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1. Introduction 

The human body consists of roughly 3.72 x 1013 cells1, which are organized into different organs 

and tissues with very specific functions. This strict organization and localization of every single cell 

- not only in terms of the whole body but also within a specific organ structure - is key to a normally 

functioning body. The correct localization and interaction of a cell with its surroundings within 

every organ is crucial both for tissue integrity and stability, as well as for tissue function.2 

Therefore, it is important to understand how cells interact physically with their environment and 

how the environment influences cellular behavior in turn. 

 

1.1. The extracellular matrix 

The local environment that a cell encounters differs very much depending on the specific tissue. 

It does not only consist of other cells but also of the extracellular matrix (ECM), which is made up 

of roughly 300 proteins that are produced, secreted, and modified by the surrounding cells, 

especially fibroblasts. Typical ECM components are collagens, proteoglycans and glycoproteins, 

but the exact composition differs from tissue to tissue.3 

ECM occurs in two major subtypes: Interstitial matrix on one hand forms a three-dimensional 

network that surrounds cells within tissue and contains especially collagens, fibronectin and 

elastic fibers. Basement membranes on the other hand separate different tissues from each other, 

for example endothelia or epithelia from the underlying stroma, and are mainly made up of the 

non-fibrillar collagen IV and laminin.4  

Fibrillar collagens, especially collagen I, provide stability and stiffness, while elasticity is generated 

by elastic fibers consisting of elastin and the glycoproteins fibrillin or fibulin. In addition, 

proteoglycans, including aggrecan, versican, perlecan, and decorin, contain negatively charged 

glycosaminoglycan chains, which are important for hydration of the ECM. Moreover, 

proteoglycans also bind and retain growth factors, like fibroblast growth factor (FGF). The group 

of glycoproteins (e.g. fibronectin (FN) or laminin) interconnects different components of the ECM 

and often links the ECM to cellular adhesion receptors.3,5 A special case of ECM-like protein 

aggregates are hemostatic plugs, which are formed during coagulation of blood and contain not 

only von Willebrand factor (vWF) and fibrin, which is cleaved from fibrinogen during the 

coagulation cascade, but also plasma FN. Plasma FN is either derived from the circulation or 

secreted directly by platelets and further stabilizes the fibrin clot.6  
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Many components of the ECM can be recognized by cell surface receptors and help to anchor cells 

within the tissue and even provide signaling input to alter cellular responses.  

 

1.2. Integrins are central adhesion receptors 

The contact between cells and their environment is mediated through specialized receptors on 

the cells’ surface. There are several different classes of adhesion receptors, including cadherins, 

selectins, the Ig superfamily, and integrins. Cadherins and selectins both mediate direct contact 

between cells. Cadherins interact with other cadherins on neighboring cells forming, for example, 

adherens junctions or desmosomes.7 Selectins recognize sialylated sugar structures on the surface 

of other cells and are found, for instance, on endothelia or leukocytes.8 The Ig superfamily of cell 

adhesion receptors also mediates mostly adhesion between different cells. Members of this family 

include ICAM (intercellular adhesion molecule) or VCAM (vascular cell adhesion molecule), which 

serve as ligands for integrins on other cells, or NCAM (neural cell adhesion molecule) and PECAM 

(platelet endothelial cell adhesion molecule), which prefer homophilic interactions.9 Integrins, 

however, are not only able to bind structures on other cells but they are also the main class of 

cell-matrix adhesion receptors.10  

 

1.2.1. Diversity of integrins and their specificity 

Integrins are type I transmembrane proteins with an extracellular domain that is responsible for 

ligand binding, a transmembrane domain and a cytoplasmic domain, which mediates intracellular 

signaling. They always occur as dimers consisting of an - and a -chain, and the 8 different -

chains and 18 -chains in mammals can form 24 different integrins (see figure 1.1). These 24 

integrin dimers differ especially in their affinity for different ligands, although several integrins can 

bind the same ligand and one integrin dimer might be able to recognize several ligands. 1-

integrins in general can bind a variety of collagens, but also laminin, FN, osteopontin or VCAM. 2-

integrins are exclusively expressed by cells of hematopoietic origin and recognize ICAM or 

fibrinogen.11  

With this diversity of integrin combinations every cell (type) can express a unique repertoire of 

integrin receptors, which is tailored to the specific needs and functions of the cell. The expression 

of 2 integrins, for example, enables immune cells to bind to ICAM expressed on activated 

endothelia and is crucial for the extravasation process from the blood into tissue.12,13 Moreover, 
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integrins recognizing vWF are found in platelets, whose function in coagulation depends on being 

able to bind this protein.14  

 
Figure 1.1 – Integrin diversity 

Different  integrin chains can pair with several  integrins to form a huge variety of 24 different integrin dimers (A). 

Each dimer binds a certain panel of ligands and several components of ECM can be recognized by more than one integrin 

dimer. Selected integrin ligands are listed with the respective binding integrins11 (B). 
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1.2.2. Integrin function 

The main functions of integrins are cell adhesion and subsequent signal transduction into the cell. 

Several knock-out (KO) mice for different integrins illustrate the importance of this process. Many 

integrins are crucial players during development and mice deficient for 1, 4, or 5 integrins die 

during embryogenesis15–17, while KO of integrin v, 3, 6 or 8 is perinatally lethal due to 

developmental defects in the kidneys, muscle tissue or blood vessels18–21.  

Other integrins are relevant in a more restricted context and the respective KO mice are viable, 

but have phenotypes corresponding to the specific integrin function. 2 integrins and their alpha 

chains, for example, are important for leukocyte adhesion and loss of these integrins results in 

immunodeficiencies.22–25 Others, like integrin 2b, are important for hemostasis14 or for muscle 

fiber integrity, as shown for integrin 726. 

Apart from their classical roles in adhesion, several integrins are also involved in phagocytosis. 

These include two 2 integrins, namely M2 (also known as complement receptor 3, CR3) and 

X2 (complement receptor 4, CR4), which mediate uptake of complement-opsonized pathogens. 

But other integrin classes, e.g. 1 or 3 integrins, have also been reported to mediate engulfment 

of apoptotic cells or ECM components and these roles are not restricted to professional 

phagocytes.27 

 

1.2.3. Integrin activation (inside-out) 

Considering the striking phenotypes of integrin KO mice, it becomes apparent that integrin 

activation has to be tightly controlled. This is especially the case in immune cells, where integrin 

activity is often specifically required during an immune reaction and has to be turned on and off 

at specific time points. 

The activation of integrins is accompanied by a series of well characterized conformational 

changes that control the affinity of an integrin for its ligand. In its inactive state the extracellular 

domain of the integrin is bent towards the cell membrane, thereby preventing binding of the 

ligand. Upon stimulation, however, the conformation enters an intermediate state, where the 

extracellular domain extends but the head piece, which is ultimately responsible for ligand 

binding, is still closed. For full integrin activation, also the integrin headpiece opens completely to 

allow optimal ligand binding (figure 1.2).28  
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Figure 1.2 – Integrin Activation 

Integrin activation from closed (inactive) via intermediate to open (fully active) conformation is induced by activators 

like talin or kindlin. Rap1 can mediate recruitment of talin via its effector RIAM.  

 

 

The induction of integrin activation from within the cell (also termed inside-out signaling) is 

majorly controlled by talin and talin KO in mice is embryonically lethal29. Binding of this protein to 

the cytoplasmic tail of  integrins induces the conformational activation described above.30 

The recruitment and concomitant binding of talin to the integrin is typically induced via the Rap1-

RIAM axis. Stimulation of a cell by cytokines leads to activation of the small GTPase Rap1, possibly 

via protein kinase C (PKC), which then activates talin via its effector RIAM.28 Moreover, there are 

other known Rap1 effectors, like RapL or protein kinase D (PKD), which can also mediate Rap1-

mediated integrin activation.31  

Another important integrin activating protein family are the kindlins. Kindlin1-3 also bind to the 

integrin  chain but at another site than talin.32 Only kindlin2 is expressed ubiquitously and its KO 

is embryonically lethal.33 Kindlin1 and -3 expression patterns, though, are restricted to epithelia 

and hematopoietic cells, respectively, and mice deficient for these proteins are born but also have 

severe phenotypes leading to early death.34,35 How exactly kindlins are activated and how they 

activate integrins in turn is much less understood than the talin-dependent mechanisms, but 

recent data have shown that kindlins form dimers and that this dimerization is important for 
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kindlin-mediated integrin activation. Moreover, these kindlin dimers are potentially involved in 

integrin crosstalk and clustering.36,37 

 

1.2.4. Integrin signaling (outside-in) 

Apart from activating integrins from within the cell as a consequence of signaling events from, e.g. 

other receptors, integrins can also signal in the opposite direction – a process termed “outside-in 

signaling”. Here, binding of an integrin to its ligand and the clustering of several integrins initiate 

a cascade of protein phosphorylations and the recruitment of different proteins to form the 

integrin adhesome (illustrated in figure 1.3).38  

One of the first events upon integrin clustering is the recruitment and autophosphorylation of 

focal adhesion kinase (FAK) or its homologue Pyk2 (protein tyrosine kinase 2). Phosphorylated FAK 

binds to SH2-domain containing proteins, like Src kinases. Src kinases also bind to  integrin tails, 

and can further phosphorylate FAK.39  

Both FAK and Src are bound by paxillin, which is one of the central scaffold proteins at sites of 

integrin adhesion. Its numerous phosphorylation sites enable the further recruitment of proteins 

like integrin-linked kinase (ILK) or actin-binding proteins (e.g. vinculin, parvin or -actinin). The 

latter ones form a crucial link between the membrane associated integrin-protein network and 

the actin cytoskeleton, which is important for stabilization and force transmission into the cell - a 

feature that is especially necessary during cell migration. Vinculin then can also interact with the 

Arp2/3 complex, which is involved in regulation of the actin cytoskeleton (see below).39  

Further downstream, integrin activation then, on one hand, initiates the PI3K 

(phosphatidylinositol 3-kinase)/Akt pathway and activates extracellular signal-regulated kinase 

(ERK) and c-Jun N-terminal kinases (JNK) to control cell proliferation, differentiation, and 

survival.40 On the other hand, integrin signaling also affects actin dynamics by recruiting regulators 

of Rho GTPases.41 

The processes and players of integrin activation and signaling discussed above are a generalized 

summary of major pathways involved. Depending on the specific integrin expression and 

activation, the composition and signaling of the integrin adhesion complex can vary 

substantially42–47 and the differences and consequences are by far not fully understood.  
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Figure 1.3 – Integrin Signaling 

Upon ligand binding to the integrin other signaling molecules, including FAK and Src, and adaptor proteins, like paxillin, 

are recruited and initiate downstream signaling cascades via PI3K, ERK and JNK. The actin cytoskeleton is linked via 

adaptor proteins (vinculin) and further modified via Rho GTPases.  

 

1.2.5. Integrin trafficking 

Even though integrins are responsible for anchoring the cell within the ECM, they are constantly 

recycled from the plasma membrane into endosomal compartments and back. This way, the cell 

can react fast to changing stimuli and form new adhesions dynamically. Both active and inactive 

integrins can be endocytosed via several routes. Clathrin-dependent endocytosis is governed by 

proteins like ADP ribosylation factor (Arf) GTPases or dynamin, while clathrin-independent 

processes can involve clathrin-independent carriers, caveolae or macropinocytosis. Once integrins 

are localized to early endosomes they are sorted for either lysosomal degradation or recycling 

pathways back to the plasma membrane. In the case of integrins, two major pathways are 

described: The short loop, on one hand, transports integrins directly to the cell surface via the 

GTPase Rab4. The long loop, on the other hand, is regulated by Rab11 or Arf6 and involves 

trafficking via the perinuclear recycling compartment.48 In addition to these two pathways, 

integrins can also be recycled to the cell membrane through retrograde transport via the Golgi 

apparatus.49  
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1.3. The actin cytoskeleton 

The actin cytoskeleton is – similar to the bony skeleton of the human body – the basis for a cell’s 

shape. It does not only determine morphology but also regulates dynamic modulations, when a 

cell adapts to changes in the environment.  

Structurally, the actin cytoskeleton consists of globular actin (G-actin) that is organized into a 

double helix structure to form long filaments (F-actin). These filaments can occur as branched 

networks or in long bundles – depending on the specific function of actin at different subcellular 

localizations.50 

Cortical actin, for instance, is found directly beneath the cell membrane, where it is crucial for 

general cell shape and dynamics of the plasma membrane. Lamellipodia, which are broad 

protrusions of migrating cells, contain a dense network of branched F-actin, while filopodia form 

finger-like protrusions, which explore the surroundings and are composed of actin bundles. Stress 

fibers help the cell to contract and are often directly connected to the ECM via integrins at 

specialized adhesion structures called focal adhesions (FA). Moreover, actin also regulates 

trafficking of intracellular compartments and vesicles. It has been described to be involved in V-

ATPase recycling at lysosomes, formation of the autophagosome, or endocytic and exocytotic 

processes.51 

 

1.3.1. Actin filament formation 

The assembly of single G-actin molecules into filamentous actin is governed by actin nucleators or 

nucleation complexes. The main classes are Arp2/3 complexes and formins. 

The Arp2/3 complex nucleates branched actin filaments, which are further stabilized by cortactin. 

Arp2/3 complex is regulated by members of the WASP/WAVE protein family. N-WASP (neuronal 

Wiscott-Aldrich Syndrome protein) is ubiquitously expressed and mice deficient for N-WASP are 

embryonically lethal52. WASP, however, is expressed by hematopoietic cells and loss or mutations 

of WASP lead to Wiskott-Aldrich syndrome, characterized by  immunodeficiency and bleeding 

disorders53. Both WASP and N-WASP can be activated by direct binding of the Rho GTPase Cdc42 

and/or binding to PIP2 (phosphatidylinositol 4,5-bisphosphate). The WAVE proteins (WASP-family 

verprolin homologous proteins) act in a similar manner but are not activated by Rho GTPases 

directly. Instead, they are part of a regulatory complex (called WAVE regulatory complex or WRC), 

which is affected by Rho signaling.50,54 
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In contrast to the Arp2/3 complex, formins produce unbranched filaments of actin and occur 

usually as homodimers50. Formins are direct effectors of Rho GTPases and they can also act as 

elongation factors on actin filaments50. Several crosslinking proteins further interconnect single 

actin filaments to stabilize them. These include filamin, which crosslinks especially branched actin 

networks, and fimbrin or fascin, which stabilize parallel actin bundles.50 

 

1.3.2. Rho GTPases 

Rho GTPases form the major class of actin regulators. Like any other GTPase, Rho GTPases are 

controlled by both GTPase activating proteins (GAPs) and guanine nucleotide exchange factors 

(GEFs), which inactivate GTPase activity via hydrolysis of GTP to GDP or stimulate GTPases by 

exchanging GDP for GTP, respectively. The family of Rho GTPases comprises 20 different proteins, 

but the three best studied ones are RhoA, Rac and Cdc42. By distinct cellular localization and via 

different effector proteins Rho GTPases affect different aspects of actin dynamics. In a common 

but simplified scheme, Rac is primarily responsible for lamellipodia, Cdc42 controls filopodia and 

RhoA is involved in contraction-related processes especially at the uropod of migrating cells and 

in formation of stress fibers. However, there are functional overlaps of Rho GTPases and efficient 

regulation of actin dynamics is only possible by temporally and spatially controlled cooperation of 

all factors involved. 55 

The localized activation of Rho GTPases is regulated on one hand by direct recruitment to 

membranes via isoprenyl lipids on the GTPases themselves56, and on the other hand by 

interactions with GEFs and GAPs at specific spots of activity56. These GTPase regulating proteins 

are often associated with or regulated by players of the integrin signaling complex.56 Moreover, 

inactive Rho GTPases can be sequestered in the cytosol by guanine nucleotide dissociation 

inhibitors (GDI) that prevent membrane recruitment and GEF-mediated activation57. 

The effectors of Rho GTPases are just as diverse as their regulators. Apart from the already 

mentioned group of actin nucleators, several protein kinases are activated by Rho GTPases. 

Among these, P21-activated kinase (Pak) can affect the actin dynamics by phosphorylating LIM 

kinase (LIMK)58 or myosin light chain kinase (MLCK)59. Especially RhoA is known to regulate 

myosin-related processes by activating rho-associated coiled-coil-containing protein kinase 

(ROCK). ROCK in turn stimulates phosphorylation of myosin light chain (MLC) and thereby 

increases contractility of actin fibers.60 
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Rho GTPases also affect cellular pathways that are not directly linked to actin remodeling, such as 

production of reactive oxygen species, lipid metabolism or transcriptional regulation. 

Furthermore, they also influence microtubuli and are involved in cell cycle regulation and cell 

division.60 For our topic at hand, however, the central function of Rho GTPases in regulating 

dynamic changes of actin structures is of major interest. 

 

1.4. Podosomes are cellular adhesion and invasion structures 

Actin fibers are found in very different structures and are often directly linked to integrin-based 

adhesion complexes. This occurs typically at FA, which are found in most cell types and frequently 

form the end of a stress fiber.61 FA are especially important for force application onto the substrate 

and its transduction onto the cytoskeleton during cell migration.61 They are characterized by a 

local clustering of integrins and the subsequent signaling platform into a “comma”-like structure 

that mediates the connection of the ECM to the cytoskeleton.61 Similar to FA, integrin-based 

adhesion complexes can be organized in focal complexes, which are smaller and more short-lived 

than FA, and fibrillar adhesions, which differ slightly in phosphorylation patterns and are often 

associated with fibronectin fibrils.62  

However, in some cells additional (integrin-based) adhesion structures exist, which are called 

invadosomes. The term “invadosome” includes both podosomes and invadopodia, and there is an 

ongoing discussion in the scientific community as to whether podosomes and invadopodia 

describe the same structure or if they develop entirely independently.63,64 The common 

denominator, however, is that podosomes per definition only occur physiologically, while 

invadopodia are exclusively found in pathological situations, for example after transformation of 

a cancer cell.  
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Figure 1.4 – Podosome Structure 

Podosomes are ventral protrusions of the cell membrane containing an actin-rich core and a ring structure of adhesion 

proteins. They are able to degrade the underlying matrix by recruiting and secreting MMPs. 

 

Structurally, all invadosomes form dotlike structures with a diameter of about 0.5-1 µm at the 

basal plasma membrane and protrude towards the substrate. They are composed of an actin-rich 

core that is surrounded by a ring of adhesion proteins (figure 1.4). In addition to their role in cell 

adhesion, invadosomes are also able to degrade the underlying matrix and are therefore 

important for cellular invasion into tissue. Reported differences between invadopodia and 

podosomes relate to their protrusion depth (which is described to reach several µm for 

invadopodia and only ~1 µm for podosomes) and their life time of a few minutes in the case of 

podosomes compared to more than 1 h in invadopodia.63 Furthermore, the exact composition of 

invadopodia and podosomes can be different65, but these alterations may simply reflect cell type- 

or experiment-specific differences. 

Podosomes are not present in all cells but are mostly restricted to cells of the myeloid lineage, like 

macrophages, dendritic cells (DCs) or osteoclasts. A few other cell types, including smooth muscle 

cells, fibroblasts or endothelial cells, have also been shown to form podosomes.64 Invadopodia 

have been described in many different cancer cells and are considered a sign of increased 

invasiveness.66 Moreover, transforming a cell line, such as fibroblasts, with e.g. constitutively 

active Src kinase will also lead to structures considered invadopodia67 rather than podosomes.  

 

1.4.1. Formation and composition of podosomes 

The structure of podosomes is already very well understood. It contains a core of very dense actin 

filaments together with actin regulatory proteins, like cortactin, the Arp2/3 complex or WASP.65 
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The top of that core facing the cytoplasm is covered by a cap structure containing, for example, 

formins68. The core is surrounded by a ring-like accumulation of adhesion proteins: integrins and 

associated signaling and adapter proteins that connect the membrane to the core via actin 

fibers.63 The adaptor protein Tks5 also localizes to the podosome ring and is so far the only protein 

that is exclusively found in invadosomes but not in other adhesion structures like FA.69–71  

Moreover, single podosomes are also interconnected by unbranched actin cables (termed the 

“cloud”), which could explain why podosomes often appear in clusters.72 Actin filaments found in 

podosomes and at podosome clusters contain a substantial amount of myosin IIa, which plays an 

important role in podosome protrusion and their function as mechanosensors.63 

The initial signal for podosome formation is often coming via integrins or growth factor receptors 

for TGF-, EGF or VEGF, which activate Src kinase, Rho GTPases or PI3K. Downstream of these, 

small actin puncta are formed first, followed by assembly of the ring proteins and the recruitment 

of matrix metalloproteases (MMPs), especially MT1-MMP but also MMP2 or MMP9. The localized  

release of these MMPs (and other proteases, like cathepsin or serine proteases) is the basis for 

the degradative activity at invadosomes.64,73  

 

1.4.2. Podosome functions 

The biological functions of podosomes are surprisingly diverse and reflect the many different cell 

types in which podosomes or invadopodia have been found. Classically, podosomes have been 

studied in the context of cell adhesion, migration and invasion – especially in immune cells74–77. 

The mesenchymal migration mode used, for example, by macrophages is based on integrin 

adhesion and protease activity and has been linked to podosome function.75 Moreover, Carman 

and colleagues have shown that leukocytes use podosome-like structures for transcellular 

diapedesis through an endothelial cell layer in vitro.74  

Very closely linked to migration and invasion of immune cells is the topic of cancer cell metastasis. 

The presence of invadopodia in tumor cells is typically associated with increased invasiveness and 

therefore a higher risk for formation of metastases.66 Research on tumor cell invasion processes 

has provided some of the best in vivo studies of invadosomes: Leong and colleagues used chicken 

embryos to show the presence of Tks5 and WASP positive protrusions on extravasating breast 

cancer cells78 and the relevance of invadopodia for cancer cell metastasis has been further 
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strengthened by Ngan and colleagues, who linked occurrence of metastases with invadopodia 

formation in  a mouse model for breast cancer metastasis79.  

Osteoclasts are specialized cells of myeloid origin that are responsible for degradation of bone. 

Their podosomes fuse into a belt-like structured called “sealing zone”, which helps to seal off the 

degradation lacuna from the surrounding tissue and prevent spreading of proteases and acid.80–82 

Interfering with osteoclast podosomes, for example by loss of kindlin-3 or integrins, leads to 

osteopetrosis in mice and man due to dysfunctional osteoclasts.83,84 

More recently, podosomes have been described to be mechanosensors85–87, a function that is also 

associated with other adhesion structures, like FA88.  The current model assumes that the 

podosome core protrudes further towards the substrate via increased actin polymerization. The 

force that is generated by the resistance of the matrix is then translated via actin and adaptor 

proteins to stretch-sensitive ring proteins, like talin or vinculin.63    

Apart from these classical functions of invadosomes, several other aspects of podosome biology 

are being discussed. Podosome clusters have long been known to appear in smooth muscle cells89 

and endothelial cells90,91, where they might be relevant for angiogenesis92,93. Moreover, 

podosome-like structures have also been described at neuronal growth cones94, and at post-

synaptic membranes of myotubes95, although a complete functional explanation for the latter 

occurrence is still lacking. Both myotubes and osteoclasts are multinucleated cells, which develop 

by fusion of several single cells, and these processes also involve podosomes96,97. Furthermore, 

podosome-like structures have been postulated in antigen sampling by immune cells98–100. 

Taken together, podosomes are versatile structures that are relevant for many different cellular 

functions and are intimately connected to and dependent on both integrin-mediated adhesions 

and actin polymerization processes.  
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1.5. Cytohesins 

The regulation of integrin-related signaling and actin dynamics is very complex and there are 

numerous players involved. Among these regulatory factors, the protein family of cytohesins has 

been studied for more than 20 years. 

 

1.5.1. Cytohesin protein structure and expression patterns of cytohesin genes 

The cytohesin (Cyth) protein family consists of four members: Cyth1, Cyth2 (also called ARNO), 

Cyth3 (or Grb1), and Cyth4. Evolutionary, the different cytohesins developed from one common 

ancestor. Drosophila melanogaster, for instance, has only one cytohesin homolog, called Steppke, 

which is most similar to the mammalian Cyth3.101 The four cytohesins differ in their expression 

pattern: Cyth2 and Cyth3 are expressed ubiquitously, while Cyth1 and Cyth4 are reported to be 

found mostly in cells of the hematopoietic system and in the brain.102–105 Their main function is 

the regulation of Arf GTPase activation via their GEF activity (figure 1.5 A).106 All four proteins 

share the same domain structure and a high sequence homology of ~70-85 %.102  

On their N-terminus cytohesins contain a coiled-coil domain, which enables interaction with other 

proteins or dimerization. The coiled-coil domain is followed by a Sec7 domain that harbors the 

catalytic center for the GEF function, and finally, at the C-terminus, a pleckstrin homology (PH) 

domain required for association with membranes (see figure 1.5 B). Moreover, cytohesins can also 

be phosphorylated at several residues close to their C-terminus.106 The PH domain is especially 

interesting because it can occur in two different splice variants, which contain a stretch of either 

two or three glycins that determine the preference for certain phospholipids and therefore 

localization of cytohesins (figure 1.5 C). The diglycine (2G) variants of cytohesins have a higher 

affinity for phosphatidylinositol (3,4,5)-trisphosphate (PIP3) compared to PIP2, while the triglycine 

(3G) variants bind to both PIP2 and PIP3 equally well.107,108 As the concentration of PIP2 is several 

magnitudes higher than the PIP3 concentration in unstimulated cells109, the 3G variants locate 

predominantly to PIP2. PIP3 is mostly generated locally upon stimulation of cells and concomitant 

activation of PI3K. Therefore, 2G-cytohesins can be specifically recruited to hotspots of cellular 

activity.  
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Figure 1.5 – Cytohesin structure and function 

Cytohesins are GEFs for Arf GTPases and thereby facilitate their activation (A). Cytohesin domain structure: CC (coiled-

coil domain), Sec7 domain, PH (Pleckstrin homology) domain (B). 2G and 3G isoforms of cytohesins have different 

affinities for PIP2 and PIP3 in the cell membrane (C). 

 

1.5.2. Arf GTPases regulate membrane trafficking 

With Arf GTPases being the main target of cytohesins, a closer look at these proteins will help to 

understand the functions of cytohesins. The family of Arf proteins belongs to the group of small 

GTPases and consists of six different members, Arf1-6, which localize to and are active at different 

membrane compartments within the cell. One major function of especially Arf1, Arf3, Arf4 and 

Arf5 is the regulation of membrane trafficking at or around the Golgi apparatus, while Arf6 is found 

predominantly at the plasma membrane. The main action of activated Arf proteins is the 

recruitment of further effector proteins to membranes. These can, for example, affect the local 

lipid composition of membranes, as illustrated by the Arf-dependent activation of phospholipase 

D (PLD) or PIP5K (phosphatidylinositol-4-phosphate 5-kinase). Other Arf effectors regulate more 

specific processes, e.g. budding of vesicles or clathrin-dependent endocytosis.110 

Like other GTPases, Arf proteins are regulated by GEFs and GAPs. Cytohesins form one group of 

Arf GEFs, but there are also other Arf-specific GEF families, including BRAG or BIG proteins. 

Negative regulation of Arf activity is governed by GAPs, like ARAPs, which also serve as GAPs for 

RhoA, ACAPs, which have been shown to interact with 1 integrins, or GIT proteins, which can also 

associate with the Rho GEF PIX.111,112 

In the context of adhesion-related processes, Arf6 is of primary interest as it is active at the cell 

membrane. Arf6 has been shown to regulate internalization of various adhesion receptors, 
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including 1 integrin or cadherin, and it affects actin remodeling processes via the Rho GTPase 

Rac1.113,114 Furthermore, several studies have linked Arf function to podosomes. In osteoclasts, 

Arf6 activity and the Arf GAPs GIT2 or ARAP1 are important for sealing zone formation115,116 and 

Donelly and colleagues could show that knock-down of Arf6 affects localization of MT1-MMP to 

invadopodia117. In a recent publication on the role of Cyth2 and Arf proteins for podosomes, Arf6, 

but not Arf1, was dispensable for podosome formation in THP-1 cells.118 Indeed, Arf1 has also 

been reported to be involved in processes that are not directly linked to the Golgi, like composition 

of FA119 or recruitment of the WRC to membranes120. This latter process also requires an 

interaction between Arf1 and Arf6 in order to locate Arf1 to the plasma membrane in the first 

place.  

 

1.5.3. Biological roles of cytohesin proteins 

Considering the relevance of Arf GTPases for very general cellular processes, it is not surprising 

that also cytohesins have been implicated in a variety of biological contexts. In line with the well-

established role of Arfs in membrane trafficking, cytohesins affect dynamics and/or activation of 

several cell surface receptors, e.g. EGF receptor121, VEGF receptor122, LHCG receptor123 and also 

the glucose transporter Glut4 downstream of insulin signaling124. Insulin-related signaling 

pathways have long been known to be regulated by cytohesins125 and there are several in vivo 

studies showing the relevance of Steppke in Drosophila melanogaster101 or of Cyth3 in mice126,127 

for insulin-mediated processes.  

One major aspect of cytohesin research since the initial description of these proteins has been 

their involvement in cell adhesion and related processes and a special focus has been put onto 

Cyth1 and Cyth2. There is, however, only limited data on the role of Cyth3 in cell adhesion128,129 

and Cyth4 has not been studied functionally at all. 

Cyth1 was discovered as an important regulator of LFA-1-dependent adhesion of T cells and a 

direct interactor of 2 integrins103, and it was later shown to also affect 2 integrin-dependent 

phagocytosis130,131 of neutrophils. However, Cyth1 also has effects on 1 integrins 132,133 and 

cadherin-based adherens junctions of epithelial cells134. In addition, Cyth1 is involved in migratory 

processes of mature DCs or HeLa cells.108,135 

Cyth2 is also known to regulate integrins – although most reports focus on trafficking of especially 

1 integrins, which is linked to effects on general adhesion behavior, FA formation and cell 
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spreading.129,136 Moreover, the adaptor protein paxillin is a known binding partner of Cyth2 and 

both are important for migration of preadipocytes.137 Cell migration is a common theme of Cyth2 

biology137–142 and is often connected to Cyth2-mediated regulation of Rho GTPases. Cyth2 can, for 

example, associate with the Rac GEF DOCK180 via the adaptor protein GRASP/tamalin143 and RhoA 

activity is a major effector of cytohesin action on migration of mature DCs135. In line with these 

studies, Cyth2 has been shown to be important for formation of stress fibers and lamellipodia in 

HEK and HeLa cells.144,145 More recently, Cyth2 has been linked directly to podosome formation in 

an Arf1 and RhoA dependent manner.118 

In vivo data based on cytohesin knock-out mice is available for brain-related phenotypes. Both 

Cyth1 and Cyth2 have been reported to be important for myelination of neurons by Schwann cells, 

which is also regulated by adhesion processes and has been linked to phosphorylation of Cyth1 by 

the Src kinase Fyn.104,146 Moreover, there are several studies showing that cytohesins possibly act 

protectively in neurodegenerative diseases.147–149 Furthermore, Cyth2 modulates cellular 

protrusions (neurites) in neurons by binding to the actin-binding protein actinin-1150 or via 

interaction with pallidin in early endosomes151. Therefore, also in the central nervous system the 

activities of cytohesins fit to the overall picture of regulators of cell adhesion, major actin 

rearrangement processes and/or membrane dynamics. 
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1.6. Aim of the project 

Cell adhesion is a central factor in many biological settings and is therefore very tightly controlled. 

On a single cell level, integrin-mediated adhesions are directly linked to specific arrangements of 

the actin cytoskeleton, which in turn affect how a cell behaves within its environment. Cytohesins, 

and especially Cyth2, are proteins that regulate not only remodeling of actin structures, but also 

dynamics of receptors on the plasma membrane, including integrins. Therefore, they are of special 

interest when studying how integrin signaling affects the cytoskeletal organization.  

Podosomes are at the crossroads of adhesion complex and actin dynamics and are recognized as 

relevant biological structures in many different settings. In order to answer how cytohesins are 

involved in mediating signaling input coming from integrins to changes of the actin cytoskeleton 

and podosome formation, we therefore set out to analyze the role of different cytohesins in 

podosome formation. As myeloid cells are typical representatives of podosome-forming cells, we 

made use of several cytohesin KO mice to generate primary cell cultures of bone marrow-derived 

dendritic cells (BMDCs). These cells form prominent podosome clusters without further 

stimulation and are thus an optimal model to study podosome-related signaling pathways. Given 

the well-established role of especially Cyth2 in actin-related processes and its recent description 

as a regulator of podosome formation in monocytes118, a special focus will be given to this specific 

member of the cytohesin family. 

  



2. Material and Methods 

19 
 

2. Material and Methods 

2.1.  Material 

2.1.1. Kits 

Kit Company (office) 

Arf1 G-LISA Activation Assay Kit Cytoskeleton (Denver, USA) 

Arf6 G-LISA Activation Assay Kit Cytoskeleton (Denver, USA) 

DyLight 549 NHS ester  Thermo Fisher Scientific (Waltham, USA) 

High capacity cDNA Reverse Transcription Kit Invitrogen (Carlsbad, USA) 

mMESSAGE mMACHINE SP6 Transcription Kit Invitrogen (Carlsbad, USA) 

NucleoSpin Gel&PCR Clean-up Kit  Macherey-Nagel (Düren, Germany) 

Pierce BCA Protein Assay Kit Thermo Fisher Scientific (Waltham, USA) 

Pierce ECL Plus Western Blotting Substrate Thermo Fisher Scientific (Waltham, USA) 

Poly(A) Tailing Kit Invitrogen (Carlsbad, USA) 

Rho Pulldown Kit Cytoskeleton (Denver, USA) 

RNeasy Mini Kit Qiagen (Venlo, Netherlands) 
 

2.1.2. Enzymes 

Enzyme Company (office) 

Collagenase IV Sigma-Aldrich (Taufkirchen, Germany) 

DNAse I Thermo Fisher Scientific (Waltham, USA) 

Dream Taq polymerase Thermo Fisher Scientific (Waltham, USA) 

Phusion high fidelity polymerase New England Biolabs (Ipswich, USA) 

Restriction enzymes (+ buffers) Thermo Fisher Scientific (Waltham, USA) 

Shrimp alkaline phosphatase Fermentas (St. Leon-Rot, Germany) 

T4 DNA ligase (+ buffer) New England Biolabs (Ipswich, USA) 
 

2.1.3. Buffers, media and supplements 

Reagent Company (office) 

fetal calf serum (FCS), heat- inactivated Sigma-Aldrich (St. Louis, USA) 

Hank’s balanced salt solution (HBSS) + Ca2+ PAN-Biotech (Aidenbach, Germany) 

LB-agar Gibco (Karlsruhe, Germany) 

Opti-MEM Gibco (Karlsruhe, Germany) 

Penicillin/Streptomycin (Pen/Strep) PAA (Pasching, Austria) 

phosphate-buffered saline (PBS) PAN-Biotech (Aidenbach, Germany) 

recominant murine GM-CSF Peprotec (Hamburg, Germany) 

VLE-RPMI 1640 Biochrom (Berlin, Germany) 
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2.1.4. DNA, RNA and protein standards 

Product Company (office) 

Gene Ruler 1 kb DNA ladder Thermo Fisher Scientific (Waltham, USA) 

Gene ruler 100 bp DNA ladder Thermo Fisher Scientific (Waltham, USA) 

Precision Plus Protein All Blue Standard Bio-Rad (Munich, Germany) 

ssRNA ladder New England Biolabs (Ipswich, USA) 
 

2.1.5. Chemicals and Reagents 

Reagent Company (office) 

6x DNA loading dye Thermo Fisher Scientific (Waltham, USA) 

Acetic acid Carl Roth (Karlsruhe, Germany) 

Acrylamide /Rotiphorese gel Carl Roth (Karlsruhe, Germany) 

Agarose VWR (Radnor, USA) 

Ammonium acetate  Carl Roth (Karlsruhe, Germany) 

Ammonium chloride  Riedel-de Haen/Honeywell (Seelze, 
Germany) 

Ammonium persulfate (APS) Carl Roth (Karlsruhe, Germany) 

Ampicillin Carl Roth (Karlsruhe, Germany) 

Antipain Sigma-Aldrich (St. Louis, USA) 

Aprotinin Carl Roth (Karlsruhe, Germany) 

Benzamidin Sigma-Aldrich (St. Louis, USA) 

-mercaptoethanol Carl Roth (Karlsruhe, Germany) 

Boric acid Carl Roth (Karlsruhe, Germany) 

Bovine serum albumin (BSA) Carl Roth (Karlsruhe, Germany) 

Brefeldin A (BrefA) Sigma-Aldrich (St. Louis, USA) 

Bromophenol blue Carl Roth (Karlsruhe, Germany) 

Butanol Carl Roth (Karlsruhe, Germany) 

Caesium chloride Carl Roth (Karlsruhe, Germany) 

Chloroform Carl Roth (Karlsruhe, Germany) 

Collagen I (PureCol, type I bovine collagen) Advanced BioMatrix (San Diego, USA) 

Collagen IV (mouse) Sigma-Aldrich (Taufkirchen, Germany) 

Deoxynucleotides (dNTPs) Thermo Fisher Scientific (Waltham, USA) 

Developing solution (Adefo Citroline2000) Adefo-Chemie (Neu-Isenburg, Germany) 

Diamidinophenylindole (DAPI) Sigma-Aldrich (Taufkirchen, Germany) 

Diazabicyclooctane (DABCO) Sigma-Aldrich (Taufkirchen, Germany) 

Dithiothreit (DTT) Carl Roth (Karlsruhe, Germany) 

Ethanol, 96 % (EtOH) Werner Hofmann Abteilung der 
Schmittmann GmbH (Düsseldorf, 
Germany) 

Ethidium bromide Carl Roth (Karlsruhe, Germany) 

Ethylenediaminetetraacetic acid (EDTA) Carl Roth (Karlsruhe, Germany) 

Ethyleneglycotetraacetic acid (EGTA) Sigma-Aldrich (Taufkirchen, Germany) 

Fibrinogen (bovine) Sigma-Aldrich (Taufkirchen, Germany) 

Fibronectin (human), Alfa Aesar Thermo Fisher Scientific (Waltham, USA) 
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Fibronectin (murine) Oxford Biomedical Reseach (Oxford, UK) 

Fixer (Adefofix) Adefo-Chemie (Neu-Isenburg, Germany) 

Gelatin solution, type B Sigma-Aldrich (Taufkirchen, Germany) 

Gelatin-FITC (gelatin from pig skin - FITC 
conjugate) 

Life Technologies /Thermo Fisher 
Scientific (Waltham, USA) 

Glucose Carl Roth (Karlsruhe, Germany) 

Glutaraldehyde, grade 1 Sigma-Aldrich (Taufkirchen, Germany) 

Glycerophosphate Sigma-Aldrich (Taufkirchen, Germany) 

Glycine Carl Roth (Karlsruhe, Germany) 

Hydrochloric acid (HCl) Carl Roth (Karlsruhe, Germany) 

Igepal Sigma-Aldrich (Taufkirchen, Germany) 

Isopropanol VWR (Radnor, USA) 

Leupeptin Carl Roth (Karlsruhe, Germany) 

Methanol VWR (Radnor, USA) 

Methyl cellulose Sigma-Aldrich (Taufkirchen, Germany) 

Milk powder Carl Roth (Karlsruhe, Germany) 

Mounting medium (fluoroshield) ImmunoBioScience (Mukilteo, USA) 

Normal goat serum R&D Systems (Minneapolis, USA) 

Paraformaldehyde (PFA) AppliChem (Darmstadt, Germany) 

Phalloidin - AlexaFluor488 Thermo Fisher Scientific (Waltham, USA) 

Phalloidin - TRITC Sigma-Aldrich (Taufkirchen, Germany) 

Phenol AppliChem (Darmstadt, Germany) 

Phenylmethylsulfonyl fluoride (PMSF) Carl Roth (Karlsruhe, Germany) 

Poly-L-lysine (PLL) Sigma-Aldrich (Taufkirchen, Germany) 

Ponceau S Carl Roth (Karlsruhe, Germany) 

Potassium acetate Carl Roth (Karlsruhe, Germany) 

Potassium bicarbonate  Sigma-Aldrich (Taufkirchen, Germany) 

Recombinant mouse Icam-1 Fc chimera R&D Systems (Minneapolis, USA) 

Rhosin Tocris (Bristol, UK) 

RNA loading dye (2x) New England Biolabs (Ipswich, USA) 

Sodium acetate  Carl Roth (Karlsruhe, Germany) 

Sodium chloride  Labochem International (Einhausen, 
Germany) 

Sodium dodecyl sulfate (SDS) Carl Roth (Karlsruhe, Germany) 

Sodium fluoride (NaF) Sigma-Aldrich (Taufkirchen, Germany) 

Sodium hydroxide (NaOH) Grüssing (Filsum, German) 

Sodium pyrophosphate Sigma-Aldrich (Taufkirchen, Germany) 

Sodium vanadate Sigma-Aldrich (Taufkirchen, Germany) 

Saccharose Carl Roth (Karlsruhe, Germany) 

Tetramethylethylendiamine (TEMED) Sigma-Aldrich (Taufkirchen, Germany) 

Tris Carl Roth (Karlsruhe, Germany) 

Triton X-100 Carl Roth (Karlsruhe, Germany) 

Trizol reagent Thermo Fisher Scientific (Waltham, USA) 

Tween20 Carl Roth (Karlsruhe, Germany) 

Water, molecular biology reagent Sigma-Aldrich (Taufkirchen, Germany) 
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2.1.6. Antibodies 

Antibodies for flow cytometry 

Target Fluorochrome Species Clone Dilution Company 

CD11a PE-Cy7 rat 2D7 1:200 BD Bioscience (Heidelberg, 
Germany) 

CD11b BrilliantViolet605 rat M1/70 1:200 Biolegend (San Diego, USA) 

CD11b FITC rat M1/70 1:200 Biolegend (San Diego, USA) 

CD11c APC hamster N418 1:200 eBiosciences (San Diego, 
USA) 

CD11c PE hamster N418 1:200 Biolegend (San Diego, USA) 

CD16/CD32 
(Fc-block) 

- rat 93 1:350 Biolegend (San Diego, USA) 

CD18 APC rat C71/16 1:200 BD Bioscience (Heidelberg, 
Germany) 

CD24 BrilliantViolet421 rat M1/69 1:200 Biolegend (San Diego, USA) 

CD29 PE-Cy7 hamster eBioHMb1-1 1:200 eBiosciences (San Diego, 
USA) 

CD45 PerCP Cy5.5 rat 30-F11 1:200 Biolegend (San Diego, USA) 

CD45R PE rat RA3-6B2 1:200 BD Bioscience (Heidelberg, 
Germany) 

CD49a APC hamster HMa1 1:100 Biolegend (San Diego, USA) 

CD49d FITC rat R1-2 1:100 BD Bioscience (Heidelberg, 
Germany) 

CD49e PE hamster HMa5-1 1:100 Biolegend (San Diego, USA) 

CD49f PE rat GoH3 1:100 BD Bioscience (Heidelberg, 
Germany) 

CD51 PE rat RMV-7 1:100 Biolegend (San Diego, USA) 

CD61 AlexaFluor488 hamster 2C9.G2 1:100 Biolegend (San Diego, USA) 

CD64 PE/Dazzle 594 mouse X54-5/7.1 1:200 Biolegend (San Diego, USA) 

F4/80 APC rat BM8 1:200 Biolegend (San Diego, USA) 

I-A/I-E PerCP Cy5.5 rat M5/114.15.2 1:200 Biolegend (San Diego, USA) 

I-A/I-E BrilliantViolet510 rat M5/114.15.2 1:200 Biolegend (San Diego, USA) 

integrin 5 FITC mouse KN52 1:100 eBiosciences (San Diego, 
USA) 

integrin 7 PerCP Cy5.5 rat FIB27 1:100 Biolegend (San Diego, USA) 

Ly-6C APC Cy7 rat HK1.4 1:200 Biolegend (San Diego, USA) 

Ly-6G PE rat 1A8 1:200 Biolegend (San Diego, USA) 

Ly-6G APC rat 1A8 1:200 Biolegend (San Diego, USA) 

MerTK PE-Cy7 rat DS5MMER 1:200 eBiosciences (San Diego, 
USA) 
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Antibodies for Western Blot 

Target Species Clone Dilution Company 

Akt rabbit (polyclonal) - 1:2000 Cell Signaling (Danvers, USA) 

-actin rabbit (polyclonal) - 1:1000 Sigma-Aldrich (Taufkirchen, 
Germany) 

Cyth1 mouse 2E11 1:1000 Thermo Fisher Scientific 
(Waltham, USA) 

Cyth2 mouse H-7 1:500 Santa Cruz (Dallas, USA) 

Cyth3 rat 8B4 1:20 E. Kremmer (Munich, 
Germany) 

Cyth4 rat 1E11 1:20 E. Kremmer (Munich, 
Germany) 

ERK1/2 rabbit (polyclonal) - 1:1000 Cell Signaling (Danvers, USA) 

GAPDH mouse 6C5 1:5000 Acris (Herford, Germany) 

Paxillin mouse 165/paxillin 1:1000 Cell Signaling (Danvers, USA) 

phospho-Akt 
(Ser473) 

rabbit D9E 1:1000 Cell Signaling (Danvers, USA) 

phospho-Akt 
(Thr308) 

rabbit (polyclonal) - 1:1000 Cell Signaling (Danvers, USA) 

phospho-ERK1/2 
(Thr202/Tyr204) 

rabbit (polyclonal) - 1:1000 Cell Signaling (Danvers, USA) 

phospho-Paxillin 
(Tyr118) 

rabbit (polyclonal) - 1:1000 Thermo Fisher Scientific 
(Waltham, USA) 

phospho-Pyk2 
(Tyr402) 

rabbit (polyclonal) - 1:500 Cell Signaling (Danvers, USA) 

phospho-Src 
family (Tyr416) 

rabbit (polyclonal) - 1:1000 Cell Signaling (Danvers, USA) 

Pyk2 mouse 5E2 1:1000 Cell Signaling (Danvers, USA) 

tubulin mouse DM1A 1:1000 Sigma-Aldrich (Taufkirchen, 
Germany) 

 

HRP-coupled secondary antibodies 

Target Species Clone Dilution Company 

mouse IgG goat (polyclonal) - 1:5000 Santa Cruz (Dallas, USA) 

rabbit IgG goat (polyclonal) - 1:10000 Dianova (Hamburg, Germany) 

rat IgG goat (polyclonal) - 1:2000 Santa Cruz (Dallas, USA) 
 

Functional antibodies 

Target Species Clone Concentration Company 

1 integrin hamster Hmb1-1 50 µg/ml Biolegend (San Diego, USA) 

1 integrin hamster HA2/5 50 µg/ml BD Bioscience (Heidelberg, 
Germany) 

IgG isotype hamster HTK888 50 µg/ml Biolegend (San Diego, USA) 
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Antibodies for immunofluorescent stainings 

Target Conjugate Species Clone Dilution Company 

vinculin - mouse  hVIN-1 1:200 Sigma-Aldrich 
(Taufkirchen, Germany) 

2 integrin/ 
CD18 

- rat M18/2 1:100 Biolegend (San Diego, 
USA) 

paxillin - mouse  165/paxillin 1:100 Cell Signaling (Danvers, 
USA) 

talin - rabbit 
(polyclonal) 

- 1:50 Abcam (Milton, UK) 

GFP - chicken 
(polyclonal) 

- 1:100 Thermo Fisher Scientific 
(Waltham, USA) 

mouse IgG AlexaFluor647 goat 
(polyclonal) 

- 1:200 Jackson 
Immunoresearch (West 
Grove, USA) 

rat IgG FITC donkey 
(polyclonal) 

- 1:200 Jackson 
Immunoresearch (West 
Grove, USA) 

rabbit IgG AlexaFluor488 goat 
(polyclonal) 

- 1:100 Thermo Fisher Scientific 
(Waltham, USA) 

chicken IgY AlexaFluor488 goat 
(polyclonal) 

- 1:300 Thermo Fisher Scientific 
(Waltham, USA) 

 

Additional dyes 

  Conjugate Dilution concentration company 

phalloidin AlexaFluor488 1:200 1 µM Thermo Fisher Scientific (Waltham, 
USA) 

phalloidin TRITC 1:400 2.5 µM Sigma-Aldrich (Taufkirchen, 
Germany) 

DAPI - 1:1000 1 µg/µl Sigma-Aldrich (Taufkirchen, 
Germany) 

 

2.1.7. Oligonucleotides 

Oligonucleotides for genotyping of cytohesin KO mice 

target primer name sequence (5'→ 3') 

murine Cyth1 mCyth1_wt for 1b CCA CTA CTC CCA GCC GTT TTA T 

 mCyth1_wt rev 2 GTT CGA GTG CAT GCT TTG CC 

 mCyth1_neo for 4 AAC CAA ATT AAG GGC CAG CTC A 

murine Cyth2 Pscd2 WT1 screen for CAG AAA TGC CAG GGC TTT CTC AGC 

 Pscd2 WT1 screen rev GCA TAG GTT TCA GGG CTG GAA AAC AC 

 Pscd2 TG249 GCA GAA AAC AGG TTA GCG ACT CCA 

murine Cyth3 mCyth3_TG380 CAC ATG GGA CAC ACA ATC GC 

 mCyth3_TG387 ACA GAC TTC GCT GTG GTG AG 

 mCyth3_TG381 AAT AGG AAC TTC GGT TCC GGC 



2. Material and Methods 

25 
 

murine Cyth4 Cyth4 WT for CTA CAC CTG GTT TGC CGG GA 

 Cyth4 WT rev CAG TGA GAA CAT GGG CCC CA 

 Cyth4 KO rev GGG AGT AGA GTT CCC AGG AGG  

LysM-Cre Cre8 CCC AGA AAT GCC AGA TTA CG 

 MLys1 CTT GGG CTG CCA GAA TTT CTC 

 MLys2 TTA CAG TCG GCC AGG CTG AC 

All oligonucleotides were synthesized by MWG Eurofins (Ebersberg, Germany) 

 

siRNAs 

siRNA sequence of sense strand (5'→ 3') supplier 

siRenilla AAACAUGCAGAAAAUGCUG dTdT Dharmacon (Lafayette, USA) 

siItgb1 #1152 AGAUGAGGUUCAAUUUGAA dAdA 
MWG Eurofins (Ebersberg, 
Germany) 

siItgb1 #2153 CAAUCCGAAGUAUGAGGGA dAdA 
MWG Eurofins (Ebersberg, 
Germany) 

siItgb2 #1154 CUGCAUGUCCGGAGGAAAU dAdA 
MWG Eurofins (Ebersberg, 
Germany) 

siItgb2 #2154 GGUGAAAACGUAUGAGAAA dAdA 
MWG Eurofins (Ebersberg, 
Germany) 

siItga5_mm #1 GAAACAUGUGUACCUGGGU dTdT 
MWG Eurofins (Ebersberg, 
Germany) 

siItga5_mm #2 GUGUUUCAGGCUGCGCUGU dTdT 
MWG Eurofins (Ebersberg, 
Germany) 

siItgal_mm #1 GACUUCGUUGAGCUGAAUG dTdT 
MWG Eurofins (Ebersberg, 
Germany) 

siItgal_mm #2 UCGUCCCGCCUAUCAGGAA dTdT 
MWG Eurofins (Ebersberg, 
Germany) 

siItgam_mm #10 CAAUGUGACCGUAUGGGAU dTdT 
MWG Eurofins (Ebersberg, 
Germany) 

siItgam_mm # 12 CACGUGUUCCAAGUGGACA dTdT 
MWG Eurofins (Ebersberg, 
Germany) 

siItgax_mm #12 CUUGAGUUAUGAUAGUGUCA dTdT 
MWG Eurofins (Ebersberg, 
Germany) 

siItgax_mm #22 UGUGGCUAUCACACAGGCA dTdT 
MWG Eurofins (Ebersberg, 
Germany) 

siCyth2_mm #1137 GAGCUAAGUGAAGCUAUGA dTdT 
MWG Eurofins (Ebersberg, 
Germany) 

siCyth2_mm #2151 GCGAAUUUCUGUGAAGAAG dTdT 
MWG Eurofins (Ebersberg, 
Germany) 
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Oligonucleotides for amplification and sequencing of cytohesin isoforms 

target primer name sequence (5'→ 3') 

murine Cyth1 mpscd1 for qPCR CAA AGA CAA GCC TAC GGT GGA G 
 mpscd1 rev_NotI gcg ggg gcg gcc gc TCA GTG TCT CTT TGT GGA GGA GAC C 

murine Cyth2 mpscd2 for_MluI ggg gcg acg cgt ATG GAG GAC GGT GTC TAC GAG C 
 mpscd2 rev qPCR GAG CTG TCC CTT ATT GTT GGG AAT C 

murine Cyth3 mpscd3 for qPCR GAC AAG CCC ACC GCT GAG 
 mpscd3 rev_NotI gcg ggg gcg gcc gc CTA TTT CTT ATT GGC AAT CCT CC 

murine Cyth4 mpscd4 for_MluI ggg gcg acg cgt ATG GAT GTG TGT CAC ACA GAT C 
 mpscd4 rev qPCR GAT AAA GGC ATG CAA GAC AGA CGG 

All oligonucleotides were synthesized by MWG Eurofins (Ebersberg, Germany) 

 

 

2.1.8. Plasmids 

pGEM-Fse vectors were used for in vitro transcription. The pGEM-Fse vector was based on the 

pGEM-T vector by Fermentas (St. Leon-Rot, Germany) and modified by Dr. Johanna Kolanus to 

contain an additional Fse restriction site. Cyth2-2G and Cyth2-3G constructs were inserted into 

pGEM-Fse vectors behind the SP6 RNA polymerase promoter. 

 

2.1.9. Organisms 

Organism Source 

Escherichia coli (E. coli), strain DH5 
 

Cyth2flox/flox LysM-Cre mice European Mouse Mutant Archive (EMMA), Italy 

Cyth1 KO mice (Cytohesin-1 KO)104 National Institutes of Biomedical Innovation, 
Health and Nutrition (Japan) 

Cyth3 KO mice126 KOMP Repository (UC Davis, USA) 

Cyth4 KO mice European Conditional Mouse Mutagenesis 
Program (EUCOMM) 

Itga1 KO mice (bone marrow)155 Ambra Pozzi, Vanderbilt University (Nashville, 
USA) 

CD18 null mice (bone marrow)24 Karin Scharffetter- Kochanek, Ulm University 
(Germany) 

Itga4flox/flox Vav-cre mice (bone marrow) Triantafyllos Chavakis, University Hospital Dresden 
(Germany) 
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2.1.10. Plastic ware and consumables 

Item Model Company (office) 

Cell culture dishes Cellstar  Greiner Bio-one (Frickenhausen, 
Germany) 

Cell scaper 25 cm Cell Scraper 2-Posit. Blade 25 Sarstedt (Nümbrecht, Germany) 

Cell strainer EASYstrainer 70 µm Greiner Bio-one (Frickenhausen, 
Germany)  

EASYstrainer 40 µm Greiner Bio-one (Frickenhausen, 
Germany) 

Coverslips 15 mm Marienfeld (Lauda-Königshofen, 
Germany) 

Dialysis cassette Slide-a-Lyzer Dialysis 
Cassettes (10 k MWCO) 

Thermo Fisher Scientific 
(Waltham, USA) 

Elastomers 50 kPa, PDMS Bernd Hoffmann and Rudolph 
Merkel (Forschungszentrum 
Jülich, Germany) 

Electroporation cuvettes 4 mm Biozym (Vienna, Austria) 

Filter paper Whatman GE Healthcare (Chicago, USA) 

Filter tips 10/200/1000 µl Sarstedt (Nümbrecht, Germany) 

Glass pasteur pipettes 
 

Brand (Wertheim, Germany) 

Microscope slides 
 

Marienfeld (Lauda-Königshofen, 
Germany) 

Microscopy channel slides µ-slide VI0.4 ibiTreat Ibidi (Gräfelfing, Germany) 

Needles sterican Braun Melsungen (Melsungen, 
Germany) 

Neubauer chamber 
 

Marienfeld (Lauda-Königshofen, 
Germany) 

Nitrocellulose membrane BioTrace NT nitrocellulose 
membrane 

Pall Corporation (Pensacola, ??) 

Parafilm 
 

Bemis (Neenah, USA) 

PCR tubes 200 µl Thin Wall Tubes Axygen (Tewksbury, USA) 

Petri dishes 10 cm Greiner Bio-one (Frickenhausen, 
Germany) 

Plastic tips 10/200/1000 µl Carl Roth (Karlsruhe, Germany) 

Radiographic films amersham hyperfilm ecl GE healthcare 

Reaction tubes 0.5/1/2 ml Starlab (Ahrensburg, Germany) 

Serological pipettes  5/10/25 ml Greiner Bio-one (Frickenhausen, 
Germany) 

Syringes Injekt 10 ml Braun Melsungen (Melsungen, 
Germany) 

Tubes for flow cytometry 5 ml Sarstedt (Nümbrecht, Germany) 

Tubes for 
ultracentrifugation 

QuickSeal Polypropylene Beckman (Munich, Germany) 
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2.1.11. Laboratory equipment 

Device Model Company (office) 

autoclave DX-150 Systec (Linden, Germany) 

CO2 incubator model C150 Binder (Great River, USA) 

Centrifuges 8510R Eppendorf (Hamburg, Germany)  
5415R Eppendorf (Hamburg, Germany)  
Optima LE-80K 
ultracentrifuge 

Beckman Coulter (Munich, Germany) 

Electrophoresis chambers 
(agarose gels) 

 
Polymehr (Paderborn, Germany) 

Electrophoresis chambers 
(SDS-PAGE) 

Mini Trans-Blot Cell Bio-Rad (Munich, Germany) 

Electroporator Gene Pulser Xcell  Bio-Rad (Munich, Germany) 

Flow cytometers BD Canto II BD Biosciences (Heidelberg, Germany)  
BD FACS Aria BD Biosciences (Heidelberg, Germany 

Gel documentation 
device 

Gel Max Intas (Göttingen, Germany) 

Heating block Thermomixer compact Eppendorf (Hamburg, Germany) 

Heating cabinet EcoCell 55 MMM Medcenter (Munich, Germany) 

Laminar flow hood HeraSafe KS Thermo Scientific (Waltham, USA) 

Magnetic stirrer ARE heating magnetic 
stirrer 

VELP scientica (Usmate, Italy) 

Microscopes Eclipse TS100 Nikon (Tokyo, Japan)  
FluoView 1000 Olympus (Tokyo, Japan)  
LSM 880+ Airyscan Zeiss (Jena, Germany) 

Orbital shaker New Brunswick 
innova44 

Eppendorf (Hamburg, Germany) 

pH meter MP220 Mettler Toledo (Greifensee, Switzerland) 

Pipette controler AccuJet Pro Brand (Wertheim, Germany) 

Pipettes Pipetman Classic Gilson (Middleton, USA)  
ErgoLine StarLab (Helsinki, Finland) 

Plate reader infinite M200 Tecan (Männedorf, Switzerland) 

Power supplies elite 300 plus Schütt Labortechnik (Göttingen, Germany) 

 EV-234 Consort (Turnhout, Belgium) 

Rocker WS-10 Edmund Bühler (Hechingen, Germany) 

Roller mixer RS-TR05 Phoenix Instrument (Garbsen, Germany) 

Rotating wheel Neolab Rotator Neolab (Heidelberg, Germany) 

Scales AG285 (micro scale) Mettler Toledo (Greifensee, Switzerland)  
JB2002-G Mettler Toledo (Greifensee, Switzerland) 

Spectrophotometer NanoDrop 2000 Thermo Scientific (Waltham, USA) 

Thermocyclers C1000 Touch Thermal  
Cycler 

Bio-Rad (Munich, Germany) 

 
MyCycler Bio-Rad (Munich, Germany) 

Vacuum pump AC02 HLC BioTech (Bovenden, Germany) 

Vortex mixer UNIMAG ZX3 VELP scientica (Usmate, Italy) 
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2.2. Animal Experimental Techniques 

2.2.1. Knock-out mice 

Conditional Cyth2 knock-out (KO) embryos (Cyth2flox/flox) were obtained from the European Mouse 

Mutant Archive (EMMA) in Italy. These mice were crossed with LysM-Cre mice156, a generous gift 

from Prof. Irmgard Förster, to obtain a myeloid cell-specific KO. Cyth1 KO mice were initially 

described in 2012104 and obtained from Osamu Suzuki at the National Institutes of Biomedical 

Innovation, Health and Nutrition, Japan. Cyth3 KO mice were generated and described by our 

laboratory.126 Cyth4 KO mice were generated by Dr. Bettina Jux based on an ES cell line from 

EUCOMM (European Conditional Mouse Mutagenesis Program). As controls, wildtype (wt) 

animals from the same breedings were used. These mice were either Cre-negative Cyth2flox/flox or 

carried the respective wt cytohesin alleles. 

Cyth2flox/flox LysM-Cre, Cyth1 KO and Cyth3 KO mice were on a C57BL/6J background, while Cyth4 

KO mice used in this study had a mixed background of 50 % C57BL/6J and 50 % C57BL/6N. All mice 

were bred and kept in accordance with the German Animal Welfare Act at the Genetic Resources 

Center (GRC) of the LIMES Institute, Bonn University. 

Experiments using integrin KO cells were performed with cells derived from bone marrow, which 

we obtained from collaborators. Cells from CD18 null mice24 were a kind gift of Karin Scharffetter-

Kochanek, Ulm University (Germany). Furthermore, we received bone marrow of Itga1KO/KO mice155 

from Ambra Pozzi, Vanderbilt University (Nashville, USA) and of Itga4flox/flox Vav-Cre mice157,158 from 

Triantafyllos Chavakis, University Hospital Dresden (Germany). 

 

2.2.2. Genotyping of cytohesin KO mice 

In order to determine the genotype of cytohesin KO mice, deoxyribonucleic acid (DNA) from 

biopsies (tails tips or ear punches) was extracted by incubating the tissue in 200 µl of 50 mM 

sodium hydroxide at 96°C for 20 minutes followed by addition of 55 µl 1M Tris/HCl pH8.  

Amplification of the different loci was achieved by polymerase chain reaction (PCR). The PCR 

reaction was assembled on ice in PCR tube strips as follows: 

For Cyth1, Cyth3 and Cyth4 loci: 

 10 µl  OneTaq Reaction Mix (2x) 

 0.5 µl each primers (10 pmol/µl stock) 

 2 µl  DNA 

 Ad 20 µl  H2O 
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Thermocycler conditions for Cyth1 PCR: 

Step Temp  time  Cycles 

Initial Denaturation 94°C 30 sec x1 

Denaturation 94°C 30 sec  

x30 Annealing 64°C 30 sec 

Elongation 68°C 1 min 

 68°C 10 min x1 

 4°C ∞  

Thermocycler conditions for Cyth3 PCR: 

Step Temp time Cycles 

Initial Denaturation 94°C 3 min x1 

Denaturation 94°C 3 min  

x30 Annealing 63.5°C 45 sec 

Elongation 68°C 1 min 

 68°C 5 min x1 

 4°C ∞  

Thermocycler conditions for Cyth4 PCR: 

Step Temp  time Cycles 

Initial Denaturation 94°C 3 min x1 

Denaturation 94°C 3 min  

x35 Annealing 63°C 45 sec 

Elongation 68°C 1 min 

 68°C 5 min x1 

 4°C ∞  

For Cyth2 and LysM loci: 

2 µl  10x DreamTaq buffer 

 0.4 µl  10mM dNTPs 

 1 µl each primers (10 pmol/µl stock) 

 0.2 µl  DreamTaq Polymerase 

 2 µl  DNA 

 Ad 20 µl  H2O 

Thermocycler conditions for Cyth2 PCR: 

Step Temp  time  Cycles 

Initial Denaturation 95°C 3 min x1 

Denaturation 95°C 45 sec  

x35 Annealing 64.5°C 45 sec 

Elongation 72°C 1 min 

 72°C 10 min x1 

 4°C ∞  
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Thermocylcer conditions for LysM-Cre PCR: 

Step Temp  time  Cycles 

Initial Denaturation 94°C 3 min x1 

Denaturation 94°C 0.5 min  

x34 Annealing 62°C 0.5 min 

Elongation 72°C 1 min 

 72°C 10 min x1 

 10°C ∞  

After completion of the PCR protocol, the samples were subjected to agarose gel electrophoresis 

(2 % agarose in TAE buffer) to determine the size of the respective products (see 2.4.1.).  

The expected sizes for the amplified loci were 

  Cyth1  ~400 base pairs (bp) Cyth1 wt 

    ~520 bp  Cyth1 KO 

Cyth2  ~530 bp  Cyth2 wt 

    ~690 bp  floxxed Cyth2 

    ~350 bp  Cyth2 KO 

  LysM  ~350 bp  wt LysM 

    ~700 bp  LysM-Cre 

  Cyth3  ~500 bp  Cyth3 wt 

    ~257 bp  Cyth3 KO 

  Cyth4  ~286 bp  Cyth4 wt 

    ~560 bp  Cyth4 KO 

 

2.2.3. Preparation of cell suspensions from primary organs for flow cytometry  

Mice were euthanized by cervical dislocation and organs (spleen, lungs, lymph nodes (LN)) were 

dissected and stored in ice-cold phosphate-buffered saline (PBS). All organs were cut into small 

pieces before they were incubated in collagenase solution for 30 min (LN) or 45-60 min (spleen 

and lung) at 37°C. Afterwards, the cell suspension was homogenized by forcing the tissue through 

a 19 G needle and filtering through a 70 µm strainer. Cells were pelleted at 1350 rounds per 

minute (rpm) for 5 min at 4°C before they were either resuspended in FACS buffer (LN) or in ACK 

lysis buffer to lyse erythrocytes (spleen and lungs). Lysis was allowed to take place for 5 min at 

room temperature (RT) and stopped by adding 10x volume of PBS. Cells were then centrifuged 

again, before the pellet could be resuspended in FACS buffer. 
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For preparation of blood samples, blood was collected directly after euthanization and 

immediately mixed with ethylenediaminetetraacetic acid (EDTA) at a final concentration of about 

10 mM to avoid coagulation. Samples were then subjected to erythrocyte lysis as described above. 

Bone marrow cells were isolated as described in 2.3.1. and analyzed by flow cytometry directly. 

Used buffers and solutions: 

Collagenase solution 0.2 mg/ml collagenase IV, 100 U/ml DNAse I in HBSS + 

Ca2+, 10 % fetal calf serum (FCS) 

FACS buffer   5 % FCS in PBS 

ACK lysis buffer 155 mM ammonium chloride, 10 mM potassium 

bicarbonate, 0.1 mM EDTA 

  

2.2.4. Measurement of bone mineral density 

Bone mineral density (BMD) as a functional read-out of osteoclast activity was measured using 

micro-computer tomography (µCT). After euthanization, femur and complete heads of 18 weeks 

old mice were placed into 4 % paraformaldehyde (PFA) solution for several days, before they were 

scanned with a µCT Skyscan 1174™ (Skyscan, Kontich, Belgien) with a slice size of 8 µm (femur) or 

9 µm (skull) in collaboration with Prof. Christoph Bourauel from the Dental Clinic of Bonn 

University.  

To determine the BMD, tree-dimensional segments with a thickness of 500 µm (equaling ~63 

slices) of cortical bone from epiphysis and metaphysis of the distal femur, as well as sphenoid and 

parietal bone in the skull, were analyzed with CTAn Software (Bruker). 
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2.3. Cell Culture Methods 

2.3.1. Generation of bone marrow-derived dendritic cells (BMDCs) 

After euthanizing mice by cervical dislocation, femur and tibia of 8-15 weeks old mice were taken, 

and all muscle tissue was removed thoroughly. Bones were kept in PBS on ice after preparation 

and shortly disinfected with 70 % ethanol (EtOH) before being further handled under sterile cell 

culture conditions. Both ends of the bones were cut off and the bone marrow flushed out using a 

27G needle and syringe filled with ice-cold PBS. The bone marrow was filtered through a 40 µM 

mesh and subsequently centrifuged at 280 g for 5 min at 4°C.  

5x106 cells were resuspended in 10 ml of complete DC-medium (VLE-RPMI + 10 % FCS, 

1 % Penicillin/Streptomycin (Pen/Strep) and 10 ng/ml recombinant murine 

granulocyte/monocyte colony-stimulating factor (GM-CSF)) and seeded into a 10 cm petri dish. 

After 2-3 days at 37°C and 5 % CO2, 5 ml of fresh medium containing 10 ng/ml GM-CSF were added 

and after another 2-3 days 5 ml were removed from the plate, spun down at 280 g for 5 min and 

the pellet was resuspended in 5 ml of fresh medium (+GM-CSF) before it was pipetted back onto 

the plate. 

After 6-9 days the adherent fraction (termed immature BMDCs or iDCs) was harvested by 

aspirating the cell culture medium, washing once with PBS and incubating with 5 ml of 2 mM 

EDTA/PBS for 10-15 min at 37°C. Adhesion proteins like integrins depend on Ca2+ ions and the 

chelation of Ca2+ by EDTA reduces the cells’ adhesiveness. Cells that still adhered after EDTA 

treatment were gently scraped off the surface. 

Cell concentrations were determined using a Neubauer chamber.  

 

2.3.2. Transfection of BMDCs with mRNA 

Immature BMDCs are not readily transfected with DNA constructs but they tolerate the 

introduction of ribonucleic acid (RNA). For this project, electroporation of messenger RNA (mRNA) 

therefore was the method of choice to express foreign proteins in BMDCs. 

After harvest with PBS/EDTA (see above), cells were washed once with PBS to get rid of EDTA 

traces. Afterwards, cells were resuspended in Opti-MEM at 106 cells/200 µl. 10 µg of mRNA was 

placed into electroporation cuvettes (4mm) and mixed with 100 µl of cell suspension. The 

electroporation was performed with a Gene Pulser Xcell (Bio-Rad) using the following parameters: 
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  1 pulse of 300 V, 6 ms (square wave protocol) 

After transfection, cells were directly pipetted into pre-warmed cell culture medium containing 

FCS and GM-CSF, but no antibiotics. 

mRNA transfections of cytohesins are not long lasting and protein expression reaches its 

maximum a few hours post transfection (hpt), before it decreases drastically within 24 h. 

Therefore, cells transfected with mRNA were analyzed already at 6 hpt. 

 

2.3.3. RNA interference 

In order to reduce expression of a given gene on protein level, RNA interference was used. This 

method is based on the endogenous microRNA system, where short RNAs bind to complementary 

sequences on mRNAs leading to recruitment of a protein complex and, ultimately, to silencing or 

degradation of the mRNA. That way, the mRNA pool available for protein translation is diminished. 

Artificial short RNAs called “small interfering RNA” (siRNA) can be experimentally introduced into 

cells and use the same mechanism as endogenous microRNAs.159 

After harvest with PBS/EDTA (see above), cells were washed once with PBS to get rid of EDTA 

traces. Afterwards, cells were resuspended in Opti-MEM at 1-2x106 cells/100 µl. 10 µg of siRNA 

was placed into electroporation cuvettes (4mm) and mixed with 100 µl of cell suspension. The 

electroporation was performed with a Gene Pulser Xcell (Biorad) using the following parameters: 

  2 pulses of 1000 V, 0.5 ms (square wave protocol) 

After transfection, cells were directly pipetted into pre-warmed cell culture medium containing all 

growth factors except for antibiotics. Cells transfected with siRNA were used at 24 hpt unless 

stated otherwise.  

 

2.3.4. Immunofluorescence staining of cells 

In order to visualize proteins within the cell, immunofluorescence (IF) staining was performed. 

iDCs were seeded on pre-coated surfaces (coverslips or plastic ware that is suitable for laser 

scanning microscopy) for at least 6 h at 37°C and 5 % CO2. After crosslinking proteins by fixation 

of cells with PFA and washing off residual PFA with three PBS washes, cells were permeabilized 

with 0.2 % TritonX100 in PBS for 5 min at RT and then washed again 3x with PBS before they were 
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covered with blocking solution (3 % BSA in PBS) for 30 min at RT to block unspecific binding sites. 

Subsequently, the primary antibody solution (antibodies diluted in 3 % BSA/PBS) was added 

dropwise (30 µl) to parafilm-covered glass slides and coverslips were placed upside-down onto 

each drop. The glass slide was then placed into a humid chamber and cells incubated for 1 h at RT 

in the dark. Afterwards, primary antibody was washed off 3x with PBS and the coverslips then 

incubated in a similar manner for another 45-60 min in secondary antibody solution (antibodies 

diluted in PBS) at RT in the dark. The coverslips were then transferred back into a 12-well plate, 

washed 3x with PBS, and mounted onto glass slides using a 15 µl drop of fluoroshield containing 

50 mg of diazabicyclooctane (DABCO) per ml. After drying overnight (o.n.) at RT in the dark, glass 

slides were kept at 4°C until imaging using confocal laser scanning microscopy. 

 

2.3.5. Podosome formation assay 

iDCs were harvested and seeded at 50 000 cells/coverslip in complete DC-medium onto coverslips 

coated with different proteins. Cells were allowed to adhere and form podosomes in an overnight 

incubation at 37°C and 5 % CO2 (~16-20 h) before they were fixed by adding PFA directly into the 

medium to a final concentration of 4 %. After 20 min at RT, the coverslips were washed 3x with 

PBS to remove residual PFA. Afterwards, cells were stained with an antibody against vinculin and 

fluorescently labelled phalloidin, which is a toxin binding with high affinity to F-actin. That way 

one can visualize podosome rings and cores, respectively (see 2.3.4.). 

Images were taken using a confocal laser scanning microscope (FluoView 1000, Olympus, or 

LSM880+ Airyscan, Zeiss) at 60x or 63x magnification and podosomes were quantified using 

ImageJ 1.52i software (National Institutes of Health, Bethesda, MD). 

 

2.3.6. Blocking integrin function with specific antibodies 

To analyze podosome formation in the presence of blocking antibodies, ibidi µ-slide VI0.4 (ibiTreat) 

slides were coated with FN or gelatin (50 µg/ml) for 1 h at RT and washed with 1 ml of PBS per 

channel. Cells in VLE-RPMI (10 % FCS, 1 % Pen/Strep, 10 ng/ml GM-CSF) were mixed with Hmb1-1 

or HA2/5 antibody or isotype control antibodies at 50 µg/ml to obtain a final cell concentration of 

8x105 cells/ml. Channels were flushed with 500 µl of pre-warmed VLE-RPMI (10 % FCS, 

1 % Pen/Strep, 10 ng/ml GM-CSF) and 100 µl of cell suspension was seeded per channel. After 

incubation o.n. at 37°C and 5 % CO2, medium was carefully replaced by 100 µl of pre-warmed PFA 
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solution (4 % PFA in PBS). After fixation for 20 min at RT, PFA was washed off with PBS and the 

cells were stained for podosomes using antibodies against vinculin and fluorescently labelled 

phalloidin (see 2.3.5.). In addition, secondary antibodies directed against the functional antibodies 

were added to the antibody cocktail.  

Images were taken using a confocal laser scanning microscope (LSM880+ Airyscan, Zeiss) at 

63x magnification, before podosomes were quantified using ImageJ 1.52i software (National 

Institutes of Health, Bethesda, MD). 

 

2.3.7. Matrix-degradation assay 

To assess degradative capacities of podosome-containing cells a slightly modified version of a 

protocol by Chen and colleagues160 was used. By coating with a fluorescently labeled matrix 

protein and seeding cells on top, degradation of matrix by the cells was visible as dark holes within 

the fluorescent surrounding. Staining of cell nuclei furthermore allows to determine the total 

degraded area per cell. 

For coating of pre-activated coverslips (see 2.5.2.) with either gelatin (20 % FITC-gelatin, 80 % 

unlabeled gelatin, at 200 µg/ml in PBS) or FN (undiluted FN-Dylight549, 100 µg/ml in PBS, see 

2.5.1.), the lid of a 12-well plate was covered with parafilm and 60 µl drops of the respective 

coating solution were applied on top. Next, the coverslips were placed upside down onto the 

solution and incubated for 15 min (gelatin) or 1h (FN) at RT in the dark. Subsequently, coverslips 

were placed back into a 12-well plate and washed 2x with PBS. To quench potential fluorescence 

of the glutaraldehyde, the coverslips were incubated in VLE-RPMI + 10 % FCS for 30 min at RT 

before a final round of 2 PBS washes. 

Cells were seeded at 50.000 cells per coverslip in complete DC medium and cultured for 24 h at 

37°C and 5 % CO2. The assay was stopped by adding PFA at a final concentration of 4 % to the 

medium. Following incubation for 20 min at RT in the dark, PFA was washed off 3x with PBS. Before 

continuing with the IF staining protocol (see 2.3.4.), free aldehydes were quenched with 150 mM 

glycine/PBS for 5 min followed by another three washing steps using PBS. For degradation assays 

cells were stained with the DNA-specific dye diamidinophenylindole (DAPI) and phalloidin and 

imaged using a laser scanning microscope (FluoView 1000, Olympus) at 20x magnification. To 

improve the signal of the matrix coating, the pinhole was opened to a non-confocal width. 



2. Material and Methods 

37 
 

Degradative activity was quantified by measuring the total degraded matrix area (visible as areas 

without fluorescent signal) in relation to total cell number (based on the DAPI staining) using 

ImageJ 1.52i software (National Institutes of Health, Bethesda, MD). In detail, gelatin or FN images 

were processed with a gaussian blur filter (sigma 1 µm), and thresholded until only degraded areas 

were visible. Using the “analyze particles” tool, the total degraded area was measured and set in 

relation to the total cell number as determined by the DAPI staining of nuclei. 

 

2.3.8. Flow Cytometry 

Flow cytometry is used to measure protein levels on the cell surface or within the cell. After 

staining a given cell suspension with specific antibodies that are conjugated to a fluorophore, cells 

are subjected to a laser beam to measure fluorescence intensity of every single cell. 

After harvesting or isolating cells, the cell suspension was placed on ice and handled on ice or at 

4°C at all times. 0.1-1 x 106 cells were first spun down at 280g for 5min (at 4°C) and the cell pellet 

subsequently resuspended in 50-100 µl PBS containing Fc-block (anti CD16/CD23 antibody) at a 

1:350 dilution to avoid unspecific binding of antibodies to Fc receptors. After 15 min at 4°C, an 

equal volume of staining solution containing the respective antibodies in PBS was added (final 

dilution 1:100 to 1:200) and further incubated for 20 min at 4°C in the dark. To wash off unbound 

antibody, 1 ml of cold PBS was added to each tube and the cells were pelleted at 280 g for 5 min 

at 4°C. Finally, cells were resuspended in 100-200 µl of ice-cold PBS and fluorescence was 

measured with a BD Canto II (BD Biosciences). 

 

2.3.9. Time course adhesion assay 

In order to induce adhesion-related signaling at a defined time point the following procedure was 

used. BMDCs were harvested and resuspended thoroughly in normal culture medium at 

5x106 cells/ml. After adding the same volume of a 10 % methyl cellulose solution (in VLE-RPMI), 

the cells were surrounded by a viscous matrix that prevented them from adhering to the vessel 

surface or to each other. Methyl cellulose is used for similar purposes in colony forming cell assays 

to isolate single cells161 and is able to retain adhesive properties of cells162.  After 1-2 h incubation 

at 37°C and 5 % CO2, the methyl cellulose mix was diluted by adding 10x volume of normal culture 

medium and the cells were directly seeded into pre-coated 6-well plates at 800 000 cells/well. 

Afterwards, the cells were placed back at 37°C and 5 % CO2 for 5-360 min. 
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For analysis of integrin cell surface expression by flow cytometry, the cells were placed on ice at 

the indicated time points and an equal volume of ice-cold PBS was added to prevent changes to 

the integrins at the cell surface. The liquid containing non-adherent cells was transferred to fresh 

tubes and 500 µl of ice-cold 2mM EDTA/PBS were added to the remaining adherent fraction. After 

incubating for 20 min on ice, cells were scraped off and added to the non-adherent cell fraction. 

Finally, cells were stained for flow cytometry as described above (2.3.8.). 

To generate protein lysates, cell lysis was performed directly in the well as described below 

(2.5.5.). 

 

2.3.10. Integrin internalization assay 

In order to study internalization dynamics of integrins, cells adhering to different substrates were 

first stained with an unlabeled antibody against defined integrins. During the following incubation, 

more and more integrins were internalized together with bound antibody. Next, cells were 

harvested and stained with secondary antibodies that would only recognize the remaining 

antibody-bound integrins on the cell surface. 

In detail, cells grown on 6-well plates at 400 000 cells/well were pre-incubated in starvation 

medium (0.5 % FCS, 1 % Pen/Strep and 10 ng/ml GM-CSF in VLE-RPMI) for 1h at 37°C and 5 % CO2. 

Then, medium was replaced by 0.5 ml of ice-cold staining solution (primary antibodies diluted in 

PBS; hamster anti-CD49e-biotin 1:200, rat anti-CD18 1:250 and hamster anti-CD49a 1:200) and 

cells were stained for 1 h at 4°C. Afterwards, unbound antibody was washed off with PBS and cells 

were incubated in starvation medium for 1-3 h at 37°C and 5 % CO2.  

At the indicated time points the cells were placed on ice and an equal volume of ice-cold PBS was 

added to prevent changes in integrin cell surface expression. The liquid containing non-adherent 

cells was transferred to fresh tubes and 500 µl of ice-cold 2mM EDTA/PBS was added to the 

remaining adherent fraction. After 20 min on ice, cells were scraped off and added to the non-

adherent cell fraction.  

Afterwards, cells were stained for flow cytometry as described above (2.3.8.), but with the 

following adaptations: Blocking solution contained 10 % normal goat serum in 3 % BSA/PBS, but 

no Fc-blocking antibody, and secondary antibodies from goat or fluorescently labelled streptavidin 

were used for staining. 
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2.3.11. Integrin recycling assays using Brefeldin A 

Apart from being internalized and recycled to the cell surface, integrins on the cell surface are also 

replenished by de-novo synthesis from the endoplasmic reticulum (ER) via the Golgi apparatus. To 

exclude this Golgi-dependent source of newly synthesized integrins, cells seeded o.n. onto pre-

coated 6-wells at 500 000 cells/well in DC medium were incubated in starvation medium (0.5 % 

FCS, 1 % Pen/Strep in VLE-RPMI) containing 5 µg/ml Brefeldin A (BrefA), an inhibitor of the Golgi 

apparatus, for 2-6 h at 37°C and 5 % CO2. Control samples contained 0.1 % EtOH instead of BrefA.  

At the indicated time points the cells were placed on ice and an equal volume of ice-cold PBS was 

added to prevent changes to the integrin cell surface expression. The liquid containing non-

adherent cells was then transferred to fresh tubes and 500 µl of ice-cold 2mM EDTA/PBS was 

added to the remaining adherent fraction. After incubating for 20 min on ice, cells were scraped 

off and added to the non-adherent cell fraction. Afterwards, cells were stained for flow cytometry 

as described above (2.3.8.). 
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2.4. Molecular Biology 

2.4.1. Agarose gel electrophoresis 

To determine the size of nucleic acids, gel electrophoresis was performed. DNA and RNA samples 

were mixed with the respective loading dye and RNA samples were additionally heated to 65°C 

for 5 min. A 1-2 % solution of agarose in TAE buffer (for DNA) or TBE buffer (for RNA) was prepared 

by heating in a microwave until agarose was fully dissolved. After cooling down, 2 µl of ethidium 

bromide were added per 100 ml of agarose and cast into plastic trays. When the gel was 

polymerized, samples were loaded into the wells and separated at 95-120 V for 30-45 min. In 

order to estimate the size of a specific band, DNA or RNA standards were run on the same gel. 

Ethidium bromide, which intercalates into DNA/RNA fragments, was visualized using Gel Max 

(Intas). 

 TAE buffer (1x)  40 mM Tris, 20 mM acetic acid, 1 mM EDTA, pH 8 

TBE buffer (1x)  89 mM Tris (pH 7.8), 89 mM boric acid, 2 mM EDTA 

 

2.4.2. Enzymatic digestion and ligation of plasmid DNA 

Plasmid DNA was digested with the bacterial restriction enzymes MluI and NotI using specific 

buffers as recommended by Fermentas. 3 µg of DNA were incubated with 1 µl of each restriction 

enzyme in a total volume of 30 µl for 1h at 37°C. Afterwards, 1 µl of alkaline phosphatase was 

added to samples containing the desired vector backbone and incubated for another 10 min at 

37°C, followed by heat inactivation of the enzyme for 5 min at 75°C. Dephosphorylation of DNA 

fragments was performed to prevent re-ligation, which requires at least one phosphorylated end 

to occur. Digested samples were run on agarose gels to verify successful digestion and to separate 

digestion products. DNA fragments of the expected size were cut out of the gel and were purified 

using the NucleoSpin Gel&PCR Clean-up kit by Macherey Nagel according to manufacturer’s 

instructions. DNA concentrations were determined using a NanoDrop 2000 (Thermo Scientific). 

To ligate the desired DNA fragment into the backbone of choice, 50 ng of backbone together with 

150 ng of insert were mixed with 1x ligase buffer containing T4 ligase (2 units/µg plasmid) in a 

total volume of 20 µl and incubated for 1h at RT.  
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2.4.3. Transformation of bacteria 

The ligated plasmid was introduced into chemo competent DH5 Escherichia coli (E. coli) by heat 

shock transformation. In detail, 10-100 ng of plasmid DNA was added to 80 µl of bacteria, mixed 

gently and incubated on ice for 10 min. During subsequent incubation at 37°C for 5 min the 

bacteria took up the plasmid and were immediately placed back onto ice. 1ml of lysogeny broth 

(LB) medium (without antibiotics) was added to the transfected E. coli to recover for 30 min at 

37°C shaking. Afterwards, bacteria were spun down for 2 min at 13 000 rpm and resuspended in 

100 µl of LB medium. To select for bacteria containing the vector of choice, transformed bacteria 

were plated onto agar plates containing a selection antibiotic (100 µg/ml ampicillin). After 

incubation at 37°C for 16 h, single colonies were picked and incubated in 3-4 ml LB medium 

containing ampicillin o.n. at 37°C. 

 

2.4.4. Isolation of plasmid DNA from bacteria 

In order to isolate plasmid DNA amplified by dividing E. coli, bacteria were cultured in LB medium 

containing the respective selection antibiotics o.n. at 37°C and 180 rpm.  

For small volumes of 3-4 ml bacterial suspension in LB medium, bacteria were pelleted for 2min 

at 5000 rpm and resuspended in 200 µl of solution I. Lysis of bacteria was performed by adding 

400 µl of solution II and incubating for 3 min at RT. Cell lysis was stopped by adding 300 µl of 

neutralizing solution III. After centrifugation for 12 min at 13 000 rpm, the supernatant without 

the genomic bacterial DNA was transferred to a fresh tube and 400 µl of phenol-chloroform (1:1 

mixture, lower phase) was added. After thorough vortexing, samples were centrifuged for 5 min 

at 13 000 rpm and the upper, aqueous phase containing plasmid DNA was transferred to fresh 

tubes. DNA was precipitated by adding 600 µl of isopropanol and washed twice by adding 1 ml of 

70 % EtOH and centrifuging for 10 min at 13 000 rpm. Pellets were air dried for a few minutes and 

resuspended in 50 µl of H2O containing 0.1 µg/µl RNAse A. 

Larger volumes of 1 l bacterial culture were processed similarly, but in addition plasmid DNA was 

further purified by caesium chloride gradient-centrifugation according to Glisin and colleagues163. 

Bacteria were pelleted for 20 min at 4200 rpm and resuspended in 40 ml of solution I. Lysis was 

initiated by adding 80 ml of solution II for 5 min at RT and stopped by adding 40 ml of solution III. 

After centrifugation for 10 min at 4200 rpm and 4°C, the supernatant was transferred into a fresh 

vessel containing 100 ml of isopropanol. DNA was precipitated for 10 min at 5000 rpm and 4°C 

and the pellet dried for several minutes.  
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For caesium chloride gradient centrifugation, DNA pellets were resuspended in 3.5 ml of solution 

I and mixed with 5.5 g caesium chloride, 100 µl igepal (10 %) and 500 µl ethidium bromide 

(2 % solution). After another round of centrifugation for 5 min at 4500 rpm and RT, the 

supernatant was transferred into ultracentrifugation vessels and centrifuged for 3.5h at 80 000 

rpm and RT. The bright pink phase containing plasmid DNA was recovered and ethidium bromide 

was removed by several washing steps with butanol (saturated with 1 M NaCl). Finally, DNA was 

precipitated by adding 1 volume of 1 M ammonium acetate and 3 volumes of 96 % EtOH and 

pelleted for 5 min at 4500 rpm and RT. After washing with 70 % EtOH, the DNA pellet was allowed 

to dry o.n. and dissolved in 0.5-1 ml H2O. 

 Solution I  10 mM EDTA, 25 mM Tris, 50 mM glucose, pH 8 

 Solution II  0.2 M sodium hydroxide, 1 % SDS (w/v), pH 13 

 Solution III  3 M potassium acetate, 2 M acetic acid, pH 5 

 

2.4.5. In vitro transcription 

In vitro transcription was performed using the mMESSAGE mMACHINE kit by Life Technologies 

according to manufacturer’s instructions. In short, plasmids containing the SP6 promoter 

preceding the gene of interest were linearized using NotI or MluI restriction enzymes for 2h. 

Complete digestion was verified by gel electrophoresis. The plasmid was purified from residual 

enzymes and salts by adding 1/20 volume of 0.5 M EDTA, 1/10 volume of 3 M Na acetate and 2 

volumes 96 % EtOH and incubating for 15 min at -20°C. Following the precipitation step, the DNA 

was pelleted by centrifugation for 15 min at maximum speed and 4°C. Supernatant was removed 

and the pellet dried at RT. After resuspension in H2O, DNA concentrations were determined with 

a NanoDrop2000 (Thermo Scientific). 

For in vitro transcription, the reaction mix (consisting of 10 µl 2x NTP/CAP, 2 µl 10x reaction buffer, 

1 µg DNA and 2 µl enzyme mix in a total volume of 20 µl) was assembled at RT and the samples 

were incubated for 2 h at 37°C. Afterwards, remaining DNA was digested by adding 1 µl of TURBO 

DNAse to the transcription reaction and incubating for 15 min at 37°C. 

As mRNA is more stable when it contains a polyA tail, the transcribed mRNA was poly-adenylated 

using a Poly(A) Tailing Kit. The transcription reaction (20 µl) was topped up with 36 µl H2O, 

20 µl 5x E-PAP buffer, 10 µl 25 mM MnCl2 and 10 µl ATP and mixed well. Before addition of 
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4 µl E-PAP enzyme, 0.5 µl of the reaction mix were saved as a control for gel electrophoresis. Poly-

adenylation was performed by incubation for 1h at 37°C. 

Another 0.5 µl of the now poly-adenylated mRNA was removed and analyzed together with the 

non-adenylated (saved) sample on a 1.2% agarose/TBE gel (see 2.4.1). While the non-adenylated 

mRNA should have the expected size based on the number of nucleotides, a smear of different 

sizes is expected for the poly-adenylated sample since poly-adenylation results in RNAs containing 

polyA-tails of varying lengths. 

Poly-adenylated mRNA was finally purified with the RNeasy kit according to manufacturer’s 

instructions. Final yield of mRNA ranged between 50-60 µg of RNA per sample (determined with 

NanoDrop2000) and was aliquoted into ready-to use sizes that were stored at -20°C until being 

used for mRNA transfection of cells. 

 

2.4.6. Isolation of cellular mRNA and cDNA synthesis 

The RNA fraction of cells was isolated using Trizol Reagent. Cells were harvested as described 

above, pelleted for 5 min at 280 g and 4°C and directly resuspended in 1 ml of Trizol reagent. 

Afterwards, samples were either processed directly or stored at -80°C until further use.  

After 5 min at RT 200 µl of chloroform were added per tube and vortexed well. After 3-10 min at 

RT, samples were centrifuged for 5 min at 12 000 g. Following centrifugation, two clear phases are 

visible: the lower organic phase contains the protein fraction, while RNA is dissolved in the upper 

aqueous phase. DNA accumulates at the border between the two phases forming a whitish layer. 

To proceed with RNA isolation, the upper phase was carefully transferred to a fresh tube and the 

nucleic acids were precipitated by adding 500 µl of isopropanol. After 5-15 min at 4°C, the RNA 

was pelleted for 10 min at 12 000 g and 4°C. Following two washing steps with 1 ml of 75% EtOH 

and centrifugation for 10 min at 12 000 g and 4°C, the RNA pellet was dryed for a few minutes and 

dissolved in RNAse-free water. RNA concentrations were determined using NanoDrop2000 and 

samples were stored at -20°C until further use. 

Reverse transcription of RNA into cDNA was done using the High capacity cDNA Reverse 

Transcription Kit according to manufacturer’s instructions. 0.1-1 µg of RNA were incubated with 

DNAse (1U DNAse per µg RNA) in DNAse buffer in a final volume of 10 µl for 10 min at 37°C. DNAse 

was inactivated by heating to 95°C for 3 min. Subsequently, 10 µl of the cDNA transcription mix 
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were added. Reverse transcription was performed for 120 min at 37°C, followed by 5 min at 85°C 

to inactivate the enzyme. cDNA samples were then stored at -20°C. 

 

2.4.7. Analysis of cytohesin isoform expression 

In order to determine the expression of cytohesin isoforms (2G or 3G) in iDCs, cDNA of wt iDCs 

was generated (see 2.4.6.) and the sequence coding for the PH domain of each cytohesin was 

amplified by PCR. Since samples were to be sent for sequencing, the accurate and less error-prone 

phusion polymerase was used for PCR. As positive controls, pure 2G or 3G cytohesin isoforms from 

DNA plasmid constructs were used. The PCR master mix was assembled as follows: 

 10 µl 5x phusion HF buffer 

1 µl 10 mM dNTPs 

2.5 µl of each primer 

2.5 µl cDNA 

31 µl H2O 

0.5 µl Phusion DNA polymerase   

The following primer pairs were used for amplification: 

 Cyth1  mpscd1 for qPCR + mpscd1 rev_NotI 

 Cyth2  mpscd2 for_MluI + mpscd2 rev qPCR 

 Cyth3  mpscd3 for qPCR + mpscd3 rev_NotI 

 Cyth4  mpscd4 for_MluI + mpscd4 rev qPCR 

Thermocycler conditions: 

Step Temp  time  Cycles 

Initial Denaturation 98°C 30 sec x1 

Denaturation 98°C 30 sec  

x39 Annealing 60°C 30 sec 

Elongation 72°C 1 min 

 72°C 10 min x1 

 4°C ∞  

 

Afterwards, samples were run on a 2 % agarose/TAE gel and bands of the correct size were excised 

and purified using the NucleoSpin Gel&PCR Clean-up kit by Macherey-Nagel according to 

manufacturer’s instructions. Samples were sent for Sanger sequencing by MWG Eurofins using the 

respective forward primer (Cyth1, Cyth3 and Cyth4) or the reverse primer (Cyth2). Relative 

frequencies of 2G/3G isoforms were then determined by sequence trace decomposition using 

TIDE software (www.tide.deskgen.com) based on the Sanger chromatograms.108,164 

http://www.tide.deskgen.com/
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2.4.8. RNA sequencing 

iDCs were kept in suspension using methyl cellulose (see 2.3.9.) for 1 h, before they were seeded 

onto FN- or gelatin-coated 6-well plates at 106 cells/well in VLE-RPMI medium (5 % FCS, 

1 % Pen/Strep, 10 ng/ml GM-CSF). After 7 h at 37°C and 5 % CO2, medium was removed, and cells 

were directly resuspended in 1 ml Trizol. Samples were kept at -80°C until further processing for 

RNA sequencing, which was conducted by the group of Prof. Joachim Schultze (Department for 

Genomics & Immunoregulation, LIMES Institute, Bonn University). 

RNA was isolated with Trizol according to the manufacturer’s instructions. The quality of RNA was 

assessed by visualization of 28S and 18S band integrity on a Tapestation 2200 (Agilent). Only 

samples with a RIN score above 9 were further processed. 10 ng of RNA were converted into cDNA 

libraries according to the TruSeq RNA library preparation kit v2.  Size distribution of cDNA 

libraries was determined using the Agilent high sensitivity DNA assay on a Tapestation 2200 

(Agilent). cDNA libraries were quantified using KAPA Library Quantification Kits (Kapa Biosystems). 

After cluster generation on a cBot, 75 bp single read sequencing was performed on a HiSeq1500.  

After base calling and de-multiplexing using CASAVA version 1.8.2, the 75 bp single-end reads 

were aligned to the mouse reference transcriptome mm10 from UCSC by kallisto v0.44.0 using 

default parameters. Data was imported into DESeq2 (v.1.10.1)165 using the TXimport (v1.2.0) 

package. DESeq2 was used for the calculation of normalized counts for each transcript using 

default parameters. 
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2.5. Protein Biochemistry 

 

2.5.1. Fluorescent labelling of fibronectin 

In order to obtain fluorescently labelled fibronectin for matrix-degradation assay, the DyLight 549 

NHS ester kit by Thermo Scientific was used. The Dylight549 dye contains amine-reactive 

N-hydroxysuccinimide (NHS) esters that form covalent bonds with primary amines in proteins. 

Lyophilized fibronectin was dissolved for 30 min at 37°C to a final concentration of 1 mg/ml in PBS. 

Afterwards, Dylight 549 NHS ester was added at 10x molar excess and the mixture was incubated 

for 1 h at RT in the dark. Unbound dye was removed by dialysis: The dye-fibronectin solution was 

filled into Slide-a-Lyzer Dialysis Cassettes (10 k molecular weight cutoff), and the cassette was 

placed into 1 l of autoclaved aqua bidest. During 2 h of gentle stirring at 4°C in the dark the 

unbound dye diffused into the surrounding water, while the FN-bound dye was too big to diffuse 

through the pores of the dialysis cassette. This dialysis step was repeated in autoclaved aqua 

bidest for another 2 h and an o.n. dialysis round, before the FN-Dylight549 was recovered from 

the dialysis cassette. The labelled fibronectin was aliquoted into suitable volumes (200 µl) and 

stored at -20°C until use. 

 

2.5.2. Coating procedure of glass coverslips 

To enhance binding of different extracellular matrix proteins to the glass surface, coverslips were 

first coated with 50 µg/ml poly-L-lysine (PLL) in PBS for 10 min at RT via absorption. After a short 

washing step with PBS the amine groups of the lysines were activated with 0.5 % 

glutaraldehyde/PBS for 10 min at RT. Subsequently, the glutaraldehyde was washed off 

thoroughly by rinsing the coverslips 5x with PBS. To sterilize the coverslips again, they were 

transferred into 70 % EtOH and incubated for 20 min at RT before being washed with PBS for 

another 3x. These pre-activated coverslips could be stored at 4°C in PBS for 1-2 weeks. 

Due to the pre-activation of the PLL other proteins are linked covalently and the coating is much 

more efficient.166 Coating proteins were diluted to a final concentration of 50 µg/ml (unless stated 

otherwise) using either PBS (for Fibronectin (FN), fibrinogen and gelatin) or 0.25 % acetic acid (for 

collagen I and collagen IV). 200 µl of the protein solutions were placed onto the pre-activated 

coverslips and incubated for 1 h at RT. After a short washing step with PBS, the coverslips were 

either used directly or stored for up to 1 week at 4°C in PBS. 
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2.5.3. Analysis of RhoA GTPase activity with pulldown assays 

To assess the fraction of active RhoA protein in a cell the Rho Pulldown Kit from Cytoskeleton was 

used according to manufacturer’s instructions. The principle of the pulldown assay is to assess 

GTPase activity based on an affinity-tagged effector protein that serves as bait and is only bound 

by the active form of the GTPase. In the case of RhoA, the Rho-binding domain of the Rho effector 

protein Rhotekin was used. Cell lysates are incubated with a Rhotekin-GST fusion protein bound 

to glutathione-sepharose beads and all active Rho molecules are immobilized to the beads via 

Rhotekin. After a short washing protocol, the active Rho-fraction is enriched and can be eluted 

with a reducing buffer. The relative amount of active RhoA is quantified by SDS PAGE using total 

RhoA protein from the input lysate as control.  

In detail, 1-2x106 cells were seeded onto pre-coated 10 cm cell culture dishes, which bind both FN 

and gelatin without being pre-activated, and were cultured in standard medium o.n. For some 

experiments, the Rho inhibitor Rhosin was added at a final concentration of 30 µM during the 

overnight incubation. 

For harvest, the dishes were placed on ice, washed once with 5ml of ice-cold PBS buffer and then 

lysed in the respective lysis buffer. After a short centrifugation step (1 min at 14 000 rpm at 4°C), 

supernatants were transferred to fresh tubes, immediately shock-frozen in liquid nitrogen and 

stored at -80°C until use. A small aliquot of the lysate was retained and used to determine protein 

concentrations using BCA assay (see 2.5.6.). 

250-300 µg of protein were added to 50 µg Rhotekin-beads and incubated for 1h at 4°C on a 

rotating wheel. Afterwards, the beads were washed once with wash buffer, resuspended in 15 µl 

of 2x Laemmli sample buffer containing 5 % -mercapto-ethanol and heated for 2 min at 95°C.  

 

2.5.4. Analysis of Arf GTPase activity with G-LISA 

Activity of Arf1 and Arf6 GTPases was determined using the Arf1/6 G-LISA Activation Assay Kits 

(Cytoskeleton) according to manufacturer’s instructions. A G-LISA uses the principle of an enzyme-

linked immunosorbent assay (ELISA) to assess GTPase activity. For that, a plate is pre-coated with 

an Arf-binding protein, which is bound by only active Arf molecules in the lysate. After a washing 

procedure, bound Arf protein is detected by an Arf-specific primary antibody and a horse-radish 

peroxidase (HRP)-coupled secondary antibody. Total amounts of active Arf proteins are then 

determined by colorimetric analysis. 
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In detail, iDCs at 1-2x106 cells/plate were cultured o.n. on FN- or gelatin-coated cell culture dishes 

(10 cm) in standard DC medium. For harvest, the medium was aspirated, and the plates were 

immediately placed on ice. After a washing step with ice-cold PBS, cells were lysed in 100 µl of 

lysis buffer containing protease inhibitors and were transferred to a fresh tube using a cell scraper. 

Before aliquoting and snap-freezing the lysates in liquid nitrogen, insoluble debris was pelleted 

for 1 min at 14 000 rpm and 4°C. Samples were stored at -80°C until further use. A small aliquot 

of lysate was used to determine protein concentrations. 

10 µg of protein was mixed with binding buffer and incubated on a pre-coated 96-well plate for 

30 min at 4°C on an orbital shaker (300 rpm). Afterwards, plates were washed twice with wash 

buffer and the samples were incubated in antigen presenting buffer for 2 min at RT. After another 

three washing steps, primary antibody against Arf1 or Arf6 was allowed to bind for 45 min at RT 

on a shaker at 400 rpm. Next, samples were washed 3x with wash buffer and incubated with 

secondary antibody for another 45 min at RT on a shaker at 400 rpm. Finally, unbound antibody 

was removed by three vigorous washing steps and HRP detection reagent was added for 10 min 

at RT. The reaction was stopped by adding HRP Stop buffer and absorbance was measured at 490 

nm.  

 

2.5.5. Generation of protein lysates 

Protein lysates were usually taken from cells grown in 6-well dishes that were pre-coated for 1 h 

at RT with either FN or gelatin diluted to 50 µg/ml in PBS. To remove all media containing protein, 

cells were washed once with ice-cold PBS, which was thoroughly aspirated, before 50-100 µl of 

MRC lysis buffer containing different protease inhibitors (10 µg/ml aprotinin, 10 µg/ml leupeptin, 

2 µg/ml antipain, 1 mM benzamidine and PMSF (phenylmethylsulfonyl fluoride) at a 1:1000 

dilution of a saturated stock) was added. The lysates were autoclaved aqua bidest transferred to 

fresh tubes using a cell scraper and were kept on ice for 15-30 min. After a final centrifugation for 

10 min at 10 000 rpm and 4°C, the supernatant containing the protein fraction was transferred to 

fresh tubes and stored at -20°C until further use. 

MRC lysis buffer  50 mM Tris-HCl pH 7.5, 1 mM EGTA pH 8.0, 1 mM EDTA pH 8.0, 

10 mM glycerophosphate, 50 mM sodium fluoride, 5 mM sodium 

pyrophosphate, 1 mM sodium vanadate, 0.27 M saccharose, 

1 % Triton 
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2.5.6. Determination of protein concentration with BCA assays 

To determine protein concentrations, a commercial BCA assay was used. The underlying principle 

for this assay is the reduction of copper ions by protein in an alkaline environment.167 By adding 

bicinchoninic acid (BCA) to the protein solution a purple-colored reaction product is formed, which 

absorbs at 562 nm. 

3 µl of protein lysate were added to each well of a 96-well plate and 200 µl BCA solution (20 µl of 

solution B in 1 ml of solution A) were pipetted on top. For the reference standard curve, BSA was 

diluted with lysis buffer to defined concentrations of 0.07-5.0 mg/ml. After 10 min at 65°C, the 

absorbance at 562 nm was measured using infinite M200 (Tecan), and protein concentration of 

each sample was determined based on the BSA standard curve. 

 

2.5.7. SDS-PAGE and Western Blotting 

To analyze protein content in a given sample, proteins from a lysate were separated according to 

their molecular weight by SDS-PAGE, and transferred onto nitrocellulose membranes via western 

blotting168 to be finally detected with specific antibodies.  

For SDS-PAGE, polyacrylamide gels were cast using the Mini Trans-Blot Cell system by Bio-Rad (see 

table below). Depending on the expected molecular weight of the protein of interest, different 

percentages of polyacrylamide (8-12 %) were used for the resolving gel. Above the resolving gel, 

a shorter layer of stacking gel containing 5 % acrylamide enabled the accumulation of proteins in 

a precise band, before separation in the resolving gel.  

Protein lysates were first denatured by adding protein buffer, which contains SDS and 

dithiothreitol (DTT), and incubating for 5 min at 96°C. Next, 20 µg of denatured protein were 

loaded onto the gel and separated by electrophoresis at 80-120 V in Laemmli Running Buffer. 

During the first 30 min a lower voltage (80 V) was used to improve accumulation of protein in the 

stacking gel. Separation of proteins then occurred at 120 V.  

After successful separation, proteins were transferred onto nitrocellulose membranes by western 

blotting. For that, a wet blotting system (Mini Trans-Blot Cell by Bio-Rad) was used, where the 

polyacrylamide gel was placed between two sponges together with a layer of filter paper and the 

nitrocellulose membrane. Blotting was performed in ice-cold transfer buffer at 4°C for 120 min at 

80 V. Finally, blotting success was verified by visualizing protein bands with a 0.1 % ponceau 

solution in 5 % acetic acid. 
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For detection of specific proteins, membranes were first blocked in 5 % milk powder in tris-

buffered saline with Tween (TBST), before they were incubated in primary antibody diluted in 3 % 

BSA/TBST or 5 % milk powder/TBST o.n. at 4°C. After three washing steps of 10 min in TBST, a 

secondary HRP-coupled antibody was diluted in TBST and added to the membrane for 1h at RT. 

Additional three washing steps in TBST were performed to remove all unbound antibody. After 

adding the HRP substrates luminol and peroxide (part of the enhanced chemiluminescence (ECL) 

solution), the chemiluminescent reaction enables detection of the protein of interest using 

radiographic films. 

Membranes were regenerated to be used with another primary antibody by heating in stripping 

buffer for 15 min. Afterwards, remaining stripping buffer was carefully washed off, and the 

membranes could be incubated in blocking solution again. 

 Stacking gel Resolving gel 

 5 % 10 % 12 % 

H2O 1.4 ml 1.9 ml 1.6ml 

30 % acrylamide 330 µl 1.7 ml 2.0 ml 

1.5 M Tris pH 8.8 - 1.3 ml 1.3 ml 

1 M Tris pH 6.8 250 µl - - 

10 % SDS 20 µl 50 µl  50 µl  

10 % APS 20 µl 50 µl  50 µl  

TEMED 2 µl 2 µl 2 µl 

 

Protein buffer 100 mM Tris-HCl (pH 6.8), 4 % SDS, 1 % bromophenol blue, 

20 % glycerin, 200 mM DTT 

Laemmli Running Buffer 25 mM Tris, 250 mM glycine, 0.1 % SDS 

Transfer buffer   20 % methanol in 200 mM glycine, 25 mM Tris-Base, 0.002 % SDS 

TBST     0.05 M Tris, 140 mM sodium chloride, 0.05 % Tween20, pH 7.9 

Stripping buffer   2 % SDS, 0.7 % -mercapto-ethanol, 63 mM Tris pH 6.8 
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2.5.8. Semiquantitative Analysis of Protein Expression 

Quantification of protein expression based on films generated from chemiluminescent detection 

of HRP-coupled antibodies was done using the gel plugin in ImageJ 1.52i software (National 

Institutes of Health, Bethesda, MD). In short, specific protein bands were selected and transferred 

into a histogram, which could be used to determine the area under the curve. By setting the 

protein of interest in relation to a loading control (“house-keeping gene” or total protein), semi 

quantitative values were obtained. 

 

2.6. Statistical Analysis 

Data generated with the methods above are represented as mean values of several independent 

experiments or mice. Error bars indicate either standard deviation (SD) or standard error of the 

mean (SEM). Details can be found in the figure legends.  

Statistical significance was analyzed using the GraphPad Prism 8.1.1 software (GraphPad Software, 

San Diego, USA). The statistic test used for each experiment is indicated in the figure legends. A 

p-value below 5 % was considered significant.  
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3. Results 

Integrins and integrin-related signaling processes are important factors in podosome formation 

and function73 and cytohesins are known to regulate both cell adhesion and actin-dependent 

processes106,129,143–146. Even  though one member of the cytohesin protein family, Cyth2, has 

recently been described to be involved in podosome biology118,  it is unclear so far, if and how 

cytohesins mediate specific integrin-derived influences on podosome formation. Moreover, the 

relevance of the complete cytohesin family for podosome formation has not been addressed 

either. Therefore, we set out to examine the role of all four cytohesins in integrin-mediated 

formation of podosomes. 

 

3.1. Cyth2 regulates podosome formation and function in a matrix-dependent 

manner 

In order to study the effect of cytohesins on podosome formation, we used immature BMDCs 

(iDCs) from different cytohesin KO mice. These cells are part of the myeloid lineage and form 

podosome clusters constitutively, which makes them an ideal model for podosome research. As 

Cyth2 full-KO mice die shortly after birth (Bettina Jux, unpublished data), we used a conditional 

(floxed) allele of Cyth2 together with a LysM-driven Cre recombinase to generate loss of Cyth2 in 

myeloid cells156. KO mice of Cyth1104, Cyth3126 and Cyth4 (unpublished data), however, are viable 

and could therefore be used for this study directly. All KOs resulted in a clear loss of the respective 

cytohesin on protein level in iDCs (figure 3.1).  

 

Figure 3.1 – BMDCs derived from different cytohesin KO mice are deficient for cytohesins 

Analysis of protein expression by iDCs from Cyth1 KO mice, Cyth2flox/flox LysM-Cre mice, Cyth3 KO mice and Cyth4 KO 

mice showed KO efficiency for each cytohesin. 
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3.1.1. Cyth2 is the only cytohesin family member involved in podosome formation of 

iDCs on specific substrates 

To analyze the ability of different cytohesin KO iDCs to form podosomes, we seeded cells onto 

fibronectin (FN)-coated coverslips and stained them for key podosome markers. Figure 3.2 A 

shows a confocal airyscan image of podosomes in iDCs, illustrating the classical composition of 

actin-rich cores surrounded by ring-like structures containing adhesion-related proteins, like 

vinculin. In contrast, FAs are characterized by streak-like accumulations of vinculin. Quantification 

of podosome frequencies revealed that only loss of Cyth2 affected podosome formation in iDCs, 

while KO of Cyth1, Cyth3, or Cyth4 had no effect compared to wildtype (wt) cells (figure 3.2 B). 

Cyth2 KO iDCs cultured on FN displayed a significant reduction in podosome formation (figure 

3.2 B), which was further confirmed on single cell level by quantifying podosomes per cell 

(figure 3.2 C).  

 

Figure 3.2 – Cyth2 enhances podosome formation on fibronectin 

iDCs were cultured on FN and stained for podosomes with phalloidin and an antibody against vinculin. (A) Exemplary 

confocal airyscan image. Star indicates podosome cluster, arrows indicate focal adhesions (FA). (B) Quantification of 

podosome frequencies of iDCs from different cytohesin KO mice. (C) Quantification of podosomes per cell. (Error bars 

represent mean +/- SEM; Statistics: Wilcoxon matched-pairs signed rank test: n.s. (not significant) p>0.05; * p<0.05) 
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One of the key functions of podosomes is their ability to degrade the underlying matrix and 

therefore facilitate invasion into tissue.64 To assess the degradative capacity of podosomes, cells 

were seeded onto coverslips coated with fluorescently-labelled gelatin. Degradation of this gelatin 

coating could then be determined by quantifying the loss of fluorescence after 24 h (figure 3.3 A). 

Interestingly, Cyth2 KO iDCs degraded more gelatin than their wt counterparts (figure 3.3 B), 

which is in contrast to their behavior in terms of podosome formation. However, given that the 

key difference between both experiments was the substrate used for coating (FN versus gelatin), 

we next analyzed whether podosome occurrence on gelatin-coated surfaces was equally elevated. 

As shown in figure 3.4 A, Cyth2 deficient iDCs indeed formed more podosomes, when they were 

cultured on gelatin, which corresponds well with their increased degrading activity on this 

substrate. Similar to the results on FN, none of the other cytohesin KO iDCs showed any effect on 

podosome formation on gelatin (figure 3.4 A) and the elevated podosome incidence in Cyth2 KO 

iDCs was also detectable on single cell level (figure 3.4 B). 

 

Figure 3.3 – Degradation of gelatin is increased in Cyth2 KO iDCs 

iDCs cultured on fluorescently labelled gelatin for 24 h were stained with phalloidin and DAPI. (A) Exemplary images of 

degraded gelatin around podosome clusters. (B) Quantification of degradation by Cyth2 KO and wt iDCs. (Error bars 

represent mean +/- SEM; Statistics: Wilcoxon matched-pairs signed rank test: * p<0.05) 
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Figure 3.4 – Cyth2 reduces podosome formation on gelatin 

iDCs were cultured on gelatin and stained for podosomes. (A) Quantification of podosome frequencies of iDCs from 

different cytohesin KO mice. (B) Quantification of podosomes per cell. (Error bars represent mean +/- SEM; Statistics: 

Wilcoxon matched-pairs signed rank test: n.s. (not significant) p>0.05; * p<0.05; *** p<0.001) 

 

Vice versa, degradation of fluorescently labelled FN was decreased compared to wt cells (figure 

3.5), which is in line with the reduced occurrence of podosomes in Cyth2 KO cells on that specific 

coating material. The loss of one single protein (Cyth2) therefore has opposing effects on 

podosome formation depending on the underlying coating substrate.  

 

 
Figure 3.5 – Degradation of fibronectin is decreased in Cyth2 KO iDCs 

iDCs cultured on fluorescently labelled FN for 24 h were stained with phalloidin and DAPI. (A) Exemplary images of 

degraded FN around podosome clusters. (B) Quantification of degradation by Cyth2 KO and wt iDCs. (Error bars 

represent mean +/- SEM; Statistics: Wilcoxon matched-pairs signed rank test: * p<0.05) 

 



3. Results 
 

56 
 

We next asked whether similar effects also occur on other matrix proteins and quantified 

podosome formation on Icam-1, fibrinogen, collagen I and collagen IV (figure 3.6). While 

podosome frequencies on Icam-1 and fibrinogen did not change in presence or absence of Cyth2, 

culturing wt and Cyth2 KO iDCs on collagen IV had an effect similar to gelatin-coatings: Loss of 

Cyth2 increased podosome formation on this substrate. Podosome formation on collagen I also 

did not result in significant differences between wt and Cyth2 deficient cells, although the 

tendency points in the same direction as the samples on collagen IV. It has to be noted, though, 

that general adhesion of iDCs to collagen I was impaired (data not shown), which complicated 

quantification of podosomes and resulted in increased spread of values. Gelatin is primarily a 

mixture of hydrolyzed collagens169, so observing a similar effect on collagen IV further strengthens 

the relevance of our data.  

As we had cultured murine iDCs on FN derived from human plasma, we also made sure that our 

FN-dependent effect was no species-related artefact. However, on murine FN we could observe a 

similar reduction in podosome numbers of Cyth2 KO iDCs compared to wt cells (figure 3.6). 

Deregulation of podosome formation by loss of Cyth2 is therefore independent of species-related 

differences in FN. 

Figure 3.6 – Cyth2 is only involved in podosome formation on specific matrices 

iDCs cultured on coverslips coated with different matrices (Icam-1, fibrinogen, collagen I, collagen IV and murine FN) 

were stained with phalloidin and an antibody against vinculin and podosome frequencies were quantified. (Error bars 

represent mean +/- SEM; Statistics: Wilcoxon matched-pairs signed rank test: n.s. (not significant) p>0.05; * p<0.05) 

 

Taken together, among the family of cytohesin proteins, only Cyth2 is involved in podosome 

formation and function. This regulatory role of Cyth2 on podosome formation depends on the 

presence of specific substrates and can even have opposing effects depending on the underlying 

matrix protein. 
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3.1.2. Cell spreading and formation of focal adhesions is not affected by loss of Cyth2 

Podosomes are one type of specialized adhesion structures but cell adhesion can also be mediated 

by FAs.62 As depicted in figure 3.7, loss of Cyth2 did not influence the occurrence of FAs in iDCs on 

any substrate significantly indicating that the effect of Cyth2 is specific for podosomes. Moreover, 

general deregulation of adhesion processes would affect the cells’ immediate interaction with the 

underlying matrix resulting in altered spreading behavior. Cell area of Cyth2 KO iDCs on different 

matrices, however, was not significantly different from wt control cells (figure 3.8) – with the 

exception of collagen IV coatings, which led to a slight increase in spreading of iDCs, when Cyth2 

was lacking. Overall, the effects we observed in Cyth2 KO iDCs seemed to be specific for 

podosomes, while other adhesion structures and general cell adhesion were unaffected.  

 

Figure 3.7 – Focal adhesions are not affected by loss of Cyth2 

iDCs cultured on different matrices were stained with phalloidin and an antibody against vinculin. (A) Quantification of 

FA frequencies of wt and Cyth2 KO iDCs on fibronectin and gelatin. (B)  Quantification of FA frequencies of wt and Cyth2 

KO iDCs on Icam-1, fibrinogen, collagen I and collagen IV. (C) Quantification of FA numbers per cells of iDCs on 

fibronectin or gelatin. (Error bars represent mean +/- SEM; Statistics: Wilcoxon matched-pairs signed rank test: n.s. (not 

significant) p>0.05; * p<0.05) 
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Figure 3.8 – Cell spreading of Cyth2 KO iDCs on different matrices 

iDCs cultured on coverslips coated with different matrices were stained with phalloidin and an antibody against vinculin. 

Cell spreading (cell area) of wt and Cyth2 KO iDCs on fibronectin, gelatin, Icam-1, fibrinogen, collagen I and collagen IV 

was quantified by determining total cell area. (Error bars represent mean +/- SEM; Statistics: Wilcoxon matched-pairs 

signed rank test: n.s. (not significant) p>0.05; * p<0.05) 

 

 

3.1.3. Cell adhesion strength and behavior of iDCs is differentially affected by 

fibronectin and gelatin matrices 

Loss of Cyth2 has different effects on podosome formation by iDCs on FN compared to gelatin. 

These two coating substances, however, are inherently different in their biochemical composition, 

which might have consequences for their biophysical properties as well as for how they are 

perceived by cells. Cell spreading is a very broad indicator for adhesion strength and can differ 

substantially between iDCs cultured on different substrates (figure 3.9 A). Especially for cells 

adhering to FN vs gelatin the difference is significant, with an average cell area of roughly 870 µm² 

(±397 µm²) and 380 µm² (±63,2 µm²), respectively (illustrated in figure 3.9 B). In addition, both FA 

and podosome numbers per cell, as well as podosome frequencies are reduced in cells cultured 

on gelatin compared to FN (figure 3.9 C+D). Moreover, in comparison to FN, general adhesion 

onto gelatin is delayed: FN enables adhesion within a few minutes, while iDCs need 30-60 min to 

attach to gelatin (data not shown). These data already indicate that adhesion processes on FN and 

gelatin are different and these differences have to be considered when analyzing the role of Cyth2 

in these processes. 
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Figure 3.9 – Differences in adhesion behavior of iDCs on FN and gelatin 

(A) Cell spreading of wt iDCs cultured on coverslips coated different matrices (Statistics: Kruskal-Wallis test with Dunn’s 
multiple comparison test). (B) Staining of wt iDCs on FN or gelatin. (C) Podosome formation of wt iDCs cultured on FN 

or gelatin (Statistics: Wilcoxon matched pairs signed rank test). (D) FA formation of wt iDCs cultured on FN or gelatin. 

(Statistics: Wilcoxon matched pairs signed rank test) 

(Error bars represent mean +/- SEM; n.s. (not significant) p>0.05; * p<0.05; ** p<0.01; *** p<0.001) 
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3.1.4. Altered mechanosensing does not explain the differences in podosome 

formation on fibronectin and gelatin 

In principal, the reduced spreading of iDCs on gelatin vs FN indicates that gelatin coating produces 

a softer matrix compared to FN coatings. Given the established role of podosomes as 

mechanosensors63, it is possible that merely the biophysical differences between FN and gelatin 

are responsible for the different podosome formation of (a) wt cells on these two substrates and 

(b) of Cyth2 KO compared to wt iDCs. In order to test this hypothesis, we made use of elastomers, 

a polydimethyl-siloxane (PDMS)-based gel of defined stiffness. Glass or cell culture plastics have 

an elasticity of several GPa (Young’s modulus)170, while elastomers come in a more physiological 

range of a few kPa171 (50 kPa in our case). Coating elastomers with FN generates a surface with 

the same biological properties as FN-coating on glass or plastic, but with a decreased stiffness. 

This way, the elasticity of the FN-coated surface is more similar to gelatin-coated plastic. If Cyth2 

KO iDCs on this soft FN behave as if they were seeded on gelatin-coated plastic, the differential 

podosome formation is most likely due to the different elasticity of FN and gelatin and not caused 

by other factors. 

As figure 3.10 A illustrates, cell spreading was reduced on FN-coated elastomers compared to 

plastic in both wt and Cyth2 KO iDCs (figure 3.10 B), which is in line with reduced mechanical 

strain. Also, podosome formation in iDCs decreased on soft matrix (figure 3.10 C), just as it did on 

gelatin. However, podosome formation was decreased in both wt and Cyth2 deficient cells and 

did not show the counter-regulation observed on gelatin (figure 3.4). Therefore, the reduced 

podosome levels in Cyth2 KO iDCs on FN could be caused by disturbed mechanosensing but this 

does not explain the opposing effect of Cyth2 deficient cells on gelatin. Thus, there must be 

additional differences between FN and gelatin leading to differential dependence on Cyth2. 

Moreover, cells on collagen IV show the same dependency on Cyth2 for podosome formation as 

cells on gelatin (figure 3.6). Still, cell spreading as well as podosome levels of wt cells on collagen 

IV are more similar to FN than to gelatin (figures 3.9A, 3.6 and 3.2). Mechanical properties might 

therefore play a role in the altered adhesion behavior and podosome formation on FN and gelatin 

in wt cells but the regulation of podosome formation by Cyth2 seems to be more complex. 



3. Results 

61 
 

 

 

Figure 3.10 – Substrate rigidity affects podosome formation 

Cells were seeded on FN-coated plastic dishes or elastomers and stained with phalloidin and DAPI. (A) Exemplary images 

of wt iDCs on rigid and soft FN-matrices. Cell spreading (B) and podosome quantification (C) of wt and Cyth2 KO iDCs 

on FN-coated cell culture plastic or 50 kPa-elastomers. 

(Error bars represent mean +/- SEM; Statistics: 2way ANOVA with Bonferroni’s or Tukey’s multiple comparison test; 
n.s. (not significant) p>0.05; * p<0.05) 
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3.2. Integrin expression and dynamics are not altered in Cyth2 KO iDCs 

Loss of Cyth2 in iDCs has very different effects on podosome formation depending on the 

underlying substrate. In some cases (Icam-1 or fibrinogen coating) Cyth2 seems to be dispensable, 

while other coatings either lead to an increase or a reduction of podosome frequencies. Having a 

closer look at the respective coating material, it becomes clear that they are recognized by 

different integrin classes. Icam-1 and fibrinogen are classical ligands for 2 integrins, while FN and 

gelatin or collagens are bound especially by 1 integrins (figure 1.1).11 Therefore, we decided to 

focus on the role of integrins in Cyth2-mediated regulation of podosome formation. 

 

3.2.1. Integrin cell surface expression of iDCs is not affected by loss of Cyth2 

Even though there are 24 different integrin dimers described, the actual integrin expression of 

every cell type is restricted to a certain repertoire.10 For that reason, we first wanted to know, 

which integrins are expressed by iDCs at all. Using an RNA sequencing data set that we had 

generated with the group of Prof. Schultze at the LIMES Institute, we could narrow down the 

relevant integrins to 7 different  chains and 6 different  chains, which can occur as 11 different 

integrin dimers (figure 3.11 A). The overall expression levels of these integrins varied substantially 

with the 2 integrins being the strongest expressed group, followed by 1 integrins. Especially 6, 

3, 5 and 7 integrins were expressed at very low levels. Furthermore, RNA levels of all integrins 

did not change in Cyth2 KO iDCs and were not affected by the underlying matrix – apart from 1 

integrin, which was slightly upregulated in cells cultured on gelatin. 
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Figure 3.11 – Basal integrin expression in iDCs is not affected by Cyth2 

(A) RNA expression of integrins in wt and Cyth2 KO iDCs cultured on FN or gelatin for 7h (n=4) based on an RNA 

sequencing data set. Other integrin mRNAs were below 50 counts. Error bars represent mean +/- SD. (B) Flow Cytometry 

of iDCs on FN or gelatin (o.n. adhesion) and quantification of median fluorescence intensity (MFI) of integrins on the 

cell surface (n=5). (Error bars represent mean +/-SEM.) 

 

We also sought to confirm these RNA data on protein level and analyzed integrin expression on 

the cell surface by flow cytometry. As figure 3.11 B shows, we could detect L, M, X and 2 

integrins, as well as 1, 4, 5 and 1 integrins on the surface of iDCs. Furthermore, we also found 

low levels of v integrin, but hardly any 3 integrin. 6, 5 and 7 integrins were not detectable 

at all in iDCs on either FN or gelatin-coated surfaces (data not shown). 8 integrin was identified 

on RNA level but as there is no antibody available for flow cytometry, we could not confirm these 

results on protein level. Given that 8 integrins always occur together with the v integrin chain172 
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and v levels were quite low, we assumed that also 8 integrins do not participate much in iDC 

adhesion to FN or gelatin. Therefore, we conclude that the two major integrin classes expressed 

by iDCs are 1 and 2 integrins (summarized in figure 3.12). In terms of interaction with FN 

especially 41 and 51 and to some extent also the v integrins are of interest, while gelatin 

or collagen could be sensed via 11 or X2 integrins (compare figure 1.1). Moreover, KO of 

Cyth2 did not affect integrin expression in iDCs cultured on either FN or gelatin, nor did the 

underlying coating manifest itself in different expression levels of integrins (figure 3.11 B).  

 
Figure 3.12 – Integrin receptor expression in iDCs 

iDCs express a limited number of integrins: Several 2 integrins (L2, M2, X2) and 1 integrins (11, 

41, 51). V integrins are expressed at very low levels and 6, 3,5 and 7 integrins are not detectable on the 

cell surface. 

 

As we had just found 1 and 2 integrins as the major integrins expressed by iDCs, we next 

examined whether these integrin chains localize to iDC podosomes at all. Immunofluorescence 

stainings showed that both integrin classes are found in the podosome ring structure (figures 3.13 

and 3.14). There were, however, no apparent differences in integrin localization between wt and 

Cyth2 KO iDCs or between cells cultured on FN or gelatin. 

In summary, iDCs express several different integrins, but the majority of integrins on the cell 

surface consists of 1 and 2 integrins. Both integrin classes localize to podosome rings. However, 

the loss of Cyth2 does not affect integrin expression under steady state conditions, i.e. in cells 

cultured o.n. on the respective ligands. Moreover, coating with FN or gelatin does not alter 

integrin expression either. 
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Figure 3.13 –1 integrins localize to podosome rings 

Confocal images of wt and Cyth2 KO iDCs cultured on FN or gelatin in the presence of anti-1 integrin antibody (clone 

Hmb1-1) that were stained with phalloidin and antibodies against vinculin and anti-rat secondary antibodies. Arrows 

indicate podosome clusters. Scale bar represents 10 µm. 
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Figure 3.14 –2 integrins localize to podosome rings 

Confocal airyscan images of wt and Cyth2 KO iDCs cultured on FN or gelatin that were stained with antibodies against 

vinculin and 2 integrin. Arrows indicate podosome clusters. Scale bar represents 20 µm. 
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3.2.2. Cyth2 is not involved in integrin surface expression dynamics in iDCs 

Integrins are very dynamic and they are constantly endocytosed to become degraded in lysosomes 

or to be recycled to the cell surface. That way, a cell is able to adapt quickly to changes in the 

environment or in intracellular signaling.49 Given that especially Cyth2 has been described to 

regulate integrin recycling in epithelial cells129,136, it is possible that, while steady state expression 

levels of integrins are not different between wt and Cyth2 KO cells, integrin dynamics are 

differentially regulated in the presence or absence of Cyth2. 

 

 
Figure 3.15 – Integrin dynamics upon adhesion are independent of Cyth2 

Wt and Cyth2 KO iDCs were kept in suspension for 1h and then seeded onto FN- or gelatin-coated surfaces (t=0h). At 

indicated time points, cell surface expression of integrins was measured by flow cytometry. (Error bars represent mean 

+/- SD) 

 

To analyze whether stimulation of integrins by specific ligands directly affects integrin expression 

on the cell surface, we first aimed at generating an unstimulated state of integrins on iDCs. We 

achieved this by culturing iDCs in a viscous methyl cellulose solution that prevented cells from 

getting into contact with each other or with the vessel walls. Thereby, formation of adhesions and 
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stimulation of integrin signaling was avoided. After dilution of the methyl cellulose, cells could be 

seeded onto ligand-coated surfaces, which induced a precise and time-controlled activation of 

integrins. As seen in figure 3.15, integrin levels indeed responded to the adhesion process, but 

there was no difference between wt and Cyth2 KO cells. Nevertheless, integrin dynamics on 

gelatin were often slightly delayed compared to the situation on fibronectin. This was especially 

apparent in the case of 5 integrins, which form the major FN-receptors of iDCs together with the 

1 integrin chain11. On FN, 5 integrin levels were strongly upregulated as early as 30 min post 

adhesion, while they rose much more slowly on gelatin. This again illustrates how different 

adhesion processes on these two coating materials can be. 

Next, we had a closer look into integrin internalization by staining integrins on the cell surface 

with unlabeled antibodies. During incubation periods of different lengths, integrins are 

internalized and thereby antibody levels on the surface are reduced gradually. By counterstaining 

with a secondary antibody, the reduction of integrin levels on the cell surface can be quantified. 

We focused especially on 5 integrins, which are the most strongly expressed FN-binding integrins 

on iDCs, and 1 integrins, which are the only classical collagen receptor of these cells. 2 integrins 

served as controls. However, internalization of neither 1, nor 5 nor 2 integrins was affected 

by loss of Cyth2 (figure 3.16). Moreover, internalization rates on FN and gelatin were also similar.  

 

 
Figure 3.16 – Integrin internalization is not affected by loss of Cyth2 

Wt and Cyth2 KO iDCs cultured on FN or gelatin were stained with unlabeled antibodies for 2, 1 and 5 integrin. At 

the indicated time points cells were harvested and remaining antibodies on the cell surface were stained with a 

secondary antibody and visualized by flow cytometry. Graphs show mean of 3 independent experiments. (Error bars 

indicate mean +/- SD) 
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Integrin levels on the cell surface are not only determined by integrin recycling from endosomes 

but also via the secretory pathway involving the Golgi apparatus. This includes both reconstitution 

with newly synthesized integrins from the ER and retrograde transport routes of recycled 

integrins.48,49 In order to exclude this source of integrin molecules, we treated cells with Brefeldin 

A (BrefA). BrefA stabilizes the complex of Arf GTPases and certain GEFs (but not cytohesins) and 

thereby prevents cycling of Arfs between different activation states.173  This leads to disintegration 

of the Golgi apparatus and therefore blocks vesicle transport from the Golgi to the cell membrane. 

Figure 3.17 shows that BrefA treatment leads to gradual reduction of integrins on the cell surface, 

as integrin recycling alone is not sufficient to maintain integrin levels. KO of Cyth2, though, does 

not alter the dynamics of this effect, nor does the coating material. 

Taken together, we could not observe any effect of Cyth2 on integrin expression or dynamics in 

iDCs that would explain the differences in podosome formation on different integrin ligands. Yet, 

we again noticed that adhesion processes in general are regulated differently on FN vs gelatin. 

 

 
Figure 3.17 – Integrin recycling is not altered in Cyth2 KO iDCs 

Wt and Cyth2 KO iDCs were cultured on FN or gelatin and treated with 5 µg/ml BrefA for 2/4/6 h, before they were 

harvested and analyzed for integrin cell surface expression by flow cytometry. Graphs show mean of 3 (FN) or 4 (gelatin) 

independent experiments. (Error bars represent mean +/- SD) 
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3.3. The effects of Cyth2 on podosome formation are mediated via specific 

integrins 

So far, we could determine that Cyth2 regulates podosome formation in iDCs depending on the 

underlying matrix. Integrins are the most likely candidates to regulate this matrix-specific effect 

as they are known to distinguish between different ECM proteins.11 However, their expression and 

dynamics seemed not to be affected by Cyth2. Therefore, we decided to investigate the 

involvement of single integrins in podosome formation by iDCs in more detail. 

 

3.3.1. 2 integrins are a major structural component of podosomes in iDCs 

Although our previous results using fibrinogen or Icam-1 coatings indicate that 2 integrins are 

most likely not involved in Cyth2-mediated podosome formation,  2 integrins are still by far the 

major integrin class expressed by iDCs. They occur together with L, M or X integrin chains. As 

they are only found in cells of hematopoietic origin10, their role in invadosome formation is not 

studied quite as extensively as other integrins, but it has been found localized to the ring structure 

of invadosomes174,175. One study, though, examined the role of 2 integrins specifically in iDCs and 

claimed that these integrins are required for podosome formation on several coating substrates.77  

In order to verify if these results are also relevant in our system, we obtained bone marrow cells 

of CD18 null mice from Prof. Karin Scharffetter Kochanek at Ulm University and analyzed 

podosomes of iDCs generated from these cells. As figure 3.18 A shows, these Itgb2 KO iDCs do not 

express 2 integrin or any of the respective alpha chains on their surface. Podosome frequencies 

of Itgb2 KO cells were drastically reduced on surfaces coated with FN, gelatin or the 2 integrin-

specific ligand fibrinogen compared to controls (figure 3.18 B). General adhesion behavior, 

however, was only impaired, when KO cells were cultured on fibrinogen. Adhesion onto FN or 

gelatin was still possible, even though cell spreading was slightly reduced compared to wt cells 

(figure 3.18 C). Therefore, 2 integrin seems to be only required for adhesion onto classical 2-

integrin ligands, but mostly dispensable for adhesion onto 1-specific integrin ligands like FN or 

gelatin/collagen. 2 integrins, however, seem to be a crucial structural component of podosomes 

irrespective of the underlying matrix. 
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Figure 3.18 – 2 Integrins are crucial components of podosome structure 

iDCs from CD18 null mice (Itgb2KO/KO) and control mice were seeded onto FN, gelatin and fibrinogen. (A) Cell surface of 

expression of 2, L, M and X integrins. (Statistics: 2way ANOVA with Bonferroni’ multiple comparison test) 
(B) Quantification of podosomes on FN, gelatin and fibrinogen. (Statistics: Mann-Whitney test) (C) phalloidin staining of 

Itgb2+/+ and Itgb2KO/KO iDCs on FN, gelatin and fibrinogen. (Error bars represent mean +/- SD; * p<0.05; ** p<0.01, *** 

p<0.001) 

 

As the complete loss of 2 integrins has such a dramatic effect on the cells’ ability to form 

podosomes, we decided to induce only partial reduction of 2 integrin expression by siRNA-
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mediated knockdown (kd). Moreover, this approach enabled us to study the role of Cyth2 in 2 

integrin-related processes. Figure 3.19 A shows that kd of Itgb2 with two different siRNAs leads 

to a reduction of 2 integrin surface expression to 50-60 % of control cells. In contrast to the full-

KO of 2 integrins, podosome formation in 2 integrin kd cells (both wt and Cyth2 KO cells) was 

only mildly affected compared to control cells (figure 3.19 B). Nevertheless, both wt and KO 

podosome levels were altered in opposite directions leading to an assimilation at an intermediate 

level. This effect was more robust on FN than on gelatin, which could be due to the lower number 

of experiments performed on gelatin.  

Neither FN nor gelatin are typical ligands for 2 integrins but there are reports that discuss 

especially X2 integrin as a receptor for collagen176.  For that reason, we further analyzed kd of 

the 2-associated alpha chains, L, M and X, which reduced surface expression levels to 

roughly 50 % of controls (figure 3.19 C, E, G). On FN, the reduction of L, M and X chains had 

no significant effect on podosome formation. Still, the values showed a slight tendency in the same 

direction as the Itgb2 kd samples (figure 3.19 D, F, H). This was also the case on gelatin with respect 

to L and M integrin and might reflect concomitant reductions of 2 integrin surface levels after 

kd of the alpha chains. Kd of X integrin, however, resulted in a more pronounced assimilation of 

wt and Cyth2 KO podosome levels on gelatin. In the case of siItgax #22, we even observed a 

reversal of wt and Cyth2 KO podosome numbers, although this siRNA produced a weaker knock 

down than siItgax #12 (figure 3.19 G). Therefore, one cannot exclude potential off-target effects 

and has to be careful with the interpretation of this result. A final conclusion is thus difficult to 

draw and would require further experiments.  

Nonetheless, interfering with 2 integrins can abolish the Cyth2 KO-induced difference in 

podosome formation. Considering the central role of 2 integrins for podosomes in general (as 

illustrated in figure 3.18), it is possible that even a moderate reduction of 2 integrin levels by 

siRNA-mediated kd might disturb the podosome formation machinery in a way that the mild 

regulatory effects of Cyth2 are masked. Moreover, kd of the 2-associated  integrin chains does 

not enhance this 2 integrin effect on FN. Only X integrin could be involved in regulating 

podosome formation on gelatin, but our results are too ambiguous to allow for a final conclusion. 

Therefore, we conclude that on FN 2 integrins are most likely not involved in the differential 

regulation or podosome formation by Cyth2. On gelatin, though, the x2 integrin might play a 

role. 
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Figure 3.19 – Knock-down of 2 integrins abolishes Cyth2-mediated differences on podosome formation by iDCs 

Kd of Itgb2, Itgal, Itgam and Itgax (A, C, E, G) in iDCs was verified by flow cytometry at 24 hpt. (B) Podosome formation 

on FN (n=7) or gelatin (n=4) was quantified 24 hpt with siRNAs against Itgb2. (D, F, H) Podosome formation on FN or 

gelatin was quantified 24 hpt with siRNAs against Itgal (n=3), Itgam (n=5) and Itgax (n=5) (Statistics: 2way ANOVA with 

Dunnett’s multiple comparison test. Error bars represent mean +/- SEM; n.s. (not significant) p>0.05; * p<0.05; ** 

p<0.01; *** p<0.001) 
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3.3.2. Cyth2 is an important regulator of 51 integrin signaling function in 

podosome formation  

Our previous experiments with different coating substrates (figures 3.2, 3.4 and 3.6) indicated 

that Cyth2 is involved in podosome formation specifically on 1 integrin ligands. iDCs express 

predominantly 11, which recognizes collagen, and 41 and 51, which are receptors for FN. 

In order to elucidate which integrin might be responsible for the differential effects of Cyth2 on 

either FN or gelatin, we interfered with different 1 integrins using either siRNA-mediated kd 

approaches or cells derived from specific KO mice. 

 

Figure 3.20 – Signaling via  integrins mediates podosome reduction by Cyth2 on FN 

(A) Itgb1 was knocked down in wt and Cyth2 KO iDCs and kd efficiency was determined by flow cytometry. (B) Podosome 

formation after kd of Itgb1 on FN (mean of 8 independent experiments). (C) Itga5 was knocked down in wt and Cyth2 

KO iDCs and kd efficiency was determined by flow cytometry. (D) Quantification of podosome formation after kd of 

Itga5 on FN (mean of 4 independent experiments). (Statistics: 2way ANOVA with Dunnett’s multiple comparison test; 

Error bars indicate mean +/- SEM. n.s. (not significant) p>0.05; * p<0.05; ** p<0.01 *** p<0.001) 

 

To test for the involvement of 1 integrins in podosome formation, we knocked down 1 integrins 

in iDCs with two different siRNAs and verified the kd success by flow cytometry (figure 3.20 A). 

Itgb1 siRNA #1 resulted in a 50-60 % reduction of surface levels of 1 integrin compared to 

controls, while Itgb1 siRNA #2 was less efficient and reduced integrin expression by only 30 %. 

Next, we analyzed podosome formation on different matrices. On FN, kd of 1 integrins in wt cells 

did not affect podosome frequencies at all (figure 3.20 B). However, Cyth2 KO cells that received 

Itgb1 siRNA #1 displayed podosome numbers comparable to wt cells and podosome formation in 
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KO cells treated with Itgb1 siRNA #2 at least showed a similar tendency. The strength of these 

effects correlates well with the kd efficiencies of the respective siRNAs. 

As the main receptor for FN in iDCs is 51 and 5 integrins were strongly upregulated upon 

adhesion onto FN (figures 3.11 and 3.15), we speculated that kd of the 5 integrin chain might be 

even more specific than kd of the common 1 integrin. Both Itga5 siRNAs showed only mild kd 

efficiencies (figure 3.20 C), but the reduced podosome formation by Cyth2 KO iDCs on FN was 

rescued completely by both siRNAs (figure 3.20 D). Wt iDCs, however, were again not affected by 

kd of 5 integrins. Moreover, blocking 1 integrin function with two independent blocking 

antibodies (clones Hmb1-1 and HA2/5) also rescued the reduction of podosome formation in 

Cyth2 KO cells on FN (figure 3.21). These results indicate that in wt cells signaling through 51 

integrins has no immediate effect on podosome formation on FN. Nevertheless, once Cyth2 is 

missing, signals from 51 integrins inhibit podosome formation. Therefore, we conclude that 

under wt conditions Cyth2 seems to block these inhibitory signals coming from 51 integrins.  

 

Figure 3.21 – Blocking 1 integrin function rescues the Cyth2 KO effect on podosome formation on FN 

(A) Podosome formation on FN after treatment with integrin 1 blocking ab (Hmb1-1) (n=3). (B) Podosome formation 

on FN after treatment with integrin 1 blocking ab (HA2/5) (n=3). (Statistics: 2way ANOVA with Tukey’s multiple 

comparison test; Error bars indicate mean +/- SEM. n.s. (not significant) p>0.05; * p<0.05; ** p<0.01 *** p<0.001) 

 

Furthermore, we analyzed the effect of 1 and 5 integrin kd on podosome formation on gelatin. 

Here, reduction of 1 integrin expression levels abolished the difference between wt and Cyth2 

deficient cells as well, but this seemed to be mostly due to wt cells increasing their podosome 

numbers (figure 3.22 A+B). Kd of 5 integrins similarly affected mostly wt cell cultured on gelatin 

(figure 3.22 C+D), even though the effects were not statistically significant.  
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Figure 3.22 – Loss of  integrins mimics Cyth2 KO effect on podosome formation on gelatin 

(A) Itgb1 was knocked down in wt and Cyth2 KO iDCs and kd efficiency was determined by flow cytometry. (B) Podosome 

formation after kd of Itgb1 on gelatin (mean of 4-5 independent experiments). (C) Itga5 was knocked down in wt and 

Cyth2 KO iDCs and kd efficiency was determined by flow cytometry. (D) Quantification of podosome formation after kd 

of Itga5 on gelatin (mean of 4 independent experiments). (Statistics: 2way ANOVA with Dunnett’s multiple comparison 

test; Error bars indicate mean +/- SEM. n.s. (not significant) p>0.05; * p<0.05; ** p<0.01 *** p<0.001) 

 

In addition, we used function-blocking antibodies directed against 1 integrin to further assess 

the role of 1 integrins in podosome formation on gelatin (figure 3.23). Both Hmb1-1 and HA2/5 

antibodies showed a tendency for elevation of wt podosome formation to the level of control KO 

cells. Even though the effects observed on gelatin were not as robust as on FN, these data also 

support the notion that, in contrast to the situation on FN, interfering with 51 integrins rather 

mimics the loss of Cyth2 on gelatin. This would further mean that the inhibitory effect of 51 

integrins on podosome formation is mediated via Cyth2 on gelatin. Thus, if either Cyth2 or 51 

integrins are missing, this inhibition does not take place anymore and podosome levels increase.  

Taken together, we observed that specifically on FN deregulation of podosome formation by loss 

of Cyth2 is mediated via 51 integrins. This specific way of involvement of 51 integrins, 

however, is not relevant on gelatin. Rather, it seems like the connection between Cyth2 and 51 

integrin signaling is different, when cells are cultured on gelatin.  
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Figure 3.23 – Blocking 1 integrin function slightly increases podosome numbers in wt cells on gelatin 

(A) Podosome formation on gelatin after treatment with integrin 1 blocking ab (Hmb1-1) (n=3). (B) Podosome 

formation on gelatin after treatment with integrin 1 blocking ab (HA2/5) (n=3). (Statistics: 2way ANOVA with Tukey’s 

multiple comparison test; Error bars indicate mean +/- SEM. n.s. (not significant) p>0.05; * p<0.05; ** p<0.01 *** 

p<0.001) 

 

 

3.3.3. 1 and 4 integrins do not affect podosome formation in iDCs 

51 is the highest expressed FN-specific integrin in iDCs. Nevertheless, FN can also be recognized 

by 41 integrins11, which are also found on the surface of iDCs. We generated iDCs from 

Itga4flox/flox Vav-Cre bone marrow, which we received from Prof. Triantafyllos Chavakis at the 

University hospital Dresden. These iDCs were deficient for 4 integrin (figure 3.24 A). At the same 

time, this loss of 4 integrin also reduced the expression of 1 integrin, while other integrin 

expression levels were not altered (data not shown). Podosome formation on FN or gelatin, 

however, was not affected by the presence or absence of 4 integrin (figure 3.24 B). Therefore, 

4 integrin signaling seems not to be important for podosome formation on these integrin ligands. 

 
Figure 3.24 – 4 integrins are not required for podosome formation in iDCs 

iDCs generated from Itga4flox/flox Vav-Cre mice have reduced levels of 4 and 1 integrin (A), but normal podosome 

formation capacity on FN or gelatin (B). (Statistics: 2way ANOVA with Bonferroni’s multiple comparison test or Mann–
Whitney test; error bars indicate mean +/- SD; n.s. (not significant); p>0.05; * p<0.05; ** p<0.01; *** p<0.001) 
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The involvement of 51 integrins in podosome formation on gelatin was unexpected considering 

the classical binding specificity of 51 integrins and also statistically not as clear as on FN. 

Therefore, it is possible that another 1 integrin is more relevant for podosome formation on 

gelatin. 11 integrins are the only classical collagen receptor expressed by iDCs and as the full-

KO of 1 integrin in mice has no critical phenotype155, we could use bone marrow from Itga1 KO 

mice (a kind gift of Prof. Ambra Pozzi at Vanderbilt University, Nashville, USA) to analyze 

podosome formation. As shown in figure 3.25 A, the loss of 1 integrin also resulted in a mild 

reduction of 1 integrin surface levels, while again expression of other integrins did not change 

(data not shown). Culturing of Itga1KO/KO iDCs on FN, gelatin, collagen I or collagen IV, however, did 

not result in differences in podosome formation in comparison to wt controls (figure 3.25 B). 

Consequently, 1 integrin is dispensable for podosome formation by wt iDCs. 

 

Figure 3.25 – 1 integrins are dispensable for podosome formation in iDCs 

iDCs were generated from Itga1 KO mice. (A) KO of 1 integrins in iDCs reduces both 1 and 1 integrin levels. 

(Statistics: 2way ANOVA with Bonferroni’s multiple comparison test) (B) Podosome formation on FN, gelatin, collagen I 

or collagen IV is not affected by loss of 1 integrin. (Statistics: Mann –Whitney test; error bars indicate mean +/- SD; 

n.s. (not significant); *** p<0.001) 

 

To examine whether an interaction of Cyth2 with 1 integrin (signaling) is required for podosome 

formation, we knocked down Cyth2 in Itga1 KO iDCs using two different siRNAs. Kd efficiency was 

determined by western blot and yielded almost complete loss of Cyth2 (figure 3.26 A). Of note, 

treatment with Cyth2 siRNA #2 also had effects on the very similar Cyth3 protein, but Cyth1 and 

Cyth4 were not affected and siRNA #1 was entirely specific for Cyth2 (figure 3.26 B). As illustrated 
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in figure 3.26 C, podosome formation on FN was reduced by kd of Cyth2 in wt cells, which is in line 

with our data from the Cyth2 KO iDCs. Itga1 KO iDCs, however, did not behave differently than wt 

cells after kd of Cyth2 on FN (figure 3.26 D). Therefore, 1 integrins are clearly not involved in 

Cyth2-mediated regulation of podosomes on FN.  

 
Figure 3.26 – Additional loss of 1 integrin does not alter Cyth2-dependent podosome formation  

Kd of Cyth2 results in strong reduction of Cyth2 protein expression in both wt and 1 integrin KO iDCs (Statistics: Mixed-

effect analysis with Bonferroni’s multiple comparison test) (A). The effect of both siCyth2 siRNAs on other cytohesins 

was assessed (B). Quantification of podosome formation by wt iDCs after kd of Cyth2 on either FN or gelatin (statistics: 

1way ANOVA with Bonferroni’s multiple comparison test) (C) Quantification of podosome formation on FN (D) or gelatin 

(E) after Cyth2 kd in wt or 1 integrin KO iDCs. (Statistics: 2way ANOVA with Bonferroni’s multiple comparison test; 

Error bars indicate mean +/- SEM; n.s. (not significant) p>0.05; * p<0.05; ** p<0.01; *** p<0.001) 

 

Kd of Cyth2 in wt cells cultured on gelatin resulted in a moderate increase of podosome formation 

compared to control, which was statistically not significant (figure 3.26 C) but showed the same 

tendency as the Cyth2 KO in iDCs. Additional KO of 1 integrin did not change that behavior in 
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terms of podosome formation (figure 3.26 E). Therefore, we conclude that 1 integrins are also 

not involved in formation of podosomes and their regulation via Cyth2 in iDCs on gelatin. 

In the end, our analysis of all major integrins in iDCs points to specific matrix receptors that seem 

to be responsible for the differential regulation of podosome formation on FN and gelatin. While 

51 integrin is essential for mediating the Cyth2 KO-induced reduction of podosomes on FN, this 

particular integrin plays a very different role on gelatin. Here, in contrast, loss of 51 integrin 

does not alter the response of Cyth2 KO cells and might even mimic the effects of a Cyth2 KO in 

wt cells. Moreover, potential influences from additional receptors (e.g. x2 integrin) further hint 

at fundamental differences in cell adhesion processes on these two substrates.  

 

  



3. Results 

81 
 

3.4. Cyth2 affects Rho GTPase activation downstream of integrins  

Until now, we have found an integrin ligand-specific regulation of podosome formation by Cyth2 

that we can attribute to 51 integrin. However, neither general expression nor trafficking of this 

integrin is altered in Cyth2 KO iDCs. Therefore, we next analyzed if the integrin-dependent effects 

on podosome formation could also be mediated via differences in integrin activation and/or 

signaling events downstream of integrins. As described above, integrin activation affects several 

signaling pathways, including PI3K/Akt, ERK and JNK signaling as well as regulation of Rho GTPases.  

 

3.4.1. Phosphorylation downstream of integrins is unaltered in Cyth2 KO iDCs 

Phosphorylation of key signaling molecules is one of the first events happening upon integrin 

activation. The FAK homolog Pyk2 is expressed in iDCs and is autophosphorylated at Tyr402 in 

response to integrin activation, which facilitates further phosphorylation of Pyk2 by Src kinases 

and recruitment and phosphorylation of other adhesome components, including paxillin.177 

Moreover, Pyk2 has been implicated in podosome biology especially in osteoclasts178,179.  

In a first set of experiments we employed again the controlled integrin adhesion protocol by 

keeping cells in suspension and then seeding them onto coated surfaces. As figure 3.27 shows, 

phosphorylation of Pyk2 at Tyr402 indeed increases upon integrin stimulation on both FN and 

gelatin, but there was no difference between wt and Cyth2 KO iDCs. Also Tyr118-phosphorylation 

of paxillin, which is a known binding partner of Cyth2137 and involved in podosome formation180,181, 

was induced upon adhesion but not significantly different in the presence or absence of Cyth2. 

We further looked at localization of paxillin and found it at podosome rings of iDCs, but there were 

no obvious changes to localization of paxillin on FN vs gelatin or in wt vs Cyth2 KO cells (figure 

3.28). 
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Figure 3.27 – Cyth2 does not influence general activation of integrin signaling upon adhesion  

Phosphorylation of Pyk2 and paxillin in wt and Cyth2 KO iDCs upon adhesion onto FN or gelatin was assessed by western 

blot. (A) Phosphorylation of Pyk2 on FN and quantification of 4-6 independent experiments. (B) Phosphorylation of 

paxillin on FN and quantification of 3-4 independent experiments. (C) Phosphorylation of Pyk2 on gelatin and 

quantification of 3-5 independent experiments. (D) Phosphorylation of paxillin on gelatin and quantification of 3-5 

independent experiments. Error bars indicate mean +/- SEM 
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Figure 3.28 – Localization of paxillin to podosome rings 

Confocal images of wt and Cyth2 KO iDCs that were cultured on FN or gelatin and stained for talin and paxillin. Arrows 

indicate podosome clusters. Scale bar represents 15 µm 

 

Further downstream of integrin activation, several signaling pathways are initiated that are 

characterized by a cascade of phosphorylation events. Therefore, we analyzed phosphorylation of 

Akt (Ser473) and ERK1/2 (Thr202/Tyr204) upon adhesion to either FN or gelatin (figure 3.29). Both 

proteins are increasingly phosphorylated after integrin activation, but again Cyth2 deficient cells 

did not behave differently compared to control cells. Nevertheless, cells adhering to gelatin 
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showed again a delayed response especially in terms of paxillin- and ERK-phosphorylation 

compared to cells on FN.  

Considering that quantification of podosome formation usually took place after an o.n. incubation 

of iDCs on FN or gelatin, we also checked protein phosphorylation at similar, i.e. later, time points 

(figure 3.30). However, neither proximal phosphorylation events on Pyk2, Src kinase or paxillin, 

nor more distal activation of Akt or ERK were altered in iDCs lacking Cyth2 on FN or gelatin.  

 

 

Figure 3.29 – Cyth2 does not influence activation of Akt or ERK signaling pathways upon adhesion  

Phosphorylation of Akt and ERK1/2 in wt and Cyth2 KO iDCs upon adhesion onto FN or gelatin was assessed by western 

blot. (A) Phosphorylation of Akt on FN and quantification of 4-6 independent experiments. (B) Phosphorylation of 

ERK1/2 on FN and quantification of 3-4 independent experiments. (C) Phosphorylation of Akt on gelatin and 

quantification of 3-5 independent experiments. (D) Phosphorylation of ERK1/2 on gelatin and quantification of 3-5 

independent experiments. (Error bars indicate mean +/- SEM) 

 

Taken together, phosphorylation of key signaling components downstream of integrins is not 

affected by Cyth2 indicating that general integrin activation is not majorly different in Cyth2 KO 
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iDCs compared to control cells. Furthermore, specific signaling pathways via Akt and ERK do not 

seem to be involved in regulation of podosome formation by Cyth2. 

 

 
Figure 3.30 – Steady state phosphorylation of integrin signaling components is not affected by Cyth2 

Wt and Cyth2 KO iDCs were cultured o.n. on FN or gelatin and analyzed for protein phosphorylation by western blot. 

(A, B, C) Phosphorylation of Pyk2, Src and Paxillin was quantified based on 6 independent experiments. (D, E, F) 

Phosphorylation of Akt and ERK was quantified based on 3 independent experiments. (Statistics: 2way ANOVA with 

Dunnett’s multiple comparison test. Error bars indicate mean +/- SEM; n.s. (not significant) p>0.05) 
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3.4.2. Activation of RhoA is differentially regulated on different matrices 

Apart from activation of general signaling pathways via Akt and ERK, integrin signaling also affects 

Rho GTPases. These GTPases are major regulators of the actin cytoskeleton and have been 

implicated in podosome biology in various cell types.182 Among the different Rho GTPases, 

especially RhoA has gained a lot of attention in regulation of podosome formation183–187 and Rafiq 

and colleagues have placed RhoA downstream of Cyth2 in podosome formation by THP-1 cells118. 

For that reason, we analyzed RhoA activation in iDCs that were cultured on either FN or gelatin. 

As illustrated in figure 3.31, RhoA activity was indeed differentially regulated by Cyth2. On FN, loss 

of Cyth2 led to a significant reduction of RhoA activation compared to wt, whereas this effect was 

not present on gelatin. On the contrary, levels of active RhoA on gelatin were slightly increased, 

when Cyth2 was absent. These results indicate, that the differences we observed in podosome 

formation by Cyth2 KO vs wt cells might be caused by differential activation of RhoA on either FN 

or gelatin. 

 
Figure 3.31 – RhoA activity is differentially regulated by Cyth2 on different matrices 

RhoA activation on FN (A) and gelatin (B) was assessed by pulldown assays. (Statistics: paired t-test; Error bars represent 

mean +/- SD; n.s. (not significant) p>0.05; * p<0.05) 

 

To verify this hypothesis, we blocked RhoA activity in wt cells with the Rho-specific inhibitor 

Rhosin188, which led to a clear reduction of GTP-bound RhoA levels (figure 3.32 A). This inhibition 

of Rho significantly decreased podosome frequencies on both FN and gelatin (figure 3.32 B+C) 

showing that RhoA is indeed a positive regulator of podosome formation in iDCs. 

These results indicate that the Cyth2-dependent effects on podosome formation are mediated via 

the small GTPase RhoA. As RhoA activity supports podosome formation in iDCs, a reduced 

activation of RhoA on FN leads to decreased podosome numbers. On gelatin, however, slightly 

elevated RhoA activation also increases podosome formation. Therefore, the differential 

regulation of podosome formation on FN and gelatin by Cyth2 seems to be executed via respective 

modifications of RhoA activity.  



3. Results 

87 
 

 

Figure 3.32 – RhoA activation is required for complete podosome formation by iDCs 

Inhibition of RhoA activation by Rhosin (30 µM) leads to reduced RhoA activity (A) and reduction of podosome formation 

on FN and gelatin (B+C). Scale bar represent 50 µm. (Statistics: t-test; Error bars represent mean +/- SD; * p<0.05) 
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3.4.3. Activity of Arf1 and Arf6 is unaltered in Cyth2 KO iDCs 

The main function of cytohesins is the activation of Arf GTPases and podosome formation in THP-

1 cells has been shown to be regulated via the Cyth2-Arf1-RhoA axis118.  In order to study the 

involvement of Arf GTPases in Cyth2-mediated regulation of podosome formation by iDCs, we 

assessed activation levels or Arf1 and Arf6 in wt and Cyth2 KO iDCs on different matrices. 

However, we could not observe any differences in Arf1 or Arf6 activity between wt and KO cells 

on FN or gelatin (figure 3.33). These results suggest that neither Arf1 nor Arf6 is involved in Cyth2-

dependent podosome formation in iDCs. 

 
Figure 3.33 – Arf Activation is not different in Cyth2 KO iDCs 

Wt and Cyth2 KO iDCs cultured on either FN or gelatin were subjected to G-LISAs for Arf1 (A) or Arf6 (B). Graphs show 

mean of 3 independent experiments. (Statistics: 2way ANOVA with Dunnett’s multiple comparison test. Error bars 

represent mean +/- SD; n.s. (not significant) p>0.05) 

 

All in all, our data show that Cyth2 affects podosome formation on specific ECM proteins by 

altering activation of RhoA. These processes are governed by differential signaling inputs from 

specific integrins on either FN or gelatin, but do not seem to involve Arf1 or Arf6 GTPases. 
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3.5. Regulation of podosome formation in iDCs depends on the 2G-isoform of 

Cyth2 

Cytohesins do not only have tissue-specific expression patterns but they can also occur in two 

distinct isoforms that localize differently within the cell and can have different functional 

roles108,189. As podosomes are locally occurring structures that are in addition known to involve 

PI3K signaling, we wondered whether the expression of Cyth2 in 2G or 3G isoform has any effect 

on podosome formation in iDCs.  

To answer that question, we first determined the identity of wt Cyth2 in iDCs by sequencing cDNA 

derived from wt cells. As figure 3.34 A shows, Cyth2 is expressed predominantly in the 2G isoform, 

which is known to prefer PIP3 and might therefore facilitate recruitment and action of Cyth2 at 

defined cellular locations. To examine whether Cyth2-2G expression is also functionally important 

for the regulatory role of Cyth2 in podosome formation, we performed rescue experiments in 

Cyth2 KO cells.  

Since iDCs do not tolerate transfection with DNA plasmids, we performed mRNA transfection 

instead, which results in weaker and rather short-lived protein expression compared to DNA 

transfections (data not shown). GFP-tagged Cyth2 constructs containing either 2G or 3G stretches 

in their PH domains were introduced into Cyth2 deficient iDCs. As controls, we transfected both 

wt and Cyth2 KO cells with a GFP construct. Directly after transfection, cells were seeded onto FN 

or gelatin and analyzed for Cyth2 expression and podosome formation after 6 h. Transfection of 

both Cyth2 constructs resulted in robust expression on protein level that was roughly 5fold 

stronger than endogenous Cyth2 expression (figure 3.34 B). Podosome frequencies on FN showed 

the expected difference between wt and Cyth2 KO GFP controls, but re-expression of Cyth2-2G in 

Cyth2 deficient cells increased podosome formation even above wt levels (figure 3.34 C). Cyth2-

3G, however, was not able to rescue the loss of Cyth2. Similar effects were visible on gelatin: Only 

Cyth2-2G could reduce podosome frequencies to wt levels, while cells transfected with Cyth2-3G 

displayed similar values to Cyth2 KO cells transfected with GFP only (figure 3.34 C). In conclusion, 

Cyth2 isoforms are functionally different and the regulation of podosome formation on FN and 

gelatin is only mediated by Cyth2-2G. 
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Figure 3.34 – Regulation of podosome formation depends on Cyth2-2G isoform 
(A) Relative frequencies of 2G and 3G isoforms of Cyth1-4 expressed in wt iDCs. (B) Expression of GFP-Cyth2-2G and 

GFP-Cyth2-3G in Cyth2 KO iDCs was verified and quantified by Western blotting. (C) Quantification of podosome 

formation on FN or gelatin after transfection of iDCs with GFP or GFP-Cyth2-2G/3G constructs. (Statistics: Repeated 

Measures ANOVA with Bonferroni’s multiple comparison test; Error bars represent mean +/- SEM; n.s. (not significant) 

p>0.05; * p<0.05; ** p<0.01, *** p<0.001)  

 

Furthermore, we also studied subcellular localization of the different Cyth2 isoforms, but as figure 

3.35 shows, both constructs were distributed mostly uniformly in the cytoplasm sparing only 

podosome cores irrespective of the underlying coating material. This could be a result of the 

considerable overexpression or of the time point of analysis. Possibly, choosing earlier time points 

or studying the dynamics of Cyth2 constructs would make differences more apparent. 

We have shown previously that Cyth2 is the only cytohesin that is involved in podosome formation 

by iDCs (figures 3.2 and 3.4). As Cyth2 function in that context depends very much on the isoform 

expression, we wondered whether Cyth2 is the only cytohesin expressed in the 2G isoform and 

whether that might explain why loss of Cyth1, Cyth3 or Cyth4 does not affect podosomes. 

However, cDNA sequencing of the other cytohesins revealed that only Cyth1 occurs as 3G version, 

whereas both Cyth3 and Cyth4 are expressed almost completely in their 2G isoforms (figure 3.34 

A). The effects of Cyth2 on podosome formation are therefore specific for Cyth2 itself and are not 
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exclusively determined by phosphoinositol-phosphate preference. Nevertheless, expression of 

Cyth2 in the 2G isoform is necessary to mediate its role in podosome biology.   

 

 
Figure 3.35 – Localization of Cyth2-2G and Cyth2-3G seems not to be different in iDCs 
Confocal airyscan images of iDCs on FN and gelatin transfected with GFP-Cyth2-2G/3G and stained with antibodies 

against vinculin and GFP. Scale bar represent 20 µm. 
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3.6. The loss of Cyth2 has no immediate effect on myeloid cells in vivo 

So far, we could show that Cyth2 regulates podosome formation by iDCs in an integrin- and RhoA-

dependent manner but these studies have been performed in a simplified in vitro setting. It would, 

of course, be interesting to know whether this regulatory role of Cyth2 also has implications in 

vivo. As we have the LysM-Cre-driven KO mouse at hand, the relevance of Cyth2 for different 

myeloid cell populations could be analyzed.  

 

3.6.1. Frequencies of myeloid cell populations in different organs is not altered in 

Cyth2 LysM-Cre mice 

Overall, the Cyth2-LysM-Cre mice breed normally and do not show any signs of developmental 

defects. Since the LysM-driven KO targets myeloid cells, we had a closer look at these immune cell 

populations in different immunologically relevant organs, focusing especially on DCs. 

Conventional DCs (cDC) typically occur in two different subtypes, cDC1 and cDC2, which differ in 

surface marker expression and function. As cDCs in peripheral organs migrate towards draining 

lymph nodes (LN), these LNs contain both such migratory, as well as resident DC populations.190  

As figure 3.36 shows, frequencies of neutrophils, monocytes, macrophages and different DC 

populations in inguinal lymph nodes, mesenteric lymph nodes, spleen or the lungs were not 

different in Cyth2flox/flox LysM-Cre mice compared to control animals. Also, quantification of 

neutrophil numbers in the blood or the bone marrow yielded no differences between Cyth2flox/flox 

LysM-Cre and cre-negative controls (figure 3.37). Therefore, loss of Cyth2 seems to have no 

immediate effect on general frequencies of myeloid cells in vivo.  
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Figure 3.36 – Myeloid cell populations in LN, spleen and lungs are unaltered in Cyth2 KO iDCs 

Cyth2flox/flox LysM-Cre and cre-negative control mice were analyzed for frequencies of different myeloid cell 

populations in inguinal and mesenteric LN (A), spleen (B) and lungs (C) using flow cytometry. Values represent % of live 

gate. (Error bars indicate mean +/- SD) 
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Figure 3.37 – Neutrophil numbers in blood and bone marrow are unchanged in Cyth2 KO iDCs 

Cyth2flox/flox LysM-Cre and cre-negative control mice were analyzed for frequencies of neutrophils in blood and bone 

marrow samples using flow cytometry. Values represent % of live gate. (Statistics: Mann-Whitney test. Error bars 

indicate mean +/- SD; n.s. (not significant) p>0.05) 

 

3.6.2. Osteoclasts of Cyth2 LysM-Cre mice function normally 

While there have been studies dealing with the role of invadopodia during cancer cell 

metastasis78,79, a physiological role of podosomes in immune cell function has not been clearly 

shown in vivo. There are reports of leukocytes forming podosome-like protrusion during 

extravasation74, but the functional relevance of this observation is not clarified yet. Osteoclasts, 

however, have long been known to depend on podosomes and the related sealing zone for their 

degradative activity.80–82 In contrast to osteoblasts, which synthesize new bone material, 

osteoclasts are responsible for degradation of bone. Both functions are equally important for bone 

homeostasis and dysregulation of either osteoblast or osteoclast activity manifests in altered bone 

structure and density.191 As osteoclasts are part of the myeloid lineage, they are also targeted by 

a LysM-Cre-driven KO192,193 and should be deficient for Cyth2 in our system.  

In order to examine if loss of Cyth2 affects osteoclast function, we determined bone mineral 

density (BMD) of either Cyth2flox/flox LysM-Cre mice or cre-negative control animals (Cyth2flox/flox). 

Together with the group of Prof. Christoph Bourauel at the Dental Clinic of Bonn University we 

performed µCT measurements and quantified BMD of trabecular bone within the femur (epiphysis 

and metaphysis) and in the skull (parietal bone and sphenoid bone). However, BMDs of Cyth2flox/flox 

LysM-Cre mice were not different from control mice (figure 3.38), indicating that osteoclast 

function is not affected by loss of Cyth2.  
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Figure 3.38 – Osteoclast activity is not affected by loss of Cyth2 

BMD of femur and skull of Cyth2flox/flox LysM-Cre and cre-negative control mice was quantified using µCT. (Statistics: 

Mann Whitney Test. Error bars represent mean +/- SD; n.s. (not significant) p>0.05) 

 

Overall, under steady state conditions Cyth2 LysM-Cre mice do not have any obvious phenotype 

that could be correlated with the effects we see on podosome formation in vitro. It is possible, 

though, that the integrin-specific regulation of podosome formation by Cyth2 becomes more 

relevant under pathological conditions.  
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4. Discussion 

For this study we asked whether cytohesins are involved in the integrin-related regulation of actin 

dynamics, specifically podosome formation. Using BMDCs from several cytohesin KO mice, we 

could show that only Cyth2 plays a role in podosome formation and that this role is relevant, when 

cells are cultured on FN or gelatin (or collagen IV), but not on Icam-1 or fibrinogen. Interestingly, 

the effect of Cyth2 on podosomes differs between FN and gelatin. While Cyth2 is required for full 

podosome formation on FN, it acts inhibitory on podosomes in a gelatin or collagen IV 

environment. This differential regulation of podosome formation is mediated via RhoA activation 

and involves specifically 51 integrins.     

 

4.1. Cyth2 action in podosome formation is matrix- and integrin-specific 

The importance of Cyth2 for podosome formation has been shown before by Rafiq and colleagues, 

who knocked down Cyth2 with siRNAs in the human monocyte-like cell line THP-1118. They 

observed a strong reduction of podosome numbers upon kd of Cyth2, which is supported by our 

data from iDCs cultured on FN. Indeed, Rafiq and colleagues used specifically FN as coating 

substrate. However, we could extend our understanding of the role of Cyth2 in podosome biology 

by showing that the positive regulation of podosome formation by Cyth2 is actually restricted to 

a FN-rich environment. On other substrates, though, Cyth2 deficient cells either behave entirely 

like wt controls (on fibrinogen or Icam-1) or they respond the opposite way and even increase 

their podosome numbers (on gelatin or collagen).  

The observation that the composition of the ECM influences cellular signaling and behavior is well-

known and there are several reports showing that stimulating cells with different matrix proteins 

induces differences in protein phosphorylation178,194 or in adhesion behavior62,195. We have also 

observed that adhesion kinetics, cell spreading and general formation of adhesion structures, as 

well as phosphorylation of key signaling molecules, varies with the underlying coating material. 

These particular responses are often caused by involvement of specific integrins and the list of 

publications dealing with binding and signaling variations between different integrin classes is 

extensive42–46,196–198.  

Our data indicate that the Cyth2-dependent responses to FN and gelatin depend on differential 

involvement of 51 integrins. While wt cells on FN apparently do not need 51 integrin to form 

podosomes, the presence of 51 integrins is essential for the reduction of podosome numbers 
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in Cyth2 KO cells. On gelatin, though, the KO of Cyth2 induces an increased podosome formation, 

which is not affected by additional loss of 51 integrin. In contrast, wt cells lacking 1 integrin 

even showed similarly elevated podosome levels on gelatin, which was reproducible by tendency 

using siRNAs targeting Itga5. The role of Cyth2 is therefore diametrically opposed on the two 

substrates: On FN it seems to act inhibitory on 51 integrin signaling to podosomes, whereas 

Cyth2 on gelatin might be located in the same pathway as 51 integrin and removal of either 

factor has the same effect on podosome formation. Therefore, Cyth2 is not a general regulator of 

podosome formation but controls subtle differences in integrin signaling. 

In general, 1 integrins are found in invadosomes of several cell types199–201 and they can play very 

fundamental roles in invadosome formation and stability. While in some studies 1 integrins are 

required for and promote formation of invadopodia202–205, these integrins have also been shown 

to act inhibitory206. In other publications using immature monocyte-derived DCs or osteoclasts 1 

integrins even appear to be negligible for podosome formation.83,200 This might indicate intricate 

differences between podosomes and invadopodia or simply reflect cell type-specific 

characteristics. Consistent with that, the equipment of a cell with specific integrins might affect 

how important 1 integrins actually are. In both osteoclasts and DCs, whose podosomes seemed 

to be independent of 1 integrin signaling, 1 integrin is not the major integrin expressed, but is 

accompanied by high levels of 3 integrins and/or 2 integrins. These could compensate for a loss 

of 1 integrin in maintaining podosome structures. In line with this thought, we and others77 could 

show that KO of 2 integrins has equally strong effects on podosome formation in iDCs. Similarly, 

osteoclasts need at least 2 of their 3 major integrin classes to maintain podosomes.83 

Interestingly, the experiments showing a dependence on 1 integrins for invadopodia formation 

were conducted on gelatin, whereas the osteoclast and DC data were generated on FCS-coated 

surfaces and a mixture of FN and gelatin, respectively. However, considering that we observed the 

opposite (i.e. an inhibition of podosome formation by 1 integrins) on gelatin, these differences 

are most likely not exclusively explainable by differential matrix sensing. Unfortunately, a direct 

comparison between our data and the before-mentioned studies using myeloid cells (osteoclasts 

and DCs) in terms of matrix effects is difficult, because van Helden and colleagues coated with a 

mixture of FN and gelatin and the FCS used for the experiments with osteoclasts contains 

numerous proteins, including FN and fibrinogen207,208. Nevertheless, the role of 1 integrin in 

podosome formation seems to be complex and very much dependent on cell type and 

experimental procedures. 
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4.2. 51 integrins can mediate gelatin-dependent effects 

The contribution of 51 integrins to podosome formation in a FN-environment is not 

unexpected, as FN is the classical ligand for 51 integrins11. Gelatin, however, is not described to 

be bound by this particular integrin. As gelatin is hydrolyzed collagen169, it is most likely recognized 

by cellular collagen receptors. In iDCs, such collagen-specific integrins are either 11 or x2 

integrins. Moreover, in Cyth2 KO iDCs we also see an increase in podosome frequencies on 

collagen IV and at least in tendency on collagen I, which is in line with the data on gelatin and 

further strengthens the idea that gelatin is bound by collagen receptors.  

 

4.2.1. Potential receptors for gelatin in iDCs and their role in podosome formation 

11 integrin is a classical collagen receptor, which has a higher affinity for collagen IV than 

collagen I.209 Vice versa, collagen I is the preferred ligand of 21 integrin209, which is not found 

in iDCs. This could explain why general iDC adhesion and spreading on collagen IV is better than 

on collagen I (figure 3.9) and might also explain why the effect of Cyth2 on podosome formation 

is stronger on collagen IV. However, in our experiments even 1 integrin is expressed at relatively 

low levels and 1 integrin KO cells adhere normally onto both collagen I and collagen IV. 

Moreover, we have extensively analyzed the potential contribution of 1 integrin to the Cyth2-

mediated effect on podosome formation but have not found any sign of a functional involvement. 

Therefore, 11 integrin is most likely not responsible for recognizing gelatin and mediating 

Cyth2-dependent effects in iDCs. 

x2 integrin is the highest expressed integrin in iDCs and the x integrin chain (also called CD11c) 

is the prototype of a DC-specific antigen210. However, in comparison to L or M, the x integrin 

is only poorly characterized, especially in terms of collagen-binding. A study by Garnotel and 

colleagues showed that x integrin mediates adhesion of monocytes to collagen I176 and it was 

published that x integrin can bind to denatured proteins211. Therefore, gelatin could indeed be a 

ligand of x2 integrin. Our kd experiments of Itgax on gelatin seemed promising, because 

treatment with one siRNA altered podosome levels of both wt and Cyth2 KO cells to an FN-like 

state. This would indicate that x integrin might indeed be responsible for the reverse regulation 

of podosome formation by Cyth2 on gelatin vs FN. However, the strength of the effect on 

podosome formation and the kd efficiency of both siRNAs did not correlate well. Possibly, one of 

them has some off-target effects that influence podosome formation in a different way. In the 
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future, one would have to use more independent siRNAs or Itgax KO cells to identify a true x-

specific effect.  

The two other 2 integrins (L and M) did not majorly affect podosomes and might compensate 

for the potential role of X integrin in podosome formation on the general 2 integrin ligands 

fibrinogen and Icam-1. In line with that, gelatin would stimulate specifically X2 integrin leading 

to the observed Cyth2-dependent effect on podosomes. The common 2 integrin chain is crucial 

for podosome formation in general and partial reduction of this integrin by RNA interference 

altered podosome levels only moderately, but still abolished the Cyth2-dependent effect. This 

could be due to concomitant reductions of x integrin surface expression or could be caused by a 

general disturbance of podosome formation pathways leaving the mild effect of Cyth2 

dispensable. 

Apart from collagen-binding integrins there are also other membrane proteins that can recognize 

and bind to collagen. These include the discoidin domain receptors DDR1 and DDR2, 

glycoprotein VI, leukocyte-associated immunoglobulin-like receptor-1 (LAIR-1), certain mannose 

receptors, and proteoglycans like CD44 or syndecans.212 Of these receptors, only Mannose 

receptor 1, some syndecans and CD44 are expressed by iDCs on mRNA levels, but their expression 

is not affected by loss of Cyth2 or differences in protein coating (data not shown). Both CD44213 

and syndecans214 have been connected with invadosomes. Still, further experiments would be 

required to elucidate the potential involvement of these non-integrin collagen receptors in Cyth2-

mediated podosome formation. 

 

4.2.2. 51 integrin and its role in adhesion to collagens 

Despite the number of potential gelatin/collagen receptors expressed by iDCs, our results indicate 

that even on gelatin 51 integrin might be functionally involved. While there are no reports of 

collagen being a specific ligand for 5 integrins, some researchers have observed a role of 5 

integrins in collagen-rich environments. Antibody-based activation of 51 integrin, for example, 

has been shown to inhibit migration of muscle cells on gelatin215 and mesenchymal stem cells 

adhered less in a gelatin-hyaluronan gel, when 5 integrin was blocked216. Still, there are no 

indications for 51 binding directly to collagens, even though it was reported that partially 

denatured collagen can expose RGD (arginine-glycin-aspartic acid) motifs217, which are the prime 

recognition sequences for 5 integrins in FN9.  
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However, it is possible that 51 integrins bind to collagen/gelatin indirectly. Glycoproteins like 

FN do not only link cells to the ECM but also interconnect different components of the ECM with 

each other5 and FN contains a collagen (or gelatin)-binding site at its N-terminus218. This collagen-

binding ability of FN is particularly important for deposition of both FN and collagen in the ECM219 

and supports spreading of CHO cells on a mixture of FN and gelatin220. Moreover, specifically 5 

integrins have been shown to mediate adhesion of chondrocytes to denatured collagen, but not 

to native collagen, via a so-called “51-FN bridge”.221 

ECM is constantly synthesized and modified by the cells living within, especially fibroblasts.5 Also 

immune cells have been shown to produce FN.222–224 As iDCs express the FN gene (data not 

shown), it is possible that they also secrete FN into their environment even when they are seeded 

onto pure gelatin. These secreted FN fibrils then could potentially link gelatin to 51 integrins 

and modify cellular behavior. Moreover, our observation that iDC adhesion onto gelatin takes 

considerably longer than onto FN could be explained by deposition of endogenous FN prior to full 

adhesion of iDCs. In addition, we cultured iDCs in medium containing serum, which includes not 

only growth factors but also several integrin ligands, like FN208. So far, however, we have neither 

analyzed FN deposition in our assays, nor the role of FN-gelatin interaction for podosome 

formation. Nevertheless, such an indirect binding to gelatin via FN fibrils could convincingly 

explain how 51 integrins can influence adhesion to gelatin. 

 

4.2.3. Integrin receptor crosstalk or different integrin activation might explain the 

matrix-dependent changes in podosome formation observed for Cyth2 KO iDCs 

Independent of the exact interaction between gelatin and 51 integrin, the question still remains 

how involvement of this particular integrin can affect podosome formation so differently on FN or 

gelatin. One possible explanation could be that the potential direct interaction between gelatin 

and 51 integrin induces a different conformation of the integrin than binding to FN. 

Conformation-specific effects have been described for 47 integrin in lymphocytes, which has 

higher affinities for either VCAM or MadCAM depending on its conformation state.225,226 Such 

variations in integrin activation might affect downstream signaling cascades resulting ultimately 

in different podosome formation.  

Similarly, the interaction between FN and gelatin might modify the binding between FN and 51 

integrin leading to a different integrin conformation. This could be mediated by conformational 

changes of FN itself leading to altered recognition by the integrin, for example by generation of 
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additional binding sites for the integrin. Apart from the RGD motif 51 integrins, for instance, 

also interact with the synergy site on FN, which is able to further modulate FN binding.227,228 

However, both RGD and synergy sites are bound by slightly different conformational states of 

5 integrin.229,230  Comparable mechanisms in iDCs could then lead to slightly altered integrin 

activation and intracellular signaling events on gelatin. 

In addition to 51 integrins being the prime direct or indirect receptor for gelatin, it is also 

possible that these integrins simply modify activation or signaling of other gelatin receptors. This 

process is called crosstalk and is a common feature of integrin biology. Cells usually express several 

integrins simultaneously, as well as other surface receptors, and their signaling cascades influence 

each other. Many key signaling modules are shared by numerous receptors, e.g. Akt, ERK or Src 

kinase, but are regulated differently, positively or negatively. Moreover, feedback mechanisms 

can also modify signaling from other receptors.231 Such crosstalk has been described between 

integrins and several growth factor receptors232–234 or other, non-integrin adhesion 

receptors131,195,235, but it also occurs within the group of integrins themselves. For example, in 

T cell adhesion and extravasation processes the time-controlled activation of L2 and 41 

integrins is regulated by a complex crosstalk between both integrin classes.236,237 Moreover, there 

are several reports on 51 integrin regulation by and of other integrins, which modifies integrin 

activation and ligand binding, integrin recycling or specific functional outcomes of 5 integrin 

signaling.236,238–244.  

Similar to these data, a scenario, where 51 integrin modulates signaling events downstream of 

gelatin-binding receptors (e.g. x2 integrin or other gelatin receptors) or where 51 integrin 

signals are modified themselves, is a very plausible explanation for the differential effects of Cyth2 

KO on podosome formation on different matrices. This is especially intriguing as receptor crosstalk 

is discussed as an important mechanism during formation of invadosomes, where signals from 

different integrin classes or other matrix receptors converge on central podosome regulators like 

Src kinase or protein kinase C.245 
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4.3. Selective regulation of Rho GTPases mediates the effect of Cyth2 on podosomes  

Apart from identifying the responsible integrins for Cyth2-mediated effects on podosome 

formation, we also examined intracellular signaling mechanisms involving Cyth2. Our data showed 

that neither proximal phosphorylation events downstream of integrin receptors nor more distal 

effects on the Akt or ERK signaling pathways are altered by loss of Cyth2. This indicates that 

general activation and signal transduction from integrins is not majorly compromised by Cyth2 

KO. The observation that cell spreading and FA formation are also not significantly different in 

Cyth2 KO cells on FN or gelatin further supports the notion that overall adhesion behavior is not 

affected. Due to the lack of conformation-specific reporter antibodies for murine integrins, 

though, we cannot definitely exclude that Cyth2 acts directly at 51 integrin and modifies its 

activation.  

Integrin signaling, however, includes a plethora of pathways and effectors and we could identify 

RhoA as a potential mediator of the differential effects of Cyth2 on podosome formation on 

different matrices. The activation state of this GTPase is differentially altered by loss of Cyth2 on 

either coating substrate. On FN, RhoA activity is reduced by Cyth2 KO, while on gelatin we see a 

mild increase in RhoA activation. Furthermore, pharmacological inhibition of Rho showed that 

RhoA indeed is a positive regulator of podosomes in iDCs. Therefore, we conclude that RhoA is 

differently activated downstream of Cyth2 on either FN or gelatin, which results in altered 

podosome formation. 

 

4.3.1. RhoA activation promotes podosome formation in iDCs 

Rho GTPases in general are critically involved in formation of invadosomes.246 RhoA in particular 

is responsible for contractility of the cytoskeleton by regulating the activity of ROCK. ROCK in turn 

modifies the phosphorylation state of myosin II and thereby the contractility of actin fibres.60 This 

myosin-dependent contractibility is an important pre-requisite for dynamic formation and 

turnover of invadosomes, as well as their mechanosensing function.85,247–251 Apart from the ROCK-

myosin pathway, RhoA also targets formins, especially mDia. These actin-nucleators are key 

regulators of the actin-rich invadosomes.68,252–254  

Still, the exact role of RhoA in invadosome formation remains controversial. While active RhoA 

has been observed at invadosomes186 and increased RhoA activity can promote invadosome 

formation and stability185,255–260, other studies have reported that RhoA activation leads to 

disassembly of invadosomes90,118,184,187,200,261,262. The reason for these differences is not entirely 
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understood but could in part be due to that fact that RhoA, like any GTPase, constantly cycles 

between its activation states. RhoA activation, as well as its inactivation, is most likely required at 

very specific time points and localizations during the invadosome life cycle. In addition, the 

different roles for RhoA might simply reflect cell type-specific variances. Depending on the 

intrinsic basal activation levels of RhoA or the expression of certain regulators and effectors in 

each cell type, alterations in RhoA activity in either direction might have different outcomes for 

invadosome formation.263 

Interestingly, Rafiq and colleagues showed that inhibition of cytohesins increases RhoA activity 

and reduces podosome formation in THP-1 cells.118 This effect on podosomes depends on 

myosin II and ROCK. In their system RhoA is therefore a negative regulator of podosome 

formation, which is in clear contrast to our data. Considering the before-mentioned literature, the 

seemingly opposing effects of RhoA activation in podosome formation in THP-1 cells and iDCs are 

probably caused by inherent differences in key regulatory pathways. Even though both THP-1 cells 

and iDCs are myeloid cells, they still display crucial differences. While iDCs form podosomes 

spontaneously without any further modification by the experimenter, THP-1 cells have to be 

treated with TGF- or PMA in order to induce significant numbers of podosome-like structures. 

Both substances have been shown to influence RhoA activation264,265 and could have additional 

effects on other pathways, which might affect podosome formation – similar to the receptor 

crosstalk described above. Moreover, the principal route leading to podosome formation in the 

first place could be different depending on the stimulus and therefore RhoA might be involved at 

different or additional steps.  

THP-1 cells also appear very different in terms of morphology. Being monocyte-like cells, they are 

relatively small and round and spread only little on a 2D surface.118 iDCs in contrast form filopodia 

and broad protrusions and are often polarized in one direction. Differences in RhoA activation 

state can have very profound effects on cellular morphology and adhesion.266 Therefore, the 

different morphology of THP-1 cells and iDCs further supports the notion that general actin 

organizing mechanisms are regulated differently in both cell types. Still, additional experiments 

using, for example, FRET (fluorescence resonance energy transfer)-based biosensors for RhoA 

activity could further confirm and expand our knowledge on the localized and time-specific effects 

of RhoA in podosome formation by iDCs. Based on our data we also cannot completely exclude 

that the increased podosome numbers of Cyth2 KO cells on gelatin rely on additional pathways 

apart from RhoA. 
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4.3.2. Cyth2 affects RhoA activation independently of Arf GTPases 

Our data show that loss of Cyth2 affects both RhoA activity and podosome formation differentially 

on either FN or gelatin, which indicates that RhoA acts downstream of Cyth2. Nevertheless, loss 

of Cyth2 seems to affect RhoA activation differently on both coating substrates. Cytohesins in 

general have been shown to control RhoA activity in other settings before, but again the literature 

on that topic is ambiguous. The cytohesin homolog in Drosophila (Steppke), for instance, inhibits 

Rho activity at different steps during the development of Drosophila embryos267–269, while our lab 

could show that Cyth1 is required for full RhoA activation in mature DCs135. The proposed pathway 

by Rafiq and colleagues, however, claims that Cyth2 downregulates RhoA activity in THP-1 cells 

(on FN)118, which is contrary to our results from iDCs on FN. Most likely, as discussed above, RhoA-

related signaling and effects depend very much on the cell type and the experimental conditions 

and therefore the role of cytohesins in activation of this GTPase can be diverse as well. 

In most publications, including Rafiq and colleagues, cytohesins act via Arf GTPases to influence 

their downstream effector RhoA118,267–269. Since Arf GTPases are the prime targets of cytohesin 

GEF action106, this connection is very obvious. RhoA and Arf GTPases often share common 

regulators270,271 and effectors272–274, and can influence each other275,276. Our data, however, 

showed that neither Arf1 nor Arf6 activation is altered by loss of Cyth2 in iDCs, which suggests 

that the regulation of RhoA in this specific case is not mediated via these GTPases.  

It is still possible that Arf activation in iDCs might only be different at very specific subcellular 

localizations and our analysis of whole-cell lysates simply did not detect these small alterations. 

Again, an approach using FRET-based biosensors could help to resolve such localized activity 

patterns. Moreover, there are in total six Arf GTPases, of which Arf1 and Arf6 are by far the best 

characterized representatives. Both Arf1118,119 and Arf6115 have already been implicated in 

regulation of invadosome formation. It cannot be ruled out, however, that in terms of podosome 

formation in iDCs Cyth2 acts specifically on Arf2-5. Based on current literature, though, there is 

little evidence that these Arf proteins are active anywhere else than at the Golgi apparatus.112   

Another intriguing possibility would be that Cyth2 acts in a GEF-independent manner to regulate 

podosome formation. With its coiled-coil domain Cyth2 can interact with several other proteins, 

including the scaffold proteins paxillin137 and GRASP/Tamalin143, which have been shown to 

associate with certain Rho GEFs143,277. This way Cyth2 might simply affect the localized recruitment 

of Rho regulators. Such Arf-independent roles of cytohesins have been described before. In 

epithelial cells Luong and colleagues described effects of Cyth2 on actin dynamics that relied on 

its ability to bind to phosphoinositides but not its GEF function.278 Moreover, an Arf-independent 
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function of Cyth2 also fits very well with our observations that trafficking of integrins is not altered 

in Cyth2 KO cells, as regulation of receptor dynamics is a key  function of Arf GTPases112. Including 

a GEF-mutant form (E156K) of Cyth2 in rescue experiments of Cyth2 KO cells, could solve the 

question whether Arf proteins play a role at all in Cyth2-mediated podosome formation. 

Considering that we have found evidence for an integrin-dependent regulation of RhoA, it would 

make sense if Cyth2 were directly involved in integrin-related RhoA activation pathways. RhoA 

activity is regulated in two stages upon integrin stimulation. Directly after adhesion RhoA is 

inhibited via a Src-p190RhoGAP axis, only to be reactivated after a few minutes.279–281 This later 

re-activation of RhoA can be mediated by several GEFs downstream of integrins: p190RhoGEF282, 

LARG and p115RhoGEF283. Interestingly, the second phase of RhoA activation can be induced 

specifically by 51 integrins, but not by v3 integrins.284 Similar integrin-specific differences in 

RhoA activation have been reported for 3 and 2 integrins, which inhibit or promote RhoA 

activity, respectively.285  

The easiest explanation for the differential involvement of Cyth2 in RhoA-mediated podosome 

formation downstream of either FN or gelatin would therefore be alterations in Rho GEF or GAP 

recruitment or activation downstream of 51 integrins. Given the huge number of potential 

candidates, identifying the responsible factor and its connection to Cyth2 constitutes a major 

challenge. An unbiased analysis of the proteome associated with podosomes of wt and Cyth2 

deficient cells on several substrates would probably be the best way to go about this issue. The 

composition of both invadosomes286,287 and FAs47,288–290 has been described with similar means. 

Some studies even found integrin- and matrix-dependent differences, e.g. concerning GTPase 

recruitment to FAs on FN vs VCAM291. Kutys and colleagues approached this question using an 

active-GEF affinity screen in cells migrating on FN or collagen. They found a specific pair of Rho 

GEF and GAP (-Pix and SRGAP1) to be activated in a collagen environment but not on FN.46 These 

two factors enhanced activation of Cdc42 and dampened RhoA activity, which enabled efficient 

cell migration on collagen. Moreover, the authors linked this differential involvement of Rho 

regulators specifically to 21 integrin but not 51 integrin. Likewise, culturing iDCs on either 

FN or gelatin could result in slightly altered composition of adhesion complexes in podosomes, 

where Cyth2 might be differentially involved in recruitment of specific Rho GEFs or GAPs. Such a 

possible mechanism is illustrated in figure 4.1.  
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Figure 4.1 – Mechanistic scheme of Cyth2-dependent regulation of podosome formation on FN and gelatin 

Culturing iDCs on either FN or gelatin leads to differential regulation of Cyth2-dependent podosome formation. This 

could be explained by engagement of different matrix receptors leading alterations in adhesome composition.  

On FN, activation of 51 integrin leads to assembly of a specific adhesome (A), where Cyth2 suppresses RhoA-inhibiting 

pathways. When Cyth2 is lost, the signals coming from 51 integrin lead to a reduction of RhoA activation and 

therefore decreased podosome formation. 

On gelatin, a more complex array of receptors, including potentially 51 integrin but also other gelatin receptor(s), 

induces formation of a differently composed adhesome (B). Here, Cyth2 has a different function and mediates 

suppression of RhoA activation. In Cyth2 KO cells, this inhibition of RhoA is released and podosome formation is 

stimulated. Similarly, loss of 51 integrin abolishes this inhibitory signaling axis.  
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4.4. Podosome formation is specifically regulated by Cyth2-2G 

In this thesis we aimed at elucidating the role of cytohesins in integrin-dependent podosome 

formation. However, we could only detect a dependency of iDCs on Cyth2 for differential 

formation of podosomes on either FN or gelatin. Cyth1, Cyth3 and Cyth4 were not required to 

maintain podosome numbers in these cells. 

 

4.4.1. Cyth1, Cyth3 and Cyth4 do not affect podosome formation on FN or gelatin 

All four cytohesins are very similar in their structure and protein sequence. Cyth4, which is most 

different from the other cytohesins, still shares ~70 % sequence identity with Cyth1-3.102 There 

are numerous publications showing that Cyth2 plays a role in integrin biology and actin 

dynamics.129,136,137,140,144,145 Except for Cyth4, whose cell biological function is not described so far, 

both Cyth1103,132,135,292,293 and Cyth3128,129,294,295 have been implicated in integrin-related adhesion 

and actin remodeling processes as well. Despite reported functional overlap of these proteins with 

Cyth2103,104,134,146,189,278,296, none of the other cytohesins affected podosome formation in our 

experiments. The podosome-related function of Cyth2 is therefore very specific for this particular 

protein. Still, we cannot rule out that other cytohesins might be involved in podosome formation 

on different integrin ligands than the ones we tested for this study.   

In line with our data, Rafiq and colleagues excluded a role of Cyth1 in the regulation of podosome 

formation by THP-1 cells.118 In their system, Cyth1 localizes diffusely throughout the cytoplasm, 

while Cyth2 accumulates specifically at podosome rings. Our data, however, do not replicate this 

specific localization of Cyth2 to podosomes. Rather, we observed a more unspecific distribution 

in the cytoplasm, which was similar to the stainings shown for Cyth1 by Rafiq and colleagues. In 

many studies Cyth2 is found diffusely distributed throughout the cell, while Cyth1 is often 

associated more clearly with the cell membrane108,128,297. The discrepancy between our 

observations and Rafiq’s data could be due to cell type-specific differences or experimental 

procedures, as stimulation with PMA or fMLP has been shown to induce translocation of Cyth1 

and Cyth2 to the cell membrane.298 Additionally, the action of Cyth2 at podosomes could be 

restricted to certain phases of podosome turnover and the recruitment of Cyth2 therefore might 

be only transient.  
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4.4.2. Cytohesin isoforms determine their localization and function 

In addition to functional differences within the family of cytohesins, also the isoform expression 

of cytohesins can be an important factor for function as well as subcellular localization. In our 

experiments we could show that the regulation of podosome formation is exclusively controlled 

by Cyth2-2G and not by the 3G isoform. Interestingly, Oh and Santy reported that the regulation 

of 1 integrin recycling by Cyth2 and Cyth3 in HeLa cells is not protein-specific but entirely 

determined by the isoform expression. Only the 3G isoform of either Cyth2 or Cyth3 affected 

integrin trafficking, while the 2G isoforms were not involved.129,189 Considering that in wt iDCs 

Cyth2 is predominantly expressed in the 2G isoform, this could explain why we did not observe 

effects on integrin trafficking in Cyth2 KO cells. Moreover, similar isoform-dependent functional 

differences between cytohesins can be excluded in our system, because also Cyth3 and Cyth4 are 

expressed as 2G isoforms in iDCs. Apart from the studies by Oh and Santy, also Cyth1 isoforms 

have been reported to have different roles in cell migration and formation of actin ruffles. Cyth1-

2G preferably localizes to the leading edge of migrating cells, while Cyth1-3G is found 

constitutively at the cell membrane but in an unpolarized fashion.108 

2G/3G isoforms of cytohesins differ in their affinity for PIP2 and PIP3, with 2G isoforms preferring 

PIP3, while 3G isoforms bind to both phospholipids equally well.107 PIP2 is the most abundant 

phosphatidylinositol, whereas PIP3 is almost undetectable in unstimulated cells. Upon stimulation, 

PIP2 can be phosphorylated by PI3K to generate PIP3, which acts as a central signaling hub for 

several signaling pathways. Vice versa, PTEN dephosphorylates PIP3 to PIP2.299 Podosomes are very 

locally occurring structures at the plasma membrane and spots of localized signaling events. 

Therefore, it is not surprising that the membrane composition at podosomes is distinct from other 

parts of the plasma membrane. Certain phospholipids, including PIP3, have been found enriched 

at invadopodia 184,300, while the specific localization of  PIP2 to these structures is 

controversial300,301. Nevertheless, PI3K activity has been shown to be required for podosome 

formation184,302, whereas PTEN acts inhibitory303,304, illustrating the importance of especially PIP3 

for invadosomes. 

With this information in mind, the particular role of Cyth2-2G, but not Cyth2-3G, in podosome 

formation could indeed be explained by recruitment of especially the 2G isoform to podosomes. 

Yet, we could not observe any accumulation of Cyth2-2G at podosomes, in contrast to the data of 

Rafiq and colleagues118. They do, however, not specify which isoform of Cyth2 they used in their 

study. As we did not observe a more specific pattern with Cyth2-3G either, these dissimilarities in 

localization could again be a matter of cell type-specific differences or could be caused by the 
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experimental setup. Stimulation of THP-1 cells with TGF- or PMA may alter PIP3 levels more 

distinctly compared to the untreated iDCs. Moreover, recruitment of Cyth2 to podosomes could 

simply be dependent on the kinetics of sequential signaling events during podosome assembly or 

disassembly73. These questions could be addressed by monitoring the dynamics of Cyth-2G and 

Cyth2-3G starting with initiation of adhesion – ideally using live cell imaging techniques. 

Furthermore, the lipid composition at podosome membranes of iDCs could be examined with 

reporter constructs for different phosphatidylinositols.   

 

4.5. Physiological relevance of Cyth2-mediated podosome formation 

The major part of this thesis deals with the elucidation of the cell biological and mechanistic role 

of Cyth2 in iDC podosome formation and is therefore performed in an in vitro setting. The in vivo 

relevance of this effect, however, is still not clear. The importance of invadopodia for cancer cell 

metastasis is well established in the literature and there are several publications showing a clear 

correlation between the presence of invadopodia and the ability of tumor cells to form 

metastases78,79. Yet, this is not the case for immune cell podosomes. While these structures are 

known to play a role in migration and adhesion processes in vitro75–77 and have been identified in 

extravasating leukocytes in vivo74, there are no functional data on the involvement of podosomes 

during an actual immune reaction in vivo. Based on our (in vitro) knowledge about podosomes, 

though, they are most likely involved in general migration and invasion processes of immune cells.  

 

4.5.1. Myeloid cell populations in vivo are not affected by Cyth2 KO  

In the context of DC biology, there are two major steps of cell migration. cDCs develop from 

hematopoietic stem cells in the bone marrow and enter the blood as precursors (pre-DCs). When 

these pre-DCs arrive in the periphery, they extravasate from the blood and finally differentiate 

within the respective organ. The second phase of DC migration happens after an immunological 

stimulus. Upon pathogen encounter DCs in the periphery mature and start migrating towards 

draining lymph nodes, where they initiate the adaptive immune response.305 Given that 

podosomes occur only in immature BMDCs and disappear upon maturation200, it is more likely 

that the first wave of migration of pre-DCs or the positioning of immature DCs within organs is 

affected by a Cyth2-dependent deregulation of podosomes.  
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Using myeloid cell-specific Cyth2 KO mice we analyzed steady state frequencies of different 

myeloid populations in several immunologically relevant organs (blood, spleen, lymph nodes and 

lungs) and focused especially on DCs. However, we could not detect any differences between 

Cyth2flox/flox LysM-Cre mice and controls. This could be due to the fact that the penetration of the 

LysM-Cre driven KO is not complete in all myeloid cell types and targets especially DCs only 

partially306, which might mask small effects on subpopulations. 

Furthermore, the absence of an in vivo phenotype suggests that either the observed effect in vitro 

is not strong enough to manifest in a systemic phenotype or that the matrix-specific mechanisms 

are indeed too specific and are not functionally relevant in the mixed matrix environment in vivo. 

Both FN and collagen are major components of ECM, although their exact contribution varies 

between different tissues. Soft organs, (e.g. the brain) contain less collagen than stiffer tissue, like 

ligaments307, and tumors are known to alter their microenvironment by depositing more 

collagen308. Conversely, provisional matrix, with is formed during wound healing, is especially rich 

in FN, while collagen is deposited later, when the provisional matrix is replaced by normal ECM.309 

The matrix- and integrin-dependent regulation of podosome formation might therefore be 

relevant only in very specific locations and situations. 

In addition to the two major DC subtypes that we analyzed (cDC1 and cDC2), DCs have been shown 

to differentiate into more specialized subpopulations, especially in non-lymphoid organs such as 

skin, lungs or intestine.310,311 A more complex staining panel and the inclusion of other organs 

would be required to rule out an effect of the Cyth2 KO on minor DC subpopulations.  

Apart from cell frequencies, it is possible that sub-organ localization of Cyth2 KO DCs is altered 

compared to wt DCs, which would not be detectable by flow cytometry. In the spleen, immature 

DCs are found especially at the bridging channels between red pulp and T cell zones and locate to 

T cell zones only upon stimulation312. Interfering with different migration-associated receptors can 

substantially alter positioning of DC populations, which also has consequences for immune 

reactions.313–315 Similar effects in Cyth2flox/flox LysM-Cre mice would have to be further analyzed by 

immunohistochemistry stainings for different DC populations.  

Finally, it is still possible that Cyth2-mediated podosome formation becomes only relevant upon 

an immunological challenge and experiments in our lab have already indicated that DC 

recruitment is mildly affected by Cyth2 KO in a legionella infection model (Anastasia Solomatina, 

unpublished data). Further studies in that direction might shed some light on the role of Cyth2 

and podosomes during immune reactions. 
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4.5.2. Integrin expression of osteoclasts differs substantially from iDCs 

Besides the analysis of myeloid immune cells, we also examined the functionality of osteoclasts, 

because their sealing zone is the best characterized physiological context for podosome function 

in vivo80–82. However, we could not detect any differences in BMD of Cyth2flox/flox LysM-Cre mice 

compared to controls indicating that osteoclasts are also not affected by loss of Cyth2.  

Although both DCs and osteoclasts are derived from the myeloid lineage and form podosomes 

constitutively, they differ not only functionally but also in terms of integrin expression. v3 

integrins, which are mostly absent in iDCs, are the major integrin in osteoclasts and constitute a 

key component of the sealing zone316. 1 and 2 integrins are also expressed by osteoclasts and 

relevant for their degradative function83,317,318. The presence of especially 51 integrin, though, 

is controversially discussed316,319,320 and there are no functional data on the involvement of this 

particular 1 integrin in osteoclast function. Even if 51 integrins were expressed in osteoclasts 

at low levels, this would probably not be sufficient to induce a significant, Cyth2-dependent effect 

on podosome formation or degradation of bone. Nevertheless, we have not studied osteoclasts 

themselves but only analyzed a functional read-out of their activity. In order to make a definite 

statement on the role of Cyth2 in osteoclast sealing zone formation, one would have to examine 

these structures on a cellular level. 
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4.6. Conclusion and outlook 

Taken together, our results show that Cyth2 acts as a fine-tuning regulator of podosome 

formation. Depending on the composition of the environmental matrix Cyth2 differentially 

modulates integrin signaling pathways leading to alterations in RhoA activation and, ultimately, 

podosome formation. This effect is not a general function of the cytohesin family, but specific for 

Cyth2 and its 2G isoform. 

We have been able to elucidate intricate modifications of intracellular signaling pathways in 

response to different matrix proteins. Our data illustrate how precisely integrin-dependent 

pathways are controlled and that already small alterations in extracellular stimuli can have 

significant effects on intracellular signaling cascades and functional outcomes. Cyth2 is a distinct 

player in this context as it changes its role from an inhibitory element of 51 integrin-dependent 

podosome regulation to a positive factor of the same axis. This mechanism might enable 

functional adaptations to specific ECM microenvironments.  

In the future, the exact pathways connecting 51 integrins with Cyth2 and RhoA activation need 

to be clarified. As discussed above, a proteomics approach on podosome structures is most likely 

to detect variations in integrin complex composition on FN and gelatin. Moreover, identifying the 

suspected receptor for gelatin or the differences in 51 integrin binding and activation on gelatin 

vs FN is crucial to fully understand the underlying mechanism of differential podosome formation. 

Even though we have not been able to detect a physiological relevance of this integrin-specific 

regulation, further experiments – not only on immune cells, but also using, for example, 

invadopodia-forming cancer cells – will determine if these mechanisms also affect invasion and/or 

migration processes in vivo. 
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5. Summary 

The interaction of a cell with the surrounding tissue is crucial not only to provide mechanical 

stability but also to enable adaptation of cellular responses to the environment. Recognition of 

extracellular matrix (ECM) is primarily exerted by integrin receptors, which consist of an  and a 

 chain. The high diversity of these integrin dimers allows for a variety of ligand specificities but 

differences in intracellular signaling cascades are only partially understood. 

Within the cell, integrin-mediated adhesions are organized in specific adhesion structures. Among 

these, podosomes are characterized by their typical organization in an actin-rich core and an 

adhesive ring structure, which contains integrins and adhesion-related adaptor and signaling 

molecules. Apart from mediating adhesion, podosomes also are important during cell migration 

and invasion. Their formation is induced by growth factor or integrin signaling and depends very 

much on actin remodeling factors.   

Both actin dynamics and integrin signaling are regulated by numerous factors, including the 

cytohesin protein family. Cytohesins primarily act as guanine nucleotide exchange factors (GEFs) 

for Arf GTPases, but they are also involved in activation and recycling of integrins, as well as actin 

remodeling processes. One member of the cytohesin family, Cyth2, has recently been shown to 

be important for podosome formation in THP-1 cells. So far, though, it is unclear whether integrin-

related functions of cytohesins also affect podosome formation. Therefore, this study aimed at 

identifying the role of different cytohesins in integrin-dependent podosome formation. 

Using bone marrow-derived dendritic cells (BMDCs) from several cytohesin KO mice, we found 

that only Cyth2, but not Cyth1, Cyth3 or Cyth4, regulates podosome formation in a matrix-

depending manner. Loss of Cyth2 impaired podosome formation on a fibronectin (FN) matrix, 

while Cyth2 KO BMDCs on fibrinogen or Icam-1 remained unaffected. Moreover, Cyth2 KO cells 

cultured on gelatin or collagen even increased their podosome numbers compared to wildtype 

cells. These effects were dependent on a differential involvement of 51 integrin and were 

mediated via the small GTPase RhoA.  

Thus, our results show that Cyth2 is involved in regulation of integrin-dependent responses to 

environmental cues leading to differential formation of podosomes. Such specific adaptations of 

signaling pathways downstream of different integrins might affect invasion and migration 

processes of immune cells in certain ECM microenvironments in vivo. 
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