
 

 

 

Dissertation zur Erlangung des Doktorgrades 

der Fakultät für Chemie und Pharmazie 
der Ludwig-Maximilians-Universität München 

 
 

 
 

 
 

The role of endolysosomal ion channels TPC2 

and TRPML1 in cancer progression 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Lina Ouologuem 

aus München, Deutschland 
 
 
 

2025 



 

 
2 

 

 

Erklärung 
 

Diese Dissertation wurde im Sinne von § 7 der Promotionsordnung 

vom 28. November 2011 von Frau PD Dr. Karin Bartel betreut. 

 

 

 

Eidesstattliche Versicherung 

 
Diese Dissertation wurde eigenständig und ohne unerlaubte Hilfe 

erarbeitet. 
 

 
 

München, 01.09.2025 

 
 

 
 
 

 
..................................................... 

            (Lina Ouologuem) 

 

 

 

 

 

 

Dissertation eingereicht am 16.09.2025  

1. Gutachterin:  PD Dr. Karin Bartel 
 

2. Gutachterin: Prof. Dr. Susanne F. Koch    

 

Mündliche Prüfung am  01.12.2025



 

 

 

 

 

 

 

 

“Stop chasing me!” 

“I can’t stop. It’s my job.” 

 

 

- Catch me if you can, 2002  



Table of contents  

 
4 

 

1. Table of contents 

 

1. Table of contents ................................................................................................................. 4 

2. Manuscripts ......................................................................................................................... 6 

3. Summary ............................................................................................................................. 8 

4. Introduction ....................................................................................................................... 12 

4.1. Cancer as global health risk ....................................................................................... 12 

4.2. Targeting the Endolysosomal System (ES) in Cancer ............................................... 13 

4.3. Lysosomal Ion Channels TPC2 and TRPML1 as Cancer Modulators  ...................... 15 

4.3.1. Two-Pore Channel 2 (TPC2) .................................................................................. 15 

4.3.2. Transient Receptor Potential 1 (TRPML1) ............................................................ 18 

4.4. Emerging Role of the ES in Immune Evasion ........................................................... 20 

5. Aim of the study ................................................................................................................ 24 

6. Short summary of the manuscripts.................................................................................... 25 

6.1. Endolysosomal TRPML1 channel regulates cancer cell migration by altering 

intracellular trafficking of E-cadherin and β1- integrin......................................................... 25 

6.2. Rab7a is an enhancer of TPC2 activity regulating melanoma progression through 

modulation of the GSK3β/β-Catenin/MITF-axis. ................................................................ 27 

6.3. CCZ1 is a modulator of TPC2 activity and melanoma cell migration ...................... 29 

6.4. Endolysosomal transient receptor potential mucolipins and two-pore channels: 

implications for cancer immunity.  ........................................................................................ 31 

6.5. Loss of TPC2 induces tumour cell killing by CD8+ T cells and directly impairs 

tumour growth via the MAPK axis....................................................................................... 33 

7. Publications and Conferences ........................................................................................... 35 

7.1. List of publications .................................................................................................... 35 

7.2. Conferences ............................................................................................................... 36 

8. References ......................................................................................................................... 38 

9. Acknowledgments ............................................................................................................. 49 

10. Appendix ....................................................................................................................... 52 



Table of contents  

 
5 

 

10.1. Abbreviations ......................................................................................................... 52 

10.2. Original articles ...................................................................................................... 53 

 



Manuscripts 

 

2. Manuscripts 

This thesis is based on following manuscripts, which are referred to in the text by their roman 

numerals (I-V): 

 

I. Lina Ouologuem*, Nadine Frey*, Julia Blenninger, Wei-Xiong Siow, Julia Thorn-

Seshold, Jan Stöckl, Carla Abrahamian, Thomas Fröhlich, Angelika M. Vollmar, 

Christian Grimm, Karin Bartel; Endolysosomal TRPML1 channel regulates cancer 

cell migration by altering intracellular trafficking of E-cadherin and β1-integrin. 

2023, J. Biol. Chem., 300(1) 105581. * These authors contributed equally. 

 

II. Carla Abrahamian*, Rachel Tang*, Rebecca Deutsch*, Lina Ouologuem*, Eva-

Maria Weiden, Veronika Kudrina, Julia Blenninger, Julia Rilling, Colin Feldmann, 

Solveig Kuss, Youli Stepanov, Anna Scotto Rosato, Guadalupe T. Calvo, Maria S. 

Soengas, Doris Mayr, Thomas Fröhlich, Thomas Gudermann, Martin Biel, Christian 

Wahl-Schott, Cheng-Chang Chen, Karin Bartel+ & Christian Grimm+; Rab7a is an 

enhancer of TPC2 activity regulating melanoma progression through modulation of 

the GSK3β/β-Catenin/MITF-axis. 2024, Nature Communications, 15:10008.             

* These authors contributed equally; + Corresponding authors 

 

III. Zhuo Yang*, Colin Feldmann*, Lina Ouologuem, Alice C. Lin, Stefanie Fenske, 

Stylianos Michalakis, Karin Bartel, Michael Schänzler, Christian Grimm, Cheng-

Chang Chen+, Christian Wahl-Schott+, and Martin Biel+; CCZ1 is a modulator of 

TPC2 activity and melanoma cell migration. 2025, submitted to Science 

Advances. * These authors contributed equally; + Corresponding authors 

 

Declaration of contribution: I contributed to this work of Zhuo Yang, Dr. Colin 

Feldmann, Prof. Christian Wahl-Schott and Prof. Martin Biel by conducting a set of 

experiments including qPCR analysis and migration experiments of Skmel-5 WT 

and CCZ1 KO cells. I was partially involved in the design of the experiments since 

the investigated underlying mechanism is associated with my earlier work 

(manuscript II). 



Manuscripts  

 
7 

 

IV. Lina Ouologuem, Karin Bartel; Endolysosomal transient receptor potential 

mucolipins and two-pore channels: implications for cancer immunity. 2024, 

Frontiers of Immunology, 15:1389194 (Review article) 

 

V. Lina Ouologuem, Anna Kübler, Sarah Ouologuem, Amar Hadzic, Jan B. Stöckl, 

Anna Chiara Siciliano, Stefania Forciniti, Salvatore Nigro, Helena Iuele, Valentina 

Onesto, Anny Nguyen, Dana Matzek, Carla Abrahamian, Christian Grimm, Bastian 

Popper, Giuseppe Gigli, Loretta L. del Mercato, Olivia M. Merkel, Thomas 

Fröhlich, Sebastian Theurich, Karin Bartel; Loss of TPC2 induces tumour cell killing 

by CD8+ T cells and directly impairs tumour growth via the MAPK axis. 2025, 

Frontiers of Immunology, 16:1668066. 

 

  



Summary  

 
8 

 

3. Summary 

Cancer remains the second leading cause of death globally, maintaining its position as a major 

focus of biomedical research. Although significant progress has been made in understand ing 

tumour biology and expanding therapeutic options, therapy resistance and poor surviva l 

outcomes continue to pose major clinical challenges. Therefore, there is still a growing need to 

identify novel targets that reduce resistance potential while simultaneously addressing mult ip le 

cancer hallmarks. 

In the last decade, the endolysosomal system has gained attention for its role in supporting key 

oncogenic processes. In particular, lysosomal cation channels such as Two-Pore Channel 2 

(TPC2) and Transient Receptor Potential Mucolipin 1 (TRPML1) have emerged as promising 

therapeutic candidates, as cancer cells co-opt their functions to drive proliferation, migrat ion,  

and drug resistance. However, a direct comparative analysis of TPC2 and TRPML1 within the 

same experimental framework has been missing. To address this gap, we systematica l ly 

compared the roles of TPC2 and TRPML1 in regulating cancer proliferation, migration, and 

immune evasion, with the aim of delineating their channel-specific contributions to cancer 

progression.  

In our first study (manuscript I, J. Biol. Chem., 300(1) 105581), we aimed to elucidate the 

functional role of TRPML1 in cancer cell migration, with a specific focus on its regulatory 

interactions with intracellular trafficking machinery. Previous studies have highlighted the 

mechanism behind on how TPC2 regulated cancer migration in hepatocellular carcinoma 

(HCC) and melanoma. While TRPML1 has been previously linked regulate autophagy and 

mitochondrial respiration in cancer cells, its mechanistic contribution to migration processes 

and adhesion molecule trafficking remained largely underexplored. Here, we demonstrated that 

loss of TRPML1 results in significant reduction of migration capacities in HCC, melanoma and 

breast cancer by impairment of E-cadherin and β1-integrin trafficking. Both of which are 

critical adhesion receptors involved in the regulation of epithelial integrity and cell motility. 

Using a combination of immunofluorescence, live-cell imaging, and functional assays, we 

found that these trafficking defects stem from impaired endosomal transport, particula r ly 

involving the small GTPases Rab5 and Rab11. In most cell lines a knockout (KO) of TRPML1 

led to a reduction in Rab11⁺ recycling endosome activity, which delayed the recycling of E-

cadherin to the plasma membrane. In MDA-MB-231 cells a reduction in Rab5⁺ early 

endosomes, impaired initial endocytic trafficking of adhesion molecules.  
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We then followed up with a study (manuscript II, Nature Communications, 15:10008), which 

focussed on investigating the molecular mechanisms by which TPC2 regulates melanoma 

progression. While TPC2 has been implicated in tumour cell migration and proliferation, the 

upstream regulators and signalling cascades through which it exerts its effects in melanoma 

remained unclear. We demonstrated that Rab7 functions as a potent enhancer of TPC2 activity. 

Using endolysosomal patch-clamp electrophysiology, we found that overexpression of Rab7, 

particularly its constitutively active mutant Rab7aQ67L, significantly increased TPC2 channel 

activity, independent of the activating ligand. Conversely, TPC2 loss could not be functiona lly 

rescued by Rab7 overexpression, indicating that Rab7 acts upstream of TPC2, serving as a 

functional “effector” that promotes TPC2-mediated calcium signalling. Importantly, we 

identified that the Rab7/TPC2 signalling axis regulates melanoma cell proliferation, tumour 

growth in vivo and migration via modulation of the Wnt pathway. Loss of TPC2 led to 

upregulation of the Wnt antagonist Dkk3, accompanied by a marked downregulation of Wnt 

target genes, such as Axin2 and Lef1, both at transcriptional and protein levels. These 

transcriptional changes were associated with impaired tumour cell proliferation and motility, 

indicating a disruption of canonical Wnt signalling. Our proteomic analysis further supported 

this, revealing downregulation of Wnt-related proteins in TPC2-deficient melanoma cells. To 

validate the clinical relevance of our findings, we also analysed healthy human tissue and tissue  

from melanoma metastasis, confirming Rab7 and MITF as highly expressed in malignant tissue, 

underscoring the translational potential of targeting the Rab7–TPC2–MITF–Wnt axis in 

melanoma therapy. 

Following upon these findings (manuscript II, Nature Communications, 15:10008), we 

focused on the CCZ1–MON1a/b–RMC1 complex, the only known guanine nucleotide 

exchange factor (GEF) for RAB7a, to investigate its role in TPC2 regulation (manuscript III, 

submitted). To assess whether this complex is required for RAB7a-mediated modulation of 

TPC2, we generated CCZ1 KO cell lines in both HEK293 and Skmel-5 cells. We show that loss 

of CCZ1 disrupts the interaction between RAB7a and TPC2 and abolishes TPC2 activation, 

even in the presence of a constitutively active Rab7aQ67L mutant. This suggests that CCZ1 is 

necessary for RAB7a-dependent regulation of TPC2 through a mechanism that does not rely on 

its GEF activity. Interestingly, CCZ1 KO alone led to a constitutive increase in TPC2 currents, 

reaching levels comparable to those seen with RAB7a activation in wild-type (WT) cells. In 

melanoma cells, this enhanced TPC2 activity was associated with increased migratory capacity. 

Stimulation with the TPC2 agonist TPC2-A1-P further elevated migration, with CCZ1 KO + 



Summary  

 
10 

 

TPC2-A1-P cells showing greater motility than both WT and WT + TPC2-A1-P conditions. 

Consistent with previous reports (manuscript II, Nature Communications, 15:10008), 

pharmacological inhibition of TPC2 significantly reduced migration across all conditions, 

confirming that the observed pro-migratory effects are TPC2-dependent. Together, these 

findings identify CCZ1 as a negative regulator of TPC2 and reveal a novel mechanism by which 

it influences cancer cell migration. 

Building on the foundation of our review article (manuscript IV, Frontiers of Immunology, 

15:1389194), our focus shifted towards understanding how these channels may also contribute 

to immune evasion, a critical barrier to effective cancer therapy. Given their central role in 

vesicular trafficking, lysosomal function, and receptor recycling, TPCs and TRPMLs are 

uniquely positioned to regulate both tumour-intrinsic growth and tumour–immune interactions, 

making them promising targets for therapeutic intervention in immune-resistant cancers.  

Thus, the last work (manuscript V, under revision) focussed on elucidating the role of TPC2 

on immune evasion mechanisms in HCC. In that way, we established TPC2 as a key regulator 

of both tumour proliferation and immune evasion through modulation of the MHC-I/PD-L1 

axis via MAPK signalling. TPC2-deficient cells exhibited a strong upregulation of MHC-I on 

the cell surface and a notable reduction in PD-L1 expression, both in vitro and in vivo. These 

changes rendered HCC tumour cells more visible to the immune system and enhanced CD8⁺ T 

cell-mediated cytotoxicity, as confirmed by increased CD8α infiltration into tumour site, as well 

as increased IFN-γ production in co-culture assays. Mechanistically, these immune effects were 

linked to impaired of MAPK signalling, which is known to regulate antigen presentation 

pathways and proliferation in HCC. To determine the specificity of these findings, we compared 

the effects of TPC2 KO with TRPML1 KO. In contrast to TPC2, TRPML1 KO had no 

significant impact on tumour size reduction. Moreover, no influence on MHC-I or PD-L1 

expression was observed, nor did it enhance CD8⁺ T cell responses, underscoring the distinct 

and immune-specific role of TPC2 in promoting immune escape. 
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Figure 1: Summary of all manuscripts. TRPML1 activity has been shown to modulate cancer migration and 

invasion by impairing E-Cadherin and β-integrin trafficking via p38-feedbackloop in multiple cancer cell lines. 

Here we show that TPC2 activity can directly be enhanced through Rab7. This Rab7-mediated activity 

enhancement relies on the presence of CCZ1. Without CCZ1 no Rab7-mediated activation can be detected. We 

have shown that TPC2 regulates cancer proliferation in a cancer type dependant manner, sustaining several cancer 

hallmarks: promoting migration, invasion, proliferation. Also, in HCC TPC2 promotes immune evasion and cancer 

metabolism. Created with BioRender. 

Taken together, our findings delineate the distinct but complementary roles of the lysosomal 

calcium channels TPC2 and TRPML1 in cancer biology. While both channels contribute to 

tumour progression, our data show that TRPML1 primarily regulates cancer cell migrat ion 

through modulation of adhesion molecule recycling and trafficking, without significantly 

affecting immune evasion. TPC2, on the other hand, not only reduces cancer cell migrat ion 

upon loss of function, but also impairs proliferation, invasion, metastasis, and glycolyt ic 

activity, demonstrating a broader influence on tumour progression. Additionally, TPC2 

uniquely governs immune escape mechanisms by modulating MHC-I and PD-L1 expression, 

thereby shaping the tumour’s visibility to cytotoxic T cells. Therefore, TPC2 represents a more 

promising and versatile therapeutic target than TRPML1, with the potential to simultaneous ly 

disrupt tumour growth and enhance anti-tumour immune responses.  
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4. Introduction  

4.1. Cancer as global health risk  

Cancer remains a major global health burden, accounting for nearly one in six deaths 

worldwide and represents a leading cause of premature mortality across all socioeconomic 

regions1,2. Despite advances in diagnostics, targeted therapies, and immuno-oncology, many 

malignancies remain difficult to treat due to their biological complexity and adaptability3,4 . 

The conceptual framework of the “hallmarks of cancer,” originally proposed by Hanahan 

and Weinberg, provides a model for understanding the key traits acquired during tumour 

evolution, including sustained proliferative signalling, evasion of growth suppressors, 

activation of invasion and metastasis, and immune escape5,6. 

Among these, uncontrolled proliferation represents a central hallmark, driven by oncogene 

activation, growth factor receptor signalling, and deregulation of the cell cycle machinery7 . 

Cancer cells circumvent physiological constraints by producing autocrine mitogenic signals 

or by hijacking downstream effectors such as the Ras/MAPK or PI3K/AKT pathways, 

leading to unchecked cell division and survival5.  

Equally critical is the acquisition of migratory and invasive capabilities, which are essential 

for metastatic dissemination, the principal cause of cancer-related mortality8. This transition 

involves epithelial–mesenchymal plasticity, cytoskeletal remodelling, and the loss of 

intercellular adhesion (e.g., downregulation of E-cadherin). Concurrently, cancer cells 

secrete proteolytic enzymes such as matrix metalloproteinases and cathepsins, enabling 

degradation of the extracellular matrix and facilitating tissue invasion5,9. To establish 

metastatic niches, tumour cells must also engage in angiogenesis, the formation of new 

blood vessels, which supplies oxygen and nutrients and supports the intravasation and 

extravasation of cancer cells10. This angiogenic switch is often driven by hypoxia-induced 

signalling and factors such as VEGF, and is regulated through both autocrine and stromal 

mechanisms10,11.  

Finally, immune evasion has emerged as a critical barrier to effective tumour eradication6 . 

Cancer cells can downregulate antigen presentation machinery, upregulate inhibitory 

checkpoint molecules like PD-L1, and sculpt an immunosuppressive tumour 

microenvironment, thereby blunting anti-tumour immune responses12,13.  
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Together, these traits not only drive cancer progression but also create a dynamic and 

resilient tumour microenvironment that complicates current therapeutic strategies. 

Considering this complexity, it is crucial to identify novel, targetable regulators that 

integrate multiple cancer hallmarks to develop more effective, multi-dimensional treatment 

approaches. 

4.2. Targeting the Endolysosomal System (ES) in Cancer  

Since their discovery in 1955, lysosomes were long considered the cell’s “recycling bins,” 

primarily responsible for degrading macromolecules such as proteins and lipids14. However, 

growing evidence has reframed this perception: lysosomes, and the broader endolysosomal 

system (ES), are now understood as critical regulatory hubs essential for maintaining 

cellular homeostasis, lipid metabolism, and immune defence15. Dysfunction and mutations 

within the ES have been implicated in several pathologies including neurodegenerat ion, 

lysosomal storage diseases, infections, and different cancer hallmarks16–19. 

The ES consists of various membranous compartments: early, late, and recycling 

endosomes, autophagosomes, and lysosomes, whose functions are tightly coordinated20 . 

Lysosomes are characterised by their acidic lumen (pH 4.5–5), sustained through vacuolar 

H⁺-ATPases (V-ATPases) and modulated by further lysosomal membrane proteins, like Cl-

/H+ antiporter or Ca2+/H+ exchanger15,21 (Figure 2). This acidic environment is essential for 

the activity of over 60 hydrolytic enzymes, and the lysosomal membrane is densely 

populated with transporters and ion channels that regulate pH, ion balance, organelle fusion, 

and metabolite export20,22. These elements are vital for lysosomal function and have 

emerged as promising therapeutic targets. 
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Figure 2: Main lysosomal ion flux. V-ATPase pumps protons across the lysosomal membrane upon ATP 

hydrolysis. TPC2 (TPC family) transports calcium and sodium into the cytosol. TRPML1 (trp family) a non-

selective ion channel conducting outward flux. Cl-/H+ antiporter and Ca2+/H+ exchanger contributing to 

lysosomal pH regulations. Created with BioRender. 

In cancer biology, the ES has attracted considerable attention due to its integral involvement 

in tumour progression23. Lysosomes in cancer cells differ significantly from those in non-

malignant cells. These differences include altered positioning (from perinuclear to 

peripheral), enhanced enzyme expression, and increased secretion of proteases like 

cathepsins, all of which contribute to extracellular matrix degradation, invasion, and 

metastasis24–26. Lysosomal destabilisation can also induce cell death via cytosolic release of 

cathepsins, offering a therapeutic angle27. The inhibition of lysosomal acidification has been 

shown to suppress Ras- and EGFR-driven oncogenic signalling, as well as reduce cancer 

cell proliferation and migration28,29.  

Cancer cells rely heavily on lysosomal adaptation to meet their high metabolic demands, 

particularly under conditions of limited vascularisation and nutrient availability30. In this 

context, lysosomes act not only as degradative compartments but also as nutrient-

scavenging hubs that fuel tumour growth. Lysosome-dependent cell death was once the 

primary rationale for targeting lysosomes in therapy, but recent evidence indicates that 

cancer cells exploit lysosomal-autophagic pathways for survival, particularly in pancreatic, 

lung, breast, and prostate cancers, as well as glioblastoma and melanoma31,32. These cancers 

show upregulation of lysosomal-autophagic degradation and recycling processes to sustain 
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energy production32. These adaptations are largely driven by the transcription factor EB 

(TFEB) and the mTORC1 signalling axis, both central regulators of lysosomal biogenesis 

and autophagy33,34. Autophagy itself, a process reliant on lysosomal function, is tight ly 

linked to carcinogenesis and therapeutic resistance35,36. The mTOR pathway, commonly 

activated downstream of the PI3K-AKT axis, is frequently hyperactivated in various 

cancers, including HCC, glioblastoma, and melanoma37–39. Dysregulation of upstream 

receptors (e.g., EGFR, IGF-1R) and inactivation of tumour suppressors such as PTEN 

further reinforce this hyperactivation40,41. These pathways ultimately converge on the ES, 

affecting lysosomal maturation, positioning, and metabolic output. 

In summary, the ES has transitioned from its traditional view as a degradative organiser 

compartment to being recognised as a key regulator in oncogenic signalling and cellular 

metabolism of cancer cells. Owing to its multifaceted functions and tumour-specif ic 

adaptations, the ES emerges as a promising and strategically relevant target for the 

development of future anti-cancer therapies. 

 

4.3. Lysosomal Ion Channels TPC2 and TRPML1 as Cancer Modulators  

The endolysosomal system plays a central role in cellular homeostasis by regulat ing 

processes such as protein degradation, nutrient recycling, membrane trafficking, and 

autophagy15. In sustaining cancer hallmarks, lysosomal ion channels have shifted into the 

spotlight as critical regulators of cancer progression, with particular attention given to two 

prominent channels, TPC2 and TRPML1, that are now central to ongoing discussions in the 

field42,43. Key questions arise regarding which ion channels contribute to specific cancer 

hallmarks, and whether their roles are tumour-type specific or reflect broader functions in 

sustaining cancer progression.  

4.3.1. Two-Pore Channel 2 (TPC2)  

The family of two-pore channels (TPCs) are ligand-gated ion channels, with TPC1 and 

TPC2 as the two known paralogs. Both ion channels are widely expressed across tissues, 

yet TPC1 is mainly found in endolysosomal organelles, and TPC2 is predominantly 

expressed in lysosomes. They are key regulators of endolysosomal trafficking, membrane 

dynamics, and autophagy44–48. Whilst there is a link from TPC1 to allergic reactions, 
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anaphylaxis49 and viral replication50, TPC2 contributes to diverse pathological conditions5 1 , 

including neurodegeneration52,53, infectious diseases18,54, and cancer43.  

 

 

Figure 3: Membrane topology of TPC2. Shown is the predicted transmembrane organization of TPC2 with  

two pore-forming domains containing six transmembrane segments and an intervening pore-loop between 

segment 5 and 6. Illustration according to She et al.55  

Structurally, TPC2 consists of two homologous domains, each containing six 

transmembrane segments (S1–S6), connected by EF-hand motifs and forming a central ion-

conducting pore. The N- and C-termini extend into the cytosol55 (Figure 3). Recent 

structural analyses using cryo-electron microscopy have revealed that TPC2 exhibits a two-

fold symmetrical architecture, with channel activation mediated through ligand- induced 

conformational changes, particularly at the S6 segment of the first domain55.  

Physiological activation of TPC2 occurs via direct binding of phosphatidylinositol 3,5-

bisphosphate [PI(3,5)P₂] or indirectly via nicotinic acid adenine dinucleotide phosphate 

(NAADP)55–58 (Figure 3). For NAADP to exert its effect, auxiliary proteins such as 

JPT259,60, Lsm1261, or ASPDH62 are required. Regarding the regulation of ion flux, it has 

been recognized that NAADP activation results in a release of calcium56, while PI(3,5)P₂ 

activation leads to sodium efflux57,63,64. Inhibition of TPC2 occurs endogenously through 

ATP in a mTORC1-dependent manner65 or cytosolic or lysosomal Mg²⁺ (Figure 3). Recent 

research has paved the way for several pharmacological tools to modulate TPC2 activity : 

activators TPC2-A1-N and TPC2-A1-P mimic the effects of NAADP or PI(3,5)P₂57, while 

inhibitors like tetrandrine66 (a bis-benzylisoquinoline alkaloid), the NAADP antagonist 

Ned-1967,68, and the more selective compound SG09469,70 block TPC2-mediated ion flux 

(Figure 3).  
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TPC2 has emerged as a molecule of growing interest due to its involvement in cancer 

progression.43,71,72. It has been implicated in sustaining cancer hallmarks such as 

proliferation, metabolic reprogramming, cell migration, and angiogenesis69,73–75. Notably, 

high TPC2 expression correlates with poor clinical outcomes in prostate cancer76. 

Functional studies in HCC and melanoma have demonstrated that both pharmacologica l 

inhibition and genetic deletion of TPC2 significantly reduce cancer cell proliferation and 

tumour growth in vitro and in vivo66,69. Furthermore, TPC2 modulates β1-integrin 

recycling75, thereby influencing cell migration and invasiveness, and promotes VEGF-

induced angiogenesis through a VEGFR2/NAADP/TPC2/Ca²⁺ signalling axis73,74. Besides 

its role on cancer proliferation and migration, latest research has also highlighted TPC2 as 

potential target in chemoresistance in leukaemia77,78. KO of TPC2 resulted in sensitisat ion 

of vincristine-resistant cells to weak base cytostatics and leukaemia cells to chemotherapy7 8 .  

Taken together, these findings highlight TPC2 not only as a central regulator of 

endolysosomal signalling, but also as a promising candidate for targeted cancer therapy, 

particularly in tumours reliant on lysosome-driven processes for survival and progression. 
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4.3.2. Transient Receptor Potential 1 (TRPML1)  

The transient receptor potential mucolipin (TRPML) family consists of three mammalian 

isoforms, TRPML1, TRPML2, and TRPML3, localized to early, late, and recycling 

endosomes as well as lysosomes79. While TRPML2 and TRPML3 are predominantly 

expressed in specialized cells80,81, TRPML1 is ubiquitously expressed, with highest levels 

found in liver, spleen, and brain tissue17. 

 

Figure 4: Structure of TRPML1. Six-transmembrane proteins spanning the lysosomal membrane forming  

the transmembrane domain (TMD) and canopy-like luminal linker domain between S1 and S2. Adapted from 

Gan et al.82 Created with BioRender.  

TRPML1 is a tetrameric channel, with each subunit containing six transmembrane 

domains83. It is activated by PI(3,5)P₂ binding to S5–S6 domains, triggering conformationa l 

changes and channel opening84,85. Besides PI(3,5)P₂ , reactive oxygen species (ROS) and 

ML-SA1 act as endogenous activator of TRPML1 in a pH-dependent manner86,87, while 

PI(4,5)P2 and small molecules ML-SI1, ML-SI3 and EDME act as inhibitors (Figure 5)88,89. 

In addition to being considered the primary lysosomal calcium channel, TRPML1 is a non-

selective cation channel that has the ability to transport sodium, ferrous iron, zinc, 

magnesium, and potassium ions into the cytosol90–92. 

Functionally, calcium release via TRPML1 is proposed to regulate fission and fusion events 

within the endocytic pathway and lysosomal membrane trafficking, as these processes are 

calcium-dependent and disrupted in TRPML1 knockout cells16,93–96. Moreover, TRPML1 

promotes autophagy and lysosomal biogenesis by releasing calcium from lysosomes, 
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activating calcineurin, and enabling the nuclear translocation of transcription factor EB 

(TFEB)96,97. Mutations in the MCOLN1 gene, which encodes TRPML1, cause 

Mucolipidosis Type IV (MLIV)93,98, a lysosomal storage disorder marked by 

neurodevelopmental delay and vision impairment. TRPML1 deficiency has also been linked 

to motor neuron degeneration, whereas its expression supports neuronal survival in 

amyotrophic lateral sclerosis models99. 

Despite increasing interest, the role of TRPML1 in cancer remains complex and context 

dependent. Loss or inhibition of TRPML1 reduces cancer cell proliferation and migrat ion, 

particularly in HRAS-driven tumours, where its expression is elevated and correlates with 

poor prognosis100. In those tumours TRPML1 supports cholesterol localization at the plasma 

membrane, maintaining HRAS signalling and ERK phosphorylation; its inhibition disrupts 

this pathway100. High TRPML1 levels are also associated with poor outcomes in 

glioblastoma where knockdown impairs tumour growth, likely via disrupted mitochondria l 

function and autophagy101. A recent study from our lab suggests that loss of TRPML1 

function exerts its anti-cancer activity by impairing mitochondrial renewal and thereby 

hampering mitochondrial function87. In melanoma, TRPML1 promotes tumour growth 

through mTORC1 signalling and deficiency activates MAPK signalling due to impaired  

lysosomal degradation of growth factor receptors, leading to protein synthesis dysregulat ion 

and cell death102. Moreover, in breast cancer it has been shown that TRPML1 regulates 

cancer development via mTORC103 and targeting TRPML1 results in elimination of cancer 

stem cells via ferroptosis104. Also loss of  TRPML1 function in breast cancer reduces 

migration capacities, supporting its role in metastatic potential88,105. Interestingly, TRPML1 

is downregulated in early-stage non-small-cell lung carcinoma (NSCLC) but upregulated in 

later stages106. This suggests a dual role, loss may contribute to early tumorigenesis through 

increased genetic instability, while upregulation in advanced stages supports tumour 

metabolism and autophagic activity106. 

Conversely, hyperactivation of TRPML1 can also exert anti-cancer effects. In glioblastoma, 

TRPML1 loss correlates with worse survival, while activation triggers apoptosis, especially 

under oxidative stress107. TRPML1-mediated autophagy and ROS signalling appear to be 

critical regulators of this balance. In neurons, TRPML1 takes over protective functions by 

promoting autophagic clearance and thereby reducing cellular toxicity and reducing ER 

stress99.   
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In summary, TRPML1 shows tumour-type and context-specific functions. Its impact, 

whether tumour-promoting or suppressive, likely depends on the cancer type, stage, and 

cellular stress environment, underscoring the need for further mechanistic exploration. 

 

Figure 5: Activation and inhibition of TPC2 and TRPML1. TPC2 and TRPML1 can be endogenously 

activated and inhibited by the stated molecules in a direct or indirect manner. They can also be modulated by 

synthetised small molecules . Ned-19 was described by Pitt et al.108 and EDME by Rühl et al.88 . All other small 

molecules have been previously described by Müller et al., Gerndt et al. or Leser et al. 57,69,87,89. 

Collectively, recent studies have underscored the pivotal role of TPC2 and TRPML1 in 

cancer development and tumour progression. They both contribute to several cancer 

hallmarks, including cancer proliferation, resistance to apoptosis, chemoresistance, and 

enhanced migration of invasive cells. Given their involvement in endocytosis, exocytosis, 

and intracellular trafficking, this prompts the question, whether TPC2 and TRPML1 might 

influence immune evasion mechanisms in cancer cells. 

4.4. Emerging Role of the ES in Immune Evasion  

Besides its influence in cancer progression, the ES plays a pivotal role in immunity due to 

its central function in cellular homeostasis and immune signalling109,110. It acts as a hub for 

coordinating immune responses across both the innate and adaptive branches of the immune 

system110. 

In the innate immune system, pattern recognition receptors (PRRs), such as toll- like 

receptors (TLRs) located in endosomes and lysosomes (e.g., TLRs 3, 7, 8, 9), detect 

pathogen-associated molecular patterns (PAMPs), initiating signalling cascades that 

promote proinflammatory cytokine and chemokine production111. The ES also prevents 

recognition of self-DNA/RNA by degrading host nucleic acids via DNases and 
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RNases111,112. Proper activation of TLRs requires endolysosomal processing, includ ing 

proteolytic cleavage by enzymes such as asparagine endopeptidase and cathepsins113. In 

close interplay with innate immunity, the ES also supports adaptive immune responses. 

In adaptive immunity, endolysosomes facilitate antigen processing and presentation on 

MHC-II molecules following uptake via macropinocytosis, phagocytosis, or receptor-

mediated endocytosis114,115. These compartments function as specialised sites for peptide 

loading, integrating MHC-II molecules, proteases, and chaperones114,115. While no single 

protease is essential in vivo 116,117, antigen capture via receptors like B cell immunoglobulin 

allows efficient T cell activation, even at low antigen levels 118. MHC-II–peptide complexes 

formed in late endocytic compartments may reach the cell surface via vesicular transport or 

direct fusion119,120. Building on its immune-regulatory functions, the ES is increasingly 

being recognised as a key modulator in cancer immunotherapy.  

Cancer immunotherapy, which harnesses the immune system to target tumours, includes 

approaches such as checkpoint inhibitors, adoptive cell therapy (ACT), and cancer 

vaccines121–125. Recent studies highlight the role of lysosomes in shaping the tumour 

microenvironment (TME), offering new therapeutic opportunities126,127. For example, a pH-

sensitive nano-adjuvant developed by Tang et al. selectively altered lysosomal pH in 

tumour-associated macrophages, promoting M1 polarisation and antigen presentation12 8 . 

Lysosome-targeting chimeric molecules have shown potential in degrading key membrane 

proteins like EGFR and PD-L1, enhancing immune responses126,129.  

Among these approaches, immune checkpoint therapy has emerged as one of the most  

transformative developments in oncology130. Despite the identification of numerous 

checkpoint molecules, current therapies primarily target CTLA-4 and PD-1/PD-L1131–133. 

CTLA-4, an inhibitory receptor on T cells, is upregulated upon T cell receptor (TCR) 

activation and binds B7 ligands with higher affinity than CD28, thereby dampening T cell 

proliferation and cytokine production 134–136. During early tumourigenesis, CTLA-4 

signalling can suppress anti-tumour immune responses137. Intriguingly, some tumours 

exploit this mechanism by expressing CTLA-4 themselves, which further suppresses T cell 

activation and impairs tumour clearance138–140. Lysosomes are central to CTLA-4 

regulation, mediating its internalisation and degradation via endocytosis and interaction 

with adaptor proteins AP1 and AP2141,142. However, the precise mechanisms governing 

CTLA-4 recycling to the plasma membrane remain unclear. 
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PD-1 is another key immunosuppressive receptor, expressed on T cells, macrophages, 

dendritic cells, B cells, monocytes, and NK cells during chronic antigen exposure132,143. Its 

ligand, PD-L1, is broadly expressed by tumour cells, tumour-infiltrating immune cells, and 

antigen-presenting cells (APCs)132,144. T cell activation requires both antigen recognit ion 

(via MHC-TCR) and co-signals, either stimulatory or inhibitory145. Engagement of PD-1 

with PD-L1 inhibits T cell function, promoting apoptosis, cytokine suppression, and antigen 

tolerance, mechanisms by which tumours escape immune surveillance146. PD-L1 is present 

both on the cell surface and intracellularly, with its expression dynamically regulated 

through lysosome-dependent trafficking and degradation147–149. Notably, patients receiving 

checkpoint inhibitors such as nivolumab (anti–PD-L1) or ipilimumab (anti–CTLA-4) often 

develop resistance150,151. Emerging evidence suggests that lysosomal degradation of PD-L1 

may contribute to poor immunotherapy outcomes and developed resistance, although the 

underlying resistance mechanisms remain poorly understood150. Moreover, the autophagy 

inhibitor chloroquine in combination with PD-L1 KO has been shown to augment immune 

checkpoint blockade in clinical trials 152. 

Given this central role in both immunity and immunotherapy, understanding the molecular 

components regulating ES function is increasingly important, particularly lysosomal ion 

channels. Proper function of endolysosomal compartments is essential for immune 

regulation and surveillance, processes frequently hijacked during tumour progression and 

immune evasion. As lysosomal function is tightly linked to the activity of ion channels such 

as TRPML1 and TPC2, there is significant potential in exploring their roles not only in 

immune function but also in mechanisms of immune escape. TRPML1 has been shown to 

be essential for the efficient exocytosis of MHC class I and II molecules to the plasma 

membrane in macrophages153. In the context of pancreatic cancer, TRPML1-mediated 

autophagy facilitates lysosomal degradation of MHC-I, contributing to reduced surface 

expression and impaired CD8⁺ T cell-mediated anti-tumour responses154. Similarly, TPC2 

has been implicated in regulating immune evasion through multiple pathways. It controls 

inflammatory leukocyte recruitment and adhesion by modulating P-selectin trafficking, a 

mechanism exploited by tumour cells to evade macrophage recognition155,156. Moreover, 

TPC2 inhibition in bone marrow-derived macrophages (BMDMs) results in immune 

suppression due to endolysosomal trapping of key components157. 

Taken together, while emerging evidence suggests that TRPML1 and TPC2 are involved in 

modulating processes involved in immune evasion, our understanding of their detailed roles 
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remains limited. This raises important questions about how endolysosomal ion channels 

may contribute to tumour immune escape. Given the growing incidence of resistance to 

cancer immunotherapy, elucidating the roles of TRPML1 and TPC2 in immune regulat ion 

and evasion could offer novel strategies to enhance anti-tumour immunity and overcome 

therapeutic resistance.  
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5. Aim of the study  

The primary aim of this study was to systematically investigate the roles of the endolysosomal 

calcium channels TPC2 and TRPML1 in cancer progression, with an emphasis on delineat ing 

their distinct and shared regulatory mechanisms across different cancer types. While both 

channels are known to modulate key cellular processes such as lysosomal traffick ing, 

autophagy, metabolism, and proliferation, a comprehensive side-by-side comparison of their 

tumour-promoting functions and context-specific roles has been lacking. By integrating data 

across HCC, melanoma, and other tumour models, this study aimed to reveal cancer-type 

specific dependencies on TPC2 or TRPML1 activity. Furthermore, a particular focus was placed 

on exploring the immunomodulatory functions of TPC2, hypothesising that this channel may 

contribute not only to intrinsic tumour growth but also to immune evasion mechanisms. 

Through multi-omics profiling, functional assays, and in vivo studies, the work sought to 

uncover whether TPC2 uniquely facilitates tumour immune escape compared to TRPML1, and 

whether its inhibition could enhance tumour immunogenicity.  

Ultimately, the study aimed to provide mechanistic insight into how TPC2 and TRPML1 shape 

tumour progression and immune evasion mechanisms, to highlight their potential as therapeutic 

targets to improve cancer therapies including cancer immunotherapy.  
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6. Short summary of the manuscripts  

6.1. Endolysosomal TRPML1 channel regulates cancer cell migration by altering 

intracellular trafficking of E-cadherin and β1-integrin. 

Lina Ouologuem*, Nadine Frey*, Julia Blenninger, Wei-Xiong Siow, Julia Thorn-

Seshold, Jan Stöckl, Carla Abrahamian, Thomas Fröhlich, Angelika M. Vollmar, 

Christian Grimm, Karin Bartel 

* These authors contributed equally 

2023, J. Biol. Chem., 300(1) 105581 

 

 Graphical Abstract 

 

Graphical abstract 1: The illustration depicts the central findings and mechanistic insights of the study, 

highlighting the role of TRPML1 in impairing trafficking processes and E-cadherin and β-integrin expression 

levels. Graphical abstract is adapted from the original publication. 

 Metastasis remains responsible for approximately 90% of all cancer-related deaths. 

Enhanced cellular motility and invasive behaviour of cancer cells represent two key 

prerequisites for this process. This highlights the need to understand the cellula r 

mechanisms driving cancer cell dissemination and finding new targets. Our study identifie s 

the lysosomal calcium channel TRPML1 as a key regulator of cancer cell migration and 
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adhesion, processes central to metastasis. By using a combination of in vitro and in vivo 

models across various cancer types, including hepatocellular carcinoma (RIL-175, Hep3B, 

Huh7, HepG2), melanoma (SkMel-5, B16F10-luc), and breast cancer (MDA-MB-231, 

SkBr3), we demonstrated that loss of TRPML1 function via KO or knockdown (KD) 

reduces migration capacities, actin cytoskeletal organization, and cell adhesion. 

Mechanistically, TRPML1 loss-of-function alters cytosolic calcium levels and disrupts 

trafficking of E-cadherin and β1-integrin. The impaired trafficking was associated with 

defective Rab11/Rab5-mediated recycling, resulting in decreased membrane localizat ion 

of E-cadherin and β1-integrin, and reduced focal adhesion signalling (e.g., pFAK, pSrc, 

RhoA). This led to reduced adhesion and migratory capacity, as well as altered actin 

polymerization. Furthermore, we also identified a link between reduced membrane-bound 

E-cadherin and NF-κB phosphorylation mediated via β-catenin and p38 signalling. This 

interaction establishes an E-cadherin/NF-κB feedback loop that regulates E-cadherin 

expression at the transcriptional level.  

Collectively, our study positions TRPML1 as a central regulator of cancer cell migrat ion 

and trafficking, offering a potential therapeutic target to inhibit metastasis in solid tumo urs. 
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6.2. Rab7a is an enhancer of TPC2 activity regulating melanoma progression 

through modulation of the GSK3β/β-Catenin/MITF-axis. 

Carla Abrahamian*, Rachel Tang*, Rebecca Deutsch*, Lina Ouologuem*, Eva-Maria 

Weiden, Veronika Kudrina, Julia Blenninger, Julia Rilling, Colin Feldmann, Solveig 

Kuss, Youli Stepanov, Anna Scotto Rosato, Guadalupe T. Calvo, Maria S. Soengas, 

Doris Mayr, Thomas Fröhlich, Thomas Gudermann, Martin Biel, Christian Wahl-

Schott, Cheng-Chang Chen, Karin Bartel+ & Christian Grimm+ 

* These authors contributed equally; + Corresponding authors  

2024, Nature Communications, 15:10008 

 

Graphical abstract 

 

Graphical abstract 2: The illustration represents an overview of melanoma risk factors and how a KO of 

TPC2 or Rab7 results in reduced migration, tumour growth and proliferation. This graphical abstract is 

adapted from the original publication.  

In this study, we aimed to investigate how TPC2, a lysosomal cation channel, contributes 

to melanoma progression and how its activity is regulated at the molecular level. While 

TPC2 has been previously linked to cancer hallmarks such as proliferation, migration, and 

metastasis, the upstream regulators of its activity and downstream signalling pathways 

remained poorly defined. We identified Rab7a, a small GTPase involved in endolysosomal 

trafficking, as a key enhancer of TPC2 activity. Using a combination of patch-clamp 
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electrophysiology, calcium imaging, and protein interaction assays, we demonstrated that 

Rab7a physically interacts with and functionally activates TPC2 in melanoma cells. This 

interaction promotes endolysosomal degradation of GSK3β, preventing β-Catenin and 

MITF degradation, thereby maintaining a transcriptional program that supports melanoma 

cell proliferation and invasion. Our genetic and pharmacological manipulation of Rab7a 

and TPC2 revealed that loss of either protein suppresses melanoma cell growth, migrat ion, 

and invasion in vitro and reduces tumour progression in vivo. Notably, re-expression of 

TPC2, but not Rab7a, rescues the functional deficits in Rab7a knockout cells, suggest ing 

that Rab7a acts upstream of TPC2. 

Overall, our findings establish Rab7a as a critical upstream modulator of TPC2 activity and 

underscore the TPC2–GSK3β/β-Catenin–MITF axis as a central driver of melanoma 

pathogenesis. Targeting this pathway could open new therapeutic avenues for patients with 

MITF-high melanomas. 
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6.3. CCZ1 is a modulator of TPC2 activity and melanoma cell migration 

Zhuo Yang*, Colin Feldmann*, Lina Ouologuem, Alice C. Lin, Stefanie Fenske, Stylianos 

Michalakis, Karin Bartel, Michael Schänzler, Christian Grimm, Cheng-Chang Chen+, 

Christian Wahl-Schott+, and Martin Biel+ 

* These authors contributed equally; + Corresponding authors 

2025, submitted to Science Advances. 

 

Graphical abstract 

 

Graphical abstract 3: The figure illustrates the role of the small GTPase RAB7a in promoting melanoma 

progression via activation of the endolysosomal ion channel TPC2. CCZ1 is shown to be essential for enabling 

RAB7a–TPC2 interaction and activity. Loss of CCZ1 disrupts this interaction yet unexpectedly results in 

enhanced TPC2 activity through increased PI(3,5)P₂ sensitivity, ultimately promoting melanoma cell 

migration. 

This study builds upon our previous work (manuscript II), where we identified the small 

GTPase RAB7a as a key driver of melanoma progression through its activation of the 

endolysosomal cation channel TPC2. Small GTPases are activated by GEFs. The CCZ1–

MON1a/b–RMC1 complex is the only known GEF for RAB7a. To test whether this 

complex is necessary for RAB7a-dependent regulation of TPC2, we generated CCZ1 KO 
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in HEK293 and Skmel-5 cells. Here we show that loss of CCZ1 abolished the interaction 

between RAB7a and TPC2 and prevented activation of TPC2 currents, even with a 

constitutively active Rab7aQ67L mutant. This indicates that CCZ1 is essential for RAB7a-

mediated modulation of TPC2 via a mechanism independent of its GEF activity. Notably, 

CCZ1 KO alone led to constitutively enhanced TPC2 currents, comparable to RAB7a-

activated levels in WT cells. In melanoma cells, this increased TPC2 activity led to 

enhanced migratory behaviour. Stimulation with TPC2-A1P further enhanced cell 

migration, with CCZ1 KO + TPC2-A1P cells displaying greater migratory capacity than 

both WT and WT + TPC2-A1P cells. In line with previous reports, pharmacologica l 

inhibition of TPC2 markedly reduced migration across all conditions, confirming that the 

observed pro-migratory effect is dependent on TPC2 activity. Overall, our findings identify 

CCZ1 as a negative regulator of TPC2 and uncover a critical mechanism by which it 

controls cancer cell migration. 

 

 

 

Declaration of contribution: I contributed to this work of Zhuo Yang, Dr. Colin Feldmann, Prof. 

Wahl-Schott and Prof. Martin Biel by conducting a set of experiments including qPCR analysis 

and migration experiments of Skmel-5 WT and CCZ1 KO cells. I was partially involved in the 

design of the study since the investigated underlying mechanism is associated with my earlier 

work (manuscript II).  
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6.4. Endolysosomal transient receptor potential mucolipins and two-pore channels: 

implications for cancer immunity.  

Lina Ouologuem, Karin Bartel  

2024, Frontiers of Immunology, 15:1389194 (Review article) 

 

Graphical abstract 

 

Graphical abstract 4: Illustration highlighting summarising potential implications of TPC2 and TRPML1 

in cancer immunity. This illustration is adapted from the original publication.  

Endolysosomes play a crucial role in both cellular metabolism and immune regulat ion, 

influencing antigen presentation, cytokine release, and immune cell activation. Two 

families of endolysosomal ion channels, TRPMLs and TPCs, have emerged as critica l 

regulators of lysosomal function and trafficking. While both have been implicated in 

sustaining multiple cancer hallmarks such as proliferation, migration, and invasion, their 

role in cancer immunity remains poorly understood. This review aims to bridge the 

knowledge gap by exploring their dual function in both cancer cells and immune cells, and 

how they may contribute to immune evasion. We emphasize the need for further research 

especially for the role of TPC2 and TRPML1 to determine whether targeting these channels 
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could present a two-pronged therapeutic strategy: inhibiting cancer progression while 

enhancing anti-tumour immune responses. 

All the collected data suggests that TRPMLs and TPCs act as central hubs in the interface 

between cancer progression and immune regulation, offering potential dual-function 

targets for therapy.  

 

This is a Review article, which serves as a bridge to the topic of the next manuscript.  
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6.5. Loss of TPC2 induces tumour cell killing by CD8+ T cells and directly impairs 

tumour growth via the MAPK axis 

Lina Ouologuem, Anna Kübler, Sarah Ouologuem, Amar Hadzic, Jan B. Stöckl, Anna 

Chiara Siciliano, Stefania Forciniti, Salvatore Nigro, Helena Iuele, Valentina Onesto, 

Anny Nguyen, Dana Matzek, Carla Abrahamian, Christian Grimm, Bastian Popper, 

Giuseppe Gigli, Loretta L. del Mercato, Olivia M. Merkel, Thomas Fröhlich, Sebastian 

Theurich, Karin Bartel    

2025, Frontiers of Immunology, 16:1668066. 

 

Graphical abstract  

 

Graphical abstract 5: Illustration highlighting the role of TPC2 on multiple cancer hallmarks via MAPK 

axis. This graphical abstract is adapted from the original publication. 

Lysosomal ion channel TPC2 is increasingly recognised as pivotal regulator of cancer 

proliferation, metastasis and angiogenesis, yet its specific role in tumour immunity 

remained underexplored. In our study we investigated the role of TPC2 in cancer 

progression, namely cancer proliferation and tumour growth, and immune evasion in HCC 

and melanoma. Therefore, TPC2 was genetically knocked out using CRISPR/Cas9 in 
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human and murine cancer cell lines. All the observed effects were compared to TRPML1 

KO cells, to confirm that the observed phenotypes are TPC2-specific rather than due to 

general disruption of lysosomal calcium signalling. The experimental approach combined 

advanced imaging techniques, high-resolution intracellular pH sensors, in vitro assays 

(proliferation, co-culture with T cells), multi-omics profiling, and in vivo tumour models. 

We could observe that loss of TPC2 impaired lysosomal acidification, reduced glycolyt ic 

capacities, significantly reduced cancer cell proliferation, and curtailed tumour growth, 

especially in HCC. Mechanistically, TPC2 KO suppressed the MAPK/ERK signalling 

pathway by downregulating ERK1/2 expression and translation, which in turn reduced 

glycolysis and biosynthetic activity. Importantly, loss of TPC2 function TPC2 enhanced 

tumour immunogenicity by increasing MHC-I surface expression and decreasing PD-L1 

levels, thereby boosting CD8⁺ T cell-mediated cytotoxicity and tumour clearance. 

TRPML1 knockout, in contrast, had minimal or divergent effects. Also, we hypothesize 

that the observed anti-tumour and pro-immunogenicity effects after TPC2 KO via 

MAPK/ERK axis are cancer specific, as strong effects were observed in HCC, but not in 

melanoma. These findings position TPC2 as a dual regulator of cancer cell metabolism and 

immune evasion, highlighting its therapeutic potential in sensitising tumours to 

immunotherapy and inhibiting growth through MAPK axis modulation, particularly in liver 

cancer. 
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10. Appendix  

10.1. Abbreviations  

ACT Adoptive cell therapy  

APC Antigen-presenting cell 

BMDM Bone-marrow-derived macrophage 

ES  Endolysosomal system 

GEF Guanine nucleotide exchange factor 

GTPase Guanine-triphosphatase  

HCC Hepatocellular carcinoma 

KD  knockdown 

KO knockout 

MAPK Mitogen-activated Protein Kinase  

MITF Microphthalmia-associated transcription factor 

MLIV Mucolipidosis Type IV 

mTOR Mechanistic target of rapamycin 

NAADP nicotinic acid adenine dinucleotide phosphate 

NSCLC non-small-cell lung carcinoma 

PAMP Pathogen-associated molecular patterns  

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

PRR Pattern recognition receptor 

ROS Reactive oxygen species  

TCR T cell receptor  

TFEB Transcription factor EB 

TLR Toll-like receptor 
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TME Tumour microenvironment 

TPC Two-Pore Channel 

TRPML Transient Receptor Potential Mucolipin 

WT Wild-type 
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