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ABSTRACT 

IDENTIFICATION AND TARGETING OF DEREGULATED METABOLIC PATHWAYS 

IN METASTATIC PROSTATE CANCER CELLS 

“Irmak Kaysudu” 

M.S. in Molecular Biology and Genetics 

Advisor: Asst. Prof. Onur Çizmecioğlu 

January 2023 

Prostate cancer is the most diagnosed cancer type and the second leading cause of death in men 

globally. The pathogenesis of prostate cancer mainly relies on the androgen signaling axis. 

Therefore, androgen deprivation therapy is the primary treatment for prostate cancer. Nevertheless, 

the disease progression proceeds, followed by castration resistance and androgen independence. 

Aberrant androgen signaling activity intertwined with the hyperactivated PI3K-Akt signaling 

pathway has important oncogenic consequences for castration resistance mechanisms. PTEN, a 

negative regulator of the PI3K/Akt pathway, is one of the most altered tumor suppressor genes in 

prostate cancer. PTEN loss occurs in the initial stages of prostate cancer and the frequency of its 

alteration increases in metastatic and castration-resistant prostate cancer. PTEN has both lipid and 

protein phosphatase activity, with the former antagonizing the PI3K-Akt pathway by converting 

membrane-associated PIP3 to PIP2. PTEN loss may cause metabolic rewiring in metastatic 

prostate cancer cells and the associated metabolic vulnerabilities may be tackled for the disease 

therapy. To understand the impact of PTEN loss in metastatic prostate cancer cells, we created a 

dox-inducible system in PTEN-null metastatic and castration-naïve LNCaP cells to re-express 

WT-PTEN and various PTEN functional mutants, and we employed targeted 
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metabolomics to investigate the direct effects of PTEN loss on selected metabolite levels. We also 

performed RNA-sequencing to reveal transcriptomic alterations upon PTEN loss to better 

understand the metabolic deregulations and mechanisms underlying the castration resistance in 

metastatic prostate cancer. Our multidirectional omics studies suggest that the acquisition of 

resistance to castration depends on the deregulation of the sphingolipid metabolism in metastatic 

prostate cancer cells. Furthermore, we showed that PTEN re-expression in metastatic and 

castration-naïve LNCaP cells attenuated sphingosine kinase levels, which might switch the 

sphingolipid metabolism towards increased sphingomyelin biosynthesis and ceramide 

phosphorylation. Moreover, we showed decreased PI3K/Akt pathway activity when we inhibited 

sphingosine kinase with opaganib in LNCaP cells. Our results also showed a significant 

upregulation in sphingolipid metabolism in castration-resistant C4-2 cells compared to castration-

naïve LNCaP. We treated these cells with several sphingolipid metabolism inhibitors and 

discovered that castration-resistant prostate cancer cells were more sensitive to opaganib or 

ARN14988, but not to fingolimod, than castration-naïve prostate cancer cells. These findings 

suggest that sphingolipid metabolism might be a promising target for the treatment of metastatic 

and castration-resistant prostate cancer. Understanding changes in sphingolipid metabolism may 

be critical for developing rational combinatorial targeting strategies for prostate cancer in the long 

run.  

 

 

Keywords: Prostate cancer, castration-naïve, castration-resistant, AR, PI3K, PTEN-null, 

metabolomics, transcriptomics, sphingolipid metabolism, opaganib, ARN14988, fingolimod 
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ÖZET 

METASTATİK PROSTAT KANSERİ HÜCRELERİNDE DEREGÜLE EDİLEN 

METABOLİK MEKANİZMALARI ORTAYA ÇIKARMAK VE HEDEFLEMEK 

“Irmak Kaysudu” 

Moleküler Biyoloji ve Genetik, Yüksek Lisans 

Tez Danışmanı: Dr. Öğr. Üyesi Onur Çizmecioğlu 

Ocak, 2023 

Prostat kanseri, dünya çapında, erkeklerde en çok teşhis konulan ve ikinci önde gelen kansere bağlı 

ölüm nedenidir. Prostat kanserinin patogenezi esas olarak androjen sinyal eksenine dayanır. Bu 

nedenle, androjen yoksunluğu tedavisi prostat kanserine karşı birincil tedavidir. Bununla birlikte, 

hastalık ilerlemesi devam eder, ardından kastrasyon direnci ve androjen bağımsızlığı gelir. 

Hiperaktifleştirilmiş PI3K-Akt sinyal yolu ile iç içe geçmiş anormal androjen sinyal aktivitesi, 

kastrasyon direnç mekanizmaları için önemli onkojenik sonuçlara sahiptir. PI3K/Akt yolunun 

negatif düzenleyicisi olan PTEN, prostat kanserinde en çok değiştirilmiş tümör baskılayıcı 

genlerden biridir. PTEN kaybı, prostat kanserinin ilk evrelerinde meydana gelir ve metastatik ve 

kastrasyona dirençli prostat kanserinde değişim sıklığı artar. PTEN, hem lipid hem de protein 

fosfataz aktivitesine sahiptir; birincisi, membranla ilişkili PIP3'ü PIP2'ye dönüştürerek PI3K-Akt 

yolunu antagonize eder. PTEN kaybı, metastatik prostat kanseri hücrelerinde metabolik yeniden 

programlanmaya neden olabilir ve ilişkili metabolik zayıflıklar, hastalık tedavisi için ele alınabilir. 

PTEN kaybının metastatik prostat kanseri hücrelerindeki etkisini anlamak için, WT-PTEN'i ve 

çeşitli PTEN işlevsel mutantlarını yeniden ifade etmek için PTEN-yoksun metastatik ve 

kastrasyon-naif LNCaP hücrelerinde doksisiklin ile indüklenebilir bir sistem oluşturduk ve PTEN                         
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kaybının seçilen metabolit seviyeleri üzerindeki doğrudan etkilerini araştırmak için hedeflenen 

metabolomik aracını kullandık. Metastatik prostat kanserinde kastrasyon direncinin altında yatan 

metabolik düzensizlikleri ve mekanizmaları daha iyi anlamak için PTEN kaybı üzerine 

transkriptomik değişiklikleri ortaya çıkarmak için RNA dizilimi de yaptık. Çok yönlü omik 

araştırmalarımız, kastrasyona direnç kazanılmasının, metastatik prostat kanseri hücrelerinde 

sfingolipid metabolizmasının deregülasyonuna bağlı olduğunu göstermektedir. Ayrıca, metastatik 

ve kastrasyon-naif LNCaP hücrelerinde PTEN yeniden ekspresyonunun, sfingolipid 

metabolizmasını artan sfingomyelin biyosentezi ve seramid fosforilasyonuna doğru 

değiştirebilecek sfingosin kinaz seviyelerini zayıflattığını gösterdik. Ayrıca, LNCaP hücrelerinde 

opaganib ile sfingosin kinazı inhibe ettiğimizde azalmış PI3K/Akt yolu aktivitesi gösterdik. 

Sonuçlarımız kastrasyona dirençli C4-2 hücrelerinde, kastrasyona naif LNCaP hücrelerine kıyasla 

sfingolipid metabolizmasında önemli bir artış gösterdi. Bu hücreleri birkaç sfingolipid 

metabolizma inhibitörü ile tedavi ettik ve kastrasyona dirençli prostat kanseri hücrelerinin 

opaganib veya ARN14988'e, kastrasyon-naif prostat kanseri hücrelerine göre fingolimod'a karşı 

daha duyarlı olduğunu keşfettik. Bu bulgular, sfingolipid metabolizmasının metastatik ve 

kastrasyona dirençli prostat kanserinin tedavisi için umut verici bir hedef olabileceğini 

düşündürmektedir. Sfingolipid metabolizmasındaki değişiklikleri anlamak, uzun vadede prostat 

kanseri için rasyonel kombinatoryal hedefleme stratejileri geliştirmek için kritik olabilir. 

 

Anahtar Sözcükler: Prostat kanser, kastrasyona hassas, kastrasyona dirençli, AR, PI3K, PTEN-

yoksun, metabolomik, transkriptomik, sfingolipid metabolizması, opaganib, ARN14988, 

fingolimod 
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1. INTRODUCTION 

1.1. Prostate Cancer  

Prostate cancer is the most diagnosed cancer type in males, and it causes over 350.000 deaths each 

year [1]. Prostate carcinogenesis depends on inherited or somatic gene alterations and 

environmental factors. Oxidative stress-induced DNA damage by chronic infection and 

inflammations, or accumulation of genetic and epigenetic arrangements in the genome drive to 

occur prostate adenocarcinoma [2]. Highly heterogeneous prostate cancer harbors combinations 

of TMPRSS2-ERG gene fusions, loss of function mutations in the SPOP gene, p53 mutations, or 

PTEN deletions in the primary and localized stage of the disease, and the alteration frequencies of 

these genes increase in the advanced-stage prostate cancer (Fraser et al., 2017).  

Gain of function mutations in the androgen receptor gene together with the activating mutations 

in AR-regulating genes or inactivating mutations in AR-repressing genes are the most common 

alterations in metastatic and castration-resistant prostate cancer [3]. In normal prostate epithelium 

or castration-sensitive prostate cancer, when AR binds to androgen, they are translocated to the 

nucleus where it is dimerized and bound to the androgen response element (ARE) in the AR-

regulated gene, leading to the gene transcription (Figure 1.1). However, aberrant activation of 

androgen signaling occurs in castration-resistant prostate cancer after androgen deprivation 

therapy accompanied by AR activating mutations, expression of AR splice variants (AR SVs), or 

excessive non-specific ligand binding to AR together with intracrine androgen synthesis, thus AR-

dependent transcription is upregulated (Figure 1.1) [1], [4]–[6]. 



 

 
 
 

2 

 

Figure 1.1. AR signaling in prostate cancer. AR can bind to androgen, then it is translocated to the 

nucleus. When it is dimerized, it is recruited to ARE of the target genes. AR overexpression, AR mutations, 

expression of AR splice variants, steroid biosynthesis, and binding other ligands to AR can lead to aberrant AR 

signaling in castration-resistant prostate cancer [1]. 

During prostate cancer progression, hyperactivation of AR signaling and increases in PSA levels 

are acquired after androgen deprivation therapy (ADT) or anti-androgen therapy [7]. Additionally, 

cross-regulation of the hyperactivated PI3K/Akt/mTOR pathway is also an important parameter 

for prostate cancer progression. Activating mutations in PIK3CA, PIK3CB, or AKT1 with 

homozygous PTEN deletion facilitates a feedback mechanism with AR signaling, leading to 

castration-resistant prostate cancer progression [3]. Since these mechanisms are not mutually 

exclusive, they lead to switching the behavior of androgen signaling inhibitors, such as 

Enzalutamide (MDV3100), to become AR-agonists for metastatic and castration-resistant prostate 

cancer [8]. Therefore, it removes available therapeutic options causing a significantly lower chance 

of survival.  
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1.2. PI3K/PTEN/Akt Pathway and its Regulations in Prostate Cancer 

PI3K/Akt/mTOR pathway is one of the most significant signaling pathways in the event of 

carcinogenesis. It modulates the proliferation, migration, survival, metabolism, and angiogenesis 

in tumor cells [9]. This pathway is very frequently mutated in around 40% of primary prostate 

cancers, and around 70% of metastatic prostate cancers, including amplifications and activating 

mutations in PIK3CA or PIK3CB and activating mutations in AKT, and homozygous PTEN 

deletion as well [10]. 

PI3Ks, which are membrane-associated lipid kinases, have three different classes (class I, II, or 

III) based on their variable structures and substrates. Class I PI3Ks are divided into two subclasses, 

which are class IA or class IB PI3Ks. Class IA PI3Ks are composed of p110 catalytic subunits, 

which are encoded by PIK3CA, PIK3CB, or PIK3CD genes, and p85 regulatory subunits, which 

are encoded by PIK3R1, PIK3R2, or PIK3R3 genes [11].  

Extracellular signals such as growth factors (EGF, insulin, insulin-like growth factor 1) and peptide 

hormones stimulate PI3K phosphorylation. PI3K phosphorylates phosphatidylinositol (4,5)-

bisphosphate (PIP2) to produce phosphatidylinositol (3,4,5)-trisphosphate (PIP3) (Figure 1.2). 

Membrane-bound secondary messenger PIP3 recruits PH-domain containing kinases AKT (PKB) 

and PDK1 to the cell membrane, and PDK1 phosphorylates AKT at T308 residue. AKT is also 

phosphorylated at S473 residue by mTORC2, and it becomes fully activated, thus it phosphorylates 

downstream effectors for further regulations in proliferation, survival, migration, nutrient 

metabolism, or angiogenesis [9].  
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Figure 1.2. PI3K/PTEN/Akt Signaling Cascade. Growth factors, cytokines, and hormones can bind to 

RTKs or GPCRs. When the receptors are activated, PIP3 is produced, which recruits and promotes AKT 

activation. Activated AKT phosphorylates downstream mediators to promote survival, migration, cell growth, 

angiogenesis, and protein synthesis  [12]. 

The most important regulator of the pathway is PTEN, a tumor suppressor gene, which is 

frequently altered in prostate cancer. It dephosphorylates membrane-bound PIP3 to convert it back 

to PIP2, thus it negatively regulates PI3K/Akt pathway by antagonizing the PI3K activity (Figure 

1.2) [13].  Genetic alterations of PTEN are accounted for as the primary factor in the activation of 

the PI3K/Akt signaling cascade. PTEN is inactivated in 16% of primary prostate cancer and 40% 

of metastatic prostate cancer by harboring biallelic deletion in its phosphatase domain, whereas 
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12% of primary prostate cancer and 17% of advanced prostate cancer have PI3K and AKT 

amplification mutations [3], [14]. 

1.3. PTEN Functions in Prostate Cancer 

Phosphatase and tensin homolog deleted on chromosome 10 (PTEN) is a very frequently mutated 

tumor suppressor gene, which has both protein and lipid phosphatase functions. PTEN encodes a 

protein consisting of 403 amino acids and five domains, which are the N-terminal PIP2 binding 

domain (PBD), the phosphatase domain catalyzing dephosphorylation function, the C2 domain 

facilitating lipid and membrane binding, the C-tail domain and the PDZ-binding domain (Figure 

1.3) [15], [16].  

PTEN was found to cause PTEN hamartoma tumor syndromes (PHTS) by harboring rare 

autosomal dominant germline mutations which lead to multiple hamartomatous lesions and 

susceptibility to cancer development [17], [18].  

PTEN is a haploinsufficient tumor suppressor gene, which means that a deletion of an allele leads 

to improper functionality [19].  Previous research on human samples or mice bearing partial PTEN 

loss displayed that the incidence of tumor formations correlated with the PTEN loss in a dose-

dependent manner. Additionally, it was shown that PTEN is indispensable for embryonic 

development, and complete PTEN loss caused embryonic lethality in genetically engineered 

mouse models [20]. Studies on hypermorphic PTEN mice demonstrated that a little reduction in 

PTEN protein levels caused transcriptional changes in proliferation-related genes and enhanced 

cancer susceptibility, while hypomorphic PTEN mice models showed accelerated cancer 

progression and severity in the diseases in various types of cancer [21], [22]. These findings 

suggest a continuum model for PTEN functionality, indicating that even a minor downregulation 
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of the expression levels, even though it has both alleles, is sufficient to weaken tumor suppressor 

functionality of PTEN in a dose-dependent manner [23]. 

 

Figure 1.3. PTEN structure. PTEN consists of five domains, which are the PIP2-binding domain (PBD), 

phosphatase domain, C2 domain, C-tail domain, and PDZ domain. Indicated point mutations in the phosphatase 

domain lead to inactivation of either protein phosphatase, lipid phosphatase, or dual phosphatase functions [24] 

“© Cold Spring Harbor Laboratory Press”. 

PTEN has a dual-specificity phosphatase function, which can dephosphorylate lipid and protein 

substrates. The lipid phosphatase function of PTEN dominates PI3K/Akt pathway regulation, 

dephosphorylating PIP3, and converting it to PIP2. It exerts its tumor suppressor activity by 

negatively regulating the pathway and hinders cell growth, survival, and migration [17].  

PTEN also shows protein phosphatase activity on phosphorylated tyrosine, threonine, and serine 

residues, as well as residues on itself [16]. To date, the focal adhesion kinase 1 (FAK1), cAMP-

responsive element-binding protein 1 (CREBP1), protein-tyrosine kinase SRC, insulin receptor 

substrate 1 (IRS1), glucocorticoid receptor (GR) were found to be some of the protein substrates 

for PTEN to act as a tumor suppressor [25]–[28].  The protein phosphatase function of PTEN 
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facilitates the active and open conformation of PTEN and increases its stability, modulates cell 

migration, invasion, and gene transcription, and preserves the genome stability [16]. 

Additionally, some studies showed the phosphatase-independent function of PTEN to exert its 

tumor suppressive activity by scaffold functions in the nucleus and cytoplasm. PTEN can bind to 

centromere protein C (CENPC) to sustain the centromere stability and also contributes to the 

double-strand break repair mechanism by RAD51 induction in the nucleus [29]. The same study 

suggests that PTEN loss is associated with impaired genomic stability. Importantly, other studies 

also demonstrated that nuclear PTEN loss was also associated with cancer aggressiveness, which 

indicates the contribution of nuclear PTEN to its tumor suppression function [30], [31]. 

Characterization of point mutations in the phosphatase domain of PTEN enabled the identification 

of different roles of PTEN phosphatase function (Figure 1.3). G129E mutation in PTEN causes 

lipid phosphatase deficiency, but it displays protein phosphatase functionality. In contrast to this, 

the Y138L mutation in PTEN shows impaired protein phosphatase function but intact lipid 

phosphatase function. Besides, the C124S mutation of PTEN exhibits phosphatase-dead function, 

where both lipid and protein phosphatase functions are lost [32], [33]. Although these mutations 

identified different active roles of PTEN in many experimental setups, the physiological relevance 

of these mutations has not been elusive yet. 

PTEN deficiency in cancer can regulate a variety of physiological processes including proliferation 

and motility, genome stability, stem cell maintenance, senescence, tumor microenvironment, as 

well as metabolism [15]. Loss of PTEN or hyperactivation of the PI3K/Akt pathway can alter the 

metabolic needs of cancer cells to maintain their growth and survival [34]. Primarily, cancer cells 

can go through a metabolic switch from oxidative phosphorylation to aerobic glycolysis, which is 

termed by the Warburg effect, to sustain their growth and proliferation [35]. They can also regulate 
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glutamine uptake and glutaminolysis to cover the needs for intermediates in the tricarboxylic acid 

cycle, NADPH, phospholipid synthesis, and nucleotide synthesis [36]. 

 

 

Figure 1.4. Phosphatase-dependent or -independent PTEN functions. PTEN negatively regulates 

PI3K/Akt pathway by its lipid phosphatase function, dephosphorylating PIP3 into PIP2. Protein phosphatase 

function can dephosphorylate protein substrates, e.g., FAK, and Src. Phosphatase-independent/scaffold 

functions provide centromere stability and contribute genome stability [37]. 

PTEN loss also increases protein synthesis by the regulation of mTOR pathway components, 

which are eukaryotic translation initiation factor 4E-binding protein (4EBP1) and p70S6K [38]. 

The studies in heterozygous PTEN inactivation mice showed upregulated insulin-mediated 

glucose uptake by enhanced GLUT4 translocation to the plasma membrane [39], [40]. PTEN 

deficiency also mediates insulin-induced hepatic gluconeogenesis through the hyperactivated 
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PI3K/Akt pathway by inhibiting downstream effectors like FOXO1 and PGC1⍺ [15]. Moreover, 

increased activity of PI3K/Akt pathway with PTEN loss also demonstrated upregulation in lipid 

biosynthesis via the activity of sterol regulatory element-binding proteins (SREBPs) in metastatic 

prostate cancer [41], [42]. A recent study also showed that prostate-specific PTEN-null mice 

exhibited metabolic deregulation in polyamine biosynthesis via the mTORC1-dependent AMD1 

stability [43]. Considering these findings, it would be crucial to elucidate metabolic deregulation 

and target metabolic vulnerabilities upon PTEN inactivation in cancer. 

1.4. Sphingolipid Metabolism and its Implications in Prostate Cancer 

Sphingolipids, which are one of the main components of the plasma membrane and responsible 

for preserving the fluidity and barrier of the membrane, modulate cell signaling, proliferation, 

migration, and metastasis [44], [45]. 

The main lipid molecule of the sphingolipid metabolism pathway is ceramide, which is composed 

of an amide-linked fatty acyl chain and a sphingosine long-chain base. It can be synthesized by de 

novo synthesis, hydrolysis of sphingomyelin, glucosylceramides or galactosyl ceramides, or the 

salvage pathway (Figure 1.5) [45].  

The de novo synthesis of ceramides, which occurs in the endoplasmic reticulum, begins with the 

condensation reaction of serine and palmitoyl-CoA by serine palmitoyl-transferase (SPT) activity, 

which yields the production of 3-ketosphinganine. Then, it is reduced to sphinganine by the 3-

ketosphinganine reductase enzyme. After this step, dihydroceramide is produced by ceramide 

synthases (CERS1-6), which are the rate-limiting enzymes for ceramide production by the de novo 

synthesis. Then, dihydroceramide desaturase (DES) produces ceramide from dihydroceramide by 

desaturation reaction through the addition of a double bond between C4 and C5 in the long chain 

base (Figure 1.5) [46].  
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On the other hand, ceramides are also produced by either sphingomyelinase, which hydrolyzes 

sphingomyelins, or by glucoceramidase (GlcCDase) and galactoceramidase (GCDase) 

hydrolyzing glucosylceramides and galactosyl ceramides, respectively (Figure 1.5) [47]. The 

salvage pathway is another way to generate ceramides from sphingosine by ceramide synthase 

enzymes (CERS1-6) (Figure 1.5) [48]. 

 

Figure 1.5. Sphingolipid Metabolism and its targeted inhibitors. Ceramides are the main lipid 

molecules in the pathway. They can be synthesized by de novo biosynthesis, the salvage pathway, the 

sphingomyelinase pathway, and the cerebrosidase pathway [49]. 
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Ceramides can be utilized for the production of ceramide-1-phosphate or sphingomyelins by 

ceramide kinases (CERK) or sphingomyelin synthases (SMS1 or SMS2), respectively (Figure 1.5) 

[50], [51].  

Glucosylceramide or galactosyl ceramides, which are produced by glucosylceramide synthase 

(GCS) from ceramides, are further processed to the complex sphingolipids, such as 

glycosphingolipids or gangliosides in Golgi (Figure 1.5) [52].  

Furthermore, ceramidases (CDases) hydrolyze ceramides to generate sphingosines, which are 

further phosphorylated to sphingosine-1-phosphate (S1P) by sphingosine kinases (SPHK1/SK1 or 

SPHK2/SK2) (Figure 1.5). S1P can interact with S1P receptors (S1PR1-5), which are G protein-

coupled receptors evoking survival signals in cancer cells [53]. Then, S1P lyase 1 (SPL) catalyzes 

the reaction converting S1P to ethanolamine-1-phosphate and C16 fatty aldehyde, whereas 

sphingosine-1-phosphate phosphatase (SGPP) dephosphorylates S1P to yield sphingosine (Figure 

1.5) [54].  

Prostate cancer can be regulated via alterations in sphingolipid metabolism, which may control 

cell cycle, survival, or drug resistance mechanisms. To date, ceramides are shown to be associated 

mostly with anti-survival responses of cancer cells, whereas the generation of sphingosine-1-

phosphate leads to cancer progression, survival, and therapy resistance [55]. Studies in androgen-

responsive LNCaP cells showed cell cycle arrest and increased apoptosis by building up the 

ceramides in the androgen deprivation therapy [56]. Although ceramides have been shown to be 

upregulated by radiation therapy and led to anti-cancer effects, some studies also demonstrated 

boosted resistance to radiation therapy or chemotherapy by ceramides [57], [58].  

The enzymes of sphingolipid metabolism are shown to be regulated in prostate cancer. A recent 

study showed that DES1 is an AR-regulated gene, and the downregulation of DES1 led to a 
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diminished migration ability in metastatic and castration-resistant C4-2 cells [59]. The study also 

demonstrated a correlation between high DES1 expression and poor prognosis in the prostate 

cancer [59]. ASAH1, which is one of the ceramidases that generate sphingosine from ceramide, 

was observed to be increased in prostate tumor samples and was associated with an enhanced Akt 

phosphorylation [60]. It also promotes sphingosine kinase 1 activity for the sphingosine-1-

phosphate production, activating PI3K, and promoting PTEN nuclear export [60]. Furthermore, 

sphingosine kinase genes were found to be positively associated with metastatic prostate cancer. 

SPHK gene expression is increased in metastatic prostate cancer tumors, compared to primary 

tumors [48]. Besides, sphingomyelin biosynthesis by the catalysis of sphingomyelin synthase 

enzymes (SGMS1 or SGMS2) has pleiotropic effects on the cancer development [61].  

For the last few decades, sphingolipid metabolism has been a highlight to elucidate the mechanism 

behind carcinogenesis. How sphingolipid metabolism is regulated in various types of cancer 

remains elusive. The development of therapeutic substances against the enzymes involved in 

sphingolipid metabolism and targeting them became a promising approach for anti-cancer 

treatments and overcoming drug resistance mechanisms in cancer (Figure 1.5). 

1.5. Aim of the Research 

Prostate cancer is the most commonly diagnosed cancer type and the second leading cause of death 

in men annually and globally [2]. Hyperactivation of the PI3K/Akt signaling pathway has 

important oncogenic consequences in prostate cancer [13]. PTEN, a negative regulator of the 

pathway, is one of the most frequently altered tumor suppressor genes in metastatic and castration-

resistant prostate cancer [14]. PTEN has both protein and lipid phosphatase activity, with the latter 

antagonizing the PI3K/Akt pathway by converting PIP3 to PIP2 [37]. PTEN loss occurs at the very 
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early stages of prostate carcinogenesis [3], thus it may cause metabolic rewiring in metastatic 

prostate cancer cells. These metabolic vulnerabilities may allow for the identification of new 

theragnostic target genes for prostate cancer. In this research, we wanted to understand the impact 

of PTEN loss on prostate cancer metabolism. For this purpose, we created a doxycycline-inducible 

system in PTEN-null metastatic prostate cancer cells to re-express wild-type PTEN and various 

PTEN function mutants, then we utilized targeted metabolomics and transcriptomics to reveal the 

direct effects of PTEN loss on the metabolome and transcriptome profiles of PTEN-null metastatic 

prostate cancer cells. Then, we aimed to target the candidate metabolic genes and/or pathways with 

the appropriate inhibitors and discover their mechanistic consequences on metastatic prostate 

cancer cells.  

2. MATERIALS AND METHODS 

2.1. MATERIALS 

2.1.1. Cell Lines 

Cell Line Complete Medium 

LNCaP (parental) RPMI-1640; 8% FBS; 1% P/S 

LNCaP with Tet-on system expression 

(LNCaP-rtTA, LNCaP-rtTA-pRXTN, 

LNCaP-rtTA-pRXTN-pBabe-PH-Btk-GFP) RPMI-1640; 8% Tet-Free FBS; 1% P/S 

C4-2 (parental) RPMI-1640; 8% FBS; 1% P/S 

HEK293 DMEM; 8%FBS; 1% P/S 
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2.1.2. Cell Culture Reagents 

Catalog Number  Product Name Brand 

P04-17500 RPMI Pan-Biotech, Germany 

41966-029 DMEM Gibco, US 

S1810-500 Fetal Bovine Serum (FBS) Biowest, US 

S181T-500 Tetracycline-Free FBS Biowest, US 

15140-122 Penicillin-Streptomycin Gibco,US 

25300-054 Trypsin-EDTA (0.05%) Gibco,US 

L3000-008 

631455 

Lipofectamine 3000 

Retro-X Concentrator 

Thermo Scientific, US 

Takara Bio, US 

AB-101L Nourseothricin (NAT) Jena Bioscience, Germany 

10131-035 Geneticin (G418 Sulfate) Gibco, US 

A111138-03 Puromycin Gibco, US 

D9891-1G Doxycycline Hyclate Sigma-Aldrich, US 

10587 ABC294640 (Opaganib) Cayman Chemical, US 

24284 ARN14988 Cayman Chemical, US 

10006292 Fingolimod (Hydrochloride) Cayman Chemical, US 

1H72652 

P36931 

 

5100-0001 

PBS, 10X pH 7.4 

ProLong Gold Antifade 

reagent with DAPI 

Mr. Frosty Freezing Container 

BioShop, Canada 

Invitrogen, US 

 

Thermo Scientific, US 
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2.1.3. Solutions 

Solutions Ingredients 

10X TBS 80 g NaCl 

2 g KCl 

30 g Trizma-Base 

pH adjusted 7.4 with HCl 

Complete with ddH2O up to 1L 

1X TBS-T 1 mL Tween-20 

100 ml 10X TBS 

Complete with ddH2O up to 1L 

Cell Lysis Buffer 1X RIPA 

1X Protease inhibitor 

1X Phosphatase inhibitor mix 

1 μM DTT 

1 mM Na3VO4 

Resolving Gel Buffer (pH=8.8) 187 g Trizma-Base 

pH adjusted to 8.8 with HCl 

Complete volume up to 1 liter with ddH2O 

Stacking Gel Buffer (pH=6.8)  60.5 g Trizma-Base 

pH adjusted to 6.8 with HCl 

Complete volume up to 1 liter with ddH2O 

10X Running Buffer (Western Blot) 30 g Trizma-Base 
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144 g Glycine 

10 g SDS 

Complete volume up to 1 liter with ddH2O 

10X Transfer Buffer (Western Blot) 30.3 g Trizma-Base 

144.1 Glycine 

Complete volume up to 1 liter with ddH2O 

1X Transfer Buffer (Western Blot) 100 ml 10X Transfer Buffer 

200 ml Methanol 

700 ml ddH2O 

5% Milk Blocking Solution (Western Blot) 5 mg milk powder 

100 ml 1X TBS-T 

5% BSA Blocking Solution (Western Blot) 5 mg BSA Fraction V 

100 ml 1X TBS-T 

Cell Fixation Solution (4% PFA) 4 g Paraformaldehyde 

100 ml 1X PBS 

Crystal Violet Staining Solution 0.4% crystal violet powder 

20% Ethanol 

Complete with ddH2O 

Destaining Solution  10% Acetic Acid 

0.5% SDS 

Complete with ddH2O 

50% Trichloroacetic acid (TCA) (w/v) 50 g TCA 
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100 ml ddH2O  

0.4% SRB (w/v) 400 mg SRB 

100 ml 1% Acetic Acid 

1% Acetic Acid 1% Acetic Acid 

Complete with ddH2O 

50X TAE 242 g Trizma-base 

57.1 mL acetic acid 

100 mL 0.5M EDTA 

 

2.1.4. Western Blot Reagents 

Catalog Number Product Name Brand 

161-0747 Laemmli Sample Buffer (4x) Bio-Rad, US 

10688.01 Acrylamide/Bisacrylamide Solution 

(30w/v) 

Serva, Germany 

K-12045-D20 WesternBright ECL kit Advansta, US 

11930.03 Albumin Bovine Fraction V, pH 7.0 Serva, Germany 

773301 Prime-Step Protein Ladder BioLegend, US 

23391. 02 Glycine  Serva, Germany 

39055.01 Phosphatase Inhibitor Mix Serva, Germany 

P0758S Sodium Orthovanadate New England Biolabs, US 

PIC002.1 Protease Inhibitor Cocktail, Powder 

without EDTA 

BioShop, Canada 
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2502 ReBlot Plus Mild Stripping Solution, 

10X 

Merck, Germany 

2504  ReBlot Plus Strong Stripping Solution, 

10X 

Merck, Germany 

GE10600003 Nitrocellulose Blotting Membrane Merck, Germany 

PS05 ClearBand Ponceau S EcoTech, Turkey 

 Tween 20 Serva, Germany 

 

2.1.5. Western Blot Antibodies 

Catalog Number Product Name Brand 

7076S Anti-Mouse IgG, HRP-linked               Cell Signaling Technology, US 

7074S Anti-Rabbit IgG, HRP-linked               Cell Signaling Technology, US 

2118S GAPDH (14C10) Rabbit mAb Cell Signaling Technology, US 

9559S     PTEN (138G6) Rabbit mAb Cell Signaling Technology, US 

9272S Akt Rabbit mAb Cell Signaling Technology, US 

9018P Phospho-Akt1 (Ser473) Rabbit 

mAb 

Cell Signaling Technology, US 

4056S  Phospho-Akt (Thr308) Rabbit 

mAb 

Cell Signaling Technology, US 

2072S mTOR Rabbit mAb Cell Signaling Technology, US 

2974S Phospho-mTOR (Ser2481) Rabbit 

mAb 

Cell Signaling Technology, US 
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2317S  S6 Ribosomal Protein Mouse mAb Cell Signaling Technology, US 

2215S Phospho-S6 Ribosomal Protein 

(Ser240/244) Rabbit mAb 

Cell Signaling Technology, US 

4858S Phospho-S6 Ribosomal Protein 

(Ser235/236) Rabbit mAb 

Cell Signaling Technology, US 

9452S 4EBP1 Rabbit mAb Cell Signaling Technology, US 

9451S Phospho-4EBP1 (Ser65) Rabbit 

mAb 

Cell Signaling Technology, US 

SC-271616                                SREBP2 Mouse mAb                           Santa Cruz Biotechnology, US 

40659S SQLE Antibody Cell signaling Technology, US 

9101 Phospho-p44/42 MAPK (Erk1/2) 

T202/Y204 

Cell Signaling Technology, US 

 

2.1.6. qPCR Reagents 

Catalog Number Product Name Brand 

170-8891 iScript cDNA Synthesis Kit  Bio-Rad, US 

L003037B SSoAdvanced Universal IT SYBR Green 

Supermix 

Bio-Rad, US 

04729692001 LightCycler 480 Multiwell Plate 96, White                      Roche Life Sciences, US 

 

2.1.7. qPCR Primers 

Gene (Human) Forward Primer Reverse Primer 
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RPL19 CGGAAGGGCAGGCACAT GGCGCAAAATCCTCATTCTC 

ACTB CACTCTTCCAGCCTTCCTT CTCGTCATACTCCTGCTTGCT 

SPHK1 TATGAATGCCCCTACTTGGTATTG GCCTCGCTAACCATCAATTCC 

SGMS2 CTTAGCCCTCCACTCCC CAGAATCTGCGTCCCAC 

CERK CACCTTAGCCTCCATCACCACTG AACATACCATCTCCGCCGACAC 

DES1 CTATGCGTTTGGCAGTTGCA CAGTTGCCAAAGGCAGCATT 

SPTLC1 CAGAACCTCTTGTTCCTCCTGTC TTTTGTGGCTTGGAGGGC 

CERS2 AGATCATCCACCATGTGGCC TGATTAGAGTCCCAGCTCGGA 

ASAH1 AGTTGCGTCGCCTTAGTCCT TGCACCTCTGTACGTTGGTC 

 

2.1.8. Vectors 

Catalog Number Vectors Brand 

Addgene plasmid #8454 pCMV-VSV-G Addgene, USA 

Addgene plasmid #14887 Gag/pol Addgene, USA 

Addgene plasmid #47916 pRXTN expression plasmid Addgene, USA 

 pRXTN-PTEN-WT Generated in-house 

 pRXTN-PTEN-Y138L Generated in-house 

 pRXTN-PTEN-G129E Generated in-house 

 pRXTN-PTEN-C124S Generated in-house 

 pBabe-puro-PH-Btk-GFP Generated in-house 

 



 

 
 
 

21 

2.1.9 Kits 

Catalog Number Product Name Brand 

169014875 Plasmid Midi Kit Qiagen, Germany 

11922402 NucleoSpin RNA Isolation Kit Macherey-Nagel, Germany 

21071 SMART BCA Protein Assay Kit Intron Biotechnology, South Korea 

21018.1 AbsoluteIDQ® p400 HR Kit Biocrates, Austria 

 

2.1.10. Equipment 

Equipment Brand 

Mini-Protean Tetra Cell Bio-Rad, US 

Amersham Imager 600 GE Healthcare, US 

Centrifuges Hettich, Germany 

Nuve, Turkey 

Cell Culture Hood Nuaire, US 

CO2 Incubator Thermo Scientific, US 

Nanodrop one Thermo Scientific, US 

Synergy HT Microplate Reader Biotek, US 

LightCycler 96 Sytem for qPCR Roche Life Sciences, US 

Thermocycler for PCR Bio-Rad, US 

Fluorescence Microscope AX10 Imager.A1  Zeiss, Germany 
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2.2. METHODS 

2.2.1. Cell Maintenance, thawing, and freezing 

LNCaP parental or LNCaP-rtTA-pRXTN-PTEN variants or LNCaP-rtTA-pRXTN-pBabe-PH-

Btk-GFP cell lines were used in this study. Only for the transfection protocol, the HEK293 cell 

line was used. The cells were sub-cultured when they reached around 80% confluency. They were 

washed with sterile 1X PBS, then detached by trypsinization for 5 minutes at 37°C and 5% CO2. 

Next, the cells were collected with complete media in a falcon tube. They were centrifuged for 5 

minutes at 1500 rpm. After discarding the supernatant, the cells were resuspended with complete 

media and seeded on a 10-cm culture dish with a 1:6 dilution ratio. LNCaP-rtTA-pRXTN cells 

were maintained with the appropriate amount of geneticin (50 ug/ml) and noursethricin (50 ug/ml). 

LNCaP-rtTA-pRXTN-pBabe cells were maintained with the appropriate amount of geneticin (50 

ug/ml), noursethricin (50 ug/ml), and puromycin (0.2 ug/ml). The cells were incubated at 37°C 

and 5% CO2.  

For the freezing procedure, the cells were trypsinized, then centrifuged as passaging protocol. 

After the centrifugation, the supernatant was discarded and the cells were resuspended with a 

freezing medium consisting of 50% FBS, 40% RPMI-1640 (or DMEM for the HEK293 cell line), 

and 10% DMSO. The cells were put into the cryovials and then the cryovials were placed into Mr. 

Frosty freezing container and incubated at -80°C for at least 5 hours. Then, the cryovials were 

transferred to nitrogen for longer cryopreservation.  

The cells were thawed in the water bath at 37°C for 2-3 minutes for the thawing procedure. Then, 

they were transferred to a falcon tube containing a complete medium. They were centrifuged for 5 
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minutes at 1500 rpm. After centrifugation, the supernatant was discarded, and the cells were 

resuspended with a complete medium without antibiotics and seeded on 6-cm culture dishes. The 

cells were incubated at 37°C and 5% CO2. 

2.2.2. Generation of stable cell lines 

Doxycycline-inducible Tet-on gene expression systems were stably generated in LNCaP cells.  

LNCaP cells expressing rtTA plasmid (TetR expression plasmid) were transduced with pRXTN, 

pRXTN-PTEN-WT, pRXTN-PTEN-Y138L, pRXTN-PTEN-G129E, pRXTN-PTEN-C124S 

retroviral expression plasmids separately. Additionally, dox-inducible LNCaP PTEN variants 

were stably transduced with pBabe-PH-Btk-GFP retroviral expression plasmid. First, HEK293 

cells were seeded at a density of 0.2x106 per well on 6-well plates. The next day, the cells were 

triple-transfected with 2 μg of DNA-of-interest, 1 ug of pCMV-VSV-G, and 1 ug of gag/pol 

according to the manufacturer's protocol (Lipofectamine 3000, ThermoScientific). The next day, 

the medium was replenished. At 48-hour and 72-hour post-transfection, the supernatants were 

collected in sterile falcon tubes, wrapped with aluminum folio, and incubated at 4°C until the 

infection. At 24-hour pre-infection, the supernatant was sterile filtered by a 0,45 μm syringe filter. 

The Retro-X Concentrator (Takara Bio, USA) was added to the supernatant at a volume of one-

third of the supernatant volume and incubated at 4°C overnight in the dark. On the day of infection, 

the supernatant and concentrator mixture was centrifuged at 1500g for 45 minutes at 4°C to 

precipitate the viral particles. After centrifugation, the supernatant was discarded, and the pellet 

was resuspended with growth media. Then, the media was given to the infecting LNCaP cell lines 

with 10ug/ml polybrene. The next day, the media was replenished. At 48 hours post-infection, the 

selection was started with appropriate antibiotics. The selection marker for pRXTN retroviral 



 

 
 
 

24 

expression plasmid is nourseothricin (NAT). Transduced LNCaP cell lines were selected with 250 

ug/ml NAT until non-transduced LNCaP cells were completely dead. The selection marker for 

pBabe-PH-Btk-GFP retroviral expression plasmid is puromycin. Transduced LNCaP cell lines 

were selected with 1.1 ug/ml puromycin until non-transduced LNCaP cells were completely dead. 

For the maintenance of the retroviral-transduced LNCaP cell lines, appropriate amounts of 

selection markers were added to the growth media as indicated. 

2.2.3. Westernblotting Analysis 

2.2.3.1. Cell Harvest and Cell Lysis 

The media of the cells were discarded and washed with 1X cold PBS on ice. Then, 1 ml of 1X cold 

PBS was added to the plates, and the cells were scraped by the scrapers. The cells were collected 

to the Eppendorf tubes and centrifuged at 4000 rpm for 10 minutes at 4°C. Then, the supernatant 

was discarded, and the pellet was snap-frozen by liquid nitrogen, and stored at -80°C.  

Just before the cell lysis, a lysis buffer was freshly prepared on ice. The lysis buffer was added 

three times the volume of the pellet and incubated on ice for 30 minutes. Then, they were 

centrifuged at 13000 rpm for 15 minutes at 4°C. After the centrifugation, the supernatant was 

collected into new tubes, and the pellets were discarded. The lysates were snap-frozen by liquid 

nitrogen and stored at -80°C for the long term.  

2.2.3.2. Protein Quantification by BCA Assay 

The concentrations of the lysates were quantified by PierceTM BCA Protein Assay Kit according 

to the manufacturer’s protocol (Intron Bio, South Korea). For the standards, absorbance values of 

eight different concentrations of albumin (2 mg/ml) between 0-15 ug were determined. 200 μl of 

BCA solution was prepared for each lysate in triplicate. 1 μl of the lysate and 24 μl of ddH2O were 



 

 
 
 

25 

mixed with 200 μl of BCA solution in a well in triplicate on 96-well plates. The optical density 

was measured at 562 nm by a spectrophotometer. For blank, only BCA and ddH2O mixture was 

used. The mean of the absorbance values of the blank was subtracted from the mean of the 

absorbance values of each lysate. The unknown concentrations of the lysates were determined 

according to the equation, which was obtained by the absorbance values corresponding to the 

concentrations of the standards. 

2.2.3.3. Western Blotting 

10% resolving gel and 4% stacking gels were used for SDS-PAGE. The recipe for resolving or 

stacking gels is demonstrated in Table 2.1.  

 

Table 2.1. Recipes for Resolving and Stacking Gels. 

Components Resolving Gel (10%) Stacking Gel (4%) 

Acrylamide/bisacrylamide (30% w/v) 3.3 mL 1.3 mL 

TEMED 5 μl 10 μl 

10% APS 50 μl 50 μl 

Resolving Gel Buffer (pH=8.8) 2.5 mL - 

Stacking Gel Buffer (pH=6.8) - 2.5 mL 

ddH2O 4.1 mL 6.1 mL 

Total Volume 10 mL 10 mL 

 

Loading samples were prepared with an appropriate amount (10-30 ug as final concentration) of 

lysates and 1X laemmli buffer/β-mercaptoethanol mixture. The loading samples were denatured 
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at 96°C for 10 minutes. Thus, 10-30 ug of proteins were loaded onto the gels. SDS-PAGE was 

conducted at 80-120V for around 100 minutes. Then, the gels were transferred to nitrocellulose 

membranes either at 250 mA for 150 minutes on ice or at 90 mA overnight at RT by wet transfer 

method. At the end of the wet transfer, the membranes were stained with Ponceau S for 5 minutes 

to verify the efficiency of the transfer, then washed with dH2O.  Next, the membranes were blocked 

with 5% milk solution or 5% BSA solution for an hour at RT. Then the membranes were blotted 

with proper primary antibodies overnight at 4°C. Then, the membranes were washed with 1X TBS-

T for 5 minutes three times. After washing, the membranes were incubated with HRP-conjugated 

secondary antibodies for an hour at RT. Then, the membranes were washed with 1X TBS-T for 5 

minutes three times. After the membranes were incubated with dH2O for a few minutes, they were 

developed by incubating them with ECL solution for a minute in the dark, according to the 

manufacturer’s protocol. The detection was conducted by Amersham Imager 600, and the 

densitometric analysis of the blots was done by ImageJ. The band densities of each protein were 

normalized to the loading control, and the band intensities of the phospho-proteins were also 

analyzed by normalizing them to the total proteins.  

 

2.2.4. Immunofluorescence assay 

LNCaP cells were seeded at a density of 1.5x105 on a coverslip in a 6-well plate. 24-hour post-

seeding, the cells were treated with doxycycline with serum-reduced complete media (RPMI-1640 

and 4% FBS Tet-free). At the end of three day-long treatment, the cells were washed once with 

1X PBS and fixed with 4% PFA at RT for 15 minutes. Next, the cells were rewashed with 1X PBS 

and then washed with ddH2O once. After the washing steps, the coverslips were dried. The 

coverslips containing fixed cells were mounted on the slides with 5-10 μl of ProLong Gold 
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Antifade reagent with DAPI (Invitrogen, US) in the dark overnight at RT. Lastly, the images were 

observed with a Zeiss AX10 fluorescence microscope, and images were analyzed by ImageJ.  

2.2.5. Cellular Proliferation Assays 

Crystal violet assay and sulforhodamine (SRB) assay were used in this study. 

2.2.5.1. Crystal Violet Assay 

LNCaP cells were seeded at a density of 2.5x105 per well on a 12-well plate, or a density of 0.5x105 

per well on a 6-well plate. 48 hours after cell seeding, the cells were treated with a selected drug 

with serum-reduced complete medium (RPMI-1640, 4% FBS, and an appropriate amount of drug 

of interest). When the control (non-treated) group of cells reached the confluency, the cells were 

fixed with 4% PFA for an hour at RT, or overnight at 4°C. Then, the cells were washed and stained 

with 0.4% crystal violet dye for at least an hour. After the crystal violet staining, the cells were 

gently washed twice with dH2O. Next, the cells were air-dried under the fume hood at RT. After 

the cells were air-dried, the cells were incubated with the destaining solution for an hour on the 

shaker with mild agitation. Finally, 200 μl of 1:20 diluted destained solution from each condition 

and 200 μl of destaining solution as blank were put on a 96-well plate in triplicate and measured 

at 595 nm by the spectrophotometer. The average of the absorbance values of the blank was 

subtracted from the average of the absorbance values of each condition. Cell viability percentages 

were calculated by dividing the mean of the absorbance values of each condition by the mean of 

the absorbance values of the non-treated group and multiplying by 100. 

2.2.5.2. Sulforhodamine (SRB) Assay 

LNCaP cells were seeded at a density of 0.3x104/well on a 96-well plate. 48-hour post-seeding, 

the cells were treated with a drug of interest with a serum-reduced complete medium for five days. 
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(RPMI-1640, 4% FBS (or tetracycline-free FBS for the Tet-on expression system) and proper 

amount of drug-of-interest). At the end of the experiment, the medium was discarded, and the cells 

were fixed with 10% trichloroacetic acid (TCA) for at least an hour at 4°C. Then, the cells were 

washed with dH2O five times. The cells were stained with 0.4% SRB solution for 30 minutes at 

RT. After staining, the cells were washed with 1% acetic acid five times. Next, the cells were air-

dried under the fume hood at RT. The cells were destained with 200 μl of non-buffered 10 mM 

Tris-base for 15 minutes on a shaker with mild agitation. Finally, the optical density was measured 

at 564 nm by spectrophotometer. The average of the absorbance values of the blank was subtracted 

from the average of the absorbance values of each condition. The percentages of the cell viability 

were calculated by dividing the mean of the absorbance values of each condition by the mean of 

the absorbance values of the non-treated group and multiplying by 100. 

2.2.6. RT-qPCR 

2.2.6.1. RNA Isolation 

LNCaP cells were seeded at a density of 2x106 per 10-cm culture dish. On the following day, the 

cells were treated with the proper amount of doxycycline and incubated for three days at 37°C and 

5% CO2. Then, the cells were harvested, and RNA was isolated by using a NucleoSpin RNA 

Isolation kit according to the manufacturer’s protocol (Macherey-Nagel, Germany). The cells were 

lysed by the provided lysis buffer. Then, the lysate was filtrated to bind RNA to the provided 

columns. The DNA was digested by a provided DNAse. After a few washing steps and drying the 

columns, the RNA was eluted. RNA concentration was measured by NanoDrop, and the RNA 

samples were stored at -80°C.  
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2.2.6.2. cDNA Synthesis 

RNA samples were converted to cDNA by employing the reverse transcription reaction by using 

Bio-Rad iScript cDNA Synthesis Kit according to the manufacturer’s protocol (Bio-Rad, US). 

1000 ng of total RNA was used for cDNA synthesis, the conditions of which were displayed in 

Table 2.2. At the end of the reaction, cDNA was diluted to 10 ng/μl with a 1:5 dilution rate and 

stored at -20°C. 

Table 2.2. Conditions for cDNA Synthesis. 

Component Volume or Concentration 

5X Reaction Mix  4 μl 

Reverse Transcriptase 1 μl 

RNA 1000 ng (1 μg) 

Nuclease-free H2O Complete to 20 μl 

 

2.2.6.2. qPCR and Analysis 

qPCR reaction was conducted by using the SsoAdvanced Universal Inhibitor-Tolerant SYBR 

Green Supermix according to the manufacturer’s protocol (Bio-Rad, US), which is displayed in 

Table 2.3. The thermal cycling protocol was conducted by Roche LightCycler 96 according to the 

manufacturer’s protocol (Bio-Rad, US), which is displayed in Table 2.4. Relative mRNA 

expression was detected by utilizing the 2−ΔΔCT method to calculate the fold changes relative to 

the housekeeping gene (RPL19). 

 



 

 
 
 

30 

Table 2.3. Conditions for qPCR. 

 

 

Table 2.4. Thermal Cycling Conditions for qPCR. 

 

 

 

 

 
 
 
 
 
 

 

2.2.7. Targeted Metabolomics 

2.2.7.1. Sample Preparation 

LNCaP cells were seeded at a confluency of 70% on 10 cm dishes. 48 hours later, the cells were 

treated with the proper amounts of doxycycline with serum-reduced complete medium (RPMI-

1640, 2% FBS Tet-free, 1% pen/strep) and incubated for three days. Then the cells were harvested 

Component Volume or Concentration 

SsoAdvanced Universal Inhibitor-Tolerant 

SYBR Green Supermix (2X) 

 

5 μl 

Forward Primer  250 nM 

Reverse Primer 250 nM 

cDNA Template 30 ng 

Nuclease-free H2O Complete to 10 μl 

Step Temperature Duration Cycle 

Preincubation 98°C 150 s 1 

2 Step Amplification 

98°C 10 s 

40 

60°C 30 s 

Melting 

65°C 10 s 

1 

95°C 300s 
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by cell lifters and the pellets were collected after the centrifugation at 4000 rpm for 10 minutes at 

4°C. The pellets were snap-frozen and stored at -80°C. Each biological replicate of LNCaP-PTEN 

cell variants had 5x106 cells for endogenous metabolite normalization. The experiments were 

repeated five times independently. The samples were sent to the Boğaziçi University for further 

mass spectrometry analysis with the collaboration of the laboratory of Prof. Berat Haznedaroğlu. 

2.2.7.2. Mass Spectrometry and Analysis 

Mass spectrometric analysis for targeted metabolomics was performed with the collaboration of 

the laboratory of Prof. Berat Haznedaroğlu at the Institute of Environmental Sciences at Boğaziçi 

University. Thermo Q ExactiveTM mass spectrometer was used for the targeted metabolomics by 

utilizing the AbsoluteIDQ p400 HR kit (Biocrates, Austria). The LC-MS method detected amino 

acids and biogenic amines, whereas acylcarnitine, cholesteryl esters, glycerophospholipids, 

glycerides, sphingolipids, and sugar were detected by the FIA-MS method. The concentrations 

(μM) of the metabolites were quantitatively or relatively quantitatively determined according to 

the standards for each metabolite provided by the kit.  

2.2.8. RNA-sequencing 

2.2.8.1. Sample Preparation and Quality Control 

LNCaP-rtTA-pRXTN, LNCaP-rtTA-pRXTN-PTEN-WT, C4-2-rtTA-pRXTN, C4-2-rtTA-

pRXTN-PTEN-WT lines were seeded at a density of 2x106 on 10-cm plates. On the following day, 

the cells were treated with the proper amounts of doxycycline for three days with serum-reduced 

complete media (RPMI-1640, 4% FBS Tet-free) at 37°C and 5% CO2. At the end of the experiment 

the cells were harvested by trypsinization, and RNA was isolated with the NucleoSpin RNA 

Isolation Kit according to the manufacturer’s (Macherey-Nagel, Germany). The concentrations of 
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RNA samples were measured by NanoDrop, then the samples were stored at -80°C. Quality control 

of the RNA samples was conducted with Agilent RNA 6000 Nano kit by Agilent 2100 Bioanalyzer 

(Agilent Technologies, USA) to detect RNA concentration, RNA integrity number (RIN), and 

rRNA ratio for RNA sequencing. Each RNA sample had at least 100 ng/μl RNA, RIN > 9, and 

rRNA ratio > 1. The samples had two independent biological replicates.  

2.2.8.2. RNA-seq analysis 

The RNA samples were sent to Gen-Era Diagnostics for RNA sequencing and bioinformatic 

analysis. The company utilized the Illumina Stranded mRNA Prep kit (Cat. No. 20040534, 

Illumina, USA) for the enrichment of poly-A—mRNAs for next-generation sequencing. They 

performed purification, fragmentation, cDNA synthesis, RNase treatment, insertion of index 

sequencing, and final cDNA library generation. Before the sequencing, they checked the quality 

control of RNA and cDNA library with the Agilent DNA 1000 kit (Agilent Technologies, USA) 

by Bioanalyzer 2100 (Agilent Technologies, USA), and RNA qualities were validated. Illumina 

NovaSeq 6000 next-generation sequencing platform was used (Illumina, USA) to acquire 30 

million paired-end 2x150 bp reads. Bioinformatical analysis was performed by Gen-Era 

Diagnostics. The FASTQC tool was used to control the quality of the obtained data. The low-

quality reads and possible adaptor-index contaminations were trimmed by the Trimmomatic tool. 

After trimming, the alignment was performed by the HISAT2 tool based on the reference genome 

of Homo Sapiens hg38. The Ensembl dataset was used for the annotations and the Subread tool 

was used for the determination of the number of reads for each transcriptome element. 

Normalization and filtering of counts per gene were conducted by R:edgeR tool and the 

differentially expressed genes were determined by R:limma tool. The statistical analysis and 
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comparison between or within the sample groups and the data visualization were performed on R 

scripts. 

2.2.9. Statistical Analysis 

GraphPad Prism 9.2 was used for the statistical analysis of the experiments. Two-paired Student’s 

t-test was performed to compare the means of two groups, or one-way ANOVA was utilized to 

detect significant differences of means among more than two groups for multiple comparisons.  

ImageJ was used for the densitometric analysis of immunoblotting and quantification of GFP 

signals obtained from the group of cells during the immunofluorescence assay.  

The statistical analysis, metabolite set enrichment analysis, or pathway analysis for the 

metabolomics data were conducted by MetaboAnalyst 5.0 (https://www.metaboanalyst.ca). For 

statistical analysis, the thresholds for fold change and p-value were set to 1.5 and 0.05, 

respectively. For quantitative metabolite set enrichment or pathway analysis, the SMPDB (Small 

Molecule Pathway Database), KEGG database, or the HMDB (the Human Metabolome Database) 

was utilized via the MetaboAnalyst 5.0 online tool.  

For combination treatment experiments, CDI (coefficient drug index) was calculated as the 

formula CDI = AB/(AxB). AB indicates the ratio of absorbance values of the combination 

treatment to the control group. A or B indicates the ratio of absorbance values of the drugs alone 

to the control. CDI<1 refers to a synergism, CDI=1 refers to an additive effect, and CDI>1 refers 

to an antagonist effect between two drugs.  

3. RESULTS 

3.1. Introduction of Tet-on Gene Expression System to LNCaP Cell Lines 

 

https://www.metaboanalyst.ca/
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LNCaP is a PTEN-null, androgen-sensitive human prostate adenocarcinoma cell line, which was 

derived from the lymph node metastasis [62]. We created a dox-inducible system in LNCaP cells 

to re-express WT PTEN or various PTEN function mutants to investigate the impact of PTEN loss 

on the metabolome of metastatic prostate cancer cells upon PTEN loss. We first transduced LNCaP 

cells with rtTA plasmid (Tet-on gene expression system) and the cells were selected with geneticin 

(G418). Then LNCaP-rtTA cells were transduced with pRXTN plasmids containing Tet operator 

and encoding wild-type, protein phosphatase deficient (PTEN-Y138L), lipid phosphatase deficient 

(PTEN-G129E), or catalytically-inactive (PTEN-C124S) PTEN genes, separately (Table 3.1). The 

cells were selected with nourseothricin (NAT). 

 

Table 3.1. Different PTEN functions expressed in dox-inducible LNCaP cells. 

LNCaP PTEN Variants Phenotype 

LNCaP-rtTA-pRXTN (MOCK) Empty vector (negative control) 

LNCaP-rtTA-pRXTN-PTEN-WT Wild type PTEN 

LNCaP-rtTA-pRXTN-PTEN-Y138L Protein phosphatase deficient, lipid phosphatase intact PTEN 

LNCaP-rtTA-pRXTN-PTEN-G129E Lipid phosphatase deficient, protein phosphatase intact PTEN 

LNCaP-rtTA-pRXTN-PTEN-C124S Catalytically inactive PTEN 

 

LNCaP PTEN variants were treated with doxycycline in the range of 0.01-0.5 ug/ml, and PTEN 

expression was confirmed at the protein level (Figure 3.1). Each LNCaP PTEN variant had a 

relatively equal amount of PTEN expression, except the mock, which is a negative control. Our 

Tet-on gene expression system did not have any detectable leakage for PTEN expression. PTEN-

WT or PTEN-Y138L expressing LNCaP cells had diminished phosphorylated AKT S473 protein 
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level. This is in line with the downregulation in the PI3K pathway since both cell lines have intact 

lipid phosphatase function of PTEN. AKT is known to be one of the first effector proteins in the 

pathway, of which phosphorylation at S473 and T308 levels can be downregulated by the 

functional lipid phosphatase activity of PTEN [63]. On the other hand, PTEN-G129E or PTEN-

C124S expressing LNCaP cells had no effects on the expression levels of pAKT S473 or pAKT 

T308, since protein phosphatase or phosphatase-independent activities of PTEN do not have any 

impacts on AKT phosphorylation. 

 

Figure 3.1. PTEN expression in dox-inducible LNCaP PTEN variants. Tet-on PTEN expression 

system was generated in LNCaP cell lines. The cells were induced with a range of 0.01-0.5 ug/ml doxycycline 

for three days. PTEN, pAKT S473, pAKT T308, and total AKT expression levels were detected. GAPDH was 

used as a loading control. 

3.2. Confirmation of PTEN Functionality in LNCaP PTEN Variants 

After we generated our dox-inducible LNCaP PTEN variants and confirmed PTEN expression in 

each variant, we wanted to verify PTEN functionality more directly in our system. PIP3 on the 

cellular membrane, produced by PI3K, can recruit the proteins carrying a pleckstrin homology 

(PH) domain, such as AKT or PDK1 [64, p. 6]. In the presence of PTEN in the cells, PIP3 can be 

dephosphorylated back to PIP2, thus preventing downstream kinases carrying the PH domain from 
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being recruited to the cell membrane and reducing the activity of the PI3K/Akt pathway. Thus, we 

used a PIP3 biosensor in LNCaP PTEN variants to further validate the PTEN functionality. Either 

dox-inducible PTEN-WT or PTEN-C124S expressing LNCaP cells were transduced with the 

pBabe-puro-PHBtk-GFP plasmid encoding the pleckstrin homology (PH) domain of Bruton’s 

tyrosine kinase (Btk) tagged with a green fluorescent protein (GFP), which was cloned in our 

laboratory. The transduced cells are denoted as PTEN-WT-PHBtk-GFP or PTEN-C124S-PHBtk-

GFP in this study. After the cells were generated, we confirmed PHBtk-GFP expression in the cells 

in the presence or absence of wild-type PTEN or catalytically-inactive PTEN (PTEN-C124S) 

(Figure 3.2.A). When the cells were induced with doxycycline, the cells started to express PTEN, 

and it did not affect the levels of PHBtk-GFP fusion protein (Figure 3.2.B).  

 

 

Figure 3.2. PHBtk-GFP fusion protein expression in dox-inducible LNCaP PTEN variants. 

The cells were induced with 1 μg/ml doxycycline for 72 hours. 15 μg of the lysates were subjected to western 

blot analysis. A. PTEN and GFP-PHBtk expressions were detected with or without doxycycline induction. 

GAPDH was used as a loading control. The numbers depict the relative protein levels normalized to GAPDH. 

B. Quantification analysis of PHBtk-GFP fusion protein expression level. The experiments were performed in 
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three biological replicates. Statistical significance was determined by Student’s t-test, and no significance was 

detected. The error bars refer to the standard error means (SEM) in three independent experiments. 

 

 
Figure 3.3. PHBtk-GFP Reporter indicates membrane-bound PIP3 abundance in LNCaP 

PTEN variants. A. Representative immunofluorescence images show PIP3 abundance in the absence or 

presence of 1 μg/ml doxycycline in LNCaP PTEN variants. The representative image was taken with the 

fluorescent microscope at 40X magnification. B. Quantification of the peripheral GFP signals to the total GFP 

in the absence or presence of doxycycline in LNCaP PTEN variants expressing PHBtk-GFP fusion protein (n=3, 

*** p<0.001). The experiments were repeated independently three times. Statistical significance was determined 

by two-way ANOVA for multiple comparisons. The error bars depict the standard error means (SEM) of three 

independent experiments. 

To be able to observe PTEN functionality, we performed an immunofluorescence assay to detect 

the PIP3 abundance in PHBtk-GFP overexpressing LNCaP PTEN variants (Figure 3.3).  When the 

cells were not induced with doxycycline, almost 80% of the cells had peripheral GFP signals, since 
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membrane-bound PIP3 recruited PHBtk-GFP fusion protein (Figure 3.3.A). In parallel with this, 

when PTEN-C124S-PHBtk-GFP was induced with doxycycline, almost 80% of the cells also had a 

peripheral GFP signal, and since the cells had only catalytically inactive PTEN expression, it did 

not affect PIP3 abundance on the membrane. However, as PTEN-WT-PHBtk-GFP cells were 

induced with doxycycline, the peripheral GFP signal was significantly reduced compared to its 

counterpart control or that in dox-induced PTEN-C124S-PHBtk-GFP (Figure 3.3). These results 

implicate that expression of wild-type PTEN in LNCaP-PTEN-WT-PHBtk-GFP cells leads to 

dephosphorylation of membrane-bound PIP3 back to PIP2. Together with these findings, our PTEN 

functionality was confirmed in our dox-inducible LNCaP PTEN cellular model. 

3.3. Determination of the Viability of Dox-inducible LNCaP PTEN variants  

We wanted to detect the impact of wild-type or mutant PTEN on the viability of the dox-inducible 

LNCaP cells. LNCaP PTEN variants were induced with a range of 0.01-0.5 ug/ml doxycycline for 

15 days. Upon doxycycline induction, the viability of PTEN-WT or PTEN-Y138L expressing 

LNCaP cells was significantly decreased (Figure 3.4). On the other hand, PTEN-G129E or PTEN-

C124S expression did not alter the cellular viability in LNCaP cells compared to empty vector 

expressing LNCaP (MOCK) cells upon doxycycline treatment (Figure 3.4). The different 

proliferation states of dox-inducible LNCaP PTEN variants demonstrated that only lipid 

phosphatase function can negatively regulate the proliferation, as an antagonist of the PI3K/Akt 

pathway, while protein phosphatase or scaffold functions of PTEN have no significant impact on 

cellular viability.  
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Figure 3.4. The lipid phosphatase function of PTEN diminishes the cellular viability in 

LNCaP cells. A. Crystal violet staining of dox-inducible LNCaP PTEN variants. The cells were induced with 

a range of 0.01-0.5 ug/ml doxycycline in serum-reduced media for 15 days. B. Quantification of cellular viability 

in percentage. Statistical significance was determined by one-way ANOVA for multiple comparisons to MOCK. 

The error bars depict standard error means (SEM) of two independent biological replicates (n=2, * p<0.05, **** 

p<0.0001). 

3.4. Characterization of PI3K/PTEN/Akt pathway in LNCaP PTEN variants 

We wanted to characterize the effects of the PTEN variants in the PI3K/Akt pathway in the dox-

inducible LNCaP PTEN cells. Upon doxycycline induction, a relatively equal amount of PTEN 

expression in each variant, except MOCK, was detected (Figure 3.5). Since the phosphorylation 

of Akt is one of the earliest events in the activated PI3K pathway, the lipid phosphatase function 

of PTEN can directly modulate the activation of Akt by regulating PIP3 abundance in the cell 

membrane [24]. As expected, the levels of phosphorylated Akt at the residues at S473 or T308 

were significantly downregulated in wild-type or lipid phosphatase intact (PTEN-Y138L) PTEN 
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expressing LNCaP cells upon doxycycline treatment (Figure 3.5.B). However, there were no 

significant differences in the expression levels of pAKT at both residues in lipid phosphatase 

deficient (PTEN-G129E) or catalytically-inactive PTEN (PTEN-C124S) expressing LNCaP cells 

(Figure 3.5.B).  We did not observe any statistically significant alterations in the expression of 

mTOR signaling proteins upon doxycycline induction, although phosphorylated mTOR S2481 or 

phosphorylated S6 S240/244 were slightly downregulated in PTEN-WT-, PTEN-Y138L- or 

PTEN-G129E-LNCaP cells. These findings demonstrated that activation of AKT through 

phosphorylation at serine or threonine residues can be directly regulated by the lipid phosphatase 

activity of PTEN, whereas the mTOR signaling pathway is not a direct effector of phosphatase-

dependent or -independent functions of PTEN [65]. 

 

 

Figure 3.5. Characterization of PI3K/Akt pathway in dox-inducible LNCaP PTEN variants. 

The cells were treated with a range of 0.01-0.5 ug/ml doxycycline in serum-reduced media for three days. 15 ug 
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of lysates were conducted for western blot analysis. A. PI3K/PTEN/Akt pathway substrates were detected upon 

doxycycline induction in LNCaP PTEN variants. The number under each phospho-protein blot depicts the 

relative expression level compared to their total proteins. GAPDH was used as a loading control. B. 

Quantification of western blot analysis. pAKT S473 or pAKT T308 proteins were normalized to the total AKT 

levels in the cells. Error bars show the standard error mean (SEM) of four independent. Statistical significance 

was determined by two-way ANOVA for multiple comparisons to MOCK experiments (n=4, * p<0.05, ** 

p<0.01, *** p<0.001). 

3.5. Determination of the metabolome of LNCaP Cells upon different PTEN conditions 

We wanted to identify the changes in the metabolome of the castration-naïve LNCaP cell line upon 

PTEN loss, thus we utilized a targeted metabolomics approach using AbsoluteIDQ p400 HR kit 

(Biocrates, Austria) according to the manufacturer’s protocol with the collaboration of the group 

of Prof. Berat Haznedaroğlu (Figure 3.6).  

We treated LNCaP cells with doxycycline in a range of 0,01-0,5 μg/ml for three days to re-express 

either wild-type or catalytically inactive PTEN (PTEN-C124S), or negative control (MOCK) in 

serum-reduced media. At the end of doxycycline treatments, the cells were harvested and 5x106 

cells from each variant were further analyzed in the metabolomics assay to provide metabolic 

standardization among them. Flow injection analysis was used to detect amino acids and biogenic 

amines, while LC-MS/MS was performed to detect the other metabolite groups. In total, 409 

metabolites in 11 different metabolic classes were analyzed in each LNCaP PTEN variant (Figure 

3.7).  
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Figure 3.6. Workflow of targeted metabolomics. PTEN Tet-on expression system in LNCaP cells was 

created to re-express wild-type or catalytically inactive PTEN (PTEN-C124S) together with negative control 

(MOCK). The cells were induced with doxycycline in a range of 0.01-0.5 μg/ml in low serum conditions (RPMI 

+ 2% tet-free FBS + 1% pen/strep) for three days. 5x106 cells of each variant were conducted for mass 

spectrometry analysis with five independent biological replicates. Either FIA-MS/MS or LC-MS/MS were 

conducted to detect different metabolic classes. After the data acquisition, statistical analysis and pathway 

analysis were performed on MetaboAnalyst 5.0. 
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Figure 3.7. Distribution of detected metabolites based on their metabolic classes. The targeted 

metabolomics kit detected 409 metabolites in 11 metabolic classes in LNCaP PTEN variants. The annotated 

numbers indicate the percentage of the metabolic classes.  

The metabolomics data identified 196 glycerophospholipids, 31 sphingomyelins, and 9 ceramide 

species. However, some of them were detected below the set confidence thresholds. Some species 

of glycerophospholipids or sphingolipids were found to be significantly upregulated, although 

some species of glycerophospholipids were found to be significantly downregulated in wild-type 

PTEN expressing cell lines in comparison to PTEN-null (MOCK) or PTEN-C124S LNCaP cell 

lines (Figure 3.8).  
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Figure 3.8. Selected metabolite quantifications for LNCaP cells expressing wildtype PTEN 

or PTEN-C124S upon doxycycline induction. The first and second columns show the metabolic classes 

and the species respectively. The third and fourth columns depict the fold changes in metabolite concentrations 

in wild-type PTEN or PTEN-C124S mutant LNCaP cells relative to MOCK control, while the fifth column 

shows the fold changes in metabolite concentrations in WT-PTEN-LNCaP cells relative to PTEN-C124S-

LNCaP cells. Yellow-filled boxes refer to the downregulation of metabolites (FC < 1/1.5, p<0.05); red-filled 

boxes refer to the upregulation of metabolites (FC>1.5, p<0.05), and the bold greens refer to either upregulation 

or downregulation of the metabolites with narrowly missing significance (FC<1/1.5 or FC>1.5, 0.05<p<0.1). 

All variants of each cell line have at least 3 biological replicates (3<n<5). Statistical analysis of the data was 

performed on MetaboAnalyst 5.0 and Prism 9.2 (FC = fold change, NA = not assigned, LPC = 

lysophosphatidylcholine, PC = phosphatidylcholine, PC-O = glycerophosphocholine, Cer = ceramide, SM = 

sphingomyelin). 
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Several glycerophosphocholine species including PC-O(36-4), PC-O(36:6), or PC-O(38:5) were 

detected to be significantly upregulated in WT-PTEN re-expressed LNCaP cells relative to 

LNCaP-MOCK cells. Besides, PC-O(36:4) was found to be nearly significantly upregulated in 

WT-PTEN-expressing LNCaP cells relative to PTEN-C124S-expressing LNCaP cells. PC(36:4) 

is also found to be significantly upregulated in WT-PTEN-LNCaP cells relative to MOCK or 

PTEN-C124S-LNCaP cells (Figure 3.8.A). Similarly, phosphatidylcholines like PC(38:4), and 

PC(42:6) were found to be significantly upregulated in WT-PTEN-LNCaP cells in comparison 

with PTEN-C124S-LNCaP cells. Moreover, PC(37:4) and PC(40:4) were significantly 

upregulated in WT-PTEN-LNCaP cells relative to PTEN-C124S-LNCaP cells, while it was also 

nearly significantly downregulated in PTEN-C124S-LNCaP cells in comparison to LNCaP-

MOCK (Figure 3.8.A). However, there were also some phosphatidylcholine species such as 

PC(40:2), which were significantly downregulated both in WT-PTEN or PTEN-C124S-LNCaP 

cells. PC(40:3) and PC(40:5) were also found to be downregulated significantly in PTEN-C124S-

LNCaP cells, even though we did not observe any significant changes in WT-PTEN-LNCaP cells 

(Figure 3.8.A).  

Ceramides, which are the central molecules of sphingolipid metabolism, and sphingomyelins 

produced from ceramides were also identified as significantly altered in LNCaP cells. We found 

that cer(42:2) was nearly significantly upregulated in WT-PTEN LNCaP relative to PTEN-C124S-

LNCaP cells, although upregulation in WT-PTEN versus MOCK was not significant and below 

the foldchange threshold (FC <1.5, p>0.05) (Figure 3.8.B). SM(36:1), SM(41:2), and SM(42:2) 

were detected significantly upregulated upon WT-PTEN re-expression. Besides, SM(40:2) and 

SM (42:2) were also found to be significantly increased in WT-PTEN LNCaP cells in comparison 

to PTEN-C124S-LNCaP cells (Figure 3.8.B).  However, SM(38:2) species were found to be 
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significantly upregulated both in WT-PTEN or PTEN-C124S-LNCaP cells (Figure 3.8.B). These 

findings imply that most of the glycerophospholipid and sphingolipid species were regulated in 

PTEN-replete LNCaP cells via PTEN phosphatase function, mostly upregulated, although only a 

few glycerophospholipid species indicate the phosphatase-independent function of PTEN may also 

regulate lipid abundance in LNCaP cells.  

 

 

Figure 3.9. Metabolite Set Enrichment Analysis in PTEN-null vs PTEN-replete LNCaP cells. 

Metabolite set enrichment analysis was performed on the glycerophospholipids and sphingolipids by 

MetaboAnalyst 5.0. Quantitative enrichment analysis shows the correlation between the metabolite 

concentrations and the clinical outcome based on the Small Molecule Pathway Database (SMPDB) metabolite 

library (99 metabolite sets based on normal human metabolic pathways).  
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Next, we performed a metabolite set enrichment analysis to understand the regulation of these lipid 

species in PTEN null and replete backgrounds (Figure 3.9). Since prostate cancer harbors mostly 

homozygous PTEN deletions compared to point mutations in its catalytic domain [16], we only 

focused on the PTEN loss vs wild-type PTEN re-expression comparisons in our study. Therefore, 

the metabolite set enrichment analysis was conducted in PTEN-null (MOCK) or PTEN-replete 

(WT-PTEN-expressing) LNCaP cells. We found that sphingolipid metabolism is the most enriched 

pathway among glycerophospholipids and sphingolipids (Figure 3.9). Although the enrichment 

was not significant because only four sphingomyelin species had significant upregulation in WT-

PTEN-LNCaP cells, our metabolomics data revealed that all the detected sphingomyelin species, 

except Cer(34:1),  were increased in WT-PTEN-LNCaP cells compared to MOCK (Figure 3.8.B, 

Figure 3.10).   

 

Figure 3.10. The concentrations of sphingolipids decrease in LNCaP cells upon PTEN loss. 

Targeted metabolomics determined the abundance of sphingolipid species in PTEN-null (MOCK) and PTEN-

replete (PTEN-WT) LNCaP cells. A. Sphingolipid species whose concentrations were smaller than 3 μM. B. 

Sphingolipid species whose concentrations were greater than 5 μM. Statistical significance was determined by 
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the Student’s t-test. The error bars show the standard error mean (SEM) of at least three biological replicates  

(3<n<5, * p<0.05, ** p<0.01). 

 

Figure 3.11. Relative mRNA expression levels of the genes in sphingolipid metabolism in 

PTEN-null and PTEN-replete LNCaP cells. LNCaP MOCK and LNCaP-PTEN-WT cells were induced 

with doxycycline in a range of 0.01 to 0.5 ug/ml for three days. RNA contents were extracted from the cells and 

RT-qPCR was conducted. RPL19 was used as a housekeeping gene. The fold change analysis was performed 

according to the 2−ΔΔCT method. Statistical significance was determined by multiple t-tests with a false discovery 

rate approach. The error bars show the SEM of three independent biological replicates (n=3, * p<0.05, ** p<0.01, 

*** p<0.001). 

We further investigated the regulation of the sphingolipid metabolism in WT-PTEN or empty 

vector (MOCK) expressing LNCaP cells using a transcriptomic approach. We analyzed the mRNA 
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expression levels of the genes involved in the sphingolipid metabolism by RT-qPCR analysis 

(Figure 3.11). We did not observe any significant difference in the mRNA levels of the genes 

involved in the de novo synthesis of ceramides, which are SPTLC1, DES1, and CERS2. We, 

however, observed an increase in CERK or SGMS2 mRNA expressions, which convert ceramides 

to ceramide-1-phosphate or sphingomyelin, respectively. The upregulation of SGMS2 enzyme in 

transcriptional levels upon PTEN re-expression in LNCaP cells is in parallel with our 

metabolomics data since we observed sphingomyelin upregulation in WT-PTEN expressing 

LNCaP cells (Figure 3.8.B, Figure 3.10). We also did not detect any significant differences in the 

acid ceramidase enzyme gene, ASAH1, upon PTEN repletion. Interestingly, we found the gene 

encoding the sphingosine kinase enzyme, SK1 (SPHK1), significantly downregulated upon wild-

type PTEN expression in LNCaP cells. Sphingosine kinase phosphorylates sphingosine, which is 

produced from ceramide by ceramidases, to produce sphingosine-1-phosphate (S1P). Contrary to 

the proapoptotic and anti-survival roles of ceramides or sphingosines in cancer, sphingosine-1-

phosphate is implicated to be an oncogenic metabolite by stimulating pro-survival signals in the 

cancer [53]. Hence, the downregulation in sphingosine kinase 1 mRNA levels in the presence of 

PTEN implies that PTEN may regulate sphingolipid metabolism by interfering with sphingosine 

kinase activity, switching the sphingolipid metabolism pathway to the direction of sphingomyelin 

synthesis in castration-naïve prostate cancer cells.  

3.6. Identification of the Transcriptome Profile of Castration-Naïve and Castration-

Resistant Prostate Cancer Cells 

Since we found sphingolipid metabolism was enriched upon PTEN re-expression in LNCaP cells, 

we wanted to further verify how the genes of sphingolipid metabolism were regulated upon PTEN 

loss in metastatic prostate cancer cells. We wanted to reveal the transcriptome profiles of 
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castration-naïve LNCaP or castration-resistant C4-2 cells in the absence or presence of PTEN 

expression. We treated the cells with doxycycline in the range of 0.01-0.5 μg/ml for three days to 

re-express PTEN or empty vector as a negative control. Then, we extracted the RNA by using a 

NucleoSpin RNA extraction kit (Macherey-Nagel, Germany) according to the manufacturer’s 

protocol, and we verified the qualities by Agilent 2100 Bioanalyzer (Agilent Technologies, USA). 

We found RIN (RNA integrity number) greater than 9, ribosomal RNA (rRNA) ratio was found 

greater than 1.6. We prepared two biological replicates for PTEN-null or PTEN-replete conditions 

in LNCaP and C4-2 cells and sent our samples for RNA sequencing and subsequent 

bioinformatical analysis.  

Firstly, we focused to investigate the transcriptomic changes in castration-naïve LNCaP cells upon 

PTEN loss. Our transcriptomics data revealed 1005 significantly upregulated and 1085 

significantly downregulated genes in LNCaP cells upon PTEN loss based on the false discovery 

rate smaller than 0.05 (FDR < 0.05).  

We detected ceramide kinase gene (CERK) was significantly downregulated upon PTEN loss in 

parallel with our qPCR findings (Table 3.2, Figure 3.11). We could not detect any significant 

differences in the other genes in sphingolipid metabolism in our transcriptomic data in LNCaP 

cells when we compared mock and WT-PTEN expressing conditions, even though we 

demonstrated sphingosine kinase 1 (SK1 or SPHK1) gene was significantly downregulated in WT-

PTEN-LNCaP cells in our qPCR data (Figure 3.11).  

Table 3.2. Significant DEGs in sphingolipid metabolism in LNCaP cells upon PTEN loss. 

DEGs in Sphingolipid Metabolism logFC p-value FDR 

CERK -1,40555 0 0,00033 
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Our analysis revealed that the most significantly upregulated pathways were ECM-receptor 

interaction, Ras signaling pathway, focal adhesion, cGMP-PKG signaling pathway, cell adhesion 

molecules, phospholipase D signaling pathway, axon guidance, PI3K/Akt signaling pathway and 

the cytokine-cytokine interaction in PTEN-null LNCaP cells compared to PTEN-replete condition 

(Figure 3.12.A). Some of the significantly differentially expressed genes associated with the most 

significantly upregulated pathways were common, like the genes encoding collagen, laminin, 

integrin subunits, insulin-like growth factor 1 receptor, PAK (P21-activated kinase), Ras, GPCRs, 

PI3Ks, PLC (phospholipase C), AC (adenylate cyclase), PLD (phospholipase D), FYN, 

semaphorins, smoothened, Wnt, CREB (cAMP response element-binding protein)  and NFAT 

(nuclear factor of activated T cell). 

Interestingly, the phospholipase D signaling pathway can mediate sphingolipid metabolism, 

sphingolipid signaling pathway, and glycerolipid metabolism. Phospholipase D (PLD) hydrolyzes 

the phosphodiester bond of phosphatidylcholine and generates phosphatidic acid (PA) [66]. 

Sphingosine kinase 1 is recruited to PA-enriched parts of the membrane, and directly interacts with 

PA [67]. Thus, PA production by upregulated PLD signaling can also activate SK1 activity. Our 

transcriptomics data suggests that the significant upregulation of the PLD2 gene and PLD signaling 

pathway in PTEN-null LNCaP cells may promote sphingosine kinase 1 activity to produce 

oncogenic metabolite, sphingosine-1-phosphate, to activate proliferation and survival of LNCaP 

cells upon PTEN deficiency.  

We also utilized an online tool to analyze our transcriptomics data, which is the Qiagen RNA-

sequencing analysis portal. We uploaded our FASTQC files to the portal and it automatically 

trimmed and aligned the raw counts based on the reference genome, Homo sapiens (GRCh38.103). 

Then we designed an experiment, where we compared the transcriptome of LNCaP-MOCK cells 
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with WT-PTEN-LNCaP cells. The tool was able to detect 36813 transcript reads in total, 1440 of 

which significantly differentially expressed genes in LNCaP-MOCK cells compared to WT-

PTEN-LNCaP cells with a false discovery rate smaller than 0.05 (FDR < 0.05) and logarithmic 

fold changes greater than 2 or smaller than -2 (logFC < -2 or logFC > 2). 

 

 

Figure 3.12. The most significantly upregulated pathways upon PTEN loss in metastatic 

prostate cancer cells. KEGG Pathway database was used for the pathway analysis in LNCaP (A) or C4-2 

(B) cells upon PTEN loss (https://www.kegg.jp). The pathways were statistically tested according to the number 

of genes they have and the number of genes that overlapped in the pathway. The clusterProfiler::enrichKEGG 

package was used in the analysis. -log10(p.adj) refers to the logarithmic adjusted p values, which were corrected 

by the Benjamini-Hochberg correction method. 
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Figure 3.13.The most significantly enriched canonical pathways in LNCaP cells upon PTEN 

loss. A. The most significantly enriched pathways in LNCaP cells upon PTEN loss were obtained from the 

Qiagen RNA-seq analysis portal 3.0.1 with the Qiagen IPA tool. Statistical significance was determined by using 

Fischer’s Exact test without applying any correction methods. The pathways were statistically tested according 

to the number of genes they have and the number of genes that overlapped in the pathway. B. The table shows 

the most significantly enriched pathways in LNCaP cells upon PTEN loss as in panel A, with their z-scores and 

p-values. Z-scores greater than 2 or smaller than -2 were considered significant and the activation or inhibition 

of the pathways was predictable. – depicts no prediction because of -2 < z-score < 2. C. The heatmap of 

significant DEGs involved in the myelination signaling pathway (z-score=2.353, -log10(p.val) = 2.951). 

Statistical significance for the DEGs was determined by using Benjamini-Hochberg multiple-testing correction 

method. The heatmap shows the genes overlapped with the myelination signaling pathway with FDR < 0.05, FC 

<-2, or FC>2 (IPA = Ingenuity Pathway Analysis, DEG = differentially expressed genes, FC = foldchange). 
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We determined the 10 most significantly enriched pathways in LNCaP cells upon PTEN loss via 

the Qiagen RNA-seq analysis portal (Figure 3.13.A). The portal also allowed us to detect z-scores 

of the significantly regulated pathways together with raw p-values (Figure 3.13.B). We found that 

the myelination signaling pathway was activated in LNCaP cells upon PTEN loss. Cell cycle 

control of chromosomal replication, mismatch repair in eukaryotes, and estrogen-mediated S-

phase entry pathway was found to be inhibited in LNCaP cells upon PTEN loss (Figure 3.13.B).  

The myelination signaling pathway, which is regulated by the crosstalk of Wnt/B-catenin, 

PI3K/Akt/mTOR, and Ras signaling pathways, is necessary for the myelination process of 

neuronal axons [68]. Myelin sheaths, which are yielded by oligodendrocytes, serve as insulating 

agents promoting the faster transmission of action potentials [68]. Human myelin is composed of 

30% proteins and 70% lipids, which are cholesterols, cerebrosides, ethanolamine phosphatides, 

lecithin, phosphatidylserine, phosphatidylinositol, and sphingomyelins [69]. Since our 

metabolomics data suggested an increase in sphingomyelin synthesis in WT-PTEN-LNCaP cells, 

it was compelling to investigate the significant upregulation in the myelination signaling pathway 

upon PTEN loss in LNCaP cells. We generated a heatmap displaying significant DEGs associated 

with the myelination signaling pathway on the Qiagen RNA-seq analysis portal (FDR < 0.05, 

logFC <-2, or logFC >2) (Figure 3.13.C). We demonstrated significant PTEN overexpression in 

WT-PTEN-LNCaP cells at the transcriptomic level. However, platelet-derived growth factor D 

(PDGFD), NFATC4, NFATC2, ITGB2, WNT5A, CREB3L1, IGF1R, SMO, and GLIS2 were 

significantly downregulated in WT-PTEN expressing LNCaP cells (Figure 3.13.C). In our 

analysis, these genes, which were significantly upregulated upon PTEN loss in LNCaP cells, were 

implicated in cancer development and progression in previous studies. Interestingly, CREB3L1 

was implicated as a pleiotropic gene that can either suppress metastasis or promote cancer 
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proliferation in different cancer types [70, p. 3], [71]. These results demonstrated that PTEN may 

negatively regulate the myelination signaling pathway to interfere with cancer progression and 

tumorigenesis. 

 

Table 3.3. Significant DEGs in sphingolipid metabolism in C4-2 cells upon PTEN loss. 

DEGs in Sphingolipid Metabolism logFC p-value FDR 

SPTLC2 -0,28324 0,00327 0,03241 

SPTLC3 1,36877 0 0,00027 

DEGS2 1,12107 0,00081 0,01229 

ASAH1 -0,20935 0,00344 0,03339 

CERK 1,06605 0 0,0001 

SGMS1 -0,26607 0,00379 0,03583 

SMPD4 -0,37179 0,00053 0,00924 

 

Secondly, we focused to examine the transcriptomic changes in castration-resistant C4-2 cells 

upon PTEN loss. Our transcriptomics data revealed 1203 significantly upregulated and 1205 

significantly downregulated genes in C4-2 cells upon PTEN loss based on the false discovery rate 

smaller than 0.05 (FDR < 0.05). We detected some genes involved in the de novo ceramide 

biosynthesis, such as SPTLC2, SPTLC3, or DEGS2 (DES2), were significantly differentially 

expressed in C4-2 cells upon PTEN loss (Table 3.3). Even though SPTLC2 was significantly 

downregulated upon PTEN loss, SPTLC3 and DEGS2 were significantly upregulated upon PTEN 

loss in C4-2 cells. Also, we detected the ASAH1 gene involved in the salvage pathway, which 

hydrolyzes ceramides into sphingosine reciprocally, was significantly downregulated in C4-2 cells 
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upon PTEN loss. Furthermore, CERK was significantly upregulated upon PTEN loss, while 

SGMS1 and SMPD4 were significantly downregulated upon PTEN loss in C4-2 cells (Table 3.3). 

These results were in parallel with mRNA analysis of the genes involved in sphingolipid 

metabolism in C4-2 cells [72]. CERK and DEGS2 upregulations may imply that C4-2 cells tend 

to increase ceramide-1-phosphate abundance upon PTEN loss, while PTEN re-expression switches 

the pathway direction towards ceramide and sphingomyelin biosynthesis. 

We revealed that the most significantly upregulated pathways were regulation of actin 

cytoskeleton, focal adhesion, phospholipase D signaling pathway, ECM-receptor interaction, axon 

guidance, Ras signaling pathway, and glycerophospholipid pathway upon PTEN loss in C4-2 cells 

(Figure 3.12.B). Some of the significantly differentially expressed genes associated with the most 

significantly upregulated pathways were common, like the genes encoding collagen, laminin, 

integrin subunits, IGF1R, PAK, Ras, Rac, GPCRs, PI3Ks, PLC, PLD, Fyn, CREB, and NFAT. 

Interestingly, we detected a similar pattern in upregulated pathways and the differentially 

expressed genes associated with these pathways upon PTEN loss in LNCaP and C4-2 cells (Figure 

3.12). We also detected phospholipase D signaling pathway upregulation together with 

glycerophospholipid metabolism upon PTEN loss in C4-2 cells (Figure 3.12.B). As explained 

above, the phospholipase D signaling pathway can mediate sphingolipid metabolism, sphingolipid 

signaling pathway, and glycerolipid metabolism, which is also intertwined with 

glycerophospholipid metabolism. However, the PLD1 gene, instead of PLD2, was found to be 

significantly upregulated in C4-2 cells upon PTEN loss. Our transcriptomics data suggests that the 

significant upregulation of the PLD1 gene and PLD signaling pathway in C4-2 cells upon PTEN 

loss may promote sphingosine kinase 1 activity to produce oncogenic metabolite, sphingosine-1-

phosphate, to activate proliferation and survival of C4-2 cells upon PTEN deficiency.  
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As a third approach for our transcriptomics, we compared the transcriptome profiles of LNCaP as 

a castration-naïve prostate cancer cell and C4-2 as their castration-resistant derivatives. C4-2 cells 

were derived from LNCaP cells subcutaneous xenograft tumor of castrated mice, and it has bone 

metastasis characteristics and more tumorigenic capacity. LNCaP cells, which were isolated from 

a patient with lymph node metastases of prostate cancer, were injected into the nude mice 

subcutaneously, then the mice were castrated. And then, C4-2 cells were collected from the bone 

metastasis tumor of castrated nude mice. Even though C4-2 has AR gene and protein expressions 

as LNCaP has, it grows in an androgen-independent manner [73]. By comparing these two cells, 

we aimed to unravel the differences in transcriptomic regulation of metabolic genes and potential 

mechanisms underlying androgen dependency and castration resistance.  

Our transcriptomics approach detected 5037 significantly upregulated and 5056 significantly 

downregulated genes in C4-2 cells compared to LNCaP cells based on a false discovery rate 

smaller than 0.05 (FDR < 0.05). Interestingly, we detected the most significantly upregulated 

pathway in C4-2 compared to LNCaP was sphingolipid metabolism (Figure 3.14.A). Significant 

DEGs associated with the sphingolipid metabolism pathway were mostly upregulated in C4-2 

cells, except some isoforms of the enzymes encoding SMPD4 (sphingomyelin phosphodiesterase 

4), PLPP4 (phospholipid phosphatase 2), SPHK2 (sphingosine kinase 2), and CERS2 (ceramide 

synthase 2) (Figure 3.14.B). We observed significant upregulation in the genes encoding enzymes 

of de novo synthesis of ceramides (SPTLCs, DEGS, CERSs), enzymes of the salvage pathway 

(ASAH1, ACER2, SPHK1, PLPPs), enzymes of sphingomyelin biosynthesis (SMGS2, SMPDs), 

ceramide kinase (CERK), the enzymes of biosynthesis of sulfoglycolipids (UGT8, GALC), and 

the enzymes of lactosylceramide biosynthesis (UGCG, ARSA, B4GALNT1) in C4-2 cells 

compared to LNCaP (Figure 3.14.B).   
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We also observed significant upregulations in ferroptosis, lysosome, peroxisome, calcium 

signaling pathway, PI3K/Akt/FoxO signaling pathway, and ECM-receptor interaction in C4-2 

cells compared to LNCaP cells (Figure 3.14.A). Intriguingly, we found glycine, serine, and 

threonine metabolism pathway was also significantly upregulated in C4-2 cells (Figure 3.14.A). 

This pathway processes serine and glycine to generate important intermediate metabolites and 

bioactive precursors for protein and lipid synthesis for other pathways. Serine can also be further 

processed into 3-ketosphinganine through a condensation reaction by the SPT enzyme, which is 

the first step of the de novo synthesis of ceramides. These findings indicate that deregulated 

metabolic pathways may dictate tumorigenicity and/or therapy-responsiveness, e.g. androgen 

depletion therapy, in prostate cancer cells. Our results also suggest that sphingolipid metabolism 

is one of the most crucial pathways in prostate cancer cells, and castration resistance mechanisms 

may rely on the upregulation of the sphingolipid metabolism pathway or the upregulation of the 

downstream mechanisms of sphingolipid metabolism. 

 



 

 
 
 

59 

 

Figure 3.14. The most significantly upregulated pathways in C4-2 cells compared to LNCaP 

cells. A. The most significantly upregulated pathways in C4-2 cells relative to LNCaP cells. KEGG Pathway 

database was used for the pathway analysis in LNCaP cells upon PTEN loss (https://www.kegg.jp). The 

pathways were statistically tested according to the number of genes they have and the number of genes that 

overlapped in the pathway. The clusterProfiler::enrichKEGG package was used in the analysis. -log10(p.adj) 

refers to the logarithmic adjusted p values, which were corrected by the Benjamini-Hochberg correction method. 

B. The bar plot shows significantly upregulated or downregulated DEGs in the sphingolipid metabolism pathway 

in C4-2 cells compared to LNCaP cells. Statistical significance reflects false discovery rates (p-values corrected 

by Benjamini-Hochberg multiple-testing correction method). Red bars on the right side of the logFC axis depict 

the significant upregulated DEGs, while blue bars on the left side of the logFC axis depict the significant 

downregulated DEGs (* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001, DEGs = differentially expressed 

genes, logFC = logarithmic fold changes). 
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3.7. Targeting Prostate Cancer Cells with Sphingolipid Metabolism Inhibitors 

According to our metabolomics data, the sphingolipid metabolism pathway was detected as the 

most enriched pathway in both LNCaP (Figure 3.9) or C4-2 cells in the presence of exogenous 

PTEN expression [72]. Moreover, we also revealed that sphingolipid metabolism was significantly 

upregulated in C4-2 cells compared to LNCaP cells via transcriptomic profiling (Figure 3.14). 

Thus, we wanted to target sphingolipid metabolism in either castration-naïve LNCaP or castration-

resistant C4-2 cells with appropriate inhibitors. We decided to target different enzymes acting on 

various steps of the de novo synthesis of ceramides or the salvage pathway of sphingolipid 

metabolism, such as dihydroceramide desaturase (DES), acid ceramidases, sphingosine kinases 

(SPHKs), and sphingosine-1-phosphate receptors (S1PR), thus we hypothesized inhibiting those 

branches of the pathway could switch on sphingomyelin synthesis or ceramide phosphorylation, 

as they did in our PTEN re-expressing cellular models via metabolomics approach (Figure 3.9, 

Figure 3.10).  

We utilized three different inhibitors, which are opaganib (ABC294640), ARN14988, and 

fingolimod (FTY720), targeting SPHKs or DES, acid ceramidases (ASAH1), and sphingosine 

kinase/sphingosine-1-phosphate receptors, respectively. We found the viability responses of both 

LNCaP and C4-2 cells against indicated inhibitors at different concentrations (Figure 3.15). We 

found opaganib or ARN14988 were more effective on C4-2 cells, as they exhibited more 

sensitivity to those drugs (Figure 3.15.A, B), while LNCaP cells were more sensitive to 

fingolimod compared to C4-2 (Figure 3.15.C). We detected IC50 values for each inhibitor. Half-

maximal inhibitory concentrations were 5.6 μM for opaganib, 2.6 μM for ARN14988, and 1.37 

μM for fingolimod in LNCaP cells, whereas 4.2 μM for opaganib, 0.33 μM for ARN14988 or 3.09 

μM for fingolimod were the half-maximal inhibitory concentrations of C4-2 cells (Figure 3.15). 
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Differential responses to each drug suggest that LNCaP or C4-2 cells rely on separate branches of 

sphingolipid metabolism. We can speculate that C4-2 may rely on de novo synthesis of ceramides 

or sphingosine-1-phosphate production for proliferation, survival, or lipid and protein synthesis 

due to more pronounced sensitivity to opaganib and ARN14988 in C4-2, supported by the 

upregulated sphingolipid metabolism profile of C4-2 (Figure 3.14). This approach can be applied 

to target castration-resistant prostate cancer cells. However, castration-naïve prostate cancer cells 

may rely on sphingosine kinase activity, mostly S1PR activity, as fingolimod significantly 

decreased the viability of LNCaP cells more than it did in C4-2 cells (Figure 3.15.C). Besides, 

fingolimod had dramatic cytotoxic effects on both cells compared to other drugs.  

 

Figure 3.15. Dose-response curves of LNCaP or C4-2 cells for opaganib, ARN14988, and 

fingolimod. A, B. LNCaP or C4-2 cells were treated with increasing concentrations of opaganib or ARN14988 

for 5 days in serum-reduced conditions. At the end of the treatment, cells were fixed with 4% PFA and crystal 

violet assays were conducted. The error bars depict the standard error means (SEM) of two independent 
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biological replicates [72]. C. LNCaP or C4-2 cells were treated with increasing concentrations of fingolimod for 

5 days. At the end of the treatment, cells were fixed with 10% TCA and SRB assay was conducted. Statistical 

significance was determined by ordinary two-way ANOVA with Šidak’s multiple comparison test. The error 

bars depict the standard error means (SEM) of three independent biological replicates (n=3, * p<0.05, ** p<0.01, 

*** p<0.001, **** p<0.0001). 

3.8. Regulation of PI3K/Akt Pathway upon Sphingolipid Metabolism Inhibition in 

Castration-naïve Prostate Cancer Cells 

Based on our RNA-seq and qPCR analyses demonstrating significant downregulation of the 

SPHK1 gene in PTEN-replete LNCaP cells together with the potent response of LNCaP cells to 

increasing doses of opaganib, we wanted to characterize the response of opaganib to castration-

naïve LNCaP cells. Since opaganib is a dual inhibitor, targeting DES and SPHK in the sphingolipid 

metabolism [74], we wanted to determine the consequences of targeting the deregulated 

sphingolipid metabolism of LNCaP cells.  We treated LNCaP cells with DMSO, 5 μM (IC50 value 

of LNCaP), and 10 μM of opaganib for three days. Then we harvested the cells by counting the 

cells by dye exclusion trypan blue test (Figure 3.16.A). We demonstrated that around 50% of 

LNCaP cell viability was significantly reduced upon 5 μM of opaganib treatment, and opaganib at 

10 μM significantly reduced the number of viable LNCaP cells by nearly 80% (Figure 3.16.A), 

consistent with the opaganib dose-response experiments in LNCaP cells (Figure 3.15.A). Then, 

we characterized the opaganib responses on MAPK (ERK) or PI3K/Akt pathways in LNCaP cells 

to understand the underlying mechanisms of opaganib potency. Even though we did not observe 

any significant change in phosphorylation of ERK levels in LNCaP cells upon different 

concentrations of opaganib treatments, we observed a general reduction in the activity of the 

PI3K/Akt pathway (Figure 3.16.B, 3.16.C). The levels of phosphorylated AKT S473 were 
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decreased upon opaganib treatment in a dose-dependent manner, but we did not observe a gradual 

reduction of the expression of other components in the PI3K pathway, instead, we detected almost 

equivalent amount of reduction in the expression levels of p110β, phosphorylated PRAS40, 

phosphorylated mTOR, phosphorylated S6 or phosphorylated 4EBP1 (Figure 3.16.B). 

Interestingly, we also observed a more potent decrease in total proteins of the PI3K/Akt pathway, 

which indicates that opaganib treatment may affect the stability of the proteins involved in the 

mTOR signaling pathway, especially 4EBP1 (Figure 3.16.C). Interestingly, we also detected that 

inhibition of sphingolipid metabolism by opaganib treatment diminished the expression of 

SREBP2 in a dose-dependent manner, which is a sterol-regulatory element-binding protein 

encoded by the SREBF2 gene and modulates sterol-regulating genes in the cholesterol 

biosynthesis [75] (Figure 3.16.D). However, we observed the inverse effect on the SQLE 

expression upon opaganib treatment. SQLE, which is directly targeted and transcriptionally 

regulated by SREBP2, serves as a second-rate-limiting enzyme in the cholesterol biosynthesis 

pathway [76]. We demonstrated increased SQLE expression levels upon opaganib treatment in 

LNCaP cells (Figure 3.16.D). These findings suggested that SREBP2 can be directly targeted by 

opaganib treatment, possibly affecting the upstream effectors of the cholesterol pathway. Also, 
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possible feedback regulations activated by the decrease of SREBP2 might increase SQLE 

expression. 

 

Figure 3.16. Opaganib inhibits LNCaP proliferation by downregulating the PI3K/Akt 

pathway. The cells were treated with either DMSO, 5 μM or 10 μM opaganib for 72 hours with serum-reduced 

media. 15 μg of the lysates were subjected to western blot analysis. A. Cell viability was assessed by trypan blue 

exclusion test while harvesting the cells. Statistical significance was determined by an ordinary one-way 

ANOVA test. Error bars depict standard error means of two repeating and independent cell counting (* p<0.05). 

B. Protein expression profiles of the PI3K/Akt pathway components upon opaganib treatment. The number under 

each phospho-protein blot depicts the relative expression level compared to their total proteins. GAPDH was 

used as a loading control. C. Protein expression profiles of the components of Ras signaling pathway upon 

opaganib treatment. The number under phospho-protein blot depicts the relative expression level compared to 

their total proteins. GAPDH was used as a loading control. D. Protein expression profiles of the components of 

cholesterol biosynthesis pathway upon opaganib treatment. The number under the protein blot depicts the 

relative expression level compared to the loading control. GAPDH was used as a loading control. 
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All in all, our metabolomics and transcriptomics approaches detected that sphingolipid metabolism 

was deregulated in PTEN-null metastatic prostate cancer cells. Rational treatment strategies 

including standalone or combinatorial treatments with sphingolipid metabolism inhibitors could 

be potent anti-cancer therapy options in metastatic and castration-resistant prostate cancer. 

4. DISCUSSION 

Prostate cancer is the second leading cause of death and the most diagnosed cancer type among 

men globally. Surgery, hormone therapy alone, or along with chemotherapy and radiation are the 

initial treatment options for prostate cancer. Since androgens are the main fuel for prostate cancer 

development and progression, androgen deprivation therapy (ADT) by surgery or anti-androgen 

administration, is the initial approach to treat prostate cancer [77]. Even though these treatment 

options are primarily effective, prostate cancer can still progress by acquiring resistance against 

androgen ablation conditions, and it becomes more aggressive, develops castration resistance, and 

has an androgen-independent progression [78]. Thus, the treatment options become dramatically 

restricted, leading to higher lethality in metastatic and castration-resistant prostate cancer. 

Therefore, it is crucial to reveal the underlying mechanisms of castration resistance and aberrant 

androgen signaling activity against androgen depletion for more effective and approachable 

treatments. 

PI3K/Akt pathway is one the most important and frequently mutated pathways in prostate cancer. 

It regulates proliferation, anti-apoptotic and pro-survival signals, migration, and invasion, as well 

as cellular metabolism. It mediates the metabolic needs of cancer cells by upregulating nutrient 

uptake and promoting aerobic glycolysis, nucleotide synthesis, and lipid synthesis [79]. PTEN, 

which is a negative regulator of the PI3K/Akt pathway, is a very frequently mutated tumor 
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suppressor gene in prostate cancer. PTEN dephosphorylates membrane-bound PIP3 to convert it 

to PIP2, thus downregulating the activity of PI3K and the downstream mediators' [37]. Inactivation 

of PTEN occurs at the initial stages of the malignancy of prostate cancer (Robinson et al., 2015). 

Previous reports showed the consequences of PTEN loss for metabolic rewiring in cancer, such as 

increasing lipid biosynthesis by upregulating the activity of SREBPs in prostate cancer and 

promoting the Warburg effect or nucleotide synthesis [17]. As a result, PI3K/Akt activating 

mutations in prostate cancer, along with homozygous PTEN loss, can substantially deregulate 

metabolic pathways, promoting prostate cancer growth and progression. In this study, we wanted 

to identify metabolomic alterations directly affected by PTEN-loss in the metastatic and castration-

naïve prostate cancer cell, LNCaP. Moreover, we also aimed to understand the transcriptomic 

regulations of the metabolome of both castration-naïve and castration-resistant prostate cancer 

cells in the absence and the presence of PTEN expression.   

We generated a doxycycline-inducible Tet-on PTEN expression system to introduce either wild-

type, only lipid phosphatase mutant, only protein phosphatase mutant, or catalytically inactive 

PTEN into LNCaP cells. Thus, we were able to observe the direct consequences of PTEN loss in 

this cellular model of prostate cancer. Using a Tet-on system, we also ruled out the likelihood of 

LNCaP cells adapting to stable exogenous PTEN expression. After we generated a Tet-on PTEN 

expression system in LNCaP cells, we also confirmed that our system did not have PTEN 

expression leakage in the absence of doxycycline (Figure 3.1). We determined that wild-type 

PTEN or PTEN-Y138L expressing LNCaP cells downregulated the expression levels of pAKT 

S473 or pAKT T308. Akt is one of the first effectors in the PI3K/Akt pathway, so mainly lipid 

phosphatase activity of PTEN diminishes AKT phosphorylation by antagonizing PI3K function 

[65]. Further, we confirmed the functionality of PTEN in our system by utilizing the PIP3 
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biosensor, and by performing immunofluorescence assays (Figure 3.2, Figure 3.3). There were 

significantly fewer peripheral GFP signals in wild-type PTEN-expressing LNCaP cells upon 

doxycycline induction, whereas catalytically inactive PTEN-expressing LNCaP cells (PTEN-

C124S) upon doxycycline treatment had strong peripheral GFP signals. These results strongly 

suggest that membrane-bound PIP3 was successfully dephosphorylated by PTEN phosphatase 

function as expected [64], while catalytically inactive PTEN failed to do so.  

We demonstrated the effects of different PTEN functions on LNCaP cell viability (Figure 3.4). 

We observed a significant reduction in viability in WT-PTEN-LNCaP or PTEN-Y138L-LNCaP 

cells in parallel with the previous findings showing the negative impacts of PTEN lipid 

phosphatase function on cancer cell proliferation [80]. We have also shown protein phosphatase 

function or the phosphatase-independent function of PTEN does not have any impact on cellular 

viability because PTEN lipid phosphatase function is primarily the negative regulator of the 

PI3K/Akt pathway.  

During characterizing the impacts of wild-type or functional mutants of PTEN on the PI3K/Akt 

pathway, we demonstrated significant downregulation of AKT phosphorylation at the S473 or 

T308 residues in WT-PTEN-LNCaP or PTEN-Y138L-LNCaP cells upon doxycycline induction 

(Figure 3.5). There was no change in the phosphorylation levels of Akt in the cells expressing 

either only protein phosphatase or catalytically inactive PTEN. We did not observe any significant 

changes in the phosphorylation levels of mTOR signaling components, such as phospho-mTOR 

S2481 or phospho-S6 S240/244, upon re-expression of either wild-type or different PTEN 

functional mutants. mTOR signaling pathway has different upstream regulators in addition to the 

PI3K/Akt signaling, e.g. MAPK signaling, Wnt signaling, and growth factors such as amino acids, 

glucose, or varying oxygen availability [81]. Thus, PTEN re-expression of any functional variants 
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in LNCaP did not overcome the impacts of other upstream regulators to control mTOR signaling. 

Furthermore, we did not observe any significant alterations in the expression of PI3K/Akt pathway 

components in PTEN-G129E-LNCaP or PTEN-C124S-LNCaP cells upon doxycycline induction, 

which explains that protein phosphatase or phosphatase-inactive PTEN do not affect the PI3K/Akt 

pathway and cell proliferation in a noticeable way (Figure 3.4, Figure 3.5). 

We performed targeted metabolomics to reveal deregulated metabolites upon PTEN deficiency in 

castration-naïve LNCaP cells. Metabolic rewiring is one of the hallmarks of cancer cells, thus it is 

crucial to interrogate the impact of deregulated metabolic pathways and target them to prevent 

cancer development. We unveiled significant alterations in some metabolites constituting 

glycerophospholipids or sphingolipids in WT-PTEN-LNCaP, C124S-PTEN-LNCaP, or negative 

control (MOCK) cells (Figure 3.8). Homozygous loss of PTEN alleles or PTEN phosphatase 

inactivation are the most frequent PTEN alterations in prostate cancer, therefore we studied those 

events in greater detail with our cellular models. 

Some glycerophospholipid species were significantly upregulated in WT-PTEN-LNCaP cells 

compared to empty vector control or catalytically inactive PTEN expressing (C124S-PTEN) 

LNCaP cells (Figure 3.8.A). It demonstrated that the phosphatase activity of PTEN predominantly 

affected glycerophospholipid metabolism rather than its phosphatase-independent functions. 

However, only one glycerophosphocholine species (PC-O(32:3)) was detected as significantly 

upregulated in both wild-type or catalytically-inactive PTEN-expressing LNCaP cells (Figure 

3.10.A). On the other hand, one phosphocholine (PC(40:2)) species was significantly 

downregulated in both WT-PTEN or C124S-PTEN-LNCaP cells, and two other phosphocholine 

species (PC(40:3), PC(40:5)) were downregulated only in C124S-PTEN-LNCaP cells compared 

to the negative control (Figure 3.10.A). These results might imply that PTEN phosphatase-
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independent function may be important to modulate the abundance of specific phosphocholine 

species. Hence, loss of PTEN function may rewire glycerophospholipid metabolism in castration-

naïve LNCaP cells to meet cancerous demands, mostly by downregulating the levels of certain 

glycerophospholipid metabolites.  

We also detected significant changes in sphingolipids in the presence of wild-type PTEN in 

LNCaP cells (Figure 3.8.B). Almost all the sphingolipid species, except Cer(34:1), were increased 

in WT-PTEN-LNCaP cells compared to negative control and catalytically-inactive PTEN variant. 

Some of the sphingomyelin upregulation in WT-PTEN-LNCaP cells were statistically significant, 

whereas few of them were nearly significantly upregulated in the WT-PTEN-LNCaP cells. We 

observed only one sphingomyelin species (SM(38:2)) was significantly upregulated both in WT-

PTEN or C124S-PTEN-LNCaP cells compared to their negative control (Figure 3.8.B). These 

findings showed that, primarily, PTEN phosphatase function may be crucial for the upregulation 

of sphingomyelins. Sphingomyelin synthases (SGMSs) can produce sphingomyelins and DAGs 

from ceramides and phosphatidylcholines [50]. A significant increase in some sphingomyelin 

species may result in a decrease in ceramides. Along these lines, our results yielded a lower limit 

of quantification of the concentration of ceramides in LNCaP cells. These findings suggested that 

PTEN re-expression increases sphingomyelin abundance in LNCaP cells. 

To further understand these alterations upon PTEN re-expression in LNCaP cells, we did perform 

metabolite set enrichment analysis on glycerophospholipids and sphingolipids metabolite sets in 

WT-PTEN-LNCaP and LNCaP-MOCK via MetaboAnalyst 5.0 MSEA tool. At this point, we 

eliminated C124S-PTEN-LNCaP cells from the analysis because homozygous PTEN deletion is 

clinically more frequent in prostate cancer than point mutation in its phosphatase domain of PTEN. 

MSEA demonstrated that sphingolipid metabolism was the most enriched pathway among 
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glycerophospholipids, and sphingolipids based on their abundances in WT-PTEN-LNCaP and 

LNCaP-MOCK (Figure 3.9). Although enrichment in sphingolipid metabolism was not 

statistically significant, our previous findings displayed significant enrichment in sphingolipid 

metabolism in C4-2 cells upon PTEN re-expression [72]. Therefore, we decided to further 

interrogate the possible and potential alterations in sphingolipid metabolism in castration-naïve 

LNCaP cells.  

We detected the relative mRNA expression levels of the genes involved in sphingolipid 

metabolism in PTEN-null and PTEN-replete LNCaP cells to compare the regulation of 

sphingolipid metabolism at the transcriptional level (Figure 3.11). In parallel with our 

metabolomics data, we found upregulation of the SGMS2 gene, which synthesizes 

sphingomyelins, in PTEN-replete condition relative to its PTEN-null counterpart. However, we 

did not observe any significant changes in the genes encoding enzymes in the de novo synthesis 

of ceramides, which are SPTLC1, DES1, CERS2, or ASAH1 gene, which is an acid ceramidase 

converting ceramides to sphingosine. It may imply that PTEN does not affect the de novo 

biosynthesis of ceramides to stimulate anti-proliferative signals in castration-naïve prostate cancer 

cells. However, we cannot rule out the involvement of PTEN in regulating the activity of these 

enzymes at the translational level. Interestingly, we detected significant downregulation in the 

SPHK1 gene upon PTEN re-expression in LNCaP cells. Sphingosine kinases phosphorylate 

sphingosine to yield sphingosine-1-phosphate (S1P), which is indicated as an oncogenic 

metabolite by transducing pro-survival signals and promoting proliferation, growth, and migration. 

It suggests that PTEN may regulate sphingosine kinase mRNA expression, thereby regulating 

sphingosine kinase activity in prostate cancer cells.  
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We also detected that the ceramide kinase gene (CERK), phosphorylating ceramides and yielding 

to ceramide-1-phosphate (C1P), was upregulated in PTEN-replete LNCaP cells. Although C1P 

has been indicated as a pro-proliferative metabolite in cancer, a recent study demonstrated CERK 

is one of the AR-repressed genes. It was also shown that an anti-androgen treatment by 

Enzalutamide (MDV3100) on prostate cancer cells or castrated mouse models enhanced C1P 

abundance [82], [83]. Furthermore, PTEN can negatively regulate AR signaling by directly 

interacting with AR and blocking its nuclear translocation, in turn, leading to AR protein 

degradation [84]. These findings may explain how PTEN re-expression in LNCaP cells 

upregulated the CERK gene, demonstrated by mRNA analysis and transcriptomics approach 

(Figure 3.11, Table 3.1).  

Regarding qPCR experiments, the standard error means could be stemmed from the experimental 

mistakes, inconsistencies between biological replicates, and low abundance of the assigned genes 

in LNCaP cells as they also were not detected as significantly differentially expressed genes by 

RNA-sequencing analysis. 

Moreover, we also performed transcriptomics in castration-resistant C4-2 cells to reveal the 

transcriptional differences between PTEN-null and PTEN-replete conditions (Figure 3.12.B, 

Table 3.3). Interestingly, we detected that CERK gene expression was significantly upregulated 

upon PTEN loss in C4-2, the opposite of the pattern in LNCaP (Table 3.2, Table 3.3). In C4-2 

cells, PTEN re-expression could downregulate C1P abundance by inhibiting the pro-survival 

activity of CERK. Since C4-2 are androgen-independent and castration-resistant prostate cancer 

cells, PTEN re-expression may affect ceramide metabolism independent of AR-signaling. We also 

observed that the genes involved in the de novo biosynthesis of ceramides were significantly 

upregulated and the sphingomyelin synthase gene with sphingomyelin phosphodiesterase was 
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significantly downregulated in C4-2 cells upon PTEN loss (Table 3.3). These findings were in 

parallel with the mRNA analysis of C4-2 cells upon PTEN re-expression [72]. Collectively, our 

transcriptomics analysis suggests that the re-expression of PTEN in C4-2 cells might lean towards 

sphingomyelin biosynthesis because of the ceramide accumulation. 

The most significantly commonly upregulated pathways upon PTEN loss in metastatic prostate 

cancer cells were found to be the ECM-interaction, focal adhesion, Ras signaling pathway, 

phospholipase D signaling pathway, cGMP-PKG signaling pathway, PI3K/Akt signaling pathway 

and axon guidance (Figure 3.12). These findings demonstrate that loss of tumor-suppressor PTEN 

activity upregulated the genes associated with migratory-related pathways in line with its known 

functions. It also shows that since PTEN loss occurs at the initial stage of prostate cancer, 

mechanisms related to castration resistance in metastatic prostate cancer cells might not be affected 

by PTEN deficiency. On the other hand, upregulation in SGMS gene expression and 

sphingomyelin biosynthesis in PTEN re-expressed LNCaP or C4-2 cells may affect the migratory 

profiles of these cells. A previous study demonstrated that sphingomyelin enrichment driven by 

SGMS enzymes downregulated CXCR4 dimerization by changing the lipid rafts, thereby 

CXCR4/CXCL12 signaling-induced migration in the MEF cells [85]. In parallel with these 

findings and based on our transcriptomic data, we infer that upregulation of the SGMS gene and 

sphingomyelin species upon PTEN re-expression may lead to diminishing the migration pathways 

by possibly downregulating ACKR3 (CXCR7) gene expression in LNCaP and C4-2 cells. Because 

ACKR3, which we detected significantly upregulated upon PTEN loss in LNCaP and C4-2 cells,  

is known to dimerize with CXCR4 to induce CXCL12-mediated migration in the nasopharyngeal 

carcinoma [86]. Hence, a decrease in sphingomyelin caused by PTEN loss may lead to changes in 

the compositional variabilities of lipid rafts in the membrane, increasing the ACKR3/CXC12-
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induced migration. This may also explain the upregulation of the cytokine-cytokine interaction 

pathway upon PTEN loss in LNCaP (Figure 3.12.A). 

For further examination of our transcriptomics findings in LNCaP cells upon PTEN loss, we 

utilized the Qiagen RNA-seq analysis portal. We detected the 10 most significantly enriched 

pathways upon PTEN loss in our cellular models (Figure 3.13.A). The pathway analysis was based 

on Ingenuity Pathway Analysis (IPA) database by Qiagen; thus, we observed slightly different 

annotations of the most enriched pathways compared to our initial analysis. We observed that cell 

cycle control of chromosomal replication and mismatch repair in eukaryotes were also 

significantly enriched and predicted to be inhibited upon PTEN loss in LNCaP cells, which is 

consistent with the tumor suppressor function of PTEN. Interestingly, we determined that the 

myelination signaling pathway was significantly enriched and predicted to be activated upon 

PTEN loss in LNCaP (Figure 3.13.B). The myelination signaling is made up of PI3K/Akt 

signaling, the Wnt/β-catenin signaling, and Ras signaling pathways and it leads to myelination of 

the neuronal axons [68]. Some of the constituents of myelin sheaths are the sphingomyelins [69]. 

Thus, we focused on the significant differentially expressed genes involved in the myelination 

signaling pathway and found significant upregulations in the genes encoding platelet-growth 

factors, integrin subunits, insulin growth factor-like receptor 1, Wnt signaling proteins, non-

classical GPCR smoothened and cAMP-responsive element-binding protein 3 like 1, all of which 

is indicated to act as oncogenic roles in cancer cells. Interestingly, our transcriptomics analysis in 

C4-2 cells upon PTEN loss also revealed significant upregulations of those genes which were also 

associated with the significantly upregulated pathways in C4-2 cells upon PTEN loss (Figure 

3.12.B). 
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For instance, NFAT (nuclear factor of activated T cells) is a transcription factor, including four 

different calcium-regulated members, which are NFATC1, NFATC2, NFATC3, and NFATC4. 

NFAT genes are also involved in axon guidance and cGMP-PKG signaling pathways, promoting 

axon outgrowth and transcription of hypertrophic response genes, respectively [87]. A recent study 

demonstrated that NFATC2 promoted epithelial-mesenchymal transition in melanoma cells [88]. 

Besides, another study revealed that the NFATC1 member of the NFAT family functions as an 

oncogene in prostate tumorigenesis by stimulating downstream oncogene expressions and 

inhibiting senescence that is driven by PTEN loss [89]. Our analysis supported the NFAT family’s 

oncogenic actions in LNCaP. PTEN-loss-induced NFAT genes may promote EMT by 

upregulating migratory pathways in LNCaP cells upon PTEN loss. Interestingly, we also detected 

significant upregulation in the NFATC2 gene upon PTEN loss in C4-2 cells. Hence, the NFAT 

transcription factor family may be important to induce PTEN-loss responses in metastatic prostate 

cancer cells, especially to stimulate migration. 

The final approach of our transcriptomics was to compare PTEN-null castration-resistant C4-2 and 

PTEN-null castration-naïve LNCaP cells. C4-2 is a subline of LNCaP cell, which is derived from 

LNCaP xenograft tumors of castrated mice. C4-2 is derived from bone metastatic prostate cancer 

and has higher tumorigenic activity compared to LNCaP. Even though both cell lines have AR 

gene expression, C4-2 has androgen-independent growth and castration resistance [73]. We aimed 

to reveal the transcriptional alterations underlying the castration-resistance mechanism. 

Interestingly, we detected that the most significantly upregulated pathway is sphingolipid 

metabolism (Figure 3.14.A) and CERK is one of the most upregulated genes in C4-2 cells 

compared to LNCaP (Figure 3.14.B). Our analyses suggest that the acquisition of castration 

resistance in metastatic prostate cancer cells may rely on deregulation in sphingolipid metabolism 
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and the CERK gene may be the key regulator determining this switch since it is an AR-repressed 

and PTEN-regulated gene. Additionally, we also detected that glycine, serine, and threonine 

metabolism was significantly upregulated in C4-2 cells compared to LNCaP (Figure 3.14.A). This 

pathway uses serine to make intermediate metabolites and building blocks for making proteins and 

fats. Serine is also utilized by SPTLC, the first enzyme in de novo ceramide biosynthesis, in the 

condensation reaction with palmitoyl-CoA to yield 3-ketosphinganine. Upregulation of 

sphingolipid metabolism, as well as serine metabolism, may highlight the possible mechanisms 

leading to higher tumorigenicity, androgen independence, and castration resistance in metastatic 

prostate cancer cells. It is tempting to suggest that castration resistance in prostate cancer may rely 

on the upregulation of the sphingolipid metabolism pathway or the upregulation of its crosstalk 

mechanisms. 

Based on our high throughput data, we wanted to target the sphingolipid metabolism pathway in 

metastatic prostate cancer cells. We used opaganib, ARN14988, and fingolimod to inhibit different 

steps of the sphingolipid metabolism in LNCaP and C4-2 cells. We observed each standalone 

treatment of metastatic prostate cancer cells was effective (Figure 3.15). We detected more 

sensitivity in C4-2 cells against opaganib and ARN14988 treatments, whereas LNCaP cells 

exhibited more sensitivity against fingolimod. Fingolimod (FTY720) is a sphingosine 1 kinase 

inhibitor and it is also an FDA-approved oral administration drug for multiple sclerosis treatment 

[90]. In the last two decades, studies showed that fingolimod has also anti-cancer effects, which 

can induce apoptosis and inhibit proliferation, angiogenesis, and metastasis in prostate cancer 

[91]–[93]. Fingolimod is a sphingosine analog that can be phosphorylated by sphingosine kinases, 

and phosphorylated fingolimod can bind to sphingosine-1-phosphate receptors (S1PRs) and act as 

an antagonist of S1PR and inhibit downstream signaling in sphingolipid metabolism regulated 
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GPCRs [94]. Our dose-response experiments showed that LNCaP cells were more sensitive to 

treatment with fingolimod, even though both types of cells died when treated with more than 3 μM 

of fingolimod (Figure 3.15.C). LNCaP may rely on sphingosine kinase 1 activity more than 

sphingosine kinase 2, as we detected significant downregulation of SPHK1 in the presence of 

PTEN. It may be suggested that LNCaP may rely on sphingosine kinase 1 enzyme activity more 

than C4-2. 

Opaganib is a dual inhibitor, targeting DES and SPHK2 enzymes in sphingolipid metabolism. It 

inhibits the S1P generation and its further downstream effects [45]. Phase II trials of opaganib are 

currently in progress for mCRPC patients [95]. Even though SPHK2 gene expression was 

significantly downregulated in C4-2 cells compared to LNCaP (Figure 3.14.B), C4-2 was found 

to be more sensitive to opaganib treatment. Yet, opaganib also blocks DES activity, whose mRNA 

expression levels were significantly upregulated in C4-2 cells (Figure 3.14.B). However, catalytic 

activity regulations of sphingosine kinase 1 or 2 in C4-2 and LNCaP would also explain the effects 

of opaganib and fingolimod. Lastly, ARN14988 is an ASAH1 inhibitor, which is an acid 

ceramidase in the salvage pathway of sphingolipid metabolism. Our findings suggested that 

ARN14988 is the most potent inhibitor hindering the proliferation of castration-resistant C4-2 cells 

(Figure 3.15.B). On the other hand, we detected more cytostatic effects of ARN14988 on LNCaP 

cells. Our transcriptomics data detected that ASAH1 gene expression was significantly 

upregulated in C4-2 cells compared to LNCaP. It may explain why castration-resistant C4-2 cells 

may rely more on the ASAH1 gene’s activities than castration-naïve LNCaP as they exhibit 

increased sensitivity to ARN14988 treatments. Interestingly, we observed significant 

downregulation in ASAH1 expression upon PTEN loss in C4-2 cells. Targeting ASAH1 in 

castration-resistant prostate cancer may have more potential to inhibit pro-survival activities. A 
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recent study found that the capacity of melanoma cells to generate cancer-initiating cells upon 

ASAH1 depletion was lost [96]. It suggests that ARN14988 treatment targeting ASAH1 in 

metastatic prostate cancer would be promising to overcome the castration resistance mechanisms 

and increase overall survival. 

We continued to investigate the sphingolipid metabolism inhibitor responses on castration-naïve 

LNCaP cells. We aimed to resolve the mechanism underlying opaganib responses on cell viability. 

We determined a downregulation of the PI3K/Akt pathway, but not the MAPK pathway, upon 

treatment of LNCaP cells with two different concentrations of opaganib (Figure 3.16.B, 3.16.C). 

The reason that opaganib reduces the proliferation of LNCaP cells might be due to the 

downregulation of the PI3K/Akt pathway and the decreased stability of proteins involved in the 

mTOR signaling. Interestingly, we detected a dose-dependent downregulation in SREBP2 protein 

expression, while an upregulation in SQLE expression (Figure 3.16.D). SREBP2 might be 

affected by opaganib treatment, although the upregulation in SQLE expression might be regulated 

by feedback mechanisms to compensate for the cholesterol levels. Higher doses of opaganib 

treatment might overcome SQLE expression in longer treatment conditions. Nevertheless, our 

findings suggested possible regulations of lipid homeostasis by inhibiting sphingolipid metabolism 

via SREBP2-regulated mechanisms. 

To sum up, we demonstrated that sphingolipid metabolism is deregulated upon PTEN loss in 

metastatic prostate cancer cells. Additionally, the sphingolipid metabolism may regulate the 

mechanism of androgen independence and castration resistance in prostate cancer cells. It is crucial 

to target sphingolipid metabolism with standalone or combinatory treatment strategies, especially 

with androgen deprivation therapies.  
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5. CONCLUSION AND FUTURE PERSPECTIVES 

In this study, we aimed to illustrate the metabolomic and transcriptomic changes associated with 

PTEN loss and castration resistance in advanced-stage prostate cancers. We detected a significant 

increase in some sphingomyelin and glycerophospholipid species in PTEN-replete LNCaP cells 

and showed that these changes mostly depend on the catalytic activity of PTEN. We performed 

metabolite set enrichment analysis in PTEN-null or PTEN-replete LNCaP cells and it revealed that 

the sphingolipid metabolism pathway is reprogrammed upon PTEN loss in castration-naïve 

LNCaP cells. We further investigated transcriptomic alterations in LNCaP and C4-2 cells upon 

PTEN re-expression by performing RT-qPCR and RNA-sequencing. We correlated that the 

increase in sphingomyelin species in PTEN-replete conditions results from the upregulation in the 

sphingomyelin synthase gene expression in PTEN-replete LNCaP cells. mRNA and 

transcriptomics analysis also demonstrated a significant increase in ceramide kinase expression in 

PTEN-replete LNCaP cells. On the other hand, we observed a significant decrease in sphingosine 

kinase gene expression upon PTEN re-expression. Our results implicate that PTEN re-expression 

in LNCaP cells causes sphingomyelin and ceramide-1-phosphate accumulation by directing the 

sphingolipid metabolism pathway toward sphingomyelin production. Further investigations are 

needed to uncover the detailed mechanistic relationship between PTEN and sphingolipid 

metabolism, to understand how PTEN leads to an increase in sphingomyelin abundance and 

whether PTEN is one of the interaction partners of the enzymes involved in sphingolipid 

metabolism. When we targeted sphingosine kinase activity in LNCaP cells by opaganib treatment, 

we detected downregulation of the PI3K/Akt pathway as well as SREBP2 protein expression. The 

diverse effects of sphingolipid metabolism inhibitors could be studied in more detail at 
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transcriptional and translational levels. Sphingolipid inhibitors’ mode of action on cancer cell 

viability should be investigated further either in standalone or combinatorial trials.  

Furthermore, we inspected transcriptomic differences between castration-naïve and castration-

resistant prostate cancer cells. We reported that the most significantly upregulated pathway in 

castration-resistant cells compared to castration-naive cells is the sphingolipid metabolism. 

Additionally, upon treatment with various sphingolipid biosynthesis inhibitors, we found a trend 

toward increased sensitivity in castration-resistant prostate cancer cells. We speculated that 

castration-resistant prostate cancer cells rely on sphingolipid metabolism more than castration-

naïve prostate cancer cells do. For further confirmation of our results, chIP-sequencing would be 

performed to reveal AR-regulated sphingolipid metabolism genes in metastatic prostate cancer 

cells. Proteomics studies could be helpful to resolve the relationship between AR-signaling and 

the sphingolipid metabolism pathway if one may regulate the other. Since sphingolipid metabolism 

inhibitors work better on prostate cancer cells that are resistant to castration, it would be a good 

idea to use these inhibitors to improve the effectiveness of anti-androgen drugs both in vitro and 

in vivo by using them in combination with other drugs. 
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