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Abstract 

Melanoma is an exceedingly aggressive and resistant to treatment form of 

cancer. Therefore, the identification of novel therapeutic approaches continues 

to be a crucial task. Understanding the pathophysiological role of potential drug 

targets for this disease enables the discovery of new therapeutic strategies. The 

two-pore channel 2, TPC2, is located on late endosomes, lysosomes, and 

melanosomes. Here, we evaluated the effect of TPC2 knockout (KO) on human 

metastatic melanoma (CHL-1) and murine primary melanoma (B16) cells. TPC2-

depleted melanoma cell lines were created using CRISPR-Cas9 gene editing. 

CHL-1, an amelanotic metastatic melanoma cell line, exhibited in vitro induced 

migratory traits after TPC2 depletion. In contrast, B16 TPC2 KO cells displayed 

a diminished ability to migrate in vitro. TPC2 KO activated genes regulated by 

YAP/TAZ, which are important regulators of tumorigenesis and metastasis, in 

CHL-1. TPC2 KO and RNA interference knockdown decreased the expression 

levels of ORAI1, a component of store-operated Ca2+ entry (SOCE), and PKC-II, 

a component of the HIPPO pathway that adversely affects YAP/TAZ activity. 

These findings are explained by a cellular mechanism mediated by ORAI1/ 

Ca2+/PKC-II. 

Furthermore, CHL-1 and B16 TPC2 KO proteomic signatures were examined to 

WT cells. The differential expression of proteins between WT and KO cells 

enables us to evaluate TPC2's role in various crucial pathways and processes. 

Accordingly, the bioenergetic phenotype of TPC2-deficient cells was assessed. 



 IV 

TPC2 depletion boosted ATP synthesis in CHL-1 and B16 TPC2 KO cells relative 

to WT cells, but increased lactate generation in B16 cells. TPC2 deficiency 

enhanced anaerobic respiration in B16 cells but reduced it in CHL-1 cells. 

OCR/ECAR analysis confirmed TPC2-KO cells' metabolic shift. CHL-1 TPC2 KO 

cells are more aerobic due to a reduced OCR/ECAR ratio. OCR/ECAR was 

elevated in B16 KO cells in complete media. B16 KO cells increased oxygen 

utilisation and lactate production without glucose. In addition, the cytoskeleton 

and synthesis and release of melanin were altered in TPC2 KO cells.  

In vivo evaluation of B16 TPC2 KO melanoma cell lines following subcutaneous 

injection revealed a significantly reduced tumour volume compared to WT cells. 

However, histopathological examination of mice injected with KO cells revealed 

that the hepatic and splenic structures were drastically changed. 

Clinical association is vital to determining correlations between molecular 

discoveries and cancer patient survival. TPC2 high-expression patients had a 

shorter overall survival time than low-expression patients. Furthermore, high 

TPC2 expression is associated with lower survival in BRAF mutant melanoma.  

In summary, the work presented in this thesis indicates that TPC2 plays vital 

functions in melanoma's progression, invasion, and metastasis. 
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Glossary of Abbreviations 

ATP                         Adenosine triphosphate  

BCA                        Bicinchoninic acid 

BRAF                      v-Raf murine sarcoma viral oncogene homolog B 

cDNA                     Complementary DNA 

CTLA-4                  Cytotoxic T-lymphocyte-associated protein 4 

DAPI                      4′,6-diamidino-2-phenylindole 

DMEM                   Dulbecco’s modified Eagle’s medium 

DMSO                    Dimethyl sulfoxide  

DNA                       Deoxyribonucleic acid 

DTIC                      Dacarbazine 

ECAR                     Extracellular acidification rate 

EDTA                     Ethylenediaminetetraacetic acid 

gRNA                     Guide RNA 

KO                          Knockout 

LFQ                        Label free quantitation 

mRNA                    Messenger RNA  

MTIC                      5-(3-methyl-1-triazeno) imidazole-4-carboxamide 

mTOR                     Mechanistic target of rapamycin  

NAADP                  Nicotinic acid adenine dinucleotide phosphate  

NF1                        Neurofibrillin 1 

NRAS                    Neuroblastoma RAS viral oncogene homologue 

OCR                       Oxygen consumption rate 
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ORAI-1                  Calcium release-activated calcium modulator 1  

P/S                          Penicillin and streptomycin 

PCR                        Polymerase chain reaction  

PD-1                       Programmed cell death protein 1 

PI(3,5)P2               Phosphatidylinositol 3,5-bisphosphate 

PKC                       Protein kinase C  

RNA                      Ribonucleic acid  

RT-PCR                Reverse transcription PCR  

RT-qPCR              RT quantitative PCR  

SDS                       Sodium dodecyl sulphate  

SDS-PAGE           Sodium dodecyl sulphate–polyacrylamide gel 

electrophoresis 

siRNA                   Small interfering RNA  

SNPs                     Single nucleotide polymorphisms 

STIM                    Stromal interaction molecule  

TCGA                  The cancer genome atlas 

TPC                     Two-pore channel  

UV                       Ultraviolet 

VEGF                  Vascular endothelial growth factor 

WT                      Wild-type 

 

 

 

 



 X 

Table of Contents 

CHAPTER 1 --------------------------------------------------------------------------------------------------- 1 

GENERAL INTRODUCTION -------------------------------------------------------------------------------- 1 

MELANOMA ------------------------------------------------------------------------------------------------- 2 

Introduction ------------------------------------------------------------------------------------------ 2 

Epidemiology ----------------------------------------------------------------------------------------- 3 

Risk Factors ------------------------------------------------------------------------------------------- 4 

Classification of Melanoma ----------------------------------------------------------------------- 4 

Treatment Strategies for Melanoma ------------------------------------------------------------ 6 

TWO-PORE CHANNEL 2 (TPC2) ---------------------------------------------------------------------------- 8 

Two-pore channels (TPCs) ------------------------------------------------------------------------- 8 

TPC2 and cancer: what it is already known about the role of TPC2 in melanoma and 

pigmentation --------------------------------------------------------------------------------------- 10 

THESIS AIMS ---------------------------------------------------------------------------------------------- 13 

CHAPTER 2 -------------------------------------------------------------------------------------------------- 14 

MATERIALS AND METHODS ---------------------------------------------------------------------------- 14 

CELL LINES AND CELL CULTURE ---------------------------------------------------------------------------- 15 

CELL-BASED ASSAYS --------------------------------------------------------------------------------------- 15 

Real time monitoring of cell proliferation by xCELLigence system --------------------- 15 

Invasion assay -------------------------------------------------------------------------------------- 16 

ATP level assay ------------------------------------------------------------------------------------- 17 

Lactate level assay -------------------------------------------------------------------------------- 17 

Mitochondrial membrane potential ----------------------------------------------------------- 18 

PROTEIN ANALYSIS ---------------------------------------------------------------------------------------- 19 

Immunofluorescence ----------------------------------------------------------------------------- 20 



 XI 

Proteomic analysis -------------------------------------------------------------------------------- 21 

GENERATING TPC2 KNOCKOUT CELL LINES USING CRISPR-CAS9 -------------------------------------- 25 

Guide RNA design using Synthego Design Tool --------------------------------------------- 25 

Lipofectamine 2000 transfection -------------------------------------------------------------- 25 

Single clone assay --------------------------------------------------------------------------------- 26 

RNA ANALYSIS -------------------------------------------------------------------------------------------- 27 

RNA extraction ------------------------------------------------------------------------------------- 27 

Reverse transcription (RT) ----------------------------------------------------------------------- 27 

Quantitative real-time PCR (qRT-PCR) -------------------------------------------------------- 28 

MEASUREMENTS OF METABOLIC FLUXES ----------------------------------------------------------------- 29 

IN VIVO TUMOUR GROWTH ASSAY ------------------------------------------------------------------------ 30 

HISTOPATHOLOGY ----------------------------------------------------------------------------------------- 30 

KAPLAN MEIER ANALYSIS --------------------------------------------------------------------------------- 31 

STATISTICAL ANALYSES ------------------------------------------------------------------------------------ 32 

CHAPTER 3 ---------------------------------------------------------------------------------------------- 33 

THE EFFECT OF TPC2 KNOCKOUT ON TUMOURIGENESIS AND METASTASIS IN VITRO IN 

MELANOMA CELL LINES --------------------------------------------------------------------------------- 33 

INTRODUCTION -------------------------------------------------------------------------------------------- 34 

GENERATION OF TPC2 KNOCKOUT CELLS IN THE CHL-1 AND B16 CELL LINES USING CRISPR-CAS9 - 35 

MIGRATION AND PROLIFERATION ------------------------------------------------------------------------- 43 

TPC2 AND THE HIPPO PATHWAY ------------------------------------------------------------------------- 49 

DISCUSSION ----------------------------------------------------------------------------------------------- 53 

CHAPTER 4 -------------------------------------------------------------------------------------------------- 58 

TPC2 KO EFFECT ON BIOENERGETIC PHENOTYPES, CELLULAR CYTOSKELETON AND MELANIN 

SYNTHESIS AND RELEASE. ------------------------------------------------------------------------------- 58 

INTRODUCTION -------------------------------------------------------------------------------------------- 59 



 XII 

PROTEOMIC SIGNATURE ---------------------------------------------------------------------------------- 60 

TPC2 AND BIOENERGETIC PHENOTYPES ------------------------------------------------------------------ 74 

CELLULAR CYTOSKELETON --------------------------------------------------------------------------------- 88 

TPC2 AND MELANIN ------------------------------------------------------------------------------------- 91 

DISCUSSION ----------------------------------------------------------------------------------------------- 94 

CHAPTER 5 ------------------------------------------------------------------------------------------------ 104 

IN VIVO CHARACTERIZATION OF TPC2 KO MELANOMA CELL LINES ------------------------- 104 

TPC2 DELETION IN MELANOMA CELL LINES IMPAIRED TUMOUR GROWTH ---------------------------- 105 

PATHOLOGICAL ALTERATIONS IN LIVER AND SPLEEN ---------------------------------------------------- 107 

CLINICAL ASSOCIATION ---------------------------------------------------------------------------------- 110 

DISCUSSION --------------------------------------------------------------------------------------------- 113 

CHAPTER 6 ------------------------------------------------------------------------------------------------ 117 

CONCLUSIONS AND FUTURE DIRECTIONS --------------------------------------------------------- 117 

CONCLUSIONS AND FUTURE DIRECTIONS --------------------------------------------------------------- 118 

Tumourigenesis and metastasis ------------------------------------------------------------- 118 

Proteomic signature and cellular hemostasis --------------------------------------------- 122 

In vivo studies and clinical association ----------------------------------------------------- 126 

CHAPTER 7 ------------------------------------------------------------------------------------------------ 130 

REFERENCES ---------------------------------------------------------------------------------------------- 130 

 

 

 

 



 XIII 

List of figures  

Figure 1. Generation of CHL-1 cell line TPC2 knockout using CRISPR-CAS9. ------------------- 37 

Figure 2. Sequence analysis of CHL-1 WT and CHL-1 edited cells generated by CRISPR-CAS9 

targeting. ----------------------------------------------------------------------------------------- 38 

Figure 3. Generation of B16 cell line TPC2 knockout using CRISPR-CAS9. ---------------------- 41 

Figure 4. Sequence analysis of B16 WT and B16 edited cells generated by CRISPR-CAS9 

targeting. ----------------------------------------------------------------------------------------- 42 

Figure 5. Invasion and proliferation phenotype of CHL-1 WT vs KO cells. ---------------------- 45 

Figure 6.  Invasion and proliferation phenotype of B16 WT vs TPC2 KO cells. ----------------- 47 

Figure 7. TPC2 KO and silencing induces YAP/TAZ target genes. ------------------------------- 50 

Figure 8. TPC2 KO and silencing reduce SOCE compartments. --------------------------------- 52 

Figure 9. An overview of the chapter’s methods and findings. --------------------------------- 57 

Figure 10. Identification of differentially expressed proteins between WT and TPC2 KO CHL-1 

melanoma cells. ---------------------------------------------------------------------------------- 62 

Figure 11. Gene set enrichment analysis (GSEA) using WebGestalt (WEB-based Gene SeT 

AnaLysis Toolkit) between differently expressed proteins in WT and TPC2 KO in CHL-1 

melanoma cells. ---------------------------------------------------------------------------------- 63 

Figure 12. Gene set enrichment analysis (GSEA) using WebGestalt (WEB-based Gene SeT 

AnaLysis Toolkit) between differently expressed proteins in WT and TPC2 KO in CHL-1 

melanoma cells. ---------------------------------------------------------------------------------- 65 

Figure 13. Lamin b and p-AKT/AKT proteins in WT and TPC2 KO CHL-1 melanoma cells. ----- 66 

Figure 14. Identification of differentially expressed proteins between WT and TPC2 KO B16 

melanoma cells. ---------------------------------------------------------------------------------- 69 



 XIV 

Figure 15. Gene set enrichment analysis (GSEA) using WebGestalt (WEB-based Gene SeT 

AnaLysis Toolkit) between differently expressed proteins in WT and TPC2 KO B16 melanoma 

cells. ---------------------------------------------------------------------------------------------- 70 

Figure 16. Gene set enrichment analysis (GSEA) using WebGestalt (WEB-based Gene SeT 

AnaLysis Toolkit) between differently expressed proteins in WT and TPC2 KO B16 melanoma 

cells.. --------------------------------------------------------------------------------------------- 72 

Figure 17. Fascin and p-AKT/AKT proteins in WT and TPC2 KO in B16 melanoma cells. ------- 73 

Figure 18. Intracellular atp and lactate concentration in CHL-1 (WT and TPC2 KO). ----------- 76 

Figure 19. TPC2 KO alters the metabolic phenotype of cancer cells --------------------------- 78 

Figure 20. Intracellular atp and lactate concentration in B16 (WT and TPC2 KO) cells. -------- 80 

Figure 21. Intracellular atp and lactate concentration in B16 (WT and TPC2 KO) cells. -------- 82 

Figure 22. Mitochondrial membrane potential as visualized by JC-1 staining in CHL-1 (WT and 

TPC2 KO). ---------------------------------------------------------------------------------------- 84 

Figure 23. Mitochondrial membrane potential intensity fold change, related gene expression 

and ROS level in CHL-1 and B16 cell lines. ------------------------------------------------------ 87 

Figure 24. Immunofluorescence localization of microtubules and β-actin in CHL-1 (WT and 

TPC2 KO) cells ------------------------------------------------------------------------------------ 88 

Figure 25. Immunofluorescence localization of microtubules and β-actin in B16 (WT and TPC2 

KO) cells. ----------------------------------------------------------------------------------------- 90 

Figure 26. Effects of TPC2 knockout on melanin release in B16 murine melanoma cells. ----- 93 

Figure 27. An overview of the chapter’s methods and findings. ----------------------------- 103 

Figure 28. Tumour growth and body weight change in mice subcutaneously injected with 

either WT or TPC2 KO melanoma cells in vivo. ----------------------------------------------- 106 

Figure 29. Photomicrographs of liver and splenic tissues. ------------------------------------ 109 



 XV 

Figure 30. Kaplan–Meier survival curves for patients with high versus low TPC2 expression and 

the correlations between TPC2 expression and tumour stages. ----------------------------- 111 

Figure 31. Kaplan–Meier survival curves for patients with high versus low TPC2 in different 

subtype of melanoma. ------------------------------------------------------------------------- 112 

Figure 32. An overview of the chapter’s methods and findings. ----------------------------- 116 

 

 

 

 

 

 

 

 

 



 1 

 

 

 

 

 

Chapter 1 

General Introduction 
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Melanoma 

Introduction  

Melanoma is one of the most aggressive and treatment resistant types of 

cancer. It is caused by the unregulated multiplication of pigment-producing 

cells – melanocytes – found in the epidermis's basal layer (1–3). Although the 

majority of melanomas begin on the skin, they can also form in the eye (uvea) 

or on mucosal surfaces. Malignant melanoma is the worst type of skin cancer, 

and its incidence has increased significantly over the last 50 years (4–7) . 

Despite the fact that it accounts for fewer than 5% of all cutaneous 

malignancies, melanoma is responsible for the majority of skin cancer-related 

mortality (6).  

When detected early enough, excision of the lesion is frequently curative and 

linked with a favourable survival rate. However, melanoma is a highly aggressive 

cancer that frequently metastasizes early(8,9). Whenever the cancer has 

progressed to an advanced stage, further treatment alternatives are 

required(8–10). Over the last few years, there has been tremendous progress 

in developing novel treatments for metastatic melanoma. Combination 

immunotherapies that have been explored more recently have been shown to 

be successful and improve survival. Patients with metastatic melanoma who 

received a combination of nivolumab (anti-PD-1 monoclonal antibody) and 
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ipilimumab (anti-CTLA-4 monoclonal antibody) had a 3-year overall survival rate 

of 58%, compared to 52% and 34% for those receiving either monotherapy (11). 

Epidemiology  

Melanoma skin cancers have been growing in prevalence over the last decades, 

with 132,000 new cases reported each year globally (12). Melanoma accounts 

for less than 1% of all skin cancer cases yet is responsible for the majority of 

deaths (13). In the United Kingdom, around 15,400 new cases of melanoma 

were detected in 2014, making it the sixth most frequent type of cancer. In the 

last decade, the incidence of melanoma skin cancer has grown by around a third 

(32%) (14), with males experiencing a greater increase (38%) than females 

(27%). Melanoma is a disease that can affect young adults, being the most 

frequent type of cancer in those aged 25 to 29 years and the second most 

common type of cancer in those aged 15 to 29 years (15). 
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Risk Factors  

Due to the rising frequency of melanoma, particularly among young individuals, 

there has been a surge in interest in understanding the disease's risk factors. 

The major risk factors for skin cancer might be intrinsic (genetic and phenotypic) 

or extrinsic (environmental or exposure), and include sun exposure, numerous 

nevi, and family history (16). Although inherent risk factors such as fair skin and 

family history are unchangeable, patients who have been recognized as having 

greater intrinsic risk can modify their behaviour and exposure to extrinsic risk 

factors such as ultraviolet (UV) and chemical exposure to reduce their risk of 

developing skin cancer [17]. 

Classification of Melanoma 

Melanoma develops when a melanocyte transforms into a malignant cell and 

progresses to create a primary tumour. The initial tumour thickens and invades 

the lower layers of the dermis over time, resulting in a vertical growth phase 

that increases the risk of metastasis (18). Subtypes of malignant skin melanoma 

that have been described historically in terms of clinical and histological aspects 

include Superficial Spreading, Nodular, Acral Lentiginous and Desmoplastic [19]. 

However, in actual practice, the terms utilized in this cellular classification have 

no independent predictive or therapeutic value (20). Molecular classification of 

melanomas has undergone a radical shift in recent years due to the discovery 
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of mutually exclusive oncogenic mutations. According to this molecular 

categorization, biologically heterogeneous subtypes of cutaneous melanoma 

share a common oncogenic process, exhibit comparable clinical behaviour, and 

respond similarly to various therapies (21). 

In 2015, The Cancer Genome Atlas (TCGA) network conducted the largest 

integrated investigation of cutaneous melanoma to date, characterizing 333 

tumour samples from 331 individuals and defining four primary genomic 

subgroups using DNA, ribonucleic acid (RNA), and protein analyses (22). This 

study identified four significant genetic subtypes: 

i. v-Raf viral oncogene homolog B1 (BRAF) mutant in murine sarcoma (52 

percent) 

ii. Mutant version of the neuroblastoma RAS viral oncogene (NRAS) (28 

percent) 

iii. NF1 (neurofibrillin 1) mutant (14 percent) 

iv. Triple wild-type (BRAF, NRAS, and NF1) (14.5 percent) 

Even though therapeutic targets like BRAF have previously been identified, this 

classification of oncogenic mutations may provide insight into potential future 

drug targets and clinical trial designs. 
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Treatment Strategies for Melanoma  

Despite the fact that the prevalence of malignant melanoma has increased over 

the last decade, survival rates have improved dramatically due to a better 

knowledge of the molecular processes involved in the disease's origin and 

progression (23). There are two treatment approaches available for melanoma: 

traditional and new therapies. 

The conventional therapy for primary melanomas is surgical excision, which is 

associated with a 5-year survival rate of 95% in thin melanomas and gradually 

decreases in bigger melanomas and those that have migrated to lymph nodes 

(24). However, after metastasis, the survival rate following surgical excision 

drops considerably to fewer than 25% in the United Kingdom(14). Medically, 

dacarbazine (DTIC) is the most commonly utilized chemotherapy medication in 

the treatment of metastatic melanomas. It is an alkylating chemical that may 

be transformed in the liver to 5-(3-methyl-1-triazeno) imidazole-4-carboxamide 

(MTIC), which can be used to prevent DNA replication in the body(25). The 

response rate to dacarbazine is extremely low (15–20%), with similar findings 

(10–15%) when the oral equivalent temozolomide is used (26). Antimicrotubule 

drugs taxane and vindesine as well as cisplatin and nitrosoureaeas have failed 

to improve on the results seen with dacarbazine when employed as a single 

agent chemotherapeutic treatment (27). Overall survival for individuals with 

metastatic melanoma has not improved with the use of chemotherapy 
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combinations such cisplatin, vindesine, and dacarbazine (CVD) or carboplatin 

and paclitaxel (CPX) (28). Due to advancements in other treatments, 

chemotherapy is no longer commonly employed. 

The emergence of novel targeted and immunological therapy has resulted in 

considerable improvements in the treatment of metastatic melanoma, 

particularly BRAF-mutant melanoma, over the last few years. Melanomas have 

the highest burden of somatic genetic changes of all human tumours, resulting 

in significant variation in disease development and response to treatment(29). 

In recent years, novel ways to target cancer cells have evolved that are more 

precise and effective. These include targeted therapies that are based on the 

tumour's genetic profile and immunotherapies that make use of the body's 

immune system(30,31). Targeted or immunotherapy trials in advanced-stage 

cancer patients have accomplished their primary endpoints every year since 

2011. These studies have found that seven out of eight drugs that have recently 

been approved by the Food and Drug Administration (FDA) have been 

associated with an improvement in patient overall survival when compared to 

results from conventional treatment(23). These new drugs include small 

molecule inhibitors of BRAF or MEK, as well as immunotherapeutic antibodies 

against cytotoxic T lymphocyte-associated antigen 4 (CTLA4) and programmed 

cell death protein 1 (PD-1). 
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Two-pore channel 2 (TPC2) 

Two-pore channels (TPCs) 

Two-pore channels (TPCs; gene name TPCNs) belong to the voltage-gated 

cation channel superfamily, which can be found in both endolysosomes and 

vacuoles (32). In order to generate one functional pore, two repeats of a six-

transmembrane domain are dimerised in TPCs (33). TPC1, TPC2, and TPC3 

isoforms exist. The first and second isoforms are the only ones found in humans 

and mice, whereas the third isoform exists in a variety of animals, including 

chickens and rabbits (34).  

TPCs are found in the endolysosomal system, although their relative density is 

dependent on the acidic organelles' development stage and pH difference. 

TPC1 is found mostly in recycling endosomes, early and late endosomes, and 

lysosomes, whereas TPC2 is found primarily in late endosomes and lysosomes 

(35). 

Although NAADP regulates both TPC1 and TPC2 activation, TPC1 appears to be 

also activated by Ca2+. Additionally, ion conduction and permeability are highly 

variable. TPCs appear to be permeable to calcium and sodium cations but 

insensitive to potassium cations. 

TPC1 has been demonstrated to be permeable to H+, suggesting that it may play 

a role in the regulation of lysosomal and cytosolic PH. These differences in 
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gating and ion conductance suggest that TPC1 and TPC2 may have 

complementary physiological functions as Ca2+ release channels in endo-

lysosomal compartments (36). 

The activation of TPC2 by NAADP versus PI (3,5) P2 is still a point of contention 

(37,38). Wang and Cang revealed that human TPC2 expressed in a variety of 

mammalian cell types is extremely Na+ selective and possesses a Na+ 

conductance in response to phosphatidylinositol 3,5-bisphosphate [PI (3,5) P2] 

but not NAADP. 

Numerous studies support the hypothesis that TPCs facilitate the release of Ca2+ 

from acidic storage induced by NAADP (36,39,40). Ruas and coworkers recently 

demonstrated that NAADP–induced Ca2+ release is severely reduced in cells 

with double knockout of TPC1 and TPC2, confirming the idea that both TPC1 

and TPC2 are NAADP targets (41). Additionally, the contradictory observations 

mentioned may be explained by the fact that NAADP may not directly interact 

with TPCs but may have an effect on the NAADP-evoked TPC2 Na+ current via 

an accessory binding protein or Mg2+; hence, different experimental conditions 

may influence TPC activation(42–44). 
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TPC2 and cancer: what it is already known about the role 

of TPC2 in melanoma and pigmentation 

The relationship between TPC2 and cancer has generated considerable interest 

in recent years, owing to the possibility that TPC2 could be a potential target 

for this disease. TPC2 has a well-established association with differentiation 

(45,46), which is a critical step in tumour growth. Two analyses of genetic 

variables indicated TPC2 overexpression as a possible driver of chromosome 

11q13 amplification reported in a variety of cancer types (47,48). 

Additionally, a recent study by Nguyen et al. showed that inhibiting TPCs inhibits 

the adhesion and migration of T24 (bladder cancer), HUH7 (hepatocarcinoma), 

and 4T1 (breast cancer) cancer cells in vitro, as well as inhibiting the generation 

of lung metastases in a mouse model of breast cancer cells. Inhibition of TPCs 

results in a build-up of 1-integrin in endocytic vesicles and impairs the 

production of lamellipodia (49). 

Additionally, our lab was involved in the discovery that TPCs are essential for 

various features of VEGF-induced angiogenesis in vitro, including endothelial 

cell migration and tube formation (50). Angiogenesis is the physiological 

process by which new blood vessels are formed from pre-existing ones and is a 

critical mechanism for tumour growth and metastatic dissemination. 

Furthermore, in vivo matrigel experiments demonstrated that Ned-19 and TPC2 

prevent VEGF-induced vascularisation, but not in TPC2 knockout mice. 
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However, TPC2 mutant mice appear to develop normally, implying that 

compensatory modifications sustain angiogenesis during these animals' 

development (51). Melanoma is a type of malignancy that arises from 

pigmented melanocytes. Several studies have identified single nucleotide 

polymorphisms (SNPs) in the TPCN2 gene as possible risk factors for melanoma 

development (52). Indeed, variations in the TPCN2 gene have been linked to 

human skin and hair colour (53). A TPC2 variant with a single amino acid change 

was related with a decreased risk of malignant melanoma, whereas a TPC2 

variant with a nucleotide change in an intronic region was associated with an 

increased risk of malignant melanoma (54). 

Pigmentation abnormalities in Xenopus oocytes are induced by overexpression 

of TPC2, but not TPC1, and this effect is mediated via interactions between 

distinct members of the Rab family of trafficking proteins. A recent study also 

found a link between two separate TPC2 pigmentation variations and a switch 

from brown to blond hair. These two variations exhibited conformational 

alterations that altered the channel's sensitivity to PI (3,5) P2 or ATP, 

respectively. Indeed, stimulation of PI (3,5) P2 increases the activity of the 

variant M484L, whereas the variant G734E is less responsive to ATP and more 

sensitive to mTOR inhibitors than the WT (55). 
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TPC2 is localized on melanosomes, where it mediates a Na+-selective current 

that regulates the membrane potential, pH, and pigmentation of melanosomes. 

(56). TPC2 activity in melanosomes is regulated by PI (3,5) P2, a pigment-

regulating protein that may act on melanosome formation (57). TPC2-deficient 

melanosomes demonstrated increased alkalization of the lumen pH, resulting 

in an increase in tyrosinase activity, the enzyme responsible for melanin 

formation. The size of melanosomes was also enlarged in TPC2 KO MNT1 cells 

when compared to WT controls. The mechanism by which TPC2 modulates 

melanosome pH is unknown; indeed, Bellono and Ambrosio propose two 

distinct pathways mediated by Na+/PI (3,5) P2 and Ca2+/NAADP (58,59). 
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Thesis Aims  

Melanoma is a cancer that is extremely aggressive and resistant to treatment. 

Consequently, the development of novel therapeutic approaches remains an 

essential objective. Strategies can be discovered by understanding the role of 

targets in the model. Therefore, this thesis is developed to achieve the following 

objectives: 

Aim 1: The role of TPC2 in tumourigenesis and metastasis in vitro. 

Aim 2: TPC2 related biological mechanisms in melanoma cell lines. 

Aim 3: The role of TPC2 in vivo and determination of clinical associations. 
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Cell lines and cell culture  

B16-F0 (ATCC CRL-6322) murine melanoma cells and CHL-1 (ATCC) human 

melanoma cells were cultured in Dulbecco's modified Eagle’s medium (Sigma) 

supplemented with antibiotics (P/S, Sigma), 10% fetal bovine serum (Gibco), 

and 2 mmol/L glutamine (Sigma). 

Cell-based assays  

Real time monitoring of cell proliferation by xCELLigence 

system 

This assay used an xCELLigence RTCA DP instrument (ACEA Biosciences, 

San Diego, CA, USA) that was set to 37°C and 5% CO2. The experiments were 

conducted using modified microelectrodes attached to the bottom of 16-well 

plates to determine the attachment direction, cell distribution, and proliferation 

based on impedance. To begin, 50 µL of cell-free growth medium (10% FBS) 

was added to each well. For approximately 30 minutes, the plates were left at 

room temperature. Then, for 30 minutes, the background impedance of each 

well was measured. At that point, cells were harvested directly from exponential 

phase cultures using a standardized detachment procedure utilizing 0.05 percent 

Trypsin-EDTA. The cells were counted using the LUNA (Logos Biosystem, 

Seoul, South Korea) device. The cells were then seeded directly into the wells 
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using a 50 µL volume of the cell suspension (with about 10,000 cells per well). 

The plates were left at room temperature for approximately thirty minutes to 

allow for cell attachment, and then placed under lock in the RTCA DP device, 

which was positioned in the incubator, while the xCELLigence system 

automatically monitored the impedance value of each well. These values were 

expressed as confidence intervals (CI) (Cell Index). The xCELLigence system 

was used to monitor the Cell Index of each well automatically every fifteen 

minutes. For five days, cells were monitored in real time. 

Invasion assay  

After 24 hours of incubation, 1 x 105 cells were seeded on the transwell coated 

with reduced growth factor Matrigel (BD). The cells were fixed and stained with 

DAPI. For each transwell, five fields were counted to determine the number of 

cells. 
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ATP level assay  

Intracellular ATP levels were determined according to the manufacturer's 

recommendations using a commercially available kit (ab83355, Abcam, 

Cambridge, MA, USA). Cells were seeded at 1 × 106 cells per well. Cells were 

harvested, resuspended, deproteinized, and combined with the reaction reagent. 

The samples collected were weighed at 535/587 on a SpectraMax i3x 

(Molecular Devices, San Jose, CA, USA). 

Lactate level assay 

L-lactate levels were determined using the L-lactate Assay kit in accordance 

with the manufacturer's recommendations (ab65331, Abcam, Cambridge, MA, 

USA). Cells were seeded at a density of 1 × 106 per well. Harvested cells were 

resuspended, deproteinized, and added to the reaction reagent. The collected 

samples were measured at 535/587 on a SpectraMax i3x (Molecular Devices, 

San Jose, CA, USA). 
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Mitochondrial membrane potential 

Changes in the mitochondrial membrane potential (ΔΨm) were determined 

using the fluorescent reagent tetraethylbenzimidazolylcarbocyanine iodide (JC-

1) and the JC-1-Mitochondrial Membrane Potential Assay kit (Abcam, Cat. No. 

ab113850) in accordance with the manufacturer's instructions. In a 96-well 

plate, cells were plated at a density of 50,000 cells per well and allowed to 

adhere overnight. Stressed cells were cultured in 0.5% FBS. The cells were then 

washed once with 1 x dilution buffer before being treated with 20 M JC-1 dye 

in 1 x dilution buffer for 20 minutes at 37°C in the dark. After removing the JC-

1 dye and washing the cells with 1 dilution buffer, 100 µL of fresh 1 dilution 

buffer was added to each well. Using a Spark multimode microplate reader, the 

red fluorescence excitation (535 nm)/emission (590 nm) and green 

fluorescence excitation/emission (475 nm/530 nm) were detected (Tecan 

Group Ltd.). After subtracting the background fluorescence from the 

fluorescence of treated cells, the ratio of red (polarised) fluorescence to green 

(depolarized) fluorescence was obtained. 
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Protein analysis  

Western blotting 

Cells were collected at 70-80% confluence and harvested for this assay. The 

cells were rinsed twice with ice-cold PBS before being scraped into 1 mL of 

PBS and centrifuged at 1200 rpm for 5 minutes at 4 °C. After discarding the 

supernatant, 100 µL of a radioimmunoprecipitation assay buffer containing 

protease and phosphatase inhibitors (Thermo Scientific, #78444) was added. 

After 30 minutes of incubation on ice, the cell lysate was centrifuged for 15 

minutes at 14,000 rpm and 4 °C to remove cell debris. Protein concentration 

was determined using the Pierce Bicinchoninic Acid (BCA) protein assay 

(Thermo Fisher Scientific, UK). At 95°C for 5 minutes, equal amounts of 

protein were denatured in 3 x Laemmli Buffer (70 mM Tris pH 6.8, 5% (v/v) - 

mercaptoethanol, 40% (v/v) glycerol, 3% (w/v) SDS, 0.05 (w/v) Bromophenol 

Blue). On 4 - 20 % SDS polyacrylamide gels, proteins were separated according 

to their molecular weight. Proteins were transferred to PVDF (polyvinylidene 

difluoride) membranes (Millipore) in transfer buffer (48 mM Tris, 39 mM 

glycine, 20 percent methanol, 1.3 mM SDS, final pH 9.2) at a constant current 

of 120V for 1.5 hours. With Intercept (PBS) blocking buffer (Licor), 

membranes were blocked for an hour at room temperature to reduce nonspecific 

protein binding. Membranes were incubated overnight at 4°C in a shaking 

incubator with diluted primary antibodies.  After four 5-minute washes with 
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TBS-T, membranes were incubated for one hour at room temperature with 

IRDyeanti-rabbit or anti-mouse IRDye® 800CW and IRDye® 680RD 

secondary antibodies (Abcam). The membranes were then rinsed three 

times more before the membrane was scanned on an Odyssey® Imaging System 

(Licor). 

Immunofluorescence 

Cells were grown on coverslips for at least 18 hours before being washed, fixed, 

permeabilised, blocked, and incubated overnight with primary antibodies. 

Subsequently, the coverslips were washed with PBS, incubated for 1 hour at 

room temperature with Alexa-fluor 488 conjugated secondary antibodies (Life 

Technologies), washed again with PBS, and embedded in Prolong DAPI-

containing antifade mountant (Invitrogen). The fluorescence was detected using 

a 40x objective and an Olympus spinning disk confocal microscope. The images 

were acquired as groups of colour images and analyzed using Image J software. 
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Proteomic analysis  

Liquid chromatography-tandem mass spectrometry analysis.  

The proteomic dataset was generated using LC–MS/MS on CHL-1 and B16 

(WT and KO) samples. The samples were reduced (30 minutes at room 

temperature) with 5 mL of 200 mM dithiothreitol and alkylated (30 minutes at 

room temperature) with 20 mL of 200 mM iodoacetamide, followed by 

methanol-chloroform precipitation. The pellets were reconstituted in 6 M urea 

in 400 mM TrisHCl, pH 7.8. The urea was diluted to 1 M in 400 mM Tris-HCl, 

pH 7.8, and proteins were digested at a ratio of 1:50 with trypsin overnight at 

37°C. Following acidification to a final concentration of 1% formic acid, the 

samples were desalted using Sola HRP SPE cartridges (ThermoFisher 

Scientific) and dried in a SpeedVac (3-6 hours). 

Additionally, samples were desalted online (PepMAP C18, 300 mm 3 5 mm, 5 

mm particle, ThermoFisher Scientific) for 1 minute at a flow rate of 20 mL/min 

and separated over 60 minutes on an EASY-Spray column (PepMAP C18, 75 

mm 3 500mm, 2 mm particle, ES803, ThermoFisher Scientific) using a gradient 

of 2–35 percent acetate. Separation and analysis were carried out using standard 

parameters (Universal Method (60)) a Dionex Ultimate 3000 RSLC system 

coupled to an Orbitrap Fusion Lumos platform (both ThermoFisher Scientific). 

MS scans between 400 and 1,500 m/z were acquired at a resolution of 120,000 

with an AGC target of 4.0E5. MS/MS spectra were acquired in the linear ion 
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trap (rapid scan mode) following collision-induced dissociation (CID) 

fragmentation at a collision energy of 35% and an AGC target of 4.0E3 for up 

to 250 ms, with a maximum duty cycle of 3 seconds, prioritizing the most 

intense ions and injecting ions for the entire parallelizable time available. For 

30 seconds, selected precursor masses were omitted (60) 

Quantitative analysis of the mass spectrometry data was performed using the 

MaxQuant software platform (Cox and Mann, 2008) (version 1.6.2.3), with 

database searches against either the reviewed Uniprot Homo sapiens database 

or Mus musculus database. A reverse decoy database was created, and results 

for peptide spectrum matches and protein identifications were displayed with a 

1% FDR. Trypsin, two missed cleavages, a fixed modification of cysteine 

carbamidomethylation, and variable modifications of methionine oxidation and 

protein N-terminal acetylation were used as search parameters. The MaxLFQ 

algorithm was used to perform label-free quantification with an LFQ minimum 

ratio count of 2. The 'Match between runs' function was used with 0.7- and 20-

minute match and alignment time limits, respectively.  
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Quantitative analysis of mass spectrometry data 

The quantitative analysis of significant differences in protein abundance 

between WT and KO samples, as well as data visualization, were carried out 

using the Perseus software platform  (61)(version 1.5.2.4) and biological 

replicate LFQ values. The quantitative analysis was omitted for peptides for 

which more than two values were missing from three biological replicates. The 

remaining data were uploaded to Perseus as a data matrix with the respective 

LFQ intensities as main columns. Filtering on categorical columns reduced the 

data matrix by removing protein groups identified solely by site, reverse decoy 

hits, and potential contaminants. Logarithmic transformations (log2(x)) and 

median subtraction were used to normalize the data. 

Missing data points were imputed using the normal distribution and visualized 

as LFQ intensity histograms with imputed values (per biological replicate). On 

validated values, principal component analysis (PCA) was performed. A 

volcano plot was created using the LFQ intensities and a two-way Student's t-

test was used to determine whether there was a significant difference in protein 

abundance between the WT and KO samples. With 250 randomizations and S0 

= 0.1, a permutation-based false-discovery rate (FDR) was determined 

(default). 
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Functional and pathway analysis. 

The WEB-based Gene SeT AnaLysis Toolkit (http://www.webgestalt.org/; 

revision 2017) is a widely used software tool for functional enrichment analysis 

in seven biological contexts. As a result, this software was used to conduct GO 

enrichment analysis in the current study. The false discovery rate (FDR) for the 

GO and pathway analysis of the DEGs was set to 0.05(62). 
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Generating TPC2 knockout cell lines using CRISPR-

Cas9  

Guide RNA design using Synthego Design Tool 

To minimize potential off-target effects, guide RNAs were designed using the 

Synthego Design Tool. Gene name and species were entered, and the top three 

gRNAs were selected to knock out TPC2. The following primer sequences were 

used for genotyping:  

Table 1. Primer’s sequence of CRISPR-Cas9 genotyping. 

Gene Primer sequence 
 

TPCN2 Mouse 
F: GGTATTACTCGAACGTCTGCCAACGGT 

R: TTCAAAGCCAAAGCTCACTAGCAA 
 

TPCN2 
Human 

F: GATAGGGCGGTTACCATCATC 
R: CTCACCGGGTCAAAGTACAA 

 

Lipofectamine 2000 transfection 

For CRISPR-Cas9, B16 and CHL-1 cells were seeded overnight to achieve a 

confluence of approximately 50%-60% the following day. 3 µM Cas9 nuclease, 

3 µM single guide RNA (sgRNA), and 1 µL Lipofectamine CRISPRMAX Cas9 

Plus reagent were added to 30 µL OPTIMEM, reduced serum free medium. 

RNPs were incubated at room temperature for ten minutes. Transfection 

solution was prepared in a separate tube using 1.5 µL Lipofectamine 
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CRISPRMAX Transfection Reagent in a final volume of 25 µL and incubated 

for 5 minutes at room temperature. The tube contents were incubated for 10 

minutes. Each sgRNA was transfected into 5 x 104 suspended cells. The single 

clone assay was performed three days later. B16 cells were seeded on coverslips 

and used at a confluence of 70% in a 24-well plate for TPC2 overexpression 

and silencing. In a 12-well plate, 100,000 CHL-1 cells were seeded. TPC2 

siRNA (Qiagen) was used at a concentration of 10 nM. Lipofectamine 2000 

(Life Technologies) was used to transfect the cells according to the 

manufacturer's protocol. 

Single clone assay 

2,000 cells were seeded in 200 µL of 20% FBS DMEM in each well of a 96-

well plate. On the first row, a first dilution series was performed; 100ul were 

transferred to the following wells. The second dilution series was performed by 

adding 100 µL to the first row and 100 µL to each subsequent row until the plate 

reached the end, resulting in a final volume of 200 µL per well. 
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RNA analysis 

RNA extraction 

RNA was isolated using the RNeasy kit (QIAGEN, #75144) according to the 

manufacturer's instructions from cell lysates collected from cultivated cells or 

homogenised tumour tissue. In 700 µL of RTL buffer containing 0.1 M -

mercaptoethanol, cells were lysed. Cell lysate was transferred to an extraction 

column for the RNA to bind to the membrane. The membrane was then treated 

with DNase I (QIAGEN, 15200-50) diluted in RDD buffer to digest the genomic 

DNA. The column was incubated for 15 minutes at room temperature and then 

washed with 350 µL of RW1 buffer. The RNA was eluted in 30 µL of DEPC-

treated RNase-free Water and then quantified using a NanoDrop 2000c 

Spectrophotometer. 

Reverse transcription (RT) 

RNA samples were reverse-transcribed into complementary DNA (cDNA) using 

the SuperScript® III First-Strand Synthesis SuperMix (Invitrogen, #11752-050) 

according to the manufacturer's instructions. 2 µL of the enzyme mixture 

comprising reverse transcriptase, 1 µg of total RNA, and 10 µL of the 2 x RT 

reaction buffer (containing random primers and dNTPs) were added to a PCR 

tube, followed by the addition of RNase-free water to form the final volume of 
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20 µL. The contents were mixed gently and placed in a Thermo Cycler for 10 

minutes at 25°C, 30 minutes at 50°C, and 5 minutes at 85°C, respectively. The 

cDNA samples were utilised immediately or frozen at -20°C. 

Quantitative real-time PCR (qRT-PCR) 

QRT-PCR reactions were performed using SYBR Select master mix (PowerUP, 

Thermo) according to the manufacturer's instructions. 20 ng of cDNA and 10 

pmol of forward and reverse primers were added to 10 µL of 2 x SYBR Select 

Master Mix with SYBR GreenER Dye for each reaction. 20 µL of RNase-free 

water was added to make up the total volume. The reaction mixture was then 

loaded to the Applied Biosystems QuantStudio 5 Real-Time PCR System in 

order to measure the expression relative to a housekeeping gene. The real-time 

PCR was performed with primers specific for ANKDR1, CTGF, CYR61, YAP, 

TAZ, TPC2, ORAI1, STIM1, PKC-II, INF2 (Invitrogen). As an internal control, 

GAPDH and actin were used. The Ct method was used to determine the relative 

level of mRNA expression. 
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Table 1. Primer sequences for qPCR 

Gene Forward Reverse 

CTGF AGGAGTGGGTGTGTGACGA CCAGGCAGTTGGCTCTAATC 

CYR61 CCTTGTGGACAGCCAGTGTA ACTTGGGCCGGTATTTCTTC 

ANKRD1 AGTAGAGGAACTGGTCACTGG TGGGCTAGAAGTGTCTTCAGAT 

YAP GCACCTCTGTGTTTTAAGGGTCT CAACTTTTGCCCTCCTCCAA 

TAZ(WWTR1) GGCTGGGAGATGACCTTCAC CTGAGTGGGGTGGTTCTGCT 

GAPDH GGAGCGAGATCCCTCCAAAAT GGCTGTTGTCATACTTCTCATGG 

STIM ATCTCACAGCTCATGGTATGCTCC GGAAGGTGCCAAAGAGTGTGTTTC 

ORAI TACTTGAGCCGCGCCAAGCTTAAA ACCGAGTTGAGATTGTGCACGTTG 

PKCβII GACCAAACACCCAGGCAAAC GATGGCGGGTGAAAAATCGG 

INF2 CACATCCAACGTGATGGTGAAG GGAGAGCTCGTTCATGACAATG 

 

Measurements of metabolic fluxes 

In a Seahorse XF96 Cell Culture Microplate (Seahorse Bioscience, Billerica, 

MA, USA), adherent cells were seeded at a density of 2 x 104 cells per well in 

normal growth media (cell line specific). Plates were rocked at 25°C for 20–40 

minutes to ensure an even distribution of cells within wells. After that, the plate 

was incubated overnight at 37°C to allow the cells to adhere. The next day, 

growth media were replaced with Seahorse Phenol Red-free DMEM with or 

without glucose. Using an XF96 Extracellular Flux Analyzer, cellular 

respiration (oxygen consumption rate (OCR) and extracellular acidification rate 

(ECAR) were determined. Each group had a mean value calculated. 
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In vivo tumour growth assay  

Animals were obtained from Jackson Laboratories as 7–8-week-old female 

C57BL/6J mice that are free of specific pathogens (SPFs) (Bar Harbor, ME). 

The animals were housed in a controlled environment. TPC2 B16 wild-type and 

B16 TPC2 knockout cells was subcutaneously injected into the right flank of 

experimental mice (1 x 107 cells in 0.2 mL). Over the course of the study, 

tumour volumes and body weights were measured and recorded twice weekly. 

The study lasted 28 days. The Institutional Animal Care and Use Committee at 

King Saud University (KSU) approved the protocol for the animal experiments 

described in this proposal. 

Histopathology 

Mice livers and spleens were removed at the conclusion of the experiment, cut 

into small pieces, and fixed in 10% neutral buffered formalin. Dehydrated 

samples were embedded in wax and then sectioned at a thickness of 5 µm. HER 

stain was used to stain the sections, which were then examined and 

photographed microscopically (Motic-2000). Sections of spleen were subjected 

to area measurements of lymph nodes using microscope programs at a 

magnification of 100x for ten fields in each group, and then volume was 

calculated using the formula: A sphere's volume is equal to 4/3r3. The data were 

analyzed statistically using the ANOVA test, with a P value of 0.05 considered 

significant. The data were expressed as Standard Error of the Mean (SEM). 
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Kaplan Meier analysis 

GEPIA (63) was used for our Kaplan maier analysis, this being a webserver that 

extracts data from the Cancer Genome Atlas (TCGA) data portal and the GTEx 

normal tissue database (http://gepia. Cancer-pku.cn). 

On the basis of TPCN2 gene expression, overall survival (OS) and disease-free 

survival (DFS) were also analyzed. The GEPIA considers the Log-rank test 

when it comes to hypothesis testing. A hazard ratio (HR) was chosen based on 

the Cox PH model and this also included appropriate information to depict the 

dotted line as the 95 percent confidence interval (CI). The median value of 50% 

(TPCN2 expression) was used to divide the TPCN2 high- and low-expression 

cohorts. As a result, samples with TPCN2 expression levels greater than or 

equal to 50% were used as the high-expression cohort (cutoff-high) and samples 

with TPCN2 expression levels of less than 50% as the low-expression cohort 

(cutoff-low), respectively. 
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Statistical analyses 

As indicated in the Methods section, each experiment was conducted in 

biological triplicates or more. The parametric, unpaired, two-tailed Student's t-

test was applied to determine the statistical significance of two-group 

experimental results.. Multiple-group data sets were compared using one-way 

analysis of variance (ANOVA) and Bonferroni post hoc tests. The data are 

expressed as means ± SEM. P < 0.05 was deemed to indicate statistical 

significance. Excel and GraphPad Prism software version 6.0 were utilised for 

the purpose of conducting the analysis on the experimental parameters. 
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Chapter 3 

The effect of TPC2 knockout on 

tumourigenesis and metastasis in vitro 

in melanoma cell lines 

 
 
 
 
Part of the material presented in this chapter was published in D’Amore, A.; 
Hanbashi, A.A.; Di Agostino, S.; Palombi, F.; Sacconi, A.; Voruganti, A.; Taggi, 
M.; Canipari, R.; Blandino, G.; Parrington, J.; Filippini, A. Loss of Two-Pore 
Channel 2 (TPC2) Expression Increases the Metastatic Traits of Melanoma 
Cells by a Mechanism Involving the Hippo Signalling Pathway and Store-
Operated Calcium Entry. Cancers 2020, 12, 2391. I have generated all the data 
presented in this chapter except for figures 7 and 8, which were generated in 
collaboration with Dr. D'Amore.  
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Introduction  

Melanoma is a malignant tumour originating from transformed melanocytes – 

cells that normally produce melanin (64). The B16 mouse melanoma cell line 

was isolated in 1930 and has been widely utilized in over 17,000 publications 

to date (65). Through in vivo and in vitro variant selection, the B16 line was 

developed in Fidler’s laboratory. This cell is highly pigmented and has been 

extensively utilized to evaluate melanoma cell biology, tumour formation, and 

anti-tumour immune responses (66) Amelanotic melanoma is a rare form of 

human melanoma cancer and generally difficult to diagnose in the first stage 

due to its lack of pigmentation. Therefore, finding new markers to recognize 

this form of melanoma at an early stage of tumourigenesis is an important goal 

that could have major therapeutic benefits. CHL-1 cells are a model of a human 

amelanotic melanoma and are derived from a metastatic site. Exploring the role 

of TPC2 in the CHL-1 and B16 cell lines was the primary objective of this 

section.  
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Generation of TPC2 knockout cells in the CHL-1 and 

B16 cell lines using CRISPR-Cas9  

To create a stable TPC2 knockout CHL-1 cell line, we used CRISPR-based 

genome engineering technology. The workflow for generating a CRISPR 

knockout comprises three steps. First, guide RNAs (gRNAs) are designed using 

Synthego's CRISPR Design Tool to maximize the on-target score while 

minimizing off-target effects. Second, CRISPR components are introduced into 

cells, resulting in high editing and knockout (KO) efficiencies. Third, edited 

regions are sequenced and analyzed using Synthego's ICE tool, generating 

NGS-quality results in seconds. After testing three gRNAs, the gRNA with the 

highest KO score was selected to create a frameshift. The gRNA 

(CGUGCUGGUGAGUGAGGAUG) targeted the 

CCTCCACAAAAGCCAAGATC sequence in the TPCN2 exon 4 in the Homo 

sapiens genome as illustrated in Figure 1A. Synthego's ICE tool was used to 

assess the efficiency of the gene editing in different clones and the clone with 

the highest KO score was selected to be further analyzed (Figure 1B). The 

selected clone showed 95% editing efficiency and Model Fit (R2) equal to 0.955 

(Figure 1C). The ICE also showed the Sanger sequence view of wild-type 

(control) sequences in the region around the guide sequence and edited sample 

which showed mixed sequencing bases after the cut site as a result of cutting 

and error-prone repair (Figure 1D). 
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Figure 1. Generation of CHL-1 cell line TPC2 Knockout using CRISPR-Cas9.  
A) Schematic of CRISPR-Cas9 strategy used for CHL-1 human melanoma cell line. B) ICE 
analysis of possible KO clones, CHL-1 clone G10 was selected. KO-Score indicates the 
percentage sequences that are putative knockout. C) The discordance and the indel 
plots which show the level of alignment per base between the wild type (control) and 
the edited sample in the inference window (the region around the cut site) and the 
indel plot displays the inferred distribution of indels in the entire edited population of 
genomes. D) Sanger sequence view of edited and wild-type (control) sequences in the 
region around the guide sequence. The horizontal black underlined region represents 
the guide sequence. The horizontal red underlined region is the PAM site. The vertical 
black dotted line represents the actual cut site.  
 

DNA and amino acid sequences of wild type and edited CHL-1 cells were 

analyzed to further confirm the knocking out of TPC2. In Figure 2A, the Sanger 

sequences of the targeted site of wild type and edited cells were aligned, and a 

5 base pair deletion was detected at the cut site of modified cells. This is a 

frameshift mutation that led to a premature stop codon. The DNA sequences 

were translated to amino acids by CLC sequence viewer 8. The alignment of 

amino acids showed the effect of the frameshift. To provide additional 

validation, the levels of TPC2 RNA expression were assessed in both cell lines. 

When CHL-1 altered, cells were compared to wild type cells, TPC2 expression 

was significantly reduced (Figure 2C). CRISPR-Cas9 technology thus allowed the 

generation of stable TPC2-deficient CHL-1 cells.  
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Figure 2. Sequence analysis of CHL-1 WT and CHL-1 edited cells generated by CRISPR-
Cas9 targeting.  
A) DNA sequence alignment of wild type and edited cells. The alignment shows a 5 base 
pair deletion (red box) in the CHL-1 edited cells. B) Amino acid sequences generated 
from the upper DNA sequences were aligned and a confirmation of change was 
observed after the cut site (red box).  C) qPCR analysis for TPC2 transcript levels in CHL-
1 (WT and KO) cells. 
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Figure 2. Sequence analysis of CHL-1 WT and CHL-1 edited cells generated by
CRISPR-Cas9 targeting. A) DNA sequence alignment of wild type and edited cells. The
alignment shows 5 base pair deletion (red box) in the CHL-1 edited. B) Amino acid
sequences which generated from the upper DNA sequences were aligned and a confirmation
of changing was observed after the cut site (red box). C) qPCR analysis for TPC2 transcripts
level in B16-F0 (WT and KO) and CHL1 (WT and KO).
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Similarly, CRISPR-based genome engineering technology was used to establish 

a stable TPC2 depleted B16 cell line. As shown in Figure 3A, the gRNA 

(CCUCCACAAAAGCCAAGAUC) targeted the CCTCCACAAAAGCCAAGATC region 

in the TPC2 axon 4 of the Mus musculus genome. The ICE tool from Synthego 

was used to assess the efficacy of gene editing in several clones, and the clone 

with the highest KO score was chosen to be further investigated (Figure 3B). 

The chosen clone has a Model Fit (R2) of 0.96 and a 96 percent editing efficiency 

(Figure 3C). The ICE also displayed a Sanger sequence view of wild-type (control) 

sequences in the region surrounding the guide sequence, as well as an edited 

sample with mixed sequencing bases after the cut site due to cutting and error-

prone repair (Figure 3D).  
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Figure 3. Generation of B16 cell line TPC2 knockout using CRISPR-Cas9.  
A) Schematic of CRISPR-Cas9 used for B16 murine melanoma cell line B) ICE analysis of 
possible KO clones, from which B16 clone H4 was selected. KO-Score indicates the 
percentage sequences that are putative knockouts. C) The discordance and the indel 
plots which show the level of alignment per base between the wild type (control) and 
the edited sample in the inference window (the region around the cute site) and the 
indel plot displays the inferred distribution of indels in the entire edited population of 
genomes. D) Sanger sequence view of edited and wild-type (control) sequences in the 
region around the guide sequence. The horizontal black underlined region represents 
the guide sequence. The horizontal red underline is the PAM site. The vertical black 
dotted line represents the actual cut site.  
 
To confirm the knocking out of TPC2, DNA and amino acid sequences of wild 

type and altered B16 cells were analyzed. The Sanger sequences of the targeted 

location of wild type and edited cells were aligned in Figure 4A, and a 4 base 

pair deletion was found at the modified cells' cut site. A premature stop codon 

resulted from a frameshift mutation. CLC sequence viewer 8 was used to 

convert the DNA sequences to amino acids (Figure 4B). The frameshift was 

visible in the alignment of amino acids. TPC2 RNA expression levels were 

measured in both cell lines to provide additional validation. TPC2 expression 

was significantly reduced when B16 modified cells were compared to wild type 

cells (Figure 4C). 
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Figure 4. Sequence analysis of B16 WT and B16 edited cells generated by CRISPR-Cas9 
targeting.  
A) DNA sequence alignment of wild type and edited cells. The alignment shows a 5 base 
pair deletion (red box) in the B16 edited cells. B) Amino acid sequences generated from 
the upper DNA sequences were aligned and a confirmation of changes was observed 
after the cut site (red box).  C) qPCR analysis for TPC2 transcript levels in B16 (WT and 
KO) cells. 
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Figure 2. Sequence analysis of CHL-1 WT and CHL-1 edited cells generated by CRISPR-
Cas9 targeting. A) DNA sequence alignment of wild type and edited cells. The alignment
shows 5 base pair deletion (red box) in the CHL-1 edited. B) Amino acid sequences which
generated from the upper DNA sequences were aligned and a confirmation of changing was
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Migration and proliferation  

Invasion of cancer cells, also known as metastasis, is a significant hallmark of 

cancer. The metastatic cascade is a complex process that is related to invasion. 

It involves the invasion of surrounding tissues, intravasation, transit through the 

circulatory system, arrest at a secondary site, and extravasation and growth in 

a secondary organ. A transwell assay was used to evaluate the invasive ability 

of cells in vitro. Cell invasion is quantified by counting the number of individual 

cells that invade a transwell porous membrane coated with extracellular matrix. 

When compared to CHL-1 WT cells, CHL-1 KO cells showed a statistically 

significant increase in their ability to invade membranes as shown in Figure 5A.  

Cell proliferation refers to the rate at which a cancer cell copies its DNA and 

divides into two cells. An increase in the rate at which cancer cells divide 

indicates that the cancer is developing more quickly or that it is becoming more 

aggressive in its progression. Therefore, it is crucial to understand how TPC2 KO 

cells proliferate. The xCELLigence real-time cell analysis (RTCA) system was used 

to study this phenotype. The RTCA system is a cutting-edge device that enables 

real-time monitoring of cell growth via a label-free cell-based assay that 

monitors impedance fluctuations in the culture media. Normalized cell index 

curves (Figures 5B, C) were generated for all impedance profiles during a 120-

hour period. They were calculated using the CI, which is a dimensionless relative 
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value that represents the impedance change divided by the background value 

and so indicates the total number of cells and the quality of their attachment. 

The CI fluctuated with time, producing time-dependent impedance profiles 

during an experiment. The normalized CI values for CHL-1 WT cells were 0.43, 

0.47, 0.63, 0.99, and 1.32 for every 24 hours in the experiments, while the 

normalized confidence intervals for CHL-1 KO cells were 0.56,0.79, 0.97,1.02, 

and 0.6 (Figure 5B, C). These results indicated that TPC2 KO has an initial 

positive effect on the initial stages of CHL-1 growth and then further accelerates 

it. However, after 100 hours, CHL-1 KO cells displayed a drastic reduction in 

growth rate, but WT cells continued to proliferate. 
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Figure 5. Invasion and proliferation phenotype of CHL-1 WT vs KO cells. 
A) Transwell assay after 24 hours incubation on Matrigel matrix. The scale bar 
represents 20 µm. B, C) The RTCA proliferation curves and values. The proliferation 
rate was monitored for 120 hours by measuring CI values. A show the change in CI for 
the whole experiment’s duration while D shows CI measures at specific time points. 
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Figure 3 Invasion and proliferation phenotype of CHL1 WT vs KO cells.
A) Transwell assay after 24h incubation on Matrigel matrix. B,C) The RTCA
proliferation curves and values. The proliferation rate was monitored for 120
hr. by measuring CI values. A shows the change in CI for the whole
experiment’s duration while D shows CI measures at specific time.
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The next trait to be assessed was a cell's invasion capacity. Comparing B16 WT 

cells to TPC2 KO cells, it was found that the ability of the KO cells to invade the 

transwell membrane was significantly reduced (Figure 6A). Tumour 

vasculogenic mimicry is a unique cancer signature that has emerged in recent 

years (VM). VM is a term used to describe the formation of patterned three-

dimensional (3D) channel networks by malignant melanoma cells(67). 

Interestingly, we discovered that TPC2 KO cells are incapable of forming vessel-

like structures in comparison to WT cells (Figure 6B).  

Furthermore, real-time monitoring of cellular proliferation was performed for 

120 hours utilising RTCA. The normalized CI values for B16 WT cells were 3.2, 

4.4, 5.7, and 8.4 for each of the 24-hour periods, while the normalized 

confidence intervals for B16 TPC2 KO were 9.3, 9.6, 15.3, and 4.4 (Figure 6C, D). 

According to these findings, TPC2 KO initially enhanced growth for three days 

after application. As was the case with CHL-1 TPC2 KO cells, the rate of B16 KO 

cell growth was reduced on the fourth day, although the rate of B16 WT cell 

growth remained constant.  
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Figure 6.  Invasion and proliferation phenotype of B16 WT vs TPC2 KO cells. 
A) Transwell assay after 24 hours incubation on Matrigel matrix. The scale bar 
represents 20 µm. B) Representative images of tube formation assays comparing WT 
and KO (left panel) for 4 hours, and the quantitative data of tube formation assays 
(right panel). ***, P=0.0001; ****, P<0.0001 C, D) The RTCA proliferation curves and 
values. The proliferation rate was monitored for 120 hours by measuring CI values. A 
show the change in CI for the whole experiment’s duration while D shows CI measures 
at specific time points. 
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Overall, CHL-1 TPC2 KO and B16 TPC2 KO cells showed different invasion 

capability compared to their WT controls. CHL-1 KO cells showed an increase in 

their ability to invade the transwell membrane whereas B16 KO cells were less 

invasive. In real-time monitoring of cellular proliferation, both CHL-1 and B16 

KO cells showed a similar trend whereby KO cells showed a higher proliferation 

rate for three days then the rate dropped while WT cells showed a more gradual 

increase in the growth rate, but this was maintained after three days.  
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TPC2 and the Hippo pathway 

The potential links with an important developmental pathway associated with 

tumour initiation and progression were studied to obtain insights into the 

molecular mechanisms driving the apparent increased aggressiveness of CHL-1 

TPC2 KO cells. Recent advances in cancer research have shown the pivotal roles 

played by YAP/TAZ and the transcriptional effectors of Hippo signalling in 

tumour initiation and progression. Their activity has been linked to poor 

prognosis and can influence proliferation, invasion, and metastasis(68). 

Increased YAP levels have been associated with reduced survival in individuals 

with melanoma (69), and TAZ activation has been associated with lung cancer 

brain metastases (70). The expression of ankyrin repeat domain-containing 

protein 1 (ANKRD1), cysteine-rich 61 (CYR61), and connective tissue growth 

factor (CTGF), which are regarded to be genuine YAP/TAZ target genes, was 

examined to determine the activation state of YAP/TAZ (71). This analysis 

showed all these target genes were significantly upregulated in CHL-1 TPC2 KO 

cells, showing that the YAP/TAZ transcriptional activation pathway was 

activated in these cells (Figure 7A). In order to validate the existence of direct 

crosstalk between TPC2 and YAP/TAZ target genes, we transiently silenced TPC2 

in the CHL-1 cell line for 24 hours. We observed an increase in the expression 

of ANKRD1, CTGF, and CYR61 at 24 hours post transfection (Figure 7B, C). These 
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findings confirm the link between TPC2 and YAP/TAZ target genes and imply 

that TPC2 plays a novel role in late-stage cancer. 

  

Figure 7. TPC2 KO and silencing induces YAP/TAZ target genes. 
 A) q-PCR analysis of YAP/TAZ target genes in CHL-1 TPC2-WT and KO cell lines. B) TPC2 
transient inhibition after 24h from CHL-1 transfection. C) q-PCR analysis of YAP/TAZ 
target genes after transient silencing of TPC2.  
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Figure 7 TPC2 KO and silencing induces YAP/TAZ target genes. A) q-PCR analysis of YAP/TAZ target genes in CHL1 TPC2-WT and KO 
cell lines. B)TPC2 transient inhibition after 24h from CHL1 transfection. C)q-PCR analysis of YAP/TAZ target genes after transient silencing 
of TPC2.D) q-PCR analysis of ORAI1 and STIM1 in CHL1 TPC2-WT and KO cell lines. E) q-PCR analysis of ORAI1 and STIM1 after 
transient silencing of TPC2. F) q-PCR analysis PKC- βII and INF2 in CHL1 TPC2-WT and KO cell lines. 
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A critical issue to address is how the absence of an endolysosomal ion channel 

such as TPC2 affects the activity of YAP/TAZ. We and others have demonstrated 

that TPC2 is a modulator of Ca2+ signalling responses in cells(72,73). As yet, the 

only known relationship between YAP/TAZ activity and Ca2+ signalling is via 

store operated Ca2+ entry (SOCE), a mechanism in which the endoplasmic 

reticulum (ER) Ca2+ store is replenished via an interaction between the ER 

protein STIM1 and the plasma membrane ion channel ORAI1(74). In 

glioblastoma cells, induction of SOCE reduced YAP/TAZ activity via activating 

PKC-II (75). This kinase is involved in the phosphorylation of MST1/2 and LATS 

1/2, two signalling components of the Hippo pathway. YAP/TAZ are 

phosphorylated and sequestered in the cytoplasm upon activation by 

phosphorylation. Additionally, the glioblastoma study demonstrated that SOCE-

induced elevations in Ca2+ resulted in actin cytoskeleton remodelling mediated 

by INF2 (75). The current study examined ORAI1 and PKC-II expression levels. 

TPC2 KO cells exhibited significant downregulation of ORAI1 and PKC-II 

expression (Figure 8A-C); however, STIM1 and INF2 expression remained 

unaltered. Additionally, a decrease in ORAI1 expression was detected following 

TPC2 temporary silencing (Figure 8B). An in-depth look at protein localization 

and expression of ORAI1 was conducted. Immunofluorescence and confocal 

imaging were used to determine ORAI1 localisation in WT and TPC2 KO cells. 

ORAI1 and b-actin showed protein expression in both cell lines, and an average 
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of z-stack images was created to assist in the localization of ORAI1. Unlike in WT 

cells, where ORAI1 was shown to be dispersed throughout the cytoplasm, 

ORAI1 was highly localised to the cell membrane in KO cells. The ORAI1 level in 

CHL-1 TPC2 KO cells was also found to be significantly lower when measured by 

Western blot (Figure 8D, E). 

 

 
Figure 8. TPC2 KO and silencing reduce SOCE compartments.  
A) q-PCR analysis of ORAI1 and STIM1 in CHL-1 WT and TPC2 KO cell lines. B) q-PCR 
analysis of ORAI1 and STIM1 after transient silencing of TPC2. C) q-PCR analysis of PKC-
βII and INF2 in CHL-1 WT and TPC2 KO cell lines. D) Immunofluorescence expression 
and localization of ORAI1 and β-actin in CHL-1 cells (WT and TPC2 KO). Quantification 
of ORAI1 fluorescence staining intensity is shown (Mean CTCF values ± SEM). E) ORAI1 
expression analyzed by western blot in WT and KO cells. The scale bar represents 10 µm. 
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Figure 7 TPC2 KO and silencing reduce SOCE compartments . A) q-PCR analysis
of ORAI1 and STIM1 in CHL1 TPC2-WT and KO cell lines. B) q-PCR analysis of
ORAI1 and STIM1 after transient silencing of TPC2. C) q-PCR analysis PKC- βII and
INF2 in CHL1 TPC2-WT and KO cell lines. D) Immunofluorescence expression and
localization of ORAI1 and β-actin in CHL1 (WT and TPC2 KO). E) ORAI1 expression
analyzed by western blot in WT and KO cells.
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Discussion   

TPC2 has previously been shown to play a role in the progression of cancer. 

Nguyen et al. (76) demonstrated that silencing and pharmacological inhibition 

of this channel impairs the migration of human urinary bladder and hepatic 

carcinoma cells in vitro, as well as murine breast cancer cells in vitro and in 

vivo. However, the current study shows for the first time that TPC2 is involved 

in the aggressiveness of metastatic melanoma cells, and it clearly suggests that 

this involvement in human metastatic melanoma cells differs from what is 

already known about the role of TPC2 in other human cancer cell lines 

generated from original tumours. 

To investigate the role of TPC2 in melanoma tumorigenesis and metastasis, 

TPC2 knockout cells were generated in the CHL-1 and B16 cell lines. CHL-1 

cells are derived from a metastatic site and serve as a model of human 

amelanotic melanoma. CHL-1 cells do not have mutated BRAF, NRAS, or NF1. 

Therefore, CHL-1 is classified as a triple WT metastatic melanoma cell line 

based on these premises. B16 cells are a highly pigmented mouse melanoma 

cell line that have been extensively used to study melanoma cell biology. We 

employed CRISPR-based genome editing to generate stable TPC2 KO CHL-1 

and B16 cell lines. In this study, the investigation of cancer's hallmarks began 

by an examination of melanoma cells’ potential to invade. The metastatic 

process entails invasion of surrounding tissues, intravasation, circulation, arrest 

at a secondary site, and extravasation and growth in a secondary organ. The 
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invasive potential of cells in vitro was determined using a transwell test. When 

CHL-1 KO cells were compared to CHL-1 WT cells, CHL-1 KO cells showed 

a statistically significant increase in their capacity to infiltrate membranes, 

whereas B16 KO cells demonstrated decreased invasion ability. 

Subsequently, cell proliferation rate was determined. The pace at which a cancer 

cell replicates its DNA and splits into two cells is referred to as cell 

proliferation. Increased cell division suggests that the cancer is progressing 

more rapidly or is becoming more aggressive in its progression. Thus, it is 

important to study how TPC2 KO cells multiply. This trait was investigated 

using the xCELLigence real-time cell analysis (RTCA) technology. In real-time 

monitoring of cellular proliferation, both CHL-1 and B16 KO cells had a similar 

pattern, with KO cells exhibiting a greater proliferation rate for three days 

before declining, whereas WT cells continued to proliferate at a higher rate. 

To ascertain the molecular basis for this increase in metastatic potential 

following TPC2 depletion in CHL-1 cells, we examined whether KO had any 

effect on the Hippo signalling pathway. Recently, it has been demonstrated that 

this route regulates cell proliferation and differentiation and contributes to the 

advancement of a variety of illnesses, including cancer (77). MST1/2 and the 

large tumour suppressor 1/2 (LATS1/2) are Hippo pathway components; thus, 

MST1/2 phosphorylates and activates LATS1/2, which can then phosphorylate 

the yes association protein (YAP) and its paralogue, the transcriptional 

coactivator with PDZ-binding motif (TAZ), inhibiting YAP/TAZ activity. 

When not inhibited in this manner, translocation of YAP/TAZ to the nucleus 
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activates target genes involved in cell growth, proliferation, and organ 

development (77). 

Increased YAP levels have been associated with reduced survival in individuals 

with melanoma (78), and TAZ activation has been associated with lung cancer 

brain metastases (79). To determine the status of YAP/TAZ activation, the 

expression of their target genes ankyrin repeat domain-containing protein 

(ANKRD1), cysteine-rich 61 (CYR61), and connective tissue growth factor 

(CTGF), was studied. Notably, all of these genes were significantly upregulated 

in CHL-1 TPC2 KO cells, implying YAP/TAZ activation. 

To determine independently whether there is a correlation between decreased 

TPC2 expression and increased expression of YAP/TAZ target genes, RNA 

interference (RNAi) was employed to transiently knockdown (KD) TPC2 

expression for 24 hours in the metastatic melanoma cell line CHL-1. Notably, 

elevated expression levels of ANKRD1, CTGF, and CYR61 mRNAs were 

detected in TPC2 KD cells using this fundamentally different technique [3]. 

Additionally, an investigation was made of whether the enhanced translocation 

of YAP/TAZ from the cytoplasm to the nucleus observed in TPC2 KO cells is 

related with higher activation of YAP/TAZ target genes. Using differential 

nucleus-cytoplasm protein extraction, an increase in YAP and TAZ in the 

nucleus was detected following TPC2 KO. Taken together, these data establish 

a relationship between decreased or absent TPC2 expression and transcriptional 

activation of YAP/TAZ target genes (80).  
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In contrast to our findings with CHL-1 cells, we detected no evidence of 

YAP/TAZ target gene activation following TPC2 KD in B16 cells. This is 

consistent with our discovery that knocking out TPC2 lowers metastatic 

characteristics in B16 cells, but not in CHL-1 cells. 

A critical topic is how the absence of an endolysosomal ion channel such as 

TPC2 affects the activity of YAP/TAZ. Our lab and others previously 

demonstrated that TPC2 acts as a modulator of Ca2+ signalling responses (81). 

Prior to our recent studies, the only known link between YAP/TAZ activity and 

Ca2+ signalling was via store-operated Ca2+ entry (SOCE), a process in which 

the endoplasmic reticulum (ER) Ca2+ store is replenished via an interaction 

between the ER protein STIM1 and the plasma membrane ion channel ORAI1 

(82). Thus, stimulation of SOCE reduced YAP/TAZ activity in glioblastoma 

cells via activation of PKC-II. PKC-II modulates the phosphorylation of 

MST1/2 and LATS 1/2, two components of the Hippo signalling pathway (77). 

ORAI1 and PKC-II expression levels were compared in this study. 

Interestingly, CHL-1 TPC2 KO cells exhibited a significant decrease in ORAI1 

and PKC-II expression, but STIM1 and INF2 expression remained unaltered. 

Additionally, a decrease in ORAI1 expression was detected following TPC2 

temporary silencing. This indicates that the absence of TPC2 may result in the 

activation of YAP/TAZ target genes, resulting in an increase in metastasis. A 

summary of this chapter’s methods and findings is illustrated in Figure 9. 
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Figure 9. An overview of the chapter’s methods and findings. 
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Chapter 4 

TPC2 KO effect on bioenergetic 

phenotypes, cellular cytoskeleton and 

melanin synthesis and release. 
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Introduction  

In cancer research, the proteomics approach has gained traction. Proteomics-

based technologies have enabled the identification of possible biomarkers and 

protein expression patterns that can be used to assess tumour prognosis, 

predict responses to specific therapies, and classify tumours. Additionally, to 

gain a better understanding of cancer's fundamental biology, proteomics 

approaches have been used to decipher how signalling pathways in tumour 

cells are altered, thereby increasing our understanding of how to target various 

pathways for cancer therapy(83). In this chapter, we examined the proteins that 

were differentially expressed following TPC2 knockout in B16 and CHL-1 cell 

lines. After bioinformatics analysis identified the altered cellular process in KO 

cells, molecular-based analysis was employed to confirm these findings. 
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Proteomic signature   

To further assess the effect of TPC2 KO on the CHL-1 cell line, a proteomic 

approach was used. Alterations in protein expression between WT and KO CHL-

1 cells were analyzed using a label-free proteomics approach. This resulted in 

the collection of 2772 identified proteins after filtering them using the Perseus 

software (removing possible contaminants and considering only proteins 

identified with at least one unique peptide) (Figure 10A). 

To ascertain probable expression differences between WT and KO cells, a 

principal component analysis (PCA) was used to determine the degree of 

similarity, as illustrated in Figure 10B. The histogram plot of log2-transformed 

ratio distributions revealed that the protein samples were generally distributed 

normally with relatively few outliers (Figure 10C). A scatter blot analysis was 

used to visualize the expression differences between samples (Figure 10D). In 

WT samples, Pearson correlation values were above 0.9, whereas in KO 

samples, Pearson correlation values were above 0.92. These findings reflect the 

group's similarity. To identify proteins that are highly enriched or depleted in 

KO cells, the fold change and p-value of each protein were plotted. There were 

303 proteins that differed significantly (74 upregulated and 87 downregulated). 

In Figure 10E, F, these proteins are shown in a volcano plot and correlated using 

hierarchical clustering analysis and a heat map. 
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Figure 4. Identification of differentially expressed proteins between WT and TPC2 KO in CHL-1 melanoma cells. A) Number of Identified proteins during
analysis and filtering process. B) Principal component analysis of the measurements, KOs are shown in red, Ctrls in blue. C) Histogram plot of the fold-
changes for all of the quantified proteins in log2-transformed ratios after normalization. D). Multiscatter analysis. To evaluate the similarity between
samples, a multiscatter analysis was performed. A Pearson correlation index close to 1 indicates high similarity.E) Volcano plot analysis of KO vs WT. F).
Hierarchical clustering analysis with heat map of the 303 proteins (rows) and the samples (columns).
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Figure 10. Identification of differentially expressed proteins between WT and TPC2 KO CHL-1 
melanoma cells. A) Number of identified proteins during analysis and filtering process. B) 
Principal component analysis of the measurements; KO cells are shown in red, control cells 
in blue. C) Histogram plot of the fold-changes for all of the quantified proteins in log2-
transformed ratios after normalization. D). Multiscatter analysis. To evaluate the similarity 
between samples, a multiscatter analysis was performed. A Pearson correlation index close 
to 1 indicates high similarity. E) Volcano plot analysis of KO vs WT cells. F). Hierarchical 
clustering analysis with heat map of the 303 proteins (rows) and the samples (columns).  
 

Gene set enrichment analysis (GSEA) was performed using WebGestalt (WEB-

based Gene SeT AnaLysis Toolkit) to evaluate the changes in gene ontology and 

signalling pathways associated with variably expressed proteins in CHL-1 TPC2 

KO cells. Among enriched categories in gene ontology, for Cellular Component, 

there were six positive associated categories and ten negative related 

categories (Figure 11A). Intercellular junction, actin cytoskeleton, endoplasmic 

reticulum, extracellular matrix, and mitochondrial inner membrane are all 

included in these classifications. Under enriched categories, for Biological 

Process analysis, ten positive associated categories and ten negative linked 

categories were identified (Figure 11B). Small molecule metabolic process 

regulation, organelle localization, cytoskeleton organization, intracellular 

transport regulation, proteasomal protein catabolic process regulation, actin 

filament-based process regulation, and sensitivity to oxygen levels are among 

the categories that were altered. When the Molecular Functions of altered 

proteins were analyzed, two positive associated categories and four negative 

related categories were identified as enriched categories (Figure 11C). Binding 
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of cell adhesion molecules, actin binding, and catalytic activity on RNA are all 

enhanced in TPC2 KO samples.  

 

 

Figure 11. Gene set enrichment analysis (GSEA) using WebGestalt (WEB-based Gene 
SeT AnaLysis Toolkit) between differently expressed proteins in WT and TPC2 KO CHL-
1 melanoma cells. A) Cellular Component. B) Biological Process. C) Molecular Function of 
the differentially expressed proteins in CHL-1 TPC2 KO cells. Among the 103 unique 
entrezgene IDs, 72 IDs are annotated in Cellular Component. In Biological Process (BP), 
97 IDs are annotated to BP and 84 IDs are annotated to Molecular Function, which are used 
for the enrichment analysis. 10 positive related categories and 10 negative 
related categories are identified as enriched categories. 
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Furthermore, proteins were assigned to Reactome pathways to gain insight 

about enriched pathways in TPC2 KO samples (Figure 12A). Ten categories with 

a positive correlation and another ten with a negative correlation are 

recognized as enriched categories. Signalling by TGF-beta receptor complex, 

Signalling by WNT, Transport of small molecules, Signalling by Rho GTPases, 

Cell-cell communication, and Extracellular matrix organization are significantly 

enhanced. The KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway 

showed enrichment in Regulation of actin cytoskeleton, Pathways in cancer, 

Focal adhesion, and Viral carcinogenesis (Figure 12B). Evaluating cancer 

Wikipathway analysis of changed proteins revealed three categories of 

positively associated proteins and three categories of negatively related 

proteins. The TGF-beta Signalling, Cell Cycle, Focal Adhesion-PI3K-Akt-mTOR-

signalling, and DNA Damage Response (only ATM dependent) pathways have 

been enriched based on cancer Wikipathways (Figure 12C). 
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Figure 12. Gene set enrichment analysis (GSEA) using WebGestalt (WEB-based Gene SeT 
AnaLysis Toolkit) between differently expressed proteins in WT and TPC2 KO in CHL-1 
melanoma cells. A) Pathway analysis by REACTOME. B) Pathway analysis by KEGG (Kyoto 
Encyclopedia of Genes and Genomes) C) Pathway enrichment by Wikipathway cancer 
of the differentially expressed proteins in CHL-1 TPC2 KO cells. 10 positive 
related categories and 10 negative related categories are identified as enriched 
categories. 
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The protein concentrations of some targets that were altered after TPC2 KO 

were compared to those from MS quantification data as a first step in 

confirming the findings. Proteomic study revealed a one-fold reduction in 

lamin-B1 in KO cells. Nuclear lamin-B1 (LB1) is a structural component of the 

nucleus that appears to regulate a variety of nuclear processes. The results of 

the Western blot mirrored the MS quantification data (Figure 13A). Evidence 

for downregulated proteins in the Focal Adhesion-PI3K-Akt-mTOR signalling 

pathway was the next finding to be validated. CHL-1 KO cells showed a 

reduction in phospho-AKT which confirmed the bioinformatic analysis of 

altered proteins (Figure 13B).  

 

Figure 13. Lamin B and p-AKT/AKT proteins in WT and TPC2 KO CHL-1 melanoma cells. 
A) Lamin B expression in WT and KO cells. Fold change representation of Lamin B is shown 
(n=4). B) The p-AKT/AKT ratio was analyzed in WT and KO cells. Fold change representation 
of p-AKT/AKT ratios is displayed (n=4).  
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Figure 7 Intracellular ATP and Lactate concentration in B16 (WT and TPC2 KO). A)
Intracellular ATP in CHL1 TPC2-WT and KO cell lines. B) Intracellular Lactate. C) Glucose
deprivation effect on intracellular ATP. D) Glucose deprivation effect on intracellular lactate.
Results obtained after incubate cells for 24 h in Normal media (supplemented with pyruvate,
glucose and glutamine) or normal Media without glucose.
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Proteomics was also conducted to investigate the effect of TPC2 KO on the B16 

cell line.  Following filtering with the Perseus software, this resulted in a 

collection of 2,742 identified proteins (removing possible contaminants and 

considering only proteins identified at least with 1 unique peptide) (Figure 14A). 

To evaluate any differences in expression between WT and KO cells, a principal 

component analysis (PCA) was employed to estimate the degree of similarity, 

as depicted in Figure 14B. Histogram plots based on log2 transformations 

revealed distribution of all samples (Figure 18C). As a way to visualise the 

changes in expression levels between the samples, a scatter blot analysis was 

employed (Figure 14D). These data attest to the group's homogeneity. The fold 

change and p-value of each protein were plotted to detect enriched or depleted 

proteins in KO cells. 114 proteins showed significant expression 

change (59 upregulated and 54 downregulated). These proteins are visualised 

in a volcano plot and correlated using hierarchical clustering analysis and a heat 

map in Figure 14E and F. 
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Figure 14. Identification of differentially expressed proteins between WT and TPC2 KO B16 
melanoma cells. A) Number of identified proteins during analysis and filtering process. B) 
Principal component analysis of the measurements. KOs are shown in red, Ctrls in blue. C) 
Histogram plot of the fold-changes for all of the quantified proteins in log2-transformed 
ratios after normalization. D). Multiscatter analysis. To evaluate the similarity between 
samples, a multiscatter analysis was performed. A Pearson correlation index close to 1 
indicates high similarity. E) Volcano plot analysis of KO vs WT cells. F). Hierarchical 
clustering analysis with a heat map of the 114 proteins (rows) and the samples (columns).  
To examine the alterations in gene ontology and signalling pathways associated 

with variably expressed proteins in B16 TPC2 KO cells, WebGestalt (WEB-based 

Gene SeT AnaLysis Toolkit) was used to perform gene set enrichment analysis 

(GSEA). Cellular component, vesicle membrane, trans-Golgi network, transport 

vesicle, endosomal component, and organelle inner membrane are the most 

enriched categories in gene ontology (Figure 15A). Among the categories that 

have been enriched for Biological Process study are reaction to virus, cell-cell 

signalling via Wnt, fatty acid metabolic process, protein localization to 

cytoskeleton, endosomal transport, and regulation of haemopoiesis (Figure 

15B). Tubulin binding, kinase regulator activity, ATPase activity, and ubiquitin-

like protein transferase activity were all elevated in KO samples when their 

molecular functions were evaluated (Figure 15C).  
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Figure 15. Gene set enrichment analysis (GSEA) using WebGestalt (WEB-based Gene SeT 
AnaLysis Toolkit) between differently expressed proteins in WT and TPC2 KO B16 
melanoma cells. A) Cellular Component. B) Biological Process. C) Molecular Function of the 
differentially expressed proteins in B16 KO cells. Among the 103 unique entrezgene IDs, 
72 IDs are annotated in Cellular Component. In Biological Process, 97 IDs are annotated to 
BP and 84 IDs are annotated to Molecular Function, which are used for the enrichment 
analysis. 10 positive related categories and 10 negative related categories are identified as 
enriched categories. 
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Furthermore, proteins were assigned to Reactome pathways in order to 

understand more about enriched pathways in KO samples (Figure 16A). The 

immune system, the antiviral mechanism of ISG15, interferon signalling, 

cytokine signalling in the immune system, and MAPK family signalling cascades 

were all elevated. The KEGG (Kyoto Encyclopedia of Genes and Genomes) 

pathway revealed an enrichment in the signalling pathway for RIG-I-like 

receptors, autophagy, and RNA transport (Figure 16 B). 

 

 

 

 

 

 

 

 

 

 

 



 72 

 

 

Figure 16. Gene set enrichment analysis (GSEA) using WebGestalt (WEB-based Gene SeT 
AnaLysis Toolkit) between differently expressed proteins in WT and TPC2 KO B16 
melanoma cells. A) Pathway analysis by REACTOME. B) Pathway analysis by KEGG (Kyoto 
Encyclopedia of Genes and Genomes) C) Pathway enrichment by Wikipathway cancer of 
the differentially expressed proteins in CHL-1 KO cells. 10 positive related categories 
and 10 negative related categories are identified as enriched categories. 
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As a preliminary step in verifying the findings, the protein levels of some targets 

that were altered following TPC2 KO as assessed by proteomic quantification 

were further investigated by other approaches. In B16 KO cells, a proteomic 

analysis revealed more than a one-fold reduction in Fascin. The results of the 

Western blot and immunofluorescence experiments were consistent with the 

results of the MS quantification experiment. Fascin protein expression level was 

significantly reduced in B16 TPC2 KO cells (Figure 17A, C). The level of phospho-

AKT was also measured. In B16 cells, p-AKT was reduced in the absence of TPC2, 

similar to the CHL-1 observation (Figure 17B).  

 

 

Figure 17. Fascin and p-AKT/AKT proteins in WT and TPC2 KO in B16 melanoma cells. 
A) Fascin expression in WT and TPC2 KO cells. Fold change representation of fascin is shown 
(n=4). B) The p-AKT/AKT ratio was analyzed in WT and KO cells. Fold change representation 
of p-AKT/AKT ration is displayed (n=4). C) Immunofluorescence analysis of fascin 
expression. Quantification of fascin fluorescence staining intensity is shown (Mean CTCF 
values ± SEM). The scale bar represents 10 µm. 
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Figure 7 Intracellular ATP and Lactate concentration in B16 (WT and TPC2 KO). A) Intracellular 
ATP in CHL1 TPC2-WT and KO cell lines. B) Intracellular Lactate. C) Glucose deprivation effect on 
intracellular ATP. D) Glucose deprivation effect on intracellular lactate. Results obtained after 
incubate cells for 24 h in Normal media (supplemented with pyruvate, glucose and glutamine) or 
normal Media without glucose.  
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TPC2 and bioenergetic phenotypes 

Oxidative phosphorylation (OXPHOS) and glycolysis are the two metabolic 

processes that produce energy in the form of ATP. OXPHOS is the most effective 

method of ATP production since it generates 19 times more ATP than glycolysis 

and occurs in the mitochondria. Tumour cells rewire their metabolism to favour 

growth, survival, proliferation, and long-term maintenance, as demonstrated 

by Otto Warburg and colleagues' pioneering investigations in the 1920s(84). 

Increased glucose absorption and glucose fermentation to lactate are 

prominent features of this altered metabolism. Our proteomic studies had 

previously revealed enrichment in cellular carbohydrate metabolic process, 

mitochondrial inner membrane, small molecule metabolic process regulation, 

mitochondrial protein complex after TPC2 KO in the CHL-1 cell line. Enrichment 

in previous categories was led by a significant increase in PCK1, 

phosphoenolpyruvate carboxykinase 1, COX7A2, cytochrome c oxidase subunit 

7A2, NDUFB9, and NADH: ubiquinone oxidoreductase subunit B9. The PCK1 

enzyme plays a key role in gluconeogenesis regulation. This gene's cytosolic 

enzyme catalyzes the synthesis of phosphoenolpyruvate from oxaloacetate, 

resulting in the release of carbon dioxide and GDP, and its expression can be 

controlled by insulin, glucocorticoids, glucagon, cAMP, and nutrition (85). 

COX7A2 catalyzes the electron transport from reduced cytochrome c to oxygen 
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as the terminal component of the mitochondrial respiratory chain (86). NDUFB9 

is found in the inner membrane of mitochondria. It is also known as Complex I, 

and it is responsible for the transport of electrons from NADH to the respiratory 

chain (87). Consequently, we began by evaluating the ATP level in cell lines. ATP 

can be used either to store energy for future reactions or to pay for processes 

when the cell requires energy (88). In CHL-1 cells, TPC2 KO resulted in an 

increase in ATP synthesis and a decrease in lactate production relative to WT 

cells (Figure 18A, B). TPC2 KO thus appears to reduce anaerobic respiration in 

CHL-1 cells. In contrast, in the absence of glucose, ATP levels in CHL-1 TPC2 KO 

cells were unaffected, and lactate generation was enhanced (Figure 18C, D). 
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Figure 18. Intracellular ATP and Lactate concentration in CHL-1 (WT and TPC2 KO). 
A) Intracellular ATP in CHL-1 WT and TPC2 KO cell lines. B) Intracellular lactate. C) Glucose 
deprivation effect on intracellular ATP. D) Glucose deprivation effect on intracellular 
lactate. Results obtained after incubating cells for 24 hours in normal media (supplemented 
with pyruvate, glucose, and glutamine) or normal media without glucose.   

 

To acquire a deeper understanding of this energy shift, cellular metabolism was 
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consumption rate [OCR] and extracellular acidification rate [ECAR] in the media 
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Figure 7 Intracellular ATP and Lactate concentration in CHL1 (WT and TPC2 KO).
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deprivation effect on intracellular ATP. D) Glucose deprivation effect on intracellular lactate. Results
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acidification are mostly caused by the sum of these reactions (ECAR) (89,90). 

The OCR/ECAR ratio was reduced in CHL-1 TPC2 KO cells under baseline 

conditions (Figure 19A). The level of OCR was significantly reduced in KO cells, 

whereas the level of ECAR was comparable to that of WT cells. Taking into 

account all previous findings regarding CHL-1 metabolism, KO cells exhibited a 

higher level of ATP and a lower level of intercellular lactate as well as an 

increased OCR/ECAR ratio. This may indicate that the higher level of ATP in CHL-

1 KO cells is not entirely produced by OXPHOS or glycolysis, as oxygen 

consumption and lactate levels are both low. To examine these results, glucose-

free media were used to cultivate cells and previous metabolic factors were 

measured. In KO cells, lactate levels increased significantly, and the OCR/ECAR 

ratio shifted to become higher (Figure 19B). CHL-1 KO cells exhibited a high 

oxygen consumption rate, indicating that OXPHOS was elevated under these 

circumstances. Under both conditions, KO cells demonstrated efficient energy 

production, which could be attributed to their mitochondria. In general, under 

normal conditions, CHL-1 KO cells may use the byproduct of glycolysis 

(pyruvate) to fuel mitochondria in order to produce a large amount of ATP as 

opposed to converting it to lactate. In this instance, mitochondrial ATP 

production occurred independently of oxygen consumption. In the absence of 

glucose, however, KO cells rely on OXPHOS to produce ATP. 
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Figure 19. TPC2 KO alters the metabolic phenotype of cancer cells 
 (A-I, ii, iii) CHL-1 WT and TPC2 KO cells incubated in normal media. (B-i, ii, iii) CHL-1 WT and 
KO cells incubated in glucose free media. The OCR (oxygen consumption rate)/ECAR 
(extracellular acidification rate) ratio is displayed over time as the mean ± SEM, performed 
in triplicate (unpaired t test with Welch’s correction). An increase of the OCR/ECAR ratio, 
indicating a decreased reliance on aerobic glycolysis of TPC2 KO cells, is visible. 
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In B16 proteomic analysis, the enrichments related to metabolism were 

cofactor metabolic process, sulfur, and ribose phosphate metabolic process. 

Acsl4, acyl-CoA synthetase long-chain family member, Aldoc, aldolase C, 

fructose-bisphosphate, and Sardh, sarcosine dehydrogenase, were the most 

commonly overexposed proteins in B16 KO cells, leading to an enrichment in 

the preceding categories. Aldoc is a glycolytic enzyme that converts fructose-

1,6-bisphosphate to glyceraldehyde-3-phosphate and dihydroxyacetone 

phosphate from fructose-1,6-bisphosphate (91). ACSL4 belongs to an important 

family of lipid metabolic enzymes (92). SARDH is a mitochondrial enzyme that 

demethylates sarcosine via oxidation (93). The same phenomenon was 

investigated in B16 WT and TPC2 KO cells. TPC2 deletion increased ATP 

synthesis and lactate generation in B16 cells when compared to WT cells (Figure 

20A-C). In the absence of glucose, ATP levels and lactate production were 

likewise increased in B16 KO cells (Figure 20B-D). 
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Figure 20. Intracellular ATP and lactate concentration in B16 (WT and TPC2 KO) cells. 
A) Intracellular ATP in B16 WT and TPC2 KO cells. B) Intracellular lactate. C) Glucose 
deprivation effect on intracellular ATP. D) Glucose deprivation effect on intracellular 
lactate. Results obtained after incubating cells for 24 hours in normal media (supplemented 
with pyruvate, glucose, and glutamine) or normal media without glucose.   
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The Seahorse XF was used to detect oxygen flow, via OCR, and proton flux, via 

ECAR, in the media. Under baseline settings, B16 KO cells displayed an increase 

in OCR/ECAR ratio. This increase is a result of both a rise in oxygen consumption 

and extracellular acidification. Seahorse XF analysis was also conducted when 

cells were grown in a glucose-free culture. In the absence of glucose, the OCR 

of both cell lines increased, indicating a shift towards OXPHOS. ECAR followed 

the same pattern in this condition. The overall OCR/ECAR ratio between B16 

WT and KO cells did not differ significantly (Figure 21). In the absence of the 

glycolysis source, glucose, both CHL-1 and B16 KO cells demonstrated an 

increase in their OCR. Additionally, the level of intercellular lactate was found 

to be elevated, which may indicate that these cells are utilizing pyruvate as a 

means of producing lactate. Pyruvate and lactate could then both be used to 

feed mitochondria in order to generate the necessary quantity of energy. 
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Figure 21. Intracellular ATP and lactate concentration in B16 (WT and TPC2 KO) cells. 
A) Intracellular ATP in B16 WT and TPC2 KO cell lines. B) Intracellular lactate. C) Glucose 
deprivation effect on intracellular ATP. D) Glucose deprivation effect on intracellular 
lactate. Results obtained after incubating cells for 24 hours in normal media (supplemented 
with pyruvate, glucose, and glutamine) or normal media without glucose.   
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As a result, it is crucial to examine the mitochondria in the TPC2 KO cells. The 

mitochondria of cancer cells are structurally and functionally distinct from those 

of normal cells (94). Mitochondrial membrane potential (MMP) is an important 

indicator of mitochondrial activity because it reflects the process of electron 

transport and oxidative phosphorylation, which is the primary driver behind 

ATP production (95). Here, we stained cells with JC-1, a cationic dye that 

accumulates in mitochondria that are in an active state. At high concentrations 

(due to a high mitochondrial membrane potential), the dye aggregates to 

produce red fluorescence, whereas at low concentrations, JC-1 is 

predominantly a monomer that emits green light. Consequently, a decrease in 

the total fluorescent count indicates depolarization, whereas an increase 

indicates hyperpolarization. CHL-1 WT cell MMP did not demonstrate a 

significant increase in finished supplementary media (Figure 22A). CHL-1 KO 

cells, on the other hand, exhibited a significant increase in JC-1 dimers when 

grown in stressed conditions, that is media containing 1% FBS (Figure 22B).  
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Figure 22. mitochondrial membrane potential as visualized by JC-1 staining in CHL-1 (WT 
and TPC2 KO). 
A) Representative fluorescence images of CHL-1 cells grown in normal media captured 
after 24 h (h) stained with JC-1 and observed using fluorescent microscopy. Graph showing 
the ratio of the intensity of red to green fluorescence (JC-1 aggregate and JC-1 monomer). 
B) Stressed CHL-1 cells which were grown in 1% FBS media. Data represented are the mean 
± SD of 5 separate experiments. * p ≤ 0.05. The scale bar represents 20 µm. 
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MMP staining on B16 cells yielded comparable results to CHL-1 cell lines. 

Stressed B16 KO cells exhibited a greater mitochondrial membrane potential 

(Figure 23A, B).  

 

 

Figure 23. Mitochondrial membrane potential as visualized by JC-1 staining in B16 cells (WT 
and TPC2 KO). A) Representative fluorescence images of B16 cells grown in normal media 
captured after 24 h (h) stained with JC-1 and observed using fluorescent microscopy. Graph 
showing the ratio of the intensity of red to green fluorescence (JC-1 aggregate and JC-1 
monomer). B) Stressed B16 cells which were grown in 1% FBS media. Data represented are 
the mean ± SD of 5 separate experiments. * p ≤ 0.05. The scale bar represents 20 µm. 
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As shown in Figure 24A and B, the KO cells for both cell lines exhibited a 

significant upregulation of their MMP when maintained under a stressful 

condition, whereas WT cells exhibited no significant change in JC-1 dimers. To 

determine how TPC2 KO cells regulate their mitochondria differently, the 

expression of AKT/mTORC1 was analyzed. mTOR is a crucial regulator of 

mitochondrial biogenesis, as it regulates the expression of key factors in the 

regulation of mitochondrial biogenesis at both the transcriptional and 

translational levels (96). As a result, both KO cell lines exhibited a dramatic 

increase in mTOR expression, which may explain why KO cells respond 

differently to stress (Figure 24C, D). Mitochondria perform numerous roles in 

addition to energy production, including the creation of redox molecules and 

the regulation of cell signalling, cell death, biosynthetic metabolism, and the 

production of reactive oxygen species (ROS) (97). ROS, which are widely 

recognised for their signalling capabilities, play a dual role in cancer. 

Protumorigenic signalling is facilitated by ROS, allowing cancer cells to thrive 

and adapt to hypoxia. ROS, on the other hand, can increase antitumorigenic 

signalling and initiate oxidative stress–induced cancer cell death (98). ROS levels 

were elevated in response to serum stress in both CHL-1 and B16 cells (Figure 

24E, F). Under serum deprivation, CHL-1TPC2-deficient cells produced 

significantly more reactive oxygen species than WT cells. Under the same 

conditions, both WT and TPC2 KO B16 cells generated comparable amounts of 
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ROS (Figure 24E, F). All of these cellular adaptations suggest that TPC2 may play 

a crucial role in cellular homeostasis. 

 

 

Figure 24. Mitochondrial membrane potential intensity fold change, related gene 
expression and ROS level in CHl-1 and B16 cell lines. 
A) Fold change of quantities staining analysis of JC-1 in CHL-1 cells in normal and stressed 
conditions. B) JC-1 fold change in B16 cells. C) q-PCR analysis of AKT and mTOR in CHL-1 
WT and TPC2 KO cell lines. D) q-PCR analysis of AKT and mTORC1 in B16 WT and TPC2 KO 
cell lines. E) The level of ROS in CHL-1 WT and KO cells under normal and 1% FBS 
supplemented media. F) ROS level in B16 cell line. Data represented is the mean ± SD of 5 
separate experiments. * p ≤ 0.05, ** p ≤ 0.001, ****p ≤ 0.0001. 
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Cellular cytoskeleton 

The bioinformatic examination of differentially expressed proteins in TPC2 KO 

cells revealed that the cytoskeleton of the cells had been altered, which 

provides another phenotype to analyze further. Actin binding and cell adhesion 

molecule binding categories were altered as shown by CHL-1 KO cell proteomic 

analysis. In order to acquire a deeper understanding, microtubules and β-actin 

were stained and their co-localization in CHL-1 WT and TPC2 KO cells was 

examined (Figure 25A). In relation to WT cells, the value of Pearson's correlation 

coefficient in the KO cells was lower (Figure 25B, C). 

 

Figure 25. Immunofluorescence localization of microtubules and β-actin in CHL-1 (WT and 
TPC2 KO) cells 
A) CHL-1 WT and KO cells showing microtubules (red), β-actin (green) and nuclei (blue). B) 
2D Histogram of Intensity Relationship of cells in A. Channel 1 is correlated to β-actin while 
channel 2 represents tubulin. C) Pearson's correlation coefficient values for colocalization. 
The average Pearson's correlation coefficients ± SEM were calculated from five randomly 
selected cells. ****, P < 0.0001. The scale bar represents 10 µm. 
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In B16 KO cells, actin cytoskeleton and nuclear envelope groups were altered. 

These changes were revealed as lamin B, tropomyosin 3, Pdlim5; PDZ and LIM 

domain 5 and CTTNBP2 N-terminal like, which were significantly upregulated. 

As illustrated in Figure 17A and 17C, fascin was significantly downregulated. 

Tropomyosin 3, Pdlim5, and CTTNBP2 are involved in the organization of the 

actin cytoskeleton, whereas lamin B is essential for nuclear structure and, 

together with other lamin family members, contributes to the formation of the 

nuclear matrix (99–102). With relation to the above, the co-localization of 

microtubules and actin in B16 WT and TPC2 KO cells was investigated (Figure 

26A). The value of Pearson's correlation coefficient in KO cells was significantly 

reduced compared to that in WT cells (Figure 26B, C). 
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Figure 26. Immunofluorescence localization of microtubules and β-actin in B16 (WT and 
TPC2 KO) cells. 
A) B16 WT and TPC2 KO cells showing microtubules (red), β-actin (green) and nuclei (blue). 
B) 2D Histograms of Intensity Relationship of cells in A. Channel 1 is correlated to β-actin 
while channel 2 represents tubulin. C) Pearson's correlation coefficient values for 
colocalization. The average Pearson's correlation coefficients ± SEM were calculated from 
five randomly selected cells. *, P < 0.05. The scale bar represents 10 µm. 
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TPC2 and Melanin   

Over recent years, researchers have been examining the role of melanin in 

melanoma, specifically the effect of melanin pigmentation on the metastatic 

behaviour of melanoma cells. To date, however, the results have been 

ambiguous(103). TPC2-GFP overexpression has been demonstrated to change 

the melanin content of the MNT1 melanoma cell line in a transitory manner 

(58). TPC2-deficient melanosomes exhibited an alkalinization of the lumen pH, 

which increased the activity of tyrosinase, the enzyme responsible for melanin 

formation. In addition, MNT1 TPC2 KO cells exhibited larger melanosomes than 

MNT1 WT cells (58). Melanin content or production per cell have been 

commonly utilised to compare melanin content in different cell lines or at 

various phases of growth (e.g., growing stage and senescent stage)(104). When 

cells reach full confluence in vitro, the colour shift in the medium can be 

detected vividly. As demonstrated in Chapter 1, B16 TPC2 KO cells grow faster 

than WT cells. The melanin was evaluated at two distinct time intervals. The 

first time point was after three days, when cells were still growing and had not 

reached full confluence; the second time point was after five days, when both 

WT and KO cells had reached full confluence. After three days, the content and 

release of melanin dramatically increased in B16 KO cells. However, after five 

days when both cell lines were fully confluent, there was no difference between 

WT and KO cells (Figure 27A, B). Tyrosinase and melanoregulin were evaluated 
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in order to assess the molecular changes in the KO cells. Tyrosinase catalyses 

the first two stages of tyrosine to melanin synthesis (105). Figure 27D illustrates 

a higher level of tyrosinase expression in TPC2 KO cells, which is consistent with 

earlier studies investigating the relationship between TPC2 and melanin(58). 

MREG, or melanoregulin, is a cargo-recognition protein that connects 

cytoplasmic vesicles to the transport machinery (106). MREG is involved in the 

movement of melanosomes from the cell's periphery to its centre. MREG 

overexpression in melanocytes results in the hyperaccumulation of 

melanosomes at microtubule minus ends, which coalesce at the microtubule 

organising centre (MTOC) close to the nucleus (107,108). MREG was 

considerably elevated in TPC2 KO cells, and three-dimensional imaging revealed 

an increase in melanosomes around the cell periphery (Figure 27C, D). These 

observations provide further evidence that TPC2 has a function in the 

production of melanin and is also involved in the trafficking of melanosomes.  
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Figure 27. Effects of TPC2 knockout on melanin release in B16 murine melanoma cells. 
A) Intracellular melanin content of WT and TPC2 KO cells in basal conditions at 72h and 
120h. B) Melanin release assay on WT and TPC2 KO cells in basal conditions at 72h and 
120h. C) 3D culture of B16 WT and KO cells. Cells were maintained in 3D culture condition 
for 10 days. D) q-PCR analysis of melanoregulin and tyrosinase in B16 WT and TPC2 KO cell 
lines. The scale bar represents 20 µm. 
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Figure Figure 4 Effects of TPC2 knockout on melanin release in B16-F0 murine melanoma cell. A) Intracellular melanin 
content on TPC2-WT and KO cell lines in basal condition at 72h and 120h . B) Melanin release assay on TPC2-WT and KO 
cell lines in basal condition at 72h and 120h Intracellular Lactate. C) 3D culture of B16 WT and KO cells. Cells were 
maintained in 3D culture condition for 10 days. D) q-PCR analysis of Melanoregulin and Tyrosinase in B16 TPC2-WT 
and KO cell lines. 
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Discussion   

Proteomics is gaining popularity in cancer research. By analyzing protein 

expression patterns, proteomics-based technologies can identify potential 

biomarkers and classify malignancies. Proteomics has also been utilized to 

decipher how signalling pathways in tumour cells are altered, expanding our 

understanding of how to target various pathways for cancer therapy(83).  

In this chapter, the proteomic signatures of CHL-1 and B16 TPC2 KO cell lines 

were analyzed in comparison to their WT counterparts. The differential 

expression of proteins between WT and KO cells enabled us to characterize 

TPC2's involvement in a variety of critical pathways and processes. 

Out of 2772 identified proteins, 303 proteins were highly expressed in the CHL-

1 cell line. Gene set enrichment analysis (GSEA) was used to determine the 

alterations in gene ontology and signalling pathways associated with 

differentially expressed proteins in CHL-1 KO cells using WebGestalt (WEB-

based Gene SeT AnaLysis Toolkit). The three categories of enrichment were 

cellular components, biological processes, and molecular activities. The 

enrichment analysis of gene ontology annotations associated with these 

categories revealed enrichment in the intercellular junction, actin cytoskeleton, 

endoplasmic reticulum, extracellular matrix, mitochondrial inner membrane, 

regulation of metabolic processes, organelle localization, cytoskeleton 

organization, regulation of intracellular transport, and sensitivity to oxygen 
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levels. Additionally, proteins were assigned to Reactome, KEGG, and 

Wikipathway pathways in order to obtain insight into pathways that were 

enriched in TPC2 KO samples. The TGF-beta receptor complex, WNT signalling, 

small molecule transport, Rho GTPase signalling, cell-cell communication, TGF-

beta signalling, cell cycle, focal adhesion-PI3K-Akt-mTOR signalling, and DNA 

Damage Response were all significantly enhanced. 

The B16 cell line showed 114 differently expressed proteins out of 2742 

identified proteins. The GSEA analysis identified the following categories as 

enriched: vesicle membrane, trans-Golgi network, transport vesicle, endosomal 

component, viral response, cell-cell signalling via Wnt, fatty acid metabolic 

pathway, and protein localization to the cytoskeleton. Further, proteins were 

assigned to Reactome and KEGG pathways in order to gain a better 

understanding of pathways that were enriched in B16 KO samples. We found 

that proteins related to the immune system, ISG15's antiviral mechanism, 

interferon signalling, cytokine signalling in the immune system, MAPK family 

signalling cascades, RIG-I-like receptors, and autophagy, are all upregulated. In 

general, the proteomic signatures of KO cell lines revealed intriguing categories 

that warrant further investigation. Metabolic regulation, organelle location, and 

cytoskeleton arrangement were all significantly altered in both cell lines. 

As a result, the bioenergetic phenotype of TPC2-deficient cells was investigated. 

Normal cells derive the majority of their energy from mitochondrial oxidative 
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phosphorylation (OXPHOS), which is more efficient and produces more 

adenosine triphosphate (ATP) than glycolysis. Nonetheless, one of the 

metabolic characteristics of cancer cells is their voracious glucose uptake for 

aerobic glycolysis. The German scientist Otto Warburg first identified this 

inefficient method for energy production in cancer cells in the 1920s, since then 

it has been known as the Warburg effect (109). Cancers are tremendously 

heterogeneous diseases, and each malignancy has its own metabolic 

characteristics. Even within a single malignancy, cells are diverse, and their 

metabolic characteristics differ. However, despite the presence of aerobic 

glycolysis in malignant tumours, OXPHOS still plays a significant role in cancer 

energy production (110). TPC2 depletion increased ATP synthesis in both CHL-

1 and B16 TPC2 KO cells relative to WT controls; however, whereas knockout 

decreased lactate production in CHL-1 cells, knockout increased lactate 

production in B16 cells. This implies that TPC2 deficiency enhances anaerobic 

respiration in B16 cells but decreases it in CHL-1 cells. The OCR/ECAR ratio 

confirmed the TPC2 KO cells' metabolic shift. CHL-1 TPC2 KO cells have a lower 

OCR/ECAR ratio than WT cells, indicating they are more aerobic. In glucose-free 

media, TPC2 KO cells showed increase in oxygen consumption and intercellular 

lactate. OCR/ECAR increased in B16 KO cells in complete media. In the absence 

of glucose, B16 KO cells increased their oxygen use and lactate generation. 
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This raises questions regarding the molecular mechanisms driving these 

distinctions, as well as the possible functional significance of how changes in 

TPC2 expression alter tumour cell properties depending on whether the 

changes occur in a primary tumour or one that has metastasized. Interestingly, 

a recent study reported that knocking out TPC2 in another type of cancer cell, 

hepatocellular carcinoma cells, resulted in a shift toward OXPHOS in glucose-

free medium(111). Shifting toward OXPHOS raises questions about the status 

of the mitochondrion in KO cells. Cancer cell mitochondria are physically and 

functionally unique from normal cell mitochondria [89]. Mitochondrial 

membrane potential (MMP) is a significant indication of mitochondrial activity 

because it reflects the process of electron transport and oxidative 

phosphorylation, the fundamental generator of ATP synthesis [90]. Under stress 

conditions, KO cells exhibited a significant capacity to hyperpolarize 

mitochondria by elevating MMP in both cell lines. In addition to making energy, 

mitochondria also make redox molecules, control cell signalling, cell death, 

biosynthetic metabolism, and make reactive oxygen species (ROS) [92]. ROS, 

whose signalling abilities are well-known, have a dual role in cancer. ROS 

facilitate pro-tumourigenic signalling, allowing cancer cells to survive and adapt 

to hypoxia. ROS can boost antitumourigenic signalling and initiate oxidative 

stress-induced cancer cell death [93]. CHL-1 and B16 cell lines did not exhibit a 

significant change in ROS levels under baseline conditions. However, serum 
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starvation drastically increased ROS levels, and CHL-1 KO cells were able to 

produce more than their WT counterparts. Alterations in the generation of 

energy and adaptations to various stress conditions suggest that TPC2 may play 

an important part in the process of cellular homeostasis. 

Homeostasis is the mechanism through which an organism maintains balance 

while adapting to survival-optimal environmental conditions. Consequently, 

precise coordination between cellular compartments is becoming a vital part of 

cellular homeostasis. The molecular elements that facilitate this intracellular 

communication, on the other hand, are still being identified. In the process of 

fine-tuning cell metabolism and function, autophagosomes, lysosomes, and 

mitochondria take the lead. Endosomes and lysosomes are essential organelles 

that link nutrition and metabolic status with responses such as autophagy and 

organelle biosynthesis(112). Due to elevated biosynthetic needs, 

hyperproliferation, mutational load, immunological attack, and oxidative stress, 

cancer cells are continuously exposed to stress. Cancer cells demonstrate 

increased activity of homeostatic mechanisms to maintain the proteome's 

functional condition in response to these stresses (113). The mechanistic target 

of rapamycin (mTOR) synchronizes many environmental cues to regulate a 

variety of cellular activities, including protein translation, cell growth, 

proliferation, metabolism, migration, and survival. In mammalian cells, 

mTOR works as two signalling complexes: mTOR complex 1 (mTORC1) and 
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mTOR complex 2 (mTORC2)(114). TPC2 is necessary for efficient growth 

development transition in Dictyostelium and modulates mTORC1 activity to 

achieve this (115). In numerous models, the crosstalk between TPC2 and mTOR 

has been demonstrated. TPC2 regulates a Na+ conductance that is blocked by 

mTOR(116). In pulmonary arterial myocytes, TPC2 also appears to contribute to 

autophagy termination by enabling mTOR reactivation (117). Therefore, shifts 

in cellular metabolism under glucose deprivation and the induction of 

mitochondrial membrane potential under serum deprivation in TPC2 KO cells 

may be attributable to mTOR's differential adaptation to these conditions. 

The cytoskeleton is a complex network of highly structured intracellular 

filaments that controls cell shape, division, functions, and interactions in human 

organs and tissues. It is well established that the cytoskeleton has a role in 

cancer. The cytoskeleton has the potential to stimulate cell proliferation and 

activate oncogenes, leading to cancer progression (118,119). The co-

localization of microtubules and actin was examined in WT and TPC2 KO cells. 

Pearson's correlation coefficient was generally lower in KO cells than in WT 

controls. Mechanotransduction of actin is critical for metastasis and 

differentiation of epithelial cells into mesenchymal ones (120). Intracellular Ca2+ 

is a critical signalling agent that regulates a variety of cellular processes, 

including migration. When Ca2+ levels are elevated intracellularly, it binds to 

actin and promotes a conformational shift in its structure. This enhances the 
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cytoskeleton's fluidity and alters its mechanical characteristics, hence boosting 

cell motility in cancer (121,122). Our findings suggest that TPC2 may play a role 

in the regulation of the cytoskeleton. 

Melanoma is a malignant tumour that arises from altered melanocytes, which 

typically produce melanin (123). In contrast to melanocytes, where melanin 

synthesis is controlled by several stimuli and serves a specific biological 

function, melanin pigmentation in melanoma is significantly dysregulated 

(124,125). The significance of melanin in melanoma, specifically the effect of 

melanin pigmentation on the metastatic activity of melanoma cells, has been 

intensively studied for years, with ambiguous results (126,127). It is generally 

accepted that during the process of melanin synthesis, melanoma cells become 

less aggressive; thus, the formation of melanin requires the involvement of 

particular genes that decrease invasion. However, what occurs after the 

pigment has been created is something that is still up for debate(128). 

A melanosome-mediated contact between melanoma cells and the 

microenvironment has been demonstrated recently (129) and shown to 

contribute to the formation of the primary tumour niche through fibroblast 

accumulation in the dermis prior to melanoma invasion. Melanosome content 

is critical for tumour niche establishment and reprogramming distant 

fibroblasts to facilitate metastasis (130). TPC2 has been shown to be expressed 

on the melanosome membrane and has been linked to the regulation of human 
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pigmentation in recent investigations. TPC2 KO affects the pH and size of the 

melanosome luminal membrane in MNT1 cell line. These TPC2 KO cells had a 

higher melanosome luminal pH than WT cells, resulting in increased tyrosinase 

activity, a critical enzyme in melanin production (58). It can be difficult to 

determine the melanin content of pigment-containing tissues or cultured cells. 

Melanin production can be determined using the melanin content and cell 

count at the beginning and completion of a culture to compare the melanin 

concentration at various stages of the culture (104). Here, we found that B16 

KO cells displayed an increase in melanin content and release after 72 hours of 

culturing, whereas after 5 days, this significant difference disappeared. 

Tyrosinase is an important enzyme in melanogenesis. Tyrosinase is responsible 

for the first two steps of the melanin-to-tyrosine conversion (105). This enzyme 

was induced in TPC2 KO MNT melanoma cells, followed by the formation of 

alkaline melanosomes (58). Therefore, TPC2 is essential to regulate 

melanosome pH in B16 KO cells. We also evaluated the melanoregulin gene, 

which plays significant role in melanogenesis. Melanoregulin, also known as 

MREG, is a cargo-recognition protein that connects cytoplasmic vesicles to the 

transport machinery. MREG is involved in the transport of melanosomes from 

the cell's periphery to its centre (106,108). MREG overexpression in 

melanocytes results in the hyperaccumulation of melanosomes at microtubule 

minus ends, which coalesce at the microtubule organising centre (MTOC) 
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adjacent to the nucleus(107). In TPC2 KO cells, MREG expression was 

significantly enhanced, and 3-D imaging revealed accumulation of 

melanosomes near the nucleus. After five days, there was no difference in 

melanin content and release between WT and KO cells. This may result from 

how these cells react to stress. At the conclusion of the experiment, the cells 

were over-confluent, which triggered stress responses in the cells. As previously 

demonstrated, KO cells appear to respond differently to stress conditions such 

as serum and glucose deprivation, which may explain why the melanin level 

increase was slowed. MTOR can have a negative regulatory effect on 

melanogenesis (131). As a result of the increased mTOR expression in KO cells, 

melanogenesis may regulate differently in this case. The effect of melanin 

presence on the elasticity of melanoma cells has been neglected for a long time, 

despite the fact that pigment granules were discovered to be extremely rigid 

and difficult to bend (132). In vitro, the pigment granules reduced the invasive 

capabilities of melanoma cells in a manner depending on the amount of 

granules (133). Melanoma cells that had melanin were less able to spread 

within mice than those that lacked the pigment (134).  

Overall, in this chapter, the proteomic signature of TPC2 KO cells suggests 

involvement of TPC2 in various cellular processes, including cellular metabolism 

and cytoskeleton regulation. Moreover, TPC2 involvement in melanin 

regulation has been confirmed in the B16 cell line (Figure 28). 
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Figure 28. An overview of the chapter’s methods and findings. 
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In vivo characterization of TPC2 KO 

melanoma cell lines   
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TPC2 deletion in melanoma cell lines impaired 

tumour growth 

In spite of the numerous benefits of in vitro cancer models, in vivo systems are 

necessary for evaluating the contribution of the tumour microenvironment, 

host immune system, and angiogenesis in tumourigenesis and metastasis. 

Subcutaneous injection of cancer cells into a mouse often results in tumour 

growth at the injection site. Here, we injected B16 WT and KO cells and 

monitored tumour growth, and the effect on the histopathology of various 

organs. Early post-transplantation days revealed no significant difference in 

tumour volume between the two groups of mice. However, mice injected with 

WT B16 melanoma cells demonstrated significantly greater tumour growth 

than mice injected with B16 TPC2 KO cells. This pattern persisted throughout 

the experiment (Figure 29A). The KO group had a modest reduction in body 

weight at the start of the experiment, but this was not statistically significant. 

Toward the end, both groups demonstrated a slight decrease in body weight, 

which is consistent with an increased tumour burden. Throughout the 

experiment, there was no statistically significant difference between the groups 

(Figure 29B). 
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Figure 29. Tumour growth and body weight change in mice subcutaneously injected with 
either WT or TPC2 KO melanoma cells and monitored in vivo. 
A) Change in tumour growth. B) Body weight monitoring during experiment. Data was 
presented as mean ± SD.  
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Pathological alterations in liver and spleen 

To examine the effect of TPC2 KO cells on liver and spleen, histopathological 

analysis was performed at the end of the in vivo experiment. This analysis was 

performed on organs from animals that were not injected as a control, organs 

from animals injected with B16 WT cells, and organs from animals injected with 

B16 KO cells. Mice control liver showed normal appearance of hepatic tissue 

consisting of veins surrounded by strands of hepatocytes separated from each 

other by blood sinusoids with abundant rod-shaped Kuppfer cells (Figure 

30A.a). In the second group, the livers of the B16 WT injected group displayed 

relative healthy hepatic structure with small foci of inflammatory cells besides 

activation of Kuppfer cells in the sinusoids (Figure 30A.b). Meanwhile, the 

hepatic structure in the third group, the B16 TPC2 KO injected group, revealed 

severe alterations manifested by incidence of fibrosis surrounded by massive 

infiltrations which are deposited in wide necrotic areas (Figure 30A.c), 

Moreover, congested veins with erythrocytes and oedema with their walls 

looking thickened appeared in the section in addition to cytoplasmic 

degeneration of hepatocytes (Figure 30A-d).  
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In spleen tissues, mice control spleen displayed normal architecture with well-

defined white pulp consisting mainly of lymphocytes, and red pulp which 

consisted of splenic parenchyma called cords of Billroth (Figure 30B.a). The B16 

WT injected group showed a well-defined splenic structure (Figure 30B.b), with 

less area and volume of lymph nodes compared to the control group. In 

contrast, the third group, B16-TPC2 KO injected mice, showed marked 

pathological alterations in the spleen represented by hyaline degeneration in 

the lymph nodes which in turn looked minimized and showed significant 

decrease of lymph node areas and volumes compared to the control group, an 

ill-defined appearance with white pulp diffused in the red pulp which was 

mostly congested, and also observed was the presence of numerous large 

macrophages (Figure 30B.c-d). Overall, the liver and spleen tissues of animals 

injected with B16 KO cells exhibited far more pathological characteristics than 

those of mice injected with WT B16 melanoma cells.  
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Figure 30.Photomicrographs of liver and splenic tissues. 
 (A) Liver tissue, a. control group showing normal structure, b. liver from mice injected with 
B16 WT cells revealing small foci of infiltrative cells (black arrow), c. liver from mice injected 
with B16 TPC2 KO cells displaying fibrosis (green arrows) aggregations of infiltrative cells 
(black arrow), haemorrhage (H), d. liver from mice injected with B16 TPC2 KO cells 
displaying congested vein with haemorrhage and oedema (green arrow), infiltrative cells 
(black arrow), cytoplasmic degeneration (red arrows). (HE-400X). (B) Spleen tissue, (a) 
control spleen showing well-defined splenic structure, white pulp (WP), red pulp (RP), (b) 
spleen of B16 WT group revealing healthy splenic tissue white pulp (WP), red pulp (RP), (c) 
spleen of B16 TPC2 KO group displaying pathological changes with minimized lymph node 
centred with hyaline degeneration (h, (d) spleen of B16 TPC2 KO group displaying ill-
defined structure, numerous large macrophages (black arrows).  
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B16-TPC-KO 4±0.3*a 0.7±0.3*a 0.00

Fig. 8: Photomicrographs of livre and splenic tissues (A) liver tissue, a. control group showing normal structure , b. liver B16-TPC-WT revealing small foci of

infiltrative cells (black arrow) , c. liver treated with B16-TPC-KO displaying fibrosis (green arrows) aggregations of infiltrative cells (black arrow), hemorrhage (H), d.

liver treated B16-TPC-WT displaying congested vein with hemorrhage and edema (green arrow) , infiltrative cells (black arrow) , cytoplasmic degeneration ( red arrows).

(HE-400X) . B, Spleen tissue. (A) control spleen showing well-defined splenic structure (WP) white pulp (RP) red pulp , (B) spleen of B16-TPC-WT group revealing

healthy splenic tissue (WP) white pulp (Rp) red pulp , (C) spleen of B16-TPC-KO displaying pathological changes minimized lymph node centered with hyaline

degeneration (H) , (D) spleen of B16-TPC-KO displaying ill-defined structure , numerous large macrophages (black arrows) .

Table 1: showed significant decrease of splenic lymph nodes area and volume in B16-TPC-WT, B16-

TPC-KO group versus control
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Clinical association   

The Cancer Genome Atlas (TCGA) has helped to establish the importance of 

cancer genomics, revolutionised our understanding of cancer, and even begun 

to change how cancer is treated in clinics (135). It is thus critical to assess the 

correlations between our molecular findings and cancer patient survival. GEPIA 

is a new advanced interactive web service that uses a standard processing 

pipeline to analyse the RNA sequencing expression data of 9,736 cancers and 

8,587 normal samples from the TCGA and GTEx studies(136). Prognosis was 

determined using skin cutaneous melanoma (SKCM) in patients with high and 

low TPC2 expression. The overall survival time of patients in the high-expression 

group was substantially shorter than the overall survival time of patients in the 

low-expression group, according to a logrank test with a P-value of 0.013. By 

contrast, if we consider disease-free survival, the log-rank test reveals a non-

significant P-value. It suggests that TPC2 expression could be a predictor of 

prognosis rather than relapse (Figure 31A, B). OncoDB's "Pathological Stage 

Plot" module was also utilised to examine the relation between TPC2 expression 

and various tumour stages. The median amount of TPC2 exposure rose in 

proportion to the stage of the malignancy. The medians for stages I ii, iii, and iv 

were 8.8, 9.4, 8.4, and 17.2 respectively (Figure 31C).  
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Figure 31.Kaplan–Meier survival curves for patients with high versus low TPC2 expression 
and the correlations between TPC2 expression and tumour stages. 
(A) OS between patients with high and low TPC2 expression. There was a significant 
difference in OS (p = 0.0005) between the two arms. (B) DFS between patients with high 
and low TPC2 expression; there was no significant difference. DFS, disease-free survival; 
OS, overall survival. C) Violin plots showing TPC2 expression at different stages of 
melanoma determined via OncoDB. Samples number in stage I, II,III, and IV are 2, 61, 25, 
and 3,respectively. 

 

 

 

 

Figure 9. Kaplan–Meier survival curves for patients with high versus low TPCN2 and the correlations between TPC2 expression
and tumor stages (A) OS between patients with high and low TPCN2. There was a significant difference in OS (p = 0.0005) between the
two arms. (B) DFS between patients with high and low TPCN2. There was no significant difference. DFS, disease-free survival; OS,
overall survival. C) Violin plots showing TPCN2 expression at different stages of melanoma through OncoDB.
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TPC2 expression in melanoma subtypes was investigated further to determine 

its impact on overall survival. Melanoma is classified as BRAF mutant, NF1 

mutant, RAS mutant, or triple WT. Only in the BRAF mutant group did high TPC2 

expression result in a reduction in overall survival (Figure 32A). As previously 

stated, CHL-1 is a triple WT melanoma cell line and in this genetic background 

TPC2 expression was not found to have a substantial effect on survival (Figure 

32D). 

 

Figure 32. Kaplan–Meier survival curves for patients with high versus low TPC2 in 
different subtype of melanoma. 
A) OS between patients with high and low TPC2 in BRAF Hotspot Mutants; there was a 
significant difference in OS (p = 0.0077) between the two arms. (B) NF1 Any Mutants (C) 
RAS Hotspot Mutants D) Triple WT. 

 

Figure 9. Kaplan–Meier survival curves for patients with high versus low TPCN2 in different subtype of melanoma. (A) OS
between patients with high and low TPCN2 in BRAF Hotspot Mutants. There was a significant difference in OS (p = 0.0077) between the
two arms. (B) NF1 Any Mutants C) RAS Hotspot Mutants D) Triple WT.
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Discussion   

Cancer cell lines are simple to cultivate in vitro, allow direct comparison of 

experimental data, and are frequently employed to investigate the molecular 

principles underlying tumour cell biology. However, in vivo models better 

represent the complexity of the tumourigenic and metastatic processes in a real 

organism, which cannot be replicated in vitro (137). To examine the effect of 

TPC2 deficiency in vivo, we injected WT and TPC2 KO B16 cells subcutaneously 

into mice. We observed that WT B16 cells developed into a significantly larger 

tumour than KO cells. These in vivo findings are consistent with in vitro findings 

in which KO cells exhibited a severe reduction in cell growth rate after 4 days 

and a considerable loss in invasion potential. Angiogenesis is another trait that 

could contribute to this outcome. Angiogenesis is the process through which 

new blood vessels develop from pre-existing vessels, allowing for the 

progression of tumours. As the tumour grows subcutaneously, it is crucial for it 

to form new blood vessels. TPC2 has been identified as a major regulator of 

processes associated with the pathophysiology of neovascular age-related 

macular degeneration (138). In addition, there is evidence that TPC2 has a 

function in signalling pathways that promote angiogenesis triggered by VEGF 

(139). Consequently, when KO tumours lack TPC2, this may lead to alterations 
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in the vasculogenesis around the tumour, which is essential for providing 

growth-promoting nutrients to the tumour. 

Histopathological examination showed that B16 TPC2 KO cells significantly 

altered the hepatic and splenic structures as compared to B16 WT cells. These 

data raise the question of how a smaller growing tumour might produce greater 

tissue damage. Immunity of the host has a crucial role in regulating tumour 

growth. Immunosuppression is a hallmark of the vast majority of cancer types 

and is crucial to the development and progression of cancer (140,141). In recent 

years, studies have identified myeloid-derived suppressor cells (MDSC) as a 

major contributor to an immunosuppressive tumour microenvironment (TME) 

(142). Interestingly, these MDSC were discovered to accumulate in tumour-

bearing animals. Animals with cancer accumulate MDSC in the liver (143) and 

spleen (144). MDSC-induced liver damage was tumour-specific, as not all 

studied tumour models resulted in liver damage, despite the fact that MDSC 

proliferation was found in all models (145). Subcutaneous growth of B16 

(melanoma) tumour cell lines on a C57BL/6 background results in moderate 

liver damage due to the accumulation of MDSC in the liver (145). All of this 

evidence provides a rational explanation for the histopathological 

abnormalities observed following injection of WT and KO B16 cells in 

comparison to the control group. In spite of the fact that B16 KO cells showed 

lesser tumourigenic traits in vitro and tumour growth in vivo, histopathology 
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analysis revealed that B16 KO cells had a worse toxic effect on the organs of the 

host mice than their WT counterparts. These findings suggest that TPC2 KO cells 

may result in an increase in MDSC accumulation in the liver and spleen. 

Accumulation of MDSC is the consequence of two processes: activation and 

expansion. MDSCs can be induced in vitro by a variety of tumour-derived 

substances, including prostaglandin E2, interleukin-6, interleukin-10, 

interleukin-1, transforming growth factor (TGF), stem cell factor (SCF), and 

proangiogenic factors including vascular endothelial growth factor (VEGF) 

(VEGF) (146). Interestingly, TPC2 was identified to be associated with a number 

of these markers (50,147,148). Therefore, the loss of a functional TPC2 may 

result in the over-expression of certain markers, resulting in an abnormal 

response of the host animal and the accumulation of excessive MDSC in organs. 

The latter finding further emphasises how crucial it is to combine in vitro and in 

vivo investigations.  

The Cancer Genome Atlas (TCGA) has contributed to the recognition of the 

relevance of cancer genomics, redefined our understanding of cancer, and has 

even begun to influence how cancer is treated in clinics (149).Thus, it is crucial 

to determine the links between our molecular discoveries and cancer patient 

survival. Overall survival time was significantly shorter for patients in the TPC2 

high-expression group than for those in the low-expression group. As a result, 

we will gain a better understanding of why TPC2 downregulation causes 
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tumourigenesis in certain cases, while it slows cancer progression in others, by 

analyzing survival in melanoma subgroups (150–152). There are four subtypes 

of melanoma: those with BRAF, NF1, and RAS mutations, or those that are triple 

WT. TPC2 overexpression resulted in a reduction in overall survival only in the 

BRAF mutant group (Figure 14). As highlighted, CHL-1 is a triple-WT melanoma 

cell line, and this is a genetic background in which TPC2 expression had no 

discernible influence on survival. This association demonstrates the critical role 

of TPC2 based on melanoma subtype. Figure 33 summarizes the approaches 

applied and the main findings in this chapter.  

 

Figure 33. An overview of the chapter’s methods and findings. 
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Conclusions and future directions  

Melanoma is a cancer of the melanocytes that has spread widely across the 

Western world and is on the rise (11). Furthermore, it is the most dangerous 

and lethal type of skin cancer, with an intrinsic resistance to both radiotherapy 

and chemotherapy. As a result, finding new therapeutic approaches is 

essential. 

Tumourigenesis and metastasis  

In Chapter 3, TPC2 knockout cells were generated in CHL-1 and B16 cell lines to 

investigate the role of TPC2 in melanoma tumorigenesis and metastasis. The 

CHL-1 cells are a model of human amelanotic melanoma. Neither BRAF, NRAS, 

nor NF1 were mutated in CHL-1 cells. CHL-1 is therefore categorized as a triple 

WT metastatic melanoma cell line based on the aforementioned premises. B16 

cells are a highly pigmented mouse melanoma cell line widely used in 

melanoma research. CRISPR/Cas9 gene editing was used to create TPC2 

depleted CHL-1 and B16 cell lines. Previously in this study, cancer's traits were 

studied by looking at its invasion potential. When CHL-1 KO cells were 

compared to CHL-1 WT cells, CHL-1 KO cells demonstrated a statistically 

significant increase in their ability to infiltrate membranes, whereas B16 KO 

cells exhibited decreased invasion ability. To further elucidate and validate our 

findings, the expression of YAP/TAZ target genes was examined in CHL-1 WT 
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and TPC2 KO cells. YAP/TAZ are tumour initiators and growth factors. Their 

activity has the potential to inhibit proliferation, invasion, and metastasis, and 

is frequently associated with a poor prognosis (153). It has been demonstrated 

that elevated YAP levels are associated with a decrease in melanoma patient 

survival (154). In this study several of their target genes, including ANKRD, 

CYR61, and CTGF, were found to be significantly up regulated. The data were 

also confirmed following transient inhibition of TPC2 in the human CHL-1 cell 

line. The expression of ORAI1, a component of SOCE, and PKC-II, were also 

studied in order to better understand the crosstalk between TPC-2 and 

YAP/TAZ. Until our recent studies, the only known connection between YAP/TAZ 

activity and Ca2+ signalling was through store-operated Ca2+ entry (SOCE) (82). 

Interestingly, TPC2 KO cells exhibited a significant decrease in ORAI1 and PKC-II 

expression, while STIM1 and INF2 expression remained unchanged [3]. 

Additionally, a decrease in ORAI1 expression was observed following TPC2 

transient silencing. To establish a link between ORAI1, TPC2, and YAP/TAZ, a 

rescue of ORAI1 protein was performed in our TPC2 KO model and a reduction 

in YAP/TAZ target gene expression was observed when ORAI1 was 

overexpressed compared to mock-transfected cells (151). Through our 

collaborators, additionally, the levels of vimentin and ZEB1 was determined and 

they were found to be decreased when ORAI1 was overexpressed. To 

determine whether mechanotransduction plays a role in YAP/TAZ activation 
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following TPC2 knockdown, the activation of YAP/TAZ target genes and N-

Cadherin was examined in conditions of extremely low cell attachment and no 

activation (151). This suggests that the absence of TPC2 may result in the 

activation of YAP/TAZ target genes and thus increased metastasis, as a result of 

changes in SOCE and the cytoskeleton's ability to inhibit the Hippo pathway. 

Future directions 

• How might a change in TPC2 expression or function affect primary and 

advanced melanoma cell lines? 

As a side note, we have been using mouse B16-F0 cells as an example of cancer 

cells that originate from the primary tumour and human CHL-1 cells as an 

example of cancer cells that originate from the metastatic stage. Our analysis 

revealed striking differences in the effects of TPC2 KO on these two cell types, 

which may reflect the stage of the tumour from which they originate. We 

cannot, however, rule out the possibility that these differences are due to the 

cell lines' species of origin. Thereby, obtaining mouse melanoma lines derived 

from more advanced tumours and human melanoma lines derived from 

primary tumours, creating TPC2 KOs in these lines, and studying their 

characteristics will allow us to determine whether the differences in TPC2 KO 

between B16 and CHl-1 cells reflect the stage of the tumour from which they 

originated and the role of the genetic background of these cell lines. 
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• What effect does the absence of TPC2 have on the Hippo pathway? 

As we have recently discovered, activation of the tumour-promoting YAP/TAZ 

pathway occurs when TPC2 expression is knocked out or reduced via RNA 

interference (RNAi). Our findings suggest that this activation is caused by a 

decrease in the expression of ORAI1, a key component of store-operated 

calcium entry (SOCE), which inhibits the Hippo pathway, a negative regulator of 

YAP/TAZ. It is critical to understand how the loss of TPC2, an endolysosomal 

cation channel, results in such decreased ORAI1 expression. This can be 

accomplished by examining the upstream regulation of ORAI1 gene expression 

and how TPC2 deficiency affects it. Additionally, it will be interesting to 

determine whether this link between TPC2 and SOCE is mediated by changes in 

Ca2+ signals. It will be essential to examine the activity, post-translational state, 

and intracellular location of individual Hippo pathway components in WT vs 

TPC2 KO cells and to correlate any changes to TPC2's role in Ca2+ signalling in 

order to gain insight into the relationship between TPC2 and Hippo signalling. 
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Proteomic signature and cellular hemostasis  

Our next chapter looked at how different the proteomic signatures of CHL-1 

and B16 knockout cell lines are from those of their wild-type counterparts. We 

were able to characterize TPC2's involvement in a variety of critical pathways 

and processes in CHL-1 and B16 cell lines.  Following the proteomic findings, we 

investigated the energy utilization of WT and TPC2 KO cells. TPC2 depletion 

increased ATP synthesis in CHL-1 and B16 cells compared to WT cells, but 

increased lactate production in B16 cells. So TPC2 deficiency increases 

anaerobic respiration in B16 cells but reduces it in CHL-1 cells. The OCR/ECAR 

ratio confirmed the TPC2 knockout cells' metabolic shift. TPC2 KO cells are more 

aerobic than WT cells, with a lower OCR/ECAR ratio. TPC2 KO cells showed 

reduced aerobic respiration on glucose-free media. OCR/ECAR increased in B16 

KO cells compared to WT. The previously significant difference in aerobic 

glycolysis was eliminated in glucose-free media. 

The effect of TPC2 KO on the cytoskeleton is also noteworthy. This network of 

highly structured intracellular filaments controls cell shape, division, functions, 

and interactions in human organs and tissues. The cytoskeleton is known to play 

a role in cancer. The cytoskeleton can promote cell growth and activation of 

oncogenes, leading to cancer progression (Gaspar et al., 2015; X. Zhang et al., 

2017). Microtubule and actin colocalization were studied in WT and KO cells. 
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Pearson's correlation coefficient was generally lower in TPC2-deficient cells 

than in WT cells. 

The final phenotype examined in this chapter was the content and release of 

melanin in WT and KO cell lines. There was no difference between WT and KO 

B16 cell lines in the content of melanin. On the other hand, KO cells produced 

significantly less melanin. These results suggest that TPC2 may also regulate 

melanin production and secretion. 

Future directions 

• What relationship exists between differences in the metabolic state of 

various types of melanoma cells and their other biological properties? 

Our research has shown that both B16 and CHL-1 TPC2 KO melanoma cells 

seem to have undergone a transition to a more aerobic state. Interestingly, 

while CHL-1 WT cells are more aerobic in normal medium than CHL-1 TPC2 KO 

cells, the TPC2 KO CHL-1 cells are more aerobic in glucose-free media. CHL-1 

and B16 TPC2 KO cells behave in a different manner in glucose-free media, 

which suggests that there is a difference between the two types of cells. Our 

previous studies have shown that TPC2 KO decreases the invasiveness of B16 

cells but increases the invasiveness of CHL-1 cells, with the latter displaying 

both cellular and molecular signs that TPC2 KO increases the likelihood of 

metastatic spread. Notably, TPC2 KO CHL-1 cells exhibit activation of two key 

tumorigenesis and metastasis drivers, YAP and TAZ, in contrast to B16 TPC2 KO 
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cells, which do not exhibit such activation. Naturally, there may be additional 

distinctions between B16 and CHL-1 TPC2 KO cells in melanin trafficking. 

• Why do TPC2-deficient melanoma cells have a higher rate of aerobic 

respiration? What does this have to do with glycolysis and oxidative 

phosphorylation, as well as their regulation? 

Understanding the molecular mechanisms that underlie this shift is critical 

because this will be an important discovery about the regulation of metabolism 

in melanoma cells. To investigate this further, the utilization rate of various 

metabolites in WT and KO cell lines could provide insight into the relationship 

between TPC2’s normal role in this process and these observations. Similar 

investigations can be conducted in normal and glucose-free media, based on 

the differences observed between B16 and CHL-1 cells in these media. 

• What is the relationship between TPC2 KO B16 and CHL-1 cells exhibiting 

enhanced metastatic potential and mechanotransduction? 

Following TPC2 KO, mechanotransduction may play a role in the activation of 

YAP/TAZ. To further investigate this issue, it may be necessary to determine 

whether changes in the cell surface and cytoskeleton contribute to the 

activation of YAP/TAZ in the absence of TPC2 function. Indeed, our recent 

studies have revealed differences in the cytoskeleton of B16 and CHL-1 TPC2 

KO cells when compared to WT cells. We will investigate the molecular basis for 

these changes and whether they contribute to our understanding of how 
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YAP/TAZ activity is enhanced in the absence of TPC2 function via a mechanism 

involving reduced SOCE. Recent research has identified Ca2+ permeable Piezo 

channels as significant transducers of mechanical stress into Ca2+-dependent 

signals, as well as key players in the development of various cancer types (155). 

We will investigate whether the expression, intracellular location, and activity 

of Piezo channels changes in TPC2 KO cells compared to WT controls, and 

whether these changes are associated with the changes in ORAI1 expression 

and presumably SOCE activity observed in TPC2 CHL-1 cells. 
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In vivo studies and clinical association 

In the next chapter of results, we examined the in vivo characteristics of B16 

WT and TPC2 KO cells and their effects on other organs. Further, we correlated 

our molecular findings with cancer patient survival. In order to better 

understand the molecular processes behind tumour cell biology, cancer cell 

lines are routinely used to develop them. However, in vivo models are better at 

capturing the complexities of metastatic disease in a living creature, which 

cannot be recreated in vitro. We injected WT and TPC2 KO B16 cells into mice 

to determine the effect of TPC2 deficiency on melanoma cells in vivo. We 

noticed that WT B16 cells grew into a tumour that was much larger than the 

tumour formed by KO cells. Histopathological analysis revealed that KO cells 

dramatically affected the hepatic and splenic architecture when compared to 

WT cells. Next, a correlation study revealed that patients with a high level of 

TPC2 expression had a significantly shorter overall survival than those with a 

low level of TPC2. When we used a similar technique in melanoma subtypes, 

we discovered that overexpression of TPC2 decreased overall survival 

exclusively in BRAF mutants. There was no significant difference in the triple WT 

subgroup, which may explain why TPC2 KO in CHL-1 resulted in induction 

of tumourigenesis in the first place. 
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Future directions 

• What role does TPC expression have in the tumorigenic/metastatic capacity 

of primary versus advanced melanoma cells in vivo? 

We recently demonstrated that injecting WT B16 cells into mice results in 

significantly larger tumours than injecting TPC2 KO variants of the same cells. It 

will be interesting to observe the growth of metastatic melanoma cell lines in 

vivo and compare the results to our in vivo studies. Furthermore, hepatic and 

splenic architecture were drastically altered by B16 KO cells when compared to 

WT cells, according to histopathological analyses. In addition, it will be critical 

to perform the same analysis after CHL-1 injection into nude mice in order to 

link this to either TPC2 expression or tumour features. In vitro, metastatic 

characteristics of B16 and CHL-1 TPC2 KO cells appear to be highly distinct. 

Therefore, it will be critical to determine whether CHL-1 TPC2 KO cells have an 

increased metastatic potential in vivo in order to correlate in vitro findings with 

in vivo findings. 

• Can TPC2 be a potential therapeutic target in specific melanoma subtype? 

When TPC2 was overexpressed, only the BRAF mutant subtype demonstrated 

a substantial decrease in overall patient survival. Following on from these 

findings, targeting TPC2 in several cell lines derived from various melanoma 

subtypes and evaluating their tumourigenicity may enable us to define the 

specific type of melanoma that is affected by targeting TPC2. 
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In general, this thesis thoroughly examined the role of TPC2 in melanoma 

(Figure 34). We created TPC2 knockout cell lines using the cutting-edge gene 

editing technique CRISPR/Cas9, allowing us to compare the impact of TPC2 KO 

on these cell lines. The first chapter of results described the discovery of 

tumourigenesis and a novel connection to the YAP/TAZ pathway. The 

proteomic signatures of these cell lines enabled us to establish a critical 

connection between TPC2 and several cellular activities, including energy 

utilization and cytoskeleton organization. Finally, in vivo observations were 

made to confirm the in vitro results at the whole animal level. Additionally, a 

connection with overall patient survival was made, which revealed a link 

between TPC2 overexpression and decreased patient survival in the BRAF 

mutant group exclusively. These ground-breaking findings emphasize the 

critical role of TPC2 in melanoma and the significance of additional research in 

this area. 
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Figure 34. An overview of the thesis’s methods and findings. 
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