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Repositioning of antiarrhythmics for prostate cancer treatment: a novel strategy to reprogram cancer-associated fibroblasts towards a tumor-suppressive phenotype
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Abstract
Background
Cancer-associated fibroblasts (CAFs) play a significant role in fueling prostate cancer (PCa) progression by interacting with tumor cells. A previous gene expression analysis revealed that CAFs up-regulate genes coding for voltage-gated cation channels, as compared to normal prostate fibroblasts (NPFs). In this study, we explored the impact of antiarrhythmic drugs, known cation channel inhibitors, on the activated state of CAFs and their interaction with PCa cells.

Methods
The effect of antiarrhythmic treatment on CAF activated phenotype was assessed in terms of cell morphology and fibroblast activation markers. CAF contractility and migration were evaluated by 3D gel collagen contraction and scratch assays, respectively. The ability of antiarrhythmics to impair CAF-PCa cell interplay was investigated in CAF-PCa cell co-cultures by assessing tumor cell growth and expression of epithelial-to-mesenchymal transition (EMT) markers. The effect on in vivo tumor growth was assessed by subcutaneously injecting PCa cells in SCID mice and intratumorally administering the medium of antiarrhythmic-treated CAFs or in co-injection experiments, where antiarrhythmic-treated CAFs were co-injected with PCa cells.

Results
Activated fibroblasts show increased membrane conductance for potassium, sodium and calcium, consistently with the mRNA and protein content analysis. Antiarrhythmics modulate the expression of fibroblast activation markers. Although to a variable extent, these drugs also reduce CAF motility and hinder their ability to remodel the extracellular matrix, for example by reducing MMP-2 release. Furthermore, conditioned medium and co-culture experiments showed that antiarrhythmics can, at least in part, reverse the protumor effects exerted by CAFs on PCa cell growth and plasticity, both in androgen-sensitive and castration-resistant cell lines. Consistently, the transcriptome of antiarrhythmic-treated CAFs resembles that of tumor-suppressive NPFs. In vivo experiments confirmed that the conditioned medium or the direct coinjection of antiarrhythmic-treated CAFs reduced the tumor growth rate of PCa xenografts.

Conclusions
Collectively, such data suggest a new therapeutic strategy for PCa based on the repositioning of antiarrhythmic drugs with the aim of normalizing CAF phenotype and creating a less permissive tumor microenvironment.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s13046-024-03081-0.
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Introduction
Favorable interactions between cancer cells and the surrounding microenvironment are crucial for sustaining tumor mass formation and progression. The acquisition of malignant features, including the development of resistance to standard therapies and the enhancement of metastatic potential, is also greatly promoted by a supportive tumor microenvironment [1, 2]. Cancer-associated fibroblasts (CAFs) are the most representative non-tumorigenic cells within the tumor microenvironment. They are a highly heterogenous cellular population, in terms of phenotype and function, resulting from the cancer cell-mediated reprogramming of stroma, through the direct influence of tumor-derived cytokines and growth factors [3, 4]. Little is known about the different tumor supporting-CAF subpopulations that can cohabitate within the tumor mass, which may include immune CAFs, desmoplastic and contractile CAFs, and aggressive and secretory CAFs [5]. They are typically identified by the overexpression of activation markers, such as α-smooth muscle actin (α-SMA), fibroblast activation protein (FAP), collagens or fibroblast specific protein 1 [6], and by an increased migratory and extracellular matrix (ECM) remodeling capability [7].
Since CAFs are critically involved in cancer biology, several efforts have been recently made in the attempt to develop therapeutic strategies able to eradicate cancer-promoting CAFs from the tumor mass (reviewed in [8]). However, most of them have failed to substantially improve in cancer treatment, mainly due to the extreme complexity of this population and the lacking of unequivocal markers. Therefore, the newest therapeutic approaches in this regard are focused on restoring a suppressive phenotype rather than depleting CAFs from the tumor microenvironment [8].
As for many solid tumors, prostate cancer (PCa) stroma is characterized by a heterogenous population of CAFs with tumor-supporting features [9]. CAFs can promote proliferation, migration and invasion of PCa cells. By overproducing ECM components, such as collagens, periostin and fibronectin, and by dysregulating matrix metalloproteases proteins (e.g., MMP-2 and MMP-9), CAFs can provide physical support to PCa cells and increase matrix stiffness and remodeling, thus ultimately promoting cancer cell migration and invasion [10, 11]. CAFs can also sustain PCa progression by providing metabolic resources required for cancer cell growth. Driven by PCa cells, CAFs undergo aerobic glycolysis to release pyruvate and lactate that are taken up by cancer cells to activate mitochondrial oxidative metabolism and promote cell growth even in nutrient- or oxygen-deprived microenvironment [12]. In addition, several in vitro and in vivo studies have demonstrated that CAFs can promote the acquisition of the castration-resistant phenotype, an aggressive trait of PCa, and accelerate metastatic dissemination [13–17].
With the aim of elucidating the molecular mechanisms governing the activation of PCa stroma, we previously showed that tumor-derived IL-6 and TGF-β can both convert normal prostate fibroblasts (NPF) into CAFs with tumor-promoting features [18], confirming the complexity of tumor stroma composition in PCa [4, 18, 19]. Moreover, gene expression profiles of patient-derived CAFs and matched NPFs revealed the up-modulation of gene sets related to cardiomyopathy and cation channel activity, including genes that encode for sodium, calcium and potassium ion channels [18]. These proteins are crucial regulators of specific physiological processes, such as muscle contractions and nerve impulses, as well as the main biological processes that are frequently deregulated in cancer cells, and also in CAFs, including cell cycle progression and survival, cell migration and invasion [20–22]. Therefore, given this possible similarity between prostate CAFs and contractile cells, we set out to investigate the potential of cation channel blockers, such as antiarrhythmics, to revert CAF-activated state into a tumor suppressive phenotype. To that end, we tested class I (sodium-channel blocker, such as flecainide), class III (potassium-channel blocker, such as amiodarone) and class IV (calcium-channel blockers, such as verapamil and nifedipine) antiarrhythmics on prostate CAFs and investigated the impact of these treatments on CAF activated state and PCa-CAF interplay.

Methods
Cell culture
Primary CAFs and NPFs cultures were isolated from surgical specimens of three PCa-bearing patients (Gleason score 4 + 5) who underwent radical prostatectomy. Specimens were collected upon informed consent, and the study was approved by the Ethics committee of IRCCS Istituto Nazionale dei Tumori of Milano (INT n. 154/16). Intra-tumor areas or non-tumor regions of radical prostatectomy specimens were identified by an expert uro-pathologist (M.C.), selected and digested overnight at 37 °C and 5% CO2 in DMEM medium (Lonza, Basel, Switzerland) supplemented with 300 units/ml collagenase and 100 units/ml hyaluronidase solution (Stemcell Technologies Vancouver, Canada), 1% penicillin–streptomycin (Lonza, Basel, Switzerland) and 2.5 μg/ml of Amphotericin B. The cell suspension was centrifuged at 1,500 × g for 5 min. The resulting fibroblast-rich pellet was suspended and plated in DMEM medium (Lonza) containing 10% FBS (Thermo Fisher Scientific Inc., Waltham, MA, US), 4 mM L-glutamine and 1% penicillin–streptomycin (Lonza). CAFs or NPFs were maintained in culture for 3 passages and the absence of epithelial markers expression was verified before being used in the experiments. All established primary cultures negative for epithelial markers and expressing fibroblast markers were used until the 15th passage and maintained in DMEM medium (Lonza) containing 10% FBS (Thermo Fisher Scientific Inc.) and 4 mM L-glutamine (Lonza). PCa cell lines (DU145, PC3 and LNCaP) and the prostate myofibroblast cell line WPMY-1 were purchased from American Type Tissue Culture Collection (ATCC, VA, USA). PCa cell lines were maintained in RPMI-1640 medium (Lonza) supplemented with 10% FBS (Thermo Fisher Scientific), at 37 °C and 5% CO2. WPMY-1 cells were maintained in DMEM (Lonza) supplemented with 10% FBS (Gibco, Thermo Fisher Scientific Inc.). All the cell lines were authenticated and periodically monitored by genetic profiling using short tandem repeat analysis AmpFISTR Identifier PCR amplification kit (Thermo Fisher Scientific Inc.).

Conditioned medium
For indirect co-culture and in vivo experiments, conditioned medium (CM) was collected from NPFs, antiarrhythmic-treated or untreated CAFs and DU145 cells. To obtain CM, a total of 7 × 105 cells were seeded in T-75 cm2 culture flask. CAFs were treated with 2.5 μM of amiodarone (Hikma Pharmaceuticals, London, UK), 2.5 μM of verapamil (Abbott Laboratories, Chicago, US), 2.5 μM of nifedipine (Meda AB, Solna, Sweden) or 2.5 μM flecainide (Meda AB) for 24 h. Upon treatment, the culture medium was removed, cells were washed 2 times with PBS (Lonza) and 6 ml of serum-free medium was added for starvation. Twenty-four hours later, the CM was collected, clarified for 5 min at 1,500 × g and used freshly to treat PCa cells (DU145, PC-3 or LNCaP), or to activate NPFs or WPMY-1 or concentrated for western blotting analysis.

Electrophysiological recordings and analyses
Whole cell patch-clamp recordings were performed on activated and control WPMY-1 fibroblasts using an Axopatch 200B amplifier (Molecular Devices) and data were sampled with a Digidata -1440 (Molecular Devices) interface (sampling time = 250 ms for voltage clamp recordings). Patch pipettes were pulled from borosilicate capillaries (Hingelberg, Malsfeld, Germany) and had 3–5 MΩ resistance before a seal was formed. Cells were recorded in a bath solution containing (in mM): NaCl 140, KCl 5, Hepes 10, glucose 5, CaCl2 2, MgCl2 1, pH 7.4. The filling solution contained (in mM): KCl 135, NaCl 10, Hepes 10, MgCl2 1, EGTA 1, CaCl2 0.1 and GTP 0.1. The pH was adjusted to 7.2 with KOH. Membrane passive properties were recorded in voltage clamp configuration. A hyperpolarizing step from -70 mV to -80 mV, normally used for evaluating the passive properties of the recorded cell [23], elicited an inward transient current used to estimate the series resistance, input resistance and membrane capacitance. Series resistance and input resistance were monitored throughout each experiment. Cells were rejected if these parameters deviated by more than 20% from the beginning of the recording. Outward currents were measured in voltage clamp by applying subsequent voltage steps of + 20 mV from a holding potential of -60 mV up to + 140 mV. Sustained outward currents (K+ steady) were recorded as an average of the last 15 ms of each voltage step. Transient outward currents (K + inactivated) were calculated by subtracting the sustained outward current from peak outward currents. The amplitude of the transient currents measured at the membrane potential of + 140 mV was used to report the current density. Transient inward currents (inward) were calculated as the peak outward current for each applied voltage step. For the depolarizing protocols, the PN leak subtraction of the Clampex program was used to eliminate the effects of the leakage current on the whole-cell responses [24]. The extracellular medium containing flecainide or nifedipine was bath perfused using a peristaltic pump. Pipette capacitance was compensated, and the bridge was balanced during each recording. All data were reported as the mean ± standard error of the mean (SEM). Each protocol was averaged digitally 5 times before being analyzed. All the recorded data were analyzed off-line with pCLAMP10.7 (Axon Instruments).

Cell growth assay
PCa cells (DU145, PC-3 or LNCaP) were seeded in 12-well plates (2 × 104 cells/well) and after 24 h were exposed to CM of NPFs, CM of CAFs or CM of CAF-treated with antiarrhythmics (as described above). Upon starvation with appropriate CM, cells were harvested with Trypsin–EDTA (Lonza) and counted with an automated cell counter (Beckman, Coulter, Brea, CA, US).

Migration assay
Cell were seeded at 4 × 104 cells/well into a 12-well culture plate. After 2 days, the monolayer of cells was wounded by manual scratching with a pipet tip, washed with PBS 1 × (Lonza), photographed (t0 point) and media were replaced with serum-free DMEM containing 2.5 μM of amiodarone (Hikma Pharmaceuticals), 2.5 μM of verapamil (Abbott Laboratories), 2.5 μM nifedipine (Meda AB), or 2.5 μM flecainide (Meda AB) for CAF migration experiments experiments or with CM of CAFs treated or not with antiarrhythmics (as described above) for DU145 cell migration experiments. Images of cell movement were captured at regular time intervals until 48 h by using EVOS XL – Core microscope system (Thermo Fischer Scientific Inc.).

3D gel collagen contraction assay
Type I collagen from rat-tail (Sigma-Aldrich, St. Louis, MO, US) was dissolved at 2 mg/ml in 0.1% acetic acid to create a stock solution. The collagen matrix was quickly prepared on ice by adding 6 ml of collagen stock solution to 3.6 ml of 0.1% acetic acid, 1.2 ml of 10 × concentrated DMEM, and 1.2 ml of sodium bicarbonate solution (11.76 mg/ml) for a final concentration of 1 mg/ml collagen. The pH was adjusted to 7.2–7.4 by adding 0.1 mol/l NaOH. CAFs or NPFs cells were then added to achieve a final concentration of 5 × 105 cells/ml; gel-cells suspension was aliquoted into each well of a 24-well culture plate. After polymerization for 30 min at 37 °C, the gel in each well was overlayed with 500 μl of complete growth medium. Twenty-four hours later, CAFs were treated with 2.5 μM amiodarone (Hikma Pharmaceuticals), 2.5 μM verapamil (Abbott Laboratories), 2.5 μM nifedipine (Meda AB) or 2.5 μM flecainide (Meda AB), in serum free medium. Then, the gels were mechanically released from the wall and bottom of the wells with a sterile spatula. Gel contraction was monitored for 48 h and scanned by standardized photography at time 0 and at sequential time points.

Gene expression profile
After RNA quality check, transcriptomic profiles of CAFs, treated or not with nifedipine (2.5 µM) or flecainide (2.5 µM), and NPFs were assessed using the Clariom™ S Human Microarray (Thermo Fisher Scientific Inc.). Raw data were normalized according to the Robust multiarray averaging (RMA) algorithm, implemented into the oligo package [25]. Normalized data were filtered removing probes with no associated official gene symbol; for probes mapping on the same gene symbol, the one with highest variance was selected. In addition, an empirical Bayes approach was applied to adjust gene expression for batch effect, using ComBat function implemented into the sva package [26]. To verify the efficacy of these analyses, the t-distributed Stochastic Neighbor Embedded (t-SNE) statistical method was employed to visualized data in a low-dimensional space since it adopts a non-linear reduction of high-dimensional transcriptomic data maintaining the similarity among samples. Differential expression analysis was performed applying a linear model implemented into the limma package [27]. A pre-ranked Gene Set Enrichment Analysis (GSEA) was performed on gene sets of the Molecular Signature Database (MSigDB), selecting Reactome pathway in the C2 collection [28]. Ranking was defined according to the t-statistic and normalized enrichment score (NES) was calculated using the functions implemented into the fgsea package [29].
Three different normalized datasets (GSE68164, GSE85606, and GSE86256) were retrieved from the Gene Expression Omnibus database [30] and for each, a pre-ranked GSEA analysis was conducted on custom selected gene sets of MSigDB, using “ion channel activity” as query in the C5 collection and using the t-statistics, obtained by linear model implemented into the limma package, as the measure for ranking gene expression in the comparison CAF vs NPF samples. A FDR threshold of 0.05 was applied to assess significant enrichments.

Cell viability
The cytotoxic effect of amiodarone (Hikma Pharmaceuticals), verapamil (Abbott Laboratories), nifedipine (Meda AB) or flecainide (Meda AB) was determined by the CellTiter96® AQueous One Solution Cell Proliferation Assay (MTS) (Promega Corporation, Madison Wisconsin, USA). Cells were plated for 24 h in 96-well flat-bottomed microtiter plates at a density of 1.5 × 103/50 μl, and then treated with increasing concentrations of amiodarone (Hikma Pharmaceuticals), verapamil (Abbott Laboratories), nifedipine (Meda AB) or flecainide (Meda AB) (0–5 µM) for 72 h. At the end of the treatment, MTS solution was added to each well and the plate was incubated for 3 h in a 5% CO2 incubator at 37 °C. The absorbance at 490 nm was recorded using the POLARstar optima plate-reader (VWR International, Radnor, Pennsylvania, USA).

Immunofluorescence
CAFs were seeded at 6 × 104 cell/well in a 6-well plate containing a coverslip suitable for microscopy. After 24 h, CAFs were treated with 2.5 μM amiodarone (Hikma Pharmaceuticals), 2.5 μM verapamil (Abbott Laboratories), 2.5 μM nifedipine (Meda AB) or 2.5 μM flecainide (Meda AB), in serum free medium. Twenty-four hours later cells were fixed in 4% formaldehyde dissolved in PBS for 10 min. Cells were permeabilized with cold 70% of ethanol and probed with primary antibodies for α-SMA (1:200, A2547 Sigma-Aldrich), Collagen I (1:200 ab34710; Abcam) and phospho-FAK (1:200 Y397 ab4803; Abcam) diluted in antibody diluent (S080983, Dako, Agilent Technologies) for 1 h at room temperature. Alexa Fluor594/488-labeled secondary antibody (Thermo Fisher Scientific Inc.) was used to incubate cells for 1 h at room temperature. Actin filaments were stained using phalloidin-conjugate-Fluor488 dye and nuclei were stained with DAPI (Invitrogen, Thermo Fisher Scientific Inc.). Images were acquired by Nikon Eclipse E600 microscope using ACT-1 software (Nikon, Minato City, Tokyo, Japan).

Proteome profiler array
Proteome profiling was performed using Proteome Profiler Human Cytokine Array Kit (ARY005B, R&D, Minneapolis, MN, US) according to the manufacturer’s instructions. The array was performed on 500 μl of fivefold concentrated CM from NPFs, CAFs treated or not with nifedipine or flecainide. Chemiluminescence signals were detected using Chemi Reagent Mix provided by the kit. Semi-quantitative analysis was performed using ImageJ software (National Institutes of Health, Bethesda, MD, USA).

In vivo experiments
Animal studies were performed in accordance with guidelines of animal care protocols approved by Ethical Committee for animal experimentation of IRCCS Istituto Nazionale dei Tumori of Milano and Italian Ministry of Health (approval code n. 350/2017-PR). Male SCID mice were purchased from Charles River Laboratories. PCa xenografts were generated by subcutaneous injection of 1 × 107 DU145 cells into the right flank of SCID mice. When tumor burden reached ~ 100 mm3, mice were randomly assigned to control or treatment groups (n = 6 mice per group). For conditioned medium experiments mice were intratumorally treated (5 consecutive days for 2 weeks) with 250 μl of CM of NPFs, CAFs exposed or not to 2.5 μM amiodarone (Hikma Pharmaceuticals), 2.5 μM verapamil (Abbott Laboratories), 2.5 μM nifedipine (Meda AB) or 2.5 μM flecainide (Meda AB). At two different time points (after 1 week and at the end of the treatments) tumors were harvested. For co-injection experiments, 1 × 107 DU145 cells were co-injected with NPFs or CAFs treated or not with flecainide at a ratio of 1:3 into in the right flank of SCID mice. Tumor size was measured twice a week with a Vernier caliper, and the volume was calculated using the standard modified formula: Volume (mm3) = (length × height2)/2.

Ki-67 and CD31 staining
At the end of the treatment, mice were scarified and subcutaneous tumors were harvested, and formalix-fixed and paraffin-embedded. Tumor sections were then deparaffinised in xylene, rehydrated through graded alcohols to water, and subjected to immunohistochemical analysis using Ki-67 antibody (MIB-1, Dako; 1:200) or CD31 (MEC 13.3, sc-18916, Santa Cruz; 1:100, incubation over-night). Nuclei were counterstained with hematoxylin. Images were acquired by Nikon Eclipse E600 microscope using ACT-1 software (Nikon). At least 10 fields were scanned and the average number of Ki-67-positive or CD31-positive and negative cells was plotted.

Statistical analysis
Statistical analysis was performed with Mann–Whitney test and Student’s t-test, when appropriate, using GraphPad Prism software (version 9.4; GraphPad Prism Inc., San Diego, CA, USA). P ≤ 0.05 was considered statistically significant.

Additional methods
RNA extraction, RT-qPCR, protein isolation and western blotting protocol are described in detail in Additional Methods.


Results
Cation channels are up-modulated in CAFs and involved in fibroblast activation
Interrogation of independent gene expression data of prostate CAFs and matched NPFs confirmed our previous observation [18] showing the up-modulation of voltage-gated cation channel gene sets in CAFs (Fig. 1a). Accordingly, in an additional set of three paired cultures of CAFs and NPFs established from radical prostatectomies in our laboratory, we appreciated the up-modulation of a selected panel of cation channels, including calcium (CACNA1H, CACNB1, CACNB3), sodium (SCAN2A and SCN1B) and potassium channels (KCNS3) in CAFs compared to NPFs at either the mRNA or protein levels, or both (Fig. 1b and c, Table 1). Discrepancy observed between mRNA and protein levels of the KCNS3/Kv9 channel may be attributed to various post-transcriptional [31] or post-translational [32] and compensatory mechanisms that may affect protein stability, localization, or activity. As an experimental validation, we induced the “in-vitro activation” of patient-derived NPFs and of WPMY-1 cells (a normal prostate myofibroblast cell line) via direct exposition to conditioned medium (CM) of PCa cells (DU145). During activation, which was confirmed by the up-modulation of specific fibroblast activation markers (Fig. 1d-f), we observed the concomitant up-modulation of cation channels, including CACNA1H, CACNB1, CACNB3, SCN2A, SCN1B, KCNS3 and KCNH2, at both mRNA and protein levels (Fig. 1g and h). Taken together, these findings suggest the involvement of cation channels in CAF activation.[image: ]
Fig. 1Cation channels are up-modulated in CAFs and involved in fibroblast activation. a Heatmap (bottom) reporting normalized enrichment scores (NES) for gene sets related to voltage gated channels and bar plot (top) reporting mean + sd, as calculated by GSEA on three independent datasets of prostate cancer patient-derived CAFs vs. matched NPFs. b qRT-PCR showing CACNA1H, CACNB1, CACNB3, SCN2A, SCN1B, and KCNS3 expression levels in an independent setting of three CAF and matched NPF cultures. Data were reported as relative expression compared to NPF and were representative of three independent experiments. c Western blotting analysis showing selected ion channel protein levels in a pair of matched CAFs and NPFs. β-actin was used as endogenous control. d qRT-PCR indicating relative expression levels of α-SMA, FAP and COL1A1 in NPF#1, NPF#2 and WPMY-1 fibroblasts exposed to CM of DU145 cells with respect to control fibroblasts. e Western blotting showing α-SMA, FAP and COL1A1 expression levels in WPMY-1 fibroblasts exposed or not to CM of DU145 cells. β-tubulin was used as endogenous control. f Immunofluorescence microphotographs showing α-SMA (green) and Col1a1 (red) expression in NPF and NPF exposed to CM of DU145 cells. Nuclei counterstained with DAPI (blue). Scale bar, 50 µm. g Cation channel mRNA expression levels in NPF#1, NPF#2 and WPMY-1 fibroblasts exposed to CM of DU145 cells with respect to untreated fibroblasts. h Western blotting displaying cation channel protein levels in NPF#1 and WPMY-1 fibroblasts exposed or not to CM of DU145 cells. β-tubulin was used as endogenous control. Results reported in the figure represent the mean (+ SD) of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.005, Student’s t-test

Table 1List of the leading-edge genes over-expressed in prostate CAFs, corresponding encoded protein, regulated cation and antiarrhythmic drugs used to block them


	Gene
	Protein
	Cation
	Antiarrhythmic

	CACNA1H
	Cav.3.2
	Ca2+
	verapamil
nifedipine

	CACNB1
	CaB1

	CACNB2
	CaB2

	CACNB3
	CaB3

	KCNS3
	Kv9
	K+
	amiodarone

	KCNH2
	hERG1.3

	KCNQ2
	Kv7.2

	SCN1B
	NaB1
	Na+
	flecainide

	SCN2A
	Nav1.2





Activated fibroblasts show increased membrane conductance for potassium, sodium and calcium
Electrophysiological recordings were performed on control and activated WPMY-1 fibroblasts. The two groups were not different in any of the passive properties like membrane capacitance (control: 31.4 ± 2.4 pF, n = 11; activated: 32.1 ± 3.8 pF; n = 12; p = 0.96, Mann–Whitney test) or membrane resistance (control: 221. ± 27 MΩ, n = 11; activated: 212 ± 28 MΩ; n = 12; p = 0.82, Mann–Whitney test). In control condition, upon progressively more depolarized potentials (see methods), fibroblasts showed a very consisted current pattern in which only the sustained potassium current (K + steady) was detected (Fig. 2a). On the contrary, for activated fibroblasts we could also record an inward current (Fig. 2a) that was sensitive to both flecainide, a voltage gated sodium channel inhibitor (untreated: 609.25 ± 115.16 pA, n = 4; flecainide: 351.75 ± 62.16 pA; n = 4; p = 0.036, paired t-test, Fig. 2b), and nifedipine, a voltage gated calcium channel inhibitor (untreated: 449.25 ± 90.82 pA, n = 4; nifedipine: 164.00 ± 26.99 pA; n = 4; p = 0.037, paired t-test, Fig. 2b), suggesting that this current was mediated by influx of sodium and calcium. While the potassium steady current was present in the majority of the recorded fibroblasts in both control and activated condition (control: 100%, n = 11; activated: 91%, n = 12), the inward current as well as a fast-inactivating potassium current was functionally detected only in some of the activated fibroblasts (inward: 67%, n = 12; K + inactivating: 25%, n = 12, Fig. 2c). The current density at the peak value of the IV-plot for the K + steady current was significantly higher for the activated group compared to the control condition (control: 33.9 ± 2.8 pA/pF, n = 11; activated: 50.2 ± 7.2 pA/pF; n = 11; p = 0.04, Multiple unpaired t-test, Fig. 2d). The peak current density recorded for in the activated group for the K + inactivating current was 17.8 ± 7.1 pA/pF (n = 3) while for the inward current it was 7.6 ± 2.9 pA/pF (n = 8). Overall these data suggest that activated fibroblasts show increased membrane conductance for potassium, sodium and calcium, consistently with the mRNA and protein content analysis (Fig. 1).[image: ]
Fig. 2Activated fibroblasts show increased membrane conductance for potassium, sodium and calcium. a Representative Voltage-clamp recordings of inward and outward currents from activated and control WPMY-1 cells fibroblasts. A schematic of the applied protocol is shown in the insert. Upon activation, an inward current as well as a fast-inactivating outward current can be detected in fibroblasts. b The inward current shows significant sensitivity to both flecainide (2.5 μM) and nifedipine (2.5 μM) when applied to the bath solution. c Pie chart summarizing the percentage of cells expressing the main currents detected in A upon depolarization in both the control and the activated group. d The IV plot for the K + steady shows a significant increase in the current density in the activated group compared to the control condition. The I-V plot for the inward current is also displayed



Antiarrhythmics counteract the activated state of prostate CAFs
Aiming to assess the functional role of voltage-gated cation channels in supporting fibroblast activation, a panel of pharmacological blockers of sodium, calcium and potassium channels, commonly used as antiarrhythmics, were tested as potential agents to revert CAF activated state (Table 1). The treatment of CAFs with sub-toxic doses of antiarrhythmics (Additional Fig. 1) was sufficient to induce a variable reduction of fibroblast activation markers, such as α-SMA and Col1a1 protein levels as a function of the drug and concentration (Fig. 3a). Among the several features and functions of CAFs, increased cell motility, ECM remodeling and deposition are definitely some of the main characteristics distinguishing them form NPFs [33]. The treatment with antiarrhythmics was sufficient to reduce CAF migratory ability, as indicated by the significantly reduced wound closure upon treatment (Fig. 3b and Additional Fig. 2a). In addition, p-FAK, which is a crucial mediator of cell migration and spindle orientation, was reduced, although to a variable extend, upon treatment of CAFs with antiarrhythmics (Fig. 3c), confirming that such drugs impaired CAF migratory capability by hindering focal adhesion formation. CAF-mediated ECM deposition and mechanical remodeling resulted to be affected by antiarrhythmics as well. Specifically, as depicted in Fig. 3d, the degree of contraction of gels exerted by antiarrhythmics-treated CAFs was significantly reduced compared to that of untreated CAFs. In addition, the secretion of Col1a1 and fibronectin in the extracellular environment was largely abrogated upon the treatment of CAFs with antiarrhythmics (Additional Fig. 2b), indicating a reduction of CAF-induced ECM deposition. The reason behind the reduced ECM remodeling capability of treated CAFs was investigated by measuring MMP2 levels in the CM of CAFs exposed to antiarrhythmics. As shown by western blotting (Fig. 3e), CAF-released MMP2 was significantly lower in CM of treated cells, as indicated by the reduced levels of secreted active- and pro-MMP2 in the CM of CAFs treated with antiarrhythmics compared to untreated CAFs, which was paralleled by an increased intracellular accumulation of pro-MMP2 in treated CAFs.[image: ]
Fig. 3Antiarrhythmics counteract the activated state of prostate CAFs. a Western blotting and relative quantification showing protein levels of fibroblast activation markers (α-SMA and COL1A1) in CAFs treated for 48 h with sub-toxic doses of antiarrhythmics. β-tubulin was used as endogenous control. b Bar plots showing the wound-healing rate assessed by scratch assay on CAFs exposed to antiarrhythmics. Data are reported as wound healing ratio at 24 h compared to 0 h point. c Representative immunofluorescence microphotographs (upper panel) showing the organization of β-actin cytoskeleton (green) and p-FAK (red) in CAFs treated with verapamil as compared to untreated. Scale bar, 50 μm. Western blotting analysis (lower panel) showing p-FAK, FAK protein levels in CAFs treated with sub-toxic doses of antiarrhythmics. β-tubulin was used as endogenous control. d Representative images (upper panel) showing 3D-collagen gel remodeling of CAFs exposed to sub-toxic doses of antiarrhythmics. NPFs were used as negative control. The dotted lines define gel areas. Bar plots (lower panel) showing ECM remodeling ratio of treated CAFs assessed by 3D-collagen gel assay. Data are reported as ECM remodeling ratio at 48 h compared to 0 h point. e Western blotting showing levels of pro-MMP2 and active-MMP2 in CM from CAFs exposed or not to sub-toxic doses of antiarrhythmics and, pro-MMP2 intracellular levels in treated cells. Gapdh was used as endogenous control for cell lysate. Results reported in the figure represent the mean (+ SD) of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.005, Student’s t-test



Antiarrhythmics affect PCa cell growth by impairing CAF function
It has been well established that CAFs induce PCa progression by supporting tumor cell growth as well as by enhancing tumor cell motility and the switch from an epithelial-like to a more mesenchymal-like phenotype [10, 34–36]. In this regard, the impact of antiarrhythmics on CAF-PCa cross-talk was evaluated by performing indirect co-culture experiments using CM (Fig. 4a). As shown in Fig. 4b,c and Additional Fig. 3a, CM of CAFs induced a slight increase of PCa cell growth, which was more pronounced in DU145 and LNCaP compared to PC3 cells [37]. In this regard, controversial information has been reported regarding the ability of CAFs to promote cell growth of PCa cell lines. In fact, high-metastatic potential PCa cell lines, like PC3 cells, were reported to be less responsive to the proliferative effects induced by CAFs compared to low-metastatic potential cell lines, like LNCaP. However, such a moderate enhancement was significantly abolished in all the PCa cell models upon exposure to CM of antiarrhythmic-treated CAFs, especially with CM-CAF-nifedipine (calcium-channel blocker) and CM-CAF-flecainide (sodium channel-blocker), partially recapitulating the tumor cell growth suppression exerted by CM of NPFs (Fig. 4b,c and Additional Fig. 3a). Consistent with cell growth findings, cell cycle analysis of DU145 cells reveled that exposure to CM of CAFs increased the S-phase cell fraction and reduced the G1-phase cell fraction compared to untreated cells, while an opposite trend was observed after exposure to CM of NPFs (Fig. 4d). CM of CAFs treated with the different antiarrhythmics, with the exception of amiodarone, was sufficient to recapitulate the effects mediated by CM-NPF on DU145 cell cycle distribution, resulting in an accumulation of cells in G1-phase and a reduction of S-phase cell population (Fig. 4d).[image: ]
Fig. 4Antiarrhythmics affect PCa cell growth by impairing CAF function. a Schematic representation of CM experiment work-flow (Created with Biorender.com). b Graph reporting the growth of DU145 cells cultured with CM from CAFs treated or not with antiarrhythmics, or CM from NPFs at different time points (24, 48, 72 h). c Graph reporting the growth of LNCaP cells cultured with CM from CAFs treated or not with antiarrhythmics, or CM from NPFs at different time points (24, 48, 72 h). d Cell cycle phase distribution of DU145 cells cultured with CM from CAFs treated or not with antiarrhythmics, or CM from NPFs at 72 h until treatment. Results reported in the figure represent the mean (+ SD or ± SD) of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.005, Student’s t-test



Antiarrhythmics affect PCa cell plasticity by impairing CAF function
As a typical CAF-induced aggressive trait, EMT markers were evaluated in the castration-resistant (DU145) and in the androgen-sensitive PCa cell model (LNCaP) exposed to CM of CAFs treated or not with antiarrhythmics. As expected, DU145 cell exposure to CM-CAF mediated a transition from a more epithelial-like toward a more mesenchymal-like phenotype, as highlighted by the down-regulation of epithelial markers (CDH1/E-cadherin and CTNNB1/β-catenin) and the increased expression of mesenchymal ones (VIM/vimentin and SNAI1/Snail) at both the mRNA and protein levels (Fig. 5a and Additional Fig. 3b). Conversely, the expression levels of VIM/vimentin and SNAI1/Snail were generally reduced in DU145 cells exposed to CM of CAF-treated with antiarrhythmics (Fig. 5b and Additional Fig. 3c), mimicking the EMT suppressive effect exerted by CM-NPF, although an enhancement of epithelial markers by CM of antiarrhythmic-treated CAFs was consistently observed only at the protein levels (Fig. 5a,b). The ability of antiarrhythmics to affect CAF-induced PCa plasticity was particularly appreciable in the androgen-sensitive model, where the treatment generally reverted the expression of both epithelial (CDH1/E-cadherin and CTNNB1/β-catenin) and mesenchymal markers (VIM/vimentin and SNAI1/Snail) in LNCaP cells, which was more appreciable at the protein levels (Fig. 5c,d and Additional Fig. 3d,e). Focusing on those antiarrhythmics that showed a greater capability to impact on ECM remodeling process mediated by CAFs (Fig. 3f) and to induce a partial reversal of EMT in co-culture experiments (Fig. 5a, b), we evaluated whether the treatment could revert CAF-promoted migratory boost on DU145 cells. As indicated in the representative photomicrographs and bar graph, DU145 cells exposed to CM of CAFs displayed a high and rapid capacity to close the wound. Conversely, the CM of CAFs treated with nifedipine or flecainide significantly reduced DU145 cell migration capability, showing a wound-healing ratio to an extent approaching that observed with CM-NPF (Fig. 5e). These findings suggest that nifedipine and flecainide decrease CAF-mediated pro-migratory boost on DU145 cells, thus confirming the repressive effects of antiarrhythmics on CAF pro-tumor spur. Since CAF-derived cytokines are master regulators of EMT, migration and invasion of cancer cells, we investigated the perturbation induced by antiarrhytmics on CAF secretome profile. Protein profiler analysis reveled an increase in the glycosylation-inhibiting factor (GIF), also known as macrophage migration inhibitory factor, in the CM form CAFs. Upon the treatment with nifedipine, GIF levels decreased in the CM of treated CAFs, bringing them closer to those observed in CM of NPFs. However, no difference in GIF levels was observed in CM of CAFs treated with flecainide compared to untreated CAFs. Additionally, IL-8, which is a well–known promoter of migration and EMT, was found to be increased in CM from CAFs [38]. In contrast, both nifedipine and flecainide completely abrogated IL-8 release from CAFs, resembling the IL-8 levels observed in the CM of NPFs (Fig. 5f). These observations indicate that antiarrhythmics perturb CAF protumor effects by reducing tumor-stroma cross-talk, potentially inhibiting the initial phases of the metastatic process, such as EMT and migration. Another interesting role exerted by CAFs is the promotion of stemness in PCs cells [34]. Thus, we investigated whether the treatment could revert CAF-promoted stemness in DU145 cells. As showed in Fig. 5g, DU145 cells exposed to CM from untreated CAF displayed a slight increase in the expression of both the stemness markers CD44 and CD133 compared to untreated cells. In contrast, CM from NPF reduced the expression of CD144 and CD133, suggesting a possible inhibition of stemness features in DU145 cells exerted by NPF. Interestingly, treatment with antiarrhythmics partially abolished the stemness-promoting effect of CM from CAF, which was particularly evident for CD133. However, this effect was observed for CD44 only when amiodarone was used (CM-CAF-amio).[image: ]
Fig. 5Antiarrhythmics affect PCa cell plasticity by impairing CAF function. a-d Western blotting analysis showing E-cadherin, β-catenin, Vimentin and Snail protein amount in DU145 cells (a-b) and LNCaP cells (c-d) exposed to CM from NPFs or CM from CAFs treated or not to antiarrhythmics. β-tubulin was used as endogenous control. e Representative bright-field microphotographs (left panel) showing migration rate of DU145 cells exposed to CM from NPFs or CM from CAFs treated or not with nifedipine or flecainide. Scale bar, 100 μm. The dotted lines define the areas lacking cells. Bar plots (right panel) showing the wound-healing rate of DU145 cells upon the indicated treatments, as from the scratch assay. Data are reported as wound healing ratio at 24 h compared to 0 h. f Cytokine and chemokine protein array blots (left panel) of CM from CAFs treated or not with nifedipine or flecainide, and CM from NPFs. Bar plot (right panel) depicts the pixel density of each cytokine or chemokine (mean). The signal intensity of each cytokine or chemokine was expressed relative to the mean of the intensity of the corresponding spots from vehicle control sample. g Western blotting and relative quantification showing the expression of stemness markers (CD133 and CD44) in DU145 cells exposed to CM from CAFs treated or not with antiarrhythmics, or CM from NPFs, with respect to untreated cells. β-tubulin was used as endogenous control. Results reported in the figure represent the mean (+ SD) of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.005, Student’s t-test., when calculated against untreated cells



Antiarrhythmics normalize the transcriptome of CAFs
To investigate the perturbation induced by antiarrhythmics at the transcriptome level, gene expression profiling analysis was performed on three independent patient-derived CAF cultures, treated or not treated with nifedipine or flecainide, and matched NPFs as controls. The t-distributed stochastic neighborhood embedding (t-sne) projection of all genes revealed that, even though at moderate physical distance, both nifedipine and flecainide-treated CAFs clustered in between the clearly separated NPFs and CAFs clusters (Fig. 6a). This suggests that antiarrhythmics polarize CAF transcriptome into a more NPF-like one, which is in trend with the previously shown results suggesting that conversion from a tumor supporting to a tumor suppressing phenotype. Gene set enrichment analysis (GSEA) run using Reactome pathways showed commonalities between nifedipine- and flecainide-treated CAFs (Fig. 6b and Additional Fig. 4), especially regarding the down-modulation of gene sets related to extracellular matrix organization, collagen formation, TGF-beta signaling, elastic fiber formation and glucose metabolism (Fig. 6c, Additional Table 1), all processes known to be relevant for CAF activation and function [18]. Among genes up-regulated in antiarrhythmics-treated CAFs enrichment was observed for gene sets related to lipid metabolism, an aspect that might warrant investigation in future studies (Additional Table 2).[image: ]
Fig. 6Antiarrhythmics normalize the transcriptome of CAFs. a Scatter plot of t-SNE components showing similarity of transcriptomes of CAFs, NPFs and antiarrhythmics-treated CAFs. b Venn diagram showing overlap between Reactome gene sets enriched (GSEA, NES < 0, FDR p-val < 0.05) in genes down-regulated in CAFs upon nifedipine and flecainide treatments. c Bar plot showing NES of representative gene sets down-regulated in nifedipine- and flecainide-treated CAFs



Antiarrhythmics impair the capability of CAFs to sustain PCa cell growth in vivo
To evaluate the impact of antiarrhythmics on CAF-PCa cross-talk in vivo, PCa xenograft-bearing mice were treated with intra-tumorally administered CM derived from antiarrhythmic-treated CAFs, CAFs or NPFs as control (Fig. 7a). In accord with the in vitro evidence, CM of nifedipine- or flecainide-treated CAFs significantly attenuated the in vivo growth of PCa tumors compared to CM-CAF, exerting a tumor suppressive effect resembling that of CM of NPF. In addition, CM-CAF-mediated EMT was evaluated in vivo, indicating that tumors exposed to antiarrhythmic-CM CAF showed a higher expression of E-cadherin, similarly to what observed in CM-NPF treated tumors (Fig. 7b). Tumors explanted from mice exposed to CM of treated CAFs were also characterized by the lowest proliferative rate, as indicated by Ki-67 index, with a 20% reduction compared to that of tumors from CM-CAF group (Fig. 7c).[image: ]
Fig. 7Antiarrhythmics impair the capability of CAFs to sustain PCa cell growth in vivo. a DU145 cells were subcutaneously injected into the right flanks of SCID mice. When tumors reached the volume of ~ 100 mm.3, mice were randomized into four groups and were intra-tumorally treated for 5 days per 2 weeks with CM from CAFs treated or not with nifedipine or flecainide, or CM from NPFs (see insert on the right for a schematic representation of the experiment). The graph reports tumor volumes along the experiment. Black rows indicate when treatment was administered. Schematic representation of the experimental workflow (created with Biorender.com) (b) Western blotting showing E-cadherin levels in PCa tumors excised at the end of the treatment with CM from CAFs treated or not with antiarrhythmics, or CM from NPFs. β-tubulin was used as endogenous control. c Representative bright-field microphotographs (upper panel) showing Ki-67 staining in PCa tumors excised at the end of the treatment with CM from CAFs treated or not with antiarrhythmics, or CM from NPFs. Bar plot (lower panel) showing Ki-67 positive cells in PCa tumors upon the relative treatment. Data were reported as percentage of Ki-67 positive cells with respect to total number of cells. Eight fields were evaluated for each condition. d Representative bright-field microphotographs (upper panel) showing CD31 staining in PCa tumors excised at the end of the treatment with CM from CAFs treated or not with antiarrhythmics, or CM from NPFs. Bar plot (lower panel) showing CD31 positive cells in PCa tumors upon the relative treatment. Data were reported as percentage of CD31 positive cells with respect to total number of cells. Eight fields were evaluated for each condition. e DU145 cells were subcutaneously co-injected with CAFs, CAFs pretreated with nifedipine or flecainide, or with NPFs, into the right flanks of SCID mice. The graph report tumor volumes along the experiment. f Timeline indicating tumor take (n. of tumors/n. of co-injected mice) in the different experimental groups, as from the experiment described in panel e. (Created with Biorender.com)


Given the well-established contribution of CAFs to promote tumor angiogenesis [3], we investigated whether CM from treated CAFs was able to impair the endothelial network formation in PCa tumors. As indicated in Fig. 7d, tumors explanted from mice exposed to CM from antiarrhythmic-treated CAFs showed a lower expression of the angiogenesis marker CD31, resembling the anti-angiogenic role exerted by CM of NPF on DU145 cells. Co-injection of DU145 cells with CAFs pretreated with flecainide (DU145 + CAF-fleca) slightly reduced tumor growth compared to DU145 cells injected with untreated CAFs, although not affecting the overall tumor take (Fig. 7e). However, DU145 cells injected with flecainide-treated CAFs required a longer interval of time to develop palpable tumors in all transplanted mice compared to DU145-CAF group (6/6 animals with palpable tumors at day 30 vs 5/5 animals with palpable tumors at day 20) (Fig. 7f). In line with NPF tumor suppressive behavior, co-injection of NPFs with DU145 cells resulted in the highest tumor growth delay and lowest xenograft take (0/6 animals with palpable tumors at day 20 after co-injection).


Discussion
Despite the numerous attempts, cancer-centric therapeutic strategies frequently fail to overcome the malignancy, also due to the presence of a tumor-supportive microenvironment that may promote therapeutic resistance and tumor relapse [8]. Cancer initiation, progression, metastatic dissemination and multi-drug resistance are processes extensively driven by CAF-cancer cell interactions [39]. Considering this crucial role of CAFs in cancer outcome, several preclinical studies have shown that blocking CAF function may be beneficial in different cancer types [8]. However, only a few clinical trials have been conducted so far using agents or strategies specifically designed to target CAFs in cancer patients, showing very limited results. In this regard, sibrotuzumab, a humanized anti-FAP monoclonal antibody was safely administrated in phase I and II clinical trials on advanced tumors with FAP+ stroma, although no objective tumor response was observed [40].
The poor knowledge of the key processes governing CAF biology, together with the complexity in defining univocal markers for this heterogeneous population have impaired the translation of CAF-focused strategies into clinical practice. Therefore, further efforts are needed to fully understand CAF biology and define targetable vulnerabilities. We previously highlighted a possible involvement of cation channels in CAF activation and function, showing that gene sets encoding for calcium, sodium and potassium ion channels were up-modulated in prostate cancer-derived CAFs [18]. Here, these initial findings were confirmed both at the mRNA and protein level in independent sets of prostate CAFs established from PCa surgical samples or in NPFs experimentally activated in vitro, showing also concordance with CAF-expression profiles from publicly available data sets. Moreover, the electrophysiological recordings showed an increased membrane conductance for potassium, sodium, and calcium in activated fibroblasts. The role of cation channels has been widely studied in physiological and pathological processes, including carcinogenesis. Noteworthy, the carcinogenesis process has been recognized as a certain type of “channelopathy”, due to the functional involvement of cation channels in the main distinctive features acquired by cancer cells, including unlimited proliferation, uncontrolled differentiation and apoptosis, increased cellular motility and secretion [41].
Multiple lines of evidence pointed out that ion channels have considerable biological significance in PCa development, progression and response to therapy. For instance, the voltage-gated potassium (Kv) 2.1 was found to be upmodulated in PC3 cells and involved in cell migration. Targeting Kv2.1 with stromatoxin-1 or siRNA-mediated approaches significantly inhibited the migration of PCa cells [42]. Moreover, highly selective voltage-gated sodium channel inhibitors induced the suppression of metastasis from PCa models in vivo [43]. In addition, calcium channels were found overexpressed during androgen deprivation in PCa, suggesting their involvement in the acquisition of neuroendocrine features [44]. In this regard, we have to take into consideration that PCa presentation may include very-low risk and clinically indolent tumors, which never metastasize, or high-risk and aggressive tumors characterized by a high rate of metastatization and poor response to treatments [45, 46]. The biological mechanisms underlying these different clinical behaviors are not fully understood. Interestingly, the comparison between PCa stroma from indolent and aggressive tumors revealed a prominent difference in terms of transcriptional profile. For instance, bone-remodeling and immune-suppressive signatures have been observed in high-risk PCa stroma, but not in the stroma of indolent PCa samples [47]. This piece of evidence, together with the experimental prove of the involvement of CAFs in inducing castration-resistance in PCa, suggested that the existence of aggressive traits within the stroma can promote PCa progression toward a more aggressive phenotype. On the other hand, a less tumor-permissive stroma might eventually repress aggressive features of PCa and promote indolent behaviors.
To the best of our knowledge, only a handful of reports showed the involvement of cation channels in CAF biology [48–50]. In PCa, Vancauwenberghe and colleagues recently described that the alteration of TRPA1-calcium channel in PCa stroma is sufficient to reduce resveratrol-induced apoptosis in PCa cells, highlighting how deregulated ion channels in CAFs can affect PCa response to treatments [51]. Our work illustrates that antiarrhythmics, used as cation channel blocker agents, are able to counteract the activated state of CAFs and potentially restore a tumor-suppressive phenotype. Although at a different extent as a function of the drug and concentration used, antiarrhythmics modulate the expression of CAF markers and hinder the main tumor-promoting features of reactive prostate CAFs, including motility and capability to remodel the ECM, by reducing focal adhesion formation and MMP-2 secretion. More importantly, the use of antiarrhythmics impaired the tumor-supportive role exerted by CAFs on androgen-sensitive and –castration-resistent PCa cells, reducing their ability to foster cancer cell proliferation, plasticity, stemness, and angiogenesis both in vitro and in vivo. Normalizing activated stroma or restoring a quiescent environment has recently emerged as a valid and attractive anti-cancer CAF-centered strategy [8]. In fact, instead of depleting the tumor stroma, which could also affect cellular and structural components exerting tumor suppressive functions, reprogramming the microenvironment towards to a more quiescent phenotype should create a less permissive milieu and reduce cancer growth. In this regard, we acknowledge the existence of controversial data regarding the opportunity to reprogram the tumor microenvironment in order to re-stabilize tumor-inhibiting signals. For instance, in preclinical models of pancreatic ductal adenocarcinoma (PDA), where the role of the abundant fibrotic tumor stroma has been largely investigated, it was shown that depleting CAFs by using monoclonal antibodies against CAF markers, such as FAP or α-SMA, conferred resistance to chemotherapy [52]. Conversely, inducing a transcriptional reprogramming of pancreatic stroma cells through administration of vitamin D receptor ligands was sufficient to re-establish a physiological stroma, thus reducing tumor volume and improving survival in PDA-bearing mice [53]. Similarly, our data indicated that targeting cation channels in prostate CAFs by antiarrhythmics resulted in a reduction of PCa cell growth in mice as a consequence of a transcriptional reprogramming leading to a shift from a tumor-promoting CAF-phenotype to a tumor-suppressive one. Of note, preclinical studies reported that direct exposure to antiarrhythmics is able to reduce PCa cell proliferation in vitro and in vivo [33]. Consistent with this, clinical reports suggest that long-term use of antiarrhythmics may confer a benefit by reducing the risk of developing high-grade PCa [54]. However, while there is currently no evidence indicating a reduction in PCa-specific mortality with the use of antiarrhythmics [55], an intriguing observation comes from recent research by Fairhurst C. and colleagues. Their study revealed a potential link between the treatment with antiarrhythmics against voltage-gated sodium channels and a modest improvement in cancer-specific survival. This association was identified in a retrospective cohort of cancer patients, encompassing individuals with breast, bowel, or prostate cancer [56]. The use of antiarrhythmics in the context of PCa may offer a dual benefit by concurrently targeting the tumor and its stromal counterpart, making them a promising strategy for a comprehensive therapeutic intervention in such disease. Furthermore, exploring a drug repositioning strategy has the advantage of potentially reducing the time and costs associated with developing new compounds.

Conclusions
Here, we speculate on the use of antiarrhythmics as a potential repositioning strategy to normalize PCa stroma through the inhibition of voltage-gated cation channels. Our results show that antiarrhythmics are indeed able to modulate CAF-activated phenotype and impair the CAF-mediated pro-tumor boost on PCa cells both in vitro and in vivo.

Acknowledgements
N.A.

Authors’ contributions
VD, MT, FB and FG performed experiments. MC and MM provided the clinical samples. SP performed the bioinformatics analysis. VD analyzed data. VD and PG designed the research. VD, PG and NZ wrote the manuscript. PG and NZ provided critical advice for the study and manuscript. NZ acquired the funds. All authors reviewed the manuscript.

Funding
This research was supported by Italian Association for Cancer Research (AIRC) grant: Special Program “Innovative Tools for Cancer Risk Assessment and Early Diagnosis”, 5 × 1000, (ED12162 to N.Z.) and by I. Monzino Foundation (to N.Z.).

Availability of data and materials
All data generated or analyzed during this study are included in this published article (and its Additional files) and available from the corresponding author on reasonable request.

Declarations
Ethics approval and consent to participate
For human specimens, the study protocol (INT n. 154/16) was approved by the Ethics Committee of IRCCS Istituto Nazionale dei Tumori of Milano in accordance with the declaration of Helsinki. Informed consents were obtained from patients before starting the study. Animal studies were performed in accordance with guidelines of animal care protocols approved by Ethics Committee for animal experimentation of IRCCS Istituto Nazionale dei Tumori of Milano and Italian Ministry of Health (approval code n. 350/2017-PR).

Consent for publication
All authors have read the manuscript and provided their consent for the submission.

Competing interests
The authors declare no competing interests.


References
	1.
Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell. 2011;144:646–74.PubMed


	2.
Hanahan D, Coussens LM. Accessories to the crime: functions of cells recruited to the tumor microenvironment. Cancer Cell. 2012;21(3):309–22.PubMed


	3.
Sahai E, Astsaturov I, Cukierman E, DeNardo DG, Egeblad M, Evans RM, et al. A framework for advancing our understanding of cancer-associated fibroblasts. Nat Rev Cancer. 2020;20(3):174–86. https://​doi.​org/​10.​1038/​s41568-019-0238-1. [cited 2023 May 9].CrossrefPubMedPubMedCentral


	4.
Gandellini P, Andriani F, Merlino G, D’Aiuto F, Roz L, Callari M. Complexity in the tumour microenvironment: cancer associated fibroblast gene expression patterns identify both common and unique features of tumour-stroma crosstalk across cancer types. Semin Cancer Biol. 2015;35:96–106.PubMed


	5.
Simon T, Salhia B. Cancer-associated fibroblast subpopulations with diverse and dynamic roles in the tumor microenvironment. Mol Cancer Res. 2022;20(2):183–92. Available from: http://​aacrjournals.​org/​mcr/​article-pdf/​20/​2/​183/​3032204/​183.​pdf. [cited 2023 May 18].PubMedPubMedCentral


	6.
Bonollo F, Thalmann GN, De JMK, Karkampouna S. The role of cancer-associated fibroblasts in prostate cancer tumorigenesis. Cancers (Basel). 2020;12(7):1–28. Available from: https://​pubmed.​ncbi.​nlm.​nih.​gov/​32668821/​. [cited 2023 May 9].


	7.
Chen Y, McAndrews KM, Kalluri R. Clinical and therapeutic relevance of cancer-associated fibroblasts. Nat Rev Clin Oncol. 2021;18(12):792–804. Available from: https://​pubmed.​ncbi.​nlm.​nih.​gov/​34489603/​. [cited 2023 Nov 23].PubMedPubMedCentral


	8.
Chen X, Song E. Turning foes to friends: targeting cancer-associated fibroblasts. Nat Rev Drug Discov. 2019;18(2):99–115. Available from: https://​www.​nature.​com/​articles/​s41573-018-0004-1. [cited 2023 May 18].PubMed


	9.
Vickman RE, Broman MM, Lanman NA, Franco OE, Sudyanti PAG, Ni Y, et al. Heterogeneity of human prostate carcinoma-associated fibroblasts implicates a role for subpopulations in myeloid cell recruitment. Prostate. 2020;80(2):173–85. Available from: https://​pubmed.​ncbi.​nlm.​nih.​gov/​31763714/​. [cited 2023 May 9].PubMed


	10.
Gandellini P, Giannoni E, Casamichele A, Taddei ML, Callari M, Piovan C, et al. MiR-205 hinders the malignant interplay between prostate cancer cells and associated fibroblasts. Antioxidants Redox Signal. 2014;20:1045–59.


	11.
Doldi V, Lecchi M, Ljevar S, Colecchia M, Campi E, Centonze G, et al. Potential of the stromal matricellular protein periostin as a biomarker to improve risk assessment in prostate cancer. Int J Mol Sci. 2022;23(14):7987.PubMedPubMedCentral


	12.
Fiaschi T, Marini A, Giannoni E, Taddei ML, Gandellini P, De Donatis A, et al. Reciprocal metabolic reprogramming through lactate shuttle coordinately influences tumor-stroma interplay. Cancer Res. 2012;72(19):5130–40.PubMed


	13.
Olumi AF, Grossfeld GD, Hayward SW, Carroll PR, Tlsty TD, Cunha GR. Carcinoma-associated fibroblasts direct tumor progression of initiated human prostatic epithelium. Cancer Res. 1999;59(19):5002–11.PubMed


	14.
Thalmann GN, Rhee H, Sikes RA, Pathak S, Multani A, Zhau HE, et al. Human prostate fibroblasts induce growth and confer castration resistance and metastatic potential in LNCaP Cells. Eur Urol. 2010;58(1):162–72. Available from: https://​pubmed.​ncbi.​nlm.​nih.​gov/​19747763/​. [cited 2023 May 9].PubMed


	15.
Hayward SW, Hom YK, Grossfeld GD, Cunha GR, Wang Y, Cao M, et al. Malignant transformation in a nontumorigenic human prostatic epithelial cell line. Cancer Res. 2001;61(22):8135–42. Available from: https://​pubmed.​ncbi.​nlm.​nih.​gov/​11719442/​. [cited 2023 May 9].PubMed


	16.
Klionsky DJ, Abdalla FC, Abeliovich H, Abraham RT, Acevedo-Arozena A, Adeli K, et al. Guidelines for the use and interpretation of assays for monitoring autophagy. Autophagy. 2012;8:445–544.PubMedPubMedCentral


	17.
Chung LWK, Hsieh JT, Gao C, von Eschenbach AC, Chung LWK. Acceleration of human prostate cancer growth in Vivoby factors produced by prostate and bone fibroblasts. Cancer Res. 1991;51(14):3753–61.PubMed


	18.
Doldi V, Callari M, Giannoni E, D’Aiuto F, Maffezzini M, Valdagni R, et al. Integrated gene and miRNA expression analysis of prostate cancer associated fibroblasts supports a prominent role for interleukin-6 in fibroblast activation. Oncotarget. 2015;6(31):31441–60. Available from: http://​www.​oncotarget.​com/​fulltext/​5056.PubMedPubMedCentral


	19.
Berglund E, Maaskola J, Schultz N, Friedrich S, Marklund M, Bergenstråhle J, et al. Spatial maps of prostate cancer transcriptomes reveal an unexplored landscape of heterogeneity. Nat Commun. 2018;9(1):2419.


	20.
Turner KL, Sontheimer H. Cl- and K+ channels and their role in primary brain tumour biology. Philos Trans R Soc Lond B Biol Sci. 2014;369(1638):20130095. 


	21.
Lang F, Hoffmann EK. Role of ion transport in control of apoptotic cell death. Compr Physiol. 2012;2(3):2037–61. Available from: https://​pubmed.​ncbi.​nlm.​nih.​gov/​23723032/​. [cited 2023 May 18].PubMed


	22.
Becchetti A. Ion channels and transporters in cancer. 1. Ion channels and cell proliferation in cancer. Am J Physiol Cell Physiol. 2011;301(2):C255–65.


	23.
Brandalise F, Gerber U, Rossi P. Golgi cell-mediated activation of postsynaptic GABA(B) receptors induces disinhibition of the Golgi cell-granule cell synapse in rat cerebellum. PLoS One. 2012;7(8):e43417.


	24.
Brandalise F, Ramieri M, Pastorelli E, Priori EC, Ratto D, Venuti MT, Roda E, Talpo F, Rossi P. Role of Na+/Ca2+ Exchanger (NCX) in Glioblastoma Cell Migration (In Vitro). Int J Mol Sci. 2023;24(16):12673.


	25.
Carvalho BS, Irizarry RA. A framework for oligonucleotide microarray preprocessing. Bioinformatics. 2010;26(19):2363–7 Available from: http://​www.​bioconductor.​org. [cited 2023 Dec 28].PubMedPubMedCentral


	26.
Leek JT, Johnson WE, Parker HS, Fertig EJ, Jaffe AE, Zhang Y, et al. Package “sva” Title surrogate variable analysis. R Packag version 3200. 2022. p. 1–13. Available from: https://​git.​bioconductor.​org/​packages/​sva.


	27.
Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, et al. Limma powers differential expression analyses for RNA-sequencing and microarray studies. Nucleic Acids Res. 2015;43(7):e47.PubMedPubMedCentral


	28.
Bhuva D, Smyth G, Garnham A. msigdb: An ExperimentHub Package for the Molecular Signatures Database (MSigDB). R package version 1.4.0. 2022. Available from: https://​davislaboratory.​github.​io/​msigdb. [cited 2023 Dec 28].


	29.
Korotkevich G, Sukhov V, Budin N, Atryomov MN, Sergushichev A. Fast gene set enrichment analysis. bioRxiv. bioRxiv. 2021;1–29. https://​doi.​org/​10.​1101/​060012. [cited 2023 Dec 28].


	30.
Edgar R, Domrachev M, Lash AE. Gene Expression Omnibus: NCBI gene expression and hybridization array data repository. Nucleic Acids Res. 2002;30(1):207–10. Available from: https://​pubmed.​ncbi.​nlm.​nih.​gov/​11752295/​. [cited 2023 Dec 28].PubMedPubMedCentral


	31.
Zhao Y, Huang Y, Li W, Wang Z, Zhan S, Zhou M, et al. Post-transcriptional regulation of cardiac sodium channel gene SCN5A expression and function by miR-192–5p. Biochim Biophys Acta - Mol Basis Dis. 2015;1852(10):2024–34. Available from: https://​pubmed.​ncbi.​nlm.​nih.​gov/​26209011/​. [cited 2024 May 13].


	32.
Huang J, Zamponi GW. Regulation of voltage gated calcium channels by GPCRs and post-translational modification. Curr Opin Pharmacol. 2017;32:1–8. Available from: https://​pubmed.​ncbi.​nlm.​nih.​gov/​27768908/​. [cited 2024 May 13].PubMed


	33.
Kalluri R, Zeisberg M. Fibroblasts in cancer. Nat Rev Cancer. 2006;6:392–401.PubMed


	34.
Giannoni E, Bianchini F, Masieri L, Serni S, Torre E, Calorini L, et al. Reciprocal activation of prostate cancer cells and cancer-associated fibroblasts stimulates epithelial-mesenchymal transition and cancer stemness. Cancer Res. 2010;70(17):6945–56.PubMed


	35.
Olumi A, Grossfeld G, Hayward S, Carroll P, Cunha G, Hein P, et al. Carcinoma-associated fibroblasts stimulate tumor progression of initiated human epithelium. Breast Cancer Res. 2000;2(S1):1.


	36.
Giannoni E, Bianchini F, Calorini L, Chiarugi P. Cancer associated fibroblasts exploit reactive oxygen species through a proinflammatory signature leading to epithelial mesenchymal transition and stemness. Antioxidants Redox Signal. 2011;14(12):2361–71.


	37.
Paland N, Kamer I, Kogan-Sakin I, Madar S, Goldfinger N, Rotter V. Differential influence of normal and cancer-associated fibroblasts on the growth of human epithelial cells in an in vitro cocultivation model of prostate cancer. Mol Cancer Res. 2009;7(8):1212–23. Available from: /mcr/article/7/8/1212/90588/Differential-Influence-of-Normal-and-Cancer. [cited 2024 May 10].PubMed


	38.
Wen J, Zhao Z, Huang L, Wang L, Miao Y, Wu J. IL-8 promotes cell migration through regulating EMT by activating the Wnt/β-catenin pathway in ovarian cancer. J Cell Mol Med. 2020;24(2):1588–98.PubMed


	39.
Kalluri R. The biology and function of fibroblasts in cancer. Nat Rev Cancer. 2016;16:582–98.PubMed


	40.
Hofheinz RD, Al-Batran SE, Hartmann F, Hartung G, Jäger D, Renner C, et al. Stromal antigen targeting by a humanised monoclonal antibody: an early phase II trial of sibrotuzumab in patients with metastatic colorectal cancer. Onkologie. 2003;26(1):44–8. Available from: https://​pubmed.​ncbi.​nlm.​nih.​gov/​12624517/​. [cited 2023 Nov 23].PubMed


	41.
Prevarskaya N, Skryma R, Bidaux G, Flourakis M, Shuba Y. Ion channels in death and differentiation of prostate cancer cells. Cell Death Differ. 2007;14:1295–304.PubMed


	42.
Park HW, Song MS, Sim HJ, Ryu PD, Lee SY. The role of the voltage-gated potassium channel, Kv2.1 in prostate cancer cell migration. BMB Rep. 2021;54(2):130–5. Available from: /pmc/articles/PMC7907745/. [cited 2023 Dec 12].PubMedPubMedCentral


	43.
Djamgoz MBA, Fraser SP, Brackenbury WJ. In vivo evidence for voltage-gated sodium channel expression in carcinomas and potentiation of metastasis. Cancers (Basel). 2019;11(11). Available from: www.​mdpi.​com/​journal/​cancers. [cited 2023 Dec 12].


	44.
McKerr N, Mohd-Sarip A, Dorrian H, Breen CA, James J, McQuaid S, et al. CACNA1D overexpression and voltage-gated calcium channels in prostate cancer during androgen deprivation. Sci Rep. 2023;13(1):4683. Available from: https://​pubmed.​ncbi.​nlm.​nih.​gov/​36949059/​. [cited 2023 May 18].PubMedPubMedCentral


	45.
Rebello RJ, Oing C, Knudsen K, Loeb S, Johnson DC, Reiter RE, et al. Prostate cancer. Nat Rev Dis Prim. 2021;7(1):8. https://​doi.​org/​10.​1038/​s41572-020-00243-0. [cited 2023 Dec 12].Crossref


	46.
Mottet N, van den Bergh RCN, Briers E, Van den Broeck T, Cumberbatch MG, De Santis M, et al. EAU-EANM-ESTRO-ESUR-SIOG Guidelines on Prostate Cancer—2020 Update. Part 1: screening, diagnosis, and local treatment with curative intent. Eur Urol. 2021;79(2):243–62. Available from: https://​pubmed.​ncbi.​nlm.​nih.​gov/​33172724/​. [cited 2023 Dec 12].PubMed


	47.
Tyekucheva S, Bowden M, Bango C, Giunchi F, Huang Y, Zhou C, et al. Stromal and epithelial transcriptional map of initiation progression and metastatic potential of human prostate cancer. Nat Commun. 2017;8(1):420.PubMedPubMedCentral


	48.
Prevarskaya N, Skryma R, Shuba Y. Ion channels and the hallmarks of cancer. Trends Mol Med. 2010;16:107–21.PubMed


	49.
Auwercx J, Kischel P, Lefebvre T, Jonckheere N, Vanlaeys A, Guénin S, Radoslavova S, Van Seuningen I, Ouadid-Ahidouch H, Kocher HM, Dhennin-Duthille I, Gautier M. TRPM7 Modulates Human Pancreatic Stellate Cell Activation. Cells. 2022;11(14):2255. 


	50.
Storck H, Hild B, Schimmelpfennig S, Sargin S, Nielsen N, Zaccagnino A, et al. Ion channels in control of pancreatic stellate cell migration. Oncotarget. 2017;8(1):769–84. Available from: https://​pubmed.​ncbi.​nlm.​nih.​gov/​27903970/​. [cited 2023 Nov 23].PubMed


	51.
Vancauwenberghe E, Noyer L, Derouiche S, Lemonnier L, Gosset P, Sadofsky LR, et al. Activation of mutated TRPA1 ion channel by resveratrol in human prostate cancer associated fibroblasts (CAF). Mol Carcinog. 2017;56(8):1851–67.PubMed


	52.
Özdemir BC, Pentcheva-Hoang T, Carstens JL, Zheng X, Wu CC, Simpson TR, et al. Depletion of carcinoma-associated fibroblasts and fibrosis induces immunosuppression and accelerates pancreas cancer with reduced survival. Cancer Cell. 2014;25(6):719–34.PubMedPubMedCentral


	53.
Sherman MH, Yu RT, Engle DD, Ding N, Atkins AR, Tiriac H, et al. Vitamin D receptor-mediated stromal reprogramming suppresses pancreatitis and enhances pancreatic cancer therapy. Cell. 2014;159(1):80–93.PubMedPubMedCentral


	54.
Karasneh RA, Murray LJ, Hughes CM, Cardwell CR. Digoxin use after diagnosis of prostate cancer and survival: a population-based cohort study. Pharmacoepidemiol Drug Saf. 2016;25(9):1099–103.PubMed


	55.
Kaapu KJ, Murtola TJ, Määttänen L, Talala K, Taari K, Tammela TLJ, et al. Prostate cancer risk among users of digoxin and other antiarrhythmic drugs in the Finnish Prostate Cancer Screening Trial. Cancer Causes Control. 2016;27(2):157–64.PubMed


	56.
Fairhurst C, Martin F, Watt I, Bland M, Doran T, Brackenbury WJ. Sodium channel-inhibiting drugs and cancer-specific survival: a population-based study of electronic primary care data. BMJ Open. 2023;13(2):64376. https://​doi.​org/​10.​1136/​bmjopen-2022-064376. [cited 2023 Dec 13].Crossref




Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/navigation.xhtml

    
      Contents


      
        		Repositioning of antiarrhythmics for prostate cancer treatment: a novel strategy to reprogram cancer-associated fibroblasts towards a tumor-suppressive phenotype


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/images/13046_2024_3081_Fig3_HTML.png
5uM

2.5 M

120- (R

1uM

kDa

« Coltla1

- [T S+ o-SMA

130 -

130-

<+ B-tubulin

1.0, Coltat
] o-SMA

51

F 06\«\\

o, Oy
- oy, ¥
«\@..ow.\\e

E o
K - oo@ &
8% 25, 2o,

| L 28, .&\0
S ) 3 5 06@
] 2 2 3 »
ungni-guejosd
)

@«W\oo

%y ¥
KA

Yy,

%,
&g %, &
8% 2 o,

] \%0 .m«\w

b 2 2 3 S %,
upnqry-gpuisiosd %

=
¥ =]
< xS
g
S
[
>
2
K2
8.7
o
e
0, %
&, %
«\0\&%
05 80,
9, 0,
78, ,
ad & ! oéom,
2 £ & %

paejeanun Jlwedelan
o
@
i
£
[
(¢}
@
=
2
“T- -3
o
— @
‘c
—z
[
3
I
3
[0
c
S
(0]
o
i— L
€
- ﬂ ©
gL z
[
oo m
c
=]

2

) < <

- o =) =)
£ [onel] Buieay punom

Na* blocker

Ca?* blockers

K* blocker

NPF

CAF

Jow

<«pro-MMP2
<«active-MMP2
<pro-MMP2

kDa

] cells

,lﬂo_ﬁ__

e

L] <
o o
Buyjepowas WO

<
=]

NPF

nifidipine

Ca2* blockers

Na* blocker

K* blocker





OEBPS/images/13046_2024_3081_Fig6_HTML.png
t-SNE 2 |a.u.]

200+

1004

-100]

-200]

200-

Down-regulated
v reactome pathways

CAF-nife vs CAF CAF-fleca vs CAF

42 64
(32.8%)] (50%)

=300

-100

® NPF

-50 0 50 100
t-SNE 1 [a.u]

A CAF-nife B CAF-fleca V CAF

Common stroma related
down-regulated pathways

EXTRACELLULAR MATRIX ORGANIZATION

NON INTEGRIN MEMBRANE ECM INTERACTIONS

COLLAGEN FORMATION

ELASTIC FIBRE FORMATION

RHO GTPASES ACTIVATE FORMINS

GLUCOSE METABOLISM

TGF BETA RECEPTOR SIGNALING IN EMT EPITHELIAL TO MESENCHYMAL TRANSITION
GLYCOLYSIS

SIGNALING BY TGFB FAMILY MEMBERS

SIGNALING BY TGF BETA RECEPTOR COMPLEX

-2.5

2.0 -1.5

I nifedipine

-1.0 -0.5 0.0
NES
I flecanide





OEBPS/images/13046_2024_3081_Fig7_HTML.png
800+

& DU145+CM CAF
£ -~ DU145+CM CAF-nife
E. 600{ + DU145+CM CAF-fleca T
® -~ DU145+CM NPF 1
£
S 400 I .
g *%k
S 2001 7
£
>
SN - .
0 6 9 13 17 20 24
days after cell injection
¢ ___Ki6stinng
2 35
830 T
225
'g 20
Q 15
E 10 >k % **
¥ 5
X 0 =
5 & & &
KX K
3
cM
620007 - DU145+CAF

-+ DU145+NPF
|-~ DU145+CAF-fleca I

PN

0

10
Days after injection

d

% CD31 positive cells

b kDa
100-

antiarhythmics

DUY4sS
cells

7 13 days

serum-free

[%= % 55 &8 @ | E-cadherir

|.. B-tubulin

45
40
35 —‘V
30
25
5
*kk
FEE dkk
0
KX
& &L &
F K
CM
CO-IanCtIDn 1|0 2|0 3‘0 4]0
days after co-injection
DU145+NPF
v v v v
0/6 0/6 3/6 4/6
DU145+9AF
v v v v
4/5 515 515 515
DU145+9AF-ﬂeca
v v v v
316 3/6 6/6 6/6





OEBPS/images/13046_2024_3081_Fig1_HTML.png
: Lt e = 8 CAF#1
7 - 1.1 S = CAF#2
1 o L L6l & W CAF#3

0 &
W orr——TTTTT z
Zz e
1 l &
2
2 14
query gene set % 2
£ 4
= 4
2 ©
x .
" CACNATH CACNBT CACNB3 SCN2A SCN1B__ KCNS3
0 Ca?* channels Na* channels K* channel
2 c #1 #
«Da NPF CAF NPF CAF
<« Cav3.2
SEEESTLEEC L L <«Nav1.2
ES3333333
g EGEEE [ - ko
19 . y
g ddddag <« I« -2t
4 ZzZ Z2 Z Z Z
: £22%¢2
'g E555% ds NPF#1+CM DU145
g 292228 c_ | « I NPFA21CMDUI4S
5] 8035553 S 54 M WPMY-1+CM DU145 e
OZOEZAH®ao
%“%59328 g3 : WPMY-1
Sgdazgeg@ g3 kba - + CMDU145
oo EScpg i) 130-[ ===l Col1a1
EoEZR ok a=p) —

O = -
é%gmgﬁég §8 97 | s s[4~ FAP
gEgzysggz 2 =T s
Z2acha>uwg )
2 g 2 § £823 51 - — B-tubulir

o g3
202989 3o «-SMA FAP COL1A1
%00 28
8 0 9
I 9] ] f
3 NPF#1  NPF#1+CM DU145 NPF#1  NPF#1+CM DU145
z g
2 5
KA 8
9 s,
" NPF#1+CM DU145
4 -~ m NPF#2+CM DU145
* o | WPMY-1+CM DU145
h
3] { - NPE - WPMY-t
o KkDa _ - -+ CMDU145

. we = T - v 2
7 . zo T o[ S -Navi2
] [ - heRt.3

56 ‘ «CaB1

e i

Relative expression
to control [-AACH]
@

-CACNA1HCACNB1 CACNB3 SCN1B_ SCN2A  KCNS3 KCNH2

2+ f +
Ca<* channels Na* channels K* channels






OEBPS/css/envelope.png





OEBPS/images/13046_2024_3081_Fig4_HTML.png
2.5+ CM CAF
antiarrhythmics - DU145
z Serum-free —~ .
f Iy =+ CM CAF-amio
) iy ™ conditioned Q 201 = CMCAF-wera
‘ ’é 24h = 24h U medium X == CM CAF-nife
> T 1.5{ = CMCAF-fleca
CAFs CAFs : 24 h -8 —— CMNPF
v 48 h [ 10
. 24h 72h S Y
) { ) » Cell
( o ) ! % “counting i
PCa cell 3 051
seeding PCa cells o
0.0 T T "
0 24 48

o

Cell number ( x10%)

1.59 CM CAF

LNCaP boax
CM CAF-amio
CM CAF-vera
CM CAF-nife
CM CAF-fleca
CM NPF

dedek

FHEiid

0.54

0 24 48 72
Time after treatment [hours]

Time after treatment [hours]

o

40

Cell population [%]

100
80 l I I I
60

G1
s
H G2/M





OEBPS/images/13046_2024_3081_Fig5_HTML.png
. DU145 DU145
kDa
‘70:- == ww e o= mm| < Boatenin | ppipnegiar O [ B N | «Vimentin Mesenchyma
-[—— ~~ = |<E-cadherin | markers 30 - . - <+ Snalil markers
51 - [ —— — w— — - < (.t1bulin 51— — ———— .T“B-tubulin
O@b é{( ov‘g f\o :\0@; ,é@ @? fb@b é{< 0‘,{( q§°\° ; L :\.\{@ &
XK XSS
S & \&0 KNRS $ [Caks) \&0 &
ST o & ST
c d
- LNCaP o LNCaP
a
1oo. [ 000 0 o W O | - pcatenin | Epitheliel 7 -[ ] +vimentin
7o [ ] £ cadhorn | mariers 50 - [ ] « s | Hevene™™
51 [ e o e e e | < B-tubulin 51 - [ S - W W < p.-tubulin
SE KO LE P PE K O PP
\s,,;:} N \30‘? &P < o8 & S \&o‘? EEa
FSo 0{&0‘{&0 & SSo o‘ixp‘”éov &
ST Pl
e
DU145 + CM ;
CAF NPF CAF-nife  CAF-fleca g"
S 0.
0h go. o T
©
2o
ko] *k
24h S o.
E
0.0°CAF — NPF CAF-nife CAF-fleca
DU145 + CM
£ CM-NPF CM-CAF g
-7 I e T DU145
3 4 A ' s kba -
i ot oo - I N | + CD133
CM-CAF- Nife CM-CAF- Fleca 75'| .. ---'| «CD44
oo - .- !
e S 51| e s s e e e s | +-Btubuiin
(oo oe » | |e® e 20
01 cD133
1:CCL2 2:CXCL12 3:GIF 4Semin-E1 5:CXCL1 6ilL8 W CD44
15
50001 CM CAF Il CM CAF-fleca £ -
> B CMNPF BN CM CAF-nife 3
@ 4000 £1.0
o 3
Q 3000- g
g 05
& 2000-
G
1000+
5] 0.0
=
0- &
& N $
N +
) ¢

=3





OEBPS/css/sidebar.gif





OEBPS/images/13046_2024_3081_Fig2_HTML.png
a b

control 200pA | activated —activated oy | %
p — activated i 800
‘ 10 ms flecainide & wo
K’ steady o B DA
729 N
1100 pA .
A & &
~1 & e
& {:f
— activated o B
¥ Inward — activated 3™
nifedipine £ wo
+140 mV K’ inactivated . - %
» V‘@o'; SN
[}
5ms °° 5
60 mV & o
&
¢ K’ steady Inward K" inactivated . ‘EE o f,tefdgomro,
- - «d ® activated ,
. -
= .
,g 2 iet
: § ~ s A m® ’ .
8 E 100 -50 MJ 50 100 150
3 holding potential (mV)
— Inward
T ;a i i 3
S 2 ] :
© = { '
Ia 'g
— ] <104
(&) = » activated
w BT % & &= &
3 holding potential (mV)





