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SUMMARY 
 

Pancreatic ductal adenocarcinoma (PDAC) is the most common and aggressive form of 
pancreatic cancer, accounting for over 90% of cases, with a poor 5-year relative survival rate of 
only 10% to 12%. Due to its asymptomatic early progression and the lack of effective diagnostic 
tools, PDAC is often diagnosed at advanced stages when metastasis has already occurred. 
Additionally, its high resistance to conventional therapies complicates treatment, highlighting the 
urgent need for novel strategies. 

The development of PDAC is intricately linked to the unique physiology and microenvironment of 
the exocrine pancreas. The activation of pancreatic stellate cells (PSCs) creates a dense fibrotic 
stroma that contributes to cancer progression. This desmoplastic stroma interacts with tumor, 
immune, and endothelial cells, resulting in a hypoxic and poorly vascularized environment that 
hinders treatment delivery. 

Research in oncology increasingly focuses on the role of ion channels in tumor development. 
Traditionally studied in excitable tissues, ion channels are now recognized as critical regulators in 
various cancers. Modulating these channels has shown potential for anticancer effects.  Among 
these, potassium channels have garnered attention for their roles in the tumor microenvironment 
and their potential as therapeutic targets.  

Among these, the calcium-activated potassium channel KCa3.1 has emerged as an important 
regulator of cancer signaling pathways and as a prognostic biomarker in PDAC, influencing 
processes such as migration, invasion, and apoptosis resistance. Additionally, K Ca3.1 is 
expressed in PSCs making it particularly relevant in the tumor microenvironment of PDAC. 
Despite its therapeutic potential, the data regarding K Ca3.1 targeting in PDAC are limited. Given its 
expression in both cancer cells and tumor microenvironment—including in immune and 
endothelial cells—predicting the effects of targeting KCa3.1 in PDAC is complex. Moreover, the 
differential expression of KCa3.1 in the plasma membrane and in the mitochondrial inner 
membrane of PDAC cells suggests that targeting these channels in specific cellular 
compartments may present distinct effects. 

While in vitro studies provided valuable insights into the biological functions of K Ca3.1, in vivo data 
were still lacking. It was the aim of my thesis to contribute to closing this gap. We conducted qPCR 
analysis of patient samples which showed that elevated K Ca3.1 expression was associated with 
poorer survival outcomes. This led to an investigation of K Ca3.1 inhibition using TRAM-34 and 
maurotoxin, both as monotherapies and in combination with gemcitabine. The KPfC (Kraswt/LSL–

G12D Tp53fl/+ Pdx1-Cre) mouse model was used, alongside a 3D spheroid co-culture that 
incorporates pancreatic cancer cells and PSCs.  

Maurotoxin exhibited superior efficacy compared to TRAM-34 in both models. In vivo, plasma 
membrane-specific KCa3.1 inhibition led to a decrease in tumor node size without inducing 
excessive fibrosis. RNA sequencing of KCa3.1 CRISPR knockout spheroids revealed alterations in 
pathways related to IFN-α/γ, epithelial-mesenchymal transition (EMT), and G2-M checkpoint 
regulation. Subsequent analysis of the KPfC tissue indicated that KCa3.1 inhibition was associated 
with increased cell death and reduced EMT. In vitro, the inhibition of the plasma membrane KCa3.1 
channel by maurotoxin resulted in decreased invasiveness and enhanced cell death in the 3D 
spheroid model. These results highlight the differential effects of K Ca3.1 based on its subcellular 



9 
 

localization; plasma membrane-specific inhibition reduced tumor invasiveness, while TRAM-34 
that blocks both plasma membrane and mitochondrial channels yielded less pronounced effects.  

This research explores the intricate dynamics of K Ca3.1 inhibition in PDAC and validates its 
potential as a promising therapeutic target for impairing cancer progression. 

 

Keywords: Pancreatic cancer; KCa3.1; Tumor microenvironment; Spheroids; 3D Migration; 
Fibrosis. 

Statement of significance: This study follows up on the correlation between elevated KCa3.1 
channel expression and poor patient overall survival. Combining an immunocompetent murine 
PDAC model, 3D spheroid models and RNAseq analysis, we show that inhibiting KCa3.1 leads to 
decreased invasive potential and tumor growth as well as increased cell death. We propose K Ca3.1 
inhibition as an alternative strategy for pancreatic cancer treatment. 
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RÉSUMÉ  
 

L'adénocarcinome canalaire pancréatique (PDAC) est la forme de cancer du pancréas la plus 
courante et la plus agressive, représentant plus de 90 % des cas, avec un taux de survie à 5 ans 
de seulement 10 % à 12 %. En raison de sa progression précoce asymptomatique et de l’absence 
d'outils diagnostiques efficaces, le PDAC est souvent diagnostiqué à un stade avancé, où le 
cancer a déjà métastasé. Sa forte résistance aux thérapies conventionnelles complique 
également le traitement, soulignant le besoin urgent de stratégies novatrices. 

Le développement du PDAC est lié à la physiologie et au microenvironnement du pancréas 
exocrine. L'activation des cellules stellaires pancréatiques (PSCs) engendre un stroma fibreux 
dense qui contribue à la progression du cancer. Ce stroma desmoplastique interagit avec les 
cellules tumorales, immunitaires et endothéliales, créant un environnement hypoxique et peu 
vascularisé qui entrave l’efficacité des traitements. 

La recherche en oncologie se concentre de plus en plus sur le rôle des canaux ioniques dans le 
développement tumoral, les ayant identifiés comme des régulateurs essentiels dans divers 
cancers. En particulier, le canal potassique activé par le calcium K Ca3.1 a suscité un intérêt accru 
en raison de son rôle dans le microenvironnement tumoral et son potentiel en tant que cible 
thérapeutique. 

KCa3.1 est impliqué dans des processus tels que la migration, l'invasion et la résistance à 
l'apoptose. De plus, son expression dans les PSCs le rend particulièrement pertinent dans le 
microenvironnement tumoral. Toutefois, les données concernant l’inhibition de KCa3.1 dans le 
PDAC restent limitées. Au vu de son expression à la fois dans les cellules cancéreuses et dans le 
microenvironnement tumoral, y compris dans les cellules immunitaires et endothéliales, il est 
complexe de prédire les effets de l’inhibition de KCa3.1 dans le PDAC. En outre, l'expression 
différentielle de KCa3.1 dans la membrane plasmique et dans la membrane interne 
mitochondriale des cellules suggère que cibler ces canaux dans des compartiments cellulaires 
spécifiques pourrait avoir des effets distincts. 

Bien que les études in vitro aient fourni des informations précieuses sur KCa3.1, les données in 
vivo sont insuffisantes. L’objectif de cette thèse est de contribuer à combler cette lacune. Nous 
avons réalisé une analyse qPCR d'échantillons de patients, révélant qu'une expression élevée de 
KCa3.1 était associée à un pronostic défavorable. Cela a conduit à l'exploration de l'efficacité 
thérapeutique de l'inhibition de KCa3.1 en utilisant TRAM-34 et la maurotoxine, en monothérapies 
et en combinaison avec la gemcitabine dans le modèle murin KPfC (Kraswt/LSL–G12D Tp53fl/+ Pdx1-
Cre) ainsi que dans une co-culture de sphéroïdes 3D incorporant des cellules cancéreuses 
pancréatiques et des PSCs. 

La maurotoxine a montré une efficacité supérieure à celle de TRAM-34 dans les deux modèles. In 
vivo, l'inhibition spécifique de KCa3.1 dans la membrane plasmique a entraîné une diminution de 
la taille des tumeurs sans induire de fibrose excessive. Le séquençage RNA des sphéroïdes  
KCa3.1-/- a révélé des altérations dans les voies liées à l'IFN-α/γ, à la transition épithélio-
mésenchymateuse (EMT) et à la régulation du point de contrôle G2-M. L'analyse des tissus KPfC 
a montré que l'inhibition de KCa3.1 était associée à une augmentation de la mort cellulaire et à 
une réduction de la EMT. In vitro, l'inhibition de KCa3.1 par la maurotoxine a entraîné une 
diminution de la capacité d’invasion et une augmentation de la mort cellulaire dans les 
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sphéroïdes. Ces résultats soulignent le potentiel thérapeutique de K Ca3.1 dans le traitement du 
PDAC ainsi que ses effets différentiels selon sa localisation subcellulaire  :  l'inhibition spécifique 
de la membrane plasmique a entravé la progression tumorale, tandis que l'inhibition par TRAM-
34, affectant à la fois les canaux de la membrane plasmique et les canaux mitochondriaux, a 
produit des effets moins prononcés. 

 

Mots-clés : Cancer du pancréas ; KCa3.1 ; Microenvironnement tumoral ; Sphéroïdes ; Migration 
3D ; Fibrose. 

Importance de l'étude : Cette étude approfondit la corrélation entre l'expression élevée du canal 
KCa3.1 et la survie globale réduite des patients atteints de cancer du pancréas. En combinant un 
modèle murin immunocompétent du PDAC, des modèles 3D de sphéroïdes et une analyse 
RNAseq, nous démontrons que l'inhibition de KCa3.1 conduit à une réduction du potentiel invasif 
et de la croissance tumorale, tout en favorisant la mort cellulaire. Ainsi, nous proposons que 
l'inhibition de KCa3.1 représente une option thérapeutique alternative pour le traitement du cancer 
du pancréas. 
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RÉSUMÉ SUBSTANTIEL 
 

L'adénocarcinome canalaire pancréatique (PDAC) est la forme la plus fréquente et la plus 
agressive du cancer du pancréas, représentant plus de 90 % des cas diagnostiqués. Son 
pronostic est particulièrement préoccupant, avec un taux de survie à 5 ans ne dépassant pas 10 
à 12 % (Park et al., 2021). Actuellement, le PDAC est la quatrième cause de décès par cancer dans 
les pays occidentaux et pourrait devenir la deuxième cause de mortalité par cancer aux États-
Unis dans les années à venir (Park et al., 2021; Tirpe et al., 2024). Ce pronostic alarmant est 
principalement attribuable au fait que les stades précoces du PDAC sont souvent 
asymptomatiques, ainsi qu’à l’absence d’outils et de traitements efficaces pour un diagnostic 
précoce. Cette situation conduit à des diagnostics tardifs (Park et al., 2021), souvent à un stade 
où le cancer a déjà métastasé. De plus, le PDAC se caractérise par une forte résistance aux 
thérapies conventionnelles telles que la gemcitabine (Koltai et al., 2022). Ces défis mettent en 
lumière l'urgence de développer de nouvelles stratégies thérapeutiques. 

Le développement du PDAC est étroitement lié à la physiologie et au microenvironnement 
spécifiques du pancréas exocrine. L'acidification intermittente du stroma pancréatique sain 
favorise la survie de cellules résistantes à de faibles niveaux de pH, ce qui  contribue à la sélection 
de cellules agressives et stimule la croissance et l'invasion tumorales (Blaszczak & Swietach, 
2021; S. F. Pedersen et al., 2017). Parallèlement, l'activation des cellules stellaires pancréatiques 
résidentes (PSC) entraîne la formation d'un stroma fibreux dense (desmoplasie). Ce stroma 
desmoplastique interagit avec les cellules tumorales, immunitaires et endothéliales, créant un 
microenvironnement complexe, hypoxique et peu vascularisé qui joue un rôle crucial dans la 
progression du cancer. Ce stroma peut agir comme une barrière, entravant l'administration 
efficace de traitements aux cellules cancéreuses (Provenzano et al., 2012; Sperb et al., 2020; Tao 
et al., 2021). 

La recherche en oncologie met de plus en plus en lumière le rôle des canaux ioniques dans la 
progression tumorale. Bien que traditionnellement associés aux tissus excitables, tels que les 
systèmes nerveux et cardiovasculaire, les canaux ioniques ont récemment été identifiés comme 
des régulateurs critiques dans plusieurs cancers (incluant le PDAC). La modulation de ces 
canaux s'est révélée prometteuse pour induire des effets anticancéreux, soit en inhibant 
directement la croissance tumorale, soit en renforçant l’efficacité d’autres traitements 
antitumoraux existants (Kischel et al., 2019; M. Li et al., 2023) Leur implication dans des 
processus clés tels que la prolifération, la migration, l’invasion et la mort cellulaire suggère qu’ils 
pourraient ouvrir de nouvelles perspectives pour le traitement du cancer. Parmi ces canaux, les 
canaux potassiques ont suscité un intérêt particulier en raison de leur influence sur le 
microenvironnement tumoral et de leur potentiel en tant que cibles thérapeutiques.  

Le canal potassique activé par le calcium KCa3.1 est apparu comme une cible thérapeutique 
potentielle en oncologie. Dans le PDAC, KCa3.1 est surexprimé (Kovalenko et al., 2016; Storck et 
al., 2017) et a été identifié comme un marqueur pronostique (S. Jiang et al., 2017). Il joue un rôle 
crucial dans des processus tels que la migration, l'invasion (Bonito et al., 2016), la prolifération 
(Jäger et al., 2004) cellulaire et la résistance à l'apoptose (Mo et al., 2022), influençant ainsi 
directement le comportement tumoral. Il influence la motilité des cellules cancéreuses en 
régulant l’homéostasie du calcium et le volume cellulaire, deux éléments essentiels au potentiel 
métastatique. Une expression élevée de KCa3.1 est associée à un pronostic défavorable et à une 
diminution de la survie chez les patients atteints de PDAC. De plus, KCa3.1 est également 
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fonctionnellement exprimé dans les PSCs, où il est associé à leur migration, ce qui lui confère une 
importance particulière dans le microenvironnement tumoral du PDAC (Storck et al., 2017).  Étant 
donné son rôle essentiel, KCa3.1 se présente comme une cible thérapeutique prometteuse dans 
le traitement du PDAC. 

Malgré son potentiel, les études sur l'inhibition de KCa3.1 dans le PDAC restent limitées. Son 
expression dans les cellules cancéreuses et le microenvironnement tumoral (y compris au sein 
des cellules immunitaires (Ghanshani et al., 2000; Wulff et al., 2004) et endothéliales (Pinilla et 
al., 2021)), complique la prédiction des effets liés à son inhibition sur la progression du PDAC 
(Hofschröer et al., 2021). Cette complexité est particulièrement marquée dans le contexte des 
cellules immunitaires. Bien que des effets bénéfiques aient été observés à la suite de l'activation 
de KCa3.1 dans d'autres types de cancer (Chimote et al., 2018), l'impact de la modulation de 
KCa3.1 sur les cellules immunitaires dans le cadre du PDAC n'a pas encore été exploré. De plus, 
la présence de KCa3.1 à la fois dans la membrane plasmique et dans la membrane interne 
mitochondriale des cellules du PDAC ajoute une complexité supplémentaire à la prédiction de 
ses effets lorsque son activité est inhibée (Kovalenko et al., 2016).  

Bien que des études in vitro aient déjà fourni des informations importantes sur les fonctions 
biologiques de KCa3.1, il reste encore un manque de données in vivo sur son rôle dans le contexte 
du PDAC (Bachmann et al., 2022). Les modèles actuels ne tiennent souvent pas compte du 
microenvironnement tumoral et des interactions entre les cellules stromales, immunitaires et 
endothéliales, toutes cruciales pour le comportement agressif du PDAC et sa résistance au 
traitement. La majorité des études réalisées antérieurement se sont concentrées sur des 
modèles de culture cellulaire bidimensionnels (2D) en étudiant uniquement les canaux K Ca3.1 
dans la membrane plasmique de cellules cancéreuses. Par conséquent, ces études négligent le 
microenvironnement tridimensionnel (3D) spécifique du PDAC et le rôle des cellules non 
cancéreuses dans la réponse des cellules tumorales aux traitements. Ainsi , il existe un besoin 
urgent de nouveaux modèles in vitro utilisant des systèmes de co-culture 3D. 

Pour combler ces lacunes, cette étude s'est penchée sur le potentiel thérapeutique de l'inhibition 
du canal KCa3.1 dans le PDAC. Une analyse par qPCR d’échantillons de patients atteint de PDAC 
a révélé qu'une expression élevée de KCa3.1 était associée à diminution significative de la survie. 
Cette découverte a conduit à l'exploration de l'inhibition de K Ca3.1 à l'aide de deux inhibiteurs du 
canal : TRAM-34 et la maurotoxine. TRAM-34 est un inhibiteur spécifique du canal KCa3.1 (Wulff et 
al., 2000), il bloque les canaux KCa3.1 présents à la fois dans la membrane plasmique et les dans 
les mitochondries. La maurotoxine, un peptide, a été utilisée pour inhiber spécifiquement les 
canaux KCa3.1 situés à la membrane plasmique des cellules (Castle et al., 2003). Ces inhibiteurs 
ont été utilisés seuls ou en combinaison avec la gemcitabine, une chimiothérapie de référence 
dans le traitement du PDAC (Koltai et al., 2022) 

Nous avons utilisé le modèle murin KPfC (Kraswt/LSL–G12D Tp53fl/+ Pdx1-Cre) (Hingorani et al., 2003; 
Olive et al., 2004) et un système de co-culture sphéroïde 3D, qui reproduit le microenvironnement 
tumoral du PDAC en intégrant à la fois des cellules cancéreuses pancréatiques et des PSCs.  

In vivo, l'inhibition spécifique de KCa3.1 à la membrane plasmique a conduit à une réduction de la 
taille des tumeurs sans provoquer de production excessive de fibrose. Des analyses 
mécanistiques, basées sur le séquençage de l'ARN de sphéroïdes composé de cellules 
cancéreuse KCa3.1-/- (réalisé via CRISPR) et de PSCs, ont révélé des altérations dans les voies de 
signalisation associées à l'IFN-α/γ, à la transition épithéliale-mésenchymateuse (EMT) et au 
contrôle du cycle cellulaire au stade G2-M. Ces résultats ont été confirmés par une analyse 
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immunohistochimique des tissus provenant du modèle murin KPfC, qui a montré qu’à la suite de 
l'inhibition du canal KCa3.1, on observait une diminution des processus liés à la transition 
épithélio-mésenchymateuse, avec un retour vers un phénotype épithélial, une restauration des 
fonctions immunitaires, ainsi qu'une augmentation de la mort cellulaire dans les tissus des souris 
étudiées. 

Parallèlement, in vitro, l'inhibition du canal KCa3.1 à la membrane plasmique par la maurotoxine 
a conduit à une réduction du potentiel invasif des cellules et à une augmentation de la mortalité 
cellulaire dans le modèle sphéroïde 3D. 

La maurotoxine a montré une efficacité supérieure à celle de TRAM-34, tant in vitro qu'in vivo. En 
monothérapie ou en combinaison avec la gemcitabine, elle a permis de réduire efficacement la 
taille des tumeurs tout en favorisant la mort cellulaire. De plus, cette association a atténué la 
fibrose généralement induite par la gemcitabine. Ces résultats soulignent l'importance de la 
localisation subcellulaire de KCa3.1 : l'inhibition de la membrane plasmique a réduit l'invasivité 
tumorale, tandis que l'inhibition plus large de TRAM-34 (agissant sur la membrane plasmique et 
les canaux mitochondriaux), a produit des effets moins prononcés. 

Ce projet de recherche offre de nouvelles perspectives sur le rôle de K Ca3.1 dans le PDAC. Les 
résultats soulignent le potentiel thérapeutique de l'inhibition de K Ca3.1, surtout lorsqu'elle est 
combinée à des chimiothérapies déjà établies. Les divers effets observés en fonction de la 
localisation de KCa3.1 mettent en lumière la complexité de la physiopathologie du PDAC, 
suggérant que le canal pourrait représenter une cible thérapeutique prometteuse pour diminuer 
la croissance tumorale, favoriser l'apoptose et ralentir la progression métastatique. 

 

Mots-clés : Cancer du pancréas ; KCa3.1 ; Microenvironnement tumoral ; Sphéroïdes ; Migration 
3D ; Fibrose. 

Importance de l'étude : Cette étude approfondit la corrélation entre l'expression élevée du canal 
KCa3.1 et la survie globale réduite des patients atteints de cancer du pancréas. En combinant un 
modèle murin immunocompétent du PDAC, des modèles 3D de sphéroïdes et une analyse 
RNAseq, nous démontrons que l'inhibition de KCa3.1 conduit à une réduction du potentiel invasif 
et de la croissance tumorale, tout en favorisant la mort cellulaire. Ainsi, nous proposons que 
l'inhibition de KCa3.1 représente une option thérapeutique alternative pour le traitement du cancer 
du pancréas. 
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ABBREVIATIONS 
 

2D: Two-dimensional 

3D: Three-dimensional 

a.u.: Arbitrary units 

ADM: Acinar-to-Ductal Metaplasia 

AP-1: Activator Protein-1 

ATP: Adenosine triphosphate 

B cells: B lymphocytes 

BSA: Bovine serum albumin 
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bFGF: Basic fibroblast growth factor 
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[Ca²⁺]i: intracellular Ca2+ concentration 
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CAF: Cancer-Associated Fibroblast 

CASP8: Caspase-8 

CaV: Voltage-gated calcium channel 

CCL20: Chemokine (C-C motif) ligand 20 

CD47: Cluster of Differentiation 47 

CD69: Cluster of Differentiation 69 

CDKN2A: Cyclin Dependent Kinase Inhibitor 2A 

cDNA: Complementary DNA 

Cl⁻: Chloride 

CPM: Counts per million 

CXCL5: Chemokine (C-X-C motif) ligand 5 

CXCL-1: C-X-C Motif Chemokine Ligand 1 

CXCR2: C-X-C Chemokine Receptor 2 
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dNTPs: Deoxynucleotide triphosphates 

DNA: Deoxyribonucleic acid 

E-cadherin: Epithelial cadherin 

E. coli: Escherichia coli 

ECM: Extracellular Matrix 

EGA: European Genome-phenome Archive 

EGFR: Epidermal growth factor receptor 

EMT: Epithelial-to-Mesenchymal Transition 

ERK: Extracellular signal-regulated kinase 

FAK: Focal Adhesion Kinase 

FCS: Fetal calf serum 

FDR: False discovery rate 

Fgsea: Fast Gene Set Enrichment Analysis 

FOLFIRINOX: A chemotherapy regimen consisting of 5-fluorouracil, leucovorin, irinotecan, and 
oxaliplatin 

GABRP: Gamma-aminobutyric acid receptor subunit pi  

GAPDH: Glyceraldehyde-3-phosphate dehydrogenase 

GEM: Gemcitabine 

GEO: Gene Expression Omnibus 

GSEA: Gene Set Enrichment Analysis 

gRNA: Guide RNA 

H&E: Hematoxylin and eosin 

H2O2: Hydrogen peroxide 

HCO₃⁻: Bicarbonate 

hENT1 - Human Equilibrative Nucleoside Transporter 1 

HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HISAT2: Hierarchical Indexing for Spliced Transcript Alignment  

HRP: Horseradish peroxidase 
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iCAFs - Inflammatory Cancer-Associated Fibroblasts 

IFI35: Interferon-induced 35 kDa protein 

IFN-α: Interferon-alpha 

IFN-γ: Interferon-gamma 

IHC: Immunohistochemistry 

IK: Potassium Intermediate/Small Conductance Calcium-Activated Channel, Subfamily N, 
Member 4 

IL-4R: Interleukin 4 receptor 

IL-6: Interleukin 6 

IL-8: Interleukin 8 

IP3: Inositol trisphosphate 

IPMNs: Intraductal Papillary Mucinous Neoplasms 

IPTG: Isopropyl-β-D-1-thiogalactopyranosid 

IRF2: Interferon regulatory factor 2 

IVCs: Individually ventilated cages 

JNK: c-Jun N-terminal kinase 

K⁺: Potassium 

K2P: Two-Pore Domain Potassium Channels 

K-BAPTA: Potassium salt of 1,2-bis(o-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid 

KCa: Calcium-Activated Potassium Channels 

KCa3.1: Potassium Intermediate/Small Conductance Calcium-Activated Channel, Subfamily N, 
Member 4 

KCl: Potassium chloride 

Kir: Inwardly Rectifying Potassium Channels 

KPfC: Kraswt/LSL–G12D Tp53fl/+ Pdx1-Cre+ 

KRAS: Kirsten Rat Sarcoma Viral Oncogene Homolog 

Kv: Voltage-Gated Potassium Channels 

LANUV: Landesamt für Natur, Umwelt und Verbraucherschutz  

LSL: Lox-STOP-Lox 

MAPK: Mitogen-Activated Protein Kinase 

Miglyol-812: Medium-chain triglyceride oil 

MTX: Maurotoxin 
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Mg-ATP: Magnesium adenosine triphosphate 

MgCl2: Magnesium chloride 

MDSCs: Myeloid-Derived Suppressor Cells 

myCAFs - Myofibroblastic Cancer-Associated Fibroblasts 

Na-BAPTA: Sodium salt of 1,2-bis(o-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid 

NaCl: Sodium chloride 

N-cadherin: Neural cadherin 

NaGTP: Sodium guanosine triphosphate 

NaPi: Sodium phosphate 

NDPK-B: Nucleoside Diphosphate Kinase-B 

NF-κB: Nuclear factor kappa-light-chain-enhancer of activated B cells 

NK cells: Natural killer cells 

NSCLC: Non-small cell lung cancer 

PALB2: Partner and Localizer of BRCA2 

PanINs: Pancreatic Intraepithelial Neoplasias 

PBS: Phosphate-buffered saline 

PDAC: Pancreatic Ductal Adenocarcinoma 

PFA: Paraformaldehyde 

PI3K-AKT - Phosphoinositide 3-Kinase - AKT signaling pathway 

PKA: Protein Kinase A 

PKC: Protein Kinase C 

PLC: Phospholipase C 

PSCs: Pancreatic Stellate Cells 

RNA: Ribonucleic acid 

RNAseq: RNA sequencing 

ROS: Reactive oxygen species 

RRID: Research Resource Identifier 

RRM1: Ribonucleotide Reductase M1 Subunit 

RT-qPCR: Reverse transcription quantitative polymerase chain reaction 

SBRT: Stereotactic Body Radiation Therapy 

SEM: Standard error of the mean 
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SLC1A4: Solute Carrier Family 1 Member 4 

SMAD4: Mothers Against Decapentaplegic Homolog 4 

STAT3: Signal transducer and activator of transcription 3 

T cells: T lymphocytes 

TAMs: Tumor-associated macrophages 

TCGA: The Cancer Genome Atlas 

TGF-β: Transforming Growth Factor Beta 

TGF-β1: Transforming Growth Factor Beta 1 

TME: Tumor Microenvironment 

TP53 - Tumor Protein p53 

TRAFD1: TNF receptor-associated factor domain-containing protein 1 

TRP: Transient Receptor Potential 

TRPC3: Transient receptor potential cation channel, subfamily C, member 3  

TUNEL: Terminal deoxynucleotidyl transferase dUTP nick end labeling 

U.S.: United States 

VEGF: Vascular endothelial growth factor 

VitC: Vitamin C 

WT: Wild-Type  
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INTRODUCTION 
 

Pancreatic ductal adenocarcinoma 

The pancreas is a soft, elongated organ, located in the upper abdomen, between the stomach and 
the spine. It consists of several important cell types: acinar cells responsible for producing 
digestive enzymes, ductal cells that release bicarbonate, endocrine cells within islets that secrete 
hormones, and relatively dormant stellate cells (Kleeff et al., 2016). Pancreatic cancer occurs 
when mutations in the DNA of pancreatic cells lead to uncontrolled cell growth, ultimately 
forming tumors (Hu et al., 2021). 

Epidemiology of PDAC 

Pancreatic ductal adenocarcinoma (PDAC) is the most common type of pancreatic cancer, 
accounting for more than 90% of cases (Park et al., 2021). While "pancreatic cancer" broadly 
refers to any malignant growth within the pancreas, PDAC specifically arises from the ductal cells 
that line the pancreatic ducts, where the production of digestive enzymes takes place (Kleeff et 
al., 2016). PDAC remains one of the deadliest and most aggressive forms of cancer with a five-
year survival rate of 11% (Siegel et al., 2022). It ranks as the fourth leading cause of cancer-related 
death in Western countries and is anticipated to rise as the second most common cause of 
cancer-related mortality in the U.S. (Rahib et al., 2021). The incidence of PDAC is increasing 
(62,210 estimated new cases in the U.S. in 2022) (Siegel et al., 2022), at a time when many other 
cancers are in decline (Henley et al., 2020). This form of cancer is particularly deadly because, by 
the time it is detected, it has often progressed to an advanced stage and spread to other organs, 
limiting treatment options (Sarantis et al., 2020). 

Risk factor for PDAC 

Numerous risk factors, both modifiable and non-modifiable, are linked to the development of 
PDAC. Non-modifiable factors include elements such as age, gender, ethnicity, genetic 
background, ABO blood type, microbiota composition, and conditions like diabetes mellitus. In 
contrast, modifiable factors include lifestyle choices such as smoking, alcohol intake, an 
unhealthy diet, obesity, chronic pancreatitis, infections, and socioeconomic status (Hu et al., 
2021).  

Pathogenesis and tumor development 

PDAC is largely characterized by the presence of malignant ductal cells that have undergone 
genetic and molecular alterations, leading to uncontrolled growth and metastatic potential. While 
these malignant cells are in the minority within the tumor mass, they drive the aggressiveness of 
the disease (Halbrook et al., 2023). 

At least two pathways leading to PDAC have been recognized in the pancreas (Halbrook et al., 
2023). In both, intraductal precursors evolve from low-grade to high-grade lesions, gradually 
accumulating cytological abnormalities and genetic mutations. 

The first and most frequently observed precursor lesions are microscopic pancreatic 
intraepithelial neoplasias (PanINs). The pancreas is composed of various cell types, including 
acinar, ductal, and endocrine cells. Acinar cells are particularly known for their plasticity enabling 
them to respond to environmental stresses or injury by transforming into more ductal-like cells 
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through a process known as acinar-to-ductal metaplasia (ADM) (Orth et al., 2019). Under certain 
conditions, such as tissue damage or inflammation, these acinar cells can undergo ADM, 
acquiring characteristics similar to progenitor cells. This change, however, makes them more 
vulnerable to oncogenic mutations, leading to the development of PanINs (Kanda et al., 2012). 
PanINs are early non-invasive lesions found in the smaller pancreatic ducts and are categorized 
into low-grade (PanIN-1 and PanIN-2) and high-grade (PanIN-3) lesions. The stepwise progression 
of PanINs involves the accumulation of increasing cytological atypia and genetic mutations, 
gradually leading to invasive pancreatic cancer (Hu et al., 2021). Phylogenetic studies have 
confirmed this stepwise progression model and demonstrated that PanIN lesions are responsible 
for approximately 85%–90% of PDAC cases (Makohon-Moore et al., 2018). 

The second pathway leading to invasive pancreatic cancer is associated with cystic precursors, 
such as intraductal papillary mucinous neoplasms (IPMNs). These larger macroscopic lesions 
develop within the main pancreatic duct or its branches. Although they contribute to only 10–15% 
of PDAC cases, IPMNs are significant in the disease's development (Halbrook et al., 2023). 

Genomic alterations driving PDAC 

PDAC is driven by a distinct set of genetic changes. The most common of these is a mutation in 
the KRAS gene (Mueller et al., 2018; Z. Zhang et al., 2023), which occurs in over 90% of PDAC 
cases. Mutations in the KRAS gene are commonly found in the majority of low-grade PanINs and 
IPMNs (Kanda et al., 2012). This mutation leads to the activation of the MAPK and PI3K-AKT 
signaling pathways, both of which are critical for initiating and sustaining abnormal cell growth. 
Besides KRAS alterations, other frequently affected genes in PDAC include TP53 (70% of PDAC 
cases) (Maddalena et al., 2021), SMAD4 (Bailey et al., 2016; Jones et al., 2008; Waddell et al., 
2015), and CDKN2A (Klatte et al., 2023), all of which typically experience loss-of-function 
mutations. TP53 mutations contribute to genomic instability, allowing tumor cells to bypass 
growth arrest and evade apoptosis. CDKN2A encodes p16, which is a key regulator of the G1/S 
checkpoint. The inactivation of SMAD4, a central player in the TGF-β signaling pathway, is also 
associated with a more aggressive phenotype and higher metastatic potential (Bailey et al., 2016; 
Jones et al., 2008; Klatte et al., 2023; Maddalena et al., 2021; Raphael et al., 2017). These changes 
interfere with critical cellular mechanisms, such as controlling the cell cycle and maintaining 
genomic stability. Furthermore, about 5–7% of PDAC patients carry inherited mutations in genes 
related to DNA repair such as BRCA1, BRCA2, and PALB2 (Zhen et al., 2015).  

These genetic alterations result in highly proliferative and invasive tumor cells, which can rapidly 
progress from pre-malignant lesions to fully invasive adenocarcinoma. 

PDAC tumor microenvironment 

A hallmark of PDAC is its unique and highly complex tumor microenvironment (TME) which plays 
a critical role in shaping the aggressive nature of the disease and its resistance to treatment. A 
defining feature of this microenvironment is the dense desmoplastic stroma which can constitute 
up to 90% of the tumor volume (Dougan, 2017). This stroma is primarily composed of cancer-
associated fibroblasts (CAFs), extracellular matrix (ECM), and immune cells. This stroma not only 
provides structural support to the tumor but also facilitates its progression by creating a hypoxic 
and poorly vascularized environment that hinders the effectiveness of therapies and promotes 
immune evasion (Provenzano et al., 2012; Sperb et al., 2020; Tao et al., 2021) (Figure 1). 

 



32 
 

Cancer-associated fibroblasts and their role in PDAC 
CAFs are the most abundant cells in the stroma and are primarily responsible for producing ECM 
components like collagen and hyaluronic acid (Provenzano et al., 2012). They originate from 
several sources, most notably pancreatic stellate cells (PSCs), which are typically quiescent but 
become activated in response to injury, inflammation, or hypoxia (Jacobetz et al., 2013; Melstrom 
et al., 2017). Upon activation, PSCs start producing large amounts of ECM components, including 
collagen, fibronectins, laminins, and hyaluronan, all of which contribute to the fibrotic, 
desmoplastic stroma (Jacobetz et al., 2013; Melstrom et al., 2017).  

This ECM deposition drives the development of desmoplasia, a physical barrier that impedes the 
penetration of chemotherapeutic agents, reducing their efficacy (Jacobetz et al., 2013; 
Provenzano et al., 2012).  Type I collagen is the most prevalent ECM protein in PDAC (Imamura et 
al., 1995). Beyond serving as a structural component, collagen also plays a role in signaling 
pathways that promote tumor cell migration, invasion, and immune suppression through 
interactions with receptors like discoidin domain receptors (DDRs) (Aguilera et al., 2014, 2017). 
Furthermore, CAFs play an active role in promoting tumor cell survival and proliferation by 
secreting growth factors, cytokines, and chemokines, creating a feedback loop that further 

Figure 1. Schematic representation of the alteration in the microenvironment of the exocrine 
pancreas following PDAC development.  This figure illustrates the stark contrast between the 
healthy exocrine pancreas and the altered microenvironment observed in PDAC. In normal 
pancreatic ducts, the architecture is relatively simple, with a well-organized epithelial lining 
surrounded by minimal extracellular matrix components. However, in PDAC, this structure is 
disrupted, with a marked expansion of the desmoplastic stroma, an increase in CAFs, and dense 
ECM deposition following PSCs activation. These changes contribute to poor vascularization and 
hypoxia, creating a microenvironment that supports tumor growth and hinders effective 
therapeutic delivery. The immune cell population also shifts, which help the tumor evade immune 
detection and further promote its progression. Adapted from Soret et al., (2023). 
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strengthens the stromal barrier and increases tumor aggression (Apte et al., 2012; G. Jin et al., 
2020).  

CAF populations within the stroma exhibit heterogeneity, with subtypes that have distinct 
functions. Myofibroblastic CAFs (myCAFs) are located close to the neoplastic cells and are 
involved in ECM production, while inflammatory CAFs (iCAFs) are found further away from the 
tumor and secrete pro-inflammatory cytokines such as IL-6 (Biffi et al., 2019; Öhlund et al., 2017). 
This functional heterogeneity is thought to contribute to the complexity of the PDAC 
microenvironment, as each CAF subtype interacts differently with tumor cells and other 
components of the TME (Biffi et al., 2019; Öhlund et al., 2017).  

Hypoxia and its role in tumor progression 
Hypoxia is a central feature of the PDAC microenvironment and is closely intertwined with 
desmoplasia. The dense ECM and poor vasculature within the stroma limit oxygen supply, leading 
to regions of hypoxia (Tao et al., 2021). Hypoxia, in turn, activates pancreatic stellate (PSCs) cells 
and contributes to the development of desmoplasia, creating a cycle that exacerbates tumor 
growth (Erkan et al., 2016; J. Li et al., 2018). Hypoxia also drives angiogenesis, but the new blood 
vessels formed are often dysfunctional, contributing to the persistence of the hypoxic 
environment. In addition to supporting tumor growth, hypoxia has been shown to play a role in 
immune evasion. Hypoxic conditions suppress the infiltration and activation of cytotoxic T cells 
within the TME, thus preventing effective anti-tumor immune responses (Daniel et al., 2019; Ene-
Obong et al., 2013).  

Immune evasion in PDAC 
The immunosuppressive microenvironment in PDAC is another major challenge to effective 
treatment. This is intensified by the recruitment of immunosuppressive cells, such as myeloid-
derived suppressor cells (MDSCs) and tumor-associated macrophages (TAMs), which are drawn 
into the tumor by chemokines such as TGF-β, IL-6, and CXCL-1 and adopt pro-tumorigenic, anti-
inflammatory phenotypes (Clark et al., 2007; Mahajan et al., 2018). These immune cells 
contribute to the immunosuppressive environment, facilitating tumor growth and progression 
(Daniel et al., 2019; Ene-Obong et al., 2013) PDAC tumors are often referred to as "cold" tumors 
due to their low levels of immune cell infiltration, particularly of cytotoxic T cells (Hartupee et al., 
2024). This lack of immune activation further reduces the effectiveness of immunotherapies. The 
presence of immunosuppressive cells and a dense ECM, combined with hypoxia, creates multiple 
layers of defense that the tumor utilizes to evade immune detection and resist treatment. 

Understanding these interactions within the PDAC microenvironment, including the role of CAFs, 
collagen, and immune cells, is essential for developing new therapeutic strategies aimed at 
overcoming these barriers and improving treatment efficacy. 

Metastatic Potential 

PDAC tumor cells are highly invasive, with a propensity for early metastasis. Although the precise 
mechanisms behind metastasis in PDAC are still unclear, epithelial-to-mesenchymal transition 
(EMT) was identified as a key contributor (Rhim et al., 2012). The loss of adhesion molecules, such 
as E-cadherin, and the activation EMT pathways promote detachment from the primary tumor 
and migration through the ECM (Rhim et al., 2012). Tumor cells then invade the surrounding 
tissues, including the blood vessels and lymphatics, facilitating distant metastasis to organs like 
the liver and lungs. EMT is closely associated with resistance to therapy and poor prognosis, as 
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mesenchymal-like cells are often more resistant to apoptosis and capable of evading immune 
detection (Celià-Terrassa & Kang, 2024). 

Challenges in treating PDAC 

Treating PDAC remains highly challenging due to its aggressive nature, late-stage diagnosis, and 
resistance to conventional therapies. Chemotherapy and surgery are the main treatments, but 
only 15–20% of patients are eligible for surgery at diagnosis, as most present with advanced 
disease (Gillen et al., 2010; Kleeff et al., 2016; Werner et al., 2013). This often includes metastasis 
or involvement of critical blood vessels around the pancreas, making surgical removal ineffective 
or risky. Even when surgery is possible, it typically involves major operations, such as removing 
part of the pancreas and the duodenum, which can significantly affect digestion and metabolism. 
As a result, only patients in robust health can withstand and recover from the procedure (Gillen et 
al., 2010; Kleeff et al., 2016; Werner et al., 2013). 

For the majority of patients who cannot undergo surgery, chemotherapy is the primary treatment. 
The combination regimens FOLFIRINOX (5-fluorouracil, leucovorin, irinotecan, and oxaliplatin) 
and gemcitabine with nab-paclitaxel have emerged as the first-line therapies (Conroy et al., 2011; 
Von Hoff et al., 2013). These treatments have shown survival benefits, but response rates are still 
modest. For patients whose disease progresses on first-line therapy, there are not universally 
accepted second-line treatments. Decisions are often based on the patient's health and the 
availability of clinical trials (Orth et al., 2019). 

One of the biggest challenges in PDAC treatment is the high recurrence rate, even among patients 
who undergo surgery. Approximately 75% of patients experience disease recurrence within two 
years, indicating that micro-metastatic disease is often present even when the primary tumor 
appears localized (Groot et al., 2018). Studies suggest that tumor cells can enter the bloodstream 
before the primary tumor is detectable (Rhim et al., 2012), which complicates long-term disease 
control. To address this, adjuvant chemotherapy, typically using modified versions of FOLFIRINOX 
or gemcitabine-based regimens, is commonly administered after surgery to target any remaining 
cancer cells (Neoptolemos et al., 2017; Tempero et al., 2023). 

There is also a growing use of neoadjuvant therapy, which involves administering chemotherapy 
or chemoradiation before surgery. This approach aims to shrink tumors, making them more 
manageable for surgical removal. Clinical trials have shown that patients who respond well to 
neoadjuvant therapy tend to have better survival outcomes. In one trial, patients who received 
neoadjuvant chemoradiation followed by surgery had a five-year survival rate of 20.5%, compared 
to 6.5% for those who underwent immediate surgery followed by adjuvant chemotherapy (Mavros 
et al., 2021; Versteijne et al., 2022). 

Despite advancements in surgical techniques and chemotherapy regimens, PDAC remains a 
highly resistant cancer. Chemoresistance significantly limits the effectiveness of treatments like 
gemcitabine and FOLFIRINOX (Grasso et al., 2017; Manji et al., 2017). Overcoming these 
challenges will require a multifaceted approach that integrates earlier detection, personalized 
treatment plans, and novel therapies capable of addressing the resistance mechanisms of the 
tumor. 

Overcoming Therapeutic Resistance 

The resistance of PDAC cells to conventional therapies is a major obstacle. A critical focus in 
PDAC research is the identification of biomarkers that could predict chemoresistance. For 
instance, high expression levels of ribonucleotide reductase subunit M1 (RRM1) and human 
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equilibrative nucleoside transporter 1 (hENT1) have been associated with resistance to 
gemcitabine (Kurata et al., 2011; Nakahira et al., 2007; Nakano et al., 2007). However, their use in 
clinical practice remains limited due to inconsistent findings (Valsecchi et al., 2012).  

Similarly, PDAC is highly resistant to radiotherapy, largely due to the dense and hypoxic tumor 
microenvironment, which reduces the effectiveness of radiation therapy (Mathews et al., 2011). 
To overcome this, researchers are exploring the combination of radiotherapy with radiosensitizing 
agents like gemcitabine or using stereotactic body radiation therapy (SBRT) to deliver higher doses 
of radiation to the tumor (Chang et al., 2009; Murphy et al., 2007). However, these strategies have 
yielded limited success, highlighting the need for new approaches to address the inherent 
resistance mechanisms of PDAC. 

While these findings have yet to be fully integrated into clinical practice, they offer potential for 
tailoring based on the tumor molecular profile. 

Innovative Therapeutic Approaches 

Research is increasingly focused on targeting the genetic and molecular drivers of PDAC. Efforts 
to develop targeted therapies are increasingly focused on addressing the key genetic drivers of 
PDAC: KRAS, CDKN2A, TP53, and SMAD4 (Raphael et al., 2017; Waddell et al., 2015). While these 
genes are typically viewed as "undruggable," there is ongoing research aimed at developing 
therapies that can target these mutations more effectively.  

Targeting the TME has become a promising focus in the research for effective PDAC therapies. By 
disrupting the interaction between CAFs, ECM, and immune cells, the goal is to improve the 
delivery and efficacy of therapeutic agents. One such approach involves inhibiting focal adhesion 
kinase (FAK), a key regulator of CAF activation. Inhibiting FAK has shown potential in preclinical 
models, as it not only reduces desmoplasia but also enhances immune cell infiltration into the 
tumor, offering a promising target for improving immunotherapy outcomes (H. Jiang et al., 2016). 
Similarly, targeting cytokine and chemokine networks within the TME, particularly the CXCL -
1/CXCR2, could significantly reduce the immunosuppressive environment, making 
immunotherapies more effective (J. Li et al., 2018). 

Another innovative approach focuses on ion channels, which have gained recognition for their 
roles in cancer progression (Djamgoz et al., 2014; S. F. Pedersen & Stock, 2013). Ion channels 
regulate various cellular processes, including apoptosis and cell volume regulation, and are 
frequently upregulated or dysfunctional in PDAC. By modulating ion channel activity, therapeutic 
strategies may be able to interrupt signaling pathways crucial for tumor growth and survival 
(Hofschröer et al., 2021; Schnipper et al., 2020).  

Ion channels in PDAC 

Ion channels are membrane proteins responsible for the rapid transport of ions and fluids across 
cell membranes, playing a crucial role in maintaining the electrical and chemical balance within 
cells (Gouaux & MacKinnon, 2005; Niemeyer et al., 2001). When they open, they alter intracellular 
ion concentrations, setting off a variety of cellular processes, including gene expression, 
secretion of hormones, and intracellular signaling (Roux, 2017). Dysregulation of these processes 
can lead to various diseases, including cancer (Prevarskaya et al., 2018). In the context of PDAC, 
on channels are increasingly recognized as contributors to tumor progression, influencing the 
tumor microenvironment and promoting cellular invasion and metastasis (Hofschröer et al., 
2021). 
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The exocrine pancreas relies heavily on ion channel-mediated bicarbonate secretion to regulate 
digestive processes (Ishiguro et al., 2012; Novak et al., 2013).  In PDAC, ion channel function is 
disrupted, contributing to abnormal pancreatic fluid secretion and promoting tumor progression. 
This disruption also results in the loss of cellular polarity and adhesion, which facilitates 
metastasis (Coradini et al., 2011; S. F. Pedersen & Stock, 2013) 

Many studies on the role of ion channels in cancer, including PDAC, highlight how targeting these 
channels could offer new therapeutic targets. For instance, aberrant ion channel expression has 
been associated with the hallmarks of cancer, such as increased proliferation, evasion of 
apoptosis, and enhanced metastatic potential (Djamgoz et al., 2014; Prevarskaya et al., 2018). 
This is particularly relevant in PDAC, where the matrix producing-PSCs have been shown to 
contribute to immune evasion and chemoresistance (Hessmann et al., 2020; Sperb et al., 2020; 
S. Wang et al., 2020). While the precise role of ion channels in the tumor microenvironment is still 
under investigation, there is a growing interest in exploring their potential as therapeutic targets.  

Ion channels represent an attractive therapeutic target in PDAC because they are accessible on 
the cell surface and have been well-characterized in other diseases (Becker et al., 2014). Several 
ion channel-targeting drugs have already been developed for use in other conditions, such as 
sodium and potassium channel blockers for cardiovascular diseases (Pointer et al., 2017). These 
existing drugs could be repurposed for cancer therapy, reducing the time and cost associated with 
developing new treatments from scratch (Zheng et al., 2013). (Specifically, the KCa3.1 potassium 
channel has emerged as a potential target in PDAC, with drugs like senicapoc (a K Ca3.1 inhibitor) 
showing promise in clinical trials for other diseases (Ataga et al., 2008). 

In summary, ion channels are central to many cellular processes and may provide a new avenue 
for therapeutic intervention in PDAC. Targeting ion channels could address several aspects of 
PDAC pathology, including tumor cell proliferation, migration, and interactions within the tumor 
microenvironment. By repurposing existing drugs that modulate ion channel activity, there is 
potential to develop more effective treatments for PDAC, a cancer that has so far remained 
resistant to conventional therapies. 
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KCa3.1 channel 

Potassium channels are transmembrane proteins that selectively mediate the flow of potassium 
ions across cell membranes according to their electrochemical gradient. Although traditionally 
associated with the regulation of cell excitability, many studies have highlighted their broader 
involvement in key cellular processes such as proliferation, migration, and angiogenesis. 
Importantly, their role in cancer has gained significant attention, positioning these channels as 
potential diagnostic markers and therapeutic targets in oncology (M. Li et al., 2023). Potassium 
channels are classified into four major categories based on their structure and functional 
mechanisms: voltage-gated potassium channels (Kv), inwardly rectifying potassium channels 
(Kir), two-pore domain potassium channels (K2P), and calcium-activated potassium channels 
(KCa)(Vergara et al., 1998). 

Among these KCa, the calcium-activated potassium channel KCa3.1 (SK4; IKCa; Potassium 
Intermediate/Small Conductance Calcium-Activated Channel, Subfamily N, Member 4) stands 
out due its intermediate conductance, sensitivity to intracellular Ca²⁺ levels and widespread 
expression across various tissues. It is one of the most extensively studied channels within this 
family. 

The following sections will focus on the structure, regulation, and function of K Ca3.1. 

Structure 

KCa3.1 is encoded by the KCNN4 gene. It is a tetrameric transmembrane protein composed of four 
identical subunits. Each subunit consists of six transmembrane segments (S1-S6), with a pore-
forming region located between the fifth (S5) and sixth (S6) transmembrane segments, which 
selectively allows the passage of potassium ions (K⁺)(Sforna et al., 2018). The channel is regulated 
by its calmodulin-binding domain (CaMBD), located in the membrane-proximal C-terminal 
region. Upon an increase in intracellular Ca²⁺ concentration (100–350 nM), Ca²⁺-bound 
calmodulin (CaM) binds to CaMBD, inducing the conformational changes required for channel 
activation and K⁺ efflux (Fanger et al., 1999; Maylie et al., 2004; Sforna et al., 2018). Calmodulin is 
also crucial for the assembly and surface expression of KCa3.1 (Joiner et al., 2001). 

Regulation 

KCa3.1 is voltage-independent and primarily regulated by the intracellular Ca2+ concentration 
(Fanger et al., 1999). Its activity is highly sensitive to intracellular Ca²⁺, typically within the range 
of 100-350 nM (Sforna et al., 2018). This allows the channel to respond quickly to changes in 
intracellular Ca2+ (Maylie et al., 2004). As K⁺ exits the cell through the calmodulin-activated KCa3.1 
channel, the membrane potential becomes hyperpolarized (Maylie et al., 2004). This 
hyperpolarization, in turn, enhances the electrochemical gradient for further Ca²⁺ influx, creating 
a feedback loop that promotes Ca2+ entry (Sforna et al., 2018). However, when co-expressed with 
voltage-gated calcium channels (CaV), the hyperpolarization caused by KCa3.1 can inhibit CaV-
mediated Ca2+ entry, creating a negative feedback mechanism. KCa3.1 activity is also regulated by 
phosphorylation through various protein kinases: protein kinase A (PKA) phosphorylates the 
serine 334 site, decreasing channel activity by diminishing CaM binding (Gerlach et al., 2000; 
Wong & Schlichter, 2014). Protein kinase C has been shown to activate the channel (Wulf & 
Schwab, 2002), while nucleoside diphosphate kinase-B (NDPK-B) phosphorylates the histidine 
358 (H358) residue, activating KCa3.1 by counteracting copper-mediated inhibition (Srivastava et 
al., 2016). Additionally, early studies suggested that KCa3.1 activity was decreasing in acidic 
environments (K. A. Pedersen et al., 2000; Strupp et al., 1993). However, recent research indicates 
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that while KCa3.1 has minimal pH sensitivity under normal conditions, intracellular acidity impairs 
its pharmacological (Cozzolino & Panyi, 2024). 

Function 

The KCa3.1 channel is widely expressed in various tissues, including secretory epithelial cells in 
the gastrointestinal tract and lungs (Todesca et al., 2021). Additionally, KCa3.1 is found in the 
immune system, in cells such as erythrocytes, lymphocytes, and macrophages, where it 
regulates processes such as migration, proliferation, and immune response by sustaining the 
necessary Ca2+ influx (Ghanshani et al., 2000; Schwab et al., 2012). KCa3.1 is also expressed in 
human enteric, sensory, and sympathetic neurons. In the central nervous system, the channel is 
expressed in the microglia where it plays a key neuroprotective role (Kshatri et al., 2018). More 
importantly for our study, KCa3.1 is also expressed in the healthy pancreas (Soret et al., 2023). 

In addition to their well-established presence in the plasma membrane, there is growing evidence 
suggesting that KCa3.1 channels are also located in the inner membrane of mitochondria in certain 
cell types. These include cells from human colon carcinoma, cervix adenocarcinoma, non-small 
cell lung cancer (NSCLC) and PDAC (Kovalenko et al., 2016; Sassi et al., 2010; Todesca et al., 
2024). The exact function of KCa3.1 in mitochondria remains a topic of ongoing research, but its 
localization in these organelles suggests a role in regulating mitochondrial ion homeostasis, 
influencing processes like cell metabolism and apoptosis, both of which are critical in cancer 
biology (Todesca et al., 2024). 

Given its widespread expression and regulatory roles, dysregulation of K Ca3.1 is linked to various 
pathological conditions. It has been implicated in neurological disorders, including ischemic 
stroke, Alzheimer's disease (Yi et al., 2016), and multiple sclerosis, as well as in vascular diseases 
like atherosclerosis and restenosis (Chou et al., 2008; Köhler et al., 2003; Sugunan et al., 2016). 
Additionally, KCa3.1 has garnered attention in cancer research, particularly PDAC, where its 
altered function promotes oncogenic processes such as cell migration and proliferation (Mohr et 
al., 2019; Soret et al., 2023). 

The following sections will explore the function of the K Ca3.1 channel in the exocrine pancreas, 
focusing on its physiological and pathological roles within the exocrine pancreatic tissue. 

Role of the KCa3.1 channel in exocrine pancreatic function  

The KCa3.1 channel was first cloned from human pancreatic tissue in 1997 by Ishii and colleagues, 
marking the discovery of its potential role in pancreatic physiology (Ishii et al., 1997) Since then, 
its expression and function in the pancreas have been investigated in numerous studies (Hayashi 
et al., 2012; Hayashi & Novak, 2013; Kovalenko et al., 2016; Mo et al., 2022; Nguyen & Moody, 
1998; Thompson-Vest et al., 2006; J. Wang et al., 2013; Wulff & Castle, 2010). It was detected in 
several critical pancreatic cell types, including ductal epithelial cells, acinar cells, and pancreatic 
stellate cells (PSCs), all of which play vital roles in pancreatic secretion and homeostasis.  

Expression and localization in the exocrine pancreas 

KCa3.1 is expressed in both the basolateral and apical membranes of exocrine pancreas cells, 
particularly in acinar cells and pancreatic ductal epithelial cells (Hayashi et al., 2012). Early 
studies in cultured dog pancreatic ductal epithelial cells identified the presence of KCa3.1 in the 
basolateral membrane, where it was shown to participate in regulating membrane potential and 
ion transport (Nguyen & Moody, 1998). Subsequent research confirmed its expression in human 
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pancreatic tissues, with immunohistochemistry revealing its localization in intercalated and 
interlobular ducts as well as in acinar cells (Thompson-Vest et al., 2006). Studies in Capan-1 cells 
revealed that KCa3.1 channels are functional in both the luminal and basolateral membranes, 
providing the electrochemical driving force for anion (Cl⁻) secretion (Hayashi et al., 2012). The 
inhibition of KCa3.1 in these cells resulted in membrane depolarization, highlighting the critical 
role of the channel in maintaining the membrane potential and supporting physiological 
pancreatic ductal secretion (Hayashi et al., 2012). 

KCa3.1 role in Ca2+ signaling and ductal secretion 

The exocrine pancreas secretes digestive enzymes and bicarbonate-rich fluids that are essential 
for digestion and neutralization of gastric acid (Sarles, 2010). Ca2+ signaling plays a crucial role in 
the regulation of the secretory activity of the pancreatic ductal epithelial cells  (Jung et al., 2006). 
KCa3.1 channels are directly involved in this process: pancreatic ductal epithelial cells express 
P2Y2 and P2Y11 receptors, which are coupled to phospholipase C (PLC) signaling. Upon activation 
by extracellular ATP, these receptors stimulate the production of inositol trisphosphate (IP3), 
which triggers the release of Ca2+ from intracellular stores (Jung et al., 2006). The rise in 
intracellular Ca2+ subsequently activates KCa3.1. This membrane potential change enhances 
chloride-dependent bicarbonate (HCO3⁻) secretion. The Ca2+-dependent activation of KCa3.1 
channels also creates a feedback loop that promotes sustained Ca2+ entry through other Ca2+-
permeable channels, such as Orai and Transient Receptor Potential (TRP) channels. This 
sustained Ca2+ signaling is necessary for ongoing pancreatic secretion and the maintenance of 
proper ductal function (Sforna et al., 2018). 

KCa3.1 role in the stromal cells of the pancreas  

KCa3.1 is not only expressed in epithelial cells but also in the stromal cells of the pancreas, 
including pancreatic stellate cells (PSCs) (Storck et al., 2017). PSCs play a critical role in 
maintaining the structural integrity of the pancreas and are involved in processes such as matrix 
turnover, immune regulation, and exocrine secretion (Apte et al., 2012). Under physiological 
conditions, PSCs are quiescent; however, they become activated in response to pancreatic injury 
or inflammation, contributing to fibrosis and tumor progression in diseases such as pancreatic 
cancer (Apte et al., 2012). The role of KCa3.1 in healthy PSCs remains under investigation. 
However, in PDAC, its expression suggests it may influence the activation and function of these 
cells, particularly in the context of desmoplasia. Moreover, KCa3.1 channels are expressed in 
immune cells such as T- and B-lymphocytes, which are present in the pancreatic 
microenvironment (Ghanshani et al., 2000; Wulff et al., 2004). KCa3.1 in these immune cells could 
influence the inflammatory response and immune surveillance within the pancreas, potentially 
contributing to both normal pancreatic physiology and the pathogenesis of diseases such as 
pancreatitis and PDAC. 

Limitations and Future Directions 

Despite extensive research into the expression of K Ca3.1 in various pancreatic cell types, many 
questions remain regarding its full physiological role in the exocrine pancreas. K Ca3.1 plays a key 
role in pancreatic ductal fluid secretion by regulating the membrane potential and ion transport 
processes essential for bicarbonate secretion. However, a deeper understanding of how K Ca3.1 
integrates into the broader network of ion channels and signaling pathways within the pancreas 
is needed.  

Moreover, further studies are required to clarify the precise roles of K Ca3.1 in PSCs, particularly in 
the context of pancreatic diseases such as chronic pancreatitis and PDAC. PSCs are known to 
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contribute to the fibrotic stroma seen in PDAC, and given that K Ca3.1 is expressed in these cells, 
understanding how the channel influences PSCs activation, migration, and secretion may open 
new therapeutic avenues for managing fibrosis and stroma-related drug resistance in pancreatic 
cancer (Apte et al., 2012; Mato et al., 2009; Phillips et al., 2010). 

Finally, exploring the role of KCa3.1 in regulating Ca2+ homeostasis, secretory pathways, and 
immune interactions in the pancreas is critical for gaining insights into both normal pancreatic 
function and the pathophysiology of pancreatic diseases. More research is necessary to 
determine whether modulation of KCa3.1 can serve as a therapeutic strategy for enhancing 
pancreatic secretion in conditions like cystic fibrosis or targeting its role in fibrosis and tumor 
progression in diseases like PDAC. 

The KCa3.1 channel is a crucial player in the exocrine pancreas, influencing key processes such as 
ion transport, secretion, and cell signaling. Its widespread expression in pancreatic ductal 
epithelial cells, acinar cells, and PSCs underscores its importance in maintaining pancreatic 
homeostasis. However, the full extent of its physiological functions, especially in the context of 
disease, remains to be fully explored. 

Role of the KCa3.1 channel in PDAC 

KCa3.1 expression in cancer 

KCa3.1 channels are overexpressed in many types of cancers and have been implicated in several 
processes of the hallmarks of cancer such as tumor growth, cell migration, invasion, and 
metastasis (Todesca et al., 2021). Interestingly, KCa3.1 channels have been identified not only in 
the plasma membrane but also in the inner mitochondrial membrane. This mitochondrial 
localization suggests a role in regulating mitochondrial ion homeostasis and processes such as 
apoptosis and cellular metabolism (Szabo & Zoratti, 2014).  

Although there is limited direct evidence of the role of K Ca3.1 in PDAC, in lung cancer, 
glioblastoma, hepatocellular carcinoma, colorectal, prostate, breast, and endometrial cancers, 
overexpression of KCa3.1 correlates with poor prognosis and increased tumor aggressiveness 
(Mohr et al., 2019; Todesca et al., 2021). These findings offer a compelling rationale for 
investigating the role of KCa3.1 in PDAC where similar oncogenic mechanisms may be at play. 

For instance, in breast cancer, high KCa3.1 expression in both the primary tumor and metastatic 
cells has been associated with increased tumor progression. In a study using transgenic breast 
cancer models (MMTV-PyMTtg/+ and MMTV-cNeutg/+), crossing these mice with KCa3.1 knockout 
mice revealed that cancer progression was significantly slowed in the absence of the channel 
(Steudel et al., 2017). Furthermore, in the breast cancer mouse model MMTV-PyMT, KCa3.1 was 
shown to confer resistance to radiation therapy. Overexpression of the channel was associated 
with enhanced survival of breast cancer cells following radiation exposure. 

Although not yet observed in PDAC, another resistance mechanism involving K Ca3.1 has been 
reported in NSCLC. The inhibition of KCa3.1 was shown to partially overcome resistance to 
epidermal growth factor receptor (EGFR) tyrosine kinase inhibitors, such as erlotinib (Glaser et 
al., 2021; Todesca et al., 2024). Blocking KCa3.1 with the inhibitor senicapoc, was found to 
enhance cell adhesion via β1-integrin expression, impair cancer cell migration, and increase 
mitochondrial reactive oxygen species (ROS) production. This ultimately sensitized NSCLC cells 
to erlotinib, reducing cell motility and promoting apoptosis (Todesca et al., 2024). These findings 
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suggest that targeting KCa3.1 could be a viable strategy to overcome drug resistance in cancer 
treatments. 

KCa3.1 expression in PDAC 

The KCa3.1 channel is greatly overexpressed in primary pancreatic cancer samples (Jäger et al., 
2004). Studies have shown that mRNA expression of KCa3.1 is up to 66-fold higher in PDAC tissue 
compared to normal pancreatic tissue (Jäger et al., 2004). This dramatic increase in expression 
has been confirmed through various methods, including data mining of microarrays from 
microdissected patient samples, which also revealed a marked overexpression of K Ca3.1 in PDAC 
(Storck et al., 2017; Zaccagnino et al., 2016). The upregulation of KCa3.1 in PDAC is controlled by 
the AP-1 transcription factor and is associated with a poor prognosis (Mo et al., 2022). Patients 
with higher KCa3.1 expression have significantly poorer survival outcomes compared to those with 
lower expression levels (S. Jiang et al., 2017; Mo et al., 2022). 

KCa3.1 expression is not uniform across all pancreatic cancer cell lines. Studies have found that 
MiaPaCa-2 and BxPC-3 cells express higher levels of KCa3.1 compared to PANC-1 (Jäger et al., 
2004). Compared to human pancreatic ductal epithelial (HPDE) cells, MiaPaCa-2 and BxPC-3 
cells display a 6- to 11-fold increase in KCa3.1 mRNA levels (Bonito et al., 2016). This elevated 
expression correlates with increased Ca²⁺-activated K⁺ currents. Consequently, in this study, the 
inhibition of KCa3.1 with blockers such as clotrimazole or TRAM-34 almost completely abolished 
the proliferation in BxPC-3 and MiaPaCa-2 cells, but had little to no effect on PANC-1 cells. This 
suggests that KCa3.1 is more functionally relevant in certain pancreatic cancer subtypes.  

Recent research has shown that KCa3.1 is not only expressed in the plasma membrane but also in 
the inner mitochondrial membrane. In MiaPaCa-2 cells, mitochondrial KCa3.1 expression 
correlates with several metabolic processes, such as a reduction in oxygen consumption and ATP 
production upon KCa3.1 inhibition (Kovalenko et al., 2016). Furthermore, Todesca et al., (2024) 
highlighted the broader relevance of mitochondrial K Ca3.1, showing that inhibition of this channel 
affects mitochondrial membrane potential, disrupts ATP production, and ultimately reduces cell 
viability. While this research has not yet been directly linked to PDAC, these findings highlight the 
importance of mitochondrial KCa3.1 in cancer. 

Targeting KCa3.1 and its effect on PDAC progression 

Further insights into the role of KCa3.1in PDAC progression come from studies using siRNA-
mediated knockdown of KCa3.1. In MiaPaCa-2 cells, silencing KCa3.1 almost completely 
suppressed the channel activity, leading to a significant inhibition of cell proliferation and a 
reduction of cell migration and invasion (Bonito et al., 2016). These in vitro results laid the 
groundwork for understanding the contribution of the channel to tumor growth, migration, and 
invasion. 

However, this study uncovered an unexpected finding: blocking K Ca3.1 with TRAM-34 or 
clotrimazole increased cell migration in treated cells (Bonito et al., 2016). This paradoxical effect 
may be attributed to disruptions in Ca2+ homeostasis caused by these inhibitors, or possibly due 
to KCa3.1 expression in mitochondria. The inhibition of the mitochondrial KCa3.1 channel leads to 
a hyperpolarization of the mitochondrial membrane, which can alter mitochondrial function, 
including its role in Ca2+ storage. This may, in turn, affect the cytosolic Ca2+ concentration, further 
complicating the effects of KCa3.1 inhibition in cancer cells (Bonito et al., 2016). 

The role of KCa3.1 in PDAC progression has also been investigated in in vivo models. 
Transplantation of shKCa3.1 ASPC-1 cells into immunodeficient NCG mice resulted in reduced 
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tumor growth compared to controls. Similarly, treatment with the K Ca3.1 inhibitor TRAM-34 also 
led to a reduction in tumor size in these mice (Mo et al., 2022). Additionally, K Ca3.1 has been 
implicated in promoting epithelial-mesenchymal transition (EMT), with evidence suggesting that 
the channel influences this process via the MET/AKT signaling pathway (Mo et al., 2022). These 
findings further emphasize the role of KCa3.1 in driving the aggressive behavior of PDAC and 
underscore its potential as a promising therapeutic target for future treatment strategies. 

KCa3.1 in the tumor microenvironment of PDAC 

In PDAC, KCa3.1 channels are expressed not only in tumor cells but also in stromal cells, including 
PSCs, immune cells, and endothelial cells (Soret et al., 2023).  

Role of KCa3.1 channels in pancreatic stellate cells 

While the precise role of KCa3.1 channels in PDAC-associated fibrosis is still under investigation, 
emerging evidence suggested that these channels contribute to PSCs activation and migratory 
behavior (Storck et al., 2017).  

KCa3.1 channels were shown to be functionally expressed in pancreatic stellate cells (PSCs) 
through Western blot, immunofluorescence staining, and patch clamp analyses (Storck et al., 
2017). The activation of PSCs by pancreatic cancer cells was described in co-culture studies 
where supernatants from PDAC cell lines such as PANC-1 and Colo357 were applied to PSCs. 
These supernatants induced significant PSC migration, a process that was effectively reversed by 
targeting KCa3.1 channels with the selective inhibitor TRAM-34 (Storck et al., 2017).  The study also 
suggests that KCa3.1 channels play an indirect role in regulating intracellular Ca2+ concentration 
([Ca²⁺]i) in PSCs by maintaining a hyperpolarized membrane potential. This hyperpolarization 
provides the driving force for Ca2+ entry through the TRPC3 channel, which is crucial for PSC 
activation and function (Storck et al., 2017). By facilitating TRPC3-mediated Ca2+ entry, KCa3.1 
channels contribute to the signaling pathways that support PSC activation. 

Another critical role of PSCs in PDAC is their involvement in immune evasion. PSCs have been 
shown to reduce the infiltration of cytotoxic T cells into tumors, thereby contributing to an 
immunosuppressive microenvironment (Garg et al., 2018) Further investigation is required to 
determine whether KCa3.1 regulation in PSCs contributes to shaping the immune environment 
within PDAC tumors. 

Involvement of KCa3.1 channels in immune regulation in PDAC 

KCa3.1 channels are also found in various immune cells within the PDAC microenvironment, 
including macrophages (Xu et al., 2017), neutrophils (Henríquez et al., 2016), natural killer cells 
(Koshy et al., 2013) as well as in T-lymphocytes (Ghanshani et al., 2000), regulatory-T cells (Estes 
et al., 2008) and B-lymphocytes (Wulff et al., 2004). Moreover, KCa3.1 channels are implicated in 
immune evasion mechanisms: PDAC cells secrete immunomodulatory agents that contribute to 
an immunosuppressive microenvironment, promoting tumor progression and invasiveness (S. H. 
Jiang et al., 2019). For instance, KCa3.1 interacts with the gamma-aminobutyric acid receptor 
subunit pi (GABRP) to activate the Ca²⁺/NF-κB/CXCL5-CCL20 axis, promoting macrophage 
infiltration, which is linked to poor prognosis in PDAC (S. H. Jiang et al., 2019). Moreover, blocking 
KCa3.1 with TRAM-34 in tumor-associated macrophages (TAMs) has been shown to attenuate their 
pro-tumorigenic activity by reducing the release of cytokines such as IL-6 and IL-8 (Xu et al., 2017). 
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Given that KCa3.1 is expressed in a wide range of immune cells, understanding the full impact of 
channel modulation is complex (Hofschröer et al., 2021). More research is required to elucidate 
how targeting KCa3.1 influences the immune landscape in PDAC. 

Role of KCa3.1 channels in tumor angiogenesis 

Although KCa3.1 has not yet been directly associated with tumor angiogenesis in PDAC, several 
studies hint at its role in vascular processes. KCa3.1 was found in the vasculature of clear cell renal 
cell carcinoma (Rabjerg et al., 2015) and shows increased expression in the endothelium of 
tumor-adjacent mesenteric arteries in colorectal tumors (Köhler et al., 2000). In human umbilical 
vein endothelial cells and human microvascular endothelial cells factors such as basic fibroblast 
growth factor (bFGF) and vascular endothelial growth factor (VEGF) have been shown to promote 
KCa3.1 expression, promoting angiogenesis (Grgic et al., 2005). However, it remains unclear 
whether the hypovascularity seen in the microenvironment of PDAC is related to KCa3.1. The 
potential benefits of targeting tumor vasculature still require further clinical validation (Hosein et 
al., 2020). 

Role of KCa3.1 in cell death 

KCa3.1 channels play a role in apoptosis in various cancer types particularly by regulating 
apoptotic volume decrease. For example, inhibiting KCa3.1 channels in glioma cells (D54-MG) was 
shown to impair staurosporine-induced apoptosis (McFerrin et al., 2012). KCa3.1 is expressed in 
the mitochondria of PDAC cell lines, such as MiaPaCa-2. This suggests that that it may contribute 
to mitochondrial-dependent apoptosis in PDAC, though this is yet to be fully explored (Kovalenko 
et al., 2016). Knockdown of KCa3.1 in PDAC cells like ASPC-1 and PANC-1 increased apoptosis and 
induced cell cycle arrest in the S phase (Mo et al., 2022). Additionally, Todesca et al., (2024) 
showed in NSCLC that mitochondrial KCa3.1 is crucial in maintaining mitochondrial function and 
cell survival, further suggesting its involvement in apoptosis resistance in PDAC. Interestingly, the 
role of KCa3.1 in apoptosis resistance is not limited to PDAC. In insulinoma, an endocrine 
pancreatic tumor, KCa3.1 inhibition increasded apoptosis by inactivating the JNK/ERK signaling 
pathway (Karatug Kacar, 2020). This reinforces the idea that KCa3.1 plays a broader role in 
modulating apoptosis resistance across various tumor types. 

Targeting KCa3.1 channels in PDAC 

KCa3.1 channel blockers 

The KCa3.1 channel has emerged as a promising therapeutic target in various cancers, including 
PDAC. Several inhibitors of KCa3.1 have demonstrated potential in preclinical models, with the 
most prominent being clotrimazole, TRAM-34, and senicapoc (Brown et al., 2018). 

Clotrimazole was initially developed as an antifungal agent and was later identified as a KCa3.1 
inhibitor. However, its clinical application has been limited by considerable toxicity. In response 
to these concerns, TRAM-34, a derivative of clotrimazole, was engineered to reduce toxicity while 
providing selective inhibition of KCa3.1. This compound binds to the inner pore of the channel and 
has become an important tool for studying KCa3.1 functions in both physiological and pathological 
conditions (Wulff et al., 2000). 

Senicapoc, another clotrimazole-based inhibitor, functions similarly to TRAM-34 by blocking 
KCa3.1 channels (Stocker et al., 2003). Initially developed for the treatment of sickle cell disease, 
senicapoc has demonstrated safety in human trials, including a phase III clinical trial (Ataga et al., 
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2008). Given its favorable safety profile, repurposing senicapoc for other K Ca3.1-related diseases, 
such as Alzheimer's disease and stroke, is currently being explored (L. W. Jin et al., 2019; Staal et 
al., 2017). Among these inhibitors, TRAM-34 and senicapoc have shown considerable promise in 
targeting KCa3.1 in cancer. 

Maurotoxin is another inhibitor of KCa3.1, originally isolated from Scorpio maurus palmatus 
venom. Maurotoxin selectively targets plasma membrane-bound KCa3.1 channels, unlike TRAM-
34 and senicapoc, which also affect mitochondrial channels (Todesca et al., 2024). This 
specificity offers a more controlled inhibition, but recent studies suggest limited clinical efficacy. 

KCa3.1 as a therapeutic target in PDAC 

The broad expression of KCa3.1 channels in PDAC, not only in cancer cells but also in the 
surrounding tumor microenvironment, complicates predictions about the overall therapeutic 
effect of KCa3.1 inhibition. KCa3.1 is expressed in various cell types, including pancreatic stellate 
cells (PSCs), immune cells, and vascular cells, each contributing to the progression of PDAC 
(Soret et al., 2023). Consequently, the effects of KCa3.1 inhibition on the complex interactions 
within the tumor microenvironment are not fully understood (Mo et al., 2022). While inhibiting 
KCa3.1 has been shown to reduce the aggressive behavior of PDAC cells and dampen PSCs 
activation, these benefits must be balanced against potential drawbacks. Targeting the channel 
could suppress immune responses which may have unintended consequences for tumor control. 

KCa3.1 inhibitors have demonstrated positive effects in heterotopic xenograft models of PDAC 
using immunodeficient mice. However, the absence of functional T, B, and NK cells in these 
models complicates the assessment of how KCa3.1 inhibitors would affect immune surveillance 
and tumor-immune interactions in human patients (Mo et al., 2022). Given these uncertainties, 
further research is essential to fully understand the implications of K Ca3.1 targeting in PDAC. 

Additionally, the subcellular localization of K Ca3.1 in both plasma membranes and mitochondria 
adds to the complexity of the targeting strategies. Recent studies emphasize that mitochondrial 
KCa3.1 plays a critical role in cancer cell survival by regulating mitochondrial metabolism and ATP 
production Todesca et al., (2024) highlighted that inhibiting mitochondrial KCa3.1 channels with 
senicapoc induced significant cancer cell death in NSCLC models, whereas plasma membrane-
targeting agents like maurotoxin had minimal impact. These findings suggest that selectively 
targeting mitochondrial KCa3.1 could be a more effective approach for treating cancers such as 
PDAC, where both mitochondrial and plasma membrane KCa3.1 are expressed (Kovalenko et al., 
2016). 

Figure 2 illustrates the inhibitory mechanisms of maurotoxin and TRAM-34 on KCa3.1 channels. 
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In summary, KCa3.1 channels have emerged as a promising therapeutic target in PDAC, offering 
potential for modulating cancer progression and the tumor microenvironment. However, the 
complexities of the role of KCa3.1 in PDAC, particularly its expression in various cell types and 
subcellular locations, underscore the need for further research.  

  

Figure 2. Schematic representation of the inhibitory mechanisms of maurotoxin, TRAM-34 
and senicapoc. Maurotoxin selectively inhibits KCa3.1 channels located in the plasma 
membrane, without impacting mitochondrial KCa3.1 (Mito-KCa3.1), whereas TRAM-34 and 
senicpoc effectively targets both plasma membrane and mitochondrial KCa3.1 channels. The 
figure includes elements created using Servier Medical Art, licensed under Creative Commons 
Attribution 3.0 unported. 
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PROJECT AIM 
 

PDAC is one of the deadliest forms of cancer, with poor survival rates, aggressive tumor biology, 
and resistance to conventional therapies. There is an urgent need to explore novel therapeutic 
strategies in PDAC progression. Emerging research indicates that ion channels, particularly 
potassium channels like KCa3.1, play a significant role in tumorigenesis by regulating key 
processes such as cell proliferation, migration, and survival. In PDAC, K Ca3.1 is not only 
overexpressed in cancer cells but also in stromal components, including PSCs, immune cells, 
and endothelial cells, suggesting that this channel is intricately involved in the cancer progression 
of PDAC. 

The primary aim of this project is to explore the therapeutic potential of targeting K Ca3.1 in PDAC 
(Figure 3), with a specific focus on its role in cancer progression both within tumor cells and the 
surrounding stromal cells, particularly PSCs. This project evaluates the efficacy of selective 
KCa3.1 inhibitors, including TRAM-34 and maurotoxin, both as monotherapies and in combination 
with standard chemotherapy (e.g., gemcitabine) (Figure 4). 

Figure 3. Targeting KCa3.1 in PDAC. Schematic representation of the expected effects of KCa3.1 
targeting in PDAC. KCa3.1 is associated with cell proliferation, migration, and apoptosis 
resistance. Thus, we asked whether KCa3.1 inhibition can impact these processes. The figure 
includes elements created using Servier Medical Art, licensed under Creative Commons 
Attribution 3.0 unported. 
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What distinguishes this project is its comprehensive approach to incorporating the tumor 
microenvironment. Unlike previous studies that relied primarily on 2D models, which fail to 
capture the complexity of PDAC, this project employs advanced in vivo and in vitro models. This 
study employs the KPfC (Kraswt/LSL–G12D Tp53fl/+ Pdx1-Cre+) mouse model of PDAC, which closely 
mirrors human PDAC. In vitro, this project employs advanced 3D spheroid co-culture systems 
that better replicate the PDAC tumor microenvironment by including both cancer cells and PSCs. 
This approach ensures that KCa3.1 is investigated within the broader context of the tumor 
microenvironment, capturing the intricate interactions between cancer and stromal cells.  

The project examines how KCa3.1 inhibition impacts tumor growth, migration, invasion, and 
stromal remodeling. It places special emphasis on comparing the effects of maurotoxin, which 
specifically targets plasma membrane KCa3.1, with those of TRAM-34, which affects both plasma 
membrane and mitochondrial KCa3.1 channels. The research also evaluates the influence of 
KCa3.1 inhibition on immune cell infiltration and tumor-stromal interactions within these realistic 
models. 

By taking the tumor microenvironment into account, this research aims to address critical gaps in 
understanding the role of KCa3.1 in PDAC, providing important insights into how the 
microenvironment influences the contribution of K Ca3.1 to tumor progression and how its 
inhibition can disrupt these processes. Ultimately, this project aims to contribute to the 
development of more effective, targeted therapies for PDAC by leveraging ion channel modulation 
to inhibit tumor growth and improve patient outcomes. 

Figure 4. Combined targeting of PDAC. Schematic representation of the expected effects of 
combining KCa3.1 inhibitors and gemcitabine in PDAC treatment. The figure includes elements 
created using Servier Medical Art, licensed under Creative Commons Attribution 3.0 unported.  
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MATERIAL AND METHODS 

Cell culture 

Four cell lines were used in this study: the PDAC-derived PANC-1 (RRID: CVCL_0480; ATCC) and 
BxPC-3 (RRID: CVCL_0186; ATCC), the CRISPR/Cas9-mediated knockout PANC-1-KCa3.1-/- (PANC-
1 Kcnn4⁻/⁻), and the human pancreatic stellate cell line PS-1 (Froeling et al., 2009). Cells were 
cultured in DMEM/F12 medium (Sigma-Aldrich), supplemented with 10% fetal calf serum (FCS) 
superior and 1% penicillin/streptomycin. Cultures were incubated at 37°C in a humidified 
atmosphere containing 5% CO₂. The PANC-1-KCa3.1-/- cell line was generated by Cyagen 
Biosciences using the CRISPR/Cas9 gene-editing system, in which Cas9 and guide RNA (gRNA) 
vectors were co-electroporated into PANC-1 cells to achieve targeted knockout of the KCa3.1 gene. 

Gene target gRNA  Sequence PAM Sequence 
KCNN4 gRNA-B1 GGCGCGTGGCGCTGACCGGG CGG 
KCNN4 gRNA-B2 CAAGCGTGAGGCCGAGCAGC AGG 

Table 1. Guide RNA sequences targeting the Kcnn4 gene for CRISPR/Cas9  

Individual clones were genotyped through PCR and DNA sequencing. 
 

Type Primer Sequence 
PCR primers Forward GTTCACTGTGTATCCTTAGCACATAG 

Reverse GGCAACCAGGATCTAGTTCCAAT 
Sequencing primers Forward AAGATGTCTTCCTCAAGTCC 

Reverse GGTCAAAGTGTGAACTTTCT 
Table 2. PCR and sequencing primers for genotyping of KCNN4 

RNA isolation and cDNA synthesis 

RNA was isolated from cultured cells using TRIzol (Life Technologies). Cells were grown in 100 mm 
culture dishes, lysed directly with 500 μL of TRIzol, and incubated at room temperature for 5 min. 
After adding 100 μL of chloroform, the samples were centrifuged at 12,000 x g at 4 °C for 15 min. 
The RNA-containing supernatant was mixed with 250 μL of isopropanol and centrifuged under the 
same conditions. The resulting pellet was washed with 70% ethanol, centrifuged again, and 
dissolved in RNase-free water. RNA concentrations were measured using a BioPhotometer 
(Eppendorf).  

Complementary DNA (cDNA) was synthesized from 2 μg of RNA using SuperScript IV Reverse 
Transcriptase (ThermoFisher Scientific). To perform the reverse transcription, 2 μg of RNA were 
suspended in RNase-free water to a final volume of 13 μL, followed by the addition of 1 μL oligo(dT) 
primers (50 μM) and 1 μL dNTPs (10 mM). The mixture was then heated to 65 °C for 5 minutes to 
denature secondary structures, cooled on ice for 1 min, and left at room temperature for 5 min. 
The reverse transcription reaction was carried out by incubating the solution at 50 °C for 10 
minutes, followed by heating to 80 °C for 10 min. The resulting cDNA was diluted with 75 μL of 
molecular-grade water and prepared for subsequent PCR experiments. 
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Quantitative real-time PCR 

Data from RT-qPCR analyses were gathered from 34 PDAC patients (experiments was performed 
by Dr. Serena Pillozzi and her colleagues from the University of Florence), evenly split between 
males and females. These samples were obtained from individuals diagnosed with PDAC, without 
any intervention assigned within the scope of this study. The focus of the data was on K Ca3.1 
expression and its relationship with factors such as patient sex, cancer grade, tumor site, and 
overall survival. 

RT-qPCR was carried out using Power Up SYBR Green master mix (Applied Biosystems) on a 
QuantStudio 3 Real-Time PCR System (Thermo Fisher Scientific). To perform the qPCR, 2 μL of 
each cDNA sample was combined with 10 μL of master mix, 1 μL of each forward and reverse 
primer (10 μM), and molecular biology-grade water to adjust the final volume to 20 μL. A negative 
control, consisting of water instead of cDNA, was included to ensure specificity. Specific primers 
for KCNN4 (coding for KCa3.1 channels) and GAPDH were used (Table 3). The cycling conditions 
included an initial denaturation at 95 °C for 8 min, followed by 40 cycles of denaturation at 95 °C 
for 30 s, annealing at 57 °C for 30 s, and elongation at 72 °C for 30 s. Data analysis was performed 
using QuantStudio Design and Analysis Software (Thermo Fisher Scientific). Gene expression 
levels were quantified using the 2−ΔCt method (Livak & Schmittgen, 2001), with GAPDH as the 
reference gene. All experiments were conducted in triplicate and repeated three times to ensure 
reliability and reproducibility. The primer sequences used are as follows: 

Gene Primer Sequence 
KCNN4 Forward GGCCAAGCTTTACATGAACACGCA 

Reverse AAAGGTGCCCAGTGGCATTAACAG 
GAPDH Forward GAAGGTCGGTGTGAACGGA 

Reverse GAAGATGGTGATGGGCTTCC 
Table 3. Primer sequences for KCNN4 and GAPDH genes used in RT-qPCR 

Animal experiments 

The animal experiments conducted in this study were approved by the local authorities 
(Landesamt für Natur, Umwelt und Verbraucherschutz (LANUV); LANUV 81-02.04.2019.A281) and 
the Office of Animal Welfare of the University Clinic Münster. KPfC mice (genotype Kraswt/LSL–

G12D Tp53fl/+ Pdx1-Cre+), a genetically engineered strain, were used in this study. These mice are 
characterized by a heterozygous loss of p53 and conditional expression of the K-RasG12D mutation 
from the endogenous locus in the pancreas (Hingorani et al., 2003; Olive et al., 2004). These mice 
were generated with a Lox-STOP-Lox (LSL) cassette, allowing for conditional expression of the K-
RasG12D mutation specifically in the pancreas upon activation by Cre recombinase. Expression is 
driven by the Pdx1 promoter (Pdx1-Cre) which mediates recombination and excises the STOP 
cassette (Gannon et al., 2000). 
 
Starting at week 20, mice were treated for 28 days with either TRAM-34 or maurotoxin, alone or in 
combination with gemcitabine. In the “TRAM-34” experiment, control mice received daily 
intraperitoneal (i.p.) injections of Miglyol-812 (caprylic/capric triglyceride, Spectrum Chemicals), 
while the “TRAM-34” and “TRAM-34+gemcitabine groups” were given daily i.p injections with 
40mg/kg bodyweight TRAM-34 (kindly provided by Dr. H. Wulff from the University of California, 
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Davis) dissolved in Miglyol‐812, with a total injection volume of 10ml/kg bodyweight.  The dosage 
of TRAM-34 was derived from a previous study on a rat model of ischemia/reperfusion stroke 
(Chen et al., 2011). In the maurotoxin experiment, control mice received daily intraperitoneal 
injections of 0.9% saline, while the “maurotoxin” and “maurotoxin+gemcitabine” groups were 
administered maurotoxin (#STM-340, Alomone labs) at a dose of 0.139 mg/kg bodyweight, 
dissolved in saline, with an injection volume of 10 mL/kg. Since maurotoxin had not been 
previously tested in in vivo therapeutic studies, the dosage was adapted from a study involving 
margatoxin, a toxin with similar structure and function (Jang et al., 2011; Wu et al., 2020). Mice in 
the “gemcitabine”, “TRAM-34+gemcitabine” and “maurotoxin+gemcitabine” treatment groups 
were administered four doses of 100 mg/kg bodyweight gemcitabine intraperitoneally (Ely Lilly) on 
days D19, D22, D25 and D28 (N=37 mice and N ≥ 3 for each group). The treatment schedule is shown 
in Figure 5. Equal numbers of male and female mice were distributed across the six experimental 
groups, although the total group sizes varied. Mice were housed in individually ventilated cages 
(IVCs) with access to nesting materials. Environmental conditions were kept stable, with the 
temperature set at 22 ± 2°C, humidity maintained at 55% ± 10%, and a 12 h light/dark cycle. 

Histology and immunohistochemistry  

Pancreata were initially fixed in a 4% paraformaldehyde solution and subsequently embedded in 
paraffin. Sections measuring 2 µm were sliced using an RM2125 microtome (Leica). The paraffin-
embedded sections underwent deparaffinization with xylene, followed by a gradual rehydration 
process. Staining was performed with either hematoxylin/eosin or Sirius Red (Roche). Whole 
tissue slices were then digitally scanned using the Leica SCN400 scanner and its corresponding 
software (Leica). The analysis of the scanned tissue was conducted in a blinded manner using the 
the QuPath software (RRID: SCR_018257) (Bankhead et al., 2017). This approach ensured that the 
classification of the tissue slices into experimental groups occurred only after all samples had 
been evaluated. Hematoxylin/eosin-stained sections were carefully examined, allowing for the 
manual identification of each tumor node. Additionally, a pixel classifier was trained to 

Figure 5. Schematic illustration of the 4-week treatment protocol in KPfC mice.  Twenty-
week-old KPfC mice received daily intraperitoneal (i.p.) injections of either the KCa3.1 inhibitors 
TRAM-34 (40 mg/kg/day), maurotoxin (MTX) (0.139 mg/kg/day), or a vehicle control. Additionally, 
gemcitabine (GEM) was co-administered at a dose of 100 mg/kg via i.p. injection on days 19, 22, 
25, and 28. N=38 mice; N ≥ 3 per treatment group. 
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differentiate between fibrotic tissue positive for Sirius Red and non-fibrotic areas. This classifier 
was subsequently applied to all Sirius Red-stained sections, enabling the quantification of 
fibrosis levels within each tumor node (Figure 6). Data from the vehicle control groups in both the 
TRAM-34 and maurotoxin experiments were pooled, as no significant differences were found in 
the measured parameters, which included animal weight, tumor node number and size, as well 
as individual tumor node fibrosis. Similarly, data from the “gemcitabine” treatment groups were 
combined for analysis. 

For immunohistochemistry, following deparaffinization a 10 mM sodium citrate buffer (pH 6.0) 
was used for antigen retrieval. Tissue sections were heated in a steam cooker at 96°C for 30 min 
and then allowed to cool for 35-45 min. After cooling, the sections were washed twice with PBS. 
Permeabilization was achieved by treating the sections with PBS containing 1% bovine serum 
albumin (Sigma-Aldrich) and 0.5% Triton X-100 (Sigma-Aldrich) for 5 min, followed by two 
additional washes with PBS. To block endogenous peroxidase activity, the sections were 
incubated with 1.5% hydrogen peroxide (H₂O₂) in PBS for 15 min. The sections were then treated 
with Image-iT FX Signal Enhancer (Invitrogen) in a humidified chamber. Following this step, the 
sections were washed twice with PBS. Blocking was conducted using a solution containing 1% 
BSA and 0.1% Triton X-100 in PBS for 30 min, after which primary antibodies were incubated 
overnight in a humidified chamber at 4°C.  
  

Figure 6. Analysis of immunohistochemical staining in KPfC mice. To evaluate the tumor size, 
KPfC tissue section were H/E-stained and analyzed morphometrically with QuPath 0.3.1 (right 
panel). Fibrosis within the tissue was evaluated through Picrosirius red staining of KPfC sections 
(middle panel). An automated pixel classifier in QuPath 0.3.1 was employed to quantify the extent 
of fibrosis (left panel). Scale bar: 100 μm. 
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The primary antibody used were: 
 

Antibody Dilution Supplier Catalog 
number 

RRID 

Guinea pig anti-CK18 1:100 Progen GP-CK18 AB_2909805 
Rabbit anti-KCa3.1 1:200 Sigma-Aldrich AV35098 AB_1852147 
Rabbit anti-Ki67 1:250 Abcam  ab15580 AB_443209 
Alexa Fluor 488-conjugated 
mouse anti-αSMA 

1:600 Thermo Fisher 
Scientific 

53-9760-82 AB_2574461 

Goat anti-E-Cadherin 1:20 R&D Systems AF748 AB_355568 
Rabbit anti-N-cadherin 1:75 Proteintech 22018-1-AP AB_2813891 
Rabbit anti-CD3 1:25 Abcam ab5690 AB_305055 
Rat anti-CD8a 1:25 Thermo Fisher 

Scientific 
14-0808-82 AB_2572861 

Goat anti-PD1 1:20 R&D Systems AF1021 AB_354541 
Table 4. Primary antibodies used in immunohistochemical analysis.  

Following three PBS washes, the following secondary antibodies were used:   
 

Antibody Dilution Supplier Catalog 
number 

RRID 

Cy3-conjugated donkey 
anti-guinea pig 

1:1000 Jackson 
ImmunoResearch Labs 

706-165-
148 

AB_2340460 

Alexa Fluor 647-
conjugated goat anti-
rabbit 

1:1000 Jackson 
ImmunoResearch Labs 

111-606-
047 

AB_2338082 

Cy3-conjugated goat anti-
rabbit 

1:1000  Jackson 
ImmunoResearch Labs 

111-166-
003  

AB_2338007 

Alexa Fluor 647-
conjugated donkey anti-
rat 

1:1000 Abcam ab150155 AB_2813835 

Alexa Fluor 488-
conjugated donkey anti-
goat 

1:1000 Jackson 
ImmunoResearch Labs
  

705-545-
003 

AB_2340428 

Peroxidase-conjugated 
goat anti-rabbit 

1:5000 Sigma-Aldrich A0545 AB_257896 

Table 5. Secondary antibodies used in immunohistochemical staining.  

Ki-67-stained sections were counterstained with hematoxylin (1:200, Carl Roth) for 2 min. The 
slides were mounted by applying DAKO mounting medium (Agilent) with 0.001% DAPI (Sigma-
Aldrich) and subsequently covered with coverslips. Within 24 hours, fluorescent images were 
obtained using the Nikon ECLIPSE Ti2 microscope, and the resulting images were processed 
using ImageJ (RRID: SCR_003070). 
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 Protein extraction and Western blot 

Total protein was extracted from cultured cells using RIPA Lysis and Extraction Buffer (Thermo 
Fisher Scientific), along with 1% Complete Mini Protease Inhibitor (Roche). Protein 
concentrations were measured with the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific). 
The extracted proteins were mixed with a 5X SDS-PAGE Protein Loading Buffer and denatured by 
heating to 95 °C for 5 min. Each lane of a 10% polyacrylamide gel was loaded with 15 μg of the 
denatured protein, running at 80 mV. The proteins were then transferred to a PVDF membrane, 
which was kept at 4 °C overnight. To block nonspecific binding, the membrane was incubated for 
one hour in a solution of Tris-buffered saline containing 5% skim milk and 0.05% Tween. The 
membrane was then incubated overnight at 4 °C with the primary antibody, rabbit anti -KCa3.1 
(1:500, Sigma-Aldrich Cat# AV35098, RRID: AB_1852147). After three washes with PBS, HRP-
conjugated goat anti-rabbit (1:10,000, Sigma-Aldrich Cat# 12-348, RRID: AB_390191) was applied 
as the secondary antibody for one hour. The membrane underwent three additional washes 
before chemiluminescent detection using Clarity Max Western ECL Substrate (Bio -Rad) on the 
ChemiDoc Gel Imaging System (Bio-Rad). Band intensities were subsequently quantified using 
Image Lab software (Bio-Rad), with GAPDH (Mouse anti-GAPDH, 1:5000, Abcam Cat# ab125247, 
RRID: AB_11129118) used as the housekeeping control. 

Immunocytochemistry 

Cells were directly seeded onto glass-bottom dishes for immunocytochemistry. After washing 
with PBS, they were fixed with 4% paraformaldehyde (PFA) on ice for 30 minutes. The dishes were 
then rinsed twice with PBS, followed by permeabilization and blocking on ice for 30 min using 
0.1% saponin PBS containing 10% FCS. The primary antibody against K Ca3.1 (AV35098, 1:200, 
Sigma-Aldrich) was applied at 4°C for two hours. Afterwards, the cells were washed three times 
with PBS and incubated with Alexa 488-conjugated secondary anti-rabbit antibodies (1:500, 
Invitrogen) at 4°C for 30 min. Following three additional PBS washes, the cells were stained with 
0.01% DAPI in 1 ml PBS. Images of the stained cells were captured within 24 h post-staining. 

Spheroid formation and 3D emigration 

PANC-1, BxPC-3, PANC-1-KCa3.1-/-, PS-1, or a 50/50 mixture of cancer and PS-1 cells were 
suspended in a methylcellulose solution (Sigma-Aldrich) to create spheroids. Each spheroid was 
formed by mixing 10,000 cells with 0.31% methylcellulose in DMEM/F12 medium containing 10% 
FCS. The resulting cell/methylcellulose mixture was carefully placed as droplets on the inner side 
of a petri dish lid, which was inverted and incubated at 37°C in a humidified atmosphere with 5% 
CO2 for 48 h. Spheroid formation was monitored under a microscope and confirmed by 3D 
visualization using the Cell3iMager Estier (SCREEN Holdings) (Figure 7). 
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Spheroids were embedded in a PDAC-like extracellular matrix composed of: 
 

Matrix component Concentration Company 
HEPES 14.9 mmol/L - 
RPMI 7.7 g/L - 
Rat tail collagen I 2,164 µg/mL Corning 
Laminin 74.4 µg/mL Sigma-Aldrich 
Fibronectin 74.4 µg/mL Roche 
Collagen III 26.8 µg/mL BD 
Collagen IV 12.1 µg/mL Corning 
pH Adjusted to pH 7.4 - 

Table 6. Composition of the PDAC-resembling extracellular matrix 

The spheroid-matrix suspension was placed into 12.5 cm² tissue culture flasks. Spheroids were 
maintained in DMEM/F12 medium supplemented with 1% FCS. The experimental treatments 
administered to the spheroids were tailored according to the specific objectives of each 
experiment. 
 
The treatment applied included: TRAM-34 (10µM), maurotoxin (20nM, Alomone Labs), 
gemcitabine (10µM, Ely Lilly) or their combinations. Additionally, several formulations of 
mitochondrial KCa3.1 specific inhibitors (synthesized by Christina Kick from Prof. Wünsch’s 
working group, Department of Pharmaceutical and Medicinal Chemistry, University of Münster) 
were employed, including both a mitochondrially targeted-senicapoc (mito-senicapoc; WMS – 98 
02) and its hydrosoluble variant (WMS – 98 03), along with a negative control (WM – 98 04) that 
comprised the identical mitochondrial transporter molecule (phosphonium moiety that causes 
the trapping of senicapoc in mitochondria) as mito-senicapoc but lacking the senicapoc 
component. For all three mito-senicapoc compounds, a concentration of 30 µM was utilized. 
Figure 8 illustrates the different mito-senicapoc compounds used in the experiments and Figure 
9 shows the hydrolysis reaction of the hydrosoluble mito-senicapoc.  

Figure 7. 3D architecture of a PANC-1/PS-1 spheroid. Optical Coherence Tomography (OCT) 
image of a PANC-1/PS-1 spheroid, depicting its three-dimensional structure. Scale bar = 100 μm. 



55 
 

 

DMSO was used as the vehicle. Flasks were meticulously sealed to create an airtight environment 
and placed in chambers maintained at a controlled temperature of 37 °C. The emigration of cells 
out of the spheroids, both in the presence and absence of the inhibitors, was tracked through live-
cell imaging conducted over a 48-h period using an inverted microscope (Zeiss Axiovert 40) and 
the MicroCamLab 3.1 software (Bresser). To assess the invasive potential of the spheroid cells, 
the projected area was measured over time using ImageJ software (v1.54k). The projected area of 
the invasive zone (in µm²) was calculated by subtracting the initial core area of the spheroid (as 
described in Figure 10). The numerical values presented in the main text correspond to the size of 
the invasive area at t=48 h. 

Figure 9. Hydrolysis mechanism of hydrosoluble mito-senicapoc (WMS – 98 03). 

Figure 8. Chemical structures of the mitochondrial KCa3.1 inhibitors: mitochondrially 
targeted senicapoc (mito-senicapoc) and its derivatives. 
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mRNA-sequencing 
At the end of a 3D emigration assay (as described above) (t=48 h), PANC-1/PS-1 and PANC-1-
KCa3.1-/-/PS-1 spheroids were harvested for RNA extraction. The RNA isolation process was 
conducted using the RNeasy Mini Kit (Qiagen), following the manufacturer’s guidelines. RNA 
concentration and quality were measured using a NanoDrop 2000 spectrophotometer. 
Subsequently, RNA libraries were constructed and sequenced on Illumina Next-Seq 500 
sequencing platform (High-Output Kit, 75 Cycles v2 Chemie) at the Genomics Core Facility 
(University Hospital Münster, Münster, Germany).  
 
Bioinformatics analyses were performed on the the Galaxy platform (Afgan et al., 2018). Raw 
sequencing data in fastq format underwent alignment and mapping against the mm10 human 
reference genome, employing the HISAT2 algorithm v2.2.1 (RRID: SCR_015530) (D. Kim et al., 
2015). Gene counts were obtained through featureCounts 2.0.1 (Liao et al., 2014), and differential 
gene expression analysis was done via limma 3.50.1 (Liu et al., 2015), filtering out genes with 
fewer than 0.5 counts per million (CPM) across at least two samples. Principal component 
analysis indicated consistency among biological replicates while highlighting differences among 
the treatments. Genes that exhibited a false discovery rate (FDR) p-value < 0.05 were considered 
significantly differentially expressed. These genes were subjected to further examination using 
gene set enrichment analysis (GSEA) with fgsea 1.8.0 (Korotkevich et al., 2021) and EGSEA 1.20.0 
(Alhamdoosh et al., 2017). The RNA-Seq dataset has been made publicly accessible on the Gene 
Expression Omnibus under accession number GEO: GSE279207. 

Matrix production assay 

PS-1 or PANC-1 cells were seeded in a clear bottom black-walled 96-well plate (Thermo Fisher) at 
80% confluence. The cells were maintained in DMEM/F12 medium (Sigma-Aldrich) supplemented 
with 0.5% FCS, vitamin C (284 μM, Sigma-Aldrich), and TGF-β1 (10 ng/mL, PeproTech) to stimulate 
matrix production. The cells were subsequently treated with TRAM-34 (10µM), maurotoxin (20nM), 

Figure 10. Quantification of the invasive potential of the spheroids. The invasive capacity of 
the spheroids (here, PANC-1/PS-1) was assessed over time. The invasive zone of the spheroids 
was calculated by subtracting the initial area of the spheroid core (indicated in red). Scale 
bar=200 μm. 
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gemcitabine (10µM) or their combinations. After 24 h, the cells were washed twice with PBS. 
Newly synthesized collagen I was labeled with CNA35-tdTomato (1:200, diluted in PBS) and kept 
at room temperature in the dark for 3 h. Fluorescence intensities were assessed using a 
fluorescence plate reader (Fluoroskan II), and representative images were captured using 
confocal microscopy (Nikon ECLIPSE Ti2 microscope). Fluorescence intensity values were blank 
corrected. 

CNA-35-tdTomato production and purification 

Competent E. coli BL21(DE3) bacteria (Novogen) were transformed with pET28a-tdTomato-
CNA35 plasmid (Addgene plasmid #61606, RRID: Addgene_61606) following the method 
described by Aper et al., 2014. The bacteria were cultured in LB medium (BD Bioscience) with 10 
µg/mL kanamycin until the optical density at 600 nm reached 0.6. Protein expression was then 
induced by adding 1 mM isopropyl-β-D-1-thiogalactopyranoside (IPTG, AppliChem PanReac) at 
37°C for 20 h with continuous shaking (220 rpm). After centrifugation (4,000 g at 4°C for 20 
minutes), the bacterial pellet was washed twice with 50 mM sodium phosphate (NaPi) and 300 
mM sodium chloride (NaCl), pH 7.0 followed by further centrifugation (4,000 g at 4°C for 20 
minutes). The pellet was then resuspended in a buffer containing lysozyme (10 mg/mL) and 
protease inhibitor cocktail III (Calbiochem) and incubated on ice for 30 min.  
 
Triton X-100 (0.1%; Sigma Aldrich), DNase I (1 mg/mL; Invitrogen), RNase A (1 mg/mL; AppliChem 
PanReac) and 1 M MgCl₂ were added, followed by sonication on ice for three 60 s cycles. The cells 
were then lysed mechanically using a French press, and the lysate was cleared by centrifugation 
(12,500 g, 45 min, 4 °C).  
 
The supernatant containing the protein was purified with nickel-nitrilotriacetic acid (Ni-NTA) 
agarose beads (Qiagen) according to the manufacturer’s instructions. The bead-protein mixtures 
were incubated on ice for 60 min with continuous shaking to facilitate the binding of 6xHis-tagged 
CNA35-tdTomato protein to the beads. The resulting complexes were transferred into filter 
columns (Cytiva), washed thoroughly, and the bound proteins were then eluted with 250 mM 
imidazole. The eluate was concentrated using Amicon Ultra 0.5 ml 10k diafiltration filters followed 
by an additional washing step. The filters were inverted and centrifuged at 1,000 g for 2 min at 4°C 
to collect the concentrated CNA35-tdTomato protein. To ensure proper maturation of the 
fluorescent protein, the collected protein solution was incubated at 37°C overnight. The 
concentration of the purified CNA35-tdTomato (1.037 mg/mL) was measured using the BCA 
Protein Assay Kit (Pierce). The aliquoted protein solution was then stored at -70°C for later use. 

Patch clamp recordings 

Whole-cell patch-clamp technique was performed (by Mrs. Elke Nass from the University of 
Münster) on PANC-1 cells at room temperature, using borosilicate glass pipettes (GC150TF-10, 
Clark Electromedical Instruments, Pangbourne, UK) connected to an EPC-10 amplifier (HEKA 
Electronics, Lambrecht, Germany). Measurements were visualized and analyzed using Patch 
Master software (HEKA Electronics, Lambrecht, Germany). Patch-clamp recordings were 
performed to investigate the presence of voltage-dependent K+ currents mediated by KV1.3 
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channels. Cells were maintained at a holding potential of -90 mV for 2 seconds, followed by a 
stepwise depolarization for up to 2 seconds to +40 mV, and then returned to the holding potential. 
Following superfusion with maurotoxin (20 nM, Alomone Labs), the experimental protocol was 
repeated to assess the impact of the toxin on K+ currents. The recording solutions were as follows: 
Extracellular solution (in mM): 150 NaCl, 5 KCl, 10 HEPES, 5,5 glucose, 1 CaCl2 1 MgCl2; pH 7.35, 
osmolality 305 mOsm/kg. Intracellular solution (in mM): 10 NaCl, 10 KCl, 85 K-gluconate, 20 K3-
citrate, 10 HEPES, 3 K-BAPTA, 3 Mg-ATP, 0.5 Na-GTP, 15 phosphocreatine, 1 MgCl2, 0.5 CaCl2; pH 
7.25, osmolality 295 mOsm/kg, respectively. Data were analyzed using Nest-o-Patch software.  

Annexin-V staining 

The PANC-1/PS-1 spheroids, embedded and treated as previously described, were stained with 
annexin-V to identify apoptotic cells after 24 h of treatment. The annexin-V staining was 
conducted using the Annexin V-FITC Apoptosis Detection Kit (Invitrogen), following the 
manufacturer’s instructions. The stained spheroids were then imaged using a confocal Nikon 
ECLIPSE Ti2 fluorescence microscope with a 10x. A z-stack of the spheroids was acquired to 
encompass their entire volume. These z-stack images were subsequently merged into a single 
composite image using ImageJ software. To quantify the annexin V-positivity, a threshold was 
manually established in ImageJ based on a visual assessment of the images, allowing for the 
measurement of the area corresponding to green fluorescence intensity. Consistent threshold 
values were applied across all images to maintain uniformity in the quantification process. The 
percentage of annexin V-positive area was calculated by dividing the fluorescence area above the 
threshold by the total projected area of the spheroid. 

Cell viability/cytotoxicity assay 

PANC-1-PS-1 spheroids were seeded into a 96-well plate with clear bottom and black side walls 
(Falcon). After seeding, the treatments were applied as described in earlier sections. Cell viability 
and cytotoxicity were assessed using two distinct assays: the RealTime-Glo™ MT viability assay 
(Promega) and the CellTox™ Green cytotoxicity assay (Promega), following the manufacturer's 
instructions. Measurements were collected at four time points: immediately after treatment (t=0 
h), and at t=24 h, t=48 h, and t=72 h.  
 
 
Baseline values (in the absence of the vehicle) are referred to as "Medium," while the vehicle 
control (e.g., DMSO) is denoted as "Control." A background blank was also included for 
comparison. Detection was performed using a Promega GloMax® Discover microplate reader, 
enabling the multiplexing of real-time quantification of cell viability through luminescence and 
cell death via fluorescence. Data shown are blank adjusted. Numerical values given in the main 
text correspond to measurements performed at t=72h. 

TUNEL assay 

Following deparaffinization, the TUNEL assay was performed using the OneStep TUNEL Apoptosis 
Kit [Red, 555] (NBP3-12093, Novus Biologicals), in accordance with the manufacturer's protocol 
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for tissue section preparation. Slides were mounted using DAKO mounting medium (Agilent). 
Samples were imaged within 24 hours using a Nikon ECLIPSE Ti2 confocal microscope, with 
apoptotic cells being identified based on their characteristic perinuclear fluorescence. Image 
analysis was conducted using ImageJ software. 

Statistical analysis 

Biological replicates (N) represent the total number of mice used for in vivo experiments or the 
number of in vitro experiments repeated with cells from different passages. "n" indicates the 
number of individual data points for each experimental condition. The normality of data 
distribution was assessed using the D'Agostino-Pearson test. Normally distributed data are 
displayed as mean ± standard error of the mean (SEM), while non-normally distributed data are 
presented as median ± 95% confidence interval (CI). All experiments were conducted at least 
three times. Statistical analyses were performed with "n." For normally distributed data, 2-tailed 
unpaired Student’s t-tests or one-way ANOVA test with Tukey’s multiple comparison test was 
performed. In instances where data did not meet normal distribution, Mann-Whitney U test or 
nonparametric 1-way ANOVA-on-ranks (Kruskal-Wallis) statistical test with Dunn’s multiple 
comparisons test was used. Multiple comparison tests over time were assessed using the 
repeated measure two-way ANOVA with Tukey’s multiple comparison test. For statistical analysis 
and data presentation, GraphPad Prism 10 (RRID:SCR_002798) was employed. Statistical 
significance was established at a p-value < 0.05. 
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RESULTS 

Elevated KCa3.1 expression is associated with poor survival in PDAC 
patients 

This project aims to elucidate the molecular mechanisms by which K Ca3.1 channels influence the 
progression of PDAC. The first step of our research project involved assessing the clinical 
relevance of KCa3.1. To achieve this objective, our research emphasized the acquisition and 
analysis of clinical data from PDAC patients. We analyzed qPCR data from PDAC patient samples 
to explore potential correlations between KCa3.1 expression and patient outcomes, particularly 
overall survival, along with key clinicopathological factors such as tumor grade, location, and 
patient sex. 

To do this, we employed the Kaplan-Meier Plotter tool (Győrffy, 2024), a robust online resource for 
survival analysis in cancer research. This platform integrates clinical data from extensive RNA-
seq datasets, allowing us to correlate how expression levels with overall survival. Drawing from 
data repositories such as GEO (Gene Expression Omnibus), EGA (European Genome-phenome 
Archive), and TCGA (The Cancer Genome Atlas). By comparing the gene expression levels of 
KCa3.1 specifically in PDAC patients, we accessed RNA-seq data from 177 individuals diagnosed 
with PDAC, categorized into two groups: 79 patients exhibiting high KCa3.1 expression and 98 with 
low expression. Kaplan-Meier survival analysis revealed that patients with higher K Ca3.1 
expression had significantly lower overall survival compared those with lower expression of the 
channels (Median survival: 15.7 months versus 23.4 months) (Figure 11). 

 

Figure 11. High KCa3.1 expression correlates with reduced survival in PDAC patients. Kaplan-
Meier survival analysis curve of PDAC patients according to their KCa3.1 expression levels. The 
curve depicts the overall survival of 177 PDAC patients grouped by KCa3.1 expression levels, with 
high (N=79) and low (N=98) expression cohorts. Data are derived from RNA-seq analyses using 
the Kaplan-Meier plotter tool and subsequently adapted for this study. p-value < 0.05. 
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Given the compelling association between K Ca3.1 expression and overall survival observed in the 
Kaplan-Meier analysis, we sought to further investigate this correlation using patient data from 
our collaboration partner. We analyzed RNA from PDAC samples through qPCR, focusing on 
KCa3.1 expression. 34 samples were examined and 31 showed varying degrees of KCa3.1 
expression, emphasizing its clinical relevance in PDAC. Survival data (i.e., death status) was 
available for 27 of these 31 patients with measurable KCa3.1 expression. We used the median 
expression level (0.0585) as a threshold to dichotomize them into low and high KCa3.1 expression 
groups. Although the differences in survival rates between these two groups did not reach 
statistical significance (p=0.06), a notable trend emerged: 50% of high-expressing patients died 
after 20 months compared to 50% of the low-expressing patients that survived up to 32 months 
(Figure 12). While our findings were not statistically significant, this outcome could be attributed 
to the relatively small sample size in our study. However, the observed trends still provide valuable 
insights, aligning closely with the data from the Kaplan-Meier plotter database. This consistency 
reinforces the potential of KCa3.1 as a prognostic biomarker for poor survival in PDAC patients, 
highlighting the importance of further investigation into its role within this malignancy.  

 
Continuing our investigation into key clinicopathological factors in our PDAC patient cohort, we 
observed no differences (p=0.45) in KCa3.1 expression based on gender (Female: 0.02, 95% CI, 
0.01-0.18, N=16; Male: 0.05, 95% CI, 0.01-0.30, N=15) (Figure 13). 

Figure 12. Survival analysis of PDAC patients dichotomized according to their KCa3.1 
expression levels. Kaplan-Meier curve showing the overall survival of our 27 PDAC patients. They 
were divided into high (n=14) and low (n=13) KCa3.1 expression groups based on the median 
expression level (0.0585). p=0.06; Statistical comparisons were performed using simple survival 
analysis (Kaplan-Meier).  
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Additionally, data on cancer grades were available for 27 patients, and while we did not find a 
statistically significant difference (p=0.15), there was a notable trend suggesting that patients 
with grade 2 PDAC exhibited higher KCa3.1 expression compared to those with grade 3  PDAC 
(Grade 2: 0.101, 95% CI, 0.006- 0.263, N=22; Grade 3: 0,017, 95% CI, 0,001- 0,300, N=7) (Figure 
14).  

Data on tumor localization was available for 26 patients, categorizing the tumors into head, body, 
and tail regions of the pancreas.  Notably, patients with tumors located in the tail of the pancreas 
showed higher KCa3.1 expression levels compared to those with tumors in the body (Body: 0. 010, 
95% CI: 0.001-0.059, N=7; Tail: 0.263, 95% CI: 0.179-0.722, N=5) (Figure 15). This difference in 
expression could be linked to the fact that pancreatic tumors in the tail are often detected at more 
advanced stages, which may reflect a more aggressive tumor biology in this region (van Erning et 
al., 2018). Such a finding suggests that tumor location within the pancreas may influence the 

Figure 13. Comparison of KCa3.1 expression between male and female PDAC patients. mRNA 
expression levels of KCNN4 were measured by qPCR using the 2–ΔCT method, with patients 
grouped by gender (Male: N=15; Female: N=16). GAPDH served as the housekeeping gene. 

Figure 14. KCa3.1 Expression in grade 2 vs grade 3 PDAC patients. mRNA expression levels of 
KCNN4 were assessed by qPCR using the 2–ΔCT method with GAPDH as the housekeeping gene. 
Patients were grouped by cancer grade (Grade 2: N=22; Grade 3: N=7). 
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behavior and progression of the disease, particularly in relation to K Ca3.1 expression. However, it 
is important to note that our analysis did not show any differences in survival rates based on 
localization of the cancer within the pancreas (Figure 16).  

 

In summary, our findings reveal that elevated KCa3.1 expression in PDAC patients correlates with 
poorer overall survival which underscores the clinical relevance of KCa3.1 as a potential 
therapeutic target in PDAC. 

Figure 15: Patients with tumors in the tail of the pancreas show elevated KCa3.1 expression. 
KCNN4 mRNA expression levels were analyzed using the 2–ΔCT, with patients grouped by tumor 
location (Head: N=14; Body: N=7; Tail: N=5). GAPDH was used as the housekeeping gene. *p < 
0.05. Statistical analysis was performed using the Kruskal-Wallis test followed by Dunn’s post hoc 
test. 

Figure 16. Kaplan-Meier survival analysis of PDAC patients based on tumor localization 
within the pancreas. Overall survival of 26 PDAC patients. They were categorized by tumor 
location within the pancreas: Head (N=14), Body (N=7), and Tail (N=5). 
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Inhibition of plasma-membrane KCa3.1 decreases tumor node size and 
reverses gemcitabine-induced fibrosis in KPfC mice  

In light of our data showing that elevated KCa3.1 expression correlates with poor survival outcomes 
in PDAC patients, we sought to evaluate the therapeutic potential of K Ca3.1 channel blockers in 
vivo, utilizing the KPfC mouse model of PDAC. This model closely mirrors the pathophysiology, 
genetic characteristics, and histopathological features of human PDAC (Hingorani et al., 2003; 
Olive et al., 2004), providing a robust framework for assessing how inhibiting KCa3.1 channels can 
affect tumor progression and associated fibrotic responses. 
 
Mice were treated with TRAM-34, a potent and selective inhibitor of the KCa3.1 channel (Wulff et 
al., 2000), administered either alone or in combination with gemcitabine, a standard 
chemotherapeutic agent commonly used in PDAC treatment (Koltai et al., 2022). This 
combinatory approach aims to determine if inhibiting KCa3.1 can enhance the effectiveness of 
gemcitabine, especially in a disease context characterized by its desmoplastic stroma and 
inherent resistance to conventional therapies. (Provenzano et al., 2012; Tao et al., 2021). 
Moreover, considering that KCa3.1 channels are not only present on the plasma membrane but 
also in the mitochondria of PDAC cells (Kovalenko et al., 2016), we aimed to investigate whether 
the plasma membrane and mitochondrial KCa3.1 channels play distinct roles in cancer 
progression. Recent findings, including those by Todesca et al., (2024) have shown the 
importance of mitochondrial KCa3.1 in modulating cancer cell metabolism, oxidative stress, and 
apoptosis in other cancer types such as non-small cell lung cancer. These mitochondrial 
channels may influence how cancer cells respond to stress and treatment, providing an 
additional layer of regulation beyond plasma membrane KCa3.1 activity. This raises the question 
of whether targeting mitochondrial KCa3.1 could enhance therapeutic outcomes in PDAC, where 
treatment resistance is a major challenge. To achieve this, we employed maurotoxin, a peptide 
specifically targeting plasma membrane KCa3.1 channels (Castle et al., 2003). Thus, by comparing 
the effects of maurotoxin with those of the membrane-permeable TRAM-34, we were able to 
differentiate the contributions of plasma membrane KCa3.1 from those of mitochondrial KCa3.1 
channels in cancer progression. 
 
To reflect the typical clinical landscape of PDAC, where diagnosis and treatment occur at an 
advanced stage, we began drug administration when the mice were 20 weeks old, a point at which 
they typically exhibit noticeable symptoms of PDAC (Veite-Schmahl et al., 2017). The schedule of 
administration of the KCa3.1 channel blocker and/or gemcitabine is depicted in Figure 5. This 
treatment timeline reflects the delayed initiation of therapeutic interventions that is frequently 
observed in human patients, thus enhancing the translational relevance of our study. 
 
First, we validated KCa3.1 channel expression in the KPfC mouse model using 
immunohistochemistry. Cancer cells were identified with CK18 while PSCs surrounding the 
tumor nodes were marked with α-SMA (Figure 17). KCa3.1 channels were detected in both CK18-
positive tumor cells and α-SMA-positive PSCs, confirming their expression within the KPfC mouse 
tissue (Figure 17, zoomed-in views of the framed cells are presented in the right panels). 
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Then, we analyzed KPfC mouse tissue to evaluate tumor nodes and assess fibrosis levels. Each 
tumor node was meticulously labeled, and we quantified the extent of fibrosis using Sirius Red 
staining. A pixel classifier was utilized to distinguish between fibrotic and non-fibrotic areas, 
facilitating an in-depth investigation of KCa3.1 expression and its role in tumor progression. The 
histological analysis of the pancreatic tissue is shown in Figure 18. 
 
The histological examination of pancreatic tissues (Figure 18) from KPfC mice showed no 
significant macroscopic differences in tumor size across the various treatment protocols  
(vehicle: 4.95 mm2, 95% CI, 1.13-19.19 mm², N mice=8; TRAM-34: 3.45 mm² 95% CI, 1.33-31.03 
mm², N mice=7; maurotoxin (MTX): 12.94 mm², 95% CI, 2.40-14.34 mm², N mice=3; gemcitabine 
(GEM): 5.22 mm², 95% CI, 1.94-13.93 mm², N mice=9; TRAM-34+gemcitabine: 2.45 mm², 95% CI, 
0.31-7.94 mm², N mice=7; maurotoxin+gemcitabine: 5.72mm², 95% CI, 2.52- 25.34mm², N 
mice=3) (Figure 19). Additionally, the relative size of the tumor compared to the total tissue area 
remained unchanged (vehicle: 4.24%, 95% CI, 2,09-23,40%, N mice=8; TRAM-34: 3.72%, 95% CI, 
1.85-32.81%, N mice=7; maurotoxin: 12.51%, 95% CI, 4.25-13.12%, N mice=3; gemcitabine: 
5.69%, 95% CI, 1.94-14.79%, N mice=9; TRAM-34+gemcitabine: 2.72%, 95% CI, 0.35-8.00%, N 
mice=7; maurotoxin+gemcitabine: 9.93%, 95% CI, 3.70- 40.21%, N mice=3) (Figure 19). 
 
 
 
 

Figure 17. Visualization of KCa3.1 Expression in KPfC Mouse Tissue. Representative 
hematoxylin and eosin (H&E) image of a tumor node, and immunohistochemistry from vehicle-
treated mice (N=8), illustrating KCa3.1 (magenta) localization within the tissue. KCa3.1 expression 
is detected in αSMA-positive (green) PSCs (highlighted in the images and zoomed in on the upper 
right panel) as well as in CK18-positive (yellow) tumorous ducts (highlighted in the images and 
zoomed in on the lower right panel). Nuclei are stained with DAPI (cyan). Scale bar=50 μm; scale 
bar in zoomed images=5 μm. 
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Figure 18. Characterization of PDAC tumor nodes and fibrosis in KPfC mice.  Representative 
images of PDAC tumor nodes (highlighted in yellow) stained with hematoxylin and eosin (H&E), 
Sirius Red and labeled using a pixel classifier to assess fibrosis in both vehicle-treated (N=8) and 
maurotoxin-treated (N=3) mice (MTX). Scale bar = 100 μm. 

 

 

Figure 19. Evaluation of total tumor area (mm²) and relative tumor area (%) in KPfC mice. Left 
panel shows the total tumor size across the pancreata of KPfC mice. The area of each tumor node 
was measured from H&E-stained tissue sections. Right panel illustrates the relative tumor area 
in histological KPfC tissue sections, calculated by dividing the total tumor area by the total tissue 
area. In both panel, data points depict individual pancreata (vehicle: N=8; TRAM-34: N=7; MTX: 
N=3; GEM: N=9; TRAM-34+GEM: N=7; MTX+GEM: N=3). 
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However, a closer examination of the microscopic tumor nodes revealed distinct variations within 
the treatment protocols (Figure 20). By analyzing these nodes individually (n), we observed that 
treatment with maurotoxin led to a substantial reduction in the mean size of individual tumor 
nodes compared to the vehicle group (vehicle: 30,269 µm2, 95% CI, 26,834-34,704 µm², 
n/N=439/8; maurotoxin: 18,604 µm2, 95% CI, 15,190-24,390 µm², n /N=224/3). Furthermore, the 
combination of maurotoxin with gemcitabine also resulted in a decrease in tumor node size 
(maurotoxin+gemcitabine: 23,723 µm2, 95% CI, 17,689- 28,897 µm², n/N=250/3). Conversely, 
other treatment regimens did not produce significant changes in tumor node size. Thus, 
maurotoxin appears to be a more effective therapeutic option compared to TRAM-34. While the 
combination of TRAM-34 and gemcitabine seemed more effective than either treatment alone, 
this reduction in size did not achieve statistical significance compared to the vehicle (TRAM-34: 
34,778 µm2, 95% CI, 28,110-42,608 µm², n/N=367/7; gemcitabine: 34,442 µm2, 95% CI, 31,246-
40,048 µm², n/N=598/10; TRAM-34+gemcitabine: 24,494, 95% CI, 19,552- 29,262 µm², 
n/N=361/7). These results provide initial evidence supporting the therapeutic potential of 
maurotoxin, both as a standalone treatment and in conjunction with gemcitabine, for mitigating 
tumor growth in PDAC. 

Figure 20. Inhibition of plasma membrane KCa3.1 reduces tumor node size. Assessment of 
tumor node size (µm²) in the pancreata of KPfC mice. The area of each tumor node was 
determined from H&E-stained tissue sections. Data points represent the sizes of individual tumor 
nodes (n). Vehicle: n/N=439/8; TRAM-34: n/N=367/7; maurotoxin (MTX): n/N=224/3; gemcitabine 
(GEM): n/N=598/9; TRAM-34+GEM: n/N=361/7; MTX+GEM: n/N=250/3. The size of the tumor 
nodes was reduced by 38% in the MTX treatment group compared to the vehicle group, and by 
22% in the MTX+GEM group. Statistical comparisons were conducted using the Kruskal-Wallis 
test followed by Dunn’s post hoc test. *p < 0.05.  
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These findings also raise an intriguing question: why does inhibiting plasma membrane K Ca3.1 
channels alone outperform the combined inhibition of both plasma and mitochondrial channels 
in reducing tumor growth? 
 
We simultaneously evaluated the extent of fibrosis within the tumor nodes by quantifying the 
Sirius Red-stained area in each node (Figure 21). Gemcitabine treatment induced considerable 
increase in matrix production compared to the vehicle, almost doubling the amount of fibrosis in 
the tumor nodes (vehicle: 5,380 µm2, 95% CI, 4,305-6,728 µm², n /N = 439/8; gemcitabine: 10,486 
µm2, 95% CI, 8,528-11,913 µm², n/N=598/10), while no other treatment showed a similar effect 
on fibrosis. The substantially enhanced matrix deposition underscores a critical gap in our 
understanding of how gemcitabine influences the tumor microenvironment and its potential role 
in promoting fibrosis. Nevertheless, these results support the idea that combining KCa3.1 
inhibitors with gemcitabine could improve therapeutic outcomes by preventing gemcitabine-
induced fibrosis, which may help reduce its treatment failures.  
 

 

Figure 21. KCa3.1 inhibition reverses gemcitabine-induced fibrosis in KPfC mice.  Assessment 
of the fibrosis area per tumor node (µm²) in the pancreata of KPfC mice.  The fibrosis area was 
quantified in tissue sections from KPfC mice using a pixel classifier (illustrated in Figure 18) to 
differentiate and measure Sirius Red-positive fibrotic tissue from non-fibrotic areas. Each data 
point represents the fibrosis area within an individual tumor node (n). Vehicle: n/N=439/8; TRAM-
34: n/N=367/7; maurotoxin (MTX): n/N=224/3; gemcitabine (GEM): n/N=598/9; TRAM-34+GEM: 
n/N=361/7; MTX+GEM: n/N=250/3. Gemcitabine induced a 95% increase in matrix production. 
Statistical comparisons were conducted using the Kruskal-Wallis test followed by Dunn’s post 
hoc test. *p < 0.05. 
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Building on these promising in vivo results, we recognize the necessity of transitioning to in vitro 
studies to better understand the mechanisms by which tumor growth is impaired.  

Characterization of KCa3.1 expression in PDAC and PSC cell lines for 
spheroid development 

To effectively replicate the tumor and its microenvironment, we aimed to establish an in vitro 3D-
spheroid model utilizing co-cultured human pancreatic cancer cell lines (either PANC-1 or BxPC-
3) mixed with the human pancreatic stellate cell line (PS-1). This model is designed to provide a 
more physiologically relevant system for investigation. To validate this model, we employed RT-
qPCR and Western blotting to analyze the expression of KCa3.1 channels in these cell lines. 
 
The RT-qPCR analysis revealed a distinct expression profile, with BxPC-3 cells exhibiting 
approximately threefold higher mRNA levels of KCa3.1 compared to PANC-1 cells, while PS-1 cells 
demonstrated lower expression levels (BxPC-3: 6.88, 95% CI, 6.29-7.46, n/N=9/3; PANC-1: 1.97, 
95% CI, 1.57-2.85, n/N=12/4; PS-1: 0.08, 95% CI, 0.07-0.16, n/N=9/3) (Figure 22).  
 

 
Western blotting further confirmed the presence of K Ca3.1 in all tested cell lines, with protein 
bands detected at the expected molecular weight of 48 kDa (Figure 23) 
 
 
 

Figure 22. Quantification of KCNN4 (KCa3.1) mRNA expression levels in PDAC and PSC cell 
lines. mRNA expression levels of KCNN4 were quantified using quantitative PCR with the 2–ΔCT 
method, normalized to the housekeeping gene GAPDH. Individual data points represent the 
expression levels of separate biological replicates from PANC-1 (n/N=12/4), BxPC-3 (n/N=9/3), 
and PS-1 cells (n/N=9/3). Statistical analysis was performed using the Kruskal-Wallis test with 
Dunn’s post hoc test, *p < 0.05 indicates statistical significance. 
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Although PANC-1 cells exhibited a trend towards higher KCa3.1 expression levels compared to PS-
1 and BxPC-3 cells (Figure 24), these differences did not achieve statistical significance (PANC-1: 
2.83, 95% CI, 1.070-5.706, N=6; BxPC-3: 1.43, 95% CI, 0.78-2.30, N=3; PS-1: 1.73, 95% CI, 1.25-
1.75, N=3). 

 
To investigate the subcellular localization of KCa3.1, we performed immunocytochemistry on 
PANC-1, PS-1, and BxPC-3 cell lines, which revealed a characteristic punctate staining pattern, 
which is indicative of ion channels (Storck et al., 2017) (Figure 25). This staining was 
predominantly localized to the plasma membrane, particularly concentrated in the lamellipodia. 
The presence of the channels in these structures suggests an important role for K Ca3.1 in cellular 
motility and interaction with the extracellular matrix. Together, these findings validate the 
expression and typical subcellular localization of K Ca3.1 channels, reinforcing the suitability of 
PANC-1, BxPC-3, and PS-1 cell lines for exploring the mechanisms underlying tumor growth and 
progression in a spheroid model of PDAC. 

Figure 23. Western blot analysis of of KCa3.1 expression in PDAC and PSC cell lines.  
Representative Western blot image showing specific bands for KCa3.1 at 48 kDa and GAPDH at 36 
kDa, which serves as a loading control. The image highlights the expression of KCa3.1 in PANC-1, 
PS-1, and BxPC-3 cell lines. 

 

Figure 24. Protein expression levels of KCa3.1 relative to GAPDH. The bar graph illustrates the 
relative protein expression levels of KCa3.1, normalized to GAPDH. Individual data points 
represent the expression levels of separate biological replicates fromPANC-1: n/N=6; BxPC-3: 
n/N=3/3; and PS-1 cells (n/N=9/3). 
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The expression of KCa3.1 in patient samples, along with its presence in tumor cells and PSCs 
within the KPfC mouse model, underscores the relevance of using PANC-1, BxPC-3, and PS-1 cell 
lines for our spheroid model, as these cell lines effectively replicate the K Ca3.1 expression profile 
seen in actual tumors. Using the Cell3iMager Estier, we assessed the three-dimensional 
architecture of our co-cultured spheroids (described in Figure 7), validating their structural 
integrity and confirming their appropriateness for subsequent experimental investigations. 
 
Our 3D spheroid model is embedded within a collagen matrix to closely simulate the extracellular 
matrix (ECM) of pancreatic tissue. This ECM simulation is crucial for maintaining both the 
structural integrity and the biological functions of pancreatic ductal adenocarcinoma (PDAC) 

Figure 25 Immunofluorescence imaging of KCa3.1 localization in PDAC and PSC cells.  
Representative immunofluorescence images illustrating the localization of KCa3.1 channels in 
PANC-1, BxPC-3 and PS-1 cells. KCa3.1 is stained in green, while DAPI (nuclear stain) is depicted 
in cyan. The right panel (zoom on the labelled zone) emphasizes the characteristic punctate 
staining pattern of the KCa3.1 channel. Scale bar in the left panel=20 μm; scale bar in the right 
panel=5 μm. 
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(Rodrigues et al., 2024; T. Zhang et al., 2024). By using a collagen-based matrix, we aim to replicate 
key features of the tumor microenvironment, such as cell-matrix interactions and the mechanical 
properties that are critical for tumor cell survival, proliferation, and migration (Curvello et al., 
2021; Rodrigues et al., 2024). This approach provides a more physiologically relevant 
environment, allowing us to study PDAC behavior in vitro with greater accuracy, as collagen-rich 
ECMs are a hallmark of the pancreatic cancer stroma (Curvello et al., 2021; Norberg et al., 2020). 

Loss of KCa3.1 alters key pathways in PDAC 

To investigate the mechanism by which KCa3.1 inhibition affects PDAC progression, we developed 
a knockout model of KCa3.1 in PANC-1 cells, referred to as PANC-1-KCa3.1-/-, by using CRISPR/Cas9 
gene editing technology. qPCR was performed to validate the successful knockout of KCa3.1 in our 
model. The analysis confirmed the complete absence of KCa3.1 mRNA expression in the knock-
out cells compared to the parental PANC-1 cells. (PANC-1: 0.00197, 95% CI, 0.00157-0.00285, 
n/N=12/4; PANC-1-KCa3.1-/-: undetected, n/N=9/3) (Figure 26). 
 

 
This validation step was crucial before proceeding with further experiments. We generated both 
PANC-1/PS-1 spheroids and PANC-1-KCa3.1-/-/PS-1 spheroids, mimicking the pancreatic tumor 
microenvironment by embedding them in a PDAC-like matrix for 48 hours. After incubation and 
retrieval, RNA sequencing was performed to capture gene expression profiles across the two 
conditions.  

Figure 26. Validation of KCa3.1 (KCNN4) gene knockout in PANC-1-KCa3.1-/- cells. Validation of 
KCNN4 gene knockout in PANC-1-KCa3.1-/- cells (n/N=9/3) confirmed by qPCR, using the 2–ΔCT 
method and normalized to the housekeeping gene GAPDH. Parental PANC -1 cells (n/N=12/4) 
served as the control group. Individual data points represent the expression levels of separate 
biological replicates. 



73 
 

Our RNA-seq analysis (GEO: GSE279207) revealed 3,991 differentially expressed genes between 
PANC-1/PS-1 and PANC-1-KCa3.1-/-/PS-1 spheroids (Figure 27). 

 
Notably, four critical biological pathways were significantly downregulated in the K Ca3.1 knockout 
spheroids: IFN-α response, IFN-γ response, G2-M checkpoint, and epithelial-mesenchymal 
transition (EMT) (Figure 28). Although the estrogen response pathway was also affected, we found 
no sex-related differences in PDAC patients or in any treatment groups of KPfC mice. Additionally, 
the upregulation of SLC1A4, a selective alanine transporter, was observed in PANC-1-KCa3.1-/-/PS-
1, suggesting a possible KCa3.1-dependent metabolic link (Parker et al., 2020). Therefore, we 
focused our investigation on the aforementioned pathways in the KPfC mouse model using 
immunohistochemistry (IHC). 
 

Figure 27. Differential gene expression between PANC-1-KCa3.1-/-/PS-1 and PANC-1/PS-1 
spheroids. Volcano plot depicting differentially expressed genes between PANC -1-KCa3.1-/-/PS-1 
(N=3) and PANC-1/PS-1 spheroids (N=3) (GEO: GSE279207). Genes downregulated in PANC-1-
KCa3.1-/-/PS-1 are shown in blue (n=1,991), while upregulated genes are shown in red (n=2,000). 
The top 20 differentially expressed genes are labelled. 
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KCa3.1 inhibition leads to decreased T-cell exhaustion in tumor-infiltrating immune cells. 

Since no immune cells are present in our spheroid model, pancreatic cancer cells and PSCs are 
the sources of IFN-α and IFN-γ responses in our model. This finding aligns with recent research 
suggesting that cancer cells can intrinsically mimic aspects of immune signaling, thus affecting 
the interplay between the tumor and its microenvironment  (Gao et al., 2021). Among the 54 IFN-
α and 78 IFN-γ-related genes that exhibited significant expression changes (Figure 29-30), most 
were involved in T-cell regulation.  
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Figure 28. Significantly downregulated biological pathways in PANC-1-KCa3.1-/-/PS-1 
spheroids. 



75 
 

TDRD7 
LY6E 
HELZ2 
HLA−C 
PARP12 
TMEM140 
PSMB8 
TRIM5 
IRF2 
ELF1 
NMI 
CSF1 
CD47 
TRIM21 
DDX60 
IFIH1 
TENT5A 
RSAD2 
IFITM1 
IL7 
C1S 
EPSTI1 
GMPR 
SAMD9L 
MX1 
PARP9 
PSMB9 
GBP4 
HERC6 
LPAR6 
LGALS3BP 
UBE2L6 
IFITM3 
RTP4 
GBP2 
LAMP3 
CD74 
IFI44 
IL15 
PARP14 
SAMD9 
IFITM2 
DHX58 

 

Figure 29. Differentially expressed genes in the IFN-α response pathway between PANC-
1/PS-1 and PANC1-KCa3.1-/-/PS-1. False Discovery Rate (FDR) < 0.05. 
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Figure 30. Differentially expressed genes in the IFN-γ response pathway between PANC-
1/PS-1 and PANC1-KCa3.1-/-/PS-1. False Discovery Rate (FDR) < 0.05. 
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Notably, several of these genes, such as CD47 (IFN-α only), IL4R, CASP8, IRF2, TRAFD1, IFI35, 
CD69 (IFN-γ only), and STAT3 (IFN-γ only), have been linked to T-cell exhaustion, a dysfunctional 
state that can impair the immune response to cancer (Edilova et al., 2018; Gong et al., 2023; 
Koyama-Nasu et al., 2022; M. Li et al., 2023; Liang et al., 2024; Sheikh & Utzschneider, 2022; 
Stewart et al., 2023; Sun et al., 2023). Recent studies have shown the significant role that PDAC 
and its surrounding microenvironment play in promoting T-cell exhaustion (Saka et al., 2020). 
Additionally, KCa3.1 has been linked to the regulation of the T-cell exhaustion (Sharma et al., 2024). 
Building on these insights, we hypothesize that in our model, tumor cells actively contribute to 
creating an immunosuppressive environment. As such, silencing K Ca3.1 could potentially reverse 
T-cell exhaustion, restore immune surveillance, and thereby hinder cancer progression. Through 
meticulous immunohistochemical analysis of antibody-stained KPfC tissue, we observed a lack 
of immune cell infiltration within the tumor nodes. Instead, immune cells were predominantly 
localized at the edges of the tumor nodes, near the pancreatic tissue border (Figure 31). Within 
the tumor nodes themselves, the few immune cells present were primarily CD3-positive but not 
CD8-positive. This suggests a limited presence of cytotoxic CD8+ T cells, which are crucial for 
directly targeting and eliminating tumor cells (Kumar et al., 2018). The presence of PD1-positive 
cells among these indicates T-cell exhaustion, especially in the control and gemcitabine-treated 
groups (Figure 31). In contrast, immune cells in mice treated with maurotoxin or TRAM-34 showed 
no signs of exhaustion.  

Additionally, we observed a notable increase in CD8-positive immune cells in the treated samples 
compared to the control group. Although these findings highlight the potential of K Ca3.1 inhibition 
in restoring immune function in PDAC, further research is essential to determine its full efficacy 
in reducing T-cell exhaustion. Additionally, investigating the link between K Ca3.1 targeting and the 
IFN-α and IFN-γ responses is necessary to better understand and optimize this therapeutic 
strategy. 
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Figure 31. Reduced T-cell exhaustion in tumor-infiltrating immune cells following KCa3.1 
inhibition. Immunohistochemistry images of tumor-infiltrating immune cells from vehicle-
treated (N=8) and maurotoxin (MTX)-treated (N=3) mice, stained for CD3 (yellow) and CD8a 
(magenta). PD1 (green) highlights T-cell exhaustion. The merged panel shows immune marker co-
localization with PD1. Nuclei are stained with DAPI (cyan). Scale bar=100 μm. Scale bar in 
insets=10 μm. 
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KCa3.1 inhibition suppresses EMT in tumor nodes.  

The observed downregulation of genes associated with the G2-M checkpoint and EMT in PANC-1-
KCa3.1-/-/PS-1 cells suggests a decrease in tumor aggressiveness and could explain our in vivo 
results. 
 
 EMT is a key driver of cancer cell invasion and metastasis in PDAC (Palamaris et al., 2021). EMT 
facilitates the transformation of cancer cells into a more motile and invasive phenotype. 
Moreover, KCa3.1 has been linked to cellular processes such as migration and invasion (Bonito et 
al., 2016). This downregulation of genes associated with the EMT pathway upon K Ca3.1 inhibition 
is consistent with the reduction in tumor growth observed in our in vivo model and suggests that 
the channel may contribute directly to EMT in PDAC.  
 
To further validate these findings, we performed immunohistochemical staining for E-cadherin 
and N-cadherin (Figure 32). The vehicle-treated samples displayed higher N-cadherin positivity 
within the tumor nodes, indicating a more mesenchymal and invasive phenotype (Figure 32). In 
contrast, samples treated with the KCa3.1 inhibitors maurotoxin or TRAM-34 showed increased E-
cadherin expression, suggesting a shift towards an epithelial phenotype. This shift in cadherin 
expression patterns supports the hypothesis that inhibiting KCa3.1 promotes a more epithelial-like 
state in tumor cells, potentially reducing their invasive properties.  
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 Figure 32. Inhibition of EMT in tumor nodes following KCa3.1 Inhibition. Immunohistochemistry 
images of tumor nodes from vehicle-treated (N=8) and maurotoxin (MTX)-treated (N=3) mice, 
stained for N-cadherin (magenta) and E-cadherin (green), markers of EMT. Both cadherins are 
localized within CK18-positive (yellow) tumorous ducts, as shown in the insets. Nuclei are 
counterstained with DAPI (cyan). Scale bar = 100 μm, with inset scale bars=10 μm. 
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KCa3.1 inhibition disrupts G2-M checkpoint and induces cell death in PDAC 

In PDAC, high expression of G2-M phase-related genes correlates with aggressive tumor behavior 
and poor patient survival (Oshi et al., 2020). The reduction in G2-M checkpoint gene expression 
following KCa3.1 knockout, points to a disruption at this critical transition point of the cell cycle. 
This could prevent cells with DNA damage from progressing into mitosis and effectively limit cell 
proliferation (Y. Wang et al., 2009). Moreover, KCa3.1 has previously been linked to DNA damage 
(Ganser et al., 2024; Sevelsted Møller et al., 2016). We propose that inhibiting KCa3.1 induces a 
malfunction in the G2-M checkpoint. Consequently, cells harboring unrepaired DNA damage are 
unable to progress through the cell cycle, which precipitates cell death (Y. Wang et al., 2009). To 
further investigate the impact of KCa3.1 inhibition on tumor cell proliferation and cell death, we 
performed Ki67/DAB and TUNEL staining on our KPC tissue samples. 
 
No visible differences in proliferation were observed within the tumor nodes between the 
conditions after staining with Ki67/DAB (Figure 33). 
 

 
In contrast, the TUNEL assay performed on KPfC mouse tissues allowed for a qualitative 
assessment of cell death across the different treatment conditions (Figure 34). We observed less 
cell death in the vehicle- and gemcitabine-treated groups than in those treated with maurotoxin, 

Figure 33. Ki67/DAB staining of tumor tissues in KPfC mice.  Representative Ki67/DAB staining 
images of tumor nodes in tissues from mice treated with vehicle (N=8), gemcitabine (GEM; N=7), 
maurotoxin (MTX; N=3), or a combination of MTX and GEM. Ki67 staining marks proliferating cells 
in the tumor nodes (Red arrows indicate Ki67-positive nuclei, visible as black dots). Scale bar =50 
μm. 
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TRAM-34, or their combination with gemcitabine. The overall number of labeled dead cells was 
rather low. This finding highlights the protective role of the tumor microenvironment in shielding 
the tumor core, mirroring the reality of an in vivo PDAC model.  
 

The limited efficacy of gemcitabine in promoting cell death may be attributed to its inability to 
sufficiently penetrate and reach the tumor nodes. This suggests that while gemcitabine struggles 
to overcome the protective barriers of the tumor microenvironment, K Ca3.1 inhibition enhances 
cell death even in the presence of these barriers. However, this experiment did not inform us about 
a potential additive effect between K Ca3.1 inhibitors and gemcitabine, as no significant 
differences in cell death were observed between the TRAM-34, maurotoxin, TRAM-
34+gemcitabine, or maurotoxin+gemcitabine groups. 
  
Despite the increase in cell death observed with KCa3.1 inhibition, the Ki67/DAB staining revealed 
no differences in cell proliferation across treatment groups. These results indicate that KCa3.1 
inhibition primarily induces cell death without affecting tumor cell proliferation. Thus, the 
therapeutic benefit of KCa3.1 inhibition previously observed in vivo seems to stem from its ability 
to promote cell death. 
 
The combination of RNA-seq data and immunohistochemical analysis supports the notion that 
targeting KCa3.1 contributes to decreased tumor growth in PDAC by downregulating the EMT 
pathway and promoting cell death. These findings prompted us to further investigate whether 
KCa3.1 inhibition affects the invasive potential of PDAC cells in a 3D spheroid model. We assessed 
spheroid integrity, invasion, and cell death.  

Inhibition of plasma membrane KCa3.1 with maurotoxin decreases more 
effectively the invasive potential of PDAC spheroids  

To investigate whether KCa3.1 inhibition affects the migratory and invasive potential of PDAC cells, 
we assessed the impact of KCa3.1 channel blockers on spheroid invasion in a 3D in vitro model. 
We monitored cell emigration from spheroids over a 48-h period, quantifying the invasive zone on 

Figure 34. KCa3.1 inhibition promotes cell death in KPfC tissues. Representative images of 
TUNEL staining in KPfC tissue sections from vehicle- (N=8), gemcitabine- (GEM; N=7), and 
maurotoxin+gemcitabine-treated (MTX+GEM; N=3) groups. Apoptotic cells are marked in red, 
with nuclei counterstained in cyan (DAPI). The inset highlights a TUNEL -positive cell. Scale 
bar=100 μm; inset scale bar=10 μm. 
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an hourly basis (described in Figure 10).  In the first hours, spheroid cells exerted contractile force 
and pulled on the surrounding matrix, causing the spheroid to shrink, a crucial step for their 
migration. This was followed by spheroid expansion and the formation of an invasive front. 
 
Building on our in vivo results regarding maurotoxin efficacy over TRAM-34, we compared the 
specific effect of targeting plasma membrane and mitochondrial K Ca3.1 channels on spheroid 
invasion. The data show that maurotoxin significantly surpassed TRAM-34 in reducing the invasive 
potential of PANC-1/PS-1 spheroids (control: 282,756 ± 36,394 µm², N=4; maurotoxin (MTX): 
103,666 ± 44,670 µm², N=4; TRAM-34: 223,695 ± 20,953 µm², N=4) (Figure 35). Remarkably, when 
combined with TRAM-34, maurotoxin inhibitory effect was attenuated compared to maurotoxin 
alone (TRAM-34+maurotoxin: 241,223 ± 28,284 µm², N=4). This suggests that maurotoxin inhibits 
plasma membrane KCa3.1 channels, leading to a reduction in cell invasion. In contrast, broader 
inhibition by TRAM-34, including mitochondrial KCa3.1 channels, appears to play a protective role 
in PDAC cells. This mitochondrial protection could be essential for cell survival or adaptation in 
the invasive process, and its inhibition may inadvertently counterbalance the positive effects of 
plasma membrane KCa3.1 blockade and reduce the overall effectiveness of the treatment. These 
findings reveal a novel complexity in targeting KCa3.1 channels for cancer therapy, where inhibiting 
different subtypes can have opposing effects on treatment outcomes. 

KCa3.1 inhibition impacts the morphology of the migrating cells  

Following the approach of our in vivo experiments, we treated PANC-1/PS-1 and BxPC-3/PS-1 
spheroids with TRAM-34 or maurotoxin either alone or in combination with gemcitabine. K Ca3.1 
inhibition led to a shift in the migration patterns of single cells emerging from the spheroids 
(Figures 36-37). In the vehicle-treated PANC-1/PS-1 spheroids, cells migrated collectively, with a 

Figure 35. Maurotoxin more effectively reduces the invasive potential of PANC-1/PS-1 
spheroids compared to TRAM-34. Quantification of the invasive zones over a 48-h period in 
PANC-1/PS-1 spheroids treated with DMSO (Control, N=4), TRAM-34 (N=4), maurotoxin (MTX, 
N=4), or a combination of both (TRAM-34+MTX, N=4). The data represent mean values from all 
spheroids analyzed. Statistical analysis was performed using two-way ANOVA with Tukey’s 
multiple comparison test. *p < 0.05. 
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spindle-shaped morphology, creating a cohesive migration front, forming spindle-shaped 
structures that moved in a coordinated fashion. However, treatment with KCa3.1 inhibitors 
disrupted this behavior, with cells migrating predominantly as single round-shaped cells rather 
than in a collective manner (Figure 36).  
 

 
Similarly, in BxPC-3/PS-1 spheroids, both maurotoxin and TRAM-34 induced a distinct migration 
pattern, showing enhanced single-cell movement and a reduction in spindle-shaped collective 
structures (Figure 37). 
 

 
These changes suggest that targeting KCa3.1 channels disrupts cell-cell adhesion within the 
spheroids, potentially weakening the cohesion between cells and promoting a more dispersed 
migration mode. Additionally, we observed that cells from both PANC-1/PS-1 and BxPC-3/PS-1 
spheroids required a lag period of up to 10 h before initiating migration. During this time, cells 
pulled matrix fibers towards the spheroid, possibly remodeling the extracellular matrix to facilitate 

Figure 36. Representative images depicting the migration patterns of PANC-1/PS-1 and 
BxPC-3/PS-1 spheroids treated with DMSO (control) or maurotoxin (MTX). Individual cells are 
highlighted in red. Scale bar=200 µm. 

Figure 37. Representative images depicting the migration patterns of BxPC-3/PS-1 and 
BxPC-3/PS-1 spheroids treated with DMSO (control) or maurotoxin (MTX). Individual cells are 
highlighted in red. Scale bar = 200 µm.  
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invasion. Notably, spheroids treated with maurotoxin, gemcitabine, or their combination 
experienced a significantly prolonged lag period before cell emigration initiated (Figures 38-39). 
This delay in migration suggests that KCa3.1 inhibition impairs the ability of the cells to efficiently 
interact with the surrounding matrix. These findings indicate that K Ca3.1 inhibition not only alters 
migration patterns but may also impact matrix interactions and the timing of cell emigration. 

Plasma membrane KCa3.1inhibition decreases the invasive potential of mixed spheroids 

Our emigration results showed that both maurotoxin alone and its combination with gemcitabine 
reduced the invasiveness of PANC-1/PS-1 and BxPC-3/PS-1 spheroids (PANC-1/PS-1 control: 
217,262 ± 27,894 µm², N=14; PANC-1/PS-1 maurotoxin: 89,658 ± 20,281 µm², N=10; PANC-1/PS-
1 maurotoxin+gemcitabine: 70,043 ± 15,659 µm², N=6; BxPC-3/PS-1 control: 141,332 ± 29,919 
µm², N=10; BxPC-3/PS-1 maurotoxin: 74,643 ± 12,032 µm², N=7; BxPC-3/PS-1 
maurotoxin+gemcitabine: 58,847 ± 8,841 µm², N=5) (Figures 38-39).  
 

 
 
 
 
 
 

Figure 38: KCa3.1 inhibition with maurotoxin decreases the invasive potential of PANC-1/PS-
1 spheroids more efficiently than TRAM-34. Quantification of the invasive potential of PANC-
1/PS-1 spheroids following treatment with DMSO (Control, N=14), TRAM-34 (N=8), maurotoxin 
(MTX, N=10), gemcitabine (GEM, N=10), or a combination of gemcitabine with either inhibitor 
(TRAM-34+GEM, N=4; MTX+GEM, N=6). Data represent the mean values. Statistical significance 
was determined using two-way ANOVA followed by Tukey's multiple comparison test. *p < 0.05. 
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In both spheroid models, the combination of maurotoxin and gemcitabine was slightly more 
effective. Nevertheless, no significant additive effects were observed. Notably, gemcitabine alone 
was just as effective as maurotoxin and its combination in both PANC-1/PS-1 and BxPC-3/PS-1 
spheroids (PANC-1/PS-1 gemcitabine: 62,324 ± 14,405 µm², N=10; BxPC-3/PS-1 gemcitabine: 
69,180 ± 9,449 µm², N=8). This outcome is quite surprising given that in our in vivo experiments, 
gemcitabine had little to no effect on tumor growth. In PANC-1/PS-1 spheroids, TRAM-34 
combined with gemcitabine also reduced the invasive potential of the spheroids (PANC-1/PS-1 
TRAM-34+gemcitabine: 191,631± 31,698 µm², N=4) (Figure 38) but significantly less than 
maurotoxin. Unexpectedly, this combination was less effective than gemcitabine alone, 
indicating that TRAM-34 may hinder the full therapeutic efficacy of gemcitabine. Nevertheless, 
maurotoxin consistently outperformed both TRAM-34 and its combination with gemcitabine 
(PANC-1/PS-1 TRAM-34: 227,268 ± 30,217 µm², N=8; BxPC-3/PS-1 TRAM-34: 145,034 ± 37,945 
µm², N=5; BxPC-3/PS-1 TRAM-34+gemcitabine: 101,862 ± 34,131 µm², N=5) (Figures 38-39). 
These findings further confirm our in vivo data and align with our RNA-seq results, showing that 
KCa3.1 inhibition decreases EMT, leading to reduced invasiveness in these spheroid models. Yet 
again, maurotoxin stands out as the most effective treatment in this study, underlining its 
potential as a key therapeutic option. 

KV1.3 channel activity is not detected in PANC-1 cells 

To ensure that the observed effects in our spheroid experiments were not due to off-target actions 
of maurotoxin, we investigated the potential involvement of the K v1.3 channel in PANC-1 cells, as 
maurotoxin is known to also inhibit Kv1.3 (Castle et al., 2003). Our patch-clamp experiments 
showed no maurotoxin-sensitive voltage-gated K+ currents in these cells, indicating that KV1.3 

Figure 39. Inhibition of KCa3.1 with maurotoxin decreases the invasive potential of BxPC-
3/PS-1 spheroids more efficiently than TRAM-34. The invasive potential of BxPC-3/PS-1 
spheroids was evaluated following treatment with DMSO (Control, N=10), TRAM-34 (N=5) 
maurotoxin (MTX, N=7), gemcitabine (GEM, N=8) or a combination of either inhibitor with 
gemcitabine (TRAM-34+GEM, N=5; MTX+GEM, N=5). Data represent the mean values. Statistical 
significance was determined using two-way ANOVA followed by Tukey's multiple comparison 
test. *p < 0.05. 
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channels are not expressed in the plasma membrane of PANC-1 cells. Therefore, the effects of 
maurotoxin on the spheroids are specifically attributed to K Ca3.1 inhibition (Figure 40). 
 

 

 

Inhibiting mitochondrial KCa3.1 does not diminish the invasive potential of PANC-1/PS-1 
spheroids. 

Finally, to verify our hypothesis regarding the differential effects of KCa3.1 based on its localization, 
we focused on targeting mitochondrial KCa3.1. Using mitochondrially targeted forms of senicapoc 
(WMS – 98 02, 30 µM and WMS – 98 03, 30 µM) (Figures 8-9) in PANC-1/PS-1 spheroids, we found 
no difference between the mitochondrial inhibitor-treated spheroids and the control group 
(control: 241,256 ± 97,363 µm², N=5; mito-senicapoc 02: 215,440 ± 92,176 µm², N=5; mito-
senicapoc 03: 221,660 ± 17,893 µm², N=5; negative control 04: 199,941 ± 96,332 µm², N=4) 
(Figure 41), suggesting that the effects we observed in vitro are linked to plasma membrane KCa3.1 
rather than mitochondrial KCa3.1. This reinforces the idea that plasma membrane KCa3.1 plays a 
more critical role in the cellular processes in PDAC and further solidifies maurotoxin as a potential 
therapeutic agent. 

 

Figure 40. Kv1.3 channel activity Is absent in PANC-1 cells. Representative whole-cell patch-
clamp recordings of PANC-1 cells under control conditions (left) and in the presence of 20 nM 
maurotoxin (MTX) (right). Voltage pulses were applied between −90 and +40 Mv. 
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PS-1-only spheroids are highly sensitive to gemcitabine 

To better understand the variable efficacy of gemcitabine in vivo versus in vitro, we produced 
single-cell spheroids composed exclusively of either PANC-1 or PS-1 cells. This strategy enabled 
us to examine the response of each cell line to gemcitabine in a precise, controlled manner 
without interference from other cell types.  
 
Our results indicated a trend toward an additive effect of TRAM-34 and gemcitabine on spheroids 
formed from PANC-1 cells (PANC-1 control: 64,075 ± 11,238 µm², N=5; PANC-1 TRAM-
34+gemcitabine: 26,674 ± 14,547 µm², N=5). However, this effect was not statistically significant 
(p= 0.3481), implying that while there may be some influence of the drug combination on PANC-1 
spheroids, the interaction was not robust enough to confirm a definitive additive or synergistic 
relationship in this context (Figure 42). 
 
 
 
 

Figure 41. Inhibition of mitochondrial KCa3.1 does not reduce the invasive potential of PANC-
1/PS-1 spheroids. quantification of the invasive potential of PANC-1/PS-1 spheroids was 
evaluated following treatment with DMSO (control, N=5); mito-senicapoc 02: (WMS – 98 02, N=5); 
mito-senicapoc 03: (WMS – 98 03, N=5); negative control 04: (WMS – 98 04, N=4). 
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In contrast, PS-1 spheroids exhibited an exceptional sensitivity to gemcitabine (Figure 43), leading 
to a marked reduction in their invasive capacity (PS-1 control: 52,374 ± 27,991 µm², N=6; PS-1 
gemcitabine: -6,007 ± 3,064 µm², N=6) (Figure 44). However, when combined with TRAM-34, the 
decrease in invasive potential was notably lessened (PS-1 TRAM-34+gemcitabine: 30,826 ± 
18,764 µm², N=6), suggesting that KCa3.1 inhibition may interfere with the ability of gemcitabine to 
limit invasion in PS-1 cells. These observations imply that gemcitabine predominantly targets 
PSCs in our model, while TRAM-34 seems to be more effective on cancer cells, revealing a 
complex interplay between the two cell types within the tumor microenvironment.  

 

Figure 42. PANC-1-only spheroids show a trend towards additive effects of KCa3.1 inhibition 
in combination with gemcitabine on its invasive potential. Quantification of invasive zones at 
48 h in PANC-1-only spheroids treated with DMSO (Control, N=5), TRAM-34 (N=4), gemcitabine 
(GEM, N=4), or a combination of TRAM-34 and gemcitabine (TRAM-34+GEM, N=5). Data points 
represent individual spheroid invasive zones. 

Figure 43. Gemcitabine reduces invasive capacity in PS-1 spheroids. Representative images 
illustrating the migration patterns of PS-1-only spheroids treated with either DMSO (control, N=7) 
or gemcitabine (GEM, N=7). Scale bar=200 μm. 
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Although PS-1 cells exhibited increased sensitivity to gemcitabine in our in vitro models, this does 
not correlate with our in vivo findings where fibrosis increased in tumor nodes following 
gemcitabine treatment. Given that PSCs should be highly responsive to gemcitabine, we would 
expect a reduction in fibrosis, not an increase. This paradox suggests that gemcitabine, by altering 
the PDAC microenvironment (Principe et al., 2020), may trigger a resistance mechanism in vivo, 
leading to enhanced extracellular matrix production as a protective response. This upregulation 
of matrix synthesis could contribute to the observed increase in desmoplasia. Furthermore, this 
mechanism might explain the impaired migration of PS-1 spheroids, as the cells appear to 
prioritize matrix production over motility. 

To explore this hypothesis, we quantified the extracellular matrix produced by PANC-1 and PS-1 
cells after vitamin C and TGF-β1, in conjunction with our various treatments. This approach 
allowed us to assess whether gemcitabine could influence matrix production and contribute to 
the altered migratory behavior observed in PS1 spheroids. Representative images of PS-1 matrix 
production are shown in Figure 45, highlighting the extent of extracellular matrix deposition in 
response to the various treatments. 

 

 

 

 

 

Figure 44. PS-1-only spheroids exhibit strong sensitivity to gemcitabine. Assessment of 
invasive zones at 48 hours in PS-1-only spheroids treated with DMSO (control, N=7), TRAM-34 
(N=7), gemcitabine (GEM, N=7), or a combination of TRAM-34 and gemcitabine (TRAM-34+GEM, 
N=7). Data points represent individual spheroid invasive zones. Statistical analysis was 
performed using a Kruskal-Wallis test with Dunn’s post hoc test. *p < 0.05. 
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Our experiments revealed no difference in matrix production when comparing the different 
treatments within each cell type. In PS-1 cells, matrix production remained consistent across all 
treatment conditions (medium: 0.29 ± 0.09 a.u., n/N=11/4; VitC+TGF-β1: 0.61 ± 0.10 a.u., 
n/N=12/4; DMSO: 0,76 ± 0,09 a.u., n/N=12/4; TRAM-34: 0.67 ± 0.13 a.u., n/N=12/; MTX: 0.62 ± 0.11 
a.u., n/N=12/; GEM: 0.58 ± 0.07 a.u., n/N=12/; TRAM-34+GEM: 0.46 ± 0.07 a.u., n/N=12/4; 
MTX+GEM: 0.69 ± 0.18 a.u., n/N=8/4), and similarly, PANC-1 cells showed no variation in matrix 
production between treatments (medium: 0.11, 95% CI, 0.01-0.23 a.u., n/N=5/4; VitC+TGF-β1: 
0.14, 95% CI, 0.02-0.26 a.u., n/N=5/4; DMSO: 0.42, 95% CI, 0.01-1.2 a.u., n/N=5/4; TRAM-34: 0.18, 
95% CI, 0.02-0.3 a.u., n/N=5/4; MTX: 0.40, 95% CI, 0.01-0.71 a.u., n/N=5/4; GEM: 0.30, 95% CI, 
0.01-1.22 a.u., n/N=5/4; TRAM-34+GEM: 0.27, 95% CI, 0.01-0.66 a.u., n/N=5/4; MTX+GEM: 0,31, 
95% CI, 0.01-0.69 a.u., n/N=5/4) (Figure 46). 

 

 

 

 

 

 

Figure 45. PSC-derived matrix quantity remains unchanged by gemcitabine. Representative 
fluorescence images of CNA-35-tdTomato-labeled extracellular collagen (red) in PS-1 cells 
stimulated with vitamin C (VitC) and TGF-β1. The following treatment conditions are displayed: 
control (Medium), VitC+TGF-β1, DMSO, TRAM-34, maurotoxin (MTX), gemcitabine (GEM), and 
combinations of gemcitabine with either inhibitor (TRAM-34+GEM; MTX+GEM). Scale bar=200 
μm. 
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Initially, we expected that cancer cells would not produce any matrix, and that the various 
treatments would therefore have no effect.  It was therefore surprising that there was no change 
at all in matrix production following treatment in PS-1 cells. This might be attributed to the fact 
that the experiment was conducted in a 2D monolayer setting, where matrix production could 
differ from what occurs in a 3D environment. Additionally, in a spheroid in vitro setup, gemcitabine 
may have easier access to the cells, whereas in vivo, the protective desmoplastic core of the 
tumor microenvironment could shield spheroids from treatment. 

PANC-1-KCa3.1-/- /PS-1 spheroids display diminished cell-cell adhesion 

With the new insights we gained regarding the inhibition of K Ca3.1 in wild-type PANC-1/PS-1 
spheroids, our next step was to compare the behavior of PANC-1-KCa3.1-/-/PS-1 spheroids with that 
of wild-type PANC-1/PS-1 spheroids and to assess their response to the various treatments we 
have outlined above.  
 

Figure 46. Targeting KCa3.1 and gemcitabine does not alter matrix quantity in PSC- and PDAC-
derived cultures. Quantification of CNA-35-tdTomato fluorescence intensity in PS-1 and PANC-
1 cells following stimulation with VitC and TGF-β. medium (PS-1: n/N=11/4; PANC-1: n/N=5/4); 
VitC+TGF-β (PS-1: n/N=12/4; PANC-1: n/N=5/4), DMSO (PS-1: n/N=12/4; PANC-1: n/N=5/4), 
TRAM-34 (PS-1: n/N=12/4; PANC-1: n/N=5/4), maurotoxin (MTX: PS-1: n/N=12/4; PANC-1: 
n/N=5/4), gemcitabine (GEM: PS-1: n/N=12/4; PANC-1: n/N=5/4); TRAM-34+GEM (PS-1: 
n/N=12/4; PANC-1: n/N=5/4); MTX+GEM (PS-1: n/N=12/4; PANC-1: n/N=5/4). Each data point 
represents an individual replicate (n). 
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The PANC-1-KCa3.1-/-/PS-1 spheroids displayed minimal matrix pulling and a loss of spheroid 
integrity, with cells dispersing from the core and causing the spheroid to nearly collapse (Figure 
47).  
 

 
Unexpectedly, the PANC-1-KCa3.1-/-/PS-1 spheroids were noticeably more invasive than their wild-
type counterparts (PANC-1-KCa3.1-/-/PS-1: 270,337 ± 50,459 µm², N=14; PANC-1/PS-1: 125,625 ± 
17,779 µm², N=7) (Figure 48). These observations suggest that KCa3.1 channels may play a crucial 
role in maintaining cell-cell adhesion and regulating the dynamic behavior of cells within the 
spheroid. Notably, this mirrors the shifts in migration patterns seen when spheroids were treated 
with KCa3.1 inhibitors (Figures 36-37). 
 

Figure 47. PANC-1-KCa3.1-/-/PS-1 spheroids exhibit reduced cell-cell adhesion. 
Representative images showing the migration patterns of PANC-1/PS-1 (N=7) spheroids 
compared to PANC-1-KCa3.1-/-/PS-1 spheroids (N=14)., both treated with DMSO (Control). Scale 
bar = 200 μm. 
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Moreover, PANC-1-KCa3.1-/-/PS-1 spheroids showed no response to KCa3.1 inhibitors (Figure 49), 
whether used alone or in combination with gemcitabine. The only notable effect was attributed to 
gemcitabine itself, which significantly reduced the invasive potential of spheroids. (control: 
341,269 ± 67,874 µm², N=10; gemcitabine: 164,226 ± 60,640 µm², N=11) (Figure 50). These results 
align with our previous findings showing that PSCs remain largely unaffected by K Ca3.1 inhibition. 
Furthermore, this lack of response in the knockout model further confirms the specificity of these 
inhibitors for the KCa3.1 channel and highlights its critical role in cancer cell behavior.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 48. PANC-1-KCa3.1-/-/PS-1 spheroids display greater invasiveness compared to WT 
PANC-1/PS-1 spheroids. Comparison of invasive zones between WT PANC-1/PS-1 spheroids 
(N=7) and PANC-1-KCa3.1-/-/PS-1 spheroids (N=14). Statistical analysis was performed using two-
way ANOVA followed by Tukey's multiple comparison test. *p < 0.05. 



96 
 

 
 
 
 

 
 

Figure 49. Maurotoxin does not alter migration in PANC-1-KCa3.1-/-/PS-1 spheroids. 
Representative images showing the migration patterns of PANC-1-KCa3.1-/-/PS-1 spheroids 
treated with either DMSO (Control, N=10) or maurotoxin (MTX, N=5). Scale bar = 200 μm. 

Figure 50. Gemcitabine reduces the invasive potential of PANC-1-KCa3.1-/-/PS-1 spheroids, 
while KCa3.1 inhibitors show no additional effect. Assessment of the invasive potential of 
PANC-1-KCa3.1-/-/PS-1 spheroids following treatment with DMSO (Control, N=10), TRAM-34 (N=6), 
maurotoxin (MTX, N=5), gemcitabine (GEM, N=11), or a combination of either inhibitor with 
gemcitabine (TRAM-34+GEM, N=7; MTX+GEM, N=5). Statistical analysis was performed using 
two-way ANOVA followed by Tukey's multiple comparison test. *p < 0.05. 
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Inhibition of plasma membrane KCa3.1 with maurotoxin induces cell 
death 

Based on our RNA-seq and immunohistochemistry findings, we shifted our focus to cell death as 
a potential explanation to correlate the decreased tumor node size observed in vivo and the 
reduced invasiveness of treated spheroids. 
 
PANC-1/PS-1 spheroids were stained with Annexin-V following a 24-h treatment period (Figure 51). 
 
 

 
Maurotoxin treatment resulted in a substantial increase in cell death within the spheroids 
(control: 1% ± 0.4%, N=8; maurotoxin: 17.3% ± 1.9%, N=10) (Figure 52). When combined with 
gemcitabine (maurotoxin+gemcitabine: 28.4% ± 4,4%, N=6), this effect became even more 
pronounced, offering insight into the molecular mechanisms responsible for the observed 
decrease in spheroid invasiveness. These findings suggest that the enhanced cell death may play 
a key role in limiting the invasive potential of the treated spheroids. 
 
 

Figure 51. Representative images showing of Annexin-V staining in PANC-1/PS-1 spheroids 
following 24 h of treatment. The figure compares a control spheroid (N=8) with one treated with 
maurotoxin and gemcitabine (MTX+GEM, N=6). Scale bar = 250 μm. 
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Additional assays, including the CellTox™ Green Cytotoxicity Assay and RealTime-Glo™ MT Cell 
Viability Assay, confirmed the superior effectiveness of combining maurotoxin with gemcitabine. 
These experiments revealed an increase in cytotoxicity and a corresponding drop in cell viability 
when spheroids were treated with the combination treatment (Figure 53-54). Notably, the 
combination of maurotoxin and gemcitabine was more effective than either treatment alone, and 
surpassed the effect of TRAM-34 combined with gemcitabine (Cytotoxicity: control: 189 ± 28 a.u., 
N=5; maurotoxin+gemcitabine: 380 ± 51 a.u., N=5 ; TRAM-34+gemcitabine: 206 ± 38 a.u., N=5; 
Viability: control: 105,860 ± 8,702 a.u. , N=5; maurotoxin+gemcitabine: 6,110 ± 3,736 a.u., N=5 ; 
TRAM-34+gemcitabine: 37,780 ±10,792 a.u. N=5). These results suggest maurotoxin as a 
promising complementary adjunct to chemotherapy in PDAC, explaining its stronger impact on 
spheroid invasiveness compared to TRAM-34. 
 
 
 
 
 
 
 
 
 
 

Figure 52. The inhibition of plasma membrane KCa3.1 with maurotoxin, combined with 
gemcitabine, induces cell death. Evaluation of Annexin V-positive cells in spheroids following 
24 h of treatment (Control: N=8; TRAM-34: N=7; MTX: N=10; GEM: N=7; TRAM-34+GEM: N=7; 
MTX+GEM: N=6). Data points represent individual spheroids. Statistical analysis was carried out 
using one-way ANOVA with Tukey’s multiple comparison test. *p < 0.05. 



99 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 53. Inhibition of KCa3.1 with maurotoxin and its combination with gemcitabine 
increase cytotoxicity in PANC-1/PS-1 spheroids. Cytotoxicity was quantified over a 72h period 
using the CellTox™ Green assay, where fluorescence intensity (RFU) served as an indicator of cell 
death in PANC-1/PS-1 spheroids. Treatments included DMSO (Control, N=3), TRAM-34 (N=4), 
maurotoxin (MTX, N=5), gemcitabine (GEM, N=5 and the combination of TRAM-34 or maurotoxin 
with gemcitabine (TRAM-34+GEM: N=5; MTX+GEM: N=5). The "Medium" condition represented 
untreated spheroids assessed with CellTox Green. Statistical significance was determined by 
two-way ANOVA followed by Tukey's multiple comparison test. *p < 0.05. 
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These findings align with our previous cell death experiments in KPfC tissue, further highlighting 
the role of the tumor microenvironment in mitigating the effects of gemcitabine. Collectively, 
these results indicate that the cytotoxic effect of K Ca3.1 channel inhibition is primarily due to the 
targeting of plasma membrane KCa3.1 activity. Importantly, by enhancing gemcitabine-induced 
cytotoxicity, maurotoxin emerges as a promising candidate in potentially impairing tumor 
progression and improving treatment outcomes in PDAC. 
 
 
  

Figure 54. Inhibition of KCa3.1 with maurotoxin and its combination with gemcitabine 
decrease the viability of the cells in PANC-1/PS-1 spheroids. Spheroid viability was assessed 
over a 72h period using the CellTiter-Glo assay across different treatment conditions: Control 
(N=3), TRAM-34 (N=4), maurotoxin (MTX, N=4), gemcitabine (GEM, N=5), TRAM-34 combined with 
gemcitabine (TRAM-34+GEM, N=5), and maurotoxin combined with gemcitabine (MTX+GEM, 
N=5). Luminescence (RLU) values represent metabolic activity, serving as a proxy for cell viability. 
The “Medium” condition refers to spheroids assessed with CellTiter-Glo without additional 
treatments. Statistical significance was determined using two -way ANOVA followed by Tukey's 
multiple comparison test. *p < 0.05. 
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DISCUSSION 
 

PDAC remains one of the most lethal cancers (Park et al., 2021; Tirpe et al., 2024), primarily due 
to its resistance to conventional treatments such as gemcitabine (Koltai et al., 2022). The tumor 
microenvironment in PDAC is particularly hostile (Blaszczak & Swietach, 2021; S. F. Pedersen et 
al., 2017), characterized by extensive fibrosis, hypoxia, and poor vascularization, all of which 
contribute to treatment failure (Provenzano et al., 2012; Sperb et al., 2020; Tao et al., 2021). In this 
context, a promising novel approach is targeting ion channels (Kischel et al., 2019; M. Li et al., 
2023). In PDAC, the calcium-activated potassium channel KCa3.1 has gained attention for its role 
in various aspects of tumor biology, including cell proliferation, migration, and apoptosis 
resistance (Bonito et al., 2016; Jäger et al., 2004; Mo et al., 2022). 
 
The aim of our study was to investigate the therapeutic potential of K Ca3.1 inhibition in PDAC by 
combining in vitro and in vivo models to better reflect the complexity of the tumor 
microenvironment. Specifically, we explored how inhibiting K Ca3.1, both alone and in combination 
with gemcitabine, affected tumor growth, cell death, migration, and fibrosis. So far, most studies, 
have focused almost exclusively on KCa3.1 in PDAC from a narrow, two-dimensional viewpoint, 
centering primarily on cancer cells (Bonito et al., 2016; Jäger et al., 2004). However, the broader 
and more intricate dynamics involving other KCa3.1-expressing cells, such as PSCs and immune 
cells, which play a crucial role in driving tumor progression, have been largely overlooked. The 
novelty of our study lies in the use of an immunocompetent genetically engineered mouse model 
(KPfC) (Hingorani et al., 2003; Olive et al., 2004), which closely resembles the human PDAC, as 
well as the development of a three-dimensional (3D) in vitro co-culture spheroid model 
embedded in a collagen matrix that simulates the pancreatic ECM. Both models mimicked 
important features of the complex interactions of the tumor cells with their microenvironment. 
This approach allowed us to examine not only the effects on tumor cells but also the interplay 
between cancer cells and other KCa3.1-expressing cells in the tumor microenvironment, such as 
fibrosis-producing pancreatic stellate cells (PSCs) and immune cells. 

Targeting plasma membrane KCa3.1 in PDAC impairs cancer progression  

Our data revealed new insights into the effect of KCa3.1 inhibition in PDAC. The potential 
prognostic significance of KCa3.1 expression in PDAC was first explored through survival analysis 
using the Kaplan-Meier Plotter tool. Drawing on large-scale RNA-seq datasets from sources like 
GEO, EGA, and TCGA, the Kaplan-Meier survival analysis revealed a significant correlation 
between high KCa3.1 expression and reduced overall survival. Patients in the high-expression 
group had notably poorer survival outcomes compared to those with lower K Ca3.1 expression. 
Building upon this, we further analyzed KCa3.1 expression in our own cohort of PDAC patients 
using qPCR. When the cohort was dichotomized into high- and low-expression groups based, we 
observed a trend suggesting that patients with higher K Ca3.1 expression had also a shorter overall 
survival. This trend was consistent with the Kaplan-Meier Plotter results and with previous studies 
(S. Jiang et al., 2017), reinforcing the potential role of KCa3.1 as a prognostic indicator in PDAC.  
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Exploring the inhibition of KCa3.1 channels, both as a stand-alone and in combination with 
gemcitabine, delivered promising results in both in vivo and in vitro settings. We targeted KCa3.1 
using two specific KCa3.1 inhibitors: TRAM-34 and maurotoxin. TRAM-34 is a selective small 
molecule inhibitor of the KCa3.1 channel (Wulff et al., 2000) which blocks both plasma membrane 
and mitochondrial KCa3.1 channels. Maurotoxin, a peptide inhibitor, was used to specifically 
target KCa3.1 channels located in the plasma membrane of cells (Castle et al., 2003). 
 
The inhibition of KCa3.1 resulted in a substantial reduction in tumor size in vivo and impaired 
cancer cell migration in vitro. Notably, maurotoxin stood out in this study showing superior 
efficacy over TRAM-34 in both in vitro and in vivo settings underscoring its potential as a stronger 
therapeutic option for PDAC. This finding is particularly novel, as previous studies have typically 
reported only limited effects of maurotoxin in targeting K Ca3.1 channels (Bulk et al., 2022; Todesca 
et al., 2024). Maurotoxin monotherapy, as well as its combination with gemcitabine, effectively 
reduced the size of tumor nodes and induced cell death in vivo suggesting that it disrupts 
essential tumor survival mechanisms. Moreover, the combination treatment significantly 
mitigated gemcitabine-induced fibrosis. In vitro, inhibiting KCa3.1 with maurotoxin, both alone and 
in combination with gemcitabine, led to impaired cancer cell migration and further promoted cell 
death in the co-culture spheroid model.  
 
We gained further insight into the underlying mechanisms of K Ca3.1 inhibition by comparing 
spheroids composed of KCa3.1-/- PDAC cells co-cultured PSCs to those containing wild-type PDAC 
cells and PSCs. This approach allowed us to closely examine the molecular alterations resulting 
from KCa3.1 deletion. Through RNA sequencing analysis (GEO: GSE279207), we identified four key 
pathways that were significantly affected: IFN-α and IFN-γ signaling, G2-M checkpoint regulation, 
and epithelial-mesenchymal transition (EMT). These findings provided important clues as to why 
KCa3.1 inhibition effectively reduced tumor nodes size. The downregulation of the G2/M 
checkpoint, a critical regulator of cell cycle progression (de Gooijer et al., 2017), indicates that 
KCa3.1 inhibition may impair the ability of cancer cells to successfully transition from the G2 phase 
to mitosis. This disruption of cell cycle progression can lead to mitotic catastrophe, a mechanism 
of cell death triggered by improper cell division (Mc Gee, 2015). When cells fail to properly pass 
the G2/M checkpoint, they accumulate DNA damage and are more likely to undergo apoptosis or 
other forms of cell death. Additionally, the downregulation of EMT likely contributed to reduced 
cancer cell migration and metastatic potential (S. Wang et al., 2017). Together, these effects 
provide a mechanistic explanation for the improved therapeutic outcomes observed with K Ca3.1 
inhibition, highlighting both its direct impact on tumor cells and its broader effects on the tumor 
microenvironment, including reduced cell migration and enhanced susceptibility to cell death.  
 
Our findings suggest that KCa3.1 inhibition, particularly with maurotoxin, offers a promising 
therapeutic strategy for PDAC. 
 
Figure 55 illustrates the specific effects of plasma membrane K Ca3.1 inhibition on tumor 
progression, highlighting how this targeted approach leads to reduced tumor size, impaired cell 
invasion, and enhanced cell death in PDAC. 
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Figure 55. Inhibition of plasma membrane KCa3.1 channels in PDAC reduces tumor growth 
and promotes cell death. This figure illustrates the impact of targeting plasma membrane KCa3.1 
channels PDAC and PSCs using maurotoxin. PDAC tumor nodes are typically encapsulated 
within a dense fibrotic stroma, largely driven by PSCs. Maurotoxin, by targeting plasma 
membrane KCa3.1 channels in both PDAC cells and PSCs, induces significant gene expression 
changes in the tumor cells, leading to a marked reduction in their invasive potential. Additionally, 
this inhibition reduces fibrosis and induces cell death in both PDAC cells and PSCs. As a result, 
tumor growth is decreased without triggering desmoplasia. The figure includes elements created 
using Servier Medical Art, licensed under Creative Commons Attribution 3.0 unported. 
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Mitochondrial KCa3.1 plays a limited role in PDAC progression 

Our results suggested that KCa3.1 may have distinct functions depending on its subcellular 
localization. In vitro, inhibiting plasma membrane KCa3.1 with maurotoxin significantly reduced 
the invasiveness of PDAC spheroids, outperforming TRAM-34, which inhibits KCa3.1 in both the 
plasma membrane and in the inner membrane of mitochondria (Bulk et al., 2022). Inhibiting 
mitochondrial KCa3.1 channels appears to counteract the effects of blocking those in the plasma 
membrane. In contrast, in non-small cell lung cancer (NSCLC), only mitochondrial K Ca3.1 
inhibition contributes to overcome resistance to therapy resistance (Todesca et al., 2024). This 
suggests a tumor-specific function for KCa3.1.  
 
To clarify the differential effects based on K Ca3.1 localization, we investigated mitochondrial 
KCa3.1 using mitochondrially targeted forms of senicapoc (WMS-98 02 and WMS-98 03) in PANC-
1/PS-1 spheroids. Our results showed no significant differences between mitochondrial inhibitor-
treated spheroids and the control group, suggesting that the effects we observed in vitro were not 
linked to mitochondrial KCa3.1 but rather to the plasma membrane form of KCa3.1. This reinforces 
the notion that plasma membrane KCa3.1 plays a critical role in the cellular processes driving 
PDAC progression, particularly regarding tumor invasiveness, cell death, and the modulation of 
the tumor microenvironment.  
 
Furthermore, this observation strengthens the hypothesis that the effects of maurotoxin are 
predominantly due to its inhibition of plasma membrane KCa3.1, rather than its impact on other 
ion channels like KV1.3. Knowing that maurotoxin also inhibits KV1.3 channels, which have been 
proposed as a therapeutic target in pancreatic cancer (Patel et al., 2023), we initially considered 
whether this could explain the effects we observed. However, previous studies have shown that 
the impact of KV1.3 in PDAC is largely linked to its mitochondrial form (Patel et al., 2023). 
Maurotoxin specifically blocks plasma membrane channels (Todesca et al., 2024). Therefore, it 
seems unlikely that KV1.3 inhibition alone accounts for the benefits observed in our study. 
Moreover, our patch clamp experiment showed no evidence of maurotoxin-sensitive voltage-
gated K+ currents in PANC-1 cells.  
 
Our findings, therefore, indicate that plasma membrane KCa3.1 inhibition is the primary driver of 
the outcomes seen in our study. Consequently, targeting KCa3.1 channels in the plasma 
membrane with maurotoxin appears to be a promising therapeutic strategy for PDAC. In contrast, 
mitochondrial KCa3.1 channels have a less dominant role in PDAC.  

KCa3.1 inhibition restores T-cell functions 

KCa3.1 is expressed in the plasma membranes of lymphocytes, and plays a critical role in the 
immune response (Cahalan & Chandy, 2009; Feske et al., 2015). Despite the expectation that 
inhibiting the channel might suppress the anti-tumor immune response, we unexpectedly found 
a greater immune cell infiltration in tumors treated with maurotoxin. Furthermore, K Ca3.1 
inhibition appeared to restore T-cell function; this paradox might be explained by two potential 
mechanisms. First, the reduction in tumor fibrosis, due to KCa3.1 inhibition, may have enhanced 
immune cell access to the tumor microenvironment (Pethő et al., 2023; Renkawitz et al., 2019). 
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Second, KCa3.1 inhibition might have influenced the expression of genes associated with T-cell 
exhaustion, as suggested by our RNAseq data and supported by recent findings (Gawali et al., 
2021; Sharma et al., 2024). This restoration of T-cell activity could explain the enhanced anti-
tumor effects seen in both monotherapy and combination treatments. More research is needed 
to explore how KCa3.1 inhibition affects immune regulation, particularly in relation to T-cell 
exhaustion and its interaction with IFN-α and IFN-γ signaling pathways. 

Gemcitabine shows variable efficacy across models 

One of the unexpected findings of our study was the differential response of cells to gemcitabine 
in vitro versus in vivo. In vitro, gemcitabine alone exhibited a strong inhibitory effect on the invasive 
potential of the mixed spheroids, but this effect was diminished when combined with TRAM-34. 
This suggests that the efficacy of the treatment is likely cell context dependent.  In particular, PS-
1 only spheroids showed heightened sensitivity to gemcitabine, indicating that the drug was 
primarily affecting PSCs. Conversely, TRAM-34 primarily impacted cancer cells suggesting that 
each treatment influences different cellular components within the tumor. This interplay points 
to the complexity of the microenvironment of PDAC, where both stromal and cancer cell 
interactions shape the therapeutic outcome.  

However, these in vitro results were not mirrored in vivo, where gemcitabine had no discernible 
impact on tumor size in KPfC mice. A plausible explanation for this discrepancy is the absence of 
fibrosis in vitro, which may have allowed gemcitabine to act more directly on the cells. In vivo, the 
dense fibrotic stroma likely acted as a barrier, shielding the tumor from the drug and leading to 
treatment failure (Provenzano et al., 2012). In the KPfC mice, we observed gemcitabine-induced 
matrix production, a known mechanism of resistance in PDAC (Principe et al., 2020). Additionally, 
gemcitabine resistance is often linked to EMT (Koltai et al., 2022). Our study showed that KCa3.1 
inhibition not only reduced fibrosis but also inhibited EMT, suggesting that targeting KCa3.1 could 
mitigate two major contributors to gemcitabine resistance. Therefore, targeting KCa3.1 offers a 
promising strategy not only to enhance the effects of chemotherapy but also to address potential 
mechanisms of treatment resistance in PDAC. 

Investigating the effects of treatment on matrix production, we aimed to understand whether 
gemcitabine or KCa3.1 inhibitors could alter the deposition of extracellular matrix in cancer cells 
and PSCs. Based on the established view that pancreatic cancer cells typically rely on PSCs for 
matrix production, we initially expected that matrix production would be affected only in the 
stromal cells by these treatments, and that cancer cells would remain unaffected. Contrary to our 
expectations, no changes in matrix production were observed in PSCs cells after treatment, 
indicating that neither gemcitabine nor KCa3.1 inhibition had an impact on matrix deposition in 
vitro.  
 
This lack of effect in vitro highlights a fundamental difference between the cellular environment 
of our in vitro models and the more complex tumor microenvironment seen in vivo. Our in vivo 
results clearly showed that gemcitabine induced matrix production. The discrepancy between in 
vitro and in vivo findings underscores the complexity of the PDAC microenvironment in 
modulating drug response. Without the fibrotic barrier present in vitro, gemcitabine acted directly 
on the cells, thus explaining the stronger inhibitory effects observed and the lack of neo-
synthesized matrix. Furthermore, although our complex matrix was designed to closely resemble 
the PDAC microenvironment, we acknowledge that it may not fully capture the intricacies of the 
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in vivo tumor stroma. Factors such as the degree of collagen cross-linking and the density of the 
collagen network may differ in vivo, affecting drug delivery and therapeutic outcomes in ways that 
are challenging to replicate in vitro (Song et al., 2022). Thus, while the in vitro models provide 
valuable insights, these results emphasize the need to account for tumor-stromal interactions in 
therapeutic strategies in PDAC. 

KCa3.1 inhibition alters cell-cell adhesion in PDAC 

The loss of cell-cell adhesion observed in PANC-1- KCa3.1-/-/PS-1 spheroids highlights the crucial 
role of this channel in maintaining cellular interactions within the PDAC tumor microenvironment. 
When treated with KCa3.1 inhibitors, the wild-type mixed spheroids displayed changes in cell 
migration patterns, with more rounded cells emerging from the spheroids instead of the typical 
spindle-shaped, mesenchymal-like cells. This shift suggests that KCa3.1 inhibition disrupts cell-
cell adhesion, which may alter the invasive behavior of tumor cells. The roundish morphology 
observed could indicate a transition to a more epithelial-like state, which contrasts with the 
elongated, migratory form typically associated with invasive mesenchymal cells. This aligns with 
our RNA-seq data, which shows a reduction in EMT. 
 
Interestingly, these findings differ from previous observations in non-small cell lung cancer 
(NSCLC), where KCa3.1 inhibition increased cell-matrix adhesion and reduced tumor cell 
migration (Todesca et al., 2024). This contrast suggests that KCa3.1 inhibition likely triggers distinct 
intracellular signaling pathways in PDAC compared to NSCLC. In NSCLC, mitochondrial ROS 
plays a central role in KCa3.1-dependent signaling. In PDAC the disruption of intracellular Ca2+ 
homeostasis might be the key intermediary when K Ca3.1 channels are blocked in the plasma 
membrane. This difference in signaling cascades may explain why K Ca3.1 inhibition affects cell 
behavior differently across these two tumor types, reinforcing the idea that K Ca3.1 functions in a 
tumor-specific manner. 
 
While the disruption of cell-cell adhesion in vitro raises questions about its implications in vivo, 
our data show that it did not lead to increased metastasis or a higher number of tumor nodes in 
KPfC mice. None of the mice treated with KCa3.1 inhibitors exhibited metastasis, and the number 
of tumor nodes remained comparable between treated and untreated groups. This suggests that 
while KCa3.1 inhibition alters cellular adhesion and migration patterns in vitro, these changes do 
not necessarily translate into more aggressive or metastatic behavior in vivo. 
 
One possible explanation for this is that the looser adhesion observed in treated cells may have 
allowed better penetration of gemcitabine into the tumor tissue, potentially enhancing its 
efficacy. The disruption of cell-cell adhesion might facilitate greater drug access to the tumor core 
(Khalili & Ahmad, 2015). Alternatively, the weakening of cell-cell interactions could also increase 
cell susceptibility to cell death mechanisms, such as anoikis (Y. N. Kim et al., 2012), which occurs 
when cells detach from their neighbors and the extracellular matrix. Thus, while disruption of cell-
cell adhesion is often linked to processes like EMT and metastasis, it could also expose 
vulnerabilities in tumor cells that can be exploited by treatments like gemcitabine. 
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Further research is needed to fully understand how K Ca3.1 inhibition modulates intracellular 
signaling in PDAC and its impact on treatment response. 

Strengths and limitations of our model 

One of the key strengths of this study lies in the innovative model systems we employed. The 3D 
spheroid model, embedded in a collagen matrix is a significant improvement over traditional 2D 
models, which fail to capture the complexity of the PDAC tumor microenvironment. Similarly, the 
KPfC mouse model, which is immunocompetent and replicates the human PDAC 
microenvironment, enabled us to assess the effects of K Ca3.1 inhibition in a more clinically 
relevant setting. Importantly, this study provides novel in vivo data on KCa3.1 targeting in PDAC 
which represents a significant advancement in understanding its therapeutic potential. However, 
while our 3D in vitro models provide valuable insights into ECM interactions, it lacks important 
physiological components, such as immune responses. One way to enhance the relevance of our 
3D models would be the introduction of immune cells. This would allow us to better simulate the 
immune-tumor interactions that occur in vivo and provide a better understanding of how KCa3.1 
targeting affects both cancer cells and immune dynamics. This improvement could help bridge 
the gap between in vitro and in vivo studies and improve the translational relevance of our findings. 

Relevance of the study 

This study is the first to show the efficacy of maurotoxin in targeting KCa3.1 channels in PDAC in 
vivo, highlighting its therapeutic potential in a clinically relevant setting. Many previous 
investigations on KCa3.1 inhibition in PDAC were limited to in vitro studies, without addressing the 
subcellular localization of the channel. By specifically targeting plasma membrane K Ca3.1 
channels with maurotoxin, our study provides novel insights into the distinct roles of channel 
localization in PDAC progression and offers a promising avenue for therapeutic intervention.  
 
Moreover, our work introduces mechanistic insights that have not been explored before. Through 
RNA sequencing analysis, we identified novel gene regulatory pathways that are modulated upon 
KCa3.1 inhibition. These discoveries offer a deeper understanding of the molecular mechanisms 
underpinning PDAC and highlight the specific gene networks that may contribute to tumor 
progression when KCa3.1 channels are blocked. 
 
We also evaluated the effects of a mitochondrially targeted senicapoc, specifically designed to 
inhibit mitochondrial KCa3.1 channels, in PDAC cells. Despite this targeted approach, we 
observed no significant impact on PDAC progression in the spheroid model, indicating that 
mitochondrial KCa3.1 is not a key driver in this cancer. While being in line with our other results, 
this observation contrasts with findings in other cancers, such as non-small cell lung cancer 
(Todesca et al., 2024), where mitochondrial KCa3.1 has been implicated in tumor growth and 
survival. These results underscore the importance of focusing on plasma membrane K Ca3.1 
channels in PDAC, a strategy that is unprecedented in the context of this malignancy.  
 
Despite these advances, there are uncertainties regarding the clinical application of maurotoxin 
in patients. Its safety, pharmacokinetics, and optimal delivery methods remain untested in 
human trials. In contrast, senicapoc, a highly potent and selective inhibitor of KCa3.1 channels, 



108 
 

has been tested in humans in a phase III clinical trials for the treatment of sickle cell anemia 
(Ataga et al., 2008). The drug has been considered for repurposing in other conditions, including 
non-small cell lung cancer (NSCLC). While this is still in early phases of research, senicapoc 
represents the most advanced KCa3.1 blocker for clinical adaptation.  Nevertheless, to be relevant 
to our research in PDAC, senicapoc would require modifications to specifically target only plasma 
membrane-localized KCa3.1 channels, similar to the strategies used for developing 
mitochondrially targeted versions of senicapoc. Such refinements are essential to ensure that 
senicapoc can be repurposed for effective and selective treatment of PDAC, avoiding its broad 
inhibition of both plasma membrane and mitochondrial KCa3.1 channels. This targeted approach 
would align better with the therapeutic needs identified in our study, making it a more viable 
option for clinical application in PDAC. 
 
Consequently, this study paves the way for future investigations into refining K Ca3.1 channel 
inhibitors for targeted therapy in PDAC, with the potential to improve treatment outcomes in this 
highly aggressive cancer. 
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CONCLUSION 
 

This thesis underscores the therapeutic potential of targeting K Ca3.1 in PDAC, providing a new 
avenue in the fight against one of the most lethal cancers. By showing that KCa3.1 inhibition, 
particularly with maurotoxin, can reduce tumor growth, invasiveness, and fibrosis while 
enhancing cell death, this research highlights the importance of subcellular targeting in cancer 
therapy. The findings not only expand our understanding of ion channel biology in cancer but also 
propose KCa3.1 as a viable target for overcoming the limitations of conventional therapies. 

Crucially, the study shows that manipulating the tumor microenvironment and cellular processes 
via ion channels can yield meaningful therapeutic results. While the mechanistic insights 
provided by RNA sequencing are promising, they open the door to more comprehensive 
exploration of the role of KCa3.1 in regulating key pathways that affect tumor survival, immune 
interactions, and motility of the cancer cells. 

However, this research also highlights the complexities of the PDAC microenvironment and the 
challenges that remain in translating these findings into clinical practice. Future work will need to 
bridge the gap between preclinical results and patient outcomes, with an emphasis on refining 
KCa3.1 inhibitors and evaluating their safety and efficacy in human trials. 

Consequently, KCa3.1 inhibition emerges as a compelling strategy for PDAC treatment, with the 
potential to complement existing therapies and mitigate some of the disease most challenging 
features. This study paves the way for new, targeted approaches in the battle against PDAC, 
offering hope for improved survival outcomes in this devastating cancer.  
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