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S U M M AR Y  

αPIX is a member of the RhoGEF Dbl-family of signaling and activating proteins and is almost 

exclusively expressed in hematopoietic cells. In this work, αPIX knockout mice were analyzed 

in order to elucidate the role of αPIX in the hematopoietic system. We showed that αPIX plays a 

pivotal role in restricting mature lymphocytes and marginal zone B cell numbers in the spleen. 

We hypothesized that αPIX plays a specific role in cells of the adaptive immune system, and this 

was supported by our finding that immune responses were reduced in αPIX-deficient mice. 

 

The principal aim of my work was to study the role of PIX proteins in lymphocyte signaling. I 

focused on signaling events downstream of the B cell receptor (BCR) in B lymphocytes and 

found that αPIX was essential for many of these. αPIX-deficient lymphocytes had a profound 

defect in proliferation after antigen receptor stimulation. Additionally, a severe reduction in 

antigen receptor induced phosphorylation of PAK1/2 was detected in immunoblots and in 

immunofluorescence of the immune synapse of T cells. These results showed the important 

signaling role of αPIX downstream of the antigen receptor and its role to activate PAK proteins.  

 

Additionally, αPIX is known to play a role in focal adhesion turnover by recruiting its binding 

partner GIT. We discovered a profound reduction in full-length GIT2 protein levels in 

αPIX-deficient lymphoid cells. We were able to exclude an involvement by αPIX in GIT2 

transcription; therefore we concluded that αPIX is important for stabilizing GIT2 protein, 

possibly by forming a degradation-insensitive complex. Using transwell migration analysis, we 

showed a pivotal role for αPIX in restraining lymphocyte migration, similar to what has been 

observed for GIT2, and is likely due in part to reduced GIT2 protein levels. 

 

βPIX is a close homolog of αPIX that is also highly expressed in lymphoid cells. We 

hypothesized that βPIX might compensate for αPIX in αPIX-deficient mice, but we could not 

analyze βPIX-deficient mice as these mice die early in embryonic development. Therefore, we 

included αPIX-/- βPIX+/- mice in our analyses and found a greater defect in immune responses 

after immunization than in αPIX-deficient mice. This finding, coupled with our observation that 

βPIX protein levels are slightly increased in αPIX-deficient mice, confirmed a compensatory 

role for βPIX in the absence of αPIX. A second focus of my work, therefore, was the generation 

of a conditional βPIX knockout mouse that would allow us to analyze βPIX in the immune 

system and to generate αPIX-βPIX double knockout mice to definitively analyze PIX proteins in 

immunity. 
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ZU S AM M E N F AS S U N G 

αPIX, ein Vertreter der RhoGEF Dbl-family von Signal-vermittelnden und aktivierenden 
Proteinen, ist fast ausschließlich in haematopoetischen Zellen exprimiert. In dieser Arbeit 

wurden αPIX Knockout Mäuse analysiert, um die Rolle von αPIX im haematopoetischen 

System aufzuklären. Wir zeigten, dass αPIX eine entscheidende Rolle in der Begrenzung der 
reifen Lymphozyten- und der Marginal Zone B Zellzahlen in der Milz spielt. Wir nahmen an, 

dass αPIX eine spezifische Rolle in Zellen des adaptiven Immunsystems spielt, welches 

unterstützt wurde durch die nachgewiesene, verminderte Immunantwort von αPIX-defizienten 
Tieren. 
 

Das Hauptziel dieser Arbeit war es, die Funktion von PIX Proteinen in Signalwegen von 
Lymphozyten aufzuklären. Ich konzentrierte mich dabei auf Signalereignisse unterhalb des B 

Zellrezeptors (BCR) und fand, dass αPIX wichtig für viele von diesen war. αPIX-defiziente 

Lymphozyten wiesen einen Proliferationsdefekt nach Antigenrezeptor-Stimulierung auf. 
Zusätzlich konnte ein Defekt in der PAK1/2 Phosphorylierung nach 
Antigenrezeptor-Stimulierung in Immunoblots als auch über Immunofluoreszenzfärbungen 
direkt an der immunologischen Synapse von T Zellen nachgewiesen werden. Diese Ergebnisse 

deckten die wichtige Signal-vermittelnde Rolle von αPIX unterhalb des Antigenrezeptors und 
seine Beteiligung an der Aktivierung von PAK Proteinen auf. 
 

Des Weiteren ist bekannt, dass αPIX eine Rolle bei der Regulation von Adhäsionskomplexen 

spielt, indem es GIT Proteine rekrutiert. αPIX defiziente Zellen zeigten eine starke Reduktion 

des GIT2 Proteinlevels. Wir konnten einen Einfluss von αPIX auf die Transkription von GIT2 

ausschließen und schlossen daraus, dass αPIX wichtig für die Stabilisierung von GIT2 Proteinen 

ist, vermutlich indem αPIX mit GIT2 einen degradations-insensitiven Komplex bildet. Transwell 

Migrationsanalysen zeigten eine repressive Rolle von αPIX bei der Migration von Lymphozyten, 

ähnlich wie es schon für GIT2 beobachtet wurde. Dies ist aller Wahrscheinlichkeit bedingt durch 
die Reduktion von GIT2 Proteinmengen. 
 

βPIX, ein naher Verwandter von αPIX, ist auch stark in lymphoiden Zellen exprimiert. Wir 

vermuteten, dass βPIX für αPIX in αPIX Knockout Tieren kompensieren könnte. Jedoch 

konnten wir nicht βPIX-defiziente Tiere untersuchen, da diese Mäuse früh während der 

embryonalen Entwicklung sterben. Daher schlossen wir αPIX-/- βPIX+/- Mäuse in unsere 
Untersuchungen ein und fanden einen stärkeren Defekt in der Immunantwort nach 

Immunisierungen als in αPIX-defizienten Tieren. Dieses Ergebnis, zusammen mit unserer 

Beobachtung, dass der βPIX Proteinlevel in αPIX defizienten Zellen leicht erhöht ist, bestätigte 

die Annahme einer Kompensation durch βPIX. Ein zweiter Schwerpunkt meiner Arbeit war 

deshalb die Herstellung einer konditionalen βPIX Knockout-Maus, die uns erlauben würde βPIX 

im Immunsystem näher zu analysieren und eine αPIX-βPIX Doppel-Knockout Maus zu 

generieren, um die Rolle von  PIX Proteinen näher zu bestimmen. 
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HRP Horseradish peroxidase  
Ig Immunoglobulins   
IgH Immunoglobulin heavy chain   
IgL Immunoglobulin light chain   
ILK Integrin linked kinase     
IL Interleukin    
IP3 Inositol-tri-phosphate   
INFγγγγ Interferon gamma 
ITAMs Immune-receptor-tyrosine based motifs 
kb kilobase 
kD kiloDalton  
LAT Linker of activation of T cells  
LIF Leukemia inhibitory factor  
LIMK LIM Kinase   
LPS Lipopolysaccharide   
Lyn 53-56 kD protein tyrosine kinase  (src kinase family member)   
MAdCAM  Mucosal addressin cell adhesion molecule 
MAP Mitogen activated protein  
MHC Major histocompatibility complex   
MZ B cells Marginal zone B cells    
Nef Protein of Human Immunodeficiency Virus   
Neo Neomycin resistence    
NFAT Nuclear factor of activated T cells    
NGF Nerve growth factor  
Nox NADPH –Oxidase   

p95-APP Arf-GAP-putative, PIX interacting, Paxillin interacting proteins 

PAK  p21 activated kinase 
PB Pacific blue   
PBS Paxillin binding sequence   
PCR Polymerase chain reaction   
PC12 Pheochromocytoma cell line  
PDZ Post synaptic density protein,  

Discs large protein, 
Zonula occludens   

PE Phycoerythrin 
PerCP Perdinin chlorophyll protein   
PH domain Pleckstrin homology domain  
PIP2  Phosphatidylinositol-bis-phosphate   
PIP3 Phosphatidylinositol-tris-phosphate   
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PI3K Phosphoinositide-3-kinase  
PKA Proteinkinase A  
PIX PAK-interacting exchange factor 
PKL Paxillin–kinase linker  
PLC Phospholipase C  
POPX Partner of PIX   
PTEN Phosphatase and Tensin homolog   
PXXP Poly-proline rich motif   
Ras Rat sarcoma   

RGS regulators of G protein signaling    
ROK Rho associated Kinase  
RT room temperature  
SAP  SLAM (signaling lymphocyte activation molecule)-associated protein  
s.d. Standard deviation  
SDF-1a (CXCL12) Serum derived growth factor 1 alpha 
SLP-65 SH2-binding leucocyte phosphoprotein of 65 kD  
Ser Serine 
SFK Src family kinases     
SH Src homology   
SHD Spa homology domain    
siRNA Small interference RNA   
SLD synaptic localization domain   
SLP-65 SH2 doimain containing leucocyte phosphoprotein of 65 kD  
SLP-76 SH2 doimain containing leucocyte phosphoprotein of 76 kD  
SOCs store-operated Ca2+ channels     
Sos  Son of sevenless     
SPIN90 SH3 protein interacting with Nck, 90 kD    
Src Rous sarcoma   
Syk Spleen tyrosine kinase (member of the syk family of protein kinases)  

TCR T cell receptor  
TD Thymus-dependent   
Tec non-receptor tyrosine kinases   
Thr Threonine   
TI Thymus-independent    
TNF Tumor necrosis factor    
Tk Thymidine kinase    
Tyr Thyrosine   
WASp Wiskott-Aldrich-Syndrome protein    
WAVE WASP family Verprolin-homologous protein  
ZAP-70 ζ – associated protein of 70 kD 

14-3-3 
Family of regulatory molecules that bind to diverse signaling proteins, 
including kinases, phosphatases, and transmembrane receptors. 
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IN TR O D U C T I ON  

During evolution, the immune system developed in order to protect the organism against diverse 

challenges provoked by potentionally harmful organisms or substances. In principal, the immune 

system consists of two different branches: the innate and the adaptive arms. These two branches 

act together in a highly efficient way. Each branch consists of a highly regulated network of cells 

specialized to work in concert against pathogens. The innate immune system is the first line of 

defense against invaders: it gets activated early and reacts rapidly. It comprises effector cells and 

molecules that respond to common molecular patterns, for instance bacterial cell wall 

components or double-stranded RNA of viruses (Mogensen 2005). If this first defense line is 

overridden by pathogens, the adaptive immune system comes into play. The corresponding cells 

of the adaptive immune system, T and B lymphocytes, recognize pathogens via highly specific 

receptors and induce an array of defense mechanisms. Additionally the adaptive immune system 

acts as an immunological memory protecting the organism against re-infection. 

11  TThhee  aaddaapptt iivvee  iimmmmuunnee  ssyysstteemm  

1.1 The interplay in the adaptive immune system 

The main players of the adaptive immune system are T and B lymphocytes. T lymphocytes 

develop in the thymus whereas B lymphocyte development takes place in the bone marrow in 

mammals. Both T cells and B cells express highly specific surface receptors by which they 

recognize specific antigens. Individual lymphocytes express exclusively one specific receptor 

type for only one specific antigenic determinant (a.k.a epitope). T cell antigen receptor (TCR) 

and B cell antigen receptor (BCR) have different structures and correspondingly recognize and 

react differently to antigen. In general, however, upon antigen recognition, lymphocytes react 

with clonal expansion and differentiation, leading to an immune response.   
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1.1.1 T lymphocytes in the adaptive immune system 

T lymphocytes only recognize antigens bound to the major histocompatibility complex (MHC) 

presented by antigen presenting cells (APCs) like dendritic cells, B cells or macrophages. These 

APCs process the antigens intracellularly and load fragments onto the MHC, which is then 

transported to the membrane. This presentation takes place in secondary lymphoid organs such 

as the spleen or lymph nodes.  

MHC molecules exist in two forms called class I and class II. MHC class I molecules are found 

on the surface of almost every cell. They present antigens that are found in the cytosol of an 

infected cell, such as viral fragments (Hofmann 2001). On the other hand, MHC class II 

molecules are only found on the surface of so-called professional antigen-presenting cells, i.e. 

macrophages, dendritic cells and B cells (Bryant 2004). These cells present fragments from 

antigens that have been taken up from the surrounding matrix by pinocytosis or that have gained 

access to intracellular vesicles by phagocytosis. B cells accumulate antigens via their specific B 

cell receptor and thus provide the basis for specific T cell help by presenting it via MHC class II 

(Parker 1993). For antigen recognition, the T cell receptor (TCR) binds to the antigen-peptide 

complexed to the MHC. However, in order to fully activate lymphocyte function further co-

stimulatory signals are needed. These are provided by co-receptors such as CD28.  

1.1.1.1 Maturation of T lymphocytes and T cell subs ets 

T cell maturation takes place in the thymus. Lymphoid progenitors enter the thymus and pass 

through different developmental stages from CD4- CD8- double negative, to CD4+ CD8+ double 

positive, to mature lineage committed CD4+ single positive or CD8+ single positive T 

lymphocytes, which then migrate to secondary lymphoid tissues. During this maturation process, 

the only T cells that survive are those that recognize the MHC complex but are not self-reactive. 

Mature T lymphocytes possess exclusively either CD4 or CD8. These two co-receptors 

determine the different effector functions. Thus their surface expression was used to further 

classify the T cell compartment into two major subsets: the CD8+ cytotoxic T cells and the CD4+ 

T helper cells (Woodland 2003). CD8+ T cells identify and kill intracellular infected host cells 

(Wong 2003) whereas CD4+ T cells are specialized for the activation of other cells of the 

immune system, e.g. macrophages or B cells, leading to stimulation or inhibition of immune 

reactions (Woodland 2003).  
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The CD4+ T helper cells can be induced to differentiate towards T helper 1 (Th1), Th2, Th17 and 

regulatory T cells (Tregs) according to the local cytokine milieu. Th1 helper T cells produce 

pro-inflammatory cytokines, like IL-2 and INFγ that activate macrophages and cytotoxic T cells 

whereas Th2 helper T cells produce anti-inflammatory cytokines, like IL-4, IL-5, IL-9, IL-10, 

IL-13, that together instruct B cells to proliferate and differentiate into antibody-secreting plasma 

cells and potentiate the function of several cell types in antiparasite responses (Dong 2000). 

Th17 cells produce different cytokines like IL-17, IL-6, IL-20, IL-21, IL-22, IL-26, TNFα, 

CCL20 and GM-CSF and have a pro-inflammatory role while Tregs have an anti-inflammatory 

role and maintain tolerance to self components (Afzali 2007). 

1.1.2 B lymphocytes in the adaptive immune system 

B lymphocytes in the adaptive immune system are responsible for the humoral immunity as they 

secrete specifically trimmed antibodies as effector molecules. These immunoglobulins (Ig) can 

occur in two forms: a soluble (secreted) antibody and a membrane bound form. The membrane 

bound form is the antigen-specific B cell receptor (BCR) on the surface of B cells. The BCR is 

composed of an antibody molecule that is equipped with a membrane integrating C-terminal 

peptide. It is associated with the Igα/Igβ heterodimer, which functions as a signal transduction 

unit. This heterodimer connects the BCR to an organized complex of cytoplasmic signaling 

molecules. On mature B cells the BCR provides either a maintenance signal, required for long-

term survival (Lam 1997), or an activation signal upon exposure to antigen (Gauld 2002). If a B 

cell becomes activated by BCR crosslinking through antigen binding it starts to differentiate and 

can develop into a plasma cell, secreting huge amounts of antigen recognizing antibodies 

(Calame 2003). The former BCR becomes secreted as antigen specific antibodies due to 

alternative splicing (Ross 1998). 

B cells can, in addition, modulate the binding features and effector functions of their 

immunoglobulins by class switch and/or somatic hyper-mutation before plasma cell 

differentiation - a step called affinity maturation [summarized by (McHeyzer-Williams 2003)]. 

Secreted antibodies recognize native antigens present in body fluids and cavities. They can 

neutralize bacterial toxins or viral particles by binding to them, thus blocking their access to 

cells. Additionally, antibody-antigen complexes influence the inflammatory response and cell-

mediated immunity indirectly by either complement activation or opsonization, which is the 

cross-linking of Fc-receptors to promote phagocytosis (e.g. by macrophages or neutrophils). This 
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may lead to further stimulation of the immune system by inducing the production of cytokines, 

chemokines and other inflammatory mediators. Finally, there are many examples of antibodies 

that directly inhibit pathogens by blocking the function of physiological relevant molecules 

(Casadevall 2004). Taken together, B cells and their produced antibodies participate in many 

varied ways in immunity against viral, bacterial and parasitic infections. 

1.1.2.1 Maturation of B lymphocytes 

B cells mature in the bone marrow in a highly regulated multistep process that proceeds from a 

precursor B cell to the generation of immuno-competent mature B cells. The mature form of the 

BCR consists of two functional units: the antigen recognition unit, the BCR, formed through 

Immunoglobulin (Ig) heavy and light chains; and the signaling unit formed by the Igα (CD79a) 

and Igβ (CD79b). 

During maturation, the BCR is assembled by a multistep process. Pro-B cells express Igα and 

Igβ and rearrange the Ig heavy chain locus (IgH) by V(D)J recombination. They enter the 

pre-B cell stage and express the rearranged heavy chain in combination a surrogate light chain. 

During the pre-B cell stage, the light chain locus (IgL) is similarly rearranged resulting in an 

immature BCR expressing B cell. The immature B cells undergo negative selection leading to 

cell death of self-reactive B cell clones. Survived B cells, expressing B220 and IgM, exit to the 

periphery but are still tested for self-reactivity against antigens before transitioning to the mature 

stage.  

 
Fig. 1 B cell maturation 
B cells mature in the bone marrow and build up a functional B cell receptor through different stages. The Pro-B cell 
stage is characterized by expressing Igα and Igβ and the rearrangement of the heavy chain. During the Pre-B cell 
stage the heavy chain is presented at the cell surface in complex with a surrogate light chain. Additionally, the light 
chain gene locus is rearranged leading to a functional BCR expression on immature B cells. Self reactive B cell 
clones undergo apoptosis. Matured B cells leave the bone marrow to secondary lymphoid tissues where they can be 
activated by antigen binding to transform to antibody secreting plasma cells.  
Modified, based on (Fuentes-Panana 2004) 
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1.1.2.2 B cell antigen receptor signaling  

B cell antigen receptor signaling is important for the development and survival of B lymphocytes 

in both the bone marrow and in the periphery. Tonic and antigen-dependent signaling is believed 

to be important throughout the development of B cells in order to promote survival or to induce 

cell death of self reactive clones. Furthermore, the signaling strength throughout the process of 

maturation increases and determines the differentiation to B cell subclasses (Harnett 2005). BCR 

signaling strength and duration can be modified in various ways, including subcelluar 

localization of the signal, developmentally-restricted expression of downstream signaling 

effectors, or by additional signaling by expressed co-receptors. Co-receptor stimulation via 

CD19 for instance, augments signals delivered through the BCR by lowering the signaling 

threshold for B cell activation. CD19 overexpression on mature B lymphocytes leads to a 

hyper-responsive B cell phenotype with a predisposition to autoimmunity (Sato 1996).  

A simplified sketch of the BCR signaling is shown in Fig.2. Basically, B cell receptor signaling 

is induced by antigen binding and BCR crosslinking. A rapid phosphorylation of the immune-

receptor-tyrosine based motifs (ITAMs) on Igα and Igβ  mediated by src family kinases like 

Lyn, Fyn or Blk occurs. These tyrosine phosphorylations in the ITAMs provide new docking 

sites for the recruitment of Syk kinases, which target further downstream signaling mediators 

like Bruton´s tyrosine kinase (Btk) and B cell linker (BLNK). Main players of signaling 

pathways downstream of antigen receptor are phosphoinositide 3-kinase (PI3K), tyrosine kinases 

and phospholipase Cγ2 (PLCγ2). The activity of PI3K is essential for B cell maturation as 

genetic deletion leads to a vastly decreased numbers of pre-B cells and mature peripheral B cells 

(Jou 2002). One product of PI3K catalytic activity is phosphatidylinositol-3,4,5,-trisphosphate 

(PIP3), which is required to activate the Tec family kinase member Btk and PLCγ2. PLCγ2 is 

required for calcium mobilization, an important second messenger in subsequent signaling in the 

B cell. The initiation of the BCR induced calcium mobilization is mediated by phosphorylations 

leading to a complex formation of BLNK-Btk-PLCγ2. Btk phosphorylates PLCγ2 and activates 

the lipase to hydrolyze phosphatidylinositol-bisphosphate (PIP2) to diacylglycerol (DAG) and 

inositol-trisphosphate (IP3). IP3 sensitive Ca2+ channels of the endoplasmatic reticulum open, 

leading to a transient release of calcium. The sustained Ca2+ influx across the plasma membrane 

is mediated by store-operated Ca2+ channels (SOCs), which potentiate the initial Ca2+ 

mobilization (Engelke 2007).  
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Fig. 2 B cell antigen receptor signaling 
Schematic representation of important signaling molecules downstream of the BCR; BCR crosslinking induces a 
rapid phosphorylation of the immune-receptor-tyrosine based motifs (ITAMs) on Igα and Igβ  mediated by src family 
kinases Lyn, Fyn or Blk. Syk kinases are recruited and target further downstream signaling mediators like Bruton´s 
tyrosine kinase (Btk) and B cell linker (BLNK), which induce the activation of phosphoinositide-3-kinase (PI3K), 
tyrosine kinases and phospholipase Cγ2 (PLCγ2). The initiation of the BCR induced calcium mobilization is mediated 
through the activation of Btk, which phosphorylates PLCγ2 and activates the lipase to hydrolyze phosphatidylinositol-
bisphosphate (PIP2) to diacylglycerol (DAG) and inositol-triphosphate (IP3). 
Figure taken from (Gauld 2002) 
 

1.1.2.3 B cell subsets  

Two major subsets of mature B cells that have different requirements for their generation and 

maintenance have been described and are called B-1 and B-2 cells (Herzenberg 2000). B-2 cells 

are the main B-cell population of mature B cells, while B-1 cells are localized cells whose 

function is unclear. B-1 cells are predominantly found in the peritoneal and pleural cavities 

where they persist by self-renewal as their development takes place mainly during early 

ontogeny. Their development terminates shortly after birth (Herzenberg 2000). B-1 cells are 

believed to be the primary source of natural serum IgM antibodies. These antibodies arise in the 

absence of exogenous antigenic stimulation (Haury 1997) and often display polyreactive, weakly 

autoreactive binding capacity as well as reactivity against many common pathogen-associated 

carbohydrate antigens (Baumgarth 2005).   

B-2 cells are the main B-cell population of mature B cells, also called conventional B cells, and 

are found in the peripheral lymphoid organs including spleen and lymph nodes and give rise to 

monospecific antibodies. Therefore, B-2 cells are the essential players of the adaptive B cell 

immune response. In adults, their main site of generation is the bone marrow from where newly 

formed B-2 cells continuously enter the mature B-cell pool throughout life (Herzenberg 2000; 
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Berland 2002). B-2 cells can be further divided into subpopulations. Follicular B cells (FO B 

cells) are located in the B-lymphoid follicles within spleen or lymph nodes but also recirculate 

throughout the body. Marginal zone (MZ) B cells are found mainly in the spleen in mice (Lopes-

Carvalho 2004) and are named after the marginal zone surrounding the B cell follicles in the 

spleen. It is a specialized microenvironment where arterial blood empties into open sinuses. 

Because they are exposed to the blood stream as it arrives in the spleen, MZ B cells are adapted 

to react quickly to blood-borne pathogens and give rise to a fast antibody response, thus helping 

to bridge the temporal gap between the innate and adaptive immune response (Martin 2001; 

Allman 2004; Lopes-Carvalho 2004). 

22  SSmmaall ll   GGTTPPaasseess  

Members of the superfamily of Ras-like small G proteins (small molecular weight guanosine 

triphosphatases (GTPases)) are essential to cell biology by participating in processes including 

cytoskeleton rearrangements, membrane dynamics, vesicular trafficking and gene regulation. 

The Ras superfamily can be further subdivided into six families, Ras-like, Rab-like, Arf-like, 

Ran-like, Sar-like and Rho-like GTPases [reviewed by (Takai 2001)]. Signaling by small 

GTPases is important for development and maturation of hematopoietic cells. Disruption or of 

signaling pathways of small GTPases can lead to cell death or loss of a specific cell type (Croker 

2002). 

2.1 Small GTPases as bi-molecular switches 

In general, all small G proteins cycle between two conformational states, a GTP (guanosine 5’-

triphosphate)-bound (active) form and a GDP-bound (inactive) form. In the active GTP-bound 

state, GTPases recognize target proteins and generate a signaling response until GTP hydrolysis 

returns them to the inactive GDP-bound state. This cycle is highly regulated by three classes of 

proteins (Fig. 3). Guanine nucleotide exchange factors (GEFs) catalyze the nucleotide exchange 

and mediate activation. Around 60 GEFs are expressed in mammals, and some show a tissue-

specific expression pattern. GTPase-activating proteins (GAPs) stimulate the intrinsic GTP-

hydrolysis of small GTPases and return them to the inactive state. The downstream signaling 

cascades are switched off again. More than 70 GTPase-activating proteins are known. The 

balance between the activity of GEFs and GAPs determines the signaling duration and strength 
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of small GTPases. A third group of proteins, the guanine nucleotide exchange inhibitors (GDIs), 

sequester the inactive GTPases in the cytosol.  

Location and activity of small GTPases is highly restricted within the cell. This is accomplished 

by guanine nucleotide exchange factors (GEFs) and GTPase activation proteins (GAPs), which, 

in addition to their enzymatic activity, possess further protein-protein and phosphoinositide 

interacting domains that restrict their function to defined subcellular locations. Importantly, 

GEFs and GAPs can mediate crosstalk between members of different families of small GTP 

binding proteins. This leads to a coordinated regulation of, for instance, vesicular trafficking and 

cytoskeletal remodelling controlled by Arf and Rho proteins. Signaling of all small GTPases 

takes place at membranes, either the plasma membrane or at membranes of vesicles. This is 

accomplished by the posttranslational modification generated by geranyl-geranyl transferases. 

Prenylation of the C-terminus of small G proteins anchors them to the membrane in their active 

state and is especially important for their activity. Furthermore, modifications of the membrane 

anchoring tail determine their intracellular localization and activity.   

 
Fig. 3 The GTPase switch 
The activity of small GTPases is controlled by three classes of interacting proteins.  
Members of the guanine dissociation inhibitor family (GDI) sequestrate small GTPases in the cytosol. Signal 
transduction and activation of guanine nucleotide exchange factors (GEF) convert small GTPases into the GTP-
bound, active state, which allows signal transduction through binding to effector proteins until GTP hydrolysis returns 
them to the inactive GDP-bound state. The intrinsic GTPase activity of small GTPases can be enhanced by guanine 
activating proteins (GAP). 
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2.2 Small Rho GTPases 

The Rho-family of GTPases is a branch of the Ras superfamily of small (~21 kD) GTPases and 

consist of at least 20 members (Burridge 2004). They can be further subdivided into the 

following groups: the Rho-like, Rac-like, Cdc-42-like, Rnd, and RhoBTB subfamilies as shown 

in Fig. 4. The most intensively studied GTPases are Rac, Cdc42 and Rho and they play critical 

roles in remodeling of the cytoskeleton. Furthermore, they are involved in processes like cell 

cycle progression, intracellular vesicle trafficking and gene transcription (Van Aelst 1997; Hall 

1998; Mackay 1998; Erickson 2001). 

 

 

 

 

 

 

 

 

 

Fig. 4 The Rho GTPase family 
The dendogramm represents the relationships between the 20 
Rho family members. The Rho domains of the family members 
were aligned and a dendrogram was calculated by the Bonsai 
application. The five subfamilies, Rho-like, Rnd, Cdc42-like, 
Rac-like and RhoBTB, are highlighted by colored circles 
(Burridge 2004). 
 

 

The Rho-like family consists of three members Rho A, B, and C. The three members are very 

similar in sequence and when overexpressed as activated mutants, they contribute to contractility 

and formation of stress fibers and focal adhesions. The Rac-like family consists of four 

members, Rac 1, 2, 3 and RhoG. They stimulate the formation of lamellipodia and membrane 

ruffles. RhoG and Rac1 are ubiquitously expressed, whereas Rac2 is restricted to cells of the 

hematopoietic origin (Shirsat 1990; Moll 1991) and Rac3 is mainly expressed in the brain 

(Haataja 1997). The Cdc42-like family consists of five members, Cdc42, TC10, TCL, Wrch1 

and Chp/Wrch2. They all stimulate the formation of filopodia and they bind to Wiskott-Aldrich-
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Syndrome protein (WASp) or neural-WASP (N-WASp). The Cdc42-like GTPases are implicated 

in the establishment of cell polarity. 

2.2.1 Rho GTPases and signaling to actin reorganiza tions 

Rho GTPases are key regulators that link surface receptors to the organization of the actin 

cytoskeleton, a structural framework which determines cell shape and polarity. Signal-induced 

remodeling of the actin cytoskeleton is a prerequisite for coordinated cell movements and cell 

divisions. Basically, three main actin structures are established in moving cells: lamellipodia, 

filopodia and contractile actomyosin filaments, also called stress fibers. Studies performed in 

many different cell types with constitutively active or dominant-negative forms of Rho proteins 

have shown that RhoA regulates the assembly of actin stress fibers (Ridley 1992) whereas Rac 

and Cdc42 regulate the polymerization of actin to form specific peripheral structures: 

lamellipodia for Rac (Ridley 1992) and filopodial protrusions for Cdc42 (Nobes 1995).  

Stress fibers, which are actomyosin filaments, can lead to a contractile force. The motor protein 

myosin II binds to oppositely oriented actin filaments. By activating myosins through 

phosphorylation, actin filaments slide past each other and generate a contractile force. 

Lamellipodia form the leading edge of a moving cell and grow through a regulated actin 

polymerization towards the membrane. Actin filaments form a branching network, whose 

polymerization is driven by the actin-related proteins 2/3 (Arp2/3) complex. The Arp2/3 

complex binds to the sides or tips of pre-existing actin filaments and induces the formation of a 

new daughter filament that branches off (Ridley 2003). Activation of the Arp2/3 complex is 

induced by Wiskott-Aldrich syndrome protein (WASp) / WASP family Verprolin-homologous 

protein (WAVE) family members, which are activated at the cell membrane (Welch 1999). 

Filopodia are short spreading tips of the membrane and are formed by actin filaments organized 

in long parallel bundles with the same polarity. Assembly occurs through elongation at the 

barbed ends and release of actin monomers from their pointed ends rather than by branched 

nucleation. These three different actin structures are regulated by GTPases through interaction 

with different effector molecules as depicted in Fig. 5.  
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Fig. 5 The Rho GTPase family and the actin cytoskel eton 
The main members of small Rho GTPases act in concert to regulate the actin cytoskeleton. Rho plays an 
antagonistic role to Cdc42 and Rac. Whereas active Rho activates ROK (Rho associated Kinase) to phosphorylate 
Myosin light chain (MLC) phosphatases to increase phosphorylated MLC, PAK as a downstream target of Cdc42 and 
Rac, inhibits  the MLC Kinase which leads to a decrease in phosphorylated MLC.  
The phosphorylated form of MLC activates the ATPase activity in myosin II and leads to an assembly of actomyosin 
filaments. ROK and PAK target both LIMK (LIM Kinase). PAK inhibits the actin serving protein cofilin via LIM kinase 
(LIMK) activation. Rac and Cdc42 induce the actin polymerization at the leading edge through activation of the 
Arp2/3 complex thus promoting the formation of lamellipodia and filopodia. Figure modified, based on (Bishop 2000) 
 

2.2.2 Rho GTPases in lymphocyte maturation 

Most functions of small Rho GTPases were addressed by overexpression studies of either 

constitutive active or inactive mutants in cellular systems. However, results from these studies 

may be misleading since expression of constitutively active mutants of Rho GTPases could tie 

up effector proteins in a manner that is no longer subject to spatiotemporal regulation. This 

causes a loss of specificity of Rho GTPases for their effectors [summarized by (Wang 2007)]. 

Since different Rho GTPases have overlapping downstream effectors, an ectopic expression of 

one active Rho GTPase could affect other Rho GTPases effector pathways. Thus, it was 

determined that not all connections found by overexpression analysis can be fully reproduced in 

in vivo systems. 
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Furthermore, overexpression studies can only elucidate a role of a protein in a cellular system. 

The role of Rho GTPase signaling in lineage commitment can only be analyzed in in vivo 

models, like knockout mouse studies.  

The importance of Rho GTPase signaling in developing embryos is reflected by the fact that 

Cdc42 and Rac1 conventional knockout mice are embryonic lethal at an early stage (Sugihara 

1998; Chen 2000). By contrast, mice with mutations in Rac2, Rac3, RhoB, RhoC or other small 

Rho GTPases do not show major developmental abnormalities, possibly reflecting their 

redundant roles (Roberts 1999; Liu 2001; Vigorito 2004; Corbetta 2005; Hakem 2005). The 

generation and analysis of tissue-specific conditional knockouts uncovered important roles of 

small G proteins in different stages of lymphocyte maturation. For example Rac1 is important for 

the regulation of hematopoietic stems cells (HSC) by regulating their adhesion to the bone 

marrow microenvironment for self-renewal and differentiation (Gu 2003). But only the 

combination of Rac1 and Rac2 deficiency caused a massive loss of HSC adhesion to the bone 

marrow stroma, leading to a mobilization of HSC to the peripheral blood (Cancelas 2005). 

Additionally, Rho GTPases signaling on mature lymphoid cells showed a combined action of 

Rac1 and Rac2 as crucial regulators for T, B and dendritic cell development (Li 2000; Walmsley 

2003; Benvenuti 2004).  

33  GGuuaanniinnee  NNuucclleeoott iiddee  EExxcchhaannggee  ffaaccttoorrss  ((GGEEFFss))  

3.1 GEFs determine the activity of small GTPases 

Upstream activation of small GTPases occurs through activation of GEFs. The first mammalian 

GEF was identified in 1985 as a transforming gene from diffuse B cell lymphoma cells and was 

termed therefore “Dbl” (Eva 1988). Dbl possesses a catalytic domain that mediates nucleotide 

exchange on Cdc42 in vitro (Hart 1991). Subsequently many other proteins harboring this 

conserved domain, the Dbl homology (DH) domain, were identified and embraced to the Dbl-

family of GEFs for small GTPases.  

The DH domain is formed by 10 -15 helices and interacts extensively with the switch region of 

Rho GTPases. Three conserved regions CR1, CR2, and CR3, each 10 to 30 amino acids long, 

form the domain core. GEFs bind to the GDP-bound form of Rho GTPases and destabilize the 

GDP-GTPase complex while stabilizing a nucleotide-free reaction intermediate. Because of the 

high intracellular ratio of GTP to GDP, the released GDP is replaced with GTP, leading to 
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activation. Unconserved regions in the DH domains of GEFs determine their specificity for 

special Rho GTPases. Point mutations in the Dbl domain can switch the specificity towards new 

Rho GTPases (Cheng 2002). Similarly, by inserting point mutations in non-conserved residues 

of Rho GTPases, investigators altered the GEFs that were targeted by the GTPases (Karnoub 

2001). Some GEFs are very specific for a certain GTPase, for example p115RhoGEF exclusively 

activates Rho. Other GEF, for example Vav1 can activate several in parallel Cdc42, Rac and 

Rho.  

Members of the Dbl family of GEFs possess carboxy-terminal, adjacent to the DH domain, a 

Pleckstrin homology (PH) domain by which they bind to phosphoinositides (Ferguson 1995). 

Originally PH domains were supposed to be required for membrane targeting. But as they only 

bind to phosphoinositides with low affinity and specificity (Snyder 2001) additional domains act 

as membrane localization sites (Chen 1997; Baumeister 2003; Rossman 2003). However, PH 

domains can influence the GEF activity by an allosteric mechanism as it was shown for Vav1 

and Sos (Das 2000) or directly bind to proteins, as it was shown for Trio to interact with filamin, 

an F-actin boundling protein to promote association to the actin cytoskeleton (Bellanger 2000). 

Apart form the DH-PH domain, most GEFs contain additional functional or protein-binding 

domains that include src homology domains SH2, SH3 (e.g. Vavs, PIX), Ser/Thr or Tyr kinase 

(e.g. Bcr, Trio), GAP (e.g. Bcr, Abr), post synaptic density protein, discs large protein, zonula 

occludens (PDZ) binding domain (e.g. Rho GEF, LARG, βPIX), regulators of G protein 

signaling (RGS) (e.g. Lsc, LARG, PDZ RhoGEF) or additional PH domains. These domains are 

likely involved in coupling GEFs to upstream receptors and signaling molecules. 

3.2 The PIX family of Guanine Nucleotide Exchange F actors  

PIX proteins were isolated as direct interactors for PAK (p21 activated kinase), and thus were 

termed PIX for PAK interacting Exchange factor) (Oh 1997; Bagrodia 1998; Manser 1998). 

Since PIX family members possess a DH/PH tandem motif, they were grouped into the Dbl-

family of exchange factors for Rho proteins (Bagrodia 1999). In vitro studies confirmed their 

guanine nucleotide exchange activity towards Cdc42 and Rac. However, the GEF activity is 

relatively low compared to other GEFs (Manser 1998). Two genes code for the members of the 

PIX protein family. The first gene, called αPIX or Cool 2 (cloned out of library 2) or ARHGEF6 

(Rho guanine nucleotide Exchange factors 6), is located on the X chromosome in mouse and 

human. The second gene, known as βPIX or Cool 1 (cloned out of library 1) or ARHGEF7 (Rho 
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guanine nucleotide Exchange factors 7), is located on chromosome 8 in mouse and chromosome 

13 in human. In addition to their DH-PH tandem domain, PIX proteins possess protein-protein 

interacting domains that dedicate their localization and activity. 

 

 

Fig. 6 The PIX family of proteins  
The PIX family consists of two members, αPIX and βPIX. 
Whereas only one protein variant is described for αPIX, different splice variants are known for βPIX as depicted. The 
main difference of both PIX family members is the CH domain, which is only present in αPIX and absent in most 
variants of βPIX. Furthermore βPIX harbors an inhibitory domain (T1), which must be phosphorylated to activate the 
GEF domain. 
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3.2.1 Common features of PIX proteins 

PIX proteins harbor an amino-terminal located SH3 domain, which binds with high affinity to 

proline rich sequences in PAK (Bagrodia 1998; Manser 1998). However, c-Cbl, an E3 ubiquitin 

ligase, also binds to the SH3 domain (Flanders 2003) and it was shown that PAK and c-Cbl 

compete for PIX binding (Wu 2003). Furthermore, Rac1 binds to the SH3 domain and the 

DH/PH domain (ten Klooster 2006) and would thus compete with PAK for binding. A proline 

rich region within PIX proteins binds to the phosphatases “Partner of PIX”, POPX1 and POPX2 

that are important for switching off PAK signaling (Koh 2002). The GIT binding domain (GBD), 

located at the carboxy-terminal region, localizes PIX proteins via binding to GIT to focal 

complexes (Bagrodia 1999; Turner 1999; Zhao 2000).  Dimerization between PIX proteins can 

occur via a coiled-coil domain localized at the carboxy-terminus (Kim, S. 2001; Koh 2001). 

Dimerization alters the GEF activity of PIX proteins (Feng 2004). Finally, both αPIX and βPIX 

bind directly to proteases essential for focal complex remodeling, µ- and m-Calpain proteases, 

via the regulatory subunit of both, called Calpain4 (Rosenberger 2005). 

 

 

 

Fig. 7 PIX domain structure and binding partners  
PIX general domain structure is depicted as colored boxes.  
Some of the common binding partners for both PIX family members are visualized as green circles bound to their 
interaction domain in PIX proteins. As only αPIX possesses a CH domain Affixin binding is specific for αPIX and 
depicted as a yellow circle. Some binding partners, only characterized for βPIX so far, are shown as grey circles 
linked to their binding domain. Only βPIX harbors the carboxy-terminal PDZ binding domain by which Shank and 
Scribble proteins can be bound. Downstream targets for Rac or Cdc42 are PAKs (p21 activated kinases) ACKs 
(Cdc42 associated tyrosine kinases) and WASP (Wiskott-Aldrich-Syndrome protein). 
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3.2.2 Structural differences between ααααPIX and ββββPIX proteins 

Although αPIX and βPIX show overall structural similarity, there are major differences between 

them in the CH domain, PDZ binding domain, and the T1 domain. These differences likely 

reflect differences in binding partners, modes of activation, and localization within the cell. 

 

First, the CH domain is only present in αPIX and absent in most βPIX splice variants. However, 

an amino-terminal elongated βPIX variant can be expressed from alternative translation. This 

βPIX-bL habors a potentional CH domain but is only expressed in the brain during embryonic 

development (Rhee 2004). The CH domain in αPIX is required for the interaction with the focal 

adhesion protein β-parvin/affixin (Rosenberger 2003; Matsuda 2008), implying an important role 

for αPIX in Integrin mediated signaling during cell spreading. However, a recent study showed a 

direct binding of βPIX to Affixin (Matsuda 2008), arguing for an additional interaction site.  

 

Second, only βPIX harbors a carboxy-terminal PDZ binding domain, which interacts with 

Scribble and Shank proteins (Park 2003; Audebert 2004). Both Scribble and Shank recruit βPIX 

to the plasma membrane and play a role in various cellular events, including exocytosis, 

receptor-mediated endocytosis and dendritic spine maturation (Park 2003; Audebert 2004; 

Lahuna 2005; Zhang 2005). At dendritic spines, βPIX regulates the local activation of Rac and, 

through PAK, promotes the formation of dendritic protrusions and spines. As βPIX is highly 

expressed in the brain during development and in adults, the interaction of βPIX with Shank was 

found to be essential to regulate neurite extensions and spine outgrowth and the stability of 

neuronal synapses (Park 2003). This gives βPIX a special role in brain development.  

 

Third, βPIX proteins possess a so-called T1 domain that inhibits constitutive nucleotide 

exchange activity (Feng 2002). βPIX must be phosphorylated by, for example, src kinases on 

Tyrosine 442 to overcome the inhibitory role of the T1 domain and to gain GEF activity (Baird 

2006; Feng 2006). Finally, many βPIX splice variants have been identified, with unknown 

specific function so far. However, most of these splice variants are predominantly expressed 

during brain development. In lymphoid tissues, only the β1PIX and β2PIX splice variants are 

highly expressed. In summary, the overall domain structure of PIX proteins is similar but 

members may be differentially regulated, located and might possess different GEF activity 
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towards Rac and Cdc42. In addition to the above-mentioned major interaction partners, some 

further binding proteins are listed in the Table 1. 

Interaction with binding domain 
in PIX 

specificity  reference 

Small Rho GTPases  
Rac DH/ SH3  αPIX, βPIX (Manser 1998) 
Cdc42 DH αPIX, βPIX (Manser 1998) 
E3 Ubiquitin Ligases  
c-Cbl SH3 αPIX, βPIX (Flanders 2003) 
Cbl-b SH3 αPIX, βPIX (Flanders 2003) 
AIP4 SH3 αPIX, βPIX (Janz 2007) 
Important signaling proteins  
PAK SH3 αPIX, βPIX (Manser 1998) 
Nox PD  αPIX, βPIX (Park 2006) 
GIT proteins    
GIT1  GBD αPIX, βPIX (Bagrodia 1999). 
GIT2 GBD αPIX, βPIX (Bagrodia 1999). 
GIT2-short GBD αPIX, βPIX (Bagrodia 1999). 
Phosphatases / Proteases  
POX1 PXXP αPIX, βPIX (Koh 2002) 
POX2 PXXP αPIX, βPIX (Koh 2002) 
Calpain4 SH3-DH-PH αPIX, βPIX (Rosenberger 2005) 
Kinases    
ILK  αPIX, βPIX (Filipenko 2005) 
FAK   
 

 αPIX, βPIX (Chang 2007)  
(Brown 2005);  
(Zhao 2000);  
(Bagrodia 1999) 

PI3K(p85 subunit)   αPIX (Yoshii 1999) 
PKA  αPIX, βPIX (Chahdi 2008) 

(Chahdi 2005) 
CaMKI  αPIX, βPIX (Saneyoshi 2008) 
Focal contact proteins 
Affixin/βParvin CH  

 
αPIX, βPIX (Rosenberger 2003) (Matsuda 

2008) 
Other binding proteins 
FoxoP3  βPIX (Chahdi 2008) 
14-3-3  βPIX (Chahdi 2008) 
Spin90 PXXP βPIX (Lim 2003) 
Abi-1  βPIX (Campa 2006) 
scaffolding proteins  
Shank PDZ binding motif βPIX (Park 2003) 
Scribble  PDZ binding motif βPIX (Audebert 2004) 
Disease related proteins 
SAP SH3  αPIX, βPIX (Gu 2006) 
Nef   αPIX, βPIX (Brown 1999) 

 
Table 1 PIX protein interaction partners 



 
INTRODUCTION 

 
 

 
 

30 

3.2.3 Mechanisms to influence GEF activity in PIX p roteins 

Various mechanisms by which the GEF activity of PIX proteins is controlled have been 

described. One is dimerization: PIX proteins self-associate through the coiled-coil domain with a 

leucine zipper motif in the carboxy-terminal region of PIX proteins and this dimerization was 

found to influence PIX specificity for small Rho GTPases. PIX dimers normally act as a GEF 

specific for Rac. PAK activation, however, can promote the dissociation of PIX dimers, leading 

to an activation of both Cdc42 and Rac. PAK proteins are recruited to the membrane by 

signaling from trimeric G proteins. Therefore, signaling through G protein-coupled receptors can 

alter PIX GEF activity (Feng 2004). Furthermore, αPIX was shown to interact with activated 

Cdc42, leading to an enhanced activation of Rac by PIX (Baird 2005), suggesting PIX proteins 

control a network of Cdc42 and Rac signaling. 

 

 

Fig. 8 A model for regulation of Cdc42 or Rac speci ficity of ααααPIX  
On the left, αPIX forms a dimer through its leucine zipper region. The DH domain from one αPIX molecule and the 
PH domain from another regulate Rac binding. 
PAK is recruited to the membrane through its interaction with the βγ subunit of trimeric G proteins. Binding of the 
PAK–βγ complex to αPIX promotes the dissociation of αPIX dimers. The binding of PAK to the SH3 domain of 
monomeric αPIX induces a conformational change within the DH domain that enables Cdc42 and Rac to undergo 
activation. Figure based on (Feng 2004)      
 



 
INTRODUCTION 

 
 

 
 

31 

3.2.4 Phosphorylations in PIX proteins 

PIX proteins bind to and are targets of several kinases, as indicated in Table1, indicating that 

regulation of PIX through phosphorylation is likely. Whereas not much is known about 

regulatory phosphorylation sites in αPIX, some important phosphorylations were shown to 

influence βPIX activity.  

In PC12 cells, basic fibroblast growth factor (FGF) and neuronal growth factor (NGF) induce a 

phosphorylation of βPIX on Ser 525 and Thr 526 (Shin 2002). This leads to an activation of  

Rac1 (Shin 2002; Shin 2004). After endothelin-1 stimulation of mesangial cells, Protein kinase A 

(PKA) phosphorylates βPIX at Ser 512 and Thr 526 and induces a translocation of βPIX to 

adhesion sites where an activation of Cdc42 occurs (Chahdi 2005). Furthermore, in neurons, the 

calmodulin-dependent kinase I (CaMKI) phosphorylates βPIX at Ser 516 and enhances βPIXs 

GEF activity leading to an activation of Rac1, which is an established enhancer of spinogenesis 

(Saneyoshi 2008). Phosphorylation of βPIX is also implicated in tumor progression downstream 

of the epidermal growth factor (EGF) receptor, which activates the GEF activity of βPIX and 

leads to an activation of Cdc42 and to a complex formation with E3 ubiquitin ligase c-Cbl (Feng 

2006). Moreover, in fibroblasts, the focal adhesion kinase (FAK) phosphorylates βPIX, which 

enhances Rac1 binding and translocation of Rac1 to adhesions (Chang 2007). In summary, a 

wide array of kinases target βPIX in order to induce its GEF activity and influence its 

localization.  

3.2.5 PIX proteins downstream of Integrins 

αPIX dimers bind to the focal contact protein affixin, implying an important role for αPIX in the 

focal contact zone. Integrins are not only anchoring sites but also outside-in signaling units. 

Attachment of a cell to the extracellular matrix leads to the formation of early Integrin clusters 

and an intracellular assembly of protein aggregates and actin polymerization. Rosenberger et al. 

showed that Calpains, Ca2+-dependent cystein proteases, control processes such as cell 

spreading, likely through their effects on focal contact formation and dissolution (Rosenberger 

2005). They regulate Integrin cleavage (Du 1995), leading to a disassembly of focal contacts. 

Blocking of Calpains impairs cell spreading, but this effect can be overcome by overexpression 

of αPIX (Rosenberger 2005). At adhesion sites downstream of Integrins, αPIX signals via two 

independent routes. First, αPIX influences the activity of calpains by recruiting the regulatory 



 
INTRODUCTION 

 
 

 
 

32 

subunit Calpain4 allowing cell spreading, and second αPIX activates small Rho GTPases leading 

to a reorganization of the actin cytoskeleton.  

 

Fig. 9 A model for Integrin 
regulated reorganization of the actin 
cytoskeleton  
Upon attachment early Integrin clusters 
form and protein signalosomes establish. 
αPIX activates small Rho GTPases which 
leads to a reorganization of the cyto-
skeleton.  
A second DH domain independent role of 
αPIX exists. αPIX activates calpain 
proteases by recuiting the regulatory 
subunit Calpain4 to the adhesions site and 
promotes cell spreading through Calpain 
activation. 
Figure based on (Rosenberger 2005) 
 
 
 
 
 
 
 

3.2.6 The [Gβγβγβγβγ    - PAK - ααααPIX - Cdc42] complex determines cell polarity 

PIX proteins bind to PAK proteins, whose kinase activity is strictly controlled in cells. 

Depending on the cell type and the signaling pathway analyzed, PIX proteins are involved in 

different signaling modules. PAK signaling is involved in cytoskeletal rearrangements and 

regulation of gene expression in mammalian cells. Activated PAK mutants, besides their 

influence on the actin cytoskeleton, also stimulate c-Jun kinase activity (Brown 1996; Sells 

1997; Chew 1998; Daniels 1998) and p38 (Bagrodia 1995; Lee 2001) to influence gene 

expression.  

αPIX is important in neutrophils, as it relays chemoattractant signals to Cdc42 in a Gβγ-PAK-

αPIX-Cdc42 complex that regulates cell polarity (Li 2003). The Gβγ subunit of the G protein-

coupled chemoattractant receptor binds to PAK proteins and recruits them to the membrane. As 

PAK is tightly complexed with PIX proteins (Manser 1998), PIX is recruited to the membrane 

too. In its inactive state, PAK forms homodimers (Lei 2000) but PIX activation of Cdc42 leads 

to a dissociation of PAK dimers and to an activation of PAK. Active PAK has a sixfold 

decreased binding affinity to the PIX SH3 domain (Mott 2005). Thus, activated monomeric PAK 

dissociates and regulates the actin cytoskeletal organizations and dynamics at these sites (Sells 

1997; Daniels 1999).  In the model, proposed by Li et.al, PAK signals upstream of Cdc42 by 
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recruiting PIX to membranes and downstream of Cdc42 as a target. The induced actin 

polymerization mediated by PAK leads to a defined cell polarity. PI3K activity is important for 

restricting the activation of Cdc42, possibly by excluding the PI-3 phosphatase PTEN from this 

membrane area, which allows sustained signaling and the maintenance of cell polarity.  

 

 

 

Fig. 10 A model for establishment of cell polarity 
Chemoatractant-bound receptors activate heterotrimeric G proteins. The Gβγ subunit recruits directly PAK and PIX to 
the membrane. αPIX at the membrane activates Cdc42, which in turn activates PAK leading to coordinated actin 
cytoskeletal reorganizations at the leading edge of a migrating cell. Modified, Figure based on (Li 2003)  
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3.2.7 The [ββββPIX - Cdc42 - Cbl] complex and receptor modulation 

βPIX controls the E3 ubiquitin ligase c-Cbl by binding to it and preventing it from inducing 

degradation of its target receptor, such as EGF. Thus, βPIX plays a role in maintaining signaling 

from a receptor. In epithelial cell lines, signaling from the EGF (Epidermal Growth Factor) 

receptor leads to a phosphorylation of βPIX to activate its GEF domain for Cdc42 but, 

additionally, promotes the binding of βPIX to c-Cbl. As c-Cbl is sequestered by PIX proteins it 

is unable to target the EGF receptor for degradation (Wu 2003). Furthermore, the 

phosphorylation of βPIX downstream of the EGF receptor is required for viral src 

transformation, abberant cell growth and tumor formation in mice (Feng 2006), implying an 

important role for βPIX in tumor development.  

 

 

 

Fig. 11 ββββPIX sequestrates c-cbl to prevent EGF receptor down -modulation  
Signaling from the EGF receptor and phosphorylation of βPIX activates its GEF domain which in turn leads to an 
activation of Cdc42 but also to a binding of βPIX to c-Cbl. The E3 ubiquitin ligase c-Cbl is inhibited to target the EGF 
receptor for degradation through sequestration via βPIX. Alteration of the EGF receptor down-modulation leads to  
enhanced signaling of the Ras pathway, leading to a prolonged ERK activation and to aberrant cell growth (Wu 
2003).  
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3.3 [PIX - GIT] complexes 

PIX proteins form tight complexes with GIT proteins. Both, GIT family members and PIX 

family members form homo- and heterodimeric complexes. Additionally, PIX and GIT proteins 

form multimeric complexes with each other as shown in Fig. 12 (Premont 2004).  

This complex plays pivotal roles in vesicle transport and adhesion complex formation. (Di 

Cesare 2000; Claing 2001; Albertinazzi 2003), (Turner 1999; Zhao 2000). 

GIT proteins act as GTPase activating proteins for small G proteins of the Arf-family to shut off 

Arf signaling, whereas PIX proteins activate small Rho GTPases. Therefore, the complex 

formation between GIT and PIX proteins exerts its physiological functions possibly by 

coordination the localization and activation of ADP-ribosylation factors (Arf) and Rho proteins.  

 
Fig. 12 Multimeric complex formation of GIT and PIX  
PIX and GIT proteins form multimeric complexes with each other through oligomerization via their coiled-coil 
domains. (Premont 2004). 
 

3.3.1 GIT proteins 

GIT proteins exist in two forms, GIT1 and GIT2, which also have been named CAT (Cool 

associated tyrosine phosphorylated proteins) (Bagrodia 1999), p95-APP (Arf-GAP-putative, PIX 

interacting, Paxillin interacting proteins) (Di Cesare 2000) and PKL (Paxillin–kinase linker) 

(Turner 1999). GIT1 was initially identified as a direct interactor for G protein receptor kinase 

(GRK) (Premont 1998) and regulates the Arf6 dependent trafficking of β2-adrenergic receptors 

(Premont 1998; Claing 2000). Whereas only one variant for GIT1 is expressed, several splice 

variants for GIT2 exist showing a tissue specific expression pattern (Premont 2000). In cells of 

the hematopoietic system two major splice variants are highly expressed, termed GIT2-long (95 

kD) and GIT2-short (55 kD). A recent analysis of gene trap mice with a LacZ indicator gene 

inserted into the genes for GIT1 and GIT2 revealed the overall expression pattern of GIT 
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proteins (Schmalzigaug 2007). GIT2 was ubiquitously expressed, while GIT1 showed a more 

restricted expression pattern, suggesting that GIT1 and GIT2 proteins have non-redundant 

functions. 

 
 
Fig. 13 Domain structure of GIT proteins and their interaction partners 
Three members of the GIT protein family are depicted. Whereas GIT1 exists only in one form, GIT2 proteins are 
alternatively spliced to various shorter variants. Two prominent members of GIT2, GIT2-long and GIT2-short are 
expressed in lymphocytes. GIT proteins possess at the amino-terminus an Arf-GAP domain by which they inactivate 
GTP-loaded Arf proteins. At their amino-terminus they can bind to Paxillin which recruits GIT1 and GIT2-long to 
adhesion sites. PIX proteins are bound to the SHD domain. Based on (Frank 2008) 
 

GIT proteins have an ADP-ribosylation factor GTPase activating domain (Arf-GAP) at the 

amino-terminus and all GIT family members show catalytic activity towards all Arf-family 

members in vitro (Vitale 2000) but seem to have especially strong affinity for Arf6 GTPases in 

vivo. GIT proteins influence the cytoskeleton (Turner 1999; Zhao 2000) and modulate vesicle 

trafficking (Di Cesare 2000; Claing 2001; Albertinazzi 2003). A short isoform of GIT2 localizes 

exclusively to the Golgi apparatus and shows a GAP activity specifically to Arf1 (Mazaki 2001). 

Next to the amino-terminal Arf-GAP domain, three ankyrin repeats follow and are involved in 

intramolecular folding of GIT1 (Totaro 2007). Similar to PIX proteins, both GIT1 and 
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GIT2-long contain a coiled-coil region with an internal leucine zipper which mediates homo- and 

heterodimerization (Kim, S. 2001; Kim 2003; Paris 2003; Premont 2004).  

The Spa homology domain (SHD) is an important protein-protein interaction region since it 

mediates binding to PIX´s GBD domain, but has also been implicated in binding to several other 

proteins besides PIX: FAK (Zhao 2000) MEK (Yin 2004) PLCγ (Haendeler 2003) and Piccolo 

(Kim 2003). The interaction of the βPIX-GIT1 complex with PLCγ was reported to be required 

for the activation of Cdc42 and Rac1 by the βPIX-GIT1 complex (Jones 2007).  

At their carboxy-terminus, GIT1 and GIT2-long proteins contain a focal adhesion homology 

(FAT) domain (Schmalzigaug 2007) with a Paxillin binding domain (PBS2) (Turner 1999; Zhao 

2000). Next to the Arf-GAP domain, a second paxillin-binding domain with a much lower 

affinity targets GIT2-short from the Golgi apparatus to focal adhesions (Turner 1999; Mazaki 

2001). The most divergent region in GIT1 and GIT2 is the synaptic localization domain (SLD) 

and most likely determines the different functions of GIT1 and GIT2.  

3.3.2 The [PIX - PAK - GIT] complex downstream of t he TCR 

The roles for PIX in lymphocytes are just starting to be investigated and as yet, not much is 

known about the signaling events involving PIX proteins in B lymphocytes. However, an 

important role for the PIX-PAK-GIT complex has been identified in T cells. It was reported that 

signaling from the T cell receptor leads to activation of PAK, but not via the standard pathway 

involving Vav1, rather through an alternate signaling module using PIX and GIT proteins.  

TCR activation induces different signal cascades leading to cytoskeletal rearrangements that are 

important for TCR molecules to organize into a signaling complex, known as the immune 

synapse. T cell receptor stimulation activates Src kinases Lck and Fyn, which in turn 

phosphorylate immunoreceptor tyrosine-based activation-motifs (ITAMs) in the ζ and 

CD3γ, δ and ε chains of the TCR. Syk family tyrosine kinases, ZAP-70 (ζ – associated protein of 

70 kD) and Syk (Spleen tyrosine kinase) are recruited via their tandem SH2 domains to these 

ITAMs. Syk and ZAP-70 phosphorylate multiple downstream targets, including the adaptor 

molecules LAT (Linker of activation of T cells) and Slp-76 (SH2-binding leucocyte 

phosphoprotein of 76 kD). LAT, a transmembrane adaptor molecule recruits additional signaling 

molecules such as Grb2 and PLCγ1 to the membrane leading to activation of Ras and 

phosphatidylinositol signaling pathways. Phosphorylated Slp-76 nucleates a signalosome of 

proteins consisting of PLCγ1, LAT, Lck, Nck and Vav1.  
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Vav1 proteins activate Rac and Cdc42, which has been implicated in T cell polarization towards 

an antigen presenting cell (Stowers 1995), and interleukin-2 (IL-2) promoters (Genot 1996). 

Additionally, Vav1 is required for selection of thymocytes (Turner 1997) and TCR signaling 

such as calcium fluxing (Fischer 1998; Costello 1999) and actin polymerization after TCR 

engagement (Holsinger 1998) PAK1 forms a complex with Vav1, Slp-76 and Nck, leading to 

ERK (extracellular receptor-activated kinase) and NFAT (nuclear factor of T cell activation) 

activation (Bubeck Wardenburg 1998). In this model, Slp-76 recruits Vav1 to a complex 

containing Nck and PAK1. Vav1 activates Cdc42 and Rac1 in turn activating the Nck-associated 

PAK1. However, the analysis of Ku et al. reveals a role for αPIX in Vav1-indepenent TCR 

signaling to PAK. In this pathway PAK1 activation required the activation of ZAP-70 but not 

LAT, Slp-76 or Nck, excluding the signaling pathway involving Vav proteins, but involving 

PIX-PAK-GIT complexes to activate PAK (Ku 2001; Phee 2005). 

 

 

Fig. 14 A model for PIX in TCR signaling 
Two different routes downstream of the TCR exists leading to an activation of PAK proteins. One signaling way is 
dependent on Vav proteins, which activate PAK proteins via Rac. This pathway is dependent on LAT, Slp-76 and 
Nck. However, a second independent route for PAK activation involving a PIX-PAK-GIT complex depends on 
activation of ZAP-70 but not LAT, Slp-76 or Nck and induces cytoskeletal rearrangements independent of Vav 
proteins. (Ku 2001; Phee 2005) 
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3.3.3  The [PIX - PAK - GIT] signaling complex to t arget Paxillin 

Cell adhesion and spreading is the first step in migration of cells. At the leading edge of 

spreading and migrating cells, small focal adhesion-like structures are formed, called focal 

complexes. These first anchoring sites serve as traction points for promoting membrane 

protrusions. During migration, these focal complexes translocate from the leading edge 

underneath the cell body and develop into larger structures called focal adhesions. These are 

more stable adhesion sites composed of macromolecular protein assemblies on the inner leaflet 

of the plasma membrane that connect the actin cytoskeleton via Integrins to the extracellular 

matrix (Wehrle-Haller 2002; Carragher 2004; Nayal 2004). In addition to the physical anchoring 

function, focal adhesions are active sites of bi-directional signaling that control cell adhesion and 

migration. 

The βPIX-GIT complex localizes to focal complexes by the direct binding of the PBS (Paxillin 

binding sequence) in GIT molecules to the adaptor protein Paxillin via its LD motifs. 

Recruitment and the activation of PIX-GIT complexes to focal adhesions are highly regulated. 

First, it was shown that PAK phosphorylates Paxillin in the LD motif and promotes the binding 

of GIT1 to Paxillin (Nayal 2006). Moreover, GIT2 proteins are phosphorylated by the Src-FAK 

signaling cascade inducing their association with Paxillin and recruitment to focal complexes 

(Brown 2005). In addition to phosphorylating GIT proteins, FAK also phosphorylates βPIX, 

enhancing the binding of Rac to βPIX and recruitment of both to focal complexes (Chang 2007). 

βPIX can however bind to Rac proteins in a nucleotide-independent manner through a direct 

interaction of the SH3 domain with the polybasic stretch in the C-terminus of Rac1 (ten Klooster 

2006). βPIX might therefore also act as a scaffolding protein to coordinate the activation of 

Cdc42 and Rac at the leading edge of migrating cells.  

Overexpression studies of βPIX showed a coordinated activation of both Cdc42 and Rac1. A 

study, however, indicates that βPIX serves exclusively as a GEF for Cdc42 and not Rac (Feng 

2006). This finding raises the possibility that βPIX might primarily serves as a scaffolding 

protein for Rac and that other associated GEFs may promote the nucleotide exchange on PIX 

associated Rac. 
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3.3.4  Integrin dephosphorylation determines Paxill in association 

The targeting of GIT-PIX complexes to focal adhesions is established through GIT binding to 

Paxillin (Nishiya 2005; Frank 2006). However, the association of Paxillin to Integrins is tightly 

controlled too. Paxillin binding to α4 Integrin subunits can be controlled by phosphorylation of 

Integrins. Deletion of LD4 domain in Paxillin or the disruption of the Paxillin interacting domain 

in GIT proteins leads to an elevated Rac1 activation, to membrane protrusions and random cell 

motility (West 2001). This observation could be explained by combined actions of Arf signaling 

proteins with Rho GTPases, acting together in processes like migration. GIT acts as an Arf-GAP 

for Arf6, which has been shown to be involved in vesicle transport of endosomal pool of Rac1 to 

the plasma membrane (Radhakrishna 1999; Al-Awar 2000). GIT proteins have also been directly 

implicated in the delivery of Rac to the plasma membrane (Di Cesare 2000; Albertinazzi 2003). 

Furthermore, it was shown that Arf6 proteins are involved in GIT inhibition of Rac activation 

(Nishiya 2005). Thus the PIX family of proteins might possess unique functions in mediating the 

crosstalk between Rho GTPases and Arf signaling to coordinate processes like migration. 

 

Fig. 15 Mechanism how Arf signaling 
influences Rac activity 
Repressive role of GIT proteins Arf-GAP activity 
on Rac and lamellipdia formation at the tailing 
edge of a moving cell 
α4 Integrins at the tailing edge are de-
phosphorylated to allow Paxillin binding. Paxillin 
recruits GIT proteins to these sites where they 
can inactivate Arf6 proteins to activate Rac, thus 
GIT proteins with their Arf-GAP domain can 
repress lamellipodia formation at the uropod of a 
migrating cell. 
(Nishiya 2005) 
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A IM S  O F  TH E  P R O JE C T 

αPIX is predominantly expressed in the hematopoietic system, including the thymus, spleen and 

lymph nodes. Its close homolog βPIX shows a much broader expression pattern. Both PIX 

family members act as Rho GEFs for the small Rho GTPases Cdc42 and Rac, leading to 

activation of cytoskeletal processes and signaling important for T cells and neutrophils, among 

other immune cells. By binding to GIT proteins, which regulate a range of membrane-organizing 

functions, PIX proteins form a critical complex that may control membrane-cytoskeletal shape 

changes necessary for the complex migration that immune cells must undergo. 

 

The aim of this project was to investigate the roles of PIX proteins in the immune system. One 

part of the project was the characterization of the immunological phenotype of αPIX knockout 

mice in general. As part of these studies, I also looked specifically at the role of αPIX in 

lymphocyte signaling downstream of TCR and BCR. The analysis of the αPIX knockout mouse 

revealed that loss of αPIX did not seem to have a major effect on the immune cell populations, 

likely due to compensation by βPIX, therefore we expanded our studies to include the analysis of 

αPIX-/- βPIX+/- (heterozygous) mice. We could not study βPIX-/- mice since the conventional 

knockout is embryonic lethal. Therefore, in a second aim of this work, we generated a 

conditional βPIX knockout mouse in order to overcome the embryonic lethality and to create a 

tissue specific knockout for βPIX.  

 

In the future, we aim to decipher the function of PIX proteins in more detail by analyzing the 

immune system of the conditional βPIX knockout mice and subsequently αPIX-/- βPIX-/- double 

knockout mice. Since the PIX proteins clearly play major roles in lymphocyte biology, we 

believe that these studies will lead to a greater understanding of how lymphocyte signaling and 

shape changes are controlled in health and how they can be disrupted in disease. 
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R E S U L T S  

44  AAnnaall yyssiiss  ooff  αααααααα  PPIIXX  kknnoocckkoouutt  mmiiccee  

At the beginning of my project, it was commonly believed that PIX proteins are expressed in a 

large variety of cells and tissues (Manser 1998). In order to analyze the expression pattern of PIX 

proteins in more detail in the mouse, a western blot analysis was performed with various tissue 

samples using a polyclonal antibody recognizing αPIX and βPIX. Whereas βPIX was detected in 

all tissues tested, including lymphoid organs such as lymph nodes, spleen and thymus, αPIX 

expression was restricted to lymphoid tissues and cells (Fig. 16 and data not shown). 

 

 

 

Fig. 16 Expression pattern of PIX proteins  
In wildtype mice αPIX is most abundantly expressed in lymphoid tissues.  
Equal amounts of protein extracts (70 µg) from the indicated tissues were resolved by SDS-PAGE and 
immunoblotted with a polyclonal anti-PIX antibody generated against the SH3-DH-PH domain of αPIX which also 
detects βPIX. 
 
 

The restricted expression in the immune system pointed to an important role for αPIX in the 

development and activation of cell of the immune system.  
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4.1 Starting point: The ααααPIX knockout mouse 

In order to understand the role of αPIX for the immune system, Karine Missy in our laboratory 

generated a knockout mouse by replacing part of the C-terminal PH domain of the αPIX gene 

with a neomycin resistance cassette (neo) in order to disrupt expression of a functional gene.  

 

 

Fig. 17 Schematic view on the ααααPIX 
knockout targeting strategy 
Schematic sketch of the domains of αPIX, the apix 
genomic locus, the targeting vector and the targeted 
allele 
Domains are indicated by open boxes, exons XI – XIV 
are represented by solid boxes. A segment of the PH 
domain was replaced with the neomycin resistance 
cassette (neo) flanked with BamHI sites marked with 
B, with direction of transcription indicated by an 
arrowhead. 
 

 

 

Southern and western blot analysis confirmed homologous recombination at the αPIX gene locus 

and the lack of αPIX protein expression in αPIX-deficient mice (Fig. 28 and (Missy 2008)). 

Since the αPIX gene is located on the X-chromosome in mouse, only homozygous female mice 

were analyzed due to random X-chromosome inactivation in females.  

As controls, strain and age-matched mice were used that were wildtype for both αPIX alleles in 

females or wildtype for the X chromosome in males. The αPIX-mutant mice referred to here are 

described as αPIX-/- regardless of gender and were born at Mendelian frequencies. They were 

fertile and did not exhibit any obvious physical abnormalities. If not indicated otherwise mice 

were of C57/BL6 background (Backcross F7 - F9) between the ages of 8 to 12 weeks. Whenever 

possible, littermates were analyzed.  
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4.1.1 Lymphoid organs and cell composition  

Immunological defects of knockout mice often effect the cellular composition in primary or 

secondary lymphoid organs. Therefore, total cell numbers and lymphocyte cell numbers of bone 

marrow, thymus, spleen and blood were first calculated. Cell suspensions were stained with 

fluorescence labeled antibodies as indicated. Percentages of subpopulations were recalculated to 

obtain the total cell count in the lymphoid tissues.  

 

 Wildtype ααααPIX-/-  
 Age 6-12 weeks  
 Number of cell (x 106) P value 

thymus  
 
Total 
 
CD4- CD8- 
CD4+ CD8+ 
CD4+ CD8- 
CD4- CD8+ 

n = 10 
73.55 ± 45.7 
n = 6 
0.8 ± 0.4 
37.6 ± 16.8 
3.5 ± 1.32 
1.65 ± 0.75 

n = 10 
104 ± 87 
n = 6 
1.0 ± 0.55 
55.2 ± 35 
5.2 ± 2.37 
2.3 ± 1.0 

 

bone marrow  
 
Total 
B220+ 

n = 6 
16.75 ± 4.73 
2.6 ± 1.0 

n = 6 
18.16 ± 2.71 
2.3 ± 0.5 

 

spleen  
 
Total 
Lymphocytes 
 
FO 
MZB 
IMM 
 
CD3+ 
CD4+ 
CD8+ 

n = 11 
28.4 ± 11.88 
18.9 ± 7.6 
n = 10 
8.2 ± 4.1 
0.6 ± 0.5 
0.2 ± 0.1 
n = 8 
6.2 ± 2.8 
3.6 ± 1.7 
2 ± 1.1 

n = 10 
49.3 ± 27.25 
30.8 ± 15 
n = 8 
12.3 ± 6 
1.2 ± 0.8 
0.3 ± 0.1 
n = 7 
8.6 ± 3 
4.9 ± 2 
3.1 ± 1 

 
p <0.05 
p <0.05 
 
 
p <0.05 
 

blood lymphocytes  
 
Total 

n = 9 
0.74 ± 0.26 

n = 7 
0.36 ± 0.18 

 
p <0.01 

 
Table 2 Lymphocyte populations in ααααPIX-deficient mice 
Cells from thymus, bone marrow, spleen and blood of wildtype and αPIX-deficient littermates were counted and 
stained for the indicated cell surface markers. Cell populations were determined by flow cytometry. B cell 
subpopulations in the spleen were stained with anti-B220-PerCP, gated and subsequently subdivided into follicular B 
cells (FO) (CD21-FITCmedium CD23-PEhigh), into marginal zone B cells (MZB) (CD21-FITChigh CD23-PElow) and into 
immature B cells (IMM) (CD21-FITC- CD23-PE-). T cells were stained with anti-CD3-Parcific Blue, gated and 
subdivided into the CD4-PE positive helper T cells and into the CD8-APC positive cytotoxic T cells. Thymic T cell 
development was analyzed by staining thymocytes with anti-CD4-PE and anti-CD8-APC. B cell development in bone 
marrow was followed by staining with anti-B220-PerCP and anti-IgM-FITC. B220 positive cells represent immature B 
cells in the bone marrow. 
The blood count of circulating lymphocytes was calculated by taking 100 µl of tail vene blood and staining with anti-
CD3-Parcific Blue and B220-PerCP to obtain the lymphocyte cell numbers. 
Data are means ± standard deviations. n: number of animals evaluated. Probability was calculated using Student´s 
t-test. 
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No alterations in the cell numbers of immature T and B lymphocytes were obvious in primary 

lymphoid organs. However, in spleen a significant increase in the lymphocyte and marginal zone 

B cell numbers was detectable. Mature T cells (CD4+ or CD8+ single positive) in spleen and 

lymph nodes (not shown) were present in normal relative numbers but slightly enriched, as the 

total lymphocytes number was increased in αPIX-deficient mice.  

The total lymphocytes cell number per volume in the blood showed a significant reduction in 

αPIX-deficient mice, suggesting that in the egress of lymphocytes out of secondary lymphoid 

organs could be impaired. Similar results were obtained when older mice (20-32 weeks) were 

analyzed (data not shown).  

The high levels of αPIX expression in lymphoid organs suggested a role for αPIX in lymphocyte 

development and function. Although the cellularity in primary lymphoid organs was not 

significantly affected in the αPIX knockout, αPIX might influence specific maturation steps. To 

test the maturation capacity of αPIX-deficient B cells, bone marrow cells were isolated from 

wildtype and αPIX-/- mice and cell suspensions were stained with anti-B220 and anti-IgM 

antibodies and analyzed by flow cytometry. The maturation of B cells in the bone marrow is 

reflected by an upregulation of IgM expression before matured B cells leave the bone marrow. 

Some B cells, however, recirculate back to the bone marrow and settle down as a pool of 

memory B cells, characterized by higher B220 expression. As shown in Fig. 18 (left) the 

maturation of B cells within the bone marrow was similar to wildtype controls. The indicated 

gates represent different maturation stages of B cells, starting with a low level of IgM expression 

and resulting in a population expressing high levels of IgM, which then egress as a pool of 

immature B cells into the blood stream to settle down in secondary lymphoid organs. However, 

the relative percentages of immature B cell populations in the bone marrow were comparable to 

wildtype, excluding a role of αPIX in the maturation process of B cells.  

Similarly, immature T cells from wildtype and αPIX-/- thymi were stained with antibodies 

against CD4 and CD8. With these two surface markers the maturation of T cells can be followed. 

At the beginning of the thymic maturation, immature T cells are double negative for CD4 and 

CD8, then they transverse through a double positive state before cells mature to either CD4+ 

single positive or CD8+ single positive T cells.  

As shown in Fig. 18 (right) the four quadrants represent different maturation steps of the T cell 

development. However each population in the absence of αPIX was similar to wildtype controls, 
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showing no alteration in their relative percentages, which indicates that αPIX is not required for 

early T lymphocyte development.  

 

 

Fig. 18 T and B cell development 
Bone marrow B cell precursor development (left panel) is 
normal in αPIX-/- mice.  
B cell precursor development was analyzed by FACS 
staining with anti-B220-PerCP and anti-IgM-PE. 
Percentages of cells within the lymphocyte population are 
indicated in the relevant quadrants.  
T cell development (right panel) is normal in αPIX-/- mice.  
Thymocytes were stained with anti-CD4-PerCP and anti-
CD8-FITC and analyzed by FACS. Percentages of cells 
within the lymphocyte population are indicated in the 
relevant quadrants. This experiment is representative for at 
least 25 mice of each genotype analyzed. 

 
 

4.1.2 T and B lymphocytes in secondary lymphoid org ans 

As important parts of B and T cell development were not affected by the αPIX knockout we 

analyzed the lymphocyte composition in secondary lymphoid organs. First we analyzed the T 

cell compartment of spleen and lymph nodes but found no obvious difference in CD4+ and CD8+ 

T cell percentages between wildtype and αPIX-/- animals (Fig. 19). Mature CD4+ T helper cells 

were present in normal numbers similar to the CD8+ cytotoxic T cells and the ratio between both 

populations was unaltered. 

 

 

Fig. 19 T lymphocytes in secondary lymphoid 
tissues 
Mature T cells composition in spleen (left panel) is normal in 
αPIX-/- mice.  
Splenocytes were stained with anti-CD4-FITC and anti-CD8-
APC and gated on the CD3+ T cell population, stained with 
CD3-PB and analyzed by FACS. Percentages of cells within 
the CD3+ population are indicated in the relevant quadrants. 
Mature T cells composition in lymph nodes (right panel) is 
normal in αPIX-/- mice.  
Lymph nodes cells were stained with anti-CD4-PerCP and 
anti-CD8-FITC and gated on the CD3+ T cell population, 
stained with CD3-PB and analyzed by FACS. Percentages of 
cells within the CD3+ population are indicated in the relevant 
quadrants.  

 
 
Similarly the B cell compartment of spleen and lymph nodes was analyzed. Tissues were 

extracted and cell suspensions stained with specific B cell markers (Fig. 20).  
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We elucidated a role for αPIX in the splenic B cell compartment as we observed a 2 to 3 fold 

increase of marginal zone B cells (MZB) (CD21high, CD23low) numbers of αPIX-/- mice whereas 

the populations of immature B cells (CD21-, CD23-), which recently reached the spleen from the 

bone marrow, and the population of follicular B cells (CD21intermediate, CD23high) appeared to be 

normal (Fig. 20 left). 

The increase of the marginal zone B cells in αPIX-deficient mice is further reflected by the 

higher number of IgM single positive B cells, as marginal zone B cells are characterized by a 

high level expression of IgM and no expression of IgD (Fig. 20 middle). 

Furthermore, staining B cells for the expression of IgM and IgD, we noticed a change in the ratio 

of IgD to IgM with higher levels of IgM on αPIX-/- B cells. The increase of IgM levels was also 

observed in B cells from lymph nodes, where no MZ B cells are present (Fig. 20, right). The 

higher IgM to IgD expression could reflect a more immature B cell state in αPIX-deficient mice. 

Taken together, αPIX deficiency leads to alterations in especially the mature B cell compartment 

in the spleen. 

 

Fig. 20  B lymphocytes in 
secondary lymphoid tissues 
Mature B cells composition in spleen 
(left panel) is altered in αPIX mice.  
Splenocytes were analyzed by FACS 
following staining with anti-CD23-PE 
and anti-CD21-FITC gated on B220+ 
cells, stained with B220-PerCP. 
Percentages of cells within the B220+ 
population are indicated in the relevant 
gates. Marginal zone B cells (CD21high, 
CD23low) of αPIX-/- mice were 2 to 3 
fold increased in numbers. 
Mature B cells expression IgM or IgD in 
spleen (middle panel) and lymph node (right panel) are slightly altered in αPIX-/- mice. Splenocytes or lymph node 
cells were stained with anti-IgD-FITC and anti-IgM-PE gated on B220+ cells, stained with B220-PerCP and analyzed 
by FACS. Percentages of cells within the B220+ population are indicated in the relevant quadrants. 
 
 
Marginal zones (MZs) are microdomains in the spleen that contain various types of immune 

cells, including MZ B cells and Mucosal Addressin Cell Adhesion Molecule 1 (MAdCAM-1) 

expressing endothelial cells. MAdCAM-1+ cells line the sinus that separates MZs from splenic 

follicles whereas CD1 is highly expressed on marginal zone B cells. 

Since marginal zone B cells can be identified by their specific location in the marginal zone of 

the spleen, the increase in MZ B cell numbers in αPIX-deficient spleens can be analyzed by 

immunohistochemistry by staining for MAdCAM and CD1. By Labeling and staining of these 
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cells a clear picture about the architecture of the follicle and its border can be gained. The 

analysis of splenic sections from wildtype and αPIX-/- mice revealed indeed an increase in CD1 

expressing MZ B cells in the marginal zone of αPIX-deficient sections with a normal location 

(Fig. 21, blue) around the marginal sinus lining MAdCAM+ endothelial cells (Fig. 21, red). In 

summary, αPIX is dispensable for development of most subsets of lymphocytes but is required 

for limiting marginal zone B cell numbers. 

 

Fig. 21 Marginal zone B cells in 
spleen are enriched in ααααPIX-./- mice 
Cryosections from spleens of 12 week old 
wildtype (right) and αPIX-/- littermates (left) 
were analyzed by immunohistochemistry 
for the localization of marginal zone B 
cells. MAdCAM stains endothelial cells 
residing in the marginal zone and CD1 is 
highly expressed on marginal zone B 
cells. Marginal zone B cells were marked 
with CD1 and stained bluish. Marginal 
zone endothelial cells were marked with 
MAdCAM and stained reddish.  

 

4.2 ααααPIX deficiency decreases the humoral immune respons e 

B cell production of antibodies in response to antigen is central to specific immunity. Since the 

lymphocyte numbers were significantly affected by the lack of αPIX, we analyzed in more detail 

the immune responses in αPIX-knockout mice. Wildtype and αPIX-/- mice were immunized 

either with the thymus-dependent (TD) antigen TNP-KLH or with the thymus-independent type 

2 (TI-2) antigen TNP-Ficoll and the resulting levels of specific blood sera antibodies were 

analyzed by ELISA. 

αPIX-/- mice immunized with TNP-KLH produced significantly less antibodies at 14 and 21 days 

post-immunization. αPIX-/- mice immunized with TNP-Ficoll also produced significantly less 

antibodies, with reduced IgM at 7 and 14 days post-immunization and reduced IgG3 at 5 and 7 

days (Fig. 22). These results demonstrate global defects in antibody production in 

αPIX-deficient mice in both thymus-dependent and thymus-independent immune responses, 

including a defect in IgM production that was not alleviated by the increased numbers of MZ B 

cells – the cells that normally direct T cell-independent immune responses (Balazs 2002). The 

defective αPIX-/- immune responses may reflect a role for αPIX in T helper cell functions and/or 

a B cell activation defect. 
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Fig. 22 Decreased humoral immune response in ααααPIX-/- mice 
Wildtype (closed circles) and αPIX-/- (open circles) mice (12-14 weeks old) were intraperitoneal injected with the 
thymus-dependent antigen TNP-KLH (100 µg/mouse) (10 Wt and 12 αPIX-/- mice) or with the thymus-independent 
type 2 antigen TNP-Ficoll (10 µg/mouse) (10 Wt and 10 αPIX-/-mice). The TNP-Ficoll immune responses were 
analyzed on day 5, 7 and day 14. The primary TNP-KLH immune response was measured after 14 days. A second 
boost with the immunogen TNP-KLH was given on day 14 and secondary immune response was assessed on day 
21. Immunoglobulins were detected by alkaline phosphatase-conjugated antibodies to mouse IgG1, IgG2a, IgG2b, 
IgG3 and biotinylated antibody to mouse IgM by ELISA. The amount of each antigen-specific isotype was determined 
by comparing test samples to a standard serum pooled from immunized wildtype and αPIX-deficient mice. 
Significance was verified by Student’s t-test: *p<0.05, **p<0.01, ***p<0.001. This result was fully reproduced by 
another similar immunization study. 
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4.3 In vitro B cell analysis 

4.3.1 Proliferation of B cells 

Since B cell numbers within the spleen were significantly altered in αPIX-/- mice and the 

immune response reduced the cellular functions of αPIX-/- B cells were investigated in more 

depth. Primary mature B cells proliferate after BCR stimulation in vitro and in vivo.  

In vitro proliferation of splenic, purified B cells was measured by radioactive thymidine 

incorporation after stimulation with anti-IgM. Proliferating cells incorporate the radioactive 

Tritium [3H] modified thymidine into newly synthesized DNA, thus a higher radioactive signal 

reflects a higher number of occurred cell divisions.  

αPIX-/- B cells showed a severe reduction of 30 to 60% compared to wildtype levels in their 

proliferative response after stimulation by F(ab’)2 anti-IgM antibodies against the BCR (Fig. 

22A). However, proliferation induced by Lipopolysaccharide (LPS) was normal, demonstrating 

that αPIX-deficient B cells have no intrinsic cell defect and that αPIX does not act downstream 

of LPS receptors, like the toll-like-receptor 3 (TLR 3) (Fig. 23C). Additionally, the proliferative 

response to the co-stimulatory receptor CD40 with anti-CD40 + IL4 was normal, which implies a 

specific role of αPIX downstream of the BCR (Fig. 23B). The defective αPIX-/- proliferation 

after BCR stimulation may reflect a role for αPIX in B cell activation signaling downstream of 

the BCR. 

 

 

Fig. 23 Reduced BCR induced proliferation in ααααPIX-/- splenic B cells 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 23    Reduced BCR induced 
proliferation in ααααPIX-/- splenic B cells 
Purified wildtype and αPIX-/- splenic B cells 
were stimulated with medium alone or with 
anti-IgM F(ab’)2 (A), with anti-CD40 (clone 
FGK) + 2% IL4 supernatant (B) or with LPS 
(C) at the indicated concentrations and 
proliferation was measured by [3H]-thymidine 
incorporation. Data are mean ± s.d. of 
triplicate values and representative for four 
independent experiments. 
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4.3.2 Calcium response of B cells 

The BCR-induced defect in proliferation pointed to alterations in BCR signaling in αPIX-/- B 

cells. In order to understand the role of αPIX in proximal BCR signaling, we analyzed the 

induction of calcium fluxing, an immediate signaling event following BCR stimulation. 

Splenic B lymphocytes were labeled with B220-APC and the calcium flux was induced by BCR 

crosslinking with anti-IgM (Fig. 24, arrow) gating on APC-labeled cells. Cells were pre-stained 

with calcium sensitive dyes to follow the calcium influx over time. Calcium ion binding shifts 

the fluorescence emission, which quantitatively represents the amount of Calcium ions. 

Following the activation of B cells, a strong increase of intracellular Ca2+ levels occurred, that 

peaked after 10 to 20 seconds and slowly declined over time. After 4 minutes almost basal Ca2+ 

levels were regained. However, calcium fluxing of αPIX-deficient B cells was normal compared 

to wildtype littermates (Fig. 24). Similar results were obtained for T cell when stimulated with 

anti-CD3 crosslinking (data not shown). 

 

 

Fig. 24 Normal BCR induced calcium flux 
in ααααPIX-/- splenic B cells 
Lympholyte purified wildtype (solid line) and  
αPIX-/- splenocytes (dashed line) were stained with 
calcium sensitive dyes and for B220 expression 
and stimulated with anti-IgM F(ab’)2 at a final 
concentration of 10 µg/ml. The calcium flux was 
measured by FACS.  
 
 
 

 

4.3.3 Tyrosine phosphorylation  

As αPIX may possess functions in transducing B cell receptor signals other than the activation of 

Ca2+ we next analyzed the induction of overall tyrosine phosphorylation of signaling proteins 

downstream of the BCR. Splenic B cells were harvested from wildtype and αPIX-/- mice and 

stimulated with anti-IgM antibodies. As shown in Fig. 25 BCR crosslinking induced strong 

tyrosine phosphorylation of proteins with a molecular weight of about 120, 70-80 and 60 kD in 

wildtype and αPIX-/- B cells. However, in αPIX-/- B cells the phosphorylation levels were 

elevated and phosphorylation appeared to last for a longer time. This result suggests that αPIX 

regulates the extent and duration of phosphorylations of signaling intermediates downstream of 

the B cell receptor. 
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Fig. 25 Hyper-tyrosine phosphorylation 
after BCR stimulation in ααααPIX-/- B cells 
Lysates from purified wildtype (Wt) or αPIX-/- 
splenic B cells, stimulated with F(ab’)2 anti-IgM 
(10 µg/ml) for the indicated times, were analyzed 
for phosphotyrosine by western blot.   
As a loading control the membrane was stripped 
and reprobed for ERK1/2. 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

4.3.4 BCR induced phosphorylation of PIX associated  proteins 

 

To further uncover in more detail possible signaling alterations of αPIX-deficient B cells, the 

phosphorylation of PIX associated proteins after BCR crosslinking was analyzed by western blot 

(Fig. 26). The kinase PAK binds directly to the SH3 domain of PIX proteins and its activation 

can be mediated by Rac and Cdc42 Rho GTPases (Manser 1998). Although PAK 

phosphorylation following BCR activation has never been shown before, we activated wildtype 

B cells and measured PAK phosphorylation with a phospho-specific antibody that recognized 

PAK autophosphorylated at position Ser199/204 in PAK1 and Ser192/204 in PAK2. We noticed 

that, similar to T cells, PAK becomes rapidly autophosphorylated after one minute of 

stimulation. After 10 minutes PAK autophosphorylation declines to unstimulated levels (data not 

shown). 

In αPIX-/- B cells the phosphorylation of PAK was reduced, indicating that the association of 

PAK with αPIX is required for full PAK activation. Similar results were obtained with CD3+ T 

cells purified from lymph nodes after TCR stimulation [(Missy 2008) and data not shown]. 

The E3 ubiquitin ligase c-Cbl is another protein that binds to the SH3 domain of PIX proteins.  It 

becomes phosphorylated after crosslinking of the BCR (Flanders 2003; Kitaura 2007) and shows 

a similar activation time course like PAK autophosphorylation, which declines to unstimulated 

levels after 10 minutes (data not shown). Therefore, we compared c-Cbl phosphorylation in 
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wildtype and αPIX-/- cells. In contrast to PAK phosphorylation, however, c-Cbl phosphorylation 

was unaltered in αPIX-deficient B cells (Fig. 26).  

 

 

Fig. 26 Defective PAK phosphorylation in ααααPIX-/- B cells 
Purified splenic B lymphocytes (purity > 90%) from wildtype (Wt) or 
αPIX-/- mice were stimulated on BCR by F(ab´)2 anti-IgM (15 µg/ml ) for 
the indicated times (minutes). A western blot was performed and the 
BCR induced phosphorylations of PAK and c-Cbl were analyzed with 
phospho-specific antibodies. 
After developing, membranes were stripped and incubated with the 
corresponding non-phospho-specific antibody to confirm equal loading. 
One representative experiment is shown and representative for 4 
independent experiments. 
 

 

Another signaling event downstream of the BCR is the activation of the MAP kinase pathway. 

The MAP kinase signaling pathway promotes proliferation through upregulation of transcription 

factors. Since ERK phosphorylation is longer lasting after BCR stimulation compared to PAK or 

Cbl phosphorylation the phospho-ERK analysis was performed for 30 minutes or longer (Fig. 27 

and data not shown). The BCR-induced ERK activation showed a slight increase in αPIX-

deficient B cells that lasted, similar to tyrosine phosphorylation, also longer compared to 

wildtype cells (Fig. 27). These data suggest that αPIX regulates the strength and timing of BCR 

induced signaling events. 

 

Fig. 27 Increased and prolonged ERK 
activation in ααααPIX-/- B cells  
Purified splenic B lymphocytes (purity > 90%) 
from wildtype (Wt) or αPIX-/- mice were 
stimulated with 10 µg/ml anti-IgM (F(ab´)2 for 
the indicated times (minutes). A western blot 
was performed and the BCR induced 
phosphorylation of ERK was analyzed by a 
phospho-specific antibody. The membrane was 
stripped and reprobed for ERK1/2 as a loading 
control. 
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4.4 Protein expression of PIX binding partners 

As αPIX and βPIX are supposed to act in concert within the cell and form homo- or 

heterodimeric complexes with each other, the expression level of the βPIX protein in αPIX 

knockout was analyzed in more detail.  

As shown in Fig. 28A βPIX protein level is slightly increased in αPIX-deficient bone marrow 

cells, thymocytes and splenocytes. The same is true for purified B cells (Fig. 28B). Furthermore 

an additional protein band of about 65 kD disappears in the αPIX knockout, suggesting that a 

shorter form of αPIX is also expressed in hematopoietic cells. The increase in βPIX protein 

levels might be due to a compensatory mechanism in the αPIX knockout by up-regulating the 

expression of a protein with similar function or by the selection for cells with higher levels of 

βPIX. 

 

Fig. 28 Increased ββββPIX 
protein levels in ααααPIX-deficient 
lymphoid cells  
Bone marrow cells, thymocytes and 
splenocytes (A) or purified B cells 
(B) from wildtype (Wt) or αPIX-/- 
mice were analyzed for the 
expression of PIX proteins by 
western blot. 
To confirm equal loading part of the 
membrane was probed for ERK1/2. 
 

 

 

 

 

 

Since PIX proteins bind to the E3 ubiquitin ligases c-Cbl and Cbl-b (Flanders 2003) and AIP4 

(Janz 2007) and the common subunit of calpain proteases (Rosenberger 2005), PIX proteins 

might be involved in degradation processes. Indeed c-Cbl was shown to target βPIX itself for 

degradation through its ubiquitination activity (Schmidt 2006) and actively influence BCR 

signaling by regulation of antigen receptor endocytosis (Jacob 2008). 

Therefore, we tested the protein levels of the major PIX binding targets by western blot. As 

shown in Fig. 29A no obvious alteration in most protein levels for PIX targets were obvious, 
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except for a significant change in GIT2 expression level. The GIT2 protein is still present but 

reduced in its protein level compared to the band presenting GIT1, which is unaltered in 

αPIX-deficient cells. A similar reduction of GIT2 was observed when T cells and other primary 

lymphocyte populations were analyzed (Fig. 29B). GIT2 in all lymphoid tissues and in purified 

T and B lymphocytes was in at least two-fold excess to GIT1 whereas in αPIX-deficient cells 

GIT1 and GIT2 were equally expressed. 

 
Fig. 29 Expression level of PIX binding proteins  
(A) Purified B lymphocytes from wildtype (Wt) or αPIX-/- mice were analyzed for the expression of PIX associated 
proteins, c-Cbl, PAK2, Rac2, Cdc42 and GIT1/2 by western blot. (B) Bone marrow cells, thymocytes, splenocytes or 
purified T cells from wildtype (Wt) or αPIX-/- mice were analyzed for their GIT protein expression.  As a loading control 
membranes were reprobed for ERK1/2. 
 

The decrease in GIT2 protein level was unexpected. As GIT2 is highly alternatively spliced and 

from literature it is known that another prominent splice variant, termed GIT2-short, is highly 

expressed in lymphoid cells (Premont 2000), a western blot specifically for the GIT2-short 

variant was performed on B cells. As shown in Fig. 30 the GIT2-short specific band at about 55 

kD was still present in αPIX knockout B cells at similar levels compared to a wildtype controls. 

The GIT2-short specific antibody crossreacts with the GIT1/2 long, thereby providing the 

specific reduction of GIT2-long in αPIX knockout mice. Similar results were obtained when 

analyzing T cells (data not shown). Whereas GIT2-long was highly reduced in αPIX-/- B cells 

GIT2-short was still present, suggesting that GIT2-long is degraded in the absence of αPIX.  
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Fig. 30 GIT2-short is stable in ααααPIX 
knockout B cells 
Purified B cells from wildtype (Wt) or αPIX-/- 
individuals were prepared and analyzed by 
western blot for GIT2-short.  The membrane 
was stripped and reprobed for ERK1/2 as a 
loading control. 
 
 
 
 
 
 
 
 
 
 

4.5 ααααPIX deficiency affects GIT2 protein levels 

The reduction in the GIT2 level was unexpected and therefore we determined if αPIX deficiency 

alters the expression of GIT2 or if the reduction is posttranscriptionally determined. To exclude 

an involvement of αPIX in influencing GIT2 transcription, a northern blot analysis to detect 

GIT2 mRNA was performed. Two forms of GIT2 mRNA, termed GIT2-long and GIT2-short, 

have been characterized in humans (Premont 2000) and equivalent bands of similar sizes were 

observed in wildtype and αPIX-/- lymphocytes in normal amounts and intensity (Fig. 31A). 

Additionally, real-time PCR analysis was performed, which has the advantage to better quantify 

the mRNA level. Total RNA was extracted from purified T cells and transcribed with random 

Hexamer primers to cDNA. The cDNA transcripts were used for real time PCR using the Light 

Cycler (Roche). Sybr-Green reagent (Qiagen) was used to detect the amplification during the 

increasing cycles. For quantification of GIT2 mRNA in the real-time PCR different primers sets 

were used as shown in Fig. 31B. The “N-terminal primers” recognize both mRNAs for GIT2-

long and GIT2-short and the “C-terminal primers” recognize specifically GIT2-long. For each 

primer location two different primer sets were analyzed, giving similar results. The crossing 

points during the amplification were similar for wildtype and αPIX knockout T cells, showing 

that the starting amount of cDNA was equal. To compare the relative cDNA for GIT2 in 

wildtype and αPIX knockout T cells, the housekeeping gene PBGD was also detected with real 

time PCR. The ratio of the crossing points for PBGD and GIT2 were calculated and for wildtype 

set to one. 
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As shown in Fig. 31C, a similar mRNA level of GIT2 was found in αPIX-deficient T cells 

compared to wildtype. The normal expression of GIT2 mRNA in these mice suggests either 

translational or post-translational defects in the GIT2 protein.  

 

 
Fig. 31 GIT2 mRNA expression levels 
A) Northern blot of lymphocytes from lymph nodes 
Wildtype (Wt) or αPIX-/- mice lymphocytes were isolated and total RNA was prepared and analyzed by northern blot 
using an N-terminal probe recognizing GIT2-long and GIT2-short. The position of RNA molecular weight markers is 
indicated. Two prominent bands appear of the expected size for GIT2-long and GIT2-short as indicated. Membranes 
were additionally probed for GAPDH to confirm equal loading. 
B) Schematic sketch of the GIT2-long and GIT2-short protein domains and the location of the Light cycler (LC) 
primers used for quantitative PCR and the northern probe. 
C) Quantitative PCR - purified T cells from wildtype (Wt) or αPIX-/- mice were isolated and total RNA was prepared 
and transcribed with random Hexamer primers to cDNA and a Light Cycler analysis was performed, using either N-
terminal located primer sets which recognize GIT2-long and GIT2-short or C-terminal primersets which are specific 
for GIT2-long. To compare the relative cDNA for GIT2 in Wt and αPIX knockout T cells, the housekeeping gene 
PBGD was also detected with the Light cycler. The ratio of the crossing points for PBGD and GIT2 were calculated 
and for wildtype set to one. The result is representative for 3 independent experiments. 
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4.5.1 GIT protein stability  

To further address the GIT protein stability during in vitro culturing, B cells were purified and 

stimulated with anti-IgM in proliferation medium for up to 41 hours. The GIT protein levels 

were analyzed by western blot. As shown in Fig. 32 the GIT1/2 ex vivo protein level was 

severely reduced in αPIX knockout B cells. However, only a faint reduction of GIT1/2 protein 

levels during the time course was detectable for wildtype and αPIX-deficient B cells. 

Furthermore, the long time analysis showed that ERK phosphorylation was more prominent in 

wildtype B cells for later time points. In summary, the overall GIT protein level was almost 

unchanged compared to ex vivo levels. 

 

 

 

Fig. 32 GIT1/2 stability during culturing 
Purified B cells from wildtype (Wt) or αPIX-/- mice were prepared and stimulated with anti-IgM at a final concentration 
of 10 µg/ml. For long time culturing B cells were stimulated and cultured in proliferation medium containing serum for 
the indicated time points. Equal cell numbers were seeded into wells of a 48 well culture dish and subsequently cell 
extracts were prepared. A western blot was performed and the upper part of the membrane was probed for GIT1/2. 
The lower part of the membrane was probed for phosphorylated ERK (P-ERK) to indicate the induced 
phosphorylation by BCR stimulation. The phospho-ERK probed membrane was stripped and reprobed with an 
ERK1/2 specific antibody to confirm equal loading. 
The time points 0 to 6 h were loaded on one gel, the time points 18 h 41 h were loaded on a second gel. 
 

4.5.2 GIT protein turnover 

To further investigate the possibility that GIT2-long was subject to abnormal degradation in 

αPIX-/- lymphocytes, we tested extracts from wildtype T cells treated with CHX (cycloheximide) 

to inhibit new protein synthesis. T cells were purified and cultured for up to 16 hours in 

proliferation medium in the presence or absence of cycloheximide. As can be seen in Fig. 33, 

inhibition of protein synthesis led to a decrease in GIT2-long protein levels, meaning that 

GIT2-long proteins are continuously synthesized whereas the GIT2-short band was less affected, 

arguing for a higher turn over rate of GIT2-long. These results indicate that the pool of 
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GIT2-long proteins is normally replenished in T lymphocytes and that αPIX might be necessary 

to stabilize newly expressed GIT2-long proteins in lymphocytes. 

 

Fig. 33 High turnover rate of GIT2 long   
Purified wildtype T cells were prepared cultured in 
proliferation medium containing serum for the indicated 
time points either with cycloheximide (CHX) at a final 
concentration of 50 µg/ml or without. Equal cell numbers 
were seeded into 48-well culture dishes and cell extracts 
were prepared.  
 
 

 

A similar experiment was performed on splenic, primary B cells and the GIT1/2 expression with 

and without cycloheximide was analyzed (data not shown). Similarly to T cells, cycloheximide 

treatment significantly reduced the GIT2-long protein levels, arguing for a high turnover rate of 

GIT2-long proteins in lymphoid cells. 
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4.6 ααααPIX deficiency leads to a higher migration 

PIX and GIT proteins are known regulators of cytoskeletal functions such as cell spreading, 

formation and disassembly of focal complexes and migration. GIT2 knockdown in epithelial 

cells enhanced migration of these cells, giving GIT2 a repressive function in these processes 

(Frank 2006). Since we detected a severe reduction in GIT2 protein levels in αPIX-deficient 

lymphoid cells, we compared wildtype and αPIX-deficient lymphocytes in a transwell migration 

assay. We addressed chemokine uninduced, basal migration and by using the stromal derived 

factor-1 alpha (SDF1α) the chemokine induced migration of T and B cells. SDF1α is a potent 

attractant for lymphocytes and binds to its G protein coupled receptor CXCR4 expressed on 

circulating lymphocytes (Okada 2002). 

Splenocytes were prepared and seeded on top of the porous membrane into the upper well of the 

transwell migration chamber and were let to migrate for 4 hours. Cells, which reached the lower 

chamber, were harvested and stained with appropriate FACS antibodies and quantified relative to 

the input control.  

We found that the number of αPIX-/- T and B cells migrating to SDF-1α was consistently higher 

than wildtype (Fig. 34A). SDF1α attracted lymphocytes in a concentration dependent manner. 

Compared to the basal migration level, SDF1α at a final concentration of 200 ng/ml induced a 

more than 10 times higher migration rate of T and B cells. About 30% of the input T cells 

reached the lower chamber, whereas B cells migrated slightly less. Up to 20% of the input B 

cells reached the lower chamber after 4 hours. However, even the basal migration, without any 

chemokine applied, was elevated in αPIX-/- T and B cells (Fig. 34B). The chemokine SDF1α did 

not further significantly alter differences seen between wildtype and αPIX-deficient T and B 

lymphocytes.  

Lymphocytes moving through a restrictive extracellular matrix can deform their shape to get 

through in a movement called “amoeboid” (Friedl 2004). To discover if αPIX regulates this type 

of migration, we tested migration through membranes of smaller pore sizes, (3 µm instead of 5 

µm) where also PAK signaling was reported to be important (Volinsky 2006) (Fig. 34C). Overall 

migration rates were reduced 5 to10 fold compared to 5 µm pores, but we still found that αPIX-/- 

cells migrated consistently more than wildtype cells. Interestingly, αPIX-/- B lymphocytes 

migration through 3 µm pores was less reduced than compared to T cells, possibly reflecting 
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differences in the amoeboid movement of T and B cells. Together, these data show that αPIX 

deficiency alters lymphocyte migration. 

 

 

 
Fig. 34 Elevated lymphocyte migration of ααααPIX-deficient cells 
Splenocytes from wildtype (Wt) (black bars) or αPIX-/- mice (white bars) were tested for their velocities in a transwell 
migration assay. The number of migrated cells after 4 hours was determined by FACS staining for T cells with CD3 
and B cells with B220 and the percentage of migrated T and B cell was calculated to the input control.  
A) Elevated chemokine induced migration of αPIX-/- lymphocytes through 5 µm pores  
In the lower chamber of the transwell either medium alone or supplemented with the chemokine SDF1α (CXCL12) at 
indicated concentrations was applied. On the left panel the CD3+ migrated T cells are shown, on the right the 
migration of B220+ B cells. One representative experiment is shown and data are expressed as the mean ± s.d. form 
duplicates. Three independent experiments gave similar results. 
B) Elevated basal migration αPIX-/- lymphocytes through 5 µm pores  
To further confirm the experiment described in (A) the migration without chemokine was further analyzed. On the left 
the CD3+ migrated T cells are shown, on the right the migration of B220+ B cells. One representative experiment is 
shown and data are expressed as the mean ± s.d. form duplicates. 
C) Elevated T and B cell migration through 3 µm pores  
A similar migration experiment on 3 µm transwell chambers was performed as described in (A). A representative 
experiment is shown. Three independent experiments gave similar results. 
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4.7 ααααPIX deficiency affects synapse formation in T cells  

The immune synapse (IS) is the contact zone between a T cell and an antigen presenting cell and 

represents a special structural unit. Antigen receptors become clustered in the central region 

whereas at the outer core this structure is stabilized by Integrin interactions. In addition, B cells 

can also form synapses with macrophages to pick up antigen from their cell surface (Batista 

2001).  

As αPIX acts downstream of the antigen receptor and activation of primary T and B cells was 

severely reduced, we tested the role of αPIX at the immune synapse. We focused first on the 

analysis of the T cell synapse formation since the analysis of T cell synapses is easier to perform 

and the protocol was established our lab (Missy 2008). 

We analyzed first the recruitment of Integrins to the immune synapse after antigen stimulation. 

Wildtype B cells were pulsed over night with OVA II peptide in the presence of LPS, labeled 

with CMAC (CellTracker Blue 7-amino-4-chloromethylcoumarin) and were used as antigen 

presenting cells for T cell conjugate formation. Cells were mixed 1:1 with OTII+ CD4+ T cells 

from lymph nodes and centrifuged to initiate conjugation. Cell conjugates were let to settle on 

slides, fixed and stained with anti-CD3ε for TCR localization and anti-CD11a–biotin (αL; a 

component of Lfa-1 Integrin), followed by streptavidin-Cy3 (light green). As shown in Fig. 35A 

the recruitment of αL Integrins is reduced in αPIX-deficient T cells, reflected by the reduced 

staining at the contact zone of T and B cells. The total surface expression of Integrins was 

unaltered in αPIX-deficient T cells (data not shown). Similarly, αPIX-deficient T cell counts, 

showing a strong clustering at the synapse, were about 50% reduced (Fig. 35B). This experiment 

was performed by Bin Hu, who kindly provided Fig. 35 and Fig. 36. 

These data suggest a role for αPIX in antigen receptor induced clustering of Lfa-1 at the immune 

synapse. Since Lfa-1 is also important for synapse formation in B cells, a similar role for αPIX 

in antigen receptor induced clustering of Lfa-1 in B cells might exist. 
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Fig. 35 Reduced ααααL recruitment into the immune synapse of ααααPIX-/- T cells 
(A) T-cell–B-cell conjugates formed with OT-II+ CD4+ T cells and peptide-loaded B cells (blue) as APCs were stained 
with anti-CD3–FITC (TCR; green) and anti-CD11a–biotin (αL; a component of Lfa-1 Integrin), followed by 
streptavidin-Cy3 (light green). DIC: Differential interference contrast image 
(B) The histogram (right) shows the percentage of 200 T-cell–B-cell conjugates of wildtype (Wt) and αPIX-/- synapses 
with polarized αL. Data are representative for three independent experiments. 

 
 

As αPIX is directly involved in the antigen receptor induced PAK phosphorylation, which is 

directly occurring at the immune synapse, we additionally tested the role of αPIX in T cell 

synapse formation and activity by staining T and B cell conjugates with anti-CD3ε for TCR 

localization and either anti-PIX, anti-PAK or anti-phospho-PAK. The experiment was performed 

by Bin Hu. As shown in Fig. 36, PAK recruitment and phosphorylation was reduced in 

αPIX-deficient T cells. As the PIX antibody recognizes both αPIX and βPIX proteins the 

staining in αPIX-deficient T cells at the immune synapse is due to the recruitment of βPIX to 

this site. The intensity, however, is weaker compared to wildtype due to the lack of αPIX. 

Similarly, PAK recruitment to the IS is reduced as well as its phosphorylation, emphasizing the 

important role of PIX proteins in PAK activation at the immune synapse. Since the synapse 

formation in B cells might base on similar mechanisms, a similar role of αPIX in antigen 

receptor induced PAK activation in B cells might exist. 
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Fig. 36 Reduced recruitment of PAK to the T cell - APC contact site in ααααPIX-/- T cells 
T-cell-B-cell conjugates were formed by mixing LPS (30 µg/ml) activated B cells pulsed over night with Ova II peptide 
(10 µg/ml) and stained with CMAC (blue) with OT-II transgenic CD4+ lymph node T cells from wildtype or 
αPIX-deficient mice. Cell conjugates are shown in differential interference contrast images (DIC). T cells were stained 
with anti-CD3ε-FITC (TCR green). PIX, PAK2 and phospho-PAK (pPAK) primary antibodies were secondarily labeled 
with Alexa 594 (red). The graphs display the mean fluorescent intensity of TCR, PIX, PAK and pPAK at the immune 
synapse (± s.d.).  
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4.8 Analysis of ααααPIX-/- ββββPIX+/- mice: A compensatory role for ββββPIX? 

αPIX and βPIX proteins are highly homolog and interact with a similar set of signaling 

molecules. We speculated that βPIX might have overlapping roles in signaling and could 

compensate for the αPIX functions in αPIX-deficient cells.  

First we compared the expression levels of βPIX in wildtype and αPIX-deficient cells and 

noticed that βPIX protein levels were higher in the absence of αPIX (Fig. 28 and data not 

shown). This increase in expression is in agreement with a functional compensation by βPIX. 

To determine the role of βPIX in the immune system and to proof that βPIX can compensate for 

αPIX in cell signaling, mice deficient in βPIX were generated in the laboratory. However, these 

mice died during early embryonic development (see below), preventing the analysis of 

βPIX-deficient lymphocytes. Since βPIX was up-regulated in αPIX-deficient mice, we reasoned 

that limiting βPIX expression from two alleles in αPIX-/- mice to one allele in αPIX-/- βPIX+/- 

mice may prevent high expression levels of βPIX and prevent compensation of αPIX functions. 

To directly test this, αPIX-/- mice were bred with βPIX+/- mice to obtain αPIX-/-βPIX+/- 

genotypes, which only retain one allele of PIX. Lymphoid cells and organs were taken and 

analyzed for βPIX expression by western blot. As shown in Fig. 37, βPIX levels were decreased 

in αPIX-/-βPIX+/- mice to approximately wildtype levels, suggesting that in these mice efficient 

compensation for αPIX function may not occur and that the protein level of βPIX is determined 

by the expression of both alleles.  

 

 

 

Fig. 37 Allelic expression of ββββPix 
αPIX-/- βPIX+/- mice showed a decrease in βPIX 
protein level. Bone marrow cells and thymocytes of 
the indicated genotypes were analyzed for the 
expression of PIX proteins by western blot. In order 
to confirm equal loading part of the membrane was 
reprobed for ERK1/2 
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Since GIT2 protein levels were reduced in αPIX-deficient lymphocytes, the reduction of βPIX, 

which also interacts with GIT proteins, may further affect GIT protein levels in αPIX-/- βPIX+/- 

lymphocytes. Analysis of these cells, however, did not reveal additional alterations in the GIT2 

or GIT1 protein levels (Fig. 38). Similar results were obtained when splenocytes or thymocytes 

were analyzed (data not shown). 

This result may argue for a unique role of αPIX in stabilizing GIT2 and that βPIX can not 

compensate for this function. 

 

 
Fig. 38 GIT1/2 expression in 
ααααPIX-/- ββββPIX+/- lymphoid cells  
Bone marrow cells from wildtype (Wt), αPIX-/-, 
βPIX+/- or αPIX-/- βPIX+/- mice were analyzed for 
the expression of GIT1/2 (left) or GIT1 (right) 
proteins by western blot. 
In order to confirm equal loading part of the 
membrane was probed for ERK1/2 
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4.8.1 Increased chemokine induced migration of  α α α αPIX-/- ββββPIX+/- lymphocytes  

Since αPIX-deficient T and B cells showed a significant increase in basal migration (Fig. 34), 

we similarly analyzed αPIX-/- βPIX+/- lymphocytes to elucidate a possible role for βPIX in the 

migration process, even though the GIT protein level was not further altered.   

Lymphocytes from αPIX-/- βPIX+/- mice were similarly transferred into transwell plates and their 

basal and SDF1α induced migration was compared to wildtype and αPIX-deficient lymphocytes. 

Surprisingly, the basal migration of αPIX-/- βPIX+/- lymphocytes was similar to wildtype levels 

(Fig. 39). However, chemokine induced migration was even stronger in αPIX-/-βPIX+/- compared 

αPIX.  

These data suggest that βPIX upregulation indeed affects the migration phenotype seen in 

αPIX-deficient cells. Furthermore, PIX family members regulate basal and directed migration in 

a complex way, reflecting possible signaling differences between βPIX and αPIX proteins.  

 

 
 
 
Fig. 39 High motility of ααααPIX-/- ββββPIX+/- lymphocytes 
Splenocytes from wildtype (Wt) (solid line) or αPIX-/- mice (small dashed line) or αPIX-/-βPIX+/- (large dashed line) 
were tested for the spontaneous and chemokine induced migration in a transwell migration assay. In the lower 
chamber of the transwell either no chemokine or the chemokine SDF1α (CXCL12) at indicated concentrations was 
applied. The number of migrated cells after 4 hours was determined by FACS staining for T cells with CD3 (left 
graph) and B cells with B220 (right graph) and the percentage of migrating T and B cell was calculated to the input 
control. One representative experiment is shown and data are expressed as the mean ± s.d. form duplicates. Two 
independent experiments gave similar results. 
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4.8.2 Splenomegaly in ααααPIX-/-  ββββPIX+/- mice 

αPIX mice on a C57/BL6 background showed an increase in splenic cell numbers (Table 2) 

compared to mice of a 129Sv/C57BL6 mixed background (Missy 2008). To investigate whether 

limited expression of βPIX in αPIX-/- βPIX+/- cells also has an impact on splenic cellularity, 

lymphoid organs were taken from wildtype and αPIX-/- βPIX+/- mice. Percentages of 

subpopulations were recalculated to obtain the total cell count in the lymphoid tissues as shown 

in Table 3.  

 Wildtype ααααPIX-/- ββββPIX+/-  
 Age 6-12 weeks  
 Number of cell (x 106) P value 

thymus  
 
Total 
 
CD4- CD8- 
CD4+ CD8+ 
CD4+ CD8- 
CD4- CD8+ 

n = 10 
73.55 ± 45.7 
n = 6 
0.8 ± 0.4 
37.6 ± 16.8 
3.5 ± 1.32 
1.65 ± 0.75 

n = 10 
103 ± 69 
n = 4 
0.64 ± 0.41 
63.8 ± 31.8 
4.1 ± 1.46 
2.3 ± 1.45 

 

bone marrow  
 
Total 
B220+ 

n = 6 
16.75 ± 4.73 
2.6 ± 1.0 

n = 5 
17.2 ± 1.6 
2.3 ± 0.2 

 

spleen  
 
Total 
Lymphocytes 
B220+ 
IgM 
IgD 
 
FO 
MZB 
IMM 
 
CD3+ 
CD4+ 
CD8+ 

n = 11 
28.4 ± 11.88 
18.9 ± 7.6 
9.95 ± 6.6 
5.44 ± 2.9 
4.0 ± 3.4 
n = 10 
8.2 ± 4.1 
0.6 ± 0.5 
0.2 ± 0.1 
n = 8 
6.2 ± 2.8 
3.6 ± 1.7 
2 ± 1.1 

n = 10 
50.92± 23 
31.6 ± 15 
17.7 ± 7.8 
11.6 ± 5 
5.2 ± 2.7 
n = 8 
15.4 ± 9 
1.6 ± 1 
0.7 ± 0.4 
n = 6 
7.33 ± 4 
3.9 ± 2.3 
2.87 ± 1.6 

 
p <0.01 
p <0.05 
p <0.05 
p <0.01 
 
 
p <0.05 
p <0.01 
p <0.01 
 
 

blood lymphocytes  
 
Total 

n = 9 
0.74 ± 0.26 

n = 2 
0.28 ± 0.04 

 
p <0.01 

 
Table 3 Lymphocyte populations in ααααPIX-/- ββββPIX+/- mice 
Cells from thymus, bone marrow, spleen and blood of wildtype and αPIX-/- βPIX+/- mice were counted and stained for 
the indicated cell surface markers. Cell populations were determined by flow cytometry.  
B cell subpopulations in the spleen were stained with anti-B220-PerCP and were gated and subsequently subdivided 
into follicular B cells (FO) (CD21-FITCmedium CD23-PEhigh), into marginal zone B cells (MZB) (CD21-FITChigh CD23-
PElow) and into immature B cells (IMM) (CD21-FITC- CD23-PE-). T cells were stained with anti-CD3-Parcific Blue and 
subdivided into the CD4-PE positive helper T cells and into the CD8-APC positive cytotoxic T cells. Thymic T cell 
development was analyzed by staining of thymocytes with anti-CD4-PE and anti-CD8-APC. B cell development in 
bone marrow was followed by staining with anti-B220-PerCP and anti-IgM-FITC. The blood count of circulating 
lymphocytes was calculated by taking 100 µl of tail vene blood and staining with anti-CD3-Parcific Blue and B220-
PerCP to obtain the lymphocyte cell numbers. Data are means ± standard deviations. n: number of animals 
evaluated. Probability was calculated using Student´s t-test. 
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During the course of this experiment we noticed that some of the αPIX-/- βPIX+/- mice had 

enlarged spleens which an increased numbers of splenic cells and that the number of mice with 

larger spleens increased when older mice were analyzed (data not shown).  

Therefore, we decided to perform a more systematic characterization of older mice that were 30 

to 40 weeks old. As depicted in Fig. 40A, spleens from αPIX-deficient mice were larger than 

spleens from wildtype mice. Interestingly, the size of spleens found in αPIX-/- βPIX+/- mice was 

even larger than in mice carrying a mutation just in αPIX, which was also reflected by an 

increased number of splenic cells. Moreover, in about 10% of αPIX-/- βPIX+/- mice analyzed, 

spleens were found with massive splenomegaly (Fig. 40B). 

 

 
Fig. 40 Spleen sizes during aging 
(A) Enlarged spleens in PIX-deficient mice 
Spleens from 27 to 33 weeks old wildtype (Wt), αPIX and αPIX-/- βPIX+/- mice were extracted and photographed.  
(B) Massive Splenomegaly in some αPIX-/- βPIX+/- animals 
Spleens from wildtype (Wt) and αPIX-/- βPIX+/- littermates of 39 weeks old mice were extracted and photographed. 
 

4.8.3 Reduced humoral immune response in  α α α αPIX-/- ββββPIX+/- mice  

Since the splenic cellularity in αPIX-/- βPIX+/- mice was stronger affected and some animals even 

developed a massive splenomegaly, we tested the humoral immune response in comparison to 

αPIX-deficient mice to proof a role for βPIX in the immune response.  

αPIX-/- and αPIX-/- βPIX+/- mice were immunized either with the thymus-independent 

immunogen TNP-Ficoll on day 0 or with the thymus-dependent antigen TNP-KLH on day 0, 14, 

and 21 and the resulting levels of specific blood sera antibodies were analyzed by ELISA. 

αPIX-/- βPIX+/- mice immunized with the thymus-dependent antigen TNP-KLH produced 

significantly less antibodies at 21 and 28 days post-immunization compared to the αPIX-/- mice 

as controls (Fig. 41B). 
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However, the thymus-independent immunogen TNP-Ficoll did not show a further immune defect 

of αPIX-/- βPIX+/- mice compared to αPIX-/- mice (Fig. 22A). These data suggest a specific role 

for βPIX in the T cell mediated immune response. 

 

 

Fig. 41 Reduced humoral immune response in ααααPIX-/-ββββPIX+/- mice 
 
 
 

Fig. 41 Reduced humoral immune 
response in ααααPIX-/-  ββββPIX+/- mice 
(A) αPIX-/- (closed circles) and αPIX-/- βPIX+/- 
(open circles) mice (6 weeks old) were 
immunized with the thymus-independent type 2 
antigen TNP-Ficoll (10 αPIX-/- and 8 
αPIX-/- βPIX+/- mice) or  
(B) with the thymus-dependent antigen TNP-
KLH (10 αPIX-/- and 9 αPIX-/- βPIX+/- mice).  
TNP-KLH immune responses were measured 
after 21 and 28 days after two additional 
boosts on day 14 and 21.  
TNP-Ficoll immune responses were analyzed 
on day 14 after immunization. 
Significance was verified by Student’s t-test: 
*p<0.05, **p<0.01, ***p<0.001 
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55  AAnnaall yyssiiss  ooff  tthhee  ccoonnvveennttiioonnaall   ββββββββPPIIXX  kknnoocckkoouutt  mmoouussee  

Because of their high structural similarity, αPIX and βPIX proteins could exhibit similar 

functions. This prompted us to investigate the in vivo roles of βPIX by generating βPIX-deficient 

mice by gene targeting with the future perspective to characterize the role of βPIX in the 

immune system and subsequently generate αPIX-/- βPIX-/- double knockout mice.  

However, the first attempt to obtain a βPIX knockout mouse was based on the conventional 

knockout targeting strategy by replacing the ATP bearing exon with a neomycin resistance 

cassette to disrupt the expression of the functional βPIX gene, which was done in our lab by 

Irute Girkontaite. Unfortunately, the βPIX knockout was embryonic lethal at around day E7.5 as 

confirmed by PCR genotyping (data not shown). Only heterozygous βPIX mice were born.  

 

 

Fig. 42 ββββPIX conventional targeting strategy 
Schematic representation of the domains of βPIX, the bpix genomic locus, the targeting vector and the targeted allele 
Domains are indicated by open boxes, exons are represented by solid boxes. The ATG was replaced with the 
neomycin resistance cassette (neo) which also harbors a LacZ cassette (together called SA β GEO loxP). The 
β-Galactosidase is expressed, when the βPIX promoter is active, thus allowing the determination of βPIX expression 
in animals and tissues. 
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5.1 Early     expression of ββββPix during embryonic development 

To determine possible reasons for the embryonic lethality of the conventional βPIX knockout we 

first analyzed the PIX expression. The conventional knockout construct inserted, additionally to 

the neomycin resistance gene, a LacZ cassette under the control of the βPIX promoter. βPIX 

promoter activity induces the expression of the enzyme β-Galactosidase. Therefore, the onset of 

βPIX promoter activity was easy to determine by X-Gal staining of extracted embryos at 

different stages of development. (Fig. 43, Fig. 44). 

As shown in Fig. 43, the βPIX gene expression is prominent throughout the embryo at day E8.5 

and E9.5. At E10.5 the expression of the βPIX gene is highest in some specialized organs like 

the hindlimbbud, the forehindbud and the heart, implying that βPIX is important for organ 

development. 

 

 

Fig. 43 ββββPIX is highly expressed in developing embryos 
X-Gal staining of βPIX+/- embryos (sv129) at day E 8.5 E 9.5 and E10.5  
Embryos of the indicated developmental stages were extracted and stained for β−Galactosidase activity. βPIX is 
ubiquitously expressed as early as E8.5 and at day E10.5 becomes higher expressed in specialized organs as 
indicated. 
 

A similar β-Galactosidase staining on cultured ES cells further characterized the onset of the 

βPIX gene expression (Fig. 44). Whereas wildtype ES cells showed no X-Gal background 

staining, neither in their undifferentiated state (Fig. 44A) nor in their differentiated state (data not 

shown), undifferentiated targeted ES cells showed a weak X-Gal staining (Fig. 44B) with a 

localized stronger X-Gal staining, possibly reflecting differentiated cell aggregates. To further 



 
RESULTS 

 
 

 
 

73 

confirm the onset of the βPIX promoter during differentiation, ES cells were grown to 

confluency, leading to a loss of pluripotence and to a differentiation to various cell types. The 

high bluish staining of the cells, due to β-Galactosidase expression, confirms the onset of the 

βPIX gene expression during differentiation (Fig. 44C). 

 

 

 

 

Fig. 44 ββββPIX is expressed in differentiated ES cells 
ES cells were grown on gelantin coated dishes with a feeder layer and were stained with X-Gal as described under 
10.3.4 
A) undifferentiated wildtype ES cells on feeders stained with X-Gal 
B) undifferentiated βPIX+/- ES cells (clone M73)  on feeders with X-Gal 
C) high confluent grown and differentiated PIX+/- ES cells (clone M73) on feeders. 
 

 

 

 

 

 

 

Multiple βPIX splice variants are known for βPIX and most of these are specifically expressed 

during embryonic development. To determine the βPIX protein variants expressed in embryos a 

western blot was performed (Fig. 45).  

In agreement with the ubiquitous X-Gal staining on whole embryos, we found a detectable 

expression of β1PIX at embryonic day E8.5. Interestingly, αPIX was not detectably expressed at 

this stage. From literature it is known that αPIX is highly expressed at embryonic day E12.5 in 

brain (Kohn 2004).  

 

Fig. 45 ββββ1PIX is expressed in developing embryos 
Western blot analysis of PIX expression in developing embryos 
Embryos from a wildtype mouse were prepared at day 8.5 after 
fertilization and boiled in western blot loading buffer and analyzed for 
PIX expression by western blot probing with a PIX antibody 
recognizing both αPIX and βPIX. As a control spleen samples from 
αPIX and wildtype mice were separated on the same gel. 

Fig. 44  β β β βPIX is expressed in differentiated ES cells 
ES cells were grown on a feeder layer and stained for β-
Galactosidase activity. 
A) Undifferentiated wildtype (Wt) ES cells on feeders stained 
with X-Gal (10 x magnification) 
B) Undifferentiated βPIX+/- ES cells (clone M73) on feeders 
stained with X-Gal (10 x, 40 x magnification) 
C) Confluent grown and differentiated βPIX+/- ES cells (clone 
M73) on feeders stained with X-Gal (20 x magnification) 
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66  GGeenneerraatt iioonn  ooff  aa  ccoonnddii tt iioonnaall   ββββββββPPIIXX  kknnoocckkoouutt  mmoouussee  

6.1 Targeting Vector – The Principle 

A schematic view of the conventional and the conditional targeting strategy is shown in Fig. 46.   

For both knockout strategies a targeting vector (T.V.) is designed consisting of two genomic 

DNA fragments (one long and one short homology arm). These arms are interrupted by the 

bacterial aminoglycoside phosphotransferase gene, the neomycin resistance cassette (neo), which 

can be used for selection with G418. Embryonic stem cells (ES) are transfected with the 

linearized targeting vector and homologous recombination replaces the corresponding genomic 

sequence with the targeting vector construct. Thus the neomycin resistance cassette (neo) is 

inserted in the genomic locus and used to enrich for the rare, stable transfected ES cell clones. 

Under the selection pressure of G418 untransfected ES cells die, as they do not express the 

aminoglycoside phosphotransferase which is necessary to inactivate G418 which blocks protein 

synthesis. As an additional negative selection marker, targeting vectors habor at the end of one 

homology arm a thymidine kinase (tk) gene, which is selected by gancyclovir. ES cells that 

incorporate randomly into the genome insert the thymidine kinase gene, whereas homologous 

recombined targeting vectors loose this selection cassette. Randomly integrated targeting vectors 

generate neomycin resistant, false positive ES cell clones. However, these clones are forced to 

die through the antibiotic gancyclovir. Gancyclovir resembles a nucleoside which is 

phosphorylated by the thymidine kinase. Intracellular kinases further phosphorylate the 

gancyclovir-monophosphat to the 5'-triphosphat which becomes incorporated in the DNA. 

However DNA-polymerases stop DNA synthesis after incorporation of this nucleoside. Using 

these two selection markers, homologous recombinants can be enriched by both positive and 

negative selection.   
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Fig. 46 Schematic view of a conventional and condit ional targeting strategy 
Explanation see paragraph 6.1 
 



 
RESULTS 

 
 

 
 

76 

The conventional targeting strategy principally replaces a coding exon or part of it with a 

neomycin resistance cassette and disrupts the gene if no alternative splicing exists. However, if 

the gene of interest is pivotal for embryonic development homozygous knockouts are lethal. To 

overcome embryonic lethality a conditional targeting vector must be designed, allowing a gene 

expression during development and a tissue specific inactivation of the gene. The conditional 

targeting strategy introduces, in principal, slight modifications - LoxP sites - into the gene locus 

by homologous recombination. The conditional targeting vector harbors a whole fragment of the 

genomic sequence but additionally inserts a LoxP flanked neo cassette and a third LoxP site as 

shown in Fig. 46. All coding exons are present for functional gene expression. To avoid 

interference of the neo gene expression with the expression of the targeted gene the resistance 

cassette is excised in vitro by a transient Cre recombinase transfection. Two LoxP sites are 

paired by the Cre recombinase and the sequence in-between is excised (Branda 2004). One LoxP 

is left behind and can undergo a second Cre mediated recombination with another LoxP site in 

vivo to remove a coding sequence of the targeted gene. However, since all three LoxP sites can 

combine, two undesired recombinations might occur as shown in Fig. 46. Therefore, ES cells 

must be screened for the deletion of the neomycin cassette by PCR and/or southern blot. 

Chimeras are produced to obtain germ line transmission of the targeting vector.  A tissue specific 

deletion of the targeted gene can be induced by breeding to a transgenic mouse with a tissue 

specific expression of the Cre recombinase. 

Nowadays, a slightly different strategy is used to specifically delete the neo gene in vitro. Instead 

of flanking the neo gene with LoxP sites is flanked by Flp sites. The excision of the neo gene is 

performed in vitro by transient transfection with the Flp recombinase, whereas in vivo the Cre 

recombinase excises a coding exon flanked by two LoxP sites (Branda 2004).  



 
RESULTS 

 
 

 
 

77 

6.2 Construction of the 129/sv conditional targetin g vector 

The βPIX gene contains 20 exons encoded by 77153 nucleotides generating a protein of 705 

amino acids.  The exon 4 bears the transcription start site “ATG” as the first coding exon. The 

ATG bearing exon was chosen for deletion in vivo by the Cre recombinase. 

 
Fig. 47 Exon structure of the bpix locus  
The uncoding exons are depicted as blue boxes the coding exons as red boxes. 
 
 
To overcome the embryonic lethality, a conditional targeting vector, which allows expression of 

a functional βPIX gene, was designed by Kerry Tedford. The conditional targeting vector was 

based on a similar strategy as the conventional targeting vector. However, instead of replacing 

the ATG bearing exon with a neo cassette this exon is present in the long arm sequence for 

homologous recombination. An additional LoxP site was introduced into the long arm sequence 

which is the target for the in vivo Cre recombinase reaction. The initial cloning steps to generate 

the targeting vector were performed by Detlef Groll. My task was the assembly of the final 

targeting vector and the ES cell transfection and screening to produce chimeras. In Fig. 48 the 

targeting strategy is depicted. 
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Fig. 48 Targeting strategy of the conditional knock out for ββββPIX 
The protein domain structure is shown in A and the corresponding target region in the genomic locus of bpix in B. 
The targeting vector is shown in C. The long arm is depicted in red and the short arm in green. Coding exons (Ex) 
are shown as grey boxes. 
In D the targeted allele is depicted after homologous recombination. PCR screening primers are shown as light blue 
arrows. Locations of the southern probes are depicted as black lines and restriction sites for southern screens are 
shown for the wildtype and the targeted allele with the corresponding fragment sizes.  
The neo-floxed allele is shown in E. In vivo Cre recombinase reaction leads to the loss of exon 4 as shown in F. 



 
RESULTS 

 
 

 
 

79 

6.2.1 Cloning of the 129/Sv targeting vector 

Various plasmids containing fragments of the genomic sequence of βPIX were originally cloned 

by Irute Girkontaite to clone the conventional βPIX targeting vector and were similarly used for 

conditional targeting vector construction. The short arm is a 1.5 kb SpeI-XhoI fragment from 

plasmid #94. The long arm is a 7.1 kb XhoI-EcoRV fragment from plasmid #93.  

 

 

 

 

 

 

Fig. 49 Partial genomic sequence of the ββββPIX gene.  
Schematic view on the genomic sequence of βPIX; As blue boxes the two exons in the sequence are visualized. The 
short arm is a 1.5 kb SpeI-XhoI fragment from plasmid #94 shown as a violet dotted box. The long arm is a 7.1 kb 
XhoI-EcoRV fragment and was obtained from plasmid #93 and is depicted as a green dotted box. 
 

A schematic sketch of the cloning procedure is shown in Fig. 51. To clone the long and the short 

arm they had to be slightly modified in order to generate appropriate restriction sites. For the 

cloning of the long arm the multiple cloning site of the pBS vector was changed through 

digestion with SacI and XhoI and inserting a new oligo linker sequence harboring the following 

restriction sites: XhoI – NheI – EcoRV – SalI – SacI.  The modified pBS vector was used to 

clone the 7.1 kb XhoI-EcoRV fragment out of plasmid #93. As the long arm possesses a unique 

XbaI site, this site was used to insert a LoxP site into the long arm sequence (Fig. 50). Clones 

with the right orientation of the LoxP site were chosen after sequencing. 

 

 
Fig. 50 Inserted LoxP sequence 
LoxP sequence (green) with the LoxP recognition sequence (black) and the XbaI overhang (red) for cloning. 
Additionally, an AatII restriction site was introduced to analyze the existence of the LoxP site in the targeting vector 
by restriction digest. 
 
 
The long arm sequence with the inserted  LoxP site was cloned into the targeting vector 

pEASY-Flox, a pre-assembled targeting vector containing a neomycin resistance gene flanked 
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by two LoxP sites and a thymidine kinase gene. The long arm was cut by XhoI and SalI and 

cloned into SalI and XhoI of pEASY-Flox in reverse orientation, ligating the XhoI overhang to 

the SalI overhang to destroy these restrictions sites after ligation. First the long arm was cloned 

into the pEASY-Flox vector as the short arm possesses one XhoI site.  

To clone the short arm the multiple cloning site in the pBS vector was changed by digestion with 

SaII and SacII to insert a new oligo linker sequence harboring the following restriction sites: SalI 

– ClaI – XbaI – SpeI – XhoI – SacII. The short was cut by SpeI-XhoI from plasmid #94 and 

cloned into the modified pBS vector with SpeI and XhoI. It was cloned out by ClaI and SacII and 

inserted 5´ to the neo gene into the long arm containing pEasy-Flox targeting vector.  

 

Fig. 51 Schematic  
sketch of the cloning 
steps for the 
conditional targeting 
vector 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 51   Schematic sketch of the 
cloning steps for the conditional 
targeting vector 
Schematic representation of the 
cloning steps to assemble the 
conditional targeting vector for βPIX. 
On the top the long arm cloning is 
depicted on the bottom the preparation 
of the short arm. In the middle the 
assembly of the genomic fragments 
into the targeting vector pEASY-Flox is 
shown.  
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The correct assembly of the targeting vector was first confirmed by digestion with various 

restriction enzymes to verify the presence of all cloned genomic fragments (Fig. 52).  

All restriction digests resulted in the expected fragment sizes. For homologous recombination the 

final targeting vector was linearized with ClaI before transfection of embryonic stem cells. 

 

 

 

 
 
 
 
 
 
 
 
 
 

Fig. 52 Control digest of the conditional ββββPIX targeting vector 
 

 
 
 

Fig. 52     Control digest of the 
conditional ββββPIX targeting vector 
The targeting vector was analyzed by 
digestion with various restriction enzymes to 
control its overall integrity. Two different 
preparations of the cloned targeting vector 
were digested (top) with the indicated 
enzymes. The expected fragment sizes are 
depicted on the bottom of the figure to each 
lane; lin: linearized, kb: kilobases, bp: 
basepairs 
The clone #7 cl 2.3 was further analyzed as 
indicated (bottom). 
The presence of the long arm was confirmed 
by the NdeI digest, generating a unique 
fragement of approximately 2.3 kb. KpnI or 
SmaI cut the targeting vector in the short arm 
and in the thymidine kinase gene, generating 
a vector backbone fragment of approximately 
4.2 kb. The introduction of the LoxP 
sequence in the long arm was confirmed by 
AatII digestion, since an additional site is 
present in the tk gene. Unique restriction 
sites, like NotI, XhoI and ClaI, linearized the 
targeting vector.  
At the bottom a schematic sketch of the 
targeting vector shows the location of the 
indicated restriction sites. 
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6.2.2 Cloning of the PCR screening vector 

To clone the PCR screening vector, a slightly longer short arm was cut out of plasmid #94 with 

XbaI – XhoI (approx. 2.3 kb) and inserted into XbaI and XhoI sites of pBluescript (pBS) and 

subcloned with ClaI and SacII into pEASY-Flox to generate the PCR – screening plasmid. The 

PCR – screening plasmid, termed #7a, was linearized with ClaI for electroporation into ES cells. 

It can incorporate randomly into the genome. ES cells were selected with G418 for neo 

resistance and genomic DNA was prepared to establish a PCR to screen for ES cell clones that 

habor the recombined targeting vector. 

 

 

 

 

 

 

 

 

 

Fig. 53 Schematic view on the PCR screening vector 
An elongated short arm fragment was cloned into the pEASY-Flox vector. In dark green the elongated fragment is 
indicated whereas the short arm fragment cloned into the targeting vector is depicted in light green.  bps: basepairs 
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6.3 Screening of targeted ES cells  

The ES cell line used in our laboratory is the R1 ES-cell line, which is derived from an F1 

intercross between 129/Sv and 129/J inbred substrains. ES cells were transfected, grown under 

selective conditions and resistant colonies were clonally isolated and expanded. Genomic DNA 

was isolated to screen for positive clones by PCR.  

A representative PCR result is shown in Fig. 54. As a positive control the PCR – screening 

vector was used showing the expected PCR product of 2 kb. However, genomic DNA prepared 

from transfected ES cells with the PCR screening vector did not show the expected PCR product 

and titration of the plasmid DNA (left) showed a high dependence on the DNA concentration. 

Therefore, different amounts of genomic DNA from targeted ES cells were screened by PCR. 

Out of 150 clones 3 were positive  which gives a recombination frequency of 2%. 

 

 

 

 
Fig. 54 Screening of ES cell clones by PCR 
(Above) Schematic sketch of the targeting vector with the location of the PCR screening primers 
The forward primer is located in the genomic sequence of the βPIX locus prior the short arm, the reverse primer is 
located in the neomycin resistance gene a sequence unique for the targeting vector.  
(Bottom) Genomic DNA from ES cell clones transfected with the conditional targeting vector (M1, M2) was screened. 
Plasmid DNA of the PCR screening vector (plasmid #7a) and genomic DNA prepared form ES cells transfected with 
the PCR screening were used as positive controls but showed only the specific PCR product when used in 
appropriate concentrations. 
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6.4 Southern blot confirmed homologous recombinatio n  

To confirm the overall integrity of the genomic locus a southern blot was performed. 

PCR-positive ES cell clones were expanded and genomic DNA prepared and digested with 

appropriate restriction enzymes. Two different southern probes were tested. The short arm 

external probe recognizes a genomic sequence not within the targeting vector. The long arm 

internal probe is a sequence of exon 5 (Ex5) located in the long arm sequence of the targeting 

vector as indicated in Fig. 55.  Due to the insertion of the neo gene into the genomic locus of one 

allele, new restriction sites are introduced generating specific fragment sizes, when hybridizing 

with the radiolabeled southern probes.  

The targeted allele showed the expected fragment sizes when probed either with the short arm 

external probe or the long arm internal probe as indicated in Fig. 55. NheI is a restriction enzyme 

which does not cut in the targeting vector sequence. The genomic fragments of the wildtype and 

the targeted allele therefore differ in the length of the neo cassette, which is about 2 kb. The 

integrity of the targeted locus was further verified by digestion with XbaI or BamHI for the short 

arm probe and with EcoRV for the long arm probe. Since the XbaI, BamHI and EcoRV 

restriction sites are in the neo gene, the targeted allele generates smaller genomic fragments as 

indicated in Fig. 55. The corresponding wildtype and knockout fragment sizes are indicated at 

the bottom of the southern blot. The location of the restriction sites in the wildtype locus are 

depicted in Fig. 48B. The southern blot showed the expected fragment sizes and confirmed the 

overall integrity of the targeted locus and the homologous recombination of the targeting vector. 
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Fig. 55 Southern blot  
Genomic DNA from three selected ES cell clones and wildtype genomic DNA as a control were digested with the 
indicated restriction enzymes and probed either with a short arm external probe (left) or a long arm internal probe 
(right). The position of the probes is indicated schematically above. The expected fragment sizes are indicated on the 
bottom of the southern blot for the wildtype (wt) and the targeted (ko) allele. 

6.5 In vitro Cre recombinase reaction 

Originally it was planed to excise the neo cassette by in vitro Cre recombinase transfection. 

However, since the targeting vector habors three LoxP sites, an additional ES cell screen is 

necessary. To avoid additional culturing and to test the germ line transmission capacity of our ES 

cells we decided to go ahead without the excision of the neo gene to produce chimeras. If we 

obtain germline transmission and offspring harboring the targeting vector the neo gene excision 

can be induced in vivo by breeding targeted βPIX mice to a MeuCre40 transgenic mouse, which 

expresses the Cre recombinase in a mosaic fashion (Leneuve 2003). Offspring might result in 

mice, carrying the wished excision of the neo cassette in their germ cells. 
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6.5.1 LoxP specific PCR 

In order to analyze the Cre specific recombinase reaction in vivo, mice have to be genotyped for 

the existence of each of the three LoxP sites. As only one allele is targeted in these mice, the 

PCR has to be highly specific. Therefore, a screening PCR was established with primers for each 

LoxP site as depicted in Fig. 56. With these primersets the expected PCR products were obtained 

from targeted ES cells but were negative for wildtype (wt) genomic DNA. Therefore, all three 

LoxP sites can be screened by PCR. 

 

 
Fig. 56 LoxP specific screening  PCR  
A) Schematic sketch of the LoxP primer localization. The forward LoxP primer is directly located in the recognition 
sequence of the Cre recombinase whereas the revere LoxP primers are located 3 prime and define the specificity of 
the LoxP site. The LoxP sites in the targeted allele are represented as yellow boxes. The expected product size is 
written underneath each LoxP box. 
B) LoxP specific screening PCR  
Genomic DNA of targeted ES cell clone (left) and wildtype genomic DNA (right) were tested for the LoxP specific 
primersets and resulted in PCR products of the expected fragment sizes. Wildtype genomic DNA was used as a 
negative control to confirm primer specificity. 
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6.5.2 Chimeras 

To produce chimeras ES cells are aggregated with morulas and aggregates are re-inplanted into a 

pseudo-pregnant female to generate a whole organism. Our ES cells were generated from sv129 

mice whereas the morulas, used for aggregation, were obtained from CD1 white females. If ES 

cells partially contribute to the development of the organism a chimeric mouse is generated, 

which possesses genetic components of both backgrounds. The contribution of cells from each 

background is reflected by a patterned fur color. If ES cells contributed to the development of 

cells of the germ line, the knockout targeting vector can be inherited to the next generation.  

One aggregation with the targeted ES cell clone, M1A6, produced a female chimera with high 

chimerism. We bred this chimeric female to a BL6 male and analyzed the fur colors of the 

offspring. Since our ES cells were obtained from sv129 mouse, which are agouti and as agouti is 

dominant over black we are able to determine if ES cells contributed to the germ line cells and if 

our targeted allele is possibly inherited. About 50% of the offspring showed the ES cell type 

specific background fur color. From these mice 50% should possess the conditional targeting 

construct. We are planning to screen these mice for the neo gene, to confirm they harbor the 

targeting vector. 

6.5.3 MeuCre40 mice 

Mice carrying the conditional targeting vector will be bred to the MeuCre40 mouse line, which 

expresses the Cre recombinase in a mosaic fashion. The offspring might result in animals, which 

have not received the targeted allele, which have lost only the neo gene or which have lost the 

whole sequence between the outer LoxP sites, or discarded only the exon 5. In order to screen 

these mice for the neo deletion, the LoxP PCR will be useful. 
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D IS C U S S I ON  

In the work presented here, we characterized the role of αPIX in cells of the hematopoietic 

lineage. First we showed that αPIX is specifically expressed in immune cells, justifying our 

work in generating αPIX knockout mice and studying their immune system. αPIX-deficient 

mice were healthy and showed no obvious defects. However, we found that at the level of cell 

populations, αPIX is essential for normal populations of mature lymphocytes and immune 

responses. On a cellular level, αPIX-deficient lymphocytes migrate more than normal and have 

defective immune synapses. Finally, at the molecular level, we uncovered a critical role for 

stabilizing GIT2 long proteins, suggesting a framework for the combined actions of PIX and GIT 

proteins in the cell biology of immune system. In additional work that is still ongoing, we 

studied the αPIX homolog, βPIX. Unlike αPIX, βPIX is widely expressed, albeit also highly in 

immune cells. We found that mutation of βPIX alone is embryonic lethal at an early stage. Thus, 

the broad expression of βPIX is consistent with the lethal phenotype while the restricted 

expression of αPIX is in line with the more moderate phenotype described here. We therefore 

investigated cell migration and immune responses of mice lacking αPIX and one copy of βPIX, 

and our results pointed to a role for βPIX in compensating for αPIX.  These results lead us to 

return to the idea of studying βPIX knockout mice. To get around the lethality of the phenotype, 

we decided to generate βPIX conditional knockout mice with the goal of eventually producing 

and studying mice lacking all PIX proteins.  

77  AAllpphhaa  PPIIXX  

The molecular mechanism underlying αPIX functions is not yet clear. One possibility is that 

αPIX is required for the stability of large protein complexes that regulate cytoskeletal membrane 

dynamics: PIX and GIT proteins have been implicated together in immune synapses, cell 

migration, focal adhesions, and neuronal synapses (Zhao 2000; Zhang 2003; Phee 2005; 

Rosenberger 2005; Zhang 2005; Frank 2006). Our findings outlined in this project support such a 

role for αPIX. First, we found that αPIX regulates GIT2 stability in lymphocytes. Second, we 

discovered defective signaling downstream of TCR and BCR to PAK phosphorylation and 

recruitment to the immune synapse. Third, we found increased spontaneous migration of αPIX-/- 

lymphocytes, suggesting a defect in focal adhesion formation. Loss of GIT2 also increases cell 
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migration (Frank 2006). Moreover, it was also reported that βPIX is upstream of GIT 

localization to focal adhesions (Za 2006). Fourth, we described reduced proliferation of 

αPIX-deficient lymphocytes in vitro and abnormal numbers of mature lymphocytes in vivo in 

αPIX-/- mice. Taken together, our findings support a model for PIX working together with GIT 

to regulate large cytoskeletal complexes such as immune synapses or focal adhesions that lead to 

lymphocyte proliferation and migration. 

7.1 The role of ααααPIX in GIT2-long protein stabilization 

My finding that αPIX was required to stabilize GIT2-long protein supports a previous report 

showing that βPIX regulates GIT2 protein levels in HeLa cells (Frank 2006).  Thus, αPIX-/- 

lymphocytes are like a double knockout of αPIX and GIT2-long. It would be interesting to 

determine which parts of the phenotypes we observed are due to loss of αPIX or loss of GIT2-

long, but relatively little is known about GIT2 in lymphocytes. A GIT2-knockout mouse was 

reported but only the phenotype in neutrophils, and not lymphocytes, was described. Neutrophils 

need to respond to chemical signals by polarizing in the direction of the signal and moving 

towards it, and αPIX-mutant neutropils are unable to sense the correct direction to orient to 

(Mazaki 2006). Much of the same cellular machinery used for directional sensing is also required 

for immune synapse formation, and αPIX-deficient lymphocytes are defective in that, as 

described below.  

We first had to determine if the loss of GIT2-long was transcriptional or post-transcriptional. We 

tested lymphocytes for GIT2 transcription and messenger RNA stability and were able to 

exclude the possibility that αPIX influences GIT2 mRNA levels. Therefore, we believe that the 

PIX–GIT complex formation is important for the stabilization of GIT2 proteins. When we 

cultured B lymphocytes, the level in GIT2 protein was unchanged in wildtype and αPIX 

knockout lymphocytes, arguing for a stable complex formation. When we blocked new protein 

synthesis by cycloheximide treatment of wildtype T lymphocytes a high turnover rate for GIT2-

long was detected, whereas the GIT2-short level was more stable. Since we are proposing a 

functional role for αPIX in stabilizing GIT2 proteins by complex formation, αPIX protein 

synthesis might be necessary. Therefore, it would be interesting to examine the PIX turnover rate 

and to determine if αPIX has to be continuously translated to stabilize GIT2 proteins. PIX and 

GIT proteins associate tightly in a large, oligomeric complex that could contain as many as 10 to 

20 proteins of the approximate size of PIX and GIT proteins (Premont 2004). Additionally, αPIX 
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proteins can dimerize with each other or with βPIX, similar to the GIT1 and GIT2 proteins (Kim, 

S. 2001; Paris 2003) possibly leading to PIX-GIT complexes of varying composition for 

different purposes.  

αPIX knockout lymphocytes had severely reduced levels of GIT2-long protein and not of the 

immune-specific GIT2-short, which was found to bind to PIX proteins as well (Mazaki 2001). 

GIT2-short lacks the C-terminal Paxillin-binding site and the coiled-coil domain involved in 

dimerization of GIT1 and GIT2-long and is differently localized at the perinuclear regions. It has 

been suggested that GIT2-short regulates Golgi organization rather than focal complexes 

(Mazaki 2001). GIT1 and GIT2-long proteins are highly homologous and differ mainly in the 

synaptic localization domain (SLD), which may be responsible for the different localizations of 

GIT1 and GIT2 proteins. Thus αPIX might stabilize GIT2-long by binding to it in specific 

cellular microenvironments that are inaccessible to GIT1 or GIT2-short. It will be interesting to 

determine what the αPIX-GIT2-long complex is for and whether βPIX stabilizes any GIT 

proteins. 

In addition, PIX proteins bind to a common calpain protease subunit (Rosenberger 2005) and to 

three ubiquitin ligases (Flanders 2003) (Janz 2007) and thus might be involved in protein 

degradation processes. It is possible that αPIX stabilizes GIT2 protein by binding to it and 

protecting it from proteolytic cleavage by or ubiquitin tagging by Cbl or AIP4. This is similar to 

a model in which PIX prevents down-regulation of the EGF receptors by binding to the ubiquitin 

ligase Cbl and keeping it from the EGF receptor (Wu 2003). However, it is still unclear how 

GIT2 is being degraded. Another unresolved question is the time and location of GIT2 

degradation. Is GIT2 stabilized by complexing with αPIX directly after translation or does αPIX 

prevent GIT2 degradation at specialized locations like focal adhesions? GIT1 was implicated in 

the disassembly of focal complexes in concert with βPIX (Zhao 2000), which would suggest a 

combined action of βPIX and GIT1 in this process and possibly the formation of a specific 

complex of βPIX and GIT1. A similar analysis on αPIX and GIT2 would be helpful to elucidate 

special features of these different family members.  

βPIX does not seem to compensate for αPIX´s role in stabilizing GIT2-long, since we found that 

the reduction in βPIX protein level in αPIX-/- βPIX+/- cells did not lead to a further detectable 

reduction in GIT2 protein level. This fact points to different roles of both PIX family members 

but is in contradiction to the analysis of Frank et al, where a dependence of GIT2 and βPIX 
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protein levels was found (Frank 2006). One explanation for this difference could be the type of 

cells analyzed. In lymphocytes, αPIX is highly expressed and may have additional functions 

specifically attributed to the needs of lymphocytes. In Hela cells, βPIX might be the only 

naturally expressed PIX family member and might take over similar roles in signaling, which are 

in lymphoid cells specifically attributed to αPIX. Alternatively, Frank et al. knocked down GIT2 

and βPIX protein levels by small interference RNA (siRNA), whereas in our primary 

lymphocytes αPIX was never expressed. The siRNA knockdown directly and quickly perturbs 

the status quo of protein levels, which might lead to further signaling alterations. In our knockout 

situation, compensatory mechanisms established throughout life may alter the protein levels in a 

different way. Therefore, we can not exclude further alterations in signaling proteins and up to 

now unnoticed compensatory mechanisms in our αPIX mouse.  

In order to distinguish between distinct GIT and PIX functions it would be interesting to analyze 

the GIT2 and GIT1 knockout mouse models in respect to lymphocyte migration, proliferation 

and antigen receptor signaling with the further aim of generating a GIT-PIX double knockout. 

These experiments would undoubtedly reveal some insights into what appears to be a very 

interesting and important complex in lymphocytes.  

7.2 The role of ααααPIX in antigen receptor signaling 

We investigated αPIX-mutant B cell signaling and found both reduced BCR signaling to 

proliferation and PAK phosphorylation, and increased and sustained tyrosine phosphorylation 

and ERK activation. One possible explanation for this discrepancy is that Cbl proteins are 

required for dampening some aspects of BCR signaling. PIX proteins can bind to Cbl-b and 

c-Cbl (Flanders 2003) and B cell phenotypes have been described for mice with mutation in 

these proteins. For example, Cbl-b-deficient B cells show an enhanced ERK phosphorylation, as 

do αPIX-mutant B cells. c-Cbl-deficient B cells show a reduction in IgM induced proliferation 

and an increase in MZ B cell numbers, as we observed in αPIX-deficient B cells (Sohn 2003; 

Shao 2004). However, in many other aspects the B cell phenotypes differ. One explanation could 

be that αPIX binds and influences both Cbl proteins and thus a combination of Cbl effects in the 

αPIX mice might result. Indeed, a double knockout study of both Cbl proteins described a 

phenotype that is in many aspects similar to the αPIX phenotype we describe here (Kitaura 

2007). The Cbl-double knockout mutation results in a significant increase in marginal zone (MZ) 
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B cells and in a 30% increase of B (B220+) cells, similar to what we see in our αPIX-deficient 

mice. Additionally, Cbl-double knockout B cells showed a defect in proliferation after antigen 

receptor stimulation, but reached wildtype levels when stimulated with IL-4 or anti-CD40 

antibody. Furthermore, Cbl-double knockout B cells elicited enhanced and prolonged tyrosine 

phosphorylation and significantly higher levels of ERK activities, which was also seen in our 

αPIX-deficient B cells. However, the prolonged and elevated level of Ca2+ mobilization in Cbl-

double knockout B cells was not detected in αPIX-deficient lymphocytes, excluding a role for 

αPIX in influencing Cbl proteins in calcium fluxing.  

Further studies should reveal if the reduction of the GIT2 protein level or the increase of the 

βPIX protein level is involved in the signaling prossesses directly downstream of the antigen 

receptor. Analysis of βPIX+/- mice in proliferation and antigen receptor stimulation might reveal 

additional roles for βPIX directly downstream of the BCR.  

7.3 The defect in PAK activation but normal GTPases  in ααααPIX-/- cells 

The PIX-GIT-PAK trimeric complex was implicated in T cell antigen receptor signaling leading 

to cytoskeletal reorganization and PAK signaling downstream to transcription (Ku 2001). In this 

pathway PIX proteins are supposed to act as a GEF for Rac and Cdc42 leading to an activation 

of PAK. Indeed, we could show that αPIX-deficient lymphocytes are defective in inducing a 

strong PAK activation downstream of the antigen receptor in T and B cells, giving αPIX a 

specific role in activating PAK kinases. However, a GTPase pulldown assay on antigen receptor 

stimulated T cells did not show a defect in the GTP-load of Rac1 or Cdc42 (data not shown). 

This result was surprising since for αPIX-/- neutrophils, it was reported that Cdc42 activation by 

the G protein coupled C5a receptor is impaired. One possible explanation for the difference is 

that the GTPases in the neutrophil study were activated by C5a stimulation, which may differ in 

signaling requirements compared to TCR signaling we assessed. Alternatively, it may be the case 

that αPIX-/- neutrophils have a severe signaling defect in the PIX-GIT complex, since neutrophils 

do not express GIT1. Thus, αPIX-/- neutrophils lack αPIX, GIT1, and likely GIT2-long, which 

could impair signaling to GTPases more than in αPIX-/- lymphocytes as they still express GIT1. 

Another possible explanation for the normal GTPase activation in αPIX-/- lymphocytes may be 

that βPIX can compensate for αPIX in GTPase activation in T cells. There is evidence from 

studies on Jurkat cells that mice with double mutations in αPIX and βPIX could potentially have 
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defective GTPase activation. It was shown that Jurkat T cells overexpressing a mutant SH3 

domain from βPIX have defective calcium fluxing and PLC-γ1 activation (Phee 2005). The 

mutant SH3 domain from βPIX probably out-competes endogenous αPIX and βPIX in binding 

to signaling components, effectively creating cells with a double inactivation of αPIX and βPIX 

that manifest stronger signaling defects than those of the αPIX knockout T cells described here. 

Another explanation might be that αPIX´s role downstream of the TCR and BCR is not mediated 

by its GEF activity but more by its scaffolding function and other associated GEFs are more 

important for the guanine nucleotide exchange.  

7.4 The role of ααααPIX in the immune synapse 

Antigen stimulation of T and B cells leads to antigen receptor clustering and the formation of an 

organized signaling unit, termed the immune synapse (IS). Our analysis of the T cell immune 

synapse pointed to a role for αPIX in the recruitment of signaling molecules and PAK activation 

after antigen stimulation of T cells. We provided evidence of a direct PAK activation at the 

immune synapse, as was also shown by Phee et al. (Phee 2005). However, PAK activation at 

theses sites was dependent on αPIX since the phosphorylation was even more impaired in 

αPIX-deficient T cells as compared to PAK recruitment. βPIX is recruited the IS similarly to 

αPIX but can not compensate for αPIX in PAK activation. It is possible that PIX proteins are 

also involved in the immune synapse on B cells presenting antigen to T cells, and ongoing 

studies in our lab are testing this. Furthermore, we found defective Lfa-1 clustering at the IS of 

αPIX-mutant T cells. Lfa-1 is an Integrin, and Integrins are not only important for IS 

stabilization but also for adhesion of cells and cell migration. Surprisingly, we did not find 

defects in adhesion of αPIX lymphocytes. However, lymphocytes are fast-migrating cells and 

adhesion sites are not so prominently formed compared to fibroblasts or epithelial cells. Thus, 

while αPIX may be important for adhesion formation and spreading of epithelial cells, it might 

not be similarly important for lymphocytes. Indeed, the analysis of a γ−Parvin knockout mouse, 

the hematopoietic-specific homolog of Affixin, a protein that regulates adhesion turnover, also 

did not show any abnormalities in adhesion and spreading of lymphoid cells (Chu 2006). 
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7.5 The role of ααααPIX-GIT2-long complexes in migration 

Cell migration involves membrane trafficking, actin cytoskeleton rearrangements and turnover of 

focal adhesions. PIX-GIT complexes localize to focal adhesion sites via Paxillin. PIX proteins 

activate Rho GTPases, which are strongly linked to cytoskeletal rearrangements. GIT proteins 

are linked to Arf signaling via their Arf-GAP domain, and Arf signaling regulates vesicle 

trafficking.  Thus it seems very likely that PIX, along with GIT proteins, form a complex that 

regulates these cellular events in migration. Indeed, we found that loss of αPIX resulted in 

increased lymphocyte migration, independent of any stimulus.   

Our data are in line with observations by Frank et.al., who reported that GIT2-long can repress 

migration through an yet unknown mechanism (Frank 2006). In contrast, overexpression of 

GIT1 increased migration through promoting the disassembly of focal adhesions (Zhao 2000). A 

more detailed view on a possible mechanism was shown by the work of Nayal et al. (Nayal 

2006) that could directly link PAK signaling to Paxillin. PAK was shown to phosphorylate 

Paxillin on Serine 273, which promoted the association of the GIT1-PIX-PAK complex with 

Paxillin at the leading edge.  Increased PAK activity, due to Rac activation at the leading edge, 

could act as a positive feedback loop to promote focal adhesion disassembly leading to cell 

migration. Thus, GIT1 seems to act antagonistically to the repressive role of GIT2 in migration. 

Since αPIX deficiency only affects GIT2 protein levels, the role of αPIX in stabilizing GIT2 

could be a natural mechanism to quickly influence the migration of cells through regulation of 

αPIX.  

The analysis of αPIX-/- βPIX+/- lymphocytes revealed potentially opposing roles for PIX family 

members in the process of migration. Basal migration was reduced to almost wildtype levels in 

αPIX-/- βPIX+/- lymphocytes, whereas chemokine-induced migration resulted in an even higher 

motility compared to αPIX-deficient cells. Since βPIX binds to Itchy (AIP4), a E3 ubiquitin 

ligase, which was shown to down-modulate the CXCR4 receptor (Marchese 2003), the reduced 

expression of βPIX in αPIX-/- βPIX+/- cells might interfere with the down-modulation of the 

SDF1α receptor and induce a stronger or prolonged chemokine signaling. To test this possibility, 

the CXCR4 surface expression has to be determined and the time course for its down-modulation 

after chemokine stimulation.  

We tested defects in amoeboid migration using smaller pore sizes (3 µm) in the transwell 

chamber, which causes lymphocytes to compress their shape to squeeze through the pores. It was 
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shown that active PAK signaling is required for migration through smaller pores (Volinsky et al). 

However, our results were mostly unchanged from the other migration assays, showing that 

αPIX does not affect this amoeboid movement in T cells. Interestingly, compared to T cells, 

αPIX-deficient B cells, however, migrated much better through the smaller pores suggesting that 

αPIX inhibits this cytoskeletal compression in B cells, representing a further avenue of 

investigation. 

The migration we analyzed was transwell cell migration, which only determines the number of 

migrating cells. A more qualitative analysis could be provided by, for example, 

videomicroscopy.  Single cell trackings over time can give a detailed view on the migration 

process, including mean velocity of cells and directionality of cell movement to chemokines. It 

can also show cell movement alterations on different extracellular matrix proteins, to test 

different Integrins and their involvement in the αPIX migration phenotype. This would therefore 

be our next step in analyzing how PIX proteins regulate migration. 

7.6 The role of ααααPIX in in vitro proliferation 

We found major reductions in the proliferation of αPIX-/- T and B cells after TCR or BCR 

stimulation. Since antigen induced Ca2+ mobilization was normal in αPix-deficient cells, αPix 

plays no important role upstream of Ca2+. LPS-stimulation of Toll like receptor proliferation was 

also normal in αPIX-deficient cells. Therefore, an overall defect in proliferation can be ruled out 

and points to a specific role for αPix in lymphocyte antigen receptor signaling. One potential 

mechanism for PIX´s influence on proliferation could be via direct activation of mitosis. A 

GIT-PIX-PAK complex formation was shown to directly bind to the centrosome and to activate 

Aurora, and inhibition of PAK1 leads to a delay in mitosis (Zhao 2005). Thus, it is possible that 

PIX complexes downstream of the BCR / TCR directly regulate cell cycle / cell division control 

through activation of PAK proteins. This could be tested by FACS to directly analyze cell cycle 

progression in TCR/BCR-stimulated αPIX-mutant lymphocytes.  

Another explanation for the reduced proliferative response could be that a defective aggregation 

of TCR or BCR on αPIX-mutant lymphocytes leads to reduced activation of lymphocyte 

signaling to proliferation. Supporting this possibility, the in vitro defect in proliferation was 

reflected in vivo by immunization studies. Even though the lymphocyte populations were 
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increased, the in vivo antibody production for thymus-dependent and -independent immunogens 

was reduced in αPIX-deficient mice.  

7.7 The role of ααααPIX in limiting the lymphocyte numbers 

We originally found and reported that numbers of mature lymphocytes were decreased in 

αPIX-deficient mice on a mixed sv129/BL6 background (Missy 2008). We now observed that in 

mice on a BL6 background, the phenotype is reversed, and we detected that the T and B cell 

numbers are increased. It is well known that genetic background can influence processes in the 

immune system including the susceptibility to specific diseases (Christe 1999; Kim, J. S. 2001), 

and an unknown genetic variation in the BL6 strain could contribute to the increase in αPIX- 

lymphocytes. It is also possible that αPIX-deficient lymphocytes are enriched on a BL6 

background due to further alterations in another cell lineage, possibly influencing the viability of 

lymphocytes through chemokine and survival factor supply (Cyster 2005). While reduced 

apoptosis of lymphocytes in vivo represents a third possibility, we ruled this out due to normal 

AnnexinV staining results. Finally, an alternative explanation for increased lymphocyte numbers 

could be a defect in the lymphocyte egress out of the spleen. This would be in line with the 

reduced lymphocyte numbers we found in the blood.  

A further argument for the background specific effect on the lymphocyte numbers is reflected by 

the analysis of the αPIX F6 backcross to the Balb/c background. In initial experiments, we 

detected a remarkable increase in spleen sizes in αPIX-deficient mice, even in young mice (6-8 

weeks). This difference, compared to our analysis on the BL6 background, argues for a genetic 

background contribution for this phenotype. Similarly to the analysis on the BL6 background, we 

confirmed the significant increase in the MZ B cell numbers. Balb/c mice are known to have a 

defect in Th1 responses and are more susceptible to a pronounced Th2 reaction (Louis 1998). 

Moreover on the Balb/c background an increase in the neutrophil cell population was detected in 

αPIX-deficient mice (data not shown), suggesting a background dependent role for αPIX in 

neutrophils. 

The increase in the MZ B cell numbers in αPIX-deficient mice possibly reflects an aberrant BCR 

tonical signaling, which often leads to an altered MZ B cell count (Cariappa 2001). 

Alternatively, αPIX might regulate other processes known to engender MZ B cells, like the 

response to chemokines or adhesion to marginal zone stroma cells. The increase in the MZ B 
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cells is not compensating for a normal thymus-independent immune response thus arguing for an 

even stronger defect in B cell activation after antigen encounter. 

88  ββββββββPPIIXX--ddeeffiicciieenntt  mmiiccee  

8.1 ββββPIX partially compensates for ααααPIX 

Our results show that βPIX can take over for αPIX in some immune functions: βPIX protein 

levels are slightly increased in αPIX-deficient mice; immune response are further reduced in 

αPIX-/- βPIX+/- mice; and activation of Rac and Cdc42 GTPases are normal in αPIX-/- T cells. 

However, some αPIX specific roles could not be taken over by βPIX. First, the reduction in 

βPIX expression did not lead to a further detectable reduction of the GIT2 long protein. Second, 

the increase in marginal zone B cell numbers seems to be directly linked to αPIX as no further 

alterations were seen in αPIX-/- βPIX+/- mice (data not shown). However, the analysis of 

αPIX-/- βPIX+/- mice also showed new phenotypes. 

The massive splenomegaly only occurred in αPIX-/- βPIX+/- genotypes, arguing for a possible 

combined role of both PIX family members to balance the immune system. αPIX-/- βPIX+/- mice 

may have a higher susceptibility to special diseases. As we do not yet know the cause of 

splenomegaly, we can only speculate. The fact that only some animals show this phenotype 

argues for environmental influences leading to aberrant spleen sizes or individual differences in 

their susceptibility. Interestingly, GIT2 knockout mice also show the same splenomegaly 

(Mazaki 2006), which points to an involvement of GIT2. Since only αPIX-/- βPIX+/- mice were 

affected, a combined role of both PIX family members in influencing GIT2 signaling is most 

likely. The discrepancy of not having seen a further alteration in the GIT2 protein levels in 

lymphocytes or bone marrow cells of these mice could be explained in serveral ways. Either the 

sensitivity for protein level evaluation is not high enough or a functional role for GIT2 is 

additionally affected by the reduced βPIX protein level. Another possibility is the involvement 

of another cell type, which was not in the scope of our analysis, where βPIX truly further 

stabilizes GIT2 long proteins. Since we saw an increase in the neutrophil population in Balb/c 

mice in the αPIX knockout, neutrophils might also be affected on the BL6 background in 

αPIX-/- βPIX+/- mice. However, we did not test the GIT2 expression in neutrophils directly, but 

since GIT2 is the only variant in neutrophils it may be more severely affected. 
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8.2 Generation of a conditional ββββPIX knockout mouse 

The conventional βPIX knockout mouse is embryonic lethal at day E7.5.  In order to determine 

the reason for the lethality, we analyzed βPIX-/+ embryos and could detect an early βPIX 

expression in developing embryos. Furthermore, the longest splice variant β1PIX was detectably 

expressed in single embryos at day E8.5, arguing for an important role of βPIX during 

embryonic development. To overcome lethality and to address the role of βPIX in more detail, a 

conditional knockout for βPIX had to be generated. 

We targeted ES cells with a conditional βPIX targeting vector and aggregated ES cells for 

chimera production. However, only one chimera showed germline transmission so far. The 

targeted ES cells looked phenotypically undifferentiated. However in many cases they did not 

participate highly in embryo development after aggregation. One explanation may be that these 

cells were not completely undifferentiated and some might have lost their pluripotence. Another 

reason could be the procedure of aggregation. The success highly depends on close positioning 

of the morula and ES cell aggregates. An alternative method would be the direct injection of ES 

cells into blastocysts for chimera production. As we now know that our targeted ES cells can 

produce chimeras with germline transmission we decided, in parallel to the MeuCre breeding, to 

excite the neo cassette before chimera production, which is an ongoing work. 

8.3 Future perspectives 

The disruption of αPIX resulted in wide-ranging defects in lymphocytes. It has been shown that 

in neuronal cells, PIX proteins regulate critical functions: βPIX binds to neuronal proteins and 

regulates neurite extension, and αPIX mutation is linked to mental retardation. Our results now 

highlight the importance of the PIX-GIT complex to lymphocytes and suggest that investigating 

the parallels between neurons and lymphocytes will provide insights that may contribute to 

understanding pathological disorders in both systems. Future issues to be resolved will be to 

study the role of the PIX-GIT complex in membrane dynamics at lymphocyte adhesions: perhaps 

PIX proteins control actin extensions such as lamellipodia or filopodia while GIT proteins 

regulate the transport of membrane vesicles to the site of cellular extension. It will be also 

interesting to assess the roles of αPIX in other immune cell types, such as macrophages or 

dendritic cells. For example, mutation of αPIX may also affect the functioning of the B cell 

synapse (Batista 2001). The role of αPIX in T cell-dendritic cell interactions and the migration 
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of cells in a three dimensional collagen gel will possibly provide more insights in alterations of 

synapse formation and migration, taking into account that cells are normally surrounded by a 

three dimensional environment. Additionally, video microscopy of migrating lymphocytes may 

give further insights in the alteration of the migratory phenotype. A further analysis of βPIX+/- 

lymphocytes and the effect on the GIT2 protein level in special cell types could clarify the role 

βPIX in migration. Additionally, we are planning to obtain GIT2 knockout mice in order to 

determine the role for GIT2 and GIT2-short, which is still expressed in αPIX-deficient cells. As 

a secondary strategy, we want to knock down GIT2-long and GIT2-short in a T cell line by 

siRNA to directly compare both methods.  The analysis of the GIT2 knockout and the 

determination of the expression level of αPIX and βPIX can reveal if PIX proteins similarly 

depend on the GIT2 expression.  The generation of a αPIX-GIT double knockout might give rise 

to a more severe phenotype and more insights into the important role of the PIX-GIT complexes 

at different cellular sites. 

Finally, it is conceivable that the phenotype of the αPIX-/- βPIX-/- double knockout mice will 

reveal mechanistic insights into the role of PIX proteins in synapse formation and lymphocyte 

migration and will possibly uncover additional phenotypes by excluding compensation between 

both PIX family members.  
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M A T E R I A LS  A N D  M E TH OD S  

99  MMaatteerr iiaallss    

9.1 Membranes and plastic ware 

Membranes for Southern, Northern and Western Cat.# Company 
HybondN Nylon transfer membrane (for nucleotides) RPN203N Amersham 
HybondP PVDF transfer membrane (for proteins) RPN303F Amersham 
Hyperfilm ECL (18 x 24cm) RPN3103K Amersham 
Whattman DE81 cellulose acetate paper  Hartenstein 
Sterile plastic ware for cell culture Cat.# Company 
96-well plates, F96 flat-bottom  167008 Nunc 
96-well plates, U96 round-bottom 163320 Nunc 
48-well plates 150687 Nunc 
24-well plates 5/85 142485 Nunc 
6-well plates 152795 Nunc 
Tissue Culture Dishes NunclonTM  172958 Nunc 
Tissue Culture Flask T75CN Vent Cap Red 831-813-002 Sarstedt 
Sterile plastic pipettes 861-685-001 Sarstedt 
Stericup-GP 0.22 µm Polyethersulfone 500 mL SCGPU05RE Millipore 
100 ml Reagent reservoir, sterile  4872 Costar 
Sterile plastic ware for PCR Cat.# Company 
Multiply µStrip 0,2 ml  72-985-002 Sarstedt 
Multiply lids 65-986-002 Sarstedt 
Others Cat.# Company 
96-well Immuno Platten, F96, maxisorp 442404 Nunc 
Netwell inlays 6 well (74 µm) 3479 Costar 
Nuctrap Probe purification columns 400702 Stratagene 
Neubauer improved counting chamber 631-1111 VWR 
Transwell polycarbonate membrane 3 µm  3415 Costar 
Transwell polycarbonate membrane 5 µm 3421 Costar 

Sterile Filters, red rim, FP 30/0,2µm CA-S 10462200 
Schleicher& 

Schuell 
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9.2 Equipment and software tools  

Maschines   

Cyrostat (CM1900) Leica 

Cs137 radiation, Gamma Cell 2000,  Nuclear Data Inc 
Gene pulser electroporator Bio-Rad 
UV crosslinker Amersham 
Betaplate Liquid scintillation counter Wallace 
Betaplate 96-well harvester Wallace 
FACS CantoII Becton Dickinson 
FACS Calibur Becton Dickinson 
Software  

FlowJo software for calcium flux analysis  
Diva Software for FACS analysis  
Genescript for Light Cycler primer design  
Clone Manager for plasmid designs  
Aida Software for Phosphoimager signal analysis  

9.3 Kits 

Immunohistohemistry company Cat. # 
Vectastain ABC-AP Kit Linaris-Vector AK-5000 
Vectastain Elite ABC Peroxidase Kit Linaris-Vector PK-6100 
Vector NovaRED Substrate Kit Linaris-Vector SK-4800 
Vector Blue Substrate Kit Linaris-Vector SK-5300 
Plasmid preparation   
Qiagen Plasmid Maxi Kit (25) Qiagen 12163 
QIAquick Gel Extraction Kit (50) Qiagen 28704 
QIAfilter Plasmid Midi Kit (25) Qiagen 12243 
QIAprep Spin Miniprep Kit (250) Qiagen 27106 
RNA preparation   
High Pure RNA Isolation Kit Roche 1828665 
AffinityScript cDNA Synthesis Kit Stratagene 200436 
Southern / Northern probe labeling   
Rediprime II GE Healthcare RPN1633 
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9.4 Chemicals and reagents 

A 
Acrylamide solution Rotiphorese Gel 30  (37,5:1) Roth 
Agarose Applichem 
Albumin, Heat-shocked fractionate, >96%  Sigma 
Ampicillin Sigma 
Ammoniumpersulfate (APS) Sigma 
Aprotinin Sigma 
Aqua non-pyrogenic B/BRAUN 
B 
Baby rabbit complement Cedarlane 
Betaine Sigma 
BioTherm DNA Polymerase GeneCraft 
Bovine Serum Albumin pH 7.0 PAA 
C 
Cycloheximid Sigma  
D 
DEPC Roth 
Diethanolamine Sigma 
Dimethylsulfoxide (DMSO) Sigma 
DNA ladder 1kb (Southern blot) New England Biolabs 
DNA GeneRuler  1 kb DNA Ladder MBI Fermentas 
DNA Generuler 100bp DNA Ladder Plus   MBI Fermentas 
DNA Polymerisation Mix (20 mM each dNTP) GeneCraft 
E 
ECL plus Western Blotting detection System Amersham 
ECL Western Blotting Detection Reagents Amersham 
Ethidium bromid solution 1% (10 mg/ml) Roth 
F 
Fatty acid free Bovine Serum Albumin  Roth 
Fatty acid free Bovine Serum Albumin Sigma 
37% Formaldehyde Sigma 
Formamide Sigma 
Fura Red  Molecular Probes 
Fluo-3  Molecular Probes 
G 
Gelatin from bovine skin Sigma 
Gene Pulser Cuvettes Bio-Rad 
25% Glutaraldehyde Sigma 
Glycine Applichem 
K  
Kanamycin Sigma 
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L 
Leupeptin Sigma 
Lipopolysaccharides (LPS), cell culture tested Sigma 
Lympholyte - M  Cederlane  
M  
2-Mercapto-ethanol Roth 
N 
Nitrophenyl-phosphate disodium salt  Serva 
P 
PAP Pen BioGenex 
Paraformaldehyde Roth 
Roti-Phenol/Chloroform/Isoamylalkohol Roth 
Ponceau S fixative dye solution Sigma 
Protease inhibitor set calbiochem 
Proteinase K  Roth 
Phenylmethanesulphonylfluoride (PMSF) Sigma 
P 
Precision Plus Protein,  dual color or all blue Biorad 
Primers MWG 
R 
Restriction enzymes MBI Fermentas 
RevertAid™ M-MuLV Reverse Transcriptase Fermentas 
RiboLock™ Ribonuclease Inhibitor Fermentas 
Ribonuclease Inhibitor Fermentas 
Riboruler RNA Ladder high range ready to use Fermentas 
S 
Salmon Sperm DNA Invitrogen 
SDF1α (CXCL12) recombinant mouse R&D Systems 
Sodiumdodecylsulfat (SDS) Applichem 
Skim milk powder Applichem 
SuperSignal West Dura Extended Duration Substrate Pierce 
T 
Taq DNA Polymerase Invitrogen 
Triazol Qiagen 
TripleMasterPCR System Eppendorf 
N,N,N',N'-Tetra-methyl-ethylene-diamine TEMED  Sigma 
Tri-nitro-phenyl – keyhole limpet hemocyanin  Biosearch Technologies 
Tri-nitro-phenyl – Ficoll Biosearch Technologies  
Tri-nitro-phenyl – Bovine Serum Albumin  Biosearch Technologies 
Tris-base (Tris(hydroxymethyl)-aminomethan) Applichem 
Triton X - 100 Roth 
Trypan blue Solution (0.4%) Sigma 
X 
X-Gal (5-bromo-4-chloro-3-indolyl-beta-galactopyranoside) Sigma 
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9.5 Chemicals and reagents for cell culture  

B 
BSA (embryo tested) A4378 Sigma 
D 
Di-methyl-sulfoxide (DMSO) D-8418 Sigma 
Dulbeccos MEM High Glucose #41965-062 Gibco 
G 
Gelatin from bovine skin G9391-100g Sigma 
Geneticin   #11811-031 Gibco 
Gancyclovir  Roche 
L-Glutamine 200 mM (100 x) #25030-24 Gibco 
H 
HEPES buffer solution 1 M 15630-056 Gibco 
L  
LIF „ESGRO“  esg1107 Chemicon 
M  
Light mineral oil (Embryo tested) M8410 Sigma 
2-Mercaptoethanol 50 mM (1000x) #31350-010 Gibco 
MEM alpha Medium 32561-029 Gibco 
Methotrexat “Lederle” solution 25 mg/ml   
N 
Non Essential Amino Acids (NEAA) (100 x) #11140-035 Gibco 
P 
Penicillin-Streptomycin (100 x) 10000 µg/ml each #15140-122 Gibco 
R 
RPMI 1640 Medium  31870-074 Gibco 
S 
Sodium-pyruvate (100 x) #11360-039 Gibco 
T 
Trypsin-EDTA 100 ml #250300-054 Gibco 
Tyrode's Acid T1788 Sigma 
W 
Water, for Embryo Transfer W-1503 Sigma 

9.6 Cells 

Cell lines 
R1 ES cell line A. Nagy, Toronto 
CHO cells stable transfected with a LIF construct    Gordon Wang, Genetic Institute 
Bacteria  
DH5α or XL1 Blue chemo-competent cells   
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9.7 Primers  

Screen for targeted ES cells  

# in 
stock 

Name of primer sequence 5´ � 3´ 

378 Fv-CSA1_betaPIX AGC CTC TGT CCT GGT GCT GTT GG 
381 Rv-Neo1_betaPIX CCA TTG CTC AGC GGT GCT GTC CA 

Screen for Cre recombinase reaction 

# in 
stock 

Name of primer sequence 5´ � 3´ 

449 LoxP_fv  CTT CGT ATA ATG TAT GCT ATA CGA AGT TAT 
453 LoxP1_rv_1688  ACT TGT GTA GCG CCA AGT G 
454 LoxP2_rv_3777  TCC TGA TCT CCT TGT GCA CCT TGA C  
455 LoxP3_rv_9376  GTA CCT CAC CGT CAA GTG TT 

Northern probes  

# in 
stock 

Name of primer sequence 5´ � 3´ 

486 Git2_CT_1_fv CCG GAG AGT GAT TAT GAC 
487 Git2_CT_1_rv  CTC AGC TGC TGT TCT CTT  
490 Git2_NT_1_fv CCT GCT CCA GAT GGT TGA GA    
491 Git2_NT_1_rv CGC CTG TCA ACT TCG TCG TA   
492 Git2_NT_2_fv CCA AGT GAG GCA TCT TAA ACA CAC    
493 Git2_NT_2_rv GTC TAT CCG TCA GCT CGT ACT GTA 

Light Cycler  

# in 
stock 

Name of primer sequence 5´ � 3´ 

506 LC_738Git2fv  TGA CTA TGC AAG GCA AGG  
507 LC_831Git2rv  GCA GAG GTA GAA GGC CAG TC 
508 LC_2042Git2fv CAG GAG ACT CCA GCT TAC CC 
509 LC_2107Git2rv CAT AGG CAC ACT GGA TGA CC 
510 LC_356Git2fv  AAC ACT CTC TGC TGG ACC CT   
511 LC_478Git2rv GGA CGA ACG CTA ACA TCT GA 
gift LC_PBGDfv GTG GAC CTG GTC GTT CAC TC 
gift LC_PBGDrv CTC AGA GAG CTG GTT CCC AC 
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Mouse genotyping  

# in 
stock 

Name of primer sequence 5´ � 3´ 

gift VM57 MeuCre40 GTC CAA TTT ACT GAC CGT ACA CCA A 
gift VM58 MeuCre40 CCA TCG CTC GAC CAG TTT AGT TAC 
327 αPIX wt_rv GTT CAA ATC CCC ATT GCA TCA TAG TCT G 
331 αPIX wt_fv GTC TTT AAC CGC TGT GCT TCT TTT TGG ATA 
-- αPIX ko_rv GAT ATG GGT CTG TAA ACT GTTGCT GCT AAT 
68 αPIX NEO_fv GTT GGC GCT ACC GGT GGA TGT GG 

159 βPIX wt_rv CCA AGG TAC AGG GGA AGA TGA AGT T 
160 βPIX wt_fv TCT CTG TCT CTG CTC CGC CTC GTG 
175 βPIX ko_fv ATG GGG GAG GGG AGG GAG GAG 
176 βPIX ko_rv CCA GTT TGA GGG GAC GAC GAC AGT ATC 
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9.8 Antibodies 

9.8.1 For Western Blotting 

Expression 
 Antibody  dilution in buffer Blocking origin cat. #  Company 
PIX 1:2000 0.5% Milk 5% Milk rabbit AB3829 Chemicon 
Rac2 1:1000 0.5% Milk 5% Milk rabbit #07-604 upstate 
PAK2 1:1000 5% BSA 5% BSA rabbit #2608 cell signaling 
c-Cbl (C15) 1:200 0.5% Milk 5% Milk rabbit sc-170 Santa Cruz 
Cdc42 1:250 0.5% Milk 5% Milk mouse #610928 BD 

pharmingen ERK1/2 (K23) 1:200 0.5% Milk 5% Milk rabbit sc-94 Santa Cruz 

GIT antibodies 

Antibody  dilution in buffer Blocking origin cat. #  Company 
GIT1/2 1:500 0.5% Milk 5% Milk mouse #611388 BD 
GIT2-short 1:500 0.5% Milk 5% Milk mouse #612485 BD 

pharmingen GIT1 1:200 0.5% Milk 5% Milk rabbit sc13961 Santa Cruz 

Phospho specific antibodies 

Antibody dilution in buffer Blocking origin cat. # Company 
P-c-Cbl (Y774) 1:1000 5% BSA 5% BSA rabbit #3555S cell signaling 
P-ERK (E4) (Y 204) 1:200 0.5% Milk 5% Milk mouse sc-7383 Santa Cruz 
P-PAK1/2(S199/204) 1:1000 5% BSA 5% BSA rabbit #2605 cell signaling 
P-Tyr (4G10) 1:2000 0.5% Milk 5% Milk mouse  self made 

2nd antibodies against 

Antibody  dilution in buffer   origin cat. # Company 
mouse IgG HRP 1:10000 0.5% Milk  donkey N4931V amersham 
rabbit IgG HRP 1:10000 0.5% Milk  donkey N4934V amersham 

9.8.2 For ELISA 

Antibody anti- conjugate dilution cat. # Company 
IgM Biotin 1:1000 553406 BD pharmingen 
IgG1 AP 1:2000 557272 BD pharmingen 
IgG2a AP 1:1000 553389 BD pharmingen 
IgG2b AP 1:1000 553391 BD pharmingen 
IgG3  AP 1:1000 553394 BD pharmingen 
Streptavidin AP 1:2000 554065 BD pharmingen 

9.8.3 For Immunohistochemistry 

Antibody against  dilution cat. # Company 
Rat-anti-mouse MAdCAM-1 1:20 553897 BD pharmingen 
Biotin-pcl-goat-anti-rat Ig 1:200 E59286 BD pharmingen 
anti-mouse CD1 (Ly38)-Biotin 1:20 553844 BD pharmingen 
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9.8.4 For B cell purification  

Antibody against  dilution cat. # Company 
Rat-IgG2b  5 µl/spleen 553897 BD pharmingen 
CD4 (IgM) 500 µl/spleen Hybridoma supernatant Self made 
CD8 (IgM) 500 µl/spleen Hybridoma supernatant Self made 
Gr1 (IgG2b) 300 µl/spleen Hybridoma supernatant Self made 
Mac1  (IgG2b) 300 µl/spleen Hybridoma supernatant Self made 

9.8.5 For Stimulation of lymphocytes 

Antibody  cat. # Company 
F(ab')2 goat anti-hamster IgG (0.8 mg/ml) for Ca2+- fluxing, 
crosslinking CD3 

STAR104 Serotec 

CD3ε (1 mg/ml) Ca2+- fluxing, labeling of CD3 553057 BD pharmingen 
F(ab´)2 fragment goat-anti-mouse IgM, µ chain (1.3 mg/ml) 
Ca2+- fluxing; general stimulations 

15-006-
020 

Jackson 
Immunoresearch 

9.8.6 For Flow Cytometry 

Antibody   
CD3ε-FITC, PB 
CD3ε-PB 
CD4-FITC, PerCP 
CD8-FITC, APC, PerCP 
CD21-FITC 
CD23-PE 
IgM-PE 

IgD-FITC 

 
FACS antibodies were in general used at 1 µl/106 cells 
 
APC labeled antibodies were used at 0.2 µl/106 cells 
PE labeled antibodies were used at 0.5 µl/106 cells 
 
 
All antibodies were from optained form BD 

B220-PerCP, PB, APC  
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1100  MMeetthhooddss  

10.1 Mice  

The generation of the αPIX-/- mice is described elsewhere (Missy 2008). αPIX-/- mice were 

crossed to BL6 background for 6-9 generations. Mice used for experiments were 8-12 weeks old 

if not indicated otherwise. Mice were bred and maintained according to institutional guidelines. 

Cages and drinking water were autoclaved and food was standard mouse chow. 

10.2 Primary cell preparations 

10.2.1 Thymectomy and thymocytes preparation 

The mice were sacrificed by CO2 and were placed on their back. A small incision was made in 

the skin just over the second and the third rib with a pair of scissors. The incision was elongated 

toward the clavicles. Once the chest cavity was exposed, another incision was made along both 

sides of the sternum. The sternum was cut away, exposing the heart and the lungs. The white 

lobed tissue located on top of the heart is the thymus. The thymus was extracted with a pair of 

forceps and thymocytes were prepared by meshing the thymus lops with a 5 ml syringe plunger 

in a mesh (74 µm, Costar). Thymocytes were washed with 10 ml of RPMI 1640. 

10.2.2 Bone marrow cell preparation 

The mice were sacrificed by CO2 and were placed on their back. The fur was removed from the 

hint limbs and the knee, femur and tibia were cleaned from muscle tissue. By removing the 

meniscus the hint femur was extracted. The joint was opened and the bone marrow was flushed 

by inserting a needle with RPMI 1640. The bone marrow suspension was washed with 5 ml 

RPMI 1640 and cells were spun down at 1500 rpm (500 x g) for 5 min at room temperature 

(RT). Erythrocytes were lysed in 5 ml of 0.16 M ammonium chloride solution for 5 min at room 

temperature, filled with 5 ml PBS and centrifuged 5 min RT 1500 rpm (500 x g). The pellet was 

resuspended in RPMI 1640 and cell counts were determined either by FACS counting or by 

counting the cell under the microscope. Bone marrow cells were used for FACS stainings and 

cell extracts. 
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10.2.3 Splenocytes preparation 

The mice were sacrificed by CO2 and were placed on their back. A small incision was made in 

the skin just over the peritoneum with a pair of scissors. Under the liver the fat lope was drawn 

ahead to bring the spleen to the front. The spleen was cleaned from residual fat with a pair of 

forceps and meshed (74 µm, Costar) with a 5 ml syringe plunger. The cells were washed with 10 

ml of RPMI 1640. 

10.2.4 B cell purification  

When splenocytes were used for culturing assays or migration assays all preparations were done 

under sterile conditions. The spleen was isolated and washed twice in sterile RPMI 1640 before 

meshing in sterile (ethanol cleaned and dried) meshes. 

The cell suspension was centrifuged for 5 min at 1500 rpm (500 x g) and washed with 10 ml 

RPMI 1640 in order to get rid of residual fat, which would otherwise influence the survival of 

lymphocytes. A cell aliquot was taken for later FACS stainings before performing the antibody 

labeling for complement lysis. 

The cell suspension was centrifuged for 5 min at 1500 rpm (500 x g) and cells were marked with 

antibodies (Hybridoma supernatants) for complement lysis. 

10.2.4.1 Complement lysis of T cells and macrophage s 

Macrophages were marked with antibodies against Mac1 and Gr1 (rat-IgG2b Hybridoma 

supernatants). 150 µl of these supernatants were used per spleen. T cells were marked with CD4 

(#172) and CD8 (#31M) (mouse IgM Hybridomas). 500 µl of these supernatants were used per 

spleen. The labeling was performed 30 min on ice with intervals of inverting the suspension 

several times. In order to prepare the cell suspension for efficient complement lysis, the IgG2b 

subclass antibodies were additionally labeled which an anti-rat IgG2b (BD). 

Cell suspensions were filled which RPMI to 10 ml and spun down for 5 min at 1500 rpm (500 x 

g) at RT. Complement lysis was performed as follows: One vial of rabbit complement 

(Cedalane) was resuspended in 1 ml sterile water and filtered through a pre-wetted 0.2 µm filter. 

1 ml RPMI 1640 was added to the cell pellet per spleen and 250 µl of the complement solution 

was added to the cell suspension. The complement lysis reaction was performed for 45 min at 

37°C in the cell incubator in 15 ml tubes. In order to purify living B cells from cell debris of 

lysed cells a Lympholyte cleaning step was performed. The cell suspension was filled up to 4 ml 
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with RPMI 1640 and was laid on top of 5 ml Lympholyte in a 15 ml tube. Centrifugation for 20 

min at 2.800 rpm (1000 x g) RT established a ring of living B cells between the border of the 

Lympholyte and the upper layer of medium. Cell debris and erythrocytes were spun down. Using 

a Pasteur pipette the cell ring was carefully extracted and purified B cells were washed in 10 ml 

RPMI 1640 and resuspended in 5 ml RPMI 1640. 

10.2.4.2 B cell purity determination by FACS 

Cells were counted under the microscope as described under 10.2.6 and stained with labeled 

surface antibodies (B220-PerCP and CD3-FITC) in order to determine the purity of the B cells. 

In general the purity was over 90%. 

0.2 x 106 cells in 100 µl RPMI 1640 were stained as follows: 

+ 0.2 µl CD3ε−FITC     
+ 0.2 µl B220-PerCP      
+ 2 µl Fc Block      
+ 50 µl FACS Buffer      
 
Antibody labeling was done 15 min on ice and then diluted with 100 µl FACS buffer for FACS 

analysis. 

10.2.5 Flow cytometry 

Solutions 

FACS buffer:  PBS with 2% FCS and 0.1% sodium azide 
 

Single cell suspensions were prepared from thymus, spleen, bone marrow or B lymphocytes and 

were depleted of red blood cells as described above. Samples were stained on ice for 30 minutes 

in FACS buffer with appropriate-labeled monoclonal antibody. 

Cell surface marker expression was analyzed with a four-color flow cytometer (FACS Calibur, 

Becton Dickinson, San Jose, CA) and quantified using the CellQuest software or with a eight 

color flow cytometer (CantoII, Becton Dickinson, San Jose, CA) and analyzed with the DIVA 

software. If biotinylated antibodies were used, cells were spun down for 1 min at 13000 rpm 

(fullspeed) in a table centrifuge and resuspended in 50 µl FACS buffer containing Streptavidin-

APC and stained for another 30 minutes on ice. In general 1 x 106 cells in 100 µl medium were 

incubated with 50 µl staining solution containing 5 µl Fc Block to inhibit unspecific antibody 
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binding to Fc receptors. Directly before FACS measurement the stained cells were diluted 1:3 in 

FACS buffer. 

10.2.6 Counting cells by microscope using a hemacyt ometer 

A 1:20 dilution of the cell suspension with the vital dye Trypan blue (Sigma) was prepared. 

Trypan blue is excluded from viable cells and only shining cells were counted. The coverslip 

was placed over the counting chamber and the chamber loaded with approximately 10 µl of the 

diluted cell suspension. The cells were counted under a microscope at 10 x magnification. The 

cells are visible above the grid of the counting chamber. Non-viable cells appear blue, viable 

cells are shining in a bluish background. The number of cells overlying four x 1mm2 areas was 

determined. For an accurate determination, the total number of cells overlying one 1 mm2 should 

be between 50 and 150. Viable cells counted in 4 mm2 divided by 4, multiplied by dilution factor 

gives the cell count x 104 per ml. 

10.2.7 Counting cells by FACS 

A 1:6 dilution of the unstained cell suspension was analyzed by FACS counting. 50 µl of a cell 

suspension was diluted with 250 µl FACS buffer and all cell events were measured with the 

FACS CantoII for 30 s at medium acquisition speed (60 µl/min). 

The total cell number in the unstained sample can be calculated as follows: 

FACS count x 200 = cell number x 106/ml 

The absolute numbers of were counted by microscope or FACS and an aliquot of 1 x 106 cells 

was stained for FACS as described under 10.2.5. The percentage/relative numbers of cell 

subpopulations were determined by FACS. The absolute numbers were recalculated with 100% 

being the number of cells counted by hand under the microscope or by FACS.  
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10.2.8 Stimulation of B lymphocytes for western blo t analysis 

B cells were purified by complement lysis as described under 10.2.4. Cell numbers were 

determined by counting under the microscope as described under 10.2.6 or by counting with the 

FACS. B cell purity was determined as described under 10.2.4.2.  

The B cell suspensions were concentrated to 1 x 108 cells/ml in RPMI 1640. B lymphocytes were 

starved for 1 h in RPMI 1640 at 37°C in a waterbath. An unstimulated aliquot was taken and a 

western blot sample was prepared. For the unstimulated control as the cells were 2 fold 

concentrated cells were 1:1 diluted with prewarmed RPMI 1640 and then incubated with 1/5 

(v/v) of a 5 x sample buffer and boiled for 5 minutes in a water bath. The final concentration was 

2 x 106 cells per 25 µl western blot sample. 

To stimulate B cells, the cell suspension was diluted 1:1 with a pre-warmed and two fold 

concentrated anti-IgM solution, mixing the cells and the agonist carefully by pipetting. During 

the time course, aliquots were taken after carefully and gently mixing the cells by pipetting. Cell 

extracts were prepared for western blot, by adding 1/5 volume of 5 fold concentrated sample 

buffer on ice immediately followed by boiling the samples for 5 minutes. Final cell concentration 

of western blot samples was always 2 x 106 cells per 25 µl. Samples were stored at -20°C until 

the western blot analysis was performed. 

10.2.9 Proliferation of B lymphocytes  

B cells were purified as described above. Purified B lymphocytes (purity > 90%) were suspended 

in B cell proliferation medium to a final concentration of 1 x 106 cells/ml. Cells were starved for 

30 min in waterbath (37°C) before seeding 100 µl (1 x 105 cells) in a well of a 96-well round 

bottom plate containing 100 µl of two fold agonist solution prepared in B cell proliferation 

medium. 

 
Solutions 

B cell proliferation medium 50 ml 
Heat inactivated FCS* 6 ml  
L-Glutamine (100 mM) 600 µl 
Penicillin/Streptomycin 100x 600 µl 
β-mercaptoethanol (50 mM) 120 µl 
Non essential amino acids (NEAA) 100 x 600 µl 
Sodium pyruvate 100 x 600 µl 
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For B cell proliferation a special serum was used, which does not induce a high proliferation of 

B cells itself. (* PAN  Cat# 3302-P9915-1; Lot: P991501) 

For B cell stimulations the following agonist and concentrations were used: 

Medium alone: not stimulated cells as a control 

Goat F(ab’)2 anti-mouse IgM  (Jackson Immuno Research #115-006-020) 

  – final concentration ranging from 10 to 30 µg/ml.  

Anti-CD40 (clone FGK) purified monoclonal antibodies from hybridoma supernatants  

– final concentration ranging from 5 to 15 µg/ml. 

IL-4 

– 2% of supernatant from X63 cells transfected with IL-4.  

LPS (Sigma) 

– final concentration ranging from 0.125 to 5 µg/ml. 

 

For each agonist triplicates were analyzed in the proliferation assay. Proliferation plates were 

incubated for 2 days in an incubator (5% CO2 37°C). 16 h before the read out [3H]-Thymidine 

was added (0.5 µCi/well). Cells were harvested with a Betaplate 96-well Harvester (Wallac, 

#1295-004) and transferred to a glass-fiber filter paper (Wallac #1205-401). The paper was dried 

in a microwave for 5 min using the defrost mode and transferred into a sample bag (Wallac, 

#1205-411) and then wetted with 4 ml of Betaplate Scintilator suspension, a lipophilic cocktail 

of alkyl aromatic solvent which enhances the signal. The sample bag was sealed (Wallac #1295-

012 Heat sealer) and transferred to a read out cassette to detect the radioactive induced counts 

per well with the 1205 Betaplate Liquid scintillation counter, Wallac (Pharmacia). Scintillation 

counts were recorded for one minute and mean values from the triplicates were graphically 

displayed and analyzed.  
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10.2.10 Calcium fluxing 

Stock solutions 

50 µg Fluo-3 (measurable in the FITC chanel) were resuspended in 25 µl DMSO (final 

concentration 2 mg/ml).   

50 µg Fura-RED (measurable in the Cy5 chanel) were resuspended in 5 µl DMSO (final 

concentration 10 mg/ml).  

Solutions were protected from light. 

Cell preparation and staining 

Splenocytes were prepared as described under 10.2.3  and purified with a Lympholyte gradient 

as described under 10.2.4.1. Cell numbers were determined as described under 10.2.6.   

5 x 106 splenocytes were resuspended in 1 ml RPMI and stained with 2 µl Fluo-3 (final 

concentration: 4 µg/ml) and 1 µl Fura-RED (final concentration: 10 µg/ml) for 45 minutes at 

37°C, protected from light. Cells were spun down at 1500 rpm (500 x g) for 5 min at RT and 

twice washed with 10 ml PBS + 0.1 % BSA. The cell pellet was resuspended in 500 µl RPMI 

and a 100 µl aliquot was used for FACS labeling of B cells with 1 µl anti-B220-APC 5 µl Fc-

Block and 50 µl FACS buffer or T cells with 1 µl anti-Th1.2-APC, 1.5 µl anti-CD3, 5 µl Fc-

Block and 50 µl FACS buffer.  Labeling was performed for 15 minutes at 4°C. 

The cell suspension was once washed with 10 ml PBS + 0.1% BSA and centrifuged at 1500 rpm 

(500 x g) for 5 min. The pellet was resuspended in 1 ml RPMI 1640 and prewarmed in a heating 

block to 37°C. 300 µl of the cell suspension was used for calcium flux measurement. 

Measurement of Calcium fluxing by FACS  

In brief a base line was measured by FACS for 20 seconds at low speed aquisition at the FACS 

Calibur before the stimulus was added and the Calcium fluxing induced. B cells were stimulated 

with anti-IgM (Fab´)2 at a final concentration of 10 µg/ml by adding 50 µl of a 70 µg/ml stock 

solution to the 300 µl prelabeled cell suspension. T cells were stimulated by adding 50 µl of a 

goat-anti-hamster (Serotec) “Star104 Crosslinker” at a final concentration of 20 µg/ml. The 

Crosslinker induces the Calcium fluxing of T cells by crosslinking the CD3 prelabeled 

molecules. After stimulation, the calcium flux was measured for 4 minutes with the FACS 

Calibur by gating of the APC-labeled population. Data were analyzed with FlowJo software. 
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10.2.11 Transwell migration of lymphocytes 

Solutions 

Migration medium 50 ml 
RPMI 1640 50 ml 
HEPES (1M) 600 µl  
Penicillin/Streptomycin 100x 600 µl 
L-Glutamine (100 mM) 600 µl 
0.25% fatty acid free BSA (Stock 10 %) 1500 µl 
 
For migration analysis Costar transwells with either 5 µm or 3 µm pore size in a polycarbonate 

membrane were used. Transwells were first equilibrated with 300 µl RPMI 1640 in the lower 

and upper chamber. Splenocytes were freshly isolated under sterile conditions as described under 

10.2.4. For migration analysis erythrocytes were removed by Lympholyte gradient. Cells were 

counted in a Neubauer counting chamber and resuspended to a final concentration of 1 x 107 

cells/ml in migration medium and starved for 30 – 60 min in a 37°C waterbath before seeding 

them into the upper chamber of the transwell to 1 x 106 cells / transwell (100 µl).  

In the lower chamber chemokines were added to the migration medium in a volume of 450 µ l 

per well. As an input control (10 µl of the cells suspension) was kept on ice and used for FACS 

staining. Cells were let to migrate for 4 hours in the cell incubator. During this time lymphocytes 

migrate to the lower chamber. These cells were harvested, transferred to 1.5 ml tubes and 

centrifuged for 1 min in a table centrifuge. The supernatant was carefully taken out, leaving 

about 10 µl of liquid. Cells were labeled in 50 µl FACS staining solution containing the 

appropriate fluorescence-labeled antibody combinations. Labeling was performed for 30 min on 

ice. The suspension was diluted with 150 µl FACS Buffer before transferring to FACS tubes and 

FACS analysis. Cell counts and cell populations were determined by FACS. Similarly the imput 

control was stained and analyzed to recalculate the percentage of migrating cells. 
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10.2.12 Immunization 

At least 10 wildtype and age matched αPIX knockout mice were immunized by intraperitoneal 

injection of 100 µg TNP-KLH or 10 µg TNP-Ficoll. Sera were collected before immunization 

and on days 5, 7 and 14 after TNP-Ficoll immunization or on days 7, 14, 21 and 28 after TNP-

KLH immunization. An “average serum standard” was generated by pooling all sera of wildtype 

and αPIX knockout mice together from all days after the first immunization.  

Immunoglobulin levels within the sera were detected by alkaline phosphatase-conjugated 

antibodies to mouse IgG1, IgG2a, IgG2b, IgG3 and biotinylated antibody to mouse IgM, which 

were secondarily linked to a Streptavidin-alkaline phosphatase conjugate. The amount of each 

antigen-specific isotype was determined by comparing the sera samples to the “average serum”, 

which was set to the arbitrary unit 100. 

Serum preparation from whole blood 

Before immunization and during the time course of the immune response, blood was taken from 

each mouse. With a sharp scalpel a small injury of the tail vene was introduced. About 100 µl 

blood was collected in tubes and stored over night at 4°C in order to segregate clotted blood 

cells. The next day the solution was twice centrifuged for 10 min at 4000 rpm in a table 

centrifuge and the liquid phase, the serum, was transferred to a new tube. Sera were stored at -

20°C until the ELISA was performed. 

Preparation of the immunogen TNP-Ficoll for immunization 

The powder was resuspended in PBS to a stock solution of 1 mg/ml and stored in small aliquots 

at -20°C. Before immunization, the TNP-Ficoll stock solution was diluted 1:50 in sterile PBS to 

a final concentration of 20 µg/ml. 500 µl (10 µg) of the antigen solution was used for 

intraperitoneal injection. 

Preparation of the immunogen TNP-KLH for immunization 

The powder was resuspended in PBS to a stock solution of 1 mg/ml and stored in small aliquots 

at -20°C. Before immunization, 1 ml of the TNP-KLH stock solution was combined with 1 ml of 

alu-Gel S solution (Serva) and was vigorously mixed. The solution was kept 1 hour at RT and 

was finally diluted with 5 ml PBS and mixed again, centrifuged at 2000 rpm (600 x g) for 5 min. 

The pellet was resuspended in 10 ml PBS.  500 µl (100 µg) of the antigen solution was injected 

intraperitoneal. At day 14 after the first immunization a second boost of antigen was given and 

third boost can be applied at day 21. 
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10.3 Biochemistry  

10.3.1 Western blot 

Solutions 

B cell proliferation medium 50 ml 

Heat inactivated FCS* (10%) 6 ml  
Glutamine (100 x) 600 µl 
P/S (100 x) 600 µl 
β-mercaptoethanol  120 µl 
Non essential amino acids (100 x) 600 µl 
Sodium pyruvate (100 x) 600 µl 

 
5 x loading buffer   
Tris-HCl, pH 6.8 0.16 M  
SDS 5% 
Glycerol 25% 
Bromophenol blue 0.025 % 
β-Mercaptoethanol 12.6% 
 
Tris buffered saline (TBS) (1x)  
Tris-Base 0.25 M  
NaCl 3.75 M 
adjust pH to 8.0 25% 
  
Electrophoresis buffer (1x)  
Tris-Base 0.25 M  
Glycine 1.92 M 
SDS 1% 
do not pH the electrophoresis buffer  
  
Transfer buffer (1x)  
Tris-Base 0.25 M  
Glycine 1.92 M 
Methanol 20% 
  
Stripping buffer  
Tris-HCl pH 6.7 62.5 mM  
β-mercaptoethanol 100 mM 
SDS 2% 
  
Stacking gel buffer  
Tris-HCl pH 6.8 250 mM  
 
Running gel buffer  
Tris-HCl pH 8.8 750 mM  
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 Running gel Stacking gel 
 7,5% 10% 12.5% 15% 4.5% 
Acrylamide 1418 µl 1890 µl 2350 µl 2836 µl 375 µl 

H2O 1148 µl 675 µl 216 µl 0 µl 788 µl 

Running buffer 2820 µl 2820 µl 2820 µl 2550 µl 1250 µl 

APS 10 mg/ml 140 µl 140 µl 140 µl 140 µl 63 µl 

SDS 10% 112 µl 112 µl 112 µl 112 µl 25 µl 

TEMED 10 µl 10 µl 10 µl 10 µl 5 µl 

 

Preparation of the gel 

The Bio-Rad Miniprotean System was used for gel preparation. Two glass plates with an internal 

spacer of 1 mm were used to pour the gels. Gels are composed of two layers: a 7.5-15% running 

gel (pH 8.8) that separates proteins according to their size and a 4.5% stacking gel on top of the 

running gel (pH 6.8), which insures that the proteins simultaneously enter the separating running 

gel. First the running gel was poured between the two glass plates leaving a space of about 2 cm 

where later the stacking gel is poured on the top. Immediately after pouring the running gel, it 

was overlaid with about 1 ml of 2-propanol to exclude air and to generate a smooth border 

during polymerization of the gel. 

After 30 minutes the 2-propanol was removed and the stacking gel was poured and a comb was 

inserted to define the slots for protein loading. After polymerization the gel can immediately be 

used for protein segregation in Bio-Rad Miniprotean system in 1x electrophoresis buffer or 

stored at 4°C frapped in wet paper until use. 

Separation of proteins in the acrylamide gels (SDS-PAGE) 

Proteins samples were sonificated to shredder genomic DNA and loaded into the slots of the gel. 

2 x 106 cells in 25 µl were loaded. Separation of proteins was performed at 100 V for 

approximately 2 to 3 hours.  

Immunoblotting 

After the cell extracts were subjected to SDS-PAGE proteins were transferred by electroblotting 

to a nitrocellulose membrane at 90 V in transfer buffer for 60 - 70 min (Wet blotting chamber, 

Biorad). Ponceau S fixative dye solution was used to control the protein transfer to the 

membrane.  
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Incubation with antibodies 

The membranes were blocked for 1 hour at RT in blocking buffer (5% skim milk or 5% BSA in 

TBS with 0.05% Tween-20 (TBS-T). Blots were briefly washed with TBS-T and incubated with 

the appropriate primary antibody as listed under 9.8.1 and incubated overnight at 4°C under 

gentle agitation. Membranes were washed twice for 5 minutes with TBS-T plus either 0.5% milk 

or 0.5% BSA and incubated with the appropriate horseradish peroxidase-linked secondary 

antibodies. The activity of the horseradish peroxidase was detected by chemiluminescence 

according to the manufactures guidelines (Pierce or Amersham). 

Immunoblot stripping 

The removal of primary and secondary antibodies is possible so that a membrane can be 

reprobed with alternative antibodies. Stripping buffer was incubated on the membranes for 20 

min at 50°C in a water bath and washed 3 times with TBS-T. Membranes were blocked and a 

new western blot antibody could be tested.  

10.3.2 ELISA for antibody titer determination 

Solutions 

Coating: TNP-BSA 4 mg/ml in PBS 

Blocking: 10% FCS in PBS 

Washing: PBS with 0.05% Tween 20   

Sera and antibody dilution: 10% FCS, 0.05% Tween20 in PBS 

Antibodies for Ig subclass determination are listed under 9.8.2. 

 
Coating and Blocking 

To coat the flat-bottom Maxisorp-Immuno-Plates (Nunc) 50 µl of the coating solution were 

incubate over night at 4°C per well. In order to block uncoated plastic, 150 µl of the blocking 

solution were incubated for 1 h at room temperature under gentle agitation. The plates were once 

washed in washing solution before the sera dilutions were applied. 

Sera dilution masterplates 

From each individual serum of each time point a primary dilution was made in sera dilution 

buffer. The starting dilution for the subsequent serial 1:3 dilution in a round bottom master plate 

was 1:100 for TNP-KLH and 1:50 for TNP-Ficoll. 
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Sketch of the dilution master plate 
 S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 

A 1:100 1:100 1:100 1:100 1:100 1:100 1:100 1:100 1:100 1:100 1:100 1:100 

B 1:300 1:300 1:300 1:300 1:300 1:300 1:300 1:300 1:300 1:300 1:300 1:300 

C 1:900 1:900 1:900 1:900 1:900 1:900 1:900 1:900 1:900 1:900 1:900 1:900 

D 1:2700 1:2700 1:2700 1:2700 1:2700 1:2700 1:2700 1:2700 1:2700 1:2700 1:2700 1:2700 

E 1:8100 1:8100 1:8100 1:8100 1:8100 1:8100 1:8100 1:8100 1:8100 1:8100 1:8100 1:8100 

F 1:24300 1:24300 1:24300 1:24300 1:24300 1:24300 1:24300 1:24300 1:24300 1:24300 1:24300 1:24300 

G 1:72900 1:72900 1:72900 1:72900 1:72900 1:72900 1:72900 1:72900 1:72900 1:72900 1:72900 1:72900 

H St-1 St-2 St-3 St-4 St-5 St-6 St-7 St-8 St-9 St-10 Blank Blank 

St: internal average standard diluted 1:3 10 times (St1-St10) 
S: individual serum 
 
A pool of all sera (wildtype and knockout sera of each bleeding day but excluding day zero 

before immunization) was used as an internal average standard. ELISA values of each time point 

were analyzed in relation to the internal average standard which was set to 100 for each ELISA 

plate of each immunization day. The average standard of each plate was similarly diluted as for 

individual sera (St-1…..St10), that means 1:3. 

Incubation of the sera 

50 µl per well from the dilution masterplate was copied to the TNP-BSA coated and blocked 

Maxisorp ELISA plate. Sera were incubated under gentle shaking for 1-2 hours at RT or over 

night at 4°C. After 3 times of washing the isotope specific anti-Ig antibodies were added. 50 µl 

per well were incubated for 1 hour at room temperature under shaking. Plates were washed 3 

times. As the anti-IgM antibody was not directly linked to the alkaline-phosphatase (AP) but 

labeled with Biotin they had to be secondarily labeled for 1 hour at RT with a 1:2000 diluted 

solution of a Streptavidin-AP conjugate followed by 3 times of washing. Before development 

ELISA plates were additionally washed 3-4 times in dH2O. 

 
Development  

Solutions 

Alkaline phosphatase substrate buffer 1 liter 
Diethanolamine (Sigma, D8885) 97 ml 
Sodium azide (NaN3) 0.01% 
MgCl2 x 6 H2O 0.1 g 
dH2O 900 ml 
storage at 4°C, dark  
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The alkaline phosphatase substrate Tri-nitrophenyl-di-sodium-salt was resolved in alkaline 

phosphatase substrate buffer to a final concentration of (1 mg/ml). 100 µl/well was incubated in 

dark at room temperature until the yellow color developed. The optical density was measured 

with a microplate reader at a wavelength of 405 nm (Molecular Devices).   

10.3.3 Immunohistochemistry 

Tissue preparation 

The tissue was extracted from mice and was placed into a small plastic tray filled with tissue tek. 

By placing the tray in a small container of 2-methylbutane, pre-cooled with several pieces of dry 

ice, the tissue was slowly frozen. Prepared samples were stored at -20°C until tissue slicing 

(Cryostat: Leica CM1900). For longer storage the samples were kept at -80°C. 

Slicing of tissues 

The tissue block was glued with a drop of tissue tek to the tissue holder. For 

Immunohistochemistry staining, 10 µm thick slides were cut and transferred to a cover glass.  

Fixation 

The tissue sections were fixed with acetone at RT for 10 minutes and air dried. To indicate the 

position of sections, on the back of the cover slides, circles were drawn. The cover slices were 

stored at –20°C or processed immediately for staining. A double staining for MAdCAM and 

CD1 was used to visualize the localization of the marginal zone B cells (MZB) by 

immunohistochemistry. Anti-MAdCAM followed by Biotin-anti-rat antibody was stained with 

Vector Red Kit to stain endothelial cells residing in the marginal zone. Additionally Biotin-anti-

CD1 was stained with Vector Blue Alkaline Phosphatase Substrate Kit to visualize the marginal 

zone B cells. 

Preparation of the Cryoslides 

To get rid of the tissue tek, cover slides were washed in PBS for 10 min under gentle agitation. 

From this point on, slides must not dry out to prevent degradation. Tissue sections were enclosed 

with a ring of fat by using the PAP pen to ensure that the antibody solution stays on the sections. 

Cover slides were transferred to a prewetted chamber and incubated with a drop of a Quench 

solution (1% H2O2, 40% methanol) for 10 minutes in order to inactivate endogenous 

peroxidases. They were washed 3 time shortly in PBS and then for 5 min. To prevent unspecific 

binding, slides were preincubated with a drop of 5% goat serum in PBS for 20 minutes.  
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Antibody labeling 

Slices were once washed in PBS and incubated with the primary antibody for 45 minutes at RT 

in a humid chamber. As a primary antibody rat-anti-mouse MAdCAM-1 was used, diluted 1:20 

in 5% goat serum in PBS and incubated for 30 minutes on the sections. MAdCAM-1 marks the 

endothelial cells of the marginal zone in the spleen and is used to stain the follicle border. Cover 

slides were washed three times shortly in PBS and then for 5 min. Secondarily, a Biotin-

polyclonal-goat-anti-rat Ig was used in a dilution of 1:200 and incubated for 30 minutes. During 

the incubation time the ABC-Peroxidase solution was prepared, according to the manufacturer´s 

instructions. The solution was let to stand for 30 min at RT before usage. Slides were washed 

three times shortly in PBS and once for 5 minutes. The ABC-peroxidase solution was applied for 

30 min followed by a washing step with PBS, three times shortly and once for 5 min. During the 

washing, the developing color solution (Vector NovaREDTM substrate kit for peroxidase) was 

prepared, according to the manufacturer´s instructions, before applying the developing solution 

for 5 to 15 minutes on the sections. Staining was stopped by washing the section for 5 minutes in 

water. 

To additionally stain the marginal zone B cells, sections were incubated with a Biotin anti-CD1 

antibody. Marginal zone B cells highly express CD1. This antibody was used in a 1:20 dilution 

in 5 % goat serum in PBS and incubated on the sections for 30 minutes. During the antibody 

incubation the ABC Alkaline Phosphatase Kit was prepared, according to the manufacturer´s 

instructions, and was incubated on the section for 30 minutes while the developing substrate 

solution for the alkaline phosphatase was prepared (Vector Blue Alkaline Phosphatase Substrate 

kit III). Developing was performed for 20 to 30 minutes and stopped by washing in PBS for 5 

min and finally rinsed in tap water. Slides were dehydrated by shortly incubating first in 80% 

ethanol followed by a short incubation in 100% ethanol. Sections were mounted in prewarmed 

glycerol-gelatin and stored at 4°C until analysis. 
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10.3.4 X-Gal staining of embryos 

Embryos of different developmental stages can be carefully extracted out of uteri of pregnant 

mice. The earliest time point for successful extraction is around day E7.5. 

Solutions 

Fixation buffer A 25 ml 
37% Formaldehyde 675 µl 
25% Glutaraldehyde 200 µl 
10% NP40 50 µl 
20x PBS 1.25 ml 
dH2O 22.875 ml 
Use ice cold  
 
Fixation buffer B 25 ml 
37% Formaldehyde 675 µl 
25% Glutaraldehyde 200 µl 
10% NP40 (Nonidet P-40) 50 µl 
1% NaDOC (sodium deoxycholate) 2.5 ml 
20x PBS 1.25 ml 
dH2O 20.375 ml 

 
X-Gal staining solution 10 ml 
X Gal 40 mg/ml  250 µl 
K3Fe(CN)6 250 mM  200 µl 
K4Fe(CN)6 250 mM 200 µl 
MgCl2 100 mM 200 µl 
1 x PBS 8.950 ml 
 

Embryos were first fixed in Fixation buffer A for 20 min. The solution was carefully changed to 

Fixation buffer B and incubated for further 10 minutes. Finally embryos were washed 3 times 

with PBS and incubated over night at 4°C in dark in X-Gal staining solution. 
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10.4 Molecular Biology 

10.4.1 DNA methods 

10.4.1.1 Preparation of plasmid DNA (Qiagen mini)  

Solutions 

Tris-EDTA (TE)   
Tris-HCl (pH 8.0) 10 mM 
EDTA (pH 8.0) 1 mM 
 
Tris-EDTA (TE) low EDTA   
Tris-HCl (pH 8.0) 10 mM 
EDTA (pH 8.0) 0.1 mM 
 
Plasmid DNA was prepared using Qiagen Kit (Mini or Maxiprep) according to the 

manufacturer’s instructions. About 4 ml of LB medium containing 100 µg/ml Ampicillin with a 

single transformed bacterial colony (DH5a or XL1Blue) were grown overnight at 37°C with 

vigorous shaking (200 cycles/min). The bacteria suspension was collected and transferred in 1.5 

ml tubes and centrifuged at 4000 rpm (table centrifuge) for 2 min. The pellet was resuspended 

and plasmid DNA was prepared according to the manufacturer’s instructions. In brief the 

bacterial cell pellet was resuspended in 100 µl of ice-cold solution I. By adding the alkaline lysis 

solution II and mixing by inverting, bacteria were lysed for 5 min at RT. Lysis was stopped by 

adding neutralization buffer. Centrifugation at maximum speed for 10 minutes (table centrifuge) 

separated the plasmid containing solution from precipitated protein content. Plasmid DNA 

solution was applied to a mini prep column which was washed twice with washing buffer.  

Elution of plasmid DNA was done in TE buffer. 

10.4.1.2 DNA precipitation 

When required, DNA was concentrated by precipitation using 0.1 volumes (v/v) of 3 M sodium 

acetate pH 5.2 and 2 volumes (v/v) of 100% ethanol. Following incubation on ice or at –20°C for 

1 hour, mixture was centrifuged at 13000 rpm for 10 min, the pellet washed with ice-cold 70% 

ethanol, air-dried and resuspended in TE buffer at the required concentration. 
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10.4.1.3 Phenol/chloroform extraction 

DNA solution was mixed with an equal amount of phenol:chloroform:isoamylalcohol (25:24:1) 

by inverting the tube for several times. The DNA/phenol-chloroform mixture was then spun 

down at 13000 rpm in a table centrifuge for 5 minutes and the upper aqueous phase, containing 

DNA, was transferred to a new tube. The DNA was precipitated as described above. 

10.4.1.4 Quantification of DNA 

The DNA was diluted 1:100 (e.g. 8 µl DNA in 800 µl water) and measured OD at 260 nm and 

280 nm in a Quartz cuvette. 

To calculate the concentration the following formula was used: 

[c] = 0.05 µg/µl x OD260 nm x dilution factor 

To determine the relative DNA purity the ratio between the absorption at 280 nm and 260 nm 

was calculated as follows:  

Protein amount/ DNA amount: (OD280 nm/OD260 nm = 1.8) 
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10.4.1.5 Electrophoresis of DNA on agarose gels 

Solutions 

1x Tris-Acetate-EDTA (TAE)  
Tris-HCl 40 mM 
Acetic acid 40 mM 
EDTA (pH 8.0) 1 mM 
Used for running smaller DNA fragments  
 
1x Tris-Boratic-EDTA (TBE)   
Tris-Borate 40 mM 
Acetic acid 40 mM 
EDTA (pH 8.0) 1 mM 
Used for running genomic DNA   
 
5 x DNA Gel Loading Buffer  
Glycerol 30% (w/v) 
Bromphenol blue 0.25% 
Xylene cyanol 0.25% 
EDTA 0.1 M 
 
DNA molecular weight marker 1 ml 
GeneRuler, 1 kb DNA Ladder  100 µl 
Loading buffer (5x) 200 µl 
dH2O 700 µl 
Use 5 µl per lane  
 

Double strand DNA fragments with length between 0.2 kb and 10 kb can be separated according 

to their length on agarose gels. Agarose is added to 1 x TAE or TBE buffer to obtain a final 

concentration between 0.6 - 2%. The suspension was boiled in a microwave until the agarose 

was completely dissolved. Ethidium bromide was added to reveal DNA bands under UV light. 

The agarose gel was poured. DNA Gel Loading Buffer was added to the DNA samples, loaded 

on the gel slots and separation took place at 100 V. The size of DNA fragments was determined 

by comparison with DNA fragments of known size. 
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10.4.1.6 Southern blot   

Solutions 

Denaturation buffer 1 liter  
1.5 M NaCl   87.66 g 
0.5 M NaOH   20 g 
 
Neutralization buffer 1 liter  
1.5 M NaCl   87.66 g 
0.5 M Tris/HCl pH 7.5   60.57 g 
1 mM EDTA  (0.5 M stock) 2 ml  
 
20 x SSC buffer 1 liter 
3 M NaCl 175.32 g 
0.3 M Sodium citrate 88.23 g 
5% SDS (20% stock) 250 ml  
For Transfer 10 x SSC buffer was used 
 
Wash solution I 1 liter 
40 mM phosphate buffer (1 M stock) 40 ml  
1 mM EDTA (0.5 M stock) 2 ml  
5% SDS (20% stock) 250 ml  
  
Wash solution II 1 liter 
40 mM phosphate buffer (1 M stock) 40 ml  
1 mM EDTA  (0.5 M stock) 2 ml  
1% SDS (20% stock) 50 ml  
 
Churshe buffer 100 ml 
0.5 M phosphate buffer (1 M stock) 50 ml  
1mM EDTA (0.5 M stock) 0.2 ml  
7% SDS (20% stock) 35 ml  
H2O 15 ml  
 
1 M Phosphate buffer pH 7.2 1 liter 
Na2HPO4 x 2 H2O  85 g 
85% ortho-phosphoric acid 4 ml  
 
Restriction digest 

20 µg of purified genomic DNA was digested with 50 units of the appropriate restriction 

endonuclease for several hours. The DNA samples were separated on a 0.6% agarose gel in TAE 

buffer at 100 V for about 5 hours or over night at approximately 40 V. The separated DNA was 

visualized in the gel with UV light to control separation. 
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Pretreatments of the Southern gel for capillary blotting 

1. Depurination 

The gel was completely covered in a 0.25 M HCl solution and incubated for 10 minutes under 

gentle agitation. During this time bromophenol blue changes the color to yellow. (Depurination 

is not required for DNA fragments <10kb) 

2. Denaturation   

The gel was rinsed in H2O and covered in denaturation buffer for 30 minutes under gentle 

agitation. During this time bromophenol blue will return to its original color. 

3. Neutralization 

Gel was rinsed in H2O and covered in neutralization buffer for 30 minutes under gentle agitation. 

Capillary blotting 

A Whattmann paper (thickness 3 mm) was placed on a glass plate and used as a wick to suck the 

transfer buffer out of a reservoir basin. The pre-treated Southern gel was placed on the prewetted 

Whattmann paper and air inclusions were carefully removed. A Hybond-N (neutral nylon) 

membrane (Amersham RPN 203N or RPN 303 N) was cut to the size of the gel and directly 

placed on it, again avoiding any air bubbles. Three sheets of Whattmann papers were saturated in 

transfer buffer and put on top of the membrane. At least a 5 cm stack of absorbent towels on top 

were used to induce the capillary transfer. In order to avoid bypassing of transfer buffer, the gel 

was surrounded by parafilm. Thus, the transfer buffer had to go through the gel, transporting the 

DNA fragments to the membrane. After capillary blotting over night, the blot was carefully 

dismantled and the DNA was fixed to the membrane by using an optimized UV crosslinking 

procedure. The Amersham UV crosslinker has a pre-set UV exposure (70 000 µJ/cm2), which is 

optimum for Hybond-N.  

Pre-hybridization of the membrane 

The membrane was transferred into a hybridization tube. If there was a significant overlap of the 

membrane it was wrapped in a nylon mesh which allows equal moistening with the hybridization 

solution. The nylon mesh can be reused after washing in 10% (w/v) SDS and rinsing in distilled 

water.  About 20 ml Churshe buffer per hybridization tube pre-hybridized the membrane for 30 

minutes at 65oC. 100 µl of salmon sperm DNA (stock 10 mg/ml) was added to block unspecific 

binding.  
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Preparation of the radioactive labeled probe 

The Rediprime II kit (Amersham RPN 1633 or RPN 1634) and (α32P) dCTP with a specific 

activity of 3000 Ci/mmol was used for random labeling. Probes were either obtained through 

vector digestions and gel purifications or were generated by PCR directly. Approximately 2.5 to 

25 ng of DNA were diluted in 45 µl TE buffer and denaturized by boiling for 5 minutes and 

cooled on ice. The denaturized DNA was transferred to the reaction tube of the Rediprime kit 

and mixed by pipetting thereby solving and activating the enzyme of the kit. 5 µl of (α32P) dCTP 

(50 µCi) were added per probe labeling reaction. The random labeling reaction took place at 

37°C for 30 - 45 minutes.  

Removal of unincorporated nucleotides 

Removal of unincorporated nucleotides reduces background. Therefore, the random labeling 

reaction was purified by Nuctrap Probe purification columns (Stratagene) according to the 

manufacturer´s protocol.  In brief, the columns were prewetted in buffer and the radioactive 

probe was applied to the column and once washed with 80 µl buffer using a syringe and the 

apparatus for cleaning of radioactive probes. Free oligonucleotides are trapped in the pores and 

only the labeled DNA probe is eluted. The probe was denaturized for 5 minutes at 95°C and 

transferred to the hybridization tube. 

Hybridization 

Hybridization took place overnight at 65°C. The hot probe was either discarded in the 

radioactive waste or was kept in -20 oC for reuse within one week. In order to minimize 

background staining the membrane was first washed in about 100 ml washing solution I for 30 

min and several times in approximately 100 ml washing solution II until no radioactivity was 

washed out anymore. 

Development of the PhosphoImager Screen 

The membrane was removed and mantled in a saran wrap. A phosphor imager screen was 

incubated overnight to capture the radioactive signals and analyzed with the PhosphoImager 

Scanner and the Aida software. 



 
MATERIALS AND METHODS 

 
 

 
 

131 

10.4.2 RNA methods 

10.4.2.1 Total RNA isolation with Triazol 

High pure reagents and sterile tubes were used in order to avoid contamination with RNAses. 

Lymphocytes, splenocytes or thymocytes were isolated from tissues as described under 10.2.1-

10.2.3. Cell suspensions were spun down and cooled on ice. 1 ml of Triazol was used to 

resuspend and lyse the cells of approximately 100 µl pellets by vortexting for 1 minute. A 

surringe with a 21 G needle was used to further homogenize the cells. The solution was 

incubated for 5 minutes at room temperature. 200 µl Chloroform was added and the solution was 

mixed 15 seconds in order to separate proteins from RNA followed by incubation for 2 minutes 

at room temperature. To separate the phases the tube was centrifuged for 15 min at room 

temperature in a table centrifuge. The upper clear aqueous phase was transferred to a clean 

1.5 ml tube. RNA was precipitated by adding 500 µl of 2-propanol and mixing. The solution was 

incubated at room temperature for 10 minutes and spun down in a table centrifuge at fullspeed 

for 10 minutes. The white pellet was once washed in 70% ice-cold ethanol then 10 seconds 

vortexted and spun down for 5 minutes at fullspeed in a table centrifuge. The glassy pellet was 

air dried and dissolved in DEPC-treated water. An aliquot was used for photometric 

quantification. For storage, the RNA was precipitated with 1 ml of pure ethanol supplemented 

with 0.3 M sodium acetate and stored at -20°C. 

10.4.2.2 Photometric quantification of RNA 

An aliquot of the RNA solution was used to determine the RNA quantity by photometric 

measurement. RNA aliquots were spun down for 10 minutes at RT in a table centrifuge at 

fullspeed and precipitated RNA was air dried before dilution in high pure water. 

To calculate the concentration the following formula was used: 

[c] = 0.04 µg/µl x OD260 nm x dilution factor 
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10.4.2.3 Electrophoresis of RNA  

Solutions 

RNA gel solution 100 ml 
Agarose 1 g 
DEPC treated H2O  76 ml 
Boil solution to dissolve the agarose and cool down 
to ~60°C then add 

 

20 x MOPS 5 ml 
37% Formaldehyde solution 18 ml 
 

20 x MOPS  
MOPS 0.4 M 
Sodium acetate  100 mM 
EDTA 10 mM 
Use DEPC treated H2O  
  
RNA loading buffer 100 µl 
Formaldehyde 17.5 µl 
Formamide 50 µl 
20 x MOPS 5 µl 
H2O (DEPC) 27.5 µl 
prepare fresh each time  
 

RNA running buffer   
1 x MOPS  
 

Preparation of the RNA Gel electrophoresis 

To separate total-RNA (tRNA) by electrophoresis it is essential to avoid degradation of the RNA 

samples. Therefore, the electrophoresis chambers were precleaned with a 2% H2O2 solution and 

only freshly prepared solutions were used. An Agarose-Formaldehyde gel (1%) was used to 

separate the samples by electrophoresis. For northern blot gels, approximately 20 µg of RNA 

was precipitated for 10 minutes at RT in a table centrifuge at fullspeed and air dried before 

resuspensing in RNA loading buffer. A loading dye solution was added and samples were loaded 

on the gel and separated under the air hood for several hours at approximately 80 V. 
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10.4.2.4 Northern blot   

Total-RNA was isolated from lymphoid cells by Triazol as described under 10.4.2.1. 15-25 µg 

tRNA was separated on a 1% denaturizing formaldehyde-agarose gel. RNA was transferred on 

Hydrobond-N membrane (Amersham) by capillar blot over night. RNA was crosslinked similar 

to DNA samples and the northern blot was similar performed to the procedure described for 

southern blot as described under 10.4.1.6. 

10.4.2.5 RT-PCR 

Total-RNA isolated from splenocytes, thymocytes or T cells was prepared using the High pure 

RNA isolation Kit (Roche Diagnostics) to prepare random-primed cDNA. In brief 3 x 106 cells 

were resuspended in 200 µl PBS plus 400 µl lysis buffer and incubated for 5 minutes before 

RNA was bound to the column. A DNAse digest on the column was performed for 15 minutes 

followed by several washing steps before the RNA was eluted in 50 µl elution buffer. 

Total-RNA was transcribed to cDNA as follows: tRNA (2-10 µl) was incubated with random 

primer for 5 min at 65°C followed by 10 minutes at RT before the reverse transcriptase and the 

dNTP mix was added and the RT-PCR program was started (10 min 25°C, 60 min 50°C, 15 min 

70°C). The following northern probes were generated on cDNA from splenocytes using the 

indicated primer sets: 

The GIT2 long specific carboxy-terminal probe was generated using the following primer set: 

CTPP1 (520-bp):  5´- CCGGAGAGTGATTATGAC-3´  and  

5´- CTCAGCTGCTGTTCTCTT-3´ 

The GIT2 amino-terminal "common" probes were generated using following primer sets.  

NTPP1 (700 bp):  5´- CCTGCTCCAGATGGTTGAGA-3 and  

5´- CGCCTGTCAACTTCGTCGTA-3´ 

         NTPP2 (550 bp):  5´- CCAAGTGAGGCATCTTAAACACAC-3´ and 

5´- GTCTATCCGTCAGCTCGTACTGTATT-3´ 

PCR bands were subcloned into a blunt end cloning vector (Rapid DNA Ligation Kit; Roche) to 

confirm the GIT2 northern probes by sequencing. 
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10.4.2.6 Real-Time PCR (Light Cycler) 

Quantitative real-time PCR was performed to determine the amount of specific mRNA variants. 

Total-RNA from purified T cells of lymph nodes was isolated and transcribed to cDNA as 

described under 10.4.2.5. The cDNA was stored at -20°C until the quantitative PCR was done 

using the QuantiTect SYBR Green PCR Kit (Qiagen). Real-time PCR was performed in a Light 

Cycler (Roche) using Light Cycler Software (Roche) for fluorescence detection and data 

evaluation. The house keeping gene PBGD was used to standardize the cDNA content.  The 

following GIT2 oligonucleotide primer sets were used:   

(N-terminal primer sets): 

5´- AACACTCTCTGCTGGACCCT-3´ and 5´- GGACGAACGCTAACATCTGA-3´ 

5´- TGACTATGCAAGGCAAGG-3´ and 5´- GCAGAGGTAGAAGGCCAGTC-3´ 

(C-terminal primer sets): 

5´- CAGGAGACTCCAGCTTACCC-3´ and 5´- CATAGGCACACTGATGACC -3´ 
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10.4.3 Bacterial manipulation 

10.4.3.1 Transformation by heatshock 

Media 

SOC medium 1 liter 
Tryptone/peptone 20 g 
Yeast extract 5 g 
NaCl 0.6 g 
KCl 0.2 g 
Autoklave and add sterile  
MgCl2 (1 M) 10 ml 
MgSO4 (1 M) 10 ml 
Glucose (w/v) 10% 40 ml 
 
LB medium 1 liter 
Tryptone/peptone 10 g 
Yeast extract 5 g 
NaCl 10 g 
With or without Agar  15 g 
Autoclave   
 
5 µl ligation mixture of 1 µl plasmid DNA was incubated with 200 µl DH5α or XL1 blue 

chemo-competent cells on ice for 30 minutes. The transformation of plasmids into bacteria was 

induced by heat shock by 42°C for 90 sec. Bacteria were put back on ice for 5 minutes. 800 µl of 

SOC medium was added and incubated at 37°C for 45 minutes to grow bacteria.  

Bacteria were transferred on LB Agar (+ ampicillin or kanamycin) plates (determined by the 

plasmid applied resistance) and incubated overnight at 37°C. A single colony was picked and 

inoculated with 5 ml LB medium with ampicillin or kanamycin and incubate overnight at 37°C.  

Extraction of plasmid DNA was performed by the Qiagen Miniprep Kit. Positive clones were 

screened by restriction endonuclease digestion. 
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10.4.4 Cloning strategies 

10.4.4.1 Directional cloning into plasmid vectors 

The plasmid and the foreign DNA (insert) were cut with appropriate restriction enzymes and gel-

purified with the Qiaquick gel extraction kit (Qiagen) as described by the manufacturer. 

The amount of insert to use is calculated with the following formula: 

ng (insert) = ng vector x basepairs (size) insert     x 5 
bp vector 

 
Ligation reaction: 
1 µl  10 x ligation buffer 
x µl  Insert      
1 µl  Vector      
1 µl  T4 DNA ligase (NEB)   
up to 10 µl dH2O   
    
The ligation reaction was performed overnight at room temperature and the next day bacteria 

were transformed by heatshock as described under 10.4.3.1 

10.4.4.2 PCR screen for targeted ES cells  

conditional β β β βPIX ES cell screen Total 20 µl 
10 x Buffer 2.0 µl 
dNTPs (20 mM each) 1.5 µl 
Primer #378 1.5 µl 
Primer #381 1.5 µl 
Eppendorf Triple master PCR Taqs 0.15 µl 
genomic DNA (ES cells) 3 µl 
dH2O 10.15 µl 
 

Cycling conditions   
Initional denaturation step   94°C 5 min 
Denaturation 94°C 30 s 
Annealing 62°C 30 s 
Elongation 

35 Cycles 
72°C 1 min 

Final elongation step  72°C 7 min 
Automatic cool down to 4°C   
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10.4.4.3 PCR for mouse genotyping  

ααααPIX genotyping Total 20 µl 
10 x Buffer 2.0 µl 
dNTPs (20 mM each) 2.0 µl 
MgCl2 1.2 µl 
Primer fv  1.0 µl 
Primer rv 1.0 µl 
Biotherm 0.15 µl 
genomic DNA 1 µl 
dH2O 11.65 µl 
 
Cycling conditions for wt and ko allele   
Initial denaturation step   94°C 5 min 
Denaturation 94°C 40 s 
Annealing 66°C 40 s 
Elongation 

40 Cycles 
72°C 50 s 

Final elongation step  72°C 7 min 
Automatic cool down to 4°C   
 
ββββPIX genotyping wt/ko Total 20 µl 
10 x Buffer 2.0 µl 
5 M Betaine 3.0 µl 
dNTPs (20 mM each) 1.0 µl 
MgCl2 1.5 µl 
Primer fv 1.5 µl 
Primer rv 1.5 µl 
Genecraft Taq 0.2 µl 
genomic DNA 2.0 µl 
dH2O 4.3 µl 
 
Cycling conditions for wt and ko allele   
Initial denaturation step   94°C 5 min 
Denaturation 94°C 40 s 
Annealing 66°C 40 s 
Elongation 

40 Cycles 
72°C 50 s 

Final elongation step  72°C 7 min 
Automatic cool down to 4°C   
 
ββββPIX conditional LoxP screening Total 20 µl 
10 x Buffer 2.0 µl 
dNTPs (20 mM each) 2.0 µl 
Primer fv 1.0 µl 
Primer rv 1.0 µl 
Eppendorf Triple master PCR Taqs 0.15 µl 
genomic DNA (ES cells) 1 µl 
dH2O 11.65 µl 
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Cycling conditions   
Initional denaturation step   94°C 5 min 
Denaturation 95°C 30 s 
Annealing 56°C 30 s 
Elongation 

40 Cycles 
72°C 45 s 

Final elongation step  72°C 7 min 
Automatic cool down to 4°C   
 
MeuCre genotyping Total 30 µl 
10 x Buffer 3.0 µl 
dNTPs (20 mM each) 3.0 µl 
MgCl2 0.5 µl 
Q-solution 5.0 µl 
Primer fv 1.0 µl 
Primer rv 1.0 µl 
HotStartTaq (Qiagen) 0.25 µl 
genomic DNA 2 µl 
dH2O 14.25 µl 
 
Cycling conditions   
Initional denaturation step   94°C 10 min 
Denaturation 95°C 30 s 
Annealing 56°C 30 s 
Elongation 

40 Cycles 
72°C 1´ 30 s 

Final elongation step  72°C 10 min 
Automatic cool down to 4°C   

10.5 Embryonic stem (ES) cell culture 

Solutions and media 

Embryonic feeders (EF) medium 500 ml 
DMEM with high glucose 500 ml 
FCS (10%) 60 ml 
Sodium-pyruvate (100 x)  6 ml 
Penicillin/Streptomycin (100 x) 6 ml 
L-Glutamine (100 mM)  6 ml 
  
Embryonic stem (ES) medium 500 ml 
DMEM with high glucose 500 ml 
FCS for ES culture (15%) 75 ml 
Sodium pyruvate (100 x)   6 ml 
Penicillin/Streptomycin (100 x) 6 ml 
L-Glutamine (100 mM) 6 ml 
Non essential amino acids (100 x) 6 ml 
2-mercaptoethanol (50 mM) 1.2 ml 
LIF (Chemicon) 
final concentration 500-1000 U/ml 

45 µl 

or supernatant from CHO with LIF 1:250 - 1:500 
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Geneticin, G418-Sulfate 
Determined by the potency of the lot of Geneticin, a stock solution in PBS is prepared to a 

concentration of 250 mg/ml. For selection of R1 ES cells, Geneticin was used in a final 

concentration of 150-250 µg/ml in ES cell medium. 

Gancyclovir 
4.3 mg of Gancyclovir were dissolved in 1 ml PBS (= 2 x 10-3 M) and filtered under sterile 

conditions. A final concentration of 2 µM (1:1000 dilution in ES cell medium) was used to select 

for the thymidine kinase cassette. Aliquots of the stock solution were kept at -80°C.  

Gelatin 
An autoclaved 0.1% solution of Gelatin in H2O was used to coat cell culture dishes for 

embryonic feeder culturing. The gelatin-solution was applied to the plates for at least 15 to 60 

minutes or over night at room temperature. The solution was sucked out and plates were either 

dried or stored sterile at room temperature until use or were directly used to seed embryonic 

feeders. 

10.5.1 Preparation of feeders for ES cell culture 

Embryonic fibroblasts, feeder, were prepared from embryos of neo resistant mice (E13-E14). 

They have to be γ-irradiated in order to stop their proliferation to use them as feeders for ES 

cells. Primary embryonic fibroblasts were grown in EF medium, expanded and γ-irradiated at 

3000 rad (Cs137 radiation, Gamma Cell 2000, Nuclear Data Inc). The feeders were frozen down 

(small aliquots for one 10 cm plate = 1.6 x 106 cells and big aliquots for five 10 cm plates = 8 x 

106 cells) and stored in liquid nitrogen and thawed when needed. 

10.5.2 Growing of ES cells 

ES cells were grown on γ-irradiated feeder layers.  For DNA preparation ES cells were grown on 

gelatinized dishes without feeders. ES cells for aggregation were grown on dishes with a low 

concentration of feeders in order to simplify the extracting of ES cell clumps. ES cells were split 

frequently (every two days) with a dilution 1:3-1:5; e.g. ~1x106 ES cells per 10 cm dish. The 

medium was changed every day. 

Splitting of ES cells by trypsinization 

Es cells have to be disaggregated into a single cell suspension after trypsin digestion in order to 

avoid differentiation. Cells were singularize very well and diluted with ES medium. The number 

of cells in a 10 cm dish should never exceed 1.5 x 107 cells. 
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10.5.3 Electroporation 

Preparation of the Targeting Vector for electroporation 

The targeting vector was prepared by Qiagen purification and was linearized by enzymatic 

digestion. The targeting vector or the PCR screening vector was further cleaned by 

phenol/chloroform extraction followed by ethanol precipitation. Precipitated DNA was washed 

twice with 70% ethanol under sterile conditions and resuspended in sterile PBS at a 

concentration of 1 µg/µl. 

Electroporation and selection 

Approximately five 10 cm dishes of ES cells of a low passage number (not more than 10 

passages) were prepared and cultured on feeders. The ES medium was changed a couple of hours 

prior to electroporation.  ES cells were trypsinized, counted and washed with PBS. Finally they 

were resuspended to ~ 2 x107 cells in 800 µl of ice cold PBS, transferred into pre-cooled 

electroporation-cuvette with 25-50 µg linearized plasmid DNA and mixed. ES cells were 

electroporated with 240 V; 500 µF in a BioRad electroporator then incubated for 10-20 minutes 

on ice and diluted in ES medium to plate them at ~3 x 106 cells onto a feeder layer in 10 cm 

culture dishes (5 to 6 plates in total). The next day the medium was changed to start selection 

with G418. 

Controls for selection procedure   

1. Non transfected ES cells were seeded to control the efficiency of the G418 selection process; 

after selection for 10 days no living colonies should be left. 

2. One plate of the transfected ES cells were selected with G418 only, without 5 days of 

gancyclovir selection. More cell colonies should be left on this plate as the selection of random 

integration is excluded. 

The selection medium was changed every day and started on day 1 after electroporation. The 

additional Gancyclovir selection was started on day 2 for 5 to 6 days. When the colonies were 

large enough to pick them, usually after 10 to 12 days, undifferentiated ES cell colonies of the 

size of ~4000 cells with a discrete shining border where selected for picking. Usually about 10 -

100 colonies were left after positive and negative selection depending on the construct. 
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10.5.4 Isolation and growing of single clones 

Picking of ES cell colonies 

Flat-bottom 96-well-plates were prepared with inactivated feeders. The medium was removed 

from the ES cell selection plate and 10 ml of PBS was added. Under a binocular single colonies 

were picked with a 20 µl pipette under sterile conditions. Colonies were transferred into single 

wells of a round-bottom 96-well plate containing trypsin-EDTA. The picking continued until 

each well contained a single colony. The digestion plate was incubated at 37°C for 3-5 minutes 

pipetted with a multichannel pipette until the cells were segregated in a single cell suspension. 

ES cells were transferred into flat-bottom 96-well-plates with inactivated feeders and filled up 

with ES cell medium. 

Culturing of ES cells in 96 well plates 

The medium was changed every day, still under G418 selection pressure. When ES cell colonies 

reached appropriate densities (usually after 2 to 3 days), they were trypsinized and split 1:3 (e.g. 

in three master-plates) as shown in Fig. 57. As colonies might grow at different rates, each clone 

had to be treated individually. If there were only a few big colonies after 3 days or the colonies 

were too small for splitting they were transferred again to a new 96-well-plate with feeders 

before splitting them on the three masterplates. When the cells reached sufficient colony size on 

the masterplates for freezing, two of them were frozen down as described under 10.5.5.1. The 

3rd plate was used to prepare DNA for PCR screening and/or for further culturing in 48-well-

plates, if the DNA was used for southern blot analysis.  

 

 
Fig. 57 Splitting of ES cells for screening and fre ezing 
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10.5.5 ES cell freezing 

Solutions 

2 x Freezing medium  
20% DMSO + 80% FCS 

10.5.5.1 96-well plates 

The 2 x freezing medium was placed on ice. The medium from 96-well plates harboring the ES 

cells was removed and cells were washed once with PBS. Cells were detached by trypsinization 

with 50 µl trypsin per well for 5 minutes at 37°C and resuspended to a single cell suspension by 

pipetting. 50 µl of ES medium per well was added to stop the trypsin digestion and the plate was 

placed on ice. 100 µl of ice-cold 2 x freezing medium was added per well and the solution was 

resuspended by pipetting. The plate was wrapped in foil, placed in styrofoam box and frozen at 

-80°C.  

10.5.5.2  6-well plates or 3.5 cm dishes or 10 cm d ishes 

The culture medium was removed and cells once washed in PBS. Cells were detached by 

trypsinization with 0.5 ml trypsin per 3.5 cm plate or with 3 ml for 10 cm.  Trypsinization was 

stopped by adding 2 volumes of ES medium. Cells were centrifuged for 5 minutes at 1500 rpm 

(500 x g) and resuspended in an appropriate volume of 1 x ice-cold freezing medium. Aliquots 

were frozen down at –80°C in a styrofoam box and transferred the next day to liquid nitrogen. 

10.5.6 ES cell thawing 

10.5.6.1 96-well plates 

The 96 well plates were removed from -80°C and place immediately at 37°C for 3-5 minutes 

without the foil. Working row-by-row, quickly 100 µl of prewarmed ES medium was added to 

the wells with a multi-pipette and directly mixed. The cell suspension was transferred into wells 

of a 48- or 24-well plate with feeders filled with ES medium and cultured in the incubator at 

37°C, 5% CO2.  The next day the medium was changed. ES cells were spitted 1:3 when reaching 

the appropriate density. 
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10.5.7 ES cell DNA purification  

Solutions 

Lysis buffer 500 ml 
Tris-HCl pH 8.5 100 mM 
EDTA 5 mM 
SDS  0.2% 
NaCl 200 mM 
Proteinase K (add fresh each time) 150 µg/ml 

10.5.7.1 96-well plates 

When the ES cells showed 100% confluency the medium was aspirated and cells were once 

washed with PBS. 50 µl of lysis buffer was added per well and incubated for 3 hours or 

overnight at 37°C. 100 µl ice-cold 100% ethanol was added and incubated for 1 hour at room 

temperature. The ethanol was poured off by blotting the plate on a bench diaper. Plates were 

washed 3 times with 150 µl 70% ethanol. The genomic DNA pellet was air-dried for 20 minutes 

and resuspended in 20-50 µl TE buffer with low amount of EDTA. 

10.5.7.2 48-well plates / 24-well plates 

When the ES cells showed 100% confluency the medium was aspirated and cells were once 

washed with PBS. 250 µl of lysis buffer was added (48-well plates) or 500 µl (24-well plates) 

and incubated for 3 hours or overnight at 37°C. The genomic DNA was precipitated with 1 ml 

100% ethanol. The cloudy precipitate was fished and transferred into a well of a round-bottom 

96-well plate. DNA was shortly air dried and resuspended in 100 µl TE buffer with low EDTA. 

10.5.8 ES cell aggregation  

For aggregation several handling steps have to be coordinated. First, 3 weeks old donor mice 

(CD1, Janvier) for morula preparation have to be superovulated in order to gain as much morulas 

as possible. This is done by a scheduled intraperitoneal injection of PMS-G (pregnant mare 

serum gonadotropin 5 units in 100 µl) and hCG (human chorionic gonadotropin 5 units in 100 

µl) as shown in Table 4, page 145. The hormone stock solutions were made in isotonic sodium 

chloride (0.9%) at a final concentration of 50 units per ml. Second, the ES cells have to be 

cultured in order to have them ready for aggregation. Third, the pseudo-pregnant foster mice 

have to be timed for implantation of blastocysts form the aggregation. 
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Flushing of eight-cell stage embryos (Morulas) 

The oviducts, with the upper part of the uterus attached, were removed from 2.5 days post-

coitum (dpc) superovulated CD-1 females and placed into a drop of M2 medium. Under a 

dissecting microscope the oviducts were flushed with M2 medium by inserting a flushing needle 

into the infundibulum. Embryos were collected using mouth controlled pipette and washed three 

times in drops of M2 medium to remove any debris.  The morulas-staged embryos were then 

washed in M16 medium and cultured over night in 3.5 cm petridishes in drops of M16 medium 

at 37°C, 5% CO2 under mineral oil, to avoid evaporation.  

Preparation of aggregation plates  

A few rows of M16 microdrops (~ 20 µl) were placed into a 35 x 10 mm cm tissue culture dish 

(Easy Grip 35 x 10 mm, Falcon 3001-3) using a syringe with a 26 G needle. The medium drops 

were covered with embryo tested light mineral oil (Sigma M8410). Six or more depressions in 

each microdrop were made by pressing the darning needle (DN-09, BLS Ltd., Hungary) into the 

plastic with a slight circular movement. This creates a tiny depression with a clear smooth wall. 

It should be deep enough to hold the embryo.  The prepared plates were kept at 37°C, 5% CO2.  

Removal of the zona pellucida  

The over night cultured morulas should have developed further. They are surrounded by the zona 

pellucida, which must be removed for ES cell aggregation. Therefore, the embryos were once 

shortly washed in Tyrode´s Acid solution (Sigma: T1788) and transferred to a new drop of 

Tyrode´s Acid solution and incubated as long as the zona pellucida was disintegrated (observe 

the process under the dissection microscope). The embryos were transferred to M2 medium to 

stop the reaction and were at least twice washed in M16 medium before transferring into the 

aggregation plate. One embryo was placed inside each depression of the aggregation plate. 

Preparation of ES cells for aggregation chimeras 

ES cell for aggregation and chimera production should be maintained under the optimal 

conditions. Es cells should be passaged at least once after thawing, before using them for 

aggregations. The goal is to produce clumps of 8-15 loosely connected cells just before 

aggregations. Approximately three or four days prior the aggregation ES cells were thawed and 

cultured on feeders. The next day the medium was changed and one or two days before 

aggregation ES cells were splitted to low feeder dishes at various cell concentrations. After 1 day 

of further culturing, ES cell colonies reach the optimal 8-15 cell stage for aggregation. Before 

aggregation, ES cells were cultured in fresh medium and after preparation of the embryo, as 
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described above; the ES aggregates were prepared as follows: They were trypsinized for 3-5 

minutes at 37°C until they form clumps of loosely connected cells. To stop the digest ES cell 

medium was added.  

ES cells/embryo aggregation  

Clumps of loosely connected ES cells were chosen under the dissecting microscope and 

transferred to M2 microdrops for final selection. ES cell clumps of the right size (8 -15 cells) 

were placed in a depression of the aggregation plate containing the embryos. Either the embryo 

was picked up and placed on the top of the ES cell clump in the decompression or the ES cell 

clump was put directly beside the embryo to get contact with the embryo. The aggregation plate 

was cultured over night at 37°C, 5% CO2. 

Transferring blastocysts in pseudo-pregnant recipients 

The following morning, the majority of aggregates should have formed blastocysts. A maximum 

of 8 -10 embryos were transferred into each uterine horn of a 2.5 dpc pseudo-pregnant recipient. 

Mature CD-1 females were used as pseudo-pregnant foster mothers. A minimum of 5 embryos 

per uterine horn is critical. If there is a restriction in recipients it is possible to transfer up to 24-

26 embryos per mouse or to culture the aggregates for one more day or transfer them into 3.5 dpc 

pseudo-pregnant females. 

 Donors of 
embryos1 

ES cells1  Pseudo-
pregnant 
Fosters1 

Donors of 
embryos2 

ES cells2 Pseudo-
pregnant 
Fosters2 

Thu  Thawing     

Fri PMS 1300-1330 Medium 
change 

  Thawing  

Sat  Medium 
change 

 PMS 1300-1330 Medium 
change 

 

Son HCG 1130-1200 

+ males    
Splitting  + vas.males  

1600-2000 
 Medium 

change 
 

Mon Plug check Medium 
change 

Plug check HCG 1130-1200 

+ males    
Splitting + vas.males  

1600-2000 
Tue  Medium 

change 
 Plug check Medium 

change 
Plug check 

Wed Morulas ES cell  
Aggregates 

Aggregation  Medium 
change 

 

Thu   Transfer in 
pseudo-pregnant 
females 

Morulas ES cell  
Aggregates 

Aggregation 

Fri      Transfer in 
pseudo-pregnant 
females 

 
Table 4 Time table for aggregation 
Two aggregations can be performed in one week, when planned as shown in the time table.  
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10.6 General cell culture 

10.6.1 Culturing of Hybridomas 

Solutions 

Growing medium 500 ml 
DMEM  500 ml 
L-Glutamine  (100 mM) 6 ml 
Penicillin-Streptomycin (100x )  6 ml 
10% FCS * 60 ml 
* Inactivated for 30 min at 56°C; culture at 37°C, 5% CO2  

Cells were taken out from liquid nitrogen storage and thawed in a 37°C waterbath then spun 

down at 500 x g for 5 min to wash out DMSO. Cells were cultured in growing medium in tissue 

culture flasks for antibody production. The antibody yield varies between 5-30 µg/ml. 

Hybridomas were grown for more then a week until the medium changed to yellow. The 

supernatant was collected when cells started to die and was titrated in functional assays to 

determine the optimal dilution concentration. 

10.6.2 Generation of “home made” LIF 

Solutions 

CHO culturing medium 500 ml Final conc. 
MEM-alpha-media (Gibco #32561-029) 500 ml  
FCS  50 ml 10% 
L-Glutamine (100 mM) 6 ml 1 mM 
Penicilin/Streptomycin (100x)  6 ml 10 units 
Methotrexat 1 mM sterile-filtered 6 ml 0.1 µM 
 

Preparation of Methotrexat (MTX) stock solution (1 mM) 

Methotrexat (MTX) is also known as “Lederle” solution (25 mg/ml (55 mM) sock solution). 

100 µl were diluted in 5.5 ml PBS and sterile filtered. MTX retains a selection pressure of the 

integrated LIF construct. 
CHO cells transfected with LIF construct were obtained from Gordon Wang, Genetics Institute 

and were cultured in a small flask, first in CHO culturing medium. Cells were splitted to two big 

flasks and grown until confluency, trypsinized and intensively washed in PBS to remove MTX 

and then cultured in ES cell medium and splitted 1:3 in large flasks. Cells were grown for 3 days. 

The supernatant, containing LIF, was filtered and aliquots were stored at - 80°C. The batch has 

to be checked for the appropriate dilution. Usually a dilution of 1:200 to 1:500 is used. 
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