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1 Abbreviations 

 

% Percentage 

(E)GFP (enhanced) Green fluorescent protein 

°C Degree Celsius 

µ Micro 

Ab Antibody 

AKT Protein kinase B 

AP Alkaline phosphatase 

APS Ammonium persulfate 

ATP Adenosine triphosphate 

BAPTA-AM 1,2-Bis(2-aminophenoxy)ethane-

N,N,N′,N′-tetraacetic acid tetrakis 

BBS BES-buffered saline 

BES N,N-Bis(2-hydroxyethyl)-2-

aminoethanesulfonic acid 

BSA Bovine serum albumin 

BTK Bruton tyrosine kinase 

CA Constitutively active 

CAKUT Congenital anomalies of the kidney 

and urinary tract 

CCK2 Cholecystokinin B receptor 

cDNA Complementary DNA 

CHO Chinese hamster ovary 

CO-IP Co-Immunoprecipitation 

DAPI 4′,6-Diamidin-2-phenylindol (DAPI) 

dC Lack of two C2 domains 

DMSO Dimethyl sulfoxide 

DN Dominant negative 

DNA Deoxyribonucleic acid 

dNTP Deoxyribose nucleoside triphosphate 

dPH Lack of PH domain 

DTT Dithiothreitol 

ECL Enterochromaffin-like  

ECL Enhanced chemiluminescence 

EDTA Ethylenediaminetetraacetic acid 
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EGF Epidermal growth factor 

EGTA Ethylene glycol-bis(β-aminoethyl 

ether)-N,N,N′,N′-tetraacetic acid 

ENS Enteric nervous system 

ErbB-2 Human epidermal growth factor 

receptor 2 

ERK Extracellular signal-regulated kinase 

FBS Fetal bovine serum 

FCS Fetal calf serum 

FI Fluorescence intensity 

g Gravitation 

GAP GTPase activating protein 

GAPDH Glyceraldehyde 3-phophate 

dehydrogenase 

GARNL4 Rap1GAP2 

gDNA Genomic DNA 

GDP Guanosine diphosphate 

GEF Guanine nucleotide exchange factor 

GMEM Glashow’s minimum essential medium 

GPI Glycosylphosphatidylinositol 

GRP Gastrin releasing peptide 

GST glutathione S-transferase 

GTP Guanosine triphosphate 

GTPase Small guanosine triphosphatase 

h Hour 

HA Human influenza hemagglutinin 

HB-EGF Heparin-binding EGF 

HBSS Hank’s balanced salt solution 

HRP Horseradish peroxidase 

IAA Roti-Phenol/Chloroform/Isoamyl 

alcohol (IAA) 

IF Immunofluorescence 

IPTG isopropyl β-D-1-thiogalactopyranoside 

kb Kilo bases 

kDA Kilo Dalton 

l Liter 
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LARG Leukemia-associated Rho guanine 

nucleotide exchange factor 

LB Lysogeny broth 

LBG Lysis buffer for preparation of GST-

RBD 

LPA Lysophosphatidic acid 

M Molar 

mAb Monoclonal Ab 

MAPK Mitogen-activated protein kinase 

min Minutes 

mutGAP Mutated GAP domain 

NF1 Neurofibromin 

ng Nanogram 

NSAID Nonsteroidal anti-inflammatory drug 

OD Optical density 

PACAP acetylcholine and pituitary adenylate 

cyclase-activating peptide 

PBS Phosphate-buffered saline 

PCR Polymerase chain reaction 

PFA Para-formaldehyde 

PH Pleckstrinhomology 

PI3K Phosphatidylinositol 3-kinase  

PITX1 Paired-like homeodomain 1 

PLB Pulldown lysis buffer 

PLCγ Phospholipase C gamma 

pNPP 4-nitrophenyl phosphate disodium salt 

hexahydrate 

PO4 Phosphate group 

PSI Plexin-semaphorin-integrin 

PTEN Phosphatase and tensin homolog 

PTM Post-translational modifications 

PVDF Polyvinylidene fluoride 

RA Triple arginine mutation 

Rap Ras-related protein 

RBD RHO-GTPase binding domain 

RBD Ras-binding domain 
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RHO Ras homolog family member 

RIPA Radioimmunoprecipitation buffer 

RNA Ribonucleic acid 

ROI Region of interest 

R-Ras Related to Ras 

RT Room temperature 

RT Reverse transcription 

RTK Receptor tyrosine kinase 

RT-qPCR Quantitative real-time RT-PCR 

s Seconds 

SDS-PAGE SDS-polyacrylamide-gel 

electrophoresis 

Sema Semaphorin 

SH2 Src homology 2 

shRNA Small hairpin RNA 

TA Annealing temperature 

TBS-T Tris-buffered saline with 0,1% 

Tween20 

Tm Melting temperature 

TMTC1-4 Tetra-trico-peptide repeat-containing 

proteins 1-4 

v Volume 

VSV Vesicular stomatitis virus 

w Weight 

WB Western blot 

WT Wildtype 
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4 Introduction 

 

4.1 Semaphorins and plexins 

 

Plexins are a family of transmembrane receptors and their ligands are 

semaphorins (He and Tessier-Lavigne 1997; Kolodkin et al. 1997).  

Semaphorins were named after the maritime telegraphy system flag semaphore 

(Kolodkin et al. 1993) and have been discovered as repulsive guidance cues that 

can steer neuronal growth cones in the chick brain (Luo et al. 1993). The 

semaphorin protein family consists of 5 classes (3-7) with 20 members (Unified 

nomenclature for the semaphorins/collapsins. Semaphorin Nomenclature 

Committee 1999; Worzfeld and Offermanns 2014). They can be either secreted 

(class 3), transmembrane (classes 4-6) or glycosylphosphatidylinositol (GPI)-

anchored (class 7) proteins (Worzfeld and Offermanns 2014). The extracellular 

domain of class 4 semaphorins can be proteolytically cleaved and act as a soluble 

ligand as well (Wang et al. 2001). All semaphorins have an N-terminal sema 

domain and a plexin-semaphorin-integrin (PSI) domain that form a propeller-like 

homodimer (Klostermann et al. 1998; Love et al. 2003) to mediate semaphorin 

interaction with plexins (Nogi et al. 2010; Janssen et al. 2010).  

Plexins were historically discovered as proteins expressed in retinal plexiform 

layers of xenopus (Ohta et al. 1992) and represented a novel adhesion molecule 

that plays a role in neuronal cell-cell interactions (Ohta et al. 1995). Nowadays, the 

plexin protein family has been divided into four subfamilies (A-D) consisting of 9 

members (Tamagnone et al. 1999; Worzfeld and Offermanns 2014). The binding 

of a semaphorin homodimer to two plexin monomers takes place at an extracellular 

sema-PSI domain. This indirect formation of plexin homodimers is necessary to 

induce intracellular plexin signaling (Nogi et al. 2010; Janssen et al. 2010). The 

diversity and specificity of semaphorin-plexin interaction is determined by 

characteristic insertions in the binding interface of semaphorins and plexins 

(Worzfeld and Offermanns 2014). In addition to that, some plexins need neuropilins 

as co-receptors to mediate semaphorin binding (Takahashi et al. 1999; 

Tamagnone et al. 1999).  

From their initial description as axonal guidance molecules (Rohm et al. 2000), the 

semaphorin-plexin system has been further shown to play a diverse role in different 

cellular processes like angiogenesis (Gu and Giraudo 2013), neuronal 

development (Gu and Giraudo 2013; Pasterkamp 2012), immune response 
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(Kumanogoh and Kikutani 2013),  osteogenesis (Tamagnone and Giordano 2006) 

or mitotic spindle orientation (Xia et al. 2015).  

Furthermore, the semaphorin-plexin system has a high pathophysiological 

relevance since it has been connected to regulatory signaling in cancer 

(Tamagnone 2012), neuronal diseases (Pasterkamp and Giger 2009), the immune 

system (Takamatsu and Kumanogoh 2012) and aberrant angiogenesis 

contributing to cancer (Sakurai et al. 2012).  

First therapeutic progress has been made by blocking plexin-semaphorin signaling 

in a preclinical set-up by RNA interference or small molecule inhibitors (Worzfeld 

and Offermanns 2014). In addition to that, an antibody against Semaphorin 4D is 

currently being tested in clinical studies for different types of cancer (Fisher et al. 

2016). 

 

 

Figure 1. Domain structure of semaphorin and plexin subfamilies. Semaphorins are divided into 

5 classes with 20 members and plexins into 4 subfamilies with 9 members. Neuropilins 1 and 2 are 

mostly associated as co-receptors with A plexins. All semaphorins have a sema domain that mediates 

binding to the sema domain of plexins. Semaphorins of class 3 are soluble ligands, while the classes 
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4-7 are membrane-bound. Members of semaphorin class 4 can be cleaved and act as a soluble 

ligand. Plexins are transmembrane receptors for semaphorins and have a segmented small 

guanosine triphosphatase (GTPase) activating protein (GAP) domain that mediates GTPase 

deactivation. Plexins of the B subfamily also have a PDZ binding motif that binds Rho guanine 

nucleotide exchange factors (RhoGEFs) and mediates Rho activation. Furthermore, B plexins have 

a cleavage site in their extracellular domain that is being processed to enhance signaling (Figure 

adapted from Worzfeld and Offermanns 2014).         

 

4.1.1 Glycosylation of plexins 

 

Glycosylation describes a diverse, regulated and abundant process of adding 

glycans to proteins or lipids. The responsible enzymes catalyzing these covalent 

reactions are glycosyltransferases and glycosidases (Ohtsubo and Marth 2006). In 

the last decade, several glycan-participating biological processes have been 

identified like cell adhesion, molecular trafficking/clearance, endocytosis and signal 

transduction (Ohtsubo and Marth 2006). In addition to that, disorders of 

glycosylation were found to play a role in auto-immune, infectious and chronic 

diseases, as well as in cancer (Reily et al. 2019). Glycosylation is taking place both 

in pro- and eukaryotes (Joshi et al. 2018), whereby in mammals, glycosylation 

generally depends on nine diet-derived monosaccharides that are linked to 

proteins via asparagine (N-glycosylation) or serine/threonine (O-glycosylation, 

proteoglycans) (Ohtsubo and Marth 2006; Schachter 2000). One of these 

monosaccharides is mannose, that is linked to serines/threonines through O-

glycosylation by a conserved family of O-mannosyltransferases (POMT1/POMT2). 

While O-mannosylation is the only and abundant type of O-glycosylation in yeast, 

only a few O-mannosylated proteins are known in metazoans, among them α-

dystroglycan, (proto)-cadherin and members of the IPT/TIG domain-carrying 

protein family (including plexins) (Larsen et al. 2017a; Larsen et al. 2017b), but the 

functional role of plexin glycosylation is not known. Furthermore, Larsen et al. 

identified a new class of O-mannosyltransferases, the tetra-trico-peptide repeat-

containing proteins 1-4 (TMTC1-4) that selectively O-mannosylate the cadherin 

superfamily independently of POMT1/POMT2.  

Additionally, mutations in TMTC3 can cause cobblestone lissencephaly, indicating 

an important function of O-mannosylation in a pathophysiological manner (Larsen 

et al. 2017a).   
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4.1.2 Function of the plexin intracellular domain  

 

The intracellular domain of plexins contains a conserved GTPase activating protein 

(GAP) domain separated by a Ras homolog family member (RHO)-GTPase-

binding domain (RBD) (Hota and Buck 2012; Siebold and Jones 2013). The GAP 

domain has been reported as a GAP for the small guanosine triphosphatases 

(GTPases) R-Ras, M-Ras and Ras-related protein (Rap) of which R-Ras and M-

Ras need an additional binding of GTPases of the RND family (Oinuma et al. 

2004a; Saito et al. 2009; Wang et al. 2012). The intrinsic GAP activity of plexins is 

controversial and the detailed mechanism remains unclear (Tong et al. 2009; 

Sakurai et al. 2010; Pascoe et al. 2015). Moreover, B plexins have in addition a C-

terminal PDZ domain, that serves as a binding motive for the RHO guanine 

nucleotide exchange factors (GEFs) PDZ-RHOGEF and leukemia-associated Rho 

guanine nucleotide exchange factor (LARG) that activate the GTPases RHOA and 

RHOC upon semaphorin stimulation (Swiercz et al. 2002; Aurandt et al. 2002).   

 

 

Figure 2. B Plexin signaling.  The binding of a Semaphorin 4 (SEMA4) homodimer to a B plexin 

monomer via the sema domain (light blue) induces plexin dimerization of the intracellular domain 

(dark blue and green) and mediates the deactivation of R-Ras, M-Ras or Rap1 via the GAP-domain 

(dark blue) and the activation of RhoGEF-mediated RhoA/RhoC via the PDZ domain (green) 

(modified from Worzfeld and Offermanns 2014).       
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4.2 Ras GTPases 

 

4.2.1 The Ras small GTPase superfamily 

 

The Ras small GTPase superfamily consists of five major families: Ran, Ras, Rab, 

Rho, and Arf (Wennerberg et al. 2005). Small GTPases are monomeric molecules 

that act as binary switches: They cycle between an inactive guanosine diphosphate 

(GDP)- and an active guanosine triphosphate (GTP)-bound state (Vetter and 

Wittinghofer 2001). The GTP-binding domain of Ras proteins is highly conserved 

across all superfamily members and has a low intrinsic GTPase activity 

(Wennerberg et al. 2005). Due to this low intrinsic activity, another protein family, 

the so called GAPs act as catalysators for GTP hydrolysis (Bernards and 

Settleman 2004). The Ras re-activating exchange of GDP with GTP is performed 

by a molecule class called GEFs (Schmidt and Hall 2002).  

 

 

Figure 3. RasGTPases cycle between an active and an inactive state.  GDP-bound Ras is being 

loaded with GTP by guanine nucleotide exchange factors (GEFs) resulting in the activation of Ras 

downstream effectors that mediate cell growth, proliferation and differentiation. Due to low intrinsic 

GTPase activity, Ras GTPase activating proteins (RasGAPs) catalyze the GTP hydrolysis, cycling 

Ras back into its GDP-bound inactive state (adapted from King et al. 2013).   

 

4.2.2 The Ras family and R-Ras 

 

The Ras small GTPase family plays an important role in human oncogenesis, as 

Ras signaling leads to downstream effects like cytoplasmic signaling and 

regulation of cell proliferation, differentiation and survival upon activation by 

different extracellular stimuli (Wennerberg et al. 2005). The main downstream 

signaling pathways of Ras are the Ras-Raf-MEK-ERK, the phosphatidylinositol 3-
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kinase (PI3K)/PTEN/Akt and the RalGEF/Ral pathway (Repasky et al. 2004; 

Drosten et al. 2010). Ras subfamilies are K-Ras, N-Ras, H-Ras and R-Ras 

(Related to Ras). The R-Ras subfamily consists of R-Ras1, R-Ras2 and R-Ras3 

(also named M-Ras). R-Ras promotes integrin adhesion and hence controls 

mitogenesis and cytoskeleton organization. R-Ras overexpression and active R-

Ras mutants have been found in some tumors (Colicelli 2004).  

 

4.3 Ras GTPase activating proteins 

 

4.3.1 The RasGAP superfamily 

 

Since Ras proteins have a very low intrinsic GTPase activity under physiological 

conditions, RasGAPs can interact and accelerate GTP hydrolysis by several orders 

of magnitude (Bernards and Settleman 2004). After GAP binding, a critical arginine 

finger is moved into the enzyme’s catalytic site, resulting in reorientation of Ras 

glutamine residues, stabilizing the GTPase transition state and exerting catalysis 

(Ahmadian et al. 1997; Kötting et al. 2008; Mittal et al. 1996; Nagy et al. 2016). 

Mutations in critical residues of Ras can lead to a hydrolysis defect, resulting in a 

constitutive active enzyme that can be found in 30% of all human cancers (Prior et 

al. 2012).  

RasGAPs can be divided into four groups according to their structural properties: 

RASA1, NF1, GAP1m family (Rasa2, Rasa3, Rasa4, Rasal1) and SynGAP family 

(SynGAP, DAB2ip, Rasal2, Rasal3). Their expression pattern is diverse and 

represents a complex level of Ras activity regulation in vascular, hematopoietic, 

immune and neuronal systems (King et al. 2013).    

All RasGAPs have a GAP domain that mediates GAP activity on Ras. Furthermore, 

binding of RasGAPs to cell membranes and hence bringing them in proximity to 

Ras is mediated in RASA1 by a Src homology 2 (SH2) domain binding to 

phosphorylated receptor tyrosine kinases (RTKs), in NF1 and Rasa2/3 via a 

pleckstrin homology (PH) domain that binds to (glycerol-)phospholipids and in the 

case of Rasa4/Rasal1 by a calcium-sensitive protein kinase C2 homology domain 

binding phospholipids (King et al. 2013).    
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Figure 4. RasGAP family domain organization and their domain-directed membrane 

localization.  (A) All RasGAPs have a GAP domain that is mostly flanked by C2 and/or pleckstrin 

homology (PH) domains that are responsible for membrane localization. (B) A constant membrane 

localization can be moderated by protein-protein interactions or by PH domains. In the case of Rasal1 

and Rasa4, the temporary interaction with the membrane is achieved by C2 domains in a calcium-

dependent manner (adapted from King et al. 2013).   

 

4.3.2 The GAP1m family and Rasal1 

 

Members of the GAP1m family have two N-terminal C2 domains, a GAP domain 

and a pleckstrin homology (PH) domain with a Bruton tyrosine kinase (BTK) motif 

(King et al. 2013).  

Rasa3, Rasa4 and Rasal1 have been shown to possess bifunctional activity 

towards Ras and Rap (Kupzig et al. 2006; Sot et al. 2010) and their localization to 

membranes is important for their enzymatic activity (Sot et al. 2013). While Rasa3 

is constitutively at membranes, Rasa4 and Rasal1 are translocated via the C2 

domain with increasing intracellular calcium levels (King et al. 2013). Interestingly, 

Rasa4 remains attached to the membrane via its PH domain while Rasal1 

oscillates with calcium concentration spikes and is believed to have a non-

functional PH domain (Liu et al. 2005; Walker et al. 2004; Lockyer et al. 2001). 

Rasal1 has been identified as a target gene of the tumor-suppressive transcription 

factor Paired-like homeodomain 1 (PITX1) and mediating thereby tumorigenic 

potential to Ras-dependent cell transformation (Kolfschoten et al. 2005). In cancer 

cells, Rasal1 expression is downregulated by CpG methylation in the promotor 

region, confirming a tumor suppressing role (Jin et al. 2007). Furthermore, Rasal1 

deficiency has been identified in different cancer types like liver (Calvisi et al. 

2011), colorectal (Ohta et al. 2009), thyroid (Liu et al. 2013), gastric (Seto et al. 
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2011) and bladder cancer (Zhu et al. 2011), as well as in kidney fibrosis (Bechtel 

et al. 2010).        

 

4.4 B plexins 

 

4.4.1 Plexin-B1/B2 signaling pathways 

 

For this study, the focus was set on Plexin-B1 and Plexin-B2 as well as their ligands 

Semaphorin 4D and Semaphorin 4C, respectively. These two ligand-receptor 

systems are being extensively studied in the laboratory and are expressed in a lot 

of different organ systems and cell lines (Worzfeld et al. 2014).      

R-Ras/M-Ras mediated Semaphorin 4D-Plexin-B1 signaling has been shown to be 

relevant in remodeling of hippocampal neurons (Oinuma et al. 2004b) via R-Ras-

Phosphatase and tensin homolog (PTEN) signaling (Oinuma et al. 2010), in 

angiogenesis by Met recruitment (Conrotto et al. 2005), in endothelial cell migration 

via the phosphatidylinositol 3-kinase (PI3K)-Akt pathway (Basile et al. 2005; Ito et 

al. 2006) and by inhibiting cell migration via regulation of β-integrin activity (Oinuma 

et al. 2006).  

PDZ-RHOGEF-RHO mediated Semaphorin 4D-Plexin-B1 signaling can also 

regulate integrin-dependent cell motility via activation of protein kinase B (AKT) 

and mitogen-activated protein kinase (MAPK)/extracellular signal-regulated kinase 

(ERK) (Basile et al. 2007; Aurandt et al. 2006) and suppress bone formation by 

osteoclast-osteoblast contact repulsion (Negishi-Koga et al. 2011; Deb Roy et al. 

2017). In addition to that, RHOA activation/deactivation needs the recruitment of 

Receptor tyrosine-protein kinase erbB-2 (ErbB-2), Met and phospholipase C 

gamma (PLCγ) into the Plexin-B1 receptor complex (Swiercz et al. 2008, 2009). 

Recently, reverse signaling pathways through Plexin-B1-Semaphorin 4A and 

Plexin-B2-Semaphorin 4C have been described, indicating a bidirectional signaling 

ability of this ligand-receptor system (Battistini and Tamagnone 2016; Sun et al. 

2017; Gurrapu et al. 2019). Interestingly, also Sema3C is a ligand for Plexin-B1, 

and has been implicated in driving cancer cell growth (Peacock et al. 2018).  

R-/M-Ras-dependent Semaphorin 4C-Plexin-B2 signaling plays its key role during 

embryonal development in diverse tissues (Worzfeld et al. 2014). In contrast, RHO-

dependent Plexin-B2 signaling controls breast cancer cell growth and tumorigenic 

potential (Gurrapu et al. 2018), regulates synaptic morphology in inflammatory pain 
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and fear memory (Paldy et al. 2017; Simonetti et al. 2019) and coordinates 

epithelial morphogenesis and repair via the CDC42 RHO GTPase (Xia et al. 2015).   

 

4.4.2 Important residues for B plexin signal transduction 

 

The signaling capability of plexins depends on functional domains that can induce 

dimerization after semaphorin stimulation, as well as the binding of GEFs and 

GTPases at their intracellular domain. Binding of Rho Family GTPase 1 (Rnd1), 

which interacts with the RBD domain of plexins and is important for R-Ras 

deactivation, can be prevented in human Plexin-B1 by the mutations L1849G, 

V1850G and P1851A (Oinuma et al. 2004b; Oinuma et al. 2004a). Furthermore, 

triple arginine mutations R1677A, R1678A, R1984A abolish the binding of R-Ras 

to human Plexin-B1 and R1484G, R1485A and R1770A to murine Plexin-B2 while 

not changing the interaction with Rnd1 (Oinuma et al. 2004a; Oinuma et al. 2004b; 

Worzfeld et al. 2014). Moreover, the deletion of the amino acids VTDL at the C-

terminal end of murine Plexin-B2 successfully prevents the binding of RhoGEFs to 

the PDZ domain (Worzfeld et al. 2014). Recently, our laboratory cloned a murine 

Plexin-B2 mutant (E369G), that is unable to bind semaphorins.   

 

4.4.3 Phosphorylation of B plexins 

 

The phosphorylation and dephosphorylation of proteins are reversible 

posttranslational modifications that are catalyzed by protein kinases and protein 

phosphatases. Protein phosphorylation is a biochemical reaction, in which a 

phosphate group (PO4) is being added to the polar group of amino acids from a 

donor ATP, mostly at serine, threonine and tyrosine residues (Ardito et al. 2017). 

Phosphorylation is influencing the function of proteins by increasing or decreasing 

activity, stability, localization and protein-protein interactions (Cohen 2002).  

In plexin signaling, human epidermal growth factor receptor 2 (ErbB-2) can 

phosphorylate Plexin-B1 at a tyrosine residue and consequently activates it. At the 

same time, this leads to activation of PDZ-RHOGEF, LARG and hence 

RhoA/RhoC (Worzfeld et al. 2012). In addition to that, activation of RhoGEFs by 

Plexin-B1 phosphorylation is dependent on binding of phospholipase C gamma 

(PLCγ) into the receptor complex (Swiercz et al. 2009). Interestingly, the binding 

of Met to Plexin-B1 leads to phosphorylation of both receptors and mediates Rho 

inhibition. This mechanism is still controversial and might differ from cellular to 
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cellular context (Swiercz et al. 2008; Franco and Tamagnone 2008; Giordano et 

al. 2002). 

 

4.5 Role of semaphorin/plexin signaling in physiology  

 

The semaphorin/plexin system has been shown to play a versatile role in 

mammalian physiology, ranging from embryonic development (Worzfeld et al. 

2014) to different organ- and tissue-specific functions in the adult organism (Alto 

and Terman 2017). 

During development, semaphorin/plexin signaling is inter alia involved in neural 

tube closure, axonal guidance, vascular formation and skeletal morphogenesis 

(Worzfeld et al. 2014). Besides that, the development of the kidney and the lungs 

as well as other organs is regulated by semaphorins and plexins (Alto and Terman 

2017), in particular, by epithelial branching morphogenesis (Michos 2009).  

Moreover, endothelial tip cells that guide extending blood vessels during 

angiogenesis, are directed by semaphorin cues (Tamagnone and Mazzone 2011).  

In the immune system, migration and maturation of thymocytes in the thymus are 

influenced by semaphorin-plexin interactions (Kumanogoh and Kikutani 2013; 

Takamatsu and Kumanogoh 2012). In addition to that, the cell-cell communication 

between different immune cell types during immune response requires the 

participation of semaphorins and plexins (Suzuki et al. 2008).  

Furthermore, the formation and absorption of bone tissue, that are orchestrated by 

osteoblasts and osteoclasts, respectively, are influenced by semaphorin/plexin 

signaling (Kang and Kumanogoh 2013). Precisely, bone homeostasis is balanced 

by semaphorins, since they control differentiation and migration of osteoblasts and 

osteoclasts (Alto and Terman 2017).   

In epithelial tissues, semaphorins and plexins regulate epithelial barrier formation 

through cellular junctions, and determine its architecture by influencing cell 

adhesion, polarity and division (Treps et al. 2013; Xia et al. 2015).  

In this context, our laboratory focusses on the murine stomach epithelium and 

elaborates the impact of semaphorin/plexin signaling in physiology and disease.  
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4.6 Physiology of the gastric epithelium 

 

4.6.1 Gastric acid secretion in the gastric epithelium 

 

The human stomach is divided along the anterior/posterior axis into different 

anatomical regions: cardia, fundus/corpus and antrum/pylorus (Hoffmann 2015). 

The gastric mucosa of each of these regions contains gastric glands that are in 

funnel-shaped pits, its upper-layer towards the gastric lumen consists of different 

epithelial cell types (Hoffmann 2015). Their cell-type specific organization, 

composition and function varies between the different gastric regions.  

Among these epithelial cells are parietal cells in the corpus region, that release 

gastric acid (Yao and Forte 2003). The production and release of gastric acid is 

controlled by the neuroendocrine system of the stomach, connecting nerves with 

hormone-producing epithelial cells (Engevik et al. 2020). Another cell type of the 

gastric epithelium, the G cells, are located in the antrum region and secrete the 

peptide hormone Gastrin (Schubert 2016). Subsequently, Gastrin mainly 

stimulates the release of histamine by enterochromaffin-like (ECL) cells via the 

cholecystokinin B receptor (CCK2) and histamine again induces gastric acid 

secretion in parietal cells (Engevik et al. 2020). 

Gastric acid renders diverse physiological functions like facilitation of food 

digestion, inactivation of bacteria and the support of mineral absorption (Schubert 

2016). In a pathophysiological context, gastric acid is responsible for erosions and 

ulcers that can result in a barrier damage of the gastric mucosa, a possible life-

threatening condition called peptic ulcer disease (Engevik et al. 2020; Lanas and 

Chan 2017). 

 

 

Figure 5. Cellular key-players in the regulation of gastric acid secretion.  ECL cells secrete 

histamine and stimulate parietal cells to produce gastric acid. The release of histamine is regulated 
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by gastrin originating from G cells that have been stimulated by the enteric nervous system (ENS) 

through the gastrin releasing peptide (GRP). Additionally, the ENS can directly stimulate histamine 

release in ECL cells and gastric acid production in parietal cells via acetylcholine and pituitary 

adenylate cyclase-activating peptide (PACAP). Somatostatin, produced by D cells, is a negative 

regulator that acts on G cells, ECL cells and parietal cells (figure modified from Engevik et al. 2020).   

 

4.6.2 Regulation of gastrin expression 

 

The release of gastrin by G cells is stimulated by nutrients in the gastric lumen. 

Receptors on G cells can sense amino acids, calcium ions and an increase in pH 

and consequently secrete gastrin to respond to food intake, stimulate digestion and 

regulate nutrient absorption (Taylor et al. 1982; Feng et al. 2010; Rettenberger et 

al. 2015). 

Considering gastrin expression on a molecular level, it has been shown that 

oncogenic K-Ras can induce Gastrin expression via the Ras-Raf-MEK-ERK 

signaling pathway in different human cancer cell lines (Nakata et al. 1998; Hori et 

al. 2003). Upstream of this pathway, the epidermal growth factor (EGF) and 

heparin-binding EGF-like growth factor (HB-EGF) can upregulate Gastrin 

expression through the EGF receptor (Ford et al. 1997; Gunawardhana et al. 

2017). Sp1, a two zinc finger transcription factor, has been identified as a 

transcription factor for gastrin expression (Merchant 2000; Sergey Chupreta et al.). 

Since semaphorin-plexin signaling can regulate Ras activity (Oinuma et al. 2004a), 

Ras proteins are expressed in the gastrointestinal system and contribute to gastric 

cancer (Zhao et al. 2006; Pan et al. 2009), an involvement in the regulation of 

gastrin expression seems possible but is yet unknown. 

 

4.7 Role of semaphorin/plexin signaling in pathophysiology 

 

Beyond their involvement in the developing organism and in adult physiology, 

semaphorins and plexins play a crucial role in the pathogenesis of different 

diseases, that have mostly been investigated in murine disease models.  

In this context, semaphorin/plexin signaling has been described to be involved in 

tumor growth and metastasis (Worzfeld and Offermanns 2014), regulating 

intercellular communication between different cell types in the tumor 

microenvironment and thereby contributing to angiogenesis, cell proliferation and 

invasiveness (Sakurai et al. 2012; Tamagnone 2012).  
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In addition to that, the semaphorin/plexin system seems to be involved in the 

regeneration of the central nervous system after injury, the emergence of epilepsy 

and in neurodegenerative diseases such as Alzheimer’s disease and amyotrophic 

lateral sclerosis (Pasterkamp and Giger 2009).  

Moreover, semaphorins and plexins are contributing to the progression of 

atherosclerosis by neovascularization of atherosclerotic plaques (Yukawa et al. 

2010a) and in osteoporosis by inhibiting osteoblast-dependent bone formation 

(Negishi-Koga et al. 2011).  

In the pathogenesis of autoimmune diseases, the semaphorin/plexin system has 

been shown to play a role in the emergence of multiple sclerosis due to impaired 

lymphocyte priming and in autoimmune glomerulonephritis (Takamatsu and 

Kumanogoh 2012).  

 

4.8 Semaphorin/plexin mutations in human diseases 

 

In humans, several publications could show a correlation between congenital 

mutations in semaphorins and plexins and the emergence of different diseases 

(Masuda and Taniguchi 2015).  

For example, germline mutations in semaphorins have been described in patients 

suffering from retinitis pigmentosa and cone rod dystrophy (Abid et al. 2006; Bryant 

et al. 2018). Furthermore, semaphorin mutations have been associated with 

CHARGE syndrome, a disease with a variety of different symptoms such as cranial 

nerve dysfunction, ear abnormalities, cardiac defects, growth retardation and more 

(Lalani et al. 2004), as well as with Hirschsprung disease (Luzón-Toro et al. 2013) 

or Kallmann syndrome (Hanchate et al. 2012). In addition to that, semaphorin 

germline mutations have been found in familial colorectal cancer type X, increasing 

the disease prevalence in affected families (Schulz et al. 2014). 

Pathophysiological plexin mutations have mainly been reported in the tumor 

context: mutations of plexins add tumorigenic potential to prostate cancer and 

breast cancer (Wong et al. 2007; Tong et al. 2008), as well as to pancreatic cancer 

and melanoma (Balakrishnan et al. 2009).  

Moreover, congenital mutations of plexins have been identified in patients with 

truncus arteriosus (Ta-Shma et al. 2013) and Moebius syndrome (Nazaryan-

Petersen et al. 2019).               
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5 Aim of the study 

 

The aim of the study was a better understanding of the molecular mechanisms that 

underly plexin signaling. In particular, this thesis characterizes the functional 

relevance of extracellular posttranslational modifications of plexins, elucidates the 

mechanism how plexins control the activity of Ras GTPases via the RasGAP 

Rasal1, and analyzes the impact of human plexin mutations on plexin signaling.  

 

6 Materials 

 

Table 1. Antibodies  

Antibody  Supplier Dilution 

Alexa Fluor Secondary Antibodies ThermoFisher 1:200 (IF) 

AP AffiniPure F(ab')₂ Fragment 

Goat α-Mouse IgG + IgM 

Jackson IR 1:5000 (AP-assay) 

Armenian Hamster α-human Plexin-

B2 Monoclonal Ab 

eBioscience 1:200 (IF) 

Donkey α-Goat IgG, HRP Jackson IR 1:3000 (WB) 

Donkey α-Sheep IgG, HRP BioRad 1:3000 (WB) 

Goat Cy3 AffiniPure α-Armenian 

Hamster IgG (H+L) 

Jackson IR 1:200 (IF) 

Goat α-Rabbit IgG, HRP BioRad 1:3000 (WB) 

Goat α-VSV-G Tag Polyclonal Ab Invitrogen 1:200 (IF), 1:3000 (WB) 

Mouse Monoclonal α-FLAG M2 Sigma 1:200 (IF), 1:3000 (WB) 

Mouse Monoclonal α-FLAG M2, 

HRP 

Sigma 1:3000 (WB) 

Mouse α-β-Actin mAb Sigma 1:3000 (WB) 

Rabbit α-c-Myc Ab Sigma 1:200 (IF), 1:300 (WB) 

Rabbit α-c-Myc, HRP Sigma 1:3000 (WB) 

Rabbit α-Ha Ab Sigma 1:200 (IF), 1:3000 (WB) 

Rabbit α-Ha Ab, HRP Sigma 1:3000 (WB) 

Rabbit α-R-Ras Ab CST 1:1000 (WB) 

Rabbit α-Tubulin (11H10) mAb  CST 1:3000 (WB) 

Rabbit α-VSV-G Polyclonal Ab, 

HRP 

Invitrogen 1:3000 (WB) 
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Sheep α-Human Plexin B2 Ab R&D  1:3000 (WB) 

Sheep α-Mouse IgG, HRP GE Healthcare 1:3000 (WB) 

Sheep α-Mouse Plexin B2 Ab R&D 1:3000 (WB) 

 

 

Table 2. Chemicals 

Name Supplier 

1,2-Bis(2-aminophenoxy)ethane-N,N,N′,N′-

tetraacetic acid tetrakis (acetoxymethyl ester) 

(BAPTA-AM) 

Sigma 

2-Mercaptoethanol Sigma 

4′,6-Diamidin-2-phenylindol (DAPI) Sigma 

4-nitrophenyl phosphate disodium salt hexahydrate 

(pNPP) 

Sigma 

5x Reaction buffer for reverse transcription ThermoFisher 

Acetic Acid Roth 

Adenosine triphosphate (ATP) NEB 

Agarose NEEO Ultra Roth 

Ammonium persulfate (APS) Merck 

Ampicillin Roth 

ANTI-FLAG M2 Affinity Agarose Gel Sigma 

Biotin-NHS Sigma 

Bovine serum albumin (BSA) Roth 

Bromophenol blue Roth 

Calcium chloride (CaCl2) Roth 

Chloroform Roth 

Coomassie brilliant blue G250 Roth 

Deoxyribose nucleoside triphosphate (dNTP) Promega 

Dimethyl sulfoxide (DMSO) Roth 

Disodium phosphate (Na2HPO4) Roth 

Dithiothreitol (DTT) Roth 

DMEM (HPSTA) Capricorn Scientific 

Ethanol Roth 

Ethidium bromide Roth 

Ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-

tetraacetic acid (EGTA) 

Sigma 
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Ethylenediaminetetraacetic acid (EDTA) Sigma 

Fetal bovine serum (FBS) Gibco 

Fetal calf serum (FCS) ThermoFisher 

Fluorescent mounting medium DAKO 

Fugene HD transfection reagent Promega  

GeneRuler DNA ladder 100bp plus ThermoFisher 

GeneRuler DNA ladder 1kb plus ThermoFisher 

Glasgow’s MEM (GMEM) Gibco 

Glucose Roth 

Glycerol Roth 

Glycine Sigma 

GS supplement 50X Sigma 

Histamine dihydrochloride Roth 

Hydrogen peroxide (H2O2) Sigma 

iQ SYBR-Green Supermix BioRad 

Isopropanol Sigma 

Kanamycin Roth 

Lipofectamine 2000 Transfection Reagent ThermoFisher 

Lipofectamine RNAiMax Transfection Reagent ThermoFisher 

Magnesium chloride (MgCl2) Roth 

Magnesium sulfate (MgSO4) Sigma 

Methanol Roth 

Milk powder (fat-free) Roth 

Monopotassium phosphate (KH2PO4) Roth 

Monosodium phosphate (NaH2PO4) Roth 

N,N-Bis(2-hydroxyethyl)-2-aminoethanesulfonic acid 

(BES) 

Sigma 

NP-40 Sigma 

OptiMEM ThermoFisher 

PageRuler Plus Prestained Protein Ladder ThermoFisher 

PageRuler Prestained Protein Ladder ThermoFisher 

Paraformaldehyde Sigma 

Penicillin/Streptomycin (100x) PAA 

peqGOLD TriFast Peqlab 

Phalloidin fluorophore-conjugated ThermoFisher 
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Phosphatase inhibitor cocktail 3 Sigma 

Phosphate-buffered saline (PBS) Capricorn Scientific 

Phusion Hot Start II High-Fidelity DNA Polymerase ThermoFisher 

Pierce™ Streptavidin Agarose ThermoFisher 

Polybren (Hexadimethrine bromide) Sigma 

Ponceau S solution Sigma 

Potassium chloride (KCl) Roth 

Protease inhibitor cocktail COMPLETE Roche 

Protein-A/G-Agarose Santa Cruz 

Puromycin Capricorn 

Random hexamers ThermoFisher 

Restriction enzymes ThermoFisher 

RevertAid Reverse Transcriptase ThermoFisher 

RiboLock RNase inhibitor ThermoFisher 

Roti-Phenol/Chloroform/Isoamyl alcohol (IAA) Roth 

RotiPhorese Gel 30 (Acrylamide-bisacrylamide 

solution) 

Roth 

Sodium acetate (NaOAc) Roth 

Sodium chloride (NaCl) Roth 

Sodium deoxycholate (NaDOC) Sigma 

Sodium dodecyl sulphate (SDS) Roth 

Sodium hydroxide (NaOH) Sigma 

T4 DNA Ligase ThermoFisher 

Taq DNA polymerase buffer ThermoFisher 

Taq DNA Polymerase, recombinant ThermoFisher 

Tetramethylethylenediamine (TEMED) Roth 

TRIS-HCl Roth 

Triton X-100 Sigma 

Trypsin-EDTA 0,05% Capricorn Scientific 

Tryptone Roth 

Tween-20 Roth 

Yeast extract Roth 

Zinc chloride (ZnCl2) Roth 
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Table 3. Solutions and buffers 

Solution Components Concentration 

BES-buffered saline (BBS) 2x BES 

NaCl 

Na2HPO4 

 

50 mM 

280 mM 

1,5 mM 

pH 6,94 – 7,00 

Coomassie destaining solution Acetic acid 

Methanol 

10% (v/v) 

20% (v/v) 

Coomassie staining solution Coomassie G250 

Acetic acid 

Methanol 

0,1% (w/v) 

10% (v/v) 

30% (v/v) 

ECL solution 2 Tris-HCl 

H2O2 

0,1 M 

1,8% (v/v) 

pH 8,5 

Enhanced chemiluminescence 

(ECL) solution 1 

Tris-HCl 

Luminol 

p-Coumaric acid 

0,1 M 

2,5 mM 

0,4 mM 

pH 8,5 

Hank’s balanced salt solution 

(HBSS) 

NaCl 

KCl 

CaCl2 

MgSO4 

MgCl2 

Na2HPO4 

KH2PO4 

Glucose 

NaHCO3 

150 mM 

5 mM 

1,5 mM 

400 µM 

1 mM 

350 µM 

450 µM 

5 mM 

4 mM 

Laemmli buffer 4x Tris-HCl 

EDTA 

Glycerol 

SDS 

Bromophenol blue 

2-Mercaptoethanol 

280 mM 

10 mM 

30% (v/v) 

6% (w/v) 

5 mM 

60 mM 

Lysis buffer for preparation of GST- 

RBD (LBG) 

Tris-HCl 

NaCl 

EDTA 

50 mM 

150 mM 

5 mM 
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DTT 1 mM 

Lysogeny broth (LB) agar NaCl 

Yeast extract 

Tryptone 

Agarose 

1% (w/v) 

0,5% (w/v) 

1% (w/v) 

1,5% (w/v) 

Lysogeny broth (LB) medium NaCl 

Yeast extract 

Tryptone 

1% (w/v) 

0,5% (w/v) 

1% (w/v) 

NP-40 buffer NP-40 

NaCl 

EDTA 

Tris-HCl 

1% (v/v) 

100 mM 

2 mM 

50 mM 

pH = 7,4 

Phosphate-buffered saline (PBS) Na2HPO4 

KH2PO4 

NaCl 

KCl 

 

8 mM 

1,5 mM 

135 mM 

2,7 mM 

pH = 7,4 

Phosphate-buffered saline (PBS-T) PBS 

Triton X-100 

1x 

0,2% (v/v) 

pNPP buffer Glycine 

MgCl2 

ZnCl2 

0,1 M 

1 mM 

1 mM 

pH = 10,4 

Ponceau S staining solution Ponceau S  

Acetic acid 

0,5% (w/v) 

1% (v/v) 

Pulldown lysis buffer (PLB) NaCl 

Tris-HCl 

MgCl2 

SDS 

Triton X-100 

NaDOC 

500 mM 

50 mM 

100 mM 

0,1% SDS 

1% (v/v) 

0,5% (v/v) 

Radioimmunoprecipitation assay 

(RIPA) buffer 

Tris-HCl 

NaCl 

EDTA 

Triton X-100 

20-50 mM 

150-500 mM 

1-2 mM 

1% (v/v) 
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NaDOC 

SDS 

MgCl2 

0,25% (v/v) 

0,1% (w/v) 

5 mM 

pH 7,4 

SDS-PAGE running buffer 1x Tris-HCl 

Glycine 

SDS 

25 mM 

200 mM 

0,1% (w/v) 

pH 8,3 

SDS-PAGE separating gel APS 

RotiPhorese Gel 30 

SDS 

TEMED 

Tris-HCl 

0,1% (w/v) 

6-15% (v/v) 

0,1% (w/v) 

9,5 µM 

0,36 M 

pH 8,8 

SDS-PAGE stacking gel APS 

RotiPhorese Gel 30 

SDS 

TEMED 

Tris-HCl 

0,15% (w/v) 

19% (v/v) 

0,1% (w/v) 

14,5 µM 

0,12 M 

pH 6,8 

Transfer buffer Tris-HCl 

Glycine 

Methanol 

SDS 

25 mM 

200 mM 

10% (v/v) 

0,2 % (w/v) 

Tris-Acetate-EDTA (TAE) buffer  Tris-HCl 

EDTA 

Acetic acid 

40 mM 

2 mM 

20 mM 

pH 8,0 

Tris-buffered saline (TBS)-T buffer NaCl 

Tris-HCl 

Tween-20 

500 mM 

20 mM 

1% (v/v) 

pH 7,5 

Tris-EDTA (TE) buffer Tris-HCl 

EDTA 

10 mM 

1 mM 

pH = 7,4 

Western blot blocking buffer Milk powder  5% (w/v) 
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In TBS-T 

 

 

Table 4. Kits 

Name Supplier 

Direct-zol RNA MicroPrep Zymo Research 

First Strand cDNA Synthesis kit  ThermoFisher 

NucleoBond Xtra Midi  Macherey-Nagel 

NucleoSpin gel and PCR clean-up Macherey-Nagel 

NucleoSpin Plasmid Macherey-Nagel 

QuickChange XL Site-Directed 

Mutagenesis Kit 

Agilent Technologies 

Ras Pull-Down Activation Assay 

Biochem Kit 

Cytoskeleton, Inc. 

SuperSignal West Femto Maximum 

Sensitivity ECL Western Blotting 

Substrate 

ThermoFisher 

 

 

Table 5. Devices and equipment 

Name Supplier 

µ-Slide 8 well Ibidi 

Biofuge pico Heraeus 

Cell culture equipment Sarstedt 

Centrifuge 5415R Eppendorf 

Cover slips Menzel-Gläser 

FlexCycler2  analytikjena 

iMark Microplate Reader BioRad 

Incubator Heraeus 

INFINITY gel documentation Peqlab 

LSM 700 confocal microscope Zeiss 

Mini Rocker-shaker PMR-30 Gran-bio 

Mini-Trans-Blot System BioRad 

NanoDrop 2000 Photospectrometer ThermoFisher 

Nikon Eclipse Ti microscope Nikon 

Pipetboy Hirschmann Laborgeräte 
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Pipettes (10, 20, 200 µl; 1ml) Gilson 

PowerPack 300 BioRad 

Protran Nitrocellulose Membrane 0,45 µM Whatman 

PVDF filter 0,22 µM/ 0,45 µM Merck Millipore 

Thermomixer compact Eppendorf 

Vortex shaker ThermoFisher 

X-Ray film Kodak 

X-Ray film processor MI-5 Medical Index GmbH 

 

Table 6. Software 

Name Supplier 

ApE Open source 

Illustrator CS6 Adobe 

Image J Open source 

Microsoft Office 2016 Microsoft 

Photoshop CC 2015 Adobe 

Prism 5 Graph Pad Software 

R/RStudio Open source 

SnapGene Viewer GSL Biotech 

Zen 2012 Zeiss 

 

 

Table 7. Cell lines 

Name Species Type Medium 

CHO  C. griseus Epithelial-like ovary cells GMEM (20% FBS, GS 

supplement) 

COS-7 C. aethiops Kidney fibroblast DMEM (10% FCS, P/S) 

HEK293T H. sapiens Kidney epithelium DMEM (10% FCS, P/S) 

HeLa H. sapiens Cervix epithelium  DMEM (10% FCS, P/S) 

STC-1 M. musculus Intestinal neuroendocrine 

tumor  

DMEM (10% FCS, P/S) 

 

 

Table 8. siRNA 

Name Sequence (5‘ – 3‘) Supplier 

Hs_TMEM260 s29747 GGATCCAGTATGTCTGAAATT Ambion 
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Hs_TMEM260 s29746 GACTTACGAGTGGTATTTATT Ambion 

Hs_Rasal1 s16009 GGCTATCTGCTGAAGCGCATT Ambion 

Hs_Rasal1 s16011 CCAAGTCGATGGAACAGTTTT Ambion 

Mm_Rasal1 1397207 CTGGTGAAAGTGGATGACCAA Qiagen 

Mm_Rasal1 1397228 CACGCGCTTTGCCTTCAAGAA Qiagen 

Mm_Rasal1 1397214 AACGTGAATGACCTCAACCAA Qiagen 

Mm_Rasal1 1397221 TGGGAAGATCTCATTGACAA Qiagen 

Negative Control siRNA  AATTCTCCGAACGTGTCACGT Qiagen  

 

 

Table 9. Expression vectors and cDNA plasmids 

Name Application Origin 

FLAG-Rnd1 Overexpression, pcDNA3 cloned 

GFP-K-Ras CA (G12V) pEGFP-C1 D. Brandt, Marburg 

GFP-Rasal1 pEGFP-C1 cloned 

GFP-R-Ras CA (G38V) pEGFP-C1 D. Brandt, Marburg 

GST-Raf1 Bacterial expression (Brtva et al. 1995) 

HA-Rnd1 Overexpression, pcDNA3 cloned 

HA-R-Ras  Overexpression, pcDNA3 J. Swiercz, Bad 

Nauheim 

HA-R-Ras CA (G38V) Overexpression, pcDNA3 cloned 

HA-R-Ras DN (S43N) Overexpression, pcDNA3 cDNA Resource Center 

LARG-FLAG Overexpression, pcDNA3 J. Swiercz, Bad 

Nauheim 

mRasal1-FLAG dC2 Overexpression, pcDNA3 cloned  

mRasal1-FLAG dPH Overexpression, pcDNA3 cloned 

mRasal1-FLAG mutGAP Overexpression, pcDNA3 cloned 

mRasal1-FLAG WT Overexpression, pcDNA3 cloned 

mRasal2-FLAG Overexpression, pcDNA3 cloned 

MYC-hPlexin-B2 Overexpression, pcDNA3 J. Swiercz, Bad 

Nauheim 

MYC-mPlexin-B2 dIC Overexpression, pcDNA3 cloned 

MYC-mPlexin-B2 E369G Overexpression, pcDNA3 cloned 

MYC-mPlexin-B2 RA Overexpression, pcDNA3 cloned 

MYC-mPlexin-B2 

T1359M 

Overexpression, pcDNA3 Rufeng Dai, Boston, 

USA 
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MYC-mPlexin-B2 

T1730M 

Overexpression, pcDNA3 cloned 

MYC-mPlexin-B2 T79M Overexpression, pcDNA3 cloned  

pEGFP-C1 Mammalian expression, 

GFP Tag 

(Britton et al. 2014) 

pMD2.G Mammalian expression, 

lentiviral plasmid for virus 

production 

Addgene 

pSecTag2 empty vector pSecTag2 Addgene 

pSecTag2 Semaphorin 

4B 

Overexpression, 

pSecTag2  

cloned 

psPAX2 Mammalian expression, 

lentiviral plasmid for virus 

production 

Addgene 

Rasa4-FLAG Overexpression Origene 

Rasa4-FLAG mutGAP Overexpression cloned 

shRasal1_1 shRNA knockout Sigma 

shRasal1_2 shRNA knockout Sigma 

shRasal1_3 shRNA knockout Sigma 

shRasal1_4 shRNA knockout Sigma 

shRasal1_5 shRNA knockout Sigma 

VSV-mPlexin-B1 Overexpression, derived 

from pUC19 

L. Tamagnone, Turin, 

Italy  

VSV-mPlexin-B1 IC Overexpression, derived 

from pUC19 

cloned 

 

 

Table 10. Primer for DNA cloning 

Primer name  Sequence (5’ – 3’) 

For_BamHI_Rasa4

mutGAP 

ATATAGGATCCGCCACCATGGCCAAG 

For_NotI_FLAG_PB

1IC 

TATATAGCGGCCGCATGGATTACAAGGATGACGACGATAAG

AGGAGGAAGAGCAAGCAGGC 

For_NotI_VSV_PB1I

C 

GCGGCCGCATGTATACAGACATAGAGATGAACCGACTTGGA

AAGAGGAGGAAGAGCAAGCAGGC 
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For_NotI_VSV_PB1I

C_2 

TATATAGCGGCCGCATGTATACAGACATAGAGATGAACCGA

CTTGGAAAGAGGAGGAAGAGCAAGCAGGC 

For_Rasa4mutGAP_

AF 

TATATACCAACACCCTGTTCGCGAGCAACTCTCTGG 

For1_EcoRI_Rasal1

wt 

TATATAGAATTCTGCAGATATCATGGCCAAGAG 

For1_NdeI_VSV-

PB1GAP 

TATATACATATGCCAAGTACGCCCCCTAT 

For2_VSVPB1GAP_

OVERLAP 

AGGAGGAAGAGCAAGCAGGCCCTGAG 

For-BAMHI-

Rnd1_pEF-FLAG 

TATATAGGATCCATGAAGGAGAGACGGG 

For-EcoRI-L-

Rasal1_pEGFP-C1 

TATATAGAATTCGGGCGGCGGCAGCGGCGGCGGCGGCAGCG

GCGGCGGCAGCATGGCCAAGAGCGGCTCGC 

For-EcoRI-L-

Rsl1_pEGFP-C1_2 

TATATAGAATTCGGGCGGCGGCAGCGGCGGCGGCGGCAGCG

GCGGCGGCAGCATGAAGGTGCGCCTCACTGA 

HINDIII_Rnd1_FOR ATATATAAGCTTATGAAGGAGAGACGGGCCCC 

Rev_Rasa4mutGAP

_AF 

ATATATAGGCCAGAGAGTTGCTCGCGAACAGGGTGTTGG 

Rev_Rasa4mutGAP

_BcII 

TATATATGATCAGCGGGTTTATCACTTATC 

Rev_Rasal1wt_NotI ATATATGCGGCCGCCTACTTGTCGTCATCGTCTTTGTAGTC

TCCCCG 

Rev1_VSVPB1GAP

_OVERLAP 

CTCAGGGCCTGCTTGCTCTTCCTCCTCTTACCCAGGCGGTT

CATTTCGA 

Rev2_VSVPB1GAP

_NheI 

TATATACTAGCTGGTCGACGCGTTAACTA 

Rev3_VSVPB1GAP

_NheI/BspOI 

ATATATGCTAGCTGGTCGACGCGTTAACTA 

Rev-Sal1-TAA-

Rasal1_pEGFP-C1 

TATATAGTCGACTTATCCCCGTTTCTGGAACTCCTCG 

Rev-Sal1-TAA-

Rsl1_pEGFP-C1_2 

TATATAGTCGACTTACTCGTCCACATCCACCAGCT 

REV-SpeI-Rnd1-

pEF-FLAG 

ATATATACTAGTTTACCATAATGGCATAATGGAACAG 
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Rnd1_Linker_FLAG

_XBaI_REV 

ATATATTCTAGATTACTTATCGTCGTCATCCTTGTAATCCC

ATAATGGCATAATGGAACAGCTTTTGG 

 

 

Table 11. Primer for qPCR 

Primer name Sequence (5‘ – 3‘) 

csGAPDH_for1 GAAGGTGAAGGTCGGAGTCA 

csGAPDH_rev1 TGACAAGCTTCCCGTTCTCA 

csRasal1_for1 GAACGAGCTCAACCAGTGGC 

csRasal1_rev1 TCCTCCAGTAATTTCAGCCTGAGC 

For1_CS_TMEM260 GGTGAAAGCCAATGCGTGG 

For1_MM_PB1_NIS GTACAGCCACCACTTCGTGA 

For2_Gastrin_NIS AGATGCAGCGACTATGTGTGT 

hGAPDH_for1 TGAAGACGGGCGGAGAGAAA 

hGAPDH_rev1 TTCCCGTTCTCAGCCTTGAC 

hRASAL1_for1 CGAGCACCAGGATGTGAAGT 

hRASAL1_rev1 CATCCCCATCCACATCCACC 

hsGastrin_for1 GCCTCTCATCATCGAAGGCA 

hsGastrin_rev1 GCTTCTTGGACGGGTCTGC 

mmGastrin_for1_NIS AACAGCGCCAGTTCAACAAG 

mmGastrin_rev1_NIS TGAAGTGTTGAGGACCCTGG 

mmRasal1_for1 TGGACCTGAACCGCTCTC 

mmRasal1_for1_NIS AGCATGCCAATTCAGAGCCT 

mmRasal1_for2_NIS CTGGACACAGCCCTTCCAAT 

mmRasal1_for2_NIS CCCCAGTCCGTTCTTCTGAG 

mmRasal1_rev1 AGGCTGGTCTCCCGTACC 

mmRasal1_rev1_NIS GCATGCTCACGCATCACTTT 

mmR-Ras_for1_NIS CTGTGTCCTGCTGTAGCCAA 

mmR-Ras_rev1_NIS GTAAGTGTGAGGCAGCTGGT 

Rev1_CS_TMEM260 GAGCGCAGGGAGGAGAAAAT 

Rev1_MM_PB1_NIS TGAAGGCACACTCGAGACAC 

Rev2_Gastrin_NIS CCCTGTACCTAAGGGTGCAT 
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7 Methods 

 

7.1 Cell culture 

 

All epithelial cell lines of different species (Table 7) were cultured at 37 °C and 5% 

CO2. All media contained 10-20% fetal calf serum (FCS)/fetal bovine serum (FBS), 

100 U/ml penicillin and 100 µg/ml streptomycin. For culture, the cells were split 

every other day by removing the medium, washing once with PBS and adding 

trypsin/ethylenediaminetetraacetic acid (EDTA) at 37 °C for detachment. Then, 

trypsin/EDTA was deactivated by dilution with medium; one part of the solution 

remained in the cell culture flask being filled up with an appropriate amount of 

medium, the other part was discarded or used for further analysis. For this purpose, 

cells were seeded in different concentrations into different sized well-plates and 

incubated for several hours to attach to the surface before further treatment was 

performed.  

 

7.2 In-vitro cell manipulation 

 

7.2.1 Transient Transfection 

 

To introduce and transcribe complementary DNA (cDNA) plasmids transiently, 

COS-7 and STC-1 cells were transfected with Lipofectamine 2000 Transfection 

reagent (ThermoFisher) and HeLa cells with FuGENE HD Transfection Reagent 

(Promega) according to manufacturer’s instructions. For a 12-well plate, 3 µl of 

Lipofectamine 2000 and 1 µg of cDNA plasmids were diluted in 100 µl OptiMEM, 

incubated for 30 min at room temperature (RT) and added dropwise to the cells. 

For FuGENE transfection in a 6-well plate, 6 µl of FuGENE and 2 µg of cDNA 

plasmid was diluted in 200 µl of OptiMEM and incubated for 10 min at RT before 

being added dropwise to the cells. In addition to that, HEK293T cells were 

transfected with calcium phosphate (Graham and van der Eb 1973; Worzfeld and 

Swiercz 2017) by mixing ddH2O with cDNA plasmids and calcium chloride (CaCl2). 

Afterwards, 2x BBS was shaken vigorously, added and incubated for 30 min at RT. 

Then, the mix was dropwise pipetted onto the seeded cells, incubated at 37 °C for 

3 h followed by a medium change. After 24-48 h post transfection, the cells were 

used for further experiments. 
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For knocking-down a protein transiently, all seeded cells were transfected with 

Lipofectamine RNAiMAX Transfection Reagent according to manufacturer’s 

instructions and analyzed 72 h post-transfection. Shortly, for a 6-well plate, 5 µl of 

RNAiMAX and 3 µl of 10 µM siRNA (Table 8) were diluted in 200 µl of OptiMEM 

and incubated for 20 min at RT before being added dropwise to the cells.   

 

7.2.2 Stable cell lines 

 

For stable reduction of protein expression, small hairpin RNAs (shRNAs) were 

used. Binding of complementary shRNAs to mRNA leads to degradation of the 

mRNA which results in no target protein production. The advantage of this method 

is the virus-mediated incorporation of foreign genetic material into the host’s cell 

genome, allowing a stable knockdown of proteins in comparison to siRNA 

transfection. In addition to that, it allows to pick effectively transduced cells via an 

antibiotic selection. For this purpose, HEK293T cells were seeded and transfected 

with calcium phosphate to introduce lentiviral plasmids that encode for packaging 

proteins (psPAX), envelope proteins (pMDG.2) and a lentiviral vector that 

contained the DNA of choice. This system allows a constitutive expression of all 

necessary proteins to produce lentiviral particles that are capable of infecting 

mammalian cells and deliver the target DNA into the host cell without having the 

ability to produce infectious particles. 48 h post transfection, the supernatant was 

harvested and polybren (hexadimethrine bromide) was added to a final 

concentration of 8 µg/ml to enhance transduction efficiency (Davis et al. 2002). 

Afterwards, the supernatant was sterile filtered through a 0,45 µm polyvinylidene 

fluoride (PVDF, Merck) filter and added to previously seeded COS-7 or HEK293T 

cells. 24-48 h later, the supernatant was aspirated and the antibiotic selection and 

splitting of freshly transduced cells started.  

As a preparation for antibiotic selection, a killing curve was performed for each cell 

line to determine the required concentration of puromycin to sufficiently kill wildtype 

cells (2 µg/ml for HEK293T and COS-7). This concentration was then used to 

select and afterwards cultivate the newly created cell line containing the shRNA 

sequence.   
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7.3 Biochemical methods 

 

7.3.1 SDS-polyacrylamide-gel electrophoresis (SDS-PAGE) 

 

For specific, antibody-mediated, detection of proteins from cell lysates, an SDS-

polyacrylamide-gel electrophoresis (SDS-PAGE) was performed. This method 

allows a voltage dependent separation of proteins according to their molecular 

weight. The SDS-PAGE is a discontinuous electrophoresis, in which gels are made 

of a separation and a stacking gel allowing a better resolution of protein separation 

(Laemmli 1970).  

Pre-treated or transfected cells were lysed either in Laemmli buffer and directly 

boiled at 99 °C for 5 min or in radioimmunoprecipitation (RIPA)/NP-40 buffer. 

Samples lysed in RIPA or NP-40 buffer were used for further biochemical methods, 

and afterwards Laemmli buffer was added and samples were boiled at 99 °C for 5 

min for protein denaturation. Independently of the pre-treatment, all samples were 

centrifugated at 10.000 g for 3 min and loaded onto an SDS-polyacrylamide gel 

with different percentages depending on the expected molecular weight (Table 12). 

After loading, the proteins were weight-separated between 80-160 V for 90 min 

using the Mini-PROTEAN III cell gel system (BioRad). Afterwards, the separated 

proteins were stained with Coomassie brilliant blue or transferred to a nitrocellulose 

membrane via Western blot for immunodetection.  

 

Table 12. Composition of stacking and separation gel for SDS-PAGE. 

Components Stacking gel Separation gel 

APS (w/v) 0,15% 0,1% 

RotiPhorese Gel 30 (v/v) 19% 6-15% 

SDS (w/v) 0,1% 0,1% 

TEMED  14,5 µM 9,5 µM 

Tris-HCl 0,12 M 0,36 M 

pH 6,8 8,8 

 

7.3.2 Coomassie brilliant blue staining 

 

Proteins in an SDS-polyacrylamide gel were unspecifically stained with Coomassie 

brilliant blue, a dye that can electrostatically bind to amino and carboxyl groups of 

proteins (Bradford 1976) by incubating the gel in the staining solution for 30 min at 
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RT. Afterwards, the gel was de-stained with de-staining solution overnight (ON) 

and documented with a photo camera. 

 

7.3.3 Western blot 

 

The blotting of proteins from an SDS-polyacrylamide gel to a membrane is called 

Western blot (Burnette 1981) and allows unspecific staining or specific antibody-

mediated detection of proteins.  

The SDS-polyacrylamide gels from SDS-PAGE were transferred to a nitrocellulose 

membrane (pore size 0,45 µm, Whatman) with the Mini Trans-Blot Electrophoretic 

Transfer Cell system (BioRad). Usually, the transfer was performed at 350 mA for 

75 min at RT. To check a successful transfer, a membrane staining with Ponceau 

S was performed to stain proteins unspecifically. To reverse this staining, the 

membrane was washed for several minutes in ddH2O before being blocked in 5% 

milk powder in Tris-buffered saline with 0,1% Tween20 (TBS-T) for 30 min at RT. 

This step was followed by a first antibody incubation for 1 h at RT for directly 

conjugated antibodies to horseradish peroxidase (HRP). Alternatively, first 

antibodies were incubated at 4 °C ON, followed by three washing steps in TBS-T 

and an incubation with HRP-conjugated secondary antibody for 1 h at RT. Later, 

all membranes were washed for three times in TBS-T and were detected with ECL 

reagent by exposing the membrane to X-Ray films and development with an X-

Ray film processor (Medical Index GmbH). 

 

7.3.4 Pulldown assay 

 

The glutathione S-transferase (GST)-Raf-1 pulldown is a biochemical method, that 

allows an enrichment of active, GTP-loaded Ras isoforms by binding to the Ras-

binding domain (RBD) of the Raf-1 effector protein fused to GST. This recombinant 

protein can bind with strong affinity to glutathione agarose allowing the pulldown of 

active Ras (Worzfeld and Swiercz 2017). 

 

7.3.4.1 Production of GST-Raf-1 agarose 

 

This protocol has been reported previously by Worzfeld and Swiercz. Chemically 

competent Rosetta DE3 E. coli were transformed with the pGEX GST-Raf-1 

plasmid as described in 7.2.1. For pre-culture, bacteria were transferred into 
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prepared Erlenmeyer flasks containing 250 ml LB medium with chloramphenicol 

(12,5 mg/ml, 1:1000) and ampicillin (100 mg/ml, 1:1000) and incubated ON at 37 

°C. The next day, the overnight culture was diluted 1/10 with LB medium and 

antibiotics and further cultivated at 37 °C until the absorbance reached an optical 

density of 0,8 at 600 nm (OD600). Isopropyl β-D-1-thiogalactopyranoside (IPTG) 

was added at a final concentration of 500 mM and bacteria were incubated for 3 h 

at 30 °C. The bacteria were pelleted at 4600 g for 10 min at 4 °C, the supernatant 

was discarded, and the pellet was washed once in ice-cold PBS. E. coli were lysed 

in ice-cold LBG buffer and sonicated three times for 15 s at 80% of maximum 

power. Afterwards, 1% Triton X-100 was added to the lysates and incubated on a 

roller for 15 min at 4 °C, followed by a centrifugation step at 17.000 g for 10 min at 

4 °C. Glutathione agarose 4B, previously once washed with LBG buffer, was added 

to the E. coli supernatant and incubated on a rotator for 1 h at 4 °C. The mixture 

was centrifugated at 3200 g for 5 min at 4 °C and the supernatant was removed. 

After three washing steps with LBG buffer, the pelleted agarose was resuspended 

in 50% glycerol in LBG buffer, aliquoted and frozen at -80 °C.  

 

7.3.4.2 GST-Raf-1 pulldown assay 

 

Transfected HEK293T cells (see 7.2.1) were treated with different recombinant 

semaphorins in concentrations between 25 and 150 nM for 20 min at 37 °C or 

starved in FCS-free medium ON followed by stimulation. HEK293T cells were 

lysed using the ice-cold protein lysis buffer (PLB) containing protease inhibitors 

(Roche). The cell lysates were cleared by centrifugation at 17.000 g for 10 min at 

4 °C and the supernatant was loaded on an aliquoted GST-Raf-1 agarose, after 

taking some µl for lysate control. After an incubation step on a rotator for 50 min at 

4 °C, the samples were centrifuged at 17.000 g for 1 min and washed three times 

with PLB buffer. Lysates and GST-Raf-1 agarose were resuspended in Laemmli 

buffer and boiled for 5 min at 99 °C before continuing with SDS-PAGE (see 7.3.1). 

Alternatively, the Ras Pull-down Activation Assay Biochem Kit (Cytoskeleton, Inc.) 

was used according to manufacturer’s instructions.   

 

7.3.5 Co-Immunoprecipitation (CO-IP) 

 

The Co-Immunoprecipitation (CO-IP) is a biochemical method to study protein-

protein interactions. Cell lysates are incubated with agarose beads coupled to 

antibodies (similar to 7.3.4.2) that allow a pulldown of specific proteins with their 
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interaction partners. By performing a Western blot, other proteins, interacting with 

the precipitated protein, can be detected.  

For this experiment, previously seeded, transfected and/or pre-treated HEK293T 

cells in 10 cm dishes were harvested by discarding the medium and adding an 

appropriate amount of lysis buffer (usually between 500-1000 µl). For this study, a 

stringent RIPA buffer and a less stringent NP-40 buffer containing protease and 

phosphatase inhibitors (Roche/ThermoFisher) were used depending on the 

interaction properties of the desired proteins. The lysates were transferred into an 

Eppendorf tube and incubated on a roller for 10 min at 4 °C followed by clearing of 

lysates at 17.000 g for 10 min at 4 °C. Meanwhile, 20 µl of Protein A/G agarose or 

ANTI-FLAG M2 Affinity Agarose Gel (Sigma) were washed once with ice-cold lysis 

buffer. After taking some lysate for total protein control, the supernatant was loaded 

onto the agarose. 2 µg of specific antibody was added to samples with Protein A/G 

agarose. After incubation on a roller for 90 min at 4 °C, the agarose beads were 

centrifuged at 10.000 g for 10 s at 4 °C and washed 4 times with ice-cold lysis 

buffer. Lysate control and agarose beads were resuspended in 4x/2x Laemmli 

buffer and boiled for 5 min at 99 °C before being loaded on an SDS-PAGE followed 

by a Western blot (see 7.3.3). 

 

7.3.6 Mass spectrometry 

 

Analyzation of interaction partners and post-translational modifications (PTM) of 

Rasal1 were performed in cooperation with Dr. Johannes Graumann (Max-Planck-

Institute for Heart and Lung Research, Bad Nauheim).  For this reason, HEK293T 

cells were transfected with cDNA plasmids for Rasal1-FLAG and VSV-Plexin-B1 

and treated with Semaphorin 4D [25 nM]. Afterwards, an immunoprecipitation 

against Rasal1-FLAG was performed (see 7.3.5) and the samples were snap-

frozen in liquid nitrogen before mass spectrometry analysis. 

 

7.3.7 Production and purification of human Semaphorin 4D  

 

Lec3.2.8.1 Chinese hamster ovary cells (CHO cells) that produce soluble histidine- 

tagged Semaphorin 4D (Davis et al. 1990; Love et al. 2003) were cultured in 

GMEM (Sigma Aldrich) with 20% FBS (Gibco) and GS supplement (Sigma Aldrich) 

until confluency. The medium was collected every other day and stored at 4 °C for 

two weeks.  After medium collection, the supernatant was centrifugated at 3000 g 

for 10 min at 4 °C and filtered through a Filtropur V25 0,45 µM (Sarstedt). Then, 
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the medium was diluted 1:3 with PBS and 1M Tris-HCl (pH 8,0) was added to a 

final concentration of 10 mM. For each liter of medium, 2.5 ml of Ni-NTA agarose 

(Qiagen) was added and incubated on a rotator for 2 h at 4 °C. Afterwards, the Ni-

NTA agarose was separated from the medium using an Econo-Column Funnel 

(BioRad). The agarose was washed with 20-50 ml of PBS containing 10 mM Tris-

HCl (pH 8,0) followed by elution of histidine tag-bound Semaphorin 4D with 10-20 

ml of histidine elution buffer. The eluate was concentrated in an Amicon Ultra-15 

tube (Millipore) until the volume was less than 250 µl. In cooperation with Dr. 

Sabrina Sapski (Institute of Pharmacology, Max-Planck-Institute for Heart and 

Lung Research, Bad Nauheim), Semaphorin 4D was further purified in a gel 

filtration chromatography and fractionated. Appropriate fractions were afterwards 

pooled and the concentration of Semaphorin 4D was determined by performing a 

Coomassie Gel SDS-PAGE (see 7.3.2) and comparing amount of protein to a BSA 

standard.  

 

7.3.8 Biotinylation of cell surface proteins 

 

For the detection of membrane proteins, a method previously described by Elia 

2012 and Pischedda et al. 2014  was used by covalently adding biotin to primary 

amines of proteins exposed extracellularly. After precipitation and antibody specific 

detection, the membrane-associated protein of interest could be encountered. 

The biotinylation reaction of a 10 cm dish with previously seeded cells (see 7.1)  

was performed by washing the cells two times with ice-cold PBS followed by 

incubation with 8 ml of biotin-NHS (Sigma) in PBS (0,25 mg/ml) for 10 min at 4 °C 

with gentle shaking. Afterwards, the reaction was quenched by adding of 6 ml Tris-

HCl (50 mM, pH 7,4) and the cells were scraped off the dish and collected in a 50 

ml tube. Then, cells were pelleted at 3000 g for 5 min at 4 °C and washed 3 times 

with ice-cold PBS. The pellet was resuspended in 800 µl of lysis buffer containing 

protease inhibitors (Roche) and an immunoprecipitation was performed with 20 µl 

of Pierce Streptavidin Agarose against biotin as described in 7.3.5.     
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7.4 DNA cloning methods 

 

7.4.1 Polymerase chain reaction (PCR) 

 

The polymerase chain reaction (PCR) is a standard method to amplify specific DNA 

sequences by thermal cycling. The specificity can be obtained by primer design 

and annealing temperatures. Generally, a DNA template is denaturated and 

forward/reverse primers can anneal to the desired sequence and a heat-resistant 

DNA-dependent DNA polymerase can then synthesize the DNA fragment between 

the two primers. By cycling of these steps, the fragment is exponentially produced 

and can be used for further applications.  

The standard reaction mixture for generating PCR products is shown in Table 13. 

For this purpose, the Phusion Hot Start High-Fidelity DNA Polymerase (Phusion) 

system (ThermoFisher) was used according to manufacturer’s instructions. All 

primers for cloning are presented in Table 10 with their restriction sites and 

corresponding template (usually cDNA from pre-existing plasmids (Table 9)). 

 

Table 13. Standard reaction mix for PCR with Phusion 

Components Amount [µl] 

HF buffer 10 

dNTP 1 

Forward primer [10 µM] 1 

Reverse primer [10 µM] 1 

DMSO 1 

cDNA Template [100 ng]  X 

Phusion 0,2 

ddH2O [final volume 50 µl] X 

 

The PCR was performed in a FlexCycler2 (analytikjena) according to a standard 

protocol (Table 14). The annealing temperature (TA) was calculated from the 

respective primer melting temperatures (Tm, TA=Tm-5). In addition, the extension 

time depended on the length of the PCR product (Phusion extension speed 15-30 

s/kb) and the cycle number on the final PCR product amount.   
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Table 14. Standard protocol for Phusion PCR 

Step Temperature [°C] Time [s]  

Denaturation 98 30 

Denaturation 98 10 

25-35 cycles Annealing X 10 

Extension 72 X 

Final Extension 72 5  

Hold 4 ∞ 

 

7.4.2 Overlap PCR 

 

To fuse two PCR products, an overlap PCR was performed. By designing a 20 bp 

overlap between the PCR products, annealing and creation of a new template was 

achieved, followed by thermal cycling amplification. The pipetting scheme for such 

an overlap PCR is presented in Table 15. The protocol used for the overlap PCR 

was the standard protocol for Phusion PCR (Table 14). 

 

Table 15. Reaction mix for overlap PCR with Phusion 

Components Amount [µl] 

HF buffer 10 

dNTP 1 

5’ primer [1 µM] 1 

3’ primer [1 µM] 1 

DMSO 1 

PCR template 1 [200 ng]  X 

PCR template 2 [200 ng] X 

Phusion 0,5 

ddH2O [final volume 50 µl] X 

 

7.4.3 Enzymatic digest of PCR products and cDNA plasmids 

 

An enzymatic digest of DNA is needed to create sticky DNA ends, that are 

complementary to each other and allow a directed ligation between different 

pieces, e.g. ligate a PCR product into a vector backbone (see 7.4.5). A second 

application is the test digest, where cDNA plasmids are digested, loaded on an 

agarose gel (see 7.4.4) and checked for expected fragment sizes. This digest was 
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being conducted by restriction enzymes (ThermoFisher) that have a specific DNA 

sequence restriction site. Digests were performed with one or two enzymes 

depending on the application. Each combination of enzymes needed different 

buffer conditions. The right buffer was chosen by using the ThermoFisher Double 

Digest Calculator. A standard pipetting digest mix consisted of the respective 

buffers, the enzymes, the template (PCR product, cDNA plasmid) and ddH2O (final 

volume 40 µl). Then, the digest was incubated for 1 h at 37 °C and loaded on an 

agarose gel for purification/analysis.  

 

7.4.4 Agarose gel electrophoresis 

 

To purify or isolate PCR products/vector backbones, samples were mixed with 10X 

DNA loading dye, loaded on agarose gels (0,8-2% agarose in TAE buffer) 

containing 1,25 µM ethidium bromide and run at 80-120 V for 1 h. Afterwards, the 

DNA bands were visualized and photographed under UV-light using the INFINITY 

gel documentation system (Peqlab). Specific bands were cut out with a scalpel and 

isolated with the NucleoSpin Gel and PCR clean-up kit (Macherey-Nagel) 

according to manufacturer’s instructions.  

 

7.4.5 Ligation 

 

The PCR products were ligated into an expression vector backbone. The vector 

backbone and the PCR product were previously digested with restriction enzymes 

creating matching overlaps (see 7.4.3) and ligated using the T4 DNA ligase system 

(ThermoFisher). For ligation, PCR products were added in different molecular 

ratios (0:1, 1:1, 3:1, 5:1) to the backbone (100 ng) together with T4 DNA ligase 

buffer and ddH2O to a final volume of 20 µl. The mix was incubated for 1 h at RT. 

Afterwards, 5 µl of the ligation were directly transformed into competent E. coli (see 

7.4.7) or frozen for further use.  

 

7.4.6 Mutagenesis 

 

Mutagenesis of cDNA plasmids is a standard technique in molecular biology to 

introduce point mutations, switch nucleotides and to delete or insert base pairs. 

This can be achieved through standard cloning techniques like PCR amplification, 

digestion and ligation, by designing primers carrying the desired mutations or by 
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mutagenesis kits, that allow an in vitro site-directed mutagenesis. In this study, 

standard techniques and mutagenesis kits were used. For mutating Plexin-B2, the 

QuickChange XL Site-Directed Mutagenesis Kit (Agilent Technologies) was used 

according to manufacturer’s instructions. All other constructs were mutated using 

standard cloning strategies (see 7.4 ff.) 

 

7.4.7 Transformation and plasmid isolation 

 

For the amplification of cDNA plasmids, constructs were transformed into 

competent One Shot Top10 Chemically Competent E. coli (ThermoFisher). 

According to the protocol, 6 µl of ligations or 200 µg of cDNA plasmids were mixed 

with 50 µl of chemo competent E. coli and kept on ice for 30 min. Then, the mixture 

was heat shocked for 45 s at 42 °C and again kept on ice for 5 min. Afterwards, 

bacteria were incubated with lysogeny broth (LB) medium without antibiotics on a 

shaker at 37 °C for 1 h followed by their cultivation at 37 °C ON an agarose plate 

containing selection antibiotics. The next day, colonies were picked and incubated 

on a shaker in 2 mL of LB medium with antibiotics at 37 °C ON, in order to perform 

a mini plasmid isolation of cloned construct using the NucleoSpin Plasmid Miniprep 

Kit (Macherey-Nagel) according to manufacturer’s instructions. Further 

characterizations of the construct followed like test expression in eukaryotic cells 

(see 7.2.1), test digest (see 7.4.3) or sequencing using the Seqlab-Microsynth 

service (Balgach, Switzerland) followed by analyzing the results with the 

SnapGene Viewer (GSL Biotech, snapgene.com).  

For preparative cDNA plasmid isolation, colonies were incubated in 2 ml of 

antibiotics containing LB medium on a shaker for 1 h at 37 °C. Pre-culture was 

added to an Erlenmeyer flask containing 250 ml of LB medium and antibiotics. The 

bacteria were incubated on a shaker at 37 °C ON. The day after, cDNA plasmids 

were isolated using the NucleoBond Xtra Midi Kit (Macherey-Nagel) according to 

manufacturer’s instructions. 

 

7.5 Molecular biological methods 

 

7.5.1 RNA isolation and reverse transcription 

 

To isolate RNA from the respective seeded cells in 6-well plates, 1 ml of peqGOLD 

TriFast (Peqlab) was added to the cells. After an incubation of 5 min at RT, the 
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lysate was transferred into an Eppendorf tube and 200 µl of chloroform were 

added, vortexed and incubated for another 5 min at RT. The mixture was 

centrifugated at 17.000 g for 15 min at 4 °C followed by a transfer of the aqueous 

upper phase into a new tube. To precipitate the RNA, 500 µl of isopropanol were 

added and vortexed. The precipitation was performed either for 15 min at RT or for 

1 h at -20 °C. Afterwards, the RNA was pelleted by centrifugation at 17.000 g for 

10 min at 4 °C, washed once with 70 % ethanol and air-dried. The RNA was 

resuspended in nuclease free water for 10 min at 55 °C. The concentration was 

measured using the NanoDrop 2000 Spectrophotometer (ThermoFisher) and 

samples were stored at -80 °C or directly used for reverse transcription. For reverse 

transcription, around 500-2000 ng of RNA were reversed transcribed into cDNA 

using the First Strand cDNA Synthesis kit (ThermoFisher) according to 

manufacturer’s instructions.  

If the cell number was too small or a DNAse treatment was necessary for absolute 

quantification of mRNA expression levels using RT-qPCR (see 7.5.3), the RNA 

isolation was performed using the Direct-zol RNA MicroPrep kit including DNAse I 

treatment (Zymo Research) according to manufacturer’s instructions, followed by 

reverse transcription. 

 

7.5.2 Reverse transcriptase polymerase chain reaction (RT-PCR) 

 

The reverse transcriptase PCR (RT-PCR) is a non-quantitative method to 

determine the expression of specific genes. For this, previously reverse transcribed 

cDNA (see 7.5.1) was mixed with specific primers, deoxyribose nucleoside 

triphosphate (dNTP), dimethyl sulfoxide (DMSO), a 10x Taq buffer with KCl and 

Taq DNA Polymerase from ThermoFisher (see Table 16). The PCR program is 

presented in Table 17. After thermal cycling, the samples were loaded on an 

agarose gel and documented as described in 7.4.4. Glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) was amplified as a house-keeping gene for 

normalization of target genes. 

 

Table 16. Standard reaction mix for PCR with Taq DNA Polymerase 

Components Amount [µl] 

10x Taq Buffer with KCl 5 

dNTP 1 

Forward primer [10 µM] 3 
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Reverse primer [10 µM] 3 

DMSO 1,5 

cDNA Template [100 ng]  X 

Taq DNA Polymerase 0,5 

ddH2O [final volume 50 µl] X 

 

Table 17. Standard protocol for Taq DNA Polymerase PCR 

Step Temperature [°C] Time [s]  

Denaturation 95 120 

Denaturation 98 30 

30 cycles Annealing TM-5 30 

Extension 72 1 min/kb 

Final Extension 72 5  

Hold 4 ∞ 

 

7.5.3 Quantitative real-time RT-PCR (RT-qPCR) 

 

The quantitative real-time RT-PCR (RT-qPCR) is a quantitative method to study 

gene expression in real-time by measuring the cycle-wise fluorescence intensity of 

SYBR Green, a dye that intercalates with double stranded DNA during PCR 

amplification. Its principle is based on the method of the PCR (see 7.4.1) and was 

performed with the iQ SYBR Green Supermix (BioRad) in a Real Time Quantitative 

Thermal Cycler (BioRad) according to manufacturer’s instructions. Shortly, the 

cDNA was mixed with the respective forward/reverse primers and the IQ SYBR 

Green Supermix (see Table 18). The mix was then pipetted into a 96-well plate. 

The standard protocol for a RT-qPCR is presented in Table 19,  used primers are 

listed in Table 11.   

 

Table 18. Standard reaction mix for RT-qPCR. 

Components Amount [µl] 

SYBR Green Supermix 12,5 

Forward primer [10 µM] 0,25 

Reverse primer [10 µM] 0,25 

cDNA [20 ng]  5 

ddH2O [final volume 25 µl] 7 
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Table 19. Standard protocol for RT-qPCR 

Step Temperature [°C] Time [s]  

Denaturation 95 180 

Denaturation 95 10 

40 cycles Annealing 60 30 

Extension 72 30 

Final Extension 72 120  

Melting 55 → 95 10 

 

For relative gene expression analysis, the ΔCt [gene of interest] was normalized to 

ΔCt [GAPDH] by subtraction and fold change calculation (ΔΔCt), equaling thr 

relative expression of the target gene in comparison to GAPDH. 

This method can be also used to determine absolute expression of a target DNAse 

pre-treated RNA/cDNA transcript. To measure copy numbers of transcripts per ng 

of RNA, a standard expression curve of isolated genomic DNA (gDNA, see 7.5.4) 

is being measured and a conversion function is used to calculate an absolute copy 

number. 

 

7.5.4 Genomic DNA isolation 

 

Previously seeded cells in a 6-well plate were lysed in 1 ml gDNA isolation buffer 

with proteinase K (500 µg/ml) and incubated at 37 °C ON. The next day, the lysate 

was mixed with 0,5 ml Roti-phenol/chloroform/isoamyl alcohol (Roth) and was 

centrifuged at 17.000 g for 5 min at RT. The upper phase was transferred into a 

new Eppendorf tube and 0,5 ml of chloroform were added, the phases mixed and 

centrifuged at 17.000 g for 5 min at RT. Again, the upper phase was transferred 

into a new Eppendorf tube and mixed with 0,1 volume of 3M sodium acetate 

(NaOAc) and 2,5 volumes of ice-cold ethanol. After mixing, the tube was 

centrifuged at 17.000 g for 5 min at RT. The pelleted DNA was washed once in 

70% ethanol (v/v), air-dried and resuspended in TE buffer. After measuring the 

concentration, the gDNA was used for absolute quantification of mRNA expression 

levels using RT-qPCR (see 7.5.3). 
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7.6 Immunofluorescence 

 

7.6.1 COS-7 collapse assay 

 

The COS-7 collapse assay enables to study semaphorin-dependent plexin 

signaling in vitro. COS-7 cells, overexpressing plexins, collapse after semaphorin 

stimulation similar to the axonal growth cone collapse, which is mediated by an 

integrin-dependent reorganization of the cytoskeleton that leads to retraction and 

compression of the cytoplasm  (Turner and Hall 2006; Yukawa et al. 2010b).  

For this assay, COS-7 cells were seeded on coverslips in a 24-well plate. These 

coverslips were treated with 1 M HCl ON, washed with ddH2O and sterilized with 

UV-light. The next day, cells were transfected with the cDNA plasmids of choice 

(see 7.2.1). 24 h later, transfected COS-7 cells were treated with semaphorins (25-

150 nM), either alone or together with BAPTA-AM (10 µM), ATP (50 µM) or starving 

medium for 1 h at 37 °C. Afterwards, the cells were stained with an 

immunofluorescence staining (see 7.6.2), microscopic images were taken and 

blinded quantitative analysis was performed using a Zeiss LSM 700.   

 

7.6.2 Immunofluorescence staining  

 

To stain specific proteins with fluorophore-tagged antibodies, previously seeded 

on coverslips, transfected and pre-treated cells  were washed three times with PBS 

and fixed in 4% para-formaldehyde (PFA) for 20 min at 37 °C. Fixed cells were 

permeabilized wit 0,2% Triton X-100 in PBS for 20 min at RT, followed by a short 

blocking step with 1% BSA in PBS. Then, coverslips were incubated with 

antibodies in 1% BSA in PBS for 1 h at RT. After three washing steps with PBS, 

the firstly used antibody was marked with a fluorophore-conjugated second 

antibody and the DNA was stained with 4′,6-diamidino-2-phenylindole (DAPI; 3,6 

µM) for 1 h at RT. Finally, the samples were washed four times with PBS and 

mounted on microscopic slights with DAKO fluorescence mounting medium 

(Agilent Technologies). Microscopic images were taken using a Zeiss LSM 700 

microscope.   
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7.7 Live-cell imaging 

 

7.7.1 Translocation studies of GFP-Rasal1 

 

To investigate the localization of GFP-Rasal1 in the cell after application of different 

compounds, a live-cell imaging was performed. Therefore, HeLa cells were seeded 

in a µ-Slide 8 well plate (ibidi) and were transfected with the cDNA plasmid coding 

for GFP-Rasal1 according to 7.2.1. After 24 h, the slide was imaged with a Zeiss 

LSM 700 microscope over a time course of up to 5 min with one picture every 2 s. 

The cells were treated with Semaphorin 4D (50-150 nM) and/or histamine (100-

400 µM) while the fluorescence intensity and localization of GFP-Rasal1 was 

measured (Walker et al. 2004; Liu et al. 2005). Different regions of interest (ROIs) 

were set in the cytoplasm of HeLa cells and the mean fluorescence intensity was 

quantified for different cells during the time course. The data analysis was made 

with ImageJ and Microsoft Excel 2016, calculating the relative translocation of 

GFP-Rasal1 normalized to the fluorescence background.   

 

7.8 Pharmacological methods 

 

7.8.1 Alkaline-Phosphatase (AP)-assay 

 

A pharmacological approach to determine binding of a specific ligand to its receptor 

is a dose-dependent measurement of receptor occupancy. For this purpose, an 

assay was designed, in which Semaphorin 4C bound to its receptor Plexin-B2, can 

be detected in a colorimetric experiment, where a specific antibody against the Fc 

part of recombinant mouse Semaphorin 4C chimera protein (Rndsystems) is 

coupled to alkaline phosphatase (Flanagan and Leder 1990; Tamagnone et al. 

1999; Deng et al. 2007). After adding 4-nitrophenyl phosphate disodium salt 

hexahydrate (phosphatase substrate, pNPP, Sigma Aldrich), an enzymatic 

reaction by the alkaline phosphatase to p-nitrophenol is taking place. The yellow, 

insoluble product can be detected with an iMark microplate reader (BioRad) by 

measuring the absorption at 415 nm. The experimental procedure starts with 

transfected COS-7 cells (6000 cells) previously seeded in a 96-well plate 

overexpressing Plexin-B2 constructs and/or siRNA against TMEM260. 24 h post 

transfection, the cells were treated with Semaphorin 4C in different concentrations 

together with an AP-conjugated antibody against mouse Fcγ fragments (1:5000) for 



 

52 
 

90 min at 4 °C. Then, the cells were washed three times with cold Hank’s balanced 

salt solution (HBSS) to wash-out excessive, unbound antibodies. This step was 

followed by incubation of pNPP in pNPP buffer for 10-15 min at 37 °C until yellow 

precipitate was visible, and the absorption was measured at 415 nm using an iMark 

microplate reader (BioRad). The analysis consisted of a background subtraction of 

untransfected control cells and an average calculation of dupli-/triplicates. 
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8 Results 

 

8.1 The role of TMEM260 in plexin signaling 

 

8.1.1 Functional characterization of TMEM260 knockdown in vitro 

 

The IPT domains of plexins are not being O-mannosylated by POMT1/POMT2 or 

TMTC1-4 in comparison to other glycosylation sites of the cadherin superfamily, 

indicating the existence of a so far unknown candidate performing this 

glycosylations (Larsen et al. 2017a; Larsen et al. 2017b). Recent unpublished data 

from Adnan Halim and colleagues, University of Copenhagen, Denmark identified 

TMEM260 as a possible candidate for plexin O-mannosylation (Fig. 6A). 

TMEM260 is a protein with unknown function, that is encoded by the TMEM260 

gene. Truncated mutations in this locus cause a syndrome with 

neurodevelopmental, cardiac and renal symptoms (Ta-Shma et al. 2017). After the 

loss of TMEM260, the glycosylations at IPT domains are gone (unpublished data), 

suggesting, that TMEM260 may be involved in influencing semaphorin-plexin 

signaling, since glycosylations are important post-translational modifications 

(PTMs) for molecular trafficking/clearance, endocytosis and signal transduction 

(Ohtsubo and Marth 2006). To test this, different cell biological, biochemical and 

pharmacological assays were performed to characterize the role of TMEM260 in 

plexin signaling.  

Initially, an siRNA knockdown of TMEM260 in COS-7 cells was established (Fig. 

6B). Then, these cells overexpressing siRNA against TMEM260 were investigated 

concerning their ability to bind Semaphorin 4C. For this reason, an AP-assay was 

performed with COS-7 cells overexpressing Plexin-B2. The cells were incubated 

with different concentrations of Semaphorin 4C and the binding to Plexin-B2 was 

measured colorimetrically with an AP-tagged antibody against Semaphorin 4C as 

described above. It could be shown that the binding of Semaphorin 4C to Plexin-

B2 was significantly higher after the knockdown of TMEM260 in comparison to the 

untreated or control siRNA expressing COS-7 cells (Fig. 6C). 

Further, a biotinylation assay was performed to confirm, if this observation was due 

to abrogated expression levels of Plexin-B2. For this reason, COS-7 cells, 

engineered to express Plexin-B2, and transfected with control siRNA or siRNA 

directed against TMEM260, were treated with biotin, resulting in biotinylation of 

surface proteins. After precipitation of all biotinylated proteins, a Western blot was 
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performed against Plexin-B2 revealing a higher amount of membrane-associated 

Plexin-B2 in cells treated with siRNA against TMEM260 compared to the cells 

transfected with control siRNA (Fig. 6D). 

Besides, a possible involvement in downstream signaling was examined with a 

COS-7 collapse assay. COS-7 cells were transfected with Plexin-B2 and either 

control siRNA or siRNA directed against TMEM260 and treated with Semaphorin 

4C followed by an immunofluorescence staining (Fig. 6E). Collapsed cells were 

quantified and no difference in the downstream signaling ability between control 

siRNA or siRNA against TMEM260 transfected COS-7 cells could be observed 

(Fig. 6F).    
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Figure 6. Knockdown of TMEM260 leads to elevated binding of Semaphorin 4C and increased 

plasma membrane localization of Plexin-B2 without altering downstream signaling. A) Plexin-

B2 is O-mannosylated by transmembrane and TPR repeat-containing protein 2 (TMTC2) at the PSI 

domain and close to the transmembrane domain. O-mannosylations at the IPT domains are 

performed by TMEM260. B) Relative TMEM260 mRNA expression was quantified with RT-qPCR and 

sicontrol was used as relative control. COS-7 cells were transfected for 48 h with control siRNA 

(sicontrol) or siRNA directed against TMEM260 (siTMEM260) as described in Material and Methods. 

The values represent mean±SEM of 5 independent experiments, *** = p<0,001, two-sided t test. C) 

Alkaline phosphatase (AP)-assay of COS-7 cells overexpressing murine MYC-Plexin-B2 and either 

siRNAs sicontrol or siTMEM260. Cells were incubated with recombinant murine Semaphorin 4C 

(Sema4C) for 1 h at 4 °C. The absorption of antibody mediated AP activity of plexin-bound 

semaphorin was measured with 3 technical replicates at 415 nm and normalized to background 
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absorption. The values represent mean±SEM, * = p<0,05, one-way ANOVA, Dunnett test, Plexin-B2 

sicontrol = control. D) Biotinylation assay of COS-7 cells overexpressing MYC-Plexin-B2 and siRNAs 

sicontrol or siTMEM260. Plasma membrane-associated proteins were biotinylated for 10 min at 4 °C 

and a precipitation for biotin was performed. MYC-Plexin-B2 was detected with Western blot analysis. 

E) COS-7 collapse assay of COS-7 cells overexpressing MYC-Plexin-B2 (green) and either siRNA 

sicontrol or siTMEM260 (DAPI (blue)). Cells were treated with 25 nM recombinant murine 

Semaphorin 4C for 1 h at 37 °C, followed by immunofluorescence staining and blinded quantification 

of collapsed cells, indicated with white arrows, scale bar 20 µm. F) Corresponding quantification of 

E) of three independent experiments. The values represent mean±SD.           

   

8.1.2 Functional characterization of TMEM260 knockout in vitro 

 

Additionally, the plasma membrane localization of endogenous Plexin-B2 was 

analyzed using HEK293 cells with a CRISPR-Cas9 mediated knockout of 

TMEM260 in order to elucidate the role of TMEM260 in protein targeting, with AC2 

as a wildtype control and B1, D3 and F1 as TMEM260KO. These cells were kindly 

provided from Adnan Halim and colleagues and were firstly analyzed for their 

expression and localization of Plexin-B2 with immunofluorescence staining. As 

presented in Fig. 7A, all four cell lines had similar expression levels of endogenous 

Plexin-B2 and its localization to the plasma membrane at cell-cell contacts was not 

changed. Hence, a difference in expression levels or plasma membrane 

localization of Plexin-B2 could not be observed by comparing the control cell line 

AC2 with all TMEM260KO cell lines (B1, D3, F1). Furthermore, a Western blot for 

Plexin-B2 of total HEK293 lysates revealed bands in different intensities. While the 

WT control AC2 has a more intense band at 170 kDa and a less intense band at 

250 kDa, all TMEM260KO cell lines (B1, D3 and F1) were reversed. These two 

bands represent full length (250 kDa) and the cleaved extracellular part of Plexin-

B2 (170 kDa). Artigiani et al. 2003 provide strong evidence, that this cleaving 

process is performed by protein convertases at the cell surface and is necessary 

to increase ligand binding and induce signal transduction (Fig. 7B). Interestingly, a 

biotinylation assay of membrane-associated proteins showed more cleaved Plexin-

B2 at the cell surface in all TMEM260KO cell lines (B1, D3, F1) in comparison to 

the WT (AC2) control (Fig. 7C). 

In sum, these data indicate a role for TMEM260 in plasma membrane targeting 

and proteolytic processing of Plexin-B2 in siRNA and CRISPR mediated 

knockdown/knockout of TMEM260 in HEK293 cells. In the case of siRNA mediated 

knockdown, a significant increase in binding of Semaphorin 4C to Plexin-B2, 

without altering downstream signaling, could be noticed.     
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Figure 7. The knockout of TMEM260 in HEK293 cells leads to increased plasma membrane 

localization of Plexin-B2 and defective processing by protein convertases. A) 

Immunofluorescence staining of endogenous Plexin-B2 (red, DAPI (blue)) in HEK293 CRISPR cell 

lines AC2 (WT) and B1, D3, F1 (all TMEM260KO). B) Western blot analysis of Plexin-B2 expression 

in total lysates of HEK293 CRISPR cell lines AC2 (WT) and B1, D3, F1 (all TMEM260KO). C) 

Biotinylation assay of HEK293 CRISPR cell lines AC2 (WT) and B1, D3, F1 (all TMEM260KO). 

Membrane-associated proteins were biotinylated for 10 min at 4 °C and a precipitation for biotin was 

performed as described in Matherial & Methods. Plexin-B2 was detected with Western blot analysis. 
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8.2 The role of Rasal1 in plexin signaling 

 

8.2.1 Are plexins GAPs? – An old controversy 

 

Plexins have been described as semaphorin-dependent GAPs for R-Ras (Oinuma 

et al. 2004a), but direct GAP activity of isolated intracellular domains of plexins 

towards R-Ras could not be observed (Wang et al. 2012). The stimulation of 

Plexin-B1 with Semaphorin 4D leads to the deactivation of R-Ras that requires 

additional binding of Rnd1 to Plexin-B1, but the molecular mechanism is not 

understood (Fig. 8A). It is known that active, GTP-bound R-Ras can bind to the 

receptor Plexin-B1 in the presence of Rnd1 (Fig. 8B) and can be deactivated after 

application of Semaphorin 4D (Fig. 8C).  

Here, this observation was confirmed in an overexpression system, where active 

R-Ras binds to Plexin-B1 in the presence of Rnd1. This effect is gone in absence 

of Rnd1 (Fig. 8B). Furthermore, the activity level of R-Ras was reduced after 

Semaphorin 4D application in comparison to the untreated control, or in cells not 

overexpressing VSV-Plexin-B1 (Fig. 8C). 

       

 

Figure 8. Active R-Ras binds to Plexin-B1 and gets deactivated after stimulation with 

Semaphorin 4D. A) Scheme of semaphorin-dependent R-Ras deactivation by Plexin-B1. Plexin-B1 

binds Rnd1 (yellow) and active, GTP-bound R-Ras (green). Upon application of Semaphorin 4D 

(Sema4D), R-Ras is being deactivated (GDP-bound state, red), yet the exact mechanism is unclear. 

B) The binding of constitutively active R-Ras G38V (CA) to Plexin-B1 is dependent on the presence 

of Rnd1. HEK293T cells were transfected with the indicated cDNA constructs for 24 h at 37 °C. CO-
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IP against VSV-Plexin-B1 was performed and the proteins were detected with Western blot analysis. 

C) GST-Raf1 pulldown for active, GTP-bound R-Ras. HEK293T cells were transfected with the 

indicated cDNA constructs for 24 h at 37 °C and active R-Ras levels were determined in dependency 

of Sema 4D treatment (50 nM for 20 min at 37 °C) with a GST-Raf1 pulldown followed by Western 

blot analysis. 

 

8.2.2 Identification of Rasal1 as the GAP downstream of plexins 

 

If on the one hand, plexins possess a direct GAP activity towards R-Ras, a 

knockdown of plexins would lead to an increase in active R-Ras, since the plexin 

mediated deactivation is not possible anymore. If on the other hand, plexins lack 

direct GAP activity towards R-Ras, another RasGAP could act downstream of 

plexins to mediate semaphorin-dependent R-Ras deactivation.  

Interestingly, previously performed experiments by Thomas Worzfeld and Jakub 

M. Swiercz revealed, that after the knockdown of Plexin-B2 in HEK293 cells, the 

R-Ras activity was lowered, rather than increased, pointing to another RasGAP 

acting downstream of plexins, that can deactivate R-Ras in the absence of Plexin-

B2 (Fig. 9A). This observation led to the assumption, that plexins may regulate R-

Ras activity by an indirect mechanism. For this reason, they further screened for 

all possible RasGAPs with siRNA and GST-Raf1/Rho pulldown approaches to find 

possible candidates whose knockdown leads to the restoration of basal R-Ras 

activity. Therefore, a GST-Raf1 pulldown in HEK293 cells transfected with the 

indicated control siRNA or siRNAs against Plexin-B2 and possible RasGAPs was 

performed (Fig. 9A). Rap1GAP2 (GARNL4), IQGAP1, Neurofibromin (NF1), 

RAP1GAP and RASAL1 were the only candidates, where the simultaneous 

knockdown of Plexin-B2 and the corresponding RasGAP led to the restoration of 

basal R-Ras activity. To further characterize their role in downstream signaling of 

Plexin-B2, the semaphorin dependency of these five enzymes was investigated 

and only the knockdown of Rasal1 and IQGAP1 intercepted the decrease in R-Ras 

activity after Semaphorin 4C application (Fig. 9C).  

Consequently, they assessed the question, how R-Ras-specific this effect is for 

Rasal1 and IQGAP1, since plexins also regulate the activity of Rho GTPases 

(Worzfeld and Offermanns 2014) and furthermore, wide-ranging interactions 

between Ras and Rho GTPases have been described (Bar-Sagi and Hall 2000). 

Hence, a RhoA pulldown revealed an unspecific role for IQGAP1 in mediating 

RhoA deactivation in absence of stimuli, validating Rasal1 as the only specific 

semaphorin dependent R-Ras deactivator (Fig. 9D). Thereupon, a universal role 

for Rasal1 downstream of all plexin subfamilies could be shown in a GST-Raf1 
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pulldown by knocking down Rasal1 with siRNA and application of Semaphorin 6C 

(Plexin-A1), Semaphorin 4C (Plexin-B2), Semaphorin 7A (Plexin-C1) or 

Semaphorin 3E (Plexin-D1) (Fig. 9B, E). Indeed, the knockdown of Rasal1 led to 

the loss of semaphorin sensitivity for all plexin subfamilies.  

Concluding, these data show that Rasal1 is the only specific GAP downstream of 

plexins, that can mediate semaphorin-dependent R-Ras deactivation for all plexin 

subfamilies and can perform this action in a plexin-indirect mechanism.               
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Figure 9. Rasal1 is a GAP downstream of plexins. A) GTPase activating protein (GAP) screen for 

all possible RasGAPs with glutathione S-transferase (GST)-Raf1 pulldown in HEK293 cells was 

performed. Cells were transfected with control siRNA (sicontrol) or siRNA directed against Plexin-B2 

(siPlexin-B2) in combination with siRNAs directed against the indicated RasGAPs and active R-Ras 

was determined via Western blot analysis. B) Relative Rasal1 mRNA expression was quantified with 

RT-qPCR and sicontrol was used as relative control. HEK293T cells were transfected for 48 h with 

siRNAs sicontrol or siRNA #1/#2. The values represent mean±SEM of 3-5 independent experiments, 

* = p<0,05, ** = p<0,01, two-sided t test. C) Semaphorin (Sema) dependence of positive hits from A). 

GARNL4, Rap1GAP, IQGAP, RASAL1 and NF1 were investigated for their role in semaphorin 

dependent R-Ras activity levels by prefmoring GST-Raf1 pulldowns followed by Western blot 

analysis. HEK293 cells were transfected with sicontrol or two different siRNAs against the indicated 

RasGAP and were treated with the Plexin-B2 ligand Semaphorin 4C. D) RhoA activity levels of 

IQGAP and RASAL1 in HEK293 cells, transfected with sicontrol or siRNA for the indicated RasGAP, 

dependent on lysophosphatidic acid (LPA) or Semaphorin 4C application are shown. RhoA acitivity 

levels were measured with RhoA pulldown followed by Western blot analysis. E) HEK293 cells were 

transfected with sicontrol or siRasal1 and were treated with Semaphorin 6C, Semaphorin 4C, 

Semaphorin 7A and Semaphorin 3E as ligands for all plexin subfamilies (Plexin A-D). R-Ras activity 

levels were measured with GST-Raf1 pulldown followed by Western blot analysis. The experiments 

A and C-E were performed by Thomas Worzfeld and Jakub M. Swiercz.          

 

8.2.3 Rasal1 deactivates R-Ras via its GAP domain 

 

After the identification of Rasal1 as the only specific GAP for the deactivation of R-

Ras downstream of plexins, the GAP function was analyzed with biochemical and 

cell biological assays on Rasal1 wildtype (WT) and Rasal1 lacking GAP activity 

(mutGAP).  

The activity level of R-Ras was determined in an overexpression system in 

HEK293T cells with a GST-Raf1 pulldown followed by Western blot analysis (Fig. 

10A). As described above, the application of Semaphorin 4D leads to a decrease 

in active R-Ras, that can be intensified by the overexpression of Rasal1 WT. In 

cells transfected with Rasal1 mutGAP, application of Semaphorin 4D does not 

lower R-Ras activity. The same is being observed when Rasal1 WT, but not the 

receptor Plexin-B1, is overexpressed.  

In conclusion, the semaphorin-mediated deactivation of R-Ras is executed by 

Rasal1, specifically its GAP domain, and depends on Plexin-B1 to exert 

semaphorin-dependent function.  

Furthermore, the influence of Rasal1 was characterized with a COS-7 collapse 

assay, which serves as a functional readout for semaphorin-plexin signaling. For 

this purpose, COS-7 cells were transfected with the indicated cDNA constructs as 

well as shRNA against Rasal1 (Fig. 10B) and their role in inducing signaling ability 
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of cellular collapse was examined as described above (Fig. 10C). Further, the 

percentage of collapsed COS-7 cells was quantified (Fig. 10D) and a significantly 

lower collapse efficiency was observed in cells overexpressing constitutively active 

R-Ras, Rasal1 mutGAP or shRNA against Rasal1 (around 45%) in comparison to 

the control groups overexpressing only Plexin-B1 or Plexin-B1 together with 

Rasal1 WT (around 60%). Cells showed in the absence of Semaphorin 4D, 

independently of their transfected cDNA construct, around 15% of collapse and in 

untransfected COS-7 cells no collapse was detectable. The lower collapse 

efficiency in cells overexpressing Rasal1 mutGAP strengthens the importance of 

the GAP domain of Rasal1 in this signaling mechanism and phenocopied the 

knockdown of Rasal1 and the overexpression of constitutively active R-Ras, in 

which Rasal1 was not able to deactivate R-Ras after semaphorin application. 

Taken these data together, the necessity of the GAP domain of Rasal1 to exert R-

Ras deactivation was shown, and therefore confirmed the role of Rasal1 as a 

specific GAP in semaphorin-plexin signaling.            
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Figure 10. Rasal1 signals downstream of plexins via its GAP domain. A) GST-Raf1 pulldown of 

HEK293T cells transfected with the cDNA constructs Ha-R-Ras, Rnd1, VSV-Plexin-B1 and Rasal1-

FLAG for 24 h at 37 °C. After application of Semaphorin 4D (Sema4D) for 20 min, a GST-Raf1 

pulldown for active R-Ras, followed by Western blot analysis, was performed. B) Relative Rasal1 

mRNA expression was quantified with RT-qPCR and shcontrol was used as relative control. COS-7 

cells were stably transduced with shRNAs shcontrol or shRasal1 as described in Material and 

Methods. The values represent mean±SEM of 3 independent experiments, * = p<0,05, two-sided t 

test. C) Collapse assay of COS-7 cells transfected with cDNA constructs encoding VSV-Plexin-B1, 

HA-R-Ras G38V (constitutively active, CA), Rasal1-FLAG wildtype (WT), Rasal1-FLAG lacking GAP 
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activity (mutGAP) or with stably transduced shRNA against Rasal1 (shRasal1). 24 h after 

transfection, the cells were treated with Semaphorin 4D (25 nM) for 1 h at 37 °C and a collapse assay, 

followed by immunofluorescence staining, was performed. White arrows indicate collapsed cells, 

scale bar 20 µm. D) Corresponding quantification of C) of 3-8 independent experiments. The values 

represent mean±SEM, * = p<0,05, ** = p<0,01, two-sided t test.   

 

8.2.4 Rasal1 may interact with plexins 

 

To elucidate, whether Rasal1 directly interacts with plexins and whether this 

interaction is semaphorin-dependent, CO-immunoprecipitations (CO-IPs) were 

performed against Rasal1-FLAG or Rasal2-FLAG, serving as a negative specificity 

control.  

As shown in Fig. 11A, HEK293T cells were transfected with the indicated cDNA 

constructs, Semaphorin 4D was applicated and a CO-IP was performed. Together 

with Rasal1, Plexin-B1 precipitated, indicating an interaction between these two 

partners. The interaction was not influenced by semaphorin application and was 

specific as compared to VSV-Plexin-B1 that did not precipitate with Rasal2.  

Then, the semaphorin dependency of this interaction with cDNA constructs for 

different Rasal1 mutations (Fig. 11B) was tested. VSV-Plexin-B1 was 

overexpressed in HEK293T cells together with Rasal1 wildtype (WT), mutated 

GAP domain lacking activity (mutGAP) or a deletion mutant missing the two C2 

domains of Rasal1 (dC) and checked for interaction with Plexin-B1 in a CO-IP as 

described above. 

A comparable degree of interaction of Rasal1 WT and mutGAP with the receptor 

Plexin-B1 was observed that was not influenced by semaphorin application 

confirming the results of Fig. 11A. Therefore, the functionality of the Rasal1 GAP 

domain is not necessary for the binding to Plexin-B1. Interestingly, the interaction 

between Plexin-B1 and Rasal1 dC was increased in comparison to the other 

Rasal1 constructs. Even though this interaction was also not semaphorin-

dependent, the stronger interaction could point towards a possible role of the C2 

domains by negatively regulating interaction with the plexin signaling complex.  

Moreover, CO-IPs in HEK293T cells were performed to study the interaction of 

Rasal1-FLAG with different mutants of Plexin-B2 (Fig. 11C). The experiments were 

performed as described above and the mutants used here were a triple mutation 

of arginines in the Plexin-B2 GAP domain, which is important for the binding of R-

Ras (RA), the semaphorin binding deficient mutant (E369G) and Plexin-B2 lacking 

the whole intracellular domain (dIC). As a result, Rasal1 interacted with Plexin-B2 

wildtype, Plexin-B2 RA and Plexin-B2 dIC with similar intensities, whereas Plexin-
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B2 E369G had an increased interaction in comparison to the wildtype. The ability 

of Rasal1 to interact with Plexin-B2 RA suggests a R-Ras independent 

mechanism, while the interaction with Plexin-B2 E369G is phenocopying the 

wildtype condition. Beyond that, the deletion of the intracellular domain of Plexin-

B2 does not prevent interaction with Rasal1, which suggests that the detected 

interaction might be unspecific or indirect.  

Taken together, Rasal1 may interact with plexins in a possible indirect mechanism 

and this interaction seemed to be neither influenced by semaphorin application, 

nor by the binding of R-Ras to plexins or a non-functional GAP domain of Rasal1.   

 

 

Figure 11. Rasal1 interacts with plexins in a semaphorin independent manner. A)-C) CO-

immunoprecipitations (CO-IPs) against FLAG. HEK293T cells were transfected with the indicated 

cDNA constructs and incubated for 24 h at 37 °C followed by application of 25 nM Semaphorin 4D 

(Sema4D) for 20 min at 37 °C (A) and B)) and a CO-IP against Rasal1-FLAG/Rasal-2-FLAG. 

Interaction partners were identified via Western blot analysis. The abbreviated cDNA constructs are 

Rasal1-FLAG wildtype (WT), Rasal1-FLAG lacking GTPase activating protein (GAP) activity 
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(mutGAP), Rasal1-FLAG lacking the two C2 domains (dC) or MYC-Plexin-B2 mutants with a binding 

deficiency of R-Ras (RA), a binding deficiency of semaphorins (E369G) or lacking the complete 

intracellular domain (dIC). 

 

8.2.5 Calcium-dependency of Rasal1 activity  

 

Rasal1 has been shown to oscillate between the cytoplasm and the plasma 

membrane in a calcium-dependent manner (Walker et al. 2004). This translocation 

is necessary for the functionality of this RasGAP and is mediated, in the case of 

Rasal1, by two N-terminal C2 domains (Sot et al. 2013), while the C-terminal PH 

domain is believed to be non-functional (Liu et al. 2005).  

To test in how far calcium plays a role in the context of semaphorin-induced plexin 

signaling, this question was approached by live-cell imaging of EGFP-Rasal1 in 

HeLa cells and with COS-7 assays to analyze semaphorin-plexin signal 

transduction (Fig. 12A).  

As shown in Fig. 12B and D, HeLa cells were transfected with EGFP-Rasal1, and 

the localization of Rasal1 over a time course was imaged with application of 

Semaphorin 4D and/or histamine to induce intracellular calcium release via the 

histamine receptor H1. By measuring the fluorescence intensity (FI), the 

translocation of EGFP-Rasal1 to the plasma membrane was quantified over a 

matter of time (Fig. 12C, E). 

As described by Walker et al. 2004, EGFP-Rasal1 oscillates with calcium spikes 

after histamine application (Fig. 12B, C). In the same setup, Semaphorin 4D was 

added to the cells and no translocation to the plasma membrane upon application 

was observed. The same cells were then stimulated with histamine as a positive 

control (Fig. 12 D, E).  

To investigate whether treatment with Semaphorin 4D influences the histamine-

induced effect on Rasal1 plasma membrane localization, a translocation assay of 

EGFP-Rasal1 in HeLa cells was performed similar to Fig. 12B-E and the 

retainment of Rasal1 at the plasma membrane was quantified after histamine 

application, performed with or without Semaphorin 4D pre-treatment. In Fig. 12F 

the mean percentage of plasma membrane retained EGFP-Rasal1 (around 15%) 

is displayed and it did not show any difference whether pre-treated with 

Semaphorin 4D or not. This indicates, that the Semaphorin 4D pre-treatment does 

not have an additional effect on Rasal1 membrane retainment after histamine 

application (Fig. 12E).  
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In consequence, application of semaphorins does not induce plasma membrane 

translocation of Rasal1 and does not augment the retainment of Rasal1 at the 

plasma membrane after calcium-induced translocation.         
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Figure 12. Semaphorin 4D application does not lead to translocation of Rasal1 to the plasma 

membrane. A) Scheme of R-Ras bound Plexin-B1 interacting with Rasal1 (green arrow), the 

necessity of calcium-dependent plasma membrane translocation of Rasal1 for GAP function in 

semaphorin-plexin signaling is not known (red arrow). B) EGFP-Rasal1 translocation assay. HeLa 
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cells were transfected with EGFP-Rasal1 for 24 h at 37 °C and stimulated with histamine (100 µM) 

in a live-cell imaging setup. Upper lane: time frame (0, 50, 80, 96 s) with histamine application at 50 

s, red circle represents the region of interest (ROI) set for quantification. Lower lane: magnification of 

cytoplasm, white arrows show plasma membrane translocation of EGFP-Rasal1. C) Corresponding 

quantification of B), the fluorescence intensity (FI) of the ROI was quantified and the translocation of 

EGFP-Rasal1 was calculated as translocation = 1/(FIROI-FIbackground). D) EGFP-Rasal1 translocation 

assay. HeLa cells were transfected as described in B) and treated with Semaphorin 4D (Sema4D, 50 

nM at 44 s) followed by histamine (100 µM at 208 s). Upper lane: time frame (0, 44, 208, 272 s), red 

circle represents the ROI set for quantification. Lower lane: magnification of cytoplasm, white arrows 

show plasma membrane translocation of EGFP-Rasal1. E) Quantification of D) was performed as 

described in C). F) Quantification of plasma membrane retainment of EGFP-Rasal1 after histamine 

(100 µM) application with or without Semaphorin 4D pre-treatment (50 nM). For quantification, ROIs 

were set in the cytoplasm of HeLa cells transfected with EGFP-Rasal1 for 24 h at 37 °C and the FI 

was calculated during time lapse. The maximal intensity (Max) and the recovery of cytoplasmic 

EGFP-Rasal1 after histamine application (Rec), as well as the background intensity (Low), were 

determined. The percentage of plasma membrane retained EGFP-Rasal1 was calculated as 

retainment = 100/(Max-Low)*(Rec-Low), n=96-97, mean±SD.       

 

Next, the influence of calcium on the signaling ability of the semaphorin-plexin 

system was tested with COS-7 assays to quantify the contribution of calcium to 

cellular collapse. Therefore, COS-7 cells were transfected with cDNA constructs 

encoding for Plexin-B1 and Rasal1 mutants, lacking either the PH domain (dPH) 

or the two C2 domains (dC). Other cells, overexpressing Plexin-B1, were starved 

ON with 0% FCS or were pre-treated with adenosine triphosphate (ATP) (50 µM), 

an agonist of the purinergic receptor P2 leading to intracellular calcium release, or 

BAPTA-AM (10 µM), where calcium was intracellularly complexed, and were then 

examined concerning their signaling ability after Semaphorin 4D induced cellular 

collapse as described above (Fig. 13A). Then, the percentage of collapsed COS-

7 cells was quantified and similar percentages of collapse in the absence of 

Semaphorin 4D (around 15%) were detected for all conditions as displayed in Fig. 

13B. The control cells, overexpressing only Plexin-B1, had a collapse efficiency of 

around 65% and therefore showed similar properties like the cells overexpressing 

Rasal1 dPH (70%) additionally. A significant reduction of collapsed cells in 

comparison to the control condition was observed upon overexpression of Rasal1 

dC (50%). The pretreatment with ATP had an additional (80%) and not significant 

effect on collapse efficiency but was significantly higher in comparison to the 

BAPTA-AM pre-treated cells (60%). Similar to the effect of BAPTA-AM or the 

overexpression of Rasal1 dC, was the starving of COS-7 cells performed with 0% 

FCS, which points towards a general decrease in semaphorin-plexin signaling that 

may not be calcium specific. Thus, the signaling ability of Rasal1 in semaphorin-
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plexin signaling is not dependent on the PH domain but in contrast, the two C2 

domains play a pivotal role in signal transduction. A calcium dependency could 

also be observed by stimulating calcium release (ATP) or blocking intracellular 

calcium (BAPTA-AM), which either induced or reduced collapse efficiency, 

respectively. Nevertheless, this effect was not prominent in comparison to the 

control cells, only implicating a partly functional calcium dependence mediated by 

the calcium sensitive C2 domains. 

          

 

Figure 13. The C2 domains of Rasal1 are important for signaling. A) Collapse assay of COS-7 

cells transfected with cDNA constructs encoding VSV-Plexin-B1, Rasal1-FLAG lacking the PH 

domain (dPH) or the two C2 domains (dC). After 24 h, some cells were pre-treated for 1 h at 37 °C 

with adenosine triphosphate (ATP) (50 µM), BAPTA-AM (10 µM) or were starved with 0% fetal calf 

serum (FCS) for 16 h at 37 °C. Then, all conditions were treated with Semaphorin 4D (Sema4D, 25 
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nM) for 1 h at 37 °C and collapse assay followed by immunofluorescence was performed. White 

arrows indicate collapsed cells, scale bar 20 µm. B) Corresponding quantification of A) of 3-5 

independent experiments. The values represent mean±SEM, * = p<0,05, two-sided t test.  

 

8.2.6 Plexins are sequestering active R-Ras 

 

Subsequently, the next analysis aimed at a better understanding of how 

semaphorins impact the interactions between Plexin-B1, R-Ras and Rasal1. 

Therefore, it was hypothesized, that plexins could sequester active R-Ras 

protecting it from deactivation by Rasal1. Consequently, the application of 

semaphorins could lead to a release of R-Ras from plexins, being then deactivated 

by Rasal1.  

To test this, investigations on interactions between Rasal1 and R-Ras were 

performed in collaboration with Dominique Brandt irrespective of the activation 

level of R-Ras (Fig. 14A). In a CO-IP experiment, HEK293T cells were transfected 

with Rasal1 and wildtype, constitutively active or dominant negative R-Ras. The 

CO-IP was performed against Rasal1 and in a Western blot analysis, interactions 

with R-Ras mutants were examined. As presented in Fig. 14A, Rasal1 can interact 

with R-Ras independent of its activity state: The interaction was observable equally 

for  wildtype, constitutively active and dominant negative R-Ras and its specificity 

was confirmed by the negative control, overexpressing R-Ras and lacking Rasal1.  

Next, the question was addressed, whether the shown interaction of Rasal1 and 

R-Ras is dependent on the two C2 domains or the PH domain and if a functional 

GAP domain is needed for this binding. In Fig. 14B, the result of a CO-IP similar to 

Fig. 14A is presented. HEK293T cells were transfected with Rasal1 wildtype, 

Rasal1 lacking the two C2 domains (dC), the PH domain (dPH) or lacking GAP 

activity (mutGAP) and R-Ras wildtype. By co-immunoprecipitating R-Ras with 

different Rasal1 mutants, no loss of the binding ability of Rasal1 towards R-Ras 

was noticed. Moreover, the GAP domain of Rasal1 was able to bind R-Ras 

regardless of its functionality or by deletion of the two C2 domains or the PH 

domain.  

These data indicate that the binding of R-Ras to Rasal1 is only dependent on its 

GAP domain and that loss of either the two C2 domains, or the PH domain does 

neither inhibit nor stimulate R-Ras binding.   

Furthermore, it has been shown that Plexin-B1 can bind active R-Ras in the 

presence of Rnd1 (Fig. 8B). To test a possible influence of this interaction by the 

overexpression of Rasal1, HEK293T cells were transfected with different amounts 
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of Rasal1-Flag cDNA and were checked for Plexin-B1 R-Ras interaction in a CO-

IP (Fig. 14C). With increasing amount of Rasal1, the interaction of Plexin-B1 with 

R-Ras remained constant, while Rasal1 binding increased. By noticing that Plexin-

B1 can only bind active R-Ras, this result points towards a mechanism, in which 

Plexin-B1 binds active R-Ras and protects it from semaphorin-independent 

deactivation by Rasal1. 

This observation was further investigated by examining the interaction of Rasal1 

with R-Ras and analyzed whether an increasing amount of Plexin-B1 can disrupt 

this binding (Fig. 14D). It could be shown that the interaction of Rasal1 with R-Ras 

was decreased with increasing amounts of overexpressed Plexin-B1, confirming 

the results of Fig. 14C, that Plexin-B1 is sequestering active R-Ras.   

Summarizing, the binding of Rasal1 to R-Ras was characterized being exclusively 

dependent on the Rasal1 GAP domain that can besides interact with R-Ras 

regardless of its activation status and it was further shown, that Plexin-B1 is 

sequestering active R-Ras.              
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Figure 14. Plexin-B1 is sequestering R-Ras and protects it from interaction with Rasal1. A) 

CO-IP against Rasal1-FLAG. HEK293T cells were transfected with Rasal1-FLAG and HA-R-Ras 

wildtype, HA-R-Ras G38V (constitutively active, CA) or HA-R-Ras S43N (dominant negative, DN) for 

24 h at 37 °C and CO-IP, followed by Western blot analysis was performed. B) CO-IP against FLAG. 

HEK293T cells were transfected for 24 h at 37 °C with Rasal1-FLAG wildtype (WT), Rasal1-FLAG 

lacking the two C2 domains (dC), the PH domain (dPH) or lacking GAP activity (mutGAP) and HA-

R-Ras wildtype and a CO-IP, followed by Western blot analysis was performed. Experiments A) and 

B) were performed by D. Brandt. C) Titration of Rasal1-FLAG in a CO-IP against VSV-Plexin-B1. 

HEK293T cells were transfected with VSV-Plexin-B1, HA-R-Ras, HA-Rnd1 and different amounts of 

Rasal1-FLAG wildtype (0, 2, 4 µg) for 24 h at 37 °C and a CO-IP, followed by Western blot analysis 

was performed. D) Titration of VSV-Plexin-B1 in a CO-IP against Rasal1-FLAG. HEK293T cells were 

transfected with Rasal1-FLAG, HA-R-Ras, HA-Rnd1 and different amounts of VSV-Plexin-B1 (0, 2, 

4 µg) for 24 h at 37 °C and a CO-IP, followed by Western blot analysis was performed.  
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8.2.7 R-Ras is released from plexins after semaphorin application 

 

Given the observation, that plexins bind active R-Ras and sequester it from 

deactivation by Rasal1, an application of semaphorins should lead to a release of 

R-Ras from plexins, followed by the deactivation of R-Ras by Rasal1 in response.  

To test this hypothesis, a CO-IP for VSV-Plexin-B1 was performed and its 

interaction was investigated with constitutively active R-Ras with or without 

application of Semaphorin 4D and Semaphorin 7A, serving as a negative and 

specificity control since Semaphorin 7A binds to the endogenously low expressed 

receptor Plexin-C1 (Fig. 15A). 

As expected, the specific interaction of R-Ras CA with Plexin-B1 was only 

observable in the presence of Rnd1, as described by Oinuma et al. After 

application of Semaphorin 4D, less interaction was observed similar to the level of 

the negative control overexpressing only R-Ras CA, or the condition without Rnd1. 

This decrease was not observable after the application of Semaphorin 7A. 

Hence, these data suggest on the one hand a semaphorin-mediated release of 

active R-Ras from plexins and on the other hand an increase in the interaction of 

Rasal1 and R-Ras consequently followed by R-Ras deactivation. 

Summarizing, the following mechanism for Rasal1 mediated deactivation of R-Ras 

downstream of plexins is proposed: 

Without semaphorin application, plexins bind active R-Ras and sequester it from 

deactivation by Rasal1. After the binding of semaphorins, initiating plexin signaling, 

active R-Ras is being released by plexins and is then deactivated by Rasal1 (Fig. 

15B).      
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Figure 15. Semaphorin application leads to a release of active R-Ras from plexins.  A) CO-IP 

against VSV-Plexin-B1. HEK293T cells were transfected with VSV-Plexin-B1, HA-Rnd1 and GFP-R-

Ras G38V (constitutively active, CA) for 24 h at 37 °C, treated with Semaphorin 4D [50 nM] or 

Semaphorin 7A [50 nM] for 20 min at 37 °C and CO-IP, followed by Western blot analysis was 

performed. B) Signaling mechanism of Rasal1 downstream of plexins. Plexin-B1 is sequestering 

active R-Ras (green). The binding of Semaphorin 4D to Plexin-B1 induces the release of active R-

Ras from Plexin-B1, leading to the deactivation of R-Ras (red) by Rasal1.  
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8.3 Plexin signaling controls Gastrin expression 

 

8.3.1 Gastrin expression is controlled by R-Ras 

 

Since Rasal1 has been identified as the key player in the regulation of R-Ras 

activity downstream of plexins, a possible functional relevance of this pathway in 

physiology and hence, its influence in the development of diseases seems feasible. 

The expression of gastrin, a peptide hormone responsible for the production of 

gastric acid, has been shown to be regulated by K-Ras (Nakata et al. 1998; Hori et 

al. 2003). Therefore, the question was assessed, in how far its homologue R-Ras 

could be involved in the regulation of gastrin expression as well. For the 

investigations, the murine intestinal neuroendocrine tumor cell line STC-1 was 

chosen for experiments, which expresses both Plexin-B1, Rasal1, R-Ras and 

gastrin as analyzed in Fig. 16A. 

Next, the relative Gastrin mRNA expression in STC-1 cells was checked via RT-

qPCR as described before. These cells were transfected with constitutively active 

R-Ras or K-Ras and set in relation to the untransfected control. Thus, it could be 

shown that R-Ras can induce gastrin mRNA expression similar to K-Ras and could 

therefore be involved in regulating gastrin expression (Fig. 16B). 

On top of that, the semaphorin dependence of R-Ras mediated gastrin expression 

was elucidated by application of Semaphorin 4D to STC-1 cells and gastrin mRNA 

expression was analyzed with RT-qPCR relative to control cells in the absence of 

Semaphorin 4D (Fig. 16C).  

A significant downregulation of gastrin expression (around 80%) was observed 

upon Semaphorin 4D application, indicating an involvement of the semaphorin-

plexin system in gastrin expression.  

In summary, R-Ras can upregulate gastrin expression, while the application of 

Semaphorin 4D leads to a downregulation of gastrin expression. 
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Figure 16. Gastrin expression is controlled by R-Ras in STC-1 cells. A) Plexin-B1, Rasal1, R-

Ras and gastrin are expressed in STC-1 cells. Absolute quantification of mRNA expression levels 

using RT-qPCR for Plexin-B1, Rasal1, R-Ras and Gastrin in STC-1 cells. RNA and genomic DNA 

were isolated, and absolute quantification of mRNA expression levels via RT-qPCR was performed. 

The values represent mean±SD of 2-4 independent experiments. B) Relative gastrin mRNA 

expression was quantified with RT-qPCR and untransfected cells were used as relative control. STC-

1 cells were transfected with cDNA constructs encoding for constitutively active R-Ras G38V (R-Ras 

CA) or constitutively active K-Ras G12V (K-Ras CA). The values represent mean±SEM of 3-6 

independent experiments. C) Relative gastrin mRNA expression was quantified with RT-qPCR. STC-

1 cells were treated with 50 nM of Semaphorin 4D (Sema4D) for 20 min at 37 °C, followed by RNA 

isolation and cDNA synthesis. The values represent mean±SD of 5 independent experiments, * = 

p<0,05, two-sided t test.  

 

8.3.2 Semaphorin 4B can act as a ligand for Plexin-B1 

 

Our laboratory analyzed the expression patterns of semaphorins in the stomach 

epithelium (data not shown) and did not detect expression of Semaphorin 4D, while 

Semaphorin 4B was strongly expressed. This led to the hypothesis, that 

membrane-bound Semaphorin 4B, may act as a ligand for Plexin-B1 in the 

stomach.  

The ability of Semaphorin 4B to induce collapse in COS-7 cells overexpressing 

Plexin-B1 or Plexin-B2 was tested, serving as a functional readout for semaphorin-

plexin signaling (Fig. 17A).  

Hence, either Semaphorin 4D or conditioned medium of HEK293T cells previously 

transfected with a cDNA construct for Semaphorin 4B were added to COS-7 cells 

and the collapse efficiency was quantified (Fig. 17B). 

Semaphorin 4D treated COS-7 cells overexpressing Plexin-B1 (collapse around 

60%) and COS-7 cells overexpressing Plexin-B2 with application of Semaphorin 

4B conditioned media were used (collapse around 40%) as positive controls, since 
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Plexin-B2 has been described as a ligand for Semaphorin 4B (Xia and Worzfeld 

2016).  

Interestingly, also Plexin-B1 overexpressing COS-7 cells, that were incubated with 

Semaphorin 4B conditioned medium, were collapsed in around 50% of the cases, 

exceeding Plexin-B2 overexpressing COS-7 cells with Semaphorin 4B conditioned 

medium application (40%). 

Taken together, Semaphorin 4B serves as a ligand for Plexin-B1 and could 

therefore regulate gastrin expression in the stomach epithelium.  

 

 

Figure 17. Semaphorin 4B signals via Plexin-B1. A) Collapse assay of COS-7 cells transfected 

with cDNA constructs encoding VSV-Plexin-B1 or MYC-Plexin-B2. 24 h post transfection, cells were 

treated for 1 h at 37 °C with either Semaphorin 4D (Sema4D, 25 nM) or with supernatant of HEK293T 

cells, which were transfected for 24 h at 37 °C with a Semaphorin 4B (Sema4B) cDNA construct, and 

collapse assay, followed by immunofluorescence was performed. White arrows indicate collapsed 

cells, scale bar 20 µm. B) Corresponding quantification of A) of 3 independent experiments. The 

values represent mean±SEM. 
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8.4 Functional characterization of Plexin-B2 mutations 

 

The kidney expresses several semaphorins and plexins during organogenesis, that 

are also involved in adult renal pathophysiology like glomerular diseases or acute 

kidney injury (Xia and Worzfeld 2016). In fact, elevated semaphorin-plexin 

signaling reduces kidney function in diabetic nephropathy (Mohamed et al. 2014; 

Aggarwal et al. 2015) and promotes tubular damage and apoptosis of tubular 

epithelial cells in acute kidney injury (Ranganathan et al. 2014; Jayakumar et al. 

2013; Tian et al. 2018).  

Another pathological condition, the congenital anomalies of the kidney and urinary 

tract (CAKUT), is the most common cause of kidney disorders in the first three 

decades of life, that manifest in different clinical characteristics and is associated 

with abnormal renal development (van der Ven et al. 2018a). In particular, CAKUT 

is caused in 5-20% of patients by different monogenic gene mutations (van der 

Ven et al. 2018a; van der Ven et al. 2018b), while the other percentage may have 

epigenetic and environmental factors (Nicolaou et al. 2015). Consequently, 

enormous effort was invested in next-generation sequencing methods to identify 

novel mutations contributing to CAKUT. And so, Friedhelm Hildebrandt and 

colleagues (Boston Children's Hospital, Harvard Medical School, Boston, USA) 

identified different mutations in Plexin-B2 with a possible involvement in CAKUT 

emergence (unpublished data), since Plexin-B2 has been shown to play a role in 

ureteric branching during murine kidney development (Perälä et al. 2011).  

In cooperation with Friedhelm Hildebrandt and colleagues the question was 

assessed, if and how these mutations of Plexin-B2 found in CAKUT patients have 

a physiological role in plexin signaling. Therefore, three point mutations (T79M, 

T1355M and T1726M, Fig. 18A) were characterized, that are located in the 

extracellular Sema domain and in the intracellular GAP domain by cell biological 

and pharmacological approaches.  

First, the membrane localization was investigated of cDNA constructs of the 

corresponding conserved murine Plexin-B2 mutations (Fig. 18B), that have been 

determined by whole-exome sequencing (van der Ven et al. 2018a), and the 

mutation E369G, a semaphorin-binding deficient mutant serving as a negative 

control for functional readouts. For this purpose, HEK293T cells were transfected 

with cDNA constructs encoding for Plexin-B2 wildtype and Plexin-B2 mutations 

and expression levels were checked with immunofluorescence staining. The 

plasma membrane targeting as well as the general expression level of all cDNA 
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constructs was comparable. Plexin-B2 translocated to plasma membranes at cell-

cell contacts independently of mutations. 

Furthermore, the binding ability of recombinant murine Semaphorin 4C to Plexin-

B2 mutants was examined with an AP-assay (Fig. 18C). COS-7 cells, 

overexpressing the introduced Plexin-B2 cDNA constructs, were incubated with 

different concentrations of Semaphorin 4C and the binding to Plexin-B2 was 

measured colorimetrically with an AP-tagged antibody as described before. As a 

result, the sema-binding deficient mutant E369G was unable to bind Semaphorin 

4C and had a binding profile similar to the untransfected control. The Plexin-B2 

mutations T79M, T1359M and T1730M had no significantly different binding in 

comparison to Plexin-B2 wildtype, indicating that the binding of the ligand 

Semaphorin 4C to the receptor Plexin-B2 is not affected by these mutations.    
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Figure 18. Mutations of Plexin-B2 found in CAKUT patients do not change plasma membrane 

localization or binding of Semaphorin 4C.  A) Schematic image of the domain organisation of 

Plexin-B2 with point mutations T79M, T1355M and T1726M occuring in CAKUT patients. The 

indicated mutations in brackets are the corresponding murine positions. Mutation E367G (E369G) is 

a semaphorin-binding deficient mutant and serves as a negative control. B) Overexpression and 

immnofluorescence staining of murine MYC-Plexin-B2 cDNA wildtype (WT) and mutants in HEK293T 

cells (green, DAPI (blue)). Arrows indicate  plasma membrane localization of murine MYC-Plexin-B2 

WT and mutants at cell-cell contacts. C) Alkaline phosphatase (AP)-assay of COS-7 cells, 

overexpressing murine MYC-Plexin-B2 mutants incubated with increasing concentrations of 

recombinant murine Semaphorin 4C (Sema4C) for 1 h at 4 °C. The absorption of antibody-mediated 
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AP activity of plexin-bound semaphorin was measured with 2-3 technical replicates at 415 nm and 

normalized to background absorption. The values represent mean±SEM, scale bar 20 µm.        

 

Moreover, the extracellular mutation in the murine sema domain T79M and the 

intracellular mutation in the GAP domain T1730M of Plexin-B2 were chosen for 

further investigations due to their potentially interesting localization in important 

regions for signal transduction. Hence, the binding of recombinant Semaphorin 4C 

to these mutants was checked in the range between 0 and 64 nM of Semaphorin 

4C with more replicates (Fig. 19A). Similar to the findings in Fig. 18C, the binding 

of Semaphorin 4C to Plexin-B2 T79M and T1730M did not change in comparison 

to the Plexin-B2 wildtype control, while the binding of Semaphorin 4C to Plexin-B2 

E369G was completely suppressed.  

To check for abrogated signaling of these two Plexin-B2 mutations, the COS-7 

collapse assay was used as a functional readout for semaphorin-plexin-mediated 

signal transduction (Fig. 19B), since semaphorin treated cells react with a collapse 

of the cytoplasm. COS-7 cells were transfected with the indicated cDNA constructs 

and Semaphorin 4C was applicated followed by immunofluorescence staining. 

Collapsed cells were counted blinded and quantified (Fig. 19C). Indeed, the 

collapse efficiency of Plexin-B2 T79M was significantly reduced in comparison to 

the wildtype control, while the collapse efficiency of Plexin-B2 T1730M did not 

change.     

Taken these data together, mutations of Plexin-B2 found in CAKUT patients do not 

have a changed binding to the ligand, but the downstream signaling ability is, at 

least in the case of mutation T79M, reduced.  
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Figure 19. Plexin-B2 mutation T79M negatively influences downstream signaling of Plexin-B2. 

A) AP-assay of COS-7 cells overexpressing murine MYC-Plexin-B2 wildtype (WT), E369G, T79M or 

T1730M, incubated with recombinant murine Semaphorin 4C (Sema4C) for 1 h at 4 °C. The 

absorption of antibody-mediated alkaline phophatase (AP) activity of plexin-bound semaphorin was 

measured with 5-6 technical replicates at 415 nm and normalized to background absorption. B) 

Collapse assay of COS-7 cells overexpressing MYC-Plexin-B2 WT, T79M or T1730M (green, DAPI 

(blue)). Cells were treated with 25 nM recombinant murine Semaphorin 4C for 1 h at 37 °C, followed 

by immunofluorescence staining and blinded quantification of collapsed cells. White arrows indicate 

collapsed cells, scale bar 20 µm. C) Corresponding quantification of the COS-7 collapse assay from 

B) of three independent experiments. The values represent mean±SD, * = p<0,05, two-sided t test. 
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9 Discussion 

 

This study elucidated the so far unknown mechanism of plexin-mediated R-Ras 

deactivation and validated Rasal1 as the missing GAP downstream of plexins. In 

addition to that, the influence of different mutations in Plexin-B2 and the role of 

TMEM260 in semaphorin-plexin signaling was characterized.  

 

9.1 TMEM260 is involved in plexin processing   

 

Glycosylations are posttranslational modifications that participate in different 

biological processes including cell adhesion, endocytosis and signal transduction 

(Ohtsubo and Marth 2006). Joshi et al. summarized O-glycosylation pathways 

across kingdoms, showing O-mannosylation is taking place in vertebrates, yeast 

and fungi. In metazoans particularly, plexins are being O-mannosylated at five 

different positions: the mannosylations at the PSI domain and close to the 

transmembrane region of Plexin-B2 are being performed by TMTC2 (Larsen et al. 

2017a). Furthermore, Plexin-B2 is mannosylated at three additional amino acids in 

the IPT domains (Fig. 6A, unpublished data). Adnan Halim and colleagues 

(University of Copenhagen, Denmark) provide strong evidence, that the IPT 

domain mannosylations are performed by TMEM260 (unpublished data).  

So far, little is known about the role of TMEM260 in a physiological context, but 

mutations in the TMEM260 gene were shown to lead to a syndrome with diverse 

symptoms affecting the neuronal, cardiac and renal system (Ta-Shma et al. 2017) 

and are involved in normal brain development in mice (Wang et al. 2020). Similar 

pathophysiological (Xia and Worzfeld 2016; Pasterkamp and Giger 2009; Gu and 

Giraudo 2013) and developmental (Worzfeld et al. 2014; Perälä et al. 2011) 

phenotypes have also been reported for abrogated semaphorin-plexin signaling 

and confirm a possible involvement of TMEM260-mediated mannosylation in 

plexin-dependent physiology. 

In an siRNA approach for TMEM260, more binding of Semaphorin 4C after 

knockdown of TMEM260 was observed and more Plexin-B2 was located at the 

plasma membrane, while the downstream signaling was not changed in 

comparison to the wildtype control (Fig. 6). In accordance with that, CRISPR-

mediated knockout of TMEM260 resulted in the same effects (Fig. 7). Interestingly, 

whole cell lysates for Plexin-B2 revealed a defect in protein processing by protein 

convertases in cells lacking TMEM260. In 2003, Artigiani et al. described the 
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necessity of the cleavage of the extracellular domain of Plexin-B1/B2 at the plasma 

membrane by protein convertases to induce semaphorin-mediated signal 

transduction. After the knockout of TMEM260, less cleaved and therefore less 

active Plexin-B2 was found in comparison to the wildtype control, leading to the 

assumption that TMEM260 plays a role in protein processing and hence signal 

transduction. It has been known for decades, that glycosylations can influence 

correct protein folding, protein-protein interactions and stimulate signal 

transduction (Rudd and Dwek 1997; Wormald et al. 2002), while IPT domains have 

been identified as important regulators in ligand-binding and protein processing 

(Ma et al. 2010). Taken these findings together, O-mannosylations at plexins may 

facilitate processing by protein convertases and help to correctly fold the 

extracellular domain.    

Even though compensatory effects of remaining TMEM260 in siRNA knockdown 

cells cannot be excluded, more Plexin-B2 was targeted to the plasma membrane 

in comparison to the wildtype control in siRNA and CRISPR treated cells. These 

data show an involvement of TMEM260 in membrane targeting of plexins.  

More Plexin-B2 (cleaved and uncleaved) was found at the plasma membrane after 

TMEM260 knockdown/knockout in comparison to the wildtype control leading to 

an increase in Semaphorin 4C binding, while total Plexin-B2 unveiled deficient 

protein cleavage. It was estimated that the overall expression of Plexin-B2 is higher 

in cells lacking TMEM260 due to redeeming effects: missing TMEM260-mediated 

O-mannosylation leads to abrogated trafficking and processing by protein 

convertases being (over-)compensated by increased Plexin-B2 expression.  

To address this hypothesis, further experiments investigating Plexin-B2 promotor 

activity, signal transduction in CRISPR cell lines, as well as structural analysis and 

tracking of Plexin-B2 trafficking should be performed in the future.  

 

9.2 Physiological diversity of Ras proteins and RasGAPs 

 

The functionality of the plexin GAP domain in deactivating R-Ras has been 

controversial. Initially, Plexin-B1 was described as a direct GAP for R-Ras (Oinuma 

et al. 2004a), while Wang et al. (2012) did not observe a direct GAP activity on 

isolated intracellular domains of plexins. Indeed, all publications showing GAP 

activity towards R-Ras have been performed with whole cells or isolated 

membranes (Oinuma et al. 2004a; Worzfeld et al. 2012; Uesugi et al. 2009), 
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indicating that other membrane-associated proteins might be involved in mediating 

GAP activity. 

This study contributes to unravel this controversy by validatingRasal1 as the only 

specific regulator of R-Ras activity downstream of plexins, acting as a GAP 

following semaphorin stimulation.  

So far, it is known that active, GTP-bound, R-Ras binds to plexins in the presence 

of Rnd1 and is deactivated upon stimulation with semaphorins (Fig. 8, Oinuma et 

al. 2004b; Oinuma et al. 2004a).  

R-Ras is a non-classical isoform of the oncogene Ras, a major player in cell 

proliferation, migration and differentiation (Drosten et al. 2010). Ras proteins are 

mutated in around 30% of all human cancers (Prior et al. 2012), underlining the 

need of tight activity regulation under physiological conditions and the importance 

of controlling R-Ras in semaphorin-plexin signaling. Due to low intrinsic GAP 

activity, Ras proteins need GAPs for their GTP hydrolysis (Wennerberg et al. 2005; 

Bernards and Settleman 2004). Hence, the regulation of Ras by RasGAPs 

suggests an oncogenic relevance in conducting this signaling pathway on an 

additional level. Several mutations in RasGAPs have been described, 

corroborating their pathophysiological role in Ras signaling, among them NF1 in 

neurofibromatosis type I (Dasgupta et al. 2003), RASA1 in blood vessel growth 

(Lapinski et al. 2012),  RASA4 in epithelial cell transformation (Westbrook et al. 

2005), disabled homolog 2-interacting protein (DAB2IP) in prostate cancer (Min et 

al. 2010) and Rasal2 in ovarian/breast cancer (Huang et al. 2014; Feng et al. 

2014). The existence of different Ras isoforms and RasGAPs with diverse, tissue-

specific and non-redundant functions elucidates the complexity and vast 

pathophysiological potential of Ras signaling, especially during carcinogenesis 

(Colicelli 2004; King et al. 2013; Malumbres and Barbacid 2003).      

 

9.3 Rasal1 – the missing GAP downstream of plexins 

 

It could be shown in Fig. 9 and 10, that Rasal1 acts specifically as a GAP in 

semaphorin-plexin signaling and exerts its function via its GAP domain. These data 

could also confirm the hypothesis of an indirect mechanism of semaphorin-

mediated R-Ras deactivation by plexins, since the knockdown of the plexin 

receptor phenocopied R-Ras activation levels after semaphorin stimulation. 

Furthermore, the universality of Rasal1 in semaphorin-plexin signaling was shown 

to be true for all plexin subfamilies. Due to the lack of appropriate antibodies for 
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Rasal1 or Plexin-B1 in Western blot analysis, pulldown and CO-IP assays with 

overexpressed cDNA constructs had to be performed. During these studies, the 

simultaneous overexpression of three or more constructs in HEK293T cells was 

were difficult heading in qualitative results, that made a reference to endogenous 

conditions complicated. For example, in Fig. 10A, a lack of Plexin-B1 should lead 

to a deactivation of R-Ras by Rasal1 wildtype as can be seen after the siRNA-

mediated knockdown of Plexin-B2 in Fig. 9. Since this is not the case, secondary 

compensatory mechanisms regulating cDNA construct expression, localization or 

activity and defective stoichiometry of signaling partners could explain this 

discrepancy.      

To confirm the involvement of Rasal1 as a GAP downstream of plexins, the COS-

7 collapse assay as a functional readout for semaphorin-plexin signaling was 

performed. Despite the fact, that the collapse efficiency only partially depends on 

R-Ras (overexpression of constitutively active R-Ras phenocopied Rasal1 

knockdown or overexpression of Rasal1 mutGAP) and the quantified differences 

were fairly low, this assay was the method of choice to quantify semaphorin-plexin 

signaling and elaborate the influence of different signaling partners. Furthermore, 

it has been discovered that the collapse of COS-7 cells not only depends on R-

Ras but also on Rap1 (data not shown), contradicting observations of Oinuma et 

al. (2010) and Yukawa et al. (2010b).      

 

Moreover, this thesis provides evidence that Rasal1, but not Rasal2, interacts with 

plexins independent of semaphorin stimulation and R-Ras binding (Fig. 11). This 

interaction was detected between Plexin-B1 and Rasal1 lacking the two C2 

domains, as well as for Plexin-B2 lacking the intracellular domain and Rasal1. Two 

different reflections could contribute to these observations: (1) the interaction is 

unspecific or (2) the interaction is indirect and mediated by other proteins. To 

assess possibility (1), the binding domain of Rasal1 to plexins was tried to identify 

by cloning different deletion mutants and characterizing their interaction with 

plexins (data not shown). Unfortunately, all mutants were co-immunoprecipitated 

with Plexin-B1 and therefore it was not possible to identify the responsible domain 

of Rasal1, pointing to rather unspecific interactions. On top of that, the plexin 

signaling complex involves further binding of different proteins including ErbB-2 

and Met, resulting in phosphorylation and cross-activation (Swiercz et al. 2008; 

Worzfeld et al. 2012; Conrotto et al. 2005). Therefore, an indirect mechanism as 

hypothesized in possibility (2) seems reasonable and might be mediated by the 

extracellular domain of plexins interacting with other membrane receptors, and by 
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this means bringing Rasal1 close to the intracellular domain of plexins. 

Unfortunately, it was not possible to identify an interaction between Rasal1 and 

ErbB-2 or Met due to lacking availability or specificity of antibodies.  

In addition to that, a phosphorylation-dependent regulation of interaction and 

activity of Rasal1 seems conceivable in the case of ErbB-2 and Met 

phosphorylating Plexin-B1, that is necessary for RhoA signaling as described by 

Swiercz et al. (2008). Interestingly, ErbB-2 conducted phosphorylation results in 

activation of RhoA, while Met  mediated phosphorylation inhibits RhoA activation 

(Swiercz et al. 2004; Swiercz et al. 2008). It was tried to identify possible 

phosphorylation sites of Rasal1 with Mass spectrometry, but ambiguous results 

were obtained that were not conclusive, and therefore this analysis was stopped. 

Finding the exact interaction mechanism between plexins, Rasal1 and other 

players in semaphorin-plexin signaling remains a challenging task to address in a 

future study.   

 

Rasal1 displays GAP activity only when bound to the plasma membrane, while 

purified protein does not show GAP activity for Ras (Walker et al. 2004). The 

unique feature of Rasal1 is its ability to oscillate between the cytoplasm and the 

plasma membrane with increasing calcium spikes and distinguishes it from 

permanently translocated RasGAPs like Rasa4. The calcium-dependent 

translocation is mediated via the two C2 domains of Rasal1, while the PH domain 

is non-functional (Walker et al. 2004; Liu et al. 2005; Lockyer et al. 2001).  

This study revealed, that semaphorin application does not induce intracellular 

calcium release and plasma membrane translocation of Rasal1 (Fig. 12), but that 

Rasal1 activity is still dependent on the C2 domains and the availability of calcium 

in the cell. This correlation has been shown by overexpressing Rasal1 mutants 

lacking the two C2 domains and by blocking intracellular calcium signaling with 

BAPTA-AM in COS-7 collapse assays (Fig. 13). These observations led to the 

assumption that Rasal1 decodes two different, partially unconnected signals: (1) 

the deactivation of R-Ras downstream of plexins and (2) a calcium regulated 

activation of RasGAP activity. Physiological intracellular calcium concentrations 

seem to be enough to mediate semaphorin-induced R-Ras deactivation as 

estimated in (1). It is therefore tempting to assume that regulation of Rasal1 activity 

by increasing calcium-spikes as described in (2), adds additional signaling 

potential to the deactivation of R-Ras after semaphorin stimulation, by increasing 

activity and availability of Rasal1 at the plasma membrane. An increase in 

intracellular calcium could possibly result from cross-activation of other receptors 
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after activation of plexin signaling and might not have been observable in the 

experiments due to the overexpression of EGFP-Rasal1, making it difficult to 

detect small amounts of translocation (Fig. 12).  

Since Rasal1 acts as a negative regulator of Ras activity and is calcium sensitive, 

it seems conceivable that under certain conditions RasGAPs can act as tumor 

suppressors by regulating Ras activity, since a link between calcium influence and 

cell proliferation has been described a long time ago (Boynton et al. 1976). 

Furthermore, Swiercz et al. (2009) have depicted the recruitment of PLCγ into the 

Plexin-B1 receptor complex to regulate RhoGEF activity without altering R-Ras 

signaling, and in this way regulating cell migration. Even though, lipase activity of 

PLCγ is not needed for RhoA activation, the binding of PLCγ to Plexin-B1 could 

connect semaphorin-plexin signaling to a calcium release from the endoplasmic 

reticulum upon co-activation of RTKs like ErbB-2, leading to the activation of 

different calcium-dependent pathways and therefore possibly influencing RasGAP 

activity (Worzfeld et al. 2012).  

In other contexts, plexins can act as adhesion molecules in the presence of calcium 

via homophilic binding mechanisms (Ohta et al. 1995) and can serve as 

mechanosensors in endothelial cells, leading to intracellular calcium increase after 

force application (Mehta et al. 2020).  

Despite the role of plexins as adhesion and mechanosensation molecules, it might 

be conceivable that calcium potentiates plexin signaling in a semaphorin-

independent manner by increasing membrane localization of plexins or cross-

activating additional signaling pathways, as shown in the case of Rab46, a calcium 

sensitive GTPase, integrating G protein signaling for trafficking and cargo release 

of Weibel-Palade bodies (Miteva et al. 2019).  

Thereupon, additional experiments must elucidate the specific role of calcium in 

the regulation of Rasal1-mediated R-Ras activity, to investigate other calcium-

dependent roles of plexins in development, as well as under physiological and 

pathophysiological conditions.   

 

Analyzing the exact mechanism of R-Ras deactivation by Rasal1, it has been 

shown that the GAP domain of plexins binds active R-Ras and sequesters it from 

the deactivation by Rasal1 (Fig. 14). This concept of Ras GTPase binding without 

changing the activity level has as well been observed for the GAP IQGAP, that 

lacks necessary arginine residues to perform GTP hydrolysis (Maertens and 

Cichowski 2014). In the light of these findings, binding of semaphorins leads to the 

release of active R-Ras, possibly due to the dimerization of the plexin receptor 
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followed by conformational changes (Fig. 15). It is not known yet, whether this 

release is caused by a change in affinity of R-Ras to plexins and whether this 

mechanism is induced by Rasal1 or other players in the signaling complex, e.g. 

Rnd1, but results in binding of R-Ras to Rasal1 and hence deactivation. It is 

imaginable, that M-Ras and Rap1 are deactivated by the same mechanism, since 

Rasal1 exerts GAP activity to Ras and Rap (Sot et al. 2010). Recently, Cuellar et 

al. (2017) presented crystal structures of the Rasal1 domain topology, explaining 

the dual specificity of Rasal1 to Ras and Rap. Moreover, Rap1 is a homologue of 

Ras and a redundant or additive function of these two proteins in plexin signaling 

seems conceivable. In addition to that, further experiments confirming GAP activity 

of Rasal1 towards R-Ras are needed to prove enzymatic function of Rasal1 in a 

plexin signaling context.     

 

There are 14 encoded RasGAPs in the human genome and their expression and 

activity level is tissue- and context-specific (Maertens and Cichowski 2014).  

Due to their highly similar function in deactivating Ras GTPases, it seems likely, 

that other RasGAPs could be involved in the deactivation of R-Ras downstream of 

plexins under certain conditions, that arise from the aforementioned differences in 

the tissue- and context-specific expression and activity regulation. Especially 

Rasa4, a member of the GAP1m family like Rasal1, is structurally and functionally 

very closely related to Rasal1 (King et al. 2013; Liu et al. 2005) and could be one 

of these candidates. Since the concept of the involvement of GAPs for R-Ras 

deactivation in plexin signaling is new, further experiments for the RasGAP 

specificity must confirm the universal role of Rasal1 in different tissues and under 

different cellular situations.     

Moreover, RasGAPs can have Ras-independent functions as in the case of 

DAB2IP-dependent nuclear factor-kappaB activation (Min et al. 2010), of IQGAP1 

acting as a scaffold protein (White et al. 2012), of Tagap regulating GTPase 

interactions with Plexin-D1 in thymocytes (Duke-Cohan et al. 2018) and of Rasal1 

negatively regulating T-cell activity by association with the T-cell receptor (Thaker 

et al. 2019).  

This versatility in activity regulation of Ras arising from numerous GAPs and their 

diverse expression pattern coupled with additional signaling functions elucidates 

the complexity beyond the Ras oncogene and the necessity to characterize their 

oncogenic influence in carcinogenesis and consequently use GAPs as potentially 

therapeutic targets. Since it is pharmacologically easier to design antagonists than 

activating proteins for therapy, the focus on exploiting RasGAPs in 
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pathophysiology should be lay on (epi-)genetic regulation of RasGAP expression 

and the localization, stability or activity mediated by the cellular interactome.     

 

9.4 Rasal1 is a negative regulator of gastric acid production 

 

Finally, evidence is provided that the semaphorin-plexin-Rasal1-R-Ras signaling 

axis is negatively controlling gastrin expression in STC-1 cells (Fig. 16) and mouse 

models, by identifying Rasal1 as an inhibitor of gastric acid production and a 

protective player in peptic ulcers disease, since gastric acid leads to lesions of the 

stomach epithelium (submitted manuscript). Rasal1 could act as a tumor 

suppressor in the stomach, due to its negative influence on R-Ras dependent 

gastrin expression and could consequently protect the stomach from gastrin-

mediated cell proliferation contributing to gastric cancer (Chen et al. 2014; Lee et 

al. 2005).  

In addition to that, Semaphorin 4B was found to be a functional ligand for Plexin-

B1 in the stomach epithelium for this newly characterized pathway (Fig. 17). 

Moreover, Semaphorin 4D, the classical ligand of Plexin-B1 also exists in a soluble 

and cleaved form that could be delivered via the blood stream into the gastric 

epithelium, representing an additional level of gastrin expression regulation by 

inter-organ communication (Delaire et al. 2001).     

Another player in gastric acid production is histamine, that gets released by ECL 

cells upon gastrin stimulation and can induce, like gastrin , gastric acid production 

in parietal cells (Engevik et al. 2020). It is conceivable, that secreted histamine 

could also act on G cells in a negative feedback loop by inducing calcium 

dependent Rasal1 activation, resulting in lower gastrin expression.  

For current standard treatment of peptic ulcers disease, proton pump inhibitors 

(PPIs) are used to prevent the release of gastric acid into the gastric lumen. The 

long-term effects of PPI treatment include structural and functional changes of the 

gastric mucosa, ECL cell hyperplasia and hypergastrinaemia inter alia correlated 

to elevated gastrin levels (Malfertheiner et al. 2017). The activation of the plexin-

Rasal1-R-Ras signaling pathway could therefore be a desirable approach, since 

the regulation of gastrin production could lead to the prevention of gastrin-related 

adverse effects occurring during PPI medication. But due to relatively low side 

effects, the long-term experience and the easy oral application, the current 

standard treatment with PPIs has a clear advantage in comparison to a possible 

new therapy based on the semaphorin-plexin system.    
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9.5 Proposed mechanism of Rasal1-mediated gastrin 

regulation 

 

In addition to the provided data on the Rasal1-mediated signaling mechanism of 

semaphorins and plexins and their role in the regulation of gastrin expression, 

further in vivo and ex vivo experiments were performed in collaboration with Dr. 

Rui Xu, that give strong evidence for the involvement of this pathway in the 

expression of gastrin and in the production of gastric acid in vivo (data not shown, 

submitted manuscript). In sum, it could be shown that the application of 

semaphorins to murine and human gastric organoids led to a downregulation of 

gastrin mRNA expression. Using different genetic mouse models, the role of the 

semaphorin-plexin-Rasal1 signaling axis that controls gastrin mRNA expression, 

gastrin plasma concentrations and gastric acid production was confirmed. Finally, 

it could be shown that this signaling pathway had a protective effect in nonsteroidal 

anti-inflammatory drug (NSAID)-induced gastric lesions.      

The proposed in vivo mechanism of Rasal1-mediated regulation of gastrin 

expression is presented in Fig. 20: Plexin-B1, expressed in the stomach 

epithelium, binds active R-Ras and sequesters it from the deactivation by GAPs. 

Upon stimulation by binding of Semaphorin 4D or Semaphorin 4B to Plexin-B1, 

active R-Ras gets released from Plexin-B1 and is then being deactivated by 

Rasal1.   

R-Ras is a GTPase activating downstream effector that can upregulate gastrin 

mRNA expression in G cells of the gastric epithelium. After R-Ras induced gastrin 

release by G cells, it signals via the CCK2 receptor on parietal cells that produce 

gastric acid in response and secrete it into the gastric lumen. 

The semaphorin-plexin-Rasal1 signaling pathway is consequently a negative 

regulator of gastrin expression and can therefore protect the stomach epithelium 

from peptic ulcers disease.    
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Figure 20. Rasal1 negatively regulates gastrin expression in the stomach. In the stomach 

epithelium, gastrin expression is regulated by R-Ras. The release of gastrin by G cells leads to the 

stimulation of parietal cells via the CCK2 receptor and thereby the production of gastric acid. Rasal1 

is a negative regulator of gastrin expression. Plexin-B1 sequesters active R-Ras (green) from 

deactivation by Rasal1. After the binding of Semaphorin 4D (Sema4D) or Semaphorin 4B (Sema4B), 

active R-Ras is being released and then deactivated by Rasal1 (red), negatively regulating gastric 

acid production.   
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9.6 Human Plexin-B2 mutation affects plexin-signaling  

 

In the kidney, the semaphorin-plexin system plays a role in organogenesis and 

pathophysiology (Xia and Worzfeld 2016). Elevated levels of semaphorins and 

plexins have been shown to result in various kidney diseases (Mohamed et al. 

2014; Ranganathan et al. 2014) and B-plexins were identified to be involved in 

mitotic spindle orientation, with defective morphogenesis and repair in the kidney 

(Xia et al. 2015). Further publications describe Plexin-B1/Semaphorin 4D and 

Plexin-B2/Semaphorin 4C to be involved in development and organogenesis of 

various tissues and organs, like branching morphogenesis in the developing kidney  

(Korostylev et al. 2008; Perälä et al. 2011). In addition to that, Plexin-B1 was found 

to be downregulated in renal cell carcinomas (Gómez Román et al. 2008). These 

data underline the complexity and versatility of semaphorin-plexin signaling and its 

different functions in distinct organs or under physiological and pathophysiological 

conditions.           

The data of Plexin-B2 mutations found in CAKUT patients have revealed an 

involvement of mutation T79M in plexin signaling, while the expression level, 

localization or binding of Semaphorin 4C were not influenced by any of these 

mutations (Fig. 18 and 19). In 2014, Rodriguez has reviewed the broad symptoms 

of patients with CAKUT, ranging from asymptomatic to severe, life-threatening 

malformations of the kidney and the urinary tract. Connecting the malformations of 

CAKUT patients to the role of Plexin-B1/Plexin-B2 in kidney morphogenesis, it is 

tempting to assume that germline mutations of plexins are involved in the 

emergence of CAKUT. 

The sema domain of plexins is involved in binding of semaphorins and neuropilins 

that lead to dimerization of plexins and hence downstream signaling (Wang et al. 

2012; Takahashi and Strittmatter 2001). The mutation T79M in the sema domain 

of Plexin-B2 opens therefore at least two possibilities for its involvement in the 

semaphorin-plexin system: (1) the binding of Semaphorin 4C is abrogated due to 

less membrane-bound receptor/binding or (2) the signal-transduction is defective. 

According to the investigations concerning the binding measurements of 

Semaphorin 4C to Plexin-B2, possibility (1) seems unlikely, since neither the 

localization of Plexin-B2 nor the binding of Semaphorin 4C were significantly 

changed in HEK293T cells overexpressing Plexin-B2 mutation T79M in 

comparison to Plexin-B2 wildtype. Given the fact, that binding of semaphorins is 

essential for the dimerization of plexins and hence downstream signaling, the lower 
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signaling ability of Plexin-B2 mutation T79M could be caused by less dimerization 

of the receptor, pointing towards possibility (2). Even though, no mutations of the 

sema domain of plexins have been described so far, the sema domain of Met, a 

receptor tyrosine kinase, was shown to be responsible for dimerization and 

activation (Kong-Beltran et al. 2004) and here, mutation V370D led to defective 

dimerization and therefore less receptor activation (Miao et al. 2019). This example 

of a mutation in the sema domain of Met, that influences receptor activation, offers 

a concept that could be interesting to investigate in the context of Plexin-B2 

mutation T79M in further experiments.              

In conclusion, the results add information to the general involvement of 

semaphorin-plexin signaling in CAKUT and revealed that Plexin-B2 mutation T79M 

negatively influences Plexin-B2 activation.  

Still, in the future more data on the activation of Plexin-B2 carrying mutations need 

to be acquired, e.g. with Ras/Rho pulldowns, to confirm these observations. In 

addition to this, an approach to visualize abrogated dimerization would be 

desirable.  

 

All in all, this study enlightens central previously unknown mechanisms in 

semaphorin-plexin signaling and helps understanding the influence and 

importance of this versatile pathway in physiological and pathophysiological 

conditions on a molecular level. Furthermore, an old controversy about the GAP 

function of plexins was deciphered by validating Rasal1 as the only specific 

regulator of R-Ras activity downstream of plexins. In the future, these findings 

might add expertise to the treatment of different diseases, but still, various further 

investigations are needed to address some of the previously discussed open 

questions and thereby help to better use these findings in the context of disease 

development.           
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10 Summary 

 

Semaphorins, a class of soluble and membrane-bound ligands, and their 

corresponding receptors, plexins, play a pivotal role in organogenesis, physiology 

of different tissues and organ systems, as well as in the development of diseases. 

Plexins exert diverse signaling functions via their intracellular domain.  One of 

these functions is the deactivation of R-Ras, a non-classical isoform of the 

oncogene Ras. So far, the exact mechanism of this plexin-mediated R-Ras 

deactivation is unknown.    

In this thesis, the yet unidentified mechanism is elucidated, recently discovered 

players in the semaphorin-plexin system are investigated and mutations of plexins 

are characterized for their role in ligand-binding and downstream signaling. For this 

purpose, molecular biological, biochemical, cell biological and pharmacological 

methods were combined. 

It could be shown that mutations of Plexin-B2 occurring in patients with congenital 

anomalies of the kidney and urinary tract impair the plexin-mediated signaling 

ability. Moreover, TMEM260, a protein with so far unknown function, serves as an 

O-mannosyltransferase for plexins and a role for these protein-mediated Plexin-B2 

mannosylations was identified in membrane targeting and proteolytic processing. 

Additionally, Rasal1 was validated and characterized as a GTPase activating 

protein downstream of plexins, that deactivates R-Ras. In this mechanism plexins 

bind active R-Ras, without influencing its activity. The binding of semaphorins to 

plexins induces the release of R-Ras from plexin binding and R-Ras then gets 

deactivated by Rasal1.  

Finally, these findings were set in a translational context by identifying a role of the 

semaphorin-plexin-Rasal1-R-Ras signaling axis in the negative regulation of 

gastrin gene expression in vitro, a peptide hormone that stimulates gastric acid 

production. 

 

Concluding, these findings illuminate new mechanistic insights into plexin 

signaling, uncover new molecular functions of plexins in pathophysiology and clear 

up the controversy about the function of the plexin GTPase activating protein 

domain in the regulation of R-Ras activity.       
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11 Zusammenfassung     

 

Semaphorine, eine Klasse von löslichen und membrangebundenen Liganden, und 

ihre zugehörigen Rezeptoren, Plexine, spielen eine bedeutende Rolle in der 

Organogenese, der Physiologie verschiedener Gewebe und Organsysteme, sowie 

bei der Entstehung von Krankheiten. Plexine vermitteln ihre vielfältigen 

Signalfunktionen durch ihre intrazelluläre Domäne. Eine dieser Funktionen ist die 

Deaktivierung von R-Ras, einer nicht-klassischen Isoform des Ras-Onkogens. Bis 

jetzt ist der exakte Mechanismus dieser Plexin-regulierten R-Ras Deaktivierung 

unklar. 

In der vorliegenden Dissertation wird dieser Mechanismus aufgeklärt, weitere    

neu-entdeckte Akteure im Semaphorin-Plexin System charakterisiert und 

Mutationen in Plexinen hinsichtlich ihrer Ligandenbindung und Signalweiterleitung 

untersucht. Hierfür wurden molekularbiologische, biochemische, zellbiologische 

und pharmakologische Methoden kombiniert.  

Es wurde herausgefunden, dass Mutationen im Plexin-B2-Gen bei Patienten, die 

an kongenitalen Anomalien der Nieren und ableitenden Harnwege leiden, die 

Plexin-vermittelte Signalweiterleitung beeinträchtigen. Darüber hinaus ist 

TMEM260, ein Protein unbekannter Funktion, welches als O-Mannosyltransferase 

für Plexine identifiziert wurde, verantwortlich für die Membranlokalisation und 

proteolytischer Prozessierung von Plexin-B2.  

Des Weiteren wurde Rasal1 als ein den Plexinen nachgeschaltetes GTPase-

aktivierendes Protein validiert und charakterisiert, welches R-Ras deaktiviert. Der 

zugrundeliegende Mechanismus konnte in dieser Arbeit aufgeklärt und gezeigt 

werden, dass Plexine aktives R-Ras binden, ohne dessen Aktivität zu 

beeinflussen. Nach der Bindung von Semaphorinen an Plexine, wird aktives R-

Ras aus der Bindung von Plexinen freigesetzt und durch Rasal1 deaktiviert.  

Zuletzt wurden diese Erkenntnisse in einen translationalen Kontext gesetzt, der 

eine wichtige Rolle der Semaphorin-Plexin-Rasal1-R-Ras Signalachse bei der 

negativen Regulation der Transkription des Gastrin-Gens in vitro aufzeigt, einem 

Peptidhormon, welches die Magensäureproduktion anregt.  

 

Zusammengefasst geben diese Ergebnisse neue mechanistische Einblicke in den 

Plexinsignalweg, decken neue, molekulare und pathophysiologische Funktionen 

von Plexinen auf, und lösen die Kontroverse über die Funktionalität der GTPase-

aktivierenden Proteindomäne bei der Regulierung der R-Ras Aktivität.  
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