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1. Summary 
 

The ultimate goal of radiation therapy is to reduce or eliminate tumor burden 

while sparing normal tissues from long-term injury. However, tumor resistance 

becomes increasingly aware. In addition, local recurrence of primary tumors and 

distant metastasis are the leading causes of death in many cancer patients. Herein the 

high intrinsic sensitivity of normal tissues to ionizing radiation often precludes the 

application of curative radiation doses. Therefore, further research effort is needed to 

understand the complex interactions of tumors within their microenvironment and their 

surrounding (normal) tissue. This is prerequisite for the development of strategies that 

could either result in normal tissue protection or tumor sensitization to radiation 

therapy.  

Concerning normal tissue protection, the vascular compartment gained 

attraction, because the endothelial cells were known to be critical determinants of the 

radiation response and in particular of radiation toxicity in healthy tissues. Own work 

of the laboratory could show that radiation-induced vascular damage and dysfunction 

in normal lung tissue supports extravasation of pre-metastatic immune cells and of 

circulating tumor cells into previously irradiated lung. The pro-invasive cellular activities 

were accompanied by radiation-induced senescence of bronchial-alveolar epithelial 

cells and up-regulation of the senescence-associated secretory phenotype (SASP) 

factor chemokine C-C motif ligand 2 (CCL2), also known as monocyte chemoattractant 

protein-1 (MCP-1). 

In the first work/manuscript, it was hypothesized that this factor with angiogenic 

activities leads to the stimulation of the hitherto quiescent endothelial cells of the 

normal tissue upon radiation, which then results in vascular dysfunction (acute effect) 

and severe endothelial cell loss (late complication). Here, it could be shown that 

inhibition of CCL2 secreted by irradiated and senescent epithelial cells leads to 

protection of the vascular components in normal tissue. In more detail, deficiency of 

the corresponding CCL2 receptor CCR2 or specific inhibition of CCL2 with the inhibitor 

Bindarit significantly rescued the radiation-induced vascular impairments and 

subsequent endothelial cell loss. By limiting the radiation-induced endothelial barrier 

dysfunction, extravasation of circulating immune and tumor cells was significantly 

reduced and thus inflammation and metastasis were limited. In addition, radiation-

induced fibrosis progression was reduced by CCL2 signaling inhibition. Thus, CCL2 
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signaling inhibition that countered acute and chronic effects of normal tissue toxicity 

upon radiation treatment is a promising radioprotective strategy. 

The vascular compartment is also of potential interest concerning tumor 

sensitization to radiation therapy. Previous work of the lab revealed that a 

downregulation of the membrane protein caveolin-1 (CAV1) in endothelial cells 

resulted in a more activated, angiogenic phenotype which was associated with an 

increased sensitivity to radiation treatment. In general, CAV1 emerged as a potential 

biomarker of tumor progression and resistance in numerous solid human tumors and 

could thus serve as a potential target for sensitizing malignant cells to therapy. 

Especially, alterations of CAV1 expression in tumor cells and the corresponding 

microenvironment were shown to be linked to tumor progression and resistance e.g. 

in prostate cancer. 

In the second and third work, it was investigated how a differential CAV1 

expression in tumor and stromal cells affected the radiation response of tumors, with 

a focus on prostate cancer. Whereas a downregulation of CAV1 in radio-resistant 

CAV1-expressing endothelial and prostate cancer cells resulted in radio-sensitization, 

CAV1-deficiency in stromal fibroblasts resulted in a more activated, radio-resistant 

fibroblast phenotype. In particular, CAV1-deficient fibroblasts mediated therapy 

resistance of prostate cancer xenografts by protecting tumor cells from apoptosis 

induction. The apoptosis inhibiting protein TP53-regulated inhibitor of apoptosis 1 

(TRIAP1), known as p53-inducible cell-survival factor, was identified as a CAV1-

dependent secreted factor of activated fibroblast contributing to elevated tumor growth 

and radiation therapy resistance in vitro and vivo. Moreover, staining of human prostate 

cancer tissue revealed an increase in TRIAP1 expression in advanced tumor samples. 

Conclusively, blocking TRIAP1 activity and avoiding drug resistance may offer a 

promising drug development strategy to inhibit resistance-promoting CAV1-dependent 

signals.  

In the fourth work, the influence of CAV1 in the radiation response of endothelial 

cells as well as tumor cells was linked to the ASMase/ceramide pathway. 

Mechanistically, a reduced CAV1 content of angiogenic and thus more radio-sensitive 

endothelial cells was linked to increased ceramide levels, in particular to the apoptosis-

prone C16 ceramide, resulting from an increased ASMase activity in CAV1-deficient 

endothelial cells and increased levels of ceramide synthases that were responsible for 

the generation of C16. The more radio-resistant prostate cancer cells, which were 
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characterized by a CAV1 upregulation bear more long chain ceramides (C24, C24:1), 

which were shown to scavenge the apoptosis-inducing effects of C16 ceramide. 

Taken together, the present thesis was able to contribute to a better 

understanding how the tumor-surrounding normal tissue reacts to radiation therapy, 

and thus provides the basis for the development of radio-protective strategies. 

Furthermore, mechanistic insights in the stromal-epithelial crosstalk were achieved 

and molecular targets to possibly improve the outcome of radiotherapy were identified. 
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2. Zusammenfassung 
 

Das Ziel der Bestrahlungstherapie ist die Reduzierung oder Eliminierung von 

Tumoren, wobei das Normalgewebe möglichst von Langzeitschäden verschont 

bleiben soll. Tumor Resistenzen werden jedoch immer häufiger, wobei das 

Wiederauftreten der Tumore und Metastasten die primäre Todesursache von vielen 

Krebspatienten ist. Dabei verhindert die hohe intrinsische Sensitivität des 

Normalgewebes oft die Gabe von einer kurativen Bestrahlungsdosis. Um die 

komplexen Interaktionen des Tumors innerhalb seiner Mikroumgebung und mit dem 

umgebenden (normalem) Gewebe zu verstehen, muss die Forschung in diesem 

Bereich intensiviert werden. Dies ist Voraussetzung für die Entwicklung von Strategien, 

die in Normalgewebsprotektion oder in Tumorsensibilisierung bei Strahlentherapien 

resultieren. 

 Im Hinblick auf die Normalgewebsprotektion ist das vaskuläre System in den 

Fokus getreten, da Endothelzellen als der bestimmende Faktor der Strahlenantwort, 

speziell von Strahlungstoxizität im gesunden Gewebe, bekannt sind. Vorherige 

Arbeiten in unserem Labor haben gezeigt, dass strahlen-induzierte vaskuläre Schäden 

und Dysfunktionen im Lungengewebe den Ausbruch von pro-metastasierenden 

Immunzellen und zirkulierenden Tumorzellen in zuvor bestrahlten Lungen fördern. Die 

pro-invasiven zellulären Aktivitäten gehen mit strahlen-induzierter Seneszenz der 

bronchial-alveolaren Epithelzellen und einer Hochregulierung von dem Seneszenz-

assoziierten sekretorischen Phänotyp (SASP) Faktor Chemokin C-C Motiv Ligand 2 

(CCL2), auch bekannt als Monocyte chemoattractant Protein-1 (MCP-1) einher. 

 Die Hypothese in der ersten Publikation beruht darauf, dass dieser Faktor mit 

angiogenen Aktivitäten zu der Stimulation durch Strahlung von bisher ruhenden 

Endothelzellen im Normalgewebe führt, woraus vaskuläre Dysfunktionen (akuter 

Effekt) und eine schwerwiegende Verminderung von Endothelzellen (späte 

Komplikation) hervorgehen. Es wurde gezeigt, dass die Inhibition von CCL2, das von 

bestrahlten und senszenten Epithelzellen sekretiert wird, zu einer Protektion des 

vaskulären Systems im Normalgewebe führt. Es wird somit, durch das Fehlen des 

korrespondierenden CCL2 Rezeptors CCR2 oder die spezifische Inhibition von CCL2 

mit dem Inhibitor Bindarit, die strahlen-induzierte vaskuläre Schädigung und folglich 

der Verlust von Endothelzellen kompensiert. Durch die Limitierung der strahlen-

induzierten Dysfunktion der endothelialen Blockade, wurde der Ausbruch 



 
 10 

zirkulierender Immun- und Tumorzellen signifikant reduziert und dadurch die 

Inflammation und Metastasen Bildung verringert. Außerdem wurde die strahlen-

induzierte Fibrose-Entwicklung durch CCL2-Inhibierung verringert. Die CCL2-Signal 

Inhibition, die den akuten und chronischen Effekten der Normalgewebstoxizität nach 

Strahlentherapie entgegenwirkt, ist somit eine potentielle strahlen-protektierende 

Strategie. 

 Das vaskuläre System ist bei der Tumor Sensibilisierung mit Hilfe der 

Strahlentherapie ebenfalls von potentiellem Interesse. Vorherige Arbeiten im Labor 

zeigten, dass eine Herunterregulierung des Membranproteins Caveolin-1 (CAV1) in 

Endothelzellen zu einem vermehrt aktivierten, angiogenem Phänotyp führt, was mit 

einer erhöhten Sensitivität auf die Strahlentherapie einhergeht. Generell zeigte sich, 

dass CAV1 in vielen soliden humanen Tumoren als ein potentieller Biomarker für 

Tumor Progression und Resistenz genutzt werde kann. Damit besitzt CAV1 das 

Potenzial für die Sensibilisierung von malignen Zellen in Therapien. Speziell die 

Veränderungen der CAV1 Expression in Tumorzellen und dem dazugehörigen Umfeld 

konnten z.B. im Prostatakarzinom, mit Tumor Progression und Resistenzen in 

Verbindung gebracht werden. 

 In der zweiten und dritten Publikation wurde die differentielle CAV1 Expression 

in den Tumor- und Stromazellen im Hinblick auf die Strahlenantwort im Tumor 

untersucht. Hierbei wurde sich auf das Prostatakarzinom fokussiert. Die 

Herunterregulierung von CAV1 führt in Endothel- und Prostatatumorzellen zu einer 

strahlen-induzierten Sensibilisierung, während ein CAV1-Defizit in stromalen 

Fibroblasten zu einem aktivierten, strahlenresistenten Phänotyp führt. Insbesondere 

vermitteln die CAV1-defizienten Fibroblasten eine Resistenz gegenüber der 

Strahlentherapie an Prostatakarzinom Xenograft Tumoren, wodurch die Apoptose 

Induktion verringert wird. Das Apoptose inhibierende Protein TP53-regulated inhibitor 

of apoptosis 1 (TRIAP1), auch bekannt als p53-inducible cell-survival factor, wurde als 

CAV1-abhängiger sekretierter Faktor in aktivierten Fibroblasten identifiziert, der zu 

einem erhöhten Tumorwachstum und einer Resistenz gegenüber der Strahlentherapie 

in vitro und in vivo beiträgt. Außerdem zeigte die Färbung von humanem 

Prostatakarzinomgewebe eine erhöhte TRIAP1 Expression in fortgeschrittenen 

Tumorproben. Dementsprechend würde das Blockieren der TRIAP1 Aktivität und ein 

Verhindern der Therapieresistenz eine vielversprechende Therapie Strategie 

darstellen, um die Resistenz-fördernden CAV1-abhängigen Signale zu inhibieren. 
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 Im vierten Manuskript wurde der Einfluss von CAV1 auf die Strahlenantwort der 

Endothel- und Tumorzellen im Zusammenhang mit dem ASMase/Ceramid Signalweg 

untersucht. Mechanistisch wurde hierbei gezeigt, dass ein reduzierter CAV1 Gehalt in 

angiogenen und somit strahlensensitiven Endothelzellen mit erhöhten Ceramid 

Mengen, speziell mit dem Apoptose-induzierendem C16, in Verbindung steht. Dies 

basierte auf einer erhöhten ASMase Aktivität in den CAV1-defizienten Endothelzellen 

und erhöhter Expression von Ceramid Synthasen, die verantwortlich für die Produktion 

von C16 sind. Die vermehrt strahlenresistenten Prostata Krebszellen, die durch eine 

Hochregulierung von CAV1 charakterisiert wurden, enthalten eine vermehrte Anzahl 

an langkettigen Ceramiden (C24, C24:1), die in der Lage sind die Apoptose-

induzierenden Effekte von C16 zu neutralisieren. 

 Zusammenfassend zeigt sich, dass diese Arbeit zu einem verbesserten 

Verständnis der Strahlenantwort von Tumor-umgebenden Normalgewebe beiträgt und 

dementsprechend eine Basis für die Entwicklung von strahlen-protektierenden 

Strategien darstellt. Außerdem wurden mechanistische Erkenntnisse im 

Zusammenhang mit stromal-epithelialen Crosstalk erreicht und molekulare Targets 

identifiziert, die ein erhöhtes Potenzial zur Verbesserung des Ergebnisses der 

Strahlentherapie aufweisen. 
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3. Introduction 
 

3.1 Radiation Therapy in Cancer Treatment 
 

Cancer is the second leading cause of human death worldwide and cancer 

incidence is predicted to increase from 18 Million cases in 2018 to almost 30 Million in 

2040 (24, 54). Although new treatment strategies have been established during the 

last decades, overall survival especially for aggressive and therapy resistant cancer 

entities stays low (24, 54). Therefore, new treatment strategies are needed to 

overcome resistance and achieve tumor control or even cure. 

The standard treatment options to treat cancer are surgery, chemotherapy and 

radiation therapy (RT). To assure the best treatment outcome and quality of life a 

combination of these treatment modalities is most often used (100). Herein, more than 

half of cancer patients receive RT during their treatment schedule (39). Radiation used 

for cancer therapy (ionizing radiation, IR) is energy that is high enough to form ions 

(electrically charged particles) in cells of the tissues it passes through (11). The 

deposited energy then damages genes of a cancer cell (induction of DNA double 

strand breaks (DSB)), so that it is unable to grow or divide. The induction of DNA DSB 

was further shown to be responsible for tumor cell death upon IR treatment (115). The 

energy of e.g. photons generates an ionizing effect leading to the formation of oxygen-

free radicals that in turn damage the DNA double strands, either directly or indirectly 

by interacting with water molecules (145). These radicals than have the capacity to 

further damage processes in the cell that lead to increased stress response. Thus RT 

acts predominantly on rapidly dividing cancer cells, but it can also affect dividing cells 

of normal tissues.  Different sources of radiation can be applied: (i) most widely used 

photons (x-rays and gamma rays), or (ii) particle radiation (electrons, protons, 

neutrons, alpha/beta particles). These types of radiation bear different energies and 

thus differ in their ability to penetrate tissues. The main goal of RT is to kill cancer cells 

and shrink tumors (achieve the best tumor control) while sparing normal tissues (Figure 

1). 

Although treatment strategies improved during the last decades, normal tissue 

toxicity still limits the applied dose of RT. Sparing of the normal tissue is achieved by 

using improved treatment protocols such as fractionated therapy and technically 

improved imaging devices to monitor the tumor when delivering the dose (15). 
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However, the radiation dose needed for tumor cure is often greater than the maximum 

tolerated dose and thus acute and chronic normal tissue toxicities remain as dose 

limiting factors in RT (100). Therefore, current research aims to increase the 

therapeutic window (Figure 1).  

Figure 1: The “therapeutic window” in RT. The radiation dose that is needed to achieve a high 

probability of tumor control (red line) is inducing normal tissue toxicity (green line). The difference 

between tumor control probability and normal tissue complication probability is called “the therapeutic 

window”. To broaden this therapeutic window, there are already a number of advances made by 

technology such as image-guided or intensity-modulated RT to bring the radiation doses precisely and 

safely to the tumor while the surrounding normal tissue is best preserved. But there are also a number 

of biological approaches: Such as the modulation of the intrinsic radiation sensitivity of the tumor cells 

or the modulation of the tumor stroma (to push the red curve further to the left) or just the modulation of 

the normal tissue by radioprotection (to push the green curve further to the right) Source: Liauw et al., 

2013 (100). 

One of the hallmarks of cancer is the ability to conquer apoptosis and obtain cell 

survival that fosters therapy resistance (63). In order to achieve this switch, tumor cells 

need inhibitors of apoptosis as one possible option to escape cell death. This intrinsic 

radio-resistance of tumor cells varies widely and can be affected by mutations or tumor 

hypoxia.  

Identification of differentially expressed genetic factors, as well as 

mircoenvironmental changes compared to normal tissue are one option to succeed in 

therapy sensitization and protection of normal tissue (13). Accordingly, to widen the 

therapeutic window, either research on radioprotectors has to be carried out, or new 

target molecules for radio-sensitization of the tumor cells have to be identified (13).  
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3.2 The Membrane Protein Caveolin-1  
 

Caveolin-1 (CAV1) is an integral plasma membrane protein that acts as the 

main component to form caveolae. Caveolae are 50 - 100 nm long invaginated flask 

shaped parts of the membrane and can be found in almost every cell type (129). They 

were first described by electron microscopy due to their significant shape and have 

been shown to play a pivotal role in endocytosis, cholesterol metabolism and signal 

transduction (92, 104, 105, 185). Caveolae are most frequently found in cells of the 

stromal compartment, such as endothelial cells, fibroblasts and smooth muscle cells 

and are heterogeneously distributed in the membrane (124, 154, 156). Next to CAV1 

oligo-homodimers, caveolae are rich in sphingolipids, phospholipids, cholesterol and 

Cavin-1 (72, 129). Caveolae itself are important for membrane heterogeneity and part 

of the liquid ordered phase in the plasma membrane that marks a platform for signaling 

molecules. The liquid ordered phase contains planar and non-planar lipid rafts, 

whereas the non-planar rafts are referred to as caveolae (112). Caveolae-mediated 

endocytosis can be triggered by mechanical or oxidative stress, as well as several 

growth factors. This in turn leads to regulation of signaling pathways by the 

transmission of extracellular signals into intracellular pathways (121, 137, 160, 191). 

Integrins and glycosphingolipids are examples of molecules internalized by caveolae-

dependent endocytosis, whereas also fatty acids can be taken up by binding to CAV1 

in caveolae (32, 113).  

CAV1 itself can act as a key player in signaling pathways, for example by 

inhibition of signaling molecules or internalization of growth factors. Herein, the 

structure of CAV1 plays an important role (Figure 2). CAV1 is a 21 – 24 kDa protein 

containing 178 amino acids (144). There are three different types of Caveolin: Caveolin 

1, 2 and 3 (CAV1, 2, 3), that have common features but are differently distributed in 

cell types. CAV1 and CAV2 are co-localizing in various cell types, whereas CAV3 is 

specific for muscle cells (150, 166). CAV1 contains a hydrophobic domain that is 

inserted into the plasma membrane with a hairpin-shaped conformation. C- and N-

terminus of the protein are both directed to the cytosol and contain several functional 

domains. One highly conserved functional domain of CAV1 is the caveolin-scaffolding 

domain (CSD; residues 82-101). This domain can bind proteins and thus inhibit 

signaling. It has been shown that important kinases and receptors as for example SRC, 

eNOS, HRAS or epidermal growth factor receptor (EGFR) are bound to the CSD, which 
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in turn blocks their signaling capacity and leads to cell growth inhibition (37, 49, 60, 

95). Furthermore, CAV1 is an important cholesterol-binding protein that can 

intracellularly transport cholesterol between cell organelles, such as Golgi and 

mitochondria (116, 128). CAV1 contains two distinct phosphorylation sites: tyrosine 

Y14 and serine S80. Phosphorylation at Y14 (located at the N-terminus) facilitates 

binding of CAV1 with SH2 domains of proteins, such as SRC and is important for 

caveolae-mediated endocytosis. Y14 is phosphorylated by cSRC kinase that can bind 

CAV1 at the C-Terminus where three cysteine residues are subject to palmitoylation 

(94). Internalization of CAV1 into the cytoplasm results in growth stimulation by EGFR 

activation or pro-survival signaling via PI3K/AKT pathway (94, 180). S80 

phosphorylation (located close to the CSD) enables CAV1 to bind to the endoplasmic 

reticulum and allows the protein to enter the secretory pathway (180). 

Thus, CAV1 either alone or caveolae-dependent alters and regulates many 

cellular processes, e.g. cell cycle regulation (53, 57), proliferation and cell death 

induction (49, 114, 169, 184) up to metabolic changes, membrane composition and 

lipid homeostasis (12, 56, 68). 

 

 

Figure 2: Schematic overview of the CAV1 protein structure (left) and of the homodimer 

localization in the plasma membrane (right). The CAV1 protein bears several functional domains: 

CAV1 can be palmitoylated close to the C-terminus or phosphorylated at two distinct sites closer to the 

N-terminus in the cytoplasm (Serine 80 and Tyrosine 14, stars). Next to the transmembrane domain, 

the highly conserved caveolin-scaffolding-domain (CSD) is located. The CSD is part of the 

oligomerization domain that is needed for building up caveolae. Source: Ketteler and Klein, 2018 (83). 
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3.2.1 CAV1 and Cancer 

 

 CAV1 was found to be upregulated or mutated in a variety of solid human tumors 

and therefore came into focus of cancer research. It was shown to be overexpressed 

e.g. in pancreatic cancer, glioblastoma, renal cell cancer, esophageal squamous cell 

carcinoma and prostate cancer (2, 28, 33, 165, 186). Herein, increased CAV1 

expressions at advanced tumor stages conferred with poor prognosis, increased 

metastatic potential and treatment resistance (2, 83, 165, 179). However, the role of 

CAV1 in cancer remains controversial since the CAV1 expression levels vary widely 

between different tumor entities (112). In head and neck cancer an upregulation of 

CAV1 is associated with less aggressive tumors due to suppression of metastasis and 

growth (187). In contrast, the CAV1 gene is located on a putative tumor suppressor 

locus (Chromosome 7, q31.1-31.2) which is frequently deleted or mutated in human 

cancers (50, 141). One example is the rather common P132L mutation of the CAV1 

gene in invasive breast carcinoma. The dominant negative mutation P132L is present 

in around 15% of analyzed breast cancer cases and was shown to activate the 

mitogen-activated protein-kinase signaling (MAPK) pathway further influencing the 

invasion activity of breast cancer cells (21, 69). Of note, it has been shown that a CAV1 

downregulation in early cancer stages fosters a hyper-proliferative state of the cells, 

as well as increased angiogenic capacity and tumor progression (30, 177, 178). 

Therefore, it is hypothesized that early loss of CAV1 contributes to transformation of 

cells, consequently leading to tumor formation and progression (88). Later on, during 

tumor progression and in advanced tumor stages the observed (re-)expression of 

CAV1 is closely connected to metastasis formation and the resistance to chemo- and 

RT (83). However, the impact of CAV1 in tumor development and prognosis is strongly 

dependent on the tumor entity, the tumor state, the tumor microenvironment and the 

cell type. 

 

3.2.2 CAV1 and Prostate Cancer 

 

 Prostate cancer is the second most diagnosed cancer and the fifths leading 

cause of death in men as recently analyzed by the global cancer statistics 

(GLOBOCAN) in 2018 (24). The incidence of prostate cancer is highest in North 

America, Europe and Australia, whereas Asian and African countries display a lower 
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frequency of diagnosis (54). This is presumably due to advanced prevention 

screenings in high incidence regions. Moreover, incidence of prostate cancer 

increases significantly with age and reaches an incidence rate of almost 60% in men 

older than 65 (54, 139). Pathological transformations in the prostate are diagnosed by 

testing elevated levels of the prostate-specific-antigen (PSA) in the blood. This 

glycoprotein is usually expressed by prostate tissue, however increased levels (>4 

ng/ml) imply prostate cancer. Additionally, a biopsy is taken to ensure a pathological 

finding. The most common type of prostate cancer is the so-called acinar 

adenocarcinoma that can be characterized and graded by the Gleason Score (7, 51). 

The Gleason Score consists of a primary score referring to the dominant pattern in the 

tumor biopsy, and a secondary score pointing out the second most common pattern. 

The final Gleason Score is comprised by addition of the two scores (51). The higher 

the score, the more difficult and extensive treatment strategies are needed to medicate 

the cancer. In most cases of prostate cancer, radical prostatectomy (removal of the 

prostatic gland) is used as a first stage treatment. Further on, RT, chemotherapy and 

surgery are applied (82). Yet, these advanced stages of prostate cancer display an 

increased resistance to chemo- and RT treatment. Thus, it is important to identify new 

molecular targets for (re-) sensitizing prostate tumors to therapy. 

Prostate cancer is one of the cancer entities, which is characterized by increased CAV1 

expression levels upon tumor progression (43, 81). In particular, CAV1 expression is 

increasing in the malignant epithelial cells during the course of cancer progression and 

it has even been suggested as a biomarker for prostate cancer progression (81). Of 

note, it could be shown that CAV1 also plays an important role in the tumor 

microenvironment. 

 

3.3 CAV1 and the Tumor Microenvironment 
 

 The tumor microenvironment plays a pivotal role in tumor progression, tumor 

growth and therapy resistance (17, 18, 64). Under normal conditions, the stroma can 

act as a barrier against malignant transformation of cells. On the contrary, during tumor 

formation malignant epithelial cells form their own environment by 

modulating/activating and recruiting non-tumoral cells (64). Herein, fibroblasts 

endothelial cells (EC) and immune cells are the most abundant cells of the tumor 

stroma. However, the tumor cells also recruit mesenchymal stem cells for maturation 
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or lymphatic EC for the formation of lymphatic vessels (107). Environmental changes, 

such as hypoxia or modulation of the extracellular matrix (ECM), further contribute to 

therapy resistance.  

Importantly, the increase of CAV1 expression in malignant epithelial cells, as 

well as increased survival PI3K/Akt signaling, was paralleled by loss of CAV1 in the 

stroma of advanced prostate tumors. This further correlated with reduced relapse-free 

survival (5, 43). In particular, fibroblasts, which are most abundant in the stroma, 

display a significant switch of CAV1 expression during tumor progression. In low 

graded Gleason Score tumors, fibroblasts express high CAV1 levels, but as soon as 

the tumor progresses and reaches higher Gleason Scores CAV1 expression 

diminishes in stromal fibroblasts (Figure 3) (84). However, the vascular compartment 

is spared from those CAV1 alterations. It remains elusive how the switch of CAV1 

expression is preceded. Although CAV1 is predominantly anchored in the plasma 

membrane it can also be secreted after phosphorylation. Of note, prostate cancer 

patients show an upregulated CAV1 secretion in the serum correlating with pro-

angiogenic activities and also linking CAV1 secretion to tumor growth and cell survival 

(162-164). 

Figure 3: Immunohistochemical staining of CAV1 in different stages of human prostate 

carcinoma specimen. In the low score Gleason graded tumor CAV1 is highly expressed in the tumor 

stroma (asterisks), whereas epithelial cells show low or no CAV1 expression levels (arrows). The 

tissue samples of the high scored Gleason graded tumors show an elevated expression of CAV1 in 

malignant epithelial cells and moreover a significant downregulation of CAV1 expression in the tumor 

stroma, particularly in fibroblast rich regions. Source: Klein et al., 2015 (84). 
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3.3.1 CAV1 and Fibroblasts 

 

 Fibroblasts are one of the most abundant type of cells in the tumor stroma and 

thus have a large impact on the survival and growth of tumorigenic tissue. Fibroblasts 

are important for the remodeling of connective tissue in the ECM. Depending on their 

activation status, these cells play different roles in the environment of tumors (148). 

Although fibroblasts are shown to be beneficial for therapy in early stages of cancer 

and act as a natural barrier for the tissue, activation of the cells by the tumor can lead 

to an oppositional effect. Activated fibroblasts in tumors, also called cancer associated 

fibroblasts (CAFs) can undergo dynamic changes and increase their proliferative 

potential with tumor progression (16).  

 CAFs affect tumor progression, development and metastasis by the Reverse 

Warburg effect that was described by Pavlides et al. (131). Mechanistically, high 

energy metabolites, such as lactate and pyruvate are transferred from CAFs to 

neighboring malignant epithelial cells. The tumor cells then undergo metabolic 

changes towards an increased oxidative mitochondrial metabolism. This in turn leads 

to increased ATP production, accelerating growth and metastatic potential of the tumor 

cells (131). Interestingly, the loss of CAV1 in activated fibroblasts is one important step 

driving the Reverse Warburg effect. Furthermore, it has been shown that the loss of 

CAV1 in tumor stroma contributes to the formation of CAFs and is associated with poor 

clinical outcome and therapy resistance. Downregulation of CAV1 and autophagic 

destruction of mitochondria leads to oxidative stress in fibroblasts that decreases 

mitochondrial oxidative phosphorylation and increases glycolysis. Moreover, activation 

of transformation growth factor β (TGFβ) contributes to the induction of a CAF-like 

phenotype (111). The induced phenotype conclusively drives ECM remodeling to 

facilitate an angiogenic switch in the tumor allowing invasion and metastasis, as well 

as an induction of epithelial-mesenchymal transition (EMT) (62, 111, 170). Besides 

prostate cancer, it was also shown in the stroma of breast cancer that low CAV1 

expression levels correlate with aggressive tumor progression and poor clinical 

outcomes (153, 181, 182). Moreover, the loss of CAV1 in the stroma of gastric cancer 

and melanoma goes along with reduced relapse-free survival, poor prognosis and 

tumor aggressiveness (183, 189).  
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3.3.2 CAV1 and Endothelial Cells 

 

The tumor vasculature is crucial for tumor growth and invasiveness and has to 

be (re-)build frequently (tumor neovascularization). Therefore, the cells important for 

vascularization are prominently present in tumor stroma. Endothelial cells (EC) build 

up the blood vessels and are accordingly most important for tumor-associated 

vascularization (34, 134). The increasing demands for oxygen and nutrition of the 

rapidly growing tumor cells thus require new vessel formation, a phenomenon which is 

called the angiogenic switch. Tumor cells release pro-angiogenic factors, such as 

vascular-endothelial growth factors (VEGF) and fibroblasts growth factors (FGF) that 

deactivate the quiescent state of neighboring EC and recruit these cells to its side 

(angiogenesis). Finally, new vessel formation is a combined process of angiogenesis 

and post-natal vasculogenesis (87, 117, 174). Subsequently, vascular mural cells are 

recruited to cover the sprouts; pericytes stabilize the newly generated vessels, and 

further on smooth muscle cells maintain the construct (27, 78). 

 The role of CAV1 in EC for tumor progression and therapy survival is not fully 

understood. It is known that CAV1 is expressed in normal EC and does not change 

during tumor progression in tumor associated EC of the microenvironment (84). Of 

note, a downregulation of CAV1 was shown to induce a de-regulated tumor 

vascularization and furthermore to sensitize EC to apoptosis after IR. Thus, CAV1 

downregulation contributes to an improved outcome of RT in pre-clinical model 

(prostate cancer xenograft model) (84). Moreover, CAV1-deficient mice tend to display 

an increased tumor growth that goes along with angiogenesis and microvascular 

permeability (103). Dewever et al. showed in a melanoma mouse model that tumor 

vessel maturation is dependent on CAV1. In CAV1(-/-) mice mural cells fail to stabilize 

the newly generated blood vessel and thus reduce tumor vessel maturation (42).  

Conclusively, there is much evidence that the interaction between malignant 

epithelial cells, stromal cells and the components of the ECM largely supports tumor 

formation and therapy resistance. Therefore, the complete tumor microenvironment 

and the stromal-epithelial crosstalk has to be considered for developing new 

therapeutic strategies (63, 64). 

 

 



 
 21 

3.4 CAV1 and Radiation Therapy  
 

 Therapy resistance and in particular RT resistance in advanced tumor stages is 

one of the biggest challenges in cancer treatment nowadays. The impact of CAV1 on 

therapy resistance has been studied extensively during the last years, but the complete 

molecular mechanisms behind CAV1-induced/dependent resistance remain elusive. 

Several studies could show that CAV1 expression is upregulated after treatment with 

IR and confers with radio-resistance. Therefore a downregulation of CAV1 in tumor 

cells was hypothesized to sensitize these cells to RT and indeed a downregulation was 

shown to overcome radiation resistance of e.g. pancreatic cancer cells, prostate 

cancer cells and breast cancer cells (10, 35, 70, 84, 194). Of note, CAV1 expression 

could also be a sensor for chemotherapy resistance. Again a downregulation of CAV1 

was shown to overcome resistance against chemotherapeutics in a variety of tumor 

types, e.g. renal carcinoma, non-small cell lung carcinoma (NSCLC) or colorectal 

cancer (73, 83, 98, 126). 

Moreover, radiation was shown to induce phosphorylation of the CAV1 protein 

going along with EGFR signaling and internalization to the nucleus (46). CAV1 can be 

phosphorylated by cSRC on Tyr14, leading to activation of EGFR. It has been shown 

that this process can be induced by IR in squamous cell carcinoma and human 

bronchial cells and conversely inhibition of SRC is reversing these effects (46). The 

CAV1-dependent EGFR shuttling to the cell nucleus induces phosphorylation of the 

major repair pathway protein DNA-PK (46). CAV1 is even participating in DNA double 

strand break repair which is the most frequent IR-induced damage in cells. Zhu et al. 

showed that CAV1 is involved in both major pathways of DNA damage repair: Non 

homologous end joining (NHEJ) and homologous recombination (HR) (190). Hereby, 

CAV1 silencing led to a reduced phosphorylation of DNA-PK which affects the onset 

of NHEJ. Furthermore, they could depict that downregulation of CAV1 also leads to 

reduced activation of HR. Moreover, it was demonstrated that CAV1 expression in 

brain metastasis of lung cancer patients has an impact on RT resistance (48). 

Upregulated CAV1 predicted a worse RT outcome and decreased overall survival. A 

similar finding was presented by Rodel et al., where low CAV1 expression levels in 

colorectal cancer favored beneficial therapy outcome and increased overall survival of 

patients (142). Recently, an underlying mechanism was identified that could be linked 

again to DNA damage response. The tyrosine kinase receptor TIE2 is able to recruit 

the proto-oncogene ABL1, which in turn leads to onset of the DNA repair pathway 
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machinery. Furthermore, TIE2 can build a complex with CAV1 leading to caveolae-

dependent endocytosis and nuclear translocation of the complex further increasing 

DNA damage response and therefore radiation resistance (75, 76). 

Besides sensitization of malignant epithelial cells by CAV1 downregulation, it 

was as well hypothesized that a reduction of CAV1 expression in stromal EC leads to 

radio-sensitization of the stromal compartment, since EC are spared from differential 

CAV1 expression levels during tumor progression (84). Of note, xenograft tumors 

grown on a CAV1-deficient background (CAV1-/- mice) showed a pronounced effect 

after RT in comparison to wildtype (WT) mice. A similar effect was also observed in 

vitro, where CAV1 downregulation in EC resulted in an increased apoptosis induction 

and decreased clonogenic survival (84). However, the CAV1-deficient background in 

mice led to elevated growth of those tumors hinting to a potential risk of targeting 

CAV1, possibly due to the fibroblastic compartment (84, 122). Thus, a treatment 

strategy of simply targeting CAV1 to promote sensitization may not be a promising 

alternative. A better understanding of CAV1-mediated signaling between tumor and 

stroma in the context of radiation resistance is urgently needed to identify molecular 

targets for secure treatment strategies of those tumors. 

 

3.5 Radiation-induced Normal Tissue Complications 
 

3.5.1 Radiation-induced Vascular Damage 
 

 Although radiation for cancer treatment is carefully measured and highly 

controlled, current RT techniques expose not only tumors to the energy of radiation, 

but even substantial amounts of normal tissue are potentially irradiated (14, 61, 100). 

Radiation of normal tissues in turn can lead to severe side complications, which are 

the basis for radiation-induced secondary malignancies, e.g. local recurrence of 

primary tumors and distant metastasis (23, 152, 172). Thus, radiation-induced normal 

tissue damage in particular of tissues with a high intrinsic radio-sensitivity can be 

distinguished into acute and late effects that limit the application of curative radiation 

doses. The lung is a very radiation sensitive tissue. Lung irradiation induces 

inflammation and fibrosis as dose limiting side effects of breast irradiation in the RT of 

thoracic associated cancers, or whole body irradiation in preparation for bone marrow 

transplantation (85, 86). Here, the underlying molecular mechanisms are not well 
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understood yet and there is no effective or radioprotective treatment option. Therefore, 

it is important to understand the underlying mechanisms of normal tissue toxicity in 

order to establish treatment strategies that can rationally minimize late effects and 

maximize a survivor’s quality of life (4, 23, 130).  

The homeostasis between infiltrating immune cells and cells of the vascular 

compartment is carefully maintained upon normal or healthy conditions. The current 

perspective is that RT response of the normal tissue leads to a deregulated and 

disturbed homeostasis between the resident parenchymal, mesenchymal and vascular 

cells as well as penetrating immune cells (1, 25, 146). Increasing evidence suggests 

that radiation-induced normal tissue damage is closely associated with damage to the 

vascular system and its dysfunction (8, 36, 74, 125, 138). EC apoptosis plays a major 

role in late tissue toxicity while acute EC damage influences vascular leakage and 

infiltration of immune cells. This in turn fosters radiation-induced injuries and secondary 

malignancies (8, 90, 125). Especially in radiation-induced normal tissue toxicity in the 

lung, RT activates EC resulting in vascular dysfunction (acute phase) and severe EC 

loss (late tissue complication), thus leading to radiation-induced senescence of lung 

resident epithelial cells (85, 86). Herein, chemokines and their receptors evolved as 

important mediators of EC activation and dysfunction finally leading to acute leukocyte 

attraction and extravasation at damaged tissue sites (143, 193). Increased levels of 

chemokines can further contribute to chronic inflammation as well as cancer 

development (192). The tumor and its microenvironment produce elevated levels of 

chemokines in order to alter proliferation signaling and invasion. The chemokine C-C 

motif ligand 2 (CCL2) came into focus of cancer research due to its role in cancer 

progression and metastasis (93, 101). CCL2 is expressed by many cells of the tumor 

such as epithelial, EC or fibroblasts and is among the factors of the senescence-

associated secretory phenotype (SASP) (41). It has been shown that increased 

tumoral CCL2 levels confer with metastasis and migration in several solid human 

tumors such as prostate and colorectal cancer by promoting tumor growth, 

angiogenesis and invasion (77, 188). Interestingly, CCL2 has the ability to recruit 

stromal cells to tumor sites. Therefore, inhibition of CCL2 signaling by targeting CCL2 

directly or its corresponding receptor CCR2 could be a potential target to limit 

metastasis formation and tumor growth. Furthermore, CCL2 is upregulated in 

senescent normal tissue lung epithelial cells after radiation. Accompanied radiation-

induced vascular dysfunction and severe EC loss could be normalized by applying 

mesenchymal stem cells as radioprotective strategy (85, 86). Therefore, inhibition of 
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CCL2 signaling could in addition be used to limit radiation-induced normal tissue 

toxicity. 

 

3.5.2 Radiation-induced Signaling Mechanism in EC 
 

One critical factor of normal EC is to ensure quiescence of the homeostasis 

between inflammatory response and immune control by preventing signaling for 

leukocyte attraction (79, 159). Upon activation, EC are able to influence leukocyte 

recruitment into tissues by the expression of adhesion molecules and chemokine 

release. Various processes are sufficient to activate EC directly or indirectly, such as 

circulating inflammatory cytokines, e.g. tumor necrosis factors (TNF) and interleukins 

(IL). Further on, reactive oxygen species (ROS) and therefore radiation induce 

activation of EC, whereas also oxidized low density lipoproteins, autoantibodies and 

environmental risk factors influence this process (159). A continuing activation of the 

endothelium over time can be linked to dysfunction of microvascular barrier integrity, 

resulting in vascular injury and can finally end with a progression to EC apoptosis (87, 

99).  

One essential signaling mechanism in the cellular response to stress stimuli is 

the p38/MAPK signaling pathway (118). This pathway plays a particular role in EC as 

a major target of radiation. In addition, the p38/MAPK pathway was linked to the 

ceramide pathways especially in IR treated EC. Bioactive sphingolipid ceramide 

generated by acid sphingomyelinase (ASMase) contributes to stress induced EC 

apoptotic death (Figure 4) (118). In general, the family of sphingolipids has been shown 

to act as bioactive lipids and second messenger molecules regulating several cellular 

processes and signal transduction in human cells (67, 157, 158). Herein, the 

sphingolipid ceramide came into focus of research since it influences apoptosis, 

proliferation and differentiation of cells after stress induction (66, 67). Ceramide is 

generated by cleavage of sphingomyelin by the enzyme ASMase or de novo synthesis 

by metabolizing serine and palmitoyl-CoA (89, 132). Pro-apoptotic activity of ceramide 

is well known. Therefore, application of exogenous ceramide derivative or its 

endogenous suppression is used to impair cancer progression. (65, 102, 120). 

However, the tumor itself suppresses the function of ceramide generation by inhibiting 

ASMase activity, lowering ceramide generation and hereby escapes apoptosis 

induction (147). 
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 In contrast, ASMase is highly abundant in EC and has been shown to play a 

role in radiation-induced cellular stress response and EC apoptosis after single dose 

radiation (20, 108, 125). Apoptosis induction in EC has already been shown to be 

CAV1-dependent. Additionally, apoptosis can be mediated by ASMase/ceramide 

pathway that in turn can affect either the radiation response of tumors, and/or of normal 

tissues (58, 125). Under physiological conditions ASMase is located in lysosomes. 

Upon stress induction, e.g. radiation, ASMase is translocated to the plasma 

membrane, where it cleaves its target sphingomyelin and produces ceramide. 

Ceramide itself then generates large lipid raft formations that act as a major platform 

for signal transduction at the plasma membrane (Figure 4) (118). Although, this 

pathway takes place at the plasma membrane and includes the need of lipid rafts up 

to date only a single publication could link caveolae and CAV1 to the 

ASMase/ceramide pathway. Zundel et al. showed that ceramide-dependent 

recruitment of CAV1 to large lipid platforms impaired survival signaling of the PI3K 

kinase. Inhibition of CAV1 counteracted the impairment and PI3K signaling was 

subsequently increased (195). 

  

Figure 4: Overview of the stress-induced ASMase/ceramide pathway in EC. Upon stress 

induction of e.g. IR or anisomycin, ASMase is translocated from lysosomes to the plasma membrane. 

Here, it can act out its enzymatic function and cleave sphingomyelin to generate ceramide. Further 

on, ceramide accumulation leads to the formation of large lipid platforms that are capable to alter 

signaling of the p38/MAPK pathway in EC resulting in apoptosis induction. Source: modified after 

Niaudet et al., 2017 (118). 
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4. Aims 
 

 Tumor resistance to cancer therapy and in particular to RT limits the 

effectiveness of current cancer treatments. Herein, increasing evidence indicates that 

apart from cancer cells, the heterogeneous tumor stroma supports therapy resistance 

at multiple levels. Within this scenario, the membrane protein CAV1 came into focus. 

High CAV1 expression levels in tumor cells, as well as downregulation of stromal and 

in particular fibroblastic CAV1 were shown to correlate with cancer progression, 

invasion, metastasis and therapy resistance and thus a worse clinical outcome, e.g. in 

prostate cancer. However, the role of CAV1 for the outcome of RT in the context of 

tumor-stroma interactions remains elusive. 

 Downregulation of CAV1 in different tumor cells turned out to be a promising 

option to re-sensitize cells to the toxic effects of IR. EC were spared from the observed 

loss of stromal CAV1 at advanced tumor stages. Previous work in the own lab showed 

that CAV1 downregulation in EC resulted in a more activated, angiogenic phenotype 

and contributed to the observed radio-sensitizing effect of RT, particularly in prostate 

cancer. However, a loss of CAV1 in stromal fibroblasts pointed towards growth- and 

resistance-promoting tumor-stroma interactions during prostate cancer progression. 

 Thus, the main aim of the present thesis was to analyze the role of altered 

stromal CAV1 for radiation response of prostate cancer, focusing on the impact of 

stromal fibroblasts. To further gain insight in the potential mechanism of CAV1-

dependent and resistance-promoting tumor-stroma interactions, fibroblast-derived 

target molecules mediating prostate cancer radio-resistance were supposed to be 

identified and characterized. Identification of CAV1-dependent factors of the tumor-

stroma and malignant epithelial cells could help to specify new molecular targets for 

sensitizing advanced prostate cancer to RT.  

 Here, syngeneic prostate tumor and stroma (fibroblasts and endothelial) cells 

were investigated, either proficient or deficient for CAV1 and analyzed either alone or 

in combination for their radiation response in vitro and in vivo. 

 In contrast to the suggested radio-resistance-promoting interactions of CAV1-

low and/or –deficient stromal fibroblasts, CAV1-deficient stromal EC were shown to 

radio-sensitize the tumor blood vessels or EC in the tumor and thus to improve the 

efficiency of RT. CAV1-deficient EC were characterized by a more immature 
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angiogenic phenotype which is in general more sensitive to IR. But on the other hand, 

protection of EC in the normal tissue during irradiation is necessary to minimize the 

risk of radiation-induced normal tissue damage. Thus, the role of radiation-induced EC 

activation and vascular dysfunction of normal tissues was studied in an animal model 

of radiation-induced normal tissue toxicity (subordinate aim). Here it was hypothesized 

that radiation-induced microenvironmental changes of normal tissues, in particular 

cytokines and growth factors secreted from senescent bronchial epithelial cells 

(following thoracic irradiation) could activate the hitherto quiescent endothelium and 

result in vascular dysfunction (acute phase) as well as severe EC loss (late tissue 

complication). 

 Last but not least, the already known CAV1-dependent radiation response of 

EC finally leading to EC apoptosis should be characterized. As a transmembrane 

protein, CAV1 is supposed to be involved in plasma membrane reorganization. 

Therefore, CAV1-dependency of the ASMase/ceramide to p38/MAPK pathways in EC 

apoptosis was investigated. 
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5. Results 
 

5.1 Publication overview 
 

Inhibition of Radiation-Induced Ccl2 Signaling Protects Lungs from Vascular 

Dysfunction and Endothelial Cell Loss. 

 

Wiesemann A, Ketteler J, Slama A, Wirsdörfer F, Hager T, Röck K, Engel DR, Fischer 

JW, Aigner C, Jendrossek V, Klein D. 

Antioxidants and Redox Signaling 2019;30(2):213-231. doi: 10.1089/ars.2017.7458. 

Epub 2018 Apr 2. 

Progression-related loss of stromal Caveolin 1 levels fosters the growth of human 

PC3 xenografts and mediates radiation resistance.  

 

Panic A*, Ketteler J*, Reis H, Sak S, Herskind C, Maier P, Rübben H, Jendrossek V, 

Klein D. 

Scientific Reports 2017;7:41138. doi: 10.1038/srep41138 

* shared first authorship/equal contribution 

Progression-Related Loss of Stromal Caveolin 1 Levels Mediates Radiation 

Resistance in Prostate Carcinoma via the Apoptosis Inhibitor TRIAP1. 

 

Ketteler J, Panic A, Reis H, Wittka A, Maier P, Herskind C, Yagüe E, Jendrossek V, 

Klein D. 

Jorunal of Clinical Medicine 2019; 8(3). pii: E348. doi: 10.3390/jcm8030348. 

 

Caveolin 1 dependency of the acid sphingomyelinase/ceramide-mediated radiation-

response of endothelial cells in the context of tumor-stroma-interactions. 

 

Ketteler J, Leonetti D, Veas Roy V, Wittka A, Estephan H, Maier P, Herskind C, 

Jendrossek V, Paris F, Klein D. 
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Abstract 

Resistance to cancer therapy remains one of the biggest obstacles in cancer 

treatment. Herein the tumor microenvironment became a leading player, not just a 

supporting tumor compartment. In particular, endothelial cells (EC) evolved as critical 

determinants in tumor therapy response, especially in the context of radiation therapy 

(RT). The aim of the present study was to investigate how the acid sphingomyelinase 

(ASMase)/ceramide pathway, as an important key player in EC apoptosis upon 

ionizing radiation (IR) treatment, could be linked to a differential expression of the 

integral membrane protein Caveolin-1 (CAV1). CAV1 is known to be involved in the 

radio-resistance mediating tumor-stroma interactions of advanced prostate cancer. 

Using either CAV1-deficient or -proficient EC we show here that CAV1-deficiency 

accounting for increased apoptosis rates of these cells upon RT, results in an 

increased ASMase activity, ceramide generation and formation of large lipid platforms, 

finally influencing p38 MAPK signaling upon treatment with IR. In addition, the de novo 

synthesis of long and very long-chain ceramides was influenced by a differential CAV1 

expression. CAV1 deficiency resulted in increased expressions of ceramide synthases 

(CerS) CerS5 and CerS6 that foster the generation of pro-apoptotic C16 ceramide. 

Using 3D co-cultures of prostate cancer cells LNCaP or PC3 in combination with 

CAV1-deficient or –proficient EC resulted in increased growth delays after IR when 

CAV1-deficient EC were co-cultured. Analysis of CAV1-proficient and -deficient PC3 

prostate carcinoma cells in contrast revealed a general increased generation of C16, 

C24 and C24:1in the radio-resistant CAV1(+) PC3 variant, which was already 

associated with metastasis and therapy resistance and thus a worse clinical outcome. 

Increased ASMase and ceramide levels were further confirmed in advanced and 

therapy resistant human prostate cancer specimen. Conclusively, we show here that 

CAV1 expression critically regulates the generation of ceramide-dependent (re-

)organization of the plasma membrane that in turn affects the radiation response of 

endothelial and prostate cancer cells. Thus, stromal EC-derived C16 ceramide-

mediated apoptosis could be used as a potential target to scavenge radiation 

resistance in prostate cancer. 

 

Keywords 

Endothelium, tumor stroma, microenvironment, radiotherapy, therapy resistance, 

prostate cancer, caveolin-1, ceramide, acid sphingomyelinase  
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Introduction 

Radiotherapy (RT) in cancer treatment perturbs the homeostatic interactions of organs 

and tissues, linking tumor cells with stromal cells and normal tissue cells (epithelial 

cells, fibroblasts, vascular cells) with the extracellular matrix and infiltrating immune 

cells (Almeida et al., 2013; Ghafoori et al., 2008; Rube et al., 2005). Among these cell 

types, the endothelial cells (EC) have been shown to be critical determinants of the 

radiation response of tumors and normal tissues (Corre et al., 2013; Klein, 2018; Klein 

et al., 2015; Paris et al., 2001; Wiesemann et al., 2019). Acute vascular damage 

resulting in vascular dysfunction associated with edema, increased immune cell 

extravasation and metastasis, as well as EC apoptosis upon RT contribute to those 

radiation responses (Klein, 2018; Korpela and Liu, 2014; Lafargue et al., 2017). 

Indeed, microvascular EC of small vessels and microvessels, including newly-formed 

angiogenic blood vessels turned out to be particularly sensitive to ionizing radiation 

(IR) (Fajardo, 2005; Garcia-Barros et al., 2003; Lafargue et al., 2017; Wiesemann et 

al., 2019; Zeng et al., 2008). 

Mechanistically, it was shown, that the p38 MAPK signaling pathway is essential in the 

endothelial cellular response to stress stimuli, including IR (Corre et al., 2017). 

Activation of the p38 MAPK pathway by RT was shown to result in endothelial barrier 

dysfunction (Li et al., 2015). Likewise, VEGF-induced VEGFR2-dependent p38 

phosphorylation fostered EC migration as well as tube formation (pro-angiogenic 

phenotype) (Gee et al., 2010; Wiesemann et al., 2019). In contrast, RT-induced p38 

activation in EC was shown to depress AKT levels resulting in apoptotic signaling. The 

RT-induced p38 MAPK pathway mediating EC apoptosis was further linked to acid 

sphingomyelinase (ASMase)/ ceramide signaling and plasma membrane 

reorganization (Niaudet et al., 2017). Mechanistically, radiation treatment induced a 

deep reorganization of the plasma membrane with the formation of large lipid platforms 

at the cell surface, accompanied by the activation of the enzyme ASMase and the 

generation of ceramide, finally resulting in the radiation-induced activation of p38 

MAPK and apoptosis (Niaudet et al., 2017). 

The integral membrane protein Caveolin-1 (CAV1) is heterogeneously expressed on 

various cell types, including adipocytes, fibroblasts, smooth muscle cells, 

pneumocytes, mammary epithelial cells and EC (Chidlow and Sessa, 2010; Sotgia et 

al., 2012; Xu et al., 2017). Herein, CAV1 is the major structural component of plasma 

membrane caveolae, non-planar specialized cholesterol and sphingolipids-enriched 
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microdomains (lipid rafts) with a size of 50-100 nm that form a vesicular invagination 

in the membrane and are involved in vesicular trafficking through endocytosis and 

cholesterol homeostasis (Glenney and Soppet, 1992; Karen G. Rothberg, 1992). In 

cancer therapy, CAV1 gained attraction because it was found that CAV1 expression 

levels highly increase in the malignant epithelial cells of many solid tumors in advanced 

tumor stages. These increased CAV1 levels correlated with tumor progression, 

invasion and metastasis, as well as therapy resistance (Chen and Che, 2014; Ketteler 

and Klein, 2018; Ketteler et al., 2019). In parallel, a loss of stromal CAV1 can be 

observed which is associated with a worse clinical outcome, e.g. in prostate and breast 

cancer patients (Ayala et al., 2013; Dolores Di Vizio, 2009; Karam et al., 2007; 

Witkiewicz et al., 2009), and therefore could be used as a prognostic marker. However, 

the vascular compartment was spared from those CAV1 alterations.  

The association between CAV1 in EC and the response to RT was already established: 

Lowering CAV1 levels in tumor EC may be suited to improve the outcome of radiation 

therapy in prostate cancer, because a reduction of CAV1 levels increased the 

radiation-induced EC death and decreased survival of clonogenic endothelial cells in 

vitro and in vivo and thus had an impact on tumor growth delay after local irradiation 

(Klein et al., 2015). The CAV1-deficient blood vessels and respective EC were 

characterized by a less stabilized, proangiogenic phenotype that facilitates tumor 

growth (Dewever et al., 2007; Klein et al., 2015; Lin et al., 2007). Of note, these CAV1-

deficient EC were more sensitive to RT in prostate tumors, which finally led to a more 

pronounced growth delay of tumors upon irradiation (Klein et al., 2015). Even in normal 

tissues, angiogenic EC were shown to be more apoptosis-prone, finally resulting in 

severe EC loss and increased tissue toxicity upon RT (Wiesemann et al., 2019). 

 

The aim of the present study was to investigate how the CAV1-dependent radiation 

response of stromal EC can be linked to the signaling mediated by ceramide-enriched 

platforms that in turn lead to the activation of downstream signaling molecules 

launching the apoptotic process. Furthermore, it was investigated how those CAV1-

dependent signaling pathways in EC affect the radiation response of adjacent prostate 

cancer cells. Understanding the crosstalk between tumor cells and the host-derived 

tumor microvasculature and thus, potentially targeting CAV1 in tumors, may offer a 

novel strategy for reducing cancer therapy resistance and improving clinical outcomes. 
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Results 

Reduction of CAV1 levels in EC increased the ASMase activity resulting in 

ceramide generation and stabilization in a time-dependent manner upon IR 

As EC with reduced CAV1 expression levels were more sensitive to IR and thus 

apoptosis-prone and EC apoptosis in turn is dependent on the early generation of 

ceramide, we investigated the activity of ASMase upon IR treatment in the EC line AS-

M5 in combination with shRNA knock-down of CAV1 expression (Figure 1). Although 

total ASMase protein levels were detected in similar amounts in CAV1-proficient 

[CAV1(+)] and CAV1-deficient [CAV1(-)] AS-M5 EC, a significantly increased activity 

of the enzyme was detected in CAV1(-) EC (Figure 1A, B). Shortly after IR treatment, 

CAV1(+) EC showed a time-dependent significant increase in ASMase activities, 

whereas 30 min after IR treatment ASMase activity levels were decreasing to control 

levels (Figure 1B). In CAV1(-) EC, a continuous increase in ASMase activity upon 

irradiation was observed, which decreased less dramatically than activity levels in 

CAV1(+) EC (Figure 1B). The CAV1-dependent generation of ceramide via ASMase 

cleavage and quantification of the different ceramide species was analyzed using liquid 

chromatography in combination with mass spectrometry (Figure 1C-E). EC have been 

described to abundantly express ceramide species C16, C24 and C24:1, which was 

confirmed in both AS-M5 CAV1-variants (Figure 1C). Levels of respective ceramide 

species (C24 and C24:1) were significantly increased in CAV1-deficient EC In addition, 

similar C18 and C22 ceramide species were found in AS-M5 EC independent of the 

CAV1 expression levels. Following IR, a rapid accumulation of ceramide was observed 

(Figure 1D, E). At extremely short time points after IR (1-15 min) total ceramide levels 

(not shown) as well as levels of the prominent species C24 and C24:1 were promptly 

enhanced. Herein, ceramide generation reached a maximum 5 min after treatment. In 

CAV1(+) EC, these increased ceramide levels were reduced to control levels 30 min 

after IR (Figure 1D). In contrast, CAV1(-) cells steadily generated ceramide at longer 

time points measures (15 min and 30 min) (Figure 1E). Levels of the known apoptosis 

mediator C16 were changed in a similar fashion, although the alteration by IR was not 

significant (Figure 1D, E). Therefore, we hypothesized that CAV1-deficiency leads to 

a defective homeostasis of ceramide generation and subsequent reduction upon stress 

induction by IR. Beside the ceramide generation via hydrolysis of sphingomyelin by 

ASMase, ceramides were synthesized by a family of six mammalian ceramide 

synthases (CerS). Each CerS is known to produce a subset of ceramides that differ in 

their fatty acyl chain length, which in turn have distinct roles in inducing cell death and 



 
 102 

survival. We therefore investigated expression levels of the six CerS in CAV1(+) and 

CAV1(-) EC using quantitative Real Time RT-PCR (Supplementary Figure S1). 

Expression levels of CerS2, CerS4, CerS5 and CerS6 were observed in both EC 

variants and further induced upon IR. While CerS5 and CerS6, which account for 

ceramides with fatty acyl chain length up to C16, were expressed in both cell types at 

similar levels, CAV1(+) EC showed increased basal expression levels of CerS2 and 

CerS4 (accounting for very long ceramides up to C22-C24) (Supplementary Figure 

S1). In line with previously shown results of increased apoptosis levels in CAV1(-) EC 

upon IR (Klein et al., 2015), CAV1-deficient EC showed increased ROS-levels after IR 

(not shown). These data strongly suggest that the CAV1-dependent levels of different 

ceramide species have an impact on cellular response of EC to IR, and that the 

elevated C16 ceramide levels together with increased C24 levels (resulting ratios in 

Supplementary Figure S1) in CAV1(-) EC account for increased radiosensitivity of 

those cells. 

 

CAV1-deficiency increased the formation of plasma membrane lipid raft domains 

and associated p38 MAPK signaling upon IR 

Next ceramide-induced plasma membrane remodeling was investigated by 

immunofluorescence (Figure 2). The lipid raft component glycosphingolipid GM1, as 

visualized with a fluorescent-tagged cholera toxin β subunit (purple), showed 

agglutination and polarization of GM1 from discrete structures to large membrane 

platforms in CAV1(+) EC cells 10 min after IR treatment (Figure 2A, B). In line with the 

previous findings, an augmented GM1 clustering and thus the presence of large lipid 

platforms could be observed in CAV1-deficient EC either with or without IR (Figure 2A, 

B). Around 70% of CAV1(-) AS-M5 EC already contained lipid platforms without IR, 

which was approximately the number of platforms/ signalosomes CAV1(+) EC could 

reach10-30 min after IR (Figure 2B). Next, we investigated if lipid platform formation 

co-localized with CAV1 expression in the CAV1-proficient EC (Figure 2C). CAV1 

positive signal (red) was shown to be localized partly at the plasma membrane, but 

some expression could also be found in the cytoplasm. However, elevated GM1 

staining was clearly present in around 40% of the cells without overlapping CAV1 

staining. Conformingly, CAV1 was not localized to those lipid platforms, although the 

presence of CAV1 in the plasma membrane influenced their formation (Figure 2C). 

The ceramide-induced large platforms were further connected to p38 MAPK activation 

and apoptosis (Figure 3). Although p38 signaling was not affected by a differential 
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CAV1 content in the EC significantly, HSP27 levels were elevated in CAV1(-) AS-M5 

independently of stress induction by irradiation (Figure 3). In line with the previously 

reported increased apoptosis levels in CAV1(-) EC upon IR, CAV1(-) EC showed here 

significantly reduced HSP27 levels upon IR, while the more radio-resistant CAV1-

expressing EC show increased HSP27 levels upon IR (Figure 3). This discrepancy 

could point to a deregulated signaling in AS-M5 CAV1(-) cells which might be due to 

constantly expressed lipid platforms and altered activated signaling. No influence of 

CAV1 on the DNA damage and DNA damage response in EC upon IR was observed 

as revealed by similar phosphorylated γ-H2AX foci (markers of DNA double strand 

breaks) and respective kinetics (data not shown). Conclusively, these results indicated 

that ceramide-induced large lipid platforms resulting from radiation favor p38 MAPK 

activation as well as apoptotic cell death depending on CAV1. 

 

CAV1-dependent ceramide generation was paralleled by an increased response 

to IR of prostate cancer cells directly co-cultured with EC 

We next investigated, if and how radiation of EC with a differential CAV1 content affects 

the radiation response of adjacent prostate cancer cells. Therefore, EC were directly 

co-cultured (3D) with LNCaP and PC3 prostate cancer cells as spheroids embedded 

in growth-factor-reduced Matrigel and treated with IR (Figure 4A). The LNCaP cells in 

combination with AS-M5 CAV1(-) cells showed a tendency of accelerated growth in 

control conditions, which is in line with an increased proliferation capacity in a CAV1(-

) background that had been previously described. However, radiation treatment 

induced a significant growth delay of the spheroids containing LNCaP cells and CAV1(-

) EC. IR treatment of co-cultures of LNCaP with CAV1(+) EC resulted in no significant 

growth inhibition. An increased radiation response was determined for 3D-spheroids 

containing PC3 cells and CAV1(-) EC (Figure 4A). (will be added: spheroids with PC3 

n=3 plus statistics) Interestingly, the direct contact between the EC and the tumor cells 

seems to be important, because cultivation of prostate cancer cell lines with 

conditioned medium collected from control or irradiated CAV1(+) and CAV1(-) AS-M5 

EC was not sufficient to induce tumor cell death (subG1) or tumor cell cycle alterations 

48 hours after treatment (Figure 4B) In addition, an attempt at inducing tumor cell 

apoptosis by exogenous ceramide treatment (C16) failed to induce apoptosis and cell 

cycle alterations in different prostate cancer cells (Figure 4C) (will be added: PC3 with 

C16 induction n=3).  
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As the chain length of biologically active ceramides serves as an important regulatory 

factor for inducing cell death or survival, we investigated (analogously to the EC 

analyzed above) the CAV1-dependent ceramide species in either CAV1-proficient 

[CAV1(+)] and CAV1-deficient [CAV1(-)] PC3 prostate cancer cells (Figure 5). C16, 

C22, C24 and C24:1 were expressed by the PC3 cells, whereas the C16, C24 and 

C24:1 ceramide species were significantly increased in the more radio-resistant CAV1-

expressing PC3 prostate carcinoma cells (Figure 5A). The latter one accounts for an 

increased C24/C24:1 ratio in the radio-sensitive CAV1(-) PC3 (Figure 5B). In line with 

these findings, the decreased ceramide levels of CAV1-deficient EC were paralleled 

by a decreased ASMase activity (Figure 5C). In accordance with the previously shown 

increased apoptosis levels of CAV1(-) PC3 cells upon IR (Panic et al., 2017), CAV1-

deficient PC3 show increased ROS-levels after IR (not shown). As compared to the 

CAV1-dependent ceramide species detected in EC (Figure 1C), PC3 ceramide levels 

were generally higher (Supplemental Figure S2), and in particular the ceramide levels 

of the C16, C22 and C24:1 species in the radio-resistant CAV1-expressing PC3 cells. 

Conclusively, the different expression levels of the distinct ceramide species resulting 

from the co-culture of EC and prostate carcinoma cells with a differential CAV1 content, 

in particular the levels of C16, C24 and C24:1 are decisive for the radiation response, 

whereas the increased levels of C24 ceramides might account for the increased radio-

resistance of CAV1-expressing PC3 cells. 

 

Human advanced prostate cancer specimens were characterized by an 

increased ceramide-immunoreactivity indicating radiation resistance 

As an increase in epithelial CAV1 (together with a loss of stromal CAV1) has been 

linked to radiation resistance (Ketteler et al., 2019; Panic et al., 2017), we decided to 

investigate ceramide and ASMase together with CAV1 expression levels, as well as 

the respective stromal-epithelial distributions, in human prostate tissue specimens by 

immunohistochemistry (Figure 6). Ceramide as well as ASMase immunoreactivity was 

increased in the CAV1-positive malignant epithelial cells of advanced prostate cancer 

specimen. Furthermore, the CAV1-deficient fibroblastic compartment of tumor 

samples tended to be less intensely stained for ceramide and ASMase in cases with 

higher Gleason grade. Of note, the CAV1-expressing EC are ceramide and ASMase-

positive and remain so upon tumor progression (Figure 6). Although we were not able 

to distinguish the different ceramide species in the tumor specimen, the compassion 

of the different ceramide species as analyzed by mass spectrometry confirmed that 
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the increased C24 and C24:1 ceramide species and particularly in the more radio-

resistant CAV1(+) PC3 and CAV1(-) fibroblasts, which resemble the critical CAV1 shift 

in advanced prostate specimen, have implications for prostate carcinoma progression 

and therapy resistance and might scavenge the effect of C16 apoptosis induction 

(Supplemental Figure S3).  

 

 

Discussion 

The sensitivity of the vascular compartment to IR has been closely linked to the tumor 

response to RT(Chen et al., 2013; Garcia-Barros et al., 2003; Klein et al., 2015; Potiron 

et al., 2013; Roe et al., 2012). Herein, EC apoptosis was shown to depend on the early 

generation of sphingolipid ceramide by ASMase (Bonnaud et al., 2007). Directly after 

IR exposure, ASMase, usually located in lysosomes, translocates to the plasma 

membrane resulting in the generation of ceramide by hydrolyzing sphingomyelin. 

Ceramide in turn induces plasma membrane remodeling leading to the formation of 

large lipid platforms as effective signalosomes and thereby activation of a p38 MAPK 

dependent apoptotic pathway (Corre et al., 2017; Niaudet et al., 2017). Here we show 

that CAV1 is critically involved in that pathway. The CAV1-enriched smooth 

invaginations of the plasma membrane (caveolae) usually form a subdomain of lipid 

rafts, so-called caveolin-enriched membrane fractions, that function as signaling 

organizing centers and platforms by modulating specific signals that are temporally 

and spatially controlled (Caliceti et al., 2014; Lajoie and Nabi, 2010; Yu et al., 2005). 

For example, the major angiogenic growth factor VEGFR2/ KDR, turned out to be 

partially localized in caveolae and VEGFR2/KDR binding to CAV1 significantly 

decreased its ability to become activated (Caliceti et al., 2014). After VEGF stimulation, 

VEGFR2/ KDR shifts to non-raft plasma membrane portions resulting in the activation 

of its tyrosine kinase via phosphorylation and genomic instability via the increased 

production of ROS (Caliceti et al., 2014). This matches our previous finding, when we 

reported that CAV1-deficieny resulted in an increased angiogenic phenotype of EC 

(Klein et al., 2015).  

In line with these findings we demonstrate here that CAV1-deficiency in EC, which was 

previously shown to result in a stimulated, angiogenic EC phenotype, increased the 

formation of plasma membrane signalosomes and associated p38 MAPK signaling 

(Figure 7). Furthermore, the increased apoptosis induction upon IR was accompanied 

by an enhanced ceramide generation based on an increase in ASMase activity in 
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CAV1-deficient EC. Ceramide in turn was already shown to displace cholesterol from 

lipid rafts and to decrease the association of the cholesterol binding protein CAV1 (Yu 

et al., 2005). On the other hand, we show here that a reduction of endothelial CAV1 

resulted in increased formation of lipid platforms in respective cells, which is most likely 

due to enhanced ASMase activity and thus increased ceramide generation. 

Quantification of the different ceramide species using LC-MS revealed that EC 

expressed the ceramide species C16, C24 and C24:1 differentially, particularly in 

response to IR, which further correlated with the CAV1-dependent expressions of 

different CerS. CerS1 is known to preferentially biosynthesize C18 and C20 ceramide, 

CerS2 and CerS4 generate very-long-chain fatty acid-containing ceramides (C22-

C26), and CerS5 and CerS6 are mostly responsible for the generation of C12-C16 

ceramides (Mullen et al., 2012; Ponnusamy et al., 2010). Accordingly, we show here 

that CerS2, CerS4, CerS5 and CerS6 were expressed in both EC variants, and was 

further induced upon IR. While CerS5 and CerS6 were expressed in both cell types at 

similar levels, CAV1(-) EC showed decreased basal expression levels of CerS2 and 

CerS4 which generate very long ceramides (up to C22-C24). In line with these 

expression levels, CAV1(-) EC showed a decreased ceramide C24/C24:1 ratio, which, 

together with elevated C16 ceramide levels, might account for the increased radio-

sensitivity of those cells. Several studies already suggested that the equilibrium 

between the chain lengths of ceramides is important with respect to their cellular effects 

and especially for regulating cell death. Herein, a shift from very-long-chain ceramides 

(C22–C26) to long-chain ceramides (C14–C20) increases apoptosis susceptibility and 

apoptosis rates (Hartmann et al., 2012; Kurz et al., 2019; Ponnusamy et al., 2010; 

Rudd and Devaraj, 2018). In addition, saturation of the very-long-chain ceramides 

seems to play a determinant role in apoptosis induction, as the ceramide-enriched 

membrane platforms were preferentially formed by saturated ceramides prior to 

activation of the apoptosis pathways (Rudd and Devaraj, 2018). 

In general, the apoptotic pathway (intrinsic activation) is initiated by the 

permeabilization of the mitochondrial outer membrane followed by cytochrome c 

release and caspase activation. Inhibition of CerS was shown to inhibit caspase 3/7 

activation and thus apoptosis, which is indicative for a ceramide function downstream 

of mitochondria but upstream of caspase activation, possibly through controlling 

mitochondrial outer membrane permeabilization (Mullen et al., 2012). Mechanistically, 

ceramides were found to form channels in mitochondrial membranes, and these 

ceramide channels were regulated by Bcl2 family proteins and dihydroceramide 
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(Stiban and Perera, 2015). The efficiency of ceramide-mediated membrane 

permeabilization was shown to depend on the ceramide species, whereas C16 

ceramide turned out to permeabilize the membrane most potently. Of note, very-long-

chain ceramides, in particular C24, reduced the potency of C16-mediated membrane 

permeabilization and thus apoptosis execution (Stiban and Perera, 2015). In line with 

these findings we show here, that apoptosis-prone CAV1-deficient EC were 

characterized by increased C16 ceramide levels. 

One of our initial hypotheses was that lowering the CAV1 content particularly in EC 

could increase the radiation response of tumors which were characterized by 

increased CAV1 expression levels (Klein et al., 2015). Silencing of CAV1 in cancer 

cells itself was already shown to sensitize lymphoblastoid TK6 to radiation-induced 

apoptosis (Barzan et al., 2010). Similarly, a reduction of CAV1 resulted in reduced cell 

adhesion, proliferation and survival of pancreatic cancer cell lines after exposure to IR 

(Cordes et al., 2007; Hehlgans and Cordes, 2011; Hehlgans et al., 2009). Notably in 

prostate cancer, which is characterized by increased CAV1 expression levels in 

malignant epithelial cells at advanced radio-resistant disease stages, a reduction of 

CAV1 aiming at radio-sensitization seemed to be a promising option (Klein et al., 2015; 

Panic et al., 2017). Of note, we show now that radiation treatment induced a significant 

growth delay of prostate cancer cells when co-cultured with CAV1-deficient EC. 

Although being decisive for advanced tumor growth and cancer progression, the tumor 

vasculature acts not separately, but in conformity with a heterogeneous tumor stroma 

that is now recognized as a key player in cancer cell invasiveness, progression and 

therapy resistance (Bissell, 2016; Bissell and Hines, 2011; Hanahan and Weinberg, 

2011). Especially in prostate cancer, it is now widely accepted that a reactive tumor 

stroma significantly contributes to growth, malignant progression and RT resistance 

(Ketteler and Klein, 2018; Ketteler et al., 2019; Panic et al., 2017; Schlomm et al., 

2009). Upon progression, a characteristic shift in CAV1 expression levels was 

observed, where CAV1 expressions increased in epithelial cancer cells while CAV1 

expressions decreased in the tumor stroma, most notably in prostate cancer 

fibroblasts.  

Therefore, we investigated here the CAV1-dependent expression of ceramide species 

in prostate cancer cells and fibroblasts. Although C16, C22, C24 and C24:1 were 

shown to be expressed in PC3 cells, the C16, C24 and C24:1 ceramide species were 

significantly increased in the more radio-resistant CAV1-expressing PC3 prostate 

carcinoma cells whereas C24 levels accounted for an increased C24/C24:1 ratio, 
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which was shown to counteract the apoptosis-inducing effects of C16 in CAV1-

deficient PC3 cells. On the other hand, a shift in sphingolipid composition from C24 to 

C16 was shown to increase the susceptibility to apoptosis in HeLa cells (Sassa et al., 

2012). Herein, it was speculated that changes in the composition of sphingolipid chain 

length affect the susceptibility of respective cells to stimuli-induced apoptosis by 

affecting the properties of cell membranes, such as lipid micro-domains, e.g. raft 

formation (Sassa et al., 2012). Increases in C16 ceramide levels (generated via CerS) 

were further shown to play a role during apoptosis induced by androgen ablation in 

androgen-dependent LNCaP prostate cancer cells (Eto et al., 2003). 

Beside the expression levels of each cell type in a certain cellular mass like a tumor, 

the concentration and distribution of certain ceramide species is crucial for apoptosis 

induction in response (Blaess et al., 2015). Exogenous ceramide species, either 

derived from cellular secretion or exogenously added, can in turn modify the 

composition/concentrations of endogenous ceramide species or that of adjacent cells 

which then might alter associated signaling such as apoptosis. Thus, we could show 

here that advanced prostate cancer specimen were characterized by increased 

ceramide as well as ASMase amounts in the CAV1-positive malignant epithelial cells. 

Using CAV1(+) EC, CAV1(-) PC3 together with CAV1(+) HS5 fibroblasts as a model 

combination for the CAV1 status of the respective cells found in healthy and low grade 

prostate carcinoma, and CAV1(+) EC, CAV1(+) PC3 together with CAV1(-) fibroblasts 

as a model combination for advanced tumor stages, it becomes clear that the very-

long-chain ceramides are expressed in higher amounts in each respective more radio-

resistant CAV1 variant. In particular, the increased levels of C24 and C24:1 in CAV1(+) 

PC3 and CAV1(-) fibroblasts may account for the absent apoptosis usually mediated 

by C16 ceramide either derived from irradiated CAV1(+) EC or CAV1(-) PC3 cells 

which were shown to upregulate CAV1 upon IR, and/or with CAV1(+) fibroblasts that 

were shown to downregulate CAV1 upon IR (Ketteler et al., 2019; Panic et al., 2017). 

Ceramides or combinations of the different ceramide species have even been 

proposed as specific disease biomarkers that could be detected in diseased tissue and 

body fluids (Kurz et al., 2019). In particular cancer elevated levels of ceramides (C16:0, 

C24:0 and C24:1) in malignant breast tumor tissues as compared with benign and 

normal tissues indicated that an increase in distinct ceramides correlated with the 

development of breast cancer (Schiffmann et al., 2009). In ovarian cancer, elevated 

levels of ceramides (C16:0, C22:0 and C24:0) were shown to be predictive in patients 

compared to healthy controls and patients with benign cancer conditions (Kozar et al., 
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2018). C16:0, C24:0, and C24:1 were elevated in colorectal cancer and correlated here 

with prognosis and clinical outcome, whereas ceramide C18:0 and C20:0 were found 

to be reduced in colorectal cancer tissue compared to non-tumor tissue (Chen et al., 

2015). Increased ceramide generation based on increased ASMase expression 

resulted in apoptotic cell death in human lymphoblasts (Santana et al., 1996). Besides 

mitochondrial outer membrane permeabilization, reduced mitochondrial membrane 

potential and apoptosis, certain ceramides were associated with decreased 

mitochondrial respiratory chain (MRC) activity, oxidative phosphorylation, increased 

reactive oxygen species (ROS) production and oxidative stress (Kogot-Levin and 

Saada, 2014). In particular C16-ceramide and/or sphinganine was suggested to induce 

ROS formation through the modulation (inhibition) of mitochondrial complex IV activity, 

resulting in chronic oxidative stress (Zigdon et al., 2013). Finally, CerS and ASMase 

seem to co-operate to produce pro-apoptotic ceramide as revealed by either the 

knockdown of ASMase or the knockdown/ inhibition of CerS6 in glioblastoma multiform 

cells that reduced ceramide generation, blocked cytosolic calcium elevations, induced 

ROS generation and finally apoptosis (Yacoub et al., 2010). 

Overall, a balance between synthesis and metabolism of sphingomyelin/ ceramide 

through multiple enzymes determines intracellular ceramide levels. Herein, targeting 

CerS for therapeutic interventions in human diseases in which the ceramide acyl chain 

length is altered gained attraction (Park et al., 2014). An upregulation of CerS4 and 

CerS6, which results in the generation of C16- and C18-ceramides, in human colon 

and breast cancer cells induced mitochondrial damage and apoptosis (Hartmann et 

al., 2012). In contrast, overexpression of CerS2, which results in the generation of very-

long-chain fatty acids, failed to induce apoptosis. Again, the equilibrium between the 

various ceramide species is key to instruct the cell to initiate the apoptotic machinery, 

because although co-overexpression of CerS2 with CerS4 or CerS6 led to a marked 

increase in total ceramide levels, it had no apoptotic effect in colon cancer cells 

(Hartmann et al., 2013).  

Differential expression levels of ceramides were also crucial for cancer cell sensitivity 

to chemotherapeutic agents and radiation (Mullen et al., 2012; Verlekar et al., 2018). 

A decrease in C16 ceramide in colon adenocarcinoma cells, achieved by a knockdown 

of CerS6, protected the cells from tumor necrosis factor-related apoptosis-inducing 

ligand (White-Gilbertson et al., 2009). While CerS6-dependent C16 ceramide 

increased the sensitivity of breast carcinoma cells to TNF-related apoptosis-induced 

ligand mediated cell death induction, CerS6-dependent C16 ceramide generation 
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increased tumor development and growth, suggesting anti-apoptotic properties in 

human head and neck squamous cell carcinoma cells (Hernandez-Corbacho et al., 

2015; Senkal et al., 2011). CerS6 overexpression further sensitized a variety of cancer 

cells to cell death induced by the combined treatment with the multi-kinase inhibitor 

sorafenib and the histone deacetylase inhibitor vorinostat (Walker et al., 2009). 

In particular, IR was shown to increase the p53-dependent expression of CerS5 (but 

not CerS6) which mediated the cell death-mediating radiation response in human 

lymphoblastoid cells (El-Assaad et al., 2003; Panjarian et al., 2008). CerS5 and CerS6 

were shown to promote cell death via C16 ceramide which was related to IR induced 

C16-CerS activity in mitochondria-associated membranes (Mesicek et al., 2010). In 

contrast, overexpression of CerS2 that usually generates very-long-chain fatty acid-

containing ceramides (C22-C26) delayed the IR-induced apoptosis. Especially in 

response to radiation, CerS6-generated C16 ceramide induced BAX-mediated 

apoptosis (Lee et al., 2011). CerS6-generated C16 ceramide was identified as a 

transcriptional target of p53 that fostered apoptosis in response to non-genotoxic 

stress in human lung cancer cells (White-Gilbertson et al., 2009). Increased levels of 

CerS6-generated C16 ceramide were further assessed in lung and oral cancer tissues 

as compared to healthy controls (Suzuki et al., 2016; Suzuki et al., 2019). Using lung 

cancer cells, these observations were confirmed, when CerS6-generated C16 

ceramide contributed to the pro-apoptotic cellular response after genotoxic stress and 

induced then p53 protein activation (Fekry et al., 2016). Thus, different ceramide 

species have distinct roles in inducing cancer cell death and survival that is dependent 

on the context and/or tissue or cell type (Ogretmen, 2018). 

Conclusively, ceramides are important messengers aiming at apoptosis induction that 

might also be generated in response to signaling through CD95-Fas/Apo1, tumor 

necrosis factor alpha, and cancer therapy like chemotherapeutic agents and in 

particular IR. Upon pro-inflammatory or pro-apoptotic stimulation and most importantly 

upon radiation, ceramides either generated from ASMase that catalyze the breakdown 

of phospho-sphingolipid sphingomyelin or generated by de novo synthesis via CerS, 

are highly bioactive lipid-mediators. Here we showed that this ceramide generation is 

critically influenced by the membrane protein CAV1. As stated above, different 

ceramide species, in particular their respective N-acyl chain length were shown to 

affect the functions of ceramides (Mullen et al., 2012). CAV1-expression levels in the 

different stromal cells as well as malignant epithelial cells of a tumor can change, e.g. 

upon tumor progression and/or therapy- induction, and thus affect their cellular fate. In 
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prostate cancer, the critical stromal-epithelial CAV1-shift is accompanied by a shift to 

higher ceramide levels overall and particularly to more very-long-chain ceramide 

species (C24) that finally affect the respective cell survival upon IR. Thus, ceramides 

or synthetic, metabolically stabilized and more rigid analogs that bear the potential of 

being pro-apoptotic (e.g. C16) may be useful as anti-cancer agents (Blaess et al., 

2015). Interestingly, even in prostate cancer the use of agents that elevate ceramide 

levels as novel chemotherapeutic agents was suggested (Samsel et al., 2004). Here, 

B13, an inhibitor of acid ceramidase, which in turn resulted in increased ceramide 

concentrations, was an inducer of cell death by apoptosis in cultured prostate cancer 

cells. The induction of apoptosis was further paralleled by a drop in glutathione levels 

in response to B13 (Samsel et al., 2004). In addition, B13 sensitized tumors to the 

effects of IR, resulting in a significant reduction of tumor volume and weight after 

combined treatment (Samsel et al., 2004). 

These studies, together with the results we presented here, suggest that targeting the 

ceramide pathways may be a novel treatment strategy for radiation-resistant prostate 

cancer. 
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Material and Methods 

 

Materials 

Prior to treatment, cells were starved in medium containing 0.1 % FCS overnight. 

Exogenous C16 Ceramide (Enzo Life Sciences, France) was solved in 100 % EtOH 

and added after radiation treatment. CAV1 antibody was from Santa Cruz (Santa Cruz, 

CA; 1:1000 WB, 1:100 IF), antibodies targeting p-p38, p38, p-HSP27, HSP27 and 

Ceramide were purchased from Cell Signaling Technology (Danvers, MA; all 1:1000 

WB). Antibody for beta actin (clone AC-74, A2228) was from Sigma-Aldrich (St. Louis, 

MO). The goat anti ASM antibody was kindly provided by Prof. K. Sandhoff (Bonn, 

Germany) (Lansmann et al., 1996). 

 

Cell Cultures 

The prostate cancer cell lines LNCaP, PC3 and 22RV1, as well as the fibroblast cell 

line HS5 were cultured in RPMI 1640 medium (Gibco, ThermoFisher, Waltham, MA, 

USA) supplemented with 10 % fetal calf serum (FCS) and 100 U 

Penicillin/Streptomycin (Sigma Aldrich, St. Louis, MO, USA) at 37°C, 5 % CO2 and 95 

% humidity. Endothelial cells AS-M5 were cultured in Medium 199 (Gibco, 

ThermoFisher, Waltham, MA, USA) supplemented with 20 % FCS, 100U Penicillin/ 

Streptomycin and 15 mg Endothelial Cell Growth Supplement (Sigma) at similar 

conditions. Cells were passaged 2-3 times per week. CAV1 levels in AS-M5, HS5 and 

PC3 cells were downregulated by lentiviral transduced shRNA as previously described 

and labelled with green-fluorescent protein (GFP) (Panic et al., 2017). 

 

Irradiation 

Irradiation of samples was done in an Isovolt-320-X-ray machine (Seifert-Pantak) at 

320 kV, 10 mA and a 1,65 mm aluminum filter at a distance of 50 cm. The dose rate 

was approximately 3 Gy/min with an energy of the tube of 90 kV (~ 45 keV X-rays). 

Irradiation for LC-MS, ASMase activity and LLP staining was performed with a 160 kV 

irradiator (CP160 Faxitron Xray, USA) at a dose rate of 1.48 Gy/min. 
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Flow cytometry measurements 

Apoptotic cells (sub-G1 fraction) and cell cycle phases were analyzed by using 

Nicoletti/Propidium Iodide staining (PI; 0.1% sodium citrate(w/v), 50 µg/mL PI (v/v) and 

0.05 % Triton X-100 (v/v)) as previously described (Riccardi and Nicoletti, 2006). Cells 

were stained for 30 min in the dark and subsequently measured with flow cytometer 

FACS Calibur (BD, Heidelberg, Germany, FL2). Analysis was done using FlowJo 

software. 

 

Conditioned Medium 

Cells were grown until 80 % confluency in normal growth medium, irradiated with 10 

Gy or control irradiated and cultured for 48 h in low FCS medium (2 %). Supernatant 

was taken and centrifuged to separate dead cells. Control medium was incubated with 

2 % FCS in culture conditions without cells. Conditioned medium was used 1/1 with 

normal growth medium for experiments. 

 

Liquid chromatography – Mass Spectrometry (LC-MS) for Ceramide 

quantification 

Extraction of lipids was performed by using Chloroform/Methanol (1/2, v/v) and LC-MS 

was done as previously described (Croyal et al., 2018). The assay was performed on 

a HP 1100 series liquid chromatography (Agilent) in line with an electrospray ion mass 

spectrometer Esquire 4.5 series (BD). Different ceramide species were analyzed with 

an UptiSphere 5ODB column and the integration of respective species was done using 

QuantAnalysis software (BD). Samples contained an internal standard (C17:1) which 

was used as a loading control.  

 

ASMase activity assay 

ASMase activity was quantified with BODIPY Sphingomyelin (Invitrogen). 1 µg of lysed 

protein sample was used and incubated with fluorescent sphingomyelin overnight at 

37°C that was subsequently cleaved of ASMase to BODIPY ceramide. Reaction was 

stopped using a mixture of chloroform/methanol (1/1, v/v) and after centrifugation the 

organic phase containing the lipids was evaporated with nitrogen. Separation of the 
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lipids was performed using a Thin-Layer-Chromatography (TLC) silica membrane in 

chloroform/methanol (95/5, v/v) (Whatman, UK). After drying, the plate was analyzed 

with chemo luminescence and ASMase activity determined from the relation of 

BODIPY ceramide to sphingomyelin. 

 

Western blotting 

After treatment, cells were scraped in ice-cold RIPA buffer (150 mmol/L NaCl, 1% 

NP40, 0.5% sodium-desoxycholate, 0.1% sodium-dodecylsulfate, 50 mmol/L Tris/HCL 

pH 8, 10 mmol/L NaF, 1 mmol/L Na3VO4) containing complete Protease inhibitor 

cocktail (Roche). 2-3 thaw/freeze cycles were performed before subjecting whole cell 

lysates to SDS-gel electrophoresis as previously described (Klein et al., 2008). 

 

Large lipid platform (GM1) staining 

Cells were seeded on cover slips and treated after overnight culture. Lipid platforms 

were stained by using 0.1 mM Alexa Fluor 647nm conjugated cholera toxin B subunit 

for 45 min as described before (Niaudet et al., 2017). All steps were carried out on ice 

until cells were fixed with 4 % PFA for 20 min. After blocking with 10 % BSA for 20 min, 

co-staining with CAV1 was performed in a dilution of 1:100 in blocking buffer for 1h. 

Samples were mounted with GoldProlong containing DAPI (ThermoFisher) to visualize 

nuclei and pictures were taken with a Leica confocal microscope. 

 

Staining of Human Tumor Tissue 

Immunohistology and immunofluorescence staining was performed on formalin-fixed 

and paraffin-embedded slides of human prostate cancer samples as previously 

described (Ketteler et al., 2019; Panic et al., 2017). Samples were prepared by using 

a descending alcohol series and incubation with target retrieval solution (Dako). 

Afterwards slides were blocked with a 2% FCS/PBS blocking solution to reduce 

unspecific interactions and primary antibodies were incubated overnight at 4°C. 

Antigens were detected either by Horseradish-peroxidase conjugated secondary 

antibodies and DAB-staining (IHC) or fluorescently labelled secondary antibodies. 

Nuclei were counterstained with hematoxylin or DAPI. 
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Real time (RT) qPCR 

RNA was isolated by using RNeasy Mini Kit (Qiagen, Hilden, Germany) after 

manufacturer’s instructions. 1 µg of cDNA was used and expression levels of the 

indicated genes were compared to housekeeping gene beta-actin (set as 1). The 

following primer sequences were used: CerS1 for: CCTCCAGCCCAGAGAT, rev: 

AGAAGGGGTAGTCGGTG; CerS2 for: CCAGGTAGAGCGTTGGTT, rev: 

CCAGGGTTTATCCACAATGAC; CerS3 for: CCTGGCTGCTATTAGTCTGAT, rev: 

TCACGAGGGTCCCACT; CerS4 for: GCAAGGATTTCAAGGAGCAG, rev: 

AACAGCAGCACCAGAGAG; CerS5 for: CAAGTATCAGCGGCTCTGT, rev: 

ATTATCTCCCAACTCTCAAAGA; CerS6 for: AAGCAACTGGACTGGGATGTT, rev: 

AATCTGACTCCGTAGGTAAATACA; β-ACTIN for: TCCATCATGAAGTGTGACGT, 

rev: GAGCAATGATCTTGATCTTCAT. RT-qPCR was performed in an Agilent Aria 

cycler. 

 

Spheroid Culture 

PC3 or LNCaP cells were co-cultured with AS-M5 CAV1(+) or CAV1(-) cells in hanging 

drops for 24h (1/1, NGM/Methylcellulose). Afterwards, spheroids were plated in NGM 

with growth-factor reduced Matrigel (1/2). Pictures were taken directly and 48h after 

treatment at 10x magnification. Size was measured and calculated using ImageJ 

software.  

 

Statistical analysis 

If not otherwise indicated, results were obtained of at least three different experiments 

and analyzed using either one-way or two-way ANOVA followed by post-hoc Tukey’s 

test or Student’s t-test with Welch’s correction. For statistical analysis GraphPad Prism 

7 software was used (LaJolla, CA). 
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Figure legends 

 

Figure 1 

ASMase activity and Ceramide generation is increased in CAV1(-) EC in a time-

dependent manner after IR. (A) Whole cell lysates of irradiated (10 Gy) and control 

(0 Gy) AS-M5 CAV1(+) and CAV1(-) cells were used for Western blot analysis of 

ASMase and CAV1 protein expression 48h upon IR. β-ACTIN was used as a loading 

control. Representative images were taken from 3 different experiments. (B) ASMase 

enzymatic activity was measured in AS-M5 CAV1(+) and CAV1(-) cells in control 

conditions (n=13). CAV1(-) activity is shown in relation to CAV1(+) cells, that was set 

at 1. Further on, ASMase enzymatic activity was analyzed after 10 Gy IR. ASMase 

activity is shown in relation to CAV1(+) unirradiated samples (set as 1) 5 min, 15 min 

and 30 min after IR treatment (n= 3-4). Statistical analysis was performed by using 

one-way ANOVA (*) or Student’s t-test (#), error bars are shown in SEM. P-values 

indicate * p<0.05, *** p<0.001 and ## p<0.01, ### p<0.001. (C) Overview of all 

detected ceramide species by LC-MS in AS-M5 CAV1(+) and CAV1(-) cells (n=3, 

SEM). Statistical analysis was done by using two-way ANOVA followed by post-hoc 

Tukey’s multiple comparison. (D) Timeline of ceramide species C16, C24 and C24:1 

generated by AS-M5 CAV1(+) cells after IR treatment. Samples were taken 1 min, 5 

min, 15 min and 30 min after 10 Gy irradiation. All control (ctrl) samples were pooled 

(n=3, SD). Statistical analysis was done by using Student’s t-Test with Welch’s 

correction. (E) Timeline of ceramide species C16, C24 and C24:1 generated by CAV1(-

) AS-M5 after 10 Gy irradiation (n=3, SD). Samples were taken at indicated time points. 

Statistical analysis was done by using Student’s t-Test with Welch’s correction. P-

values (C-E) indicate * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. 

 

Figure 2 

Large lipid platform (LLP) formation is elevated in CAV1(-) AS-M5 cells 

independently of stress induction. (A) Large lipid platform formation in AS-M5 

CAV1(+) and CAV1(-) cells was visualized with Cholera toxin B-subunit (purple) which 

binds Ganglioside GM1. AS-M5 cells were lentiviral transduced with a GFP-tag (green) 

and the nucleus is stained with DAPI (blue). Representative images of three individual 

experiments are shown (upper part). Cells were irradiated with 10 Gy and stained 10 

min afterwards with Cholera toxin B-subunit (purple). Cells are labelled in green and 

nucleus is stained with DAPI (blue) (lower part). (B) Quantification of LLP formation 
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was done by counting positive cells of control irradiated (0 Gy) and irradiated (10 Gy) 

cells. The graph shows LLP formation 10 min and 30 min after IR. In total at least 50 

cells/condition were quantified (n=3, SEM). Statistical analysis was performed with 

two-way ANOVA followed by post-hoc Tukey’s test. P-value indicates **** p<0.0001. 

(C) Co-staining of LLP (purple) and CAV1 (red) was performed. A representative image 

of control irradiated (0 Gy) CAV1(+) AS-M5 cells is shown. Cells are labelled in green 

and nucleus was stained with DAPI (blue). Scale bar indicates 50 µm in all pictures. 

 

Figure 3 

CAV1(-) EC express higher levels of HSP27 which are downregulated after IR 

treatment. (A) Whole cell lysates were used for Western blot analysis of the 

p38/MAPK pathway by detecting the involved proteins p-p38, p38, p-HSP27 and 

HSP27 in control and 10 Gy irradiated cells 5 min and 30 min after treatment. 

Additionally, CAV1 expression levels were measured at the same time points. β-ACTIN 

was used as a loading control. Representative blots of three individual experiments 

are shown. (B) Relative quantification of the indicated protein expression levels was 

performed (n=3). Band signal intensity was quantified by densitometry and normalized 

to β-ACTIN. Error bars are shown in SD and statistical analysis was performed by two-

way ANOVA followed by post-hoc Tukey‘s multiple comparison. P-values indicate * 

p<0.05, ** p<0.01. 

 

Figure 4 

Paracrine signaling of AS-M5 CAV1(-) is not sufficient to induce apoptosis, 

whereas a direct interaction with prostate cancer cells fosters growth reduction 

and radio-sensitivity. (A) PC3 cells (top) and LNCaP cells (bottom) were co-cultured 

with AS-M5 CAV1(+) or CAV1(-) cells in hanging drops for 24 h. After formation of 

spheroids, cells were plated in a growth factor-reduced Matrigel- medium mixture (1:2, 

v/v) and irradiated at 10 Gy. Pictures were taken at the time of irradiation (0 h) and 48 

h later. Scale bar relates to 50 µm. Representative images are shown from three 

individual experiments where at least 10 spheroids/condition were measured. 

Statistical analysis was performed by two-way ANOVA followed by post-hoc Tukey’s 

test (n=3, SEM). P-values indicate ** p<0.01, **** p<0.0001. (B) Prostate cancer cells 

were cultivated with AS-M5 supernatant (control or 10 Gy irradiated) for 48 h in control 

and irradiated (10 Gy) conditions. Cell cycle phases and apoptotic cells (subG1) were 

analyzed by flow cytometry (channel FL-2). Graphs consist of data from three 
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individual experiments with SD shown. (C) Prostate cancer cells were starved 

overnight (0.1% FCS) and subsequently treated with 5 or 10 µM C16 ceramide and 

treated with irradiation (10 Gy). After 48 h cells were harvested and cell cycle phases 

and apoptotic cells (subG1) were analyzed using flow cytometry (channel FL-2). 

Graphs show data from three individual experiments with SD as error bars. 

 

Figure 5 

The radiation resistant CAV1(+) PC3 cells show higher levels of total ceramide 

whereas ASMase-activity is similar. (A) Different expression of ceramide species 

was measured by LC-MS in CAV1(+) and CAV1(-) PC3 prostate cancer cells. Bars 

represent three individual experiments with SEM as standard error. Statistical analysis 

was performed using two-way ANOVA followed by post-hoc Sidak’s test. P-values 

indicate * p<0.05, **** p<0.0001. (B) The ratios of C16 to C24, C16 to C24:1 and C24 

to C24:1 ceramide were calculated in CAV1(+) and CAV1(-) PC3 cells. Results are 

shown of three individual experiments with SEM. Statistical analysis was performed 

using Student’s t-test with Welch’s correction. P-value indicates **** p< 0.0001. (C) 

ASMase activity of differential CAV1-expressing PC3 cells was measured at control 

conditions. Activity is shown in relation to CAV1(+) cells set as 1 (n=3, SD). 

 

Figure 6 

Immunohistological analysis of CAV1, ASMase and ceramide expression levels 

in human prostate cancer tissues. Paraffin-sections of human prostate cancers were 

stained for the indicated antibodies using either IHC (A) or immunofluorescence (B). 

Gleason grading scores were divided into low (Gleason Score ≥6, Grade group 1), 

intermediate (Gleason Score 7 (a/b), Grade groups 2 & 3) and high scores (Gleason 

Score ≥8, Grade groups 4 & 5). Asterisks mark stromal compartments and bold arrows 

point to epithelial structures. Sections were counterstained using hematoxylin. 

Representative images are shown. Magnification 40x (phase contrast); 630x 

(immunofluorescence). 

 

Figure 7 

Schematic overview of CAV1-dependency on the ASMase/ceramide pathway 

induction in EC. Left: Under normal conditions in EC (CAV1(+), upper panel) ASMase 

is located in lysosomes and translocated to the plasma membrane upon stress 

induction by IR. Proper translocation is presumably facilitated by CAV1-abundant 
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regions. IR (lower panel) leads to rapidly increased ASMase activity and ceramide 

generation (specifically of C16 and C24), which goes along with formation of LLP and 

altered signal transduction. Degeneration of ceramide takes place after 15 – 30 min 

and apoptosis induction can be avoided. Further on, co-culture of EC CAV1(+) and 

prostate cancer cells leads to survival upon treatment with IR. Additionally, de novo 

synthesis of long chain C24 by CerS2 and CerS4 is elevated in CAV1(+) EC 

presumably leading to scavenging of apoptosis inducing C16. Right: CAV1 

downregulation or absence in EC leads to a permanently activated and upregulated 

ASMase activity that may be due to improper localization at the plasma membrane. 

Activated ASMase facilitates increased generation of ceramide and specifically C16 

and C24 ceramide species are upregulated. A stable formation of large lipid platforms 

alters ceramide-dependent signaling of the p38/MAPK pathway. De novo synthesis of 

ceramide is lowered compared to AS-M5 CAV1(+) EC, especially in CerS2 and CerS4, 

which are important for the synthetization of long chain ceramides. Co-culture of 

CAV1(-) AS-M5 with prostate cancer cells led to an elevated proliferation of the tumor 

cells. Upon stress induction by IR (lower panel), ceramide accumulates and generation 

is stabilized which fosters apoptosis induction and EC death, presumably by differential 

regulation of the p38/MAPK pathway. Our results indicate that elevated apoptosis in 

CAV1(-) ECs influences tumor cell survival and growth in a negative manner when co-

cultured with prostate cancer cells. Additionally, de novo synthesis of C24 by CerS2 is 

lowered in comparison to the radio-resistant CAV1(+) variant. 
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Supplemental Data  

 

Supplemental Figure 1 

 

Ceramide is differentially synthesized de novo in CAV1 (+) AS-M5 cells. (A) RT-

qPCR was performed using primers of the six known ceramide synthases (CerS1 – 

CerS6) in control (0 Gy) and irradiated (10 Gy, 48 h) AS-M5 cells (n=4, SEM). 

Statistical analysis was done by using two-way ANOVA. P-value indicates * p<0.05. 

(B) The ratio of ceramide species C16 to C24, C16 to C24:1 and C24 to C24:1 was 

calculated in AS-M5 CAV1(+) and CAV1(-) cells. Control levels were pooled out of 

three individual experiments (n=3, SEM). Statistical significance was calculated with 

Tukey’s student t-test with Welch’s correction. P-value indicates *** p<0.001, **** 

p<0.0001. 
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Supplemental Figure S2 

Most prominent ceramide species were significantly higher expressed in radio-

resistant CAV1(+) PC3 cells compared to EC. The different ceramide species in 

CAV1-proficient and –deficient EC and prostate cancer cells were analyzed by LC-MS 

and compared next to each other. Control levels out of three individual sample sets 

are shown with SEM. Two-way ANOVA followed by Tukey’s test was performed to 

confirm statistical significance. P-value indicates ****<p 0.0001. 

  



 
 134 

Supplemental Figure S3 

 

Overall ceramide levels of differential CAV1-expressing tumor and stroma cells 

in advanced prostate cancer are elevated. (A) Ceramide species of the healthy 

situation or low graded tumor (EC CAV1(+), PC3 CAV1(-) and HS5 CAV1(+)) and cells 

present in advanced prostate cancer (EC CAV1(+), PC3 CAV1(+) and HS5 CAV1(-)) 

were analyzed by LC-MS. Levels of three individual experiments are shown with SEM. 

The schematic overview emphasizes CAV1 levels in stroma and epithelial/tumor cells 

in each stage. (B) Ratios of C16 to C24, C16 to C24:1 and C24 to C24:1 in the healthy 

and advanced situation of prostate cancer are described. Ratios were taken out of 

three individual experiments and are shown with SEM. 
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IR is within the most prominent treatments in cancer therapy, but resistance of 

aggressive and advanced tumors remains as one of the biggest challenges in cancer 

treatment. In addition, radiation-induced normal tissue complication limits the 

application of curative radiation doses needed to control and/or kill all tumor cells. The 

tumor microenvironment evolved here as an additional important factor influencing 

tumor progression and therapy resistance. Thus, biological approaches concentrate 

on the understanding of the intrinsic or acquired resistance of advanced tumors with 

the aim to identify potential targets finally aiming at radio-sensitizing the tumors. 

Alternatively, protecting normal tissues from radiation-induced toxicity might potentially 

result in the use of higher, more efficient radiation doses. 

 Concerning a potential radio-sensitization of tumors the present thesis 

(publications 2-4) highlight the impact of the candidate molecule CAV1 in prostate 

cancer progression and the stroma-epithelial crosstalk of EC and fibroblasts.  

 A loss of CAV1 in the stromal compartment, namely in fibroblasts significantly 

impacts prostate cancer progression in vitro and in vivo. CAV1 downregulation in 

fibroblasts fostered tumor growth and increased radiation resistance of prostate cancer 

in xenograft mouse models. Conformingly, supernatant of CAV1-deficient fibroblasts 

protected cancer cells of IR-induced apoptosis in vitro (publication 2). Importantly, one 

CAV1-dependent secreted factor of fibroblasts was identified, namely the apoptosis 

inhibiting protein TRIAP1, which caused pronounced radiation resistance in prostate 

cancer cells in vitro and in vivo using xenograft tumors (publication 3). TRIAP1 

expression levels were further increased in tissue of advanced human prostate cancer 

specimen, which is characterized by a loss of stromal CAV1 and increased CAV1-

expressions in malignant epithelial cells.  

The CAV1-dependent pathway operating in stromal cells (EC and fibroblasts) 

and prostate cancer cells that regulates cellular growth and apoptosis induction upon 

RT was further specified (publication 4). Previous work in the lab described CAV1-

downregulation in ECs as a sensitizing factor for RT (84). Now it could be shown that 

CAV1 affects/regulates the ASMase/ceramide pathway in EC directly and upon stress 

induction by RT, which is a major factor mediating vascular dysfunction and regulating 

EC apoptosis. With respect to the tumor-stroma interactions, stroma e.g. EC-derived 

apoptotic ceramide, would be a potential option to radio-sensitize prostate cancer cells. 

Of note, the differential CAV1-expression levels as found in advanced prostate 
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carcinomas and dependent ceramide species counteract the stromal derived ceramide 

actions. 

Taken together, the present thesis investigated two important aspects of RT: 

radioprotection of the normal tissue and radio-sensitization of tumors. These studies 

gained insight in stroma-epithelial crosstalk causing therapy resistance and identify 

molecular targets to possibly improve the outcome of RT.  
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6. Discussion 
 

6.1 Radiation-induced Normal Tissue Toxicity 
 

In the present thesis, new insights of radiation-induced normal tissue toxicity 

and the influence of CAV1-dependent stromal-epithelial crosstalk on RT resistance 

were given. Radiation-induced EC loss and vascular dysfunction in the lung could be 

restored by inhibiting the SASP factor CCL2. C57BL/6 WT mice or CCR2-KO mice 

were treated with whole thorax irradiation (WTI). Here, CCR2-deficiency led to 

decreased EC loss and associated radiation-induced lung fibrosis. Treatment with the 

CCL2 specific inhibitor Bindarit (BIN) furthermore decreased CCL2 expression after 

WTI, stabilized vascular function and reduced seeding of lung metastasis. Thus, CCL2 

signaling inhibition is a promising option for vascular protection from IR in the normal 

tissue.  

Normal tissue toxicity is one of the limiting factors of RT and can lead to acute 

and chronic complications, as well as secondary malignancies of the patient (23). 

Therefore, protectors or protective signaling of the normal tissue are under current 

investigations in order to facilitate the application of higher, potentially curative IR 

doses. Herein, EC play an important role due to their capacity in building up and 

maintaining the organ’s functional (micro-) vascular structure. IR was shown to destroy 

the homeostatic network of resident parenchymal, mesenchymal and EC. This 

facilitates infiltration by immune cells and thereby causes acute and/or chronic 

inflammation (1, 25). Additionally, the function of EC can be affected upon IR treatment 

due to oxidative stress or altered signaling of tumor cells, as for example secretion of 

the chemokine CCL2 (8, 36, 86). CCL2 has been shown to be secreted by senescent 

resident epithelial cells upon irradiations. Part of this thesis concentrated on the 

inhibition of CCL2 signaling and its impact on the response of resident EC in the normal 

tissue. Acute and chronic inflammation is especially important in sensitive tissue such 

as the lung. Therefore, WTI was used in a C57BL/6 mice model. Here, it was shown 

that inhibition of CCL2 by using the specific inhibitor BIN restored EC morphology and 

limited metastasis formation in the lung. Apoptosis-dependent EC loss upon IR 

treatment facilitates a leaky environment and hereby promotes tumor cell migration 

and extravasation (90). Deficiency in the CCL2 receptor CCR2 resulted in decreased 

EC loss, lung metastasis and fibrosis formation. Therefore, targeting of SASP factors 

secreted by senescent epithelial cells could be a potential treatment strategy to prevent 
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acute and chronic immune cell infiltration that in turn could lead to short and long term 

effects such as lung fibrosis. Moreover, evidence for pro-tumorigenic properties of 

CCL2 emerged recently. CCL2 promotes proliferation and metastasis in 

nasopharyngeal carcinoma and can be used as a prognostic marker in breast and 

pancreatic cancer to only name a few examples (31, 101, 119, 161). Thus, targeting 

the CCL2/CCR2 axis could not only protect the normal tissue but has properties to 

sensitize tumor cells to drug therapy. 

 Of note, the membrane protein CAV1 was already linked to normal tissue 

toxicity. Although the work presented in this thesis was independent of CAV1, it was 

shown before that it also has influence on normal tissue toxicity. Generation of CAV1(-

/-) mice was used to define the influence of caveolae and CAV1 on normal tissue. 

Disruption of the CAV1 gene led to an absence of caveolae in EC and epithelial cells 

in all organs. Moreover, those animals tend to develop lung fibrosis accompanied by 

an uncontrolled proliferation of EC (47, 140). Additionally, vascular dysfunction was 

observed in those mice, linking CAV1 to be an important mediator of EC maintenance 

and cell proliferation control in lung tissue (47, 140). Further on, CAV1 controls the 

signaling of eNOS with its CSD and prevents NO production (59). In line, CAV1(-/-) 

animals showed a decreased vasoconstrictor response leading to physical weakness 

due to NO overproduction. Moreover, increased NO induces oxidative stress which 

leads to CAV1 downregulation and reduced palmitoylation in EC (123, 133). Thus, 

signaling mediated by CAV1 and caveolae trafficking is well known to influence normal 

tissue response and its targeting could be a potential risk for damaging normal tissue 

upon treatment by inducing fibrosis and oxidative stress. Future work of the group will 

address how a differential CAV1 regulation affects normal tissue toxicity and 

particularly, how CAV1 is regulated in EC upon radiation and if this can be linked to 

the radiation-induced dysfunction and EC loss observed in the present studies. 

 

6.2 Impact of CAV1 on Stromal-Epithelial Crosstalk 
 

 Various solid human tumors are characterized by an overexpression of CAV1 

and CAV1 was shown to be decisive for chemo- and RT resistance (83). Thus, CAV1 

downregulation was thought to be a potential mediator for increasing radio-sensitivity 

of tumors (10, 35, 70). But recent studies showed that the tumor microenvironment has 

to be taken into account as well. The role of stromal cells in tumor progression and 
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response to therapy has been investigated thoroughly but a deeper understanding of 

mechanisms of action is critical to reduce tumor therapy resistance. CAV1-dependent 

regulations of tumor-stroma interactions could be linked to alterations in therapy 

response before and it has been suggested as a potential therapeutic target to improve 

therapy outcome (35, 70, 71, 84). However, part of this thesis demonstrated that there 

is a potential risk of targeting CAV1 to sensitize tumors to therapy. Although, CAV1(-) 

PC3 cells showed decreased clonogenic survival upon IR in vitro, xenograft and 

orthotopical implanted tumors derived from PC3 CAV1(-) cells displayed increased 

tumor growth and RT resistance (publication 2). These tumors were accompanied by 

an elevated reactive tumor stroma and a CAV1 (re-)expression in malignant epithelial 

cells. Similar findings were detected in mice with a CAV1-deficient background. 

Tumors derived of MPR31-4 prostate cancer cells grew significantly faster in CAV1(-/-) 

mice (84). Based on those findings, a closer look on a modulator of radiation resistance 

that too has an impact on stromal-epithelial crosstalk was taken: CAV1. It was 

previously described in the lab, that CAV1 content influences EC radiation sensitivity 

and a CAV1-deficient background favors tumor growth in vivo. Therefore, investigating 

how the loss of CAV1 in tumor stroma affects the radiation response was the next step 

to unravel another part of the stromal-epithelial crosstalk. 

 Here, it was shown that loss of CAV1 in HS5 fibroblasts increased radiation 

resistance and tumor growth in a direct manner and therefore mediated radiation 

resistance of prostate cancer xenografts. Moreover, a paracrine secretion of CAV1(-) 

fibroblasts was sufficient to protect prostate cancer cells in vitro. Additionally, those 

fibroblasts showed increased expression levels of CAF markers, such as TGF-β and 

α-SMA. Ex vivo analysis of prostate tumor tissue revealed a more reactive tumor 

stroma correlating with decreased CAV1 expression in fibroblasts of advanced 

prostate tumor samples. Of note, TRIAP1 (TP-53 regulated inhibitor of apoptosis 1) as 

a CAV1-dependent secreted factor of fibroblasts was identified and thus is a potential 

mediator of the previously described radiation resistance. TRIAP1 was shown to be 

highly expressed in CAV1-downregulated fibroblasts and most important it was 

secreted exclusively by those. Additionally, prostate cancer xenograft models of NMRI 

nude mice revealed increased radiation resistance when implanted with TRIAP1 

overexpressing fibroblasts. Finally, histologic staining of TRIAP1 was elevated in 

advanced human prostate cancer tissues. 
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In line with these results, tumor growth of implanted Lewis-lung carcinoma cells 

was exceeded as well in CAV1(-/-) mice, compared to WT (103). Thus, there is a 

potential risk of targeting CAV1 to improve the outcome of therapy. However, since 

CAV1 secretion of prostate cancer cells was shown to be linked to increased cell 

growth and angiogenesis, attempts of blocking CAV1 secretion by using polyclonal 

antibodies were promising (91, 168, 175) and inhibition of CAV1-secretion impaired 

tumor cell growth. Nevertheless, results of the present thesis and others show that a 

CAV1-deficient tumor stroma contributes to therapy resistance (17, 18, 83). Prostate 

tumor xenografts implanted with CAV1-downregulated HS5 fibroblasts were 

characterized by increased tumor growth and significantly higher resistance to IR, as 

well as an elevated activated tumor stroma. Furthermore, CAV1 levels in tumors 

derived of PC3 (-) HS5 (-) were significantly increased after single radiation treatment. 

Analysis of the tumors revealed an increased proliferation and survival signaling by 

elevated levels of CyclinD1 and AKT after IR. Those results were confirmed by 

increased CAV1 and transgelin expression in high Gleason Score human prostate 

tumor tissues. Therefore, it was clearly shown that loss of CAV1 in stromal cells 

regulates stromal-epithelial crosstalk by (re-)expression of CAV1 in malignant epithelial 

cells having an impact on tumor progression and therapy resistance. Of note, as 

described beforehand, a switch of CAV1 expression from benign to advanced prostate 

cancer occurs in epithelial cells (from CAV1(-) to CAV1(+)) and fibroblasts of the tumor 

microenvironment (from CAV1(+) to CAV1(-)). Thus, importance of the critical shift of 

CAV1 expression alterations in the tumor stroma and epithelial cells has to be 

evaluated and prevention could be used as a potential target fostering therapy 

sensitivity. 

 Mechanistically, degradation of CAV1 in fibroblasts is mediated by lysosomes 

(109). There is evidence, that lysosomal degradation is mediated of cancer cells 

themselves or via induction of oxidative stress in their microenvironment. Moreover, 

this seems to be a critical step for the induction of a CAF phenotype (110, 156). Herein, 

studies showed that loss of CAV1 in the tumor stroma could be used as a prognostic 

marker for autophagy and oxidative stress (155). Lysosomal degradation of CAV1 in 

fibroblasts can be successfully counteracted by using lysosome inhibitors (109). 

Moreover, not only the loss of CAV1 in tumor stroma is important but also the 

mechanism behind the (re-)expression of CAV1 in malignant epithelial cells has to be 

unraveled. CAV1 expression is either upregulated by a direct transfer between cells or 

by CAV1-expression regulating proteins. Results of the present thesis show that there 
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are junctions formed between CAV1-deficient LNCaP cells and HS5 CAV1(+) 

fibroblasts, where CAV1 proteins are involved and/or transferred as revealed by 

immunofluorescent analysis. LNCaP cells close to CAV1(+) fibroblasts also expressed 

CAV1 upon IR treatment in vitro. Therefore, it was speculated or seems likely that 

CAV1 transfer and the respective content could be facilitated due to the fusion as 

extracellular vesicles or exosomes derived from adjacent fibroblasts. Exosomes 

secreted by the tumor microenvironment and tumor cells itself have been shown to 

play an important role in tumor progression and metastasis (6, 136). Recently, cSRC - 

a CAV1 related molecule - has been identified to be packed in exosomes released by 

prostate cancer cells (40). cSRC is an important mediator of CAV1 Y14 

phosphorylation, but also CAV1 itself binds SRC protein and inhibits the enzyme’s 

basal activity (95, 96). Here, it was shown that radio-resistant tumors of xenograft 

models displayed elevated SRC levels, which in turn affect the more IR resistant 

phenotype and tumor progression because SRC is known as a pro-proliferative 

protein. Constitutive activation of SRC is associated with transformation of normal cells 

(167). Together with its direct interaction partner focal adhesion kinase (FAK), it was 

shown to promote invasion and migration (171). Moreover, also CAV1 itself was 

identified as content of extracellular vesicles in breast cancer cells. Extracellular 

vesicles containing CAV1 were taken up by cells lacking CAV1 expression. The uptake 

subsequently led to migration and invasion of those cells (26). Further on, it has been 

shown that prostate cancer cell lines secrete vesicles containing CAV1 that can affect 

tumor cells, EC and fibroblasts in the microenvironment to promote invasion and 

metastasis formation (44). Therefore, targeting the formation, release or uptake of 

extracellular vesicles containing CAV1 or CAV1-expression regulating proteins could 

be one possible option to prevent the critical CAV1 switch in advanced cancer cells 

and the tumor microenvironment. 

 

6.3 CAV1-dependent Signaling in Fibroblasts of the Tumor Microenvironment 
 

 Transformed and activated fibroblasts lacking CAV1 have been correlated with 

more aggressive disease and increased therapy resistance in various types of cancer 

(83). Therefore, we aimed to identify CAV1-dependent secreted factors of fibroblasts 

that are able to modulate therapy resistance within the tumor. One of the hallmarks of 

cancer is the escape from apoptosis induction (64). Therefore, well-known proteins 
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involved in apoptosis were investigated in a CAV1-dependent manner. The apoptosis 

inhibitor TRIAP1 was identified (publication 3) as a factor that is mainly secreted by 

CAV1-deficient HS5 fibroblasts and its overexpression in fibroblasts mediated radiation 

resistance in in vitro and in vivo models. Several mechanisms of CAF-mediated tumor 

promotion have been reported, wherein autophagy, senescence and oxidative 

metabolic changes were pointed out. The results of this thesis add more evidence for 

regulation of apoptosis to those hallmarks of cancer and its surrounding 

microenvironment mediated in part by CAFs. TRIAP1, also known as p53CSV, has 

recently been identified as a new member of the inhibitor of apoptosis (IAP) family 

(127). TRIAP1 is directly activated by p53 upon genotoxic stress and DNA damage 

induction and therefore part of the p53-dependent cell survival pathway. It can then 

bind to HSP70 which consequently binds apoptotic protease activating factor 1 

(APAF1) and thereby inhibits Caspase-9 activation (127). Moreover, TRIAP1 has been 

identified as a pathway-specific regulator of p53-activation (3). It is upregulated in 

ovarian and nasopharyngeal cancer, as well as multiple myeloma cell lines and 

silencing of TRIAP1 leads to elevated apoptosis levels in these cells (55, 97, 106). 

However, until today there is not much known about this protein and only few 

publications highlight its influence on cell survival. As an apoptosis inhibitor it is likely 

to have an impact on tumor cell survival and therapy resistance and could therefore be 

a possible target to sensitize tumors to RT. Here, it was shown that advanced prostate 

cancer tissue samples displayed increased TRIAP1 expression levels which could 

indicate radiation resistance mediated by CAV1-dependent secretion of stromal cells. 

However, the mechanism behind the secretion and whether TRIAP1 is transported in 

vesicles remains elusive.  

 Downregulation of CAV1 in transforming fibroblasts is mediated by lysosomal 

degradation. Results of this thesis show, that upon IR CAV1 expression levels 

decreased in CAV1(+) HS5 fibroblasts which could be associated with an induction of 

phenotype transformation. Of note, DNA-damaging chemotherapeutic agents were 

found to induce DRAM (damage-regulated autophagy mediator) which in turn 

mediated autophagy and CAV1 degradation via lysosomes (38, 111). This could 

explain the observations after IR induced DNA damage and the subsequent decrease 

of CAV1 in the fibroblasts model. Moreover, lysosomal endocytosis and secretion of 

required proteins, such as ASMase, ASA and LAMP2 was enhanced in CAV1(-) 

fibroblasts pointing to a possible transfer supporting autophagy/lysosomal activity in 

cancer cells. This has been shown to promote aggressiveness and cancer progression 
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(173, 176). Autophagy induction was also associated with tumor cells evading 

apoptosis, which could have supported the tumor-promoting and radiation resistant 

phenotype of the prostate cancer xenograft model (173). Of note, other lysosomal 

related proteases, the family of cathepsins, have been linked to CAV1 expression and 

tumor progression. Cathepsin B was located at caveolae in colorectal carcinoma cells 

in a CAV1 dependent manner and was associated with invasion (29). Cathepsin D and 

L were also already associated with cancer progression and metastasis in ovarian and 

breast cancer and might be a possible CAV1-dependent factor localized in caveolae 

(45, 135). Conclusively, CAV1-dependent factors secreted by fibroblasts either by 

lysosomal exocytosis or exosomes are promising targets for therapeutically 

approaches to inhibit the characteristic stromal-epithelial CAV1 shift upon prostate 

cancer progression that is supposed to account for RT resistance. 

 

6.4 CAV1-dependent Signaling in EC 
 

As already stated, EC play an important role for tumor formation and growth 

because of their ability to build up the vasculature for oxygen and nutrient supply of the 

tumor. Moreover, vascular leakage due to EC loss facilitates invasion and metastasis. 

It has been shown that CAV1 expression influences several pathways and mediates 

radiation resistance of EC. According to those results, a CAV1-dependent pathway 

influencing EC radiation outcome was aimed to be unraveled, to paint a broader picture 

of stromal-epithelial crosstalk in advanced prostate carcinoma. Therefore, a pathway 

that takes part in the plasma membrane and is likely to be influenced by CAV1 

expression was addressed. The ASMase/ceramide pathway is known to be particularly 

active in EC and likely enough CAV1 expression affected the pathway in a direct 

manner, as well as in a radiation-dependent manner. ASMase activity was increased 

in the radio-sensitive CAV1-downregulated EC, which was in line with an elevated 

ceramide generation and formation of large lipid platforms. Moreover, a direct 

interaction of CAV1-downregulated EC with prostate cancer cells resulted in 

decreased growth of spheroids after IR, pointing to enhanced cell apoptosis and/or 

impaired growth capacities. CAV1-downregulation in the EC line AS-M5 resulted in 

increased apoptosis levels and decreased clonogenic survival upon IR treatment (84). 

This was accompanied by a less stabilized vasculature in prostate cancer xenograft 

models grown in CAV1(-/-) mice. However, the mechanism of CAV1-dependent 

apoptosis induction remained elusive. In the present thesis, the ASMase/ceramide 
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pathway was shown to be regulated in part by CAV1 expression in AS-M5 EC. CAV1 

affected the pathway in a basal and stress-induced manner. CAV1 downregulation led 

to an increased ASMase enzymatic activity, ceramide generation and formation of 

large lipid platforms. Moreover, treatment with IR induced a stabilization of ceramide 

generation that affected signaling and could be linked to elevated apoptosis induction 

through the p38/MAPK pathway (118). Niaudet et al. recently described impaired p38-

dependent AKT signaling in EC after IR treatment leading to apoptosis induction (118). 

However, it was also shown here that CAV1 affects de novo-synthesis of ceramide 

next to the sphingomyelin-dependent pathway. The effects of different ceramide 

species on cell processes have been evaluated extensively, but until today many 

species-dependent processes remain elusive. The ceramide species C18, for 

example, was associated with cancer cell apoptosis upon chemotherapeutic treatment 

(9), whereas C16 expression could be connected to tumor progression in head and 

neck squamous cell carcinoma (HNSCC) (80, 151). There are many open questions 

about the influence of ceramide in cancer treatment and more research is needed to 

unravel the specific processes. However, it was shown here that CAV1-dependent 

ceramide increase in EC of the tumor microenvironment upon IR leads to impaired 

growth and presumably increased apoptosis in culture with prostate cancer cells in 

vitro. Moreover, it was demonstrated that CAV1-dependent ASMase/ceramide 

signaling seems to be cell type specific.  

 CAV1 expression in EC could also be linked to increased effectiveness of 

chemotherapeutic agent gemcitabine in pancreatic adenocarcinoma (22). Herein, 

treatment with gemcitabine led to elevated levels of CAV1 in EC which facilitated 

transport of a combinational chemotherapeutic to the cancer cells (22). This study 

highlights that also CAV1 expression levels and therapy outcome in EC are dependent 

of tumor type and stage. Here, it was shown that radio-resistant CAV1(+) PC3 cells 

expressed high levels of very-long-chain ceramides C24 and C24:1. Those very-long-

chain ceramides and the ratio were already associated with delayed apoptosis 

induction, whereas a shift to shorter ceramide species (C16) increased the sensitivity 

of cells to apoptosis (52, 149). Additionally, very-long-chain ceramides were shown to 

scavenge the apoptosis-inducing effect of exogenous or stroma secreted C16 

ceramide (19). Therefore, C16 ceramide that is potentially secreted by EC of the tumor 

microenvironment is scavenged by the high levels of C24 and C24:1 in the radio-

resistant CAV1(+) cancer cells. 
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 The initial idea was to downregulate EC CAV1 expression to improve IR 

response but the tumor stroma, in particular CAV1-deficient fibroblasts/CAFs have to 

be critically reviewed due to their tumor and resistance promoting effects. Therefore, a 

simple CAV1 targeting is not a therapeutic option. Conclusively, the present data 

gained insight into how differential CAV1 expression levels result in the observed 

differences in the RT response (Figure 5). The C16-induced p38-related apoptosis 

induction might be counteracted by a differential ceramide synthase (CerS) synthesis. 

The ratio of the most prominent ceramide species C16, C24 and C24:1 seems to be 

important and dependent on ASMase activity and de novo synthesis by CerS. 

Therefore, increasing C16, either exogenously added or endogenously elevated, could 

be a promising therapeutic option to (re-)sensitize advanced prostate tumors to IR. 

 Finally, to unravel the link between CAV1 and normal tissue toxicity, the CAV1-

dependent ceramide signaling will be investigated in normal tissues by using EC and 

normal epithelial cells in future work. 
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Figure 5: Scheme of the present findings about the stromal-epithelial crosstalk in the radio-

sensitive (up) and radio-resistant (down) CAV1-distributions of prostate cancer. Upper panel: 

Radio-sensitive or low-grade prostate cancers show a positive immunoreactivity of EC (CAV1(+) EC), 

CAV1(+) fibroblasts and CAV1(-) cancer cells. Fibroblast and cancer cells are more apoptosis prone 

upon IR. With respect to the advanced situation (below) a “simple” downregulation (as favor for PC3 

and EC) seems not to be a good therapeutic option. Lower panel: Advanced and radio-resistant prostate 

cancers were characterized by a prominent switch of CAV1 expression: CAV1(+) EC, CAV1(-) 

fibroblasts/CAFs, CAV1(+) cancer cells. This switch is associated with increased expression/secretion 

of the anti-apoptotic TRIAP1, which subsequently protects malignant prostate cells from IR-induced 

apoptosis. Furthermore, CAFs supply tumor cells with nutrients such as lactate or pyruvate. Moreover, 

the increased C16/C24:1 ratio in prostate cancer cells and EC presumably rescues the tumor from C16-

induced apoptosis signaling.  
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