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Zusammenfassung 

Die Proteinkinase D (PKD)-Familie besteht aus den drei Isoformen PKD1, PKD2 und 

PKD3, die am besten für die Regulierung des Aktin-Umbaus und die Kontrolle der 

Vesikelabschnürung am Golgi-Komplex bekannt sind. Bislang ist die 

Signalübertragung der PKD-Familie gut verstanden, aber ihre Beiträge zu Krankheiten 

wie Diabetes und dreifach negativem Brustkrebs (TNBC) müssen noch weiter 

aufgeklärt werden. 

Die Anpassung von β-Zellen an Insulinresistenz ist ein essenzieller Prozess, um die 

Glukosehomöostase während der Alterung und bei Adipositas zu erhalten. Es ist daher 

wichtig, die Signalwege zu verstehen welche die β-Zellfunktion regulieren. In dieser 

Arbeit zeige ich, dass die PKD die β-Zellfunktion während des Alterns und bei 

Adipositas über den Prozess der zellulären Seneszenz reguliert. Dafür verwendete ich 

einen β-Zell-spezifischen funktionellen PKD-Knockout oder den PKD-Inhibitor 

CRT0066101 und analysierte sowohl die alters- als auch die adipositasabhängige 

Glukosehomöostase. Der Verlust der PKD-Funktion verbesserte die Glukosetoleranz, 

die Glukose-stimulierte Insulinsekretion (GSIS) und schützte vor Hochfettdiät (HFD)-

induzierter Insulin- und Glukoseintoleranz in vivo. Die Behandlung von Mäusen mit 

CRT0066101 führte zu den gleichen Effekten. Ich fand außerdem heraus, dass der 

Verlust bzw. die Inhibition von PKD die Expression der Superoxid Dismutase 2 (SOD2) 

verminderte, die Prävalenz von reaktiven Sauerstoffspezies (ROS) erhöhte und die 

p16 Expression verstärkte. Das hatte zur Folge, dass Seneszenzmarker wie erhöhte 

Zellgröße und β-Galaktosidase-Aktivität zu finden waren. Zusätzlich wurde durch die 

Verabreichung von CRT0066101 an Tiere mit nachgewiesener Glukose- und 

Insulinintoleranz die β-Zellfunktion vollständig wiederhergestellt. Diese Ergebnisse 

zeigen, dass PKD eine wesentliche Rolle bei der Aufrechterhaltung der β-Zellfunktion 

während des Alterns und der Adipositas spielen (Figure 1A).  

Die Proteinkinase D3 (PKD3) ist bei TNBC hochreguliert und unterstützt die 

Zellproliferation sowie die Entwicklung von Metastasen. Hier zeige ich, dass PKD3 für 

die Aufrechterhaltung der TNBC-Stammzellpopulation erforderlich ist. TNBC 

Stammzellen repräsentieren eine Teilgesamtheit aus undifferenzierten Zellen, welche 

in direktem Zusammenhang mit frühzeitiger Metastasierung, Tumorrezidiv und 

schlechterem Gesamtüberleben stehen. Die Depletion von PKD3 in MDA-MB-231-
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Zellen verringerte die Häufigkeit von Krebsstammzellen in vitro und das 

Tumorinitiationspotential in vivo. Ich führe ferner den Beweis, dass das RhoGEF GEF-

H1 der PKD3-Aktivierung in TNBC-Stammzellen vorgeschaltet ist. Am wichtigsten ist, 

dass die pharmakologische PKD3-Hemmung, in Kombination mit dem 

Chemotherapeutikum Paclitaxel, die Onkosphären- und Koloniebildungseffizienz in 

vitro und das Tumorrezidiv in vivo synergistisch verminderte. Auf der Grundlage dieser 

Ergebnisse schlage ich vor, dass die gezielte Inhibition des GEF-H1/PKD3-

Signalweges eine effiziente therapeutische Option für TNBC darstellt (Figure 1B). 
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Abstract 

The protein kinase D family consists of three isoforms, PKD1, PKD2 and PKD3, which 

are best known for regulating actin remodeling and controlling vesicle fission at the 

Golgi complex. So far, the signaling of PKD is well understood but its contributions to 

diseases such as diabetes and triple negative breast cancer (TNCB) must be further 

elucidated. 

β-cell adaption to insulin resistance is essential during aging and obesity to preserve 

glucose homeostasis. It is therefore important to understand the pathways regulating 

β-cell function. Here I show that protein kinase D (PKD) controls β-cell function during 

aging and obesity through regulating cellular senescence. I employed a β-cell specific 

functional PKD knockout or the PKD inhibitor CRT0066101 and analyzed aging- as 

well as obesity-dependent glucose homeostasis. The loss of PKD function improved 

glucose tolerance, glucose-stimulated insulin secretion (GSIS) and protected from 

high-fat-diet (HFD)-induced insulin and glucose intolerance in vivo. Treating mice with 

CRT0066101 resulted in the same effects. I further found that the depletion/inhibition 

of PKD decreased superoxide dismutase 2 (SOD2) expression, increased reactive 

oxygen species (ROS) and induced p16 expression. Furthermore, other senescence 

markers, such as cellular size and β-galactosidase activity, were increased as well. 

Additionally, the administration of CRT0066101 to animals with established glucose 

and insulin intolerance completely rescued β-cell function. These findings reveal an 

essential role for PKD in maintaining β-cell function during aging and obesity (Figure 

1A).  

Protein kinase D3 (PKD3) is upregulated in TNBC supporting cell proliferation and 

metastasis development. Here I show that PKD3 is required for the maintenance of the 

TNBC stem cell population. Stem cells represent a subpopulation of undifferentiated 

cells linked to early metastases, faster tumor recurrence, worse overall survival and 

higher-stage tumors. Depletion of PKD3 in the TNBC cell line MDA-MB-231 cells 

reduced the cancer stem cell frequency in vitro and tumor initiation potential in vivo. I 

further provide evidence that the RhoGEF GEF-H1 is upstream of PKD3 activation in 

TNBC stem cells. Most importantly, pharmacological PKD3 inhibition in combination 

with the chemotherapeutic paclitaxel synergistically decreased oncosphere and colony 

formation efficiency in vitro and xenograft recurrence in vivo. Based on these results I 
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propose that targeting the GEF-H1/PKD3 signaling pathway provides a potential 

therapeutic option for TNBC (Figure 1B).  

 

Figure 1│Graphical abstracts. (A) Inhibition of protein kinase D induces β-cell senescence 
and thereby protects from high-fat-diet-induced glucose and insulin intolerance. (B) The GEF-
H1/PKD3 signaling pathway promotes the maintenance of triple negative breast cancer stem 
cells.  
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1 Introduction 

The human genome encodes 518 kinases, which phosphorylate one-third of the 

proteome1,2. Highly dependent on spatial and temporal distribution, kinases are 

responsible for almost every signal transduction process and thereby virtually regulate 

every aspect of cell function3. Apart from immunological, infectious, metabolic, 

degenerative and inflammatory diseases, deregulation of kinases has been confirmed 

to play key roles in cancer development4,5. 

The Protein Kinase D (PKD) family of  serine/threonine kinases belongs to the 

superfamily of calcium/calmodulin-dependent kinases6 and consists of three isoforms 

in mammals: PKD17,8, PKD29 and PKD310. PKDs have been described to play 

important roles in many cellular processes, such as vesicular transport, migration, 

invasion and proliferation11-14. Most studies in the recent years focused on PKD1 and 

PKD2 and therefore little is known about the functions of PKD3. The following sections 

will describe the structure and activation of the PKD isoforms, their localization and 

functions. 

1.1 Structure of PKD 

All PKD isoforms are structurally divided into an N-terminal regulatory domain as well 

as a C-terminal catalytic domain (Figure 2). The regulatory domain contains cysteine 

rich zinc finger motives (C1a, C1b) and a pleckstrin homology (PH) domain, which both 

have inhibitory effects on PKD activity15,16. By binding to the lipid diacylglycerol (DAG) 

via the zinc finger motives, PKD is recruited to the Golgi apparatus and the plasma 

membrane17,18. The catalytic domain (kinase domain) is responsible for PKD’s kinase 

activity and targets the following motif: (L/V/I)X(R/K)XX(S/T)XX19-21 (where X is any 

amino acid). Although the PKD isoforms share high homology within the catalytic and 

C1 domains, structural differences within the flanking regions of the C1 and PH 

domains indicate isoform-specific functions6,13. For example, only PKD1 and PKD2 

contain an N-terminal apolar (rich in alanine/proline) region, which contributes to their 

translocation to the Golgi network22. Moreover, PKD3 lacks the C-terminal 

autophosphorylation site as well as a postsynaptic density-95/discs large/zonula 

occludens (PDZ)-binding domain, which has been demonstrated to directly regulate 

the transport of target proteins23. These structural differences might account for 
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different subcellular localizations and also contribute to the different substrate spectra 

of the PKD isoforms24. 

 

Figure 2│The PKD family and its functional domains. C1a, C1b: zinc finger motive; PH 
domain: pleckstrin homology domain; PDZ domain: postsynaptic density-95/discs large/zonula 
occludens domain. Adapted from Roy et al.25. 

1.2 Activation of PKD 

The activation of PKD requires DAG and the members of the protein kinase C (PKC) 

family26. DAG is generated by phospholipase C (PLC)-mediated phosphatidylinositol 

(4,5)-bisphosphate (PIP2) hydrolysis. PLC activation and subsequent PIP2-hydrolysis 

is initiated by ligand binding to G-protein coupled receptors (GPCR), growth receptors, 

or lymphocyte receptors. Apart from regulating PKD’s localization via binding to its C1 

domain, DAG binds and activates analogues members of the PKC family27-31. As a 

result, PKCs phosphorylate two distinct serine residues (Figure 2) of the “activation 

loop” of PKD thereby relieving the autoinhibition by the PH domain32,33. Additionally, a 

C-terminal autophosphorylated serine residue increases and stabilizes the active state 

of PKD1 (S916) and PKD2 (S873)34. PKC-mediated activation of PKD is mainly 

conducted by novel PKCs (PKCδ, ε, η, θ) but also by classical PKCs such as PKCα35. 

Upstream of PKC, the rho guanine nucleotide exchange factor 2 (ARHGEF2, also 

GEFH1) has recently been shown to activate PKD at trans-Golgi membranes upon 

microtubule disruption via the RhoA/PLC/PKC pathway36. PKC independent activation 

of PKD was observed in response to oxidative stress via SRC-ABL, in osteoblasts via 

bone morphogenetic protein 2 and in myeloid leukemia via caspase-337-39. Thus, PKD 

activation occurs via various interaction partners, which strongly indicates a 
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multidimensional signaling network, controlled by PKD. This further reinforces the 

theory of isotype-selectivity, depending on cellular context and stimuli28,40.  

1.3 Signaling and biological functions of PKD 

Under basal conditions, PKD is mainly distributed in the cytosol, and a small portion is 

localized at the Golgi complex, mitochondria and in the nucleus6,34. Upon stimulation 

with GPCR agonists, phorbol esters and growth factors, PKD enriches at DAG-rich 

membranes where it is further activated by PKC-mediated phosphorylation18. 

Depending on the cellular location, PKD regulates various cellular processes including 

vesicular protein transport41, actin cytoskeleton remodeling and cell migration42,43, 

oxidative stress response44, and gene transcription45.  

 

Figure 3│PKD has diverse cellular functions. For explanations see text.  

The most important molecular functions are depicted in Figure 3 and described below. 

At the plasma membrane, PKD negatively controls cell migration through regulation of 

the actin cytoskeleton remodeling46. Specifically, PKD decelerates F-actin 

polymerization by inactivating the cofilin-phosphatase slingshot-1L (SSH1L)42,47,48, 

inhibiting rab interactor 1 (RIN1)49 and cortactin43,50 by direct phosphorylation. Apart 

from inhibiting migration, PKD strengthens cell-cell-contacts by stabilizing and 

upregulating E-CADHERIN51,52. Together, increased cell adhesion and inhibition of cell 

migration suppress epithelial to mesenchymal transition (EMT), an essential process 

during the development of metastasis in cancer53. 



Introduction 

4 

 

Basolateral protein exit from the TGN is regulated by PKD through the regulation of 

the lipid metabolism54. Therefore, PKD activates phosphatidylinositol 4-kinase 

(PI4KIIIβ) via phosphorylation at S294. To stabilize the activity of the lipid kinase 

PI4KIIIβ, 14-3-3 proteins can protect the phosphorylated serine 294 from 

dephosphorylation55. PI4KIIIβ phosphorylates phosphatidylinositol at position D-4, 

resulting in the Golgi membrane specific signal lipid PI4P56, which recruits two lipid 

transfer proteins, ceramide transfer protein (CERT) and oxysterol binding protein 

(OSBP), to the TGN57,58. CERT transports ceramide from the endoplasmic reticulum 

to the TGN, where it is converted to sphingomyelin and the PKD-recruiting/activating 

DAG59. In a negative feedback loop, PKD phosphorylates CERT (S132) and OSBP 

(S240) leading to their dissociation from the TGN-membrane60,61. Finally, the BAR 

(Bin/Amphiphysin/Rvs) domain protein arfaptin-1 is also recruited through interaction 

with PI4P to the TGN membrane and this recruitment is regulated by PKD-mediated 

phosphorylation of arfaptin-1 at S132. Notably, this phosphorylation disrupts the ability 

of arfaptin-1 to inhibit the small GTPase Arf1 thereby allowing for vesicle fission to 

occur. This signaling pathway is especially required for the biogenesis of secretory 

storage granules containing cargo such as insulin and chromogranin62,63. 

Additionally, PKD protects cells from mitochondria-derived reactive oxygen species 

(ROS). Studies show that oxidative stress induces a SRC/ABL/PKC-dependent 

activation of PKD (T463/T95/S744/S748), which enables the kinase to signal to NFκB 

(nuclear factor 'kappa-light-chain-enhancer' of activated B-cells) via the IKK (IκB 

kinase) complex, which results in the degradation of IκBα (inhibitor of κB). Accordingly, 

NFκB translocates to the nucleus and facilitates the transcription of superoxide 

dismutase 2 (SOD2), which detoxifies the cells from ROS64.  

In terms of transcriptional regulation, PKD-mediated phosphorylation of HDAC565 and 

HDAC745 shuttles these proteins out of the nucleus. Thereby, PKD mediates e.g. T cell 

receptor-induced NUR77 expression and apoptosis as well as vascular endothelial 

growth factor (VEGF)-induced gene expression and angiogenesis45,65. Angiogenesis 

describes the process of de novo formation of blood capillaries, to e.g. support tumor 

growth 66. Via a signaling pathway composed of VEGF receptor 2-PLCγ-PKC, PKD is 

activated resulting in an activation of ERK1/2 and cell proliferation33. Moreover, by 

promoting the expression of angiogenic factors, PKD e.g. induces the tumor 

angiogenesis in prostate cancer67.  
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The above described functions clearly show that the spatial and temporal distribution 

of PKD family members determines their substrate spectra and thus the cellular 

outcome. 

1.4 Regulation of the glucose homeostasis 

Glucose homeostasis is dependent on the balance between hepatic glucose 

production and glucose utilization by organs such as the liver, adipose tissue and 

muscle. This balance is regulated by the pancreatic hormone insulin. Under normal 

circumstances, an upregulation of blood glucose levels results in increased insulin 

secretion into the blood stream via pancreatic β-cells. The circulating insulin facilitates 

the uptake and storage of glucose in peripheral tissues and inhibits hepatic 

gluconeogenesis68.  

1.4.1 Insulin Signaling and Diabetes 

β-cells are endocrine cells and produce, store as well as release insulin. Insulin is an 

anti-hyperglycemic hormone, which keeps blood glucose levels at physiological range 

and antagonizes epinephrine, glucagon and other hyperglycemic hormones. As part of 

the Langerhans islets (referred to as islets), β-cells comprise up to 80% of all endocrine 

cells within islets69.  

The biosynthesis and fast regulation of insulin is regulated on transcriptional and 

translational level. Transcription of insulin is regulated by transcription factors such as 

duodenal homeobox-1 (PDX-1)70, neurogenic differentiation factor 1 (NEUROD1)71 

and MAFA72. Insulin translation is upregulated by exposure to nutrients. Pancreatic 

endoplasmic reticulum kinase (PERK) plays an important role and regulates insulin 

translational processes via the phosphorylation of the eukaryotic initiation factor 2a 

(EIF2A)73. PERK-deficiency was shown to induce defects in insulin synthesis 

especially in neonatal development74,75.  

Upon glucose exposure, β-cells start the oxidative metabolism of glucose, thereby 

boosting the ATP/ADP ratio. This event depolarizes the plasma membrane through the 

closure of K+
ATP channels. Moreover, calcium channels increase intracellular calcium 

concentrations and the exocytosis of insulin vesicles is triggered. Additionally, insulin 

release can be enhanced by: i) fatty acids via the G-protein-coupled receptor (GPR40), 

ii) incretin glucagon-like peptide 1 (GLP1) via its GPCR, iii) release of acetylcholine via 
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the M2 muscarinic receptor, which induces insulin release through DAG and PKC, iv) 

β-adrenergic agonists via increased cAMP levels, and v) increase of β-cell mass via 

insulin/ insulin-like growth factor 1 dependent pathways76.  

Once in the blood stream, insulin binds to the insulin receptor tyrosine kinase on e.g. 

muscle and fat cells, causing phosphorylation of the insulin receptor substrate, which 

allows the binding of phosphoinositide 3-kinase (PI3K). Subsequently, PI3K 

synthesizes phosphatidylinositol (3,4,5)-trisphosphate at the plasma membrane, which 

facilitates phosphoinositide-dependent kinase (PDK) to phosphorylate Thr308 and 

mTORC2 to phosphorylate Ser473 of AKT (protein kinase B). Activated AKT leads to 

glucose uptake (via AS160 and glucose transporter 4), glycogen synthesis (via 

glycogen synthase kinase 3β) and protein as well as lipid synthesis (via mTORC1)77. 

Impairment of the glucose homeostasis leads to diabetes mellitus, which is defined by 

a group of diseases that are characterized by insulin intolerance and defects in insulin 

secretion. Especially insulin resistance of peripheral tissues, failure in signal 

transduction and genetic alterations are responsible for these metabolic deviations. If 

untreated, hyperglycemia and insulin deficiency cause severe diseases, such as vision 

loss, kidney failure, heart attacks and finally death78-80. According to the world health 

organization (WHO), 8.5 % of adults were diagnosed with diabetes in 2014, tendency 

rising. Apart from gestational diabetes, type 1 (T1D) and type 2 diabetes (T2D) are 

mainly diagnosed81. Whereas T1D is characterized by absent insulin production due 

to an autoimmune destruction of β-cells, T2D results from developing insulin resistance 

and subsequent β-cell failure82,83. With 90-95% of all diagnosed patients, T2D is the 

most prevalent form of diabetes and therefore treatment developments are under 

intensive investigation84. 

1.4.2 Risk Factors of T2D: Aging and Obesity 

Aging and obesity are major risk factors for the development of T2D and go hand in 

hand with developing glucose dys-homeostasis in both animal and human studies85-87. 

Obesity is defined by excess accumulation of fat tissue to an extent that both 

psychological and physical health are disturbed88. Obesity is highly linked to the 

development of metabolic diseases and for example caused by the upregulated 

release of free fatty acids into the blood stream, which can be taken up for instance by 

muscle cells89. Excess fatty acids activate protein kinase Cθ, which prevents the 
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activation of the insulin receptor substrate by insulin and thereby inhibits glucose 

uptake90-92. In turn, hyperglycemia develops, and β-cells continue sensing glucose and 

therefore continuously secrete insulin. Initially β-cells produce excess insulin 

(hyperinsulinemia) to compensate for glucolipotoxicity but fail in the end, which leads 

to T2D manifestation93. 

Aging leads to oxidative stress, DNA damage, decreased mitochondrial function, 

inflammation and senescence, which all contribute to metabolic diseases94. 

Importantly, several studies have demonstrated that aging (i) induces β-cell death by 

mitochondrial failure, (ii) causes decreased insulin secretion and (iii) promotes insulin 

resistance95. During the aging process, increased insulin resistance and decreased 

insulin secretion lead to impaired glucose tolerance, which manifests in diabetes96. 

However, recent studies revealed that aging dependent β-cell senescence rescues 

from decreased insulin production97. 

1.4.3 Senescence and β-Cell Function 

If cells are exposed to stress or reach the limit of their replicative potential, they enter 

a stable growth arrest98,99. This state of stable cell cycle arrest is called senescence 

and limits the replication of old or damaged cells. Apart from leaving the cell cycle, 

senescent cells go through several phenotypic changes, like chromatin rearrangement, 

metabolic reprogramming and the secretion of specific factors called senescence-

associated secretory phenotype (SASP) (Figure 4).  

 

Figure 4│Senescence and phenotypic alterations. Adapted from100. CCF: cytomplasmic 
chromatin fragments; SA β-gal: senescence associated β-galactosidase; SASP: senescence-
associated secretory phenotype; 
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Physiologically, senescence is required for tissue homeostasis during development, 

tissue remodeling (e.g. wound healing)101-103 and protects against cancer104.  

Senescence can be triggered by DNA damage, induction of the p53/p21 pathway and 

the activation of the INK4/ARF locus. DNA damage response (DDR) (e.g. via 

chemotherapeutics) is characterized by deposition of γ-H2Ax and p53-binding protein 

1 (53BP1) in the chromatin. Moreover, the kinases ATM, ATR, CHK1 and CHK2 result 

in the activation of the p53/p21 axis105,106. Upon activation, p53 promotes the 

transcription of cyclin-dependent kinase (CDK) inhibitor p21, resulting in CDK2 

inhibition, Rb hyperphosphorylation and cell cycle exit105. Additionally, incessant stress 

induces the CDK4/6 inhibitor p16Ink4a, which results in a persistent growth arrest107. 

p16Ink4a is encoded by the INK4/ARF locus, which is controlled by epigenetic 

regulators, such as the polycomb repressive complexes 1/2 (PRC1/2)107,108. 

Importantly, p16Ink4a levels strongly increase during aging and tumorigenesis and 

p16Ink4a is therefore a specific marker for senescence in vivo109-111. Considered as the 

hallmark of senescence markers, senescence associated β-galactosidase (SA β-

galactosidase) activity is enhanced during senescence due to increased lysosomal 

content and allows the precise detection of senescent cells112,113. Senescence induces 

chromatin rearrangements, e.g. the formation of senescence-associated 

heterochromatic foci (SAHFs)114,115. SAHFs are enriched in repressive marks and 

result in a loss of structure and decompaction of the DNA in the SAHF core116. 

Interestingly, senescence induces the blebbing of cytoplasmic chromatin fragments 

(CCFs), which promote a pro-inflammatory phenotype during senescence and 

cancer117,118. Furthermore, senescent cells exhibit reduced levels of mitophagy, 

resulting in a dysfunctional mitochondrial network during aging and ROS dependent 

senescence 119,120.  

During aging, pancreatic β-cell proliferation declines dramatically in mice and in 

humans121,122. This reduction in β-cell mass manifests in a dysregulated insulin 

homeostasis, which causes reduced glucose tolerance and contributes to an increased 

risk of T2D development at later stages123. The decreased replicative capacity of β-

cells is promoted by p16Ink4a (referred to as p16), which increases with age in mouse 

islets and predisposes mice to diabetes124,125. Additionally, high blood concentrations 

of free fatty acids, e.g. upregulated by high-fat-diet (HFD), reduce β-cell proliferation 

by inducing the expression of p16126. Although p16 expression drives a decline in β-
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cell regenerative capacity, it remained elusive whether the increase of p16 levels 

actually caused cellular senescence and whether such cells were still functional. 

Surprisingly, a recent study observed that p16 drives β-cell senescence during normal 

aging and thereby enhances the glucose stimulated insulin secretion (GSIS) capacity 

of β-cells97. Thus, during healthy aging p16-dependent β-cell senescence promotes 

GSIS to compensate for the reduction in β-cell mass. Signaling pathways controlling 

the expression of p16 in β-cells during healthy aging, however, are still poorly 

addressed. 

1.4.4 Protein Kinase D and β-Cell Regulation 

In pancreatic β-cells, especially the role of PKD1 has intensively been studied: PKD1 

localizes at the Golgi compartment, stimulates insulin secretion through 

phosphorylation of arfaptin-162,127 and controls starvation induced lysosomal 

degradation of nascent insulin granules128 in vitro. Mitogen-activated protein kinase 

p38δ negatively controls PKD activity through direct phosphorylation. Accordingly, 

p38δ-deficient mice showed high constitutive PKD activity, GSIS as well as protection 

against high-fat-feeding induced insulin resistance. Using isolated islets from PKD1 

KO mice, it was shown that the loss of PKD1 diminished the release of insulin upon 

fatty acid induced GPR40 stimulation129. Additionally, it was demonstrated that the M3-

Muscarinic receptor promotes insulin release from β-cells via activation of PKD1130. 

However, the loss of PKD1 only abrogated the potentiation of GSIS without affecting 

physiological GSIS. In line with this, a β-cell-specific PKD1 knockout showed that the 

kinase is dispensable for β-cells under basal conditions but necessary for the 

compensatory increase in GSIS in response to high-fat feeding131. So far, the roles of 

PKD2 and PKD3 in β-cell regulation have not been addressed yet. 

1.5 Breast Cancer Stem Cell Maintenance 

1.5.1 TNBC and TNBC Stem Cells 

Breast cancer is the most diagnosed and aggressive cancer among women 

worldwide132,133. About 12% of women suffer from breast cancer throughout their life134. 

The most invasive form of breast cancer is TNBC constituting 12% – 20% of all breast 

cancer cases135. Despite improved early detection and the development of novel 

therapeutics, triple-negative breast cancer (TNBC) still is associated with a high 
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mortality rate. TNBC is characterized by the lack of estrogen receptor (ER), 

progesterone receptor (PR) and HER2 overexpression136,137. Compared to HER2 and 

ER/PR positive breast cancers, TNBC is associated with worse outcome, increased 

risk for metastasis and lower 5-year survival138-140. Apart from surgery, TNBC treatment 

is mainly based on chemotherapeutics such as anthracyclines and taxanes, however, 

many TNBCs rapidly develop resistance to these drugs141.  

Notably, after the treatment with taxanes an expansion of CD44+/CD24- and aldehyde 

dehydrogenase 1 (ALDH)-positive TNBC cells with tumor-initiating ability was 

observed142-144. Expression of these markers is characteristic of so-called cancer stem 

cells, which represent a subpopulation of undifferentiated cells linked to early 

metastases, faster tumor recurrence, worse overall survival and higher-stage tumors 

145-148. The theory of cancer stem cells states that only 1 – 10 % of cells within a tumor 

are responsible for proliferation, migration and relapse after treatment149,150. 

CD24 is not expressed in highly aggressive breast cancer subtypes and therefore, its 

expression is not an ideal indicator for breast cancer stem cells151. Thus, other markers 

are important for identifying breast cancer stem cells. Aldehyde dehydrogenase 1 

(ALDH1) is an enzyme of the aldehyde dehydrogenase (ALDH) superfamily and 

oxidizes endogenous and exogenous aldehydes152. ALDH oxidizes retinol to retinoic 

acid during the early differentiation of stem cells153 and high levels of ALDH are 

correlated with a poor prognosis and metastasis154. 

Moreover, apart from infinite proliferation and self-renewal, cancer stem cells have the 

capability to initiate tumor formation155. Notably, it was shown that only one cancer 

stem cell is sufficient to initiate a tumor formation156. Furthermore, cancer stem cells 

are characterized by plasticity, which indicates that they are able to move up and down 

the cell hierarchy within the tumor tissue, depending on signals provided by the 

environment157. 

Cancer stem cells can further be characterized by transcription factors and additional 

surface markers. Characteristic transcription factors include the Yamanaka factors 

Oct3/4, Sox2 and Nanog. Those are also known to be highly expressed in embryonic 

stem cells and are important for maintaining pluripotency and self-renewal158,159. 

Various signaling pathways are dysregulated in breast cancer stem cells as well. One 

example is the Notch signaling pathway, which is important in cell to cell 
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communication, helps cancer stem cells to maintain their population and is involved in 

acquiring chemoresistance160,161. Additionally, Notch signaling is involved in epithelial 

to mesenchymal transition (EMT), a process that helps generating and maintaining 

stem cell features in cancer stem cells, and is required for metastases formation162. 

Other important signaling pathways include Hedgehog signaling or the WNT/β-catenin 

pathway158,163.  

Understanding the mechanisms that underlie the self-renewal behavior and survival of 

cancer stem cells is thus of great importance for the discovery and development of 

anticancer drugs targeting cancer stem cells. 

1.5.2 Protein Kinase D, GEF-H1 and TNBC 

As described before, depending on the spatial and temporal distribution, PKD has 

isoform specific biological functions. Especially in cancer progression different 

expression patterns and functions of PKD isoforms have been observed164,165. This is 

exemplified in breast cancer where PKD1 acts as tumor suppressor by maintaining the 

epithelial phenotype and blocking invasion and metastasis164 whereas PKD2 and 

PKD3 rather function as oncoproteins through driving growth and 

chemoresistance165,166.  

In normal breast tissue, PKD1 is the predominant isoform but its gene expression is 

suppressed during breast cancer progression by epigenetic silencing164. Another 

function of activated PKD1 is the downregulation of matrix metalloproteinases at the 

mRNA level and the prevention of E-CADHERIN degradation via SNAIL. Thus, PKD1 

prevents invasion and EMT52,167. While the exact mechanism of PKD2 regulation is 

unknown, GA-binding protein transcription factor (GABP) is a potential regulator of 

PKD2 expression168. High PKD2 levels further correlate with a high amount of P-

glycoprotein, a protein generating efflux pumps for various drugs. Hence, PKD2 is 

considered to be responsible for chemoresistance166.  

In TNBC, an isoform switch towards high PKD3 expression occurs, which can be 

traced back to the lack of ER, a repressor of PKD3 gene expression133,165. Elevated 

PKD3 levels are associated with increased proliferation and cell motility, metastatic 

progression, as well as poor prognosis, supporting a pro-oncogenic function of the 

kinase in TNBC14,24,133. Indeed, an orthotopic TNBC mouse model showed that both 

the knockdown of PKD3 and its pharmacological inhibition using the PKD inhibitor 
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CRT0066101, decreased tumor growth, lymph node infiltration and the number and 

size of lung metastases133. On the molecular level, PKD3 was shown to increase 

proliferation through activating the mammalian target of rapamycin complex 1 

(mTORC1) signaling cascade14. However, molecular pathways controlling the activity 

of PKD3 and its precise pro-oncogenic function in TNBC have remained elusive. 

Interestingly, a recent study revealed, that PKD can be activated by the Rho guanidine 

exchange factor (GEF) GEF-H136, which is also highly expressed in TNBC169.  

GEF-H1 is a RhoGEF sequestered by microtubules and activated downstream of G-

protein coupled receptor (GPCR) ligands36,170. GEF-H1 is important for exocytosis, 

response to mechanical forces, cell migration, and cell polarity. It was previously shown 

that GEF-H1 increases RhoA and RhoB activity after being released from 

microtubules. The chemical compound nocodazole dissociates microtubules leading 

to GEF-H1 activation and subsequently induction of PKD activation via Rho and the 

Rho effector PLCε36.  

1.5.3 Utilizing the GEF-H1/PKD3-Axis in TNBC 

The hormone receptors for estrogen and progesterone are not expressed in TNBC and 

HER2 is not amplified. Thus, a targeted therapy (e.g. with the monoclonal antibody 

trastuzumab targeting HER2 in HER2 amplified breast cancers171) was not possible for 

a long time. Just recently, the programmed death ligand 1 (PD-L1) therapeutic antibody 

atezolizumab was approved for PD-L1 positive unresectable locally advanced or 

metastatic TNBC172. However, TNBC patients are usually treated via surgery, radiation 

therapy and chemotherapy with taxanes such as paclitaxel173-175.  

Due to the limited therapeutic options it is important to identify new treatment strategies 

against TNBC. The high levels of oncogenic PKD3 make this kinase a valid target for 

further investigations. Notably, treating mice with the pan-PKD inhibitor CRT0066101 

reduced TNBC xenograft growth and the number of metastases133. Additionally, the 

chemotherapeutic agent paclitaxel was reported to inhibit the activation of GEF-H1 via 

microtubule stabilization176. Thus, inhibiting the potential GEF-H1/PKD3-axis in TNBC 

by combining paclitaxel and CRT0066101 could be superior to the respective single 

treatment133. 
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1.6 Objective 

The molecular functions of PKD are well understood but its physiological role in vivo 

remains elusive. Importantly, the impact of PKD dysregulation on diseases such as 

diabetes and TNBC warrants investigation. 

The prevalence of adults living with diabetes will rise to 629 million by 2045. Major risk 

factors are obesity and aging, which facilitate β-cell failure. In order to further 

understand the role of PKD in β-cells during aging and obesity, a functional PKD 

knockout (PKDkd-EGFP) mouse model was employed and juvenile as well as adult 

mice were studied. Moreover, the PKD inhibitor CRT0066101 was used to confirm the 

link between PKD, aging, senescence and β-cell function. To verify senescence, 

biological markers like enhanced SA β-galactosidase activity, increased cell size and 

decreased Ki67 levels were employed. Another hallmark of senescence is p16 

upregulation, which can be triggered by increased ROS levels. Notably, PKD is known 

to regulate mitochondrial ROS. Thus, I examined p16 as well as ROS levels during 

aging and obesity, to link PKD to ROS/p16-dependent senescence. Additionally, I 

analyzed the performance of PKDkd-EGFP mice during HFD. Finally, the efficacy and 

therapeutic potential of CRT0066101 on pre-diabetic HFD-fed wildtype mice was 

tested.  

PKD3 is upregulated in TNBC and correlates with worse patient outcome. Thus, I 

aimed to further unravel the role of PKD3 in TNBC, especially in TNBC stem cell 

regulation. First, I analyzed the stem cell potential of PKD3 knockdown MDA-MB-231 

cells, using in vitro sphere formation and Aldefluor assays, and in vivo limiting dilution 

experiments. Next, the regulation of the PKD3-TNBC stem cell connection by GEF-H1 

was analyzed by sphere formation assay. To further understand the role of PKD3, a 

transgenic, PKD3-overexpressing cell line was used and studied. Moreover, colony 

formation assays were employed to examine the effect of PKD3 on the clonogenic 

activity. Finally, I focused on developing a treatment strategy against TNBC stem cells, 

using the pan-PKD inhibitor CRT0066101 and the chemotherapeutic paclitaxel, in vitro 

and in vivo in an orthotopic mouse model. 
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2 Materials and Methods 

2.1 Key Resource Table 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

Anti-αTubulin Cell Signaling 
Technology 

Cat# 3873, 
RRID:AB_1904178 

Anti-GAPDH Cell Signaling 
Technology 

Cat# 2118, 
RRID:AB_561053 

Anti-GEF-H1 Cell Signaling 
Technology 

Cat# 4076, 
RRID:AB_2060032 

Anti-GFP Roche Cat# 11814460001, 
RRID:AB_390913 

Anti-Glucagon CST Cat# 2760 

RRID:AB_659831 

Anti-Insulin + Proinsulin Acris Cat# AM20166PU-N 

RRID:AB_10696052 

Anti-Ki67-APC Biolegend Cat# 652405 

RRID:AB_2561929 

Anti-Phospho-(Ser744/748)-PKD Cell Signaling 
Technology 

Cat# 2054, 
RRID:AB_2172539 

Anti-Phospho-S6 Ribosomal Protein (Ser240/244) CST Cat# 5364 

RRID:AB_10694233 

Anti-p16INK4A Thermo Fisher 
Scientific 

Cat# PA5-20379 

RRID:AB_11157205 

Anti-Rabbit-Alexa-Fluor-546 secondary Invitrogen Cat# A-11035 

RRID:AB_143051 

Bacterial and Virus Strains  

Platinum-A (Plat-A) Retroviral Packaging Cell Line Cell Biolabs RV-101 

Chemicals and Peptides 

Cholera toxin Merck Cat# C8052 

Collagenase P Roche Cat# 11213865001 

CRT0066101 (in vivo) Selleckchem Cat# S8366 
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CRT0066101 (cell culture) Tocris Cat# 4975 

Crystal violet Merck Cat# C0775 

Dextrose Merck Cat# D9434 

Doxycycline (in vivo) Yancheng Suhai 
Pharmaceutical 

Cat# 137087-0008 

Doxycycline (cell culture) Calbiochem Cat# 324385 

EGF R&D Systems Cat# 236-EG 

G418 Carl Roth Cat# CP11.1 

Glucose Roth Cat# 6887.1 

Hydrocortisone Merck Cat# 3867 

Insulin (in vivo) Lilly Cat# HI0210 

Insulin (cell culture) Merck Cat# I5500 

Lipofectamine™ RNAiMAX Thermo Fisher 
Scientific 

Cat# 13778030 

Paclitaxel (cell culture) Merck Cat# T7402 

Paclitaxel (in vivo) Fresenius Kabi 6 mg/ml infusion solution 

Paraformaldehyde Merck Cat# P6148 

Poly(2-hydroxyethyl methacrylate) (pHEMA) Merck Cat# P3932 

Polysorbate Roth Cat# 9139.1 

Critical Commercial Assays 

ALDEFLUOR STEMCELL 
Technologies 

Cat# 01700 

CellROX™ Deep Red Thermo Fisher 
Scientific 

Cat# C10422 

IL6 ELISA  Biolegend Cat# 431301 

Insulin ELISA High Range Alpco Cat# 80-INSMSH-E01 

Insulin ELISA Ultrasensitive  Alpco Cat# 80-INSMSU-E01 

LegendScreen (human) BioLegend Cat# 700007 

NucleoSpin® miRNA Macherey-Nagel Cat# 740971 

Power SYBR® Green RNA-to-CTTM 1-Step kit Thermo Fisher 
Scientific 

Cat# 4389986 
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Senescence β-Galactosidase Staining Kit CST Cat# 9860 

Triglyceride Detection Kit Thermo Fisher 
Scientific 

Cat# TR22421 

Tumor dissociation kit Miltenyi Biotec Cat# 130-096-730 

Experimental Models: Cell Lines 

BT-549 CLS Cat# 300132/p770_BT-
549, RRID:CVCL_1092 

HCC1806 ATCC Cat# CRL-2335, 
RRID:CVCL_1258 

MCF7 Institute of Clinical 
Pharmacology 
(IKP) Stuttgart 

- 

MCF10A Department of 
Biomedicine, 
University of 
Basel 

- 

MCF10A_EcoR_PKD3WT-EGFP IZI, University of 
Stuttgart 

- 

MDA-MB-231 CLS Cat# 300275/NA, 
RRID:CVCL_0062 

MDA-MB-468 CLS Cat# 300279/NA, 
RRID:CVCL_0419 

MDA-MB-436 Institute of Clinical 
Pharmacology 
(IKP) Stuttgart 

- 

Experimental Models: Mouse-Strains 

ntg/ +/-:  

Tg(Ins2-rtTA)2Efr/J; CD57BL/6 

The Jackson 
Laboratory 

Cat# 008250 

PKDkd-EGFP:  

Tg(TetO-PKDkd-EGFP) x Tg(Ins2-rtTA)2Efr/J); 
CD57BL/6 

University of 
Stuttgart, IZI 

- 

SCID Mice Charles River 
Laboratories 

IMSR Cat# CRL:236, 
RRID:IMSR_CRL:236 

Tg(TetO-PKDkd-EGFP); CD57BL/6 University of 
Stuttgart, IZI 

Ellwanger et al.177 

Wildtype:  

CD57BL/6 

University of 
Stuttgart, IZI 

- 
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Oligonucleotides (qPCR; F: Forward; R: Reverse;) 

ABCG2  

F: CAGGTGGAGGCAAATCTTCGT; 

R: TCCAGACACACCACGGATAAA 

Microsynth - 

Actin  Qiagen Cat# Mm_Actb_1_SG 

ALDH1A1  

F: GCACGCCAGACTTACCTGTC 

R: CCTCCTCAGTTGCAGGATTAAAG 

Microsynth - 

CD44  

F: CTGCCGCTTTGCAGGTGTA 

R: CATTGTGGGCAAGGTGCTATT 

Microsynth - 

HES1  

F: TGAAGAAAGATAGCTCGCGG 

R: GGTACTTCCCCAGCACACTT 

Microsynth - 

HEY1 

F: TGGATCACCTGAAAATGCTG 

R: TTGTTGAGATGCGAAACCAG 

Microsynth - 

SOD2 

F: ggccaagggagatgttacaa 

R: gaaccttggactcccaca 

Microsynth - 

NANOG 

F: CAGAAGGCCTCAGCACCTAC 

R: CTGTTCCAGGCCTGATTGTT 

Microsynth - 

NOTCH4 

F: AACTCCTCCCCAGGAATCTG 

R: CCTCCATCCAGCAGAGGTT 

Microsynth - 

OCT3/4 

F: GAAGCTGGAGAAGGAGAAGCTG 

R: CAAGGGCCGCAGCTTACACATGTTC 

Microsynth - 

PKD1 Qiagen Cat# Mm_Prkd1_1_SG 

PKD2 Qiagen Cat# Mm_Prkd2_1_SG 

PKD3 Qiagen Cat# Mm_Prkd3_1_SG 
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SNAIL  

F: CACTATGCCGCGCTCTTTC 

R: GCTGGAAGGTAAACTCTGGATTAGA 

Microsynth - 

SOX2  

F: AGTCTCCAAGCGACGAAAAA 

R: GGAAAGTTGGGATCGAACAA 

Microsynth - 

Oligonucleotides (siRNA) 

spNon: ON-Target plus non-targeting control pool  Dharmacon Cat# D-001810–10 

spGEF-H1: ON-Target plus SMARTpool human 
ARHGEF2  

Dharmacon Cat# L-009883 

spPKD3: ON-Target plus SMARTpool human 
PRKD3  

Dharmacon Cat# L-005029 

Recombinant DNA 

pWPXLd-rtTA3-IRES-EcoR-PGK-Puro IBTB, University 
of Stuttgart 

- 

pCMV-Gag-Pol Cell Biolabs Cat# RV-111 

TRE3G-PGK-NEO retroviral backbone IBTB, University 
of Stuttgart 

- 

Software 

FlowJo FlowJo RRID:SCR_008520 

GraphPad Prism GraphPad RRID:SCR_002798 

ImageJ ImageJ RRID:SCR_003070 

ZEN Zeiss - 

Other 

0.9 % NaCl injection solution Braun Cat# 2246244 

Accutase Thermo Fisher 
Scientific 

Cat# 00-4555-56 

B27 Supplement Thermo Fisher 
Scientific 

Cat# 17504-044 

Diet: Low Fat (LFD) Altromin Cat# C1090-10 

Diet: High Fat (HFD) Altromin Cat# C1090-60 

DMEM high glucose Thermo Fisher 
Scientific 

Cat# 11965092 
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DMEM low glucose Thermo Fisher 
Scientific 

Cat# 31885023 

DMEM/F12 GlutaMAX Thermo Fisher 
Scientific 

Cat# 31331028 

HBSS Thermo Fisher 
Scientific 

Cat# 14025092 

Horse serum Thermo Fisher 
Scientific 

Cat# 16050122 

NuPage Novex 4–12% Bis-Tris gels Thermo Fisher 
Scientific 

Cat# NP0336 

PBS Thermo Fisher 
Scientific 

Cat# 70011036 

RPMI-1640 Thermo Fisher 
Scientific 

Cat# 11875093 

 

2.2 Cell Culture 

MDA-MB-231 cells and MDA-MB-231-based knockdown cell lines (shNon_CTRL, 

shPKD3_1, shPKD3_2; 133) were cultured in DMEM low glucose. MDA-MB-436 cells 

were cultured in DMEM high glucose. MDA-MB-468, BT-549, HCC1806 and MCF7 

cells were cultured in RPMI-1640. All media were supplemented with 10 % fetal bovine 

serum (PAA Laboratories). MCF10A_EcoR_PKD3WT-EGFP cells were cultured in 

DMEM/F12 GlutaMAX supplemented with 5 % horse serum, 20 ng/ml EGF, 0.5 µg/ml 

hydrocortisone, 100 ng/ml cholera toxin and 10 µg/ml insulin. All cell lines were 

cultured at 37°C in a humidified chamber with 5 % CO2, were regularly tested for 

Mycoplasma contamination (Lonza, LT07-318) and authenticated (Multiplexion 

GmbH).  

2.3 Orthotopic Tumor Models 

Animal experiments had been approved by state authorities and were carried out in 

accordance to federal guidelines. For the limiting dilution assay (ELDA), 8-week-old 

female SCID mice were injected with the appropriate number of MDA-MB-231 

shNon_CTRL or shPKD3_1 cells in 100 µl PBS into the right fat pad of the 4th nipple. 

Tumor growth was analyzed by caliper measurements. Mice were sacrificed after 8 

weeks. Multiple group comparison and estimated stem cell frequency was analyzed 

using the ELDA software 178. Tumors were imaged and processed for oncosphere 
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formation assays as well as ALDEFLUORTM analysis. Tumor dissociation was 

performed according to manufacturer’s instructions. 

For combined paclitaxel and CRT0066101 treatment, 8-week-old female SCID mice 

were injected with 2x106 MDA-MB-231 cells in 100 µl PBS into the right fat pad of the 

4th nipple. Tumor growth was analyzed by caliper measurements ((length x width2)/2). 

After the tumors had reached 100 mm3 mice were assigned to control and 3 treatment 

groups (n=7 mice per group). During the following treatment-phase (21 days), mice 

were treated with either (a) CRT0066101 (peroral, 80 mg/kg diluted in a 5 % dextrose 

saline solution), (b) paclitaxel (intraperitoneal injection, 10 mg/kg body weight diluted 

in a 10 % polysorbate PBS solution), (c) CRT0066101 in combination with paclitaxel 

or (d) the combination of the respective carriers (control). Paclitaxel was injected at 

day 23, 30, 37 and 44. CRT0066101 was given once daily from day 23 to day 43. After 

the treatment-phase, mice were observed for another 20 days and analyzed for tumor 

recurrence. At the end point, mice were sacrificed and imaged.  

2.4 Animal Models: Islets & High Fat Diet 

Animal experiments had been approved by state authorities and were carried out in 

accordance to federal guidelines. To generate Tg(TetO-PKDkd-EGFP) x Tg(Ins2-

rtTA)2Efr/J) mice (called “PKDkd-EGFP” from now on), Tg(Ins2-rtTA)2Efr/J mice 

(called “ntg/ +/-“ from now on) were crossbred with Tg(TetO-PKDkd-EGFP) mice.  

For short-term in vivo and ex vivo (isolated islets) studies, 4-15 months old PKDkd-

EGFP and control (ntg/ +/-) mice were continuously treated with doxycycline (2 mg/ml, 

5 % sucrose) infused drinking water, for 7 days. On day 7, mice were used for a glucose 

tolerance test (GTT), insulin tolerance test (ITT) or were immediately euthanized for 

islet isolation. For short-term studies with per oral (p.o.) CRT0066101 treatment, 4-6 

months old wildtype mice were treated with CRT0066101 (80 mg/kg; 5 % dextrose in 

0.9 % NaCl) for 7 days, once daily, followed by GTT, ITT or islet isolation.  

2.4.1 Glucose Tolerance Test 

Mice were fasted for 16 h before the GTT. On the next day, the basal glucose level 

was determined via blood sampling from the tail. For measurements, I used a blood 

glucose meter (STADA Gluco Result, STADAPHARM GmbH) and STADA Gluco 

Result (STADAPHARM GmbH) blood glucose test strips. After intraperitoneal (i.p.) 
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glucose injection (2g/kg body weight (bw) in 0.9 % NaCl; HFD studies: 1g/kg bw in 0.9 

% NaCl), I measured the blood glucose concentration after 15, 30, 60, 90, 120 and 240 

min via blood sampling from the tail.  

2.4.2 Insulin Tolerance Test 

Mice were fasted for 6 h before the ITT. On the same day, the basal glucose level was 

determined via blood sampling from the tail. For measurements, I used a blood glucose 

meter (STADA Gluco Result, STADAPHARM GmbH) and STADA Gluco Result 

(STADAPHARM GmbH) blood glucose test strips. After intraperitoneal (i.p.) insulin 

injection (0.75 IU/kg bw in 0.9 % NaCl), I measured the blood glucose concentration 

after 15, 30, 60 and 90 min via blood sampling from the tail.  

2.4.3 Islet Isolation 

Mice were euthanized and disinfected with EtOH. Next, the abdominal cavity was 

uncovered and the bile duct as well as the gall bladder were localized. The small 

intestine was clamped to the right and to the left of the sphincter of Oddi and the gall 

bladder was disconnected from the bile duct. Then, a syringe (injection cannula: 30G, 

BD Microlance, Cat# 304000) was inserted into the gall bladder and moved down the 

bile duct, as close as possible towards the sphincter of Oddi. 2 ml collagenase P (1 

mg/ml) were slowly injected into the pancreatic duct and the inflation of the pancreas 

was closely monitored. The inflated pancreas was removed and transferred into a 10 

cm dish, where it was cut in small pieces with scissors. Next, 1 ml of collagenase P 

was added, and the entire solution was transferred to a 15 ml falcon. After a 10 min 

incubation at 37°C, the digestion was stopped with 10 ml of ice-cold PBS. Further on, 

the tissue pellet was washed twice with 10 ml PBS and dissolved in 15 ml HBSS. After 

filtering the solution through a 70 µm cell strainer (Falcon, Cat# 352350), islets were 

handpicked and transferred (mouth pipette) to a 3.5 cm petri dish with 5 ml HBSS. For 

ex vivo glucose stimulated insulin secretion (GSIS), islets were cultured overnight in 5 

ml RPMI (10 % fetal calf serum (FCS) and 1 % penicillin/ streptomycin (P/S)). For all 

other ex vivo studies, islets were processed on the same day. 

2.4.4 Glucose Stimulated Insulin Secretion 

For ex vivo GSIS, 10 overnight cultured (RPMI, 10 % FCS, 1 % P/S) islets per mouse 

were transferred into a 200 µl KBHB (120 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl2, 1mM 
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KH2PO4, 1.2 mM MgSO4, 10 mM HEPES, 20 mM NaHCO3, 0.5 mg/ml BSA, pH 7.4) 

drop containing 5 mM glucose. All further steps were carried out in 200 µl KBHB. After 

60 min of equilibration at 37°C, the islets were transferred to 3 mM glucose for another 

60 min to mimic starvation. Next, islets were transferred to 16 mM glucose for 60 min. 

Finally, the islets were transferred to 200 µl 1.5 % HCl in 70 % EtOH and stored at – 

80°C. The supernatants of 3 mM and 16 mM glucose incubation were collected and 

stored at -80°C. The insulin concentration was assessed via ELISA. 

For in vivo GSIS, mice were starved for 16 hours. The baseline glucose concentration 

was measured (blood glucose meter, via tail), glucose was injected i.p. (2 g/kg bw) and 

after 15 min the blood glucose concentration was analyzed. Additionally, blood was 

collected before and after the glucose challenge, to analyze the plasma insulin 

concentration via ELISA.  

2.4.5 High-Fat-Diet 

For classic high-fat-diet with PKD-EGFP and ntg/ +/- mice, 2 months old mice received 

either HFD or LFD (control diet) for 16 weeks ad libitium and were continuously treated 

with doxycycline (200 µg/ml) infused drinking water. Blood was sampled via the tail 

once per week for triglyceride and interleukin 6 (IL6) analysis. Weight was monitored 

weekly. After 16 weeks, GTT, ITT or islet isolation was performed. 

For the high-fat-diet rescue experiment, wildtype CD57BL/6 mice received high-fat-diet 

(HFD) during the first 16 weeks, followed by GTT or ITT. Afterwards, all mice received 

normal diet and were either treated p.o. with CRT0066101 (80 mg/kg; 5 % dextrose in 

0.9 % NaCl; 5 days per week, once daily) or the carrier (5 % dextrose in 0.9 % NaCl; 

5 days per week, once daily) during the weeks 17-20, again followed by ITT or GTT. 

2.5 Triglyceride Assay 

Triglyceride determination was conducted according to manufacturer’s instructions. 

2.6 Enzyme-Linked Immunosorbent Assay 

ELISA was performed according to manufacturer’s instructions. For ex vivo GSIS 

insulin ELISA, samples were diluted 1:5 (5 mM, 16 mM glucose) or 1:200 (total insulin 

content). For in vivo GSIS insulin ELISA, plasma samples remained undiluted. For IL6 

ELISA, plasma samples were pre-diluted 1:10.  
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2.7 Reactive Oxygen Species 

10 islets per mouse were transferred to 96-well plates and incubated for 10 min in 100 

µl trypsin (1x) at 37°C. Next, cells were singularized using a syringe (injection cannula: 

27G) and washed once with PBA (2 % FCS, 0.2 % NaN3 in PBS). Cells were diluted in 

200 µl PBA, the CellRox reagent (5 µM) was added and plates were incubated for 30 

min at 37 °C. Afterwards, cells were washed 3 times with PBA and analyzed via flow 

cytometry. Data was evaluated using FlowJo. Relative mean fluorescence intensities 

(rel. MFI) were calculated with the following formula: rel. MFI = MFIsample/MFIcells. 

2.8 Ki67 Proliferation Assay 

10 islets per mouse were transferred to 1.5 ml Eppendorf tubes and incubated for 10 

min in 200 µl trypsin (1x) at 37°C. Next, cells were singularized using a syringe 

(injection cannula: 27G) and washed once with PBS. For fixation, cells were 

resuspended in 300 µl ice-cold 70 % EtOH, vortexed and incubated on ice for 30 min. 

Cells were again washed and stained with Ki67-APC antibody for 30 min at 4°C. 

Afterwards, cells were washed once and analyzed via flow cytometry. Data was 

evaluated using FlowJo. Data is presented as percent positive cells compared to 

isotype control or as relative mean fluorescence intensity (rel. MFI). rel. MFI = [MFIsample 

– (MFIisotype – MFIcells)] / MFIcells. 

2.9 Cell/ Islet Size 

For β-cell size, 10 islets per mouse were transferred to 96-well plates and incubated 

for 10 min in 100 µl trypsin (1x) at 37°C. Next, cells were singularized using a syringe 

(injection cannula: 27G) and washed once with PBA (2 % FCS, 0.2 % NaN3 in PBS). 

Cells were resuspended and analyzed via flow cytometry. Data was evaluated using 

FlowJo. Data is presented as Median FSC-A.  

For islet area, 30 islets per genotype were imaged and the area was measured via 

ImageJ.  

For cryosectioning, whole pancreata were fixed in PBS/ 4 % paraformaldehyde at 4°C 

overnight, followed by incubation in PBS/ 30 % sucrose at 4 °C for 24 h. After perfusion, 

the pancreata were mounted with cryostat embedding medium, frozen on dry ice and 

stored at -80°C. Frozen pancreata were cut into 10-12 μm sections using a cryostat. 

Tissue sections were mounted on poly-lysine-coated microscope slides and stained 
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for immunofluorescence microscopy. Images were obtained using a confocal laser 

scanning microscope. β-cell area was calculated by dividing the cross-section area of 

an islet by the nuclei number. 

2.10 Senescence β-Galactosidase 

5 islets per mouse were transferred to 12-well plates and analyzed with the 

senescence β-galactosidase kit according to manufacturer’s instructions. Next day, 

pictures of the islets were taken with the Zeiss AXIO Zoom V16 microscope (objective 

ApoZ 1.5x 10.37 FWD 30mm). The blue intensity of each islet was assessed using the 

ZEN software.   

2.11 Quantitative Real-Time PCR 

RNA was isolated from 50 islets per mouse, using the NucleoSpin® miRNA kit 

according to manufacturer’s instructions. 10-100 ng RNA were used for real-time PCR, 

using the Power SYBR® Green RNA-to-CT
TM 1-Step kit. Analysis was performed using 

the CFX96 Touch Real-Time PCR Detection System (Bio-RAD, 1855196). To analyze 

the fold change gene expression, the double delta Ct analysis was used (fold change 

= 2(-ΔΔCt)). Actin served as control gene. 

2.12 Immunoblotting 

Western blot was conducted like previously reported36. In short, cells were lysed, 

samples were loaded on NuPage Novex 4–12% Bis-Tris gels and proteins were blotted 

using the iBlot™ system (Thermo Fisher Scientific). Membranes were incubated with 

specific primary antibodies and proteins were visualized with HRP-secondary 

antibodies. 

2.13 Cell Surface Protein Screen 

LEGENDScreen kit was used according to manufacturer’s instructions. In brief, MDA-

MB-231 shNon_CTRL or shPKD3_1 cells were detached with accutase and seeded 

(3x104 cells) into 96-well plates containing the pre-diluted PE-labelled antibodies. After 

40 min of incubation at 4°C, cells were fixed for 10 min at room temperature using the 

fixation solution. Subsequently, cells were washed and analyzed by flow cytometry 

using MACSQuant® Analyzer 10 (Miltenyi Biotec). Data was evaluated using FlowJo. 

Relative mean fluorescence intensities (rel. MFI) were calculated with the following 
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formula: rel. MFI = [MFIsample – (MFIisotype – MFIcells)] / MFIcells. The threshold was set to 

rel. MFI > 1.5. All values below were not considered. After normalizing to 

shNon_CTRL, all values ≤ 0.9 were considered downregulation and values ≥ 1.1 were 

considered upregulation. 

2.14 Sphere Formation Assay 

For extreme limiting dilution assays (ELDA), MDA-MB-231 shNon_CTRL or shPKD3_1 

cells were trypsinized, singularized using a 27G needle and 1, 10 or 100 cells were 

seeded onto Poly(2-hydroxyethyl methacrylate)-(pHEMA)-treated 96-well plates, 

respectively. Cells were cultured in 300 µl sphere formation medium containing 

DMEM/F12 GlutaMAX supplemented with 10 µg/ml insulin, 20 ng/ml EGF, 1 µg/ml 

hydrocortisone and 1x B27-supplement at 37°C in a humidified chamber with 5 % CO2. 

20 technical replicates per condition were cultured for 10 days. Only wells positive for 

spheres, no matter the actual number of spheres, were regarded as a positive result. 

Multiple group comparison and estimated stem cell frequency was analyzed using the 

ELDA software 178. 

For primary oncosphere/ sphere formation assays, cells were trypsinized, singularized 

using a 27G needle, seeded onto pHEMA-treated plates in sphere formation medium 

and cultured for 5 days at 37°C in a humidified chamber with 5 % CO2. Afterwards, 

formed spheres were imaged and the sphere area was analyzed using ImageJ. Only 

spheres larger than 2,500 µm2 were taken into consideration. For secondary 

oncosphere/ sphere formation assays, primary spheres were collected, trypsinized, 

singularized using a 27G needle, re-seeded onto pHEMA-treated plates in sphere 

formation medium and cultured for 5 days at 37°C in a humidified chamber with 5 % 

CO2. Formed spheres were imaged and the sphere area was analyzed using ImageJ. 

Only spheres larger than 2,500 µm2 were taken into consideration. Data is presented 

as sphere area (mm2) or sphere formation efficiency (SFE; spheres formed per 1000 

cells seeded). shNon, shPKD3_1, shPKD3_2, MDA-MB-231, MDA-MB-468, MDA-MB-

436, HCC1806 and MCF7 cells were seeded onto 12-well plates (primary assay: 3x103 

cells; secondary assay: 1x103 cells) in 1.5 ml sphere formation medium. BT-549 cells 

were seeded onto 6-well plates (primary/ secondary assay: 5x103 cells) in 3 ml sphere 

formation medium.  
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MCF10A_EcoR_PKD3WT-EGFP cells were pre-treated with Dox for 24 h before the 

cells were singularized and seeded (5x103 cells) onto 6-well plates in 3 ml sphere 

formation medium. Subsequently, the sphere formation medium was supplemented 

with Dox and cells were cultured for 5 days. Dox was not replenished. Formed spheres 

were imaged and the sphere area was analyzed using ImageJ. Only spheres larger 

than 2,500 µm2 were taken into consideration. Data is presented as sphere area (mm2) 

or sphere formation efficiency (SFE; spheres formed per 1000 cells seeded). 

For western blot or flow cytometry of primary and secondary oncospheres/spheres, 

cells were trypsinized, singularized using a 27G needle, seeded (2x105 cells) onto 

pHEMA-treated 10 cm plates in sphere formation medium and cultured for 5 days at 

37°C in a humidified chamber with 5 % CO2. Afterwards, oncospheres/spheres were 

collected and prepared for western blot or flow cytometry.  

2.15 ALDEFLUOR Assay 

For the ALDEFLUORTM Assay, 1x105 singularized cells (monolayer cells or secondary 

oncospheres) were diluted in 100 µl Assay Buffer containing 1.5 µl of activated 

ALDEFLUORTM Reagent. Subsequently, 50 µl were removed and mixed with 1.5 µl 

DEAB Reagent (control). Control and test samples were incubated at 37°C for 30 min, 

followed by flow cytometry analysis using MACSQuant® Analyzer 10 (Miltenyi Biotec). 

Data was evaluated using FlowJo. DEAB treated samples served as internal controls.  

2.16 Transient siRNA Transfection 

Cells were transfected with Lipofectamine™ RNAiMAX according to manufacturer’s 

instructions. For primary oncosphere formation assays, cells were transfected with 

siRNAs 24 h prior to seeding. For primary sphere formation assays using 

MCF10A_EcoR_PKD3WT-EGFP cells, transfection was carried out 48 h prior to 

seeding. siRNAs were purchased from Dharmacon: spNon negative control, spGEF-

H1 and spPKD3. 

2.17 Generation of Retroviral Constructs 

The sequence encoding for PKD3WT-EGFP was amplified by PCR (5’-

GCTTGCGTTGGATCCCATGTCTGCAAATAATTCCCCTCCATC-3’, 5’-

GTATCGATAAGCTTGATAATTCTTAATTTACTTGTACAGCTCGTCCATGC-3’) and 
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sub-cloned via Gibson Assembly (NEB) into the TRE3G-PGK-NEO retroviral 

backbone. All constructs were validated by Sanger sequencing.  

2.18 Generation of MCF10A_EcoR_PKD3WT-EGFP cells 

MCF10A cells were modified by retroviral transduction of pWPXLd-RIEP (pWPXLd-

rtTA3-IRES-EcoR-PGK-Puro) to stably co-express the ecotropic receptor (EcoR) and 

rtTA3 179,180. Stable cell pools were obtained by drug selection with 1 μg/mL 

puromycine for 2 weeks. Subsequently, the cells were transduced with ecotropically 

packaged retroviruses containing PKD3-EGFP. Retroviral gene transfer was 

performed using 20 μg plasmid DNA and 5 μg helper plasmid (pCMV-Gag-Pol) for 

each calcium phosphate transfection 181. Retroviral packaging was performed using 

PlatiniumE cells. Transduced cells were selected for 5 days with 750 μg/mL G418, 

followed by a 24 h pulse with 1 μg/mL doxycycline and FACS-enrichment (BD 

Biosciences, FACSAria III). The pools were maintained in the absence of doxycycline. 

For experiments, the expression of PKD3WT-EGFP was induced using 1 µg/ml 

doxycycline. 

2.19 Colony Formation Assay 

For colony formation, 2x103 (MDA-MB-231, MDA-MB-436, BT-549) or 3x103 (MDA-

MB-468) cells were seeded per 6-well in cell culture medium. 24 h later, cells were 

treated with (a) DMSO, (b) paclitaxel, (c) CRT0066101 or (d) paclitaxel+CRT0066101 

for 48 h. After the treatment, cells were further cultured for 14 days, followed by fixation 

with 4 % paraformaldehyde (10 min at room temperature) and staining with crystal 

violet (20 min at room temperature). Colonies were analyzed using the Odyssey 

imaging system (LI-COR). Signals were corrected for background noise and 

normalized to the DMSO control. 

2.20 Statistical Analysis 

All values are presented as mean ± SEM. Significance between multiple groups was 

determined by one-way or two-way ANOVA and Bonferroni’s test for multiple 

comparison. Significance between two groups was determined by t-test. Data was 

analyzed, using GraphPad Prism 7. P-values: P ≤ 0.05 (*), P ≤ 0.01 (**), P ≤ 0.001 

(***), P ≤ 0.0001 (****). Combination index (CI) values were calculated using Webb’s 
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fractional product method. CI<1 indicates synergism. 1≤CI≤1.09 indicates addition. 

CI>1.09 indicates antagonism. 
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3 Results 

3.1 Regulation of glucose homeostasis 

3.1.1 PKDkd-EGFP expression is specific to β-cells 

To create a functional PKD knockout, transgenic mice inducibly expressing a PKDkd 

(kinase dead)–EGFP protein, that acts dominant-negative on all three PKD isoforms, 

were generated by Kornelia Ellwanger46,47,60,182. To express PKDkd–EGFP in an 

inducible and conditional manner, the tetracycline-dependent gene expression system 

was used183. In this system, the tet activator protein (rtTA) is expressed constitutively 

from the activator transgene. In the presence of the tetracycline analogue doxycycline, 

the rtTA protein binds to the TRE (tetracycline responsive promoter element), inducing 

the expression of the transgene. In vivo, doxycycline is administered in the drinking 

water. 

 

Figure 5│Specific expression of PKDkd-GFP in pancreatic β-cells. (A) Breeding scheme 
of functional PKD knockout mice. The offspring expresses PKDkd-EGFP in a time (via TetOn-
System) and tissue (Ins2 promotor exclusively induces PKDkd-EGFP expression in β-cells) 
dependent manner. (B) Selective expression of PKDkd-EGFP in β-cells. The pancreata of 
doxycycline-treated PKDkd-EGFP transgenic mice or control mice (ntg/ +/-) were 
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cryosectioned and stained for immunofluorescence microscopy. Scale bar, 50 µm (a, c) or 10 
µm (b); Nuclei: DAPI (blue); Insulin (red; a, c); Glucagon (red; b); PKDkd-EGFP: transgene 
(green; a, b). Experiment performed and pictures taken by Claudia Koch. (C) Western blot of 
Langerhans islets. Immunoblotting was conducted, and membranes were probed with specific 
antibodies as indicated. α-Tubulin was used as loading control. Experiment performed by 
Claudia Koch184. (D) Microscopy of islets. Left panel: brightfield. Right panel: GFP channel 
showing the expression of PKDkd-EGFP in β-cells. 

To analyze the role of PKD in β-cells, double transgenic mice were generated in which 

the expression of PKDkd-EGFP is induced in pancreatic β-cells. The Tg(Ins2-

rtTA)2Efr/J mice express the reverse tetracycline-controlled transactivator (rtTA) 

protein under the control of the rat insulin 2 (Ins2) promoter (Figure 5A). In preliminary 

experiments conducted by Claudia Koch184 and Kornelia Ellwanger, a selective 

expression of PKDkd-EGFP in the islets of Langerhans was observed upon 1 week of 

doxycycline administration in the drinking water. Staining of insulin and glucagon in 

pancreatic tissue revealed a β-cell specific expression of the transgene, which was not 

observed in α-cells (Figure 5B). PKDkd-EGFP expression was detectable at day one 

after doxycycline treatment and constantly increased over time, reaching a maximum 

after one week (Supplemental Figure S1A). The expression of PKDkd-EGFP did not 

per se interfere with insulin or proinsulin levels and remained stable in isolated islets 

(Figure 5C, D).  

3.1.2 PKDkd-EGFP promotes a senescent phenotype in β-cells 

Aging is associated with a reduction in β-cell mass, upregulated senescence and 

results in reduced glucose tolerance at later stages123. p16 is the master senescence 

gene in β-cells reducing their regenerative capacity97,109. p16 overexpression in β-cells 

strongly enhances GSIS, indicating that endogenous p16 drives GSIS with age97. 

Interestingly, β-cell function is improved in aged mice, which correlates with an 

epigenetic silencing of PKD3 gene expression185. To corroborate this finding, RT-

qPCR analysis of islets isolated from juvenile (4-6 month) and adult (12-15 month) 

mice was performed to measure the expression of PKD1, PKD2, and PKD3. The 

analysis showed that compared to PKD2 and PKD3, PKD1 was expressed at a low 

level. Strikingly, during aging, the expression of both PKD2 and PKD3 declined, 

indicating a potential connection between aging and PKD function (Figure 6A).  
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Figure 6│PKDkd expression promotes a senescent phenotype in pancreatic ß-cells. (A) 
qPCR analysis of PKD isoforms in islets. Data is presented as mean mRNA expression ± SEM, 
n=4. (B) Workflow of doxycycline treated mice. (C) Flow cytometry-based cell size analysis. 
Islets were isolated and singularized into single cells. Data is presented as median FSC-A ± 
SEM, n=5. (D) Islet area. Left panel: 10 islets per mouse were analyzed via ImageJ. Data is 
presented as mean islet area (mm2) ± SEM, n=3. Statistical comparison by one-way ANOVA 
and Bonferroni-test. Right panel: Representative islet pictures. Bar represents 100 µm. (E) 
Flow cytometry-based proliferation analysis. Left panel: Islets were isolated and singularized 
into single cells. Data is presented as mean percent Ki67 positive cells ± SEM, n=5. Statistical 
comparison by one-way ANOVA and Bonferroni-test. Right panel: Dot plot of Ki67 analysis. 
Experiment and analysis conducted by Carlos Omar Oueslati Morales. (F) Senescence β-
galactosidase staining. Left panel: Islets were isolated and stained for β-galactosidase, 
followed by imaging and analysis via the ZEN software. Data is presented as box and whiskers 
plot (Tukey). Center lines represent the median. Arithmetic mean blue intensity ± SEM, n=9 
(12-15 months), n=24 (4-6 months). Statistical comparison by t-test. Right panel: 
Representative islet pictures. Bar represents 100 µm. (G) Western blot of islets. 
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Immunoblotting was conducted, and membranes were probed with specific antibodies as 
indicated. α-Tubulin was used as loading control. 

The observed downregulation of PKD2 and PKD3 gene expression in islets during 

aging might indicate a potential function for the kinases in cellular senescence. To 

address this, young and adult PKDkd-EGFP and control (ntg/ +/-) mice received 

doxycycline for 7 days, followed by islet isolation and immediate analysis for hallmarks 

of senescence such as increased cell size, decreased proliferation and SA--

galactosidase activity (Figure 6B). PKDkd-EGFP expression increased β-cell and islet 

size in juvenile mice but had limited effects in adult mice (Figure 6C, D; Supplemental 

Figure S1B). Additionally, proliferation was downregulated and SA β-galactosidase 

activity upregulated in juvenile mice (Figure 6E, F). Importantly, the β-cell size regulator 

ribosomal protein S6 (S6RP) was activated and p16 was upregulated upon PKDkd-

EGFP expression in juvenile mice, clearly connecting PKD levels with p16 expression 

and senescence (Figure 6G).  

3.1.3 The functional PKD knockout improves glucose tolerance and GSIS 

Transgenic expression of p16 in β-cells of young mice strongly improved glucose 

tolerance and enhanced GSIS97. As PKDkd-EGFP expression increased p16 levels 

(Figure 6G), I analyzed whether PKDkd-EGFP mice showed an improved β-cell 

function and therefore performed glucose tolerance test (GTT), insulin tolerance test 

(ITT) as well as GSIS. After one week of doxycycline treatment, mice were starved for 

16 hours, followed by an intraperitoneal injection of glucose. Blood samples were 

collected from the tail tip and blood glucose was measured. Although insulin tolerance 

was not affected, juvenile PKDkd-EGFP expressing mice showed a significantly 

improved glucose tolerance, compared to adult mice (Figure 7A-D). Interestingly, the 

fasting blood glucose levels were already reduced in juvenile PKDkd-EGFP expressing 

mice (Figure 7E). Moreover, the in vivo GSIS revealed upregulated insulin levels in 

juvenile PKDkd-EGFP expressing mice, before the glucose injection and 15 min 

afterwards (Figure 7F-G). Thus, it appeared that the expression of PKDkd-EGFP 

increased insulin secretion into the blood stream in juvenile mice. To further 

understand our findings, islets of control (ntg/ +/-) and PKDkd-EGFP expressing mice 

were isolated and ex vivo GSIS experiments were conducted. Here, PKDkd-EGFP 
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expression resulted in significantly amplified insulin secretion in juvenile, but not in 

adult islets (Figure 7H-K).  

Current literature shows that ROS promotes senescence via p16 upregulation in 

human epidermal keratinocytes186 and mouse fibroblasts187. Interestingly, Sasaki and 

colleagues linked ROS-induced cellular senescence to a demethylation of the p16 

promotor in human epidermal keratinocytes186. Furthermore, ROS-induced deficiency 

of mitochondrial dynamics modifies mitochondrial homeostasis and promotes β-cell 

senescence188-190. Notably, mitochondrial ROS activates PKD, which initiates the 

NFκB pathway and facilitates the expression of the ROS scavenging protein 

superoxide dismutase 2 (SOD2)64. The loss of SOD2 increases mitochondrial oxidative 

damage and promotes p16-dependent cellular senescence191. Additionally, aging mice 

show reduced SOD2 expression192 and a polymorphism in the human SOD2 gene is 

associated with T2D193. 

To address whether the functional knock-out of PKD impacts ROS levels in β-cells, I 

analyzed the expression of SOD2 by qPCR and examined the ROS content in isolated 

islets via flow cytometry. Indeed, I observed that SOD2 was downregulated and ROS 

levels were upregulated in PKDkd-EGFP expressing islets from juvenile mice (Figure 

7L-M). Moreover, I observed, that SOD2 expression declined during aging, which 

confirms the study of Tirosh et al.192 (Figure 7M).  

These findings clearly demonstrated that the functional knockout of PKD reduced 

SOD2 gene expression and facilitated ROS upregulation. 
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Figure 7│PKDkd expression improves glucose tolerance in vivo and enhances GSIS in 
isolated islets. (A) GTT of 4-6 months old mice. After glucose injection, the blood glucose 
levels were measured at indicated time points. Data are presented as mean blood glucose 
concentration (mg/dl) ± SEM, n=5. Statistical comparison by two-way ANOVA. (B) ITT of 4-6 

SOD2 
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months old mice. After insulin injection, the blood glucose levels were measured at indicated 
time points. Data is presented as mean blood glucose concentration (mg/dl) ± SEM, n=5-6. 
Statistical comparison by two-way ANOVA. (C) GTT of 12-15 months old mice. After glucose 
injection, the blood glucose levels were measured at indicated time points. Data is presented 
as mean blood glucose concentration (mg/dl) ± SEM, n=7. Statistical comparison by two-way 
ANOVA. (D) ITT of 12-15 months old mice. After insulin injection, the blood glucose levels 
were measured at indicated time points. Data is presented as mean blood glucose 
concentration (mg/dl) ± SEM, n=5. Statistical comparison by two-way ANOVA. (E) Blood 
glucose levels after 16 h of fasting. Data is presented as mean blood glucose concentration 
(mg/dl) ± SEM, n=5-7. Statistical comparison by t-test. (F-G) Plasma insulin levels of mice via 
ELISA, before and 15 min after glucose injection. 4-6 months (F) and 12-15 months (G) old 
mice were fasted overnight and challenged with glucose to assess the insulin secretion 
capacity. Data is presented as mean plasma insulin concentration (ng/ml) ± SEM, n=4-6. 
Experiment in graph (F) was performed by Claudia Koch. (H) Insulin secretion during ex vivo 
GSIS using 4-6 months old animals. 10 size-matched islets were handpicked, cultured 
overnight in medium and on the next day transferred into KBHB buffer containing 5 mM glucose 
and for 30 min. The supernatant was discarded and KBHB containing 3 mM glucose was 
added for 1 h. Afterwards, the supernatant was collected and KBHB containing 16 mM glucose 
was added for 1 h, supernatants were collected, and insulin was quantified by ELISA. Data is 
presented as mean insulin secretion per islet (ng/islet) concentration ± SEM, n=4. Statistical 
comparison by one-way ANOVA. (I) Islets of 4-6 months old mice were incubated with ice cold 
acidic (1.5 % HCl) ethanol at -20 °C to determine total insulin content. Insulin levels were 
quantified by ELISA. Data is presented as mean insulin content per islet (ng/islet) ± SEM, n=4. 
Statistical comparison by t-test. (J) Insulin secretion during ex vivo GSIS using 12-15 months 
old animals. 10 size-matched islets were handpicked, cultured overnight in medium and on the 
next day transferred into KBHB buffer containing 5 mM glucose and for 30 min. The 
supernatant was discarded and KBHB containing 3 mM glucose was added for 1 h. Afterwards, 
the supernatant was collected and KBHB containing 16 mM glucose was added for 1 h, 
supernatants were collected, and insulin was quantified by ELISA. Data is presented as mean 
insulin secretion per islet (ng/islet) concentration ± SEM, n=5. Statistical comparison by one-
way ANOVA. (K) Islets of 12-15 months old mice were incubated with ice cold acidic (1.5 % 
HCl) ethanol at -20 °C to determine total insulin content. Insulin levels were quantified by 
ELISA. Data is presented as mean insulin content per islet (ng/islet) ± SEM, n=5. Statistical 
comparison by t-test. (L) qPCR analysis of SOD2 in islets. Data is presented as mean mRNA 
expression ± SEM, n=3. Statistical comparison by one-way ANOVA. (M) Flow cytometry-based 
ROS detection. Islets were singularized into single cells and stained with the CellRox reagent. 
Data is presented as mean CellRox intensity (rel. MFI) ± SEM, n=4. Statistical comparison by 
t-test. 

3.1.4 CRT0066101 improves glucose tolerance 

To validate prior findings in a more clinically relevant setting and to exclude off-target 

effects by the PKDkd-EGFP transgene, I employed a pharmacologically selective 

inhibitor of PKD, CRT0066101, in wildtype mice. The inhibitor was administered p.o. 

once daily, for 7 days. Afterwards I analyzed glucose tolerance, insulin tolerance and 

markers of senescence, such as cellular size, Ki67 expression and SA β-galactosidase 

activity in β-cells and islets (Figure 8A). While insulin tolerance remained unaffected, 

CRT0066101 significantly improved glucose tolerance (Figure 8B) in wildtype mice. 

Moreover, PKD inhibition improved in vivo GSIS (Figure 8D) and triggered markers of 
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cellular senescence. Cellular size and SA β-galactosidase were upregulated upon PKD 

inhibition and Ki67 expression was downregulated (Figure 8E-G). In line with prior 

findings, I could show that the pharmacological inhibition of PKD decreased SOD2 

expression, which in turn increased ROS in β-cells (Figure 8H-I).  

Thus, these findings confirmed that the functional knockdown of PKD as well as its 

pharmacological inhibition decreased SOD2, increased ROS and thereby activated 

senescence. 

 

Figure 8│CRT0066101 treatment improves glucose tolerance in vivo and induces a 
senescent phenotype in pancreatic islets. (A) Workflow of CRT0066101 treated mice. (B) 
GTT of 4-6 months old wildtype mice. Mice were treated as indicated for 1 week, followed by 
testing the glucose tolerance. After glucose injection, blood glucose levels were analyzed at 

SOD2 
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indicated time points. Data is presented as mean blood glucose concentration (mg/dl) ± SEM, 
n=5. Statistical comparison by two-way ANOVA. (C) ITT of 4-6 months old wildtype mice. Mice 
were treated as indicated for 1 week, followed by testing the insulin tolerance. After insulin 
injection, the blood glucose levels were measured at indicated time points. Data is presented 
as mean blood glucose concentration (mg/dl) ± SEM, n=5-6. Statistical comparison by two-
way ANOVA. (D) Plasma insulin levels of mice via ELISA, before and 15 min after glucose 
injection. 4-6 months old wildtype mice were fasted overnight and challenged with glucose to 
assess the insulin secretion capacity. Data is presented as mean plasma insulin concentration 
(ng/ml) ± SEM, n=3. (E) Flow cytometry-based cell size analysis. Islets were isolated and 
singularized into single cells. Data is presented as median FSC-A ± SEM, n=3. (F) Flow 
cytometry-based proliferation analysis. Islets were isolated and singularized into single cells. 
Data is presented as mean percent Ki67 positive cells ± SEM, n=3. Statistical comparison by 
one-way ANOVA and Bonferroni-test. (G) Senescence SA β-galactosidase staining of 4-6 
months old wildtype animals. Left panel: Mice were treated, and islets were isolated and 
stained for SA β-galactosidase , followed by imaging and analysis via the ZEN software. Data 
is presented as box and whiskers plot (Tukey). Center lines represent the median. Arithmetic 
mean blue intensity ± SEM, n=15-18. Statistical comparison by t-test. Right panel: 
Representative islet pictures. Bar represents 100 µm. (H) qPCR analysis of SOD2 in islets. 
Data is presented as mean mRNA expression ± SEM, n=3. Statistical comparison by one-way 
ANOVA. (I) Flow cytometry-based ROS detection. Islets were singularized into single cells and 
stained with the CellRox reagent. Data is presented as mean CellRox intensity (rel. MFI) ± 
SEM, n=3. Statistical comparison by t-test. 

3.1.5 PKDkd-EGFP expression protects from high-fat-diet-induced insulin 

resistance 

To test the improved glucose tolerance in a disease setting, I placed PKDkd-EGFP 

expressing and control (ntg/ +/-) mice on a high-fat-diet (HFD) (Figure 9A). The high-

fat-diet model is a widely accepted model for lipid-induced insulin resistance194. Mice 

fed with a low-fat purified diet (LFD) containing the same ingredients with a closely 

matched composition to the high-fat formula were used as control groups. As 

expected, body weight of HFD mice drastically increased over time, however, weight 

gain of PKDkd-EGFP mice was markedly decreased compared to control mice. Weight 

gain of mice on LFD, however, was similar for both genotypes (Figure 9B). Food intake 

was not altered by PKDkd-EGFP expression (data not shown). After 16 weeks, the 

fasting blood glucose levels were tested and GTT as well as ITT were performed. The 

PKDkd-EGFP expressing mice showed decreased fasting blood glucose levels (Figure 

9C). Strikingly, the glucose tolerance of HFD-fed and LFD-fed PKDkd-EGFP animals 

was significantly improved compared to control HFD and LFD animals’ levels. The 

difference was more pronounced in HFD-fed mice (Figure 9D).  
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LFD-fed control and PKDkd-EGFP animals did not significantly differ in insulin 

tolerance. However, while HFD-fed control animals displayed a strong insulin 

resistance, compared to the respective LFD-fed animals, this effect was not as 

pronounced in PKDkd-EGFP animals (Figure 9E).  

Strikingly, HFD-fed PKDkd-EGFP animals showed a protection against lipid-induced 

insulin resistance when compared to HFD-fed control animals indicating that the β-cell 

specific loss of PKD activity improved glucose tolerance and protected from insulin 

resistance. In line with our previous data, islets from HFD-fed PKDkd-GFP mice 

contained increased levels of p16 compared to control mice, pointing to the 

development of a senescence program (Figure 9F).  

HFD is accompanied by a systemic inflammation due to increased free fatty acid (FFA) 

levels, which in turn elevate the production of cytokines like interleukin (IL) 6195-197. This 

low grade inflammation reduces the insulin sensitivity of metabolic organs such as fat 

and muscle198. I therefore analyzed IL6 levels in the plasma of HFD-/ LFD-fed PKDkd-

EGFP and control mice after 8 and 16 weeks. IL6 was upregulated in HFD- and LFD-

fed mice after 8 and 16 weeks, however, PKDkd-EGFP mice had slightly reduced IL6 

levels (Supplemental Figure S1C). Moreover, HFD increases the levels of triglycerides 

in the blood stream199, which can be converted to FFAs and thereby increase insulin 

resistance200,201. I observed that the blood triglyceride concentration did not differ in 

HFD-fed animals. However, in LFD-fed mice, the expression of PKDkd-EGFP reduced 

the triglyceride content, compared to control mice (Figure 9G). 

Hence, PKDkd-EGFP expression increases glucose sensitivity, decreases insulin 

resistance and slightly reduces IL6 blood concentration and thereby protects from the 

HFD-induced metabolic syndrome.  
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Figure 9│PKDkd expression improves glucose tolerance and protects from induced 
insulin resistance in high-fat-diet mice. (A) Workflow of high fat diet. (B) Body weight of 
LFD and HFD fed transgenic mice. Data is presented as mean weight (g) ± SEM, n=7. 
Statistical comparison by two-way ANOVA. (C) Fasting blood glucose concentration of HFD 
and LFD fed transgenic mice, after 16 weeks. Data is presented as fasting blood glucose 
(mg/dl) ± SEM, n=7. Statistical comparison by one-way ANOVA and Bonferroni-test. (D) GTT 
of LFD and HFD fed transgenic mice. After glucose injection, blood glucose levels were 
analyzed at indicated time points. Data is presented as mean blood glucose (mg/dl) ± SEM, 
n=7. Statistical comparison by two-way ANOVA. (E) ITT of LFD and HFD fed transgenic mice. 
After insulin injection, blood glucose levels were analyzed at indicated time points. Data is 
presented as mean blood glucose (mg/dl) ± SEM, n=6. Statistical comparison by two-way 
ANOVA. (F) Western blot of islets. Immunoblotting was conducted, and membranes were 
probed with specific antibodies as indicated. α-Tubulin was used as loading control. (G) 
Plasma triglyceride analysis of HFD and LFD fed transgenic mice. Data is presented as mean 
triglyceride concentration (mg/dl) ± SEM, n=7. Statistical comparison by two-way ANOVA. 
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3.1.6 Rescue of high-fat-diet mice via pharmacological PKD inhibition 

Next, I tested if PKD inhibition rescues already existing HFD-induced insulin and 

glucose intolerance. Thus, I put wildtype mice on HFD for 16 weeks and performed ITT 

or GTT. After HFD, mice were placed on normal diet and treated with CRT0066101 (or 

carrier) from week 17-20, again followed by GTT or ITT (Figure 10A). During the 

treatment phase, CRT0066101-treated mice decreased in weight, compared to control 

mice (Figure 10B). Food consumption did not differ (data not shown). Strikingly, the 

HFD-induced glucose and insulin intolerance were significantly reduced in 

CRT0066101-treated mice (Figure 10C-F). Interestingly, the treatment also reduced 

blood triglyceride concentration but did not alter IL6 levels (Figure 10G, Supplemental 

Figure S1D). Moreover, I analyzed SA β-galactosidase activity and observed an 

upregulation of senescence upon PKD inhibition (Figure 10F). 

In sum, these data suggest that the functional knockdown (PKDkd-EGFP) and the 

pharmacological inhibition (CRT0066101) of PKD induced a senescent phenotype via 

a downregulation of SOD2 and an upregulation of ROS as well as p16. Moreover, both 

approaches protected from HFD-induced obesity, glucose intolerance as well as 

insulin resistance. Strikingly, in a pre-conditioned glucose/insulin resistant mouse 

model, CRT0066101 reversed the HFD-induced metabolic syndrome. 
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Figure 10│PKD inhibition via CRT0066101-treatment improves glucose and insulin 
tolerance in pre-diabetic mice. (A) Workflow of CRT0066101 treated wildtype mice. (B) Body 
weight before and after CRT0066101 treatment. Data is presented as mean weight (g) ± SEM, 
n=5-6. Statistical comparison by two-way ANOVA. (C-D) GTT before (C) and after (D) 
CRT0066101 treatment. After glucose injection, blood glucose levels were analyzed at 
indicated time points. Data is presented as mean blood glucose (mg/dl) ± SEM, n=5-6. 
Statistical comparison by two-way ANOVA. (E-F) ITT before (E) and after (F) CRT0066101 
treatment. After insulin injection, blood glucose levels were analyzed at indicated time points. 
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Data is presented as mean blood glucose (mg/dl) ± SEM, n=5. Statistical comparison by two-
way ANOVA. (G) Plasma triglyceride analysis before (week 16) and after (week 20) 
CRT0066101 treatment. Data is presented as mean triglyceride concentration (mg/dl) ± SEM, 
n=5. Statistical comparison by t-test. (H) Senescence SA β-galactosidase  staining of 4-6 
months old wildtype animals. Mice were treated, and islets were isolated and stained for SA 
β-galactosidase , followed by imaging and analysis via the ZEN software. Data is presented 
as box and whiskers plot (Tukey). Center lines represent the median. Arithmetic mean blue 
intensity ± SEM, n=9-12. Statistical comparison by t-test. 

3.2 PKD3 signaling in TNBC stem cells 

The studies in this chapter were published in the International Journal of Cancer (Lieb 

et al. 2019)202. 

3.2.1 PKD3 depletion decreases cancer stem cell-like properties in MDA-MB-

231 cells 

It is well established that PKD3 controls vesicular trafficking to the plasma membrane 

thereby modulating the expression of cell surface proteins203. To analyze how PKD3 

controls the cell surface phenotype of breast cancer cells, the previously described 

TNBC cell line MDA-MB-231 stably depleted of PKD3 (shPKD3_1)133 was used and a 

flow cytometry-based screening of 332 molecules (Figure 11A) was performed. As a 

control, I used MDA-MB-231 cells stably expressing a scrambled shRNA 

(shNon_CTRL) (Figure 12A-B). Of the 332 cell surface proteins, 102 were above the 

detection threshold and are listed in Table 1. In the PKD3 deficient cells, 68 proteins 

displayed dysregulated surface levels with respect to the control (24 upregulated and 

44 downregulated). Several of the proteins with decreased cell surface expression 

have been associated with the maintenance of breast cancer stem cells, such as 

CD44, CD184, CD61, NOTCH2, NOTCH4, and CD304142,143,204-208 (Figure 11B, Figure 

12C-H, Table 1). This prompted me to measure the stem cell frequency of the stable 

MDA-MB-231 cell lines by performing extreme limiting dilution assays (ELDA) (Figure 

11C). Indeed, the estimated stem cell frequency was significantly decreased in PKD3 

depleted cells when compared to the stem cell frequency of the control cells (Figure 

11D). I then analyzed the gene expression of a panel of breast cancer stemness 

markers including SOX2, OCT3/4, NANOG, NOTCH4, CD44, SNAIL and ALDH in 

monolayer (2D)-cultured shPKD3_1 and shNon_CTRL cells147,209. Compared to the 

control cells, I observed a significant downregulation of the corresponding genes in 

shPKD3_1 cells (Figure 11E). Enhanced ALDH activity is considered a hallmark of 
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breast cancer stem cells210,211. When comparing MDA-MB-231 shPKD3_1 cells with 

shNon_CTRL cells, I observed that PKD3 depletion caused a significant decrease in 

ALDH activity as measured by Aldefluor assay (Figure 11F), which further 

substantiated a potential role of the kinase in stem cell regulation. Finally, I investigated 

the formation of primary and secondary oncospheres as a measure of cancer stem cell 

activity212. Here, the depletion of PKD3 caused an up to 70 % decrease in primary and 

secondary sphere forming efficiency (SFE) (Figure 11G) in comparison to the control. 

Remarkably, the knockdown of PKD3 neither changed the size of the oncospheres 

(Figure 11H), nor did it induce cell death by anoikis, excluding anti-proliferative and 

pro-apoptotic effects (Figure 12I-J).  

 

Figure 11│Loss of PKD3 reduces stemness in MDA-MB-231 cells. (A) Cell surface screen 
workflow. (B) Flow cytometry-based surface protein screening. Monolayer-cultured cells. Data 
is presented as relative mean fluorescence intensity (rel. MFI) normalized to shNon_CTRL, 
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n=2. (C) Extreme limiting dilution assay (ELDA). Analysis of 20 wells of a 96-well plate per 
condition. Only sphere-positive wells were considered. Data is presented as mean ± SEM, 
n=3. Statistical comparison by ELDA multiple group analysis. (D) ELDA-based estimated stem 
cell frequency. Data is presented as mean estimated stem cell frequency normalized to 
shNon_CTRL, n=3. Statistical comparison by t-test. (E) qPCR analysis of stemness markers. 
Monolayer-cultured cells. Data is presented as mean mRNA expression normalized to 
shNon_CTRL, n=4. Statistical comparison by t-test. (F) Left panel: flow cytometry-based 
stemness analysis via ALDEFLUOR. Monolayer-cultured cells. Data is presented as mean 
ALDHhigh population normalized to shNon_CTRL, n=4. Statistical comparison by t-test. Right 
panel: Dot plot of ALDEFLUOR measurements. DEAB-treated samples served as internal 
control. (G) Oncosphere count of primary and secondary oncosphere assays. Data is 
presented as mean sphere formation efficiency (SFE), n=4. Statistical comparison by one-way 
ANOVA and Bonferroni-test. (H) Left panel: sphere area of primary and secondary 
oncospheres. Data is presented as mean square millimeters (mm2), n=4. Statistical 
comparison by one-way ANOVA and Bonferroni-test. Right panel: representative oncosphere 
pictures. Bar represents 200 µm. 
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Figure 12│PKD3 knockdown cells are not prone to anoikis but show decreased 
stemness related signaling. (A) qPCR analysis of PKD3 knockdown. Data is presented as 
mRNA expression normalized to shNon_CTRL, mean ± SEM, n=6. Statistical comparison by 
t-test. (B) PKD3 knockdown control. Western blot of indicated cell lines. Immunoblotting was 
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conducted, and membranes were probed with specific antibodies as indicated. GAPDH was 
used as loading control. (C-H) Histograms of indicated surface proteins. Dashed lines: isotype 
control. Solid lines: antibodies against indicated antigens. (I) Dot blot of AnnexinV/ PI stained 
cells from (I) after 120 h. (J) Flow cytometry-based annexin V (An) and propidium iodine (PI) 
apoptosis assay. Indicated cell lines were seeded (2x105 cells in 10 cm pHEMA-treated plates) 
into primary oncosphere assays and incubated for 24, 48 or 120 h. Oncospheres were 
harvested, singularized and 30,000 cells per sample were stained with AnnexinV and PI, 
according to manufacturer’s instructions. After 10 min, cells were analyzed using a flow 
cytometer. Data is presented as mean percent cells, n=2. (K) qPCR analysis of stemness 
markers. Monolayer-cultured cells. Data is presented as mean mRNA expression of 2D-
cultured shPKD3_2 cells normalized to shNon_CTRL, n=4. Statistical comparison by t-test. (L) 
Left panel: flow cytometry-based stemness analysis via ALDEFLUORTM. Data is presented as 
mean ALDHhigh population of shPKD3_2 cells normalized to shNon_CTRL, n=4. Statistical 
comparison by t-test. Right panel: Dot plot of ALDEFLUOR measurements. DEAB-treated 
samples served as internal control. (M) Oncosphere count of primary and secondary 
oncosphere assays. Data is presented as mean sphere formation efficiency (SFE), n=4. 
Statistical comparison by one-way ANOVA and Bonferroni-test. (N) Left panel: sphere area of 
primary and secondary oncospheres. Data is presented as mean square millimeters (mm2), 
n=4. Statistical comparison by one-way ANOVA and Bonferroni-test. Right panel: 
representative oncosphere pictures. Bar represents 200 µm. (O) qPCR analysis of stemness 
markers. Monolayer-cultured cells. Data is presented as mean mRNA expression of 2D-
cultured shPKD3_2 cells normalized to shNon_CTRL cells, n=3-6. Statistical comparison by t-
test.  

Table 1│Surface Protein Screen. 

Name UniProtKB shPKD3_1 / shNon SEM 

CD304 O14786 0.50 0.324 

CD245 Q92614 0.51 0.014 

CD63 P08962 0.55 0.021 

CD146 P43121 0.55 0.060 

CD184 (CXCR4) P61073 0.56 0.120 

CD324 (E-CADHERIN) P12830 0.57 0.035 

CD266 (Fn14) Q9NP84 0.58 0.146 

Notch 4 Q99466 0.59 0.202 

CD46 P15529 0.59 0.027 

CD148 Q12913 0.62 0.037 

CD261 (DR4) O00220 0.62 0.083 

Notch 2 Q04721 0.63 0.081 

CD111 Q15223 0.64 0.201 

erbB3/ HER-3 P21860 0.64 0.011 
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CD164 Q04900 0.66 0.007 

CD252 (OX40L) P23510 0.66 0.006 

CD167a (DDR1) Q08345 0.67 0.252 

CD166 Q13740 0.68 0.052 

CD340 (erbB2) P04626 0.69 0.027 

CD89 P24071 0.70 0.099 

CD326 (Ep-CAM) P16422 0.72 0.127 

CD97 P48960 0.76 0.065 

CD47 Q08722 0.77 0.067 

CD44 P16070 0.77 0.042 

CD298 P54709 0.77 0.178 

Tim-1 Q96D42 0.80 0.062 

CD61 P05106 0.81 0.041 

EGFR P00533 0.81 0.318 

CD183 P49682 0.82 0.071 

CD49a P56199 0.83 0.031 

CD51 P06756 0.83 0.079 

CD51/61 - 0.84 0.054 

CD196 P51684 0.84 0.002 

CD119 (IFN-γ R α chain) P15260 0.85 0.077 

Notch 1 P46531 0.85 0.242 

CD99 P14209 0.85 0.015 

CD100 Q92854 0.86 0.291 

CD138 P18827 0.88 0.005 

CD49d P13612 0.88 0.167 

CD104 P16144 0.88 0.063 

HLA-E P13747 0.89 0.272 

CD62P (P-Selectin) P16109 0.89 0.144 

MSC (W7C6) O60682 0.91 0.015 

CD277 O00481 0.90 0.159 
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CD49c P26006 0.91 0.141 

SSEA-4 - 0.91 0.629 

CD218a (IL-18Rα) Q13478 0.92 0.019 

CD64 P12314 0.92 0.105 

CD116 P15509 0.92 0.232 

CD58 P19256 0.92 0.098 

C3AR Q16581 0.93 0.015 

CD40 P25942 0.93 0.009 

CD156c (ADAM-10) O14672 0.93 0.060 

CD95 P25445 0.93 0.023 

CD221 (IGF-1R) P08069 0.94 0.255 

CD9 P21926 0.95 0.034 

CD85d (ILT4) Q8N423 0.95 0.051 

CD257 (BAFF) Q9Y275 0.95 0.373 

DLL1 O00548 0.96 0.030 

CXCR7 P25106 0.96 0.063 

CD84 Q9UIB8 0.96 0.072 

CD49f P23229 0.98 0.259 

CD276 Q5ZPR3 0.98 0.235 

CD57 Q96E93 0.99 0.083 

β2-microglobulin P61769 1.00 0.154 

HLA-A2 P01892 1.00 0.154 

CD71 P02786 1.01 0.147 

CD170 (Siglec-5) O15389 1.01 0.287 

CD29 P05556 1.01 0.210 

HLA-A,B,C - 1.01 0.209 

CD112 (Nectin-2) Q92692 1.01 0.077 

CD318 (CDCP1) Q9H5V8 1.01 0.111 

CD271 P08138 1.02 0.221 

CD107a (LAMP-1) P11279  1.05 0.035 
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CD81 P35762 1.07 0.267 

CD82 P27701 1.07 0.153 

CD274 (B7-H1) Q9NZQ7 1.08 0.627 

CD317 Q10589 1.09 0.498 

CD102 P13598 1.11 0.015 

CD215 (IL-15Rα) Q13261 1.13 0.076 

CD83 Q01151 1.16 0.022 

CD49e P08648 1.18 0.285 

CD262 (DR5) O14763 1.20 0.007 

C5L2 Q9P296 1.21 0.070 

CD108 O75326 1.22 0.341 

CD201 (EPCR) Q9UNN8 1.25 0.195 

CD85h (ILT1) Q8N149 1.33 0.284 

CD132 P31785 1.36 0.233 

CD155 (PVR) P15151 1.45 0.397 

CD59 P13987 1.45 0.769 

CD270 (HVEM) Q92956 1.47 0.523 

CD273 (B7-DC) Q9BQ51 1.55 0.683 

CD73 P21589 1.57 0.576 

FcRL6 Q6DN72 1.59 0.541 

SSEA-5 - 1.76 0.802 

CD54 P05362 1.85 0.434 

CD55 P08174 2.11 1.316 

CD141 P07204 2.34 0.925 

CD344 (Frizzled-4) Q9ULV1 2.76 0.573 

CD220 P06213 2.91 1.248 

HLA-DR P01903 6.15 0.016 

CD275 (B7-H2) O75144 6.97 5.294 

Table shows all proteins with a rel. MFI > 1.5. Signals with a rel. MFI < 1.5 were not considered. 
Data is presented as normalized rel. MFI, shPKD3_1 versus shNon, mean±SEM, n=2. Values 
below 1 indicate downregulation. Values above 1 indicate upregulation 
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To exclude potential off target effects of the PKD3-specific shRNA, I employed a 

second, independent MDA-MB-231 PKD3 knockdown cell line, shPKD3_2133. Using 

this cell line, I could confirm a significant downregulation of stemness-related marker 

gene expression (Figure 12K), ALDH activity (Figure 12L) and oncosphere forming 

efficiency (Figure 12M-N) upon loss of PKD3 expression. Activation of YAP (yes-

associated protein)/TAZ (transcriptional co-activator with PDZ-binding motif) and 

Notch signaling are required to sustain self-renewal and tumor-initiation capacities in 

breast cancer stem cells206,213. Indeed, in both PKD3 knockdown cell lines, decreased 

expression of the YAP/TAZ and Notch target genes CTGF and HES1/HEY1, 

respectively, indicated impaired signaling through these pathways. Furthermore, I 

observed downregulation of ABCG2, which contributes to drug resistance in breast 

cancer stem cells (Figure 12O)144. Thus, my results univocally show that MDA-MB-231 

cells require PKD3 for cancer stem cell maintenance in vitro.  

3.2.2 PKD3 knockdown decreases the tumor initiation potential in vivo.  

To prove that PKD3 is also important for maintaining the tumor initiation potential in 

vivo, I implanted four different concentrations of MDA-MB-231 shPKD3_1 and 

shNon_CTRL cells into the 4th mammary fat pad of immunocompromised mice (Figure 

13A). Strikingly, shPKD3_1 cells showed a strongly diminished tumor initiation 

potential compared to shNon_CTRL cells (Figure 13B-C). In line with the reduced 

tumor initiation potential, the estimated stem cell frequency of PKD3 deficient tumor 

cells was significantly lower (Figure 13C). Apart from the lowest cell concentration 

injected, shNon_CTRL and shPKD3_1 tumors did not differ in size (Figure 13D). I next 

singularized the tumor cells, analyzed ALDH activity (Figure 13E) and primary as well 

as secondary oncosphere formation (Figure 13F-G). In agreement with the decreased 

stem cell frequency, ALDH activity and SFE were significantly reduced in PKD3 

deficient MDA-MB-231 tumor cells. My data thus confirm a role for PKD3 in promoting 

stemness and tumor-initiating capacity of MDA-MB-231 cells.  
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Figure 13│In vivo tumor initiation potential is decreased in PKD3-depleted TNBC cells. 
(A) Representative picture of orthotopic tumor formation. (B) Tumors of mice injected with 
5x105 and 5x104 MDA-MB-231 cells expressing the indicated shRNAs. (C) Extreme limiting 
dilution assay (ELDA). 6 mice per condition. Data is presented as tumor bearing mice per 
injected cell concentration and estimated stem cell frequency. Statistical comparison by ELDA 
multiple group analysis. (D) Tumor size at week 8. Data is presented as mean cubic millimeters 
(mm3), n=2-6. Statistical comparison by one-way ANOVA and Bonferroni-test. (E) Left panel: 
flow cytometry-based stemness analysis of singularized tumor cells via ALDEFLUORTM. Data 
is presented as mean ALDHhigh population of shPKD3_1 normalized to shNon_CTRL, n=3. 
Statistical comparison by t-test. Right panel: Dot plot of ALDEFLUOR measurements. DEAB-
treated samples served as internal control. (F) Oncosphere count of primary and secondary 
oncosphere assays, using singularized tumor cells. Data is presented as mean sphere 
formation efficiency (SFE), n=3. Statistical comparison by t-test. (G) Left panel: sphere area of 
primary and secondary oncospheres. Data is presented as mean square millimeters (mm2), 
n=3. Statistical comparison by one-way ANOVA and Bonferroni-test. Right panel: 
representative oncosphere pictures. Bar represents 100 µm. 
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3.2.3 PKD3-mediated TNBC stem cell regulation is dependent on GEF-H1. 

The Rho guanine nucleotide exchange factor 2 (ARHGEF2, also GEF-H1) was 

recently reported to act as an upstream activator of PKD at the Golgi complex in HeLa 

cells36. Interestingly, GEF-H1/Rho signaling contributes to breast cancer 

metastases169, which is why I analyzed whether GEF-H1 is required for PKD3 to 

promote TNBC cell stemness. To trigger Rho-dependent PKD activation I treated 

MDA-MB-231 cells with nocodazole36 and detected PKD activity by activation loop 

phosphorylation (pS744/748), which is conserved in all PKD isoforms. Treatment with 

phorbol ester (PMA), a potent inducer of PKD activity214, served as a positive control. 

Nocodazole strongly increased PKD activity and this was fully abrogated by PKD3 

depletion despite the presence of PKD2. Importantly, nocodazole failed to induce PKD 

activity in the absence of GEF-H1, proving that PKD3, but not PKD2, is activated by 

GEF-H1 in MDA-MB-231 cells (Figure 14A). 

Next, the correlation of GEFH1 and PKD3 expression was analyzed in a panel of breast 

cancer cell lines. In general, TNBC cell lines with elevated PKD3 expression14 also 

expressed higher GEF-H1 levels whereas low PKD3 and GEF-H1 expression was 

observed in the non-TNBC cell lines (Figure 14B). To verify these findings in clinical 

patient data, PKD3 and GEF-H1 mRNA levels in human breast cancers from the TCGA 

database were examined. In accordance with the cell line data, significantly higher 

GEF-H1 expression was observed in the tumor samples belonging to the high PKD3 

expression group (Figure 14C). Next the functional relevance of GEF-H1 and PKD3 

expression was addressed in primary oncospheres (3D) obtained from two 

independent TNBC cell lines (Figure 14D-E). In both MDA-MB-231 and MDA-MB-468 

cell lines, GEF-H1 as well as PKD3 expression was upregulated in oncospheres 

compared to the monolayer culture (2D). To validate a potential functional link between 

GEF-H1 and PKD3 in cancer stem cells, I performed a transient siRNA-mediated GEF-

H1 knockdown prior to seeding of the cells into the primary oncosphere assay and then 

analyzed PKD3 activation loop phosphorylation. Remarkably, the depletion of GEF-H1 

in MDA-MB-231 and MDA-MB-468 cells reduced the phosphorylation of PKD3 in 

oncospheres by up to 70 % (Figure 14F-H). 
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Figure 14│GEF-H1-mediated activation of PKD3 is crucial for mammosphere formation. 
(A) Western blot of MDA-MB-231 cells treated with nocodazole (Noc) (5 µg/ml, 1 h), phorbol 
12-myristate 13-acetate (PMA) (1 µM, 15 min) or the control treatment DMSO. Monolayer-
cultured cells. Before treatment, MDA-MB-231 cells were transiently transfected with a smart 
pool of siRNAs specific for PKD3 (spPKD3), GEF-H1 (spGEF-H1) or a non-targeting control 
(spNon) for 72 h. Immunoblotting was conducted, and membranes were probed with specific 
antibodies as indicated. α-Tubulin was used as loading control. (B) Western blot of TNBC and 
non-TNBC cell lines. Monolayer-cultured cells. Immunoblotting was conducted, and 
membranes were probed with specific antibodies as indicated. GAPDH was used as loading 
control. Experiment conducted by Hannah Berreth. (C) GEF-H1 mRNA expression levels 
within PKD3 high and low expression groups from the tumor samples belonging to the TCGA-
BRCA project. The samples were divided according to PKD3 expression by tertile separation, 
where “PKD3 low” is represented by the lower tertile (quantile < 0.33, n = 403) and “PKD3 
high” by the upper tertile (quantile > 0.67, n = 312), normal tissue samples excluded. GEF-H1 
expression is visualized as log2[GEF-H1 expression (FPKM) + 0.01]. Analysis conducted by 
Raluca Tamas. (D-E) Western blot of (D) MDA-MB-231 and (E) MDA-MB-468 cells (MDA-MB-
468 experiment conducted by Hannah Berreth), comparing monolayer-cultured cells (2D) with 
oncospheres (3D). Immunoblotting was conducted, and membranes were probed with specific 



Results 

54 

 

antibodies as indicated. GAPDH was used as loading control. (F-G) Western blot of (F) MDA-
MB-231 or (G) MDA-MB-468 oncospheres. 24 h prior to seeding, MDA-MB-231 or MDA-MB-
468 cells were transiently transfected with a smart pool of siRNAs specific for GEF-H1 (spGEF-
H1) or a non-targeting control (spNon). Immunoblotting was conducted, and membranes were 
probed with specific antibodies as indicated. GAPDH was used as loading control. (H) 
Quantification of phosphorylation status of PKD3 of data shown in (E-F), using densitometry 
analysis. Data is presented as mean line density of spGEF-H1 normalized to spNon, n=2-3. 
Statistical comparison by t-test. (I) Workflow: Oncosphere formation assay of transfected cells. 
(J-K) Left Panels: Primary oncosphere assays of (J) MDA-MB-231 and (K) MDA-MB-468 cells. 
24 h prior to seeding, MDA-MB-231 and MDA-MB-468 cells were transiently transfected with 
a smart pool of siRNAs against PKD3 (spPKD3), GEF-H1 (spGEF-H1) or a non-targeting 
control (spNon). Data is presented as mean sphere formation efficiency (SFE), n=3-4. 
Statistical comparison by one-way ANOVA and Bonferroni-test. Right panels: representative 
oncosphere pictures. Bar represents 200 µm. 

In line with these results, I observed that the transient knockdown of PKD3 or GEF-H1 

(Figure 14I) significantly decreased SFE in the TNBC cell lines MDA-MB-231, MDA-

MB-468, MDA-MB-436, BT-549 and HCC1806 but not in the luminal A breast cancer 

cell line MCF7 (Figure 14J-K, Figure 15). This data thus show that GEF-H1 activates 

PKD3 to promote stem cell maintenance. 
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Figure 15│Loss of PKD3 and GEF-H1 decreases mammosphere formation but not 
sphere area. (A-B) Sphere area of primary oncosphere assays of (A) MDA-MB-231 and (B) 
MDA-MB-468 cells. 24 h prior to seeding, MDA-MB-231 and MDA-MB-468 cells were 
transiently transfected with a smart pool of siRNAs against PKD3 (spPKD3), GEF-H1 (spGEF-
H1) or a non-targeting control (spNon). Data is presented as mean square millimeters (mm2), 
n=3-4. Statistical comparison by one-way ANOVA and Bonferroni-test. (C-F) Left panels: 
primary oncosphere assays of (C) MDA-MB-436, (D) BT-549, (E) HCC1806, (F) MCF7 cells. 
24 h prior to seeding, the respective cells were transiently transfected with a smart pool of 
siRNAs against PKD3 (spPKD3), GEF-H1 (spGEF-H1) or a non-targeting control (spNon). 
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Data is presented as mean sphere formation efficiency (SFE), n=3-4. Statistical comparison 
by one-way ANOVA and Bonferroni-test. Right panels: Sphere area of primary oncosphere 
assays of (C) MDA-MB-436, (D) BT-549, (E) HCC1806, (F) MCF7 cells. Data is presented as 
mean square millimeters (mm2), n=3-4. Statistical comparison by one-way ANOVA and 
Bonferroni-test. (G) Representative oncospheres of the indicated cell lines. Bar represents 200 
µm. (H) Western blot-based knockdown control of the indicated cell lines. Immunoblotting was 
conducted, and membranes were probed with specific antibodies as indicated. GAPDH was 
used as loading control. 

3.2.4 PKD3 overexpression increases cancer stem cell-like properties 

I next explored whether ectopic expression of PKD3 is enough to drive oncosphere 

formation in non-tumorigenic breast epithelial MCF10A cells. Therefore, Cristiana 

Lungu generated a doxycycline (Dox)-inducible PKD3 (PKD3-EGFP) MCF10A cell 

line. Next, I analyzed stem cell activity and marker gene expression (Figure 16A). 

Indeed, the induction of PKD3-EGFP expression in MCF10A cells significantly 

increased SFE (Figure 16B), without affecting the sphere area (Figure 16C). 

Additionally, PKD3-EGFP increased the mRNA expression of stemness markers, such 

as SOX2 and OCT3/4209,215 (Figure 16D). To verify that GEF-H1 is required for PKD3-

mediated stem cell maintenance also in the MCF10A model, I depleted GEF-H1 prior 

to inducing PKD3-EGFP expression and subjecting the cells to a sphere formation 

assay. Strikingly, the depletion of GEF-H1 completely blocked the increase in sphere 

formation mediated by PKD3 (Figure 16E-F), indicating that PKD3-mediated 

oncosphere formation is strictly dependent on GEF-H1.  
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Figure 16│PKD3 overexpression-induced sphere formation is dependent on GEF-H1. 
(A) Western blot of MCF10A-EcoR-PKD3WT cells. Cells were treated with doxycycline (+Dox) 
for 48 h. Water served as control (-Dox). Immunoblotting was conducted, and membranes 
were probed with specific antibodies as indicated. GAPDH was used as loading control. (B) 
Primary oncosphere formation assays of MCF10A-EcoR-PKD3WT-EGFP cells. Prior to 
seeding cells were treated with Dox for 24 h. Directly after seeding into the oncosphere assay, 
the medium was supplemented with Dox and the spheres could grow for 5 days. Data is 
presented as mean sphere formation efficiency (SFE), n=3. Statistical comparison by t-test. 
(C) Left panel: sphere area of primary oncospheres. Data is presented as mean square 
millimeters (mm2), n=3. Statistical comparison by t-test. Right panel: representative 
oncosphere pictures. Bar represents 100 µm. (D) qPCR analysis of stemness markers. 
Monolayer-cultured cells. Data is presented as mean mRNA expression of Dox treated cells 
normalized to untreated control, n=3. Statistical comparison by t-test. (E) Primary oncosphere 
assay. 48 h prior to seeding MCF10A-EcoR-PKD3WT-EGFP monolayer cells were transiently 
transfected with a smart pool of siRNAs against GEF-H1 (spGEF-H1) or a non-targeting control 
(spNon). 24h prior to seeding into the oncosphere assay, monolayer cells were treated with 
Dox. Directly after seeding into the oncosphere assay, cells were treated with Dox. Data is 
presented as mean sphere formation efficiency (SFE) normalized to untreated spNon, n=3. 
Statistical comparison by one-way ANOVA and Bonferroni-test. (F) Left panel: sphere area of 
primary spheres. 48 h prior to seeding MCF10A-EcoR-PKD3WT-EGFP monolayer cells were 
transiently transfected with a smart pool of siRNAs against GEF-H1 (spGEF-H1) or a non-
targeting control (spNon). 24h prior to seeding into the oncosphere assay, monolayer cells 
were treated with Dox. Directly after seeding into the oncosphere assay, cells were treated 
with Dox. Data is presented as mean square millimeters (mm2), n=3. Statistical comparison 
by one-way ANOVA and Bonferroni-test. Right panel: representative pictures of transiently 
transfected and Dox-treated (continuously for 6 days) oncospheres of MCF10A-PKD3-EGFP 
cells after 5 days in the oncosphere formation assay. Bar represents 100 µm. 
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3.2.5 Combined paclitaxel treatment and PKD3 inhibition synergistically 

decreases TNBC stem cell-mediated oncosphere and colony formation 

Loss-of-function by stable or transient knockdown of PKD3 in TNBC cell lines revealed 

a crucial role for the kinase in cancer stem cell maintenance. I thus explored whether 

pharmacological inhibition of kinase activity using the selective pan-PKD inhibitor 

CRT0066101133 would mimic the loss of PKD3 gene expression. First, I tested the 

efficacy of the inhibitor in oncosphere formation assays. Equally to PKD3 depletion, 

CRT0066101 treatment of MDA-MB-231, MDA-MB-468, MDA-MB-436 and BT-549 

TNBC cells significantly reduced the number of primary and secondary oncospheres 

without affecting the respective sphere area (Figure 17A-B, Supplemental Figure S2A-

D). The chemotherapeutic paclitaxel is widely used in the clinical setting216. I therefore 

asked whether PKD inhibition sensitized TNBC cells to paclitaxel treatment. Firstly, I 

tested the response behavior of MDA-MB-231 and MDA-MB-468 cells to the 

combination of paclitaxel and CRT0066101 in a 3D viability assay. Especially low, 

clinically relevant paclitaxel concentrations217 as well as low micromolar CRT0066101 

concentrations showed synergistic and additive effects (Supplemental Figure S2E-F). 

Next, I addressed potential synergistic effects of the combinatorial treatment on TNBC 

stem cells and analyzed ALDH activity as well as sphere forming efficiency. I first 

performed a primary oncosphere formation assay to enrich for TNBC stem cells (Figure 

17C). These oncospheres were singularized, reseeded into a secondary oncosphere 

formation assay and immediately treated with either CRT0066101, paclitaxel or the 

combination of both. Both single and combination treatments reduced ALDH activity in 

MDA-MB-231 and MDA-MB-468 cells (Figure 17D-E). Regarding SFE, the 

combination was highly synergistic in MDA-MB-231, MDA-MB-468, MDA-MB-436, BT-

549 and HCC1806 TNBC cell lines (Figure 17F-G, Supplemental Figure S3) Because 

clonogenic activity is a sensitive marker of undifferentiated cancer stem cells218 I tested 

the combination treatment of CRT0066101 and paclitaxel in a colony formation assay. 

In line with the previous results, the combinatorial treatment synergistically decreased 

the clonogenic activity in MDA-MB-231, MDA-MB-468, MDA-MB-436 and BT-549 

TNBC cells (Figure 17H-I, Supplemental Figure S4). Thus, combining paclitaxel with 

CRT0066101 was superior to the single treatments and synergistically reduced the 

prevalence of cancer stem cells in these TNBC cell lines. 
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3.2.6 The combination of CRT0066101 and paclitaxel is superior in decreasing 

tumor recurrence in vivo. 

Finally, I used an orthotopic xenograft mouse model to investigate the growth and 

recurrence of MDA-MB-231 tumors after treatment with paclitaxel, CRT0066101 or the 

combination of both. The cells were transplanted into SCID mice and allowed to form 

tumors with a size of ~100 mm3. Compared to the control (vehicle only) CRT0066101 

had only little effect on tumor growth. Accordingly, tumor-bearing mice belonging to the 

control and CRT0066101 groups had to be removed from the study shortly after the 

end of the treatment period. By contrast, paclitaxel caused an initial inhibition of tumor 

growth, which was further enhanced by CRT0066101. Upon therapy termination, 

paclitaxel-treated tumors displayed a strong re‐growth. More importantly, in the post-

treatment period, animals that had received the combination treatment showed a 

significant reduction in tumor re-growth compared to paclitaxel treated animals (Figure 

17J-K), providing support for the superior targeting of drug-resistant cancer cell 

subpopulations by paclitaxel plus CRT0066101. 
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Figure 17│The combination of paclitaxel and CRT0066101 synergistically reduces 
sphere formation in vitro and tumor growth as well as tumor recurrence in vivo. (A-B) 
Counting of primary and secondary oncospheres of (A) MDA-MB-231 or (B) MDA-MB-468 
cells. Cells were treated with 1 µM CRT0066101 directly after seeding into the respective 
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oncosphere assay. Data is presented as mean sphere formation efficiency (SFE), n=3. 
Statistical comparison by one-way ANOVA and Bonferroni-test. (C) Workflow of paclitaxel and 
CRT0066101 oncosphere treatment. (D-E) Flow cytometry-based stemness analysis of (D) 
MDA-MB-231 or (E) MDA-MB-468 cells via ALDEFLUORTM. Directly after seeding into the 
secondary oncosphere assay, cells were treated with paclitaxel (5 nM) or CRT0066101 (MDA-
MB-231: 1 µM; MDA-MB-468: 0.5 µM), or in combination. DMSO served as control. Data is 
presented as mean ALDHhigh population normalized to DMSO control, n=3-4. Statistical 
comparison by one-way ANOVA and Bonferroni-test. Combination index (CI) values were 
calculated via Webb’s fractional product method using the respective mean of % ALDHhigh 
populations. CI<1 indicates synergism. (F-G) Counting of secondary oncospheres of (F) MDA-
MB-231 or (G) MDA-MB-468 cells. Directly after seeding into the secondary oncosphere 
assay, cells were treated with paclitaxel (5 nM) or CRT0066101 (MDA-MB-231: 1 µM; MDA-
MB-468: 0.5 µM), or in combination. DMSO served as control. Data is presented as mean 
sphere formation efficiency (SFE), n=3-4. Statistical comparison by one-way ANOVA and 
Bonferroni-test. Combination index (CI) values were calculated using Webb’s fractional 
product method. CI<1 indicates synergism. (H-I) Left panels: colony formation of (H) MDA-MB-
231 or (I) MDA-MB-468 cells. 24 h after seeding into 6-well culture dishes, MDA-MB-231 or 
MDA-MB-468 cells were treated for 48 h with paclitaxel (1 nM) or CRT0066101 (MDA-MB-231: 
1 µM; MDA-MB-468: 0.1 µM), or the combination of both. DMSO served as control. Afterwards, 
cells were further cultured for 2 weeks and analyzed using the Odyssey imaging system. Data 
is presented as mean area covered. DMSO control was set to 100 %, n=4-5. Statistical 
comparison by one-way ANOVA and Bonferroni-test. Combination index (CI) values were 
calculated using Webb’s fractional product method. CI<1 indicates synergism. Right panels: 
Representative pictures of the respective colony formation assays. (J) 8-week-old female 
SCID mice were injected with 2x106 MDA-MB-231 cells into the right fat pad of the 4th nipple. 
After the tumors had reached 100 mm3 mice were treated with either CRT0066101, paclitaxel 
or the combination of both. The combination of the respective carriers served as control. Data 
is presented as tumor volume (mm3), mean ± SEM, n=7. Statistical comparison by two-way 
ANOVA and Bonferroni-test. (K) Representative pictures of animals from the respective 
treatment groups. Tumors are indicated by dotted circles. 
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4 Discussion 

The signaling pathways and cellular functions regulated by PKD family members have 

intensively been studied in the past years. PKDs are important for a variety of cellular 

processes, such as vesicular transport, migration, invasion and proliferation11-14. 

Important physiological roles identified so far are, for example, initiating host innate 

immune responses219, regulation of memory formation220 and muscle 

differentiation177,221, and insulin secretion127. In addition, a switch in PKD isoform 

expression contributes to the development and progression of breast cancer. However, 

the physiological role and therapeutic significance of PKD enzymes in vivo is 

incompletely understood. Using established cell lines, primary cells and mouse models 

for in vivo studies I investigated the contribution of PKD to two different biological 

processes, namely the maintenance of pancreatic -cell function and the breast cancer 

stem cell population. 

4.1 Regulation of glucose homeostasis 

The risk of suffering from T2D is highly associated with aging and HFD85-87. In this 

study, a critical role for PKD in the maintenance of β-cell function during aging and 

HFD, which depends on p16 expression, was defined for the first time. The functional 

knockout of all three PKD isoforms in PKDkd-EGFP mice led to an upregulation of p16, 

which induced a senescence program and resulted in increased glucose tolerance. 

More importantly, PKDkd-EGFP expression protected mice from HFD-induced insulin 

and glucose intolerance. Using the PKD inhibitor CRT0066101 these findings could be 

verified. In wildtype CRT0066101-fed mice, pancreatic beta-cells showed hallmarks of 

senescence and glucose tolerance was strongly improved. Strikingly, CRT0066101 

demonstrated strong efficacy in rescuing HFD-fed mice from insulin and glucose 

intolerance. Thus, the inhibition of all PKD isoforms is highly beneficial for β-cell 

function during aging and HFD, and therefore represents a new strategy for the 

treatment of T2D.  

The function of PKD1 in pancreatic β-cell has intensively been studied over the recent 

years. However, direct examination of PKD1 function in β-cells has almost exclusively 

been conducted in the rat insulinoma cell line INS-162,128,130. Other studies have looked 

indirectly at PKD1 signaling in vivo, and demonstrated that GPR-40, p38MAPK and 

the M3-Muscarinic receptor regulate this kinase in β-cells127,129,130. So far only one 
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study assessed the direct effect of a β-cell specific PKD1 knockout in a mouse model 

and observed that PKD1 is dispensable for β-cells under basal conditions but 

necessary for the compensatory increase in GSIS in response to HFD131. Interestingly, 

the PKD isoforms have demonstrated to not only have redundant and specific 

functions, but in some instances even have opposing effects as observed in breast 

cancer222. Thus, I was interested in analyzing β-cell function in a β-cell specific triple-

knockout of PKD. Therefore, a PKDkd-EGFP expressing mouse model was employed, 

which to my knowledge is the first model to functionally knockout all PKD isoforms in 

β-cells at the same time (Figure 5).  

In HeLa cells, PKDkd is localized to the TGN and inhibits the fission of transport 

carriers destined for the plasma membrane182,203. In pancreatic β-cells, PKD1 controls 

insulin secretory granule biogenesis at the Golgi62,127, however, it is likely that 

constitutive transport is regulated by the kinase as well. Expression of PKDkd-EGFP 

thus might impact the secretory phenotype of β-cells. Notably, SASP is characterized 

by increased secretion of proinflammatory cytokines100. These inflammatory proteins 

might disrupt β-cell function by impairing glucose homeostasis and reducing insulin 

secretion223. Inhibition of PKD function by CRT0066101 or expression of PKDkd-EGFP 

could counteract the secretion of these factors and thereby limit inflammation in the 

tissue environment.  

In contrast to Sumara et. al, who claimed PKD1 to be the predominant isoform in β-

cells127, I observed that PKD2 and PKD3 were expressed at much higher levels. In 

adult animals, the expression of both PKD2 and PKD3 decreased, which correlated 

with observations that demonstrated a downregulation of PKD3 in islets during 

aging185, suggesting a functional role of PKD2 and PKD3 during the aging process 

(Figure 6A). 

Islets of PKDkd-EGFP mice displayed upregulated p16 expression levels in juvenile 

mice, which correlated with further markers of senescence, such as increased cell size, 

islet area and SA β-galactosidase  activity as well as reduced proliferation (Figure 6B-

G). Helman et. al demonstrated in a striking study that the forced expression of p16 in 

β-cells from juvenile mice induced features of senescence, such as increased β-cell 

size. Notably, p16 expression improved glucose tolerance in juvenile mice and GSIS 

increased during aging. Moreover, they observed that p16-dependent senescence 
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increased in aged humans97. Interestingly, Wang et al. showed in rats that islet sizes 

were the same in young adult (4-5 months) and senescent (21-22 months) animals. 

Moreover, senescent islets secreted less insulin, compared to adult islets224. Focusing 

on p16 expression may only imitate one aspect of cellular senescence to partially 

reflect β-cell senescence and aging related effects. However, I could show that 

employing both the transgenic approach as well as the inhibitor CRT0066101 

promoted a senescent phenotype and thereby increased glucose tolerance and 

decreased insulin resistance (Figure 7, Figure 8). 

Inducing PKDkd-EGFP expression improved glucose tolerance and GSIS in juvenile 

mice (Figure 7A, F, H). Interestingly, I did not observe the same effects in adult mice 

(Figure 7C, G, J). However, as p16 expression physiologically increases with aging109, 

the expression of PKDkd-EGFP had putatively no “on-top” effect. 

To exclude off-target effects of transgene (PKDkd-EGFP) expression I treated wildtype 

mice with the pan PKD inhibitor CRT0066101133 and analyzed β-cell function. 

Strikingly, CRT0066101 triggered the same effects and caused senescence, coupled 

to improved glucose tolerance and in vivo GSIS (Figure 8). Of note, in this setting the 

inhibition of PKD was global and not restricted to pancreatic β-cells. PKD is expressed 

in almost every tissue. Thus, it is likely that CRT0066101 blocked PKD activity in 

additional cell types that might affect β-cell function. For example, the AMP-activated 

protein kinase (AMPK) induces cellular energy generation in muscle-, β-cells (MIN6 β-

cells) and adipocytes but is inhibited in settings of insulin resistance. Interestingly, PKD 

was found to impair insulin signaling via AMPK inhibition225-227. It is thus possible that 

CRT0066101 inhibited PKD also in muscle cells thereby increasing their metabolism, 

which contributed to the improved glucose tolerance.  

The expression of PKDkd-EGFP and the inhibition of PKD via CRT0066101 decreased 

SOD2 expression and increased ROS levels (Figure 7L, M and Figure 8H,I). Previous 

studies showed that ROS activates PKD, leading to the induction of SOD2 expression 

via the NF-κB transcription factor44,64. Interestingly, ROS promotes senescence via p16 

upregulation in human epidermal keratinocytes186 and mouse fibroblasts187. These 

findings thus mechanistically connect PKD inhibition/functional knockout to the 

upregulation of ROS and p16, which induces senescence and improves glucose 

tolerance and GSIS97.  
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The results strongly suggest that PKDkd-EGFP expression and CRT0066101 altered 

the physiological glucose tolerance through inducing a senescent phenotype in β-cells. 

I next analyzed if PKD inhibition could improve insulin and glucose tolerance in a high-

fat-diet mouse model. Therefore, I fed PKD-EGFP and control mice with HFD and LFD 

and compared β-cell function. I observed that PKDkd-EGFP mice weighted less and 

had improved glucose as well as insulin tolerance (Figure 9). A previous study showed 

that the β-cell specific knockout of PKD1 exacerbates high-fat-diet-induced glucose 

intolerance131. However, this study only analyzed PKD1 and did not take PKD2 and 

PKD3 into consideration.  

To assess the effect of PKD inhibition on an already developed pathology, I put 

wildtype mice on a 16-week HFD. After insulin and glucose tolerance had formed, I 

treated the animals with CRT0066101, to mimic a potential therapeutic approach. 

Strikingly, this treatment could rescue the CRT0066101-treated animals from glucose 

and insulin intolerance (Figure 10). Due to the systemic effect of CRT0066101, these 

findings are most likely attributable to multiple tissues. For instance, the knockout of 

PKD1 in adipocytes improves insulin and glucose tolerance in vivo, protects from 

obesity and T2D, and increases the generation of beige adipocytes227. Additionally, 

CRT006101 induced β-cell senescence in these mice (Figure 8), which potentially 

contributed to the observed phenotype. My findings thus demonstrate that drug-

induced senescence could have a beneficial effect for pre-diabetic or diabetic patients. 

Currently, several drugs that induce senescence are under development, but so far 

they have mainly been used for the treatment of cancer, e.g. CDK4 and CDK6 

inhibitors228.  

These findings highlight, that the combinatory inhibition/functional knockout of all PKD 

isoforms improves glucose tolerance, GSIS and protects from insulin intolerance in an 

HFD mouse model. These features are most likely dependent on p16-mediated 

senescence. The administration of CRT0066101 to animals with established glucose 

and insulin intolerance completely rescued β-cell function. I therefore established PKD 

as a critical regulator of insulin secretion and glucose homeostasis. My results further 

suggest that senescence-inducing drugs should be taken into consideration to regulate 

glucose homeostasis.  
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4.2 PKD3 signaling in TNBC stem cells 

PKD3 has been associated with TNBC progression14,133 but so far, a specific role for 

PKD3 in the TNBC stem cell population has not been described. In this study, I have 

defined a critical role for PKD3 in the maintenance and propagation of TNBC stem cells 

in vitro and in vivo, which depends on GEF-H1-mediated PKD3 activation. The PKD 

inhibitor CRT0066101 demonstrated strong efficacy in eliminating TNBC stem cells in 

vitro. More importantly, CRT0066101 synergistically increased the response to 

paclitaxel in vitro and in vivo. These findings are of high clinical relevance as taxanes 

alone have shown to increase the TNBC stem cell population142,143,229. Thus, inhibiting 

PKD3 in combination with paclitaxel has a dual effect by targeting differentiated cancer 

cells and at the same time eradicating the cell population responsible for 

chemoresistance and tumor recurrence.  

The role of PKD3 in cancer stemness was specific for TNBC cell lines as in luminal A 

MCF7 cells with only marginal PKD3 expression depletion of the kinase did not affect 

oncosphere formation (Figure 15F). Our findings further support the postulated isoform 

switch from PKD1 to PKD3 in breast tumor progression. While PKD1 is a negative 

regulator of cell motility and invasion and contributes to the maintenance of the 

epithelial phenotype of breast cells, PKD3 supports all aspects of oncogenic signaling 

thereby contributing to proliferation, migration, invasion133 and, as shown in this study, 

cancer stem cell maintenance.  

In monolayer cultured MDA-MB-231 cells PKD3 knockdown was accompanied by 

decreased proliferation133. However, while oncosphere formation was less efficient in 

the absence of PKD3, the size of spheres was not significantly affected. Likewise, only 

the number but not the size of tumors growing from PKD3 depleted implanted cells 

was reduced. Because MDA-MB-231_shPKD3 cells still express low levels of PKD3 

(Figure 12A-B) I suggest that a selection process takes place, in which the small 

fraction of PKD3 positive cells survive to initiate oncosphere and tumor growth in vitro 

and in vivo, respectively. 

Taxanes have shown to increase the cancer stem cell population in patients with 

invasive breast cancer142,143,145. In contrast to our studies, Bhola et al. observed an 

increase of BT-549 oncosphere formation after paclitaxel treatment. However, they 

allowed the cells in the oncosphere assay to recover for 4 days after treatment230 



Discussion 

67 

 

whereas I immediately analyzed the SFE and ALDH activity after 5 days of paclitaxel 

treatment. Moreover, paclitaxel was reported to increase the ALDH-positive population 

in MDA-MB-231 cells via increased expression levels of SOX2, ABCG2 and TWIST1, 

unraveling an interconnected pluripotency-chemoresistance-EMT axis144. Strikingly, 

PKD3 depletion in MDA-MB-231 cells decreased SOX2, ABCG2 and the EMT marker 

SNAIL (Figure 11E, Figure 12K, O). Moreover, PKD3 positively regulates EMT, as 

treating MDA-MB-231 cells with CTR0066101 resulted in a reduction of SNAIL222. EMT 

is linked to breast cancer stem cell regulation, thereby controlling self-renewal and the 

tumor initiation capacity231. In line with this, exposing TNBC cells to the EMT inducer 

transforming growth factor beta (TGF-β) increased oncosphere formation and the 

CD44+/CD24- stem cell signature232. Expression of SNAIL alone, which is upregulated 

upon TGF-ß-mediated EMT-induction, induced an increase in oncosphere 

formation232. PKD3 inhibition thus likely counteracts the paclitaxel-induced 

upregulation of EMT genes such as SNAIL, thereby inhibiting oncosphere formation in 

vitro. Consequently, breaking up the pluripotency-chemoresistance-EMT axis might 

contribute to the strong response to combined CRT0066101 and paclitaxel treatment 

in vivo.  

How does PKD3 contribute to the maintenance of TNBC stem cells? I identified GEF-

H1 to be upstream of PKD3 activity in oncosphere formation and it was recently shown 

that PKD signaling through a GEF-H1-RhoA-PLCε pathway regulates the fission of 

exocytic vesicles at the Golgi complex36. The changes in surface protein expression 

upon PKD3 depletion could thus be a result of deregulated exocytosis. In addition, 

various secreted factors derived from the bulk tumor and the cancer stem cells acting 

in paracrine and autocrine manners, respectively, are required for the survival of 

cancer stem cells. For example, in basal-like breast cancer the mesenchymal-like 

tumor cells produce high levels of WNT2, CXCL12, and IL6, which drive the self-

renewal of the cancer stem cells128. Furthermore, activation via TGF-β together with 

canonical and non-canonical WNT signaling through autocrine signaling controls 

migratory and self-renewal ability of cancer stem cells thereby contributing to 

metastases and tumorigenicity of breast cancer233. Moreover, signaling by these 

autocrine and paracrine loops promotes the expression of EMT-associated 

transcription factors e.g. Twist, SLUG and ZEB1/2233. By blocking secretion and 

eventually extracellular autocrine and paracrine signaling of the stem and the bulk 
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tumor cells, inhibition of PKD3 signaling may interfere with the expression of EMT-

associated transcription factors ultimately leading to the destabilization of the cancer 

stem cell state. Our data further prove that YAP/TAZ signaling was downregulated 

upon PKD3 depletion (Figure 12O), congruent with the reported regulation of YAP/TAZ 

signaling by PKD in pancreatic cancer cells234. EMT induces and requires YAP/TAZ 

for triggering breast cancer stemness and metastasis213 and vice versa, YAP/TAZ are 

active inducers of EMT235,236. This suggests that several positive and negative 

feedback loops are in place to sustain the maintenance of cancer stem cells. 

Breast cancer stem cells display increased expression of free radical scavenging 

systems to maintain low levels of reactive oxygen species (ROS) that result in less 

DNA damage and radioprotection237, providing a possible explanation for tumor 

recurrence after radiation therapy. Consequently, low ROS promote the breast cancer 

stem cell phenotype. Notably, as PKD is involved in ROS-detoxification64, amplified 

ROS levels could contribute to the alterations in the stem cell status upon loss of PKD3 

activity as well. PKD3 phosphorylates GIT1, a regulator of cell shape and motility24. 

Interestingly, GIT1 appears to play a major role in breast cancer metastasis formation 

and is associated with advanced stages of breast cancer238. However, how PKD3 

exactly maintains the TNBC stem cell population remains to be identified in future 

studies.  

TNBC surviving patients have a high probability of tumor recurrence within the first five 

years after the end of treatment239, which is largely driven by cancer stem cell 

activity145. The development of new therapeutic strategies targeting TNBC stem cells 

has thus been intensified over the last years. In vivo targeting of active CD44 

decreased MDA-MB-231-mediated tumor growth240. Other studies have focused on 

targeting the WNT/β-CATENIN pathway241, degradation of Krüppel-like factor 5 by 

metformin242 or interferon-beta signaling243. Just recently, the combination of the BCR-

ABL inhibitor dasatinib and paclitaxel has shown promising results in reducing TNBC 

tumor formation and TNBC stem cell prevalence. Although the single treatment with 

paclitaxel increased ALDH positivity, the combination with dasatinib significantly 

reduced the TNBC stem cell population244. Moreover, the inhibition of the TGF-β 

pathway enhanced the responsiveness to paclitaxel treatment in TNBC and prevented 

tumor recurrence230.  
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Thus, these studies and our results demonstrate that combining paclitaxel with 

therapeutic antibodies or small molecule inhibitors such as CRT0066101 has 

tremendous clinical potential through the superior targeting of both TNBC bulk and 

stem cell populations. 
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5 Conclusion 

In my doctoral thesis I investigated the role of PKD in β-cell function and TNBC stem 

cell maintenance. Using state of the art in vivo and ex vivo approaches, I discovered a 

novel function for PKD in the regulation of β-cell senescence and GSIS. My data 

proved that not PKD1, but PKD2 and PKD3 are the major isoforms in mouse islets. I 

showed that the functional knockout of all three PKD isoforms increased β-cell 

senescence in juvenile mice, which resulted in increased glucose tolerance. I further 

provided evidence that the functional knockout of PKD protected from HFD-induced 

glucose and insulin intolerance. Significantly, the administration of the selective PKD 

inhibitor CRT0066101 did not only upregulate senescence but also rescued mice from 

HFD-induced insulin and glucose intolerance. My results thus demonstrate the 

importance of PKD for the maintenance of β-cell function, not only during healthy aging 

but also during HFD. Although PKDkd-EGFP expression allows for a simultaneous 

functional knockdown of all PKD isoforms, off-target effects cannot be ruled out. For 

example, substrate competition with other PKD-related kinases such as 

Ca2+/calmodulin-dependent protein kinase could blur the interpretation of observed 

phenotypes. Therefore, further studies should analyze the role of PKD using an 

inducible tissue specific CRISPR/cas9245 knockout to rule out aforementioned off-

target effects. Moreover, the SASP100 should be further examined. The modified 

secretion of cytokines during senescence could at least partially be responsible for the 

observed effects. Additionally, human material should be employed to study the 

efficacy of CRT0066101 on human β-cells. 

Moreover, I could show via targeted cell surface screening, that PKD3 plays a major 

role in the maintenance of cancer stem cells in TNBC. I found that the loss of PKD3 in 

TNBC cell lines reduced the stem cell frequency in vitro and decreased the tumor 

initiation potential of implanted MDA-MB-231 cells in vivo. I further provided evidence 

that the function of PKD3 in the maintenance of cancer stem cells requires upstream 

activation by the Rho guanine nucleotide exchange factor 2 GEF-H1. Significantly, the 

combinatorial treatment with the pharmacological PKD inhibitor CRT0066101 and the 

chemotherapeutic agent paclitaxel was superior in reducing oncosphere formation in 

vitro and tumor recurrence in vivo when compared to monotherapy. My findings thus 

reveal the importance of PKD3-mediated cancer stem cell regulation and provide a 
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rationale for targeting the GEF-H1/PKD3 signaling pathway to eliminate the tumor 

initiating cell population in TNBC.  

In sum, I developed an innovative treatment that rescued HFD-mediated glucose 

intolerance and insulin resistance, and established a therapeutic strategy that 

specifically targeted TNBC stem cells and thereby markedly reduced recurrence in 

vivo. 
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6 Supplements 

 

Supplemental Figure S1│PKD inhibition increases β-cell size but does not promote IL6 
secretion. (A) Western blot of PKDkd-EGFP expression in the pancreas. Doxycycline was 
given to PKDkd-EGFP mice in the drinking water for indicated time points. Pancreata were 
isolated and western blot was conducted, and membranes were probed with specific 
antibodies as indicated. GAPDH was used as loading control. Experiment and analysis by 
Kornelia Ellwanger (B) Quantification of the beta cell area. Pancreas was sectioned via 
cryosectioning. Beta cell area was calculated by dividing the cross-section area of an islet by 
the nuclei number. Data is presented as mean cell size (µm2) ± SEM, n=64. Statistical 
comparison by t-test. (C) Plasma IL6 of HFD and LFD treated transgenic mice via ELISA. Data 
is presented as mean IL6 (pg/ml) ± SEM, n=4-7. Statistical comparison by two-way ANOVA. 
(D) Plasma IL6 before (16 weeks) and after (20 weeks) CRT0066101 treated mice via ELISA. 
Data is presented as mean IL6 (pg/ml) ± SEM, n=4. Statistical comparison by two-way ANOVA. 
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Supplemental Figure S2│CRT0066101 decreases sphere forming efficiency in TNBC cell 
lines. (A-D) Oncosphere count or sphere area of primary and secondary oncosphere assays 
of (A) MDA-MB-436, (B) MDA-MB-231, (C) BT-549 and (D) MDA-MB-468 cells. Cells were 
treated with 1 µM CRT0066101 directly after seeding into the respective oncosphere assay. 
Data is presented as mean sphere area (mm2) or as mean sphere formation efficiency (SFE), 
n=3. Statistical comparison by one-way ANOVA and Bonferroni-test. (E-F) Synergy scores of 
treated (E) MDA-MB-231 or (F) MDA-MB-468 cells. Cells were seeded in poly-HEMA 96-well 
plates and treated for 72 h with the indicated combinations of paclitaxel and CRT0066101. 
Analysis was conducted using the CellTiter-Glo reagent. Luminescence scores were 
normalized to the DMSO control. Data is presented as mean combination index (CI), n=2-3. 
Combination index (CI) values were calculated using Webb’s fractional product method. CI<1 
indicates synergism. 1≤CI≤1.09 indicates addition. CI>1.09 indicates antagonism. 
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Supplemental Figure S3│Combinatory inhibition using CRT0066101 and paclitaxel 
results in a synergistic decrease of sphere formation. (A-B) Sphere area of secondary 
oncospheres of (A) MDA-MB-231 or (B) MDA-MB-468 cells. Directly after seeding into the 
secondary oncosphere assay, cells were treated with paclitaxel (5 nM) or CRT0066101 (MDA-
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MB-231: 1 µM; MDA-MB-468: 0.5 µM), or in combination. DMSO served as control. Data is 
presented as mean sphere area (mm2), n=4. Statistical comparison by one-way ANOVA and 
Bonferroni-test. (C-E) Left panels: counting of secondary oncospheres of (C) MDA-MB-436, 
(D) BT-549 or (E) HCC1806 cells. Directly after seeding into the secondary oncosphere assay, 
cells were treated with paclitaxel (MDA-MB-436: 5 nM; BT-549: 5nM; HCC1806: 50 nM) or 
CRT0066101 (MDA-MB-436: 1 µM; BT-549: 1 µM; HCC1806: 0.5 µM), or in combination. 
DMSO served as control. Data is presented as mean sphere formation efficiency (SFE), n=3. 
Statistical comparison by one-way ANOVA and Bonferroni-test. Combination index (CI) values 
were calculated using Webb’s fractional product method. CI<1 indicates synergism. Right 
panels: sphere area of secondary oncospheres of (C) MDA-MB-436, (D) BT-549 or (E) 
HCC1806 cells. Data is presented as mean sphere area (mm2), n=3. Statistical comparison by 
one-way ANOVA and Bonferroni-test. (F-J) Synergy scores of secondary oncosphere 
formation assays of (F) MDA-MB-231, (G) MDA-MB-468, (H) MDA-MB-436, (I) BT-549 or (J) 
HCC1806 cells. Directly after seeding into the secondary oncosphere assay, cells were treated 
with paclitaxel and CRT0066101 using the indicated concentrations. SFE counts were 
normalized to the DMSO control. Data is presented as mean combination index (CI), n=3-4. 
Combination index (CI) values were calculated using Webb’s fractional product method. CI<1 
indicates synergism. 1≤CI≤1.09 indicates addition. CI>1.09 indicates antagonism. 
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Supplemental Figure S4│Combination of paclitaxel and CRT0066101 synergistically 
decreases colony formation. (A-B) Left panels: Colony formation of (A) MDA-MB-436 or (B) 
BT-549 cells. 24 h after seeding in 6-well culture dishes, MDA-MB-436 or BT-549 cells were 
treated for 48 h with paclitaxel (1 nM) or CRT0066101 (0.5 µM), or the combination of both. 
DMSO served as control. Afterwards, cells were further cultured for 2 weeks and analyzed 
using the Odyssey imaging system. Data is presented as mean area covered, normalized to 
the respective DMSO control, n=4-6. Statistical comparison by one-way ANOVA and 
Bonferroni-test. Combination index (CI) values were calculated using Webb’s fractional 
product method. CI<1 indicates synergism. Right panels: Representative pictures of the 
respective colony formation assays. (C-F) Synergy scores of colony formation assays of (C) 
MDA-MB-231, (D) MDA-MB-468, (E) MDA-MB-436 or (F) BT-549 cells. Data is presented as 
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mean combination index (CI), n=4-6. Combination index (CI) values were calculated using 
Webb’s fractional product method. CI<1 indicates synergism. 1≤CI≤1.09 indicates addition. 
CI>1.09 indicates antagonism. 
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