (GraphPad). 

For cell growth, cells were seeded in 6-well plates at 2 × 105 per well and treated as 

indicated. Total viable cell numbers were counted with a Coulter cell counter. For colony 

formation, 1000-2000 cells were seeded in a well of 6-well plates and cultured for 6d- 15d, with 

the medium changed every 3d. Cell colonies were collected after the time indicated, the 

medium was removed, and the cells were fixed with 10% formalin for 10 min. Then, the plates 

were washed with PBS two times, and the cell colonies were stained with 0.2% crystal violet (in 

10% formalin) for 15 min. The numbers of cell colonies were counted using image j. The above 

assays were performed in triplicates, and the entire experiment was repeated three times. 

 

RNA-seq data analysis 

42D cells were treated with vehicle, alectinib, entrectinib, CM 272, or a combination of 

either CM 272 and alectinib or CM 272 and entrectinib. Treatment lasted for 24 and 48 hours 

before RNA extraction. RNA-seq libraries from 1 μg total RNA were prepared using Illumina Tru-

Seq RNA Sample, according to the manufacturer's instructions. Libraries were validated with an 

Agilent Bioanalyzer (Agilent Technologies, Palo Alto, CA). Sequencing was performed on an 

Illumina HiSeq 2000 sequencer at BGI Tech (Hong Kong) and Novogene. The FASTQ-formatted 

sequence data were analyzed using a standard BWA-Bowtie-Cufflinks workflow59,60,61. In 

brief, sequence reads were mapped to the reference human-genome assembly (Feb. 2009, 

GRCh37/hg19) with BWA and Bowtie software. Subsequently, the Cufflinks package62 was 

applied for transcript assembly, quantification of normalized gene and isoform expression in 
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RPKM (reads per kilobase per million mapped reads) or FPKM (fragments per kilobase of exon 

model per million mapped reads), and testing for differential expression (Cuffdiff). To avoid 

spurious fold levels resulting from low expression values, only those genes with expression 

RPKM or FPKM values of >1 for either the vehicle control cell or the antagonist-treated cells 

(but need not be both) are included. The expression changes of at least 1.5-fold up or down 

were clustered with the k-means clustering algorithm in Cluster software63. The cluster was 

displayed with TreeView. 

 

GSEA analysis 

GSEA was performed using the Java desktop software 

(http://software.broadinstitute.org/gsea/index.jsp). Genes were ranked according to the 

shrunken limma log2 fold changes, and the GSEA tool was used in 'pre-ranked' mode with all 

default parameters. Previously reported genes in each analyzed pathway were analyzed using 

the RNA seq data.   

 

Xenograft tumor models and chemical compound treatments 

Four-week-old male mice (strain: C.B-17/scid) or athymic nude mice were purchased 

from Envigo, Inc. For establishing tumors, tumor fragments of NCI-H660 or LuCaP 173.1 were 

implanted. An animal group size of six or more was estimated to have a high statistical power, 

according to the power calculation (http://www.biomath.info/power/). When the tumor 

volume was approximately 50-150 mm3, the mice were randomized and then treated 

intraperitoneally (i.p.) or via oral gavage with vehicle (90% corn oil 10% DMSO), entrectinib 
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(oral gavage), alectinib (oral gavage), CM 272 (i.p.) 7 times a week for 30 days or until tumor 

reached 2cm in length. Tumor growth was monitored by calipers, and volume was calculated 

with the equation V = π/6 (length × width2). Body weight during the study was also monitored. 

At the end of the studies, mice were euthanized, and tumors were dissected and weighed. Mice 

were excluded from the study if they had no tumor or a tumor with a size twice as large or as 

small as the mean at the time of randomization. 

 

Statistical analysis. 

Cell culture–based experiments were performed three times or more, with assay points 

triplicated or sextuplicated, as indicated. The data are presented as mean values ± s.d. from 

three independent experiments. Statistics analysis was performed using two-tailed Student's t-

tests to compare the means. P < 0.05 was considered to be significant. 
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Chapter 3: Characterization of ALK receptor and ALK inhibitors in NEPC 

 

Chapter 3.1 ALK inhibitors inhibit NEPC cell growth and survival 

 

 Recent research indicates that ALK inhibitors can effectively inhibit the growth of NEPC 

tumors. Treatment with the ALK inhibitor alectinib has been shown to be successful in patients 

with ALK mutations in other cancer types. Previous research has also shown that crizotinib and 

ceritinib, both ALK inhibitors, can inhibit the growth of NEPC cells. Screening for compounds 

that could inhibit NEPC cell growth, it was observed that the nTRK/ALK/Ros1 inhibitor 

entrectinib blocked the growth of NCI-H660 cells. To validate that ALK inhibitors could inhibit 

NEPC cell growth, several prostate cancer cell lines were treated with the ALK inhibitors 

entrectinib and alectinib. 

 The results of the assays showed that treatment with ALK inhibitors effectively inhibited 

the proliferation and survival of NEPC cells. We tested several ALK inhibitors and found that 

alectinib and entrectinib were effective in blocking NEPC survival, with IC50 values ranging from 

1.5-3.0 µM depending on the cell type (Figure 1a). However, lorlatinib did not show any 

response in the cells. Alectinib was found to block cell survival in both de novo and treatment 
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induced NEPC cells (Figure 1b). We also observed a decrease in colony formation when treated 

with alectinib using the colony formation assay (Figure 1c). These results confirm previous 

findings that ALK inhibitors can be used to block NEPC growth effectively. More importantly, 

alectinib and entrectinib could function as potential therapeutics for NEPC. 

 

Chapter 3.2 Entrectinib and alectinib inhibit ALK signaling pathways in induced NEPC cells 

 

  It is known that the growth and survival of cancer cells can be influenced by ALK 

signaling. ALK is known to activate the RAS/MAPK and JAK/STAT pathways in different types of 

cancer, such as breast, lung, and prostate cancer. NEPC has also been reported to have these 

pathways activated. The next goal of the experiment was to verify whether entrectinib and 

alectinib can inhibit these pathways in NEPC and prostate cancer cells.  

 To answer this question, we conducted experiments using 42D, NCI-H660, and C4-

2Benzr cells and treated them for 48 hours. We chose these specific cell types because they 

represent treated-induced (42D and C4-2Benzr) and de-novo NEPC (NCI-H660). ALK was found 

to be present in 42D and C4-2Benzr cells but absent in NCI-H660 (Figure 2). We also found that 

pSTAT3 is downregulated in all three cell types, and pERK1/2 is downregulated in C4-2Benzr 

and NCI-H660. Additionally, the expression of neuroendocrine markers such as CHGA and BRN2 

is downregulated in 42D cells (Figure 2 a & b). However, in the case of NCI-H660, GAPDH is also 

downregulated, which presents a confounding issue (Figure 2. C). 

 Through observations, it was noted that ALK expression varies among different NEPC 

cell lines. ALK expression in NCI-H660 is low when compared to 42D and C42B-enzr. ALK 
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expression was not detected in the NCI-H660 cell line. Multiple attempts were made using 

different methods to detect ALK but were unsuccessful. In contrast, C4-2Benzr cells showed 

easily detectable ALK expression compared to 42D and NCI-H660. It is crucial to note that the 

proliferation rate of C4-2Benzr is double that of 42D and significantly faster than NCI-H660. 

Although ALK was not detected in NCI-H660, it was observed that these cells are more sensitive 

to alectinib and entrectinib treatment. These cells had a lower IC50 to alectinib and entrectinib 

when compared to 42D. More importantly, the MAPK and STAT3 pathways are active in NCI-

H660 cells, which is why a decrease in growth is observed after treatment with ALK inhibitors. 

 

Chapter 3.3 Entrectinib, alectinib, and CM 272 inhibit NEPC tumor growth 

 

It was observed that ALK inhibitors, alectinib, and entrectinib, could inhibit NEPC cell 

growth in vitro. The next goal of the experiment was to determine if entrectinib and alectinib 

could inhibit NEPC tumor growth. Two de-novo NEPC tumor models were used: NCI-H660 and 

LuCaP 173.1. Mice were implanted with NEPC tumors, de-novo NCI-H660 tumors, or LuCaP 

173.1 tumors and tumors were allowed to grow until they reached a size of 50-150mm3. Then, 

treatment with entrectinib, alectinib (oral gavage), or CM 272(IP) began. We treated the 

animals for 30 days and took measurements of mouse mass and tumor volume every three 

days. After treatment, tumors were harvested and weighed and then sent for RNA sequencing 

to Novogene. 

ALK inhibitor treatment resulted in decreased tumor growth. Treatment with alectinib 

at 30mg/kg was effective at blocking NCI-H660 tumor growth. Similarly, CM 272 treatment was 
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also effective at blocking NCI-H660 growth (Figure 3a). The combination treatment of both drug 

types was significantly different from vehicle treatment alone but not significantly different 

from a single dose of CM 272(Figure 3a). Tumor mass was significantly different when 

compared to the vehicle for CM 272 and combination treatment (Figure 3a). However, we 

noted that body weight significantly decreased for the combination treatment.  

Treatment of LuCaP 173.1 tumors with alectinib and entrectinib showed promising 

results. The low doses of entrectinib and alectinib were not very effective at blocking LuCaP 

173.1 tumor growth (figure 3b). Treatment with CM 272 significantly inhibited tumor growth 

when compared to the vehicle. The combination treatment of alectinib with CM 272 or 

entrectinib with CM 272 was significantly different when compared to the vehicle. The tumor 

mass of both combination treatments was significantly different when compared to the vehicle 

(Figure 3B).  

It is important to note that the tumor experiment involving NCI-H660 did not include 

entrectinib, and the doses for alectinib were higher. As mentioned earlier, both compounds 

target ALK and ROS1, but entrectinib also targets nTRKs. It was early that both alectinib and 

entrectinib had similar effects and similar IC50s in cells, which is why only alectinib was tested 

in NCI-H660 tumors. Later, it was revealed that entrectinib was better at inhibiting organoid 

growth than alectinib. Hence, it was decided to test in LuCaP 173.1 tumors. 

 

Chapter 3.4 ALK inhibition downregulates cellular pathways associated with ALK and 

neuroendocrine signaling 
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 As previously shown in Figures 1 and 3, alectinib and entrectinib can inhibit the growth 

of several NEPC and prostate cancer cell lines, as well as de-novo NEPC tumor growth, including 

LuCaP 173.1 and NCI-H660. To further investigate the cellular effects of ALK inhibition in NEPC 

cell and tumor growth, I conducted RNA sequencing. 

 To study the effects of alectinib and entrectinib on NEPC, the well-established and 

characterized 42D cell line was used. After treating the 42D cells with alectinib, entrectinib, or 

vehicle for 48 hours, RNA was isolated and sent for RNA sequencing.   FPKM values were used to 

analyze RNA seq. Genes showing a 1.5-fold change in decreased expression were isolated. 

Afterward, the NIH tool, David, was used to determine which kegg cellular pathways were 

altered. Changes in the Neuroactive ligand-receptor interactions, cytokine to cytokine receptor 

interaction, JAK/STAT, aldosterone sodium reabsorption PI3K-AKT pathways were predicted to 

be altered in 42D cells treated with alectinib, entrectinib, and CM 272(Tables 1-3). These 

pathways are crucial for the proliferation and growth of cancer cells and have been implicated in 

several distinct cancers, including breast, lung, and prostate cancer, and will be discussed in 

greater detail. 

           For this study on the effects of ALK inhibition on NEPC cells, the focus was only on 

downregulated genes after the treatment. The reason for focusing on downregulated pathways 

is that it has been previously shown that RTK inhibition, specifically ALK inhibition, 

downregulates genes that support tumorigenesis. More importantly, ALK inhibition has been 

shown to inhibit these gene programs in other types of cancers, including breast and lung 

cancer. 
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           42D cells treated with entrectinib, alectinib, and CM 272 showed changes in the 

Neuroactive ligand-receptor interaction pathway (NLRIP). The neuroactive ligand-receptor 

interaction signaling pathway is composed of receptors and ligands on the plasma membrane 

that are associated with extracellular and intracellular signaling. Bioinformatics analysis has 

revealed that the neuroactive pathway is involved in the progression of several cancers, 

including bladder, prostate, and renal cell carcinoma. To validate that the Neuroactive ligand-

receptor interaction pathways were downregulated, a heatmap of genes associated with the 

pathway was generated using the RNA seq data. A total of 39 genes in the NLRIP pathway were 

altered after treatment (Figure 4A). 

           A closer look revealed that several genes in the neuroactive ligand-receptor interaction 

pathway were downregulated with all three treatments. The first gene that was downregulated 

was the nuclear receptor subfamily 3 group C member 1 (NR3C1) (Figure 4A). The gene encodes 

a glucocorticoid receptor that could also function as a transcription factor. The receptor is 

localized to the cytoplasm of cells, but once the ligand has bound, it is internalized and 

transported to the nucleus. NR3C1 is involved in several cellular pathways, including the 

inflammatory response, cellular proliferation, and differentiation. NR3C1 has been found to 

have low expression in prostate cancer (Morales et al., 2022). More interestingly, NR3C1 

expression increases in patients who develop resistance. Furthermore, NR3C1 expression 

increases in patients treated with either arbiraterone or enzalutamide (Smith et al., 2020). In 

other cancers, NR3C1 has been found to activate anti-apoptotic pathways in breast cancer 

(West et al., 2016). More recently, it was revealed that inhibition of the NR3C1 decreased 

cellular proliferation and migration of renal cell carcinoma (Yan et al., 2023). Another gene that 
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was downregulated with all three treatments was glutamate ionotropic receptor AMPA type 

subunit 2 (GRIA2) (Figure 4A). Glutamate receptors are excitatory neurotransmitter receptors 

localized in the mammalian brain and are activated in several distinct physiological processes. 

Interestingly, the expression of GRIA2 and other glutamate receptors has been detected in 

several cancers, including prostate cancer. In prostate cancer serum, elevated levels of 

glutamate have been detected and have been correlated with Gleason score and prostate 

cancer aggressiveness. In addition, glutamate inhibition, or deprivation, decreased cellular 

growth, migration, invasion, and increased cell death (Kissick et al., 2015). Interestingly, in 

cancer, GRIA2 is a diagnostic cellular marker that detects solitary fibrous tumors. Gene 

knockdown of GRIA2 in lung cancer cells decreased proliferation and increased cell death (Rudin 

et al., 2012). Another gene that demonstrated decreased expression with all three treatments 

was 5-hydroxytryptamine (serotonin) receptor 5A (HTR5A) (Figure 4A). HTR5A serotonin 

receptor that binds to serotonin and helps regulate intracellular calcium levels. Inhibition of 

HTR5A had cytotoxic effects in prostate cancer cells. Interestingly, HTR5A expression increased 

in NEPC tumors after being grown in hypoxic conditions (Labrecque et al., 2019). HTR5A 

inhibition decreased breast cancer tumorsphere formation in breast cancer cell lines and 

patient-derived xenografts v(Gwynne et al., 2020). Several other genes in the NLRIP gene 

program showed decreased expression in alectinib and entrectinib treatment but not CM 272 

and vice versa (Figure 4A). 

           Another pathway that was downregulated is the cytokine-to-cytokine receptor interaction 

pathway (Figure 4B). Cytokines are critical intracellular regulators and activators of cells involved 

in innate and adaptive immunity. Cytokine signaling is associated with host immunity, cell 
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growth, differentiation, apoptosis, angiogenesis, development, and restoration of homeostasis. 

Changes in the cytokine-to-cytokine receptor interaction pathway have been detected in 

prostate, breast, and colorectal cancers.  

           Several genes in the cytokine-to-cytokine receptor interaction pathway were 

downregulated with all three treatments of alectinib, entrectinib, and CM 272. Ciliary 

neurotrophic factor (CNTF) had decreased expression with all three treatment conditions 

(Figure 4B). CNTF is a part of the interleukin 6-type cytokine family. CNTF is a polypeptide 

hormone and neurotrophic factor that promotes neurotransmitter synthesis and neurite 

outgrowth within certain neuronal cell populations. In addition, CNTF is an important survival 

factor for neurons and oligodendrocytes. Using prostate cancer cell lines, researchers have 

found that CNTF has a role in CRPC environment remodeling and functions as a negative 

modulator of invasion processes (Fantone et al., 2020). More importantly, it seems that CTNF 

prevents cellular invasiveness by inhibiting several cellular pathways, including MAPK/ERK, 

PI3K/AKT, and JAK/STAT pathways (Tossetta et al., 2022). How CTNF functions in NEPC remains 

unclear; as mentioned earlier, data suggests IL-6 helps promote neuroendocrine differentiation 

in prostate cancer. CNTF has been shown to promote the transformation of astrocytes to 

neuroectodermal tumor cell lines in vitro (Taylor et al., 2023). CNTF and CNTFa receptor 

expression have been detected in human glioma cells. Another two genes that were 

downregulated by all three treatments were C-X-C motif chemokine 17 (CXCL17) and its 

receptor CXCR2(Figure 4B). CXCR2 and CXCL17 expression have been detected in primary 

prostate tumors and neuroendocrine prostate cancer. Evidence suggests that both CXCR2 and 

CXCL17 help promote prostate cancer growth and proliferation (Li et al., 2019a). The inhibition 
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of CXCL17 in breast cancer cell lines decreased proliferation and migration. More importantly, 

expression of CXC17 was associated with poor prognosis and lower survival in breast cancer 

(Hsu et al., 2019). In lung cancer, CXCL17 may be involved in the migration of lung cancer cells to 

the spine via Src/FAK signaling. Another gene that was downregulated by all three treatments 

was C-X-C motif Chemokine receptor 1 (CXCR1). CXCR1 is a g protein-coupled receptor that 

binds to interleukin 8 (IL8). Once CXCR1 binds to its ligand, it initiates a second messenger 

signaling cascade, which has been shown to inhibit embryonic oligodendrocyte precursor 

migration to the spinal cord. CXCR1, like CXCR2, helps promote prostate cancer cell growth and 

proliferation (Armstrong et al., 2020).  

           The next two pathways that showed decreased expression were the phosphatidylinositol 

3-kinase (PI3K)/Akt and the JAK/STAT pathways (Figure 4 C&D). The PI3K/Akt pathway promotes 

cellular metabolism, proliferation, survival, growth, and angiogenesis. The JAK/STAT signaling 

pathway is critical for immunity, cell division, apoptosis, and tumor formation. PI3K/Akt 

signaling has been found to be perturbed in almost all human cancers, including lung, breast, 

colorectal, and prostate cancer. Constitutive activation of the JAK/STAT pathway is thought to 

contribute to the proliferation, metastasis, and survival of several distinct tumor cells. 

Overactivation of the JAK/STAT pathway has been shown to occur in breast, lung, pancreatic, 

and liver cancer. 

           A closer examination of both pathways revealed that several genes were downregulated 

with all three treatments. A critical gene that was downregulated with all three treatments in 

the PI3K/AKT pathway is T-cell Lymphoma/Leukemia 1B (TCL1B) (Figure 4C). TCL1B interacts 

with Akt and amplifies Akt kinase activity, functioning as a coactivator of Akt. The expression of 
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TCL1B is tightly regulated, and its expression is mostly during early development and maturing 

immune cells. Research of TCLB in prostate cancer is limited, but the activity of this protein has 

been observed in other cancers. Activity of TCL1B in the abnormal expression of TCL1B has been 

detected in T cell leukemias. It is thought to contribute to the pathogenicity of T cell leukemia 

by activating survival and proliferation cellular pathways (Haas et al., 1984). Another gene that 

showed decreased expression is Guanine nucleotide-binding protein subunit g8 (GNG8) (Figure 

4C). GNG8 is a heterotrimeric G protein that is activated by G protein-coupled receptors. 

Normally, the heterotrimeric subunits a/b/g help mediate the cellular responses to extracellular 

signals. GNG8 expression has been detected in different regions of the rodent brain, including 

the olfactory, vomeronasal, and habenula. Altered expression of G protein subunits has been 

detected in prostate and lung cancer (El-Haibi et al., 2013). Research on GNG8 in cancer is 

limited, and it can present a new potential therapeutic target. PCa cells express several distinct 

G protein subunits, but GNG8 expression has not been reported. More interestingly, it seems 

GNG8 expression is detectable in 42D NEPC cells. Phosphoenolpyruvate carboxykinase 1 (PCK1) 

is another gene that was downregulated with all three treatments (Figure 4C). PCK1 is the 

central and main regulator of gluconeogenesis in the cell. PCK1 functions by catalyzing the 

formation of phosphoenolpyruvate from oxaloacetate. PCK1 has been found to help regulate 

neuroendocrine differentiation in CRPC. Increased expression of PCK1 leads to the increased 

expression of leukemia inhibitory factor LIF/ZBTB46, which induces the expression of 

neuroendocrine markers (Wen et al., 2022). In other cancers, PCK1 expression is increased in 

colon cancer and may help in the metabolic reprogramming of the cancer cell. However, 
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hepatocellular carcinoma has low expression of PCK1, and low expression of PCK1 

hepatocellular carcinoma has been associated with poor prognosis. 

           The JAK/STAT pathway also showed several genes that were downregulated. Specifically, 

here, the focus will be on the genes that were downregulated with all three treatments. The 

first gene that was downregulated with all three treatments was the signal transducer and 

activator of transcription 5A (STAT5A). In the presence of cytokines and growth factors, STAT5A 

can become phosphorylated by receptor tyrosine kinases; once phosphorylated, STAT5A can 

become a homo or heterodimer and then be translocated to the nucleus, where it functions as 

a transcription factor. STAT5A expression is increased in human prostate cancers but not 

neighboring prostate tissue. More importantly, siRNA inhibition of STAT5A induces cell death in 

prostate cancer cells. Inhibition of STAT5A in xenograft prostate cancer tumors decreased 

incidence and growth (Maranto et al., 2018). STAT5A increased protein expression and STAT5A 

locus amplification have also been shown to be predictors of recurrence (Haddad et al., 2019). 

In other cancers, STAT5A has also been shown to help confer resistance. 

         LuCaP 173.1 tumors were treated with alectinib and entrectinib to study their effects on 

tumor models. Treatment lasted for 30 days, then RNA was isolated from tumors and sent for 

sequencing. Analysis of RNA seq data was like 42D data analysis. Like 42D cells alectinib and 

entrectinib was shown to downregulate the Neuroactive ligand receptor interactions, JAK/STAT, 

and PI3K-AKT pathways (Figure 5).  

           A closer look at the Neuroactive ligand-receptor interaction pathway in luCaP 173.1 

revealed that most genes analyzed for the pathway were downregulated in all three treatments 

(Figure 5A). The Neuropeptide VF precursor (NPVF) RNA was downregulated in all three 
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treatments (Figure 5A). NPVF has been shown to be involved in several physiological processes, 

including food intake, blood pressure regulation, memory, insulin release, and neural 

regeneration. NPVF expression has been associated with an increased risk of prostate cancer, 

and it has also been detected in ovarian cancer. More importantly, altered expression of NPVF is 

an indicator of increased prostate cancer risk for men with African ancestry (Soh et al., 2023). 

Another gene that was downregulated in tumors was hypocretin neuropeptide precursor 

(HCRT). HCRT encodes for two neuropeptides, orexin A and orexin B. These neuropeptides have 

been associated with the following behaviors: sleep and arousal, metabolism, and cellular 

homeostasis. Elevated expression of orexin A has been detected in high-grade prostate cancers. 

Specifically, orexin A expression was elevated but not orexin B.  More interestingly, is that DU-

145 cells xenograft tumor size was decreased after treatment endogenous treatment with 

orexin A (Alain et al., 2021). Altered expression of orexin A and B have been detected in other 

cancers, including breast, colon, and pancreatic.  

           Most genes analyzed in the JAK/STAT pathway were downregulated with ALK and 

G9a/DMNT inhibition (Figure 5B). Interleukin 22 (IL22) was downregulated with all three 

treatments. IL22 is expressed by several distinct immune cells, and its expression is associated 

with cell survival, proliferation, and expression of antimicrobials. IL22 functions in wound 

healing and fighting infections against microbes. Unfortunately, cellular mechanisms involved in 

wound healing could be exploited by cancer cells. IL22 increases migration and invasion of 

androgen-independent prostate cancer cell lines. In other cancers, evidence suggests that 

increased expression of IL22 contributes to colorectal cancer stemness of cells. In addition, 

treatment with IL22 leads to the acquisition of chemoresistance in colorectal cancer. Increased 
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expression of IL22 has been seen in gastric and pancreatic cancer. Another gene that was 

downregulated is Growth hormone 1 (GH1) (Figure 5B). GH1 is necessary for the normal growth 

of the body’s bones and tissues. GH1 increased expression has been detected in several cancers, 

including breast, endometrial, melanoma, and hepatocellular carcinoma. GH has been shown to 

increase cellular proliferation, survival, EMT transition, and cell migration in several cancers. 

Several other genes were downregulated in the JAK/STAT pathway, which requires more analysis. 

           The PI3K/Akt pathway showed several genes downregulated after treatment with 

alectinib and entrectinib in LuCaP 173.1 tumors. All tumors analyzed showed a decrease in the 

expression of FMS-like tyrosine kinase 4 (FLT4) RNA. FLT4 encodes for tyrosine kinase receptor 

that binds vascular endothelial growth factors C and D. This protein is involved in 

lymphangiogenesis and maintenance of the lymphatic endothelium. FLT4 has been shown to 

promote cancer angiogenesis and metastasis. Increased expression of FLT4 has been reported in 

primary prostate cancer. Furthermore, it has been reported that FLT4 expression is associated 

with prostate lymph node metastasis (Stearns et al., 2004). Inhibition of FLT4 suppressed 

colorectal cancer cell metastasis (Su et al., 2006). Analysis of gastric cancer cells revealed 

increased expression of FLT4 and vascular endothelial growth factor C (VEGF-C). More 

interestingly, VEGF-C was another factor that was downregulated in the PI3K-AKT pathway. 

VEGFC promotes angiogenesis and endothelial cell growth and increases blood vessel 

permeability. Increased expression of VEGFC has been detected in several cancers, including 

leukemia, lymphomas, solid malignant tumors, and prostate cancer (Su et al., 2006). Increased 

VEGF in tumors has been associated with increased angiogenesis, proliferation, and metastasis. 
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In prostate cancer, inhibition of VEGFC suppresses cellular growth and migration (Sun et al., 

2014).   
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Figure 1 
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Figure 1 continued 
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Figure 1. NEPC cell lines that represent treated and de novo NEPC were treated with ALK 

inhibitors entrectinib and alectinib. Treated and de novo NEPC cell growth and proliferation 

were inhibited with ALK inhibitor treatment. A. Cell viability assay of NCI-H660, 42D, C4-2Benzr, 

and C4-2B cells. Cells were plated in 96-well plates at a density of 2x103 cells per well. After 

four days, they were collected and measured. This assay was used to calculate IC50 for 

entrectinib and alectinib in different cell types. B. NCI-H660, 42D, LAPC4, and LAPC4enzr cells 

were seeded in 6 well plates at a density of 2x105 cells per well. Twenty-four hours after cells 

were seeded, they were treated with alectinib at the indicated doses. Cells were collected and 

counted on the days indicated using a cell counter. C. C42B and 42D cells were cultured in six-

well plates at a density of 2x103 cells per well and treated with the indicated doses of alectinib. 

Colonies were stained and counted using Image J. The statistical analysis for cell # assay was a 

Two-way ANOVA where p<0.05. A One-way ANOVA multiple comparison was used for the 

colony formation assay where p<0.05. 
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Figure 2 
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Figure 2 continued 
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Figure 2 continued 
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Figure 2. NEPC cell lines were treated with entrectinib and alectinib for 48 hours. Protein lysates 

were gathered from each treatment and quantified. Several cellular pathways involved in ALK 

signaling were downregulated. A. 42D cells were seeded at a density of 2.0x105 cells per well in 

six-well plates. Cells were treated with either entrectinib or alectinib alone for 48 hours. Cells 

were collected and lysed to collect protein. Protein concentrations were measured using a Bio-

Rad protein assay kit. 10% SDS gels were prepared and loaded with the sample. Gels were then 

treated with the indicated primary antibody for 24hrs then treated with a secondary antibody 

for 1hr. Gels were imaged using a Bio-Rad imager. B. C4-2Benzr cells were seeded at a density of 

2.0x105 cells per well in six-well plates. Cells were treated with alectinib for 48 hours. Cells were 

collected and lysed to collect protein. Protein concentrations were measured using a Bio-Rad 

protein assay kit. 10% SDS gels were prepared and loaded with the sample. Gels were then 

treated with the indicated primary antibody for 24hrs then treated with a secondary antibody 

for 1hr. Gels were imaged using a Bio-Rad imager C. NCI-H660 cells were seeded at the same 

concentration as above but in Matrigel-coated six-well plates. All other procedures and 

processes were the same as previously described. 
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Figure 3 
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Figure 3. Mice were implanted with NEPC tumors and treated with ALK inhibitors and CM 272 

for 30 days. Mice treated with alectinib and entrectinib showed decreased non-significant 

tumor growth. Combination treatment with ALK inhibitors and CM 272 showed a significant 

decrease in tumor growth. A. NCI-H660 tumors were implanted in 4–6-week-old mice. Once 

tumors reached a size between 50-100mM3, treatment begins. Alectinib was administered via 

oral gavage, while CM 272 was administered via intraperitoneal injections. Animal mass and 

tumor volume were measured every three days. Tumor volume was calculated using the 

formula Length x Width2/2. Animals were treated for 30 days, and tumors were harvested and 

weighed the next day. B. LuCaP 173.1 tumors were implanted following the same procedures as 

NCI-H660 tumors. Treatment began when tumor volume was in the range of 50-150mM3. As 

before, tumor volume and body mass were measured every three days. Before testing, all 

tumors were randomized and sorted to the best of our abilities. Statistical analysis involved 

using One-way ANOVA (tumor mass) or Two-way ANOVA (tumor volume over time) where 

p<0.05. 
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Table 1. Kegg pathways and genes downregulated 1.5 fold in 42D cells treated with 1.5M 

alectinib for 48 hours. 
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Table 2. Kegg pathways and genes downregulated 1.5 fold in 42D cells treated with 1.5M 

entrectinib for 48 hours. 
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Table 3. Kegg pathways and genes downregulated 1.5 fold in 42D cells treated with 300nM CM 

272 for 48 hours. 
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Table 4. Kegg pathways and genes downregulated 1.5 fold in LuCaP 173.1 tumors treated with 

Entrectinib (40mg/kg). 
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Table 5. Kegg pathways and genes downregulated 1.5 fold in LuCaP 173.1 tumors treated with 

Entrectinib (20mg/kg). 
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Table 6. Kegg pathways and genes downregulated 1.5 fold in LuCaP 173.1 tumors treated with 

alectinib (20mg/kg). 
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Tables 1-3. 42D cells were treated with ALK inhibitors, alectinib and entrectinib, and CM 272 for 

48hrs. RNA was isolated and sent for sequencing by BGI. The tables were generated by 

identifying genes that were downregulated 1.5 and using the online tool NIH DAVID 

tool https://david.ncifcrf.gov/. Tables display the predicted changes in pathways and genes in 

42D cells after treatment. Tables 4-6 LuCaP 173.1 tumors were treated with ALK inhibitors 

entrectinib and alectinib for 30 days. The tables display Kegg pathways and genes 

downregulated by ALK inhibitor treatment. The tables 4-6 were created using the same protocol 

as 42D cells. All tables list pathways that are predicted to be altered with a p-value < .05. 
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Figure 4 
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Figure 4 continued 
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Figure 4 continued 
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Figure 4 continued 
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Figure 4. 42D cells were treated with the ALK inhibitors entrectinib and alectinib for 48hrs and 

RNA was isolated and sent for sequencing by BGI. RNA sequencing was analyzed using DAVID 

then verified by looking at gene programs listed by DAVID. A. The genes in the Neuroactive 

ligand receptor gene program were analyzed. RNA seq data showed that several genes in the 

Neuroactive ligand receptor pathway were downregulated after treatment. B. The genes in the 

cytokine-to-cytokine receptor interaction gene pathway were analyzed. Several genes in the 

cytokine-to-cytokine receptor interaction gene pathway were downregulated. C. The genes in 

the PI3K-AKT gene program were analyzed. RNA seq data showed that several genes in the PI3K-

AKT pathway were downregulated after treatment. D. The genes in the JAK/STAT gene program 

were analyzed. RNA seq data showed that several genes in the JAK/STAT pathway were 

downregulated after treatment.  
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Figure 5  
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Figure 5 continued 
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Figure 5 continued 
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Figure 5. RNA seq analysis of LuCaP 173.1 tumors treated with alectinib and entrectinib for 30 

days. After treatment tumors showed a decrease in volume and mass after treatment. LuCaP 

173.1 tumors were dissected and digested for RNA isolation. RNA was sequenced by Novogene. 

A. The genes in the Neuroactive ligand receptor gene program were analyzed. RNA seq data 

showed that several genes in the Neuroactive ligand receptor pathway were downregulated 

after treatment in LuCaP 173.1 tumors. B. The genes in the JAK/STAT gene program were 

individually analyzed. RNA seq data showed that several genes in the JAK/STAT pathway were 

downregulated after treatment in LuCaP 173.1 tumors. C. The genes in the PI3K-AKT gene 

program were individually analyzed. RNA seq data showed that several genes in the PI3K-AKT 

pathway were downregulated after treatment in LuCaP 173.1 tumors. 
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Chapter 4: ALK receptors and NEPC discussion  

 

Chapter 4.1 Discussion of ALK receptors in NEPC 

 

This project aimed to expand the understanding of the functional role of ALK in NEPC. 

This project demonstrated that ALK inhibitors block cellular growth and proliferation of NEPC 

cells. This project showed that ALK inhibitors successfully inhibit de novo NEPC tumor growth. 

Unfortunately, these findings have previously been described using distinct ALK inhibitors and 

different cell lines (Patel et al., 2022). More importantly, the ALK inhibitor Alectinib has been 

shown to be a viable potential therapeutic for NEPC treatment (Carneiro et al., 2018). What is 

unique and informative about this project is that it expands upon the cellular pathways that are 

altered with ALK inhibitors. More importantly, it suggests potential synergistic partners that 

could work with ALK inhibitors in combination treatments. 

Several distinct NEPC and CRPC cell lines were prepared and treated with ALK inhibitors. 

NCI-H660 and 42D cells have been extensively studied and have been shown to be suitable 

representatives for de novo and treatment-induced NEPC. C4-2Benzr is a treatment-induced 

NEPC cell line generated in the lab. Like NCI-H660 and 42D, C4-2Benzr expresses several NEPC 

markers, such as SYP, NSE, and CHGA. These three cell lines responded favorably to alectinib 

and entrectinib treatment. Interestingly, the C4-2B cell line, a CRPC representative, also 

responded to ALK inhibition. This project also tested the ALK/ROS1 inhibitor lorlatinib, but none 

of the cell lines responded to treatment. These experiments were also tested with the 42f cell 
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line, and a similar response was observed with all three ALK inhibitors. Lastly, Alectinib and 

entrectinib successfully inhibited cell growth and colony formation. 

The next phase of this project was to establish that ALK was present in our NEPC cell 

lines and that ALK signaling was altered in the presence of ALK inhibitors. The cell lines 42D and 

C4-2Benzr showed robust expression of ALK, while NCI-H660 had little to no expression. More 

importantly, when looking at the JAK/STAT and PI3K-MAPK pathways, a decrease in 

phosphorylation of STAT3, AKT, and ERK is observed. In addition, the expression of NEPC 

markers such as SYP and CHGA decreased. 

The next aim of the study was to show that these compounds could be used to inhibit 

tumor growth in animal models. The use of alectinib and entrectinib slowed tumor growth in 

NCI-H660 and LuCaP 173.1 tumors. More importantly, when examining tumor mass, ALK 

inhibitor treatment decreased tumor mass. The compound CM 272 could also be used in 

combination with alectinib or entrectinib to inhibit tumor growth further. This demonstrates 

that these two compounds are viable therapeutics for NEPC. 

Alectinib and entrectinib inhibited tumor growth, so the next step was to characterize 

altered cellular pathways in 42D cells and de novo NEPC tumors treated with alectinib and 

entrectinib. Using the online tool NIH DAVID Bioinformatics, several pathways were predicted to 

be downregulated in cells treated with alectinib and entrectinib. These results align with our 

western blot results and our understanding of NEPC. Pathways such as Neuroactive ligand, 

JAK/STAT, and PI3K-AKT pathways were predicted to be altered in 42D cells treated with 

alectinib and entrectinib. These findings are further supported by the RNA seq data and 
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evaluation of each gene in the listed pathways. Several genes associated with the JAK/STAT and 

PI3K-AKT pathways were downregulated. 

LuCaP 173.1 tumors demonstrated a similar result in downregulated pathways when 

treated with ALK inhibitors. The NIH David predicted altered pathways included Neuroactive 

ligand-receptor interaction, JAK/STAT, and PI3K-AKT. More interestingly, cytokine-to-cytokine 

receptor interaction pathway genes were altered in 42D and LuCaP 173.1 tumors. I next looked 

at the gene expression profile of each of these pathways, but upon closer examination of these 

pathways, the results became more ambiguous. Several genes were downregulated in all the 

listed pathways, but other genes were completely missing, even in the vehicle group. This 

suggests heterogeneity among the tumors and that more analysis is required. 

Although several of these experiments are successful, there are several limitations 

within each of the experiments. These limitations include the fact that cell lines do not 

adequately represent tumors. Another limitation is that the tumors used in the experiment do 

not represent all variations of NEPC tumors, and results varied with each tumor. Lastly, RNA seq 

data does not capture changes within the DNA. Later, these limitations and the strategies to 

circumvent these problems are discussed in greater detail. 

To find viable therapeutic drugs for treating NEPC, the lab conducted a large screening of 

several compounds and discovered that entrectinib successfully inhibited NEPC cell growth. This 

was initially done with one cell line and only one ALK inhibitor. Currently, several ALK inhibitors 

are used for cancer treatment. Different ALK inhibitors were acquired and tested to determine if 

they could inhibit NEPC cell growth. The complete list of cell lines used in the first experiment 

includes 42D, 42f, C4-2B, C4-2Benzr, Lapc4, Lapc4-enzr, and NCI-H660. The ALK inhibitors 
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alectinib and entrectinib inhibited cell growth in all these cell lines, including the lung cancer 

cell lines A549 and H1299. Although cells do not represent tumors, a large sample size of cells 

responding similarly to treatment does warrant further investigation. This experiment aimed to 

discover and verify compounds that could inhibit NEPC cell growth, which was successfully 

achieved. 

The next goal of our experiment was to demonstrate that ALK inhibition disrupts ALK 

signaling in NEPC cells. Unfortunately, this experiment has several limitations that could not be 

overcome with Western blot. This technique only allows for the screening of proteins known to 

be present and does not reveal interactions between cellular pathways. Fortunately, this 

technique was used to verify our results for each experiment, such as a decrease in the 

phosphorylation of pAKT and pSTAT3, and more importantly, to confirm the presence of ALK in 

NEPC cells and the decrease in the expression of NEPC markers. This technique also enables us 

to visualize RNA sequencing data acquired through GSEA and David analysis. 

To further verify our results, NEPC tumor models were prepared. NCI-H660 and LuCaP 

173.1 tumors represent de novo NEPC. A limitation of using these tumor models is that they do 

not represent treated NEPC. Moreover, this project only used two different tumor models, 

although several NEPC tumor models are available. Despite this limitation, the advantage is that 

de novo NEPC represents the lethal form of NEPC. Thus, any successful experiment using these 

tumor models warrants further investigation. In various experiments, different tumors, although 

of the same type, can potentially respond differently to treatment. This limitation was mitigated 

by using a high tumor count for each treatment and randomizing the tumors. 
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The last experiment was RNA sequencing of 42D cells and LuCaP 173.1 tumors treated 

with alectinib and entrectinib. RNA sequencing is an excellent technique for capturing 

snapshots of proteins that are potentially in the process of being expressed. It captures all RNA 

available to be potentially translated or degraded, but this technique does not account for the 

latter.  

This research project has made significant contributions to the field of NEPC and ALK 

inhibitors. For example, this project suggests that cytokine-to-cytokine receptor interactions 

contribute to NEPC cell and tumor growth. Alectinib and entrectinib treatment downregulated 

the cytokine-to-cytokine receptor interaction pathway in 42D cells and tumors. The field of 

NEPC research has established that cytokines and chemokines contribute to NEPC growth and 

survival and to CSC and EMT transitions (Adekoya and Richardson, 2020). Several potential 

therapeutic pathways have been identified using the RNA sequencing data, but further analysis 

is required.  

The aldosterone sodium reabsorption pathway has recently been implicated in cancers. 

This pathway appeared in our results for cells and tumors treated with alectinib and entrectinib. 

The renin-angiotensin-aldosterone system (RAAS) is a biological system that has garnered much 

attention due to its role in cancer (Sun et al., 2017). The RAAS pathway could increase tumor 

growth and metastasis through angiotensin signaling, specifically via the AT1 receptor (Hassani 

et al., 2023). Although the RAAS pathway could have dual roles by releasing anti-inflammatory 

cytokines, it might also suppress tumor growth. 

Our current RNA-seq data aligns with published results of ALK signaling. Treatment with 

either alectinib or entrectinib suppresses the JAK/STAT and PI3K-AKT pathways. More 
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importantly, cellular proliferation and tumor growth decrease is observed after treatment. This 

dataset corresponds with published results for lung cancer tumors and tumors with ALK 

mutations (Camidge et al., 2019). Significantly, our dataset is consistent with results from 

tumors with similar physiology, such as neuroblastomas. Neuroblastoma patients treated with 

ALK inhibitors show promising results, but in 14% of cases, they also develop resistance 

(Pastorino et al., 2023). Another type of cancer that our data correlates with is glioblastoma. 

Interestingly, ALK inhibition in glioblastomas induced cell death and stopped cell growth 

(Kalamatianos et al., 2018). 

Our current dataset fits our understanding of ALK inhibition, but further exploration is 

necessary. A significant amount of data currently requires analysis. Only five pathways have 

been investigated, which represents a small subset of cancer cellular pathways. More 

importantly, results need to be reviewed and validated with wet lab experiments. qPCR of 42D 

cells and tumor RNA could further support current findings. Lastly, synergistic partners that 

could work with ALK inhibitors must be explored. 

 

Chapter 4.2 The future of ALK and NEPC 

 

As mentioned, the research relating ALK to NEPC is limited to only three studies. The 

first explains that mutant ALK F1174C was expressed in a patient, and this patient responded to 

ALK inhibition with Alectinib (Carneiro et al., 2018). A follow-up study by the same group 

explains that ALK functions with N-Myc to drive neuroendocrine differentiation (Unno et al., 

2021). The last study explains that ALK expression is decreased in primary prostate cancer but 



  98 

increased in a subset of mCRPC (Patel et al., 2022). This study expands on this knowledge by 

showing that de novo NEPC tumors respond to ALK inhibitors alectinib and entrectinib. In 

addition, this study highlights several potential therapeutic targets for the treatment of NEPC. 

Lastly, this study highlights a potential therapeutic combination treatment, alectinib or 

entrectinib, with CM 272. 

ALK has a critical role in the survival and growth of a subset of Neuroendocrine prostate 

cancer. ALK inhibition with entrectinib and alectinib decreased cell growth and proliferation. 

NCI-H660 and LuCaP 173.1, de novo NEPC tumors, demonstrated decreased growth when 

treated with alectinib or entrectinib. More importantly, the G9a inhibitor further suppressed 

tumor growth when combined with ALK inhibition. RNA seq analysis revealed that several 

pathways related to ALK signaling, such as JAK/STAT and PI3K-pAKt pathways, were inhibited. In 

addition, the Neuroactive ligand-receptor pathway was suppressed. More data analysis of the 

RNA seq data is needed to expand on the results. 

This project seeks to explore several areas of research. ALK inhibitors decrease cellular 

growth and survival, but how they change gene expression and alter DNA accessibility in NEPC 

remains unclear. Also, ALKi resistance frequently arises through the G1269A and G1202R 

mutations in ALK (Pan et al., 2021). It remains to be explored if ALKi treatment will lead to the 

onset of these mutations in NEPC tumors. Another area of exploration is what triggers the 

alteration of ALK in prostate cancer. A subset of mCRPC has been reported to have increased 

expression of ALK, but what triggers this increased expression (Patel et al., 2022)? More 

importantly, another question is why ALK mutations are rare in prostate cancer but more 

common in other types of cancer. As mentioned earlier, there are several distinct mutations in 



  99 

ALK, which include chromosomal translocations, point mutations, and gain of function 

mutations, but these mutations are rare in prostate cancer. This begs the question: What is 

different in the DNA structure of the prostate cell that prevents or slows ALK mutation? 

Another area of research that needs to be explored is the role of nTRKs and Ros1 in 

mCRPC and NEPC. The ALK inhibitor entrectinib targets nTRKs, ALK, and Ros1. In some cases, it 

was observed that entrectinib performed better than alectinib. This suggests that either nTRK 

or Ros1 have a critical role in NEPC. nTRK mutations, splice variants, and TRK overexpression 

have been detected in several cancers, including colorectal, lung, melanoma, and NSClC (Manea 

et al., 2022). A gene fusion of IRF2BP2-nTRK1 has been reported in prostatic adenocarcinoma 

(Yeh et al., 2019). More importantly, gene fusions of nTRK have been reported in 

neuroendocrine tumors (Bongarzone et al., 1989). A patient with the first report of nTRK fusion 

Neuroendocrine cancer reported a favorable response to combination treatment with 

entrectinib (Doebele et al., 2020). This result highlights the need to explore nTRKs in NEPC. 
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